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ABSTRACT 

The characteristic potential obtained just before decay of passivity (Flade 
potential) was measured for iron passivated by ferrates, nitrites, chromates, 
molybdates, tungstates, conc. HNOs, and by anodic polarization in H~SO,. The 
Flade potential is l inear with pH, of slope 0.059 up to approximately pH 4.5. 
Above this value up to pH 11.5, the potentials tend to follow an extension of 
the data in acids in the case of iron passivated by chromates and nitrites, but  
reach a constant value for iron passivated anodically or by conc. HNOs. The 
standard Flade potential (pH ~0)  for various passivators is increasingly noble 
in the order: ni tr i te  (--0.50 v) ;  chromate, ferrate, molybdate (--0.54 v) ;  
tungstate (--0.61 v) ;  and anodic polarization or conc. HNO8 (--0.64 v).  The 
average of these values is in reasonable accord with previously reported values 
and only small observed deviations from the average indicate that  the structure 
and composition of the passive film on iron is largely independent of the passi- 
vation process. 

This is explained by a pr imary passive film consisting essentiality of a 
monolayer of chemisorbed oxygen atoms through gaps of which a layer  of O_~ 
molecules is chemisorbed. The calculated free energy of formation of such a 
film (--30,000 cal/mole ads. O), the chemical equivalents of passive film sub- 
stance (0.Ol coulomb/cm~), and the oxidizing capacity (12 • 10 -~ equivalents/  
cm ~) are all consistent with independent data obtained by others for oxygen 
adsorption on iron, coulometry, and reaction of the passive film with CrO~- to 
form CrO(-. 

The mechanism ofpassivi ty ,  accordingly, is proposed to consist of: (a) ad- 
sorption of the passivator on the metal or metal  oxide surface; (b) depolariza- 
tion of cathodic areas by the passivator accompanied by anodic passivation of 
residual small areas of exposed metal; the adsorbed oxygen film is formed at 
anodes by discharge and combination of OH- at current densities above approx- 
imately 17 amp/cm 2 in accord with data of Franck; and (c) very slow forma- 
tion of iron oxides with continual repair  of the adsorbed oxygen film by elec- 
trochemical action, as described, at pores in the oxide. Oxide formation is 
accelerated by elevated temperatures and presence of certain anions, e.g., C1-. 

I t  is proposed that the greater  stabili ty of the passive film formed by some 
passivators is accounted for by supplementary adsorption of the passivator on 
the passive film, accompanied by shift of the Flade potential to a less noble 
value. 

In 1911, F l ade  (1) showed tha t  if i ron is pas -  
s ivated in concentra ted  I-INO8 or by  anodic po la r -  
ization in d i lu te  H~SO4, the  decay of pass iv i ty  wi th  
t ime is represented :  first, by  a steep fal l  of po ten t ia l  
in the act ive direct ion;  second, by  a less steep change 
las t ing for  a f ract ion of a minu te  to severa l  minutes ;  
and third,  by  a steep descent  to the act ive value.  The 
value  of potent ia l  immedia t e ly  preceding  the steep 
descent  was cal led by  F lade  the "umsch lagspunk t"  
and by  la te r  workers  the  F lade  potent ial .  This c r i t i -  
cal potent ia l  was shown by  F lade  to be more  noble 
the  h igher  the concentra t ion of acid in  which the de-  
cay took place, and also tha t  the va lue  at  constant  
pH became more act ive by  about  50 mv as the t em-  
pe ra tu re  was decreased f rom 15 ~ to 0~ F r a n c k  (2) 
showed tha t  the F lade  poten t ia l  EF for iron in acid 
media  accura te ly  fol lowed the re la t ion  (A.C.S. Sign 
Convent ion)  : 

* Present  address: D o w  Chemica l  Company ,  Midland,  Michigan.  

EF(volt)  = - - 0 . 5 8  -F 0.058 pH 

suggesting, therefore,  a revers ib le  t he rmodynamic  
re la t ionship  to pH of the ac t iva t ing  acid. Rocha and 
Lennar tz  (3) measured  the  F l ade  potent ia ls  for  
F e - C r  al loys and Cr in H2SO~, thei r  values  for  which 
showed a slope of po ten t ia l  p lo t ted  wi th  pH of 0.058 
for  al loys below about  12% Cr and 2 x 0.058 for al loys 
of h igher  Cr content.  Ear l ier ,  Mfiller and  Cupr  (4) 
p rov ided  da ta  for  po ten t ia l  behavior  of Cr which show 
on p lo t t ing  vs. pH a slope of 0.058 character is t ic  for  
spontaneous ac t iva t ion  of Cr in var ious  acids, and 
2 x 0.058 for Cr ac t iva ted  by  cathodic polar izat ion.  
Recent ly  Car t ledge  and Sympson (5) demons t ra ted  
tha t  i ron pass iva ted  by  sodium molybdate ,  tungstate ,  
and chromate  or by  potass ium per techne ta te  also ex-  
hibi ts  F lade  potmatials tha t  are  l inear  wi th  pH, of 
s lope 0.058, the  average  absolute  values  for  which 
pa ra l l e l  those by  F r a n c k  for i ron pass iva ted  in con- 
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centrated HNO3 or anodically in H~SO,. The present 
measurements explore Flade potentials for iron pas-  
sivated by ferrates and nitrites in addition to chro-  
mates, molybdates, tungstates, concentrated HNO~, 
and by anodic polarization in H~SO,. The experi-  
mental  procedure differs somewhat  f rom that  used 
by Cartledge and Sympson, and the pH range is in- 
creased to include the alkaline region. 

E x p e r i m e n t a l  P r o c e d u r e  

Electrodes of about 2 cm ~ area were prepared from 
mild steel. This composition has an advantage over 
higher pur i ty  iron in that  passivity is found to be 
more stable during transfer  from the passivating 
solution to the activating solution. Carbon steels are 
more readily passivated by concentrated HNO~ than 
is pure iron (6), probably because of cementite pres- 
ent as a second phase in the carbon steels which acts 
as the noble component of a galvanic couple, hasten- 
ing anodic passivation of the metallic phase ( le t -  
ri te).  For example, coupling of plat inum to iron also 
hastens passivity. Cementite, accordingly, stabilizes 
passivity probably by allowing galvanic action to 
continue during transfer  of the specimen. Flade 
showed earlier (1) that  carbon steel or electrolytic 
iron exhibits essentially the same "umschlagspunkt."  

The electrode was assembled with a nickel wire 
silver soldered to a stem machined on the steel spec- 
imen, the wire being enclosed by an 8 mm diameter 
glass tube. A Teflon gasket maintained a water- t ight  
seal between steel and glass tube at one end, with 
constant contact being effected by means of a screw, 
nut, and rubber  grommet attached to the wire at the 
other end. The gasket was machined so as to insure 
against crevices or leakage which if not avoided 
made it difficult to obtain optimum passivity. 

Passivator solutions were made up from reagent 
grade salts and distilled water  in the following con- 
centrations: (a) 0.0025M and 0.1M NaNO~, (b) 
0.0025M K~CrO,, (c) 0.0025M Na~WO,, (d) 0.0025M 
Na~MoO,. In addition, concentrated CP HNO~ was 
used, and 0.1% K~FeO, solution prepared according to 
the method described by Thompson, Ockerman, and 
Schreyer (7). 

Electrodes were passivated by immersion in one 
of the above solutions for a period of usually several 
minutes up to 1 hr, or whatever  time was required 
to achieve a stable noble potential. Electrodes were 
then washed successively in 3 beakers of distilled 
water, and finally immersed in water  adjusted to a 
known pH by means of HNO~, H~SO,, or NaOH. It  
made no apparent  difference whether  HNO~ or H~SO~ 
was used for ad3ustment in the lower pH range. The 
decay of potential vs. t ime was measured with ref-  
erence to Ag-AgC1, 0.1N KC1 electrode using a 
Na~SO, salt bridge and employing an electronic gal- 
vanometer  and portable potentiometer. Corrections 
were not made for liquid junction potentials. Typi-  
cal decay curves are shown in Fig. 1. The potential 
obtained just before the abrupt  drop was recorded 
as the Flade potential. Cartledge and Sympson used 
instead the average value of the potential at the 
plateau preceding breakdown, but this procedure 
differs f rom that  first described by Flade. It  seems 
to us more likely that the potential corresponding to 
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Fig. 1. Potential decay of passive iron and Flade potential EF 

the thinnest passive film, i.e., just before the steep 
decline, represents the equilibrium state between 
film and solution, and that  it is this potential in 
which we have most interest. In any case, however, 
the relatively large experimental  error in determin-  
ing the Flade potential makes the particular proced- 
ure in this regard of small consequence. This is evi- 
dent from the relatively good correspondence of our 
data with those of Cartledge and Sympson. 

The procedure used by the latter authors for ac- 
t ivating their electrodes consisted of adding sodium 
sulfate to the passivator solution until  passivity de- 
cayed, without  removal  of the electrode. Our method 
was to remove the electrode from the passivator 
solution, wash it, and then place it in an aqueous 
solution of known pH. The latter procedure pro- 
duced a sharper change from the passive to active 
state, with apparent ly less experimental  scatter. 

R e s u l t s  

Flade-potentials determined as described above, 
where each point represents one or more runs, are 
plotted vs. pH in the acid range up to pH 4.5 in Fig. 
2 and 3. Although a single line of slope 0.059 and in- 
tercept at --0.57 v for pH = 0 might have been 
drawn through all the points with maximum devi- 
ation of about _-+150 my, the pat tern of data favors 
individual straight lines through points relating to a 
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Fig. 2. F lode po ten t i a l s  f o r  i ron in ac id  range 
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Fig.  3.  F lode p o t e n t i o l s  f o r  i ron  in oc id  r a n g e  

given passivator .  Al l  l ines so d rawn  have  a slope of 
approx ima te ly  0.059, but  the in tercepts  are  increas-  
ingly noble in the fol lowing order :  

Approx.  in tercept ,  
pH = 0 (H~ scale) 

Pass ivator  v 

i. NaNO. --0.50 
2. K~CrO~, K~FeO~, Na~MoO~ --0.54 
3. Na2WO, --0.61 
4. Anodic polarization in 

H=SO,; conc. HNO~ --0.64 

Measurements  in the n e a r - n e u t r a l  and a lka l ine  
range  were  not as reproducible ,  and pass iva tor  solu- 
tions behaved  wi th  grea te r  ind iv idua l  differences in 
comparison to thei r  behavior  in acid environments .  
Data  a re  p lo t ted  in Fig. 4. 

Potent ia ls  of Fig. 2 and 3 agree in slope wi th  those 
repor ted  by  Franck,  and by  Car t ledge  and Sympson.  
The average  in tercept  at pH ---- 0 of --0.57 v is also 
close to the average  va lue  of thei r  data.  However ,  
d rawing  the best  l ine through ind iv idua l  points  for 
pass ivat ion by  HNO,, or anodical ly  in H~SO, p ro -  
duces an in te rcept  of --0.64 v, which is more  noble 
than  the average  by  0.07 v. This va lue  can be com- 
pa red  wi th  the st i l l  more  noble s t andard  F lade  po-  
tent ia l  r epor ted  by  Rocha and Lennar tz  for i ron 
anodical ly  pass iva ted  in H~SO, equal  to --0.68 v. 

There  is a t endency  for F l ade  potent ia ls  of i ron 
prev ious ly  pass iva ted  in K,CrO, and then ac t iva ted  
in a lka l ine  solutions to follow an ex t rapo la t ion  of 
da ta  obta ined in acid media  as indica ted  by  the 
dot ted l ine of Fig. 4. Two points  for NaNO8 fal l  
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Fig. 4. F1ode potentiols for iron in neor-neutrol ond c]koIine 
ronges. 
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wi th in  the same region. These da ta  as ment ioned  
ear l ie r  a re  inheren t ly  more  difficult to reproduce,  
pa r t i cu l a r ly  since b reakdown  of pass iv i ty  is s lug-  
gish in the a lka l ine  region and sometimes does not  
occur a t  al l  wi th in  a reasonable  t ime. More definite 
conclusions are reached in this region for iron pas- 
s ivated in concentra ted  HNO8 or by  anodic po la r -  
ization. F lade  potent ia ls  l ie on a l ine of zero slope 
f rom pH 4 to 11.4, the  mean  value  for which, --0.41 
v, is cons iderably  more  noble than  comparab le  va l -  
ues for n i t r i t e  or chromate.  

D i s c u s s i o n  
I t  is significant tha t  al l  F l ade  potent ia l s  whe ther  

in the  a lka l ine  or acid region are  more noble by sev-  
era l  tenths vol t  than corresponds to potent ia ls  for 
any  of the  severa l  oxides of i ron in equ i l ib r ium wi th  
meta l l ic  i ron (8, 9). Hence, the passive film does 
not appear  to be any single known iron oxide. Vet te r  
(9, 10), in o rder  to account for  the  facts, hypo the -  
sized a high poten t ia l  g rad ien t  wi th in  a film of Fe..O8 
over ly ing  a film of Fe, O,. GShr and Lange  (11) and 
Schot tky  (12) discussed var ious  possible ionic equi-  
l ib r ia  wi th in  the oxide or at  the oxide  surface. 

GShr and Lange  by  assuming equi l ib r ium be tween  
a l ayer  of ~,Fe~O, over ly ing  a l aye r  of Fe,O,, and m a k -  
ing cer ta in  assumptions regard ing  the free energy of 
format ion  of yFe~O~, show tha t  the  fol lowing reac -  
t ion may  account  for the F l ade  potent ia l :  

Fe,O, ~- 1/2 H~O --> 3/2 ~,Fe~O, -F 2H + + 2e 

Heusler,  Weil, and Bonhoeffer (13) concur in a 
model  based on ~,Fe~O, over ly ing  Fe,O,. Car t ledge 
(14) suggested an inner  oxide, e.g., an abnormal  
"FeO," in contact  wi th  an outer  i ron oxide in a 
h igher  oxidat ion s ta te  to account for  the  F l ade  
potent ial .  

Some of the  assumptions  upon which these p ro-  
posals a re  made  immedia t e ly  run into difficulty in 
expla in ing  the F lade  potent ia l  of Cr (0.2 v) which 
is also more noble than  corresponds to Cr~O, in 
equ i l ib r ium wi th  Cr and for which only one known 
oxide forms on the  me ta l  surface. Fur the rmore ,  the  
to ta l  observed thickness of passive film substance, 
assuming it to be an oxide, is ha rd ly  sufficient to 
accommodate  two layers  of oxides. For  example,  the 
approx ima te  number  of chemical  equivalents  of pas-  
sive film substance on iron as measured  by  coulo- 
m e t r y  (15) or by the oxidizing capaci ty  of the film 
(16) corresponds to only 0.01 cou lomb/cm ~ a p p a r -  
ent surface. Assuming tha t  the roughness  factor  for 
p ickled  iron is s imi lar  to the measured  va lue  of 4 
for 18-8 stainless steel p ickled  in hydroch lo r i c - su l -  
furic acids (17), the value becomes 0.0025 coulomb/  
cm" absolute  surface. This figure becomes la rger  as 
iron is polar ized to more noble potent ials ,  but  be -  
comes smal ler  as the F lade  poten t ia l  is approached  
where  the passive film reaches m i n i m u m  thickness 
consistent  wi th  re tent ion  of passivi ty .  Hence assum- 
ing 0.0025 cou lomb/cm 2, the  average  thickness is 
14A if the  passive film is composed of Fe80,, and i t  
can be thinner;" if it is ~,Fe~O~, the corresponding 

Employing  for FezO4 and 7Ye2Oa equiva len t  we igh t s  and  densi t ies  
of 28.9, 26.6, and  5.2, 5.1, respect ively.  The above th ickness  of t h e  
pass ive  film should not  be con.fused w i t h  th i cke r  layers  of o x i d e  
(25-100A) res idual  on i ron  surfaces  af ter  pass iv i ty  has  d e c a y e d .  
This  ma t t e r  is  d i s c u s s e d  later.  
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t h i c k n e s  is 13A. Bu t  t he  un i t  ce l l  d imens ions  of 
Fe~O, and  7Fe20~ a re  8.3 to  8.4A (18, 19),  t he  s u m  of 
w h i c h  is 16.7A. Hence ,  i t  does  not  s eem l i k e l y  t h a t  
t h e r m o d y n a m i c  p r o p e r t i e s  of b u l k  oxides ,  as e m -  
p l o y e d  b y  GShr  a n d  Lange ,  for  e x a m p l e ,  can  h a v e  
m u c h  s igni f icance  w i t h  r e s p e c t  to p r o p e r t i e s  of  t h e  
pa s s ive  f i lm n e a r  the  F l a d e  p o t e n t i a l  w h e r e  t he  t o t a l  
t h i cknes s  is less t h a n  the  s u m  of t h e  u n i t  ce l l  d i -  
mens ions .  A l o n g  the  s a m e  l ines ,  i t  is diff icul t  to con-  
ce ive  of a h igh  p o t e n t i a l  g r a d i e n t  (>10  ~ v / c m )  in  a 
Fe~O~ fi lm o v e r l y i n g  Fe~O~ as h y p o t h e s i z e d  b y  Ve t t e r ,  
w h e r e  t h e  Fe202 l a y e r  has  a t h i cknes s  less  t h a n  the  
d i mens ions  of  t he  un i t  cell .  A t h i r d  d i f f icul ty  w i t h  
th is  d u p l e x  o x i d e  f i lm m o d e l  is tha t ,  so far ,  i t  has  no t  
been  ab le  to e x p l a i n  t he  a b i l i t y  of t he  pas s ive  f i lm to 
ox id ize  CrO~- to C r O j -  as m e a s u r e d  b y  Uh l ig  a n d  
O ' C o n n o r  (16) .  

These  diff icul t ies  a r e  o v e r c o m e  b y  the  sugges t ion  
(20) t h a t  t h e  pa s s ive  f i lm is no t  an  a b n o r m a l  o x i d e  
or  doub le  ox ide ,  b u t  is e s s e n t i a l l y  c h e m i s o r b e d  o x y -  
gen ins tead ,  a n d  t h a t  the  F l a d e  p o t e n t i a l  c o r r e s p o n d s  
to t he  fo l l owing  e q u i l i b r i u m :  

3H20 + F e  su r f ace  ~=~ 0 - 0 2  ( a d s o r b e d  on F e )  + 

6H § + 6e [1]  

The  s t a n d a r d  p o t e n t i a l  for  th is  r e a c t i o n  ( p H  = 0) is 
--0.58 v a c c o r d i n g  to F r a n c k ' s  d a t a  or  - -0 .64 v ac -  
co rd ing  to Fig .  2. The  s t r u c t u r e  O.O~ (ads.  on F e )  
signif ies a c o m p l e t e  m o n o l a y e r  of c h e m i s o r b e d  o x y -  
gen  a toms  t h r o u g h  gaps  of w h i c h  a f u r t h e r  l a y e r  of 
O2 mo lecu l e s  is c h e m i s o r b e d  in accord  w i t h  the  sug -  
ges t ed  s t r u c t u r e  of c h e m i s o r b e d  o x y g e n  on t u n g s t e n  
(21) .  This  s t r u c t u r e  is cons i s t en t  w i t h  t he  o b s e r v e d  
a p p r o x i m a t e  0.01 c o u l o m b / c m  2 a p p a r e n t  su r f ace  of 
pa s s ive  f i lm subs tance .  A t  t he  F l a d e  po t en t i a l ,  as 
m e n t i o n e d  ea r l i e r ,  t he  f i lm is s o m e w h a t  t h i n n e r  t h a n  
c o r r e s p o n d s  to O.O2, a n d  m a y  m o r e  n e a r l y  c o r r e -  
spond  to a f i lm of a tomic  oxygen .  F o r  pa s s ive  p o t e n -  
t i a l s  m o r e  n o b l e  t h a n  t h e  F l a d e  po t en t i a l ,  t he  f i lm 
p r o b a b l y  con ta ins  no t  on ly  c h e m i s o r b e d  o x y g e n  a d -  
d i t i o n a l  to an  a tomic  m o n o l a y e r ,  b u t  also a d s o r b e d  
OH, the  a m o u n t  d e p e n d i n g  on the  e x t e n t  to w h i c h  
i r o n  is p o l a r i z e d  a n o d i c a l l y  b y  t h e  p a s s i v a t i o n  
process .  

On b r e a k d o w n  of p a s s i v i t y  in  acco rd  w i t h :  

0 . 0 2  (ads.  o n F e )  + 2Fe  + 3H20--~ F e ( O H ) ~  

a r e s i d u a l  f i lm of Fe20~, 60A t h i c k  is a c c o u n t e d  for,  
in  r e a s o n a b l e  a g r e e m e n t  w i t h  m e a s u r e m e n t s  of 
S c h w a r z  (22) a n d  G u l b r a n s e n  (23) .  I t  is t he  d e c o m -  
posed  pa s s ive  f i lm w h i c h  was  o b s e r v e d  b y  e l e c t r o n  
d i f f r ac t ion  m e a s u r e m e n t s  of M a y n e  a n d  P r y o r  (24) 
w h i c h  t h e y  r e p o r t e d  as 7FelOn. 

A m a j o r  s u p p o r t  for  c h e m i s o r b e d  o x y g e n  as t h e  
compos i t i on  of t he  p a s s i v e  f i lm comes  f r o m  t h e r m o -  
d y n a m i c  da ta .  F r o m  T o m p k i n ' s  m e a s u r e m e n t s  (25) 
on the  d i r ec t  c h e m i s o r p t i o n  of gaseous  o x y g e n  on 
i ron,  AH ~ = --75,000 c a l / m o l e  O~. The  s t a n d a r d  e n -  
t r o p y  of  a d s o r p t i o n  AS ~ is a p p r o x i m a t e l y  e q u a l  to  
--46.2 e.u. (26) w i t h  a s t a n d a r d  s t a t e  of ha l f  su r f ace  
coverage .  Hence ,  s ince  AH ~ is no t  s ens i t i ve  to t h e  e x -  
t en t  of su r f ace  c o v e r a g e  (27) w e  can  use  t h e  r e l a t i o n  
AG ~ t he  f r ee  e n e r g y  of adso rp t i on ,  = AH ~ - -  T A S  ~ -~ 
--61,300 c a l / m o l e  o x y g e n  adso rbed .  A c c o r d i n g l y :  

3 /2  O2 + F e  su r f a c e  ~ O.  O~ (ads .  on F e )  

AG ~  - - 3 / 2  • 61,300 cal  [2]  

3H~O ~ 6H + + 3 /2  O~ + 6e- 

AG ~  170,000 ca l  (28) [3]  

A d d i n g  [2]  and  [3 ] :  

3H~O + F e  su r f ace  ~ 0 . 0 2  (ads .  o n F e )  + 6H + -b 6e- 

AG ~ = +78,000 cal  [4]  

The  c o r r e s p o n d i n g  s t a n d a r d  p o t e n t i a l  E ~ e q u a l  to 
- - A G ~  is --0.56 v. This  v a l u e  ag rees  w i t h i n  r e a -  
sonab le  l imi t s  w i t h  t h e  m e a s u r e d  v a l u e s  of --0.58, 
--0.64, a n d  --0.68 v q u o t e d  p r e v i o u s l y .  

Bonhoef fe r  (29) a n d  his  c o - w o r k e r s  s h o w e d  t h a t  
p a s s i v a t i o n  of i r on  in  c o n c e n t r a t e d  HNO~ p r o c e e d s  
b y  an  e l e c t r o c h e m i c a l  r e a c t i o n  in  w h i c h  n i t r o u s  
acid,  HNO2, acts  as a s t r ong  ca thod ic  de po l a r i z e r .  The  
m a j o r  p a r t  of t he  i r on  su r f ace  se rves  as c a thode  r e -  
su l t ing  in  v e r y  h igh  c u r r e n t  dens i t i e s  r e a c h i n g  a p -  
p r o x i m a t e l y  17 a m p / c m  2 (2)  a t  s m a l l  r e s i d u a l  anodic  
surfaces .  These  h igh  anod ic  c u r r e n t  dens i t i e s  p r o -  
duce  the  pas s ive  film, w h i c h  in  t u r n  becomes  the  
sea t  of t he  c on t i nu ing  ca thod ic  reac t ion ,  t h e r e b y  
f a v o r i n g  s p r e a d  of p a s s i v i t y  ove r  a l l  t he  sur face .  

T h e  n i t r o u s  ac id  r e s u l t i n g  f r o m  r e d u c t i o n  of  HNO~ 
p l a y s  a v e r y  i m p o r t a n t  p a r t  as  depo la r i ze r ,  t he re fo re ,  
in p a s s i v a t i o n  b y  n i t r i c  acid.  I t  is p r o p o s e d  h e r e w i t h  
t h a t  t he  p a s s i v a t o r s  r e p o r t e d  in  th is  p a p e r  act  also 
b y  d e p o l a r i z a t i o n  to p r o d u c e  the  pa s s ive  s ta te ,  a n d  
t h a t  t he  r e s u l t i n g  compos i t i on  a n d  s t r u c t u r e  of t he  
p a s s i v e  f i lm a re  b a s i c a l l y  t h e  s a m e  in a l l  cases. The  
s i m i l a r i t y  of F l a d e  p o t e n t i a l s  m a k e s  th is  conc lus ion  
p l aus ib l e .  Ch roma te s ,  for  e x a m p l e ,  f i rs t  a d s o r b  on 
the  i r on  sur face ,  and  on i ron  ox ides  if  p r e sen t ,  and  
as such  act  as ca thod ic  depo la r i ze r s .  S ince  a d s o r p -  
t ion  and  d e p o l a r i z a t i o n  occur  ove r  t he  en t i r e  sur face ,  
c u r r e n t  dens i t i e s  a t  gaps  in t h e  a d s o r b e d  f i lm ea s i l y  
r e a c h  the  o r d e r  of 17 a m p / c m  2. The  u l t i m a t e  p a s s ive  
film, w h i c h  is e s s e n t i a l l y  c h e m i s o r b e d  o x y g e n  r e -  
su l t i ng  f r o m  d i s c h a r g e  a n d  c o m b i n a t i o n  of OH-, is 
f o r m e d  b y  anodic  po l a r i za ton .  I t  is f o r m e d  a t  a r a t e  
m e a s u r a b l y  s l ower  t h a n  for  n i t r i c  ac id  p r e s u m a b l y  
because  of  the  s l o w e r  r a t e  of  ca thod ic  r e d u c t i o n  of 
c h r o m a t e s  as  c o m p a r e d  w i t h  HNO22 This  s l o w e r  r e -  

2 U h l i g  and  O ' C o n n o r  (16) p r o p o s e d  t h a t  f e r r a t e s  or  s i m i l a r  h i g h e r  
v a l e n c e  i r o n  c o m p o u n d s  f o r m  w h e n  i r o n  reac t s  w i t h  c o n c e n t r a t e d  
HNO3 a n d  t h a t  such  c o m p o u n d s  a d s o r b e d  o n  i r o n  p r o b a b l y  cons t i -  
t u t e  t he  p a s s i v e  fi lm. T h e y  c a l c u l a t e d  t he  a m o u n t  of  a d s o r b e d  l e t -  
r a t e  on  t he  i r on  su r face  f r o m  the  a b i l i t y  of  t h e  p a s s i v e  f i lm  to 
ox id i ze  CrO~- to  C r O 4 - -  in  N a O H  so lu t ion .  

I t  n o w  appea r s  f r o m  the  f o r e g o i n g  d a t a  t h a t  i t  is  n o t  necessa ry  to  
a s s u m e  f o r m a t i o n  of  f e r r a t e s  as such  as source  of  t he  o b s e r v e d  ox i -  
d i z i n g  p r o p e r t y  of  t he  f i lm. In s t ead ,  a d s o r b e d  o x y g e n  e x p r e s s e d  as  
0 . 0 2  (ads. on  Fe)  can a lso  a c c o u n t  f o r  t he  facts .  Th i s  a d s o r b e d  
o x y g e n  is r e l a t ed  to  t he  f e r r a t e  s t r u c t u r e  i n  t h a t  s t r o n g l y  a l k a l i n e  
m e d i a  c o n v e r t  t he  a d s o r b e d  f i lm c o n t i n u o u s l y  to  f e r r a t a s  i n  accord  
w i t h  t h e  r e a c t i o n :  

0.02 (ads. onFe) + Fe + 2NaOH~ Na2FeO~ + H20 + Fe surface 
as is observed when iron is polarized anodically in concentrated 
NaOH. 

In dilute NaOH, ferrates act as passivators in accord with: 
2Na~FcO4 + 5H~O + Fe surface--~ 0-02 (ads. on Fe) + 

2Fe(OH)3 + 4NaOH 

Iron immersed in K2FeO4, therefore, preforms the passive film and 
no i n i t i a l  r e a c t i o n  occurs  on  s u b s e q u e n t  i m m e r s i o n  o f  i r o n  i n to  eonc. 
HNOs, a r eac t i on  t h a t  is n e c e s s a r y  o t h e r w i s e  to  ~orm a m i n i m u m  
c o n c e n t r a t i o n  of  HNO2 to  s e r v e  as d e p o l a r i z e r  (16). 

T h e  h e r e i n - d e s c r i b e d  m e c h a n i s m  of  p a s s i v a t i o n  b y  c h r o m a t e s  
(and s i m i l a r  pas s iva to r s )  modi f ies  t h e  ea r l i e r  p r o p o s a l  by  one  of  us  

tha t  the  p r i m a r y  p a s s i v e  f i lm cons is t s  of  c h r o m a t e  a d s o r b e d  d i r ec t l y  
on t h e  me ta l .  F r o m  p r e s e n t  da ta ,  f o r m a t i o n  of  such  a f i lm m o r e  
h k e l y  is t he  first s t a g e  of  p a s s i v a t i o n .  Th i s  is  f o l l o w e d  by  f o r m a t i o n  
of t he  a n o d i c a l l y  p r o d u c e d  o x y g e n  f i lm,  w h i c h  is  a c t u a l l y  t he  p r i -  
m a r y  p a s s i v e  f i lm. I r o n  o x i d e s  f o r m  m o r e  s l o w l y  as a t h i r d  s t age  
process,  b u t  t hey  c o n t r i b u t e  r e l a t i v e l y  less  to  co r ros ion  r e s i s t ance  
c o m p a r e d  to  t h e  a d s o r b e d  o x y g e n  f i lm  w h i c h  c o n t i n u e s  a t  t he  base  
of  pores  in  such  o x i d e  l a y e r s  so l o n g  as c h r o m a t e s  a re  p r e s e n t  in  
so lu t ion .  E l e v a t e d  t e m p e r a t u r e s  a n d  c e r t a i n  a n i o n s  (e.g., C1-) ac-  
ce le ra te  f o r m a t i o n  of i r o n  o x i d e  a n d  a c c o m p a n y i n g  r e d u c t i o n  of 
ch roma te .  
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duc t ion  can  account  for the  fact  tha t  it  r equ i res  on ly  
seconds for pass iva t ion  of i ron  in  conc. HNO~ b u t  
abou t  u to 1 hr  for the  pass ive  fi lm to fo rm com-  
p le te ly  in  chromates  as ind ica ted  by  po ten t i a l  me a s -  
u r e m e n t s  (30),  and  f rom e x p e r i m e n t s  on the effect 
of p r e - i m m e r s i o n  of i ron  in  chromates  on the  ra t e  of 
reac t ion  w i t h  concen t ra t ed  HNO~ (31)?  

The  above  descr ibed  reac t ion  of i ron  w i th  d i -  
ch romate  can  proceed as follows: 

Cr207-- W 14H § + 6 e - ~  2Cr +§247 + 7H~O 
E ~ = 1.33 v [5] 

3H~O + Fe  sur face  -~ 6e- + 6H + + O. O2 (ads. on Fe)  
E ~ = --0.54 v [6] 

A d d i n g  [5] and  [6] :  
Cr~OT- - + 8H + + Fe  surface  --> 2Cr +++ + 4H~O + 

O,O2 (ads. on Fe)  E ~ = 0.79 v [7] 

The pos i t ive  va lue  of emf  for r eac t ion  [7] ind ica tes  
tha t  the  reac t ion  can go spon taneous ly ;  in  o ther  
words,  d i ch roma te  can produce  the  chemisorbed  pas -  
sive film by  anodic  po la r i za t ion  in  the  same w a y  as 
can conc. HNO~ or d i rec t  anodic  po la r i za t ion  in  
HfSO,. I t  is r ea sonab le  tha t  a s imi la r  reac t ion  should  
occur in  a lka l ine  med i a  f o r m i n g  pe rhaps  basic  
chromic  ch romate  (32) as end  product ,  bu t  f ree e n -  
ergy da ta  for this  r eac t ion  are no t  ava i lab le .  

Accord ing  to r eac t ion  [7] ,  each mole  Cr=O~-- 
which  is r educed  to fo rm the pass ive  film forms  two 
moles  Cr ++§ If Cr ++§ so p roduced  is r e t a i n e d  on the  
me ta l  surface,  pe rhaps  as h y d r a t e d  Cr=O~ or ad -  
sorbed as the  ion, the  a m o u n t  so fo rmed  is an  i nd i -  
ca t ion of the  n u m b e r  of equ iva l en t s  of pass ive  film 
subs tance  per  u n i t  surface.  G e a r y  (33) f ound  3 x 101~ 
Cr a t o m s / c m  2 or 5 x 10 -~ g - a t o m / c m  2 r e t a ined  on  an  
i ron  surface  af ter  pass iva t ion  by  d i ch roma te  us ing  
rad ioac t ive  Cr as t racer .  In  this  expe r imen t ,  t he  i ron  
surface  was  h y d r o g e n - r e d u c e d  at  1000~ t h e n  ex-  
posed to deae ra t ed  0.0005M Cr=OT-- so lu t ion  of pH 
1.9 for 2 to 17.5 h r  avo id ing  contac t  w i th  air.  The  
i ron  sur face  was  washed  in  d is t i l led  wa t e r  before  
count ing .  The  same a p p r o x i m a t e  a m o u n t  of r e s idua l  
Cr was  repor ted  b y  Brashe r  and  Stove (34) ,  by  
Powers  and  H a c k e r m a n  (35),  and  b y  Cohen  a nd  
Beck (36) for  a i r - exposed  iron.  This  q u a n t i t y  of 
ch romium,  ca lcu la ted  in  accord w i t h  condi t ions  of 
reac t ion  [7] ,  cor responds  to 2.5 x 10 -~ mole  0 . 0 2  
(ads. on F e ) / c m  2~ or 15 x 10 -~ equ iva l en t s  of pas -  
sive fi lm subs tance  per  cm 2. This  va lue  is in  good 
a g r e e m e n t  w i t h  the  m a x i m u m  a m o u n t  of pass ive  
fi lm subs tance  on i ron  ( 2 x  10-8 mole  0 . 0 2  ads. on 
F e / c m  = or 12 x 10 -8 equ iva l en t s  of pass ive  fi lm s u b -  
s t a n c e / c m  -~) f ound  by  O ' C o n n o r  (16) f rom the  ox i -  
d iz ing capac i ty  of the  passive f i lm? I t  is also in  ac-  

4 W h e n  t he  p a s s i v e  f i lm i s  p r e v i o u s l y  f o r m e d  b y  i m m e r s i o n  o f  
i ron  in  Oz-sa tu ra t ed  0.1% K~CrfO7 for  m o r e  t h a n  b u t  n o t  less  t h a n  
1/2 hr ,  no  m e a s u r a b l e  i r o n  r e a c t s  o n  s u b s e q u e n t  i m m e r s i o n  i n  c o n -  
c e n t r a t e d  HNOs, w h e r e a s  fo r  a i r - e x p o s e d  i ron ,  o m i t t i n g  c h r o m a t e  
i m m e r s i o n ,  a b o u t  0.04 m g / c m  2 (16) reac t s  be fo re  t he  i ron-HNO8 
r e a c t i o n  subs ides .  I n  d e a e r a t e d  0.1% K~CrfO~, t h e  t i m e  to  r e a c h  
o p t i m u m  p a s s i v i t y  is  l o n g e r  (approx.  2 h r ) .  

Th i s  c a l c u l a t e d  a m o u n t  s h o u l d  be  r e d u c e d  b y  t he  a m o u n t  of  
c h r o m a t e  i r r e v e r s i b l y  a d s o r b e d  on  t he  p a s s i v e  f i lm i tsel f .  S ince  a 
c lo se -packed  m o n o l a y e r  of C r O 4 - -  (d iam.  = 5.4A) on  a su r f ace  of  
r o u g h n e s s  f a c t o r  = 3 a m o u n t s  to  on ly  0.2 x 10-s m o l e / c m  2, t h e  
co r r ec t ion  is  smal l .  

S The  r e a c t i o n  s t u d i e d  b y  O ' C o n n o r  is  a s s u m e d  (20) to  be  t h e  
f o l l o w i n g :  
0 . 0 8  (ads. o n F e )  + F e  + OH-  + CrOz- + HfO--> Fe (OH)a  + C r O ~ - -  

A G  ~ = - - 3 3 , 0 0 0  c a l  

H e  f o u n d  t h a t  a m a x i m u m  of  2 x 10--8 m o l e  C r O 4 - -  w a s  f o r m e d  pe r  
cm 2 of  p a s s i v e  i ron ,  w h i c h  w a s  r e p o r t e d  as  e q u i v a l e n t  to  2 x 10 -s 
m o l e  f e r r a t e / c m  2 i n s t e a d  of  2 x l 0  s m o l e  0 . 0 2  (ads. on  F e ) / c m  2. 
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cord w i th  Wel l ' s  va lue  of abou t  0.01 c o u l o m b / c m  2 
pass ive  film subs tance  as d e t e r m i n e d  b y  cou lomet ry  
(15 x 10 -~ x 96,500 = 0.014 cou lomb) .  

I t  is p r o b a b l e  t ha t  most  o ther  pass iva tors  opera te  
by  a m e c h a n i s m  s imi la r  to t ha t  ou t l ined  above for 
chromates .  This  m e c h a n i s m  exp la ins  w h y  sulfa tes  or 
perch lora tes  are  no t  pass iva tors  even  though  they  
have  the  X O : -  s t ruc ture .  Ions of this  k i n d  e i ther  do 
no t  reduce,  or do so too s lowly  to fulfi l l  the  r e q u i r e -  
me n t s  of a cathodic depolar izer .  On the  o ther  hand ,  
oxid iz ing  subs tances  such as chlor ides  for which  the  
m i n i m u m  c u r r e n t  dens i ty  for anodic  pass iva t ion  is 
v e r y  h igh  or infini te ,  also do not  mee t  the  r e q u i r e -  
m e n t s  of a pass ivator .  Hypochlorous  acid a nd  ferr ic  
chlor ide  are  in  this  category.  A l k a l i n e  inh ib i to r s  
such as Na~PO4, NafCO~, a nd  NaOH act as pass iva tors  
on ly  in  the  p resence  of d issolved oxygen  (37, 38) 
a nd  hence  the  cathodic r educ t ion  of these  subs tances  
is no t  r e q u i r e d  for pass iva t ion .  Ins tead,  mos t  a lka -  
l ine  subs tances  p r o b a b l y  displace adsorbed  H, the  
l a t t e r  t e n d i n g  to fo rm w h e n e v e r  i ron  is exposed to 
an  aqueous  e n v i r o n m e n t ,  a nd  favor  adsorp t ion  of 
OH- toge ther  w i th  oxygen  on the  m e t a l  surface.  
Hence  for these  subs tances  an  adsorbed  o x y g e n -  
h y d r o x y l  ion fi lm can  fo rm d i rec t ly  w i t h o u t  the  nec -  
essi ty of anodic  polar iza t ion .  This  same s i tua t ion  
appl ies  to Cr a nd  the  s ta inless  steels which  be -  
come spon taneous ly  passive on exposure  to air. 

Dissolved oxygen  is also r e q u i r e d  for  pass iva t ion  
of i ron  by  mo lybda t e s  a nd  tungs t a t e s  (38) .  A possi-  
ble  e x p l a n a t i o n  is tha t  o x y g e n  as wel l  as the  pass i -  
va to r  adsorbs  on the  me t a l  t h e r e b y  inc reas ing  ca th -  
odic a nd  decreas ing  anodic  areas.  This  ex tens ion  of 
cathodic sites a nd  l i m i t a t i o n  of anodic  sites favors  
a t t a i n m e n t  of the  cr i t ical  c u r r e n t  dens i ty  necessary  
for anodic  pass iva t ion .  O x y g e n  m a y  be necessary,  in  
o ther  words,  because  molyda tes  and  tungs t a t e s  are  
no t  sufficiently good cathodic depolar izers  on a c lean  
i ron  surface,  b u t  they  become effective if  the  gal -  
van ic  c u r r e n t  a c c o m p a n y i n g  the i r  cathodic  r educ -  
t ion  is res t r i c ted  to sma l l e r  anodic  areas  as w h e n  
oxygen  is p r e se n t  on the  surface.  

W i t h  chromates ,  dissolved oxygen  is no t  necessa ry  
for pass iva t ion ,  b u t  oxygen  does increase  the  r a t e  of 
pass iva t ion  (31) in  accord w i t h  the  m e c h a n i s m  jus t  
described.  

The  pass ive  film fo rmed  by  pe r t echne t a t e s  m a y  
also consist  e ssen t ia l ly  of chemiso rbed  oxygen.  F r o m  
da t a  b y  Car t l edge  and  S mi t h  (39) for the  reac t ion:  

TcO~(c) A- 2H~O--> T c O j ( a q )  A- 4H § A- 3e 

E ~ ---- --0.738 v [8] 

it  is conc luded  tha t  the  fo l lowing  reac t ion  is spon ta -  
neous :  

2 T c O j  % 2H + + Fe  surface--> O. O~ (ads. on Fe)  + 

H~O A- 2TcO2 E ~ = +0 .20  v [9] 

Radioac t ive  counts  by  Car t ledge  (40) on an  i ron  
sur face  pass iva ted  b y  T c O j  co r re spond ing  to a m o u n t s  
of Tc m u c h  less t h a n  4 x 10 -~ g - a t o m / c m  2 suggests  
t ha t  r educed  Tc O j ,  w h a t e v e r  its composi t ion,  en te r s  
so lu t ion  r a t h e r  t h a n  p rec ip i t a t i ng  or adso rb ing  on 
the  m e t a l  surface,  in  con t r a s t  to the  s i tua t ion  for 
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c h roma te s .  T h e r e  is also t he  p o s s i b i l i t y  t h a t  a m o n o -  
l a y e r  o r  p a r t i a l  m o n o l a y e r  of a d s o r b e d  T c O f  can  in  
i t se l f  s a t i s fy  su r f ace  affinit ies,  as  does  CO a d s o r b e d  
on 18-8 in  HC1, w i t h o u t  r educ t ion .  This  seems  less  
l i k e l y  in  v i e w  of t he  fac t  t h a t  C1- or  S O j -  can  a n d  
do s t i m u l a t e  r e d u c t i o n  of TcO,- b y  m e t a l l i c  i r on  
(41) ,  s i m i l a r  to a c c e l e r a t e d  r e d u c t i o n  of o t h e r  p a s -  
s i va to r s  in  p r e s e n c e  of  t he se  ions. 

The  s l i g h t l y  m o r e  ac t ive  s t a n d a r d  F l a d e  p o t e n t i a l s  
for  i r on  p a s s i v a t e d  b y  n i t r i t e s  a n d  c h r o m a t e s  as  
c o m p a r e d  w i t h  c o n c e n t r a t e d  HNO,  or  anod ic  p a s s i -  
v a t i o n  in  H~SO~ (Fig .  2) is  e v i d e n c e  of a s l i g h t l y  
g r e a t e r  s t a b i l i t y  of t he  pa s s ive  f i lm f o r m e d  b y  the  
first  two  subs tances .  Th is  s t a b i l i t y  is also e v i d e n t  
f r o m  the  u s u a l l y  l o n g e r  t i m e  i t  r e q u i r e s  for  p a s s i v i t y  
to b r e a k  d o w n  us ing  c h r o m a t e s  as c o m p a r e d  w i t h  
the  less s t ab l e  pa s s ive  f i lm f o r m e d  b y  HNO,  or  b y  
anod ic  po la r i za t ion .  The  g r e a t e r  s t a b i l i t y  can  be ac -  
c oun t ed  for  b y  a d s o r p t i o n  of t he  p a s s i v a t o r  s u b -  
s t ance  i tself ,  s u b s e q u e n t  to t he  p a s s i v a t i o n  process ,  
d i r e c t l y  on the  c h e m i s o r b e d  o x y g e n  film, t h e r e b y  r e -  
duc ing  the  o v e r - a l l  f r ee  e n e r g y  of  t he  sys t em.  A d -  
so rp t ion  of p a s s i v a t o r  on an  u n d e r l y i n g  ox ide  l a y e r  
was  p r o p o s e d  b y  P o w e r s  a n d  H a c k e r m a n  (35, 42) 
b a s e d  on con t ac t  p o t e n t i a l  m e a s u r e m e n t s ,  where ,  
howeve r ,  an  a d s o r b e d  o x y g e n  l a y e r  w o u l d  also fit 
t he  facts .  F o r  e x a m p l e ,  t he  fo l l owing  a d s o r p t i o n  can  
occur :  

O- O.~ (ads.  on  F e )  § H~CrO, 

O - O ~ . H . H . C r O ,  (ads.  on F e )  

the  f r ee  e n e r g y  c h a n g e  for  w h i c h  is c a l c u l a t e d  to b e  
--13,700 cal  b a s e d  on --0.54 v for  t he  s t a n d a r d  F l a d e  
p o t e n t i a l  for  i r on  p a s s i v a t e d  b y  c h r o m a t e s  c o m p a r e d  
to - -0 .64 v in  c o n c e n t r a t e d  HNO,. I f  t h e r e  is s u p p l e -  
m e n t a r y  a d s o r p t i o n  of F e  §247 or  Fe (NO, )~  on the  p a s -  
s ive  f i lm in HNO,, as  seems  l ike ly ,  the  c a l c u l a t e d  
•  ~ is for  d i s p l a c e m e n t  of such  an  a d s o r b a t e  b y  
H~CrO~. In  o t h e r  words ,  t he  i n t e r a c t i o n  b e t w e e n  
p a s s i v a t o r  a n d  pas s ive  f i lm on w h i c h  p a s s i v a t o r  is 
a d s o r b e d  can  accoun t  fo r  s l igh t  v a r i a t i o n s  in  F l a d e  
p o t e n t i a l  and  for  t he  o b s e r v e d  d i f fe rences  in  s t a -  
b i l i t y  of t he  pa s s ive  film. On this  basis ,  n i t r i t e s  a d -  
sorb  on the  pa s s ive  f i lm m o r e  s t r o n g l y  t h a n  do c h r o -  
ma tes ,  f e r r a t e s ,  a n d  m o l y b d a t e s  (F ig .  2, 3) ,  a n d  the  
l a t t e r  in  t u r n  m o r e  s t r o n g l y  t h a n  tungs t a t e s .  

Reasons  for  t h e  cons t an t  F l a d e  p o t e n t i a l  in  t h e  
r e g i o n  of  p H  4 to 11.5 w h e n  i ron  is p a s s i v a t e d  a n -  
od i ca l l y  or  b y  HNO~ p r o b a b l y  d e p e n d  on change  in 
m e c h a n i s m  of pas s ive  f i lm b r e a k d o w n  for  less  ac id  
e n v i r o n m e n t s .  I t  is k n o w n  t h a t  co r ros ion  of  i ron  in  
HNO,  or  H~SO~ con t inues  even  w h e n  i t  is pass ive ,  
hence ,  i t  is no t  u n l i k e l y  t h a t  t he  su r f ace  p H  r i ses  
and  t ha t  an  i n so lub l e  bas i c  f e r r i c  sa l t  o r  f e r r i c  h y -  
d r o x i d e  f o r m s  as end  p r o d u c t  of  pa s s ive  d e c a y  in  
so lu t ions  of p H  as low as  4 to 5. 

S ince  c o n s i d e r a b l e  f e r r i c  n i t r a t e  or  f e r r i c  su l f a t e  
fo rms  a t  t he  i r on  su r f ace  j u s t  p r i o r  to pa s s iv i t y ,  w e  
can  a s s u m e  w i t h  jus t i f i ca t ion  t h a t  F e  §247247 o r  Fe(NO~)~ 
a dso rbs  on the  pa s s ive  film. A c c o r d i n g l y  a p l a u s i b l e  
r e a c t i o n  a c c o u n t i n g  fo r  b r e a k d o w n  of  pa s s iv i t y ,  
w h i c h  is i n d e p e n d e n t  of pH,  is the  fo l l owing :  

2Fe++§ (ads.  on F e )  ~-3H~O--> 2 F e ( O H ) ,  ~ 6e 

hG ~ -~ ~75,440 ca l  
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The  s t a n d a r d  f r e e  e n e r g y  c h a n g e  for  th is  r e a c t i o n  .is 
ba sed  on s t a n d a r d  f r ee  e n e r g i e s  of f o r m a t i o n  of 
F e ( O H ) ~ ( s ) ,  Fe§247247 O.O~ (ads.  on F e )  and  
H20(1) ,  e q u a l  to --166,000, --2,530, --81,500, ~ a n d  
--56,690 cal  p e r  mole ,  r e s p e c t i v e l y ,  d i s c o u n t i n g  t h e  
s m a l l  f ree  e n e r g y  of a d s o r p t i o n  of F e  ++§ on t h e  pa s s ive  
film. The  s t a n d a r d  p o t e n t i a l  is a c c o r d i n g l y  0.54 v, 
or  --0.54 v for  t h e  s a m e  r e a c t i o n  w r i t t e n  as  a n  o x i -  
d a t i o n  s tep.  This  is to be  c o m p a r e d  w i t h  t he  o b s e r v e d  
p o t e n t i a l  of --0.41 v (Fig .  4) .  T h e  d i f fe rence  of 0.13 
v is p r o b a b l y  due,  o t h e r  t h a n  to e x p e r i m e n t a l  erroc,  
to f r ee  e n e r g y  of  a d s o r p t i o n  of  F e  *§247 no t  i n c l u d e d  in  
t he  ca lcu la t ion ,  a n d  p o s s i b l y  to r e a c t i o n  p r o d u c t s  
d i f fe r ing  in  c o m p o s i t i o n  f r o m  Fe (OH)~ .  The  a b o v e  
r e a c t i o n  does no t  go w h e n  i ron  is p a s s i v a t e d  b y  
c h r o m a t e s  a n d  s i m i l a r  p a s s i v a t o r s  b e c a u s e  solub][e 
f e r r i c  sa l t s  a r e  no t  f o r m e d  in h igh  concen t r a t i on ,  
a n d  hence  a r e  no t  a d s o r b e d  on t h e  pa s s ive  film. A c -  
co rd ing ly ,  for  such p a s s i v a t o r s  b r e a k d o w n  of  p a s -  
s i v i t y  in a lka l i e s  fo l lows  a cour se  no t  m u c h  d i f f e ren t  
f r o m  t h a t  in  acids,  as is obse rved .  
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Some Observations on the Mechanism of Inhibition 

A. C. Makrides 

Metals Research Laboratories, Electro Metallurgical Company, 
Division of Union Carbide Corporation, Niagara Falls, New York  

ABSTRACT 

Thiocyanic and citric acids are efficient inhibitors of dissolution of iron in 
dilute HNO~ solutions. It is concluded that inhibition does not generally involve 
"poisoning" the combination step in the hydrogen evolution reaction. Some 
observations on the kinetics of dissolution of iron in dilute HNO~ solutions are 
also presented. 

There is l i t t le  doubt  tha t  organic compounds 
which inhibi t  dissolution of meta ls  in  acids adsorb 
at the meta l - so lu t ion  interface.  There  are a number  
of ways  in which the resu l tan t  adsorbed film could 
modify  the kinet ics  of the  dissolut ion process. I t  has 
been suggested (1) tha t  adsorbed inhib i tor  on i ron  
deact ivates  "act ive centers"  at  which the react ion 

H~d~ -5 H~d~ --> H~(g) [1] 

between adsorbed hydrogen  atoms takes place.  Ac-  
cording to this  view, inhibi t ion  of i ron dissolut ion 
is closely associated wi th  occurrence of react ion [ 1 ]. 

Polar iza t ion  studies wi th  some organic compounds 
led Elze and Fischer  (2) to the conclusion tha t  inhib i -  
t ion of hydrogen  discharge governs the process of dis-  
solution in the presence of inhibitors .  The pa r t i cu la r  
inhibi tors  used by  these authors  had  a negl ig ible  
effect in the presence of an oxidizing agent  (Fe*++). 
F rom this result ,  i t  was ma in ta ined  tha t  inhibi tors  
function only if react ion [1] above, which accord-  
ing to Elze and Fischer  (2) is sensi t ive to inhibitors ,  
is inc luded in the ove r -a l l  dissolution process. 

I t  was pointed out  (3, 4) tha t  work  of King and 
Hi l lner  (5) indicates  tha t  some organic compounds 
function as inhibi tors  in s t rongly  oxidizing solutions 
where  react ion [ 1 ] is un impor tan t .  However ,  the re l -  
evance of the work  of King  and Hi l lner  (5) to the 
elucidat ion of the mechanism of inhib i tor  action 
was quest ioned on the ground tha t  the observed 
decrease in dissolut ion ra te  may  have  been due to 
pH changes of the bu lk  solution (6).  

Makr ides  and Hacke rman  (4, 7) found tha t  bu ty l  
th iourea  inhibi ts  dissolut ion of i ron in  FeCI~-HC1 
solutions. Any  bu lk  effect of bu ty l  th iourea  at  the  
concentrat ions  employed  was negligible.  I t  was of 

interest ,  therefore,  to es tabl ish  whe the r  other  com- 
pounds funct ion as inhibi tors  in oxidizing solutions 
where  react ion [1] m a y  be neglected.  

Experimental 
The ro ta t ing  cyl inder  technique was used (8).  

Armco iron cyl inders  (99.92-99.96% iron content ) ,  
0.94 cm in d iamete r  and about  8 cm long, were  ro -  
ta ted  at  250 cm/sec  l inear  speed in 400 ml of solution. 
The cyl inders  were  pol ished wi th  2/0 emery  pape r  
and were  degreased  wi th  CC1,. Only the  l a t e ra l  su r -  
face was exposed to solution, the top and bot tom 
par t s  as well  as the edges being covered wi th  p a r a f -  
fin. The exposed area  was measured  for each cylinder.  

Nit r ic  acid solutions of des i red  concentra t ion were  
made  from stock by  dilution.  The HNO~ concent ra -  
t ion was de te rmined  by t i t ra t ion.  Wate r  was doubly  
dist i l led,  one dis t i l la t ion being f rom dilute,  a lka l ine  
KMnO,. 

Stock solutions containing HSCN and citr ic acid 
were  p repa red  by  dissolving a weighed quant i ty  of 
the corresponding potass ium salt  in an equiva len t  
quan t i ty  of HNO~ solution. Desired inhib i tor  con- 
centra t ions  were  obta ined by  di lut ing stock wi th  
HNO~ solutions of selected concentrat ion.  With  this  
procedure,  the  hydrogen  ion concentra t ion in solu-  
tions containing inhib i tors  was at  least  equal,  and 
genera l ly  greater ,  than  in corresponding solutions 
wi thout  inhibi tors .  

Al l  solutions were  the rmos ta t ed  to wi th in  _+0.1~ 

Results and Discussion 
Solutions s imi la r  to the ones employed  by  King 

and Hi l lner  (6) were  used or iginal ly .  F i r s t  order  
ra te  constants  were  calcula ted f rom 
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2.30 V, X| 
k --  log  - [2]  

A t  X| - -  X 

Here ,  V~ is the  v o l u m e  of so lu t ion ,  A the  p r o j e c t e d  
su r f ace  a rea ,  X the  w e i g h t  loss  in  t i m e  t (300 sec) ,  
a n d  X~ the  c a l c u l a t e d  w e i g h t  loss for  t ~ or. T a b l e  
I shows  t h a t  k va r i ed ,  w i t h  no  a p p a r e n t  t r end ,  ove r  
the  c o n c e n t r a t i o n  r a n g e  e x a m i n e d .  I f  t he  (C1-) con -  
c e n t r a t i o n  is va r i ed ,  w h i l e  t h a t  of (H  +) is cons tan t ,  
k a t  f i rs t  is i n d e p e n d e n t  of Cc,-, b u t  shows  a m a x i -  
m u m  at  l a r g e r  (C1-) c o n c e n t r a t i o n s  ( T a b l e  I I ) .  
Tab l e s  I a n d  I I  i n d i c a t e  t h a t  t he  r a t e  in  so lu t ions  
con t a in ing  (C1-) d e p e n d s  b o t h  on t o t a l  c o n c e n t r a -  
t ion  a n d  on the  r a t i o  of KNO~ to HC1 concen t r a t i on .  

These  r e su l t s  a r e  in  g e n e r a l  a g r e e m e n t  w i t h  t h e  
w o r k  of A b r a m s o n  a n d  K i n g  (9)  w h o  h a v e  s h o w n  
t h a t  d i s so lu t ion  of i r on  in  KNO3-HC1 so lu t ions  is 
complex .  S ince  t h e r e  is no a p p a r e n t  r e a s o n  for  u s -  
ing  such  m i x t u r e s ,  r a t h e r  t h a n  HNO8 alone,  t he  p r o -  
c e d u r e  of  K i n g  a n d  H i l l n e r  (6)  was  modi f i ed  to e x -  
c lude  c h l o r i d e  ion. 

D i s so lu t ion  r a t e s  in  HNO~ a r e  g i v e n  T a b l e s  I I I  
t h r o u g h  VI. The  r e su l t s  m a y  be  s u m m a r i z e d  as f o l -  
lows:  (a )  a p p r o x i m a t e l y  two  moles  of h y d r o g e n  ion  
a r e  c o n s u m e d  p e r  mo le  of i r on  d i s so lved ;  (b )  t he  r a t e  
cons t an t  dec reases  r e g u l a r l y  w i t h  i n c r e a s i n g  HNO~ 
c o n c e n t r a t i o n ;  (c)  a d d i t i o n  of KNO~ inc rea se s  t he  
d i s so lu t ion  r a t e ;  w i t h  Cso~- ~ 2CH+, t he  r a t e  c o n s t a n t  
i n c r e a s e d  b y  a b o u t  15% ( T a b l e  V) ;  (d )  a d d i t i o n  of 
(H  +) i nc reases  the  d i s so lu t ion  r a t e  c o n s i d e r a b l y  
m o r e  t h a n  a d d i t i o n  of (NO~-) ; w i t h  Cn + ~ 2CNo8-,  t h e  
r a t e  i n c r e a s e d  b y  a f ac to r  of a b o u t  2 ( T a b l e  VI ) .  

O b s e r v a t i o n s  ( a ) ,  (c ) ,  a n d  ( d )  sugges t  t h a t  in  
HNO~ so lu t ions  d i f fus ion  of (H  +) l a r g e l y  d e t e r m i n e s  
t he  r a t e  a t  w h i c h  d i s so lu t ion  t a k e s  p lace .  T h e  (H +) 
c o n c e n t r a t i o n  a t  t h e  i n t e r f ace ,  t he re fo re ,  m a y  be  
c o n s i d e r e d  neg l ig ib l e .  The  (NO~-) c o n c e n t r a t i o n  a t  
t he  i n t e r f a c e  is a lso  less  t h a n  in  t h e  b u l k ,  b u t  t h e  
d e c r e a s e  p r o b a b l y  does  no t  e x c e e d  20-25%.  W h i l e  
i t  is no t  pos s ib l e  to  s t a t e  w h e t h e r  ( H  +) is c o n s u m e d  

Table  I 

T ---- 30 ~ _ 0.1~ V ~ 250 cm/sec  

C o n c e n t r a t i o n ,  M k, cm/sec* 

0.030 KNO~ -}- 0.0124 HC1 0.0387 
0.060 KNO~ ~- 0.0248 HC1 0.0344 
0.090 KNO3 ~ 0.0372 HC1 0.0321 
0.120 KNO~ -t- 0.0496 HC1 0.0404 

* K i n g  a n d  H i l l n e r  (5) f ind  k = 0.0351 fo r  0.06 KNOs + 0.02 HC1 
a t  t he  s a m e  (250 cm/sec )  l i n e a r  speed.  

Table II 

T ~ 30 ~ • 0.1~ V ~ 250 cm/sec  

C o n c e n t r a t i o n ,  M k, c m / s e c  

0.0231HNO~ 0.0400 
0.0231HNOsnU0.000125KC1 0.0406 
0.0231HNO~-{-0.00250KC1 0.0412 
0.0231HNO~-{-0.00375KC1 0.0409 
0.0231HNO~-{-0.00500KC1 0.0413 
0.0231HNO~+0.0113KC1 0.0430 
0 .0231HNO~+0.0226KCI 0.0426 
0.0231HNO~-{-0.0452KC1 0.0410 

J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  January 1959 

Table I I I  

T -~ 30 ~ ___ 0.1~ t ~ 300 sec 

HNO~ Wt.  loSS, Wt .  loss  f r o m  (H+) 
concen t r a t i on ,  M m g  c o n s u m p t i o n ,  rag* 

0.0357 122 120 
0.0462 171 162 
0.0925 288 260 

* C a l c u l a t e d  f r o m  decrease  i n  (H+), as d e t e r m i n e d  b y  t i t r a t i o n ,  
a s s u m i n g  2H+ are  c o n s u m e d  pe r  m o l e  i r o n  d i s so lved .  

Table W 

T ~ 30 ~ • 0.1~ V = 250 crn/sec 

HNO8 concen t r a t i on ,  M /% e m / s e c  

0.0126 0.0422 
0.0231 0.0400 
0.0357 0.0384 
0.0462 0.0356 
0.0925 0.0318 

Table  V 

T = 30  ~ ___ 0 . 1 ~  t z 3 0 0  s e c  

Wt.  loss, 
Concentration, NI m g / 1 0  c m  2 k,  cm/sec 

0.0231 HNO3 62.0 0.0400 
0.0231 HNOa -{- 0.0020 KNO~ 66.0 0.0430 
0.0231 HNO8 -}- 0.0040 KNO~ 67.0 0.0436 
0.0231 HNO~ -}- 0.0075 KNO~ 65.5 0.0426 
0.0231 HNO~ -p 0.0125 KNO~ 68.5 0.0452 
0.0231 HNO~ -{- 0.0250 KNO~ 69.5 0.0465 

Table  VI 

T ~ 30 ~ +__ 0.1~ t z 300 sec 

Wt.  lOSS, 
C o n c e n t r a t i o n ,  M m g / 1 0  cm ~* 

0.0231 HNO3 62.0 
0.0231 HNO3 -l- 0.0077 HCIO~ 81.0 
0.0231 HNO3 ~- 0.0128 HC10~ 88.5 
0.0231 HNO8 ~ 0.0256 HC10~ 105.5 

* W e i g h t  loss  i n  HC10~ s o l u t i o n s  on ly  w a s  3-3.5 mg.  

b y  r e a c t i o n  w i t h  r e d u c t i o n  p r o d u c t s  of (NOs-) or  b y  
r e a c t i o n  w i t h  (NO~-) a f t e r  d i scha rge ,  i t  m a y  be  con-  
c luded ,  in  v i e w  of t h e  excess  of (NO~-) ove r  (H  § 
a t  t he  in t e r f ace ,  ~ t h a t  the  c o n c e n t r a t i o n  of a d s o r b e d  
a tomic  h y d r o g e n  is neg l ig ib l e .  U n d e r  t h e s e  c o n d i -  
t ions,  the  c o n t r i b u t i o n  of r e a c t i o n  [1 ]  to  t he  o v e r -  
a l l  r a t e  m a y  b e  neg l ec t ed .  

The  dec rease  of t h e  specific r a t e  c o n s t a n t  w i t h  i n -  
c r ea s ing  HNO~ c o n c e n t r a t i o n  is p r o b a b l y  caused,  a t  
l e a s t  in  pa r t ,  b y  changes  of  t h e  d i f fus ion  coefficient.  
S ince  t h e  r e a c t i o n  is u n d e r  d i f fus ion  cont ro l ,  

k = D / 8  

w h e r e  8, t he  e q u i v a l e n t  thickness of t h e  b o u n d a r y  
l aye r ,  m a y  be  a s s u m e d  i n d e p e n d e n t  of  c o n c e n t r a t i o n  
( I0 ,  l 1);  D, h o w e v e r ,  is a f u n c t i o n  of concen t r a t i on .  
A n y  s i m p l e  c o r r e c t i on  for  th is  d e p e n d e n c e  is no t  
poss ib l e  he re ,  p a r t i c u l a r l y  in  v i e w  of t he  u n k n o w n  

1 E lec t r i ca l  n e u t r a l i t y  is, of course ,  p r e s e r v e d  b y  a n  equiw~len t  
a m o u n t  of  f e r rous  ion.  
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T T h i b i t i o n  a t  c o n c e n t r a t i o n s  a b o v e  5 x 10 -~ to 1 x 10-~M. 
Runs  for  p e r i o d s  up  to  30 m i n  s h o w e d  t h a t  a t  l e a s t  
ha l f  t he  w e i g h t  loss o b s e r v e d  in  th i s  c o n c e n t r a t i o n  
r a n g e  o c c u r r e d  w h i l e  t he  s y s t e m  a c h i e v e d  a s t e a d y  
s ta te .  If,  as c o m m o n l y  a s sumed ,  i n h i b i t o r s  f u n c -  
t ion  b y  adso rp t i on ,  a t  s m a l l  c o n c e n t r a t i o n s  an  a p -  
p r e c i a b l e  a m o u n t  of H S C N  is r e m o v e d  f r o m  s o l u -  
t ion.  A t  s m a l l  t imes ,  t he re fo re ,  the  so lu t ion  n e x t  to 
the  su r f ace  m a y  be  d e p l e t e d  and  the  r a t e  a t  w h i c h  

E 
~' 2_0 I0 

~ _ ~  42~ 

I0 ~ 3  

, ~ ,~ 30~ 

- - 4  -:5 - 2  

LOG C HSCN 
Fig. 1. Rote of dissolution in 0.0231M HNO~ solutions 

containing HSCN. 

O 

IO 

30' 
i i i 

-5 -4 -3 

LOG C HsC6HsO 7 

Fig. 2. Rote of dissolution in 
contoining citric ocid. 

-2 

0.0231M HNOz solutions 

a d s o r p t i o n  t a k e s  p l a c e  is t h e n  l i m i t e d  b y  t h e  
r a t e  of H S C N  t r a n s p o r t  to the  i n t e r f ace .  F r o m  the  
w e i g h t  l o s s - t i m e  c u r v e  in  5 x 10-~M H S C N  solut ions ,  
i t  was  e s t i m a t e d  t h a t  t he  t i m e  r e q u i r e d  fo r  a d s o r p -  
t ion  to come  to c o m p l e t i o n  was  of t he  o r d e r  of 1 min .  

Of t h e  two  c o m p o u n d s  used,  H S C N  is t h e  b e t t e r  
i nh ib i to r .  I t  m a y  be  i n f e r r e d  t h a t  i t  is a d s o r b e d  
m o r e  f i rmly .  This  is b o r n e  ou t  b y  the  e s s e n t i a l l y  n e g -  
l i g ib l e  change  in r a t e  o b s e r v e d  on r a i s i ng  the  t e m -  
p e r a t u r e  to  42~ T h e  s a m e  t e m p e r a t u r e  inc rease ,  
h o w e v e r ,  sh i f t s  t he  c u r v e  for  c i t r i c  ac id  t o w a r d  
h i g h e r  d i s so lu t ion  ra tes .  

I t  is p e r h a p s  w o r t h  w h i l e  to p o i n t  out  a g a i n  t h a t  
in  n e i t h e r  case  can  the  o b s e r v e d  d e c r e a s e  in  r a t e  
be  a t t r i b u t e d  to  a d e c r e a s e  in  h y d r o g e n  ion con -  
c e n t r a t i o n  of t he  b u l k  solut ion .  

C o n c l u s i o n s  

I n h i b i t i o n  of i r on  d i s so lu t ion  u n d e r  cond i t ions  
w h e r e  r e a c t i o n  [1]  is  n e g l i g i b l e  b y  c o m p o u n d s  
w h i c h  also i n h i b i t  d i s so lu t ion  of i ron  in  n o n o x i d i z i n g  
ac ids  sugges t s  t h a t  t he  m e c h a n i s m  of  i n h i b i t i o n  does  
no t  invo lve ,  g e n e r a l l y ,  po i son ing  of t h e  c o m b i n a t i o n  
r e a c t i o n  b e t w e e n  a d s o r b e d  h y d r o g e n  a toms.  

Manuscr ip t  received J u l y  17, 1958. 

A n y  discussion of this  paper  wi l l  appea r  in a Discus-  
sion Sect ion to be  publ i shed  in the  December  1959 
JOURNAL. 
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ABSTRACT 

A meta l lograph ic  s tudy  of the  h i g h - t e m p e r a t u r e  oxida t ion  of t i tanium,  z i r -  
conium, and hafn ium has shown tha t  a l te ra t ions  in the  r a t e  equat ions re la t ing  
to such processes m a y  be associated wi th  the  es tab l i shment  of oxygen  diffusion 
gradients  in the  surface layers  of the  metal .  I t  has been  shown tha t  these  
diffusion gradients  in the  meta l  ex tend  in depth  dur ing  an ini t ia l  pe r iod  in 
which  the  to ta l  r a te  of oxida t ion  is g iven by  the f ami l i a r  parabol ic  equation.  
Subsequent  changes in oxida t ion  behav ior  have  been re la ted  to observed 
a l te ra t ions  in the fo rm of these  gradients .  

The  h i g h - t e m p e r a t u r e  o x i d a t i o n  of  t he  m e t a l s  t i -  
t a n ium,  z i rcon ium,  and  h a f n i u m  has  been  i n v e s t i -  
g a t e d  on m a n y  occas ions  ove r  t he  l a s t  decade .  H o w -  
ever ,  t h e r e  is s t i l l  m u c h  u n c e r t a i n t y  c o n c e r n i n g  the  
o x i d a t i o n  c h a r a c t e r i s t i c s  of these  me ta l s ,  and  the  
a i m  of th i s  i n v e s t i g a t i o n  has  been  to  e x t e n d  the  
a v a i l a b l e  e x p e r i m e n t a l  resu l t s ,  mos t  of w h i c h  h a v e  
been  o b t a i n e d  f rom g r a v i m e t r i c  or  v o l u m e t r i c  ox i -  
d a t i o n  r a t e  m e a s u r e m e n t s .  

E a r l i e r  w o r k  on the  o x i d a t i o n  of Ti  a n d  Zr  (1 -3 )  
has  s h o w n  tha t ,  f o l l owing  an  in i t i a l  pe r iod ,  t h e  p a r a -  
bol ic  r a t e  equa t i ons  become  l i n e a r  w i t h  f u r t h e r  
pa s sage  of  t ime .  S m e l t z e r  a n d  S i m n a d  (4)  i n v e s t i -  
g a t e d  t h e  o x i d a t i o n  of Hf  a n d  r e p o r t e d  t ha t  l o g a -  
r i t hmic ,  pa rabo l i c ,  a n d  l i n e a r  equa t i ons  d e s c r i b e  
the  o x i d a t i o n  of th is  m e t a l  ove r  t he  t e m p e r a t u r e  
r a n g e  350~176 

The  s t r u c t u r e  of scales  f o r m e d  on Ti in  a i r  has  
b e e n  d e s c r i b e d  b y  M o r t o n  and  B a l d w i n  (5) a n d  in 
a i r  a n d  o x y g e n  b y  K i n n a  a n d  K n o r r  (6 ) ,  and  the  
scales  f o r m e d  on p u r e  Z r  in  o x y g e n  in t he  t e m p e r -  
a t u r e  r a n g e  500~176 h a v e  been  d e s c r i b e d  b y  
Be l l e  and  M a l l e t t  (7 ) .  

P r e v i o u s  w o r k  b y  one  of t he  a u t h o r s  (1, 2) has  
i n d i c a t e d  the  need  for  a m o r e  d e t a i l e d  m e t a l l o g r a p h i c  
e x a m i n a t i o n  of t he  o x i d i z e d  spec imens ,  and  th is  has  
n o w  been  c a r r i e d  ou t  s u b s e q u e n t  to t he  d e v e l o p -  
m e n t  of a s u i t a b l e  m e t a l l o g r a p h i c  t echn ique .  

Experimental Procedure 
M e t a l  spec imens  (1.0 x 0.5 x 0.1 cm)  p r e p a r e d  as 

d e s c r i b e d  b y  J e n k i n s  (1)  w e r e  ox id i zed  in  p u r e  
o x y g e n  p r o d u c e d  b y  t h e  t h e r m a l  d e c o m p o s i t i o n  of 
p o t a s s i u m  p e r m a n g a n a t e .  The  s y s t e m  was  i n i t i a l l y  
e v a c u a t e d  to 15t~ Hg, f lushed w i t h  oxygen ,  r e - e v a c -  
ua ted ,  a n d  t h e n  f i l led to a t m o s p h e r i c  p r e s su re .  A 
f u r n a c e  o p e r a t i n g  at  t he  r e q u i r e d  t e m p e r a t u r e  was  
d r a w n  ove r  a s i l ica  t u b e  w h i c h  c o n t a i n e d  a spec i -  
m e n  h a n g i n g  f r o m  a P t  w i r e  in t he  o x y g e n  a t m o s -  
phe re .  The  i o d i d e - r e f i n e d  Ti  m e t a l  was  s u p p l i e d  b y  
the  P h i l l i p s  L a b o r a t o r i e s ,  E indhoven ,  and  the  a n a l -  
ys is  was  r e p o r t e d  b y  C o r b e t t  (8 ) .  The  H f - f r e e  Zr  
was  o b t a i n e d  f r o m  t h e  U.S.A.E.C.  and  t h e  Hf, con-  
t a i n i n g  3 -4% Zr,  was  s u p p l i e d  b y  the  W e s t i n g h o u s e  
E lec t r i c  Co rpo ra t i on .  The  ox id i zed  spec imens  w e r e  
m o u n t e d  on edge  in  a co ld  se t t ing  p o l y e s t e r  r e s in  

a n d  a b r a d e d  on 120, 320, a n d  400 m e s h  SiC p a p e r s  
f o l l o w e d  b y  w a x  l aps  m a d e  f r o m  400, 600, a n d  850 
m e s h  SiC. P o l i s h i n g  was  c a r r i e d  ou t  b y  fir:~t 
r u b b i n g  l i g h t l y  on a na p l e s s  c lo th  i m p r e g n a t e d  w i t h  
ltL d i a m o n d  p a s t e  a n d  t h e n  on  s e l v y t  c lo th  c a r r y i n g  
an  aqueous  p a s t e  of MgO. The  t h i cknes s  of scale  
was  m e a s u r e d  w i t h  a f i lar  eyep i ece  on cross  sec t ions  
of m e t a l l o g r a p h i c a l l y  po l i shed ,  ox id i zed  spec imens .  
T h e  p r e s e n c e  of o x y g e n  in t he  Ti  l a t t i c e  cou ld  be 
d e t e c t e d  b y  an  i n c r e a s e  in  h a r d n e s s  of  t he  me ta l ,  
and  m e a s u r e m e n t s  w e r e  t h e r e f o r e  m a d e  on spec i -  
m e n  cross  sec t ions  u t i l i z i ng  a Le i t z  microhardne,~s  
i n s t r u m e n t  w i t h  a s t a n d a r d  124 ~ d i a m o n d  indente:r .  

Results 
Titanium 

E x p e r i m e n t s  p e r f o r m e d  in t he  r a n g e  800~176 
for  long  pe r i ods  i n d i c a t e d  t h a t  sca l ing  of Ti  was  i n -  
f luenced g r e a t l y  b y  the  e x t e n t  of an  o x y g e n  d i f fu-  
s ion g r a d i e n t  in  the  m e t a l  p h a s e  of t he  ox id i z ing  
spec imen .  I t  was  n o t e d  t h a t  t h e  fo rm of th i s  g r a d i -  
en t  a l t e r e d  d u r i n g  t h e  o x i d a t i o n  a t  co rne r s  a n d  s ides  
of s t r i p  spec imens ,  and  t h a t  u l t i m a t e l y  t he  g r a d i e n t  
b e n e a t h  t he  m a i n  faces  of such  spec imens  w a s  a f -  
f ec t ed  b y  the  p e n e t r a t i o n  of o x y g e n  to t he  cen t e r  
of the  s t r ip .  F u r t h e r  d i scuss ion  r e l a t i n g  to t he  f o r m  
of sca l ing  u n d e r  such  cond i t ions  is l e f t  to a l a t e r  
s tage,  and  the  fo l l owing  c o m m e n t s  conce rn  the  
sca l ing  o b s e r v e d  on flat  su r f aces  of t h i c k  spec imens .  

The scales.--Two d i f f e ren t  t y p e s  of scale  w e r e  
obse rved .  Be low 800~ on ly  th in ,  g r a y  a d h e r e n t  
f i lms w e r e  ob ta ined ,  e.g., 0.2 m m  t h i c k  a f t e r  75 h r  
a t  750~ w h i c h  on m e t a l l o g r a p h i c  e x a m i n a t i o n  in 
p o l a r i z e d  l igh t  p r o v e d  to be  t r a n s l u c e n t .  The  g r a y  
a p p e a r a n c e  of t he  ox id i zed  spec imens  is cons ide red  
to b e  due  to re f lec t ions  f r o m  the  m e t a l  su r f ace  b e -  
n e a t h  t h e  t r a n s l u c e n t  ru t i l e .  A b o v e  800~ the  scales  
w e r e  p a l e  ye l low,  a n d  m i c r o s c o p i c a l l y  t h e y  e x h i b -  
i t ed  a c h a r a c t e r i s t i c  f o r m  of l a m i n a t i o n  or  band ing .  
On c loser  e x a m i n a t i o n  t h e s e  l a y e r s  a p p e a r e d  to 
a l t e r n a t e  in co lor  f r o m  t r a n s l u c e n t  y e l l o w  to gray ,  
Fig .  1. P l a t i n u m  m a r k e r  e x p e r i m e n t s  us ing  w i r e s  
w r a p p e d  a r o u n d  the  o r i g i n a l  spec imens  s h o w e d  tha t  
t he  o x i d e  was  f o r m e d  a t  t h e  m e t a l / o x i d e  in t e r face ,  
a n d  th is  conc lus ion  w a s  l a t e r  ve r i f i ed  b y  the  use  of 

10 
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Fig. 1. Scale formed on Ti metal oxidized for 72 hr at 
850~ showing the characterishc form of laminat ion or 
banding. (Polarized light, x 250). 
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core on cooling. However ,  the  scales were  wh i t e  
where  they  had  l i f ted  a w a y  f rom the  me t a l  d u r i n g  
oxidat ion.  Met~]~ographic e x a m i n a t i o n  revea led  
some cavi t ies  p ~ - ~ t r a t i n g  to the m e t a l  surface  in  an  
o therwise  dense,  fea ture less  scale s t r u c t u r e  devoid  
of l ayer ing .  Belle and  Mal l e t t  (7) pub l i shed  a 
pho tomic rog raph  of scale fo rmed  on Zr  hea ted  in  
oxygen  b e t w e e n  500 ~ a nd  700~ a nd  the  s imi l a r i ty  
wi th  the  resul t s  ob ta ined  in  the  p resen t  s tudy  ind i -  
cates tha t  the fo rm of the  scale r e m a i n s  u n c h a n g e d  
in  the  r ange  500~176 M e a s u r e m e n t s  of scale 
th ickness  af ter  24 hr  showed a l i nea r  increase  wi th  
respect  to both  t ime  and  t e m p e r a t u r e .  Mic roha rd -  
ness t raverses  r evea led  tha t  s teady  oxygen  grad i -  
ents  were  also es tab l i shed  in  the  cores of these two 
meta l s ;  the  per iods necessa ry  to accompl ish  this  i n -  
creased in  the  order  Ti, Zr, a nd  Hr. 

Fig. 2. Scale formed on Ti oxidized for 24 hr at 800~ 
showing the inward movement of scale past the Pt marker. 
(Polarized light, x 125). 

"Edge Effect'" 
Above  800~ the  scales fo rmed  on Ti we re  suffi- 

c ien t ly  th ick  to e x a m i n e  in  detail ,  p a r t i c u l a r l y  
a long the  edges and  corners .  At  such sites, the  
ye l low t r a n s l u c e n t  scale was  i n v a r i a b l y  t h i n n e r  
t h a n  on the  m a i n  faces and  had  a c rys ta l l ine  s t ruc -  
t u r e  d i s t inc t  f rom the  b a n d e d  s t r u c t u r e  ob t a ined  
e lsewhere ,  Fig. 5. The fo rm of the  oxygen  g rad i -  
en t  i n  the  m e t a l  core b e n e a t h  these  edges was  
t raced  and  its to ta l  dep th  of p e n e t r a t i o n  is shown 
in  Fig. 6 for a spec imen  oxidized at 850~ for 72 hr. 

P t  p lugs  inse r t ed  t h rough  the spec imens  (Fig.  2).  
X - r a y  diffract ion s tudies  of the  scales and  me ta l  
cores conf i rmed tha t  r u t i l e  was  the  on ly  oxide p res -  
ent.  The scales, a l though  separa ted  f rom the  me ta l  
core on cooling f rom the  ox ida t ion  t empe ra tu r e ,  
m u s t  have  r e m a i n e d  in  close contact  wi th  the  oxi -  
dizing me ta l  d u r i n g  the  tests as they  were  read i ly  
absorbed  by  the me ta l  w h e n  the gaseous supp ly  
of oxygen  was w i t h d r a w n  and  the  tests con ta ined  
in  v a c u u m  for some hours  at the  same t e m p e r a t u r e .  

The metal core.--Metallographic e x a m i n a t i o n  of 
a cross sect ion of me t a l  cores f rom oxidized speci-  
mens  showed tha t  the sur face  layers  con ta ined  oxy-  
gen in  solid solut ion.  In  the  e tched condi t ion  these 
cores t a k e n  f rom spec imens  oxidized be low 800~ 
showed a n  oxygen  sa tu ra t ed  zone ou t l i ned  b y  a 
fine b lack  l ine  jus t  b e n e a t h  the surface.  Above  this  
t e m p e r a t u r e  a m u c h  wide r  b a n d  appeared  Fig. 3. 
P rev ious  work  (1) had  shown tha t  mic roha rdnes s  
t raverses  could be used to fol low the  fo rm of an  
oxygen  diffusion g r ad i en t  in Ti. This  t e chn ique  was  
used to es tabl ish  the  fo rm of the g rad ien t s  be low 
the  s a tu ra t ed  surface  zone in  each section. For  
each t e m p e r a t u r e  a pa r t i cu l a r  oxygen  g rad i en t  was 
es tab l i shed  in  the core, the ex t en t  of p e n e t r a t i o n  
be ing  i n i t i a l l y  t ime  dependen t .  However ,  wi th  i n -  
creas ing t ime  the  g rad ien t  reached  a s teady  state, 
an  example  be ing  g iven  in  Fig. 4. The  t ime  neces-  
sary  to p roduce  this  condi t ion  decreased wi th  in -  
c reas ing  t e m p e r a t u r e  and  coincided wi th  the  change  
f rom a parabol ic  to a l i nea r  ra te  equat ion .  

Zirconium and Hafnium 
Scales, fo rmed  on both  meta l s  b e t w e e n  700 ~ and  

950~ were  da rk  g ray  and  adhered  to the  me t a l  

Fig. 3. Same as Fig. 2. The oxygen-saturated zone  in the 
metal core shows as a dark etching band in br ight- f ie ld 
i l luminat ion.  (x 250). 
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Fig. 5. Section through the center of e specimen af Ti 
showing the scale formed on a corner ("edge effect"), 
oxidized at 850~ for 72 hr. (Polarized light, x 50). 

Qui te  c lear ly  the ex ten t  of oxygen  p e n e t r a t i o n  into 
the meta l  core at  the edges was grea t e r  than  on the 
flat faces and  this  affected the form and  th ickness  of 
the  scale at these sites. 

Oxidation of Thin Specimens 

In  the ea r ly  stages of the inves t iga t ion ,  the  i m-  
po r t ance  of m a i n t a i n i n g  o x y g e n - f r e e  me ta l  at  the  
cen te r  of reac t ing  spec imens  was no t  fu l ly  app re -  
ciated. A l though  specimens  1 cm th ick  were  used in  
la te r  exper iments ,  ox ida t ion  at 1000~ for per iods 
in  excess of a p p r o x i m a t e l y  5 hr  p roduced  scal ing 
changes  which  were  a t t r i b u t e d  to an  i n t e r r u p t i o n  in  
the m o v e m e n t  of the di f fus ing oxygen  g rad ien t  in  
the metal .  This  was a p p a r e n t l y  caused by  oxygen  
p e n e t r a t i n g  to the  cen te r  zone of the  spec imens  be -  
cause the onset  of a change  in  scal ing b e h a v i o r  at 
these  h igh t e m p e r a t u r e s  was  no ted  to v a r y  w i th  the 
th ickness  of the specimen.  Resul ts  of tests car r ied  
out unde r  condi t ions  whe re  the diffusion g rad ien t  
was  affected are g iven  in  Fig. 7-9. F igu re  7 is a 
cross section of a t h in  Ti spec imen  oxidized at  
850~ for 72 hr. I n i t i a l l y  a n o r m a l  l ayered  pale  
ye l low scale of cons iderab le  th ickness  was  p roduced  
( the  layers  were  not  r eproduced  in  Fig. 7 so tha t  

o ther  fea tures  could be h i g h - l i g h t e d ) .  However ,  due 
to the th inness  of the me t a l  specimen,  the  diffusion 

Fig. 7. Scale formed on a thin Ti specimen oxidized for 72 
hr at 850~ showing the effect of through oxidation. 

grad ien t s  have  me t  in  the  center ,  p r e v e n t i n g  fu r t he r  
u n h i n d e r e d  progress  of the gradients .  I t  is suggested 
tha t  as a resu l t  of a reduced  ra te  of oxygen  diffu-  
sion into the me t a l  core d iscolora t ion  of the  l ami -  
na ted  scale commenced with  the  onset  of ca t ion  
diffusion o u t w a r d  t h r ough  the  scale toward  the gas /  
scale interface.  The me ta l  core e v e n t u a l l y  rece ived 
sufficient oxygen  to become comple te ly  s a tu ra t ed  
and  even  produced  a film of lower  oxide ( m a i n l y  
pu rp le  Ti~O,J on the la rge  solid par t ic les  r ema in ing .  
As a genera l  rule,  the  convers ion  of o x y g e n - s a t u -  
ra ted  Ti to ru t i l e  wi l l  by - pa s s  the  lower  oxides be-  
cause, as suggested in  the  fo l lowing  discussion, 
ve ry  th in  layers  or f r agmen t s  of o x y g e n - s a t u r a t e d  
Ti which  have  spli t  off f rom the core are i n t e r m i t -  
t en t ]y  conver ted  to fut i le .  

Two add i t iona l  obse rva t ions  were  made  on speci-  
mens  oxidized above 950~ (Fig. 8 and  9). W h e n -  
ever  ox ida t ion  condi t ions  p e r m i t t e d  the p e n e t r a t i o n  
of oxygen  to the cen te r  zone of each m e t a l  speci-  
men,  a l ine of de ma r c a t i on  could be observed  in  the 
scale on me ta l log raph ic  e x a m i n a t i o n  (Fig. 8). This  
pho tomic rograph  was p r epa red  f rom a spec imen  
oxidized at 1000~ for 6 hr, the  spec imen  th ickness  
be ing  such tha t  oxygen  p e n e t r a t e d  to the cen te r  
regions.  Marke r  e x p e r i m e n t s  p roved  tha t  this  de-  
m a r c a t i o n  l ine r ep resen ted  the  o r ig ina l  me t a l  su r -  
face. Scale a ppe a r i ng  b e t w e e n  this  l ine  a nd  the  
me ta l  surface a p p a r e n t l y  fo rmed  d u r i n g  the in i t ia l  
per iod of ox ida t ion  pr ior  to the oxygen  p e n e t r a t i n g  
to the  cen te r  of the  me ta l  and  possessed the  cha r -  
acteris t ic  l ayered  s t r uc t u r e  (Fig. 1). However ,  the 

Fig. 6. Shadowgraph of the scale formed on the end of a Ti 
specimen oxidized for 72 hr at 850~ showing the position 
of the extremity of the oxygen gradient and its position in 
relation to ~he scale. 

Fig. 8. Scale formed on a Ti specimen oxidized for 6 hr 
at 1000~ in which the gradient in the core has been re- 
duced by through oxidation. The columnar structure and the 
layering Jn the outer and inner sections of the scale are shown. 
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Fig. 9. Scale formed on Ti oxidized for 24 hr at 1000~ 
showing the saturated metal core and the two recrystall ized 
layers in the scale. 

scale  f o r m e d  b e t w e e n  the  d e m a r c a t i o n  l ine  a n d  the  
gas i n t e r f a c e  m u s t  h a v e  been  p r o d u c e d  as a r e s u l t  
of the  d i f fus ion of m e t a l  ca t ions  to the  gas  i n t e r -  
face, a n d  i t  is e v i d e n t  t h a t  t h e  p e r i o d i c i t y  of t h e  
b a n d i n g  has  l e n g t h e n e d  n o t i c e a b l y  t o w a r d  the  end  
of the  ox ida t ion .  This  p o r t i o n  of t he  sca le  fo rms  
w h e n  the  d e m a n d  for  o x y g e n  b y  the  m e t a l  p h a s e  is 
r e d u c e d  for  some reason ,  such as o x y g e n  p e n e t r a t -  
ing  to t he  cen t e r  of t he  me ta l .  M i c r o h a r d n e s s  t r a -  
ve r ses  on the  r e m n a n t  m e t a l  core  b e n e a t h  t h e  scale  
shown  in Fig.  8 r e v e a l e d  a d e c r e a s e  in  o x y g e n  con-  
c e n t r a t i o n  a t  the  su r f ace  and  a r i s e  a t  t he  cen te r ,  
w h i c h  s u p p o r t s  t he  sugges t ion  conce rn ing  r e d u c e d  
o x y g e n  d e m a n d  b y  t h e  core. T h e  sca le  e x h i b i t e d  a 
g r a y  m e t a l l i c  lus te r ,  e x c e p t  a t  the  co rne r s  and  edges  
w h i c h  cons i s ted  of l a r g e  e q u i a x e d  c rys ta l s .  The  u n -  
u s u a l  c o l u m n a r  s t r u c t u r e  s u p e r i m p o s e d  on the  scale  
s t r u c t u r e  in  Fig .  8 a p p e a r s  to b e  t he  r e su l t  of some 
cool ing  p h e n o m e n o n .  The  a u t h o r s  be l i eve  t h a t  a 
s im i l a r  o b s e r v a t i o n  has  b e e n  m a d e  on  r a p i d l y  
cooled UO~ c r y s t a l  agg rega t e s .  

F i g u r e  9, t a k e n  f r o m  a th in  s p e c i m e n  ox id i zed  for  
24 h r  a t  1000~ shows  a p h o t o m i c r o g r a p h  of  t he  
scale  p r o d u c e d  w h e n  the  m e t a l  core  has  b e c o m e  
c o m p l e t e l y  s a t u r a t e d  w i t h  oxygen .  The  t w o - l a y e r  
scale  is c o m p o s e d  of e q u i a x e d  t r a n s l u c e n t  y e l l o w  
c r y s t a l s  of fu t i l e ,  p r o b a b l y  f o r m e d  at  t he  t e m p e r a -  
t u r e  of tes t .  The  core  con ta ins  a second  phase ,  TiO, 
w h i c h  a p p a r e n t l y  has  b e e n  r e j e c t e d  d u r i n g  cool ing  
of the  s a t u r a t e d  so lu t ion  c o m p r i s i n g  t h e  core.  

Discussion 
E a r l i e r  w o r k  (1, 3) has  e s t a b l i s h e d  t h a t  a f t e r  a 

b r i e f  i n t e r v a l  Ti  and  Zr  ox id ize  acco rd ing  to p a r a -  
bol ic  r a t e  equa t ions  t r a n s f o r m i n g  to l i n e a r  fo r  p r o -  
l onged  p e r i o d s  of t ime .  I t  is n o w  sugges t ed  t h a t  t he  
r a t e  e q u a t i o n  o b e y e d  by  Hf  also u n d e r g o e s  a t r a n s -  
f o r m a t i o n  f r o m  p a r a b o l i c  to l i n e a r  u p o n  the  e s t a b -  
l i s h m e n t  of a s t e a d y  o x y g e n  g r a d i e n t  in t he  core  of  
t he  ox id i z ing  spec imens .  A p a r t  f r o m  L o r i e r s '  e x -  
p l a n a t i o n  (9)  b a s e d  on a c h a n g e  in scale  p o r o s i t y  
th is  t r a n s f o r m a t i o n  has  been  i n t e r p r e t e d  in  t h e  p a s t  
as i n d i c a t i n g  a t r a n s i t i o n  f r o m  a d i f fu s ion -con -  
t r o l l e d  p rocess  ( p a r a b o l i c  e q u a t i o n )  to a p rocess  in 
w h i c h  r e s i s t ance  to f u r t h e r  d i f fus ion  is offered b y  a 
b a r r i e r  of f ixed  d i m e n s i o n s  ( l i n e a r  e q u a t i o n ) .  This  
b a r r i e r  was  b e l i e v e d  to ex i s t  in t he  ox ide  scale,  and  
t h e  d i f fus ion  p rocess  was  t h o u g h t  to be  one in  w h i c h  
o x y g e n  p e n e t r a t e d  b y  an  an ion  v a c a n c y  m e c h a n i s m .  
M e t a l l o g r a p h i c  e x a m i n a t i o n  has  no t  y e t  r e v e a l e d  
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any  obv ious  b a r r i e r  in  a n y  of the  scales  e x a m i n e d ,  
and  d e n s i t y  m e a s u r e m e n t s  (1)  show a 7% p o r o s i t y  
at  r o o m  t e m p e r a t u r e  for  r u t i l e  scales  f o r m e d  on Ti 
b e t w e e n  700 ~ and  950~ H o w e v e r ,  x - r a y  d i f f r ac -  
t ion,  m e t a l l o g r a p h i c ,  a n d  m i c r o h a r d n e s s  t e chn iques  
have  shown  t h a t  a s a t u r a t e d  s u r f a c e  zone t o g e t h e r  
w i t h  a s t e a d y  o x y g e n  g r a d i e n t  is e s t a b l i s h e d  e v e n -  
t u a l l y  in t he  m e t a l  co re  a f t e r  a p e r i o d  w h i c h  co in-  
c ides  w i t h  t he  change  f r o m  p a r a b o l i c  to l i n e a r  ox i -  
da t ion .  

I t  is n o w  p r o p o s e d  t h a t  the  scale  is no t  o p e r a t i n g  
as a d i f fus ion b a r r i e r  in  the  t e m p e r a t u r e  r a n g e  con-  
s i d e r e d  and  t h a t  the  o x i d a i t o n  of Ti, Zr ,  a n d  Hf  is 
con t ro l l ed  b y  i n t e r s t i t i a l  d i f fus ion  of o x y g e n  in  t h e  
m e t a l  phase .  I t  is cons ide r ed  t h a t  t h e  e x p o s u r e  of 
c l ean  su r f aces  of t he se  m e t a l s  to  o x y g e n  a t  h igh  
t e m p e r a t u r e s  r e su l t s  f irst  in  a r a p i d  gas  a b s o r p t i o n  
t o g e t h e r  w i t h  a t r a n s i e n t  i nc rea se  in  t e m p e r a t u r e ,  
t h e  gas c o n c e n t r a t i o n  a lso  r i s ing  in  t he  su r f ace  
l aye r .  Sca l e  f o r m a t i o n  p r o b a b l y  fo l lows  t h e  e s t a b -  
l i s h m e n t  of a s a t u r a t e d  su r f ace  l aye r .  The  c o n v e r -  
s ion of o x y g e n - s a t u r a t e d  m e t a l  to r u t i l e  is cons id -  
e r ed  to i nvo lve  a n  e x f o l i a t i o n  of  v e r y  t h i n  su r f ace  
l a y e r s  f rom t h e  core,  conve r s ion  to r u t i l e  f o l l owing  
i m m e d i a t e l y  as the  d e t a c h e d  m e t a l  is e x p o s e d  to an  
a t m o s p h e r e  of r e l a t i v e l y  h i g h  o x y g e n  po t en t i a l .  A t  
the  h igh  t e m p e r a t u r e  i nvo lved ,  t h e  s e m i p l a s t i c  
oxide ,  u n d e r  s t ress ,  w o u l d  t end  to s i n t e r  to t he  p r e -  
v i o u s l y  f o r m e d  scale,  a l t h o u g h  the  j u n c t i o n  l ine  m a y  
we l l  p r o v e  not  to be  p e r f e c t  and  so l e a d  to t he  l a y -  
e r e d  scale  s t r uc tu r e .  No l a y e r i n g  has  been  o b s e r v e d  
in  the  scales  f o r m e d  on Z r  or  Hf  and  th i s  cou ld  i n -  
d i ca t e  a d i f fe rence  in  t he  conve r s ion  p rocess  at  t he  
m e t a l / o x i d e  in t e r f ace .  

Sca l e  t h i cknes s  m e a s u r e m e n t s  sugges t  t h a t  t he  
a c t u a l  sca l ing  r a t e  r e m a i n s  cons t an t  d u r i n g  t h e  i n i -  
t i a l  p e r i o d  of p a r a b o l i c  ox ida t i on ,  w h e r e a s  the  r a t e  
of t o t a l  o x y g e n  a b s o r p t i o n  dec rea se s  w i t h  t ime ,  t he  
d e c r e a s e  p r o b a b l y  re f lec t ing  t h e  e s t a b l i s h m e n t  of 
the  o x y g e n  g r a d i e n t  in  the  m e t a l  core.  Th is  w o u l d  
e x p l a i n  t h e  o b s e r v e d  p a r a b o l i c  to l i n e a r  t r a n s i t i o n  
in the  r a t e  of t o t a l  o x y g e n  abso rp t ion ,  because  a 
s t age  m u s t  be  r e a c h e d  a t  w h i c h  t h e  o x y g e n  a b s o r p -  
t ion  b y  the  m e t a l  core  b a l a n c e s  t he  c o n v e r s i o n  r e -  
ac t ion  at  t he  m e t a l / o x i d e  in te r face .  O x y g e n  e n t e r -  
ing  the  core  t h e n  w o u l d  b e  used  p e r i o d i c a l l y  to es -  
t a b l i s h  s a t u r a t e d  cond i t ions  in the  core  su r f ace  a n d  
to c o n v e r t  t he  d e t a c h e d  l a y e r s  to ru t i l e .  T h e  f o l l o w -  
ing  modi f ied  p a r a b o l i c  e q u a t i o n  shou ld  a p p l y  d u r -  
i n g  the  e s t a b l i s h m e n t  of  the  o x y g e n  g r a d i e n t  in t he  
me ta l ,  

d n  K1 

dt K~ + n 

w h e r e  n is t he  n u m b e r  of o x y g e n  mo lecu l e s  a b -  
s o r b e d  a t  t i m e  t, and  K~ a n d  K~ a re  t he  r a t e  con-  
s t an t s  for  the  d i f fus ion and  i n t e r f ace  reac t ions .  I n -  
t e g r a t i n g  b e t w e e n  the  l imi t s  (no, n ) ,  (0, t )  w e  ob -  
t a in  t h e  e q u a t i o n  

n - - n ~ , - - a n = 2 K l  T - - 2 ( n 0 + K ~ )  

M a t h e m a t i c a l  s u b s t i t u t i o n  in th i s  e q u a t i o n  wi l l  r e -  
su l t  in e v a l u a t i o n  of the  cons t an t s  K~ and  K.~. 
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Fina l ly ,  the in f luence  of the diffusion g r ad i en t  on 
the ox ida t ion  of Ti is r evea led  if, for  some reason,  
the  g r ad i en t  of the core is upset .  This  can  occur at 
corners  and  edges of spec imens  where  the  g rad ien t  
is ex t ended  in  depth  and  also over  the  m a i n  faces of 
t h in  spec imens  in  which  oxygen  has p e n e t r a t e d  to 
the  cen te r  of the core. W h e n  this occurs, the g rad i -  
en t  is a p p a r e n t l y  reduced,  the  abso rp t ion  of oxygen  
by  the core is the re fore  reduced  and,  if the speci-  
m e n  is sca l ing  in  the  l i nea r  region,  the  sca l ing  ra te  
m u s t  t hen  decrease.  The  e x p e r i m e n t a l  resul t s  sug-  
gest  tha t  the  s u b s e q u e n t  a l t e r a t i on  in  scal ing be -  
hav ior  t hen  depends  on the  t e m p e r a t u r e .  Below 
about  900~ it appears  tha t  a t h i n n e r  scale r e m a i n s  
over  such sites, wi th  the  poss ib i l i ty  of r ec rys ta l l i za -  
t ion  a t  the  corners  and  edges. However ,  at  h ighe r  
t empera tu re s ,  it appears  tha t  the  decrease  in  the  
absorp t ion  of oxygen  at  the  core sur face  resu l t s  in  a 
longer  per iod e laps ing  be tween  the  con t inuous  
process of s a tu r a t i on  and  sepa ra t ion  of the  core su r -  
face layers.  Ca t ion  diffusion out  t h r o u g h  the  a t -  
tached scale s t ruc tu re  is t h e n  observed.  Once the  
usua l  exfo l ia t ion  process occurs at  the  core surface,  
ca t ion  diffusion is ha l t ed  t e m p o r a r i l y  u n t i l  ac tua l  
contact  b e t w e e n  scale and  core aga in  develops,  and  
this  is reg is te red  in  the  w i d e n i n g  l aye red  s t r uc t u r e  
(Fig.  8) observed  in  the  ou te r  scale zone of those 
spec imens  which  have  produced  a double  scale. If 
this  e x p l a n a t i o n  is correct,  it wou ld  be expected  
that ,  as a resu l t  of f u r t h e r  ox ida t ion  of the  core a nd  
the re fo re  a s lower  ra te  of oxygen  absorpt ion ,  an  i n -  
crease in  the per iod e laps ing  b e t w e e n  the  de tach-  
m e n t  of core surface  layers  would  be observed.  The  
resu l t  wou ld  be tha t  the  ou te rmos t  scale layers  
fo rmed  by cat ion diffusion, h a v i n g  been  the  most  r e -  
cent  formed,  should show the  wides t  band ing .  I t  is 
conc luded  f rom the absence  of such effects be low 
850~ (ca t ion  diffusion is seen to have  commenced  
in  Fig. 4) tha t  the ra t io  of the d i f fus iv i ty  of Ti ca- 
t ions  in  ru t i l e  to tha t  of i n t e r s t i t i a l  oxygen  in  the  
me t a l  m a y  pe rhaps  be i nc reas ing  wi th  inc reas ing  
t e m p e r a t u r e  and  at  a ra te  such tha t  ox ida t ion  at 
t e m p e r a t u r e s  in  the  v i c in i ty  of 1200~ invo lves  
on ly  o u t w a r d  diffusion of the  me t a l  ca t ion  to the  
gas-scale  in terface .  F ina l ly ,  w h e n  comple te  oxygen  
s a t u r a t i o n  of the  core is approached  at h igh t e m p e r -  
atures,  it is cons idered  tha t  the scale m u s t  e v e n -  
t ua l l y  rec rys ta l l i ze  to fo rm the charac ter i s t ic  pale  
ye l low ru t i l e  shown in  Fig. 9. O x y g e n  d e m a n d  by 
the  core m u s t  t h e n  be v e r y  low, and  ca t ion  diffusion 
wou ld  opera te  on ly  as long as contact  exis ted  be -  
tween  the  scale and  the  core. 

Conclusion 
The resul ts  of this  i nves t iga t ion  suggest  tha t  the 

scal ing behav io r  of Ti, Zr, and  Hf is cont ro l led  by  
the diffusion of oxygen  in  the  me ta l  phase.  The 
presence  of oxygen  in  the  m e t a l  core has b e e n  used 
to exp la in  the change  in  the  ra te  equa t ions  d u r i n g  
the  ox ida t ion  of these metals .  In  the pas t  this  has 
been  a t t r i b u t e d  to a scale b a r r i e r  of cons t an t  th ick-  
ness, bu t  no such ba r r i e r  has been  detected.  How-  
ever,  a diffusion b a r r i e r  of cons t an t  dep th  is e v e n -  
tua] ly  es tabl i shed in  the me t a l  core and  this  is as- 
sociated wi th  the parabol ic  to l i nea r  t r ans fo rma t ion .  
It  is cons idered  tha t  the ac tua l  i so the rma l  scal ing 
ra te  for these meta l s  m a y  wel l  p rove  to be approx i -  
m a t e l y  constant ,  and  tha t  the  in i t i a l  pa rabo l ic  ra te  
of oxygen  absorp t ion  is associated w i th  the  e s t ab -  
l i s h m e n t  of an  oxygen  diffusion g r ad i en t  in  the 
me ta l  core as we l l  as the scal ing react ion.  F u r t h e r  
discussions based on these proposals  has p roduced  
an  e xp l a na t i on  for ce r t a in  effects c o m m o n l y  ob-  
served d u r i n g  the  h i g h - t e m p e r a t u r e  ox ida t ion  of Ti. 

F ina l ly ,  a n u m b e r  of meta l s  o ther  t h a n  Ti, Zr, 
and  Hf exhib i t  a s ignif icant  oxygen  so lub i l i ty  at 
h igh t empera tu res ,  and  therefore  the i r  scal ing be-  
hav ior  is be ing  e x a m i n e d  n o w  along s imi la r  l ines.  
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on Zirconium in Relation to Corrosion 
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ABSTRACT 

The conductivi ty of anodic and corrosion films on zirconium was found to 
increase dur ing heat ing in vacuum. The conductivi ty changes at 450~ were 
studied on anodic films which were 0.6, 0.75, 0.9, and 1.5 ~ in thickness. The 
change in conductivi ty was a t t r ibuted to the diffusion of anion vacancies into 
the oxide with an estimated diffusion coefficient of 4 • 10 -1~ cm 2 sec -1. Corrosion 
films produced in water  at 350~ appeared to have higher diffusion coefficients. 
Among the materials  zirconium, Zircaloy-1, and Zircaloy-2, specimens of zir-  
conium had the highest corrosion rates and diffusivities (as judged by the 
conductivi ty changes).  Consequently,  an effect of vacuum heat ing on corrosion 
was expected and subsequent ly  confirmed. Enhanced oxide growth was ob- 
served after corroded specimens were heated at 600~ for 1 min. The increase 
in weight gain was greater than would be expected from a simple restoration 
of dissolved oxide. 

The corrosion of z i r con ium in  wa t e r  at  h igh  t e m -  
p e r a t u r e  is a sens i t ive  func t ion  of me ta l  composi t ion  
(1) .  Cons ide ra t ion  of this p r o b l e m  has focused a t -  
t en t ion  on changes  in  the oxide film as a r e su l t  of 
addi t ives .  A n  ana lys i s  of such effects has been  g iven  
by  Thomas  (2).  The p re sen t  s tudy  was des igned to 
d e t e r m i n e  w h e t h e r  the  res i s tance  of the oxide p lays  
a role in  the corrosion process. 

In  the  case of h igh ly  conduc t ive  oxides l ike FeO 
the  effect of smal l  concen t ra t ions  of impur i t i e s  is 
negl ig ible .  Z i r c o n i u m  oxide, however ,  is an  i n su l a to r  
at room t empera tu re ,  and  impur i t i e s  migh t  be ex-  
pected to decrease its e lectr ical  res is t ivi ty .  Conse-  
quen t ly ,  the  res i s t iv i ty  of the corrosion film should 
reflect the presence  of var ious  impur i t i es .  T he  i n -  
corpora t ion  of such impur i t i e s  in  the oxide has been  
observed  in  a 2.5% S n - Z r  al loy where  the  Sn  was 
found  in  solid solut ion in  the  ZrO~ layer  (3) .  

Other  e l ements  such as Ti, U, Fe, Cr, and  Ni have  
ionic sizes f avorab le  for subs t i t u t i ona l  r e p l a c e m e n t  
of Zr  4§ in  the  oxide lattice.  T i t a n i u m  and  u r a n i u m  
increase  the  corrosion ra te  of Zr  in  water ,  whi le  the  
other  e l ements  in  smal l  a m o u n t s  cause a decrease.  
One m a y  conclude  tha t  c rys ta l lograph ic  changes  are  
not  of p r i m a r y  i m p o r t a n c e  so tha t  emphas is  can be 
d i rec ted  to changes  in  the oxide defect  s t ruc tu re  as 
d e t e r m i n i n g  corrosion behavior .  Res is tance  m e a s -  
u r e m e n t s  should be of va lue  in  reso lv ing  this  
p roblem.  

A s tudy  of the res i s tance  of corrosion films a t  
room t e m p e r a t u r e  was  m a d e  by  A k i m o v  and  C la rk  
(4) .  The film was touched wi th  a m e r c u r y  droplet .  
The p re sen t  t e chn ique  is s imi la r  to tha t  of Savage  
(5) who e x a m i n e d  the  res i s tance  of e lec t r ica l  con-  
tacts. Contac t  wi th  the  oxide was m a d e  w i t h  a wi re  
probe,  and  the u n d e r l y i n g  Zr  fo rmed  the  o ther  
contact.  

The  oxide on a m e t a l  is no t  a homogeneous ,  iso- 

t ropic solid, and  the  role of inc lus ions  a nd  defects  
canno t  be overlooked.  F r e sh l y  p r e p a r e d  anodic  or 
corrosion oxide  on Zr  is an  i n su l a t o r  at  room t e m -  
pera tu re ,  and  a low res is tance  area is an  ind ica t ion  
of a conduc t ing  inc lus ion.  Other  factors  which  i n -  
f luence the data  are discussed below. 

Experimental 
Procedure . - -Al l  m e a s u r e m e n t s  were  made  by  

res t ing  the pol ished t ip of a 10-g P t  p robe  on the  
oxidized surface  of Zr  specimens.  The  probe  made  
electr ical  contact  t h rough  the  oxide to a no t he r  P t  
wi re  spot we lded  to the Zr. In  all  m e a s u r e m e n t s  the  
vo l tage  across the oxide was  10 mv,  and  the c u r r e n t  
was read  on a g a l v a n o m e t e r  w i th  a sens i t iv i ty  of 
0 .005~a/mm of deflection. The  c i rcui t  and  probe  a re  
shown  in  Fig.  1. The  m a g n i t u d e  of the  c u r r e n t  was  
i n d e p e n d e n t  of po la r i ty ;  u sua l l y  the probe  was  
m a i n t a i n e d  pos i t ive  to the  Zr. The  Zr  spec imen  
res ted  in  the  cen te r  of a 1-in.  d i ame te r  P t  tube  f u r -  
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Fig. 1. Schematic drawing of circuit and construction of 
probe for measuring film conductivity and temperature. 
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nace, 8 in. long. The fu rnace  was  m o u n t e d  in  an  
18-in.  bel l  j a r  which  was  evacua ted  to 10 -6 m m  Hg 
pressure  before  heat ing.  At  450~ the  v a c u u m  was  
10 5 m m  Hg or bet ter .  

Materials.--The s tudy  was made  on reac tor  grade  
Zr, Zi rca loy-1 ,  and  Zi rca loy-2 .  H a f n i u m  was p re sen t  
to a p p r o x i m a t e l y  0.02% in  all  these mater ia l s .  Spec-  
imens  were  cut  f rom rol led plates  h a v i n g  the  a n a l y -  
ses g iven  be low:  

Z i r con ium:  (al l  p p m )  200 O, 70-350 C, 60-150 N, 
30-100 A1, 2-10 Cr, 5-20 Cu, 200-700 Fe, 1-20 Mg, 
2-7 Mn, 40-80 Ni; each less t h a n  50 ppm:  Si, Ti. 
This  m a t e r i a l  is classified Grade  1 on the basis  of 
corrosion tes t ing  in  water .  

Z i r c a l o y - l :  2.5% Sn, o ther  i n d i v i d u a l  e l emen t s  
be low 0.01%. 

Zi rca loy-2 :  1.43% Sn, 0.108% Fe, 0.105% Cr, 
0.048% Ni, 0.0032% N, wi th  30 ppm A1, 50 ppm Ca, 
170 ppm Hf, 60 ppm Pb,  50 p p m  Si, 15 p p m  Ti. 

Al l  spec imens  were  p r e p a r e d  by  we t  g r i nd ing  to 
400 gri t  paper  and  e tch ing  in  a so lu t ion  of 50 ml  
70% HNO~, 50 ml  dis t i l led  water ,  8 ml  47% HF. 
E tch ing  t ime  was 1 m i n  at room t empera tu r e .  

Anodic l~lms.--Anodic films were  p roduced  by  ap-  
p ly ing  cons t an t  vol tage  to a cell w i th  Zr  as the  a n -  
ode and  P t  as the cathode. In  the p re sen t  work  the 
e lec t ro ly te  was pur i f ied s a tu ra t ed  H~BO~ at  room 
t empera tu r e .  This  e lec t ro ly te  had a h igh  res i s tance  
bu t  p e r m i t t e d  anodiz ing  up to 500 v. In  anodiz ing  of 
this  type  the film th ickness  is p ropor t iona l  to the  
appl ied  vol tage  (1).  The gain  in we igh t  of Zr a n -  
odized according  to the p rocedure  used in  this s tudy  
was  found  to be in  good a g r e e m e n t  w i th  the da ta  of 
Po l l ing  and  Char l e sby  (6) ,  i.e., 0.46 ~g cm-'-' v-L 
Char l e sby  as sumed  a dens i ty  of 5.67 g cm -~ which  
gave a t h i ckness -vo l t age  re l a t ion  of 30A v-'. 

The d e p e n d e n c e  of film th ickness  on vol tage  was  
also shown  by m e a s u r i n g  the capaci tance  of the  Zr  
anode in  the electrolyte .  The second e lect rode was  
P t  gauze. Effectively,  the  Zr and  e lec t ro ly te  were  
the  pla tes  of the  condenser .  A G e n e r a l  Radio Com-  
p a n y  Type  650-A br idge  was used. It  was  exped ien t  
to subs t i t u t e  acetic acid for boric  acid w h e n  m e a s u r -  
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Fig. 3. Region of electrical breakdown of the anodic fi lm 
on Zr as a function of probe weight and f i lm thickness. The 
solid line brockehng each point indicates standard deviation. 

ing capaci tance  in  v iew of the  h igh res i s tance  of the 
la t te r  soluton.  The  da ta  are shown in  Fig. 2. Z i r -  
ca loy-2 could no t  be anodized  above  300 v which  
l imi ted  the  r ange  in which  the  film th ickness  could 
be var ied.  This fact was  a t t r i b u t e d  to oxygen  evo-  
lu t ion  at inclusions .  

Autoclave fiIms.--Autoclave films were  p roduced  
by  expos ing  spec imens  to degassed, d is t i l led  wa te r  
a t  350 ~ • 1 7 6  for per iods f rom 16 hr  to 2 weeks.  The  
r e s u l t a n t  films were  adheren t ,  and  weigh t  gains 
were  a measu re  of film thickness.  

Weight on the probe.--The probe  res ted  on  the  
surface wi th  a we igh t  of 10 g. To be ce r ta in  t h a t  the 
fi lm was not  da ma ge d  by  this  we igh t  the m a x i m u m  
to le rab le  weight  at room t e m p e r a t u r e  was  de te r -  
m i n e d  for different  film thicknesses.  The  da ta  are 
g iven  in  Fig. 3. The film broke  down  e lec t r ica l ly  
above the line, p roduc ing  a shor t  circuit .  The appl ied  
vol tage  was 10 m v  pr ior  to b r e a k d o w n .  A n  average  
of 30 poin ts  was  e x a m i n e d  for each anodic  film 
thickness.  

Contact area.--The contact  area  of the probe  was  
ve ry  small .  To d e t e r m i n e  this  area  the 10-g probe  
was placed on smooth  Pt, the res i s tance  was meas -  
ured,  and  the area  was ca lcu la ted  f rom the f o rmu la  
of Holm (7).  A n  average  of n u m e r o u s  m e a s u r e -  
me n t s  gave a contac t  area  of 1.5 • 0.5 • 10 -~ cm 2. 
This is the larges t  e r ror  in e s t ima t ing  res is t iv i ty .  

R e s u l t s  

E~ect of Heating in Vacuum 

No c u r r e n t  was  detec ted  w h e n  the  p robe  was  
placed on anodic  or au toc lave  films at room t e m p e r -  
a ture .  However ,  w h e n  a spec imen  was  hea ted  in  
va c uum,  c u r r e n t  became m e a s u r a b l e  at  350~ and  
higher .  The conduc t iv i ty  increased  wi th  t ime  as wel l  
as t empe ra tu r e ,  and  a r eve r s ib l e  t e m p e r a t u r e  co- 
efficient could no t  be  ob ta ined .  F i l m  his tory,  t h i ck -  
ness, and  t e m p e r a t u r e  were  all  found  to inf luence  
the conduc t iv i ty  changes.  

P r e l i m i n a r y  w o r k  in  which  spec imens  were  hea ted  
and  cooled showed t h a t  the ZrO~ films became  be t t e r  
conductors  and  r e m a i n e d  so as long as the  v a c u u m  
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was ma in t a ined .  The conduc t iv i ty  of ten dropped  
w h e n  air  was  admi t ted .  

At  cons tan t  t e m p e r a t u r e  the conduc t iv i ty  i n -  
creased at a ra te  d e p e n d e n t  on t empe ra tu r e .  At  
350~ the re  was no pe rcep t ib le  conduc t iv i ty  up  to 
16 hr. At  450~ the  change  in  the  film was a p p a r e n t  
in  a m a t t e r  of minu tes .  Typica l  resul ts  for hea t ing  
d i f fe rent  spec imens  are shown in  Fig. 4. 

Weight  gains of these spec imens  were  as follows: 
200 v anodized film, 9.1 mg/dm=; au toc lave  film, 31.0 
m g / d m  -~ ( somewha t  h igher  t h a n  a v e r a g e ) ;  500 v 
anodized film 22.8 mg/dm'-'. These  da ta  were  for 
s ingle  tr ials,  bu t  the r ep roduc ib i l i t y  m a y  be j udged  
f rom Fig. 5-7. The  " i n t e r r u p t i o n "  on the 500 v curve  
indicates  an  ove rn igh t  i n t e r v a l  d u r i n g  which  the 
spec imen  was in  v a c u u m  at room t empera tu r e .  W h e n  
hea t ing  was  resumed,  the c u r r e n t  r e t u r n e d  w i t h i n  
several  m i n u t e s  to the  m a g n i t u d e  recorded jus t  be -  
fore cooling. 

Anodic films of increasing thickness.--To me a s -  
ure  the effect of film thickness,  a series of anodic  
films fo rmed  at d i f ferent  vol tages was s tudied.  The 
vol tages  were  200, 250, 300, and  500 and  the corre-  
spond ing  weight  gains  were  9.1, 11.4, 13.7, and  22.8 
mg/dm'-'. A s s u m i n g  5.67 g cm -~ as the dens i ty  (6) the 
th icknesses  of these films were  0.6, 0.75, 0.9, and  1.5~. 
The conduc t iv i ty  was  m e a s u r e d  at 450~ in  vacuum,  

o5 I ~f::Uff 

io 50 Ioo 500  iooo 
TIME IN MINUTES 

Fig. 5. Cur ren t  vs. t ime curves fo r  anodic  ox ide f i lms on 
Grade I Z r  held (:It 4 5 0 ~  in vacuum. 

0 0 1  

17 

and  the data  are p lo t ted  as log c u r r e n t  (w i th  10 m v  
across film) vs. log t ime  in  Fig. 5. 

Autoclave films.--Here al l  the spec imens  had  
weigh t  ga ins  ve ry  close to 21 mg/dm% The  al loys 
had  u n i f o r m  b lack  films, whi le  the Zr  spec imens  
showed occasional  whi te  patches.  M e a s u r e m e n t s  
were  made  on ly  on the coheren t  b lack  film. 

The curves  for Zr are g iven  in  Fig. 6 and  the 
curves  for the two alloys in  Fig. 7. In  the  la t te r  case 
the e x p e r i m e n t a l  points  are shown on ly  for Z i r -  
caloy-2.  The  e x p e r i m e n t a l  da ta  for Zi rca loy-1  were  
in good a g r e e m e n t  wi th  the l ines  as shown, and  the 
points  were  omi t t ed  to avoid over lapp ing .  The slopes 
of the curves  on the au toc lave  films were  s imi la r  to 
those for the anodic  films. The  e x p e r i m e n t a l  spread 
for Zr  was  large  as compared  to the alloys. 
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04 - -  
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,,=, 
Q. 

o ~ g o ,  - t 
_z 005 - 
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0 0 3  -- 

5 
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o 0 0 5  I I I 
25 50 ~00 25o 5 0 0  I o o o  
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Fig. 7. Cur ren t  vs. t ime curves for  au toc lave  ox ide  f i lms on 
specimens o f  Z i r ca loy - ]  (curves 2 and 4) and Z i r ca loy -2  
(curves ] ,  3, and 5) hav ing  an average we igh t  ga in o f  24  
r a g / d i n  = a f t e r  ] week in wate r  at  3 5 0 ~  Specimens were 
held a t  4 5 0 ~  in vacuum. 

I 510 I o I ] 0 005 25 I00 250 500 I000 
TIME IN MINUTES 

Fig. 6. Cur ren t  vs. t ime curves fo r  au toc lave  f i lms on speci- 
mens o f  a rc -mel ted Z r  crystal bar  hav ing an average we igh t  
gain o f  19 m g / d m  2 a f te r  I week in wate r  at  3 5 0 ~  Each 
specimen was held at  4 5 0 ~  in vacuum.  Specimens 1, 2, end 
3 exh ib i ted  patches o f  g ray  or whi te  ox ide;  specimens 4 and 
5 were b lack and un i form.  
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Vacuum heating and corrosion rate . - -The exis t -  
ence of a conduc t iv i ty  effect suggested tha t  the  cor-  
ros ion ra tes  m igh t  be  increased  by  v a c u u m  heat ing .  
Wi th  rap id  hea t ing  to sufficiently h igh t e m p e r a t u r e s  
the corrosion oxide film became a good conduc tor  
at  room t e m p e r a t u r e  over  its en t i re  surface.  The  
s u b s e q u e n t  corrosion behav io r  should  ind ica te  
w h e t h e r  film g rowth  is affected. For  this purpose  the  
corrosion of Zr spec imens  was  compared  before  and  
af ter  a r ap id  hea t i ng  to 600~ fol lowed by  rap id  
cooling. The corrosion film was conduc t ing  af ter  this  
t r e a tmen t .  Z i r c o n i u m  specimens  were  exposed to 
wa te r  at  350~ per iod ica l ly  removed,  and  v a c u u m  
heated.  Compar i son  w i t h  controls  r evea led  no effect 
of the  hea t ing .  Consequen t ly ,  the hea t ing  t ime  in  
v a c u u m  was ex t ended  as follows: The spec imen was  
b rough t  to 600~ in  30 sec, kep t  at 600 ~ for 1 rain, 
and  cooled be low 400 ~ in  30 sec. The  v a c u u m  was 
10 -' m m  Hg or bet ter .  This  p rocedure  was  employed  
on both  Zr  and  Zi rca loy-2  spec imens  af ter  16-hr  
i n t e rva l s  of exposure  to degassed wa te r  at 350~ 
Upon r emova l  f rom the au toc lave  the hea ted  films 
were  aga in  insu la t ing .  

One set of spec imens  was used as a control ;  the  
o ther  set was  v a c u u m  hea ted  before  and  d u r i n g  the  
corrosion test. A n  add i t iona l  set of spec imens  was  
v a c u u m  hea ted  at the same t ime, bu t  corrosion tes t -  
ing  was not  car r ied  out un t i l  the  v a c u u m  hea t i ng  was 
d i scon t inued  af ter  320 hr  of corrosion exposure.  

The  corrosion weigh t  ga ins  are  shown  in Fig. 8 
and  9. In i t ia l ly ,  the hea ted  spec imens  had lower  
weigh t  gains,  bu t  they con t inued  to gain  weigh t  
w h e n  the cont ro l  spec imens  were  l eve l ing  off. It  was  
found  in  a p r e l i m i n a r y  e x p e r i m e n t  t ha t  these low 
weigh t  gains did no t  appear  w h e n  the  v a c u u m  hea t -  
ing p reced ing  the  corrosion exposure  was  omit ted.  
Consequen t ly ,  the  in i t i a l  low weigh t  gains  m a y  be 
due  to a d i f ferent  surface  af ter  the v a c u u m  t r e a t -  
ment .  

The effect of v a c u u m  hea t ing  did no t  last, as 
shown  by  the l eve l ing  of the  curve  a f te r  320 h r  w h e n  
this  t r e a t m e n t  was ended.  The  four  spec imens  of 
each ma te r i a l  which  were  v a c u u m  hea ted  and  then  
corrosion tes ted (da ta  no t  shown)  had  essen t ia l ly  
the  same weigh t  gains  as the  s t anda rds  which  were  
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TEST riME IN HOURS 

Fig. 8. We igh t  gains of  four  specimens of  arc-mel ted Zr, 
corrosion tested simultaneously in water at  350~ No. 3 and 
No. 4 were heated at 600~ for  1 rain at the t ime of each 
weighing up to and including 320 hr (also prior to teshng). 
Heat ing was discontinued af te r  this point. Specimen No. 1 
and No. 2 were not heated. 
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Fig. 9, We igh t  gains of  four  ZJrcaloy-2 specimens, corrosion 
tested simultaneously in water  at  350~ No. 3 and No. 4 
were heated at  600~  for ] rain at  the t ime of  each weighing 
up to and including 320 hr (also prior to test ing). Heat ing 
was discont inued a f te r  this point. Specimen No. I and No. 2 
were not heated. 

not  heated.  This ru led  out a ny  me ta l l u rg i ca l  effect. 
Spec imen  weights  we re  a lways  checked before  and  
af ter  the  v a c u u m  hea t ing  and  did no t  v a r y  by more  
t h a n  0.5 m g / d m  '~. This  was neg l ig ib le  in  compar i son  
to the corrosion weigh t  gains. 

At  the  end of the test  the  spec imens  n u m b e r e d  1 
and  2 had  a u n i f o r m  da rk  lus t rous  appea rance  in -  
d ica t ive  of a p ro tec t ive  oxide, for bo th  Zr  and  Z i r -  
caloy-2.  Spec imens  3 and  4 were  l ight  gray.  Unde r  
a microscope the  l ight  g ray  oxide was  seen  to v a r y  
f rom gray  to whi te  wi th  wh i t e  p r e d o m i n a t i n g .  The  
film on the  Zi rca loy-2  was b r e a k i n g  away  a long the 
l ines  of inclusions.  The Zr surfaces  had  t i ny  b r o w n  
and  b lack  spots which  were  p r o b a b l y  deposits  f rom 
the  autoclave.  

Discussion 

V a c u u m  hea t ing  has been  shown to in f luence  bo th  
the e lectr ical  conduc t iv i ty  of the  oxide on Zr  and  its 
corrosion rate  in  w a t e r  at  350~ The  reasons  for 
electr ical  changes  in the oxide wi l l  be  cons idered  
befoze discussing the  effect of v a c u u m  he a t i ng  on 
corrosion.  

The n a t u r e  of the  Zr-ZrO~ sys tem suggests  tha t  
diffusion is respons ib le  for the  conduc t iv i ty  changes.  
The most  l ike ly  m e c h a n i s m  to account  for the  ob-  
served changes  is the  loss of oxygen  to the  me t a l  
which  would  be accompan ied  by  the f o r ma t ion  of 
an ion  vacancies  in  the oxide. The  ve ry  low dissoci- 
a t ion  p ressure  of ZrO~ (10 -'~ a t m  at  450~ is evi -  
dence tha t  oxygen  wi l l  no t  escape to the  vacuum.  

The c u r r e n t - t i m e  curves  can  be exp la ined  on the  
basis  tha t  the res i s tance  of the oxide drops r ap id ly  
wi th  the p e n e t r a t i o n  of an ion  vacancies .  The m e a n  

d i sp lacemen t  of a diffusing species is k/2Dt, w here  D 
is the diffusion coefficient a nd  t is t ime  (12).  If the  
m a j o r  pa r t  of the observed  electr ical  res i s tance  is 
p rov ided  by the u n p e n e t r a t e d  oxide (of u n c h a n g e d  
r e s i s t iv i ty ) ,  one m a y  wr i t e  

k V  
i - -  [1] 

3 - -  V 2 D t  

where  ~ is the c u r r e n t  t h rough  the film, V is the  ap-  
pl ied voltage,  k is a cons tan t  p ropor t iona l  to the  area  
of the contact,  and  3 is the film thickness.  At  450~ 
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Table I. Diffusion coefficients, D, calculated from the data of Fig. 5 
(Anodie oxide on Grade 1 Zr at 450~ 

E L E C T R I C A L  R E S I S T A N C E  O F  O X I D E  F I L M S  19 

n x 10 la (cm ~ sec-D 
A n o d i z i n g  F i l m  As  A v e r a g e  f o r  e a c h  

v o l t a g e  t h i c k n e s s  c a l c u l a t e d  f i lm th ickness  

r7.6 
200 0.60 ~6.7 6.4 

L4.9 
(6.9 

250 0.75 ~5.2 5.1 
L3.2 
r2.8 

300 0.90 ~1.9 2.2 
[1.9 

500 1.5 ~ 2.9 2.4 
~1.8 

the  change  in film th ickness  due  to d issolu t ion  can 
be neg lec ted .  

This  e q u a t i o n  p rov ides  a r ea sonab le  r e p r e s e n t a -  
t ion of the  obse rved  da ta  as ind ica ted  in Fig. 4 w h e r e  
the solid points  w e r e  ca l cu la t ed  f r o m  Eq. [ 1 ] us ing  the  
va lues  D = 2.72 X 10 -1~ cm ~ sec -~ and  k = 3.1 X 10 -~ 
~a -I cm -~. These  e m p i r i c a l  va lues  w e r e  ca l cu la t ed  
f rom two points  on the  e x p e r i m e n t a l  c u r v e  (0.05 
~a, 290 m i n  and 0.4 ~a, 600 min )  ; k was  an a v e r a g e  
for  these  points .  

Two  points  f r o m  a c u r v e  are  sufficient to solve  for  
D f r o m  the  equa t i on  

is ~ - -  ~/2Dt, 
- -  [ 2 ]  

Using  i.~ as 0.5 ~amp and il as 0.025 ~amp, the  di f fu-  
sion coefficient  was  ca lcu la ted  for  the  cu rves  of Fig.  
5. T h e  r e su l t i ng  va lues  are  shown  in Tab l e  I. The  
a v e r a g e  f r o m  all  the  cu rves  was  4.0 X 10 -1'~ cm ~ sec -1. 

This  r e su l t  m a y  be c o m p a r e d  w i t h  2 X 10 -1~ cm'-' 
sec -I wh ich  P e m s l e r  (8) ob ta ined  for  the  diffusion of 
o x y g e n  into  Zr  m e t a l  at  450~ The  d i f fe rence  be -  
t w e e n  4.0 X 10 -1' and 2 X 10 -1~ is cons i s ten t  w i t h  the  
obse rva t ion  tha t  conduc t i v i t y  changes  can be ob-  
s e rved  in films w h e r e  d isso lu t ion  is a lmos t  ins ig -  
nificant.  H o w e v e r ,  in t h e  absence  of c o r r o b o r a t i v e  
i n f o r m a t i o n  it  should  not  be conc luded  tha t  the  
" v a c a n c y  d i f fus iv i t ies"  p r e s e n t e d  he re  are  va l id  d i f -  
fus ion coefficients.  

The  conduc t i v i t y  changes  of the  cor ros ion  ox ide  
films on Zr  showed  a w i d e  v a r i a t i o n  a l t h o u g h  the  
films w e r e  of e q u i v a l e n t  th ickness .  The  fo l l owing  
di f fus iv i t ies  for  t he  cor ros ion  films h e a t e d  at 450~ 
w e r e  ca l cu la t ed  in the  same m a n n e r  as for  the  an -  
odic films ( the  des igna t ions  r e f e r  to Fig.  6) :  C u r v e  
1, 2.5 X 10 -12 cm ~ sec-1; c u r v e  2, 2.1 X 10 -~ cm ~ sec-~; 
c u r v e  3, 1.4 X 10 -~ era" sec-~; c u r v e  4, 0.86 X 10 '-~ 
cm'  sec-~; c u r v e  5, 0.38 • 10 -~'~ em ~ see 1. 

As w o u l d  be  expec ted ,  cu rve  5 r ep re sen t s  a l ower  
diffusion coefficient t han  c u r v e  1. 

The  b e t t e r  r e p r o d u c i b i l i t y  of  the  cu rves  for  Z i r -  
ca loy-1  and 2 suggests  tha t  the  ox ide  is m o r e  ho -  
m o g e n e o u s  on these  a l loys  t h a n  on Zr. The  cu rves  
for these  a l loys  a re  s imi la r  to c u r v e  5 for  Zr  so tha t  
a c o m p a r a b l e  d i f fus iv i ty  can be  expec ted .  I t  is poss i -  
ble  t h a t  a low d i f fus iv i ty  as e s t i m a t e d  f r o m  conduc -  
t iv i ty  changes  m a y  be r e l a t ed  to a low corros ion  rate .  

The  effect of v a c u u m  hea t i ng  on cor ros ion  cannot  
be e x p l a i n e d  readi ly .  The  inc rease  of e l ec t r i ca l  con-  
d u c t i v i t y  du r ing  hea t i ng  indica tes  t ha t  changes  a re  
t ak ing  p lace  w i t h i n  the  oxide.  In  addi t ion,  some of 
the  ox ide  is d i sso lv ing  as a r e su l t  of  o x y g e n  diffusion 
into the  Zr. The  r a t e  of d issolu t ion  has b e e n  used to 
d e t e r m i n e  the  d i f fus iv i ty  of o x y g e n  in Zr  (8) .  

Cons ide r ing  the  l a t t e r  process,  the  effect is to 
m a k e  the  ox ide  film s l igh t ly  th inner .  In  p r ev ious  
w o r k  (11) ,  us ing the  same  e q u i p m e n t  as this  s tudy,  
it was  shown tha t  about  100A of ox ide  was  d isso lved  
wh i l e  hea t i ng  1 m i n  at  600~ This  is s o m e w h a t  
sma l l e r  t han  the  resu l t s  of P e m s l e r  (8) w h e r e  ap -  
p r o x i m a t e l y  250X w o u l d  be expec t ed  to d issolve  in 
the  first minu te .  Us ing  the  sma l l e r  n u m b e r  the  de-  
c rease  in th ickness  wou ld  be  0.2~ a f te r  t w e n t y  h e a t -  
ings. This  co r responds  to 3 m g / d m  ~ of oxygen .  The  
final d i f ferences  in w e i g h t  gains  b e t w e e n  hea t ed  and  
u n h e a t e d  spec imens  w e r e  m u c h  l a r g e r  t h a n  this, i n -  
d ica t ing  t h a t  the  w e i g h t  increases  are  no t  s imply  
due  to the  r e s to ra t ion  of d i sso lved  oxide.  

As a l r eady  m e n t i o n e d  the  h e a t e d  film did not  r e -  
m a i n  conduc t ing  a f te r  exposu re  in the  au toc l ave  bu t  
was  a p p a r e n t l y  r e s to red  to its o r ig ina l  i n su la t ing  
charac te r .  This  suggests  tha t  the  d e f e c t  s t r u c t u r e  
p r o d u c e d  by hea t i ng  is e l i m i n a t e d  by r e - e x p o s u r e  to 
wa te r .  In  such  a case a w e i g h t  gain  w o u l d  be  e x -  
pected,  co r r e spond ing  to a f i l l ing of vacancies .  

As shown by the  da ta  on corros ion  w e i g h t  gains  a 
spec imen  ga ined  w e i g h t  each  t ime  it  was  v a c u u m  
hea t ed  and r e t u r n e d  to the au toc lave .  In the  case of 
Zr  wh ich  had  a w e i g h t  ga in  of 40 m g / d m  ~ w i t h o u t  
hea t ing ,  the  add i t iona l  w e i g h t  ga in  a f t e r  each  v a c -  
u u m  hea t ing  and r e - e x p o s u r e  was  a p p r o x i m a t e l y  2.5 
mg /dm" .  The  l a t t e r  f igure  r ep re sen t s  6% of the  o x y -  
gen in the  film be fo re  r e - e x p o s u r e  in the  au toc lave .  
Consequen t ly ,  one m a y  pos tu la te  t h a t  6% of the  
o x y g e n  sites w e r e  e m p t i e d  by diffusion d u r i n g  v a c -  
u u m  hea t i ng  and ref i l led upon  subsequen t  exposu re  

in the  au toc lave .  
U n d e r  the  same c i rcumstances ,  the  40 m g / d m  "~ 

film on Z i rca loy-2  ga ined  about  5 m g / d m  ~, r e p r e -  
sen t ing  a 12.5% v a c a n c y  concen t ra t ion .  These  p e r -  
cen tages  seem u n r e a s o n a b l y  h i g h  because  t h e  o x y -  
gen consumed  in the  d issolu t ion  of oxide  at  600 ~ 
(100A) is on ly  0.15 m g / d m  '~ or 0.4% of 40 m g / d m  ~. 
This  suggests  t ha t  o the r  fac to rs  a re  inc reas ing  the  

corros ion  rate.  
P e r h a p s  t he  s t r u c t u r e  of the  oxide  is changed  by 

hea t ing ,  or the  diffusion of o x y g e n  into the  Zr  p r o -  
motes  the  subsequen t  conve r s ion  of some of this  d i f -  
fused  l aye r  into oxide  du r ing  corrosion.  M o r e  e v i -  
dence  conce rn ing  these  fac tors  is des i rable .  

This  p h e n o m e n o n  m a y  be r e l a t ed  to the  " m e m o r y "  
effect  no ted  by T h o m a s  (13) w h e r e  Zr  spec imens  
m a i n t a i n e d  a h igh  corros ion  r a t e  a f t e r  the  cor ros ion  

t e m p e r a t u r e  was  lowered .  
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ABSTRACT 

An electron diffract ion s tudy was made on the crys ta l  s t ructure,  or ientat ion,  
and mode of growth  of nickel  deposi ts  f rom su l fa te -ch lor ide-bor ic  acid and 
ch lor ide-bor ic  acid baths  under  var ious  ba th  conditions.  The  effect of pH, 
t empera ture ,  concentrat ion,  cu r ren t  density,  mechanical  s t i rr ing,  etc., and of 
addi t ions  such as hydrogen  peroxide,  nickel  n i t ra te ,  and sodium chlor ide  was 
inves t iga ted  on po lycrys ta l l ine  substrates .  Depending on ba th  condit ions va r i -  
ous p re fe r r ed  or ienta t ions  (one -degree ) ,  mixed  or o~herwise, were  developed 
and thei r  causes have been discussed in detai l .  These have  been cor re la ted  
also wi th  the mode of cathodic c rys ta l  g rowth  process. 

I t  has  been  shown  p r e v i o u s l y  t h a t  the  c r y s t a l  
s t r u c t u r e  and  o r i e n t a t i o n s  of e l e c t r o d e p o s i t e d  n i cke l  
a r e  p r o f o u n d l y  af fec ted  b y  the  b a t h  cond i t ions  
( 1 - 5 ) .  In  w h a t  fo l lows  an  account  is g iven  of a c o m -  
p a r a t i v e  s u r v e y  of the  c r y s t a l  o r i en t a t i ons  in d e -  
posi ts  f r om n i cke l  ch lo r ide  and  s u l f a t e - c h l o r i d e  
b a t h s  as c o m m o n l y  used  in  i n d u s t r i a l  p l a t ing .  

Experimental 
In  o r d e r  to r e s t r i c t  t he  s u b s t r a t e  inf luence on 

c r y s t a l  size and  o r i e n t a t i o n  of  e l ec t rodepos i t s ,  m e -  
c h a n i c a l l y  po l i shed  b r a s s  d i sks  (70 :30)  of a b o u t  
3.0 cm'-' s ign i f ican t  a r e a  w e r e  used  as ca thodes ,  t h e  
nons ign i f i can t  p o r t i o n s  be ing  cove red  w i t h  co l lo -  
dion.  Compos i t i ons  of the  b a t h s  w e r e :  (a )  NiSO,-  
7H..,O 280 g/1 ~- NiCI~.6H~O 48 g/1 -b H~BO~ 31 g / l ;  
(b )  NiCI~-6H~O 150 g/1 q- H~BO~ 31 g / l ;  (c)  NiCI~. 
6H20 280 g/1 -b H3BO~ 31 g / l ;  a n d  (d )  N iSO, .7H20  
280 g/1 q-H~BO~ 31 g/1. The  c h e m i c a l s  u sed  w e r e  
of A R  or  CP  qua l i t y .  The  a b o v e  so lu t ions  w e r e  p u -  
r i f ied and  a d j u s t e d  to d e s i r e d  p H  va lues  in t he  m a n -  
n e r  d e s c r i b e d  p r e v i o u s l y  (3) .  Unless  o t h e r w i s e  
s ta ted ,  the  c u r r e n t  d e n s i t y  e m p l o y e d  was  10 m a /  
cm ~, and  the  so lu t ions  w e r e  uns t i r r ed .  W h e n  s t i r r i n g  
was  r e s o r t e d  to, t he  s w e e p  of t h e  glass  p r o p e l l e r  
was  close to t he  c a t h o d e  sur face .  

A f t e r  e l ec t rodepos i t i on ,  the  spec imens  w e r e  
w a s h e d  t h o r o u g h l y  w i t h  d i s t i l l ed  w a t e r ,  w i t h  a l co -  
hol, and  t h e n  i m m e d i a t e l y  e x a m i n e d  in  a F i n c h -  
t y p e  e l e c t r o n  d i f f r ac t ion  c a m e r a  (6)  w o r k i n g  w i t h  
45-65 k v  e lec t rons ,  t he  c a m e r a  l e n g t h  be ing  a b o u t  
50 cm. The  l a t t i c e  p a r a m e t e r  of t he  depos i t  was  

d e t e r m i n e d  by  d u s t i n g  g r a p h i t e  p o w d e r  over  the  

spec imens  and us ing  112-0 r i n g  of  g r a p h i t e  ( d l ~  ~-- 
1.230A) as the  i n t e r n a l  s t a n d a r d .  S ince  the  ref lec-  
t ion  t e c h n i q u e  was  used,  t he  d i f f r ac t ion  of e l ec t rons  
was  due  to the  top  su r f ace  l a y e r s  only .  In  o r d e r  to 
s t u d y  t h e  change  of su r f ace  s t r u c t u r e  w i t h  t i m e  of 
depos i t ion ,  spec imens  w e r e  e x a m i n e d  b y  e l ec t ron  
d i f f r ac t ion  at  v a r i o u s  depos i t  th icknesses .  

The  depos i t i on  was  c a r r i e d  ou t  to w e l l  b e y o n d  
the  s t a g e  w h e r e  t he  p o l y c r y s t a l l i n e  depos i t s  had  d e -  
ve lope d  p r e f e r r e d  o r i e n t a t i o n s  ( o n e - d e g r e e ) .  By  
p r e f e r r e d  o r i en ta t ion ,  i t  is m e a n t  t ha t  t he  p o l y c r y s -  
t a l l i n e  depos i t s  h a d  a c o m m o n  l a t t i ce  r o w  n o r m a l  
to t he  depos i t  sur face ,  or  in  o t h e r  w o r d s  h a d  a c o m -  
mon  l a t t i c e  p l a n e  p a r a l l e l  to t he  depos i t  or  s u b s t r a t e  
sur face .  The  o r i e n t a t i o n  p l a n e  is g e n e r a l l y  i n d i c a t e d  
b y  {hkl}. 

Results 
The a p p e a r a n c e  of n i cke l  depos i t s  v a r i e d  f r o m  

s e m i b r i g h t  and  du l l  m a t t e  to d a r k  g r a y  or  even  
b lack ,  d e p e n d i n g  on t h e  depos i t i on  condi t ions .  P i t -  
t ing  and  p inho le s  w e r e  o b s e r v e d  in depos i t s  f o r m e d  
u n d e r  t he  cond i t ions  g iv ing  r i se  to p r o f u s e  h y d r o -  
gen evo lu t ion .  E l e c t r o n  d i f f r ac t ion  s tud ies  of t he  
c a t h o d e  su r f ace  r e v e a l e d  t h a t  t h e  depos i t s  w e r e  in i -  
t i a l l y  p o l y c r y s t a l l i n e  b u t  r a n d o m l y  d i sposed ;  w i t h  
i n c r e a s i n g  th ickness ,  the  depos i t s  d e v e l o p e d  one 
d e g r e e  o r i e n t a t i ons  d e t e r m i n e d  b y  b a t h  condi t ions .  
The  l a t t i ce  c o n s t a n t  of t h e  coa t ings  (ao-----3.543A) 
was  f o u n d  to be  s i m i l a r  to t h a t  of f.c.c, n i c k e l  (7 ) .  
Occas iona l ly ,  h o w e v e r ,  h e x a g o n a l  f o r m  of  n icke l  
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Fig. 1. Change in orientations of nickel deposits with pH 
and temperature; bath (a). • means {100}  orn; A means 

{110}  orn; 4- means {211}  4- { I 0 1 0 }  orn; 0 means 
{210}  orn. 

(7) also appeared along with the f.c.c, structure. 
The results are shown in Fig. 1-7. 

Influence of Various Factors 
pH and tempera ture . - - I t  will be seen from Fig. 

1-3 that, with increasing bath temperature,  the ori- 
entations changed eventually from {210} ( O )  to 
{110} (A) irrespective of pH values. At an inter-  
mediate range, however, depending on pH and bath 
composition, {100} (X)  and a mixed {211}+ 

{ 10-10},.~x ( + ) orientations were generally observed. 
Metal ion concentrat ion.--The orientations of the 

deposit crystals were also influenced by metal ion 
concentrations. Baths (a) and (b) under different 
pH conditions were diluted in the ratio of 1: 1, 1:3, 
and 1:9 maintaining the pH in each case the same 
as that of the undiluted bath. Thus with gradual 

dilution, the initial {211} + {1010}hex ( + )  orienta- 
tions changed to {100} (X)  and finally to {110} (A) 
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in Fig. 1. 
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as can be seen from Fig. 4. Similar results were also 
obtained even when the concentration of boric acid 
was maintained to 31 g/1 in the diluted baths. This 
suggests that boric acid content has no significant 
effect on the orientations of nickel deposits. 

Oxidizing agents . - -The  addition of hydrogen per-  
oxide or nickel nitrate to the baths suppressed pit- 
ting of deposits and also affected the crystal orien- 
tations (Fig. 5a and 5b). Addition of hydrogen per-  
oxide ( ~1  g/l)  resulted in the {210} orientation 
( O )  gradually changing to {100} ( •  or {211} + 

{10]0} ..... ( + )  at all pH ranges and at temperatures 
up to 35~ At higher temperatures,  however, hy-  
drogen peroxide decomposed without oxidizing hy-  
drogen evolved at the cathode, and no further  
change in orientation was observed. With fur ther  
increase in hydrogen peroxide concentration, the 
crystal orientations changed to {110} (A) (Fig. 5a). 
If the concentration of hydrogen peroxide was still 
further  increased, the deposits became rough and 
were often covered with basic nickel salts. 

Nickel nitrate (about 0.8 g / l ) ,  on the other hand, 
favored {110} (A) orientation of the deposit crys-  
tals under conditions which would otherwise have 
developed {210} ( O ) ,  {100} ( •  or {211} + 

{1010} .... ( + )  orientations (Fig. 5b). 
Mechanical s t irr ing.--St irr ing of the solutions af- 

fected the crystal orientation by reducing the con- 
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centration gradient in the catholyte layer and pos- 
sibly also by facilitating the removal of hydrogen 
from the cathode surface. Thus, instead of the {210} 
( O )  orientation of the deposit-crystals favored at 
a low temperature in a still bath, a mixture of {210} 
( O )  and {100} (X)  orientations occurred at 250 
rpm and, finally, {211} + {1010} .... ( + )  orientations 
at about 1000 rpm (Fig. 6). Similarly, instead of the 
[110} (A) orientation normally developed at 55~ 
in an unstirred bath, a {100} (X)  orientation ap- 
peared at 300 rpm. Mechanical stirring, however, 
did not affect the continued development of {100} 
(><) or {211} +{lOi-O} .... ( + )  orientations when 
the unstirred were favorable to the formation of 
these orientations. 
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Current density.--The effect of current density 
on the deposition of nickel is very interesting. It 
may be seen (Fig. 7) that except at low tempera-  
ture, the deposits developed {110} (A) orientation 
in the lower current density range. At an inter- 
mediate range of current  density, however, either 

{100} ( •  or [211} +{1010} .... ( §  orientations 
were favored. At a still higher current  density 
{110} (~ )  orientation was developed sometimes 
accompanied by {210} ( O )  orientation, especially 
at low pH ranges. In bath (c), however,  lateral 

{i00} (X), {211} + {I010} .... (-I-) types of deposits 
were always obtained, even at a current density as 
high as 200 ma/cm "~. 

Chloride ion concentration.--An increase in the 
chloride ion concentration in the bath generally 
favored {211} Jr {i010} .... (+)  orientations in place 
of {i00} (X) and the bath could tolerate a higher 
current density range than the usual. Figure 8 

shows typical {211} + {I010} .... orientations of the 
deposit crystals. 

Discussion 

The mode of cathodic crystal  growth and its in- 
fluence on the orientation of the resulting deposits 
have recently been discussed by Finch and co- 
workers (1, 2) and ourselves (3-5, 8). The orienta- 
tions developed in electrodeposits are determined 
primarily by the growth process of the deposits. The 
chief factors controlling the process are: (a) rate 
of supply of cations through the diffusion layer to 
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Fig. 6. Change in or ientat ions of nickel deposits with rate 
of stirring and temperature; bath (a). Symbols have same 
meaning as in Fig. ] .  
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the  ca thode ;  (b)  r a t e  of d i s c h a r g e  of ca t ions;  (c)  
t h i ckness  of the  d i f fus ion  l a y e r ;  and  (d)  f o r m a t i o n  
of fi lms n e a r  t he  ca thode  s u r f a c e  reg ion .  A n y  
change  in t he  depos i t i on  cond i t ions  m a y  m a t e r i a l l y  
affect  one or  m o r e  of t h e  a b o v e  fac to rs  d e t e r m i n i n g  
the  o v e r - a l l  depos i t i on  p rocess  and  thus  m o d i f y  the  
o r i e n t a t i o n  of t he  d e p o s i t e d  c rys ta l s .  W h e n  t h e  r a t e  
of s u p p l y  of m e t a l  ions to the  c a t h o l y t e  is p l e n t i f u l  
c o m p a r e d  w i t h  the  r a t e  of t h e i r  d i scharge ,  t he  d e -  
posi ts  g r o w  l a t e r a l l y  w i t h  a d e n s e l y  p a c k e d  p l a n e  
l y i n g  p a r a l l e l  to the  s u b s t r a t e  sur face .  On t h e  o the r  
hand,  w h e n  the  r a t e  of s u p p l y  of ca t ions  a t  the  
ca thode  is i n a d e q u a t e ,  r e s u l t i n g  in an i m p o v e r i s h -  
m e n t  of m e t a l  ions at  the  ca tho ly te ,  the  d e p o s i t -  
c ry s t a l s  g r o w  o u t w a r d  in  such a w a y  t ha t  a d e n s e l y  
p a c k e d  a t o m  r o w  is n o r m a l  to t he  ca thode  sur face .  
In  t he  case  of n i c k e l  {111}, {100} ( •  and  also 

~211} + {101-0} .... (q- )  o r i en ta t ions ,  as r e c e n t l y  
shown  b y  G o s w a m i  (8) ,  a r e  c h a r a c t e r i s t i c s  of l a t -  
e r a l  g r o w t h - d e p o s i t s  w h e r e a s  {110} ( A )  i nd i ca t e s  
an  o u t g r o w t h  m e c h a n i s m .  

O t h e r  o r i en t a t i ons  also m a y  deve lop  due  to f ac -  
tors  w h i c h  come into  p l a y  d u r i n g  depos i t ion .  The  
a p p e a r a n c e  of {210} ( O )  o r i en ta t ion ,  for  ins tance ,  
seems  to be  a s soc ia t ed  w i t h  the  a d s o r p t i o n  or  o t h e r -  
wise  of hyd rogen ,  p r e s u m a b l y  a tomic ,  b y  the  d e -  
posi ts  w h i c h  a r e  k n o w n  to be  in a h i g h l y  ac t ive  
cond i t ion  w h e n  f r e s h l y  depos i t ed  (9) .  This  is ev i -  
den t  f r o m  the  change  of o r i e n t a t i o n  f r o m  {210} 

(C))  to {100} ( •  or  {10i-0}hex and  {211} (q- )  e f -  
f ec ted  b y  the  a d d i t i o n  of h y d r o g e n  p e r o x i d e  to t he  
b a t h  (Fig .  5a) .  The  r a t e  of d i s c h a r g e  of h y d r o g e n  
ions at  t he  c a thode  w i l l  b e  i n c r e a s e d  due  to t he  ox i -  
d a t i o n  of a tomic  h y d r o g e n  to w a t e r  mo lecu l e s  in  t he  
p r e s e n c e  of h y d r o g e n  p e r o x i d e .  This  wil l ,  no doubt ,  
f a c i l i t a t e  t he  fo rma t ion ,  p r e c i p i t a t i o n ,  and  occ lus ion  
on the  ca thode  s u r f a c e  of co l lo ida l  n i c k e l  h y d r o x -  
ides or  bas ic  salts ,  thus  r e d u c i n g  the  effect ive  m e t a l  
ion c o n c e n t r a t i o n  in  the  c a t h o l y t e  and  f a v o r i n g  an  
o u t g r o w t h  m e c h a n i s m .  

Nicke l  n i t r a t e  inf luences  t he  o r i e n t a t i o n  of the  
depos i t s  in a d i f fe ren t  m a n n e r .  H y d r o g e n ,  a tomic  or  
mo lecu l a r ,  f o r m e d  at  t he  c a thode  r educes  the  n i -  
t r a t e  in  i ts  i m m e d i a t e  v i c i n i t y  f ina l ly  to a m m o n i a  
w h i c h  in t u r n  fo rms  n i cke l  a m m o n i u m  complexes .  
The  effect ive  m e t a l  ion c o n c e n t r a t i o n  thus  r e d u c e d  
shou ld  f a v o r  o u t g r o w t h .  

M e c h a n i c a l  s t i r r ing ,  as has  b e e n  m e n t i o n e d  b e -  
fore,  r educes  the  t h i cknes s  of t he  c a t h o l y t e  l a y e r  
and  m a i n t a i n s  m e t a l  ion c o n c e n t r a t i o n  at  the  c a t h -  
ode su r f ace  reg ion ;  h e n c e  o r i en t a t i ons  of t h e  d e -  
pos i t s  t e n d  to be c h a r a c t e r i s t i c  of t h e  l a t e r a l  g rowth .  
By d i s t u r b i n g  the  a d s o r p t i o n  of h y d r o g e n  at  t h e  
ca thode ,  m e c h a n i c a l  a g i t a t i o n  also r educes  and  u l t i -  
m a t e l y  e l i m i n a t e s  p i t t i n g  p inho les  in  the  depos i t  
sur face .  

W h e n  a b a t h  is m u c h  d i lu t ed ,  the  e f fec t ive  m e t a l  
ion c o n c e n t r a t i o n  is l ow  and  hence  the  depos i t s  a r e  
of o u t g r o w t h  t y p e  as has  been  e x p e r i m e n t a l l y  ob -  
s e rved  b y  us. 

The  effect of t e m p e r a t u r e  on the  c r y s t a l  is p e c u l -  
iar .  A h i g h e r  t e m p e r a t u r e  shou ld  i nc rea se  t h e  m o -  
b i l i t y  of t h e  ions and  at  t h e  s a m e  t i m e  r e d u c e  the  
t h i ckness  of the  d i f fus ion  l aye r .  N o r m a l l y  th is  

shou ld  f a v o r  l a t e r a l  g r o w t h - d e p o s i t s .  On the  o t h e r  
hand ,  our  e x p e r i m e n t a l  r e su l t s  show t h a t  h i g h e r  
t e m p e r a t u r e s  f a v o r  o u t g r o w t h - d e p o s i t s  a t  a l l  p H  
cond i t ions  e x c e p t i n g  in b a t h  (a )  a t  75~ a t  p H  5.0. 
This  m a y  be  due  to the  i n c r e a s e d  r a t e  of h y d r o l y s i s  
of the  n i cke l  sa l t s  w i t h  the  r i se  of b a t h  t e m p e r a t u r e .  
I t  is we l l  k n o w n  t h a t  n i c k e l  sa l t s  h y d r o l y z e  to h y -  
d r o x i d e s  or  bas ic  sa l t s  w h e n  the  p H  of t h e  so lu t ion  
is a p p r o p r i a t e  a t  r o o m  t e m p e r a t u r e  a n d  th is  is i n -  
c r ea sed  s t i l l  m o r e  at  h i g h e r  t e m p e r a t u r e s .  This  
l eads  to o u t g r o w t h - d e p o s i t .  

The  effect of h igh  c u r r e n t  d e n s i t y  is g e n e r a l l y  to 
i nc rea se  the  r a t e  of d i s c h a r g e  of m e t a l  ions  at  t he  
ca thode  w i t h o u t  a c o r r e s p o n d i n g  i n c r e a s e  in  t h e i r  
r a t e  of s u p p l y  to ca thode  su r f a c e  region ,  t h e r e b y  
caus ing  an  i m p o v e r i s h m e n t  of ca t ions  at  t he  c a thode  
su r f ace  and  thus  f a v o r i n g  o u t g r o w t h .  The  f o r m a -  
t ion of l a t e r a l - g r o w t h  depos i t s  at  an  i n t e r m e d i a t e  
c u r r e n t  d e n s i t y  r a n g e  m a y  also be s i m i l a r l y  u n d e r -  
s tood.  A v e r y  p e c u l i a r  obse rva t ion ,  as m e n t i o n e d  
before ,  was  t he  d e v e l o p m e n t  of {110} ( A )  o r i e n t a -  
t ion  at  v e r y  low c u r r e n t  dens i t ies .  This  canno t  be 
e x p l a i n e d  eas i ly .  T h e  effect of c u r r e n t  d e n s i t y  and  
t e m p e r a t u r e  w i l l  be  d i scussed  in a s e p a r a t e  pape r .  

A n  inc rease  in ch lo r ide  ion c o n c e n t r a t i o n  gen -  
e r a l l y  induces  c r y s t a l  t w i n n i n g  and  u l t i m a t e l y  r e -  
sul ts  in a n e w  o r i en t a t i on .  This  has  r e c e n t l y  been  
s t ud i e d  in d e t a i l  on s i n g l e - c r y s t a l  subs t r a t e s .  The  

d e v e l o p m e n t  of {211} q-{101-0} (q-)  o r i e n t a t i o n  in 
t he  c o n c e n t r a t e d  ch lo r ide  b a t h  can thus  be  eas i ly  
unde r s tood ,  b u t  i t  is not  y e t  c l ea r  w h y  ch lo r ide  ions  
shou ld  f a v o r  t w i n n e d  s t ruc tu re s .  H o w e v e r ,  i t  is 
k n o w n  t h a t  these  ions a r e  a d s o r b e d  m o r e  eas i ly  b y  
the  c a thode  su r f ace  t h a n  t h e  b i v a l e n t  su l f a t e  ions  
(12) ,  and  hence  i t  m a y  be  poss ib le  t h a t  t h e y  in -  
f luence the  p o t e n t i a l  e n e r g y  conf igura t ion  of t he  
s u b s t r a t e  sur face ,  t h e r e b y  induc ing  a t w i n n e d  
s t r u c t u r e  on the  deposi ts .  
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ABSTRACT 

The subsolidus phase relationships were investigated using x - ray  and petro-  
graphic methods. Two compounds were isolated: 2ZnO.CdO'B2OI which fuses 
at about 860~ and ZnO.2CdO-2B20~ which melts congruent ly  at 797 ~ _ 3~ 
Excitat ion by either 2537A or cathode rays produces a m a x i m u m  orange 
(6200A) fluorescence in 2ZnO'CdO.B~O2 with 0.004 wt % Mn and a m a x i m u m  
red (6400A) fluorescence in ZnO'2CdO.2B~O~ with 0.080 wt % Mn. The fluores- 
cence of ZnO.2CdO.2B~O2 was examined using Ag, Sn, T1, Pb, and Sb as single 
activators as well as sensitizers with Mn. 

Ohno (1) c la imed a reg ion  of m a n g a n e s e  act i -  
va ted  z i n c - c a d m i u m  bora te  composi t ions  which  
w h e n  b l e n d e d  wi th  MgWO, y ie lded  a wh i t e  f luores-  
cent  subs tance .  In te res t  in  the z i n c - c a d m i u m  bo ra t e  
componen t  and  the  lack of any  phase da ta  in  this  
t e r n a r y  sys tem s t imu la t ed  the  p resen t  inves t iga t ion .  

The  s tudy  was l imi ted  to the d e t e r m i n a t i o n  of 
compa t ib i l i t y  t r iangles ,  i sola t ion of compounds ,  and  
e x a m i n a t i o n  of the  f luorescence of ce r ta in  composi -  
t ions wi th  va r ious  act ivators .  

Experimental Procedure 
MaUinckrod t  r e a g e n t - g r a d e  bor ic  acid and  cad-  

m i u m  carbonate ,  and  New Je rsey  Zinc  C o m p a n y  
U.S.P. zinc oxide were  used as s t a r t i ng  mater ia l s .  
R e a g e n t - g r a d e  MnSO+, Mn(NO2)_~, AgNO2, TI~CO2, 
P b  (NO~)~, SnO_~, or Sb208 were  used as act ivators .  

The  i ng red i en t s  were  g r o u n d  in  an  agate  m o r t a r  
wi th  acetone u n t i l  dry.  Calcines  were  p r epa red  in  

B z 0 3  

Z CdO 5 1 2 0 3  ZnO B 2 0 3  

11+,o 2112o zno 21;to 3 

.% 
$r 1103 ~ 4~ 7+ '.:. CdO ZnO 

Fig. 1. Compositions examined in the system ZnO-CdO-B20:~ 

p l a t i n u m  crucibles  at t e m p e r a t u r e s  r a n g i n g  f rom 
700 ~ to 900~ for per iods f rom 8 to 48 hr.  

X - r a y  data  were  ob ta ined  f rom Norelco and  G e n -  
eral  Electr ic  record ing  spec t romete rs  u s ing  Cuk, 
r ad i a t i on  (X = 1.537A) fi l tered w i th  nickel .  

The  i m m e r s i o n  t e c h n i q u e  was used to d e t e r m i n e  
the  re f rac t ive  indexes  of crys ta ls  to an  accuracy  of 
___0.002, us ing  wh i t e  l ight  and  i nde x  oils which  were  
ca l ib ra ted  w i th  an  A b b e  re f rac tomete r .  

Dif ferent ia l  t h e r m a l  ana lys i s  (DTA)  da ta  were  
ob ta ined  wi th  a u t oma t i c a l l y  r ecord ing  appa ra tu s  
descr ibed  by  G r u v e r  (2) .  

Emiss ion  curves  were  ob t a ined  wi th  an  au to -  
ma t i ca l l y  record ing  G e ne r a l  Electr ic  spec t ro rad iom-  
eter. Visual  e x a m i n a t i o n s  were  m a d e  u n d e r  2537A, 
3650A, and  c a t h o d e - r a y  exci ta t ion.  

Compositions.--The composi t ions  e x a m i n e d  are  
l is ted in  Tab le  I and  are shown graph ica l ly  in  Fig. 1. 

Experimental Results and Discussion 
Phase relationships.--The compa t ib i l i t y  t r i ang les  

we re  d e t e r m i n e d  by  compar ing  the x - r a y  da ta  of 
t e r n a r y  composi t ions  w i th  the  da ta  for b i n a r y  com- 
pounds  in  the sys tems CdO-B_~O2 and  ZnO-B~OI as 
repor ted  by  S u b b a r a o  and  H u m m e l  (3) and  H a r r i -  
son and  H u m m e l  (4),  respect ively .  

Two ne w  t e r n a r y  compounds  were  d iscovered and  
i n d i v i d u a l l y  p repared ,  and  the  compa t ib i l i t y  t r i -  
angles  were  d e t e r m i n e d  as shown  in  Fig. 2. An  
un iden t i f i ed  phase  is s i tua ted  in  the  sub t r i ang l e  
3CdO. B~O2-2ZnO. CdO.  B.~OI-ZnO, bu t  its exact  com- 
posi t ion  is not  read i ly  d i scern ib le  because  of the  ex-  
tens ive  so lubi l i ty  of 3CdO-B~O~ and  ZnO in  2ZnO.  
CdO. B_~O2. 

24 



Vol. 106, No. 1 T H E  S Y S T E M  Z n O .  C d O .  B203 25 

Table I. Composition of ZnO-CdO-B~O~ mixtures 

Molar composition 
No. ZnO CdO BaOs 

1 1.00 2.61 4.91 
2 1.00 1.51 3.26 
3 1.00 0.97 2.46 
4 1.00 1.24 2.16 
5 1.0O 0.65 1.97 
6 1.00 0.53 1.80 
7 1.00 0.43 0.89 
8 l.O0 0.16 1.24 
9 1.0O - -  1.0O 

10 - -  1.0O 0.50 
11 1.00 3.71 2.86 
12 1.00 1.39 0.92 
13 1.00 0.62 0.71 
14 1.00 0.23 1.12 
15 1.0O 2.68 1.74 
16 1.O0 0.99 0.90 
17 1.00 0.45 0.62 
18 1.0O 0.17 0.62 
19 1.00 - -  0.40 
20 - -  1.00 1.50 
21 1.0O 1.88 3.22 
22 1.00 0.70 1.47 
23 1.00 0.31 0.87 
24 1.00 0.12 0.58 
25 1.00 2.00 2.00 
26 1.00 4.71 3.81 
27 1.00 2.91 2.61 
28 L00 2.23 2.21 
29 1.00 3.17 3.31 
30 1.0O 2.01 2.34 
31 1.00 1.29 1.86 
32 1.00 0.58 1.39 
33 1.00 0.22 1.14 
34 1.00 2.06 0.87 
35 1.00 1.16 5.83 
36 1.00 0.44 0.35 
37 1.00 1.37 0.20 
38 1.00 0.50 0.50 
39 1.00 1.25 0.50 
40 1.00 0.94 0.47 
41 1.00 0.67 0.33 
42 1.00 0.80 0.40 
43 1.00 0.10 0.30 
44 1.00 1.75 0.75 
45 1.00 10.21 3.52 
46 1.00 0.64 2.34 
47 1.00 0.63 2.86 
48 1.00 0.63 3.50 
49 1.00 1.0O 3.00 
50 1.00 5.11 12.95 
51 1.00 7.66 8.25 
52 1.00 8.93 5.89 
53 1.00 0.19 0.82 
54 - -  1.00 0.67 
55 - -  1.00 0.33 

The  c o m p o u n d  2ZnO:CdO:B~O~ (2: 1: 1) is b i ax i a l  
n e g a t i v e  w i t h  a v e r y  sma l l  2 v ang le  and R.I. of  
na ~- 1.709, n~ >1.79, n~ >1.79. Because  of the  diffi- 
cu l ty  in ob ta in ing  this  compos i t ion  as a glass, n e i t h e r  
t he  n a t u r e  of the  fus ion nor  the  exac t  m e l t i n g  t e m -  
p e r a t u r e s  could  be d e t e r m i n e d  by  the  c o n v e n t i o n a l  
q u e n c h  techn ique .  H o w e v e r ,  D T A  r e v e a l e d  an endo -  
t h e r m i c  peak  at  860~ at  wh ich  t e m p e r a t u r e  the  
s ample  fused. X - r a y  e x a m i n a t i o n  of 2 :1 :1  a f te r  fir- 
ing  at va r ious  t e m p e r a t u r e s  suppor t ed  the  D T A  da ta  
tha t  no p o l y m o r p h s  ex i s t ed  b e t w e e n  100~ and  the  
fus ion t e m p e r a t u r e .  A cha rac te r i s t i c  x - r a y  p a t t e r n  
is g iven  in Tab l e  II. 

Crys ta l s  of the  c o m p o u n d  ZnO:2CdO:2B~O~ 
( 1 : 2 : 2 )  r e m a i n e d  too smal l ,  e v e n  a f t e r  p r o l o n g e d  
hea t  t r e a t m e n t ,  to d e t e r m i n e  the i r  opt ica l  p rope r t i e s  
accura te ly .  H o w e v e r ,  1 : 2: 2 e x h i b i t e d  h igh  b i r e -  
f r i ngence  w i t h  m a x i m u m  and m i n i m u m  R.I. of 
abou t  1.78 and 1.75, r e spec t ive ly .  The  1 :2 :2  corn- 

8203 

2Cd 20~ 

3CdO 2B203 SZnO.2BzO $ 
2C40-BZ03 

3r 5 

C d O ~ Z n O  
Fig. 2. Compatibility triangles in the system ZnO-CdO-B~O~ 

p o u n d  me l t s  c o n g r u e n t l y  at  797 ~ _ 3 ~  and it has no 
p o l y m o r p h s  b e t w e e n  100~ and its fus ion  t e m p e r -  
a ture .  A cha rac t e r i s t i c  x - r a y  p a t t e r n  is g iven  in 
Tab le  If. 

Wi th  the  excep t ion  of the  s u b t r i a n g l e  3CdO.B~O~- 
2ZnO-CdO-B~O3-ZnO,  p e t r o g r a p h i c  and  x - r a y  d a t a  
r e v e a l e d  no e x t e n s i v e  solid so lu t ion  in the  t e r n a r y  
sys tem.  The  c o m p o u n d  1 :2 :2  g a v e  no ev idence  of 
solid so lub i l i ty  b e t w e e n  it and  c o m p a t i b l e  phases.  

FLuorescent studies.---The compounds  2 :1 :1  and  
1 :2 :2  w e r e  p r e p a r e d  w i t h  va r ious  Mn c o n c e n t r a -  
tions. E xc i t a t i on  by e i the r  2537A or ca thode  rays,  
but  not  3650A, g a v e  an o range  (6200A) f luorescence  
in 2 :1 :1  and a red  (6400A) f luorescence  in 1 :2 :2 .  
V a r i a t i o n  in Mn concen t r a t i on  in e i t h e r  2 :1 :1  or  
1 :2 :2  affected the  f luorescent  in tens i ty ,  bu t  it did 
not  p roduce  any  no t i c eab l e  shif t  in t he  emiss ion  

Table II. Characteristic x-ray patterns 

2ZnO-CdO.B~D3 ZnO.2CdO.2B20~ 
d I/Io d I/Io 

4.21 40 9.12 20 
3.39 5 5.31 25 
3.23 5 4.48 50 
3.11 5 4.42 iO 
2.93 100 3.36 30 
2.32 20 3.25 30 
2.67 20 3.21 25 
2.61 i0 3.07 55 
2.51 i0 3.02 60 
2.48 15 2.98 85 
2.40 55 2.87 55 
2.34 10 2.71 100 
2.08 15 2.64 30 
2.04 15 2.51 15 
1.855 40 2.41 5 
1.834 20 2.38 20 
1.734 5 2.24 5 
1.678 5 2.20 15 
1.629 10 2.12 15 
1.575 10 2.08 20 
1.556 15 2.04 15 
1.469 25 1.953 35 
1.459 10 1.845 10 
1.389 10 1.824 i 5  
1.318 5 1.790 10 
1.293 5 1.771 5 
1.247 5 1.749 10 
1.203 5 1.722 25 
1.148 5 1.689 25 
1.112 5 1.680 10 

1.626 10 
1.600 10 
1.556 15 
1.506 10 
1.465 10 
1.423 5 
1.388 5 



26 

G.E STD 

3CdO 2B~O 3 Mn 

J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  J a n u a r y  1959 

J 2ZnO CdO BzO 3 
0 , 0 0 4  Wt.%Mn 

"o ,'o ~ ,'~o . % ' o . o '  ,,o' ,~' ~o 
WMV[L[N@TH IN MlU.I lit r 

Fig. 3. Spectral distribution and relative intensitles excited 
by 25373. radiation. 

spec t rum.  O p t i m u m  br igh tness  occur red  at 0.004 wt  
% M n i n  2 :1 :1  and  at 0.080 wt  % Mn in  1:2:2.  M a n -  
ganese  concen t r a t ions  in  the r ange  1 to 5 ppm  were  
sufficient to ac t iva te  e i the r  2: 1 : 1 or 1 : 2: 2. However ,  
decreas ing  f luorescent  b r igh tness  w i th  decreas ing  
Mn concen t r a t i on  indicates  tha t  the pure  compounds  
are not  l uminescen t .  The smal l  a m o u n t s  of Mn nec -  
essary to ac t iva te  the t e r n a r y  compounds  did not  
appear  to in t roduce  new  phases. 

Spec t ra l  d i s t r i bu t ions  of 2: 1:1 : Mn and  1 : 2: 2: Mn 
compared  to Std. G.E. 3CdO. 2B~O3: Mn us ing  2537A 
exc i ta t ion  are shown in Fig. 3. The in tens i t i es  are 
re la t ive  to Std. G.E. c a d m i u m  bora te  phosphor  and  
thus  give a compar i son  of absolu te  in tens i t i es  ob-  
ta ined .  Visual  e x a m i n a t i o n  of the phosphors  u n d e r  
cathode rays  gave resul t s  comparab le  to those ob-  
t a ined  by 2537A exci ta t ion.  

The r a r i t y  of red  (6400A) emi t t i ng  bora te  phos-  
phors  d i rec ted  a t t en t i on  to 1 : 2: 2 as a possible m a t r i x  
for o ther  act ivators .  These inc luded  Ag, T1, Pb,  Sn, 
and  Sb as s ingle  act ivators ,  as wel l  as sensi t izers  
w i th  Mn. Only  one level  of ac t iva tor  concen t r a t i on  
at  0.1 wt  % was inves t iga ted .  Since the phosphors  
were  p r epa red  u n d e r  oxidiz ing condi t ions ,  Sn  '+ was  
p r o b a b l y  the ox ida t ion  state  involved .  

Af te r  f ir ing the s ing ly  ac t iva ted  1 :2 :2  composi -  
t ions  at 700~176 for f rom 8 to 12 hr, v i sua l  ex-  
a m i n a t i o n  w i th  exc i ta t ion  by  2537A, bu t  not  3650A, 
gave a w e a k  red  fluorescence. The sample  p r epa red  
w i thou t  the  add i t ion  of an  ac t iva tor  r e m a i n e d  dead 
af ter  this  hea t  t r e a t m e n t .  

W h e n  v iewed  t h r o u g h  a Corn ing  No. 2418 red 
filter, the  T1 add i t ion  showed the  grea tes t  b r igh tnes s  

fol lowed in order  of decreas ing  b r igh tness  b y  Sb, 
Ag, Pb, and  Sn  addi t ions .  On ly  the  P b - a c t i v a t e d  
phosphor  showed a b lue  b a n d  in  addi t ion  to the 
weak  red b a n d  w h e n  v iewed  t h r ough  a C o r n i ng  No. 
5850 b lue  filter. 

I nc reas ing  the fir ing t e m p e r a t u r e  to va lues  close 
to the me l t i ng  t e m p e r a t u r e  of 1 :2 :2  (797 ~ • 1 7 6  
produced  weak  red f luorescence in  the ac t iva ted  as 
wel l  as the "nonac t i va t ed"  phosphors .  

E v i d e n t l y  the add i t ion  of T1, Sb, Ag, Pb, or Sn  
sensi t ized the re s idua l  Mn  p resen t  in  the n o n a c t i -  
va ted  m a t e r i a l  w h e n  the  phosphor  was  p r e p a r e d  at  
the lower  t empera tu re .  Also, the add i t ive  m a y  have  
had a m i n e r a l i z i n g  effect on the  phosphor  mat r ix .  
Wi th  the except ion  of Pb  none  of these addi t ions  i n -  
t roduced  emiss ion  ba nds  of the i r  own. 

W h e n  e i ther  T1, Ag, Sn, Pb, or Sb was  used as a 
sensi t izer  wi th  Mn, all  at  concen t r a t ions  of 0.1 wt  %, 
and  w h e n  the composi t ions  were  fired at  700~176 
for f rom 8 to 12 hr, exc i t a t ion  by  2537A or ca thode  
rays, bu t  no t  3650A, p roduced  a b r igh t  red  f luores-  
cence. Mn  + T1 and  Mn + Ag  addi t ions  were  
b r igh te r  a nd  exh ib i t ed  m u c h  shor te r  a f te rg lows  
t h a n  did Mn addi t ions  alone.  T h u s  an  Mn + T1 ac-  
t iva ted  1 :2 :2  composi t ion fired at 700~176 was  as 
b r igh t  as a phosphor  ac t iva ted  w i th  Mn a lone  and  
fired close to the me l t i ng  point .  W h e n  v iewed  
th rough  a Corn ing  No. 2418 red filter, Mn  -t- T1 ad-  
d i t ion  showed the greates t  b r igh tness  fo l lowed in  
order  of decreas ing  b r igh tness  by  Mn + Ag, Mn  
alone,  Mn  + Sn, Mn  + Pb, a nd  Mn + Sb addi t ions .  
None of these phosphors  showed a b l u e  c omponen t  
w h e n  e x a m i n e d  th rough  a C o r n i ng  No. 5850 b lue  
filter. 

The  differences in  f luorescent  b r igh tness  b e t w e e n  
the var ious  addi t ions  became  smal le r  as the fir ing 
t e m p e r a t u r e  approached  the  m e l t i n g  point .  How-  
ever,  the  b r igh tness  did no t  exceed tha t  p roduced  
by  Mn + T1 at the lower  t empe ra tu r e .  Both the  
Mn + T1 and  Mn + Ag addi t ions  exh ib i t ed  shor te r  
a f te rg lows  at the h igher  f ir ing t e m p e r a t u r e  t h a n  did 
Mn addi t ions  alone. 

Manuscript  received April  18, 1958. This paper was 
prepared for del ivery before the New York Meeting, 
April  27-May 1, 1958. It is a part  of a thesis submit ted 
by D. E. Harr ison in part ial  fulfiltmen~ of the requi re-  
ments  for the Ph.D. degree to The Pennsy lvan ia  State 
Universi ty;  contr ibut ion No. 57-88 from the College of 
Mineral  Industries,  The Pennsy lvan ia  State University.  

Any discussion of this paper wil l  appear in a Discus- 
sion Section to be published in the December 1959 
JOURNAL. 
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Activation of ZnS and (Zn,Cd)S Phosphors by Gold and 
Other Elements 
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ABSTRACT 

A study has been made of the spectral emission characteristics of zinc and 
zinc-cadmium sulfide phosphors, activated by gold and excited by long wave 
ultraviolet at 25 ~ and --120~ The positions and heights of the Gaussian sub- 
bands constituting the emission were examined and compared with those 
derived from the series activated by copper, silver, and chloride ("self- 
activated").  Copper and gold produce the most similar phosphors, with 3 
sub-bands each; silver and chloride give 2 sub-bands, and resemble each other 
part icular ly in the effects associated with crystallographic change. Linear 
relations in the peak locations and an energy diagram are discussed. Other 
observations concern cathode-excitation, the effects of substituting selenium 
for sulfur, and a recently reported emission band of higher frequency. 

The zinc and zinc cadmium sulfide phosphors  
have been inves t iga ted  ve ry  extensively,  especia l ly  
wi th  act ivat ion by Cu, Au, and Mn. There has been 
compara t ive ly  l i t t le  in teres t  in Au as the i m p u r i t y  
metal ,  and i t  is r e m a r k a b l e  tha t  these sulfides a re  
the only phosphors,  so far  as is known, which can 
be ac t iva ted  by Au. In the  fol lowing a survey  is 
given of work  publ i shed  hi ther to  on the subject.  

Indicat ions  of Z n S : A u  as a dist inct  phosphor  
began when a blue emission band was observed in 
a s l ight ly  different  posi t ion f rom tha t  of "unac-  
t iva ted"  ZnS under  exci ta t ion  by  u l t rav io le t  (1, 2) 
or cathode rays  (3).  Since then a number  of ob- 
servat ions  have  been made  on the  emission peaks  
of ZnS wi th  t r iva len t  cations and va r i ab le  Au con- 
tent  (4),  and the ca thodoluminescent  efficiency of 
this ma te r i a l  (5);  on the  emission shift  due to in-  
corporation of ZnO (6);  and on the glow curve of 
ZnS:Au,C1 (7).  More recent ly  Arp i a r i an  has used 
Z n S : A u  to s tudy intensification and ki l l ing  effects 
produced by  Fe, Co, and Ni (8),  and Dest r iau  has 
found tha t  f ie ld-enhanced luminescence of (Zn,Cd) 
S :Mn  under  x - r a y s  is improved  by  traces of Au in 
the phosphor  (9).  

The w e l l - k n o w n  (Zn, Cd)S  series has received 
l i t t le  a t ten t ion  in regard  to ac t iva t ion  by  Au. This 
ac t iva tor  was ment ioned  by  Leverenz as appl icable  
to the  (Zn,Cd) (S,Se) series but  no emission da ta  
were  quoted (10). Byler  a t t empted  to expla in  the 
effects of changing CdS content  by  assuming a set 
of emission bands  in fixed posit ions and independ-  
ent of the ac t iva tor  (Cu,Ag,Au, Mn, or none) (11). 
The most  extens ive  inves t igat ion on record  is con- 
cerned wi th  developing a single phosphor  of whi te  
cathodoluminescence,  namely,  (Zn,Cd)S:Ag,Au,A1;  
in this case the emission da ta  for (Zn,Cd)S:  Au were  
presented  only as chromat ic i ty  plots (12). 

There  is no doubt  tha t  Au is a specific act ivator ,  
a l though in the past  the blue band  i t  produces  in 
ZnS has sometimes been mis taken  for tha t  in ZnS 
wi thout  added meta l  act ivator .  

The present  work  is concerned p r i m a r i l y  wi th  
the effects of ac t iva t ion  by  Au, but  for  comparison 
other  be t te r  known act ivators  also have  been used. 
The proper t ies  of ZnS phosphors  wi th  the var ious  
ac t iva tors  and different  p r epa ra t i ve  detai ls  are first 
considered, pa r t i cu l a r ly  wi th  r ega rd  to the effects 
on emission band  positions and intensi t ies  of 
changes of t empe ra tu r e  or of c rys ta l  form. Next,  
phosphors  in the (Zn ,Cd)S  series wi th  the  same ac-  
t iva tors  are discussed, wi th  special  reference  to the  
shift  of the bands  as the CdS content  is changed. A 
search for  r egu la r  progressions be tween  different  
series wi th  Cu, Ag, and Au act ivators  has been un-  
rewarding ,  a l though in te res t ing  comparisons  be-  
tween Cu and Au  have emerged.  The ind iv idua l  be-  
havior  of ac t iva tors  is in fact  much more  s t r ik ing 
than  the i r  s imilar i t ies .  

I t  has been repor ted  prev ious ly  tha t  the f re-  
quencies of emission b a n d  peaks  in the (Zn, Cd)S  
series, under  c a t h o d e - r a y  excitat ion,  give closely 
l inear  plots agains t  weight  propor t ions  of the  
m a t r i x  (3).  This inexpl icable  re la t ion  applies  r ea -  
sonably wel l  to most of the  da ta  in the  presen t  
work,  but  the appa ren t ly  more ra t iona l  scale of 
molecu la r  propor t ions  has been used in the  g raph-  
ical presentat ion.  Other  var iab les  have  been p lo t ted  
against  peak  band wave  number ;  of these only the 
co dimension of the  hexagona l  la t t ice  gave any  ap-  
proach to l inear i ty .  

Measurement and Presentation of Emission Spectra 
In the present  work  long w a v e - l e n g t h  u l t rav io le t  

exci ta t ion  has been used in the main,  wi th  a few ob- 
servat ions made  under  ca thode - r ay  excitat ion.  
Samples  were  genera l ly  contained in a brass  cell 
wi th  a quar tz  window for exposure  to 125-w mer -  
cury arc lamps  in Wood's glass bulbs. This exc i ta -  
t ion by  the group of lines near  3650A produced a 
phosphor  br ightness  of the order  of 0.25 to 0.5 stilb. 
For  the  exper iments  on cooled samples the  powder  
was used in the appara tus  shown in Fig. 1. This 
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Fig. 1. Apparatus for excitation under ultraviolet at low 
temperature. A, Lucite plate; B, glass; C, asbestos and 
silica wool insulation; D, phosphor container detachable by 
screwing; E, phosphor compressed into cavity; F, thermo- 
couple; G, copper rod; H, corks; J, Dewar flask of liquid 
oxygen; K, glass tubes for oxygen circulation; L, air stream 
to prevent condensation; M, ultraviolet beam; N, to spectro- 
graph slit�9 

produced  r ea sonab ly  low phosphor  t e m p e r a t u r e s  
w i thou t  a v a c u u m  enclosure ,  and  condensa t ion  on 
the  phosphor  was p r e v e n t e d  by  a s t r eam of evapo-  
ra ted  oxygen.  

Spec t ra l  emiss ion  curves  were  m e a s u r e d  on  a 
spec t ropho tomete r  p rev ious ly  descr ibed  (13),  wi th  
an  exi t  sl i t  w i d t h  of 5A at  4000A a n d  42A at 7000A. 
Beyond  the  l a t t e r  wave  l eng th  the  low sens i t iv i ty  
of the  1P22 p h o t o m u l t i p l i e r  a n d  t he  b a c k g r o u n d  r a -  
d ia t ion  f rom the  m e r c u r y  l amps  made  the  m e a s u r e -  
men t s  unre l i ab le .  A l t h o u g h  w a v e  l eng ths  in  the  
vis ib le  s p e c t r u m  are m o r e  f a m i l i a r  t h a n  w a v e  n u m -  
bers  and  a re  l a rge ly  used in  the  l i t e r a t u r e  of phos-  
phor  emiss ion  bands ,  in  the p re sen t  work  w a v e  
n u m b e r s  have  been  used to p e r m i t  ana lys i s  of the  
emiss ion  bands  into Gauss i an  s u b - b a n d s .  Therefore ,  
emiss ion  curves  are  d r a w n  wi th  o rd ina tes  r ep re -  
sen t ing  re la t ive  ene rgy  emi t t ed  per  u n i t  w a v e  n u m -  
ber  i n t e r v a l  ins tead  of the  u sua l  e n e r g y  per  u n i t  
wave  l eng th  in te rva l .  The Gauss i an  bands  isolated 
f rom these  curves  were  t a k e n  to be the  u l t i m a t e  
componen t s  of the  emiss ion  and  were  cons idered  as 
the  basic e x p e r i m e n t a l  data.  This  a g r e e m e n t  of 
emiss ion curves  wi th  a sum of Gauss ians  is of some-  
w h a t  u n c e r t a i n  significance, b u t  it p rovides  a con-  
v e n i e n t  me thod  of ana lys i s  and  p resen ta t ion .  P e a k  
in tens i t i es  of the  bands  have  b e e n  e x a m i n e d  in  de-  
tai l ;  b a n d  wid ths  were  found  to be no t  v e r y  con-  
sistent ,  and  there fore  b a n d  areas  ( e q u i v a l e n t  to 
ene rgy)  were  no t  used.  

ZnS with Au and Other Activators 
Preparat ion.- -Samples  were  p r e p a r e d  b y  m i x i n g  

pu re  p rec ip i t a t ed  ZnS  wi th  aqueous  solut ions  to 
give 5% by  weigh t  of chlor ide  ion  (added  as an  
equ imo lecu l a r  m i x t u r e  of sod ium and  m a g n e s i u m  
chlor ides)  and  0.01% by  weigh t  of Au,  Ag, or Cu, as 
chloride,  n i t ra te ,  or sulfate ,  respect ive ly .  Af te r  d r y -  
ing, the  f inely powdered  m i x t u r e s  we re  hea ted  in  
100-g quan t i t i e s  for 1 h r  at  1100~176 in  air  in  
p lugged  silica tubes,  t h e n  r e m o v e d  f rom the  f u r -  

nace  to cool. The  p roduc t s  we re  washed  free f rom 
fluxes, dried, and  sieved. O the r  phosphors  were  p re -  
pa red  in  a precise ly  s imi la r  m a n n e r  b u t  omi t t i ng  
the h e a v y  me t a l  addi t ion.  Also, a few samples  of 
cubic s t r uc t u r e  w e r e  m a d e  b y  f ir ing a t  800~ a n d  of 
pa r t i a l l y  cubic s t r uc t u r e  by  f ir ing at l l 0 0 ~  in  the  
presence  of excess of S con ta ined  in  the  r a w  ZnS.  
Other  workers  have  r e fe r r ed  to ZnS  w i t h  no o ther  
fore ign  ion t h a n  chlor ide  as " se l f -ac t iva ted , "  "zinc 
ac t iva ted ,"  or "unac t i va t ed . "  In  the  fo l lowing  the  
t e r m  "chlor ide  ac t iva ted"  is used. The  res idua l  
chlor ide in these ma te r i a l s  is in  fact of the  u sua l  
order  of ac t iva tor  propor t ions .  The  m e t a l - a c t i v a t e d  
phosphors  also con ta in  smal l  a m o u n t s  of chlor ide  
and  are descr ibed  as ZnS:  Au,C1, etc. 

Emission characteristics.---When ac t iva ted  by  A u  
ins t ead  of by  Cu, Ag, or C1, Z n S  emits  two closely 
ove r l app ing  bands  w i th  peaks  abou t  600A apar t ;  
these are of the same order  of i n t e ns i t y  w h e n  the  
exc i ta t ion  is by  long w a v e - l e n g t h  u l t rav io le t .  There  
is in  addi t ion  a w e a k e r  b a n d  in  the  ye l low region.  
The ove r -a l l  effect is tha t  the  f luorescence is m u c h  
pa le r  t h a n  for the o ther  phosphors  e x a m i n e d  and  
is of a l ight  b lu i sh  g reen  color, s imi la r  in  hue  to tha t  
of 80 mole  % Z n S - 2 0 %  CdS:Ag,C1, or 85%ZNS.  
15%CdS:C1, bu t  less s a tu ra t ed  (see Fig  2. a nd  3 for 
examples  of emiss ion  curves ) .  

Tab le  I summar i zes  the ave rage  va lues  for emis -  
s ion peak  posit ions.  W a v e  l eng ths  are g iven  to cor-  
r espond  to the  wave  n u m b e r s :  it  m u s t  be e m p h a -  
sized tha t  such va lues  a re  no t  r ea l ly  e q u i v a l e n t  ow-  
ing to the d i f ferent  shapes of the  wave  n u m b e r  and 
w a v e - l e n g t h  curves.  Peak  va lues  r ead  off d i rec t ly  
f rom the  la t te r  curves  are i nc luded  for compar ison.  

Tab le  II  shows changes  observed  on cooling the 
samples  d u r i n g  exci ta t ion.  Detai ls  are  i nc luded  f o r  

prepa ra t i ons  of s imi la r  composi t ion  b u t  d i f ferent  
c rys ta l  s t ruc ture .  

Tab le  III  summar i ze s  changes  at  25~ caused by  
these di f ferent  s t ruc tures .  

For  Tab le  I accuracy  is e s t ima ted  at --100 cm -~ 
except  for the  more  u n c e r t a i n  b racke t ed  values .  The  
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Fig. 2. Spectral emission of Au activated phosphors at 
25~ A, B, C, D: O, 2.7, 16.5, 30 mole % CdS, respectively. 
E: 0% CdS, cathode-ray excitation. 
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Fig. 3. Spect ra l  emiss ion o f  ,&,u a c t i v a t e d  phosphors  a t  
--120~ A, B, C, D: 02.7, 16.5, 30 mole % CdS, respectively. 

c o n v e n t i o n  a d o p t e d  is to n u m b e r  t he  b a n d s  in o r d e r  
f rom t h e  b lue  end  of t h e  spec t rum,  as A u  I, II ,  etc. 
A b a n d  a p p e a r i n g  on ly  a t  l ow  t e m p e r a t u r e  is no t  
i n c l u d e d  in th is  s cheme  (see  Discuss ion) .  

Band peak positions.--The mos t  i n t e r e s t i n g  f ea -  
t u r e  is t h e  s i m i l a r i t y  b e t w e e n  A u  a n d  Cu  as a c t i -  
va to rs .  T h e  w e l l  m a r k e d  sh i f t s  to i n c r e a s e d  w a v e  
n u m b e r  on cool ing  and  the  c o n t r a r y  effect o b s e r v e d  
for  ZnS:  C1 a g r e e  w i t h  t he  f indings  of  T o m l i n s o n  for  
his " s e l f - b l u e "  a n d  " C u - b l u e "  b a n d s  (14) a n d  of 
S h r a d e r  a n d  L a r a c h  for  t h e i r  b l u e  b a n d s  in Z n S : I ,  
Z n S : C u , I ,  a n d  Z n S : A g , h a l i d e  (15) .  

F o r  ZnS :Ag ,C1  t h e r e  is a s m a l l  i nc rea se  of w a v e  
n u m b e r  in  A g  I on cool ing.  This  p l ace s  A g  w i t h  Cu  
and  Au,  as c h e m i c a l  cons ide ra t i ons  w o u l d  suggest .  
S i l v e r  a c t i v a t i o n  h o w e v e r  is k n o w n  to show a n o m a -  
lous b e h a v i o r  c o m p a r e d  w i t h  Cu and  C1 w h e n  u l -  
t r a v i o l e t  e x c i t a t i o n  of cubic  s a m p l e s  is c h a n g e d  to 
c a t h o d e - r a y  e x c i t a t i o n  (3) .  O t h e r  u n u s u a l  effects  
h a v e  b e e n  d e s c r i b e d  also for  A g  in ( Z n , C d ) S  (16) .  
To s u m m a r i z e  p r e s e n t  i n f o r m a t i o n  on th is  topic :  

(A)  Cu, Ag,  and  A u  a t  a b o u t  0.01% c o n c e n t r a -  
t ion  and  w i t h  C1 also, in cubic  or  h e x a g o n a l  ZnS  

u n d e r  u l t r a v io l e t ,  p r o d u c e  a n  i n c r e a s e  of w a v e  
n u m b e r  on  cool ing,  and  C1 a lone  shows  the  r e v e r s e  
effect. 

(B)  A change  to c a t h o d e - r a y  e x c i t a t i o n  in -  
c reases  w a v e  n u m b e r  for  C1 a n d  Cu,C1 ( c u b i c ) ,  a n d  
Au, C1 ( h e x a g o n a l ) ,  b u t  t he  r e v e r s e  is t r u e  for  
Ag, C1 ( cub ic ) .  

(C)  U n d e r  c a t h o d e - r a y  exc i t a t ion ,  cool ing  in -  
c reases  w a v e  n u m b e r  fo r  Cu, C1 ( c u b i c ) ,  and  d e -  
c reases  i t  for  Ag,C1 a n d  for  C1 ( c u b i c ) .  I t  a p p e a r s  
t h a t  i t  w o u l d  b e  w o r t h - w h i l e  to  p u r s u e  such  m e a s -  
u r e m e n t s  in  t he  hope  of c o r r e l a t i n g  some  of t h e  
va r i ab l e s .  

Of t he  s m a l l  b a n d s  i so la ted ,  A g  I I  a n d  C1 I I  h a v e  
no t  been  r e p o r t e d  before ,  w h i l e  Cu I I I  is p r o b a b l y  
the  y e l l o w  b a n d  a t  5800A d e s c r i b e d  b y  Froe l i ch ,  
bu t  no t  the  r e d  b a n d  a t  6700A w h i c h  m o v e s  to a 
l o w e r  w a v e  n u m b e r  on cool ing  (17, 18).  

Mos t  of t h e  s a m p l e s  c ons ide r e d  in  th is  p a p e r  w e r e  
e n t i r e l y  h e x a g o n a l  in  s t ruc tu re .  T a b l e  I I I  shows  
c o n s i d e r a b l e  sh i f t s  of  b a n d s  to l o w e r  w a v e  n u m b e r s  
for  cubic  fo rms  of ZnS  w i t h  m e t a l  ac t i va to r s ,  and  
for  a ZnS:  C1 w i t h  a b o u t  50% cubic  s t r uc tu r e .  Sh i f t s  
of - -400 to  --600 c m  -1 h a v e  been  r e p o r t e d  for  th is  
c r y s t a l l o g r a p h i c  c h a n g e  in  ZnS:  C1, ZnS:  Cu,C1, a n d  
ZnS :Ag ,C1  (19) .  The  changes  m e n t i o n e d  in  th is  
p a r a g r a p h  a r e  a l l  for  e x c i t a t i o n  a t  r o o m  t e m p e r a -  
tu re ;  cool ing  i n t r o d u c e s  m o r e  compl i ca t ions .  

Relations between band peak intensities.--The 
r e l a t i v e  he igh t s  of  t he  p e a k s  v a r y  w i t h  m e t h o d  of 
p r e p a r a t i o n  of t he  phospho r ,  a n d  w i t h  t e m p e r a t u r e  
of exc i t a t i on .  In  a l m o s t  e v e r y  case  t he  r a t i o  of b l u e  
A u  I to g r e e n  A u  I I  is  i n c r e a s e d  b y  cool ing  to 
--120~ t h a t  is, t he  g r e e n  b a n d  is suppressed ,  as 
w i t h  Cu II.  A n o t h e r  s i m i l a r i t y  to Cu is p r o v i d e d  b y  
an  i n c r e a s e  of  t he  g r e e n  b a n d  w i t h  m o r e  Au.  

Modi f ica t ions  of t he  p h o s p h o r  p r e p a r a t i o n ,  us ing  
s e v e r a l  r a t e s  of cool ing  g r a d e d  f r o m  i n s t a n t a n e o u s  
q u e n c h i n g  in  w a t e r  to 16 hou r s '  coo l ing  in t he  f u r -  
nace ,  m a d e  a p r o g r e s s i v e  i n c r e a s e  of A u  I I  a t  the  
e x p e n s e  of A u  I as t h e  cool ing  b e c a m e  fas te r ,  and  
the  m o r e  so fo r  h i g h e r  i n i t i a l  f i r ing t e m p e r a t u r e .  

Table I. Positions and ratios of peak intensities of component bands of ZnS: ultraviolet excitation at 25~ Alternative va|ues are 
for different samples. CI is present in all samples 

A u  (hex) A u  (cub) Cu  (hex) Cu  (cub) A g  (hex) A g  {cub) C1 (hex) Cl* 

Band I 21150 20700 22400 21700 22900 22100 22250 21650 cm 
II  18550 18000 19250 18750 21000 20000 (19500) (19100) 
I I I  (16950) (16500) (17000) (17200) 

Band  I t  4730 4830 4460 4610 4370 4520 4490 4620A 
II  5390 5560 5190 5330 4760 5000 5130 5240A 
I I I  5900 6060 5880 5810A 

Main  peaks  
(wave  length)  4710 4800 5150 5300 4350 4500 4460 4580A 

Ratio of peak  energy 
I : II  1.2,1.4 1.7 0.13,0.11 0.16,0.15 6.1,9.9 7.4 8.8,9.9 9.4,9.0 
I : I I I  9.3,6.7 16.8 4.5,2.9 

* 50:50 c u b i c : h e x a g o n a l .  
t B y  direct  c o n v e r s i o n  f r o m  t he  w a v e  n u m b e r  da ta  a b o v e .  

F r o m  w a v e - l e n g t h  emi s s ion  curves .  
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Table II. Shifts of component bands of ZnS and peak intensity changes by cooling from 25 ~ to --120~ (~10~ Separate 
results shown for 0.01% hexagonal are from different samples 

Act i -  
vator  

% Metal Crystal  Shift  of peak in era-1 Change in peak intensi ty  ratio 
activator structure Band I Band II Band In I: II I: III 

Hex -{-350 
+ 340 

0.01 
Cub + 125 

Au,CI 0.002 Hex + 160 

0.I Hex ~ 0 

Hex -{-225 
-{-230 

Cu, C1 0.01 
Cub -{-375 

- -  1 0  

Hex + 140 
+I00 

Ag,Cl 0.01 
Cub + 150 

+ 200 + 400 1.20-1.22 9.3-8.7 
+ 170 -{-250 1.41-1.55 6.7-10.0 

+ 200 + 150 1.7-1.7 16.8-17.6 
+ 170 -{-250 2.55-2.23 11.1-15.6 

0 0.48-0.81 

+ 100 + 800 0.13-0.20 4.5-3.0 
+ 85 -{-600 0.11-0.19 2.9-2.9 

+ 80 . { .175  0.16-0.22 1.25-2.4 

C1 (~0.01 C1) 

--250 
Hex -- 80 

50:50 
Cub-hex --175 

Quenching also produced unusual  resul ts  on the  posi -  
t ions of Au I and II  when the phosphor  was exci ted 
at  --120~ The hexagonal  form showed smal l  or 
no shifts compared  wi th  exci ta t ion  at room t em pe r -  
ature,  whi le  the cubic suffered wave  n u m b e r  de-  
creases of 200-300 cm -1 ins tead of the "normal"  in-  
creases given in Table  II. 

Cathodoluminescence.--A few phosphors  were  
examined  when  scanned by  a defocused spot at  14 
kv  and 3 ~a /cm ~. This produced an approx ima te  
doubl ing of the  blue band  at  the expense of the 
others. Of the  ZnS:Au,C1 samples,  those wi th  0.01% 
Au showed shifts of al l  three  bands,  to wave  n u m -  
bers  h igher  by  100-450 cm -1, compared  wi th  u l t r a -  
violet  exci ta t ion (see Fig. 2 for an example ) .  

Selenium replacement in Z n S . - - W h e n  Se replaces  
increas ing propor t ions  of S in ZnS:Au,C1, phos-  
phors  resul t  which resemble  the (Zn ,Cd)S :Au ,CI  
series under  ul t raviolet .  The color changes are  p ro -  
duced in pa r t  by  the  suppression of Au I and in pa r t  
by  shifts in the posit ions of Au I and II  which are 
smal ler  than  those found wi th  equiva len t  subst i -  
tut ion of CdS. For  instance, a sample  containing 
27.6% of ZnSe has an emission curve which is 
nea r ly  a pure  Gaussian of Au II, peak  17875 cm -1, 
and wi th  a visual  color close to tha t  of (Zn ,Cd)S:  
Au,C1 containing 20% CdS. At  --120~ the Au I 

Table III. Shifts of component bands of ZnS at 25~ by change 
from hexagonal to cubic structure 

Band I Band II Band III 

0.01% Au,CI --450 --550 --450 cm -I 
0.1% Au,CI --400 --350 
0.01% Ag,C1 --800 --1000 
0.01% Cu,CI --700 --500 -{-200 
C1 (50% cubic) --600 --400 

band is l a rge ly  res tored  in re la t ion  to Au  II  for 
those phosphors  wi th  smal le r  ZnSe contents.  

(Zn,Cd)S Series with Au  and Other  Act ivators 

Au activator: preparation, composition, and spec- 
tral characteristics.--Samples were  p repa red  by  the 
genera l  method descr ibed above, rep lac ing  p ro -  
por t ions  of ZnS in the in i t ia l  m ix tu re  by  an equal  
weight  of p rec ip i t a ted  CdS, usua l ly  in mul t ip les  of 
a nominal  10% by weight  of ZnS up to 80% CdS. 
The percentages  of ZnS and CdS in the  phosphors  
were  de te rmined  by  analysis  involving the in i t ia l  
r emova l  of Cd by  prec ip i ta t ion  wi th  phenyI  t r i -  
me thy l  ammonium iodide; the  Zn was then p re -  
c ip i ta ted  by  8-hydroxyquinol ine ,  fol lowed by  the 
s tandard  volumetr ic  est imation.  The p rec ip i t a ted  
Cd was de te rmined  vo lumet r i ca l ly  by  iodate.  In the  
t ex t  and figures percentages  of CdS given are  mole-  
cular  values unless s ta ted otherwise.  The analyzed  
CdS weight  percentages  were  up to 4% less than 
the nominal  values  ( increas ing wi th  CdS content) ,  
this difference ar is ing l a rge ly  f rom a smal l  amount  
of ZnS present  in the CdS r aw mater ia l .  

In appearance  under  u l t rav io le t  the Au,C1 series 
var ies  f rom pale  bluish green  to very  pa le  ye l low 
to colors resembl ing  those of h igher  members  of the 
other  series. The unsa tu ra ted  color of phosphors  
low in CdS is ve ry  marked ,  but  at  25% CdS the 
ye l low fluorescence is s imi la r  to tha t  of 10% CdS: Cu, 
C1, 50% CdS:Ag,C1, and 35% CdS:C1. Examples  of 
emission curves at 25 ~ and --120~ appear  in Fig. 2 
and 3, and of resolut ion into sub-bands  in Fig. 4. 
The peak  wave  numbers  are  p lo t ted  against  mole-  
cular  percentage  of CdS in Fig. 6, which also in -  
cludes a weight  percentage  plot  for Au I. 

Ca thode - r ay  exci ta t ion  gave resul ts  s imi lar  to 
those for ZnS, namely ,  a r e l a t ive ly  doubled  emis-  
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Fig. 4. Resolution of emission curves at 25~ into Gaussian 
sub-bands. Solid line, measured emission; broken line, Gaus- 
sian; dotted line, remainder not resolved into Gaussians; 
square points, sums of constituent Gaussians. 1 -4 :8 .5  mole 
% CdS: Au, CI; A-C: 48 mole % CclS: Ag, CI. 

sion of b a n d  A u  I c o m p a r e d  w i t h  u l t r a v i o l e t  e x -  
c i ta t ion ,  a n d  b a n d  sh i f t s  b e t w e e n  100 a n d  300 cm -~ 
to h i g h e r  w a v e  n u m b e r s .  

Other activators.--Samples w e r e  m a d e  w i t h  
0.01% Cu or  Ag,  o r  w i t h o u t  m e t a l  add i t ion ,  a l l  w i t h  
ch lor ide .  In  the  l a s t  m e n t i o n e d  type ,  a n a l y s i s  of 
w e l l - w a s h e d  s a m p l e s  e s t a b l i s h e d  the  r e s i d u a l  ch lo -  
r ide  con ten t  to be  0.007% b y  w e i g h t  in  a 3.5% CdS  
p h o s p h o r  a n d  0.01% in  a 7% CdS phospho r ,  c o m -  
p a r e d  w i t h  0.008% in a ZnS:C1.  

E x a m p l e s  of b a n d  r e s o l u t i o n  a r e  g iven  in  Fig .  4 
and  5, w h i l e  p e a k  w a v e  n u m b e r  d a t a  f r o m  t h e  c o m -  
p l e t e  se r ies  a r e  p r e s e n t e d  in  Fig .  7-9, w h e r e  l i n e a r  
r e l a t i ons  a r e  e v i d e n t  as in  Fig .  6. The  Cu I I  b a n d  
is also p l o t t e d  on  a w e i g h t  p e r c e n t a g e  scale.  

I t  w i l l  be  o b s e r v e d  t h a t  q u a l i t a t i v e l y  Cu r e s e m b l e s  
A u  in i ts  b a n d  s t r u c t u r e :  to v i s u a l  i n spec t ion  the  
Cu a n d  A u  p h o s p h o r s  a r e  s i m i l a r  in  t h e i r  l ong  p h o s -  
p h o r e s c e n c e  w h i c h  con t r a s t s  w i t h  t h e  sho r t  a f t e r -  
g low in  t h e  A g  ser ies .  T h e r e  is a r e s e m b l a n c e  b e -  
t w e e n  t h e  s lopes  of t h e  A g  and  C1 plots ,  b u t  a l l  t he  

~IOC 

' / 2  

' / t, 
5C / 

/i]1 

14 16 18 20 -~ 22 24 
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Fig. 5. As Fig. 4, at --120~ I - 4 : 2 0  mole % CdS:CI; 
A-D: 18 mole % CdS: Cu, CI. 
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Fig. 6. Location of emission band peaks of (Zn, Cd)S: Au, 
CI at 25~ Circled points, cubic samples; open circles, low 
temperature peak; crosses, plot with weight percentage 
abscissae. 

ser ies  show a b r e a k  a t  a b o u t  15 mo le  % CdS.  I f  
w e i g h t  p r o p o r t i o n s  a r e  u sed  for  p lo t t ing ,  t he  d a t a  
for  Cu and  A u  m a y  be  e x p r e s s e d  b y  s t r a i g h t  l ines  
f r o m  0 to 80% CdS,  w h i l e  A g  a n d  C1 r e q u i r e  b r o k e n  
l ines  l i ke  those  in  Fig.  8 a n d  9. These  b r e a k s  occur  
n e a r  t h e  p o i n t  a t  w h i c h  cubic  fo rms  can  no  l onge r  be  
m a d e  as CdS c on t e n t  increases ,  owing  to t he  p r e -  
p o n d e r a n c e  of  t he  h e x a g o n a l  C d S  s t r u c t u r e .  

A n o t h e r  se r ies  of s a m p l e s  was  f i red  a t  l l 0 0 ~  
w i t h o u t  m e t a l l i c  a c t i v a t o r  b u t  w i t h  Z n S  c o n t a i n i n g  
m u c h  f ree  S, w h i c h  ass is ts  t h e  f o r m a t i o n  of  t he  cubic  
s t r u c t u r e  b e l o w  a b o u t  15 m o l e  % CdS.  T h e  emis s ion  

I~ ~ \~," 
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I~ n" t 
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Fig. 7. Location of emission band peaks of (Zn,Cd)S:Cu, 
CI at 25~ Circled points, cubic samples; crosses, plot with 
weight percentage abscissae. 
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Fig. 8. Locat ion of  emission bond peaks o f  (Zn,Cd)S:Ag,  
CI at 25~ Circled points, cubic samples; open circles, low 
temperature peak. 

b a n d  peaks  of these ma te r i a l s  lie on the  genera l  
plots above 15% CdS, bu t  be low this  po in t  the  w a v e  
n u m b e r s  are  lower,  as shown  in  Fig. 9 for b a n d  C1 I. 

The  peak  in tens i t i es  of the bands  in  the  ( Z n , C d ) S  
series wi th  a n y  of the four  types  of ac t iva tor  de-  
crease as the  CdS con ten t  rises to 10-15%, the  fal l  of 
i n t ens i t y  be ing  b e t w e e n  10 and  30%;  a rise fol lows 
by  which  the  va lues  for 0% CdS m a y  be  reached or 
exceeded (at  a CdS con ten t  of 1 5 - 3 0 % ) ;  f inal ly  w i th  
more  CdS a genera l  fa l l  occurs. In  Fig. 2 and  3 the  
o rd ina tes  (except  for the  c a t h o d e - r a y  exc i ta t ion  ex -  
ample )  are  n e a r l y  p ropor t iona l  to the  t r u e  i n t e n s i -  
ties. 
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Fig. 9. Locotion of emission bond peoks of (Zn,Cd)S:CI ot 
25~ Circled points, portioIiy cubic somples; open circles, 
low temperoture peok. 

Table IV. Slopes of band peak plots in --cm-~/I mole% CdS, 
for main hexagonal series 

B a n d  I B a n d  I I  B a n d  I I I  
~15% ~15% ~15% ~ 1 5 %  ~15% ~ I S %  

A c t i v a t o r  CdS CdS  C d S  CdS  CdS  CdS  

Au,C1, 25~ 152 107 180 97 
Au,C1, --120 ~ 176 101 192 104 
Cu,C1, 25 ~ 150 ? 158 110 
Cu,C1, --120 ~ 165 125 171 113 
Ag, C1, 25 ~ 161 99 184 97 
Ag,C1, --120 ~ 155 97 178 101 
C1, 25 ~ 167 97 200 ? 95 ? 
C1, --120 o 154 95 170 98 

174 ? 
176 
150 ? 
164 

Low temperature effects in the ( Z n , C d ) S  series.-- 
The emiss ion spect ra  of the  series wi th  four  differ-  
en t  ac t iva tors  have  been  inves t iga ted  at --120~ 
W h e n  p lo t ted  in  the m a n n e r  of Fig. 6-g the compo-  
n e n t  band  peaks l ie  on l ines  of s imi la r  slopes, and  
wi th  the same breaks,  as those of the co r respond ing  
bands  at 25~ These plots are  no t  r eproduced  here .  
They  show closer fit of poin ts  to l ines owing  to the 
sharper  band  s t ruc tu re  at  - -120~ In  the case of Cu 
I at 25~ it is difficult to isolate this smal l  compo-  
n e n t  f rom the emission,  and  the  plot  in  Fig. 7 is i r -  
regular .  At  - -120~ a more  n o r m a l  p a t t e r n  reap-  
pears ;  see Table  IV, which  summar i zes  all  the  meas -  
u r e m e n t s  and  ind ica tes  some s imi l a r i ty  of Cu and  
Au  on the  one hand ,  and  of Ag a nd  C1 on the  other.  

The  uppe r mos t  l ines  on Fig. 6, 8, a nd  9 refer  to 
ano the r  band,  no t  h i the r to  men t ioned ,  found  only  
at the low t e m p e r a t u r e ;  this  is discussed in  the  n e x t  
section. 

Discussion 
Reference  has been  m a d e  to the  r e p r e s e n t a t i o n  of 

emiss ion  b a n d  peak  posi t ions  in  t e rms  of s t ra igh t  
l ine  plots. These var ied  l i nea r  re la t ions  a re  difficult 
to in te rpre t ,  a l t hough  the i r  occur rence  is qu i t e  s t r ik -  
ing. The data  are  p r o b a b l y  no t  sufficiently precise  to 
d e t e r m i n e  the exact  re la t ions  which  exist, b u t  one 
i n t e r e s t i ng  poss ib i l i ty  is suggested  below. 

The emiss ion b a n d  s t ruc tu re  and  its behav io r  on 
t e m p e r a t u r e  change  are  i m p o r t a n t  in  r e l a t ion  to the  
theory  of ac t iva tor  cen te r  s t r uc t u r e  and  of ene rgy  
levels. For  Cu a th i rd  long  w a v e - l e n g t h  b a n d  has  
been  confirmed, a nd  for A u  th ree  ba nds  have  been  
demons t ra ted .  Wi th  both ac t iva tors  b a n d  II  appears  
to be  the  typ ica l  one due  to the  meta l ,  poss ib ly  as Cu § 
or Au  ~ subs t i tu t ed  for Zn  §247 If  the  b lue  bands  Cu I 
and  Au I are  a s sumed  due  to C1 p roduc ing  cat ion 
vacancies ,  in  the w a y  tha t  Bowers  and  Melamed  
have  proposed for  C1 "b lue  I," the a n o m a l y  arises 
tha t  these  bands  differ f rom C1 I in  the i r  response  to 
cooling (20).  I t  is therefore  suggested  that ,  con-  
t r a r y  to the v iews of Bowers  and  Melamed,  b lue  Cu I 
a nd  Au  I are not  due to the  presence  of cat ion va -  
cancies even  though  all  the  phosphors  did con ta in  
chloride.  When,  besides the  chloride,  an  ac t iva t ing  
me ta l  is also present ,  its effect seems to p redomina te .  

Wi th  regard  to the  emiss ion  changes  by  cooling 
the m a i n  series of he xa gona l  phosphors ,  it is r ea -  
sonable  to a t t r i b u t e  all  the  ba nds  in  ZnS  and  
(Zn ,Cd)  S w i th  Au  or Cu to associated groups  of ac-  
ceptor  levels  n e a r  the va lence  band ,  whereas  C1 as 
sole ac t iva tor  produces  donor  levels  n e a r e r  the  con-  
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Fig. 10. (a) Energy level diagram for Cu, Ag, Au, CI bands in ZnS at 25~ Arrows indicate luminescent transitions; H, 
levels for hexagonal crystals; C, for cubic. (b) Energy level diagram for Au bands in (Zn, Cd)S. Points, plotted on weight per- 
centage of CdS; crosses, plotted on colecular percentage. 

duc t ion  b a n d  in t he  sense  of  t he  m o d e l  of L a m b e  and  
K l i c k  (21) .  These  d i f f e ren t  t y p e s  of r a d i a t i v e  t r a n s i -  
t ion  m a y  account  for  the  d i f fe rences  in t e m p e r a t u r e  
effects.  F i g u r e  10a g ives  the  s i m p l e s t  e n e r g y  d i a -  
g r a m  on these  a s sumpt ions .  O v e r  the  t e m p e r a t u r e  
r a n g e  used  in t he  work ,  the  e n e r g y  gap  in  t h e  Z n S  
c r y s t a l  i nc reases  b y  a b o u t  300-500 cm -~ acco rd ing  to 
d e t e r m i n a t i o n s  b y  Coogan  a n d  o the r s  (22).  The  ob-  
s e r v e d  emis s ion  b a n d  sh i f t s  on cool ing  sugges t  t h a t  
t he  Au,  Cu, and  A g  leve ls  r e m a i n  n e a r l y  in  t he  s ame  
pos i t ion  w i t h  r e spec t  to t h e  va l ence  b a n d  as the  en -  
e r g y  gap  increases .  In  con t ras t ,  for  C1 a lone  the  
leve ls  m u s t  a p p r o a c h  the  va l ence  b a n d  a p p r e c i a b l y  
on cool ing.  A l l  t h e  sh i f t s  d i scussed  a r e  v e r y  s m a l l  
c o m p a r e d  w i t h  t h e  e n e r g y  gap  or  the  r a d i a t e d  
quan ta ,  and  t h e y  a r e  so eas i ly  a l t e r e d  b y  c h a n g e  of 
p h o s p h o r  p r e p a r a t i o n  m e t h o d  t h a t  the  a b o v e  de t a i l s  
canno t  be  g e n e r a l l y  app l i cab l e .  The  a p p r o x i m a t e  
c o n s t a n c y  of  t h e  s e p a r a t i o n  b e t w e e n  a c t i v a t o r  and  
va l ence  b a n d  is s h o w n  b e t t e r  b y  a s s u m i n g  a l i n e a r  
v a r i a t i o n  of the  e n e r g y  gap  b e t w e e n  ZnS  and  CdS, 
t he  o b s e r v e d  emiss ion  w a v e  n u m b e r s  b e i n g  t h e n  
p l o t t e d  f r o m  the  conduc t ion  b a n d  d o w n w a r d ,  as in 
Fig .  10b for  the  g o l d - a c t i v a t e d  ser ies ,  w h e r e  absc i s sae  
g ive  w e i g h t  p e r c e n t a g e s  of  CdS.  A r e c e n t  e x t e n s i v e  
s t u d y  of ( Z n , C d ) S  p h o s p h o r s  b y  H o o g e n s t r a a t e n  d e -  
ve lops  s i m i l a r  ideas  on a c t i v a t o r  l eve ls  (23) .  H e  r e -  
fers  to m o l e c u l a r  p r o p o r t i o n s  of CdS,  b u t  in  Fig .  10b 
this  scale  is seen  to g ive  w o r s e  a g r e e m e n t  w i t h  a 
l i n e a r  r e l a t i o n  t h a n  does  the  w e i g h t  p r o p o r t i o n  
scale;  in  fac t  the  l ine  for  A u  I cou ld  b e  d r a w n  in 
two  sect ions,  as in Fig .  6, a n d  the  p a r t  a b o v e  15% 
CdS w o u l d  be  p a r a l l e l  to t he  x - a x i s .  

A b a n d  of s h o r t e r  w a v e  l e n g t h  t h a n  those  a l r e a d y  
d iscussed ,  a n d  no t  i n c l u d e d  in t he  b a n d  n u m b e r i n g ,  
w a s  f o u n d  on ly  u n d e r  e x c i t a t i o n  at  - -120~ a n d  for  

p h o s p h o r s  w i t h  ove r  10 m o l e  % CdS.  P e a k  loca t ions  
a r e  shown  in Figs .  6, 7, a n d  9 on the  l ines  w h i c h  a r e  
a l l  of the  s a m e  s lope  (--102_+ 2 cm-I/1 mo le  % 
C d S ) ,  w i t h  pos s ib ly  a s t e e p e r  p a r t  b e l o w  15% CdS 
m a k i n g  e x t r a p o l a t i o n  diff icult ;  h o w e v e r  i t  is l i k e l y  
t h a t  t he  0% CdS v a l u e  is t h a t  a t t r i b u t e d  b y  M e l a m e d  
(24) to the  emiss ion  due  to a n i o n  vacanc i e s  in cooled 
ZnS,  n a m e l y  3950A or  a p p r o x i m a t e l y  25000 cm -1. 
S i m i l a r l y  v a n  Gool  (24, 25) has  r e p o r t e d  a b a n d  in 
C d S : A g  a t  6200A or  a p p r o x i m a t e l y  16000 cm -1. T h e  
p r e s e n t  r e su l t s  e x t r a p o l a t e d  w o u l d  g ive  a m u c h  
h i g h e r  w a v e  length .  This  b a n d  d id  no t  a p p e a r  w i th  
Cu a c t i v a t o r  e x c e p t  d o u b t f u l l y  in a few s a m p l e s  of 
low CdS conten t ,  a n d  a t  25~ 

T h e r e  is c l e a r l y  a g r e a t  d e a l  m o r e  to be  d i s c ove red  
a b o u t  the  emiss ion  s p e c t r a  of these  p h o s p h o r s  and  
t h e i r  m u t u a l  r e l a t ions .  C o r r e l a t i o n  w i t h  o t h e r  p h y s -  
ica l  p a r a m e t e r s  m a y  be  diff icult  or  i m p o s s i b l e  b u t  
th is  is m e r e l y  a consequence  of t h e  m o s t  s t r i k i n g  
c h a r a c t e r i s t i c  of p h o s p h o r s  as a whole ,  n a m e l y  the  
e x t r e m e  s e n s i t i v i t y  of t h e i r  emiss ion,  bo th  q u a l i t a -  
t i ve  and  q u a n t i t a t i v e ,  c o m p a r e d  w i t h  a n y  o t h e r  
m e a s u r a b l e  p r o p e r t i e s .  

Manuscr ip t  received May 19, 1958. 

Any  discussion of this paper  wil l  appea r  in a Discus- 
sion Section to be  publ i shed  in the  December  1959 
JOUENAL. 
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Particle Size Effects and the Distribution of Barriers 
in ElectroluminescentZinc Sulfide Phosphors 

Paul Goldberg 

Central Research Laboratories, Sylvania Electric Products Inc., Bayside, New Yo~k 

ABSTRACT 

The par t ic le  size of e lec t ro luminescent  phosphors  is found to be  a significant 
factor  in empir ica l  equat ions descr ib ing br igh tness -vo l tage  re la t ionships .  These 
observat ions  can be unders tood  by  consider ing the fol lowing factors:  (a) 
number  and d is t r ibu t ion  of ba r r i e r s  in a single part icle ,  (b) division among 
the  ba r r i e r s  of the  vol tage  drop per  part icle ,  and (c) dependence  on the  pa r -  
t ic le  size of the  vol tage  drop per  par t ic le .  Equat ions  are  der ived  which  pe rmi t  
a compar ison  of the br ightness  of different  phosphors.  

In  t he  r e c e n t  l i t e r a t u r e  on t h e  e l e c t r o l u m i n e s c e n c e  
of z inc  sulf ide,  t he  b a r r i e r  concep t  f inds w i d e  s u p -  
por t .  A c c o r d i n g  to th i s  m e c h a n i s m  e l ec t rons  a r e  ac -  
c e l e r a t e d  in  t h e  b a r r i e r  r e g i o n  a n d  c a u s e  e x c i t a t i o n  
t h r o u g h  i m p a c t  i on i za t i on  of l u m i n e s c e n t  cen t e r s  
( 1 - 6 ) .  R a d i a t i o n  occurs  w h e n  the  ion ized  cen te r s  
a n d  f ree  e l ec t rons  r e c o m b i n e .  The  b a r r i e r  p i c t u r e  is 
a p p e a l i n g  fo r  a t  l e a s t  t w o  reasons .  F i r s t ,  i t  p r o v i d e s  
an  e x p l a n a t i o n  of h o w  an  e lec t r i c  f ie ld can  r a i s e  
e l ec t rons  to s e v e r a l  e l ec t ron  vo l t s  a b o v e  t h e i r  
g r o u n d  s t a tes  w i t h o u t  e l e c t r i c a l  b r e a k d o w n  of t he  
c rys t a l s .  Second,  t h e  concep t  of  loca l i zed  b a r r i e r s  
c o r r e l a t e s  w e l l  w i t h  t he  o b s e r v e d  i n h o m o g e n e o u s  
d i s t r i b u t i o n  of e m i t t e d  l i gh t  (2, 7, 8) .  

I n f o r m a t i o n  on  the  n u m b e r  a n d  d i s t r i b u t i o n  of 
b a r r i e r s  is no t  o b t a i n e d  eas i ly .  Th is  is p a r t i c u l a r l y  
t r u e  of p o w d e r  l aye r s .  E l e c t r o l u m i n e s c e n t  p h o s p h o r s  
a r e  r e p o r t e d  to possess  b o t h  " s u r f a c e "  (2)  and  " v o l -  
u m e "  (9)  e l e c t r o l u m i n e s c e n c e ,  r e f l ec t ing  poss ib l e  
d i f f e rences  in  b a r r i e r  d i s t r i bu t i on .  T h e  p r e s e n t  w o r k  
is one a p p r o a c h  for  o b t a i n i n g  i n f o r m a t i o n  on t h e  
n u m b e r  a n d  d i s t r i b u t i o n  of b a r r i e r s  in p o l y c r y s t a l -  
l ine  phosphor s .  

I f  i t  is a s s u m e d  t h a t  t h e  b a r r i e r s  a r e  l o c a t e d  n e a r  
t he  su r f ace  of t he  pa r t i c l e s ,  one m a y  a sk  w h a t  h a p -  
pens  to  t he  e l e c t r o l u m i n e s c e n t  p r o p e r t i e s  as t he  spe -  
cific sur face ,  (i.e., p a r t i c l e  size)  is va r i ed .  To s t u d y  
th i s  p r o b l e m  ef fec t ive ly ,  a ser ies  of e l e c t r o l u m i n e s -  
cen t  p h o s p h o r s  is n e e d e d  in  w h i c h  the  m e m b e r s  h a v e  
e q u a l  c h e m i c a l  and  p h y s i c a l  p r o p e r t i e s  b u t  h a v e  
v a r y i n g  p a r t i c l e  sizes. W h i l e  i t  is h a r d l y  f ea s ib l e  to 
syn thes i ze  s e p a r a t e l y  t h e  i n d i v i d u a l  m e m b e r s  of 

such a series,  one  p r o m i s i n g  a p p r o a c h  is t h r o u g h  
f r a c t i o n a t i o n  b y  p a r t i c l e  size. Mos t  of t he  w o r k  p r e -  
s en t ed  h e r e  e m p l o y e d  th is  t echn ique .  

Experimental Technique and Results 
The  s t a r t i n g  m a t e r i a l s  w e r e  two  p h o s p h o r s  r e p -  

r e s e n t a t i v e  of t he  b l u e -  a n d  g r e e n - e m i t t i n g  m a t e -  
r i a l s  of H o m e r ,  e t  al.  (10) .  These  w e r e  f r a c t i o n a t e d  
acco rd ing  to p a r t i c l e  s ize b y  s e t t l i ng  f r o m  w a t e r  o r  
aqueous  g l y c e r i n e  solu t ions .  T u r b u l e n t  s t i r r i n g  of 
t he  suspens ions  w i t h  a su r f a c e  ac t ive  a g e n t  p r i o r  to 
s e t t l i n g  r e d u c e d  f ioccula t ion .  Also ,  t he  g r e e n - e m i t -  
t i ng  p h o s p h o r  was  s u b j e c t e d  to u l t r a s o n i c  v i b r a t i o n  
as an  a d d e d  m e a s u r e  to b r e a k  up  a g g l o m e r a t e s .  
Neve r the l e s s ,  some  a g g r e g a t i o n  u n d o u b t e d l y  oc-  
c u r r e d  p r i o r  to  s e t t l i ng  as  some  of t he  f r ac t i ons  
s h o w e d  a p l u r a l i t y  of l o g - n o r m a l  d i s t r i bu t i ons .  U n -  
f r a c t i o n a t e d  p h o s p h o r s  s h o w e d  on ly  a s ing le  l og -  
n o r m a l  d i s t r i bu t i on .  I n d i v i d u a l  p a r t i c l e s  w e r e  
m a i n l y  g loboid .  A f e w  p a r t i c l e s  s h o w e d  t r i a n g u l a r  
faces  w i t h  r o u n d e d  corners .  

The  m e a s u r e m e n t  of t he  l u m i n o u s  e m i t t a n c e  of 
the  p o w d e r s  w a s  m a d e  us ing  a cel l  s i m i l a r  to t h a t  
d e s c r i b e d  b y  L e h m a n n  w i t h  cas to r  oi l  as t h e  sus -  
p e n d i n g  d i e l ec t r i c  (11) .  The  cel l  d i m e n s i o n s  w e r e  
1 x 1 x 0.005 in. A 1P22 p h o t o m u l t i p l i e r  was  u sed  as 
t h e  de tec to r .  The  p h o s p h o r  c o n c e n t r a t i o n  w a s  he ld  
a t  a f ixed  v o l u m e  f r a c t i o n  of  0.25 for  a l l  m e a s u r e -  
ments .  T h e  e x p e r i m e n t a l  s p r e a d  in  d u p l i c a t i n g  a 
g iven  e m i t t a n c e  m e a s u r e m e n t ,  i n c l u d i n g  fac to r s  for  
m a k i n g  the  cas to r  oi l  s lu r r ies ,  l o a d i n g  the  cel l ,  and  
ag ing  i t  u n d e r  an  a p p l i e d  field,  is  a b o u t  10%. 
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Fig. 1. Brightness-voltage characteristics of a green-emit- 
ting electroluminescent powder and some representative frac- 
tions. 

I t  has  been  d e m o n s t r a t e d  b y  Z a l m  (2)  a n d  A l f r e y  
and  T a y l o r  (3)  t h a t  b r i g h t n e s s  d a t a  a r e  w e l l  r e p -  
r e s e n t e d  b y  s t r a i g h t  l ines  w h e n  t h e  log  of t h e  l u -  
m i n o u s  e m i t t a n c e  L is p l o t t e d  vs. V -~/~, w h e r e  V is 
the  rms  a p p l i e d  vo l tage .  F i g u r e  1 shows  the  e m i t -  
t a n c e - v o l t a g e  d a t a  of fou r  f r ac t ions  and  of t he  u n -  
f r a c t i o n a t e d  g r e e n - e m i t t i n g  e l e c t r o l u m i n e s c e n t  p o w -  
de r  p l o t t e d  in th i s  w a y  for  a f r e q u e n c y  of 600 cps. 
T h e r e  is a d i s t i nc t  r e g u l a r i t y  in  t he  v a r i a t i o n  of  t he  
s lopes  a n d  the  a p p a r e n t  i n t e r c e p t s  w i t h  p a r t i c l e  size. 
V a r i a t i o n s  in  t he  e m i t t a n c e s  of up  to an  o r d e r  of  
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Fig. 2. Brightness-voltage characteristics of a blue-emitting 
electroluminescent powder and some representative fractions. 

m a g n i t u d e  a t  60-70 v a r e  ev iden t .  F i g u r e  2 shows  
the  d a t a  t a k e n  a t  6000 cps for  t h e  b l u e - e m i t t i n g  
phospho r ,  w i t h  a s i m i l a r  r esu l t .  F o r  b o t h  p h o s p h o r s  
the  effect  has  been  o b s e r v e d  at  o t h e r  f r e q u e n c i e s  in  
t he  r a n g e  60-6000 cps. 

Analysis of Results 
A n  a t t e m p t  w i l l  be  m a d e  to a n a l y z e  t h e  e m i t t a n c e  

d a t a  in  t e r m s  of t he  l u m i n o u s  f lux f r o m  each  p a r t i -  
cle. This  f lux i t se l f  o r i g ina t e s  a t  p o i n t  sources  of 
emiss ion .  W e  sha l l  a s s u m e  t h a t  a p o t e n t i a l  b a r r i e r  
ex i s t s  a t  each  p o i n t  source  and  the  f lux f r o m  i t  is  
d e t e r m i n e d  b y  t h e  v o l t a g e  drop ,  VB, across  the  b a r -  
r ie r .  VB wi l l  b e  d e t e r m i n e d  l a r g e l y  b y  t h e  v o l t a g e  
a p p l i e d  to t h e  cell .  H o w e v e r ,  i t  m a y  h a v e  d i f f e ren t  
v a l u e s  d e p e n d i n g  on the  p a r t i c l e  size a n d  the  n u m -  
b e r  a n d  d i s t r i b u t i o n  of b a r r i e r s  in  each  pa r t i c l e .  The  
p r o c e d u r e  w i l l  be  to e v a l u a t e  V~ for  a g iven  a p p l i e d  
v o l t a g e  a n d  fo r  d i f f e r en t  t y p e s  of d i s t r i bu t i ons .  W e  
t h e n  m a y  e x p r e s s  t he  d e p e n d e n c e  of t he  f lux f r o m  
each  p o i n t  source  on the  a p p l i e d  v o l t a g e  a n d  t h e  
p a r a m e t e r s  d e s c r i b i n g  the  p a r t i c u l a r  d i s t r i b u t i o n  of 
b a r r i e r s .  T h e  e m i t t a n c e  of t he  cel l  is o b t a i n e d  b y  
s u m m i n g  the  f lux  f rom each  p o i n t  source  in  a p a r t i -  
cle a n d  t hen  s u m m i n g  the  c o n t r i b u t i o n s  to t h e  t o t a l  
e m i t t a n c e  f r o m  each  p a r t i c l e  in  the  cell .  L e h m a n n  
d i scussed  th i s  a p p r o a c h  b u t  d id  no t  a t t e m p t  a q u a n -  
t i t a t i v e  d e v e l o p m e n t  (12) . 

F o r  t he  a - c  case, V~ w i l l  v a r y  w i t h  t i m e  d u r i n g  a 
cyc le  and,  t he re fo re ,  w e  m u s t  v i sua l i ze  i t  as  c o r r e -  
s p o n d i n g  to an  a v e r a g e  va lue .  Z a l m  (2) a n d  A l f r e y  
a n d  T a y l o r  (3)  h a v e  d i scussed  th i s  p o i n t  and  also 
t he  f ac to r s  w h i c h  d e t e r m i n e  h o w  m u c h  of t he  v o l t -  
age  a p p l i e d  to t he  c r y s t a l  a p p e a r s  across  t he  b a r r i e r .  

The  v o l t a g e  d e p e n d e n c e  of t he  l u m i n o u s  f lux f r o m  
the  i n d i v i d u a l  p o i n t  sources  w i l l  be  a s s u m e d  to be  
of t he  s a m e  f o r m  as t he  d e p e n d e n c e  of t he  e m i t t a n c e  
of t he  w h o l e  ce l l?  Thus  the  f lux FB f r o m  one  p o i n t  
source  of those  m a k i n g  up  a g iven  p a r t i c l e  is 

F~ ---- F~ exp (--b'IV~ I/2) [i] 

where Fo and b' are parameters which are independ- 
ent of voltage. 

To evaluate VB in terms of the voltage applied to 
the crystal we shall assume that the electrolumines- 
cent layer is represented by a mixture of two ho- 
mogeneous dielectrics. The phosphor phase is con- 
sidered to be a rectangular array of cubic phosphor 
grains of uniform size dispersed in the insulating 
medium between plane parallel electrodes in the 
manner shown in Fig. 3. Following Roberts (12), the 
electric field in a particle E~ is proportional to the 
mean applied field E~ through a factor dependent 
upon the ratio, r, of matrix and phosphor dielectric 
constants, and the volume fraction v of the phos- 
phor, i.e., E~ = E~.S(r, v). The voltage drop Vp across 

one of the cubes in Fig. 3 is thus 

V,  = ( V a / l )  .5(r,  v )  [2]  

w h e r e  V is t he  a p p l i e d  vo l t age ,  I t he  d i s t a n c e  b e -  
t w e e n  e lec t rodes ,  a n d  a t he  cube  edge.  

A t  th i s  p o i n t  some  choice  m u s t  be  m a d e  as to  t h e  

Z Z a l m  (2) m e a s u r e d  t he  f lux  f r o m  s i n g l e  g r a i n s  o f  e lec t ro-  
l u m i n e s c e n t  ZnS  a n d  s h o w e d  t h a t  t h e  d e p e n d e n c e  of  t h e  e m i s s i o n  
f r o m  s i n g l e  g r a i n s  f o l l o w s  c lose ly  t h a t  of  t he  c o m p o s i t e  cell.  
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Fig. 3. Schematic diagram of electroluminescent particles 

with (a) volume distribution of barriers, (b) surface distribu- 
tion of barriers, and (c) a constant number of barriers per 
grain, unity in the case pictured. 

d i s t r i b u t i o n  of  p o t e n t i a l  b a r r i e r s  in  the  pa r t i c l e .  The  
choice of the  d i s t r i b u t i o n  wi l l  d e t e r m i n e  h o w  m u c h  
of the  v o l t a g e  a p p l i e d  to t he  c r y s t a l  as  a w h o l e  w i l l  
a p p e a r  across  each  b a r r i e r  and,  t he re fo re ,  g ove rns  
t h e  m a g n i t u d e  of the  l u m i n o u s  f lux f rom the  r eg ion  
n e a r  each  b a r r i e r .  T h r e e  cases  w i l l  be  cons ide red :  
(a )  u n i f o r m  d i s t r i b u t i o n  of b a r r i e r s  t h r o u g h o u t  t he  
v o l u m e  of t he  g ra in ;  (b )  u n i f o r m  d i s t r i b u t i o n  of 
b a r r i e r s  ove r  t h e  su r f ace  of t he  g ra in ;  a n d  (c)  con -  
s t an t  n u m b e r  of b a r r i e r s  p e r  g r a i n  r e g a r d l e s s  of  
d imens ions .  

These  cases  a r e  r e p r e s e n t e d  s c h e m a t i c a l l y  in  Fig .  
3 and  cons ide r ed  in  d e t a i l  be low.  

(a)  U n i f o r m  d i s t r i b u t i o n  of  barr iers  t h r o u g h o u t  
the  c rys ta l  v o l u m e . - - L e t  t he  v o l u m e  d e n s i t y  of a 
s y s t e m  of i d e n t i c a l  b a r r i e r s  be  n J c m  ~. T h e n  a l o n g  a 
l ine  of fo rce  t h r o u g h  a c r y s t a l  w i t h  r e c t a n g u l a r  o r i -  
e n t a t i o n  r e l a t i v e  to t he  e l e c t rodes  t h e r e  w i l l  be  n~ ~z" 
b a r r i e r s  p e r  cm." In  a c r y s t a l  of edge  a cm t h e r e  a r e  
n,"/~a b a r r i e r s  t h r o u g h  t h e  c r y s t a l  in  t he  d i r e c t i o n  of 
t he  a p p l i e d  field. D i v i d i n g  the  V~ b y  th i s  n u m b e r  of 
b a r r i e r s  g ives  for  t he  v o l t a g e  d rop  p e r  b a r r i e r  

V~ = V~ln~:~a = (V l In~  ~:~) - f ( r ,  v )  [3]  

and  s u b s t i t u t i o n  in  Eq. [1]  g ives  for  t he  l u m i n o u s  
f lux f rom the  r eg ion  n e a r  each  b a r r i e r  

F~ = Fo e x p [ - - b l  ( V l l n ~ ' ~ ) ~ ] ;  b -- b ' l f ~ ( r ,  v )  [4]  

T h e r e  a r e  n~a ~ b a r r i e r s  in  t he  g r a i n  a n d  the  t o t a l  f lux 
F~ f rom the  p a r t i c l e  is F~ = n~a ~ FB. F o r  a v o l u m e  
f r a c t i o n  of p h o s p h o r  v in the  s u s p e n d i n g  d i e l e c t r i c  
the  n u m b e r  of g r a in s  N p e r  cm ~ of su spens ion  is v / a  ~. 
The  f lux p e r  cm" of su spens ion  is F = F , v / a  ~ = vn ,F~ 
or  f r o m  Eq. [4 ] :  

F = vnoFo exp [ - -b / (V / ln~ ' J~ )  "l~'] [5]  

The  l u m i n o u s  e m i t t a n c e  L f r o m  a l a y e r  of t he  sus -  
pens ion  l cm t h i c k  is p r o p o r t i o n a l  to F . l  a n d  t h e r e -  
fo re  

L ~ vn~lFo exp  [ - - b / ( V l l n ~  m ) '/~] [6 ] 

Thus,  as the  p a r t i c l e  size a does  no t  occur  in  Eq. [6 ] ,  
n e i t h e r  t h e  i n t e r c e p t s  n o r  t he  s lopes  of d a t a  p l o t t e d  

The  n u m b e r  of  b a r r i e r s  in  t he  d i r e c t i o n  of  t h e  l i n e s  of  e l ec t r i ca l  
fo rce  w i l l  a c t u a l l y  be  p r o p o r t i o n a l  to  nvl/~. S e t t i n g  t he  n u m b e r  o f  
b a r r i e r s / c m  e q u a l  to  n.,,1/s s i m p l y  i n t r o d u c e s  a d i f f e r e n t  a r b i t r a r y  
c o n s t a n t  a t  a l a t e r  po in t .  
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as in  Fig.  1 shou ld  d e p e n d  on p a r t i c l e  size for  g r a in s  
w i t h  a v o l u m e  d i s t r i b u t i o n  of b a r r i e r s .  

(b)  U n i f o r m  d i s t r i b u t i o n  o$ barr iers  on  t h e  s u r -  
face  of  t he  g r a i n s . - - L e t  us n e x t  cons ide r  t he  b a r r i e r s  
to be  d i s t r i b u t e d  ove r  t he  s u r f a c e  of t he  g r a in s  a t  a 
c o n c e n t r a t i o n  of n~ b a r r i e r s  p e r  c m  ~. The  n u m b e r  of 
b a r r i e r s  on one cube  face  is n~a ~. Also,  as t h e r e  is 
on ly  one  b a r r i e r  a l o n g  a n y  l ine  of  fo rce  p e r p e n d i c -  
u l a r  to the  sur face ,  the  fu l l  v o l t a g e  a p p l i e d  to t he  
g r a i n  w i l l  a p p e a r  across  each  bar r ie r . "  Thus,  VB = 
Ve = ( V a / l )  f ( r ,  v ) .  T h e r e f o r e  f r o m  Eq. [1 ] :  

F~ = Fo e x p [ - - b / ( V a / l )  "/~] [7]  

The  f lux f rom each  p a r t i c l e  is Fp -~ nsa"F,. The  t o t a l  
f lux p e r  cm" is F = vn~FB/a and  the  e m i t t a n c e  is 
g iven  b y  

L ~ (vn~IFo/a)  e x p [ - - b / ( V a / l )  I1~] [8]  

He re  bo th  t he  s lope  a n d  i n t e r c e p t  of log  L vs. V - '~ 
wi l l  v a r y  w i t h  p a r t i c l e  size. I t  is seen  f r o m  Eq.  [8 ]  
t h a t  for  a l l  p a r t i c l e  sizes,  p lo t s  of log ( L a )  vs. 
( V a / l )  -lj~ should  be  co inc iden t .  

(c) C o n s t a n t  n u m b e r  of  barr iers  p e r  g r a i n . - - N e x t  
le t  us v i sua l i ze  a specific n u m b e r  of b a r r i e r s ,  n, to 
ex i s t  on the  su r f a c e  of  each  p a r t i c l e  a n d  l e t  n be  
cons t an t  for  a l l  p a r t i c l e  sizes. The  e n t i r e  v o l t a g e  
d r o p  p e r  c r y s t a l  is across  t h e  b a r r i e r  as in case  ( b ) ,  
and  a g a i n  V~ = Vp • ( V a / l )  ] ( r ,  v ) .  The  t o t a l  f lux 
p e r  p a r t i c l e  is 

F~ = nFo e x p [ - - b / ( V a / l )  11~] [9]  
and  

L ~ ( v n l F J a  ~) e x p [ - - b / ( V a / l )  ~l~] [10] 

w h e r e  aga in  
b - b ' /~/~(r ,  v )  

H e r e  too, bo th  t he  i n t e r c e p t  a n d  the  s lope  of log L 
vs. V -1~-~ v a r y  w i t h  p a r t i c l e  size. I n  c o n t r a s t  to t h e  
p r e v i o u s  sect ion,  p lo t s  of log  (La") vs. ( V a / l )  -*I~ for  
v a r i o u s  p a r t i c l e  sizes shou ld  be  co inc iden t .  The  d a t a  
in Fig .  1 and  2 e l i m i n a t e  t he  p o s s i b i l i t y  of  a v o l u m e  
c o n c e n t r a t i o n  of b a r r i e r s ,  as  p r o m i n e n t  p a r t i c l e  size 
effects a r e  ev iden t .  The  m o d e l  of a su r f ace  d e n s i t y  
of b a r r i e r s  is a lso  no t  sa t i s f ied  b y  the  da ta ,  as  Fig .  4 
shows  a t es t  of Eq. [8]  for  t he  f r ac t i ons  in  Fig.  1. 
W h i l e  the  s lopes  of s e p a r a t e  f r ac t ions  show some 
d e g r e e  of u n i f o r m i t y  in Fig .  4, t h e r e  is s t i l l  a w i d e  
d i s c r e p a n c y  a m o n g  the  in t e rcep t s .  Good  a g r e e m e n t  
w i t h  case  (c) is f o u n d  for  t he  d a t a  of Fig .  1. The  
a p p l i c a t i o n  of Eq. [10]  to t hese  d a t a  is s h o w n  in 
Fig.  5. The  s i m p l e  m o d e l  of a cons t an t  n u m b e r  of 
b a r r i e r s  p e r  g r a i n  fits we l l  for  th i s  phospho r .  

W h i l e  t he  b l u e - e m i t t i n g  p h o s p h o r  of  Fig .  2 shows  
p r o n o u n c e d  p a r t i c l e  size effects,  the  d a t a  a r e  no t  
sa t is f ied b y  Eq. [10].  This  is seen  in  Fig .  6; a d e -  
p e n d e n c e  of s lope  on p a r t i c l e  size s t i l l  pe rs i s t s .  F o r  
th is  p h o s p h o r  i t  can  be  s h o w n  t h a t  t he  s lopes  in  Fig.  
2 v a r y  r o u g h l y  as  a -~/'. 

The  d e v e l o p m e n t  p r e s e n t e d  a b o v e  can  a lso  be  
t e s t ed  w i t h  u n f r a c t i o n a t e d  p h o s p h o r s  of d i f fe r ing  
m e a n  p a r t i c l e  size. F i g u r e  7 shows  a p lo t  of  t he  s lope  
of ( log  L vs. V -'j~) vs. a - ~  for  a g roup  of  b l u e - e m i t -  

We v i s u a l i z e  t he  b a r r i e r s  on  o n l y  one  s ide  o f  t h e  c ry s t a l  to  be  
o p e r a t i v e  d u r i n g  one  h a l f  cyc le  of  a.c. a n d  those  on  t he  oppos i t e  
s ide d u r i n g  t he  f o l l o w i n g  h a l f  cycle.  
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Fig. 4. Test of Eq. [8 ]  corresponding to o surface density 
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A t  the  s ame  t i m e  h o w e v e r ,  t he  l u m i n o u s  f lux p e r  
p a r t i c l e  dec reases  w i t h  d e c r e a s i n g  p a r t i c l e  size. 

r ing  p h o s p h o r s  of t he  ZnS:  Cu, C1, P b  or  ZnS:  Cu, C1 
type .  The  d a t a  f a l l  c lose to a s t r a i g h t  l i ne  w i t h  a 
s lope  g r e a t e r  t h a n  zero.  This  e l i m i n a t e s  t he  poss i -  
b i l i t y  t h a t  the  g roup  is c h a r a c t e r i z e d  b y  a v o l u m e  
d i s t r i b u t i o n  of b a r r i e r s .  I t  is no t  poss ib le ,  h o w e v e r ,  
to d i s t i n g u i s h  b e t w e e n  cases  (b)  a n d  (c) for  t he se  
phosphor s .  

I t  shou ld  be  m e n t i o n e d  tha t ,  for  a g iven  field 
s t r eng th ,  Eq. [10]  p r e d i c t s  a p a r t i c l e  size a,~ w h i c h  
gives  m a x i m u m  e m i t t a n c e :  a,,, = b~'/36(V/1).  This  
cond i t i on  ar i ses  f r o m  the  fac t  t h a t  as a dec reases ,  
the  n u m b e r  of e m i t t i n g  p a r t i c l e s  p e r  cm '~ increases .  
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Fig. 5. Test of Eq. [10 ]  corresponding to a constant num- 
ber of barriers per grain (case c) for the data of Fig. 1. 

D i s c u s s i o n  

The  d a t a  p r e s e n t e d  a b o v e  show t h a t  the  p a r t i c l e  
size is a s ign i f ican t  f ac to r  in  t h e  b r i g h t n e s s - v o l t a g e  
c h a r a c t e r i s t i c s  of e l e c t r o l u m i n e s c e n t  phosphor s .  
L i m i t e d  a g r e e m e n t  is o b t a i n e d  b e t w e e n  the  d a t a  
and  a s imp le  t h e o r y  b a s e d  on a specific d i s t r i b u t i o n  
of b a r r i e r s  in  t h e  p h o s p h o r  pa r t i c l e s .  F o r  b o t h  t he  
f r a c t i o n a t e d  g r e e n - e m i t t i n g  p h o s p h o r  a n d  the  u n -  
f r a c t i o n a t e d  g r o u p  of Fig .  7 t h e  s lopes  of the  exp  
(V -Ij2) l ines  v a r y  as a -I/~. In  p a r t i c u l a r ,  t he  d a t a  for  
th i s  f r a c t i o n a t e d  p h o s p h o r  s u p p o r t  case  (c)  c o r r e -  
s p o n d i n g  to a cons t an t  n u m b e r  of b a r r i e r s  p e r  g ra in .  
I t  shou ld  be  e m p h a s i z e d  t h a t  th is  concept ,  b e i n g  d e -  
r i v e d  as i t  is f~om the  e m i t t a n c e  da ta ,  app l i e s  on ly  
to t he  b a r r i e r s  w h i c h  a r e  ac t ive  in t he  e x c i t a t i o n  
processes .  O the r  b a r r i e r s  or  s im i l a r  p h y s i c o c h e m i c a l  
cons t ruc t s  m a y  be  p r e s e n t  in the  p a r t i c l e s  b u t  a r e  
no t  r e v e a l e d  b y  the  e m i t t a n c e  da ta .  

T h e  r easons  for  the  f a i l u r e  of the  b l u e - e m i t t i n g  
p h o s p h o r  of Fig .  2 to s h o w  the  s a m e  d e t a i l e d  b e -  
h a v i o r  as the  g r e e n - e m i t t i n g  one a r e  no t  c lear .  T h e  
a s s u m p t i o n s  r e g a r d i n g  the  i d e n t i t y  of c h e m i c a l  c a m -  
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Fig. 7. Slopes (of log L vs V -J/~ plots) vs. a -'v2 for some un- 
fractionated blue-emitt ing electroluminescent phosphors with 
various thermal histories and particle sizes. 
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posit ion of the fract ions and the exis tence of a s im-  
p le  d is t r ibut ion  of ba r r i e r s  possibly need closer ex-  
aminat ion.  Poor separa t ion  dur ing  f rac t ionat ion 
may  also be a factor  as the b lue -emi t t i ng  phosphor  
did not  have  the benefit  of u l t rasonic  dispers ion 
p r io r  to sett l ing. 

The deve lopment  assumes tha t  for ba r r i e r s  dis-  
t r ibu ted  as in cases (b) and (c) ,  the vol tage  drop 
per  ba r r i e r  VB wil l  be de te rmined  l a rge ly  by  the 
gra in  size. This concept finds suppor t  in the work  
of Waymouth  and Bi t ter  (8),  who s tudied the effects 
of geometr ic  c rys ta l  or ientat ion,  re la t ive  to the field 
vector, on the emission f rom ind iv idua l  part icles.  
They examined  par t ic les  of e longated  shape in 
which single spots of emission could be observed.  
These spots were  b r igh tes t  when the field was p a r a l -  
lel  to the long axis of the  part icle.  One possible in-  
t e rp re ta t ion  of this f rom the present  work  is t ha t  
the  e longated par t ic le  exhibi ts  the grea tes t  "effec- 
t ive par t ic le  size" when or iented pa ra l l e l  to the field, 
causing V~ and therefore  F~ to be l a rge r  than  for 
any other  or ientat ion.  

We can only speculate  at  present  on the number  of 
ba r r ie r s  per  gra in  for case (c) .  The choice of one 
ba r r i e r  per  gra in  is a t t rac t ive .  W a y m o u t h  and Bi t -  
ter  examined  a large  number  of single grains  of 
phosphors  also synthesized by  the method of Homer,  
et aI. (10) and observed br ightness  waves  wi th  only 
one majo r  emission peak  per  cycle. If more  than  one 
ba r r i e r  were  opera t ive  in a crystal ,  then  emission 
dur ing  each of the two half  cycles would be ex-  
pected.  

In  prac t ica l  e lec t ro luminescent  cells the grains  
are not cubic and per fec t ly  oriented.  However ,  the  
aim of the deve lopment  is to produce the correct  
func t iona l i ty  in equations re la t ing  l ight  output  to 
par t ic le  size. Absolute  values  are  not  of concern. 
The shape might  have been taken  to be something  
other  than  cubic wi th  the same resul t ;  the cube of a 
character is t ic  l inear  dimension would  enter  into the  
p r e - e x p o n e n t i a l  factor  in Eq. [10] and as the neg-  
at ive % power  in the exponent ia l  term,  regardless  
of par t ic le  geometry.  Nei ther  does the  fact  tha t  only 
polydisperse  mater ia l s  can be obta ined  by  f rac t ion-  
at ion l imi t  the va l id i ty  of the arguments .  I t  is seen 
tha t  the unf rac t iona ted  powder  behaves  as if it were  
a f ract ion wi th  the effective par t ic le  size equal  to 
the  average.  

I t  is possible to employ  the presen t  analysis  in 
severa l  ways.  Firs t ,  it  provides  a possible approach 
to d is t inguishing be tween  classes of phosphors  pos-  
sessing d iss imi lar  d is t r ibut ions  of barr iers .  How-  
ever, the equations do not p rovide  means  for dis-  
t inguishing be tween  surface and volume barr iers .  
For  instance, Eq. [10] can be obta ined  by  choosing 
a smal l  va lue  for  the number  of ba r r i e r s  in each 
gra in  and d i s t r ibu t ing  them throughout  the volume.  
If  the densi ty  of such ba r r i e r s  is low, so tha t  a s in-  
gle l ine of force th rough  the crys ta l  sees only one 

bar r ie r ,  then the equat ion so der ived  is exac t ly  of 
the same form as Eq. [10]. For  other  phosphors,  
d is t r ibut ions  not considered here  may  be  of im-  
portance.  

Second, if the d is t r ibut ion  of ba r r i e r s  can be es- 
tabl ished,  the character is t ics  of phosphors with 
different  par t ic le  sizes can be compared,  wi th  a l low-  
ance for size. Thus if the da ta  for a pa i r  of phosphors  
are p lo t ted  as in Fig. 4, comparison of the ordinates  
for  a specified value  of the abscissa gives a measure  
of the re la t ive  l ight  output  corrected to the same 
par t ic le  size and appl ied  field. 

Third,  i t  m a y  be possible to employ  the analysis  
for a be t te r  under s t and ing  of the factors  which 
influence the efficiency of the  exci ta t ion process. 
F igure  7 shows tha t  a constant  slope exists  for sev-  
era l  e lect roluminescent  phosphors of the ZnS:Cu,  C1 
type.  Theoret ical  a rguments  have been advanced 
which state that  the slopes are  re la ted  to the  p rob-  
ab i l i ty  tha t  an electron accelera ted in the region of 
a potent ia l  ba r r i e r  wi l l  resul t  in impact  ionization 
(2, 3). Changes in the composit ion of the phosphor  
which change the slopes may  y ie ld  informat ion  on 
the chemical  and physical  factors  which govern the 
proper t ies  of the barr iers .  
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A Method for the Purification of Selenium 
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ABSTRACT 

A method  has been worked  out  for  pur i fy ing  se lenium based on the fo rma-  
t ion and decomposi t ion of hydrogen  selenide. Detai ls  of an appara tus  capable  
of p roduc ing  about  10 g / h r  of ex t r eme ly  high pu r i t y  se len ium are  given. 
Severa l  ana ly t ica l  methods  used in examin ing  the product  are  outlined. 

S e l e n i u m  is r e c o v e r e d  i n d u s t r i a l l y  f r o m  two  m a i n  
sources  (a )  flue dus t  o b t a i n e d  in  b u r n i n g  p y r i t e s  in  
the  m a n u f a c t u r e  of H~SO~, and  (b)  a n o d e  s l imes  f r o m  
e l ec t ro ly t i c  ref ining,  p a r t i c u l a r l y  of  Cu. U s u a l l y  t he  
c r u shed  ore  is r o a s t e d  in  a i r  a n d  the  SeO~ fo rmed ,  
sub l imes ,  and  is co l l ec ted  in  w a t e r .  S e l e n i u m  is r e -  
cove red  f r o m  th is  so lu t ion  b y  r e a c t i o n  w i t h  SO~ ac -  
co rd ing  to t he  e q u a t i o n  

H~SeO~ -~ 2SO~ ~ H~O = Se  + 2H~SO~ 

M a t e r i a l  p r e p a r e d  in  th is  w a y  is a p p r o x i m a t e l y  
99.5% pure ,  t h e  m a i n  i m p u r i t i e s  b e i n g  S a n d  Te (1) .  

F u r t h e r  pu r i f i ca t ion  has  b e e n  a c h i e v e d  in  s e v e r a l  
ways .  H e n k e l s  (2)  r e c o m m e n d e d  a 4 - s t a g e  p r o -  
cedure :  ( a )  d i s t i l l a t i o n  of t h e  Se a t  a t m o s p h e r i c  
p r e s su re ,  (b )  conve r s ion  to SeO~, (c)  pu r i f i ca t ion  of 
the  SeO~ b y  sub l ima t ion ,  (d)  r e c o v e r y  of t he  Se  b y  
r e a c t i o n  of t he  d i o x i d e  w i t h  gaseous  a m m o n i a  ac -  
co rd ing  to t h e  e q u a t i o n  

3SeO~ ~- 3NH3 ~ 3Se -~ 2N~ Jr H~O 

H i g h  p u r i t y  Se has  also been  p r o d u c e d  c o m m e r -  
c i a l ly  b y  the  a m m o n i a  r e d u c t i o n  of SeO~, w h i c h  has  
been  p r e p a r e d  b y  the  c a t a l y t i c  v a p o r  p h a s e  o x i d a -  
t ion  of Se  (3) .  A r e c e n t  p a t e n t  (4)  p o i n t e d  ou t  t h a t  
s e l e n i u m  could  be  o b t a i n e d  s p e c t r o g r a p h i c a l l y  p u r e  
b y  a d i r ec t  so lu t ion  me thod .  In  th is  p rocess  Se  was  
d i s so lved  in a ho t  aqueous  so lu t ion  of s o d i u m  su l -  
ri te and  a s m a l l  q u a n t i t y  of a l u m i n u m  su l f a t e  so lu -  
t ion  added .  A l u m i n u m  h y d r o x i d e  p r e c i p i t a t e d ,  
c a r r y i n g  w i t h  i t  i m p u r i t i e s  p r e s e n t  in  t he  solu t ion .  
A f t e r  f i l t ra t ion ,  pu r i f i ed  Se  was  p r e c i p i t a t e d  on coo l -  
ing. N i j l a n d  (5)  r e c o m m e n d e d  a s u b l i m a t i o n  p r o -  
c e d u r e  at  a p r e s s u r e  of 10 -3 m m  H g  and  c l a i m e d  
t h a t  s u b l i m a t i o n  was  m u c h  b e t t e r  t h a n  d i s t i l l a t ion .  
Also  m e t h o d s  b a s e d  on  the  pu r i f i ca t ion  of SeO~ in 
so lu t ion  us ing  ion  e x c h a n g e  res ins  h a v e  been  
used  (6) .  

D i s t i l l a t i o n  and  s u b l i m a t i o n  t e chn iques  a r e  to be  
p r e f e r r e d  s ince  t h e y  a r e  s imp le  and  the  pu r i f i ca t ion  
of o t h e r  chemica l s  is no t  r e q u i r e d .  H o w e v e r  our  e x -  
p e r i m e n t s  w i t h  r a d i o t r a c e r s  sugges t ed  t h a t  to ach ieve  
a s ign i f ican t  r e d u c t i o n  in  i m p u r i t i e s  r e p e a t e d  s u b -  
l i m a t i o n  w o u l d  be  necessa ry .  O u r  a t t e m p t s  to p u r i f y  
Se b y  zone m e l t i n g  w e r e  a lso  w i t h o u t  success.  

S e l e n i u m  d o p e d  w i t h  10 p p m  of r a d i o a c t i v e  Cu  
and  Sb was  s u b l i m e d  in  a s imp le  t u b e - t y p e  a p -  
pa ra tu s .  The  r e su l t s  i n d i c a t e d  t h a t  t he  Cu con t e n t  of 

t he  s u b l i m a t e  was  r e d u c e d  to a b o u t  0.5 p p m  a n d  t h e  
Sb  con ten t  to a b o u t  0.2 ppm.  

A n  ingo t  of Se  w h i c h  h a d  been  p r e v i o u s l y  d o p e d  
w i t h  10O p p m  of each  of t he  i m p u r i t i e s  s h o w n  in 
T a b l e  I I  was  z o n e - m e l t e d  in  a s ea l ed  e v a c u a t e d  
s i l ica  tube .  A f t e r  30 passes ,  s a m p l e s  t a k e n  f r o m  
a long  t h e  ingo t  w e r e  e x a m i n e d  s p e c t r o g r a p h i c a l l y ,  
b u t  no m o v e m e n t  of i m p u r i t i e s  cou ld  be  de tec t ed .  
The  ingo t  l e n g t h  w a s  ~-30 cm, t h e  zone  l e n g t h  N2 
cm, a l t h o u g h  t h e r e  was  a p r o n o u n c e d  t e n d e n c y  for  
supe rcoo l ing ,  and  the  r a t e  of zone t r a v e l  was  5 
c m / h r .  

These  e x p e r i m e n t s  s u g g e s t e d  t h a t  n e i t h e r  s u b l i -  
m a t i o n  n o r  zone m e l t i n g  p rocesses  w e r e  p a r t i c u l a r l y  
effect ive,  a n d  w e  r e p o r t  h e r e  a n e w  m e t h o d  w h i c h  
w e  b e l i e v e  to  p r o v i d e  v e r y  p u r e  Se. The  m e t h o d  
invo lves  t he  f o r m a t i o n  and  d e c o m p o s i t i o n  of H~Se. 
H y d r o g e n  se l en ide  is f o r m e d  b y  b u b b l i n g  pur i f i ed  
h y d r o g e n  t h r o u g h  m o l t e n  Se  a t  650~ The  H~Se is 
d e c o m p o s e d  b y  pas s ing  the  gas t h r o u g h  a s i l ica  t u b e  
m a i n t a i n e d  a t  1000~ W i t h  a s u i t a b l y  c o n s t r u c t e d  
t u b e  a b o u t  70% of  t he  s e l en ide  is decomposed .  U n -  
d e c o m p o s e d  H~Se is condensed  in  a l i qu id  a i r  t r a p  
and  l a t e r  a l l o w e d  to r e c i r c u l a t e  t h r o u g h  the  d e c o m -  
pos i t i on  tube .  I n  th is  w a y  p r a c t i c a l l y  a l l  t h e  H~Se is 
decomposed .  The  Se  l i b e r a t e d  is co l l ec ted  b y  m e l t -  
ing  in to  a s i l ica  c ruc ib le .  

T h e  on ly  o t h e r  e l e m e n t s  l i k e l y  to f o r m  h y d r i d e s  
u n d e r  these  cond i t ions  a n d  c o n s e q u e n t l y  those  
l i k e l y  to be  i m p u r i t i e s  in  t he  f inal  m a t e r i a l  a r e  F,  
C1, Br,  I, O, S, Te, P, As,  a n d  Sb.  The  f irst  6 of these  
e l e m e n t s  f o r m  h y d r i d e s  m o r e  r e a d i l y  t h a n  Se and  
the  o the r s  less  r e a d i l y .  F u r t h e r ,  t he  h y d r i d e s  of t he  
f irst  6 a r e  less  eas i ly  d e c o m p o s e d  a t  1000~ t h a n  
H~Se, w h i l e  t he  o the r s  a r e  m o r e  eas i ly  d e c o m p o s e d  
(cf. T a b l e  I ) .  The  d i f fe rence  in  s t a b i l i t y  is u t i l i z ed  in 
th is  process .  F u r t h e r  pu r i f i ca t i on  of t h e  H~Se could  be  
o b t a i n e d  b y  f r a c t i o n a l  d i s t i l l a t i o n  (cf. T a b l e  I)  or  
gas  c h r o m a t o g r a p h i c  p rocedu re s ,  b u t  w e  h a v e  not  
f o u n d  t h e s e  necessa ry .  

The  a d v a n t a g e  of t he  p rocess  l ies  in  t he  p u r i t y  
w h i c h  can  be  o b t a i n e d  in one ope ra t ion .  F o r  in -  
s tance ,  i t  has  been  shown  us ing  r a d i o t r a c e r s  tha t ,  if 
1 p p m  of  t h e  Cu o r  Sb  is a d d e d  to t he  s t a r t i n g  m a t e -  
r ia l ,  t h e r e  is an  i m p r o v e m e n t  of t he  o r d e r  of  10 ~. I t  
is c l ea r  also t h a t  v e r y  low g r a d e  Se can  be  pu r i f i ed  
in  th is  way .  A se r ious  d i s a d v a n t a g e ,  h o w e v e r ,  is t h a t  
H~Se is v e r y  tox ic  and  c o n s e q u e n t l y  ca r e  m u s t  be  
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Table I. Physical properties of hydrides 

H F  HCI H B r  H I  H20  I-I~S H~Se H~Te H~N HsI ~ HaAs I-I~Sb 

MP --92.3 - - 1 1 2  --88.5 --50 0 --82 --64 --51 --77 - - 1 3 3  --113 ~88 
BP +19.4 --84 --67 --35 I00 --61 --42 --4 --33 --87 --55 --17 
Approx. 
%decomp. 
at I000~ - -  10 -2 I0 -~ 35 0 15 75 I0 ~ i0 ~ I0 ~ 

t aken  to avoid leakages  when assembling and han-  
dl ing the appara tus .  

Apparatus 
The genera l  a r r angemen t  of the appara tus ,  as i l -  

lus t ra ted  in Fig. 1, is descr ibed below, fol lowed by 
detai ls  of the  ind iv idua l  units.  Hydrogen  is purif ied 
(H~ purif ier)  and bubbled  through mol ten  Se where  
a por t ion is conver ted  into H~Se (H~Se genera to r ) .  
The gas s t ream then passes though t rap  I a t  300~ 
and through t rap  II  at --20~ During the first 1/2 
hour ' s  opera t ion  the gas is led di rec t  to waste  wi th  
taps B and D being open and taps C and E closed. 
Af te r  this t ime, tap D is closed and C and E opened 
and the gas s t ream is led into condenser  I. This is 
main ta ined  at --196~ by sur rounding it wi th  l iquid 
ni t rogen when H~Se is condensed. When a sui table  
quant i ty  of H~Se has been collected, the hydrogen 
flow is stopped, taps A and B are closed, and the 
H~Se is a l lowed to evapora te  into a silica tube ma in -  
ta ined at 1000~ (decomposi t ion tower) .  In this  

L J . . . . . . . .  

o 

CVNC~Se~ IZ CO~Oe.~:R I 

Fig. 1. General arrangement of apparatus 
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RUbbER GASKET 
~\ \ \ \ \-~'~-----gRAS S SUPPORT 

~.u IMPURE HYDROGEN 
AT I0 Ibs./sq.. in 

Fig. 2, Hydrogen purifier 

tower  H.~Se is cracked into its e lements  and the Se 
is collected by mel t ing  into a sil ica tube. Most of the 
undecomposed H~Se is t r apped  in condenser  II 
which is sur rounded by l iquid  ni t rogen and any 
which passes through this is conver ted  into copper 
selenide by  bubbl ing  through a solution of copper 
sulfa te  (was te ) .  Af te r  the H~Se in condenser  I has 
been passed th rough  the tower,  tap E is closed and D 
opened and the selenide in condenser II is a l lowed 
to evapora te  through the decomposi t ion tower  in the 
reverse  direction. Any  undecomposed H_~Se then 
passes into waste  where  it is conver ted into copper 
selenide. 

Per iodical ly ,  crude Se is added to the genera tor  
and the purified Se collected f rom the tower.  Hydro -  
gen selenide can be recovered from waste  by  reac-  
tion of the copper selenide wi th  acid. 

Hydrogen Purifier 
We have used oxygen- f r ee  hydrogen  which has 

been fur ther  purif ied by passing through a pa l l a -  
d ium diffusion unit  (Fig. 2) fol lowed by a l iquid 
air  t rap.  In most of our exper iments ,  a flow ra te  of 2 
1/hr was mainta ined.  When  flow rates  of 10 1/hr 
were  used the hydrogen was purif ied by  passing 
through a "Deoxo" ca ta ly t ic  purif ier  1 again fol lowed 
by a l iquid air  t rap.  

Generator 
The purified hydrogen  is passed through molten 

Se in a s imple t r a p - t y p e  appara tus  i l lus t ra ted  in 
Fig. 1. The appara tus  is made  of fused quar tz  and 
contains 150 g of crude Se. The Se is in t roduced in 
pel le t  form via a long a rm closed wi th  a rubbe r  
bung. For  the  first 1/2 hour ' s  operat ion the Se is 
main ta ined  at  550~ and af ter  this t ime at 650~ 

A t empera tu r e  of 550~ is used in i t ia l ly  when 
volat i le  mate r ia l s  and e lements  which react  read i ly  
wi th  hydrogen  are expel led  from the Se, these being 
sent direct  to waste.  Dur ing the r ema inde r  of the 
opera t ion  a t e m p e r a t u r e  of 650~ is mainta ined.  At  
this t empera tu re  the react ion H.~ + Se = H~Se p re -  
cedes more r ap id ly  than  at  575~ the t empe ra tu r e  at 
which the concentrat ion of H~Se in the  equ i l ib r ium 
mix tu re  is greates t  (7).  Ac tua l ly  we have  used two 
genera tors  coupled in series to insure  tha t  a near  
equi l ib r ium concentrat ion of H~Se is a t ta ined.  The 
fact tha t  the second genera tor  does not  lose weight  
suggests that  this m a y  be so. Under  these conditions, 
we expect  those mater ia l s  such as the halides,  oxy-  
gen, and sulfur, which form hydr ides  more  read i ly  
than selenium, to be removed  dur ing  the p re l imi -  
na ry  1/2 hr  a t  550~ We have found from doping 
exper iments  tha t  Te, As, and Sb are not  car r ied  over  
under  the normal  exper imen ta l  conditions. The only 

z Made  by  B a k e r  P l a t i n u m  Ltd .  
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i m p u r i t i e s  l i k e l y  to be  p r e s e n t  in the  gas s t r e a m  
l e a v i n g  the  g e n e r a t o r  a r e  v o l a t i l e  m a t e r i a l s  such  as 
h y d r o c a r b o n s ,  etc., no t  r e m o v e d  b y  the  p r e l i m i n a r y  
s t age  a n d  p a r t i c l e s  w h i c h  a r e  c a r r i e d  a long  in the  
gas  s t r e am.  

Impurity Traps 
Trap  I is m a i n t a i n e d  a t  30O~ such t ha t  a n y  h y -  

d r i d e s  of As,  Sb,  a n d  Te  w h i c h  m a y  be  p r e s e n t  
w o u l d  be  decomposed .  T r a p  I I  is cooled in  an  i c e /  
sa l t  m i x t u r e  at  - -20~  to col lec t  a n y  p a r t i c l e s  c a r -  
r i ed  ove r  in t he  gas  s t r e a m  a n d  a n y  v a p o r s  w h i c h  
m a y  be  condensed  at  th is  t e m p e r a t u r e ,  e.g., m e r c u r y  
or  w a t e r .  Bo th  the  t r a p s  a r e  of the  s a m e  des ign  as 
t he  g e n e r a t o r  a n d  m a d e  of fused  q u a r t z  (cf. Fig .  1). 

Condensers 
T h e  gas  s t r e a m  is t h e n  pa s sed  in to  c o n d e n s e r  I 

w h i c h  is m a i n t a i n e d  at  - -183~ The  condense r s  a r e  
m a d e  of qua r t z ,  and  a v e r y  s i m p l e  des ign  such  as 
i l l u s t r a t e d  in Fig .  1 is s a t i s f ac to ry .  Two condense r s  
of 300 -ml  capac i ty ,  coup led  in se r ies  cou ld  be  used  
w i t h  the  g e n e r a t o r  fo r  abou t  4 hr .  A f t e r  th is  t ime ,  
the  H~Se is a l l o w e d  to e v a p o r a t e  ove r  in to  the  d e -  
compos i t i on  tower .  T h e  c o n d e n s a t i o n  and  subse -  
quen t  d i s t i l l a t i on  r e su l t  in  f u r t h e r  pu r i f i ca t ion  of t he  
H~Se a n d  also e n a b l e  t he  gas  to be  r e c i r c u l a t e d  
t h r o u g h  the  tower .  

Decomposition Tower 
F r o m  p r e l i m i n a r y  e x p e r i m e n t s  w e  f o u n d  t h a t  a 

d e c o m p o s i t i o n  t o w e r  of t h e  t y p e  i l l u s t r a t e d  in  Fig .  3 
was  v e r y  sa t i s f ac to ry .  I t  a p p e a r e d  t h a t  the  H~Se 
n e e d e d  to be  r a i s e d  to 1000~ a n d  t h e n  the  p r o d u c t s  
cooled r a p i d l y ,  so t h a t  t h e y  d id  no t  r e f o r m  H~Se. 
S e l e n i u m  condenses  a t  po in t s  s h o w n  in Fig.  3 a n d  is 
m e l t e d  w i t h  a b u n s e n  b u r n e r  in to  a s i l ica  co l l ec t ing  
c ruc ib le .  

U n d e r  e q u i l i b r i u m  condi t ions ,  a t  1000~ a b o u t  
75% of t h e  H~Se is decomposed .  T a b l e  I i nd i ca t e s  
t he  e x t e n t  to w h i c h  the  o the r  h y d r i d e s  d e c o m p o s e  at  
1000~ F r o m  this ,  i t  is s u g g e s t e d  t h a t  on ly  s u l f u r  
and  iod ine  m a y  a p p e a r  in t he  f inal  p r o d u c t ,  a n d  t h e  
c o n c e n t r a t i o n s  of t h e s e  w i l l  be a p p r e c i a b l y  r educed .  

A n y  H~Se w h i c h  escapes  t he  condensers ,  pas ses  
in to  was te .  Th is  consis ts  of t w o  b u b b l e r s .  The  first  
b u b b l e r  con ta ins  50% H~SO, to p r e v e n t  w a t e r  a n d  

SELENIUH I~ 

SELEHIUM.~~ 
Fig. 3. Decomposition tower 
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o x y g e n  d i f fus ing  b a c k  in to  t he  tower .  The  second  
con ta ins  coppe r  su l f a t e  so lu t ion  in  w h i c h  the  H~Se 
decomposes  a c c o r d i n g  to t he  r e a c t i o n  H~Se~-CuSO,=  
CuSe-~H~SO~. P e r i o d i c a l l y  the  coppe r  su l f a t e  is r e -  
newed .  

Taps and Assembly 
The  un i t s  of t he  a p p a r a t u s  h a v e  been  s ea l ed  to 

each  o ther ,  b u t  t he  f inal  a s s e m b l y  is f r ag i l e .  W e  h a v e  
f o u n d  i t  m o r e  c o n v e n i e n t  to use  p o l y t h e n e ,  s i l icone  
r u b b e r ,  or  r u b b e r  t u b i n g  to connec t  t he  uni t s .  The  
t u b i n g  q u i c k l y  becomes  coa ted  w i t h  a l a y e r  of Se 
w h i c h  w o u l d  t e n d  to r e d u c e  a n y  poss ib l e  e x c h a n g e  
reac t ion .  The  s e p a r a t e  un i t s  a r e  c l e a ne d  b y  soak ing  
in a m i x t u r e  of HNO~ a n d  HF,  w a s h i n g  w i t h  m e t a l -  
f ree  w a t e r  and  f ina l ly  w i t h  d i s t i l l ed  ace tone .  The  
un i t s  a r e  h e a t e d  to a h igh  t e m p e r a t u r e  in a i r  to r e -  
m o v e  a d h e r i n g  l i q u i d  and  t h e n  h e a t e d  b y  a f lame 
w h e n  a s s e m b l e d  in the  a p p a r a t u s  w i t h  a s t r e a m  of 
h y d r o g e n  pas s ing  t h rough .  

Results 
The  efficiency of the  p rocess  was  e s t i m a t e d  b y  

w e i g h i n g  the  g e n e r a t o r  be fo re  and  a f t e r  an  e x p e r i -  
m e n t  and  w e i g h i n g  the  a m o u n t  of pu r i f i ed  Se ob -  
t a ined .  In  a t y p i c a l  e x p e r i m e n t  t he  f o l l o w i n g  r e su l t s  
w e r e  o b t a i n e d :  28 g of Se was  u sed  in t he  g e n e r a -  
tor  and  the  H~Se p r o d u c e d  was  t r a p p e d  in condense r  
I. W h e n  th is  was  a l l o w e d  to e v a p o r a t e  t h r o u g h  t h e  
tower ,  20 g ( 7 0 % )  of  Se was  fo rmed .  U n d e c o m p o s e d  
H~Se w h i c h  was  t r a p p e d  in condense r  I I  was  r e -  
cyc led  t h r o u g h  t h e  t o w e r  a n d  y i e l d e d  a f u r t h e r  4 g 
( 1 4 % )  Se. The  t o t a l  y i e l d  of t he  p rocess  was,  t h e r e -  
fore,  84%. In  an  e x p e r i m e n t  no t  us ing  c o n d e n s e r  I, 
t he  gas  m i x t u r e  l e a v i n g  the  g e n e r a t o r  b e i n g  pa s sed  
d i r e c t l y  in to  t he  de c ompos i t i on  tower ,  t he  fo l lowing  
t y p i c a l  f igures  w e r e  o b t a i n e d :  33 g of Se was  used  
in  t he  g e n e r a t o r  a n d  21 g ( 6 4 % )  of Se was  o b t a i n e d  
a f t e r  pas s ing  t h r o u g h  the  tower .  The  u n d e c o m -  
posed  H~Se t r a p p e d  in  c o n d e n s e r  I I  was  r e c i r c u l a t e d  
t h r o u g h  the  t o w e r  a n d  a f u r t h e r  8 g ( 2 4 % )  p r o -  
duced,  g iv ing  a t o t a l  y i e l d  of 88%. The  efficiency of 
t h e  p rocess  is seen to be  h igh  and  y i e ld s  n e a r  100% 
are  poss ib le  if  t he  u n d e c o m p o s e d  H~Se is r e c i r c u -  
l a t e d  t h r o u g h  the  t o w e r  a f t e r  condens ing .  

A n a l y t i c a l  Tests  

1. S e l e n i u m  d o p e d  w i t h  100 p p m  of each  of t he  
e l e m e n t s  Cu, Hg, Pb,  Sn, Ag,  Bi, Fe,  Si, and  500 p p m  

Table II. Results of analytical test No. I 

I m p u r i t y  I n i t i a l  F i n a l  D e t e c t i o n  l i m i t  
p p m  p p m  

Cu 100 Not detected 0.2 
Hg 100 Not detected 1 
Pb 100 Not detected 1 
Sn 100 Not detected 10 
Ag 100 Not detected 0.1 
Bi 100 Not detected 20 
Fe  100 ?* 10 
Si 100 ?* 20 
As 500 Not detected 300 
Sb 500 Not detected 50 
Te 500 Not detected 200 

* T r a c e s  of  t h e s e  w e r e  also  v i s i b l e  w i t h  b l a n k  e l ec t rodes .  
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of As,  Cb, a n d  Te was  used  in  the  g e n e r a t o r  a n d  t h e  
pur i f i ed  Se e x a m i n e d  s p e c t r o g r a p h i c a l l y .  T e n - m g  
s a m p l e s  of Se w e r e  a r c e d  a t  6 a m p  D.C. b e t w e e n  
g r a p h i t e  e l e c t rodes  on H i l g e r  M e d i u m  Q u a r t z  S p e c -  
t r o g r a p h .  Resu l t s  a r e  g iven  in  T a b l e  II .  The  l i m i t  of 
d e t e c t i o n  of t he  p rocess  was  o b t a i n e d  b y  success ive  
d i l u t i o n  of t h e  d o p e d  Se. 

2. S e l e n i u m  d o p e d  w i t h  1 p p m  of r a d i o a c t i v e  Sb  
a n d  Cu ( s e p a r a t e l y )  w a s  used  in  t h e  g e n e r a t o r .  
A f t e r  ope ra t i on ,  t r a p s  I a n d  II, condense r s  I a n d  II ,  
a n d  the  pu r i f i ed  Se w e r e  e x a m i n e d  for  r a d i o a c t i v i t y .  
Q u a n t i t a t i v e  e s t i m a t i o n  of t he  i m p u r i t y  con ten t  was  
o b t a i n e d  b y  d i s so lv ing  the  Se in HNO3 and  us ing  a 
so lu t ion  coun t ing  me thod .  

3. The  Li ,  Na,  a n d  K con t en t  of t h e  pu r i f i ed  Se  
was  e x a m i n e d ,  u s ing  an  E v a n s  f lame p h o t o m e t e r .  
S a m p l e s  of Se  (10 g)  w e r e  d i s so lved  in  c o n c e n t r a t e d  
HNO~ (30 m l )  and  the  so lu t ion  e v a p o r a t e d  to d r y -  
ness.  S e l e n i u m  d i o x i d e  w a s  t h e n  s u b l i m e d  at  300~ 
The  r e s i d u e  was  t a k e n  up  in w a r m  m e t a l - f r e e  w a t e r  
(10 m l )  and  e x a m i n e d  in  t he  p h o t o m e t e r .  C a l i b r a -  
t ion,  us ing  a se r ies  of s t anda rds ,  i n d i c a t e d  t h a t  the  
g a l v a n o m e t e r  r e a d i n g  on the  p h o t o m e t e r  v a r i e d  
l i n e a r l y  w i t h  c o n c e n t r a t i o n  in t he  r a n g e s  0-1 p p m  
for  Na, 0-3 p p m  for  Li, and  0-5 p p m  for  K, w i t h  a 
s t a n d a r d  d e v i a t i o n  of •  -----0.1, a n d  •  ppm,  
r e s p e c t i v e l y .  These  tes t s  also i n d i c a t e d  t h a t  Na,  Li, 
and  K, w e r e  no t  los t  d u r i n g  the  e v a p o r a t i o n  of SeO~. 
Resu l t s  w i t h  pu r i f i ed  Se  a r e  g iven  in  T a b l e  III .  

4. Copper ,  s i lver ,  m e r c u r y ,  t in,  zinc, lead,  i n -  
d ium,  and  b i s m u t h  in  t he  pur i f i ed  Se  w e r e  e s t i m a t e d  
us ing  the  fo l l owing  p r o c e d u r e .  S e l e n i u m  (5 g)  was  
d i s so lved  in  w a r m  c o n c e n t r a t e d  HNO3 (20 m l )  a n d  
the  so lu t ion  a d j u s t e d  to p H  9.5 w i t h  a m m o n i a .  The  
so lu t ion  was  t h e n  e x t r a c t e d  w i t h  5 m l  of a 0.005% 
so lu t ion  of d i t h i zone  ( d i p h e n y l t h i o c a r b a z o n e )  in 
ch lo ro fo rm.  The  c h l o r o f o r m  e x t r a c t  was  t h e n  a l -  
l o w e d  to d r ip  on to a s a m p l e  of a m m o n i u m  su l f a t e  
(5 m g )  m a i n t a i n e d  a t  85~ The  c h l o r o f o r m  e v a p -  
o r a t e d  l e a v i n g  the  so lu te  a d s o r b e d  on t h e  a m m o -  
n i u m  su l f a t e ;  th is  w a s  t h e n  a r c e d  on the  s p e c t r o -  
g r a p h  as d e s c r i b e d  p r e v i o u s l y .  Checks  on  the  l i m i t  
of d e t e c t i o n  w e r e  m a d e  b y  i n t r o d u c i n g  i m p u r i t i e s  
as n i t r a t e s  in to  t he  so lu t ion  of Se  in  HNO~. Resu l t s  
a r e  g iven  in  T a b l e  III .  W e  f o u n d  t h a t  i t  was  neces -  
s a r y  to r e d i s t i l l  a l l  the  r e a g e n t s  in  q u a r t z  a p p a r a t u s  
a n d  to c a r r y  ou t  a l l  ope r a t i ons  in  q u a r t z  vesse l s  to 
a v o i d  p i c k u p  of t r aces  of i m p u r i t y  f r o m  glass.  I t  was  
also a d v a n t a g e o u s  to w o r k  in c l ean  l a b o r a t o r y  w i t h  
s t i l l  a ir .  

5. W e  a re  also g r e a t l y  i n d e b t e d  to t he  Bo l iden  
M i n i n g  Co., S k e l l e f t e h a m n ,  Sweden ,  for  t h e  a n a l y t i c a l  
r e su l t s  p r e s e n t e d  in  T a b l e  IV, which ,  w e  u n d e r s t a n d ,  
w e r e  o b t a i n e d  b y  a mod i f i ed  s p e c t r o g r a p h i c  t e c h -  
n ique .  

Analy t ica l  Results 
The  r e su l t s  of t he  a n a l y t i c a l  e x p e r i m e n t s  a r e  

shown  in  Tab l e s  I I  and  III .  
O u r  a n a l y t i c a l  t e chn iques  cou ld  d e t e c t  no  d i f f e r -  

ence  in  t h e  i m p u r i t y  con t en t  of the  f inal  Se w h e t h e r  
t h e  H2Se was  condensed  be fo re  e n t e r i n g  t h e  d e c o m -  
pos i t i on  t o w e r  or  a l l o w e d  d i r e c t l y  t h rough .  

In  the  e x p e r i m e n t s  w i t h  r a d i o a c t i v e  Cu no t r a c e  
of r a d i o a c t i v i t y  cou ld  be  d e t e c t e d  in t he  f inal  Se  or  
in a n y  p a r t  of t he  a p p a r a t u s  e x c e p t  t he  gene ra to r .  
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Table IlL Results of analytical tests Nos. III and IV 

p p m  m p u r i f i e d  D e t e c t i o n  
M e t h o d  I m p u r i t y  s e l e n i u m  l i m i t  

p p m  

F l a m e  Li  Not detected 0.07 
pho tomete r  Na 0.25 0.02 

K 0.3 0.10 

Zn Not detected 1 
Cu 0.04 0.04 

Dithizone Ag  0.04 0.04 
Ext rac t ion  Pb Not detected 0.4 

and Hg Not detected 0.5 
spec t rograph  Bi Not detected 1 

In Not de tec ted  2 
Sn Not de tec ted  1 

As  1 p p m  of Cu was  used,  th i s  m e a n s  less  t h a n  2 x 
10 -~ p p m  was  p r e s e n t  in  t he  pu r i f i ed  Se. Us ing  r a d i o -  
ac t ive  Sb,  h o w e v e r ,  a t r a c e  of a c t i v i t y  was  f o u n d  in 
t r a p  I I  and  the  f inal  m a t e r i a l  a p p e a r e d  to con ta in  
a b o u t  10 ~ ppm.  S e l e n i u m  o b t a i n e d  w h e n  H2Se f r o m  
c o n d e n s e r  I I  was  r e c y c l e d  t h r o u g h  the  d e c o m p o s i -  
t i on  t o w e r  s h o w e d  no t r a c e  of ac t iv i ty .  

C o m b i n e d  r e su l t s  of t he  a n a l y s i s  sugges t  t h a t  
t r aces  of  Na, As,  Pb ,  and  Cu m a y  be  p r e s e n t  in t h e  
pur i f i ed  m a t e r i a l .  A l t h o u g h  the  t o t a l  a m o u n t  of i m -  
p u r i t y  a p p e a r s  to  b e  smal l ,  t he  di f f icul ty  of ana lys i s  
a t  these  concen t r a t i ons  p r e c l u d e s  an  a c c u r a t e  e s t i -  
ma te .  

Discussion 

I f  Cu is r e g a r d e d  as t y p i c a l  of ca t ions  w h i c h  do 
no t  f o r m  h y d r i d e s ,  t h e n  the  e x p e r i m e n t  u s ing  r a d i o -  
ac t ive  Cu ind ica t e s  t h a t  such  ca t ions  a r e  no t  c a r r i e d  
o v e r  d u r i n g  the  pu r i f i ca t i on  p roc e du re .  The  p r e s e n c e  
of Cu s h o w n  b y  d i r ec t  ana lys i s  sugges t s  t h a t  i t  has  
e i t he r  been  p i c k e d  up  f r o m  the  s i l ica  a p p a r a t u s  or  
has  been  i n t r o d u c e d  d u r i n g  the  t r a n s f e r  ope ra t ion .  
W e  h a v e  also f o u n d  i t  e x t r e m e l y  diff icult  to r e m o v e  
t r ace s  of Cu f r o m  t h e  r eagen t s .  I t  is p r o b a b l e  t h a t  
t he  o t h e r  ca t ions  i n d i c a t e d  b y  the  a n a l y s i s  a r e  also 
i n t r o d u c e d  in  t hese  ways .  T h e  e x p e r i m e n t  w i t h  r a -  
d i o a c t i v e  Sb sugges t s  t h a t  t r a ce s  of t he  h y d r i d e  of 
Sb m a y  be  f o r m e d  d u r i n g  the  e x p e r i m e n t  b u t  an  
i m p r o v e m e n t  of  105 m a y  be  expec t ed .  

I t  is no t  ce r ta in ,  a t  p r e sen t ,  w h e t h e r  the  A s  p r e s -  
en t  in  the  f inal  m a t e r i a l  has  been  t r a n s f e r r e d  as t he  
h y d r i d e  or  is due  to p i c k u p  f r o m  the  s i l ica  a p p a r a -  
tus,  in  w h i c h  i t  is k n o w n  to be  p re sen t .  The  absence  
of d e t e c t a b l e  S a n d  Te in t he  p r o d u c t  is e n c o u r a g i n g  

Table IV. Results of the Boliden analysis 

I m p u r i t y  D e t e c -  I m p u r i t y  D e t e c -  
c o n t e n t  t i o n  c o n t e n t  t i o n  

I m p u r i t y  i n  s a m p l e  l i m i t  I m p u r i t y  in  s a m p l e  l i m i t  
p p m  lopm 

Ag Not detected 0.03 Ca Not detected 1 
Cu 0.20 ppm 0.1 Cr Not detected 0.3 
Hg  Not detected 0.5 Mg Not detected 0.3 
Fe  0.60 ppm 0.3 Mn Not de tec ted  0.1 
K Not detected 0.3 Ni Not detected 0.3 
Na  0.40 p p m  0.1 Pb 0.6 ppm 0.3 
Te Not detected 1 Sb Not detected 1 
A1 Not de tec ted  0.3 Si Not detected 1 
As 1.0ppm 1 Sn Not de tec ted  0.3 
Bi Not detected 0.1 S Not detected 5 
Zn Not detected 1 Ce Not detected 2 
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and  sugges t s  t h a t  these  a r e  at  l eas t  s u b s t a n t i a l l y  r e -  
d u c e d  b y  t h e  process .  

The  a m o u n t  of  Se w h i c h  could  be pur i f i ed  a p p e a r s  
to be  l i m i t e d  on ly  b y  the  r a t e  of flow of h y d r o g e n  
t h r o u g h  the  Se. F l o w  r a t e s  of 10 1 /h r  r e su l t  in  p r o -  
duc t ion  of a b o u t  10 g of S e / h r .  I t  is i m p o r t a n t  t h a t  
the  f low r a t e  is such  t h a t  H,Se  a t t a i n s  1000~ in t he  
d e c o m p o s i t i o n  stage.  A n a l y t i c a l  r e su l t s  (cf. T a b l e  I I )  
sugges t  t ha t  qu i t e  i m p u r e  Se m a y  be  re f ined  in th i s  
way .  

I t  m a y  be  m e n t i o n e d  t ha t  the  pur i f i ed  H~Se m a y  
be  d e c o m p o s e d  c h e m i c a l l y  if s u i t a b l y  p u r e  r e a g e n t s  
a r e  a v a i l a b l e  and  m a y  also be  c o n v e r t e d  d i r e c t l y  
in to  a m e t a l  s e l en ide  shou ld  th is  be  r e q u i r e d .  
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ABSTRACT 

Thick chromium deposi ts  were  p repa red  by  the e lectrolysis  of aqueous 
chromic acid baths.  Metal  containing 0.005% oxygen,  less than  0.002% n i t ro -  
gen, and only t races of meta l l ic  impur i t ies  was obta ined upon electrolysis  of 
purif ied solutions at  e leva ted  tempera tures .  Af te r  consumable  e lec t rode  a rc -  
melt ing,  this type  of chromium could be ho t -worked  to rod and d r a w n  to wi re  
that  was duct i le  at  room tempera tu re .  

The  e l ec t ro lys i s  of ch romic  ac id  so lu t ions  was  
se lec ted  for  s t u d y  as a m e t h o d  of p r e p a r i n g  h i g h -  
p u r i t y  c h r o m i u m  b e c a u s e  m e t a l l i c  i m p u r i t i e s  m a y  
be  e x c l u d e d  eas i ly  and  gaseous  i m p u r i t i e s  r e m a i n  
a t  v e r y  low levels .  A l t h o u g h  a low c u r r e n t  eff iciency 
is o b t a i n e d  in e l e c t r o w i n n i n g  c h r o m i u m  f r o m  h e x -  
a v a l e n t  so lu t ions  and  c h r o m i c  a n h y d r i d e  is an  e x -  
pens ive  r eagen t ,  th is  m e t h o d  was  a d o p t e d  b e c a u s e  
i t  was  f o u n d  t ha t  m e t a l  cou ld  be  p r e p a r e d  suffi- 
c i en t l y  p u r e  to p e r m i t  a s t u d y  of  i ts  p r o p e r t i e s  w i t h -  
out  a d d i t i o n a l  pu r i f i ca t ion  s t eps  which ,  in tu rn ,  a r e  
cost ly.  

E l e c t r o d e p o s i t i o n  f r o m  c h r o m i c  ac id  so lu t ions  has  
been  p r a c t i c e d  f r o m  the  t i m e  F i n k  (1)  p a t e n t e d  his  
p rocess  in 1926; h o w e v e r ,  i t s  use  has  b e e n  conf ined 
m a i n l y  to d e c o r a t i v e  p l a t ing .  A d c o c k  (2)  p r e p a r e d  
m a s s i v e  depos i t s  in 1927 as  a m e a n s  of m a k i n g  c h r o -  
m i u m  for  p h y s i c a l  s tudies ,  b u t  i t  was  no t  u n t i l  m o r e  
r e c e n t l y  t h a t  G r e e n a w a y  (3) and  the  B u r e a u  of 
Mines,  U n i t e d  S t a t e s  D e p a r t m e n t  of the  I n t e r i o r  (4)  
e m p l o y e d  h i g h - t e m p e r a t u r e  b a t h s  o p e r a t e d  a t  h igh  
c u r r e n t  d e n s i t y  to y i e l d  t h i c k  depos i t s  of l o w - o x y g e n  
c h r o m i u m .  

B r e n n e r ,  B u r k h e a d ,  a n d  J e n n i n g s  (5)  i n v e s t i g a t e d  
the  p r o p e r t i e s  of t h in  c h r o m i u m  e l ec t rodepos i t s  

p l a t e d  u n d e r  w i d e l y  d i f fe r ing  cond i t ions  of so lu t ion  
concen t r a t i on ,  t e m p e r a t u r e ,  a n d  c u r r e n t  dens i ty .  
T h e i r  w o r k  i n d i c a t e d  t h a t  t he  l eve l  of o x y g e n  con-  
t a m i n a t i o n  in the  e l ec t rodepos i t s  w a s  g o v e r n e d  
p r i m a r i l y  b y  the  t e m p e r a t u r e  of  depos i t ion ,  w i t h  
h igh  t e m p e r a t u r e s  f a v o r i n g  l o w e r  o x y g e n  conten ts .  
Consequen t ly ,  h i g h - t e m p e r a t u r e  b a t h s  w e r e  e m -  
p l o y e d  e x c l u s i v e l y  in th is  work .  I t  ha s  been  d e m o n -  
s t r a t e d  (6 -8 )  t h a t  o x y g e n  has  l i t t l e  effect  on t h e  
d u c t i l i t y  of c h r o m i u m  m e t a l ;  h o w e v e r ,  t h e  ob j ec t  
of th is  i n v e s t i g a t i o n  was  the  p r e p a r a t i o n  of t he  p u r e  
m e t a l  for  d i r ec t  s t u d y  and  for  a l l oy  s tudies ,  a n d  
s ince  o x y g e n  is g e n e r a l l y  t he  m a j o r  c o n t a m i n a n t  in  
c h r o m i u m ,  efforts  w e r e  m a d e  to m a i n t a i n  a low o x y -  
gen  leve l .  

Experimental Work 
Description oS Apparatus 

A n u m b e r  of d i f fe ren t  cel ls  and  p r o c e d u r e s  w e r e  
s t ud i e d  d u r i n g  the  course  of the  i nves t i ga t i on ,  b u t  
on ly  t he  m o r e  r e c e n t  a p p a r a t u s  used  in  p r e p a r i n g  
m e t a l  for  f a b r i c a t i o n  s tud ies  is d e s c r i b e d  here .  

The  b a t h  was  m a i n t a i n e d  in  a c i r c u l a r  s t ee l  t a n k  
18 in. in d i a m e t e r  and  16 in. in  h e i g h t  l i ned  on the  
ins ide  w i t h  u n p l a s t i c i z e d  p o l y v i n y l  ch lor ide .  This  
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was  f o u n d  to be one of the  few c o r r o s i o n - r e s i s t a n t  
n o n m e t a l l i c  m a t e r i a l s  t h a t  w o u l d  w i t h s t a n d  the  op -  
e r a t i n g  t e m p e r a t u r e s  of 90~ A 6- in .  d i a m e t e r  a l u -  
m i n u m  tube  in  t h e  c e n t e r  of the  cel l  s e r v e d  as 
ca thode .  In  e a r l i e r  r uns  t he  anode  cons i s t ed  of a 
16-in.  d i a m e t e r  coil  of 3/4-in. l e a d  t u b i n g  w h i c h  
s e r v e d  a lso  as  a coo l ing  coil.  In  l a t e r  r u n s  t he  ce l l  
c o m p r i s e d  a l ead  vesse l  in a s tee l  con t a ine r ,  and  the  
ce l l  was  used  as an  anode ,  t he  e l e c t r o l y t e  b e i n g  
cooled b y  c i r c u l a t i n g  w a t e r  in t he  a n n u l a r  space  
b e t w e e n  the  cel l  and  the  s tee l  con ta ine r .  In  e i t he r  
t y p e  of ce l l  t he  flow of  w a t e r  w a s  r e g u l a t e d  w i t h  a 
P o w e r s  r e g u l a t o r  1 a c t i v a t e d  b y  a t e m p e r a t u r e - s e n s i -  
t ive ,  l e a d - s h e a t h e d  b u l b  in  the  e l ec t ro ly t e .  The  
t u b u l a r  l e a d  a n o d e  was  m o r e  ef fec t ive  in  r e m o v i n g  
h e a t  and  c o n t r o l l i n g  t e m p e r a t u r e  at  h igh  c u r r e n t  
dens i t ies ,  b u t  t he  l e a d - p o t  t y p e  suf fe red  less  anod ic  
corros ion .  

Because  the  b a t h  was  o p e r a t e d  a t  i ts  bo i l i ng  p o i n t  
a n d  was  in a cons t an t  s t a t e  of v io l en t  ag i t a t ion ,  due  
to the  l a r g e  a m o u n t  of h y d r o g e n  b e i n g  p r o d u c e d ,  a 
M i c a r t a  cover  was  f i t ted  ove r  t he  cel l  to d i r e c t  t he  
e scap ing  mi s t  and  v a p o r s  to a g lass  r e f lux  condense r  
w h i c h  r e t u r n e d  t h e m  to the  cell .  Losses  of u n c o n -  
densed  l iqu id  w e r e  m a d e  up  f rom a r e s e r v o i r  p l a c e d  
a b o v e  the  cel l  a n d  connec t ed  to a c o n s t a n t - l e v e l  
dev ice  to m a i n t a i n  a u n i f o r m  e l e c t r o l y t e  l eve l  in 
t he  cell .  

Cell Operation 

The  e l e c t r o l y t e  was  m a d e  up  b y  d i s so lv ing  c h r o -  
m i u m  t r i o x i d e  in d i s t i l l ed  w a t e r  a n d  a d d i n g  su l fa t e  
ion as H~SO,. 

S ince  the  e l e c t r o l y t e  was  used  r e p e a t e d l y ,  i m -  
p u r i t i e s  w e r e  p r e v e n t e d  f r o m  b u i l d i n g  up  by  con-  
t a c t i ng  the  so lu t ion  w i t h  a c a t i o n - e x c h a n g e  r e s in  
be fo re  each  run .  A 4- in .  d i a m e t e r  r e s in  bed  30 in. 
deep  was  emp loyed .  By  a n a l y z i n g  the  H~SO, so lu t ion  
used  to r e g e n e r a t e  t he  res in ,  i t  was  d e t e r m i n e d  t h a t  
A1, Cu, Fe,  Ni,  Si, and  Sn w e r e  b e i n g  r e m o v e d  b y  
this  t r e a t m e n t .  

C a t i o n - e x c h a n g e  res ins  of the  s u l f o n a t e d  p o l y -  
s t y r e n e  t y p e  h a v e  b e e n  r e c o m m e n d e d  (8)  for  t r e a t -  
ing  s t r o n g l y  ox id i z ing  solut ions ,  such as c h romic  
acid.  A l t h o u g h  this  g e n e r a l  t y p e  was  e m p l o y e d ,  
t h e r e  was  c o n s i d e r a b l e  v a r i a t i o n  w i t h  r e spe c t  to  
s t a b i l i t y  a m o n g  the  d i f f e r en t  res ins  tes ted .  A m b e r -  
l i t e  IR-120 was  f o u n d  to be  h i g h l y  r e s i s t a n t  to o x i -  
d a t i o n  at  r o o m  t e m p e r a t u r e  w h e n  used  w i t h  so lu -  
t ions  c o n t a i n i n g  u p  to 250 g/1 of c h r o m i c  acid.  

D u r i n g  e l ec t ro lys i s  t he  c h r o m i u m  c o n c e n t r a t i o n  
in  the  e l e c t r o l y t e  was  d e t e r m i n e d  t w i c e  d a i l y  b y  
specific g r a v i t y  m e a s u r e m e n t s  a n d  a d j u s t e d  b y  t h e  
a d d i t i o n  of c h r o m i u m  t r i o x i d e  to t he  f eed  r e s e r v o i r  
or  d i r e c t l y  in to  t he  cell .  T h e  su l f a t e  ion  c o n c e n t r a -  
t ion  was  a d j u s t e d  a t  t h e  b e g i n n i n g  of each  run .  

D i rec t  c u r r e n t  was  s u p p l i e d  to t he  e l ec t rodes  f rom 
a 4 0 0 0 - a m p  s e l e n i u m  rect i f ier .  

To t a k e  a d v a n t a g e  of t he  r e l a t i o n s h i p  b e t w e e n  
o p e r a t i n g  t e m p e r a t u r e  and  the  o x y g e n  con t e n t  of 
the  depos i t ,  the  e l e c t r o l y t e  t e m p e r a t u r e  was  m a i n -  
t a i n e d  n e a r  t h e  bo i l ing  poin t .  S ince  e a r l y  depos i t i on  
tes t s  a t  l o w e r  o p e r a t i n g  t e m p e r a t u r e s  h a d  con f i rmed  
the  t e m p e r a t u r e - o x y g e n  c o n t e n t  r e l a t i o n s h i p  as r e -  

1 T h e  P o w e r s  Regulator Company, Skokie, n l .  
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p o r t e d  b y  B r e n n e r  and  c o - w o r k e r s  (5 ) ,  a l l  r u n s  in  
th is  i nve s t i ga t i on  w e r e  m a d e  in  the  85~176  range .  

D u r i n g  e lec t ro lys i s ,  the  depos i t  a p p e a r e d  first  as 
a smoo th  su r f ace  h a v i n g  a m a t t e  finish, b u t  as de -  
pos i t ion  c o n t i n u e d  i t  c h a n g e d  to a m o r e  n o d u l a r  
form.  Because  the  e l e c t r o l y t e  h a d  poor  t h r o w i n g  
power ,  t he  nodu le s  g r ew  q u i c k l y  in to  long  dend r i t e s ,  
w h i c h  e v e n t u a l l y  b r o k e  f r o m  the  ca thode  and  
d r o p p e d  to the  b o t t o m  of t he  cell .  A l t h o u g h  the  d e n -  
d r i t e s  cou ld  be  r e c o v e r e d  as me ta l ,  i t  was  n e c e s s a r y  
to t r e a t  t h e m  w i t h  n i t r i c  ac id  to r e m o v e  l ead  c h r o -  
ma te ,  w h i c h  s loughed  off t he  anode  and  m i x e d  w i t h  
the  dendr i t e s .  Also,  t he  d e n d r i t e s  cons i s t en t ly  con-  
t a i n e d  m o r e  o x y g e n  t h a n  the  a d h e r e n t  depos i t s .  

F o r  these  r easons  a t t e m p t s  w e r e  m a d e  to m i n i m i z e  
the  g r o w t h  of dendr i t e s .  This  cou ld  be  a c c o m p l i s h e d  
to some d e g r e e  b y  c h a n g i n g  ca thodes  a t  s h o r t e r  i n -  
t e r v a l s  be fo re  t he  d e n d r i t e s  f o r m e d ;  h o w e v e r ,  the  
t h i n n e r  depos i t s  w e r e  v e r y  diff icult  to r e m o v e  f rom 
the  ca thode  b y  m e c h a n i c a l  me thods .  I t  was  found  
t ha t  a depos i t i on  i n t e r v a l  of 72 h r  g e n e r a l l y  y i e l d e d  
a depos i t  b e t w e e n  1/16 a n d  3/32 in. th ick ,  w h i c h  
was  p l a t e d  in a h i g h l y  s t r e s sed  condi t ion .  A depos i t  
of th is  n a t u r e  cou ld  be r e m o v e d  b y  s t r i k i n g  the  
ca thode  a s h a r p  b l o w  w i t h  a h a m m e r .  Sc o r ing  the  
su r f a c e  of the  a l u m i n u m  c a t h o d e  in to  1- in.  squa re s  
be fo re  e l ec t ro lys i s  caused  a t h i n n e r  depos i t  to be  
f o r m e d  at  the  score  m a r k s  a n d  f a c i l i t a t e d  r e m o v a l  
of t he  deposi t .  

Experimenta~ Results 

Tab le  I shows the  r e su l t s  of 72- a n d  9 6 - h r  d e p o -  
s i t ion  tes t s  a t  c a thode  c u r r e n t  dens i t i e s  r a n g i n g  
f r o m  340 to 1100 a m p / f f f  a n d  w i t h  va r i ous  e l e c t r o -  
l y t e  compos i t ions .  A n a l y s e s  w e r e  p e r f o r m e d  on 
spec imens  t a k e n  f r o m  ingo t s  a r c - m e l t e d  f r o m  r e p r e -  
s e n t a t i v e  p o r t i o n s  of t he  depos i t .  O x y g e n  a n d  h y d r o -  
gen  w e r e  d e t e r m i n e d  b y  v a c u u m  fus ion  ana lys i s ,  
and  n i t r o g e n  was  d e t e r m i n e d  e i t he r  b y  v a c u u m  
fus ion  or  K j e l d a h l  ana lys i s .  

F i g u r e  1 is a p lo t  of t he  d a t a  a p p e a r i n g  in T a b l e  I 
and  shows  the  r e l a t i o n s h i p  b e t w e e n  t h e  ca thode  
c u r r e n t  d e n s i t y  a n d  the  p r o p o r t i o n  of t he  ca thode  
depos i t  t h a t  a p p e a r e d  as loose  dend r i t e s .  Th is  p lo t  
i nd ica t e s  t he  a d v a n t a g e  of o p e r a t i n g  a t  l o w e r  c u r -  
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Fig. ] .  E f f ec t  o f  c u r r e n t  dens i t y  on c e t h o d e  depos i t  
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Table I. Results of electrolytic tests 

B a t h  c o m p o s i t i o n  Ca thode  Ca thode  
c u r r e n t  c u r r e n t  D e n d r i t e  

R u n  SO4, CrO~, Rat io ,  dens i ty ,  eff iciency,  depos i t  
No. Hr  g/1 g / l  CrOe/SO~ a m p / f t  2 % % 

Ana lys i s ,  p p m  

O~ H~ N2 C 

1 72 2.5 125 50 340 12.3 0 P 
2 96 1.0 125 125 350 7.7 0 P 
3 96 2.2 85 39 350 10.2 20 
4 96 2.1 125 60 365 11.6 8 
5 96 2.6 125 48 385 13.1 7 
6 72 2.5 125 50 385 13.6 3 
7 72 3.9 125 32 550 10.5 29 P 
8 72 5.2 250 48 580 8.8 22 P 
9 72 3.9 125 32 600 8.4 33 P 

10 72 7.8 250 32 610 8.4 18 P 
11 72 2.5 250 100 750 9.7 33 P 

D 
12 72 2.5 250 100 750 8.6 38 P 

D 
13 72 2.5 250 100 750 8.6 34 P 

D 
14 72 2.5 250 100 750 11.2 33 P 

D 
15 72 2.5 250 100 750 10.7 30 P 

D 
16 76 2.5 250 100 800 8.7 53 P 

D 
17 72 2.5 250 100 800 7.8 45 P 

D 
18 72 2.5 250 100 800 8.5 51 P 

D 
19 72 2.5 250 100 800 7.5 45 P 

D 
20 72 2.5 250 100 800 7.3 54 P 

D 
21 72 2.5 250 100 900 9.4 52 P 

D 
22 72 2.5 250 100 900 12.8 64 
23 72 2.5 250 100 900 8.5 39 
24 72 2.5 250 100 1100 8.8 65 
25 72 2.5 250 100 1100 7.3 65 
26 72 2.5 250 100 1100 8.5 69 P 
27 72 2.5 250 100 1100 8.4 70 D 
28 72 2.5 250 100 1100 8.9 61 
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250 
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2 
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<20 
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5 
10 

2 10 110 
1 20 80 

<30 
<50 

20 
<30 
<20 
<20 
<20 
<20 
<20 
<20 
<20 
<20 

85 
<20 
<20 
<20 
<20 
<2O 
<20 
<20 
<20 
<20 
<20 
<20 
<20 
<20 

<20 
<2O 

25O 

55 

740 
160 
370 

<5O 
<50 
<50 
<50 
160 

<50 
<5O 
490 

8O 

* P = depos i t  a d h e r i n g  to ca thode ;  D = d e n d r i t e  depos i t  f a l l e n  f r o m  cathode .  

r en t  densi t ies  if a g rea te r  p ropo r t i on  of l ow-oxygen ,  
solid deposits  are desired. These da ta  are no t  s t r ic t ly  
comparable ,  because  la rger  a m o u n t s  of c h r o m i u m  
usua l ly  were  deposi ted  in  the tests  at  h ighe r  c u r r e n t  
densi t ies ,  and  a g rea te r  p ropor t ion  of dend r i t e s  
m i g h t  be expected u n d e r  these c i rcumstances .  How-  
ever,  the re la t ionsh ip  appears  to be i n d e p e n d e n t  of 
e i ther  the  c u r r e n t  efficiency or t ime  of deposi t ion,  
which  m i g h t  also be expected  to inf luence the  resul t s  
if the r e l a t ive  a m o u n t  of deposi t  was  a ma jo r  factor.  

Tab le  I ind ica tes  tha t  the  c u r r e n t  efficiency was  
i n d e p e n d e n t  of the  c u r r e n t  dens i ty  at  cons tan t  ba th  
composi t ion.  These da ta  also suggest  tha t  o p t i m u m  
c u r r e n t  efficiencies were  ob ta ined  w h e n  ba ths  were  
used h a v i n g  CrO~ to SO, rat ios of a p p r o x i m a t e l y  50, 
wi th  s o m e w h a t  lower  efficiencies r e su l t i ng  f rom 
e i ther  h igher  or lower  ratios.  I n  this  respect,  the  
p resen t  i nves t iga t ion  is in  gene ra l  a g r e e m e n t  wi th  
the work  of G r e e n a w a y  (3) .  

At  cons tan t  t e m p e r a t u r e s  the oxygen  con ten t  of 
the  deposi t  appea red  to be i n d e p e n d e n t  of bo th  cur -  
r en t  dens i ty  and  b a t h  composi t ion.  In  all  ins tances  
the  dendr i t i c  deposits  were  found  to con ta in  a s ig-  
n i f ican t ly  h igher  a m o u n t  of oxygen  t h a n  the  corre-  

spond ing  deposits  which  adhered  to the  cathode;  
however ,  the dendr i t e s  also exh ib i t ed  a s igni f icant ly  
g rea te r  a m o u n t  of surface,  which  mi gh t  account  for 
the h igher  oxygen  level.  Usua l ly  the deposi t  which  
was r e move d  f rom the  ca thode  was  f ound  to con ta in  
b e t w e e n  50 and  250 ppm oxygen  and  less t h a n  20 
p p m  n i t rogen .  

Metal l ic  impur i t i e s  were  no t  d e t e r m i n e d  q u a n t i -  
ta t ive ly ,  bu t  qua l i t a t i ve  spec t rographic  ana lys i s  i n -  
d icated tha t  the deposits  u s u a l l y  con ta ined  t race 
a m o u n t s  of a l u m i n u m ,  iron,  or silicon. The re  was  no  
de tec tab le  difference b e t w e e n  the  dendr i t i c  or ad -  
h e r e n t  deposits  wi th  respect  to meta l l i c  impur i t i es .  

F igu re  2 shows pho tomic rographs  of a r c - m e l t e d  
c h r o m i u m  r e p r e s e n t i n g  both  types  of deposits.  The  
increased  a m o u n t  of s econd-phase  m a t e r i a l  in  the  
dendr i t i c  deposi t  i l lus t ra tes  the  h igher  oxygen  level  
in  this mate r ia l .  

Physical Testing 

For  eva lua t ion ,  the  deposits  were  consol ida ted  by  
the i ne r t  a tmosphere ,  cold mold,  a r c - m e l t i n g  tech-  
n ique .  Homogeneous  samples  we re  p r e p a r e d  for 
ana lys i s  by  m e l t i n g  a 50-g r e p r e s e n t a t i v e  por t ion  of 
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Fig. 2. Photomicrographs of arc-melted, as-cast chromium 
electrocleposits, chromic acid-electrolytic etch. (o) Adherent 
deposit 40 ppm oxygen, (b) dendritic deposit 600 ppm oxygen. 
Magnification 100X before reduction for publication. 

each  depos i t ,  e m p l o y i n g  a n o n c o n s u m a b l e  t u n g s t e n  
e l ec t rode  for  a rc  me l t i ng .  L a r g e r  ingots  w e r e  p r e -  
p a r e d  for  p h y s i c a l  s tud ies  b y  m e l t i n g  the  c h r o m i u m  
as a c o n s u m a b l e  e l e c t r o d e  in to  a 2- in .  d i a m e t e r ,  
w a t e r - c o o l e d  copper  c ruc ib le .  In  th i s  case  the  d e -  
pos i t  was  c ru shed  to pass  m i n u s - 8 - m e s h  and  c o m -  
p r e s sed  into  1-in.  b y  1-in.  e l ec t rodes  10 in. long.  
The  e l ec t rodes  w e r e  s i n t e r e d  8 h r  in  pur i f i ed  h y d r o -  
gen  at  1200~ to i nc rea se  t h e i r  m e c h a n i c a l  s t r eng th .  

Tens i l e  tes t s  w e r e  m a d e  on w i r e  spec imens  p r e -  
p a r e d  f rom the  a r c - c a s t  ingots .  Ingo t s  w e r e  sca lped ,  
s h e a t h e d  in s t a in less  s teel ,  and  s w a g e d  at  l l 0 0 ~  
to a p p r o x i m a t e l y  1-in.  d i a m e t e r .  The  1-in.  d i a m e t e r  
s w a g e d  rods  w e r e  r e c r y s t a l l i z e d  b y  h e a t i n g  to 
1200~ s h e a t h e d  in m i l d  s tee l  and  s w a g e d  to a p -  
p r o x i m a t e l y  0.25-in.  d i a m e t e r .  A f t e r  r e c r y s t a l l i z a -  
t ion  the  rods  w e r e  r e d u c e d  to 0.125-in.  d i a m e t e r  
t e s t  w i r e  b y  d r a w i n g  t h r o u g h  t u n g s t e n  c a r b i d e  dies  
a t  350~ A l l  of  t he  spec imens  w e r e  t e s t e d  in  t h e  
50% w o r k e d  condi t ion .  Tens i l e  s p e c i m e n s  w e r e  p r e -  
p a r e d  b y  s topp ing  off t h e  ends  and  e l e c t r o l y t i c a l l y  

Table II. Tensile strength of wire at 25~ 

Ingo t  analys is ,  p p m  Wire  E longa -  
Spec imen  analys is ,  U.T.S., t ion,  % 

No. 0 H N ppm N 1000 psi. in 1 in. 

W-65 245 6.7 <50 40 69 10 
40 69 16 

W-82 245 6.7 <50 50 68 15 
50 68 16 

W-88 245 6.7 <50 30 57 26 
SA, 17, 286 - -  210 72 0 

- -  7 0  0 

SA 16,284 40 2 <30 220 77 0 
- -  7 4  0 

Fig. 3. Stages employed in preparing chromium wires from 
electrodeposit. 

e t ch ing  the  w i r e  su r f ace  in t he  cen t e r  p o r t i o n  to 
y i e ld  a r e d u c e d  sec t ion  a long  the  gauge  l eng th .  In  
th is  work ,  as in p r e v i o u s  i n v e s t i g a t i o n s  (9, 10),  t he  
fu l l  d u c t i l i t y  of the  m a t e r i a l  was  not  r e a l i z e d  un t i l  
a th in  su r face  l a y e r  h a d  b e e n  r e m o v e d  f rom the  
spec imens  b y  e tching .  A l t h o u g h  the  w i re s  cou ld  no t  
be b e n t  b e f o r e  e tching ,  a f t e r  r e m o v a l  of t h e  su r f ace  
l a y e r  the  wi res  cou ld  be  r e v e r s e - b e n t  b y  h a n d  r e -  
p e a t e d l y  w i t h o u t  f r ac tu re .  

T a b l e  II  shows t h e  r e su l t s  of t ens i l e  tes t s  a t  25~ 
r e p r e s e n t i n g  spec imens  p r e p a r e d  f r o m  two  ingot  
mel ts .  Because  of the  o p p o r t u n i t y  for  gaseous  con-  
t a m i n a t i o n  d u r i n g  the  s in te r ing ,  a r c - m e l t i n g ,  and  
a n n e a l i n g  steps,  t he  b r o k e n  t ens i l e  spec imens  w e r e  
a n a l y z e d  for  n i t r o g e n  con t en t  as shown.  The  r e su l t s  
i nd i ca t e  t ha t  m a t e r i a l  c o n t a i n i n g  50 p p m  or  less 
n i t r o g e n  is duc t i l e ,  w h i l e  c h r o m i u m  c o n t a i n i n g  on 
the  o r d e r  of 200 p p m  n i t r o g e n  has  no duc t i l i t y .  This  
shows the  i m p o r t a n c e  of p r e p a r i n g  and  m a i n t a i n i n g  
a low n i t r o g e n  con ten t  in the  m e t a l  if d u c t i l i t y  is 
des i red .  

F i g u r e  3 r e p r e s e n t s  the  s tages  e m p l o y e d  in p r e -  
p a r i n g  c h r o m i u m  wires ,  showing  the  e l ec t rodepos i t ,  
a sec t ion  of p a r t l y  m e l t e d  c o n s u m a b l e  e l ec t rode ,  an  
ingo t  sect ion,  s w a g e d  rod,  and  d r a w n  and  e t ched  
duc t i l e  wi re .  

Conclusions 

H i g h - p u r i t y  c h r o m i u m  can  be  p r e p a r e d  c o n v e n -  
i en t l y  b y  h i g h - t e m p e r a t u r e  e l e c t r o d e p o s i t i o n  f r o m  
pur i f i ed  ch romic  ac id  solu t ions ,  y i e l d i n g  depos i t s  
con t a in ing  on ly  t r ace  a m o u n t s  of m e t a l l i c  i m p u r i -  
t ies,  w i t h  o x y g e n  the  chief  i m p u r i t y .  A f t e r  h a v i n g  
been  m e l t e d  a n d  w o r k e d  in to  shapes ,  e l e c t r o l y t i c  
c h r o m i u m  exh ib i t s  t ens i l e  p r o p e r t i e s  c o m p a r a b l e  to 
c h r o m i u m  p r e p a r e d  by  re f in ing  c o m m e r c i a l  g r a d e  
m a t e r i a l  b y  h y d r o g e n  t r e a t m e n t .  The  low n i t r o g e n  
con ten t  of e l e c t r o d e p o s i t e d  m e t a l  f avo r s  th i s  m e t h o d  
as a m e a n s  of p r e p a r i n g  c h r o m i u m  for  p h y s i c a l  
s tudies .  

Manuscr ip t  rece ived  Dec. 3, 1957. This p a p e r  was 
p repa red  for de l ive ry  before  ~he Buffalo Meeting, Oct. 
6-10, 1957. 

Any  discussion of this  p a p e r  wil l  appear  in a Dis-  
cussion Section to be publ i shed  in the December  1959 
JOURNAL.  
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Some Effects of Pressure on Consumable Electrode Arc Melting 
J. W. Suiter 1 

Mines Branch, Department o~ Mines and Technical Surveys, Ottawa, Ontario, Canada 

ABSTRACT 

The effect of pressure in a consumable electrode arc furnace on the weight 
of metal  melted per uni t  of energy dissipated was investigated while mel t ing 
t i tan ium electrodes of negative and positive polari ty and steel electrodes of 
negat ive polarity. Provided that  the arc length was sufficiently short, the 
weight of metal  melted per unft  of energy dissipated increased cont inuously as 
the pressure of argon was decreased from 650 to 1 X 10 -3 m m  Hg. 

M a n y  workers  (1, 2) have  repor ted  the weigh t  of 
meta l  me l t ed  per  u n i t  of ene rgy  d iss ipa ted  in  con-  
s u m a b l e  electrode arc mel t ing ,  bu t  in  mos t  cases the  
e x p e r i m e n t s  were  done on ly  at  a few wide ly  sepa -  
ra ted  pressures .  Beall ,  et al. (3) have  repor ted  the  
effects of v a r y i n g  the p ressure  in  the  r ange  10-760 
m m  Hg w h e n  m e l t i n g  t i t a n i u m  electrodes in  an  
a rgon  a tmosphere .  However ,  the  p resen t  emphas i s  
on v a c u u m  arc m e l t i n g  has made  it  des i rab le  to ex -  
t end  the i r  inves t iga t ions  to lower  pressures .  

The  paper  repor ts  the  effects of v a r y i n g  the  a rgon  
p ressure  in  the  r ange  of 1 x 10 -~ to 650 m m  Hg on the  
weight  of me t a l  me l t ed  per  u n i t  of ene rgy  diss i -  
pa ted  w h e n  m e l t i n g  t i t a n i u m  and  steel in  a con-  
sumab le  e lect rode arc furnace .  

Materials and Experimental Procedure 
The t i t a n i u m  electrodes were  p roduced  by  w e l d -  

ing, end  to end, compacts  of sponge t i t a n i u m  (20.4 x 
5.1 x 5.1 cm) each we igh ing  1600 g. The  mi ld  steel  
(0.1% C) electrodes  consis ted of ro l led  ba r  3.8 x 3.8 
cm in  cross section. These e lec t rodes  were  a t t ached  
to a wa te r -coo led  copper  e lect rode s tub which  passed 
t h rough  a s l id ing seal in  the top of the furnace .  The  
electrodes were  me l t ed  in to  a mold  34 cm long a nd  
12 cm in  d iameter ,  p roduc ing  ingots  of 4-5 kg 
weight .  

Power  for m e l t i n g  was  suppl ied  by  three  m o t o r -  
gene ra to r  we ld ing  mach ines  connec ted  in  para l le l .  
The same genera to r  se t t ings  were  used in  all  expe -  
r iments ,  and  the  arc c u r r e n t  and  vol tage  were  a l -  
lowed to v a r y  w i th  the pressure.  

D u r i n g  m e l t i n g  the  feed ra te  of the  e lect rode was  
ad jus t ed  by  the opera tor  whi le  obse rv ing  the  arc 
vol tage  p a t t e r n  on a d i rec t  c u r r e n t  oscilloscope and  
also the  arc vol tage  and  c u r r e n t  as ind ica ted  b y  con-  
v e n t i o n a l  meters .  The  des i rab le  arc l eng th  was  such 
tha t  the p a t t e r n  on the  oscilloscope ind ica ted  the  
presence  of occasional,  m o m e n t a r y  dead shorts. I t  

1Present  address: Baillieu Laboratory ,  The  Univers i ty  of Mel- 
bourne,  Victoria,  Austral ia.  

was though t  tha t  these m o m e n t a r y  dead shorts  were  
due to droplets  of m o l t e n  me t a l  shor t ing  b e t w e e n  
the electrode a nd  the  m o l t e n  pool. I t  was  no t  possi-  
ble  to m e a s u r e  such an  arc l eng th  b u t  it  appeared  to 
be less t h a n  1 cm. For  some mel t s  at  p ressures  of 25 
a nd  10 m m  Hg, an  arc l eng th  of a p p r o x i m a t e l y  8 cm 

was de l ibe ra t e ly  m a i n t a i n e d ;  these were  dupl ica tes  
of mel t s  m a d e  at  the  same pressures  w i th  a n o r m a l  
shor t  arc length .  The  long arc l eng th  was  used to 

d e t e r m i n e  w h a t  effect the  presence  of pos i t iona l ly  
u n s t a b l e  arcs w ou l d  have  on the we igh t  of me ta l  
me l t ed  per  u n i t  of ene rgy  dissipated.  I t  was  possible 
to observe,  t h r ough  a s ight  glass, the presence  or 
absence  of pos i t iona l ly  u n s t a b l e  arcs w i t h i n  the  
mold.  

In  the  p ressure  r ange  10-650 m m  Hg a stat ic a t -  
mosphere  of a rgon  was  used, bu t  in  the  p ressure  
r ange  10-1-10 m m  Hg it was  necessa ry  to r emove  
gas f rom the  sys tem whi l e  m e l t i n g  to m a i n t a i n  a 
cons t an t  pressure .  No a rgon  was  used for  p ressures  
less t han  10 -1 m m  Hg which  were  ob t a ined  by  con-  
t i nuous l y  e v a c u a t i n g  the  f u r na c e  so t ha t  the  s teady  
pressure  d u r i n g  m e l t i n g  depended  on the  speed of 
the p u m p s  be ing  used a nd  the  a m o u n t  of gas evolved  
f rom the electrode.  The gas p ressure  was  m e a s u r e d  
in  the  body  of the  furnace ,  for it  has b e e n  s h o w n  (4) 
tha t  this  p ressure  is ve ry  close to t h a t  in  the  m e l t i n g  
region  of this  type  of f u r na c e  if the re  are  no vo la -  
t i le ma te r i a l s  in  the  electrode.  The re  were  on ly  v e r y  
smal l  quan t i t i e s  of vola t i le  ma te r i a l s  in  the  steel  
e lectrodes used  in  these exper imen t s ,  b u t  the  t i t a -  
n i u m  electrodes  con ta ined  such vola t i les  as m a g -  
n e s i u m  and  m a g n e s i u m  chloride.  Thus,  the  p ressure  
m e a s u r e d  in  the  body  of the  fu rnace  did no t  ind ica te  
accura te ly  the  p ressure  in  the  me l t i ng  reg ion  w h e n  
me l t i ng  t i t a n i u m  elect rodes  at  v e r y  low pressures .  

The  ene rgy  d iss ipa ted  d u r i n g  m e l t i n g  was  ca lcu-  
la ted  f rom the  arc vol tage,  the  arc cu r ren t ,  and  the 
t ime  of the m e l t i n g  operation. 
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Fig. 1. Effect of  pressure on the weight of  t i tan ium melted 
per uni t  o f  energy dissipated when melt ing electrodes of 
negative polarity. 
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Fig. 2. Effect of  pressure on the weight of  t i tanium melted 
per uni t  o f  energy dissipated when melt ing electrodes of  posi- 
t ive polarity. 

Results 
The effect of p ressure  on the we igh t  of me t a l  

me l t ed  per  u n i t  of ene rgy  diss ipated w h e n  m e l t i n g  
t i t a n i u m  electrodes of nega t i ve  po la r i ty  is shown in  
Fig. 1. As the p ressure  was  decreased f rom 650 m m  
Hg to a p p r o x i m a t e l y  10 m m  Hg the  we igh t  of m e t a l  
me l t ed  per  u n i t  of ene rgy  diss ipated increased,  b u t  
at lower  pressures  the increase  was  less marked .  As 
the  p re s su re  was decreased the arc vol tage  decreased 
f rom 36 v at  650 m m  Hg pressure  to 28 v at pressures  
less t han  5 m m  Hg, and  in the same pressure  r a nge  
the arc c u r r e n t  increased  f rom 1800 to 2200 amp.  

In  the p ressure  r a n g e  2 x 10 -1 to 20 m m  Hg, posi-  
t iona l ly  u n s t a b l e  arcs we re  seen occas ional ly  w i t h i n  
the  mold,  bu t  these were  e l im ina t ed  by  decreas ing  
the arc length .  Two electrodes were  me l t ed  at  25 
and  10 m m  Hg pressure  whi le  m a i n t a i n i n g  an  arc 
l eng th  of a p p r o x i m a t e l y  8 cm. At  a p ressure  of 25 
m m  Hg, me l t i ng  wi th  a long arc had  l i t t le  effect on 
the weigh t  of me t a l  me l t ed  per  u n i t  of ene rgy  diss i -  
pated.  A t  10 m m  Hg pressure ,  the weigh t  of me t a l  
me l t ed  per  u n i t  of ene rgy  diss ipated was  less w h e n  
m e l t i n g  w i th  a long arc, and  there  was  also a large 
increase  in  the  a m o u n t  of pos i t iona l ly  u n s t a b l e  arcs 
w i t h i n  the  mold.  

F igu re  2 shows tha t  the  weight  of me t a l  me l t ed  
per  u n i t  of ene rgy  diss ipated increases  wi th  de-  
c reas ing  p ressure  w h e n  m e l t i n g  t i t a n i u m  electrodes 
of posi t ive  polar i ty ,  b u t  the increase  is less t h a n  
w h e n  m e l t i n g  t i t a n i u m  electrodes of nega t ive  po-  
l a r i ty  (compare  Fig. 1 and  2). Thus,  at  low pres -  
sures  the weigh t  of me t a l  me l t ed  per  u n i t  of ene rgy  
diss ipated was h igher  w h e n  m e l t i n g  electrodes of 
nega t ive  polar i ty ,  bu t  n e a r  a tmospher ic  p ressure  the  
posi t ion was  reversed.  

The  effect of p ressure  on the  we igh t  of m e t a l  
me l t ed  per  u n i t  of ene rgy  diss ipated w h e n  m e l t i n g  
steel  e lectrodes of nega t i ve  po la r i ty  is shown  in  Fig. 
3. The  resul t s  are s imi la r  to those ob ta ined  w h e n  
m e l t i n g  t i t a n i u m  electrodes of n e g a t i v e  polar i ty .  At  
all  p ressures  the weigh t  of steel me l t ed  per  u n i t  of 
ene rgy  d iss ipa ted  was  g rea te r  t h a n  tha t  of t i t a n i um,  
bu t  this  r e su l t  was  no t  u n e x p e c t e d  in  v iew of the  
di f ferent  hea t  con ten t s  of the  two ma te r i a l s  at  t e m -  
pe ra tu re s  jus t  above  the i r  me l t i ng  points .  As in  the  
case of t i t a n i u m  electrodes of nega t ive  polar i ty ,  a 

r 4  

=o 

5 
~lo 
.% 

=,~l 0 8 - -  

,~ 0 6 _ _  

0 - 4 - -  

@ 

02 
iO "3 

' ''I ' ' ' 1  ' ~ I l l  ' ' ' ' l  J i ~ ; r  ; = f l  

�9 ARGON ATMOSPHERE, SHORT ARC 

O CONTINUOUS EVACUATION, SHORT ARC 

�9 ARGON ATMOSPHERE, LONG ARC 

. . . .  I .... I i I ,,I ; , ,,I , , Ill i i [ 
i0 ~2 i0  -J i0  0 IO I I0 2 I0 ~ 

PRESSURE (MM Hg ) 

Fig. 3. Effect of  pressure on the weight of  steel melted per 
uni t  of  energy dissipated when melt ing electrodes of  negative 
polarity. 

long arc at a p ressure  of 8 m m  Hg led to pos i t iona l ly  
uns t ab l e  arcs and  a decreased we igh t  of steel me l t ed  
per  u n i t  of ene rgy  dissipated.  

Discussion 
W h e n  me l t i ng  t i t a n i u m  electrodes  of n e g a t i v e  and  

posi t ive  po la r i ty  a nd  steel e lectrodes  of nega t ive  po-  
l a r i ty  in  a consumab le  electrode arc furnace ,  the  
weigh t  of me ta l  me l t ed  per  u n i t  of ene rgy  dissi-  
pa ted  increased  con t inuous ly  as the  p ressure  was  
decreased.  Beall,  et al., (3) have  repor ted  the  resul t s  
of me l t i ng  t i t a n i u m  electrodes  in  a rgon  a tmospheres  
in the pressure  r ange  of 10-760 m m  Hg, a nd  they  
found  a sharp  decrease  in  the we igh t  of t i t a n i u m  
mel ted  per  u n i t  of ene rgy  d iss ipa ted  as the  p ressure  
was reduced  be low 20 m m  Hg (see Fig. 1 and  2).  
Beall ,  et al. suggested tha t  this  decrease  was  due  to 
the fo rma t ion  of pos i t iona l ly  u n s t a b l e  arcs. The  p res -  
en t  work  conf i rmed tha t  the f o r ma t i on  of these  arcs 
led to a decreased weigh t  of m e t a l  me l t ed  per  u n i t  
of ene rgy  d iss ipa ted  b u t  tha t  by  m a i n t a i n i n g  a suffi- 
c ien t ly  shor t  arc l eng th  these  pos i t iona l ly  u n s t a b l e  
arcs could be avoided.  If they  were  avoided,  t hen  the 
weigh t  of me ta l  mel ted  per  u n i t  of ene rgy  d iss ipa ted  
increased  con t inuous ly  as the  p ressure  decreased.  
Beall,  et al. used two hor i zon ta l ly  opposed electrodes  
in  a r e l a t ive ly  large fu rnace  in  the i r  exper imen t s ,  
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and  the d i f ferent  size and  a r r a n g e m e n t  of e lectrodes  
used in  the  two sets of e x p e r i m e n t s  m a y  account  for 
the di f ferent  va lues  of the weigh t  of t i t a n i u m  me l t ed  
per  u n i t  of ene rgy  d iss ipa ted  tha t  were  ob t a ined  in  
the two sets of e x p e r i m e n t s  n e a r  a tmospher ic  p res -  
sure.  

A l though  most  of the  m e l t i n g  e x p e r i m e n t s  were  
done in  an  a rgon  a tmosphere ,  no a rgon  was  used 
for the mel t s  w h e n  the  fu rnace  was  evacua ted  con-  
t inuous ly ,  and  the p ressure  d u r i n g  m e l t i n g  was  less 
t h a n  1 x 10 -~ m m  Hg. Since the  resu l t s  ob t a ined  
u n d e r  these  condi t ions  fol lowed the  same t r e n d  as 
those ob t a ined  w h e n  me l t i ng  in  an  a rgon  a tmos -  
phere,  it  appeared  tha t  at v e r y  low pressures  the  
a tmosphere  in  which  m e l t i n g  occurred  had  l i t t le  
effect on the weigh t  of me ta l  me l t ed  per  u n i t  of 
ene rgy  dissipated.  The  steel e lectrodes con ta ined  
ve ry  l i t t le  vola t i le  mate r ia l ,  and  the composi t ion  of 
the gas in  the  m e l t i n g  reg ion  w h e n  m e l t i n g  these  

electrodes u n d e r  con t inuous  evacua t ion  differed 
g rea t ly  f rom the  gas composi t ion  w h e n  m e l t i n g  t i t a -  
n i u m  electrodes.  These changes  in  the composi t ion  

of the gas in  the m e l t i n g  region  appea red  to affect 

ne i t he r  the  b e h a v i o r  of the  arc nor  the  weight  of 
me ta l  me l t ed  pe r  u n i t  of ene rgy  diss ipated.  
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Tungsten Zone Melting by Electron Bombardment 
R. G. Carlson 

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

ABSTRACT 

An apparatus for refining tungsten  in vacuum by the floating zone method 
is described. It  consists of four components:  vacuum system, power supply, 
anode support, and t ravers ing cathode. Included is a brief r~sum~ on the 
theory of refining by this technique. Spectrographic analyses along the length 
of a purified tungs ten  rod indicate that  molybdenum may not  be removed by 
zone refining, but  ra ther  by volatilization. Further ,  x - r ay  diffraction studies 
show that  tungsten  rods purified in this m a n n e r  are single crystals and these 
crystals as grown from the melt  do not exhibit  preferent ial  growth. It  is dem- 
onstrated, by bending one of the single crystals, that the purified tungsten  rods 
have relat ively high ductility. 

Zone  mel t ing ,  developed by  P f a n n  (1) ,  has a t -  
t rac ted  grea t  in te res t  as a process for the  pur i f ica t ion  
of meta ls .  In  this process a smal l  m o l t e n  zone t r a -  
verses the  l eng th  of a solid rod. Impur i t i e s  tha t  are  
more  soluble  in  the  l iqu id  phase  t h a n  in  the  solid 
phase mig ra t e  wi th  the  mo l t en  zone, l eav ing  be -  
h ind  a p u r e r  meta l .  In  the  case of zone m e l t i n g  
t u n g s t e n  pur i f ica t ion  also occurs because  of the  ou t -  
gassing and  vo la t i l i za t ion  of impur i t i es .  

It  is exceed ing ly  difficult, if  not  impossible ,  to re -  
t a in  W in a mo l t en  s tate  by  c o n v e n t i o n a l  t echn iques  
w i thou t  i m p a i r i n g  its p u r i t y  because  of the  r e -  
f rac to ry  n a t u r e  of this  meta l .  T u n g s t e n  can be zone 
mel ted  by  u t i l i z ing  the f loating zone t echn ique  and  
hea t ing  by  e lec t ron b o m b a r d m e n t .  The  p r inc ip l e  of 
this hea t ing ,  s imply  the b las t ing  of a m a t e r i a l  anode  
w i th  e lec t rons  t h rough  a h igh po ten t i a l  gradient ,  is 
not  n e w  n o r  u n i q u e  s ince i t  has long been  used in  the  
ou tgass ing  of e lect ronic  v a c u u m  tubes  and  occurs in  
the opera t ion  of x - r a y  tubes.  However ,  because  of 

the charac ter i s t ics  i n h e r e n t  in  e lec t ron  b o m b a r d -  
m e n t  hea t ing ,  i.e., ab i l i ty  to opera te  at  low pres -  
sures, ab i l i ty  to di rect  and  concen t ra t e  the  heat,  ease 
of t e m p e r a t u r e  control  over  a wide  range ,  and  r e l a -  
t ive  s impl ic i ty  of the  power  supply,  this  type  of 
hea t ing  is employed  advan t ageous ly  in  l abo ra to ry  
(2-4)  as wel l  as commerc ia l  fu rnaces  (5) .  

This  paper  covers the  des ign  and  cons t ruc t ion  of 
an  E lec t ron  B o m b a r d m e n t  Zone Mel t ing  A p p a r a t u s  
(EBZMA) ,  inc ludes  a br ie f  discussion on the  theory  
of purif icat ion,  and  p resen t s  da ta  on the  r emova l  of 
Mo and  on c rys ta l  o r ien ta t ion .  

Electron Bombardment Zone Melting Apparatus 
The e q u i p m e n t  consists of four  componen t s :  vac -  

u u m  system, power  supply,  anode support ,  and  t r a -  
ve r s ing  cathode.  

Vacuum sys t em . - -The  anode  and  cathode are en -  
closed by  a P y r e x  bel l  j a r  10V2 in. in d i ame te r  and  
14 in. high m o u n t e d  on a brass  p la te  (Fig. 1). There  
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Fig. 1. Schematic drawing of the vacuum system 

a re  five holes  in th is  p l a t e :  t h r e e  %- in .  d i a m e t e r  
ho les  for  e l e c t r i c a l  b ind ing  posts ;  one 2- in.  d i a m e t e r  
ho le  for  t he  v a c u u m  l ine;  and  one r o t a t i n g  "O" r i n g  
sea l  for  the  ca thode  t r a v e r s i n g  he l ix .  

The  2- in.  v a c u u m  l ine  is c o n s t r u c t e d  w i t h  a v e r -  
t i ca l  p ipe  e x t e n d i n g  d o w n  to a "T"  sect ion.  One leg  
of th is  sec t ion  fo rms  a l i qu id  n i t r o g e n  t r a p ;  the  o t h e r  
l eg  is connec t ed  to a M C F - 6 0  CEC oil  d i f fus ion  
pump ,  w h i c h  in  t u r n  is b a c k e d  up  b y  a K i n n e y  K C - 2  
m e c h a n i c a l  p u m p .  

Power supply.--A s m a l l  p o w e r  un i t  supp l i e s  d.c. 
a t  a m a x i m u m  of 5000 v and  300 ma.  I t  consis ts  of 
a v a r i a c  t h a t  l imi t s  the  110 a - c  vo l t  p o w e r  to t h e  
h igh  v o l t a g e  t r a n s f o r m e r .  Th is  h igh  v o l t a g e  is t hen  
rec t i f ied  by  a p a i r  of 866 A h a l f - w a v e  m e r c u r y  r e c t i -  
fier tubes .  The  pos i t ive  s ide of th is  h igh  v o l t a g e  is 
f ed  t h r o u g h  the  h i g h - v o l t a g e - h i g h - v a c u u m - t h r o u g h -  
p u t  to t he  a n o d e  suppor t .  The  ca thode  is the  g r o u n d  
t e r m i n a l .  F i g u r e  2 is a s c h e m a t i c  of the  p o w e r  s u p -  
p ly .  

Anode support.--The s u p p o r t  s h o w n  in Fig.  1 can  
a c c o m m o d a t e  rods  up  to 1/4 in. in d i a m e t e r .  The  u p -  
p e r  and  l o w e r  ho ld ing  b locks  a r e  c r i t i ca l  pa r t s .  T h e y  
shou ld  possess  fou r  p r o p e r t i e s :  (a )  h igh  m e l t i n g  
po in t ;  (b)  s t ab le  m a t e r i a l  in o r d e r  t h a t  W is no t  
c o n t a m i n a t e d ,  i.e., low v a p o r  p r e s s u r e ;  (c) h igh  
e l ec t r i c a l  c o n d u c t i v i t y ;  (d )  low t h e r m a l  c o n d u c t i v -  
i ty .  No one m a t e r i a l  has  a l l  these  p rope r t i e s ,  b u t  b e -  
cause  of i ts s u p e r i o r i t y  in  t he  first  t h r e e  p r o p e r t i e s  
and  i ts  a b i l i t y  to be  eas i ly  f ab r i ca t ed ,  Mo is used.  A 
s m a l l  g roove  in each  b l o c k  at  t he  po in t  of s p e c i m e n  
con tac t  r educes  t h e  h e a t  t r ans f e r .  

The  s p e c i m e n  is he ld  in  pos i t ion  in each  of t h e  
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-- SP~Ci MEN 

Fig. 2. Schematic drawing of the power supply 

ho lde r s  by  flat  t u n g s t e n  s t r ip  t h a t  acts  as a sp r ing  
contact .  This  sp r ing  se rves  a d u a l  purpose .  One is to  
s u p p o r t  the  rod  d u r i n g  the  m o v e m e n t  of t he  f loat ing 
zone and  the  o t h e r  is to a l l o w  t h e  s p e c i m e n  to e x -  
p a n d  and  con t r ac t  in the  h e a t i n g  and  cool ing  o p e r a -  
tion. 

Traversing cathode.--The ca thode  is t he  m o v i n g  
t e r m i n a l ;  i t  is composed  of  a f i l amen t  t h a t  emi t s  t he  
e lec t rons ,  a c o n c e n t r a t o r  t ha t  d i r ec t s  the  flow of the  
e lec t rons ,  and  a m e c h a n i s m  tha t  moves  the  ca thode  
wi th  r e spe c t  to the  s t a t i o n a r y  t u n g s t e n  rod.  

T r a v e r s a l  of t he  s p e c i m e n  occurs  b y  the  m o v e -  
m e n t  of a s c r ew d r i v e  w i t h  the  t o rque  be ing  t r a n s -  
m i t t e d  t h r o u g h  a r o t a t i n g  "O" r i ng  seal  in the  b rass  
p la te .  The  t o r q u e  is s u p p l i e d  t h r o u g h  a g e a r  t r a i n  by  
a 3 r p m  a - c  r e v e r s i b l e  motor .  T h e  o u t p u t  of t he  gea r  
t r a i n  va r i e s  f rom 0.1 to 12 r p m  p r o d u c i n g  a c a thode  
m o v e m e n t  of 0.3-4 c m / m i n .  

T h e  c o n c e n t r a t i o n  of t h e  e l ec t rons  to the  anode  is 
an  i m p o r t a n t  fac tor .  Th is  is a c h i e v e d  b y  enc los ing  a 
W f i l amen t  w i t h  a Mo c o n c e n t r a t o r  of t he  s a m e  po -  
ten t ia l .  To ob t a in  m o r e  efficient  c o n c e n t r a t i o n  the  
s ides  of  t he  c o n c e n t r a t o r  a r e  pa rabo l i c .  The  top  and  
b o t t o m  a re  c h a n g e a b l e  d i sks  w i t h  d i f fe ren t  d i a m e t e r  
c en t e r  holes,  a p p r o x i m a t e l y  1/s in. d i a m e t e r  l a r g e r  
t han  the  s p e c i m e n  d i a m e t e r .  

The  W f i lament ,  15 mi l s  in d i a m e t e r ,  is h e a t e d  by  
a 110 a - c  p o w e r  s u p p l y  as s h o w n  in Fig.  2. The  f i la-  
m e n t  r h e o s t a t  r e g u l a t e s  the  c u r r e n t  flow to ob t a in  
suff icient  emiss ion  of e l ec t rons  to m e l t  the  sample ,  
i.e., in t he  o r d e r  of 200-250 ma.  

Theory 
In the  zone ref in ing  process  the  m o l t e n  zone is 

m o v e d  r e p e a t e d l y  in the  s ame  d i rec t ion .  So lu t e  e l e -  
m e n t s  t h a t  dep re s s  t he  m e l t i n g  po in t  of t he  so lven t  
m e t a l  c o n c e n t r a t e  in  the  t e r m i n a l  end  of the  rod  and  
h a v e  a d i s t r i b u t i o n  coefficient,  k, less t h a n  one. So l -  
u te  e l e m e n t s  t h a t  i nc rea se  t he  m e l t i n g  p o i n t  have  a 
k v a l u e  g r e a t e r  t h a n  one and  t end  to c o n c e n t r a t e  a t  
t he  s t a r t i n g  end.  The  d i s t r i b u t i o n  coefficient is d e -  
f ined b y  the  equa t ion  

N + 
k - -  [ 1 ]  

N '  

w h e r e  N + is mole  f r ac t i on  of t he  so lu te  in the  sol id  
p h a s e  a n d  N '  is t he  mo le  f r ac t i on  in t he  l i qu id  phase .  

The  d i s t r i b u t i o n  coefficient  can  be d e t e r m i n e d  
s i m p l y  b y  r e f e r r i n g  to a p h a s e  d i a g r a m .  F r o m  the  
M o - W  e q u i l i b r i u m  p h a s e  d i a g r a m  (6) ,  the  e q u i l i b -  
r i u m  d i s t r i b u t i o n  coefficient  (k~) for  Mo in W is 
found  to be  0.91. 

A n o t h e r  a p p r o a c h  in t h e  d e t e r m i n a t i o n  of t he  d i s -  
t r i b u t i o n  coefficient w o u l d  be  to u t i l i ze  t h e r m o d y -  
namics  and,  if the  a l l oy  fo rms  idea l  l i qu id  and  sol id  
solut ions ,  a p p l y  the  w e l l - k n o w n  v a n ' t  Haf t  e q u a t i o n  

lnNMo ' zX/-/,M~ ( 1 1 ) 
NMo ~ -- R T T~ ~ ---- K~o [2]  

o r  

then 

N ,  t 
e ~ [3 3 

Nj + 

1 
k - [4] 
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where  T equals  the t e m p e r a t u r e  considered,  in  this  
case the me l t i ng  po in t  of W, 3680°K; T~ -"° equals  the 
me l t i ng  po in t  of Mo, 2900°K; ~Hr ~° equals  the hea t  
of fus ion  for Mo, 6700 ca l /mo le ;  R equals  gas con-  
stant .  F r o m  Eq. [4] we  d e t e r m i n e  tha t  ko equals  0.78. 

As o r ig ina l ly  stated,  pur i f ica t ion  of W also oc- 
curs by  outgass ing  and  the vo la t i l i za t ion  of meta l l i c  
impur i t i e s  on fus ion  in  vacuum.  In  this p a r t i c u l a r  
case we wi l l  consider  on ly  the vo la t i l i za ton  of Mo. 
The vapor  p ressure  (pÜMo) for Mo at  a t e m p e r a t u r e  
s l ight ly  above  the m e l t i n g  poin t  of W, 3800°K, equals  
3.83 m m  Hg, whi le  the  vapor  p ressure  for W, at  the 
same t empera tu r e ,  equals  0.046 m m  Hg. If the  mole  
f rac t ion  of Mo (N~o) is a ssumed  to be 0.00002, by  
a s suming  idea l i ty  (a~o = N~o) and  us ing  Raoul t ' s  
l aw (p = a -p°Mo) ,  the  vapor  p re s su re  of Mo in  the  
me l t  is 7.7 x 10 -5 m m  Hg. This would  indica te  that ,  if 
the  p ressure  of Mo in  the e n v i r o n m e n t  was less t h a n  
7.7 x 10 ~ m m  Hg, Mo wou ld  volat i l ize  f rom the mel t .  
The ra te  of evapora t ion  can be ca lcula ted  f rom the 
fo rmu la  (9) 

_ p ~ /  M -- G [7]  m 

t .  A v 2 ~ R T  

where  P is p ressure  ( m i c r o b a r s ) ;  M, molecu la r  
weight ;  A, area  (cm' )  ; t, t ime  (sec) ; R, gas cons tan t  
(8.31 x 10 ~ e r g / ° K / m o l e )  ; T, t e m p e r a t u r e  ( ° K )  ; m 
evapora t ion  (gr) ,  or the ra t io  of the evapora t ion  
rates  can be d e t e r m i n e d  f rom the  equa t ion  

GMo P ~ o  _ / M~o 
V~--~, -- P--~v V Mw [8] 

F r o m  this  equa t ion  the ra t io  of evapora t ion  r a t e  of 
Mo to W is found  to be 1.21 x 10 -', i.e., of the me ta l  
evapora ted  d u r i n g  mel t ing ,  0.121% by  weight  is Mo. 

Results 
M a n y  rods have  been  zone me l t ed  wi th  this ap-  

pa ra tus ;  two of the zone me l t ed  rods af ter  five 
passes are shown in  Fig. 3. It  was found  on e v a l u a -  
t ion  of the purif ied rods tha t  they  were  h igh in  
pur i ty ,  s ingle  crystals ,  and  exh ib i t ed  a c o m p a r a -  
t ive ly  la rge  a m o u n t  of duct i l i ty .  

I t  is difficult to ob ta in  q u a n t i t a t i v e  da ta  on s am-  
ples con t a in ing  less t h a n  10 p p m  of an  impur i t y .  The 
in i t i a l  concen t ra t ion  of all  e l ements  other  t h a n  Mo 
were  less t h a n  10 p p m  and  could no t  be detected by 
spec t rographic  analysis .  The  in i t i a l  concen t r a t i on  of 
Mo was es t imated  to be of the order  of 10 ppm. To 
d e t e r m i n e  the a m o u n t  of Mo p resen t  af ter  the  ba r  
was t r ave r sed  five t imes  at a speed of 0.33 c m / m i n  
the  rod was  severed at in te rva l s  a long its length .  
Each end  of the severed  section was arced aga ins t  
its ad j acen t  section. The in i t i a l  concen t r a t i on  in  the  
rod was  a r b i t r a r i l y  ass igned the va lue  of 10. In  Fig. 
4, the r e l a t ive  a m o u n t s  of Mo, as d e t e r m i n e d  by  
q u a n t i t a t i v e  opt ical  spec t rography,  are p lo t ted  
agains t  the  d is tance  a long the  zone purif ied rod. 

A n  a p p a r e n t  d i sc repancy  exis ted  at the b e g i n n i n g  
and  the end  of the zone me l t ed  por t ion .  Accord ing  
to the  theory  of zone puri f icat ion,  if k < 1, a zone of 
h igher  p u r i t y  should  be p resen t  at the  s ta r t  a nd  a 
concen t r a t i on  of the impur i t i e s  at  the end. Because  
this  did no t  occur, it  was  reasoned  tha t  e i ther  a dis-  
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Fig. 3. Zone melted W rods, after five zone passes 
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Fig. 4. Relative concentration of Mo vs. distance in zone 
melted portion. 

t r i b u t i o n  coefficient g rea te r  t h a n  one existed,  or pos-  
s ibly  the Mo evapora ted  f rom the zone mel ted  
region.  

To subs t an t i a t e  the absence  of an  inc rease  in  Mo 
concen t r a t i on  at the  end of the  rod, five separa te  
ana lyses  were  ob ta ined  in  this region.  If a zone of 
h igher  Mo concen t r a t i on  was present ,  it  m u s t  have  
exis ted in a l eng th  less t h a n  4 m m  long, a nd  this  is 
not  ve ry  probable .  On the  basis tha t  ko = 0.91, the  
lowest  possible concen t r a t i on  of Mo tha t  could exist  
af ter  5 passes was ca lcula ted  to be 6.24, a s suming  
e q u i l i b r i u m  exis ted  and  tha t  the or ig ina l  concen-  
t r a t ion  of Mo = 10. Using the  same a s s u m p t i o n  and  
now ko = 0.78, the  lowest  c onc e n t r a t i on  was  ca lcu-  
la ted  to be 2.89. This l a t t e r  value ,  as can be no ted  in  
Fig. 4, falls in  the r ange  of the lowest  concen t ra t ion .  
Of course, this lowest  concen t r a t i on  of the  solute 
should have  occurred  at the  start .  More w o r k  is cu r -  
r e n t l y  be ing  pe r fo rmed  to suppor t  the  va l id i ty  of 
these in i t i a l  resul ts .  

To d e t e r m i n e  the o r i en ta t ions  of the  rods and  to 
ascer ta in  if the rods af ter  zone m e l t i n g  were  s ingle  
crystals ,  six were  e x a m i n e d  by  x - r a y  diffract ion 
u t i l i z ing  the  t r ansmis s ion  Laue  technique ,  and  two 
were  e x a m i n e d  meta l lograph ica l ly .  Resul ts  of x - r a y  

Fig. 5. Zone melted W rod bent into a loop 
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P l a n e  

(100) 
(110) 
(111) 

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

Table I. Crystal orientation 

A n g l e  b e t w e e n  m a j o r  p l a n e  n o r m a l  and  rod  ax i s  
1 1A ZMW-1 ZMW-2 ZMW-3 ZMW-4 

37 33 38 25 6 18 
20 14 7 21 42 32 
22 29 33 32 49 37 

o r i en ta t ion  d e t e r m i n a t i o n  are recorded  in Tab le  I. 
These  suggest  tha t  no one p re fe ren t i a l  d i rec t ion  of 
g rowth  existed,  Rod 1A and  ZMW-1 were  e x a m i n e d  
at severa l  poin ts  a long the  l eng th  of the  crystal ,  and  
it  was d e t e r m i n e d  tha t  the  o r i en ta t ion  r e m a i n e d  the  
same, ind ica t ing  on ly  one crys ta l  of the  same or ien-  
t a t ion  existed.  Meta l lographic  obse rva t ion  conf i rmed 
these resul ts ,  t ha t  the  rod was  a s ingle  c rys ta l  a long 
its length .  

A qua l i t a t i ve  m e a s u r e  of the h igh duc t i l i ty  at  
room t e m p e r a t u r e  was  ob ta ined ;  this  is shown in  
Fig. 5. Here  the 1/s-in. zone me l t ed  t u n g s t e n  rod was  
ben t  a p p r o x i m a t e l y  270 ~ in to  a loop. 

Conclusions 
Single  crys ta ls  of t u n g s t e n  can be g rown  in  the 

Elec t ron  B o m b a r d m e n t  Zone  Mel t ing  Appara tus .  
These  crysta ls  are g rea t ly  purif ied and  exh ib i t  a 
l a rger  a m o u n t  of duc t i l i ty  t h a n  can be ob ta ined  in  
an  e q u i v a l e n t  sized po lyc rys t a l l i ne  mate r ia l .  
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ABSTRACT 

The Langmuir  method has been used to determine the vapor pressure of 
niobium. An accommodation coefficient of un i ty  was assumed. Least square 
t rea tment  of the vapor pressure data yields the equation 

(40,169) 
log P~t~, -- + 8.872 

T 
The heat of subl imat ion at absolute zero, all~ is 171.80 ~ 0.49 and ~H~ is 
172.53 kcal /g  atom. 

Pr io r  to this  inves t iga t ion ,  the on ly  da ta  (1) ava i l -  
able  for the compu ta t i on  of vapor  pressures  of Nb 
was  the  ra te  of s u b l i m a t i o n  f rom a Nb wire  hea ted  
by  the passage of an  electr ic  cur ren t .  Since these 
m e a s u r e m e n t s  were  m a d e  at  on ly  th ree  t e m p e r a -  
tures,  and  s ince the t e m p e r a t u r e  m e a s u r e m e n t  de-  
p e n d e d  on  an  accura te  d e t e r m i n a t i o n  of the emis -  
s iv i ty  of the  wire,  it  was  decided to repea t  these 
m e a s u r e m e n t s  us ing  the  me thod  and  appa ra t u s  de-  
scr ibed in  prev ious  pub l i ca t ions  (2) .  The L a n g m u i r  
me thod  was  employed,  and  an  accommoda t ion  co- 
efficient of u n i t y  was  assumed.  

Experimental 
The m e a s u r e m e n t s  consis ted of d e t e r m i n i n g  the  

ra te  at which  a Nb surface  s u b l i m e d  in to  a h igh 
vacuum.  The sample  was  suppl ied  by  the Fans t ee l  
Corpora t ion  and  was  assayed at a p u r i t y  of 99.9%. 
The sample  was  in  a form of an  a n n u l a r  r ing  0.985 
in. OD, 0.374 in. ID, and  0.357 in. thick. The  effec- 
t ive i n t e r n a l  area  (3) of the  a n n u l a r  r i ng  was com-  
pu ted  f rom the express ion  

Eft. a rea  ~ ~rb ( k/a ~ -I- b2 --b ) [1] 

where  a is the ins ide  d i ame te r  and  b, the  thickness .  
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T h e  a r e a  of  t h e  s a m p l e  w a s  a l so  c o r r e c t e d  f o r  t h e  
t h e r m a l  e x p a n s i o n s  f r o m  r o o m  t e m p e r a t u r e  to  t h e  
t e m p e r a t u r e  of  t h e  m e a s u r e m e n t .  T h e  s a m p l e  w a s  
p l a c e d  i n  a m e t a l  ce l l  ( 2 )  a n d  a f t e r  t h o r o u g h  o u t -  
g a s s i n g  w a s  t h e n  h e a t e d  b y  i n d u c t i o n  u n d e r  a v a c -  
u u m  of  t h e  o r d e r  of  10 '-~ m m .  

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

T e m p e r a t u r e s  w e r e  m e a s u r e d  u n d e r  b l a c k  b o d y  
c o n d i t i o n s  b y  s~ighting i n t o  a h o l e  d r i l l e d  i n t o  t h e  
s a m p l e .  A L & N  d i s a p p e a r i n g  f i l a m e n t  o p t i c a l  p y r o m -  
e t e r  w h i c h  h a d  b e e n  c a l i b r a t e d  b y  t h e  N a t i o n a l  
B u r e a u  of  S t a n d a r d s  a n d  f r e q u e n t l y  c h e c k e d  a g a i n s t  
a s t a n d a r d  l a m p  f u r n i s h e d  b y  t h e  B u r e a u  w a s  u s e d  
to  m e a s u r e  t h e  t e m p e r a t u r e .  P y r o m e t e r  r e a d i n g s  
w e r e  r e p r o d u c e d  to  --+2 ~ . 

Results and Discussion 
E x p e r i m e n t a l  r e s u l t s  a r e  p l o t t e d  as  l og  P , t ~  vs .  

Pressure, 
atm 1 / T  i n  F ig .  1 a n d  s u m m a r i z e d  i n  T a b l e  I. T h e r m o -  

d y n a m i c  f u n c t i o n s  a r e  t a b u l a t e d  i n  T a b l e  I I ;  t h e  
2.6311 x 10 -~ t h e r m a l  d a t a  f o r  so l i d  a n d  g a s e o u s  N b  w e r e  t a k e n  
3.5216 X i0  -~ 
8.0977 X 10-' f r o m  t h e  c o m p i l a t i o n  of  S t u l l  a n d  S i n k e  ( 4 ) .  T h e  
1.2708 x 10 -8 c o m p u t e d  v a l u e  of  •176 t h e  h e a t  of  s u b l i m a t i o n  a t  

1.6526 X 10 -8 0 ~  is  171.80 -+0.49 k c a l / g  a t o m .  T h i s  v a l u e  is  to  b e  
2.2323 X 10 -~ c o m p a r e d  w i t h  a AH~ v a l u e  of  176.82 k c a l / g  a t o m  
4.0512 X 10 -8 c o m p u t e d  f r o m  t h e  v a p o r  p r e s s u r e  d a t a  of  R e i m a n n  
4.1329 X 10 -* a n d  G r a n t  a t  2 6 0 0 ~  V a p o r  p r e s s u r e s  i n  t h i s  r e -  
5.8069 X 10 -~ s e a r c h  a r e  h i g h e r  b y  a f a c t o r  of  2.8 t h a n  t h o s e  m e a s -  
5.7032 X 10 -~ u r e d  b y  R e i m a n n  a n d  G r a n t .  A n  e r r o r  o f  70 ~ i n  t h e  
6.6418 X 10"  t e m p e r a t u r e  s c a l e  c o u l d  a c c o u n t  f o r  t h i s  d i s c r e p a n c y ,  
1.0132 x 10 -~ a n d  a n  e r r o r  of  t h i s  m a g n i t u d e  is q u i t e  p o s s i b l e  
1.0657 x 10 -~ 
1.3963 x 10 -~ w h e n  t e m p e r a t u r e  m e a s u r e m e n t s  d e p e n d e n t  o n  t h e  
1.4626 X 10 -~ e m i s s i v i t y  of  a s u r f a c e  a r e  m a d e .  
2.2127 X 10 .7 L e a s t  s q u a r e  t r e a t m e n t  of  t h e  v a p o r  p r e s s u r e  d a t a  
2.4438 X 10 -~ f o r  N b  y i e l d s  t h e  e q u a t i o n  

( 4 0 , 1 6 9 )  
l o g  P ...... + 8.872 [ 2 ]  

T 
AH~ 
kca l  

T h e s e  d a t a  a l so  y i e l d  a v a l u e  of  ~ H ~  of  172.53 
172.87 k c a l / g  a t o m .  
173.10 

171.62 M a n u s c r i p t  r e c e i v e d  J u l y  14, 1958. T h i s  p a p e r  w a s  
172.30 p r e p a r e d  fo r  d e l i v e r y  b e f o r e  t h e  N e w  Y o r k  M e e t i n g ,  
171.55 A p r i l  2 7 - M a y  1, 1958. 

172.06 A n y  d i scus s ion  of th i s  p a p e r  w i l l  a p p e a r  in  a D i s -  
171.33 cus s ion  S e c t i o n  to be  p u b l i s h e d  in  t h e  D e c e m b e r  1959 
171.88 JOURNAL. 

171.07 R E F E R E N C E S  
171.92 

1. A. L. R e i m a n n  a n d  C. K. G r a n t ,  Phil. Mag., 22, 34 
172.11 (1936) .  
171.22 2. R. S p e i s e r  a n d  J.  W. S p r e t n a k  in  " V a c u u m  M e t a l -  
172.11 l u r g y , "  p. 155, E l e c t r o c h e m .  Soc., Inc.  (1955) ;  R. 
171.41 S p e i s e r  a n d  H. L. J o h n s t o n ,  Trans. ASM,  42, 283 
171.92 (1950) .  
170.77 3. R. B. Ho lden ,  R. Spe i se r ,  a n d  H. L. J o h n s t o n ,  J. Am.  
171.26 Chem. Soc., 70, 3897 (1948).  

4. D. R. S t u l l  a n d  G. C. StAke, " T h e r m o d y n a m i c  P r o p -  
171.80 +--0.49 e r t i e s  of t h e  E l e m e n t s , "  Am.  C h e m .  Soc. (1956) .  
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Fig. l.  Plot of the Iogorithm of the pressure of Nb in Qtmos- 
pheres vs. the reciprocal of the absolute temperature.  Solid 
circles represent the data of Reimann and Grant (1). 

Table I. Vapor pressure of Nb 

Temp,  W e i g h t  Eft. Evap .  ra te ,  
~  loss, g t ime ,  rain.  g /cm~/sec  

2304 0.00791 326.7 2.3423 X 10 -8 
2325 0.00881 274.4 3.1208 X 10 -8 
2358 0.01733 236.0 7.1368 X 10 -8 
2397 0.01206 105.4 1 .1091X 10 -; 

2404 0.02600 174.2 1.4402 • 10 .7 
2432 0.01941 97.1 1.9343 • 10 -7 
2463 0.01495 41.5 3 .4881X  10 -7 
2472 0.01134 30.8 3.5520 • 10 -7 
2485 0.01568 30.4 4.9777 • 10 -7 
2496 0.01735 33.6 4.9787 X 10 -7 

2510 0.02501 42.4 5.6649 • 10 -7 
2528 0.02694 30.1 8 .6111X  10 -7 
2545 0.02172 23.2 9.0269 X 10 -~ 
2555 0.02684 21.8 1.1893 X 10 -~ 
2566 0.04075 31.7 1 . 2 3 3 8 •  10 -~ 
2580 0.04827 25.0 1.8615 • 10 -6 
2596 0.04340 20.4 2.0495 X 10 -6 

Table [I.  Thermodynamic functions of Nb 

( F ~ 1 7 6  ~, ( F ~ 1 7 6  s 
Wemp, 

*K T T -- R In P 

2304 51.41 15.66 39.28 
2325 51.46 15.71 38.70 
2358 51.55 15.82 37.05 
2397 51.65 15.92 36.15 

2404 51.67 15.94 35.63 
2432 51.74 16.02 35.03 
2463 51.82 16.11 33.85 
2472 51.85 16.13 33.81 
2485 51.88 16.17 33.13 
2496 51.91 16.20 33.17 

2510 51.94 16.23 32.86 
2528 51.98 16.27 32.02 
2545 52.02 16.31 31.92 
2555 52.05 16.34 31.38 
2566 52.07 16.36 31.29 
2580 52.12 16.40 30.47 
2596 52.16 16.46 30.27 

M e a n  



The Occurrence of Impurities in Rock Salt, Solar Salt, and Purified 
Sodium Chloride 

Arthur Btoomberg and Kurt Ladenburg 
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ABSTRACT 

Because of the known interference of certain impurit ies and the suspected 
effect of others in the electrolytic cell processes for the production of sodium 
and chlorine-caustic soda, the presence or absence of thir ty-f ive elements in 
sodium chloride samples was investigated spectrographically, al lowing detec- 
tion of extremely low concentrations. Results are reported for rock salt f rom 
four different locations, for three different solar salts, and for purified salt 
from two separate plants. 

The ch lor ine  caustic i n d u s t r y  has re l i ab le  i n -  
fo rma t ion  (1-4)  r ega rd ing  the inf luence  of t race  
impur i t i e s  on the e lectrolysis  of sod ium chlor ide by  
the m e r c u r y  cell process. The  p resence  of ce r ta in  
meta l s  (V, Mo, Cr, and  Ti) in  concen t ra t ions  as low 
as 0.25 m g / l i t e r  of b r i ne  ( e q u i v a l e n t  to 0.8 p p m  in  
d ry  sodium chlor ide)  decreases cathodic c u r r e n t  
efficiency cons iderably .  

The sod ium chlor ide  b r ines  used are de r ived  f rom 
dif ferent  sources and  f rom var ious  locations,  viz., 
rock salt, b rough t  to the surface  dry;  rock salt, d is-  
solved u n d e r g r o u n d  and  p u m p e d  to the surface  
t h rough  b r ine  wel ls ;  n a t u r a l  u n d e r g r o u n d  b r ines ;  
solar salt ;  v a c u u m  p a n  salt. 

A l though  rock sal t  and  raw b r ines  are u sua l l y  
purif ied before  use, it is of cons ide rab le  in te res t  to 
k n o w  to w h a t  ex ten t  the h a r m f u l  meta l s  occur in 
the salt. Since the l i t e r a tu r e  provides  p rac t i ca l ly  no 
i n f o r m a t i o n  on this  subject ,  a spec t rographic  i nves -  
t iga t ion  of d i f ferent  types  of sod ium chlor ide f rom 
dif ferent  locat ions was  u n d e r t a k e n .  Rock salt  s a m -  
ples were  ob ta ined  f rom Louis iana ,  Michigan,  New 
York, and  the  Domin i can  Republ ic ;  solar  salt  f rom 
Cal i fornia ,  The Grea t  Sal t  Lake,  and  the  Bahamas ;  
pur i f ied v a c u u m  pan  sal t  f rom Lou i s i ana  and  New 
York. 

Cons ide rab le  va r i a t i on  exists  in  quan t i t y ,  and  
some va r i a t i on  in  k ind,  of impur i t i e s  found  in  n a t -  
u r a l  sal t  depos i t s .Unref ined  rock sal t  con ta ins  some 
w a t e r - i n s o l u b l e  ma t t e r ,  mos t ly  anhydr i t e ,  p lus  
t races  of o ther  mine ra l s :  dolomite ,  hemat i t e ,  quar tz ,  
celestite, clay ( a l u m i n u m  si l icate) ,  etc. Since t race  
quan t i t i e s  we re  to be de t e rmined ,  an  effort was  
made  to d e t e r m i n e  the va r i ance  in  resul t s  b e t w e e n  
dupl ica te  ana lyses  and  b e t w e e n  samples  t a k e n  f rom 
the  p roduc t ion  l ine  at least  one week  apart .  The 
ana lyses  on rock sal t  f rom New York,  Michigan,  a nd  
Lou i s i ana  were  r u n  in  dupl ica te  on two samples  
t aken  at d i f ferent  t imes.  A s ingle  ana lys i s  of the 
pur i f ied sal t  was  made  on two samples  t aken  severa l  
weeks  apart .  K i l o g r a m  samples  were  used in  all  
ana lyses  to increase  prec is ion  and  to compensa te  for 
the n o n - u n i f o r m  d i s t r i bu t i on  of impur i t i e s  in  the  
rock sal t  deposits. In  no ins tance,  whe re  more  t h a n  

one analys is  was made  on salt  f rom a g iven  source, 
was there  any  wide  d i sc repancy  in  resul ts  b e t w e e n  
the severa l  samples.  

Solar  salt  m a y  con ta in  t races  of m a n y  of the  con-  
s t i tuen t s  of sea water ,  d e p e n d i n g  on the  cont ro l  ex-  
ercised d u r i n g  the  evapora t ion  and  c rys ta l l i za t ion  
process. Most of the n a t u r a l  impur i t i e s  are w a t e r -  
soluble  except  for mechan i ca l  c o n t a m i n a n t s  such as 
clay or ca lc ium sul fa te  f rom pa n  bot toms,  or w i n d -  
b l o w n  dust.  

Pur i f ied  v a c u u m  p a n  salt  was  inc luded  to indicate ,  
by  difference, the e x t e n t  to which  t race e l emen t s  are 
r emoved  by  chemica l  purif icat ion.  

Experimental 
A k i log ram of salt  was  dissolved in  3500 ml  of 

dis t i l led water ,  a l lowed to s t and  over  n ight ,  and  
then  fil tered th rough  W h a t m a n  No. 41 paper .  The 
res idue  was  washed  wi th  severa l  por t ions  of d is t i l led  
water ,  the washes  be ing  added  to the  br ine .  The 
filter paper  and  insolubles  were  dr ied  over  n igh t  at  
l l 0 ~  The paper  was separa ted  and  ashed sepa-  
ra te ly .  The res idue  was added  to the  ash a nd  the  
total  weighed  as " insolubles ."  This  was  g round  in  
an  aga te  m o r t a r  and  ana lyzed  spec t rographica l ly .  
In  the  case of the purif ied salt  samples  there  was no 
inso lub le  port ion.  

The trace e l ements  in  the  soluble  f rac t ion  were  
p rec ip i ta ted  wi th  H,~S f rom s l ight ly  a l k a l i n e  br ine ,  
us ing  h i g h - p u r i t y  lead as a carr ier .  

The  fi l tered b r i n e  was  m a d e  a lka l i ne  w i th  5 ml  of 
C.P. NH,OH. F i f t y  mg of 99 .99+ %  lead, as a lead 
n i t r a t e  solut ion,  was added to act as "car r ie r . "  The 
p rec ip i t a t ion  of the sulfides was  car r ied  out  u n d e r  a 
s l ight  p ressure  of w a t e r - w a s h e d  H.~S and  wi th  s t i r -  
r ing.  A b l a n k  c o n t a i n i n g  5 ml  NH4OH and  50.0 mg  
Pb  was  r u n  a long wi th  the b r i ne  samples.  To avoid 
colloid format ion ,  the so lu t ion  was evapora ted  to 
400-500 ml  before  the H~S was  added. 

In  the ana lys i s  of the  sulfides, the fo l lowing  meta l s  
were  d e t e r m i n e d  q u a n t i t a t i v e l y  wi th  the  aid of spe-  
c ial ly  p r epa red  s t anda rds :  Ni, Co, Cr, Cu, Mn, Zn, 
Fe, and  V. Al l  o ther  ana lyses  we re  made  s e m i q u a n -  
t i ta t ive ly .  

54 
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Table I 

Ele-  L i m i t  of  de t ec t i on  (ppm)  W a v e  l e n g t h  
m e n t  Insol .  Su l f ide  M o t h e r  l iq.  A. 

3082.1 
A1 0.1 0.00025 5 3092.7 

2528.5 
Sb 0.1 0.00025 5 2598.0 
As 0.2 0.0005 10 2780.2 
Ba 0.02 0.00005 1 4554.0 
Bi 0.02 0.00005 1 3067.7 
Cd 0.1 0.00025 5 3261.0 
Ca 0.02 0.00005 1 4226.7 
Ce 0.02 0.00005 1 8521.1 
Cr 0.1 0.00025 5 4254.3 
Co 0.1 0.00025 5 345'3.5 
Cu 0.01 0.000025 0.5 3273.9 
Ga 0.02 0.00005 1 2943.6 
Ge 0.02 0.00005 1 3039.0 
In 0.02 0.00005 1 3256.1 
Fe 0.02 0.00005 1 3020.6 
Pb 0.02 0.00005 1 2833.1 
Li 0.02 0.00005 1 6707.8 
Mg 0.1 0.00025 5 2852.1 
Mn 0.02 0.00005 1 2798.2 
Mo 0.1 0.00025 5 3193.9 
Ni 0.1 0.00025 5 3414.7 
P 1 0.0025 50 2535.6 
K 0.02 0.00005 1 7664.8 
Rb 0.02 0.00005 1 7800.2 
Si 0.1 0.00025 5 2881.5 
Ag 0.01 0.000025 0.5 3280.6 
Na 0.02 0.00005 1 5889.9 
Sr 0.02 0.00005 1 4607.3 
T1 0.1 0.00025 5 3519.2 
Sn 0.02 0.00005 1 2839.9 
Ti 0.1 0.00025 5 3078.6 
W 1 0.0025 50 2944.4 
V 0.02 0.00005 1 3185.4 
Zn 0.1 0.00025 5 3345.0 
Zr 0.1 0.00025 5 3601.2 

The  p rec ip i t a t e  was  a l l owed  to se t t le  ove r  n igh t  
and was  then  s epa ra t ed  f r o m  the  a lka l ine  b r ine  by  
cen t r i fug ing .  I t  was  w a s h e d  seve ra l  t imes  w i t h  
s l igh t ly  a lka l ine  H~S-sa tu ra ted  d i s t i l l ed  wa te r .  The  
w a s h e d  p rec ip i t a t e  was  t h e n  t r a n s f e r r e d  to a c ruc i -  
ble, d r ied  at  l l 0 ~  and  ana lyzed  spec t rog raph i ca l l y  

as was  the a lka l ine  " m o t h e r  l iquor . "  S ince  no in -  
f o r m a t i o n  was  ava i l ab l e  on the  eff iciency of this  
m e t h o d  of s epa ra t i on  of t r ace  e lements ,  a s epa ra t e  
spec t rog raph ic  ana lyses  was  also m a d e  on the  i l l-  
t e r ed  m o t h e r  l iquor .  1 

To e v a l u a t e  t he  con t r i bu t ion  of the  w a t e r  i m -  
pur i t i e s  to the  m o t h e r  l i quo r  analysis ,  the  a lka l ine  
solut ion,  a f t e r  the  r e m o v a l  of the  sulfides in the  
b l ank  analysis ,  was  e v a p o r a t e d  to d ryness  and the  
r e s idue  ana lyzed  spec t rog raph ica l ly .  

Al l  spec t rog raphs  w e r e  m a d e  us ing  a Bausch  and 
L o m b  L i t t r o w  in s t rumen t .  Sam p le s  w e r e  b u r n e d  to 
comple t i on  us ing  a d -c  arc. F i f t y  m g  of t he  " in so lu -  
b les"  or  100 mg  of the  sal t  ob ta ined  by  e v a p o r a t i n g  
the  m o t h e r  l iquor  was  used for  each  analysis .  The  
s t anda rds  w e r e  p r e p a r e d  by  add ing  0.01 m g  of each  
of the  me ta l s  to 50.0 m g  of h i g h - p u r i t y  lead  and 
c o n v e r t i n g  to sulfa te .  In  each  analys is  of the  " S u l -  
fide P rec ip i t a t e , "  the  en t i r e  p r e c i p i t a t e  was  con-  
v e r t e d  to su l fa tes  and b u r n e d  to comple t ion .  The  
s t anda rd  su l fa te  sample  con ta ined  the  e q u i v a l e n t  of 
0.01 p p m  of each  of the  me ta l s  based  on the  o r ig ina l  
sample  w e i g h t  of I000 g. 

Discussion of Results 
Tab le  I g ives  the  m i n i m u m  concen t r a t i on  of each  

e l e m e n t  de tec t ab le  by the  t echn iques  used  and the  
w a v e  leng ths  used  for  de tec t ion .  The  da t a  g ive  the  
m a x i m u m  a m o u n t  of each  e l e m e n t  found.  

Tables  II and III  g ive  the  ana lyses  of  the  d i f fe ren t  
salt  samples .  To conse rve  space the  ana lyses  of the  
sulfides and the  m o t h e r  l iquors  are  c o m b i n e d  u n d e r  
the  head ing  of "Br ines . "  The  a lka l i  me ta l s  and  a l k a -  
l ine  ea r th  me ta l s  w e r e  not  found  in the  sulfide p r e -  
c ipi ta te .  The  only  me ta l l i c  im pur i t i e s  found  in the  
f i l te red  m o t h e r  l iquor  w e r e  Cu, Fe, and Mn. These  
w e r e  close to the  l imi t  of de tec t ion  and  m a y  be due  
l a rge ly  to t r ace  im pur i t i e s  in the  g r aph i t e  e lec t rodes .  
The  va lues  l i s ted  for  these  me ta l s  in the  b r ine  col-  
u m n  are  based  on analys is  of the  sulfides. Si l icon 

1 V a n a d i u m  con t en t  of Pacif ic  Coas t  so la r  sa l t  fourAd spec t ro -  
g r a p h i c a l l y ,  5 ppb ;  i n d e p e n d e n t  ana ly s i s  b y  c o l o r i m e t r i c  method, 
7 ppb.  

Table II 

Rock  sa l t  s a mp le s  p p m  E l e m e n t  in  s a m p l e  
Ele-  M i c h i g a n  New York  L o u i s i a n a  C a r i b b e a n  

m e n t  I n s o l u b l e  B r i n e  I n s o l u b l e  B r i n e  I n s o l u b l e  B r i n e  I n s o l u b l e  B r i n e  

A1 750 0.09 900 0.9 150 0.09 ~ 1000 0.9 
Ba 25 N 10 N N N 100 N 
Ca . . . . . . . .  
Cr N 0.01 N 0.01 N <0.005 1.8 0.06 
Co N <0.005 N <0.005 N <0.005 N <0.005 
Cu 5 0.3 1 0.09 1 0.03 18 0.2 
Fe 250 0.9 1000 0.5 90 0.2 41000 0.08 
Pb 2 - -  0.2 - -  2 - -  18 - -  
Mg 1000 500 1000 90 1000 90 > 1000 900 
Mn 10 0.04 100 0.03 100 1.2 180 0.1 
Ni N 0.08 N 0.01 N 0.012 1.0 0.03 
K 200 9000 1000 5000 100 9000 180 9000 
Si 1000 - -  > 1000 - -  200 - -  ~ 1000 - -  
Ag N <0.005 N <0.005 0.2 0.09 N 0.09 
Na 100 - -  200 - -  1000 - -  180 - -  
Sr 1000 9000 200 900 100 900 100 900 
Sn N N N N N N 0.2 0.09 
Ti 10 <0.005 200 <0.005 2 <0.005 180 0.09 
V N <0.005 10 <0.005 N <0.005 N 0.09 
Zn N 0.20 2 0.34 N 0.05 N 0.2 
Zr N N 2 N N N 1.8 N 
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Table Ill 
ppm E l e m e n t  in sample 

So la r  sa l t  
Ele-  Pu r i f i ed  sa l t  C a r i b b e a n  G r e a t  Sa l t  L a k e  Pacif ic  Coast 

meri t  New York  L o u l s i a n a  I n s o l u b l e  B r i n e  I n s o l u b l e  B r i n e  I n s o l u b l e  Brine  

A1 0.09 0.05 18 0.9 15 0.009 ~ 15 0.09 
Ba  N N 1 N 0.9 N 0.9 N 
Ca 90 90 - -  - -  15 - -  ~15  - -  
Cr  ~0.005 ~0.005 N 0.02 0.05 ~0.005 0.09 ~0.005 
Co ~0.005 ~0.005 N ~0.005 N ~0.005 N ~0.005 
Cu 0.57 0.04 0.2 0.2 0.9 0.008 0.5 0.1 
F e  0.25 0.20 18 0.3 ~ 15 0.01 ~ 15 0.08 
Pb  - -  - -  0.1 - -  0.5 - -  0.05 - -  
Mg 9 9 - -  900 ~ 15 900 ~ 15 900 
Mn 0.002 0.009 0.2 0.003 0.9 ~0.005 0.9 0.01 
Ni  0.04 0.005 N 0.01 0.05 ~0.005 0.09 0.009 
K 90 90 1.8 9000 0.9 5000 0.9 5000 
Si . . . .  ~ 15 - -  ~ 15 - -  
Ag  0.009 0.009 N 0.09 N 0.009 N 0.009 
Na  - -  - -  18 - -  ~15  - -  ~15  - -  
S r  9 N 18 900 0.05 50 0.09 500 
Sn  N N 1.8 0.09 0.005 N 0.009 0.009 
Ti  0.09 0.009 0.2 0.09 ~ 15 N ~ 15 N 
V ~0.005 0.008 N 0.06 N ~0.005 N 0.005 
Zn  ~0.01 ~0.01 N 0.07 N ~0.005 N 0.01 
Zr  N N N N 0.09 N 0.09 N 

w a s  e s t i m a t e d  o n l y  in  t h e  i n s o l u b l e  p o r t i o n .  Suf f i -  
c i e n t  s i l i con  c a n  be  e x t r a c t e d  f r o m  l a b o r a t o r y  g l a s s -  
w a r e  to  s h o w  up  in  t h e  s p e c t r a  of  t h e  su l f ides  a n d  
m o t h e r  l i q u o r s .  

W h e r e  s e m i - q u a n t i t a t i v e  a n a l y s e s  w e r e  m a d e ,  t h e  
h i g h e r  v a l u e  of  t h e  r a n g e  is l i s ted .  T h e  s y m b o l  " N "  
in  t h e  t a b l e s  i n d i c a t e s  t h a t  t h e  e l e m e n t  w a s  n o t  d e -  
t ec t ed ,  a n d  ( - )  i n d i c a t e s  t h a t  t h e  c o n c e n t r a t i o n  w a s  
n o t  e s t i m a t e d .  A l l  v a l u e s  a r e  c o r r e c t e d  fo r  t h e  c o n -  
c e n t r a t i o n s  f o u n d  in  t h e  b l a n k s .  A n  e l e m e n t  l i s t e d  
in  T a b l e  I, b u t  n o t  in  t h e  o t h e r  t ab les ,  i n d i c a t e s  t h a t  
t h e  e l e m e n t  w a s  n o t  d e t e c t e d  in  e i t h e r  t h e  i n s o l u b l e  
o r  s o l u b l e  p o r t i o n .  

Manusc r ip t  r e c e i v e d  A p r i l  2, 1958. This  p a p e r  was  
p r e p a r e d  fo r  d e l i v e r y  be fo re  t h e  N e w  Y o r k  Meet ing ,  
A p r i l  27-May 1, 1958. 

A n y  discussion of th is  p a p e r  w i l l  a p p e a r  in  a Dis -  
cuss ion  Sec t ion  to be  p u b l i s h e d  in t he  D e c e m b e r  1959 
J O U R N A L .  
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The Oxygen Electrode 
I. Isotopic investigation of Electrode Mechanisms 

Myron 0.  Davies, 1 Milton Clark, 2 Ernest Yeager, and Frank Hovorka 

Department of Chemistry, Western Reserve University, Cleveland, Ohio 

A B S T R A C T  

Isotopic  t e chn iques  i n v o l v i n g  O 1~ h a v e  been  used  to s t udy  the  ca thod ic  and  
anodic  p rope r t i e s  of t he  o x y g e n - p e r o x i d e  couple  on p a r t i a l l y  hyd rophob ic ,  
ac t ive  ca rbon  e lec t rodes  in a lka l ine  solut ion.  The  isotopic  ana lyses  h a v e  been  
ca r r i ed  out  w i t h  an  ana ly t i c a l  mass  spec t rome te r .  F o r  t he  ca thod ic  reac t ion ,  
t r a c e r  and e q u i l i b r a t i o n  e x p e r i m e n t s  p r o v e  tha t  a l l  of t he  p e r o x i d e  o x y g e n  
o r ig ina tes  f r o m  gaseous  o x y g e n  and  tha~ the  O - O  bond is no t  a c tua l l y  b r o k e n  
in t he  f o r m a t i o n  of the  pe rox ide .  T r a c e r  e x p e r i m e n t s  also ind ica te  t ha t  the  
o x y g e n  gas l i be ra t ed  d u r i n g  the  anodic  ox ida t ion  of the  HO~- ion con ta ins  on ly  
p e r o x i d e  oxygen .  These  resu l t s  a r e  i n t e r p r e t e d  in t e r m s  of  va r ious  poss ib le  
r eac t ion  mechan i sms .  

V a r i o u s  i n v e s t i g a t o r s  ( 1 - 5 )  h a v e  d e m o n s t r a t e d  t h e  
r e v e r s i b i l i t y  o f  t h e  o x y g e n - p e r o x i d e  c o u p l e  on  a c -  
t i v e  c a r b o n  e l e c t r o d e s  in  a l k a l i n e  s o l u t i o n  in t h e  a b -  

1 P r e s e n t  addres s :  N.A.S.A.  L a b o r a t o r y ,  C l e v e l a n d ,  Ohio.  
P r e s e n t  addres s :  N a t i o n a l  C a r b o n  Co., C l e v e l a n d ,  Ohio.  

s e n c e  of  a p o l a r i z i n g  c u r r e n t .  T h e  o v e r - a l l  e l e c t r o d e  
r e a c t i o n  in  a l k a l i n e  s o l u t i o n  m a y  be  r e p r e s e n t e d  as 
f o l l o w s :  

O~ -f  H20  + 2e ~ O H -  q- HO._,- 
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Cathodic (5,6) as wel l  as anodic  (7) po la r i za t ion  
m e a s u r e m e n t s  ~ at Wes t e rn  Reserve  U n i v e r s i t y  have  
ind ica ted  t ha t  the  ac t iva t ion  po la r iza t ion  associated 
wi th  the o x y g e n - p e r o x i d e  couple on act ive ca rbon  
in  a lka l ine  so lu t ion  is gene ra l l y  smal l  even  at  ap-  
pa ren t  c u r r e n t  densi t ies  as h igh as 500 m a / c m  -~. Con-  
cen t r a t i on  po la r iza t ion  i nvo lv ing  the  p e r h y d r o x i d e  
ion and  mo lecu l a r  oxygen  t r a n s p o r t  are  the  p r e -  
d o m i n a n t  sources of po la r iza t ion  u n d e r  these condi -  
tions. As a resul t ,  po la r iza t ion  m e a s u r e m e n t s  have  
y ie lded  only  l imi ted  i n f o r m a t i o n  conce rn ing  the 
e lect rode mechan i sms  associated w i th  the  o x y g e n -  
peroxide  couple. 

The fo l lowing ques t ions  have  been  ra ised conce rn -  
ing the cathodic reac t ion :  

(A) Does all  of the peroxide  oxygen  or ig ina te  
f rom molecu la r  oxygen?  (B) Is the  o x y g e n - o x y g e n  
bond  ac tua l ly  b r o k e n  in  the fo rma t ion  of the  pe r -  
oxide? S imi l a r  ques t ions  have  been  proposed for the 
reverse  anodic  react ion.  On a theore t ica l  basis, the  
answer  to the first ques t ion  should be posi t ive and  
to the second ques t ion  negat ive ,  bu t  no one had  ever  
proved  it  conclusively.  

The p resen t  e x p e r i m e n t s  i n v o l v i n g  isotopic tech-  
n iques  r ep resen t  an  a t t e m p t  to provide  a defini te  
proof. While tracer experiments involving 0 ~8 can be 
used to answer the first question, equilibration ex- 
periments are necessary to answer the second ques- 
tion. All of the isotopic experiments described in 
this paper have been carried out under substantially 
reversible electrochemical conditions. 

Exper imenta l  Procedures 

Isotopic concentrations in non-equilibrated oxygen 
gas.--In t e r m s  o f  the  isotopes 16 and 18, o x y g e n  gas 
conta ins  the  th ree  molecu la r  species O~-O ~, O~-O ~, 
and  O~-O% The O~-enr i ched  gas ava i l ab le  for these 
e x p e r i m e n t s  is a p p r o x i m a t e l y  1.4% O ~8 on an  a tomic 
basis. The  concen t r a t i on  of O~8-O ~~ is twice the  O ~ 
concen t r a t i on  because  there  are  two chances  for the  
inc lus ion  of an O ~ a tom in  a g iven  molecule  (see 
Tab le  I ) .  The concen t r a t i on  of O~-O TM, however ,  is 
a p p r o x i m a t e l y  the  squa re  of the  O TM concen t r a t i on  
s ince the  p robab i l i t y  of two s imul taneous ,  s u b s t a n -  
t ia l ly  i n d e p e n d e n t  events  is involved .  The l a t t e r  is 
t rue  on ly  if the gas is comple te ly  equ i l ib ra ted .  Con-  
sider the resul t s  of d i lu t ing  this  O~-enr iched  gas 
sample  w i th  oxygen  gas con t a in ing  no O TM in  a 1:1 
ratio.  Tab le  I ind ica tes  the concen t r a t ions  for the  
case of n o n e q u i l i b r a t i o n  and  equ i l ib ra t ion .  For  the  
former,  the  concen t r a t i on  of the species O~8-O TM is 
r educed  by  a factor  of two, whereas  in  the  la t te r  case 
the concen t r a t i on  is r educed  fourfold.  

In  the  p re sen t  research,  va r ious  e x p e r i m e n t s  have  
been  pe r fo rmed  in  wh ich  n o n e q u i l i b r a t e d  oxygen  

3 T h e s e  p o l a r i z a t i o n  s t u d i e s  w i l l  be  t h e  s u b j e c t  of  l a t e r  p a p e r s  i n  
t h i s  ser i e s .  

Table I. Effects of dilution on isotopic concentrations 

01s Ols-O16 01s -o l s  
% % % 
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gas is conver ted  to h y d r o g e n  peroxide.  The peroxide  
is t h e n  oxidized to y ie ld  oxygen  gas wh ich  is sub-  
s e que n t l y  e x a m i n e d  wi th  a mass spec t romete r  to 
see if it  has been  equ i l ib ra ted .  F r o m  this i n f o r m a t i o n  
it is possible to es tab l i sh  w h e t h e r  the oxygen  bond  
has been  b r o k e n  d u r i n g  a n y  step. 

Preparation of 018-enriched gas.--The oxygen  gas 
used in  the  isotope e x p e r i m e n t s  was p r e p a r e d  by  the  
electrolysis  of O18-enriched w a t e r  (1.4% H201~). ' 
Sufficient H~SO4 was added to p rov ide  an  approx i -  
m a t e l y  1M solut ion.  The electrolysis  was  car r ied  out  
in  an  H-ce l l  b e t w e e n  smooth p l a t i n u m  electrodes.  The 
oxygen  gas was  collected by  m e a n s  of an  au tomat i c  
sys tem and  s tored as a l iqu id  at l iqu id  n i t r o g e n  t e m -  
pe ra tu re s  for s u b s e q u e n t  use. 

Electrolytic cells.--Two cells of d i f ferent  des ign 
were  r equ i r ed  for the cathodic and  anodic  expe r i -  
ments .  F i g u r e  1 shows the  cell used for the  cathodic 
exper imen t s .  The  cathode consisted of a porous 
g raph i te  p lug  w i th  a l aye r  of act ive ca rbon  approx i -  
m a t e l y  1 m m  th ick  on the  surface  exposed to the  
e lectrolyte .  The a p p a r e n t  area  of the  cathode was  
a p p r o x i m a t e l y  3 cm ~. The oxygen  gas was  i n t ro -  
duced th rough  the  rear  side t h rough  in le t  F. The  side 
a r m  E, which  was subme r ge d  in the w a t e r  w i t h i n  a 
test  tube ,  se rved  as a p re s su re  cont ro l  by  v e n t i n g  
excess gas. The anode  consis ted of a 1-cm ~ piece of 
smooth p l a t i n u m ,  which  was enclosed in  a separa te  
c o m p a r t m e n t  w i th  a smal l  hole connec t ing  to the  
m a i n  ca thode  c o m p a r t m e n t .  This  a r r a n g e m e n t  re -  
duced g rea t ly  the  ra te  at  which  the  peroxide  gen-  
e ra ted  at the ca thode  diffused to the anode  where  it 
wou ld  be oxidized. Oxygen  l ibe ra ted  at the  anode  
did no t  diffuse to the cathode in  a ny  apprec iab le  
amounts .  

The  act ive ca rbon  layer  on the  cathode m u s t  serve 
the dua l  purpose  of p rov id ing  sites for the  e lec t ro-  
chemica l  r educ t ion  as wel l  as a m e a n s  by  which  
molecu la r  oxygen  is r ead i ly  t r a n spo r t e d  to these  
sites. The effective t r a n s p o r t  of oxygen  in  the  elec-  
t rode s t ruc tu re  has been  shown (5, 6) to r equ i r e  a 

O b t a i n e d  f r o m  t h e  S t u a r t  O x y g e n  Co. of  C a l i f o r n i a .  

Vent for 
Cathode 
Compartment .Vent for 

Anode 
Compartment 

Pressure 
Control  

; Anode (D) 

~tlve Carbon (C) 

~aphite Plug (A) 

Oxygen 
~----Inlet (F) 

Electrical 
Contact (B) 

1. Original  sample 1.4 2.8 0.02 
2. Diluted sample (1: 1) 

a. Equi l ibrated 0.7 1.4 0.005 
b. Nonequi l ibra ted 0.7 1.4 0.01 Fig. 1. Cathodic cell for 0 ~s experiments 
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microporous  s t ruc tu re  con t a in ing  no solut ion.  For  
these reasons,  the act ive ca rbon  e lect rode m u s t  be 
pa r t i a l l y  hydrophobic  to p r e v e n t  the p e n e t r a t i o n  of 
the solut ion in to  the porous  s t ruc ture .  Whi le  act ive  
ca rbon  itself is somewha t  hydrophob ic  to a lka l ine  
solutions,  add i t iona l  wa te rp roo f ing  is ob ta ined  
th rough  the use of a m a t e r i a l  such as po lye thy lene ,  
paraffin, or gum rubber ,  which  also func t ions  as a 
b inder .  In  the  p resen t  work,  the act ive ca rbon  l aye r  
was  appl ied  to the g raph i te  p lug by  a t e chn ique  
s imi la r  to tha t  used by  Ber l  (1) .  A benzene  suspen -  
sion of ac t ive  ca rbon  c o n t a i n i n g  gum r u b b e r  (5 % by  
weight  of ca rbon)  was  sp rayed  wi th  a smal l  a t o m -  
izer onto the porous  g raph i te  plug. The  g raph i te  p lug  
was  w a r m e d  wi th  an  i n f r a r e d  l amp both  before  and  
af ter  sp r ay ing  and  suct ion appl ied  on the rear  su r -  
face of the p lug  to exped i t e  the rap id  and  comple te  
r emova l  of the benzene  f rom the act ive ca rbon  layer .  
Nucha r  C 115 ~ was chosen as the act ive ca rbon  be-  
cause cathodes p r epa red  f rom this  ca rbon  have  low 
po la r iza t ion  and  do not  decompose h y d r o g e n  pe r -  
oxide ve ry  readi ly .  

The cell used for the anodic  e x p e r i m e n t s  is shown 
in  Fig. 2. The  anode,  A, consis ted of a smooth  p l a t i -  
n u m  electrode wi th  an area  of a p p r o x i m a t e l y  3 cm "~. 
This  p l a t i n u m  electrode was cor ruga ted  so tha t  it  
wou ld  fit u n d e r  the hood, B, and  then  was sp rayed  
on both  sides wi th  act ive ca rbon  by  a p rocedure  
s imi la r  to tha t  used for the p r e p a r a t i o n  of the ca th -  
odes in Fig. 1. A smal l  piece of p l a t i n u m  foil, C, lo- 
cated outs ide of the hood served as the cathode. The 
oxygen  gas r e su l t i ng  f rom the anodic  ox ida t ion  of 
the h y d r o g e n  perox ide  in the so lu t ion  was collected 
in  the tube,  E. 

Cathode measurements.--Two types  of cathodic  
e x p e r i m e n t s  were  car r ied  out  wi th  the cell in  Fig. 1. 
In  one, o r d i n a r y  oxygen  (L inde)  was  used in  con-  
j u n c t i o n  w i th  an  enr i ched  1M K O H  solution,  p r e -  
pa red  by  dissolving ana ly t i ca l  grade  K O H  in  O l ' - e n -  
r iched water .  In  the second, the e lect rolyt ic  so lu t ion  

Product of West Virginia Pulp and Paper Co. 
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Fig. 2. Anodic cell for 0 TM experiments 

was unenr i ched ,  bu t  a 1:1 m i x t u r e  of en r i ched  oxy-  
gen and  o r d i n a r y  oxygen  gas was fed to the cathode. 
No hydrogen  peroxide  was added  to the  e lec t ro ly te  
in  the cathodic exper imen t s .  

In  the e x p e r i m e n t  us ing  the en r i ched  oxygen  m i x -  
ture,  the 1:1 m i x t u r e  of en r i ched  and  u n e n r i c h e d  
oxygen  was p r epa red  by  condens ing  an  equa l  vol -  
u m e  of L inde  t a n k  oxygen  (U.S.P.)  in to  the  same 
tube  in which  the e lec t ro ly t ica l ly  produced,  Old-en- 
r iched oxygen  had been  collected. The two gases 
were  mixed  by  d is t i l l ing  t hem over  into ano the r  
tube  which  was kep t  in  a D e w a r  of l iqu id  n i t r o g e n  
un t i l  used in  the e lec t rochemica l  exper imen t .  The 
out le t  of this t u b e  was connec ted  to in le t  F of the 
cathodic cell, the stopcock opened,  and  the Dewar  
lowered  jus t  enough  to a l low the  oxygen  to boil  at 
such a ra te  tha t  a s teady s t r eam of bubb le s  came 
f rom the out le t  t u b e  i m m e r s e d  in  tes t  t ube  E. For  
the m a j o r i t y  of the e x p e r i m e n t s  us ing  onty  u n e n -  
r iched oxygen,  the  oxygen  t a n k  was connec ted  di -  
rec t ly  to in le t  F and  the  appropr i a t e  ra te  of flow ob-  
t a ined  by means  of the need le  va lve  of the t a n k  
regula tor .  

Af te r  the  oxygen  flow had  been  adjusted,  app rox i -  
ma te ly  10 ml  of e lec t ro ly te  was  added to the cell and  
the c u r r e n t  t u r n e d  on. Reduc t ion  was con t inued  for 
15 m i n  af ter  which  the sample  was  qu ick ly  t r a n s -  
fe r red  to the peroxide  decompos ing  sys tem to be de-  
scr ibed short ly.  A l t h o u g h  it  is possible  for O 1~ to 
exchange  b e t w e e n  HO~- a nd  H~O, it  has been  shown 
(as wi l l  be descr ibed  la te r )  tha t  no s ignif icant  ex-  
change  occurs w i t h i n  30 min .  In  all  e x p e r i m e n t s  this 
was the m a x i m u m  t ime a l lowed to elapse f rom the 
b e g i n n i n g  of the e x p e r i m e n t  u n t i l  the solut ion was 
frozen in the perox ide  decompos ing  system. 

Anodic measurements.--The elec t ro ly te  consisted 
of 5M KOH p repa red  w i th  O1Lenriched w a t e r  to 
which  sufficient 90% uns tab i l i zed  H~O2 was added  to 
y ie ld  a so lu t ion  of a p p r o x i m a t e l y  0.9M wi th  respect  
to peroxide.  A vo lume  of 25 ml  of so lu t ion  was  r e -  
qu i r ed  to fill the  cell in  Fig. 2. The so lu t ion  was 
sucked up w i t h i n  the cell as far  as stopcock 1. This 
stopcock was  t hen  closed a nd  tube  E was  evacua ted  
th rough  out le t  D, af ter  which  stopcock 2 was closed. 
The c u r r e n t  was  then  t u r n e d  on. 

Al l  of the oxygen  l ibe ra ted  f rom the anode,  as 
wel l  as some oxygen  r e su l t i ng  f rom the  decomposi -  
t ion  of hyd rogen  peroxide,  was  collected in  the uppe r  
pa r t  of the  t ube  above the hood below stopcock 1. 
H y d r o g e n  f rom the  cathode escaped into the a tmos-  
phere.  F r o m  t ime  to t ime  oxygen  which  had  col- 
lected in  the  uppe r  pa r t  of the hood t u b e  was  ad-  
mi t t ed  to the evacua ted  col lect ing tube  E by  open ing  
stopcock 1. Care was t a ke n  to a l low as l i t t le  elec- 
t ro ly te  as possible to be sucked into the  uppe r  tube.  
When  sufficient oxygen  gas had  been  ob ta ined  for 
the pressure  in  tube  E to be 1 atm,  the c u r r e n t  was  
t u r n e d  off. The  tota l  l eng th  of t ime  f rom the  i n t r o -  
duc t ion  of the peroxide  to the e lec t ro ly te  u n t i l  the 
end  of the e lectrolysis  was  no t  more  t h a n  30 min .  

Af t e r  the comple t ion  of the  electrolysis ,  the  oxy-  
gen gas in  t u b e  E was  passed th rough  a d ry  ice- 
m e t h a n o l  t r ap  to r emove  mo i s tu r e  and  t r a n s f e r r ed  
to a s torage b u l b  for s u b s e q u e n t  mass spec t romete r  
analysis .  
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Table I I. Results of isotopic experiments 
OLS-O16 O18-O18 

Condltions % % 

A. Adsorpt ion  of enr iched,  nonequi l ibra ted  o x y g e n  on ac t ive  carbon 
at l iquld n i t rogen  t empera tu re ,  fol lowed by desorption.  

1. Exper imenta l  1.54 0.012 
Expected if equi l ibra t ion occurred 1.58 0.0062 
Expected if no equi l ibrat ion occurred 1 .58 0.012 

2. Exper imenta l  1.50 0.0096 
Expected if equi l ibrat ion occurred 1.48 0.0055 
Expec ted i f  no equi l ibrat ion occurred 1.48 0.0086 

B. U n e n r i c h e d  h y d r o g e n  p e r o x i d e  in  a l k a l i n e  s o l u t i o n  w i t h  e n r i c h e d  
w a t e r  fo r  30 rain.  

Exper imenta l  0.41 0.0008 
Expected if no exchange 0.40 0.0004 
Expected if complete exchange 2.8 0.020 

C. P e r o x i d e  f o r m e d  c a t h o d i c a l l y  a t  a n  a c t i v e  ca rbon  e l ec t rode  in  
bas ic  so lu t ion ,  u s i n g  en r i ched ,  n o n e q u i l i b r a t e d  o x y g e n  a n d  u n -  
e n r i c h e d  wa te r .  

1. Exper imenta l  1.27 0.0078 
Expected if the oxygen in the 

peroxide came from the water  only 0.40 0.0004 
Expected if the oxygen in the 

peroxide came from the oxygen 
gas only 

With equi l ibrat ion 1.24 0.0038 
With no equi l ibrat ion 1.24 0.0067 

2. Exper imenta l  1.37 0.0086 
Expected if the oxygen in the 

peroxide came from the water  only 0.40 0.0004 
Expected if the oxgen in the 

peroxide came from the oxygen 
gas only 

With equi l ibrat ion 1.41 0.0050 
With no equi l ibrat ion 1.41 0.0083 

D. P e r o x i d e  f o r m e d  c a t h o d i c a l l y  a t  a n  a c t i v e  c a r b o n  e l ec t rode  in  
bas ic  so lu t ion ,  u s i n g  t a n k  o x y g e n  a n d  e n r i c h e d  wate r .  

1. Exper imenta l  0.45 0.0023 
Expected if the oxygen in the 

peroxide came from the water  only 2.80 0.020 
Expected if the oxygen in the 

peroxide came from the oxygen 
gas only 0.43 0.0026 

2. Exper imenta l  0.45 0.0021 
Expected if the oxygen in the 

peroxide came f rom the water  only 2.80 0.020 
Expected if the oxygen in the 

peroxide came from the oxygen 
gas only 0.41 0.0022 

3. Exper imenta l  0.42 0.0029 
Expected if the oxygen in  the 

peroxide came from the water  only 2.80 0.020 
Expected if the oxygen in  the 

peroxide came from the oxygen 
gas only 0.41 0.0021 

E. P e r o x i d e  f o r m e d  c a t h o d i c a l l y  a t  an  a c t i v e  ca rbon  e lec t rode  in  
bas ic  s o l u t i o n  u s i n g  e n r i c h e d  w a t e r  a n d  u n e n r i c h e d  o x y g e n  gas  
p r e p a r e d  by  p a r t i a l  e v a p o r a t i o n  of l i que f i ed  t a n k  gas. 

1. Exper imenta l  0.42 0.00088 
Expected if the oxygen in the 

peroxide came from the water  only 2.80 0.020 
Expected if the oxygen in the 

peroxide came from the oxygen 
gas only 0.40 0.00089 

2. Exper imenta l  0.43 0.00094 
Expected if the oxygen in the 

peroxide came from the water  only 2.80 0.020 
Expected if the oxygen in the 

peroxide came from the oxygen 
gas only 0.40 0.00089 

F. O x y g e n  gas  f o r m e d  a n o d i c a l l y  a t  a n  a c t i v e  ca rbon  e l ec t rode  i n  
basic  s o l u t i o n  c o n t a i n i n g  u n e n r i c h e d  h y d r o g e n  pe rox ide .  

1. Exper imenta l  (with unenr iched 
water)  0.39 0.00076 

2. Exper imenta l  (with enriched water)  0.38 0.0014 
Expected if the oxygen came 

from the water  2.80 0.020 
Expected if the oxygen came 

from the peroxide 0.39 0.00076 
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Analytical procedures.--The h y d r o g e n  peroxide  
samples  were  decomposed wi th  ceric sul fa te  as an  
ox idan t  in  order  to recover  the  perox ide  oxygen  for 
mass spec t romete r  analysis .  Cahi l l  and  Ta ube  (8) 
have  shown tha t  ox ida t ion  wi th  this  r eagen t  l i be r -  
ates oxygen  exc lus ive ly  f rom the peroxide  w i thou t  
exchange  wi th  oxygen  of the  water .  These worke r s  
also be l i eved  tha t  the  r u p t u r e  of the  o x y g e n - o x y g e n  
bond  does no t  occur in  the ox ida t ion  of h y d r o g e n  
perox ide  wi th  this  reagent .  The p re sen t  e x p e r i m e n t a l  
work  verifies this conclusion.  

P r io r  to the  ox ida t ion  w i th  ceric sulfate ,  the hy -  
d rogen  peroxide  solut ions  as we l l  as the ceric su l -  
f a t e - su l fu r i c  acid solut ions  were  degassed 6 to r emove  
a n y  dissolved molecu la r  oxygen.  The oxygen  gas 
f rom the  ox ida t ion  of the h y d r o g e n  peroxide  was  
dr ied  by  me a ns  of a d ry  i c e - m e t h a n o l  t r ap  and  t h e n  
s tored in  a glass b u l b  for s u b s e q u e n t  isotopic analysis .  

A Consol ida ted  E n g i n e e r i n g  ana ly t i ca l  mass  spec-  
t r o m e t e r  (modif ied type  21-101) was  used for all  
the isotopic analyses .  This  i n s t r u m e n t  was  equ ipped  
wi th  a n o n m a g n e t i c  s ta inless  steel  ana lyze r  t ube  in  
which  the ion iza t ion  zone was  t he rmos t a t ed  to 250 ~ 
__0.3~ The surface  of the  t u n g s t e n  f i l ament  w i t h i n  
the  ana lyze r  t ube  was kept  wel l  ca rb ided  to m i n i -  
mize the a t t ack  of the f i lament  by  the  oxygen  gas. 
The  mass  spec t rum for each sample  was  scanned  
f rom mass  n u m b e r  26 to 42 in  order  to inc lude  the  
peaks  for n i t r o g e n  and  argon,  if present ,  as wel l  as 
the va r ious  isotopic O2 peaks.  It  was  necessary  to 
scan this  r a nge  twice for each sample,  once at h igh 
ampl i f ier  sens i t iv i ty  and  once a t  low ampl i f ier  sens i -  
t iv i ty ,  because  the h igh sens i t iv i t ies  r e q u i r e d  to give 
m e a s u r a b l e  36 peaks  (O18--O TM ) gave 32 peaks  (01% 
O TM) which  were  too large  to record.  Mass 34 peaks 
(O1~-O TM) were  m e a s u r a b l e  a t  bo th  sensi t ivi t ies .  

The  ca lcu la t ions  of the  re la t ive  isotopic concen-  
t r a t ions  are based on the a s s u m p t i o n  tha t  the  iso- 
topic concen t r a t ions  are d i rec t ly  p ropor t iona l  to the 
peak  heights  m i n u s  the b a c k g r o u n d  peak  heights  on 
the  records  f rom the mass  spec t romete r  w i th  the 
same p ropor t iona l i t y  cons t an t  for all  th ree  mass  
n u m b e r s :  32, 34, and  36. This  a s sumpt ion  is j u s t i -  
fied on ly  if the  acce le ra t ing  vol tages  used in  the  
mass  spec t romete r  are a p p r o x i m a t e l y  the same for 
the var ious  mass  number s .  Such  was  the  case in  the  
p re sen t  work.  Correc t ions  were  made  for n o n l i n e a r -  
i ty  in  the  r ecord ing  system. A n  add i t iona l  correc t ion  
was necessa ry  for the  36 peaks co r re spond ing  to 
O1~-O% A r gon  occurs as an  i m p u r i t y  in  oxygen  gas 
p r epa red  by  l iquefac t ion  of a i r  to the  ex t en t  of 
abou t  0.5%. Ev idence  of this  s i tua t ion  is r ead i ly  ap-  
p a r e n t  f rom the  r e l a t i ve ly  p r o m i n e n t  mass  n u m b e r  
40 peaks  in  the  mass  spectra.  Since a rgon  has an  iso- 
tope of mass  36, it  has b e e n  necessa ry  to app ly  a cor-  
rec t ion  for this  isotope. The ra t io  of the 36 to 40 
peaks  for a rgon  is 0.31 to 99.68 in  a rgon  in  the air  
(10).  This  ra t io  was  a s sumed  to apply  to the  a rgon  
in  the  oxygen  gas as an  approx ima t ion ,  a l though  the  
ac tua l  ra t io  is p r o b a b l y  h igher  because  of the  f rac-  
t iona l  d i s t i l l a t ion  invo lved  in  the p r e p a r a t i o n  of oxy-  
gen gas f rom air. The he ight  of the 40 peak  m u l t i -  
p l ied by  0.003 was  sub t r ac t ed  f rom the  36 peak.  

6 F o r  de t a i l s  c o n c e r n i n g  t he  p r o c e d u r e  u sed  fo r  t he  r e c o v e r y  of  
t h e  p e r o x i d e  oxygen ,  see Ref.  (9). 
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Experimental Results 
Preliminary Experiments 

Severa l  p r e l i m i n a r y  expe r imen t s  were  car r ied  out  
to become f ami l i a r  w i th  the t echn iques  as wel l  as to 
check ce r ta in  aspects of the e lec t rochemica l  expe r i -  
men t s  which  m i g h t  p rove  t roublesome.  The  first ex-  
p e r i m e n t  i nvo lved  the  adsorp t ion  of n o n e q u i l i b r a t e d  
oxygen  gas on an  act ive  ca rbon  sample  (Nucha r  
Cl15)  f rom which  phys ica l ly  adsorbed gas had  been  
r emoved  previous ly .  Af t e r  45 m i n  at l i qu id  n i t r o g e n  
t empera tu re s ,  the gas was  desorbed by  w a r m i n g  the  
sample  of ca rbon  to room t empera tu re .  The a m o u n t  
of gas adsorbed  at the  l i qu id  n i t r o g e n  t e m p e r a t u r e s  
was j u s t  s l ight ly  less t h a n  tha t  co r re spond ing  to a 
m o n o l a y e r  coverage as d e t e r m i n e d  by ear l ie r  su r -  
face area  m e a s u r e m e n t s .  The  da ta  in  pa r t  A of Tab le  
II ind ica te  tha t  no equ i l i b r a t i on  occur red  w i t h i n  the 
l imi t s  of r ep roduc ib i l i t y  of the expe r imen t .  S ince  
this  e x p e r i m e n t  was for the most  pa r t  at l iqu id  n i -  
t rogen  t empe ra tu r e s ,  the  resul t s  do no t  imp l y  t ha t  
e q u i l i b r a t i o n  does no t  t ake  place at  room t e m p e r a -  
tu res  to some extent .  Reproduc ib i l i t y  gene ra l l y  was  
l imi ted  by  c o n t a m i n a n t s  in  the oxygen  gas, and  to a 
lesser  ex ten t ,  b a c k g r o u n d  associated w i th  the mass  
spect rometer .  

The second p r e l i m i n a r y  e x p e r i m e n t  i nvo lved  a 
check to see if apprec iab le  exchange  b e t w e e n  oxy -  
gen in  the  wa t e r  and  oxygen  in  the  peroxide  occurs 
in  a lka l ine  so lu t ion  d u r i n g  the t ime  per iods  r e q u i r e d  
for the e lec t rochemica l  exper imen t s .  If such an  ex -  
change  had  occurred  to any  s ignif icant  extent ,  the 
e lec t rochemica l  e x p e r i m e n t s  would  have  been  i n -  
va l ida ted .  Sufficient 90% unen r i ched ,  nons tab i l i zed  
h y d r o g e n  peroxide  was  added  to a 1.4M KOH solu-  
t ion  con t a in ing  enr iched  w a t e r  ( a p p r o x i m a t e l y  1.4% 
O ~) to y ie ld  a p p r o x i m a t e l y  0.4M H~O_~ solut ion.  
Af t e r  30 m i n  the H=O~ was decomposed by  the p ro -  
cedure  descr ibed  prev ious ly .  The resul t s  are g iven  
in  pa r t  B of Table  II and  ind ica te  no exchange  of 
pe rox ide  oxygen  and  wa t e r  oxygen  w i t h i n  tt~e l imi ts  
of r ep roduc ib i l i t y  d u r i n g  a per iod  of 30 min.  This  
was  the  m a x i m u m  leng th  of t ime  d u r i n g  which  H~O_~ 
and  H~O were  in  contact  in  a lka l ine  so lu t ion  in  the 
s u b s e q u e n t  e lec t rochemica l  exper imen t s .  

Electrochemical Experiments 
In  par ts  C to E of Tab le  II are  s u m m a r i z e d  the r e -  

sults  of the  cathodic e x p e r i m e n t s  wi th  O~-enr i ched  
gas and  water .  In  pa r t  F the  resul ts  for the  anodic  
e x p e r i m e n t s  wi th  Old-enriched wa t e r  are given.  

Al l  of the expected  va lues  for the  O~s-O ~ p e r c e n t -  
ages in  Tab le  I I  are  based  on the  o r ig ina l  concen t r a -  
t ion  of this  species in  the  oxygen  gas or the w a t e r  
i nvo lved  in  the expe r imen t ,  as the case m a y  be. In  
par ts  A and  C the  expected  n o n - e q u i l i b r a t i o n  va lues  
for O~-O TM are  the  same as for the  o r ig ina l  n o n e q u i l i -  
b r a t e d  enr i ched  gas, whi le  the expected  e q u i l i b r a -  
t ion  va lues  for O~-O~ are ca lcula ted  f rom the con-  
c e n t r a t i o n  of O~8-O TM in  the  o r ig ina l  oxygen  gas. The  
expected  va lues  for the  concen t r a t i on  of O~-O TM in  
par t s  D, E, and  F of the  t ab le  are based on the or ig i -  
na l  oxygen  gas used in the  e x p e r i m e n t  or ca lcu la ted  
on the basis  of the a tomic  per  cent  O TM in  the water ,  
depend ing  on which  p red ic t ion  is involved .  In  the  

pred ic t ions  based on the O 1~ c on t e n t  of the o r ig ina l  
w a t e r  used in p r e p a r i n g  the  solut ion,  no correc t ion  
was  made  for the  smal l  d i lu t ion  effect of the  base 
on the  O 18 con ten t  of the  r e su l t i ng  solut ion.  

E x a m i n a t i o n  of the da ta  r evea led  one fact which  
r e q u i r e d  f u r t h e r  inves t iga t ion .  U n e n r i c h e d  oxgyen  
should  con ta in  on ly  0.0004% of O18-O TM. Expe r i -  
m e n t a l  va lues  were  cons i s t en t ly  h igher  t h a n  this, as 
is ev iden t  in  pa r t  D of Ta b l e  II. If the u n e n r i c h e d  
oxygen  gas was first l iquefied a nd  a f rac t ion  dis t i l led  
off, the resul ts  were  found  to be closer to the  ex-  
pected values.  A n  u n e n r i c h e d  oxygen  sample  thus  
t r ea ted  gave resu l t s  of 0.40% for O~-O ~ a nd  0.0009% 
for O~-O ~. 

The r e m a i n i n g  d i sc repancy  of a p p r o x i m a t e l y  two-  
fold b e t w e e n  the ca lcula ted  va lue  of 0.0004% for 
O~-O TM and  the m e a s u r e d  va lue  of 0.0009% for 
O~-O TM is not  su rp r i s ing  because  these va lues  are 
nea r  the  l imi t  of sens i t iv i ty  of the  mass spec t rom-  
eter  and  because  re la t ive ly  la rge  b a c k g r o u n d  cor-  
rect ions  are involved .  The ana lyses  of oxygen  ob- 
t a ined  f rom H=O, p roduced  ca thodica l ly  f rom u n e n -  
r iched oxygen  gas wh ich  had  been  f r ac t iona l ly  dis-  
t i l led in  the above m a n n e r  also gave lower  resul t s  
for O~-O TM. The da ta  for two such e x p e r i m e n t s  in  
1M K O H  wi th  en r i ched  w a t e r  are g iven  in  p a r t  E of 
Tab le  II. The a g r e e m e n t  is cons ide rab ly  be t t e r  t h a n  
in  p a r t  D. The  n a t u r e  of the  i m p u r i t y  in  the  u n e n -  
r iched L inde  U.S.P. oxygen  which  caused the  dis-  
c repancies  is no t  k n o w n ,  b u t  a p p a r e n t l y  it is car r ied  
th rough  the en t i r e  e x p e r i m e n t a l  p rocedure  w h e n  
the  oxygen  is not  first dist i l led.  

Conclusions 
The  da ta  in  pa r t s  C to F of Tab le  II  suppor t  the  

fo l lowing  conclus ions  conce rn ing  the o x y g e n - p e r -  
oxide couple on act ive ca rbon  in  a lka l ine  solut ion:  

1. In  the  r e duc t i on  of oxygen  gas to h y d r o g e n  
peroxide,  all  of the  peroxide  oxygen  or ig ina tes  f rom 
the molecu la r  oxygen.  The reverse  is also t rue  for 
the anodic  ox ida t ion  of pe rox ide  to oxygen  gas. 

2. In  the cathodic  fo rma t ion  of h y d r o g e n  pe r -  
oxide, the O-O bond  is modified in  type  b u t  no t  ac- 
t ua l ly  broken .  In  add i t ion  it is ev iden t  tha t  the  O-O 
bond  is no t  b r o k e n  in the ox ida t ion  of h y d r o g e n  
pe rox ide  w i th  ceric sul fa te  in  acid solut ion.  

The fo l lowing are th ree  possible m e c h a n i s m s  for 
the oxygen  cathode on ca rbon  in  a lka l ine  solut ion:  

Me c ha n i sm  1 
H~O -k e ~ H (ads) -k OH- [ l a ]  
O~ (gas) ~ O~ (ads)  [ l b ]  
O~ (ads)  § H (ads) ~ HO~ (ads)  [ l c ]  
HO_~ (ads)  -]- e ~ HO_o- [ l d ]  

Mechan i sm 2 
H,_.O q- e--* H (ads)  -f- OH- [2a]  
O_~ (gas) ~ O~ (ads)  [2b]  
O~ (ads)  + H (ads)  --> HO~ (ads) [2c] 
HO~ (ads)  + H (ads)  -+ H_~Oo [2d] 
OH- + H.O= ~ H~O q- O2H- [2el 

Mechanism 3 
O= (gas) --> On (ads) [3a] 
O2 (ads) + H~O + 2e-* HO_~- + OH- [3b] 
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w h e r e  s tep  [3b]  is i n t e n d e d  to r e p r e s e n t  t h e  d i r e c t  
e l e c t r o c h e m i c a l  r e d u c t i o n  of O~ ( a d s )  to HO~- w i t h -  
ou t  i n t e r m e d i a t e  r e a c t i o n s  i n v o l v i n g  a d s o r b e d  h y -  
drogen .  S t ep  [3b]  m a y  p r o c e e d  b y  s e v e r a l  s teps :  fo r  
e x a m p l e ,  

O~ ( a d s )  + H~O + e--~ HO~ ( a d s )  + OH- 
HO~ (ads )  + e - ~  HO,-  

The  a u t h o r s  f a v o r  m e c h a n i s m  3, bu t  t he  first  two  
m e c h a n i s m s  i n v o l v i n g  c h e m i - a d s o r b e d  h y d r o g e n  
canno t  be d i s c a r d e d  on the  bas is  of i n f o r m a t i o n  
a v a i l a b l e  a t  p resen t .  

I t  is no t  poss ib le  to d i s t i n g u i s h  b e t w e e n  these  
m e c h a n i s m s  on the  bas is  of t he  p r e s e n t  i so tope  e x -  
p e r i m e n t s .  M e c h a n i s m s  1 a n d  2 m a y  be  con s ide r e d  
as c o r r e s p o n d i n g  to h y d r o g e n  e l ec t rodes  w i t h  the  
s u r f ace  c o n c e n t r a t i o n  of a d s o r b e d  h y d r o g e n  d e -  
p r e s sed  b y  the  r e a c t i o n s  w i t h  a d s o r b e d  oxygen .  

In  l a t e r  p a p e r s  in  th is  ser ies ,  an  a t t e m p t  w i l l  be  
m a d e  to e l u c i d a t e  f u r t h e r  t he  e l e c t r o d e  m e c h a n i s m  
in t e r m s  of ca thod ic  and  anod ic  p o l a r i z a t i o n  m e a s -  
u r e m e n t s  for  the  o x y g e n - p e r o x i d e  couple .  In  a d d i -  
t ion,  f r a c t i o n a t i o n  e x p e r i m e n t s  i n v o l v i n g  t h e  o x y -  
g e n - p e r o x i d e  couple  a r e  p l a n n e d J  
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Technical Notes 

Magnesium-Bismuth Oxide Dry Cells 
C. K. Morehouse and R. Glicksman 

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

The  ox ides  of m e r c u r y ,  t h a l l i u m ,  and  l e ad  have  
been  s t u d i e d  e x t e n s i v e l y  as ca thode  m a t e r i a l s  for  
e l e c t r o c h e m i c a l  cells.  M e r c u r i c  ox ide  and  l e a d  d i -  
ox ide  a r e  of p r a c t i c a l  s ignif icance,  f inding  use  as 
ca thode  m a t e r i a l s  in  the  z i n c - m e r c u r i c  ox ide  d r y  
cel l  ( 1 , 2 )  and  the  l e a d - a c i d  s t o r a g e  cel l  ( 3 , 4 ) .  
T h a l l i u m ( I I I )  ox ide  (5) ,  de sp i t e  i ts  d e s i r a b l e  e l ec -  
t r o c h e m i c a l  p rope r t i e s ,  has  no t  p r o v e d  of p r a c t i c a l  
v a l u e  p r o b a b l y  because  of i ts h igh  cost  and  two  s tep  
v o l t a g e - t i m e  d i s c h a r g e  c u r v e  d u r i n g  c u r r e n t  flow 
(6) .  B i s m u t h  oxide ,  the  n e x t  ox ide  in  th is  ser ies ,  
also has  some a t t r a c t i v e  p h y s i c a l  and  c h e m i c a l  p r o p -  
e r t i e s  fo r  use  as a c a thode  m a t e r i a l  in e l e c t r o c h e m -  
ica l  cells.  F o r  e x a m p l e ,  i t  has  a low so lub i l i t y  in 
n e u t r a l  solut ions ,  is s t ab l e  ove r  a w i d e  t e m p e r a t u r e  
range ,  and  has  a f lat  v o l t a g e - t i m e  d i s c h a r g e  c u r v e  
d u r i n g  c u r r e n t  flow (6) .  A l t h o u g h  b i s m u t h  ox ide  
has  a c o n s i d e r a b l y  l o w e r  r e v e r s i b l e  e l e c t r o d e  p o t e n -  
t i a l  t h a n  m a n g a n e s e  d i o x i d e  and  m e r c u r i c  o x i d e  

c a thode  m a t e r i a l s  used  at  p r e s e n t  in c o m m e r c i a l  d r y  
cells,  i t  does h a v e  g r e a t e r  t h e o r e t i c a l  a m p e r e - m i n u t e  
c a p a c i t y  p e r  un i t  of w e i g h t  (20.7 a m p - m i n / g )  a n d  
v o l u m e  (176 a m p - m i n / c c )  t h a n  these  ma te r i a l s .  Us -  
ing  the  h a l f - c e l l  t e c h n i q u e  for  e v a l u a t i n g  ca thode  
m a t e r i a l s  (7) ,  i t  has  been  f o u n d  t h a t  a b i s m u t h  
ox ide  e l e c t r o d e  o p e r a t e s  a t  a p o t e n t i a l  (vs. h y d r o -  
gen)  of --0.30 to --0.40 v ove r  a w i d e  r a n g e  of c u r -  
r e n t  dens i t i e s  and  at  an  e l e c t r o d e  efficiency in  excess  
of 90% w h e n  d i s c h a r g e d  at  a cons t an t  c u r r e n t  d r a i n  
of 0.005 a m p / g  in  an  aqueous  so lu t ion  of m a g n e s i u m  
b r o m i d e  (250 g/1 MgBr~-6H~O). 

He i l  (13)  desc r ibes  a ce l l  c o n t a i n i n g  a m i x t u r e  of  
b i s m u t h  ox ide  a n d  m a n g a n e s e  d iox ide  coup led  w i t h  
a zinc anode ,  w h i l e  Ed i son  (14-17)  r e f e r s  to the  use  
of b i s m u t h  ox ide  in  a n i c k e l - i r o n  s to rage  cell ,  c l a i m -  
ing  t h a t  the  a d d i t i o n  of b i s m u t h  ox ide  to the  e lec -  
t r odes  r e su l t s  in  i m p r o v e d  p e r f o r m a n c e .  H o w e v e r ,  
no p r a c t i c a l  d r y  cel ls  c o n t a i n i n g  th is  m a t e r i a l  h a v e  
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been  repor ted ,  p r o b a b l y  because  of the  low r e s u l t a n t  
vol tage  ob t a ined  w h e n  coupl ing  this  ca thode w i th  a 
zinc anode.  

In  this  pape r  the  cons t ruc t ion  and  p e r f o r m a n c e  
charac ter i s t ics  of m a g n e s i u m - b i s m u t h  oxide d ry  
cells are  described.  

Experimental 
M a g n e s i u m - b i s m u t h  oxide d ry  cells were  as- 

sembled,  us ing  an  impac t  e x t r u d e d  m a g n e s i u m  A A -  
size (he ight  1.82 in., OD 0.521 in., ID 0.441 in.)  can, 
composed of AZ10A Dow Chemica l  C o m p a n y  alloy. 
The  m a g n e s i u m  cans were  l ined  w i th  a piece of 
Nibroc sa l t - f r ee  paper  (21/4 x 21/4 x 0.002 in. th ick) ,  
and  an  e x t r u d e d  slug of ca thode m i x  in se r t ed  in  the 
l ined  can  and  consol idated.  A ca rbon  rod (he igh t  
1.787 in., d i ame te r  0.159 in.)  con t a in ing  a brass  cap 
was t h e n  inse r ted  in  the  cen te r  of the  cathode mi x  
and  the cells sealed w i th  a rosin  base  w a x  seal in  the  
c o n v e n t i o n a l  m a n n e r .  Each  cell con t a ined  a p p r o x i -  
m a t e l y  10 g of ca thode mix  of the fo l lowing  f o r m u -  
la t ion:  

% by weight  

Bismuth oxide 54.7 
Shawinigan acetylene black 6.8 
Bar ium chromate 1.9 
Electrolyte (an aqueous solution 36.6 

of 500 g/1 MgBr=.6H20 and 
1.0 g/1 Li~CrO4.2H20) 

The open -c i r cu i t  vo l tage  of the b i s m u t h  oxide d ry  
cells r anges  b e t w e e n  1.60 and  1.65 v, the h igh  vol tage  
be ing  due e i ther  to adsorbed  air  in  the cathode m i x  
or to the  smal l  a m o u n t  of ch romate  which  is added  
to i nh ib i t  the  corrosion of the  m a g n e s i u m  anode.  
W h e n  c u r r e n t  is w i t h d r a w n  f rom the cells, the vo l t -  
age drops to a low va lue  fo l lowed by  a g r adua l  i n -  
crease to its opera t ing  vol tage  level.  Af t e r  the in i t i a l  
vol tage  drop, the  cells have  a flat vol tage  d ischarge  
curve  ope ra t ing  s l ight ly  above 1.00 v for most  of 
the i r  use fu l  d ischarge  life as i l l u s t r a t ed  in Fig. 1. 
The  in i t i a l  vol tage  drop, which  is be l i eved  to be due 
to changes  which  occur at the b i s m u t h  oxide elec-  
trode, is more  no t iceab le  at the h igh  c u r r e n t  d r a in s  
and  is d i f ferent  f rom tha t  exper i enced  wi th  o ther  
m a g n e s i u m  dry  cells. 

P e r f o r m a n c e  data  in  t e rms  of hours  of con t inuous  
service to a 0.90 v end  vol tage  vs. load res i s tance  are 
p resen ted  in  Fig. 2. Also inc luded  are  w a t t - m i n u t e  
capaci ty  per  u n i t  of we igh t  and  v o l u m e  da ta  p lo t ted  
aga ins t  average  con t inuous  power  o u t p u t  in  mi l l i -  
wat ts .  

A favorab le  shelf  l ife for the m a g n e s i u m - b i s m u t h  
d ry  cell is ind ica ted  by  the  fact  t h a t  AA-s ize  d ry  
cells have  g iven  75-80% of in i t i a l  capac i ty  as meas -  
u r ed  on 50- and  150-ohm con t inuous  d ischarge  tests 
to a 0.90 v end  vol tage  af ter  s torage for 18 a nd  24 
m o n t h s  at 70~ 50% R. H. 

The m a g n e s i u m - b i s m u t h  oxide d ry  cells descr ibed  
in  this  paper  have  a f lat ter  vo l t age -d i scha rge  c u r v e  
and  give more  hours  of service on con t inuous  tests 
to end  vol tages  of 1.00 v and  lower  t h a n  bo th  the  
z i n c - m a n g a n e s e  dioxide  Leclanch~ and  m a g n e s i u m -  
m a n g a n e s e  dioxide (18) d ry  cells. At  the  p r e s e n t  
s ta te  of the d e v e l o p m e n t  the  t echn ica l  difficulties 
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Fig. 1. AA-size magnesium-bismuth oxide dry cells dis- 
charged continuously through 50-, 150-, and 300-ohm re- 
sistances at 70 ~ • 2~ (50% R. H.). 
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Fig. 2. Capacity data for AA-size magnesium-bismuth 
oxide cells in (a) hours of service to a 0.90 v end voltage vs. 
load resistance (b) watt-minutes per unit of volume and 
weight vs. average power output (capacity and average power 
computed to 0.90 v end voltages from continuous discharge 
data). 

associated wi th  these ne w  cells are:  (a) "de layed  
act ion,"  (b)  h igh i n t e r n a l  impedance ,  a n d  (c) loss 
in  capaci ty  on l ight  i n t e r m i t t e n t  tests. These diffi- 
cul t ies  are be l ieved  to be associated wi th  the  m a g n e -  
s ium electrode and  can be solved w i t h  f u r t h e r  r e -  
search and  deve lopment .  It  should  be recognized,  
however ,  tha t  b i s m u t h  oxide is i n h e r e n t l y  more  ex-  
pens ive  t h a n  m a n g a n e s e  dioxide  and,  even  if the 
t echn ica l  p rob lems  can  be overcome,  these  m a g n e -  
s i u m - b i s m u t h  oxide dry  cells p robab ly  w ou ld  find 
only  l imi ted  appl ica t ion.  
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Corrosion Product and Inhibitor Films on Aluminum 
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Effect of Inhibitors on Triphosphate Sorption 
W h e n  a l u m i n u m  cor rodes  in an  a l k a l i n e  sod ium 

t r i p h o s p h a t e  solut ion,  p h o s p h a t e  is i n c o r p o r a t e d  in to  
the  su r f ace  ox ide  f i lm on the  m e t a l  (1) .  Cor ros ion  
in such s e q u e s t e r i n g  so lu t ions  is m o r e  r a p i d  t h a n  in 
mos t  o t h e r  a l k a l i n e  so lu t ions  a t  t he  s a m e  pH,  p e r -  
haps  because  a c o m p l e x  of A I ( I I I )  a n d  s e q u e s t r a n t  
fo rms  in t he  ox ide  su r f ace  at  the  s o l u t i o n - s o l i d  i n -  
t e r f ace  and  p l a y s  an  i m p o r t a n t  role.  S o d i u m  s i l ica te ,  
p o t a s s i u m  p e r m a n g a n a t e ,  and  s o d i u m  c h r o m a t e  h a v e  
been  sugges t ed  as i nh ib i t o r s  for  A1 e x p o s e d  to a l k a -  
l ine  so lu t ions  (2 ) .  S o d i u m  s i l i ca te  has  been  s u g -  
ges ted  spec i f ica l ly  for  s o d i u m  p y r o p h o s p h a t e  and  
s o d i u m  t r i p h o s p h a t e  so lu t ions  and  has  f o u n d  w i d e  
a p p l i c a t i o n  as an  i n h i b i t o r  in h o u s e h o l d  d e t e r g e n t  
m i x t u r e s  c o n t a i n i n g  p o l y p h o s p h a t e s  (3, 4) .  A c o m -  
p a r i s o n  of t h e  c h a r a c t e r  of the  co r ros ion  p r o d u c t  f i lm 
w i t h  t he  i n h i b i t o r  f i lms was  t h o u g h t  to b e a r  on the  
m e c h a n i s m  of cor ros ion  b y  s e q u e s t e r i n g  agen t s  and  
on the  i nh ib i t i on  of such cor ros ion .  The  effect  i n -  
h ib i to r s  h a v e  on the  a m o u n t  of  t r i p h o s p h a t e  a p p e a r -  
ing  on the  su r face  of A1 exposed  to i n h i b i t e d  so lu-  
t ions  of s o d i u m  t r i p h o s p h a t e  was  first  d e t e r m i n e d .  

In  T a b l e  I, the  en t r i e s  u n d e r  "Na~P3Olo d e p o s i t e d "  
w e r e  c a l c u l a t e d  f r o m  the  p h o s p h o r u s - 3 2  a c t i v i t y  
so rbed  on t h e  A1 spec imens  w h i c h  w e r e  e x p o s e d  to 
u n i n h i b i t e d  and  i n h i b i t e d  r a d i o a c t i v e  s o d i u m  t r i -  
p h o s p h a t e  solut ions .  T r i p h o s p h a t e  ion is p r o b a b l y  
the  ch ie f  p h o s p h a t e  species  sorbed.  H y d r o l y s i s  in 
t he  b u l k  t es t  so lu t ion  is neg l ig ib le ,  so on ly  if a s u r -  
f a c e - c a t a l y z e d  h y d r o l y s i s  t a k e s  p l a c e  w o u l d  m u c h  
l o w e r  p h o s p h a t e  be sorbed .  The  so rbed  p h o s p h a t e  
wi l l  be  spoken  of as " t r i p h o s p h a t e , "  r ecogn iz ing  t h a t  
i ts i d e n t i t y  has  not  been  p roven .  The  s p e c i m e n s  w e r e  

Table I. Effect of inhibitors on triphosphate sorption 

(0.02% inhibi tor ,  0.18% Na~P~=O10, 3.0 hr, 60~ pH 9.5, 
6.9 ml  so lu t ion /cm ~ 3003 A1) 

I n h i b i t o r  

Na~P3Olo W e i g h t  loss T o t a l  
depos i t ed ,  i n  HNOs, w e i g h t  loss, 

m g / c m  2 m g / c m  2 m g / c m  2 

None 0.017 0.05 0.59 
SiO~ (sod. si l icate)  0.000 0.00 0.01 
KMnO, 0.003 0.03 0.06* 
K~CrO, 0.024 0.07 0.39 

* W e i g h t  ga in .  

w e i g h e d  be fo re  and  a f t e r  e x p o s u r e  u n d e r  s t a g n a n t  
cond i t ions  and  a f t e r  a s t a n d a r d  d ip  in c o n c e n t r a t e d  
HNO3 (5) .  D e t e r m i n a t i o n  of t he  w e i g h t  loss in  HNO~ 
is u s u a l l y  a r o u g h  m e a s u r e  of co r ros ion  p roduc t s .  
The  "To ta l  w e i g h t  loss" of T a b l e  I is t he  sum of 
w e i g h t  los t  d u r i n g  e x p o s u r e  a n d  d u r i n g  the  HNO~ 
dip.  The  m e t a l  was  p r e p a r e d  as was  d e s c r i b e d  p r e -  
v i o u s l y  (1) .  The  r e p o r t e d  w e i g h t  loss d a t a  w e r e  
d e t e r m i n e d  us ing  7.62 x 1.90 cm spec imens .  I n  t he  
t r a c e r  d e t e r m i n a t i o n  of p h o s p h a t e  depos i t ion ,  1.90 x 
1.90 cm spec imens  w e r e  used  for  conven i ence  in 
coun t ing .  The  s e n s i t i v i t y  of t he  r a d i o c h e m i c a l  d e -  
t e r m i n a t i o n  was  0.001 m g / c m  ~ and  the  p r ec i s i on  was  
_+0.001 m g / c m  ~ (95% conf idence  l e v e l ) .  

W h e n  s o d i u m  s i l i ca te  was  p r e s e n t  a t  i n h i b i t o r y  
concen t r a t i ons ,  t r i p h o s p h a t e  was  p r e v e n t e d  f r o m  d e -  
pos i t i ng  in  the  film. P o t a s s i u m  p e r m a n g a n a t e  a lmos t  
e l i m i n a t e d  p h o s p h a t e  depos i t i on  a n d  f o r m e d  a h i g h l y  
ef fec t ive  i n h i b i t o r y  coat ing .  The  f i lm w a s  h i g h l y  
colored ,  i n d i c a t i n g  t h a t  p e r m a n g a n a t e  h a d  been  in -  
c luded  in it. P o t a s s i u m  c h r o m a t e  i n c r e a s e d  the  
a m o u n t  of p h o s p h a t e  depos i t ed  and  h a d  a s l igh t  i n -  
h i b i t o r y  effect. The  c o n c e n t r a t e d  HNO3 r e m o v e d  a l l  
of the  r a d i o a c t i v e  p h o s p h o r u s  in  these  e x p e r i m e n t s  
e x c e p t  in  t he  p e r m a n g a n a t e  e x p e r i m e n t ,  w h e r e  i t  
r e m o v e d  none.  In  the  p e r m a n g a n a t e  e x p e r i m e n t  d e -  
t e r m i n a t i o n  of w e i g h t  loss in  HNO3 o b v i o u s l y  does  
not  r e p r e s e n t  a l l  of the  cor ros ion  p roduc t s .  The  a d -  
so rbed  t r i p h o s p h a t e  was  r o u g h l y  o n e - t h i r d  of t h e  
t o t a l  co r ros ion  p r o d u c t  in  the  u n i n h i b i t e d  t es t  and  in 
t he  p o t a s s i u m  c h r o m a t e  tes t .  Not  e n o u g h  s i l ica  or  
co r ros ion  p r o d u c t  to be  w e i g h e d  was  d e p o s i t e d  w i t h  
the  s i l i ca te  i n h i b i t o r  in these  e x p e r i m e n t s .  

The  a t t a c k  of u n i n h i b i t e d  a l k a l i n e  t r i p h o s p h a t e  
so lu t ions  on A1 m i g h t  be  b y  w a y  of t he  c o m p l e x i n g  
of a l u m i n u m  ions  in  solu t ion ,  or  b y  the  f o r m a t i o n  of 
su r f a c e  c o m p l e x e s  w i t h  t he  ox ide  film, w h i c h  is s u g -  
ges ted  b y  t h e  i n c o r p o r a t i o n  of t r i p h o s p h a t e  in to  t he  
film. The  fac t  t h a t  t he  ef fec t ive  cor ros ion  inh ib i to r s ,  
s i l i ca te  and  p e r m a n g a n a t e ,  l a r g e l y  p r e v e n t  the  i n -  
c o r p o r a t i o n  of p h o s p h a t e  in t he  f i lm and  a poor  i n -  
h ib i to r ,  ch roma te ,  does  no t  p r e v e n t  i n c o r p o r a t i o n  of 
t r i p h o s p h a t e  adds  some s u p p o r t  to t he  sugges t ed  
ro le  of the  su r f ace  c o m p l e x  in i nc r e a s ing  corros ion .  

Sorption of Silicate 
I t  has  been  r e p o r t e d  t ha t  t he  h y d r o u s  m e t a l  o x i d e  

cor ros ion  p r o d u c t  p l a y s  an  e s s e n t i a l  p a r t  b y  i n t e r -  
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act ing  w i th  si l icate ions or silica to a t tach  the p ro -  
tect ive film to the me ta l ;  chemical  analysis ,  m ic ro -  
scopic e x a m i n a t i o n ,  and  x - r a y  di f f ract ion ind ica te  
tha t  the film is mos t ly  amorphous  sil ica (6) .  The  
repor t  tha t  the  si l iceous film canno t  con t inue  to 
grow on i tself  (7) is a f u r t h e r  ind ica t ion  of the  i m -  
por tance  of the me t a l  oxide. E x a m i n a t i o n  of the  
sorp t ion  of si l icate on A1 migh t  ind ica te  w h e t h e r  an  
i n h i b i t o r y  concen t r a t i on  is sufficient to cover  the  
me t a l  surface.  

A sorpt ion  i so the rm was d e t e r m i n e d  us ing  g r a n u -  
lar  A1, r epor t ed  to con t a in  1% or less im pur i t y ,  
which  was  g iven  a wash  wi th  v e r y  d i lu te  a lka l i  
fol lowed by  th ree  washes  wi th  d is t i l led  water ,  a 
r inse  in  e thanol ,  and  air  d ry ing .  The  200-270 mesh  
f rac t ion  was  taken ,  and  the  average  par t ic le  size 
wi th  respect  to surface  was  d e t e r m i n e d  microscopi -  
cally. The  specific surface  was  ca lcu la ted  to be 7.9 x 
10 ~ cmVg. Sod ium sil icate solut ions  were  m a d e  f rom 
fi l tered stock solut ion and  ana lyzed  for silica col- 
o r ime t r i ca l ly  before  and  af ter  shak ing  wi th  the 
me ta l  for 0.5 and  1.5 hr ;  there  was  no difference in  
the resul t s  ob ta ined  at these two t imes.  The weigh t  
of the sorbate  was ca lcu la ted  as SiO.~ f rom the  de-  
crease in  so lu t ion  concen t ra t ion .  The  e r ror  i n t r o -  
duced by  loss of so lvent  to so rben t  is e s t ima ted  to be 
neg l ig ib le  compared  to the v a r i a b i l i t y  of the  data.  
If the  weight  of wa t e r  sorbed is equa l  to the we igh t  
of the sil iceous a l u m i n u m  oxide  film (see be low) ,  the  
vo lume  of the so lu t ion  wou ld  be changed  less t h a n  
1%. Sod ium t r iphospha te  was  absen t  in  these ex-  
pe r iments ,  bu t  this  appears  to be just i f ied by  the  ab -  
sence of t r iphospha te  f rom the i n h i b i t o r y  film 
fo rmed  w h e n  both  si l icate and  t r iphospha te  were  in  
the  solut ion.  

The resul t s  in  Fig. 1 show tha t  at  60~ sorpt ion  on 
A1 f rom a sod ium sil icate so lu t ion  is essen t ia l ly  com-  
p le te  at  abou t  0.45 mg  SiO_~ per  g of A1. F r o m  the  
specific surface  of the A1 g ranu le s  used, this is 5.7 x 
10 -~ m g / c m l  If it is a s sumed  tha t  the  t r u e  area  was  
d e t e r m i n e d  microscopica l ly  and  tha t  SiO~ molecules  
w i th  an  area  of 12.3 sq A are sorbed (8) ,  ca lcu la t ion  
ind ica tes  a coverage of 0.7. However ,  these are  no t  
ve ry  good assumpt ions ,  and  w h e t h e r  less t h a n  a 
mono laye r ,  a monolayer ,  or a few m o n o l a y e r s  s a tu -  
ra te  the sur face  is u n i m p o r t a n t  for u n d e r s t a n d i n g  
corrosion i nh ib i t i on  in  this  case. The  e q u i l i b r i u m  
concen t r a t i on  of SiO~ co r re spond ing  to s a tu r a t i on  of 
the  surface  is 150-250 mg/100  ml,  wh ich  is an  order  
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Fig. l .  So rp t i on  i so the rm o f  s i l ica on A I  a t  6 0 ~  

of m a g n i t u d e  g rea te r  t h a n  the  c onc e n t r a t i on  of abou t  
10-20 mg/100  ml  which  inh ib i t s  corrosion at the 
same t e m p e r a t u r e  (4) (Tab le  I ) .  A p p a r e n t l y  si l i-  
cate by  i tself  does no t  cover  the me t a l  b u t  cooper-  
ates w i th  the hydrous  a l u m i n u m  oxide to fo rm the  
p ro tec t ive  film. 

Hypotheses  advanced  to e xp l a i n  how Si is bu i l t  
in to  the  surface film on pro tec ted  meta l s  i nvo lve  in -  
t e rac t ion  of some c o m b i n a t i o n  of ions of the  me ta l  
or the hydrous  me t a l  oxide w i th  s i l icate ions or 
"si l ica micel les"  (6) .  I t  is no t  possible  to progress  
m u c h  f u r t h e r  by  e x a m i n i n g  the  ex is tence  of pos-  
s ible  r eac tan t s  u n d e r  p e r t i n e n t  condi t ions.  The  pos-  
s ib i l i ty  of reac t ion  of free a l u m i n u m  ions can  be 
d ismissed in  favor  of a l u m i n u m  ions b o n d e d  wi th  
water ,  hyd rox ide  ions, and  oxide ions a nd  f o r ming  a 
con t inuous  hydrous  oxide film cover ing  the meta l  
surface.  A r easonab le  p ic tu re  of the  reac t ion  m i g h t  
be hydrous  a l u m i n u m  oxide reac t ing  w i th  m o n o -  
mer ic  or low molecu l a r  we igh t  silicic acid, pe rhaps  
s l ight ly  ionized, d e p e n d i n g  on the  pH (9) ,  to p ro -  
duce an  a l u m i n u m  silicate. The  a l u m i n u m  ion is 
smal l  enough  to replace  Si to some extent ,  adop t ing  
a coord ina t ion  n u m b e r  of four  t oward  oxygen~ as 
ha l f  of the a l u m i n u m  ions do in  s i l l imani te ,  A12SiOs, 
and  as is c o m m o n  in  o ther  a luminos i l i ca tes  (10).  
A l u m i n u m  is corroded m u c h  more  r ap id ly  by  u n i n -  
h ib i t ed  t r iphospha te  solut ions  and  is p ro tec ted  m u c h  
more  effect ively f rom sodium t r iphospha te  solut ions  
a t  low concen t ra t ions  of s i l icates t h a n  is Zn, Ni, Ag, 
brass  (4) ,  Cu, or Pb. The decreased effect iveness of 
the inh ib i to r  m a y  be because  the ions of these meta l s  
and  al loys are l a rge r  t h a n  the  a l u m i n u m  ions and  
are  no t  i nco rpora ted  easi ly  in to  meta l los i l i ca te  
s t ruc tures .  

Characterization of Isolated Films 
Surface  films were  collected by  expos ing  50 to 150 

d m  -~ of A1 foil (1100 pur i ty ,  0.0002 in. t h i ck ) ,  t hen  
d issolv ing the me t a l  in  5 % b r o m i n e  in me thano l .  The 
r e m a i n i n g  solid film was fi l tered off on s in te red  
glass, washed  wi th  me thano l ,  and  dr ied  at  80~ be-  
fore weighing .  A n  exposure  of 3 h r  in  0.18% sod ium 
t r iphospha te  so lu t ion  at 60~ gave 0.04 mg of corro-  
sion products  film per  c m t  This  weight  agreed  fa i r ly  
wel l  wi th  the weigh t  loss in  HNO3 (Table  I ) .  I t  was 
f ound  by  chemical  ana lys i s  tha t  a s imi la r  film con-  
t a ined  phosphorus  e q u i v a l e n t  to 0.016 mg Na~P~Olo 
per  cm -~ (1) which  agrees wel l  wi th  the  va lue  in 
Tab le  I d e t e r m i n e d  by  the  use of P-32.  E v i d e n t l y  the  
ALO~ film con ta ins  a subs t an t i a l  f rac t ion  of phos-  
phate .  The  t r iphospha te  so lu t ion  wi th  sod ium sil i-  
cate e q u i v a l e n t  to 0.02% silica added and  also ad-  
ju s t ed  to pH 9.5, gave a film we igh ing  0.0013 m g / c m  "~ 
u n d e r  the  same condi t ions .  A correc t ion  of 0.0008 
m g / c m  -~ for the  inso lub le  m a t e r i a l  in  the  clean, u n -  
t r ea ted  foil m u s t  be sub t r ac t ed  f rom the weights  
collected. Clear ly  the  i n h i b i t o r y  film is v e r y  th in ,  a 
few tens  of angs t roms  thick.  X - r a y  di f f ract ion i n -  
d ica ted  tha t  the  inso lub le  m a t e r i a l  f rom the  foil i t -  
self con ta ined  c rys t a l l i ne  Si and  a l i t t le  Cu;  af ter  
igni t ion ,  a p a t t e r n  for a c rys ta l l ine  a l u m i n u m  sil i-  
cate was  obta ined ,  i nd i ca t ing  the  presence  of A1 
f rom the  a i r - f o r m e d  film in i t i a l l y  p r e se n t  on the  foil. 
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Fig. 2. Electron micrographs of AI surfaces: A, polished 
and etched; B, af ter  exposure to 0 .18% NasP~O,0, 0 .02% 
SiCks, 3 hr, 60~ pH 9.5; C, same as B wi thout  the SiO2; D, 
same as C af ter  corrosion products were removed in con- 
centrated HNO~. 

N e i t h e r  s a m p l e  of f i lm f rom t r e a t e d  foi ls  gave  c r y s -  
t a l l i n e  x - r a y  d i f f r ac t ion  l ines  o t h e r  t h a n  those  of Si 
and  Cu, w i t h  CuK r ad i a t i on .  

cc 

Electron Microscopy of the Surface 
P o r t i o n s  of the  3003 shee t  A1 w e r e  e l e c t r o p o l i s h e d  

in an  aqueous  so lu t ion  of m e t h a n o l  and  p e r c h l o r i c  
acid.  The  s a m p l e s  w e r e  t hen  l i g h t l y  e t ched  in a 
m e t h a n o l  so lu t ion  of b r o m i n e  for  15-30 sec, washed ,  
and  e x p o s e d  to t he  co r ros ive  cond i t ions  of i n t e re s t .  
A f t e r  r e m o v a l  of the  m e t a l  f r o m  the  tes t  so lu t ions ,  
l iqu id  was  b l o w n  off w i t h  an  a i r  je t .  C h r o m i u m  r e p -  
l icas  a b o u t  150A t h i c k  w e r e  p r e p a r e d  b y  ob l ique  
e v a p o r a t i o n  and  f r e e d  b y  d i s so lv ing  the  a l u m i n u m  
in b r o m i n e - m e t h a n o l .  To d e m o n s t r a t e  t ha t  t he  r e -  
sul ts  w e r e  no t  a f fec ted  b y  the  m e t h o d  of s a m p l e  
p r e p a r a t i o n ,  a d d i t i o n a l  s a m p l e s  w e r e  p r e p a r e d  by  
po l i sh ing  w i t h  an a b r a s i v e  and  e t ch ing  w i t h  a d i l u t e  
HNO~-HF-HC1 solut ion .  S i m i l a r  e l ec t ron  m i c r o -  
g r a p h s  w e r e  ob ta ined ,  b u t  e l e c t r o p o l i s h i n g  fo l l owed  
b y  b r o m i n e - m e t h a n o l  e tch  gave  m o r e  n e a r l y  r e p r o -  
duc ib l e  su r faces  a n d  m o r e  s h a r p l y  def ined  e tch  pi ts .  

S h e e t  A1 is p o l y c r y s t a l l i n e ,  b u t  the  e l ec t ron  m i c r o -  
g r a p h s  s h o w n  inc lude  po r t i ons  of on ly  one or  a few 
c rys t a l l i t e s .  E l e c t r o p o l i s h i n g  gave  a smooth ,  a b r a -  
s i v e - f r e e  su r f ace  l i ke  t he  b a c k g r o u n d  of Fig.  2A. 
The  s a m p l e s  w e r e  a l l  e t ched  in  b r o m i n e - m e t h a n o l  
to r emove ,  b y  d i s so lv ing  the  me ta l ,  a n y  fi lm le f t  b y  
po l i sh ing  and  to g ive  a t e x t u r e  to the  su r f ace  wh ich  

m i g h t  p e r m i t  o b s e r v a t i o n  of su r f ace  films. R e c t a n g u -  
l a r  e tch  p i t s  d e v e l o p e d  and,  f r o m  t h e i r  o r i en t a t i on ,  
show tha t  Fig .  2A inc ludes  p a r t s  of two  c rys t a l l i t e s .  
In  e l e c t r o n  m i c r o g r a p h s  of s a m p l e s  e x p o s e d  to t r i -  
p h o s p h a t e  so lu t ions  i n h i b i t e d  w i t h  s o d i u m  s i l i ca te  
t h e r e  was  no e v i d e n c e  of a con t inuous  fi lm cove r ing  
the  su r f ace  a n d  o b s c u r i n g  the  edges  of the  p i t s  (F ig .  
2B) .  E v i d e n t l y  t he  s i l iceous  f i lm is t e x t u r e l e s s ,  and  
p r o b a b l y  i t  is v e r y  th in .  The  whi te ,  i r r e g u l a r  u n -  
s h a d o w e d  p a r t i c l e s  p r o m i n e n t  in  Fig.  2B and  2D a re  
absen t  in m a n y  o the r  m i c r o g r a p h s  of s i m i l a r  s u b -  
j ec t s ;  hence  i t  is concluded t ha t  t h e y  a r e  a c c i d e n t a l  
c o n t a m i n a t i o n .  The  set  of m i c r o g r a p h s  s h o w n  in Fig .  
2 was  chosen  f r o m  the  sets  a v a i l a b l e  as t he  mos t  i n -  
f o r m a t i v e  o v e r - a l l  d e s p i t e  t he  c o n t a m i n a t i o n .  I n  a 
m a j o r i t y  of m i c r o g r a p h s ,  the  r e c t a n g u l a r  p i t s  a p p e a r  
l a r g e r  in s a m p l e s  e x p o s e d  to i n h i b i t e d  t r i p h o s p h a t e  
so lu t ion  t h a n  in the  e t ched  b l anks ,  b u t  th is  does not  
n e c e s s a r i l y  r e p r e s e n t  a r e a l  d i f ference.  W h e n  the  i n -  
h i b i t o r  was  omi t t ed ,  co r ros ion  p r o d u c t  was  bu i l t  up,  
a n d  the  m e t a l  was  a t t a c k e d  w i t h i n  the  c r y s t a l l i t e s  
(Fig .  2C) .  A d ip  in c o n c e n t r a t e d  HNO~ r e m o v e d  the  
co r ros ion  p r o d u c t s  and  r e v e a l e d  t h a t  co r ros ion  gave  
r i se  to sha l low c i r c u l a r  p i t s  (F ig .  2D) .  
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Most  c o m m e r c i a l  p l a t i n g  ba ths  con ta in  some a d d i -  
t ion  a g e n t  w h i c h  is a d d e d  to p r o d u c e  a d e s i r a b l e  
s t r u c t u r e  in the  deposi ts .  These  a d d i t i o n  agen t s  a r e  
u s u a l l y  h igh  m o l e c u l a r  w e i g h t  o rgan ic  c o m p o u n d s  
or  col loids,  s m a l l  ions  or  mo lecu l e s  b e i n g  g e n e r a l l y  
no t  v e r y  ef fec t ive  (1 ) .  T h e  p u r p o s e  of th is  no te  is to 
sugges t  a m e c h a n i s m  b y  w h i c h  such  a d d i t i o n  agen t s  
m a y  m o d i f y  the  c r y s t a l  s t r u c t u r e  of e l ec t rodepos i t s .  
S i l v e r  wi l l  be  used  as an  e x a m p l e .  

I t  has  o f t en  been  o b s e r v e d  (2 -4 )  t h a t  the  d e p o s i -  
t ion  of A g  f r o m  a AgNO~ so lu t ion  c o n t a i n i n g  h igh  
m o l e c u l a r  w e i g h t  o r g a n i c  c o m p o u n d s  m a y  r e s u l t  in  
t he  f o r m a t i o n  of f i l amen t s  or  " w h i s k e r s "  of Ag.  
W h i s k e r s  of Cu have  also been  r e p o r t e d  (5, 6) .  A 
t h e o r y  to accoun t  for  such g r o w t h  has  been  g iven  b y  
Pr ice ,  V e r m i l y e a ,  a n d  W e b b  (7) .  A c c o r d i n g  to the  
t heo ry ,  o rgan i c  mo lecu l e s  adso rb  on the  c r y s t a l  and  
i n t e r f e r e  w i t h  the  m o t i o n  of l a t t i c e  s teps  ove r  the  
surface .  W h e n  the  c o n c e n t r a t i o n  of mo lecu le s  a d -  
s o r b e d  on  the su r f ace  is a b o v e  a c r i t i c a l  v a l u e  d e -  
p e n d i n g  on the  ove rvo l t age ,  s t ep  m o t i o n  is com-  
p l e t e l y  b l o c k e d  and  no f u r t h e r  g r o w t h  of the  c r y s t a l  
occurs .  On the  o t h e r  hand ,  molecu les  a d s o r b e d  on a 
r a p i d l y  g r o w i n g  su r face  a re  t h o u g h t  to be i n c o r p o -  
r a t e d  in to  the  c r y s t a l  as l a t t i c e  s t eps  m o v e  a r o u n d  
a n d  pas t  them.  A c c o r d i n g  to th is  p ic tu re ,  t he re fo re ,  
mo lecu l e s  a d s o r b e d  on the  su r face  i n t e r f e r e  w i t h  
g r owth ;  t h e y  m a y  be  r e m o v e d  f r o m  the  su r f ace  b y  
i n c o r p o r a t i o n  into t h e  c rys ta l .  If  t he  c r y s t a l  g r o w s  
r a p i d l y  enough,  the  su r f ace  wi l l  be k e p t  c l ean  b e -  
cause  a d s o r b e d  molecu le s  a r e  b u i i e d  as fas t  as t h e y  
r e a c h  the  su r face  b y  diffusion.  A t  s lower  g r o w t h  
r a t e s  a d s o r b a t e  r eaches  the  su r face  f a s t e r  t h a n  i t  can  
be  b u r i e d ;  t he  su r f ace  becomes  s e v e r e l y  c o n t a m i -  
na ted ,  and  g r o w t h  stops.  

A m a j o r  p r e d i c t i o n  of the  t h e o r y  of Pr ice ,  V e r m i l -  
yea ,  and  W e b b  (7) is t ha t  t h e r e  is a c r i t i ca l  c u r r e n t  
d e n s i t y  for  the  c o n t i n u e d  g r o w t h  of a m e t a l  c r y s t a l  
in  a so lu t ion  con t a in ing  la rge ,  s t r o n g l y  a d s o r b e d  
molecu les .  A t  the  c r i t i ca l  c u r r e n t  d e n s i t y  t h e r e  is a 
b a l a n c e  b e t w e e n  the  r a t e  of d i f fus ion of mo lecu le s  
to the  su r f ace  and  the  r a t e  of i n c o r p o r a t i o n  in to  the  
c rys ta l .  T h e  e q u a t i o n  for  the  c r i t i ca l  c u r r e n t  d e n s i t y  
for  a s p h e r i c a l  c r y s t a l  of a g iven  m e t a l  for  a g iven  
m e t a l  ion c o n c e n t r a t i o n  and  t e m p e r a t u r e  is 

I o = c o n s t  - -  [1]  
T 

w h e r e  C, is t he  c o n c e n t r a t i o n  of a d s o r b a t e  in t h e  
solut ion,  a n d  r is the  r a d i u s  of the  c rys ta l .  E q u a t i o n  
[1]  is v a l i d  for  c r y s t a l s  w i t h  r a d i i  less  t h a n  a b o u t  
10 ~. T y p i c a l  c r i t i ca l  c u r r e n t  dens i t i e s  o b s e r v e d  f r o m  
w h i s k e r  g r o w t h  e x p e r i m e n t s  r a n g e  f r o m  0.1-10 a m p /  
cm~; s o m e w h a t  l a r g e r  v a l u e s  m a y  be  e x p e c t e d  w i t h  
t he  l a r g e r  a d d i t i v e  c o n c e n t r a t i o n s  used  c o m m e r -  
c ia l ly .  

Now cons ide r  the  e l e c t rode pos i t i on  of a m e t a l  
f r o m  a so lu t ion  con ta in ing  some subs tance ,  e i t he r  
o rgan ic  c o m p o u n d  or  co l lo ida l  m a t e r i a l ,  w h i c h  is 
s t r o n g l y  a d s o r b e d  on the  e l e c t r o d e  sur face .  Be fo re  
the  a p p l i c a t i o n  of cu r r en t ,  the  e l ec t rode  w i l l  be  
c o m p l e t e l y  c o n t a m i n a t e d .  W h e n  a c u r r e n t  is pas sed  
t h r o u g h  the  cel l  the  e l e c t r o d e  p o t e n t i a l  w i l l  r i se  
u n t i l  depos i t i on  beg ins  to occur  on the  mos t  ac t ive  
s i tes  of the  e lec t rode .  C r y s t a l s  w o u l d  p r o b a b l y  s t a r t  
g r o w i n g  a t  m a n y  po in t s  on the  surface .  The  o v e r -  
v o l t a g e  r e q u i r e d  to  s t a r t  t he  depos i t i on  w o u l d  be  
l a r g e  b e c a u s e  of t he  i n i t i a l  c o n t a m i n a t i o n  of t he  
e lec t rode ,  and  the  c r y s t a l s  once n u c l e a t e d  w o u l d  
g r o w  v e r y  r a p i d l y .  Consequen t ly ,  t h e r e  w o u l d  b e  a 
r a p i d  and  c o n s i d e r a b l e  c o n c e n t r a t i o n  p o l a r i z a t i o n  in 
t he  v i c i n i t y  of each  g r o w i n g  c rys ta l .  

N o w  cons ide r  j u s t  one of t he  m a n y  s m a l l  g r o w i n g  
c rys ta l s .  A r o u n d  the  c r y s t a l  t h e r e  wi l l  be  a h e m i -  
s p h e r i c a l  d i f fus ion field, and  if the  c r y s t a l  is s m a l l  
( ~  10~ d i a m )  t h e  g r a d i e n t  a t  t h e  c r y s t a l  su r f a ce  wi l l  
be  p r o p o r t i o n a l  to the  c o n c e n t r a t i o n  d i f fe rence  b e -  
t w e e n  the  b u l k  of the  so lu t ion  a n d  the  su r f ace  of the  
c r y s t a l  and  to t he  r e c i p r o c a l  of t he  c r y s t a l  r ad ius .  As  
the  c r y s t a l  g r o w s  a l a r g e r  c o n c e n t r a t i o n  d i f fe rence  
is r e q u i r e d  to m a i n t a i n  t h e  s ame  c o n c e n t r a t i o n  g r a -  
d i en t  a t  t he  sur face .  W h e n  the  c o n c e n t r a t i o n  of 
m e t a l  ions a t  t h e  su r f ace  has  become  e s s e n t i a l l y  zero 
i t  w i l l  no l onge r  be  poss ib l e  to m a i n t a i n  t h e  same  
g r a d i e n t  a t  the  c r y s t a l  sur face ,  and  f u r t h e r  g r o w t h  
of the  c ry s t a l  w i l l  r e su l t  in a r a p i d  d e c r e a s e  in the  
c u r r e n t  dens i ty .  

I t  is c lear ,  t he re fo re ,  t h a t  e v e n t u a l l y  i t  w i l l  not  be  
poss ib l e  to m a i n t a i n  the  c r i t i ca l  c u r r e n t  d e n s i t y  of 
Eq. [1] ,  and  t h a t  the  c r y s t a l  su r faces  w i l l  b e c o m e  
c o n t a m i n a t e d  and  s top g rowing .  

On the  e l e c t r o d e  as a whole ,  c r y s t a l s  w i l l  con-  
t i n u a l l y  nuc lea te ,  grow,  r e a c h  a l i m i t i n g  size, b e -  
come c o n t a m i n a t e d ,  a n d  s top  g rowing .  I t  is u n l i k e l y  
t ha t  a new c r y s t a l  wi l l  n u c l e a t e  n e a r  or  on one 
w h i c h  has  ju s t  s t oppe d  g r o w i n g  because  t he  so lu t ion  
in t ha t  a r ea  is d e p l e t e d  of m e t a l  ions. The  t e n d e n c y  
of n e w  c r y s t a l s  to s t a r t  as fa r  as poss ib le  f rom ones 
w h i c h  jus t  s t oppe d  wi l l  i n s u r e  a u n i f o r m  c o v e r a g e  
of t he  e lec t rode .  

I t  is poss ib le  to e s t i m a t e  the  size of t h e  c rys t a l s  
w h i c h  r e su l t  f r o m  such a process .  The  c u r r e n t  
d e n s i t y  at  a g r o w i n g  c r y s t a l  is g iven  b y  

d C  
I : z F D - - -  [2]  

d r  

w h e r e  I is the  c u r r e n t  dens i ty ,  z the  ionic  charge ,  F 
t he  F a r a d a y  cons tan t ,  D t h e  d i f fus ion  coefficient ,  and  
d C / d r  the  c o n c e n t r a t i o n  g r a d i e n t  a t  the  c r y s t a l  su r -  
face.  F o r  a sma l l  h e m i s p h e r i c a l  c r y s t a l  d C / d r ~ A C / r ,  
and  hence  w i t h  D---10-~cm2/sec, ACm,~:10 -~ m o l e / c c ,  
I ..... = 10-3/r. Hence ,  if  the  c r i t i ca l  c u r r e n t  d e n s i t y  is 
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10 a m p / c m  "~ the m a x i m u m  par t ic le  size is abou t  1~, 
a r easonab le  size for a f i ne -g ra ined  deposit.  

This  s imple  p ic tu re  accounts  for the v e r y  fine 
g ra in  size p roduced  by  addi t ives  and  for the  u n i -  
fo rmi ty  of the deposit.  It  also accounts  for the  fact  
tha t  the add i t ion  agents  which  are effective in  a l t e r -  
ing  the  s t r uc tu r e  of the deposi t  a re  i n v a r i a b l y  i n -  
corpora ted  in to  the  deposi t  in  r a t h e r  la rge  quan t i t i e s  
(of the  order  of a pe r cen t )  (8) .  I t  also accounts  for 
the absence  of specificity repor ted  by  F ischer  (9) ;  
s ince a lmos t  the  on ly  r e q u i r e m e n t s  for effect iveness 
are tha t  the  un i t s  of the add i t ive  be la rge  a nd  
s t rong ly  adsorbed,  it  is a p p a r e n t  tha t  m a n y  sub -  
s tances  can accompl ish  abou t  the  same resul t .  

Manuscript  received June  18, 1958. 

Any discussion of this paper will  appear in a Dis- 

cussion Section to be published in the December 1959 
JOURNAL. 
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Measurement of Carbon-Metal Contact Resistances 
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Technical Division, Goodyear Atomic Corporation, Portsmouth, Ohio 

The use  of l a rge  quan t i t i e s  of e l emen ta l  f luor ine 
in  AEC gaseous diffusion p lan t s  has led to n u m e r o u s  
research  projec ts  conce rn ing  ma te r i a l s  su i t ab le  for 
use in  f luor ine genera tors .  The  cell  be ing  used  a t  
p r e sen t  to genera te  f luor ine consists  bas ica l ly  of a 
Monel  shel l  and  head  assembly  f rom which  w i r e  
mesh  d iaphrams ,  steel  cathode, and  ca rbon  anode  
subassembl ies  are suspended.  

One of the  m a j o r  causes of low power  efficiency 
and  ea r ly  cell f a i lu re  has been  the e lect r ical  de t e r i -  
o ra t ion  of the  ca rbon  a n o d e - m e t a l  connec t ion  in  the  
anode  subassembl ies .  Since an in i t i a l ly  h igh contac t  
res i s tance  wou ld  be conducive  to hea t ing  of the  car -  
bon  a n o d e - b u s - b a r  jo in t  wi th  f u r t h e r  corrosion of 
the contac t  areas, s t i l l  h igher  res is tance,  and  so on, 
work  has been  comple ted  to d e t e r m i n e  the re l a t ion  
b e t w e e n  contact  p ressure  and  contact  res i s tance  for 
var ious  c a r b o n - m e t a l  joints .  F r o m  this  work  it  has 
been  d e t e r m i n e d  tha t  of five meta l s  tested,  copper  
and  b e r y l l i u m  copper give the lowest  contact  res is t -  
ance, fol lowed by  phosphor  bronze,  m a g n e s i u m ,  and  
steel. 
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Fig. 1. Anode clamping assembly 

M e a s u r e m e n t s  of a n o d e - b a r  contact  res i s tance  as 
a f unc t i on  of to rque  did no t  give cons is ten t  resul ts ,  
possibly  because  of p ressure  p la te  w a r p i n g  or a n o n -  
l i nea r  increase  in  t h r ead  f r ic t ion  as to rque  was  i n -  
creased. 

As shown in  Fig. 1, the  ca rbon  anodes  a re  c lamped  
b e t w e e n  the bus  ba r  and  p ressure  pla tes  by  four  3/4- 
in. s teel  cap screws per  anode.  The  contact  areas of 
the  anodes  are specified to be g r o u n d  smooth  and  
para l le l .  Or ig ina l  cell a s sembly  specifications cal led 
for the  cap screws to be to rqued  to 85 ft lb, which  is 
a p p r o x i m a t e l y  e q u i v a l e n t  to 1400 psi p ressure  on 
the  anode  contact  area,  the  exact  p ressure  be ing  a 
func t ion  of the condi t ion  of the  th reads  a nd  the i r  
lubr ica t ion .  

In  Fig. 2 the test  s e t -up  used is shown.  A ca rbon  
sample  block was  compressed b e t w e e n  the two me ta l  
contact  p la tes  by  m e a n s  of a h a n d  opera ted  h y d r a u -  
lic press;  the force was appl ied  th rough  a B a l d w i n  
SR-4,  Type  U-1 load cell, which  was  coupled to a 
type  M s t ra in  indicator .  P recau t ions  were  t a ken  to 
m a k e  sure  t h a t  the load was  appl ied  to the  spec imen  
on the ver t ica l  axis. The load ce l l - i nd ica to r  combi -  
n a t i o n  was checked aga ins t  an  Olson tes t ing  
m a c h i n e  and  was  found  to have  an  accuracy  of • 1/4 % 
of fu l l  r ange  (5000 lb ) .  One me t a l  contac t  p la te  was  
i n su l a t ed  f rom the  press so tha t  res i s tance  m e a s u r e -  
me n t s  could be m a d e  b e t w e e n  the two plates.  

For  res i s tance  m e a s u r e m e n t  c u r r e n t  a nd  po ten t i a l  
leads, a t t ached  to the contac t  plates,  were  connec ted  
to a Biddle  Model  713 "Ductor"  Low Resis tance  
Ohmmete r .  This  i n s t r u m e n t  operates  on a somewha t  
s imi la r  p r inc ip le  to t ha t  of a K e l v i n  br idge,  except  
tha t  it  incorpora tes  a special  h igh ly  sens i t ive  
D ' A r s o n v a l - t y p e  me t e r  w i t h  bo th  a c u r r e n t  and  a 
vol tage  coil to replace  the b r idge  circuit .  Thus,  i n -  
creased c u r r e n t  t ends  to decrease  the  read ing ,  wh i l e  
increased  vol tage  increases  the read ing .  The  me te r  
has a basic 0 to 100 m i c r o - o h m  r a n g e  w i th  five 
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10 a m p / c m  "~ the m a x i m u m  par t ic le  size is abou t  1~, 
a r easonab le  size for a f i ne -g ra ined  deposit.  

This  s imple  p ic tu re  accounts  for the v e r y  fine 
g ra in  size p roduced  by  addi t ives  and  for the  u n i -  
fo rmi ty  of the deposit.  It  also accounts  for the  fact  
tha t  the add i t ion  agents  which  are effective in  a l t e r -  
ing  the  s t r uc tu r e  of the deposi t  a re  i n v a r i a b l y  i n -  
corpora ted  in to  the  deposi t  in  r a t h e r  la rge  quan t i t i e s  
(of the  order  of a pe r cen t )  (8) .  I t  also accounts  for 
the absence  of specificity repor ted  by  F ischer  (9) ;  
s ince a lmos t  the  on ly  r e q u i r e m e n t s  for effect iveness 
are tha t  the  un i t s  of the add i t ive  be la rge  a nd  
s t rong ly  adsorbed,  it  is a p p a r e n t  tha t  m a n y  sub -  
s tances  can accompl ish  abou t  the  same resul t .  
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Fig. 2. Compressing carbon block samples between metal 
contact plates. 

decade m u l t i p l y i n g  r anges  g iv ing  an  o v e r - a l l  r a nge  
of 0-1 ohm wi th  an accuracy  of 1% of fu l l  scale for 
any  range.  This  pe rmi t s  an  e r ro r  approach ing  10% 
at ce r ta in  readings .  

Carbon  sample  blocks,  1 in. -~ in  cross sect ion and  
a p p r o x i m a t e l y  2 in. high, were  cut  f rom the contact  
a rea  of anodes  so tha t  the or ig ina l  surface was  r e -  
t a ined  for the contac t  p ressure  vs. res i s tance  m e a -  
su rements .  For  steel contacts ,  sect ions were  cut  f rom 
ac tua l  steel  p ressure  plates,  whi le  for o ther  me ta l  
contacts  var ious  me ta l  stock was used, f inished wi th  
a series of grades of emery  pape r  of inc reas ing  
fineness. 

The ac tua l  res is tance  r ead ing  was tha t  for two 
1-in.'-' c a r b o n - m e t a l  contact  areas and  of a 2-in.  l eng th  
of ca rbon  1 in. -~ in  cross section, all  in  series. Contac t  
res i s tance  per  square  inch of area is then :  

R = (R, --  Re)~2 

w h e r e  R, is the  res i s tance  m e a s u r e d  on the  me t e r  
and  Rc is the  specific res i s tance  of the  ca rbon  in 
ohms per  cubic inch. Since the po ten t i a l  leads were  
a t tached  d i rec t ly  to the contact  plates,  the res i s tance  
of the me t a l  p la tes  themse lves  could be d i s re -  
garded.  This was  checked by  press ing  the  two pla tes  
together  whi le  res i s tance  was  measured .  The res is t -  
ance  was  found  to be negl ig ib le  even  though  an  
added  m e t a l - m e t a l  contac t  was  invo lved .  

The specific res i s tance  of Na t iona l  Ca rbon  Com-  
p a n y  Type  YBD carbon,  which  is no t  graphi te ,  as 
g iven  by  the m a n u f a c t u r e r ,  is 1550 ~ ohms/ in . ' .  This  
va lue  was ob ta ined  by  m e a s u r i n g  the res i s tance  of a 
la rge  n u m b e r  of ful l  size anodes  lengthwise ,  u s ing  
a K e l v i n  br idge.  W h e n  this  figure was  used for the  
specific res i s tance  of ca rbon  in  p r e l i m i n a r y  tests, the  
resul ts  were  somewha t  va r i ab l e  f rom sample  to 
sample.  However ,  w h e n  res i s tance  vs. p re s su re  
curves  were  r u n  severa l  t imes  on the  same ca rbon  
sample  block, t he re  was  l i t t le  var ia t ion .  
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Var ia t ion  could be a t t r i b u t e d  e i ther  to differences 
in the condi t ion  of the ca rbon  contact  surfaces  f rom 
sample  to sample,  or to differences be t w e e n  the  spe-  
cific res is tance  of the  ca rbon  in  the var ious  samples.  
Since the anodes  are formed by  e x t r u s i on  in  a 
l eng thwi se  di rect ion,  there  should  be some difference 
in  ca rbon  dens i ty  in  var ious  locat ions in  the  anode,  
a nd  some pore o r i e n t a t i on  should  occur in  the  l eng th -  
wise direct ion.  This  in  t u r n  could be expected  to 
resu l t  in  a lower  specific res i s tance  of ca rbon  l e n g t h -  
wise t h a n  across the  anodes,  the l a t t e r  app ly ing  to 
this  expe r imen t .  In  addi t ion ,  the  Na t iona l  Ca rbon  
C o m p a n y  has m e a s u r e d  air  pe rmeab i l i t i e s  twice as 
grea t  in  the l eng thwise  as in  the  t r ansve r se  direct ion.  
T w e n t y - e i g h t  blocks, n o m i n a l l y  1 x 1 x 2 in., were  
cut  f rom each of two anode blades,  ha l f  lengthwise ,  
as Na t iona l  C a r b o n  m e a s u r e d  resis tance,  and  hal f  
t r ansverse ly ,  the ends  be ing  the  n o r m a l  contac t  area.  
They  were  each p laced  in  the  press b e t w e e n  pres -  
sure  pla tes  in  the  n o r m a l  m a n n e r  a nd  res i s tance  
m e a s u r e d  b e t w e e n  two scr ibe marks ,  1 in. apart .  
Exac t  d imens ions  were  m e a s u r e d  wi th  a m i c r o m e t e r  
calipers.  Values  for t r ansve r se  specific res i s tance  
va r i ed  f rom 1600 to 2100 ~, o h m s / i n ?  wi th  an  ave r -  
age of 1810 ~ ohms/ in2 .  S t a n d a r d  dev ia t ion  was  ap-  
p r o x i m a t e l y  100 ~ o h m s / i n ? .  Wi th  samples  cut  in  
the l eng thwise  direct ion,  va r i a t i on  was s imi la r  bu t  
the average  va lue  of specific res i s tance  was  1190 
ohms/ in2 .  This was  somewha t  lower  t h a n  tha t  ob-  
t a ined  by  Na t iona l  Ca rbon  Company .  In  v iew of the 
la rge  va r i a t i on  b e t w e e n  samples,  the specific res is t -  
ance was m e a s u r e d  for each block and  this  va lue  
used in  ca lcu la t ing  contac t  res is tance.  

Severa l  samples  were  loaded over  a r a n g e  of p res -  
sures f rom 600 to 5000 psi. P re s su re  was  increased  
by 400-1b i n c r e m e n t s  up to 5000 lb and  then  de-  
creased by  the same i n c r e m e n t s  back  to 600 lb, 5000 
psi approaches  the compress ive  s t r eng th  of ca rbon  
and  should  be avoided for des ign purposes.  The  plots 
of contact  res is tance  vs. p ressure  were  f ound  to ap-  
p r o x i m a t e  s t ra igh t  l ines  on a log- log  graph,  a l though  
the slopes were  s l ight ly  smal le r  for the  u n l o a d i n g  
curves.  These plots are shown in  Fig. 3. 
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It can be seen that ,  whi le  the s t ee l - ca rbon  contac t  
res i s tance  decreases r ap id ly  w h e n  p res su re  increases,  
it  n e v e r  approaches  the  c o p p e r - c a r b o n  contact  r e -  
s is tance and  is g rea te r  t h a n  the contact  res i s tance  of 
any  of the  o ther  meta l s  tested.  

I t  has been  proposed tha t  the  m e a s u r e d  contac t  
res is tance  in  n e w l y  assembled  cells m igh t  give some 
ind ica t ion  of the  expected  p e r f o r m a n c e  of the  cell. 
Since h u m i d i t y  of the  anode  s torage and  assembly  
e n v i r o n m e n t  is one factor  t ha t  is no t  control led,  a 
test  was  m a d e  to d e t e r m i n e  the contac t  r e s i s t ance -  
pressure  f u n c t i o n  of anode  m a t e r i a l  wh ich  had  b e e n  
oven  dr ied  as compared  to tha t  which  had  been  
s tored for some t ime  in  an  a tmosphere  at 100% 
humid i t y .  Some samples  were  dr ied  for 165 hr  a t  
210~ whi le  others  we re  s tored for 96 hr  in  a 
desiccator  con t a in ing  a wet  sponge. W h e n  tested 
w i th  bo th  copper  and  steel  no s ignif icant  difference 
in  contact  res i s tance  was  found  b e t w e e n  dr ied  s am-  
ples, those which  were  in  e q u i l i b r i u m  wi th  the l abo -  
r a to ry  a tmosphere ,  and  those s tored at 100% 
humid i ty .  

In  the  cell, the ca rbon  me ta l  contac t  is exposed to 
a m i x t u r e  of f luor ine and  h y d r o g e n  f luoride gases, as 
wel l  as to the  l iqu id  e lec t ro ly te  which  m a y  en te r  the 
j o in t  t h r o u g h  cap i l l a ry  act ion in  the s o m e w h a t  
porous ca rbon  anode.  

Wi th  the e x p e r i m e n t a l  s e t -up  used it was  i m-  
possible to expose the contac t  to a f luor ine a tmos -  
phere  whi le  u n d e r  pressure .  The  me ta l  plates,  h o w -  
ever,  were  f luor ina ted  for 48 h r  w i t h  100% f luor ine  
at  100~ The  me ta l  p la tes  w e r e  t h e n  r e m o v e d  and  
contact  res i s tance  aga ins t  ca rbon  d e t e r m i n e d  as be -  
fore. Care was  exerc ised tha t  the  f luor ina ted  l ayer  
was u n d i s t u r b e d .  Resul ts  are shown in  Tab le  I. 

The increase  in  contac t  res i s tance  was  neg l ig ib le  
for b e r y l l i u m - c o p p e r ,  a factor  of a p p r o x i m a t e l y  
th ree  for copper and  m a g n e s i u m ,  and  a factor  of 
five for phosphor -b ronze .  Contac t  res i s tance  for 
steel could no t  be  m e a s u r e d  w i th  the  n o r m a l  e q u i p -  
m e n t  and  was  found  to be grea te r  t h a n  20 megohms  
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Table I. Contact resistance-pressure values for 
carbon-fluorinated metal 

P r e s s u r e  S tee l  C o n t a c t  r e s i s t a n c e  in  m i c r o - o h m s / i n ,  -~ 
ps i  m e g o h m s  M g  P h o s p h o r - B r o n z e  Cu  B e - C u  

1000 ~20 3560 4830 2330 900 
1800 ~20 2440 3170 1610 683 
3000 ~20 1760 2260 1140 575 
5000 ~20 1230 1600 858 517 

w h e n  m e a s u r e d  w i th  a c o n v e n t i o n a l  ohmmete r .  It  
m u s t  be no ted  tha t  the  f luor ina t ion  was done wi th  
d ry  f luor ine which  con ta ined  no h y d r o g e n  fluoride. 
F l u o r i n a t i o n  in  a cell migh t  no t  affect the mic ro-  
areas  of the me t a l  ac tua l ly  in  contact  w i th  carbon.  
However ,  the  e x t r e me  i n s u l a t i n g  va lue  of the  fluo- 
r ide  layer  on steel indica tes  tha t  this  me t a l  is of 
d o u b t f u l  va l ue  as a contact  m a t e r i a l  in  a f luor ine cell. 

The r e s i s t ance -p res su re  r e l a t ionsh ip  for a ny  me ta l  
has the  genera l  equa t ion :  

R = a  P~ 

where  R is contact  res is tance,  a, a cons tant ,  P, p res -  
sure,  and  m, slope of log- log  plot. Both a a nd  m are  
di f ferent  for each metal .  

F r o m  the resul t s  i t  is a p p a r e n t  tha t  the  la rges t  
u n i t  p ressure  possible, appl ied  u n i f o r m l y  over  the  
contact  surfaces,  resul t s  in  the lowest  contac t  res is t -  
ance. The  use of copper  al loys and  m a g n e s i u m  resu l t  
in  lower  contact  res i s tance  t h a n  does the  use of steel. 
Copper  contact  p la tes  h a v e  been  used for at  least  
fifteen years  and  the  tests  confirm the  su i tab i l i ty .  
Steel  appears  to be of doub t fu l  va lue  in  this  
appl ica t ion.  

Manuscript  received May 16, 1958. The work on this 
paper was performed under  Contract  AT-(33-2) -1  
with the U. S. Atomic Energy Commission. 

Any discussion of this paper will appear  in a Dis- 
cussion Section to be published in the December 1959 
J O U R N A L .  
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ABSTRACT 

A ve ry  large number  of ar t ic les  a re  made  by  powder  meta l lu rg ica l  methods  
f rom e lec t ro ly t ica l ly  reduced  powders .  In  powder  production,  cathode cur -  
rent  densi t ies  are  much h igher  than those of refining; loosely adheren t  deposi ts  
are  produced.  These are  dried,  surface oxides removed,  and classified by  
screening. Impor t an t  e lec t ro ly t ic  powders  are  ~hose of copper,  iron, nickel,  
zinc, some alloys, as wel l  as duplexes.  Opera t ing  detai ls  a re  reviewed.  

M e t a l  d e p o s i t e d  at  the  c a thode  v a r i e s  w i d e l y  in  
i ts  cha rac te r i s t i c s ,  d e p e n d i n g  on the  e l e c t r o l y t e  i tse l f ,  
t he  ions p re sen t ,  and  o p e r a t i n g  condi t ions .  S i l ve r  
d e p o s i t e d  f r o m  a so lu t ion  of AgNO~ fo rms  l a rge ,  
r e a d i l y  v i s ib le  c rys ta l s .  T in  f rom a so lu t ion  of SnCI.. 
w i l l  f o r m  long  need le s  w h i c h  m a y  r a p i d l y  " b r i d g e "  
f r o m  the  a n o d e  to the  ca thode .  L e a d  f rom a c h l o r i d e  
or  ace t a t e  so lu t ion  g ives  c rys t a l s  d i f f e ren t  f rom those  
f r o m  a c h l o r a t e  or  p e r c h l o r a t e  e l ec t ro ly t e .  N icke l  
depos i t s  f r om a su l f a t e  b a t h  a r e  h a r d  and  m a y  be  
po l i shed  b u t  no t  w i t h  ease,  w h i l e  n i c k e l  f r o m  a 
n a p h t h a l e n e  su l fona t e  g ives  b r i g h t  depos i t s  n e e d i n g  
l i t t l e  if a n y  po l i sh ing .  

In  p la t ing ,  eff iciency of u t i l i z a t i o n  of e l e c t r i c a l  e n -  
e r g y  is s e c o n d a r y  to qua l i t y .  H igh  c u r r e n t  a n d  en -  
e r g y  efficiencies m a y  be  sacr i f iced  w i t h o u t  u p s e t t i n g  
the  economics  of t he  ope ra t i on .  P a r t i c u l a r l y  w h e r e  
t h e r m a l  or c h e m i c a l  p rocesses  compe te ,  p o w e r  cost  
in re f in ing  is a m a j o r  i t em;  m a x i m u m  c u r r e n t  and  
e n e r g y  efficiencies a r e  v i ta l .  In  e l e c t r o f o r m i n g ,  of 
w h i c h  m e t a l  p o w d e r  p r o d u c t i o n  is a form,  cond i t ions  
a p p r o a c h  re f in ing  to a fa r  g r e a t e r  d e g r e e  t h a n  p l a t ing ,  
as the  p r o c e d u r e s  c o m p e t e  w i t h  t h e r m a l  and  m e -  
c h a n i c a l  d i s i n t e g r a t i o n  p rocedu re s .  

The  n a t u r e  of the  e l ec t ro ly t e ,  i ts  pH, m e t a l l i c  ion 
concen t r a t i on ,  anod ic  and  ca thod ic  c u r r e n t  dens i ty ,  
t e m p e r a t u r e ,  t he  s i m p l i c i t y  or  c o m p l e x i t y  of the  m e -  
ta l l i c  ion i nc lud ing  i ts  p r i m a r y  and  s e c o n d a r y  ion iza -  
t ion,  as we l l  as the  p r e s e n c e  of m o d i f y i n g  or  " a d d i -  
t ion"  agents ,  have  effects  on the  c h a r a c t e r  of t he  d e -  
posi t .  

The  c r y s t a l l i n e  s t r u c t u r e s  of ca thode  depos i t s  m a y  
be  class i f ied as fo l lows :  

G r o u p  I. T h e  i n i t i a l  nuc l e i  or  c r y s t a l s  con t inue  
to g r o w  t h r o u g h o u t  t he  depos i t  f o r m i n g  ( A )  i so -  
l a t e d  c rys t a l s :  w h i c h  a r e  (a )  s y m m e t r i c a l  or  (b)  
ac i cu la r ;  or  g iv ing  r i se  to (B)  con t iguous  c r y s -  
ta l s :  w h i c h  m a y  be  (a)  c o l u m n a r  or  (b)  f ibrous.  

G r o u p  II.  P a r t  of the  i n i t i a l  nuc le i  or  c r y s t a l s  
con t inue  to grow.  These  a r e  (A)  conica l  ( " n o r -  
m a l " )  or  (B)  tw inned .  

G r o u p  III .  The  nuc le i  or  c r y s t a l s  do no t  g row 
for  a n y  e x t e n d e d  per iod .  T h e i r  shapes  a r e  (A)  
b r o k e n  ( c o m p a c t ) ,  or  (B)  a rbo rea l ,  s o m e t i m e s  
ca l l ed  " f e r n l i k e "  ( " t r e e d " ) ,  or  (C)  p o w d e r y  
( s p o n g y ) ,  and  (D)  s l ime l ike .  

I f  a n y  a d d i t i o n  w h i c h  w o u l d  i nc rea se  the  ca thode  
p o l a r i z a t i o n  be  m a d e  to t he  solu t ion ,  the  n u m b e r  of  
c r y s t a l  nuc le i  increases .  The  c u r r e n t  dens i t i e s  m a y  
be  inc reased ,  and  the  ef fec t ive  m e t a l  ion m i g h t  be  
d e c r e a s e d  in t h e  f i lm or  th in  l a y e r  of  so lu t ion  a d -  
j a c e n t  to t he  ca thode  b y  (a )  d i l u t i n g  the  so lu t ion ;  
(b)  d e c r e a s i n g  the  t e m p e r a t u r e ,  w h i c h  in  t u r n  r e -  
duces  d i f fus ion and  convec t ion ;  (c)  a d d i n g  a sa l t  
h a v i n g  an  ion c o m m o n  w i t h  those  a l r e a d y  p r e s e n t ;  
(d )  i n t r o d u c i n g  a col lo id;  (e)  i n c r e a s i n g  the  v iscos-  
i ty  of the  so lu t ion;  and  (f )  caus ing  the  f o r m a t i o n  of 
c o m p l e x  ions. These  fac to rs  i nc rease  the  d i f f e rence  
in  ca thode  po ten t i a l ,  the  n u m b e r  of c r y s t a l  nucle i ,  
and  the  p r o d u c t i o n  of f i n e - g r a i n e d  deposi ts .  

Dissocia t ion ,  ionic  m i g r a t i o n ,  diffusion,  and  con-  
vec t ion ,  p a r t i c u l a r l y  at  the  su r f ace  of t h e  ca thode ,  
r e p l e n i s h  the  m e t a l  ion concen t r a t i on .  G r o w t h  of 
ex i s t i ng  c rys t a l s  m a y  be f a v o r e d  b y  a c c e l e r a t i o n  of 
these  factors .  The  t e n d e n c y  of m e t a l s  such  as s i lve r  
a n d  lead,  w h e n  d e p o s i t e d  f r o m  n i t r a t e  so lu t ions ,  to 
f o r m  i so la ted  c r y s t a l s  is p a r t l y  the  r e su l t  of t he  r e l a -  
t i v e l y  l a rge  change  in d e n s i t y  of the  so lu t ion  p r o -  
d u c e d  b y  the  r e m o v a l  of t h e  me ta l .  The  effects of 
va r i ous  fac tors  u p o n  the  s t r u c t u r e  of depos i t s  a r e  
s u m m a r i z e d  in  T a b l e  I. 

D e c r e a s i n g  the  m e t a l  ion c o n c e n t r a t i o n  dec rea se s  
the  size of t h e  c rys ta l s .  F i n e - g r a i n e d ,  b r i gh t ,  or  h a r d  
depos i t s  a r e  p r o d u c e d  a t  l ow  t e m p e r a t u r e s ,  w h i l e  
i nc rea se  of t e m p e r a t u r e  causes  coarse  or  sof t  d e -  
posi ts .  The  effects of i nc reases  of  c u r r e n t  d e n s i t y  and  
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Table I. Direction of effects on structure of deposits 

P O W D E R S  F O R  P O W D E R  M E T A L L U R G Y  

C h a n g e  in  
C h a n g e  in  o p e r a t i n g  c o n d i t i o n  s t r u c t u r e  g roup*  

III-~ II--> I 
III~ II-~ I 
III-~ II-~ I 
III-~ II~ I 
III-~ II~ I 
I~ II~ III 
I-~II-~III 
I-~II-~III 

Increase  meta l  salt  concentra t ion 
Increase  meta l  ion concentra t ion 
Agi ta te  solution 
Elevate  t empe ra tu r e  
Increase  conduct iv i ty  of solut ion 
Add  colloids to solut ion 
Increase  viscosi ty of solut ion 
Increase  cur ren t  dens i ty  

* G r o u p s  as d e s c r i b e d  a b o v e  in  t h e  t ex t .  

t e m p e r a t u r e  a r e  in oppos i t e  d i rec t ions .  The re fo re ,  i t  
is poss ib l e  to o b t a i n  f i n e - g r a i n e d  depos i t s  in  w a r m  
so lu t ions  at  a h igh  c u r r e n t  dens i ty .  A d d i t i o n  of co l -  
lo ids  in  m o r e  t h a n  s m a l l  amoun t s ,  i n c r e a s e  of v i scos-  
i ty ,  a n d  i nc rea se  in  c u r r e n t  d e n s i t y  t e n d  in t he  d i -  
r ec t ion  of b r o k e n  c rys ta l s ,  a r b o r e a l ,  or  p o w d e r y  
e l e c t r o l y t i c  p r ec ip i t a t e s .  

Depos i t ed  m e t a l  p o w d e r s  a r e  r e p r e s e n t e d  b y  the  
G r o u p  I I I  t y p e  of c rys t a l s .  T h e y  a r e  " p o o r "  e l e c t r o -  
p la tes .  P o w d e r  p r o d u c t i o n  is f a v o r e d  b y  low m e t a l  
concen t r a t i on ,  low m e t a l  ion concen t r a t ion ,  u n a g i -  
r a t e d  solut ions ,  low t e m p e r a t u r e s ,  so lu t ions  of low 
conduc t iv i t y ,  a d d i t i o n  of col loids,  i nc reases  in v i scos -  
i ty ,  a n d  m a r k e d  inc reases  in c u r r e n t  dens i ty .  The  
effect of each  v a r i a b l e  is not  of t he  s ame  o r d e r  of 
m a g n i t u d e ;  the  effects a r e  c u m u l a t i v e  and  i n t e r d e -  
p e n d e n t ;  changes  in c o n c e n t r a t i o n  m a y  be of g r e a t e r  
i m p o r t a n c e  t h a n  v a r i a t i o n  of t e m p e r a t u r e ;  v igo rous  
a g i t a t i o n  m a y  offset the  effect of i nc rea se  of c u r r e n t  
dens i ty .  

E l e c t r o l y t i c  p o w d e r s  of c o m m e r c i a l  i m p o r t a n c e  
a re  of two  va r i e t i e s .  Loose  c rys t a l s  m a y  be  f o r m e d  
in the  cel ls  as n o n a d h e r e n t  p o w d e r s ,  or  the  p o w d e r  
m a y  r e s u l t  f r om g r i n d i n g  r e l a t i v e l y  ha rd ,  b r i t t l e ,  
p a r t i a l l y  c o h e r e n t  depos i t s .  E x a m p l e s  of the  first  
class a r e  Cu, Zn, Ni, Ag,  and  Pb ;  of the  second  F e  
a n d  Mn. These  wi l l  be  b r ie f ly  d e s c r i b e d  f r o m  the  
v i e w p o i n t  of t h e i r  p roduc t i on .  W h i l e  e l e c t r o l y t i c  Zn, 
Ni, a n d  P b  p o w d e r s  a r e  i n t e r e s t i ng ,  t h e y  a r e  c o m -  
m e r c i a l l y  u n i m p o r t a n t  in t h a t  p o w d e r s  of these  m e t -  
als  a re  the  r e s u l t  of  o t h e r  m e t h o d s ;  i n d u s t r i a l l y  on ly  
e l e c t r o l y t i c  Cu, Fe,  and  Mn c o m m a n d  m a r k e t s .  S i l v e r  
c ry s t a l s  a r e  t he  c o n v e n t i o n a l  r e su l t  of e l e c t r o l y t i c  
ref ining.  D i s i n t e g r a t i o n  conve r t s  t h e m  to a p o w d e r .  

T h e  p o w d e r s  a l l  c o m m a n d  " shape"  p r e m i u m s  in 
p r i ce  ove r  ingot  m e t a l  or  ca thode  chip  of t he  s ame  
pu r i t y .  

In  p rac t ice ,  ca thode  c u r r e n t  dens i t i e s  a r e  h i g h e r  
t h a n  those  of ref in ing,  so t h a t  loose ly  a d h e r e n t  s p o n g y  
depos i t s  w h i c h  a r e  p e r i o d i c a l l y  r e m o v e d  b y  s c r a p i n g  
or  t a p p i n g  dev ices  or  b y  e l e c t r o l y t e  c i r cu l a t i on  m a y  
be  p roduced .  In  t he  case  of Cu p o w d e r ,  ac id  e l e c t r o -  
ly te s  of  l o w e r  m e t a l  a n d  h i g h e r  ac id  c o n c e n t r a t i o n  
t h a n  those  used  for  re f in ing  or  p l a t i n g  a r e  p r e f e r r e d .  
W h e n  o p e r a t e d  a t  h igh  ca thode  d e n s i t y  a n d  w i t h  
h y d r o g e n  evo lu t ion ,  t he  f inely  d i v i d e d  m e t a l  c r y s t a l s  
o f t en  h a v e  a f e r n l i k e  a p p e a r a n c e  u n d e r  t h e  m i c r o -  
scope. I t  is n e c e s s a r y  to r e m o v e  the  ca thode  f r e -  
q u e n t l y ;  o t h e r w i s e  t he  ef fec t ive  a r e a  of the  d e p o s i t  
is i n c r e a s e d  to such an  e x t e n t  t h a t  t he  c u r r e n t  d e n -  
s i ty  is l o w e r e d  and  coarse  depos i t s  fo rmed .  
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The  f ineness  of t h e  p o w d e r  m a y  be v a r i e d  ove r  a 
c o n s i d e r a b l e  r a n g e  by  changes  in the  compos i t ion ,  
t e m p e r a t u r e  of the  e l ec t ro ly t e ,  and  v a r i a t i o n  of t he  
ca thode  c u r r e n t  dens i ty ,  as we l l  as b y  the  i n t r o -  
duc t ion  of a d d i t i o n  agents ,  r e d u c i n g  compounds ,  or  
subs t ances  w h i c h  a r e  c a t h o d i c a l l y  r e d u c e d  and  
a n o d i c a l l y  o x i d i z e d  bu t  a r e  no t  p l a t e d  out.  Ca thode  
c u r r e n t  dens i t i e s  a r e  d i f fe ren t  f rom those  at  t he  
anode ,  u s u a l l y  h igher .  The  d e p o s i t e d  p o w d e r s  a r e  
w a she d ,  d r i e d  in i n e r t  or  r e d u c i n g  a t m o s p h e r e s ,  and  
cooled  to r o o m  t e m p e r a t u r e .  

Copper 
F r e n c h  e l e c t r o l y t i c  coppe r  p o w d e r s  w e r e  p r o d u c e d  

t h r o u g h  the  a d d i t i o n  of co l lo ida l  m a t e r i a l s ,  such as 
H~SO~-treated glucose,  for  e x a m p l e ,  to t he  e l e c t r o -  
l y t e  (1) .  T h e  col lo id  was  t h o u g h t  to m a k e  poss ib le  
the  p r o d u c t i o n  of e x t r e m e l y  fine p o w d e r s  w i t h  the  
e l i m i n a t i o n  of h y d r o g e n  evo lu t i on  a t  t he  ca thode  
a n d  h i g h e r  c u r r e n t  efficiencies.  A m e r i c a n  p r o d u c t i o n  
of coppe r  p o w d e r  m a d e  the  m a t e r i a l  in modi f i ed  r e -  
f ining t a n k s  f r o m  se l ec t ed  r e g u l a r  anodes  and  smoo th  
c o p p e r  ca thodes .  

L a r g e  q u a n t i t i e s  of i n d u s t r i a l  Cu p o w d e r s  a r e  
e l ec t ro ly t i c .  T h e y  a re  m a d e  b y  e l e c t r o d e p o s i t i o n  u s -  
ing  a so lub le  a n o d e  and  a n o n a t t a c k a b l e  ca thode .  The  
e l e c t r o l y t i c  s tep  t r a n s f o r m s  so l id  Cu in to  d i sc re te ,  
f inely  d i v i d e d  p a r t i c l e s  of c on t ro l l e d  and  r e p r o d u c i -  
b le  cha rac t e r i s t i c s .  S ince  h igh  p u r i t y  is essen t ia l ,  t he  
anodes  a r e  e l e c t r o l y t i c a l l y  re f ined  Cu. L a r g e - s c a l e  
a t t e m p t s  to use  anodes  of l o w e r  p u r i t y  so t ha t  r e -  
f ining and  p o w d e r  f o r m a t i o n  could  be  c o m b i n e d  h a v e  
been  c o m m e r c i a l  f a i l u r e s  be c a use  of t he  w i d e  v a r i -  
a t ions  in t he  c h a r a c t e r i s t i c s  of t he  end  p roduc t .  I n -  
so lub le  anodes  h a v e  been  i nves t i ga t ed ,  b u t  h a v e  no t  
p r o v e d  c o m m e r c i a l l y  f eas ib l e  for  the  p r o d u c t i o n  of 
h i g h - g r a d e  Cu powder s .  

The  ca thodes  a r e  l e ad  a l loy  sheet .  S i l i con - i ron ,  
b r i q u e t t e d  i ron  oxide ,  v a r i o u s  s t a in less  s teels ,  m a g -  
ne t i t e ,  and  g raph i t e ,  have  no t  been  sa t i s f ac to ry .  

The  e l ec t rodes  a r e  a r r a n g e d  in p a r a l l e l  in l e a d -  
l ined  or  r u b b e r - l i n e d  t anks ,  and  a re  f r e q u e n t l y  i n -  
spec t ed  as in r e f ine ry  p r a c t i c e  for  i r r e g u l a r i t i e s  to 
i n s u r e  u n i f o r m  c u r r e n t  d e n s i t y  and  e l i m i n a t i o n  of 
sho r t  c i r cu i t s  in t h e  cells .  

In  c o n t r a s t  to the  c o p p e r  re f in ing  p rac t i ce ,  e l ec -  
t r o ly s i s  is c a r r i e d  out  a t  c u r r e n t  dens i t i e s  f rom 5 to 
10 t imes  h igher ,  a t  l o w e r  t e m p e r a t u r e s  a n d  low con-  
cen t ra t ions ,  and  low c i rcu la t ion .  By  c on t ro l  a t  v a r i -  
ous levels ,  m a r k e t a b l e  copper  p o w d e r  is p r o d u c e d  
v a r y i n g  f rom 1.5 to 3.5 g / c m  ~ in a p p a r e n t  d e n s i t y  
a n d  f rom 30 to 98% m i n u s  325 -mesh  in p a r t i c l e  size. 
The  w i d e l y  d i f fe r ing  d e m a n d s  of p o w d e r  m e t a l l u r g y  
m a k e  this  neces sa ry .  

C o p p e r  depos i t s  as d i sc re t e  p a r t i c l e s  a t  t he  c a t h -  
ode  and  is co l l ec ted  a t  the  b o t t o m  of the  cell ,  or  as a 
loose ly  a d h e r e n t  de pos i t  w h i c h  m a y  be  l i f t ed  f r o m  
the  cel l  a n d  w a s h e d  off the  ca thodes .  P e r i o d i c a l l y  t he  
s ludge  is r e m o v e d ,  f i l tered,  and  w a s h e d  f ree  of e l ec -  
t r o ly t e .  T h e  l a r g e  su r f ace  a r e a  and  a c t i v i t y  of w e t  
Cu p o w d e r  m a k e  t h o r o u g h  w a s h i n g  a n d  i m m e d i a t e  
d r y i n g  e s sen t i a l  to avo id  o x i d a t i o n  of t he  Cu p a r -  
t icles.  

The  p o w d e r  is d r i e d  in  c o n t r o l l e d - a t m o s p h e r e ,  
con t inuous  fu rnaces .  R e d u c i n g  cond i t ions  a r e  m a i n -  
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t a ined  to r emove  surface oxides. The  fu rnaces  are 
opera ted  at 315~176 (600~176  in a tmos -  
pheres  of 10-30% h y d r o g e n  and  5-20% ca rbon  m o n -  
oxide. F u r n a c e  condi t ions  are  closely control led.  Ex -  
cessive f r i t t i ng  or s i n t e r ing  of the  powder  in to  a 
duct i le  mass  m u s t  be  avoided.  

The  discharge  f rom the fu rnaces  is fed to h igh -  
veloci ty  impac t  mil ls  to b r eak  up c lusters  w i t h o u t  
excessive cold w o r k i n g  and  ha rden ing .  P o w d e r  
which  is mi l l ed  too l igh t ly  wi l l  con ta in  a h igh p e r -  
cen tage  of agg lomera ted  fines. P o w d e r  mi l l ed  too 
heav i ly  wi l l  con ta in  flakes, r ough ly  spherical ,  or 
co ld -worked  par t ic les  which  wi l l  des t roy  its com-  
pac t ing  qual i t ies .  

Size f r ac t iona t ion  is by  sc reen ing  and  air  s epa ra -  
t ion. The  var ious  f rac t ions  are s tored in  a i r t ight ,  
dessicated conta iners .  B l end ing  of the  var ious  f rac-  
t ions  produces  desired types  of powder .  

Lead 
Mante l l  descr ibed the p r e p a r a t i o n  of Cu-coa ted  

Pb  powder  us ing  an  aceta te  e lec t ro ly te  wi th  Cu and  
Pb  anodes  and  Ni cathodes at cathode c u r r e n t  d e n -  
sities of 18 a m p / f t  2 at a power  c o n s u m p t i o n  of 1.5 
k w h r / l b  of 200-mesh  powder  con t a in ing  60% Cu 
and  40% Pb  (2) .  These have  been  used for bea r ings  
whose opera t ing  t e m p e r a t u r e s  m a y  exceed the m e l t -  
ing  po in t  of Pb.  No lead "b leed ing"  resul ts .  

Zinc 
Elect ro ly t ic  zinc powder  is made  f rom flue dust  

wi th  a caust ic  leach l iquor  and  an  e lec t ro ly te  of so- 
d i u m  hydrox ide  and  sod ium zincate.  The  p roduc t  
shows a typ ica l  f e r n - l e a f  appea rance  of sizes 45-60 t' 
long. Zinc dus t  is employed  as a r educ ing  agen t  in  
the  m a n u f a c t u r e  of hydrosulf i tes  and  in  the  p r e p a r a -  
t ion  of o rganic  compounds .  Commerc i a l  opera t ing  
da ta  of a p l an t  emp loy ing  hol low m a g n e s i u m  al loy 
cathodes are g iven  in  Tab le  II. 

Nickel 
Elect ro ly t ic  Ni has b e e n  made  by  Man te l l  (3) e m-  

p loy ing  an  NH,C1 e lec t ro ly te  whose pH was ad ju s t ed  
by  means  of NaOH, us ing  Ni anodes  and  cathodes.  
Ope ra t i ng  detai ls  are g iven  in  Tab le  II. 

Lead 
The i n t e r - r e l a t i o n  of ope ra t ing  condi t ions  in  p ro -  

duc ing  lead powder  was  shown by  Crownov e r  (4) 
who found:  "Spongy  deposits  were  fo rmed  at lead 
concen t r a t ions  b e t w e e n  7.23 and  16.2 oz per  gal and  
free HBF,  concen t ra t ions  b e t w e e n  51.5 and  27.6 oz 
per  gal at  c u r r e n t  densi t ies  r a n g i n g  f rom 1,325 to 
177 amp per  sq ft for 2 m i n u t e  deposi t ion  periods.  
Pa r t i c l e  size inc reased  w i th  inc reas ing  t ime of de-  
posi t  and  decreas ing  c u r r e n t  densi ty .  Dendr i t i c  
growths  fo rmed  on the  edge of the cathodes at  cu r -  
r en t  densi t ies  b e t w e e n  257 and  835 amp per  sq ft 
and  e lec t ro ly te  concen t r a t ions  of 16.6 to 28.1 oz per  
gal lead and  27.6 to 12.4 oz per  gal free HBF,  for de-  
posi t ion per iods  of 4 to 30 minu tes .  Easi ly  r e m o v a b l e  
powdered  lead could no t  be  p roduced  at c u r r e n t  
densi t ies  b e t w e e n  299 and  835 amp per  sq f t  w h e n  
the  e lec t ro ly te  con ta ined  28.1 oz per  gal lead a nd  
12.4 oz per  gal free HBF4. A firm a d h e r i n g  deposi t  
fo rmed  on the cathode at a c u r r e n t  dens i ty  of 1,100 
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Table II. Operating details--electrolytic Zn and Ni powders 

Electrolytic Electrolytic 
zinc powder  nickel 

Raw mater ia l  High-grade Zn Ni 
flue dust 

Cell: 
Material  of 

construction 

Capacity, lb /day  
Electrolyte: 

Feed 

Effluent 

Temperature,  ~ 
Method of feed 
Circulation method 

Current :  
Curren t  per cell, amp 
C.d. anode, amp/ f t  2 
C.d. cathode, amp/ f t  2 
Current  efficiency, % 
Volts per cell 

Power consumption: 
Kwhr  per lb metal  
Lb metal  per kwhr  

Anode 
Cathode 

Electrode spacing 
Final  product, % metal  

Steel, rubber- Steel, rubber- 
lined lined 
110 

200 g/1NaOH, 10 300 g/1NH,CI, 
g/1 Zn 2 g/1 NaOH 

200 g/1 NaOH, 9 
g/1 Zn 

30 23-26 
Gravi ty  

Rubber  - l ined 
pump 

2,500 
10-20 

120-150 20-30 
80-90 55 
3.4 1.4-1.5 

1.37 1.13 
0.73 0.88 

Ni sheet Ni 
Hollow iron or Mg Sheet Ni 
alloy (Elek~ron) 
1.18 in. (30 ram) 1.5 in. 
Paste 35-45 Zn, 98-99 
dry dust 85-95 

amp per  sq ft. No difference was  no ted  in  the  use 
of copper,  ca rbon  steel  or s ta inless  steel  for ca th -  
odes." 

Iron 
Elec t rodepos i t ion  of i ron  dates  back  to 1846 w h e n  

Bot tger  used a ba th  of FeSO4.7H.~O and  NH4C1. Bietz 
in  1869 produced  e lect rolyt ic  Fe a nd  emp loyed  it  for 
m a k i n g  magne t i c  tests. S iemens  (5) in  1889 pro-  
posed a genera l  process in  wh ich  su l f ide- i ron  m i n -  
erals  were  leached wi th  fer r ic  chlor ide or sulfate ,  
the Fe deposi ted f rom the  leach l iquors  on a ca th-  
ode in  a d i a p h r a g m  cell, a nd  the  leach regenera ted .  
The first serious a t t e m p t  to p roduce  e lect rolyt ic  Fe 
in  quan t i t i e s  was  in  1904 (6) ,  w h e n  the  m e t a l  was  
deposi ted f rom a m i x t u r e  of fe r rous  and  a m m o n i u m  
sul fa tes  at  a c u r r e n t  dens i ty  of 6-10 a m p / f t  ~ (0.65-1 
a m p / d m  "~) at 30~ and  an  average  emf  of 1 v. In  
the  p l a n t  of the  W e s t e r n  Electr ic  C o m p a n y  (7) the 
anodes  were  cast steel  and  the ba th  car r ied  s l ight ly  
on the a lka l ine  side so tha t  a cons iderab le  a m o u n t  of 
oxides would  be deposi ted in  the cathode to m a k e  
the l a t t e r  b r i t t l e  and  easi ly  g r o u n d  up  in  connec t ion  
w i th  the m a n u f a c t u r e  of e lec t r ica l  " load ing  coils." 
I t  was  no t  necessa ry  to m a k e  a pu re  grade  of Fe. A 
f u r t h e r  modif ica t ion  of the Burgess  process was  used 
by  the  Wes t inghouse  Electr ic  & M a n u f a c t u r i n g  Com-  
p a n y  (8) in  which  a pu re  grade  of Fe was  p roduced  
for use in  the m a n u f a c t u r e  of al loys for e lec t ro-  
m a g n e t i c  m a c h i n e r y  and  i n s t r u m e n t s .  C o m m e r c i a l l y  
pu re  Fe  anodes  were  used, b u t  the  re f in ing  r ange  
of the  process was  ve ry  small .  Cathodic  p roduc t s  
wou ld  of ten  be p roduced  wh ich  were  too high in  
e i ther  C or S or both.  

In  1914 an  e lect rolyt ic  i ron  p l a n t  was  in s t a l l ed  at  
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Table III. Data on production of electrolytic Fe powder and electrolytic Mn 
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I ron  Manganese 

Electrolyte: 
Sp gr 
Percentage Fe 
pH 
Temperature,  ~ C 
Circulation, ga l /min  
Circulation apparatus 

Anolyte:  
Mn, g/l, as MnSO4 
H2SO4, g/1 
(NH,) ~SO4, g/1 
pH 

Catholyte feed: 
Mn, g/l, as MnSO4 
(NH~) ~SO4, g/1 
pH 

Current :  
Amp/fff  
Voltage per t ank  
Current ,  voltage, and kw of d-c apparatus 

Current  efficiency, % 
K w h r / l b  metal, d.c. 
K w h r / l b  metal,  a.c. 
Lb metal  per kw-day  

Anodes: 
Composition 
Length, width, thickness 
Weight, lb 
Mode of suspension 
Anode spacing, in. 
Life 
Scrap, % 
Number  per cell 

Cathodes: 
Length, width, thickness 
Weight, lb 
Mode of suspension 
Replaced after ? days 
Weight, lb 
Material  
Number  per cell 

Deposition tanks 
Material  of construction 
Length, width, depth 
Number  of anodes, cathodes 
Electric connection 
Amp/ in .  ~ cross section of busbar  

Anode mud: 
Percentage of anode 
Composition 

Removed after ? days 

1.1 
4.6 (50 g/l)  
4.5 
50 35-40 
3.0 
Centr ifugal  pumps Centrifugal  pumps 

10-18 
25-35 
120-140 
1-1.4 

25-35 
125-135 
7.2-7.6 

25 40 
2.5 5 +  
2940 amp 6000 amp 
85 v 600 v 
250 kw 
90 65-70 
1.20 4-4.5 

5-5.25 
20.0 4.07 

Steel plate, 99% Lead alloy 
24x  18x  l i n .  
120 
Welded to hanger  bars Welded to hanger  bars 
5 
12 days 3 years 
20 None 
21 21 

18 x 221/2 x 20 in. gauge 36 x 18 x 1/16 in. 
5~4 
Welded to hanger  bars Welded to hanger  bars 
2-3 1.5-2 
15-22 

Stainless steel 
20 20 

Haveg Concrete, lead or plastic l ined 
10 ft x 30 in. x 30 in. 
21, 20 21, 20 
Series Series 
1000 1000 

17 
Metallic i ron and other metal  MnO~ 

oxides and sulfates 
8 

Grenoble ,  F r a n c e  (9) ,  in  which  a hot  n e u t r a l  so lu-  
t ion  of fe r rous  chlor ide was  employed  as an  e lec t ro-  
ly te  to which  i ron  oxide was  added  as a depolar izer ,  
w i th  c a s t - i r on  anodes  and  r ap id ly  ro t a t ing  m a n d r e l s  
for cathodes.  Both t u b i n g  and  plates  were  p roduced  of 
e lec t rolyt ic  Fe  of good pur i ty ,  showing  Fe 99.967%, 
C 0.008%, Mn 0.009%, P 0.002%, Si 0.014%, S t race  
(10).  In  commerc ia l  opera t ion  the e lec t ro ly te  was 
c i rcu la ted  over  Fe tu rn ings ,  and  i ron  oxide was  
added;  or else air  was  b lown  in  to keep  the H + ion  
concen t r a t i on  of the  so lu t ion  low. C u r r e n t  dens i ty  
was  93-105 a m p / f t  "~ (10-11 a m p / d m  ~) at a t e m p e r a -  
t u r e  of 80~ The smal l  h y d r o g e n  con ten t  of the 
me t a l  was  r emoved  by  a n n e a l i n g  at  900~ P ow e r  
r e q u i r e m e n t s  were  of the  order  of 1.8 k w h r / l b .  

A ba th  used in  G e r m a n y ,  o r ig ina ted  by  F ischer  
(11),  con ta ined  450 g FeCI~, 500 g a n h y d r o u s  CaCl~, 
750 g water ,  opera ted  at  90~176 at 93-185 a m p /  
f t  ~ (10-20 amp/dm~) .  Owing  to the  h igh w o r k i n g  
t e m p e r a t u r e ,  the  Fe deposi ted is r e l a t i ve ly  free f rom 

h y d r o g e n  and  is therefore  no t  br i t t le .  I t  has a p u r i t y  
of at  leas t  99.95% and  can be deposi ted in  thick, 
dense  layers .  

Wi th  the  d e v e l o p m e n t  of powder  me t a l l u rgy ,  a 
d e m a n d  for Fe powder  arose. P a r t  of this  is me t  by  
e lec t ro ly t ic  i ron  m a d e  by  Plas t ic  Metals  of J o h n s -  
town,  Pa.  The  ope ra t i ng  condi t ions  are  t a b u l a t e d  in  
Tab le  I I I  (12).  

M a n g a n e s e  

Ma nga ne se  powder  is the  p roduc t  of g r i n d i n g  
e lect rolyt ic  "ca thode chip" m e t a l  in  ba l l  mi l l s  in  
n i t rogen ,  he l ium,  or a rgon  a tmospheres  w i th  pa r t i c -  
u l a r  care to keep t e m p e r a t u r e s  low because  of the 
pyrophor ic  n a t u r e  of the powder .  More r e c e n t l y  M n  
powder  has been  m a d e  successful ly  on c rush ing  rolls. 
Ma nga ne se  powder  finds t onnage  appl ica t ions  in  
w e l d i ng  rods and  coat ings  therefore ,  as wel l  as m a g -  
ne t ic  mater ia l s .  

Manganese  is e lec t rowon f rom reduced  ores or 
e q u i v a l e n t  M n  c o n t a i n i n g  ma te r i a l s  which  are  
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leached wi th  r e t u r n  electrolyte ,  which  w h e n  p u r i -  
fied becomes cell feed (13).  Opera t ing  condi t ions  are  
g iven  in  Tab le  III. 

I n  the p r e p a r a t i o n  of e lec t ro ly te  f rom which  the 
me ta l  is deposited,  the solut ion is pur i f ied comple te ly  
of Fe, As, Sb, Sn, Pb,  Ni, Co, Mo, SiO~, A1; Ca and 
Mg are also removed.  D i a p h r a g m s  are  a r o u n d  the 
cathodes,  and  the  ano ly te  fills the  cell a r o u n d  the  
d iaphragms .  

The e l e c t r o w i n n i n g  of Mn  depends  on ve ry  p u r e  
solut ions.  In  addi t ion,  there  is dependence  on the  
c o m b i n a t i o n  of factors  such as concen t ra t ion ,  pH, 
t empe ra tu r e ,  c u r r e n t  dens i ty ,  cathode and  anode  
mate r i a l ,  ra te  of flow to the  cells, as wel l  as o ther  
var iables .  P r o b l e m s  of dea l ing  w i th  an  a lka l ine  
ca tho ly te  and  an  acid ano ly te  in  a t w o - c o m p a r t m e n t  
cell, as wel l  as the  imposs ib i l i ty  of cons ide r ing  a n y  
of the va r i ab les  sepa ra t e ly  because  of the i r  inf luence  
on each other,  cause Mn e l e c t r o w i n n i n g  to be a lmos t  
in  a class by  itself. I t  d e m a n d s  m u c h  more  del ica te  
cont ro l  t h a n  does the  e l e c t r o w i n n i n g  of Zn  and  Cu, 
for it carr ies  all  the i r  p rob lems  and  m a n y  more.  

Manuscript  received Ju ly  15, 1957. This paper was 
prepared for del ivery before the Buffalo Meeting, Oct. 
6-10, 1957. 

Any discussion of this paper will  appear in a Dis- 
cussion Section to be published in the December 1959 
J O U R N A L .  
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Theore t ica l  ca lcu la t ions  of the  ra tes  of e lec t ro-  
chemica l  reac t ions  have  been  the subjec t  of m a n y  
publ ica t ions .  Most t r e a t m e n t s  in  recen t  years  i n -  
vo lve  the  a s s u m p t i o n  of an  ac t iva ted  complex  and 
suffer in  tha t  the ene rgy  t e rms  for the ac t iva ted  
complex  canno t  be eva lua t ed  accura te ly .  In  the case 
of e lectrode react ions  it  would  appea r  tha t  a p r o m -  
is ing l ine  of approach  to take  wou ld  invo lve  the  
a s sumpt ion  tha t  the charge  t r ans f e r  at  the  e lect rode 
occurs by  a t u n n e l i n g  process and  tha t  this t u n n e l -  
ing process is the con t ro l l ing  factor  in  the  ra te  of 
the  reac t ion  (1) .  

K ine t i c  theor ies  of the  h y d r o g e n  evo lu t ion  re -  
act ion u sua l l y  assume tha t  the in i t i a l  r eac t ion  step 
at  an  elecrode is 

H § ( so l 'n )  -k e-~ H [1] 
M 

It  can be shown  tha t  the ra te  of this  r eac t ion  m a y  
be a p p r o x i m a t e d  
f rom (1) by  

ra te  = r exp ( - -AU/kT)  [2] 
whe re  

r = exp h (~)1/~ R [3] 

and  
e 2 

~ U = ~ - - E ~ - - - -  + (E,,c + x) [4] 
4R 

In  these  equa t ions  e, h, k, m, and  T have  the i r  usua l  
significance. ~b is the work  func t ion  of the  me ta l  
electrode,  E~ is the  e lec t ron  affinity of H § in Eq. 
[1],  E:,o is the  po ten t i a l  of the  h y d r o g e n  e lect rode 
vs. the zero po in t  of charge,  X is the sur face  po t en -  
t ia l  for hyd rogen  adsorp t ion  on the  meta l ,  a nd  R is 
the  d is tance  of approach  of h y d r o g e n  ions to the  
surface  of the me t a l  w h e n  the  charge  t r ans f e r  
occurs. R is a s sumed  to be 0.49A, the average  of 
the  Goldschmid t  and  Bohr  rad ius  of the h y d r o g e n  
atom. 

In  Tab le  I are  found  the  resul t s  of ca lcu la t ions  

Table I. Calculated and experimental rates 
of hydrogen evolution reaction 

Cal 'd .  ra te ,  E x p t ' l .  r a t e  (2) , 
M e t a l  a m p / c m 2  a m p / c m ~  

Hg 5.8 • 10 -~ 2 • 10 -~ 
Ni 2.5 • 10 -~ 1 • 10 -~ 
Cu 2.5 X 10 -~ 2 • 10 -: 
Ta 7.2 • 10 -~ 1 X 10 -5 
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of  t he  r a t e s  of  the  h y d r o g e n  e v o l u t i o n  r e a c t i o n  a t  
the  r e v e r s i b l e  po t en t i a l ,  a n d  H § ( so l ' n )  c o n c e n t r a t i o n  
of un i ty .  E x p e r i m e n t a l  r a t e s  of t he  h y d r o g e n  
evo lu t i on  r e a c t i o n  a t  a p p r o x i m a t e l y  t h e  s a m e  c o n -  
d i t ions  a r e  g iven  for  c o m p a r a t i v e  pu rposes .  

The  t a b l e  shows  t h a t  t h e  c a l c u l a t e d  a n d  e x p e r i -  
m e n t a l  v a l u e s  a r e  in  f a i r l y  good  a g r e e m e n t .  S ince  
the  c a l c u l a t e d  v a l u e s  a r e  v e r y  sens i t i ve  func t ions  
of R, E .. . .  a n d  X, as  seen  in  Eqs.  [3]  a n d  [4] ,  t h e  
a g r e e m e n t  is f o r t u i t ous  in  some  cases.  

The  f o l l o w i n g  m o d e l  m a y  be  a s soc i a t ed  w i t h  t h e  
p rocess  g i v e n  in  Eq. [1] .  The  m e t a l  e l e c t r o d e  is 
a s s u m e d  to be  a p e r f e c t  conduc to r .  The  e l e c t r o n  
f r o m  the  m e t a l  e l e c t r o d e  m o v e s  t h r o u g h  a n  e n e r g y  
b a r r i e r  a t  t h e  su r f ace  of t he  e l e c t r o d e  d e s c r i b e d  b y  
the  r f u n c t i o n  in  w h i c h  t h e  b a r r i e r  h e i g h t  is ~b a n d  

the  b a r r i e r  w i d t h  is R. Then,  a t  d i s t a n c e  R f r o m  t h e  
e l e c t r o d e  the  e l e c t r o n  combines  w i t h  a p r o t o n  f r o m  
the  h y d r o g e n  ion so lva t i on  c o m p l e x  in  t he  e l e c t r i c a l  
d o u b l e  l a y e r  to f o r m  a h y d r o g e n  a tom.  A s o m e -  
w h a t  s i m i l a r  m o d e l  in  p r i n c i p l e  has  b e e n  p r o p o s e d  
b y  G u r n e y  (3 ) .  

Manuscr ip t  rece ived  Aug. 22, 1958. 
A n y  discussion of this  p a p e r  wi l l  appea r  in a Dis-  

cussion Sect ion to be publ i shed  in the  December  1959 
JOURNAL. 

REFERENCES 
1. J. Weiss, Proc. Roy.  Soc. (London) ,  A2ZZ, 128 (1954). 
2. J. O'M. Bockris,  Na t iona l  Bureau  of S tanda rds  

"Elec t rochemical  Constants,"  Ci rcu la r  524 (1953), 
P243. 

3. R. W. Gurney,  Proc. Roy. Soc. (London) ,  A134, 137 
(1931). 

Manuscripts and Abstracts for Fall 1959 Meeting 
Paper s  a re  now being sol ici ted for  the  Fa l l  Meet ing  of the  Society,  to be  he ld  at  the  Desh le r -Hi l ton  Hotel  in 

Columbus,  Ohio, October  18, 19, 20, 21, and 22, 1959. Technical  sessions p r o b a b l y  wi l l  be scheduled on Batter ies ,  
Corrosion ( inc luding  a jo in t  Corrosion Elec t ronics-Semiconductors  session),  Elec t rodeposi t ion  ( inc luding 
symposia  on "Elect rodeposi t ion f rom Organic  Solvents"  and "Electro-  and  Chemica l -Pol i sh ing") ,  Electronics  
(Semiconductors ) ,  Elect ro-Organics ,  and Elect ro thermics  and Meta l lurgy .  

To be  considered for this  meeting,  t r ip l ica te  copies of abs t rac ts  (not exceeding 75 words  in length)  mus t  be  
received at  Society  Headquar te rs ,  1860 Broadway,  New York  23, N. Y., not later than June  1, 1959. Please in-  
dicate on abstract for wh ich  Division's s ympos ium the paper is to be scheduled,  and underl ine the  name of the 
author who  wi l l  present  the  paper. Complete  manuscr ip ts  should be  sent  in t r ip l ica te  to the  Managing  Edi tor  
of the  JOURNAL at the  same address.  

The Spr ing  1960 Meet ing wil l  be he ld  in  Chicago, Ill., May  1, 2, 3, 4, and 5, 1960, a t  the  Lasa l le  Hotel.  Sessions 
will  be announced in a l a t e r  issue. 



Zinc-Mercuric Dioxysulfate Dry Cell 
Samuel Ruben 

Ruben Laboratories, New Rochelle, New York 

ABSTRACT 

A d ry  cell  is descr ibed which  provides  some of the  des i rab le  character is t ics  
of the mercur ic  oxide a lka l ine  cell  whi le  a l lowing the use of inexpens ive  con- 
vent iona l  d ry  cell  construction.  The sys tem is Zn/ZnSO~/HgSO4.2HgO~-C and 
has an ove r -a l l  reac t ion  of 3Zn ~ HgSO~.2HgO --> ZnSO~ ~- 2ZnO ~ 3Hg. A r e l a -  
t ive ly  flat d ischarge  character is t ic  is obta ined wi th in  the  p rope r  l imi ts  of cur -  
ren t  densi ty.  The cell  capaci ty  is d i rec t ly  re fe rab le  to the  HgSO, .2HgO or 
3HgO.SO~ content.  

The  a l k a l i n e  m e r c u r i c  ox ide  cel l  ( 1 -3 )  possesses  a 
n u m b e r  of cha rac te r i s t i c s ,  p a r t i c u l a r l y  for  spec i a l -  
ized use  such  as m i l i t a r y  a p p l i c a t i o n s  w h e r e  c o m -  
pac tness ,  l ong  she l f  l ife,  a n d  s t o r a g e  a t  h igh  a m b i e n t  
t e m p e r a t u r e s  a r e  necessa ry .  I t  is u sed  in c o m m e r c i a l  
a p p l i c a t i o n s  r e q u i r i n g  cel ls  of h igh  c a p a c i t y  in  s m a l l  
d i mens ions  such  as in  h e a r i n g  a ids  a n d  o t h e r  m i n i -  
a t u r i z e d  e l ec t ron ic  devices .  One specific c h a r a c t e r -  
is t ic  of th is  sys tem,  t h e  m a i n t e n a n c e  of a f lat  d i s -  
cha rge  v o l t a g e  a n d  low i m p e d a n c e  d u r i n g  d i scha rge ,  
has  been  of p a r t i c u l a r  a d v a n t a g e  in t r a n s i s t o r  a p p l i -  
cat ions .  

A n  e l e c t r o c h e m i c a l  s y s t e m  has  been  d e v e l o p e d  
w h i c h  is s u i t a b l e  for  m a n y  a p p l i c a t i o n s  a n d  w h i c h  
combines  some of the  d e s i r a b l e  d i s c h a r g e  c h a r a c t e r -  
is t ics  of t he  m e r c u r i c  ox ide  cel l  w i t h  t he  low cost  
s t r u c t u r e  of t he  Lec l anch~  z i n c - c a r b o n  cell .  

In  t he  pas t ,  a t t e m p t s  h a v e  a p p a r e n t l y  been  m a d e  
(4)  to use  m e r c u r y  c o m p o u n d s  in t he  ca thode  of a 
n o n a l k a l i n e  d r y  cell ,  b u t  these  h a v e  f a i l ed  b e c a u s e  
of i n h e r e n t  l i m i t a t i o n s  of t he  m a t e r i a l s  used.  

Zinc-Mercuric Dioxysulfate Cell 
In  t he  n e w  cell ,  w h i c h  m i g h t  be  t e r m e d  the  M e r -  

c u r y - Z i n c  C a r b o n  Cell ,  t he  c a thode  r e a c t a n t  is a 
bas ic  m e r c u r i a l  compound ,  such  as m e r c u r i c  d i o x y -  
su l fa te ,  and  the  e l e c t r o l y t e  is a z inc  su l f a t e  so lu t ion  
in  w h i c h  the  ca thode  is s tab le .  The  a n o d e  is zinc. The  
c o m b i n a t i o n  p e r m i t s  c o n v e n t i o n a l  z inc  c a r b o n  c y l i n -  
d r i c a l  a n d  flat  cel l  cons t ruc t ions .  

The  e l e c t r o c h e m i c a l  s y s t e m  in t he  p r e s e n c e  of an  
aqueous  so lu t ion  of z inc  su l f a t e  can  be  e x p r e s s e d  as 

Z n / Z n S O J H g S O , .  2 H g O ~ C  

w i t h  an  o v e r - a l l  r e a c t i o n  on  the  d i s c h a r g e  as 

3Zn ~- HgSO, .  2HgO-~  ZnSO,  -t- 2ZnO -t- 3Hg 

In  a d d i t i o n  to t he  r e a c t i v e  c o m p o n e n t s  i t  is d e -  
s i r ab l e  to a d d  a bu f fe r  a g e n t  to  r a i s e  and  m a i n t a i n  
t he  p H  of t h e  e l e c t r o l y t e  in  t h e  d e s i r e d  r a n g e  to  r e -  
duce  the  s o l u b i l i t y  of t h e  m e r c u r i c  d i o x y s u l f a t e  to a 
m i n i m u m .  Va r ious  buf fe r s  h a v e  b e e n  used,  such as 
the  a d d i t i o n  of c a l c ium c a r b o n a t e  to t he  ca tho de  m i x  
or  t he  a d d i t i o n  of a ce t a t e  to t he  e l e c t ro ly t e ,  to m a i n -  
t a in  t h e  p H  in t he  r a n g e  of 5 to 6. 

A n  i n h i b i t o r  such  as  p o t a s s i u m  d i c h r o m a t e  is 
a d d e d  to t he  e l e c t r o l y t e  to  i nh ib i t  c o n t i n u e d  a m a l g a -  

m a t i o n  of a n o d e  b y  the  s l igh t  a m o u n t  of a c t i ve  c a t h -  
ode  m a t e r i a l  in  so lu t ion .  The  c a thode  is spaced  f r o m  
the  a n o d e  b y  a p a p e r  c e l l o p h a n e  l a m i n a t e  p roces sed  
to p r o v i d e  b a r r i e r  ac t ion  and  c on t ro l  of  e l e c t r o l y t e  
t r ans f e r .  

Construction of the Cell 

T h e  d r y  m i x  is composed  of  8 p a r t s  m e r c u r i c  d i -  
o x y s u l f a t e  a n d  1 p a r t  a c e t y l e n e  b l ack .  

T h e  e l e c t r o l y t e  consis ts  of  a 20% so lu t ion  of 
ZnSO, .  7H~O to w h i c h  1% of K~Cr~O~ is added .  The  
e l e c t r o l y t e  is a d d e d  to t he  d r y  m i x  in  t h e  p r o p o r t i o n s  
of 1 p a r t  e l e c t r o l y t e  to 2 p a r t s  d r y  mix .  

j BRA$~ CAP TERMINAL 

. / ~ , , r  

WAXEO WASHER 

PAPER WA6HE R 

~ Z I N C  CAN ANODE 

~ L A M I N A T E D  ,SPACER OF 
CELLOPHANE &, PAPER 

~ CATHODr MIX OF MERCURIC: 
DIOXY,SULFAT ~', CARBON, &, 
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" A R B O N  R O D  L~, 
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Fig. 1. Construction and components of the z inc-mercuric  
dioxysulfate cell. 
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Fig. 2. Discharge chorocteristics of on AA-size cell dis- 
chorged continuously ot loads of: 25, 50, 75, 100, ond 
200 ohm. 
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Fig. 3. Discharge character ist ics o f  an AA-size cell dis- 
charged at 50 ohms 12 hr/day. 
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Fig. 4. Discharge characteristics of AA cells after 8 
months' casual storage. 

The  zinc  can  is l ined  w i t h  a space r  w h i c h  consis ts  
of a l a m i n a t e  of 0.004 in. p a p e r  and  0.0009 in. ce l lo -  
p h a n e  c e m e n t e d  t o g e t h e r  a n d  coa t ed  w i t h  an  a q u e -  
ous g l y c e r i n e  g u m  a r a b i c  so lu t ion .  The  p a p e r  s ide  
of t he  l a m i n a t e  con tac t s  t h e  z inc  can.  

No f r ee  space  is i n c o r p o r a t e d  in t he  cel l  s ince  
t h e r e  is n e g l i g i b l e  e x p a n s i o n  of t he  b o b b i n  d u r i n g  
use.  The  top  edge  of the  zinc can  is r o l l ed  ove r  a n d  
the  space  b e t w e e n  the  r o l l e d  edge  and  w a x e d  w a s h e r  
on top  of t he  b o b b i n  f i l l ed  w i t h  s ea l i ng  compound .  
This  g ives  a s ecu re  top  sea l  a n d  ho lds  t he  b o b b i n  in  
i n t i m a t e  con tac t  w i t h  the  l i ned  can.  The  can  t h i c k -  
ness  is a b o u t  0.004 in. g r e a t e r  t h a n  used  in  s t a n d a r d  
z i n c - c a r b o n  cel ls  to a l l o w  h i g h e r  c a p a c i t y  w i t h o u t  
p u n c t u r e  at  end  of life.  

F r e s h l y  m a d e  cel ls  h a v e  an  o p e n - c i r c u i t  v o l t a g e  
of 1.45 v. This  s t ab i l i zes  w i t h  in i t i a l  use  or  on she l f  
to 1.36 v. The  c losed c i r cu i t  p o t e n t i a l  has  1.3 v for  
l oads  w i t h i n  t h e  r a t e d  c u r r e n t  dens i ty .  

Due  to t he  h igh  eff iciency of t he  ca thode  mix ,  t h e  
c a p a c i t y  p e r  un i t  v o l u m e  exceeds  t h a t  of t he  con-  
v e n t i o n a l  z i n c - c a r b o n  cel l  and  is d i r e c t l y  r e f e r a b l e  
to t h e  HgSO, .  2HgO conten t .  The  t h e o r e t i c a l  c a p a c i t y  
of t he  H g S O , . 2 H g O  is a p p r o x i m a t e l y  0.22 a m p - h r / g  
a n d  the  p r a c t i c a l  capac i ty ,  0.21 a m p - h r / g .  Cei ls  con-  
n e c t e d  to a gas  co l l ec t ing  a p p a r a t u s  a n d  m a i n t a i n e d  
at  45~ ( l 1 3 ~  h a v e  s h o w n  neg l i g ib l e  gas e v o l u -  
t ion  ove r  s e v e r a l  m o n t h s  tes ts .  

Electrical Characteristics 

F i g u r e  1 i l l u s t r a t e s  t he  cons t ruc t i on  a n d  c o m -  
p o n e n t s  of  t he  cell .  

F i g u r e  2 i l l u s t r a t e s  t he  d i s c h a r g e  c h a r a c t e r i s t i c  of  
A A  ( p e n l i g h t )  s ize cel ls  d i s c h a r g e d  c o n t i n u o u s l y  
t h r o u g h  re s i s t ances  of 25, 50, 75, 100, and  200 ohms.  

F i g u r e  3 i l l u s t r a t e s  t he  d i s c h a r g e  c h a r a c t e r i s t i c s  
of  A A  ( p e n l i g h t )  size cel ls  d i s c h a r g e d  i n t e r m i t t e n t l y  
12 h r  p e r  d a y  t h r o u g h  a r e s i s t ance  of  50 ohms.  S i m i -  
l a r  d i s cha rge  of a c o m m e r c i a l  Lec l anch~  cel l  of t he  
s ame  size is i n c l u d e d  fo r  compar i son .  

F i g u r e  4 i l l u s t r a t e s  t he  d i s c h a r g e  c h a r a c t e r i s t i c s  
of  A A  cel ls  a f t e r  8 m o n t h s '  c a sua l  s to rage .  
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Fig. 5. Discharge characteristics of AA-size cells after 2 
months' storage at 45~ (] 13~ 

F i g u r e  5 i l l u s t r a t e s  the  d i s c h a r g e  c h a r a c t e r i s t i c s  
of A A - s i z e  cells a f t e r  two  m o n t h s '  s t o r a ge  a t  45~ 
(n3~ 
The initial impedance of an AA-size cell at i000 

cycles is eight-tenths ohms and the impedance after 
continuous discharge is one ohm. On intermittent 
loads the impedance is higher at the start of each 
cycle and decreases to the normal value. 

The weight of an AA-size cell constructed with a 
capacity of 1360 ma-hr is 20 g. 

In summary, the new cell described has some de- 
sirable characteristics where a low current discharge 
is required over long periods of time with a flat volt- 
age output. One such application has been for elec- 
tronic clocks where D-size cells have been operating 
for a year with a total capacity of 8.0 amp-hr. 

Manuscript received June 9, 1958. This paper was 
prepared for delivery before the Ottawa Meeting, 
Sept.  28-Oct. 2, 1958. 

A n y  discussion of this  paper  wi l l  appear  in a Dis-  
cussion Section to be publ i shed  in the  December  1959 
JOURNAL. 
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ABSTRACT 

When manganese  dioxide is heated, the electrode potential  decreases with 
the heat ing temperature.  This potential  decrease cannot  be explained as a 
phase t ransformat ion nor as an ordinary decomposition of MnO~ to Mn~O~. A 
lower oxide film is formed on the surface of MnOs when it is heated at t em-  
peratures up to 450~ The potential  decrease on heat ing can be explained as 
the result  of the lower oxide film formation, the potential  of manganese  dioxide 
depending on the surface oxidation state. The reaction of Mn §247 in slightly alka-  
l ine electrolyte with MnO~ gives a similar  decrease in  potential  explainable  
as a surface effect. 

W h e n  a MnO~ electrode is d ischarged  the po ten t i a l  
decreases g r adua l l y  as r educ t ion  takes  place to a 
lower  oxide such as Mn30~ (or MnOOH)  or to Mn ~+ 
ion. To u n d e r s t a n d  the po ten t ia l  decrease,  we m u s t  
k n o w  w h a t  factors d e t e r m i n e  the  e lect rode potent ia l .  

The po ten t i a l  of the MnO~ elect rode in  n e u t r a l  or 
a lka l ine  so lu t ion  free f rom m a n g a n e s e ( I I )  ion m a y  
be expressed by  

R T aM,,~o.~ 
E = E ~  0.059 p H - - - - i n  [1] 

2F ( a M . ~ )  '-' 

E~ = 1.014 

cor respond ing  to the  reac t ion  

2MnO~ -F 2H § + 2e = Mn.~Os + H~O [2] 

However ,  the  po ten t i a l  seems to be d e p e n d e n t  on 
the composi t ion  of the oxide surface  r a the r  t h a n  on 
the act ivi t ies  of two separa te  phases  in  n e u t r a l  e lec-  
t ro ly te  (2) .  I n  this paper  the effect on the po ten t i a l  
of a l t e ra t ion  of the  surface  composi t ion  of MnO~ by  
hea t ing  at  mode ra t e  t e m p e r a t u r e s  and  by  the  ad-  
sorpt ion  of M n ( I I )  ion is considered.  H e a t i n g  at  
100~176 affects the  potent ia l ,  the d ischarge  ca-  
pacity,  and  the  wa t e r  con t en t  (2-5)  a l though  the  
decompos i t ion  t e m p e r a t u r e  is h ighe r  t h a n  this, 480 ~ 
580~ for d i f ferent  k inds  of m a n g a n e s e  dioxide.  The 
decrease  in  po ten t i a l  on hea t i ng  has b e e n  ascr ibed  to 
a change  in  crys ta l  f o rm (5).5 The e x p e r i m e n t s  to be 
descr ibed lead to a d i f ferent  exp lana t ion ,  n a me l y ,  
tha t  the  change  in  po ten t i a l  is the  resu l t  of loss of 
oxygen  at the  surface.  

l l>resent add re s s :  D e p a r t m e n t  of C h e m i s t r y ,  W e s t e r n  R e s e r v e  
U n i v e r s i t y ,  C l e v e l a n d ,  Ohio.  

2 The  idea  t h a t  d i f f e r en t  phases  of  m a n g a n e s e  d i o x i d e  m a y  h a v e  
d i f f e ren t  p o t e n t i a l s  can  be t e s t ed  by  c a l c u l a t i n g  t he  a p p r o x i m a t e  
f ree  e n e r g y  d i f fe rence  b e t w e e n  7-MnO2 a n d  ~-MnOs u s i n g  t he  d e -  
c o m p o s i t i o n  t e m p e r a t u r e  of  MnO2 to  MneOs a t  1 a rm  p ressu re .  The  
d e c o m p o s i t i o n  t e m p e r a t u r e  is m e a s u r e d  as 480~ fo r  7 -MnOe a n d  
580~ fo r  fl-MnO2 f r o m  the  a u t h o r ' s  t h e r m a l  ba l ance  e x p e r i m e n t s ,  
w h i c h  can  be  seen  to  be  t h e  s t a r t i n g  p o i n t  of  t he  d e c o m p o s i t i o n  in  
Fig .  1. F r o m  the  N e r n s t  a p p r o x i m a t i o n  f o r m u l a  log  Po2 = A H / 4 . 5 7 9 T  
+ 1.75 log  T + 2.8, AH is c a l c u l a t e d  fo r  each  MnO2, t h e n  the  
p o t e n t i a l  d i f fe rence  AE = (AH~so -- A H s s o ) / 4 F  + T(AS4so  - -  A S s s o ) / 4 F  
is  ob t a ined ,  w h e r e  t he  second  t e r m  is neg lec ted .  The  r e s u l t s  s h o w s  
,y-MnOe s h o u l d  be  44 m y  h i g h e r  t h a n  /~-MnOs i n  p o t e n t i a l .  The  
44 m y  is too s m a l l  to  e x p l a i n  t he  p o t e n t i a l  dec rease  (~bout  250 m v )  
on  h e a t i n g .  

Experimental 
Preparation o.] oxides.--An elect rolyt ic  oxide, 

p r e s u m a b l y  o,-MnO~, was  p r e p a r e d  by  e lec t rodepos i -  
t ion  f rom an  acid b a t h  at  97~176  w i t h  a c u r r e n t  
dens i ty  of 1.74 a m p / d i n  ~. I n i t i a l l y  the  b a t h  was  0.85 
mole/1  MnSO,  a nd  0.03 mole/1  H~SO, and  at  the  end  
0.48 mole/1  MnSO,  and  0.51 mole/1 H~SO,. 

F i g u r e  1 gives the  r e su l t  of a d i f fe rent ia l  t h e r m a l  
ana lys i s  of this  MnO~ a long wi th  one of n a t u r a l  
pyrolus i te .  The  e lect rolyt ic  oxide was  g r o u n d  to pass 
t h r o u g h  a 100-mesh sieve. The  powdered  sample  
was  washed  wi th  hot  2N H~SO, severa l  t imes,  t hen  
severa l  t imes  w i th  water ,  a nd  f inal ly  w i th  ve ry  d i -  
lu te  a m m o n i a  solut ion.  I t  was  dr ied  at  80~ for 10 
hr. Samples  of this  oxide, of the  oxide before  wash -  
ing, and  of a n a t u r a l  pyro lus i t e  we re  hea ted  at 
va r ious  t e m p e r a t u r e s  f rom 160 ~ to 438~ for 1 hr  in  
an  electr ic  f u r na c e  in  air. 

Some of the  7-MnO~ was  hea ted  to cons tan t  
we igh t  at  800~ The  r e su l t i ng  oxide was  shown by  
ana lys i s  to be  Mn~O~. 

Potential el heated MnO~.- -The  po ten t i a l s  of the  
hea ted  oxides were  m e a s u r e d  as follows. A 1.00-g 
sample  of each oxide was  placed in  50 m l  of 2M 
NH, C1 and  NH3, pH 8.35, in  an  E r l e n m e y e r  flask, 
shaken  occas ional ly  for 3 hr, a nd  t h e n  diges ted  over -  
n i gh t  at  room t e m p e r a t u r e .  The  m i x t u r e  was  cen-  

. 6  

- 6  

200 400 600 800 I000 "C 

Fig. 1. D i f fe rent ia l  thermal  analysis of  manganese dioxides. 
The tempera ture  was raised at  a rate o f  2 ~  - -  elec- 
t ro ly t ic  M n 0 2  ( ' y -Mn02) ,  - . . . .  py ro lus i t e  ( /~-Mn02).  
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F i g .  2 .  P o t e n t i a l s ,  corrected t o  p H 8 ,  vs .  s a t u r a t e d  c a l o m e l  

electrode of heated manganese dioxides. O, electrolytic MnO= 
washed with H2S04, X, electrolytic MnO= not washed; A,  
natural pyralusite (/~-Mn02); e, Mn=03 made from the electro- 
lytic MnO~ by heatmg at 800~ 

t r i f u g e d  in a 15 -ml  c e n t r i f u g e  t u b e  w i t h  a n a r r o w  
bo t tom.  A p l a t i n u m  foi l  e l e c t r o d e  was  i n s e r t e d  in  t he  
m a n g a n e s e  d iox ide  l a y e r  a t  the  b o t t o m  of the  cen -  
t r i f u g e  tube .  The  p o t e n t i a l  t h e n  w a s  m e a s u r e d  
a ga in s t  a s a t u r a t e d  ca lome l  e l e c t r o d e  a n d  the  p H  of 
t he  so lu t ion  was  m e a s u r e d  b y  a g lass  e l e c t r o d e  p H  
me te r .  

Resu l t s  a r e  shown  in Fig .  2 for  a l l  p o t e n t i a l s  w h i c h  
w e r e  c o r r e c t e d  to p H  8.0 a s s u m i n g  a change  of - -60 
m v  p e r  p H  uni t .  I t  is c l ea r  t ha t  t h e  p o t e n t i a l  d e -  
c reases  w i t h  h e a t i n g  t e m p e r a t u r e  b e t w e e n  250 ~ a n d  
450~ r e g a r d l e s s  of t he  k i n d  of m a n g a n e s e  d i o x i d e  
and  of ac id  wash ing .  A l t h o u g h  t h r e e  d i f f e ren t  u n -  
h e a t e d  s a m p l e s  gave  v e r y  d i f fe ren t  po ten t i a l s ,  t h e y  
c a m e  to a g r e e m e n t  on h e a t i n g  above  250~ The  p o -  
t e n t i a l  a f t e r  h e a t i n g  to 450~ was  f a i r l y  close to 
t h a t  of Mn20~, a l t h o u g h  the  compos i t i on  was  no t  
m u c h  d i f f e r en t  f r o m  t h a t  of t h e  o r i g i n a l  u n h e a t e d  
sample ,  as shown  in Fig .  3. 

A n a l y s i s  of t he  h e a t e d  MnO2 was  c a r r i e d  ou t  b y  
the  F e S O ,  m e t h o d  for  a v a i l a b l e  o x y g e n  and  b y  t h e  
NaBiO~ m e t h o d  for  t o t a l  Mn. The  c a l c u l a t e d  x v a l u e s  
in  MnO, ,  as s h o w n  in Fig .  3, d e c r e a s e  w i t h  h e a t i n g  
t e m p e r a t u r e  f r o m  1.977 to 1.946. 

A c c o r d i n g  to Fig.  1 no e x t e n s i v e  decomp os i t i on  
t a k e s  p l a c e  b e l o w  450~ a n d  the  s m a l l  c h a n g e  in 
x - v a l u e  ( in  MnO~) conf i rms this.  H e a t i n g  at  250~ 
d id  no t  g ive  a con t inuous  change ;  a f t e r  1 h r  t h e  
x - v a l u e  ( in  MnO, )  was  1.965, a f t e r  4 hr ,  1.963, a n d  
a f t e r  6 hr ,  1.964. P r e v i o u s l y  (2)  h e a t i n g  at  450~ 
gave  a s i m i l a r  r esu l t .  M a x w e l l  and  T h i r s k  o b s e r v e d  
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Fig. 3. Results of analysis of electrolytic Mn02 heated at 
various temperatures; values of x in MnOx. Three paints 
around 250~ are for different heating times, 1, 4, and 6 hr. 
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Fig. 4. Manganese (11) ion dissolution from heated man- 
ganese dioxide (0.5 g) by ] N H=SO, stirring at room tempera- 
ture. After ]0  T in  stirring, it was allowed to stand for 5 
Tin which was not counted in the abscissa of this figure. 
Heating temperatures of Mn02 are indicated in the figure. 

a s i m i l a r  dec rea se  in x v a l u e  of  MnO~ h e a t e d  u n d e r  
02 a t m o s p h e r e  (6) .  

T h e  s a m p l e  of ~,-MnO~ h e a t e d  a t  160 ~ d i f fe red  in  x 
va lue ,  po ten t i a l ,  a n d  also in  d i s so lu t ion  of Mn §247 (as 
s h o w n  in Fig.  4) f r o m  w h a t  w o u l d  be  e x p e c t e d  on 
the  bas i s  of the  d a t a  for  t he  o t h e r  h e a t e d  ox ides .  A 
s i m i l a r  d e v i a t i o n  was  o b s e r v e d  p r e v i o u s l y  (2 ) .  T h a t  
t he  d e v i a t i o n  is r e a l  and  no t  the  r e s u l t  of an  e r r o r  is 
sugges ted .  

Cha nge s  on h e a t i n g  can  b e  s h o w n  to b e  t he  r e s u l t  
of the  MnO2 surface .  S a m p l e s  of t he  h e a t e d  ox ides  
(of  e l e c t ro ly t i c  o r ig in )  of 0.50 g each  w e r e  m i x e d  
w i t h  50 m l  of 1N H.~SO,, t he  m i x t u r e s  b e i n g  s t i r r e d  
a t  r o o m  t e m p e r a t u r e  for  e x a c t l y  10 min .  A f t e r  5 
min ,  a 5 - m l  s a m p l e  of the  s u p e r n a t a n t  so lu t ion  was  
t a k e n  for  Mn +§ ion  d e t e r m i n a t i o n .  The  s a m p l e  was  
a d d e d  to 5 m l  of 0.01M E.D.T.A.  so lu t ion  a n d  buf fe r  
(NH,C1 + NH2) a d d e d  to a d j u s t  t he  p H  at  9 to  9.5. 
Then  the  excess  E.D.T.A. was  t i t r a t e d  w i t h  a s t a n d -  
a r d  ZnSO,  so lu t ion  (0.0100M) us ing  E r i o c h r o m  
B l a c k  T as ind ica to r .  In  th is  me thod ,  s m a l l  p a r t i c l e s  
of m a n g a n e s e  d iox ide ,  if  a n y  a re  p re sen t ,  do no t  i n -  
t e r f e re .  Then  the  m i x t u r e  of MnO~ and  H~SO, so lu-  
t ion  was  s t i r r e d  a g a i n  for  10 m i n  and,  a f t e r  5 m i n -  
u tes '  s t and ing ,  a n o t h e r  s a m p l e  w a s  ana lyzed ,  and  
the  w h o l e  p r o c e d u r e  r e p e a t e d  a t h i r d  t ime .  

Resu l t s  a r e  s h o w n  in Fig.  4. T h e  u n h e a t e d  o r i g i n a l  
MnO~ (con t ro l  in F ig .  4) was  w a s h e d  w i t h  2N H~SO, 
p r e v i o u s  to t he  e x p e r i m e n t  a n d  gave  on ly  a l i t t l e  
M n ( I I )  ion  d i s so lved .  Mos t  of t h e  M n ( I I )  ion  d i s -  
so lves  in 10 min .  

T h e  l a r g e r  a m o u n t  of IYln(II) d i s so lved  f r o m  
h e a t e d  MnO~ m a y  be  c o n s i d e r e d  as t he  r e s u l t  of 
l o w e r  o x i d e  f o r m a t i o n  on t h e  su r f ace  of m a n g a n e s e  
d iox ide  b y  hea t ing .  I n c r e a s e  of h e a t i n g  t e m p e r a t u r e  
g ives  an  i nc rea se  in  M n ( I I )  ion  d i sso lved ,  e x c e p t  
t h a t  the  160~ c u r v e  is ou t  of p lace ,  as  m e n t i o n e d  
above .  

T h e  d e c r e a s e  in  x - v a l u e  of t he  v a r i o u s  s a m p l e s  
can  be  c o m p a r e d  w i t h  t he  M n ( I I )  ion d i s so lved  b y  
acid.  A dec rease  in  x f r o m  1.977 for  t he  o r i g i n a l  
s a m p l e  to 1.947 for  t he  s a m p l e  h e a t e d  a t  438~ cor -  
r e s p o n d s  to t he  r e d u c t i o n  of  a b o u t  3 % of  t h e  t o t a l  
Mn f r o m  M n ( I V )  to M n ( I I ) .  In  t h e  0 .5-g  s a m p l e  
t r e a t e d  w i t h  acid,  3% of t h e  t o t a l  Mn, or  8.6 mg, 
shou ld  h a v e  b e e n  M n ( I I )  a c c o r d i n g  to  t h e  ana lys i s  
a n d  ca lcu la t ion .  T h e  ac id  t r e a t m e n t  e x t r a c t e d  5.9 
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m g  of M n ( I I )  acco rd ing  to Fig .  4, b u t  th is  s h o u l d  be  
c o r r e c t e d  b y  0.8 m g  e x t r a c t e d  f r o m  the  u n h e a t e d  
sample ,  l e a v i n g  5.1 m g  a d d i t i o n a l  e x t r a c t a b l e  Mn ( I I )  
as  t he  r e s u l t  of hea t i ng .  This  is 59% of t he  t o t a l  e s -  
t i m a t e d  f r o m  the  ana lys i s .  

A n o t h e r  e x p e r i m e n t  was  c a r r i e d  out  to conf i rm 
the  l o w e r  ox ide  f o r m a t i o n  on the  su r f ace  of MnO~ 
us ing  t h r e e  k i n d s  of MnO~: ~/-MnO~ or  e l e c t r o l y t i c  
MnO~, a-MnO~ or  c r y p t o m e l a n e  m a d e  f r o m  t h e  e l ec -  
t r o l y t i c  MnO~ b y  a u t o c l a v i n g  w i t h  NH~C1 so lu t ion  
at  170~ (7) ,  and  fl-MnO~ or  n a t u r a l  py ro lu s i t e .  Two 
g r a m s  of each  s a m p l e  h e a t e d  at  v a r i o u s  t e m p e r a t u r e s  
for  3 h r  w e r e  s h a k e n  w i t h  a MnSO,  so lu t ion  bu f f e r ed  
w i t h  ace t ic  a c i d - s o d i u m  ace t a t e  (pH,  5.4),  t h e n  the  
s u p e r n a t a n t  so lu t ion  was  a n a l y z e d  to d e t e r m i n e  the  
a d s o r p t i o n  of the  d i v a l e n t  m a n g a n e s e  ion  on the  m a n -  
ganese  d iox ide .  Resu l t s  a r e  s h o w n  in Fig .  5. T h e  a b -  
so lu te  v a l u e  of the  Mn ( I I )  ion a d s o r p t i o n  shou ld  be  
af fec ted  b y  the  su r f ace  a r e a  and  the  o r ig ina l  su r -  
face  o x i d a t i o n  s t a t e  of the  m a n g a n e s e  d iox ides .  
H o w e v e r ,  t he  r e su l t s  show tha t  the  h i g h e r  t he  h e a t -  
ing  t e m p e r a t u r e  the  s m a l l e r  is t he  adso rp t i on .  This  
m e a n s  the  m o r e  of t he  l o w e r  ox ide  on the  su r f ace  t he  
less of a r e a c t i o n  b e t w e e n  MnO2 a n d  M n ( I I )  ion  to 
f o r m  the  l o w e r  oxide ,  MnO~ -t- Mn §247 ~ Mn~O~. 

F r o m  the  a b o v e  r e su l t s  i t  s eems  poss ib l e  to  con-  
c lude  t h a t  t he  p o t e n t i a l  dec rea se  of h e a t e d  m a n -  
ganese  d i o x i d e  is the  r e s u l t  of l o w e r  ox ide  f o r m a t i o n  
on the  sur face ,  and  also t h a t  t he  p o t e n t i a l  of m a n -  
ganese  d i o x i d e  d e p e n d s  m a i n l y  on the  su r f ace  ox i -  
d a t i o n  s ta te .  

I n  an  e l ec t ron  d i f f r ac t ion  s t u d y  of m a n g a n e s e  d i -  
oxide ,  B u t l e r  a n d  T h i r s k  (8)  f o u n d  a l o w e r  ox ide  
on the  su r f ace  of m a n g a n e s e  d iox ide ,  b u t  t h e y  
p o i n t e d  ou t  t h a t  i t  m a y  h a v e  b e e n  f o r m e d  t h e r e  b y  
the  b o m b a r d m e n t  w i t h  electror~s. 

Potential change on heating various MnO~ sam- 
ples.--Samples of fou r  ox ides :  B, e l e c t r o l y t i c  MnO~ 
or  y-MnO~; A,  s a m p l e  B t r e a t e d  b y  Na~CO~ so lu -  
t ion  fo r  d r y - c e l l  use ;  C, n a t u r a l  ore,  p r o b a b l y  
a-MnO~; D, n a t u r a l  p y r o l u s i t e  or  f l -MnO,  w e r e  
h e a t e d  a t  v a r i o u s  t e m p e r a t u r e s  for  3-4 hr .  Then  
5.00 g of  each  s a m p l e  w a s  d i g e s t e d  w i t h  25 m l  of 
0.5M NH,C1 s o l u t i o n  for  5 d a y s  a t  25~ w i t h  occa -  
s ional  shak ing .  The  p o t e n t i a l s  a n d  p H  v a l u e s  of t he  
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Fig..5. Adsorption of Mn ++ on MnO2 heated, o, 3'-MnO2; 
A, <z-MnO2; x, fl-MnO=. 2-g sample was shaken with 50 ml of 
NoAc-HAc buffered solution containing MnSO4 (]00 mg as 
Mn++), pH 5.4. 
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Fig. 6. Potentials of various MnCh samples after heating. 
Potentials were measured against a 0.1N calomel electrode. 
A, B, "y-Mn02; C, probably ~-MnO~; D, r 

so lu t ions  w e r e  m e a s u r e d  as d e s c r i b e d  before .  Resu l t s  
a r e  shown  in Fig .  6. On h e a t i n g  b e l o w  250~ no 
r e g u l a r i t y  was  f o u n d  b e t w e e n  the  p H  a n d  the  p o t e n -  
t ial ,  a n d  those  p o i n t s  a r e  o m i t t e d  f r o m  Fig .  6. H o w -  
ever ,  a b o v e  250~ a s t r a i g h t  l ine  r e l a t i o n s h i p  for  
each  t e m p e r a t u r e  was  o b t a i n e d  b e t w e e n  p H  and  p o -  
t e n t i a l  i r r e s p e c t i v e  of t he  k i n d  of m a n g a n e s e  d i -  
oxide ,  a n d  the  s lope  was  n e a r  the  t h e o r e t i c a l  0.059 v 
p e r  p H  uni t .  

This  r e s u l t  can  be  i n t e r p r e t e d  in  t e r m s  of a s u r -  
face  l a y e r  of l o w e r  ox ide .  O r i g i n a l l y  each  of t he  
fou r  s a m p l e s  h a d  i ts  i n d i v i d u a l  su r f a c e  o x i d a t i o n  
s ta te ,  so t h e r e  was  no cons i s t en t  r e l a t i o n  b e t w e e n  
the  p o t e n t i a l s  of d i f f e ren t  s a m p l e s  a n d  the  pH. H o w -  
ever ,  on h e a t i n g  a t  250~ or  h i g h e r  t he  s u r f a c e  a t -  
t a ins  t he  s a m e  o x i d a t i o n  s t a t e  fo r  al l ,  d e t e r m i n e d  
on ly  b y  the  t e m p e r a t u r e  a n d  i r r e s p e c t i v e  of t h e  
o r i g i n a l  su r f a c e  o x i d a t i o n  s ta te ,  c r y s t a l  s t r uc tu r e ,  
a n d  c h e m i c a l  compos i t i on  of  t he  i n t e r i o r  of t he  
c rys ta l s .  

Potential of MnO2 with  a known  amount  of lower 
oxide on the surface.--MnO~ r eac t s  w i t h  Mn ( I I )  ion 
in  a so lu t ion  of  s u i t a b l e  p H  as fo l lows :  

MnO2 ~ Mn ++ + H~O - -  Mn~O8 -t- 2H + [3]  

and  t h e  l o w e r  ox ide  (Mn~O~ or  M n O O H )  wi l l  r e m a i n  
on t h e  su r f a c e  of  t he  MnO~. W h e n  MnO~ h a v i n g  a 
k n o w n  su r f a c e  a r e a  r eac t s  w i t h  a k n o w n  a m o u n t  of 
M n ( I I )  ion, w e  can  ca l cu l a t e  t he  p e r c e n t a g e  of s u r -  
face  c ove re d  b y  the  l o w e r  oxide .  The re fo re ,  a q u a n -  
t i t a t i v e  r e l a t i o n  b e t w e e n  the  e l e c t r o d e  p o t e n t i a l  a n d  
the  su r f a c e  o x i d a t i o n  s t a t e  can  b e  e s t ab l i shed .  S o m e  
e x p e r i m e n t s  w e r e  c a r r i e d  out  to e x a m i n e  th is  p o i n t  
of v iew.  

P o w d e r e d  MnO~ m a d e  b y  e l e c t r o d e p o s i t i o n  w a s  
w a s h e d  w i t h  2N H~SO~ s e v e r a l  t i m e s  to  r e m o v e  
l o w e r  ox ide  a n d  t h e n  w a s h e d  w i t h  w a t e r  a n d  d r i e d  
a t  80~ The  s a m p l e  h a d  a su r f a c e  a r e a  of 60 m2/g 
as m e a s u r e d  b y  t h e  B.E.T. m e t h o d  b y  N~ a d s o r p t i o n  
a t  l i qu id  n i t r o g e n  t e m p e r a t u r e .  S a m p l e s  of 1.50 g 
w e r e  t r e a t e d  w i t h  50 m l  of  0.5M NH,C1 c o n t a i n i n g  
v a r y i n g  a m o u n t s  of m a n g a n e s e  su l f a t e  (0-180 m g  of 
Mn++). The  p H  of t he  so lu t ion  was  a d j u s t e d  to  
a r o u n d  8 b y  a d d i t i o n  of NH,.  T h e  m i x t u r e s  w e r e  
h e a t e d  a t  a b o u t  ?0~ for  1 h r  w i t h  occas iona l  s h a k -  
ing  a n d  a l l o w e d  to s t a n d  o v e r n i g h t  a t  r o o m  t e m -  
p e r a t u r e .  T h e n  t h e  p o t e n t i a l  and  p H  of t h e  so lu t ion  
w e r e  m e a s u r e d .  C a l o r i m e t r i c  tes t s  s h o w e d  t h a t  t he  
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Fig. 7. Potential (vs. saturated calomel electrode) of man- 
ganese dioxide with known amount of lower oxide on the sur- 
face. The upper abscissa scale represents the percentage of 
the surface covered by lower oxide. 

s u p e r n a t a n t  so lu t ion  con ta ined  no de tec tab le  Mn ( I I )  
ion;  tha t  is, al l  Mn  ++ added had  reac ted  w i t h  the  
m a n g a n e s e  dioxide. F i g u r e  7 shows the  po ten t ia l s  
corrected to pH 8 us ing  a theore t ica l  coefficient, 
--60 m v / p H .  The  lower  scale of abscissas r ep resen t s  
d i v a l e n t  m a n g a n e s e  added  to 1.50 g of the m a n -  
ganese  dioxide. The u p p e r  scale r ep resen t s  the  pe r -  
cen tage  of the  surface covered by  lower  oxide as-  
s u m i n g  tha t  al l  M n ( I I )  ion added  r e m a i n s  on the  
surface  of MnO~. 

The n u m b e r  of m a n g a n e s e  a toms on the MnO: 

surface can be ca lcu la ted  f rom n MnO~ • 

100 "~ • S, in  which  d is the dens i ty  of MnO: t a k e n  
as 4.020 found  f rom p y c n o m e t e r  m e a s u r e m e n t s  for 
this  sample,  N is Avogadro ' s  n u m b e r ,  MnO_. r e p r e -  
sents  the f o r m u l a r  weight ,  and  S is the  surface  a rea  
( m : / g ) .  Let  it  be  a s sumed  tha t  for each a tom of 
M n ( I V )  on the  surface  one Mn ++ ion f rom the solu-  
t ion  is added  to form Mn20~ as ind ica ted  in  Eq. [3].  
T h e n  75.4 mg  of Mn +§ is necessa ry  to cover  the  tota l  
surface  of 1.5 g of this  MnO: by  Mn:O~. 

The  resu l t s  in  Fig. 7 show tha t  one and  ha l f  l aye r  
or two l aye r  coverage  of the  MnO: surface  by  Mn~O~ 
gives n e a r l y  the  same po ten t i a l  as tha t  of Mn20~, 
which  is shown  in  Fig. 2. 

F r o m  the  da ta  in  Fig. 7, E ~ in  Eq. [1] can be cal-  
culated,  if the  rat io a~,~o~/a.~,o~ is t a k e n  to be the  
ra t io  in  the  surface.  W h e n  50% of the  surface  is 
covered in  Mn~O3, E is 0.342 v ( f rom Fig. 7). If 
ac t iv i ty  coefficients can be neglected,  Eq. [1] be -  
comes: 

0.342 = E ~  (0.059 • 8) - -  0 

Then,  E ~ is 0.814 v re fe r red  to the calomel  e lectrode 
or 1.056 v re fe r red  to the  h y d r o g e n  electrode.  This  is 
nea r  enough  to the ca lcu la ted  va lue  1.014 v f rom 
t h e r m a l  da ta  to suppor t  the  a s sumpt ion  tha t  the  po-  
t en t i a l  is d e t e r m i n e d  by  the  composi t ion  of the  su r -  
face. 

Discuss ion  

W h e n  a MnO~ elect rode is d ischarged  the  po ten t i a l  
decreases and  on i n t e r r u p t i o n  of the d ischarge  the  

po ten t i a l  is recovered.  As one of the factors to ex-  
p l a in  the  po ten t i a l  r ecove r ing  process, the fo l lowing  
m e c h a n i s m  has b e e n  cons idered  (9) .  On the  dis-  
charge  of MnO~, lower  oxides (Mn~O3 or MnOOH)  
m a y  be fo rmed  on the  surface  of MnO~, a nd  on i n t e r -  
r up t i on  the lower  oxides m a y  s ta r t  to diffuse into 
the in te r io r  of the  MnO~, n a m e l y ,  a r e a r r a n g e m e n t  
b e t w e e n  the surface  a nd  the  ins ide  m a y  t ake  place 
in  such a w a y  tha t  on ly  e lec t rons  and  pro tons  are 
m o v i n g  (10).  

The resul t s  g iven  in  the p re sen t  paper  have  shown  
tha t  the lower  oxide on the  sur face  of MnO~ is fa i r ly  
s table  ( f rom e x p e r i m e n t s  show n  in  Fig. 5-7)  even  
for e lec t rolyt ic  MnO~ c o n t a i n i n g  w a t e r  ( abou t  8%)  
which  m a y  help to move  proton.  The  po ten t i a l  of the 
MnO: electrode,  therefore ,  is d e p e n d e n t  m a i n l y  on 
the  surface ox ida t ion  state  of the  dioxide  ins t ead  of 
the ac t iv i ty  of the whole  oxide. 

There fo re  it  seems tha t  the  r a t e  of the r e a r r a n g e -  
m e n t  process wou ld  be v e r y  slow if t he r e  is any  
c o n t r i b u t i o n  of it to the po ten t i a l  r ecovery  process. 
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in Aqueous Salt Solutions 
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ABSTRACT 

The anodic dissolut ion of a magnes ium AZ10A al loy has been s tudied by  
measur ing  corrosion ra tes  and e lec t rode  potent ia ls  as funct ions of cur ren t  
density,  pH, and e lec t ro ly te  concentrat ion.  Resul ts  are  in te rp re ted  in te rms 
of a r a t e -con t ro l l ing  proton t ransfe r  step th rough  a surface  film of magnes ium 
oxide a n d / o r  hydroxide .  

The effect of different  a l loy composit ions and soluble meta l  addi t ives  to 
the  e lec t ro ly te  on the  anodic corrosion ra te  and e lect rode potent ia l  also has 
been measured.  

A l t h o u g h  the  t h e o r e t i c a l  a d v a n t a g e s  of m a g n e -  
s ium as an  a n o d e  for  p r i m a r y  b a t t e r i e s  h a v e  b e e n  
r e cogn i zed  for  w e l l  ove r  f i f ty  y e a r s  (1) ,  n o t h i n g  
s ign i f ican t  h a d  been  r e p o r t e d  on a Mg d r y  cel l  u n t i l  
t he  r e c e n t  w o r k  of  K i r k ,  George ,  a n d  F r y  (2, 3) .  
T h e i r  cell ,  w h i c h  is p a t t e r n e d  a f t e r  the  c o n v e n t i o n a l  
Lec l anch6  cell ,  con ta ins  a m a g n e s i u m  a l loy  anode ,  a 
m a n g a n e s e  d iox ide  ca thode ,  a n d  a m a g n e s i u m  b r o -  
m i d e  e l ec t ro ly t e .  More  r ecen t ly ,  m a g n e s i u m  d r y  
cel ls  c o n t a i n i n g  a m a g n e s i u m  b r o m i d e  e l e c t r o l y t e  
and  o rgan i c  ca thode  m a t e r i a l s  have  been  r e p o r t e d  
(4, 5) .  

These  d e v e l o p m e n t s  i nd i ca t e  t h a t  m a g n e s i u m  m a y  
find e x t e n s i v e  use  in  p r i m a r y  cells.  H o w e v e r ,  some 
bas ic  p r o b l e m s  p r e s e n t  t hemse lves .  One of t he se  is 
t he  poor  e l e c t r o d e  eff iciency of t he  m a g n e s i u m  a l -  
loys.  I n f o r m a t i o n  on the  m e c h a n i s m  of anod ic  d i s -  
so lu t ion  shou ld  he lp  to e x p l a i n  these  low e l e c t r o d e  
efficiencies and  cou ld  i nd i ca t e  n e w  a p p r o a c h e s  t h a t  
m i g h t  be  t a k e n  to  i m p r o v e  a n o d e  p e r f o r m a n c e .  I n  
t he  p r e s e n t  i n v e s t i g a t i o n  the  anod ic  d i s so lu t ion  of 
an  A Z 1 0 A  m a g n e s i u m  a l loy  has  been  s t u d i e d  b y  
m e a s u r i n g  cor ros ion  r a t e s  a n d  e l ec t rode  p o t e n t i a l s  
as func t ions  of c u r r e n t  dens i ty ,  pH,  and  e l e c t r o l y t e  
concen t r a t ion .  The  effect of d i f fe ren t  a l loy  c o m p o s i -  
t ions  a n d  so lub le  m e t a l  add i t i ve s  to t he  e l e c t r o l y t e  
on  the  anod ic  co r ros ion  r a t e  a n d  e l e c t r o d e  p o t e n t i a l  
also has  been  m e a s u r e d .  

Experimental 
Cor ros ion  r a t e s  w e r e  o b t a i n e d  b y  m e a s u r i n g  the  

a m o u n t  of h y d r o g e n  l i b e r a t e d  a t  a m a g n e s i u m  a n o d e  
w h i l e  i t  was  u n d e r g o i n g  anod ic  d isso lu t ion .  The  a p -  
p a r a t u s  used  in  m a k i n g  these  m e a s u r e m e n t s  is 
s h o w n  in  Fig .  1. A c a r b o n  rod  was  u sed  as t h e  c a t h -  
ode, w h i l e  t he  anode  cons i s ted  of c y l i n d e r s  of m a g -  
n e s i u m  a p p r o x i m a t e l y  2.5 cm in d i a m e t e r  and  2.5 
cm long.  These  w e r e  m o u n t e d  on a s tee l  sha f t  w i t h  
ends  p r o t e c t e d  b y  p l a s t i c  washe r s .  The  r e m a i n d e r  of 
t he  s h a f t  w a s  p r o t e c t e d  b y  a close f i t t ing  B a k e l i t e  
s leeve,  w h i c h  is set  t i g h t l y  on a g r o u n d  glass  m a l e  
jo in t .  

CARBON CATHODE 

ELECTROLYTE 

~1z/z/z/z/z ~zzzl~ SALT BRIDGE 

TO G A S ~ A T E  R SEAL~~POTENT,OMETE R 

BURETTE! 
�9 TO 

SATURATED CALOMEL ELECTRODE 
LUGGIN ~ ~  : CAPILLARY 

:~ESIUM ELECTROLYTE 

STEEL SHAFT SINTERED GLASS DISC = TO POTENTIOMETER 
$1'l;', -. ;E~I BOOSTING SLIDE WIRE BATTERY RESISTANCE 

Fig. 1. Apparatus used to investigate magnesium corrosion 
rates and anode potentials. 

The  c u r r e n t  flow in t he  c i r cu i t  was  m a i n t a i n e d  
c o n s t a n t  b y  m e a n s  of a v a r i a b l e  r e s i s t ance  a n d  
boos t e r  b a t t e r y ,  and  the  h y d r o g e n  was  co l lec ted  in a 
gas  b u r e t  in t he  u s u a l  m a n n e r .  The  p r o c e d u r e  and  
a p p a r a t u s  w e r e  c he c ke d  b y  m e a s u r i n g  t h e  v o l u m e  of 
h y d r o g e n  l i b e r a t e d  a t  a p l a t i n u m  e l e c t r o d e  in 2N 
HC1 solut ion,  w h i c h  c o r r e s p o n d e d  to w i t h i n  1% of 
t he  t h e o r e t i c a l  a m o u n t  of  h y d r o g e n  expec t ed ,  based  
on ca l cu l a t i ons  u s i n g  F a r a d a y ' s  law.  

T h e  m a g n e s i u m  spec imens ,  compos i t i ons  of w h i c h  
a r e  s h o w n  in  T a b l e  I, w e r e  p r e p a r e d  b y  e t ch ing  t h e m  
in  d i l u t e  ace t ic  ac id  for  1-2 m i n  and  w a s h i n g  t h e m  
in d i s t i l l ed  w a t e r .  So lu t ions  w e r e  p r e p a r e d  w i t h  
F i s h e r  pu r i f i ed  m a g n e s i u m  b r o m i d e  a n d  cer t i f ied  
s o d i u m  b r o m i d e  r e a g e n t s  u s ing  d o u b l y  d i s t i l l ed  
w a t e r .  A l l  so lu t ions  w e r e  s a t u r a t e d  w i t h  F i s h e r  N. F.  
m a g n e s i u m  h y d r o x i d e  r eagen t .  

T h e  d u r a t i o n  of each  r u n  was  3 h r  e x c e p t  in t he  
m o r e  co r ro s ive  so lu t ions  w h e r e  q u a n t i t i e s  of h y -  
d r o g e n  in  excess  of 100 cc w e r e  e vo lve d  in s h o r t e r  
t i m e  in t e rva l s .  W i t h  b u t  f ew  e x c e p t i o n s  a l l  r e p o r t e d  
m e a s u r e m e n t s  r e p r e s e n t  t he  a v e r a g e  of two  or  t h r e e  
runs ,  a n d  each  r e s u l t  was  o b t a i n e d  w i t h  f r e s h  e lec -  
t r o l y t e  a n d  a n e w l y  p r e p a r e d  m a g n e s i u m  cy l inde r .  
D u p l i c a t e  r u n s  v a r i e d  f r o m  1 to 3 % for  mos t  of t he  
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Table I. Local corrosion rates, electrode potentials, and anode efficiencies of various commercial magnesium alloys dissolving anodically 
in 2N MgBr2 electrolyte [st'd with Mg(OH)2] at a current density of 2.0 ma/cm 2 

Maximumt Corrosion 
Alloy* Composition, %t impurities, % Anode Anode rate 

-efficiency, p o t e n t i a l ,  X 10-s 
A1 Zn M n  Ca Zr Ni  F e  % v m d d  

Commercia l ly  
pure magne-  - -  - -  0.15 - -  - -  0.001 - -  63.5 1.327 12.5 

slum Max. 
AZ10A 0.8-1.2 0.3-0.5 0.15 0.1-0.25 - -  0.001 0.002 68.3 1.287 10.2 

Max. 
AZ31B 2.5-3.5 0.7-1.3 0.20 0.04 - -  0.005 0.005 67.0 1.232 10.7 

Min. Max. 
AZ80A 7.9-9.2 0.2-0.8 0.15 - -  - -  0.005 0.005 68.9 1.227 9.8 

Min. 
ZK60At - -  4.8-6.5 - -  - -  0.45 - -  - -  58.3 1.233 15.6 

Min. 
M1A - -  - -  1.20 0.08-0.14 - -  0.01 - -  52.6 1.328 19.6 

Min. 

* A l l o y s  o b t a i n e d  f r o m  Dow C h e m i c a l  Co. a nd  W h i t e  M e t a l  R o l l i n g  and  S t a m p i n g  Corp.  
t Da t a  s u p p l i e d  by  the  D o w  C h e m m a l  Co. 

m e a s u r e m e n t s ,  w h i l e  a v a r i a t i o n  of 5 - 6 %  was  ob-  
t a ined  w i t h  the  m o r e  cor ros ive  solut ions.  A v e r a g e  
va lues  in  t e r m s  of m g / d m ~ / d a y  ( m d d )  are  r e p o r t e d  
for  the  d issolu t ion  rates .  

A l l  runs  w e r e  m a d e  at  room t e m p e r a t u r e  w h i c h  
v a r i e d  f r o m  24~176  d u r i n g  the  course  of this  i n -  
ves t iga t ion .  The  effect  of t e m p e r a t u r e  on the  cor-  
ros ion r a t e  o v e r  this t e m p e r a t u r e  r a n g e  has b e e n  
shown  to be neg l ig ib le  (6) ,  and dup l i ca t e  runs  m a d e  
at v a r y i n g  t e m p e r a t u r e s  ind ica te  no co r rec t ion  for  
this  fac to r  was  necessary .  M e a s u r e m e n t s  of the  
effect  of d i sso lved  o x y g e n  on the  cor ros ion  of  m a g -  
n e s i u m  in m a g n e s i u m  b r o m i d e  so lu t ion  (7) showed  
it  has l i t t l e  or  no effect  on the  cor ros ion  rate ,  a r e -  
sul t  in a g r e e m e n t  w i t h  p r e v i o u s l y  r e p o r t e d  da t a  
(8) .  The re fo re ,  this  fac to r  was  not  con t ro l l ed  e i ther .  

The  m a g n e s i u m  po ten t i a l s  w e r e  m e a s u r e d  w i t h  
a L&N type  K p o t e n t i o m e t e r  at  the  comple t i on  of 
each  r u n  us ing  a L u g g i n  cap i l l a ry  and a s a t u r a t e d  
ca lomel  r e f e r e n c e  e lec t rode  as shown in Fig. 1. The  
r e p o r t e d  po ten t i a l s  a re  al l  s t e a d y - s t a t e  va lues  and  
r e p r e s e n t  the  a v e r a g e  of two  or t h r ee  m e a s u r e m e n t s .  
The  i n d i v i d u a l  m e a s u r e m e n t s  had  a r e p r o d u c i b i l i t y  
of _+0.001 v for  the  m a j o r i t y  of the  runs.  

Efject of Current Density 
The  effect  of  a p o l a r i z i n g  c u r r e n t  on the  d i sso lu-  

t ion  r a t e  of a m a g n e s i u m  A Z 1 0 A  a l loy  1 in  2N MgBr ,  
so lu t ion  is s h o w n  in Fig.  2. W h e n  the  spec imen  is 
m a d e  anodic,  the  obse rved  d isso lu t ion  r a t e  is t he  
sum of t h e  r a t e  due  to the  e x t e r n a l  c u r r e n t  as de -  
f ined by  

Mg --> Mg §247 -k 2e- [1] 

and  the  r a t e  due  to local  ac t ion  as def ined by  

Mg -k 2H~O --> Mg(OH)~  -{- H~ [2] 

It  is seen tha t  the  local  cor ros ion  r a t e  increases  w i t h  
inc reas ing  anodic  c u r r e n t  densi ty .  This  is k n o w n  in 
the  t h e o r y  of cor ros ion  as the  n e g a t i v e  d i f fe rence  
effect. F o r  m a g n e s i u m ,  the  m a g n i t u d e  of th is  effect  
has been  found  by Rob inson  (9) to be  d e p e n d e n t  on 

1 Th i s  a l loy ,  w h i c h  was  f u r n i s h e d  b y  t h e  D o w  C h e m i c a l  Co., con-  
s i s t s  p r i n c i p a l l y  of  m a g n e s i u m ,  b u t  con t a in s  i n  a d d i t i o n  1% a l u m i -  
n u m  and  0.5% zinc.  
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Fig. 2. Effect of current density on the local corrosion rote 
and anode efficiency of a magnesium AZ IOA  alloy dissolving 
in 2N MgBr_~ electrolyte [st 'd with Mg(OH), ] .  

bo th  the  e l ec t ro ly t e  and  anode  compos i t ion  i nc lud -  
ing  a l loy  i ng red i en t s  and  l e v e l  of impur i t i e s .  

F o r  such an anode,  the  e l ec t rode  efficiency is g iven  
by  the  fo l lowing  re l a t ionsh ip :  
E l e c t r o d e  efficiency --- 

n u m b e r  of F a r a d a y s  passed t h r o u g h  the  c i rcu i t  
X 10O 

n u m b e r  of  e q u i v a l e n t s  of  m a g n e s i u m  d i sso lved  
[3] 

i.e., by  the  r a t e  of use fu l  cor ros ion  o v e r  t he  to ta l  
d i sso lu t ion  ra te .  F o r  m a n y  anodes  the  e l ec t rode  effi- 
c iencies  w o u l d  a p p r o a c h  100% as a l imit .  H o w e v e r ,  
if  the  r a t e  of loca l  cor ros ion  w e r e  to inc rease  w i t h  
the  r a t e  of use fu l  corrosion,  efficiencies w o u l d  t end  
to app roach  a l im i t i ng  v a l u e  of less t h a n  100%. 
This  is ind ica ted  by  the  anode  efficiency c u r v e  for  
the  m a g n e s i u m  AZ10A a l loy  w h i c h  reaches  a l i m i t -  
ing  eff iciency of 65% at c u r r e n t  dens i t ies  a b o v e  1 
m a / c m  ~ in the  2N MgBr~ e lec t ro ly te ,  a l t h o u g h  effi- 
c iency  va lues  as h i g h  as 68-69% are  a t t a i n e d  at  a 
c u r r e n t  dens i ty  of 2 m a / c m ' .  

F i g u r e  3 is a p lo t  of the  n e g a t i v e  d i f fe rence  effect  
ob t a ined  on a m a g n e s i u m  A Z l 0 A  al loy in 2N MgBr_~ 
vs. t he  anodic  c u r r e n t  densi ty .  I t  is seen t h a t  the  
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Fig. 3.Effect of current density on the negative difference 
effect obtained from a magnesium A Z 1 0 A  al loy in 2N MgBrs 
electrolyte [st'd with Mg(OH)s]. 

difference effect is d i rec t ly  p ropor t iona l  to the ga l -  
vanic cur ren t  up to 30 m a / c m  ". This type  of effect 
has also been observed on magnes ium corroding in a 
3% NaC1 solution (10) and is usual ly  found wi th  
very  act ive anodic meta ls  covered by  a protec t ive  
layer .  The posi t ive effect is found in the absence of 
a pro tec t ive  l aye r  as in the case of magnes ium dis-  
solving in HCt (11). Similar ly ,  a luminum anodes 
show posi t ive difference effects in cer ta in  corrosive 
e lectrolytes  such as NaOH (12) and HF (13) which 
can dissolve the protec t ive  film, whi le  the negat ive  
effect shows up in HC1 (13) because of the presence 
of a film on the metal .  The work  of Kroenig  and 
Uspenska ja  (10) indicates  tha t  the magn i tude  of the 
negat ive  difference effect increases wi th  the th ick-  
ness of the  oxide layer .  

There are  two hypotheses  which expla in  the nega-  
t ive difference effect. The first of these a t t r ibu tes  the 
increased corrosion of magnes ium to the des t ruct ion  
of the  anodic films wi th  increased current  density,  r e -  
sul t ing in continuous exposure  of impur i t y  par t ic les  
which serve as sites for cathode react ions (13, 14). 
The second hypothesis  explains  the  expe r imen ta l  
resul ts  by  assuming tha t  uniposi t ive  magnes ium is 
formed as an uns tab le  in termedia te .  Oxidat ion  of 
this species to the common disposi t ive s ta te  by  wa te r  

2Mg+ ~- H~O -~ MgO ~ Mg ++ ~ H~ [4] 

was held  responsible  for hydrogen  evolut ion (15, 
16). Al l  efforts to isola te  and ident i fy  a compound 
conta ining uniposi t ive  magnes ium thus far  have been 
unsuccessful.  Al though the var ious  expe r imen ta l  
observat ions  on the magnes ium anode can be ex-  
p la ined  by  e i ther  of these hypotheses,  the  expe r i -  
menta l  evidence ava i lab le  at  the  presen t  t ime cannot  
serve as a convincing demons t ra t ion  of the correct -  
ness of one or the other  of these hypotheses.  

I t  is proposed tha t  a more  appropr i a t e  model  wi th  
which to consider the anodic corrosion of magnes ium 
is one in which the ove r -a l l  r a te  is control led  by  the 
ra te  of e i ther  proton or magnes ium ion t r anspor t  
through a surface film of magnes ium oxide a n d / o r  

hydroxide .  (Control  by proton t ransfe r  appears  more  
l ike ly  because of the appa ren t  ease wi th  which mag-  
nes ium ions pene t r a t e  the film dur ing  anodic dis-  
solution.)  This model,  suggested by  Casey and Ber -  
geron (17) to expla in  the  dissolution ra tes  of mag-  
nesium in acidic salt  solutions, is used to expla in  the 
expe r imen ta l  da ta  in the  presen t  study.  Thus, the 
negat ive  difference effect could be a t t r i bu ted  to the 
action of the polar iz ing cur ren t  in b reak ing  down the 
protec t ive  film. This would  manifes t  i tself  as an in-  
creased ra te  of local corrosion, since changes in the 
s t ruc tu re  of the  film due to the  anodic cur ren t  would  
be reflected by  changes in the  ra te  of passage of any  
par t ic le  through the film. 
E~ect ol Soluble Metal Additives to the Electrolyte 

In the corrosion of metals ,  where  the  cathode 
process is hydrogen  evolution,  the na tu re  of the 
cathode mater ia l ,  specifically its hydrogen  overvol t -  
age, p lays  an impor t an t  role  in the corrosion reac-  
t ion (18). Thus the  galvanic  currents  observed when 
magnes ium anodes were  coupled wi th  var ious  o ther  
meta ls  in a 3 % NaC1 solution bore no re la t ionship  to 
the revers ib le  e lectrode potent ia ls  of these metals,  
but  were  governed by  the i r  hydrogen  overvoltages,  
the meta ls  of lowest  overvol tage  pe rmi t t ing  the 
grea tes t  galvanic  currents .  In regard  to promot ing  
corrosion, the elements  a r r anged  in an increasing 
order  of effect, were  found by Kroenig  and Kosty lev  
(19) to be Hg, Zn, Mn, Pb, Cu, Ni, Fe, A1, and Pt. 

In order  to s tudy  the effect of impur i t ies  on the 
anodic dissolution ra te  of the magnes ium AZ10A 
alloy, corrosion rates  and  electrode potent ia ls  were  
measured  in a 2N MgBr, e lect rolyte  containing va r i -  
ous soluble meta l  addi t ives  in the form of thei r  b ro-  
mide salts. Solutions were  made up by  adding 1 g of 
the meta l l ic  b romide  to a l i ter  of 2N MgBr, e lect ro-  
ly te  and sa tura t ing  the resu l tan t  solution wi th  mag-  
nesium hyd rox ide  to ma in ta in  the pH constant.  Ex -  
pe r imen ta l  measurements  were  made  wi th  solutions 
containing the fol lowing salts:  ZnBr,, PbBr,,  T1Br, 
A1Br~, MnBr,, Hg~Br,, CdBr,, CuBr,, AgBr,  and PtBr,.  

In  Fig. 4, the local corrosion ra tes  are p lot ted  
against  the logar i thm of the exchange cur ren t  for 
the hydrogen  evolut ion react ion on the correspond-  
ing metal .  The exchange currents ,  which provide  a 
s t andard  s tate  at  which the velocit ies of the r eac -  
t ion 2H + + 2 e - ~  H~ on var ious  meta ls  can be com- 
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Fig. 4. Effect of  various soluble metal bromide addit ives on 
the corrosion rate of o magnesium A Z 1 0 A  al loy dissolving 
anodical ly  in a 2N MgBr:  electrolyte [st 'd wi th Mg(OH)s] at  
o current density of 2.0 m a / c m  ~. 
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Fig. 5. Relationship between the corrosion rate and anode 
potent ial  of a magnesium A Z 1 0 A  al loy dissolving anodical ly 
in a 2N MgBr2 electrolyte [st 'd with Mg(OH)~] containing 
various soluble metal bromide addit ives at  a current density 
of 2.0 m a / c m  2. 

pared,  were  es t ima ted  f rom the da ta  ava i l ab le  in  
the l i t e r a t u r e  (20-22) .  For  the corrosion of m a g -  
n e s i u m  in  a n e u t r a l  or  s l igh t ly  a lka l i ne  aqueous  sal t  
solut ion,  it  is seen tha t  a smal l  q u a n t i t y  of low over -  
po ten t i a l  m e t a l  in  the so lu t ion  g rea t ly  accelerates  
the  corrosion react ion.  A p p a r e n t l y  these meta l s  are  
deposi ted on or in  the oxide film and  fo rm centers  
on which  h y d r o g e n  can come off more  easily.  Metals  
h a v i n g  h y d r o g e n  exchange  cu r r en t s  of 10 -~ or less 
appear  to have  l i t t le  effect on the  local corrosion 
ra te  as m e a s u r e d  u n d e r  these e x p e r i m e n t a l  cond i -  
tions.~ 

The effect of the va r ious  addi t ives  on the anode  
po t en t i a l  is i l l u s t r a t ed  in  Fig. 5, w h e r e  the  corrosion 
ra te  is p lo t ted  vs. m a g n e s i u m  potent ia l .  It  is seen 
that ,  w i th  the  me ta l  addi t ives  which  cause l i t t le  or no 
change  in  the  corrosion rate,  the  anode  po ten t ia l s  
r ange  f rom 1.280 to 1.290 v as compared  to a po t en -  
t ia l  of 1.287 v in  solut ions  con t a in ing  no  addi t ives .  
The low ove rpo ten t i a l  me t a l  addi t ives ,  such as Cu, 
Ag, and  Pt,  which  cause a m a r k e d  increase  in  the  
corrosion rates,  lower  the  m a g n e s i u m  po ten t i a l  by  
0.01-0.02 v, the grea tes t  effect occur r ing  wi th  the P t  
addi t ive .  

A s s u m i n g  the  anodic  po la r iza t ion  curve  of m a g -  
n e s i u m  is the  same for all  these solut ions,  any  differ-  
ences in  the  corrosion cu r r en t s  and  po ten t ia l s  wou ld  
be d e p e n d e n t  on  the cathodic  po la r i za t ion  curve.  If 
the  cathodic areas  possess a low overpoten t ia l ,  t he  
cathodic po la r i za t ion  curve  slopes down  less t h a n  if 
the  ove rpo ten t i a l  is high.  Thus  the c u r r e n t  is greater ,  
and  the po ten t i a l  more  noble ,  in  a g r e e m e n t  w i th  the 
e x p e r i m e n t a l  data.  

The  effect of the Hg addi t ive  on the po ten t i a l  was  
qu i te  ma rked ,  r e su l t i ng  in  an  anode  po ten t i a l  of 
1.376 v, a va lue  too high to be shown in  Fig.  5. The  
h igh  po ten t i a l  e n c o u n t e r e d  w i t h  this  add i t ive  is b e -  
l ieved due to the  pa r t i a l  r emova l  of the  m a g n e s i u m  
oxide fi lm b y  ama lgama t ion .  This type  of behav io r  
is s imi la r  to t ha t  found  for a m a l g a m a t e d  a l u m i n u m  
anodes.  The effectiveness of the Hg add i t ive  in  m a i n -  
t a i n i n g  a low corrosion rate,  despi te  the  absence  of a 

2 T h e  c o r r o s i o n  r a t e s  of  t h e  m a g n e s i u m  A Z l 0 A  a l l o y  i n  s o l u t i o n s  
c o n t a i n i n g  Zr~Br2 a n d  MnBr~  w e r e  10.0 a n d  10.8 x 10 s t odd ,  r e s p e c -  
t i v e l y .  T h e s e  r e s u l t s  w e r e  n o t  i n c l u d e d  i n  F i g .  4 b e c a u s e  t h e i r  
h y d r o g e n  e x c h a n g e  c u r r e n t s  w e r e  n o t  k n o w n .  

con t ro l l ing  oxide film, is a t t r i b u t e d  to the  difficulty 
of p ro ton  discharge  on this h igh  overvo l tage  metal .  

Ef]ect oS Electrolyte 
The effect of e lec t ro ly te  concen t r a t i on  and  pH on 

the local  corrosion ra te  a nd  e lect rode po t en t i a l  of a 
m a g n e s i u m  AZ10A al loy d issolv ing anod ica l ly  in  
va r ious  m a g n e s i u m  and  sod ium b romide  solut ions  is 
shown  in  Fig. 6. 

I t  is seen tha t  the corrosion ra te  of m a g n e s i u m  in  
the m a g n e s i u m  b r omi de  solut ions  increases  approx i -  
m a t e l y  l i n e a r l y  w i t h  decreas ing  e lec t ro ly te  p H  over  
the  r a nge  of 6.3-8.1 pH uni ts .  At  pH va lues  grea te r  
t h a n  8.1, the corrosion ra te  approaches  a cons t an t  
v a l u e  of 12.7 x 10 ~ todd, wh ich  cor responds  to an  
anode  efficiency of 63 %. The  m i n i m u m  in  the  corro-  
sion ra te  occurs at  a pH of 8.1, co r respond ing  to an  
anode  efficiency of 68%. 

In  cont ras t  to the  m a r k e d  change  in  e lec t ro ly te  
pH wi th  m a g n e s i u m  b r omi de  concen t ra t ion ,  which  
is a consequence  of the c o m m o n  ion effect, the  so- 
d i u m  b romide  e lec t ro ly te  shows only  a 0.7 va r i a t i on  
in  pH over  a c onc e n t r a t i on  r a n g e  of 1.0-6.0 N. Over  
this  smal l  r a nge  of pH 9-10 the corrosion ra te  is 
essen t ia l ly  cons tan t  at  a va lue  of 11.5-12.1 x 10 ~ mdd.  
This  resu l t  is comparab le  to those ob ta ined  in  m a g -  
n e s i u m  b r o m i d e  e lec t ro ly tes  h a v i n g  pH va lues  of 8 
or higher .  

The  effect of e lec t ro ly te  pH on the  anode  po t en -  
t ia l  of the  m a g n e s i u m  AZ10A al loy also is i l lus -  
t r a t ed  in  Fig. 6. For  the m a g n e s i u m  b r o m i d e  elec- 
t ro ly te  it  is seen tha t  the anode  po ten t i a l  fal ls  r a p -  
id ly  w i th  inc reas ing  pH in  the  basic pH range .  For  
the  w e a k l y  acidic so lu t ions  the  po ten t i a l  va r ies  on ly  
s l ight ly  wi th  pH, approach ing  a cons tan t  v a l u e  of 
1.36 v. In  cont ras t  to the  m a r k e d  drop in  po ten t i a l  
observed  in  the  w e a k l y  basic  m a g n e s i u m  b romide  
solutions,  the anode  po ten t i a l  i n  the  sod ium b romide  
e lect rolytes  decreases on ly  0.04 v in  the pH range  
9.3-10.0. 

The  da ta  i n  Fig. 6 can be exp la ined  in  t e rms  of 
the effect of these  e lect rolytes  on the s t r u c t u r e  of a 
surface  film which  m u s t  be  m a g n e s i u m  oxide a n d / o r  
m a g n e s i u m  hydroxide .  This  film is more  easi ly  
p e n e t r a b l e  at low pH va lues  because  the OH- ion 
c onc e n t r a t i on  is too low to m a i n t a i n  an  effective 
m a g n e s i u m  hydrox ide  film. Thus  at  low pH values ,  
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h igh  cor ros ion  r a t e s  and  h igh  a n o d e  p o t e n t i a l s  a r e  
obse rved .  

A t  h igh  p H  va lues  the  OH- ion c o n c e n t r a t i o n  of 
the  e l e c t r o l y t e  con t ro l s  the  p r e c i p i t a t i o n  of the  Mg ++ 
ions p r o d u c e d  a t  t h e  anode,  which ,  acco rd ing  to 
Rob inson  (9) ,  a r e  p r e c i p i t a t e d  so close to t he  a n o d e  
as to stifle the  anod ic  reac t ion .  This  r e su l t s  in m o r e  
ca thod ic  po ten t i a l s ,  a dec rea se  in  loca l  cor ros ion ,  and  
excess ive  p o l a r i z a t i o n  of t h e  anode .  

In  an  i n t e r m e d i a t e  p H  range ,  p r e c i p i t a t i o n  of 
m a g n e s i u m  h y d r o x i d e  occurs  at  a sufficient  d i s t ance  
f rom the  ac t ive  anod ic  a r eas  to p e r m i t  t he  anodes  
to func t ion  n o r m a l l y .  I t  is in th is  p H  r a n g e  t h a t  
o the r  p r o p e r t i e s  of t he  e l e c t r o l y t e  e x e r t  a g r e a t e r  
inf luence  ove r  such fac to r s  as loca l  co r ros ion  and  
anode  po ten t i a l .  S ince  the  m a g n e s i u m  b r o m i d e  and  
sod ium b r o m i d e  e l ec t ro ly t e s  a p p e a r  to o p e r a t e  in 
th is  i n t e r m e d i a t e  p H  range ,  the  s im i l a r  co r ros ion  
r a t e s  in  the  1.0-6.0N N a B r  a n d  0.01-3.0N MgBr~ 
e l e c t r o l y t e s  a r e  to be  expec ted ,  de sp i t e  t he  d i f fe r -  
ences  in  e l e c t r o l y t e  pH.  A t  t he  h i g h e r  m a g n e s i u m  
b r o m i d e  e l e c t r o l y t e  concen t ra t ions ,  p H  becomes  the  
d o m i n a n t  fac tor ,  and  the  cor ros ion  r a t e s  in  t he  m a g -  
n e s i u m  b r o m i d e  so lu t ions  a r e  m u c h  g r e a t e r  t h a n  in  
the  s o d i u m  b r o m i d e  e l ec t ro ly te .  

The  s l i g h t l y  l o w e r  co r ros ion  r a t e s  f o u n d  in t he  
1.0-3.0N MgBr ,  e l e c t r o l y t e s  as c o m p a r e d  to t he  m o r e  
bas ic  s o d i u m  b r o m i d e  e l e c t r o l y t e s  a r e  s i m i l a r  to t he  
t y p e  of r e su l t s  o b t a i n e d  b y  Casey  and  B e r g e r o n  
(17) ,  w h o  f o u n d  t h a t  t h e  d i s so lu t ion  r a t e s  of m a g -  
n e s i u m  in ac id i f ied  p o t a s s i u m  c h l o r i d e  so lu t ions  a r e  
g r e a t e r  t h a n  those  in  c o m p a r a b l e  m a g n e s i u m  ch lo -  
r ide  so lu t ions  of t he  s ame  pH.  T h e i r  r e su l t s  w e r e  
e x p l a i n e d  on the  bas i s  of a t h i c k e r  or  less  po rous  
ox ide  f i lm on m a g n e s i u m  in t he  m a g n e s i u m  ch lo r ide  
e l ec t ro ly t e ,  f o r m e d  as a r e s u l t  of t he  l o w e r  s o l u b i l i t y  
of m a g n e s i u m  h y d r o x i d e  in the  m a g n e s i u m  ch lo r ide  
solut ions .  The  l o w e r  so lub i l i t y  in th is  e l e c t r o l y t e  is 
a consequence  of the  c o m m o n  ion effect. Thus,  if  t he  
r a t e  of d i s so lu t ion  of m a g n e s i u m  in aqueous  s a l t  
so lu t ion  d e p e n d s  on the  so lub i l i t y  of the  m a g n e s i u m  
h y d r o x i d e  film, as was  first  s u g g e s t e d  b y  W h i t b y  
(23, 24) ,  i t  fo l lows  t h a t  co r ros ion  r a t e s  w o u l d  be  
g r e a t e s t  in those  e l e c t r o l y t e s  w h e r e  a t h i n n e r  or  
m o r e  po rous  ox ide  fi lm on m a g n e s i u m  is ob t a ined .  

The  e l e c t r o d e  p o t e n t i a l  d a t a  in Fig.  6 can  be  e x -  
p l a i n e d  in  the  fo l lowing  way .  Because  of t he  h i g h e r  
p H  of t he  sod ium b r o m i d e  solut ions ,  t he  p o t e n t i a l  
of m a g n e s i u m ,  w h e n  m e a s u r e d  a t  a c u r r e n t  d e n s i t y  
of 2.0 m a / c m  ~, is m o r e  anod ic  for  t he  c o n c e n t r a t e d  
(3.0-6.0N) MgBr~ solut ions .  H o w e v e r ,  for  t he  m o r e  
d i l u t e  m a g n e s i u m  b r o m i d e  so lu t ions  t he  a n o d e  po -  
t e n t i a l  dec reases  r a p i d l y  w i t h  i n c r e a s i n g  pH,  b e -  
coming  m o r e  ca thod ic  t h a n  the  p o t e n t i a l s  m e a s u r e d  
in the  s o d i u m  b r o m i d e  e l ec t ro ly t e s .  These  l o w e r  p o -  
t en t i a l s  a r e  a t t r i b u t e d  in  p a r t  to the  effect of the  
Mg ++ ions in s t i f l ing the  anode  r e a c t i o n  w i t h  i n c r e a s -  
ing  pH. In  a d d i t i o n  a s ign i f ican t  p o r t i o n  of t he  p o -  
t e n t i a l  e n n o b l e m e n t  a t  t he  low m a g n e s i u m  b r o m i d e  
concen t r a t i ons  is due  to t he  d e c r e a s e d  b r o m i d e  ion 
c o n c e n t r a t i o n  of t he  e l ec t ro ly t e .  

E~ect of Anode Co~nposition 

I t  has  b e e n  s h o w n  b y  H a n n a w a l t ,  Nelson,  and  
P e l o u b e t  (25) t ha t  the  p r e s e n c e  of c e r t a i n  i m p u r i -  

t ies  and  a l l o y i n g  m e t a l s  has  a m a r k e d  effect on the  
cor ros ion  c h a r a c t e r i s t i c s  of m a g n e s i u m  a l loys  in an  
aqueous  sa l t  so lu t ion .  T h e y  d e t e r m i n e d  t o l e r a n c e  
l imi t s  of i m p u r i t i e s  such as F e  and  Ni, for  m a g n e -  
s ium and  some of i ts  a l loys .  W h e n  the  a m o u n t  of t he  
e l e m e n t  p r e s e n t  exceeds  th is  t o l e r a n c e  l imi t ,  t h e r e  
r e su l t s  a l a r g e  i nc rea se  in  cor ros ion  ra te .  T h e s e  f ind-  
ings  p o i n t  to t he  i m p o r t a n c e  of k n o w i n g  the  concen -  
t r a t i o n  of d e l e t e r i o u s  i m p u r i t i e s  and  t h e i r  t o l e r a n c e  
l imi t s  w h e n  i n v e s t i g a t i n g  a l loy  effects.  In  add i t ion ,  i t  
m u s t  be  r e a l i z e d  t h a t  the  cor ros ion  b e h a v i o r  of m a g -  
n e s i u m  a l loys  in o the r  e l e c t r o l y t e s  w i l l  be  d i f fe r -  
en t  f r o m  tha t  in  the  3% NaC1 so lu t ion  of H a n a w a l t ,  
et al. and  ca re  shou ld  be  e x e r c i s e d  in e x t e n d i n g  t h e i r  
r e su l t s  to o t h e r  e l e c t r o l y t e  sys tems .  

In  T a b l e  I a r e  p r e s e n t e d  cor ros ion  r a t e s  a n d  anode  
efficiencies of s ix  d i f fe ren t  c o m m e r c i a l  m a g n e s i u m  
a l loys  a long  w i t h  t he i r  compos i t i ons  and  s igni f icant  
m e t a l  impur i t i e s .  I t  is seen  t h a t  m a g n e s i u m  a l loys  
c o n t a i n i n g  a l u m i n u m  and  m a n g a n e s e  o p e r a t e  at  
h i g h e r  a n o d e  efficiencies t h a n  c o m m e r c i a l l y  p u r e  
m a g n e s i u m ,  as w e l l  as t he  Z K 6 0 A  and  M1A m a g -  
n e s i u m  al loys .  A l l o y i n g  the  m a g n e s i u m  w i t h  a l u m i -  
n u m  p e r m i t s  r e m o v i n g  mos t  of the  m a j o r  ca thod ic  
i m p u r i t y ,  i ron,  b y  p r e c i p i t a t i o n  w i t h  m a n g a n e s e .  
The  cor ros ion  r e s i s t ance  of such h i g h - p u r i t y  a l loys  
is v e r y  good and,  as anodes ,  t h e y  p e r f o r m  m o r e  effi- 
c i e n t l y  t h a n  a n y  of t he  m a g n e s i u m  compos i t i ons  
t e s t ed  to da t e  (9) .  

Also  p r e s e n t e d  in  T a b l e  I a r e  anode  p o t e n t i a l s  of 
these  a l loys ,  w h e n  m e a s u r e d  in  a 2N MgBr~ e lec -  
t r o l y t e  a t  a c u r r e n t  d e n s i t y  of 2.0 m a / c m  ~. I t  is seen  
t ha t  the  a l loys  c o n t a i n i n g  A1 or  Zn a re  0.04-0.10 v 
m o r e  ca thod ic  t h a n  c o m m e r c i a l l y  p u r e  m a g n e s i u m .  
The  p u r e  m a g n e s i u m  has  a p o t e n t i a l  of 1.33 v on the  
n o r m a l  h y d r o g e n  scale,  as c o m p a r e d  to v a l u e s  of 
1.23-1.29 v for  the  Mg-A1 a l loys ,  whose  p o t e n t i a l  is 
m o r e  anod ic  w i t h  d e c r e a s i n g  a m o u n t s  of  A1. This  
t y p e  of b e h a v i o r  has  been  f o u n d  b y  o t h e r  i n v e s t i -  
ga to r s  w i t h  o t h e r  e l e c t r o l y t e s  (9, 26).  

Conclusions 
I t  is p r o p o s e d  t ha t  t he  mos t  a p p r o p r i a t e  m o d e l  

w i t h  w h i c h  to cons ide r  t he  anod ic  co r ros ion  of m a g -  
n e s i u m  in aqueous  sa l t  so lu t ions  is one in w h i c h  the  
o v e r - a l l  r a t e  is c on t ro l l e d  b y  the  r a t e  of p r o t o n  
t r a n s p o r t  t h r o u g h  a su r f ace  f i lm of m a g n e s i u m  ox ide  
a n d / o r  h y d r o x i d e .  The  anod ic  cor ros ion  ra t e s  and  
p o t e n t i a l s  of a m a g n e s i u m  A Z 1 0 A  a l loy  in  va r i ous  
m a g n e s i u m  b r o m i d e  a n d  s o d i u m  b r o m i d e  e l e c t r o -  
l y t e s  can  be  e x p l a i n e d  in t e r m s  of the  effect  of these  
e l e c t ro ly t e s  on the  s t r u c t u r e  of th is  film. 

I t  has  also been  shown  tha t  t he  p r e s e n c e  of c e r t a i n  
low o v e r v o l t a g e  m e t a l  i m p u r i t i e s ,  such as Cu, Ag,  
and  Pt ,  w i t h  h y d r o g e n  e x c h a n g e  c u r r e n t s  g r e a t e r  
t h a n  10 -~ a m p / c m  "~, h a v e  a de l e t e r i ous  effect  on the  
co r ros ion  c h a r a c t e r i s t i c s  of m a g n e s i u m  a l loys  in an  
aqueous  sa l t  solut ion.  
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Electrolytic Transition of Ag O to AgO in Alkaline Solutions 
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ABSTRACT 

A n  in t e r rup ted  cur ren t  technique was used to s tudy the e lec t ro ly t ic  oxi-  
da t ion  of s i lver  in a lka l ine  solutions. The shor t  vol tage  peak  jus t  preceding  
the stage corresponding to the  product ion of AgO in the vo l t age - t ime  curves 
Is i n t e rp re t ed  as being due to the  high e lect r ica l  resis tance to the Ag.~O layer .  

D u r i n g  the  anodic  t r e a t m e n t  of s i lve r  in a l k a l i n e  
so lu t ions  a two  l eve l  c u r v e  is o b t a i n e d  w h e n  v o l t a g e  
is p l o t t e d  a g a i n s t  t ime .  Such  a curve ,  o b t a i n e d  b y  a 
cons t an t  c u r r e n t  ox ida t ion ,  is s h o w n  on Fig.  1. P a r t  
a c o r r e s p o n d s  to the  f o r m a t i o n  of Ag~O, p a r t  c to t h e  
f o r m a t i o n  of AgO,  and  d to the  e v o l u t i o n  of oxygen .  
The  w o r k  r e p o r t e d  he re  dea l s  w i t h  the  p e a k  r e p r e -  
s en t ed  b y  b. Such  a p e a k  m a y  or  m a y  no t  be  p r e s -  
en t  also a t  the  b e g i n n i n g  of s t age  a, b u t  is u s u a l l y  
p r e s e n t  d u r i n g  the  t r a n s i t i o n  f rom s tage  a to s t age  c. 
I t  is f o u n d  w h e t h e r  a c o n s t a n t  c u r r e n t  or  a c o n s t a n t  
p o t e n t i a l  p rocess  is used.  I t  is a lso found  in t he  
c h a r g i n g  cu rves  for  c o m m e r c i a l  s i l v e r - z i n c  b a t t e r i e s .  

A l t h o u g h  v e r y  l i t t l e  has  been  w r i t t e n  a b o u t  th i s  
peak ,  two  d i f fe ren t  e x p l a n a t i o n s  for  i t  a p p e a r  in t he  
l i t e r a t u r e .  The  first  was  g iven  b y  H i c k l i n g  and  
T a y l o r  (1)  w h o  s u g g e s t e d  t h a t  t he  p e a k  c o r r e s p o n d s  
to t he  change  

Ag~O + 4OH---> Ag~O~ + 2H~O + 4e [1]  

and  the  AglOw, b e i n g  u n s t a b l e ,  q u i c k l y  decomposes  
as fo l lows:  

Ag20 + Ag~O3 ~ 4AgO [2]  

As  soon as th is  l a t t e r  r e a c t i o n  beg ins  t he  v o l t a g e  
beg ins  to dec l ine  f r o m  the  peak .  This  m e c h a n i s m ,  
w h e r e b y  the  o x i d a t i o n  of A g  + to A g  § p roceeds  
t h r o u g h  the  f o r m a t i o n  of A g  +++, has  been  p r o p o s e d  
also for  ac id  so lu t ions  b y  o thers .  

I I I I 

o 
lJ, 

I I I ! 
t lme  

Fig. 1. Typical vol tage-t ime curve for constant current 
oxidat ion of silver in KOH solution. 
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Yost (2) s tudied  the ca ta ly t ic  effect of Ag + on 
the  ox ida t ion  of Cr +++ by  pe r su l fu r i c  acid. He sug-  
gested a m e c h a n i s m  for this act ion in  which  the  pe r -  
su l fa te  first oxidized the  Ag § to Ag +++ and  the  la t ter ,  
in  tu rn ,  oxidized the Cr +++ to d ichromate .  This  m e c h -  
an i sm is cons is tent  wi th  the k ine t ic  da ta  ob t a ined  
for this  process. La te r  Noyes, e ta l .  (3) s tud ied  the  
ra t e  of ox ida t ion  of AgNO~ by  ozone in  acid so lu t ion  
and  i n t e rp r e t ed  the i r  k ine t ic  da ta  in  a w a y  s imi la r  
to tha t  of Yost. A s tudy  of the r a t e  of r educ t ion  of 
Ag ++ by  wa t e r  in  acid so lu t ion  showed this process 
to be fa i r ly  complex,  bu t  it was suggested t h a t  Ag +++ 
was an  i n t e r m e d i a t e  in  this  reac t ion  also (4) .  Gor -  
don  and  Wah l  (5) used a s imi la r  m e c h a n i s m  to ex-  
p l a in  the i r  da ta  on the  ra t e  of the  exchange  reac-  
t ion b e t w e e n  Ag + and  Ag ++. 

This i n t e r p r e t a t i o n  has, however ,  not  gone u n -  
chal lenged.  B a w n  and  Marger i son  (6) s tud ied  t he  
ox ida t ion  of a hyd razy l  us ing  Ag + and  pe r su l fu r i c  
acid. They  suggest  tha t  the i r  resul t s  can be i n t e r -  
p re ted  in  a m a n n e r  s imi la r  to tha t  proposed by  Yost 
(2) .  However ,  t hey  con tend  also tha t  such resu l t s  
can be i n t e r p r e t e d  jus t  as wel l  w i thou t  a s suming  the  
fo rma t ion  of Ag +++ as an  in t e rmed ia t e .  They  pre fe r  
a m e c h a n i s m  i n v o l v i n g  the  fo rma t ion  of free r ad i -  
cals and  Ag § 

Aside f rom the  fact  of the ex is tence  or n o n e x i s t -  
ence of t r ipos i t ive  silver,  it is doub t fu l  w h e t h e r  peak  
b in  Fig. 1 is due to its fo rmat ion .  This  peak  is ob-  
t a ined  even  w h e n  the  po ten t i a l  of the  s i lver  elec-  
t rode is kep t  100-150 m v  above the revers ib le  p o t e n -  
t ia l  of the  Ag~O-AgO couple  in  a lka l ine  solut ion,  
and  such a po t en t i a l  is no t  of sufficient m a g n i t u d e  to 
resu l t  i n  the fo rma t ion  of Ag +++ f rom Ag + or Ag +§ 
This v a l u e  is lower  t h a n  tha t  gene ra l l y  accepted as 
the  po ten t i a l  of Ag+++-Ag § in  a lka l i ne  solut ions  (7) .  

Ano the r  e x p l a n a t i o n  of this  peak  has been  g iven  
by  Jones,  et al. (8) .  They  suggest  tha t  the  t r a n s i t i o n  
f rom Ag~O to AgO proceeds w i th  difficulty and  the  
peak  represen t s  the  difficulty of f o rming  centers  of 
AgO in  the la t t ice  of Ag~O. They  also suggest  t ha t  
some Ag~O= m a y  be formed,  bu t  at the  end  r a the r  
t h a n  at  the b e g i n n i n g  of stage c. 

Because  of this d ive rgence  of opinions,  and  be -  
cause of the poss ib i l i ty  tha t  a p roper  u n d e r s t a n d i n g  
of the m e a n i n g  of this peak  m a y  afford a c lue to the  
u n r a v e l l i n g  of the k ine t ics  of these  p a r t i c u l a r  elec-  
t rode react ions,  a special  effort was made  to s tudy  
this  p h e n o m e n o n  fu r the r .  l Iq' [ ~  

A 

o/(-~f 

Fig. 2. Schematic diagram of interrupter apparatus. A, 
cell; B, Western Electric 275 Relay; C, sine wave generator; 
D, oscilloscope; e, auxiliary silver electrode; f, working elec- 
trode; g, reference electrode. 

Experimental 
The me thod  used in  this s tudy  invo lved  the pas-  

sage of i n t e r r u p t e d  c u r r e n t  t h rough  the electrode.  
The  vol tage  changes  were  observed  on an  oscil lo- 
scope both  d u r i n g  passage of the  c u r r e n t  a nd  d u r i n g  
decay (open -c i r cu i t  cond i t ion ) .  A schemat ic  d ia -  
g r a m  of the  a ppa r a t u s  is show n  on Fig. 2. The Wes t -  
e r n  Electr ic  275 r e l ay  se rved  as a c u r r e n t  i n i e r r u p -  
ter,  and  f r e q u e n c y  of i n t e r r u p t i o n  was  gove rned  by  
the f r e que nc y  de l ivered  by  the  sine wave  genera tor .  
The  w or k i ng  e lec t rode  was  a s i lver  wi re  w i th  abou t  
0.5 cm '~ surface  area. C o n s t a n t  c u r r e n t  processes 
were  used in  all  this  work.  The  a u x i l i a r y  a nd  re f -  
e rence  electrodes were  r e l a t i ve ly  la rge  pieces of 
s i lver  screen. The t races  on the oscilloscope were  
recorded photographica l ly .  Al l  r u n s  were  m a d e  at  
room t empera tu r e .  The va r i ab les  s tud ied  were :  con-  
cen t r a t i on  of KOH, c u r r e n t  densi ty ,  a nd  effect of 
oxygen.  The last  of these  was  s tudied  by  b u b b l i n g  air  
t h r ough  the so lu t ion  and  then  m a k i n g  an  ident ica l  
r u n  except  for the  fact  t h a t  pur i f ied n i t r o g e n  was  
b u b b l e d  Shrough the  so lu t ion  d u r i n g  the  run .  

Results 
The n a t u r e  and  shape  of the  traces ob ta ined  were  

the  same w h e t h e r  air  or  n i t r o g e n  was  b u b b l e d  
t h r o u g h  the e lec t ro ly te  d u r i n g  the run .  Conse-  
quen t ly ,  the  p h e n o m e n a  observed  were  no t  due to 
the  presence  or absence  of oxygen  in  the  electrolyte .  

In  all  cases the e lec t ro ly te  was a so lu t ion  of KOH. 
A change  in  the  concen t r a t i on  of the e lec t ro ly te  did 
no t  give rise to a ny  changes  in  the t races  tha t  were  
obta ined .  W h e n  the more  concen t r a t ed  K O H  solu-  
t ions were  used the e lec t ro ly te  g r a dua l l y  became  
discolored due  to the  p resence  of f inely d iv ided  p a r -  
t icles of s i lver  oxides. F u r t h e r m o r e ,  s ince the  s i lver  
oxides are  s l ight ly  soluble  in  K O H  solut ions,  it  was  
possible  tha t  the n a t u r e  of the decay curve  could be 
affected by  the  so lubi l i ty  of the oxides p roduced  
d u r i n g  passage of cur ren t .  For  these reasons,  the  r e -  
sul ts  used here  are  those ob ta ined  w h e n  1N I4OH 
was the  e lectrolyte .  

Types  of the  t races  tha t  were  ob ta ined  are shown 
on Fig. 3. These were  all  t raced  f rom pho tographs  
t a k e n  d u r i n g  the  runs .  S imi la r  t races  we re  ob ta ined  
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over  an  a p p a r e n t  c u r r e n t  d e n s i t y  r a n g e  of 1-10 
m a / c m  '~. The  vo l t ages  a r e  e x p r e s s e d  as t he  d i f f e rence  
b e t w e e n  t h a t  of the  w o r k i n g  e l ec t rode  a n d  of t he  
~eference  e lec t rode .  A base  l ine  was  r e c o r d e d  be fo re  
b e g i n n i n g  each  cha rge  or  d i scharge .  The  c h a r g e  
curves on Fig. 3 are given in the order in which they 
appear. At the beginning of the charge the traces are 
of the type shown in panel a. As the treatment con- 
tinues the amplitude of this curve increases slightly. 
This is followed by a rapid transition from type a to 
type c. Panel b represents an intermediate in this 
transition. In each case the decay curve shows that 
Ag~O is the oxide still on the surface. The curve in 
panel c represents the peak referred to in Fig. I. 
Curve d is of the type that follows the transition 
from a to c. It should be noted that the decay curve 
now shows the presence of AgO on the electrode, 
and at the same time the charging voltage is lower 
than that in panel c. Traces of the type shown in 
panel d continue for a while, and then the voltage 
levels become higher as gassing begins. 

During discharge a similar sequence takes place, 
see the upper set of curves in Fig. 3. Here the top 
border of the graph represents the base line obtained 
before the discharge was begun. Panel a' represents 
the kind of trace obtained at the beginning of dis- 
charge. The decay curve shows the presence of AgO. 
Then there follows a rapid transition to traces such 
as shown in panel c'. Panel b' shows an intermediate 
trace. Here again the voltage during passage of cur- 
rent (discharge) is lower in panel b' than in panel 
c'. This is similar to the peak obtained on charge. 

Discussion 
I t  is sugges t ed  h e r e  t h a t  these  p h e n o m e n a  can  be  

i n t e r p r e t e d  in  t e r m s  of t he  r e s i s t ance  of the  Ag~O 
l a y e r  t h a t  is f o r m e d  on the  e lec t rode .  I t  has  b e e n  
p o i n t e d  out  (9)  t ha t  t he  e l ec t r i ca l  r e s i s t ance  of Ag20 
is c o n s i d e r a b l y  g r e a t e r  t h a n  t h a t  of AgO.  A c c o r d i n g  
to th is  i n t e r p r e t a t i o n ,  then ,  as the  o x i d a t i o n  of s i lve r  
p roceeds ,  a f i lm of Ag_~O is f o r m e d  on the  su r f a c e  of 
t h e  e lec t rode .  As  th is  f i lm b u i l d s  up,  t he  e l e c t r i c a l  
r e s i s t ance  a t  t he  e l e c t r o d e - e l e c t r o l y t e  i n t e r f a c e  in -  
creases .  W h e n  th is  f i lm c o m p l e t e l y  covers  t he  su r -  
face,  t he  res i s tance ,  and  c o n s e q u e n t l y  t he  IR drop  
also,  i nc reases  g iv ing  r i se  to t he  p e a k  r e p r e s e n t e d  
b y  b in Fig .  1. The  t r aces  on Fig.  3 also show a r e l a -  
t i v e l y  l a rge  IR drop  a t  th is  p o i n t  ( p a n e l  c) .  As  soon as 
some of th is  Ag~O is c h a n g e d  to AgO,  t he  r e s i s t ance  
of t he  su r f ace  f i lm decreases ,  the  IR drop  decreases ,  
a n d  t h e  o p e n - c i r c u i t  v o l t a g e  (on d e c a y )  r i ses  to t h a t  
of AgO.  As  m o r e  AgO is f o r m e d  the  r e s i s t ance  of the  
su r face  f i lm and  the  v o l t a g e  dec rease  s l igh t ly .  

This  e x p l a n a t i o n  also accounts  for  t he  p h e n o m e n a  
o b s e r v e d  on d i scha rge .  As  t h e  d i s cha rge  p rogresses ,  
AgO is c h a n g e d  to Ag~O a n d  the  r e s i s t a nc e  of t he  
su r f ace  l a y e r  increases .  W h e n  a l l  t he  s u r f a c e  AgO 
has  been  c h a n g e d  to Ag.~O th is  r e s i s t ance  is a t  i ts  
m a x i m u m  a n d  t h e r e  is t he  g r e a t e s t  v o l t a g e  loss on 
d i scharge .  The  o p e n - c i r c u i t  v o l t a g e  is t h a t  of Ag~O, 
Fig.  3 b'.  This  t r ace  also shows  a l a r g e  IR drop .  On 
f u r t h e r  d i s cha rge  the  Ag20 changes  to A g  a n d  the  
r e s i s t ance  of t he  su r face  l a y e r  decreases .  Conse -  
quen t ly ,  t h e  d i s c h a r g e  vo l t a ge  is a l i t t l e  h ighe r ,  Fig .  
3 c'. 

I t  is b e l i e v e d  t h a t  th is  i n t e r p r e t a t i o n  is m o r e  con-  
s i s t en t  w i t h  t he  d a t a  o b t a i n e d  t h a n  a r e  t he  o t h e r  
i n t e r p r e t a t i o n s  t h a t  h a v e  been  offered.  The  ex i s t ence  
of Ag203 is doub t fu l ,  p a r t i c u l a r l y  in a l k a l i n e  so lu -  
t ions.  Moreover ,  if Ag~O~ w e r e  an  i n t e r m e d i a t e  in  t he  
f o r m a t i o n  of AgO f r o m  Ag~O, th is  m i g h t  accoun t  for  
p e a k  b in Fig.  1 b u t  w o u l d  no t  accoun t  for  a cor -  
r e s p o n d i n g  d ip  in  the  d i s cha rge  c u r v e  w h e n  t h e  AgO 
is gone.  

S i m i l a r  r e a s o n i n g  t ends  to e l i m i n a t e  t he  i dea  t ha t  
t he  p e a k  on c h a r g e  is due  to the  d i f f icul ty  of f o r m i n g  
A g O  nuc le i  in an  Ag~O la t t i ce .  Aga in ,  th i s  sugges t ion  
can  be  used  to account  for  t he  cha rge  p h e n o m e n o n ,  
b u t  i t  does  no t  accoun t  for  a s im i l a r  e v e n t  on d i s -  
charge .  
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ABSTRACT 

Measurements  of the  s t ra in  t rans ients  have been recorded  here  for  severa l  
meta l  e lectrodes including copper,  a luminum,  zinc, nickel,  si lver,  and  iron. 
The magn i tude  of the  t rans ien ts  as a funct ion of the  percentage  s t ra in  are  
t r ea ted  by  an  extens ion  of previous  theore t ica l  results .  I t  is found tha t  the  
t rans ients  depend on the posi t ion of an e lec t rode  in the  emf series and on the 
pro tec t ive  na tu re  of the film as pred ic ted  by  the theore t ica l  considerat ions.  In  
addit ion,  severa l  exper iments  have  been r epor t ed  concerning the effect of cor-  
rosion inhibi tors  and organic coatings on s t ra in  t ransients .  Some possible theo-  
re t ica l  in te rpre ta t ions  are  made  on these p r e l im ina ry  results.  

I t  has  been  shown  t h a t  the  m a g n i t u d e  of t he  s t r a i n  
t r a n s i e n t  for  a m e t a l l i c  w i r e  is r e l a t e d  to t he  c h e m i -  
cal  and  p h y s i c a l  n a t u r e  of the  p r o t e c t i v e  f i lm a long  
w i t h  the  c h e m i c a l  n a t u r e  of t h e  s u r r o u n d i n g  s o l u -  
t ion (1 -3 ) .  I n  o r d e r  to e x t e n d  this  s t u d y  of r a p i d  
i n t e r f a c e  r eac t i ons  w e  h a v e  m e a s u r e d  and  c o m p a r e d  
s t r a in  t r a n s i e n t s  for  a g roup  of m e t a l s  possess ing  
f i lms of g r e a t l y  d i f fe r ing  na tu r e .  I t  has  been  f o u n d  
poss ib l e  to c o r r e l a t e  a p p r o x i m a t e l y  t he  r e l a t i v e  
v a l u e s  of these  t r a n s i e n t s  w i t h  t he  pos i t i on  of t he  
m e t a l  in t he  e l e c t r o m o t i v e  ser ies ,  for  the  s ame  p e r  
cen t  s t ra in ,  of the  m e t a l s  used  (Cu, A1, Zn,  Ni, Ag,  
and  F e ) .  Th is  is done  us ing  the  concep t  t h a t  a s t a -  
t i o n a r y  e l ec t rode  p o t e n t i a l  is f ixed  w h e n  the  r a t e s  
of c o m p e t i n g  anod ic  a n d  ca thod ic  r eac t i ons  a r e  
equal .  A s u d d e n  s t r a i n  causes  f i lm r u p t u r e ,  and  t e m -  
p o r a r y  changes  of t he  i n t e r f ace  r a t e s  occur.  The  
c h a n g e  is in  such a d i r ec t i on  as  to accoun t  for  t he  
c l ean  m e t a l  su r face  exposed  w h e n  the  f i lm is b roke n .  
Meta l s  such as a l u m i n u m  show t r a n s i e n t s  as h igh  
as a vo l t  s ince,  w h e n  the  h i g h l y  p r o t e c t i v e  f i lm is 
r e m o v e d ,  t h e  su r face  of the  a l u m i n u m ,  w h i c h  is v e r y  
e l ec t ropos i t i ve ,  r e ac t s  to y i e l d  a l u m i n u m  ion. Me ta l s  
such as i ron,  h o w e v e r ,  show m u c h  s m a l l e r  t r ans i en t s ,  
in t he  r a n g e  of 100-200 inv.  This  r e su l t s  s ince  t he  p r o -  
t ec t i ve  f i lm on i r o n  is suff ic ient ly  po rous  t h a t  t h e  
s t r a i n i n g  of the  m e t a l  causes  a r e l a t i v e l y  s m a l l  i n -  
c rease  in anod ic  a r e a  c o m p a r e d  to t h a t  o b t a i n e d  b y  
s t r a i n i n g  a l u m i n u m .  

A c c o r d i n g  to the  s ame  p i c t u r e  m e t a l s  o n l y  s l i g h t l y  
e l e c t r o p o s i t i v e  w o u l d  be  e x p e c t e d  also to show s m a l l  
t r ans i en t s .  The  t r a n s i e n t  of s i l ve r  is abou t  50 m v  in 
con f i rma t ion  of th is  g e n e r a l  p i c tu re .  The  a b o v e  p i c -  
t u r e  can  be  w r i t t e n  in  a q u a n t i t a t i v e  f o r m  t h a t  a p -  
p r o x i m a t e l y  desc r ibes  t h e s e  v o l t a g e  t r a n s i e n t s  u n d e r  
v a r i o u s  condi t ions .  In  p a r t i c u l a r ,  an  e q u a t i o n  has  
been  d e r i v e d  t h a t  r e l a t e s  t he  m a x i m u m  v o l t a g e  
change ,  --AVm, to t he  f r a c t i o n a l  e l onga t i on  of t he  
w i r e  e lec t rode .  S t r a i n  e l e c t r o m e t r y  is a n o t h e r  tool  
t h a t  can  be  used  for  t he  e l u c i d a t i o n  of the  c o m p l e x  
r eac t i ons  of co r ros ion  inh ib i to r s .  P r e l i m i n a r y  r e su l t s  
h a v e  b e e n  o b t a i n e d  in  th is  i m p o r t a n t  field. 

The  e x p e r i m e n t a l  m e t h o d s  used  in  s t r a i n  e l ec -  
t r o m e t r y  h a v e  b e e n  d e s c r i b e d  e l s e w h e r e  (2, 3) .  The  
p o t e n t i a l s  r e c o r d e d  he re  a r e  m e a s u r e d  and  r e c o r d e d  
a ga in s t  the  s a t u r a t e d  ca lome l  e lec t rode .  

Strain Transients of Metals 
I t  is c o n v e n i e n t  to s t u d y  the  p o t e n t i a l  t r a n s i e n t s  

of s t r a in  e l e c t r o m e t r y  in r e l a t i o n  to F ig .  1. Th is  
s chema t i c  d i a g r a m  is s i m i l a r  to one  p r e s e n t e d  in an  
e a r l i e r  p u b l i c a t i o n  (1 ) ,  b u t  he r e  i t  is e x t e n d e d  to 
i nc lude  an a p p r o x i m a t e  d e s c r i p t i o n  of s e v e r a l  me ta l s .  

Each  e l ec t rode  r e a c t i o n  has  a r e v e r s e  r e a c t i o n  ac t -  
ing to  c h a r g e  the  e l e c t r o d e  in  t he  oppos i t e  d i rec t ion .  
If  on ly  one r e a c t i o n  a n d  i ts  r e v e r s e  w e r e  ope ra t ive ,  
an  e q u i l i b r i u m  e l ec t rode  p o t e n t i a l  w o u l d  be  rea l i zed .  
These  a re  d e n o t e d  b y  the  sol id  l ines  in F ig .  1. I i  
m o r e  t h a n  one r e a c t i o n  is ope ra t ive ,  t he  final,  
s t e a d y - s t a t e  p o t e n t i a l  w i l l  d i f fer  f r o m  a l l  of the  
e q u i l i b r i u m  po ten t i a l s .  I t  wi l l ,  h o w e v e r ,  l ie  n e a r e s t  
t he  e q u i l i b r i u m  p o t e n t i a l  e s t a b l i s h e d  b y  the  f a s t e s t  
reac t ions .  T h e  s t e a d y - s t a t e  p o t e n t i a l s  a r e  s h o w n  as  
d o t t e d  l ines.  P o t e n t i a l s  s h o w n  in Fig .  1 c on fo rm to 
t he  E u r o p e a n  s ign  conven t ion .  
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Fig. 1. Schematic diagram of equilibrium potentials and 
steady-state potentials for electrode reactions. 
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I n  mos t  a e r a t e d  so lu t ions  t h e r e  a r e  two  r e a c t i o n s  
of p a r a m o u n t  i m p o r t a n c e  in e s t a b l i s h i n g  the  s t e a d y -  
s t a t e  po ten t i a l .  These  a r e  the  o x y g e n  reac t ion ,  t e n d -  
ing  to e s t ab l i sh  the  p o t e n t i a l  a t  V~, a n d  the  me ta l ,  
m e t a l - i o n  r e a c t i o n  t e n d i n g  to e s t ab l i sh  the  p o t e n -  
t ia l ,  in  t he  t y p i c a l  case  of Ni, a t  Vo. I f  the  m e t a l  
possesses  a h i g h l y  p r o t e c t i v e  film, the  me ta l ,  m e t a l -  
ion r e a c t i o n  is s l owed  cons ide r ab ly ,  s ince  i t  has  t he  
e q u i v a l e n t  of a s m a l l  anod ic  a r e a  a n d  t h e  i n i t i a l  
( be fo r e  s t r a i n )  s t e a d y - s t a t e  p o t e n t i a l  is n e a r  t he  
o x y g e n  e q u i l i b r i u m  po ten t i a l ,  V~. S u c h  m e t a l s  a r e  
Ag,  Cu, Ni,  and  A1 w i t h  a s t e a d y - s t a t e  p o t e n t i a l  
s h o w n  at  V=. These  p o t e n t i a l s  a r e  no t  a l l  equal ,  b u t  
s c h e m a t i c a l l y  t h e y  m a y  be  cons ide r ed  to be  t he  
same.  

In  t he  case  of m e t a l s  w i t h  a po rous  film, m e t a l  
ions  can  escape  eas i ly  in to  solu t ion ,  a n d  the  i n i t i a l  
s t e a d y - s t a t e  p o t e n t i a l  is e s t a b l i s h e d  n e a r e r  t he  
meta l ,  m e t a l - i o n  pa i r .  P r o b a b l e  e x a m p l e s  a r e  F e  
and  Zn w i t h  an  in i t ia l ,  s t e a d y - s t a t e  po t en t i a l ,  V,. 

W h e n  the  m e t a l  e l e c t r o d e  is s u d d e n l y  s t r a ined ,  t he  
b r i t t l e  ox ide  fi lm is r u p t u r e d ,  t hus  i n c r e a s i n g  the  
anod ic  area .  This  g r e a t l y  f ac i l i t a t e s  t he  me ta l ,  
m e t a l - i o n  r e a c t i o n  and  e s t ab l i shes  a n e w  p o t e n t i a l  
n e a r e r  t he  me ta l ,  m e t a l - i o n  pa i r .  This  p o t e n t i a l  is 
of sho r t  d u r a t i o n  s ince  v a r i o u s  fac tors ,  such as r e -  
g r o w t h  of t he  ox ide  fi lm and  c o n c e n t r a t i o n  p o l a r i z a -  
t ion  ( caused  b y  cor ros ion  of the  m e t a l ) ,  t e n d  to r e -  
e s t ab l i sh  i t  a t  the  o r i g i n a l  va lue .  

I t  is c l ea r  f rom th is  d i scuss ion  t h a t  t he  t r a n s i e n t  
p o t e n t i a l  is d e p e n d e n t  on the  a m o u n t  of s t ra in .  A 
l a r g e r  s t r a in  causes  the  n e w  p o t e n t i a l  to e s t ab l i sh  
i t se l f  n e a r e r  t he  me ta l ,  m e t a l - i o n  pa i r .  Thus  the  p o -  
t e n t i a l  d i f fe rence  t h a t  is r e c o r d e d  at  t he  p o i n t  of 
m a x i m u m  change ,  • becomes  m o r e  n e g a t i v e  as 
s t r a in  increases .  W e  r e t u r n  to th is  p o i n t  l a t e r .  

The  s t r a in  t r a n s i e n t  r e c o r d e d  for  a g iven  me ta l ,  
AVm, is t he  d i f f e rence  b e t w e e n  the  i n i t i a l  s t e a d y -  
s t a t e  p o t e n t i a l  and  a p o t e n t i a l  t h a t  is c lose to t h a t  
p a r t i c u l a r  me ta l ,  m e t a l - i o n  pa i r .  This  inc reases  in 
m a g n i t u d e  ( the  v a l u e s  of AVm a r e  n e g a t i v e )  as (a )  
t he  m e t a l  becomes  m o r e  e l ec t ropos i t i ve  ( h i g h e r  in 
t he  emf  s e r i e s ) ,  t hus  e s t ab l i sh ing  a l a r g e r  n e g a t i v e  
p o t e n t i a l  w i t h  s t ra in ,  a n d  (b )  t he  m e t a l  has  a m o r e  
c o m p a c t  film, for  w h i c h  t h e  i n i t i a l  p o t e n t i a l  is m o r e  
pos i t ive .  S i l v e r  has  t h e  s m a l l e s t  t r an s i en t ,  s ince  i t  
is no t  e l ec t ropos i t ive .  I t  is l i k e l y  in th is  case t ha t  h y -  
d r o g e n  and  m e t a l l i c  i m p u r i t i e s  in  t he  s i l v e r  cause  
t he  s t r a i n  t r a n s i e n t  since,  un less  A g  § is e x t r e m e l y  
d i lu te ,  t he  Ag,  A g  § e q u i l i b r i u m  is h i g h e r  t h a n  t h a t  
for  oxygen .  (The  reason ,  of course ,  t h a t  Fig .  1 is 
s chema t i c  is t h a t  e v e r y  e q u i l i b r i u m  p o t e n t i a l  d e p e n d s  
on the  c o n c e n t r a t i o n  of some ionic  species.  S ince  
these  a r e  g r e a t l y  c h a n g e d  f rom one m e t a l  to a n -  
o ther ,  d u e  to po la r i za t ion ,  etc., a c o m p l e t e l y  a c c u r a t e  
d i a g r a m  canno t  be  m a d e . )  The  v a l u e  of ( - -~V~)  for  
s i lve r  a t  7% s t r a i n  is 39 mv,  as s h o w n  in T a b l e  I. 

B e y o n d  s i lver ,  the  v a l u e  of - - •  a t  7% s t r a i n  
i nc reases  in  the  o r d e r  of Cu, Fe ,  Ni, Zn, and  A1; 
w h e r e a s ,  in o r d e r  of i n c r e a s i n g  emf,  t h e y  a r e  Ag,  
Cu, Ni, Fe,  Zn, and  A1. The  o r d e r  of F e  and  Ni  has  
been  r e v e r s e d  s ince  t he  emf,  b y  i tse l f ,  does no t  a c -  
count  for  t he  m a g n i t u d e  of t he  t r an s i en t .  This  is b e t t e r  
i l l u s t r a t e d  in  Fig .  2 w h e r e  ( - - •  is p l o t t e d  a g a i n s t  

Table I. Transient potentials in distilled water at 7% strain; 
temperature, 25~ 

Strain transient 
Metal (approximate), mv 

A l u m i n u m  - -800  
Zinc --224 
Nickel  --194 
I ron  --148 
Copper  --95 
Si lver  --39 

emf.  A smooth  c u r v e  is o b t a i n e d  w i t h  the  e x c e p t i o n s  
of F e  a n d  Zn. These  l ie  b e l o w  the  cu rve  in  accord  
w i t h  t h e  p i c t u r e  t ha t  a po rous  f i lm wi l l  r e d u c e  the  
o b s e r v e d  m a g n i t u d e  of the  t r a n s i e n t .  

Dependence of Voltage on Relative Strain 

I t  is u se fu l  to d e r i v e  an  a p p r o x i m a t e  e q u a t i o n  
s h o w i n g  the  d e p e n d e n c e  of (--AVm) on the  a p p l i e d  
s t r a i n  on the  e lec t rode .  A n  equa t ion  d e r i v e d  in  an  
e a r l i e r  p a p e r  (1)  r e a d s  

kT  Eur ev ,~ 
--AV,, = , In 

z e  ~uZ~o Echo 

w h e r e  the  te rms ,  u,o, u~o, v,o, vl~o a re  v a r i o u s  r e a c -  
t ion  ve loc i t i es  (cm -~ sec -1) of p rocesses  t ha t  t r a n s f e r  
c h a r g e  across  t he  m e t a l - s o l u t i o n  i n t e r f a c e :  v~o, i th  
anod ic  ve loc i ty ,  be fo re  s t r a in ;  v~o, i th  ca thod ic  v e -  
loci ty ,  be fo re  s t r a in ;  u~o, i th  anodic  ve loc i ty ,  a f t e r  
s t r a in ;  U~o, i th  ca thod ic  ve loc i ty ,  a f t e r  s t ra in .  The  
r e a c t i o n  ve loc i t y  " a f t e r  s t r a i n "  is the  r e a c t i o n  v e -  
loc i ty  w h e r e  t he  t r a n s i e n t  acqu i r e s  a m a x i m u m  
va lue .  The  zero  s u b s c r i p t  s i m p l y  m e a n s  t h a t  these  
r e a c t i o n  ve loc i t i es  a r e  a l l  m e a s u r e d  at  some s t a n d -  
a r d  vo l tage .  This  v o l t a g e  can  be  a r b i t r a r i l y  p i c k e d  
w i t h o u t  c h a n g i n g  the  r a t i o  of t e r m s  in Eq. [1] .  The  
o t h e r  t e r m s  a re  B o l t z m a n n ' s  cons tan t ,  k; the  e l ec -  
t r on  cha rge  uni t ,  e; the  t e m p e r a t u r e ,  T; a n d  the  
a v e r a g e  charge ,  in e l e c t r o n  c h a r g e  uni ts ,  t r a n s f e r r e d  
across  the  i n t e r f a c e  in  a s ing le  process ,  z. 

A p p r o x i m a t i o n s  m a d e  in  t he  d e r i v a t i o n s  of Eq. 
[1]  inc lude ,  (a )  the  cha rge  t r a n s f e r r e d  in the  i th  

- 800  ~,1 

- 7 0 0  

- 6 0 0  

- 5 0 0  

>E-400 

-200 S~ O Z n  

�9 Fe 

- IO0  

S00 400 ' - 4 ; 0  -100  -,2~00 - , i O 0  
EO { M V )  

Fig. 2. Strain transients vs. the emf  of  metal  electrodes. 
Distilled water at 25~ 
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process, zo can  be rep laced  by  some average  charge  
for al l  processes, z, and,  (b)  the po ten t i a l  ene rgy  
ba r r i e r s  for these c h a r g e - t r a n s f e r  processes are  s y m -  
metr ica l .  In  v iew of these approx imat ions ,  and  those 
to be  in t roduced ,  on ly  a rough  a g r e e m e n t  w i th  ex-  
p e r i m e n t  is expected.  

The s imples t  a s sumpt ion  t ha t  can  be m a d e  wi th  
respect  to Eq. [1] is tha t  the  cathodic reac t ion  ve -  
loci ty (a t  the  fixed re fe rence  po ten t i a l )  is no t  
changed  as the  e lect rode is s t ra ined .  

1 1 EV ,o = ~U ,o [2] 

The anodic  reac t ion  veloci t ies  at this  potent ia l ,  h o w -  
ever,  are  increased  since de fo rma t ion  of the  me ta l  
increases  the  anodic  area.  We can  assume tha t  this  
increase  in  the anodic  ra te  is p ropor t iona l  to the  
re la t ive  e longa t ion  of the  electrode,  s. 

~u,o = ~v~o + gs  [3] 

whe re  g is the  r e l a t ive  anodic  r a t e  of a c lean  me t a l  
surface.  

As s approaches  zero, the  anodic  ve loc i ty  a f te r  
s t ra in ,  u,o, m u s t  approach  the anodic  ve loc i ty  before  
s t ra in ,  v,o, as in  Eq. [3].  

W h e n  Eqs. [2] and  [3] are subs t i t u t ed  into Eq. 
[1],  we  ob ta in  

k T  
--•V,, = In (1 + as) [4] 

ze  

where  a = g / , v , o .  This  equa t i on  follows the  ap-  
p rox ima te  fo rm of the e x p e r i m e n t a l  data ,  as s h o w n  
in  Fig. 3 for Cu. Best  fit is ob ta ined  w h e n  z = 0.92 
and  a = 407. For  mos t  of the meta l s  used, as is con-  
s ide rab ly  la rger  t h a n  u n i t y  in  the  h igher  r ang e  of s. 
W h e n  this  a s sumpt ion  can be made,  Eq. [4] has on ly  
the t e r m  (as) r e m a i n i n g  in  the  logar i thm.  A l t h o u g h  
this  a s sumpt ion  resul t s  in  a cons iderab le  error ,  p a r -  
t i cu la r ly  for Ag, Zn,  and  Fe, it  is just i f ied cons ider -  
ing the  a p p r o x i m a t e  n a t u r e  of the  o ther  a s s u m p -  
t ions in t roduced .  Wi th  this  assumpt ion ,  then,  we can 
wr i t e  Eq. [4] as 

I IO "'" ' . . . .  ' ' ' ' ' �9 ' ' 
! o 
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Fig. 3. Strain transient vs. per cent strain of copper 
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Fig. 4. Strain transients vs. In (strain). Disti l led water at 
25~ 

k T  k T  
--• -- In ~ + - -  I n s  [5] 

ze  ze  

A plot  of --AV,, vs. in  s is shown in  Fig. 4. The slope 
of the  l ine,  k T / z e ,  de t e rmines  z. The in te rcep t  a t  In 
s ---- 0 is k T  In a / z e .  The va lues  of z are of the  r igh t  
o rder  except  for Z n  a nd  A1. W h e t h e r  this  d iscrep-  
ancy  is due  to the  back  reac t ion  of m e t a l  ions ( thus  
v io la t ing  Eq. [2 ] ) ,  or to some other  effect, has not  
been  ascer ta ined.  

The q u a n t i t y  a, as d e t e r m i n e d  f rom e x p e r i m e n t a l  
data ,  is i n t e r e s t i ng  in  its dependence  on the n a t u r e  
of the  me ta l  and  the  oxide  film. Since a = g/ev~o, i t  
is d e t e r m i n e d  by  g, the  r e l a t ive  anodic  ra te  of a 
c lean  me ta l  surface,  and  ev,o which  is the  anodic  r e -  
ac t ion  ra te  of a me ta l  s u r r o u n d e d  by  an  oxide film. 
The  l a t t e r  q u a n t i t y  is p ropor t iona l  to the  ra te  of dis-  
so lu t ion  of the  me t a l  ion t h r ough  the  oxide film, or 
the  corrosion rate .  The fo rmer  quan t i ty ,  g, should 
be an  inc reas ing  func t i on  of the emf  of the m e t a l  
since the  emf  is a me a su r e  of the  anodic  ra te  of the  
c lean  me ta l  surface.  The  va lues  of a increase  in  the  
order,  Ag, Zn, Fe, Cu, Ni, A1, which  is the order  in  
the  emf  series if Zn  a nd  Fe  are excluded.  Zinc and  
i ron  have  u n u s u a l l y  smal l  va lues  of a since the  cor-  
ros ion ra te  of these metals ,  a ppe a r i ng  in  the t e r m  
CV~o, is large.  

C o r r o s i o n  I n h i b i t o r s  

The reac t ions  due to corrosion inh ib i to r s  and  p ro -  
mote rs  are  expected  to reflect t hemse lves  in  the  
m e a s u r e d  s t r a in  t rans ien t s .  The  n a t u r e  of the change  
in  these t r ans i en t s  depends  on the type  of reac t ions  
occurr ing.  Thus,  w i th  most  meta ls ,  a pH decrease 
leads to film dissolut ion,  and  a r e s u l t a n t  decrease in  
the t r a n s i e n t  voltage.  At  the same t ime  corrosion 
ra tes  have  been  increased  due  to decreased film pro -  
tect ion.  In  pract ice,  m a n y  o ther  reac t ions  occur s i-  
m u l t a n e o u s l y  and  compl ica te  the o v e r - a l l  p ic ture ,  
thus  a sufficient pH decrease  inh ib i t s  some corrosion 
processes (4) .  I t  is s t i l l  va luab le ,  however ,  to sug-  
gest the  effects of s ingle  c o n t r i b u t i n g  react ions.  
These reac t ions  m a y  be i m p o r t a n t  in  the  fo l lowing 
ways.  
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Corros ion inh ib i to r s  and  p romote r s  are  respons i -  
ble  for chang ing  the ra tes  of va r ious  e lect rode r e -  
actions. The changed  reac t ion  ra tes  a re  reflected 
bo th  in  corrosion m e a s u r e m e n t s  and  in  s t r a i n - e l e c -  
t r o m e t r y  measu remen t s .  The l a t t e r  shows promise  
of p rov id ing  a rap id  and  sens i t ive  m e a s u r e m e n t  of 
react ions  i nvo lved  in  corrosion. A good deal  of addi -  
t iona l  knowledge  is needed  before this  me thod  can 
be employed  genera l ly .  P r e l i m i n a r y  resul t s  are r e -  
por ted  here.  

A n  acid is a c o m m o n  example  of a corrosion p ro -  
moter .  The  corrosion ra te  is g rea te r  and  the s t r a i n -  
t r a n s i e n t  is smal le r  u p o n  the addi t ion  of an  acid. 
Both  effects are due to the  d isso lu t ion  of the  p ro -  
tec t ive  film. As ind ica ted  ear l ier ,  the  s t r a i n - t r a n -  
s ient  is a measu re  of the  pro tec t ive  n a t u r e  of the 
film, and  if this  is changed  by  added subs tances  it is 
ind ica ted  i m m e d i a t e l y  in  an  a l te red  s t r a in  t r ans i en t .  

Inh ib i to r s  and  p romote r s  are i nvo lved  in  a la rge  
n u m b e r  of react ions  in  addi t ion  to those tha t  dis-  
solve the  pro tec t ive  film. A l t h o u g h  these canno t  be  
e n u m e r a t e d  fu l ly  at present ,  a n u m b e r  of r easonab le  
pos tu la tes  can be made.  We m a y  assume,  for i n -  
stance, tha t  some added subs tances  a l te r  the  s t r uc t u r e  
of the  f i l m - - s o m e t h i n g  short  of dissolut ion.  D e p e n d -  
ing  on the  s t ruc tu re  change,  corrosion m a y  be p ro -  
moted  or inh ib i ted .  A n o t h e r  reac t ion  tha t  has been  
discussed ex tens ive ly  is ion and  mo lecu l a r  adsorp-  
t ion;  such adsorp t ion  is effective in  i n h i b i t i n g  the 
anodic  d isso lu t ion  of the me t a l  (5-8) .  

I t  is wel l  k n o w n  tha t  the corrosion r a t e  of a ny  
g iven  meta l  depends  on the po ten t i a l  of the me t a l  
w i th  respect  to its e n v i r o n m e n t  (9).  This  p o t e n -  
t ia l  can be a l te red  by  electr ical  m e a n s  or by  chemi -  
cal react ions.  Thus  the add i t ion  of oxygen  to a me t a l  
surface  leads to a more  posi t ive  po ten t i a l  in  an  a que -  
ous e n v i r o n m e n t ;  this in  t u r n  speeds the reac t ion  of 
me t a l  ions, M ~  M '~+ + ne-, and  thus  the  corrosion 
ra te  is increased.  In  some cases however ,  the  adsorp-  
t ion  of oxygen  inh ib i t s  corrosion due  to its effect on 
the  oxide film. Thus  oxygen  can work  s i m u l t a n e -  
ously  in  opposite ways  in  its effect on corrosion rates.  
S imi la r  effects m igh t  be expected for m a n y  add i -  
tives. 

One class of corrosion inh ib i to r s  are  s t rong  oxid iz-  
ing  agents  such as KMnO~ and  K~Cr~O~. These s u b -  
s tances  u sua l l y  act in  such a way  as to m a k e  the po-  
t en t i a l  more  posit ive.  This effect by  i tself  w ou l d  
p romote  corrosion,  so a p p a r e n t l y  there  are add i -  
t iona l  effects (6-8, 10). A n o t h e r  effect such as the su r -  
face adsorp t ion  (7, 8) of MnO-,  or Cr~O= m u s t  be 
respons ib le  for the i n h i b i t i n g  effect. 

Table  II shows the effect of these inh ib i to r s  on 
a l u m i n u m ,  brass,  zinc, iron, and  copper  in  d i f ferent  
solut ions.  The va lue  of the  po ten t i a l  is g iven  before  
s t ra in ,  Vo, and  at  the  m a x i m u m  of the t r ans ien t .  Vm, 
the difference,  is the m a x i m u m  va lue  of the  s t ra in  
t r a n s i e n t  ( the po ten t i a l  a m p l i t u d e )  V~ --  Vo ---- AVm. 

Severa l  i n t e r e s t i ng  fea tu res  are shown  in  Tab le  II. 
Firs t ,  i t  m a y  be seen tha t  the  Vo of A1 is not  shif ted 
in  the  posi t ive  d i rec t ion  by  KMnO,.  It  is expected  
t ha t  in  this  s t rong ly  basic  solut ion o ther  react ions  
are  rap id  enough  to overshadow the  ox ida t ion  of 
the me ta l  by  KMnO,.  This  react ion,  of course, w ou l d  
shif t  the po ten t i a l  in  the  posi t ive  direct ion.  W h e n  

Table II. Effect of oxidizing inhibitors on strain transients and 
electrode potentials. Saturated calomel reference is used, 4% strain. 

W i t h o u t  W i t h  
i n h i b i -  i n h i b i -  

E l e c t r o d e  a n d  s o l u t i o n  I n h i b l t o r s  to r s ,  m v  to rs ,  m y  

Copper in HOH 0.2% Vo 4 35 
K~Cr~O7 V,, --81 59 

~Vm --85 24 
Copper in CaCI~ 0.07% Vo --350 --250 

(one half satu- Na~CrO, Vm --373 --270 
rated) ~Vm --23 --20 

A l u m i n u m  in 10% 0.1% Vo --680 --680 
NaCI K2CrO7 Vm --1430 --1430 

• --750 --750 
A l u m i n u m  in 0.3 N 0.1% Vo --1309 --1300 

NaOH KMnO, Vm --1317 --1274 
~Vm --17 26 

Brass in HOH 0.2 % Vo --32 142 
K2Cr~O7 Vm --157 22 

AV,n --125 --120 
Brass in CaCI~ 0.07% Vo --400 --215 

(one half satu- Na.~CrO~ Vm --449 --246 
rated) aVm --49 --31 

Zinc in HOII 0.2% Vo --690 --440 
K.~Cr~O~ V.1 --863 --580 

~Vm - - 1 7 3  --140 
Iron in HOH 0.2% Vo --250 72 

K~Cr_,O~ V,,, --382 --179 
~V,, --132 --107 

the electrode is s t ra ined ,  V,,, is more  posi t ive  in  the 
presence  t h a n  in  the  absence  of inhib i tor .  I t  is pos-  
sible tha t  the r educ t ion  of KMnO,  has been  ca ta-  
lyzed by  some n e w l y  exposed surface  sites. 

Severa l  of the s t r a in  t r ans i en t s  invo lve  two peaks 
ins tead  of one. On ly  the l a rger  peak  is shown in  
Tab le  II. Copper  in  dis t i l led  w a t e r  w i th  i nh ib i t o r  
shows a nega t ive  t r a n s i e n t  w i th  • = --15 m v  and  
a posi t ive  t r a n s i e n t  w i th  AVm ~ + 24 my.  In  ca lc ium 
chlor ide so lu t ion  wi th  i nh ib i t o r  the two ampl i tudes  
are --20 m v  and  + 16  inv. The t ime  elapse b e t w e e n  
the two peaks is a p p r o x i m a t e l y  0.25 sec in  the  first 
case and  1.5 sec in  the  second. Only  a s ingle  peak  
is observed in  the  absence  of inhib i tor .  A l u m i n u m  
shows a s imi la r  behavior ,  bu t  the  first peak,  a nega -  
t ive  one, occurs w i th  an a m p l i t u d e  of on ly  abou t  
1 my.  

In  the cases m e n t i o n e d  above,  it  appears  tha t  the 
reac t ions  occur r ing  in  the first 0.01 sec or so af ter  
s t r a in  are the  same as w h e n  the inh ib i to r  is not  
present .  Af te r  this  ve ry  rap id  nega t ive  surge,  sup-  
posedly  due to anodic  d isso lu t ion  of the  metal ,  a 
cathodic process becomes p r e d o m i n a n t .  E i the r  the 
effect of cathodic react ions  has increased,  or anodic  
reac t ion  ra tes  have  decreased.  I t  is possible  tha t  
ne w  surface  sites are exposed wi th  s t ra in ,  and  the 
anodic  reac t ion  proceeds brief ly before  the  i nh ib i t o r  
becomes effective in  this n e w l y  exposed region.  Or 
it is possible tha t  the inh ib i to r  m u s t  diffuse to the 
ne w  surface,  a f ter  which  it  becomes reduced  in  a 
ca thode react ion.  In  e i ther  case, this  effect is an  
i n t e r e s t i ng  reflect ion of i nh i b i t o r  react ions.  

A grea t  n u m b e r  of subs tances  are used to de-  
crease corrosion o ther  t h a n  those a l r eady  discussed. 
A few examples  are shown in  Tab le  III. Especia l ly  
p r o m i n e n t  in  p ro tec t ing  meta l s  aga ins t  corrosion are 
those subs tances  tha t  fo rm a d is t inc t  phys ica l  coat-  
ing in  add i t ion  to a ny  tha t  m i gh t  exist  by  v i r t ue  of 
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Table III. Effects of inhibitors and organic coatings on strain 
transients and electrode potentials. Saturated calomel reference 

is used; strain, 4% 

W i t h o u t  W i t h  
E lec t rode  and  i n h i b i -  i n h i b i -  

s o l u t i o n  I n h i b i t o r s  tors,  rnv  tors ,  m v  

Nickel in  HOH Black paint  Vo --170 --250 
V~ --285 --262 
AVm --115 --12 

Nickel in HOH Red enamel  Vo --170 --240 
V,~ --345 --260 
~V,, --175 --20 

Iron in HOH Black paint  Vo --250 --300 
V,I --282 --328 
AV,,, --132 --28 

Iron in HOH Red enamel  Vo --250 --334 
V,, --282 --374 
AV,,, --132 --40 

I r o n i n  gylcerol 0.6% oleic acid Vo --125 --180 
V,, --185 --192 
aVm --60 --12 

I r o n i n  3% NaC1 20% NaNo.~ Vo --520 --200 
V,,, - - 5 3 8  --322 
AVn, --18 --122 

the me ta l  oxide on the surface.  F i lms  fo rmed  by  
organic  subs tances  fal l  into the  genera l  classes (11) : 
paints ,  varn ishes ,  enamels ,  lacquers ,  plast ic  films, 
and  b i t umens .  The resul t s  of s t r a i n - e l e c t r o m e t r y  
m e a s u r e m e n t s  wi th  a pa in t  and  a v a r n i s h  are  r e -  
por ted  here  as examples  of organic  coatings.  Resul ts  
were  ob ta ined  wi th  bo th  Ni and  Fe, and  are r epor ted  
in  Table  III. The in i t i a l  po ten t ia l s  become nega t i ve  
w h e n  the  coat ing  is appl ied  (wi th  excess ively  thick 
coat ings the  electrode is i n su l a t ed  to such an  e x t e n t  
tha t  the po ten t i a l  c anno t  be m e a s u r e d ) .  The  s t r a in  
t r ans i en t s  are  smal le r  t h a n  w i thou t  the  coating. The 
po ten t i a l  at the  m a x i m u m  of the  t r ans ien t ,  Vn,, is 
no t  s t rong ly  a l te red  w h e n  the coat ing  is used. A p -  
p a r e n t l y  the n e w  film is pa r t i a l l y  r u p t u r e d  jus t  as 

oxide films are. Since Vm is abou t  the same in  e i ther  
case, s imi la r  regions of anodic  (meta l l i c )  sur face  
m u s t  be exposed. 

These  resul ts  give an  ind ica t ion  of the b r i t t l eness  
and  the pro tec t ive  n a t u r e  of the art if icial  coat ings as 
wel l  as showing  the i r  role in  a l t e r ing  the  po ten t i a l  in  
compar i son  to inhibi tors .  

A c k n o w l e d g m e n t  
The au thors  wou ld  l ike to acknowledge  g ran t s  

f rom the Atomic  E n e r g y  Commiss ion,  Cont rac t  No. 
At  (11-1) -82 ,  P ro j ec t  No. 1, a nd  A r m y  O r d n a n c e  
Research  Cont rac t  No. DA-94-495-ORD-959 ,  in  sup -  
por t  of this  work.  

Manuscript  received May 5, 1958. 
Any discussion of this paper will  appear in a Dis- 

cussion Section to be published in the December 1959 
J O U R N A L .  
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ABSTRACT 

The growth habi t  of UO~ on u r a n i um dur ing the oxidation by water  vapor 
has been analyzed wi th  the aid of detailed x - r ay  diffraction work and pole 
figures. The dioxide grows with a (110) p lanar  texture  which bears no epi- 
taxial relat ion to the under ly ing  metal  crystallites. Although the polycrystal-  
line alpha u r a n i u m  has a strong and anisotropic preferred or ientat ion as a 
result  of fabrication, the oxide forms wi thout  azimuthal  direct ionali ty in the 
plane of contact. The lack of a l ignment  in the plane of contact also was con- 
firmed in an exper iment  with a single crystal of u ran ium.  

The texture of UO~ formed dur ing  anneal ing  in vacuum also was found to 
be planar  without  significant directionality.  In  such cases, the (100) planes 
were parallel  to the surface of the metal  substrate, and large amounts  of u ra -  
n ium monoxide always were present  in such films. Subsequent  oxidation of 
specimens covered with the (100) texture yielded the characteristic (110) di- 
oxide texture. 

In  incidental  exper imental  work on the vapor deposition of UO.., the 
octahedral or (111) texture  was observed on glass and t an ta lum substrates, 
and the cubic or (100) texture  was developed on several ionic substrates. 

In  a p re l iminary  investigation, the rate law for the format ion of u r a n i u m  
dioxide under  conditions which produce such oriented films was found to be 
logarithmic. 

Or ien ted  layers  of u r a n i u m  dioxide form wi thou t  
any  ev iden t  r e la t ionsh ip  to the o r i en t a t i on  of p a r e n t  
me t a l  d u r i n g  h i g h - t e m p e r a t u r e  exposure  to m o d e r -  
ate  v a c u u m  and  wa te r  vapor.  This occurrence  ap-  
pears  to be u n u s u a l  since it is c o m m o n l y  though t  
tha t  the  first l ayers  of oxide are o r i en ted  ep i t ax ia l ly  
w i th  the p a r e n t  metal .  For  example ,  G u l b r a n s e n  and  
R u k a  (1) ,  emp loy ing  e lec t ron diffraction,  showed 
tha t  s t rong ly  o r ien ted  films are ob ta ined  on i ron  in 
H.~ + H~O m i x t u r e s  and  tha t  these bea r  a r a t iona l  
ep i tax ia l  r e la t ionsh ip  to u n d e r l y i n g  metal .  Mehl  and  
McCandless  (2) oxidized s ingle  crys ta ls  of i ron  in 
wet  h y d r o g e n  and  ob ta ined  the same ep i tax ia l  r e l a -  
t ions  by  x - r a y  diffract ion on films th ick  enough  to 
show in t e r f e r ence  colors. 

Mehl, McCandless ,  and  Rhines  (3) were  p r o b a b l y  
the first inves t iga tors  to discuss the  o r i en t a t i on  of 
Cu~O on copper.  The  resul t s  of e leven  s u b s e q u e n t  
s tudies  were  r ev iewed  by  Lawless  and  G w a t h m e y  
(4) .  These au thors  m a d e  a ve ry  ca re fu l  i nves t i ga -  
t ion  of the degree  of o r i en t a t i on  of Cu~O as a f u n c -  
t ion  of t e m p e r a t u r e ,  oxide thickness ,  and  c rys ta l  
face of the  copper  crystal .  The  degree  of o r i en ta t ion  
increased  wi th  reac t ion  t e m p e r a t u r e  bu t  decreased 
wi th  oxide thickness .  These s tudies  were  all  con-  
duc ted  on r e l a t ive ly  th ick  films. 

Recen t ly  Harris ,  Ball,  and  G w a t h m e y  (5) p u b -  
l ished the resul t s  of a ve ry  thorough  e lec t ron  mic ro -  
scope and e lec t ron  diffract ion s tudy  of the  first few 
Angs t roms  of Cu.~O formed  on copper  s ingle  crystals .  
They  found  tha t  the degree  as wel l  as the s y m m e t r y  
of o r i en ta t ion  increased  w i t h  oxide thickness .  This  
conf i rmed the ear l ie r  obse rva t ion  of P i n s k e r  and  
T a t r i n o v a  (6).  More specifically, Harr is ,  Ball,  and  
G w a t h m e y  observed tha t  the  t h i n  films were  corn- 

posed of smal l  oxide crys ta ls  h a v i n g  " . . .  p a r t i cu l a r  
p lanes  pa ra l l e l  to pa r t i cu l a r  p lanes  of the  copper  and  
r a n d o m  or i en ta t ion  abou t  the  p l a ne  no r ma l .  This  
o r i en ta t ion  is des igna ted  type  II. The o r i en ted  oxide 
of the th icker  films was made  up  of oxide crysta ls  
wi th  pa r t i cu l a r  p lanes  pa ra l l e l  to p a r t i c u l a r  p lanes  
of the copper bu t  w i th  a c o m m o n  zone axis  in  the  
plane.  This  o r i en t a t i on  is des igna ted  as type  III.  The 
c o m m o n  p lanes  were :  ( l l 0 ) C u ~ O / / ( 3 1 1 ) C u ,  (111) 
C u ~ O / / ( l l l ) C u ,  a nd  ( l l l ) C u ~ O / / ( 1 0 0 ) C u .  The 
common  zone axis  was [110]."  Tha t  is, in  th icker  
films, the degree  of o r i en t a t i on  increased  so tha t  the  
[110] d i rec t ion  in  the oxide became  pa ra l l e l  to [110] 
d i rec t ion  on the u n d e r l y i n g  copper.  This  pa ra l l e l i sm  
was discussed also by  Lawless  and  G w a t h m e y  (4) .  

Oxide films w i th  on ly  one degree of o r i en t a t i on  
( type  II cited by  Harr is ,  et aL) gene ra l l y  h a v e  no t  
been  recognized as they  are  ev idenced  on ly  by  u n -  
u sua l  differences in  l ine  in tens i t i e s  on the diffrac-  
t ion  pa t t e rn .  K e r r  a nd  W i l m a n  (7) ,  in  a r ecen t  elec- 
t r on  diffract ion s tudy,  r epor ted  tha t  BeO forms on 
r a n d o m l y  or ien ted  b e r y l l i u m  (e i ther  a b r a ded  or 
e lec t ropol ished)  w i t h  a (001) p l a n a r  o r i e n t a t i on  a t  
t e m p e r a t u r e s  f rom 400 ~ to 500~ and  wi th  a m e a n  
(100) o r i en ta t ion  above 700~ 

Al though  u n u s u a l  differences in  l ine  in tens i t i es  on 
a diffract ion p a t t e r n  i mp l y  p re f e r r ed  o r i en t a t i on  of 
the m a t e r i a l  u n d e r  s tudy  it  is difficult to iden t i fy  
the t e x t u r e  w i th  ce r t a in ty  f rom these alone.  Usua l l y  
a pole figure t echn ique  is the on ly  sa t i s fac tory  
me thod  of s t udy ing  tex ture .  Ve ry  t h in  films are  no t  
r ead i ly  s tudied  b y  x - r a y  diffract ion techniques ,  
however ,  and  the  more  compl ica ted  me thods  en -  
ta i led  in  the  s tudy  of t e x t u r e  b y  e lec t ron  dif f ract ion 
me thods  mus t  be ut i l ized.  As far  as the  au thors  are 
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a w a r e ,  on ly  Har r i s ,  Bal l ,  a n d  G w a t h m e y  h a v e  b e e n  
ab le  to v e r i f y  in th is  w a y  the  suspec t ed  o r i e n t a t i o n  
of i n i t i a l l y  f o r m e d  films. 

F o r t u n a t e l y ,  for  s tud ies  of UO~ films, x - r a y  d i f -  
f r ac t i on  m e t h o d s  a r e  adequa t e .  F i l m s  of UO~, t h in  
enough  to e x h i b i t  i n t e r f e r e n c e  colors  (200-300A) ,  
can  be  s t u d i e d  s a t i s f a c t o r i l y  b y  x - r a y  t echn iques .  

I t  was  poss ib le  in  t he  p r e s e n t  r e s e a r c h  to fo rm,  in 
a m o d e r a t e  v a c u u m ,  one p l a n a r  o r i e n t a t i o n  of UO~ 
w i t h o u t  a z i m u t h a l  a l i g n m e n t  in  the  su r f ace  p l a n e  
and  s u b s e q u e n t l y  to conve r t  i t  to a second  p l a n a r  
o r i e n t a t i o n  w h e n  t h e  spec imens  w e r e  h e a t e d  and  
ox id i zed  in  w a t e r  vapor .  To a l a r g e  ex ten t ,  t h e  e x -  
p e r i m e n t s  d e s c r i b e d  he re  dea l  w i t h  ox ide  f i lms 
f o r m e d  on p o l y c r y s t a l l i n e  u r a n i u m  sheet .  Bo th  
a b r a d e d  and  e l e c t r o p o l i s h e d  s a m p l e s  w e r e  s tud ied .  
A n  e x p e r i m e n t  w i t h  a s ingle  c r y s t a l  of u r a n i u m  
m e t a l  conf i rmed  the  conclus ion  t h a t  the  g r o w t h  
h a b i t  of UO~ films does  no t  b e a r  a u n i q u e  r e l a t i o n -  
sh ip  to the  o r i e n t a t i o n  of the  u n d e r l y i n g  me ta l .  

Per t inen t  Crysta~ S t ruc tures  
A n  e x c e l l e n t  s u m m a r y  of the  p h y s i c a l  and  c h e m i -  

cal  p r o p e r t i e s  of u r a n i u m  m e t a l  has  been  p u b l i s h e d  
(8) .  W i t h  i nc r ea s ing  t e m p e r a t u r e ,  a t  668~ the  o r -  
t h o r h o m b i c  a l p h a  p h a s e  changes  to a c o m p l e x  t e t r a -  
gona l  b e t a  phase .  A b o v e  774~ the  l a t t e r  changes  
to the  b o d y - c e n t e r e d  cubic  phase  w h i c h  is t hen  
s t a b l e  to the  m e l t i n g  p o i n t  at  1132~ 

U r a n i u m  d i o x i d e  is t he  p r i n c i p a l  c o m p o u n d  
f o r m e d  d u r i n g  o x i d a t i o n  of u r a n i u m .  I t  has  the  CaF~ 
s t ruc tu re ,  and  the  s t o i ch iome t r i c  c o m p o u n d  has  a 
l a t t i ce  p a r a m e t e r  of ao = 5.470A. Be l l e  and  L u s t m a n  
(9)  h a v e  r e v i e w e d  the  e x t e n s i v e  i n f o r m a t i o n  on the  
p h y s i c a l  p r o p e r t i e s  and  c h e m i c a l  r e a c t i v i t y  of UO~. 
A n  oxide ,  r e f e r r e d  to in th is  p a p e r  as the  m o n o x i d e ,  
h a v i n g  an  x - r a y  s t r u c t u r e  c o m p a t i b l e  w i t h  the  c o m -  
pos i t ion  UO ( a n  NaC1 t y p e  s t r u c t u r e  w i t h  ao = 
4.93A) has  been  o b s e r v e d  b y  m a n y  i n v e s t i g a t o r s  to 
fo rm d u r i n g  the  v a c u u m  a n n e a l i n g  of u r a n i u m .  
T h e r e  is d o u b t  t ha t  i t  is an  e q u i l i b r i u m  phase  in the  
U - O  sys tem.  

Experiment 
The  t e x t u r e  of the  c o l d - r o l l e d  m e t a l  was  f irst  

s t u d i e d  p r i o r  to ox ida t ion .  The  r e a d e r  is r e f e r r e d  to 
a s t a n d a r d  t e x t  ( I 1 )  for  de t a i l s  of c o n s t r u c t i n g  po le  
f igures  a n d  i n t e r p r e t i n g  o r i e n t a t i o n  t e x t u r e s  f r o m  
them.  Us ing  a modi f ied  Schulz  c a m e r a  m o u n t e d  on a 
Nore lco  w i d e  r a n g e  g o n i o m e t e r  (10) ,  po le  f igures  
w e r e  p r e p a r e d  f r o m  s a m p l e s  of shee t  w h i c h  h a d  r e -  
ce ived  v a r y i n g  a m o u n t s  of cold  r educ t ion ,  bo th  w i t h  
and  w i t h o u t  s u b s e q u e n t  annea l ing .  S ince  on ly  the  
cen t e r  60 ~ of each  po le  f igure  cou ld  b e  o b t a i n e d  f r o m  
the  fiat  shee t  as such,  l o n g i t u d i n a l  a n d  t r a n s v e r s e  
sec t ions  t h r o u g h  the  shee t  w e r e  n e c e s s a r y  to c o m -  
p le te  each  po le  figure.  These  w e r e  p r e p a r e d  b y  sec-  
t i on ing  the  shee t  in t he  a p p r o p r i a t e  d i rec t ions ,  as 
i n d i c a t e d  in  Fig.  1, and  t h e n  r o t a t i n g  t h e  s e g m e n t s  
90 ~ a b o u t  t h e i r  long  axis  a n d  b o l t i n g  t h e m  t o g e t h e r  
aga in .  In  t he  fo l l owing  d iscuss ions  the  bo l t ed  c o m -  
pac t s  w h i c h  h a d  been  p r e p a r e d  f r o m  l o n g i t u d i n a l l y  
sec t ioned  segmen t s ,  i.e., those  w h i c h  h a d  b e e n  r o -  
t a t e d  90 ~ a b o u t  the  ro l l i ng  d i r ec t ion  RD as axis ,  a r e  
d e s i g n a t e d  b y  the  l e t t e r  L f o l l o w i n g  the  s a m p l e  
n u m b e r ,  w h i l e  t hose  p r e p a r e d  f r o m  t r a n s v e r s e  sec-  
t ions  a r e  d e s i g n a t e d  b y  the  l e t t e r  T. 
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Fig. 1. Surfaces of uranium presented for oxidat ion by the 
rolled metal as well as the bolted compacts. 

Since  the  ox ide  d id  no t  depos i t  e p i t a x i a l l y ,  de t a i l s  
of the  va r i ous  m e t a l  t e x t u r e s  d e v e l o p e d  d u r i n g  r o l l -  
ing  a r e  o m i t t e d  here .  I t  is suff icient  to show t h a t  
h i g h l y  o r i e n t e d  t e x t u r e s  w e r e  deve loped .  This  fac t  
is d e m o n s t r a t e d  in  Fig .  2, w h i c h  shows  the  po le  
f igure  of an  86% c o l d - r o l l e d  u r a n i u m  sheet .  The  
s a m e  m a j o r  t e x t u r e  d e v e l o p e d  h e r e  w i t h  a s p r e a d  
b e t w e e n  (102 ) [010 ]  to (203 ) [010 ]  was  e v i d e n c e d  
b y  a l l  the  u n r e c r y s t a l l i z e d  s a m p l e s  used  in th is  
work .  Di f fe ren t  c r y s t a l l o g r a p h i c  p lanes ,  then ,  a r e  
p r e d o m i n a n t l y  p a r a l l e l  to t he  su r f a c e  in t he  n o r m a l ,  
t r ansve r se ,  and  l o n g i t u d i n a l  samples .  F o r  e x a m p l e ,  
if the  (102) p l anes  a r e  p a r a l l e l  to the  su r f ace  of the  
ro l l ed  sheet ,  (010) and  (203) p l anes  a r e  p a r a l l e l  to 
the  su r f ace  in t he  t r a n s v e r s e  a n d  l o n g i t u d i n a l  sec-  
t ions,  r e spec t i ve ly .  

The  pole  f igure  s t u d y  of the  d i o x i d e  p r e s e n t e d  a 
s o m e w h a t  d i f fe ren t  p r o b l e m .  He re  t he  (110) or  
(100) t e x t u r e s  w e r e  d e v e l o p e d  on a l l  of t he  sec-  
t ions,  and  w e r e  d e v e l o p e d  i n d e p e n d e n t l y  of the  o r i -  
e n t a t i o n  of t he  u n d e r l y i n g  me ta l .  On ly  the  i n n e r  60 ~ 
of t he  pole  f igure  could  be  p l o t t e d  f r o m  an  e x a m i n a -  
t ion  of the  o x i d i z e d  su r f aces  as  such,  a n d  a n y  s t u d y  
of t he  ou te r  p e r i p h e r y  w o u l d  i nvo lve  ox id i z ing  the  
flat  s e g m e n t s  n e a r l y  to c o m p l e t i o n  a n d  t hen  r o t a t i n g  

Fig. 2. The (1 1 1 ) pole f igure of cold rolled alpha uranium 
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Fig. 3. Powder patterns taken of UO2 fi lms on uranium. 
Intensities are plotted on a logari thmic scale. The randomly 
oriented f i lm occurred on a uranium sample a f ter  10-hr im- 
mersion in boil ing water. Ratio of  the intensity of  (220) to 
(111) is equal to the ideal value of 0.46. The oriented f i lm 
occurred on the uramum af ter  40-rain exposure to 22 mm 
water vapor at 400~ The intensity raho I(.~)/l(~m was 6.6. 
The triplet of  alpha uranium hnes which lie near the Debye 
20 angle of 36 ~ has been omit ted in the random pattern to 
simphfy the pattern and reduce confusion. 

t h e m  90 ~ abou t  the long axis and  bo l t ing  t h e m  to-  
gether,  as i l l u s t r a t ed  in  Fig. 1. The necess i ty  for r e -  
sor t ing  to this  l eng thy  p rocedure  was  overcome by  
p r e p a r i n g  pole t races  of severa l  d i f ferent  p lanes  and  
us ing  k n o w n  crys ta l lographic  re la t ionsh ips  for com- 
p le t ing  the analysis .  

Once the n a t u r e  of the o r i en t a t i on  t e x t u r e  has 
been  es tabl ished,  a s e m i q u a n t i t a t i v e  es t imate  of the 
degree  of o r i en ta t ion  could be ob ta ined  f rom the 
re la t ive  in tens i t i es  of l ines  on a d i f f rac tometer  t r ac -  
ing. The  rat ios  I(~o)/I(11, and  I(2~)/I(1~, w e r e  u t i l i zed  
in  m u c h  of the ox ida t ion  s tudy  to eva lua t e  the  de-  
v e l o p m e n t  of the  (110) and  (100) tex tures .  A n  ex-  
ample  of such a t r ac ing  is g iven in  Fig. 3, together  
w i t h  a t r ac ing  i l l u s t r a t i ng  a n e a r l y  r a n d o m  tex ture .  
The o r ien ted  film p a t t e r n  is f rom a sheet  sample  oxi-  
dized in  wa t e r  vapor  and  exh ib i t i ng  a fa i r ly  s t rong  
(110) t ex tu re .  Here, the ra t io  of I(::0)/I(l~, is 6.6, a nd  
va lues  as h igh  as 35 were  observed  in  the  course of 
the  exper imen t s .  The i n t ens i t y  rat ios  for a r a n d o m  
sample  us ing  var ious  p lanes  are g iven  in  Tab le  I. 

Table I. Calculated relative intensities of x-ray diffraction lines 
for uranium dioxide 

P l a n e  (hkl) I(hkl)/I(111) 

111 1.00 
200 0.38 
220 0.46 
331 0.51 
222 0.11 

February 1959 

Table  I I .  Relat ive intensity of oxide x-ray ref lect ions fol lowing 
oxidation in vacuo 

R e l a t i v e  
Spee l -  Test  c o n d i t i o n s  i n t e n s i t y  LTO~ i n t e n s i t y  ra t ios  

m e n  
No. ~ h r  m m H g U O  (111) UO,~ (111) I(~oo)/I(l~l) I(z~o)/I(m) 

2130 400 11/z 10 ~ 20 25 6.4 1.0 
1952 600 1/z 10 -6 170 50 3.0 0.4 
1954 600 1/4 104 70 20 3.75 0.3 
1802 1000 19 10 -~ 210 32 1.56 0.6 

Results 

Severa l  pole figures we re  cons t ruc ted  for m e c h a n -  
ical ly  pol ished spec imens  hea ted  in  a v a c u u m  of 10 -~ 
m m  Hg or bet ter .  This  m e t a l  was  oxidized by  the 
res idua l  gas in  the v a c u u m  system. Both  u r a n i u m  
dioxide a nd  u r a n i u m  m o n o x i d e  were  p re sen t  in  the  
film. Ana lys i s  of the pole figures for these v a c u u m  
t rea ted  spec imens  es tab l i shed  tha t  the (100) p lanes  
of the dioxide were  fo rmed  pa ra l l e l  to the  me t a l  
subs t r a t e  d u r i n g  v a c u u m  oxidat ion .  

Oxida t ion  e xpe r i me n t s  were  conducted  at  400 ~ , 
600 ~ and  1000~ Resul ts  are s u m m a r i z e d  in Tab le  II. 
At  each of these t empera tu re s ,  the dioxide is or i -  
en t ed  p r inc ipa l ly  w i th  its (100) p lanes  pa ra l l e l  to 
the spec imen  surface.  U r a n i u m  m o n o x i d e  was 
formed s i m u l t a n e o u s l y  in  all  such films, and  the re -  
s t r a in t  it  imposed on the t e x t u r e  of the  dioxide  is 
no t  k n o w n .  

The  re la t ive  a m o u n t s  of monox ide  in  the  films are 
ind ica ted  somewha t  s e m i q u a n t i t a t i v e l y  by  the  re la -  
t ive in tens i t i es  of the (111) l ines of the UO a nd  UO~, 
since the sca t te r ing  factor  for this  p l a ne  of the  m o n -  
oxide is a p p r o x i m a t e l y  91% of tha t  for the dioxide.  
More q u a n t i t a t i v e  es t imates  wou ld  r equ i r e  tha t  bo th  
oxides have  a s imi la r  or r a n d o m  or ien ta t ion .  

Oxida t ion  in  w a t e r  vapor  appears  to favor  the  
f o r ma t i on  of the (110) or dodecahedra l  o r ien ta t ion .  
Severa l  (110) a nd  (100) pole figures were  p r epa red  
f rom samples  oxidized in  w a t e r  vapor .  One such 
pole f igure is p r e sen t ed  in  Fig. 4 to i l lus t ra te  the  
r e l a t ive ly  smal l  spread  in  the angle  of i nc l i na t i on  
be t w e e n  the pole of p l ane  inves t iga ted  and  the [110] 
pole of the oxide. The weak  d i rec t iona l i ty  ind ica ted  
by  the  b r o k e n  " r ing"  in  Fig.  4 is be l i eved  to resu l t  
f rom the  phys ica l  d imens ions  of the s ample  ( the 
x - r a y  b e a m  covered an  area  s l ight ly  l a rger  t h a n  the 
sample  in  one of its o r i en ta t ions )  r a t h e r  t h a n  f rom 
a ny  rea l  d i rec t iona l i ty .  A s t rong  (100) t e x t u r e  h a v -  
ing  l i t t le  or no d i r ec t iona l i ty  was a lways  developed 
d u r i n g  v a c u u m  annea l ing .  

S t a r t i n g  wi th  the  oxidized sheet  h a v i n g  the  (100) 
or cubic  t e x t u r e  it  was  possible  to oxidize the  me ta l  
f u r t h e r  in  w a t e r  vapor  a nd  develop the  (110) or i -  
en ta t ion .  Admi t t ed ly ,  the  t e x t u r e  was  less h igh ly  
o r ien ted  w h e n  p re fo rmed  layers  were  present .  One 
m e t a l  sample  was  oxidized in  v a c u u m  a t  600~ and  
e x a m i n e d  by  x - r a y  dif f ract ion to es tabl ish  the  n a -  
t u r e  of the film. This  sample  and  ano the r  m e c h a n -  
ical ly  pol ished piece of the  same rol led stock were  
placed in  the  f u r n a c e  and  oxidized at  600~ and  at  
a w a t e r  vapor  p ressure  of 0.3 m m  Hg. Af t e r  x - r a y  
de t e rmina t ion ,  the two samples  were  rep laced  in  the  
fu rnace  and  oxidized for 1 h r  at 6.2 m m  pressure .  
As ind ica ted  in  Tab le  I I I a  s igni f icant  inc rease  in  the  
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Fig. 4. Typical (110) pole figure of uranium dioxide which 
was formed on rolled alpha uranium sheet by oxidation in 
water vapor. Only the inner 60 ~ of the stereographic projec- 
tion is drawn here. The central peak and the incomplete ring 
illustrate the lack of significant azimuthal directionality. The 
intensity ratio 1(22o)/1(lm was 5.6. 

(110) componen t  was  observed.  Spec imen  1954 
(Table  II)  was  s u b s e q u e n t l y  oxidized in  wa te r  vapor  
at  600~ Pole  figures cons t ruc ted  us ing  the  (200) 
and  (220) p lanes  of UO~ conf i rmed tha t  the UO~ was 
fo rming  wi th  the (110) p lanes  p r e d o m i n a n t l y  p a r a l -  
lel to the spec imen  surface.  

Bol ted me ta l  compacts  were  oxidized for 40 ra in  at 
400~ and  at  17-28.4 m m  Hg wa te r  pressures .  P e r -  
t i n e n t  test  da ta  are p resen ted  in  Tab le  IV. The elec- 
t ropol ished specimen,  2130L, was  hea ted  in  v a c u u m  
(10 _5 m m  Hg) at 400~ for 90 min .  The  p r e d o m i n a n t  
o r i en t a t i on  appea red  to be t ha t  of the  (100) UO~ 
p lanes  pa ra l l e l  to the  surface.  This  sample  was  oxi-  
dized to form sample  2131 which  t h e n  exh ib i t ed  a 
p r o n o u n c e d  (110) or dodecahedra l  t ex ture .  The  p re -  
fo rmed  (100) or ien ta t ion ,  then,  did no t  de ter  the  
(110) fo rma t ion  on subsequen t  oxidat ion.  

Pole  f igure s tudies  of samples,  oxidized as i n d i -  
cated in  Tab le  III  and  IV, es tab l i shed  tha t  the  u r a -  
n i u m  dioxide fo rmed  wi th  a p l a n a r  o r i en ta t ion  on 

Table III. Comparison of the degree of orientation resulting from 
the oxidation of preformed films at 600~ 

Spec i -  O r i e n t a t i o n  ra t io* 
m e n  
No. T r e a t m e n t  g i v e n  I(~o)/I(20o) t I(~0o)/Iml) 

1952 Vacuum, V2 hr  0.25, 0.09 1.6, 3.8 
1952  Vacuum, l h r  0.25, 0.20 1.7, 3.3 

1952a Vacuum + 0.3 m m  Hg 0.23, 0.30 2.0, 1.5 
1952b Vacuum + 0.3 mm + 0.45, 0.48 0.79, 0.83 

6.2 mm 

1966 0.3 m m  0.74, 0.89 5.4, 4.0 
1966a 0.3 m m  + 6.2 mm 1.29, 1.86 4.0, 4.0 

* D u p l i c a t e  v a l u e s  are  fo r  o b s e r v a t i o n s  m a d e ,  r e s p e c t i v e l y ,  p a r a l -  
le l  and  t r a n s v e r s e  to t he  r o l l i n g  d i rec t ion .  

I n t e n s i t y  r a t i o  for  r a n d o m  s amp le s  is  1.21. 

O R I E N T E D  D I O X I D E  F I L M S  O N  U R A N I U M  

Table IV. Orientation ratios and test conditions 

99 

Spec i -  
m e n  P r e l i m i n a r y  W a t e r  
No. t r e a t m e n t  p r e s su re  

R a t i o  of i n t e n s i t i e s  

I (2.m)/I (11n I (2oo/I(111) 

2130L Electropolished Vacuum 1.0 6.4 
2131L Vac. anneal  28.4mm Hg 1.0 0.30 
2132L Electropolished 28.4 1.80 0.59 

2133T Electropolished 17.0 18.2 1.47 
2134T Electropolished 17.0 35.0 2.70 

2135L Front,  electro- 22.1 2.4 0.26 
polished 

2135L Back, after 22.1 2.7 0.27 
mech. polish 

2136L Electropolished 22.1 6.4 0.5 

the  sheet  surface,  a nd  tha t  the re  was def ini te ly  no 
ep i tax ia l  r e l a t ionsh ip  b e t w e e n  this oxide and  the  
u n d e r l y i n g  metal .  Long i tud ina l ,  t r ansverse ,  a nd  n o r -  
ma l  samples  of the  same ro l led  sheet  al l  exh ib i t ed  
iden t ica l  t ex tu re s  w h e n  oxidized u n d e r  l ike condi -  
tions. 

A second t e x t u r e  develops,  d u r i n g  this  r ec rys t a l -  
l iza t ion of u r a n i u m ,  wi th  the [140] pole pa ra l l e l  to 
the  o r ig ina l  ro l l ing  d i rec t ion  a nd  wi th  the poles of 
the  p lanes  pa ra l l e l  to the sheet  surface  h a v i n g  a 
smal l  spread  abou t  [112]. By us ing  bol ted  compacts,  
two other  me t a l  p lanes  were  e x a m i n e d  to ascer ta in  
w h e t h e r  they  inf luenced the  oxide o r i en t a t i on  m a r k -  
edly. Six such compacts  were  oxidized s i m u l t a n e -  
ously  in  20 m m  Hg w a t e r  p ressure  for 3 hr  at  450~ 
Data  are s u m m a r i z e d  in  Ta b l e  V. 

I t  is r easonab le  to conclude  t ha t  the  same dode-  
cahedra l  t e x t u r e  devoid of a z i m u t h a l  d i r ec t iona l i ty  
developed on the  recrys ta l l i zed  me ta l  as well .  

Single-Crystal Experiment 
I t  was  possible to confirm these conclus ions  w i th  a 

"s ingle  crys ta l"  of u r a n i u m  ob ta ined  f rom A r g o n n e  
Na t iona l  Labora to ry .  I t  was  a cy l inder  approx i -  
m a t e l y  1/s in. i n  d i ame te r  and  3/8 in. long, and  con-  
t a ined  five grains.  The la rges t  of these gra ins  filled 
the cen t ra l  cross sect ion of the cy l inder  and  e x t e n d e d  
a long the  axis in  bo th  direct ions.  

Fo l lowing  ox ida t ion  in  w a t e r  vapor  a t  450~ and  
a p ressure  of 15 m m  Hg for 17 min ,  it  was  e x a m i n e d  
by  Olsen, 1 us ing  a cy l indr i ca l  x - r a y  camera.  Six 
photographs  were  t a ke n  at  d i f ferent  angles  n o r m a l  
to the  cy l indr i ca l  axis;  th ree  of these  pho tographs  
were  ove r l app ing  osci l la t ion p a t t e r n s  cover ing  an  
a n g u l a r  r a nge  of 44 ~ . F a i r l y  u n i f o r m  diffract ion 

1C. E. Olsen,  Los  A l a m o s  Scient i f ic  L a b o r a t o r y ,  Los  A lamos ,  
N. Mex.  

Table V. Orientation ratios for the oxidation of rolled 
and recrystallized uranium sheet 

Rat io  of i n t e n s i t i e s  

S p e c i m e n  No. Ir I(2oo)/I(~m 

Rol l ed  S h e e t  
2918 as rolled 4.82 1.38 
2919 longi tudinal  2.46 0.34 
2920 transverse 3.20 0.38 

Rec rys t a l l i z ed  Shee t  
4123 as rolled 5.21 1.37 
4124 longi tudinal  1.89 0.43 
4125 transverse 1.44 0.57 
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" r i ngs "  w e r e  o b t a i n e d  and  t h e r e  was  no ev idence  
of p r e f e r r e d  a l i g n m e n t  b e t w e e n  the  m e t a l  and  oxide .  
The  (110) p l a n a r  o r i e n t a t i o n  was  conc luded  to h a v e  
f o r m e d  on the  c y l i n d r i c a l  m e t a l  surface .  

Other Observations of Oxide Orientation 

N u m e r o u s  a d d i t i o n a l  e x a m p l e s  of t he  p r e f e r r e d  
g r o w t h  h a b i t s  of UO2 can  be  g a i n e d  f r o m  a s t u d y  of 
t he  l i t e r a t u r e .  U r a n i t e  and  o the r  m i n e r a l s  i n v o l v i n g  
p a r t i a l  r e p l a c e m e n t  of the  u r a n i u m  a toms,  such as 
t ho r i an i t e ,  occur  m a i n l y  as cubes  and  o c t a h e d r o n s  
(12) .  Occas iona l ly ,  d o d e c a h e d r o n s  a r e  found.  

The  o c t a h e d r a l  or  (111) g r o w t h  h a b i t  was  o b -  
s e rved  d u r i n g  an  e l e c t r o n  d i f f rac t ion  (13) s t u d y  of 
a v a p o r  depos i t  of UO_~ f o r m e d  on a smoo th  glass s u b -  
s t ra te .  W h e n  i t  was  depos i t ed  u n d e r  s im i l a r  cond i -  
t ions  on t a n t a l u m ,  t he  [111] pole  was  no t  p e r p e n d i c -  
u l a r  to t he  s u b s t r a t e  as on glass  b u t  was  i n c l i n e d  to 
it,  w h i c h  sugges t s  t h a t  t he  h ighe r  t h e r m a l  c o n d u c -  
t i v i t y  of  t a n t a l u m  r e d u c e d  the  s u b s t r a t e  su r f ace  
t e m p e r a t u r e  and  thus  r e d u c e d  the  su r f ace  mob i l i t y .  

W i l m a n  and  c o - w o r k e r s  (7 ,14 -16 )  h a v e  d i s -  
cussed  n u m e r o u s  e x a m p l e s  of o r i e n t e d  o v e r g r o w t h s .  
In  p a r t i c u l a r ,  t h e y  e v a p o r a t e d  v a r i o u s  m e t a l s  and  
ionic  sa l t s  onto  s u b s t r a t e s  in  such a w a y  t h a t  the  
l ine  of f l ight  t a k e n  b y  the  e v a p o r a t i n g  subs t ance  was  
o b l i q u e  to the  su r face  of the  subs t r a t e .  Low m e l t i n g  
m a t e r i a l s  w e r e  o b s e r v e d  to be  a r r a n g e d  w i t h  some 
r a t i o n a l  and  dense ly  p a c k e d  p l a n e  p a r a l l e l  to the  
s u b s t r a t e  surface .  H o w e v e r ,  w i t h  r e f r a c t o r y  m a t e -  
r ia ls ,  the  o r i e n t a t i o n  axis  of the  depos i t  was  i nc l i ned  
to the  su r f ace  p r e s e n t e d  b y  the  subs t r a t e ,  and  the  
d i r ec t i on  of p r e f e r r e d  g r o w t h  was  a p p r o x i m a t e l y  
p a r a l l e l  to the  l ine  of f l ight.  W h e n  the  s u b s t r a t e  has  
good t h e r m a l  c o n d u c t i v i t y  the  k ine t i c  e n e r g y  of the  
depos i t i ng  m a t e r i a l  is r e d u c e d  and  t h e  mo lecu l e s  
lose a p o r t i o n  of t h e i r  su r f ace  mob i l i t y .  I f  the  s u b -  
s t r a t e  does  n o t  conduc t  h e a t  wel l ,  h igh  su r f ace  t e m -  
p e r a t u r e s ,  h igh  su r f ace  mobi l i t i e s ,  and  thus  m o r e  
p e r f e c t l y  o r i e n t e d  depos i t s  a r e  to be  expec t ed .  

The  cubic  or  (100) g r o w t h  h a b i t  was  o b s e r v e d  
for  h e a t e d  s u b s t r a t e s  (17) .  U r a n i u m  d i o x i d e  was  
d i s t i l l ed  f r o m  a t u n g s t e n  boa t  a t  a p p r o x i m a t e l y  
2800~ in an  e v a c u a t e d  s y s t e m  con t a in ing  a few 
m i l l i m e t e r s  of h y d r o g e n  and  was  depos i t ed  onto a 
po l i shed  s ing le  c r y s t a l  of e i t he r  CaF~ or  K B r  w h i c h  
was  he ld  a t  a p p r o x i m a t e l y  600~ The  depos i t  
showed  p r e f e r r e d  o r i e n t a t i o n  w i t h  the  (200) l ine  
b e i n g  v e r y  p r o m i n e n t .  

Thus  v a p o r  depos i t i on  f avo r s  the  s ame  two  
g r o w t h  h a b i t s  t h a t  a r e  f o u n d  in n a t u r a l l y  o c c u r r i n g  
c rys ta l s .  The  d o d e c a h e d r a l  hab i t ,  h o w e v e r ,  is a s -  
soc ia ted  w i t h  t he  o x i d a t i o n  of u r a n i u m .  M o g a r d  
(18) r e p o r t e d  tha t ,  d u r i n g  the  co r ros ion  of u r a n i u m  
in m o l t e n  sodium,  u r a n i u m  d i o x i d e  fo rms  b y  c o m -  
b i n i n g  w i t h  the  s m a l l  a m o u n t s  of o x y g e n  d i s so lved  
and  e n t r a i n e d  as Na~O in t he  m o l t e n  sodium.  The  
f i lms f o r m e d  a t  475~ e x h i b i t e d  t h e  (110) p l a n a r  
o r i en t a t i on .  A t  h i g h e r  t e m p e r a t u r e s ,  a po rous  a n d  
r e l a t i v e l y  n o n o r i e n t e d  l a y e r  o c c u r r e d  on top  of  t h e  
c o h e r e n t  h a r d  ox ide  l a y e r  a d j a c e n t  to t he  base  me ta l .  
D u r i n g  the  ca thod ic  v a c u u m  e tch ing  of u r a n i u m  in 
t a n k  a rgon ,  t h in  UO~ fi lms form.  These  fi lms a r e  
f o r m e d  w i t h  t he  (110) p l a n e s  p a r a l l e l  to t he  m e t a l  
subs t r a t e .  

These  obse rva t i ons  sugges t  t h a t  the  f o r m a t i o n  of 
this  d o d e c a h e d r a l  o r i e n t a t i o n  r e su l t s  f r o m  g r o w t h  
of the  ox ide  fi lm in a p r e f e r r e d  d i rec t ion .  The  i n t e r -  
f ac ia l  t e m p e r a t u r e  of the  u r a n i u m  is p r o b a b l y  h igh  
enough  d u r i n g  o x i d a t i o n  to p e r m i t  su r f ace  m i g r a -  
t ion  and  p r e f e r r e d  g r o w t h  of those  ox ide  c r y s t a l l i t e s  
w h i c h  a r e  f a v o r a b l y  o r i en ted .  

Rate Law Involved 

Rate  d a t a  w e r e  o b t a i n e d  in connec t ion  w i t h  the  
o r i e n t a t i o n  of the  oxide .  I t  is s u r p r i s i n g  t h a t  a l oga -  
r i t h m i c  l aw  is fo l lowed.  Doub t l e s s  th is  can  on ly  oc-  
cur  a t  such a h igh  t e m p e r a t u r e  because  of the  low 
p r e s s u r e  of the  ox idan t ,  w a t e r .  

The  change  in w e i g h t  of t he  s p e c i m e n  was  d e t e r -  
m i n e d  f rom t h e  e x t e n s i o n  of a fused  s i l ica  sp i r a l  
spr ing .  By  us ing  t h r e e  spr ings ,  w h i c h  w e r e  each  
ab l e  to s u p p o r t  3 -g  loads  safe ly ,  and  b y  a r r a n g i n g  
t h e m  in t a n d e m ,  a s p r i n g  cons t an t  of 10.84 c m / g  
was  o b t a i n e d  at  r o o m  t e m p e r a t u r e .  A 1 - m g  change  
in w e i g h t  c o r r e s p o n d e d  to a 0 .108-ram ex tens ion ,  
w h i c h  could  be r e a d  eas i ly  w i t h  a c a t h e t o m e t e r .  The  
s p r i n g  cons t an t  was  d e t e r m i n e d  w i t h  t he  f u r n a c e  in 
p lace  and  w i t h  the  spec imen ,  bucke t ,  and  a p o r t i o n  
of t he  sp r ing  at  400~ F o r  e x a m p l e ,  i t  was  found  
tha t  the  hel ix ,  w i t h  t he  b u c k e t  c on t a in ing  a p iece  
of gold,  c ha nge d  in l e n g t h  f r o m  40.950 cm at  r oom 
t e m p e r a t u r e  to 41.150 cm at  400~ m a i n l y  as a r e -  
su l t  of the  change  in the  s p r i n g  cons tan t .  

The  sy s t em was  e v a c u a t e d  and  the  s p e c i m e n  
b r o u g h t  to t e m p e r a t u r e  a n d  e q u i l i b r a t e d  for  a p -  
p r o x i m a t e l y  1 hr.  The  w a t e r  was  a d m i t t e d  to  the  
s y s t e m  by  b r e a k i n g  a sea l ed  a m p o u l e  in t ha t  p o r t i o n  
of t he  sy s t em at  r oom t e m p e r a t u r e .  The  in i t i a l  
c a t h e t o m e t e r  r e a d i n g  was  t a k e n  a p p r o x i m a t e l y  1/2 
ra in  a f t e r  the  r e a c t i o n  c o m m e n c e d .  

The  h i g h - p u r i t y  u r a n i u m  m e t a l  u sed  for  th is  t e s t  
was r o l l e d  to a p p r o x i m a t e l y  0.002 in. t h i c k  shee t  a n d  
annea l ed .  This  a n n e a l e d  shee t  was  cu t  a n d  p o l i s h e d  
t h r o u g h  4 /0  m e t a l l o g r a p h i c  p a p e r .  A n  e x t e n s i o n  of 
0.1 m m  c o r r e s p o n d e d  to a w e i g h t  i nc rea se  of 30.67 
~ g / c m  ~ of the  spec imen .  

T y p i c a l  w e i g h t  changes  w i t h  t ime  a r e  i l l u s t r a t e d  
in Fig.  5 for  two  s e p a r a t e  runs  c o n d u c t e d  at  400~ 

t i I I I J [ l l l  i J r ~ F I  
RUN " i n / /  

I -- OXIDATION OF URANIUM / / A  
AT 400~C iN 5rnrn H20 /I" / 

Eo~OS PRESSURE 
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do? 
I 
bog 

/ A /  RUN 11" 

~o.4 
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[0 50 [00 500 {000 
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Fig. 5. Semi- logari thmic plot of the length of the silica 
helical spring vs. the durat ion of oxidat ion. Data are for two 
separate runs at 400~ 
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and  5 m m  w a t e r  p r e s su re .  A l o g a r i t h m i c  g r o w t h  l a w  
was  o b t a i n e d  w i t h  a f a i r  d e g r e e  of r e p r o d u c i b i l i t y .  

The  o r i e n t a t i o n  of t he  ox ide  was  e x a m i n e d  a f t e r  
r e m o v a l  of the  s a m p l e s  f r o m  the  fu rnace .  The  r a t io s  
L2~,/L111~ w e r e  f o u n d  to be  1.1 for  R u n  II  and  2.15 
for  Run  III .  

Discussion 
S e v e r a l  h y p o t h e s e s  cou ld  be  a d v a n c e d  w h i c h  

w o u l d  af ford  an  e x p l a n a t i o n  for  t he  f o r m a t i o n  of t he  
p l a n a r  t e x t u r e  of the  o v e r g r o w t h .  One  of t he  mos t  
log ica l  e x p l a n a t i o n s  w o u l d  i nvo lve  the  use  of d i s -  
loca t ion  theo ry .  A th in  l a y e r  of ox ide  n e x t  to t he  
m e t a l  is d i s o r g a n i z e d  a n d  is no t  a l i g n e d  e p i t a x i a l l y  
w i t h  the  me ta l .  A f ew  ox ide  g r a i n s  w i l l  con ta in ,  or  
form,  one d i s loca t ion  e m e r g i n g  e s s e n t i a l l y  p e r p e n -  
d i cu l a r  to the  s p e c i m e n  sur face .  Dif fus ion of ions  
a long  th is  d i s loca t ion  w i l l  be  r e l a t i v e l y  r ap id ,  as  has  
been  i n d i c a t e d  b y  the  e x p e r i m e n t s  of T u r n b u l l  and  
Hof fman  (19 ,20)  on the  se l f -d i f fus ion  of s i lve r  
a long  g r a i n  b o u n d a r i e s .  I n w a r d  d i f fus ion  of o x y g e n  
a long  such  d i s loca t ion  "p ipes"  w i l l  i nc rea se  t he  r a t e  
of ox ida t ion .  Thus  ox ide  g ra ins  w i t h  f a v o r a b l y  o r i -  
e n t e d  d i s loca t ions  w i l l  p e n e t r a t e  fas te r .  The  f a v o r e d  
g r a in s  need  h a v e  no a z i m u t h a l  r e l a t i o n  to the  s u b -  
s t ra te .  A t  a l a t e r  s tage,  w h e n  such a g r a i n  has  p e n e -  
t r a t e d  m o r e  d e e p l y  t h a n  most ,  t he  d i f fus ion  r e s i s t -  
ance a long  this  d i s loca t ion  p ipe  w i l l  i n c r e a s e  u n t i l  
i t  is e q u a l  to t h a t  a long  mos t  pa ths .  The  t ip  of t he  
f a v o r a b l y  o r i e n t e d  g r a i n  w i l l  t hen  a d v a n c e  i n w a r d l y  
at  a l m o s t  the  same  r a t e  as does t he  b u l k  of t he  oxide .  
H o w e v e r ,  an  a l t e r n a t i v e  p a t h  l y i n g  p a r t l y  a long  the  
d i s loca t ion  a n d  p a r t l y  p e r p e n d i c u l a r  to i t  has  l o w e r  
res i s tance .  Thus  the  p e n e t r a t i n g  g r a i n  wi l l  s p r e a d  
l a t e r a l l y  n e a r  t he  i n t e r f a c e  and  w i l l  b e c o m e  r o u g h l y  
p y r a m i d a l .  T h e  h igh  t e m p e r a t u r e  in t h e  o x i d e  f i lm 
f rom the  h e a t  of r e a c t i o n  w i l l  f a c i l i t a t e  the  r e c r y s -  
t a l l i z a t i o n  of the  d i s o r g a n i z e d  ox ide  thus  e n l a r g i n g  
the  l a r g e  f a v o r a b l e  gra ins .  E x p e r i m e n t s  to e s t ab l i sh  
the  e s sen t i a l  f e a t u r e s  of th is  e x p l a n a t i o n  a r e  in  
p rogress .  

Two i m p o r t a n t  s tud ies  h a v e  b e e n  r e p o r t e d  r e -  
cent ly .  M i l l e r  and  L a w l e s s  (22) h a v e  o b t a i n e d  e lec -  
t r o n - p h o t o m i c r o g r a p h s  of sp i r a l  g r o w t h  t e r r a c e s  
such as a r e  a s soc ia t ed  w i t h  s c rew d i s loca t ions  on 
Cu,O p o l y h e d r a  f o r m e d  on coppe r  s ing le  c rys ta l s .  A n  
e x p e r i m e n t  b y  Har r i s ,  Bal l ,  and  G w a t h m e y  (5) 
s t r o n g l y  i n d i c a t e d  t h a t  t h e  n u c l e a t i o n  and  f o r m a t i o n  
of Cu~O p o l y h e d r a  was  r e l a t e d  to d i s loca t ions  in  t he  
copper  i tself .  These  p o l y h e d r a  a r e  o r i e n t e d  w i t h  a 
c o m m o n  [110] zone axis  in t he  i n t e r f a c e  as c i t ed  
a b o v e  for  t he  t h i c k  ox ide  f i lms (4, 5) .  W e b b  a n d  
F o r e n g  (23) h a v e  o b s e r v e d  the  f o r m a t i o n  of a-Al~O~ 
w h i s k e r s  and  p l a t e l e t s  d u r i n g  the  o x i d a t i o n  of a l u -  
m i n u m  or  of ALTi  in  w e t  h y d r o g e n  a t  1300~176 
I n v a r i a b l y  t he  w h i s k e r s  w e r e  s ingle  c r y s t a l s  w i t h  
t he  [001] d i r ec t i on  p a r a l l e l  to the  p r i n c i p a l  g r o w t h  
d i rec t ion .  D r a g s d o r f  and  W e b b  (24) h a v e  shown  t h a t  
these  w h i s k e r s  con ta in  sc rew d is loca t ions .  T e r r a c e d  
g r o w t h  s teps  h a v e  b e e n  o b s e r v e d  o p t i c a l l y  on 
a-Al_~O~ p la t e l e t s .  

The  f o r m a t i o n  of  a smoo th  o x i d e  f i lm of u n i f o r m  
th i cknes s  can  no l o n g e r  b e  e n v i s a g e d  as the  p r o p e r  
desc r ip t ion .  The  g r o w t h  and  n u c l e a t i o n  of d i sc re t e  
ox ide  g r a in s  a re  t he  d o m i n a n t  p rocesses  i n i t i a l l y .  
S i m i l a r  p h e n o m e n a  have  been  o b s e r v e d  for  t h e  f o r -  
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m a t i o n  of A g B r  on s i l ve r  b y  N e w m a n  a n d  P a s h l e y  
(25) .  More  w o r k  is n e e d e d  to e l u c i d a t e  t he  ro le  of 
d i s loca t ions  in the  m e t a l  s u b s t r a t e  and  in the  com-  
p o u n d  fo rmed .  

Be l l e  and  L u s t m a n  (9)  h a v e  r e v i e w e d  the  ev i -  
dence  w h i c h  l eads  to the  conc lus ion  t h a t  ionic  m i -  
g r a t i o n  in UO~ occurs  b y  the  d i f fus ion of anions.  The  
f o r m a t i o n  of a n t i - F r e n k e l  de fec t s  ( i n t e r c h a n g e  b e -  
t w e e n  an  an ion  in  i ts  sub l a t t i c e  w i t h  a v a c a n t  i n t e r -  
s t i t i a l  s i te )  c o n t r i b u t e s  to the  h i g h e r  m o b i l i t y  of 
an ions  in the  f luor i te  l a t t i ce  as Ure  (21) has  shown  
for  d o p e d  CaF~. Because  of th is  an ion  diffusion,  the  
d i o x i d e  g rows  i n w a r d  d u r i n g  the  o x i d a t i o n  of u r a -  
n i u m  l e a v i n g  super f i c ia l  m a r k e r s  una f fec t ed  on the  
o r ig ina l  surface .  Thus  e x t e r n a l  g r o w t h  p a t t e r n s  a r e  
no t  a n t i c i p a t e d  in the  UO~. 

Conclusion 
I t  has  been  shown  tha t  u r a n i u m  d i o x i d e  f o r m e d  

b y  t h e  r e a c t i o n  of u r a n i u m  w i t h  w a t e r  v a p o r  at  
m o d e r a t e  t e m p e r a t u r e s  occurs  w i t h  a d i s t i nc t i ve  
g r o w t h  habi t .  The  (110) p l a n e s  of the  d iox i de  l ie  
p a r a l l e l  to t he  su r face  of t he  p o l y c r y s t a l l i n e  u r a -  
n i u m  subs t r a t e .  No ev idence  was  found  for  an  ep i -  
t a x i a l  r e l a t i o n  b e t w e e n  the  m e t a l  and  the  oxide .  A l -  
t h o u g h  p r e f o r m e d  d i o x i d e  f i lms h a v i n g  a (100) 
p l a n a r  t e x t u r e  w e r e  deve loped ,  s u b s e q u e n t  o x i d a -  
t ion  y i e l d e d  the  (110) t e x t u r e .  

The  f o r m a t i o n  of the  d o d e c a h e d r a l  t e x t u r e  is u n -  
c o m m o n  in n a t u r a l l y  occu r r i ng  c rys t a l s  or  in  v a p o r  
depos i t ion .  T h e  p l a n a r  t e x t u r e  is e x p l a i n e d  on the  
bas is  of r e c r y s t a l l i z a t i o n  of the  ox ide  a n d  p r e f e r e n -  
t i a l  g r o w t h  of ox ide  g r a in s  c o n t a i n i n g  f a v o r a b l y  
o r i e n t e d  d is loca t ions .  
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Kinetics of the Uranium-Steam Reaction 
B. E. Hopkinson I 

Atomic Energy Research Establishment, Harwell, England 

ABSTRACT 

Reaction rates of unal loyed u r a n i um with super heated steam at 160 ~ 
1400~ and 1 atm pressure have been determined by a thermogravimetr ic  
method. Up to 880~ the reaction follows a l inear  rate law with m a x i m u m  rates 
at approximately 300 ~ and 750~ Above 880~ a parabolic rate law applies for 
the first 60-120 min, after which corrosion is l inear;  the oxide formed in the 
initial period gives protection to the under ly ing  metal, and the subsequent  
l inear  rate is as low as that  at about 200~ X - r a y  diffraction of the reaction 
product indicated that u r an iu m dioxide was formed over almost the whole 
tempera ture  range. 

P rev ious  q u a n t i t a t i v e  w o r k  on this reac t ion  has 
been  confined to t e m p e r a t u r e s  be low 600~ The  
ear l ies t  inves t iga t ions  (1) r epor ted  u r a n i u m  to be 
a t tacked  r ap id ly  by  s t eam f rom 150 ~ to 400~ wi th  a 
reac t ion  p roduc t  of u r a n i u m  dioxide at the lower  
t e m p e r a t u r e s ;  this  changed  to U~O8 on r ise of t e m -  
p e r a t u r e  un t i l  at 400~ U308 cons t i tu ted  abou t  92% 
of the to ta l  oxide produced.  Other  worke r s  (2) found  
tha t  s team reac ted  r ap id ly  w i th  u r a n i u m  t u r n i n g s  
at  250~ to give a m i x t u r e  of u r a n i u m  dioxide  and  
u r a n i u m  hydr ide ,  b u t  at 600 ~ and  1000~ only  u r a -  
n i u m  dioxide  and  h y d r o g e n  were  fo rmed ;  no U~O~ 
was repor ted  a t  any  t empe ra tu r e .  

Hudd le  (3) gave some e x p e r i m e n t a l  da ta  up to 
600~ and  also assessed the  k ine t ic  possibi l i t ies  at 
h igher  t empera tu res ,  conc lud ing  tha t  the  u r a n i u m  
dioxide  fo rmed  wou ld  be sufficiently pro tec t ive  to 
give a low reac t ion  rate.  The reac t ion  ra tes  ob ta ined  
here  ind ica te  tha t  the  u r a n i u m  oxide does in  fact 
t end  to be pro tec t ive  at h igh  t empera tu re s .  

Experimental 
Materials 

Uran ium. - -Two  different  sizes of u r a n i u m  speci-  
m e n s  were  used. The  first, of r e c t a n g u l a r  shape, was  

1 P r e s e n t  addres s :  Resea rch  L a b o r a t o r y ,  The  I n t e r n a t i o n a l  N icke l  
C o m p a n y ,  Inc. ,  Bayonne ,  N. J.  

sat is factory  at low t e m p e r a t u r e s  bu t  oxidized com- 
p le te ly  in  a few m i n u t e s  at 750~ It  was  therefore  
replaced  by  a l a rger  cy l indr i ca l  sample  for expe r i -  
men t s  above 600~ 

The r e c t a n g u l a r  spec imens  weighed  abou t  6.5 g 
and  were  a p p r o x i m a t e l y  1.3 x 1.9 x 0.15 cm (surface  
area  5.7 cm-~ They  were  fabr ica ted  b y  ro l l ing  as- 
cast Springfie lds  u r a n i u m  into  a sheet  at  450~ and  
p u n c h i n g  out  to size. The cy l inders  we ighed  30 g and  
were  a p p r o x i m a t e l y  1.26 cm in  d i ame te r  a nd  1.27 
cm in  height .  They  were  cu t  f rom a ba r  of cast  u r a -  
n i u m  and  m a c h i n e d  to the  a p p r o x i m a t e  d imens ions .  
Before the e x p e r i m e n t  each spec imen was  pol ished 
to 00 e me r y  pape r  u n d e r  oil, degreased  in  acetone,  
and  stood for 12 hr  in  a desiccator  over  ca lc ium 
chloride.  

S t e a m . - - S t e a m  was ob ta ined  f rom a m a i n  supply,  
the l ine  p ressure  be ing  reduced  by  a va lve  which  
m a i n t a i n e d  the p ressure  ins ide  the reac t ion  c h a m b e r  
s l ight ly  above one a tmosphere .  

Argon . - -Argon  was used to provide  an  ine r t  a t -  
mosphere  w h e n  p r e h e a t i n g  the  spec imen  to reac t ion  
t empera tu re .  It  was  pur i f ied f rom oxygen  a nd  n i t r o -  
gen by  pass ing over  ca lc ium t u r n i n g s  at  600~ fol-  
lowed by  b u b b l i n g  th rough  N a / K  al loy at  room t e m -  
pe ra tu re .  
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Procedure 

The  r e a c t i o n  r a t e  was  fo l l owed  b y  con t inuous  
w e i g h i n g  of the  s p e c i m e n  on a modi f i ed  t h e r m o b a l -  
ance.  The  a p p a r a t u s  w a s  as d e s c r i b e d  b y  K u b a -  
s c h e w s k i  and  Hopk ins  (4)  excep t  for  t he  p r o v i s i o n  of 
a h e a t e r  to p r e v e n t  c o n d e n s a t i o n  of s t e a m  on t h e  
p l a t i n u m  suspens ion  w i r e  w h e r e  i t  e m e r g e d  f rom 
the  r e a c t i o n  c h a m b e r .  

A p l a t i n u m  or  n i c h r o m e  w o u n d  f u r n a c e  m a i n -  
t a i n e d  the  s p e c i m e n  t e m p e r a t u r e ,  w h i c h  was  m e a s -  
u r e d  b y  a c h r o m e l / a l u m e l  or  p l a t i n u m / p l a t i n u m  
r h o d i u m  t h e r m o c o u p l e  p l a c e d  a d j a c e n t  to t he  spec i -  
m e n  in a s i l ica  "pocke t . "  The  t h e r m o c o u p l e  m e a s u r e d  
the  t e m p e r a t u r e  of the  gas  s t r e am,  w h i c h  m a y  be  
l o w e r  t h a n  t ha t  of the  s p e c i m e n  b y  an  a m o u n t  d e -  
p e n d i n g  on the  d e g r e e  of s e l f - h e a t i n g .  This  s e l f -  
hea t ing ,  due  to t he  e x o t h e r m i c  n a t u r e  of t he  r e a c -  
t ion,  is u n a v o i d a b l e .  A t  350~ i t  can  be  as l a r g e  as  
150~ (3)  b u t  a b o v e  880~ w h e n  the  p r o t e c t i v e  
ox ide  scale  has  fo rmed ,  t h e  h e a t  of r e a c t i o n  is no t  
l i k e l y  to c o n t r i b u t e  m a t e r i a l l y  to the  s p e c i m e n  t e m -  
p e r a t u r e  w h e n  c o m p a r e d  w i t h  t he  e x t e r n a l  hea t  i n -  
put .  T h e  a c t u a l  t e m p e r a t u r e  f luc tua t ions  r e c o r d e d  
w e r e  b e t w e e n  10 ~ a n d  40~ for  each  e x p e r i m e n t a l  
run .  

W h e n  c a r r y i n g  out  t h e  e x p e r i m e n t ,  t he  fu rnace ,  
a rgon  pur i f ie r ,  and  h e a t i n g  t a p e s  w e r e  b r o u g h t  up  to 
the  a p p r o p r i a t e  t e m p e r a t u r e ,  the  s p e c i m e n  p l a c e d  in  
t he  fused  s i l ica  r e a c t i o n  c h a m b e r ,  a n d  a r g o n  f lushed 
th rough .  A f t e r  e l e v a t i n g  the  f u r n a c e  to a pos i t i on  
a r o u n d  the  s p e c i m e n  a n d  p r e h e a t i n g  in a flow of 

Table I. Rates of reaction over the temperature range 160~176 

V a l u e  of  i n d e x  n in  
L i n e a r  r e a c t i o n  t h e  e q u a t i o n  y = k tn  

A v e r a g e  r a t e  as  w e i g h t  a p p l i e d  to f i r s t  60-120 
t e m p ,  ~ g a i n  in  m g / c m 2 / m l n  m i n  of  r e a c t i o n  

160 0.02 
200 0.1, 0.1, 0.08 
230 0.3, 0.3, 1.6 
250 0.9, 1,6, 1.6 
270 1.7, 1.9, 1.9 
300 2.0, 2.4, 2.7 
330 2.1 
350 1.6 
370 1.9 
380 1.6 
400 1.8 
420 1.2, 1.8, 1.4 
450 1.1, 1.7 
500 0.9, 1.0, 1.3 
520 1.0, 0.6 
550 0.7, 1.0, 0.8, 1.1 
600 1.5, 1.7, 1.3 
650 1.4, 1.5 
700 1.3, 6 
730 6 
780 4 
820 3 
840 3 
880 0.2 
890 0.3 
930 0.3 
970 0.3, 0.2 

1000 0.2, 0.3 
1020 0.2, 0.3 
1060 0.3 
1200 3.8 
1400 4.8 

0.52 
0.46 
0.46 
0.50 
0.42 
0.50 
0.49 

a r g o n  to the  r e q u i r e d  t e m p e r a t u r e  for  a b o u t  30 min ,  
s t e a m  was  a d m i t t e d  a t  r o u g h l y  2 1 /min.  W e i g h t  in -  
c reases  w e r e  r e c o r d e d  at  a p p r o p r i a t e  t i m e  i n t e rva l s .  
A f t e r  t he  r e q u i r e d  per iod ,  t h e  s t e a m  flow was  
s t oppe d  and  the  s p e c i m e n  cooled  in a r g o n  be fo re  r e -  
mova l .  In  n e a r l y  a l l  e x p e r i m e n t s  t he  s p e c i m e n  
showed  a s m a l l  w e i g h t  i nc rea se  w h e n  b e i n g  p r e -  
hea t ed ,  and  th is  was  a t t r i b u t e d  to i m p u r i t i e s  s t i l l  r e -  
m a i n i n g  in the  a rgon  a f t e r  pur i f ica t ion .  

The  spec imens  w e r e  a l w a y s  enc losed  in a b a s k e t  of 
p l a t i n u m  gauze  (52 m e s h )  to r e t a i n  o x i d e  t ha t  fe l l  
a w a y  f rom the  m e t a l ;  t he  b a s k e t  in t u r n  was  sus -  
p e n d e d  f rom the  ba lance .  

Results 

The  r a t e s  of cor ros ion ,  i.e., t he  s lope  of t h e  curves ,  
a r e  d e t a i l e d  in T a b l e  I. U s u a l l y  s e v e r a l  va lue s  of t he  
r e a c t i o n  r a t e  w e r e  d e t e r m i n e d  at  each  t e m p e r a t u r e  
b y  i n d e p e n d e n t  e x p e r i m e n t s .  

The  s c a t t e r  of r a t e s  s h o w n  in th is  t a b l e  m a y  be  
due  p a r t l y  to l a c k  of con t ro l  of t e m p e r a t u r e  because  
of s e l f - h e a t i n g  and  p a r t l y  to o t h e r  v a r i a t i o n s  in  the  
e x p e r i m e n t a l  condi t ions ,  e. g., t r aces  of o x y g e n  in 
t he  s t e a m  supp ly .  

The  b e h a v i o r  of sol id  u r a n i u m  in s t e a m  f r o m  160 ~ 
to 880~ is r e p r e s e n t e d  b y  a l i n e a r  r e l a t i o n s h i p  b e -  
t w e e n  w e i g h t  i nc rea se  a n d  t ime ;  an  e x c e p t i o n  is a t  
230~ F i g u r e s  l ( a )  and  l ( b )  show t y p i c a l  cu rves  
for  th is  p a r t  of t he  t e m p e r a t u r e  r a n g e  

F r o m  880 ~ to 1060~ the  cu rves  [Fig .  l ( c ) ]  a r e  
i n i t i a l l y  p a r a b o l i c  c h a n g i n g  to l i n e a r  a f t e r  t i m e s  
r a n g i n g  f rom 60 to 120 min.  The  l i n e a r  r a t e s  a r e  d e -  
t a i l e d  in  T a b l e  I. The  p a r a b o l i c  or  n e a r - p a r a b o l i c  
n a t u r e  of t he  i n i t i a l  p a r t  of t he  c u r v e  was  s h o w n  b y  
the  s lope  of a l o g - l o g  p lo t  of w e i g h t  i n c r e a s e  p e r  
un i t  a r e a  (y )  a g a i n s t  t ime  ( t ) .  This  s lope  shou ld  
i d e a l l y  be  0.50. A c t u a l  v a l u e s  a r e  r e p o r t e d  in  T a b l e  
I, c o l u m n  3. 

Two e x p e r i m e n t s  w e r e  c a r r i e d  ou t  w i t h  m o l t e n  
u r a n i u m .  F i g u r e  2 shows  t h a t  a t  a b o u t  1200 ~ a n d  
1400~ the  r a t e  fe l l  i n i t i a l l y  w i t h  t i m e  to a s t e a d y  
v a l u e  of 4-5 m g / c m V m i n .  Some  d i f fe rence  in  t he  
f o r m  of t he  two  o x i d a t i o n  cu rves  was  ev iden t .  

F i g u r e  3 shows  the  l i n e a r  r e a c t i o n  r a t e  of each  
s p e c i m e n  p l o t t e d  a ga in s t  t he  t e m p e r a t u r e  of the  e x -  
p e r i m e n t .  

Other observat ions . - -The p h y s i c a l  n a t u r e  of t h e  
r e a c t i o n  p r o d u c t  v a r i e d  w i t h  the  t e m p e r a t u r e  of ox i -  
da t ion .  Be low 500~ the  ox ide  was  a v o l u m i n o u s  fine 
p o w d e r ,  b u t  a b o v e  th is  t e m p e r a t u r e  l a r g e r  p a r t i c l e s  
b e g a n  to a ppe a r .  A b o v e  880~ the  ox ide  f o r m e d  a 
c o m p l e t e  shel l ,  w h i c h  a d h e r e d  to t he  u r a n i u m  and  
r e m a i n e d  i n t ac t  on cool ing  t h e  s p e c i m e n  to room 
t e m p e r a t u r e .  W h e n  cold, th is  she l l  cou ld  be  s t r i p p e d  
off eas i ly .  F i g u r e  4 shows  t y p i c a l  changes  in the  r e -  
ac t ion  p r o d u c t  w i t h  t e m p e r a t u r e .  The  b u l k  dens i t i e s  
of the  ox ide  p r o d u c e d  a t  h i g h e r  t e m p e r a t u r e s  w e r e  
m e a s u r e d  b y  w e i g h i n g  in a i r  a n d  w a t e r  and  a re  
g iven  in  T a b l e  II .  

The  r e a c t i o n  p r o d u c t s  ove r  t he  t e m p e r a t u r e  r a n g e  
200~176 w e r e  e x a m i n e d  b y  x - r a y  d i f f rac t ion .  
A l l  t he  s a mp le s  gave  a u r a n i u m  d i o x i d e  t y p e  p a t t e r n  
excep t  one at  300~ w h i c h  a p p e a r e d  to be  U308; th is  
does  no t  i m p l y  a s t o i ch iome t r i c  compos i t i on  of UO~ 0 
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Fig. 1 (a). Uranium in steam 160~176 Plot of weight 
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Fig. 1 (b). Uranium in steam 650~176 Plot of weight  
increase (mg/cm 2) V time (rain). 
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Fig. I (c). Uranium in steam 880~176 Plot of weight 
increase (mg/cm 2) V time (rain). 

b u t  is typica l  of composi t ions  b e t w e e n  UO~ o (a-UO~) 
a n d  UO~,  (B-UO2). 

Three  spec imens  which  had  been  exposed to s t eam 
at 200 ~ 930 ~ and  1060~ were  e x a m i n e d  m e t a l l o -  
graphica l ly .  The 930 ~ and  1060~ spec imens  showed 
s imi la r  charac ter is t ics  and  are cons idered  together .  
The  oute r  l ayer  of oxide, about  1 m m  thick,  had  
flaked off, b u t  an  a d h e r e n t  coat ing a p p r o x i m a t e l y  5F 
th ick  r ema ined .  No ev idence  of p r e f e r e n t i a l  g ra in  
b o u n d a r y  a t tack  was  observed,  and  inc lus ions  or igi -  
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Fig. 2. Molten uramum in steam. Approximate surface area 
of molten uranium exposed to steam = 0.9 cm 2. 

na l l y  in  the u r a n i u m  appeared  u n c h a n g e d  in  the  
oxide. These inc lus ions  were  though t  to be u r a n i u m  
monoca rb ide  since they  e tched b lack  in  a m i x t u r e  
of equa l  par ts  of n i t r i c  acid and  water .  Af t e r  cor-  
rosion, inc lus ions  of a n e w  type  were  p re sen t  in  
add i t ion  to the  carbide.  These consis ted of l ight  
b r o w n  areas (Fig. 5) gene ra l l y  s e r p e n t - l i k e  in  shape 
at  g ra in  b o u n d a r i e s  and  a lmos t  i n v a r i a b l y  c o n t a i n -  
ing a sp ine  of small ,  dark,  f a i r ly  equ iaxed  inclus ions .  
The b r o w n  inc lus ions  occupied about  0.25 vol  % of 
t h e  m a t e r i a l  and  were  more  n u m e r o u s  in  the  cen te r  
t h a n  the per iphery .  Mogard  and  Cabane  (5) ind ica te  
t ha t  this type  of inc lus ion  is u r a n i u m  hydr ide .  The  
so lub i l i ty  of h y d r o g e n  in  ~ , -u ran ium is 15-17 p p m  
bu t  is less t h a n  2 p p m  in  a - u r a n i u m  (6) .  S ince  0.25 
vol % of u r a n i u m  hydr ide  corresponds  to 18 p p m  of 
hydrogen ,  it  appears  tha t  d u r i n g  corrosion w i th  
s team the u r a n i u m  becomes sa tu ra t ed  w i th  hyd rogen  
which  prec ip i ta tes  on cooling. 

E x a m i n a t i o n  of the spec imen  corroded at  200~ 
showed no such hydr ide .  Except  for a few la rge  
fissures, a t tack  was fa i r ly  un i fo rm,  and  no t race of 
p re fe ren t i a l  a t tack  a long the  g ra in  b o u n d a r i e s  was 
found.  The fissures r an  pa ra l l e l  to s t r ings  of u r a -  
n i u m  carbide  inclusions ,  bu t  the carb ide  con ten t  in  
the reg ion  of the fissures did not  appear  above ave r -  
age. U r a n i u m  hydr ide  was found  n e a r  the  t ips of the 
fissures, e i ther  a long the s t r ingers  of carb ide  i nc lu -  
sions or as needles  at an angle  to the fissure (Fig. 6). 

D i s c u s s i o n  

F r o m  the resul t s  ob ta ined  on solid spec imens  two 
ox ida t ion  m a x i m a  are observed  at a p p r o x i m a t e l y  
300 ~ and  750~ wi th  two m i n i m u m  at  abou t  550 ~ 
and  f rom 800~176 

It is possible  to exp la in  the  first m a x i m u m  at 
300~ by  cons ider ing  the ra te  of va r i a t i on  of u r a -  
n i u m  hydr ide  fo rma t ion  w i th  t empera tu re .  U r a n i u m  
hydr ide  is u n s t a b l e  above 433~ u n d e r  1 a t m  pa r t i a l  
p ressure  of hydrogen ,  and  the  ra te  of reac t ion  be -  

Table II. Bulk densities of the oxide scales formed above 880~ 

T e m p e r a t u r e  of Scale th ickness ,  
format ion ,  ~ cm Dens i ty  g / cc  

970 0.07 10.95 
1000 0.11 11.00 
1020 0.14 10.97 
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Fig. 3. Plot of reaction rote (mg/cm2/min)  V temperature 
(~ 

Fig. 5. Hydride precipitate in specimen af ter  exposure to 
steam at 1060~ and cooled to room temperature. Magni f ica-  
t ion 1200X. 

Fig. 6. Tip of fissure in uranium corroded at  200~ Mag-  
ni f icat ion 312X.  

Fig. 4. Photograph of uranium specimens before and af ter  
corrosion in steam: (o) rectangular specimen before corrosion; 
(b) cyl indrical specimen before corrosion; (c) specimen af ter  
exposure to steam at 200~  for 63~ hr; (d) specimen af ter  
exposure to steam at 300~ for 3/4 hr; (e) specimen af ter  ex- 
posure to steam at 500~ for 1 hr, 40 rain; (f) specimen af ter  
exposure to steam at 700~ for 20 rain; (g) specimen af ter  
exposure to steam at 840~ for 1 hr, 20 rain; (h) specimen 
af ter  exposure to steam at 1000~ for 6 hr. 

t w e e n  u r a n i u m  and  gaseous  h y d r o g e n  r e a c h e s  a 
m a x i m u m  at 225~176 I t  has  b e e n  r e p o r t e d  (7)  
t ha t  b e l o w  450~ u r a n i u m  reac t s  w i t h  s t e a m  to g ive  
a m i x t u r e  of h y d r i d e  and  o x i d e  a c c o r d i n g  to the  
e q u a t i o n  

U + H20 -> UH~ + UO~ 

and  t h a t  t he  u r a n i u m  h y d r i d e  r eac t s  s l owly  (8)  
w i t h  m o r e  s t e a m  to g ive  u r a n i u m  d iox ide .  The re fo re ,  
r e a c t i o n  b e l o w  450~ shou ld  y i e l d  a m i x t u r e  of u r a -  
n i u m  h y d r i d e  and  u r a n i u m  d iox ide ,  2 the  l a t t e r  p r e -  
d o m i n a t i n g ,  as conf i rmed  b y  m e t a l l o g r a p h i c  e x a m i -  
n a t i o n  of a s p e c i m e n  c o r r o d e d  a t  200~ I t  is p r o b -  
a b l y  jus t i f i ed  to i n fe r  t h e r e f o r e  t h a t  t h e  m a x i m u m  
o x i d a t i o n  r a t e  of u r a n i u m  b y  s t e a m  a t  300~ is d e -  
t e r m i n e d  b y  the  v a r i a t i o n  of t he  r a t e  of u r a n i u m  
h y d r i d e  f o r m a t i o n  w i t h  t e m p e r a t u r e .  

A b o v e  500~ h y d r i d e  f o r m a t i o n  is i m p r o b a b l e  
and  the  r e a c t i o n  m a y  be  w r i t t e n  

U + H~O -~ UO_~ + Ha 

the hydrogen being evolved as a gas or dissolving in 
the metallic uranium. In the temperature region 
above 500~ the cohesive properties of the oxide be- 
come important as a rate-determining factor. Up to 
500~ the reaction product is in the form of a fine 

I t  is  n o t  c l e a r  w h e t h e r  t h e  U~O8 f o u n d  a t  300~ is  a d e f i n i t e  r e -  
a c t i o n  p r o d u c t  (1) or  r e s u l t s  f r o m  a i r  o x i d a t i o n  of  u r a n i u m  d i o x i d e  
o r  u r a n i u m  h y d r i d e  a f t e r  r e m o v a l  f r o m  t h e  a p p a r a t u s .  

p o w d e r ,  b u t  a b o v e  500~ g r a n u l a r  p a r t i c l e s  a r e  
fo rmed .  N o r m a l  s i n t e r i n g  of u r a n i u m  d i o x i d e  occurs  
at  a b o u t  1300~ (0.6 T m ) ,  b u t  i t  has  been  sugges t ed  
t h a t  t h e  p r e s e n c e  of s t e a m  enhances  t he  s i n t e r i n g  
c h a r a c t e r i s t i c s  of u r a n i u m  d i o x i d e  (9) .  Also ,  an  o x -  
ide  f i lm g r o w i n g  on the  m e t a l  m a y  b e h a v e  d i f f e r -  
e n t l y  f r o m  d i sc r e t e  ox ide  pa r t i c l e s .  The  h igh  r e a c -  
t ion  r a t e s  o b s e r v e d  in  p a r t  of th is  t e m p e r a t u r e  range ,  
i.e., 700~176 m a y  r e s u l t  f r o m  the  i n c r e a s e d  s u r -  
face  a r e a  caused  b y  the  s p e c i m e n  s p l a y i n g  ou t  a t  the  
top  a n d  b o t t o m  d u r i n g  ox ida t ion .  W h y  th is  occurs  
o n l y  b e t w e e n  700 ~ to 880~ is no t  c lear ,  b u t  i t  m a y  
be  t h a t  a t  these  t e m p e r a t u r e s  the  o x i d e  does not  
s i n t e r  suff ic ient ly  to p ro t ec t  the  u r a n i u m  comple t e ly ,  
and  t h a t  t he  s t resses  d e v e l o p e d  as t he  scale  g rows  
p r o v e  too m u c h  for  c o n t i n u e d  cohesion,  r e s u l t i n g  in 
b r e a k d o w n  and  h igh  o x i d a t i o n  ra te .  I t  was  n o t e d  t h a t  
an  i n d u c t i o n  p e r i o d  of up  to 20 min  o c c u r r e d  in e x -  
p e r i m e n t s  b e t w e n  650 ~ and  840~ b e f o r e  the  r e a c -  
t ion  r a t e  i n c r e a s e d  to a h igh  va lue .  This  m a y  i n d i -  
ca te  a change  in m e c h a n i s m  but ,  s ince  t he  size of t he  
s p e c i m e n  h a d  to be  i n c r e a s e d  to w o r k  in  th i s  reg ion ,  
th is  also m a y  h a v e  in f luenced  the  a p p e a r a n c e  of an  
i n d u c t i o n  per iod .  

I t  is above  880~ t h a t  the  mos t  s ign i f ican t  c h a n g e  
in t he  r a t e  of t he  r e a c t i o n  occurs .  A b o v e  th i s  t e m p e r -  
a t u r e  a h a r d  c o m p a c t  scale  forms,  the  d e n s i t y  l y -  
ing  b e t w e e n  10.95 and  11.00 g / c c  w h i c h  c o m p a r e s  
we l l  w i t h  t h e o r e t i c a l  va lue s  f rom l a t t i c e  p a r a m e t e r s  
g iven  b y  G r S n v o l d  (10) viz.,  10.954 g / c c  for  UO.o.r 
and  11.297 g / c c  for  UO ... .  

The  r e su l t s  f r o m  880 ~ to 1060~ show l a r g e  in i t i a l  
w e i g h t  ga ins  i nc r ea s ing  r o u g h l y  acco rd ing  to a p a r a -  
bol ic  l aw.  A f t e r  60-120 m i n  h o w e v e r ,  a c h a n g e  occurs  
and  the  w e i g h t  i n c r e a s e  becomes  l i n e a r  w i t h  t ime  
and  con t inues  l i n e a r  for  t he  r e s t  of t h e  e x p e r i m e n t .  

T h e  r a t e  in  t h e  l i n e a r  r a n g e  is b e t w e e n  0.2 a n d  0.3 
m g / c m 2 / m i n  ove r  the  t e m p e r a t u r e  r a n g e  880 ~ 
1060~ T h e r e f o r e  once an  ox ide  f i lm has  been  
fo rmed ,  t he  r e a c t i o n  r a t e  b e t w e e n  u r a n i u m  a n d  
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s team is sma l l e r  above 880~ t h a n  at a n y  lower  t e m -  
p e r a t u r e  d o w n  to abou t  200~ 

To exp la in  this, the  two ra te  laws which  cha rac -  
ter ize the  reac t ion  m a y  be discussed briefly. 

(A)  The  parabol ic  r a t e  l aw can be expressed  as 
y = k t  1/'' a n d  t r a d i t i o n a l l y  is de r ived  f rom the  diffu-  
sion of r eac tan t s  t h rough  the  oxide as the r a t e - d e -  
t e r m i n i n g  step. 

(B) The  l i nea r  law y = k t  can  be ascr ibed  to 
ox ida t ion  of me t a l  by  the  fo l lowing  two mechans i ms :  
(i) w h e n  the r a t e - c o n t r o l l i n g  step is a surface  re -  
act ion at one of the in ter faces ;  ( i i)  if the ra te  is 
cont ro l led  by  diffusion th rough  an  oxide l ayer  of 
cons tan t  thickness.  

The  change  f rom parabo l i c  to l i nea r  ox ida t ion  wi th  
t ime  at cons tan t  t e m p e r a t u r e  has b e e n  r epor t ed  for a 
n u m b e r  of reac t ions  (11-16) .  

To exp la in  the change  f rom a parabol ic  to l i nea r  
ox ida t ion  ra te  th ree  m e c h a n s i m s  m a y  be considered.  
Firs t ,  the hea t  of ox ida t ion  could resu l t  in  s e l f -hea t -  
ing  of the specimen,  t h e r e b y  inc reas ing  the t e m p e r -  
a tu re  and  ra te  of oxidat ion.  Second, if the sur face  
a rea  changes  as ox ida t ion  proceeds (i.e., a decrease  
in  roughness )  this m a y  cause a change  in  the ox ida-  
t ion  rate.  Davies  and  B i r chena l l  (13) exp la ined  the  
in i t i a l  pa rabo l ic  ox ida t ion  of t i t a n i u m  in  oxygen  as 
be ing  due to a change  of surface  area  as ox ida t ion  
proceeded,  the  ove r - a l l  r a t e - c o n t r o l l i n g  stage be ing  
the  in te r face  reac t ion  of oxygen  and  t i t a n i u m  oxide. 
Third ,  the re  is the  idea of a "ba r r i e r  f i lm" of con-  
s t an t  th ickness  con t ro l l ing  the ra te  of oxidat ion .  This  
m e c h a n i s m  has been  used  to exp la in  the  m a j o r i t y  
of t r ans i t i ons  f rom parabol ic  to l i n e a r - t y p e  ra te  
laws.  

A m e c h a n i s m  invo lv ing  cont ro l  by  an  oxide l ayer  
of cons tan t  th ickness  appears  to serve the  facts of 
the  u r a n i u m - s t e a m  reac t ion  above 880~ and  is pu t  
f o rwa rd  to exp la in  these resul ts .  

The ac tua l  diffusing species t h rough  the  oxide 
l ayer  is p r o b a b l y  anionic.  The p resence  of u r a n i u m  
hydr ide  in  the  me t a l  a f ter  corrosion at  h igh  t e m p e r a -  
tu res  in  s t eam indica tes  tha t  h y d r o g e n  e i ther  as 
molecu la r  hydrogen ,  protons ,  or h y d r o x y l  ions is 
ab le  to p e n e t r a t e  to the u r a n i u m  in  some way.  One 
sugges t ion  (3) is tha t  wa t e r  vapor  is first chemi -  
sorbed on the  u r a n i u m  dioxide at  the o x i d e / s t e a m  
interface .  The  chemisorbed  complex  t h e n  produces  
h y d r o x y l  ions, which  are f u r t h e r  reduced  at  the  
m e t a l / o x i d e  in terface ,  the  h y d r o g e n  dissolv ing in  the  
metal .  The h y d r o g e n  is p rec ip i t a ted  as hyd r ide  in  the  
g ra in  b o u n d a r i e s  w h e n  the  spec imen  is cooled w i t h i n  
the  hyd r ide  fo rma t ion  range.  

Conclusions 
The ra te  of a t tack  of u r a n i u m  by  s team var ies  w i th  

t e m p e r a t u r e  over  the r ange  160~176 a nd  two 
m a x i m a  are ob ta ined  at  abou t  300 ~ and  750~ 
A b o v e  880~ however ,  a p ro tec t ive  scale is formed,  
due to coalescence of the oxide. Once this  scale has 
been  p roduced  the rates  of ox ida t ion  above 880~ 
are smal le r  t h a n  those found  b e t w e e n  200 ~ and  
880~ 

F r o m  the resu l t s  g iven  the  t r e n d  of the  reac t ion  
has been  indicated,  bu t  f u r t h e r  work  wi l l  be needed  
to confirm the t rue  r a t e - c o n t r o l l i n g  m e c h a n i s m s  over  
the  whole  t e m p e r a t u r e  range.  
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ABSTRACT 

The ta rn ish ing  of s i lver  in ha logen vapors,  pa r t i cu l a r ly  iodine vapor,  has  
been s tudied  as a funct ion of reac t ion  t empera tu re ,  ha logen pressure ,  s i lver  
pur i ty ,  and  concentra t ion of fore ign vapors  in the  ha logen a tmosphere  for  r e -  
act ion t imes  up to severa l  hours.  The reac t ion  t e m p e r a t u r e  range  s tudied was 
25~176 for  react ions  in iodine and up to 200 ~ in b romine  and chlorine.  In  
pure  halogen vapor  the  react ions  fol low the fami l i a r  pa rabo l ic  r a t e  express ion 
and are  p ropor t iona l  to the square  root  of the  halogen pressure .  In  the presence 
of smal l  pa r t i a l  pressures  of w a t e r  or carbon te t rach lor ide  vapor,  however ,  the  
ta rn ish ing  ra te  is suppressed and is independen t  of the  ta rn i sh  film thickness.  

The  t a r n i s h i n g  of s i lve r  in h a l o g e n  a t m o s p h e r e s  
has  been  d e s c r i b e d  b y  s e v e r a l  i n v e s t i g a t o r s  u s ing  
v a r i o u s  t e chn iques  ( 1 - 4 ) .  S ince  t h e  p u b l i s h i n g  of 
W a g n e r ' s  t h e o r y  of  t he  m e c h a n i s m  of these  r e a c t i o n s  
(1, 5) ,  h o w e v e r ,  v e r y  l i t t l e  w o r k  has  been  done  on 
the  t a r n i s h i n g  of u n d o p e d  s i lve r  in  h a l o g e n  v a p o r ,  
and ,  in  p a r t i c u l a r ,  t h e r e  has  been  no  e v a l u a t i o n  of t he  
ro le  p l a y e d  b y  fo r e ign  gases  in  t he  h a l o g e n  a t m o s -  
phere .  N e i t h e r  has  t h e r e  been  a n y  e x t e n s i v e  s t u d y  
of t he se  t a r n i s h i n g  r e a c t i o n s  in  t he  t e m p e r a t u r e  
r a n g e  25~176 This  r a n g e  of r e a c t i o n  t e m p e r a t u r e  
has  been  e x a m i n e d  in th is  l a b o r a t o r y  for  t he  s i l v e r -  
iod ine  s y s t e m  for  s i lve r  s amp le s  of d i f fe r ing  p u r i t y  
a n d  for  p u r e  iod ine  a t m o s p h e r e s  and  iod ine  a t m o s -  
p h e r e s  c o n t a i n i n g  w a t e r  v a p o r  or  c a r b o n  t e t r a c h l o -  
r ide  vapo r .  E x p l o r a t o r y  e x p e r i m e n t s  h a v e  also been  
m a d e  on the  effect  of w a t e r  v a p o r  and  c a r b o n  t e t r a -  
ch lo r ide  v a p o r  on the  t a r n i s h i n g  r a t e  of s i lve r  in 
b r o m i n e  a n d  ch lo r ine  a t m o s p h e r e s .  

P r e v i o u s  p u b l i c a t i o n s  in  th is  f ield a re  in  a g r e e -  
m e n t  t h a t  t he  h i g h - t e m p e r a t u r e  t a r n i s h i n g  of s i lve r  
in h a l o g e n  v a p o r  fo l lows  a p a r a b o l i c  r a t e  e x p r e s s i o n  

x ~ = k t  [1]  

w h e r e  x is the  t a r n i s h  f i lm th ickness ,  t the  r e a c t i o n  
t ime ,  a n d  k t h e  r a t e  cons tan t .  The  r e a c t i o n  r a t e  has  
been  f o u n d  to be  p r o p o r t i o n a l  to the  squa re  roo t  of 
the  h a l o g e n  p re s su re ,  Px~ ~/~, and  i n v e r s e l y  p r o p o r -  

t i ona l  to t he  c o n c e n t r a t i o n  of ca t ion  vacanc ies ,  ~ ,  

in the  s i l ve r  ha l ide .  The  ca t ion  v a c a n c y  con ten t  can  
be  c o n t r o l l e d  b y  the  a d d i t i o n  of p o l y v a l e n t  m e t a l l i c  
i m p u r i t i e s  to the  s i lve r  (2, 3) .  Our  e x p e r i m e n t s  in 
the  r e a c t i o n  t e m p e r a t u r e  r a n g e  25~176  i n d i c a t e  
t ha t  t he  fac to rs  d e t e r m i n i n g  the  t a r n i s h i n g  r a t e  a r e  
e s s e n t i a l l y  t he  s ame  in t he  case of t a r n i s h i n g  r e -  
ac t ions  in  p u r e  h a l o g e n  vapors .  In  t he  p r e s e n c e  of 
even  s m a l l  p a r t i a l  p r e s s u r e s  of w a t e r  or  c a r b o n  
t e t r a c h l o r i d e  vapors ,  h o w e v e r ,  t he  n a t u r e  of t he  r e -  
ac t ion  is a l t e r e d  comple t e ly .  R e a c t i o n  r a t e s  b e c o m e  
i n d e p e n d e n t  of t a r n i s h  fihn t h i c k n e s s  and  fo l low a 
l i n e a r  expres s ion ,  

x = a t  [2]  

w h e r e  a is a n e w  r a t e  cons tan t .  R e a c t i o n  r a t e s  a r e  

r e l a t i v e l y  i n sens i t i ve  to r e a c t i o n  t e m p e r a t u r e  and  
h a l o g e n  p r e s s u r e  u n d e r  these  condi t ions .  

Experimental 
The  r eac t i ons  w e r e  fo l l owed  b y  m e a s u r i n g  the  

w e i g h t  i nc rea se  of s i lve r  foi l  in a h a l o g e n  a t m o s -  
p h e r e  b y  t h e  e x t e n s i o n  of a q u a r t z  f iber  s p r i n g  b a l -  
ance  ( M c B a i n  b a l a n c e ) .  The  s i lve r  s a m p l e s  w e r e  cut  
f r o m  0.001-in.  foi l  and  h a d  a g e o m e t r i c a l  su r f ace  
a r e a  of 19.4 cm ~. The  s a m p l e s  w e r e  c l e a n e d  j u s t  p r i o r  
to use  b y  a d ip  in  c o n c e n t r a t e d  c y a n i d e  so lu t ion  to  
r e m o v e  a t m o s p h e r i c  t a r n i s h  and  b y  a l i gh t  e tch  in 
d i l u t e  n i t r i c  acid.  A f t e r  b e i n g  r i n s e d  and  a i r  d r ied ,  
the  spec imens  w e r e  w e i g h e d  and  h u n g  in the  r e a c -  
t ion c h a m b e r  on the  end  of the  q u a r t z  f iber  spr ing .  
T h e  iod ine  p r e s s u r e  was  d e t e r m i n e d  b y  t h e r m o s t a t -  
t i ng  iod ine  c rys ta l s .  In  o r d e r  to a v o i d  c o n d e n s a t i o n  
of iodine ,  t he  a t m o s p h e r e  s u r r o u n d i n g  t h e  e x p e r i -  
m e n t a l  s y s t e m  was  h e a t e d  s l i g h t l y  a b o v e  the  t e m -  
p e r a t u r e  of the  iod ine  c rys ta l s .  

W h e n  al l  p a r t s  of the  a p p a r a t u s  h a d  r e a c h e d  t e m -  
p e r a t u r e  e q u i l i b r i u m  a n d  the  s y s t e m  h a d  b e e n  e v a c -  
u a t e d  to less t h a n  30 ~ p r e s s u r e ,  the  iod ine  c o n t a i n e r  
was  o p e n e d  to t he  r e a c t i o n  c h a m b e r .  As  the  s p r i n g  
osc i l l a t ions  caused  b y  the  flow of iod ine  v a p o r  in to  
the  r e a c t i o n  c h a m b e r  ceased,  an  i n i t i a l  s p r i n g  l e v e l  
r e a d i n g  was  t a k e n  and  the  t i m e r  s t a r t ed .  The  s p r i n g  
de p re s s ion  t h e n  was  m e a s u r e d  e v e r y  1-5 m i n  for  a 
t o t a l  t i m e  of 1/2-6 h r  d e p e n d i n g  on the  r e a c t i o n  ra te .  
To t e r m i n a t e  the  reac t ion ,  t he  s y s t e m  was  e v a c u a t e d  
and  f lushed w i th  a i r ;  t hen  the  s a m p l e  was  r e m o v e d  
and  we ighed .  The  d i f fe rence  b e t w e e n  the  a c t u a l  t o t a l  
w e i g h t  i nc rea se  a n d  the  w e i g h t  i nc rea se  w h i c h  oc-  
c u r r e d  d u r i n g  the  m e a s u r e d  r e a c t i o n  t i m e  as ca l cu -  
l a t e d  f rom the  t o t a l  sp r ing  de p re s s ion  gave  the  a m o u n t  
of r e a c t i o n  w h i c h  o c c u r r e d  be fo re  t he  first  r e a d i n g  
w a s  t aken .  This  i n i t i a l  a m o u n t  of r e a c t i o n  was  t r a n s -  
f o r m e d  into an  e q u i v a l e n t  sp r ing  de p re s s ion  w h i c h  
was  a d d e d  to each  m e a s u r e d  sp r ing  depres s ion .  These  
c o r r e c t e d  v a l u e s  t hus  c o r r e s p o n d  to t he  t o t a l  w e i g h t  
i nc rea se  of t he  s a m p l e  n o r m a l i z e d  to t h e  c lean,  u n r e -  
ac t ed  s i lve r  foil.  This  p r o c e d u r e  was  n e c e s s a r y  b e -  
cause  of t he  poss ib l e  sh i f t  of  the  e q u i l i b r i u m  s p r i n g  
pos i t ion  d u r i n g  the  la rge ,  i n i t i a l  osc i l la t ions .  The  
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square  of the  corrected sp r ing  depress ion  was p lo t ted  
aga ins t  the reac t ion  t ime, and  the slope of this  l ine  
w h e n  t r a n s f o r m e d  into appropr i a t e  un i t s  gives the 
reac t ion  ra te  cons tan t  k. (Microscopic e x a m i n a t i o n  
of c ross-sec t ioned samples  showed tha t  the  b u l k  d e n -  
si ty of the  s i lver  hal ides  can be used to ca lcula te  the  
film th ickness . )  

The  t echn ique  was  s l ight ly  more  i nvo lved  w h e n  
the  reac t ion  ra te  was  m e a s u r e d  in  the  presence  of a 
fore ign  vapor .  In  this  case, a second isola ted a nd  
t he rmos t a t t ed  con ta ine r  was  added  to the a p p a r a t u s  
to hold the t ho rough ly  outgassed w a t e r  or ca rbon  
te t rachlor ide .  The  two vapor  sources gene ra l l y  we re  
he ld  at  d i f ferent  t e m p e r a t u r e s  and  thus  could no t  
be opened to the  sys tem at  the  same t ime.  A n  in i t i a l  
film of t a rn i sh  p roduc t  was  fo rmed  on the  s i lver  by  
exposure  to ha logen  and  fore ign vapor .  Then  the 
reac t ion  was  ha l t ed  and  this  in i t i a l  film was exposed 
to the  fore ign  vapor  for  15 rain af ter  which  the  r e -  
act ion ra te  wi th  iod ine  was  measured .  No subse-  
q u e n t  r eadmiss ion  of fore ign  vapor  was  necessa ry  
since add i t iona l  exposures  at the same pressure  did 
no t  change  the reac t ion  rate.  

Materials.--The s i lver  I was of the fo l lowing types:  
1. Commerc i a l  s i lver,  n o m i n a l l y  9 9 . 9 + %  pure .  

Spec t rograph ic  ana lys i s  showed copper  to be  the  m a -  
jor  i m p u r i t y  w i th  a concen t r a t i on  of the  order  of 
0.05% wi th  lead, iron,  and  ca lc ium be ing  p resen t  in  
s l ight ly  lesser  concen t ra t ion .  ~ 

2. L a b o r a t o r y  ref ined silver,  i n i t i a l l y  p r e p a r e d  as 
a powder  99 .995+% pure .  Some surface  c o n t a m i -  
na t i on  m a y  occur d u r i n g  ro l l ing  bu t  this  is p r o b a b l y  
r emoved  by  the etch t r e a t m e n t .  

3. C a d m i u m  doped s i lver  p r epa red  f rom l a bo r a -  
to ry  ref ined silver.  This  al loy con ta ined  0.046% cad-  
m i u m  according to the suppl ie rs  assay. The copper  
con ten t  was 0.003% and  no other  i m p u r i t y  was p res -  
en t  in  concen t r a t i on  g rea te r  t h a n  0.001%. 

Matheson,  Coleman,  and  Bell  Reagen t  iodine  c rys -  
tals ( r e s u b l i m e d )  were  used w i thou t  f u r t h e r  pur i f i -  
cation.  Bake r  Reagen t  Grade  b r o m i n e  was dr ied  by  
severa l  passes t h rough  a tube  of a n h y d r o u s  ca lc ium 
sulfate.  Bake r  and  A d a m s o n  Reagen t  ca rbon  t e t r a -  
chlor ide was used w i thou t  f u r t he r  puri f icat ion.  The  
source  of wa t e r  vapor  was  demine ra l i zed  w a t e r  of 
g rea te r  t h a n  1 m e g o h m  cm res is t iv i ty .  

Severa l  quar tz  spr ings  were  used d u r i n g  this i n -  
ves t igat ion,  all  h a v i n g  spr ing  cons tan ts  of about  
0.05 g /cm.  The spr ing  cons tan t s  were  d e t e r m i n e d  by  
m e a s u r i n g  the  ex tens ion  caused by  k n o w n  loads over  
the  p e r t i n e n t  load r ange  and  were  found  to be con-  
s t an t  w i t h i n  •  over  the  en t i re  e x p e r i m e n t a l  t e m -  
p e r a t u r e  range .  The spr ing  depress ion  could be read  
to -----5~ t h rough  a 10X telescope m o u n t e d  on a mic ro -  
me t e r  head.  

Results 
The e x p e r i m e n t a l  resu l t s  m a y  be s u m m a r i z e d  as 

follows: the  reac t ion  of s i lver  w i t h  p u r e  ha logen  
a tmospheres  fo l lowed parabol ic  ra te  express ions ,  Eq. 
[1],  except  for some dev ia t ions  observed  d u r i n g  the  
first few m i n u t e s  of reac t ion ;  in  ha logen  a tmospheres  

1 O b t a i n e d  f r o m  H a n d y  and  H a r m a n ,  82 F u l t o n  St. ,  N e w  York ,  
N . Y .  

A n a l y s i s  ca r r i ed  ou t  by  L u c i u s  P i t k i n ,  Inc . ,  47 F u l t o n  St. ,  New 
York ,  N. Y. 
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Fig. 1. Tarnishing of silver in 0.2 mm iodine vapor at 
39~ O Pure iodine vapor; A iodine vapor plus 0.37 mm 
H~O vapor. 
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Fig. 2. Tarnishing of laboratory refined silver (99.99+%) 
in 0.2 mm pure iodine vapor. Typical experimental data. 
O Parabolic throughout, reaction at 69~ A slow init ial re- 
action at 68~ �9 fast init ial reaction at 137~ the arrows 
indicate the ordinate scale to be used with each set of data. 

con ta in ing  wa te r  or ca rbon  te t rach lor ide  vapor  
above some m i n i m u m  pressure  the  reac t ion  ra tes  
were  l i nea r  wi th  t ime  and  fol lowed Eq. [2].  The 
reac t ion  ra tes  behaved  r eve r s ib ly  to changes  in  ha lo-  
gen p ressure  a nd  fore ign  gas p ressure  b u t  no t  to 
changes  in  reac t ion  t e m p e r a t u r e  s ince a decrease  in  
reac t ion  t e m p e r a t u r e  does no t  change  the reac t ion  
ra te  to the rate  ob ta ined  w h e n  the  reac t ion  is s ta r ted  
a t  the  lower  t empe ra tu r e .  Al l  of these  factors wi l l  be 
discussed in  detail .  

Typ ica l  t a r n i s h i n g  data  are shown in  Fig. 1 for the 
s i l ve r - iod ine  system. S imi l a r  resul t s  were  ob ta ined  
for the s i l v e r - b r o m i n e  and  s i l ve r - ch lo r ine  systems. 
The figure shows da ta  ob ta ined  f rom two reac t ions  
pe r fo rmed  u n d e r  iden t ica l  condi t ions  except  for the  
presence  of a smal l  pa r t i a l  p ressure  of w a t e r  vapor  in  
one case ( l abo ra to ry  ref ined s i lver  was used in  each 
e x p e r i m e n t ) .  F i g u r e  2 shows the  types  of in i t i a l  de-  
v ia t ion  f rom parabol ic  reac t ion  ra tes  observed  for 
the reac t ion  of s i lver  wi th  pu re  iodine vapor .  A lmos t  
all  of the  react ions  of fine s i lver  and  some of those of 
l abo ra to ry  ref ined s i lver  fo l lowed a s imple  parabol ic  
express ion  t h roughou t  the m e a s u r e d  t ime.  A large 
n u m b e r  of the reac t ions  wi th  l abo ra to ry  ref ined sil-  
ver  had  an  ini t ia l ,  s low reac t ion  ra te  which  changed  
in to  a final ra te  a f te r  2-15 rain. For  each ba t ch  of 
l abo ra to ry  ref ined silver,  the re  was  a t e m p e r a t u r e  
b e t w e e n  100 ~ and  130~ above  which  the reac t ion  
in i t i a l ly  proceeded v e r y  r a p i d l y  for severa l  m i n u t e s  
before  a b r u p t l y  s lowing  down  to a ra te  comparab l e  
to tha t  observed at lower  t empera tu re s .  Above  145 ~ 
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3. Tarnishing of " f i ne "  silver (99.9-1-%) in pure iodine 
Iodine pressures: �9 0.20 ram; �9 0.47 ram; A 1.0 ram; 
ram; �9 4.3 ram. 
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Fig. 4. Tarnishing of laboratory refined silver ( 9 9 . 9 9 + % )  
in 0.2 mm pure iodine vapor. A ,  O Two different batches of 
pure silver; �9 initial fast reaction for batch designated as O; 
[ ]  pure silver plus 0 .046% cadmium; averaged 
data for 9 9 . 9 + %  silver. 

( the t r ans i t i on  t e m p e r a t u r e  for the  phase change  
aAgI-~  flAgI) the fast  reac t ion  ra te  con t inued  w i t h -  
out  change.  This  in i t i a l  fast  reac t ion  also was  ob-  
served for some lots of fine s i lver  at t e m p e r a t u r e s  
jus t  be low the t r a n s i t i o n  t empe ra tu r e .  

In  Fig. 3 and  4 are shown the resul t s  of a la rge  
n u m b e r  of t a r n i s h i n g  e x p e r i m e n t s  car r ied  out  u n d e r  
a va r i e ty  of condit ions.  The reac t ion  ra tes  of com-  
merc ia l  p u r i t y  s i lver  ( 9 9 . 9 + % )  wi th  pu re  iodine 
vapor  as a func t ion  of reac t ion  t e m p e r a t u r e  w i th  io- 
d ine  p ressure  as a p a r a m e t e r  are shown in  Fig. 3. 
Each po in t  r epresen t s  an  i n d i v i d u a l  t a r n i s h i n g  ex-  
p e r i m e n t  at cons tan t  t e m p e r a t u r e  and  iodine pres -  
sure, and  smooth curves  have  b e e n  d r a w n  t h r ough  
poin ts  ob ta ined  at the same iodine pressure .  The  t a r -  
n i sh ing  ra tes  are expressed in  t e rms  of the  parabol ic  
t a r n i s h i n g  cons tan t  k in  Eq. [1] in  un i t s  of (cm of 
film thickness)~/sec.  The l ine  in Fig. 3 which  is l a -  
be led  TA~ = T~_~ connects  poin ts  at  which  the iodine 
p ressure  is in  e q u i l i b r i u m  wi th  the reac t ion  t e m p e r -  
a ture .  

In  Fig. 4 are shown the  resul ts  of a la rge  n u m b e r  
of t a r n i s h i n g  e x p e r i m e n t s  on h i g h - p u r i t y  and  cad-  
m i u m  doped h i g h - p u r i t y  silver.  The ra te  of the brief ,  
in i t i a l  r eac t ion  is no t  shown  in  this  figure except  for 
the  ve ry  fast  in i t i a l  reac t ion  observed  in  the  h igher  
t e m p e r a t u r e  range ,  and  this is des igna ted  by  the  
symbol  �9 The va r i a t i on  in  reac t ion  ra te  for separa te  
lots of s i lver  ( r ep re sen ted  by  d i f fe rent  symbols )  is 
a p p a r e n t  in  this f igure as is the sca t te r  of reac t ion  
ra tes  w i t h i n  the same  batch.  The effect of d i v a l e n t  
meta l l i c  impur i t i e s  is shown  by  the  c a d m i u m  doped 
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samples.  All  of the e x p e r i m e n t s  in  Fig. 4 we re  ca r -  
r ied out  in  0 .2 -mm iodine p ressure  and  the  dashed 
l ine  r ep resen t s  the  ave raged  t a r n i s h i n g  da ta  for the 
commerc ia l  grade  s i lver  in  iodine  vapor  of this  p res -  
sure.  

The t a r n i s h i n g  ra tes  of the commerc ia l  grade si l-  
ver  a nd  of s i lver  heav i ly  doped wi th  c a d m i u m  are 
no t  r evers ib le  wi th  t e m p e r a t u r e  as shown  by  the fol-  
l owing  expe r imen t .  If a piece of commerc ia l  grade  
s i lver  foil is t a r n i she d  at  30 ~ and  the reac t ion  t e m -  
p e r a t u r e  is t h e n  ra ised  to 100 ~ the reac t ion  ra tes  
cor respond to the  va lues  for these t e m p e r a t u r e s  
shown  in  Fig. 3. If, however ,  the reac t ion  t e m p e r a -  
t u r e  is r educed  to 30 ~ again,  the reac t ion  ra te  i n -  
creases on ly  a f rac t ion  of the a m o u n t  r e q u i r e d  to r e -  
store the  o r ig ina l  ra te  found  at  this  t e m p e r a t u r e .  
The same effect is ob ta ined  w h e n  a t a r n i sh  film is 
hea ted  a few m i n u t e s  at  the  h igher  t e m p e r a t u r e  
w i t hou t  exposure  to iodine  vapor .  A s imi la r  b u t  more  
s t r ik ing  behav io r  is no ted  w h e n  fine s i lver  con t a in -  
ing 0.09% c a d m i u m  is t a rn ished .  The  in i t i a l  t a r n i s h -  
ing ra te  is s imi la r  to tha t  of u n d o p e d  s i lver  but ,  af ter  
" a n n e a l i n g "  an  in i t i a l  t a r n i sh  film, the s u b s e q u e n t  
reac t ion  ra te  m a y  be lowered  by  as m u c h  as a fac-  
tor  of 50. Thus,  the exposure  of a t a r n i s h  film to a 
h igher  t e m p e r a t u r e  tends  to lower  the  ra tes  of sub -  
s equen t  reac t ions  car r ied  out  at  lower  t empera tu re s ,  
and  the  effect is more  p r o n o u n c e d  in  less pu re  si lver.  
These p h e n o m e n a  wi l l  be discussed f u r t h e r  wi th  re -  
spect to the  m e c h a n i s m  of these react ions.  

L a b o r a t o r y  ref ined s i lver  was employed  for the 
t a r n i s h i n g  e x p e r i m e n t s  car r ied  out  in  iodine in  the 
presence  of w a t e r  or ca rbon  te t rach lor ide  vapor .  The 
reac t ion  ra tes  in  0.20 m m  of iodine vapor  as a func -  
t ion  of w a t e r  vapor  p ressure  at th ree  d i f ferent  r eac -  
t ion t e m p e r a t u r e s  and  as a func t ion  of ca rbon  t e t r a -  
chlor ide vapor  p ressure  at one reac t ion  t e m p e r a t u r e  
are shown in  Fig. 5. In  this  case, the  reac t ion  ra te  
cons tan t  r ep resen t s  the  constant ,  a, in  the  ra te  ex-  
press ion  of Eq. [2], i nd i ca t i ng  tha t  the reac t ion  ra te  
is i n d e p e n d e n t  of film thickness .  For  w a t e r  vapor  
pressures  be low 0.1 mm,  the  reac t ion  fol lows the  same 
parabol ic  ra te  equa t ion  f ound  for the a n h y d r o u s  r e -  
action.  There  is a na r row,  i n t e r m e d i a t e  r a nge  of 
w a t e r  vapor  p ressure  in  which  the reac t ion  ra te  is 
e r ra t ic  a nd  is somet imes  l inea r  and  somet imes  p a r a -  
bolic. For  h igher  w a t e r  vapor  pressures ,  the  reac t ion  
ra te  is a lways  l inea r  and  g r a dua l l y  decreases  wi th  
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Fig. 5. Tarnishing of laboratory refined silver in 0.2 mm 
iodine vapor plus H20 or CCh vapor. [ ]  H=O vapor, reaction 
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i nc reas ing  wa t e r  vapor  p ressure  un t i l  a t  a w a t e r  
vapor  p ressure  of 4 m m  the reac t ion  becomes too slow 
to observe.  I t  is not  clear  w h e t h e r  the reac t ion  ac-  
t ua l l y  stops in  the presence  of l a rger  concen t ra t ions  
of wa te r  vapor  or w h e t h e r  it decreases  s teadi ly  bu t  
r ema ins  finite. The s i tua t ion  is s imi la r  for ca rbon  
t e t r ach lo r ide  except  tha t  this vapor  is a p p a r e n t l y  
somewha t  more  effective in  suppress ing  the t a r n i s h -  
ing  ra te  t h a n  is wa t e r  vapor .  

F igu re  6 shows the reac t ion  ra te  of s i lver  w i th  
mois t  iodine  vapor  as a func t ion  of reac t ion  t e m p e r -  
a tu re  wi th  iodine  vapor  p ressure  as the pa rame te r .  
A l though  the resul t s  are scat tered,  it is c lear  tha t  the  
reac t ion  t e m p e r a t u r e  has ve ry  l i t t le  effect on the r e -  
act ion ra te  and  tha t  the reac t ion  ra te  increases  w i th  
iodine vapor  pressure .  

A few t a r n i s h i n g  expe r imen t s  were  also ca r r i ed  
out  in  b r o m i n e  a tmospheres  and  the  resul ts  were  
s imi la r  to those found  for iodine.  The  reac t ion  of 
s i lver  w i th  a n h y d r o u s  b r o m i n e  fol lows parabol ic  
ra te  expressions,  whi le  the  wet  b r o m i n e  a tmospheres  
give l inear  reac t ion  rates.  One ma jo r  difference 
f rom the iodine reac t ions  was  tha t  the l i nea r  reac t ion  
ra te  did not  change  wi th  the wa t e r  vapor  pressure .  
Thus  at  a reac t ion  t e m p e r a t u r e  of 105 ~ and  a b ro -  
m i n e  p ressure  of 43 mm,  the l i nea r  reac t ion  ra te  
constant ,  a, was  6 --+ 2 x 10 -~ cm/sec  in  n i n e  exper i -  
m e n t s  over  the  wa t e r  vapor  p ressure  r ange  0.06-1.5 
mm.  The  reac t ion  t e m p e r a t u r e  was  also found  to 
have  l i t t le  effect on the reac t ion  ra te  s ince at a w a t e r  
vapor  p ressure  of 1.0 m m  and  a b r o m i n e  p re s su re  
of 43 ram, the reac t ion  ra te  less t h a n  doubled  be -  
t w e e n  105 ~ and  190~ Over  the same t e m p e r a t u r e  
r ange  the a n h y d r o u s  parabol ic  ra te  cons tan t  i n -  
creased by  a factor  of about  700. 

In  600 m m  of ch lo r ine  vapor  and  0.045 m m  of 
wa te r  vapor  the l abo ra to ry  ref ined s i lver  t a r n i s h e d  
at  a l i nea r  ra te  of 0.5 x 10 -~ cm/sec  at 172 ~ and  2.0 x 
10 -~ cm/sec  at 194 ~ 

Discussion 
Tarnishing in Pure Halogen Vapor 

It  is a s sumed  tha t  the  a n h y d r o u s  t a r n i s h i n g  reac-  
t ions  proceed according  to the theory  of W a g n e r  
(1, 5). This  states tha t  the  parabol ic  reac t ion  ra te  is 
d e t e r m i n e d  by  the diffusion of an  ionic or e lec t ronic  
species across the b u l k  of the  t a rn i sh  film and  p ro -  
poses the fo l lowing  e q u i l i b r i u m  reac t ion  at the ha -  
l i de -ha logen  in te r face  

o ~ / 
~ac 

o J 
(IODINE PRESSURE IN MM) I/2 

Fig. 7. Tarnishing rote of " f i n e "  silver as a function of 

~/~,,. Reaction temperatures: �9 60~ A 80~ �9 100~ 
�9 13o~ 

1/2 X~ (gas) = A gX  + l a g  + J + e ~ )  [3]  

where  X is a halogen,  [ ~  is a s i lver  ion vacancy,  

a nd  ~ i s  an e lec t ron  hole in  the e lect ronic  s t ruc -  

tu re  of the s i lver  halide.  If we consider  the  s i lver  
hal ides  as p r e d o m i n a n t l y  ionic conductors ,  the  mi -  
g ra t ion  of e lec t ron  holes across the  s i lver  ha l ide  
m u s t  be the r a t e - d e t e r m i n i n g  step. A s s u m i n g  tha t  
the ionic d isorder  of the la t t ice  is la rge  compared  
wi th  the cat ion vacancies  in jec ted  according to Eq. 
[3],  the theory  predic ts  the  fo l lowing dependence  
of the parabol ic  r a t e  cons tant ,  k, on the  ha logen  

pressure ,  Px2, the  ca t ion  vacancy  concen t ra t ion ,  ~ ,  

and  the  mass act ion cons tant ,  K, for Eq. [3] 

K Px~ ~'~ 
k ~ ~ .  [4]  

The p ropor t iona l i t y  of the t a r n i s h i n g  ra te  w i th  ~/PI~ 
is shown in  Fig. 7 in  which  reac t ion  ra te  cons tan ts  
t a k e n  f rom the  smooth curves  in  Fig. 3 are  p lot ted  

aga ins t  N/P~ for  severa l  d i f ferent  reac t ion  t e m p e r a -  
tures.  This  p ropo r t i ona l i t y  a p p a r e n t l y  does no t  hold 
for v e r y  low iodine  pressures .  The inve r se  p ropor -  
t i ona l i ty  to the cat ion va c a nc y  concen t r a t i on  has 
been  d e m o n s t r a t e d  by  o ther  worke r s  for o ther  s i lver  
ha l ides  at h igher  reac t ion  t e m p e r a t u r e s  by  add ing  a 
sufficient a m o u n t  of i m p u r i t y  to d e t e r m i n e  the  cat ion 
va c a nc y  concen t r a t i on  (2, 3).  

Al l  of the r a t e - d e t e r m i n i n g  factors in  Eq. [4] 
should  behave  r eve r s ib ly  to changes  in  t e m p e r a t u r e  
except  pe rhaps  the cat ion va c a nc y  concen t ra t ion .  
The  i r r eve r s ib le  " a n n e a l i n g "  effect observed  for r e -  
act ions  of the l o w - p u r i t y  s i lver  a nd  the  more  s t r ik -  
ing  effect observed  wi th  c a d m i u m  doped s i lver  
poin ts  to the vacancy  con ten t  as an  i m p o r t a n t  factor  
in  d e t e r m i n i n g  the rate.  The  cat ion v a c a n c y  con-  
cen t r a t i on  depends  on the  p u r i t y  of the ha l ide  since 
the  subs t i t u t i on  of a p o l y v a l e n t  ca t ion  M ~§ for a 
m o n o v a l e n t  s i lver  ion in  the la t t ice  r equ i res  the  for-  
m a t i o n  of n-1 cat ion vacancies  to m a i n t a i n  e lectr ical  
neu t r a l i t y .  Te l tow (6) d e t e r m i n e d  the  so lub i l i ty  
l imi ts  of CdBro, PbBr~, and  ZnBr.o in  AgBr  over  a 
cons iderab le  t e m p e r a t u r e  range ,  and  by  e x t r a p o l a -  
t ion  of his resul t s  it  is c lear  tha t  the  solubi l i t ies  wi l l  
be  on ly  a smal l  f rac t ion  of a per  cent  at t e m p e r a -  
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tu re s  b e l o w  150 ~ The  b e h a v i o r  of the  iod ides  m a y  
be  a s s u m e d  to be  q u i t e  s imi l a r .  I t  is no t  u n r e a s o n a b l e  
to expec t  t h a t  for  a s i lve r  s a m p l e  of l ow  p u r i t y  t h e r e  
wi l l  be  suff icient  p o l y v a l e n t  m e t a l  ions to s a t u r a t e  
t he  h a l i d e  l a t t i ce  up  to an  a p p r e c i a b l e  t e m p e r a t u r e .  
Thus  as t he  r e a c t i o n  t e m p e r a t u r e  increases ,  t he  con-  
c e n t r a t i o n  of d i s so lved  i m p u r i t i e s  in t he  A g I  a lso  i n -  

c reases  d u e  to the  i nc rea se  in . solubi l i ty .  As  a resu l t ,  

~ 7 ]  inc reases  and  f r o m  Eq. [4] ,  t he  t he  q u a n t i t y  

r e a c t i o n  r a t e  dec reases  w i t h  i n c r e a s i n g  t e m p e r a t u r e .  
A t  t hese  low c o n c e n t r a t i o n s  t h e  c o n c e n t r a t i o n  of 
d i s so lved  i m p u r i t i e s  w o u l d  p r o b a b l y  no t  d e c r e a s e  
r e v e r s i b l y  w i t h  d e c r e a s i n g  t e m p e r a t u r e  b u t  w o u l d  
r e m a i n  in  a s t a t e  of  s u p e r s a t u r a t i o n .  This  w o u l d  ac -  
coun t  for  t h e  i r r e v e r s i b i l i t y  of t he  r e a c t i o n  r a t e  w i t h  
t e m p e r a t u r e  as o b s e r v e d  for  t he  l o w e r  p u r i t y  s i lver .  
In  a d d i t i o n  to th is  fac tor ,  t h e r e  m a y  be  a t e m p e r a -  
t u r e  d e p e n d e n c e  a r i s ing  f r o m  K,  b u t  th is  shou ld  b e -  
have  r e v e r s i b l y  to t e m p e r a t u r e  changes .  

If  t h e  ionic  c o n d u c t i v i t y  of the  s i lve r  h a l i d e  is 
p l a y i n g  a n y  p a r t  in con t ro l l i ng  the  r e a c t i o n  ra te ,  the  
p o l y c r y s t a l l i n e  n a t u r e  of the  t a r n i s h  f i lm m a y  be  
i m p o r t a n t  s ince t h e r e  is ev idence  t ha t  ionic  c o n d u c -  
t ion  t a k e s  p lace  v e r y  r e a d i l y  a long  g r a i n  b o u n d a r i e s  
(7 ) .  In  th is  case, t h e  a n n e a l i n g  effect  cou ld  b e  e n -  
h a n c e d  b y  a d e c r e a s e d  c o n c e n t r a t i o n  of g r a i n  b o u n d -  
a r ies  due  to a g r o w t h  in c r y s t a l  size in h e a t e d  t a r -  
n i sh  films. 

The  n a t u r e  of the  t e m p e r a t u r e  coefficient  of r e a c -  
t ion r a t e  f o u n d  h e r e  s u p p o r t s  some  of t he  e a r l i e r  
w o r k  on the  Ag-I~ sys tem.  T a m m a n n  (4) f o u n d  no 
change  in  r e a c t i o n  r a t e  in  t he  t e m p e r a t u r e  r a n g e  
15~176 D u b r i s a y  (8)  o b s e r v e d  a s l igh t  d e c r e a s e  
in t a r n i s h i n g  r a t e  as t he  r e a c t i o n  t e m p e r a t u r e  was  
r a i s ed  f r o m  24 ~ to  60 ~ B a l a r e w  (9) f o u n d  a v e r y  
s l igh t  i nc rea se  in r e a c t i o n  r a t e  b e t w e e n  50 ~ a n d  70 ~ , 
f o l l owed  b y  a s l igh t  dec rea se  a g a i n  at  100 ~ a n d  a 
s h a r p  d ip  in r e a c t i o n  r a t e  a t  120 ~ . This  p r o n o u n c e d  
m i n i m u m  in t a r n i s h i n g  r a t e  has  no t  been  r e p o r t e d  
e l s ewhere .  A l l  of these  w o r k s  e m p l o y e d  the  i n t e r f e r -  
ence color  t e c h n i q u e  to m e a s u r e  t he  t a r n i s h  fi lm 
th i ckness  a n d  thus  dea l  w i t h  t h i n n e r  f i lms t h a n  d i s -  
cussed  in  th is  pape r .  I t  is of i n t e r e s t  to no te  t h a t  t he  
b e h a v i o r  is s i m i l a r  over  such a w ide  r a n g e  of f i lm 
th ickness .  E v a n s  and  B a n n i s t e r  (10) m a d e  an  e x t e n -  
s ive  s t u d y  of the  r a t e  of r e a c t i o n  of s i lve r  w i t h  o r -  
gan ic  so lu t ions  of i od ine  and  f o u n d  t h a t  t he  r e a c t i o n  
r a t e  a t  35 ~ is a b o u t  tw ice  t h a t  a t  0 ~ for  c a r b o n  t e t r a -  
c h l o r i d e  so lu t ions  of iodine.  The  use  of o r g a n i c  so l -  
ven t s  m a y  i n v a l i d a t e  a d i r ec t  c o m p a r i s o n  to r e a c -  
t ions  in  p u r e  iod ine  v a p o r  h o w e v e r .  

The  br ie f ,  r a p i d  r e a c t i o n  r a t e s  no t ed  for  p u r e  
s i lve r  r e a c t i n g  w i t h  iod ine  v a p o r  at  r e a c t i o n  t e m -  
p e r a t u r e s  j u s t  b e l o w  t h e  a-f l  p h a s e  t r a n s i t i o n  t e m -  
p e r a t u r e  of A g I  (145~ a re  of t he  s ame  m a g n i t u d e  
as t he  con t inuous  r e a c t i o n  r a t e s  o b s e r v e d  a b o v e  the  
t r a n s i t i o n  t e m p e r a t u r e .  Thus  i t  a p p e a r s  t h a t  t h e  i n i -  
t i a l  f i lm m a y  h a v e  the  ~ p h a s e  s t r u c t u r e  for  1-3 m i n  
a f t e r  w h i c h  i t  a b r u p t l y  changes  b a c k  to t he  p h a s e  
in e q u i l i b r i u m  a t  t he  r e a c t i o n  t e m p e r a t u r e .  I t  was  
c ons ide r ed  t h a t  t h e  s a m p l e s  m i g h t  be  h e a t i n g  t h e m -  
se lves  a b o v e  the  t r a n s i t i o n  t e m p e r a t u r e  b y  t h e i r  o w n  
h e a t  of r eac t ion .  This  p o s s i b i l i t y  w a s  i n v e s t i g a t e d  
n u m e r i c a l l y  b y  Miss A l m a  M a r c u s  of these  l a b o r a -  
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tor tes ,  who  c o m p u t e d  the  t e m p e r a t u r e  r i se  of a s a m -  
p l e  c o n s i d e r i n g  the  h e a t  e v o l v e d  b y  t h e  r e a c t i o n  a n d  
the  hea t  loss t h r o u g h  r a d i a t i o n  and  conduc t ion .  I t  was  
found  t ha t  for  t y p i c a l  r e a c t i o n  cond i t ions  the  r i se  in  
s a m p l e  t e m p e r a t u r e  w o u l d  r e a c h  a m a x i m u m  of 1.4 ~ 
a f t e r  1.7 sec and  th is  is insuff ic ient  to e x p l a i n  the  e x -  
p e r i m e n t a l  resu l t s .  I t  is pos s ib l e  t h a t  t he  c r y s t a l l i n e  
s t r u c t u r e  of the  s i lve r  s u b s t r a t e  m a y  inf luence  t h a t  
of the  i n i t i a l  s i l ve r  i od ide  fi lm and  t h a t  c lose to t he  
t r a n s i t i o n  t e m p e r a t u r e  t h e  h igh  t e m p e r a t u r e  s t r u c -  
t u r e  is f avo red .  Th is  w o u l d  confl ic t  w i t h  t he  o b s e r v a -  
t ion  of T a m m a n n  and  KSs t e r  (11) t h a t  the  p h a s e  
t r a n s i t i o n  t a k e s  p l ace  a t  145~ even  for  l a y e r s  of 
s i lve r  i od ide  on s i lve r  w h i c h  show op t i ca l  i n t e r f e r -  
ence  colors.  

The  in i t i a l ,  s low r e a c t i o n  r a t e  o b s e r v e d  in  some 
r eac t i ons  of h i g h - p u r i t y  s i lve r  a t  t e m p e r a t u r e s  b e l o w  
100 ~ does not  fit in  w i t h  t he  g e n e r a l  b e h a v i o r  o u t -  
l i ned  a b o v e  and  is no t  u n d e r s t o o d  a t  p r e sen t .  

Tarnishing in the Presence aS Foreign Vapors 
The  l i n e a r  r a t e  expres s ion ,  Eq. [2] ,  f o l l owed  b y  

the  t a r n i s h i n g  r eac t ions  c a r r i e d  out  in t he  p re sence  
of f o r e ign  v a p o r s  imp l i e s  t h a t  t he  r a t e - d e t e r m i n i n g  
f ac to r  is an i n t e r f a c e  p h e n o m e n o n  and  hence  i n d e -  
p e n d e n t  of the  t a r n i s h  f i lm th ickness .  This  f ac to r  has  
not  been  iden t i f i ed  e x p e r i m e n t a l l y  b u t  i t  is su spec t ed  
t ha t  a d s o r p t i o n  of the  i m p u r i t y  gas on the  h a l i d e  
su r f ace  r e su l t s  in modi f i ca t ion  in  t he  space  cha rge  
l a y e r  a t  the  A g I  su r f ace  a d j a c e n t  to t he  iod ine  a t -  
mosphe re .  S p e c u l a t i o n s  a long  th is  l ine  w i l l  be  t he  
sub j e c t  of a f u t u r e  p u b l i c a t i o n  f rom this  l a b o r a t o r y .  
The  d i f fus ion r a t e  of t he  h a l o g e n  t h r o u g h  the  a d -  
so rbed  fi lm of fo re ign  v a p o r  m a y  also be  of i m p o r -  
tance .  

The  e x p e r i m e n t a l  r e su l t s  f r om the  -&g-I~ s y s t e m  
(see  Fig .  4 a n d  5) i nd i ca t e  t h a t  t he  a m o u n t  of f o r -  
e ign  v a p o r  is the  m a i n  r a t e - d e t e r m i n i n g  f ac to r  s ince  
t he  r e a c t i o n  t e m p e r a t u r e  has  no s ign i f ican t  effect  
and  the  inf luence  of iod ine  p r e s s u r e  is smal l .  The  two  
gaseous  a t m o s p h e r e s  e x t e n s i v e l y  i n v e s t i g a t e d  in th is  
w o r k ,  iod ine  w i t h  w a t e r  v a p o r  and  i od ine  w i t h  c a r -  
bon  t e t r a c h l o r i d e  vapor ,  show t h a t  the  effect is no t  
d e p e n d e n t  on the  p o l a r i t y  of t he  fo re ign  m o l e c u l e  
s ince  the  n o n p o l a r  c a rbon  t e t r a c h l o r i d e  is even  
s l i g h t l y  m o r e  ef fec t ive  in s u p p r e s s i n g  the  r e a c t i o n  
r a t e  t h a n  is w a t e r .  This  fac t  imp l i e s  t h a t  a w i d e  
v a r i e t y  of v a p o r s  w o u l d  act  s i m i l a r l y  to t he  two  i n -  
v e s t i g a t e d  here .  The  r e su l t s  also show t h a t  a f o r -  
e ign  v a p o r  is no t  c o n s u m e d  b y  the  t a r n i s h i n g  r e a c -  
t ion.  Once  the  t a r n i s h  f i lm has  been  e x p o s e d  t h o r -  
ough ly  to the  fo re ign  vapo r ,  t he  r e a c t i o n  r a t e  con-  
t i nues  u n c h a n g e d  for  hou r s  w i t h o u t  f u r t h e r  a d d i t i o n  
of w a t e r  or  CCL vapor ,  and  n e i t h e r  do s u b s e q u e n t  
a d d i t i o n s  a t  t he  s a m e  v a p o r  p r e s s u r e  a l t e r  t he  r e a c -  
t ion  ra te .  The  effect  is p e r f e c t l y  r e v e r s i b l e  and  the  
t a r n i s h i n g  r a t e  can  be  c h a n g e d  i m m e d i a t e l y  in  e i t h e r  
d i r ec t i on  b y  s u i t a b l e  a d j u s t m e n t  of t he  p r e s s u r e  of 
the  fo re ign  vapor .  

S ince  the  c h a r a c t e r  of t he  t a r n i s h  f i lm does n o t  
s eem to be  a l t e r e d  b y  t h e  p r e s e n c e  of t he  fo re ign  v a -  
por ,  t he  r e a c t i o n  r a t e  for  a n y  p a r t i c u l a r  e x p e r i m e n t  
w i l l  be  p a r a b o l i c  or  l i n e a r  d e p e n d i n g  on w h e t h e r  t h e  
b u l k  d i f fus ion  p rocess  or  t he  i n t e r f a c e  p rocess  is t he  
s lower .  Thus  for  v e r y  low fo re ign  v a p o r  p re s su res ,  
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the  in te r face  process wi l l  no t  be s lower  t h a n  hole 
diffusion and  the reac t ion  wi l l  be parabol ic .  The  ra te  
of diffusion wi l l  decrease  as the t a r n i s h  film th ickens  
and  it wi l l  e v e n t u a l l y  become the r a t e - d e t e r m i n i n g  
step regardless  of the e x p e r i m e n t a l  condi t ions  un less  
the fore ign  vapor  comple te ly  stops the react ion.  The  
ideal  s i tua t ion  can be descr ibed by  the  fo l lowing  
simplif ied cons idera t ions .  The reac t ion  ra te  wi l l  
fol low the  l i nea r  ra te  equa t ion  (Eq. [2 ] )  un less  the  
diffusion process is ra te  de t e rmin ing ,  in  which  case 
the reac t ion  follows the  parabol ic  ra te  express ion  
(Eq. [1 ] ) .  A change  f rom the l i nea r  to the parabol ic  
reac t ion  wi l l  occur at  the film thickness ,  xl, at  which  
the reac t ion  ra te  d x / d t  is the same for bo th  equa t ions  

k 
x l  - [5] 

2a 

This  th ickness  wil l  be reached  af ter  a reac t ion  t ime  t ,  

k 
tl -- [6] 

2a -~ 

Subsequent  to the  t ime tl the reaction will follow the  
expression 

( x ~ =  k t - -  4a---- T for x > x l  [7] 

where  k / 4 a  ~ is the difference in  t imes  tha t  the p a r a -  
bolic and  l i nea r  react ions  would  r equ i r e  to bu i ld  up 
a t a rn i sh  film xl cm th ick  s t a r t ing  f rom bare  si lver.  
This  behav io r  is i l lus t ra ted  in  Fig. 8 which  compares  
the  t a r n i s h i n g  ra te  in  dry  iodine w i th  two react ions  
car r ied  out  in  the presence  of wa te r  vapor.  In  the  
p resence  of 0.94 m m  of wa te r  vapor  the reac t ion  
follows a l i nea r  ra te  t h r o u g h o u t  (Eq. [6] indica tes  
tha t  the t r a n s i t i o n  to a pa rabo la  should occur af ter  
295 m i n  of reac t ion) .  The da ta  shown for reac t ion  in  
the presence  of 0.26 m m  of wa te r  vapor  have  been  
found  to follow Eq. [2] and  [7] wi th  a -- 3.3 x 10 -~" 
cm/sec ,  k = 8.7 x 10 ~ cm~/sec, and  a t r a n s i t i o n  t ime  
of 52 min.  (The  fact tha t  the in i t i a l  l i nea r  reac t ion  
does no t  ex t rapo la te  to the  or ig in  of coordinates  has 
been  t aken  into account . )  These ra te  va lues  are in 
sa t i s fac tory  a g r e e m e n t  wi th  the average  a n h y d r o u s  
t a r n i s h i n g  rate,  k = 9.5 x 10 -~ cm~/sec, and  mois t  
t a r n i s h i n g  rate,  a = 3 x 10 -~ cm/sec ,  observed  u n d e r  
s imi la r  condi t ions  for the same ba tch  of s i lver  f~il. 

The  effect of mo i s tu re  on the t a r n i s h i n g  ra te  ex-  
p la ins  some of the p rev ious ly  pub l i shed  resul t s  of 

5 
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Fig. 8. Inf luence of  moisture content  o f  otmosphere on 
tarnishing rate of laboratory ref ined silver at  35~  in 0.2 
mm iodine vapor. Averaged data from reactions in 
pure iodine vapor; A 0.26 mm H=O vapor; O 0.94 mm H20 
vapor. 

t a r n i s h i n g  react ions  of s i lver  wi th  halogens.  In  m a n y  
ins tances  the reac t ions  did no t  fol low a parabol ic  
ra te  express ion  and  this can a lmos t  i n v a r i a b l y  be  ex-  
p la ined  by  the p resence  of mois tu re  in  the ha logen  
vapor.  For  example ,  H a r t u n g  m e a s u r e d  the t a r n i s h -  
ing ra te  of s i lver  w i th  iodine and  b r o m i n e  at 25 ~ 
(12, 13). The iodine  a tmosphere  was ob ta ined  f rom 
an aqueous  KI-I~ solut ion a nd  thus  was  s a tu ra t ed  
wi th  w a t e r  vapor .  The t a r n i s h i n g  ra tes  fol lowed 
l inea r  ra te  equa t ions  for the  r ange  of iodine  concen-  
t r a t ions  s tudied.  H a r t u n g  does no t  descr ibe any  
pur i f ica t ion  or d r y i n g  of his b r o m i n e  a nd  it  was u n -  
doub t e d l y  mois t  since the reac t ion  ra tes  were  found  
to be l i nea r  af ter  an  in i t i a l  fast  reac t ion  l as t ing  about  
100 sec. 

Kohlschf i t te r  and  Kr~henbf ih l  inves t iga ted  the r e -  
act ion of s i lver  wi th  iodine a nd  found  some va r i a t i on  
in  reac t ion  ra te  de pe nd i ng  on the d ryness  of the  
ha logen  a tmosphe re  (14).  The i r  resul t s  do no t  fol low 
e i ther  parabo l ic  or l i nea r  ra te  express ions  bu t  some 
i n t e r m e d i a t e  ra te  equat ion.  I t  is possible tha t  the i r  
da ta  fol low the l i nea r  express ion  for the in i t i a l  re -  
ac t ion per iod and  t h e n  t r a n s f o r m  into a parabol ic  r e -  
act ion ra te  as descr ibed  above,  bu t  since the  au thors  
give no q u a n t i t a t i v e  data,  it  is no t  possible to in -  
ves t igate  this poss ib i l i ty  thoroughly .  Us ing  CI~ and  
Br.~, Kohlschf i t te r  and  Kr~henbf ih l  found  fas ter  re -  
act ions  w i th  s i lver  in  the presence  of mo i s tu re  t h a n  
in the dry  halogen.  The use of s t reams of N~ or COs., 
to ca r ry  the ha logen  over  the s i lver  m a y  have  had  
some inf luence on the reac t ion  rate.  

Severa l  pub l i ca t ions  repor t  observa t ions  which 
conflict wi th  those descr ibed  here  (15-19) .  In  gen-  
eral,  these papers  con ta in  ve ry  l i t t le  q u a n t i t a t i v e  
data  and  are  therefore  difficult to eva lua te .  

Other  t a r n i s h i n g  reac t ion  sys tems have  been  ob-  
served to be affected by  the presence  of w a t e r  vapor.  
Solovjev  
o p t i m u m  
t ion ra te  
crease in  

(20) has found  tha t  there  is a p p a r e n t l y  an  
wa te r  vapor  p ressure  for m a x i m u m  reac-  
of copper wi th  iodine.  He also no ted  a de-  
reac t ion  ra te  of i ron  wi th  iodine w i th  de-  

creas ing wa te r  vapor  pressure.  B i r c u m s h a w  and  
Everde l l  found  a l i nea r  reac t ion  ra te  for copper  r e -  
ac t ing  wi th  aqueous  solut ions of KI  and  I._, (21) 
whereas  the reac t ion  ra te  depended  on the t a rn i sh  
film th ickness  in  organic  iodine  solut ions  (22) .  The 
au thors  a t t r i bu t e  this behav io r  to a w e t t i n g  and  
p e n e t r a t i o n  of the  t a r n i sh  film by  the aqueous  solu-  
t ions whi le  the organic  solut ions  do not  wet  the  film 
and  the reac t ion  can proceed on ly  by  b u l k  diffusion 
th rough  the  iodide. Campbe l l  and  Thomas  (23) i n -  
ves t iga ted  the ox ida t ion  of copper  in  d r y  a nd  mois t  
oxygen.  In  dry  oxygen  the reac t ion  was  parabol ic  
whi le  in  moist  oxygen  the resu l t s  had  a sma l l e r  de-  
pendence  on the  film thickness.  In  genera l ,  these ex-  
pe r i me n t s  show the care necessa ry  in  con t ro l l ing  all 
of the e x p e r i m e n t a l  condi t ions  in  order  to ob ta in  
m e a n i n g f u l  resul ts .  Even  the  p resence  of w h a t  m igh t  
be u sua l l y  cons idered  " ine r t "  gases m a y  dras t i ca l ly  
a l te r  the n a t u r e  of the react ion.  
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Potential Studies on Passivity to Corrosion Induced 
by Pretreatment Processes for Metals 

I. A luminum 

K. S. Rajagopalan 
Centra~ Electrochemical Research Institute, Karaikudi, India 

ABSTRACT 

Potent ia l  and polar iza t ion  character is t ics  of a luminum which has been sub-  
jec ted  to var ious  chemical  oxida t ion  processes are  repor ted.  I t  is shown tha t  a 
more  nega t ive  ini t ia l  e lec t rode  potent ia l  is recorded by  the t r ea ted  meta l  as 
compared  to the  un t r ea t ed  metal .  The cathodic polar iza t ion  curve  of the  
t r ea ted  meta l  is also much steeper.  These resul ts  are  sa t i s fac tor i ly  expla ined  
by  the appl ica t ion  of the  Glasstone,  Laidler ,  and Eyr ing  theory  of e lec t rode  
processes to the potent ia l  of a corroding metal .  

J 

Elec t rode  p o t e n t i a l  m e a s u r e m e n t s  h a v e  been  
w i d e l y  used  in s t u d y i n g  cor ros ion  a n d  co r ros ion  in -  
h ib i t i on  (1 -6 ) .  Such  m e a s u r e m e n t s  have  t h r o w n  
v a l u a b l e  l i gh t  on the  i n t r i n s i c  c o r r o d i b i l i t y  of m e t a l s  
and  a l loys ,  t he  m a n n e r  in w h i c h  c o r r o s i o n - i n h i b i t i v e  
c ons t i t uen t s  a d d e d  to the  co r ros ive  m e d i u m  affect  
t he  cor ros ion  process ,  and  h a v e  also h e l p e d  in  u n d e r -  
s t a n d i n g  t h e  ro le  p l a y e d  b y  v a r i o u s  t y p e s  of p i g -  
ments .  S i m i l a r l y ,  anod ic  and  ca thod ic  p o l a r i z a t i o n  
curves  of c o r r o d i n g  m e t a l s  have  g iven  v a l u a b l e  i n -  
f o r m a t i o n  on the  m e c h a n i s m  of i n h i b i t i o n  b y  c o r r o -  
s ion i n h i b i t o r s  (7, 8) .  N u m e r o u s  c h e m i c a l  p rocesses  
h a v e  been  d e v e l o p e d  in r e c e n t  y e a r s  w h i c h  i m p r o v e  
the  r e s i s t ance  of m e t a l s  to cor ros ion  in d i f fe ren t  co r -  
ros ive  e n v i r o n m e n t s  b y  the  f o r m a t i o n  of th in ,  p r o -  
t ec t i ve  ox ide ,  ch roma te ,  or  p h o s p h a t e  fi lms (9 -14 ) .  
The  r e s i s t ance  to co r ros ion  c o n f e r r e d  b y  these  t r e a t -  
m e n t s  h a v e  been  s t u d i e d  m a i n l y  b y  m e a n s  of acce l -  
e r a t e d  co r ros ion  and  field tes ts .  P o t e n t i a l  and  p o l a r -  
i za t ion  s tud ies  w i t h  the  ob jec t  of o b t a i n i n g  a n  i n s igh t  
in to  the  m e c h a n i s m  b y  w h i c h  c h e m i c a l  su r f ace  t r e a t -  
m e n t s  confe r  p a s s i v i t y  to t he  m e t a l  su r f ace  have ,  
h o w e v e r ,  no t  y e t  been  c a r r i e d  out.  Th is  p a p e r  is t he  
first  of a ser ies  de sc r i b ing  such s tud ies  and  concerns  
a l u m i n u m  for  w h i c h  a n u m b e r  of s i m p l e  p rocesses  
i n v o l v i n g  on ly  a d ip  t r e a t m e n t  a r e  k n o w n .  

Experimental 
Metal.--Indal 2 S to B.S. 1470 ( c o m m e r c i a l l y  p u r e  

a l u m i n u m  of 99% p u r i t y )  f rom I n d i a n  A l u m i n u m  
Co., Be lur ,  Ca lcu t t a ,  cu t  in to  1 x 1 in. spec imens  was  
used.  

S c r a t c h - f r e e  m a t e r i a l  was  cut  in to  t he  size r e -  
q u i r e d  and  g iven  a h igh  deg ree  of po l i sh  w i t h  c lo th  
buff  soaked  w i t h  w e t  p u m i c e  (15) .  This  w a s  fo l -  
l o w e d  b y  so lven t  c l ean ing  in  h o t  b e n z e n e  and  ace -  
tone,  c l e a n i n g  w i t h  a l k a l i n e  c l e a n e r  (16) ,  r in s ing  
w i t h  cold  w a t e r ,  and  t r e a t m e n t  in one of  the  f o l l o w -  
ing  processes :  

1. MBV process (17) :  5 - m i n  t r e a t m e n t  a t  90 ~ 
100~ in so lu t ion  c o n t a i n i n g  5% s o d i u m  c a r b o n a t e  
a n d  1.5% s o d i u m  c h r o m a t e .  

2. E.W. process (18) :  10 -min  t r e a t m e n t  a t  90 ~ 
100~ in MBV so lu t ion  to w h i c h  0.1% s o d i u m  s i l i ca te  
has  also been  added .  

3. Pylumin  process (19) :  5 - m i n  t r e a t m e n t  a t  
95~176  in so lu t ion  c o n t a i n i n g  6% s o d i u m  c a r b o n -  
ate,  2% s o d i u m  c h r o m a t e ,  a n d  0.2% d i s o d i u m  p h o s -  
pha te .  

4. Alrok process (20) : 2 0 - m i n  t r e a t m e n t  a t  b o i l -  
ing  p o i n t  in  so lu t ion  c on t a in ing  2 % s o d i u m  c h r o m a t e  
and  0.5% p o t a s s i u m  d i c h r o m a t e .  
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5. Chrome pickle (21) : D ipp ing  for 2 m i n  at 60 ~  
70~ in  so lu t ion  c o n t a i n i n g  17.5% ( w / v )  chromic  
acid and  3.5% ( w / v )  H~SO,. 

6. Phosphoric acid pre- treatment  (22) :  5 - m i n  
t r e a t m e n t  in  cold so lu t ion  con t a in ing  10% ( v / v )  of 
o r thophosphor ic  acid (85%) ,  70% ( v / v )  b u t y l  alco- 
hol, and  20% water .  

7. Acid cleaning (23) :  5 - ra in  i m m e r s i o n  in  cold 
so lu t ion  of 5.6% of phosphor ic  acid ( v / v )  and  1.7% 
chromic  acid. 

8. Chemical polishing (24) :  5 - m i n  t r e a t m e n t  at 
90~ in  solut ion 80% ( v / v )  of phosphor ic  acid 
( 8 5 % ) ,  3.5% ( v / v )  n i t r i c  acid, and  16% water .  
Af te r  t r e a t m e n t ,  the spec imens  were  g iven  a t ho r -  
ough r inse  in  cold wa t e r  and  dr ied  w i th  a hot  a i r  
blower .  

Procedure 

The p rocedure  fol lowed was s imi la r  to tha t  de-  
scr ibed by  Brashe r  (25) w i th  the  difference tha t  the  
seal ing of the j u n c t i o n  b e t w e e n  me ta l  and  the  ex-  
t e r n a l  lead and  glass t u b e  was done in  th ree  stages 
us ing  di f ferent  m i x t u r e s  of bee swax- ros in ,  b e e s w a x -  
ceresin,  and  ceresin.  This  seal r e m a i n e d  unaffec ted  
up to 60 days. The cor roding  m e d i u m ,  3% NaC1 in  
water ,  was  con ta ined  in  a 600 ml  beake r  a nd  the  
spec imen  was  fitted by  m e a n s  of r u b b e r  cork to the  
perspex  cover  of the beake r  and  lowered  in to  the  
so lu t ion  to a depth  of 1 in. be low the so lu t ion  level.  
The  test  so lu t ion  was ae ra ted  for 15 ra in  before  tes t  
to sa tu ra te  it w i th  oxygen.  

Po ten t i a l s  were  m e a s u r e d  aga ins t  a s a tu ra t ed  calo-  
mel  e lect rode us ing  a B e c k m a n  pH me te r  as the n u l l  
i n s t r u m e n t .  On ly  10 -11 amp  passed on off ba lance .  
Po la r i za t ion  s tudies  were  car r ied  ou t  by  e x t e r n a l  
appl ica t ion  of c u r r e n t  w i th  a dup l i ca te  spec imen  as 
the  a u x i l i a r y  electrode and  the  po ten t ia l s  m e a s u r e d  
as before.  Al l  m e a s u r e m e n t s  were  made  at 3 5 ~ 1 7 7  
0.1~ 

Results 
Poten t i a l s  g iven  by a rep l ica te  n u m b e r  of u n -  

t r ea ted  spec imens  and  spec imens  t rea ted  by  the MBV 

Table I. Reproducibility of initial electrode potential 
vs. saturated calomel electrode at 35~ 

Meta l  t r e a t ed  by 
No. U n t r e a t e d  m e t a l  MBV p r o c e s s  

1 --0.761 --1.028 
2 --0.745 --1.128 
3 --0.753 --1.081 
4 --0.740 --1.052 

Table II. Change in potential in the first few hours 

P o t e n t i a l  of  P o t e n t i a l  of  
No. T i m e  u n t r e a t e d  m e t a l  t r e a t e d  m e t a l  

1 0 min  --0.745 --1.081 
2 5 min  --0.745 --1.021 
3 10 min  --0.748 --0.991 
4 15 min  --0.748 --0.954 
5 30 min  --0.748 --0.825 
6 1 hr  --0.748 --0.740 
7 2 hr --0.748 --0.745 
8 3 hr --0.748 --0.753 
9 4 hr --0.753 --0.787 

10 1 day --0.835 --0.857 
11 2 days --0.837 --0.868 
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Fig. 1. Reproducibi l i ty of potent ia l - t ime curves of untreated 
a luminum and a luminum treated by MBV process. A ,  un- 
treated AI, O, AI treated by MBV process. Potentials were 
measured against saturated calomel electrode. 

U --I.I 
~  
rq 

Z - 0 g  

-0.' l  
| 3 9 16 6 0  

TIME fN O A Y S - L O G A R I T H M I C  P L O T  

Fig. 2. Potent ial- t ime curves of a luminum treated by dif-  
ferent pretreatment processes, e, untreated AI, [3, EW process, 
A ,  A l rok  process, O, Pylumin process, A ,  MBV process. Po- 
tenhals were measured against saturated calomel electrode. 

process i m m e d i a t e l y  af ter  i m m e r s i o n  in  sodium 
chromate  so lu t ion  are g iven  in  Tab le  I. The  i n s t a n -  
taneous  po ten t ia l s  of u n t r e a t e d  a l u m i n u m  are  found  
to be r ep roduc ib le  wi th  --10 m v  whi le  more  va r i a t i on  
is observed  in  the  case of the t r ea ted  specimens.  

Po ten t ia l s  of t r ea ted  a nd  u n t r e a t e d  m e t a l  were  
recorded f r e q u e n t l y  up to a per iod  of 4 hr  a nd  then  
at the end  of 1 and  2 days. Resul ts  are g iven  in 
Tab le  II. 

The  po ten t i a l  of u n t r e a t e d  a l u m i n u m  is found  to 
be fa i r ly  s teady  for severa l  hours  at --0.745 v and  
t h e n  falls to more  nega t ive  values ,  i nd i ca t ing  fa i lu re  
of the pro tec t ive  oxide film in  the  cor rod ing  m e d i u m  
con t a in ing  chlor ide  ion in  solut ion.  The po ten t i a l  of 
the  t r ea ted  metal ,  which  is h igh ly  nega t ive  to s ta r t  
wi th ,  rises qu ick ly  to the  po ten t i a l  of u n t r e a t e d  a lu -  
m i n u m  and  falls again.  

Reproducibility of potential- t ime curves wi th  un- 
treated and treated metal . - -Potent ial - t ime curves  
g iven  by  rep l ica te  spec imens  of t r ea ted  a nd  u n t r e a t e d  
me t a l  up to a per iod  of 60 days  are  p lo t ted  in  Fig. 1. 
I t  is seen f rom the  figure t ha t  the p o t e n t i a l - t i m e  
curves  of the u n t r e a t e d  me t a l  are  gene ra l l y  cha r -  
acter ized by a g radua l  d r i f t  in  the  course of 4 days 
to a cons tan t  po ten t i a l  which  is 200 m v  more  n e g a -  
t ive;  tha t  of t r ea ted  me t a l  is, on the o ther  hand ,  
charac te r ized  by  a rap id  rise in  the  course of a day  
to the in i t i a l  po ten t i a l  of u n t r e a t e d  a l u m i n u m  fol-  
lowed by  a m u c h  s lower  fall. The ex t en t  of dr i f t  w i th  
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Fig. 3. Polarization curves of treated and untreated alumi- 
num. Untreated AI, O cathodic, �9 anodic; MVB treated AI, 
[ ]  cathodic, �9 anod~c. Potentials were measured against sat- 
urated calomel electrode. Current density is in #.a/in.-". 

t ime  of  i m m e r s i o n  is, h o w e v e r ,  no t  so r e p r o d u c i b l e  
in the  case  of t r e a t e d  me ta l .  

Potent ial- t ime curves of a luminum treated by 
different pre treatment  p roces ses . - -Po ten t ia l - t ime  
curves  of a l u m i n u m  t r e a t e d  b y  t h r e e  m o r e  p rocesses  
a r e  g iven  in Fig .  2 a long  w i t h  those  of u n t r e a t e d  
m e t a l  a n d  m e t a l  t r e a t e d  b y  MBV process .  

I t  is seen  f r o m  Fig.  1 a n d  2 t h a t  t h e  r i se  in  p o t e n -  
t i a l  of u n t r e a t e d  m e t a l  is no t  s ign i f ican t  b e y o n d  7 
days .  The  in i t i a l  p o t e n t i a l  of m e t a l  t r e a t e d  b y  the  EW 
process  is t he  s ame  as t ha t  of u n t r e a t e d  me ta l ,  and  
th is  p o t e n t i a l  fa l l s  a t  a m u c h  s lower  r a t e  t h a n  t h a t  of 
u n t r e a t e d  me ta l .  The  m e t a l  t r e a t e d  b y  the  A l r o k  
process  g ives  a h i g h l y  n e g a t i v e  i n i t i a l  p o t e n t i a l  to 
s t a r t  wi th ,  and  t h e r e  is not  m u c h  c h a n g e  in  th is  p o -  
t e n t i a l  w i t h  t ime.  M e t a l  t r e a t e d  b y  the  P y l u m i n  
process  b e h a v e s  s im i l a r l y .  

Initial potentials and changes in potential o~ alu- 
m i n u m  treated by etching and polishing s o l u t i o n s . -  
A n  u n d e r s t a n d i n g  of t he  d a t a  o b t a i n e d  w i t h  v a r i o u s  
p a s s i v a t i n g  so lu t ions  m a y  be  f a c i l i t a t e d  if t he  effects 
of c h e m i c a l  t r e a t m e n t s  w h i c h  i n v o l v e  e tch ing ,  c l e a n -  
ing, or  po l i sh ing  of  the  su r f ace  on the  p o t e n t i a l  a r e  
known .  The re fo re ,  the  m e t a l  was  t r e a t e d  by  fou r  
solu t ions ,  one of w h i c h  j u s t  e t ched  t h e  surface ,  t he  
o t h e r  c l e aned  i t  f ree  of ox ide  film, t he  t h i r d  one 
p r i m e d  the  su r face  for  pa in t ing ,  a n d  the  l as t  one  
g a v e  a c h e m i c a l  pol ish .  Resu l t s  o b t a i n e d  a re  g iven  in  
T a b l e  III .  

I t  is seen  f r o m  T a b l e  I I I  t h a t  the  b e h a v i o r  of the  
m e t a l  t r e a t e d  b y  a n y  of t he  a b o v e  m e t h o d s  is g e n -  
e r a l l y  s i m i l a r  to t ha t  of u n t r e a t e d  me ta l .  The  i n i t i a l  
p o t e n t i a l  is t he  s ame  as t h a t  of u n t r e a t e d  me ta l ,  a n d  
th is  p o t e n t i a l  i nc reases  f a i r l y  r a p i d l y  to a m o r e  n e g -  
a t i ve  p o t e n t i a l  s im i l a r  to u n t r e a t e d  me ta l .  

Polarization curves of untreated a luminum and 
a luminum treated by M B V  process.--I t  is k n o w n  
tha t  i n c r e a s e d  ca thod ic  p o l a r i z a t i o n  of a l u m i n u m  

Table Ill. Effects of chemical treatments not involving passivation 

C h r o m e  P h o s p h o r i c  A c i d  C h e m i c a l  
No. T i m e  p i c k l e  ac id  w a s h  c l e a n i n g  p o l i s h i n g  
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1 0 hr  --0.737 --0.727 --0.760 --0.767 
2 1 day  --0.813 --0.769 --0.796 --0.752 
3 45 days  --0.922 --0.933 --0.939 --0.887 

t a k e s  p lace  w h e n  dc c u r r e n t s  of the  o r d e r  of 100 ~a 
a re  pa s sed  f r o m  an  e x t e r n a l  source  t h r o u g h  the  
m e t a l  as ca thode ,  a n d  h a r d l y  a n y  p o l a r i z a t i o n  is ob -  
s e r v e d  w i t h  the  m e t a l  as the  a n o d e  (26-28) .  The  
effect  of MBV t r e a t m e n t  on the  anod ic  a n d  ca thod ic  
p o l a r i z a t i o n  cu rves  of a l u m i n u m  is, t he re fo re ,  of in -  
t e res t .  Anod ic  and  ca thod ic  p o l a r i z a t i o n  cu rves  of 
t r e a t e d  and  u n t r e a t e d  a l u m i n u m  a re  c o m p a r e d  in 
Fig.  3. 

I t  is seen t ha t  the  ca thod ic  p o l a r i z a t i o n  cu rve  is 
m a d e  m u c h  s t e e pe r  b y  t r e a t m e n t ,  and  c o m p a r a t i v e l y  
l i t t l e  change  is o b s e r v e d  a t  the  anode .  

Discussion 

T h e  fa l l  in p o t e n t i a l  of u n t r e a t e d  a l u m i n u m  w i t h  
t ime  in the  c h l o r i d e  m e d i u m  is r e a d i l y  u n d e r s t o o d  in 
t e r m s  of c lass ica l  ideas  on the  m e a n i n g  of e l e c t r o d e  
po t e n t i a l .  I t  is a s soc ia t ed  w i t h  t he  b r e a k d o w n  of t h e  
p r o t e c t i v e  ox ide  f i lm and  the  f inal  p o t e n t i a l  of --0.9 v 
s ignif ies  the  e q u i l i b r i u m  s t a t e  b e t w e e n  the  b r e a k -  
d o w n  of the  ox ide  fi lm b y  the  co r ros ive  ac t ion  of 
ch lo r ide  ions and  r e p a i r  of th is  f i lm b y  o x y g e n  p r e s -  
en t  in  t h e  l iquid .  I t  is m o r e  diff icult  to u n d e r s t a n d  
the  h i g h l y  n e g a t i v e  i n i t i a l  p o t e n t i a l  o b s e r v e d  w i t h  
m e t a l  t r e a t e d  b y  MBV, P y l u m i n ,  a n d  A l r o k  p r o c -  
esses. P a s s i v a t i o n  of a m e t a l  su r f ace  is u s u a l l y  a c -  
c o m p a n i e d  b y  the  p o t e n t i a l  b e c o m i n g  ennob]ed .  
Here ,  h o w e v e r ,  t h e r e  a re  a n u m b e r  of sy s t e ms  w h e r e  
th is  is no t  t he  case. M e a r s  (29) has  shown,  h o w e v e r ,  
tha t ,  if  t he  o v e r - a l l  e l e c t r o d e  p o t e n t i a l  of a c o r r o d i n g  
m e t a l  is g iven  b y  the  c o n v e r g e n c e  p o i n t  of t he  p o l a r -  
i za t ion  c u r v e  of t h e  local  anodes  a n d  ca thodes  (30) ,  
t hen  ins t ances  can  occur  w h e r e  p a s s i v i t y  of t he  
m e t a l  su r face  is a c c o m p a n i e d  b y  sh i f t i ng  of the  e lec -  
t r o d e  p o t e n t i a l  in t he  n e g a t i v e  d i rec t ion .  

The  g r e a t e r  co r ros ion  r e s i s t ance  of m o r e  e l e c t r o -  
n e g a t i v e  a l u m i n u m  as c o m p a r e d  to s tee l  in sa l t  so lu -  
t ions  is b e l i e v e d  to a r i se  f r o m  such a m e c h a n i s m .  
This  sh i f t  of p o t e n t i a l  in t he  n e g a t i v e  d i rec t ion ,  ac -  
co rd ing  to Mears ,  a r i ses  f r o m  i n c r e a s e d  p o l a r i z a t i o n  
of the  local  ca thodes .  W h e n  the  MBV t r e a t e d  m e t a l  is 
p o l a r i z e d  c a t h o d i c a l l y  by  the  a p p l i c a t i o n  of  e x t e r n a l  
emf  (see  Fig.  3) ,  t he  t r e a t e d  m e t a l  is p o l a r i z e d  to a 
m u c h  g r e a t e r  e x t e n t  t h a n  the  u n t r e a t e d  m e t a l  a t  
e q u a l  c u r r e n t  dens i t ies .  The  e x t e n t  to w h i c h  t h e  two  
m e t a l s  a r e  p o l a r i z e d  a n o d i c a l l y  does  no t  d i f fer  to a 
s ign i f ican t  ex ten t .  The  m o r e  n e g a t i v e  in i t i a l  p o t e n -  
t i a l  of  M B V - t r e a t e d  a l u m i n u m  and  the  p o l a r i z a t i o n  
d a t a  are ,  t he re fo re ,  e x p l a i n e d  s a t i s f a c t o r i l y  in  t e r m s  
of th is  m e c h a n i s m .  But ,  as M e a r s  p o i n t e d  out,  th is  
a p p r o a c h  has  s u b s t a n t i a l  l imi t a t ions .  F i r s t ,  i t  m a y  
not  be  co r r ec t  to a s sume  t h a t  anodic  a n d  ca thod ic  
p o l a r i z a t i o n  cu rves  o b t a i n e d  b y  the  a p p l i c a t i o n  of an  
e x t e r n a l  c u r r e n t  r e p r o d u c e  the  p o l a r i z a t i o n  b e h a v i o r  
of t he  local  anodes  and  ca thodes  in t he  absence  of an  
a p p l i e d  emf.  Second ,  t he  i n d i r e c t  m e t h o d s  (7, 31) 
t ha t  have  been  s u g g e s t e d  for  m e a s u r i n g  the  p o l a r -  
i za t ion  cu rves  of t h e  loca l  anodes  and  ca thodes  s t i p u -  
l a t e  a n u m b e r  of cond i t ions  w h i c h  canno t  be  m e t  in 
the  case  of t he  p r e s e n t  sys tems .  F u r t h e r ,  the  changes  
in  p o t e n t i a l  w i t h  t ime,  e.g., r a p i d  r i s e  in p o t e n t i a l  of 
MBV t r e a t e d  m e t a l  to t h a t  of u n t r e a t e d  a l u m i n u m ,  
do no t  l end  t h e m s e l v e s  eas i ly  to e x p l a n a t i o n  on the  
bas is  of t he  a b o v e  m e c h a n i s m .  
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I t  was cons idered  wor th  while,  therefore ,  to see 
if the Glasstone,  Laidler ,  and  E y r i n g  theory  of ra te  
processes (32) t h r e w  more  l igh t  on the  signif icance 
of such po ten t i a l  changes.  Accord ing  to this theory,  
the ra te  of the fo rward  and  reverse  processes t a k i n g  
place at  an  e lect rode and  the  m a g n i t u d e s  of the  c u r -  
ren ts  f lowing in  the two direct ions  as a resu l t  can be 
expressed in  the  fo rm of an  equa t ion  i n v o l v i n g  the  
concen t r a t i on  t e rms  con t ro l l ing  each react ion,  the  
specific veloci ty  of the react ion,  ene rgy  t r ans fe r  co- 
efficient, n u m b e r  of e lect rons  invo lved  in  the elec-  
t rode react ion,  and  the  po ten t i a l  of the  electrode,  
each of which  can be m e a s u r e d  u n d e r  we l l -de f ined  
c i rcumstances .  The reac t ions  t ak ing  place at each of 
the  two electrodes cons t i tu t ing  any  one of the  i n -  
n u m e r a b l e  local cells p resen t  on a cor roding  me t a l  
also can be expressed  in  t e rms  of such an  equat ion .  
At each electrode,  there  is a f o r w a r d  and  reverse  
reac t ion  and  there  is a ne t  flow of cur ren t .  The local 
cells of a cor roding  me ta l  are, however ,  shor t  c i r -  
cu i ted  t h rough  the  me ta l  and  the  tota l  ne t  c u r r e n t  
at al l  the local anodes  equals  the  tota l  ne t  c u r r e n t  at 
a l l  the local cathodes.  The two cu r r en t s  can, t he re -  
fore, be  ba l anced  as follows: 

N e t  cathodic  cur ren t  f r o m  all the  local cells: 

il = Z ' f ' A ~  ( a : ' )  .K~.e  . . . .  f,/~,'r __ 

II(a~v~) -K' ,"  e ('-~ r ~/RT [1] 
1 

w" 
n e g l i g i b l e  

vi 
where  A~ = tota l  cathodic area  in cm -~, II (a, v ,)  = 

1 

p roduc t  of concen t r a t i on  t e rms  con t ro l l ing  the ca-  
thodic react ion,  K~ = specific ve loc i ty  of the r e d u c -  
t ion  reac t ion  in  cathodic areas, a' = s y m m e t r y  factor  
or ene rgy  t r ans f e r  coefficient, Z = No. of e lec t rons  
invo lved  in  the e lect rode reac t ion  f = 96,500 (cou-  
l ombs /mo le ,  v = potent ia l ,  R = gas constant ,  and  
T ---- t emp ~  

Net  anodic cur ren t  Srom all the  local cells: 

L . = A , . Z f { (  ) - - I I ( a , . v , ) .  K_:.e ( ..... I Z f i ' / I ~ ' T  [2] 
n e g h g i h l e  1 

where  A~ = tota l  anode  area  in  cm -~ K, is the specific 
veloci ty  of the ox ida t ion  reac t ion  in  anodic  areas  and  
a" is the  s y m m e t r y  factor. 

In  the p resen t  case, po ten t ia l s  of the t r ea ted  and  
u n t r e a t e d  me ta l  in  3% NaC1 solu t ion  are al l  in  the  
r ange  of --0.7 to --1.2 v in  which  the anodic  reac-  
t ion  t e rms  of Eq. [1] and  the  cathodic reac t ion  t e r m  
of Eq. [2] would  be negl igible .  Therefore ,  i~ = i_~, 
whe re  pos i t ive  va lue  denotes  a cathodic c u r r e n t  
and  nega t ive  va lue  denotes  anodic  cur ren t ,  and  

Ao II  ( a , - , , )  .K_: 
1 [3] 

e-Z.,.f( 
A~.H  (a , . v l )  K~ 

1 

1 A f t e r  th i s  p a p e r  was  comple ted ,  t he  a u t h o r  came  across  an  in -  
t e r e s t i n g  p a p e r  by  M. T a k a h a s h i  [J. Electrochem. Soc. Japan, 25, 
(4) E 36 1957] g i v i n g  t he  d e r i v a t i o n  of t he  e q u a t i o n s  fo r  t h e  p o t e n -  

t i a l  of the  c o r r o d i n g  m e t a l  on the  bas is  of  t he  G las s tone ,  L a i d l e r ,  
a n d  E y r i n g  t h e o r y  of r a te  processes  as w e l l  as t he  e x p e r i m e n t a l  
v e r i f i c a t i on  of t he  same.  

a nd  

- - V ~  

p21 

R T  Am II  (a.0.v~) .K~: 
1 

i n  
Z- f -  ( a ' + l - - a " )  Ao H (a , . v~ )g ,  

1 

[4] 

R T  Ao. X.. 
- - v  = l n - -  

Z . f .  ( a '  nt- 1--r t r )  A t ' X 1  

where  
y . t  w 

X~ 1 = II (a , -v , )  K._: and  X, = II (a , -v , )  KI 
1 1 

[5] 

Appl ica t ion  of Eq. [5] to the behav io r  of u n t r e a t e d  
and  t rea ted  a l u m i n u m  in  chlor ide solut ions  is of i n -  
terest .  F r o m  the  t e n d e n c y  of a l u m i n u m  to suffer 
localized corrosion or p i t t ing ,  it  m a y  be conc luded  
tha t  As mus t  be smal l  compared  to A o. F r o m  the  fact 
tha t  the cor roding  me ta l  regis ters  a h igh  nega t ive  
potent ia l ,  it also m a y  be conc luded  w i t h  the  help  
of the  above equa t i on  tha t  Aa'X2 m u s t  be g rea te r  
t h a n  At.X1 a nd  X~ m u s t  be  m u c h  grea te r  t h a n  X1. 
The  observed steep po la r i za t ion  of the  me t a l  w h e n  
it  is made  cathodic by  an  e x t e r n a l  emf is in  agree-  
m e n t  wi th  the idea of At.X1 be ing  small .  S imi la r ly ,  
the s luggishness  wi th  which  the me t a l  polarizes,  
w h e n  it  is made  the anode,  is in  a g r e e m e n t  w i th  the  
idea of At.X2 be ing  large. The  s teeper  cathodic po-  
l a r iza t ion  curve  for the t r ea t ed  me ta l  m e a n s  tha t  
At.X1 is smal le r  t h a n  it  was  before  t r e a t m e n t .  This  
change  is more  l ike ly  to have  t a k e n  place in  r e -  
spect to the  effective a rea  of the  cathode A~ r a t h e r  
t h a n  in  respect  to the  ve loc i ty  factor.  The effective 
cathodic area  must ,  therefore ,  be cons idered  to have  
d imin i shed  as a resu l t  of t r e a t m e n t .  I t  also is seen 
f rom the above equa t ion  tha t  w h e n  Ao.X1 becomes 
smal l e r  the po ten t i a l  of the  me ta l  also falls. This  is 
exact ly  wha t  is observed in  the  case of the  pass iva -  
t ion t r e a t m e n t s  u n d e r  s tudy.  

Accord ing  to this  i n t e r p r e t a t i o n  the shif t  of po-  
t en t i a l  of t r ea ted  a l u m i n u m  in  the  nega t i ve  d i rec t ion  
af ter  i m m e r s i o n  in  the  cor rod ing  solut ion arises f rom 
an increase  in  the anodic  area, which  is in  con-  
fo rmi ty  wi th  the  idea  of b r e a k d o w n  of the film. The  
rise in  po ten t i a l  of t r ea ted  me t a l  i m m e d i a t e l y  af ter  
i m m e r s i o n  should,  according  to this view, ind ica te  
an  increase  in  the effective cathodic area,  a nd  this  
a p p a r e n t l y  comes to a stop w h e n  the so lu t ion  has 
p e r m e a t e d  all  the pores of the t r ea ted  meta l .  This  
approach  also exp la ins  w h y  t r e a t m e n t s  such as the  
EW process, which  fo rm e x t r e m e l y  t h in  films s imi la r  
to the  n a t u r a l l y  fo rmed  oxide films and  which  are 
p rac t i ca l ly  free f rom pores,  do no t  show such a 
t endency .  In  this case, the fal l  in  po ten t i a l  wi th  t ime  
is s lower t h a n  tha t  of u n t r e a t e d  a l u m i n u m ,  t he r eby  
ind ica t ing  tha t  the  p roduc t i on  of anodic  poin ts  is 
m u c h  less favored  by the film formed u n d e r  the  con-  
d i t ions  of this  process t h a n  in  the case of the n a -  
t u r a l  oxide film. Obse rva t ions  made  wi th  spec imens  
t rea ted  in  solut ions  which  have  essen t ia l ly  a c l ean ing  
or smooth ing  effect on the me t a l  surface  are also 
expla ined .  The  in i t i a l  po ten t ia l s  as wel l  as the  m a i n  
t r e n d  of the  po ten t i a l  t i m e - c u r v e s  of these speci-  
mens  are pa ra l l e l  to the u n t r e a t e d  metal .  This  shows 
tha t  no film f o r ma t i on  or convers ion  of the  surface 
has t a k e n  place which  is d i f ferent  f rom tha t  which  
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h a p p e n e d  to the  u n t r e a t e d  me ta l  d u r i n g  exposure  to 
air. The final po ten t ia l s  of u n t r e a t e d  a l u m i n u m  and  
a l u m i n u m  t rea ted  by  the d i f ferent  pass iva t ion  proc-  
esses do not  differ cons iderably .  This  nea rnes s  of 
these  e lec t rode  po ten t ia l s  despi te  the  fact  tha t  the  
corrosion ra te  of t r ea ted  a l u m i n u m  is m u c h  lower  
t h a n  tha t  of u n t r e a t e d  a l u m i n u m  can  only  be u n d e r -  
stood if the  factor  d o m i n a t i n g  the observed po ten t i a l  
is the  ra t io  b e t w e e n  the  anodic  and  cathodic areas.  
As long as this  ra t io  r e m a i n s  the  same, the po ten t i a l  
wil l  not  differ cons iderably ,  bu t  the corrosion ra te  
m a y  be m a r k e d l y  m i n i m i z e d  if bo th  anodic  a nd  
cathodic areas are d imin ished .  This  leads  to the  i m -  
p o r t a n t  conclus ion  t ha t  the  factor  respons ib le  for 
pass iva t ion  by  these t r e a t m e n t s  is the d i m i n u t i o n  in  
the  cathodic area. The  t e n d e n c y  of a l u m i n u m  to be 
sub jec ted  to localized corrosion or p i t t i ng  may,  
therefore,  be  expected  to be m i n i m i z e d  by  the  chem-  
ical ox ida t ion  processes inves t iga ted ,  un l ike  anodic  
inhibi tors ,  e.g., chromates  and  phosphates .  
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Mechanism of Electrodeposition of Nickel from Liquid 
Solutions of Spin-Free Nickel(ll) Complexes 

Ammonia 

George W. Watt and David A. Hazlehurst 

Department of Chemist.ry, The University of Texas, Austin, Texas 

ABSTRACT 

Data on cathode current  efficiencies for the electrolysis of solutions of 
[Ni(NH~),,] ~§ [Ni(en)~] -~*, and [Ni(dn)~] ~+ in the presence of Br-, I-, and SCN- 
are interpreted on the basis of an SN2 mechanism in which the ra te-control l ing 
step is most probably dependent  on the t ranslabi l iz ing effect of the enter ing 
l igand that  is involved in the formation of an init ial  t ransi t ion state complex. 

C o n t i n u e d  in te res t  in  the  e lec t rodeposi t ion  of m e t -  
als f rom n o n a q u e o u s  med ia  (1-5)  f rom bo th  theo-  
re t ica l  and  prac t ica l  v i ewpo in t s  has p r o m p t e d  us to 
r e - e x a m i n e  ce r t a in  da ta  tha t  were  ob ta ined  severa l  
years  ago. I t  was  observed tha t  deposi t ion f rom a m -  
mon ia  solut ions  of h e x a m m i n e n i c k e l ( I I )  b romide ,  
t r i s e t h y l e n e d i a m i n e n i c k e l ( I I )  b romide ,  and  b i sd i -  

e t h y l e n e t r i a m i n e n i c k e l ( I I )  b r omi de  occur red  at  
neg l ig ib ly  low ra tes ;  upon  add i t ion  of the po tass ium 
salts of Br-, I-, and  SCN-, however ,  deposi t ion  oc- 
cu r red  at m a r k e d l y  increased  ra tes  tha t  were  de-  
p e n d e n t  on the  i den t i t y  of the  added  an ionic  l igands.  
I t  is of in te res t  to consider  these da ta  in  the  l ight  of 
genera l i za t ions  and  m e c h a n i s m s  proposed by  Lyons  
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(6 -8 )  w i t h  r e f e r e n c e  to depos i t i on  f r o m  aqueous  
solut ions ,  and  to p ropose  an  a l t e r n a t i v e  m e c h a n i s m  
for  the  genes is  of a t r a n s i t i o n  s t a t e  complex .  

Exper imental  

Materials.--Hexamminenickel(II) b r o m i d e  ( c a l -  
cu l a t ed :  Br-,  49.9; found :  Br-, 50.0) was  p r e p a r e d  as 
d e s c r i b e d  e l s e w h e r e  (9) .  T r i s e t h y l e n e d i a m i n e n i c k -  
e l ( I I )  b r o m i d e  1 - h y d r a t e  was  p r e p a r e d  as d e s c r i b e d  
b y  W e r n e r  a n d  M e g e r l e  (10) ;  t he  a n h y d r o u s  sa l t  
( c a l c u l a t e d :  Br-,  39.9; found :  Br-,  40.1) r e s u l t e d  
upon  h e a t i n g  the  1 - h y d r a t e  for  s e v e r a l  hou r s  a t  
100 ~ ~ S i m i l a r l y ,  b i s d i e t h y l e n e t r i a m i n e n i c k e l  
( I I )  b r o m i d e  ( c a l c u l a t e d :  Br-, 37.6; found :  Br-,  
37.6) was  f o r m e d  f rom the  c o r r e s p o n d i n g  1 - h y d r a t e  
(11) .  

Equipment and procedures.--The e q u i p m e n t  e m -  
p l o y e d  was  e s s e n t i a l l y  t he  s ame  as t h a t  d e s c r i b e d  b y  
Booth  and  M e r l u b - S o b e l  (12) e x c e p t  t h a t  the  d e -  
s ign  of the  e l e c t r o d e  h o l d e r s  was  such  t h a t  t he  e l ec -  
t r odes  cou ld  be  r e m o v e d  r e a d i l y  for  d i r ec t  w e i g h i n g  
be fo re  a n d  a f t e r  e l ec t ro lys i s .  N icke l  anodes  (Ni,  
99.5) and  b r i g h t  p l a t i n u m  ca thodes  w e r e  used  in a l l  
of t he  e x p e r i m e n t s  r e p o r t e d  here .  The  e l ec t r i c a l  c i r -  
cui t  i n c l u d e d  a s i lve r  c o u l o m e t e r  and  o t h e r w i s e  was  
c o n v e n t i o n a l  in a l l  respec ts .  

The  e l ec t ro lys i s  cel l  was  p r e d r i e d ,  t h o r o u g h l y ,  and  
s t r i c t l y  a n h y d r o u s  cond i t ions  w e r e  m a i n t a i n e d  in  
a l l  e x p e r i m e n t s .  The  so lven t  a m m o n i a  w a s  d r i e d  
ove r  s o d i u m  a m i d e  and,  j u s t  p r i o r  to use,  was  b u b -  
b l ed  t h r o u g h  a so lu t ion  of  p o t a s s i u m  in a m m o n i a .  
T h e  a m m o n i a  was  condensed  at  --45 ~ a f t e r  w h i c h  
the  t e m p e r a t u r e  was  r a i s e d  to a n d  m a i n t a i n e d  a t  a 
t e m p e r a t u r e  ju s t  s l i g h t l y  b e l o w  the  n o r m a l  bo i l ing  
po in t  of t he  so lven t  ( - -33 .5~  F o l l o w i n g  e lec t ro lys i s ,  
t he  a m m o n i a  so lu t ion  was  s iphoned  f r o m  the  cel l  and  
the  e l ec t rodes  w e r e  washed ,  d r ied ,  a n d  we ighed .  
A f t e r  e v a p o r a t i o n  of t he  so lven t  f rom the  c o m b i n e d  
e l e c t r o l y t i c  so lu t ion  and  wash ings ,  Nff + could  be  d e -  
t e r m i n e d  g r a v i m e t r i c a l l y  b y  the  d i m e t h y l g l y o x i m e  
m e thod .  

Experimental data.--In a ser ies  of e x p e r i m e n t s  i n -  
v o l v i n g  the  ca t ion ic  n i c k e l ( I I )  c o m p l e x e s  i n d i c a t e d  
above ,  t h e  t o t a l  so lu t ion  v o l u m e  w a s  75 ml ,  t h e  con-  
c e n t r a t i o n  of t he  n i c k e l ( I I )  sa l t  was  0.02M, the  con-  
c e n t r a t i o n  of the  a d d e d  p o t a s s i u m  sa l t s  was  0.1M, 
and  the  c u r r e n t  d e n s i t y  was  0.54 +--0.05 m a / c m  ~. 
O t h e r  p e r t i n e n t  d a t a  a r e  i n c l u d e d  in T a b l e  I. 

Table I. Electrolysis of liquid ammonia solutions of 
nickel(ll) salts 

C a t h o d e  
c u r r e n t  

P o t e n t i a l ,  T ime ,  efficiency,  
A d d e d  sa l t  v h r  % 

[Ni (NH.D ~,] Br2 KBr  2.85 3.0 3 
KI  1.57 3.0 80 
KSCN 1.50 3.0 108 

[Ni (en),]Br~ KBr  3.00 2.0 9 
KI  1.72 2.1 75 
KSCN 1.48 3.0 105 

[Ni(dn)_~] Br~ KBr  2.80 1.0 12 
KI  1.88 1.5 67 
KSCN 1.55 3.0 109 

A l t h o u g h  b r i g h t  a d h e r e n t  depos i t s  of n i c k e l  w e r e  
o b t a i n e d  in  the  e l ec t ro lys i s  of a m m o n i a  so lu t ions  of 
t e t r a m m i n e n i c k e l  ( I I )  t h i o c y a n a t e  (13) ,  the  depos i t s  
in t h e  e x p e r i m e n t s  r e p o r t e d  h e r e  w e r e  less  s a t i s -  
f a c t o r y  b u t  n e v e r t h e l e s s  suff ic ient ly  a d h e r e n t  no t  to 
i n t r o d u c e  a p p r e c i a b l e  e r r o r s  in d e t e r m i n i n g  the  t o t a l  
n i cke l  d e p o s i t e d  b y  d i r ec t  w e i g h i n g  of t he  ca thodes .  
N e i t h e r  mic roscop ic  e x a m i n a t i o n  no r  e l e c t r o n  p h o t o -  
m i c r o g r a p h s  s e r v e d  to r e v e a l  a n y  cons i s t en t  c h a r -  
ac te r i s t i c s  of the  depos i t s  as a func t ion  of t he  l i gands  
e m p l o y e d .  

Discussion 

W i t h  r e f e r e n c e  to the  e l e c t r o d e p o s i t i o n  of m e t a l s  
f rom ca t ion ic  complexes ,  V l c e k  (14) has  p r o p o s e d  
t h a t  the  e s sen t i a l  s tep  i nvo lves  t h e  f o r m a t i o n  of a 
z e r o v a l e n t  species,  a f t e r  w h i c h  m e t a l - l i g a n d  b o n d  
b r e a k i n g  l e aves  the  f ree  m e t a l  as a depos i t  on the  
ca thode .  I f  such  a m e c h a n i s m  w e r e  ope ra t i ve ,  i t  is 
no t  i m m e d i a t e l y  a p p a r e n t  in t he  p r e s e n t  case  w h y  
ca thode  c u r r e n t  efficiencies shou ld  be  in f luenced  so 
p r o f o u n d l y  b y  specific an ion ic  l igands .  

L y o n s  (7)  sugges t ed  a p r i m a r y  h e t e r o l y t i c  d i s -  
socia t ion,  or  S~I m e c h a n i s m  1 in  w h i c h  m e t a l - l i g a n d  
b o n d  b r e a k i n g  p r o v i d e s  an  a v a i l a b l e  b o n d i n g  o r b i t a l  
for  the  e s t a b l i s h m e n t  of a p a r t i a l l y  m e t a l l i c  b o n d  
w i t h  t he  ca thode  la t t ice .  

W e  wish  to p ropose ,  l a r g e l y  on the  bas is  of t he  r e -  
su l t s  r e p o r t e d  above ,  t ha t  t h e r e  is an  a l t e r n a t i v e  
and  m o r e  p r o b a b l e  m e c h a n i s m .  T h e  n i c k e l ( I I )  c o m -  
p l e x e s  used  in t he  p r e s e n t  s tud ies  a r e  a l l  of t he  oc t a -  
h e d r a l  sp~d ~ or  s p i n - f r e e  type .  I f  t he  o b s e r v e d  t r e n d s  
in  c a thode  c u r r e n t  efficiencies m a y  be  a s s u m e d  to 
h a v e  even  q u a l i t a t i v e  k ine t i c  s ignif icance,  i t  s eems  
r e a s o n a b l e  to a s sume  tha t  t he  p r i m a r y  r e a c t i o n  i n -  
vo lves  an  in i t i a l  nuc l e oph i l i c  a t t a c k  b y  the  a d d e d  
anions ,  e.g., Br-,  I-, a n d  SCN-.  Thus ,  i t  is a s s u m e d  
t h a t  an  S~2 m e c h a n i s m  is ope ra t i ve ,  t h a t  t he  coo rd i -  
n a t i o n  n u m b e r  of n i cke l  in  t he  t r a n s i t i o n  s t a t e  com-  
p l e x  is seven,  a n d  t h a t  r u p t u r e  of one of the  o r i g i n a l  
m e t a l - l i g a n d  b o n d s  occurs  t r a n s  to  t he  i n c o m i n g  
an ion ic  l igand .  A c c o r d i n g l y ,  a b o n d i n g  o r b i t a l  is 
m a d e  a v a i l a b l e  a n d  the  s u b s e q u e n t  even t s  m a y  w e l l  
occur  as p i c t u r e d  b y  L y o n s  (7) .  I r r e s p e c t i v e  of the  
s t e r e o c h e m i c a l  conf igura t ion  of t he  t r a n s i t i o n  s t a t e  
c o m p l e x  and  r e g a r d l e s s  of w h e t h e r  cis or  t r a n s  a t -  
t a c k  is i nvo lved ,  t h e  p r o p o s e d  S~2 m e c h a n i s m  sug -  
ges ts  two  poss ib l e  r a t e - l i m i t i n g  s teps  b o t h  of w h i c h  
m u s t  t a k e  into  accoun t  t he  fac t  t ha t  t he  n e u t r a l  
so lven t  mo lecu le s  as i n c o m i n g  l i ga nds  a r e  p o t e n -  
t i a l l y  c o m p e t i t i v e  w i t h  the  a d d e d  an ion ic  l igands .  I n  
v i e w  of the  d a t a  in  T a b l e  I, h o w e v e r ,  i t  s eems  a p -  
p a r e n t  t h a t  t he  so lven t  m o l e c u l e  is no t  t hus  c o m -  
pe t i t i ve .  

F i r s t ,  t h e  f o r m a t i o n  of a t r a n s i t i o n  s t a t e  c o m p l e x  
m a y  be  r a t e  l i m i t i n g  and  d e p e n d e n t  on the  r e l a t i v e  
nuc l eoph i l i c  c h a r a c t e r  of t he  i n c o m i n g  l igands .  F r o m  
T a b l e  I i t  m a y  be  seen  t h a t  t he  i n c r e a s i n g  o r d e r  of 
c a thode  c u r r e n t  efficiencies for  t he  t h r e e  a d d e d  an i -  
onic l i gands  is B r - ~  I - ~  SCN-. A l t h o u g h  s t i l l  of 
q u e s t i o n a b l e  s t a tus  (15) and  in a n y  e v e n t  p r o b a b l y  
no t  q u a n t i t a t i v e l y  a p p l i c a b l e  to a m m o n i a  solu t ions ,  
t he  o r d e r  of nuc l eoph i l i c  cons t an t s  (16, 17) for  these  

1 T h e  n o m e n c l a t u r e  e m p l o y e d  h e r e i n  is  t h a t  r e c o m m e n d e d  by  
Baso lo  and  Pea r son  (15). 
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ions is Br -  < SCN- < I-. A second  and  m o r e  a t t r a c -  
t ive  a l t e r n a t i v e  w o u l d  a s sume  tha t  b o n d  b r e a k i n g  is 
the  r a t e - l i m i t i n g  s tep;  in th is  case t he  o b s e r v e d  r a t e s  
shou ld  c o r r e s p o n d  to t he  r e l a t i v e  t r a n s l a b i l i z i n g  e f -  
fec ts  of  t h e  e n t e r i n g  l igands .  I f  w e  m a y  a s s u m e  t h e  
s a m e  o r d e r  for  o c t a h e d r a l  as for  s q u a r e  p l a n a r  c o m -  
p l exes  (18) ,  i.e., NH3 ~ Br -  ~ I- ~ SCN- ( w h e r e  on ly  
the  r e l a t i v e  pos i t i on  of the  l a t t e r  is in doubt ,  b u t  
n e v e r t h e l e s s  r e a s o n a b l e )  t hen  the  c o r r e l a t i o n  w i t h  
the  d a t a  of T a b l e  I is s e l f - e v i d e n t .  

I t  is our  i n t e n t i o n  to p r o v i d e  f u r t h e r  e x p e r i m e n t a l  
d a t a  b e a r i n g  on th is  ques t ion .  
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Electrodeposition of Molybdenum 
T. T. Campbell 

U. S. Bureau of Mines, Albany, Oregon 

ABSTRACT 

Elect rodeposi t ion studies pe r fo rmed  at  the  Nor thwes t  E lec t rodeve lopment  
Labora to ry  of the  U. S. Bureau  of Mines, Albany,  Oregon, are  described.  Re-  
search was d i rec ted  toward  the e lec t rodeposi t ion of m o l y b d e n u m  f rom non-  
aqueous med ia  such as l iquid ammonia ,  formamide ,  acetamide,  hydrazine ,  and 
other  organic solvents  and the  p repa ra t ion  of pure  anhydrous  mo lybde num 
halides. Whi le  thin p la tes  of mo lybde num were  obtained,  the growth  of massive 
deposits  was not  realized.  

The  r e q u i r e m e n t s  of m o d e r n  t e c h n o l o g y  for  m a -  
t e r i a l s  possess ing  h igh  t e m p e r a t u r e  s t r e n g t h  a n d  co r -  
ros ion  r e s i s t ance  p r o p e r t i e s  has,  in  r e c e n t  yea r s ,  
s t i m u l a t e d  an  in tens i f i ed  i l n t e r e s t  in  m o l y b d e n u m .  

M o l y b d e n u m  is p r o d u c e d  c o m m e r c i a l l y  b y  h y d r o -  
gen  r e d u c t i o n  of m o l y b d e n u m  oxides .  The  m e t a l  
p o w d e r  r e s u l t i n g  f rom th is  t r e a t m e n t  is no t  of  u n i -  
f o rm  q u a l i t y  and  p u r i t y  a l t h o u g h  it  can  be  c o n v e r t e d  
into u s a b l e  fo rms  b y  p o w d e r  m e t a l l u r g y  t echn iques .  

W h i l e  the  l i t e r a t u r e  r e p o r t s  m a n y  c la ims  for  t he  
success fu l  e l e c t r o d e p o s i t i o n  of Mo (1) ,  t h o r o u g h  
a n a l y s e s  of and  a t t e m p t s  b y  l a t e r  i n v e s t i g a t o r s  to 
d u p l i c a t e  these  c l a ims  l ead  to t he  conc lus ion  t h a t  
the  on ly  p r a c t i c a b l e  m e t h o d  of e l e c t r o d e p o s i t i n g  
m o l y b d e n u m  is f r o m  the  fused  sa l t  b a t h  r e c e n t l y  d e -  
v e l o p e d  b y  B r e n n e r  and  Sende ro f f  of t h e  U. S. 
B u r e a u  of S t a n d a r d s  (2) .  The  p r e v a i l i n g  op in ion  is 
t ha t  e l e c t r o d e p o s i t i o n  of p u r e  Mo f r o m  aqueous  so lu-  
t ions  is un l i ke ly .  On the  o t h e r  hand ,  t h e  use  of o r -  
gan ic  so lvents ,  fused  sa l t  ba ths ,  a n d  o the r  n o n a q u e -  
ous so lven t s  such as h y d r a z i n e  or  l i qu id  a m m o n i a  as 
m e d i a  for  t he  e l e c t r o d e p o s i t i o n  of  Mo has  h a d  on ly  

l i m i t e d  a t t en t ion .  Effor ts  to e l e c t r o d e p o s i t  Mo a t  the  
A l b a n y  s t a t i on  of t he  U. S. B u r e a u  of  Mines  w e r e  r e -  
s t r i c t e d  m a i n l y  to s tud ies  in  n o n a q u e o u s  so lven t s  
s ince  a p r e l i m i n a r y  p e r i o d  s p e n t  in  d u p l i c a t i n g  o t h e r  
p u b l i s h e d  m e t h o d s  p r o v e d  f ru i t l e s s .  

Discussion 
I t  is d o u b t f u l  w h e t h e r  s imp le  ions  as such  a re  

p r e s e n t  in so lu t ions  c o n t a i n i n g  Mo compounds ,  e i t he r  
b e c a u s e  of r eac t i ons  o c c u r r i n g  b e t w e e n  the  so lu tes  
and  so lven t s  or  be c a use  of t he  t e n d e n c y  of Mo ions 
to f o r m  po ly ions  b y  p o l y m e r i s a t i o n  a n d  c o n d e n s a t i o n  
reac t ions .  In  add i t ion ,  Mo c o m p o u n d s  m a y  d i s p r o -  
p o r t i o n a t e  to g ive  c o m p l e x  c o m p o u n d s  in w h i c h  the  
m e t a l  ion m a y  ex i s t  in a n y  of i ts  o x i d a t i o n  s ta tes .  
I t  is p r o b a b l e  t h a t  on ly  c o m p l e x  sy s t e ms  r e s u l t  d u r -  
ing  efforts  to e l e c t r o d e p o s i t  Mo, r e g a r d l e s s  of t he  
m e d i a  used.  

S tud i e s  of e l e c t r o d e  p o t e n t i a l s  in fu sed  sa l t  b a t h s  
c a r r i e d  out  b y  B r e n n e r  a n d  Sendero f f  (2)  i nd i ca t e  
t h a t  t he  r e d u c t i o n  of Mo to t r i v a l e n t  ox ides  p roceeds  
at  a m o r e  nob le  p o t e n t i a l  t h a n  does r e d u c t i o n  to 
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meta l .  The  s ame  s i t ua t i on  a p p a r e n t l y  ho lds  t r ue  
e i t he r  in  aqueous  or  o rgan ic  solu t ions ,  and  on th i s  
bas is  i t  w o u l d  seem t h a t  o x y g e n  or  o x y g e n  c o n t a i n -  
ing  c o m p o u n d s  m u s t  be  a b s e n t  f r o m  the  e l e c t r o l y t i c  
s y s t e m  in o r d e r  to o b t a i n  the  me ta l .  R e d u c t i o n  of Mo 
ions  in situ b y  h y d r o g e n ,  p o s t u l a t e d  as a m e c h a n i s m  
in c h r o m i u m  depos i t ion ,  does  no t  occur ;  th is  fact ,  and  
t h e  low h y d r o g e n  o v e r v o l t a g e  of Mo (3)  a r e  m a j o r  
fac to rs  p r e v e n t i n g  depos i t i on  of Mo f rom aqueous  
sys tems .  

W h i l e  the  m e t a l  can  be  d e p o s i t e d  f r o m  the  fused  
sa l t  b a t h s  d e v e l o p e d  b y  B r e n n e r  a n d  Senderoff ,  t he  
u t i l i t y  of t he i r  t e chn iques  f r o m  an  economic  s t a n d -  
po in t  does  no t  a p p e a r  p romis ing .  The  p r o c e d u r e s  o u t -  
l i ned  offer f o r m i d a b l e  diff icul t ies  such  as o p e r a t i o n  of 
co r ro s ive  fused  sa l t  b a t h s  at  t e m p e r a t u r e s  r a n g i n g  
f r o m  600 ~ to 900~ w i t h  t he  neces s i t y  of c o m p l e t e  
exc lus ion  of a i r  or  m o i s t u r e  f r o m  the  cell .  W h i l e  
t hese  b a t h s  p r e s u m a b l y  could  be  u se fu l  for  spec i a l i zed  
e l e c t r o p l a t i n g  or  e l e c t r o f o r m i n g  ope ra t ions ,  i t  is 
d o u b t f u l  if t h e y  could  be  a d a p t e d  to w i d e s p r e a d  
g e n e r a l  usage.  

On the  bas i s  of the  fo rego ing  discuss ion,  i t  a p p e a r s  
obv ious  t h a t  a p r a c t i c a b l e  so lu t ion  to the  p r o b l e m  of 
Mo depos i t i on  is needed .  The  a p p l i c a t i o n  of n o n a q u e -  
ous so lven t s  o the r  t h a n  fused  sa l t  b a t h s  to t he  p r o b -  
l e m  of Mo depos i t i on  offers m a n y  i n t e r e s t i n g  pos -  
s ib i l i t i es :  (a )  s tud ies  can  be  m a d e  on sy s t ems  f rom 
w h i c h  o x y g e n  or  o x y g e n  con t a in ing  c o m p o u n d s  can  
b e  c o m p l e t e l y  exc luded ;  (b )  e x p l o r a t i o n  in a c o m -  
p a r a t i v e l y  n e w  and  u n t r i e d  field of  r e s e a r c h  is pos -  
s ible;  and  (c)  if  successful ,  r e s e a r c h  of th is  t y p e  m a y  
p r o v i d e  a n e w  a p p r o a c h  for  the  e l e c t r o d e p o s i t i o n  of 
o t h e r  r a r e  and  r e f r a c t o r y  meta l s .  

Experimental Procedures and Apparatus 
F o r  r ea sons  p r e v i o u s l y  expres sed ,  i t  was  cons id -  

e r ed  d e s i r a b l e  to conduc t  tes t s  in  sys t ems  w h i c h  
c o m p l e t e l y  e x c l u d e d  o x y g e n  e i t he r  in  the  so lu tes  or  
the  solvents .  This  p r o g r a m  n e c e s s i t a t e d  ca r e fu l  e x -  
a m i n a t i o n  of m e t h o d s  for  p r e p a r i n g  Mo compounds .  
M u c h  of  t he  w o r k  was  r e s t r i c t e d  to m o l y b d e n u m  
ch lo r ides  a n d  b r o m i d e s  s ince these  c o m p o u n d s  
p r o v e d  r e a s o n a b l y  so lub le  in m a n y  of t he  so lven t s  
s tud ied .  Most  of t he  so lven t s  h a d  r e l a t i v e l y  h igh  
d i e l ec t r i c  cons tan t s  a l t h o u g h  so lven t s  w e r e  not  e x -  
c luded  f rom s t u d y  even  w h e n  the  d i e l ec t r i c  cons t an t  
was  of a r a t h e r  low order .  

S ince  the  m a j o r i t y  of the  w o r k  c a r r i e d  out  in  th is  
s t u d y  was  e x p l o r a t o r y  in  na tu r e ,  the  e q u i p m e n t  a n d  
p r o c e d u r e s  u t i l i z ed  w e r e  v a r i e d  in na tu r e .  In  gen -  
era l ,  P y r e x  b e a k e r s  of 250-500 m l  c a p a c i t y  w e r e  used  
as  cells,  a l t h o u g h  s m a l l  r e c t a n g u l a r  g lass  cel ls  (800 
ml  c a p a c i t y ) ,  U t u b e  cells,  a n d  3 - n e c k e d  P y r e x  
flasks w e r e  u t i l i z ed  d u r i n g  va r i ous  phase s  of the  i n -  
ves t iga t ion .  Those  tes t s  c a r r i e d  out  u n d e r  an  i n e r t  
a t m o s p h e r e  u s u a l l y  w e r e  c a r r i e d  ou t  in 3 - n e c k e d  
flasks or  in P y r e x  tubes  s ea l ed  w i t h  r u b b e r  s toppers .  
A r g o n  or  h e l i u m  a t m o s p h e r e s  w e r e  m a i n t a i n e d  
a b o v e  those  sy s t ems  w h i c h  w e r e  sens i t ive  to c a r b o n  
d iox ide ,  oxygen ,  or  mo i s tu re .  The  l i qu id  a m m o n i a  
s t u d y  was  c a r r i e d  ou t  in e q u i p m e n t  s im i l a r  to t h a t  
d e s c r i b e d  b y  M e r l u b - S o b e l  (4) .  L i q u i d  a m m o n i a  
cel ls  w e r e  o p e r a t e d  a t  e i t h e r  l ow  t e m p e r a t u r e s  ( b e -  
l ow  - -33~  and  a t m o s p h e r i c  p re s su re ,  or  a t  r o o m  

t e m p e r a t u r e  w h e n  a h igh  p r e s s u r e  ( a b o v e  145 ps ig)  
cel l  was  used.  A f t e r  i n i t i a l  s t u d y  in the  f ield of a q u e -  
ous e l ec t ro lys i s  p r o v e d  unsuccess fu l ,  t he  so lub i l i t y  of 
va r i ous  Mo c o m p o u n d s  in  o rga n i c  a n d  o t h e r  n o n -  
aqueous  so lven t s  was  d e t e r m i n e d .  Q u a n t i t a t i v e  so lu-  
b i l i t y  tes t s  w e r e  c a r r i e d  ou t  in a t e m p e r a t u r e  con -  
t r o l l e d  ( • 1 7 6  w a t e r  b a t h  in  the  25~176  r a n g e  
a n d  in an  ond ina  oi l  b a t h  (a  U S P  g r a d e  m i n e r a l  o i l )  
for  t e m p e r a t u r e s  up  to 200~ The  Mo c o m p o u n d s  
w e r e  a d d e d  in 100-mg q u a n t i t i e s  to 50 m l  of t he  so l -  
ven t  un t i l  i n so lub l e  m a t e r i a l  r e m a i n e d  for  a t  l eas t  1 
hr .  The  t e m p e r a t u r e  was  i n c r e a s e d  b y  20~ inc r e -  
m e n t s  w i t h  pe r iod i c  a d d i t i o n s  of  so lu te  u n t i l  t he  
h ighes t  p r a c t i c a b l e  o p e r a t i n g  t e m p e r a t u r e  for  the  
p a r t i c u l a r  so lven t  was  r eached .  The  m a x i m u m  so lu-  
b i l i t y  of the  so lu tes  o v e r  a w i d e  t e m p e r a t u r e  r a n g e  
was  o b t a i n e d  b y  this  p roc e du re .  Q u a l i t a t i v e  d a t a  on 
so lub i l i t i e s  w e r e  also o b t a i n e d  on m a n y  of  t h e  sys -  
t ems  s tud ied .  S ince  s o l u b i l i t y  d a t a  of  Mo c o m p o u n d s  
in nona que ous  so lven t s  a r e  not  g e n e r a l l y  a v a i l a b l e  in  
the  l i t e r a tu r e ,  the  r e su l t s  of th is  w o r k  a r e  p r e s e n t e d  
in Tab le  I. 

C o n d u c t i v i t y  tes t s  w e r e  m a d e  on a l l  of t he  sol-  
ven t s  in  w h i c h  Mo c o m p o u n d s  w e r e  r e a s o n a b l y  so lu-  
ble.  C o l u m n  5 of T a b l e  I i nd i ca t e s  those  so lven t s  
w h i c h  w e r e  c onduc t i ng  or  nonconduc t ing ,  a long  w i t h  
o t h e r  p e r t i n e n t  r e m a r k s .  A n o d e s  and  ca thodes  of 
g raph i t e ,  copper ,  i ron,  p l a t i n u m ,  m o l y b d e n u m ,  s t a i n -  
less s teel ,  lead,  etc., w e r e  used,  t he  p a r t i c u l a r  e lec -  
t r o d e  m a t e r i a l  u sed  d e p e n d i n g  on the  t y p e  of so l -  
ven t  emp loyed .  A B e c k m a n  (Mode l  H - 2 )  p H  m e t e r  
was  used  to d e t e r m i n e  p H  v a l u e s  d u r i n g  the  course  
of the  s tudy .  A 50 a m p - 2 4  v c a p a c i t y  s e l e n i u m  r ec -  
t i f ier  was  used  as a source  of d - c  cu r ren t .  

E l e c t r o l y t i c  t es t s  g e n e r a l l y  c ove re d  a w i d e  r a n g e  
of c u r r e n t  dens i t i e s  a n d  t e m p e r a t u r e s  ove r  v a r y i n g  
pe r iods  of t ime.  The  course  of  e l ec t ro ly se s  was  fo l -  
l o w e d  b y  o b s e r v a t i o n  of cu r r en t ,  vo l tage ,  and  p H  
read ings .  The  e f fec t iveness  of  a n y  p a r t i c u l a r  s y s t e m  
for  Mo depos i t i on  was  d e t e r m i n e d  b y  v i s u a l  i n s p e c -  
t ion of the  ca thode .  W h e n e v e r  m e t a l l i c  depos i t s  
w e r e  o b t a i n e d  t h e y  w e r e  s u b j e c t e d  to x - r a y  d i f f r ac -  
t ion s t u d y  and  to s p e c t r o g r a p h i c  ana lyses .  W h i l e  no 
m a s s i v e  depos i t s  of Mo w e r e  o b t a i n e d  f r o m  a n y  of 
the  sys t ems  s tud ied ,  t h in  depos i t s  of Mo and  a l loys  
of Mo w i t h  Fe,  Pb,  or  P t  w e r e  r e a d i l y  ob ta ined .  The  
u s u a l  ca thode  p r o d u c t s  w e r e  l o w e r  oxides ,  h y d r o x -  
ides,  or  o the r  r e d u c e d  c o m p o u n d s  of Mo. 

Because  of t he  g r e a t  n u m b e r  of sys t ems  c ove red  
d u r i n g  th is  s t u d y  a n d  the  n e g a t i v e  c h a r a c t e r  of some 
of t he  resul t s ,  i t  is i m p r a c t i c a b l e  to show a l l  t he  d a t a  
ob ta ined .  F o r  th is  r eason ,  T a b l e  I I  shows  on ly  t he  
d a t a  for  those  e x p e r i m e n t s  w h i c h  e i t h e r  gave  th in  
depos i t s  of p u r e  Mo or  a l loys  of Mo w i t h  o t h e r  
meta l s .  

Preparation and Handling of Mo Halides 
Since  m u c h  of the  w o r k  d e s c r i b e d  u t i l i z e d  e i t he r  

t he  ch lo r ides  or  b r o m i d e s  of Mo as solutes ,  t he  p r e p -  
a r a t i o n  of these  c o m p o u n d s  r e q u i r e d  d e t a i l e d  a t t e n -  
t ion.  The  p r e p a r a t i o n  of t h e  d i c h l o r i d e  a n d  d i b r o -  
m i d e  of Mo posed  no  p a r t i c u l a r  p r o b l e m  as d i s p r o -  
p o r t i o n a t i o n  of m o l y b d e n u m  t r i b r o m i d e  in  a 2- in.  
V y c o r  t u b e  was  f o u n d  to p r o c e e d  s m o o t h l y  a t  600~ 
to g ive  m o l y b d e n u m  d i b r o m i d e  and  d i s p r o p o r t i o n a -  



Table I. Solubility of Mo Compounds in water and non aqueous solvents 

Solubility 
Compound Solvent  Temp,  ~ g/1 Remarks  

MoS~ Alka l ine  polysulf ide - -  51.5 Low solubi l i ty  
MoS~ F o r m a m i d e  180 Insol. 
MoS~ Ace tamide  200 Insol. 
MoS~ Tr ie thano lamine  215 50 
MoS~ Pyr id ine  hydroch lo r ide  70 v.sl.s. 
MoS~ Alka l ine  polysulf ide - -  ~50 Low solubi l i ty  
MoBr~ Wate r  To 100 Insol. 
MoBr~ Carbon te t rach lor ide  Room Insol. 
MoBr~ Hydraz ine  hydroch lo r ide  (65%) 

W a t e r  (35%) Room ~1.0 
MoBr~ Wate r  (75%) 

Hydraz ine  (25%) Room Violent  reac t ion  
MoBr~ Ethy lene  d iamine  Room Sol. Visible  react ion 
MoBr~ Cyclohexanol  Room Insol. Suspension fo rmed  
MoBr~ Ani l ine  Room 
MoBr~ Hydraz ine  (95 %) 25-30 - -  Violent  reac t ion  
MoBr~ Cyclohexanol  Room 51.5 Suspension fo rmed  
MoBr~ W a t e r  (50%) 

Tar ta r ic  acid (50%) Room 51.5 Conduct ing 
MoBr~ Dextrose  (50 % ) 

W a t e r  (50%) Room 51.5 Conduct ing 
MoBr~ Tar ta r ic  acid 170 51.5 Conduct ing 
MoBr~ Liquid  ammonia  --35 - -  React ion to give solid ppt.  
MoBr:~ Liquid  ammonia  20 10 Nonconduct ing 

A m m o n i u m  ni t ra te  eutectic 
MoCh Pyr id ine  hydroch lo r ide  70 ~570 

MoCh 

MoCh 
MoCh 

MoCh 

MoCh 

MoCh 
MoCh 

MoCh 

MoCL 

Liquid  ammonia  --35 Insol. 
Die thy l  amine  
Liquid  ammonia  --35 15-20 
Ethy l  chlor ide  (10 ml)  Room 10 
Benzene (20 ml)  
Liquid  ammonia  
A m m o n i u m  n i t ra te  eutectic 20 10 
Ani l ine  (10 ml)  
E thy l  b romide  (5 ml)  Room 10 
Carbon te t rach lor ide  Room 51.5 
Py r id ine  hydroch lo r ide  70 ~400 

Methy l  alcohol Room v.s. 

E thy l  alcohol Room v.s. 

Liquid  ammonia  --35 
Ani l ine  Room 
Ethyl  b romide  Room 
Benzene Room 
Ethylene  d iamine  Room 
Hydraz ine  (95%) Room 
Acetone Room 

MoCh 
MoCI:~ ~5 
MoCh 16 
MoCh ~5  
MoCh 
MoCI~ 
MoCh Sol. 

MoCh Acetic  anhydr ide  (10 ml)  Room 300 
F o r m a m i d e  (15 ml)  

MoCL Ani l ine  (10 ml)  Room 50 
Ethy l  b romide  (5 ml)  

MoCL Liquid  ammonia  20 40 
A m m o n i u m  n i t ra te  
Eutect ic  

MoCI~ Pheny l  e thyl  b romide  150-200 180-200 
MoCh Pyr id ine  hyd rob romide  40 ,~60 

MoC15 Pyr id ine  (10 ml)  50 ~100 
Phenol  (10 ml)  

MoC15 Ethy l  chlor ide  (10 ml)  Room 10 
Benzene (20 ml)  

MoCI~ Ethyl  b romide  (10 ml)  Room ~60 
Benzene (20 ml)  

Na~MoO~ F o r m a m i d e  150 200 
Na~MoO4 Ace tamide  203 Insol. 
Na~MoO~ Tr ie thanolamine  215 ~ 50 
Na~MoO~ P y r i d i n e  hydroch lo r ide  70 ~38  
(NH~)~MoO4 F o r m a m i d e  180 ~200 
( N H J  ~MoO~ Ace tamide  170 ,~100 
(NH4) ~MoO, Tr ie thanolamine  170 ~250 
(NH,) ~MoO4 Pyr id ine  hydroch lo r ide  70-100 ~95 

Soluble wi th  react ion to give c lear  am-  
ber  solut ion that  solidifies at  35"- 
40~ conduct ing 

Some react ion to give solid ppt.  

Nonconduct ing 

Conduct ing 
Conduct ing 
Soluble  wi th  react ion to give c lear  

b rown  solut ion 
Soluble  wi th  react ion to give conduct-  

ing solut ion 
Soluble  wi th  react ion to give conduct-  

ing solution / 
React ion to give solid ppt.  
Nonconducting 
Nonconduct ing 
Nonconduct ing 
React ion 
Violent  reac t ion  
React ion to give green solution, con- 

duct ing 
Conducting 

Low conduct iv i ty  

Nonconduct ing 

Conduct ing 
Soluble  wi th  react ion to give red  solu-  

t ion 
Soluble  wi th  react ion to give green 

solut ion 
Low conduct iv i ty  

Low conduct iv i ty  

Solidification -conduct ing  
Conduct ing 
Low conduct iv i ty  

Sol idi f icat ion-conduct ing 
Conduct ing 
Conducting 
Soluble wi th  reaction,  pyr id ine  de -  

comp. at  100~ conduct ing 

Key:  v.s., ve ry  soluble, in excess of 50 g/l;  s., soluble, 10-50 g/l ;  sl.s., slightly soluble, 1-10 g/l;  insol., <1  g/l .  



Table II. Electrolytic test data on the electrodeposition of Mo 
C a t h o d e  
c u r r e n t  

W e i g h t ,  d e n s i t y ,  T e m p ,  
S o l v e n t  Vol ,  m l  S o l u t e  g E,  v I, a m p  a m p / f t  2 ~  A n o d e  C a t h o d e  R e m a r k s  

A c e t i c  a c i d  108 MoOs 1 M a x  15 2 9-29 47-470  18-80 G r a p h i t e  C o p p e r  S l i g h t  d e p o s i t  a t  l o w  CD. A t  
A m m o n i u m  h y -  h*ghe r  CD ' s  t h i n  depos i t s  of  

d r o x i d e  ( con-  m e t a l ,  t h e n  ox ides ,  p H  = 5 .8-  
c e n t r a t e )  100 6.4 

A e e t a m i d e  100 MoCls  1 - -  - -  465 120-130 P l a t i n u m  C o p p e r  M e t a l l i c  a p p e a r i n g  d e p o s i t  
A c e t a m i d e  100 MoCl5 2 - -  - -  93 105-150 P l a t i n u m  C o p p e r  D a r k  m e t a l  depos i t .  H e a t i n g  i n -  

90-130 d i c a t e s  Mo p r e s e n t  
A c e t a m i d e  200 MoC15 7 - -  - -  74 .3-557 80-155 P l a t i n u m  C o p p e r  M e t a l l i c  depos i t  c o v e r e d  w i t h  

o x i d e  
A c e t a m i d e  100 MoCl~ 7 - -  - -  56 80-115  M o l y b d e -  C o p p e r  B l a c k  oxLdes w i t h  f a i n t  b l u s h  

n u m  of m e t a l .  S l i g h t  a t t a c k  on  
a n o d e  

A e e t a m i d e  500 MoCI~ 25 7.5 0.75 0.35 80 G r a p h i t e  C o p p e r  M e t a l l i c  b l u s h  
A c e t a m l d e  200 MoCI~ 1-7 - -  - -  74.5-557 80-155  I r o n  C o p p e r  T h i n  m e t a l l i c  d e p o s i t s  
A c e t a m i d e  116 MoCI~ 7 - -  46 .5-111.5  100 P l a t i n u m  C o p p e r  P t - M o  d e p o s i t  
A c e t a m i d e  258 MoCI5 23.6 4,0 1.11 20 80-90  G r a p h i t e  C o p p e r  M e t a l  b l u s h  a t  4 h r ,  n o n a d h e r -  
H y d r a z i n e  10 e a t  d e p o s i t  on  c a t h o d e  
E t h y l e n e  d i a -  

m i n e  200  
A c e t a m i d e  195.6 M o C h  20 3.8 0.5 1.03 90 G r a p h i t e  C o p p e r  M e t a l  b l u s h  on b a c k  o f  cathode 
H y d r a z i n e  10 
E t h y l e n e  d i a -  

m i n e  100 
A c e t a m i d e  300 MoC15 23.6 4.0 1.1 2.0 80-90 G r a p h i t e  C o p p e r  M e t a l  b l u s h  a f t e r  4 h r  
H y d r a z i n e  10 
E t h y l e n e  d i a -  

m i n e  200 
A c e t a m i d e  86.3 MoCl5 5 5 .0-7 .0  0.5 102 75-80  G r a p h i t e  C o p p e r  M e t a l l i c  b l u s h  f o r m e d .  W a s  d i s -  
P y r i d i n e  10 p l a c e d  by  d e n s e  b l a c k  f i lm  
A c e t a m i d e  432 MoC15 25 0.75 7.5 9.39 80 G r a p h i t e  C o p p e r  M e t a l i i e  b l u s h  on  one  s ide  
P y r i d i n e  300 M e t a l l i c  g r o w t h  on  e d g e s  
A c e t a m i d e  100 MoCls  5 5-7 0.5 173 75-80  G r a p h i t e  C o p p e r  M e t a l  b l u s h  r e p l a c e d  by  b l a c k  
P y r i d l n e  10 f i lm 
F o r m a m i d e  100 MoCln 2.4 - -  - -  140-460 80-120 G r a p h i t e  C o p p e r  B l u s h e s  on  m e t a l  a n d  ox ides .  

H i g h e r  CD p r o d u c e s  d u l l  de -  
pos i t  

F o r m a m i d e  100 Na~MoO~ 10 - -  - -  74-148 40-140  P l a t i n u m  C o p p e r  M e t a l l i c  b lu sh .  P t - M o  a l loy  
F o r m a m i d e  100 MoO3 10 - -  - -  18.5-371 25 -110  P l a t i n u m  C o p p e r  M e t a l  b l u s h  on  e d g e s  of c a t h o d e  
F o r m a m i d e  100 (NH4) ~MoO4 10 - -  - -  186-372 2 3 - 9 0  P l a t i n u m  C o p p e r  T h i n  d e p o s i t  c o v e r i n g  c a t h o d e  
F o r m a m i d e  50 MoCI~ 1 - -  - -  37-613  30-89  G r a p h i t e  C o p p e r  F e w  ox ides .  F a i n t  b l u s h  of 
W a t e r  5 m e t a l  
F o r m a m l d e  400 MoCl~ 15 0.1 1.5 1.6 35 G r a p h i t e  S t a i n l e s s  M e t a l l i c  b l u s h  c o v e r e d  by  s p o n g y  
P y r a d l n e  100 s t e e l  b l a c k  d e p o s i t  
H y d r a z m e  5 
F o r m a m i d e  100 Na~AVIoO4 5 10 1 46.5 - -  G r a p h i t e  C o p p e r  T h i n  b r i g h t  m e t a l l i c - l i k e  d e p o s i t  
V e r s e n e  10 
F o r m a m i d e  100 Na2MoO4 5 7 .5-8 .5  0.5 23.2 25-35  G r a p h i t e  C o p p e r  L i g h t  m e t a l l i c  d e p o s i t  on  e d g e s  
V e r s e n e  10 of c a t h o d e  
F o r m a m i d e  100 Na~MoO~ 5 9 -18  1,5 69.6 25 -65  G r a p h i t e  C o p p e r  T h i n  m e t a l l i c  p l a t e  o n  f a c e  o f  

c a t h o d e  
F o r m a m i d e  100 Na~MoO4 5 11 1 46.4  25 -55  G r a p h i t e  C o p p e r  S a m e  as  a b o v e  r u n  
V e r s e n e  10 
F o r m a m i d e  100 NaeMoO4 5 9-18  2 92.9 35-95  G r a p h i t e  C o p p e r  M e t a l  b l u s h  
V e r s e n e  10 
F o r m a m i d e  100 MoOs 5 5 1 46,5 25 -60  G r a p h i t e  C o p p e r  B l u i s h  cast .  M e t a l l i c  d e p o s i t  
V e r s e n e  reg .  10 85% c o v e r e d  w i t h  o x i d e s  
F o r m a m l d e  100 MoO3 5 5 2 92.9 25-85  G r a p h i t e  C o p p e r  D e p o s i t  s i m i l a r  as  p r e v i o u s  r u n  
V e r s e n e  r eg .  10 85% 
F o r m a m i d e  100 MoO3 5 7-15 3 139 .5  25-105  G r a p h i t e  C o p p e r  No  m e t a l  depos i t ,  T e m p ,  p r o b -  
V e r s e n e  reg .  10 85% a b l y  too h i g h  
G l y c o l  500 NaeMoO4-2H20  17.5 20 - -  3.6 20 I r o n  C o p p e r  T h i n  g r a y  m e t a l l i c  d e p o s i t  
G l y c o l  500 Na2MoO~-2H20 17.5 3.5 - -  19 80-112 I r o n  C o p p e r  G r a y  d e p o s i t  m o s t l y  i ron .  S o m e  

Mo 
H y d r a z l n e  25 MoC15 5 2.4 0.7 10O 22 S t a i n l e s s  C o p p e r  M e t a l  b l u s h  on Cu c a t h o d e  
A m m o m u m  h y -  s t e e l  

d r o x i d e  ( con-  
c e n t r a t e )  25 

H y d r a z i n e  25 MoCI~ 5 2,4 0,7 101 22 G r a p h i t e  C o p p e r  M e t a l  b l u s h  
A m m o n i u m  h y -  

d r o x i d e  ( con-  
c e n t r a t e  25 

W a t e r  170 H.2MoO~ 320 - -  - -  185-465 22-55  L e a d  C o p p e r  T h i n  P b - M o  a l l o y  d e p o s i t  
S u l f u r i c  a c i d  

( c o n c e n t r a t e )  1665 85% 
W a t e r  200 N~H4.2HC1 20 2 .1-3 .0  0 .5-3 .3  18-108 20-50  C o p p e r  S t a i n l e s s  T h i n  m e t a l l i c  d e p o s i t  on  c a t h o d e  

MoO3 8 s t e e l  
NH4C1 20 

W a t e r  100 NeH4.2HC1 10 2.0 2.4 - -  22 C o p p e r  S t a i n l e s s  M e t a l  b l u s h  on  c a t h o d e  
MoOs 8 s t ee l  
NH4C1 20 

W a t e r  100 MoO~ 8 2.4 2.0 - -  22  C o p p e r  S t a i n l e s s  M e t a l  b l u s h  
NH4Cl  20 s t ee l  
NaHr 10 

W a t e r  500 K O H  50 3.5 - -  20 45-50  G r a p h i t e  C o p p e r  M e t a l  b l u s h  on cathode 
NaeMoO4.2HsO 100 

W a t e r  500 NasC~HsOT.2H20 44 4 - -  93 26 -44  I r o n  C o p p e r  F e - M o  a l l o y  
NaeMoO~.2H20  36.5 
Na2SO4 14 

W a t e r  500 Na3CeH~O~.2H20 44 7 - -  1.85 3 0 - 8 6  I r o n  C o p p e r  F e - M o  a l l o y  
N a e M o O 4 . 2 H 2 0  36,5 
Na2SO4 14 

W a t e r  500 Na3C~H~OT.2H20 44 4 - -  93 2 6 - 4 0  G r a p h i t e  C o p p e r  B l u i s h  b l a c k  m e t a l l i c  depos i t  
Na~lVfoO~-2H20 36.5 
Na~SO4 14 

W a t e r  500 Na3C6HsO~.2H20 44 20 - -  93 28-52  G r a p h i t e  C o p p e r  B l u i s h  b l a c k  m e t a l l i c  d e p o s i t  
Na2MoO4.2H20  36,5 
Na2SO4 14 

W a t e r  500 N a O H  120 2.0 - -  90 50-55  I r o n  C o p p e r  T h i n  g r a y  m e t a l l i c  d e p o s i t  
Na~MoO~ ,2H~O 50 

W a t e r  500 N a O H  120 3.25 - -  180 20-40  I r o n  C o p p e r  T h i n  g r a y  m e t a l l i c  d e p o s i t  
Na~MoO~ .2H~O 50 

W a t e r  500 N a O H  120 5.0 - -  360 20 -65  I r o n  C o p p e r  T h i n  g r a y  m e t a l l i c  d e p o s i t  
Na2MoO~. 2 H 2 0  50 

W a t e r  50 MoOz 5 6 .2-14 8 .2-16.3  70-300 28-85  G r a p h i t e  C o p p e r  No  m a s s i v e  depos i t s .  O n l y  t h i n  
A c e t i c  a c i d  10 KC2HsO2 50 p l a t e s ,  p H  = 5 .5-7 .0  

NH~CeH~O2 50 
W a t e r  130 KC2HsO2 100 - -  - -  90-180  22-72  G r a p h i t e  C o p p e r  M e t a l  b l u s h e s  o b t a i n e d  a t  l o w  
A c e t i c  a c i d  50 MoO~ 5 CD's .  O x i d e s  o n l y  a t  h i g h e r  

CD.  p H  = 5 .5-6 .75  
W a t e r  50 NaC2H~O2 20 - -  - -  18-300 20-75  L e a d  C o p p e r  No  d e p o s i t  a t  l o w  CD 
A c e t i c  a c i d  36 MoO~ 5 L e a d  d e p o s i t s  a t  h i g h e r  CD 

a l o n g  w i t h  M o . p H  ~ 4-5 
W a t e r  200 NH~Cl 20 2 .1-3 .0  0 .5-3 .3  18-108 22-50  G r a p h i t e  S t a i n l e s s  M e t a l  b l u s h  on  c a t h o d e  
H y d r a z i n e  h y -  s t e e l  

d r o c h l o r i d e  20 MoO~ 8 
W a t e r  100 MoO~ 8 1.7-2.4 2 .0-2 .4  - -  22-70  S t a i n l e s s  C o p p e r  M e t a l  b l u s h  
H y d r a z i n e  h y -  s t e e l  

d r o c h l o r i d e  10 NH~Cl 20 
W a t e r  100 MoO~ i 2,4 0.5 - -  22 S t a i n I e s s  G r a p h i t e  V e r y  t h i n  m e t a l  b l u s h  
H y d r a z i n e  h y -  s t e e l  

d r o c h l o r i d e  20 
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t ion  of m o l y b d e n u m  t r i c h l o r i d e  at  600~176 gave  
good y i e ld s  of m o l y b d e n u m  d ich lor ide .  

D i rec t  c h l o r i n a t i o n  of Mo p o w d e r  at  350~176 
was  f o u n d  to g ive  a p r o d u c t  whose  m a j o r  c o n s t i t u e n t  
was  the  p e n t a c h l o r i d e .  The  p r o d u c t  a lmos t  a l w a y s  
c o n t a i n e d  some u n r e a c t e d  m e t a l  p o w d e r  and  s m a l l  
a m o u n t s  of l o w e r  v a l e n t  ch lor ides .  D i r ec t  c h lo r i -  
n a t i o n  of m o l y b d e n u m  disu l f ide  in a N i - l i n e d  v e r t i -  
cal  sha f t  t y p e  c h l o r i n a t o r  a t  500~ was  a t t e m p t e d .  
P u r e  m o l y b d e n u m  p e n t a c h l o r i d e  could  not  be  iso-  
l a t e d  b y  this  me thod .  The  p r o d u c t  was  c o n t a m i n a t e d  
w i t h  m o l y b d e n u m  c o m p o u n d s  t h a t  con t a ined  su l fu r  
(Mo~S,) w h i c h  t e n d e d  e i t he r  to s u b l i m e  a long  w i t h  
the  m o l y b d e n u m  p e n t a c h l o r i d e  or  w e r e  c a r r i e d  ove r  
b y  e n t r a i n m e n t .  Effor t s  to f r ee  the  m o l y b d e n u m  
p e n t a c h l o r i d e  of s u l f u r  c o m p o u n d s  b y  s u b l i m a t i o n  a t  
280~ w e r e  unsuccess fu l .  

M o l y b d e n u m  t r i c h l o r i d e  was  p r e p a r e d  b y  the  r e -  
ac t ion  of m o l y b d e n u m  p e n t a c h l o r i d e  w i t h  p o w d e r e d  
m o l y b d e n u m  at  350~ as shown  in t he  e q u a t i o n  b e -  
low:  

3MoCl~ + 2Mo ~0oc> 5MoCI~ 

Di r ec t  b r o m i n a t i o n  of Mo p o w d e r  a t  300~176 
p r o d u c e d  a m i x t u r e  of m o l y b d e n u m  t r i b r o m i d e  a n d  
m o l y b d e n u m  t e t r a b r o m i d e ;  h o w e v e r ,  a n a l y s e s  i n d i -  
ca t ed  the  p r o d u c t  to be  p r i m a r i l y  t r i b r o m i d e .  

W i t h  the  e x c e p t i o n  of t he  d ib rorn ides ,  t r i b r o m i d e s ,  
and  the  d ich lo r ides ,  t he  ha l i de s  of  m o l y b d e n u m  a re  
a l l  hygroscop ic ,  s ens i t i ve  to o x y g e n  and  m o i s t u r e  in 
the  air ,  and  f o r m  o x y c o m p o u n d s  r e a d i l y .  

The  p r e p a r a t i o n  of def in i te  c o m p o u n d s  w a s  no t  
success fu l  excep t  in  t he  case  of  t he  d i v a l e n t  ha l ides ;  
in  a l l  o t h e r  cases  t he  p r o d u c t s  w e r e  c o n t a m i n a t e d  to 
some e x t e n t  w i t h  u n r e a c t e d  m e t a l  p o w d e r  or  w e r e  a 
m i x t u r e  of t r i ,  t e t r a ,  a n d  p e n t a v a l e n t  ha l ides .  

In  o r d e r  to p r e v e n t  t he  f o r m a t i o n  of o x y  c o m -  
pounds ,  i t  was  n e c e s s a r y  to exe rc i s e  e x t r e m e  p r e -  
cau t ions  w h i l e  t r a n s f e r r i n g  the  h a l i d e s  f rom the  r e -  
ac t ion  tubes  to s t o r age  vesse l s  and  f ina l ly  to t he  e l ec -  
t r o l y t i c  cells.  L a r g e  r u b b e r  t r a n s f e r  tubes ,  f i l led w i t h  
a r g o n  gas, w e r e  used  at  a l l  t imes  to p r e v e n t  a i r  con-  
t a m i n a t i o n  of the  ha l ides .  The  p r e p a r e d  ha l i de s  w e r e  
s to red  in bo t t l e s  u n d e r  an  a r g o n  a t m o s p h e r e  and  
sea led  w i t h  p o l y e t h y l e n e  t a p e  w h i c h  was  in t u r n  
paraf f in  covered .  A v o i d a n c e  of these  p r o c e d u r e s  i n -  
e v i t a b l y  l ed  to r a p i d  c o n t a m i n a t i o n  of t he  ha l i de s  
and  the  f o r m a t i o n  of o x y  compounds .  

Conclusions 
The  i n a b i l i t y  to o b t a i n  p u r e  m a s s i v e  Mo depos i t s  

f r om e i t he r  aqueous  or  n o n a q u e o u s  sy s t e ms  c o n t a i n -  
ing  o x y g e n  c o m p o u n d s  p r o b a b l y  is caused  in  p a r t  b y  
the  low o v e r v o l t a g e  of h y d r o g e n  on Mo and  b y  the  
fac t  t h a t  depos i t i on  of ox ides  occurs  a t  a m o r e  nob le  
p o t e n t i a l  t h a n  does  r e d u c t i o n  to me ta l .  W h i l e  m a n y  
th in  p l a t e s  of  Mo w e r e  o b t a i n e d  d u r i n g  th i s  s tudy ,  
once the  c a thode  was  cove red  w i t h  a th in  f i lm of Mo, 
the  fo l l owing  s i t ua t ions  d e v e l o p e d :  (a )  p a s s i v a t i o n  
set  in, (b)  h y d r o g e n ,  n i t rogen ,  or  a m m o n i a  e v o l v e d  
a t  the  ca thode ,  (c)  l o w e r  oxides ,  h y d r o x i d e s ,  or  o t h e r  
r e d u c e d  c o m p o u n d s  c o n t i n u e d  to depos i t  a t  t he  c a t h -  
ode. 

In  s e v e r a l  ins tances ,  a l loys  of  Mo w i t h  Fe ,  Pt ,  or  
P b  w e r e  o b t a i n e d ;  t he  source  of the  a l l o y i n g  a g e n t  
in most instances originated from the anode. 

Reduction of molybdenum ions to metal in situ by 
hydrogen, postulated as a possible mechanism for 
Cr deposition, does not seem to occur. Recovery and 
examination of the Mo salts, after evaporation of 
the solvents, indicated that Mo halides readily form 
a wide variety of complex compounds with nonaque- 
ous solvents. It is doubtful if simple molybdenum 
ions were present in any of the systems studied. 

Both qualitative and quantitative solubility data 
for a number of Mo compounds in a variety of or- 
ganic solvents are shown. 

While massive deposits of Mo were not obtained, 
the results obtained in this study are encouraging. 
The application of much higher current densities 
than those reported in this study, coupled with more 
stringent atmosphere control, may well provide a 
m e a n s  t o w a r d  the  e l e c t r o d e p o s i t i o n  of m a s s i v e  Mo. 

The  use of  n o n a q u e o u s  so lven t s  in  con junc t i on  
w i t h  a n h y d r o u s  Mo compounds ,  w h i l e  f aced  w i t h  
se r ious  diff icult ies,  offers an  i n t e r e s t i n g  a n d  c h a l l e n g -  
ing  a p p r o a c h  to a v e r y  diff icult  p r o b l e m .  

Manuscr ip t  rece ived  A p r i l  13, 1956. This paper  was 
p repa red  for  de l ive ry  before  the San Francisco  Meet -  
ing, Apr i l  29-May 3, 1956. 

A n y  discussion of this  paper  wi l l  appear  in a Dis-  
cussion Section to be publ i shed  in the December  1959 
JOURNAL. 
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Microfurnace for Thermal Microscopy and 
at High Temperatures 

Studies 
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ABSTRACT 

A small  laboratory furnace is described for use in h igh- tempera ture  micro- 
scopy and for de termining  chemical compatibili ty,  wetting, sintering, and t em-  
peratures  of apparent  mel t ing up to 3000~ (5433~ The furnace shell is a 
water-cooled, 5-in. copper tee and is of such construction as to afford a con- 
trolled atmosphere. Water-cooled electrodes are designed to hold refractory 
metal  strip heaters (either plain or with a wedge for bet ter  black body condi- 
tions) or special-machined graphite heaters. Stepless power input  is provided 
by variac-controlled,  saturable core reactor. 

Furnace Description 
Figu re  1 shows the fu rnace  d iagram.  The f u r na c e  

shel l  was  fabr ica ted  f rom 12.7 cm (5 in.)  ID copper  
t u b i n g  which  was  cut  and  welded  to fo rm a "T".  
Cooling was  p rov ided  by  6.25 m m  (1/4 in.)  copper  
t u b i n g  t r ac ing  welded  to the outs ide of the  shell. The  
ends of the  fu rnace  th rough  which  pass the  t e r m i n a l  
connec t ions  w e r e  isolated e lec t r ica l ly  f rom the  f u r -  
nace  shell  by  Teflon r ings,  and  an  a tmospher ic  seal is 
p rov ided  by  "O" r ing  seals. Wate r -coo led  t e r m i n a l  
connect ions ,  f ab r i ca t ed  f rom 1.9 cm (3/4 in.)  d i a m -  
eter  copper  rod, were  led into the  fu rnace  th rough  
r u b b e r  gasketed  CGB cable  connec tor  seals in  the  
end  plates.  The  seals p rovide  both  an  e lect r ical  a nd  
a tmospher ic  seal, and,  w h e n  loosened, pe rmi t  the  
t e rmina l s  to be ro ta ted  easi ly  or moved  in  and  out. 
Each t e r m i n a l  had  i n t e r c h a n g e a b l e  th readed  end  
pieces which  served  as adap te r s  so tha t  severa l  types  
of hea te r  conf igura t ions  m a y  be used. 

The fu rnace  is loaded t h rough  an  "O" r i ng  sealed 
cover, abou t  5 in. in  d iameter ,  on the  cen te r  leg of 
the  "T." This  cover has a 1-in.  d i ame te r  s ight  por t  
for v i sua l  obse rva t ion  and  t e m p e r a t u r e  d e t e r m i n a -  
t ion  of the sample.  The re  are two add i t iona l  sight  
ports,  one d i rec t ly  opposite the s ight  por t  in  the  
cover  and  one displaced 30 ~ f rom the cen te r  l ine  
pass ing t h rough  the two fo rmer  ones. Three  por ts  
are needed  for h i g h - t e m p e r a t u r e  microscopy work,  
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Fig. 1. High-temperature microscopy furnace 

one for the  microscope,  one for an  arc l ight  which  
provides  add i t iona l  i l l u m i n a t i o n  w h e n  necessary,  and  
one  for an opt ical  py romete r .  

Heaters .--Three types  of resis tors  have  been  used. 
The fu rnace  was  o r ig ina l ly  des igned to use two re -  
f r ac to ry  me ta l  s t r ip hea te rs  7.6 x 1.27 x 0.00127 cm 
(3 x 0.5 x 0.005 in.)  ( top Fig. 2) for w e t t i n g  angle  
studies.  The  me t a l  s t r ips  are c l amped  in  copper  
holders;  the sample  rests  on the  lower  hea te r  wh i l e  
the uppe r  str ip func t ions  as a r ad i a t i on  gua rd  heater .  
For  oxidiz ing a tmospheres ,  a p l a t i n u m - 4 0 %  r h o d i u m  
me t a l  s t r ip (rap 1900~ is used. Wi th  ine r t  a tmos -  
pheres,  a t a n t a l u m ,  tungs ten ,  or m o l y b d e n u m  str ip 
is used for sti l l  h igher  t empera tu re s .  

Reac t ion  of some samples  w i th  m e t a l  hea te r s  is 
somet imes  a p rob lem,  a nd  crucibles  of bo ron  n i t r i de  
or thor ia  are placed on the lower  hea te r  to hold the 
sample.  Boron  n i t r i de  is sa t i s fac tory  as a c ruc ib le  
up to 2000~ bu t  at h igher  t e m p e r a t u r e s  it  reacts  
w i th  the heater .  A guard  r i ng  of t u n g s t e n  is p laced  
a r o u n d  the cruc ib le  to reduce  r ad i a t i on  loss f rom the 
side and  to m a k e  the t e m p e r a t u r e  more  un i fo rm.  

In  m e l t i n g  po in t  s tudies  it  was  found  tha t  reac-  
t ions  b e t w e e n  the ma te r i a l s  u n d e r  s tudy  a nd  the  
hea te r  s t r ip  were  somet imes  severe,  so a hea te r  was  
cons t ruc ted  f rom a g raph i te  b lock 7.6 cm (3 in.)  
long by  1.9 cm (3/4 in.)  square  at the  t e rmina l s .  The 
cen t ra l  section was  m a d e  cons ide rab ly  sma l l e r  in  
area  a nd  conta ins  a t h i n - w a l l e d  cy l indr i ca l  f u r n a c e  
c h a m b e r  (Fig. 2). This  cy l inde r  provides  a hot  zone 
wi th  a 6.25 m m  (1/4 in.)  i n n e r  d i a m e t e r  by  1.59 cm 
(% in.)  high. The  sample  is gene ra l l y  fo rmed  into 
3.2 m m  (% in.)  d i ame te r  rod abou t  2.54 cm (1 in.)  
long and  is suppor ted  on a g raph i t e  pedestal .  Severa l  
r e f r ac to ry  me ta l  shields are placed a r o u n d  the  hea te r  
to reduce  r a d i a t i on  losses. 

At  t e m p e r a t u r e s  above 2500~ even  wi th  a flow- 
ing a rgon  a tmosphere ,  there  is sufficient vapor i za t ion  
of g raph i te  to cause p rob lems  of c o n t a m i n a t i o n  of 
the  sample.  A smal l  a m o u n t  of w o r k  has  b e e n  done 
on the  poss ib i l i ty  of u s ing  hea te r s  made  f rom the 
h igh  me l t i ng  t a n t a l u m  c a r b i d e - z i r c o n i u m  carb ide  
solid solut ion.  These hea te r s  are  difficult to fabr ica te  
and  ve ry  suscept ib le  to t h e r m a l  shock. A few have  
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Fig. 2. Furnace heaters, double wedge, grophite block, end 
"V'" types. 

been  used  sa t i s f ac to r i ly ,  b u t  f u r t h e r  d e v e l o p m e n t  
w o r k  is n e e d e d  to r e d u c e  t h e r m a l  shock  p r o b l e m s .  
A second  t e c h n i q u e  w h i c h  has  p r o v e d  h e l p f u l  is to 
l ine  t he  ins ide  of the  g r a p h i t e  h e a t e r  w i t h  t a n t a l u m  
or  t u n g s t e n  foil.  

P o w e r  s u p p l y . - - T h e  s a t u r a b l e  core  r e a c t o r  d - c  
b ias  is c o n t r o l l e d  b y  a m a n u a l l y  o p e r a t e d  p o w e r s t a t  
on a l l 0 - v  l ine,  t h r o u g h  a s m a l l  t r a n s f o r m e r  w h i c h  
r educes  t h e  vo l tage ,  a n d  t h e n  t h r o u g h  a rec t i f i e r  to 
p r o v i d e  d - c  control .  This  m a n u a l  con t ro l  is e n t i r e l y  
s a t i s f a c t o r y  for  mos t  a p p l i c a t i o n s  of t he  fu rnace ,  b e -  
cause  t he  f i r ing t imes  a r e  u s u a l l y  shor t .  F o u r  5 k v a  
s t e p - d o w n  t r a n s f o r m e r s  a r e  used  w i t h  the  p r i m a r i e s  
in  p a r a l l e l  and  the  s econda r i e s  in ser ies .  F i g u r e  3 
shows the  p o w e r  c o n s u m p t i o n  for  v a r i o u s  t y p e s  of 
hea te r s .  M a x i m u m  s e c o n d a r y  c u r r e n t  d r a w n  is 
s l i g h t l y  in  excess  of 500 amp .  

T e m p e r a t u r e  m e a s u r e m e n t - - I n  a d d i t i o n  t h e r e  a r e  
two  o t h e r  sources  of  u n c e r t a i n t y  in  k n o w i n g  the  
t e m p e r a t u r e  of t he  sample .  

The  op t i ca l  p y r o m e t e r  is a c c u r a t e  to •176  a n d  
this  was  checked  r e g u l a r l y  b y  c o m p a r i s o n  w i t h  a 
s t a n d a r d .  T e m p e r a t u r e  is r e a d  t h r o u g h  a V y c o r  
s ight  g lass  w h i c h  adso rbs  a ce r t a in ,  t h o u g h  smal l ,  
a m o u n t  of e n e r g y  at  the  w a v e  l e n g t h  used  for  m e a s -  
u r e m e n t ,  0.65~. T h e  s igh t  glass  w a s  c a l i b r a t e d  us ing  
an  op t i ca l  s t a n d a r d i z a t i o n  a p p a r a t u s ,  and  t h e  co r -  
r ec t ion  f ac to r  c o r r e s p o n d e d  w i t h  t he  s impl i f i ed  W e i n  
equa t ion ,  1 /T ,  - -  l / T ,  = C, w h e r e  T, is e q u a l  to the  
t r u e  abso lu t e  t e m p e r a t u r e ,  T,  is t he  a p p a r e n t  a b -  
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Fig. 3. Micro furnQce-power-temperoture relationship. 

so lu te  t e m p e r a t u r e ,  and  C is t he  c a l i b r a t i o n  cons tan t .  
The  v a l u e  of th is  cons t an t  was  f o u n d  to b e  --6.7 x 
10 -6 a n d  r e s u l t e d  in the  a d d i t i o n  of 35~ at  2040~ 
the  m e l t i n g  p o i n t  of a l u m i n u m  oxide .  

The  v a r i a t i o n  f r o m  b l a c k  b o d y  cond i t ions  in  t he  
f u r n a c e  cons t i tu t e s  a source  of e r ro r .  Because  t h e  
s a m p l e  can  be  seen  w h e n  i t  is m e l t e d  in  tk i s  fu rnace ,  
t r u e  b l a c k  b o d y  cond i t ions  a r e  no t  ob t a ined .  The  
ef fec t ive  e m i s s i v i t y  fa l l s  b e t w e e n  one a n d  the  t r u e  
e m i s s i v i t y  of  t he  m a t e r i a l  u n d e r  test .  Us ing  a m a -  
t e r i a l  of h igh  p u r i t y  for  w h i c h  the  m e l t i n g  po in t  is 
w e l l  e s t ab l i shed ,  i t  is poss ib le  to ca l cu l a t e  t he  a p -  
p a r e n t  e m i s s i v i t y  if  the  co r r ec t i on  cons t an t s  a re  
k n o w n  for  t he  op t i ca l  p y r o m e t e r  and  the  s igh t  glass.  
The  a p p a r e n t  m e l t i n g  t e m p e r a t u r e  of a l u m i n u m  
ox ide  and  the  l i t e r a t u r e  v a l u e  for  a l u m i n u m  oxide ,  
2040~ was  used  to ca l cu l a t e  the  e m i s s i v i t y  as 
0.9594. A s s u m i n g  t h a t  t he  a p p a r e n t  e m i s s i v i t y  does  
no t  change  a t  h i g h e r  t e m p e r a t u r e s ,  a n d  for  o t h e r  
ox ides  the  e m i s s i v i t y  co r r ec t i on  for  t he  z i r con ia  
m e l t i n g  poin t ,  2656~ is 16~ and  for  t he  u r a n i a  
m e l t i n g  po in t  2740~ 17~ 

Experimental Results with Furnace 

Mel t i ng  Po in t s  

T a b l e  I shows  some of t h e  m e l t i n g  po in t s  w h i c h  
h a v e  been  o b t a i n e d  c o m p a r e d  w i t h  v a l u e s  f rom the  
l i t e r a t u r e .  A l u m i n u m  ox ide  is r e a d i l y  a v a i l a b l e  in  
h i g h - p u r i t y  f o r m  and  i ts  m e l t i n g  p o i n t  is w e l l  es -  
t ab l i shed .  This  m a t e r i a l  w a s  used  as a s t a n d a r d  for  
c h e c k i n g  the  s igh t  g lass  c a l i b r a t i o n  and  for  c a l cu -  
l a t i n g  the  effect of e m i s s i v i t y  on the  e x p e r i m e n t a l  
condi t ions .  H i g h - p u r i t y  z i r con ia  is a v a i l a b l e  in  q u a n -  
t i ty ,  a n d  r e p r e s e n t s  an  e x c e l l e n t  h i g h - t e m p e r a t u r e  
s t a n d a r d  m a t e r i a l .  Z i r c o n i a  w i t h  2% h a f n i a  w a s  
chosen  as a s t a n d a r d  because  of some p r e v i o u s  w o r k  
(3) .  H i g h - p u r i t y  u r a n i a  is ava i l ab l e ,  b u t  m a y  no t  be  
a good s t a n d a r d  because  of t he  pos s ib l e  v a r i a t i o n s  in 
the u r a n i u m  to o x y g e n  ra t ios .  

The  r e a s o n  t h e  m e l t i n g  p o i n t  of a l u m i n a  checked  
s a t i s f a c t o r i l y  a n d  those  for  z i r con ia  a n d  u r a n i a  b y  
two  d i f f e ren t  m e t h o d s  d id  no t  is no t  unde r s tood .  
L a m b e r t s o n  a n d  M u e l l e r  (3)  u sed  a t u n g s t e n  c ruc i -  
b l e  1/4 in. in  d i a m e t e r  b y  2 in. l ong  h e a t e d  in a t u n g -  
s ten  h e a t e r  % in. in  d i a m e t e r  b y  6 in. long.  T h e y  ob -  
t a i n e d  b l a c k  b o d y  condi t ions .  M e l t i n g  was  d e t e r -  
m i n e d  b y  o b s e r v i n g  t h e  s a m p l e  b e f o r e  and  after  
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Table I. Oxide melting points 

N u m b e r  M e l t i n g  po in t ,  Va lue  f r o m  
M a t e r i a l  of tes t s  ~ 1 7 7 1 7 6  l i t e r a t u r e  

A120~ 5 2030 (A) * 
2040 (B) t 

ZrO2 (2% HfO~) 3 2656 (A) 
2672 (B) 

ZrO~ (HfO~ free) 4 2690 (A) 
HfO~(5% ZrO2) 4 2770 (A) 
UO~ 3 2740 (A) 

2757 (B) 

* (A) Cor rec ted  fo r  sight glass absorp t ion .  
t (B) Cor r ec t ed  for  sight glass a b s o r p t i o n  and  

s i v i t y  os 0.9594. 

2040--+ 5~ 
2040-+20~ (3) 
2710_20~ (3) 
2677 (4) 

2777 (4) 
2750___40~ (2) 
2878_--+-22~ C (3) 
2860_+45~ (5) 

a ca l cu l a t ed  ecnis- 

Table II. Sources and compositions of melting point materials 

1. A 1 2 0 ~  --99.99+ Linde Air  Products, Type A 
--5175, Lot #P- -196  

2. ZrO~ --99.87% (ZrO~ + 2% HfO2)--Ti ta-  
n ium Alloy Manufac tur ing  Division, 
National  Lead Co.--Special ly pur i -  
fied 

3. Z r O ~ H f  free--99.5 % ZrO~--The Carborundum Met-  
' als Co., Akron, Ohio 

4. HfO~ --95 + % - - T h e  Carborundum Metals 
Co., Akron, Ohio. 

5. UO2 - - 9 9 . 9 + % - - T h e  Mall inckrodt  Chemi-  
cal Co., Source Grade 

heat ing .  The  cruc ib le  bo t tom m a y  have  been  at a 
lower  t e m p e r a t u r e  t h a n  tha t  ind ica ted  t h rough  r a -  
d i an t  hea t  loss. In  the p re sen t  w o r k  on ly  the p a r t  

F e b r u a r y  1959 

t ha t  mel ts  is seen bu t  dev ia t ion  f rom b lack  body 
condi t ions  p resen t s  a source of error.  

Wett ing Angles 

We t t i ng  angles  of FeSi~ on SiC vs. t e m p e r a t u r e  are 
p lo t ted  in  Fig.  4. In  this  work  the  sample  is p laced  on 
a p in  or in  a c ruc ib le  on s t r ips  a nd  hea ted  to the  test  
t empera tu re .  I t  is t h e n  he ld  for a few seconds, the 
fu rnace  t u r n e d  off, a nd  the  sample  quenched  by  the 
rap id  cooling of the  furnace .  The sample  is r e m o v e d  
f rom the  fu rnace  and  g r o u n d  so tha t  the  angle  be -  
t w e e n  the  me l t  and  the  crys ta l  can be seen easily.  
This  is t h e n  pro jec ted  on a screen  a nd  the angle  
measured .  
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Zirconium Coating of Uranium by the Iodide Process 
W .  L. Robb 1 

Knolls Atomic Power Laboratory 
(Operated ]or Atomic Energy Commission by General Electric Company), Schenectady, N. Y. 

ABSTRACT 

A method for coating u r a n i um metal  with a bonded layer  of crystal l ine 
zirconium metal  has been developed. It  consists of thermal ly  decomposing 
z i rconium iodide vapors on the surface of u r a n i u m  metal  heated to about 
1100~ in vacuum. Pr ior  to coating, the u r a n i um metal  surface is cleaned by 
iodizing it and then vaporizing the u r a n i um iodide. Great ly increased diffusion 
between the u r an ium and deposited zirconium can be obtained if the u r a n i u m  
is alloyed previously with as little as 0.5% zirconium. This increased diffusion 
improves the corrosion resistance of the coatings. 

The  des i r ab i l i ty  of coat ing u r a n i u m  or u r a n i u m  al -  
loy fuel  e l ements  w i t h  z i r con ium arises f rom the  
exce l l en t  corrosion res i s tance  of z i rconium,  p lus  its 
low t h e r m a l  n e u t r o n  cross section. Of p a r t i c u l a r  i n -  
te res t  are  1-10 rail th ick  z i r con ium "swea te r"  coat-  
ings, for use as secondary  corrosion res i s t an t  b a r -  
riers.  This  paper  descr ibes  one of the more  successful  
me thods  for ach iev ing  such  a coating.  

The coat ing  process e x a m i n e d  in  this  s tudy  was  
based on the v a n - A r k e l - d e - B o e r  (1) process for 
p roduc ing  pu re  z i r con ium metal .  It  consis ted of first 

Z P r e s e n t  addres s :  R e s e a r c h  L a b o r a t o r y ,  G e n e r a l  E lec t r i c  C o m -  
pany ,  S c h e n e c t a d y ,  N. Y. 

f o r mi ng  vola t i le  z i r con ium iodides, a nd  second, de-  
composing  or d i sp ropor t i ona t ing  these iodides on the 
hot  sur face  of a u r a n i u m  spec imen  (2) .  The  process 
is car r ied  out  most  successful ly  in  an evacua ted  sys-  
tem, a l though  coat ings  of less des i rab le  n a t u r e  can 
be ob ta ined  in  the  presence  of an  ine r t  gas or a r e -  
duc ing  gas such as H2. 

Experimental 
The a ppa r a t u s  used to coat 1 x 3/~ in. u r a n i u m  

disks is shown in  Fig. 1. The  u r a n i u m  disk was 
hea ted  i n d u c t i v e l y  by  a 5 k w  A j a x  conver te r ,  the 
disk 's  t e m p e r a t u r e  be ing  m e a s u r e d  by  an  optical  
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HEAT/~ IODINE 

LAMP 

Fig, I .  C u t - a w a y  v iew ing  o f  vapo r  coa t i ng  appa ra tus  w i t h  
disk rotator. 

p y r o m e t e r  t h r o u g h  a glass  w indow.  U r a n i u m  t e m -  
p e r a t u r e s  of 1050~176 could  be  m a i n t a i n e d  to 
--+5~ The  z i r c o n i u m  was  in t he  f o r m  of 10-ra i l  
t u r n i n g s  t w i s t e d  into  c iga r  s h a p e d  b u n d l e s  w h i c h  
w e r e  t h e n  p l a c e d  in  t h e  t u b e  a r o u n d  the  u r a n i u m .  I t  
was  n e c e s s a r y  t ha t  the  ends  of the  b u n d l e s  d id  not  
c o m p l e t e  a c i rc le  w i t h i n  the  i n d u c t i o n  field. Thus  the  
z i r c o n i u m  was  h e a t e d  m a i n l y  b y  r a d i a t i o n  f rom the  
u r a n i u m  disk.  This  was  suff icient  to h e a t  t h e  z i r -  
con ium to 200~176 The  iod ine  p r e s s u r e  was  con-  
t r o l l e d  b y  r e g u l a t i n g  the  t e m p e r a t u r e  of the  iod ine  
s u p p l y  t u b e  g e n e r a l l y  b e t w e e n  20~176 

The  coa t ing  cel l  was  e v a c u a t e d  con t inuous ly ,  us ing  
a fore  p u m p  and  di f fus ion p u m p ,  a l t h o u g h  once  a 
th in  coa t ing  of z i r c o n i u m  h a d  been  depos i t ed  a n d  
the  u r a n i u m  and  z i r c o n i u m  h a d  been  c o m p l e t e l y  d e -  
gassed,  the  coa t ing  cel l  could  be  o p e r a t e d  w i t h o u t  
con t inuous  evacua t ion .  

A s o m e w h a t  t h i c k e r  coa t ing  was  o b t a i n e d  n e a r  the  
edge  of the  s a m p l e  as c o m p a r e d  to t he  m i d d l e  due  
to (a)  t he  n e a r n e s s  to t he  z i r c o n i u m  supp ly ,  a n d  (b)  
the  h i g h e r  t e m p e r a t u r e  of t he  edge  of the  d i s k  as 
c o m p a r e d  to t he  midd l e .  

In  o r d e r  to coat  a d i sk  c o m p l e t e l y  in  one ope ra t ion ,  
the  u r a n i u m  d i sk  w a s  s u p p o r t e d  on rods  w h i c h  could  
be  r o t a t e d  con t inuous ly .  Q u a r t z  rods  w e r e  f o u n d  
su i t ab l e  for  t he  ro l l e r s  as long  as the  r a t e  of r o t a t i o n  
was  suff ic ient ly  r a p i d  and  the  w e i g h t  of the  d i sk  no t  
too high.  O t h e r w i s e  t he  u r a n i u m  was  ox id i zed  b y  the  
quar tz ,  and  n o n b o n d e d  coa t ings  r e su l t ed .  R e q u i r e d  
r a t e s  of r o t a t i o n  for  t he  rods  w e r e  1-3 rpm.  The  r o d  
d i a m e t e r s  for  1-in.  d i a m e t e r  u r a n i u m  d isks  w e r e  
a b o u t  3/16 in. Th in  m e t a l  foi ls  of t a n t a l u m  and  m o -  
l y b d e n u m  w e r e  t r i e d  as covers  for  t he  q u a r t z  rods  
b u t  w e r e  not  u se fu l  s ince  the  foi l  s tuck  to t he  ho t  
u r a n i u m .  

P r i o r  to coa t ing  a spec imen ,  the  u r a n i u m  was  
c l eaned  b y  an  ac id  d ip  or  b y  e l ec t roc l ean ing .  The  
s imp le s t  m e t h o d  of c l e a n i n g  cons i s t ed  of d i p p i n g  the  
u r a n i u m  s a m p l e  in  c o n c e n t r a t e d  n i t r i c  acid,  f o l l o w e d  
b y  a w a t e r  r inse  and  an  ace tone  r inse .  The  s a m p l e  
was  p l a c e d  in  t he  coa t ing  cell ,  w h i c h  t h e n  was  
e v a c u a t e d  as q u i c k l y  as poss ib le .  A f t e r  the  cel l  h a d  
b e e n  e v a c u a t e d  to b e t t e r  t h a n  0.01~ Hg ( w i t h  l e a k  
r a t e s  of less t h a n  8~ f t3 /hr )  t he  l i qu id  n i t r o g e n  was  
r e m o v e d  f r o m  the  iod ine  s u p p l y  a n d  the  i n d u c t i o n  
f u r n a c e  t u r n e d  on. As  the  u r a n i u m  d i sk  b e c a m e  ho t  
i t  was  iodized,  f o r m i n g  UL w h i c h  v a p o r i z e d  f r o m  the  
su r f ace  as the  d i sk  r e a c h e d  r e d  hea t .  Th is  s e r v e d  to 
c l ean  t h e  su r f ace  j u s t  p r i o r  to coa t ing  a n d  w a s  a 
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mos t  i m p o r t a n t  s t ep  in o b t a i n i n g  b o n d e d  coat ings .  
As  the  t e m p e r a t u r e  of t he  u r a n i u m  a p p r o a c h e d  
1080~ the  e q u i l i b r i u m  of the  r eac t ion :  

X 
U + - ~ I 2 ~ U I ~  

sh i f t ed  m o r e  and  m o r e  to t h e  left .  Thus ,  a t  coa t ing  
t e m p e r a t u r e ,  the  iod iza t ion  r a t e  of U cou ld  be  r e -  
duced  g r e a t l y  b y  m a i n t a i n i n g  the  iod ine  p r e s s u r e  
b e l o w  60~ Hg  (3) .  

By  the  t ime  the  u r a n i u m  h a d  r e a c h e d  1050~ 
(2-4  r a in ) ,  Z rL  was  a l r e a d y  b e i n g  f o r m e d  and  cou ld  

be  seen condensed  on the  cold  ou t l e t  of t he  depos i t i on  
cell .  Coa t i ng  of t he  u r a n i u m  h a d  to b e g i n  i m m e d i -  
a t e ly  in o r d e r  to  p r e v e n t  t h e  f o r m a t i o n  of a d i f fus ion 
b l o c k i n g  l a y e r  of u r a n i u m  oxide .  Coa t i ng  t imes  of 
1/2-6 h r  w e r e  t r i ed ,  w i t h  r a t e s  as h igh  as 2-3 m i l s / h r  
be ing  ob ta ined .  Runs  u s u a l l y  w e r e  2-3 h r  long,  a t  1 
to 2 m i l s / h r  coa t ing  ra t e .  

Coa t ed  s amp le s  w e r e  r e m o v e d  f r o m  the  a p p a r a t u s  
u n d e r  a p u r g e  of N..,, A, or  He gas  to p r e v e n t  o x i d a -  
t ion  of t he  condensed  ZrI, .  This  e l i m i n a t e d  the  need  
to c l ean  the  a p p a r a t u s  a f t e r  e v e r y  coa t ing  tes t .  

Results and Discussion 
By m e a n s  of the  e q u i p m e n t  and  p r o c e d u r e s  d e -  

s c r i bed  above,  z i r c o n i u m  coa t ings  have  b e e n  a p p l i e d  
on u r a n i u m  d i sks  and  c y l i n d e r s  of v a r i o u s  shapes  
and  sizes. A p h o t o g r a p h  of a t y p i c a l  coa t ing ,  shown  
in Fig.  2, i l l u s t r a t e s  the  v e r y  c r y s t a l l i n e  n a t u r e  of 
t he  depos i t ed  z i rcon ium.  The  n a t u r e  of t he  d i f fus ion 
b o n d  of the  z i r c o n i u m  to t he  u r a n i u m  can  be  seen  in  
Fig .  3. The  d i f fus ion  was  c o n s i d e r a b l y  less  t h a n  e x -  
p e c t e d  f rom m e a s u r e d  di f fus ion r a t e s  of u r a n i u m  
and  z i r c o n i u m  (4) .  F u r t h e r m o r e ,  t he  a n n e a l i n g  of 
coa ted  u r a n i u m  d i sks  d id  no t  i nc rea se  the  d i f fus ion 
l a y e r  t h i cknes s  no t i ceab ly .  

Fig. 2. Zirconium coated uranium disk, actual size 

Fig. 3. Zirconium coating on uranium. Magnif ication 250X 
B.F. 
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DISTRIBUTION OF TIME TILL FAILURE OF ZIRCONIUM COATINGS 
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coatings. 

Distribution of time until failure of zirconium 

The  co r ros ion  r e s i s t ance  of these  coa t ings  was  d e -  
t e r m i n e d  b y  no t i ng  the  t ime  r e q u i r e d  for  t h e i r  r u p -  
t u r e  or  p e n e t r a t i o n  in  bo i l ing  wa te r .  More  speci f i -  
ca l ly ,  f a i l u r e  was  i n d i c a t e d  b y  UO~ p o w d e r  in the  
wa te r ,  b y  a b l i s t e r  on the  su r f ace  of the  coa ted  spec i -  
men,  or  b y  the  e n l a r g i n g  of  a po re  hole  on the  su r -  
face.  The  t imes  r e q u i r e d  u n t i l  f a i l u r e  of coa t ings  on 
p u r e  u r a n i u m  a re  shown  on a p r o b a b i l i t y  g raph ,  
Fig.  4, and  i t  is seen t ha t  the  log m e a n  t i m e  t i l l  f a i l u r e  
for  30 s a m p l e s  was  73 hr .  

E x c e p t  for  the  cases  w h e r e  f a i l u r e  of the  coa t ings  
was  due  to a poor  d i f fus ion  bond  (caused  b y  poor  
c l e a n i n g  or  b y  u r a n i u m  o x i d a t i o n  on h e a t i n g ) ,  t he  
mos t  c o m m o n  cause  of f a i l u r e  was  p o r o s i t y  of t h e  
c r y s t a l l i n e  coat ings .  As  a resu l t ,  s e v e r a l  m e t h o d s  for  
r e d u c i n g  th is  p o r o s i t y  w e r e  t r ied .  These  m e t h o d s  and  
t h e i r  r e su l t s  a r e  l i s t ed  in Tab le  I. 

As  is seen  f r o m  the  tab le ,  no m a j o r  i m p r o v e m e n t  
in cor ros ion  r e s i s t ance  was  o b s e r v e d  for  a n y  of the  
a d d i t i o n a l  t r e a t m e n t s .  I t  was  obse rved ,  howeve r ,  t ha t  
coa t ings  on the  s ides  of d i sks  w h i c h  w e r e  r o l l e d  on 
the  q u a r t z  rods  w h i l e  t he  z i r c o n i u m  was  b e i n g  d e -  
pos i t ed  w e r e  not  n e a r l y  as porous ,  no r  as b r i g h t l y  
c rys t a l l i ne ,  as w e r e  the  u n p r e s s e d  faces  of t he  disks .  
If  a p r a c t i c a l  w a y  could  be  found  to d e f o r m  or  to 
p ress  t he  z i r c o n i u m  depos i t  c o n t i n u a l l y  ove r  t he  e n -  
t i r e  d i sk  w h i l e  the  depos i t  was  be ing  la id  down,  less 
porous  coa t ings  cou ld  be  ob ta ined .  

The  codepos i t ion  of Ni  f rom N i ( C O ) ,  and  Zr  f r o m  
ZrI ,  r e su l t s  in  a l o w e r  m e l t i n g  N i - Z r  a n d  N i - U  a l loy  
be ing  fo rmed .  This  causes  i n c r e a s e d  d i f fus ion  b e -  
t w e e n  the  U and  Zr,  and  w h e n  c a r e f u l l y  con t ro l l ed  
could  r e su l t  in  i m p r o v e d  coat ings .  F i g u r e  5 shows  
this  i n c r e a s e d  diffusion.  The  p r e s e n c e  of Ni  in  the  
coa t ing  was  ver i f ied  b y  x - r a y  f luorescence  m e a s -  
u r e m e n t s ,  bu t  t he  occ lus ions  in t he  Zr  coa t i ng  we re  
not  iden t i f i ed  and  could  be  e i t he r  n ickel ,  z i r c o n i u m  
oxide ,  or  z i r c o n i u m  ca rb ide .  The  s c a t t e r e d  a p p e a r -  
ance  of these  occlus ions  is due  to the  i n t e r m i t t e n t  
i n t r o d u c t i o n  of n i c k e l - c a r b o n y l  in to  the  coa t ing  
c h a m b e r .  

Depos i t i ng  the  z i r c o n i u m  coa t ing  on a u r a n i u m  
a l loy  d i sk  p r e v i o u s l y  a l l o y e d  w i t h  a s m a l l  a m o u n t  of 
z i r c o n i u m  r e s u l t e d  in  m a r k e d l y  i m p r o v e d  co r ros ion  
r e s i s t ance  of the  z i r c o n i u m  coat ings .  This  h a d  been  
no t i ced  b y  C a m p b e l l  and  P o w e l l  (5)  on a c e m e n t a -  
t ion  process  for  d e p o s i t i n g  z i r c o n i u m  on u r a n i u m .  
F i g u r e s  6 and  7 show z i r c o n i u m  d e p o s i t e d  on a 99% 
U - -1% Zr  a l loy  and  i l l u s t r a t e  t he  t y p e  of d i f fus ion  
o b t a i n e d  w h e n  z i r c o n i u m  is d e p o s i t e d  on the  u r a -  
n i u m  al loy.  As  w o u l d  be  e x p e c t e d  f rom p r e v i o u s l y  
m e a s u r e d  d i f fus ion  r a t e s  of U in Zr  (4) ,  t he  u r a n i u m  
is c o m p l e t e l y  d i f fused  t h r o u g h  the  z i r c o n i u m  coa t ing  
and  1 ra i l  l aye r s  m a c h i n e d  off the  ou te r  su r f ace  of 
coa t ings  have  a n a l y z e d  as h igh  as 43% u r a n i u m .  
X - r a y  d i f f rac t ion  m e a s u r e m e n t s  on success ive  1 mi l  
l a y e r s  i n d i c a t e  a c o n c e n t r a t i o n  prof i le  go ing  f r o m  
a l p h a  z i r c o n i u m  t h r o u g h  eps i lon  phase  u r a n i u m -  
z i r c o n i u m  a l loy  to a l p h a  u r a n i u m .  U r a n i u m  m e t a l  
a l loys  con ta in ing  f rom 0.5 to 4% z i r c o n i u m  w e r e  
coa ted  and  over  th is  r a n g e  the  r e su l t s  w e r e  v e r y  s i m -  
i lar .  F i g u r e  8 shows  s e v e r a l  coa ted  a l loy  disks .  The  

Table I. Corrosion times in boiling water of zirconium coatings 
on pure uranium disks 

Fig. 5. Codepos,ted coating of Ni and Zr on U. Magnif ica- 
ban 500X B.F. 

H o u r s  u n t i l  f a i l u r e  
in  b o i l i n g  w a t e r  

Coatings deposi ted in 1-2 hr  
Coatings deposi ted in 2-3 hr  

Coatings deposi ted in 3-5 h r  
Coatings deposi ted in 5-6 hr  
Coatings vacuum annea led  

af ter  coating 
Coatings bal l  mi l led  
Coatings shot b las ted  
Coatings hot  pressed 
Coatings wi th  Ni and Zr  co- 

deposi ted 

Coatings deposi ted in reverse  
p la t ing runs 

115, 115, 161, 87, 44, 49, 29 
94, 73, 126, 54, 88, 72, 54, 
54, 94, 91, 64, 41, 98, 45, 48 
250, 24, 100, 34, 46, 40 
142, 271 
69, 47, 112, 164, 48, 78 

51, 121, 21 
74, 74 
116, 114, 73, 71 
49, 88, 21, 38, 24, 117, 134, 
157, 67, 67, 116, 70, 41, 17, 
72, 73, 22, 77 
190, 60 Fig. 6. Zirconium coating deposited on 99..5% U - - 0 . 5 %  

Zr alloy. Magnif ication 250X B.F. 
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Table II. Corrosion times of zirconium coatings on 
uranium-zirconium alloy disks 

Fig. 7. Zirconium coating deposited on 99.5% U - - 0 . 5 %  
Zr alloy. Magnification 250X Pol. 

Fig. 8. Photographs of Zr deposited on U-Zr alloy. Magnifi- 
cation 1X. 

coat ings  on these a l loy disks are ve ry  smooth  com- 
pa red  to the  macro  c rys ta l l ine  coat ing  deposi ted on 
u r a n i u m  and  shown  in  Fig. 2. Corros ion tests on the 
coated al loy samples  showed grea t ly  inc reased  p ro -  
tec t ion (Tab le  I I ) .  For  example ,  a coat ing deposi ted 
in  1 hr  and  a n n e a l e d  for 1 hr  las ted  447 hr  and  was  
st i l l  in tac t  at the end  of the  test. Some fa i lures  oc- 
cu r red  in  less t h a n  100 hr  bu t  they  could be ac- 
coun ted  for l a rge ly  by pits or holes in  the u r a n i u m  
al loy m e t a l  used. A l t h o u g h  the ins ide  of the  holes 
were  coated to some extent ,  the holes sti l l  p r e se n t e d  
weak  spots in  the coatings.  

The  z i r con ium a p p a r e n t l y  fixes the  ca rbon  u sua l l y  
found  in  u r a n i u m ,  thus  p r e v e n t i n g  its m i g r a t i o n  to 
the u r a n i u m - z i r c o n i u m  coat ing in terface .  Since ZrC 
is m o r e  s table  t h a n  UC, it wou ld  be expected  tha t  
the ca rbon  in  the  u r a n i u m  wou ld  diffuse to the z i r -  
conium,  and  in  this w a y  cause a ZrC diffusion b lock-  
ing layer  to be  fo rmed  at  the U - Z r  in terface .  This  
expla ins  w h y  the expected  a m o u n t  of codiffusion be -  
t w e e n  U and  Zr  was  no t  observed  in  the  in i t i a l  coat-  
ing exper imen t s .  

Conclusions 
I t  is possible,  bu t  difficult, to ob t a in  po re - f r ee  z i r -  

con ium coat ings on p re sen t  grade  u r a n i u m  meta l .  
Unde r  ca re fu l ly  cont ro l led  condi t ions  the  coat ings 
p robab ly  can be m a d e  to resist  bo i l ing  wa t e r  consis t -  
en t l y  for over  100 hr. On low z i r con ium al loy speci-  
m e n s  (or possibly on u r a n i u m  con ta in ing  ve ry  l i t t le  
ca rbon)  pore free coat ings  can be ob ta ined  easily,  
and  coat ings  to resis t  100~ bo i l ing  wa te r  for over  

% Zr A n n e a l i n g  
R u n  a l l oyed  T i m e  of  
No. w i t h  U r u n  T i m e  Teml9 

248 0.5 3 
274 0.5 2 
277 0.5 2 
259 1.0 2 
278 1.0 2 
260 1.0 1 1 1100 
261 1.0 0.5 0.5 1100 
263 1.0 1.5 1.5 1100 
265 1.0 2 1 1100" 
253 2.5 3 
255 2.5 2.5 
28O 2.5 2 
254 4.0 2.5 
279 0.5 2 65 800 
266 1.0 1.5 
267 1.0 1 
268 1.0 1 48 800 
255 2.5 2.5 
262 4.0 3 0.5 ll0O 

T i m e  to f a i l u r e  
i n  w a t e r a t ~  

232-I- 
47 
37 

168 
177 
447-{- 
141 
214 
242 
85 

309~- 

100 
100 
100 
100 

100 
100 
100 
100 
100 
100 

264 100 
80 170 
12 170 
18 170 
72 170 
24 170 
24 170 

* Q u e n c h e d  f r o m  the  be t a  phase  for  g r a i n  r e f inemen t .  

200 hr  or 170~ wa te r  for 80 hr  should  be p ro -  
duced easily. 

So far  on ly  coat ings  on u r a n i u m  or u r a n i u m - z i r -  
con ium alloys have  been  described.  However ,  the 
me thod  also has been  used at  K A P L  to coat t h o r i u m  
and  graphi te .  Other  reac tor  ma te r i a l s  i nc l ud ing  be -  
r y l l i u m  metal ,  b e r y l l i u m  carbide,  b e r y l l i u m  oxide, 
boron,  and  bo ron  carbide,  m a y  also be coated in  the  
same m a n n e r .  

A l t h o u g h  this  me thod  of coat ing  is l imi t ed  in  use 
by  the h igh t e m p e r a t u r e  r equ i r ed  for the  decomposi -  
t ion  of z i r con ium te t ra iodide,  it does r e p r e se n t  a pos-  
sible me thod  for p r oduc i ng  coat ings of z i r con ium 
meta l .  The cost for this  type  of coat ing  p r o b a b l y  
wi l l  be h igher  t h a n  tha t  for e lec t rop la ted  coatings.  
But,  for special ized cases w he r e  diffusion bonded  
and  corrosion res i s t an t  coat ings  of low n e u t r o n  cross 
section are requi red ,  it a lone  affords a me thod  of 
p r oduc i ng  th in  b o n d e d  z i r con ium coatings.  
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ABSTRACT 

Values of ionic t ransport  numbers  and ionic mobilities were determined for 
the fused system potassium chloride-lead chloride. Cation t ransport  numbers  
were found: 0.24 for PbCL at 525~ 0.62 for KC1 at 850~ In each mixture,  
t_ deviated positively and t+ and t++ deviated negatively from l inear i ty  when  
plotted against equivalent  fraction. The initial, very  rapid depression of total 
equivalent  conductance from that  of pure KC1, caused by addit ion of small  
amounts  of PbCL, was found to be due to the depression of the ionic conduct-  
ance of K + ra ther  than complexing between Pb  ++ and C1- as had been supposed 
previously. The relat ive mobilit ies of K + and Pb +~ were compared with those of 
Li § and Pb ++ in the system LiC1-PbCL, calculated from available l i terature  data. 

The t r a n s p o r t  n u m b e r s  and  mobi l i t ies  of the ions 
in  a m i x t u r e  of AgNO.~ and  NaNO3 have  been  de te r -  
m i n e d  (1) .  This  sys tem proved  to be ideal  in  the 
sense tha t  the ionic mobi l i t ies  were  i n d e p e n d e n t  of 
composit ion.  The sys tem PbC12-KC1 is of i n t e re s t  be-  
cause of the  poss ib i l i ty  of complex  ion fo rma t i on  i n -  
vo lv ing  Pb  +~ and  CF; fu r the rmore ,  it  m igh t  be  ex-  
pected tha t  a m i x t u r e  of a b i u n i v a l e n t  salt  w i th  a 
u n i u n i v a l e n t  one wou ld  show a d i f ferent  behav io r  
f rom the AgNO~-NaNO~ system. 

Complex  ions of Pb  §247 and  C1- in  the m o l t e n  sys tem 
PbCL-KC1 have  been  repor ted  on the  basis of phase 
d i ag ram (2),  e lect r ical  conduc tance  (3) ,  sur face  
t ens ion  (4) ,  and  mo la r  vo lume  m e a s u r e m e n t s  (5) .  
In  addi t ion,  p rev ious  s tudies  on t r an spo r t  n u m b e r s  
in  this sys tem have  ind ica ted  tha t  complex  ions 
migh t  p lay  a large role  in  the mob i l i t y  of the  ions. 
Lorenz  and  Rucks tuh l  (6) observed  tha t  the  lead 
ions are a p p a r e n t l y  an ion ic  (PbCL- or PbCI#)  in  
m i x t u r e s  c o n t a i n i n g  more  t h a n  about  25 mole  % 
KC1. Wir ths  (7) ,  us ing  rad ioac t ive  Pb  ++ as t racer ,  ob-  
t a ined  some ev idence  tha t  lead ion m i g r a t e d  t o w a r d  
the anode in  m i x t u r e s  of PbCL and  KC1. These t r a n s -  
por t  s tudies  were  l ack ing  in  precision,  however .  Wi th  
more  precise  e x p e r i m e n t a l  t echn iques  avai lable ,  the  
p resen t  work  on the PbCI~-KC1 sys tem was done. 

Experimental 
Two e x p e r i m e n t a l  quan t i t i e s  m u s t  be  d e t e r m i n e d  

in  order  to ca lcu la te  the  t r an spo r t  n u m b e r s  of the  
th ree  ions. One  of these, des igna ted  r by  Aziz a nd  
W e t m o r e  (8) (where  ~b = 1 --  t++ --  E~t_), is re la ted  to 
e x p e r i m e n t a l  va lues  by  r ~ (E:N1--E1N2)/Z, w he r e  
t++, t+, and  t_ are the t r a n s p o r t  n u m b e r s  of P b  ++, K +, 
and  C1- ions, respect ive ly ,  E1 and  E~ are the or ig ina l  
e q u i v a l e n t  f rac t ions  of PbC12 and  KC1, respect ive ly ,  
N1 and  N: are the to ta l  n u m b e r  of equ iva l en t s  of 
PbCL and  KC1 in  the anode c o m p a r t m e n t  af ter  e lec-  
t rolysis  b e t w e e n  P b  electrodes,  and  Z is the  charge  
t r an s f e r r ed  in  faradays .  The o ther  e x p e r i m e n t a l  
q u a n t i t y  is t_ m e a s u r e d  d i rec t ly  by  radio t racer  
methods.  

Appara tus . - -The  cell used in  the d e t e r m i n a t i o n  
of r and  t_ is shown  in  Fig. 1. The low t e m p e r a t u r e  
r u n s  were  done in  P y r e x  w i th  the m e m b r a n e  con-  
s is t ing of an  u l t ra f ine  P y r e x  disk. For  h igh t e m p e r -  
a ture ,  the cell was  m a d e  of quar tz ;  the  m e m b r a n e  
was  special ly p r e p a r e d  for each cell f rom c o m m e r -  
cial fine poros i ty  quar tz  disks. To reduce  the  poros i ty  
of the fine qua r t z  disks, e thy l  si l icate a nd  concen-  
t r a ted  tIC1 were  a l lowed to reac t  in  the disk, wi th  
a he a t i ng  per iod (850~ af ter  each t r ea tmen t ,  un t i l  
sufficiently fine poros i ty  was  obta ined.  The poros i ty  
was ca l ib ra ted  by  m e a s u r i n g  the  t ime  r equ i r ed  for 
1 ml  of w a t e r  to pass t h r ough  the  disk u n d e r  1 a tm 
pressure .  Disks h a v i n g  "wa te r  t imes"  above  600 sec 
were  found  to be sat isfactory.  Contac t  to the  elec-  
t rodes was  made  th rough  loosely f i t t ing caps, w i th  
t u n g s t e n  wires  pass ing  t h r ough  the  cen te r  t ube  in  
the cap. 

The fu rnace  used was  a Marsha l l  t ube  f u rnace  
wi th  e x t e r n a l  compensa t ing  taps on the he a t i ng  coil. 
The t e m p e r a t u r e  was  cont ro l led  by  a c h r o m e l - a l u -  
me l  t he rmocoup le  which  opera ted  a B r o w n  ind ica t -  
ing control ler .  In  addi t ion,  the  fu rnace  con ta ined  an  
ind i ca t ing  c h r o m e l - a l u m e l  t he rmocoup le  connec ted  
to a L&N No. 8662 p o t e n t i o m e t e r  w i th  re fe rence  
j u n c t i o n  compensa tor .  The cen te r  zone of the f u rnace  

Fig. 1. Transport cell 
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h a d  a t e m p e r a t u r e  g r a d i e n t  of less t h a n  5 ~ a n d  could  
be  c o n t r o l l e d  to -+I~ of a n y  d e s i r e d  t e m p e r a t u r e  a t  
a g iven  poin t .  D i rec t  c u r r e n t  up  to 300 m a  was  a v a i l -  
ab le  t h r o u g h  a b a n k  of s e l e n i u m  rec t i f ie rs  in a 
s m o o t h i n g  c a p a c i t a n c e - i n d u c t a n c e  c i rcui t .  A Mode l  
100 B e r k e l e y  D e c i m a l  S c a l a r  was  used  in  m a k i n g  a l l  
r a d i o a c t i v i t y  counts .  

Determina t ion  of r  cel l  s h o w n  in Fig .  1 was  
l oaded  w i t h  an  i n t i m a t e  m i x t u r e  of r e a g e n t  g r a d e  
sol id  KC1 a n d  PbCI: .  P u r e  l e a d  m e t a l  was  used  for  
the  e lec t rodes .  In  genera l ,  the  a m o u n t  of m o l t e n  sa l t  
f i l led t he  h o r i z o n t a l  t u b e  of the  cel l  on ly  p a r t i a l l y ,  
a l l o w i n g  a l a r g e  su r f ace  a r e a  a n d  m i n i m i z i n g  d i f f e r -  
ences in  h e a d  across  t he  m e m b r a n e  as t he  e x p e r i -  
m e n t  p roceeded .  A f t e r  a su i t ab l e  q u a n t i t y  of e l ec -  
t r i c i t y  h a d  been  passed ,  t h e  cel l  was  b r o k e n  a t  the  
m e m b r a n e  and  t h e  c a t h o l y t e  and  a n o l y t e  co l l ec ted  
s e p a r a t e l y  and  a n a l y z e d  as fo l lows.  The  w e i g h e d  
s amp le s  w e r e  p u l v e r i z e d ,  h e a t e d  in  bo i l ing  w a t e r ,  
cooled,  a n d  f i l te red .  This  p r o c e d u r e  was  r e p e a t e d  
t h r e e  t imes ,  t hus  r e m o v i n g  al l  of the  KC1 and  p a r t  of 
the  PbCL. The  r e m a i n i n g  PbCL was  d r i e d  a n d  
we ighed .  The  f i l t r a t e  was  t i t r a t e d  w i t h  the  s o d i u m  
sa l t  of c y c l o h e x a n e d i a m i n e t e t r a a c e t i c  ac id  (9)  to d e -  
t e r m i n e  the  d i s so lved  lead,  and  K § was  p r e c i p i t a t e d  
and  w e i g h e d  as t he  t e t r a p h e n y l b o r a t e  (10) .  

Determinat ion  05 t_ . - - -Radioact ive  C1 ~ w i t h  a h a l f -  
l i fe  of 3.08 x l0  s yea r s ,  was  used  as t r ace r .  I f  a l l  t he  
r a d i o a c t i v e  ch lo r ide  is p l a c e d  i n i t i a l l y  in the  ca thode  
c o m p a r t m e n t  of t he  cel l  s h o w n  in  Fig .  1, i t  c an  be  
shown  t h a t  

t_ -~ KaCoEc/KoC~Z [ 1] 

w h e r e  C~ is t he  c o u n t i n g  r a t e  of t he  ano ly te ,  co r -  
r e c t e d  for  diffusion,  a f t e r  pa s sage  of Z f a r a d a y s ,  Cc 
is the  coun t ing  r a t e  of the  c a t h o l y t e  be fo re  t he  run ,  
and  E~ is t he  t o t a l  n u m b e r  of e q u i v a l e n t s  of C F  in 
the  c a t h o l y t e  in i t i a l ly .  K~ a n d  Ko t a k e  in to  accoun t  
the  a l i q u a t i o n  and  the  g e o m e t r y  of t he  c o u n t e d  s a m -  
p le  so tha t ,  for  e x a m p l e ,  K~Ca gives  t h e  a m o u n t  of 
CI* in  t he  anode  c o m p a r t m e n t .  F o r  K~ to e q u a l  K~, 
the  coun t ing  efficiencies a n d  the  a l i q u a t i o n  a n d  o t h e r  
s i m i l a r  v a r i a b l e s  m u s t  be  the  s a m e  w h e n  coun t ing  
c a t h o l y t e  a n d  ano ly t e .  

A f t e r  the  c u r r e n t  was  run ,  t he  cel l  was  b r o k e n  a t  
t he  m e m b r a n e  and  the  a n o l y t e  a n d  c a t h o l y t e  s a m p l e s  
w e r e  co l l ec ted  c a r e f u l l y  and  we ighed .  F o r  ana lys i s ,  
a N a C I * - P b C L *  s a m p l e  was  h o m o g e n i z e d  b y  c o m -  
p l e t e l y  d i s so lv ing  i t  in  bo i l i ng  w a t e r .  This  was  fo l -  
l o w e d  b y  c o n c e n t r a t i n g  p o r t i o n s  of t he  so lu t ion  b y  
e v a p o r a t i o n  and  t h e n  cool ing  to  p r e c i p i t a t e  PbCL*,  
the  fo rm in w h i c h  CF ' was  counted .  The  o r i g i n a l  
p o r t i o n  size and  the  e x t e n t  of c o n c e n t r a t i o n  b y  e v a p -  
o r a t i o n  w e r e  a d j u s t e d  so t h a t  a f inal  PbCL* w e i g h t  
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of a b o u t  0.1 g was  ob ta ined ,  a f t e r  w a t e r  and  ace tone  
r inses  to r e m o v e  KCI*.  F r o m  the  o b s e r v e d  c o u n t i n g  
r a t e s  of five or  s ix  samples ,  t he  coun t ing  r a t e  of a 
0.1O00-g s a m p l e  of PbC12 was  d e t e r m i n e d .  This  w e i g h t  
r e p r e s e n t s  0.000719 e q u i v a l e n t s  of C1-. By  k n o w i n g  
the  t o t a l  n u m b e r  of e q u i v a l e n t s  of C1- in  the  s a m -  
ple,  t h e  r a d i o a c t i v e  C1- a l i quo t  of 0.1000 g PbC12 w a s  
d e t e r m i n e d ,  and  the  t o t a l  coun t ing  r a t e  of t he  s a m p l e  
was  f o u n d  b y  m u l t i p l i c a t i o n .  

The  f inal  w e i g h t  of t he  a n o l y t e  s a m p l e  w a s  k n o w n .  
The  f inal  c o n c e n t r a t i o n  of t he  a n o l y t e  was  c a l c u l a t e d  
f r o m  the  r e su l t s  of ~ runs  m a d e  on s a m p l e s  of t he  
s ame  compos i t ion .  Thus,  t o t a l  C1- and  t h e n  the  a n o -  
ly t e ' s  u n c o r r e c t e d  c o u n t i n g  r a t e  w e r e  ca lcu la ted .  To 
d e t e r m i n e  Ca, one need  on ly  co r rec t  t he  o b s e r v e d  
c o u n t i n g  r a t e  for  l e a k a g e  and  di f fus ion of CI* in to  
t he  ano ly te .  

Va lues  of Co w e r e  o b t a i n e d  in  two  ways .  P r o c e e d -  
ing  e x a c t l y  as in the  case of the  a n o l y t e  sample ,  one  
can  d e t e r m i n e  an  o b s e r v e d  f inal  coun t ing  r a t e  for  
the  ca tho ly te .  Then  one n e e d  on ly  a d d  the  u n c o r -  
r e c t e d  a n o l y t e  coun t ing  r a t e  to th is  t e r m  to d e t e r -  
m i n e  the  in i t i a l  coun t ing  r a t e  of the  ca tho ly t e .  A l t e r -  
na t e ly ,  one m a y  p roc e e d  so t h a t  in  e v e r y  r u n  e x a c t l y  
t h e  s a m e  n u m b e r  of e q u i v a l e n t s  of C1- a r e  p r e s e n t  
i n i t i a l l y  in t he  ca tho ly te .  Also,  one m a y  i n t r o d u c e  
CI* f r o m  an  ac t ive  KCI* (or  P b C L * )  s tock  and  use  
t he  s ame  w e i g h t  of s tock  for  each  run .  T h e n  C~ wi l l  
be  the  same  for  each  r u n  and,  if t he  s a m e  n u m b e r  of 
f a r a d a y s  a r e  p a s s e d  in  each  run ,  Eq. [1]  s impl i f ies  to 

t_ = AC .  [2]  

This  m e t h o d  d e m a n d s  ca r e  in w e i g h i n g  ou t  a h o m o -  
geneous  r a d i o c h l o r i n e  source,  b u t  i t  is t i m e  saving .  
The  v a l u e  of A is k n o w n  once KoC~ has  b e e n  d e t e r -  
mined ,  a n d  each  c a t h o l y t e  need  not  be  co l lec ted  in -  
d i v i d u a l l y  a n d  counted .  

Dif fus ion l e a k a g e  co r rec t ions  w e r e  m a d e  b y  r e f e r -  
ence  to a c a l i b r a t i o n  p lo t  of " w a t e r  t i m e s "  vs. d i f fu-  
s ion  l e a k a g e  d e t e r m i n e d  on  a n u m b e r  of m e m b r a n e s .  
The  c a l i b r a t i o n  p lo t  is a s t r a i g h t  l ine,  a n d  c o r r e c -  
t ions  a m o u n t e d  to 5% or  less of the  t o t a l  r a d i o a c t i v -  
i ty  t r a n s f e r r e d  across  t he  m e m b r a n e  in  a l l  e x p e r i -  
men ts .  

Results 
E x p e r i m e n t a l  r e su l t s  a r e  s u m m a r i z e d  in  T a b l e  I. 

The  e q u i v a l e n t  a n d  m o l e  f r ac t ions  of KC1 in t he  KC1- 
P b C L  m i x t u r e s  a r e  l i s t ed  in  t h e  first  two  co lumns ,  
fo r  seven  compos i t i ons  s t u d i e d  (a  to g) a t  the  t e m -  
p e r a t u r e s  l i s t ed  in  t he  t h i r d  co lumn.  T h e  e x p e r i -  
m e n t a l l y  d e t e r m i n e d  v a l u e s  of ~ a n d  t_ a r e  l i s t ed  
in t he  f o u r t h  a n d  fifth co lumns ,  r e s p e c t i v e l y .  The  
def in i t ion  ~ = i -  t ~ + -  Elt_ i nvo lves  t h e  e q u i v a l e n t  

Table 1. Values of the parameter r of the ionic transport numbers, and of the equivalent conductance )~ in the KCI-PbCI: system 

E (IKC1) X (KC1) T e m p ,  ~ r t -  t+ t++ X 

0.000 0.000 (g) 525 0 0.76___0.01 0.00• 0.24• 45.28 
0.087 0.160 (f)  525 0.115_0.011 0.74--+0.02 0.05• 0.17-+0.023 42.64 
0.185 0.312 (e) 525 0.257-+0.015 0 . 7 1 _ _ + 0 . 0 2  0.12-+0.023 0.17• 39.65 
0.297 0.458 (d) 525 0.389-+0.012 0 . 6 8 _ _ _ 0 . 0 3  0.19-+0.024 0.13-+0.025 36.23 
0.461 0.631 (c) 525 0 . 5 9 9 _ _ + 0 . 0 1 2  0 . 6 0 _ _ _ 0 . 0 3  0.32-+0.032 0.08--+0.023 35.14 
0.461 0.631 (c) 850 0.604-+0.012 0 . 5 8 _ _ _ 0 . 0 3  0.32-+0.035 0.10-+0.023 72.99 
0.681 0.810 (b) 850 0.789-+0.012 0.50-+0.04 0 . 4 6 _ _ _ 0 . 0 3 7  0.04_+0.023 79.97 
1.000 1.000 (a) 850 1.000 0.38-+0.04 0.62• 0.00 118.75 



132 J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  F e b r u a r y  1959 

1.0  

1.0 0.8 0.6 0.4 02. 0 

Fig. 2. Triongulor diogrom of the three tronsport numbers 
t-, t+, oncl t++ in fused KCI-PbCI~ systems ot severol composi- 
tions: (o) pure KCI; (b) ]9 .0 mole % PbCIs; (c) 36.9 mole % 
PbCI2; (d) 54.2 mole % PbCI~; (e) 68.8 mole % PbCI~; (f) 
84.0 mole % PbCI~; (g) pure PbCI2; ond ot  525 ~ (e) end 850~ 
(0). The straight lines (a to g) correspond to the exper imentol  
volues of the porometer r (Toble I). Experimental points cor- 
respond to the meosured values to t- (Toble I), plotted for eoch 
composit ion (o to g) on the oppropriote r line. The smooth 
curve drown through the points defines the tronsport num- 
bers t-, t+, oncl t++ os o funct ion of composit ion (o to g). 

f rac t ion  E1 of PbC12 which  is s imply  equa l  to 1 - -  E~ = 
1 -  E(KC1).  The  cor respond ing  mole  f rac t ions  a re  
X I ~ E J ( 2 - - E 1 )  and  X~ = 2 E J ( I + E ~ )  for PbCI_~ 
and  KCl,  respect ively .  

Since t_ was d e t e r m i n e d  i n d e p e n d e n t l y  by  the use 
of a r ad ioch lo r ine  t racer ,  as described,  the def in i t ion  
of ~ above and  the  re la t ion  1 ---- t_ + t+ + t++ p rov ide  a 
sys tem of two equa t ions  which  can be solved for the  
two u n k n o w n s  t+ and  t , ,  once the  va lue  of r has been  
d e t e r m i n e d  expe r imen t a l l y ,  as described.  

Since the  th ree  t r a n s p o r t  n u m b e r s  add up to un i ty ,  
the  equ i l a t e ra l  t r i a n g u l a r  d i ag ram (Fig. 2) l ends  
i tself  p a r t i c u l a r l y  we l l  to this  so lu t ion  for two u n -  
knowns .  The  def in ing  equa t i on  for the  p a r a m e t e r  
cor responds  to a s t ra igh t  l ine  in  this  d iagram,  whose  
in te rcep t  on the t_ = 0 axis ( lef t  side of Fig. 2) is 
t~  ~ 1 - -  ~, and  whose  in t e rcep t  on  the  t§ ~ 0 axis 
( r igh t  side of Fig. 2) is t_ ---- (1 --  4~)/E,. 

Seven  s t ra igh t  l ines  ( m a r k e d  a to g) have  been  
d r a w n  in  Fig. 2, co r respond ing  to the  seven composi -  

t0 

o e 

== 

I I I I 

K, ~. .  c r  I 0,0 lololol 
eSC~l �9 1 ,1=1  

0 I I 
0 C.2 0.4 0.6 C.8 1.0 

MOLE FRACTION KGI 

Fig. 3. Mobi l i ty  of the ions vs. mole fraction in the fused 
KCI-PbCI~ system. 

t ions  s tudied  a nd  to the i r  e x p e r i m e n t a l l y  d e t e r m i n e d  
va lues  of ~b (Tab le  I) .  For  l ine  c, the va lues  of 
at 525 ~ and  850~ coincided w i t h i n  e x p e r i m e n t a l  
error.  Once the ~b l ines  were  d r a w n  in  Fig. 2, the ex-  
p e r i m e n t a l l y  d e t e r m i n e d  t_ poin ts  (Tab le  I) could 
be plotted, each set of points being plotted on the 
line corresponding to the same composition. The 
locus of these t_ points defines the three transport 
numbers for each one of the seven compositions 
studied. The smooth curve drawn through the points 
shows how the t r a n spo r t  n u m b e r s  t_, t., a nd  t++ v a r y  
as the  composi t ion goes f rom l ine  a (KC1) to g 
(PbCI_~). The  lack of a b r e a k  in  the c u r ve  in  l ine  c 
suggests  tha t  the  t r a n s p o r t  n u m b e r s  are insens i t ive  
to t e m p e r a t u r e  changes  b e t w e e n  525 ~ and  850~ The  
va lues  of t+ a nd  t++ g iven  in  the s ix th  and  seven th  
co lumns  of Tab le  I were  read  off the  in te r sec t ions  
of the  smooth cu rve  wi th  the ~b l ines  in  Fig. 2. 

E q u i v a l e n t  conduc tance  da ta  for the PbCI~-KC1 
sys tem are ava i l ab l e  f rom dens i ty  da ta  of B oa rdman ,  
Dorman ,  and  H e y m a n n  (11) and  specific conduc t -  
ance da ta  of Bloom a nd  H e y m a n n  (3).  The conduc t -  
ance da ta  of Yaffe a nd  V a n  A r t s d a l e n  (12) were  
used for pu re  KC1. The to ta l  e q u i v a l e n t  conduc t -  
ances X of the m i x t u r e s  are g iven  in  the  last  c o l u m n  
of Tab le  I. The ionic e q u i v a l e n t  conduc tances  k~ m a y  
be ca lcula ted  f rom the equa t i on  X~ = tA/E~,  w here  t~ 
is the  t r a n spo r t  n u m b e r  and  E~ the  e q u i v a l e n t  f rac-  
t ion of the i '" ion. The ionic mobil i t ies ,  u~ = XJF,  are 
shown in  Fig. 3, as a f unc t i on  of composi t ion.  I t  is 
n o t e w o r t h y  t ha t  the t r a n s p o r t  n u m b e r s  for  pu re  PbC12 
d e t e r m i n e d  here  w i th  rad io t racers  agree v e r y  wel l  
wi th  those d e t e r m i n e d  us ing  the  b u b b l e  cell (13, 14). 

Discuss ion  

The most  s t r ik ing  obse rva t ion  p rov ided  by  the  
da ta  is the rap id  decrease in  mob i l i t y  of K § ion  u p o n  
add i t ion  of PbCI.~ to KC1. This  obse rva t ion  is u n d e r -  
s t andab le  if Pb  §247 ion is p re sen t  in  PbCI~ a nd  if Pb  § 
ion combines  wi th  nega t ive  holes, the  holes into 
which  K + ion wou ld  n o r m a l l y  move.  The  lower ing  of 
the K + ion mob i l i t y  canno t  be due  to the  f o r ma t ion  
of complex  ions;  the  chemica l  n a t u r e  of K § ion is no t  
tha t  of complex  former .  On the o ther  hand ,  the  fa i r ly  
h igh  mob i l i t y  of Pb  §247 ion is g rea te r  t h a n  one wou ld  
expect  on the a s sumpt ion  t ha t  Pb  §247 ion moves  in to  
doub ly  charged nega t i ve  holes;  such doub ly  charged  
holes should be difficult to create  ene rge t i ca l ly  and,  
in  the presence  of the s ing ly  charged C1- anion,  
should  spli t  r ead i ty  in to  two s ing ly  charged  holes. To 
accommodate  bo th  facts, the  mob i l i t y  of P b  §247 ions 
and  the c o m b i n i n g  of Pb  §247 ion w i th  nega t ive  holes, 
it is necessa ry  to pos tu la t e  an  e q u i l i b r i u m  b e t w e e n  
Pb  +§ and  PbC1 +, the l a t t e r  accoun t ing  for the  m o b i l i t y  
of the  Pb  *§ ions. The genera l  change  in  mob i l i t y  of 
C1- a nd  Pb  §247 ions wi th  composi t ion  change  is g radua l  
enough  to be accommoda ted  by  genera l  changes  in  
the  proper t ies  of the  m e d i u m  in  which  the  ions 
move.  

The  d i s ag reemen t  b e t w e e n  the  p resen t  da ta  and  
those of Lorenz  a nd  Ruc ks t uh l  (6) is exp la ined  
easi ly  on the  basis  of l eakage  of sal t  t h r ough  the  
m e m b r a n e  of the  cell. Values  of ~b are v e r y  in sens i -  
t ive  to such leakage.  As m e n t i o n e d  previous ly ,  the re  
is no effect on ~ if the  composi t ion  of the  me l t  flow- 
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Fig. 4. Comparison of the ~ parameter for fused LiCI-PbCI~ 
systems at 650~ [0,  cf. Ref. (15)] and for fused KCI-PbCI~ 
systems at 525 ~ and 850~ (e, cf. Table I); ~,do,~ is here 
taken equal to the equivalent fraction of alkali chloride in 
both mixtures (see text). 

ing  t h r o u g h  t h e  d i sk  is t h a t  of t he  o r i g i n a l  sample .  
Va lues  of t~ d e t e r m i n e d  b y  a change  of w e i g h t  
me thod ,  such as t h a t  u sed  b y  L o r e n z  a n d  Rucks tuh l ,  
a r e  e x t r e m e l y  sens i t ive  to l eakage ,  w h i l e  v a l u e s  of 
t~ d e t e r m i n e d  r a d i o c h e m i c a l l y  in an  e x p e r i m e n t  such  
as is o u t l i n e d  h e r e  a r e  m u c h  less sens i t ive .  This  is 
because  of the  i m m e d i a t e  d i l u t i on  of CF 6 b y  the  ano -  
ly te .  The  effect of t e m p e r a t u r e  on the  t r a n s p o r t  
n u m b e r  is smal l .  In  c h a n g i n g  f rom 525 ~ to 850~ the  
t r a n s p o r t  n u m b e r s  for  a l l  of the  ions r e m a i n  c o n s t a n t  
w i t h i n  e x p e r i m e n t a l  e r ro r .  The  t e m p e r a t u r e  change  
he re  is suff ic ient ly  l a r g e  t h a t  if t h e r e  w e r e  s ignif i -  
can t  d i f fe rences  in the  a c t i v a t i o n  ene rg ie s  for  m o b i l -  
i t y  of t he  ions, t h e r e  w o u l d  be  a s ens ib l e  c h a n g e  in 
the  t r a n s p o r t  n u m b e r s .  Note  t h a t  t he  mob i l i t i e s  of 
the  ions change  v e r y  a p p r e c i a b l y  in  th is  t e m p e r a t u r e  
i n t e rva l .  

A n  i n t e r e s t i n g  e x p e r i m e n t  was  p e r f o r m e d  r e c e n t l y  
b y  K l e m m  and  Monse  (15) .  W i t h  an  i n g e n i o u s l y  d e -  
v i sed  m o v i n g  b o u n d a r y ,  t h e y  d e t e r m i n e d  r e l a t i v e  
mob i l i t i e s  of ca t ions  in  t he  s y s t e m  LiC1-PbCI~. In  
essence,  t h e y  d e t e r m i n e d  ~b for  th i s  sys tem.  I t  can  be  
s h o w n  t h a t  ~ = b13E1/(blsE1 ~ b~E~), w h e r e  bl~ and  
b~8 a re  K l e m m  and  Monse ' s  n o t a t i o n  for  t he  m o b i l i t y  
of 1 (L i  +) a n d  2 (Pb  ++) w i t h  r e spec t  to 3 (C1-), and  E~ 
a n d  E~ a r e  ( h e r e  on ly )  t h e  e q u i v a l e n t  f r ac t ions  of 
u n i -  and  d i v a l e n t  sal ts .  The  s i m i l a r i t i e s  and  d i s -  
s i m i l a r i t i e s  of the  two  a l k a l i  c h l o r i d e - l e a d  ch lo r ide  
sys t ems  a re  such as to m a k e  t h e i r  d a t a  of obv ious  
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in te res t .  Va lues  of r in  th is  s y s t e m  w e r e  c o m p u t e d  
t o g e t h e r  w i t h  v a l u e s  of ~ - -  r .. . . .  ; r . . . .  b e c omes  n u -  
m e r i c a l l y  e q u a l  to t he  e q u i v a l e n t  f r a c t i o n  of t he  a l -  
k a l i  ch lor ide ,  if  the  s i m p l i f y i n g  a s s u m p t i o n  can  be  
m a d e  t h a t  u n i -  a n d  d i v a l e n t  ca t ions  h a v e  the  s ame  
mob i l i t y .  

W i t h  th is  s i m p l i f y i n g  a s sumpt ion ,  r is  t he  
s ame  for  c o r r e s p o n d i n g  e q u i v a l e n t  c o n c e n t r a t i o n s  in 
the  two  sys t ems ;  va lue s  of r a r e  c o m p a r e d  mos t  
e a s i l y  b y  look ing  a t  t he  sens i t i ve  func t ion ,  r - -  ~lde~,. 
These  va lue s  a r e  p r e s e n t e d  in  Fig .  4. I t  is i n t e r e s t i n g  
to no te  the  close s i m i l a r i t y  in  t h e  b e h a v i o r  of t he  two  
sys tems .  N o t h i n g  can  be  sa id  r e g a r d i n g  abso lu t e  
v a l u e s  of t,  a n d  X~ in the  LiC1-PbCI~ sys tem,  h o w -  
ever ,  u n t i l  an  i n d e p e n d e n t  set  of d e t e r m i n a t i o n s  r e -  
l a t i n g  t h e m  to m e a s u r a b l e  q u a n t i t i e s  is ava i l ab l e .  

Manuscr ip t  rece ived  Dec. 27, 1957. Cont r ibu t ion  No. 
581. Work  was pe r fo rmed  in the  Ames  L a bo ra to ry  of 
the  U.S.A.E.C. 

A n y  discussion of this paper  wi l l  appear  in a Dis-  
cussion Section to be publ i shed  in the  December  1959 
J O U R N A L .  
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Galvanic Behavior in Fused Electrolytes 
I. The Nominal System Mg/LiCI-KCI/Ni 
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ABSTRACT 

The galvanic  funct ion of cells conta ining hygroscopic  mol ten  e lec t ro ly tes  
involves hyd rox ide  ion as an act ive ma te r i a l  if no s t ronger  oxidizing agent  is 
present .  Fo r  the sys tem wi thout  addi t ional  components  two sets of react ions 
are  postula ted;  the  opera t ive  set would  depend  on the t empe ra tu r e  range.  At  
lower  t empera tu re s  (390~176 hydrox ide  ion is ca thodica l ly  reduced  to 
hyd rogen  gas plus oxide ion; at h igher  t empera tu re s  (445~176 n i cke l ( I I )  
oxide, fo rmed by  the act ion of hyd rox ide  ion on nickel  metal ,  is the ca thodica l ly  
reduced  species. In both t empe ra tu r e  ranges magnes ium oxide is fo rmed at  the 
anode. At  h igher  tempera tures ,  the magnes ium and nickel  e lectrodes obey 
Nernst ' s  law wi th  respect  to the addi t ions  of magnes ium,  nickel,  and oxide  ions 
in the concentra t ion range  of interest .  The electrodes are  revers ib le  and of the 
second kind. 

The  g a l v a n i c  s y s t e m  of i n t e r e s t  he r e  n o m i n a l l y  
inc ludes  a m a g n e s i u m  anode,  an e l e c t r o l y t e  w h i c h  is 
a m o l t e n  m i x t u r e  of p o t a s s i u m  ch lo r ide  and  l i t h i u m  
chlor ide ,  and  a n i cke l  ca thode .  In  t he  course  of the  
work ,  the  effects of a d d i t i o n a l  c o m p o n e n t s  w e r e  n o t e d  
b u t  on ly  to ass is t  in t he  p o s t u l a t i o n  of e l e c t r o d e  r e -  
act ions.  The  sy s t em is r e l a t e d  to some  w h i c h  h a v e  
been  d i scussed  be fo re  (1) ,  b u t  i t  con ta ins  no s t rong  
o x i d a n t  and  t h e r e f o r e  is no t  c a p a b l e  of  s u p p l y i n g  a p -  
p r e c i a b l e  cu r r en t s .  

On the  bas is  of t he  p r e s e n t  work ,  h a l f - c e l l  r e -  
ac t ions  a r e  p o s t u l a t e d  and,  a t  l eas t  u n d e r  c e r t a i n  
condi t ions ,  e l ec t rode  r e v e r s i b i l i t y  is d e m o n s t r a t e d .  

Experimental 
Mater ia l s . - -The  n i c k e l ( I I )  oxide ,  p o t a s s i u m  ch lo -  

r ide ,  l i t h i u m  chlor ide ,  l i t h i u m  ca rbona t e ,  n i c k e l ( I I )  
ch lo r ide  h e x a h y d r a t e ,  and  s i lve r  c h l o r i d e  w e r e  of the  
u s u a l  r e a g e n t  g r a d e  and  w e r e  not  pur i f i ed  f u r t h e r .  
The  n i c k e l  con t en t  in  t he  n i c k e l ( I I )  ch lo r ide  h e x a -  
h y d r a t e  was  d e t e r m i n e d  g r a v i m e t r i c a l l y  b y  the  d i -  
m e t h y l g l y o x i m e  me thod .  R e a g e n t  g r a d e  m a g n e s i u m  
c h l o r i d e  h e x a h y d r a t e  w a s  d e h y d r a t e d  b y  a m e t h o d  
s i m i l a r  to t h a t  of K e l l e y  and  Moore  (2) .  A l l  sol id  
chemica l s  w e r e  h a n d l e d ,  as fa r  as poss ib le ,  in  a " d r y  
r o o m "  ( r e l a t i v e  h u m i d i t y  6% u n d e r  u s u a l  r o o m  t e m -  
p e r a t u r e  a n d  p r e s s u r e ) .  

T h e  h y d r o g e n  and  h e l i u m  gases  w e r e  d r i e d  b y  
b u b b l i n g  t h r o u g h  c o n c e n t r a t e d  su l fu r i c  ac id  fo l -  
l o w e d  b y  pas sage  ove r  p o t a s s i u m  h y d r o x i d e  pe l le t s .  

The  shee t  m a g n e s i u m ,  g e n e r a l l y  0.13 m m  th ick ,  
was  of t he  c o m m e r c i a l  e l e c t ro ly t i c  g r a d e  ( o v e r  
99.5 % p u r e ) .  T h e  i m p u r i t i e s  i n c l u d e d  s m a l l  a m o u n t s  
of s i lver ,  a l u m i n u m ,  copper ,  and  ca l c ium as d e t e r -  
m i n e d  b y  s p e c t r o g r a p h i c  ana lys i s .  J u s t  p r i o r  to use, 
t he  d a r k  f i lm on the  m e t a l  was  r e m o v e d  b y  i m -  
m e r s i o n  in  1% h y d r o c h l o r i c  ac id  so lu t ion  f o l l o w e d  

1 P r e s e n t  a d d r e s s :  C a t a l y s t  R e s e a r c h  C o r p o r a t i o n ,  B a l t i m o r e ,  Md.  
2 P r e s e n t  a d d r e s s :  U n i v e r s i t y  of  C a l i f o r n i a ,  Los  A l a m o s  Sc ien t i f i c  

L a b o r a t o r y ,  Los  A l a m o s ,  N.  M e x .  

by t h o r o u g h  r in s ing  in  d i s t i l l ed  w a t e r .  The  m e t a l  
was  w i p e d  d r y  w i t h  a soft  l i n t - f r e e  p a p e r .  

The  shee t  n i c k e l  was  also 0.13 m m  t h i c k  and  was  
of a good c o m m e r c i a l  g r a d e  ( o v e r  99.5% p u r e ) .  A 
s p e c t r o g r a p h i c  ana lys i s  r e v e a l e d  s m a l l  a m o u n t s  of 
zinc, i ron,  and  cobal t .  I t  was  f o u n d  tha t ,  o t h e r  t h a n  
a t h o r o u g h  w a s h i n g  w i t h  a m i l d  soap and  w a t e r ,  no 
t r e a t m e n t  of t he  m e t a l  su r f a c e  was  needed .  

A n o t h e r  t y p e  of e l e c t r o d e  m a t e r i a l  was  s i n t e r e d  
n i cke l  p la te .  The  p r e p a r a t i o n  and  p r o p e r t i e s  of t h i s  
m a t e r i a l  h a v e  been  d e s c r i b e d  b y  F l e i s c h e r  (3 ) .  This  
po rous  m a t e r i a l  was  t h o r o u g h l y  r u b b e d  w i t h  n i cke l  
( I I )  ox ide  to p r o v i d e  a n icke l ,  n i cke l  o x i d e  e lec -  
t rode .  (The  o r i g i n a l  s i n t e r e d  p l a t e  w a s  no t  i m -  
p r e g n a t e d  w i t h  n i c k e l  h y d r o x i d e  as d e s c r i b e d  b y  
F l e i s che r . )  

Proc e dure . - - T he  e l ec t rodes  w e r e  p r e p a r e d  f r o m  
3 . 8 - m m  s t r ips  of the  m a g n e s i u m  a n d  n ickel .  One end  
of each  s t r ip  was  j o i n e d  to t u n g s t e n  w i r e  l eads  b y  
spot  we ld ing .  These  s t r ip s  w e r e  i n s e r t e d  in to  l eng ths  
of 7 - r a m  P y r e x  t u b i n g  w h i c h  w e r e  s ea l ed  a t  one end  
to t h e  t u n g s t e n  so t h a t  coppe r  w i r e  cou ld  be  j o i n e d  
to t he  l a t t e r .  A t  t he  o t h e r  end  of t he  glass  tubes ,  10 m m  
of e l ec t rode  s t r i p  p r o t r u d e d .  The  to t a l  l e n g t h  of t h e  
e l ec t rode  a s sembl i e s  was  a b o u t  25 cm, of w h i c h  3-4 
cm was  to be  s u b m e r g e d  in  the  e l ec t ro ly t e .  

E x c e p t  for  m i n o r  d i f ferences ,  t h e  cel l  a r r a n g e m e n t  
was  s im i l a r  to t h a t  p i c t u r e d  b y  J e n n i n g s  (4) .  A 
m a g n e s i u m  and  a n i cke l  e l e c t r o d e  a s sembly ,  a P y r e x  
t h e r m o c o u p l e  p r o t e c t i o n  tube ,  and  a P y r e x  gas in le t  
t ube  w e r e  i n s e r t e d  t h r o u g h  a cap a n d  s ea l ed  in  
p lace .  The  faces  of the  e l e c t rode s  w e r e  o r i e n t e d  d i -  
r e c t l y  oppos i t e  to each  o t h e r  and  the  t h e r m o c o u p l e  
occup ied  a c e n t r a l  pos i t ion .  T h e  e l e c t r o d e  tubes  w e r e  
p l a c e d  a p p r o x i m a t e l y  3 c m  apa r t .  

F o r  i n d i v i d u a l  e l e c t r o d e  p o l a r i z a t i o n  m e a s u r e -  
ments ,  a l a r g e  c y l i n d r i c a l  w o r k i n g  e l e c t r o d e  of shee t  
n i c k e l  was  used.  The  r e f e r e n c e  e l ec t rodes  w e r e  con-  
t a i n e d  in 7 - m m  P y r e x  t u b i n g  c losed  a t  one end.  The  
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reference  sys tem was e i ther  A g ( c ) ,  AgC1 (l, u n i t  
mole  f r ac t ion ) ,  or N i ( c ) ,  KC1-LiC1-NiC1 (1, mole  
f rac t ion  1.00x 10 -~) in  glass. The s i lver  or n icke l  elec-  
t rode leads  were  2-3 m m  in  d iameter .  

To s ta r t  a run ,  a 38 x 200 m m  P y r e x  test  t u b e  was  
charged  wi th  the  in i t i a l  e lec t ro ly te  salts. This  was  
t hen  p laced  in  a n o n i n d u c t i v e l y  w o u n d  electr ic  f u r -  
nace,  and  the  cell t e m p e r a t u r e  was  a d j u s t e d  to ap -  
p r o x i m a t e l y  320~ by  the  use of a v a r i a b l e  au to -  
t r ans fo rmer .  This t e m p e r a t u r e  was  m a i n t a i n e d  u n t i l  
most  of the  adsorbed  w a t e r  was removed.  The  t e m -  
p e r a t u r e  t h e n  was increased  a n d  w h e n  the e lec t ro-  
ly te  was  mol ten ,  the  electrodes,  t he rmocoup le  tube,  
and  gas in le t  t u b e  were  posi t ioned.  

W h e n  a h y d r o g e n  or h e l i u m  a tmosphere  was  used, 
the  gas was s lowly b u b b l e d  t h r o u g h  the  me l t  for 
30-60 min .  (The  loose fit b e t w e e n  cap and  test  t ube  
p e r m i t t e d  the escape of gas.) The  gas flow was 
s topped some m i n u t e s  before  emf  read ings  were  
made.  

E lec t romot ive  forces of cells and  of c h r o m e l - p - a l u -  
me l  the rmocouples  were  m e a s u r e d  w i th  a n u l l - b a l -  
anc ing  po t en t i ome te r  (cell  emf 's  to the  nea res t  cen t i -  
vo l t ) .  T e m p e r a t u r e  va lues  are correct  to abou t  
• 1 7 6  The c u r r e n t  t h rough  the polar ized  electrodes 
was  m e a s u r e d  w i th  a d-c  mi l l i ame te r .  The  c u r r e n t  
source was a s torage b a t t e r y  w i th  a vol tage  divider .  

The x - r a y  ana lys i s  of the  m a t t e r  inso lub le  in  the  
m o l t e n  electrolyte ,  wh ich  was observed  on the  elec-  
t rodes and  at  the bo t tom of the  cell, was accom- 
p l i shed wi th  powder  samples  m o u n t e d  in  a Debye -  
Scherer  camera .  A copper  t a rge t  was  used  in  p r o v i d -  
ing the  30 kv  x - r a d i a t i o n .  S i x t e e n - h o u r  exposures  
were  made,  and  d /n  va lues  as d e t e r m i n e d  w e r e  
checked aga ins t  k n o w n  t a b u l a t e d  values .  

Results 
Electrolyte composition.--Nominally the e lec t ro-  

ly te  composi t ion  was the  eutect ic  m i x t u r e  of po tas -  
s ium and  l i t h i u m  chlor ides  and  the  s ta ted a m o u n t s  
of added components .  This  eutect ic  composi t ion  is 
58 mole  % of l i t h i u m  chlor ide and  42 mole  % of po-  
t a s s ium chloride.  The  eutect ic  t e m p e r a t u r e  as 354~ 
[cf. Solomons,  et aI. ( 5 ) ] .  Ac tua l ly ,  w a t e r  and  h y -  
droxide  ion were  also inc luded  as d e m o n s t r a t e d  by  
La i t inen ,  et al. in  t e rms  of po la rograph ic  r e s idua l  
c u r r e n t  m e a s u r e m e n t s  and  cold t r ap  col lect ion of 
wa t e r  (6) .  The  presence  of these species also was  
shown c lear ly  by  the  p re sen t  authors .  Quan t i t i e s  of 
wa t e r  were  collected in  a cold t rap  on  evacua t ion  of 
tubes  c o n t a i n i n g  e lec t ro ly te ;  pieces of ca lc ium re -  
acted wi th  the  e lec t ro ly te  to re lease  h y d r o g e n  gas. 
Of course, the presence  of hyd rox ide  ion at e leva ted  
t e m p e r a t u r e s  impl ies  the  add i t iona l  p resence  of 
oxide ion. 

M e a s u r e m e n t s  of h y d r o g e n - i o n  concen t r a t i on  were  
made  on wa t e r  solut ions  of f rozen e lec t ro ly te  con-  
t a i n i n g  on ly  the  eutect ic  chlor ide mix tu re .  The  pH 
va lues  were  such as to ind ica te  concen t r a t ions  of h y -  
droxide  and  oxide ions in  the  e lec t ro ly te  ( [OH-]  -F 
2[O=]) to be  of the  order  of 10-" mo le s / l i t e r .  

Behavior at tower temperatures ( 3 9 0 ~ 1 7 6  
To assist in  the  pos tu la t ion  of react ions,  the effects 
of i n t e r n a l  a tmosphe re  were  d e t e r m i n e d  for cells 
Mg/KC1-LiC1/Ni  at  420~ U n i t  p ressures  of air, 
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hydrogen ,  a nd  h e l i u m  were  used;  cells u n d e r  r e -  
duced  p ressure  were  m e a s u r e d  also. S teady  cell po-  
t en t i a l s  were  r ep roduc ib le  to w i t h i n  +--0.01 v. 

The  resul t s  of m e a s u r e m e n t s  w i th  d i f ferent  a tmos -  
pheres  a t  420~ can be s u m m a r i z e d  as follows: (a)  
w i t h  o r d i n a r y  a i r  a tmosphere ,  the  emf  was  1.67 v;  
(b)  w i th  d ry  h y d r o g e n  a tmosphere ,  1.58 v;  (c) w i th  
d r y  h e l i u m  a tmosphere ,  1.67 v;  and  (d)  u n d e r  r e -  
duced p ressure  (10/~ Hg) ,  1.61 v. 

I t  is a p p a r e n t  that ,  whi le  the  use of d ry  h y d r o g e n  
gave a lower  po ten t i a l  t h a n  tha t  of an  a i r - a t m o s -  
phere  cell, the  use of d ry  h e l i u m  had  no such meas -  
u r a b l e  effect. Moreover ,  evacua t ion  of a cell also de-  
pressed the potent ia l ,  bu t  no t  as m u c h  as the  h y d r o -  
gen  a tmosphe re  did. 

W h e n  an  e x t e r n a l  res is t ive  load was p laced  across 
t he  electrodes,  such tha t  e lect rode c u r r e n t  dens i t ies  
were  abou t  10 m a / c m  ~, gas was  evolved  f rom the  
n icke l  cathode.  This  evo lu t ion  ceased w h e n  the  load 
was removed.  

In  o rder  to ob ta in  some qua l i t a t i ve  i n f o r m a t i o n  as 
to the  r eve r s ib i l i t y  of the m a g n e s i u m  a nd  n icke l  
e lectrodes at  420~ anodic  and  cathodic po la r iza -  
t ion  m e a s u r e m e n t s  we re  made  on bo th  electrodes.  
For  c u r r e n t  densi t ies  of 3 m a / c m  2, the re  were  no 
overpotentials within experimental error (+__0.01 v). 
Apparently because of the low ohmic resistance of 
the electrolyte and the small amounts of current 
used, measured polarizations were independent of 
the placement of the reference electrodes. 

Starting with a temperature of about 390~ cells 
of the type Mg/KC1-LiCI/Ni were heated slowly to 
440~ and the emf was studied as a function of tem- 
perature. The portion of the curve in Fig. i, which 
has a steep slope, is fairly well established. The 
points were derived from three separate cells. For a 
given temperature in this region, the potential re- 
mains stable for at least 1 hr, On reversing the di- 
rection of temperature change, the emf eventually 
stabilizes at the value associated with a given tem- 

perature. 
From the observed dE/dT in the 390~176 re- 

gion, a cell reaction entropy of 55 cal/~ was 
calculated for a two-electron transfer. 

X-ray examinations of the scrapings from elec- 
trodes used in the lower temperature range revealed 
magnesium oxide. No oxide of nickel was detected. 

Behavior at higher temperatures ( 4 4 5 ~ 1 7 6  
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Upon  i n c r e a s i n g  the  t e m p e r a t u r e  of the  s y s t e m  
M g / K C 1 - L i C 1 / N i  to 445 ~ a l e v e l i n g - o f f  occurs ,  a n d  
on l o w e r i n g  the  t e m p e r a t u r e ,  a h i g h e r  p o t e n t i a l  p e r -  
s is ts  as s h o w n  in Fig .  1. The  h i g h e r  p o t e n t i a l  of 1.70 
v also was  o b s e r v e d  a t  a l l  t e m p e r a t u r e s ,  on h e a t i n g  
a n d  cool ing,  b y  us ing  a s i n t e r e d  n i c k e l  pos i t i ve  e lec -  
t r o d e  into  w h i c h  h a d  been  r u b b e d  n i c k e l ( I I )  ox ide  
(N iO) .  

E x a m i n a t i o n  of cel ls  in the  h i g h e r  t e m p e r a t u r e  
r eg ion  w i t h  m a g n e s i u m  a n d  b r i g h t  n i c k e l  e l e c t rode s  
(NiO no t  d e l i b e r a t e l y  a d d e d )  r e v e a l e d  t h e  p r e s e n c e  
of i n so lub l e  m a t t e r  on the  e l ec t rodes  a n d  a t  t he  b o t -  
t o m  of t he  cell .  X - r a y  ana lys i s  of th is  m a t e r i a l  i n d i -  
ca t ed  MgO and  NiO. 

T h e  p o t e n t i a l s  of m a g n e s i u m  and  n i c k e l  e l ec t rodes  
at  480~ w e r e  s t u d i e d  as a func t ion  of c o n c e n t r a t i o n s  
of m a g n e s i u m  (Fig .  2) ,  n i c k e l  (F ig .  3) ,  a n d  o x i d e  
(Fig .  4) ions in  t he  e l ec t ro ly t e .  The  ions w e r e  i n t r o -  
d u c e d  b y  a d d i n g  to  t he  e l e c t r o l y t e  m a g n e s i u m  ch lo -  
r ide,  n i cke l  ch lo r ide  h e x a h y d r a t e ,  and  l i t h i u m  ca r -  
bona te ,  r e spec t i ve ly .  Of ten  as m u c h  as 2 h r  was  r e -  
q u i r e d  for  s t ab i l i z a t i on  of t he  po ten t i a l .  H o w e v e r ,  a 
s t ab le  p o t e n t i a l  w o u l d  u s u a l l y  r e m a i n  so for  s e v e r a l  
hours ,  a n d  emf  va lue s  cou ld  be  con f i rmed  b y  r e p e t i -  
t ive  m e a s u r e m e n t s  w i t h  d u p l i c a t e  cells .  

Va lues  g iven  in Fig .  2-4 a r e  e l e c t r o d e  p o t e n t i a l s  
w i t h  r e s p e c t  to t he  Ag,  AgC1 (1), g lass  e lec t rode .  A t  
t he  b e g i n n i n g  of a run ,  the  compos i t i on  of t he  e l ec -  
t r o l y t e  w o u l d  n o m i n a l l y  i nc lude  bo th  m a g n e s i u m  
and  n i cke l  ch lo r ides  at  mo le  f r ac t ions  of 3.16 x 10 -~ 
( log N = - -3 .50) .  In  a n y  one  run ,  on ly  one t y p e  of 

ion  was  added .  
I t  w i l l  be  no ted  t h a t  t h e  a d d i t i o n  of  m a g n e s i u m  or  

n i cke l  ions causes  the  e l ec t rode  p o t e n t i a l s  of bo th  
m a g n e s i u m  a n d  n i cke l  e l ec t rodes  to r i se  ( be c ome  
m o r e  nob l e )  l i n e a r l y  w i t h  t he  l o g a r i t h m  of the  mo le  
f r a c t i o n  of t he  a d d e d  ion  (Fig .  2 and  3) ; on the  o t h e r  
hand ,  the  a d d i t i o n  of o x i d e  ion causes  t h e  p o t e n t i a l s  
of bo th  e l ec t rodes  to fa l l  ( become  less noble ,  Fig .  4) .  
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The  s lopes  of t he  p o t e n t i a l - l o g  N cu rves  a r e  g iven  in  
T a b l e  I. The  t h e o r e t i c a l  s lopes  of --+0.075 a r e  equa l  to 
2.303 R T / 2 F .  

D i s c u s s i o n  

Cells at Lower Temperatures 

On the  bas is  of e x p e r i m e n t a l  o b s e r v a t i o n s  r e -  
v i e w e d  above,  the  a u tho r s  sugges t  r eac t ions  [ l a ,  b, 
a n d  c] b e l o w  for  t he  s y s t e m  at  390~176 A t  t he  
anode ,  

M g ( c )  + O = (1) --) M g O ( c )  -4- 2e- [ l a ]  

A t  the  ca thode ,  

2OH- (1) + 2 e - ~  H2(g) -4- 2 0  = (1) [ l b ]  

Net  r eac t ion ,  

M g ( c )  + 2OH- (1) ~ M g O ( c )  -4- H~(g) + O = ( l )  [ l c ]  

S u p p o r t i n g  ev idence  m a y  be  s u m m a r i z e d  as fo l lows :  
(a )  The  emf  was  r e s p o n s i v e  to changes  in t he  i n -  
t e r n a l  a t m o s p h e r e .  As  c o m p a r e d  w i t h  an  a i r  a t m o s -  
phe re ,  t he  use  of h y d r o g e n  r e s u l t e d  in a d e p r e s s e d  
emf;  v a c u u m  p a r t i a l l y  r e s t o r e d  the  cel l  p o t e n t i a l ;  a 
h e l i u m  a t m o s p h e r e  had  no p a r t i c u l a r  effect. (b )  
T h e r e  is def in i te  ev idence  for  t he  p r e s e n c e  of h y -  
d r o x i d e  ion a n d / o r  w a t e r .  (c)  W i t h  f a i r l y  low c u r -  
r e n t  dens i t ies ,  gass ing  at  t he  c a thode  was  o b s e r v e d  
u p o n  a p p l i c a t i o n  of load.  A t t e n d a n t  cel l  p o l a r i z a t i o n  
was  no t  excess ive .  (d)  T h e  cel l  r e a c t i o n  has  a h igh  
a p p a r e n t  e n t r o p y ,  w h i c h  is cons i s t en t  w i t h  t h e  fo r -  
m a t i o n  of gas. (e )  X - r a y  ana lys i s  of t he  a n o d e  s u r -  
face  r e v e a l e d  m a g n e s i u m  oxide .  A s t u d y  of t he  c a t h -  
ode showed  no ox ide  of n i c k e l  for  cel ls  u sed  in t he  
l o w e r  t e m p e r a t u r e  range .  

Cells at Higher Temperatures 

On h e a t i n g  a b o v e  445~ t h e  emf  was  r e l a t i v e l y  
u n r e s p o n s i v e  to t e m p e r a t u r e  change .  The  o b s e r v e d  
( a n d  r e p r o d u c i b l e )  d i s c o n t i n u i t y  in  the  e m f - t e m -  
p e r a t u r e  c u r v e  sugges t s  a c h a n g e  in m e c h a n i s m ,  a n d  
indeed ,  n i cke l  ( I I )  ox ide  is to be  f o u n d  on the  ca thode  
su r f a c e  if the  l a t t e r  is h e a t e d  above  450~ in t he  
e l ec t ro ly t e .  The  ne g l i g ib l e  e n t r o p y  of r e a c t i o n  a t  t he  

T a b l e  I. Slopes of e lec t rode  potent ia l  vs. log N curves a t  4 8 0 ~  

E l e c t r o d e s  
O b s e r v e d  T h e o r e t i c a l  

A d d e d  M g  N1 M g  N i  
iOn V V V V 

Mg ++ -I-0.070 -4-0.060 +0.075 -4-0.075 
Ni ++ -4-0.110 +0.070 -4-0.075 +0.075 
0 = --0.057 --0.090 --0.075 --0.075 
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h i g h e r  t e m p e r a t u r e s  ind ica t e s  d i s a p p e a r a n c e  of t he  
gas p h a s e  reac t ion .  

Reac t ions  p o s t u l a t e d  for  the  s y s t e m  a t  h i g h e r  t e m -  
p e r a t u r e s  a r e  as fo l lows.  A t  t h e  anode,  [ l a ]  as  above ,  
a n d  at  t he  ca thode ,  

N i O ( c )  + 2 e - ~  N i ( c )  + O = (1) [2a]  

Ne t  reac t ion ,  

M g ( c )  + N i O ( c )  --> M g O ( c )  + N i ( c )  [2b]  

I t  is s u g g e s t e d  t h a t  t he  n i cke l  ox ide  is f o r m e d  b y  r e -  
ac t ion  [3]  

N i ( c )  + 2OH-(1)  --* N i O ( c )  + H~(g) + O = [3]  

This  r e a c t i o n  becomes  t h e r m o d y n a m i c a l l y  poss ib l e  
in t he  t e m p e r a t u r e  r e g i o n  of in te res t .  The  p r e s e n c e  of 
w a t e r  a n d  h y d r o x i d e  ion, w h i c h  r e a c t  w i t h  bo th  
m a g n e s i u m  and  n i c k e l  to fo rm  me ta l ,  m e t a l  ox ide  
e lec t rodes ,  has  been  d i scussed  above .  

L a c k  of i n f o r m a t i o n  on the  f r ee  e n e r g y  of ox ide  
ion  in  so lu t ion  does  no t  p e r m i t  c a l cu l a t i on  of e m f ' s  
in t he  l o w e r  t e m p e r a t u r e  region.  H o w e v e r ,  r e a c t i o n  
[2b]  is a m e n a b l e  to an  a p p r o x i m a t e  ca l cu l a t i on  of 
po ten t i a l .  Cough l in  (7)  g ives  the  fo l l owing  s t a n d a r d  
f ree  ene rg i e s  a t  450~ 

M g ( c )  + ~/20~(g) -~ M g O ( c ) ,  

Z~F~ = --125.1 +_- 0.2 kca l  [4]  

N i O ( c )  --~ N i ( c )  + 1/20_~(g), 

AF~ = +41 .2  ___ 0.1 kca l  [5]  

The  s u m  of r eac t ions  [4]  and  [5]  gives,  for  r e a c t i o n  
[2b]  AF~ --83.9 ----- 0.3 kcal .  This  is e q u i v a l e n t  to a 
s t a n d a r d  emf  of 1.82 • 0.01 v. The  o b s e r v e d  v a l u e  is 
1.70 +-- 0.01 v. 

The  d i f fe rence  b e t w e e n  the  c a l c u l a t e d  E ~ a n d  the  
o b s e r v e d  emf  is a b o u t  a t e n t h  of a vol t .  H o w e v e r ,  i t  
shou ld  no t  b e  i n f e r r e d  t h a t  t he  n i c k e l  ox ide  in  t he  
a c t u a l  cel l  is a t  un i t  ac t iv i ty .  V e r w e y  (8) and  T i c h -  
enor  (9)  d iscuss  t h e  p r e s e n c e  of l i t h i u m  ion in  t he  
n i c k e l  ox ide  la t t ice .  The  f o r m e r  induces  the  p r e s e n c e  
of n i c k e l ( I I I )  ox ide  w h i c h  can  combine  w i t h  LifO 
(10) .  N i c k e l ( I I )  o x i d e  i t se l f  f o r m s  a sol id  so lu t ion  
w i t h  l i t h i u m  oxide ,  a t  l eas t  on the  su r f ace  (11) .  

In  a n y  case, t he  h a l f - r e a c t i o n s  [ l a ]  and  [2a]  a r e  
e l ec t rodes  of t he  second  k i n d  as e v i d e n c e d  b y  the  
d a t a  in  Fig.  2, 3, and  4. T h a t  is to say,  the  m a g n e s i u m  
and  n i c k e l  e l ec t rodes  a r e  c o n s t i t u t e d  b y  a me ta l ,  a 
p a r t i a l l y  so lub le  m e t a l  oxide ,  and  ox ide  ion in  so lu-  
t ion.  A s  m e t a l  ion is added ,  i t  r e ac t s  w i t h  o x i d e  ion  
in the  e l ec t ro ly t e ,  and  s ince  the  ox ides  a r e  on ly  p a r -  
t i a l l y  soluble ,  r e l a t i o n s h i p s  [ A ]  and  [B]  w i l l  ho ld : "  

3 E '  and  K '  i m p l y  t he  use  of c o n c e n t r a t i o n s  i n s t e a d  of ac t iv i t i e s .  
A c t i v i t y  coeff ic ients  are  no t  k n o w n  b u t  i t  is  a s s u m e d  t h a t  t h e y  are  
cons t an t  t h r o u g h o u t  the  c o n c e n t r a t i o n  r a n g e s  of in te res t .  

[Mg ++] [O =] = K'I  [ A ]  

[Ni  ++] [O =] : K'_. [B]  

T h e  N e r n s t  equa t i ons  for  t he  e l ec t rode  p o t e n t i a l s  
of t he  m a g n e s i u m  and  n i cke l  e l ec t rodes  a r e  g iven  
b y  t h e  r e l a t i onsh ips ,  

E (Mg,Mg +§ = E ~ (Mg,Mg ++) 
+ (RT/2F)  in [Mg ++] 

= E ~ (Mg,Mg ++) 
+ (RT/2F)  In K ' J [ O : ] ,  [ e l  

E (Ni ,Ni  § ---- E ~ (Ni,Ni++) 
+ (RT /2F)  in  [Ni  § 

- -  E o, (Ni ,Ni  § 
+ (RT/2F)  In K ' # [ O : ]  [D]  

T h e  s lopes  of E vs. log NM~c,2 or  log  N~,c,, cu rves  
a r e  c a l c u l a t e d  to be  +0.075 v; t he  s lope  of t h e  E vs. 
log NL,~o cu rve  is c a l c u l a t e d  to be  --0.075 v. These  
a r e  to be  c o m p a r e d  w i t h  t he  e x p e r i m e n t a l  va lue s  in  
T a b l e  I. The  a u t h o r s  cons ide r  t h e  a g r e e m e n t  to be  
good  c o n s i d e r i n g  the  va r i ous  e x p e r i m e n t a l  diff icult ies .  

R e l a t i o n s h i p s  [C]  a n d  [D]  m a y  be  c o m b i n e d  to 
g ive  r e l a t i o n s h i p  [ E l  w h i c h  exp res se s  the  emf  of the  
n o m i n a l  sy s t e m:  

E ( s y s t e m )  = E ~  ++) - -  E ~  ++) 

+ (RT/2F)  In  K'#K'I  [ E l  

I t  can  be  seen  t h a t  th is  l a t t e r  emf  shou ld  be  i n d e -  
p e n d e n t  of t he  c o n c e n t r a t i o n s  of m a g n e s i u m ,  n ickel ,  
or  ox ide  ions  fo r  a g iven  t e m p e r a t u r e .  

Manuscr ip t  rece ived  June  14, 1954. This paper  was 
p repa red  for  de l ive ry  at  the Cincinnat i  Meeting,  May  
1-5, 1955. 

A n y  discussion of this paper  wi l l  appear  in a Dis-  
cussion Section to be publ i shed  in the  December  1959 
J O U R N A L .  
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Enhanced Surface Reactions 
III. Adsorption of Gases on Prepared Ruthenium Surfaces 
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ABSTRACT 

Rates of adsorption of H~, CO, and 02 on Ru.Al~O~ catalyst surfaces pre- 
pared by pre-adsorption of gases were studied. Pre-adsorption of CO increases 
the rate and extent of H~ adsorption. Adsorption of CO and of O~ irreversibly 
poisons the surface. The Elovich equation is applicable to the data. The results 
are discussed in terms of a site-creation mechanism. It is found that the pre- 
adsorption of a gas may influence both the initial and the ambient rates of ad- 
sorption to various and at times opposite extents, resulting in several types of 
"poisoning." 

In  the  s tudy  of chemisorp t ion ,  catalysis ,  and  s imi -  
l a r  sur face  processes i t  is of in te res t  to e x a m i n e  the  
effects of one gas on the reac t ion  of ano the r  w i th  a 
solid surface.  Whereas  n u m e r o u s  examples  of the  
"po ison ing"  of chemisorp t ion  and  he terogeneous ,  
ca ta ly t ic  processes exist,  r e l a t i ve ly  few da t a  on the  
opposite effect are to be found  in  the  l i t e ra tu re .  A 
s tudy  of the  effects of one p r e - a d s o r b e d  gas on the  
adsorp t ion  kinet ics  of ano the r  has been  u n d e r t a k e n ,  
and  is p r e sen t ed  here.  

Experimental 
A commerc ia l  ca ta lys t  of 0.5% Ru on a l u m i n a  

was  used as adsorbent .  A 28-g sample  of the  solid 
was  placed in  a Vycor  t ube  wh ich  was  s u b s e q u e n t l y  
sealed to a c o n v e n t i o n a l  cons tan t  v o l u m e  adsorp t ion  
system. The adso rben t  was  hea ted  to 500~ a nd  
evacua ted  for about  10 h r  to a p ressure  of 10 -~ m m  
Hg or less. Apprec i ab l e  a m o u n t s  of gas and  w a t e r  
were  evolved d u r i n g  the first hour  of p u m p i n g .  The  
ca ta lys t  r e t a i n e d  its o r ig ina l  b lack  color. 

P a l l a d i u m - f i l t e r e d  H= was admi t t ed  to the  ca ta lys t  
at 500~ a n d  1 a t m  pressure .  Af te r  a few m i n u t e s  
the ca ta lys t  t u r n e d  g ray  and  r e t a i n e d  t ha t  color 
u n t i l  exposure  to oxygen  occurred.  S u b s e q u e n t  r e -  
duc t ion  wi th  h y d r o g e n  res tored  the  gray  color. A f t e r  
be ing  in  contac t  w i t h  H~ for 10 m i n  the  sys tem was 
p u m p e d  on for 2 hr  a t  500 ~ to 10 -~ m m  Hg or less. 
E x p e r i m e n t s  on H~ adsorp t ion  were  t h e n  made.  Al l  
e x p e r i m e n t s  were  done  w i th  the  a d s o r b e n t  at  100~ 
and  were  n u m b e r e d  consecu t ive ly  in  the  order  of 
execut ion.  Volumes  are  r epor ted  in  ml.  N.T.P. At  
the  comple t ion  of each e x p e r i m e n t  the  sys tem was 
evacuated ,  the  adso rben t  hea ted  to 500~ a nd  
p u m p e d  on at  tha t  t e m p e r a t u r e  for 10 hr, w i th  the  
except ion  of severa l  " p r e t r e a t m e n t s "  descr ibed  la ter .  
Al l  H~ was  pur i f ied  b y  passage t h r o u g h  Pd. Ca rbon  
monox ide  was  p r e p a r e d  by  d e h y d r a t i o n  of formic  
acid w i th  H~SO~. O x y g e n  was pur i f ied by  passage 
t h r o u g h  a t r a i n  of ascar i te  and  d r i e r i t e  t raps.  
Surface preparat ion.--To prepare  the  ca ta lys t  by  p r e -  
adsorpt ion,  the  fo l lowing  genera l  p rocedure  was  
adopted.  Af t e r  the  10-hr  p u m p i n g  period,  the  ca ta lys t  
was  isola ted f r o m  the  system,  cooled, and  then  t h e r -  

mos ta t t ed  to 100 ~ ----- 0.1~ in  a s team bath.  A p rede -  
t e r m i n e d  a m o u n t  of p r e - a d s o r b a t e  was  p laced  in  the  
sys tem of k n o w n  volume,  a nd  the  p re s su re  was  
measured .  The stopcock i so la t ing  the a dso r be n t  was 
t h e n  opened,  a d m i t t i n g  the gas to the ca ta lys t  c h a m -  
ber.  W i t h i n  1 m i n  or less the p ressure  in  the sys-  
tem, m e a s u r e d  on a m a n o m e t e r  con t a in ing  d i b u t y l  
ph t ha l a t e  (DBP) ,  fel l  to less t h a n  0.1 ram. Af te r  
abou t  30 m i n  the  adso rben t  was  isola ted a nd  the  
sys t em evacuated .  Gas to be adsorbed  "on top of" 
the  first gas was  p laced  in  the  sys tem at  a p r e d e t e r -  
m i n e d  pressure .  This gas was  t h e n  a d m i t t e d  to the  
p r e p a r e d  adsorbent ,  and  the  ra t e  of g a s - u p t a k e  was 
measured .  

Results 
Adsorption of hydrogen . - -The  ra te  of adsorp t ion  

of H~ was m e a s u r e d  on the  ca ta lys t  i m m e d i a t e l y  
af ter  the  in i t i a l  H~ t r e a t m e n t  descr ibed above.  The 
k ine t ics  of H~ adsorp t ion  on this a d so r be n t  have  
been  s tudied  p rev ious ly  (1) .  I t  was  found  then,  as 
n o w  (Tab le  I ) ,  t ha t  the  k ine t ics  obeyed the  Elovich 
e q u a t i o n  (2) 

dq 
- -  a e - ' ~  

dt 

q be ing  the a m o u n t  of gas adsorbed  at t ime  t, a and  
a cons tan ts  de pe nd i ng  on t e m p e r a t u r e  a nd  in i t i a l  
gas p ressure  (1-3, 7). The da ta  were  i n t e r n a l l y  con-  

Table I. Adsorption of H2 on Ru surfaces pretreated with CO 

R u n  Pi ,  qco, 
N o .  c m  D B P  m l  N T P  eel, m1-1 a s ,  m l - 1  ] n  alocl I n  a~ae  

1 69.9 - -  3.5 4.6 6.44 8.80 
2 69.5 - -  3.65 4.8 6.68 10.98 
3 70.6 0.30 2.7 3.8 4.88 7.41 
4 70.2 - -  3.4 4.7 6.15 8.99 
6 70.2 1.01 1.33 2.6 1.95 4.98 
7 70.0 3.18 0.98 1.4 1.34 2.53 
8 69.9 6.50 0.65 0.74 0.73 1.01 
9 70.0 1.01 1.76 3.3 2.72 6.39 

10 69.9 1.33 1.58 3.1 2.42 6.28 
11 70.2 0.27 2.4 4.3 3.87 7.92 
12 69.8 1.64 1.46 2.4 2.16 4.58 
13 69.9 - -  3.3 4.8 5.22 8.10 
30 70.8 - -  2.5 4.3 4.03 7.75 
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Fig. I .  Adsorption of H= on untreated Ru surfaces: I, Run 
No. I ,  I 0 0 ~  Pi: 73 .8  cm DBP; II, I 0 0 ~  Pi: 65  cm DBP. 

s is tent  and w e l l  r epresented  by  the in tegrated  Elo-  
v ich  equat ion,  

2.3 
q = log,0 (1 + aa t )  

B ecau se  aat > 1, this  is t a n t a m o u n t  to r e p r e s e n t a -  
t ion of data by  q --  log,or plots .  W h e r e a s  in the  pre -  
v ious  s tudy  l inear  q - -  log,or, or Elov ich ,  plots  w e r e  
obtained,  i s o t h e r m a l  anomal i e s  (2)  w e r e  found in 
plots  of the  data of present  e x p e r i m e n t s .  F igure  1 
s h o w s  a plot  of the data of Run No.  1 and also that  
of a c o m p a r a b l e  run of the  p r e v i o u s  inves t iga t ion .  

At  the  end of  the  prev ious  inves t iga t ion  (1)  the  
ca ta lys t  w a s  r e m o v e d .  Fresh  adsorbent  f r o m  the  
s a m e  batch of ca ta lys t  used  p r e v i o u s l y  w a s  added to  
the  s a m p l e  to bring its  w e i g h t  to 28 g. It s e e m s  
plaus ible ,  in v i e w  of the  resu l t s  to be  d i scussed  
later,  that  the  break  in plot  I of Fig.  1 and in other  
E l ov i ch  plots  w a s  caused by  contaminat ion ,  pos s ib ly  
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Fig. 3. Adsorption of H= on top of CO. The variations of 
the amount  of Hs adsorbed at t ime t, qt, with variation in 
qco. 

by a t m o s p h e r i c  o x y g e n  not  r e m o v e d  by  the  in i t ia l  
H~ t r e a t m e n t  of  the  present  inves t igat ion .  

Adsorption of hydrogen on surfaces containing 
C O . - - D a t a  for e ight  such  e x p e r i m e n t s  are  g i v e n  in 
Table  I. The rate  of  H~ adsorpt ion  on surfaces  con-  
ta in ing  v a r y i n g  a m o u n t s  of  CO w a s  measured .  In  
each case,  the  q - -  log~ot plot  of  the  data  resu l t ed  in 
a s traight  l ine which ,  after  a certa in  t ime,  abrupt ly  
changed  in s lope  in a fashion s imi lar  to that  of p lo t  I, 
Fig.  1. The  constants  a and = for the  in i t ia l  and final 
part  of  each plot  w e r e  des ignated  by  subscr ipts  1 and 
2, r e spec t ive ly .  A l l  runs w e r e  m a d e  at a p p r o x i -  
m a t e l y  the  s a m e  in i t ia l  h y d r o g e n  pressure .  Inspec -  
t ion of the data revea l s  s o m e  scat ter  of  p a r a m e t e r  
va lues ,  but  n e v e r t h e l e s s  in teres t ing  results .  

F igure  2 to 4 s h o w  the  t y p e  of  re lat ion  obta ined  on 
p lot t ing  severa l  p a r a m e t e r s  against  the  a m o u n t  of 
p r e - a d s o r b e d  CO, qco. In  general ,  it  appears  that  the  
a m b i e n t  rates  and e x t e n t s  of H~ adsorpt ion  are en -  
hanced,  but  that  the  in i t ia l  rates  are decreased,  b y  
the p r e - a d s o r p t i o n  of CO. 

Adsorption of C O . - - A t  the  end of run 13 the  sys -  
t e m  w a s  e v a c u a t e d  and the  t e m p e r a t u r e  of  the  ad-  
sorbent  raised to 500 ~ in 20 min .  The hot  adsorbent  
w a s  e x p o s e d  to CO at 80 c m  D B P  for 2 min ,  and 
then  p u m p e d  on at 500 ~ for 5 min .  This  CO pre trea t -  

- 60  

- 5 0  

- 4 0  

o 

- 3 0  

--20 

- I 0  0 

50 6.0  70  

(~BREAK jML N.TP. 

Fig. 2. Adsorption of H~ on top of CO. The variation of the 
q-coordinate of the isothermal anomaly, qb~k, with variation 
in qco. 
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Fig. 4. Adsorption of H~ on top of CO. The variation of the 
ratio ~i/~. ,  the ratio of ambient rates, with qoo. 
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m e n t  was repea ted  twice. The adso rben t  was  t h e n  
p u m p e d  d o w n  to 10 -~ m m  Hg or less for abou t  12 h r  
at 500 ~ . Var ious  r u n s  us ing  CO were  t h e n  made,  the  
p a r a m e t e r s  of four  be ing  g iven  in  Tab le  II. 

I t  was found  tha t  the  e x p e r i m e n t s  were  no t  r e -  
p roduc ib le  and  tha t  ex t r eme  scat ter  of p a r a m e t e r  
va lues  was  ob ta ined :  the re  was no g radua l  change  
in  p a r a m e t e r  va lues  w i th  change  in  the  a m o u n t  of 
p r e - a d s o r b e d  H~. Also, the  tota l  a m o u n t s  of CO ad-  
sorbed at  100 m i n  show a s teady decrease,  d ropp ing  
f rom 16.28 m l  ( r u n  16) to 13.70 ml  ( r u n  29), sug-  
ges t ing tha t  p rogress ive  poisoning  of the  sur face  
occurred.  

I t  is i n t e re s t ing  to note  t ha t  in  the first r uns  us ing  
CO on the  u n p r e p a r e d  surface,  Elovich  plots w ihou t  
b reaks  were  obta ined ,  whereas  the  da ta  of expe r i -  
men t s  on surfaces p r e p a r e d  wi th  H2 (wi th  the  ex-  
cept ion of the  t e r m i n a l  r u n  29 w i th  0.08 ml  p r e -  
adsorbed  H2) gave d i scon t inuous  Elovich plots. 

Repetition o~ hydrogen adsorption.--In order  to 
d e t e r m i n e  w h e t h e r  the  adso rben t  had  been  d a m -  
aged b y  the CO p r e - a d s o r p t i o n  expe r imen t s ,  the  H~ 
adsorp t ion  on an  u n p r e p a r e d  surface  was  repeated .  
Af te r  the  u sua l  p u m p - o f f  a t  the  end  of r u n  29, H.~ 
was  a d m i t t e d  to the  ca ta lys t  a t  500 ~ for 5 ra in  at  
42 cm DBP. The ca ta lys t  was t h e n  p u m p e d  on for 
5 m i n  at  tha t  t empe ra tu r e .  This t r e a t m e n t  was  r e -  
pea ted  th ree  t imes,  a f t e r  which  the  ca ta lys t  was  
p u m p e d  on ove rn igh t  at 500 ~ . R u n  30 was  then  made.  
The  m a g n i t u d e  of the  p a r a m e t e r s  of tha t  run ,  in  
compar i son  to those of runs ,  1, 2, and  4, suggests  
t ha t  the surface  had  b e e n  p e r m a n e n t l y  damaged .  In  
v i ew  of this  it  seems possible  and  perhaps  p robab l e  
t h a t  CO poison ing  was  respons ib le  for the  f a i lu re  of 
H~ on 02 and  of O~ on H2 exper iments ,  s ince all  m a y  
be on top of CO. 

Adsorption of oxygen.--An a t t e m p t  was m a d e  to 
d e t e r m i n e  the  inf luence  of p r e - a d s o r b e d  H~ on the  
adsorp t ion  of O~, and  the inf luence of p r e - a d s o r b e d  
O.~ on the  adsorp t ion  of H2. The e x p e r i m e n t s  were  
not  reproducib le .  I t  seems p robab l e  that ,  as in  the  
case of CO, an  a c c u m u l a t i o n  of i r r e m o v a b l e  gas oc- 
cu r red  on the  surface.  

Some qua l i t a t i ve  i n f o r m a t i o n  was  ob ta ined  f rom 
ten  exper imen t s .  (A)  Each e x p e r i m e n t  showed i n -  
t e rna l  cons is tency  in  obeyance  of the  Elovich e qua -  
t ion.  (B) P r e - a d s o r p t i o n  of O5 enhances  the  r a t e  
and  ex t en t  of adsorp t ion  of H~ (Fig. 5).  

Discussion 
The adsorp t ion  of H.~ on top of CO is fas ter  a nd  

more  ex tens ive  t h a n  t ha t  on u n t r e a t e d  surfaces.  A n  
exp lana t ion ,  in  classical  terms,  comes r ead i ly  to 
mind .  Af t e r  100 rain,  5.40 ml  of H~ ( r u n  1) bu t  
16.28 m l  CO ( r u n  16) are adsorbed  on u n t r e a t e d  
surfaces.  P r e t r e a t m e n t  of a sur face  w i th  CO mi gh t  
the re fo re  cause a pa r t  of the  surface,  o r ig ina l ly  i n -  
ert, to take  up  H~, or H~ m a y  fo rm surface  H - C O  
complexes,  or H2 m a y  l i t e r a l ly  be adso rb ing  on tbp 
of adsorbed  CO molecules .  

Such effects and  m e c h a n i s m s  h a v e  been  found  p re -  
viously,  m a i n l y  in  e q u i l i b r i u m  s tudies  such as the 
fol lowing.  The  w o r k  of Griffin (4) on the  effect of 
p r e - a d s o r b e d  CO on the  adsorp t ion  of H2, and  tha t  
of Whi te  and  B e n t o n  (5) on the effect of H2 on Ni 
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Fig. 5. Adsorption of 02 and of H=: I. Adsorption of Os on 
unprepared Ru, Run 33; II, H2 on top of 0.78 ml 02, Run 35. 

"poisoned"  wi th  CO are examples .  A more  r ecen t  
work  is tha t  of Sas t r i  and  W i s w a n a t h a n  (6) .  The  
adsorp t ion  of CO and  H~ was s tudied  on a F i scher -  
Tropsch Co-ThO~-kiese lguhr  ca ta lys t  on which  H~ 
and  CO, respect ively ,  had  been  p re -adso rbed .  I t  
was found  tha t  at  a ny  t e m p e r a t u r e  the H2 adsorp t ion  
was enhanced  the  h igher  the  a m o u n t  of p r e - a d -  
sorbed CO, tha t  for a p a r t i c u l a r  a m o u n t  of CO the 
e n h a n c e m e n t  was  l a rger  the  h igher  the  t e m p e r a t u r e ,  
and  tha t  the  e n h a n c e m e n t  caused was  r e l a t i ve ly  
l a rger  the  sma l l e r  the  v o l u m e  of gas p re -adso rbed .  
These effects were  exp la ined  in  t e rms  of surface  
complexes,  since the  a m o u n t s  of p r e - a d s o r b e d  gas 
were  too smal l  to account  for the  e n h a n c e m e n t  by  a 
m e c h a n i s m  w h e r e b y  one gas became  adsorbed  on 
top of the  other.  A s imi la r  pos tu la te  was m a d e  b y  
Whi te  and  B e n t o n  who, f inding  tha t  CO e n h a n c e d  
H.~ adsorpt ion,  a rgued  tha t  " . . .  e i ther  the  CO can 
increase  the ac t iv i ty  of the  a l r eady  act ive  areas,  or 
it  can  s t imu la t e  those areas  which  do not  func t ion  
u n t i l  h igher  pressures ,  or it can create  en t i r e ly  n e w  
areas  . . ." (5) .  Because on ly  smal l  a m o u n t s  of CO 
gave the  effect, i t  was suggested  t ha t  inc reased  ad-  
sorp t ion  was due  to an  e n l a r g e m e n t  of act ive  areas, 
which  a re  p roduced  by  h a v i n g  ve ry  smal l  a m o u n t s  
of CO adsorbed on them.  

E x a m i n a t i o n  of the  p resen t  da ta  and  re fe rence  to 

"po ison ing"  effects discussed p rev ious ly  (2, 7, 8) 
suggest  tha t  a more  gene ra l l y  appl icab le  approach  
is desirable .  A more  genera l  m e c h a n i s m  m a y  be de-  
duced f rom the  theor ies  of Tay lo r  and  Thon.  I t  has 
been  shown (2, 7-10) tha t  sur face  site c rea t ion  can 
occur by  a b r a n c h i n g  cha in  m e c h a n i s m  in i t i a t ed  by  
the  reac t ion  of an  act ive  par t ic le ,  G, w i th  a surface  
atom, S, caus ing  a "dissocia t ion"  of the  a tom into 
two adsorp t ion  sites, V. The  ove r - a l l  r eac t ion  for 
the  b r a n c h e d  cha in  m a y  be wr i t t en ,  

G + nS-~ GV + (2n-l) V 
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Table II. Adsorption of CO, 0~, H~ 

R u n  Pi ,  
No.  e m  D B P  ~1 rn l  ~1 ~2 ml-1  In a1~1 In  a x ~  

16 73.8 1.90 - -  11.45 - -  (a) 
17 74.2 2.00 - -  11.88 - -  (a) 
24 73.7 0.98 2.4 5.00 13.08 (b) 
28 74.2 0.65 2.4 3.2 12.01 (c) 
33 60.2 1.48 15.3 2.83 2.89 (d) 
35 75.6 2.3 4.5 12.61 25.17 (e) 

(a) CO on  u n t r e a t e d  s u r f a c e .  
(b) CO o n  top  of 2.58 m l  l o r e - a d s o r b e d  H2. 
(c) CO on  top  of 0.65 m l  p r e - a d s o r b e d  H2. 
(d) 02  on  u n t r e a t e d  s u r f a c e .  
(e) H2 on  top  of 0.78 m l  p r e - a d s o r b e d  O~. 

The excess (2n -1 )  sites can  be ac t ive  for  adso rp t ion  
or, a l t e rna t ive ly ,  m a y  suffer b imo lecu l a r  decay. E n -  
h a n c e m e n t  or r e t a r d a t i o n  of chemisorp t ion  ra tes  or 
of the  ex t en t  of chemiso rp t ion  by  p r e - a d s o r b e d  
gases m a y  be exp la ined  in  t e rms  of t ha t  gene ra l  
mechan i sm.  The  effect of an  i m p u r i t y  m a y  be ex -  
pected to be e i ther  one, or a c o m b i n a t i o n  of, two 
genera l  effects: (A)  the  in i t i a l  site c rea t ion  process 
m a y  be affected, i.e., the  p a r a m e t e r  n (cha in  l e ng t h )  
m a y  be g rea te r  or sma l l e r  t h a n  usua l ;  (B) the  b i -  
mo lecu l a r  decay process m a y  be affected, poisons 
p e r m i t t i n g  eas ier  r e c o m b i n a t i o n  of sites, p romote r s  
h i n d e r i n g  the  decay and  thus  p e r m i t t i n g  a longer  
"s i te- l i fe ."  Severa l  combina t i ons  of A a n d  B are 
thus  possible.  

I n  the  p r e s e n t  case of H.~ adsorbed on top of CO, 
the in i t i a l  rate,  a~, is seen to decrease w i th  inc reas -  
ing  qco (Tab le  I ) ,  a~ fa l l ing  f rom about  106 on the  
pu re  surface  to abou t  101 on a surface  h a v i n g  6.5 m l  
of p r e - a d s o r b e d  CO. S imu l t aneous ly ,  the  to ta l  
a m o u n t s  adsorbed  at t = 100 m i n  increase  (Fig. 3) 
and  the  p a r a m e t e r s  a, ref lect ing the  rec iprocal  a m -  
b ien t  rates,  decrease.  I t  appears  tha t  the in i t i a l  site 
c rea t ion  process was h indered ,  and  tha t  fewer  sites 
were  ava i l ab le  i n i t i a l l y  for the  adsorp t ion  of H~. 
Thus  the increase  in  the adsorp t ion  process seems 
to be who l ly  due  to a reduced  site decay rate .  

Converse ly ,  the  p a r a m e t e r s  of r u n  35 (Tab le  I I )  
suggest  t ha t  the  site c rea t ion  process was  affected 
ma in ly .  In  this  case, on adso rb ing  H~ on top of 0.78 
ml  O.~, al was  changed  f rom 10 ~ to 101~, whi le  a~ de-  
c l ined s l ight ly :  it appears  tha t  m a n y  more  sites 
were  crea ted  in i t i a l ly  t h a n  in  the  case of H~ ad-  
sorp t ion  on the u n t r e a t e d  surface.  The  o v e r - a l l  ef-  
fect is thus  one of "p romot ion . "  

F u r t h e r  o v e r - a l l  effects m a y  be predic ted.  A n  ou t -  
r igh t  "poisoning"  m a y  occur, whe re  bo th  the  in i t i a l  
and  a m b i e n t  ra tes  of adsorp t ion  are  decreased.  The  
lack of r ep roduc ib i l i t y  of CO adsorp t ion  ra tes  a nd  
the  d i m i n u t i o n  in  the  e x t e n t  of adsorp t ion  of tha t  
gas, no ted  above,  m a y  be ascr ibed  to such an  effect: 
the r a t e  of si te r e c o m b i n a t i o n  is g rea t ly  inc reased  
and  the  in i t i a l  site c rea t ion  process h indered ,  r e -  
su l t ing  in  out r ight ,  t rue  poisoning.  Such t rue  poi -  
soning  is also shown  by  I i j ima ' s  da ta  (11, 12):  the  
p r e - a d s o r p t i o n  of m e r c u r y  or of CN by  a Ni ca ta lys t  
decreases bo th  the  in i t i a l  and  a m b i e n t  ra tes  of ad-  
sorp t ion  of H~. 

Also, a "pseudo-po i son ing"  m a y  occur, in  wh ich  
case the  a m b i e n t  ra te  is decreased,  bu t  the  in i t i a l  

ra te  is increased.  The p r e - a d s o r p t i o n  of a gas thus  
m a y  cause increased  to ta l  adsorpt ion,  b u t  a t  g rea t ly  
r educed  rates,  the  b u l k  of the  gas adso rb ing  in  a 
v e r y  shor t  t ime.  

I t  appears  t ha t  the  r eve r se  of the  las t  e xamp le  
m a y  exist :  the re  m a y  be decreased to ta l  adsorpt ion,  
bu t  at  a h ighe r  rate .  Agl i a rd i  and  Morel l i  (13) thus  
found  tha t  w h e n  cobal t  ca ta lys t  is poisoned wi th  
CO, less H~ is adsorbed,  b u t  also tha t  the  r a t e  of ad-  
sorp t ion  is greater ,  t h a n  by  cobal t  no t  poisoned by  
CO. This case m a y  be ascr ibed  to the  dua l  act ion of 
a decreased in i t i a l  site c rea t ion  and  a h i n d e r e d  ra te  
of site decay. A f u r t h e r  e xa mp l e  of p seudo-po i son -  
ing is g iven  by  I i j ima ' s  da ta  (12) on the  adsorp t ion  
of H~ on top of CO on  a Ni cata lys t .  The  to ta l  ad -  
sorpt ion  a f te r  19 hr  decreases,  the  p a r a m e t e r s  al i n -  
crease, and  the  in i t i a l  ra tes  al increase,  w i th  i n -  
c reas ing  a m o u n t  of p r e - a d s o r b e d  CO. 

These cons idera t ions  suggest  t ha t  the  d e t e r m i n a -  
t ion  of ra tes  of adsorp t ion  m a y  be more  f ru i t f u l  in  
p r e - a d s o r p t i o n  s tudies  t h a n  the  usua l  s tat ic  i so the rm 
or i sobar  m e a s u r e m e n t s .  

I t  has b e e n  pos tu la t ed  p rev ious ly  (2) t ha t  the  
i so the rmal  anomal ies  somet imes  found  a re  due to a 
c h a n g e - o v e r  of the  adsorp t ion  process f rom one t ype  
of adsorp t ion  site to another .  Recen t ly  this  pos tu la te  
has b e e n  suppor t ed  b y  Mel ler  (14),  who der ived  the  
Elovich equa t i on  by  a s s u m i n g  the chemisorp t ion  
process to consist  of two i n d e p e n d e n t  b u t  s i m u l t a n -  
eous processes. 

Such a m e c h a n i s m  also is impl i ed  to be opera t ive  
at  the  p re sen t  t ime.  Thus  the  appea rance  of a b r eak  
in  the  Elovich plots of da ta  of CO adsorp t ion  on H.~- 
t r ea ted  surfaces,  whi le  no such b reaks  were  found  
to occur w i th  CO adsorp t ions  on u n t r e a t e d  surfaces,  
m a y  be said to be  due  to the  inf luence  of H~ on the  
site c rea t ion  of decay mechan i sm.  S imi la r ly ,  the  dis-  
p l a c e m e n t  of a m o u n t  adsorbed,  qBR~.AK, at  the  d is -  
c o n t i n u i t y  in  Elovich  plots w i th  inc reas ing  a m o u n t s  
of p r e - a d s o r b e d  g a s - - a  behav io r  also a p p a r e n t  in  
the  da ta  of I i j i m a - - m a y  be b o u n d  up  wi th  such a 
m e c h a n i s m  (Fig. 2) .  

Not  e n o u g h  da t a  exis t  a t  p r e se n t  for a q u a n t i t a -  
t ive  t r e a t m e n t  of these  effects, bu t  qua l i t a t i ve ly  the  
above  m e c h a n i s m  m a y  be appl ied  to the  var ious  
re la t ions  show n  by  Fig. 2-4. However ,  because  the  
p resence  or absence  of i so the rma l  anomal ies  seems 
to depend  on the  pas t  h i s to ry  of the  surface,  the re  
m a y  be no rea l  significance, f rom a genera l  q u a n -  
t i t a t i ve  po in t  of view, b e t w e e n  the  re la t ions  of 
p a r a m e t e r s  vs. qpo~son for severa l  d i f ferent  poisons. 
F u r t h e r  work  is in  progress .  
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Electrolytic Preparation of Titanium from Fused Salts 

I I .  D e s i g n  o f  L a b o r a t o r y  C e l l s  
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P r e v i o u s l y  a p rocess  w a s  d e s c r i b e d  for  the  p r e p -  
a r a t i o n  of Ti  m e t a l  b y  the  e l ec t ro ly s i s  of an  a l k a l i  
or  an  a l k a l i n e  e a r t h  m e t a l  c h l o r i d e  m e l t  c o n t a i n i n g  
the  r e d u c e d  ch lo r ides  of Ti  (1) .  The  r e d u c e d  ch lo -  
r i des  w e r e  p r e p a r e d  in situ b y  e l e c t r o l y t i c a l l y  r e -  
duc ing  TIC1, i n t r o d u c e d  t h r o u g h  a ho l low ca thode .  
V a r i a b l e s  i m p o r t a n t  in  o b t a i n i n g  a good y i e l d  of 
coa r se ly  c rys t a l l i zed ,  duc t i l e  Ti m e t a l  a d h e r i n g  to 
t he  ca thode  i n c l u d e d  ca r e fu l  s ea l i ng  of t he  cell ,  
m a i n t e n a n c e  of  the  so lub le  Ti l a r g e l y  in the  d i v a l e n t  
s ta te ,  and  a v o i d a n c e  of m e l t  a g i t a t i o n  d u r i n g  m e t a l  
depos i t ion .  P r o v i s i o n  of an  a d e q u a t e  d i a p h r a g m  a n d  
gas  b a r r i e r  a r r a n g e m e n t  to avo id  o x i d a t i o n  of so lub le  
r e d u c e d  Ti  a t  t he  anode  was  also cons ide red .  

T h e  r e l a t i o n  b e t w e e n  des ign  and  f u n c t i o n  of e x -  
t e r n a l l y  h e a t e d  l a b o r a t o r y  cel ls  is an  i m p o r t a n t  
fac tor .  Modi f ica t ions  w e r e  m a d e  in t he  s ing le  
d i a p h r a g m  cel l  l ead ing ,  on the  one hand ,  to d i a -  
p h r a g m  cel ls  o p e r a t i n g  c o n t i n u o u s l y  r a t h e r  t h a n  on a 
c h a r g e - s t r i p  bas is  and,  on the  o t h e r  hand ,  to a l t e r n a -  
t ive  depos i t i on  p rocedu re s .  These  i nc lude  bo th  one -  
s t ep  d i a p h r a g m l e s s  a n d  e l ec t ro r e f i n ing  p r o c e d u r e s .  

Single Diaphragmed Cell 
The  u s u a l  l a b o r a t o r y  s ingle  d i a p h r a g m  cel l  used,  

of a p p r o x i m a t e l y  10 - l i t e r  c a p a c i t y  and  e x t e r n a l l y  
h e a t e d  b y  a G l o b a r  fu rnace ,  is s i m i l a r  to t he  ce l l  
i l l u s t r a t e d  in  F ig .  1, e x c e p t  t ha t  no d i a p h r a g m  s u r -  
r o u n d e d  the  i n t r o d u c t i o n  ca thode .  The  porous ,  fu sed  
a l u m i n a  d i a p h r a g m  res t s  on a pedes ta l ,  s ince  i t  has  
been  f o u n d  tha t ,  as l ong  as the  d i a p h r a g m  is no t  
u n d e r  t ens ion  b y  s u p p o r t  f r om above ,  no d i f f icul ty  is 
e x p e r i e n c e d  w i t h  b r e a k a g e  in  the  fu sed  sa l t  sys tem.  
The  gas b a r r i e r  is f i t ted  in s ide  the  d i a p h r a g m  so t h a t  
the  C12 a t m o s p h e r e  does  no t  con tac t  t he  c a t h o I y t e  
c o n t a i n i n g  r e d u c e d  Ti;  spac ing  is suf f ic ient ly  c lose  to 
i n s u r e  t h a t  p r a c t i c a l l y  no r i s ing  CI~ b u b b l e s  s l ip 
b e t w e e n  the  d i a p h r a g m  and  the  gas  b a r r i e r .  C u r r e n t  
efficiencJes for  C12 gas  w e r e  abou t  90% w i t h  th i s  

a r r a n g e m e n t .  The  cel l  m a y  be  p r e s s u r e  t e s t ed  for  a i r  
l e a k a g e  even  w h i l e  ho t  b y  use  of an  a t t a c h e d  m a n -  
ome te r .  I t  is e s sen t i a l  t ha t  t he  cel l  be  s e a l e d  c a r e -  
fu l ly  f r o m  a t m o s p h e r i c  c o n t a m i n a t i o n .  L a b o r a t o r y  
e q u i p m e n t  of th is  t y p e  has  been  o p e r a t e d  for  pe r i ods  
of  ove r  t h r e e  m o n t h s  w i t h o u t  b r e a k d o w n .  

C e r t a i n  l i m i t a t i o n s  a r e  i n h e r e n t  in th is  cell .  The  
c u r r e n t  for  e x t e n d e d  pe r i ods  of o p e r a t i o n  is l i m i t e d  
to a b o u t  60-100 a m p  to avo id  o b s t r u c t i n g  the  r e l a -  
t i v e l y  s m a l l  cross  sec t ion  (7.5 cm d i a m e t e r )  of  the  
d i a p h r a g m  and  gas  b a r r i e r  w i t h  sa l t  sp ray .  The  r e l a -  
t i v e l y  s m a l l  size of the  a n o d e  a n d  ca thodes  r e s u l t e d  
in a r a t h e r  h igh  cel l  r e s i s t ance ,  for  e x a m p l e ,  0.06 
ohm w i t h  SrCL-NaC1 s u p p o r t i n g  e l e c t r o l y t e  a t  
700~ This  s i t ua t i on  was  i m p r o v e d  b y  a concen t r i c  
des ign  w i t h  t h e  g r a p h i t e  a n o d e  as a r i n g  e x t e r n a l  to  
the  d i a p h r a g m .  Such  a cel l  w i t h  a r e s i s t a nc e  of on ly  
0.01 ohm was  s tud ied .  The  s m a l l  a m o u n t  of c a t h o l y t e  
(2.8 1) r e s u l t e d  in  an  i n c o n v e n i e n t l y  s h o r t  c h a r g i n g  
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and s t r ipp ing  cycle, and the placing of the necessary 
accessory par t s  was difficult because of the small  
space avai lable .  

A majo r  d i sadvantage  of the single d i aphragm cell 
is tha t  the TiCL must  first be charged to the cell and 
then the reduced t i t an ium chlorides e lectrolyzed to 
yie ld  Ti meta l  in cyclic r a the r  than  continuous 
operation.  Two factors imposed this requi rement .  
Opera t ion  of the  hollow cathode caused agi ta t ion of 
the mel t  in the vic ini ty  of the deposi t ion cathode and 
thereby  reduced the crys ta l  size and qual i ty  of the 
meta l  produced.  In the second place, polar izat ion of 
the hollow cathode at cur rent  densi t ies  above about  
0.1 amp cm -' resul ted  in the deposit ion of significant 
amounts  of Ti meta l  at  this electrode. Therefore,  in-  
t roduct ion of TiCL at a ra te  of one mole per  two 
fa radays  gave less than  op t imum degree of reduct ion 
for the melt ,  unless low hollow cathode cur ren t  den-  
sities were  employed or the mel t  was fu r the r  reduced 
at low cur ren t  densi t ies  pr ior  to the meta l  deposi t ion 
stage. 

Some of the difficulties wi th  cyclic opera t ion  may  
be e l imina ted  by avoiding the use of a d i aph ragm 
entirely.  If the cur ren t  th rough  the in t roduct ion 
cathode is increased to a value  of approx ima te ly  4 / f  
f a radays  per  mole of TiCI,, where  S is the cur ren t  
efficiency of the cell, the reduced t i t an ium chlorides 
formed exist  only t r ans ien t ly  and do not escape in 
significant amounts  f rom the vicirgty of the in t ro-  
duction cathode. The mel t  therefore  is subs tan t ia l ly  
free of reduced Ti salts and no d iaphragm is r e -  
qui red  (6,7). 

Double Diaphragm Cell 
Figure  1 shows a cell in which the in t roduct ion 

cathode is also sur rounded  wi th  a porous fused 
a lumina  d iaphragm s imi lar  to the anode d i aph ragm 
(2).  This cell pe rmi t t ed  continuous reduct ion of 
TiCL to Ti metal .  When a high soluble Ti concent ra-  
t ion was bui l t  up wi th in  the in t roduct ion d iaphragm,  
the amount  of Ti in t roduced as TIC1, and the amount  
leaving the in t roduct ion catholyte  for the deposi t ion 
catholyte  were  ba lanced by hydros ta t ic  flow. The 
hydros ta t ic  head resul t ing  in this flow stems from 
the weight  of TiCL being added and f rom ionic mi -  
gra t ion effects (1).  The deposi t ion of coarsely c rys -  
tallized, duct i le  meta l  was obtained whi le  TIC1, was 
cont inuously introduced,  since agi ta t ion of the mel t  
about  the hollow cathode no longer d i s tu rbed  the 
e lect rolyte  about  the deposit ion cathode. In addit ion,  
polar iza t ion  of the hollow cathode did not p reven t  
main tenance  of the degree of reduct ion of the mel t  
desired,  a level  of at least  70% Ti ++. In this case 
polar izat ion of the hol low cathode occurred at a 
h igher  cur ren t  densi ty  because of the h igher  con- 
cent ra t ion  of to ta l  Ti and hence of Ti ++§ in the in t ro-  
duct ion ca tholyte  melt .  Also, meta l  produced by  
polar iza t ion  was u l t ima te ly  dissolved in the in t ro-  
duction catholyte  by react ion wi th  e i ther  TiCL or 
TiCL. 

During continuous opera t ion  of the cell i l lus t ra ted  
in Fig. 1 app rox ima te ly  50 amp was passed th rough  
the in t roduct ion cathode whi le  45 amp was the 
deposi t ion current .  Typical ly ,  using the SrCL-NaC1 
eutectic mel t  as suppor t ing  electrolyte ,  the concen- 

t ra t ion  of reduced t i t an ium chloride was about  6M 
in the in t roduct ion catholyte  and about  0.6M in the 
deposi t ion catholyte;  approx ima te ly  80% was Ti ++. 
Curren t  efficiencies averaged  90% and recoveries  
were  about  80% duct i le  Ti metal .  The anode gas 
was 98.6% CL and 1.4% TIC1, 

Titanium Bed Introduction Cell 
An a l te rna t ive  cell  design which also al lows con- 

t inu i ty  of opera t ion  and, in addit ion,  can be used to 
produce  secondary  as well  as p r i m a r y  metal ,  is 
shown in Fig. 2. In this  design, TIC1, was reac ted  wi th  
a bed  of Ti meta l  to produce  the reduced t i t an ium 
chlorides requi red  for the deposi t ion of Ti metal .  The 
bed of Ti meta l  may  be replenished  e i ther  by  adding 
a por t ion of the deposi ted meta l  or by  adding Ti 
meta l  scrap. In the cell i l lus t ra ted  in Fig. 2 a l te rna te  
deposits  were  dropped  to the bed. The net  react ions 
are given by  the equations 

(4 ) 
~ - - -  1 Ti (scrap or  d ropped  deposi t)  + 

4 
TIC1, ---> - -  TiCI~ (chemical)  

N 

4 TiCl~4/f  f a radays  4 - -  , > - -  Ti+2CL (e lect rochemical)  
N N 

( ~ - - - 1  ) Ti (scrap or d ropped  deposi t)  q- 

4 / f  f a radays  4 
TIC1, > - - T i  + 2CI~ (ove r -a l l )  

N 

where  N is the apparen t  valence of the  Ti dissolved 
in the  mel t  and  ] is the cur ren t  efficiency of the  cell. 
Note tha t  when scrap Ti is employed  instead of 
d ropped  deposits and the Ti dissolved in the mel t  is 
ma in ta ined  l a rge ly  in the d iva lent  state, each 4 / f  
f a radays  produced 1 mole of p r i m a r y  meta l  and also 
almost  1 mole of secondary  metal .  In a s imple  p r i -  
m a r y  cell the same amount  of cur ren t  would  p ro-  
duce only 1 mole of Ti metal .  In the cell i l lus t ra ted  
the e lec t ro ly te  selected was a mix tu re  of 8% SrC12 
and 92% NaC1, requ i r ing  an opera t ing  t empe ra tu r e  
of about  830~ The cur ren t  was 65 amp wi th  the 
TiCL feed ra te  a t  1.6 g /min .  The concentra t ion of 
reduced t i t an ium chloride,  app rox ima te ly  80% d iva -  
lent  Ti, was main ta ined  about  0.25M in the eatholyte.  
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R e c o v e r y  a v e r a g e d  a b o u t  83 % of duc t i l e  Ti m e t a l .  A 
f u r t h e r  i m p r o v e m e n t  in  des ign  w h i c h  c o m p l e t e l y  
avo ids  any  d i s t u r b a n c e  of the  c a t h o l y t e  d u r i n g  TIC14 
i n t r o d u c t i o n  m a y  be  r e a l i z e d  in t he  case of sc rap  
m e t a l  b y  us ing  a des ign  s im i l a r  to t he  d o u b l e  d i a -  
p h r a g m  cell .  The  sc rap  m e t a l  is a d d e d  to t he  i n t r o -  
duc t ion  ca tho ly te .  

Ref in ing  of  s c r ap  Ti  m e t a l  m a y  also be  a c c o m p l i s h e d  
s e p a r a t e l y  b y  us ing  a cel l  w i t h  a sc rap  Ti anode.  
Such  cel ls  a r e  p a r t i c u l a r l y  s imp le  to cons t ruc t ,  s ince  
n e i t h e r  a gas b a r r i e r  nor  a d i a p h r a g m  is used,  and  no 
p r o t e c t i o n  a g a i n s t  co r ros ive  CI~ is r e q u i r e d .  A t  low 
c u r r e n t  dens i t i e s  t he  a n o d e  d i sso lves  to y i e l d  r e d u c e d  
t i t a n i u m  ch lo r ides  s u b s t a n t i a l l y  at  c o n c e n t r a t i o n s  set  
b y  the  e q u i l i b r i u m  

Ti + 2TIC1, ~ 3TiCI~ 

and,  s ince  Ti  is depos i t ed  f rom the  s ame  m e l t  a t  close 
to r e v e r s i b l e  condi t ions ,  the  cel l  emf  is smal l ,  l ess  
t h a n  0.1 v a t  700~ SrCL-NaC1 mel t ,  a n o d e  c u r r e n t  
d e n s i t y  0.25 a m p  cm -'~. A t  h i g h e r  a n o d e  c u r r e n t  d e n -  
s i t ies  i n c r e a s i n g  a m o u n t s  of Ti  ~+ a re  p r o d u c e d  b e -  
cause  of anod ic  p o l a r i z a t i o n  and  the  cel l  emf  is 
inc reased .  Mos t  c o n t a m i n a t i n g  m e t a l s  a r e  le f t  effec-  
t i v e l y  at  the  anode  and  o x y g e n  r e m a i n s  as a r e d u c e d  
t i t a n i u m  ox ide  anode  s ludge  (3 -5 ) .  
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E x t r a c t i v e  m e t a l l u r g y  of t i t a n i u m  has  been  d i s -  
cussed in  s e v e r a l  r e v i e w  a r t i c l e s  ( 1 - 8 ) .  I n c r e a s i n g  
i n t e r e s t  has  been  s h o w n  in m o l t e n  sa l t  e l e c t ro ly s i s  
us ing  so lub le  anodes ,  b u t  conf ined chief ly  to e l e c t r o -  
ref ining,  in  w h i c h  h i g h - p u r i t y  m e t a l  is r e c o v e r e d  
f r o m  sc rap  or  o the r  sources  of i m p u r e  me ta l .  H o w -  
ever ,  one  a r t i c l e  (9)  and  s e v e r a l  p a t e n t s  (10-14)  
d e a l  w i t h  p r o d u c t i o n  of Ti  b y  e l ec t ro ly s i s  of so lub le  
anodes  c o n t a i n i n g  TiC. 

The  k e y  to the  p rocess  is the  fac t  tha t ,  a l t h o u g h  
TiC is a m e t a l  c a r b i d e  w i t h  a l i m i t i n g  compos i t i on  
of 1: 1, i t  b e h a v e s  d u r i n g  e l ec t ro lys i s  as t h o u g h  it  
w e r e  m e t a l  w i t h  h igh  c a r b o n  content .  S ince  the  o t h e r  
r e f r a c t o r y  c a r b i d e s  p r o b a b l y  h a v e  the  s a m e  p r o p e r t y ,  
t h e  m e t h o d  is p o t e n t i a l l y  a p p l i c a b l e  to p r o d u c t i o n  of 
Zr  and  o t h e r  r e f r a c t o r y  me ta l s .  

The  w o r k  r e p o r t e d  h e r e  was  s t a r t e d  in th is  l a b o -  
r a t o r y  s e v e r a l  y e a r s  ago. I t  shows  t h a t  b e t t e r  t h a n  
90% of the  Ti  in TiC can  be e x t r a c t e d  e l e c t r o l y t i c a l l y  
in fused  h a l i d e  b a t h s  and  depos i t ed  as d e n d r i t i c  Ti 
me ta l .  The  d e n d r i t i c  depos i t  con ta ins  e n t r a p p e d  e lec -  
t r o l y t e  w h i c h  m u s t  be  r e m o v e d  b y  l each ing  w i t h  
d i l u t e  acid.  C u r r e n t  eff iciency a n d  p r o d u c t  q u a l i t y  
a r e  v a r i a b l e  and  d e p e n d  on s e v e r a l  f ac to rs  i n c l u d -  
ing  e l ec t rode  conf igura t ion ,  p h y s i c a l  a n d  c h e m i c a l  
c h a r a c t e r i s t i c s  of t h e  TiC anode,  c h e m i c a l  c o m p o s i -  

t ion  of the  e l ec t ro ly t e ,  and  to a l esser  e x t e n t  on 
c u r r e n t  dens i t i e s  and  t e m p e r a t u r e  of the  ba th .  

Experimental 
The  cel l  used  for  mos t  of the  e x p e r i m e n t s  cons i s ted  

of a g r a p h i t e  c ruc ib l e  l ined  w i t h  c a r b o n - b o n d e d  TiC 
and  c on t a in ing  the  m o l t e n  e l ec t ro ly t e ,  w i t h  a m e t a l  
c a thode  m o u n t e d  c e n t r a l l y  in t he  ba th ,  a n d  w i t h  an  
e x t e r n a l  c o n t a i n e r  of n i c k e l  or  s teel ,  c losures  b e i n g  
m a d e  w i t h  r u b b e r  O - r i n g s  c l a m p e d  b e t w e e n  w a t e r -  
cooled flanges.  O p e r a t i o n  was  in  a pur i f i ed  a rgon  
a t m o s p h e r e ,  and  p r e c a u t i o n s  w e r e  t a k e n  to r e m o v e  
t r aces  of a i r  and  m o i s t u r e  f r o m  a l l  r a w  m a t e r i a l s  and  
ce l l  pa r t s .  S e v e r a l  sizes of ce l l  w e r e  used,  v a r y i n g  in  
m e t a l  p r o d u c t  c a p a c i t y  f r o m  20 g to 12 lb. 

C a r b o n - b o n d i n g  of TiC in t he  anode  was  a c h i e v e d  
e i t h e r  b y  s i n t e r i ng  at  a b o u t  2300~ or  m o r e  com-  
m o n l y  b y  f o r m i n g  a m i x t u r e  of the  c a r b i d e  w i th  
p i tch ,  m o l d i n g  to shape ,  and  b a k i n g  at  1000~176 
in i ne r t  a t m o s p h e r e  to d r i v e  off p i t c h  vo la t i l es .  
A n o d e s  f o r m e d  in th is  w a y  f r o m  p i t ch  w e r e  s t rong  
and  porous ,  w i t h  good e l e c t r i c a l  conduc t i v i t y ,  and  
t h e i r  use  p e r m i t t e d  r a t h e r  c o m p l e t e  e l e c t r o l y t i c  e x -  
t r a c t i o n  of t he  Ti  in  the  TiC. 

S o m e  t y p i c a l  r e su l t s  a r e  s h o w n  in  t he  fo l l owing  
Tab l e s  I and  II.  
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Table I. Electrolytic titanium from titanium carbide 

A n o d e  c o m p o s l t i o n , $  % C a t h o d e  C u r r e n t  M e t a l  C o m p o s i t i o n ,  % H a r d -  
E l e c t r o l y t e  C.D. ,  e f f i c i ency  n e s s t  

T i  C F e  c o m p o s i t i o n *  a m p / c m  s V o l t a g e  Ti+4 b a s i s  F e  C O** B H N  

69 24 0.15 LiC1-KC1 2 3.8 45% 0.2 0.4 0.3 310 
66 31 0.15 NaC1-TiCL 2 3.6 65 0.5 0.5 0.5 380 
70 27 0.6 NaCI-K~TiF~ 2 4.5 49 0.6 0.02 0.14 174 
67 31 0.1 NaC1-K~TiF~ 2 4.5 47 0.1 0.3 0.3 250 
79 20 0.03 NaC1-K~TiF0 2.5 4.1 51 0.1 0.05 0.12 157 

Table II. Electrolytic refining of titanium 

99.4 0.15 0.1 NaC1-TiCL 1.5 0.7 130 0.03 0.02 0.12 120 
99.1 0.02 0.7 NaC1-K~TiF6 1 0.5 105 0.01 0.00 0.11 104 

* W h e n  TIC13 or  TiCI~ w a s  p r e s e n t  t h e  c o n c e n t r a t i o n  w a s  5% Ti ,  KeTiF~ in  t h e  b a t h  c o r r e s p o n d e d  to  3% TL T e m p e r a t u r e  a p p r o x i m a t e d  
850~ i n  a l l  c a s e s .  

** O x y g e n  w a s  c a l c u l a t e d  f r o m  h a r d n e s s  p l u s  F e  a n d  C a n a l y s e s .  
t M e a s u r e d  as R o c k w e l l  C o r  B a n d  c o n v e r t e d  to B H N .  

E x c l u s i v e  of  t h e  c a r b o n  b o n d .  N o t e  t h a t  i n  a l l  ca ses  b u t  one ,  s u b s t a n t i a l  q u a n t i t i e s  of  f r e e  c a r b o n  w e r e  p r e s e n t ,  a b o v e  t h e  s t o i c h i o -  
m e t r i c  v a l u e  o f  20%.  

Metal  could be p roduced  wi th  e lect rolytes  con-  
t a i n i n g  no Ti in i t ia l ly ,  or w i th  TIC1, present ,  bu t  
coarser  crys ta ls  were  p roduced  wi th  e lect rolytes  con-  
t a i n i n g  K~TiF6. F igu re  1 shows me ta l  dendr i t e s  
typica l  of the ca thode  deposits  descr ibed  in  the  last  
row of Tab le  I, m a d e  f rom re l a t i ve ly  pu re  TiC. 

Tab le  II  shows da ta  on e lec t roref in ing  of p r i m a r y  
me ta l  m a d e  e lec t ro ly t ica l ly  f rom TiC. This  p roduced  
m u c h  coarser  crystals ,  of the t y p e  shown in  Fig. 2, 
and  p u r i t y  was  improved .  

Discussion 
Dissolved Ti in  the b a t h  is t r i va l en t ,  w h e n  the 

anode is TiC. If a ba th  con t a in ing  TiCL is used,  it  
r ap id ly  conver t s  to TIC13, con t r a ry  to the behav io r  
w i th  Ti me t a l  anodes.  The theore t ica l  basis  for this  
is tha t  the  electrode po ten t i a l  at the  anode  due  to 
decomposition of TiC is lower for formation of Ti ~3 
(0.59 v) than for Ti +" (0.89 v). Furthermore this 
potential probably exceeds that for oxidation of Ti t̀ -, 
to Ti +~ so that, before any Ti ion is produced anodi- 
cally from the TiC, all of the TiCl~ in the vicinity of 
the anode is oxidized to TiCl~. This makes it im- 
possible to use iron cells and iron anodes as has been 
done elsewhere (15) because TiClz attacks iron. For 

Fig. 1. Titanium metal dendrites 99.6% Ti, BHN 157, 
made from TiC anode. Magnification, X25. 

Fig. 2. Titanium crystals 99.8% Ti, BHN 110, made by 
two-stage electrolysis from TiC. Magnification X8. 

the  same reason  l i t t le  re f in ing  wi th  respect  to i ron 
can be expected w h e n  the  anode  is TiC. 

I m p o r t a n t  impur i t i e s  o ther  t h a n  i ron  to be con-  
s idered are ca rbon  and  oxygen.  Ca rbon  c o n t a m i n a -  
t ion  was caused b y  loosening  of par t ic les  f rom the 
anode,  bu t  could be kep t  be low abou t  0.05% C by  
proper  b o n d i n g  of the  anode.  Oxygen  c o n t a m i n a t i o n  
kept  decreas ing  d u r i n g  the course of the  pro jec t  as 
t echn iques  were  improved .  There  was  no evidence  
of a n y  t r ans f e r  of oxygen  f rom the  ca rb ide  anode  to 
the  product ,  and  it seems p robab le  t ha t  me t a l  of 
su i t ab ly  low oxygen  con ten t  could be p roduced  in  
l a rger  equ ipmen t .  However ,  d i rect  oxygen  ana lyses  
of TiC and  the  me ta l  p roduced  f rom it were  no t  
made  so t ha t  d i rec t  ev idence  for r e f i nemen t  w i th  
respect  to oxygen  is lacking.  E s t i m a t i n g  oxygen  by  
difference ind ica ted  tha t  me t a l  w i th  0.1 to 0.2% 
oxygen  was p roduced  f rom a r c - f u r n a c e  TiC con t a in -  
ing  0.5% or more  oxygen.  

Conclus ion  
T i t a n i u m  m e t a l  powder  can be p roduced  in  fused 

sal t  e lec t ro ly te  f rom t i t a n i u m  carbide  anodes.  P u r i t y  
of the  me t a l  is adequa te  for m a n y  uses i nc lud ing  
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p o w d e r  m e t a l l u r g y  and  for  feed  m a t e r i a l  to an  e l ec -  
t ro re f in ing  p rocess  m a k i n g  m a x i m u m  p u r i t y  me ta l .  
T h e r e  is a r e a s o n a b l e  e x p e c t a t i o n  t h a t  c o m m e r c i a l  
d e v e l o p m e n t  w o u l d  l e a d  to h i g h e r  p r o d u c t  p u r i t y  
d i r ec t  f r o m  TiC. 

One  of the  cheapes t  w a y s  to ge t  m e t a l  f r o m  i ts  
ox ide  is to r e d u c e  the  ox ide  w i t h  ca rbon ,  if poss ib le .  
R e d u c t i o n  of t i t a n i u m  ox ide  w i t h  c a r b o n  does  no t  
y i e l d  m e t a l  b u t  does y i e l d  m e t a l - l i k e  c a r b i d e  f r o m  
w h i c h  m e t a l  can  be  p r o d u c e d  e l ec t ro ly f i c a l l y .  
V i e w e d  in these  s imp le  t e r m s  the  m e t h o d  has  s t rong  
c o m m e r c i a l  p o t e n t i a l  for  t i t a n i u m  m e t a l  p roduc t ion .  

Manuscr ip t  received May 8, 1958. 

Any  discussion of this  pape r  wil l  appea r  in a Dis-  
cussion Section to be publ i shed  in the  December  1959 
JOURNAL. 
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Comparison of the Life of Linings in Rotating and Stationary 
Phosphorus Furnaces 

M. M. Striplin, Jr., J. M. Potts, and E. C. Marks 

Tennessee Valley Authority, Wilson Dam, Alabama 

The  first  c o m m e r c i a l - s i z e  r o t a t i n g  p h o s p h o r u s  f u r -  
nace,  a T V A  d e v e l o p m e n t  (2) ,  was  p l a c e d  in o p e r -  
a t i on  in Oc tobe r  1950. The  f u r n a c e  is s i m i l a r  to t he  
r o t a t i n g  a l loy  and  c a r b i d e  f u r n a c e s  d e s c r i b e d  b y  
E l l e f sen  (1) .  I t  is of a b o u t  10 ,000-kw c a p a c i t y  a n d  
has  been  o p e r a t e d  w i t h  c o n v e n t i o n a l  s t a t i o n a r y  f u r -  
naces  as an  i n t e g r a l  p a r t  of t h e  T V A  p l an t .  E x c e p t  
fo r  i n f o r m a t i o n  on the  l i fe  of t he  f u r n a c e  l in ing ,  
w h i c h  is a f ac to r  of m a j o r  i m p o r t a n c e ,  f a i r l y  c o m -  
p l e t e  o p e r a t i n g  r e su l t s  on the  r o t a t i n g  f u r n a c e  h a v e  
been  p u b l i s h e d  (3) .  Now,  f u r t h e r  i n f o r m a t i o n  is 
p r e s e n t e d  wh ich  c o m p a r e s  the  l i f e  of the  l i n ing  in 
th is  f u r n a c e  w i t h  those  of t he  T V A  s t a t i o n a r y  f u r -  
naces .  

T V A  o p e r a t e s  five r e c t a n g u l a r  s t a t i o n a r y  f u r n a c e s  
of c o n v e n t i o n a l  des ign  and  one r o u n d  r o t a t i n g  f u r -  
nace.  Unless  ho t  spots  show up  to i n d i c a t e  the  n e e d  
for  r epa i r s ,  t he  fu rnaces  a r e  n o r m a l l y  o p e r a t e d  a t  
l eas t  2 y e a r s  b e t w e e n  l in ing  inspec t ions .  A t  t he  t i m e  
of inspec t ion ,  super f i c ia l  d a m a g e  to t he  l i n ing  is r e -  
p a i r e d  b y  r a m m i n g  in ho t  c a r b o n  pas te ,  a l t h o u g h  
such r e p a i r s  to t he  su r f ace  of t h e  h e a r t h  a r e  of  
d o u b t f u l  va lue .  M a j o r  r e p a i r s  i nvo lve  r e p l a c e m e n t  of 
a s u b s t a n t i a l  n u m b e r  of c a r b o n  b locks  used  in  the  
l in ing ,  or  the  en t i r e  l in ing.  

D a t a  on the  p e r f o r m a n c e  of t h e  l in ings  in t he  T V A  
f u r n a c e s  d u r i n g  the  8 y e a r s  s ince the  r o t a t i n g  f u r -  
nace  was  s t a r t e d  show a b ig  a d v a n t a g e  in  f a v o r  of 
t he  r o t a t i n g  f u r n a c e  (see  T a b l e  I ) .  F o r  t he  s t a t i o n a r y  
fu rnaces ,  t h e  r e c o r d  shows  t h a t  d u r i n g  the  8 - y e a r  
per iod ,  t h e r e  w e r e  12 t imes  w h e n  holes  d e v e l o p e d  in  
t he  f u r n a c e s  u n e x p e c t e d l y  sp i l l i ng  the  m o l t e n  con-  
t en t s  ( t a p o u t s ) .  O n l y  m i n o r  r e p a i r s  t h a t  cou ld  be  
m a d e  f r o m  the  ou t s ide  of the  f u r n a c e s  w e r e  suffi- 

cient  in some cases, w h i l e  o the r s  i n v o l v e d  m a j o r  r e -  
pa i r s .  Hot  spots  d e v e l o p e d  f r e q u e n t l y ,  caus ing  a need  
fo r  d e c r e a s e d  p o w e r  i n p u t  a n d  spec ia l  p r e c a u t i o n s  to 
a v o i d  f u r t h e r  da ma ge .  O p e r a t i o n  on low p o w e r  u su -  
a l l y  was  c o n t i n u e d  un t i l  such  t i m e  as the  ho t  spots  
d i s a p p e a r e d  or  i t  was  dec ided  to shu t  d o w n  for  m a -  
j o r  r e p a i r s  to t he  l in ing.  T w e l v e  m a j o r  r e p a i r s  w e r e  
m a d e  to the  s t a t i o n a r y  f u r n a c e s  d u r i n g  this  pe r i od ;  
th is  a v e r a g e d  a m a j o r  r e p a i r  to each  f u r n a c e  once 
e v e r y  3 yea rs .  

In  compar i son ,  d u r i n g  the  s a m e  per iod ,  t he  r o t a t -  
ing  f u r n a c e  h a d  no  hot  spots,  no t apouts ,  and  no 
m a j o r  r epa i r s .  The  on ly  p a t c h i n g  has  been  a f t e r  each  
of t he  fou r  inspec t ions ,  w h e n  c a r b o n  p a s t e  was  used  
to cover  e r o d e d  su r faces  caused  b y  n o r m a l  w e a r  and  
b y  the  tools  used  to d ig  ou t  t he  charge .  The  las t  
i n spec t ion  s h o w e d  the  o r ig ina l  f loor of th is  f u r n a c e  
to be  in e x c e l l e n t  condi t ion .  Eros ion  of t he  c a r b o n  
a m o u n t e d  to a b o u t  2.54 c m / y e a r  ( the  t h i cknes s  of 
t he  c a r b o n  floor is 104 c m ) .  

Even  a t  the  s lag  l ine,  t h e r e  has  been  l i t t l e  or  no 
w e a r  of t he  c a r b o n  b locks  in  t he  r o t a t i n g  fu rnace .  
In  t he  s t a t i o n a r y  fu rnaces ,  th i s  is an  a r e a  of  h igh  
n o r m a l  wea r .  This  c o n t r a s t  was  e x p e r i e n c e d  even  
t h o u g h  the  o u t e r  su r faces  of the  e l ec t rodes  in  the  
r o t a t i n g  f u r n a c e  a r e  27% closer  to t he  s ide  w a l l s  
t h a n  in a n y  of  the  o t h e r  fu rnaces .  M a i n t e n a n c e  costs  
have  been  c o n s i d e r a b l y  less  on the  r o t a t i n g  f u r n a c e  
t h a n  on the  s t a t i o n a r y  fu rnaces .  

F o r  the  s ame  h e a r t h  area ,  t he  r o t a t i n g  f u r n a c e  has  
a h i g h e r  k i l o w a t t  c a p a c i t y  t h a n  the  s t a t i o n a r y  f u r -  
naces .  As  an  e x a m p l e ,  th is  f a c to r  e x p r e s s e d  as  k i l o -  
w a t t s  p e r  s q u a r e  m e t e r  of h e a r t h  a r e a  ( p o w e r  d e n -  
s i ty )  shows  the  r o t a t i n g  f u r n a c e  to h a v e  been  o p e r -  
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S t a t i o n a r y  f u r n a c e  No. 
R o t a t i n g  

f u r n a c e  No. 
2 3 4 5 6 A v g  1 

Nominal  rating, kw 9500 8700 7500 16,000 16,000 
Area of hearth, sq m 26.8 28.1 23.6 37.6 40.1 
Hearth power density, kw/sq  m 354 310 318 426 399 
Distance from outer surface of 

electrode to side wall, m 1.52 1.55 1.37 1.77 1.77 
Maximum voltage ( t ransformer  

taps),  v 375 300 260 500 500 
Age of l in ing  as of October 1950, 

yr  and mo 6-2 2-2 1-10 2-0 1-10 
Calendar  t ime in operation,* % 78.4 75.3 66.0t 79.3 86.9 
Number  of major  repairs to l in-  

ing* $ 2 2 2 4 2 

- -  1 0 , 0 0 0  

- -  19.9 
361 503 

- -  1.12 

- -  375 

2-10 0 
77.1 79.9 

2.4 0 

* S ince  Oc tobe r  1950. 
t R e t i r e d  f r o m  se rv ice  in  1957. 
$ S u b s t a n t i a l  r e p l a c e m e n t  of  ca rbon  b locks  r e q u i r e d ,  as d i s t i n g u i s h e d  f r o m  m i n o r  r epa i r s  w i t h  ca rbon  pas te .  

ated  at a va lue  of 503 as compared  w i th  310 to 426 
for  the o ther  furnaces .  Local ized ove rhea t ing  or 
ove rexposure  of the  l i n ing  to corrosive condi t ions  
occurs in  s t a t i ona ry  fu rnaces  because  the  f u r n a c e  
l i n i n g  r e m a i n s  in  the same re la t ive  posi t ion w i th  
respect  to the  t ips of the  electrodes,  which  are  the  
focal po in ts  of ene rgy  i n p u t  to the  furnaces .  In  the  
ro t a t ing  fu rnace  no a rea  of the l i n ing  r e m a i n s  n e a r  
the t ips of the electrodes ve ry  long. Local ized over -  
exposure  is t he r eby  avoided and  more  ene rgy  can  be 
concen t r a t ed  into the  same space. Also, w h a t e v e r  
n o r m a l  wea r  is e n c o u n t e r e d  is more  u n i f o r m l y  dis-  
t r ibu ted .  

One of the few fea tures  of the  or ig ina l  des ign of 
the  ro t a t ing  fu rnace  tha t  fa i led to give comple te ly  
sa t i s fac tory  service was the  m o l t e n  lead seal, which  
was p rov ided  at  the j u n c t u r e  b e t w e e n  the  s t a t i ona ry  
roof and  ro t a t ing  cruc ib le  to p r e v e n t  the  escape of 
gas. This  seal r e q u i r e d  cons iderab le  a t t en t i on  a nd  
m a i n t e n a n c e .  Af te r  51/2 years  of operat ion,  the  seal 
was  rep laced  wi th  a 51-cm wa te r  seal. F re sh  w a t e r  
is fed con t inuous ly  to the seal and  is a l lowed to over -  
flow d o w n  the  fu rnace  shet/ as s u p p l e m e n t a l  cool- 
ing  water .  The  n e w  seal has r equ i r ed  no m a i n t e n a n c e  
and  has g iven  good service. 

The TVA ro ta t ing  furnace ,  a l t hough  r e l a t i ve ly  
smal l  in  compar i son  wi th  the  fu rnaces  cons t ruc ted  
r ecen t l y  by  indus t ry ,  has d e m o n s t r a t e d  a d e q u a t e l y  
tha t  r o t a t i ng  fu rnaces  have  i m p o r t a n t  advan t ages  

over  s t a t i ona ry  furnaces .  The  feas ib i l i ty  of ro t a t ing  
l a rger  phosphorus  and  o ther  types  of fu rnaces  has 
been  d e m o n s t r a t e d  by  indus t ry .  

The  t r e nd  in  the  phosphorus  i n d u s t r y  seems to be 
a w a y  f rom fu rnaces  wi th  the electrodes a r r a n g e d  in  
l ine  and  toward  fu rnaces  w i th  a t r i a n g u l a r  a r r a n g e -  
m e n t  of the  electrodes.  The electr ical  load is more  
equa l ly  d i s t r i bu t ed  to each electrode in  these  f u r -  
naces  t h a n  in  fu rnaces  w i th  the electrodes a r r a n g e d  
in  l ine.  E v e n  d i s t r i bu t i on  of the  e lectr ical  load m a y  
con t r ibu t e  to longer  l ife of the fu rnace  l i n i n g  and  is 
benef ic ia l  in  o ther  respects.  I n a s m u c h  as it is possible  
to opera te  a r o u n d  f u r na c e  at  a s l ight ly  h igher  power  
i n p u t  w h e n  the f u r na c e  is rotated,  the cost of a ro t a t -  
ing f u r na c e  per  u n i t  of capaci ty  is essen t ia l ly  the  
same as tha t  of a s t a t i ona ry  r o u n d  furnace .  A d d i -  
t iona l  r o t a t i ng  phosphorus  fu rnaces  m a y  be expected  
as soon as the  benefi ts  to be der ived  f rom this  type  
f u r na c e  are fu l ly  apprecia ted.  

Manuscript  received June  16, 1958. 

Any  discussion of this paper will  appear in a Dis- 
cussion Section to be published in the December 1959 
JOURNAL. 
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Technical Feature 0 
Electrolysis of Organic Solvents with Reference to 

the Electrodeposition of Metals 1 
Abner Brenner 

National Bureau of Standards, Washington,  D. C. 

This lec ture  was  i n s t i t u t ed  to honor  the  m e m o r y  
of one of the founders  of our  society, J. W. Richards .  
Since it  is now m a n y  years  since he died, and  since 
few of us had  a pe r sona l  a c q u a i n t a n c e  w i th  him,  it  
is f i t t ing t ha t  I say a few words  abou t  him.  He was  
no t  on ly  one of the  organizers  of the  Society, bu t  
also its first p res ident ,  ho ld ing  office in  1903. He 
served as S e c r e t a r y - T r e a s u r e r  for 17 years  u n t i l  his 
dea th  in  1921. He was ve ry  act ive in  bo th  the  ad-  
m i n i s t r a t i v e  and  scientific affairs of the Society and  
c o m m e n t e d  on most  of the  papers  tha t  were  p r e -  
sen ted  at  t he  a n n u a l  meet ings .  He was  k n o w n  the  
wor ld  over  as an  e m i n e n t  m e t a l l u r g i s t  and  served 
on n u m e r o u s  technica l  commit tees .  He m a d e  one of 
his g rea tes t  con t r ibu t ions  to science in  his capaci ty  
as Professor  of M e t a l l u r g y  at Leh igh  U n i v e r s i t y  
where  he t augh t  u n t i l  the t ime  of his death.  He was  
the  au thor  of two tex tbooks  on me ta l l u rg i ca l  sub -  
jects. 

In  app ra i s ing  the  list of p rev ious  Richards  Lec-  
tures,  I no te  tha t  12 lec tures  have  been  g iven  p re -  
v ious ly  at an  average  i n t e r v a l  of 2.5 years.  Since 
the re  is an  i n t e r v a l  of five years  b e t w e e n  this lec-  
t u r e  and  the  prev ious  one, I a ssume tha t  the So- 
ciety i n t e n t i o n a l l y  passed the th i r t een th ,  and  tha t  
this one should be cons idered  as the four teen th .  Can  
it be tha t  the di rectors  of the Society are supe r -  
s t i t ious? 

I have  also no ted  wi th  in te res t  tha t  the p rev ious  
lec tures  h a v e  covered such subjec ts  as his tory,  m e t -  
a l lurgy ,  and  electronics.  Only  one lecture,  the  las t  
one, deal t  w i th  an  e lec t rochemica l  sub jec t - - -over -  
voltage.  I be l i eve  tha t  the lec ture  tha t  I am g iv ing  
this a f t e rnoon  is also an  innova t ion ,  because  i t  is the  
first one concerned  wi th  e lectrodeposi t ion.  No doub t  
some m e m b e r s  of the  aud ience  are glad to see tha t  
e l ec t rochemis t ry  is f inal ly  w i n n i n g  pub l i c  r ecogn i -  
t ion. 

The subjec t  of this  l ec ture  is the "Elect ro lys is  of 
Organic  Solvents  w i th  Reference  to the E lec t rode-  
pos i t ion  of Metals ."  Since this  is a r a t h e r  special ized 
subjec t  and  since e lec t rodepos i t ion  is no t  u s u a l l y  
p resen ted  at  the S p r i n g  Meeting,  I was pleased to 
see so m a n y  m e m b e r s  a s sembl ing  for the  lecture .  I 
m e n t i o n e d  this  to Dr. S te inbe rg  jus t  before  s ta r t ing ,  

1 Th i s  p a p e r  w a s  p r e s e n t e d  as  t h e  $. W. R i c h a r d s  M e m o r i a l  Lec-  
ture ,  A p r i l  28, 1958, a t  the  N e w  York  Mee t ing .  

and  he repl ied  that ,  i n a s m u c h  as i t  was r a i n i n g  ou t -  
side, the m e m b e r s  had  no w he r e  else to go. 

Research  on the  e lectrolysis  of organic  solut ions  
has been  sadly neglec ted  in  favor  of a s lavish  devo-  
t ion  to aqueous  systems.  I did no t  u n d e r s t a n d  this  
a t t i tude  u n t i l  I h a p p e n e d  to see a car toon p i n n e d  on 
a l abo ra to ry  b u l l e t i n  boa rd  t ha t  m a d e  clear  the  r ea -  
son for this. I t  depic ted  a s tuden t s '  l abora tory .  A 
vo lup tuous  young  w o m a n  was w o r k i n g  at  the  bench  
b l i ss fu l ly  u n a w a r e  tha t  she was  the  cynosure  of 
two pairs  of ma le  eyes, focused f rom across the 
room. One ma le  s tuden t  was  say ing  to the  other,  
"and  jus t  th ink ,  she is over  90% wate r ! "  The great  
p rac t ica l  i m p o r t a n c e  of w a t e r  in  our  da i ly  l iv ing  
has induced  scient is ts  to s tudy  aqueous  sys tems far  
beyond  the i r  scientific impor tance .  There  are m a n y  
more  ne w  p h e n o m e n a  to be discovered in  the  s tudy  
of n o n a q u e o u s  2 systems.  

The  subjec t  m a t t e r  of this  l ec tu re  is d iv ided  in to  
two parts .  Be g i nn i ng  wi th  the more  complex  sub -  
ject, a t t empt s  to e lec t rodeposi t  me ta l s  f r o m  n o n -  
aqueous  media  are  discussed and  next ,  the more  
f u n d a m e n t a l  subject ,  the e lectrolysis  of n o n a q u e o u s  
solvents  themselves .  

Deposition from Nonaqueous Media 
The first in t e res t  in  e lec t rodepos i t ion  of meta l s  

f rom n o n a q u e o u s  med ia  deve loped  in  connec t ion  
w i th  the m e a s u r e m e n t  of the  conduc t iv i ty  of solu-  
tions. I t  was n a t u r a l  tha t  the  inves t iga to r  should  
seek to d e t e r m i n e  w h e t h e r  conduc t ing  solut ions  
wou ld  y ie ld  electrodeposi ts  as do aqueous  solut ions.  
The first record is the  work  of Laszczynski  (1) i n  
1895, who was m e a s u r i n g  the conduc t iv i ty  of solu-  
t ions  of salts in  acetone.  He e lec t ro lyzed  severa l  of 
the  solut ions and  observed tha t  the deposits  on the  
cathode gassed or sparked  if p laced in  water .  He 
concluded tha t  l i t h i u m  and  po tass ium had  been  de-  
posited. He also deposi ted si lver.  W i t h i n  the  nex t  
five years  both  he (2) and  K a h l e n b e r g  (3) e lec t ro-  
deposi ted severa l  meta l s  f rom p y r i d i n e  solut ions.  
K a h l e n b e r g  showed that ,  u n d e r  the  bes t  condi t ions ,  
the theore t ica l  q u a n t i t y  of m e t a l  deposited.  

D u r i n g  the n e x t  25 years  the  depos i t ion  of meta l s  
f rom a smal l  n u m b e r  of solvents  was  s tud ied  in  a 
qua l i t a t i ve  fashion.  This ea r ly  work  has been  re -  

2 I n  th i s  p a p e r  n o n a q u e o u s  s y s t e m s  d o  n o t  i n c l u d e  f u s e d  sa l ts .  
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v i e w e d  b y  A u d r i e t h  (4 ) .  A m o n g  the  so lven t s  u sed  
w e r e  ace tone ,  p y r i d i n e ,  e t h y l e n e d i a m i n e ,  a m m o n i a ,  
f o r m a m i d e ,  and  ace t amide .  A p p a r e n t l y  n i t r o g e n -  
c on t a in ing  so lven t s  c o m m a n d e d  the  mos t  a t t en t i on .  
G r i g n a r d  r e a g e n t s  w e r e  e l e c t r o l y z e d  a n d  y i e l d e d  
mossy  depos i t s  of m a g n e s i u m  (5) .  

The  a m o u n t  of e a r l y  w o r k  was  r a t h e r  s m a l l  a n d  
a t t r a c t e d  l i t t l e  i n t e re s t .  W i t h i n  t h e  l a s t  d e c a d e  t h e r e  
has  been  a r e v i v e d  i n t e r e s t  in t h e  s t u d y  of n o n -  
aqueous  m e d i a  because  of the  p o s s i b i l i t y  of d e p o s i t -  
ing  some of t he  less  c o m m o n  m e t a l s  w h i c h  canno t  be  
depos i t ed  f r o m  aqueous  solut ion .  

A b o u t  30 m e t a l s  can  be  d e p o s i t e d  f r o m  aqueous  
solut ion.  These  m e t a l s  w i l l  be  r e f e r r e d  to as t he  
aqueous  g roup  and  the  o t h e r  m e t a l s  as t h e  n o n -  
aqueous  group .  The  e a r l y  s tud ies  of n o n a q u e o u s  
so lven t s  d e a l t  m a i n l y  w i t h  the  aqueous  g roup  of 
me ta l s .  S ince  these  m e t a l s  can  b e  depos i t ed  m o r e  
r e a d i l y  and  in  a p u r e r  cond i t i on  f r o m  w a t e r  so lu t ion ,  
these  s tud ies  w e r e  of l i t t l e  p r a c t i c a l  i n t e re s t .  F e w  
of t he  n o n a q u e o u s  g roup  of m e t a l s  w e r e  depos i t ed .  
L i t h i u m  a n d  some o t h e r  a l k a l i  m e t a l s  w e r e  p u r -  
p o r t e d  to h a v e  been  depos i t ed .  H o w e v e r ,  t he  p u r i t y  
was  no t  s u b s t a n t i a t e d  b y  ana lys i s  and  c e r t a i n l y  m a n y  
of the  depos i t s  w e r e  fa r  f r o m  pure ,  as P o s p e k h o v  (6)  
has  shown.  F u r t h e r m o r e ,  s ince  the  m e t a l s  cou ld  be  
o b t a i n e d  m o r e  r e a d i l y  b y  depos i t i on  f r o m  fused  e lec -  
t ro ly t e s ,  t h e r e  was  no i n c e n t i v e  to f u r t h e r  s tudy .  

The  n o n a q u e o u s  g roup  of m e t a l s  w h i c h  has  b e e n  
of m o r e  r e c e n t  i n t e r e s t  con ta ins  the  l igh t  me ta l s ,  
b e r y l l i u m ,  a l u m i n u m ,  a n d  m a g n e s i u m ;  t h e  s e m i -  
conduc tor ,  g e r m a n i u m ;  and  the  r e f r a c t o r y  me ta l s ,  
t i t a n i u m ,  z i rcon ium,  tungs ten ,  and  m o l y b d e n u m .  Of 
these  b y  f a r  the  mos t  a t t e n t i o n  has  been  g i v e n  to 
t he  depos i t i on  of a l u m i n u m .  F u r t h e r m o r e ,  a l u m i -  
n u m  is t he  o n l y  n o n a q u e o u s  m e t a l  t h a t  can  be  con-  
s i d e r e d  to have  b e e n  success fu l ly  depos i t ed .  B y  th is  
is m e a n t  t h a t  the  m e t a l  can  be  o b t a i n e d  a t  h igh  
ca thode  c u r r e n t  eff iciency in  h igh  p u r i t y  and  w i t h  
good p h y s i c a l  p r o p e r t i e s .  

Studies at the National Bureau of Standards 

This  l e c t u r e  is l a r g e l y ,  a l t h o u g h  no t  exc lus ive ly ,  
conce rned  w i t h  t he  w o r k  done  b y  the  E l e c t r o d e p o s i -  
t ion  Sec t ion  of the  N a t i o n a l  B u r e a u  of S t a n d a r d s .  
Our  w o r k  in th is  f ield s t a r t e d  r a t h e r  sudden ly .  
A b o u t  1950 w e  b e c a m e  i n t e r e s t e d  in  t he  e l e c t r o d e -  
pos i t i on  of  a l u m i n u m  a n d  w e r e  r e p e a t i n g  some  of 
the  r e c e n t l y  p u b l i s h e d  work .  A b o u t  th is  t i m e  l i t h -  
i u m  a l u m i n u m  h y d r i d e  b e c a m e  c o m m e r c i a l l y  a v a i l -  
ab le  a n d  w e  s t u d i e d  the  e l ec t ro ly s i s  of e t h e r  so lu -  
t ions  of th is  compound .  These  e x p e r i m e n t s  l ed  to t he  
d e v e l o p m e n t  of a n e w  t y p e  of n o n a q u e o u s  p l a t i n g  
b a t h  (7 ) .  The  N a v y  B u r e a u  of A e r o n a u t i c s  s p o n -  
so red  f u r t h e r  i n v e s t i g a t i o n s  of  t he  p rocess  be c a use  
of t he  p o s s i b i l i t y  of e l e c t r o f o r m i n g  a l u m i n u m  w a v e  
guides .  This  i n t e r e s t  s e e m e d  to h a v e  k i n d l e d  a spa rk .  
O t h e r  G o v e r n m e n t  agenc ies  b e c a m e  i n t e r e s t e d  in 
depos i t i ng  some  one of  t he  less  c o m m o n  m e t a l s  for  
v a r i o u s  pu rposes .  The  AEC sponso red  a p r o j e c t  on 
the  depos i t i on  of b e r y l l i u m  (8) ; t he  W r i g h t  A i r  D e -  
v e l o p m e n t  Center ,  on the  depos i t i on  of t i t a n i u m  a n d  
z i r c o n i u m  (9 ) ;  a n d  S p r i n g f i e l d  A r m o r y ,  on t h e  d e -  
pos i t i on  of  m o l y b d e n u m .  A n  i n v e s t i g a t i o n  of t he  
depos i t i on  of  m a g n e s i u m  (10) was  also c a r r i e d  out.  
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A l t h o u g h  some i n t e r e s t i n g  d e v e l o p m e n t s  r e su l t ed ,  
t h e y  w e r e  no t  t he  p r a c t i c a l  ob j e c t i ve s  d e s i r e d  b y  the  
sponsors ,  and  a f t e r  a p e r i o d  of t h r e e  or  fou r  y e a r s  
the  p r o g r a m  ceased  a b o u t  as s u d d e n l y  as i t  h a d  
s t a r t ed .  

I w i sh  to m e n t i o n  b r ie f ly  some  of t he  e q u i p m e n t  
used  in  our  w o r k  w i t h  n o n a q u e o u s  so lvents .  S ince  
m a n y  of the  e x p e r i m e n t s  i n v o l v e d  the  p r e p a r a t i o n  
a n d  use of compounds ,  such  as m e t a l  a l k y l s  and  
b o r o h y d r i d e s ,  w h i c h  w e r e  s ens i t i ve  to a i r  or  m o i s -  
t u r e  or  even  s p o n t a n e o u s l y  i n f l ammab le ,  t he  t e c h -  
n iques  a n d  e q u i p m e n t  u sed  w e r e  s o m e w h a t  d i f fe ren t  
f r o m  those  used  in  o r d i n a r y  p l a t i n g  e x p e r i m e n t s .  
I n d i s p e n s a b l e  to our  w o r k  w e r e  i n e r t  a t m o s p h e r e  
c h a m b e r s  (11) of w h i c h  two  w e r e  cons t ruc ted .  A 
d r y  a t m o s p h e r e  of h e l i u m  was  c i r c u l a t e d  c o n t i n u -  
ous ly  t h r o u g h  the  c h a m b e r s  a n d  d e o x y g e n a t e d .  F o r  
r u n n i n g  e l e c t r o l y t i c  e x p e r i m e n t s  in  t he  l a b o r a t o r y  
some  spec ia l  cel ls  w e r e  des igned  (12) w h i c h  e x -  
c l u d e d  the  a i r  a n d  y e t  a l l o w e d  the  ca thodes  to be  
r e m o v e d  and  e x a m i n e d ,  a n d  f r e sh  ones  p u t  in  i f  
neces sa ry .  

S ince  a l u m i n u m  is the  n o n a q u e o u s  m e t a l  w h i c h  
has  r e c e i v e d  mos t  s t u d y  a n d  also is t he  one mos t  
success fu l ly  depos i t ed ,  i t  is d i scussed  in some  de t a i l  
as a t y p i c a l  e x a m p l e .  S p a c e  does  no t  p e r m i t  t he  
m e n t i o n  of a l l  of the  e a r l y  a t t e m p t s  to de pos i t  th is  
m e t a l  f r o m  o rgan ic  so lvents .  A p a r t i a l l y  success fu l  
depos i t i on  w a s  done  b y  Blue  and  M a t h e r s  (13) f r o m  
o rgan ic  so lu t ions  s i m i l a r  to t he  F r i e d e l - C r a f t  r e -  
agen t s  and  f r o m  a l u m i n u m  a l k y l  h a l i d e  solu t ions .  
The  depos i t s  w e r e  no t  of good qua l i t y .  The  f irst  suc-  
cessfu l  depos i t i on  of a l u m i n u m  f r o m  a n o n a q u e o u s  
so lu t ion  at  r o o m  t e m p e r a t u r e  was  a c c o m p l i s h e d  b y  
H u r l e y  and  W i e r  (14)  u s ing  a so lu t ion  of  a l u m i n u m  
c h l o r i d e  in e t h y l  p y r i d i n i u m  b r o m i d e .  Th is  b a t h  h a d  
m o r e  the  c h a r a c t e r i s t i c s  of a m o l t e n  sa l t  b a t h  t h a n  
a t y p i c a l  b a t h  m a d e  f rom an  o rga n i c  so lvent .  Menze l  
(15) d e p o s i t e d  a l u m i n u m  f r o m  so lu t ions  of a l u m i -  
n u m  e t h y l  or  a l u m i n u m  p h e n y l  and  a l u m i n u m  ch lo -  
r i d e  in  to luene .  

A t  t h e  N a t i o n a l  B u r e a u  of S t a n d a r d s  a h y d r i d e  
p l a t i n g  b a t h  was  d e v e l o p e d  w h i c h  y i e l d e d  a pure ,  
duc t i l e  depos i t  of a l u m i n u m  (7) .  The  b a t h  con-  
s i s ted  of a l u m i n u m  ch lo r ide  d i s so lved  in  e t h e r  w i t h  
the  a d d i t i o n  of l i t h i u m  a l u m i n u m  h y d r i d e .  E v a n s  
a n d  K e n n e d y  (16) b y  c o n d u c t o m e t r i c  s tud ies  have  
s h o w n  t h a t  the  ion iz ing  c o m p l e x  in th is  t y p e  of so-  
l u t i on  is p r o b a b l y  A12CI~-A1H4 -. Depos i t s  s e v e r a l  
h u n d r e d t h s  of an  inch  t h i c k  w e r e  r e a d i l y  o b t a i n e d  
f r o m  the  ba th .  To p r e v e n t  f o r m a t i o n  of nodules ,  
m e t h y l  b o r a t e  was  used  as an  a d d i t i o n  agen t .  

The  b a t h  h a d  some i n t e r e s t i n g  cha rac t e r i s t i c s .  I t  
h a d  a l i m i t e d  l i fe  a n d  could  t o l e r a t e  t he  p r e s e n c e  
of o x y g e n  b u t  no t  mo i s tu re .  Ba ths  w e r e  u sed  up  to 
pe r i ods  of a y e a r  or  m o r e  b y  occas iona l ly  r e j u v e n a t -  
ing  t h e m  w i t h  l i t h i u m  a l u m i n u m  h y d r i d e .  D e c o m -  
pos i t i on  of t he  b a t h  o c c u r r e d  m a i n l y  d u r i n g  e lec -  
t ro lys i s ,  no t  as a r e s u l t  of  a t m o s p h e r i c  a t t ack .  D u r -  
ing  o p e r a t i o n  h y d r o g e n  was  g iven  off a t  bo th  t h e  
c a thode  a n d  anode ,  b u t  t h e  q u a n t i t y  was  g r e a t e r  a t  
t he  a n o d e  t h a n  a t  t he  ca thode .  A p p a r e n t l y  t h e  d e -  
compos i t i on  of t h e  b a t h  o c c u r r e d  anod ica l ly ,  a l -  
t h o u g h  a l u m i n u m  w e n t  in to  so lu t ion  w i t h  100% 
a n o d e  c u r r e n t  efficiency. A n o t h e r  p e c u l i a r i t y  of t he  
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b a t h  was  t h a t  the  a m o u n t  of a l u m i n u m  d e p o s i t e d  
f r o m  it  was  abou t  e q u i v a l e n t  to t he  a m o u n t  of 
a l u m i n u m  t h a t  h a d  b e e n  a d d e d  to t h e  b a t h  as 
a l u m i n u m  chlor ide .  The  a l u m i n u m  t h a t  w e n t  in to  
so lu t ion  a n o d i c a l l y  d id  not  a p p e a r  to e n t e r  in to  t he  
s a m e  k i n d  of  c h e m i c a l  c o m b i n a t i o n  as t he  a l u m i n u m  
i n i t i a l l y  i n t roduced ,  and  a p p a r e n t l y  m e t a l  d id  no t  
depos i t  r e a d i l y  f r o m  this  a n o d i c a l l y  d i s so lved  a l u m i -  
num.  Thus,  a d d i t i o n a l  a l u m i n u m  ch lo r ide  h a d  to be  
a d d e d  to the  b a t h  a t  i n t e rva l s .  E v e n t u a l l y ,  the  b a t h  
b e c a m e  so v iscous  t h a t  i t  cou ld  no t  be  used  a n y  
longer .  Up  to th i s  p o i n t  a b o u t  250 g A1 h a d  been  
d e p o s i t e d  f r o m  a b o u t  i 1 of ba th .  

Some  e x p e r i m e n t s  w e r e  m a d e  to d e t e r m i n e  
w h e t h e r  t he  h y d r o g e n  t h a t  w a s  l i b e r a t e d  a t  t h e  a n -  
ode  in  t h e  e l ec t ro ly s i s  of t he  a l u m i n u m  p l a t i n g  b a t h  
w o u l d  cause  e m b r i t t l e m e n t  of s teel .  W e  used  s tee l  
r ings  to  t e s t  th is  a n d  f o u n d  t h a t  the  r i n g s  w e r e  e m -  
b r i t t l e d  m o r e  s e v e r e l y  t h a n  in  a w a t e r  so lu t ion .  The  
dec rease  in  b r e a k i n g  l oad  was  30-50%.  C a t h o d i c  
d i s c h a r g e  of h y d r o g e n  f r o m  s e v e r a l  o t h e r  o rgan ic  
so lven t s  d id  not  cause  a p p r e c i a b l e  h y d r o g e n  e m -  
b r i t t l e m e n t .  

More  r e c e n t l y  a n o t h e r  b a t h  for  depos i t i ng  a l u m i -  
n u m  has  been  d e v e l o p e d  by  Z i eg l e r  (17) in G e r -  
m a n y ,  t he  m a n  of p o l y e t h y l e n e  fame.  This  b a t h  is 
u n i q u e  because  i t  i nvo lves  the  f o r m a t i o n  of a c o m -  
p l e x  b e t w e e n  t r i e t h y l  or  m e t h y l  a l u m i n u m  and  
s o d i u m  f luor ide .  The  a l u m i n u m  a l k y l  b y  i t se l f  does  
no t  conduc t  t he  cu r ren t ,  b u t  t he  c o m p l e x  does  a n d  
y ie lds  v e r y  p u r e  a l u m i n u m  on e lec t ro lys i s .  W e  h a v e  
p r e p a r e d  the  b a t h  and  conf i rmed  t h a t  i t  does o p e r a t e  
sa t i s f ac to r i ly .  Also  the  c o m p l e x  can  be  p r e p a r e d  in  
e t h e r  so lu t ion  and  t h e n  is m u c h  less  i n f l ammab le .  

Most  r ecen t ly ,  M u r p h y  and  D o u m a s  (18) r e p o r t e d  
the  depos i t i on  of a l u m i n u m  f rom a l u m i n u m  c h l o r i d e  
d i s so lved  in  an  e t h e r e a l  so lu t ion  of b u t y l  amine .  W e  
h a v e  no t  h a d  m u c h  success  w i t h  th is  ba th .  A p r i v a t e  
c o m m u n i c a t i o n  to m e  ind ica t e s  t h a t  t h e  depos i t  m a y  
be  an  a l u m i n u m  compound .  

I sha l l  b r i e f ly  touch  on our  w o r k  w i t h  some of t he  
o the r  e l e m e n t s  (8-10)  of t he  n o n a q u e o u s  g roup  and  
t h e n  a t t e m p t  to s u m m a r i z e  the  s t a t e  of our  k n o w l -  
edge.  I b e l i e v e  t h a t  t h e  w o r k  wi l l  be  eas ie r  to fo l low 
if  i t  is o r g a n i z e d  w i t h  r e spec t  to t he  t y p e  of c o m -  
p o u n d  i n v o l v e d  r a t h e r  t h a n  to t a k e  each  m e t a l  
s e p a r a t e l y .  

The  success  of the  h y d r i d e  b a t h  for  d e p o s i t i n g  
a l u m i n u m  l ed  us  to a t t e m p t  the  depos i t i on  of o t h e r  
m e t a l s  f r o m  s imi l a r  t y p e s  of ba ths ,  b u t  the  h y d r i d e  
b a t h  a p p e a r s  to be specific for  a l u m i n u m .  S o l u b l e  
h y d r i d e s  of t i t a n i u m  a n d  z i r c o n i u m  could  no t  be  
p r e p a r e d  as l i t h i u m  a l u m i n u m  h y d r i d e  p r e c i p i t a t e d  
the  e l e m e n t s  or  a c o m p o u n d  f r o m  e t h e r  solut ion.  
E t h e r e a l  so lu t ions  con t a in ing  b e r y l l i u m  a l u m i n u m  
h y d r i d e  and  m a g n e s i u m  a l u m i n u m  h y d r i d e  w e r e  
p r e p a r e d  and  y i e l d e d  a l loys  c o n t a i n i n g  a l u m i n u m  
a n d  t h e  o t h e r  me ta l ,  b u t  t he  q u a l i t y  of t he  depos i t s  
was  r a t h e r  poor .  

The  m e t a l  a l k y l s  w e r e  i n v e s t i g a t e d  as e l e c t r o l y t e s  
b e c a u s e  G r i g n a r d  r e a g e n t s  h a d  y i e l d e d  m a g n e s i u m  
on e lec t ro lys i s .  Our  e x p e r i e n c e  w i t h  the  m a g n e s i u m  
depos i t s  was  u n s a t i s f a c t o r y  as t h e y  w e r e  no t  dense  
a n d  cohe ren t .  B e r y l l i u m  was  d e p o s i t e d  f r o m  an  

e t h e r e a l  so lu t ion  of b e r y l l i u m  d i m e t h y l ,  t he  bes t  
r e su l t s  be ing  o b t a i n e d  f r o m  a so lu t ion  t h a t  c o n t a i n e d  
bo th  b e r y l l i u m  d i m e t h y l  a n d  b e r y l l i u m  chlor ide .  T h e  
b e r y l l i u m  was  a b o u t  95% p u r e  u n d e r  the  bes t  con-  
d i t ions .  We m a d e  a n u m b e r  of a t t e m p t s  to p r e p a r e  
a l k y l  d e r i v a t i v e s  of t i t a n i u m  a n d  z i r c o n i u m  b u t  a l l  
of these  e n d e d  in fa i lu re ,  a l t h o u g h  a n u m b e r  of i n -  
t e r e s t i n g  c o m p o u n d s  w e r e  e n c o u n t e r e d  w h i c h  w e  
d id  no t  h a v e  t i m e  to i nves t i ga t e .  So lu t ions  of t he  
c y c l o p e n t a d i e n y l  d e r i v a t i v e s  of t i t a n i u m  a n d  z i r -  
con ium c o n d u c t e d  p o o r l y  and  d id  no t  y i e l d  m e t a l  
on e lec t ro lys i s .  

The  mos t  i n t e r e s t i n g  p h a s e  of the  w o r k  was  the  
p r e p a r a t i o n  and  e l ec t ro ly s i s  of m e t a l l i c  b o r o h y -  
dr ides .  The  m e t a l l i c  b o r o h y d r i d e s  h a d  on ly  r e c e n t l y  
been  p r e p a r e d  w h e n  w e  s t a r t e d  our  work .  The  p u r e  
b o r o h y d r i d e s  of a l u m i n u m  and  z i r c o n i u m  a re  l iqu ids  
b u t  t h e y  do no t  conduct .  In  e t h e r  so lu t ion ,  t he  
b o r o h y d r i d e s  of a l u m i n u m ,  m a g n e s i u m ,  a n d  b e r y l -  
l i u m  conduct ,  and  a l loys  a r e  o b t a i n e d  c on t a in in g  the  
m e t a l  and  boron .  The  mos t  i n t e r e s t i n g  depos i t  was  
one c on t a in ing  a b o u t  30% boron ,  the  r e m a i n d e r  
b e r y l l i u m .  The  e t h e r  so lu t ions  of t i t a n i u m  and  z i r -  
con ium b o r o h y d r i d e s  d id  no t  y i e l d  the  m e t a l s  on 
e lec t ro lys i s .  H o w e v e r ,  b y  m i x i n g  the  a l u m i n u m  
h y d r i d e  p l a t i n g  b a t h  w i t h  b o r o h y d r i d e  so lu t ions  of 
t i t a n i u m  or  z i r con ium,  depos i t s  w e r e  o b t a i n e d  w h i c h  
con t a ined  a l u m i n u m ,  boron,  and  t i t a n i u m  or  z i rco-  
n ium.  The  r e f r a c t o r y  m e t a l s  w e r e  not  p r e s e n t  in l a r g e  
pe rcen tages .  The  t i t a n i u m  c on t e n t  was  a b o u t  7% and  
z i r c o n i u m  b e t w e e n  15 and  40%.  

We also a t t e m p t e d  to p r e p a r e  a m o l y b d e n u m  
b o r o h y d r i d e ,  b y  the  d r y  r e a c t i o n  of m o l y b d e n u m  
p e n t a c h l o r i d e ,  or  m o l y b d e n u m  hexa f luo r ide ,  w i t h  
LiBH4, b u t  a f t e r  t he  a p p a r a t u s  b l e w  up tw ice  w e  gave  
up.  H o w e v e r ,  a m o l y b d e n u m  c o m p o u n d  c o n t a i n i n g  
b o r o h y d r i d e  r a d i c a l  and  c h l o r i d e  was  o b t a i n e d  b y  a 
r e a c t i o n  in solu t ion .  In  the  course  of  our  p r o g r a m  on 
n o n a q u e o u s  p l a t i n g  w e  m a d e  a c o n s i d e r a b l e  n u m b e r  
of a t t e m p t s  to de pos i t  m o l y b d e n u m ,  b u t  a l l  t hese  
w e r e  n e g a t i v e  a n d  i t  is no t  l i k e l y  t h a t  w e  sha l l  
p u b l i s h  the  r e su l t s  of  t h a t  i nves t i ga t i on .  

To c o m p l e t e  the  p i c t u r e  of t he  de pos i t i on  of t he  
less c o m m o n  m e t a l s  f r o m  o rgan ic  solu t ions ,  g e r -  
m a n i u m  was  depos i t ed  f r o m  a so lu t ion  of g e r m a n i u m  
t e t r a c h l o r i d e  in  p r o p y l e n e  g lyco l  b y  S z e k e l y  (19) .  
Because  the  ca thode  c u r r e n t  eff iciency was  less  t h a n  
1%, the  p rocess  is no t  p r a c t i c a b l e .  The  c la im of 
Mi i l l e r  and  assoc ia tes  (20) to h a v i n g  d e p o s i t e d  some 
of the  a l k a l i n e  e a r t h  m e t a l s  f r o m  p y r i d i n e  so lu t ion  
is open  to ques t ion  s ince  t h e y  d id  no t  a c t u a l l y  i so la te  
t he  m e t a l s  b u t  on ly  e x a m i n e d  the  c u r r e n t  d e n s i t y  
p o t e n t i a l  r e l a t i ons  d u r i n g  t h e  e lec t ro lys i s .  S e v e r a l  
i n v e s t i g a t o r s  h a v e  m a d e  unsucces s fu l  a t t e m p t s  to 
depos i t  t he  r a r e  e a r t h s  f r o m  bas ic  so lven t s  (21) .  
J o n a s s e n  (22) has  been  unsuccess fu l  in  d e p o s i t i n g  
t u n g s t e n  or  m o l y b d e n u m  f rom a w i d e  v a r i e t y  of 
c o m p o u n d s  a n d  c o m p l e x e s  d i s so lved  in v a r i o u s  o r -  
gan ic  and  i no rgan i c  so lvents .  

Discussion of Nonaqueous Plating 
N o w  I w i sh  to e v a l u a t e  t he  w o r k  t h a t  has  been  

done  in  t he  f ield of n o n a q u e o u s  depos i t i on  w i t h  
r e spe c t  to i ts p r a c t i c a b i l i t y ,  i ts  a c h i e ve me n t s ,  a n d  i ts  
t h e o r e t i c a l  i n t e re s t .  C e r t a i n l y  t h e r e  is no  p r a c t i c a l  
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in te res t  in  the deposi t ion  f rom n o n a q u e o u s  med ia  of 
those meta l s  which  can be deposi ted f rom wa te r  
solut ion.  The success which  has a t t ended  the  efforts 
to ob ta in  the n o n a q u e o u s  group  of meta l s  has no t  
been  v e r y  great .  As a l r eady  men t ioned ,  a l u m i n u m  
is the on ly  n o n a q u e o u s  me ta l  tha t  can  be deposi ted 
c o n v e n i e n t l y  in  a sa t is factory  phys ica l  condi t ion  and  
wi th  a good cathode c u r r e n t  efficiency. Some com-  
merc ia l  in te res t  has been  man i f e s t ed  in  the deposi-  
t ion  of a l u m i n u m ,  b u t  no ac tua l  uses have  developed.  
At  one t ime  there  was  some in te res t  in  depos i t ing  
a l u m i n u m  on copper wire.  The  a l u m i n u m  was to be 
anodized and  thus  form a h igh t e m p e r a t u r e  i n -  
su la t ion  for the  wire,  b u t  it is no t  k n o w n  w h e t h e r  
this process was ac tua l ly  tr ied.  The deposi t ion  of 
o ther  n o n a q u e o u s  meta l s  has no t  been  sufficiently 
successful  even  to consider  prac t ica l  appl icat ions .  

In  genera l  the meta l s  which  separa te  f rom n o n -  
aqueous  med ia  are less p u r e  t h a n  those ob ta ined  
f rom wa te r  solut ion.  This  m a y  be caused p a r t l y  by  
incomple te  r educ t ion  and  pa r t l y  by  adsorp t ion  of 
the organic  m a t e r i a l  on the nascen t  surface of the 
metal .  Adso rp t ion  also occurs to some ex t en t  in  
deposi t ion  of meta l s  f rom aqueous  solutions,  bu t  
s ince the  so lvent  molecules  are  m u c h  smal le r  the  
adsorp t ion  is m u c h  less. As example s  of the  con-  
t a m i n a t i o n  of meta l s  deposi ted f rom n o n a q u e o u s  
solution,  Pospekhov  (6) showed tha t  the  a lka l i  
meta l s  deposi ted f rom n i t r o b e n z e n e  solut ion in  some 
ins tances  con ta ined  only  25% of the  m e t a l  In  our  
own work  we were  unsuccess fu l  in  ob t a in ing  sat is-  
fac tory  n icke l  or cobal t  deposits f rom organic  sol-  
vents .  They  were  stressed and  exfoliated.  The  n icke l  
deposits  were  on ly  85% metal l ic .  Some of the  b e r y l -  
l i um deposits  ob ta ined  f rom the a lky l  ba ths  con-  
t a ined  so m a n y  inc lus ions  tha t  if scra tched they  
spon taneous ly  igni ted.  

The  last  topic to be cons idered  concerns  the  gen-  
era l iza t ions  tha t  are he lp fu l  in  i nves t i ga t i ng  n o n -  
aqueous  deposit ion.  Before t a k i n g  these up, it  is 
necessa ry  to dispose of some ideas tha t  have  been  
suggested bu t  which  are no t  appl icable .  The m a g n i -  
tude  of the dielectr ic  cons tan t  of a so lvent  has been  
considered  an  index  of its ab i l i ty  to fo rm conduc t ing  
solut ions  and,  by  inference ,  good p l a t i ng  baths.  How-  
ever,  this  c r i t e r ion  is no t  va l id  because  e ther  is a 
good n o n a q u e o u s  so lvent  for depos i t ing  severa l  m e t -  
als and  yet  its dielectr ic  cons tan t  is on ly  abou t  4.5. 
On the  o ther  hand ,  a n h y d r o u s  HCN, which  has a 
h igh dielectr ic  constant ,  is not  a p a r t i c u l a r l y  good 
e lect rolyt ic  solvent .  Inc iden ta l ly ,  even  if one could 
predic t  solut ions  tha t  wou ld  be conduct ive ,  it wou ld  
be of l i t t le  help to n o n a q u e o u s  p la t ing ,  because  the 
difficulty is not  in  f inding  conduc t ive  so lu t ions  b u t  
in  f inding conduc t ive  solut ions  tha t  y ie ld  meta l s  on 
electrolysis .  

Wa te r  and  a n u m b e r  of o ther  polar  solvents  such 
as acetone, alcohol, and  d i m e t h y l f o r m a m i d e ,  wh ich  
read i ly  form conduc t ing  solutions,  have  themse lves  
in  the  p u r e  state an  apprec iab le  e lect r ical  conduc-  
t i v i ty  of abou t  10 -~ ohm -1 cm -1. This  conduc t iv i ty  
migh t  seem to be an  i ndex  of a good e lect rolyt ic  
solvent .  However ,  this  gene ra l i za t ion  is v i t i a t ed  by  
the  fact  tha t  e ther  has a conduc t iv i ty  of abou t  4 x 
10 -12 ohm -1 cm -1. To luene  has a conduc t iv i ty  of 10 -1' 
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ohm -1 cm -l, a nd  yet  a l u m i n u m  can be deposi ted f rom 
ce r t a in  to luene  solutiorLs. 

The crys ta l  s t ruc tu re  of a compound  is r ega rded  as 
an  index  of its ab i l i ty  to ionize a nd  fo rm a conduc t -  
ing  so lu t ion  w h e n  dissolved.  This  idea  is expressed  
tac i t ly  w h e n  a sal t  is said to have  an ionic s t ruc ture .  
However ,  the  solute is no t  the on ly  factor,  i n a s m u c h  
as the so lvent  p lays  an  equa l ly  i m p o r t a n t  role. A n  
" ionic"  compound  which  forms a conduc t ing  so lu t ion  
in  w a t e r  does not  necessar i ly  fo rm a conduc t ing  solu-  
t ion in  n o n a q u e o u s  solvents .  

In  cons ider ing  those few genera l i za t ions  which  are 
he lp fu l  in  n o n a q u e o u s  p la t ing ,  it  is necessa ry  to dis-  
cuss the  aqueous  and  n o n a q u e o u s  groups  of meta l s  
separa te ly .  The aqueous  group can be deposi ted 
read i ly  f rom polar  solvents  us ing  c o m m o n  salts in  
m a n y  instances .  This  subjec t  is not  of in te res t  in  the 
p resen t  discussion a nd  need  not  be cons idered  fur ther .  

The  n o n a q u e o u s  group of meta l s  m a y  be d iv ided  
into two subgroups :  (A)  act ive meta l s  l ike the a lka l i  
and  a lka l ine  ea r th  metals ,  which  are too act ive  to be  
deposi ted f rom aqueous  solut ion,  and  (B) less act ive 
meta l s  such as tungs ten ,  g e r m a n i u m ,  etc., which  are 
t h e r m o d y n a m i c a l l y  capable  of depos i t ing  f rom aque -  
ous so lu t ion  (12, 23) b u t  do no t  because  of the  n o n -  
r eac t iv i ty  of the i r  ions. The  a lka l i  meta l s ,  as a l r eady  
men t ioned ,  have  been  deposi ted f rom a few organic  
solvents .  P r e s u m a b l y  th is  is possible because  in  these  
solvents  the h y d r o g e n  is more  s t rong ly  b o u n d  t h a n  
in  w a t e r  and  the  deposi t ion po ten t i a l  of these  meta l s  
can be  a t ta ined .  

However ,  l i t t le  success has a t t ended  the  deposi t ion  
of the (B) subgroup  of n o n a q u e o u s  metals .  The  n o n -  
reac t iv i ty  of the i r  ions seems to be as m u c h  of a 
s t u m b l i n g  block in  n o n a q u e o u s  as in  aqueous  media .  
In  fact, al loys of t u n g s t e n  and  m o l y b d e n u m  are more  
r ead i ly  deposi ted f rom aqueous  t h a n  f rom n o n a q u e -  
ous solutions.  The  fact tha t  l i t h i u m  a nd  sod ium can 
be deposi ted f rom the ve ry  solut ion con t a in ing  one 
of the  subgroup  (B) meta l s  f u r t h e r  confirms the fact 
tha t  the difficulty is not  one of t he r modyna mi cs .  

The meta l s  m a g n e s i u m ,  a l u m i n u m ,  t i t a n i um,  z i r -  
conium,  and  be ry l l i um,  because  of the difficulty of 
depos i t ing  them,  seem to be long  more  to subgroup  
(B) t h a n  (A) .  The  fo l lowing  genera l i za t ions  app ly  
to them.  The  bes t  p l a t i ng  so lu t ions  appea r  to be 
made  f rom solvents  and  solutes  t ha t  can coord ina te  
m u t u a l l y .  The solvents  and  solutes are p r o b a b l y  
s imi la r  to the  classes of compounds  tha t  have  been  
des igna ted  as Lewis  bases a nd  acids. The only  usefu l  
so lvents  are  those con t a in ing  a weak  coord ina t ing  
center ,  for example ,  the  oxygen  a tom of an  e ther  or 
the double  b o n d  of an  a romat ic  hydroca rbon .  Other  
solvents  wi th  a more  u n s a t u r a t e d  coord ina t ing  cen-  
ter,  for example ,  n i t r o g e n  or c a rbony l  groups,  fo rm 
too s table  a complex.  On the  o ther  hand ,  solvents  
which  have  v i r t u a l l y  no coord ina t ing  abi l i ty ,  such as 
a l iphat ic  hydrocarbons ,  do not  even  fo rm conduc t ing  
solut ions.  

The solutes  f ound  usefu l  for depos i t ing  meta l s  are 
ve ry  specific: ce r t a in  halides,  me ta l  alkyls ,  hydr ides ,  
and  borohydr ides .  The c o n v e n t i o n a l  s o l u t e s - - o r -  
d i n a r y  s a l t s - - w h i c h  are use fu l  for aqueous  solut ions 
are of no va lue  in  n o n a q u e o u s  p la t ing .  In  no case 
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has  t he  sa l t  of an  o x y a c i d  been  u se fu l  for  d e p o s i t -  
ing  the  m e t a l s  cons ide red  here .  

To summar i ze ,  the  e l e c t r o d e p o s i t i o n  of t h e  n o n -  
aqueous  g roup  of m e t a l s  is i n t e n s e l y  i n t e r e s t i n g  
f rom an  a c a d e m i c  and  t h e o r e t i c a l  po in t  of v iew,  b u t  
i t  does no t  h a v e  a b r i g h t  f u t u r e  for  p r a c t i c a l  p u r -  
poses.  I t  is u n l i k e l y  t ha t  b a t h s  for  depos i t i ng  the  s u b -  
g r o u p  (B)  m e t a l s  can  be d e v e l o p e d  b y  s y s t e m a t i c a l l y  
a n d  e m p i r i c a l l y  t r y i n g  a l l  a v a i l a b l e  c o m p o u n d s  of 
t he  e l e m e n t s  in a l l  a v a i l a b l e  solvents .  The  f u r t h e r  d e -  
v e l o p m e n t s  wi l l  p r o b a b l y  d e p e n d  on the  g e n e r a l  d e -  
v e l o p m e n t  of t he  c h e m i s t r y  of complexes ;  t h a t  is, 
n e w  t y p e s  of c o m p l e x e s  wi l l  have  to be  p r o d u c e d .  I t  
is l i k e l y  t h a t  the  t y p e  of c o m p l e x  t h a t  w i l l  so lve  t h e  
p r o b l e m  of depos i t i ng  some  of the  n o n a q u e o u s  m e t -  
als  has  no t  y e t  been  p r e p a r e d .  

Electrolysis of Organic Solvents 
Background and Literature 

Our  a t t e m p t s  to e l ec t rodepos i t  some of the  m e t a l s  
of t he  n o n a q u e o u s  group ,  a l t h o u g h  l a c k i n g  in p r a c -  
t i ca l  success,  have  m a d e  us  cogn izan t  of t he  vast ,  
u n e x p l o r e d  f ield of n o n a q u e o u s  e l e c t r o c h e m i s t r y .  In  
our  r e s ea r ches  m a n y  n o n a q u e o u s  c o n d u c t i n g  s o l u -  
t ions  w e r e  p r e p a r e d  and  e l e c t r o l y z e d  w i t h o u t  ob -  
t a i n i n g  a m e t a l  a t  t h e  ca thode ,  indeed ,  in m a n y  i n -  
s tances  w i t h o u t  a n y  v i s ib l e  s igns  of reac t ion .  Thus  
w e  b e c a m e  i n t e r e s t e d  in  t he  n a t u r e  of the  e l ec t rode  
reac t ions ,  no t  on ly  as a m a t t e r  of cur ios i ty ,  b u t  also 
because  bas ic  i n f o r m a t i o n  m i g h t  e v e n t u a l l y  l ead  to 
a b e t t e r  a p p r o a c h  to t h e  e l e c t r o d e p o s i t i o n  of me ta l s .  

A f t e r  some d e l i b e r a t i o n  and  e x p l o r a t o r y  w o r k  w e  
dec ided  on a r e s e a r c h  d e a l i n g  w i t h  the  e l ec t ro ly s i s  of 
p u r e  n o n a q u e o u s  solvents ,  m a i n l y  o rgan ic  so lven ts ,  
as  be ing  the  mos t  bas ic  s t u d y  in e l ec t ro ly s i s  t ha t  
cou ld  be  u n d e r t a k e n .  W e  w e r e  i n t e r e s t e d  in t he  
m e c h a n i s m  of t he  e l ec t rode  reac t ions ,  the  p r o d u c t s  
fo rmed ,  and  the  d y n a m i c  p o t e n t i a l s  i nvo lved .  The  
e l ec t ro lyses  to be  s t u d i e d  w e r e  ana logous  to t he  e lec -  
t r o l y t i c  decompos i t i on  of wa t e r .  E l ec t ro ly se s  in 
w h i c h  a c o m p o u n d  was  a d d e d  to t he  so lven t  to i m -  
p a r t  c o n d u c t i v i t y  w e r e  no t  e x c l u d e d  f r o m  the  in -  
ves t iga t ion ,  b u t  i t  w o u l d  be  n e c e s s a r y  to show, e v e n -  
t ua l ly ,  t ha t  the  e l e c t ro ly t i c  d e c o m p o s i t i o n  of t he  sol-  
ven t ,  as in the  case of  w a t e r ,  was  i n d e p e n d e n t  of t he  
n a t u r e  of the  c o n d u c t i n g  add i t i ve .  

In  the  i n t r o d u c t i o n  to the  p r e v i o u s  sect ion,  t he  
s t a t e m e n t  was  m a d e  t h a t  t he  e l e c t r o c h e m i s t r y  of 
n o n a q u e o u s  sy s t ems  has  b e e n  l a r g e l y  neg lec t ed .  To 
this  can  be  a d d e d  the  o b s e r v a t i o n  tha t ,  in the  s t u d y  
of t he  e l e c t r o c h e m i s t r y  of t he  n o n a q u e o u s  sys tems ,  
d y n a m i c  e l ec t rode  p rocesses  h a v e  been  s l i gh ted  in 
f a v o r  of t he  m e a s u r e m e n t  of s t a t i c  p o t e n t i a l s  and  
conduc t iv i t i e s .  M e a s u r e m e n t s  of po t en t i a l s  w i t h o u t  
an  iden t i f i ca t ion  of the  e l ec t rode  r eac t i ons  do no t  
possess  m u c h  m e a n i n g .  The  l ack  of i n t e r e s t  in e l ec -  
t r o ly se s  of n o n a q u e o u s  sys t ems  becomes  e v i d e n t  
f r o m  a p e r u s a l  of s e v e r a l  m o n o g r a p h s .  The  books  b y  
J a n d e r  (24) a n d  A u d r i e t h  (25) w h i c h  dea l  w i t h  
n o n a q u e o u s  so lven t s  con t a in  l i t t l e  i n f o r m a t i o n  on 
e lec t ro lyses .  B r o c k m a n ' s  book  (26) dea l s  a lmos t  e x -  
c lu s ive ly  w i t h  the  e l ec t ro lys i s  of o rgan ic  c o m p o u n d s  
in  aqueous  solut ions .  T h e  " E l e c t r o c h e m i e  N i c h t -  
w~isseriger L S s u n g e n "  of W a l d e n  (27)  is m a i n l y  con-  
ce rned  w i t h  t h e  c o n d u c t i v i t y  of so lu t ions .  M e a s u r e -  
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m e n t s  of c o n d u c t i v i t y  h a v e  l i t t l e  d i r ec t  r e l a t i o n  to 
e lec t ro lys i s .  This  is ev iden t ,  s ince  conduc t i v i t i e s  can  
be m e a s u r e d  b y  m e t h o d s  t h a t  do no t  i nvo lve  e l ec -  
t ro lys is ,  for  e x a m p l e ,  b y  the  use  of i n d u c e d  cu r ren t s .  

S tud i e s  of the  e l ec t ro ly s i s  of i no rgan i c  so lven t s  
o t h e r  t h a n  w a t e r  a r e  few. In  mos t  ir~stances t he  in -  
t e r e s t  c e n t e r e d  on the  e l ec t ro ly s i s  of a d i s so lved  sub -  
s t ance  ~ather  t h a n  of t he  so lvent .  C a d y  a n d  Ta f t  (28, 
29) a t t e m p t e d  to s t u d y  e l e c t r o l y t i c  o x i d a t i o n  and  r e -  
duc t ion  in l i qu id  su l fu r  d i o x i d e  a n d  in  p h o s p h o r u s  
o x y c h l o r i d e  b u t  w e r e  no t  v e r y  successful .  The  e lec -  
t r o ly s i s  of su l fu r  d iox ide  and  of so lu t ions  of  sa l t s  in  
su l fu r  d i o x i d e  was  s t ud i e d  b y  s e v e r a l  i n v e s t i g a t o r s  
(30) ,  b u t  t he  r e su l t s  w e r e  inconc lus ive .  S t e f a n  and  
N a g e l  (31) n o t e d  t h a t  e l ec t ro ly s i s  of so lu t ions  of 
va r i ous  o rgan ic  c o m p o u n d s  in  a m m o n i a  y i e l d e d  on ly  
n i t r o g e n  and  h y d r o g e n  on e lec t ro lys i s ,  a n d  t h e  o r -  
gan ic  c o m p o u n d  was  f r e q u e n t l y  r e c o v e r e d  u n -  
changed .  

A l t h o u g h  a n u m b e r  of i n v e s t i g a t i o n s  h a v e  i n v o l v e d  
the  e l ec t ro lys i s  of o rga n i c  solu t ions ,  in mos t  of t h e s e  
the  i n t e r e s t  also was  c e n t e r e d  on the  e l e c t r o l y t i c  d e -  
compos i t i on  of a subs t ance  d i s so lved  in the  so lvent ,  
t he  l a t t e r  p l a y i n g  a m i n o r  role .  The  a t t e m p t s  to d e -  
pos i t  m e t a l s  f rom organ ic  so lu t ions  f o r m  the  l a r g e s t  
g roup  of i nves t i ga t i ons  and  these  a l r e a d y  h a v e  been  
d i scussed  a d e q u a t e l y .  The  r e m a i n d e r  of  t he  l i t e r a t u r e  
dea l s  w i t h  o rgan ic  so lu t ions  t h a t  u n d e r g o  c o m p l i -  
ca t ed  r eac t ions  on e lec t ro lys i s .  The  e l ec t ro ly s i s  of 
e t h e r  so lu t ions  of G r i g n a r d  r e a g e n t s  (5)  has  been  
s t ud i e d  t h o r o u g h l y .  The  e l ec t ro ly s i s  of o rga n i c  sol-  
ven t s  c on t a in ing  d i s so lved  h y d r o g e n  f luor ide  (32) 
has  become  of c o m m e r c i a l  i m p o r t a n c e .  A n o t h e r  15 or  
20 r e f e r ences  (33) cove r  mos t  of t he  s u b j e c t  of e lec -  
t ro lys i s  of  o rgan ic  so lu t ions ,  b u t  as a l r e a d y  n o t e d  
these  dea l t  w i th  t he  d i s so lved  subs t ances  r a t h e r  t h a n  
w i t h  the  so lvent .  

Work at the National Bureau of Standards 

The  s t u d y  of t h e  e l ec t ro ly s i s  of n o n a q u e o u s  so l -  
ven t s  a t  the  N B S  is a t  an  e a r l y  s tage.  P r e l i m i n a r y  in -  
v e s t i g a t i o n  s h o w e d  t h a t  v a r i o u s  diff icul t ies  a t t e n d e d  
the  e l ec t ro lys i s  of  some o rgan ic  solvents ,  for  e x -  
ample ,  the  f o r m a t i o n  of t a r r y  m a t e r i a l s .  One  class  of 
c o m p o u n d s  t ha t  s e e m e d  a m e n a b l e  to s t u d y  was  the  
amides .  Thus  f a r  w e  have  e l e c t r o l y t i c a l l y  d e c o m -  
posed  s e v e r a l  s imp le  amides .  Mos t  of the  w o r k  has  
been  done  w i th  f o r m a m i d e  and  d i m e t h y l f o r m a m i d e  
in a s imp le  cel l  h a v i n g  bo th  e l ec t rodes  in  t he  s a m e  
c o m p a r t m e n t .  T h e  m a i n  p r o d u c t s  of t he  e l e c t ro ly s i s  
of f o r m a m i d e  a r e  h y d r o g e n  and  c y a n u r i c  acid.  This  
h a d  p r e v i o u s l y  been  shown  b y  S c h a u m  a n d  S c h n e i -  
de r  (33c) .  The  p r o d u c t s  f o r m e d  in the  e l ec t ro ly s i s  of 
d i m e t h y l f o r m a m i d e  have  no t  y e t  been  ident i f ied .  

S ince  e v e n t u a l l y  the  a n o d e  and  ca thode  r eac t i ons  
m a s t  be  s t ud i e d  s e p a r a t e l y ,  a d i v i d e d  cel l  m u s t  be  
used.  C o n v e n t i o n a l  e q u i p m e n t ,  such  as U - t u b e s  or  
H - t u b e s  of the  t y p e s  used  for  t r a n s f e r e n c e  e x p e r i -  
men ts ,  is not  su i tab le ,  be c a use  a c o n s i d e r a b l e  e l ec -  
t r i c a l  m i g r a t i o n  of m a t e r i a l  occurs  w h e n  an  a p p r e -  
c iab le  f r ac t ion  of a f a r a d a y  is pas sed  d u r i n g  e l e c t r o l -  
ys is  to p r o v i d e  sufficient  r e a c t i o n  p r o d u c t s  for  e x -  
a mina t i on .  T h e  use  of a po rous  d i a p h r a g m  b e t w e e n  
the  ca thode  a n d  anode  c o m p a r t m e n t ,  w h i c h  is a 
c o m m o n  prac t ice ,  is no t  success fu l  in d e a l i n g  w i t h  
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n o n a q u e o u s  so lven t s  because  e l ec t ro -o smos i s  is con-  
s ide rab le .  To p r e v e n t  i t  the  d i a p h r a g m  m u s t  b e  v e r y  
porous .  

S e v e r a l  d i f fe ren t  t y p e s  of d i v i d e d  cel ls  h a v e  been  
cons t ruc t ed .  The  mos t  p r o m i s i n g  t y p e  consis ts  of 
t h r e e  c o m p a r t m e n t s ,  one each  for  t h e  a n o d e  a n d  
ca thode  a n d  a c h a m b e r  b e t w e e n  these  two.  By  a l -  
l owing  f r e sh  so lven t  c o n t i n u a l l y  to f low t h r o u g h  the  
m i d d l e  c o m p a r t m e n t  to a d i sca rd ,  p r o d u c t s  f r o m  
e i t he r  the  a n o l y t e  o r  c a t h o l y t e  t h a t  m i g r a t e  in to  t h e  
cen t e r  c h a m b e r  a r e  r e m o v e d  b e f o r e  t h e y  can  m i g r a t e  
in to  the  oppos i t e  e l e c t r o d e  c h a m b e r .  Some  f u r t h e r  
modi f ica t ions  of t he  f lowing j u n c t i o n  t y p e  of  cel l  a r e  
c o n t e m p l a t e d .  

The  p e r f o r m a n c e  of a g iven  e l e c t r o l y t i c  cel l  in  
k e e p i n g  t h e  a n o l y t e  and  c a t h o l y t e  f r o m  m i x i n g  was  
d e t e r m i n e d  q u a l i t a t i v e l y  b y  e l ec t ro lyz ing  b o r o n  t r i -  
f luor ide  e t h e r a t e  w i t h  coppe r  e lec t rodes .  C o p p e r  
w h i c h  d i s so lved  a t  t h e  anode  was  p r e c i p i t a t e d  as 
m e t a l  b y  r e a c t i o n  p r o d u c t s  t ha t  f o r m e d  in the  c a t h o -  
ly te .  Thus  the  p r e s e n c e  of coppe r  on t h e  w a l l s  of t he  
vesse l  was  ev idence  t h a t  m i x i n g  or  e l ec t r i ca l  t r a n s -  
po r t  of t h e  con ten t s  of t he  c o m p a r t m e n t s  h a d  oc-  
cu r red .  The  a p p a r a t u s  w i t h  t he  f lowing  j u n c t i o n  had  
on ly  a s l igh t  depos i t  of copper .  

Future  P rogram 

T h e  s t u d y  of  t he  v a r i a b l e s  i n v o l v e d  in  e l ec t ro ly s i s  
w i l l  be  d i r e c t e d  t o w a r d  a n s w e r i n g  the  fo l l owing  
ques t ions :  

1. A r e  t he  p r o d u c t s  of e l e c t ro ly s i s  of t he  p u r e  
so lven t  the  s ame  as those  o b t a i n e d  in  the  p r e s e n c e  of 
a conduc t i ng  a d d i t i v e  o r  o b t a i n e d  in  the  e l ec t ro ly s i s  
of an  aqueous  so lu t ion  of t he  so lven t?  

2. Do the  so lven t s  h a v e  a def in i t e  d e c o m p o s i t i o n  
p o t e n t i a l  ? 

3. Can  t h e  so lven t s  be  a r r a n g e d  in a ser ies ,  e i t h e r  
on the  bas is  of the  d e c o m p o s i t i o n  p o t e n t i a l  or  of  t he  
e n t h a l p y  change  of t h e  e lec t ro lys i s ,  such  t h a t  in a 
m i x t u r e  t he  so lven t  l o w e r  in  t he  ser ies  is p r e f e r e n -  
t i a l l y  d e c o m p o s e d  e l e c t r o l y t i c a l l y ?  

More  speci f ica l ly ,  b y  e l ec t ro lyz ing  v a r i o u s  s u b -  
s t i t u t e d  a m i d e s  w e  hope  to a r r i v e  a t  an  u n d e r s t a n d -  
ing  of t he  m e c h a n i s m  of t he  e lec t ro lys i s .  

In  conclus ion,  a s y s t e m a t i c  s t u d y  of the  e l ec t ro ly s i s  
of n o n a q u e o u s  m e d i a  w i l l  g r e a t l y  a d v a n c e  the  sc i -  
ence of e l e c t r o c h e m i s t r y  and  c o n t r i b u t e  to the  c h e m -  
i s t r y  of n o n a q u e o u s  solvents .  The  e l ec t ro lys i s  of 
n o n a q u e o u s  m e d i a  is p r o b a b l y  the  mos t  n e g l e c t e d  
field of i n q u i r y  in  bo th  e l e c t r o c h e m i s t r y  and  the  
c h e m i s t r y  of n o n a q u e o u s  solut ions .  A t  t he  p r e s e n t  
t i m e  mos t  of the  k n o w l e d g e  of  e l ec t ro lys i s  has  been  
o b t a i n e d  f r o m  aqueous  so lu t ions ,  and  m a n y  of t he  
p h e n o m e n a  o b s e r v e d  for  w a t e r  m a y  be  specific for  
t ha t  solvent .  The  s t u d y  of the  e l ec t ro lys i s  of a l a r g e  
n u m b e r  of o t h e r  so lven t s  w i l l  l e a d  to  g e n e r a l i z a t i o n s  
t ha t  c anno t  be  o b t a i n e d  f r o m  a s t u d y  of a s ing le  so l -  
ven t .  

Manuscr ip t  received Sept.  8, 1958. This paper  is the  
Richards  Memor ia l  Lec ture  p resen ted  at  the  New York  
Meeting, Apr i l  27-May 1, 1958. 

A n y  discussion of this paper  will '  appear  in a Dis-  
cussion Section to be publ i shed  in the  December  1959 
JOURNAL. 
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C  n  n cat on 

Composition and Properties of Saturated Solutions of ZnO in KOH 
Thedford P. Dirkse 

Calvin College, Grand Rapids, Michigan 

In  m a n y  a lka l ine  ba t t e r i e s  a soluble  zinc anode  is 
used. This produces,  on discharge,  a so lu t ion  of ZnO 
or z incate  i n  the  e lectrolyte .  To deal  w i th  such 
solut ions  theore t ica l ly ,  it  is of ten necessa ry  to k n o w  
the  va lues  for ce r t a in  phys ica l  p roper t i es  of such 

-10 
solut ions.  For  tha t  reason  sa tu ra t ed  solut ions  of 
ZnO in  K O H  were  p r e p a r e d  and  s tud ied  at  d i f ferent  
t empera tu re s .  -20 

Al l  KOH solut ions  were  made  by  add i t ion  of wa te r  o c 
to a s a tu ra t ed  stock solut ion.  C.P. ZnO was added -30 
to these KOH solutions.  Because of the  poss ib i l i ty  of 
phase  changes,  the  so lu t ions  were  a l lowed  to s t and  

-4G 
at least  severa l  m o n t h s  before  analysis .  P y r e x  
glass and  po lye thy l ene  con ta ine rs  were  used. Sev-  
e ra l  d i f fe ren t  series of solut ions  w e r e  p r e p a r e d  at  -5c 
25~ and  r u n  i n d e p e n d e n t l y  of each other.  Some of 
the  solut ions  were  s a tu ra t ed  at  a h ighe r  t e m p e r a t u r e  -ec 
before  be ing  cooled a n d  a l lowed to equ i l i b r a t e  at  
the desired t e m p e r a t u r e ;  some solut ions  were  sa tu -  
r a ted  at the  t e m p e r a t u r e  ind ica ted ;  some were  sa tu -  
r a t ed  b y  a l lowing  w a t e r  to evapora te  at  a cons ider -  

F p I 1 

0 ~ 

I 0  20 30 40 
% K O H  

Fig. 1. Phase d iogrom of  aqueous KOH solut ions 
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ab ly  reduced  pressure ;  and  some were  p r e p a r e d  by  
d i lu t ion  of more  concen t ra t ed  solut ions.  

Each so lu t ion  was  ana lyzed  for po t a s s ium a nd  
zinc. Al l  the po t a s s ium ana lyses  we re  m a d e  spec-  
t r opho tome t r i ca l l y  (1, 2).  Zinc  was  d e t e r m i n e d  most  
of ten by  t i t r a t i on  w i th  s t anda rd i zed  po t a s s ium fe r -  
rocyan ide  solut ion,  b u t  also spec t ropho tomet r i ca l ly  
us ing  d i th izone  (3) .  Al l  solut ions  were  f i l tered 
t h rough  glass f i l ter ing crucibles  before  analysis .  P r e -  
cau t ions  were  t aken  to avoid  contac t  w i t h  CO2. The  
m e l t i n g  poin ts  of aqueous  K O H  solut ions  were  de-  
t e r m i n e d  f rom cooling and  w a r m i n g  curves .  D u p l i -  
cates and  checks were  r u n  cons t an t l y  and  the  resu l t s  
agreed  to w i t h i n  0.1~ 

Resul ts  are  g iven  in  the  a c c o m p a n y i n g  Tables  I a nd  
II and  Fig. 1. The  solid phases  were  ZnO and  va r ious  
hydra t e s  of KOH. In  opera t ing  ba t te r ies  the  zinc 
content ,  and  hence  dens i ty  and  viscosity,  m a y  r ise 
t e m p o r a r i l y  cons ide rab ly  above  the  va lues  g iven  
here  (4) .  

Table I. Composition and properties of saturated solutions of ZnO 
in aqueous KOH at 25~ 

Dens i ty ,  l~e la t ive  Sp. cond. 
% K % Zn g / c m  8 v i s cos i t y  ohm-~ e m  -1 

3.66 0.28 
4.93 0.48 
8.18 0.55 

15.0 1.83 
21.3 3.61 
21.9 3.71 
28.9 6.34 
30.9 8.41 
35.3 10.20 
36.0 11.05 
36.1 10.53 
36.3 7.91 
36.4 6.02 
37.7 2.28 

C O M P O S I T I O N  O F  S O L U T I O N S  O F  Z n O  IN  K O H  

1.1076 1.302 0.370 
1.2258 1.865 0.521 
1.3616 3.120 0.500 
1.3637 3.123 0.492 
1.5356 7.624 0.317 
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Table II. Composition of saturated solutions of ZnO in 
aqueous KOH 

44.6~ 3~ 
K % Zn % K % Zn 

10.05 0.80 
17.62 2.30 
22.1 4.33 
31.8 7.48 
34.4 9.29 
34.7 11.05 
38.6 0.81 
38.8 2.03 
38.3 3.49 
39.1 2.78 
40.1 2.29 

7.90 0.55 
14.01 1.74 
20.01 3.82 
21.29 3.97 
26.9 5.36 
32.2 7.89 
32.6 4.31 

_20oc --30"C 

17.4 2.38 17.1 2.43 
18.8 2.96 19.4 3.04 
15.4 2.38 17.4 2.46 
17.3 2.28 21.9 3.85 
21.4 3.80 24 4.89 
24.3 5.28 29.9 0.52 
28.0 0.95 30.8 0.32 
28.6 0.25 
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ABSTRACT 

A new type  of rese rve  ba t t e ry  is described.  In  storage, the  solvent  for the  
e lectrolyte ,  l iquid ammonia ,  is kep t  separa te  f rom the dry,  del iquescent  solute. 
On act ivat ion,  ammonia  vapor  is re leased  to condense r ap id ly  in the cells and 
energize the bat tery .  A la rge  number  of prac t ica l  cells can be bui l t  using this 
principle.  Character is t ics  of severa l  a re  presented.  Some proper t ies  of e lec t ro-  
lytes  in l iquid ammonia  are  also discussed. 

F o r  m o r e  t h a n  a c e n t u r y  the  so lven t  p r o p e r t i e s  
of l i qu id  a m m o n i a  h a v e  i n t r i g u e d  chemis t s .  A 
l a r g e  b o d y  of l i t e r a t u r e  has  d e r i v e d  f r o m  the  r e -  
s ea rch  of F r a n k l i n  a n d  of K r a u s  a n d  t h e i r  s tuden t s .  
F r a n k l i n  (1) ,  A u d r i e t h  a n d  K l e i n b e r g  (2) ,  a n d  
Sneed,  et al. (3)  have  s u r v e y e d  l i qu id  a m m o n i a  
c h e m i s t r y .  

M a n y  subs t ances  d i s so lve  in  l i qu id  a m m o n i a  to 
fo rm c o n d u c t i n g  so lu t ions .  Most  i n v e s t i g a t o r s  h a v e  
been  c o n c e r n e d  w i t h  d i l u t e  so lu t ions ,  p a r t i c u l a r l y  
t h e i r  b e h a v i o r  w i t h  r e s p e c t  to r e l a t i o n s h i p s  such  
as those  of D e b y e  a n d  Hfickel ,  Onsager ,  and  
Walden .  The  so lu t ions  u sed  in t he  b a t t e r i e s  u n d e r  
d i scuss ion  a r e  h i g h l y  concen t r a t ed ,  and,  as in  the  
case  of c o n c e n t r a t e d  aqueous  solut ions ,  a d e q u a t e  
t h e o r e t i c a l  r e l a t i o n s h i p s  b e t w e e n  v a r i o u s  p r o p e r t i e s  
and  c o n c e n t r a t i o n  h a v e  no t  been  de r ived .  The  
l i t e r a t u r e  on c o n c e n t r a t e d  so lu t ions  dea l s  l a r g e l y  
w i t h  t he  so lub i l i t y  of sa l t s  a t  v a r i o u s  t e m p e r a t u r e s .  
This  i n f o r m a t i o n  is w e l l  s u m m a r i z e d  b y  bo th  
A u d r i e t h  and  K l e i n b e r g  (2)  and  Sneed ,  et al. (3) .  
Da t a  a r e  also g iven  b y  Se ide l l  (4) .  

V a p o r  p r e s s u r e  s tud ies  on the  sy s t ems  N H , S C N -  
NI-LNO.-NH, and  NH4SCN-NH,-H,~O w e r e  m a d e  b y  
Foote ,  B r i n k l e y ,  and  H u n t e r  (5 -7 )  and  on so lu t ions  
of NH,C1, NH,Br ,  NH~I, a n d  NH4NO. in  NH,  b y  H u n t  
and  L a r s e n  (8) .  

The  c o n d u c t a n c e  at  - -40~ of so lu t ions  of e i g h t -  
een  sa l t s  was  m e a s u r e d  b y  P l e s k o v  (9) ,  whose  d a t a  
e x t e n d  on ly  to r eg ions  of m o d e r a t e  concen t r a t ion .  
Specif ic  conduc t ances  at  0~ fo r  t he  s y s t e m  NH,  
S C N - N H .  a r e  g iven  b y  Foo te  a n d  H u n t e r  (7) .  

S t a n d a r d  o x i d a t i o n  p o t e n t i a l s  in  l i qu id  a m m o n i a  
a r e  d i scussed  b y  J o l l y  (10)  w h o s e  t ab l e  i nc ludes  
mos t  of t he  p r e v i o u s l y  p u b l i s h e d  da ta .  A ser ies  of 
p a p e r s  on p o t e n t i o m e t r i c  t i t r a t i o n s  in  l i qu id  a m m o n i a  
has  been  p u b l i s h e d  b y  W a t t  a n d  his  s t u d e n t s  (11).  

The  d e v e l o p m e n t  of a m m o n i a  v a p o r  a c t i v a t e d  
b a t t e r i e s  d e r i v e s  f r o m  r e s e a r c h  in to  the  r e c o v e r y  
of ca l c ium f r o m  l ime  depos i t s  c a r r i e d  out  b y  M i n -  
n i ck  a n d  P r e s g r a v e  (12) ,  w h o  d e v e l o p e d  a p rocess  
for  e l e c t r o w i n n i n g  th i s  m e t a l  f r o m  so lu t ions  of i ts  
sa l t s  in  l i q u i d  a m m o n i a  a t  - -50~ T h e  p rocess  was  
l a t e r  e n l a r g e d  to i nc lude  o the r  m a t e r i a l s  such  as 
a l k a l i  me ta l s .  In  t he  course  of i n v e s t i g a t i n g  these  

cells ,  a r e c h a r g e a b l e  c u r r e n t - p r o d u c i n g  cel l  s y s t e m  
c a p a b l e  of d e l i v e r i n g  a b o u t  4.5 v was  d i scovered .  
I t  was  poss ib le  to  o p e r a t e  l a m p s  a n d  o t h e r  dev ices  
for  a c o n s i d e r a b l e  p e r i o d  w i t h  t he  ce l l  a t  - -50~ 
The  p h y s i c a l  c h e m i s t r y  of e l e c t r o l y t e  so lu t ions  
p o t e n t i a l l y  d e s i r a b l e  for  use  in  b a t t e r i e s  w a s  e x -  
t e n s i v e l y  s t ud i e d  b y  Minn ick ,  P r e s g r a v e ,  and  
Meyers ,  and  the  b e h a v i o r  of e l e m e n t a r y  cel ls  i n -  
c o r p o r a t i n g  v a r i o u s  e l e c t rode s  was  i n v e s t i g a t e d  
w i t h  t he  p a r t i c u l a r  ob j ec t i ve  of h i g h - r a t e ,  s h o r t -  
d u r a t i o n  d i scharge .  M a n y  cel ls  s u i t a b l e  for  such 
a p p l i c a t i o n s  w e r e  f o u n d  to s e l f - d i s c h a r g e  r a p i d l y  
a n d  w e r e  d e e m e d  u n s a t i s f a c t o r y  fo r  b a t t e r i e s  in  
gene ra l .  

A n  i n t e r e s t i n g  d i s c o v e r y  d u r i n g  these  s tud ies  
was  t h a t  a cel l  cou ld  be  b u i l t  in w h i c h  one con-  
s t i t u e n t  of t he  e l e c t r o l y t e  was  p l aced  in  a d r y  
cond i t i on  b e t w e e n  the  e lec t rodes .  A c t i v a t i o n  of t he  
cel l  was  a c c o m p l i s h e d  m e r e l y  b y  e x p o s u r e  to a 
vapor ,  in  th is  case  a m m o n i a .  A m o n g  the  a d v a n t a g e s  
of gas  or  v a p o r  a c t i v a t i o n  is the  fac t  t h a t  t h e r e  is 
no l i qu id  to be m o v e d  as in  the  c o n v e n t i o n a l  t y p e s  
of r e s e r v e  ba t t e r i e s .  The  g e o m e t r y  of the  s t ack  is 
t h e r e f o r e  less  c r i t i ca l  and  i n t e r n a l  sho r t  c i rcu i t s  
a r i s ing  f rom e l e c t r o l y t i c  p a t h s  across  edges  a r e  
v i r t u a l l y  e l i m i n a t e d .  

Electrolytes 

The  a m m o n i u m  sal ts ,  w h i c h  a r e  the  ac ids  in  l i qu id  
a m m o n i a  c h e m i s t r y ,  and  sa l t s  w i t h  n i t r o g e n - c o n -  
t a i n i n g  an ions  a r e  u se fu l  as so lu tes  for  A V A  
( a m m o n i a  v a p o r  a c t i v a t e d )  ba t t e r i e s .  NH,SCN 
solut ions ,  fo r  e x a m p l e ,  h a v e  been  f o u n d  p a r t i c u l a r l y  
effect ive.  On e x p o s u r e  of t he  d r y  sa l t  to a m m o n i a  
vapor ,  c o n d e n s a t i o n  occurs  r a p i d l y ,  f o r m i n g  a 
color less  solut ion.  The  v a p o r  p r e s s u r e  of s a t u r a t e d  
so lu t ions  is less  t h a n  4% of t h a t  of p u r e  a m m o n i a  
a t  t e m p e r a t u r e s  b e t w e e n  - -55 ~ and  + 7 5 ~  a n d  
n e v e r  exceeds  1 a t m  in th i s  r ange .  F o r  some so lu-  
t ions  f o r m e d  in A V A  ba t t e r i e s ,  p r e s s u r e s  m a y  be  
w e l l  a b o v e  a t m o s p h e r i c  u n d e r  e x t r e m e  e n v i r o n -  
m e n t a l  condi t ions .  

T h e  c o n d u c t a n c e  of NH4SCN so lu t ions  is h igh  
ove r  a w ide  t e m p e r a t u r e  r a n g e  and  has  a s m a l l e r  
t e m p e r a t u r e  coefficient  t h a n  is c h a r a c t e r i s t i c  of 
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aqueous  solut ions .  Foo te  and  H u n t e r  (5)  l i s t  
specific conduc t ances  a t  0~ r a n g i n g  f r o m  0.20 to  
0.11 o h m  -1 cm -~ for  so lu t ions  r a n g i n g  f rom 25 to 
43 mole  % NH~SCN. This  h igh  c o n d u c t i v i t y  is 
r e l a t e d  in p a r t  to t he  l ow v i scos i ty  of t he  so lvent .  

O the r  so lu tes  a n d  m i x t u r e s  of so lu tes  h a v e  been  
used  success fu l ly  in  A V A  cells,  a l t h o u g h  in  mos t  
i n s t ances  the  r a t e  of condensa t i on  is a p p r e c i a b l y  
s l ower  t h a n  w h e n  NH4SCN is used.  

Electrodes 

The  p r i n c i p a l  m e t a l s  used  for  anodes  h a v e  been  
m a g n e s i u m ,  zinc, a n d  lead.  The  m a g n e s i u m  has  
u s u a l l y  been  an  a l l oy  of the  AZ31 ser ies ,  bu t  p u r e  
v a p o r - d e p o s i t e d  m a g n e s i u m  has  a lso  been  t r i ed .  
Bo th  ro l l ed  zinc, e i t h e r  p u r e  or  c o n t a i n i n g  a s m a l l  
p e r c e n t a g e  of l e ad  and  c a d m i u m ,  and  e l e c t r o p l a t e d  
zinc h a v e  been  used.  The  l e a d  anodes  have  g e n e r a l l y  
been  e lec t rodepos i t s ,  b u t  some tes t s  w e r e  m a d e  
us ing  l e a d  foil.  In  no case has  t h e r e  been  a n y  
a p p r e c i a b l e  d i f fe rence  in p e r f o r m a n c e  b e t w e e n  the  
" p u r e "  coa t ings  and  the  a l loys .  E x p e r i m e n t s  h a v e  
also been  p e r f o r m e d  us ing  c a d m i u m ,  l i t h ium,  
l i t h i u m - a l u m i n u m  a l loys ,  ca lc ium,  and  o the r  anodes .  

Much  of  the  w o r k  has  i nc luded  the  use  of  m a n -  
ganese  d i o x i d e  and  l ead  d iox ide  ca thodes .  The  
f o r m e r  has  been  e lec t ro  ore  m i x e d  w i t h  ca rbon  
b l a c k  for  t he  mos t  pa r t ,  bu t  some tes ts  h a v e  also 
been  r u n  w i t h  MnO~ e l e c t r o d e p o s i t e d  on c a r b o n  
rods.  The  l e ad  d i o x i d e  has  u s u a l l y  been  e l e c t r o -  
depos i t ed  on a s t a in l e s s  s tee l  base .  A n  e x t e n s i v e  
t es t  p r o g r a m  us ing  s i lve r  ch lo r ide  a n d  s i lve r  o x i d e  
ca thodes  was  f a i r l y  successful .  H o w e v e r ,  the  h igh  
s o l u b i l i t y  of s i lve r  c o m p o u n d s  in a m m o n i a  l im i t s  
t h e i r  u se fu lnes s  for  m a n y  app l i ca t ions .  N u m e r o u s  
o t h e r  m a t e r i a l s  can  be  used  as ca thodes .  

Structures 
Most  of the  d e v e l o p m e n t  s tud ies  on A V A  cel ls  

h a v e  been  c a r r i e d  out  us ing  cel ls  of l a m i n a r  con-  
s t ruc t ion .  Th in  e l ec t rodes  we re  b l a n k e d  f r o m  s t r ip  
s tock,  b e t w e e n  w h i c h  one  or  m o r e  d r y  e l e c t r o l y t e  
pads  w e r e  p laced .  The  bas ic  e x p e r i m e n t a l  cel ls  
have  been  a n n u l a r  in shape,  w i t h  NH~ a d m i t t e d  
f r o m  t h e  center .  E l e c t r o l y t e  pads  h a v e  c o m p r i s e d  
a po rous  vehic le ,  of w h i c h  f i l ter  p a p e r  is a t y p i c a l  
e x a m p l e ,  i m p r e g n a t e d  f rom an aqueous  so lu t ion  of 
the  de s i r ed  sa l t  and  dr ied .  I t  has  been  found  t h a t  
for  a g iven  vehic le ,  t h e  w e i g h t  of s a l t  i m p r e g n a t e d  
p e r  un i t  a r e a  f rom a so lu t ion  of g iven  c o n c e n t r a t i o n  
is r e p r o d u c i b l e  w i t h i n  10%, even  w i t h  r u d i m e n t a r y  
contro ls ,  and  t h a t  t he  u n i f o r m i t y  of i m p r e g n a t i o n  
of the  veh ic l e  in shee t  f o rm  is accep tab l e .  Inc lus ion  
of m o r e  t h a n  one e l e c t r o l y t e  p a d  in a cel l  p e r m i t s  
t h e  use  of d i f fe r ing  a m o u n t s  of sa l t  in t h e  c a t h o l y t e  
and  the  a n o l y t e  pads .  Some  20 ce l lu lose  p a p e r s  
r a n g i n g  in f ree  v o l u m e  f rom 35 to 82% and  two  
glass  f iber  p a p e r s  of 29 and  95% f ree  v o l u m e  h a v e  
been  used.  

In  t he  cel ls  us ing  MnO~-C as the  d e p o l a r i z e r  mix ,  
a s o m e w h a t  s i m i l a r  cons t ruc t i on  has  g e n e r a l l y  been  
e m p l o y e d .  The  bas ic  cel ls  have  been  s a n d w i c h e s  of 
c i r c u l a r  disks ,  w i t h  NH.~ a d m i t t e d  f r o m  the  o u t e r  
p e r i m e t e r .  The  a n o d e  has  been  t h e  s a m e  t y p e  of 
m a t e r i a l  used  in t he  a n n u l a r  cells.  The  pads ,  h o w -  

ever ,  have  been  b l a n k e d  and  t hen  i m p r e g n a t e d  b y  
a d d i t i o n  of a def in i te  v o l u m e  of so lu t ion  f rom a 
bu re t .  The  MnO~-C has  been  pe l l e t i z ed  b y  com-  
press ion ,  and  a c a r b o n  c a thode  has  been  used.  
Corson  has  also done  some  w o r k  w i t h  c y l i n d r i c a l  
ce l ls  us ing  v a r i a t i o n s  of t he  t y p i c a l  Lec l anch~  ce l l  
s t r uc tu r e .  

Cel ls  a re  connec t ed  as r e q u i r e d  b y  the  a p p l i c a -  
t ion  and  a re  p l a c e d  in a s u i t a b l e  con ta ine r ,  w h i c h  
to da t e  has  been  e i t h e r  s tee l  or  a l u m i n u m ,  a l t h o u g h  
m a g n e s i u m  is also p rac t i ca l .  The  a m m o n i a  source  
m a y  be  e i t he r  ex t e rna l ,  in w h i c h  case  a su i t ab l e  
f i t t ing  is p rov ided ,  or  i n t e rna l ,  u s ing  a r e l e a s e r  
w i t h i n  the  b a t t e r y  a c t u a t e d  b y  a m e c h a n i c a l  or  
e l e c t r i c a l  impulse .  D e p e n d i n g  on the  r a p i d i t y  of 
a c t i v a t i o n  r e q u i r e d ,  a source  of h e a t  m a y  be  in -  
c luded  in the  r e l e a s e r  to ach ieve  r a p i d  e v a p o r a t i o n  
of NH~. 

The  c o n t a i n e r  is h e r m e t i c a l l y  s ea l ed  a f t e r  e v a c -  
u a t i o n  to a "sof t "  v a c u u m  of 1 m m  Hg or  s l i gh t ly  
less,  p r i m a r i l y  to r e m o v e  a l l  b u t  t he  l a s t  t r aces  of 
w a t e r  or  NH~ and  to avo id  b a c k  p r e s s u r e  in t he  
cells.  The  b a t t e r y  is p r o v i d e d  w i t h  an  e x h a u s t  
hole  ove r  w h i c h  a cap is soldered[ u n d e r  v a c u u m .  
The  cap  m a y  be  u n s o l d e r e d  in an  a m m o n i a  a t m o s -  
p h e r e  and  the  b a t t e r y  c h e c k e d  e l ec t r i ca l ly .  The  
NH~ is t hen  e xha us t e d ,  the  b a t t e r y  r e - e v a c u a t e d ,  and  
the  cap  r e s o l d e r e d  r e t u r n i n g  the  b a t t e r y  to an  
i n e r t  condi t ion .  This  f e a t u r e  is u n i q u e  a m o n g  r e -  
s e rve  b a t t e r i e s  in so fa r  as the  a u tho r s  a r e  aware ,  
a n d  should  e n h a n c e  the  r e l i a b i l i t y  of t he  p roduc t .  

Cell Characteristics 
The  p r o g r a m  to e v a l u a t e  des ign  p a r a m e t e r s  has  

c o m p r i s e d  t h o u s a n d s  of cel l  d i scha rges .  Each  p a r -  
t i c u l a r  cons t ruc t ion  of cel l  has  been  t e s t ed  a t  room 
t e m p e r a t u r e  b y  d i s c h a r g e  a t  c o n s t a n t  c u r r e n t  
i m m e d i a t e l y  a f t e r  a c t i v a t i o n  f r o m  a source  of NH~ 
at  abou t  10 a rm to d e p l e t i o n  of the  cel l  b y  e x h a u s -  
t ion  of d e p o l a r i z e r  or  e l ec t ro ly t e .  The  e v a l u a t i o n  
has  i nc luded  tes t s  a t  s e v e r a l  c u r r e n t  dens i t ies .  
V a r i a t i o n s  in c ons t ruc t i on  h a v e  i n v o l v e d  (a )  t he  
anode  meta l ,  (b )  the  a m o u n t  of d e p o l a r i z e r  on t h e  
ca thode ,  and  (c)  the  t y p e  of  e l e c t r o l y t e  ve h i c l e  and  
the  effect of v a r y i n g  the  sa l t  con ten t  thereof .  The  
m o r e  p r o m i s i n g  cons t ruc t ions  a r e  t h e n  e v a l u a t e d  at  
s e v e r a l  t e m p e r a t u r e s  a n d  also b y  t e s t i ng  a f t e r  
v a r i o u s  pe r i ods  of a c t i v a t e d  s tand .  

The  n a t u r e  of  the  e l e c t r o l y t e  so lu t ions  has  d i c -  
t a t e d  t h a t  even  the  mos t  e l e m e n t a r y  tes t s  be  con-  
d u c t e d  in spec ia l  tes t  vesse ls ;  w o r k i n g  in  open  
vesse l s  or  in  g lass  is i m p r a c t i c a l .  F o r  r e p e a t e d  use  
in  tes t  e q u i p m e n t ,  p a r t s  coming  !m con tac t  w i t h  
ce l l  c o m p o n e n t s  a r e  bes t  m a d e  of Teflon o r  p o l y -  
e thy l ene ,  a l t h o u g h  n y l o n  is a d e q u a t e  un less  the  
s t a n d  t i m e  or  d i s c h a r g e  is p ro longed .  I n s u l a t i o n  of 
w i r e s  r e q u i r e s  also t h a t  Teflon, ny lon ,  p o l y e t h y l e n e ,  
or  s i m i l a r  m a t e r i a l s  be  used .  

As  expec ted ,  t h e r e  is no one c o m b i n a t i o n  of 
c o m p o n e n t s  t ha t  g ives  the  bes t  p e r f o r m a n c e  u n d e r  
a l l  condi t ions .  F i g u r e s  1, 2, and  3 p r e s e n t  d i s c h a r g e  
vo l t ages  as a func t ion  of d e l i v e r e d  c a p a c i t y  for  t h e  
Mg/NH~SCN/PbO~, Zn/NH4SCN/PbO~, a n d  Pb /NH4  
SCN/PbO._, sys tems ,  us ing  for  each  the  cons t ruc t i on  
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t h a t  has  thus  fa r  g iven  the  mos t  e n e r g y  p e r  un i t  
v o l u m e  of cell .  The  mos t  efficient  Mg and  Zn cells,  
on th is  basis ,  a r e  e l e c t r o l y t e  l imi t ed .  T h e i r  c a p a c i t y  
d e p e n d s  on the  a m o u n t  of NH4SCN i n i t i a l l y  in the  
ce l l  and  no t  on the  t o t a l  a m o u n t  of PbO.., p re sen t .  
On the  o t h e r  hand ,  P b  cel ls  w i t h  the  s a m e  a m o u n t s  
of NH~SCN and  PbO~ a re  l i m i t e d  in c a p a c i t y  b y  t h e  
d e p l e t i o n  of PbO,.  This  r e su l t s  f r o m  t h e  r e l a t i v e l y  
r a p i d  r e a c t i o n  of 1Vig a n d  Zn w i t h  t he  ac id  solu t ion ,  
w h i c h  r e m o v e s  NH, + ion  t ha t  w o u l d  h a v e  been  
a v a i l a b l e  for  t he  c a thode  reac t ion .  Lead ,  howeve r ,  
is ca thod ic  to h y d r o g e n  in ac id  so lu t ions  in a m m o n i a .  
This  m a k e s  i t  poss ib l e  to o p e r a t e  l e a d  cel ls  for  tong 
p e r i o d s  at  v e r y  l i gh t  loads  or  a f t e r  e x t e n d e d  
a c t i v a t e d  s tand ,  w h e r e a s  Mg or  Zn cel ls  a r e  sub j ec t  
to r a p i d  s e l f -d i s c ha rge .  F i g u r e s  4, 5, a n d  6 show 
c a p a c i t y  to d e p l e t i o n  of Mg, Zn, and  P b  cells ,  
r e spec t i ve ly ,  as a func t ion  of  c u r r e n t  dens i ty .  
C u r r e n t  dens i t i e s  a r e  c i ted  in t e r m s  of the  e q u a l  
a p p a r e n t  a r ea s  of t h e  e lec t rodes .  The  effect  of se l f -  
d i s c h a r g e  in the  Mg and  Zn cel ls  m a y  be  p e r c e i v e d  
b y  c o m p a r i n g  the  o r d i n a t e s  w i t h  t he  t h e o r e t i c a l  
capac i t i e s  of 10 and  12 c o u l o m b s / c m  "~, r e spec t i ve ly .  
A t  c u r r e n t  dens i t i e s  b e l o w  31 m a / c m "  (200 ma/in. '~),  
t he  P b  cel ls  o p e r a t e  e s s e n t i a l l y  at  100% c a thode  
efficiency. I f  the  p r o p o r t i o n  of NH4SCN in Mg or  
Zn cel ls  i~ m a d e  l a r g e  w i t h  r e spe c t  to t he  a m o u n t  
of PbO~ on the  ca thode ,  t h e  PbO,  can  be  m a d e  
l i m i t i n g  so t h a t  eff iciency of  Mg or  Zn cel ls  a p -  
p r o a c h e s  100% based  on PbO~. The  e n e r g y  d e n s i t y  
suffers  c o n s i d e r a b l y  in do ing  this .  

F i g u r e  7 shows  the  effect of t e m p e r a t u r e  on cel l  
c a p a c i t y  for  the  Zn /NH4SCN/PbO~ sys tem.  The  
r e su l t s  a r e  a t t r i b u t e d  to m o r e  r a p i d  co r ros ion  of t he  
Zn as t he  t e m p e r a t u r e  is i nc reased .  

Tes ts  of the  Mg/NH~SCN/MnO~-C  cel l  h a v e  been  
conce rned  w i t h  modi f i ca t ions  of t he  e l e c t r o l y t e  to  
r e d u c e  or  e l i m i n a t e  the  s e l f - d i s c h a r g e  a t  t he  anode .  
S e l f - d i s c h a r g e  in th is  s y s t e m  can  be  r e d u c e d  
s ign i f i can t ly  b y  us ing  a d d i t i v e s  t h a t  bu f fe r  t h e  
e l ec t ro ly t e ,  n e u t r a l  sa l t s  such as Mg(SCN)~ ,  or  
subs t ances  t h a t  l im i t  the  d i f fus ion  of NH,  + ion  
t o w a r d  the  a n o d e  to a r a t e  less  t h a n  t h a t  of t r a n s -  
p o r t  t o w a r d  the  ca thode .  

The  a b i l i t y  to e v a c u a t e  A V A  cells  r a p i d l y  has  
been  used  to o b t a i n  i n f o r m a t i o n  on c h e m i c a l  changes  
as a func t ion  of s t a n d  t i m e  a n d  d i scha rge .  Such  
tes ts  show q u a l i t a t i v e l y  t h a t  on a c t i v a t i o n  t h e r e  is 
a r e a c t i o n  b e t w e e n  MnO~ and  SCN- ion, r e s u l t i n g  
in an  a p p r e c i a b l e  d e c r e a s e  in  t he  a v a i l a b l e  o x y g e n  
of the  d e p o l a r i z e r  mix .  H o w e v e r ,  a p r o d u c t  of th is  
r e a c t i o n  is p r e s u m a b l y  t h iocyanogen ,  w h i c h  is 
a v a i l a b l e  as a d e p o l a r i z e r  in  t he  cell ,  b u t  w h i c h  is 
l eached  f r o m  the  MnO2 p r i o r  to a n a l y s i s  for  a v a i l -  
ab l e  oxygen .  The  i nc rea se  in  Mg +§ ion in t he  cel l  
was  f o u n d  to b e  the  sum of the  a m o u n t s  f o r m e d  b y  
s e l f - d i s c h a r g e ,  as d e t e r m i n e d  f rom s t a n d  tes t s  
w i t h o u t  d i s c h a r g e  a n d  the  a m o u n t  e l e c t r o c h e m i c a l l y  
e q u i v a l e n t  to t he  c a p a c i t y  de l i ve red .  

A u n i q u e  a p p a r a t u s  for  a n a l y z i n g  t h e  c h a r a c t e r -  
i s t ics  of  the  c o m p o n e n t s  of o p e r a t i n g  cel ls  has  been  
d e v e l o p e d  b y  Meyers .  I t  i nvo lves  a H a r i n g  cel l  
o p e r a t e d  w i t h  b r e a k e r  t echn iques .  I t  is i n t e n d e d  to 
d e s c r i b e  th is  t e s t  m e t h o d  in a f u t u r e  p a p e r .  Tes ts  
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of the  M g / N H , S C N / M n O . , - C  cel l  showed  t h a t  
a n o d e  p o l a r i z a t i o n  inc reases  a t  a s m a l l  cons t an t  
r a t e  d u r i n g  d i scharge .  The  anode ,  e l ec t ro ly t e ,  and  
o v e r - a l l  cel l  r e s i s t ances  also i nc rea se  l i n e a r l y  d u r i n g  
d i scha rge .  The  r e s i s t i v i t y  of the  cel ls  was  i n i t i a l l y  
55 o h m - c m  and  i n c r e a s e d  to  100 o h m - c m  d u r i n g  
c o m p l e t e  d i s c h a r g e  ( to 0 v ) ,  t h e  m a j o r  p a r t  of t h e  
i n c r e a s e  b e i n g  in t he  a n o d e  film. S i m i l a r  e v a l u a t i o n  
of cel ls  w i t h  PbO.~ ca thodes  is n o w  in process .  S u r g e  
d i s cha rges  of Pb /PbO~ cel ls  of 0.3 a m p / c m  2 (2.0 
a m p / i n .  ~) for  10 msec  r e su l t  in ove r  80% i n s t a n -  
t a neous  r e c o v e r y  of v o l t a g e  on r e m o v a l  of the  load,  
and  c o m p l e t e  r e c o v e r y  w i t h i n  2 msec.  S u r g e s  of 
0.15 a m p / c m  -~ (1.0 a m p / i n .  ~) for  100 msec  r e s u l t  in  
b e t t e r  t h a n  90% r e c o v e r y  in 10 msec.  

A l t h o u g h  few tes ts  h a v e  been  c o n d u c t e d  a t  t e m -  
p e r a t u r e s  b e l o w  - -25~ l i q u i d  s y s t e m  r e s e r v e  
b a t t e r i e s  h a v e  o p e r a t e d  as w e l l  a t  - -55~  as  a t  
r oom t e m p e r a t u r e .  S m a l l  v a p o r  a c t i v a t e d  b a t t e r i e s  
have  also been  success fu l ly  a c t i v a t e d  and  o p e r a t e d  
at  - -55~ On the  bas is  of w o r k  to da te ,  t he  c a p -  
ab i l i t i e s  of  A V A  b a t t e r i e s  a p p e a r  to l ie  in  t he  r a n g e  
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Fig. 7. Effect of temperature on discharge of Zn /NH4SCN/  
Pb02 A V A  cells at  35.3 rna/cm 2 (228 ma/in.~). Curve 1 at 
25~ curve 2 at 50~ curve 3 at 70~ 

of 1.0 w m i n / c m  '~ (0.3 w h r / i n .  3) for  h igh  r a t e  d i s -  
cha rges  (ove r  25 m a / c m  ") to m o r e  t h a n  3.6 w m i n / c m "  
(1 w h r / i n ? )  for  low r a t e  a p p l i c a t i o n s  ( u n d e r  
3 ma/cm-~). These  a r e  e q u i v a l e n t  to a r a n g e  of 0.6 
to 2.5 w m i n / g  (5 to 20 w h r / l b ) .  
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General and Intergranular Corrosion of 
Austenitic Stainless Steels in Acids 

Effect of Cations in the Acids and the Influence of Heat Treatment 
and Grain Size of the Steel 

Michael A. Streicher 
Engineering Research Laboratory, Engineering Department,  E. I. du Pont de Nemours  & Co., Inc., 

Wilmington,  Delaware 

ABSTRACT 

Corrosion of stainless steels by nitr ic acid is determined largely by the 
crystal lography of grain  boundaries.  There is preferent ia l  attack even on an-  
nealed steels. Increasing the rate of dissolution, either by an anodic current  
or by oxidizing cations, intensifies in te rgranu la r  penetrat ion.  The same crystal-  
lographic factors which determine preferent ial  corrosion also determine the 
precipitat ion of chromium carbides. Their  presence leads to a very great in -  
tensification of in te rgranula r  attack, as does sigma phase, even as an invisible, 
pre-precipi ta t ion constituent.  

Oxidizing cations, such as Cr +~, Ce +~, and Fe +~, increase the corrosion of s tain-  
less steels in ni tr ic  acid by cathodic depolarization, by shifting the open-ci r -  
cuit potential  of cathodic areas toward more noble values and, probably,  by 
depolarization of anodic areas. 

The effect of surface finish on corrosion rate is largely a funct ion of the 
t rue (absolute) area produced by various finishes. 

Ferric  ions in ferric sulfate-sulfur ic  acid solution greatly inhibi t  general,  or 
grain-face, corrosion by anodic polarization. In  place of the reduction of hy-  
drogen ions and the evolut ion of hydrogen gas at cathodic areas, ferric ions are 
reduced. The consumption of ferric ions is electrochemically equivalent  to the 
weight of steel dissolved. On steels containing in te rgranu la r ly  precipitated 
chromium carbides, in te rgranula r  attack leads to dislodgment of grains and a 
readily detectable weight loss. 

Data obtained in sulfuric acid solutions containing ferric ni t ra te  in place 
of ferric sulfate suggest that  it may be possible to develop a 24-hr evaluat ion 
test with this solution. 

The action of cupric sulfate in copper sulfate-sulfuric  acid solution is s imilar  
to that  of ferric ions. However, in te rg ranu la r  attack on susceptible steels does 
not dislodge grains readily, and, therefore, weight loss cannot be used for 
rout ine evaluat ion of the results. 

In te rg ranu la r  attack in this solution is greatly accelerated by metall ic copper 
immersed s imul taneously  wi th  the stainless steel specimen or in contact with it. 
This acceleration is a result  of the formation of cuprous ions and of galvanic 
action by copper, which is the anode of this couple. The resul t ing galvanic cur-  
rent  and the cuprous ions reduce anodic polarization most readily at grain 
boundaries  containing chromium carbide precipitate and thereby greatly in -  
crease the rate of in te rgranula r  penetration.  Sigma phase does not lead to ac- 
celerated in te rgranula r  attack in this solution. 

The influence of grain size on in te rgranula r  corrosion depends on the method 
used for measurement ,  change in electrical resistance or weight-loss, and com- 
position of the corroding acid solution. 

Dissolution of stainless steels in all three acid solutions is p redominant ly  
under  anodie control. The difference in grain surface corrosion and in in te r -  
g ranular  penetra t ion at susceptible boundaries  is a t t r ibuted pr imar i ly  to a lower 
anodic polarizabil i ty of the metal  in such grain boundary  zones ra ther  than  to 
any difference which may exist in the open-circui t  potentials of grain surfaces 
and grain boundaries.  

The  i n t e n s i t y  of i n t e r g r a n u l a r  a t t ack  on s ta in less  
steels exposed to ce r ta in  acid solut ions  m a y  r a nge  
f rom l ight  e tch ing  of g ra in  boundar ies ,  Which m e r e l y  
ou t l ines  the  g r a n u l a r  s t ruc ture ,  to in tense  p e n e t r a -  
t ion,  which  m a y  lead to complete  loss of m e c h a n i c a l  

s t r eng th  or even  d i s i n t eg ra t i on  of the  meta l .  W h e t h e r  
corrosion is p r e d o m i n a n t l y  by  i n t e r g r a n u l a r  or b y  
gene ra l  a t tack  depends  on the  difference in  the ra te  
of corrosion of the  g r a i n - b o u n d a r y  zones a nd  of the  
g ra in  faces. This  difference in  ra tes  is d e t e r m i n e d  by  

161 
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the s t ruc tu re  and  composi t ion  of the g ra in  b o u n d -  
aries and  by  the  composi t ion  of the  cor roding  so lu-  
t ion. 

In  the p resen t  i nves t iga t ion  a de ta i led  s tudy  has 
been  made  of the type  of i n t e r g r a n u l a r  a t tack  p ro -  
duced by  th ree  acid so lu t ions  which  are  used,  or  h a v e  
been  proposed for use, in  eva lua t i on  tests. These are 
n i t r ic  acid, ferr ic  su l f a t e - su l fu r i c  acid, and  copper  
su l f a t e - su l fu r i c  acid solutions.  Special  a t t en t i on  has 
been  g iven  to the e lec t rochemica l  ac t ion  of the ca-  
t ions e n c o u n t e r e d  in  these solut ions,  e i ther  as i n -  
h ib i tors  of gene ra l  corrosion or as corrosion p r od -  
ucts, which  m a y  accelera te  or r e t a r d  i n t e r g r a n u l a r  
at tack.  A m o n g  the  p e r t i n e n t  factors in  the s ta inless  
steels, c h r o m i u m  carbides,  s igma phase,  and  g ra in  
size have  been  inves t iga ted  in  the i r  effect on i n t e r -  
g r a n u l a r  at tack.  

I t  was  essent ia l  to k n o w  w h e t h e r  or not  a g iven  
spec imen  had  been  m a d e  suscept ib le  p rev ious ly  to 
i n t e r g r a n u l a r  a t t ack  by hea t  t r e a t m e n t s  which  
fo rmed  i n t e r g r a n u l a r  prec ip i ta tes  of c h r o m i u m  car -  
bides a n d / o r  s igma  phase.  The presence  or absence  
of c h r o m i u m  carb ide  prec ip i ta te  was  d e t e r m i n e d  by  
e lect rolyt ic  e tching  in  oxalic  acid. This  etch, or igi -  
na l l y  descr ibed  by  E l l inger  (1) ,  has been  developed 
into a s t a n d a r d  tes t ing  me thod  (2, 3). A 10% solu-  
t ion  of oxalic  acid is used for anodic  e tch ing  at a 
c u r r e n t  dens i ty  of 1 amp/cm'- '  for 1.5 rain.  In  the  ab -  
sence of c h r o m i u m  carbides  a "step s t ruc tu r e "  is 
formed,  F igu re  1A. Ev idence  of c h r o m i u m  carb ide  
prec ip i ta te  is shown by  ditches at the g ra in  b o u n d -  
aries. If the  ditches do not  enve lope  any  one g ra in  
complete ly ,  the etch is classified as "dua l  s t ruc tu re , "  
and  if one or more  gra ins  are comple te ly  su r rounded ,  
as "d i tch  s t ruc tu re , "  F igu re  lB.  To detect  suscept i -  
b i l i ty  to i n t e r g r a n u l a r  a t t ack  associated wi th  s igma 
phase, the  steels we re  tes ted in  n i t r ic  acid, since it  
was  found  tha t  this  is the  on ly  me thod  which  wi l l  
detect  the  presence  of ce r t a in  k inds  of s igma phase.  

Corrosion in Nitr ic Acid 
The inves t iga t ions  in  n i t r ic  acid were  made  in  

boil ing,  65% acid solut ion.  This  is the  t e m p e r a t u r e  
and  concen t r a t i on  of acid used in  the s t a n d a r d  n i t r i c  
acid test  (2) first proposed by  H u e y  (4) .  In  the 
s t a n d a r d  test  the  weigh t  loss of a spec imen  of k n o w n  
surface  a rea  (20-40 cm :) is d e t e r m i n e d  af ter  each of 
five 48-hr  exposure  periods.  New acid is used for 

Table I. Analyses of steels used 

S t e e l  
A I S I  
t y p e  

W e i g h t  p e r  c e n t  

Code  Cr  N i  Mo C S i  Nln 

304 FK-2 19.2 10.7 - -  0.031 0.35 0.94 
304 DT-2 18.3 10.7 - -  0.06 0.45 0.098 
304 HM-3 18.5 9.24 - -  0.06 0.51 1.14 
304 M304 18.3 9.3 - -  0.063 0.37 0.80 
316L FI-4  16.2 13.2 2.2 0.020 0.47 1.6 
316L FH-5 17.7 13.2 2.40 0.026 - -  - -  
316 M316 17.7 12.6 2.45 0.046 0.61 1.68 
316L FI-6 18.9 12.8 2.37 0.022 0.44 1.85 
316L EM-9 17.9 13.3 2.55 0.025 - -  - -  
316L FI-2 17.3 12.9 2.28 0.022 - -  - -  
316L FI-9 18.5 12.8 3.00 0.018 - -  - -  
316 EW-6 17.4 12.7 1.89 0.053 0.44 1.60 
316 GT-8 16.7 11.3 2.18 0.074 0.35 1.62 

Fig. l .  Oxalic acid etch structure: A (top), annealed, step 
structure; B (bottom), heated 3 hr at  1250~ ditch structure. 
Etched 1.5 rain at  I amp /cm 2. Steel AISI-304, FK-2 (analysis 
Table I). Magni f icat ion 500X before reduction for publ icat ion. 

each of these periods.  Tests are m a d e  in  l - l i t e r  w ide -  
mou t h  E r l e n m e y e r  flasks, con t a in ing  600 ml  of acid. 
Evapora t i on  is p r e v e n t e d  by  a "co ld- f inger"  type  of 
condense r  and  the  spec imens  are held in  glass c ra -  
dles. (This  a ppa r a t u s  was  also used for tests  wi th  
the o ther  acids.) On a steel  (Tab le  I)  wh ich  is r e -  
s i s tan t  to accelera ted  i n t e r g r a n u l a r  at tack,  the  cor-  
ros ion ra te  (s lope of a n n e a l e d  line,  Fig.  2) is low 
and  cons tan t  t h r o u g h o u t  the en t i r e  exposure  period. 
The  surface  s t ruc tu re  p roduced  on this  type  of 
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Fig. 2. Corrosion of AISI-304 stainless steel in boil ing 6 5 %  
nitric acid. Various degrees of susceptibi l i ty to intergranular  
at tack produced by heating at  1250~ for periods indicated. 
Steel: FK-2, 0 . 0 3 1 %  C. (A weight loss of 1.0 g /d i n  2 in 240 
hr is equivalent to o corrosion rate of 0 . 0 0 ] 5  in . /mo) .  
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s p e c i m e n  d u r i n g  e x p o s u r e  to n i t r i c  ac id  is s h o w n  in 
Fig.  3A. I t  is a p p a r e n t  t h a t  even  on a s tee l  w h i c h  is 
r e s i s t a n t  to a c c e l e r a t e d  i n t e r g r a n u l a r  a t t a c k  t h e r e  is 
some e t ch ing  a t  t he  g r a i n  b o u n d a r i e s  w h i c h  is so 
s low tha t  i t  does  not  l e a d  to u n d e r m i n i n g  of these  
gra ins .  In  con t ras t ,  on su scep t i b l e  spec imens  t h e  a t -  
t a ck  at  t he  g r a i n  b o u n d a r i e s  l eads  to  u n d e r m i n i n g  
and  d i s l o d g m e n t  of g r a in s  (Fig .  3B) and,  conse -  
quen t ly ,  to p r o g r e s s i v e l y  i nc r ea s ing  cor ros ion  r a t e s  
( s lopes  of t a n g e n t s  of cu rves  in Fig .  2) .  The  f ac to r s  
d e t e r m i n i n g  the  r a t e  of i nc rease  in  s lopes  of these  
curves ,  such as compos i t i on  of the  s teel ,  i ts  h e a t  
t r e a t m e n t ,  a n d  g r a i n  size, a r e  d e a l t  w i t h  t h r o u g h o u t  
th is  d iscuss ion.  

12 

Influence of Surface Finish 

The  cu rves  of F ig .  2 do no t  pass  t h r o u g h  t h e  
o r ig in  w h e n  e x t r a p o l a t e d  to zero  e x p o s u r e  t ime ,  i.e., 
the  co r ros ion  r a t e  a t  the  b e g i n n i n g  is h igh  c o m p a r e d  
to the  s u b s e q u e n t  r a t e  of a t t ack .  S p e c i m e n s  used  for  
t he  tes t s  of Fig.  2 w e r e  g r o u n d  to an  80 -g r i t  finish. 
To d e t e r m i n e  w h e t h e r  th is  f inish is r e s p o n s i b l e  for  
the  h igh  in i t i a l  co r ros ion  ra te ,  a n u m b e r  of s p e c i m e n s  
h a v i n g  o t h e r  finishes,  s and  b l a s t ed ,  po l i shed ,  a n d  
p ick led ,  w e r e  e x p o s e d  to n i t r i c  acid.  Resu l t s  h a v e  
been  p l o t t e d  in  Fig .  4 a n d  show t h a t  bo th  t h e  h igh  
in i t i a l  co r ros ion  r a t e  and  the  cons t an t  r a t e  r e a c h e d  
a f t e r  48-96 h r  a r e  a func t ion  of t h e  t y p e  of su r f ace  
finish. 

On spec imens  h a v i n g  a smoo th  finish, p r o d u c e d  b y  
po l i sh ing  or  b r i g h t  p ick l ing ,  t he  co r ros ion  r a t e  is 
c o n s t a n t  t h r o u g h o u t  t he  e x p o s u r e  per iod .  On ly  w h e n  
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Fig. 4. I n f l uence  o f  su r face  f i n i sh  on cor ros ion  o f  A I S [ - 3 0 4  
steel in bo i l i ng  6 5 %  n i t r i c  ac id.  A n n e a l e d  steel,  hea ted  ] hr 
at 1950~ W.Q. 

the  f in ishing o p e r a t i o n  p r o d u c e s  s h a r p  edges,  as in 
g r i n d i n g  ( a b r a d i n g )  or  s and  b las t ing ,  is t h e r e  a h igh  
i n i t i a l  co r ros ion  ra te ,  w h i c h  g r a d u a l l y  dec reases  
un t i l  i t  r eaches  a c o n s t a n t  va lue .  

E x a m i n a t i o n  of the  su r f ace  of the  g r o u n d  s p e c i m e n  
at  750X shows  t ha t  m a n y  edges  a n d  sc ra t ches  on the  
r i dges  and  v a l l e y s  of t h e  m a i n  g r i n d i n g  con tou r s  
a r e  e l i m i n a t e d  d u r i n g  the  first  50 h r  of exposu re .  The  
m a i n  r i dges  r e m a i n ,  even  a f t e r  500 h r  of i m m e r s i o n ,  
a n d  sugges t  t ha t  t he  d i f fe rences  in cor ros ion  r a t e s  
d u r i n g  the  p e r i o d  of c h a n g i n g  r a t e s  and  of cons t an t  
s lope  (Fig .  4) a r e  r e l a t e d  to a b s o l u t e  a reas .  Thus,  
t he  s lopes  i nc rea se  w i t h  t he  roughnes s  of t h e  su r f ace  
finish. These  o b s e r v a t i o n s  a r e  s u p p o r t e d  b y  some  
s u r f a c e - a r e a  m e a s u r e m e n t s  m a d e  b y  O ' C o n n o r  and  
Uh l ig  (5)  on aus t en i t i c  s t a in less  steels .  T h e y  found  
r o u g h n e s s  fac to rs  ( r a t i o s  of  a b s o l u t e  to g e o m e t r i c  
a r e a s )  of 1.1 for  e l ec t ropo l i shed ,  1.4 for  HNO~-HF 
p ick led ,  a n d  3.1 for  ( 2 / 0 )  a b r a d e d  finishes.  

Unless  o t h e r w i s e  noted ,  a l l  spec imens  used  in th is  
i n v e s t i g a t i o n  w e r e  g iven  an  80 -g r i t  finish. 

S t res ses  and  m e t a l  d e f o r m a t i o n  p r o d u c e d  b y  s u r -  
face  t r e a t m e n t s  do no t  a p p e a r  to have  an  a p p r e c i a b l e  
effect  on cor ros ion  ra tes .  T h e  r a t e  of t he  m e c h a n i -  
ca l l y  po l i shed  s p e c i m e n  is t he  s ame  as t h a t  of t he  
e l e c t r o p o l i s h e d  spec imen .  Also,  i t  is of  i n t e r e s t  t h a t  
t he  v a r i o u s  su r f ace  f inishes do no t  change  the  e l ec -  
t r o d e  p o t e n t i a l  of the  s tee l  w h e n  e x p o s e d  to bo i l ing  
65% n i t r i c  acid.  M e a s u r e m e n t s  w e r e  m a d e  w i t h  t he  
a p p a r a t u s  s h o w n  in Fig.  5. 

Fig. 3. Surface attack produced on AISI-304 steel after 80 
hr of exposure to boiling 65% nitric acid. A (top), annealed; 
B (bottom), heated 3 hr at 1250~ Steel: FK-2, 0.031% C. 
Magnification 500X before reduction for publication. 

Method of Measuring Electrode Potentials 

T h e  a r r a n g e m e n t  shown  in Fig .  5 w a s  u sed  
t h r o u g h o u t  th is  i n v e s t i g a t i o n  to m e a s u r e  e l ec t rode  
po t en t i a l s  on s t a in less  s tee ls  in  boi l ing ,  c o n c e n t r a t e d  
acids.  A l - l i t e r  w i d e - m o u t h  E r l e n m e y e r  f lask w i t h  a 
cold  f inger  c o n d e n s e r  was  modi f i ed  for  th is  purpose .  
To m a k e  con tac t  w i t h  t he  ca lome l  cel l  a g lass  t ube  
w i t h  a f r i t t e d  glass  f i l ter  a t  i ts  end  was  sea l ed  into  
t he  flask. This  f i l ter  r e t a r d e d  m o v e m e n t  of t he  ac id  
e l e c t r o l y t e  in  a n d  out  of t he  flask. A glass  t ube  w a s  
sea l ed  into  the  c o n d e n s e r  for  t he  s t a in less  s tee l  w i r e  
used  to m a k e  e l ec t r i c a l  con t ac t  w i t h  t he  spec imen .  
This  w i r e  was  w e l d e d  to t he  spec imen ,  c o v e r e d  w i t h  
a p l a s t i c  coa t ing ,  and  ben t ,  as shown,  to p r e v e n t  con-  
d e n s a t e  f rom r u n n i n g  onto  t he  spec imen .  A t  t he  top  
of t he  condenser ,  r u b b e r  t u b i n g  and  a c l a m p  w e r e  
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Fig. 5. Apparatus used for electrode potent ial  measure- 
ments in boil ing acids. As the reference cell, a saturated 
potassium chloride calomel cell was used. 

used  to p r e v e n t  t he  loss of v a p o r  f rom th is  g lass  
tube .  F o r  anod ic  and  ca thod ic  p o l a r i z a t i o n  b y  an  
e x t e r n a l  c u r r e n t  a n d  for  p o t e n t i a l  m e a s u r e m e n t s ,  a 
p l a t i n i z e d  p l a t i n u m  e l e c t r o d e  was  i n s e r t e d  in the  
f lask v i a  a g r o u n d  glass  jo in t .  

To p r e v e n t  m u t u a l  c o n t a m i n a t i o n  of ac id  e l e c t r o -  
l y t e  and  the  ca lome l  cell ,  b r i d g e s  w e r e  used.  O n l y  the  
f lask was  hea t ed .  The  t e m p e r a t u r e  of t he  ca lome l  
cel l  was  40~ No t e m p e r a t u r e  or  j u n c t i o n  p o t e n t i a l  
co r r ec t i ons  h a v e  been  a p p l i e d  to the  m e a s u r e m e n t s  
r epo r t ed .  

P o t e n t i a l  m e a s u r e m e n t s  on the  s t a in less  s tee l  
spec imen  or  the  p l a t i n u m  e l ec t rode  w e r e  m a d e  b y  
us ing  a p H  me te r ,  w i t h  an  i m p e d a n c e  of l f f  ~ to  10 ~ 
ohms,  as  a n i l  c u r r e n t  i n d i c a t o r  connec t ed  in  se r i e s  
w i t h  a p o t e n t i o m e t e r  (6 ) .  F o r  p o l a r i z a t i o n  m e a s u r e -  
ments ,  the  c i r cu i t  shown  in Fig.  5 was  used.  

E~ect of Corrosion Products 
As the  s ta in less  s tee ls  d issolve,  i ron,  c h r o m i u m ,  

and  n i c k e l  co r ros ion  p r o d u c t s  a c c u m u l a t e  in t he  n i -  
t r i c  ac id  solut ion.  D e L o n g  (7)  has  shown  tha t ,  of 
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Fig. 6. Effect of chromium ni t rate addit ions on the corro- 
sion of AISI-304 in 6 5 %  boil ing nitr ic acid. Steel: annealed 
condition, heated 1 hr at 1950~ W.Q., HM-3.  Addi t ion:  
1.26 g Cr(NO.~)~'9H20 in 600 ml acid for a solution contain- 
ing 0 . 0 2 %  Cr (0.005 mole/ l i ter ) .  Solution changed every 
24 hr. 

these,  on ly  d i s so lved  c h r o m i u m  affects  co r ros ion  in 
the  c o n c e n t r a t i o n s  l i k e l y  to be  e n c o u n t e r e d  d u r i n g  
e v a l u a t i o n  tests .  He  f o u n d  t h a t  c o n c e n t r a t i o n s  
g r e a t e r  t han  a b o u t  0.004% c h r o m i u m  (0.033 g Cr  in 
600 m l  65% n i t r i c  ac id)  g r e a t l y  i nc rea se  the  r a t e  of 
cor ros ion .  Tests  w e r e  m a d e  to d e t e r m i n e  the  fo rm 
a n d  the  m e c h a n i s m  of co r ros ion  r e s p o n s i b l e  for  th is  
g r e a t  i nc rease  caused  b y  d i s so lved  c h r o m i u m .  

P r e v i o u s  i n v e s t i g a t o r s  (8-11)  have  shown  tha t  ac -  
c e l e r a t i on  is due  to the  ac t ion  of c h r o m i u m  in t he  
h e x a v a l e n t  s ta te .  W h e n  c h r o m i u m  d isso lves  in acids,  
i t  e n t e r s  the  so lu t i on  as d i v a l e n t  ions, b lue ,  w h i c h  
a r e  r a p i d l y  c o n v e r t e d  to the  t r i v a l e n t  s ta te ,  green .  
These  ions a re  t hen  ox id i zed  m o r e  g r a d u a l l y  in  n i t r i c  
ac id  to the  h e x a v a l e n t  s ta te ,  o range .  A g r e e n  so lu t ion  
of 0.005 mole /1  t r i v a l e n t  c h r o m i u m  in 65%, bo i l ing  
n i t r i c  ac id  t u r n s  o r a n g e  in 24 hr .  F o r  some of the  
tes t s  d e s c r i b e d  be low,  t r i v a l e n t  c h r o m i u m  was  a d d e d  
to s i m u l a t e  as c lose ly  as pos s ib l e  the  ac t ion  of c h r o -  
m i u m  d i s so lv ing  f rom s t a in l e s s  steel .  

A 1 -cm ~ a r e a  was  e l e c t r o p o l i s h e d  on the  A I S I - 3 0 4  
spec imens  for  m e t a l l o g r a p h i c  o b s e r v a t i o n  of the  fo rm 
of cor ros ion .  N e w  so lu t ions  w e r e  used  e v e r y  24 hr .  
The  w e i g h t - l o s s  m e a s u r e m e n t s  h a v e  been  p l o t t e d  in 
Fig .  6, and  m i c r o s t r u c t u r e s  a r e  g iven  in Fig .  7. Re -  
sul ts  on AISI -321  s teel  (no t  shown)  w e r e  s imi la r .  

F r o m  these  f igures  i t  is a p p a r e n t  t h a t  d i s so lved  

Fig. 7. Progressive a t tack of boil ing 6 5 %  nitric acid contain ing dissolved chromium on annealed AISI-304 steel (HM-3). 
(Weight loss in Fig. 6.) Left, 15 hr; center left, 21 hr; center r ight, 47 hr; right, 96 hr. Magni f icat ion 250X  before reduction 
for  publicat ion. 
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Fig. 8. Apparatus for continuous removal of soluble cor- 
rosion products from boil ing solutions. Both ] - l i te r  flasks are 
heated electr ical ly. Corrosion products accumulate in speci- 
men-free flask. 

Fig. 9. Corrosion of annealed AISI-304 steel in pure nitric 
acid. Specimen exposed 254 hr to boiling 65% nitric acid 
in apparatus of Fig. 8. Magnification 500X before reduction 
for publication. 

c h r o m i u m  g r e a t l y  inc reases  the  w e i g h t  loss of a n -  
n e a l e d  s t a in less  s teels ,  l a r g e l y  as a r e su l t  of a c c e l e r -  
a t ed  i n t e r g r a n u l a r  a t t ack .  G r a i n s  a r e  d i s lodged ,  even  
t h o u g h  b o t h  s tee ls  t e s t ed  a r e  in  t h e  a n n e a l e d  cond i -  
t ion  and  do no t  con ta in  a n y  i n t e r g r a n u l a r l y  p r e c i p i -  
t a t e d  c h r o m i u m  c a r b i d e s  or  s igma  phase .  T h e r e  is 
also some inc rea se  in  genera l ,  o r  g r a i n - f a c e ,  c o r r o -  
sion, b u t  mos t  of t h e  w e i g h t  loss is due  to g r a i n  
d ropp ing .  

W h e n  a s p e c i m e n  w h i c h  has  been  e x p o s e d  to n i t r i c  
ac id  c o n t a i n i n g  c h r o m i u m  is i m m e r s e d  in  p u r e  n i t r i c  
acid,  t he  h i g h e r  w e i g h t  losses p e r s i s t  u n t i l  t he se  
loosened  l a y e r s  h a v e  been  r e m o v e d  comple t e ly .  
T h e r e  is a g r a d u a l  d e c r e a s e  in r a t e  u n t i l  t he  r a t e  of 
the  a n n e a l e d  s tee l  is a p p r o a c h e d  (Fig .  6).1 A n o t h e r  
f ac to r  w h i c h  p ro longs  h i g h e r  w e i g h t  losses is t he  
d i s so lu t ion  of t he  d i s l o d g e d  g ra in s  in  t h e  f r e sh  n i t r i c  
acid.  A c c u m u l a t i o n  of h e x a v a l e n t  c h r o m i u m  is ac -  
c e l e r a t e d  in th is  way .  

F u r t h e r  tes t s  on the  effect  of d i s so lved  c h r o m i u m  
w e r e  m a d e  to e s t ab l i sh  w h e t h e r  a c c e l e r a t e d  c o r r o -  
s ion is b y  i n t e r g r a n u l a r  a t t a c k  on o the r  g r ades  of 
s ta in less  steels .  A n n e a l e d  spec imens  of A I S I - 3 0 4 ,  
347, a n d  430 (17% Cr,  no Ni)  w e r e  i m m e r s e d  in  
boi l ing ,  65% n i t r i c  ac id  c o n t a i n i n g  d i r ec t  a d d i t i o n s  of 
h e x a v a l e n t  c h r o m i u m ,  0.10 mole /1  CrO~. W i t h i n  2 h r  
v e r y  r a p i d  i n t e r g r a n u l a r  a t t a c k  p r o d u c e d  d i s l o d g -  
m e n t  of a p p r e c i a b l e  n u m b e r s  of g r a in s  on a l l  t h r e e  
steels .  

Continuous removal o] corrosion products.--This 
i n t ense  i n t e r g r a n u l a r  a t t a c k  on a n n e a l e d  s tee ls  p r o -  
d u c e d  b y  s m a l l  a m o u n t s  of a d d e d  h e x a v a l e n t  c h r o -  
m i u m  sugges t s  t h a t  the  c h r o m i u m  cor ros ion  p r o d u c t  
w h i c h  i n e v i t a b l y  a c c u m u l a t e s  even  d u r i n g  the  4 8 - h r  
s t a n d a r d  e x p o s u r e  pe r i ods  used  b e t w e e n  r e n e w a l  of 
ac id  m a y  be  the  cause  of g roov ing  on a n n e a l e d  s tee l  
(Fig .  3A) .  The  a p p a r a t u s  of Fig .  8 was  u sed  to 
d e t e r m i n e  w h e t h e r  t h e r e  is i n t e r g r a n u l a r  g r o o v i n g  
even  w h e n  cor ros ion  p r o d u c t s  a r e  r e m o v e d  c o n t i n u -  
ously .  I ts  des ign  is b a s e d  on the  p r i n c i p l e  of the  
m u l t i s a m p l e  t e s t e r  of D e L o n g  (7) .  Each  l - l i t e r  f lask 
con ta ins  a b o u t  500 m l  of 65% n i t r i c  ac id  at  t he  b e -  
g inn ing  of t he  tes t .  The  v a p o r s  f r o m  the  so lu t ion  
con t a in ing  the  spec imen  ( t e s t e r )  a r e  condensed  and  

l A c c e l e r a t e d  i n t e r g r a n u l a r  co r ros ion  caused  by  p r e c i p i t a t i o n  of  
c h r o m i u m  ca rb ides  also is i nc r ea sed  g r e a t l y  b y  d m s o l v e d  c h r o m i u m  
m n i t r i c  acid.  A c o n c e n t r a t i o n  of  0.02% d i s s o l v e d  c h r o m i u m  in -  
creased t he  ra te  of a sens i t i zed  s p e c i m e n  by  a f ac to r  of  10. 

r e t u r n e d  to th is  flask. P u r e  v a p o r s  f rom the  o t h e r  
f lask ( b o i l e r )  a r e  c a r r i e d  ove r  to  the  coo l ing  coil  and  
condensed  in to  the  tes te r ,  c aus ing  a con t inuous  o v e r -  
flow of so lu t ion  con t a in ing  cor ros ion  p r o d u c t s  in to  
t he  boi le r ,  w h e r e  t h e y  a c c u m u l a t e .  Th is  so lu t ion  
t u r n s  y e l l o w  d u r i n g  the  tes t ,  w h i l e  t he  so lu t ion  w i t h  
the  s p e c i m e n  r e m a i n s  c lear ,  even  d u r i n g  a 500-hr  
test .  

A m e t a l l o g r a p h i c a l l y  po l i shed  s p e c i m e n  of a n -  
n e a l e d  A I S I - 3 0 4  s tee l  was  e x p o s e d  to 65% n i t r i c  ac id  
for  516 h r  in th is  a p p a r a t u s  w i t h o u t  change  of acid.  
The  w e i g h t  loss was  0.18 g. A n a l y s i s  of t he  ac id  in 
the  t e s t e r  gave  1.1 p p m  Fe,  0.12 p p m  Ni, and  less  
t h a n  0.1 p p m  Cr. F i g u r e  9 shows  t h e  g r o o v i n g  at  
g r a i n  b o u n d a r i e s  w h i c h  took  p l ace  even  w i t h  con-  
t i n u a l  r e m o v a l  of co r ros ion  p roduc t s .  

In  s t a n d a r d  4 8 - h r  f lask tes t s  t he  g r a i n  b o u n d a r y  
g rooves  f o r m e d  in th is  w a y  a c c u m u l a t e  c h r o m i u m  
ion cor ros ion  p roduc t s ,  w h i c h  t hen  i n t e n s i f y  t he  
g r o o v i n g  act ion.  The  h igh  co r ros ion  r a t e s  o b s e r v e d  
on v e r y  s m a l l  g ra ined ,  a n n e a l e d  s t a in less  s tee ls  a r e  
due  to th is  t y p e  of act ion.  Such  s tee ls  h a v e  m o r e  
g r a i n  b o u n d a r i e s  p e r  un i t  a r e a  of su r f ace  t h a n  l a r g e -  
g r a i n e d  steel .  The  g r o o v i n g  of v e r y  s m a l l  g r a i n s  m a y  
even  l ead  to u n d e r m i n i n g  and  d i s l o d g m e n t  of g r a i n s  
on a n n e a l e d  s tee ls  exposed  to n i t r i c  ac id  so lu t ions  
w h i c h  a r e  r e n e w e d  e v e r y  48 hr .  

G r a i n  b o u n d a r y  g rooves  on a n n e a l e d  s t a in less  
s tee ls  m a y  also be  f o r m e d  b y  m a k i n g  the  s tee l  anod ic  
w i t h  an  e x t e r n a l  c u r r e n t  and  an  a u x i l i a r y  e l e c t r o d e  
in 65% n i t r i c  ac id  (Fig .  10).  ~ L o n g e r  e t ch ing  or  
h i g h e r  c u r r e n t  dens i t i e s  m a k e  these  g rooves  d e e p e r  
and  w i d e r  a n d  l e ad  to some g r a i n  d r o p p i n g  (Fig .  
10B).  Note  t he  absence  of g rooves  a t  t he  s ides  of 
t w i n  b o u n d a r i e s  (F ig .  10A) .  P r e f e r e n t i a l  a t t a c k  a t  
g r a i n  b o u n d a r i e s  of s i n g l e - p h a s e  m e t a l s  has  also been  
f o u n d  in o the r  sys t ems  to be  a f u n c t i o n  of t he  o r i e n -  
t a t i o n  of the  two  g r a i n s  m a k i n g  up  t h e  b o u n d a r y  and  
i ts  d i r ec t i on  (12) .  G r o o v i n g  in  Fig .  3A and  9 shows  
ev idence  of th is  effect.  

Mechanism of acceleration by oxidizing cations.-- 
H e x a v a l e n t  c h r o m i u m  is r e a d i l y  r e d u c e d  at  ca thod ic  
a r e a s  on s tee ls  e x p o s e d  to ac id  solut ions .  

These  g r o o v e s  a re  i n  c o n t r a s t  to  t he  s t ep  s t r u c t u r e  p r o d u c e d  o n  
t h i s  s ame  s p e c i m e n  by  anod ie  e t c h i n g  i n  oxa l ic ,  su l fu r i c ,  and  o t h e r  
acids.  
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Fig. 10. Microstructure produced by anodic dissolution of 
annealed AISI-304 steel in 6 5 %  nitric acid. Etched at 0.02 
amp /cm e, temperature 25~ A (top), 15 min; 13 (bottom) 60 
rain. Magni f icat ion 500X  before reduction for publ icat ion. 

Cr_~O~ -'~ + 14H + + 6e = 2Cr +~ + 7H~O 

This  reac t ion  takes  place more  r ead i ly  at cathodic 
poin ts  on the me ta l  surface  t h a n  does the  r educ t ion  
of h y d r o g e n  ions or of n i t r i c  acid. As a resul t ,  t he re  
is acce le ra t ion  (depo la r i za t ion)  of the  cathodic r e -  
action.  This makes  possible  a co r re spond ing  increase  
in  the  anodic,  me t a l  d issolu t ion  react ion.  In  this  
sense, the  effect of oxid iz ing  cat ions  and  of an  anodic,  
e x t e r n a l  c u r r e n t  is the  same, i.e., the r e m o v a l  of elec-  
t rons  f rom the me ta l  is accelerated.  The r e su l t  of 
this  acce le ra t ion  of dissolut ion,  p r e f e r e n t i a l  g ra in  
b o u n d a r y  at tack,  is also the same in  both  cases (Fig. 
7 and  10). The  process is se l f -acce le ra t ing  because  
h e x a v a l e n t  c h r o m i u m  ions accumula t e  more  r ap id ly  
in  the grooves, which  t end  to r e t a rd  the i r  diffusion 
in to  the so lu t ion?  

The effect of two other  oxid iz ing  cations,  Fe  +3 and  
Ce +', was  also inves t iga ted .  Weigh t - loss  da ta  ob-  
t a ined  w i th  ferr ic  n i t r a t e  addi t ions  are  p lo t ted  in  
Fig. l l A .  Re la t ive ly  la rge  amoun t s  are r equ i r ed  be -  
fore the re  is an  apprec iab le  increase  in  corrosion rate .  
As in  the  case of h e x a v a l e n t  ch romium,  the increase  
is l a rge ly  a resu l t  of i n t e r g r a n u l a r  at tack.  Because  of 
the  h igh  concen t r a t i on  of ferr ic  ions r equ i r ed  and  
the m u c h  grea te r  effectiveness of dissolved chro-  
m ium,  the i r  inf luence  is not  observed  in  n i t r ic  acid 
t es t ing  solut ions  c o n t a i n i n g  only  those ferr ic  ions 
fo rmed  f rom dissolv ing s ta inless  steels. 

a C o n c e n t r a t i o n  of  c h r o m i u m - i o n  c o r r o s i o n  p r o d u c t s  i n  c a v i t i e s  
is  a lso  r e s p o n s i b l e  fo r  a c c e l e r a t e d  a t t a c k  a t  c r o s s - s e c t i o n a l  s u r f a c e s  
of  b a r  s t o c k ,  e n d - f a c e  co r ros ion .  H e x a v a l e n t  c h r o m i u m  co l l ec t s  i n  
t h e  s m a l l  p i t s  f r e q u e n t l y  f o r m e d  w h e n  i n c l u s i o n s  a r e  r e m o v e d  b y  
a c i d  co r ros ion .  T h e s e  p i t s  a r e  t h e n  g r e a t l y  e n l a r g e d  b y  t h e  r a p i d  
i n t e r g r a n u l a r  a t t a c k  p r o d u c e d  b y  t h e  c h r o m i u m  ions .  

Fig. I 1. Effect of cations in nitr ic acid on corrosion of 
stainless steel. A (top), acceleration of intergranular  at tack 
by ferric nitrate; Addi t ion:  Fe(NO~)8"9H_~O, solution changed 
every 48 hr. B (bottom), anodic polar izat ion of stainless steel. 
Concentration of cations: 0 .10M. Addit ions: Fe(NOs)a'9HsO, 
CrO~, and Ce(HSO, L. Potential: against saturated KC], calomel 
electrode, apparatus, Fig. 5. 

What  p rope r ty  of these ions de t e rmines  the  a m o u n t  
of accelerat ion,  the  ox ida t ion  potent ia l ,  the  va lence  
change,  or the i r  inf luence  on anodic  a nd  cathodic 
po la r iza t ion?  In  ano the r  sys tem in  which  oxid iz ing  
cat ions  accelera te  corrosion,  i ron  d isso lv ing  in  su l -  
fur ic  acid, Gatos (6) found  tha t  the increase  in  cor-  
ros ion was  p ropor t iona l  to the  concen t r a t i on  of the 
ca t ion  and  its va lence  change  in  the  r educ t ion  r eac -  
tion. The ra te  of corrosion in  this  sys tem depended  
on the ra te  of diffusion of the  cat ions to the  cathodic 
poin ts  on the sur face  of the  me t a l  r a t h e r  t h a n  on a 
pa r t i a l l y  pro tec t ive  film on anodic  areas. Since the 
diffusion ra te  was  n e a r l y  the  same  for most  cat ions 
inves t iga ted ,  it  fo l lowed tha t  the a m o u n t  of acce lera-  
t ion was a func t i on  of the  va l ence  change  of each ion. 
For  the case of s ta inless  steels in  n i t r i c  acid, Mc- 
In tosh  (9) has suggested tha t  the  ox ida t ion  po ten t i a l  
of the  cat ions is the d e t e r m i n i n g  factor.  

Po la r i za t ion  a nd  corrosion ra te  tests  were  made  
to ob ta in  da ta  on this  p rob lem.  The corrosion of a n -  
nea led  AISI -304  steel  was  d e t e r m i n e d  in  boi l ing,  
65% ni t r ic  acid solutions,  each of which  con ta ined  
0.10 mole/1 of a different  oxidiz ing cation,  h e x a -  
v a l e n t  ch romium,  t r i v a l e n t  iron,  and  t e t r a v a l e n t  
cer ium.  Weigh t - loss  m e a s u r e m e n t s ,  toge ther  w i th  
o ther  p e r t i n e n t  data,  are  g iven  in  Tab le  II. These 
da ta  show tha t  the va lence  change  invo lved  in  the 
cathodic reac t ion  does no t  d e t e r m i n e  the  corrosion 
rate,  i.e., cathodic depolar iza t ion ,  whi le  acce le ra t ing  
the ra te  of dissolut ion,  is no t  the  r a t e - c o n t r o l l i n g  
process. This  indica tes  tha t  the r a t e - c o n t r o l l i n g  
process is a c o m b i n a t i o n  of changes  in  the  open-  
c i rcui t  po ten t i a l  of cathodic areas and,  p robab ly ,  in  
anodic  polar iza t ion.  The  po ten t ia l s  of cathodic areas 
are changed  in  the cathodic d i rec t ion  to va r ious  de-  
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Table II. Effect of oxidizing cations on corrosion of AISI-304 steel 
in boiling 65% nitric acid 

and,  p r o b a b l y ,  b y  anod ic  d e p o l a r i z a t i o n  ( d e c r e a s i n g  
the  p r o t e c t i v e  p r o p e r t i e s  of t he  anodic  f i lms) .  

Cat ion*  

( C o n c e n t r a t i o n  0.10 m o l e / l )  
E lec t rode  p o t e n t i a l  

W e i g h t  loss,  
M e a s u r e d  g / r i m  2 

Va l ence  
Pt$ S t a in l e s s  s tee l  c h a n g e  2 h r  8 hr** 

HNO~ -kl.07(1.20) + q-0.75(0.95) + 
Fe  § -kl.05 -k0.79 1 0.0t 0.1 
Cr ~ q-l.13 -k0.97 3 1.4 10.3 
Ce +~ -t-1.22 -k0.94 1 1.7 6.0 

* A d d e d  as Fe(NO~)s .9HsO,  CrOs, and  Ce(HSODr  
** A f t e r  B h r  t he  effect  of Cr+6 is g r e a t e r  t h a n  t h a t  of Ce+4 b e -  

c a u s e  t h e r e  is  p ro fu se  g r a i n  d r o p p i n g  i n  t h e  Cr+8 so lu t ion ,  w h i l e  i n  
Ce+* s o l u t i o n  t h e r e  is  less i n t e r g r a n u i a r  p e n e t r a t i o n ,  m o r e  w i d e n i n g  
of  g r a i n  b o u n d a r i e s ,  and,  t he re fo re ,  a l m o s t  no  g r a i n  d r o p p i n g .  

t As  is s h o w n  in  F ig .  l l A ,  t h e r e  is  a cce l e r a t i on  of  c o r r o s i o n  b y  
f e r r i c  ions ,  b u t  t h i s  Is no t  suf f ic ien t  to  be  de t ec t ab l e  i n  a 2 -h r  
exposure .  

$ P o t e n t i a l  of  p l a t i n i z e d  p l a t i n u m  e lec t rode  vs .  s a t u r a t e d  KC1 
ca lome l  e lec t rode .  

+ P o t e n t i a l  inc reases  g r a d u a l l y  w i t h  t i m e  a t  b o i l i n g  t e m p e r a t u r e ,  
122~ 

grees  b y  d i f f e ren t  ca t ions ;  these  changes  i n c r e a s e  t he  
d i f fe rence  in  t he  o p e n - c i r c u i t  p o t e n t i a l s  and,  t h e r e -  
fore,  t he  cor ros ion  r a t e  ( T a b l e  I I ) .  

A pos s ib l e  effect of t he  ca t ions  on the  anod ic  
p o l a r i z a t i o n  ( f o r m a t i o n ,  d i sso lu t ion ,  a n d  p e r m e a b i l -  
i ty  of t he  p r o t e c t i v e  f i lm) is i n d i c a t e d  b y  the  d a t a  of 
Fig .  l l B .  As  .stainless s t ee l  is m a d e  anod ic  in  n i t r i c  
ac id  b y  an  e x t e r n a l  cu r r en t ,  i t s  p o t e n t i a l  i nc reases  in  
the  ca thod ic  d i rec t ion .  H o w e v e r ,  t he  change  in  p o -  
t e n t i a l  p e r  m i l l i a m p e r e  of c u r r e n t  d e p e n d s  g r e a t l y  
on the  ca t ions  in t he  solut ion.  The  change  in p o t e n -  
t i a l  p r o d u c e d  b y  a 100 m a  c u r r e n t  is 0.20 v for  n i t r i c  
ac id  w i t h o u t  add i t ions ,  0.05 v for  Cr +6, 0.07 v for  Ce § 
a n d  0.16 v for  Fe% Thus,  the  ions  w h i c h  h a v e  the  
g r e a t e s t  effect  on the  co r ros ion  r a t e  also a r e  mos t  
effect ive  in  r e d u c i n g  anod ic  po la r i za t ion .  These  
anod ic  p o l a r i z a t i o n  m e a s u r e m e n t s  suggest ,  b u t  do 
no t  p rove ,  t he  effect  of ca t ions  on the  anod ic  process ,  
because  the  loca l  cel l  c u r r e n t  to w h i c h  the  e x t e r n a l  
anod ic  c u r r e n t s  of Fig .  l l B  a re  a d d e d  also v a r y  w i t h  
the  t y p e  of ca t ion  in  t he  so lu t ion?  

These  fac to rs  h a v e  b e e n  s u m m a r i z e d  in the  sche-  
m a t i c  d i a g r a m  of Fig .  12. Ox id i z ing  ca t ions  i nc rea se  
the  cor ros ion  of s t a in less  s t ee l  in  n i t r i c  ac id  b y  ca -  
thod ic  d e p o l a r i z a t i o n  ( i nc r ea se  in  r a t e  of ca thod ic  
r e a c t i o n ) ,  b y  sh i f t i ng  the  o p e n - c i r c u i t  p o t e n t i a l  of 
ca thod ic  a r eas  t o w a r d  m o r e  nob le  v a l u e s  and  t h e r e b y  
i nc r ea s ing  the  o p e n - c i r c u i t  p o t e n t i a l  of the  loca l  cell ,  

~ I n  f e r r i c  s u l f a t e - s u l f u r i c  ac id  s o l u t i o n  (see b e l o w )  C a r t l e d g e  
(24) h a s  f o u n d  b y  r a d i o t r a c e r  t e c h n i q u e s  t h a t  d i s s o l v e d  ca t ions  
b e c a m e  p a r t  of t he  anod ic  f i lm. 

Effect oJ Heat Treatment 
E x p o s u r e  of aus t en i t i c  s t a in less  s tee ls  to t e m p e r a -  

t u r e s  in  the  r a n g e  of 1000~176 m a y  p r o d u c e  
e i t he r  or  bo th  of two  t y p e s  ( c h r o m i u m  c a r b i d e  and  
s i g m a  p h a s e )  of s u s c e p t i b i l i t y  to i n t e r g r a n u l a r  a t -  
tack,  d e p e n d i n g  on t h e  compos i t i on  of t he  s teel .  The  
d e g r e e  of s u s c e p t i b i l i t y  to i n t e r g r a n u l a r  a t t a c k  in -  
c reases  w i t h  i n c r e a s i n g  t e m p e r a t u r e  of h e a t  t r e a t -  
m e n t  to a m a x i m u m  at  abou t  1250~ and  t hen  d e -  
c reases  w i t h  f u r t h e r  i nc reases  in t e m p e r a t u r e .  Hea t  
t r e a t m e n t s  a b o v e  1700~ w i t h  w a t e r  quench ing ,  do 
not  r e su l t  in a p p r e c i a b l e  s u s c e p t i b i l i t y  to i n t e r g r a n u -  
l a r  a t t a c k  in t hese  s tee ls  (13) .  

The  s igma  p h a s e  r e s p o n s i b l e  for  s u s c e p t i b i l i t y  to 
i n t e r g r a n u l a r  a t t a c k  m a y  or  m a y  no t  be  d e t e c t a b l e  
in  t he  m i c r o s t r u c t u r e .  I t  can  be  r e v e a l e d  w i t h  ce r -  
t a i n t y  on ly  b y  e x p o s u r e  of t h e  s tee l  to the  n i t r i c  
ac id  test .  A n  e x a m p l e  of th is  p h e n o m e n o n  is g iven  
b y  the  s tee l  whose  m i c r o s t r u c t u r e  is s h o w n  in Fig.  
13. Because  of t he  low c a r b o n  con ten t  t h e r e  is no 
p r e c i p i t a t i o n  of c h r o m i u m  c a r b i d e s  a f t e r  h e a t i n g  1 h r  
a t  1250~ nor  is t h e r e  a n y  v i s ib le  f o r m a t i o n  of s i g m a  
phase .  Yet  t he  n i t r i c  ac id  co r ros ion  r a t e  is 35 t i m e s  
as g r e a t  as  t h a t  of an  a n n e a l e d  s p e c i m e n  of the  s ame  
h e a t  of steel .  W h i l e  such  e x a m p l e s  a r e  no t  common,  
s i m i l a r  b e h a v i o r  has  been  d e s c r i b e d  b y  o t h e r  i n v e s -  
t i g a t o r s  (14, 15).  

In  s tee ls  c o n t a i n i n g  m o r e  t h a n  abou t  0.007-0.009% 
carbon ,  c h r o m i u m  c a r b i d e s  m a y  be  f o r m e d  b y  hea t  
t r e a t m e n t s  in t he  r a n g e  of 1050~176 This  l o w e r  
l i m i t  of so lub i l i t y  was  d e t e r m i n e d  (14, 16) b y  h e a t  
t r e a t m e n t s  l a s t i ng  f r o m  one d a y  to t h r e e  weeks .  

The  f o r m a t i o n  and  g r o w t h  of c h r o m i u m  c a r b i d e s  
a t  g r a i n  b o u n d a r i e s  can  be  s h o w n  b y  v e r y  g r a d u a l  
cool ing  of a l a r g e - g r a i n e d  spec imen .  E l e c t r o l y t i c  
e t ch ing  r e v e a l s  the  d e n d r i t i c  i m p r e s s i o n  in t he  s tee l  
l e f t  w h e n  the  c a r b i d e  is r e m o v e d  (Fig .  14A).  A n  
a c t u a l  d e n d r i t i c  ca rb ide ,  i so l a t ed  f r o m  th is  s teel ,  is 
shown  in Fig.  14B. The  c a r b i d e  was  i so l a t ed  b y  the  
m e t h o d  of M a h l a  a n d  Nie l sen  (17) who  h a v e  m a d e  
an  e x t e n s i v e  i n v e s t i g a t i o n  of i so l a t ed  ca rb ides .  A so-  
lu t ion  of b r o m i n e  in  a n h y d r o u s  m e t h a n o l  was  used  
to d i s so lve  the  s t a in l e s s  s teel .  The  c a r b i d e s  w e r e  le f t  

f 

A 

I(with Cr +6) 
(N o Cr § 

Fig. 12. Schematic potent ia l -current  d iagram of local-cell 
action on stainless steel in nitr ic acid. Effect of dissolved 
chromium. " C "  and " A "  ore open-circuit  potentials of the 
local cathodic and anodic areas, and "1"  is the corrosion 
current. 

Fig. 13. Electrolytic etch of AISI-316L steel in 10% 
oxalic acid. Steel: FI-4 (0 .020% C, 16.2% Cr) heated 1 hr 
at 1250~ Etch: 1 amp/cm "~ for 1.S min. Step structure: 
nitric acid corrosion rate 0.04 in . /mo.  Magni f ica t ion 500X 
before reduction for publ icat ion. 
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Fig. 14. Carbide precipitation in AISI-304 steel. A (top), 
etched electrolytically in oxohc acid. Traces of dendritic car- 
bides (magnificahon 1000X before reduction for publication); 
B (bottom) electron photomicrograph of dendritic carbide 
isolated in bromine-methanol solution (magnification 5000X 
before reduction for publication). Steel: 0 .05% C heated to 
2000~ (1080~ in evacuated, sealed quartz tube and fur- 
nace cooled. 

b e h i n d  in a r e s i due  l aye r ,  f r om w h i c h  t h e y  w e r e  
col lec ted ,  washed ,  d r ied ,  and  caugh t  on a sc reen  for  
e x a m i n a t i o n  in an  e l ec t ron  microscope .  As  in  the  
case  of g r a i n - b o u n d a r y  g roov ing  of a n n e a l e d  steel ,  
i n t e r g r a n u l a r  p r e c i p i t a t i o n  of c h r o m i u m  c a r b i d e s  d e -  
pends  on the  s t r u c t u r e  of the  g ra in  bounda r i e s .  Thus ,  
b r i e f  e x p o s u r e  a t  1250~ p r o d u c e s  c a r b i d e s  a t  c e r -  
t a i n  p r e f e r r e d  sites,  and  l onge r  h e a t i n g  r e su l t s  in 
p r e c i p i t a t i o n  in mos t  g r a i n  b o u n d a r i e s  e x c e p t  t w i n  
bounda r i e s .  P r o l o n g e d  h e a t i n g  (100 h r )  p r e c i p i t a t e s  
c a r b i d e s  even  at  t w i n  b o u n d a r i e s  (18) .  This  d e -  
p e n d e n c e  of i n t e r g r a n u l a r  p r e c i p i t a t i o n  on the  o r i -  
e n t a t i o n  of t he  g ra ins  has  been  o b s e r v e d  in o t h e r  
a l loys  (19, 20).~ 

As  the  l eng th  of t i m e  of hea t  t r e a t m e n t  a t  1250~ 
is i nc reased ,  m o r e  a n d  m o r e  g r a in s  a r e  c o m p l e t e l y  
e n v e l o p e d  b y  c a r b i d e  p r ec ip i t a t e .  Upon  s u b s e q u e n t  
e x p o s u r e  to bo i l i ng  n i t r i c  acid,  these  g r a i n s  a r e  
r e a d i l y  d i s lodged  and  the  cor ros ion  r a t e  of t h e  s tee l  
is i n c r e a s e d  (Fig .  2) .  I t  is a p p a r e n t  t ha t  a 1- or  2 - h r  
sens i t i z ing  t r e a t m e n t  of th is  s t ee l  a t  1250~ does  not  
p r o d u c e  the  m a x i m u m  poss ib le  a m o u n t  of s u s c e p t i -  
b i l i t y  to i n t e r g r a n u l a r  corros ion.  

5 D u r i n g  t he  f o r m a t i o n  a n d  g r o w t h  of c h r o m i u m  ca rb ides  t he  
m e t a l  a d j a c e n t  to  t h e  ca rb ide  is dep l e t ed  in  c h r o m i u m .  S ince  the  
ca rb ides  g r o w  a w a y  f r o m  the  b o u n d a r y  in  v e r y  t h i n  p la tes ,  t h e  
zone of m e t a l  d e p l e t e d  i n  c h r o m i u m  is p a r a l l e l  to the  ca rb ide  and  
no t  to t he  g r a i n  b o u n d a r y .  

Fig. 15. Intergranular attack on AISI-316L steel in boiling 
65% nitric acid. Print made from two superimposed negatives 
taken of the same surface area after 30 and 124 hr of 
exposure to acid. Narrow, dark lines show original location of 
grain boundaries. Steel: FH-5 (0.026% C) heated I hr at 
1300~ Magnif icat ion 500X before reduction for publication. 

A f u r t h e r  i nd i ca t i on  of t he  inf luence  of g r a i n  o r i -  
e n t a t i o n  on i n t e r g r a n u l a r  p r e c i p i t a t i o n  a n d  a t t a c k  is 
g iven  in m e t a l l o g r a p h i c  s tud ies  of p r o g r e s s i v e  cor -  
rosion.  By p h o t o g r a p h i n g  the  s a m e  a r e a  of  a c o r r o d -  
ing  spec imen  a f t e r  v a r i o u s  pe r i ods  of e x p o s u r e  to 
n i t r i c  acid,  a ser ies  of n e g a t i v e s  is o b t a i n e d  w h i c h  
shows  the  w i d e n i n g  of g r a i n  b o u n d a r y  grooves .  A 
p r in t ,  m a d e  b y  s u p e r i m p o s i n g  a n e g a t i v e  t a k e n  n e a r  
t he  b e g i n n i n g  of t he  tes t  on one t a k e n  a f t e r  c o n s i d e r -  
ab le  i n t e r g r a n u l a r  a t t a c k  has  t a k e n  place ,  shows  the  
r e l a t i v e  con t r i bu t i ons  to t he  g rooves  m a d e  b y  each  
g r a i n  (Fig .  15).  In  a g r e e m e n t  w i t h  o b s e r v a t i o n s  on 
i n t e r g r a n u l a r  p r e c i p i t a t i o n ,  the  a m o u n t  of m e t a l  d i s -  
so lved  f rom v a r i o u s  g ra ins  to m a k e  the  grooves  
va r i e s  g r ea t l y .  The  g r a i n  in  t he  cen t e r  is o r i e n t e d  in  
such  a w a y  in r e l a t i o n  to those  a d j a c e n t  t h a t  i t  con-  
t r i b u t e s  p r a c t i c a l l y  no m e t a l  to the  g rooves  m a d e  in 
the  exposed  surface .  Thus,  the  s a m e  c r y s t a l l o g r a p h i c  
fac to rs  w h i c h  d e t e r m i n e  p r e f e r e n t i a l  a t t a c k  on a n -  
n e a l e d  s teel  also d e t e r m i n e  the  loca t ion  of p r e c i p i -  
t a t e s  whose  p r e s e n c e  l eads  to a v e r y  g r e a t  i n t e n s i -  
f icat ion of i n t e r g r a n u l a r  a t t ack .  

S u s c e p t i b i l i t y  to i n t e r g r a n u l a r  a t t a c k  on sens i t i zed  
s tee l  could  no t  be  d e t e c t e d  b y  e l ec t rode  p o t e n t i a l  
m e a s u r e m e n t s .  A n n e a l e d  and  sens i t i zed  A I S I - 3 0 4  
spec imens  h a d  the  same  e l ec t rode  p o t e n t i a l s  in bo i l -  
ing  65 % n i t r i c  acid.  This  sugges t s  t ha t  d i s so lu t ion  is 
u n d e r  anodic  control ,  i.e., the  g r e a t e r  r a t e  of i n t e r -  
g r a n u l a r  a t t a c k  on sens i t i zed  s tee l  is a r e s u l t  of a 
l o w e r  p o l a r i z a b i l i t y  as c o m p a r e d  w i t h  t h a t  of t he  
g r a i n  b o u n d a r i e s  of a n n e a l e d  spec imens .  

Corrosion in Ferric Sulfate-Sulfuric Acid Solutions 
Recen t  w o r k  (21) on the  i n h i b i t i o n  of co r ros ion  of 

s ta in less  s tee ls  in va r i ous  ac ids  b y  f e r r i c  sa l t s  has  
l ed  to t he  d e v e l o p m e n t  of a n e w  tes t  for  e v a l u a t i n g  
the  s u s c e p t i b i l i t y  of aus t en i t i c  s t a in less  s tee ls  to i n -  
t e r g r a n u l a r  a t t ack .  This  f e r r i c  s u l f a t e - 5 0 %  su l fu r i c  
ac id  t es t  (22) is specific for  r e v e a l i n g  on ly  t he  c h r o -  
m i u m  c a r b i d e  t y p e  of s u s c e p t i b i l i t y  to i n t e r g r a n u l a r  
a t t a c k  in  u n s t a b i l i z e d  s tee ls  and  r e q u i r e s  on ly  120-hr  
t e s t i ng  t ime.  

Mechanism of Ferric-Ion Inhibition 
The  m i n i m u m  a m o u n t  of f e r r i c  ions r e q u i r e d  for  

i nh ib i t i on  was  d e t e r m i n e d  for  50 and  60% so lu t ions  
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Fig. ] 6 .  Ef fect  o f  fer r ic  su l fa te on corrosion o f  annealed 
A I51-304  steel in boi l ing 6 0 %  sul fur ic  acid. Ferric su l fa te:  
7 5 %  Fe2(SO4)j. A (top), m in imum amoun t  of  ferr ic  su l fa te 
required for inhibi t ion; B (bottom), consumption of ferric sul- 
fate. Weight  loss of stainless steel at  t ime of exhaustion of 
ferric sulfate as a function of amount  of ferric sulfate added 
ini t ia l ly.  

of bo i l ing  su l fur ic  acid by  expos ing  spec imens  of 
AISI -304  s ta inless  steel to a series of flasks to which  
var ious  a m o u n t s  of ferr ic  sul fa te  had been  added. At  
low concen t ra t ions  of ferr ic  ions there  was  no ap -  
prec iab le  change  in  the  ve ry  high, u n i n h i b i t e d  cor-  
rosion ra te  (Fig. 16A). A t  a ce r t a in  concen t r a t i on  
(1 g ferr ic  sul fa te  per  600 ml  of 60% and  0.8 g in 
50% acid) the re  was a sudden  decrease in  ra te  to a 
ve ry  low value.  Corros ion was reduced  f rom 200 to 
0.037 g / d m V h r  in  60% acid? 

Clues to the  m e c h a n i s m  of this process of i n h i b i -  
t ion  are the  absence of any  h y d r o g e n  gas bubb l e s  
on the  s ta inless  steel, even  though  the re  is r ead i ly  
de tec table  corrosion,  and  the g radua l  d isso lu t ion  of 
excess ferr ic  sul fa te  in  bo i l ing  acid solut ions  con-  
t a i n i n g  r ap id ly  cor rod ing  (sensi t ized)  s ta inless  steel 
specimens.  These obse rva t ions  suggest  tha t  ferr ic  
ions are  consumed  d u r i n g  inh ib i t ion .  

W h e n  18 Cr-8  Ni steel dissolves, d iva l en t  iron,  
ch romium,  and  n icke l  are fo rmed  ( reac t ion  [1 ] ) .  In  

S i x t y  p e r  c e n t  a c i d  w a s  u s e d  f o r  t h e s e  t e s t s  to  p r o v i d e  m e a s u r -  
a b l e  c o r r o s i o n  r a t e s  i n  7 h r  o r  less.  I n  t h e  f e r r i c  s u l f a t e - s u l f u r i c  
a c i d  t e s t  f o r  d e t e c t i n g  s u s c e p t i b i l i t y  to  i n t e r g r a n u l a r  a t t a c k  50% 
a c i d  is  u s e d  (22 ) .  T h e  m i n i m u m  c o n c e n t r a t i o n  of  f e r r i c  ions  r e -  
q u i r e d  f o r  i n h i b i t i o n  d e p e n d s  on t h e  a l l o y  c o n t e n t  of  t h e  s t e e l  a n d ,  
t h e r e f o r e ,  m a y  v a r y  s o m e w h a t  fo r  d i f f e r e n t  h e a t s  of  18-8 s t a i n l e s s  
s t ee l  (21) .  L a r g e r  c o n c e n t r a t i o n s  of  f e r r i c  ions  a r e  r e q u i r e d  to s u p -  
p r e s s  c o r r o s i o n  of a n  a c t i v e  s p e c i m e n  t h a n  to p r e v e n t  t h e  o n s e t  of  
c o r r o s i o n  of a n  u n e o r r o d e d  s p e c i m e n .  
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acid solut ions  this  anodic  process is e lec t rochemi-  
cal ly  e q u i v a l e n t  to the d ischarge  of h y d r o g e n  ions 
at  cathodic areas ( reac t ion  [2 ] ) .  However ,  in  the 
p resence  of ferr ic  ions, r eac t ion  [2] m a y  be  com- 
p le te ly  rep laced  by  the r educ t ion  of ferr ic  ions ( re -  
act ion [3])  which  resul t s  in  c o n s u m p t i o n  of i n -  
hibi tor .  

F e ~  
Cr --e 
N i J  ) Fe*~ + Cr+~ + Ni+~ [1] 

2H § q- 2e-~ 2H ~ H_. [2] 

Fe +3 Jr e -~ Fe +'-' [3] 

The c onsumpt i on  of ferr ic  ions to an  a m o u n t  jus t  
be low the  m i n i m u m  requ i r ed  for i nh ib i t i on  is c lear ly  
ind ica ted  by  the sudden  onset  of profuse  evo lu t ion  of 
h y d r o g e n  (change  f rom reac t ion  [3] to [2 ] ) .  

To ob ta in  da ta  on the re la t ionsh ip  of d issolu t ion  of 
s ta inless  steel a nd  the c onsumpt i on  of ferr ic  ions, 
tests were  m a d e  on coils of a n n e a l e d  s ta inless  steel 
foil in  a series of flasks con t a in ing  60% boi l ing  su l -  
fur ic  acid w i t h  va r ious  a m o u n t s  of ferr ic  sul fa te  in  
excess of the m i n i m u m  a m o u n t  (1 g/600 ml )  needed  
for inh ib i t ion .  This  sys tem was selected to ob ta in  
accura te  we igh t  loss - t ime  data,  which  could be ex-  
t r apo la ted  1 or 2 hr. Tota l  t es t ing  t ime  had  to be r e -  
s t r ic ted to abou t  7 hr  because  it was  observed  tha t  
there  is g r adua l  convers ion  of fe r rous  to ferr ic  ions 
in  bo i l ing  su l fur ic  acid solut ion.  7 

To expose large  surface  areas of steel wh ich  wou ld  
p rov ide  r ead i ly  de tec table  weight  losses in  per iods 
of 0.5-7 hr  the foil was made  into cy l indr i ca l  coils 
of abou t  600 cm ~ tota l  surface  area. F r o m  one to th ree  
coils were  i m m e r s e d  in  the flasks con ta in ing  var ious  
a m o u n t s  of ferr ic  sulfate.  The w e i g h t - l o s s - t i m e  data  
r e su l t ed  in  a s t ra igh t  l ine  for all  coils. A t  the i n s t an t  
of sudden  ac t iva t ion  (profuse  hyd rogen  evo lu t ion)  
the tota l  l eng th  of t ime  of i m m e r s i o n  was  no ted  and  
used to d e t e r m i n e  the weight  of me ta l  dissolved by  a 
smal l  ex t r apo la t i on  of the  weigh t  loss - t ime  l ine.  In  
Fig. 16B these weigh t  losses have  been  p lo t ted  
aga ins t  the tota l  a m o u n t  of ferr ic  su l fa te  added  at 
the  b e g i n n i n g  of the test. 

The or ig in  of the l ine  in  Fig. 16B is at  1 g ferr ic  
sul fa te  because  the a m o u n t  consumed  is on ly  tha t  in  
excess of the m i n i m u m  a m o u n t  r equ i r ed  for  i nh ib i -  
t ion. Dissolu t ion  of 1 g of s ta inless  steel is accom- 
pan i ed  by  the  c onsumpt i on  of 9 g of ferr ic  sulfate .  
This  is in  good a g r e e m e n t  w i th  the theore t ica l  va lue  
of 9.7 g, de r ived  8 on the a s sumpt ion  tha t  reac t ions  
[1] and  [3] descr ibe the process. This  a g r e e m e n t  be -  
t w e e n  observed  and  theore t ica l  a m o u n t s  of ferr ic  ion 
consumpt ion ,  toge ther  wi th  the  fact  tha t  no h y d r o -  
gen gas bubb l e s  were  observed in  a ny  of the  solu-  
t ions, some of which  con ta ined  as m u c h  as 1500 cm -~ 

7 C o n v e r s i o n  of f e r r o u s  to f e r r i c  ions  w a s  d e t e c t e d  by  p e r i o d -  
i c a l l y  e x p o s i n g  a s t a i n l e s s  s t ee l  s p e c i m e n  to  a b o i l i n g  50% s o l u t i o n  
of s u l f u r i c  a c i d  c o n t a i n i n g  15 g p e r  600 m l  of f e r r o u s  s u l f a t e  
( c o l o r l e s s ) .  T h i s  s o l u t i o n  g r a d u a l l y  t u r n e d  y e l l o w .  W h e n  t h e  spec i -  

m e n  w a s  i m m e r s e d  a f t e r  31 h r  of  b o i l i n g ,  i t  r e m a i n e d  p a s s i v e ;  i .e . ,  
a t  l e a s t  0.17 g p e r  600 m l  of  f e r r i c  i ons  ( t h e  m i n i m u m  a m o u n t  r e -  
q u i r e d  f o r  i n h i b i t i o n )  h a d  b e e n  f o r m e d .  

s T h e  s t a i n l e s s  s t e e l  u s e d  w a s  18.0% Or, 9 .27% Ni ,  a n d ,  b y  d i f f e r -  
ence ,  71 .8% Fe .  O n e  g r a m  of  th i s  s t e e l  c o n t a i n s  0.018 m o l e s  of  m e t a l .  
E a c h  m o l e  of m e t a l  d i s s o l v i n g  to  d i v a l e n t  ions  c o n s u m e s  t w o  m o l e s  
of f e r r i c  ions .  T h e  f e r r i c  s u l f a t e  u s e d  c o n t a i n e d  20 .8% i r o n  by  a n a l y -  
sis, o r  o n e  m o l e  of  f e r r i c  ions  in  269 g of f e r r i c  s u l f a t e .  T h e r e f o r e ,  
t h e  a m o u n t  of f e r r i c  s u l f a t e  c o n s u m e d  d u r i n g  t h e  d m s o l u t i o n  of 1 g 
of  s t ee l  is  2 x 0.018 x 269 = 9.7 g. 
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Fig. 17. Electrode potentials in boil ing solutions of .50% 
sulfuric acid containing 1.5 g / 6 0 0  ml of ferric sulfate. (For 
apparatus used see F ig. .5 ;  ol l  potentials measured against 
saturated potoss,um chloride calomel electrode.) A (left), 
effect of synthetic corrosion products on electrode potent ial ;  
B (right), effect of corroding stainless steel specimen on poten- 
t ial of p la t inum electrode. 

of c o r r o d i n g  sur face ,  shows  t h a t  the  r e d u c t i o n  of  
f e r r i c  ions  is e l e c t r o c h e m i c a l l y  e q u i v a l e n t  to t he  
a m o u n t  of m e t a l  d i sso lved .  The  cor ros ion  c u r r e n t  i n -  
vo lved  in  r eac t i ons  [1]  and  [3]  in  bo i l i ng  60% ac id  
was  d e r i v e d  f r o m  the  w e i g h t  loss, e x p o s u r e  t ime ,  and  
a r e a  of t he  spec imen ,  and  found  to be  0.026 m a / c m  -~. 

Electrode potential measurements.--In 50% b o i l -  
ing  su l fu r i c  acid,  18 Cr -8  Ni  s tee l  has  a p o t e n t i a l  of 
--0.34 v. W i t h  f e r r i c  ions  t he  p o t e n t i a l  changes  a b o u t  
1 v in the  nob le  d i r ec t ion  to +0 .70  v. W h e n  a d d i t i o n s  
of  sma l l  a m o u n t s  of f e r rous  ions  a r e  m a d e  to t he  f e r -  
r i c  s u l f a t e - s u l f u r i c  ac id  solu t ion ,  e i t h e r  as  co r ros ion  
p r o d u c t  f rom d i s so lv ing  s ta in less  s tee l  or  as an  a d d i -  
t ion  in t he  f o r m  of  f e r rous  su l fa te ,  t he  p o t e n t i a l  of 
s t a in less  s tee l  is t he  s a m e  as t h a t  of t he  p l a t i n u m  
e lec t rode ,  Fig.  17. Thus ,  t he  anod ic  a r e a s  on the  s t ee l  
a r e  p o l a r i z e d  to the  p o t e n t i a l  of t he  ca thod ic  a r e a s  
on w h i c h  the  r e d u c t i o n  of f e r r i c  ions  t a k e s  p lace .  The  
p o t e n t i a l  is t h e  s ame  for  a n n e a l e d  and  for  sens i t i zed  
s tee l  and  is i n d e p e n d e n t  of ac id  c o n c e n t r a t i o n  
(Tab l e  I V ) .  

N e i t h e r  f e r rous  ions  nor  o the r  co r ros ion  p r o d u c t s  
affect  co r ros ion  in f e r r i c  s u l f a t e - s u l f u r i c  ac id  so lu -  
t ion  (22) .  The  effect of n i cke l  and  c h r o m i u m  su l f a t e  
a d d i t i o n s  on e l ec t rode  p o t e n t i a l s  is shown  in Fig .  
17A. D i v a l e n t  c h r o m i u m  ( l igh t  b l u e )  is r a p i d l y  
c h a n g e d  to the  t r i v a l e n t  ( d a r k  g r een )  s t a t e  in t hese  
solu t ions .  H e x a v a l e n t  c h r o m i u m  ( o r a n g e - r e d ) ,  
w h i c h  acce l e ra t e s  cor ros ion  of s t a in less  steel ,  does  
no t  f o rm  in su l fu r i c  ac id  d u r i n g  the  d i s so lu t ion  p r o c -  
ess. This  is in c o n t r a s t  to the  b e h a v i o r  in  n i t r i c  ac id  
in w h i c h  t r i v a l e n t  c h r o m i u m  is o x i d i z e d  to t he  h e x a -  
v a l e n t  s ta te .  

W h e n  f e r rous  ions  a c c u m u l a t e  f rom d i s so lv ing  
s tee l  and  r e d u c t i o n  of f e r r i c  ions, t h e  p o t e n t i a l  g r a d -  
u a l l y  changes  in the  anod ic  d i rec t ion .  As  soon as the  
f e r r i c  ion  c o n c e n t r a t i o n  has  been  r e d u c e d  to a v a l u e  
b e l o w  t h a t  r e q u i r e d  for  inh ib i t ion ,  t h e  s t a in less  s tee l  
becomes  ac t ive  and  t h e r e  is a f u r t h e r ,  r a p i d  change  
to m o r e  n e g a t i v e  p o t e n t i a l s  (Fig .  17B).  

R a p i d  ca thod ic  r e d u c t i o n  of f e r r i c  ions in t u r n  ac -  
ce l e r a t e s  t he  anod ic  reac t ion ,  i.e., the  d i s so lu t ion  of 
m e t a l  in pores  of t he  p r o t e c t i v e  film. T h e  s u r g e  of 
m e t a l  (Fe ,  Cr,  Ni)  ions p r o d u c e d  t h e n  m a k e s  poss ib l e  
t h e  r a p i d  f o r m a t i o n  of m o r e  f i lm w h i c h  hea l s  t he  
pores .  [ In  t he  case of  iron d i s so lv ing  in  su l fu r i c  ac id  

/ 
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Fig, 18, Schematic potent ia l -current diagram of local-ceil 
action on stainless steel in ferric sulfate-sulfuric acid solution 
containing some ferrous ions. " C "  and " A "  are the open- 
circuit potentials of the local cathodic and anodic areas, and 
"'1'" is the corrosion current. 

c o n t a i n i n g  f e r r i c  ions t he  anod ic  cor ros ion  p roduc t ,  
f e r rous  ions, canno t  f o rm  a p r o t e c t i v e  film, a n d  the  
r e su l t  is an i nc rea se  in  the  cor ros ion  r a t e  (6 ) . ]  The  
pas s ive  s ta te  is d y n a m i c .  T h e r e  is c o n t i n u a l  b r e a k -  
d o w n  and  r e p a i r  of the  sur face .  F e r r i c  ions in  so lu -  
t ion  and  the  f e r r o u s  ions f o r m e d  b y  t h e i r  r e d u c t i o n  
p r o b a b l y  a id  in t he  f o r m a t i o n  of  th is  f i lm (24) .  ~ 
T h e r e  is also a pos s ib i l i t y  t h a t  f i lm f o r m a t i o n  is p r o -  
m o t e d  b y  o x y g e n  e vo lve d  in the  t h e r m a l  r e a c t i o n  of 
w a t e r  w i t h  f e r r i c  ions (25) .  The  r a t e  of d i s so lu t ion  
of  th is  f i lm in t he  acid  a n d / o r  the  r a t e  of d i f fus ion of 
ions t h r o u g h  the  f i lm d e t e r m i n e  the  co r ros ion  r a t e  
of the  s tee l?  ~ 

The  fac t  t h a t  the  p o t e n t i a l  of a n n e a l e d  and  of sen -  
s i t ized  ( c h r o m i u m  c a r b i d e  t y p e )  s tee l  is t he  s ame  
ind ica t e s  t ha t  d i s so lu t ion  is u n d e r  anodic  control .  
The  d i f fe rence  in g r a i n  face  cor ros ion  and  i n t e r g r a n -  
u l a r  p e n e t r a t i o n  is p r i m a r i l y  a r e s u l t  of  t he  l o w e r  
p o l a r i z a b i l i t y  of the  m e t a l  in g r a i n  b o u n d a r y  zones 
c on t a in ing  c h r o m i u m  c a r b i d e  p r e c ip i t a t e ,  r a t h e r  t h a n  
of a n y  d i f fe rence  w h i c h  m a y  ex is t  in open  c i r cu i t  
po t e n t i a l s  of g r a i n  cen te r s  and  g r a i n  b o u n d a r i e s .  
This  is also t he  case  in n i t r i c  and  in coppe r  s u l f a t e -  
su l fu r i c  ac id  solu t ion .  It 

A schema t i c  d i a g r a m  of loca l  cel l  p o l a r i z a t i o n  is 
g iven  in  Fig.  18. The  i n t e r s e c t i on  of t he  p o l a r i z a t i o n  
l ines  is the  m e a s u r e d  po ten t i a l .  S ince  the  p o t e n t i a l  
of s t a in less  s tee l  is t he  s ame  as t h a t  of the  p l a t i n i z e d  
p l a t i n u m  e lec t rode ,  the  co r ros ion  c u r r e n t  " I "  d e -  
pends  on the  s lope  of the  l ine  r e p r e s e n t i n g  anod ic  
po la r i za t ion .  A t  g r a i n  b o u n d a r i e s  c on t a in ing  c h r o -  
m i u m  c a r b i d e s  and,  t he re fo re ,  a zone d e p l e t e d  in 
c h r o m i u m ,  p o l a r i z a b i l i t y  is less  t h a n  at  g r a i n  surfaces .  

Intergranular Corrosion 
F e r r i c  ions g r e a t l y  r e t a r d  genera l ,  or  g r a i n  face,  

co r ros ion  (23) .  H o w e v e r ,  i n t e r g r a n u l a r  a t t a c k  can -  
no t  be  suppressed .  As  the  c o n c e n t r a t i o n  of su l fu r i c  

s As  a resul t ,  anod ic  p o l a r i z a t i o n  m a y  be  af fec ted  by  ca t ions  in  
t he  so lu t ion .  Th i s  m a y  be  d i f f e ren t  f r o m  p o l a r i z a t i o n  p r o d u c e d  on 
s t a in l e s s  s t ee l  in  p u r e  s u l f u r i c  ac id  s o l u t i o n s  by  a n  anod ic  e x t e r n a l  
cu r ren t .  Loca l  cel l  p o l a r i z a t i o n  has ,  t h e r e f o r e ,  been  d e s c r i b e d  in  t e r m s  
of  t he  s impl i f ied ,  s c h e m a t i c  d i a g r a m s  of  t he  t y p e  of F ig .  18, r a t h e r  
t h a n  in  r e fe rence  to a specif ic  p o l a r i z a t i o n  c u r v e  d e t e r m i n e d  in  p u r e  
ac id  so lu t i ons  by  m e a n s  of an  e x t e r n a l  cu r ren t .  

10 I n  s u l f u r i c  ac id  so lu t ions ,  w i t h o u t  f e r r i c  ions,  anod ic  po la r i za -  
t i on  a n d  c o n s e q u e n t  s u p p r e s s i o n  of cor ros ion  of s t a in l e s s  s teel  m a y  
be produced by  m e a n s  of an  e x t e r n a l  e lec t r i ca l  c u r r e n t  or  by  aera-  
t i on  (26-29, 50, 55). A l l o y i n g  a d d i t i o n s  of  a b o u t  0.1% p l a t i n u m  and  
p a l l a d i u m  to s t a in less  s tee l  h a v e  also been  used  to p r o v i d e  areas  in  
the  su r face  on w h i c h  t he  ra tes  of ca thod ic  r eac t ions  are  inc reased  
to p e r m i t  more  r a p i d  f o r m a t i o n  of  p r o t e c t i v e  f i lms on anod ic  
a reas  (51). 

Me ta l  d i s s o l u t i o n  in  a q u e o u s  m e d i a  by  d i f fus ion  of  ca t ions  t h r o u g h  
p r o t e c t i v e  f i lms  has  b e e n  p roposed  by  P e t r o c e l l i  (48), H o a r  and  
E v a n s  (49), and  V e t t e r  (57). 

lz S u p p o r t  for  t h i s  m e c h a n i s m  is g i v e n  by  e l ec t rode  p o t e n t i a l  
m e a s u r e m e n t s  m a d e  o n  g r a i n  su r faces  a n d  g r a i n  b o u n d a r i e s  of 
l a rge  g r a i n e d  sens i t i zed  spec imens  u s i n g  t he  t e c h n i q u e  desc r ibed  
by  D ix  (53). The re  was  no  d i f fe rence  in  these  p o t e n t i a l s  in  a so lu -  
t i on  of n i t r i c - h y d r o f l u o r i c  acid.  S i m i l a r  m e a s u r e m e n t s  h a v e  been  
m a d e  b y  S t a n d i f e r  (54), w h o  a lso  f o u n d  t h a t  t he  p o t e n t i a l s  of  
su scep t i b l e  b o u n d a r i e s  a re  t he  s ame  as  t hose  of  g r a i n  su r faces  m 
seve ra l  acids.  
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Fig. 19. Effect of concentration of sulfuric acid on corro- 
sion of AISI-304 steel in boiling ferric sulfate-sulfuric acid 
solution (22). Solution: 600 ml with 15 g ferric sulfate 
(acid concentrations in weight per cent). Specimens: A (top), 
AISI-304 (M304, Table I) heated 1 hr at 1250~ B (bottom), 
(M304, Table I) annealed. 

Fig. 20. Corrosion of AISI-316 steel in boiling ferric sulfate- 
sulfuric acid solution. Solution: 50% sulfuric acid containing 
15 g/600 ml ferric sulfate. Steel: M316, analysis Table I. 
A (top), annealed, M316, after 20-hr exposure; B (bottom), 
sensitized, 1 hr 1250~ after 20 hr exposure. Magnification 
500X before reduction for publication. 

t es t ing  in  the n i t r i c  acid test. The condi t ions  of acid 
concen t r a t i on  and  tes t ing  t ime  of the n e w  eva lua t i on  
tes t  were  selected on the  basis  of this  type  of data.  

Ta b l e  III  also shows tha t  on AISI -316  a nd  316L 
steels the  ferr ic  su l f a t e - su l fu r i c  acid test  does no t  
revea l  the  type  of suscep t ib i l i ty  associated w i th  
s igma phase.  Most of these steels have  v e r y  h igh 
rat ios  in  n i t r i c  acid bu t  have  a ra t io  of u n i t y  in  the  
120-hr  ferr ic  su l f a t e - su l fu r i c  acid test. For  example ,  
steel FI -4 ,  which  does no t  con ta in  a ny  carb ides  af ter  

Table I11. Comparison of evaluation tests 

acid is increased  f rom 30 to 60% the re  is a l a rge  i n -  
crease in  i n t e r g r a n u l a r  corrosion of a steel c o n t a i n -  
ing c h r o m i u m  carbides  (Fig. 19A).  The  morpho logy  
of i n t e r g r a n u l a r  p e n e t r a t i o n  r e m a i n s  u n c h a n g e d  in  
this r ange  of acid concen t r a t i on  (da ta  in  sect ion on 
"Compar i son  of Types  of I n t e r g r a n u l a r  A t t a c k " ) .  
G e n e r a l  corrosion also increases  as the  acid concen -  
t r a t i on  is increased  (Fig. 19B). A t  a g iven  l eng th  of 
exposure  t ime,  the  ra t io  of i n t e r g r a n u l a r  to gene ra l  
corrosion is a m e a s u r e  of the  r e so lv ing  power  or 
sens i t iv i ty  of the  so lu t ion  to detect  suscep t ib i l i ty  to 
i n t e r g r a n u l a r  at tack.  Increases  in  acid concen t r a t i on  
and  tes t ing  t ime  increase  the ra t io  (22) .  

I n t e r g r a n u l a r  corrosion in  this  so lu t ion  leads to 
u n d e r m i n i n g  and  d i s lodgmen t  of g ra ins  (Fig. 20) at 
a ra te  abou t  twice  tha t  in  the  n i t r i c  acid test. This  is 
shown  by  a compar i son  of ra t ios  as g iven  in  Tab le  
III. On the  AISI -304  steels the  ra t ios  ob ta ined  in  120 
hr  of exposure  in  the ferr ic  su l f a t e - su l fu r i c  acid 
so lu t ion  are the  same as those found  af ter  240 h r  of 

{Types  of  s u s c e p t i b i l i t y  to i n t e r g r a n u l a r  a t t a c k  a n d  u s e  of  
f e r r i c  s u l f a t e  a n d  f e r r i c  n i t r a t e )  

R a t i o  of  w e i g h t  losses* 

50% s u l f u r i c  a c i d  

F e r r i c  
65% n i t r i c  a c i d  F e r r i c  s u l f a t e  n i t ra te (x)  

S tee l  
A I S I  Code?  240 h r  120 h r  240 h r  24 h r  

304 M304(a) 12.8 11.8 23.8 28.0 
304 FK-2  (a) 2.1 2.1 3.7 2.1 
316L FI -4 (a )  35.6 1.4 1.7 1.0 
316 M316(a) 19.0 7.8 18.5 - -  
316L FI-6 (b) 133.05 1.0 1.5 - -  
316L EM-9 (c) 3.35 1.0 1.2 - -  
316L FI-2 (b) 20.45 1.4 2.4 - -  
316L FI-9 (b) 210.05 1.3 2.2 - -  

* W e i g h t  loss of  h e a t - t r e a t e d  s p e c i m e n ,  ( g /dme)  

W e i g h t  loss  of  a n n e a l e d  s p e c i m e n ,  (g /dm2)  
t (a)  H e a t e d  1 h r  a t  1250~ W.Q,  

(b) H e a t e d  1 h r  a t  1300~ W.Q.  
(c) H e a t e d  4 h r  a t  1600~ W.Q.  
(d) 35.5 g / l i t e r  F e  (NO8)a-gHd9 

C a l c u l a t e d  f r o m  d a t a  g i v e n  i n  R e f .  (4~).  
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h e a t i n g  1 h r  a t  1250~ (Fig .  13),  has  a r a t io  of 35.6 
in the  n i t r i c  ac id  tes t  as a r e su l t  of s eve re  i n t e r -  
g r a n u l a r  co r ros ion  of the  sens i t ized  spec imen .  In  the  
fe r r i c  s u l f a t e - s u l f u r i c  ac id  tes t  t h e r e  is e s s e n t i a l l y  no 
i n t e r g r a n u l a r  a t t a c k  on th is  s tee l  even  t h o u g h  t h e r e  
is some g r a i n  b o u n d a r y  g rooving .  This  is a m o r e  
seve re  f o r m  of t he  g r o o v i n g  shown  on a n n e a l e d  
A I S I - 3 1 6  s tee l  in Fig.  20A. 

Use of other ferric salts and other acids.--Corro- 
sion a n d  i nh ib i t i on  m a y  be  in f luenced  g r e a t l y  b y  the  
an ion  of t he  f e r r i c  c o m p o u n d s  used  for  inh ib i t ion .  
Thus,  f e r r i c  c h l o r i d e  a n d  b r o m i d e  r e a d i l y  b r e a k  
d o w n  pas s ive  fi lms and  l e a d  to seve re  p i t t i n g  (21, 
30) .  The  o x a l a t e  is d e c o m p o s e d  in su l fu r i c  ac id  so lu -  
t ion,  and  the  p r o d u c t s  of decompos i t i on  r e d u c e  f e r r i c  
to f e r r o u s  ions. 

Also,  t he  an ion  of t he  f e r r i c  sa l t  m a y  affect  the  
r a t e  of i n t e r g r a n u l a r  a t t ack .  F o r  e x a m p l e ,  f e r r i c  
n i t r a t e  i nc reases  t h e  r a t e  of i n t e r g r a n u l a r  a t t a c k  as 
c o m p a r e d  w i t h  the  r a t e  o b t a i n e d  w i t h  f e r r i c  su l fa te .  
The  c o m p a r i s o n  of r a t io s  in  T a b l e  I I I  sugges t s  t h a t  
a 2 4 - h r  t e s t  w i t h  the  f e r r i c  n i t r a t e  i n h i b i t o r  is e q u i v -  
a l e n t  in r e so lv ing  p o w e r  to a 120-hr  f e r r i c  s u l f a t e -  
su l fu r i c  ac id  or  a 240-h r  n i t r i c  ac id  test .  Thus,  i t  m a y  
be  poss ib l e  to deve lop  a 24 -h r  f e r r i c  n i t r a t e - s u l f u r i c  
ac id  test .  

A f u r t h e r  d e v e l o p m e n t  of a c c e l e r a t e d  e v a l u a t i o n  
tes t s  for  s u s c e p t i b i l i t y  to i n t e r g r a n u l a r  a t t a c k  m a y  
b e  poss ib le  b y  the  c o m b i n e d  use in these  tes t s  of 
f e r r i c  c o m p o u n d s  and  the  v e r y  ac id  to w h i c h  the  
s tee l  is to be  e x p o s e d  in p l a n t  serv ice .  F e r r i c  ions i n -  
h ib i t  g e n e r a l  co r ros ion  in  a n u m b e r  of acids,  e.g., 
acet ic ,  formic ,  oxal ic ,  su l famic ,  and  sod ium b i s u l f a t e  
(21) .  T h e  use of f e r r i c  c o m p o u n d s  in these  ac ids  
m a k e s  i t  poss ib le  to use  bo i l ing  so lu t ions  at  ac id  con-  
c e n t r a t i o n s  se lec ted  to g ive  the  mos t  r a p i d  i n t e r -  
g r a n u l a r  a t t a c k  on suscep t ib l e  s teels .  Thus,  if a c e r -  
t a i n  s t ee l  is to be used  in acet ic  ac id  service ,  i ts  sus -  
c e p t i b i l i t y  to i n t e r g r a n u l a r  a t t a c k  m i g h t  be  d e t e r -  
m i n e d  b y  e x p o s i n g  i t  in boi l ing ,  f e r r i c - i o n  inh ib i t ed ,  
20% acet ic  acid.  

Corrosion in Copper Sulfate-Sulfuric Acid Solution 
This  c o m b i n a t i o n  of r eagen t s ,  o r i g i n a l l y  d e v e l o p e d  

b y  Ha t f i e ld  (31) ,  has  been  w i d e l y  used  to d e t e r m i n e  
the  s u s c e p t i b i l i t y  of aus t en i t i c  s t a in less  s tee ls  to  i n -  
t e r g r a n u l a r  cor ros ion .  E x p o s u r e  to th is  so lu t ion  a t  
bo i l ing  t e m p e r a t u r e s  p r o d u c e s  i n t e r g r a n u l a r  a t t a c k  
on ly  on s tee ls  con t a in ing  i n t e r g r a n u l a r l y  p r e c i p i -  
t a t e d  c h r o m i u m  ca rb ides  (13, 32, 33) .  The  a t t a c k e d  
zone at  g r a i n  b o u n d a r i e s  is such  t h a t  t he  l a rge  m a -  
j o r i t y  of g r a in s  r e m a i n  in  p lace .  Also,  g e n e r a l  co r -  
ros ion  on g r a i n  faces  is v e r y  low. As  a resu l t ,  t he  
change  in  we igh t ,  even  on s tee ls  su scep t i b l e  to i n t e r -  
g r a n u l a r  a t t ack ,  is v e r y  sma l l  and  has  no t  been  used  
as a r o u t i n e  m e a n s  of m e a s u r i n g  the  e x t e n t  of i n t e r -  
g r a n u l a r  cor ros ion .  1" 

The  mos t  c o m m o n l y  used  m e t h o d  for  r o u t i n e  e v a l -  
ua t i on  of th is  tes t  consis ts  of b e n d i n g  a 2 - cm wide  
b y  5- or  8 - cm long s p e c i m e n  t h r o u g h  180 ~ and  e x -  
a m i n i n g  the  su r face  for  c racks ,  w h i c h  i nd i ca t e  i n t e r -  
g r a n u l a r  a t t ack .  This  q u a l i t a t i v e  e v a l u a t i o n  m e t h o d  
has  a c t u a l l y  been  f o u n d  to be  a m o r e  sens i t ive  i n d i -  

12 A n  i n t e r g r a n u l a r l y  c o r r o d e d  s p e c i m e n  g i v e s  off a d u l l  s o u n d  
w h e n  d r o p p e d  on a h a r d  s u r f a c e ,  T h i s  e f fec t  h a s  b e e n  i n v e s t i g a t e d  
by  o s c i l l o g r a p h i c  a n a l y s i s  {34).  

ca t ion  of i n t e r g r a n u l a r  co r ros ion  t h a n  m e a s u r e m e n t  
of changes  in e l e c t r i c a l  r e s i s t ance  (33) or  of w e i g h t  
loss. F o r  r e s i s t ance  m e a s u r e m e n t s ,  f irst  u sed  b y  
R u t h e r f o r d  a n d  A b o r n  (35) ,  a modi f ied  K e l v i n  
b r idge ,  t h in  spec imens ,  4-  to 10-cm long,  a n d  e x -  
posu re  pe r i ods  of h u n d r e d s  of hou r s  a r e  r equ i r ed .  

A m e t h o d  of g r e a t l y  a c c e l e r a t i n g  i n t e r g r a n u l a r  
a t t a c k  in the  coppe r  s u l f a t e - s u l f u r i c  ac id  so lu t ions  
has  r e c e n t l y  been  d e v e l o p e d  b y  Rocha  (36) .  This  
consis ts  of p l a c ing  the  s t a in less  s tee l  s p e c i m e n  in 
con tac t  w i t h  coppe r  m e t a l  ch ips  d u r i n g  e x p o s u r e  in  
the  t es t  solut ion.  As  a resu l t ,  the  e x p o s u r e  t ime  is 
r e d u c e d  f rom 200 to 24 or  48 h r  be fo re  e v a l u a t i o n  
b y  the  bend  test .  

Intergranular Corrosion 

A boi l ing  so lu t ion  of 15.7% su l fu r i c  ac id  and  5.7% 
CuSO,  (by  w e i g h t )  was  used  for  a l l  tests .  Th is  was  
p r e p a r e d  b y  a d d i n g  100 g CuSO4-5H~O and  100 m l  
H~SO, (sp gr  1.84) to 840 m l  of w a t e r  (37) .  A p p a r a -  
tus  was  t he  s a m e  as t h a t  u sed  for  the  n i t r i c  ac id  a n d  
the  f e r r i c  s u l f a t e - s u l f u r i c  ac id  solut ions ,  i.e., a l - l i t e r  
E r l e n m e y e r  flask, c o n t a i n i n g  600 m l  of so lu t ion ,  w i t h  
a cold f inger  condense r .  To avo id  a c c u m u l a t i o n  of 
co r ros ion  p r o d u c t s  f r e q u e n t  changes  of so lu t ions  
w e r e  made .  F o r  e l e c t r i c a l  r e s i s t a nc e  m e a s u r e m e n t s  
the  s ta in less  s tee l  spec imens  w e r e  m a c h i n e d  and  
g r o u n d  to a cross  sec t ion  of 0.6 x 0.15 cm a n d  a 
l e n g t h  of 3 to 6 cm. A n y  h e a t  t r e a t m e n t s  r e q u i r e d  
w e r e  m a d e  on the  spec imens  b e f o r e  ma c h in ing .  

Changes  in e l ec t r i ca l  r e s i s t ance  of t he se  spec imens  
w e r e  m e a s u r e d  w i t h  a p r ec i s i on  K e l v i n  b r i dge .  These  
r e s i s t ances  v a r i e d  f rom 0.001 ohm on spec imens  b e f o r e  
t e s t ing  to a b o u t  0.06 ohm on spec imens  whose  g r a i n  
b o u n d a r i e s  w e r e  e x t e n s i v e l y  cor roded .  A l l  r e s i s t ance  
m e a s u r e m e n t s  w e r e  c o n v e r t e d  to pe r  cen t  change  in 
res i s t ance .  By  d e t e r m i n i n g  th is  change  for  s e g m e n t s  
of va r i ous  l eng ths  of one spec imen ,  i t  was  f o u n d  t h a t  
the  p e r  cen t  change  in  r e s i s t ance  was  i n d e p e n d e n t  of 
the  l e n g t h  of spec imens  used  in th is  i nves t iga t ion .  

Befo re  r e s i s t ance  m e a s u r e m e n t s  a re  m a d e  the  
spec imens  m u s t  be  i m m e r s e d  in  ace tone  to r e m o v e  
r e s i d u a l  l iqu ids  and  so lub le  sol ids  f rom c o r r o d e d  
g r a i n  b o u n d a r i e s  

D i s l o d g m e n t  of g ra ins  in  t he  cupr i c  s u l f a t e - s u l -  
fu r i c  ac id  so lu t ion  is v e r y  s low,  e spec i a l l y  f rom 
A I S I - 3 1 6  steels .  E v e n  t h o u g h  t h e  g r a i n  b o u n d a r i e s  
m a y  be  p e n e t r a t e d  enough  to m a k e  a 6 - c m  long  
s p e c i m e n  b e n d  u n d e r  i ts  o w n  w e i g h t  t he  su r f ace  
m a y  be  a lmos t  u n c h a n g e d  in a p p e a r a n c e .  In  t he  case  
of A I S I - 3 0 4  steels ,  g ra ins  a r e  d i s l odged  m o r e  r e a d i l y  
and  the  spec imens  s o m e t i m e s  b r e a k  in h a n d l i n g .  

Effect of metallic copper.--Quantitative d a t a  w e r e  
o b t a i n e d  on the  a c c e l e r a t i o n  of  i n t e r g r a n u l a r  a t t a c k  
p r o d u c e d  b y  i m m e r s i o n  of m e t a l l i c  copper  in t he  
t e s t i ng  solut ion.  T h r e e  t y p e s  of tes ts  w e r e  m a d e :  (a )  
s imp le  i m m e r s i o n  of s ta in leas  s tee l  in cup r i c  s u l f a t e -  
su l fu r i c  ac id  solu t ion ,  (b)  s i m u l t a n e o u s  i m m e r s i o n  
w i t h  m e t a l l i c  copper ,  b u t  no t  in  contact ,  and  (c) 
i m m e r s i o n  of s tee l  in  c on t a c t  w i t h  copper .  Con tac t  
w i t h  m e t a l l i c  coppe r  was  p r o v i d e d  b y  p a r t i a l l y  f i l l -  
ing  the  glass  c rad les ,  u sed  to ho ld  t he  s tee l  spec imen ,  
w i t h  coppe r  tu rn ings .  A w e i g h e d  a n d  m e a s u r e d  cop-  
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Fig, 2] .  Change in electrical resistance of sensitized AISI- 
316 steel in boding copper sulfate-sulfuric acid solution. 
Effect of metallic copper. Solution: 15.7% HsSO4 and 5.7% 
CuS04. Steel: AISI-316 (EW-6) heated 1 hr at 1250~ 
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Fig. 22. Weight loss of sensitized AISI-316 steel in boiling 
copper sulfate-sulfuric acid solution. Same tests as Fig. 21. 

p e r  s p e c i m e n  was  used  for  the  s i m u l t a n e o u s  i m m e r -  
s ion tests .  

The  r e su l t s  of e l e c t r i c a l  r e s i s t ance  and  w e i g h t - l o s s  
m e a s u r e m e n t s  a re  g iven  in  Fig.  21-23. I t  is a p p a r e n t  
t h a t  w i t h o u t  the  use  of m e t a l l i c  coppe r  t he  r a t e  of 
i n t e r g r a n u l a r  a t t a c k  is v e r y  slow. A f t e r  240 h r  t he  
change  in  r e s i s t ance  is on ly  10% and  the  w e i g h t  loss 
on ly  0.1 g / d m  = ( in  a 120-hr  e x p o s u r e  in 65% n i t r i c  
ac id  t he  w e i g h t  loss of th is  s tee l  was  31.5 g /dm~) .  
S i m u l t a n e o u s  i m m e r s i o n  of t he  copper ,  a b o u t  20 cm ~ 
in a rea ,  i nc reases  the  r a t e  of i n t e r g r a n u l a r  a t t a c k  b y  
a f ac to r  of 24 (a t  240 h r  of i m m e r s i o n )  as  d e t e r -  
m i n e d  b y  change  in  r e s i s t ance  (Fig .  21).  Con tac t  
w i t h  t he  copper  s p e c i m e n  p r o d u c e s  a f u r t h e r  i nc rease  
in the  r a t e  of a t t a c k - - b y  a f ac to r  of 85 ove r  t he  
c o p p e r - f r e e  tes t .  These  d i f fe rences  in r a t e s  of i n t e r -  
g r a n u l a r  a t t a c k  also a r e  re f lec ted  in the  w e i g h t  
losses (Fig .  22) .  

To d e t e r m i n e  w h e t h e r  th is  i nc rea se  of co r ros ion  b y  
coppe r  is a r e s u l t  of s imp le  a c c e l e r a t i o n  of the  t y p e  
of i n t e r g r a n u l a r  a t t a c k  o b s e r v e d  w i t h o u t  i m m e r s i o n  
of copper ,  or  the  r e s u l t  of a change  in the  g e o m e t r y  
of g r a i n - b o u n d a r y  a t t a c k  the  p e r  cen t  changes  in 
r e s i s t ance  h a v e  been  p l o t t e d  a g a i n s t  t he  w e i g h t  losses 
(Fig .  23) .  In  th is  g r a p h  the  t i m e  f ac to r  has  b e e n  
e l i m i n a t e d .  T h e  r e s u l t i n g  r e l a t i o n s h i p  of r e s i s t ance  

c h a n g e  to w e i g h t  loss is the  s a m e  for  a l l  t h r e e  tests .  
Thus,  m e t a l l i c  coppe r  inc reases  cor ros ion  b y  a c c e l e r -  
a t i n g  t h e  t y p e  of i n t e r g r a n u l a r  a t t a c k  p r o d u c e d  in 
the  absence  of copper ,  r a t h e r  t h a n  b y  c h a n g i n g  the  
c h a r a c t e r  of g r a i n  b o u n d a r y  a t t ack .  

A p h o t o m i c r o g r a p h  of i n t e r g r a n u l a r  a t t a c k  p r o -  
d u c e d  in coppe r  s u l f a t e - s u l f u r i c  ac id  so lu t ion  w i t h  
t he  s ta in less  s tee l  in con tac t  w i t h  copper  is shown  in 
Fig .  24. E v e n  t h o u g h  the  a t t a c k e d  g r a i n - b o u n d a r y  
zone is v e r y  n a r r o w  in c o m p a r i s o n  w i t h  t h a t  p r o -  
d u c e d  in n i t r i c  ac id  a n d  f e r r i c  s u l f a t e - s u l f u r i c  ac id  
so lu t ions  (Fig .  3 and  20) ,  t h e r e  has  b e e n  enough  
p e n e t r a t i o n  to u n d e r m i n e  a n d  d i s lodge  gra ins .  

Effect of sensitizing time.--Increasing t he  h e a t  
t r e a t m e n t  a t  1250~ f r o m  1 h r  to 2 h r  i nc reases  the  
a m o u n t  of i n t e r g r a n u l a r l y  p r e c i p i t a t e d  c h r o m i u m  
c a r b i d e s  and  p r o b a b l y  also the  size of t he  ca rb ides .  
F i g u r e  25 ind ica t e s  t h a t  the  c h a r a c t e r  of i n t e r g r a n u -  
l a r  a t t a c k  on spec imens  of t he  same  h e a t  of s tee l  is 
c h a n g e d  b y  v a r y i n g  the  l e n g t h  of t ime  of sens i t iz ing.  
Each  s p e c i m e n  has  i ts  o w n  r e s i s t a n c e  change  vs. 
w e i g h t  r e l a t i onsh ip .  G r e a t e r  a m o u n t s  of c a r b i d e  p r e -  
c ip i t a t e  p r o d u c e  a m o r e  r a p i d  inc rease  in  r e s i s t ance  
t h a n  in w e i g h t  loss in the  cupr i c  s u l f a t e - s u l f u r i c  ac id  
so lu t ion  ( w i t h o u t  m e t a l l i c  c o p p e r ) .  The  r a t e  of i n t e r -  
g r a n u l a r  p e n e t r a t i o n  inc reases  m o r e  r a p i d l y  t h a n  
does  g r a i n  d ropp ing .  
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Fig. 23. Relationship of change in electrical resistance and 
weight loss of sensitized AISI-316 steel in boiling copper 
sulfate-sulfuric acid solution. Same tests as Fig. 21. 

Fig. 24. Corrosion of sensitized AISI-316 steel in boiling 
copper sulfate-sulfuric acid solution. Specimen in contact 
with copper. Steel: AISI-316 (EW-6) heated 1 hr at 1250~ 
Exposure: 23 hr. Magnif icat ion 500X before reduction for 
publication. 
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Fig. 26. Electrode potent ial  measurements in boil ing cop- 
per sulfate-sulfuric acid solutions. Effect of metal l ic copper. 
Solut ion:  15.7% sulfuric acid and 5 .7% CuSO~. (For ap- 
paratus used see F,g. 5; all potentials measured against satu- 
rated potassium chloride calomel electrode). 

Tests have  also been  made  in  cupr ic  s u l f a t e - s u l -  
fur ic  acid solut ion on steels c o n t a i n i n g  the  s igma 
type  of i n t e r g r a n u l a r  suscept ib i l i ty .  The  resul ts ,  
discussed below, are in  a g r e e m e n t  wi th  those of p r e -  
vious inves t iga tors  (13, 32, 33) and  show tha t  the  
s igma type  of suscept ib i l i ty  does no t  lead to ac-  
ce lera ted  i n t e r g r a n u l a r  a t tack  in  this  solut ion.  

Effect of dissolved iron.--Ferrous sul fa te  was  
added  to copper sul fa te  solut ions  to give a concen-  
t r a t i on  of 1.3 to 2.6 g/1 of fe r rous  ions. Dissolved 
i ron in  this  r ange  of concen t r a t i on  was w i thou t  effect 
on the we igh t  loss of a n n e a l e d  or of sensi t ized steel, 
w i th  or w i thou t  meta l l i c  copper in  the solut ion.  
However ,  in  some tests dissolved i ron  reduced  the 
change  in  res i s tance  of sensi t ized specimens,  which  
is in  a g r e e m e n t  w i th  resul t s  of B r a u n s  and  P ie r  
(39),  who repor ted  a decrease in  i n t e r g r a n u l a r  a t -  
tack  (no meta l l i c  copper)  as d e t e r m i n e d  by  the b e n d  
test, which  indicates  to ta l  pene t ra t ion ,  as does the 
change  in  resis tance.  

Electrode Potential Measurements  

Po ten t i a l  m e a s u r e m e n t s  in  bo i l ing  solut ions  of 
copper  su l f a t e - su l fu r i c  acid of the  same c o n c e n t r a -  
t ion  as descr ibed  above were  m a d e  to p rov ide  da ta  
for an  i n t e r p r e t a t i o n  of the act ion of meta l l i c  copper  
and  the m e c h a n i s m  of d isso lu t ion  in  this solut ion.  
Some resu l t s  have  been  p lo t ted  in  Fig. 26. 

In i t i a l ly ,  the  po ten t i a l  of the p la t in ized  p l a t i n u m  
electrode is abou t  +0.53 v and  tha t  of a s ta inless  
steel  specimen,  +0.34 v. I m m e r s i o n  of a piece of cop- 
per  (40 cm" surface area)  in  this solut ion,  b u t  no t  in  
contact  w i th  e i ther  the s ta inless  or p l a t i n u m  elec-  

C ~ P I  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

i . . . . . . . . . . . .  P t  - .  
i Cu - - - ' 

A i ................... 

' i ' 
I I N 0  Cul  l ieu}  (Cu in c0ntoct )  

IA) (B) (C) 

F=g. 27.  Schemat ic  p o t e n t i a l - c u r r e n t  d i ag rams  o f  loca l -ce l l  
ac t i on  on sta in less steel in copper  s u l f a t e - s u l f u r i c  ac id  solu-  
t ion.  E f fec t  o f  m e t a l l i c  copper .  " C "  and  " A "  a re  the  open-  
c i r cu i t  po ten t ia l s  o f  t h e  l o c a l  ca thod i c  and anod ic  areas,  and 
" 1 "  is the  cor ros ion  cu r ren t .  T h e  e lec t rode  po ten t i a l s  o f  a 
p l a t i n i z e d  p l a t i n u m  e lec t rode  and  the m e t a l l i c  copper ,  im -  
mersed together with the stainless steel, are indicated by 
arrows. 

t rade,  ve ry  r ap id ly  changes  the po ten t i a l  of bo th  elec-  
t rodes in  the anodic  (ac t ive)  d i rec t ion  to +0.13 v. 
Both electrodes now have  the  same potent ia l ,  which  
is constant .  The po ten t i a l  of the copper is cons tan t  at 
0.06 v. W h e n  the copper is pu t  in  contact  wi th  the 
s ta inless  e lectrode there  is a f u r t he r  change  in  po-  
t en t i a l  of the steel in  the act ive  d i rec t ion  to tha t  of 
copper,  which  r e ma i ns  u n c h a n g e d  ( la rge  surface  
a rea ) .  The  po ten t i a l  of the so lu t ion  ( P t  e lect rode)  r e -  
ma i n s  unchanged .  B r e a k i n g  contact  b e t w e e n  the 
s ta inless  steel e lectrode and  the  copper  spec imen  re -  
es tabl ishes  the po ten t i a l  of the s ta inless  s teel  at  the  
same va lue  as t ha t  of the p l a t i n u m  electrode.  Upon  
r e mova l  of the copper spec imen  the po ten t ia l s  of 
bo th  p l a t i n u m  and  s tainless  s teel  e lectrodes increase  
in  the  cathodic direct ion.  As in  the beg inn ing ,  the  
p l a t i n u m  electrode assumes  the  more  cathodic p o t e n -  
t ial .  These m e a s u r e m e n t s  are read i ly  r ep roduc ib le  
and  are the same on a n n e a l e d  a nd  on sensi t ized steel. 

The act ion of meta l l i c  copper  in  this  so lu t ion  is 
shown by  a compar i son  of we igh t - loss  m e a s u r e m e n t s  
ob ta ined  on copper  in  bo i l ing  su l fur ic  acid, wi th  and  
w i t h o u t  cupr ic  sulfate.  Wi t hou t  cupr ic  su l fa te  the 
we igh t  loss was  abou t  0.3 g / d m  ~" in  20 hr.  Add i t i on  of 
cupr ic  sul fa te  to m a k e  a 5.7% CuSO, .solution i n -  
creased this we igh t  loss 40-fold by  cup r i c - i on  cor-  
rosion. 

Cu + Cu + ~  2Cu +' 

A c c u m u l a t i o n  of cuprous  ions in  the cupric  su l fa te -  
su l fur ic  acid so lu t ion  changes  the  po ten t i a l  in  the  
anodic  d i rec t ion  to the same  va lue  on both  the p la t i -  
n u m  a nd  s tainless  steel  electrodes,  which  indica tes  
tha t  the  local anodes  are polar ized  to the po ten t i a l  of 
the  cathodic areas. Thus,  in  copper  su l f a t e - su l fu r i c  
acid solut ion,  as wel l  as in  the  o ther  two acid solu-  
t ions  inves t iga ted ,  corrosion of s ta inless  steel is con-  
t ro l led  by  the  po la r i zab i l i ty  of anodic  areas.  These 
changes  in  po ten t i a l  are  s h o w n  schemat ica l ly  in  
t e rms  of local cell ac t ion in  Fig. 27A and  B. 

W h e n  the  copper spec imen  is pu t  in  contac t  wi th  
the s ta inless  s teel  there  is a f u r t h e r  change  in  the 
po ten t i a l  of the  steel, in  the  anodic  direct ion,  to tha t  
of the  copper. (The po ten t i a l  of the p l a t i n u m  elec-  
t rode  r e ma i ns  cons tan t . )  Thks change  indica tes  ca-  
thodic po la r iza t ion  of the s t e e l y  Therefore ,  s ta inless  

�9 a M a k i n g  a n  e l e c t r o d e  a c a t h o d e  b y  m e a n s  o f  a n  e x t e r n a l  c u r r e n t  
e i t h e r  h a s  n o  e f f e c t  o n  i t s  p o t e n t i a l  o r  c h a n g e s  i t  i n  t h e  a n o d i c  d i -  
r e c t i o n .  I n  t u r n ,  a n o d i c  p o l a r i z a t i o n  c h a n g e s  t h e  p o t e n t i a l  i n  th e  
c a t h o d i c  d i r e c t i o n .  
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s tee l  is t he  ca thode  of the  s t e e l - c o p p e r  g a l v a n i c  
coup le?  ' T h e r e  is a s i m u l t a n e o u s  r e d u c t i o n  in anod ic  
po la r i za t ion ,  p r i m a r i l y  a t  su scep t ib l e  g r a i n  b o u n d -  
ar ies ,  and ,  consequen t ly ,  an  i nc rea se  in  co r ros ion  
ra te ,  or  co r ros ion  c u r r e n t ,  in t e r m s  of the  d i a g r a m  in 
Fig.  27C. In  th is  s y s t e m  ca thod ic  p o l a r i z a t i o n  i n -  
c reases  co r ros ion?  ~ As  sugges t ed  b y  Rocha  (36) the  
c o p p e r  con tac t  p r o d u c e s  d i s so lu t ion  of  t he  s t a in l e s s  
s tee l  a t  a cons t an t  po t en t i a l ,  i.e., the  copper  p r o v i d e s  a 
v e r y  s imp le  e q u i v a l e n t  of a c o n s t a n t - p o t e n t i a l  i n -  
s t r u m e n t ,  a po t en t i o s t a t .  

S ince  coppe r  is t he  anode  of the  g a l v a n i c  coup le  
w i th  s ta in less  s teel ,  i t  m i g h t  be  e x p e c t e d  t h a t  i ts  
r a t e  of co r ros ion  is inc reased .  H o w e v e r ,  no i n c r e a s e  
was  o b s e r v e d  b e c a u s e  of t he  v e r y  g r e a t  d i f fe rence  in  
t he  co r ros ion  r a t e s  of t he  s ta in less  s tee l  a n d  the  
copper .  The  g a l v a n i c  c u r r e n t  p r o d u c e d  b y  the  couple  
doub les  t he  cor ros ion  r a t e  of t he  s t a in less  s tee l  (Fig .  
22).  O n l y  a s m a l l  f r ac t i on  of th is  is a c t u a l l y  due  to 
m e t a l  d i s so lu t ion ;  mos t  is a r e su l t  of g r a i n - d r o p p i n g .  
The  g a l v a n i c  c u r r e n t  pa s s ing  to t he  s t a in l e s s  s t ee l  
f r o m  the  r a p i d l y  c o r r o d i n g  coppe r  (0.65 g / d m V h r )  
p r o d u c e d  such a s m a l l  i n c r e m e n t  in  th is  r a t e  t h a t  
i t  cou ld  no t  be  de tec t ed .  

Dis so lu t ion  of s t a in less  s tee l  in cupr i c  s u l f a t e - s u l -  
fur ic  ac id  so lu t ion  w i t h o u t  m e t a l l i c  coppe r  g r a d u a l l y  
changes  the  o x i d a t i o n  r e d u c t i o n  p o t e n t i a l  of the  so-  
lu t ion  in t he  anodic  d i r ec t ion  as cup rous  ions a r e  
f o r m e d  b y  r e d u c t i o n  of cupr ic  ions on the  su r f ace  of 
the  s teel .  H o w e v e r ,  in  the  p r e s e n c e  of r e l a t i v e l y  
l a rge  c o n c e n t r a t i o n s  of d i s so lved  f e r rous  ions th is  
sh i f t  is suppres sed .  In  a g r e e m e n t  w i t h  B r a u n s  and  
P i e r  (39) i t  was  f o u n d  t ha t  1-3 g/1 of f e r rous  ions 
r e t a r d s  or  p r e v e n t s  t he  change  of p o t e n t i a l  in t he  
anod ic  d i rec t ion .  F e r r o u s  ions w e r e  o x i d i z e d  to t he  
f e r r i c  s ta te .  A b lue  so lu t ion  con t a in ing  1.3 g/1 f e r -  
rous  ions becomes  b l u e - g r e e n  in 12 h r  a t  bo i l i ng  
t e m p e r a t u r e .  W h e n  m e t a l l i c  coppe r  was  added ,  d i s -  
so lved  i ron  r e m a i n e d  in t he  f e r rous  s ta te  and  the  p o -  
t en t i a l s  of coppe r  and  of s t a in less  s tee l  in con tac t  
w i t h  i t  w e r e  the  s ame  as in so lu t ions  w i t h o u t  i ron.  

size on i n t e r g r a n u l a r  co r ros ion  conc ludes  t he  d i s -  
cussion.  

Effect of Acids 

Some  resu l t s  o b t a i n e d  on A I S I - 3 0 4  and  316 s tee ls  
in the  t h r e e  ac id  so lu t ions  d i scussed  a b o v e  a re  shown 
in Fig .  28. In  t hese  two  g r a p h s  the  effect of l e n g t h  of 
t e s t i ng  t i m e  has  a g a i n  been  e l i m i n a t e d  b y  p l o t t i n g  
change  in  r e s i s t ance  a g a i n s t  the  w e i g h t  loss of  a g iven  
( .sensi t ized) s teel .  E l i m i n a t i o n  of t he  t e s t i ng  t ime  f a -  
c i l i t a t e s  t he  c o m p a r i s o n  of t y p e s  of i n t e r g r a n u l a r  a t -  
tack ,  b e c a u s e  the  fac to rs  in  t he  ac ids  w h i c h  d e t e r m i n e  
the  r a t e  of i n t e r g r a n u l a r  p e n e t r a t i o n  do no t  affect  i ts  
cha rac t e r .  Thus,  i t  was  s h o w n  (Fig .  23) t h a t  t he  v e r y  
g r e a t  a c c e l e r a t i o n  of i n t e r g r a n u l a r  a t t a c k  caused  b y  
the  use  of m e t a l l i c  coppe r  in  the  copper  s u l f a t e - s u l -  
fu r ic  ac id  t es t  does  not  a l t e r  t he  c h a r a c t e r i s t i c s  of 
th is  a t t ack .  This  is also the  case  for  i nc r e a s ing  ac id  
c o n c e n t r a t i o n  w h i c h  g r e a t l y  affects  t h e  r a t e  of co r -  
ros ion  in  the  f e r r i c  s u l f a t e - s u l f u r i c  ac id  so lu t ion  
(Fig .  19).  The  d a t a  on A I S I - 3 0 4  and  316 s tee ls  in  
F ig .  28, o b t a i n e d  in  15.7 a n d  50% acid,  p r o v i d e  the  
ev idence  for  th is  obse rva t ion .  Even  t h o u g h  cor ros ion  
on the  A I S I - 3 1 6  s tee l  is i n c r e a s e d  300- fo ld  in  77 h r  
b y  th i s  inc rease ,  the  po in t s  for  bo th  c o n c e n t r a t i o n s  
fa l l  on one l ine.  A d i scuss ion  of " c h a r a c t e r i s t i c s  of 
i n t e r g r a n u l a r  p e n e t r a t i o n "  is g iven  be low.  

The  r e l a t i o n s h i p  of change  i n ' r e s i s t a n c e  and  
w e i g h t  loas on i n t e r g r a n u l a r l y  c o r r o d i n g  spec imens  
m a y  be  d e s c r i b e d  w i t h  r e f e r e n c e  to an  i m a g i n a r y  
s p e c i m e n  suf fe r ing  u n i f o r m  g e n e r a l  cor ros ion .  C a l -  
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Comparison of Types of Intergranular Attack 
In  th is  conc lud ing  sec t ion  the  t echn iques  d e s c r i b e d  

in the  p r e v i o u s  p a r t s  a r e  used  for  a c o m p a r i s o n  a n d  
i n t e r p r e t a t i o n  of  t he  t y p e s  of i n t e r g r a n u l a r  a t t a c k  
p r o d u c e d  b y  va r i ous  so lu t ions .  The  d a t a  h a v e  been  
s u m m a r i z e d  in t e r m s  of c r i t e r i a  w h i c h  can  be  used  
to c o m p a r e  t he  a p p l i c a b i l i t y  of these  c o r r o d i n g  ac ids  
for  r o u t i n e  e v a l u a t i o n  tests .  A d e s c r i p t i o n  of e x p e r i -  
m e n t a l  w o r k  u n d e r t a k e n  to r e v e a l  the  effect  of g r a i n  

14 C o n f i r m a t i o n  of  t h i s  r e l a t i o n s h i p  in  t h e  c oppe r - s t a i n l e s s  s teel  
coup le  was  o b t a i n e d  i n  a t e s t  in  w h i c h  t he  c u r r e n t  a n d  i t s  d i r ec -  
t i o n  in  t h i s  coup le  we re  m e a s u r e d .  S p e c i m e n s  of copper  a n d  s t a i n -  
less steel ,  connec t ed  t h r o u g h  a m i c r o a m m e t e r ,  we re  p a r t i a l l y  i m -  
m e r s e d  in  b o i l i n g  s u l f u r i c  ac id  w i t h o u t  cupr i c  su l fa te .  The  s t a in le s s  
s teel  d i s s o l v e d  w i t h  v i g o r o u s  e v o l u t i o n  of  h y d r o g e n  a n d  was  t he  
anode  of  t he  couple .  W h e n  the  coup le  was  i m m e r s e d  i n  a second  
s o l u t i o n  of  s u l f u r i c  ac id  of the  s ame  c o n c e n t r a t i o n  c o n t a i n i n g  
cupr ic  su l fa te ,  e v o l u t i o n  os h y d r o g e n  on  t he  s t a in l e s s  s tee l  was  sup -  
pressed.  The re  w a s  a r e v e r s a l  a n d  a l a r g e  decrease  of t he  c u r r e n t  
b e t w e e n  t he  spec imens .  The  s t a in less  s tee l  b e c a m e  t he  c a thode  and  
t h e  c o p p e r  b e c a m e  the  a n o d e  of t he  g a l v a n i c  couple .  

15 T h i s  is  i n  c o n t r a s t  to  t he  b e h a v i o r  o f  some  m e t a l s  in  n e a r l y  
n e u t r a t  so lu t ions .  C a t h o d i c  p o l a r i z a t i o n  f r e q u e n t l y  r educes  cor ro -  
s ion  i n  such  s y s t e m s  (ca thod ic  p r o t e c t i o n ) .  O n  m e t a l s  exposed  to  
so lu t ions  in  w h i c h  t h e y  e v o l v e  h y d r o g e n  [s teels  in  acids,  a l u m i n u m  
zn s o d i u m  h y d r o x i d e  (38)] ca thod ic  p o l a r i z a t i o n  u s u a l l y  does  n o t  
affect  the  co r ros ion  rate .  
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Fig. 28. Compar ison of  i n te rg ranu le r  pene t ra t ion  end 
we igh t  lass in three boi l ing acid solut ions. Steels: A (top), 
AISI-304 (DT-2) heated 1 hr at  1250~ B (bottom), A lS l -316 
(GT-8) heated ] hr o t  ] 950~  then I hr a t  1250~ Solu- 
tions: O, 15.7% H_~S04 - -  5 .7% CuSO~ (no metal l ic  copper); 
/k, 5 0 %  H : S O , -  Fe..,(SO,).~; a, 15.7% H.~SO, -  Fe2(SO,)3; 
x, 6 5 %  HNO3. 
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cu la t ions  TM w e r e  m a d e  of t he  p e r  cent  change  in  r e -  
s i s tance  as a func t ion  of t he  w e i g h t  loss of such  a 
s ta in less  s tee l  s p e c i m e n  (of s im i l a r  c ro s s - s e c t i ona l  
a r e a  as those  used  in  the  l a b o r a t o r y  t e s t s )  a n d  h a v e  
been  p l o t t e d  in  Fig .  28. A t  a g iven  w e i g h t  loss t he  
d i f fe rence  in p e r  cen t  change  in r e s i s t ance  b e t w e e n  
the  c a l c u l a t e d  c u r v e  and  one of the  e x p e r i m e n t a l  
cu rves  is an  i n d i c a t i o n  of  t he  e x t e n t  of i n t e r g r a n u l a r  
p e n e t r a t i o n  b e y o n d  the  m e t a l  su r f ace  p r o d u c e d  b y  
g r a i n  d ropp ing .  This  d i f fe rence  in  p e r  cen t  r e s i s t ance  
change  is a m e a s u r e  of the  g r a i n  b o u n d a r y  a t t a c k  
w h i c h  has  t a k e n  place,  b u t  w h i c h  d id  no t  c o n t r i b u t e  
to the  w e i g h t  loss. (The  a s s u m p t i o n  is t h a t  t he  
w e i g h t  loss is v e r y  l a r g e l y  due  to d i s l odged  g r a i n s  
r a t h e r  t h a n  to d i s so lved  g r a i n  b o u n d a r y  m a t e r i a l . )  

E x a m i n a t i o n  of t he  cu rves  in Fig.  28 shows  t h a t  
i n t e r g r a n u l a r  p e n e t r a t i o n  in  a d d i t i o n  to t ha t  i n d i -  
ca ted  b y  w e i g h t  loss m e a s u r e m e n t s  is g r e a t e s t  in 
c o p p e r  s u l f a t e - s u l f u r i c  ac id  so lu t ion  and  l eas t  in 
n i t r i c  acid.  Also,  th is  t y p e  of p e n e t r a t i o n  is less for  
A I S I - 3 0 4  t h a n  for  316 s teel  in t he  two  su l fu r i c  ac id  
solu t ions .  These  conc lus ions  a r e  in a g r e e m e n t  w i t h  t he  
q u a l i t a t i v e  o b s e r v a t i o n s  m a d e  on c o r r o d e d  spec imens .  
In  the  coppe r  su l f a t e  so lu t ion  t h e r e  is r e l a t i v e l y  l i t t l e  
d i s l o d g m e n t  of g r a in s  as c o m p a r e d  w i t h  t ha t  p r o -  
d u c e d  in t he  o t h e r  tests .  Also,  in coppe r  s u l f a t e - s u l -  
fu r ic  ac id  so lu t ion  g r a i n  d r o p p i n g  on A I S I - 3 0 4  s tee l  
is g r e a t e r  t h a n  on the  316 steel .  On bo th  s tee ls  t h e r e  
is m o r e  i n t e r g r a n u l a r  p e n e t r a t i o n  b e y o n d  the  s u r -  
face  in the  f e r r i c  s u l f a t e - s u l f u r i c  ac id  t h a n  in  t he  
n i t r i c  ac id  solu t ion .  

The  s lopes  of the  cu rves  in Fig.  28 a r e  d e t e r m i n e d  
b y  the  r a t i o  of i n t e r g r a n u l a r  p e n e t r a t i o n  a long  sus -  
cep t ib l e  g r a i n  b o u n d a r i e s  to the  r a t e  of g r a i n  su r f ace  
cor ros ion .  I f  t h e  r a t e  of g r a i n  su r f ace  co r ros ion  is 
low, t h e r e  is l i t t l e  w i d e n i n g  of g r a i n  b o u n d a r y  
g rooves  fo l lowing  d i s so lu t ion  of the  zone w h i c h  con-  
t a ins  c h r o m i u m  c a r b i d e  or  s i g m a  p h a s e  cons t i tuen t ,  
and,  t he re fo re ,  the  g r a in s  t end  to r e m a i n  in p l ace  
( l a rge  s lope ) .  H igh  r a t e s  of g r a i n  su r f ace  co r ros ion  
l e a d  to w i d e n i n g  of the  a t t a c k e d  zone and  to p r o -  
fuse  g r a i n  d r o p p i n g  ( low s lope ) .  In  t he  n a r r o w  space  
f o r m e d  b y  d i s so lu t ion  of the  g r a i n  b o u n d a r y  zone 
the  r a t io  of su r face  a r e a  to v o l u m e  of so lu t ion  is 
m u c h  g r e a t e r  t h a n  in t he  b u l k  solu t ion .  As  a resu l t ,  
co r ros ion  p r o d u c t s  m a y  h a v e  a g r e a t  effect on s u b s e -  
q u e n t  d i s so lu t ion  in these  conf ined spaces.  

D a t a  on spec imens  c o r r o d i n g  in  f e r r i c  s u l f a t e - s u l -  
fu r i c  ac id  so lu t ion  of  v a r i o u s  c o n c e n t r a t i o n s  of  ac id  
s u p p o r t  th is  v i e w  of the  i m p o r t a n c e  of the  r a t i o  of 
i n t e r g r a n u l a r  to g r a i n  su r face  cor ros ion .  The  r e -  
s i s tance  c h a n g e - w e i g h t  loss r e l a t i o n s h i p  in th is  so lu -  
t ion  is t he  s ame  for  15.7 and  50% ac id  (Fig .  28) .  
Thus,  t he  r a t io  of i n t e r g r a n u l a r  p e n e t r a t i o n  to g r a i n  
su r f ace  cor ros ion  shou ld  be  i n d e p e n d e n t  of ac id  con-  
cen t ra t ion .  E v i d e n c e  for  th is  can be  d e r i v e d  f r o m  the  

l e  T h e  p e r  c e n t  c h a n g e  in  r e s i s t a n c e  w a s  d e r i v e d  f r o m  

R~ -- Ro A o  -- A~ 
% AR = - -  (100) = - -  (10O) 

Re A~ 

where Rt, R,,, At, and Ao are the resistances and areas of cross 
sections of the specimens, at the beginning of the test and after 
exposure, t. To relate change in resistance to weight loss a speci- 
men of I00 cm 2 surface area (neglecting the ends) 0.15 x 0.60 em 
i n  c ross  s e c t i o n  (66.6 cm long)  w a s  a s s u m e d .  U s i n g  8,04 g / c m  s a s  
t h e  d e n s i t y  f o r  18 C r - 8  N i  s t a i n l e s s  s tee l ,  t h e  c h a n g e s  in  w e i g h t  fo r  
v a r i o u s  c h a n g e s  in  c r o s s - s e c t i o n a l  a r e a s  of  t h e  s p e c i m e n  w a s  c a l -  
c u l a t e d ,  T h e s e  s a m e  c r o s s - s e c t i o n a l  a r e a s  w e r e  u s e d  in  t h e  f o r m u l a  
a b o v e  to d e t e r m i n e  t h e  a c c o m p a n y i n g  c h a n g e  in  r e s i s t a n c e .  

d a t a  p lo t t e d  in  Fig.  19, w h i c h  shows  the  effect  of 
ac id  c o n c e n t r a t i o n  on the  cor ros ion  of a n n e a l e d  and  
of sens i t i zed  s tee l  in  f e r r i c  s u l f a t e - s u l f u r i c  ac id  so lu-  
t ions.  F o r  th is  c o m p a r i s o n  the  w e i g h t  loss on sens i -  
t i zed  spec imens  (Fig .  19A) m a y  be used  as a m e a s -  
u r e  of i n t e r g r a n u l a r  p e n e t r a t i o n .  F r o m  Fig.  28, i t  is 
a p p a r e n t  t ha t  the  p e n e t r a t i o n  m e a s u r e d  b y  w e i g h t  
loss does  not  r e p r e s e n t  t he  t o t a l  d e p t h  of  p e n e t r a t i o n .  
Also,  t h e r e  is a r e l a t i v e l y  s m a l l  a m o u n t  of g e n e r a l  
co r ros ion  re f lec ted  in th is  w e i g h t  loss. H o w e v e r ,  
these  fac tors  a r e  e l i m i n a t e d  b y  d e t e r m i n i n g  the  r a t i o  
of i n t e r g r a n u l a r  to g r a i n  su r f a c e  co r ros ion  in  so lu-  
t ions  of v a r i o u s  ac id  c o n c e n t r a t i o n s  at  the  s a m e  s t age  
of i n t e r g r a n u l a r  d i s i n t e g ra t i on ,  i.e., a t  t he  s ame  
w e i g h t  loss of the  sens i t i zed  spec imens ,  r a t h e r  t h a n  
at  a c e r t a i n  t i m e  of imme r s ion .  

A t  a w e i g h t  loss of 8.0 g / d m  ~ the  s p e c i m e n  (Fig .  
19A) in 45% ac id  has  c o r r o d e d  192 hr.  The  w e i g h t  
loss of an  a n n e a l e d  s p e c i m e n  in 45% acid  a f t e r  192 
h r  is 0.70 g / d m  "~, and  the  r a t i o  of i n t e r g r a n u l a r  to 
g r a i n  su r f ace  cor ros ion  is 8.0/0.70 = 11.4. I d e n t i c a l  
r a t i o s  a r e  o b t a i n e d  in 50 a n d  60% acid.  A t  a w e i g h t  
loss of 4.0 g / d m  2 the  ra t ios  a r e  5.7 ( 4 0 % ) ,  7.25 ( 4 5 % ) ,  
7.25 ( 5 0 % ) ,  7.25 ( 6 0 % ) .  Thus ,  t he  r a t io  of i n t e r g r a n -  
u l a r  to g r a i n  su r f ace  co r ros ion  is i n d e p e n d e n t  of  ac id  
concen t r a t i on .  

The  d a t a  of Fig .  23 show tha t  the  r a t i o  of i n t e r -  
g r a n u l a r  to g r a i n - f a c e  cor ros ion  in t h e  coppe r  su l -  
f a t e - s u l f u r i c  ac id  so lu t ion  is una f fec ted  b y  the  ac t ion  
of m e t a l l i c  copper .  

In  n i t r i c  acid,  co r ros ion  p roduc t s ,  e spe c i a l l y  h e x a -  
v a l e n t  c h r o m i u m ,  g r e a t l y  a c c e l e r a t e  co r ros ion  and  
cause  w i d e n i n g  of the  spaces  b e t w e e n  the  gra ins .  
Consequen t ly ,  t he  d e p t h  of the  l a y e r  of g r a in s  r e -  
m o v e d  is a lmos t  e q u a l  to t he  d e p t h  of i n t e r g r a n u l a r  
p e n e t r a t i o n  (Fig.  28).  

To c o m p a r e  cor ros ion  c u r r e n t s  and  the  c o r r e -  
s p o n d i n g  e l e c t r o d e  p o t e n t i a l s  in the  t h r e e  ac id  so lu -  
t ions,  cor ros ion  r a t e s  of a n n e a l e d  spec imens  h a v e  
been  c o n v e r t e d  to m i l l i a m p e r e s  p e r  s q u a r e  cen t i -  
me te r ,  Tab le  IV. Even  t h o u g h  the  co r ros ion  c u r r e n t  
in  f e r r i c  s u l f a t e - s u l f u r i c  ac id  so lu t ions  va r i e s  b y  a 
f ac to r  of 88 in the  r a n g e  of 10-60% acid,  t he  p o t e n -  
t i a l  is e s sen t i a l l y  the  same  at  a l l  concen t ra t ions .  

Egect of Chromium Carbide and Sigma Phase 
The  effect of l e n g t h  of t i m e  of sens i t i za t ion  on 

i n t e r g r a n u l a r  p e n e t r a t i o n  a n d  g r a i n  d r o p p i n g  d e -  

Table IV. Corrosion currents and electrode potentials of annealed 
AISI 304 (M304) steel in boiling acid solutions 

E l e c t r o d e  
C o r r o s i o n  p o t e n t i a l ,  
c u r r e n t , *  (Sat .  KC1 

S o l u t i o n  m a / c m 2  e l e c t r o d e ) ,  v 

Copper  sulfate-15.7% sulfuric  
acid (in contact  wi th  copper)  0.00074 +0.06 

Nitr ic  acid (65%) 0.0040 +0.75-0.95 
Fer r i c  su l fa te -su l fur ic  acid 

5.5 g/1 Fe  § + 1.15 g/1 Fe  +'-' 
10% H~SO~ 0.00043 +0.609 
30% H2SO~ 0.0018 +0.609 
50% H~SO, 0.012 +0.599 
60% H~SO4 0.038 +0.619 

* C a l c u l a t e d  f r o m  c o r r o s i o n  r a t e s ,  w h i c h  a r e  c o n s t a n t  w i t h  i m -  
m e r s i o n  t i m e  on  a n n e a l e d  c h r o m i u m  c a r b i d e -  a n d  s i g m a  p h a s e - f r e e )  
s t ee l .  

t A l so  t h e  p o t e n t i a l  of  p l a t e n i z e d  p l a t i n u m  e l e c t r o d e  in  t h e s e  
so lu t ions .  
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pends  on the  solut ion to which  the  steel  is exposed. 
Resul ts  ob ta ined  in  copper su l f a t e - su l fu r i c  acid so lu-  
t ion have  been  p lo t ted  in  Fig. 25. I n t e r g r a n u l a r  pe ne -  
t r a t i on  (per  cent  change  in  res i s tance)  per  g r a m  of 
we igh t  loss is g rea te r  on the spec imen  hea ted  for 2 
hr  at  1250~ t h a n  for tha t  hea ted  1 hr. Comparab l e  
tests have  been  made  in  ferr ic  su l f a t e - su l fu r i c  acid 
and  in  n i t r ic  acid solut ions.  

In  ferr ic  su l f a t e - su l fu r i c  acid the  difference in  
change  in  res is tance  b e t w e e n  spec imens  hea ted  1 a nd  
2 hr  at  1250~ was on ly  35% at  a we igh t  loss of 8 g. 
This  is m u c h  less t h a n  in  the  copper  su l f a t e - su l fu r i c  
acid solut ion.  Also, p e n e t r a t i o n  per  g ram of we igh t  
loss was  g rea te r  for the spec imen  hea ted  1 hr  t h a n  
for the  2 -h r  specimen.  In  n i t r i c  acid i n t e r g r a n u l a r  
p e n e t r a t i o n  and  g ra in  d ropp ing  were  iden t ica l  on 
bo th  specimens.  The da ta  for the  1- and  the  2 -h r  
specimens,  w h e n  p lo t ted  as in  Fig. 25, fell  on one 
curve.  As expected,  the  r a t e  of change  in  res is tance  
and  the ra te  of we igh t  loss for a g iven  l eng th  of ex-  
posure  t ime  was  grea tes t  in  all  th ree  solut ions  for the 
spec imen sensi t ized 2 hr. 

These obse rva t ions  m a y  also be  i n t e rp r e t e d  in  
t e rms  of the  ra t io  of i n t e r g r a n u l a r  to g ra in  face cor-  
rosion and  the  role of corrosion products .  I nc reas ing  
the l eng th  of sens i t iz ing  t ime  f rom 1 to 2 hr  i n -  
creases the  a m o u n t  of c h r o m i u m  carbides  fo rmed  
and,  to some extent ,  the i r  size, i.e., the d i s tance  
which  they  grow in to  the grains.  The re  is some i n -  
crease in  w i d e n i n g  of grooves and,  therefore ,  an  i n -  
crease in  g ra in  dropping ,  and  a consequen t  decrease  
of the slope of the  res i s tance  c h a n g e - w e i g h t  loss 
curve.  In  the  ferr ic  su l f a t e - su l fu r i c  acid solut ion,  in  
which  corrosion p roduc t s  do not  affect corrosion,  
there  is such a decrease.  In  the  copper  s u l f a t e - s u l -  
fur ic  acid so lu t ion  inc reas ing  the l eng th  of sensi t iz-  
ing  t ime  increases  i n t e r g r a n u l a r  p e n e t r a t i o n  w i t h -  
out  a co r re spond ing  increase  in  g ra in  dropping .  In  
n i t r ic  acid, the acce le ra t ing  effect of corrosion p r od -  
ucts obscures  the inf luence  of l eng th  of t ime  of sens i -  
t izing. Again ,  g ra in  bounda r i e s  are w i d e n e d  and  
lead to such rap id  d i s lodgment  tha t  there  is l i t t le  
p e n e t r a t i o n  ahead of the  surface p roduced  by  g ra in  
dropping.  

For  a compar i son  of the  act ion of the  acid so lu-  
t ions on var ious  types  of steels, the  ra t io  of the  cor-  
ros ion ra te  (a t  a g iven exposure  t ime)  of a sensi t ized 
spec imen  to tha t  of an  a n n e a l e d  spec imen  of the 
same hea t  of steel  has been  applied.  This  ratio,  which  
has a l r eady  been  used in  connec t ion  w i th  Table  III, 
is a sens i t ive  me a su r e  of the  power  of a so lu t ion  to 
detect  suscept ib i l i ty  to i n t e r g r a n u l a r  at tack.  In  add i -  
t ion,  it  e l imina t e s  a ny  changes  in  corrosion ra tes  
caused by  smal l  va r i a t ions  in  al loy composi t ion  of 
the  steels. 

W h e n  these solut ions  a re  used for r ou t i ne  e v a l u a -  
t ion  by  m e a n s  of weigh t - loss  de t e rmina t ions ,  it u s u -  
a l ly  is not  necessa ry  to test  an  a n n e a l e d  spec imen 
a long wi th  the  one be ing  eva lua ted .  The corrosion 
ra te  of the l a t t e r  is compared  wi th  the  m a x i m u m  
permiss ib le  ra te  es tab l i shed  for the g iven  so lu t ion  
and  type  of s ta inless  steel. Select ion of this  m a x i -  
m u m  permiss ib le  ra te  is based,  in  part ,  on the  k n o w n  
genera l  or g ra in  face corrosion.  

There  is one except ion  to this  pract ice.  In  n i t r i c -  
hydrof luor ic  acid so lu t ions  genera l  corrosion is ve ry  
sens i t ive  to va r i a t i ons  in  a l loy con ten t  ( c h r o m i u m )  
of the  s ta inless  steels. In  the  r a nge  of 16-19% Cr the  
corrosion ra te  of a group of AISI -316  steels va r ied  
f rom 2.7 to 0.8 i n . / m o ;  i.e., by  a factor  of 3. This so lu-  
t ion  has been  employed  occasional ly  as a qua l i t a t i ve  
me thod  for de tec t ing  weld  decay (32, 40, 41) and  has 
been  used in  this  i nves t iga t ion  for compar i son  wi th  
the  o ther  th ree  solut ions.  Because  of the  r e l a t i ve ly  
large inf luence  of sma l l  va r i a t i ons  in  c h r o m i u m  con-  
t en t  on g r a in - f ace  corrosion the  ra t io  m u s t  be  de te r -  
m i n e d  even  for r ou t i ne  e v a l u a t i o n  purposes.  

A s u m m a r y  of resu l t s  ob t a ined  on five di f ferent  
heats  of steel  is g iven  in  Tab le  V. The suscept ib i l i ty  
to i n t e r g r a n u l a r  a t tack  in  these  steels var ies  f rom 
the pure  c h r o m i u m  carbide  type  (AISI -304)  to the 
pure  s igma phase type  (AISI-316L,  F I - 4 ) .  A com-  
b i n a t i o n  of bo th  types  is i l l u s t r a t ed  by  the two AIS I -  
316 heats  (M316, G T - 8 ) .  

First ,  all  specimens,  except  FI -4 ,  show some com-  
p le te ly  enc i rc led  gra ins  in  the  oxalic acid etch s t ruc -  
tu re  af ter  he a t i ng  1 hr  a t  1250 ~ (and  2 hr  in  the  case 
of M316) and  are, therefore ,  classed as "di tch"  s t ruc -  

Table V. Comparison of tests 

T e s t  

S tee l  

A I S I  A I S I  A I S I  A I S I  A I S I  A I S I  
304 304 316 316 316,  316L 

(I-9)*" ( F K - 2 ) *  (GT-8)*"  (M316)'* (M316)* ( F I - 4 ) *  
Ra t io**  

Oxalic acid 
Etch structure (a) Ditch Ditch 

Nitric-hydrofluoric acid test (b) 4 1.5 
Ferric  sulfate-sulfuric  acid test (c) 11 2 
Copper sulfate-sulfuric  acid test (d) 

Exposure: 1000 hr 
Change in resistance, % 20 3 
Ratio of weight losses 4 2 

Nitric acid test (e) 15 2 

Ditch 
9 

26(f) 

1475 
34 

185(g) 

Ditch 
6 
8 

40 
7 

19 

Ditch 
40 
34 

568 
20 

141 

Step 
1.0 
1 

1 
1 

36 

* R e f e r s  to L a b o r a t o r y  Code ,  A n a l y s i s ,  T a b l e  I.  
** R a t i o  of  w e i g h t  loss on  s e n s i t i z e d  to w e i g h t  loss on  a n n e a l e d  s p e c i m e n .  

t S e n s i t i z e d  2 h r  a t  1250~ 
$ (a) S t a n d a r d  o x a l i c  a c i d  e t c h  of  s ens i t i z ed  s p e c i m e n .  

(b) 10% HNO8- 3% H F  a t  65~ 1 - h r  tes t .  
(c) F e r r i c  s u l f a t e - - 5 0 %  s u l f u r i c  a c i d  t e s t ,  120 hr .  
(d) 5 .7% CUSO4-15.7% t-IeSO~ (no m e t a l l i c  c o p p e r ) .  
(e) S t a n d a r d  240-hr  n i t r i c  ac id  tes t .  
($) 77 -h r  e x p o s u r e .  
(g) O n l y  120-hr  e x p o s u r e .  
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tures .  The  n u m b e r  of g r a in s  c o m p l e t e l y  e n c i r c l e d  
va r i e s  f r o m  on ly  a few g ra in s  on F K - 2  to c o m p l e t e  
e n c i r c l e m e n t  of a lmos t  a l l  g r a in s  on I -9 ,  GT-8 ,  a n d  
M316. O n l y  the  F I - 4  (0.020% C) s t ee l  is e n t i r e l y  f r ee  
of c h r o m i u m  ca rb ides  a f t e r  the  sens i t i z ing  t r e a t m e n t  
(Fig .  13).  

A c o m p a r i s o n  of the  r a t io s  o b t a i n e d  in n i t r i c - h y -  
drof luor ic  acid,  f e r r i c  s u l f a t e - s u l f u r i c  acid,  a n d  the  
100O-hr cupr i c  s u l f a t e - s u l f u r i c  ac id  t es t  shows  t h a t  
a l l  these  so lu t ions  g ive  s im i l a r  resu l t s .  T h e y  ref lect  
the  c h r o m i u m  c a r b i d e  t y p e  of i n t e r g r a n u l a r  su scep t i -  
b i l i ty .  The  r a t io s  of the  F K - 2  s teel  a r e  s m a l l e r  t h a n  
those  of the  h i g h e r  carbon ,  I -9  s teel .  A m o n g  t h e  316 
s tee ls  t he  G T - 8  hea t  is cons i s t en t ly  h i g h e r  t h a n  the  
M316 steel ,  w h i c h  has  been  sens i t i zed  1 hr .  E x t e n d -  
ing  the  sens i t i z ing  t r e a t m e n t  of M316 to 2 h r  i n -  
c reases  t he  r a t io  in a l l  of these  solut ions .  Also,  t he  
F I - 4  s teel ,  w h i c h  is f ree  of ca rb ides ,  has  a r a t i o  of 
un i ty .  In  the  coppe r  s u l f a t e  tes t  r e s i s t ance  m e a s u r e -  
m e n t  is a m o r e  sens i t ive  i n d i c a t o r  of i n t e r g r a n u l a r  
a t t a c k  t h a n  the  r a t i o  b a s e d  on w e i g h t  loss. The  d i s -  
c r e p a n c y  b e t w e e n  the  r a t i o  and  the  p e r  cent  c h a n g e  
in r e s i s t ance  inc reases  r a p i d l y  a t  t he  h i g h e r  ra t ios .  

In  t h e  nitric acid t e s t  the  ra t ios  on I -9  and  F K - 2  
fo l low the  t r e n d  of the  o t h e r  tests .  H o w e v e r ,  on F I - 4  
t h e r e  is a l a rge  i nc rea se  in i n t e r g r a n u l a r  co r ros ion  
due  to s i g m a  phase ,  w h i c h  is not  d e t e c t a b l e  in t h e  
m i c r o s t r u c t u r e .  17 The  r e l a t i v e l y  l a r g e  r a t io s  in n i t r i c  
ac id  of t he  A I S I - 3 1 6  heats ,  e spec i a l l y  GT-8,18 a re  
also caused  b y  s igma  phase  in  c o m b i n a t i o n  w i t h  
c h r o m i u m  carb ides .  

A l l  five tes t s  r e v e a l  the  p r e s e n c e  of the  c h r o m i u m  
c a r b i d e  t y p e  of s u s c e p t i b i l i t y  to i n t e r g r a n u l a r  a t t ack .  
The  s i g m a  t y p e  is d e t e c t e d  on ly  in n i t r i c  acid.  18 
Since  the  s i g m a  t y p e  in  316 s tee l  is k n o w n  to cause  
i n t e r g r a n u l a r  a t t a c k  on ly  in  n i t r i c  ac id  (42) ,  one of 
t he  o the r  q u a n t i t a t i v e  e v a l u a t i o n  tes t s  cou ld  be  u sed  
for  r o u t i n e  e v a l u a t i o n  of a l l  s t a in less  steels ,  e x c e p t  
those  A I S I - 3 1 6  and  316L steels  w h i c h  a r e  i n t e n d e d  
for  use  in n i t r i c  acid.  In  d e t e r m i n i n g  w h i c h  of t he se  
is t he  mos t  p romis ing ,  the  fo l lowing  fac to r s  a r e  of 
i m p o r t a n c e .  

The  mos t  sens i t ive  q u a n t i t a t i v e  m e a s u r e  of i n t e r -  
g r a n u l a r  a t t a c k  in t he  copper  s u l f a t e - s u l f u r i c  ac id  
t es t  is t he  change  in  e l e c t r i c a l  r e s i s t ance .  S p e c i a l i z e d  
a p p a r a t u s  is r e q u i r e d  for  such m e a s u r e m e n t s ,  a n d  
the  t es t  s p e c i m e n  m u s t  be  r e l a t i v e l y  long  and  th in .  
W e i g h t  losses in th is  so lu t ion  a r e  r e l a t i v e l y  s m a l l  
and  no t  n e a r l y  so sens i t ive  as in the  o t h e r  so lu t ions .  ~ 
The  n i t r i c - h y d r o f l u o r i c  ac id  t es t  is r a p i d  (4 h r  or  
less)  (56) ,  b u t  r e q u i r e s  t e s t ing  of two  spec imens  b e -  

17 A n  a t t e m p t  was  m a d e  to de t ec t  t h i s  p h a s e  b y  e l ec t ro ly t i c  e tch-  
i n g  in  15 o t h e r  r eagen t s ,  w h i c h  i n c l u d e d  su l fu r i c ,  ch romic ,  p h o s -  
phorm,  c i t r ic ,  and  f o r m i c  acid .  I n  e v e r y  case, a s tep  s t r u c t u r e  
s i m i l a r  to t h a t  o b t a i n e d  in  t he  oxa l i c  ac id  e t ch  w a s  t he  resu l t .  I n t e r -  
g r a n u l a r  a t t a c k  in  th i s  s tee l  i n  n i t r i c  ac id  is, t he re fo re ,  a s soc ia ted  
w i t h  a p r e p r e c i p i t a t i o n  f o r m  of the  s i g m a  cons t i t uen t .  

is Note  t h a t  t he  ra t io  g i v e n  in  Tab le  V is on ly  fo r  a 120-hr  ex-  
p o s u r e  in  n i t r i c  acid.  A f t e r  t h e  r e g u l a r  240-hr  t e s t  th i s  r a t i o  w o u l d  
be m u c h  g rea te r .  

19 I n  t e r m s  of t he  p o l a r i z a t i o n  concepts  d e v e l o p e d  above ,  t h i s  in -  
d ica tes  t h a t  t h e  p re sence  of c h r o m i u m  ca rb ides  l eads  to  a dec rease  
in  p o l a r i z a b i l i t y  a t  g r a i n  b o u n d a r i e s  in  a l l  f ive  so lu t ions .  H o w e v e r ,  
s i g m a  phase ,  w h i c h  is a lso a c h r o m i u m - r i c h  phase ,  o c c u r r i n g  i n  18 
Cr-8 Ni -Mo steel ,  decreases  p o l a r i z a b i l i t y  of g r a i n  b o u n d a r y  zones  
on ly  in  n i t r i c  acid.  

F o r  e x a m p l e ,  i t  was  no t  poss ib le  to  d e t e c t  by  w e i g h t  loss or  
r es i s t ance  c h a n g e  the  r e l a t i v e l y  s m a l l  v a r i a t i o n s  i n  i n t e r g r a n u l a r  
a t t ack  p r o d u c e d  by  v a r i o u s  l e n g t h s  of s ens i t i z i ng  h e a t  t r e a t m e n t s  on 
FK-2  steel .  I n  n i t r m  ac id  these  changes  w e r e  r ea d i l y  f o u n d ,  as 
s h o w n  in  F ig .  2. 

cause  e v a l u a t i o n  is b y  ra t io .  Spe c i a l  e q u i p m e n t  and  
ca re  a re  r e q u i r e d  for  h a n d l i n g  hyd ro f luo r i c  ac id  and  
ho ld ing  the  so lu t ion  a t  a t e m p e r a t u r e  c o n s i d e r a b l y  
b e l o w  the  bo i l ing  point .  F o r  these,  and  o the r  reasons ,  
t he  120-hr  f e r r i c  s u l f a t e - s u l f u r i c  ac id  t e s t  has  been  
p r o p o s e d  to m e e t  the  need  for  a q u a n t i t a t i v e  m e t h o d  
of e v a l u a t i n g  aus t en i t i c  s t a in less  s tee ls  for  t he  ch ro -  
m i u m  c a r b i d e  t y p e  of s u s c e p t i b i l i t y  to i n t e r g r a n u l a r  
a t t a c k  in u n s t a b i l i z e d  .stainless s tee ls  (22) .  

Effect of Grain Size 

Discuss ions  of g r a i n  d r o p p i n g  and  i n t e r g r a n u l a r  
p e n e t r a t i o n ,  as g iven  above ,  l e ad  to the  p r o b l e m  of 
the  inf luence  of g r a i n  g e o m e t r y  on these  processes .  
Does the  g r a i n  s ize of t he  s tee l  affect  t he  r a t e  of 
i n t e r g r a n u l a r  cor ros ion?  On t h e  bas is  of co r ros ion  
tes t s  in su l fu r i c  acid,  w i t h  and  w i t h o u t  coppe r  su l -  
fa te ,  N e w e l l  (43) has  conc luded  t ha t  s u s c e p t i b i l i t y  
to i n t e r g r a n u l a r  a t t a c k  inc reases  w i t h  g r a i n  size. 
R u t h e r f o r d  and  A b o r n  (35) a n d  F e r r i  (44) h a v e  m a d e  
r e s i s t ance  m e a s u r e m e n t s  on spec imens  e x p o s e d  to 
coppe r  s u l f a t e - s u l f u r i c  ac id  solut ion,  w h i c h  also 
showed  m o r e  r a p i d  i n t e r g r a n u l a r  p e n e t r a t i o n  on 
l a rge  t h a n  on s m a l l  g r a i n e d  steel .  On the  bas i s  of 
these  o b s e r v a t i o n s  some i n v e s t i g a t o r s  (35, 43, 45, 
46) h a v e  conc luded  t h a t  i n t e r g r a n u l a r  c a r b i d e  p r e -  
c i p i t a t i on  pe r  un i t  su r face  of g r a i n  b o u n d a r y  is a 
func t ion  of g r a i n  size. H o w e v e r ,  on s tee ls  co r rod ing  
in n i t r i c  and  o the r  ac ids  i t  has  f r e q u e n t l y  b e e n  ob -  
s e r v e d  in t he  p r e s e n t  i n v e s t i g a t i o n  t h a t  s m a l l -  
g r a i n e d  s tee ls  d rop  g r a in s  a f t e r  s h o r t e r  e x p o s u r e  
pe r i ods  t h a n  l a r g e - g r a i n e d  spec imens .  Also,  on spec i -  
mens  h a v i n g  g r a in s  of v a r i o u s  sizes the  s m a l l e s t  a r e  
the  first  ones to be  d i s lodged .  F u r t h e r m o r e ,  t h e y  a r e  
the  mos t  l i k e l y  to be s u r r o u n d e d  c o m p l e t e l y  b y  
d i t c h i n g  in t he  oxa l i c  ac id  e t ch  s t ruc tu res .  

In  o r d e r  to o b t a i n  q u a n t i t a t i v e  d a t a  on th is  p r o b -  
lem,  spec imens  h a v i n g  a p p r e c i a b l y  d i f f e ren t  g r a i n  
sizes w e r e  r e q u i r e d .  V a r ious  c o m b i n a t i o n s  of m e -  
c h a n i c a l  d e f o r m a t i o n  and  h e a t  t r e a t m e n t s  w e r e  t r i e d  
to induce  g r a i n  g rowth .  These  w e r e  unsuccess fu l .  The  
on ly  m e t h o d  f o u n d  to p r o d u c e  e x a g g e r a t e d  g r o w t h  
was  a cycl ic  h e a t  t r e a t m e n t .  A g roup  of A I S I - 3 0 4  
spec imens  was  w e l d e d  into  a s t a in l e s s  s tee l  vesse l  
a n d  h e a t e d  to 2200~ for  7 h r  and  t h e n  f u r n a c e  
cooled.  This  p r o c e d u r e  was  r e p e a t e d  t h r e e  t imes .  The  
o v e r - a l l  d i a m e t e r  of  t he  g r a in s  was  t hus  i n c r e a s e d  
f r o m  0.04 m m  to 3 mm.  

I t  was  e v i d e n t  t h a t  t h e r e  h a d  been  some d e c a r -  
b u r i z a t i o n  of t he  s p e c i m e n s  d u r i n g  these  h e a t  t r e a t -  
ments .  T h e y  w e r e  b r i g h t  as a r e s u l t  of o x i d e  r e m o v a l  
b y  r e a c t i o n  w i t h  c a r b o n  in t he  s teel .  E x a m i n a t i o n  of 
c a r b i d e s  i so l a t ed  f r o m  these  spec imens ,  a f t e r  s en -  
s i t i z ing  hea t  t r e a t m e n t s ,  s h o w e d  t h a t  t h e s e  w e r e  e n -  
t i r e l y  d i f fe ren t  in size a n d  shape  f r o m  those  f o u n d  in 
th is  s tee l  be fo re  the  h i g h - t e m p e r a t u r e  h e a t  t r e a t -  
ments .  Thus,  bes ides  g r a i n  g rowth ,  t h e r e  h a d  been  
o t h e r  changes  w h i c h  w e r e  k n o w n  to affect  i n t e r -  
g r a n u l a r  p e n e t r a t i o n .  ( F i g u r e  25 shows  t h a t  a 2 - h r  
sens i t i z ing  t r e a t m e n t  r e su l t s  in a d i f f e ren t  t y p e  of 
i n t e r g r a n u l a r  a t t a c k  t h a n  1 - h r  t r e a t m e n t . )  F o r  these  
reasons ,  the  d a t a  o b t a i n e d  on these  spec imens  a re  no t  
p r e s e n t e d  in de t a i l  b u t  a r e  used  for  q u a l i t a t i v e  c o m -  
pa r i son  w i th  those  of a n o t h e r  h e a t  of s tee l  in w h i c h  a 
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Fig. 29. Microstructure of AISI-316 steel used for grain 
size study. Steel: AISI-316 (GT-8, Table I). Etched electro- 
lyrically in oxalic acid. A (top), steel as received and heated 
1 hr at 12S0~ (unusually small grain size); B (bottom), 
heated first for 1 hr at 1950~ W.Q., and then ] hr at  
1250~ Magnif icat ion S00X before reduction for publication. 

va r i a t i on  in  g ra in  size was  induced  w i thou t  e x t e n -  
sive hea t  t r ea tmen t s .  

A hea t  of AISI -316  ( G T - 8 )  steel  was  found  which  
had  an  u n u s u a l l y  small ,  u n i f o r m  g ra in  size (Fig. 
29A).  This  was  read i ly  changed  to a n o r m a l  g ra in  
size by  a 1-hr  hea t  t r e a t m e n t  at 1950~ The ra t io  of 
i n t e r n a l  b o u n d a r y  area  of the s m a l l - g r a i n e d  to the 
l a r g e - g r a i n e d  steel  as d e t e r m i n e d  by  the  me thod  of 
r a n d o m  sect ioning (47) was 5.7. Carb ides  were  iso- 
la ted  f rom both  types  of spec imens  and  e x a m i n e d  
in  the  e lec t ron  microscope.  The  shapes and  sizes of 
the  carbides  appear  u n c h a n g e d  by  this  g ra in  g rowth  
(Fig. 30A and  B) .  As m i g h t  be expected,  the  q u a n -  
t i ty  of carbides  r e m a i n i n g  af ter  some me ta l  had  been  
dissolved was  m u c h  grea te r  on the  s m a l l - g r a i n e d  
t h a n  on the l a r g e - g r a i n e d  specimen.  Resul t s  ob-  
t a ined  on sensi t ized large  and  s m a l l - g r a i n e d  speci-  
mens  of this steel in  th ree  acid solut ions  have  been  
p lo t ted  in  Fig. 31. 

The r e l a t i ve ly  h igh ca rbon  con ten t  (0.074% C) 
of this  steel leads to ve ry  h igh corrosion ra tes  in  all  
tests. A n  apprec iab le  a m o u n t  of the  s igma type  of 
suscept ib i l i ty  has also been  fo rmed  d u r i n g  sens i t iza-  
t ion  (Tab le  V) .  The ra tes  in  n i t r ic  acid were  so h igh 
tha t  it  was  no t  possible  to comple te  the  s t a n d a r d  
240-hr  test  because  the 1/s-in. th ick  spec imens  be -  
came too th in .  

In  all  th ree  tests, Fig. 31, the s m a l l - g r a i n e d  speci-  
men.s had  a grea te r  we igh t  loss (corrosion ra te )  
t h a n  the  l a r g e - g r a i n e d  specimens,  especia l ly  in  the  
copper  su l f a t e - su l fu r i c  acid so lu t ion?  1 (This  was  also 

m T h e r e  is  less  d i f f e r e n c e  b e t w e e n  t h e  t w o  s p e c i m e n s  in  n i t r i c  
a c i d  t h a n  in  t h e  o t h e r  so lu t i ons ,  a n d  a f t e r  a b o u t  80 h r  t h e  c u r v e s  
cross. Rapid accumulation of corrosion products and consequent 
acceleration by hexavalent chromium may have obscured the effect 
of grain size. 

Fig. 30. Electron photomicrographs of carbides isolated 
from sensitized AISI-316 steel. Steel: GT-8, specimens same 
as Fig. 29. A (top), from small-grained specimen; B (bottom), 
from large-grained specimen. Magnif icat ion 20,000X before 
reduction for publication. 

the case on the  n o r m a l  and  l a r g e - g r a i n e d  AISI -304  
steel.)  However ,  changes  in  res i s tance  a re  grea te r  
on the  l a r g e - g r a i n e d  spec imen  in  n i t r ic  acid and  in  
ferr ic  su l f a t e - su l fu r i c  acid solut ion.  In  copper  su l -  
f a t e - su l fu r i c  acid the s m a l l - g r a i n e d  spec imen  shows 
the  grea tes t  increase.  This  r eve r sa l  m a y  be due to an  
u n u s u a l  a m o u n t  of g ra in  dropping ,  which  is impl ied  
in  the  h igh weigh t  loss in  this  solut ion.  The  gra ins  
are so smal l  tha t  the re  is profuse  d ropp ing  even  on an  
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Fig. 31. Effect of grain size on intergranulor corrosion of 
sensitized AISl-316 steel in three boiling acids. Steel: AISI- 
316 (GT-8) in two grain sizes as shown in Fig. 29. Specimens 
heated 1 hr at 1250~ Solutions: 65% nitr ic acid; ferric 
sulfate, 15.7% sulfuric acid; S.7% cupric sulfate, 1S.7% 
sulfuric acid (no metal l ic copper). 
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AISI-316  steel. N o r m a l  or l a rge  gra ins  are no t  
read i ly  dis lodged by  this  solut ion.  

Despi te  these  differences in  behav ior ,  the  res is t -  
ance  change  a c c o m p a n y i n g  a g iven  we igh t  loss is 
g rea te r  on the  l a r g e - g r a i n e d  spec imen  in all  th ree  
solut ions  (bo t tom row, Fig. 31). Because  smal l  g ra ins  
drop more  readi ly ,  the  resu l t s  on the  smal le r  steel  
a re  closer to the  ca lcu la ted  curve.  

In  conclusion,  the  effect of g ra in  size on corrosion 
depends  on the me thod  of m e a s u r e m e n t  (we igh t  loss 
or res i s tance  change)  and  on the  tes t ing  solut ion.  
Whi le  the  tota l  a m o u n t  of i n t e r g r a n u l a r l y  p rec ip i -  
t a ted  c h r o m i u m  carbides  is g rea te r  in  the  sma l l -  
g r a ined  t h a n  in  the l a r g e - g r a i n e d  steel, the a m o u n t  
of carb ide  per  u n i t  a rea  of i n t e r n a l  g ra in  surface  is 
p r o b a b l y  the  same in  both.  Only  w h e n  the  d i a m e t e r  
of the smal l  g ra ins  approaches  the  w id th  of the  g ra in  
b o u n d a r y  zone con t a in ing  c h r o m i u m  carbides  wi l l  
the g ra in  size affect the a m o u n t  of p rec ip i t a te  per  
u n i t  area.  The  wid th  of this zone depends,  a mong  
other  factors,  on the l eng th  of t ime  of the  sens i t iz ing  
t r ea tmen t ,  i.e., the size of the carbides  (cf. Fig. 14B 
and  30). 
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The Diffusion of Oxygen in Alpha and Beta Zircaloy 2 and 
Zircaloy 3 at High Temperatures 
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ABSTRACT 

The diffusion rates of oxygen in alpha and beta Zircaloy 2 and Zircaloy 3 
were determined in the range  1000~176 For alpha Zircaloy 2, the var iat ion 
of the diffusion coefficient, D, in cm~/sec, with tempera ture  is given by the 
equat ion 

D a ~ 0.196 exp (--41,000 _ 1500/RT) 
For beta Zircaloy 2, 

D~ ~ 0.0453 exp (--28,200 ___ 2400/RT) 

Spot checks of the diffusion of oxygen in alpha and beta Zircaloy 3 to 1100 ~ 
and 1400~ show that  the rates are in  close agreement  wi th  those for oxygen 
in Zircaloy 2. 

The diffusion coefficients for oxygen in  beta Zircaloy 2 and Zircaloy 3 are 
about 10 times greater than those for n i t rogen in h igh-pur i ty  beta zirconium. 

The wa t e r  and  s team corrosion of Zi rca loy  2 
has been  inves t iga ted  up to 400~ (1, 2). The cor-  
rosion reac t ion  proceeds p r i nc ipa l l y  by  fo r ma t i on  
of a sur face  fi lm of ZrO.~. One  of the  processes tha t  
occurs d u r i n g  the  reac t ion  is the  diffusion of oxygen  
in  the meta l .  At  the  t e m p e r a t u r e s  tha t  have  been  
inves t iga ted ,  the diffusion ra tes  are ve ry  slow and  
do not  con t r ibu t e  to the  ove r - a l l  corrosion process. 
However ,  at  h igh t e m p e r a t u r e s  above  1000~ or 
so, the  r a t e  of diffusion becomes apprec iab le  and  
m a y  p l ay  a large pa r t  in  the  o v e r - a l l  react ion.  
Therefore ,  as pa r t  of a s tudy  of the  h i g h - t e m p e r a -  
t u r e  corros ion of Z i rca loy  2 and  Zi rca loy  3, the  
diffusion coefficients of oxygen  in  the  a lpha  a n d  
be ta  phases  of the ma te r i a l s  were  d e t e r m i n e d  at 
1000~176 Ra the r  comple te  da ta  were  ob ta ined  
for Z i rca loy  2. The diffusion in  Zi rca loy  3 was  spot 
checked to ob ta in  a few rates  for compar i son  wi th  
those for oxygen  in  Zi rca loy  2. 

Experimental 

Materials 

The Zirca loy  2 and  Zi rca loy  3 for  this  work  were  
fabr ica ted  in to  5 / 8 - i n . - d i a m e t e r  rods. Spec imens  
for the  expe r imen t s  w e r e  m a c h i n e d  f rom these 
rods. Ana lyses  of bo th  al loys were  ob ta ined  by  
spect rographic ,  chemical ,  and  v a c u u m - f u s i o n  
techniques .  Resul ts  are g iven  in  Tab le  I. 

Oxygen  was  p r e p a r e d  by  the  t h e r m a l  decom-  
pos i t ion  of degassed po tas s ium p e r m a n g a n a t e  as 
descr ibed by  Hoge (3) .  I t  was  dr ied  wi th  a d ry  
i ce -ace tone  cold t rap.  

Zircon ium-Oxygen  Phase Diagram 

K n o w l e d g e  of the  phase  d i ag rams  of the Zi rca loy  
2 and  Zi rca loy  3 oxygen  sys tems should be k n o w n  
in  p r e p a r i n g  su i t ab le  diffusion spec imens  to de-  

1 Presen t  address :  D e p a r t m e n t  of Chemis t ry ,  Un ive r s i t y  of Massa-  
chusetts,  Amhers t ,  Mass. 

Table I. Analyses of Zircaloy 2 and Zircaloy 3 

A m o u n t  present ,  w t  % 

Element  Zircaloy 2 Zircaloy 3 

Sn 1.5 0.22 
Fe 0.20 0.34 
Cr 0.05 0.03 
Ni 0.03 0.005 
Si 0.007 0.05 
A1 0.006 0.005 
Mn 0.002 0.01 
Mg 0.002 0.001 
Pb 0.002 - -  
O.~ 0.089 0.14 
N~ 0.003 0.01 
H2 0.002 0.003 

t e r m i n e  diffusion coefficients, bu t  no i n f o r m a t i o n  
is ava i l ab le  on e i ther  system.  However ,  it  is be -  
l i eved  tha t  the z i r c o n i u m - o x y g e n  sys t em (4) is 
v e r y  s imi la r  to the  Z i r c a l o y - o x y g e n  sys tems  since 
the  basic s t ruc tu re  of the  al loys is no t  changed  
f rom tha t  of z i rconium,  tha t  is, a lpha  a nd  be ta  
Zi rca loy  al loys have  the same s t ruc tu re s  as a lpha  
and  be ta  z i rconium.  Therefore ,  the  z i r c o n i u m -  
oxygen  sys tem was used as a source of oxygen -  
concen t r a t i on  da ta  needed  for diffusion s tudies  of 
the Zi rca loy  mater ia l s .  A pa r t i a l  phase  d i a g r a m  of 
the  z i r c o n i u m - o x y g e n  sys tem is r eproduced  in  
Fig. 1. The  por t ion  of the  d i a g r a m  of in te res t  for 
this  s tudy  is t ha t  f rom 1000 ~ to 1500~ In  this  
range ,  the b e t a - a l p h a  plus  be ta  b o u n d a r y  r e p r e -  
sents  the m a x i m u m  so lub i l i ty  of oxygen  in  be ta  
(solid so lu t ion)  z i rconium.  The  a lpha  p lus  be t a -  
a lpha  b o u n d a r y  represen t s  the  lowest  oxygen  con-  
cen t r a t i on  r e q u i r e d  to m a i n t a i n  a s ingle  phase  of 
a lpha  (solid so lu t ion)  z i rconium.  The a l p h a - a l p h a  
plus  ZrO, b o u n d a r y  represen t s  the  m a x i m u m  solu-  
b i l i ty  of oxygen  in  a lpha  z i rconium.  
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Concentration-Gradient Technique 

The c o n c e n t r a t i o n - g r a d i e n t  t e c h n i q u e  (5)  was  
used  to d e t e r m i n e  the  d i f fus ion coefficients for  
o x y g e n  in b e t a - p h a s e  Z i r c a l o y  2 and  Z i r c a l o y  3. 
Essen t i a l ly ,  t he  m e t h o d  consis ts  of a n a l y z i n g  the  
c o n c e n t r a t i o n  g r a d i e n t  in a c y l i n d r i c a l  spec imen  
r e s u l t i n g  f r o m  r e a c t i o n  w i t h  o x y g e n  a t  a g iven  
t e m p e r a t u r e  for  a p r e d e t e r m i n e d  l e n g t h  of t ime .  
The  di f fus ion coefficient  was  d e t e r m i n e d  f rom the  
c o n c e n t r a t i o n  g r a d i e n t  b y  a g r a p h i c a l  me thod .  

S p e c i m e n s  h a v i n g  g r a d i e n t s  w e r e  p r e p a r e d  as 
fo l lows.  A Z i r c a l o y  2 (or  Z i r c a l o y  3) c y l i n d e r  
a b o u t  1 cm in d i a m e t e r  and  4 cm long  was  d r y  
a b r a d e d  w i t h  240 -g r i t  s i l icon c a r b i d e  p a p e r .  A f t e r  
the  d imens ions  of the  c y l i n d e r  w e r e  m e a s u r e d ,  t he  
s p e c i m e n  was  p l a c e d  in  the  V y c o r  f u r n a c e  t ube  of 
a mod i f i ed  S i e v e r t s  a p p a r a t u s  (2) .  The  s a m p l e  t hen  
was  i n d u c t i o n  h e a t e d  in  a v a c u u m  for  1 h r  a t  t he  
t e m p e r a t u r e  of t he  run .  T e m p e r a t u r e s  w e r e  m e a s -  
u r e d  u n d e r  b l a c k - b o d y  cond i t ions  w i t h  an  op t i ca l  
p y r o m e t e r .  W i t h  t he  s a m p l e  a t  the  d e s i r e d  t e m p e r a -  
tu re ,  an  a m o u n t  of o x y g e n  ( b a s e d  on the  m a x i m u m  
s o l u b i l i t y  in  b e t a  p h a s e  a t  d e s i r e d  t e m p e r a t u r e )  
c a l c u l a t e d  to m a i n t a i n  a th in  ox ide  fi lm on the  
s a m p l e  was  a d d e d  to t he  r e a c t i o n  c h a m b e r .  The  
s a m p l e  was  h e a t e d  for  a l e n g t h  of t ime  suff icient  to 
p r e p a r e  a s u i t a b l e  g r a d i e n t ;  t h a t  is, enough  o x y g e n  
was  d i f fused  to j u s t  beg in  to affect  the  core.  A t  t he  
end  of th is  t ime,  t he  s a m p l e  was  q u e n c h e d  as 
r a p i d l y  as poss ib le .  T e m p e r a t u r e s  b e l o w  500~ 
w e r e  a t t a i n e d  in less t h a n  30 sec. A t  500~ a n d  
be low,  d i f fus ion  is e x t r e m e l y  s low so t h a t  v e r y  
l i t t l e  m o v e m e n t  of o x y g e n  o c c u r r e d  b e l o w  th is  
t e m p e r a t u r e .  The  f i lm on the  s a m p l e  c o n t a i n e d  the  
phases  s h o w n  in t he  phase  d i a g r a m ,  Fig.  1. P r o -  
ceed ing  f r o m  r i g h t  to l e f t  on the  d i a g r a m  a t  the  
t e m p e r a t u r e  of t he  run ,  the  o u t e r  l a y e r  is ZrO~; 
b e n e a t h  th is  is a v e r y  th in  l a y e r  of a l p h a  sol id  
solu t ion .  B e n e a t h  th is  is the  b e t a  core  w h i c h  con -  
t a ins  the  o x y g e n  g r a d i e n t  be ing  m e a s u r e d .  I t  shou ld  
be  n o t e d  t h a t  t w o - p h a s e  r eg ions  a r e  no t  p r o d u c e d  
b y  di f fus ion in a h e t e r o g e n e o u s  b i n a r y  s y s t e m  (6) .  

S ince  d i f fus ion occurs  f r o m  the  ends  of t he  c y l -  
i n d e r  as w e l l  as the  sides,  l e ng th s  e q u a l  to t he  
r a d i u s  w e r e  cu t  f r o m  each  end  of the  s p e c i m e n  
and  d i sca rded .  This  i n s u r e d  t ha t  t he  r e m a i n i n g  
s a m p l e  w o u l d  h a v e  a c o n c e n t r a t i o n  g r a d i e n t  as 
u n i f o r m  as poss ib l e  f r o m  e n d  to end.  The  r e m a i n d e r  
of t he  s a m p l e  was  m a c h i n e d  r a d i a l l y  in to  l a y e r s  of 
equa l  w e i g h t  a n d  each  l a y e r  a n a l y z e d  for  o x y g e n  
b y  the  v a c u u m - f u s i o n  me thod .  Dif fus ion coefficients 
t h e n  w e r e  d e t e r m i n e d  b y  the  g r a p h i c a l  me thod ,  
us ing  the  a v e r a g e  o x y g e n  c o n c e n t r a t i o n s  of t he  
l aye r s ,  the  a v e r a g e  radi i ,  and  the  t ime .  The  th in  
su r face  l ayer ,  w h i c h  con ta ins  a l p h a  and  ox ide  
phases ,  was  not  u sed  in  the  ca lcu la t ions .  

Moving-Boundary Technique 

The  di f fus ion coefficients of o x y g e n  in the  a l p h a  
p h a s e  of Z i r c a l o y  2 ( a n d  Z i r c a l o y  3) w e r e  d e t e r -  
m i n e d  b y  the  m o v i n g - b o u n d a r y  t e c h n i q u e  de sc r ibed  
by  Jos t  (5)  -' This  m e t h o d  was  d e v e l o p e d  b y  W a g n e r  
for  the  case of d i f fus ion into  a h e t e r o g e n e o u s  s y s t e m  
of g iven  o v e r - a l l  concen t r a t i on .  The  m a t h e m a t i c a l  
t r e a t m e n t  of th is  case  is b a s e d  on the  fac t  t h a t  a d i s -  
p l a c e m e n t ,  $, of t he  phase  b o u n d a r y  p r o d u c e d  b y  
the  d i f fus ion of a s ing le  spec ies  is p r o p o r t i o n a l  to 
the  s q u a r e  root  of t he  t ime  of diffusion,  i.e., 

= 2 y k / D t  [1]  

w h e r e  ~ is the  d i s p l a c e m e n t  of t he  phase  b o u n d a r y ,  
cm; T, a d imens ion le s s  p a r a m e t e r  c h a r a c t e r i s t i c  of 
t he  sys t em;  D, d i f fus ion coefficient,  cm~/sec; and  t, 
t ime,  sec. The  p a r a m e t e r ,  % is def ined  as fo l lows :  

C, - -  C~,. 1 
~ /~T  exp  T ~ erf  ~, [2]  

C . .  - -  Co 

w h e r e  Cs, C~I, ], and  Co a re  c o n c e n t r a t i o n s  of the  d i f -  
fus ing  species  at  va r i ous  p h a s e  b o u n d a r i e s .  In  t he  
p r e s e n t  case, for  a g i v e n  t e m p e r a t u r e ,  Cs is t he  
m a x i m u m  s o l u b i l i t y  of o x y g e n  in the  a l p h a  phase ,  
C,,. ~ is t he  o x y g e n  c o n c e n t r a t i o n  a t  t he  a l p h a  p lus  
b e t a - a l p h a  b o u n d a r y ,  and  Co is the  o x y g e n  c oncen -  
t r a t i o n  a t  t h e  b e t a - a l p h a  p lus  b e t a  b o u n d a r y .  The  
t e r m  e r f  ~/is the  "gaus s i an  e r r o r  func t ion . "  Va lues  of 
e r f  w m a y  be  f o u n d  in Jos t  (7) a n d  C a r s l a w  and  
J a e g e r  (8) .  The  v a l u e  for  ~/ was  d e t e r m i n e d  f rom 
Eq. [2]  b y  a g r a p h i c a l  me thod .  

To d e t e r m i n e  the  v a l u e  of the  d i f fus ion coefficient,  
i t  is n e c e s s a r y  to h a v e  v a l u e s  of ~, t, and  ~, a t  a 
g iven  t e m p e r a t u r e .  T h e  s lope  of t h e  p lo t  of ~ vs.  t v'~ 

is equa l  to 2~, \ /D f r o m  w h i c h  D m a y  be  e v a l u a t e d .  
E x p e r i m e n t a l  t e chn iques  used  to o b t a i n  t he  m o v -  

i n g - b o u n d a r y  m e a s u r e m e n t s  a r e  as fo l lows.  A 
c y l i n d r i c a l  s p e c i m e n  a b o u t  1 c m  in d i a m e t e r  b y  
4 c m  long  was  p r e p a r e d  as d e s c r i b e d  a b o v e  for  the  
g r a d i e n t  me thod .  A c a l c u l a t e d  q u a n t i t y  of oxygen ,  
Co, was  then  a d d e d  in s l igh t  excess  to s a t u r a t e  c o m -  
p l e t e l y  t he  b e t a  p h a s e  at  t he  e x p e r i m e n t a l  t e m -  
p e r a t u r e .  This  s a m p l e  was  h e a t e d  a t  t e m p e r a t u r e  
for  6 to 8 hr .  The  spec imen  then  was  q u e n c h e d  to 
r o o m  t e m p e r a t u r e .  To check  the  h o m o g e n e i t y  of  t he  

2 3 o s t  p r e s e n t s  t h e  s o l u t i o n  o f  F i c k ' s  l a w  f o r  m o v e m e n t  o f  a 
b o u n d a r y  i n  a p l a t e .  B r i e f  c a l c u l a t i o n s  s h o w e d  t h a t  f o r  s m a l l  d i s -  
p l a c e m e n t s  o f  t h e  b o u n d a r y  i n  a c y l i n d e r ,  t h e  e q u a t i o n s  f o r  p l a t e s  
c o u l d  b e  u s e d  i n  c a l c u l a t i n g  d i f f u s i o n  c o e f f i c i e n t s  w i t h o u t  i n t r o d u c -  
i n g  s i g n i f i c a n t  e r r o r s .  
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specimen,  me ta l log raph ic  e x a m i n a t i o n  was  m a d e  of 
a cross section. A u n i f o r m  d i s t r i b u t i o n  of a few 
a lpha  g ra ins  in  a be ta  z i r con ium m a t r i x  was  ob-  
served. This wou ld  be expected  since e v e n  s l ight  
l ower ing  of the t e m p e r a t u r e  wou ld  supe r sa tu ra t e  
the be ta  phase  in  respect  to oxygen.  The  a lpha  
gra ins  m u s t  have  fo rmed  d u r i n g  the  30-sac cooling 
r equ i r ed  to reach a t e m p e r a t u r e  be low which  dif-  
fus ion  was  negl ig ible .  This  cooling t ime  in t roduces  
an e r ror  of no t  more  t h a n  10% in  m e a s u r i n g  the  
m i n i m u m  diffusion t i m e  of 5 min .  At  m a x i m u m  
diffusion t imes  (120 ra in)  the  e r ro r  was  less t h a n  
0.4%. 

The  surface  oxide (excess oxygen)  was  a b r a de d  
f rom the  sur face  of the  sample  wh ich  was  t h e n  cut  
into th ree  cyl inders .  The cy l inders  were  hea ted  in  
an  oxygen  a tmosphe re  at  t e m p e r a t u r e  for va r ious  
per iods of t ime.  A ca lcu la ted  q u a n t i t y  of oxygen  
was reac ted  to m a i n t a i n  an  oxide fi lm at al l  t imes  
bu t  to keep its th ickness  at  a m i n i m u m .  The th i ck -  
ness of the  oxide was  a lways  less t h a n  5% of the  
a lpha  l ayer  and  was  ignored  in  all  ca lcula t ions .  
At  the  end of the  hea t ing  period,  the  s ample  was  
quenched  as r a p i d l y  as possible  and  cut  in  ha l f  
d iamet r ica l ly .  The cross sect ion was  e x a m i n e d  
m e t a l l o g r a p h i c a l l y  to d e t e r m i n e  the  m o v e m e n t  of 
the  a l p h a - b e t a  b o u n d a r y .  The d i a m e t e r  of the  be ta  
core was  m e a s u r e d  and  sub t r ac t ed  f rom the  o r ig ina l  
d i ame te r  of the  cy l inder .  F r o m  this, the  d isp lace-  
m e n t  of the b o u n d a r y  was  de t e rmined .  Then,  the  
diffusion coefficient was  d e t e r m i n e d  f rom the  slope 
of a plot  of the d i sp lacement ,  $, aga ins t  tI% 

Results and Discussion 
The diffusion coefficients for  oxygen  in  a lpha  

and  be ta  Zi rca loy  2 were  d e t e r m i n e d  in  the  r ange  
1000~176 at 100~ in te rva l s .  E x p e r i m e n t a l  
diffusion t imes  r a n g e d  f rom 5 to 120 min .  A t t e m p t s  
we re  made  to ob ta in  coefficients at  1600~ h o w -  
ever,  no su i t ab le  g rad ien t s  or m o v i n g  bounda r i e s  
could be prepared .  The e x p e r i m e n t a l  t imes  (less 
t h a n  5 m i n )  at 1600~ necessary  to p repa re  
o p t i m u m  diffusion samples  we re  so shor t  tha t  
er rors  i n  the  m e a s u r e m e n t  of the  t ime  r e q u i r e d  to 
quench  to room t e m p e r a t u r e  wou ld  i n t roduce  la rge  
er rors  in  the  e s t ima t ion  of ac tua l  diffusion t imes.  
The da ta  ob ta ined  on a g r ad i en t  p r e p a r e d  in  be ta  
Zi rca loy  2 at  1100~ for 35 m i n  are shown in  Fig.  2 
The th icknesses  of the  m a c h i n e d  layers  a nd  the  
average  oxygen  concen t r a t i on  of each l a y e r  a re  
shown.  The solid l ine  is the  theore t ica l  cu rve  
der ived  f rom dif fus ion theory  (5) for this  g rad ien t .  
It  is seen tha t  the re  is good a g r e e m e n t  b e t w e e n  the  
e x p e r i m e n t a l l y  d e t e r m i n e d  concen t ra t ions  a n d  the  
theore t ica l  curve.  Also, it  was  found  t h a t  the 
t e r m i n a l  solubi l i t ies  of oxygen  in  be ta  Z i rca loy  2 
(ob t a ined  f rom concen t r a t i on  g rad ien t s )  agreed  
w i th  those for oxygen  in  pu re  z i rconium.  I t  is seen 
f rom Tab le  II  t h a t  w i th  the  excep t ion  of the  1400~ 
va lue  these  solubi l i t ies  show an  average  difference 
of on ly  0.03 wt  %. This  suppor ts  the ear l ie r  as-  
s u m p t i o n  t ha t  the  Z i r c a l o y ( s ) -  and  z i r c o n i u m -  
oxygen  phase  re l a t ionsh ips  are closely s imi lar .  The 
1100~ t e r m i n a l  o x y g e n  so lubi I i ty  for  be ta  Zi rca loy  
3 also agrees w i t h  z i r con ium data,  bu t  aga in  the  
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Fig. 2. Oxygen concentration gradient prepared in beta 
Zircaloy 2 at 1100~ for 35 rain. 
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Fig. 3.  Variation of displacement of alpha-beta boundary 
with time for oxygen in alpha Zircaloy 2 at 1200~ 

1400~ va lue  shows a la rge  d iscrepancy.  The  fact  
tha t  the grea tes t  differences were  no ted  at  1400~ 
is be l i eved  to be co inc iden ta l  r a t h e r  t h a n  systemic.  
In  Fig. 3 is shown  a typ ica l  plot  of the  a l p h a - b e t a  
b o u n d a r y  d i sp lacement ,  ~, aga ins t  t ~/2 for a lpha  
Zi rca loy  2 at 1200~ The slope of the  l ine  is equa l  

to 2~ ~/D. A t  1200~ the  va l ue  of ~ is 0.895. F r o m  

Table II. Terminal solubility of oxygen in beta Zircaloy 2 and 
beta Zircaloy 3 

Oxygen ,  w t  % 

P u r e  Zr* Zircaloy 2 Zircaloy 3 

T e m p e r -  Differ-  Dif fer -  
a ture ,  ~ Solubi l i ty  Solubil i ty ence t  Solubil i ty ence t  

1000 0.20 0.25 0.05 - -  - -  
1100 0.38 0.44 0.06 0.42 0.04 
1200 0.62 0.61 0.01 - -  - -  
1300 0.83 0.80 0.03 - -  - -  
1400 1.05 0.80 (0.25) 1.3 (0.25) 
1500 1.29 1.3 0.01 - -  - -  

Average difference 0.03 

* F r o m  Ref. (4). 
t Di f ference  f r o m  pure  zi rconium. 
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Table III. Diffusion coefficients for oxygen in alpha and beta Zircaloy 2 and Zircaloy 3 

Diffusion coefficient,  cmS/sec, at temperature  ind ica ted ,  ~ 

Mate r i a l  1000 1100 1200 1300 1400 1500 

Zircaloy 2, alpha 1.8 • 10 -8 4.8 • 10 -8 2.3 • l f f  7 3.6 • 10 -7 7.9 • 10 -7 1.7 • 10 -6 
Zircaloy 2, beta 8.2 • 10-7 1.4 X 10 -~ 2.4 X 10 -6 3.8 • 10 -~ 8.1 • 10 ~ 2.4 • 10 -5 
Zircaloy 3, a lpha ~ 5.8 X 10 -~ - -  - -  1.4 • 10 -8 - -  

Zircaloy 3, beta  ~ 1.4 X 10 -6 - -  - -  6.5 • 10 ~ - -  

these va lues  the  diffusion coefficient was  ca lcula ted .  
Al l  the  da ta  are g iven  in  Tab le  III.  The  diffusion 
coefficients for  oxygen  in  a lpha  Z i rca loy  2 r a n g e  
f rom 1.8 x 10 -8 cm~/sec a t  1000~ to 1.7 x 10 -8 cm~-/ 
sec at  1500~ Those for oxygen  in  be ta  Zi rca loy  2 
r ange  f rom 8.2 x 10 -7 cmVsec at 1000~ to 2.4 x 10 -~ 
cmVsec at  1500~ 

In  Fig. 4 and  5 are  shown  the  va r i a t i ons  of the  
diffusion coefficients w i t h  t e m p e r a t u r e  for a lpha  

Tempero1~re C 

id l  1500 1400 1300 P2OO I100 I000 

I 

5 2  56 6 0  64  88  7Z 76 BO 
I0 0 0 0  
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Fig. 4. Temperature variation of the diffusion coefficient 
for oxygen in alpha Zircaloy 2 and Zircaloy 3. 
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Fig. 5. Temperature variation of the diffusion coefficient 
for oxygen in beta Zircaloy 2 and Zircaloy 3. 

Zirca loy  2 a nd  be ta  Z i rca loy  2, respect ively .  The  
loga r i thms  of the  diffusion coefficients are p lo t ted  
aga ins t  the  rec iprocal  of t e m p e r a t u r e  ( A r r h e n i u s -  
type  p lo t ) .  Equa t ions  for the  bes t  s t r a igh t  l ines  
t h r o u g h  the  poin ts  were  d e t e r m i n e d  by  the  me thod  
of least  squares .  The equa t i on  for the diffusion co- 
efficient, D, in  cm~/sec, for oxygen  in  a lpha  Z i rca loy  
2 is 

D = 0.196 exp [(- -41,000 +-- 1500 ) / RT]  [3] 

For  oxygen  in  be ta  Zi rca loy  2, 

D ---- 0.9453 exp [ (--26,200 -- 2 4 0 0 ) / R T ]  [4] 

The diffusion coefficients for oxygen  in  a lpha  and  
be ta  Zi rca loy  3 were  d e t e r m i n e d  at  1100 ~ and  
1400~ The  va lues  also are  g iven  in  Ta b l e  I I I  and  
p lo t ted  in  Fig. 4 and  5. It  is seen t ha t  t hey  are  in  
good a g r e e m e n t  w i t h  those for Z i rca loy  2. A p -  
pa ren t ly ,  the a l loy ing  cons t i tuen t s  in  the  r a n g e  
s tudied  have  v e r y  l i t t le  effect on the  diffusion of 
oxygen.  

The  diffusion coefficients for oxygen  in  be ta  
Zi rca loy  2 a nd  Zi rca loy  3 a re  g rea te r  ( abou t  10 
t imes)  t h a n  those for n i t r o g e n  in  h i g h - p u r i t y  be ta  
z i r con ium (9).  This  difference p r o b a b l y  arises f rom 
the  differences in  the  size of the  diffusing species, 
oxygen  and  n i t rogen ,  and  no t  f rom differences in  
the a l loy ing  cons t i tuents .  The  a tomic rad ius  of 
oxygen  is 0.60/k and  tha t  of n i t r o g e n  is 0.71A. 
Since oxygen  is the  sma l l e r  atom, it wou ld  be ex-  
pected to diffuse faster .  

Manuscript  received Sept. 3, 1957. Work performed 
under  subcontract  to the Bettis Laboratory of the 
Atomic Energy Commission, operated by Westinghouse 
Electric Corporation. This paper  was prepared for de- 
l ivery before the Ottawa Meeting, Sept. 28-Oct. 2, 1958. 

Any  discussion of this paper wil l  appear in  a Discus- 
sion Section to be published in the December 1959 
JOURNAL. 
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ABSTRACT 

Many a luminum al loys are  corroded severe ly  by  boi l ing CC14. Two of the 
products  of the  reac t ion  a re  a luminum chlor ide  and hexachloroethane .  The 
presence of anhydrous  a luminum chlor ide  accelerates  the  reaction.  A number  
of chemical  agents  can r e t a rd  this react ion appa ren t ly  by  combining wi th  
a luminum chlor ide  as it  is produced.  The react ion of a luminum al loys drops 
off r ap id ly  as the  magnes ium content  increases.  

A l u m i n u m  reac t s  r a p i d l y  w i t h  bo i l i ng  c a r b o n  
t e t r a c h l o r i d e  to f o r m  a l u m i n u m  ch lo r ide  a n d  h e x a -  
c h l o r o e t h a n e  (1)  as  fo l lows :  

2A1 -b 6CC1~-* 2A1C13 -P 3C~C16 [1]  

P r e v i o u s  i n v e s t i g a t i o n s  h a v e  been  c o n c e r n e d  w i t h  
t h e  effect  of i m p u r i t i e s  in the  c a r b o n  t e t r a c h l o r i d e  
and  t h e  r e l a t i v e  r a t e  of a t t a c k  on d i f fe ren t  a l loys .  
H o w e v e r ,  t h e r e  has  been  l i t t l e  e v i d e n c e  to e s t a b l i s h  
a s u i t a b l e  r e a c t i o n  m e c h a n i s m .  S ince  the  use  of 
a l u m i n u m  w i t h  h a l o g e n a t e d  h y d r o c a r b o n s  has  
i m p o r t a n t  c o m m e r c i a l  app l i ca t ions ,  a n e e d  ex i s t s  
for  b e t t e r  u n d e r s t a n d i n g  of t he  m e c h a n i s m  of t he  
reac t ion .  

S t e r n  and  Uh l ig  (2)  i n v e s t i g a t e d  c e r t a i n  phase s  
of  t he  r e a c t i o n  b e t w e e n  a l u m i n u m  and  bo i l i ng  
c a r b o n  t e t r a c h l o r i d e  and  conc luded  t h a t  an  i n d u c -  
t ion  p e r i o d  of a b o u t  70 m i n  ex is t s  d u r i n g  w h i c h  no 
r e a c t i o n  t a k e s  p lace .  I t  was  f o u n d  t h a t  t h e  l e n g t h  
of t he  i nduc t i on  t i m e  could  be  i n c r e a s e d  in  t he  
p r e s e n c e  of e i t h e r  w a t e r  or  c a r b o n  d isu l f ide  a n d  
d e c r e a s e d  in  t he  p r e s e n c e  of t he  co r ros ion  p r o d u c t s  
(Eq. [ 1 ] ) .  T h e y  also f o u n d  no cons i s t en t  d i f fe rence  
in  co r ros ion  r a t e s  b e t w e e n  c a t h o d e  a n d  a n o d e  f r o m  
e i t h e r  g a l v a n i c  coup l ing  or  an  a p p l i e d  p o t e n t i a l  of 
1.5 v. W h e n  t h e y  a p p l i e d  a p o t e n t i a l  of 1000 v, t he  
anode  c o r r o d e d  a b o u t  1 h r  b e f o r e  t h e  ca thode ,  b u t  
th is  was  d e s c r i b e d  as b e i n g  the  r e s u l t  of a p r e -  
m a t u r e  b r e a k d o w n  of the  p r o t e c t i v e  coa t ing  on 
the  a l u m i n u m  sur face .  These  a u t h o r s  i n t e r p r e t e d  
these  r e su l t s  as e x c l u d i n g  a n  e l e c t r o c h e m i c a l  
m e c h a n i s m  a n d  c o n c l u d e d  t h a t  t he  r e a c t i o n  p r o -  
ceeds b y  a " t y p i c a l  d i r ec t  c h e m i c a l  r eac t ion . "  

In  a s u b s e q u e n t  p a p e r  S t e r n  and  Uhl ig  (3)  p r o -  
posed  t h a t  the  r e a c t i o n  p r o c e e d e d  b y  a f ree  r a d i c a l  
m e c h a n i s m .  This  conc lus ion  was  b a s e d  on the  fac t  
t ha t  the  r e a c t i n g  so lu t ion  is co lo red  a n d  t h a t  w a t e r  
and  oxygen ,  w h i c h  i nc rea se  t he  i n d u c t i o n  per iod ,  
also a r e  k n o w n  to combine  w i t h  f r ee  r ad i ca l s .  Also,  
subs t ances  such  as qu inone ,  1 , 4 - n a p t h o q u i n o n e ,  
and  n i t r obenzene ,  w h i c h  h a v e  been  l i s t ed  as f ree  
r a d i c a l  suppresso r s ,  act  as i n h i b i t o r s  for  th i s  r e -  
act ion.  A d d i t i o n a l  e x p e r i m e n t s  to s u p p l e m e n t  th is  
d a t a  and  d e t e r m i n e  the  f e a s i b i l i t y  of th i s  f r ee  
r a d i c a l  m e c h a n i s m  wi l l  be  p r e s e n t e d  in  a s u b s e -  
q u e n t  p a p e r  (3a ) .  

The  i m p o r t a n c e  of t he  p r a c t i c a l  a p p l i c a t i o n  of 
a l u m i n u m  w i t h  h a l o g e n a t e d  h y d r o c a r b o n s  has  l ed  

to c o n s i d e r a b l e  i n v e s t i g a t i o n  d u r i n g  the  l a s t  seven  
years .  As  a resu l t ,  s ign i f ican t  d a t a  p e r t i n e n t  to  t h e  
m e c h a n i s m ,  no t  a v a i l a b l e  in  t he  l i t e r a t u r e ,  h a v e  
been  ob ta ined .  

Characteristics of the Reaction (99.99% AI) 
Visible e f fec ts . - -Most  of t h e  e x p e r i m e n t s  w e r e  

c a r r i e d  out  in a 500-ml  r o u n d - b o t t o m e d  glass  f lask 
connec t ed  to a r e f lux  c o n d e n s e r  b y  a g r o u n d  glass  
jo in t .  Two  h u n d r e d  and  f i f ty  m i l l i l i t e r s  of c a r b o n  
t e t r a c h l o r i d e  w e r e  p l a c e d  in  t he  f lask a n d  h e a t e d  
on an  e lec t r i c  ho t  p la te .  The  a l u m i n u m  spec imens  
(0.064 x 1/2 x 3 in . )  w e r e  p l a c e d  in  the  c a r b o n  t e t r a -  
ch lo r ide  a f t e r  t h e  bo i l i ng  p o i n t  was  r eached .  

As  p r e v i o u s l y  r e p o r t e d  (2)  i t  was  o b s e r v e d  t h a t  
the  f irst  s ign  of  co r ros ion  u s u a l l y  a p p e a r e d  as a 
s m a l l  b l a c k  spo t  of co r ros ion  p r o d u c t  on the  su r f ace  
of t he  s p e c i m e n  a f t e r  a b o u t  30 rain.  These  spots  
i n c r e a s e d  in  n u m b e r  u n t i l  the  e n t i r e  su r f a c e  was  
covered .  The  so lu t ion  t u r n e d  a f a in t  p i n k  a f t e r  
s e v e r a l  hou r s  a n d  g r a d u a l l y  d a r k e n e d ,  f ina l ly  b e -  
coming  b l a c k  w i t h  t he  f o r m a t i o n  of  a l a r g e  a m o u n t  
of i n so lub l e  b l a c k  cor ros ion  p roduc t .  W h e n  the  
so lu t ion  was  f i l t e r ed  to r e m o v e  t h e  b l a c k  i n so lub l e  
p r o d u c t  and  t h e n  e v a p o r a t e d ,  a y e l l o w  r e s i d u e  was  
l e f t  i n d i c a t i n g  t h a t  a so lub le  r e a c t i o n  p r o d u c t  h a d  
been formed. 

Weight  loss vs. t ime relationships.---The w e i g h t  
loss d a t a  g iven  in  T a b l e  I show t h a t  v e r y  l i t t l e  co r -  
ros ion  o c c u r r e d  in t he  f i rs t  hour ,  b u t  fo l lowing  t h a t  
i t  p r o c e e d e d  r a p i d l y .  This  a p p a r e n t  i n d u c t i o n  p e r i o d  
h a d  been  o b s e r v e d  p r e v i o u s l y  (2 ) .  As  w i l l  be  shown  
in t he  second  p a p e r  (3a)  t he  r e a c t i o n  p roceeds  
f r o m  t i m e  zero.  

Effect of temperature  on react ion.--Zappi  (4)  has  

Table I. Corrosion weight losses of 99.99% aluminum in boiling 
carbon tetrachloride 

Specimen No. Exposure time, hr Weight loss, g 

1 1.00 0.0024 
2 1.75 0.1652 
3 2.25 0.2146 
4 3.00 0.4252 
5 4.00 0.7257 
6 4.50 1.0822 
7 5.50 1.3862 
8 6.50 1.6843 
9 7.00 2.0022 
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Table II. Corrosion resistance of aluminum alloys to carbon 
tetrachloride at room temperature* 

J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  M a r c h  1959 

CC14 Time ,  W e i g h t  
A l l o y  p u r i t y  m o  loss, g Observation 

99.99 % A1 Tech. 18 0.015f No visual  corrosion 
99.99% A1 C.P. 18 0.012 No visual  corrosion 
3003 Tech. 18 0.002 No visual  corrosion 
3003 C.P. 18 0.007 No visual  corrosion 
5052 Tech. 18 0.006 No visual  corrosion 
5052 C.P.  18 0.009 No visual  corrosion 
5154 Tech. 18 0.008 No visual  corrosion 
5154 C.P.  18 0.005 No visual corrosion 

* A l u m i n u m  a l loys  f o r m e d  in to  s to rage  c o n t a i n e r s  w i t h  a w e l d  
m i d w a y  u p  t he  s ide  w a l l  w e r e  h a l f  f i l led  w i t h  c a r b o n  t e t r a ch lo r i de .  
The  c o n t a i n e r s  w e r e  s to red  i n  a t i l t e d  p o s i t i o n  so t h a t  on ly  h a l f  of  
t h e  w e l d  bead  was  i m m e r s e d .  

The  w e i g h t  losses  r e p r e s e n t  a v e r a g e s  f r o m  d u p l i c a t e  storage 
tests .  The  i n i t i a l  w e i g h t s  of t he  c o n t a i n e r s  w e r e  a b o u t  270 g. 

Note :  T he  exposed  a rea  wa s  45 in.~. 

repor ted  tha t  no reac t ion  occurred b e t w e e n  a l u -  
m i n u m  and  ca rbon  t e t r ach lo r ide  at  room t e m p e r a -  
t u r e  in  a f o u r - m o n t h  test  period.  W h e n  a l u m i n u m  
was sealed in  a tube  w i th  ca rbon  t e t r ach lo r ide  a nd  
hea ted  to l l 0 ~  however ,  r ap id  reac t ion  ensued.  

Obse rva t ions  of the p resen t  au thors  ind ica te  
a r a the r  cr i t ical  t e m p e r a t u r e  d e p e n d e n c e  for this  
react ion.  The reac t ion  proceeded r ap id ly  at  the  
bo i l ing  po in t  of ca rbon  te t rach lor ide  (77~  b u t  
v e r y  l i t t l e  r eac t ion  occurred  at 50~ over  a 60 -day  
test  per iod  and  none  occur red  in  18 m o n t h s  a t  r oom 
t e m p e r a t u r e  (see Tab le  I I ) .  

Yields o3 reaction produc ts - -Al though  Rhodes a nd  
Car ty  (1) s ta ted  tha t  a l u m i n u m  and  ca rbon  t e t r a -  
chlor ide  reac t  to form a l u m i n u m  chlor ide a nd  
hexach lo roe thane ,  two add i t iona l  e x p e r i m e n t s  we re  
car r ied  out  to d e t e r m i n e  the  yie lds  based on the  
above reac t ion  and  to see if any  add i t iona l  reac t ions  
were  involved .  

The y ie ld  of the so luble  f rac t ion  ( a s sumed  to be 
en t i r e ly  hexach lo roe thane )  in  dup l i ca te  r u n s  was  
41.2 and  48.7% of the theore t ica l  and  the y ie ld  of 
inso lub le  f rac t ion  ( a s sumed  to be en t i r e ly  a l u m i n u m  
chlor ide)  was 83.8 and  100.6% of the theoret ical .  
The  theore t ica l  y ie lds  were  ca lcula ted  f rom the  
weigh t  loss of a l u m i n u m  as suming  tha t  hexach lo ro -  
e thane  and  a l u m i n u m  chlor ide were  the  on ly  p r od -  
ucts  fo rmed  according  to the  fo l lowing  reac t ion :  

2A1 4- 6CCI,---> 3C~C16 4- 2A1C1, 

Examinat ion o] jfraction originally insoluble in 
carbon te trachlor ide . - -An x - r a y  dif f ract ion ana lys i s  
of the  ca rbon  t e t r ach lo r ide  inso lub le  f rac t ion  showed 
tha t  a l u m i n u m  chlor ide was  the on ly  ident i f iable  
component .  Chemica l  analyses  for a l u m i n u m  and  
inorgan ic  chlorides are  shown  in  Tab le  III. 

The  inso lub le  f rac t ion  does not  appea r  to be p u r e  
a l u m i n u m  chlor ide because  the ra t io  of ch lor ine  

Table Ill. Chemical analysis of fraction originally insoluble 

Rat io  C1 a t o m s  

S a m p l e  No. A1, % I n o r g a n i c  C1, % A1 a t o m s  

1 18.6 67.3 2.74 
2 18.9 68.1 2.74 

a toms to a l u m i n u m  atoms was  2.74 ins tead  of 3 as 
in  pu re  a l u m i n u m  chloride.  I n  this  case S t e r n  (5) 
r epor ted  the C1/A1 ra t io  to be  2.8. These  resu l t s  
ind ica te  tha t  some of the a l u m i n u m  va lence  bonds  
were  l i nked  to some e l e me n t  other  t h a n  chlor ine.  
S ince  ca rbon  a n d  ch lor ine  were  the on ly  e lements  
p re sen t  in  add i t ion  to a l u m i n u m ,  it seems a p p a r e n t  
tha t  abou t  8.7% of the a l u m i n u m  va lence  bonds  
were  l i nked  d i rec t ly  w i th  carbon.  

The b lack  ca rbon  t e t r ach lo r ide  inso lub le  f rac t ion  
a lmost  comple te ly  dissolved in  w a t e r  w i th  evo lu t ion  
of heat .  A smal l  q u a n t i t y  of the  b lack  m a t e r i a l  is 
inso lub le  in  water .  If this  w a t e r  inso lub le  m a t e r i a l  
is dr ied  and  placed in  ca rbon  te t rachlor ide ,  it 
dissolves r ead i ly  f o r mi ng  a da rk  b r o w n  colored 
solut ion.  Upon  evapora t ion  of the ca rbon  t e t r ach lo -  
ride,  a b lack  res inous  m a t e r i a l  is lef t  beh ind .  The 
ca rbon  t e t r ach lo r ide  inso lub le  f rac t ion  con ta ined  
3.18% of this res inous  mate r ia l .  Chemica l  ana lys i s  
of the  b lack  res inous  m a t e r i a l  r evea led  tha t  its 
c a rbon  con ten t  was  42.2%. These  da ta  are  i n  accord 
w i th  p rev ious ly  repor ted  i n f o r m a t i o n  (2) .  

The  fact  tha t  this b lack  res inous  m a t e r i a l  is i n -  
soluble  in  ca rbon  t e t r ach lo r ide  un t i l  i t  is t r ea ted  
wi th  wa te r  suggests  tha t  an  a l u m i n u m - c a r b o n -  
ch lor ine  complex  is fo rmed  which  is b r o k e n  up by 
reac t ion  wi th  water .  The f o r ma t i on  of a res inous  
solid indica tes  tha t  the  complex  m u s t  have  a high 
mo lecu l a r  weight .  

Examinat ion of the ]faction originally soluble in 
carbon te trachlor ide--The ca rbon  te t rach lor ide  sol- 
ub le  f rac t ion  was  a ye l low solid. Chemica l  ana lys i s  
showed tha t  the a l u m i n u m  con ten t  was  less t h a n  
0.005 %. A n  x - r a y  dif f ract ion ana lys i s  of the  soluble  
f rac t ion  revea led  tha t  it was  m a i n l y  hexach lo ro -  
e thane.  The soluble  f rac t ion  also was ana lyzed  by  
index  of r e f rac t ion  m e a s u r e m e n t s .  In  this me thod  
of s t r u c t u r a l  de t e rmina t i on ,  an  equa t ion  developed 
by  one of the au thors  was  used  (6) .  

5.O7 

m - - 1  

dA 

Where  n is the  re f rac t ive  index ;  m, the molecu la r  
weight ;  d, the dens i ty ;  and  A, the  sum of cons tan t s  
based on ac tua l  a tomic  vo lumes  (A)  of the  a toms 
in  the  molecule  (A = 0.821 for carbon,  1.800 for chlo-  
r ine ,  and  0.436 for a double  b o n d ) .  For  hexach lo ro -  
e thane ,  A ---- (2) (0.821) ~- (6) (1.800) ---- 12.442. 

In  us ing  this method ,  the  i nde x  of r e f rac t ion  for 
the s t r u c t u r a l  f o r m u l a  in  ques t ion  is ca lcu la ted  us -  
ing the m e a s u r e d  dens i ty  for the  u n k n o w n .  If the  
s t ruc tu r a l  f o r m u l a  is correct,  the  ca lcula ted  va lue  
of re f rac t ive  index  should agree wi th  the  observed 
value .  

S ince  hexach lo roe thane  is a solid it  was  necessa ry  
to dissolve the  soluble  f rac t ion  in  a so lvent  to m a k e  
the  re f rac t ive  i n d e x  m e a s u r e m e n t s .  The so lvent  used 
was  1, 2, 4 t r i ch lo robenzene .  The va lue  of m / A  for 
the t r i ch lo robenzene  was  d e t e r m i n e d  e x p e r i m e n t a l l y  
as 14.19 by  d e t e r m i n i n g  d a nd  n in  the  equa t ion  

5.07d -}- ( d - - l )  d 
m / A  = W h e n  u s i ng  a m i x -  

n - - 1  
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t u re  of two compounds  the va lues  of m and  A 
should be average  va lues  based on the mo l e c u l a r  
percen tages  of the two components .  The composi -  
t ion  of the  so lu t ion  used was  22.3 mole  % soluble  
f rac t ion  and  77.7 mole  % t r i ch lo robenzene .  

If the soluble  f rac t ion  was  100% hexach lo ro -  
e thane,  the  m / A  va lue  for the so lu t ion  w o u l d  be 
15.25, whereas ,  the  m e a s u r e d  va lue  was  15.17 +--- 0.01. 
These resul t s  ind ica te  t ha t  the soluble  f rac t ion  was  
no t  p u r e  hexach lo roe thane .  I t  seems logical  to as-  
sume tha t  some of the hexach lo roe thane  could have  
reac ted  wi th  a l u m i n u m  to fo rm h igh  mo lecu l a r  
weight  c a r b o n - c h l o r i n e  compounds .  Severa l  pos-  
sible fo rmu la t i ons  of this  type  are g iven  be low a long 
wi th  the  ca lcula ted  m / A  va lues  if they  replaced  
hexach lo roe thane  comple te ly  in  the  t r i c h l o r o b e n -  
zene solut ion.  

Type of compound Structure 
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Effects of Reaction Product on Reaction 
Tests were  r u n  expos ing  99.99% a l u m i n u m  speci-  

m e n s  in  solut ions  c o n t a i n i n g  reac t ion  products  f rom 
prev ious  exposures .  The resul t s  g iven  in  Tab le  IV 
show tha t  the  presence  of reac t ion  products  i n -  
creased the  in i t i a l  corrosion rate.  S ince  a l u m i n u m  
chlor ide  a nd  h e x a c h l o r o e t h a n e  are the  m a i n  reac-  
t ion  products ,  tests  were  r u n  w i th  addi t ions  of these  
two compounds  to f resh ca rbon  t e t r ach lo r ide  to 
d e t e r m i n e  the i r  inf luence  on the  react ion.  Since 
a l u m i n u m  chlor ide  is on ly  s l ight ly  soluble  in  car -  
bon  te t rach lor ide ,  a s a tu ra t ed  so lu t ion  was  used. 
A n  excess of a n h y d r o u s  a l u m i n u m  chlor ide  was  
added to ca rbon  t e t r ach lo r ide  a nd  ref luxed for 1 
hr. The  ca rbon  t e t r ach lo r ide  t hen  was  decan ted  in to  
ano the r  flask for the  corrosion tests. I t  was  observed  
tha t  a f a in t  p i n k  color, which  g r a dua l l y  da rkened ,  
deve loped  in  the  bo i l ing  ca rbon  t e t r ach lo r ide  sa tu -  

~n/A(calc.) r a ted  w i th  a l u m i n u m  chloride.  No color developed 
w h e n  hexach lo roe thane  was  dissolved in  bo i l ing  

15.20 ca rbon  te t rachlor ide .  
The  resul t s  of these tests are g iven  in  Tab le  IV. 

This  i n f o r m a t i o n  in  graphica l  form a long wi th  da ta  
15.10 f rom Tab le  I is shown  in  Fig. 1. The p resence  of 

hexach lo roe thane  had  no  de tec tab le  effect on the  
react ion,  bu t  the  add i t ion  of a l u m i n u m  chlor ide had 
a m a r k e d  acce le ra t ing  effect. This  indica tes  tha t  

15.08 a l u m i n u m  chlor ide  acts as a reac t ion  accelerator ,  
p r o b a b l y  t h r ough  the  f o r ma t i on  of complexes  w i th  
ca rbon  te t rachlor ide .  

14.37 
Effective Retarding Agents 

On the  basis  of the  p reced ing  discussion of factors 
tha t  m a r k e d l y  affect the  reac t ion  of a l u m i n u m  w i t h  
ca rbon  te t rachlor ide ,  it  is obvious  tha t  a l u m i n u m  
chlor ide is one of the  most  p o t e n t  p romote r s  acceler -  
a t i ng  the  react ion.  The poss ib i l i ty  was  cons idered  
tha t  chemical  agents  could r e t a r d  this  reac t ion  by  
c o m b i n i n g  w i t h  the  a l u m i n u m  chlor ide  to r e t a rd  
its effect on the react ion.  In  this  m a n n e r ,  the  s t i m u -  
l a t ing  effect n o r m a l l y  p roduced  on the  ca rbon  t e t r a -  
c h l o r i d e - a l u m i n u m  reac t ion  wou ld  be re ta rded .  

S ince  benzoy l  chlor ide  has been  repor ted  in  the  
l i t e r a t u r e  to fo rm a mo lecu l a r  complex  w i th  a l u m i -  
n u m  chlor ide (7) ,  i t  should  have  a r e t a r d i n g  effect 

Straight chain polymer 

Branched chain polymer 

Unsatura ted straight 
chain polymer  

Unsatura ted branched 
chain polymer  

-C -C -C-  
[C1 C1 C1 C1 

n 

I- -I 
n 

The ev idence  indica tes  tha t  the  smal l  a m o u n t  of 
i m p u r i t y  in  the so luble  f rac t ion  is no t  a s t ra igh t  
cha in  po lymer .  The presence  of b r a n c h e d  chain,  u n -  
sa tu ra t ed  s t ra igh t  chain,  or u n s a t u r a t e d  b r a n c h e d  
cha in  po lymers  could lower  the  m / A  va lue  f rom 
15.25 for pu re  hexoch lo roe thane  to the  15.17 va lue  
ac tua l ly  measured .  

Ind ica t ions  are tha t  the impur i t i e s  in  the soluble  
f rac t ion  are i n t e r m e d i a t e  compounds  in  the  f o r m a -  
t ion of the b lack  res inous  m a t e r i a l  since the i r  ca r -  
bon  conten ts  are b e t w e e n  those of hexach lo roe thane  
and  the  b lack  res inous  mate r i a l .  

Table IV. Effect of reaction products on the corrosion of 99.99% 
aluminum in boiling carbon tetrachloride 

3.2 

2 .8  

Speci- Time, Weight 2.4 
men No. Conditions hr loss, g o~ / ~2o 

1 Corrosion products f rom 1.6701 1.00 0.3251 
g spec. ~- / o 

~o L 6  

2 Corrosion products from 1.7359 1.00 0.3774 o / g spec. 
3 Saturated with A1C13 0.25 0.0105 ~ , 2 / 
4 Saturated with A1C13 0.50 0.2738 ~ / / 

O.B 5 Saturated with A1CI~ 1.00 0.6157 / f 
6 Saturated with A1CI~ 2.00 1.3378 / J 
7 Saturated with A1C18 3.25 1.6999 
8 Saturated with A1C13 4.00 2.4072 
9 Saturated with A1C1B 4.50 2.7282 

10 0.5 % (by wt) hexachloroethane 4.00 0.9222 
11 0.5 % (by wt) hexachloroethane 4.50 1.1880 
12 0.5 % (by wt) hexachloroethane 5.50 1.5364 
13 0.5% (by wt) hexachloroethane 6.50 1.8670 

/ 
/ 

S 
J / 

A HIGH PURITY ALUMtNUM 
IN BOILING CCL 4 

0 0 5 % HEXACHLOROETHANE 
ADDED TO ABOVE 

O4/o . . . . . . . . . . . . . . . . . .  ExcEssA cL3 
0 I 3 4 5 6 7 8 

EXPOSURE T I M E ,  HOURS 

Fig. 1. Effect of anhydrous aluminum chloride and hexa- 
chloroethane additions. 
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on the react ion be tween  a luminum and carbon 
te t rachlor ide  by  complexing the a luminum chloride 
and render ing  the a luminum chloride unava i l ab le  
for accelera t ing the reaction.  Since significant r e -  
t a rda t ion  was obtained when 1% of f reshly  dis-  
t i l led benzoyl  chloride was added to the carbon 
te t rachlor ide ,  the theory  of an inhibi tor  opera t ing  
by  complexing the a luminum chloride was demon-  
strated.  

It was also shown tha t  the corrosiveness of ca r -  
bon te t rach lor ide  for  a luminum was dec idedly  
grea ter  in the presence of a given added quan t i ty  
of a luminum chloride than  in the presence of the 
same quan t i ty  of a luminum chloride combined wi th  
benzoyl  chlor ide in a molecular  complex. The fact  
tha t  a luminum reacted with  somewhat  grea ter  r ap i -  
d i ty  in the presence of this complex than  in the ab-  
sence of any  added a luminum chloride was a t t r i b -  
u ted to the effect of some small  amount  of a lumi -  
num chloride tha t  did  not complex wi th  the benzoyl  
chloride. This was fu r the r  confirmed by  the fact  
tha t  the solution of carbon te t rach lor ide  containing 
the complex became colored in a short  t ime as if  a 
r e la t ive ly  small  amount  of the to ta l  a luminum 
chloride had been separa te ly  added to the carbon 
te t rach lor ide  (i.e., was not  combined in the com- 
p lex) .  

Addi t iona l  suppor t  for the theory  tha t  r e t a rd ing  
agents  opera te  by  complexing  a luminum chlor ide  
was obtained by  conver t ing  a corrosive carbon te t -  
rachlor ide  solution containing added a luminum 
chloride into a noncorrosive solution by  removing  
the colored a luminum ch lor ide-carbon  te t rach lor ide  
complex tha t  forms when a luminum chloride is 
hea ted  wi th  carbon te t rachlor ide .  This was  accom- 
pl ished by  the addi t ion of any one of three  different  
r e ta rde rs  (2, 5 hexanedione,  e thyl  acetoacetate,  a lu -  
minum ni t ra te  .9H~O) in the fol lowing manner .  
Sufficient anhydrous  a luminum chloride was added 
to ref luxing carbon te t rach lor ide  to produce the 
deep color associated with  the beginning  stages of 
the corrosion of a luminum in the ha logenated  hydro -  
carbon. If 1% by weight  of e i ther  of th ree  different  
r e ta rd ing  agents  (i.e., an excess wi th  respect  to the  
amount  of added a luminum chlor ide)  was added,  
the character is t ic  color was r ap id ly  removed  and 
the carbon te t rachlor ide  became noncorrosive to 
a luminum.  Subsequent  analysis  disclosed tha t  al l  
the  detec table  a luminum chloride was now in the 
prec ip i ta te  which formed s imul taneous ly  as the  
color of the solution disappeared.  Al l  compounds 
tha t  were  known to be effective r e t a rd ing  agents 
p rec ip i t a ted  a luminum chloride in this manner .  The 
explana t ion  of the resul ts  of this type  of expe r i -  
ment  can be expla ined  most sa t i s fac tor i ly  in t e rms  
of the prev ious ly  pro jec ted  theory  of complexing the 
a luminum chloride. I t  now appeared  to be a logical  
step to search for new re t a rd ing  agents  among 
chemical  compounds tha t  offered the possibi l i ty  of 
known or pro jec ted  reac t iv i ty  wi th  a luminum 
chloride. 

The possibi l i ty  tha t  acid anhydr ides  might  have  
re t a rda t ion  proper t ies  was pred ic ted  on the basis of 
the use of anhydr ides  in organic syntheses wi th  

a luminum chloride acting as a ca ta lys t  through a 
complex in termedia te .  Both acetic anhydr ide  and 
phthal ic  anhydr ide  acted as effective re ta rd ing  
agents, a l though the possibi l i ty  of conversion to the 
corresponding acid made the i r  prac t ica l  use ques-  
t ionable.  Phtha l ic  anhydr ide ,  however,  p roved  to be 
equal ly  effective as a r e t a rde r  in the presence or 
absence of wa te r  in ref luxing carbon te t rachlor ide.  
Phtha l ic  acid, on the other hand,  was ineffective as a 
r e ta rd ing  agent  unless wa te r  was present  in the 
carbon te t rachlor ide .  The equi l ib r ium es tabl ished 
between the anhydr ide  or the acid and wa te r  in 
carbon te t rachlor ide  that  affords such excel lent  
r e t a rda t ion  is not known at  this t ime. Phtha l ic  an-  
hydr ide ,  itself, has proved to be the best  r e t a rde r  a t  
the lowest  levels (0.1-0.2% by weight )  of al l  the 
r e t a rd ing  agents  invest igated.  

One successful class of r e t a rde r s  for this react ion 
is the carbonyl  compounds. Acetone is the simplest  
member  of this series and its complexing wi th  A1CL 
has been repor ted  (8).  Acetone serves as an effec- 
t ive r e t a rde r  at  a concentra t ion of 0.2% by weight.  
The difficulty of main ta in ing  an adequate  concen- 
t ra t ion of acetone is increased,  however,  because of 
its r e l a t ive ly  low boil ing point.  A more effective 
carbonyl  agent  is 2,5-hexanedione.  Al though the 
rat io of C = O / C  is the same as in acetone, some 
advantage  is obta ined through the lower vola t i l i ty  
as wel l  as in the  poss ibi l i ty  of chelation. Other  
effective ca rbonyI - type  re ta rd ing  agents that  r e -  
act wi th  a luminum chloride are acetophenone (9, 10) 
and benzophenone (10). They offer the advan tage  
of a lower  vola t i l i ty  than  acetone but  requi re  a 
l a rger  addi t ion of r e t a rde r  because of the increased 
molecular  weight.  On the other  hand, they  are not  
so effective on a weight  basis as 2 ,5-hexanedione 
but  are  cons iderably  cheaper.  

Other r e ta rd ing  agents re la ted  to the carbonyl  
compounds are  the esters that  contain the group 

O 

- - C - - O - - R .  A number  of different  esters have  been 
repor ted  to form complexes wi th  a luminum chlo- 
r ide  (11, 12). Ethyl  acetate  and e thyl  acetoacetate  
both proved to be good r e t a rde r s  for this reaction.  
Ethyl  acetate  has the advan tage  of having  about  the  
same boil ing point  as carbon te t rach lor ide  which 
might  be des i rable  in cer ta in  indus t r ia l  applicat ions.  
Ethyl  acetoacetate  is the be t t e r  r e t a rde r  of the two 
as might  be expected  because of the  combinat ion of 
a carbonyl  and an ester  group as well  as offering the 
possibi l i ty  of chelation. 

Some heterocycl ic  r ing sys tem compounds such 
as thiophene,  pyrrole ,  and quinol ine act as effective 
r e t a rd ing  agents. These compounds were  selected 
for several  reasons. For  example ,  all  of them enter  
into condensat ion react ions in the presence of 
a luminum chloride in which it is often necessary for 
the a luminum chloride to be presen t  in a mo le - fo r -  
mole  rat io or greater .  They might  also work  since 
on ium- type  compounds could be produced in such 
si tuat ions where  a Lewis type  acid, such as a lumi -  
num chloride, comes in contact  wi th  a Lewis type  
base such as the heterocycl ic  a tom in these r ing 
systems. 
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Severa l  o lef in- type compounds (cyclohexene and 
isoprene)  in which no heterocycl ic  atom is present  
also were  effective a l though to a lesser ex tent  than  
the other  r e t a rde r s  prev ious ly  ment ioned.  There  is 
a basis for selecting olefins since olefins formed by  
pyrolys is  of paraffins in the presence of a luminum 
chloride polymer ize  and remain  bound fast  wi th  the 
a luminum chloride according to Nenitzescu (13-15).  
The specificity of the  olefinic l inkage  was demon-  
s t ra ted  by  showing tha t  cyclohexane has no r e t a r d a -  
t ion effect. On the other  hand, benzene does have  
some re ta rda t ion  effect al though, as might  be ex-  
pected, it  is not so good as cyclohexene;  this is be -  
cause the compound is a romat ic  and hence none of 
the bonds have 100% double  bond character .  

It has been shown tha t  another  ha logenated  hyd ro -  
carbon tha t  could complex A1C13 was capable  of re -  
t a rd ing  the react ion wi th  carbon te t rachlor ide .  Ben-  
zyl chloride, for example ,  wi l l  complex  wi th  a lumi -  
num chloride and wil l  r e t a rd  the react ion when pres -  
ent at  a concentra t ion of 1%. Benzyl  chloride,  itself, 
is reac t ive  toward  a luminum at its boi l ing point.  

Two amines which r e t a rd  the react ion ( t r i e thy l -  
amine, 2 -me thy l -2 -amino-1  propanol )  have  the 
abi l i ty  to remove almost  quan t i t a t ive ly  a luminum 
chloride f rom a carbon te t rach lor ide  solution sa tu-  
ra ted  with  a luminum chloride. The response to the  
addi t ion of the  amine is immedia te  and can be fol-  
lowed by  noting the loss of p ink  color in the solution 
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as wel l  as by analysis  for the a luminum in fi l tered 
carbon te t rach lor ide  solution. Other  amine r e t a r d -  
ing agents are  methylamine ,  d ie thylamine ,  t r i me thy l -  
amine, n -bu ty l amine ,  3 -me thoxypropy lamine ,  and 
cyclohexylamine.  One of the d isadvantages  of the 
amines  as prac t ica l  r e t a rde r s  is the i r  separa te  r e -  
ac t iv i ty  wi th  carbon te t rachlor ide  to form vo lumin-  
ous prec ip i ta tes ;  however,  under  some condit ions 
amines m a y  be pract ical .  

The abi l i ty  of 21 h y d r a t e d  inorganic  salts  to re -  
t a rd  this react ion has been noted. The salts tes ted 
were  genera l ly  in four  classifications: ni t rates ,  sul-  
fates, chlorides, and sulfides. Only the hyd ra t ed  n i -  
t ra te  and sulfide salts  were  r e t a rd ing  agents. Un-  
l ike  the  anhydrous  salt,  the  h y d r a t e d  a luminum 
chloride did  not accelerate  the react ion rate.  The 
a t t empt  to re la te  this phenomena  to the coordina-  
tion number  of the meta l  ion of the salt  was un-  
successful. Likewise,  when the equiva lent  of the  
total wa te r  of crys ta l l iza t ion was added as wate r  to 
the carbon te t rachlor ide ,  its r e t a rd ing  influence was 
not nea r ly  as effective as the hyd ra t ed  inorganic  
salt. 

On the assumption tha t  an agent  tha t  might  
chelate  A1C13 would be an effective re ta rder ,  8- 
hydroxyquino l ine  was added at  levels of 1% or less. 
Comparison on a weight  basis shows tha t  8- 
hydroxyquino l ine  is one of the  two best  r e t a rde r s  
( the other  is phthal ic  anhydr ide ) .  

Table V. Effect of retarding agents on reactivity in carbon tetrachloride in contact with aluminum 

Reactivity (first  v i s i b l e  attack) 
I n  CCI~ s a t u r a t e d  

Additive (1% by wt of each) In CCI~ with AICI~ 

None 1 hr <5 rain 
Amines 

1, 6-hexanediamine None (88 hr) None (72 hr) 
3-methoxypropylamine* After 40 hr After 72 hr 
2-methyl-2-amino-l-propanol None (88 hr) None (264 hr) 
Triethylamine None (88 hr) None (72 hr) 

Carbonyls 
Acetone* None (40 hr) <20 hr 
2, 5-hexanedione None (576 hr) After 72 hr 

Esters 
Ethyl acetate* None (336 hr) After  21 hr 
Ethyl acetoacetate None (678 hr) After 21 hr 

Acid anhydrides 
Acetic anhydride None (96 hr) None (120 hr) 
Phthalic anhydride None (336 hr, 0.2%) None (192 hr) 

Organic acid -~ water 
Acetic acid -k water  None (40 hr) After 20 hr 
Phthalic acid -t- water  None (144 hr) None (144 hr) 

Heterocyclic compounds 
Pyrrole None (96 hr) After 72 hr 
Quinoline None (96 hr) After  66 hr 
Thiophene None (144 hr) None (72 hr) 

Olefins 
Cyclohexene After 192 hr After 35 min 

Aromatic compounds 
1, 4 naphthaquinone* None (40 hr) None (68 hr) 
Nitrobenzene* None (216 hr) Slight (120 hr) 
Quinone* Slight (40 hr) None (68 hr) 
1, 3, 5 trinitrobenzene None (40 hr) <16 hr  

Inorganic salt 
Aluminum nitrate .9 H~O None (96 hr) <6 hr 
Water  (equivalent to above) Extensive (40 hr) <6 hr 

Chelating agent 
8-hydroxyquinoline None (216 hr) None (192 hr) 

* These  a d d i t i v e s  h a d  been  i n v e s t i g a t e d  p r e v i o u s l y  (3). 



190 J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  March 1959 

Table VI. Effect of magnesium content in aluminum alloys on corrosion rate in boiling CCh 

Calc. vol. Nominal  
Exposure Weight  meta l  loss, magnes ium 

Alloy t ime,  hr  Specimen size, in. loss, g in.3/in.~/yr, content,  % 

Solution u s e d I C C L  
99.99% A1 7.83 1/16 X 1/2 X 3 1.6950 12.1 0 
99.99% A1 7.5 1/16 X 1/2 X 3 1.6111 12.0 0 
99.99% A1 7.0 1/16 X 1/2 X 3 2.0022 16.1 0 
3003-H14 16 1/16 X 1/2 X 3 2.2480 7.76 0 
3004-H14 6.75 days 1/16 X 1/2 X 3 0.5377 0.183 1.0 
5052-H34 6.75 days 1/16 X 1/2 X 3 0.3868 0.132 2.5 
5356-H34 6 days 1/16 X 1/2 X 3 0.1891 0.0740 5.2 
112 48 1/2 X 2 1.4946 1.263 0 
195 48 1/4 X 1/2 X 3 1.0173 0.857 0 
214 12.67 days 1/4 X 1/2 X 3 1.9174 0.256 3.8 
220 7 days 1/4 X 1/2 X 3 0.0027 0.0009 10.0 
220 7 days 1/4 X 1/2 X 3 0.0019 0.0006 10.0 
356-T6 48 1/4 X 1/2 X 3 0.5668 0.482 0.3 
Mg 6 days 1/16 X 1/2 X 3 0.0006 0.0007 100 
Mg 3 days 1/16 X 1/2 X 3 0.0003 0.0002 100 

Solution u s e d ~ C C h  saturated with  A1CL 
5356 17 1/16 X 1/2 X 3 0.1711 0.564 5.2 
5356 24 1/16 X 1/2 X 3 0.2578 0.602 5.2 
220 24 1/4 x 1/2 X 3 0.0122 0.0285 10.0 
220 7 days 1/4 X 1/2 X 3 0.0586 0.0196 10.0 
Mg 96 1/16 X 1/2 X 3 0.0024 0.0022 100 
Mg 24 1/16 X 1/2 X 3 0.0096 0.0352 100 

Solution used- -CCL plus 0.5% A1C& 
Mg 20.5 1/16 X 1/2 X 3 0.0289 0.124 100 
lYlg 96 1/16 X 1/2 X 3 0.0282 0.0260 100 

Tests ]or Evaluating Ef]ectiveness of 
Retarding Agents 

Since  some r e t a r d e r s  s eemed  capab le  of p r o t e c t -  
ing a l u m i n u m  for  a lmos t  indef in i te  pe r iods  of t ime,  
some means  of acce l e r a t i ng  the test  was  needed  to 
d e t e r m i n e  the  r e l a t i v e  ef fec t iveness  of the  r e t a rde r s .  
E x p o s u r e  of a l u m i n u m  spec imens  to r e f lux ing  ca rbon  
t e t r a c h l o r i d e  s a t u r a t e d  w i t h  a l u m i n u m  ch lor ide  is a 
m u c h  m o r e  s t r i ngen t  tes t  t han  expos ing  t h e m  to 
re f lux ing  p u r e  ca rbon  t e t r ach lo r ide .  To es tab l i sh  
the  r e l a t i v e  e f fec t iveness  of  the  best  k n o w n  r e -  
t a rders ,  the  same  c o n c e n t r a t i o n  by  w e i g h t  of each  
r e t a r d e r  was  added  to ca rbon  t e t r a c h l o r i d e  s a tu ra t ed  
w i t h  a l u m i n u m  ch lo r ide  at  r o o m  t e m p e r a t u r e .  In  
o rde r  to insu re  tha t  u n i f o r m  condi t ions  w e r e  m a i n -  
ta ined,  the  ca rbon  t e t r a c h l o r i d e  was  degassed  in a 
d r y  box  w i t h  n i t r o g e n  f lushing t h r o u g h  bo th  the  
so lu t ion  and  the  box.  The  to ta l  v o l u m e  of ca rbon  
t e t r a c h l o r i d e  to be e m p l o y e d  was  s a t u r a t e d  w i t h  
A1C13 ins ide  the  box. The  ca rbon  t e t r a c h l o r i d e  was  

t r a n s f e r r e d  to re f lux  flasks ins ide  the  box  and  the  
r e t a r d e r  and spec imens  added  be fo re  the  flask was  
s toppered.  The  t i m e  necessa ry  for  cor ros ion  to ap-  
pea r  on the a l u m i n u m  spec imen  exposed  in the  
bo i l ing  so lu t ion  was  a m e a s u r e  of the  r e l a t i v e  
efficiency of the  r e t a rde r .  Fo r  example ,  some of the  
r e t a r d e r s  classified in o rde r  of dec reas ing  e f fec t ive -  
ness w e r e  as fo l lows:  ph tha l i c  anhydr ide ,  8 - h y -  
d roxyqu ino l i ne ,  2 ,5 -hexaned ione ,  e thy l  ace toace ta te ,  
e t hy l  acetate ,  a l u m i n u m  ni t ra te .9H~O, and  cyc lo-  
hexene .  The  first two  r e t a r d e r s  c o m p l e t e l y  p r e -  
v e n t e d  r eac t ion  u n d e r  this  condi t ion  for  the  five day 
test  per iod.  The  ac tua l  pe r iods  of r e t a r d a t i o n  are  
g iven  in Tab le  V. 

Reaction o] Carbon Tetrachloride with Magnesium 
and Aluminum Alloys 

Tests  w e r e  r u n  w i t h  m a g n e s i u m  and ten  a l u m i n u m  
alloys. The  resu l t s  g iven  in Tab l e  VI and Fig.  2 show 
tha t  m a g n e s i u m  in a l u m i n u m  al loys  has  a p r o -  
nounced  effect on the  cor ros ion  rate .  The  cor ros ion  

Table VII.  Effect of AICh and MgCI~ on the corrosion of magnesium and aluminum alloys in CCh 

Calc. vol. 
Exposure Weight me ta l  loss, 

Alloy t ime, hr  Specimen stze, in. Addi t ive  loss, g in.8/in.e/yr. 

5356 17 1/16 X 1/2 X 3 Satura ted  with  A1CI~ 0.1711 0.564 
24 1/16 X 1/2 X 3 Satura ted  with  A1C13 0.2578 0.602 

220 24 1/4 X 1/2 X 3 Satura ted  with  A1CI~ 0.0122 0.0285 
7 1/4 X 1/2 X 3 Satura ted  with A1C18 0.0586 0.0196 

lYIg 96 1/16 X 1/2 X 3 Saturated wi th  A1C& 0.0024 0.0022 
24 1/16 X 1/2 X 3 Satura ted  with  A1C13 0.0096 0.0352 

Mg 20.5 1/16 X 1/2 X 3 0.5% A1CI~ 0.0289 0.124 
96 1/16 X 1/2 X 3 0.5% A1CI~ 0.0282 0.0260 

99.99% A1 3 1/16 X 1/2 X 3 0.5% MgC12 0.8544 16.0 
3 1/16 X 1/2 X 3 0.5% MgCI~ 1.3874 26.0 

99.99% A1 3 1/16 X 1/2 X 3 0.25% Mg turnings 0.7757 14.5 
3 1/16 X 1/2 X 3 0.25% Mg turnings 0.4438 8.32 
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Fig. 2. Effect of magnesium content of a luminum alloys on 
corrosion rate in boil ing CCI~. 

r a t e  d rops  off r a p i d l y  as  the  m a g n e s i u m  con ten t  
increases ,  b e c o m i n g  neg l i g ib l e  for  220 cast  a l u m i n u m  
a l loy  and  m a g n e s i u m .  I t  shou ld  be  p o i n t e d  ou t  t h a t  
in T a b l e  VI and  Fig.  2 v a r y i n g  e x p o s u r e  t i m e s  w e r e  
used  to ca l cu l a t e  t he  v a l u e s  of i n f / i n . ~ / y r  and ,  hence,  
these values may not represent the true rates. 

Tests also were run exposing magnesium and 
aluminum alloys 5356 and 220 to carbon tetrachlo- 
ride saturated with aluminum chloride. The results 
given in Table VII show that the presence of alumi- 
num chloride increased the corrosion rates of mag- 
nesium as well as the aluminum alloys. It was shown 
also that the presence of magnesium chloride or 
magnesium turnings had no significant effect on the 
corrosion of 99.99% aluminum in refluxing carbon 
tetrachloride. These results indicate that magnesium 
must be present as an alloying constituent in order 
to retard the reaction. 

Conclusions 
1. As  r e p o r t e d  b y  s eve ra l  o the r s  (1,2,5),  m a n y  

a l u m i n u m  a l loys  a r e  c o r r o d e d  s e v e r e l y  b y  bo i l i ng  
ca rbon  t e t r a c h l o r i d e .  

2. The  r e a c t i o n  dec reases  r a p i d l y  w h e n  the  
t e m p e r a t u r e  is d r o p p e d  f rom the  bo i l i ng  p o i n t  
(77~ to 50~ and  is ins ign i f ican t  a t  r o o m  t e m p e r -  

a ture .  Some  a l loys  s h o w  g r e a t  r e s i s t ance  to c a r b o n  
t e t r a c h l o r i d e ,  even  a t  t h e  bo i l i ng  poin t .  

3. T h e  a d d i t i o n  of r e a c t i o n  p r o d u c t s  to  c a r b o n  
t e t r a c h l o r i d e  inc reases  t he  i n i t i a l  r e a c t i o n  ra t e .  
H e x a c h l o r o e t h a n e  h a d  no effect  on the  reac t ion .  
A l u m i n u m  ch lor ide ,  h o w e v e r ,  p r o m o t e s  t he  r e a c t i o n  
and,  w h e n  i n i t i a l l y  p re sen t ,  t he  r e a c t i o n  a t t a i n s  
w i t h i n  a f ew  m i n u t e s  the  s ame  r a t e  t h a t  is r e a c h e d  
a f t e r  s e v e r a l  hours  w h e n  s t a r t i n g  w i t h  f r e s h  c a r b o n  
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tetrachloride. This indicates that aluminum chloride 
acts as a reaction accelerator, probably through the 
formation of complexes with the carbon tetrachlo- 
ride. 

4. Chemical agents which can retard this re- 
action probably operate by combining with the alu- 
minum chloride as it is produced. In this manner, the 
accelerating effect normally produced by the alumi- 
num chloride is absent. Only anhydrous aluminum 
chloride accelerates corrosion. 

5. Certain chemical agents that act as retarders 
for  th is  r e a c t i o n  h a v e  s h o w n  t h e  a b i l i t y  to d e c o l o r -  
ize a bo i l ing  so lu t ion  of c a r b o n  t e t r a c h l o r i d e  con-  
t a i n i n g  a l u m i n u m  ch lo r ide  a n d  to p r e c i p i t a t e  s i m u l -  
t a n e o u s l y  and  q u a n t i t a t i v e l y  in c o m p l e x e d  f o r m  the  
a l u m i n u m  ch lo r ide  f r o m  the  solut ion .  Such  a so lu-  
t ion  is n o n c o r r o s i v e  if t he  r e t a r d e r  has  b e e n  a d d e d  
in excess  of t h a t  a m o u n t  n e c e s s a r y  to p r e c i p i t a t e  a l l  
the  a l u m i n u m  chlor ide .  

6. Classes  of r e t a r d i n g  a g e n t  h a v e  b e e n  se lec ted  
on the  bas is  of k n o w n  or  p r o j e c t e d  r e a c t i v i t y  w i t h  
a l u m i n u m  chlor ide .  Some  of t he  success fu l  c lasses  
of  r e t a r d e r s  a r e  ac id  a n h y d r i d e s ,  amines ,  es te rs ,  
h e t e r o c y c l i c  compounds ,  h a l o g e n a t e d  h y d r o c a r b o n s  
( w h i c h  can  c o m p l e x  a l u m i n u m  c h l o r i d e ) ,  ke tones ,  
olefins, and  c h e l a t i n g  a g e n t s  in  gene ra l .  C e r t a i n  
h y d r a t e d  n i t r a t e  a n d  sulf ide  i n o r g a n i c  sa l t s  also 
w e r e  ef fec t ive  a l t h o u g h  t h e  m e c h a n i s m  of t h e i r  
r e t a r d a t i v e  a b i l i t y  is no t  c l e a r l y  unde r s tood .  

7. Reac t ion  of a l u m i n u m  a l loys  in bo i l i ng  c a r b o n  
t e t r a c h l o r i d e  d rops  off r a p i d l y  as t he  m a g n e s i u m  
con ten t  increases .  A d d i t i o n  of m a g n e s i u m  ch lo r ide  
or  t h e  p r e s e n c e  of m a g n e s i u m  m e t a l  in  ca rbon  
t e t r a c h l o r i d e  has  no s ign i f ican t  effect  on  the  co r -  
ros ion  of h igh  p u r i t y  a l u m i n u m .  

Manuscr ip t  rece ived  Nov. 13, 1957. This pape r  was 
p repa red  for de l ive ry  before  the Buffalo Meeting, Oct. 
6-10, 1957. 

Any  discussion of this paper  wi l l  appear  in a Discus-  
sion Section to be publ i shed  in the December  1959 
JOURNAL. 
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ABSTRACT 

The mechanism of the reaction between a luminum and boiling carbon 
tetrachloride appears to be electrochemical. Conductivi ty measurements  in-  
dicate that the reaction starts as soon as the a luminum is exposed to the boil ing 
solution. The increase in the conductivi ty with t ime is caused by the presence 
of A1CI~ and parallels the increase in  weight of a luminum reacted as the reac- 
t ion proceeds. The application of a cathodic current  prevents  attack of an 
a luminum specimen, indicat ing that  the ini t ia l  at tack is caused by the pres-  
ence of an ionic species. Trace amounts  of the reaction product  hexachloro- 
ethane were produced electrochemically in the absence of any a luminum.  

Substances that  re tard the reaction apparent ly  funct ion by forming inactive 
complexes with the A1C18. The ra te -de te rmin ing  step in the reaction does not 
appear to involve free radicals since the major i ty  of the effective inhibitors 
failed to react with known free radicals. 

I t  has been  shown (1) tha t  two of the p roduc t s  
of the reac t ion  b e t w e e n  a l u m i n u m  and  ca rbon  t e t r a -  
chloride,  are  a l u m i n u m  chlor ide  and  hexach lo ro -  
e thane.  Ev idence  was also ob ta ined  for the presence  
of h igh mo lecu l a r  we igh t  c a r b o n - c h l o r i n e  com-  
pounds  soluble  in  ca rbon  te t rach lor ide  and  high 
mo lecu l a r  we igh t  carbon,  chlorine,  and  a l u m i n u m  
compounds  which  were  inso lub le  in  ca rbon  t e t r a -  
chloride.  

A r a t h e r  cr i t ical  t e m p e r a t u r e  dependence  can be 
shown for this  react ion,  r a n g i n g  f rom rap id  reac t ion  
at the bo i l ing  po in t  to negl ig ib le  reac t ion  in  e igh t -  
een m o n t h s  at room t empera tu r e .  

The presence  of the  reac t ion  products  accelerates  
the reac t ion  because  of the presence  of a l u m i n u m  
chloride.  Hexach lo roe thane  has no effect on the  r e -  
action.  The a l u m i n u m  chlor ide  acts as a reac t ion  
acce lera tor  p r o b a b l y  t h rough  the  fo rma t i on  of 
complexes  w i th  the  ca rbon  te t rachlor ide ,  

Chemica l  agents  tha t  act  as r e t a rde r s  do so by  
reac t ion  w i th  the a l u m i n u m  chlor ide as it is p ro -  
duced. This  was d e m o n s t r a t e d  by  q u a n t i t a t i v e l y  
r e m o v i n g  the  a l u m i n u m  chlor ide f rom a corrosive 
bo i l ing  ca rbon  t e t r ach lo r ide  so lu t ion  and  r e n d e r i n g  
it noncor ros ive  in  the  process. 

A n u m b e r  of classes of r e t a r d i n g  agents  we re  
d iscovered on the basis  of k n o w n  or pro jec ted  re -  
ac t iv i ty  wi th  a l u m i n u m  chloride.  Some of these 
were  acid anhydr ides ,  amines ,  esters, heterocycl ic  
compounds ,  ha logena t ed  h y d r o c a r b o n s  (which  can 
complex  a l u m i n u m  chlor ide) ,  ketones,  olefins, and  
che la t ing  agents  in  genera l .  R e t a r d a t i o n  was  also 
secured  w i t h  a n u m b e r  of h y d r a t e d  ino rgan ic  n i -  
t ra tes  and  sulfides for less def ini t ive  reasons.  

Reac t ion  of a l u m i n u m  alloys in  bo i l ing  ca rbon  
t e t r ach lo r ide  drops off r ap id ly  wi th  i nc reas ing  
m a g n e s i u m  content .  M a g n e s i u m  m e t a l  or m a g n e s i u m  
chlor ide has no s ignif icant  effect on this  react ion.  

Studies of Conductivity 
H i g h - p u r i t y  (99.99%) a l u m i n u m  is a t t acked  

severe ly  in  bo i l ing  ca rbon  te t rach lor ide  bu t  is 

res i s tan t  to ca rbon  te t rach lor ide  at  room t e m p e r a -  
ture.  S ince  the  conduc t iv i ty  of ca rbon  t e t r ach lo r ide  
is m u c h  h igher  a t  the  bo i l ing  po in t  t h a n  at  room 
t empera tu re ,  it  was though t  tha t  a r e la t ionsh ip  
migh t  exist  b e w e e n  conduc t iv i ty  and  corrosion.  

The a ppa r a t u s  shown  i n  Fig. 1 was  used to 
m e a s u r e  conduc t iv i ty .  As shown  in  Fig. 2, the con-  
duc t iv i t y  increased  s tead i ly  for abou t  5 h r  a f te r  
a l u m i n u m  specimens  were  i m m e r s e d  in  bo i l ing  car -  
bon  te t rachlor ide ,  i nd i ca t i ng  t ha t  the conduc t iv i ty  
increased  as the corrosion p roduc t s  increased.  On 
the  basis of we igh t  loss m e a s u r e m e n t s ,  there  would  
appear  to be an  i nduc t ion  per iod  of abou t  1 hr ;  
however ,  the more  sens i t ive  conduc t iv i ty  m e a s u r e -  
me n t s  show tha t  the  reac t ion  s tar ts  soon af ter  the  
a l u m i n u m  is p laced in  the  bo i l ing  ca rbon  t e t r a -  
chloride (see also Fig. 11). Since a l u m i n u m  chlor ide 
and  hexach lo roe thane  were  ident i f ied as two of 
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Fig. 1, Apparatus used for measuring conductivity and re- 
moving samples simultaneously. 
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the corrosion products ,  these compounds  were  
added  s ing ly  to d e t e r m i n e  the  effect of each com-  
p o u n d  on conduc t iv i ty .  As shown  in  Fig. 3, a l u m i -  
n u m  chlor ide had  a m a r k e d  effect. The conduc t iv i ty  
inc reased  rap id ly  d u r i n g  the  first 20 ra in  and  t h e n  
leveled off. The reac t ion  r e su l t i ng  w h e n  an  a l u m i -  
n u m  spec imen  was  added  a f t e r  the  conduc t iv i ty  
l eve led  off, caused the  conduc t iv i ty  to r ise to a v a l u e  
abou t  t en  t imes  tha t  of ca rbon  t e t r ach lo r ide  s a t u -  
ra ted  wi th  a l u m i n u m  chloride,  i nd i ca t i ng  t ha t  add i -  
t iona l  ionized complexes  are formed.  No s ignif icant  
change  in  conduc t iv i ty  occur red  w h e n  hexach lo ro -  
e thane  was  added  to bo i l ing  ca rbon  te t rachlor ide .  

In  ano the r  expe r imen t ,  samples  of solut ions  were  
w i t h d r a w n  per iodica l ly  and  ana lyzed  for a l u m i n u m  
at the  same t ime  as conduc t iv i ty  m e a s u r e m e n t s  were  
be ing  m a d e  on the so lu t ion  r e m a i n i n g  in  the  flask. 
The resul ts  are shown  in  Tab le  I and  Fig. 2. The  
data  show tha t  the  increase  of conduc t iv i ty  a nd  
weigh t  of a l u m i n u m  reac ted  in  the  ca rbon  t e t r a -  
chlor ide rough ly  pa ra l l e l  each o ther  in  the first 4.5 
hr. In  Fig.  4,1 a compar i son  of the  curves  of con-  

1 F i g u r e  4 w a s  p l o t t e d  b y  t a k i n g  p o i n t s  f r o m  t h e  t w o  c u r v e s  o n  
F i g .  2 f o r  t h e  s a m e  t i m e ,  a n d  p l o t t i n g  t h e  p o i n t s  a g a i n s t  e a c h  o t h e r .  
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AICla was going into solution. 
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duc t iv i ty  a nd  tota l  a l u m i n u m  reac ted  shows tha t  
the  a l u m i n u m  reac ted  increases  l i nea r ly  w i th  speci-  
fic conduc t iv i ty  up  to 5 x 10 .9 mhos. The  specific 
conduc t iv i ty  reaches a l im i t i ng  va lue  of about  6 x 
10 -~ mhos  whi le  the  to ta l  a l u m i n u m  reac ted  con-  
t inues  to increase.  I t  can be seen in  Fig. 59 tha t  the  
reac t ion  ra te  increases  w i th  inc reas ing  specific con-  
duc t iv i ty  a nd  levels  off as the  specific conduc t iv i ty  
approaches  6 x 10 -9 mhos.  As shown  in  Fig. 6, the  
reac t ion  ra te  increases  w i th  t ime  up  to 4 hr,  where  
it  reaches  a cons t an t  va lue .  As can  be seen  in  Fig.  
2, the  specific conduc tance  also reaches  a l im i t i ng  
va lue  af ter  abou t  4 hr. These resul ts  which  ind ica te  
a r e la t ionsh ip  b e t w e e n  the  reac t ion  ra te  and  specific 
conduc t iv i ty  suggest  tha t  ions m a y  be i nvo lved  in  
the react ion.  

The  conduc tance  of a so lu t ion  is p ropor t iona l  to 
the mob i l i t y  and  n u m b e r  of ions in  the  solut ion.  The  

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

Table I. Data on per cent dissolved aluminum and conductivity 

V o l u m e  W e i g h t  
of* W e i g h t  o f  % A1 T o t a l  A1 S p e c i f i c  

T i m e ,  s a m p l e ,  A1 i n  d i s s o l v e d  d i s s o l v e d  i n  c o n d u c t i v i t y ,  
r a i n  m l  s a m p l e s ,  m g  i n  CC14 CC1~, m g  m h o s  

0 2 5  0 0 0 6 . 8 0  X 10 - ~  
10  . . . .  1 . 78  X 10 -11 

2 0  . . . .  1 . 7 8  X 10  -:~ 
3 0  . . . .  4 . 4 0  X 10  -~1 
4 0  . . . .  5 . 9 0  X 10  -11 
50 . . . .  9.15 X 10  <I  
6 0  2 7 . 5  1 .2  0 . 0 0 2 7 4  2 1 . 8  - -  
8 0  . . . .  3 . 1 5  X 10  -1~ 

i00 . . . .  5.40 X 10 -1~ 
1 2 0  2 7  8 .1  0 . 0 1 8 8  1 4 3  - -  
1 4 0  . . . .  1 . 2 5  X 10 -~ 
1 6 0  . . . .  2 . 2 4  X 10 -9 

1 8 0  2 9  2 5 . 6  0 . 0 5 5 3  4 0 3  - -  
2 0 0  . . . .  3 . 1 2  X 10 -9 
2 2 0  . . . .  4 . 0 8  X 10 -9 

2 4 0  2 8  4 1 . 2  0 . 0 8 9 1  6 5 0  - -  
2 6 0  . . . .  5 . 5 6  • 10  -9 
2 8 0  . . . .  6 . 1 0  X 10  -9 
3 0 0  2 9  7 1 . 0  0 . 1 5 4  1 0 3 3  - -  
3 3 0  . . . .  5 . 8 7  X 10 - 9  
3 6 0  2 9  9 7 . 6  0 . 2 1 1  1 3 6 7  5 . 8 7  X 10 -9 

* I n i t i a l  v o l u m e  of  C C h  = 500 ce. 
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Fig. 6. Plot of reaction rate vs. time 

slope of the l ine  f rom a plot  of log specific conduc-  
tance  vs. 1/T is the t e m p e r a t u r e  coefficient. The 
smal le r  the t e m p e r a t u r e  coefficient the g rea te r  the 
n u m b e r  of ions in  a g iven  solut ion.  The re l a t ionsh ip  
can  be d e m o n s t r a t e d  by  compar ing  the  t e m p e r a t u r e  
coefficients for d is t i l led  wa te r  and  the  more  h igh ly  
ionized 0.01M KC1 solut ion.  The  t e m p e r a t u r e  co- 
efficients are --0.208 for dis t i l led wa t e r  and  --0.084 
for 0.01M aqueous  po tas s ium chloride so lu t ion  (2).  

F igu re  7 shows the effect on the t e m p e r a t u r e  co- 
efficient of ca rbon  te t rach lor ide  due to add i t ion  of 
a l u m i n u m  chlor ide or corrosion products  f rom the 
a l u m i n u m - c a r b o n  te t rach lor ide  react ion.  These r e -  
sul ts  show tha t  the  add i t ion  of a l u m i n u m  chlor ide to 
ca rbon  te t rach lor ide  decreases the t e m p e r a t u r e  co- 
efficient, i nd i ca t ing  tha t  the addi t ion  of a l u m i n u m  
chloride increases  the n u m b e r  of ions. The presence  
of a l u m i n u m  corrosion products  f u r t h e r  decreases 
the  t e m p e r a t u r e  coefficient i nd ica t ing  an  add i t iona l  
increase  in  the n u m b e r  of ions. These resul t s  also 
suggest  tha t  an  ionic m e c h a n i s m  m a y  be involved .  

The  increase  in  conduc t iv i ty  w i th  t ime  tha t  ac-  
companies  the reac t ion  b e t w e e n  a l u m i n u m  and  car -  
bon  te t rach lor ide  is observed  in  o ther  corrosion re -  
act ions occur r ing  in  aqueous  solutions.  Since con-  
duc tance  i n  solu t ion  depends  on the  p resence  of 
ions, this ind ica tes  tha t  this reac t ion  m a y  proceed by  
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Fig. 7. Temperature coefficients for CCh and CCh satu- 
rated with AICI3 and corrosion products. 

an  e lec t rochemica l  m e c h a n i s m  i nvo l v i ng  ox ida t ion  
and  reduc t ion  (3). For  these  reasons,  e l ec t rochem-  
ical re la t ionsh ips  tha t  m i gh t  be i nvo lved  were  f u r -  
ther  inves t iga ted .  For  example ,  if it  could be shown  
tha t  the reac t ion  wi th  ca rbon  te t rach lor ide  could be 
p r e v e n t e d  by ca thodica l ly  p ro tec t ing  the a l u m i n u m ,  
this wou ld  suppor t  an  e lec t rochemica l  mechan i sm.  
However ,  it  should  be po in ted  out tha t  the  i nab i l i t y  
to pro tec t  the a l u m i n u m  ca thodica l ly  w ou l d  no t  be  
sufficient to d isprove  such a mechan i sm.  A r educ -  
t ion  or an increase  in  the corrosion ra te  caused by 
the coupl ing  to d i ss imi la r  meta l s  or by  an  appl ied  
c u r r e n t  would  l end  suppor t  to an  ionic mechan i sm.  

Effect of Galvanic Corrosion 
A sample  of h i g h - p u r i t y  sheet  a l u m i n u m  (99.99% 

A1) was coupled  to a mi ld  steel  sheet  spec imen  in  
boi l ing  ca rbon  te t rachlor ide .  The electrodes  were  1 
in. apart .  The exposed area  of each spec imen  was 
a p p r o x i m a t e l y  3 in7 and  the  in i t i a l  ga lvan ic  c u r r e n t  
b e t w e e n  the spec imens  was 2 x 10 -~1 amp. W h e n  the  
boi l ing  ca rbon  t e t r ach lo r ide  was  s a t u r a t e d  wi th  
a l u m i n u m  chloride,  in  order  to increase  the  conduc-  
tance,  the  ga lvan ic  c u r r e n t  inc reased  over  a 15 -min  
per iod  and  leveled  off at  a va lue  of 10 x 10-' amp. 
D u r i n g  this  t ime, the  so lu t ion  da rkened ,  a nd  the 
a l u m i n u m  spec imen  became coated wi th  corrosion 
product ,  whi le  the steel  spec imen  r e m a i n e d  clean.  
The ev idence  of a c u r r e n t  flow as a resu l t  of b i -  
meta l l i c  coupl ing  f u r t h e r  ind ica ted  the ana logy  wi th  
s imi la r  react ions  occur r ing  in  aqueous  solut ions.  The 
fact  tha t  S t e r n  and  ~Uhlig (4) were  u n a b l e  to not ice  
an increased  weigh t  loss effect f rom b ime ta l l i c  coup-  
l ing  based on a 6 -h r  test  in  ca rbon  t e t r ach lo r ide  is 
u n d e r s t a n d a b l e  in  v iew of the  ve ry  h igh so lu t ion  r e -  
s is tance e n c o u n t e r e d  b e t w e e n  electrodes.  The cor-  
rosion of a l u m i n u m  in  ca rbon  te t rach lor ide  could 
proceed by  an  e lec t rochemica l  m e c h a n i s m  to give 
h igh corrosion ra tes  if the local  anodes a nd  cathodes 
on the surface  of the  a l u m i n u m  are  only  a few a n g -  
s t roms apart .  This  p r o x i m i t y  of anode  a nd  cathode 
wou ld  enab le  the  reac t ion  to proceed at  r e l a t i ve ly  
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rap id  ra tes  e v e n  though  the  res i s tance  of the  so lu-  
t ion w e r e  high.  

Observations with an Applied Potential 
Based  on resu l t s  w i t h  ga lvan ic  couples  one w o u l d  

expec t  an e x t e r n a l l y  app l ied  c u r r e n t  to p ro t ec t  an 
a l u m i n u m  spec imen  ca thod ica l ly  in bo i l ing  ca rbon  
t e t r ach lo r ide .  To s tudy  the  effects of an  app l i ed  
ca thodic  and  anodic  c u r r e n t  on an a l u m i n u m  speci -  
m e n  in ca rbon  t e t r ach lo r ide ,  a r a t h e r  h igh  emf  
source  is r e q u i r e d  to o v e r c o m e  the  res i s tance  of 
the  ca rbon  t e t r ach lo r ide .  Fo r  the  fo l lowing  e x p e r i -  
m e n t  a po ten t i a l  source  of 200 v d.c. was  used. 

To p r e v e n t  a t t ack  on the  por t ions  of the  e lec -  
t rodes  in the  v a p o r  phase,  the  poss ib i l i ty  of a coa t -  
ing res i s tan t  to bo i l ing  ca rbon  t e t r a c h l o r i d e  and  its 
vapo r s  was  inves t iga ted .  I t  was  f o u n d  t h a t  an  anodic  
coa t ing  ( A l u m i l i t e  ~ 204) p r e v e n t e d  a t t ack  excep t  at  
the  edges  of an  a l u m i n u m  sheet .  By  us ing  r o u n d  rods 
w i t h  r o u n d e d  ends it  was  found  tha t  these  anodic  
coat ings  a lmos t  c o m p l e t e l y  r e t a r d e d  the  at tack.  
R o u n d  rods 99.99% A1, 1/4 in. in  d i a m e t e r  w i t h  
r o u n d e d  ends,  w e r e  g iven  A l u m i l i t e  204 t r e a t m e n t  
excep t  for  a band  1/2 in. long loca ted  1/4 in. f r o m  the  
end  of the  rod. 

W h e n  an e x t e r n a l  po ten t i a l  was  app l ied  across 
two  r o u n d  a l u m i n u m  rods (% in. apa r t )  of 99.99% 
A1 in 400 cc of bo i l ing  ca rbon  t e t r a c h l o r i d e  s a t u r a t e d  
w i t h  a l u m i n u m  chlor ide ,  the  cor ros ion  of the  ca th -  
ode was  s l igh t ly  r e t a rded ,  w h e r e a s  the  cor ros ion  of 
the  anode  began  a lmos t  i m m e d i a t e l y .  A b l ank  p laced  
in the same so lu t ion  c l ea r ly  shows tha t  the  co r ro -  
sion of the  anode  was  acce l e ra t ed  and  tha t  of the  
ca thode  was  s l igh t ly  r e t a r d e d  (Fig.  8).  In i t i a l ly  the  
c u r r e n t  pass ing b e t w e e n  the  two  e lec t rodes  was  10 
x 10 -~ amp.  A f t e r  about  200 m i n  the  ra te  of a t t ack  
of the  ca thode  inc reased  and a p p r o a c h e d  tha t  of the  
anode. The  c u r r e n t  at this  po in t  i nc reased  to 110 x 
10 -~ amp.  This  inc rease  in c u r r e n t  was caused by an 
increase  in so lu t ion  conduc t i v i t y  because  of the  p r e s -  

3 Trade name of Aluminum Company o f  America. 
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Fig. 8. Effect of an applied potential on aluminum rods in 
boiling carbon tetrachloride saturated with aluminum 
c h l o r i d e .  
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Fig. 9. Cathodic protection of a luminum in carbon tetra- 
chloride: 1, An a luminum rod suspended in boil ing carbon 
tetrachloride for four days (no cathodic current applied); 2, 
an a luminum rod suspended in boil ing carbon tetrachloride 
for 28 days, with an applied cathodic current of 5 x 10 "~ 
amperes. This specimen was completely protected; 3, The 
cathodical ly protected specimen 48 hr af ter  the appl ied 
cathodic current had been removed. 

ence  of a l u m i n u m  cor ros ion  products .  A t  this  po in t  
the  so lu t ion  was  r a t h e r  d a r k  and  the  a t t ack  of both  
spec imens  was  caused  l a rge ly  by  local  ac t ion  r a t h e r  
t h a n  by the  app l i ed  cu r ren t .  A t  the  t i m e  the  e x p e r i -  
m e n t  was  d i scon t inued  the  c u r r e n t  t h r o u g h  the  so- 
lu t ion  was  200 x 10 -8 amp.  This  inc rease  in c u r r e n t  
w i t h  a cons tan t  app l ied  po t en t i a l  pa ra l l e l s  the  in -  
crease  in conduc t i v i t y  w h i c h  accompan ies  the  cor -  
ros ion of a l u m i n u m  in boi l ing  ca rbon  t e t r ach lo r ide .  

In  v i e w  of the  above  resul ts ,  an e x p e r i m e n t  was  
dev i sed  to d e t e r m i n e  w h e t h e r  a spec imen  could  be  
p ro t ec t ed  ca thod ica l ly  in bo i l ing  ca rbon  t e t r a c h l o -  
r ide.  W h e n  an a l u m i n u m  rod was  suspended  in bo i l -  
ing  ca rbon  t e t r ach lo r ide ,  the  unanod i zed  por t ion  
c o m p l e t e l y  r e a c t e d  w i t h i n  fou r  days, a l t h o u g h  the  
a t t ack  did not  beg in  un t i l  abou t  the  t h i rd  day  (Fig.  
9). This  inc rease  in  induc t ion  t i m e  ind ica t ed  the  s ig-  
nif icance of e l i m i n a t i n g  co rne r s  and rough  edges  
f r o m  the  specimens.  

W h e n  a po t en t i a l  of 220 v was  app l i ed  across t he  
a l u m i n u m  rod  and  a cy l ind r i ca l  p l a t i n u m  gauze  ( the  
a l u m i n u m  be ing  the  ca thode ) ,  no a t t ack  of the  
a l u m i n u m  spec imens  by boi l ing  ca rbon  t e t r a c h l o r i d e  
was  obse rved  a f t e r  28 days  (Fig.  9). The  a v e r a g e  
c u r r e n t  b e t w e e n  the  e lec t rodes  was  5 x 10 -~ amp.  
This  c u r r e n t  was  r e l a t i v e l y  cons tan t  o v e r  the  28-day  
t ime  in te rva l .  

W h e n  the  app l i ed  po t en t i a l  was  r emoved ,  the  co r -  
ros ion  of the  a l u m i n u m  b e g a n  w i t h i n  30 h r ;  in 48 h r  
the  a t t ack  was  s eve re  (Fig.  9). This  e x p e r i m e n t  was  
t h e n  r e p e a t e d  w i t h  l o w e r  cu r r en t s  and  sho r t e r  pe r i -  
ods of observa t ion .  The  resu l t s  ind ica te  t ha t  ca th -  
odic p ro tec t ion  was  comple t e  fo r  the  pe r iod  of ob-  
s e r v a t i o n  (Tab le  I I ) .  

Table II. Cathodic protection of aluminum in boiling CCh 

C u r r e n t ,  a m p  
I n i t i a l  M a x i m u m  A v e r a g e  

l ~ l t u n b e r  
o f  d a y s  

t h e  e x p e r i -  
m e n t  w a s  A l u m i n u m  
c o n t i n u e d  d e t e c t e d  

(a) "No Cur ren t"  3 Severe  at-  
tack 

(b)8 X 10 -11 2.4 X 10 -l~ 2.2 X 10 -~~ 12 0.075mg/1 
(c)2  X 10 -1~ 20 X 10 -1~ 10 X 10 -~~ 10 0.018mg/1 
(d)6 X 10 -1~ 7 X 10 -1~ 6 X 10 -1~ 11 0.155mg/1 
(e) 5 X 10 -9 6 X 10 -9 5 • 10 -~ 28 None de- 

tected 
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Fig. 10. Schematic diagram of carbon electrodes used for 
electrochemical production of hexachloroethane from carbon 
tetrachloride. 

In  the case of (b)  and  (e) (Tab le  I I ) ,  w h e n  the  
c u r r e n t  was r emoved  af ter  the  t ime  of observa t ion ,  
corrosion began  w i t h i n  24 and  30 hr, respect ively .  
Al l  these resul ts  are ind ica t ive  of an  e lec t rochemica l  
m e c h a n i s m  for the a t tack  of a l u m i n u m  by  ca rbon  
te t rachlor ide .  

It  was not  possible to protect  ca thodica l ly  an  
a l u m i n u m  rod in  ca rbon  te t rach lor ide  s a tu r a t e d  w i th  
a l u m i n u m  chlor ide at the  ref lux t empe ra tu r e .  I t  was  
es t imated  f rom the ra te  of a t tack  of an  a l u m i n u m  
spec imen  in  this  so lu t ion  tha t  a c u r r e n t  dens i ty  of 
at least  50 m a / c m  ~ wou ld  be r equ i r ed  to p r e v e n t  a t -  
tack  of the a l u m i n u m .  Wi th  the  h igh res is tance  of 
the  solut ion,  such a c u r r e n t  could be ob ta ined  only  
wi th  excess ively  high appl ied  potent ia ls .  

Thus,  the reac t ion  in  ca rbon  te t rach lor ide  can be 
p r e v e n t e d  for an  indef in i te  per iod by  ca thodica l ly  
p ro tec t ing  the a l u m i n u m  wi th  an  appl ied  potent ia l .  
Therefore ,  it  is conc luded  tha t  the  in i t i a l  a t t ack  of 
the  a l u m i n u m  is caused  by  the  presence  of an ionic 
species. 

D u r i n g  the corrosion of an  a l u m i n u m  spec imen  in  
boi l ing  ca rbon  te t rachlor ide ,  the ene rgy  suppl ied  by  
the ox ida t ion  of the  a l u m i n u m  produces  hexach lo -  
r oe thane  as a r educ t ion  product .  If r educ t ion  of the 
ca rbon  te t rach lor ide  to hexach lo roe thane  can be 
p roduced  in  the  absence  of meta l l i c  a l u m i n u m  by  
m e a n s  of an  appl ied  potent ia l ,  this  fact  wou l d  l end  
suppor t  to an  e lec t rochemica l  mechan i sm.  

Graph i t e  electrodes were  cons t ruc ted  (Fig. 10) to 
give a la rge  surface  a rea  and  a smal l  d is tance  be -  
t w e e n  anode and  cathode.  Each e lect rode consis ted 
of seven  p la tes  (3 x 1 ~  x 1/4 in.)  p laced  1/2 in. apar t .  
The electrodes were  t h e n  placed so tha t  the dis-  
t ance  b e t w e e n  each p la te  was abou t  ~/s in. P l a t i n u m  
was used to connect  the  e lec t rode  to the  po ten t i a l  
source. 

A p p r o x i m a t e l y  1 l i te r  of ca rbon  te t rach lor ide  was 
added  to the cell  us ing  a l u m i n u m  chlor ide as the  
electrolyte .  At  a po ten t i a l  of 850 v the  average  cu r -  
r en t  in  the cell was  200 t~a for a per iod  of twe lve  
days. A t  the  end  of the  t w e l v e - d a y  period,  the  so lu-  
t ion  was  f i l tered and  the  ca rbon  te t rach lor ide  e v a p -  
ora ted  on a wa t e r  ba th  to a v o l u m e  of abou t  50 cc. 

Because of the  ease of s u b l i m a t i o n  of hexach lo ro -  
e thane ,  the r e m a i n d e r  of the so lu t ion  was  evapora ted  
at room t empera tu r e .  The  concen t r a t ed  so lu t ion  was  
yel low.  W h e n  the  so lu t ion  was  evapo ra t ed  to d r y -  
ness, an  odor r e s e m b l i n g  h e x a c h l o r o e t h a n e  was  de-  
tec ted in  the res idue  (which  also con ta ined  some 
a l u m i n u m  chlor ide) .  

By me a ns  of i n f r a r e d  spectroscopy,  hexach lo ro -  
e thane  was detected,  bu t  special  t echn iques  were  
necessary.  The hexach lo roe thane  has two de tec table  
absorp t ion  bands ;  one is r a t h e r  weak  whi le  the 
s t ronger  b a n d  is m a s k e d  by  ca rbon  te t rach lor ide  ab -  
sorpt ion.  Because of the  vo la t i l i ty  of the  p roduc t  
a nd  its low yield,  it  was imposs ib le  to ob t a in  a la rge  
enough  sample  to iden t i fy  the  weake r  b a n d  of h e x -  
achloroethane .  Consequen t ly ,  the  res idue  f rom the  
ca rbon  te t rach lor ide  e va po r a t i on  was d issolved in  
spect ra l  pu re  cyc lohexane  a n d  s u b m i t t e d  for a n a l y -  
ses. Hexach lo roe thane  was detec ted  in  this  so lu t ion  
at the s t ronger  wave  l eng th  (12.77/~). I n  an  iden t i ca l  
e x p e r i m e n t  in  which  there  was  no appl ied  cur ren t ,  
no hexach lo roe thane  could be detected by  the above 
procedure .  

Relationship of Conductivity to Retarding Agents 
Since the conduc t iv i ty  is m a r k e d l y  affected by  

the  concen t r a t i on  of a l u m i n u m  chlor ide in  ca rbon  
te t rach lor ide  solut ion,  any  factors t ha t  affect the 
a l u m i n u m  chlor ide w ou l d  also r e su l t  in  conduc t iv i ty  
changes.  Hence,  the  add i t ion  of r e t a r d i n g  agents  to 
colored ca rbon  t e t r ach lo r ide  solut ions  con t a in ing  an -  
hydrous  a l u m i n u m  chlor ide should  resu l t  in  a sub -  
sequen t  drop of the  conduc t iv i ty  to essen t i a l ly  the 
level  of pure  ca rbon  te t rach lor ide  (Fig. 11). 

The resul t s  shown  in  Tab le  I I I  ind ica te  tha t  a 
good r e t a r d i ng  agen t  can be gene ra l ly  pred ic ted  
based on its ab i l i ty  to lower  the conduc t iv i ty  of the  
corrosive ca rbon  t e t r ach lo r ide  solut ion.  Of al l  the 
r e t a r d i n g  agents  tested, on ly  the  add i t ion  of cyclo-  
hexene  to the ca rbon  t e t r a c h l o r i d e - a l u m i n u m  chlo-  
r ide so lu t ion  fai led to lower  the conduc t iv i ty  by  ap-  
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Fig. ] 1. Conductivity measurements on boiling carbon 
tetrochloride with and without aluminum specimens and 
retarders present. 
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Table III. Effect of retarding agents or reactivity and conductivity in carbon tetrachloride in contact with aluminum 
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R e a c t i v i t y  ( f i rs t  
v i s i b l e  a t t a c k )  I n i t i a l  spec i f ic  c o n d u c t i v i t y ,  m h o s  

A d d i t i v e  i n  CC14 in  CCl~ + a d d i t i v e  i n  CC14 + a d d i t i v e  + AlCl3 

None 1 hr  4 • 1O -2 2 X 10 -2 
Amines  

1, 6 Hexanediamine  None (88 hr) 9 • 10 -2 P reven ted  by ppt 
3 -methoxypropylamine  Af ter  40 h r  3 • 10 -2 2 • 10 -~ 
2 -me thy l -2 - amino - l -p ropano l  None (88 hr)  7 • 10 -1~ 8 • 10 -13 
Tr ie thy lamine  None (88 hr) 8 • 10 -1-~ 2 • 10 .... 

Carbonyls 
Acetone None (40 hr)  2 X 10 -2 1 X 10 -1" 
2, 5 Hexanedione None (576 hr)  4 • 10 -2 2 • 10 -1-~ 

Esters 
Ethyl  acetate None (336 hr)  2 • 10 -13 4 X 10 -I1 
Ethyl  Acetoacetate  None (678 hr)  4 • 10 -1~ 3 X 10 -11 

Acid Anhydr ides  
Acetic anhydr ide  None (96 hr) 2 • 10 -1~ 4 • 10 -~1 
Phthal ic  anhydr ide  None (336 hr, 0.2%) 2 X 10 -~ 8 X 10 -1~ 

Organic Acid + Water  
Acetic acid ~ water  None (40 hr)  3 X 10 -2 8 • 1O -1~ 
Phthal ic  acid ~- water  None (144 hr)  1 • 10 -1~ 8 • 10 -1-~ 

Heterocycl ic  Compounds 
Pyr ro le  None (96 hr  ) 2 X 10 -1~ 3 X 10 -1~ 
Quinoline None (96 hr) 8 • 1O -~ 3 • 10 -~ 
Thiophene None (144 hr) 8 • 10 -2 2 • 10 -11 

Olefins 
Cyclohexene Af ter  192 hr  3 X 10 -1~ 1 X 10 -1~ 

Aromat ic  Compounds 
1, 4 Naphthaquinone None (40 hr)  2 • 10 -~ 2 • 10 -~ 
Nitrobenzene None (216 hr)  9 • 10 -1~ 1 X 10 -~'~ 
Quinone Slight  (40 hr)  2 • 10 .... 4 • 10 -1~ 
1, 3, 5 Tr ini t robenzene None (40 hr)  6 • 10 -~3 2 • 10 -11 

Inorganic Salt  
A luminum nitrate-9H~O None (96 hr)  2 • 1O -~ 5 • 10 -~ 
Water  (equivalent  to above) Extens ive  (40 hr)  5 • 10 -1~ 2 • 10 .... 

Chelat ing Agent  
8 -Hydroxyquino l ine  None (216 hr)  2 X 10 -1~ 1 • 10 -11 

p r o x i m a t e l y  a fac tor  of t en  or more .  I t  should  be  
po in t ed  out  t ha t  this p a r t i c u l a r  agen t  was  also con-  
s ide red  leas t  e f fec t ive  as a r e t a r d i n g  agen t  w h e n  
e v a l u a t e d  w i t h  a tes t  spec imen  in a ca rbon  t e t r a -  
ch lo r ide  so lu t ion  in i t i a l ly  s a t u r a t e d  w i t h  a n h y d r o u s  
a l u m i n u m  chlor ide .  I t  can  also be  seen  in Tab le  I I I  
t ha t  the  va r ious  r e t a r d i n g  agents  a t  1% c o n c e n t r a -  
t ion  h a v e  neg l ig ib le  effect on the  c o n d u c t i v i t y  of p u r e  
ca rbon  t e t r ach lo r ide .  Accord ing ly ,  it is p r e s u m e d  tha t  
the  conduc t i v i t y  changes  a re  the  r e su l t  p r i m a r i l y  of 
i n t e r ac t ion  of the  colored  ionized c o m p l e x  ( b e t w e e n  
ca rbon  t e t r a c h l o r i d e  and a n h y d r o u s  a l u m i n u m  chlo-  
r ide )  and  the  r e t a r d i n g  agent .  I t  does not  appear ,  
h o w e v e r ,  t ha t  a d i rec t  p ropo r t i ona l  r e l a t ionsh ip  e x -  
ists b e t w e e n  the  ab i l i ty  of an  agen t  to l o w e r  t he  
c onduc t i v i t y  a specific a m o u n t  and its e f fec t iveness  
as a r e t a r d i n g  agent .  Fo r  example ,  8 - h y d r o x y q u i n o -  
line, 2,5 hexaned ione ,  and  ph tha l i c  a n h y d r i d e  are  
a l l  h i g h l y  ef fec t ive  r e t a r d i n g  agents  by ac tua l  tes t  
and  do l o w e r  the  conduc t i v i t y  of ca rbon  t e t r a c h l o -  
r i d e - a l u m i n u m  ch lor ide  so lu t ion  bu t  not  to the  
same degree .  Fo r  e x a m p l e  these  compounds  l o w e r  
the  conduc t i v i t y  by  fac tors  of 20, 100, and 250, r e -  

spec t ive ly .  
One p rac t i ca l  app l i ca t ion  of this  r e l a t ionsh ip  

m i g h t  be to fo l low the  conduc t i v i t y  of a closed a l u -  
m i n u m  sys t em con ta in ing  i nh ib i t ed  ca rbon  t e t r a -  
chlor ide .  A w a r n i n g  tha t  the  concen t r a t i on  of the  
r e t a r d i n g  agen t  was  i n a d e q u a t e  w o u l d  be ind ica t ed  
by a r ise  in conduc t iv i ty .  Add i t i on  of m o r e  r e t a r d i n g  

agen t  f o l l owed  by a drop  in the  conduc t i v i t y  wou ld  
m e a n  the  ca rbon  t e t r a c h l o r i d e  was  aga in  a d e q u a t e l y  
inhibi ted .  Conce ivab ly ,  this  t ype  of con t ro l  could  
be exe rc i sed  w i t h  o ther  h a l o g e n a t e d  h y d r o c a r b o n s  
w h e r e  s imi la r  r e l a t ionsh ips  b e t w e e n  conduc t iv i ty ,  
a l u m i n u m  chlor ide ,  and r e t a r d i n g  agents  m i g h t  be 
es tabl ished.  

Discussion of Possible Al ternate Free Radical Theory 
As po in t ed  out  by S t e r n  and  Uh l ig  (5) s eve r a l  

t heo re t i c a l  reasons  ind ica te  t h a t  the  r eac t ion  m a y  
p roceed  by m e a n s  of a f r ee  r ad ica l  m echan i s m .  I t  
was  concluded,  t he re fo re ,  t ha t  the  r eac t ion  was  in i -  
t i a t ed  by  f r ee  rad ica ls  whose  f o r m a t i o n  acce l e ra t ed  
w i t h  t i m e  un t i l  t he  r a t e  of g e n e r a t i o n  e q u a l e d  the  
r a t e  of des t ruc t ion .  This  could  be  one of s eve ra l  
poss ible  exp l ana t i ons  for  the  cons tan t  cor ros ion  r a t e  
found  for  h i g h - p u r i t y  a l u m i n u m  in ca rbon  t e t r a -  
chlor ide .  H o w e v e r ,  an  ionic m e c h a n i s m  w o u l d  also 
be cons is ten t  w i t h  the  obse rved  data.  In  the  f o l l o w -  
ing  equ i l i b r ium,  

A1CL + CC1, ~ (CCI~) + + (A1C14)- 

the  c o n c e n t r a t i o n  of the  ionic species is so sma l l  t ha t  
a s t e a d y - s t a t e  condi t ion  w o u l d  soon be  obta ined .  In  
v i e w  of the  c o m p l e x i t y  of the  react ion ,  i t  w o u l d  not  
be u n r e a s o n a b l e  to a s sume  tha t  some of the  steps 
m a y  i n v o l v e  f r ee  radicals .  H o w e v e r ,  our  da t a  ind i -  
cates  t h a t  the  r a t e - d e t e r m i n i n g  step is one  i n v o l v i n g  
an e l ec t rochem ica l  m echan i sm .  
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S t e r n  a n d  Uhl ig  (5)  h a v e  s h o w n  t h a t  c e r t a i n  f r ee  
r ad ica l  sup res so r s  a r e  c a p a b l e  of r e t a r d i n g  t h e  a l u -  
m i n u m - c a r b o n  t e t r a c h l o r i d e  reac t ion .  I f  e f fec t ive  r e -  
t a rde r s  do combine  w i t h  f ree  rad ica l s ,  th i s  w o u l d  be  
a n o t h e r  i n d i c a t i o n  t h a t  the  r a t e - c o n t r o l l i n g  s tep  is 
f ree  r a d i c a l  in n a t u r e .  

Tests for Free Radicals 

T h e  fo l lowing  e x p e r i m e n t s  w e r e  c a r r i e d  ou t  to 
d e t e r m i n e  w h e t h e r  or  no t  f ree  r a d i c a l s  a r e  p r e s e n t  in  
m e a s u r a b l e  q u a n t i t i e s  in  bo i l ing  c a r b o n  t e t r a c h l o -  
r ide .  A so lu t ion  of t r i p h e n y l m e t h y l  f r ee  r a d i c a l s  was  
p r e p a r e d  b y  d i s so lv ing  0.25 g t r i p h e n y l c h l o r o m e t h -  
ane  in  50 m l  of b e n z e n e  and  a d d i n g  3 g of zinc f i l ings 
a n d  a l l o w i n g  the  m i x t u r e  to s t a n d  a t  r o o m  t e m p e r a -  
tu re  for  6 h r  in a sea l ed  bo t t le .  The  p r e s e n c e  of  f ree  
t r i p h e n y l m e t h y l  r a d i c a l s  was  i n d i c a t e d  b y  the  a p -  
p e a r a n c e  of a y e l l o w i s h - o r a n g e  color.  The  f r ee  r a d i -  
cals f o r m  acco rd ing  to the  r e a c t i o n  shown  b e l o w :  

0 @ 
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The so lu t ion  of f r ee  r a d i c a l s  in benzene  was  d e -  
c a n t e d  and  a d d e d  to 50 m l  of c a r b o n  t e t r a c h l o r i d e  
a n d  the  m i x t u r e  r e f luxed  u n d e r  n i t r o g e n  for  10 rain.  
The  color  d id  no t  f ade  d u r i n g  th is  per iod .  The  s o l u -  
t ion  was  t hen  d i v i d e d  in to  two  por t ions .  One  p o r t i o n  
was  p l a c e d  in a bo t t l e  and  sea led  to e x c l u d e  air .  The  
color  of th is  so lu t ion  d id  no t  fade.  The  o t h e r  p o r t i o n  
was  p o u r e d  into an  open  beake r .  The  color  of th is  
so lu t ion  f a d e d  c o m p l e t e l y  w i t h i n  a f ew  m i n u t e s  i n -  
d i c a t i n g  t h a t  t he  color  was  caused  b y  the  p r e s e n c e  of 
f ree  r a d i c a l s  and  t h a t  t he  f r ee  r a d i c a l s  w e r e  d e -  
s t r o y e d  b y  r e a c t i o n  w i t h  o x y g e n  w h e n  the  so lu t ion  
was  exposed  to air .  One of the  p r o p e r t i e s  of t r i a r y l -  
m e t h y l  f ree  r ad i ca l s  is the  r a p i d  a b s o r p t i o n  of a t -  
m o s p h e r i c  o x y g e n  to f o r m  color less  t r i a r y l m e t h y l  
p e r o x i d e s  (6) .  I f  a p p r e c i a b l e  a m o u n t s  of f r ee  r a d i -  
cals  w e r e  p r e s e n t  in  the  bo i l ing  c a r b o n  t e t r a c h l o r i d e ,  
i t  w o u l d  be  e x p e c t e d  t h a t  the  f ree  r a d i c a l s  w o u l d  be  
r e m o v e d  b y  t h e  fo l l owing  r e a c t i o n s  caus ing  the  color  
of the  so lu t ion  to f ade  in  a sho r t  t i m e :  

This  so lu t ion  d id  no t  de ve lop  a n y  color.  The  a b o v e  
r e su l t s  i nd i ca t e  t ha t  the  r a t e  of f o r m a t i o n  of f r ee  
r a d i c a l s  f rom ca rbon  t e t r a c h l o r i d e  was  too low to 
p r e v e n t  the  f o r m a t i o n  of t r i p h e n y l m e t h y l  f r ee  r a d i -  
cals.  

A n u m b e r  of the  r e t a r d e r  m a t e r i a l s  i n v e s t i g a t e d  
in th is  l a b o r a t o r y  (1)  as w e l l  as some m e n t i o n e d  b y  
S t e r n  a n d  U h l i g  (5)  w e r e  t e s t ed  for  t h e i r  a b i l i t y  to 
r eac t  w i t h  t r i p h e n y l m e t h y l  f r ee  rad ica l s .  

Some  amines  h a v e  a l r e a d y  been  m e n t i o n e d  as b e -  
ing  r eac t i ve  w i t h  a l u m i n u m  ch lo r ide  as w e l l  as c a r -  
bon t e t r a c h l o r i d e .  The  amine ,  3 - m e t h o x y p r o p y l a -  
mine ,  does, in add i t ion ,  r e a c t  w i t h  t r i p h e n y l m e t h y l  
f ree  r ad i ca l s  a lmos t  as r a p i d l y  as the  f r ee  r a d i c a l  
r eac t s  w i t h  a i r  w i t h  the  r e s u l t a n t  so lu t ion  b e c o m i n g  
w a t e r  c lear .  On the  o the r  hand ,  r e t a r d e r s  c o n t a i n -  
ing c a r b o n y l  g roups  such as e t h y l  ace ta te ,  e t h y l  a ce -  
toace ta t e ,  2 , 5 -hexaned ione ,  a n d  p h t h a l i c  a n h y d r i d e  
w h i c h  r a n g e  f r o m  good to e x c e l l e n t  as r e t a r d i n g  
agen t s  do not  r e a c t  w i t h  so lu t ions  of th is  f r ee  r a d i c a l  
species,  and  i t  is n e c e s s a r y  to expose  these  so lu t ions  
to a i r  in  o r d e r  to deco lor ize  them.  A c e t o n e  was  an  
e x c e p t i o n  to th is  ru le .  

He te rocyc l i c  r i n g - t y p e  c o m p o u n d  r e t a r d e r s  such 
as t h i o p h e n e  d id  not  r e a c t  w i t h  the  t r i p h e n y t m e t h y l  
f ree  rad ica l .  The  olefin, cyc lohexene ,  w h i c h  is on ly  a 
f a i r  r e t a r d e r  for  the  c a r b o n  t e t r a c h l o r i d e  reac t ion ,  
r e a d i l y  reac t s  w i t h  the  co lo red  f ree  r ad ica l .  The  i n -  
o rgan ic  sa l t  A1 (NO3)~ .9H~O, an  ef fec t ive  r e t a r d e r ,  
can  a lso  deco lo r ize  the  co lo red  f r ee  r a d i c a l  so lu t ion .  

Two  of t he  f r ee  r a d i c a l  sup re s so r s  m e n t i o n e d  b y  
S t e r n  and  Uh l ig  (5) ,  qu inone  and  n a p t h a q u i n o n e ,  
cou ld  no t  be e v a l u a t e d  b y  th i s  m e t h o d  s ince  bo th  
m a t e r i a l s  g ive  y e l l o w  co lo red  so lu t ions  in  benzene .  
H o w e v e r ,  n i t r obenzene ,  a n o t h e r  r e t a r d e r  m e n t i o n e d  
b y  S t e r n  and  Uhl ig ,  d id  r e a c t  to t he  e x t e n t  t ha t  s m a l l  
amounts of nitrobenzene lightened the deep yellow 
color of the free radical solution and air did not fur- 
ther lighten the color. 

On the basis of the above results, it was concluded 
that the ability of a substance to react or not react 
with triphenylmethyl free radicals bears no rela- 
tionship to its ability to retard the carbon tetra- 
chloride-aluminum reaction. Therefore, the evidence 
indicates that the rate-determining step for this 
latter reaction is controlled largely by an electro- 
chemical mechanism (7). 

CCL ~ CI. § 

2 C l . §  q -2  0~C.  -~ 2 0 - ,CC1  §  

A n o t h e r  e x p e r i m e n t  was  r u n  in  w h i c h  1 g of zinc 
filings, 50 m l  of benzene  a n d  50 m l  of c a r b o n  t e t r a -  
ch lo r ide  w e r e  p l a c e d  in a r e f lux  f lask and  b r o u g h t  to 
t h e  bo i l i ng  poin t ,  0.25 g of t r i p h e n y l c h l o r o m e t h a n e  
was  t h e n  a d d e d  and  the  f lask f lushed w i t h  n i t rogen .  
A d a r k  y e l l o w - o r a n g e  color  a p p e a r e d  in  a sho r t  t ime .  
A f t e r  r e f l ux ing  fo r  10 ra in  t he  so lu t i on  was  d e c a n t e d  
and  d i v i d e d  in two  por t ions .  One p o r t i o n  was  s ea l ed  
in  a glass  bo t t l e  a n d  r e m a i n e d  co lored ;  t he  o t h e r  
p o r t i o n  was  p o u r e d  into  an  open  b e a k e r  a n d  b e c a m e  
color less  w i t h i n  a few minu te s .  A b l a n k  was  r u n  in 
w h i c h  1 g of zinc filings, 50 m l  of benzene ,  a n d  50 m l  
of c a r b o n  t e t r a c h l o r i d e  w e r e  r e f l u x e d  for  30 min .  

Results with Other Halogenated Hydrocarbons 
This  p r o p o s e d  e l e c t r o c h e m i c a l  m e c h a n i s m  app l i e s  

on ly  to ca rbon  t e t r a c h l o r i d e  and  was  no t  e s t a b l i s h e d  
for  o t h e r  h a l o g e n a t e d  h y d r o c a r b o n s .  H i g h - p u r i t y  
a l u m i n u m  spec imens  could  no t  be  c a t h o d i c a l l y  p r o -  
t e c t e d  in  the  case  of the  e i g h t  o t h e r  h a l o g e n a t e d  h y -  
d r o c a r b o n s  tes ted .  F r o m  the  i n i t i a l  h igh  r a t e s  of 
a t t ack ,  r e l a t i v e l y  h igh  c u r r e n t  dens i t i e s  w o u l d  be  
r e q u i r e d  to ach ieve  ca thod ic  p r o t e c t i o n  if t h e  m e c h a n -  
i sm w e r e  e l ec t rochemica l .  These  h igh  c u r r e n t  dens i -  
t ies  w e r e  no t  poss ib l e  w i t h  t h e  a v a i l a b l e  e q u i p m e n t .  
The  h a l o g e n a t e d  h y d r o c a r b o n s  w e r e  2-  ch lo ro  - 2 -  
m e t h y l b u t a n e ,  2 - c h l o r o  - 2 -  m e t h y l p r o p e n e ,  (1, 
4 - d i c h l o r o b u t a n e ) ,  (1, 1, 2, 2- t e t r a c h l o r o e t h a n e ) ,  
a - c h l o r o t o l u e n e ,  m e t h l y c h l o r o f o r m ,  (1, 1, 2- t r i c h l o -  
r o e t h a n e ) ,  a n d  3- ch loro  - 2 -  m e t h y l p r o p e n e .  The  i n -  
a b i l i t y  to ach ieve  ca thod ic  p r o t e c t i o n  in  t hese  cases  
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could  b e  e x p l a i n e d  b y  (a)  i n a b i l i t y  to ach ieve  the  
m i n i m u m  ca thod ic  c u r r e n t  r e q u i r e d  b e c a u s e  of h i g h  
so lu t ion  r e s i s t ance  a n d  l i m i t e d  emf  source,  or  (b)  
t he  r a t e - c o n t r o l l i n g  s tep  be ing  o t h e r  t h a n  e l e c t r o -  
chemica l .  

Summary 
1. C o n d u c t i v i t y  of a bo i l ing  c a r b o n  t e t r a c h l o r i d e  

so lu t ion  w i t h  h i g h - p u r i t y  a l u m i n u m  p r e s e n t  i n -  
c reases  s t e a d i l y  as t he  r e a c t i o n  p roceeds  and  a f t e r  
abou t  4-5 h r  r e aches  a c o n s t a n t  va lue .  

2. A d d i t i o n  of h e x a c h l o r o e t h a n e  to bo i l ing  c a r b o n  
t e t r a c h l o r i d e  has  no  effect  on conduc t i v i t y ,  b u t  a d d i -  
t ion  of a l u m i n u m  c h l o r i d e  p r o d u c e s  an  i m m e d i a t e  
e l e v a t i o n  of t he  conduc t i v i t y .  A n  a d d i t i o n a l  e l e v a -  
t ion  of t he  c o n d u c t i v i t y  can  be  s e c u r e d  b y  r e a c t i n g  
an  a l u m i n u m  s p e c i m e n  in th i s  so lu t ion ,  sugges t i ng  
t ha t  a d d i t i o n a l  ion ized  c o m p l e x e s  a r e  fo rmed .  

3. I n c r e a s e  of c o n d u c t i v i t y  in  a c o r r o d i n g  so lu -  
t ion  p a r a l l e l s  the  i n c r e a s e  in  w e i g h t  p e r  cen t  a l u -  
m i n u m  in so lu t ion  w h i c h  occurs  as t he  r e a c t i o n  p r o -  
ceeds.  H o w e v e r ,  t he  m o r e  sens i t ive  c o n d u c t i v i t y  
m e a s u r e m e n t s  show t h a t  t he  r e a c t i o n  s t a r t s  soon 
a f t e r  t he  a l u m i n u m  is p l a c e d  in the  bo i l ing  c a r b o n  
t e t r a c h l o r i d e ;  h e n c e  the  i n d u c t i o n  p e r i o d  r e f e r r e d  to 
in p r e v i o u s  l i t e r a t u r e  r e p o r t s  is on ly  an  " a p p a r e n t  
i n d u c t i o n  t ime . "  

4. T h e  fac t  t h a t  t he  r e a c t i o n  r a t e  i nc reases  w i t h  
i n c r e a s i n g  c o n d u c t i v i t y  sugges t s  an  e l e c t r o c h e m i c a l  
m e c h a n i s m .  Changes  in  the  t e m p e r a t u r e  coefficient  
of t he  c o n d u c t i v i t y  in  the  p re sence  a n d  absence  of 
co r ros ion  p r o d u c t s  also sugges t s  th is  t y p e  of m e c h -  
anism.  

5. C a t h o d i c  p r o t e c t i o n  success fu l ly  p r e v e n t e d  the  
co r ros ion  of h i g h - p u r i t y  a l u m i n u m  in bo i l ing  c a r b o n  
t e t r a c h l o r i d e .  This  also s u p p o r t s  an  e l e c t r o c h e m i c a l  
m e c h a n i s m  s ince  i t  m u s t  be  conc luded  t h a t  t h e  i n i -  
t i a l  a t t a c k  of t he  a l u m i n u m  is c aused  b y  the  p r e s -  
ence  of an  ionic  species.  

6. A d d i t i o n a l  ev idence  for  an  e l e c t r o c h e m i c a l  
m e c h a n i s m  was  o b t a i n e d  b y  p r o d u c i n g  an  i d e n t i -  
f i ab le  a m o u n t  of h e x a c h l o r o e t h a n e  (a  p r i m a r y  r e -  
ac t ion  p r o d u c t )  b y  e l ec t ro lys i s  of a c a r b o n  t e t r a -  
ch lo r ide  so lu t ion  s a t u r a t e d  w i t h  a l u m i n u m  chlor ide .  

7. The  a d d i t i o n  of r e t a r d i n g  agen t s  r e s u l t e d  in 
an  a l t e r a t i o n  of t h e  ion ized  a l u m i n u m  c h l o r i d e - c a r -  
bon t e t r a c h l o r i d e  c o m p l e x  so t h a t  the  c o n d u c t i v i t y  
d r o p p e d  e s s e n t i a l l y  to t h a t  of p u r e  bo i l ing  c a r b o n  
t e t r a c h l o r i d e .  T h e r e  is no d i r ec t  p r o p o r t i o n a l  r e l a -  
t i onsh ip  b e t w e e n  the  a b i l i t y  of an  a g e n t  to l o w e r  
the  c o n d u c t i v i t y  a specific a m o u n t  a n d  i ts  e f f ec t ive -  
ness  as a r e t a r d i n g  agent .  F o l l o w i n g  the  p a t t e r n  of 
c o n d u c t i v i t y  in  the  c a r b o n  t e t r a c h l o r i d e  so lu t ion  
should ,  h o w e v e r ,  be  i n d i c a t i v e  of the  l e v e l  of p r o -  
t ec t ion  of a r e t a r d e r  a g e n t  a d d e d  to t he  solu t ion .  

8. T h e r e  was  no a p p a r e n t  r e a c t i o n  b e t w e e n  t r i -  
p h e n y l m e t h y l  f r ee  r a d i c a l s  in  be nz e ne  and  bo i l ing  
c a r b o n  t e t r a c h l o r i d e ,  a l t h o u g h  a p o r t i o n  of t he  s ame  
so lu t ion  r e a c t e d  w i t h  t he  o x y g e n  of the  air .  S i m i -  
l a r ly ,  t r i p h e n y l m e t h y l  f r ee  r a d i c a l s  cou ld  be  m a d e  in 
t he  p r e s e n c e  of bo i l ing  c a r b o n  t e t r a c h l o r i d e ,  i n d i c a t -  
ing  t h a t  the  r a t e  of f o r m a t i o n  of f r ee  r a d i c a l s  in  c a r -  
bon  t e t r a c h l o r i d e ,  if  p resen t ,  was  too low to p r e v e n t  
the  f o r m a t i o n  of t he  t r i p h e n y l m e t h y l  f r ee  r a d i c a l s  
b y  reac t ion .  

9. S e v e r a l  of the  r e t a r d e r  m a t e r i a l s  l i s t ed  in 
p r e v i o u s  p u b l i c a t i o n s  w e r e  t e s t e d  for  t h e i r  a b i l i t y  
to r e a c t  w i t h  t r i p h e n y l m e t h y l  f ree  rad ica l s .  T h e r e  
was  no r e l a t i o n s h i p  b e t w e e n  the  a b i l i t y  of a s u b -  
s t ance  to r e t a r d  th is  c a r b o n  t e t r a c h l o r i d e - a l u m i n u m  
r e a c t i o n  a n d  to r e a c t  w i t h  t r i p h e n y l m e t h y l  f r ee  
rad ica l s .  

Manuscr ip t  rece ived  Nov. 13, 1957. This paper  was 
p repa red  for de l ive ry  before  the Buffalo Meeting,  Oct. 
6-10, 1957. 

A n y  discussion of this paper  wi l l  appear  in a Discus-  
sion Section to be published in the December 1959 
JOURNAL. 
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ABSTRACT 

The preparat ion and properties of copper-activated calcium orthophosphate 
and related phosphors are described. Copper-activated /~-calcium orthophos- 
phate phosphor fired in  a reducing atmosphere produces a strong blue fluo- 
rescence peaked at 4800A under  excitation by 2537A and cathode rays. With 
part ial  subst i tut ion of Ca by bivalent  metals such as Be, Cd, and Sr the emis- 
sion remains  unchanged, while introduct ion of Mg and Zn gives a strong violet 
fluorescence peaked at about 4400A and 4500A, respectively. Phosphors con- 
ta ining boron produce a blue to greenish yellow fluorescence depending on the 
content  of boron. All  of these phosphors give a strong thermoluminescence.  
Only the blue fluorescent phosphor gives also a weak red emission s t imulated 
by 3650A radiation. In t roduct ion of Mn or Sn as secondary activators into Cu- 
activated E-calcium orthophosphate or into the Cu-act ivated subst i tuted phos- 
phors gives rise to a red band due to Mn or Sn in addit ion to the original blue 
or violet band. The luminescent  properties of zinc or cadmium orthophosphate 
are similar  in  some respects to those of zinc or cadmium sulfide phosphors. 

Ca lc ium m e t a p h o s p h a t e  and  ha lophospha te  ac-  
t iva ted  w i th  Cu have  been  repor ted  to p roduce  
a weak  b lue  f luorescence (1) .  Accord ing  to the  p res -  
en t  inves t iga t ion ,  ca lc ium or thophospha te  w i t h  
added  Cu and  fired in  a i r  shows p rac t i ca l ly  no 
f luorescence at  room t e m p e r a t u r e  u n d e r  exc i ta t ion  
by  2537A, 3650A, and  cathode rays.  However ,  
ca lc ium or thophospha te  con t a in ing  Cu which  was  
fired in  a r educ ing  a tmosphere  was  found  to give a 
s t rong  b lue  f luorescence u n d e r  exc i t a t ion  by  2537A 
and  ca thode  rays.  This  phosphor  also shows a s t rong  
b lue  t h e r m o l u m i n e s c e n c e  and  a weak  red emiss ion  
s t imu la t ed  by  3650A. The  p re sen t  paper  descr ibes  
the p r e p a r a t i o n  and  proper t i es  of C u - a c t i v a t e d  
ca lc ium or thophospha te  fired in  a r educ ing  a tmos -  
phere  and  re la ted  phosphors .  

Preparation and Structure of Phosphors 

Calc ium or thophospha te  phosphors  were  p re -  
pa red  f rom dibasic  ca lc ium phospha te  (CaHPO,)  
and  ca lc ium carbonate .  These ma te r i a l s  were  p r e -  
pa red  f rom puri f ied solut ions  of dibasic  a m m o n i u m  
phosphate ,  ca lc ium chloride,  and  a m m o n i u m  car -  
bonate .  A solu t ion  of pur i f ied copper  su l fa te  was 
added  to a m i x t u r e  of 2 mole  dibas ic  ca lc ium 
phospha te  and  0.9 mole  ca lc ium carbona te .  The  
b l end  was dr ied  at abou t  200~ then  mi l l ed  to 
assure  i n t i m a t e  mix tu re .  I t  was fired in  a sil ica 
t ube  in  an  e lec t r ica l ly  hea ted  fu rnace  for abou t  
30 m i n  at  l l 0 0 ~  in  air. The a i r -cooled  powder  was  
r e g r o u n d  and  fired in  a r e d u c i n g  a tmosphe re  for 
abou t  30 m i n  at  1100~ then  cooled in  the  same  
a tmosphere .  As the r educ ing  gas, a m i x t u r e  of 
75% n i t r o g e n  and  25% h y d r o g e n  was  used for the  
most  par t .  If  pu re  h y d r o g e n  was used as a r e d u c i n g  
gas, the  r e su l t ing  powder  showed a g ray i sh  color 
and  low f luorescent  efficiency due  to excessive r e -  
duct ion.  

Op t ima l  concen t r a t i on  of the ac t iva to r  was abou t  
5 x 10 -~ g - a t o m  Cu for 1 mole  ca l c ium or thophos-  

phate .  A n y  d e p a r t u r e  of the  ac t iva tor  concen t r a t i on  
f rom its op t ima l  v a l u e  leads to a r ap id  decrease  of 
the f luorescent  i n t e n s i t y  u n d e r  exc i t a t ion  b y  2537-& 
at  room t empera tu r e ,  as show n  in  Fig.  1. 

In  o rder  to ob ta in  the  b r igh te s t  phosphor ,  i t  is 
p r e fe rab l e  to use an  a m o u n t  of ca lc ium ca rbona te  
abou t  10 mole  % less t h a n  tha t  r e q u i r e d  for  the  
s to ichiometr ic  composi t ion,  as shown  above.  Even  
in  this  case, it was  verif ied by  x - r a y  ana lys i s  tha t  
the r e su l t i ng  phosphor  has the  ca lc ium or thophos-  
pha te  s t ruc ture .  Coppe r - ac t i va t ed  ca lc ium or tho-  
phospha te  fired above  abou t  1200~ in  the  same 
a tmosphe re  shows on ly  a w e a k  b lue  f luorescence 
u n d e r  exc i ta t ion  by  2537A a nd  cathode rays  at  
room t e m p e r a t u r e ,  in  con t ras t  w i th  the  phosphor  
fired be low abou t  1200~ It  was  also verif ied by  
x - r a y  ana lys i s  tha t  the fo rmer  had  s - f o r m  s t ruc -  
t u r e  a nd  the l a t t e r  had  B- form s t ruc ture .  

Wi th  pa r t i a l  subs t i t u t i on  of b i v a l e n t  me ta l s  such 
as Be, Mg, Zn, Cd, and  Sr  for Ca in  the  C u - a c t i -  
va t ed  f i - ca lc ium or thophosphate ,  s imi l a r ly  efficient 
phosphors  can be  obta ined .  However ,  subs t i t u t i on  
of a bou t  7 mole  % Ca b y  Ba resul t s  in  a w e a k l y  
p u r p l e  f luorescent  phosphor .  Phosphors  c o n t a i n i n g  
Mn or Sn  as secondary  ac t iva tors  were  p r e p a r e d  b y  
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Fig. 1. Relative fluorescent intensity vs. act ivator  concen- 
t rat ion of Cu-oct ivoted fl-calciurn orthophosphate phosphors 
f ired in a reducing atmosphere. Excitation with 2 5 3 7 ~  at 
room temperature. 
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the same method as Cu-ac t iva ted  f i -calcium or tho-  
phosphate.  

Measurement Techniques 
The spect ra l  energy d is t r ibut ion  of the phosphor  

exci ted by 2537A was measured  wi th  a Zeiss three  
glass pr i sm spect rograph which was equipped with  
an exi t  sli t  and a photomul t ip l ie r .  This a l lowed its 
use as a constant  deviat ion type  monochrometer  
whose resolving power  corresponded to a single 
60 ~ pr i sm having  21-cm base length. The spect ra l  
sensi t iv i ty  of this optical  system was ca l ibra ted  by  
use of a s tandard  lamp.  

In order  to inves t iga te  the absorpt ion  cha rac te r -  
istics of the  phosphor,  the spect ra l  reflectance of 
a phosphor  l ayer  of about  2 -mm thickness was 
measured  re la t ive  to tha t  of a p laque  of smoked 
magnes ium oxide whose spect ra l  reflectance was 
measured  previously.  The spect ra l  range  f rom 
about  2300A to the vis ible  pa r t  of the  spec t rum was 
covered. This measurement  was car r ied  out wi th  
a Beckmann- type  monochrometer  combined wi th  
a photomul t ip l ie r .  As a l ight  source a low pressure  
hydrogen  lamp was used. The a r r angemen t  of the 
optical  system was s imi lar  to tha t  repor ted  by  
Botden and KrSger  (2).  In  the measuremen t  of the 
spect ra l  reflectance, var ious  cut-off  filters were  
used to e l iminate  the  fluorescent rad ia t ion  f rom the 
reflected light.  Using this appara tus ,  the quan tum 
efficiency of fluorescence also was measured.  The 
deta i led  method of the measuremen t  and measured  
results  for var ious  phosphors,  except  some typ ica l  
phosphors which are descr ibed below, wi l l  be pub -  
l ished elsewhere.  

Decay character is t ics  of Cu-ac t iva ted  f l -calcium 
or thophosphate  exci ted by cathode rays  at  room 
t empera tu r e  were  measured  with  a demountab le  
cathode ray  tube.  The phosphor  was placed as a 
uni form laye r  of powder  in a shal low, nickel  p la ted  

l~V- F [-~ ~---~- ;. 
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Fig. 2. Spectrol energy d is t r ibut ion of  Cu-oct ivoted cal- 
cium orthophosphote and subst i tuted orthophosphotes f i red 
in reducing otmospheres, in comporison wi th  tungstote phos- 
phors. A l l  phosphors exci ted wi th  the some intensi ty o f  
2 5 3 7 A  ot  room temperature.  Curve 1, 2 ,9 CoO �9 P205:5 x 
10 -s Cu; curve 2, 2 .5 CoO �9 0.4 M g O  �9 P~O~ x 10 -8 Cu; 
curve 3, 2 .7 CoO �9 0.2 ZnO �9 P~O~:5 x 10 -~ Cu; curve 4, 
2 .7 CoO �9 0.2 CdO �9 P=05 x 10 -8 Cu; curve 5, 2 .7 CoO �9 
0.2 SrO �9 P~05 x 10 -= Cu; curve 6, 2.9 CoO �9 0 .15 B~Os �9 
P205 x 1 0 "~ Cu; curve 7, CAW04; curve 8, MgW04.  

brass cup. A square wave  of vol tage  f rom a Hewle t t  
Pa c ka r d  212A pulse genera tor  was fed to the  gr id  
of the electron gun of the ca thode - r ay  tube. The 
pulse wid th  and f requency of exci ta t ion were  v a r i -  
able. The emi t ted  l ight  was received by  a RCA 1P21 
pho tomul t ip l i e r  th rough  a glass window of the 
c a t h o d e - r a y  tube. Its output  was fed to the ver t ica l  
amplif ier  of a Tek t ron ix  545 oscilloscope. 

The decay character is t ics  of the pers is tent  phos-  
phorescence wi th  2537A exci ta t ion at  297~176 
were  measured  wi th  a Brown Elect ronik  Recording 
Elec t rometer  in combinat ion wi th  a pho tomul t i -  
plier.  Per iods  of constant  exci ta t ion by  2537A 
var ied  f rom 10 sec to 6 hr. Curves of the decay 
character is t ics  were  recorded with  the recording 
e lec t rometer  for per iods  of t ime from 1 to 100 min 
af ter  the end of excitat ion.  

The bu i ldup  and decay character is t ics  of the rmo-  
luminescence with  a thin l aye r  of the phosphor  
which was exci ted by 2537A at about  280~ and 
then hea ted  at  about  465~ were  measured  by  
using the recording e lec t rometer  combined wi th  a 
photomul t ip l ie r .  However,  the ra te  of bui ldup of 
thermoluminescence  was too fast  to be measured  
accura te ly  by  this method,  and only the ra te  of 
decay could be determined.  

Phosphor Characteristics 
Emission under excitation by 2537.4, 3650A, and 

cathode rays.--Cu-activated f l -calcium or thophos-  
pha te  fired in a reducing a tmosphere  shows a s trong 
blue fluorescence peaked  at 4800A under  exci ta t ion 
by  2537A and cathode rays, while  wi th  3650A ex-  
ci tat ion it produces  only an ex t r eme ly  weak  blue 
fluorescence at  room tempera tu re .  The spect ra l  
energy d is t r ibut ion  of this phosphor  exci ted by  
2537A at room t empera tu re  is shown by curve 1 
in Fig. 2, compared  wi th  tha t  of calcium tungs ta te  
(curve  7) and magnes ium tungsta te  (curve  8). Al l  
the curves shown in Fig. 2 were  obta ined  under  
condit ions of constant  2537A in tens i ty  and ident ical  
geomet ry  of the  opt ical  system. 

Cu-ac t iva ted  f l -calc ium or thophosphate  fired in 
air  shows prac t i ca l ly  no fluorescence at room or low 
t empera tu re  under  exci ta t ion by  2537A, 3650A, and 
cathode rays,  as ment ioned before, but  it  produces 
a ve ry  weak  blue fluorescence at  t empera tu res  
h igher  than  about  500~ wi th  2537A excitat ion.  
Cu-ac t iva ted  a -ca lc ium or thophosphate  fired in a 
reducing a tmosphere  shows only a weak  blue 
fluorescence under  exci ta t ion by 2537A and cathode 
rays  at  room tempera tu re ,  as ment ioned  before.  
Therefore,  only Cu-ac t iva ted  f l -calcium or tho-  
phosphate  fired in a reducing  a tmosphere  can give 
an efficient fluorescence. 

Pa r t i a l  subst i tu t ion of Be, Cd, and Sr  for Ca in 
Cu-ac t iva t ed  /3-calcium or thophosphate  fired in a 
reducing a tmosphere  has ve ry  l i t t le  effect on the 
in tens i ty  and color of fluorescence. The subs t i tu ted  
or thophosphate  phosphors  containing 0.2 g-a toms 
of the b iva len t  meta ls  ment ioned above sti l l  p ro -  
duce a fa i r ly  s trong fluorescence, but  as the amount  
of b iva len t  meta ls  is fu r the r  increased,  the  in tens i ty  
of the fluorescence g radua l ly  decreases.  The spec- 
t ra l  energy d is t r ibu t ion  curves of the  subs t i tu ted  
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phosphors  containing 0.2 g-a toms of Cd and Sr  a re  
shown by curves 4 and 5 in Fig. 2. 

Pa r t i a l  subst i tu t ion of Mg and Zn for Ca in Cu-  
ac t iva ted  f i -calcium or thophosphate  shifts the peak  
of emission toward  shor ter  wave  lengths  and in-  
creases the efficiency of fluorescence. The peak  
position of the subs t i tu ted  phosphors  containing 
0.4 g -a toms  of Mg and 0.2 g-a toms of Zn are  
4400A and 4500A, respect ively,  as shown by curves 
2 and 3 in Fig. 2. The band widths  of the  phosphors  
ment ioned above are  ve ry  na r row compared  wi th  
tha t  of calc ium or magnes ium tungstate .  F luores -  
cent lamps  made  wi th  these phosphors  show a ve ry  
sa tu ra ted  blue or violet  color and the  average  ou t -  
put  in 20-w fluorescent lamps  made  wi th  Cu-  
ac t iva ted  f l -calcium or thophosphate  was 370 
lumens at 100 hr. 

If  boron compounds such as ammonium bora te  
or boric oxide are in t roduced into Cu-ac t iva ted  
B-calcium or thophosphate  in amounts  of 0.1 mole, 
the  color of fluorescence is p rac t ica l ly  ident ica l  wi th  
tha t  of the or iginal  phosphor,  but  as the amount  
of boric oxide is f u r t he r  increased,  the  color of the  
fluorescence shifts g radua l ly  f rom blue to green 
and finally to greenish ye l low wi th  about  0.4 mole  
of boric oxide. Besides, the in tens i ty  of the fluores- 
cence is lowered  as the amount  of boric oxide is 
increased.  The phosphor  containing about  0.15 mole 
of boric oxide gives a ve ry  broad band peaked  at  
5100A, as shown by curve 6 in Fig. 2. 

Copper -ac t iva ted  or thophosphates  of Be, Mg, Sr, 
and Ba which were  p repa red  by  firing at  850 ~- 
950~ in a i r  for 30 rain and then in a reducing gas 
for 30 min show essent ia l ly  no fluorescence under  
exci ta t ion by  2537A, 3650A, and cathode rays  at  
any  t empera tu re  ranging  f rom room to l iquid a i r  
t empera ture .  However ,  Cu-ac t iva ted  zinc or tho-  
phosphate  fired in a reducing a tmosphere  at  850~ 
gives a green fluorescence of mode ra t e  in tens i ty  at  
room t empera tu r e  wi th  3650A exci ta t ion and a ve ry  
weak  green fluorescence with  2537A exci tat ion,  but  
not  wi th  cathode r ay  excitat ion.  At  l iquid air  
t empera tu re ,  the fluorescence increases in in tens i ty  
wi thout  change of color. Pure  zinc or thophosphate  
wi thout  added  ac t iva tor  and fired in a reducing  
a tmosphere  at  800~ also produces a weak  green 
emission peaked  at 5000A a t  room t empera tu re  but  
only wi th  3650A excitat ion.  At  l iquid  a i r  t e m p e r a -  
ture, i t  shows a green fluorescence of modera te  
in tens i ty  under  exci ta t ion by  both 3650A and 
2537A. 

Copper -ac t iva ted  cadmium or thophosphate  fired 
in a reducing  a tmosphere  at 850~176 gives a 
weak  orange fluorescence at  l iquid air  t empera tu re  
only wi th  2537A excitat ion,  but  it  does not fluoresce 
at  room t empera tu re  under  exci ta t ion by  e i ther  
2537A, 3650A, or cathode rays.  However,  pure  
cadmium or thophosphate  wi thout  added impur i t ies  
and fired at 900~ in a reducing a tmosphere  or in 
n i t rogen gives a weak  whit ish  ye l low fluorescence 
at room t e m p e r a t u r e  wi th  2537A excitat ion.  At  
l iquid a i r  t empera ture ,  the fluorescence increases in 
intensi ty.  Pure  cadmium or thophosphate  fired in 
air  a t  850~ for 30 min shows a weak  whi t i sh  

ye l low fluorescence at  l iquid  a i r  t empera tu re  under  
exci ta t ion by  2537A and 3650A. At  room t e m p e r a -  
ture, it  shows no fluorescence under  exci ta t ion  by  
2537A, 3650A, and cathode rays.  

In t roduct ion  of Mn, in addi t ion to Cu, into fl- 
calcium or thophosphate  fired in a reducing a tmos-  
phere  produces a whi t ish  purp le  fluorescence which 
consists of a blue band and a sensit ized red  band. 
Calcium or thophosphate  doubly  ac t iva ted  wi th  Cu 
and Sn and fired in a reducing  a tmosphere  produces  a 
blue to whi t ish  red fluorescence depending on the 
Sn concentrat ion.  With  pa r t i a l  subs t i tu t ion  of Mg 
and Zn for Ca in B-calcium or thophosphate  con- 
ta in ing Mn or Sn, in addi t ion  to Cu, the peaks  of 
the red band due to Mn or Sn, as well  as tha t  of the 
blue or violet  band due to Cu, are  shif ted toward  
shorter  wave  lengths. As a typica l  example ,  the 
spectra l  energy d is t r ibu t ion  of f l -calcium or tho-  
phosphate  doubly  ac t iva ted  wi th  Cu and Sn, 
calcium magnes ium or thophosphate  containing 0.2 
g -a toms  of Mg and 2.7 g -a toms  of Ca and doubly  
ac t iva ted  with  Cu and Sn, and calcium or thophos-  
pha te  doubly  ac t iva ted  wi th  Cu and Mn a re  shown 
by curves 1, 2, and 3 in Fig. 3. These curves were  
obtained under  the same conditions as those for 
Fig. 2 and the ord ina te  scale is the  same as tha t  of 
Fig. 2. 

The peak  posit ions of the red bands of f l -calcium 
or thophosphate  doubly  ac t iva ted  wi th  Cu and Sn, 
and with  Cu and Mn are about  6300A and 6600A, 
respect ively,  as seen in Fig. 3, and they  are  in good 
agreement  wi th  those of the corresponding bands  
of f l -ca lc ium or thophosphate  ac t iva ted  wi th  Sn 
alone and with  Sn and Mn which have a l r eady  
been repor ted  by  But ler  (3).  

As c lear ly  seen in Fig. 2, the  peak  in tens i ty  
of calcium orthophosphate ,  calcium- magnes ium 
orthophosphate ,  and ca lc ium.z inc  or thophosphate  
ac t iva ted  wi th  Cu is l a rger  than  that  of calcium or 
magnes ium tungstate .  The measured  quan tum 
efficiency of fluorescence of Cu-ac t iva ted  calc ium.  
magnes ium or thophosphate  and calcium or thophos-  
pha te  was about  0.9 and 0.8, respect ively,  wi th  
2537A exci ta t ion at room tempera tu re .  Considering 
a r a the r  la rge  absorpt ion  of the phosphors  in the 
v is ib le  par t  of the spectrum, a correct ion for ab-  
sorpt ion loss must  be made  in order  to eva lua te  the 
intr insic  quan tum efficiency of fluorescence. Ac-  

ii ' / ' Y ~  t 
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Fig. 3. Spectral energy distr ibut ion of orthophosphotes 
doubly ectivoted with Cu and Sn or Mn  ond f i red in reducing 
atmospheres. Al l  phosphors excited with the same intensity of  
2 5 3 7 A  at room temperature. Curve ] ,  2.9 CoO " P~O=:5 x 
10 -3 Cu -J- 5 x l 0  -~ Sn; curve 2, 2.7 CaO �9 0.2 MgO " 
P-~O~ x 10 -~ Cu -I- 5 x 10 -~ Sn; curve 3, 2.9 CaO 
P~O~:5 x 10-~ Cu -I- 3 x 10~ Mn. 
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cording to Bri l  and Klasens (4),  the in t r ins ic  
quan tum efficiency of fluorescence, ~/, is given by  

2 
vi - -  vm, 

l + R o o  

where  vm is the measured  quan tum efficiency of 
fluorescence and Roo is the reflectance of the phos-  
phor  l aye r  hav ing  prac t ica l ly  infinite thickness.  
Since the value  of Roo for  both Cu-ac t iva ted  
ca l c ium.magnes ium or thophosphate  and calc ium.  
or thophosphate  was about  0.8 over  the  wide range  
of the vis ible  pa r t  of the spectrum, a value  close to 
uni ty  was obta ined for the in t r ins ic  quan tum ef-  
ficiency of Cu-ac t iva ted  ca lc ium-magnes ium or tho-  
phosphate  wi th  2537A exci ta t ion at room t empera -  
ture. The intr insic quantum efficiency of Cu- 
ac t iva ted  B-calcium or thophosphate  eva lua ted  by  
the same method was about  0.9 wi th  2537A exc i ta -  
t ion at  room tempera ture ,  and a va lue  of about  0.1 
wi th  3650A exci ta t ion at about  600~ was est i -  
mated.  

Temperature  dependence of fluorescent in ten-  
s i t y . - -The  t empera tu re  dependence of fluorescent 
in tens i ty  of a typica l  B-calcium or thophosphate  
ac t iva ted  wi th  0.5 mole % Cu and fired in a re -  
ducing a tmosphere  is shown in Fig. 4. Curves 1 and 
2 were  obta ined under  exci ta t ion by  2537A and 
3650A, respect ively,  and show a r emarkab l e  di f -  
ference in behavior�9 

Al though the emission peak  of Cu-aa t iva ted  
calcium or thophosphate  shifts s l ight ly  toward  
shor ter  wave  lengths at t empera tu res  h igher  than  
room tempera ture ,  the effect of var ia t ion  of the 
peak  posit ion on the measured  intensi ty  of fluores- 
cence at  h igher  t empera tu res  wi l l  be small.  Since 
the in tens i ty  of exci t ing rad ia t ion  used in this 
measurement  is r a the r  weak, the in tensi ty  of 
fluorescence at var ious  t empera tu res  wi l l  be p ro-  
por t ional  to the  quan tum efficiency of fluorescence 
at the  corresponding tempera tures .  The uni ts  of the 
ord ina te  in Fig. 4 are given so tha t  the curves 
shown in this d i ag ram express  the t e m p e r a t u r e  
dependence  of the intr insic  quan tum efficiency of 
fluorescence. 

The t empe ra tu r e  dependence curves  of fluores- 
cent in tens i ty  of the Cu-ac t iva ted  phosphors sub-  
s t i tu ted  wi th  Be, Mg, Zn, Cd, and Sr were  s imi lar  
to tha t  of Cu-ac t iva ted  B-calcium or thophosphate .  

Absorpt ion . - -The  reflection spectra  of typica l  
phosphors measured  at  room t empera tu r e  are 
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Fig. 4. Temperature dependence o f  /~-calcium orthophos- 
phate act ivated with O.S mole % Cu and f i red in a reducing 
atmosphere. (Ordinate is equivalent to the intrinsic quantum 
eff ic iency of  fluorescence). Curve 1, 2 5 3 7 A  exci tat ion;  
curve 2, 3650A. excitat ion. 
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Fig�9 5. Reflection spectra of pure and Cu-act ivated calcium 
orthophosphates and related phosphors at room temperature. 
Curve 1, # - - 2 . 9  CoO �9 P~Os f i red in a reducing atmosphere; 
curve 2, # - - 2 . 9  CoO �9 PsO~ f i red in air; curve 3, # - - 2 . 9  CoO 
�9 P:Os:5 x 10 -s Cu f i red in a reducing atmosphere; curve 4, 
~ - - 2 . 9  CoO : P~O.~:5 x 10 -a Cu f i red in o reducing atmos- 
phere; curve S, # - - 2 . 9  CoO �9 P~05:5 x 10 -3 Cu f i red in air; 
curve 6, /~ - -2 .5  CoO " 0.4 MgO �9 Ps05:5 x 10 -~ Cu f i red in 
a reducing atmosphere; curve 7, # - - 2 . 9  C a O � 9  0.1S B208 �9 
P~O~:5 x 10 -~ Cu f i red in a reducing atmosphere. 

i l lus t ra ted  in Fig. 5. Pure  calcium or thophosphates  
fired in air  or in a reducing  a tmosphere  give r a the r  
flat reflection curves th roughout  the measured  
range  of the  spectrum, as shown by curves 1 and 2 
in Fig. 5. 

Copper -ac t iva ted  B-calcium or thophosphate  
fired in a reducing a tmosphere  gives a pronounced 
absorpt ion  band ranging  f rom about  3100A down to 
the short  wave - l eng th  region of the spec t rum and 
peaking  at about  2550A, as shown by curve  3 in 
Fig. 5. The reflection spec t ra  of this  phosphor  
measured  at  h igher  t empera tu res  were  prac t ica l ly  
ident ical  wi th  curve 3 in Fig. 5. Therefore,  the 
t empera tu re  dependence of fluorescent in tens i ty  
shown in Fig. 4 wi l l  be essent ia l ly  independent  of 
the absorpt ion  t rans i t ion  p robab i l i t y  in the act i -  
va tor  center.  

The absorpt ion  of Cu-ac t iva ted  a -ca lc ium or tho-  
phosphate  shown by curve 4 in Fig. 5 is shal lower  
than  tha t  of Cu-ac t iva ted  B-calcium or thophosphate  
in the  shorter  wave - l eng th  region below about 
3000A, but  in the long wave - l eng th  region the 
s i tuat ion is reverse.  The shal lowness of the absorp-  
t ion in the a- form,  as wel l  as the difference in s t ruc-  
ture,  may  be responsible  for the low efficiency of 
its fluorescence. It is in teres t ing  that  the absorpt ion 
of Cu-ac t iva ted  B-calcium or thophosphate  fired in 
a i r  is s t ronger  than  tha t  of the phosphor  fired in a 
reducing atmosphere,  at  least  in the  shor ter  wave -  
length  region below about  2700A, as shown by  
curve 5 in Fig. 5. This fact, together  wi th  the  
t empera tu re  dependence  of fluorescent in tens i ty  
ment ioned before, suggests tha t  the t r app ing  or 
quenching effect of this phosphor  is much s t ronger  
than that  of the phosphor  fired in a reducing  
atmosphere.  

The effect of the in t roduct ion of Mg or boron in 
Cu-ac t iva ted  calcium or thophosphate  is shown by  
curves 6 and 7 in Fig. 5. 

The measured  reflection spectra  of pure  zinc 
or thophosphate  and cadmium orthophosphate ,  
which were  p repa red  by  firing in a i r  or ni t rogen,  
showed a flat and strong absorpt ion wi th  absorpt ion 
edges at about  3900A and 3200A, respect ively.  The 
in te res t ing  fact  was found tha t  the character is t ic  ab -  
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sorption of these phosphors was decreased by the in-  
t roduct ion of Cu or by  firing in a reducing a tmos-  
phere.  Detai led quant i t a t ive  resul ts  wil l  be pub-  
l ished elsewhere.  

The proper t ies  of zinc and cadmium or thophos-  
pha te  phosphors,  for example,  absorpt ion and 
emission characteris t ics ,  thus resemble  those of 
zinc sulfide phosphors.  

Al though the de ta i led  results  of the reflection 
spectra  of b iva lent  meta l  phosphates  (except  for 
a series of calcium or thophosphates)  wil l  be pub-  
l ished elsewhere,  it wi l l  be noted here  tha t  al l  
curves of the  reflection spectra  of magnesium, 
strontium, and ba r ium or thophosphate  wi th  added 
copper and fired in a reducing  a tmosphere  were  
s imi lar  in shape to those of pure  calcium or tho-  
phosphate  (curves 1 and 2 in Fig. 5), but  they were  
deeper  in absorption.  The average reflectance of 
these phosphors in the spec t ra l  region from 2300A 
to 4000A was about 0.7, 0.65, and 0.55, respect ively.  
The de ta i led  hue of color of these powders  depends 
on the na tu re  of the matr ix .  The na tu ra l  color of 
the magnesium, s tront ium, and ba r ium or thophos-  
phates  is reddish,  grayish,  and reddish,  respect ively.  

Decay characteristics of phosphorescence.--The 
measured  decay character is t ics  of the phosphores-  
cence of Cu-ac t iva ted  f l -calcium or thophosphate  
were  of a monomo]ecular  type  under  exci ta t ion by  
both 2537A and cathode rays.  The measured  decay 
constants  of this phosphor were  0.13 t~sec for a fast 
component  of a f te rg low and 1.6 ~sec for a slow 
component  under  exci ta t ion by cathode rays  of 
about  5 kv and 0.07 t~sec pulse width  at room tem-  
pera ture .  

The measured  decay constants for the com- 
ponents  of the  pers is tent  phosphorescence with  
2537A exci ta t ion were  3.87 hr, 24.6 min, 4.13 rain, 
and 0.931 rain at 297~176 and thei r  re la t ive  
l ight  sums were  100, 19.7, 6.9, and 3.9, respect ively.  
The in tens i ty  of the pers is ten t  phosphorescence is 
ex t r eme ly  weak  and the ini t ia l  in tens i ty  of the 
most pers i s ten t  component  of the phosphorescence 
was-of  the order  of 10 -4 compared wi th  the fluores- 
cent in tens i ty  at about  300~ The color of the phos-  
phorescent  l ight  was ident ical  wi th  tha t  of the 
fluorescent light.  

Therm~176 f l -cal-  
cium or thophosphate  fired in a reducing  a tmosphere  
shows a s trong blue thermoluminescence  when it is 
heated af ter  a previous  exposure  to 2537A rad ia t ion  
for  more than  10 rain, and even af ter  s torage in the 
da rk  for t imes longer  than  about  10 hr  at about  
280~ The in tens i ty  of thermoluminescence  is 
dependent  on the in tens i ty  of 2537A, t ime of ex-  
posure to 2537A, and t empe ra tu r e  dur ing  exci ta t ion 
as wel l  as the hea t ing  t empera tu re .  When  the ex-  
c i ta t ion by  2537A is made  at low t e m p e r a t u r e  such 
as l iquid  a i r  t empe ra tu r e  or at  h igher  t empera tu re s  
than  about  500~ the phosphor  shows no the rmo-  
luminescence.  The br igh tes t  thermoluminescence  
was obtained af ter  exci ta t ion by  2537A at about  
280~ The phosphor  exci ted wi th  3650A showed 
no thermoluminescence.  

The decay character is t ics  of thermoluminescence  
at a constant  hea t ing  t empera tu re  were  exponent ia l .  

The decay constant  of thermoluminescence  meas-  
ured at  465~ was about  10 sec. The rise t ime was 
very  fast  compared  wi th  the decay time. The 
character is t ics  of thermoluminescence  of Cu-ac t i -  
vated or thophosphate  phosphors  containing Be, Mg, 
Zn, Cd, Sr, and boron are s imi lar  to those of Cu- 
ac t iva ted  f l -calcium orthophosphate ,  and only de-  
ta i led  behaviors  are dependent  on the amount  of the 
added elements.  

Stimulation by 3650A radiation.--When Cu- 
ac t iva ted  f l -calcium or thophosphate  fired in a re -  
ducing a tmosphere  was first exci ted to sa tura t ion  
with  2537A and then i r r ad ia t ed  wi th  3650A, i t  p ro-  
duced a weak  red emission. The peak  of the red  emis-  
sion was judged  to be in the spec t ra l  range  from 
6000A to 6500A, according to visual  inspection. The in-  
tens i ty  of the red emission depended  on the dura t ion  
and in tens i ty  of the 2537A exci ta t ion and on the 
in tensi ty  of the 3650A radiat ion,  but  it  was in-  
sensit ive to the t ime of s torage af ter  exposure  to 
2537A radia t ion  as well  as thermoluminescence.  
Indeed, we could observe the red emission af ter  
more than 10 hr  fol lowing the exci ta t ion at  about  
280~ This dura t ion  t ime for the s t imula ted  red 
emission together  wi th  the thermoluminescence  is 
of the  same order  as tha t  of the most pers is tent  
component  of the phosphorescence,  whose decay 
constant  is 3.87 hr  at  about  298~ The red emission 
showed a very  fast  rise time, but  its decay t ime was 
as long as minutes  under  s t imula t ion  by 3650A of 
modera te  in tens i ty  at  room tempera ture .  The 
br ightes t  red emission was observed under  exci ta -  
t ion by 2537A at about  280~ 

The blue fluorescent or thophosphate  phosphors  
containing Be, Cd, Sr, or boron also gave the s t imu-  
la ted red emission, but  the violet  fluorescent or tho-  
phosphate  phosphors  containing Mg or Zn did not 
produce the red emission at  all  over a wide  range 
of t empera tu res  at  which exci ta t ion  was made wi th  

2537A. 
In order  to inves t iga te  the effect of impur i t ies  on 

the st imulat ion,  a number  of compounds of ele-  
ments  were  added in the p repa ra t ion  of Cu-ac t iva ted  
f l-calcium orthophosphate .  In t roduct ion of about  
0.01 mole of compounds of Ce, Zr, Mo, Ni, Se, V, Cr, 
Au, U, Co, Sn, and Mn per  mole of Cu-ac t iva ted  
f l -calcium or thophosphate  suppressed the red 
emission. On the other  hand, in t roduct ion of K, Na, 
As, and boron compounds enhanced the red emission. 
However,  if the amount  of these added impur i t ies  
except  boron exceeded about  0.1 mole per  mole of 
the  matr ix ,  the red emission was also suppressed 

completely .  

Discussion 
Although the proper t ies  of the phosphors  here  

descr ibed are more  complicated than  those of the 
usual  ox ide - type  phosphors,  i t  does not  seem to be 
difficult to give a s t r a igh t fo rward  theore t ica l  in te r -  
pretat ion,  at  least  qual i ta t ive ly .  Quant i t a t ive  ex-  
p lanta t ions  have a l ready  been fo rmula ted  by  one (6) 
of the  present  authors,  and deta i led  resul ts  wi l l  be 
publ ished in the near  future.  Therefore,  only a 
qual i ta t ive  discussion for the  observed resul ts  is 

given here. 
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I t  is r e a s o n a b l e  to suppose  t h a t  the  a c t i v a t o r  of 
C u - a c t i v a t e d  f l - c a l c ium o r t h o p h o s p h a t e  f i red in a 
r e d u c i n g  a t m o s p h e r e  is d i f fe ren t  f rom t h a t  of  t he  
p h o s p h o r  f i red in  air ,  because  t h e i r  r e s p e c t i v e  
c h a r a c t e r i s t i c s  of emiss ion  and  a b s o r p t i o n  a r e  qu i t e  
d i f ferent .  C o n s i d e r i n g  the  f i r ing process ,  i t  is 
;natural  to a s s u m e  t h a t  t h e  a c t i v a t o r  c e n t e r  of the  
p h o s p h o r  f i red in a i r  m a y  be  f o r m e d  b y  a Cu++ion, 
w h i l e  t h a t  of t he  p h o s p h o r  f i red in  a r e d u c i n g  
a t m o s p h e r e  m a y  be  a s c r i b e d  to a Cu+ion. I n d e e d  no 
p a r a m a g n e t i c  r e s o n a n c e  a b s o r p t i o n  was  d e t e c t e d  
in  C u - a c t i v a t e d  B - c a l c i u m  o r t h o p h o s p h a t e  f i red in  
a r e d u c i n g  a t m o s p h e r e ?  The  g r a y i s h  color  of t he  
p h o s p h o r  p r e p a r e d  b y  f i r ing in p u r e  h y d r o g e n  m a y  
be  a t t r i b u t e d  to co l lo ida l  coppe r  f o r m e d  t h r o u g h  
a process  of r e d u c t i o n  f r o m  Cu + ion to Cu a t o m  as 
m a y  be  u n d e r s t o o d  f r o m  the  f o l l o w i n g  c o n s i d e r a -  
t ion.  R e f e r r i n g  to t he  color  of t he  m a g n e s i u m ,  
,s t ront ium, and  b a r i u m  o r t h o p h o s p h a t e s  m e n t i o n e d  
before ,  w e  a s s u m e  t h a t  t he  c o p p e r  a d d e d  to  t hese  
p h o s p h a t e s  is d i s p e r s e d  u n i f o r m l y  in  the  m a t r i x  in 
t he  f o r m  of n e u t r a l  a toms,  and  w e  can  t hen  e x p e c t  
a p r o n o u n c e d  c h a r a c t e r i s t i c  a b s o r p t i o n  due  to the  
Cu a t o m s  in the  n e a r  u.v. or  v i s ib l e  r eg ion  of t he  
s p e c t r u m  which ,  h o w e v e r ,  is c o n t r a r y  to t he  ob -  
s e r v e d  resu l t s .  The re fo re ,  the  n a t u r a l  co lor  of t he se  
p h o s p h a t e s  m a y  b e  a t t r i b u t e d  to t he  co l lo ida l  cop-  
p e r  d i s p e r s e d  in t he  m a t r i x .  F o r  t h e  s ame  reason ,  
the  g r a y i s h  color  of C u - a c t i v a t e d  ca l c ium o r t h o -  
p h o s p h a t e  f i red in p u r e  h y d r o g e n  m a y  be  a s c r i b e d  
to the  s a m e  or igin ,  as m e n t i o n e d  before .  

R e f e r r i n g  to the  pos i t i on  of t he  a c t i v a t o r  in Cu-  
a c t i v a t e d  ca l c ium o r t h o p h o s p h a t e ,  and  a s s u m i n g  
t h a t  the  a c t i v a t o r s  occupy  i n t e r s t i t i a l  s i tes  in  t he  
la t t i ce ,  w e  canno t  f ind a n y  conv inc ing  r e a s o n  w h y  
copper  canno t  be  i n t r o d u c e d  in to  t he  m a t r i x  of 
m a g n e s i u m ,  s t r on t i um,  or  b a r i u m  p h o s p h a t e  as an  
ef fec t ive  ac t iva to r .  H o w e v e r ,  the  e x p e r i m e n t a l  
r e su l t s  m e n t i o n e d  a b o v e  w i l l  be  e x p l a i n e d  b y  a s -  
s u m i n g  t h a t  t he  a c t i v a t o r  in  C u - a c t i v a t e d  c a l c ium 
o r t h o p h o s p h a t e  can  r e p l a c e  Ca++ions a t  l a t t i c e  s i tes  
in  t he  f o r m  of Cu § o r  Cu+ions, as  s u g g e s t e d  above .  
]f  we  cons ide r  t he  Cu+ion to be  t he  a c t i v a t o r  in  Cu-  
a c t i v a t e d  f l - e a l c i u m  o r t h o p h o s p h a t e  f i red in  a r e -  
duc ing  a t m o s p h e r e ,  w e  m u s t  a s s u m e  t h a t  a v a c a n c y  
of a s ing le  O--ion m a y  be  g e n e r a t e d  b y  the  r e p l a c e -  
m e n t  of  two  Ca++ions b y  Cu+ions in o r d e r  to s a t i s fy  
the  cond i t ion  of c h a r g e  n e u t r a l i t y  in the  phosphor .  

A c c o r d i n g  to t he  a b o v e  c o n s i d e r a t i o n  c o n c e r n i n g  
the  a c t i v a t o r  c en t e r  in  C u - a c t i v a t e d  f l - c a l c i u m  
o r t h o p h o s p h a t e  f i red  in a r e d u c i n g  a t m o s p h e r e ,  t h e  
a l l o w e d  t r a n s i t i o n  of  ~So--> ~PI~ m a y  be  r e s p o n s i b l e  
for  the  a b s o r p t i o n  b a n d  p e a k i n g  at  a b o u t  2550A, 
and  also t he  t r a n s i t i o n  1S~--> ~D~, ~., o r  ~D~ for  t he  
w e a k  a b s o r p t i o n  in  t he  s p e c t r a l  r a n g e  a b o v e  a b o u t  
3100A. A l t h o u g h  the  l a t t e r  t r a n s i t i o n  is o r i g i n a l l y  
f o r b i d d e n  in a f ree  Cu+ion, we  can e x p e c t  t h a t  i t  
w i l l  be  a l l o w e d  b y  the  i n t e r a c t i o n s  b e t w e e n  t h e  
a c t i v a t o r  c e n t e r  and  l a t t i c e  ions. I f  t he  t r a p p i n g  
s t a t e  for  the  mos t  p e r s i s t e n t  c o m p o n e n t  of p h o s -  
phorescence ,  t h e r m o l u m i n e s c e n e e ,  and  s t i m u l a t i o n  
is a t t r i b u t e d  to t he  ~P~~ or  ~p0o s t a tes  b e c a u s e  of  
t h e i r  s i m i l a r  d e c a y  cons tan t s ,  t he  s t i m u l a t i o n  b y  

1 T h e  a u t h o r s  a r e  o b l i g e d  to  P r o f e s s o r  H i d e t a r o  A b e  of Ochano~  
m i z u  U n i v e r s i t y ,  T o k y o ,  f o r  t h i s  m e a s u r e m e n t .  

3650A m a y  be caused  b y  the  a b s o r p t i o n  t r a n s i t i o n  
3 0 P~ or  ~Po~ 1P1~ a n d  the  r e d  emiss ion  b y  the  t r a n s i -  
t ion  1P2--> ~S0 w h i c h  is a l l owed .  This  a b s o r p t i o n  
t r a n s i t i o n  in  a f r ee  Cu+ion is o r i g i n a l l y  f o r b i d d e n  
be c a use  of  the  s a m e  odd  p a r i t y  of t he  s p e c t r u m  
t e rms .  H o w e v e r ,  i f  w e  a s s u m e  t h a t  i t  w i l l  be  a l -  
l o w e d  b y  the  i n t e r a c t i o n s  b e t w e e n  the  a c t i v a t o r  
c e n t e r  and  Ca++ions in  the  la t t i ce ,  w e  can  e x p l a i n  
t he  e x p e r i m e n t a l  r e s u l t  t h a t  no s t i m u l a t e d  r e d  
emiss ion  could  be  o b s e r v e d  in  the  p h o s p h o r s  con-  
t a i n i n g  Mg or  Zn  in t he  f o l l o w i n g  way .  The  t r a n s i -  
t ion  ~P~~ ~ ~Po ~ m a y  become  c o m p l e t e l y  f o r b i d d e n  
in  t he  p h o s p h o r  c o n t a i n i n g  Mg or  Zn  be c a use  of t he  
s m a l l  i n t e r a c t i o n s  b e t w e e n  the  a c t i v a t o r  c en t e r  and  
Mg +§ or  Zn § ions  w h i c h  h a v e  s m a l l e r  ionic  r a d i i  
t h a n  Ca ++ ions; t hus  i t  r e su l t s  in  c o m p l e t e  s u p p r e s -  
s ion of t he  r e d  emiss ion.  I n c i d e n t a l l y ,  the  effect 
of  t h e  i n t r o d u c t i o n  of  b o r o n  on the  s t i m u l a t e d  r e d  
emiss ion  w i l l  be  e x p l a i n e d  s a t i s f a c t o r i l y  in a 
s i m i l a r  way .  The  o b s e r v e d  p e a k  p o s i t i o n  of t he  
emiss ion  b a n d  p e a k i n g  at  a l onge r  w a v e  l e n g t h  
and  the  l a r g e  w i d t h  of t he  emiss ion  b a n d  of t he  
p h o s p h o r  c o n t a i n i n g  b o r o n  in  c o n t r a s t  w i t h  those  
of the  p h o s p h o r  c o n t a i n i n g  Mg or  Zn sugges t s  
l a r g e  i n t e r a c t i o n s  in  t he  a c t i v a t o r  cen te r .  Thus  w e  
can  e x p e c t  an  e n h a n c e d  r e d  emiss ion  of t he  p h o s -  
p h o r  c on t a in ing  b o r o n  in  a c c o r d a n c e  w i t h  t he  ob -  
s e r v e d  re su l t .  

The  e x p e r i m e n t a l  r e s u l t  t h a t  n e i t h e r  t h e r m o -  
l u m i n e s c e n c e  no r  s t i m u l a t i o n  could  be  o b s e r v e d  
u n d e r  e x c i t a t i o n  b y  2537A a t  l o w e r  or  h i g h e r  
t e m p e r a t u r e s ,  as m e n t i o n e d  before ,  sugges t s  t h a t  
some a c t i v a t i o n  e n e r g y  wi l l  b e  n e c e s s a r y  for  t he  
t r a n s i t i o n  ~po ._> ~P~~ in t he  a c t i v a t o r  cen te r .  

The  effect  of b o r o n  i n t r o d u c e d  in  t he  p h o s p h o r  
on the  f luorescence  and  s t i m u l a t e d  r e d  emiss ion  
is qu i t e  d i f fe ren t  c o m p a r e d  w i t h  t h a t  of  t he  o the r  
e l emen t s ,  as m e n t i o n e d  before .  W e  a re  i nc l i ned  to 
b e l i e v e  t ha t  bo ron  m a y  r e p l a c e  p h o s p h o r u s  in t he  

m a t r i x .  
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Crystal Growth of Electrodeposited Zinc 
An Electron Diffraction and Electron Microscopic Study 

Ryoitiro Sato 

Mitsubishi Metal Mining and Metallurgical Laboratory, Omiya City, Saitama Prefecture, Japan 

ABSTRACT 

Crystallographic aspects of zinc electrodeposited on to polycrystall ine cath- 
ode from ZnSO~ + H,_,SO, + H._.O baths with or without organic colloids have 
been investigated by electron diffraction (reflection method) and electron mi- 
croscopy (replica method). At  the initial stage of deposition, the zinc layer 
always consists of fine-grained crystallites oriented at random. As the zinc 
layer becomes thicker, some of these crystallites grow larger to yield a fiber 
orientation depending on the depositing condition. For such relatively thick 
zinc layers deposited under various degrees of influence of hydrogen and/or  
organic colloids, the orientation and texture are interpreted from standpoint 
of crystal growth. 

Electron diffraction invest igat ions  of crys ta l  
growth  of a va r i e ty  of meta ls  at  the cathode dur ing  
electrodeposition have  so far  been carr ied  out by 
many  authors  (1-10).  Al though a comprehensive  
in te rp re ta t ion  of thei r  resul ts  is given by  Finch, 
et al. (7),  c rys ta l  g rowth  of meta ls  of lower  
symmet ry  has not ye t  been sufficiently explained,  
con t ra ry  to tha t  of cubic metals .  For  this reason, 
zinc, a hexagonal  metal ,  was chosen for this in-  
vest igation,  and it has been approached  first in a 
s tudy of c rys ta l  growth  on a po lycrys ta l l ine  cathode. 

Al though addi t ion of organic colloids to the 
e lectrolyt ic  ba th  is of great  technical  importance,  
the c rys ta l lographic  aspects of the i r  effects have 
been s tudied l i t t le  by means  of e lectron diffrac-  
tion. Again,  zinc, which has modera te  inhib i tor  
sensi t iv i ty  (11, 12), is sui table  for such a s tudy.  

Thus, this paper  repor ts  e lectron diffraction 
(reflection method)  and electron microscopic 
( repl ica  method)  invest igat ions  of zinc films e lec t ro-  
deposi ted under  the  fol lowing conditions:  insol-  
uble  anode, po lycrys ta l l ine  cathode, and ZnSO~ + 
H2SO, +H_~O baths  (wi th  or wi thout  addi t ion of 
var ious  organic colloids) .  

Experimental 
The aqueous solution of ZnSO~. 7H20 was purif ied 

by  zinc dust. The organic colloids used were  p ro-  
teins (glue, gelatin,  and a lbumin) ,  a gum (gum 
arab ic ) ,  and ca rbohydra tes  (dextr in ,  soluble 
starch, and saponin) .  

Electrodeposi t ion was carr ied  out in a 300-ml 
beaker ,  using a p l a t inum pla te  as anode (1 cm x 
1 cm x 0.2 mm)  and a mechan ica l ly  pol ished p la te  
of a -b rass  as cathode (1 cm x 1 cm x 1 mm) .  These 
were  separa ted  by  4 cm. Deposi t ing t ime va r ied  
from severa l  seconds to 20 min. Immed ia t e ly  af ter  
t ak ing  out the  cathode, it  was washed  successively 
wi th  runn ing  water ,  d is t i l led  water ,  and acetone. 
To avoid chemical  change of the cathode af ter  the  
deposition, the procedure  was car r ied  out rapidly .  

Fig. l a  (left). Electron di f f ract ion pattern; Fig. l b  (right). 
Electron micrograph, magni f icot ion 5 ,000X.  Bath: Zn 50 g / I ;  
room temperature; Dk = 3.5 amp/dmS; Cef~ ~ ~ - 1 0 0 % ;  
0 (mean thickness) : 38 x 108 A .  Hydrated basic zinc 
sulfate covering zinc layer. 

The accelerat ing vol tage of the  electron beams 
for diffraction work  was 35-50 kv. The sample  to 
pla te  distance was 30 cm. To obtain the electron 
micrographs  of the surface of the deposi ted layer ,  
a two-s t age  repl ica  method (acety lce l lu lose-carbon,  
fol lowed by shadowing wi th  Ge) was adopted.  
Usual ly  the cathode which had  served as the sample  
for the electron diffraction was i tself  subsequent ly  
observed by  the electron microscope. 

Results and Discussion 
Exper iments  Using Baths Containing No Organic 

Colloids 

(I)  In some cases a diffract ion pa t t e rn  due to a 
substance other  than  zinc was obta ined (Fig. l a ) .  
In the corresponding electron mic rograph  (Fig. l b )  
the substance covering the zinc l aye r  is observed.  
Since the  pa t t e rn  is more m a r k e d  wi th  the  baths  
conta ining compara t ive ly  low concentra t ions  of the  
free acid, the substance is p robab ly  soluble in 
sulfuric  acid. The analysis  of the pa t t e rn  is given 
in Table  I. The da ta  of h y d r a t e d  basic zinc sulfate  
(4ZnO.SO~-7H~O) (13) agree  fa i r ly  wel l  wi th  the 
analysis  of Table  I. The pa t t e rn  appears  inva r i ab ly  
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Table I. Analysis of the Debye-Scherrer rings of Fig. la 
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Spac ing ,  A In tens i ty  

4 .3  m 
3.7 m 
2.8 st 
2.6 st 
2.47 w 
2.15 w 
1.79 w 
1.57 st 
1.35 m 
1.18 m 
1.02 m 
0.90 m 

as Debye-Scherrer  rings, showing no particular 
orientation relationship of the substance to the 
underlying zinc layer. 

(II) In the zinc patterns obtained, almost always 
two blurred halos are observed, the one at the in- 
side of the innermost ring of zinc and the other 
between the (10.2)-ring and the ( l l . 0 ) - r i n g  
(e.g., Fig. 2a, 4a, and 5a). The same pair of halos 
appeared also in the pat tern from the zinc layer 
deposited from a cyanide bath. The halos can be 
ascribed neither to minute crystallites of hydrated  
basic zinc sulfate nor to those of zinc oxide, which 
might be formed by oxidation of the deposited zinc. 

(III)  In the zinc patterns the (00.2)-r ing is 
usually imperceptible.  This anomaly in intensity of 
the diffraction patterns shows that the crystallites 
of the deposit are flat plates parallel to the basal 
plane (14). This is supported by the corresponding 
electron micrographs (e.g., Fig. 3b, 4b, and 5b). 

Fig. 2a (left). Electron di f f ract ion pattern; Fig. 2b (right). 
Electron micrograph, magni f icat ion 10,000X. Zn 100 g / I  
+ H2SO, 100 g / I ;  room temperature; Dk ~ 4 amp/din2; 0 
700 A.  Random or ientat ion. 

Fig. 3a (left). Electron di f f ract ion pattern; Fig. 3b (right). 
Electron micrograph, magni f icat ion 5 ,000X.  Zn 100 g / I  + 
H2SO4 100 g / I ;  room temperature; Dk ~ 4 amp/dm~; 0 
6.3 x 108 Jk. Random orientat ion. 

Fig. 4a (left). Electron di f f ract ion pattern; Fig. 4b (right) 
electron micrograph, magni f icat ion 5 ,000X.  Zn 100 g / I  + 
H2SO4 100 g / I ;  room temperature; Dk ~ 4 amp/dmS; Celt 
9 2 % ;  0 = 54 x 10 ~ ~-. Plane of or ientat ion : (11.1), I ~ 4. 

Fig. 5a (left). Electron diffraction pattern; Fig. 5b (right) 
electron micrograph, magni f icat ion 5 ,000X.  Zn 10 g / I  + 
H2SO4 100 g / I ;  room temperature; Dk ~ 3 amp/dm~; Cef~ 
5 8 % ;  0 = SO x 108 ~_. Plane of or ientat ion : (10.1), I ~ 1. 

(IV) All of the zinc patterns show that  the zinc 
crystallites take a fiber orientation (including ran-  
dom orientation), whose axis stands upright  to the 
cathode surface. To denote such a fiber orientation, 
its "plane of orientation," i.e., the crystallographic 
plane of zinc which tends to lie parallel to the 
surface, is used in the following descriptions. 

(V) With various bath compositions and deposit- 
ing conditions, the zinc layer deposited in initial 
stages (up to several thousand angstroms in thick- 
ness) consists invariably of fine-grained crystallites 
(approximate d i m e n s i o n : 3 0 0 A  in Fig. 2b, and 
5000A in Fig. 3b), and the tendency for a fiber 
orientation is very  weak (Fig. 2a and 3a). This is 
in ha rmony  with the results of Finch, et al. (7). 

(VI) With continued deposition, the crystallites 
grow larger and a fiber orientation characteristic of 
the bath composition appears (Fig 4a, 4b, 5a, and 
5b). According to Bauer (15), this kind of orienta- 
tion should be called orientation due to crystal 
growth (vide infra).  Table II  gives a summary  of 
the orientations. Variations in the temperature  and 
in the current density within the ranges of the 
experimental  conditions of plating had no notice- 
able effects on the plane of orientation. 

(VII) According to Table II, except for deposits 
from baths having relatively high ratios of 
H2SO4/Zn, ( l l . / ) -or ien ta t ion  (Fig. 4a and 4b) is 
invariably obtained. The occurrence of this orienta- 
tion may be explained as follows. Since the surface 
of the growing layer is not atomically flat parallel 
to the cathode surface (as evidenced by the electron 
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micrographs,  as wel l  as by the spot ty  na tu re  of the 
diffract ion pa t t e rns ) ,  the zinc ions are  car r ied  to 
the surface f rom any direct ion in the bath.  Under  
such a condition, among the many  crys ta l l i tes  
which were  or iented r andomly  in the ini t ia l  s tage 
of the  deposition, only those having  by  chance an 
or ienta t ion favorab le  to growth do grow and be-  
come p redominan t  over  those having  unfavorab le  
orientat ions.  This favorable  or ien ta t ion  is most  
l ike ly  de te rmined  by the  re la t ion of the growth  
velocit ies (or the  surface energies)  of var ious  
c rys ta l lographic  planes.  Thus, it is supposed tha t  
every  crys ta l l i te  near  the surface of the r e l a t ive ly  
th ick  zinc l aye r  has a t endency  to be bounded  by  
three  c rys ta l lographic  planes,  i.e., the plane of the 
lowest  ou tward  veloci ty  (basal  p lane)  and a pa i r  
of planes  of the  second lowest  ou tward  velocity.  
If  for the la t te r  planes  two pr ismat ic  planes  of the 
first order,  (10.0), [or two py ramida l  planes  of the 
first order,  (10.1)]  are assumed, the  occurrence of 
the ( l l . l ) - o r i e n t a t i o n  is r ead i ly  unders tood (Fig. 
6). Al though the value  of l (not necessar i ly  an 
in teger)  should be de te rmined  by the compet i t ion 
in the growth  of the basal  p lane and the above 
pr i smat ic  (or py ramida l )  plane, the quan t i t a t ive  
da ta  on thei r  ou tward  velocit ies of growth are not  
avai lable .  In this connection, the reversed  order  of 
the ou tward  velocit ies of growth  due to Stranski ,  
et al. (16-19),  together  wi th  the  order  of the  
re t i cu la r  densities,  are l is ted in Table III  for var ious  
c rys ta l lographic  planes  of c lose-packed hexagonal  
metal .  The morphology  observed in the  electron 
micrographs  of Fig. 4b seems to suppor t  the point  
of v iew of this paragraph .  Finch, et al. (7) post -  
poned the explana t ion  for thei r  observat ion  of 
( l l . 2 ) -o r i en~a t i on  of e lec t rodeposi ted  cadmium. 
This may  also be accounted for along the above 
l ine (15). 

(VIII)  As seen f rom Table  II, when  the ra t io  
H~SOJZn of the ba th  is r e l a t ive ly  high, the ( l l . l ) -  
or ien ta t ion  is rep laced  by the (10.1)-or ientat ion 
(Fig. 5a and 5b).  This change may  be re la ted  to 
the increased hydrogen  evolut ion which occurs 
wi th  these baths.  S t raumanis  made  observat ions  on 

X 3 

X I e 

o 

Fig. 6. Explanation of the occurrence of the (11 .I)-orienta- 
tion. Only (00.1) and (10.0) are depicted as the permanent 
faces determining the plane of orientation. I is assumed to 
be 4. 

Table II. Plane of orientation characteristic of the bath composition 

B a t h  compos i t i on ,  g / l  :Plane of  o r i e n t a t i o n  

Zn 50 
Zn 50, H2SO4 50~ (ll.l), l ~ 4, with angular tolerance 
Zn i00, H2SO, i00~ of about • ~ 
Zn 100, H~SO, 200 j 

Zn 10, H~SO, 50 ~ (10.t), l ~ 1, with angular tolerance 
Zn 10, H~SO, 100J of about • ~ 

M e a n  t h i c k n e s s  (~), 10-100 • 103A; t e m p e r a t u r e ,  r o o m  t e m p e r -  
ature---80~ c u r r e n t  d e n s i t y  (D~), 1-15 amp/dm~.  

the crys ta l  g rowth  of zinc, which was formed by  
evapora t ion  in hydrogen  a tmospheres  (21). Ac-  
cording to him, under  hydrogen  pressures  lower 
than  ~4  mm Hg the pe rmanen t  c rys ta l lographic  
faces of zinc are:  (00.1) (basal  p lanes) ,  (10.0) 
(pr i smat ic  planes of the first o rde r ) ,  (10.1) 
( py r a m i da l  planes of the  first o rder ) ,  and (11.0) 
(pr i smat ic  planes  of the second order ) .  When  his 
resul ts  are  compared  with  the theory  of Stranski ,  
et al. (16-19),  it seems tha t  differences in growth 
velocit ies of the planes of lower  indices of zinc 
(except  for the basal  p lane)  are slight, and tha t  
even a reversa l  of the velocit ies can be effected by  
the presence of hydrogen.  Such a reversa l  of growth 
velocit ies of planes resul t ing  f rom adsorpt ion  of 
impur i t y  is discussed by  Smeka l  (19). In (VII)  
the  occurrence of the  ( l l . l ) - o r i e n t a t i o n  was ex-  
p la ined by  assuming that  the pe rmanen t  faces of 
zinc are the basal  p lane  and a pa i r  of pr i smat ic  
(or py r a m i da l )  planes  of the first order.  Now, 
tak ing  into account the considerat ion regard ing  the 
reversa l  of the growth  velocit ies of the planes, if 
a pa i r  of pr i smat ic  planes  of the second order  is 
subs t i tu ted  for the pa i r  of the first order,  the 
(10 . / ) -or ien ta t ion  is reasonably  reached in the 
same manner  as in (VII) .  

Results and Discussion 
Exper iments  Using Baths Containing Organic 

Colloids 

The effects on the zinc p la t ing  by  minor  quan t i -  
ties of addi t ion agents, which eventua l ly  lead  to 
s t ruc tura l  modifications of the deposi ted layer ,  are 
caused by complex factors such as a change in 
viscosity of the bath,  cathode polarizat ion,  hydrogen  
overvoltage,  cur rent  efficiency, etc. However ,  the 

Table III. Relative velocities of growth and relative reticular 
densities of planes of close-packed hexagonal metal 

R e v e r s e d  o rde r  O r d e r  of  
of the  o u t w a r d  r e t i c u l a r  

(hk.l) ve loc i t i e s  of  g r o w t h  dens i t i e s  

(00.1) 1 
(10.0) 2 
(10.1) 4 
(10.2) 3 
(10.3) 6 
(11.0) 5 
(11.2) 

1 
3* 
5 

2 
4* 

For  zinc the  t h i r d  and  t he  f o u r t h  are  r eve r sed ,  o w i n g  to i t s  
d e v i a t i o n  of c/a ra t io  (1.857) (20) f r o m  the  idea l  v a l u e  (1.633). 



Vol. 106, No. 3 C R Y S T A L  G R O W T H  O F  

most  essent ia l  function of an addi t ion agent  on the 
deposi ted l aye r  seems to l ie in its adsorpt ion on the 
surface of the layer .  A simple measure  of adsorb-  
ab i l i ty  of an organic colloid is the we l l - know n  
"gold number , "  which refers  to the  pro tec t ive  
action of the  colloid on red gold sol. Note tha t  a 
lower  va lue  of gold number  means a h igher  ad-  
sorbab i l i ty  (or pro tec t ive  act ion) of the colloid. 
The gold numbers  of the  organic colloids used in the  
present  exper iments  are  l is ted in Table IV (22). 
Their  values  were  es t imated roughly  by  using the 
red gold sol p repa red  by ut i l iz ing the reducing 
flame of coal gas (23). The obta ined  values  fel l  in 
the ranges shown in Table IV. 

As ment ioned earl ier ,  the ( l l . / ) - o r i e n t a t i o n  is 
character is t ic  of the zinc layer  e lectrodeposi ted 
from the  baths  of ZnSO, 4- H=SO, 4- H~O system, 
except  for the baths  of r e la t ive ly  h igher  values  of 
the  rat io  H=SO,/Zn. Consequently,  in most of the 
fol lowing exper iments  to c lar i fy  the effects of 
organic colloids on the  s t ruc ture  of deposi ted zinc, 
the concentrat ions  of zinc and sulfuric  acid were  
chosen both as 100 g/ l ,  since, wi th  no addi t ion 
agents, this  is a ba th  which leads inva r i ab ly  to the  
( l l A ) - o r i e n t a t i o n  (Table  I I ) .  The  t e m p e r a t u r e  of 
the bath,  the cur ren t  densi ty  for the deposition, 
and the mean  thickness of the deposi ted l aye r  were  
room tempera ture ,  ---4 a m p / d m  ~, and 20 --  60 X 10 ~ 
A, respect ively .  The resul ts  of the  electron diffrac-  
t ion invest igat ions  are  summar ized  in Fig. 7, and 
some of the electron micrographs  are reproduced 
in Fig. 8b and 9-12. 

(I)  I t  is genera l ly  accepted tha t  the flatness of 
the surface of the  e lect rodeposi ted  l aye r  becomes 
improved  by adding an organic colloid to the bath, 
as the resul t  of its ab i l i ty  to increase cathode 
polar iza t ion  and, therefore,  th rowing  power  of the  
bath.  Al though  such a tendency is ac tua l ly  ob-  
served wi th  the naked  eye with  baths  of r e l a t ive ly  
low concentrat ions  of an organic colloid which is 
a pro te in  or ca rbohydra t e  ( roughly  up to 50 r a g / l ) ,  
the surface is l iable  to become inhomogeneous wi th  
higher  concentrat ions  of the colloid. This seems 
due to the  adherence  of hydrogen  bubbles  to the 
surface, resul t ing  f rom the increased viscosi ty of 
the  bath.  Gum arabic  shows a somewhat  different  
behavior ;  it makes  the surface inhomogeneous at  a 
concentra t ion as low as 10 mg/1 and yields  a fine- 
gra ined surface of b lackish  appearance  at  500 mg/1 
(Fig. 8b).  Unfor tunate ly ,  it  is impossible  to obtain 

Table IV. Gold numbers of biocolleids used (22) 

G o l d  n u m b e r ,  
C o l l o i d  m g  s o l / l O 0  c m  s 

~Glue 1 0.05-0.1 
Protein ~Gelatin fl 

LAlbumin 0.3-2 

Gum Gum arabic 1.5-2.5 

Carbohydrate 
Dextrin 20-70 
Starch 50-250 
Saponin 230 

E L E C T R O D E P O S I T E D  Zn 209 

GLUE \ --> ~10-Z)rmg weaK.r kc11.2~ 
. (11.~) ~ ,  (10.,~) . . . .  . ~ ( 1 1 . O )  

GELATIN ~ --~ d0.Z)r/ng ~ we aKe~" (11.2) 
( t1 ,~ )  . I 1 0 ~ )  . . . . . (11' 0 )  

&LBUMIN \ -~,~tl0-Z)r]n~ weak:aT 
d 1..,~) . ~  . (10. /~)  

SUM ARABIC (OO 2)ring appears" 
(11-~) . . k~Jl"2 ? (11'0) 

DEX'TRiN \ -~- tlO Z)rmg •e&Y, er 
(11•) ,~(10 ~) X~' 1'2){11'O ) 

\ --,(10.2)rM 8" ~e&KeP 
,.STARCH(11 ~,) .~(Io.~,) ~11 2)dlO) 

5APONIN -->~I0 Z)rin 8 we~t~, ~r [1i 2 ) 
(11'~,) k ~10'~) ~ {11.O, 

. : , '  : : ; '  : 
0'?- 0.'5 2 5 '0 tO 50 100 ZOO 500 

CONCN OF COLLOID (rng/I) 

Fig. 7. Effects of organic colloids on plane of orientation. 
Each fiber orientation involves angular tolerance of about 
+ ] 5 %  Beth : Zn ]00 g/I  4- H2SO, 100 g/I 4- organic colloid; 
room temperature; Dk : ~ 4 amp/dm=; 0 : 20-60 x 103 -&. 
The zinc layers deposited from the baths containing the ad- 
dition agent concentrations marked by the dots were investi- 
gated by electron diffraction and microscopy. 

Fig. 8o (left). Electron di f f ract ion pattern; Fig. 8b (right). 
Electron micrograph, magni f icat ion 5 ,000X.  Zn 100 g / I  
4- H2SO, 100 g / I  4- gum arabic 500 rag/ I ;  room tempera- 
ture; Dk = 4 amp/dm~; Ce~ = 4 5 % ;  0 ~ 24 x 108 A.  
Plane of or ientat ion : (11.0). 

precise values of cur ren t  efficiency, since the weight  
increase of the cathode on deposi t ion is usual ly  
only severa l  mi l l igrams.  I t  is roughly  92% in the 
case of no colloids and decreases wi th  the  concen- 
t ra t ion  of a colloid down to 65-80% wi th  200 rag/1 
addit ion.  

(II)  As before, the (00 .2) - r ing  is genera l ly  
ba re ly  percept ible ,  showing the flatness of the 
crys ta l l i tes  pa ra l l e l  to the  basal  p lane ( layer  s t ruc-  
tu re ) .  With  the addi t ion of a pro te in  or carbo-  
hydra te ,  besides the  low in tens i ty  of the  (00.2)-  
ring, the (10 .2) - r ing  shows a tendency to decrease 
in in tens i ty  wi th  increasing concentrat ion.  Since 
among the planes  of lower  indices, which y ie ld  
s trong reflections, the (10 .2) -p lane  makes  a r e l a -  
t ive ly  low angle wi th  the basal  plane, this  is ac-  
counted for by  the fu r the r  p redominance  of the 
l aye r  s t ruc ture  and agrees wi th  the discussion by  
Smeka l  (19) on crys ta l  growth  under  the presence 
of impur i ty .  This change of the degree  of l ayer  
s t ruc ture  wi th  the  concentrat ion of addi t ion agent  
is also morphologica l ly  observed in a series of 
e lect ron micrographs  in the  case of dex t r in  (Fig. 4b 
and 9-12).  With  gum arabic  such a change of the 
layer  s t ruc ture  is not observed.  Moreover,  it  is 
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Fig. 9 

Fig. 10 

Fig. 1 1 

Fig. 12 

Fig. 9-12. Electron microgrophs, each magni f icat ion 5 ,000X.  
Zn 100 g / I  -~- H=SO, 100 g / I  -I- dextr in (2 rag/I ,  10 
rag/I ,  25 rag/I ,  and 200 rag/I ,  respectively); room tempera- 
ture; Dk = ~ 4 amp/dm~; C ~  ~ 88, 86, 82, ond 7 0 % ,  
respectively; ~) ~ ~ 40 x 103 A.  Plane of or ientat ion : 
(11.1), (10.1), (10.1), and (11.0), respectively. 

r emarkab l e  tha t  the (00 .2) - r ing  appears  wi th  10- 
50 mg/1 of gum arabic  (Fig. 7). This seems to have  
some re la t ion to the inhomogenei ty  of the  zinc 
layer ,  which has been touched on just  above. 

( I I I )  F igure  7 shows changes of p lane of o r ien ta -  
t ion wi th  concentra t ion of the seven addi t ion 
agents. A p a r t  f rom the case of gum arabic,  the 
fol lowing sequence of changes is general :  

( 1 1 . / ) , / ~  4-~ (10.l),  L~ 1--> (11.2)-~ (11.0) 

each fiber or ienta t ion involving a considerable  
angular  to lerance of about  • 15 ~ To the first, (11.D 

(10.l), the discussion made in (VIII)  above 
applies,  if it  is assumed tha t  the role  of hydrogen  
is now p layed  by  organic colloid. This l ine of con- 
s idera t ion is also p re fe rab le  for e lucidat ion of the 
predominance  of the layer  s t ruc ture  wi th  increasing 
addi t ion agent, which was touched on in ( I I ) .  The 
final ( l l . 0 ) - o r i e n t a t i o n  (Fig. 8a) is an orientat ion,  
where  the  most  densely packed  atom rows in the  
most densely packed la t t ice  plane (basal  p lane)  
s tand upr igh t  to the cathode surface. When the 
concentra t ion of addi t ion agent  is sufficiently high, 
resul t ing  in high viscosi ty of the ba th  and low 
current  efficiency for the deposition, the supply  of 
zinc ions to the hol lows of the surface and the 
mobi l i ty  of zinc ions at the  surface are  both sup-  
posed to be insufficient. I t  should be unders tood 
tha t  the ( l l . 0 ) - o r i e n t a t i o n  der ives  f rom such a 
situation. The ( l l . 2 ) - o r i e n t a t i o n  is most l ike ly  a 
t rans ient  stage before reaching the final ( l l . 0 ) -  
orientat ion.  Wi th  gum arabic  i t  is r e m a r k a b l e  tha t  
the p lane  of or ienta t ion  changes f rom ( l l . l )  
d i rec t ly  to (11.2) ~ (11.0). 

(IV) In Fig. 12 a square s t ruc ture  is noticeable.  
This s t ruc ture  is also observed wi th  high concen- 
t ra t ions  of others carbohydrates ,  starch, and saponin. 
In these  cases the  plane of or ien ta t ion  is (11.0), 
and flat pla tes  thin in the direct ion of c-axis,  
which lies pa ra l l e l  to the  cathode surface, are 
supposed to be  pi led  up to form a block. If  such a 
block is or iented to an ad jacent  block of the same 
na tu re  so as to form twinning  on (10.2)-plane,  
the  square s t ruc ture  should appear .  I t  is wel l  
known that  the twinning  p lane  of c lose-packed 
hexagonal  metals,  such as zinc, is (10.2) (24). For  
zinc, (10.2) makes  47 ~ 0" wi th  (00.1), the doubled 
value  of which is near  90 ~ . With  prote ins  this 
square  s t ruc ture  is less not iceable  and wi th  gum 
arabic  is never  encountered.  

(V) In compar ing Fig. 7 wi th  Table IV, a 
reasonable  corre la t ion be tween the gold number  of 
a colloid and its ab i l i ty  to change the or ienta t ion  
of deposi ted zinc is found in three  prote ins  and in 
three  carbohydrates .  However ,  in spite  of the much 
h igher  values  of the  gold number  of ca rbohydra tes  
as compared  wi th  those of proteins,  they  are  not so 
ineffective in changing the orientat ion.  This might  be 
accounted for by  the difference of the i r  states of 
hydra t ion  and electric charge in the  bath.  E luc ida-  
tion in detai l  must  be postponed. An except ional ly  
weak  ab i l i ty  of gum arabic  to change the or ien ta -  
tion is r emarkab le ,  together  wi th  its pecu l ia r i ty  in 
many  aspects ment ioned in the foregoing p a r a -  
graphs.  

Conclusion 
I t  has been shown tha t  many  exper imen ta l  

resul ts  concerning the or ienta t ion and t ex tu re  of 
e lectrodeposi ted zinc layer  can be reasonably  
in te rp re ted  f rom the s tandpoin t  of deve lopment  
of c rys ta l lographic  planes  under  var ious  degrees 
of influence of hydrogen  a n d / o r  organic colloids. 
However ,  the in te rp re ta t ion  is cons iderably  s im- 
plified. The fiber or ientat ions  observed in the 
present  s tudy inva r i ab ly  involve some tolerance.  
This implies  tha t  the c rys ta l lographic  planes  other  
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t h a n  those which  d e t e I m i n e  the  o r i en t a t i on  are  no t  
necessa r i ly  excluded,  p r e s u m a b l y  owing  to s l ight  
differences among  the  sur face  energies  of m a n y  
c rys ta l lograph ic  planes .  This  s i tua t ion  is reflected 
in  the fine s t ruc tu re  of the  dif f ract ion spots, which  
is to r evea l  the  e x t e r n a l  c rys ta l lograph ic  p lanes .  
Close e x a m i n a t i o n  of the  fine s t r uc tu r e  of the  spots 
shows tha t  it  is too complex  to p e r m i t  a s imple  
in t e rp re t a t ion ,  a l though  gene ra l l y  the  n a t u r e  of the  
fine s t r uc tu r e  does no t  con t rad ic t  the  l ine  of con-  
s idera t ion  descr ibed  so far.  
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Changes in Trapping Levels of Zinc Sulfide Phosphors 
Resulting from Positive Ion Bombardment 

William T. Allen 1 and C. H. Bachman 

Department of Physics, Syracuse University, Syracuse, New York  

ABSTRACT 

Util izing a decay method which consisted of measur ing  the amount  of 
visible l ight emitted by the ZnS: Ag phosphor 5.0 msec after excitat ion by weak 
ultraviolet ,  studies were made of the changes in  trap dis t r ibut ion on the surface 
of phosphor crystals which previously had been bombarded by Ar  § H2 +, and O~ + 
ions. In terpre ta t ion  of results was l imited to first order kinetics. 

The results showed that  bombardmen t  by ions caused an increase in the 
n u m b e r  of traps at the lowest t rapping level, 0.28 ev deep, as well  as the crea- 
t ion of new traps at depths slightly greater  and slightly less than  0.28 ev. This 
effect was independent  of the ion used for bombardment .  

In  addition, ion bombardment  caused new traps to appear at deeper t rapping 
levels: 0.37 ev for Ar  + ion bombardment ,  0.38 ev for H2 + ion bombardment ,  and 
0.39 ev for O~ § ion bombardment .  For  the latter, the peak in the difference curve 
is quite sharp and clearly located at 345~ locating its depth at 0.39 ev. This 
corresponds to the next  t rapping level  wi th  increasing depth reported in the 
l i terature  and thus may indicate that  this t rapping level is caused by the pres- 
ence of oxygen in ZnS phosphors. 

Ion b o m b a r d m e n t ,  as a cause of de t e r io ra t ion  in  
zinc sulfide phosphors,  has been  s tud ied  by  m a n y  
au thors  (1-8) .  In  recen t  years,  al l  research  has b e e n  
done wi th  the  work ing  hypothes is  tha t  the reduced  

1 P r e s e n t  add re s s :  F r a n k l i n  a n d  M a r s h a l l  Col lege ,  Lancas t e r ,  Pa .  

l uminescence  is caused by  the  c rea t ion  of e lec t ronic  
levels  b e t w e e n  the  va lence  b a n d  a nd  the  conduc t ion  
band ,  such states m a k i n g  possible  di rect  t r ans i t i on  
f rom the  conduc t ion  b a n d  to the  va lence  band .  

I t  was  cons idered  des i rab le  to inves t iga te  the  d is -  
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t r i b u t i o n  of s t a t es  b e t w e e n  the  va l ence  b a n d  and  the  
conduc t i on  b a n d  and  the  d i s t r i b u t i o n  of t h e  s t a tes  
as a r e s u l t  of ion b o m b a r d m e n t  on the  su r f a c e  of 
t he  c rys ta l s .  

The  L a m b e - K l i c k  m o d e l  (9)  for  l u m i n e s c e n c e  in  
z inc  sulf ide  was  a s s u m e d  va l id .  The  d e p t h  of a s t a t e  
was  d e s i g n a t e d  as t he  e n e r g y  d i f fe rence  b e t w e e n  the  
s t a t e  and  the  top of the  va l ence  band .  S t a t e s  w i t h  
d e p t h s  less  t h a n  1 e l e c t r o n  vo l t  ( ev )  can  inf luence  the  
d e c a y  of a p h o s p h o r  and  c u s t o m a r i l y  a r e  ca l l ed  t r aps .  

The  u s u a l  m e t h o d  for  i n v e s t i g a t i n g  t r a p  d i s t r i b u -  
t ions  is b y  the  use  of g low curves ,  a t e c h n i q u e  d e -  
ve loped  b y  R a n d a l l  a n d  W i l k i n s  (10) .  I n  m e a s u r i n g  
a g low curve ,  the  p h o s p h o r  is f i rs t  cooled  to a v e r y  
low t e m p e r a t u r e ,  so t h a t  e l ec t rons  in  t he  t r a p s  a r e  
s t ab i l i zed ,  t h a t  is to say,  t h e i r  h a l f - l i f e  is m u c h  l o n g e r  
t h a n  t h e  t i m e  r e q u i r e d  to p e r f o r m  the  e x p e r i m e n t .  
Then  t h e  p h o s p h o r  is e x c i t e d  at  th is  low t e m p e r a t u r e  
b y  i r r a d i a t i o n  w i t h  u l t r a v i o l e t  (u .v . )  l i gh t  in o r d e r  
to fill t he  t raps .  If, now,  the  p h o s p h o r  is w a r m e d  a t  a 
s low ra te ,  t r a p s  f i l led w i t h  holes  wi l l  be  empt i ed .  
These  holes,  t h e r m a l l y  exc i t ed  to the  va l ence  band ,  
w i l l  be  a t t r a c t e d  to the  l u m i n e s c e n t  centers .  The  
e l ec t ron  a n d  hole  a r e  n o w  in a pos i t i on  to r e co mbine ,  
g iv ing  up  one p h o t o n  of v i s ib le  l ight ,  a n d  the  p h o s -  
p h o r  wi l l  g low as a r e su l t  of a g r e a t  n u m b e r  of these  
r e c o m b i n a t i o n s .  

The  t e m p e r a t u r e  at  w h i c h  a p a r t i c u l a r  t r a p p i n g  
l eve l  becomes  u n s t a b l e  d e p e n d s  on i ts  dep th ,  the  
d e e p e r  t r a p s  b e c o m i n g  u n s t a b l e  as the  t e m p e r a t u r e  
ge ts  h ighe r .  A cu rve  of  l i gh t  o u t p u t  vs. t e m p e r a t u r e  
is ca l l ed  a g low c u r v e  and  can  b e  a s s u m e d  to r e p -  
r e s e n t  a t r a p  d e p t h  d i s t r i bu t i on .  F o r  e x a m p l e ,  if a 
p h o s p h o r  con ta ins  t r a p s  at  two  d i f f e ren t  dep ths ,  t hen  
the  g low cu rve  wi l l  have  two d i f f e r en t  peaks ,  each  
r e p r e s e n t i n g  one of the  t r a p p i n g  leve ls .  

Us ing  g low c u r v e  t echn iques ,  B u b e  (11) has  f o u n d  
t h a t  t r a p s  a r e  p r e s e n t  in ZnS  at  five d i s t i nc t  t r a p p i n g  
levels .  These  a r e  r e v e a l e d  b y  five d i s t i nc t  g low p e a k s  
a t  - -120~ --60~ - -25~ - -15~ a n d  90~ A n y  
change  in the  m e t h o d s  of p r e p a r a t i o n  or  in  t he  ac -  
t i v a t o r  used  wi l l  no t  a l t e r  t h e  t e m p e r a t u r e  at  w h i c h  
these  p e a k s  ex i s t  b u t  w i l l  change  the  r e l a t i v e  he igh t s  
of t he  peaks ,  and  hence,  the  r e l a t i v e  n u m b e r s  of 
t r a p s  r e p r e s e n t e d  b y  each  peak .  

In  the  pa s t  f ew years ,  s tud ies  h a v e  been  m a d e  to 
i m p r o v e  the  i n t e r p r e t a t i o n  of g low cu rves  b y  con-  
s i d e r i n g  the  second  o r d e r  k ine t i c s  or  r e t r a p p i n g .  
Such  a n a l y s e s  not  on ly  i nvo lve  c o n s i d e r a t i o n  of 
holes  t h e r m a l l y  exc i t ed  to t he  v a l e n c e  b a n d  f inding  
the i r  w a y  to l u m i n e s c e n t  centers ,  b u t  also holes  
t h e r m a l l y  exc i t ed  to t h e  va l ence  b a n d  and  t h e n  r e -  
t r a p p e d  and  exc i t ed  a g a i n  to t h e  v a l e n c e  b a n d  one  
or  m o r e  t imes  be fo re  f inding  t h e i r  w a y  to l u m i n e s -  
cen t  centers .  S a t i s f a c t o r y  i n t e r p r e t a t i o n  of g low  
cu rves  w h e r e  m o r e  t h a n  one  l eve l  of t r a p  is p r e s e n t  
a n d  w h e r e  second  o r d e r  k ine t i c s  a r e  c o n s i d e r e d  is 
v e r y  diff icult  to ach ieve .  I t  is c u s t o m a r y  in t he  l i t e r -  
a t u r e  to p r e s e n t  g low cu rves  showing  l igh t  o u p u t  as 
a func t ion  of  t e m p e r a t u r e  at  a p a r t i c u l a r  h e a t i n g  
r a t e  and  l e a v e  i t  for  t h e  r e a d e r  to i n t e r p r e t .  

V e r y  rough ly ,  i t  can  be  sa id  t h a t  if  T is the  t e m -  
p e r a t u r e  of a g low p e a k  (10) ,  t h e n  E = 20 kT, w h e r e  
E is the  t r a p  d e p t h  a n d  k is B o l t z m a n n ' s  cons tan t .  
This  cou ld  m e a n  t h a t  a p e a k  o c c u r r i n g  a t  r o o m  te rn -  

p e r a t u r e  wi l l  r e p l  e sen t  a t r a p  d e p t h  of a p p r o x i m a t e l y  
0.5 ev. 

A d e c a y  m e a s u r e m e n t  consis ts  of e x c i t i n g  the  
p h o s p h o r  w i t h  u.v., c u t t i n g  off th is  exc i t a t ion ,  and  
m e a s u r i n g  t h e  p h o s p h o r e s c e n t  l i gh t  o u t p u t  of t he  
p h o s p h o r  as a func t ion  of t ime,  t he  t e m p e r a t u r e  r e -  
m a i n i n g  cons tan t .  

In  the  p r e s e n t  i n v e s t i g a t i o n  a p r o b l e m  a rose  in  
t ha t  i m p i n g i n g  ions w i t h  e n e r g i e s  of the  o r d e r  of 10 
kev  do not  p e n e t r a t e  the  c r y s t a l  suf f ic ient ly  so t h a t  
changes  can  be  o b s e r v e d  b y  the  use  of g low curves .  
This  is because  in  the  e x c i t a t i o n  w h i c h  p r e c e d e s  the  
w a r m i n g  in a g low  c u r v e  m e a s u r e m e n t ,  t he  p h o s -  
p h o r  is m a i n t a i n e d  fo r  a t  l e a s t  s e v e r a l  m i n u t e s  u n d e r  
u.v. r a d i a t i on ,  a n d  t r a p s  a r e  f i l led as  d e e p l y  in to  t h e  
c r y s t a l  as the  u.v. can  p e n e t r a t e .  G l o w  c u r v e  m e a s -  
u r e m e n t s  a r e  t h e n  e s s e n t i a l l y  t he  d e t e r m i n a t i o n  of 
t r a p  d i s t r i b u t i o n s  t h r o u g h o u t  t h e  v o l u m e  of t he  c r y s -  
tal .  A n y  change ,  t he re fo re ,  in the  d i s t r i b u t i o n  of 
t r a p s  in the  su r f ace  wi l l  be  l a r g e l y  m a s k e d  b y  the  
r e sponse  of t he  r e m a i n d e r  of t he  c r y s t a l  w h i c h  has  
no t  been  d a m a g e d .  

Y o u n g  (4)  has  shown  t h a t  t he  d e t e r i o r a t i o n  of the  
p h o s p h o r  l ies in  a v e r y  t h in  su r f ace  l aye r ,  i t s  t h i c k -  
ness  be ing  of t he  o r d e r  of 0.1~ for  b o m b a r d m e n t  b y  
ions of ene rg ie s  in  the  o r d e r  of 10 kev .  S ince  the  
p h o s p h o r  c r y s t a l s  o r d i n a r i l y  used  in  t e l ev i s ion  
sc reens  h a v e  d i a m e t e r s  of a b o u t  10~, the  v o l u m e  of 
the  l a y e r  is t he  o r d e r  of 1% of the  v o l u m e  of t he  
c rys ta l s ,  and  for  th is  r e a s o n  ion b o m b a r d m e n t  b y  
ions, t he  ene rg ie s  of w h i c h  a r e  in t h e  o r d e r  of 10 
key ,  does  no t  affect  g low curves  of t he  p h o s p h o r s  
a p p r e c i a b l y .  

H o w e v e r ,  i t  was  o b s e r v e d  t ha t  a p h o s p h o r  d a m -  
aged  b y  ion b o m b a r d m e n t  e x h i b i t s  i n c r e a s e d  p h o s -  
p h o r e s c e n c e  w h e n  i r r a d i a t e d  b y  low i n t e n s i t y  u.v. 
for  t imes  in t he  o r d e r  of h u n d r e d t h s  of a second.  This  
is be c a use  the  e xc i t a t i on  is on ly  suff icient  to fill t r a p s  
on the  su r face  of the  p h o s p h o r  c rys ta l ,  a n d  such  s u r -  
face  t r a p s  a r e  f i l led p r e f e r e n t i a l l y .  This  o b s e r v a t i o n  
l ed  to a t e c h n i q u e  in w h i c h  o b s e r v a t i o n s  of t he  d e c a y  
c h a r a c t e r i s t i c s  y i e l d  i n f o r m a t i o n  c onc e rn in g  the  
t r a p  d i s t r i bu t i on .  

Theory ~or Decay Measurements 
Le t  P be the  p r o b a b i l i t y  t h a t  a ho le  in a s ingle  

t r a p p i n g  leve l  of d e p t h  E wi l l  escape,  then ,  

w h e r e  t~ is the  d e c a y  t ime,  i.e., the  t i m e  for  the  n u m -  
b e r  of holes  in a t r a p p i n g  l eve l  to r e d u c e  to 1 /e  of 
i ts v a l u e  at  cutoff, E is the  t r a p  dep th ,  k is B o l t z -  
m a n n ' s  cons tan t ,  T is t h e  t e m p e r a t u r e  in  degrees  
K e lv in ,  a n d  G is a c o n s t a n t  of  t h e  o r d e r  of 108 g iven  
b y  R a n d a l l  and  W i l k i n s  (10)  and  r e p r e s e n t s  t h e  
v i b r a t i o n  f r e q u e n c y  of an  a t o m  in t h e  l a t t i c e  (10 TM 

v i b . / s e c )  m u l t i p l i e d  b y  the  p r o b a b i l i t y  t h a t  a ho le  in  
a t r a p p i n g  s t a t e  h a v i n g  r e c e i v e d  enough  e n e r g y  f rom 
the  l a t t i c e  to u n d e r g o  a t r a n s i t i o n  to t h e  v a l e n c e  b a n d  

wi l l  do so. 
F i g u r e  1 shows  a p lo t  of p~/p~o vs. t ime ,  w h e r e  pr  

is t he  d e n s i t y  of holes  in t r a p s  a t  a n y  t ime ,  a n d  p~o is 
t he  d e n s i t y  of holes  in  th is  t r a p p i n g  l eve l  a t  cutoff. 
The  o b s e r v e d  v i s ib le  l ight ,  I, is p r o p o r t i o n a l  to t he  
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TIME (MILLISECONDS} 

Fig, 1. PT/P,ro vs. t ime fo r  var ious tempera tures  

r a t e  o f  c h a n g e  o f  p~  w i t h  r e s p e c t  t o  t i m e ,  o r  i s  p r o -  

p o r t i o n a l  to the slope of the pJp~o vs. t ime  curve.  If 
m e a s u r e m e n t s  are m a d e  at  a p a r t i c u l a r  t ime,  say  5 
msec af ter  cutoff, i t  can  be seen t ha t  the  m a x i m u m  
slope occurs at ne i t he r  a h igh  nor  a low t e m p e r a t u r e ,  
bu t  somewhere  be tween .  Locat ion  of the  t e m p e r a -  
t u r e  at  which  a peak  occurs can be done in  the  fol-  
l owing  way :  

If  we consider  a s ingle  t r a p p i n g  level  of dep th  E, 
t hen  f rom Eq. [ 1 ] 

P ' = P ~ ~  E--~)] [2] 

The l ight  ou tpu t  I due  to this s ing le  t r a p p i n g  level  
as a f unc t i on  of t ime  a f te r  cutoff is equa l  to 

I = V  OP" - -S { [~,,. Gtexp(  - E 0, " ~ 1 7 6  § 

[ 3 ]  

where  V and  S are p ropor t iona l i t y  constants .  
I wi l l  be a m a x i m u m  va lue  w h e n  

OTO--II = O= Uproexp - -  + G t e x p ( - -  

.~ kT--- T -  Gt exp --~- ~ [4] 
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Fig. 2. I vs. tempera tu re  o t  5 .0  msec 

t h a n  at low t empera tu re s .  
I t  is i n t e re s t ing  to compare  Eq. [5] w i th  the  resul ts  

ob ta ined  by  R a n d a l l  and  Wi lk ins  (10) .  If, in  pe r -  
fo rming  a glow curve  expe r imen t ,  the r i s ing  in  t e m -  
p e r a t u r e  is s u d d e n l y  s topped at  a glow curve  peak,  
t hen  the vis ib le  l ight,  accord ing  to R a n d a l l  a n d  Wi l -  
kins,  wi l l  be emi t ted ,  bu t  wi l l  decay to 1 /e  of its 
va lue  in  a ce r t a in  a m o u n t  of t ime  in  the  order  of 10 
sec. S u b s t i t u t i n g  t = 10 sec in  Eq. [5], we  have  

E = (2.3 loglo 10 S) (10 kT) 

E = (2.3) (9 kT) = 20.7 kT [7] 

or a lmost  exac t ly  the  f o r m u l a  g iven  by  R a nda l l  and  
Wilkins .  

If, d u r i n g  exci ta t ion,  u.v. l ight  i r rad ia tes  the  phos-  
phor  for an  a m o u n t  of t ime  sufficient to a l low the  
emi t t ed  l igh t  to reach  a cons t an t  va lue ,  a n  e q u i l i b -  
r i u m  exists  b e t w e e n  the  holes  in  the t raps  a nd  the  
holes in  the  va lence  band ,  t h a t  is to say, the  n u m b e r  
of holes e n t e r i n g  the t raps  m u s t  equa l  the  n u m b e r  
of holes which  a re  t h e r m a l l y  e jec ted f rom the  traps.  
This can be expressed  by  the fo l lowing equa t ion ,  
which  should be va l id  if we consider  on ly  one t r a p -  
p ing  level  at cutoff. 

[ ( pb (z--  p~.o) = p,r~ G exp kT  [8] 

where  p is the dens i ty  of holes in  the va lence  band ,  r 
is the  dens i ty  of t raps,  PT~ is the  de ns i t y  of holes in  
the t raps  at cutoff, ( r - - p ~ ~  is the dens i ty  of emp ty  
traps,  and  b is a cons t an t  r e p r e s e n t i n g  the  p roduc t  
of the  cap tu re  cross section of a t rap  a nd  the  veloci ty  
of a hole in  the va lence  band .  

Solv ing  for p~o 
T 

p~o ~ [9] [ex ( 1 pb - -  

showing  tha t  at cutoff p~o is p ropor t iona l  to the  n u m -  
ber  of t raps.  S ince  according  to Eq. [3] ,  I is p ropor -  
t iona l  to p~o t hen  it also, by  Eq. [9] is p ropor t iona l  
to ~-, the dens i ty  of t raps.  

I t  is obvious tha t  by  p lo t t ing  I vs. t empera tu re ,  
where  m e a s u r e m e n t s  are made  5 msec af ter  cutoff, 
a cu rve  possessing peaks should  be ob ta ined  f rom 
Eq. [6]. The he igh t  of a peak  should give a q u a l i t a -  
t ive i nd i ca t ion  of the  dens i ty  of t raps  at  a pa r t i cu l a r  
t r a p p i n g  level,  according to Eq. [9]. Since the  

o~ where  U is a p ropor t iona l i t y  cons tant .  
.~e~= r  - ) t 

, O ~  I exp 

Hence  a peak  occurs at  
E = (log Gt) kT  = 2.3 (loglo Gt) kT [5] 

3so.~ Thus  if m e a s u r e m e n t s  are  m a d e  5 msec af ter  cu t -  
off, I wi l l  be a m a x i m u m ,  or a peak  should  occur a t  

o.~ E ~ 13.1 kT [6] 
f I LESS THAN Pr _ I MAXIMUM MAXIMUM SLOPE 

PTO SLOPE Figu re  2 is a p lo t  of I vs. T as a r e su l t  of holes 
- t r a ppe d  at a s ingle  t r a p p i n g  level  of dep th  a r b i t r a r -  

i ly  chosen to be 0.35 ev. I t  should  be no ted  tha t  the 
- ~,,. K cu rve  peaks  r a t h e r  sha rp ly  at  its m a x i m u m  po in t  and  

I I L also tha t  it is no t  comple te ly  s y m m e t r i c a l  in  tha t  it  
, 2 s �9 , s T s , ,o app ioaches  zero m u c h  fas ter  at h igh t e m p e r a t u r e s  
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heights  of the peaks  can  at best  on ly  be compared  
q u a l i t a t i v e l y  and  since the  efficiency of the phosphor  
decreases m a r k e d l y  at  h igher  t empera tu re s ,  it  was  
decided to m e a s u r e  I/Io i n s t ead  of I, whe re  Io is the 
vis ib le  l ight  o u t p u t  of the phosphor  at  cutoff. The  
I/Io vs. t e m p e r a t u r e  curves  therefore  should  be s imi -  
lar  to glow curves  except  tha t  there  should  be a shift  
in  the  pos i t ion  of the peaks.  The a m o u n t  of such shift  
can be ob t a ined  by  d iv id ing  Eq. [6] by  Eq. [8] 

Ti/io 
- -  - 1 . 5 8  [ 1 0 ]  

T<, 

Thus  peaks  d e t e r m i n e d  by  the decay me thod  should  
be at t e m p e r a t u r e s  abou t  60% h igher  t h a n  those 
f rom glow curves.  

Since ion damage  occurs ve ry  n e a r  the  surface  of 
phosphor  crystals,  it is of i m p o r t a n c e  tha t  a m e t h o d  
be u t i l ized which  measu res  on ly  surface  effects. In  
the me thod  of glow curves,  every  effort m u s t  be 
made  to sa tu ra t e  all  of the  t raps  as deeply  in to  the  
crysta ls  as possible in  order  tha t  the glow wi l l  con-  
sist of a m e a s u r a b l e  a m o u n t  of l ight.  If, however ,  
I/Io m e a s u r e m e n t s  are  made,  w e a k  u.v. can be used, 
and  a l lowed to fal l  onto the  phosphor  for a smal l  
a m o u n t  of t ime,  so tha t  on ly  surface  t raps  are p re f -  
e r en t i a l l y  filled d u r i n g  i r r ad i a t i on  and  can be de-  
tected d u r i n g  decay. 

The above de r iva t i on  assumed only  first o rder  
kinet ics ,  i.e., r e t r a p p i n g  is no t  considered.  The  reason  
for this  is tha t  the re  is no way  of d e t e r m i n i n g  the  
rat io of the  n u m b e r  of filled t raps  to the  total  n u m b e r  
of t raps  for any  t r ap  dep th  at cutoff (po/r) ,  s ince the  
phosphor  is flashed wi th  u l t r av io l e t  for a br ief  per iod  
of t ime  and  the t raps  are no t  sa tura ted .  Also (po/r 
is no t  cons t an t  at  all  d is tances  f rom the  sur face  of 
the  crystal ,  and  an  average  va lue  of (po/r) would  
r equ i r e  i n f o r m a t i o n  not  ava i lab le  at the p re sen t  
wr i t ing .  

P r o c e d u r e  

Description of Phosphor Used 

The ZnS  phosphor  was  p rov ided  by  the G e n e r a l  
Electr ic  C o m p a n y  and  was  the  b lue  c o m p o n e n t  of 
phosphor  used for the l u m i n e s c e n t  screens in  ear l ie r  
te lev is ion  tubes.  This  phosphor  con ta ined  0.015% 
chlor ine  b y  weight ,  0.015% sodium by  weight ,  and  
0.04% ZnO by  weight .  The average  par t ic le  size was 
9~. The phosphor  con ta ined  0.05% si lver  by  we igh t  
as act ivator ,  which  was  i n t roduced  in to  the crys ta l  
w i th  a sod ium chlor ide flux ( a m o u n t s  of r e t a i n e d  
sod ium and  ch lor ine  l is ted above)  by  hea t ing  to 
about  1000~ for abou t  a hal f  hour .  The phosphor  
was  e x a m i n e d  by  s t a n d a r d  x - r a y  di f f ract ion methods  
and  found  to be comple te ly  hexagonal .  

The phosphor  was  wa t e r  set t led to a th ickness  of 
0.01 g / c m  ~ on a l u m i n u m  slides 20 mi ls  thick, m e a s u r -  
ing  15 x 30 mm.  P rev ious  to set t l ing,  the  slides a nd  
the  beaker s  used were  ca re fu l ly  boi led in de t e rgen t  
and  r insed  severa l  t imes  in  doub ly  dis t i l led  water .  
The  wa t e r  used for se t t l ing  was also doub ly  dist i l led.  

Description of Equipment Used for Ion Bombardment 
The ion b o m b a r d m e n t  e q u i p m e n t  is shown  in  

Fig. 3. The m a i n  pa r t  of the  bel l  j a r  can be m a i n -  
t a ined  a t  a r e l a t i ve ly  h igh v a c u u m  (10 -' m m  or 
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Fig. 3. Apporotus for bornbordincj phosphors with ions 

be t t e r ) ,  and  the smal l  d ischarge  c h a m b e r  can be 
m a i n t a i n e d  at  abou t  20~. 

The cen te r  suppor t  of the  sys tem is a l eng th  of 
he a vy  cane  glass, and  all  e lectr ical  connec t ions  are 
fas tened  to the  cane  by  m e a n s  of r i ng  s t and  clamps.  

The o u t p u t  of a 30-kv  power  supp ly  is appl ied  
across a s t r ing  of 30, 1 - m e g o h m  resistors.  The  posi-  
t ive end  of the  s t r ing  is g r o u n d e d  a nd  the nega t ive  
end  of the  s t r ing  is connec ted  to the  bo t tom pla te  of 
the d ischarge  chamber .  A cen te r  tap  is connec ted  
th rough  a 10 m e g o h m  resis tor  to the top p la te  of the 
d ischarge  chamber .  

Wi th  the p ressure  at  20~ and  a vol tage  appl ied  to 
the top and  bo t tom pla tes  of the  d ischarge  chamber ,  
a d ischarge  resu l t s  caus ing  posi t ive  ions to be  p ro -  
duced. The  electr ic  field b e t w e e n  the pla tes  causes 
the  ions to be acce lera ted  upwards .  A 1/2-in. hole, 
d r i l l ed  in  the top p la te  of the  c h a m b e r  is covered by  
a piece of 5 - mi l  th ick  t a n t a l u m  in  which  a 12-mi l  
hole is dri l led.  Ions, p roduced  in  the  chamber ,  pass 
t h rough  the hole and  are acce lera ted  by  the  electric 
field in  the space b e t w e e n  the  top p la te  of the  c h a m -  
ber  and  the n e x t  plate,  wh ich  is a t  g round  potent ia l .  
I m m e d i a t e l y  above this p la te  is a t h in  sheet  of a lu -  
m i n u m ,  10-mils  thick,  in  the  midd le  of which  is 
d r i l l ed  an  a p e r t u r e  11/2 m m  in  d i ame te r  for the  p u r -  
pose of con t ro l l ing  the  d i a m e t e r  of the  beam.  As an  
aid to l i n i n g  up the appara tus ,  the pos i t ion  of this  
ape r tu r e  can be  cont ro l led  f rom outs ide of the  bel l  
j a r  by  m e a n s  of a me t a l  bel lows.  

The ions proceed u p w a r d  t h r ough  two sets of 
pa ra l l e l  plates,  a r r a n g e d  so tha t  one set of p la tes  is 
p e r p e n d i c u l a r  to the other,  b u t  wi th  one pa i r  dis-  
p laced l a t e ra l ly  to a l low r e m o v a l  of n e u t r a l  par t ic les .  
The electr ic  field b e t w e e n  these plates  controls  the 
l a t e ra l  pos i t ion  of the b e a m  at  all  t imes,  as vol tages  
of f rom 0 to 10,000 v can be appl ied  to one p la te  of 
each set, the o ther  r e m a i n i n g  at g round  potent ia l .  
Sweep  vol tages  of 3 and  1/10 cps are used. The s am-  
ple is m o u n t e d  w i th  the  phosphor  facing d o w n w a r d  
or t oward  the beam.  The sample  ho lder  a nd  sample  
are opera ted  at --22.5 v w h e n  the  beam,  a imed  in to  
the  hole  of the F a r a d a y  cage, is be i ng  m e a s u r e d  in  
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order  to r e t a rd  the emiss ion  of secondary  e lec t rons  
f rom the  ins ide  of the F a r a d a y  cage, b u t  are opera ted  
at g round  po ten t i a l  w h e n  the b e a m  is b o m b a r d i n g  
the sample.  

Apparatus for measuring amount of fluorescent 
light emitted by the phosphor a]ter a given amount 
of time.--This appa ra tu s  is shown in  Fig. 4. The  u.v. 
r ad i a t i on  is p roduced  by  the  s t a n d a r d  B e c k m a n  u.v. 
accessory ki t  which  is i n t e n d e d  for use w i th  the  
B e c k m a n  DU spec t rophotometer .  This  source is a 
h y d r o g e n  arc which  is r ich in  u.v. at  al l  wave  l eng ths  
f rom 2000 to 4000A. 

F i r s t  the  l ight  is passed th rough  a Corn ing  9863 
filter which  passes most  of the  u.v. emi t t ed  by  the  
h y d r o g e n  arc, bu t  cuts out  the vis ib le  l ight.  The  l ight  
t hen  is passed th rough  a n a r r o w  slit, which  can be 
var ied  in  width .  Next,  the  b e a m  is chopped by  a 
whee l  r o t a t i ng  at abou t  25 rps, so tha t  u.v. l ight  
passes for 20 msec and  is cut  off for an  equa l  a m o u n t  
of t ime. The  t ime  r e q u i r e d  for the i n t ens i t y  of the 
u.v. to reduce  to a neg l ig ib le  va lue  is m e a s u r e d  by  
us ing  a pho tomu l t i p l i e r  t ube  and  an  oscilloscope. This  
t ime  is less t h a n  50 ~sec, which  is 1% of the  t ime  
d u r i n g  which  the m e a s u r e m e n t s  were  made.  The  
chopped b e a m  passes t h rough  a qua r t z  w i n d o w  into  a 
chambe r  m a i n t a i n e d  at  f o r e p u m p  v a c u u m  and  onto 
the phosphor  sample  which  is p laced at  a 45 ~ angle  
to the beam.  

The sample  is so a r r a n g e d  tha t  its t e m p e r a t u r e  can 
be va r i ed  f rom --150 ~ to + 2 0 0 ~  and  is in  a v a c u u m  
in order  to avoid the  fo rma t ion  of frost  on the s am-  
ple w h e n  at low t empera tu res .  Al l  t e m p e r a t u r e s  are 
m e a s u r e d  us ing  a c o p p e r - c o n s t a n t a n  the rmocoup le  
and  a L&N the rmocoup le  po ten t iomete r .  Mel t ing  ice 
is used as a t e m p e r a t u r e  re fe rence  junc t ion .  The  
emi t t ed  v is ib le  l ight  f rom the  phosphor  is collected 
by  a lens  w i t h i n  the  v a c u u m  chamber ,  t r a n s m i t t e d  
t h rough  the glass window,  and  converged  by  a sec- 
ond lens onto an  RCA 1P22 pho tomu l t i p l i e r  tube .  
The electr ical  s ignal  f rom the pho tomu l t i p l i e r  t u b e  
is appl ied  w i th  ampl i f ica t ion  to the ver t i ca l  p la tes  of 
an  oscilloscope. 

The chopping  wheel  car r ied  a smal l  me t a l  p ro -  
tzus ion so a r r a n g e d  tha t  a t  the t ime  of u.v. l ight  cu t -  
off an  electr ical  contac t  is m a d e  wi th  two wires,  thus  
t r igge r ing  a T e k t r o n i x  #162 wave  form genera tor .  
The  wave  fo rm gene ra to r  gives a square  pulse  5 msec 
in  d u r a t i o n  eve ry  t ime  it  is t r iggered.  This  pulse  is 
t hen  appl ied  to the  hor izon ta l  p la tes  of the  oscil lo- 
scope. 

The p a t t e r n  on the screen of the oscilloscope con-  
sists of two ver t ica l  l ines.  The  ver t ica l  deflection is 
d e p e n d e n t  on the l ight  ou tpu t  of the phosphor .  The  
first ver t ica l  l ine  indicates  the  l ight  ou tpu t  u n d e r  
u.v. i r rad ia t ion .  The second, displaced to the  r ight ,  
gives the  l ight  ou tpu t  d u r i n g  the  5 msec pulse.  By 
se t t ing  the ver t i ca l  ampl i f ier  of the oscilloscope so 
tha t  top t e r m i n a t i o n  of the  first ver t ica l  l ine  is at 100 
on the  screen scale and  so tha t  the b e a m  is a zero 
w h e n  no u.v. l ight  shines  on the phosphor ,  the t e r m i -  
n a t i o n  of the second l ine  i m m e d i a t e l y  gives the pe r -  
centage  of l ight  emi t t ed  f rom the  phosphor  5 msec 
af ter  cutoff. 

I t  was  necessa ry  to in su re  tha t  the u.v. l ight  fa l l -  
ing on the  phosphor  was  cons tan t  and  equa l  for all  
samples  measured .  Before and  af ter  each run ,  a 
pho to tube  was placed in  the v a c u u m  c h a m b e r  at the 
exact  po in t  where  the phosphor  was placed d u r i n g  a 
run ,  and  i t  was found  that ,  if a h a l f - h o u r  w a r m u p  
was al lowed,  the l ight  ou tpu t  n e v e r  va r i ed  more  
t h a n  1%. 

Ion-burning of samptes.--With the  sample  in  place 
and  the  sys tem evacuated ,  po ten t ia l s  are appl ied  to 
create  the ion beam.  This is deflected into the F a r a -  
day cage for c u r r e n t  m e a s u r e m e n t ,  a f ter  which  the 
sweep vol tages  are appl ied  to the deflect ion plates,  
so tha t  the b e a m  n o w  traces  a square  ras te r  on the  
phosphor  sample.  B o m b a r d m e n t  is a l lowed to con-  
t i nue  for a l eng th  of t ime  d e p e n d e n t  on the n u m b e r  
of par t ic les  per  square  cen t ime te r  desired. 

The b e a m  is red i rec ted  in to  the F a r a d a y  cage for a 
check on in tens i ty .  The b e a m  c u r r e n t  is a s sumed  to 
be cons tan t  t h r o u g h o u t  the b o m b a r d m e n t  if the  
m e a s u r e m e n t s  made  before  and  af ter  b o m b a r d m e n t  
are equal .  

The s ample  is then  examinee] u n d e r  u.v. l ight  and  
the unaffec ted  por t ion,  which  fluoresces b r igh te r  
t h a n  the  affected part ,  is scraped off. The  ba re  a lu -  
m i n u m  is pa in t ed  w i th  aquadag  to r educe  reflected 
u.v. l ight.  The a rea  of the  affected por t ion  is meas -  
u r ed  so tha t  w i th  m e a s u r e m e n t s  of b e a m  c u r r e n t  and  
t ime  of b o m b a r d m e n t ,  the  dens i ty  of par t ic les  per  
square  cen t ime te r  can  be computed .  

Measurements.--With the  samples  in  p lace  the  
c h a m b e r  is evacua ted  and  the sample  is cooled to 
- -150~ by  pou r i ng  l iqu id  n i t r o g e n  into the  reservoi r  
The chopping  whee l  is t hen  ro ta ted  at  abou t  25 rps, 
and  the t r iggered  pulse  gene ra to r  is act ivated.  

The  hea te r  coils are ac t iva ted  t hen  so t ha t  the  
t e m p e r a t u r e  of the sample  increases  at  no more  t h a n  
4~  This  is sufficiently s low so tha t  glow curve  
effects can be neglected.  The t e m p e r a t u r e  is meas -  
u red  at all  t imes  w i th  the  the rmocoup le  po ten t io -  
m e t e r  and  m e a s u r e m e n t s  of I/Io are  m a d e  eve ry  0.25 
inv. This a m o u n t s  to t ak ing  a m e a s u r e m e n t  every  
10~ at low t e m p e r a t u r e s  and  every  4~ at  h igh 
t empera tu res .  
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E x p e r i m e n t a l  Results 

T h e  c u r v e s  s h o w n  i n  F i g .  5 r e p r e s e n t  ! / I o  m e a s u r e -  
m e n t s  made  on Z n S : A g  phosphor  w h i c h  had been  
p r e v i o u s l y  bombarded  by  12 k v  ions of Ar +. 

There  are s ignif icant differences  in the I/Io VS. 
t emperature  curves  for v a r y i n g  degrees  of ion b o m -  
bardment .  Whereas  the  dif ference in I/Io is as m u c h  
as 12% for some temperatures ,  it does not a l w a y s  
appear to be signif icant,  due  to the large  n e g a t i v e  
s lope of these  curves .  For this  reason the I/Io vs.  
t emperature  curve  for the  u n b o m b a r d e d  phosphor  
was  subtracted from the  I/Io curve  for the  b o m -  
barded phosphor.  In this  way ,  it wa s  poss ible  to e m -  
phas ize  the  difference in the decay  as a resul t  of 
bombardment .  The  dif ference curves  are s h o w n  in 
Fig. 6 for argon b o m b a r d m e n t ;  Fig.  7 and 8 s h o w  
s imi lar  dif ference curves  for samples  w h i c h  had been  
bombarded  w i t h  H, + and O~ + ions. 
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In the I/Io vs. t emperature  curve  for the  s tandard 
u n b o m b a r d e d  phosphor,  it is observed  that  a peak  
exis ts  at 250~ Since  this  is the  l owes t  observable  
peak,  it is a s su med  to be due to the trapping  l eve l  
represented by  the  g low curve  peak  at - - 120~  or 
153~ This  mean s  that  e x p e r i m e n t a l l y  the  ratio 

Tri~ o 2 5 0  ~ 
. . . .  1.63 [11] 
To 153 ~ 

which agrees very closely with Eq. [10], where the 
ratio is 1.58. This discrepancy of about 3% is perhaps 
explained by retrapping or second order kinetics. 
Since the saturation of traps in this decay method 
is not attempted, one would expect the percentage of 
unfilled traps to be higher than that encountered in 
glow curve measurements. Therefore, the probability 
of trapping would be somewhat larger since holes 
excited to the valence band would encounter a 
greater number of empty traps in which to be 
trapped. In general the retrapping effect shifts the 
peak to higher temperatures, as holes which are re- 
trapped on the low temperature side of the peak 
predicted by first order theory do not recombine 
with electrons at centers to emit visible light. Also 
on the high temperature side of the peak predicted 
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by  first order  theory,  the  p r o b a b i l i t y  of holes be ing  
t h e r m a l l y  e jected f rom t raps  becomes v e r y  large  
since it is an  exponen t i a l  func t ion  of t empe ra tu r e ,  
whereas  the p robab i l i t y  of r e c o m b i n a t i o n  w i th  e mp t y  
t raps  is on ly  p ropor t iona l  to the  n u m b e r  of e m p t y  
traps.  Accord ing ly  the  va lue  of I/Io at t e m p e r a t u r e s  
be low the  peak  pred ic ted  by  first order  theory  should  
be reduced  and  at t e m p e r a t u r e s  above the peak  p re -  
dicted by  first order  theory,  I/Io should  r e m a i n  abou t  
the same. In  this way  r e t r a p p i n g  wi l l  t end  to cause a 
peak to shif t  s l ight ly  to the h igher  t empe ra tu r e .  

F r o m  the  I/Io difference vs. t e m p e r a t u r e  curves,  
Fig. 6-8, one can conclude  the fo l lowing:  

1. In  general ,  the heights  of the  I/Io difference 
vs. t e m p e r a t u r e  curves  a re  d e p e n d e n t  on the  degrees 
of b o m b a r d m e n t .  It  appears  tha t  smal l  ion exposures  
are ve ry  efficient in  c rea t ing  traps,  whereas  inc reased  
ion exposures  y ie ld  d i m i n i s h i n g  changes  in  the I/Io 
difference vs. t e m p e r a t u r e  curves.  There  is an  ap-  
p a r e n t  s a tu ra t ion  of t raps  at  this  depth.  

2. Al l  I/Io difference vs. t e m p e r a t u r e  curves  show 
two peaks, located at 230 ~ and  290~ t h a t  are 
equa l ly  d i s t an t  f rom the  250~ peak  in  the  I/Io vs. 
t e m p e r a t u r e  curve.  The closeness of these two peaks  
to the 250~ peak indica tes  tha t  possibly  the  ne w  
t raps  at these two levels  are  re la ted  to the  250~ 
peak.  If b o m b a r d m e n t  by  ions had  only  increased  
the popu la t i on  in  the  t r a p p i n g  level  r ep re sen t ed  by  
the 250~ peak, t hen  the  I/Io difference vs. t e m p e r a -  
tu re  curve  would  have  shown a s ingle  peak  at  250~ 
However ,  if the b o m b a r d m e n t  had  p roduced  n e w  
t r a p p i n g  levels  no t  on ly  at the discrete  t r ap  dep th  
r ep resen ted  by  the  250~ peak  bu t  also at  levels  
s l ight ly  g rea te r  and  smal l e r  in  depth ,  t h e n  the  differ-  
ence curve  would  show two peaks  on e i ther  s ide of 
250~ This  was observed.  

It  is ev iden t  tha t  t raps  at a dep th  of 0.28 ev which  
are r ep resen ted  in  the I/Io vs. t e m p e r a t u r e  curve  by  
a peak  at 250~ are no t  on ly  increased  in  n u m b e r ,  
since the he ight  of the  I/Io vs. t e m p e r a t u r e  curve  
was shown  in  Eq. [9] to be p ropor t iona l  to the  n u m -  
ber  of t raps  at a p a r t i c u l a r  level ,  bu t  also, fo l lowing  
b o m b a r d m e n t ,  t raps  exist  at depths  s l ight ly  grea te r  
and  s l ight ly  less t h a n  0.28 ev. 

This  is not  in  a g r e e m e n t  wi th  work  by  M a r t i n  (8) 
who found  tha t  this  t r a p p i n g  level  in  Z n S : A g  was 
decreased r a the r  t h a n  increased  by  ion b o m b a r d -  
ment .  He used 45 key  h y d r o g e n  ions and  m e a s u r e d  
t rap  d i s t r i bu t ion  by  use of glow curves.  

3. In  all  of the  I/Io difference vs. t e m p e r a t u r e  
curves,  ano the r  la rge  peak  appeared  a t  a somewha t  
h igher  t empe ra tu r e .  As can be seen in  Fig. 6-8, this  
was  d e p e n d e n t  on the ion used for b o m b a r d m e n t ,  as 
the peak  in  the  a rgon  curves  was  a t  315~ in  the 
h y d r o g e n  curves  at 330~ and  in  the  oxygen  curves  
at  345~ co r re spond ing  to t rap  depths  of 0.37, 0.38, 
and  0.39 ev, respect ively .  

I t  is i n t e re s t ing  to no te  tha t  the d is t inc t  oxygen  
peak a 345~ cor responded  a lmost  exac t ly  to the  
pred ic ted  second peak  at 344~ A l t h o u g h  this  cer-  

t a i n l y  is no t  conclus ive  evidence,  it  is c lear ly  ind ica -  
t ive tha t  this  t r ap  depth  of 0.39 ev mi gh t  be caused 
by oxygen  in  the Z n S : A g  crys ta l  r ep lac ing  su l fu r  in  
the  la t t ice  e i ther  s u b s t i t u t i o n a l l y  or in te rs t i t i a l ly .  

4. Values  of I/Io were  increased  at low t e m p e r a -  
tures  as a resu l t  of ion b o m b a r d m e n t .  This  migh t  i n -  
dicate  t r a p p i n g  levels  of depths  be low 0.28 ev, bu t  
such have  not  been  repor ted  p rev ious ly  in  the  l i t e r a -  
ture.  Such va lues  of I/Io, which  at  low t e m p e r a t u r e s  
are cons tan t  wi th  respect  to t empe ra tu r e ,  bu t  which  
increase  as a resu l t  of ion b o m b a r d m e n t ,  m a y  be 
exp la ined  in  two di f ferent  ways.  

Firs t ,  it is possible to assume that ,  s ince surfaces 
are be ing  s tudied,  o ther  t r a p p i n g  levels  can exist  and  
these can have  a depth  d i s t r i bu t i on  wh ich  is con-  
stant .  This  a s sumpt ion  appears  u n l i k e l y  as t raps  are 
associated wi th  p a r t i c u l a r  k inds  of imper fec t ions  in  
the la t t ice  and  would  be p r e f e r e n t i a l l y  located at 
p a r t i c u l a r  levels.  

Second, it  should be no ted  tha t  the  theore t ica l  
cu rve  of I vs. T in  Fig. 2 is no t  symmet r i ca l ,  bu t  has a 
ta i l  which  is s igni f icant ly  la rge  at  low t empera tu re s .  
I t  is possible  tha t  the  tai ls  of m a n y  of these  curves  
added together  give w h a t  appears  to be  a h igher  
va lue  of I /Io cons t an t  w i t h  respect  to t empe ra tu r e .  

If the des t ruc t ion  of l uminescence  is s imply  a 
m a t t e r  of p r oduc i ng  levels  b e t w e e n  the  va lence  b a n d  
and  the conduc t ion  b a n d  so tha t  r ad ia t ion less  or 
i n f r a r ed  emi t t i ng  t r ans i t ions  can take  place, t h e n  the 
n u m b e r  of pa ths  for the r e c o m b i n a t i o n  of e lect rons  
and  holes wi l l  be increased,  a nd  the t ime  t~ for  the  
dens i ty  of holes in  the  va lence  b a n d  to drop to 1/e  
of its in i t i a l  va lue  wil l  be decreased.  In  all  of the  
m e a s u r e m e n t s  made,  t~ was  a lways  observed  to i n -  
crease as a r e su l t  of ion b o m b a r d m e n t .  The  da ta  
ga thered  at low t e m p e r a t u r e s  ind ica te  tha t :  (a) 
these levels  were  no t  p roduced;  (b)  these levels  m a y  
be produced,  bu t  the i r  effect is ove rcompensa t ed  by  
the des t ruc t ion  of centers ;  and  (c) these levels  m a y  
be p roduced  b u t  the i r  effect is ove rcompensa t ed  by  
the  low t e m p e r a t u r e  ta i l  of the  curve  I vs. T, shown 
in  Eq. [2]. 

Manuscript  received June  11, 1958. This paper has 
been scheduled for presentat ion at the Phi ladelphia 
Meeting, May 3-7, 1959. The work on this paper was 
sponsored by the office of Ordnance Research, Depart-  
ment  of the Army. 

Any  discussion of this paper  will  appear in  a Discus- 
sion Section to be published in the December 1959 
JOURNAL. 
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Influence of Firing Conditions, Composition, and Screening Media 
on the Zeta Potentials of ZnS Phosphors as Related to Adherence 

to Glass Surfaces 
Boris Levy 1 

Electron Tube Division, Radio Corporation of America. Lancaster, Pennsylvania 

ABSTRACT 

Zeta potentials were de termined by the s t reaming potential  method as a 
funct ion of firing conditions, flux, activator, phosphor coating, and type and 
concentrat ion of screening media. The effect of these factors on adherence was 
determined by the jet  impingement  method. Positive zeta potentials were ob- 
tained in  Ba (Ac)2 solutions and in H20 dur ing all stages of phosphor prepara-  
t ion prior to the coating operation. Either positive or negative potentials are 
obtained with the finished phosphor depending on the type of coating used. 
F i r ing  conditions also have been found to be important  in de te rmin ing  the 
sign of the zeta potential.  A general  t rend toward enhanced wet adherence 
with decreasing negat ive zeta potential  and increasing positive zeta potential  
has been noted. 

The influence of electrolyte concentrat ion on the zeta potentials of ZnS 
powders was measured with solutions of the following materials:  Ba(Ac)~_, 
K2SiO~, Ba (Ac)~-K2SiO~ mixtures,  (NH~)~Cr.~OT, polyvinyl  alcohol, and mixtures  
of (NH,) ~Cr~.O.~ and polyvinyl  alcohol. 

Adhe rence  of a phosphor  to a glass facepla te  is one 
of the  i m p o r t a n t  factors  i nvo lved  in  the m a n u f a c t u r e  
of te lev is ion  tubes.  The phosphor  is c o m m o n l y  ap-  
pl ied to the glass by  e i ther  a se t t l ing  (1) or s l u r r y  
t echn ique  (2) .  Both methods  invo lve  the p r e p a r a t i o n  
of a phosphor  suspens ion  con t a in ing  water ,  an  elec-  
t rolyte ,  and  a b o n d i n g  agent,  bu t  the n a t u r e  of the  
e lec t ro ly te  and  b o n d i n g  agen t  differs for the  two 
methods.  Different  phosphors ,  or even  the s ame  
phosphor  h a n d l e d  in  s l ight ly  di f ferent  m a n n e r s  of ten  
have  wide  va r i a t ions  in  sc reen ing  proper t ies .  The  
concen t ra t ions  of e lec t ro ly te  and  b o n d i n g  agent  also 
have  m a r k e d  effects on screen character is t ics .  

Hazel  and  co -worke r s  have  d e m o n s t r a t e d  a cor-  
r e l a t ion  b e t w e e n  zeta or e lec t rokine t ic  po ten t i a l  and  
adhe rence  in  set t led screens (3-5) .  They  found  a de-  
crease in  the  m a g n i t u d e  of the zeta po ten t i a l  w i th  
inc reas ing  concen t r a t i on  of e i ther  Ba(Ac)2  or 
K~SiO3-Ba(Ac)~ mix tu res .  S imi la r  resul t s  were  ob-  
t a ined  w i th  powdered  glass. In  the  sys tems in  which  
the  po ten t i a l  of the phosphor  and  glass were  n e g a -  
tive, m e a s u r e m e n t s  of the adherence  of the phosphor  
to glass surfaces ind ica ted  e n h a n c e d  adhe rence  w i th  
a decrease  in  the m a g n i t u d e  of the  zeta potent ia l .  
The e x p l a n a t i o n  offered by  Hazel  was  tha t  the re -  
pu l s ive  forces b e t w e e n  the  two s imi l a r ly  charged  
surfaces  were  reduced,  t he r eby  g iv ing  the  si l icate a 
chance to b i n d  the phosphor  to the glass in  a more  
compact  ne twork .  

The  p resen t  s tudy  is an  ou tg rowth  of Hazel 's  work  
in  tha t  it  a t t empt s  to discover  the  factors of i m p o r -  
t ance  in  a phosphor  p r e p a r a t i o n  and  h a n d l i n g  tha t  
inf luence  the  e lect r ical  p roper t ies  of its surface.  To 

1 P r e s e n t  a d d r e s s :  l ~ad ia t ion  a n d  N u c l e o n i c s  Labora tory ,  Mater ia ls  
E n g i n e e r i n g  Depar tmen t s ,  Wes t inghouse  Electric Corporation,  En-  
g inee r ing  C e n t e r ,  East  P i t t sburgh ,  Pa.  

this end  s t r e a m i n g  po ten t i a l  e xpe r i me n t s  w e r e  pe r -  
fo rmed  at var ious  stages of phosphor  p r e p a r a t i o n  
and  u n d e r  a va r i e t y  of condi t ions  tha t  migh t  occur 
in  screen appl icat ion.  A t t e m p t s  were  m a d e  to cor-  
re la te  the resul ts  w i th  adherence  me a su r e me n t s .  

Experimental 
Materials.--Measurements are made  on e i ther  

commerc ia l  RCA phosphor  powders  or on special ly  
p r epa red  samples  as descr ibed  in Tab le  I. D e m i n -  
eral ized wa te r  is used in  the p r e p a r a t i o n  of all  solu-  
t ions used in the m e a s u r e m e n t s .  R e a g e n t - g r a d e  
Ba(Ac)~, KC1, a nd  (NH~)~Cr.~O7 are  used. The  po- 
t a ss ium sil icate solut ions  are p r epa red  f rom S y l v a n i a  
PS5 (0.96M K20-3.05M SiO~), and  the p o l y v i n y l  a l -  
cohol (PVA)  solut ions  are p r epa red  f rom du  P o n t  
E lvano l  #52-22.  

Apparatus . - -The  s t r e a m i n g - p o t e n t i a l  a ppa ra tu s  
used in  these e x p e r i m e n t s  combines  severa l  of the 
fea tures  used by  G a u d i n  and  F u e r s t e n a u  (10) and  
by  Hazel  and  his co -worke r s  (3-5) .  Ca lomel  elec- 
trodes, as used by  Hazel, are  employed  for most  of 
the  po ten t i a l  m e a s u r e m e n t s  w h e n  a L&N Type  K 
po ten t iome te r  and  g a l v a n o m e t e r  are used in  the 
m e a s u r i n g  circuit .  Pe r fo ra t ed  p l a t i n u m  electrodes,  
sealed to the ends of special ly  g round  24/40 s t a n d a r d  
t aper  joints ,  are  used for the  conduc t iv i ty  m e a s u r e -  
ments .  The jo in ts  are g round  in  such a w a y  tha t  a 
piece of filter paper  can be p laced  over  the  ends of 
the electrodes w i t hou t  i n t e r f e r i n g  w i th  the fit of 
the joints .  The filter paper  he lps  to confine the  pow-  
dered  sample  in  the  s t r e a m i n g  po ten t i a l  cell b e t w e e n  
the p l a t i n u m  electrodes.  W h e n  p r e p a r i n g  the s t r e a m -  
ing  po ten t i a l  cell one of the  24/40 jo in t s  is sealed 
w i th  Apiezon W w a x  and  a suspens ion  of powder  
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Table I. Streaming potential measurements in 5.8 x 10-~M Ba(Ac)~ 
and relative wet adherence measurements 

Experiments with firing conditions 

Table I. Streaming potential measurements in 5.8 x 10-4M Ba(Ac),~ 
and relative wet adherence measurements 

Experiments with firing conditions (Continued) 

Zeta  R e l a t i v e  
Test potential ,  w e t  
No. D e s c r i p t i o n  of s a m p l e  m v  adherence  

1 RCA 33-Z-10; ZnS prepared +13.1 1.3 
by ppt. from ZnSO, solution 
with H~S. Lot #1877 

2 RCA 33-Z-19 Lot #1869 +13.6 1.6 
3 RCA 33-Z-19 Lot #1784 +14.3 1.5 
4 RCA 33-Z-19 Lot #1869 fired --6.50 

in  H~S for 1 hr at 1000~ 
flushed with N~ 

5 Sample and firing as Test 4 --6.73 
6 RCA 33-Z-19 Lot #1869 fired +9.41 2.1 

in H~S for 1 hr  at 1000~ 
flushed with N~ 

7 Same sample and firing as +10.7 
Test 6 

8 RCA 33-Z-19 Lot #1869 fired --3.64 1.3 
in H~S for 1 hr at 1000~ 
flushed with N~ (more ex-  
tended N2 flushing than  with 
previous samples) 

9 Same sample and firing as --2.62 1.6 
Test 8 

10-/ RCA 33-Z-19 Lot #1869 fired --8.49 0.96 

I 
in H~S for 1 hr at 1000~ 
flushed with N~. Samples 
10-12 were fired in the same 

11 furnace simultaneously,  with --3.24 1.5 
Test 10 in the hottest region, 
Test 11 in the next  hottest, 
and Test 12 in the coolest 

12 region --2.89 1.6 
13 RCA 33-Z-19 Lot #1869 fired --3.53 

in H~S for 1 hr  at 975~ N~ 
for 1,2 hr at 975~ cooled 
in N~ 

14 RCA 33-Z-19 Lot #1869 fired +18.5 2.6 
in H~S for 1�89 hr  at 975~ 
cooled in H~S 

15 Fired same as Test 13 --4.62 1.8 
16 Fired same as Test 13, bu t  +4.43 3.3 

at l l00~ 
16a Fired same as Test 13, but  +13.1 1.3 

at l l00~ 
17 Repeat of Test 16 (new H~S --6.17 1.8 

cylinder)  
18 Fired same as Test 14, bu t  +6.09 2.5 

at l l00~ 
19 Star t ing mater ia l  Test 14, +12.7 1.8 

heated in vacuum furnace for 
2 hr at 160~ 

20 Star t ing mater ia l  Test 15, +2.28 1.8 
rinsed with dilute NH,OH, 
dried 

21 RCA 33-Z-19 Lot #1869 plus +16.9 1.8 
2% NaC1, no Ag, fired at 
975~ for 11/4 hr in air, cov- 
ered, washed with H,O 

22 RCA 33-Z-19 Lot #1869 plus +16.8 1.6 
2% NaC1 plus 0.015% Ag 
fired at 975~ for 1'/4 hr in 
air, covered, washed with 
H,O 

23 RCA 33-Z-19 Lot #1869 plus  +18.9 1.8 
4% NH,C1 plus 0.015% Ag 
fired at 975~ for 1'/4 hr in 
air, covered, washed with H,O 

24 RCA 33-Z-19 Lot #1869 plus +20.3 3.3 
2% CaCL plus 0.015'% Ag 
fired at 975~ for 11/4 hr  in 
air, covered, not washed 

25 RCA 33-Z-19 Lot #1869 plus +18.7 2.2 
4% NH, plus 0.015% Ag fired 
at 975~ for lY4 hr in air, 
covered, washed with H~O 

26 RCA 33-Z-19 Lot #1869 fired +24.9 1.9 
at 975~ for lY4 hr in air, 
open tube 

27 RCA 33-Z-19 Lot #1869 fired +16.3 1.6 
at 975~ for 1'/4 hr  in N~, 
cooled in  N~ 

Zeta  R e l a t i v e  
Tes t  p o t e n t i a l ,  w e t  
No. D e s c r i p t i o n  of s a m p l e  m v  adherence  

28 RCA 33-Z-19 Lot #1869 fired +25.1 2.2 
at 975~ for ll/a hr in air, 
flushed with N~ 

Experiments at various stages of phosphor preparation 

29 RCA Phosphor 33-Z-265, un -  +10.2 1.9 
coated, ZnS:0.015% Ag (100 
g) coated with 3 cc of 5% 
silicate* + 0.1 g ZnSO~ spe- 
cially prepared 

30 RCA Phosphor 33-Z-265, un -  --19.8 2.3 
coated, (100 g) coated with 5 
cc of 5% silicate* + 0.1 g 
ZnSO~ 

31 RCA Phosphor 33-Z-265, u n -  --31.4 2.7 
coated, (100 g) coated with 
15 cc of 5% silicate* + 0.1 g 
ZnSO~ 

32 RCA Phosphor 33-Z-265, --19.4 1.5 
s tandard product, (100 g) 
coated with 3 cc of 5% sili- 
cate* + 0.1 g ZnSO~ 

33 RCA Phosphor 33-Z-265, un -  Positive 2.2 
coated, with 0.5% ZnS in H~O 

34 RCA Phosphor 33-Z-265, u n -  Negative 2.3 
coated, coated with CaCdZn in  H20 
hydroxy apatite 

35 RCA Phosphor 33-Z-265, un -  +27.4 1.9 
coated, factory product 

36 RCA Phosphor 33-Z-285, --8.28 2.3 
ZnS:0.01% Ag coated with 
CaCdZn hydroxy apatite 

37 RCA Phosphor 33-Z-285, --23.0 1.2 
ZnS:0.01% Ag coated 0.1% 
Mg(BO~)~, 0.2% BaO, 0.2% 
SiO~ 

38 RCA 33-Z-285, ZnS: 0.01% Ag --13.7 2.6 
coated with 0.75% Mg(BO,)~, 
0.2% BaO, 0.2% SiO~ 

39 RCA 33-Z-386A, (ZnCd)S:  --3.38 4.1 
0.003% Ag coated with 
CaCdZn hydroxy apatite 

* 5% by  v o l u m e  s i l i ca te  so lu t i on  p r e p a r e d  f r o m  a s tock  s o l u t i o n  
containing 0.96M K~O and 3.05M SiO~. 

poured  into the  open end  of the cell. Suc t ion  is ap -  
pl ied in  order  to achieve a t ight  packing.  The  other  
e lect rode t hen  is sealed in to  place. Occasional ly ,  
w h e n  a pH me te r  or an  e lec t romete r  is used, the  
p l a t i n u m  electrodes are employed  for the  po ten t i a l  
m e a s u r e m e n t s .  

Experimental procedure.--In the s t r e a m i n g - p o -  
t en t i a l  exper iments ,  care is t a k e n  to r inse  out al l  
sections of the a ppa r a t u s  w i th  the l iqu id  be ing  used 
in the exper imen t s .  M e a s u r e m e n t s  are m a d e  at sev-  
era l  pressures  (10-50 cm Hg) and  wi th  the  l iqu id  
f lowing in bo th  direct ions.  Po t en t i a l  and  conduc tance  
m e a s u r e m e n t s  are made  at each pressure ,  and  suffi- 
c ien t  t ime  is a l lowed for the  sys tem to come to equ i -  
l i b r i u m  before  each m e a s u r e m e n t  is made.  The sys-  
t e m  is t hen  disassembled,  r insed  w i t h  0.010M KC1, 
and  r eas sembled  in  order  to d e t e r m i n e  the  cell con-  
s tan t  of the s t r e a mi ng  po ten t i a l  cell u n d e r  flow con-  
di t ions  ana logous  to those used in  s t r e a m i n g  p o t e n -  
t ia l  de t e rmina t ions .  

The f o r m u l a  used to ca lcula te  zeta po ten t ia l s  f rom 
the e x p e r i m e n t a l  da ta  is: 
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4 ~ K  E 

D P 

w h e r e  ~ is ze t a  p o t e n t i a l  ( m v ) ;  7, v i scos i ty  of t he  
solu t ion ,  ( p o i s e ) ;  D, d i e l ec t r i c  c o n s t a n t  of the  so lu -  
t ion;  K, specific c o n d u c t a n c e  of t h e  so lu t ion  w i t h i n  
t he  p lug  (ohms  -1) ; E, s t r e a m i n g  p o t e n t i a l  ( m v )  ; and  
P, d r i v i n g  p r e s s u r e  ( d y n e s / c m ) .  -~ 

A s s u m i n g  t ha t  the  v i scos i ty  (7) and  the  d i e l ec t r i c  
(D)  of the  so lu t ion  do not  d i f fer  a p p r e c i a b l y  f r o m  

p u r e  wa te r ,  the  fo l lowing  f o r m u l a  is u sed  for  t he  ca l -  
c u l a t i o n  at  25~ 

KE 
~ 9.69 • 104 

P 

Experimental Results 
Effect of firing condit ions.--The first  e x p e r i m e n t s  

p e r f o r m e d  in th is  i n v e s t i g a t i o n  w e r e  m a d e  w i t h  p r e -  
c i p i t a t e d  ZnS (Tab l e  I ) .  Because  the  su r f ace  cond i -  
t ion  of the  p o w d e r  is of p a r a m o u n t  i m p o r t a n c e  in 
s t r e a m i n g  p o t e n t i a l  m e a s u r e m e n t s ,  some w a y  of r e -  
m o v i n g  a d s o r b e d  ions on the  ZnS was  t houg h t  d e -  
s i rab le .  The  Z n S  used  in these  e x p e r i m e n t s  was  p r e -  
p a r e d  b y  b u b b l i n g  HfS into  a so lu t ion  of ZnSO4. 
U n d e r  these  cond i t ions  one m a y  r e a s o n a b l y  expec t  
t h a t  a d s o r b e d  Zn ++ and  SO,= ions w i l l  be  p r e s e n t  on 
the  ZnS  surface .  If  an  excess  of Zn +§ ions a r e  on the  
sur face ,  t h e r e  wi l l  a lso be  a p o s s i b i l i t y  of ZnO fo r -  
ma t ion .  The  m e t h o d  of o b t a i n i n g  Z n S  f ree  of SO,:,  
Zn § and  ZnO r e c o m m e n d e d  by  L a r a c h  and  T h o m s e n  
(11) was  used  in th is  s tudy .  I t  consis ts  of f i r ing p r e -  
c i p i t a t e d  ZnS  in H~S at  ~1000~ 

S t r e a m i n g  p o t e n t i a l  m e a s u r e m e n t s  on the  ZnS  
p o w d e r  p r e p a r e d  in th is  m a n n e r  i n i t i a l l y  gave  n e g a -  
t i ve  ze t a  p o t e n t i a l s  in  5.8 x 10-'M Ba(Ac)_~ ( T a b l e  I, 
Tes t  No. 4 and  5).  Changes  in sign, of th is  n a t u r e ,  
i nd i ca t e  r a t h e r  r a d i c a l  changes  in t he  cond i t i on  of 
the  surface .  F u r t h e r  i n v e s t i g a t i o n  of f i r ing cond i -  
t ions  s h o w e d  t h a t  i t  is poss ib le  to o b t a i n  e i t he r  pos i -  
t ive  or  n e g a t i v e  ze t a  po t en t i a l s  w i t h  a g iven  s a m p l e  
of  ZnS.  F o r  n e g a t i v e  ze ta  po ten t i a l s ,  t he  m e t h o d  
used  shou ld  be :  

Method A 

1. F i r e  ZnS  in H~S at  975~ for  1 hr .  
2. W i t h  the  s a m p l e  at  975~ flow N.~ t h r o u g h  the  

f u r n a c e  for  Y2 hr.  
3. A l l o w  the  s a m p l e  to cool in  a N~ a t m o s p h e r e .  

F o r  pos i t i ve  ze ta  p o t e n t i a l  the  ZnS  s a m p l e  is: 

Method B 

1. F i r e d  in H~S at  975~ for  lY2 hr,  and  
2. A l l o w e d  to come to room t e m p e r a t u r e  in an  

H~S a t m o s p h e r e .  

These  r e su l t s  w e r e  f o u n d  to be  r e p r o d u c i b l e  as 
m a y  be  seen  in Tab le  I. W h e n  the  H~S used  in the  f i r-  
ing  was  t a k e n  f r o m  an  a lmos t  e m p t y  cy l inde r ,  
Me thod  A y i e l d e d  p h o s p h o r s  h a v i n g  a pos i t i ve  ze t a  
p o t e n t i a l  (Tes t  16).  N e g a t i v e  p h o s p h o r s  w e r e  a l w a y s  
o b t a i n e d  w h e n  f resh  c y l i n d e r s  of H~S w e r e  used  on 
the  s a m p l e s  f i red acco rd ing  to M e t h o d  A. I m p u r i t i e s  
in t he  H~S c y l i n d e r  (def in i te  i n f r a r e d  s p e c t r u m  ev i -  
dence  for  CH~CL was  found )  w h i c h  become  m o r e  
p r o n o u n c e d  as the  c y l i n d e r  is a l m o s t  e m p t y  m a y  be  
the  cause  of t he  pos i t i ve  ze ta  p o t e n t i a l s  o b t a i n e d  
w h e n  s a m p l e s  w e r e  f i red b y  M e t h o d  A (Tes t  16).  

S ince  O~ is a u s u a l  c o n t a m i n e n t  in n i t r o g e n  cy l inde r s ,  
i t  is poss ib le  t h a t  ZnO or  c h e m i s o r b e d  O.~ m a y  be  
f o r m e d  on the  su r face  of the  p o w d e r  w h e n  M e t h o d  A 
is used.  Me thod  B wi l l  p r o b a b l y  r e s u l t  in a d s o r b e d  
H~S. 

The  ZnS t r a n s i t i o n  t e m p e r a t u r e  for  the  t r a n s f o r -  
m a t i o n  f rom cubic  to h e x a g o n a l  f o rm  occurs  at  
1020~ Tests  16, 17, and  18 w e r e  f ired a t  l l 0 0 ~  
The  o t h e r  f i r ings w e r e  b e l o w  th is  t e m p e r a t u r e .  T h e r e  
is some ind i ca t i on  t ha t  c r y s t a l  h a b i t  affects t he  ze ta  
po ten t i a l ,  bu t  i t  is fe l t  t h a t  no t  enough  e x p e r i m e n t s  
w e r e  p e r f o r m e d  a b o v e  the  t r a n s i t i o n  t e m p e r a t u r e  to 
come to any  def in i te  conclus ions  c onc e rn ing  this  
point .  

S e v e r a l  a t t e m p t s  w e r e  m a d e  to t r e a t  a s a m p l e  t ha t  
had  been  f ired b y  Me thod  A w i t h  H~S in o r d e r  to 
cause  the  s t r e a m i n g  p o t e n t i a l  to become  pos i t ive .  
H y d r o g e n  sulf ide was  a l l o w e d  to come in con tac t  
w i t h  d r y  p h o s p h o r  and  w i th  p h o s p h o r - w a t e r  su spen -  
sions. The  s ign of the  p o t e n t i a l  r e m a i n e d  u n a l t e r e d  
in a l l  cases. S a m p l e s  f ired b y  M e t h o d  B w e r e  v a c u u m  
h e a t e d  to 160~ in an  unsuccess fu l  a t t e m p t  to r e -  
move  a d s o r b e d  H~S and  cause  t he  s a mp le s  to r e v e r t  
to n e g a t i v e  po t e n t i a l s  (Test. 19).  

S a m p l e s  of ZnS  t h a t  w e r e  p r e p a r e d  b y  Me thod  A 
and  had  n e g a t i v e  ze ta  po t e n t i a l s  w e r e  r i n s e d  w i t h  a 
d i l u t e  NH4OH so lu t ion  (Tes t  20) .  This  t r e a t m e n t  
caused  the  s t r e a m i n g  p o t e n t i a l  to become  pos i t ive .  
X - r a y  ana lys i s  of the  ZnS  s a m p l e s  be fo re  and  a f t e r  
t r e a t m e n t  w i t h  the  NH4OH so lu t ion  r e v e a l e d  s e v e r a l  
un iden t i f i ed  l ines  in the  s a m p l e  t r e a t e d  w i t h  the  
NH,OH tha t  w e r e  not  p r e s e n t  in the  u n t r e a t e d  s a m -  
ple.  NH,OH t r e a t m e n t  c o m m o n l y  is used  c o m m e r -  
c i a l ly  to n e u t r a l i z e  a n y  excess  H~SO4, f o r m e d  d u r i n g  
the  p r e c i p i t a t i o n  of the  ZnS,  t ha t  has  no t  been  r e -  
m o v e d  b y  w a t e r  r ins ing .  

Streaming potential measurements  at various 
stages of phosphor preparat ion. - -Streaming p o t e n -  
t i a l  e x p e r i m e n t s  w e r e  p e r f o r m e d  n e x t  on a ZnS  
p h o s p h o r  d u r i n g  va r i ous  s t ages  of p r e p a r a t i o n .  E x -  
p e r i m e n t s  on s e v e r a l  lo ts  of p r e c i p i t a t e d  ZnS  a l l  r e -  
su l t ed  in pos i t i ve  ze t a  po t e n t i a l s  in Ba (A c )~  (5.84 x 
10-~M) (Tes t s  1, 2, and  3).  W h e n  va r i ous  f luxes  such 
as NH,C1, NaC1, and  CaCI~ w e r e  used  to i n c o r p o r a t e  
t he  A g  a c t i v a t o r  in to  the  ZnS,  the  ze ta  p o t e n t i a l  s t i l l  
r e m a i n e d  pos i t i ve  (Tes ts  21 t h r o u g h  25).  I t  was  no t  
un t i l  the  p h o s p h o r  was  coa ted  w i t h  s i l i ca te  t h a t  the  
ze ta  p o t e n t i a l  b e c a m e  n e g a t i v e  in the  B a ( A c ) ~  so lu-  
t ion  (Tes t  32).  A p h o s p h o r  t h a t  h a d  been  f luxed  w i t h  
t he  NaC1 and  a c t i v a t e d  w i t h  0.015% A g  was  coa ted  
w i t h  ZnS.  The  coa t ing  was  a p p l i e d  b y  b u b b l i n g  H~S 
in to  a suspens ion  of the  u n c o a t e d  p h o s p h o r  r e s u l t i n g  
in the  f o r m a t i o n  of an a m o r p h o u s  l a y e r  of ZnS  on the  
sur face .  This  p h o s p h o r  was  f o u n d  to h a v e  a pos i t i ve  
ze ta  p o t e n t i a l  in H~O (Tes t  33) .  C a C d Z n  h y d r o x y -  
a p a t i t e  coa t ings  g ive  n e g a t i v e  po t e n t i a l s  (Tes t s  34, 
36, and  39).  S e v e r a l  e x p e r i m e n t s  w e r e  p e r f o r m e d  
us ing  va r i ous  a m o u n t s  of s i l i ca te  coat ing,  and  the  
r e su l t s  i nd i ca t e  t h a t  the  m a g n i t u d e  of  the  n e g a t i v e  
p o t e n t i a l  i nc reases  w i t h  i n c r e a s e d  a m o u n t s  of s i l i ca te  
(Tes t s  30, 31, and  32).  Tes ts  37 and  38 show t h a t  
Mg (Bo~) ~ coa t ings  g ive  n e g a t i v e  ze ta  po t e n t i a l s  w i t h  
the  R C A  33-Z-285  phosphor .  

Streaming potential exper iments  on a ZnS:  0.015% 
Ag, uncoated phosphor (33 -Z-265  uncoa ted ) . - - (a )  
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Fig. 1. Zeta potential of RCA phosphor 33-Z-265, un- 
coated (ZnS:0.015% Ag) as a function of (a) Bo(Ac)2 con- 
centration, (b) silicate concentration, (c) silicate concentra- 
tion with 5.8 x lO-4M Bo(Ac)~. 

B a ( A c ) ,  so lu t ion :  The  r e su l t s  of these  e x p e r i m e n t s  
a r e  s h o w n  in Fig .  1 w h e r e  the  c a l c u l a t e d  ze t a  p o t e n -  
t i a l s  a r e  p l o t t e d  as a func t ion  of t he  m o l a r  concen -  
t r a t i o n  of Ba(Ac)_o. I t  is seen t h a t  t he  ze ta  p o t e n t i a l  
s t a r t s  a t  a v a l u e  of + 3 0  m v  at  t he  lowes t  c o n c e n t r a -  
t ion  a n d  fa l l s  to a p l a t e a u  v a l u e  of a b o u t  + 1 0  m v  
at  h i g h e r  concen t ra t ions .  

(b)  S i l i ca te :  In  Fig.  1 the  ze ta  p o t e n t i a l  is p l o t t e d  
as a func t ion  of s i l i ca te  concen t r a t i on .  The  ze t a  p o -  
t e n t i a l  s t a r t s  ou t  w i t h  pos i t i ve  v a l u e s  a t  low s i l i ca te  
concen t ra t ions ,  goes t h r o u g h  zero,  and  con t inues  to 
i n c r e a s e  in m a g n i t u d e  u n t i l  i t  r eaches  a v a l u e  of 
abou t  --80 my.  I t  r e m a i n s  f a i r l y  s t e a d y  at  th is  v a l u e  
and  t h e n  p roceeds  to dec rea se  in  m a g n i t u d e  in  t he  
c o n v e n t i o n a l  m a n n e r  to a p l a t e a u  v a l u e  of  a b o u t  
--65 my.  

(c)  B a ( A c ) ~ - s i l i c a t e  sys tem,  B a ( A e ) ~  conc. h e l d  
c o n s t a n t  a t  5.8 x 10-~M: These  r e su l t s  a re  also g iven  
in Fig.  1. A c o m p a r i s o n  of the  cu rves  in Fig.  1 shows  
t ha t  t he  a d d e d  Ba (Ac)~ has  t he  effect  of l o w e r i n g  the  
m a g n i t u d e  of the  ze ta  p o t e n t i a l  ove r  those  o b t a i n e d  
w i t h  s i l i ca te  dose.  

S e v e r a l  e x p e r i m e n t s  w e r e  p e r f o r m e d  us ing  9.93 x 
10-4M B a ( A c ) ~  p lus  0.05% s i l i ca te  a n d  0.2% s i l ica te .  
The  ze t a  p o t e n t i a l s  w e r e  --6.32 a n d  --23.6 mv,  r e -  
spec t ive ly ,  i n d i c a t i n g  t h a t  a d d i t i o n a l  B a ( A c ) ~  f u r -  
t he r  suppres ses  t he  m a g n i t u d e  of t he  p o t e n t i a l s  as 
c o m p a r e d  to t h a t  o b t a i n e d  w i t h  .silicate. 

(d)  P o l y v i n y l  a l c o h o l - a m m o n i u m  d i c h r o m a t e  sys -  
t em:  S t r e a m i n g  p o t e n t i a l  e x p e r i m e n t s  w i t h  P V A  
h a v e  been  p e r f o r m e d  on the  r e g u l a r  p r o d u c t  3 3 - Z -  
265 p h o s p h o r  (ZNS:0 .015% Ag, s i l i ca te  coa ted )  a n d  
on u n c o a t e d  33-Z-265  phosphor .  The  resu l t s ,  g iven  
in  T a b l e  II ,  show t h a t  t he  P V A  does  no t  c h a n g e  the  
s ign of the  ze ta  p o t e n t i a l  of these  p h o s p h o r s  f r o m  
t h a t  in p u r e  w a t e r .  As  wi l l  be  r e m e m b e r e d ,  p o t a s -  
s ium s i l i ca te  so lu t ions  caused  a r e v e r s a l  f r o m  pos i -  
t i ve  to n e g a t i v e  in  the  s ign  of t he  ze t a  p o t e n t i a l  of 
the  u n c o a t e d  phosphor .  

W i t h  (NH,)~Cr~O7 as t he  s t r e a m i n g  e l ec t ro ly t e ,  
the  s a m e  p h o s p h o r s  gave  u n u s u a l  resu l t s .  P a r t i c u l a r  
d i f f icul ty  w a s  e n c o u n t e r e d  w i t h  t h e  u n c o a t e d  p h o s -  

T~ble  I! 

Z e t a  
R C A  P h o s p h o r  N o .  P e r  c e n t  o f  P V A  p o t e n t i a l ,  m y  

33-Z-265 uncoated  0.149 +9.77 
33-Z-265 0.149 --12.21 
33-Z-265 uncoated  0.0149 + 13.89 

phor .  The  s t r e a m i n g  p o t e n t i a l  was  f o u n d  to s t a r t  
out  p o s i t i v e  and  to d rop  r a p i d l y  in m a g n i t u d e .  I n  
some cases  w h e n  the  d i r ec t i on  of l i qu id  flow was  r e -  
ve rsed ,  the  m e a s u r e d  p o t e n t i a l  d id  n o t  r e v e r s e  s ign  
in t he  n o r m a l  m a n n e r .  T h e  coa ted  33-Z-265  also 
s h o w e d  some t e n d e n c y  t o w a r d  a d e c r e a s e  in m a g -  
n i t u d e  of the  ze t a  p o t e n t i a l  w i t h  t ime ,  b u t  to a m u c h  
s m a l l e r  d e g r e e  t h a n  the  u n c o a t e d  m a t e r i a l .  The  ze ta  
p o t e n t i a l  of t he  coa ted  p h o s p h o r  w a s  n e g a t i v e  in a l l  
cases  and  r a n g e d  f rom a b o u t  --25 to --13 m v  w i t h  
t ime.  The  c o n c e n t r a t i o n s  of (NH,)~Cr~O7 used  w e r e  
0.001 and  0.0005 w t  %. 

E x p e r i m e n t s  us ing  P V A  (0.0149 w t  % )  p lus  
(NH4)~Cr~O7 (0.0005 w t  % )  w e r e  p e r f o r m e d  on the  
coa ted  and  u n c o a t e d  phosphor .  The  coa ted  33-Z-265  
h a d  ze t a  p o t e n t i a l s  t ha t  r a n g e d  w i t h  t i m e  f rom --8 
to --3.5 my.  T h e  p o t e n t i a l  of u n c o a t e d  33-Z-265  
r a n g e d  f r o m  +31  to +6.5  my.  These  changes  in ze t a  
p o t e n t i a l  w i t h  t i m e  a re  p r o b a b l y  due  to c h e m i c a l  
i n t e r a c t i o n  of the  (NH,)~Cr~O~ w i t h  the  p h o s p h o r  and  
cou ld  p o s s i b l y  be  used  as a m e a n s  of e s t i m a t i n g  h o w  
we l l  a p h o s p h o r  has  been  coated .  

Adherence measurements.--Table I and  Fig.  2 g ive  
ze ta  p o t e n t i a l  and  a d h e r e n c e  d a t a  on a n u m b e r  of 
s a m p l e s  p r e p a r e d  by  v a r i o u s  f i r ing cond i t ions  and  
w i t h  d i f fe ren t  f luxes  and  coat ings .  A w a t e r  j e t  i m -  
p i n g e m e n t  m e t h o d  (12) for  e v a l u a t i n g  w e t  a d h e r -  
ence was  used.  I t  consis ts  of f irst  d i s p e r s i n g  the  s a m -  
p le  to be  t e s t ed  in a so lu t ion  c o n t a i n i n g  9.25 x 10-~M 
Ba (Ac)~ and  0.22 % s tock  p o t a s s i u m  s i l i ca te  a n d  t hen  
a l l o w i n g  the  s a m p l e  to se t t l e  to the  b o t t o m  of t he  
vessel .  A f t e r  t he  p r e s c r i b e d  t ime  (20 m i n )  has  
e lapsed ,  a g lass  c a p i l l a r y  t u b e  w i t h  an  i n n e r  d i a m -  
e t e r  of 1.2 m m  is i m m e r s e d  in to  the  vesse l  a n d  a j e t  
of w a t e r  a l l o w e d  to i m p i n g e  t h r o u g h  a g iven  h e i g h t  
of l i qu id  (1 in.)  onto  the  s e t t l ed  p o w d e r .  The  g e o m -  
e t r y  and  h y d r o s t a t i c  p r e s s u r e  a p p l i e d  to t he  c a p i l l a r y  
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Table III 

Conc.  B a  (Ac) ,~, M 
H o l e  d i a m e t e r * ,  m m  

S t a n d a r d  p h o s p h o r  U n c o a t e d  p h o s p h o r  

1.06 X 10 -~ 8.2 17.2 
8.57 X 10 -~ 9.3 22.3 
8.57 X 10 -~ 28.7 38.5 
8.57 X 10 -~ 39.3 

* L a r g e  h o l e  d i a m e t e r  i n d i c a t e s  p o o r  a d h e r e n c e .  

a re  k e p t  cons t an t  ( j e t - f l o w  r a t e  equa l s  153 c c / m i n ) .  
The  d a t a  in Tab le  I for  r e l a t i v e  w e t  a d h e r e n c e  
( R W A )  a re  the  r e c i p r o c a l  of the  e r o d e d  a r e a  p r o -  
d u c e d  b y  the  w a t e r  j e t  on the  s a m p l e  b e i n g  s tud ied ,  
d i v i d e d  b y  the  r ec ip roca l  of the  a r e a  o b t a i n e d  w i t h  a 
s t a n d a r d  sample ,  and  m u l t i p l i e d  b y  4.05 ( the  R W A  
of the  s t a n d a r d  p h o s p h o r ) .  

W e t - a d h e r e n c e  m e a s u r e m e n t s  us ing  the  j e t - i m -  
p i n g e m e n t  t echn ique ,  b u t  w i th  t he  d a t a  r e p o r t e d  in 
t e r m s  of e r o d e d  ho le  d i a m e t e r ,  w e r e  p e r f o r m e d  on 
the  u n c o a t e d  33-Z-265  p h o s p h o r  as a func t ion  of 
B a ( A c ) 2  concen t r a t i on .  The  c o n c e n t r a t i o n  of the  
s i l i ca te  was  0.81% of the  s tock  solut ion .  Resu l t s  a r e  
g iven  in  T a b l e  III .  

I t  is a p p a r e n t  t ha t  the  u n c o a t e d  33-Z-265  p h o s -  
pho r  has  c o m p a r a t i v e l y  poor  we t  adhe rence .  The  fac t  
t h a t  the  j e t  i m p i n g e m e n t  tes t  w i t h  t he  u n c o a t e d  
p h o s p h o r  r e su l t s  in ho le  d i a m e t e r s  t h a t  i nc rea se  w i t h  
d e c r e a s i n g  c o n c e n t r a t i o n  ind ica t e s  t h a t  i t  has  a n e g a -  
t ive  ze ta  p o t e n t i a l  w h e n  s u s p e n d e d  in the  s i l i ca te  
for  the  w e t  a d h e r e n c e  test .  The  s t r e a m i n g  p o t e n t i a l  
e x p e r i m e n t s  conf i rm th is  a s sumpt ion .  

Discussion 

The re su l t s  of the  e x p e r i m e n t s  on the  effect of f i r -  
ing  cond i t ions  on the  s ign of the  ze t a  p o t e n t i a l  i n -  
d i ca t e  the  i m p o r t a n c e  of su r face  condi t ions .  The  d i f -  
f e r ence  in s ign b e t w e e n  ZnS  s amp le s  t h a t  have  been  
f i red in  H.~S and  f lushed w i t h  N~ ( n e g a t i v e  ze t a  p o -  
t e n t i a l )  and  those  f ired in  H2S and  a l l o w e d  to cool 
in H_.S (pos i t i ve  ze ta  p o t e n t i a l )  m a y  pos s ib ly  be due  
to a d s o r b e d  H~S, in t he  l a t t e r  case, and  O2 a d s o r p t i o n  
or  ZnO fo rma t ion ,  due  to i m p u r i t i e s  in t he  N~, in  t he  
f o r m e r  case. 

S a m p l e s  a l l o w e d  to cool in H~S m a y  be  e x p e c t e d  
to b e h a v e  q u i t e  d i f f e r en t l y  f rom those  cooled in  N~. 
U n d o u b t e d l y ,  H~S wi l l  be  a d s o r b e d  which ,  w h e n  
p l a c e d  in  H,O, wi l l  h a v e  the  o p p o r t u n i t y  of d i s soc ia -  
t ing  into  H § and  HS-  ions. If  the  H § ions r e m a i n  a d -  
sorbed ,  t he  dif fuse  p a r t  of t he  doub le  l a y e r  m u s t  
h a v e  an  excess  of n e g a t i v e  charge .  This  n e g a t i v e  
cha rge  wi l l  r e su l t  in the  o b s e r v e d  pos i t i ve  v a l u e s  
for  the  s t r e a m i n g  p o t e n t i a l  and  ze ta  po ten t i a l .  I t  was  
not  poss ib l e  to de t ec t  a n y  d i f fe rences  in p H  of w a t e r  
suspens ions  of Z n S  s a m p l e s  p r e p a r e d  b y  the  m e t h o d s  
m e n t i o n e d  above ,  p r o b a b l y  because  the  c o n c e n t r a -  
t ion  of HS-  ions d i s c h a r g e d  f rom the  su r f ace  of t h e  
p o w d e r  cooled  in H~S was  too s m a l l  to be effect ive.  

I t  is diff icult  to e s t ab l i sh  f rom t h e  e x p e r i m e n t s  t h a t  
h a v e  been  p e r f o r m e d  thus  f a r  w h e t h e r  the  i m p u r i t i e s  
in the  N2 c o n t r i b u t e  m e a s u r a b l y  to t h e  r e s u l t i n g  ze ta  
po ten t i a l s .  The  n e g a t i v e  ze t a  p o t e n t i a l s  o b t a i n e d  
b y  f i r ing in H~S and  f lushing  w i t h  N2 m a y  be  due  to 
ZnO or O~ on a ZnS  subs t r a t e ,  or s i m p l y  to ZnS.  

The  NH,OH t r e a t m e n t  of the  s a m p l e  t ha t  h a d  been  
t r e a t e d  b y  Me thod  A caused  the  p o t e n t i a l  to become  
pos i t ive .  Because  zinc c o m p l e x e s  w i t h  NH~, an  a d -  
so rbed  z i n c - a m m o n i a  c o m p l e x  m a y  be  the  cause  of 
the  s ign  r eve r sa l .  The  x - r a y  d a t a  i nd i ca t e  t he  pos -  
s ib le  f o r m a t i o n  of a n e w  species  in  the  NH~OH 
t r e a t e d  sample ,  bu t  t h e  i n t e n s i t y  is too low to a l l o w  
for  pos i t i ve  ident i f ica t ion .  

The  s t r e a m i n g  p o t e n t i a l  e x p e r i m e n t s  p e r f o r m e d  
at  va r i ous  s tages  of p h o s p h o r  p r e p a r a t i o n  also i n -  
d i ca t e  the  i m p o r t a n c e  of s u r f a c e  cond i t ions  as  com-  
p a r e d  to b u l k  modi f i ca t ion  of a ZnS  p o w d e r .  Thus,  
the  s t r e a m i n g  p o t e n t i a l  was  f o u n d  to r e m a i n  pos i t i ve  
d u r i n g  a l l  s tages  of p h o s p h o r  p r e p a r a t i o n  u n t i l  the  
coa t ing  ope ra t ion .  A d d i t i o n s  of va r i ous  fluxes,  as 
we l l  as A g  ac t iva to r ,  r e s u l t e d  in p o w d e r s  w i t h  pos i -  
t ive  po ten t i a l s .  A l l  of the  s t r e a m i n g - p o t e n t i a l  e x -  
p e r i m e n t s  p e r f o r m e d  b y  v a r i o u s  w o r k e r s  on p h o s -  
pho r s  have  been  w i t h  f in ished p r o d u c t s  ( 3 - 5 ) .  In  a l l  
cases  b u t  one, n e g a t i v e  p o t e n t i a l s  w e r e  ob ta ined .  
Haze l  a n d  S c h n a b e l  (4)  f o u n d  t h a t  du  P o n t  #1630 
(ZnS;  Z n C d S )  had  a pos i t i ve  p o t e n t i a l  in t he  a b -  
sence  of K~SiO~. T h e y  sugges t  t ha t  the  pos i t i ve  p o -  
t e n t i a l  was  due  to t he  f lux or  o t h e r  impur i t i e s .  The  
p r e s e n t  f indings  i n d i c a t e  t ha t  t he  pos i t i ve  p o t e n t i a l s  
a r e  no t  due  to t he  flux, be c a use  the  o r ig ina l  Z n S  
s t a r t i n g  m a t e r i a l  has  a pos i t i ve  po ten t i a l .  A ZnS  
coa ted  ZnS:  0.015% A g  p h o s p h o r  was  f o u n d  to have  
a pos i t i ve  po ten t i a l .  S i l i ca te  coa t ings  r e su l t  in  n e g a -  
t ive  po t e n t i a l s  w i t h  the  m a g n i t u d e  of the  p o t e n t i a l  
i nc r e a s ing  w i th  h e a v i e r  coa t ings .  The  Z n S  coa ted  
p h o s p h o r s  have  a l l  of t he  f r e e - f l o w i n g  c h a r a c t e r i s t i c s  
t ha t  h a v e  been  found  d e s i r a b l e  in p h o s p h o r  coa t ings  
t ha t  h a v e  n e g a t i v e  po ten t i a l s .  This  i n f o r m a t i o n  p e r -  
mi t s  the  se lec t ion  of a coa t ing  w i t h  e i t he r  a pos i t i ve  
or  n e g a t i v e  p o t e n t i a l  shou ld  a p a r t i c u l a r  s c r e e n - a p -  
p l i c a t i on  t e c h n i q u e  i nd i ca t e  one or  the  o t h e r  to be  
most  des i r ab le .  

S t r e a m i n g - p o t e n t i a l  e x p e r i m e n t s  on t h e  ZnS:  
0.015% A g  u n c o a t e d  p h o s p h o r  (33 -Z-265)  as a func -  
t ion of Ba (A c )2  concen t r a t ion ,  s i l ica te  concen t r a t ion ,  
and  B a ( A c ) . . - s i l i c a t e  m i x t u r e s  a r e  shown  in Fig.  1. 
The  cu rve  for  ze ta  p o t e n t i a l  vs. Ba (A c )~  c o n c e n t r a -  
t ion  shows  the  u s u a l  r e d u c t i o n  of t he  ze ta  p o t e n t i a l  
w i t h  i n c r e a s e d  c o n c e n t r a t i o n  of e l e c t r o l y t e  as a r e -  
su l t  of c onde nsa t i on  of the  diffuse p a r t  of t he  e lec -  
t r i c a l  doub le  l aye r .  As  m a y  be  seen  f rom the  cu rve  
for  ze ta  p o t e n t i a l  vs. s i l i ca te  c o n c e n t r a t i o n  t h e r e  is a 
r e v e r s a l  in the  s ign of the  ze ta  p o t e n t i a l  f r o m  pos i -  
t i ve  to n e g a t i v e  w i t h  i n c r e a s i n g  s i l ica te  c o n c e n t r a -  
t ion.  The  r eg ion  of r a p i d  i nc rea se  in n e g a t i v e  v a l u e s  
of t he  ze ta  p o t e n t i a l  w i t h  i n c r e a s i n g  s i l i ca te  concen -  
t r a t i o n  m a y  i n d i c a t e  on ly  p a r t i a l  coa t ing  of t he  p h o s -  
p h o r  w i t h  s i l ica te .  F r o m  0.05 to 0.7% si l icate ,  the  
p h o s p h o r  m a y  be c o m p l e t e l y  coa ted  w i t h  s i l icate .  I t  
is on ly  at  concen t r a t i ons  h i g h e r  t h a n  0.7% s tock  
s i l i ca te  t ha t  compres s ion  of t he  e l ec t r i ca l  doub le  
l ayer ,  caused  b y  a d d i t i o n a l  a d s o r p t i o n  of ions in to  
the  i n n e r  H e l m h o l t z  p l a n e  and,  consequen t ly ,  r e -  
duc t ion  in  m a g n i t u d e  of t he  ze ta  po ten t i a l ,  becomes  
p r e d o m i n a n t .  W i t h  an o r d i n a r y  e l ec t ro ly t e ,  t he  ze ta  
p o t e n t i a l  fa l l s  to va lue s  c o n s i d c r a b l y  l o w e r  t h a n  the  
--64.5 m v  at  2.0% s tock  s i l i ca te  found  in the  p r e s e n t  
sys tem.  This  r e d u c t i o n  m a y  be  due  to the  t e n d e n c y  



Vol. 106, No. 3 Z E T A  P O T E N T I A L  

of the  s i l i ca te  ions to assoc ia te  in to  mice l l s  w h i c h  
wi l l  r e su l t  in on ly  a r e l a t i v e l y  s m a l l  i nc rea se  in  t he  
c o n c e n t r a t i o n  of f ree  ions w i t h  an inc rease  in s i l i ca te  
concen t r a t ion .  

C o m p a r i s o n  of the  c u r v e  for  ze ta  p o t e n t i a l  vs. 
s i l i ca te  c o n c e n t r a t i o n  w i t h  t h e  cu rve  for  ze t a  p o t e n -  
t ia l  vs. s i l i ca te  c o n c e n t r a t i o n  p lus  5.8 x 10-4M 
B a ( A c ) ,  shows  t ha t  t he  a d d e d  B a ( A c ) ,  (5.8 x l 0 - ' M )  
has  t he  effect of l o w e r i n g  the  m a g n i t u d e  of the  ze ta  
p o t e n t i a l  and  of sh i f t i ng  the  c u r v e  t o w a r d  the  h i g h e r  
c o n c e n t r a t i o n  range .  A poss ib le  e x p l a n a t i o n  is t ha t  
the  s i l i ca te  is fo rced  to compe t e  w i t h  t he  Ba *+ ions 
for  a d s o r p t i o n  sites, d e s p i t e  the  fac t  t h a t  d i f fe ren t  
cha rge  t y p e s  a r e  invo lved .  F o r  e x a m p l e ,  an  a d s o r b e d  
s i l ica te  ion at  a p o s i t i v e l y  c h a r g e d  s i t e  m a y  p r e v e n t  
a d s o r p t i o n  of a Ba+* ion at  an  a d j a c e n t  n e g a t i v e l y  
c h a r g e d  s i te  b y  s te r ic  h ind rance .  The  s i l i ca te  ions  
o v e r b a l a n c e  the  Ba ++ ions  because  t h e y  cause  a p h o s -  
pho r  t h a t  has  pos i t i ve  ze t a  p o t e n t i a l s  in H.~O or  in 
Ba(Ac).~ so lu t ions  to become  nega t ive .  The  l o w e r e d  
m a g n i t u d e  of the  n e g a t i v e  ze ta  p o t e n t i a l  in B a ( A c ) ,  
as c o m p a r e d  to t ha t  f o u n d  w i t h  s i l i ca te  a lone  in -  
d ica tes  p a r t i a l  a d s o r p t i o n  of t he  Ba §247 ions in  the  
i n n e r  H e l m h o l t z  p l a n e  in the  r eg ion  of l ow  s i l i ca te  
concen t r a t ion .  A n o t h e r  m e c h a n i s m  tha t  w o u l d  con-  
t r i b u t e  to the  l o w e r e d  po t en t i a l s  w o u l d  be s t r o n g l y  
adso ,  bed  Ba § ions on top  of the  a d s o r b e d  s i l i ca te  
ions. The  d rop  in t he  ze ta  po ten t i a l ,  a f t e r  the  m a x i -  
m u m  v a l u e  of the  n e g a t i v e  p o t e n t i a l  has  been  ob -  
ta ined ,  is less p r o n o u n c e d  t h a n  for  t h e  s i l i ca te  sys -  
tem.  This  d i f fe rence  is to be  e x p e c t e d  becau se  t he  
Ba (Ac)~  wi l l  t end  to ge l  the  s i l i ca te  s y s t e m  at  these  
h i g h e r  concen t ra t ions ,  in effect r e d u c i n g  the  n u m b e r  
of ions a v a i l a b l e  to cause  compres s ion  of t h e  e l e c t r i -  
cal doub le  l a y e r  and,  t he re fo re ,  r e d u c t i o n  of t h e  ze t a  
po ten t i a l .  

The  e x p e r i m e n t s  w i t h  P V A  and  a m m o n i u m  d i c h r o -  
m a t e  i nd i ca t e  t ha t  the  P V A  does no t  change  the  s ign  
of t he  p o t e n t i a l  of the  u n c o a t e d  p h o s p h o r  as com-  
p a r e d  to t h a t  found  w i t h  w a t e r ,  and  also tha t  some  
r e a c t i o n  occurs  b e t w e e n  the  p h o s p h o r  and  the  a m -  
m o n i u m  d i c h r o m a t e .  P e r h a p s  t h e  Z n S  is ox id i zed  to 
the  su l fa te .  The  s i l i ca te  coa ted  p h o s p h o r  is m o r e  
r e s i s t a n t  to a t t a c k  b y  the  d i c h r o m a t e ,  as is e v i d e n t  
f rom the  s m a l l e r  ze t a  p o t e n t i a l  change  w i t h  t i m e  
as c o m p a r e d  to t h a t  o b s e r v e d  for  t he  u n c o a t e d  m a -  
t e r i a l .  S t r e a m i n g  p o t e n t i a l  m e a s u r e m e n t s  on sys t ems  
of  this  t y p e  m a y  be  use fu l  in s t u d y i n g  c h e m i c a l  r e -  
ac t ions  w h i c h  w o u l d  o t h e r w i s e  r e m a i n  u n d e t e c t a b l e .  

A t t e m p t s  to c o r r e l a t e  w e t - a d h e r e n c e  m e a s u r e -  
ments ,  p e r f o r m e d  in 9.25 x lff~M Ba (Ac),~ and  0.22% 
s tock  s i l icate ,  w i t h  ze t a  p o t e n t i a l  d a t a  h a v e  not  been  
c o m p l e t e l y  successful .  This  v a r i a n c e  m a y  be  due  
l a r g e l y  to the  t e n d e n c y  of t h e  s i l ica te ,  used  in m a k -  
ing t h e  R W A  m e a s u r e m e n t s ,  to coa t  the  s a m p l e  and  
a t  l eas t  p a r t i a l l y  m a s k  the  e l ec t r i ca l  p r o p e r t i e s  of 
t he  o r ig ina l  m a t e r i a l .  Thus,  w h i l e  t h e r e  is a t r e n d  
t o w a r d  i nc r ea s ing  R W A  w i t h  d e c r e a s i n g  ze ta  p o t e n -  
t ial ,  the  r e su l t s  a r e  no t  conc lus ive  as t h e r e  is con-  
s i d e r a b l e  s ca t t e r  in t he  e x p e r i m e n t a l  d a t a  ( T a b l e  I 
and  Fig.  2) .  The  bes t  c o r r e l a t i o n  is found  w i t h  the  
coa ted  p h o s p h o r s  t h a t  h a v e  n e g a t i v e  ze ta  p o t e n t i a l s  
in 5.8 x 10-'M Ba(Ac)~ .  Thus  far ,  no a t t e m p t  has  been  
m a d e  to s t u d y  the  effect  of shape  and  size d i s t r i b u -  
t ion  on the  r e l a t i v e  w e t  a d h e r e n c e  and  the  ze ta  p o -  
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ten t ia l .  Because  the  s a mp le s  s t ud i e d  w e r e  p r e p a r e d  
u n d e r  d i f fe ren t  cond i t ions  of f ir ing,  f luxing,  a c t i v a -  
t ion,  and  coat ing ,  the  l ack  of c o r r e l a t i o n  is not  s u r -  
p r i s ing .  I f  the  s a m p l e s  a r e  g r o u p e d  acco rd ing  to 
t r e a t m e n t  w h e n  the  d a t a  a r e  p lo t t ed ,  as has  been  
done  in Fig.  2, f a i r  c o r r e l a t i o n  is ob t a ined .  I t  should  
be r e - e m p h a s i z e d ,  h o w e v e r ,  t h a t  the  bes t  c o r r e l a t i o n  
b e t w e e n  ze ta  p o t e n t i a l  and  we t  a d h e r e n c e  is found  i f  
the  s ame  s a m p l e  is used  and  i ts  ze t a  p o t e n t i a l  is 
a l t e r e d  b y  c h a n g i n g  the  c o n c e n t r a t i o n  of t he  e l ec t ro -  
ly te .  

Conclusions 
1. The  ze ta  p o t e n t i a l  of ZnS  m a y  be  a l t e r e d  in 

s ign d e p e n d i n g  on f i r ing t echn ique .  A p p a r e n t l y ,  a d -  
so rbed  H~S p l a y s  an  i m p o r t a n t  role.  

2. NH4OH w a s h i n g  can  change  the  ze t a  p o t e n t i a l  
of a ZnS  s a m p l e  t ha t  has  been  f i red in H~S and  
f lushed w i t h  N2 f r o m  n e g a t i v e  to pos i t ive .  The  change  
is d u e  p o s s i b l y  to an  a d s o r b e d  zinc a m m o n i a  complex .  

3. ZnS  p h o s p h o r s  h a v e  pos i t i ve  ze t a  po t en t i a l s  
d u r i n g  a l l  s tages  of p r e p a r a t i o n  p r i o r  to the  coa t ing  
ope ra t ion .  S i l i c a t e  coa t ings  y i e ld  n e g a t i v e  po ten t i a l s ,  
w h i l e  ZnS  coa t ings  y ie ld  pos i t i ve  po ten t i a l s .  These  
e x p e r i m e n t s  i l l u s t r a t e  the  i m p o r t a n c e  of s u r f a c e  con-  
d i t ions  as c o m p a r e d  to b u l k  p r o p e r t i e s  in d e t e r m i n -  
ing  the  ze ta  po ten t i a l .  

4. The  inf luence  of e l e c t r o l y t e  c o n c e n t r a t i o n  on 
the  ze t a  p o t e n t i a l  of a Z n S : 0 . 0 1 5 %  Ag,  u n c o a t e d  
p h o s p h o r  has  been  d e t e r m i n e d  w i t h  Ba(Ac).~, p o t a s -  
s ium si l icate ,  and  Ba (Ac) .~ -po ta s s ium s i l i ca te  m i x -  
tures .  S i m i l a r  e x p e r i m e n t s  w e r e  p e r f o r m e d  in the  
P V A - a m m o n i u m  d i c h r o m a t e  s y s t e m  for  t h e  coa ted  
as we l l  as the  u n c o a t e d  phosphor .  The  d i c h r o m a t e  
i n t e r a c t s  c h e m i c a l l y  w i t h  t h e  phosphor ,  caus ing  
r a p i d  changes  in the  ze ta  po t en t i a l .  

5. Ze t a  p o t e n t i a l  d a t a  h a v e  been  c o r r e l a t e d  w i t h  
adhes ion  m e a s u r e m e n t s .  
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ABSTRACT 

Zinc sulfide activated with copper or silver and coactivated with gal l ium 
or ind ium shows two emission bands. The shorter wave- length  band does not 
involve the ground state of the coactivator or donor, whereas the longer wave-  
length band does. Both bands involve the ground state of the activator or ac- 
ceptor. The factors contr ibut ing to the emission intensit ies from the various 
associated donor-acceptor pairs are discussed theoretically. The dependences 
on tempera ture  and on concentrat ions of activator and coactivator are in ac- 
cord with the longer wave- length  band involving a highly associated donor-  
acceptor pair. In addition, the energy levels of the donors, as obtained from 
thermoluminescent  data, are correlated on the basis of the model with the 
differences in  the t ransi t ion energies of the two emission bands of these phos- 
phors. 

Zinc  sulfide phosphors  coact iva ted  w i th  Group  I I I  
e l ements  of the  Per iodic  Table  have  been  repor ted  
to have  a long w a v e - l e n g t h  emiss ion  b a n d  in  add i -  
t ion  to the  shor t  w a v e - l e n g t h  emiss ion  b a n d  asso- 
c iated w i th  ac t iva t ion  by  Group  I e l emen t s  and  wi th  
se l f -ac t iva t ion .  KrSger  and  Dikhoff (1) ,  for example ,  
r epor ted  long  w a v e - l e n g t h  emiss ion  in  phosphors  
coac t iva ted  w i th  Sc, Ga, or In. The  emiss ion ba nds  
peaked  at  5250A wi th  Sc, 5700A wi th  Ga, and  6800A 
wi th  In  and  were  r e l a t i ve ly  i n d e p e n d e n t  of the  i de n -  
t i ty  of the  act ivator .  They  also observed  tha t  the  
subs t i t u t i on  of ZnS  in  pa r t  by  CdS had  less effect 
on the long w a v e - l e n g t h  emiss ion spect ra  t h a n  on 
the short  w a v e - l e n g t h  emiss ion spectra.  K la sens  (2) 
a t t r i b u t e d  these long w a v e - l e n g t h  bands  to the  r a -  
d ia t ive  r e c o m b i n a t i o n  of a free hole w i th  an  e lec t ron  
t r apped  at  the coact ivator .  Froe l ich  (3) r epor ted  long  
w a v e - l e n g t h  emiss ion  for Cu and  se l f -ac t iva ted  Z n S  
phosphors  which  were  coact iva ted  wi th  qui te  h igh 
concen t ra t ions  of A1. Emiss ion  peaks  are  at 5880 and  
5000A, respect ively .  App le  (4) has r epor ted  tha t  the  
c rys ta l l ine  s t ruc tu re  inf luences  the  re la t ive  i n t e n -  
sities of the two emiss ion bands  observed  wi th  ZnS:  
x ( C u ,  Ag, A u ) ,  y ( G a ,  In)  phosphors  in  which  x K y. 
The  long w a v e - l e n g t h  emiss ion was  found  to be en -  
hanced  in  hexagona l  ZnS.  He has suggested tha t  this  
effect m a y  be re la ted  to a change  in  associat ion of 
ac t iva tor  and  coact ivator .  

In  this i nves t iga t ion  a comprehens ive  s t udy  of 
Z n S : x ( C u  or Ag) ,  y ( G a  or In )  was made.  The 
spect ra  of the long w a v e - l e n g t h  emiss ion  are  found  
to depend  on the  ident i t ies  of both  ac t iva tor  a nd  co- 
act ivator .  The re la t ive  in tens i t i es  of the  long  a nd  
short  w a v e - l e n g t h  emiss ion depend  on concen t r a -  
t ions  of ac t iva tor  and  coact iva tor  and  on t e m p e r a -  

tu re  of exci ta t ion.  These e x p e r i m e n t a l  resul t s  are 
exp la ined  by me a ns  of a mode l  for the  long w a v e -  
l eng th  emiss ion  cen te r  cons is t ing  of a h igh ly  asso- 
c iated ac t iva to r -coac t iva to r  center .  This  cen te r  is 
s imi la r  to the  associated donor -accep to r  sys tem pro-  
posed by  P r e n e r  and  Wi l l i ams  (5) to exp la in  the 
shor t  w a v e - l e n g t h  emiss ion  by  r ad ia t ive  t r ans i t ions  
f rom exci ted states of the  donor  to the g r o u n d  state  
of the  acceptor  bu t  is d i f ferent  in  tha t  the donor  and  
acceptor  respons ib le  for the  long w a v e - l e n g t h  emis -  
sion are more  closely associated so tha t  r ad i a t i ve  
t r ans i t ions  occur f rom the g r o u n d  state  of the  donor  
to the  g round  state  of the  acceptor.  

Experimental Results 
The phosphor  mixes  u sua l l y  were  m a d e  by  add ing  

aqueous  solut ions  of ac t iva tor  and  coact iva tor  to a 
wa te r  s l u r ry  of Z n S  (G.E. l u m i n e s c e n t  g r a d e ) ;  in  
a few cases the  ac t iva tor  and  coact iva tor  we re  added 
as the solid t e r n a r y  sulfides, i.e., CuGaS,~, CuInS~, or 
AgGaS2 in  the  absence  of water .  The mixes  were  
fired in an  H~S s t r eam e i ther  at  950~ to give a cubic 
ma te r i a l  or at 1150~ to give a hexagona l  phosphor .  
The  H~S used was  b u b b l e d  t h r ough  Ba(OH)2  solu-  
t ion, t hen  t h r ough  d r y i n g  co lumns  con t a in ing  silica 
gel and  P~O~ and  a cold t r ap  held  at - -50~ before  
coming  in  contact  w i th  the sample.  

Emiss ion  spect ra  of the  phosphors  u n d e r  3650A 
exc i ta t ion  1 a re  shown  in  Fig. 1-4. Concen t r a t ions  
are g iven  in  g r a m - a t o m s  added per  mole  ZnS,  bu t  
the a m o u n t s  of ac t iva tor  a nd  Ga p resen t  af ter  f i r ing 
were  equ iva l en t  to the a m o u n t s  added, whereas  the  

1 E s s e n t i a l l y  3650A r a d i a t i o n  w a s  o b t a i n e d  f r o m  a G .E .  m e r c u r y  
l a m p ,  # H 1 0 0 - F L 4 ,  i n  c o n j u n c t i o n  w i t h  Corning ~ 5 8 4 0  and  K o p p  
~ 4 1  u v  f i l t e r s .  The  spectra w e r e  recorded  on a n  automat ic  spectro-  
radiometer  w h i c h  p l o t s  r a d i a n t  e n e r g y  f lux  vs .  w a v e  l e n g t h .  
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Fig. 1. Emission spectro of ZnS:|O -4 Cu, 10 -4 Ga; a, cubic 
structure; b, hexagonol structure; 3650A excitation; - -  
room temperoture . . . . . .  ] 96~ 

f inal  In  concen t ra t ion ,  because  of vo la t i za t ion ,  was  
a p p r o x i m a t e l y  equa l  to t he  c o n c e n t r a t i o n  of  a c t i -  
v a t o r  p resen t .  A l t h o u g h  mos t  of the  p h o s p h o r s  w e r e  
p r e p a r e d  in pur i f i ed  H2S, t h e y  could  be  m a d e  e q u a l l y  
we l l  in sealed,  e v a c u a t e d  q u a r t z  tubes ,  S . . (p-~ 30 
a t m ) ,  N~, or  H+, p r o v i d e d  t h a t  w a t e r  and  o x y g e n  
w e r e  e x c l u d e d  in the  p h o s p h o r  p r e p a r a t i o n .  

This  c lass  of p h o s p h o r s  c l e a r l y  shows  two  e m i s -  
s ion b a n d s ]  The  s h o r t e r  w a v e - l e n g t h  emiss ion ,  
w h i c h  is in t he  b lue  w i t h  A g  and  in  t h e  g r e e n  w i t h  
Cu, is d e p e n d e n t  on the  i d e n t i t y  of t he  a c t i v a t o r  only ,  
wh i l e  the  l onge r  w a v e - l e n g t h  emiss ion ,  w h i c h  is in 
the  y e l l o w  w i t h  A g  and  o range  w i t h  Cu, d e p e n d s  on 
the  i d e n t i t y  of bo th  a c t i v a t o r  a n d  coac t iva to r .  F o r  
e x a m p l e ,  t he  l onge r  w a v e - l e n g t h  emiss ion  p e a k s  a t  
5900A in Z n S : A g , G a  and  at  6150A in Z n S : A g , I n .  

The  r e l a t i v e  i n t ens i t i e s  of the  two  b a n d s  a r e  d e -  
t e r m i n e d  b y  such p a r a m e t e r s  as c o n c e n t r a t i o n  of 
a c t i v a t o r  and  coac t iva to r ,  t e m p e r a t u r e  d u r i n g  e x -  
c i ta t ion ,  i d e n t i t y  of coac t iva to r ,  c r y s t a l  s t ruc tu re ,  
and  f i r ing t e m p e r a t u r e .  

A n  inc rea se  in c o n c e n t r a t i o n  of a c t i v a t o r  a n d  co-  
a c t i v a t o r  causes  an  i nc rea se  in t h e  long to sho r t  
w a v e - l e n g t h  emiss ion  ra t io .  F o r  e x a m p l e ,  cons ide r  
t he  emiss ion  in  cubic  ZnS:  Cu,In.  Be low 10 -5 Cu a n d  
In, v i r t u a l l y  no c o n t r i b u t i o n  f r o m  the  o r a n g e  b a n d  
is o b s e r v e d  u n d e r  exc i t a t i on  a t  r o o m  t e m p e r a t u r e .  
I n c r e a s e  in  c o n c e n t r a t i o n  of Cu and  In  f r o m  10 -5 
causes  an  i n c r e a s e  in  t he  o r ange  emis s ion  u n t i l  a t  3 x 
10 -4 Cu and  In  the  i n t e n s i t y  of t h e  o r a n g e  b a n d  is 
abou t  e q u a l  to t h a t  of t he  g r e e n  b a n d  and  a b o v e  th is  
concen t r a t ion ,  the  o r a n g e  b a n d  p r e d o m i n a t e s .  In  G a -  
c o a c t i v a t e d  phosphors ,  t h e  s h o r t e r  w a v e - l e n g t h  b a n d  

T h e  a d d i t i o n a l  b a n d  a t  4500A o b s e r v e d  o n l y  i n  c u b i c  Z n S : C u ,  G a  
is n o t  d i s c u s s e d  in t h i s  p a p e r .  
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Fig. 2. Emission spect ro  o f  ZnS: 10 -4 Cu, 

t ions as in Fig. 1. 

2 X 10 -4 In; cap-  

p r e d o m i n a t e s  in  s a m p l e s  c on t a in ing  up  to a b o u t  10 -2 
Cu and  Ga. R e l a t e d  to t he  c o n c e n t r a t i o n  effect  is t he  
d e p e n d e n c e  of t he  l onge r  to s h o r t e r  w a v e - l e n g t h  
emiss ion  r a t i o  on f i r ing t e m p e r a t u r e .  I n  cubic  ZnS:  
10 -4 Cu, 2 x 10 -4 In, th is  r a t i o  a t  r o o m  t e m p e r a t u r e  is 
0.31, 0.27, 0.26 for  s a m p l e s  f i red a t  a n d  a i r - c o o l e d  
f rom 600 ~ 700 ~ and  900~ r e spe c t i ve ly .  

I001 o I" 
/ 

80 / 

60 

40 

i 
~2o I 

I \ 
a: 80 / \ 

/ \ 
/ \ 
/ \ 60 / \ \  

/ \ 

i/ \,, ' 40 \ 

o U - V - C - ~  , i . . . .  i , , 
4000 5000 6000 7000 

WAVELENGTH (A) 

Fig. 3. Emission spectra of ZnS:]O -4 Ag, 10 -4 Ga; cap- 
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hans as in Fig. 1. 

As is e v i d e n t  f rom Fig .  1-4 the  l o n g e r  w a v e - l e n g t h  
emiss ion  is f a v o r e d  u n d e r  e x c i t a t i o n  a t  l o w e r  t e m -  
pe r a tu r e s .  The  t e m p e r a t u r e  d e p e n d e n c e  of emiss ion  
of the  p h o s p h o r s  was  d e t e r m i n e d  b y  r e c o r d i n g  the  
s p e c t r a  as t he  s a m p l e  con t a ined  on a l a r g e  Cu b l o c k  
in  v a c u u m  was  cooled  s l o w l y  f rom a b o u t  275~ to 
room t e m p e r a t u r e .  Be low r o o m  t e m p e r a t u r e ,  t he  
b lock  was  cooled  b y  the  a d d i t i o n  of s m a l l  q u a n t i t i e s  
of l i qu id  n i t r ogen .  The  t e m p e r a t u r e  c h a n g e  d u r i n g  
m e a s u r e m e n t  of the  s p e c t r u m  was  in no case  g r e a t e r  
t h a n  5~ F i g u r e  5 shows  some of t he  s p e c t r a  o b -  
t a i n e d  on h e x a g o n a l  ZnS:  10 -' Cu, 2 x 10-' I n  a t  t h e  
t e m p e r a t u r e s  ind ica ted .  E v e n  a t  255~ w h e r e  t e m -  
p e r a t u r e  q u e n c h i n g  has  begun ,  the  c o n t r i b u t i o n  of t he  
o r ange  b a n d  is cons ide rab l e .  The  s l igh t  sh i f t  in  t he  
s p e c t r a  at  l o w e r  t e m p e r a t u r e s  is d u e  in p a r t  to t he  
d i s a p p e a r a n c e  of t he  g r e e n  b a n d  b e l o w  - -140~ 
Cubic  ZnS:  10-' Cu, 2 x 10 - '  In  shows  the  s ame  gen -  
e r a l  t e m p e r a t u r e  dependence ,  b u t  a b o v e  100~ the  
o r a n g e  c o n t r i b u t i o n  to t h e  s p e c t r a  is s m a l l  and  the  
c h a n g e  f r o m  p r e d o m i n a n t l y  o r a n g e  to g reen  emis s ion  
occurs  at  --35 ~ to 0~ The  g r e e n - o r a n g e  c h a n g e  in  
emiss ion  occurs  at  l o w e r  t e m p e r a t u r e s  as t he  c o n c e n -  
t r a t i o n  of Cu and  In  is dec reased .  Th is  is o b s e r v e d  
for  bo th  cubic  and  h e x a g o n a l  phosphor s .  F i g u r e  6 
shows  t h e  t e m p e r a t u r e  d e p e n d e n c e  of emiss ion  for  
h e x a g o n a l  ZnS:  104 Cu, 10 -~ Ga.  A b o v e  100~ the  
c o n t r i b u t i o n  f r o m  the  o r a n g e  b a n d  is a g a i n  v e r y  
smal l .  These  d a t a  i n d i c a t e  t h a t  t he  t e m p e r a t u r e  d e -  
p e n d e n c e  of emiss ion  a t  a g iven  c o n c e n t r a t i o n  of ac -  
t i v a t o r  and  c o a c t i v a t o r  is d e t e r m i n e d  b y  the  i d e n -  
t i t y  of t he  coac t iva to r .  In  ZnS:  A g , G a  or  In, t he  d a t a  
w e r e  l i m i t e d  to b e l o w  a b o u t  80~ w h e r e  t e m p e r a -  
t u r e  q u e n c h i n g  of l u m i n e s c e n c e  beg ins .  C o n s e q u e n t l y ,  
t he  y e l l o w  to b lue  emis s ion  sh i f t  w a s  no t  o b s e r v e d  
in h e x a g o n a l  Z n S : A g , I n .  
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Fig. 5. Emission spectra of hexagonal ZnS:IO -~ Cu, 2 X 
1 0 -~ In at indicated temperature using 3650A excitation. 

The  effect of s t r u c t u r e  of the  ZnS  in l u m i n e s c e n c e  
has  been  m e n t i o n e d  h e r e t o f o r e  in  connec t ion  w i t h  
t he  c o n c e n t r a t i o n -  and  t e m p e r a t u r e - d e p e n d e n t  p r o p -  
e r t i e s  of the  phosphors .  A t  a g iven  c o n c e n t r a t i o n  of 
a c t i v a t o r  and  coac t iva to r ,  t he  l onge r  w a v e - l e n g t h  
emiss ion  is e n h a n c e d  in  t he  h e x a g o n a l  p h a s e  of Z n S  
as, aga in ,  is s h o w n  in Fig .  1-4. On  a n n e a l i n g  a h e x a -  
gona l  p h o s p h o r  for  an  e x t e n d e d  t ime  at  800~176 
the  s h o r t e r  w a v e - l e n g t h  emiss ion  t y p i c a l  of cubic  
p h o s p h o r s  inc reases  c o n c u r r e n t l y  w i t h  i nc rea se  in 
t h e  a m o u n t  of cubic  phase  p resen t .  The  effect  is r e -  
v e r s i b l e  w i t h  change  in s t r uc tu r e .  Also,  p h o s p h o r s  
w i t h  emiss ion  s p e c t r a  c h a r a c t e r i s t i c  of those  p r e -  
p a r e d  at  1150~ can  be  m a d e  a t  t e m p e r a t u r e s  as l ow  
as  600~ p r o v i d e d  h e x a g o n a l  Z n S  is u sed  in  p r e p -  
a r a t i o n  of the  p h o s p h o r  mixes .  The  s t r u c t u r e  of these  
p h o s p h o r s  r e m a i n s  h e x a g o n a l  d u r i n g  the  1 - h r  f i r ing 
p e r i o d  at  600~ 

G l o w  curves  w e r e  o b t a i n e d  on s a mp le s  p r e v i o u s l y  
e x c i t e d  b y  a B H - 4  l a m p  at  - -195~  for  a 5 - r a in  p e -  
r iod,  and  t h e n  h e a t e d  a t  a r a t e  of 1 0 ~  The  
g low i n t e n s i t y  was  m e a s u r e d  w i t h  an  R C A  5819 PM 
tube  w i t h  S-4  response .  G l o w  p e a k s  a p p a r e n t l y  r e -  
su l t ing  f rom In  occur  at  - -140 ~ and  - -60~ The  
t h e r m o l u m i n e s c e n c e  changes  f r o m  the  l onge r  to t he  
s h o r t e r  w a v e - l e n g t h  emiss ion  d u r i n g  these  g low e x -  
p e r i m e n t s .  The  h i g h - t e m p e r a t u r e  g low p e a k  a t  100 ~  

00r 

4000 5000 6000 7000 
WAVELENGTH (A) 

Fig. 6. Emission spectra of hexagonal ZnS:IO -4 Cu, 10 -~ 
Ga at indicated temperature using 3650A excitation. 
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140~ o b s e r v e d  w i t h  C u - a c t i v a t e d  m a t e r i a l s  changes  
pos i t ion  w i t h  change  in concen t r a t i on .  

Theoretical Analysis 
As a consequence  of t h e  a s soc ia t ion  of a c t i v a t o r  a n d  

c o a c t i v a t o r  i m p u r i t i e s  in to  donor-acceptor  pai r s ,  a 
u n i q u e  i m p u r i t y  s y s t e m  is no t  e x p e c t e d  in these  
phosphors ,  b u t  r a t h e r  a d i s t r i b u t i o n  of d i a t o m i c  cen -  
t e r s  each  c h a r a c t e r i z e d  b y  a d i f fe ren t  i n t e r i m p u r i t y  
d i s t a n c e  is expec ted .  These  pa i r s  w i l l  each  h a v e  a 
d i f fe ren t  e n e r g y  l eve l  s t r u c t u r e  a n d  t r a n s i t i o n  p r o b -  
ab i l i t i e s  for  e x c i t a t i o n  and  emiss ion.  

P r e n e r  a n d  W i l l i a m s  (5)  have  p r o p o s e d  a m o d e l  
for  the  l u m i n e s c e n t  c e n t e r  def ined  in  th is  p a p e r  as 
the  sho r t  w a v e - l e n g t h  l u m i n e s c e n t  cen te r .  In  th is  
mode l  the  t r ans i t i ons  r e s p o n s i b l e  fo r  t h e  s h o r t  
w a v e - l e n g t h  emiss ion  occur  b e t w e e n  exc i t ed  s t a tes  
of t he  donor  and  the  g r o u n d  s t a t e  of t he  accep to r  in  
an  assoc ia ted ,  b u t  no t  n e a r e s t  ne ighbor ,  c o a c t i v a t o r -  
a c t i v a t o r  pa i r .  Because  e x c i t e d  s t a tes  of t he  donor  a r e  
invo lved ,  t he  emiss ion  is i n d e p e n d e n t  of the  c h e m -  
ical  i d e n t i t y  of the  coac t iva to r .  Recen t ly ,  W i l l i a m s  
(6) e x t e n d e d  the  o r i g i n a l  concep t  of a s soc ia t ed  p a i r s  
a t  second,  t h i rd ,  and  f o u r t h  n e a r e s t - n e i g h b o r  s i tes  to 
m o r e  w i d e l y  s e p a r a t e d  p a i r s  of n o n r a n d o m l y  d i s -  
t r i b u t e d  donors  and  accep to r s  c o n t r i b u t i n g  to s h o r t  
w a v e - l e n g t h  emiss ion.  The  p r e s e n t  a n a l y s i s  is con-  
s i s t en t  w i t h  the  sho r t  w a v e - l e n g t h  emiss ion  i n v o l v i n g  
p a i r s  w i t h  suff ic ient ly  g r e a t  i n t e r i m p u r i t y  spac ing  
such t h a t  on ly  r a d i a t i v e  t r a n s i t i o n s  f r o m  e x c i t e d  
donor  s t a tes  to the  g r o u n d  s t a t e  of t he  accep to r  can  
occur  w i t h  a p p r e c i a b l e  p r o b a b i l i t y .  The  g r o u n d  s t a t e  
of the  donor  for  these  p a i r s  w i l l  f u n c t i o n  as an  e l ec -  
t r on  t r ap .  These  p a i r s  w i l l  be  d e s i g n a t e d  s - t y p e  a n d  
a re  shown  on the  le f t  of t he  b a n d  m o d e l  in Fig .  7. 
The  emiss ion  p roces s  also is i n d i c a t e d  w i t h  t h e  
t r a n s i t i o n  p r o b a b i l i t y  A, .  

W e  p ropose  t h a t  t he  long  w a v e - l e n g t h  emiss ion  
ar i ses  f r o m  c o a c t i v a t o r - a c t i v a t o r  p a i r s  suff ic ient ly  
c lose ly  a s soc ia t ed  so t h a t  r a d i a t i v e  t r a n s i t i o n s  m a y  
occur  d i r e c t l y  f r o m  the  g r o u n d  s t a t e  of t he  donor  to 
t he  g r o u n d  s t a t e  of t he  accep to r .  The  p r o b a b i l i t y  of 
th is  t r a n s i t i o n  depends ,  of course ,  on o v e r l a p  of t h e  
g r o u n d  s t a t e  donor  and  accep to r  w a v e  func t ions .  Be -  
cause  t he  ene rg i e s  of the  g r o u n d  s ta tes  a r e  d e p e n d e n t  
on the  i den t i t i e s  of d o n o r  a n d  accep to r ,  r e s p e c t i v e l y ,  
t he  t r a n s i t i o n  e n e r g y  for  t he  long  w a v e - l e n g t h  e m i s -  
s ion w i l l  be  d e p e n d e n t  on the  c h e m i c a l  i den t i t i e s  of 
bo th  t he  c o a c t i v a t o r  and  the  ac t i va to r .  These  p a i r s  
w i l l  be  d e s i g n a t e d  as  / - t y p e  a n d  a r e  shown  on the  
r i g h t  in Fig .  7 a long  w i t h  t h e  emiss ion  p rocess  i n d i -  
ca t ed  b y  the  t r a n s i t i o n  p r o b a b i l i t y  A,.  

E~ 

.F: �84 g _  

Fig. 7. Band theory model for the short end long wave- 
length luminescent centers. 

The r e l a t i v e  i n t ens i t i e s  of the  sho r t  and  long  
w a v e - l e n g t h  emiss ion  b a n d s  can  be a n a l y z e d  t h e o -  
r e t i c a l l y  mos t  r e a d i l y  for  t e m p e r a t u r e s  suff ic ient ly  
g r e a t  so t h a t  t h e r m a l  e q u i l i b r i u m  app l i e s  a m o n g  the  
e l e c t r o n  s t a tes  a n d  s e p a r a t e l y  a m o n g  the  ho le  s ta tes .  
T h e  r a t i o  of i n t ens i t i e s  f r o m  s-  a n d  f r o m / - t y p e  cen -  
t e r s  w i l l  t hen  be  of t he  fo l l owing  f o r m :  

. . . . . . . .  [ 1 ]  
Iz  p~ P ( ~ l )  A l  a l  

w h e r e  t he  p's, P's, A's,  and  a 's  are,  r e spec t i ve ly ,  t he  
dens i t i e s  of s ta tes ,  oc c upa t i ona l  p r o b a b i l i t i e s  for  each  
s ta te ,  t r a n s i t i o n  p r o b a b i l i t i e s  for  emiss ion ,  a n d  f r a c -  
t ions  of pa i r s  r e s p o n s i b l e  for  the  s-  a n d / - t y p e  e m i s -  
sion. 

Because  the  s - c e n t e r s  a r e  b e l i e v e d  to c o m p r i s e  a l l  
t he  c o a c t i v a t o r - a c t i v a t o r  pa i r s  in w h i c h  a n y  e x c i t ed  
donor  s t a t e  has  a f ini te  m a t r i x  e l e m e n t  for  a r a d i -  
a t i ve  t r a n s i t i o n  w i t h  t he  g r o u n d  s t a t e  of t he  ac -  
c ep to r  a n d  s ince  t h e r e  a r e  m a n y  e xc i t e d  d o n o r  s ta tes  
c h a r a c t e r i z e d  b y  d i f fe ren t  s p a t i a l  ex t ens ions  of t h e i r  
w a v e  func t ions ,  a d i s t r i b u t i o n  of p a i r s  w i t h  d i f fe ren t  
i n t e r i m p u r i t y  spac ings  is e x p e c t e d  to c o n t r i b u t e  to 
a,.  On  the  o t h e r  hand ,  t he  / - cen t e r s  p r o b a b l y  com-  
p r i s e  a u n i q u e  pa i r ,  or  a t  mos t  a n a r r o w  d i s t r i b u t i o n  
of pa i r s ,  be c a use  t h e  i n t e r i m p u r i t y  spac ing  m u s t  be  
such  t h a t  a f ini te  m a t r i x  e l e m e n t  fo r  a r a d i a t i o n  
t r a n s i t i o n  ex i s t s  b e t w e e n  the  g r o u n d  s t a t e s  of the  
donor  and  accep tor .  O n l y  a s m a l l  f r ac t i on  a: of t he  
pa i r s  a r e  cons i s t en t  w i t h  th is  r e q u i r e m e n t .  In  t he  
f o l l o w i n g  ana lys i s  t he  r a t i o  a~/a~ wi l l  be  d e t e r m i n e d  
t h e o r e t i c a l l y  in  an  a p p r o x i m a t i o n  cons i s t en t  w i t h  
b e i n g  l a r g e  c o m p a r e d  to un i ty .  F r o m  the  f o r m u l a  of 
P r e n e r  (7) ,  w e  ob ta in :  

a ,  2~+~a,,, +1Ac Z.~e e2/Kr,,~kTD e -c~ ~ Zj 
- -  - -  - -  [2]  

OLI a t  
Ac Z, e e~/KmkTD e -cz~ zj 

w h e r e  Zs is t h e  n u m b e r  of s i tes  of the  j t h  t y p e  and  TD 
is t he  t e m p e r a t u r e  d u r i n g  p r e p a r a t i o n  b e l o w  w h i c h  
d i f fus ion  ove r  i n t e r i m p u r i t y  d i s t ances  canno t  occur.  
W e  then  m a k e  a c o n t i n u u m  a p p r o x i m a t i o n  (8)  for  
t he  p a i r s  of t he  s - t y p e  a n d  r e p l a c e  t h e  sums  b y  i n t e -  
gra ls .  I n  th is  a p p r o x i m a t i o n  (Z ,+I -  Z~) --> dZ = 
4~rr'~dr, and  

- - = 4 1 r Z ~ e C Y ' l z ~ f r 2 e  KkTD e 3 dr [3]  
c~ t i 1 

F o r  TD~-IO ~ ~  and  l ~ 3 ( r ~ > = T A ) ,  t he  fac to r  
e~ ( ,  _ ' )  

eKeD r -  m is a suff ic ient ly  s l owly  v a r y i n g  f u n c -  
t ion  of r f r o m  r~ to ~ so t h a t  a w e i g h t e d  a v e r a g e  
v a l u e  can  be  r e m o v e d  f r o m  the  i n t e g r a n d .  The  r e su l t  

4 ~ 
is i n t e g r a t e d  and  the  r e l a t i o n  r " = - -  ~r ~ ~ Z, b e t w e e n  

3 
the  c o n t i n u u m  a p p r o x i m a t i o n  and  the  l a t t i ce  is 
u t i l i z ed  to y i e l d  t he  fo l l owing  a p p r o x i m a t e  r e l a t i o n :  

a~ c-~Z-~ LeKk~% r~ ~ [4]  
Oft 

in w h i c h  r~ can  be  i n t e r p r e t e d  as a w e i g h t e d  a v e r a g e  
i n t e r i m p u r i t y  d i s t a n c e  for  t he  s - t y p e  cen te rs .  The  
fac to r  a~/at wi l l  f a v o r  s - t y p e  emiss ion  and  is c l e a r l y  
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d e p e n d e n t  on the  c o n c e n t r a t i o n  c of a c t i v a t o r s  and  
coac t iva to r s .  

On the  o t h e r  hand ,  the  f ac to r  in Eq. [1]  w h i c h  
t a k e s  accoun t  of t he  o c c u p a t i o n a l  p r o b a b i l i t i e s  of 
e m i t t i n g  s t a tes  of t he  s-  and  l - t y p e  cen te r s  f avo r s  
/ - t y p e  emiss ion  and  is s t r o n g l y  t e m p e r a t u r e - d e p e n d -  
ent .  This  is e v i d e n t  f r o m  Fig.  7 and  also f r o m  t h e  
e q u i l i b r i u m  a p p r o x i m a t i o n .  F o r  o r d i n a r y  exc i t a t i on  
in t ens i t i e s  the  f r ac t i on  of cen te r s  exc i t ed  s i m u l t a n e -  
ous ly  w i l l  be  suff ic ient ly  s m a l l  so t h a t  B o l t z m a n n  
s ta t i s t i cs  m a y  be  used.  The  d i f fe rence  in emiss ion  
s p e c t r a  of t he  two  b a n d s  is a m e a s u r e  of the  d i f f e r -  
ence  in ene rg ie s  of the  s ta tes  of the  two  t y p e s  of c en -  
ters .  W e  m a y  wr i t e ,  t h e r e f o r e  

h c ( 1  1 )  
p(,.) -- _ 

~ e  k=. ~ ~ [5]  
P ( , , )  

This  f o r m u l a  wi l l  be  in  e r r o r  b y  the  d i f fe rence  in 
p o l a r i z a t i o n  e n e r g y  of t h e  two t y p e s  of cen t e r s  fo l -  
l owing  emiss ion.  This  e r r o r  m a y  be  as g r e a t  as  t he  
d i f fe rence  b e t w e e n  the  t h e r m a l  d e p t h  and  the  op t i ca l  
d e p t h  of the  donor .  A t  low t e m p e r a t u r e s  the  o c c u p a -  
t i ona l  p r o b a b i l i t i e s  w i l l  no t  be  d e t e r m i n e d  b y  e q u i -  
l i b r i u m  cons ide ra t i ons  b u t  r a t h e r  b y  d e t a i l e d  b a l a n c e  
b e t w e e n  exc i t a t i on  and  emiss ion  w i t h i n  each  coac t i -  
v a t o r - a c t i v a t o r  pa i r .  U n d e r  these  cond i t ions  Eq. [5]  
w i l l  not  app ly ,  and  an  a p p r e c i a b l e  f r ac t i on  of s - t y p e  
pa i r s  w i l l  no l onge r  c o n t r i b u t e  to emiss ion  at  low t e m -  
p e r a t u r e s  in the  s t e a d y  s t a t e  because  of e l ec t ron  t r a p -  
p ing  in  t he  g r o u n d  s t a t e  of the  donor  of these  pa i r s .  

The  ra t io  of dens i t i e s  of s ta tes  p,/p, and  t r a n s i t i o n  
p r o b a b i l i t i e s  for  emiss ion  A J A ,  a re  bo th  e x p e c t e d  
to be  of the  o r d e r  of u n i t y  and  no t  a p p r e c i a b l y  d e -  
p e n d e n t  on t e m p e r a t u r e  or  c o n c e n t r a t i o n  of l u m i n e s -  
cent  centers .  In  the  l - t y p e  center ,  emiss ion  is e x c l u -  
s ive ly  f rom the  g r o u n d  s t a t e  of the  donor  so t h a t  p, 
is obv ious ly  un i ty .  T h e  exc i t ed  s t a tes  in  t he  h i g h l y  
a s soc ia t ed  l - t y p e  p a i r  h a v e  been  p e r t u r b e d  b a c k  to 
t he  conduc t ion  b a n d  edge  (5) .  In  an  s - t y p e  cen t e r  
t he  l o w e r  e x c i t e d  s t a tes  w h i c h  g ive  a f ini te  m a t r i x  
e l e m e n t  for  r a d i a t i v e  r e c o m b i n a t i o n  w i t h  t he  pos i -  
t i ve  hole  in  t he  a s soc ia t ed  accep to r  c o n t r i b u t e  to p,, 
the  h i g h e r  exc i t ed  s t a tes  h a v i n g  been  p e r t u r b e d  b a c k  
into  t he  conduc t ion  b a n d  (5 ) .  S ince  the  s - t y p e  cen -  
t e r s  c o m p r i s e  a d i s t r i b u t i o n  of p a i r s  w i t h  d i f f e ren t  
i n t e r i m p u r i t y  spac ings  r ,  > r , ,  t he  i den t i t i e s  of the  
e x c i t e d  s t a tes  c o n t r i b u t i n g  to p~ w i l l  v a r y  w i t h  r~,; 
h o w e v e r ,  t h e i r  n u m b e r  is e x p e c t e d  to be  a c o n s t a n t  
s m a l l  in teger .  The  m a g n i t u d e s  of the  m a t r i x  e l e m e n t s  
A for  r a d i a t i v e  r e c o m b i n a t i o n  w i t h  the  pos i t ive  ho le  
in t he  a s soc ia t ed  accep to r  should  be  c o m p a r a b l e  for  
s-  and  l - t y p e  emiss ion.  

In  add i t ion ,  the  r a t i o  L / I ,  has  been  i n v e s t i g a t e d  
w i t h  t he  a s s u m p t i o n  t h a t  the  t r a n s i t i o n s  b e t w e e n  the  
u n p e r t u r b e d  conduc t ion  b a n d  s ta tes  and  the  g r o u n d  
s t a t e  of t he  accep to r  a r e  r e s p o n s i b l e  for  s - t y p e  e m i s -  
sion. W i t h  th i s  a s s u m p t i o n ,  the  s a m e  d e p e n d e n c e  on 
t e m p e r a t u r e  and  i m p u r i t y  c o n c e n t r a t i o n  is o b t a i n e d  
as in t he  fo rego ing  ana lys i s .  H o w e v e r ,  a p r o n o u n c e d  
d e p e n d e n c e  of L / L  on e x c i t a t i o n  i n t e n s i t y  is ob -  
t a i n e d  because  I, is p r o p o r t i o n a l  to bo th  the  concen -  
t r a t i o n  of the  e l ec t rons  in  t he  conduc t ion  b a n d  a n d  
the  c o n c e n t r a t i o n  of e m p t y  accep tors ,  w h e r e a s  I, is 
p r o p o r t i o n a l  on ly  to the  c o n c e n t r a t i o n  of e m p t y  ac -  
ceptors .  This  is not  the  case  w i t h  the  ana lys i s  b a s e d  

on s - t y p e  emiss ion  i n v o l v i n g  e xc i t e d  donor  or  p e r -  
t u r b e d  conduc t ion  b a n d  s t a tes  since,  for  th is  ana lys i s ,  
bo th  L a n d  I~ a r e  p r o p o r t i o n a l  on ly  to the  concen -  
t r a t i o n  of e m p t y  accep tors .  

The  m o d e l  i l l u s t r a t e d  in  Fig .  7, in  a d d i t i o n  to p r o -  
v id ing  the  bas is  for  the  p r e c e d i n g  a n a l y s i s  of the  
r e l a t i v e  in t ens i t i e s  of the  shor t  and  long  w a v e - l e n g t h  
emiss ion  bands ,  p r o v i d e s  a bas is  for  r e l a t i n g  the  
t r a n s i t i o n  ene rg ie s  for  emiss ion  to o the r  l u m i n e s c e n t  
p rope r t i e s .  F o r  e x a m p l e ,  the  g r o u n d  s t a t e  of t he  
donor  in the  s - t y p e  cen t e r  is an  e l ec t ron  t r ap ,  and  
the re fo re ,  the  d e p t h  of t he  t r a p  shou ld  be  a p p r o x i -  
m a t e l y  equa l  to the  d i f fe rence  in t r a n s i t i o n  ene rg ie s  
for  the  two emiss ion  bands .  

ET ~ he [6]  

This  r e l a t i o n  is m o r e  n e a r l y  co r rec t  for  the  opt ica l ,  
r a t h e r  t han  the  t h e r m a l ,  t r a p  dep th .  In  add i t ion ,  th is  
r e l a t i o n  is based  on the  a s s u m p t i o n  t h a t  the  ene rg i e s  
of the  g r o u n d  s t a tes  of the  donor  and  accep to r  a re  
i n d e p e n d e n t  of w h e t h e r  t h e  assoc ia t ion  is in to  s - t y p e  
o r / - t y p e  pa i rs .  

S ince  the  ene rg ie s  of t he  s t a tes  of t he  donor  and  
accep to r  do d e p e n d  on associa t ion ,  the  a c c u r a c y  w i t h  
w h i c h  Eq. [6]  is in accord  w i t h  e x p e r i m e n t  p e r m i t s  
p l a c ing  an  a p p r o x i m a t e  l i m i t  on the  d e g r e e  of a s -  
soc ia t ion  of the  / - t y p e  pa i r s .  W i l l i a m s  (9)  r e c e n t l y  
has  e x a m i n e d  t h e o r e t i c a l l y  the  d o n o r - a c c e p t o r  p a i r  
sys tem,  w h i c h  is a t w o - p a r t i c l e  s y s t e m  cons i s t ing  of 
an e l ec t ron  and  a pos i t i ve  ho le  b o u n d  in t he  field of a 
f ini te  dipole .  The  ana lys i s  is s im i l a r  to t he  H e i t l e r -  
L o n d o n  t r e a t m e n t  of the  h y d r o g e n  m o l e c u l e  and  
t a k e s  account  of t he  o v e r l a p  of t he  d o n o r  a n d  ac -  
cep to r  w a v e  func t ions .  This  o v e r l a p  was  neg lec t ed  
in the  ana lys i s  of H o o g e n s t r a a t e n  (10) .  The  t r a n s i -  
t ion  e n e r g y  for  emiss ion  Er for  p a i r s  c h a r a c t e r i z e d  b y  
the  i n t e r i m p u r i t y  spac ing  r~ and  b y  r a d i a l  w a v e  
func t ions  for  the  s e p a r a t e d  donor  and  accep to r  of the  
fo rm a -3/-' e ~/~ is:  

e "~ [ a  5 3 r ,  l r $ ]  

r~ 8 4 a 6 a ~ 

12a K e -2r~/a 4 "~a-" + 18 a + 9 -4- 

e-' 
- - - -  E ~ - -  E~ + E~ [7]  
KW~ 

w h e r e  E ,  and  E~ a re  the  i on i za t i on  ene rg i e s  for  t he  
s e p a r a t e d  donor  and  accep tor ,  K and  Ko a re  t he  
s t a t i c  and  op t i ca l  d i e l ec t r i c  cons tan t s ,  and  E~ is t he  
b a n d  gap.  F o r  pa i r s  cons i s t ing  of donors  and  accep to r s  
bo th  l oca t ed  a t  s i tes  of t he  s ame  s ign and  w i t h  ED => 
0.5 ev and  E~ > 0.5 ev, the  p e r t u r b a t i o n  of the  g r o u n d  
s t a tes  and  c onse que n t  i nc rea se  in E~ wi l l  be  qu i t e  
a c c u r a t e l y  e V K r , .  The  e r r o r  i n v o l v e d  in us ing  Eq. 
[6]  to ca l cu l a t e  t h e r m a l  t r a p  d e p t h s  t ends  to cance l  
the  e r r o r  i n v o l v e d  in  a s s u m i n g  the  ene rg ie s  of t he  
donor  and  accep to r  s ta tes  to be  i n d e p e n d e n t  of d e -  
g ree  of associa t ion .  

Interpretation of Experimental Results 
The  l o n g e r  w a v e - l e n g t h  emiss ion  is a t t r i b u t e d  to 

r a d i a t i v e  t r ans i t i ons  i n v o l v i n g  the  g r o u n d  s t a tes  of 
h i g h l y  a s soc ia t ed  d o n o r - a c c e p t o r  p a i r s  and  conse -  
q u e n t l y  shou ld  d e p e n d  on the  c h e m i c a l  i d e n t i t y  of 
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Fig. 8. log I OrQnge/ I  green VS. ] / T  - -  3 6 5 0 A  ex- 
ci tat ion; J,, hexogona] ZnS:]O -4 Cu, 2 ><: ]0  -4 In; e, hexag- 
onal ZnS:10 -4 Cu, lO -r Ga. 
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Fig. 9. E (slope from Fig. 8) vs. log concentration Cu in 
ZnS:Cu, In. 
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Fig. 10. log I o r a n g e / I  green vs. log concentration Cu in 
cubic ZnS:Cu, In. 

bo th  donor  and  accep tor .  This  has  been  o b s e r v e d  e x -  
p e r i m e n t a l l y  as has  a l r e a d y  been  p o i n t e d  out  w i t h  
Z n S : A g , G a  and  Z n S : A g , I n .  In  ZnS:  Cu ,Ga  and  ZnS:  
Cu,In,  t he  d i f fe rence  in  s p e c t r a l  d i s t r i b u t i o n s  of the  
long  w a v e - l e n g t h  emiss ions  is less  m a r k e d  b u t  p r e s -  
ent .  

In  add i t ion ,  t he  m o d e l  for  t h e  long  w a v e - l e n g t h  
cen t e r  is in a g r e e m e n t  w i t h  the  fac t  t h a t  the  t e m p e r -  
a t u r e  d e p e n d e n t  p r o p e r t i e s  a r e  d e t e r m i n e d  p r i m a r i l y  
b y  the  i d e n t i t y  of the  coac t iva to r ,  s ince  t he  e n e r g y  
l eve l  of the  a c t i v a t o r  for  b o t h  t he  sho r t  a n d  long  
w a v e  emiss ion  is n e a r l y  iden t i ca l ,  w h e r e a s  d i f f e ren t  
ene rg ie s  a r e  a s soc ia t ed  w i t h  t he  G a  and  In  levels .  
The  l a t t e r  was  p o i n t e d  out  b y  H o o g e n s t r a a t e n  (10) 
for  the  t r a p  dep th s  for  Ga  and  In. This  was  conf i rmed  
in the  g low c u r v e  m e a s u r e m e n t s  of t he  p r e s e n t  s tudy .  
In  Fig .  8 the  log of t he  r a t i o  of o r a n g e  to g r e e n  i n -  
t ens i t i e s  is p l o t t e d  a g a i n s t  t he  r e c i p r o c a l  of t he  a b -  
so lu te  t e m p e r a t u r e  for  h e x a g o n a l  Z n S : 1 0  -~ Cu, Ga  
and  h e x a g o n a l  ZnS:  10-" Cu, 2 x l f f '  In.  The  s lopes  of 
these  p lo t s  a r e  t he  d i f fe rences  in  ene rg ie s  of t he  s -  
and  L- type cen t e r s  in  t h e i r  e m i t t i n g  s ta tes  a n d  a re  
a p p r o x i m a t e l y  the  d i f fe rence  in ene rg i e s  of t he  d o n o r  
l eve l s  r e s p o n s i b l e  for  t he  sho r t  and  long  w a v e - l e n g t h  
emiss ions .  The  t o t a l  q u a n t u m  eff iciency does no t  d e -  
c rease  in  th is  t e m p e r a t u r e  i n t e r v a l ,  and  the  effects  
of c o m p e t i n g  n o n r a d i a t i v e  p rocesses  can  t h e r e f o r e  be  
neg lec ted .  The  n o n l i n e a r  p o r t i o n s  of the  p lo t s  o b -  
s e r v e d  a t  l o w e r  t e m p e r a t u r e s  i n d i c a t e  t h e  absence  
of t h e r m a l  e q u i l i b r i u m .  T h e  s lope is 0.12 ev for  ZnS :  
Cu ,Ga  a n d  0.20 ev  for  Z n S : C u , I n .  A l t h o u g h  these  
ene rg ie s  a r e  l o w e r  t h a n  the  va lue s  of t he  t r a p  dep ths ,  
i.e., 0.50 ev  for  I n  a n d  0.42 ev  for  Ga,  t he  e n e r g y  
d i f fe rences  a r e  in  t he  r i g h t  d i r ec t i on  and  the  0.08 ev  
d i f fe rence  b e t w e e n  G a  and  In  is t he  s ame  as t he  d i f -  

f e r ence  in ene rg i e s  r e p o r t e d  for  the  t r a p  d e p t h s  (10) .  
W i t h  dec rease  in  c o n c e n t r a t i o n  of a c t i v a t o r  and  co-  
ac t iva to r ,  t he  ene rg ie s  b e c o m e  l a r g e r  as is shown  in 
Fig .  9. This  effect of c o n c e n t r a t i o n  is q u a l i t a t i v e l y  in 
accord  w i t h  the  changes  in  e n e r g y  l eve l  s t r u c t u r e s  of 
t he  two  t y p e s  of cen t e r s  p r e d i c t e d  b y  Eq. [7]  s ince  
t he  c o n t r i b u t i o n  f r o m  each  p a i r  c ha nge s  w i t h  con-  
cen t r a t ion .  

Us ing  Eq. [6] ,  t he  t r a p  dep th s  for  In  a n d  Ga as 
c a l c u l a t e d  f rom emiss ion  s p e c t r a  of C u - a c t i v a t e d  
m a t e r i a l s  a r e  0.47 ev  fo r  In  and  0.44 for  G a  w h i c h  
c o m p a r e  f a v o r a b l y  w i t h  t he  t h e r m a l  t r a p  d e p t h s  d e -  
s c r i be d  above .  In  the  case  of A g - a c t i v a t e d  phosphor s ,  
h o w e v e r ,  t he  va lue s  o b t a i n e d  a re  0.80 for  In  and  0.72 
for  Ga.  The  d i f fe rence  in c a l c u l a t e d  t r a p  dep th s  is 
0.08 ev, howeve r .  

E q u a t i o n  [4]  p r ed i c t s  a s lope  of m i n u s  one b e -  
t w e e n  log  IJI~ a n d  log C, a n d  Fig.  10 shows  such a 
d e p e n d e n c e  in t he  cubic  ZnS:  Cu, In  sys t em.  

The  r a t i o  Is/It was  f o u n d  to be  a p p r o x i m a t e l y  i n -  
d e p e n d e n t  of e x c i t a t i o n  i n t ens i t y .  This  e x p e r i m e n t a l  
r e su l t  is cons i s t en t  w i th  t he  p r e d i c t i o n  of t he  t h e o -  
r e t i c a l  ana lys i s  in  the  T h e o r e t i c a l  A n a l y s i s  Sec t ion  
b a s e d  on s - e m i s s i o n  i n v o l v i n g  e x c i t e d  donor  s t a tes  
of d o n o r - a c c e p t o r  pa i r s ,  a n d  is c o n t r a r y  to t he  r e -  
sul ts  of the  ana lys i s  b a s e d  on s - e m i s s i o n  i n v o l v i n g  
conduc t ion  e lec t rons .  

In  t he  sec t ion  on E x p e r i m e n t a l  Resu l t s  i t  was  
p o i n t e d  ou t  t h a t  a h i g h e r  c o n c e n t r a t i o n  of G a  t h a n  of 
In  is n e c e s s a r y  to m a k e  the  long  w a v e - l e n g t h  e m i s -  
s ion p r e d o m i n a t e .  Supe r f i c i a l ly ,  th is  m i g h t  s eem in 
confl ict  w i t h  the  m o d e l  s ince  G a  has  the  s h a l l o w e r  
t r a p  d e p t h  and  consequen t  g r e a t e r  s p a t i a l  ex t ens ion  
of i ts  w a v e  func t ions  so t h a t  sufficient  o v e r l a p  for  
r a d i a t i v e  t r a n s i t i o n s  to a less c lose ly  a s soc ia t ed  ac -  
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Table I 

I, e v  II ,  ev  I I I ,  e v  IV, ev  

Hex. ZnS: Cu, Ga 2.39 0.42 1.97 1.89 
Hex. ZnS: Cu, In 2.39 0.50 1.89 1.88 
Hex. ZnS: Ag, Ga 2.78 0.42 2.36 2.10 
Hex. ZnS: Ag, In 2.78 0.50 2.28 2.02 

I. E n e r g y  of s h o r t  w a v e - l e n g t h  emi s s ion  peak .  
II .  T rap  d e p t h  of c oa c t i va to r  (10). 
I n .  I - n  ca l cu l a t ed  ene rgy  fo r  l o n g  w a v e - l e n g t h  emiss ion .  
IV. O b s e r v e d  e n e r g y  a t  l ong  w a v e - l e n g t h  emi s s ion  peak .  

c e p t o r a t  a l o w e r  c o n c e n t r a t i o n  w o u l d  be  expec ted .  
H o w e v e r ,  as is e v i d e n t  f rom Eq. [5]  t he  r a t i o  of oc-  
c u p a t i o n a l  p r o b a b i l i t i e s  P ( ~ ) / P  (~,) not  on ly  
s t r o n g l y  f avo r s  the  long  w a v e - l e n g t h  emiss ion  b u t  
also is s t r o n g l y  d e p e n d e n t  on the  e n e r g y  of t he  
g r o u n d  s t a t e  of the  donor .  T h e  Ga,  c o m p a r e d  to In,  is 
less  f a v o r e d  b y  this  f ac to r  to emi t  in the  long w a v e -  
l e n g t h  b a n d  so t ha t  an  i nc r ea sed  c o n c e n t r a t i o n  of Ga  
ove r  In  is n e c e s s a r y  to a t t a i n  c o m p a r a b l e  va lue s  of 
L / I ,  in  these  two  m a t e r i a l s .  

In  T a b l e  I, the  e n e r g y  a t  the  long  w a v e - l e n g t h  
emiss ion  p e a k  is c o m p a r e d  to t ha t  c a l c u l a t e d  f r o m  
t h e r m a l  and  op t ica l  d a t a  i n v o l v i n g  the  t r a p  d e p t h  of 
the  c o a c t i v a t o r  and  the  emiss ion  p e a k  of the  shor t  
w a v e - l e n g t h  process ,  r e spec t i ve ly .  T h e  d i f fe rence  in 
these  two  va lues  shou ld  g ive  a p p r o x i m a t e l y  the  e n -  
e r g y  of the  long  w a v e - l e n g t h  emiss ion  in a c c o r d a n c e  
w i t h  Eq. [6] .  In  t he  C u - a c t i v a t e d  m a t e r i a l s ,  th is  
r e l a t i o n  is sa t i s f ied  bu t  w i t h  A g - a c t i v a t e d  p h o s p h o r s  
t he  c a l c u l a t e d  a n d  o b s e r v e d  va lues  d i f fer  b y  0.26 ev 
in  bo th  cases2 Because  of th is  a p p r o x i m a t e  a g r e e -  
m e n t  of Eq. [6]  w i t h  e x p e r i m e n t  a l o w e r  l i m i t  on 
the  v a l u e  of l is sugges ted .  F r o m  Eq. [7]  an  i nc rea se  
in the  t r a n s i t i o n  e n e r g y  E~ for  n e a r e s t - n e i g h b o r  
pa i r s  (1 = I )  of  3 /4  ev is p r e d i c t e d  for  these  p h o s -  
phors ;  an  i nc rea se  of 1/2 ev for  s e c o n d - n e a r e s t  
n e i g h b o r s  p a i r s  ( l  = 2) ;  and  an  i nc rea se  of 2/5  ev 
for  t h i r d - n e a r e s t  n e i g h b o r s  pa i r s  ( l  = 3) .  On ly  l _--> 4 
is cons i s t en t  w i t h  the  success  of Eq. [6] .  In  add i t ion ,  
the  i n t e r i m p u r i t y  d i s t a n c e  r ,  is d i f fe ren t  for  the  cub ic  
and  h e x a g o n a l  s t r u c t u r e s  i f  l :> 3, a n d  this  m a y  a c -  
count  in p a r t  for  the  d e p e n d e n c e  on c r y s t a l  s t r u c t u r e  
of t h e  r e l a t i v e  in t ens i t i e s  of the  shor t  and  long  w a v e -  
l e n g t h  bands .  

A n  i n t e r e s t i n g  seque l  to t he  w o r k  r e p o r t e d  h e r e  
is a p r e l i m i n a r y  s t u d y  of the  effect of Cd s u b s t i t u -  
t ion  on ZnS  p h o s p h o r s  s h o w i n g  the  long w a v e - l e n g t h  
emiss ion.  In  h e x a g o n a l  ZnS:10-4Cu,In,  s u b s t i t u t i o n  
of  up  to 15 m o l e  % CdS  causes  an  i n c r e a s e  in  t he  
r a t i o  of i n t ens i t i e s  of t he  shor t  w a v e - l e n g t h  to long  
w a v e - l e n g t h  emiss ion  at  r o o m  t e m p e r a t u r e .  These  

I t  s h o u l d  be  p o i n t e d  ou t  t h a t  o b s e r v e d  a n d  c a l c u l a t e d  v a l u e s  of  
t h e  l o n g  w a v e - l e n g t h  e m i s s i o n  in  Z n S : A u ,  I n  agree  v e r y  wel l .  

d a t a  a r e  cons i s t en t  w i t h  the  ana lys i s  of the  o c c u p a -  
t i ona l  p r o b a b i l i t i e s  of e l ec t rons  in the  e m i t t i n g  s t a tes  
of t he  s -  a n d / - t y p e  cen te r s  as  d i scussed  in th is  pape r .  
Up to 15% CdS s u b s t i t u t i o n  e s sen t i a l l y  dec reases  
the  d e p t h  of t he  g r o u n d  s t a t e  of the  d o n o r  a n d  thus  
inc reases  the  c o m p e t i t i o n  of  the  shor t  w a v e - l e n g t h  
p rocess  w i th  t he  long  w a v e - l e n g t h  process .  A m o r e  
d e t a i l e d  accoun t  of th is  w o r k  w i l l  a p p e a r  in  a f u t u r e  
c o m m u n i c a t i o n .  

In  s u m m a r y ,  the  long  w a v e - l e n g t h  emiss ion  b a n d s  
o b s e r v e d  in ZnS:  (Cu or  A g ) ,  ( G a  or In )  p h o s p h o r s  
a r e  a t t r i b u t e d  to t r a n s i t i o n s  b e t w e e n  t h e  g r o u n d  
s t a t e  of the  donor  and  the  g r o u n d  s ta te  of t he  ac -  
cep to r  in h i g h l y  a s soc ia t ed  c o a c t i v a t o r - a c t i v a t o r  
pa i r s .  The  sho r t  w a v e - l e n g t h  emiss ion  a p p a r e n t l y  
invo lves  t r ans i t i ons  b e t w e e n  e xc i t e d  donor  s ta tes  
and  the  g r o u n d  s t a t e  of the  accep to r  in  less  h i g h l y  
a s soc ia t ed  pa i r s  c h a r a c t e r i z e d  b y  a d i s t r i b u t i o n  of 
i n t e r i m p u r i t y  d i s tances .  The  spe c t r a  and  the  d e -  
p e n d e n c e  on t e m p e r a t u r e  and  on p a i r  c o n c e n t r a t i o n  
of the  in t ens i t i e s  of the  s h o r t  and  long  w a v e - l e n g t h  
b a n d s  a r e  in  accord  w i t h  th is  mode l .  

I t  is p r e d i c t e d  t ha t  a t  l ow  t e m p e r a t u r e s  t h e  cen -  
t e r s  r e s p o n s i b l e  for  the  long w a v e - l e n g t h  emiss ion  
shou ld  be c a p a b l e  of e xc i t a t i on  at  l onge r  w a v e  
l eng ths  t h a n  the  sho r t  w a v e - l e n g t h  cen te rs ,  and  
e x c i t a t i o n  of s ingle  c rys t a l s  u n d e r  these  cond i t ions  
w i t h  p o l a r i z e d  l i gh t  shou ld  y i e l d  p o l a r i z e d  long w a v e -  
l eng th  emiss ion  s ince  the  h i g h l y  a s soc ia t ed  pair.s 
have  a s t r ong  an i so t ropy .  
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Germanium Surfaces 
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ABSTRACT 

German ium samples were etched with CP-4, hydrogen peroxide, iodine A, 
electrolytic, and silver etch. The density, energy levels, and capture probabil i -  
ties of the recombinat ion centers were measured before and after the etched 
samples were baked. It  was found that  iodine A and electrolytic etches produce 
recombinat ion centers of one type, and the remain ing  etches, centers of another  
type. Baking converted the centers found on iodine A etched surfaces into the 
type of centers that  are characteristic of surfaces etched with CP-4, hydrogen 
peroxide, and silver etches. When surfaces were prepared with an etch other 
than iodine A, baking increased the density but  did not affect the types of the 
centers. The different etches did not  produce significant differences in maxi-  
m u m  surface recombinat ion velocity either before or after baking. 

D u r i n g  recen t  years,  it has become ev iden t  tha t  
the r e c o m b i n a t i o n  process on g e r m a n i u m  surfaces  is 
descr ibed fu l ly  by  the Shock l ey -Read  theory  (1) .  
Good theore t ica l  fits to e x p e r i m e n t a l  resul t s  can  be 
ob ta ined  if it  is a ssumed  tha t  the r e c o m b i n a t i o n  cen-  
ters  a re  a t  discrete  ene rgy  levels,  and  it has been  
our  expe r i ence  tha t  w i t h i n  e x p e r i m e n t a l  e r ror  the  
same type  of r e c o m b i n a t i o n  centers  is found  on CP-4  
etched surfaces  i r respec t ive  of conduc t iv i ty  type.  The 
p resen t  work  was u n d e r t a k e n  in  order  to find out  
wha t  effect d i f ferent  etches have  on the r e c o m b i n a -  
t ion  centers .  The etches u n d e r  inves t iga t ion  were  
CP-4,  h y d r o g e n  perox ide  etch, iodine A etch, elec- 
t ro ly t ic  etch, and  s i lver  etch (see a p p e n d i x ) .  Our  
resul ts  ind ica te  tha t  u n d e r  f avorab le  condi t ions  all 
of the  above  etches p roduce  comparab l e  densi t ies  of 
r e c o m b i n a t i o n  centers .  However ,  iodine A and  the 
e lect rolyt ic  etch p roduce  r e c o m b i n a t i o n  centers  of 
one type  whi le  the  r e m a i n i n g  etches produce  cen-  
ters  of a d i f ferent  type.  As far  as m a x i m u m  surface  
r e c o m b i n a t i o n  veloci ty  is concerned,  a r ange  of va l -  
ues b e t w e e n  100 and  200 cm/sec  was found  for all  
etches. Bak ing  of the etched samples  u n d e r  a tmos -  
pher ic  condi t ions  at 100~ for per iods in  excess of 16 
hr  increased  the  dens i ty  of r e c o m b i n a t i o n  centers  by  
v a r y i n g  amounts .  In  addi t ion,  b a k i n g  conver ted  the 
type  of r e c o m b i n a t i o n  cen te r  found  on iod ine  A 
etched surfaces into the  type  charac ter i s t ic  of CP-4,  
hyd rogen  peroxide,  and  s i lver  etch. B a k i n g  did no t  
change  the  type  of r e c o m b i n a t i o n  cen te r  w h e n  the 
surfaces  were  t r ea ted  p rev ious ly  w i th  an y  etch 
other  t h a n  iodine A. 

Theory and Procedure 

Prev ious  i nves t iga t ion  of the  fast  s ta tes  at a CP-4  
e tched g e r m a n i u m  surface  has ind ica ted  tha t  the fol-  
lowing  s imple  model  is adequa te  (2) .  The fast  states 
are located at four  discrete  ene rgy  levels  w i t h i n  the 

1 P r e s e n t  a d d r e s s :  C l e v i t e  T r a n s i s t o r  P r o d u c t s ,  W a l t h a m ,  Mass .  

-~ P r e s e n t  a d d r e s s :  D e p a r t m e n t  of  E l e c t r i c a l  E n g i n e e r i n g ,  U n i v e r -  
s i ty  of  C a l i f o r n i a ,  B e r k e l e y ,  Cal i f .  

fo rb idden  gap, as shown in  Fig. 1. Each of the levels  
is associated w i th  four  pa rame te r s ,  i.e., energy,  d e n -  
sity, cap tu re  p robab i l i t y  for holes, and  cap tu re  p rob -  
ab i l i ty  for e lectrons.  The  levels  n e a r  the two band  
edges have  a l a rger  dens i ty  t h a n  the  levels  n e a r  the 
cen te r  of the gap;  however ,  the  levels  n e a r  the b a n d  
edges have  m u c h  smal l e r  cap ture  p robabi l i t i e s  for 
e lec t rons  a n d / o r  holes. W h e n  the  surface  po ten t i a l  
( ene rgy  difference b e t w e e n  F e r m i - l e v e l  and  i n t r i n -  
sic F e r m i - l e v e l  a t  surface)  is in  a r ange  --6 kT  to 
+2 kT, the field effect is cont ro l led  by  all  four  levels,  
bu t  the  surface  r e c o m b i n a t i o n  process is cont ro l led  
p r i m a r i l y  by  the  two levels  n e a r  the  cen te r  of the  
gap. The  l a t t e r  therefore  wi l l  be r e fe r red  to as su r -  
face r e c o m b i n a t i o n  centers .  It  t u r n s  out tha t  w i t h i n  
e x p e r i m e n t a l  e i r o r  the p a r a m e t e r s  in  the  theore t ica l  
express ion  for surface  r e c o m b i n a t i o n  veloci ty  are the 
same for e i ther  r e c o m b i n a t i o n  level.  Hence,  the two 
levels  are r ega rded  as cons t i t u t i ng  one type  of r e -  
combina t ion  centers ,  h a v i n g  the same cap tu re  p rob -  
abi l i t ies  for holes and  electrons.  In  v iew of these  s im-  
plifications,  we are concerned  wi th  t en  r a t h e r  t h a n  
s ix teen  pa ramete r s ,  i.e., the  densi t ies  and  energies  
of the  four  levels, and  the  cap tu re  p robabi l i t i e s  for 
holes and  e lec t rons  of the pa i r  of r e c o m b i n a t i o n  cen-  
ters. 

W h e n  a f resh ly  e tched sample  is exposed to va r i -  
ous a m b i e n t  a tmospheres ,  some of these p a r a m e t e r s  
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Fig. ]. Band structure of  Ge near surface. E~, E~, Es, and 
a r e  the energy levels of  the four  groups of fast states at the 
germanium-oxide interface. 
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ev iden t l y  change.  A cons is ten t  i n t e r p r e t a t i o n  is pos-  
sible if it is a s sumed  t h a t  on ly  the  densi t ies  of the  
pa i r  of r e c o m b i n a t i o n  centers  change,  and  tha t  they  
change  in  such a w a y  tha t  the ra t io  of the  dens i t ies  
r ema ins  constant .  

In  the  presence  of a s ingle  type  of r e c o m b i n a t i o n  
cen te r  wi th  ene rgy  level  E~ and  cap tu re  p robab i l i t i e s  
for e lec t rons  c. and  for  holes c~, the  pho toconduc t -  
ance G~. of a t h in  sample  ~ is g iven  by  

G~ = kveff - -  k{1/ r  + Nt (cpc,) 'p- (no + po ) /an . [C  + 

cosh q (4~ -- 4o)/kT]} -~ [i] 

where k is a proportionality constant; r~ and ~ are 
the effective and the bulk lifetime, respectively; Nt 

is the density of the centers; no and po are the equi- 
librium electron and hole concentrations; n, is the 
intrinsic carrier concentration; a is the thickness of 
a sample; 4, is the surface potential; 2q6o/kT = In 
(cJc=); C = cosh ( E t -  E , -  q4o) / kT;  and  E, is the  
in t r in s i c  F e r m i  level.  The effective l i fe t ime is r e -  
l a ted  to the  sur face  r e c o m b i n a t i o n  veloci ty  v~ by  the  
equa t ion  ~ ,  = [1/~ + 2v, /a]-L 

A range  of 4~ va lues  can be ob ta ined  by  expos ing  a 
sample  to a B r a t t a i n - B a r d e e n  cycle (3) of d ry  oxy -  
gen, sparked  oxygen,  and  wet  n i t rogen .  D u r i n g  the 
cycle, a series of s i m u l t a n e o u s  m e a s u r e m e n t s  of G~ 
and  4, can  be made.  The  d e t e r m i n a t i o n  of C a nd  4o 
f rom the e x p e r i m e n t a l  curves  of G~ vs. 4, is s t r a igh t -  
f o rwa rd  p rov ided  Nt, C, and  ~o r e m a i n  cons tan t  d u r -  
ing a cycle. We bel ieve  tha t  C and  4o sat isfy  this  con-  
di t ion.  However ,  N, did no t  r e m a i n  cons tan t  on the 
f resh ly  e tched surfaces u n d e r  discussion.  Hence,  C 
and  4o had  to be d e t e r m i n e d  by  a less direct  me thod  
(4) which  is i n d e p e n d e n t  of N,. 

W h e n  a smal l  a -c  field is appl ied  n o r m a l  to the  
surface  of a sample,  the change  in pho toconduc tance  
AG~ m a y  be expressed as 

AGL sinh q (r -- 4 o ) / k T  qA4~ 
- -  (r~/r- -  1) [2] 

GL C + c o s h q  ( ~ s - - r  2 k T  

This  equa t i on  conta ins  the same p a r a m e t e r s  C and  
4~ as Eq. [1],  b u t  it does no t  con ta in  N, expl ic i t ly .  The 
change  in  surface  po ten t i a l  w i th  field, A4,  can be 
ca lcula ted  f rom the  field effect conductance ,  AG~, for 
a g iven va lue  of 4~ by  use  of the express ion  

OG, 
~G~ - -  A4~ [3] 

where  OG,/04~ is a k n o w n  func t ion  of 4 -  
Expe r imen t a l l y ,  a series of s imu l t aneous  m e a s u r e -  

m e n t s  of the  fo l lowing four  quan t i t i e s  is made  d u r i n g  
a B r a t t a i n - B a r d e e n  cycle: (a)  surface  po ten t i a l  4,, 
ca lcu la ted  f rom the  d-c  surface conduc tance ;  (b)  
field effect conductance ,  •  for a smal l  a-c  field 
appl ied  n o r m a l  to the  surface;  (c) the a-c  pho tocon-  
duc tance  G~ which  resul t s  w h e n  a reg ion  of the  s am-  
ple is i l l u m i n a t e d  w i th  chopped l ight  f rom a wa te r  
fi l tered l ight  source ; '  (d) the  change  in conduc tance  
• w i th  an  a-c  field of the same s t r eng th  as in  (b) ,  
m e a s u r e d  in  the presence  of d-c  l ight  of the same i n -  

a T h e  t h i c k n e s s  a of  t he  s a m p l e  m u s t  be  less  t h a n  a d i f f u s i o n  
l eng th .  

T he  t h e o r e t i c a l  exp re s s ions  h o l d  on ly  i f  i n j e c t i o n  is l i m i t e d  to  
t h e  surface .  Hence,  n o n p e n e t r a t i n g  l i g h t  m u s t  be  used. 
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t ens i ty  as the chopped l ight  in  (c) .  AG (4) is found  
to be the sum of the  change  in  pho toconduc tance  AG~ 
and  the da rk  field-effect  conduc tance  AGs. 

F r o m  these four  quant i t i es ,  a plot  of AG J G L vs. 4~ 
m a y  be cons t ruc ted  which  can  be fitted by  Eq. [2] 
by  me a ns  of the  ad jus t ab l e  p a r a m e t e r s  C and  4~ 
Rela t ive  changes  in  the dens i ty  of the r e c o m b i n a t i o n  
centers  can be deduced  by  c ompa r i ng  the  expe r i -  
m e n t a l  plot  of GL vs. 4~ wi th  Eq. [1] in to  which  the 
p rev ious ly  der ived  va lues  of C and  4o have  b e e n  sub-  
s t i tuted.  

F ina l ly ,  the densi t ies  of the  r e c o m b i n a t i o n  centers  
and  the  other  two surface  states are deduced  as fol-  
lows. In  the field-effect  expe r imen t ,  the to ta l  charge,  
i nduced  by  the a-c  field, is the sum of the  charge  in  
the space charge  region,  AQ,c, and  the  charge  in  the  
surface  states, AQ.,s. The  to ta l  i nduced  charge  is 
known,  and  AQ,c can be computed  for each exper i -  
m e n t a l  po in t  f rom the  equa t i on  

oQso 
AQs~ - -  A4~ [4]" 

0r 

where  OQ~c/04, is a k n o w n  func t ion  of 4,, a nd  A4, is 
ob ta ined  f rom the  field effect by  use of Eq. [3]. 
Hence,  one can cons t ruc t  a curve  of • vs. 4~. F r o m  
the  la t ter ,  the dens i ty  of each of the surface  states 
can be deduced by  curve  f i t t ing to the equa t i on  

4 exp y~ qA4, 
• ~ N,,~ [5] 

n = 1 (1 + exp y,,)-' k T  

w he r e  y,  = (E,, -- Eo -- q 4 0 / k T ,  and  the  s u m m a t i o n  
is over  the four  states. 

Al l  samples  used in  this  work  were  cut  f rom a 
s ingle  crys ta l  of n - t y p e  Ge. The res i s t iv i ty  of the  
samples  was 18 o h m - c m  and  the  b u l k  l i fe t ime abou t  
1000 ~sec. Al l  samples  were  o r i en ted  a long  the  same 
p lane  (321) in  order  to exc lude  possible s t r u c t u r a l  
effects. The  th ickness  of the  samples  was  b e t w e e n  7 
and  25 mil.  Samples  were  h a n d  polished,  and  the i r  
ends p la ted  wi th  Rh. Ohmic  contacts  were  soldered 
to the p la ted  ends, and  two f u r t he r  contacts  which  
served as vol tage  probes  were  soldered to one side of 
the  samples.  D u r i n g  an  etch, the p la ted  and  soldered 
areas  were  masked  by  Apiezon  W wax.  Af t e r  e tch-  
ing, the samples  were  r insed  in  dis t i l led water ,  the 
w a x  was  dissolved in  Tr iad,  ~ a nd  the Tr i ad  in t u r n  
was  r insed  off w i th  acetone,  alcohol, and  dis t i l led 
water ,  in  this  order.  Af t e r  the  last  r inse  was  dr ied  
off, the  sample  was  m o u n t e d  in  a glass ho lder  and  
placed in  a d o u b l e - w a l l e d  glass tube.  W a t e r  f rom a 
t he rmos t a t i ca l l y  cont ro l led  t a n k  was  p u m p e d  th rough  
the  reg ion  b e t w e e n  the  two walls.  Thus,  the t e m -  
p e r a t u r e  of the  sample  d u r i n g  a cycle was kept  at  
29 ~ _ 0.05~ F u r t h e r m o r e ,  the w a t e r  served to fil- 
t e r  out  p e n e t r a t i n g  light.  

The d-c  conduc tance  was  m e a s u r e d  to five signifi-  
cant  figures. F r o m  the conductance ,  the  sur face  po-  
t en t i a l  was ca lcu la ted  w i t h o u t  t ak ing  Schrieffer ' s  
correc t ion  (5) into cons idera t ion .  The  field-effect 
m e a s u r e m e n t s  were  m a d e  wi th  a 32 cps s inusoida l  
voltage,  us ing  essen t ia l ly  Low's  c i rcui t  (6) .  The peak  
field s t r eng th  was  4000 v / c m .  The pho toconduc tance  

D e t r e x  C h e m i c a l  I n d u s t r i e s ,  Inc. ,  De t ro i t ,  Mich.  
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Table I 

q r  = 
1 

(Vs) max. --ln(c~,/Cn) (Nto)zX 10 -x~ o'~X 10 TM, o'nX 10 TM, ( N t ) a X  10 -~2, 
E t c h  c m / s e c .  2 C c m  -2 (E t t - -E~) / kT  ( E ~ - - E ~ ) / k T  c m  -~ c m  ~ cm-2 

CP-4 Pre -bake  150 1.1 8 4.6 --1.7 3.9 27.6 3.1 0.7 
Post bake 306 1.1 6 8.2 --1.4 3.6 25.5 2.8 2.2 

H~.O2 Pre -bake  235 1.1 7 6.3 --1.5 3.7 30.0 3.3 0.8 
Post bake 535 1.4 7 12.9 --1.2 4.0 44.2 2.7 2.1 

Iodine A Pre -bake  162 1.9 8 4.6 --0.9 4.7 67.1 1.5 1.1 
Post bake 403 0.9 7 18.1 --1.7 3.5 14.7 2.5 2.2 

Electrolytic Pre -bake  131 1.9 8 2.5 --0.9 4.7 106.0 2.4 0.9 
Post bake 1100 1.9 6 16.7 --0.6 4.4 101.0 2.3 2.1 

Silver Pre -bake  170 1.1 10 7.3 --1.7 3.9 27.6 3.1 0.8 
Post bake 600 1.4 8 19.7 --1.4 3.6 25.5 2.8 - -  

S u m m a r y  of  r e s u l t s :  ( N t o ) l  r e f e r s  to  t h e  d e n s i t y  of r e c o m b i n a t i o n  c e n t e r s  b e l o w  t h e  i n t r i n s i c  F e r m i  l e v e l  a n d  w a s  m e a s u r e d  a t  
1 

Cs = ~bo. T h e  d e n s i t y  of  t h e  r e c o m b i n a t i o n  c e n t e r s  a b o v e  t h e  i n t r i n s i c  F e r m i  l e v e l  w a s  f o u n d  to be  (Nto)2  = - - ( / ~ t o ) z .  (N t )3  r e f e r s  to  
2 

t h e  d e n s i t y  of  t h e  l e v e l s  n e a r  t h e  v a l e n c e  b a n d  w h i c h  a r e  s e e n  in  t h e  f ie ld  e f fec t  b u t  a r e  f o u n d  to h a v e  a n e g l i g i b l e  e f fec t  on  s u r f a c e  
r e c o m b m a t i o n .  T h e  v a l u e s  of (Nt )3  w e r e  c o m p u t e d  on  t h e  a s s u m p t i o n  t h a t  t h e  l e v e l  is l o c a t e d  a t  E~ - -  E~ = - - 6 . 8  k T .  T h e  c o n t r i b u t i o n  
of (ATt)3 to  t h e  f ie ld  e f f ec t  w a s  n e g l i g i b l e  on  t h e  s i l v e r - e t c h e d  b a k e d  s u r f a c e .  T h e  c a p t u r e  c ross  s e c t i o n s  ~ a n d  an f o r  ho le s  a n d  e l e c -  
t r o n s ,  r e s p e c t i v e l y ,  r e f e r  to t h e  r e c o m b i n a t i o n  c e n t e r s .  T h e y  a r e  r e l a t e d  to t h e  c o r r e s p o n d i n g  c a p t u r e  p r o b a b i l i t i e s  cp a n d  c,  by t h e  e q u a -  
t i ons  cp = v t ~ ,  c ,  = v t cn ,  w h e r e  v t  is  t h e  t h e r m a l  v e l o c i t y  107cm/sec  a t  r o o m  t e m p e r a t u r e .  

was m e a s u r e d  w i th  l ight  f rom a t u n g s t e n  l amp  
chopped at  60 cps. The in jec t ion  n e v e r  exceeded 10% 
of the  e q u i l i b r i u m  b u l k  m a j o r i t y  ca r r i e r  concen-  
t ra t ion .  Usua l ly  the  pho toconduc tance  m e a s u r e m e n t  
was  checked by  a d i rec t  m e a s u r e m e n t  of effective 
l i fe t ime by  m e a n s  of the pho toconduc t ive  decay 
method.  The  surface  po t en t i a l  was  changed  by  ex -  
posing the sample  to B r a t t a i n - B a r d e e n  cycles of 
spa rked  oxygen,  d ry  oxygen  or n i t rogen ,  and  n i t r o -  
gen b u b b l e d  s lowly t h rough  dis t i l led  water .  The 
oxygen  was  spa rked  wi th  a Tesla  coil for shor t  pe r i -  
ods of t ime  (usua l ly  less t h a n  a second) .  The  gases 
were  p rehea ted  to the t e m p e r a t u r e  of the  sample.  
M e a s u r e m e n t s  were  m a d e  before  and  af ter  the  s a m -  
ples were  baked  in  a d ry  room a tmosphere  at 100~ 
for a per iod of 16 hr  or more.  

Results and Discussion 
A s u m m a r y  of the  resul t s  is p re sen ted  in  Tab le  I. 

I n  Fig. 2, we show e x p e r i m e n t a l  points  of AGL/G~ 
and  theore t ica l  fits (sol id l ines)  p lo t ted  as a f unc t i on  
of r for surfaces f resh ly  e tched wi th  s i lver  etch, 
e lec t rolyt ic  etch, iodine A etch, and  H~O~ etch. Cor-  
r e spond ing  plots for CP-4  have  been  shown  in  a p r e -  
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Fig. 2. AGL/GL vs. q r  for variously etched Ge surfaces. 
Solid lines represent theoretical fits to the experimental data. 

vious pape r  (2) .  I t  wil l  be not iced  tha t  the  theo-  
re t ica l  plots (based  on Eq. [2] )  fit the e x p e r i m e n t a l  
poin ts  qu i te  closely t h r o u g h o u t  the  e x p e r i m e n t a l  
r a nge  of cs. Notice, also, tha t  the re  appea r  to exist  
two d is t inc t  va lues  of ~o, i.e., 1.1 kT a nd  1.9 kT. The 
signif icance of these  two va lues  is discussed below. 
Wi th  r g iven  by  the  va lue  of r a t  which  AGJGL 
vanishes ,  C was  the  on ly  p a r a m e t e r  in  each fit. F r o m  
~o and  C, the e n e r g y  levels  of the  r e c o m b i n a t i o n  cen -  
ters  we re  deduced  for each  curve.  

F igu re  3 p resen t s  curves  of surface  r e c o m b i n a t i o n  
ve loc i ty  v, vs. r for the same surfaces as the curves  
in  Fig. 2. For  compar i son ' s  sake, we have  added  a 
theore t ica l  cu rve  (dashed  l ine )  based on Eq. [1],  
w i th  the p a r a m e t e r s  C and  ~o, app ropr i a t e  for the  
H~O~-etched surface  and  wi th  (N~)I and  (Nt)~ as- 
s u m e d  constant .  The  e x p e r i m e n t a l  cu rve  ( t r i ang les )  
is m u c h  flat ter  and  rises b e y o n d  the m a x i m u m  of the  
theore t ica l  curve.  The  d iscrepancies  b e t w e e n  the ex -  
p e r i m e n t a l  and  theore t ica l  curves  are  due  en t i r e ly  
to changes  in  (Nt ) i  and  (N,)2 d u r i n g  the  cycle. If we 
had  fai led to take  these changes  into cons idera t ion ,  
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Fig. 3. Surface recombinat ion  ve loc i ty ,  vs, vs. surface po- 
ten t ia l  q ~ s / k T  for  t i le  some surfaces es in Fig. 2. Solid lines 
represent the exper imenta l  dote .  Dashed curve was computed  
from Eq. [1]  for the hydrogen peroxide-etched surface, with 
the parameters C end ~o as deduced from the corresponding 
plot in Fig. 2, and with (Nt)l and (Nt)2 assumed constant. 
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and  if we had  a t t e m p t e d  to ana lyze  the  v, vs. ~b, 
curves  on the basis  of Eq. [1], we wou ld  have  ob-  
t a ined  m u c h  la rger  va lues  of C and  ~bo. These va lues  
wou ld  have  been  incons i s t en t  wi th  the e x p e r i m e n t a l  
aG~/G~ curves.  

By compar i son  of e x p e r i m e n t a l  and  theore t ica l  
curves  of v, vs. ~,, one can deduce w h e t h e r  r e l a t ive  
changes  in  the dens i ty  of the  two r e c o m b i n a t i o n  cen-  
ters  have  t aken  place d u r i n g  a B r a t t a i n - B a r d e e n  
cycle. Typica l  r e l a t ive  changes  for an  H_~O~ etched 
sur face  severa l  days af ter  e tch ing  (solid l ine)  and  
af ter  b a k i n g  (dashed  curve)  are shown  in  Fig. 4. 
N,,  is the  dens i ty  at the t ime  r was  measured .  N, is 
no t  a f unc t i on  of ~b, bu t  has been  p lo t ted  aga ins t  4,, 
m e r e l y  for convenience .  For  each curve,  the  e x t r e m e  
po in t  at the  lef t  r ep resen t s  the dens i ty  of cen te rs  
i m m e d i a t e l y  af ter  oxygen  was  sparked.  The e x t r e me  
points  at  the r igh t  we re  in  both  cases t a k e n  in  an  
a m b i e n t  of we t  n i t rogen .  Ev iden t ly ,  the  baked  su r -  
face was  far  more  s table  t h a n  the u n b a k e d  surface.  
C o m p a r a b l e  a m o u n t s  of spa rk ing  increased  the d e n -  
si ty of cen te rs  on the u n b a k e d  surface  by  a factor  of 
ten,  as compared  to an  increase  of less t h a n  two for 
the baked  surface.  U p o n  spark ing ,  the  u n b a k e d  su r -  
face became  more  p - t y p e  t h a n  the  baked  surface.  On 
the o ther  hand ,  in  wet  n i t rogen ,  the  u n b a k e d  s u r -  
face became  somewha t  less n - t y p e  t h a n  the  baked  
surface.  Therefore ,  b a k i n g  appears  to m a k e  the su r -  
face more  n - t ype .  Moreover,  the same B r a t t a i n - B a r -  
deen  cycle s w u n g  the  surface  po ten t i a l  of the u n -  
baked  surface  t h rough  a l a rger  r ange  t h a n  tha t  of 
the baked  surface.  A l t h o u g h  these resul t s  were  no t  
s t r ic t ly  reproducib le ,  these t endenc ies  u sua l l y  have  
been  observed.  

F igu re  5 shows plots of kT•  vs. ~b~ for the  
same surfaces  as in  Fig. 2. The  poin ts  were  computed  
f rom the  e x p e r i m e n t a l  plots of • vs. ~,, as de-  
scr ibed above.  The theore t ica l  fits are  based on Eq. 
[7] which  con ta ins  eight  pa rame te r s ,  i.e., the d e n -  
sities and  energies  of the  four  levels.  The  ene rgy  
levels  n e a r  the b a n d  edges were  far  enough  r emoved  
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Fig. 4. Normalized density of the recombination centers, 
N t /N to  vs. surface potential, q ~ / k T ,  for the hydrogen per- 
oxide-etched surface during a Brattain-Bardeen cycle. Nor- 
malization was arbitrari ly carried out at the point r = ~o. 
The solid curve refers to the freshly etched sample, and the 
dashed curve refers to the same sample after baking. 
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Fig. 5. Change of charge in the fast states per unit change 
in surface potential, km-&Q~,/q~r vs. surface potential, 
qr for the surfaces shown in Fig. 2 and 3. Solid curves 
represent theoretical fits to the experimental data. 

f rom our  r a nge  of ~ va lues  so tha t  the two respec-  
t ive t e rms  N,,  exp y,  (1 + exp y,,)-'~, n = 3,4, could 
be replaced  by  (N,)3 exp y ~ :  A3 exp (--q4~JkT), 
w he r e  A , =  (Nt)~ exp (E ,~- -E~) /kT  for the  level  
n e a r  the  va lence  b a n d  (Et3--E.~ < 0), a nd  by  (N, ) ,  
exp ( - -y , )  : A, exp q4~,/kT, w he r e  A4 = (N, ) ,  exp 
-- ( E , , - - E J / k T  for the level  n e a r  the  conduc t ion  
b a n d  ( E , , - - E ~  > 0). For  the  ene rgy  levels  of the 
states n e a r  the cen te r  of the  fo rb idden  gap ( r ecom-  
b i n a t i o n  cen te rs ) ,  we used the  va lues  deduced  f rom 
Fig. 2. As p rev ious ly  stated,  it  was a s sumed  tha t  the  
ra t io  of the densi t ies  of the  two r e c o m b i n a t i o n  cen-  
ters  r e m a i n e d  cons t an t  d u r i n g  a B r a t t a i n - B a r d e e n  
cycle. The re la t ive  changes  in  the dens i ty  of e i ther  
r e c o m b i n a t i o n  cen te r  were  read  off f rom plots such 
as Fig. 4. Thus,  the solid l ines  in  Fig. 5 r ep re sen t  
four  p a r a m e t e r  fits, the p a r a m e t e r s  be ing  the densi t ies  
(N,o)~ and  (N,o)_~ of the r e c o m b i n a t i o n  centers  and  
A.~ and  A, of the  centers  n e a r  the  b a n d  edges. The  
dens i ty  (N,,)~ of the  r e c o m b i n a t i o n  cen te r  be low 
the  cen te r  of the  gap, E , ~ - - E ,  < 0, has been  found  
gene ra l l y  to be l a rger  t h a n  the dens i ty  (N,o).~ of the 
o ther  r e c o m b i n a t i o n  center .  A lmos t  i nva r i a b ly ,  the  
best  fits were  ob ta ined  by  se t t ing  (N,o)~ = 2 (Nto)~. 
The  va lues  for the  dens i ty  N,3 of the  fast  s tates n e a r  
the  va lence  b a n d  were  ca lcu la ted  f rom A, on the 
a s sumpt ion  (2) t ha t  the states we re  located at the 
level  E, - -  E~ -- --6.8 kT. This  level  could no t  be de-  
t e r m i n e d  wi th  grea t  accuracy.  The  level  n e a r  the  
conduc t ion  b a n d  c on t r i bu t e d  r e l a t i ve ly  l i t t le  to the  
field effect. Hence,  there  is cons iderab le  u n c e r t a i n t y  
abou t  the va lues  of A,, and  since, in  addi t ion,  the re  is 
some doub t  abou t  the  locat ion of the level ,  we did 
no t  ca lcula te  the co r re spond ing  densi t ies .  

Before the  da ta  can  be discussed,  one m u s t  m a k e  
an  es t imate  of the er rors  i nvo lved  in  the  m e a s u r e -  
ments .  No ove r - a l l  es t imates  can be g iven  because  
the  accuracy  of the d i f ferent  m e a s u r e m e n t s  is no t  
the  same t h r o u g h o u t  the e x p e r i m e n t a l  r a nge  of ~ .  
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For  ins tance ,  n e a r  the m i n i m u m  in surface  conduc t -  
ance, a la rge  change  in  ~b~ corresponds  to a smal l  
change  in  sur face  conduc tance  so tha t  accura te  de-  
t e r m i n a t i o n  of ~ is ve ry  difficult. However ,  w h e n  
~ -  Cm,n 6 becomes l a rger  t h a n  kT, the s i tua t ion  is 
reversed :  a smal l  change  in  ~s cor responds  to a 
l a rger  change  in  sur face  conduc tance  so tha t  f a i r ly  
accura te  d e t e r m i n a t i o n  of ~s becomes  possible. On 
the o ther  hand ,  the d e t e r m i n a t i o n  of AGL is less ac-  
cura te  n e a r  ~b~ = r t h a n  it  is for o ther  regions  of ~ 
since it r ep resen t s  the difference b e t w e e n  two large  
quant i t i es ,  i.e., AG and  AG~. 

We es t imate  tha t  our  va lues  of ~o are re l i ab le  to 
•  kT, the u n c e r t a i n t y  be ing  due  to inaccuracy  in  
the m e a s u r e m e n t  of ~bs and  AGL. Values  of C were  
ob ta ined  f rom fits to the AG~/GL vs. ~bs curves  a nd  are 
e s t ima ted  to be accura te  to 20%. The  ene rgy  levels  
were  ca lcu la ted  f rom the va lues  of C and  ~o and  are 
re l iab le  to abou t  •  kT. The densi t ies  of the  re -  
c o m b i n a t i o n  centers  were  ob ta ined  f rom a c o m p a r i -  
son of th ree  curves,  i.e., AG~/G~ vs. ~bs, AGs vs. ~s, and  
G~ vs. ~bs. Moreover ,  the  va lues  are qu i t e  sens i t ive  
to the exact  va lues  for the ene rgy  levels.  Therefore ,  
they  are p r o b a b l y  on ly  re l iab le  to about  50%. F i -  

nal ly ,  the  e r ror  in  the  va lues  of ~/cpc~[ i n v o l v i n g  C 
and  N~ is also of the order  of 50%. 

We can s u m m a r i z e  the  resul t s  as fol lows:  
(i) The  va lues  of r in  Tab le  I fal l  into two 

groups:  one a r o u n d  1.1 kT  and  the  o ther  a r o u n d  1.9 
kT. With  an  es t ima ted  er ror  of •  kT, one mi gh t  
at first s ight  hes i ta te  as to w h e t h e r  this  difference in  
~bo should  be i n t e r p r e t e d  as a s ingle  level  or severa l  
levels.  However ,  r epea ted  e x p e r i m e n t s  w i t h  elec- 
t ro ly t i ca l ly  etched surfaces cons i s t en t ly  gave l a rger  
va lues  of ~o t h a n  were  ob ta ined  on CP-4  e tched su r -  
faces. Hence,  we conclude  tha t  r e c o m b i n a t i o n  cen-  
ters  exist  at two types  of discrete  levels,  a pa i r  of 
"CP-4  levels"  w i th  a r of about  1.1 kT  and  a pa i r  
of "e lec t ro ly t ic  levels"  w i th  a ~bo of abou t  1.9 kT. I t  
is seen f rom the  tab le  tha t  the pa i r  of "e lec t ro ly t ic  
levels"  are separa ted  by  about  the  same ene rgy  in -  
t e rva l  as the pa i r  of "CP-4  levels"  b u t  are displaced 
f rom the l a t t e r  by  abou t  0.8 kT. The cap ture  p r ob -  
abi l i t ies  for electrons,  c,, have  a p p r o x i m a t e l y  the  
same va lue  for the two types  of levels.  However ,  the  
cap tu re  p robab i l i t i e s  for holes, c~, of the  "e lec t ro ly t ic  
levels"  are l a rger  t h a n  those of the "CP-4  levels"  by  
a factor  of about  three.  

(ii) Af t e r  samples  e tched wi th  iodine A were  
baked,  the in i t i a l  "e lec t ro ly t ic  levels"  were  found  to 
have  b e e n  rep laced  by  CP-4  levels.  On surfaces  p re -  
pa red  w i th  any  of the  other  etches, the same type  
of centers  we re  observed  before  and  af ter  bak ing .  In  
all  cases, the  dens i ty  of the  r e c o m b i n a t i o n  centers  
was l a rger  af ter  b a k i n g  t h a n  before  bak ing .  The  i n -  
crease in  the dens i ty  of r e c o m b i n a t i o n  centers  d u r i n g  
b a k i n g  appears  to take  place in  a few hours.  F u r t h e r  
b a k i n g  at the  same t e m p e r a t u r e  has l i t t le  effect on 
the dens i ty  of the  centers .  This  seems to a rgue  for 
the ex is tence  of an  e q u i l i b r i u m  concen t r a t i on  of r e -  
c o m b i n a t i o n  centers .  

If  the baked  samples  are  a l lowed to s t and  in  a d ry  

6 Cmln is the  v a l u e  of r fo r  m i n i m u m  c o n d u c t a n c e  a nd  is g i v e n  
by  kT/q ln(bno/Po) w h e r e  b is  t he  r a t i o  of e l ec t ron  to  ho le  
m o b i l i t y .  

a tmosphere  at room t e m p e r a t u r e  for  severa l  days, 
the dens i ty  of the  centers  u sua l l y  decreases  some-  
w h a t  f rom the  h igh  va lue  i m m e d i a t e l y  af ter  bak ing .  
However ,  the  dens i ty  of centers  n e v e r  recovers  to the  
in i t i a l  va lue  before  baking .  

(i i i)  W h e n  a sample  is exposed to spa rked  oxy -  
gen, the  changes  in  the dens i ty  of r e c o m b i n a t i o n  cen-  
ters  depend  on th ree  factors,  (a) i n t e n s i t y  of the  
spark,  (b)  d u r a t i o n  of the  spark ing ,  (c) h i s tory  of 
the sample.  The changes  are larges t  for f resh ly  
etched samples,  a nd  they  are smal l  for aged and  
baked  samples.  On f reshly  e tched samples,  the d e n -  
si ty of r e c o m b i n a t i o n  cen te rs  of ten  is inc reased  by  
an  order  of m a g n i t u d e  w h e n  the  a m b i e n t  oxygen  is 
spa rked  for a f rac t ion  of a second. No comparab le  
increases  in  dens i ty  have  ever  been  observed  af ter  
bak ing .  Whereas  recovery  af ter  b a k i n g  is ve ry  slow 
and  the  decrease  in  dens i ty  is small ,  a f ter  spa rk ing  
the  recovery  is a lmost  comple te  af ter  abou t  ha l f  an  
hour.  

( iv)  Exposure  of a f resh ly  e tched sample  to 
w a t e r  vapor  increases  the  dens i ty  of r e c o m b i n a t i o n  
centers  by  a m o u n t s  d e p e n d i n g  on (a) humid i ty ,  (b)  
l eng th  of exposure ,  a nd  (c) h is tory  of the  sample.  
The changes  are qu i te  gradual ,  bu t  they  can get as 
la rge  as a factor  of t w e n t y  if the  sample  is kep t  in  a 
h u m i d  a tmosphe re  for severa l  hours.  

W h e n  the h u m i d  a tmosphe re  is rep laced  by  a d ry  
ambien t ,  a slow recovery  in  the  dens i ty  of r ecom-  
b i n a t i o n  cen te rs  u sua l ly  is observed.  F r e q u e n t l y ,  the  
dens i ty  recovers  to a va l ue  somewha t  sma l l e r  t h a n  
the va lue  before  exposure  to w a t e r  vapor .  Some-  
t imes,  however ,  no change  in  dens i ty  is a p p a r e n t  for 
an  hou r  or more.  A de ta i led  s tudy  of these effects 
has not  been  made  yet.  

(v)  I r respec t ive  of which  of the etches was  used, 
the surface  po ten t i a l  of a n e w l y  etched sample  in  a 
d ry  oxygen  a tmosphere  was u sua l l y  n e a r  the  i n t r i n -  
sic F e r m i  level,  bu t  its exact  va lue  depended  on the 
w a sh i ng  p rocedure  af ter  etching.  Af te r  bak ing ,  the  
sur face  po ten t i a l  was  i n v a r i a b l y  such  as to m a k e  the  
surface  more  n - t y p e .  This  is in  a g r e e m e n t  wi th  the  
obse rva t ion  of other  worke r s  (7) according  to which  
ox ida t ion  of a sample  t ends  to m a k e  the  surface 
n - t y p e .  We have  also observed  in  a g r e e m e n t  wi th  
o ther  au thors  (7) tha t  comparab le  B r a t t a i n - B a r d e e n  
cycles produce  large  changes  in  surface po t en t i a l  on 
some surfaces  and  smal l  changes  on others.  The re  is 
an  ind ica t ion  tha t  b a k i n g  and  aging of the  surface  
t ends  to cut  d o w n  the  r ange  over  which  the  surface  
po t en t i a l  can  be changed.  W h e n  a ba ke d  surface is 
r insed  in  d is t i l led  water ,  the  r ange  over  which  the  
surface  po t en t i a l  can be changed  is inc reased  and  the  
dens i ty  in  r e c o m b i n a t i o n  centers  is decreased.  

Baking,  exposure  to spa rked  oxygen,  a nd  exposure  
to w a t e r  vapor  all  t end  to increase  the dens i ty  of re -  
c o m b i n a t i o n  cen te rs  and  to decrease the  r a nge  of 
sur face  potent ia l .  Bak ing  a nd  exposure  to sparked  
oxygen  c lear ly  p romote  ox ida t ion  of the  Ge surface.  
The effect of w a t e r  vapor  is more  complicated.  In  
par t ,  w a t e r  vapor  m a y  be expected  to dissolve smal l  
a m o u n t s  of so lub le  oxide. In  part ,  w a t e r  vapor  ap-  
pears  to p romote  the  ox ida t ion  of inso lub le  GeO to 
soluble  GeO_.. Thus,  our  resu l t s  s t rong ly  suggest  tha t  
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the dens i ty  of the r e c o m b i n a t i o n  centers  depends  on 
the condi t ion  of the oxide films. 

The r e c o m b i n a t i o n  levels  p r o b a b l y  ar ise w h e r -  
ever  the re  is a m i s m a t c h  b e t w e e n  the b u l k  Ge and  
the oxide film, at the edges and  corners  and  at i m p e r -  
fect ions of any  kind.  S ince  the oxide films appea r  to 
be l a rge ly  amorphous  (8) ,  ep i tax ica l  g rowth  p rob-  
ab ly  is confined to smal l  regions  whe re  the films 
nuclea te ,  and  regions  of m i s m a t c h  abound .  A f u r t h e r  
i m p o r t a n t  source for imper fec t ions  m a y  be the lack 
of s to ich iomet ry  in  the film. For  ins tance ,  su rp lus  
oxygen  a toms at the in te r face  could p rov ide  r ecom-  
b i n a t i o n  levels.  A n o t h e r  source of r e c o m b i n a t i o n  
centers  m a y  be f luor ine which  is be l ieved  to be p res -  
en t  in  the films (8) .  In  genera l ,  it can be said tha t  
the  dens i ty  of the r e c o m b i n a t i o n  centers  is p r o b a b l y  
a measu re  of the  a m o u n t  of d isorder  at the g e r m a -  
n i u m - o x i d e  interface.  We conclude,  therefore ,  tha t  
such ox ida t ion  processes as bak ing ,  exposure  to 
wa t e r  vapor ,  and  exposure  to spa rked  oxygen  all  
increase  the degree  of d isorder  at  the interface.  D u r -  
ing  s u b s e q u e n t  exposure  to a dry  amb ien t ,  some de-  
gree of o rder  is g r a d u a l l y  restored.  This  th rows  an  
i n t e r e s t i ng  l ight  on the  detai ls  of the ox ida t ion  proc-  
ess. 

The resu l t s  in  (it) suggest  tha t  not  on ly  the d e n -  
si ty bu t  also the type  of r e c o m b i n a t i o n  centers  de-  
p e n d  on the  oxide film. A n y  cor re la t ion  b e t w e e n  the  
type  of r e c o m b i n a t i o n  cen te r  and  some p r o p e r t y  of 
the oxide film is e x t r e m e l y  difficult as the fo l lowing  
r e m a r k s  show. Since the centers  are p r o b a b l y  at the  
g e r m a n i u m - o x i d e  in terface ,  one wou ld  expect  tha t  
they  wou ld  be affected on ly  by  a few mono laye r s  of 
film nea res t  the in terface .  I t  is possible tha t  these 
first mono laye r s  are  not  r e p r e s e n t a t i v e  of the  rest  of 
the  film. In  addi t ion,  the  oxide films are p r o b a b l y  
inhomogeneous ;  bo th  monox ide  and  dioxide  as wel l  
as i m p u r i t y  a toms f rom the  e tching  so lu t ion  m a y  be 
p resen t  in  v a r y i n g  a m o u n t s  (8) .  I t  should  also be 
emphas ized  tha t  the condi t ion  of the first few m o n o -  
layers  at the t ime  of an  e x p e r i m e n t a l  r u n  m a y  be 
d i f ferent  f rom the i r  condi t ion  i m m e d i a t e l y  af ter  the  
etch. A t ime i n t e rva l  of at least  severa l  hours  be -  
t w e e n  etch and  first r u n  was r equ i r ed  to m o u n t  the 
sample  and  al low it to get into t h e r m a l  e q u i l i b r i u m  
w i t h  the  tube.  D u r i n g  most  of this  t ime, the sample  
was kept  in  a dry  a tmosphere ,  b u t  it is neve r the les s  
possible  tha t  changes  occurred  in  the  oxide film. 
F u r t h e r  changes  u n d o u b t e d l y  occur red  d u r i n g  the 
B r a t t a i n - B a r d e e n  cycle. Whe the r ,  and  to w h a t  ex-  
tent ,  the  few mono laye r s  nea res t  the  g e r m a n i u m -  
oxide  in te r face  were  affected p r e s u m a b l y  depended  
on the th ickness  and  poros i ty  of the  r e m a i n d e r  of the 
film. 

I t  is possible tha t  bo th  types  of centers  are p res -  
en t  s i m u l t a n e o u s l y  on an  etched surface.  Usual ly ,  
one type  of cen te r  wi l l  be dominan t ,  bu t  in  some 
cases, bo th  m a y  c o n t r i b u t e  to the  r e c o m b i n a t i o n  
process in  apprec iab le  amounts .  I n  such cases, our  
i n t e r p r e t a t i o n  in  t e rms  of a s ingle  type  of r ecom-  
b i n a t i o n  cen te r  wou ld  be an  overs impl i f ica t ion,  and  
the  p a r a m e t e r s  de r ived  on the basis  of such an  i n t e r -  
p r e t a t i on  would,  in  fact, r ep r e sen t  averages  over  
bo th  types  of centers.  I f  this  is the  correct  i n t e r p r e -  

ta t ion,  it must ,  however ,  be  assumed  tha t  the  re la -  
t ive con t r ibu t ions  of the two types  of cen te rs  re -  
m a i n e d  a p p r o x i m a t e l y  cons tan t  d u r i n g  a B r a t t a i n -  
B a r d e e n  cycle. Otherwise ,  the  AGL/G~ curves  could 
not  have  been  fitted wi th  s ingle  va lues  of C and  ~ 
t h r o u g h o u t  a cycle. 

So far, the discussion has been  l imi ted  to the cen-  
ters  n e a r  the in t r ins ic  F e r m i  level  which  la rge ly  
cont ro l  the r e c o m b i n a t i o n  process. The exis tence  of 
a no t he r  pai r  of levels  n e a r  the b a n d  edges is i nd i -  
cated c lear ly  by  the field effect. The dens i ty  of these 
levels is u sua l ly  an  order  of m a g n i t u d e  la rger  t h a n  
the  dens i ty  of levels  nea r  the  cen te r  of the  gap. How-  
ever,  the i r  cap ture  p robabi l i t i e s  for e lec t rons  a n d / o r  
holes are so smal l  tha t  the i r  ne t  effect on the  recom-  
b i n a t i o n  process is neg l ig ib le  in  the range  of surface 
po ten t i a l  which  was  used in  this  work.  Likewise,  the 
r ange  of surface po ten t i a l  was  too smal l  to ascer ta in  
the ene rgy  of the levels  w i th  a ny  accuracy.  On r e l a -  
t ive ly  f reshly  e tched surfaces  the  dens i ty  of the 
levels  nea r  the b a n d  edges was  increased  by  baking .  
It  is possible tha t  some changes  in  dens i ty  also oc- 
cu r red  d u r i n g  exposure  to a B r a t t a i n - B a r d e e n  cycle. 
However ,  in  the analysis ,  we as sumed  tha t  the  den -  
sity of the states nea r  the b a n d  edges r e m a i n e d  con-  
s t an t  d u r i n g  a cycle so as no t  to in t roduce  fu r t he r  
pa ramete r s .  F r o m  the qua l i t y  of the  fits in  Fig. 4, it  
appears  that ,  if changes  in  dens i ty  d id  occur, they 
were  r e l a t ive ly  small .  

Ex tens ive  work  on the  r e c o m b i n a t i o n  cen te rs  on 
CP-4  e tched surfaces  has been  repor ted  by  B r a t t a i n  
and  G a r r e t t  (9) and  by  M a n y  and  Ger l ich  (10).  The 
same levels  were  seen also in  field effect m e a s u r e -  
me n t s  by  M o n t g o m e r y  a nd  B r o w n  (11) and  by 
Bardeen ,  et at. (12).  Al l  of these au thors  agree  tha t  
there  exists  a discrete  level  n e a r  the  conduc t ion  b a n d  
and  a discrete  level  n e a r  the  va lence  band .  There  is, 
however ,  some d i s ag reemen t  as to w h e t h e r  the levels  
n e a r  the  cen te r  of the gap a re  con t inuous ly  dis-  
t r i b u t e d  or discrete.  Con t inuous  d i s t r ibu t ions  are as-  
sumed  by  B r a t t a i n  and  Gar re t t ,  M o n t g o m e r y  and  
Brown,  and  by  Bardeen ,  et al. Two discrete  levels  are  
a s sumed  by  M a n y  and  Ger l ich  and  by  the  authors .  
It  is agreed gene ra l l y  tha t  the  field effect da ta  at 
room t e m p e r a t u r e  can be i n t e r p r e t e d  equa l ly  wel l  on 
e i ther  assumpt ion .  The  low t e m p e r a t u r e  field-effect 
da ta  of M o n t g o m e r y  and  B r o w n  also could be i n t e r -  
p re ted  in  t e rms  of discrete  levels  p rov ided  the  as- 
s u m p t i o n  is m a d e  tha t  the de ns i t y  of the  levels  was  
smal le r  at  low t e m p e r a t u r e s  t h a n  it was  at h igh  t e m -  
pera tu res .  This  a s sumpt ion  wou ld  exp la in  the  smal l  
slope of the i r  l o w - t e m p e r a t u r e  curve  of change  of 
charge  in  surface  states vs. surface  potent ia l .  S u r -  
face r e c o m b i n a t i o n  ve loc i ty  da ta  have  b e e n  fitted 
most  closely w h e n  discrete  levels  were  assumed.  

A compar i son  of our  resul t s  a nd  those of M a n y  
and  Ger l ich  wi l l  be made  af ter  a b r ie f  descr ip t ion  of 
the i r  p rocedures  and  u n d e r l y i n g  assumpt ions .  
Whereas  we ob ta ined  va r i a t i ons  in  ~.~ by  expos ing  
the  sample  to the  B r a t t a i n - B a r d e e n  cycle, M a n y  and  
Ger l ich  va r i ed  Cs by  the  app l i ca t ion  of h igh  a -c  fields 
n o r m a l  to the two surfaces of a sample.  Measu re -  
me n t s  of surface  conduc t iv i ty  a nd  effective l i fe t ime 
were  m a d e  at peak  field, peaks  of d i f ferent  a m p l i -  
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tudes  co r re spond ing  to d i f fe rent  va lues  of r D u r i n g  
a run ,  a sample  was  kep t  in  a cons t an t  a tmosphere .  
In  ana lyz ing  the i r  data,  M a n y  and  Ger l ich  used es- 
s en t i a l l y  Eq. [1] and  as sumed  tha t  N, as wel l  as C 
and  r r e m a i n e d  cons t an t  d u r i n g  a run .  By contras t ,  
our  ana lys i s  was  based  on Eqs. [2] and  [3] and  the 
a s sumpt ion  tha t  C and  r bu t  no t  N,, r e m a i n e d  con-  
s tan t  d u r i n g  a run .  

Both  p rocedures  are open to cri t icism. M a n y  and  
Ger l ich ' s  a s sumpt ion  tha t  N, r e m a i n s  cons tan t  d u r -  
ing a r u n  m a y  not  be en t i r e ly  correct  in  v iew of the  
obse rva t ions  by  Statz,  et al. (13) according  to which  
large  appl ied  fields appear  to produce  changes  in  the  
dens i ty  of surface  states. I t  is f r e q u e n t l y  difficult to 
tel l  f rom an  ana lys i s  of the v. vs. ~ curves  w h e t h e r  
changes  in  the  dens i ty  of r e c o m b i n a t i o n  cen te rs  have,  
in fact, occurred  d u r i n g  a run.  On the o ther  hand ,  
our  a s sumpt ion  tha t  C and  ~o r e m a i n  cons tan t  d u r i n g  
a B r a t t a i n - B a r d e e n  cycle also m a y  be ques t ioned.  I n -  
deed, M a n y  and  Ger l ich  conclude tha t  the C and  ~o 
va lues  on a CP-4  e tched surface v a r y  t h rough  a 
range  l a rger  t h a n  the e x p e r i m e n t a l  error,  and  tha t  
the va lues  depend  both  on the h is tory  of the sample  
and  on the  a m b i e n t  a tmosphere .  This  would  m e a n  
tha t  severa l  types  of r e c o m b i n a t i o n  centers  can exist  
on CP-4  etched surfaces,  wi th  one type  be ing  domi -  
n a n t  u n d e r  one set of a m b i e n t  condit ions,  and  a n -  
other  type  d o m i n a n t  u n d e r  di f ferent  a m b i e n t  con-  
dit ions.  Such a v iew wou ld  p resen t  two difficulties: 

1. Accord ing  to M a n y  and  Gerl ich,  C = 6 in  n i -  
t rogen  and  C ~ 12 in  oxygen  and  sparked  oxygen.  
In  the pa r t  of the a m b i e n t  cycle in which  we changed  
f rom oxygen  to n i t rogen ,  the  fit to the AG~/G~ curve  
is qui te  sens i t ive  to C, and  a change  in  the va lue  of 
C by  50% should  have  b e e n  easi ly  detectable .  No 
such changes  have  b e e n  found.  

2. D u r i n g  repea ted  cycles, r was  found  some-  
t imes  i m m e d i a t e l y  af ter  the oxygen  was sparked,  
and  sometimes,  at a cons iderab le  t ime  af ter  spark ing ,  
d u r i n g  which  t ime the  sample  stood in  a d ry  oxygen  
or n i t r o g e n  a tmosphere .  Occasional ly,  ~o was  found  
in  a cycle f rom which  the  spa rk ing  of oxygen  was  
omit ted .  Since, according  to M a n y  and  Gerl ich,  r 
0.35 k T  in  oxygen  and  n i t r ogen  and  ~bo = 0.97 k T  in  
sparked  oxygen,  one wou ld  expect  to measu re  differ-  
en t  ~b~ va lues  d e p e n d i n g  on the detai ls  of the  cycle. 
W i t h i n  e x p e r i m e n t a l  error ,  we  have  found  no such 
dependence .  Thus,  we conclude  tha t  we observed  
d u r i n g  a B r a t t a i n - B a r d e e n  cycle e i ther  a s ingle  type  
of r e c o m b i n a t i o n  cen te r  or, conceivably ,  two types  
of centers  whose re l a t ive  con t r ibu t ions  to the  r e -  
c o m b i n a t i o n  process r e m a i n e d  a p p r o x i m a t e l y  con-  
s t an t  d u r i n g  the  cycle. 

Possible  exp lana t ions  for the d iscrepancies  be-  
t w e e n  our  resul t s  and  those of M a n y  and  Ger l i ch  are 
the fol lowing.  The  dependence  of C and  ~,, on an  
a m b i e n t  gas m a y  show up  on ly  a f te r  e x t e n d e d  ex -  
posure  of a sample  to the gas. A l t e r n a t i v e l y ,  it  is 
possible tha t  once a surface  has acqu i red  the r ecom-  
b i n a t i o n  centers  charac ter i s t ic  of spa rked  oxygen,  it  
becomes i m m u n e  to the  g rowth  of o ther  types  of cen-  
ters  u p o n  s u b s e q u e n t  exposure  to di f ferent  ambien ts .  

Ano the r  di f ference b e t w e e n  the  w o r k  of M a n y  and  
Ger l ich  and  ours  is concerned  wi th  the  i n t e r p r e t a t i o n  
of the  p a r a m e t e r  C ~ cosh (E, -- E~ -- q~o) /kT .  The 

'v~ vs. ~b~ curve  has the  same shape i r respec t ive  of 
w h e t h e r  r e c o m b i n a t i o n  cen te rs  are located at  the  
level  E ~ - - E ~ =  q ~ o ~ - k T  arcosh C or at  the  level  
E , - - E ~  : q r  arcosh C or at bo th  levels. 
S ince  r  is a s sumed  to be t e m p e r a t u r e  i n d e p e n d -  
ent,  the correct  level  could be deduced  in  p r inc ip le  
f rom the m e a s u r e m e n t  of C at two di f ferent  t e m -  
pera tures .  T e m p e r a t u r e  m e a s u r e m e n t s  were  made  
by  M a n y  a nd  Gerl ich,  a nd  the resul t s  suggest  tha t  
the r e c o m b i n a t i o n  cen te r  lies at the level  E ~ -  E~ = 
q~o-~ k T  arcosh C. However ,  the resul ts  are no t  
sufficiently accura te  to m a k e  this conclus ion  a l to-  
ge ther  convinc ing .  We r a t h e r  inc l ine  to the v iew tha t  
r e c o m b i n a t i o n  centers  are  located at bo th  levels  be-  
cause the  field effect m e a s u r e m e n t s  ind ica te  t ha t  
there  exis t  fast  s ta tes  at  bo th  these levels.  As far  as 
the  p r inc ipa l  conclus ions  of this  work  are concerned,  
it does not  m a t t e r  w h e t h e r  one or bo th  of the levels  
act  as r e c o m b i n a t i o n  centers .  

A n u m e r i c a l  compar i son  of resul t s  for CP-4  etched 
surfaces follows. M a n y  and  Ger l ich  find r to have  a 
r ange  of va lues  b e t w e e n  0.35 and  1.70 k T  u n d e r  the  
a m b i e n t  condi t ions :  vacuum,  oxygen,  n i t rogen ,  h y -  
drogen,  and  spa rked  oxygen.  This  is to be  compared  
to our  va lue  of 1.1 -- 0.3 kT.  M a n y  a nd  Ger l ich ' s  v a l -  
ues for C u n d e r  the  above a m b i e n t  condi t ions  range  
f rom 6.1 to 29.0, whi le  the  va lues  found  by  us for 
al l  etches before  a nd  af ter  b a k i n g  are  in  the  r ange  
8 • 2. F r o m  the i r  va lues  of C a nd  r M a n y  a nd  G e r -  
l ich ca lcula te  tha t  the  r e c o m b i n a t i o n  cen te rs  are lo-  
cated at  a r ange  of E , - - E ~  b e t w e e n  2.9 and  6 k T  
compared  to our  co r re spond ing  r ange  3 . 9 -  0.5 kT.  
F r o m  the i r  field-effect me a su r e me n t s ,  M a n y  and  
Ger l ich  find a no t he r  s ta te  at  abou t  --1 kT. Our  cor-  
r e spond ing  va l ue  is --1.7 • 0.5 ~cT. If M o n t g o m e r y  
and  B r o w n  (11) i n t e r p r e t  the i r  field-effect da ta  on 
the basis  of discrete  levels, they  also find these  levels  
at  3.9 k T  a nd  --1 kT.  In  the  ca lcu la t ion  of r M a n y  
and  Ger l ich  used the Schrieffer  cor rec t ion  whereas  
M o n t g o m e r y  a nd  B r o w n  a nd  the au thors  did not. 
W i t h i n  the  r a nge  of ~bs u n d e r  discussion, the  Schr ie f -  
for cor rec t ion  is no t  impor t an t .  

The  effect of va r ious  etches on sur face  r e c o m b i n a -  
t ion  veloci ty  has also been  inves t iga ted  by  McKelvey  
and  Long in i  (14).  The i r  resul t s  ind ica te  tha t  p ro -  
gress ive ly  l a rger  surface r e c o m b i n a t i o n  velocit ies are 
ob ta ined  on n - t y p e  g e r m a n i u m  wi th  si lver,  hyd rogen  
peroxide,  CP-4,  and  e lect rolyt ic  etches. However ,  
l a rge  spreads  in  surface  r e c o m b i n a t i o n  ve loc i ty  we re  
p roduced  in  r epea ted  t r e a t m e n t s  w i th  a pa r t i cu l a r  
etch, a nd  the  spreads  for d i f ferent  etches were  found  
to over lap.  These resul ts  canno t  be s t r ic t ly  com-  
pa red  w i th  ours because  s imu l t aneous  m e a s u r e m e n t s  
of surface po ten t i a l  were  no t  made.  However ,  if Mc-  
K e l v e y  and  Long in i  made  the i r  m e a s u r e m e n t s  on 
tho rough ly  dr ied  samples  and  in  a dry  a tmosphere ,  
it is p robab l e  tha t  the i r  resul t s  r e p r e se n t  on ly  50% 
or less of the  respec t ive  m a x i m u m  surface  r ecom-  
b i n a t i o n  velocities,  co r respond ing  to r --  r ~ 3 kT.  
If this  a s sumpt ion  is made,  our  va lues  of surface  r e -  
c o m b i n a t i o n  veloci ty  (see Tab le  I) are  cons is ten t  
wi th  the i r  r a n g e  of values .  Un l ike  McKelvey  and  
Longin i ,  we  did no t  observe  tha t  some etches p ro -  
duce cons i s ten t ly  smal le r  surface  r e c o m b i n a t i o n  
veloci t ies  t h a n  others.  
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APPENDIX 
The composition of the five etches used in this work 

are given below. The reagents are: 70% HNO:~, 48% HF, 
30% H~O~, 100% HAc. 

C P - 4 : 50  cc HNO~, 30 cc HAc, 30 cc HF, 0.6 cc bromine. 
Hydrogen peroxide: 10 cc HF, 20 cc H~O~, 20 cc H~O. 
Iodine A: 30 cc HNO~, 33 cc HAc, 15 cc HF, 90 mg 

iodine. 
Electrolytic: 2M KOH, 3 v. 
Silver: 20 cc HNO:~, 40 cc H~O, 40 cc. HF, 2 g AgNO:. 

Principles and Applications of the Iodide Process 
A. C. Loonam 
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ABSTRACT 

The thermodynamic  factors favoring deposition of elements from vapors of 
their  iodides are the low heats of formation of those iodides and the ease with 
which diatomic iodine dissociates at moderately high temperatures.  The vapor 
pressure of the e lement  and the s tabi l i ty  of its lower iodides determine the 
tempera ture  and pressure range in which deposition can occur. The lower pres- 
sure l imit  for deposition at a given tempera ture  is set by the vapor pressure 
of the deposited element  and the upper  l imit  by the stabilities of the lower 
iodides. At very low pressures, deposition is a first order heterogeneous reaction, 
every iodide molecule which strikes the surface adding to the deposit. As the 
pressure is increased, the deposition rate falls off and eventua l ly  becomes zero 
order, the rate being governed by that at which I atoms evaporate f rom the 
saturated surface. At higher pressures the deposition reaction is diffusion-con- 
trolled. Factors influencing the character of the deposits, the removal  of im-  
purities, and the deposition of alloys are discussed. 

The iodide process was in t roduced  by  van  Arke l  
and  de Boer  in  1925 (1) .  Shapi ro  (2) gave an  ex-  
ce l len t  account  of the  d e v e l o p m e n t  of the  process 
t h rough  abou t  1954. Much of the i n f o r m a t i o n  in  the  
G o v e r n m e n t  repor ts  to which  he re fe r red  has since 
appeared  in  the technica l  l i t e r a tu r e  or in  pa tents .  

The e lements  which  have  been  deposi ted by  the 
iodide process and  c o n v e n i e n t  t e m p e r a t u r e s  for 
the i r  deposi t ion are l is ted in Tab le  I. 

Some Fundamentals of the Process 
To be capable  of be ing  ref ined by  the van  A r k e l -  

de Boer process, an  e l emen t  m u s t  fulfi l l  two re -  
q u i r e m e n t s :  

1. I t  m u s t  be capable  of ex is t ing  in  a solid or 
l iqu id  s ta te  a t  some condi t ion  of t e m p e r a t u r e  and  
pressure  in  e q u i l i b r i u m  wi th  gas c o n t a i n i n g  a h igh 
a tomic ra t io  of iodine to e lement .  Thus,  bo th  Ti 
and  Zr  are in  e q u i l i b r i u m  wi th  gases c o n t a i n i n g  
rat ios of I to me t a l  of 80 and  h igher  at  t e m p e r a t u r e s  

of 1100~ and  above  at  low pressures .  I t  is des i rab le  
tha t  the e l e me n t  have  a h igh m e l t i n g  po in t  and  a 
low vapor  p ressure  to p e r m i t  deposi t ion  as the  more  
c o n v e n i e n t  solid at p ressures  w he r e  h igh efficiency 
can be ob ta ined ;  bu t  n e i t h e r  is essent ia l  as shown 
by  the  deposi t ion  of m o l t e n  U and  the fact  tha t  the  
r e l a t i ve ly  vola t i le  Si can be deposi ted f rom the 
vapor  of its t e t ra iod ide  jus t  as wel l  as the  m u c h  less 
vola t i le  Zr. 

Table I. Elements prepared by thermal dissociation of their iodides 

Deposition Deposition 
temperature, temperature, 

Element ~ Element ~ 

Be 700-900 Si 1000 
Cr 1100 Th 1700 
Cu 900 Ti 1400 
Fe 1100 U 1100 
Hf 1600 V 1200 
Ni 1030 Zr 1400 
Pa 
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2. The e l emen t  m u s t  be capable  of r eac t ing  
r ead i ly  w i th  the gaseous products  of the deposi t ion  
reac t ion  at  the same pressure  and  ano the r  t e m p e r a -  
tu re  to y ie ld  a gaseous p roduc t  w i t h  a low a tomic  
rat io of I to e lement .  For  example ,  c rude  Ti and  Zr  
react  r ead i ly  w i th  I at  t e m p e r a t u r e s  in  the  n e i g h -  
borhood of 200~ to p roduce  gaseous TiI,  and  ZrL. 

These two s t a t emen t s  are pe r fec t ly  general .  I t  is 
no t  essen t ia l  t h a t  the  deposi t ion  t e m p e r a t u r e  be 
h igher  t h a n  tha t  of the crude.  In  an  exce l len t  r ecen t  
paper ,  Sch~fer  and  Morcher  (3) showed tha t  Si can 
be made  to t r ave l  e i ther  up  or down  a t e m p e r a t u r e  
g r ad i en t  v ia  the  vapors  of its iodides by  v a r y i n g  
the  pressure ,  h igh  pressures  f avor ing  t r a n s p o r t  
down  the  g r ad i en t  owing  to the revers ib le  reac t ion  

SiL + Si = 2SiL [1] 

and  low pressures  f avor ing  t r a n s p o r t  up the g ra -  
d i e n t  v ia  dissocia t ion of SiLo and  SiL 

SiL = Si + 2I [2] 

SiL = Si + 41 [3] 

In  both  cases the Si is t r an spo r t ed  f rom the  reg ion  
where  a gas wi th  a low atomic ra t io  of I to Si is in  
e q u i l i b r i u m  wi th  the  e l emen t  to the region  in  which  
this ra t io  is higher .  

Theore t ica l ly ,  at  least,  a p ressure  g r ad i en t  should  
have  the  same genera l  effect as a t e m p e r a t u r e  gra-  
dient .  Thus,  at a su i t ab le  t e m p e r a t u r e ,  a r e l a t i ve ly  
low pressure  should  cause reac t ion  [1] to proceed 
as wr i t t en ,  whi le  inc reas ing  the p re s su re  should 
cause it to reverse,  thus  m a k i n g  Si t r ave l  up the 
p ressure  gradient .  Converse ly ,  reac t ions  [2] and  
[3] t ake  p lace  a t  low pressures ,  b u t  are r eve r sed  
at h igher  pressures  w i th  the resu l t  tha t  Si t r ave l s  
down  the p ressure  gradient .  

However ,  al l  appl ica t ions  of the iodide process to 
date  have  been  based  on fo rma t ion  or supp ly  of 
iodide vapors  at low t e m p e r a t u r e s  and  pressures  
and  the i r  dissociat ion at h igh t e m p e r a t u r e s  at  es- 
sen t i a l ly  the same pressure ,  i.e., t r a n s p o r t  up a 
t e m p e r a t u r e  gradient .  Accord ingly ,  this  discussion 
is confined to tha t  phase of the subject .  

Thermodynamics of the Process 
The most  i m p o r t a n t  t h e r m o d y n a m i c  factors in  

the iodide process are the low heats  of fo rma t ion  of 
the iodides and  the ease wi th  which  d ia tomic  iodine  
dissociates.  The la t ter ,  da ta  for which  are g iven  in  
Table  II, is pe rhaps  the  more  i m p o r t a n t  of the  two 
factors because,  especia l ly  wi th  the h igher  va lence  

Table II. Dissociation of diatomic iodine 

P e r c e n t  d i s s o c i a t e d  a t  
Wemp ,  

~C K *  i a t m  I 0 0  m m  10 m m  1 m m  0,1 m m  

600 2.10 • 10 -~ 0.72 2.00 6.31 19.6 53.4 
800 1.09 • 10 -~ 5.2 14.2 41.4 82.1 97.7 

1000 0.166 19.9 48.9 87.1 98.4 
1100 0.482 32.8 69.1 95.0 
1200 1.22 48.3 83.5 97.9 
1300 2.73 63.7 91.6 

* E q u i l i b r i u m  c o n s t a n t ,  (pI)~/pI2; p i n  a t m o s p h e r e s .  
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e lements ,  i t  p roduces  a la rge  increase  in  the n u m b e r  
of moles  of gas w h e n  the iodides dissociate. Ac-  
cordingly ,  the dissociat ion reac t ions  have  large  
posi t ive  en t rop ies  and,  even  though  the  heats  of 
fo rma t ion  of the iodides are m o d e r a t e l y  high, the 
f ree  energies  of d issocia t ion decrease  r ap id ly  w i th  
inc reas ing  t e m p e r a t u r e .  Thus,  AS ~ at  25~ for the  
reac t ion  

is abou t  + 75  e.u. F u r t h e r m o r e ,  the express ion  for 
the e q u i l i b r i u m  cons tan t  for  this  r eac t ion  conta ins  
the  p ressure  of a tomic  I to the  4th power ,  so tha t  
even  if the va lue  of th is  cons t an t  is r a t h e r  small ,  i t  
can st i l l  m e a n  tha t  a respec tab le  p ressure  of I vapor  
exists  in  e q u i l i b r i u m  wi th  the  metal .  

It  fol lows f rom the foregoing  t h a t  the process 
should  become less wel l  adap ted  in  going f rom 
te t ra iod ides  to t r i - ,  d i- ,  a nd  monoiod~des. Al though ,  
as wi l l  be seen  la ter ,  o ther  factors  are  also i m p o r -  
tant ,  this  is gene ra l l y  t rue .  I t  is the au tho r ' s  opin ion  
tha t  m o n o m e r i c  monoiodides  which  have  respec tab le  
s tabi l i t ies  in  the  vapor  s ta te  canno t  be  decomposed 
by  dissociat ion to give solid or l i qu id  meta l .  Since 
the re  is on ly  one mole  of gas on each side of the  
reac t ion  equat ion ,  the re  is no p r o n o u n c e d  increase  
in  e n t r opy  a nd  therefore  no m a r k e d  reduc t ion  in  
f ree  e n e r g y  u p o n  hea t ing .  The  fact t ha t  depos i t ion  
of Ag f rom AgI  vapor  has no t  been  r epor t ed  is to 
be expected  on this  basis. It  also follows tha t  an  
e l emen t  f o r m i n g  a s table  gaseous m o n o m e r i c  m o n o -  
iodide c a n n o t  be deposi ted by  dissociat ion.  Indeed,  
it  can r ead i ly  be show n  tha t  deposi t ion  of a meta l  
by  dissocia t ion of a gaseous iodide, MI~, r equ i r e s  
tha t  the  e q u i l i b r i u m  cons t an t  at the  deposi t ion  
t e m p e r a t u r e  for the  react ion,  

be grea te r  t h a n  ( n - l ) ,  i.e., MI m u s t  be  def ini te ly  
u n s t a b l e  and  to a g rea te r  ex ten t  the  grea te r  the 
va lue  of n. 

The  au tho r  bel ieves  t h a t  the  monoiod ides  of A1 
a nd  perhaps  those of the r a re  ea r th  me ta l s  are  
sufficiently s table  to p r e v e n t  deposi t ion  by  disso- 
ciation. Like  A1, such meta l s  p r o b a b l y  could be 
t r a n spo r t e d  down  a t e m p e r a t u r e  g r ad i en t  by  dis-  
p ropor t iona t ion .  In  this  connec t ion  it  is to be ex-  
pected tha t  a h igh  hea t  of vapor i za t ion  of the  
e l e m e n t  to be  deposi ted w ou l d  favor  i n s t ab i l i t y  of 
a monoiodide ,  caus ing  it to b r e a k  down  to the  con-  
densed  e l e me n t  and  gaseous a tomic I. 

However ,  if the monoiod ide  is po lymer ic  in  the  
vapor  state, condi t ions  wou ld  be qu i te  different .  
Thus,  B r e w e r  a nd  Lofgren ' s  (4) resul t s  ind ica te  
tha t  the cuprous  hal ides  exis t  as t r i me r s  in  the 
vapor  state. The  condi t ion  is now  

Cu313~g~ = 3Cu(,.~ -~- 3Ic~ 

i nd i ca t i ng  a cons iderab le  e n t r opy  increase.  The 
fact t h a t  deposi t ion  of Cu f rom its iodide has been  
repor ted  therefore  is exce l len t  i n d e p e n d e n t  ev i -  
dence  of the  soundness  of these worke r s '  views. 

The  fact  tha t  m a n y  of the t r a n s i t i o n  meta l s  are 
deposi ted r ead i ly  f rom the  vapors  of the i r  di iodides 
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m a y  be a t t r i b u t e d  to t he  low hea t s  of f o r m a t i o n  of 
these  v a p o r s  r e s u l t i n g  f rom t h e i r  r e l a t i v e l y  h igh  
h e a t s  of vapo r i za t i on .  A c o m p a r a t i v e l y  s m a l l  e n -  
t r o p y  inc rea se  t h e r e f o r e  is suff icient  to p r o m o t e  
i n s t a b i l i t y  on hea t ing .  T h e r e  is also good e v i d e n c e  
t h a t  t h e y  a r e  d i m e r i c  so t ha t  t he  e n t r o p y  s i t ua t i on  
becomes  s i m i l a r  to t h a t  of the  t e t r a i o d i d e s  w i t h  
the  a d v a n t a g e  t ha t  two  a toms  of m e t a l  a r e  d e -  
pos i t ed  for  e v e r y  i od ide  m o l e c u l e  decompos ing .  

I t  is r e a d i l y  a p p a r e n t  t h a t  t h e r e  m u s t  be, a t  any  
g iven  t e m p e r a t u r e ,  a l o w e r  p r e s s u r e  l imi t  b e l o w  
w h i c h  depos i t i on  canno t  t a k e  place .  This  is a t  t he  
po in t  w h e r e  the  r a t e  of depos i t i on  j u s t  equa l s  t he  
r a t e  of e v a p o r a t i o n  of t he  depos i t ed  e l e m e n t  d u e  to 
i ts  own v a p o r  p re s su re .  A t  l o w e r  p r e s s u r e s  t he  r a t e  
of e v a p o r a t i o n  wi l l  exceed  t h a t  of depos i t i on  and  
t h e r e  wi l l  be  a ne t  loss or  " c h e w i n g "  of the  depos i t .  

I t  is not  so r e a d i l y  a p p a r e n t  t h a t  an  u p p e r  p r e s -  
su r e  l i m i t  can  also exis t .  This  h a p p e n s  w i t h  t r i -  
and  h i g h e r  iod ides  if sub iod ides  a b o v e  the  mono  
c o m p o u n d  h a v e  a p p r e c i a b l e  s t ab i l i t i e s  in t he  g a s -  
eous  s ta te .  U n d e r  such cond i t ions  t h e r e  m u s t  b e  a 
p r e s s u r e  at  w h i c h  the  a tomic  r a t i o  of I to e l e m e n t  
in  t he  gases  in  e q u i l i b r i u m  w i t h  t he  depos i t  j u s t  
equa l s  t h a t  in the  iod ide  used  for  t r a n s p o r t .  T h e r e  
is t h e r e f o r e  no depos i t i on  at  th is  point .  R e d u c t i o n  
of the  p r e s s u r e  b e l o w  th is  v a l u e  r e su l t s  in d e p o s i -  
t ion,  w h i l e  an  inc rease  p r o d u c e s  a t t a c k  or  chewing .  
The  a u t h o r  d i s cove red  this  s i t ua t i on  in  t he  d e p o s i -  
t ion  of Ti  f r o m  TiL m a n y  y e a r s  ago (5 ) ,  a f ac t  
l a t e r  conf i rmed  b y  R u n n a l l s  and  P i d g e o n  (6)  w h o  
l oca t ed  th is  po in t  a t  a T iL  p r e s s u r e  of 38 m m  Hg 
a t  1500~ Sch~ifer and  M o r c h e r  (3)  l oca t e d  i t  a t  
s e v e r a l  t e m p e r a t u r e s  in t he  S i - S i L  sys tem,  e.g., 
15 m m  of S iL a t  1160 ~ ca l l ing  i t  " t he  c r i t i ca l  d e -  
compos i t i on  p r e s s u r e " ;  w h i l e  E m e l y a n o v ,  Bys t rov ,  
and  E v s t y u k h i n  (7)  f o u n d  it  in t he  Z r - Z r L  sys tem.  

P l o t t i n g  of the  p e r c e n t a g e  iod ide  d e c o m p o s i t i o n  
a t  e q u i l i b r i u m  a g a i n s t  t he  p r e s s u r e  in  such a s y s t e m  
y ie lds  a cu rve  w h i c h  s t a r t s  a t  zero a t  the  p r e s s u r e  
c o r r e s p o n d i n g  to t he  l o w e r  depos i t i on  l imi t ,  r i ses  
to a m a x i m u m ,  fa l l s  off to zero aga in  a t  the  u p p e r  
depos i t i on  l imi t ,  and  t h e n  passes  in to  t he  r eg ion  of 
n e g a t i v e  decompos i t i on  or  a t t ack .  Such  a c u r v e  for  
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Fig. 1. Equihbrium efficiency deposition of Sn from Snh at 
1300~ 

depos i t i on  of Sn  f rom SnL  a t  1300~ is shown  in 
Fig .  1. 

In  gene ra l ,  t he  v a l u e  of t he  u p p e r  c r i t i ca l  p r e s -  
su re  inc reases  w i t h  t e m p e r a t u r e .  I t  can also be  
r a i s e d  b y  r e d u c i n g  the  r a t i o  of  I to e l e m e n t  in the  
gas con tac t ing  the  depos i t i on  su r face  and  indeed  
m a y  d i s a p p e a r  a l t oge the r ,  b u t  the  fac t  r e m a i n s  t h a t  
t h e r e  wi l l  be no ne t  d e c o m p o s i t i o n  of the  h ighes t  
i od ide  at  p r e s s u r e s  a b o v e  i ts  u p p e r  depos i t i on  l imi t .  
In  th is  connect ion ,  i t  is i m p o r t a n t  to no te  tha t ,  
g iven  a f ixed t e m p e r a t u r e  and  p r e s s u r e  in  the  
p r e s e n c e  of de pos i t  a n d  I gases  a lone,  t h e  e q u i l i b -  
r i u m  compos i t i on  of the  gases  wi l l  be  t he  s a m e  r e -  
ga rd l e s s  of t he  s t a r t i n g  m a t e r i a l .  

In  sys t ems  w h e r e  l o w e r  iod ides  do no t  ex is t ,  the  
de c ompos i t i on  e f f i c i ency -p re s su re  c u r v e  s t a r t s  a t  
zero and  r ises  to a m a x i m u m  as before ,  b u t  t hen  
fa l l s  m o r e  s lowly ,  a p p r o a c h i n g  the  zero ax i s  a s y m p -  
to t i ca l ly .  

G i v e n  sufficient  r e l i a b l e  t h e r m o d y n a m i c  da ta ,  i t  
is r e l a t i v e l y  ea sy  to ca l cu l a t e  w h e t h e r  a g iven  
e l e m e n t  can  be  depos i t ed  f r o m  the  v a p o r s  of i ts  
i od ides  and,  if so, the  p r e s s u r e s  and  t e m p e r a t u r e s  
a t  wh ich  i t  can  occur  and  the  e q u i l i b r i u m  eff icien-  
cies o b t a i n a b l e .  A t  p re sen t ,  h o w e v e r ,  a l t h o u g h  the  
s i t ua t ion  is s l o w l y  i m p r o v i n g ,  no such fund  of d a t a  
is a v a i l a b l e  for  a n y  e lement .  I t  is t h e r e f o r e  neces -  
s a r y  to r e so r t  to e s t i m a t e s  and  even  e d u c a t e d  
guesses.  On the  bas is  of t he se  and  a lso  b y  a n a l o g y  
w i t h  o t h e r  cases  t he  a u t h o r  b e l i e v e s  t h a t  B, C, Co, 
Ge, Mo, Nb, Ta, Sn, and  p e r h a p s  Re, can  be  d e -  
pos i t e d  f rom the  v a p o r s  of t h e i r  iodides .  This  
s t a t e m e n t  does no t  m e a n  t h a t  a l l  of these  e l e m e n t s  
can  be re f ined  b y  the  v a n  A r k e l - d e  Boer  process .  
In  some  cases,  e.g., ca rbon ,  i t  w o u l d  be  n e c e s s a r y  
to p r e p a r e  the  iod ide  b y  an  e x t e r n a l  process .  

Kinetics of the Deposition Reaction 
The  w r i t e r  be l i eves  t h a t  in  t he  r eg ion  r e p r e s e n t e d  

b y  the  l e f t h a n d  leg of t he  c u r v e  in Fig .  1 and  at  
low p re s su re ,  i.e., in the  f r ee  mo lecu l e  r e g i o n  w h e r e  
t he  K n u d s e n  n u m b e r  ( the  r a t i o  of the  m e a n  f ree  
p a t h  to the  d i a m e t e r  of the  depos i t i on  su r f ace )  is 
g r e a t e r  t han  abou t  10, t he  depos i t i on  r e a c t i o n  is a 
h e t e r o g e n e o u s  one,  the  r a t e  be ing  g iven  b y  the  
K n u d s e n  e q u a t i o n  w i t h  an  a c c o m m o d a t i o n  effi- 
c iency  of  un i ty ,  i.e., e v e r y  iod ide  m o l e c u l e  w h i c h  
s t r i kes  t he  su r f ace  adds  to t he  deposi t .  The  r eac t i on  
is t h e r e f o r e  first  o r d e r  modi f i ed  p e r h a p s  b y  the  r a t e  
of e v a p o r a t i o n  of t he  m e t a l  i tself ,  t he  a c t i va t i on  
e n e r g y  is zero,  and  the  depos i t i on  r a t e  is p r o p o r -  
t i ona l  to the  e x p o s e d  su r f ace  a rea .  Th is  h igh  effi- 
c i ency  is in accord  w i t h  t he  f indings  of H o l d e n  and  
K o p e l m a n  (8)  a n d  DSr ing  a n d  Mol i6re  (9)  w i t h  Zr .  
The  a u t h o r  c a l c u l a t e d  the  v a p o r  p r e s s u r e  of TiL 
f rom F a s t ' s  de pos i t i on  r a t e  a t  a b u l b  t e m p e r a t u r e  
of 50~ on th i s  basis ,  and  o b t a i n e d  a v a l u e  which ,  
w h e n  c o m b i n e d  w i t h  t ha t  a t  the  m e l t i n g  p o i n t  d e -  
r i v e d  f rom the  d a t a  of B loc he r  and  C a m p b e l l ,  
y i e l d e d  a f igure  for  t he  h e a t  of fus ion  of T iL  on ly  
1.3% l o w e r  t h a n  t h a t  d e t e r m i n e d  c a l o r i m e t r i c a l l y .  
F u r t h e r m o r e ,  c a l cu l a t i on  of the  v a p o r  p r e s s u r e  of 
Z rL  f r o m  F a s t ' s  r a t e  of de pos i t i on  of Z r  a t  150~ 
gave  a v a l u e  e q u a l  to 72% of t h a t  g iven  b y  Rah l f s  
and  F i s c h e r ' s  s imp le  log P -  1 /T  e q u a t i o n  (10) and  
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120% of t h a t  o b t a i n e d  f rom the  f r ee  e n e r g y  e q u a -  
t ion  us ing  w h a t  is b e l i e v e d  to be  an  a c c u r a t e  e x -  
p r e s s ion  for  the  specific h e a t  d i f ference .  F i n a l l y ,  
r a t e s  of  depos i t i on  of c h r o m i u m  f r o m  CrI2 v a p o r  w e r e  
v e r y  close to 1.4 t imes  those  to be  e x p e c t e d  on t h e  
bas is  of m e a s u r e m e n t s  of the  v a p o r  p r e s s u r e  of t he  
iod ide  if i t  w e r e  a m o n o m e r  in  the  gaseous  s t a t e  
a n d  a l m o s t  e x a c t l y  t h a t  to be  e x p e c t e d  if i t  w e r e  
a d imer ,  t hus  p r o v i d i n g  ev idence  t h a t  t he  l a t t e r  is 
the  case. Indeed ,  m e a s u r e m e n t  of the  r a t e  of d e p o -  
s i t ion  of a m e t a l  is r e c o m m e n d e d  as a m e t h o d  for  
d e t e r m i n i n g  the  v a p o r  p r e s s u r e  of i ts iod ides  a t  low 
p r e s s u r e s  (11) .  

S ince  the  p r i m a r y  depos i t i on  r e a c t i o n  is so h i g h l y  
efficient, i t  fo l lows  t h a t  i t  m u s t  be  at  l e a s t  n o n -  
e n d o t h e r m i c  and  m o r e  p r o b a b l y  s t r o n g l y  e x o t h e r -  
mic .  I n  t h e  a u t h o r ' s  o p i n i o n  the  on ly  one  w h i c h  can  
fulf i l l  th is  r e q u i r e m e n t  is the  d i r e c t  r e a c t i o n  of t he  
i nc iden t  m o l e c u l e  w i t h  the  depos i t i on  su r f a c e  to 
p r o d u c e  an  a t o m  of depos i t  and  a c h e m i s o r b e d  
m o n o l a y e r  of I a toms,  i.e. 

M I , ( g )  = M~o~ + nI(~d~ 

Such  a m e c h a n i s m  w o u l d  r e q u i r e  h e a t s  of a d s o r p -  
t ion of I a t o m s  on Ti  and  Zr  of  a t  l eas t  42 and  50 
kcaI,  r e spec t i ve ly .  T h e y  could  b e  c o n s i d e r a b l y  
h i g h e r  t h a n  these  v a l u e s  and  s t i l l  be  cons i s t en t  
w i t h  t h a t  of 53.7 kca l  f o u n d  b y  V a n  P r a a g h  and  
R i d e a l  (12)  for  I a toms  on Pt .  T h e  a u t h o r  b e l i e v e s  
t h a t  t he  c h e m i s o r b e d  I is m o b i l e  a t  depos i t i on  
t e m p e r a t u r e s  a n d  t h a t  i t  e v a p o r a t e s  a t  a r a t e  con-  
s i s ten t  w i t h  i ts  h e a t  of adso rp t ion .  

On the  bas i s  of th is  m e c h a n i s m ,  the  depos i t i on  
r e a c t i o n  shou ld  be  first  o r d e r  w i t h  100% efficiency 
so long  as  a l a r g e  p a r t  of t he  depos i t i on  su r f a c e  is 
f ree  of a d s o r b e d  I, t he  r a t e  of e v a p o r a t i o n  of I 
a t o m s  jus t  e q u a l l i n g  t ha t  of depos i t ion .  On con-  
t i n u e d  i n c r e a s e  in  p re s su re ,  h o w e v e r ,  t he  c h e m i -  
so rbed  I l a y e r  covers  a l a r g e r  and  l a r g e r  f r a c t i o n  
of the  su r f ace  u n t i l  u l t i m a t e l y  i t  f o r m s  a c o m p l e t e  
m o n o l a y e r .  A t  th is  po in t  the  depos i t i on  r e a c t i o n  
shou ld  b e c o m e  zero order ,  the  depos i t i on  r a t e  b e i n g  
g o v e r n e d  so le ly  b y  the  r a t e  of e v a p o r a t i o n  of t he  I. 
T h e r e  is m e a g e r  e v i d e n c e  t h a t  t he  p o i n t  of c o m p l e t e  
su r face  c o v e r a g e  is i den t i ca l  w i t h  t he  m a x i m u m  in 
the  e q u i l i b r i u m  eff iciency cu rve  of F ig .  1. 

I t  is to be  e x p e c t e d  t h a t  a n y  f r ee  I s t r i k i n g  the  
depos i t i on  su r face  w i l l  also depos i t  w i t h  100% effi- 
c iency.  I f  i ts  p r e s s u r e  a n d  t h e r e f o r e  i ts  depos i t i on  
r a t e  is h igh  enough  to cause  f o r m a t i o n  of t h e  m o n o -  
l ayer ,  i t  shou ld  r e d u c e  the  r a t e  of m e t a l  depos i t ion ,  
b u t  i t  shou ld  h a v e  l i t t l e  or  no effect  a t  l o w e r  p r e s -  
sures .  

I t  is b e l i e v e d  t h a t  t he  fo r ego ing  m e c h a n i s m  a p -  
p l ies  to cases,  such as the  depos i t i on  of Cr f r o m  
Cr~L, in w h i c h  l o w e r  iod ides  do no t  p l a y  a n y  pa r t .  
If, on the  o t h e r  hand ,  l o w e r  iod ides  can  be  fo rmed ,  
t he  r e a c t i o n  also a p p r o a c h e s  zero  o rder ,  b u t  a t t a c k  
of the  m e t a l  beg ins  v i a  t he  I m o n o l a y e r .  This  is in 
accord  w i t h  the  r e su l t s  of L a n g m u i r  on the  r e a c t i o n  
of o x y g e n  w i t h  t ungs t en .  He  f o u n d  (13) t h a t  a t  
low p r e s s u r e ,  o x y g e n  f o r m e d  a c h e m i s o r b e d  m o n o -  
l a y e r  of a t o m s  on the  t u n g s t e n  su r f ace  w h i c h  e v a p -  
o r a t e d  as a t o m s  at  h igh  t e m p e r a t u r e  and  was  no t  
r e a d i l y  r e d u c e d  b y  h y d r o g e n  or  o the r  r e d u c i n g  
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agents .  F u r t h e r m o r e ,  i t  showed  no t e n d e n c y  to fo rm 
WO3. On r a i s i ng  the  p r e s s u r e  of o x y g e n  a b o v e  t h a t  
r e q u i r e d  to f o r m  the  m o n o l a y e r ,  h o w e v e r ,  f o r m a -  
t ion  of WOs set  in. 

The  fo rego ing  p i c t u r e  a pp l i e s  on ly  to t he  f ree  
m o l e c u l e  region .  As  the  p r e s s u r e  is i n c r e a s e d  w i t h  
s u i t a b l e  a d j u s t m e n t  of t h e  t e m p e r a t u r e  to m a i n t a i n  
depos i t ion ,  a p o i n t  is u l t i m a t e l y  r e a c h e d  w h e r e  
d i f fus ion be c ome s  an  i m p o r t a n t ,  a n d  u l t i m a t e l y ,  
t he  c o n t r o l l i n g  fac tor ,  t he  depos i t i on  r a t e  b e i n g  gov -  
e r n e d  b y  t h a t  a t  w h i c h  t h e  iod ide  m o l e c u l e s  dif fuse  
to t he  depos i t i on  su r f ace  t h r o u g h  the  a d j a c e n t  
s t a t i o n a r y  gas f i lm and  the  I a t o m s  diffuse away .  

Sch~fer ,  Jacob ,  and  Etze l  h a v e  r e c e n t l y  p u b -  
l i shed  two  i m p o r t a n t  p a p e r s  on th is  p h a s e  of t h e  
s u b j e c t  (14, 15),  in  the  first  of w h i c h  t h e y  discuss  
t he  t h e o r y  of  t he  t r a n s p o r t  of  c o n d e n s e d  phase s  
t h r o u g h  a t e m p e r a t u r e  g r a d i e n t  v i a  r e v e r s i b l e  
gaseous  reac t ions ,  and  in t he  second  of w h i c h  t h e y  
g ive  e x p e r i m e n t a l  d a t a  for  t he  t r a n s p o r t  of F e  a n d  
Ni  v i a  the  v a p o r s  of t h e i r  i od ides  a n d  p r e s e n t  ca l -  
cu l a t i ons  s h o w i n g  t h a t  t he  r e su l t s  can  be  a c c o u n t e d  
for  b y  a s s u m i n g  e q u i l i b r i u m  a t  bo th  ends  of t he  
g r a d i e n t  w i t h  t r a n s p o r t  b y  diffusion.  T h e y  secu red  
good a g r e e m e n t  b e t w e e n  e x p e r i m e n t a l  a n d  ca l -  
c u l a t e d  r e su l t s  on the  bas i s  of  d i f fus ion coefficients 
d e r i v e d  f r o m  k ine t i c  t heo ry .  T h e y  b r i n g  out  t ha t  
t h e i r  t r e a t m e n t  ho lds  on ly  w i t h i n  a def in i te  p r e s -  
su re  range .  P r e s u m a b l y  a t  l o w e r  p r e s s u r e s  t he  
fo rego ing  f ree  m o l e c u l e  fo rm of t r a n s p o r t  appl ies ,  
w h i l e  a t  h i g h e r  p r e s s u r e s  t r a n s p o r t  is p r o m o t e d  b y  
convec t ion .  Sch~fe r  and  M o r c h e r  (3)  also d iscuss  
th is  sub jec t .  

One  consequence  of d i f fus ion  con t ro l  is t h a t  t he  
r a t e  of depos i t i on  on a c y l i n d r i c a l  sur face ,  such as 
a f i l amen t  coax ia l  w i t h  a c y l i n d e r  of c rude ,  becomes  
cons t an t  p e r  un i t  l e n g t h  a n d  i n d e p e n d e n t  of f i la-  
m e n t  d i a m e t e r .  S h a p i r o  and  o the r s  (2)  a n a l y z e d  
this  s i t ua t i on  and  s h o w e d  t h a t  the  r a t e  shou ld  be  
no t  qu i t e  i n d e p e n d e n t  of f i l amen t  d i a m e t e r ,  b u t  
i n v e r s e l y  p r o p o r t i o n a l  to the  log  of the  r a t i o  of t h e  
ins ide  d i a m e t e r  of t he  c y l i n d e r  of c r u d e  to t h e  
d i a m e t e r  of  t he  f i lament ,  s i m i l a r  to t he  conduc t ion  
of  h e a t  r a d i a l l y  t h r o u g h  a c y l i n d r i c a l  wal l .  In  the  
c o r r e s p o n d i n g  h e a t  t r a n s f e r  case, K y t e ,  M a d d e n ,  
and  P i r e t  f o u n d  (16) t h a t  t he  r a t i o  of t h e  ef fec t ive  
d i a m e t e r  of the  s t a t i o n a r y  gas  f i lm to t h a t  of t h e  
f i l amen t  was  an  i nve r se  func t ion  of the  G r a s h o f  
a n d  P r a n d t l  n u m b e r s  a n d  the  r a t io  of d i a m e t e r  to 
t h e  l e n g t h  of the  f i lament .  T h e y  also took  the  m e a n  
f ree  p a t h s  of t he  gas  m o l e c u l e s  in to  accoun t  a t  l ow  
p r e s s u r e s  a n d  s m a l l  f i l amen t  d i a m e t e r s .  

S o m e  of t he  fo rego ing  s t a t e m e n t s  r e g a r d i n g  con-  
d i t ions  in t he  r a n g e  w h e r e  d i f fus ion  is con t ro l l i ng  
m u s t  be  a c c e p t e d  w i t h  qual i f ica t ions .  The  one  t h a t  
the  depos i t i on  r a t e  on a f i l amen t  is n e a r l y  i n d e p e n -  
den t  of d i a m e t e r  is t r u e  on ly  for  r e l a t i v e l y  l a r g e  
d i a m e t e r s .  T h a t  th is  m u s t  be  so fo l lows  f rom t h e  
s imp le  f ac t  tha t ,  g iven  a n y  r e a s o n a b l e  r a t e  of 
depos i t i on  p e r  un i t  l e n g t h  of, s a y  a 1/2-in. f i l amen t  
a n d  inde f in i t e ly  r e d u c i n g  t h e  d i a m e t e r ,  a po in t  m u s t  
be  r e a c h e d  w h e r e  the  o r i g i n a l  depos i t i on  r a t e  can -  
no t  p o s s i b l y  be  m a i n t a i n e d  be c a use  an  insuff ic ient  
n u m b e r  of i od ide  mo lecu l e s  s t r i k e  t he  sur face .  
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The surface  reac t ion  t h e n  becomes con t ro l l ing  a nd  
the ra te  p ropor t iona l  to the square  of the d iamete r .  
A re la t ion  b e w e e n  the  depos i t ion  ra te  as a func t ion  
of d i ame te r  and  the  K n u d s e n  n u m b e r  p r o b a b l y  
exists  for a n y  g iven  t empe ra tu r e ,  a l though  the  
change  in  the  diffusion g rad ien t  wou ld  also have  
to be t a k e n  into account .  

The a s sumpt ion  of e q u i l i b r i u m  a t  both  ends  of a 
t e m p e r a t u r e  g rad ien t  is p r o b a b l y  va l id  for sys tems 
in  which  both  t e m p e r a t u r e s  are h igh  and  also at  
the  h igh t e m p e r a t u r e  ends of other  systems,  b u t  it 
ce r t a in ly  is not  va l id  in  the  ref in ing  of Ti, Zr, a nd  
p r o b a b l y  Hf w i th  c rude  t e m p e r a t u r e s  of 100 ~ 
200~ These  processes depend  on the  d y n a m i c  
fo rma t ion  of the vo la t i l e  te t ra iodides  ins tead  of the  
m u c h  less vola t i le  d i -  and  t r i iodides  which  are in  
t h e r m o d y n a m i c  e q u i l i b r i u m  wi th  the  metals .  U n d e r  
e q u i l i b r i u m  condi t ions  i t  is necessa ry  to go to 
t e m p e r a t u r e s  above 400~ to secure  adequa t e  vapor  
and  dissociat ion pressures  of the lower  iodides. 

These meta l s  therefore  have  two dis t inc t  ranges  
of c rude  t e m p e r a t u r e s  in  which  the  process can  be 
opera ted  and  which,  as wi l l  be seen later ,  can  
y ie ld  deposits of qu i te  d i f ferent  proper t ies .  As Fas t  
has shown wi th  Ti (17) and  DSr ing  and  Moli6re 
wi th  Zr  (9) ,  a t e m p e r a t u r e  r ange  of zero or low 
deposi t ion  ra te  can be found  b e t w e e n  t h e m  u n d e r  
su i t ab le  condi t ions,  the lower  l imi t  of this  gap be i ng  
d e t e r m i n e d  by  the uppe r  p re s su re  deposi t ion l imi t  
of the  te t ra iod ides  and  the  ra t e  at  wh ich  they  are  
reduced,  and  the  uppe r  l imi t  by  the vapor  and  dis-  
socia t ion pressures  of the lower  iodides. I n c i d e n -  
tal ly,  the au tho r  bel ieves  tha t  the  te t ra iodides  are 
the p r i m a r y  products  of the  reac t ion  of I wi th  these 
meta l s  a t  low t e m p e r a t u r e s  and  tha t  f o rma t i on  of 
lower  iodides is a secondary  react ion.  

F ina l ly ,  the a s sumpt ion  of a s imple  diffusion 
g rad ien t  in  the cases of Ti and  Zr  m a y  be an  ove r -  
s implif icat ion.  In  the  r ange  b e t w e e n  200 ~ and  
1400~ two po ten t i a l l y  i m p o r t a n t  processes can 
take  place in  the gas phase,  n a m e l y  c o m b i n a t i o n  of 
I a toms at t e m p e r a t u r e s  be low abou t  900 ~ and  
t e t r a iod ide  dissociat ion above 1000~ There  is 
r eason  to be l ieve  tha t  bo th  processes should  be 
act ive  even  at the  low pressure  o r d i n a r i l y  p r e -  
va i l ing .  I t  is k n o w n  tha t  such r eve r s ib l e  reac t ions  
m a r k e d l y  increase  the t h e r m a l  conduc t iv i ty  of a 
gas and  they  could have  s imi la r  effects on o ther  
t r a n s p o r t  proper t ies .  I t  is possible tha t  r e l a t i ve ly  
few te t ra iod ide  molecules  reach the deposi t ion  s u r -  
face a t  h igh sur face  t e m p e r a t u r e s  and  pressures  
where  diffusion is control l ing.  

As Shapi ro  showed w h e n  he compared  the ra t e  of 
deposi t ion  of Zr  f rom cut  up  c rys ta l  ba r  wi th  t h a t  
f rom Kro l l  process sponge (2),  the r eac t iv i ty  of the  
c rude  can also be r a t e - con t ro l l i ng .  

Removal of Impurities 
In  general ,  the  purpose  of an iodide process is to 

secure a h igh p u r i t y  product .  The e l i m i n a t i o n  of 
impur i t i e s  is the re fo re  of the u tmos t  impor tance .  
Both  e q u i l i b r i u m  and  d y n a m i c  cons idera t ions  are 
i m p o r t a n t  in  this  connect ion .  

If the  iodide to be  dissociated is p r epa red  in  a 
separa te  operat ion,  it  can  be pur i f ied  by  any  of the  

usua l  methods,  f i l t rat ion,  f r ac t iona l  condensa t ion ,  
c rys ta l l i za t ion  f rom a solvent ,  sub l ima t ion ,  f rac-  
t iona l  d is t i l la t ion,  a nd  even  zone ref in ing  (18-20) .  
F u r t h e r m o r e ,  these  u n i t  opera t ions  can be  modif ied to 
mee t  special  r e qu i r e me n t s .  Thus  KI  has b e e n  added 
to a m i x t u r e  of TiL and  Alia, which  have  ve ry  
s imi la r  bo i l ing  points ,  to fo rm KA1L which  is not  
vola t i le  at a low red heat  and  f rom which  the  TiL 
can be read i ly  boi led away  (21).  Again,  Zr and  Hf 
have  been  separa ted  by  t a k i n g  a d v a n t a g e  of the 
difference in  r educ ib i l i t y  of the i r  te t ra iodides  to less 
vola t i le  lower  iodides (22).  F ina l ly ,  U a nd  Zr  have  
been  separa ted  in  a m i x t u r e  of iodides p roduced  by  
iod ina t ion  of reac tor  fuel  b y  f r ac t iona l ly  condens ing  
the less vola t i le  U iodide a nd  a l lowing  the  ZrL to 
pass on (23).  

One  is somewha t  more  res t r ic ted  w h e n  the  
opera t ion  is confined to a s ingle  u n i t  as in  the  de 
B o e r - v a n  A r ke l  process, b u t  even  here  a d v a n t a g e  
can be t a ke n  of a n u m b e r  of e q u i l i b r i u m  and  
d y n a m i c  effects. In  this connect ion ,  it  is wor th  
no t ing  tha t  I does no t  reac t  w i th  C or the  oxides of 
a n y  of the he a vy  p o l y v a l e n t  meta l s  except  pe rhaps  
those of Cd and  Hg at  any  r ea sonab l e  t empe ra tu r e .  
Indeed,  the reverse  is the case. The  iodides of these  
meta l s  can r ead i ly  be roas ted to oxide and  iodine  
vapor  in  air  or oxygen.  

P r o b a b l y  the  e l ements  mos t  read i ly  ref ined by  
the  de B o e r - v a n  A r ke l  process are Ti, Zr, and  Hf. 
At  the  low c rude  t e m p e r a t u r e s  possible  w h e n  
t r ans fe r  takes  p lace  via  the vola t i le  te t ra iodides ,  
n i t r ides ,  carboni t r ides ,  silicides, and  pe rhaps  o ther  
i n t e rme ta l l i c  compounds ,  as wel l  as oxides and  
carbides,  are  una t t acked ,  whi le  the  iodides of 
d iva l en t  meta l s  have  neg l ig ib le  vapor  pressures  if 
they  are formed.  

To secure  the  m a x i m u m  benef i t  of these  a d v a n -  
tages, it  is necessa ry  to m a i n t a i n  a low t e m p e r a -  
tu re  of the c rude  metal .  This  m a t e r i a l  can h a v e  con-  
s iderab le  res i s tance  to hea t  flow and,  if r e a s o n a b l y  
thick,  the  surface facing t ha t  on which  deposi t ion  
is t a k i n g  place can h a v e  a t e m p e r a t u r e  a t  which  the  
d i v a l e n t  iodides have  la rge  vapor  pressures ,  ca r -  
bon i t r ides  and  si l icon are a t t acked  by  iodine,  and  
even  ca rbon  monox ide  can  be fo rmed  by  reac t ion  
of liberated carbon with oxides with consequent 
transfer of both components. Carbon monoxide can 
exist in equilibrium with iodine and iodide vapors 

at high temperatures. 

Close control of the temperature of the crude 
may permit some interesting separations. Thus, 
Fast (24) secured no appreciable deposit from ZrI4 
at a bulb temperature of 100~ because of the low 
vapor pressure of the iodide, but he secured a con- 
siderable deposit of Ti from TiL at a bulb tempera- 
ture of 50 ~ (17). Possibly Zr and Hf might be sep- 

arated similarly. 

One apparently neglected field has been the 
introduction of foreign substances into the units to 
aid in separations. This would seem to have definite 
possibilities. Thus, following Blumenthal and Smith 
(21), KI might be introduced into a Ti unit to 
prevent transfer of A1 and other metals. Similar 
separations might be made among the fourth group 



Vol. 106, No.  3 P R I N C I P L E S  O F  T H E  

meta l s .  Thus,  K I  does  no t  f o r m  a c o m p l e x  w i t h  TiL 
b u t  i t  m a y  w i t h  Zr I ,  or  HfL. I t  is w o r t h  n o t i n g  in  
th is  connec t ion  t h a t  t h e r e  is less t e n d e n c y  to c o m -  
p l e x  f o r m a t i o n  in  the  t e t r a i o d i d e - a l k a l i  i od ide  
s y s t ems  t h a n  in the  c o r r e s p o n d i n g  ch lo r ide  sys tems ,  
b u t  t h a t  t he  t e n d e n c y  inc reases  w i t h  t h e  a tomic  
w e i g h t  of t he  a l k a l i  me ta l .  Thus ,  K~SnCL is w e l l  
known ,  b u t  on ly  Rb~SnL and  Cs~SnI6 a r e  k n o w n  in 
t he  a n h y d r o u s  s ta te .  

A n o t h e r  p o s s i b i l i t y  is the  i n t r o d u c t i o n  of an  
oxide .  C h a i g n e a u  r e c e n t l y  p u b l i s h e d  two  p a p e r s  on 
the  p r e p a r a t i o n  of a l a r g e  n u m b e r  of iod ides  b y  
r e a c t i o n  of t he  c o r r e s p o n d i n g  ox ides  w i th  A l L  at  
m o d e r a t e  t e m p e r a t u r e s  (25, 26).  Of t he  29 ox ides  
t r i ed ,  26, i n c l u d i n g  TiO~ and  ZrO~, y i e l d e d  p u r e  
iodides; only one, Cb~O.~, yielded an appreciable 
q u a n t i t y  of oxy iod ide ;  and  two,  Cr~O~ and  B.O:,, 
d id  no t  reac t .  T h e r e  was  no r e p o r t  on SiO2. 

P r e s u m a b l y ,  then ,  the  p r e s e n c e  of TiO~ in a Ti 
b u l b  cou ld  p r e v e n t  t r a n s f e r  of A1 if  t he  r e a c t i o n  
r a t e  w e r e  fas t  enough.  Indeed ,  i t  shou ld  b e  poss ib l e  
to m a k e  up  a l is t  of e l e m e n t s  in  o r d e r  of ease  of 
conve r s ion  of t h e i r  ox ides  to iod ides  w i t h  t h e  a l k a l i  
m e t a l s  a t  t he  top  and  B and  A1 n e a r  t h e  bo t tom.  

F o r m a t i o n  of s t ab le  " i n t e r m e t a l l i c "  c o m p o u n d s  
does  no t  a p p e a r  p r o m i s i n g  f r o m  a t h e r m o d y n a m i c  
s t a n d p o i n t  because  of the  p re sence  of f r ee  I in the  
sys tem.  H o w e v e r ,  e m p i r i c a l  r e s e a r c h  could  disc lose  
c o m p o u n d s  of v a l u e  b e c a u s e  of  the  s lowness  w i t h  
w h i c h  t h e y  reac t .  Thus,  a d d i t i o n  of C m i g h t  r e d u c e  
the  r a t e  of t r a n s f e r  of s t rong  c a r b i d e  fo rmers ,  w h i l e  
Ti m i g h t  p r e v e n t  t r a n s f e r  of N. 

A p p l i c a t i o n  of the  de  B o e r - v a n  A r k e l  p rocess  to 
the  d i v a l e n t  t r a n s i t i o n  m e t a l s  as w e l l  as U, and,  to 
some  ex ten t ,  Th, p r e s e n t s  g r e a t e r  di f f icul t ies  b e -  
cause  t he  h igh  c r u d e  t e m p e r a t u r e s  n e c e s s a r y  to 
secu re  u se fu l  iod ide  p r e s s u r e s  p r o m o t e  a t t a c k  on 
n i t r i d e s  and  o t h e r  r e l a t i v e l y  i ne r t  c o m p o u n d s  as 
we l l  as f o r m a t i o n  of CO b y  r e a c t i o n  of C w i t h  t he  
g e n e r a l l y  less  s t a b l e  ox ides .  F u r t h e r m o r e ,  a l l  
iod ides  h a v e  a p p r e c i a b l e  v a p o r  p r e s s u r e s  a t  t he se  
t e m p e r a t u r e s ,  m a k i n g  s e p a r a t i o n s  m o r e  difficult .  

A n o t h e r  f ac to r  of  i m p o r t a n c e  in the  case  of Cr, V, 
Fe,  Co, and  Ni is t ha t  t he i r  d i i od ides  h a v e  a p -  
p r e c i a b l e  d i s soc ia t ion  p r e s s u r e s  in t h e  t e m p e r a t u r e  
r a n g e  w h e r e  t h e i r  v a p o r  p r e s s u r e s  a r e  a p p r e c i a b l e  
(15, 27-29) .  A c c o r d i n g l y ,  t he  I p r e s s u r e  g r a d i e n t  is 
f r o m  tha t  a t  the  depos i t i on  su r f ace  to a f ini te  v a l u e  
a n d  no t  to zero  a t  t he  crude .  This  cou ld  m e a n  tha t ,  
if  t h e r e  w e r e  a n y  c o n s i d e r a b l e  t e m p e r a t u r e  g r a -  
d i en t  in  t h e  c rude  me ta l ,  t h e  v a p o r  p r e s s u r e  of t he  
iod ide  w o u l d  t end  to b e  f ixed  b y  the  cold  end  of 
t h a t  g r a d i e n t  and  the  m i n i m u m  I p r e s s u r e  b y  the  
hot  end.  This  w o u l d  r e d u c e  d i f fus ion  of bo th  c o m -  
ponen t s  w i t h  a consequen t  r e d u c t i o n  in  depos i t i on  
ra te .  

H o w e v e r ,  t he  s i t u a t i o n  is b y  no  m e a n s  e n t i r e l y  
u n f a v o r a b l e ,  as s h o w n  b y  the  a p p e a r a n c e  of iod ide  
c h r o m i u m  on the  m a r k e t .  Because  of the  i n s t a b i l i t y  
of t he  iod ide  vapors ,  depos i t i on  su r f ace  t e m p e r a -  
tu res  can  be  c o n s i d e r a b l y  l o w e r  t h a n  for  t he  Ti 
g roup  m e t a l s  (cf T a b l e  I ) .  

W h e n  o p e r a t e d  u n d e r  o p t i m u m  condi t ions ,  the  
process  can  y i e l d  p r o d u c t s  of e x t r a o r d i n a r i l y  h igh  
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p u r i t y .  On the  bas is  of his  e x p e r i m e n t s  w i t h  spen t  
u r a n i u m  r e a c t o r  fuel ,  Robb  (23) c o n c l u d e d  t h a t  
t h e  p rocess  is c a p a b l e  of p r o d u c i n g  b e t t e r  decon -  
t a m i n a t i o n  t h a n  a n y  of t he  k n o w n  p y r o m e t a l l u r g i c a l  
p rocesses  u n d e r  s t u d y  a n d  t h a t  t h e o r e t i c a l  con-  
s i de r a t i ons  and  s t u d y  of t he  v a p o r  p r e s s u r e s  of t h e  
p e r t i n e n t  iod ides  i n d i c a t e  t h a t  s e p a r a t i o n  f rom 
e v e r y  fission p r o d u c t  shou ld  be  poss ib le .  A d d i t i o n a l  
ev idence  to th is  effect is the  r ecen t  p r o d u c t i o n  of 
u l t r a  p u r e  Si  (19, 20, 30).  

F i n a l l y ,  one cur ious  fac t  is t ha t  a s a m p l e  of 
i od ide  Cr, a n a l y z e d  b y  the  r a d i o a c t i v a t i o n  m e t h o d  
at  O a k  Ridge,  was  f o u n d  to con ta in  less  I t h a n  one 
of c h r o m a t e  e l e c t r o l y t i c  m e t a l  a n a l y z e d  at  t he  
s a m e  t ime  (31) .  

Character of the Deposits 
One g e n e r a l i z a t i o n  w h i c h  has  a p p e a r e d  in the  

s t u d y  of  t he  i od ide  process  is t h a t  d i iod ides ,  such 
as F e L  and  CrL, t e n d  to  y i e l d  sp iny ,  n o n c o m p a c t ,  
n o n c o h e r e n t  depos i t s .  C o m p a c t  depos i t s  can  be  
s e c u re d  b y  p r o p e r  choice  of condi t ions ,  b u t  even  
t hen  the  cohe rence  is low because  of  low a d h e s i o n  
b e t w e e n  the  i n d i v i d u a l  g ra ins .  On the  o t h e r  hand ,  
the  t e t r a i o d i d e s  of Ti, Zr ,  and  Hf, r e a d i l y  g ive  com-  
pact ,  c o h e r e n t  depos i t s  w h i c h  can  be m e c h a n i c a l l y  
w o r k e d  d i r ec t ly .  

F a c t o r s  r e s p o n s i b l e  for  th is  s i t ua t ion  a re :  
1. The  h i g h - t e m p e r a t u r e  g r a d i e n t  in the  d e p o s i -  

t ion  of Ti, Zr,  and  Hf  f r o m  t h e i r  t e t r a i o d i d e s  and  
the  fac t  tha t ,  for  Ti  and  Zr  a t  leas t ,  t h e r e  is a 
t e m p e r a t u r e  at  w h i c h  depos i t i on  changes  to a t t ack .  
A c c o r d i n g l y ,  a " s p r o u t "  or  p r o t u b e r a n c e  canno t  
g r o w  v e r y  far ,  and  the  g r o w i n g  depos i t  m a i n t a i n s  
a r e a s o n a b l y  s m o o t h  sur face .  W i t h  the  d i v a l e n t  
m e t a l s  on t h e  o the r  hand ,  t h e r e  a r e  no l o w e r  
iod ides  to p r o d u c e  a de pos i t i on  l imi t ,  a n d  the  low 
v o l a t i l i t y  of t h e i r  d i iod ides  r e q u i r e s  a h igh  c rude  
t e m p e r a t u r e ,  t h e r e b y  r e d u c i n g  the  t e m p e r a t u r e  
g rad i en t .  F u r t h e r m o r e ,  because  of t h e  h igh  t e m -  
p e r a t u r e  of t he  crude ,  t h e  gases  l e a v i n g  a r e  n e a r l y  
in t h e r m o d y n a m i c  e q u i l i b r i u m  w i t h  it, t h e r e b y  
r e d u c i n g  t h e  c o n c e n t r a t i o n  g r ad i en t .  Hence,  a 
s p r o u t  can  g row qu i t e  a d i s t a n c e  w i t h o u t  b e i n g  
a t t a c k e d .  

In  s u p p o r t  of th is  v i e w p o i n t  a r e  the  fac ts  t ha t  
Ti depos i t ed  at  h igh  c r u d e  t e m p e r a t u r e s ,  w h e r e  t he  
t e m p e r a t u r e  g r a d i e n t  is less and  l o w e r  iod ides  
p a r t i c i p a t e  in t he  t r a n s p o r t ,  is m u c h  less c o m p a c t  
t h a n  t h a t  d e p o s i t e d  a t  low c r u d e  t e m p e r a t u r e s ,  a n d  
t h a t  Th,  w h i c h  r e q u i r e s  r e l a t i v e l y  h igh  c r u d e  t e m -  
p e r a t u r e s  be c a use  of the  low v o l a t i l i t y  of  i ts  t e t r a -  
i od ide  (bp  839~ also g ives  n o n c o h e r e n t  depos i t s  
a cco rd ing  to Veigel ,  She rwood ,  and  C a m p b e l l  (32) .  

2. The  g r e a t e r  v o l a t i l i t y  of t he  d i v a l e n t  t r a n s i -  
t ion  me ta l s .  A t  1300~ the  v a p o r  p r e s s u r e  of Cr is 
417 t imes  and  t ha t  of F e  90 t imes  t h a t  of Ti, the  mos t  
v o l a t i l e  of t h e  f o u r t h  g roup  t r a n s i t i o n  me ta l s .  A c c o r d -  
ingly ,  these  m e t a l s  h a v e  a much  g r e a t e r  t e n d e n c y  to 
s u b l i m e  f rom the  h igh  t e m p e r a t u r e s  of c rev ices  in t he  
depos i t s  to t he  ends  of sprou ts .  The  m o n o i o d i d e s  of 
the  d i v a l e n t  m e t a l s  cou ld  e n h a n c e  the  r a t e  of th is  
t r a n s p o r t  d o w n  the  t e m p e r a t u r e  g rad i en t .  As  p o i n t e d  
out  t h e y  can  be  m o r e  s t ab le  t h a n  those  of t he  t e t r a -  
v a l e n t  m e t a l s  w i t h o u t  p r e v e n t i n g  depos i t ion .  
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Deposition of Alloys 
A l l o y s  can be  d e p o s i t e d  b y  t h e  iod ide  process .  

De Boer  a n d  F a s t  (33-35)  p r e p a r e d  a l loys  of Zr  
w i t h  Sn  and  A1, as we l l  as T i - Z r  a n d  Z r - H f  a l loys  
ove r  t h e i r  en t i r e  compos i t i on  ranges ,  w h i l e  S h a p i r o  
(2)  p r e p a r e d  a l loys  of Zr  w i t h  Cr, Fe,  Ni, a n d  Sn. 
V e r y  r ecen t ly ,  Robb  (23) r e p o r t e d  depos i t i on  of  
U - Z r  a l loys  r a n g i n g  in Z r  con ten t  f r o m  16 to 97% 
f r o m  a 40% Z r - 6 0 %  U a l loy  by  c h a n g i n g  cond i -  
t ions.  

F a c t o r s  of i m p o r t a n c e  in  the  p r e p a r a t i o n  of a l loys  
a re :  (a )  r e l a t i v e  s t a b i l i t y  of t he  iodides ;  (b)  
r e l a t i v e  v o l a t i l i t y  of t he  iodides ;  (c)  r e l a t i v e  
v o l a t i l i t y  of t h e  me ta l s .  B y  e m p l o y i n g  a h igh  f i la-  
m e n t  t e m p e r a t u r e ,  de  Boer  and  F a s t  (33) p r e p a r e d  
F e - f r e e  Z r  f rom a c o n t a m i n a t e d  feed,  t h e  v o l a t i l -  
ized F e  co l l ec t ing  on the  coole r  e l ec t rode .  H igh  
t r a n s f e r  eff iciencies of  F e  have ,  h o w e v e r ,  been  
o b t a i n e d  u n d e r  o the r  cond i t ions  (2 ) ;  (d)  t h e r m o -  
d y n a m i c  a c t i v i t y  of t he  second  m e t a l  in  t h e  a l loy .  
I f  e x t e n s i v e  sol id  so lu t ions  o r  s t ab l e  c o m p o u n d s  
a r e  fo rmed ,  even  m e t a l s  w h i c h  canno t  be  d e p o s i t e d  
in  the  p u r e  s t a t e  f r o m  t h e i r  iod ides  can  be  co-  
d e p o s i t e d  as a l loys  as s h o w n  by  the  fo r ego ing  p r e p -  
a r a t i o n  of  Zr -A1  a l loys .  

This  w h o l e  sub j ec t  m a y  be  s u m m e d  up  in t he  
s t a t e m e n t  tha t ,  i f  a l loys  a r e  des i red ,  cond i t ions  for  
o b t a i n i n g  h igh  p u r i t y  shou ld  be  avo ided .  Of course ,  
t he  c o n v e r s e  is also t rue .  
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Techniques and Results of Zone Refining Some Metals 
J. H. Wernick, D. Dorsi, and J. J. Byrnes 

Bell Telephone Laboratories, Inc., Murray Hill, New Jersey 

ABSTRACT 

Techniques and results are g iven for the floating zone refining of Ni, Ti, V, 
and for boat zone refining of A1 and Au. These elements  have  been purified 
by zone melting.  A considerable amount  of purification was obtained by 
volat i l izat ion dur ing floating zone melting. 

The  need  for  p u r e r  me ta l s  for  basic  r e sea rch  and 
d e v e l o p m e n t  purposes  is great .  Because  of these  
needs,  we  h a v e  zone  ref ined  a n u m b e r  of me ta l s  by 
f loat ing zone and boat  t echniques .  S o m e  of the  
resu l t s  a re  discussed here .  

Floating Zone Refining Equipment 
T h e  f loat ing zone ref in ing  was  done  in v a c u u m  in 

a vapo r  p l a t i ng  un i t  I adap ted  for this work.  It  is s i m l  
i lar  to the  uni t  used by B u e h l e r  (1) .  F i g u r e  1 shows 
a schemat ic  d r a w i n g  of the  e q u i p m e n t .  T h e  l iqu id  
n i t r ogen  t rap ,  diffusion, and m e c h a n i c a l  p u m p s  a re  
no t  shown.  The  ends  of the  rod  to be zone ref ined  a re  
p laced  in qua r t z  ho lders  w h i c h  in t u r n  are  he ld  in 

1 Consolidated Electrodynamies Corporation LCI-18 Vacuum Coater. 
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Fig. ]. Vacuum floating zone refiner 

t he  yoke  by chucks  m a d e  of s ta inless  steel.  The  uppe r  
chuck  (Fig.  2) is so des igned  that ,  as t he  chuck  
body  m o v e s  upw ard ,  the  s teel  bal ls  p r e v e n t  the  
c h u c k  body  f r o m  r e t u r n i n g  to its o r ig ina l  posi t ion.  "~ 
This  p r e v e n t s  squeez ing  out  of the  m o l t e n  zone  
a f te r  mel t ing .  The  yoke  is a t t a ched  to a w a t e r - c o o l e d  
p u s h - r o d  w h i c h  passes t h r o u g h  an O - r i n g  v a c u u m  
seal  (Fig.  3) on the  base  plate .  The  h i g h - f r e q u e n c y  
p o w e r  leads pass t h r o u g h  a coax ia l  v a c u u m  seal, the  
deta i ls  of  w h i c h  are  shown in Fig. 4. The  p r e s su re  
a t t a ined  p r io r  to hea t i ng  is 10 _6 m m  Hg and r ises to 
10 -5 m m  Hg d u r i n g  refining.  

Rad io  f r e q u e n c y  p o w e r  is ob ta ined  f r o m  an Ecco 
10-kw ou tpu t  g e n e r a t o r  at  a f r e q u e n c y  of e i t he r  5 
mc  or 450 kc. The  t a n k  c i rcu i t  for  the  450-kc  f r e -  
q u e n c y  is loca ted  w i t h i n  the  uni t ,  w h e r e a s  the  t a n k  
c i rcui t  for  5 mc  is loca ted  u n d e r  the  base  p l a t e  of 
the  v a c u u m  sys tem to m i n i m i z e  p o w e r  loss (Fig.  1). 
A f r e q u e n c y  of about  5 mc  was  used e x c l u s i v e l y  for  

2 This chuck, as well as the mechanical feed mechanism, was de-  
signed by J i J. Gillich. 
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000 ooo o o()% o jo 
(a) (b) (c) 

Fig. 5. Induction work coils for (a) Ni, (b) Ti, and (c) V 

F,g. 7. Zone melted I/~ in. D Ti rod 

Fig. 6. Zone melted 3 / 1 6  in. D Ni rod 

the f loating zone ref in ing  of metals ,  a l though  a f r e -  
quency  of 450 kc could also be used. 

The w o r k  coils are  m a d e  of 3/16 in. D copper t u b -  
ing, and  those used for Ni, Ti, and  V (a, b, and  c, 
r espec t ive ly)  are i l l u s t r a t ed  in Fig. 5. Some t r ia l  and  
e r ro r  effort is i nvo lved  in  d e t e r m i n i n g  the  p rope r  
coil, because  one needs  a sufficient concen t r a t i on  of 
power  and  yet  ob ta in  a s table  zone. The zone t r ave l  
~ate was  0.07 i n . / m i n  for these e lements ,  and  the  
zone l eng ths  va r ied  f rom 1/4 to % in. For  the case of 
Ni, the zone me l t ed  ba r  was more  u n i f o r m  in  cross 
section w h e n  the zone t r ave led  f rom top to bot tom.  

Floating Zone Melting Results 
Figures  6, 7, and  8 are pho tographs  of zone me l t ed  

Ni, Ti, and  V rods. The s t a r t i ng  high p u r i t y  Ni was  
ob ta ined  f rom K. M. Olsen and  was  m a d e  by  a 
cruc ib le  m e l t i n g  t e c h n i q u e ( 2 ) .  The ana ly t i ca l  da ta  
for this  Ni are shown in  Tab le  I (2) .  E x a m i n a t i o n  of 
the phase  d i ag rams  of Ni w i th  the me ta l  impur i t i e s  
indica tes  tha t  the  e q u i l i b r i u m  d i s t r i bu t i on  coefficients 
for these  impur i t i e s  in  Ni are no t  too di f ferent  f rom 
uni ty .  

The zone ref ined Ni ( 2~/4 i n . / h r  t r ave l  ra te )  was  
eva lua t ed  by  m e a s u r i n g  the res idua l  resis tances,  at  
l iqu id  He t e m p e r a t u r e ,  of sections of the zone ref ined 
ingot,  as descr ibed by  K u n z l e r  and  W e r n i c k  (3) .  A 
decrease in  the r e s idua l  res i s tance  indica tes  pur i f ica-  
tion. F igu re  9 shows the res i s tance  ra t io  R, 2oK/R=,o~ 
( r e s idua l  res i s tance)  as a f unc t i on  of pos i t ion  a long 
the bar .  The control  da ta  are for the  u n m e l t e d  
sections at  the  ends. Note tha t  crucible less  zone 
mel t ing ,  a f ter  four  passes, r esu l t ed  in  purif icat ion,  
m a i n l y  by  vo la t i l i za t ion  of vola t i le  impur i t i es ,  as i n -  
d icated by  the absence  of apprec iab le  pi le  up  of 
impur i t i e s  at e i ther  end. 
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Fig. 8. Zone melted 3~ in. D V rod 
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Fig. 9. Low-temperature resistivity of f loating zone refined Ni 

The  zone me l t ed  Ti ba r  (6 passes, 1~/4 i n . / h r  t r ave l  
ra te )  was ana lyzed  spectroscopical ly.  T i t a n i u m  is no t  
cubic, and  r e s idua l  res i s tance  m e a s u r e m e n t s  for 
d e t e r m i n i n g  p u r i t y  wou ld  be difficult to i n t e r p r e t  
unless  one has a s ingle  crystal .  Q u a n t i t a t i v e  a n a l y t i -  
cal da ta  are  shown  in  Ta b l e  II. I t  appears  tha t  
pur i f ica t ion  was m a i n l y  due  to vola t i l iza t ion ,  as 
ind ica ted  by  the absence  of apprec iab le  p i le  up of 
impur i t i e s  at e i ther  end.  No ca rbon  and  oxygen  
ana lyses  were  obta ined .  

The qua l i t a t i ve  spectroscopic da ta  for zone me l t ed  
V (6 passes, 21/4 i n . / h r  t r ave l  ra te )  are shown  in  
Tab le  III. Pur i f ica t ion  was ob ta ined  both  by  move -  
m e n t  of impur i t i e s  and  by  vola t i l iza t ion .  

Boat Zone Melting Results for AI and Au 
The zone ref in ing  of a l u m i n u m  in  ALO.~ boats  has 

b e e n  discussed by  Alber t ,  et al. (4) ,  Caron  (5) ,  

Table I. Analysis of BT/nickel used for zone refining 

E l e m e n t  % by  w e i g h t  

Fe <0.005 
Si <0.005 
Cu <0.001 
Mg <0.005 
C 0.001 
S 0.001 
O 0.0015 
H 0.0001 
N 0.0001 
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Fig. 10. Low-temperature resistivity of zone refined AI 
99.999-1-%. 

Table II. Spectrochemical quantitative analysis of floating zone 
refined titanium 

O r i g i n a l  L e a d  sec t ion  E n d  s e c t i o n  

Ni 0.062 0.018 0.0051 
Mn 0.015 N.D. N.D. 
Mg 0.010 0.0043 0.0043 
Fe 0.042 0.0087 0.017 
Si 0.24 0.062 0.11 
Cu 0.006 0.0008 0.0007 
Ca 0.033 0.014 0.014 
A1 0.0088 N.D. N.D. 
Mg (<0.005) * N.D. N.D. 

N.D., no t  de tec ted .  
* Q u a l i t a t i v e  e s t ima te .  
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Fig. 1 1. Low-temperature resistivity of zone refined Au 

Table III. Qualitative spectroscopic analytical data for zone melted 
vanadium (in weight per cent) 

C o n t r o l  
E le -  ( u n m e l t e d )  L e a d  C e n t e r  E n d  
m e n t  p o r t i o n  sec t ion  sec t ion  s e c t i o n  

A1 <0.001 <0.03 N.D.* N.D. 
Ca <0.001 <0.03 N.D. N.D. 
Co <0.03 <0.001 <0.001 <0.005 
Cr <0.03 <0.001 <0.001 <0.001 
Cu <0.005 <0.001 <0.001 <0.001 
Fe  <0.03 <0.005 <0.001 <0.001 
Mg <0.001 <0.005 <0.001 N.D. 
Mn <0.03 <0.001 N.D. N.D. 
Si <0.03 0.01-0.3 0.01-0.3 <0.03 
Ti N.D. <0.005 N.D. N.D. 
W 0.03 0.03 0.03 0.03 

* N.D., no t  de tec ted .  
A l k a l i n e  e a r t h  e l e m e n t s  no t  d e t e c t e d .  

M o n t a r i o l  (6 ) ,  a n d  in g r a p h i t e  boa t s  b y  D e m m l e r  
(7) .  W e  h a v e  zone re f ined  A1 in g r a p h i t e  boa t s  8 in  a 
f lowing pur i f i ed  a r g o n  a t m o s p h e r e  (4.9 i n . / h r  t r a v e l  
r a t e ) .  The  g r a p h i t e  boa t  is f irst  d e g a s s e d  in vacuo at  a 
t e m p e r a t u r e  e s t i m a t e d  to b e  1200~ T h e  a rgon  is 
c l e aned  b y  pa s s ing  i t  t h r o u g h  a b e d  of d r y i n g  agent ,  
L i n d e  M o l e c u l a r  s ieve,  and  t h e n  t h r o u g h  a b e d  of 
s tee l  woo l  h e l d  a t  600~ I n d u c t i o n  h e a t i n g  (450 kc )  
was  used  for  zone ref ining.  Mass  t r a n s f e r  d u r i n g  zone 
re f in ing  is excess ive ,  and  i t  is p r e v e n t e d  b y  t i l t i ng  
the  ref iner .  This  also a ids  in m a i n t a i n i n g  a zone of 
g iven  size d u r i n g  ref ining.  F i g u r e  10 shows  a p lo t  of 
r e s i s t ance  r a t i o  vs. d i s t ance  a long  t h e  l e n g t h  of  a 
zone re f ined  b a r . '  Also  shown  a re  t h e  r e s i s t ance  r a t i o  
d a t a  for  an  a n n e a l e d  sec t ion  of t he  o r ig ina l  1/2 in. D 
rod  ( m a r k e d  c o n t r o l ) .  I t  is a p p a r e n t  t h a t  zone re f in-  
ing  was  ef fec t ive  in i n c r e a s i n g  the  p u r i t y  of t he  
9 9 . 9 9 9 + %  A1. T a b l e  IV c o m p a r e s  t he  r e c i p r o c a l  
r e s i s t ance  ra t ios  of zone re f ined  A l c o a  9 9 . 9 9 + %  a n d  

3 A l i m i t e d  d i scus s ion  of  t h i s  w o r k  a p p e a r s  in  Ref .  3. 

T he  s t a r t i n g  99.999% A1 used  fo r  t h i s  zone r e f i n ing  w o r k  was  
k i n d l y  f u r n i s h e d  by  A l u m i n i u m - I n d u s t r i e - A k t i e n - G e s s e l s c h a f t ,  Neu -  
h a u s e n  a m  R h e i n f a l l ,  S w i t z e r l a n d .  The  A m e r i c a n  s u p p l i e r  fo r  t h i s  
m a t e r i a l  is  U n i t e d  M i n e r a l  a nd  C h e m i c a l  Corp. ,  New York ,  N. Y. 

A I A G  9 9 . 9 9 9 §  A1 ingots .  The  i m p u r e  ends  w e r e  
no t  r e m o v e d  a t  a n y  t i m e  d u r i n g  ref ining.  

Go ld  was  also zone r e f ined  b y  i n d u c t i o n  h e a t i n g  in 
a d e g a s s e d  g r a p h i t e  b o a t  in  a f lowing a r g o n  a t m o s -  
p h e r e  (3.6 i n . / h r  t r a v e l  r a t e ) .  The  r e s i d u a l  r e s i s t -  
ance  d a t a  for  an  ingo t  a r e  s h o w n  in Fig .  11. Note  
t h a t  some zone re f in ing  was  accompl i shed ,  b u t  t h a t  
t h e r e  was  also some i m p u r i t y  p i c k u p  f r o m  the  s u r -  
round ings ,  as i n d i c a t e d  b y  t h e  r a t h e r  l a r g e  p i l e - u p  
of i m p u r i t i e s  a t  t he  i m p u r e  end.  The  n a t u r e  a n d  
source  of t he  e x t e r n a l  i m p u r i t i e s  a r e  no t  k n o w n  at  
p re sen t .  
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Table IV. Resistance ratios for zone refined AI 

O r i g i n a l  Zone re f ined  
S t a r t i n g  m a t e r i a l  R~so~/l~.~o~ R273OK/R~.2OK A t m o s p h e r e  Passes  B o a t  

Alcoa 99.99-4- (Ref. 3) 800 5000 Argon  (purif ied) 20 Graph i t e  
A I A G  99.999+ % 1500 6600 Argon  (purif ied) 20 Graph i t e  
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Any  discussion of this paper  will  appear in a Discus- 
sion Section to be published in the December 1959 
JOURNAL. 
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Carbon Tetrachloride, Dibromoacetate, and p-Dinitrobenzene 
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ABSTRACT 

Polarograms were obtained in media in which reductions of each compound 
occurred on both sides of the electrocapillary maximum.  Capi l lary-act ive 
anions retarded the less cathodic reduct ion steps and capi l lary-act ive te t ra-  
me thy l ammon ium ion facili tated the second reduction steps of carbon te t ra-  
chloride and the dibromoacetate ion. Capi l lary- inact ive calcium ion had little 
effect on the halogenated compounds, but  it greatly facilitated the second re-  
duction of p-din i t robenzene thereby suggesting ion-pai r  formation with the 
known divalent  in termediate  

Gelatin,  for the first time, was found to shift a reduct ion to less cathodic 
values. This occurred only in  acidic media when  the reduct ion took place on 
the negative branch of the electrocapillary curve. The shift was a t t r ibuted to 
the presence of protonated gelatin in  the double layer. 

In  an ear l ie r  s tudy  of the  effect of added  e lec t ro-  
ly te  on the  h a l f - w a v e  po ten t ia l s  of ca rbon  t e t r a -  
chlor ide (1), the poss ib i l i ty  ex i s ted  tha t  the observed  
changes,  which  had  been  a t t r i b u t e d  to changes  in  
the  double  l aye r  at the  electrode surface,  m i g h t  
have  been  due to changes  in  j u n c t i o n  potent ia l .  I n  
the  p resen t  s tudy,  the effects of e lec t rolytes  were  
r e - e x a m i n e d  us ing  a la rge  concen t r a t i on  of a r e l a -  
t ive ly  i ne r t  e lec t ro ly te  in  order  to m i n i m i z e  changes  
in  j u n c t i o n  potent ia l .  By  e x a m i n i n g  two di f ferent  
waves  of the same compound ,  each on a d i f ferent  
side of the  e lec t rocap i l l a ry  m a x i m u m ,  it  was  possi-  
b le  to isolate select ive influences.  By us ing  a s ingle  
m e d i u m  for  s t u d y i n g  ca rbon  te t rachlor ide ,  d ib ro -  
moacet ic  acid, and  p - d i n i t r o b e n z e n e ,  it  was possible  
to d i s t ingu ish  f u r t h e r  b e t w e e n  dif ferent  types  of 
e lec t ro ly te  effects. 

Experimental Details 
Apparatus.--Polarograms were  ob ta ined  us ing  a 

Sa rgen t  Model  XXI  record ing  pola rograph .  The  i n i -  
t ia l  and  final po ten t ia l s  of each p o l a r o g r a m  were  
m e a s u r e d  w i th  a Rub icon  or a S a r g e n t  po t en t io -  
meter .  Al l  m e a s u r e m e n t s  were  m a d e  aga ins t  an  
e x t e r n a l  s a tu r a t ed  ca lomel  e lectrode (S.C.E) which  
was connec ted  to the po la rograph ic  cell by me a ns  
of a sal t  b r idge  which  con ta ined  1M po tass ium chlo-  
ride.  The  end  of the salt  br idge  which  d ipped in to  
the  sample  was  closed by  a Vycor  plug,  the other,  
by  an  agar  plug.  The cap i l l a ry  used t h r o u g h o u t  the  
e x p e r i m e n t s  had  a va lue  for m~J~t 116 of 1.32 mg ~j~ 

sec -'~-~ at -0.800 v vs. S.C.E. in  0.9M po tass ium chlo-  
ride. The res i s tance  of the po la rograph ic  ceil c i rcui t  
was m e a s u r e d  us ing  an  I n d u s t r i a l  I n s t r u m e n t s  Com-  
p a n y  conduc t iv i ty  bridge,  Model  RC-1B. The pH 
m e a s u r e m e n t s  were  made  us ing  a glass e lectrode in  
c on j unc t i on  wi th  a B e c k m a n  H or G pH meter .  

Reagents and solutions.--Most of the  chemicals  
were  ana ly t i ca l  r e a ge n t  grade.  However ,  the  d ib ro-  
moacet ic  acid was  a research  sample  k i n d l y  f u r -  
n i shed  by  Dr. V e r n o n  S tenge r  of the Dow Chemica l  
Company .  The t e t r a m e t h y l a m m o n i u m  chlor ide  was 
the  po la rographic  grade  of S o u t h w e s t e r n  A n a l y t i c a l  
Chemicals .  The p - d i n i t r o b e n z e n e ,  af ter  r ec rys t a l l i -  
za t ion f rom ethanol ,  had  a m e l t i n g  po in t  of 
173.2~176 

Ca rbon  te t rach lor ide  and  d ibromoacet ic  acid 
were  added in  the  fo rm of m e t h a n o l  solut ions  to 
solut ions  of b a c k g r o u n d  electrolyte .  The p - d i n i t r o -  
benzene  was  added  as e i ther  a m e t h a n o l  or e thano l  
solut ion.  Most of the  e x p e r i m e n t s  were  pe r fo rmed  
us ing  a h igh concen t r a t i on  of l i t h i u m  chlor ide 
(2.0M) as suppor t ing  e lec t ro ly te  in  41% methano l .  
Other  e lec t ro ly tes  were  added  to such a so lu t ion  as 
solids. To m a k e  the  b a c k g r o u n d  a lkal ine ,  the  pH 
was ad jus t ed  by  add ing  sod ium hydrox ide ;  to m a k e  
it  acidic, a ph t ha l a t e  buffer  was  p r e p a r e d  in  the 
m a n n e r  descr ibed  by  P e a r son  (2). In  a d j u s t i ng  the 
a p p a r e n t  pH of some of these  buffers  in  di f ferent  
concen t ra t ions  of alcohol, hydroch lor ic  acid was  
added. Ge la t in  was added  as an  aqueous  0.50% 
solut ion.  
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Procedures . - -The  p o l a r o g r a p h i c  solut ions ,  w h i c h  
w e r e  g e n e r a l l y  50 ml ,  w e r e  d e a e r a t e d  w i t h  p r e -  
pur i f i ed  n i t r o g e n  t h a t  h a d  been  p a s s e d  t h r o u g h  a 
p o r t i o n  of t he  s u p p o r t i n g  e l e c t r o l y t e  be fo re  e n t e r i n g  
the  p o l a r o g r a p h i c  cell .  U s u a l l y  15 ra in  of d e a e r a t i o n  
was  sufficient  to  r e m o v e  the  oxygen .  In  w o r k i n g  w i t h  
c a r b o n  t e t r a c h l o r i d e ,  the  s u p p o r t i n g  e l e c t r o l y t e  was  
first  d e a e r a t e d  for  15 rain,  w h e r e u p o n  1.00 m l  of the  
s tock  so lu t ion  con t a in ing  c a r b o n  t e t r a c h l o r i d e  was  
a d d e d  a n d  the  so lu t ion  d e a e r a t e d  fo r  an  a d d i t i o n a l  
p e r i o d  of 1.5 min .  

A l l  d a t a  w e r e  c o r r e c t e d  for  r e s i d u a l  c u r r e n t  a n d  
IR drop.  A l l  e x p e r i m e n t s  w e r e  p e r f o r m e d  us ing  a 
m e r c u r y  h e i g h t  of 102 cm and  a t h e r m o s t a t i c  ba th  
h e l d  at  24.0~ E l e c t r o c a p i l l a r y  cu rves  w e r e  d e t e r -  
m i n e d  f r o m  r e c o r d i n g s  for  a t  l eas t  100 d rops  at  each  
po ten t i a l .  

Results 

Effect of Monovalent  Ions 

F i g u r e  l a  shows  the  effect of p o t a s s i u m  t h i o c y -  
a n a t e  a n d  t e t r a m e t h y l a m m o n i u m  ch lor ide ,  r e s p e c -  
t ive ly ,  on the  h a l f - w a v e  po t en t i a l s  of c a r b o n  t e t r a -  
ch lo r ide  so lu t ions  in  a l k a l i n e  2.0M l i t h i u m  c h l o r i d e  
con t a in ing  41% b y  v o l u m e  of m e t h a n o l .  I t  is a p -  
p a r e n t  t ha t  the  a d d i t i o n  of r e l a t i v e l y  s m a l l  a m o u n t s  
of p o t a s s i u m  t h i o c y a n a t e  sh i f t ed  the  first  w a v e  of 
c a r b o n  t e t r a c h l o r i d e  in  a m o r e  ca thod ic  d i rec t ion ,  
w h i l e  t he  second  was  sh i f t ed  s l i g h t l y  in  the  oppos i t e  
d i rec t ion .  A d d i t i o n  of t e t r a m e t h y l a m m o n i u m  ch lo -  
r ide,  on the  o the r  hand ,  h a d  no effect  on the  f irst  
wave ,  w h i l e  t he  second  w a s  sh i f t ed  to m a r k e d l y  less  
ca thod ic  po ten t i a l s .  A d d i t i o n  of an  e q u i m o l a r  m i x -  
t u r e  of p o t a s s i u m  t h i o c y a n a t e  and  t e t r a m e t h y l a m -  
m o n i u m  c h l o r i d e  s i m u l t a n e o u s l y  sh i f t ed  the  f irst  
w a v e  t o w a r d  m o r e  ca thod ic  po t en t i a l s  and  the  sec-  
ond w a v e  t o w a r d  less  ca thodic .  The  sh i f t s  o b s e r v e d  
for  t he  m i x t u r e  w e r e  a b o u t  ha l f  those  for  t he  s e p a -  
r a t e  c o m p o n e n t s  (--0.066 v vs. --0.116 v a n d  +0.181 
v vs +0 .274  v) .  

T h e  r e su l t s  of a s i m i l a r  e x p e r i m e n t  us ing  d i -  
b r o m o a c e t i c  acid,  a c o m p o u n d  e x t e n s i v e l y  s t u d i e d  
b y  Elv ing ,  et al. (3)  a r e  s h o w n  in Fig .  lb .  The  
sh i f t  in  h a l f - w a v e  p o t e n t i a l  for  t he  second  w a v e  
was  s m a l l e r  t h a n  t h a t  for  t h e  c o r r e s p o n d i n g  w a v e  
for  c a r b o n  t e t r a c h l o r i d e ,  p r o b a b l y  b e c a u s e  t he  
f o r m e r  is c loser  to t h e  e l e c t r o c a p i l l a r y  m a x i m u m .  
The  i m p o r t a n c e  of such  a f ac to r  is q u a l i t a t i v e l y  
i l l u s t r a t e d  b y  t h e  d a t a  of E lv ing ,  e ta [ .  (4)  on ~-  
b r o m o - n - b u t y r i c  acid.  C o m p a r i s o n  of Fig .  2 w i t h  
Fig .  l a  and  l b  shows  t ha t  t h e  e l e c t r o c a p i l l a r y  
m a x i m u m  l a y  as e x p e c t e d  b e t w e e n  the  two  p o l a r o -  
g r aph i c  w a v e s  of bo th  c a r b o n  t e t r a c h l o r i d e  and  t h e  
d i b r o m o a c e t a t e  ion. E l e c t r o c a p i l l a r y  cu rves  for  
s e p a r a t e  a d d i t i o n s  of e i the r  p o t a s s i u m  t h i o c y a n a t e  
or  t e t r a m e t h y l a m m o n i u m  ch lo r ide  h a d  m a x i m a  
w h i c h  fe l l  in the  s ame  reg ion  of p o t e n t i a l  as those  
in  F ig .  2. 

In  an  e a r l i e r  s t u d y  of c a r b o n  t e t r a c h l o r i d e  b y  
L a t h e  and  Rogers  (1)  s i m i l a r  shi f ts  in p o l a r o -  
g r a p h i c  w a v e s  w e r e  d e m o n s t r a t e d ,  b u t  c o n t r i b u -  
t ions  f r o m  changes  in  j u n c t i o n  p o t e n t i a l  w e r e  p r e s -  
en t  because  a h igh  c o n c e n t r a t i o n  of b a c k g r o u n d  
e l e c t r o l y t e  h a d  not  been  used.  In  o r d e r  to check  
t h e  c o n s t a n c y  of t h e  l i qu id  j u n c t i o n  p o t e n t i a l  in  t h e  
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Fig. I. Effect of electrolytes on the half-wave potentials of 
carbon tetrachloride and dibromoacetate in solutions of 2.0M 
lithium chloride end 41% methanol having an apparent pH 
of ]0.9: Ca) Cleft), addition of KSCN (A) and CCHs)4NCI (O) 
to 10-~M carbon tetrachloride; (b) (right), addition of an 
equimolar mixture of KSCN and (CH~)~NCI to 1.7 X ]0-3M 
dibromoacetate. 

6 5 0  

^ 

6 0 (  
E 

o ~ 
C3 

5 . 5 (  I ~ I 
- 0  2 0  - 0 . 6 0  -I O 0  

A p p h e d  P o t e n t i a l ,  vo l ts  vs S.C E. 

Fig. 2. Drop time as function of applied potential in 2.0M 
lithium chloride and 41% methanol with different' additions 
of an equimolar mixture of KSCN and (CH~hNCI (I:]--no ad- 
dition; Z~--0.05M; O---0.20M). Apparent pH, 10.9. 

p r e s e n t  s t u d y  p o l a r o g r a m s  of 2 x 10-~M t h a l l i u m  
( I )  w e r e  r u n  in  the  s ame  b a c k g r o u n d  m e d i u m .  On 
a d d i t i o n  of a m i x t u r e  g iv ing  0.05M p o t a s s i u m  t h i o -  
c y a n a t e  and  0.05M t e t r a m e t h y l a m m o n i u m  chlor ide ,  
t he  h a l f - w a v e  p o t e n t i a l  r e m a i n e d  c o n s t a n t  a t  
--0.447 v; an  i nc rea se  in  c o n c e n t r a t i o n  to 0.20M 
caused  on ly  a s l igh t  sh i f t  to --0.454 v ( f u r t h e r  
c o m p l e x i n g  of t h a l l i u m ? ) .  The  l a r g e s t  effect of t he  
" a c t i v e "  sa l t s  on t h e  h a l f - w a v e  p o t e n t i a l s  of c a rbon  
t e t r a e h l o r i d e  o c c u r r e d  for  a d d i t i o n s  of 0.05M or  l ess  
for  w h i c h  t h e  2M l i t h i u m  ch lo r ide  d id  i ndeed  ho ld  
t he  l i qu id  j u n c t i o n  p o t e n t i a l  cons tan t .  

To e v a l u a t e  t h e  effect  of c o m p e t i t i o n  of l i t h i u m  
and  ch lo r ide  ions for  pos i t ions  a t  t h e  in te r face ,  
add i t i ons  of an  e q u i m o l a r  m i x t u r e  of p o t a s s i u m  
t h i o c y a n a t e  and  t e t r a m e t h y l a m m o n i u m  c h l o r i d e  
w e r e  m a d e  to so lu t ions  of  c a r b o n  t e t r a c h l o r i d e  con-  
t a i n ing  l o w e r  i n i t i a l  c o n c e n t r a t i o n s  of b a c k g r o u n d  
e l ec t ro ly t e s .  A change  f rom 2.0M to 1.0M l i t h i u m  
c h l o r i d e  r e s u l t e d  in  a s l i g h t l y  g r e a t e r  sh i f t  in  each  
h a l f - w a v e  potent ia l ,  in  t he  r a n g e  up  to 0.05M of each  
e l e c t r o l y t e  but ,  for  l a r g e r  add i t ions ,  v i r t u a l l y  t he  
s a m e  sh i f t s  w e r e  f o u n d  as those  s h o w n  for  t h e  m o r e  
c o n c e n t r a t e d  l i t h i u m  chlor ide .  W h e n  0.60M p o t a s -  
s i um n i t r a t e  was  s u b s t i t u t e d  for  l i t h i u m  c h l o r i d e  as 
a s u p p o r t i n g  e l ec t ro ly t e ,  t h e  second  w a v e  cou ld  
no t  be  m e a s u r e d  be c a use  of de c ompos i t i on  of the  
b a c k g r o u n d .  H o w e v e r ,  t h e  sh i f t  of  t h e  f irst  w a v e  
was  p r a c t i c a l l y  i d e n t i c a l  w i t h  t h a t  o b s e r v e d  for  
1.0M l i t h i u m  ch lor ide .  
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Fig. 4. Effect of electrolytes on the half-wave potentials of 
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t i r e "  ions; - - - " A c t i v e "  ions; - . - . - LiCI curves. 

A f t e r  the  s i m i l a r i t i e s  of c a r b o n  t e t r a c h l o r i d e  and  
d i b r o m o a c e t i c  ac id  h a d  b e e n  es t ab l i shed ,  p - d i n i t r o -  
benzene  was  s t ud i ed  b e c a u s e  i t  r e p r e s e n t e d  a d i f -  
f e r e n t  t y p e  of  r e d u c i b l e  group.  In  t h e  case  of an  
o rgan ic  h a l i d e  the  t r a n s f e r  of one e l e c t r o n  ( p o s s i b l y  
two) is f o l l o w e d  b y  r a p i d  e l i m i n a t i o n  of a h a l i d e  
ion. T h e  f irst  w a v e  of p - d i n i t r o b e n z e n e  in a l k a l i n e  
so lu t ion  c o r r e s p o n d s  to a t w o - e l e c t r o n  c h a n g e  w i t h  
f o r m a t i o n  of a r e l a t i v e l y  s t a b l e  d i v a l e n t  ion;  t he  
second  w a v e  to f o r m a t i o n  of p - h y d r o x y l a m i n o a n i -  
l i ne  (5 ) .  Hence ,  t h e  o rgan ic  h a l i d e s  i nvo lve  
e l e c t r o n - t r a n s f e r  to n e u t r a l  (or  m o n o v a l e n t )  
spec ies  w h e r e a s  t he  second  a l k a l i n e  r e d u c t i o n  s tep  
of p - d i n i t r o b e n z e n e  goes t h r o u g h  a s t ab le  d i v a l e n t  
i n t e r m e d i a t e .  

F i g u r e  3 ind ica t e s  t h a t  the  first  w a v e  of p - d i -  
n i t r o b e n z e n e  in 2M l i t h i u m  ch lo r ide  was  una f fec ted  
b y  an  e q u i m o l a r  m i x t u r e  of p o t a s s i u m  t h i o c y a n a t e  
a n d  t e t r a m e t h y l a m m o n i u m  c h l o r i d e  w h e r e a s  t he  
second  w a v e  was  sh i f ted ,  b u t  on ly  s l igh t ly ,  t o w a r d  
less  ca thod ic  po ten t i a l s .  

In  the  absence  of  2M l i t h i u m  c h l o r i d e  (Fig .  4) 
t he  second  w a v e  was  sh i f t ed  c o n s i d e r a b l y  b y  an  in -  
c rease  in ionic  s t r eng th .  P o t a s s i u m  chlor ide ,  p o t a s -  
s ium th iocyana t e ,  and  p o t a s s i u m  i o d i d e  b e h a v e d  t h e  
same.  Po in t s  for  t e t r a m e t h y l a m m o n i u m  ch lo r ide  
a n d  t e t r a m e t h y l a m m o n i u m  iod ide  fe l l  a t  less 
ca thod ic  po ten t i a l s ,  i n d i c a t i n g  t h a t  t he  t e t r a -  
m e t h y l a m m o n i u m  ion h a d  a g r e a t e r  effect t h a n  
po ta s s ium.  In  going  f r o m  0.2 to 2.0M l i t h i u m  
chlor ide ,  t h e  a p p a r e n t  p H  d e c r e a s e d  f r o m  11.55 to 
10.90, a c h a n g e  t ha t  was  conf i rmed  us ing  a h y d r o -  

gen  e l ec t rode  (6) .  Co r r e c t i on  for  t h e  change  in  p H  
w o u l d  m a k e  the  l i t h i u m  c u r v e  e s s e n t i a l l y  p a r a l l e l  
to, b u t  m o r e  ca thod ic  than ,  t h e  p o t a s s i u m  curve ,  
i n d i c a t i n g  t ha t  l i t h i u m  b y  i t se l f  was  less  ef fec t ive  
t h a n  po t a s s ium.  

L i t h i u m  ch lo r ide  also caused  a s m a l l  a m o u n t  of 
sh i f t  in t h e  first  w a v e  which ,  a cco rd ing  to H a l l e c k  
and  E x n e r  (5) ,  shou ld  be  p r a c t i c a l l y  i n d e p e n d e n t  
of  t he  pH in the  a l k a l i n e  range .  I t  is pos s ib l e  t ha t  
a sh i f t  of  th is  m a g n i t u d e  (0.02 v )  cou ld  be  caused  
b y  a change  in  l i qu id  j u n c t i o n  po ten t i a l .  A l t h o u g h  
a l l  t he  e l e c t ro ly t e s  h a d  on ly  a s m a l l  effect, va lue s  
for  t he  first  h a l f - w a v e  p o t e n t i a l  in  the  p r e s e n c e  of 
t h i o c y a n a t e  or  i o d i d e  a r e  c ons i s t e n t l y  m o r e  n e g a t i v e  
t h a n  the  c o r r e s p o n d i n g  v a l u e s  for  ch lor ide ,  in ac -  
cord  w i t h  k n o w n  d i f fe rences  in c a p i l l a r y  a c t i v i t y  
of those  an ions  (7 ) .  

A g r e e m e n t  b e t w e e n  t h e  p r e s e n t  s t u d y  a n d  the  
e a r l i e r  one b y  H a l l e c k  and  E x n e r  (5)  was  good for  
the  first  wave .  H o w e v e r ,  t h e i r  va lue s  for  t he  second  
w a v e  w e r e  m o r e  ca thod ic  ( n e a r l y  --1.6 v vs. --1.3 v )  
in sp i te  of the  f ac t  t ha t  t h e i r  l o w e r  c o n c e n t r a t i o n  
of m e t h a n o l  ( 2 0 % )  w o u l d  n o r m a l l y  b e  e x p e c t e d  to 
r e s u l t  in a less ca thod ic  wave .  F i g u r e  4 shows  t h a t  
a d i f fe rence  in ionic  s t r e n g t h  is the  ch ie f  source  of 
t h e  d i s c r e p a n c y  s ince  t h e y  d id  not  use  as h i g h l y  
c o n c e n t r a t e d  b a c k g r o u n d  e l ec t ro ly t e .  

T h o u g h  the  a b o v e  d i scuss ion  r e fe r s  on ly  to two  
w a v e s  of p - d i n i t r o b e n z e n e ,  H a l l e c k  and  E x n e r  (5)  
showed  tha t  th is  c o m p o u n d  has  t h r e e  p o l a r o g r a p h i c  
w a v e s  a t  i n t e r m e d i a t e  v a l u e s  of pH. A t  h igh  va lue s  
of p H  t h e  m i d d l e  w a v e  is not  p r e s e n t  but ,  u n d e r  
the  cond i t ions  of t he  p r e s e n t  e x p e r i m e n t ,  a sma l l  
w a v e  was  s t i l l  v i s ib l e  at  a b o u t  --0.88 v. U n f o r t u -  
n a t e l y  th is  w a v e  was  too s m a l l  to p e r m i t  a c c u r a t e  
h a l f - w a v e  m e a s u r e m e n t s ,  so changes  in  i ts  pos i t ion  
w e r e  no t  i n c l u d e d  in  the  s tudy .  As  a f u r t h e r  com-  
p l i ca t ion ,  a n e w  w a v e  was  o b s e r v e d  to g r o w  in at  
s l i g h t l y  m o r e  p o s i t i v e  po t e n t i a l s  w h e n  t h e  so lu t ion  
was  a l l o w e d  to s t a n d  a f ew  hour s  be fo re  a p o l a r o -  
g r a m  was  run .  I t  was  e s t a b l i s h e d  t h a t  p - n i t r o -  
an i so le  was  t h e  c o m p o u n d  p r o d u c e d  in a l k a l i n e  
m e t h a n o l .  

Effects o5 Divalent Ions 
P r i o r  s tud ies  on the  r e d u c t i o n  of ke tones  (8)  and  

n i t r a t e  ion (9)  h a v e  i n d i c a t e d  t h a t  d i -  and  t r i v a l e n t  
ca t ions  r e s u l t e d  in a less ca thod ic  h a l f - w a v e  p o t e n -  
t i a l  t h a n  m o n o v a l e n t  ions of c o m p a r a b l e  concen -  
t r a t ion .  I t  was  su rp r i s i ng ,  t he re fo re ,  to f ind t h a t  t he  
a d d i t i o n  of c a l c ium c h l o r i d e  in an  a m o u n t  sufficient  
to p r o d u c e  a 0.05M so lu t ion  h a d  l i t t l e  effect  on the  
f irst  and  second w a v e s  of c a r b o n  t e t r a c h l o r i d e  and  
d i b r o m o a c e t i c  acid.  I n  con t ras t ,  t he  second  w a v e  for  
p - d i n i t r o b e n z e n e  sh i f t ed  + 5 6  m y  a l t h o u g h  the  first  
w a v e  r e m a i n e d  cons tan t .  B a r i u m  ch lo r ide  was  also 
t r i e d  and  gave  a sh i f t  of + 2 3  m v  for  t he  second  
wave ,  b u t  u n f o r t u n a t e l y  a p r e c i p i t a t e  f o r m e d  w h i c h  
d e c r e a s e d  the  c o n c e n t r a t i o n  of b a r i u m  b y  an  u n -  
k n o w n  amoun t .  The  fac t  t h a t  ca l c ium e x e r t e d  l i t t l e  
effect on the  second  w a v e s  of the  ha l ides  ( c o m p a r e d  
to t e t r a  a l k y l a m m o n i u m  ion)  is p r o b a b l y  d u e  to i ts  
l a c k  of e l e c t r o c a p i l l a r y  a c t i v i t y  (10) .  

The  g r e a t e r  effect of c a l c i u m  ion on the  second 
w a v e  of p - d i n i t r o b e n z e n e  a p p e a r s  to be  due  to ion-  
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pa i r  f o r m a t i o n  w i t h  t h e  s t ab le  d i v a l e n t  i n t e r -  
med ia t e .  I o n - p a i r  f o r m a t i o n  w o u l d  dec rease  t he  
ef fec t ive  n e g a t i v e  f ield a r o u n d  the  n i t r o  b o d y  and  
w o u l d  f a c i l i t a t e  f u r t h e r  r educ t ion .  The  acidic  r e -  
duc t ion  of p - d i n i t r o b e n z e n e  as we l l  as t h e  ac id ic  
and  a l k a l i n e  r educ t i ons  of o - d i n i t r o b e n z e n e ,  none  
of wh ich  invo lve  a s t ab le  c h a r g e d  i n t e r m e d i a t e  (5 ) ,  
show l i t t l e  effect of  c a l c ium (6) .  The  fac t  t h a t  
changes  in t h e  c o n c e n t r a t i o n s  of l i t h i u m  a n d  p o t a s -  
s ium ions h a d  n e a r l y  t he  s a m e  effect as changes  in  
t e t r a m e t h y l a m m o n i u m  ion, p lus  the  fac t  t ha t  
d o u b l y  c h a r g e d  ca l c ium h a d  a m u c h  g r e a t e r  effect 
t h a n  a n y  m o n o v a l e n t  cat ion,  sugges t s  t ha t  t h e  sh i f t  
is a s soc ia t ed  w i t h  c h a r g e  r a t h e r  t h a n  e l e c t r o c a p i l -  
l a r y  ac t iv i ty .  

Effect of Gelatin 
In  e a r l y  e x p l o r a t o r y  runs  w i t h  p - d i n i t r o b e n z e n e  

in ac idic  solut ions ,  ge l a t i n  e x h i b i t e d  u n u s u a l  effects 
w h i c h  m a d e  f u r t h e r  i n v e s t i g a t i o n  seem w o r t h w h i l e .  
In  ac idic  med ia ,  p - d i n i t r o b e n z e n e  is r e d u c e d  in two  
steps,  t he  f irst  c o r r e s p o n d i n g  to f o r m a t i o n  of  p -  
h y d r o x y l a m i n o n i t r o b e n z e n e  and  the  second  to p - h y -  
d r o x y l a m i n o a n i l i n e  (5 ) .  

Two ser ies  of r uns  w e r e  m a d e  in d i f fe ren t  con-  
c e n t r a t i o n s  of e thano l .  In  one t h e  a p p a r e n t  p H  of 
t h e  buf fe r  was  a d j u s t e d  to 4.1 b y  the  a d d i t i o n  of 
h y d r o c h l o r i c  acid,  w h i l e  in the  second  the  e l e c t r o -  
l y t e  c o n c e n t r a t i o n  was  he ld  cons t an t  a n d  the  a p -  
p a r e n t  p H  a l l o w e d  to inc rease  w i t h  a lcohol  concen -  
t r a t ion .  A t  t h e  l owes t  e t hano l  c o n c e n t r a t i o n  ( 8 % )  
a m a x i m u m  was  f o r m e d  on the  second  w a v e  of p -  
d i n i t r o b e n z e n e  un less  0.002% g e l a t i n g  was  p re sen t .  
Hence ,  t h e  h a l f - w a v e  p o t e n t i a l  of t h e  second  w a v e  
in  the  absence  of ge l a t i n  was  s o m e w h a t  u n c e r t a i n  
in  8% e thano l .  A t  h i g h e r  e t h a n o l  c o n c e n t r a t i o n s  no 

even  in  t he  absence  of m a x i m a  w e r e  o b s e r v e d  
ge la t in .  
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Fig. 5. Effect of gelatin on the half-wove potentials of 
] O-~M p-dinitrobenzene in O.07M phthalote buffers of vary- 
ing ethanol concentration ( 0 - - 8 % ;  A - - 2 9 % ;  ~ - - 4 9 % ;  
[2]- -73%).  (a) Apparent pH maintained constant at 4.1 by 
adding HCI when increasing the ethanol concentration. (b) 
Apparent pH allowed to increase with ethanol concentration. 
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Fig. 6. Changes in the half-wave potential of the first 
wave of ] O-~M p-dinitrobenzene as function of the apparent 
pH of solutions of different ethanol content with O.07M po- 
tassium acid phthalate as supporting electrolyte. 
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Fig. 7. Effect of gelotin on the electrocopillary curve in 
O.07M potassium acid phtholote and 29% ethanol (O----no 
gelatin added; ZX--O.O1% gelatin present). 

As  s h o w n  in  Fig .  5a a n d  5b ge l a t i n  h a d  no effect 
on the  first  wave .  This  p r o b a b l y  i nd i ca t e s  t h a t  th is  
w a v e  is m o r e  n e a r l y  r e v e r s i b l e  in c h a r a c t e r  t h a n  
t h e  second.  The  sh i f t  o b s e r v e d  for  t h e  h a l f - w a v e  
p o t e n t i a l  as  a func t ion  of  a lcohol  in  Fig .  5b is 
l a r g e l y  due  to a c h a n g e  in  pH,  t h o u g h  Fig.  6 shows  
the  change  to b e  s o m e w h a t  g r e a t e r  t h a n  expec t ed ,  
i.e., 85 m v  p e r  un i t  of a p p a r e n t  pH.  This  u n d o u b -  
t e d l y  ref lec ts  a change  in t h e  compos i t i on  of t he  
so lven t  and  in  t h e  r e s u l t i n g  j u n c t i o n  po t en t i a l .  This  
so lven t  effect is also i n d i c a t e d  b y  t h e  s l igh t  ca thod ic  
sh i f t  of t he  f irst  w a v e  w i t h  i n c r e a s i n g  e t h a n o l  con-  
cen t r a t i on ,  a t  c o n s t a n t  a p p a r e n t  pH, s h o w n  in Fig.  

5a. 
The  b e h a v i o r  of the  second  w a v e  w i t h  a change  

in  c o n c e n t r a t i o n  of g e l a t i n  was  complex .  A t  t h e  8 
and  29% leve ls  of a lcohol ,  t h e  d i f f icul ty  of r e d u c -  
t ion  i n c r e a s e d  a lmos t  l i n e a r l y  w i t h  concen t r a t ion .  
A t  t h e  49% level ,  r e d u c t i o n  was  f ac i l i t a t ed ,  an  
effect no t  p r e v i o u s l y  r e p o r t e d  for  ge la t in .  This  m u s t  
h a v e  b e e n  due  to s u p e r p o s i t i o n  of  a second  f ac to r  
w h i c h  c o u n t e r a c t e d  the  g e n e r a l l y  o b s e r v e d  r e -  
t a r d a t i o n .  E l e c t r o c a p i l l a r y  d a t a  of t h e  t y p e  shown  
in Fig .  7 s h o w e d  t h a t  t he se  r e d u c t i o n s  w e r e  t a k i n g  
p l a c e  on the  n e g a t i v e  b r a n c h  of t he  e l e c t r o c a p i l l a r y  
curve .  Hence,  the  a c c e l e r a t i o n  is p r o b a b l y  due  to 
p r o t o n a t e d  ge l a t i n  in  t he  d o u b l e  l aye r .  

A t  the  73% level ,  t h e  effect of  ge l a t i n  d i f f e red  in  
t h e  two  ser ies .  In  Fig.  5a w h e r e  t he  r e d u c t i o n  fe l l  
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on ly  s l i g h t l y  on the  n e g a t i v e  s ide of t he  e l e c t r o -  
c a p i l l a r y  m a x i m u m  ( d u e  to a l a r g e  i n c r e a s e  in 
ionic  s t r e n g t h  w h e n  a l a rge  a m o u n t  of h y d r o c h l o r i c  
ac id  h a d  to be  a d d e d  to a t t a i n  an a p p a r e n t  pH of 
4.1),  the  r e t a r d i n g  effect was  p r e d o m i n a n t .  In  Fig .  
5b, the  p o s i t i v e - i o n  effect  was  s t i l l  p r e d o m i n a n t ,  
b u t  smal le r ,  even  t h o u g h  the  r e d u c t i o n  took  p l a c e  
at  a m o r e  ca thod ic  p o t e n t i a l  t h a n  in 49% alcohol .  
This  p r o b a b l y  ref lects  less e x t e n s i v e  p r o t o n a t i o n  of 
t he  ge l a t i n  in t he  l o w e r  d i e l ec t r i c  m e d i u m ,  as we l l  
as a p o s s i b l e  d e n a t u r i z a t i o n .  

Conf i rma t ion  of t he  p r o t o n a t i o n  h y p o t h e s i s  m a y  
be f o u n d  b y  n o t i n g  in  T a b l e  I tha t ,  a t  p H  10.9 w h e r e  
p r o t o n a t i o n  was  v e r y  s l ight ,  the  r e t a r d i n g  effect was  
a l w a y s  o b s e r v e d  r e g a r d l e s s  of pos i t ion  of t h e  r e -  
duc t ion  r e l a t i v e  to t he  e l e c t r o c a p i l l a r y  m a x i m u m .  
This  i nd i ca t e s  t ha t  the  p o s i t i v e - i o n  effect was  i n -  
deed  the  cause  of the  r e v e r s a l  o b s e r v e d  in  ac idic  
m e d i u m .  The  on ly  r e s e r v a t i o n s  t ha t  m u s t  be  m a d e  
a re :  ( a )  t h e  fac t  t h a t  t he  r e d u c t i o n  m e c h a n i s m  for  
p - d i n i t r o b e n z e n e  differs  in ac id ic  and  a l k a l i n e  
media ,  a n d  (b )  a s m a l l  pos i t i ve  sh i f t  was  o b s e r v e d  
for  the  second  w a v e  of c a r b o n  t e t r a c h l o r i d e .  H o w -  
ever ,  t he  l a t t e r  d a t a  a r e  v e r y  u n c e r t a i n  due  to 
s u p e r p o s i t i o n  of t h e  c a r b o n  t e t r a c h l o r i d e  r e d u c t i o n  
on t h a t  of  t h e  b a c k g r o u n d  e l ec t ro ly t e .  

Discussion 

The  p r e s e n t  s t u d y  conf i rms t h e  i m p o r t a n c e  of t h e  
pos i t i on  of a p o l a r o g r a p h i c  w a v e  r e l a t i v e  to t he  
e l e c t r o c a p i l l a r y  m a x i m u m  in d e t e r m i n i n g  w h e t h e r  
one  can  e x p e c t  an ion  or  ca t ion  effects on the  h a l f -  
w a v e  p o t e n t i a l  of a n . e l e c t r o n - t r a n s f e r  con t ro l l e d  
r e a c t i o n  (1 ) .  A l t h o u g h  A s h w o r t h  (8)  was  one of 
t h e  first  to r e p o r t  the  inf luence  of ca t ions  on i r -  
r e v e r s i b l e  o rgan ic  r e d u c t i o n s  ( b e n z o p h e n o n e  and  
f luorenone)  and  the  fact  t ha t  s i m i l a r  c o m p o u n d s  
m a y  r eac t  d i f f e r en t l y  to the  s ame  ion, t he  cond i t ions  
u n d e r  w h i c h  t h e  two  ke tones  w e r e  e x a m i n e d  w e r e  
no t  s t r i c t l y  c o m p a r a b l e .  Thus,  his  r e su l t s  a r e  diffi- 
cu l t  to a n a l y z e .  The  p r e s e n t  s t u d y  ind ica tes  t ha t  
one  m a y  be ab l e  to d i f f e r en t i a t e  b e t w e e n  d i f fe ren t  
ro les  p l a y e d  b y  t h e  e l ec t ro ly t e s .  In  one case  t he  
effect  m a y  be  a g~nera l  one and  p r o b a b l y  d e p e n d s  
on ly  on the  p r e s e n c e  of  excess  an ions  or  ca t ions  
suff ic ient ly  c lose  to t he  e l ec t rode  su r f ace  to c h a n g e  
the  :po ten t ia l  a t  t he  po in t  w h e r e  r e d u c t i o n  t a k e s  
place.  [ T h e r e  is e v i d e n c e  t h a t  t e t r a a l k y l a m m o n i u m  
ions  a r e  no t  a p p r e c i a b l y  so lva t ed  and  a r e  e l e c t r o -  
c a p i l l a r y  ac t i ve  (11 ) . ]  There fo re ,  c a l c ium ion, in 
sp i t e  of  i t s  g ~ e a t e ~ c h a r g e ,  m a y  have  h a d  less  effect  

Table I. Effect of gelatin on the half-wave potentials of carbon 
tetrachloride, dibromoacetate, and p-dinitrobenzene in 2.0M 

lithium chloride and 41% methanol of apparent pH 10.9 

C a r b o n  t e t r a c h l o r i d e  D i b r o m o a c e t a t e  p - D i n i t r o b e n z e n e  

G e l a -  F i r s t  S e c o n d  F ir s t  S e c o n d  F irs t  S e c o n d  
t in ,  % w a v e  w a v e  w a v e  w a v e  w a v e  w a v e  

0 --0.39 --1.71" --0.414 --1.179_ --0.315 --1.284 
0.01 --0.42 --1.68" --0:443 --1.194 --0.318 --1.316 

* V a l u e s  for  t h e  s e c o n d  w a v e  o f  c a r b o n  t e t r a c h l o r i d e  a r e  u n c e r -  
t a i n  d u e  to s u p e r p o s i t i o n  o f  t h e  r e d u c t i o n  o n  t h a t  of~ ~he  background 
e l e c t r o l y t e ,  

on the  h a l i d e  r e duc t i ons  be c a use  i ts  so Iva t ed  ion is 
not  a p p r e c i a b l y  c o n c e n t r a t e d  b y  a d s o r p t i o n  a t  the  
in te r face .  The  c o m p a r a t i v e l y  sma l l  effects in 2M 
l i t h i u m  ch lo r ide  of c a p i l l a r y - a c t i v e  m o n o v a l e n t  ions 
on p - d i n i t r o b e n z e n e  m a y  be t h e  r e su l t  of t h e  m o r e  
n e a r l y  r e v e r s i b l e  c h a r a c t e r  of t h e  w a v e s  ( e spec i a l l y  
t h e  f i r s t ) .  

T h e  l a r g e  effect of ca l c ium on the  a l k a l i n e  r e -  
duc t ion  of p - d i n i t r o b e n z e n e  was  d i scussed  ea r l i e r .  
A l t h o u g h  this  m a y  be  a specific effect of ca l c ium 
ion, i t  a p p e a r s  m o r e  p r o b a b l e  t ha t  t he  speci f ic i ty  
is a s soc ia ted  w i th  t he  d i v a l e n t  i n t e r m e d i a t e  f o r m e d  
in  th i s  p a r t i c u l a r  m e c h a n i s m .  H o w e v e r ,  e l e c t r o -  
c a p i l l a r y - i n a c t i v e  ions m a y  e x e r t  an  a d d i t i o n a l  
c h a r a c t e r i s t i c  inf luence.  U n f o r t u n a t e l y ,  t he  a l k a l i n e  
r e d u c t i o n  of p - d i n i t r o b e n z e n e  d id  no t  l end  i t se l f  to 
such a s t u d y  b e c a u s e  mos t  d i f f icul t ly  r e d u c i b l e  
m u l t i v a l e n t  ca t ions  f o r m  h y d r o x i d e  comp]exes  or  
p r ec ip i t a t e s .  H o w e v e r ,  good e x a m p l e s  of  specific 
ca t ion  effects h a v e  been  r e p o r t e d  for  t he  e l ec t ro -  
c h e m i c a l  r e d u c t i o n  of n i t r a t e  w h i c h  is a f fec ted  b y  a 
n u m b e r  of m u l t i v a l e n t  ca t ions  in  a d d i t i o n  to ca l -  
c ium. Col la t  and  L i n g a n e  (12) found  the  p r o d u c t s  
to b e  q u i t e  d i f fe ren t  i f  o b t a i n e d  in t he  p r e s e n c e  of 
u r a n y l  ion i n s t e a d  of l a n t h a n u m  ( I I I ) .  In  fact ,  
s o m e w h a t  d i f fe ren t  y i e ld s  of p r o d u c t s  r e s u l t e d  in 
sh i f t i ng  f rom l a n t h a n u m  ( I I I )  to c e r i u m  ( I I I ) .  

The  h a l f - w a v e  p o t e n t i a l s  for  i r r e v e r s i b l e  r e -  
ac t ions  a r e  u s u a l l y  a f fec ted  b y  changes  in c oncen -  
t r a t i o n  of t he  r e d u c i b l e  s u b s t a n c e  so the  c o n c e n t r a -  
t ion  was  he ld  cons tan t .  H o w e v e r ,  the  v o l a t i l i t y  of 
c a r b o n  t e t r a c h l o r i d e  m a d e  diff icult  the  m a i n t e n a n c e  
of a cons t an t  c o n c e n t r a t i o n  t h r o u g h o u t  a ser ies  of 
e x p e r i m e n t s ,  so t he  effect  of a change  in concen -  
t r a t i o n  on the  h a l f - w a v e  p o t e n t i a l  was  b r ie f ly  
i nves t iga t ed .  A c h a n g e  f r o m  4.1 x 10 -4 to 4.1 x 10 -3 M 
caused  a sh i f t  in h a l f - w a v e  p o t e n t i a l  of a b o u t  + 1 0  
mv,  an  ins ign i f ican t  a m o u n t  c o m p a r e d  to mos t  of 
the  sh i f t s  t ha t  w e r e  obse rved .  

I t  was  r ecogn ized  t ha t  t he  r e su l t s  o b t a i n e d  w i t h  
so lu t ions  at  a p p a r e n t  p H  10.9 w o u l d  be  open  to  
some  ques t ion  be c a use  of t he  absence  of a buffer .  
U n f o r t u n a t e l y ,  h i g h e r  c o n c e n t r a t i o n s  of sod ium 
h y d r o x i d e ,  w h i c h  w o u l d  h a v e  been  b e t t e r  buffers ,  
w o u l d  a lso  h a v e  p r e v e n t e d  the  s t u d y  of t h e  ca l c ium 
effect  b y  p r e c i p i t a t i n g  the  h y d r o x i d e .  As  a c o m -  
p romise ,  t h e  c o n c e n t r a t i o n  of sod ium h y d r o x i d e  
used  was  0.007M w h i c h  w o u l d  se rve  r a t h e r  w e l l  as 
a buf fe r  for  the  p H - s e n s i t i v e  r e d u c t i o n  of 1 x 10-' M 
p - d i n i t r o b e n z e n e .  The  c a l c u l a t e d  pH of 11.85 was  
a c t u a l l y  o b s e r v e d  in the  a b s e n c e  of a l a r g e  concen -  
t r a t i o n  of b a c k g r o u n d  e l ec t ro ly t e ,  b u t  t he  p re sence  
of 2.0M l i t h i u m  c h l o r i d e  caused  a d e c r e a s e  in a p -  
p a r e n t  p H  to 10.9. This  d e c r e a s e  was  c he c ked  and  
s u b s t a n t i a l l y  conf i rmed  us ing  a h y d r o g e n  e l ec t rode  
a l t h o u g h  t h e r e  was  a s m a l l  s o d i u m  and  l i t h i u m  

e r r o r  (6) .  
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ABSTRACT 

The electrochemical cell Hg (Na) I GeO2, NaOH (aq) lPt, gives GeH4, Ge, and 
H~ as end products at the cathode. GeH, yields have been obtained with a cur-  
rent  efficiency of ~40% and a mass conversion efficiency of ~80%. The part ial  
currents  of GeH4, Ge, and H~ have been measured as a funct ion of electrolyte 
composition, cathode potential,  and cathode diffusion boundary  layer  thickness. 
A highly reducing reactive in termediate  has been detected in solution with a 
mean life of ~ 4  min. The value of the Tafel slope for GeH, evolution was 
found to be --56 ___2 mv  per decade. The mechanism for the over-al l  reaction 
GeO~= -~ 7 H~O ~ 8 e---> GeH4 W 10 OH- is discussed and the most l ikely mech-  
anisms up to the ra te -de te rmin ing  step are nar rowed down to three possible 
cases. Fur ther  experiments  for the final de terminat ion  of the r a t e -de te rmin-  
ing step are suggested. 

The work  repor ted  here  had  two m a i n  objects:  (a) 
the d e t e r m i n a t i o n  of the  o p t i m u m  condi t ions  for the  
e lec t rochemica l  p r e p a r a t i o n  of ge rmane ,  GeH4; a nd  
(b)  an  inves t iga t ion  of the k ine t ics  and  m e c h a n i s m  
of the cathodic r educ t ion  of an ions  in  the l ight  of 
recent  advances  in  the  theory  of e lectrode processes, 
e.g., Ref. (1) .  It  has been  found  tha t  the sys tem 
N a ( H g )  ]NaOH, GeO2(aq) ]Pt, anode,  gives h igh 
yields  of GeH4 and  there fore  it  is this  sys tem which  
is discussed here.  

Experimental 
Materials.--Unless otherwise  specified r e a ge n t  

grade  chemicals  were  used. The GeO~ used con ta ined  
less t h a n  1 p p m  w / w  tota l  meta l l i c  impur i t i es .  The  
Hg used was  t r i p ly  d is t i l led  and  al l  o ther  me ta l l i c  
e lectrodes used were  des igna ted  "spect roscopical ly  
pure ."  

Estimation o~f GeH,-H~ ratios.--The gaseous p rod -  
uct  f rom the  cathode was  a m i x t u r e  of GeH4 and  H~; 
no o ther  gaseous species were  detected,  nor  were  
there  any  o ther  vola t i le  hydr ides  of Ge. The GeH4-H~ 
rat io  was  d e t e r m i n e d  us ing  a Ray le igh-Ze i s s  i n t e r -  
fe rometer .  The essent ia ls  of the  ana ly t i ca l  method ,  
which  depended  on m e a s u r i n g  the  differences be -  
t w e e n  the r e f r ac t ive  indexes  of h y d r o g e n  a nd  a 
GeH,-H~ mix tu re ,  have  been  repor ted  e l sewhere  (2) .  
The p rocedure  has been  modified somewha t  to ex-  
t end  the r ange  to 100% GeH4: the  accuracy  of the  
me thod  was •  mole  f rac t ion  Gelid. 

1 P r e s e n t  addres s :  Z e n i t h  R a d i o  Corpo ra t i on ,  Chicago ,  I l l .  

Cell assembly.--The assembly  of Fig. 1 was  used 
w h e r e  q u a n t i t a t i v e  gas col lect ion was requ i red .  The  
sys tem was cooled by  f lowing water .  C u r r e n t  was  
ob t a ined  f rom a 110----1 v d -c  gene ra to r  a nd  the  
o ther  c i r cu i t ry  was conven t iona l .  The  anode  con-  

Fig. I. Cell assembly: A, anode compartment; B, porous 
disk (medium); C, gas collecting bell; D, Hg-liquid seal; E, 
"Teflon" shaft; F, Hg cathode. 
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sisted of P t ( A  = 4 cm ~) and  the ca thode  was  con-  
t a ined  in a cup a t tached  to a Teflon rod. Elec t r ica l  
contact  was  m a d e  to the m e r c u r y  in  the  cup by  
means  of a p l a t i n u m  wire  which passed d o w n  the  
cen te r  of the  s t i r r ing  rod. The exposed area  of m e r -  
cu ry  was  abou t  0.8 cm ~, and  the vo lume  of m e r c u r y  
was abou t  0.5 cc. The cathode could be spun  to 
speeds up to 800 rpm.  Gas p roduced  at  the cathode 
was collected in  the  bell .  No corrosion of the  glass 
cup c o n t a i n i n g  the cathode was observed.  

A typ ica l  r u n  was  pe r fo rmed  as follows: C u r r e n t  
co r re spond ing  to the  des i red c u r r e n t  dens i ty  at  the 
cathode was  passed th rough  the  cell. The cathode 
was " r u n - i n "  for a su i t ab le  t ime  af ter  wh ich  l iqu id  
was d r a w n  up  in  the  bel l  to the stopcock, S. A t  this  
po in t  the c u r r e n t  was  recorded con t inuous ly  on a 
s t r i p - c h a r t  recorder .  One  d e t e r m i n a t i o n  was  com-  
ple ted w h e n  the  l iqu id  in  the bel l  was  displaced by  
gas d o w n  to the  level  of the  cathode surface.  T h e n  
the gas was t r a n s f e r r e d  to the evacua ted  col lect ing 
bu lb  v ia  a m ixed  ca lc ium c h l o r i d e - b a r i u m  oxide 
d ry ing  co lumn.  The  r u n - i n  of the  cathode was  neces-  
sa ry  since the  sod ium first fo rmed  at  the cathode dis-  
solved in  the m e r c u r y  ( f resh Hg used for each r u n ) ,  
and  on ly  af ter  the cathode reached  a ce r t a in  N a - H g  
composi t ion  did gas evo lu t ion  occur. Af te r  a f u r t he r  
per iod of e lectrolysis  a d e t e r m i n a t i o n  of composi t ion,  
etc., was  made  and  this  was repeated.  The second 
d e t e r m i n a t i o n  usua l ly  gave the same resul t s  as the  
first, i nd i ca t ing  t ha t  the  cathode had  reached  a l i m i t -  
ing Na concen t ra t ion  for bo th  cases. If the second 
d e t e r m i n a t i o n  did no t  give the same va lues  as the  
first, a f u r t h e r  d e t e r m i n a t i o n  was  car r ied  out  and  
this  i n v a r i a b l y  gave, w i t h i n  e x p e r i m e n t a l  error ,  the 
same  va lues  as the p reced ing  run .  S ince  r ep roduc ib le  
y ie ld  resul t s  were  ob t a ined  in  the m a n n e r  jus t  ou t -  
l ined,  it is r easonab le  to assume tha t  no e r ror  arises 
out  of the  possible so lubi l i ty  of GeH, in  the e lec t ro-  
lyte. The t e m p e r a t u r e  n e a r  the cathode was  25 ~ -- 
3~ for all  c u r r e n t  densi t ies  up  to ~ 2 amp-cm-~; for 
h igher  c u r r e n t  densi t ies  (no t  used in  k ine t i c  a n a l -  
ysis) the  cathode rose to somewha t  h igher  t e m p e r -  
atures.  

The i n f o r m a t i o n  ava i l ab le  f rom each r u n  was:  the  
a m o u n t  and  composi t ion  of the evolved  gas, the  r p m  
of the  cathode,  and  the  to ta l  cou lombs  passed. The  
v o l u m e  of the bel l  ( abou t  80 cc) was  d e t e r m i n e d  by  
we igh ing  the a m o u n t  of Hg r equ i r ed  to fill i t  to the  
po in t  whe re  ca thode /e l ec t ro ly t e  contac t  was  broken .  
The n u m b e r  of moles  of GeH~ produced  was  ca lcu-  
la ted  t ak ing  in to  account  the  t empe ra tu r e ,  a tmos -  
pher ic  pressure ,  and  wa t e r  vapor  p ressure  above the 
pa r t i cu l a r  e lec t ro ly te  be ing  used. The coulombs  
passed were  m e a s u r e d  by  graph ica l  i n t eg r a t i on  of 
the  c u r r e n t - t i m e  recording.  The ro t a ry  speed of the  
cathode was  m e a s u r e d  by  a stroboscopic i l l u m i n a -  
t ion  method.  

Determination of cathode potential.--The p o t e n -  
t ia l  of the  cathode w i th  c u r r e n t  pass ing  was  de te r -  
m i n e d  in  an  H - s h a p e d  cell, us ing  the  ca thode  and  
L u g g i n  a r r a n g e m e n t  of Fig. 2. The object  of this  
L u g g i n  cap i l l a ry  a r r a n g e m e n t ,  used by  P ion t e l l i  a nd  
Pol l i  (3) ,  was  to avoid  m e a s u r i n g  a n y  res is t ive  po-  
t en t i a l  drop in  the solut ion.  The geomet r ica l  surface 
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Fig. 2. Backside Luggin capillary arrangement 

area  of the cathode was  0.31 cm" and  the  outside 
d i ame te r  of the  Lugg in  was  0.02 cm wi th  a wa l l  
th ickness  of abou t  0.004 cm. In  a m e a s u r e m e n t  of 
cathode po ten t i a l  the  Hg was  a lways  kep t  filled to 
the t ip of the Lugg in ;  a n y  excess Hg passed out  
t h r ough  the Luggin .  M e a s u r e m e n t s  of po ten t i a l  were  
m a d e  at  the lowest  c u r r e n t  dens i ty  first. The  cathode 
po t en t i a l  m e a s u r e d  was  in  each case the  s t eady- s t a t e  
value ,  i.e., a r u n - i n  per iod  was  necessary  to a l low the 
Na concen t r a t i on  of the  cathode to reach  its l i m i t -  
ing va lue  (cf. above) .  

Cathode po t en t i a l  m e a s u r e m e n t s  were  made  in  
NaOH a nd  also in  solut ions  of GeO.~ a n d  NaOH. 
Yield  va lues  also were  d e t e r m i n e d  in  the  case of 
G e O J N a O H  solut ions  in  a cell s imi la r  to tha t  shown 
in  Fig. 1 bu t  wi th  the cathode at the bo t tom of the  
cathode c o m p a r t m e n t  and  ident ica l  in  cons t ruc t ion  
w i th  tha t  shown in Fig. 2 b u t  w i t hou t  a Luggin .  The 
a im of m a k i n g  the  two a r r a n g e m e n t s  iden t i ca l  was  
to ob ta in  the same h y d r o d y n a m i c a l  condi t ions  at  the 
cathode. Note tha t  there  was  no ro ta t ion  of the 
cathode in  e i ther  case; in  fact, n e a r l y  all  the  elec- 
t rolysis  da ta  r epor ted  here  refer  to a s t a t i ona ry  
cathode.  It  was  shown t h a t  the  cathode po ten t i a l  
depended  only  on the  pa r t i a l  c u r r e n t  of hyd rogen ;  
this enab led  an  e v a l u a t i o n  of the cathode po ten t i a l  
if the h y d r o g e n  c u r r e n t  was  k n o w n .  

Measurement o] the lifetime of an intermediate 
product.--Some of the resul t s  r epor ted  be low poin ted  
to the  possible p roduc t ion  of an  i n t e r m e d i a t e  p roduc t  
which  was  sufficiently long l ived so tha t  t he re  could 
be subs t an t i a l  diffusion of this m a t e r i a l  f rom the 
cathode in to  solut ion.  If such an  i n t e r m e d i a t e  p rod -  
uct  were  p re sen t  in  solut ion,  it would  be a s t ronger  
r educ ing  agen t  t h a n  Ge. (GeO~ ~- 4H § + 4co- = Ge 
2H~O: e = - -  [0.15 § 0.059 pH + 0.015 pG], where  
pG is the nega t ive  of the  l oga r i t hm of the  GeO~ con-  
cen t ra t ion . )  Thus,  if Ge/GeO~ is added to an  acid 
so lu t ion  con t a in ing  v a n a d i u m  (II I )  and  v a n a d i u m  (I I )  
ions (V '+ + e- = V~§ e ~ = --  0.255) no r educ t ion  of 
v a n a d i u m  (I I I )  wi l l  take  place, if the condi t ions  of 
the e x p e r i m e n t  are such tha t  eGeo~/Ge a nd  ev~+/v~+ are 
more  posi t ive  t h a n  --0.15 v and  more  nega t ive  t h a n  
abou t  --0.2 v, respect ively .  Bu t  if this  supposedly  
h igh ly  r educ ing  i n t e r m e d i a t e  p roduc t  were  added, a 
r educ t ion  of v a n a d i u m ( I I I )  m i gh t  wel l  occur. 

A solu t ion  of k n o w n  concen t r a t i on  of v a n a d y l  su l -  
pha te  in  8N HC1 was r educed  to the  V ~§ state  wi th  
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Table I. Dependence of mean values* of ~, iO~H4 and i~ ,  on current 
density and electrolyte composition 

Table I. (Continued) 

C o m p o s i t i o n t  r iG~l~ 4 ~Go 

C o m p o s i t i o n t  r iG,,rr 4 iC, e 

c.d. ~ 3.10 .8 a m p - c m  -~ 

2.0(2.5) 4.83 • 10 -3 1.2 X 10 -4 2.32 • 10 -~ 

c.d. ~ 1.10 -~ a m p - c m  -~ 

2.0(2.5)  0.0488 5.04 • 10 -~ 7.06 • 10 -~ 

c.d. = 8 • 10 -~ a m p - c m  -~ 

2.0(2.5)  0.172 0.314 0.120 

c.d. = 1.2 a m p - c m  -~ 

5.5 (1.6) 0.0900 0.294 0.170 
3.0 (1.6) 0.1200 0.378 0.188 
2.0 (1.6) 0.1199 0.361 0.169 
2.0 (2.0) 0.1498 0.436 0.144 
3.0 (2.0) 0.1384 0.402 0.151 
5.5 (2.0) 0.1261 0.378 0.118 
8.0 (2.0) 0.0820 0.251 0.215 
3.0 (2.8) 0.1839 0.521 0.106 
5.5 (2.8) 0.1479 0.412 0.206 
8.0 (2.8) 0.1175 0.346 0.188 

c . d . =  2.4 a m p - c m  -~ 

2.0 (1.0) 0.0605 0.398 - -  
2.1 (1.0) 0.0584 0.427 0.237 
2.1 (1.0) (S)  0.0422 0.384 0.264 
3.0 (1.0) 0.0568 0.360 - -  
4.0 (1.0) 0.0421 0.322 - -  
5.0 (1.0) 0.0398 0.302 - -  
6.0 (1.0) 0.0340 0.281 - -  
7.0 (1.0) 0.0278 0.235 - -  
8.0 (1.0) 0.0192 0.166 - -  
9.0 (1.0) 0.0113 0.086 - -  

10.0 (1.0) 0.0099 0.084 - -  
5.5 (1.3) 0.0611 0.427 0.245 

2.25 (1.4) 0.1026 0.650 0.293 
2.0 (1.5) 0.1100 0.778 0.0564 
4.0 (1.5) 0.0885 0.576 0.344 
7.0 (1.5) 0.0490 0.403 0.0451 
9.0 (1.5) 0.0300 0.218 - -  
4.6 (1.8) 0.1010 0.641 0.301 
2.0 (2.0) 0.1367 0.713 - -  
3.0 (2.0) 0.1310 0.749 - -  
5.0 (2.0) 0.1160 0.806 - -  
7.0 (2.0) 0.0755 0.55'2 0.158 
8.0 (2.0) 0.0625 0.458 0.212 
2.4(2.1)  0.1444 0.811 0.383 
2.0 (2.25) 0.1623 0.902 0.301 
2.0 (2.4) 0.1610 0.960 0.185 
3.0 (2.4) 0.1563 0.917 - -  
5.0 (2.4) 0.1344 0.794 - -  
7.0 (2.4) 0.1010 0.593 0.484 
9.0 (2.4) 0.0750 0.497 0.362 
2.0 (2.5) 0.1734 0.907 0.414 
2.5 (2.5) 0.1630 0.924 0.266 
8.0 (2.5) 0.0820 0.578 0.204 
9.5 (2.5) 0.0615 0.442 0.262 
3.0 (2.6) 0.1605 0.924 0.269 
7.0 (2.6) 0.1020 0.655 0.299 
8.5 (2.6) 0.0860 0.590 0.240 
2.0 (2.7) 0.1832 1.018 - -  
3.0 (2.7) 0.1730 0.974 0.258 
4.0 (2.7) 0.1495 0.847 - -  
5.5 (2.7) 0.1309 0.890 0.0234 
5.5 (2.7) (S )  0.1315 0.706 0.152 
7.0 (2.7) 0.1164 0.742 0.241 

10.0 (2.7) 0.0667 0.439 0.152 
2.75 (2.75) 0.1724 0.931 0.392 

3.4 (2.8) 0.1630 0.924 0.293 
3.8 (2.8) 0.1600 0.922 0.399 
2.0 (3.0) 0.1914 1.034 - -  
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3.0 (3.0) 0.1728 1.010 - -  
3.5 (3.0) 0.1730 0.936 0.343 
4.0 (3.0) 0.1612 0.972 - -  
5.0 (3.0) 0.1507 0.991 - -  
7.0 (3.0) 0.1200 1.013 - -  
8.0 (3.0) 0.1030 0.898 - -  

10.0 (3.0) 0.0738 0.631 - -  
4.5 (3.1) 0.1640 0.888 0.369 

c . d . = 4 . 8 a m p - c m  -~ 

2.0 (1.6) 0.0986 1.440 0.0890 
3.0 (1.6) 0.0970 1.272 0.566 
5.5 (1.6) 0.0592 0.965 0.0638 
2.0 (2.0) 0.1184 1.704 0.276 
3.0 (2.0) 0.1090 1.709 0.725 
5.5 (2.0) 0.0929 1.248 0.624 
8.0 (2.0) 0.0346 0.504 - -  
3.0 (2.8) 0.1445 1.632 0.576 
5.5 (2.8) 0.1289 1.656 0.320 
8.0 (2.8) 0.0782 1.277 0.450 

* M a x i m u m  e r r o r s  i n  r  iGeH~, a n d  ice a r e  a b o u t  -~0.5%,  •  
a n d  •  r e s p e c t i v e l y .  

C o m p o s i t i o n  is  g i v e n  as  n o r m a l i t y  N a O H  a n d  GeO~ g / 1 0 0  m l  i n  
b r a c k e t s .  

$ M o l e  ~ r ac t i on  GeH4 in  GeH~ - -  I-I2 m i x t u r e .  
(S) E l e c t r o d e  r o t a t e d  a t  ~ 2 5 0  r p m .  E l e c t r o d e  s t a t i o n a r y  in  a l l  

o t h e r  cases .  

Sn .  T h i s  s o l u t i o n  t h e n  w a s  p l a c e d  i n  a s m a l l  b e a k e r ,  
a n d  w i t h  n i t r o g e n  b u b b l i n g  t h r o u g h  t h e  s o l u t i o n  t h e  
o x i d a t i o n - r e d u c t i o n  p o t e n t i a l  of  t h e  V~§ 3§ c o u p l e  a t  
a p l a t i n u m  e l e c t r o d e  w a s  m e a s u r e d  a g a i n s t  a c a l o m e l  
r e f e r e n c e  e l e c t r o d e .  T h e n  o x y g e n  w a s  b u b b l e d  t h r o u g h  
t h e  s o l u t i o n  u n t i l  m o s t ,  b u t  n o t  a l l ,  of  t h e  V ~+ h a d  
b e e n  o x i d i z e d ,  as  s h o w n  b y  t h e  p o t e n t i a l  of  t h e  p l a t i -  
n u m  e l e c t r o d e  ( f r o m  w h i c h  t h e  V~+/V ~+ r a t i o  c o u l d  
b e  d e t e r m i n e d ) .  A l l  of  t h e  s o l u t i o n  ( a b o u t  10 m l )  
f r o m  t h e  c a t h o d e  c o m p a r t m e n t  of  a s m a l l  e l e c t r o l y s i s  
c e l l  w h i c h  h a d  b e e n  i n  o p e r a t i o n  f o r  a b o u t  20 m i n  
w a s  d r a i n e d  off, f i l t e r e d ,  a n d  e q u a l  a l i q u o t s  of  t h e  
f i l t r a t e  a d d e d  to  t h e  V ~ + -  V ~§ c o n t a i n i n g  s o l u t i o n  a t  
r e g u l a r  t i m e  i n t e r v a l s .  T h e  c h a n g e  i n  p o t e n t i a l  of  
t h e  V ~§ - -  V 3+ s o l u t i o n  w a s  m e a s u r e d  e a c h  t i m e ;  t h e s e  
c h a n g e s  o c c u r r e d  i n  a f e w  s e c o n d s ,  a n d  e a c h  t i m e  t h e  
p o t e n t i a l  r e m a i n e d  c o n s t a n t  a t  t h e  n e w  v a l u e .  F r o m  
t h e s e  m e a s u r e m e n t s  i t  w a s  p o s s i b l e  to  c a l c u l a t e  ( s e e  
l a t e r )  t h e  r e d u c i n g  p o w e r  of  t h e  s o l u t i o n  a t  e a c h  
a d d i t i o n  a n d  t h u s  to  o b t a i n  a m e a s u r e  of  t h e  l i f e t i m e  
of  t h e  s t r o n g l y  r e d u c i n g  s u b s t a n c e  i n  t h e  G e O J N a O H  
s o l u t i o n .  T h e  s a m e  e x p e r i m e n t s  w e r e  r e p e a t e d  b u t  
w i t h o u t  GeO~ i n  t h e  N a O H  s o l u t i o n ;  t h i s  t i m e  m a t e -  
r i a l  f r o m  t h e  c a t h o d e  c o m p a r t m e n t  d i d  n o t  a f f e c t  t h e  
V~+/V ~§ c o u p l e .  F i n a l l y  p o w d e r e d  G e  w a s  a d d e d  to  
t h e  V '~§ V 3+ s o l u t i o n  to  d e t e r m i n e  i t s  e f f e c t  o n  t h e  

r e d o x  p o t e n t i a l ;  i t  w a s  u n d e t e c t a b l e .  
Diffusion layer thickness.--A s m a l l  q u a n t i t y  ( ~ 1 0  -~ 

M )  of  t a g g e d  H g  ( C N ) ~  w a s  a d d e d  to  t h e  e l e c t r o l y t e  i n  

t h e  c a t h o d e  c o m p a r t m e n t  of a c e l l  s i m i l a r  to  t h a t  
s h o w n  i n  F ig .  1 b u t  c o n t a i n i n g  n o  b e l l  a n d  n o  s t i r r i n g  
a r r a n g e m e n t .  H g ( C N ) ~  is r e d u c e d  r e a d i l y  a t  a H g  
c a t h o d e  a n d ,  s i n c e  t h e  c o n c e n t r a t i o n  of  t h e  t r a c e r  is 
s m a l l ,  i t s  p a r t i a l  c u r r e n t  d e n s i t y  c a n  c o n f i d e n t l y  b e  
e x p e c t e d  to  b e  i t s  l i m i t i n g  c u r r e n t .  H e n c e  a d e t e r -  
m i n a t i o n  of  t h e  r a t e  of  r e m o v a l  of  Hg(CN)_~ f r o m  
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solu t ion  can be used to ca lcula te  the  effective th ick-  
ness of the diffusion layer ,  $. Thus,  

1 S 
- -  In  (no~n) 

B DtA 

where  S is the  vo lume  of so lu t ion  in  the cathode 
c o m p a r t m e n t ;  D is the  diffusion coefficient for Hg 
(CN)~; t is t ime  of e lectrolysis ;  A is the  surface  a rea  
of the  e lectrode;  and  no and  n are the in i t i a l  and  final  
r ad ioac t iv i ty  of the  solut ion,  respect ively .  

Results 

Partial currents .--The par t i a l  cu r r en t s  for the  
products  of electrolysis ,  GeH+, Ge, and  Ha are g iven  in  
Tab le  I and  Fig. 3 and  4. The v a r i a t i o n  of r mole  
f rac t ion  of GeH, in  the  gas, wi th  the n a t u r e  of the  
cathode m a t e r i a l  was  e x a m i n e d ;  resul t s  are shown  in  
Tab le  II. There  is no s imple  r e l a t ion  a p p a r e n t  be -  
tween  yie ld  and  the  h y d r o g e n  overpo ten t ia l .  

Cathode potent iaL--Hydrogen ove rpo ten t i a l  m e a s -  
u r e m e n t s  on the cathode as a f unc t i on  of c u r r e n t  
densi ty ,  10 -~ to 1 a m p - c m  -~, in  solut ions  of 2 and  10N 
NaOH are shown in  Fig. 5. The  Tafe l  b - f u n c t i o n  
ob ta ined  is in  a g r e e m e n t  wi th  the  ove r - a l l  resul t s  
of Bockris  and  Watson  (4) ob ta ined  at  lower  cu r -  
r en t  densi t ies  and  for more  d i lu te  NaOH solut ions.  
Cathode  po ten t i a l  m e a s u r e m e n t s  also were  made  
wi th  a so lu t ion  of 2N NaOH c o n t a i n i n g  2 g G e O J 1 0 0  
ml ;  a plot  of the  cathode po ten t i a l  aga ins t  the  cu r -  
r en t  dens i ty  for h y d r o g e n  evo lu t ion  gave a curve  
iden t ica l  w i th  curve  1 in Fig.  5. Thus  the  cathode 

"1 SOLUBILITY LIMIT, GeO 2 
2 / 3 4 

I f / / /  ; ; :  o~ 
I / ' j / ~ -  / ~. + ~ o ,o 

I s r = oos 

NORMALITY, "NoOH ~ 
I++,', ++ '+ T e + ,o 

Fig. 3. Lines of constant yield, r current density 2.4 arnp-cm + 

I FOR 5'5 N-NaOH AND 2 7gm GeOz/lOOml , ATO 5 A'cm "z 

55N NaOH AND 2 7grn GeO2/lOOml , AT24A cm -z 2. FOR 

3 FOR 2 I N NoOH AND I (:Jm GeOz/lOOrnl , AT 0 5 A cm "2 

2O 

16 
N 
9 

o--t 
e 

CATHODE (rpm) x ~'-4 
,~? 27o ~o,o .~o ~?o +?o ,?o ,, 

Fig .  4 .  V a r i a t i o n  o f  ~ w i t h  c a t h o d e  r o t a t i o n  

Table II. Yield, r  at different cathodes 
Electrolyte composition: 10N NaOH, 2 g GeO#100 ml 

Cathode  C u r r e n t  dens i ty ,  
m a t e r i a l  a m p - c m - :  ~b 

Hg (Na) 0.90 0.19 
Pb  0.88 0.0460 
Th 0.90 0.019 
Ge (p-type) 8.0 0.0102 
Ge (n- type)  8.0 0.0058 
Ta 1.45 0.0006 
Pt  0.25 <0.0005 

r = m o l e  f r a c t i o n  GeE4 in GeH~ -- H2 m i x t u r e s .  

po ten t i a l  in  the  presence  of GeO~ can be defined as 
long as the  h y d r o g e n  c u r r e n t  is k n o w n .  

A plot  of io~ vs. cathode po ten t i a l  (Fig. 8) y ie lds  
a Tafe l  slope of --56 • 2 m v  per  decade. I t  is qu i te  
possible,  however ,  tha t  the a pp r op r i a t e  c u r r e n t  to use 
is no t  io+,,, since, as has b e e n  no ted  above,  an  i n t e r -  
me d i a t e  p roduc t  (abb.  I .P.)  diffuses a w a y  f rom the 
cathode.  If the I.P. occurs before  the r a t e - d e t e r m i n -  
ing  step, t hen  ~7 vs. i~em is the  correct  w a y  to ob ta in  
the  overpo ten t i a l  for the  GeH, p roduc t ion  process. If, 
on the  o ther  hand,  the  I.P. occurs af ter  the  r a t e - d e -  
t e r m i n i n g  step, t hen  the c u r r e n t  of m a t e r i a l  going 
th rough  the  r a t e - d e t e r m i n i n g  t r ans i t i on  s ta te  wi l l  be  

I = i~+., + (8/m)i~+ 

w he r e  m is the n u m b e r  of stages of r educ t ion  ( f rom 
GeO+:) t ha t  the  I.P. has gone  through.  This  p r e s u p -  
poses tha t  iQ+ is due to the I. P., a nd  this i n t e r p r e t a -  
t ion  of the  facts is suggested by  the r e su l t  that ,  as 
s t i r r i ng  at the cathode is increased,  io+,, decreases 
a nd  iG+ increases.  F u r t h e r m o r e ,  if Ge were  p roduced  
at the cathode, the  c ompa r a t i ve  y ie ld  of GeH, would  
be ve ry  m u c h  lower  s ince Ge electrodes give ve ry  
low GeH, yie lds  (whence  the  reac t ion  G e ~  GeH+ 
would  appear  to go w i th  diff icul ty) .  Since no plot  of 

vs. In  I for va lues  of m f rom 1 to 4 yie lds  a s ingle  
Tafel  slope, it is suggested tha t  the I.P. occurs before  
the r a t e - d e t e r m i n i n g  t r ans i t i on  state. 

Intermediate p r o d u c t - - T h e  r educ ing  power  of so- 
l u t i on  d r a w n  f rom the  cathode c o m p a r t m e n t  is 
shown  as a f unc t i on  of t ime  in  Fig. 6. The in i t i a l  con-  
c e n t r a t i o n  of V ~+, (av~+) .... was  k n o w n  a nd  (av=~)~=o 
< <  (av++),_o, i.e., 10-' N: 1N; since the  o v e r - a l l  
change  in  a+~+ was f rom 10 -' N to 1.8 • 10 -+ N the  
concen t r a t i on  of the V ++ can be t a k e n  as constant .  
Thus  the change  in  po ten t ia l ,  • due to r educ t ion  of 

i I. FOR 2N NoOH AT 25eC / 
13 L FOR ION N o ~  

- I I  o 

0 / 

/ ~ l o o  CURRENT DENSITY A cm -2 
7 -,' ? 

Fig. 5.11 vs. Iogto c u r r e n t  dens i t y  
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Fig. 6. Decay of intermediate product 

l og  CURRENT DENSITY h . cm -2  

-} -I o 

Fig. 7. Change of diffusion layer thickness with current 
density. 

V ~§ by  reac t ive  i n t e r m e d i a t e  at  a t ime  t" af ter  r e -  
mova l  f rom the cathode c o m p a r t m e n t  is, 

• = R T / F  In  [ (ave+) .... / (av~+) ,:o] 

The concen t r a t i on  of the i n t e r m e d i a t e  p roduc t  is 
p ropor t iona l  to the  a m o u n t  of V ~+ reduced,  i.e., cc 
[ (av~+)~=,, --  (a~+),=o]. Upon  a f u r t he r  addi t ion  of r e -  
act ive in te rmedia te ,  the  n e w  V ~+ concen t r a t i on  can  
be d e t e r m i n e d  f rom the  po ten t i a l  change  and  so the  
concen t r a t i on  of reac t ive  i n t e r m e d i a t e  at t ime  t"  was  

cc [ (av~+) ..... - -  (av~+) .... ], etc. 

The slope of the  l ine  of log~o [(• vs. t (Fig. 6) 
gave a m e a n  life for the i n t e r m e d i a t e  p roduc t  of 4.3 
ra in:  this  presupposes  a m o n o m o l e c u l a r  decay proc-  
ess. 

The n a t u r e  of the  i n t e r m e d i a t e  p roduc t  has no t  
been  es tab l i shed  by  di rect  chemica l  means .  H o w -  
ever,  it has been  shown  tha t  the  i n t e r m e d i a t e  p rod -  
uct  does not  give rise to H~ in  solut ion.  A n  e lec t ro l -  
ysis cell w i th  a U - s h a p e d  cathode c o m p a r t m e n t  was  
used;  the  cathode was  in  one l imb  and  the  o ther  l imb  
was filled comple te ly  w i th  e lectrolyte .  Convec t ive  
m i x i n g  was  r e l a t i ve ly  u n h a m p e r e d  as shown  b y  the  
Ge par t ic les  first fo rmed  n e a r  the  cathode appe a r i ng  
in  the opposite l imb  in  ~ 1 min.  There  was  no ac- 
c u m u l a t i o n  of H.o gas in  the  sealed l imb  af ter  p ro -  
longed  electrolysis .  

Dif]usion layer.--The m e a s u r e m e n t  of diffusion 
l ayer  th ickness  for va r ious  c u r r e n t  densi t ies  in  2N 
NaOH solution,  us ing  tagged Hg(CN)~,  is shown  in  
Fig. 7. The presence  of GeO~ in  so lu t ion  could no t  be  
to le ra ted  since the  Ge m e t a l  p roduced  migh t  we l l  
adsorb some of the Hg(CN)~. Tha t  Hg(CN)~ is the 
on ly  diffusing m e r c u r y  species has been  es tab l i shed  
by  Tomes (5) .  Its diffusion coefficient in  10 -~~ N NaOH 

is (6) 1.56 x 10 -~ cm ~ sec -1 at  28~ The diffusion co- 
efficient for Hg(CN)~ in  more  concen t r a t ed  solut ions  
of NaOH has b e e n  ca lcu la ted  f rom this  va l ue  a s s u m -  
ing Stokes l aw applies,  va lues  for the  viscosi ty of 
aqueous  solut ions  of NaOH be ing  ava i l ab le  (7) .  The  
app l icab i l i ty  of Stokes l aw for the diffusion of zinc 
su l fa te  a nd  zinc acetate  in  va r ious  concen t ra t ions  of 
NaOH solu t ion  has b e e n  tes ted by  Brashe r  a nd  Jones  
(8) and  has b e e n  found  to be va l id :  it  is the re fore  
r easonab le  to assume tha t  Hg(CN)~ in  NaOH solu-  
t ions also obeys Stokes law. 

Discussion 
The e xpe r i me n t s  of P u g h  (9) a nd  Carp6n i  (10) 

have  shown that ,  w h e n  GeO~ is dissolved in  NaOH 
solut ions  of pH _--> 13, the Ge wi l l  be p re sen t  as GeO3=; 
all the  solut ions  used in  this  s tudy  were  of pH > 14. 

Transport to the cathode.--The v a r i a t i o n  of ~b wi th  
c u r r e n t  dens i ty  and  cathode s t i r r ing  ra te  suggests  
tha t  the o v e r - a l l  e lec t rochemica l  process is no t  en -  
t i r e ly  ac t iva t ion  cont ro l led;  thus  it is necessa ry  to 
consider  the diffusion of va r ious  ions t oward  a n d  
away  f rom the  cathode. The  p r i m a r y  species m o v i n g  
to the  cathode are Na + a nd  GeO~=. Na + ions move  to 
the  cathode u n d e r  a f avorab le  po ten t i a l  g rad ien t  and  
GeO~= ions approach  the  cathode b y  diffusion and  
convect ion  in  an  adverse  po ten t i a l  gradient .  W a g n e r  
(11) has t r ea ted  these cases in  a theore t ica l  s tudy  
of the  e lec t ro reduc t ion  of an ions  in  solut ions  of h igh 
e lec t ro ly te  concen t ra t ion .  The so lu t ion  of the  diffu-  
s ion equa t i on  for the discharge of Na + shows tha t  the  
Na  § concen t r a t i on  at  the  cathode does no t  r ise above  
1.1 t imes  the b u l k  Na § concen t r a t i on  for the  h ighes t  
c u r r e n t  densi t ies  employed  in  this s tudy.  The  Na + 
concen t r a t i on  is enhanced  at  t he  ca thode  s ince d is-  
charged  Na + ions reac t  w i th  wa te r ;  the  change  in 
w a t e r  concen t r a t i on  at  the  cathode is ins ignif icant .  
The t r a n spo r t  ra te  per  u n i t  t ime  per  u n i t  a rea  a long 
the x - c o o r d i n a t e  (which  is n o r m a l  to the  surface  of 
the  e lec t rode  a nd  is m e a s u r e d  f rom the  ca thode)  of 
ions of type  i to the  ca thode  u n d e r  s t e ady - s t a t e  con-  
dit ions,  is g iven  by  (11) 

1 dn, ( Olnc,  z~F ~ ) 
- -  c , D ,  ~ d - - -  [1] 

A dt Ox RT Ox 

where  the  symbols  are:  dnJd t ,  n u m b e r  of moles of i 
pass ing  cross section, A, per  u n i t  t ime;  D,, diffusion 
coefficient of ions of type  i; c ,  the i r  concen t ra t ion ;  
z,, the i r  va lence ;  F, the F a r a d a y ;  ~I,, e lectr ical  po-  
t en t i a l ;  R, gas cons tan t ;  a nd  T, abso lu te  t e m p e r a -  
ture .  I t  is r ea sonab le  to m a k e  the s impl i fy ing  as-  
s u m p t i o n  tha t  the  cathode is covered  by  a stat ic d i f -  
fus ion  layer ,  th ickness  8, b e y o n d  which  concen t r a t i on  
differences are  neg l ig ib le  owing  to convect ive  m i x -  
ing:  c onc e n t r a t i on  changes  wi l l  occur on ly  b e t w e e n  
x = 0  and  x = 8 .  In  Eq. [1] the  first t e r m  on the  
r igh t  h a n d  side accounts  for t r a n s p o r t  due  to a con-  
cen t r a t i on  gradient ,  and  the  second t e r m  accounts  for 
e lec t ro ly te  mig ra t ion .  As W a g n e r  po in ts  out, if the  
po ten t i a l  difference across the  diffusion l ayer  is 
< R T / F  (0.025 v at  room t e m p e r a t u r e )  t h e n  the po-  
t en t i a l  g rad ien t  wi l l  have  l i t t le  effect on an ion  m i -  
gra t ion.  The va lue  of (O~/Ox)8 was a lways  <0.025 v 
in  the sys tems studied.  This  a r g u m e n t  assumes an  
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e s s e n t i a l l y  l i n e a r  p o t e n t i a l  g r a d i e n t  across  8. The  
v a l i d i t y  of th i s  a s s u m p t i o n  is not  in ques t ion  e x c e p t  
a t  sho r t  d i s t ances  f r o m  t h e  e lec t rode ,  <10  -~ cm (8 is 
t y p i c a l l y  10 -~ cm)  w h e n  dev i a t i ons  f r o m  loca l  c h a r g e  
n e u t r a l i t y  can  o c c u r ,  i.e., the  r eg ion  of t he  S t e r n  
doub le  l aye r .  S ince  a l l  t h e  so lu t ions  used  w e r e  con-  
c e n t r a t e d  e l e c t r o l y t e s  i t  is k n o w n  tha t  (12) a d i f -  
fuse  l a y e r  (i.e., G o u y  l a y e r )  was  no t  p resen t ,  so Eq. 
[1]  w i l l  be  a p p l i c a b l e  up  to the  o u t e r  H e l m h o l t z  
p l a n e  of t he  ca thode .  

The  t r a n s p o r t  of ions f rom the  b u l k  of the  e lec -  
t r o l y t e  to the  o u t e r  H e l m h o l t z  p l a n e  has  been  con-  
s i de r ed  thus  far .  A n  ou t l ine  of t h e  d e r i v a t i o n  of t he  
e q u a t i o n  for  e l ec t ron  t r a n s f e r  to an  an ion  fol lows.  
Cons ide r  t he  e l e c t r o c h e m i c a l  r e a c t i o n  

A z -  + e- - -*  A (z+l)-  [2]  

F o r  zero a p p l i e d  p.d. the  in i t i a l  s t a t e  for  th is  r e a c -  
t ion  is A z -  ions in  t h e  o u t e r  H e l m h o l t z  p l a n e  and  
e l ec t rons  in  the  ca thode .  The  f inal  s t a t e  is A(z+ l ) -  
an ions  p a r t i a l l y  a d s o r b e d  on the  ca thode .  W h e n  a 
p.d. n is a p p l i e d  across  the  H e l m h o l t z  doub le  l a y e r  
the  change  in G a l v a n i  p.d. is n and  if  the  d ipo le  d i s -  
t r i b u t i o n  in  t h e  H e l m h o l t z  doub le  l a y e r  is t a k e n  to 
be u n c h a n g e d ,  and  the  f r a c t i o n a l  su r f ace  c o v e r a g e  
due  to A (z+l)~ is f a r  f r o m  u n i t y  or  close to u n i t y  
(i.e, 0.9) t h e n  n m a y  be  e q u a t e d  to t he  Vol ta  p.d. 
across  the  H e l m h o l t z  d o u b l e  l ayer .  Tha t  is, n is due  
to t h e  b u i l d i n g  up  of excess ,  e q u a l  and  oppos i t e  
charge ,  on e i t he r  s ide of t h e  H e l m h o l t z  d o u b l e  l aye r .  
This  is the  u s u a l  a s s u m p t i o n  m a d e  in c u r r e n t  t h e o -  
r ies  of h y d r o g e n  o v e r p o t e n t i a l  and  seems  to be in 
accord  w i t h  t he  facts .  I f  the  p o t e n t i a l  in  t he  o u t e r  
H e l m h o l t z  p l a n e  is a r b i t r a r i l y  t a k e n  as zero, t hen  an  
a p p l i e d  ( n e g a t i v e )  p o t e n t i a l  ~ w i l l  i nc rea se  the  p o -  
t e n t i a l  e n e r g y  of the  e l ec t rons  in the  ca thode  b y  an  
a m o u n t  Fn p e r  mole.  T h a t  is, the  p o t e n t i a l  e n e r g y  of 
t he  i n i t i a l  s t a t e  is i n c r e a s e d  b y  a m o u n t  Fv p e r  mole .  
The  p o t e n t i a l  e n e r g y  of the  f inal  s t a t e  is r a i s ed  b y  
(do - -  d / d ) F ~  p e r  mole ,  w h e r e  do is the  t h i cknes s  of 
the  H e l m h o l t z  doub le  l a y e r  and  d is the  d i s t ance  
f rom the  m e t a l  s ide of t h e  H e l m h o l t z  d o u b l e  l a y e r  to 
the  species  A (z+~)-. Thus  the  a p p l i e d  p.d. w i l l  h a v e  
r e d u c e d  the  a c t i v a t i o n  e n e r g y  for  the  f o r w a r d  p a t h  
of r e a c t i o n  [2]  b y  

r i F T ( d / d o )  [3]  

w h e r e  fl is t he  Ta fe l  s y m m e t r y  f ac to r  [d i scussed  
f u l l y  b y  Bockr i s  ( 1 ) ] .  S ince  do is t a k e n  to be 5 to 10 

/ b = o os~ • o ooz4 

Y (2 N" NOOH *1" Z Sgm G e ~ ' 4 "  -2 02/lOOml ) 

Io9 CURRENT DENSITY, IGeH4, A r 
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Fig. 8. Tafel curve for GeH~ evokJtion reQction 

t imes  g r e a t e r  t h a n  ( d o -  d ) ,  t he  t e r m  ( d / d o )  in Eq. 
[3]  can  be  neg lec ted .  Whence ,  in t he  f o r m  u s u a l  for  
e l ec t ron  t r a n s f e r  r eac t ions  f r o m  the  ca thode ,  t he  fo r -  
w a r d  ve loc i t y  of r e a c t i o n  [2]  is g iven  b y  

i = i~ exp  ( - - f l F ~ / R T )  [4]  

The  l i m i t i n g  cu r r en t ,  it, for  GeO~= c a l c u l a t e d  h ' om 
Eq. [1] ,  us ing  a t y p i c a l  set  of va lues ,  shows  for  a l l  
b u t  t he  h ighes t  c u r r e n t  dens i t i e s  t ha t  i < <  it: th is  
g ives  r i se  to two l i m i t i n g  cases  for  GeH,  evo lu t ion ,  

iGeH4 = io[exp ( - - a ~ F / R T )  ] [5]  
and  

i~H, ---- i , [1  - -  exp  ( ~ 8 F / R T )  ] [6]  

where ,  for  t he  GeH,  f o r m a t i o n  reac t ion ,  i~ is t he  e x -  
change  c u r r e n t  and  a is the  Ta fe l  t r a n s f e r  coefficient.  
Eqs. [5]  and  [6]  a r e  for  a c t i v a t i o n  and  di f fus ion con-  
t r o l l e d  processes ,  r e spe c t i ve ly .  A p lo t  of log  i~,H, vs. 
c a thode  p o t e n t i a l  (Fig .  8) obeys  t he  f o r m  of Eq. [5]  
ove r  a r a n g e  of >0.2  v a n d  fou r  decades  of c u r r e n t  
dens i ty .  Thus  i t  is conc luded  t h a t  t h e  GeH,  f o r m a -  
t ion  r e a c t i o n  is l a r g e l y  a c t i v a t i o n  con t ro l l ed .  

C o n s e c u t i v e  e l e c t r o d e  p r o c e s s e s . - - T h e  GeO~ = r e -  
duc t ion  process  is t a k e n  to be  a sequence  of consecu-  
t ive  reac t ions .  The  m e t h o d  of h a n d l i n g  such  r eac t ions  
is o u t l i n e d  be low.  C h r i s t i a n s e n  (13) has  s h o w n  how 
the  s t e a d y - s t a t e  r e a c t i o n  r a t e  for  an  open  sequence  
of r eac t ions  can  be  r e p r e s e n t e d  in t e r m s  of t he  r a t e  
cons tan t s  of the  e l e m e n t a r y  r eac t ions  and  the  con-  
c e n t r a t i o n  of t he  s t ab le  componen t s .  In  a sequence  of 
r eac t i ons  such as 

81 $2 
A ~ X ~ + B i , X ~ + A ~ X ~ + B  . . . .  etc. [7]  

s-i s-2 

where the A's and B's are stable components and 

the X's are reactive intermediates and s and s_ are 

the forward and reverse reaction rates, respectively. 

A set of quantities oJ are defined such that: 

oJ~ = S~ ~ k ~  CA1  

C x x  

e o - n  ~ S-n z k - .  CB. 

The  p r i n c i p l e  of d e t a i l e d  b a l a n c e  is a s sumed ,  w h e n c e  
t h e  o v e r - a l l  r e a c t i o n  ra te ,  S, is g iven  by :  

S = s l - - s _ l  ~ s 2 - - s _ 2  . . . =~i--oJ-z Cx1~e*~ Cx1--OJ-~ CX2 . �9 . 

This  g ives  r i se  to an  e x p r e s s i o n  for  S w h i c h  can  be  
w r i t t e n  g e n e r a l l y  as: 

k = n  
II 

k = l  
S =  

fDk 

[8] 
m - ~  n + l  n l ~ - m - - 2  

II r II ~_~ 
m = 2  k : m  1=1 

b 
w h e r e m g o e s f r o m 2 t o n +  l a n d I I =  l i f  b < a .  

a 

Bockr i s  (14) first  a p p l i e d  th is  m e t h o d  to t he  ca l cu -  
l a t ion  of the  o v e r - a l l  r a t e  of e l e c t r o c h e m i c a l  r e a c -  
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t ions for oxygen  evolut ion .  The  essent ia l  change  to 
be made  f rom the app l ica t ion  to chemical  k ine t ics  is 
tha t  the ra te  cons tants  in  react ions  i n v o l v i n g  charge 
t r ans fe r s  are po ten t i a l  dependen t .  Thus,  for a ca-  
thodic react ion,  the  ra te  cons tan t  for a pa r t i a l  ca-  
thodic reac t ion  becomes 

K I N E T I C S  O F  T H E  R E D U C T I O N  O F  A N I O N S  259 

Table III .  Potential dependent factors introduced into Eq. [11] by 
an elementary reaction, x - -  ~1 F/RT (when ~ = �89 

k = k exp [--  flA ( n F / R T ]  [9] 

where  k and  k are the  e lec t rochemica l  and  chemical  
ra te  constants ,  respec t ive ly ;  A ~ is the G a l v a n i  p.d. 
be tween  the  electrode and  the solut ion;  and  n is the  
n u m b e r  of e lec t rons  t r ans fe r red .  Cor re spond ing ly  
for the pa r t i a l  anodic  reac t ion  

<.- <._ 

= k e x p  [ ( 1 - - f l )  A~nF/RT]  [10] 

These ra te  constants ,  u t i l i zed  in  pa r t i a l  reac t ions  
which  invo lve  charge t ransfer ,  give rise to po ten t i a l  
t e rms  in  the  final express ion  for the  ove r - a l l  reac-  
t ion, and  hence  a l low the  e v a l u a t i o n  of 0A~/0 i n n , ,  
i.e., the  Tafe l  slope, b, charac ter i s t ic  of a g iven  reac-  
t ion  mechan i sm.  Thus  a typ ica l  r eac t ion  sequence  is 
e x a m i n e d  for each pa r t i a l  react ion,  in  tu rn ,  be ing  the  
r a t e - d e t e r m i n i n g  step (r.d.s.) .  I n  each case it  can be 
t aken  tha t  the react ions  p reced ing  the  r.d.s, a re  fast, 
so tha t  k+/k_ = K, an  " e q u i l i b r i u m "  constant .  F u r -  
ther,  if k+~ ~.~. -~ k-~ ~.~. -~ 0, and  k+~ ,~ ~ _--> 10 k-r d s., t hen  
all t e rms  i nvo lv ing  k - r  a ~. in  the d e n o m i n a t o r  of Eq. 
[8] can be  neg]ected.  This gives rise to a s imple  ex-  
press ion for the  ove r - a l l  ra te  which  involves  on ly  
one ra te  constant ,  i.e., k+,.~.~, and  Eq. [8] can be 
w r i t t e n  for the i th r a t e - d e t e r m i n i n g  step: 

k : i  k =  ( i - -1)  
S = II (o~/ I1 ~o ~ [11] 

k = l  k = l  

This expression is used he re  in  the evo lu t ion  of v a r i -  
ous reac t ion  paths.  

Mechanism of G e O , : ~  GeH~ reaction.--The f inal  
chemical  p roducts  occur r ing  at the ca thode  are H.~, 
Ge, and  GeH,. The r educ t ion  of GeO~= to give GeH, 
can be r ep resen ted  by  the ove r - a l l  s to ichiometr ic  
equat ion ,  

GeO,j + 7H~O + 8 eo--~ GeH~ + 10 OH- 

The  ove r - a l l  r educ t ion  reac t ion  is t aken  to occur in  
a set of s imple  consecut ive  react ions,  i.e., i t  is t a k e n  
to be an  open sequence  of react ions.  Since it is u n -  
l ike ly  tha t  the first step in  the  r educ t ion  of the GeO~: 
ion can occur in  two different ,  and  a p p r o x i m a t e l y  
equa l ly  p robab le  ways,  the  p roduc t ion  of Ge  m u s t  
be t a k e n  to be due to a b r a n c h  reac t ion  in  the  
GeO#-> GeH~ reac t ion  sequence.  If absorbed  h y d r o -  
gen a toms are used at any  stage in  the  r educ t ion  of 
GeO~= ions, t hen  the GeO~= ~ GeH, reac t ion  sequence  
is complex,  and  H~ evo lu t ion  can be cons idered  to be 
a b r a n c h  react ion.  But,  if GeO~ =-~ GeH, does no t  in -  
volve  the  use of absorbed  h y d r o g e n  atoms, t h e n  H~ 
evolu t ion  is a process which  occurs in  pa ra l l e l  wi th  
the GeO~= reduc t ion  process. 

If a tomic h y d r o g e n  is used in  the  r educ t ion  proc-  
ess it m u s t  be  t r ea ted  as one of the "s table"  products ,  
A, in  the reac t ion  sequence,  Eq. [7]. Since the  reac-  

F a c t o r  

R e a c t i o n  r . d . s .  E q u i l .  

1. A s- + e---> A ~+~>- e -~/~ e -~ 
2. A~- + H --> HA ~- e -~/~ e -~1"~ 
3 .  A ~- -t- H -t- e - - - >  H A  ~z~l~- e -~ e -3~/2 

t ion  which  produces  a tomic h y d r o g e n  canno t  be  
t r ea ted  as in  e q u i l i b r i u m  as compared  w i th  the  r.d.s. 
of the  GeO~:~  GeH, reac t ion  an  express ion  for the  
s t eady - s t a t e  concen t r a t i on  of a tomic h y d r o g e n  is r e -  
quired.  Bockris  and  Watson  (4) have  show n  tha t  the 
reac t ion  of sod ium atoms wi th  wa te r  is the  r a t e -  
d e t e r m i n i n g  step in  the  h y d r o g e n  evo lu t ion  reac t ion  
on m e r c u r y  cathodes in  aqueous  NaOH solutions.  
Whence,  a s suming  the  reac t ion  

N a + H ~ O - ~ N a  §  

The surface  concen t r a t i on  of a tomic h y d r o g e n  wi l l  
be d i rec t ly  p ropor t iona l  to the surface sod ium a tom 
concen t r a t i on  ( the ac t iv i ty  of w a t e r  is t a ke n  to be 
la rge  and  i n v a r i a n t ) .  F u r t h e r m o r e ,  these worke r s  
found  tha t  the surface  ac t iv i ty  of sod ium atoms is 
p ropor t iona l  to exp (--Fn/2RT); thus,  

c~ = C exp (--Fn/2RT) [12] 

where  C is a cons tan t  at  cons tan t  e lec t ro ly te  com- 
posit ion.  

U n f o r t u n a t e l y  the  work  of Bockris  a nd  Wat son  (4) 
is no t  comple te ly  convinc ing ,  e.g., these worke r s  ac-  
cept the  e x p e r i m e n t a l  fact tha t  the  reac t ion  ra te  of 
sod ium atoms wi th  w a t e r  depends  on the  square  root  
of the  sod ium concen t r a t i on  bu t  do not  show in  the i r  
proposed reac t ion  m e c h a n i s m  how this  comes about .  
Also, they  assume tha t  b a r i u m  a m a l g a m s  behave  in  
a s imi la r  way,  bu t  K a p l s a n  a nd  Jofa (15) have  
shown tha t  for Ba the  reac t ion  ra te  w i th  wa t e r  is 
p ropor t iona l  to [Ba]  ~/*. Bockris  and  Watson,  how-  
ever,  p r e sen t  cogent  reasons  for r e j ec t ing  all  o ther  
s imple  reac t ion  paths  for the h y d r o g e n  evo lu t ion  r e -  
act ion of sodium a m a l g a m  electrodes in  NaOH solu-  
t ion  o ther  t h a n  the  m e c h a n i s m  m e n t i o n e d  above.  
Thus  in  the absence  of ev idence  to the  c o n t r a r y  the  
m e c h a n i s m  of Bockris  and  Wat son  mus t  be accepted, 
be a r i ng  in  m i n d  tha t  the ana lys i s  g iven  be low wou ld  
have  to be r e - e x a m i n e d  in  the  l ight  of a n y  n e w  and  
c o n t r a r y  d e v e l o p m e n t  a r i s ing  out  of this  point .  

By me a ns  of Eqs. [11] and  [12] Table  I I I  l ists the  
factor  tha t  an  e l e m e n t a r y  reac t ion  wi l l  i n t roduce  
in to  the final express ion  for S, de pe nd i ng  on whe the r  
the  reac t ion  is ra te  d e t e r m i n i n g  or precedes the  r.d.s. 
whence  it is t r ea ted  as be ing  in  equ i l i b r ium.  The  
Tafe l  slope for the  GeO~ =-~ GeH~ reac t ion  is --RT/F, 
f rom expe r imen t .  Use of Eq. [11] shows tha t  each 
successive stage of r educ t ion  leads  to a smal le r  Tafel  
slope. Thus  the  possible  reac t ion  paths  up to the  
r a t e - d e t e r m i n i n g  step which  give a Tafe l  slope of 
- -RT/F can be wr i t t en ,  viz: 

f a s t  

(i) GeO~= + e- > GeO.(= 
s l o w  

GeO~-= + H_oO > H GeO~= + OH- 
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( i i )  

or, 

( i i i )  
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last 

GeO~ = + H ~ H GeO.  = 
s low 

H Ge0.-- + H~0 ~ H~Ge0~- + OH- 

(iv) 

(v) 

s low 
(H Ge0~ = > Ge0~- + OH-)  

fas t  
GeO~ ~ + H > GeO_~- + OH- 

SlOW 
Ge0_~- + H~O ., ,~ t t  GeO~ -/- OH- 

s low 
GeO~ ~ + H + e ~ H G e 0 3  ~ 

s low 
GeO~ + H +  e > G e O / + O H -  

S ince  an  i n t e r m e d i a t e  p r o d u c t  of h igh  r e d u c i n g  
p o w e r  a p p e a r s  to diffuse a w a y  f rom the  e l e c t r o d e  
be fo re  the  r.d.s.,  f r o m  ( i )  to ( v ) ,  th is  m u s t  be  GeO2-,  
HGeO3 ~-, or  GeO~-. Thus  the  r eac t i ons  ( iv )  a n d  (v)  
a r e  e x c l u d e d  as poss ib l e  r e a c t i o n  p a t h s  s ince GeO~= 
is t he  o n l y  Ge species  be fo re  t he  r a t e - d e t e r m i n i n g  
t r a n s i t i o n  s ta te .  I t  is no t  poss ib l e  to s a y  on the  bas i s  
of t he  w o r k  done  h e r e  w h i c h  of t he  r e m a i n i n g  p o s -  
s ib i l i t ies ,  ( i ) ,  ( i i ) ,  o r  ( i i i )  is the  a c t u a l  m e c h a n i s m .  
H o w e v e r ,  i t  shou ld  be  poss ib le  to d i s t i n g u i s h  b e -  
t w e e n  r e d u c t i o n  b y  e l e c t r o n  t r a n s f e r  a n d  r e d u c t i o n  
b y  a tomic  h y d r o g e n  on the  bas is  of two  f u r t h e r  e x -  
p e r i m e n t s ,  viz., ( a )  r e d u c t i o n  in  d i v a l e n t  a l k a l i  
m e t a l  solut ions ,  r a t h e r  t h a n  NaOH,  w h e r e  c~ ~ exp  
( - -vF/RT)  shou ld  g ive  d i f fe ren t  Tafe l  s lopes  if 
a tomic  h y d r o g e n  is i n v o l v e d  in  t h e  r educ t i on ;  (b)  
r e d u c t i o n  at  h igh  c u r r e n t  dens i t i e s  w h e r e  t h e  su r -  
face  c o n c e n t r a t i o n  of a tomic  h y d r o g e n  r eaches  a 
l i m i t i n g  v a l u e  (4)  shou ld  g ive  0,//0 In i -~ 0 if  a tomic  
h y d r o g e n  is u sed  in t h e  r .d.s . ;  o t h e r w i s e  t h e r e  shou ld  
be  no v a r i a t i o n  in t he  Tafe l  s lope  wi th  c u r r e n t  
dens i ty .  
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ABSTRACT 

The e lect r ica l  conduct iv i ty  of sweat  is a useful  cr i ter ion for  the s tudy and 
diagnosis  of cystic fibrosis. The sweat  conduct iv i ty  usua l ly  is de te rmined  f rom 
measurements  on d i lu ted  sweat  solutions. A method  of ca lcula t ion is p resented  
to account for the  in ter ionic  a t t rac t ion  effects due to the g rea te r  ionic s t rength  
in the und i lu ted  pa ren t  sweat  sample.  This in t roduces  a correct ion of the order  
of 10% in the conduct iv i ty  based on the dependence  of equiva len t  conduct-  
ance on ionic strength.  Expe r imen ta l  verif icat ion of the  correct ion is given for  
synthet ic  mix tu res  of sodium and potass ium chlorides and for  a na tu ra l  sweat  
sample.  Sweat  conduct iv i ty  da ta  obta ined f rom a s tudy of 77 control  subjects  
and 47 cystic fibrosis pat ients  a re  summarized ,  af ter  appl ica t ion  of this cor-  
rection. 

In  a s t u d y  of t he  e l e c t r o l y t e  con ten t  of t h e r m a l l y  
i n d u c e d  ecc r ine  sweat ,  Licht ,  S t e rn ,  and  S h w a c h -  
m a n  (1)  d e s c r i b e d  a t e c h n i q u e  for  t he  m e a s u r e -  
m e n t  of  the  e l e c t r i c a l  c o n d u c t i v i t y  of sweat .  T h e y  
r e p o r t e d  v a l u e s  of s w e a t  c o n d u c t i v i t y  for  sub j ec t s  
w i t h  a n d  w i t h o u t  the  d i sease  cystic fibrosis and  
s h o w e d  tha t  for  cys t ic  f ibrosis  p a t i e n t s  a t h r e e f o l d  
e l e v a t i o n  of s w e a t  c o n d u c t i v i t y  was  o b t a i n e d  w h i c h  
was  s ign i f ican t  enough  to be  used  as a d i agnos t i c  
c r i t e r ion .  

The  m e t h o d  of o b t a i n i n g  swea t  s a m p l e s  b y  col -  
l ec t ion  on a w e i g h e d  gauze  p a d  and  e lu t ion  of  
e l e c t r o l y t e s  w i t h  d i s t i l l ed  w a t e r  neces s i t a t e s  t h a t  
c h e m i c a l  a n d  p h y s i c a l  tes t s  be  p e r f o r m e d  on d i l u t e d  
solut ions .  As  p o i n t e d  out  in (1)  c a l cu l a t i on  of s w e a t  
c o n d u c t i v i t y  f rom d a t a  o b t a i n e d  in  d i l u t e d  swea t  
so lu t ions ,  w i t h o u t  t a k i n g  in to  account  t he  i n t e r -  
ionic  a t t r a c t i o n  effects d u e  to g r e a t e r  ionic  s t r e n g t h  
in  t he  p a r e n t  sample ,  r e su l t s  in conduc t iv i t i e s  a p -  
p r o x i m a t e l y  10% too high.  W h i l e  th is  e r r o r  is of 
no s igni f icance  w h e n  s w e a t  c o n d u c t i v i t y  is u sed  as 
a d i agnos t i c  c r i t e r i on  for  cys t ic  f ibrosis ,  i t  does b e -  
come  i m p o r t a n t  w h e n  s w e a t  conduc t i v i t i e s  a r e  
c o r r e l a t e d  w i t h  ionic  compos i t ion ,  a s t u d y  wh ich  
is c u r r e n t l y  in  p r o g r e s s  a n d  wi l l  b e  r e p o r t e d  e l se -  
where .  The  p r e s e n t  p a p e r  a t t e m p t s  to d e v e l o p  a 
m e t h o d  of c a l cu l a t i on  w h i c h  i n t roduces  a co r r e c t i on  
for  t h e  d e p e n d e n c e  of  e q u i v a l e n t  c o n d u c t a n c e  on 
ionic  s t r eng th .  C o n d u c t i v i t y  d a t a  a r e  p r e s e n t e d  for  
s o d i u m  and  p o t a s s i u m  ch lo r ide  m i x t u r e s  and  for  
p u r e  s w e a t  and  d i l u t e d  s w e a t  so lu t ions  w h i c h  show 
t h a t  s w e a t  conduc t iv i t i e s  c a l c u l a t e d  b y  th is  c o r r e c t e d  
m e t h o d  a r e  r e l i a b l e  w i t h i n  2 to 3%.  S w e a t  c o n d u c -  
t iv i t i e s  p r e s e n t e d  in  (1)  f rom a s t u d y  of 77 con t ro l  

sub j ec t s  and  47 cys t ic  f ibrosis  p a t i e n t s  a r e  r e c a l -  
cu la ted ,  A v a i l a b i l i t y  of these  m o r e  a c c u r a t e  v a l u e s  
wi l l  p e r m i t  c o r r e l a t i o n  w i t h  a n a l y t i c a l  i n f o r m a t i o n  
and  a id  in  t he  f u r t h e r  e l u c i d a t i o n  of t h e  e l e c t r o l y t e  
cons t i t u t i on  of swea t .  

Experimental 
T h e  t h e r m a l  i n d u c t i o n  of s w e a t  b y  p l a c i n g  the  

sub j e c t  in a p l a s t i c  bag,  t h e  co l l ec t ion  of s w e a t  on 
a w e i g h e d  gauze  pad ,  and  t h e  s u b s e q u e n t  m e a s u r e -  
m e n t  of the  d i l u t e d  s w e a t  s a m p l e  in a spec ia l  3 - m l  
c o n d u c t i v i t y  cel l  w i t h  t he  Se r f a s s  c o n d u c t a n c e  
b r i d g e  has  been  d e s c r i b e d  in  (1 ) .  To e s t a b l i s h  t he  
v a l i d i t y  of  t h e  in t e r ion ic  a t t r a c t i o n  f ac to r  ( d e s c r i b e d  
b e l o w ) ,  i t  was  n e c e s s a r y  to col lec t  p u r e  s w e a t  no t  
e x p o s e d  to a i r  long  enough  for  e v a p o r a t i o n  to occur .  
Us ing  a 1 -ml  p i p e t t e  as a c a p i l l a r y  tube ,  d rops  of 
p u r e  s w e a t  w e r e  col lec ted .  T h e  v o l u m e s  of such 
s a m p l e s  r a n g e d  f r o m  0.2 to 1 m l  and  t h e i r  c onduc -  
t i v i t y  cou ld  be  m e a s u r e d  d i r e c t l y  in a S u n d e r m a n  
c o n d u c t i v i t y  p i p e t t e  1 w i t h  a cel l  c o n s t a n t  of 12.7 
cm -1. This  p ipe t t e ,  w h i c h  has  a n o m i n a l  c a p a c i t y  of 
0.5 ml,  cou ld  b e  used  for  m e a s u r i n g  as l i t t l e  as 0.2 
m l  b y  f loa t ing  the  s a m p l e  on top  of m e r c u r y  ( m e r -  
c u r y  in  t he  s t em o n l y ) .  F i v e  to f i f ty fo ld  d i lu t ions  
w e r e  p r e p a r e d  w i t h  c o n d u c t i v i t y  w a t e r  and  the  
c o n d u c t i v i t y  a g a i n  m e a s u r e d .  The  specific c o nduc -  
t ance  of m i x t u r e s  of sod ium and  p o t a s s i u m  ch lo r ide  
in  t he  r a n g e  of p u r e  and  d i l u t e d  s w e a t  s a m p l e s  
w e r e  m e a s u r e d  also.  

Theoretical 
In  (1 ) ,  t he  s w e a t  c o n d u c t i v i t y  (i.e., t he  specific 

c o n d u c t a n c e  of s w e a t  in m i c r o m h o s  p e r  c e n t i m e t e r ) ,  

1 A v a i l a b l e  f r o m  A r t h u r  I-I. T h o m a s  Co . ,  P h i l a d e l p h i a ,  P a .  
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to be  h e r e  d e n o t e d  b y  Ls', was  c a l c u l a t e d  f r o m  e x -  
p e r i m e n t a l  o b s e r v a b l e s  b y  the  r e l a t i o n  

L /  = (Jo -- J b ) K F  [1]  

w h e r e  Jo and  J~ a r e  t he  o b s e r v e d  conduc t anc e s  in 
m i c r o m h o s  a t  25~ of  t h e  d i l u t e d  s w e a t  so lu t ions  
a n d  b l a n k  solut ions ,  r e s p e c t i v e l y ;  K is the  ce l l  con-  
s t an t  in cm-I; F, t he  d i l u t i on  fac tor ,  is t he  v o l u m e  
r a t i o  of d i l u t e d  to u n d i l u t e d  sweat .  The  g r o u p i n g  
(Jo -- J ~ ) K  = L~ is t h e  o b s e r v e d  c o n d u c t i v i t y  of t h e  
d i l u t e d  s w e a t  so lu t ion .  M u l t i p l i c a t i o n  b y  the  
d i l u t i o n  fac to r  F is b a s e d  on the  t a c i t  a s s u m p t i o n  
t ha t  c o n d u c t i v i t y  is a l i n e a r  f u n c t i o n  of c o n c e n t r a -  
t ion.  

This  a s s u m p t i o n  is a p p r o x i m a t e l y  v a l i d  for  s t r o n g  
e l e c t r o l y t e s  ove r  n a r r o w  c o n c e n t r a t i o n  r anges  and  
c o r r e s p o n d s  to the  h y p o t h e s i s  t h a t  ionic  mob i l i t i e s  
a n d  e q u i v a l e n t  ionic  conduc t ances  a r e  cons tan t s  
i n d e p e n d e n t  of ionic  s t r eng th .  In  p o i n t  of fact ,  
i n t e r i on i c  a t t r a c t i o n  effects l e a d  to a dec rea se  of 
ionic  mob i l i t i e s  and  ionic  conduc t ances  w i t h  i n -  
c r ea s ing  ionic  s t r e n g t h  ( 2 - 4 ) .  

Ove r  t he  r a n g e  of d i l u t i o n  f ac to r s  F ( 5 - f o l d  to 
58 - fo ld )  u t i l i z ed  in  (1 ) ,  t he  e q u i v a l e n t  c o n d u c t -  
ances  of sod ium,  po t a s s ium,  and  c h l o r i d e  ions  d rop  
b y  a b o u t  5 to 15% in going f r o m  the  d i l u t e d  to t he  
p a r e n t  s w e a t  sample ,  a n d  the  s w e a t  c o n d u c t i v i t i e s  
c a l c u l a t e d  b y  Eq. [1]  a r e  too h igh  b y  the  s a m e  
amoun t .  

I t  is t h e r e f o r e  d e s i r a b l e  to co r r ec t  t he  s w e a t  con-  
d u c t i v i t i e s  L / .  Th is  can  be  done  b y  the  e q u a t i o n  

L~ • L~FS = L , 'S  [2]  

w h e r e  L,  is t he  " c o r r e c t e d "  s w e a t  conduc t i v i t y ,  and  
t h e  i n t e r i on i c  a t t r a c t i o n  f ac to r  S accounts  for  t he  
d r o p - o f f  of t he  e q u i v a l e n t  conduc t ances  w i t h  i n -  
c r e a s i n g  ionic  s t r eng th .  

The  c o n d u c t i v i t y  L of a n y  e l e c t r o l y t e  ( in  m i c r o -  
mhos  p e r  c e n t i m e t e r )  is e q u a l  to t he  s u m m a t i o n  of 
t e r m s  of t he  fo rm cjA~ w h e r e  ca is t he  n u m b e r  of 
m i l l i e q u i v a l e n t s  p e r  l i t e r  and  A~ is t h e  e q u i v a l e n t  
c o n d u c t a n c e  of t he  jt~ e l ec t ro ly t e .  By  t a k i n g  the  
r a t i o  of L~ to L,F ,  i t  can  be  s h o w n  t h a t  t he  f ac to r  
S is g iven  b y  

S = X(x>Aj),/X(x>A,)~ [3]  

w h e r e  x~ is t he  e q u i v a l e n t  f r a c t i o n  of t he  j'~ e l e c t r o -  
l y t e  in t he  t o t a l  e l e c t r o l y t e  c o n t e n t  ( n o r m a l i t y  of 
j /  t o t a l  n o r m a l i t y  of a l l  e l e c t r o l y t e s ) .  I n  b o t h  cases,  

Table I. Conductivity of NaCI--KCI mixtures (2S~ 

L (ca lcula ted ,  
c (KCl) ,  c (NaC1), L (observed) ,  F-el. [4 ] ) ,  
mEq/1  mEq/1  /~mho/cm ]waho/em 

100 0 (12,896) 12,896 
0 100 10,590 10,674 

50 50 11,790 11,785 
25 75 11,200 11,230 

10 0 1414 1413 
0 10 1178 1185 
5 5 1288 1299 
2.5 7.5 1266 1242 

1 1 268 268.5 

the  A / s  a r e  d e t e r m i n e d  b y  the  t o t a l  ionic  e n v i r o n -  
m e n t  (5, 6),  i.e., b y  t h e  t o t a l  ionic  s t r eng th ,  of t he  
l iqu id :  e i t he r  t he  p a r e n t  s w e a t  s a m p l e  s or  t he  
d i l u t e d  swea t  s a m p l e  d. 

The  c o m p o s i t i o n  of s w e a t  (1, 7-10)  is such  t h a t  
60-90% of the  c o n d u c t i v i t y  m a y  be  a t t r i b u t e d  to 
s o d i u m  and  p o t a s s i u m  ch lor ides ,  t he  r e m a i n d e r  
be ing  due  chief ly  to ca lc ium,  su l fa te ,  and  l ac ta t e .  
The  p H  r anges  f r o m  4 to 7. S o d i u m  c h l o r i d e  con-  
s t i t u t e s  50-90% of t he  s u m  of the  s o d i u m  and  
p o t a s s i u m  c h l o r i d e  n o r m a l i t y .  I t  w a s  t h e r e f o r e  
dec ided ,  as an  a p p r o x i m a t i o n ,  to r e s t r i c t  t he  s u m -  
m a t i o n s  in  [3]  to t h e  two  sa l t s  j = NaC1, a n d  KC1. 
S ince  A va lues  for  t he  m i x t u r e s  of these  sa l t s  w e r e  
no t  r e a d i l y  ava i l ab l e ,  the  A's of the  p u r e  sa l t s  w e r e  
used  (4a, 11).  I t  was  p o s t u l a t e d  t h a t  the  A of a 
salt in a m i x t u r e  is equa~ to the A of the  same  pure  
salt at the same total  ionic s trength.  This  p o s t u l a t e  
was  ver i f i ed  e x p e r i m e n t a l l y  b y  us  for  s y n t h e t i c  
m i x t u r e s  of s o d i u m  and  p o t a s s i u m  ch lo r ide s  in  t he  
t o t a l  ch lo r ide  c o n c e n t r a t i o n  r a n g e  of 2 to 100 mEq/1,  
and  s h o w n  to be  v a l i d  w i t h i n  t he  e x p e r i m e n t a l  
e r r o r  of the  m e a s u r e d  c o n d u c t i v i t y  ( 1 % )  ( T a b l e  I ) .  
T h e  c a l c u l a t e d  v a l u e s  in  T a b l e  I w e r e  c o m p u t e d  

f r o m  
L ( ~ m h o / c m )  = (c~-)~c~ + (cA)~c l  [4]  

w h e r e  t he  c 's a r e  in  m i l l i e q u i v a l e n t s  p e r  l i t e r ,  a n d  
t h e  A's a re  chosen  in a c c o r d a n c e  w i t h  t h e  ionic 

s t reng th  pos tu la te  s t a t e d  above .  
In  1911, B r a y  and  H u n t  (12) d e t e r m i n e d  the  con-  

duc t i v i t i e s  of m i x t u r e s  of s o d i u m  ch lo r ide  and  
h y d r o c h l o r i c  acid.  T h e i r  o b s e r v e d  conduc t i v i t i e s  
a g r e e d  w i t h  v a l u e s  c a l c u l a t e d  f r o m  t h e  ionic  
s t r e n g t h  p o s t u l a t e  w i t h i n  a b o u t  1% u p  to ionic 
s t r e n g t h s  of a b o u t  0.1M. D e v i a t i o n s  d u e  to t h e  
" m i x t u r e  effect"  (5, 6) of ca t ions  of w i d e l y  d i f f e ren t  
mob i l i t i e s  w i t h  a c o m m o n  an ion  a re  to be  e x p e c t e d  
and  t e n d  to m a k e  t h e  c o n d u c t i v i t y  c a l c u l a t e d  f rom 
the  ionic s t r e n g t h  p o s t u l a t e  s l i g h t l y  high.  B r a y  and  
H u n t  cons i s t en t ly  o b s e r v e d  a s m a l l  b u t  s y s t e m a t i c  
d e v i a t i o n  in th i s  d i rec t ion .  I n  t h e i r  w o r k ,  th i s  
d e v i a t i o n  r e a c h e d  a m a x i m u m  in  e q u i m o l a r  m i x -  
t u r e s  of t he  two  e l ec t ro ly t e s ,  d r o p p i n g  off as t he  
m i x t u r e s  a p p r o a c h e d  e i t h e r  one  or  t h e  o t h e r  p u r e  
e l ec t ro ly t e .  These  m a x i m u m  m i x t u r e  effect  d e v i a -  
t ions  a t t a i n e d  t h e  va lues :  2.0% in a m i x t u r e  of 100 
mEq/1  of HC1 and  NaC1; 1.1%, in  20 m E q / 1  of each;  
0.68%, in  5 m E q / 1  of each.  S ince  t h e  m o b i l i t i e s  of 
p o t a s s i u m  and  s o d i u m  ions  a r e  m u c h  c loser  t han  
those  of h y d r o g e n  and s o d i u m  ions, t he  m i x t u r e  
effect shou ld  be  s m a l l e r  in  s w e a t  and  in t he  s y n t h e t i c  
m i x t u r e s  a k i n  to s w e a t  i n v e s t i g a t e d  in  t he  p r e s e n t  
s t u d y  t h a n  i t  was  in  B r a y  and  H u n t ' s  s tudies .  I t  
w a s  f e l t  b y  us  t h a t  t h e  m i x t u r e  effect  cou ld  b e  
n e g l e c t e d  sa fe ly ,  and  t h a t  t he  ionic  s t r e n g t h  p o s t u -  
l a t e  shou ld  b e  r e l i a b l e  w i t h i n  1% or  b e t t e r  in  t h e  

p r e s e n t  ins tance .  
The  ca l cu l a t i on  of the  i n t e r ion i c  a t t r a c t i o n  f ac to r  

S is bes t  i l l u s t r a t e d  b y  a n  e x a m p l e .  Cons ide r  a 
" p a r e n t  swea t  s a m p l e "  i n i t i a l l y  0.100N in c h l o r i d e  
ion. By  a 50- fo ld  d i lu t ion ,  th i s  is r e d u c e d  to  0.002N 
in t h e  " d i l u t e d  s w e a t  so lu t ion ."  The  A's of  p u r e  KC1 
a n d  NaC1 at  25~ are,  r e s p e c t i v e l y ,  128.96 and  
106.74 mho  cm ~ Eq -1 at  0.1N, a n d  145.80 a n d  122.70 
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Fig. 1. Interionic Gttroction foctor S for G 25 eq. % KCI : 75 
eq. % NoCI mixture as a function of di lution fQctor F, cli- 
luted sweat sQmple electrolyte concentration cd (in mil l iequivo- 
lents per liter), on(:] diluted somple conductivity Ld (in mi- 
cromhos per centimeter at 25~ 
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Table III. Typical sweat conductivity data for subjects with and 
without cystic fibrosis (25~ 

at  0.002N (4, 11).  T h e  S f ac to r  c a l c u l a t e d  f r o m  Eq. 
[3]  t h e n  t a k e s  on the  v a l u e  0.884, 0.881, 0.878, 0.874, 
and  0.870, as t h e  e q u i v a l e n t  r a t i o  of K C I : N a C 1  goes 
f r o m  100:0 to 75:25, 50:50, 25:75, a n d  0:100, 
r e spec t i ve ly .  A t  less  t h a n  50- foId  d i lu t ion ,  t h e  
s p r e a d  in S v a l u e s  is even  less.  Thus  the  S f ac to r  is 
an i n sens i t i ve  func t ion  of t he  a c t u a l  KC1 to NaC1 
ra t io .  T h e  25KC1 : 75NaC1 e q u i v a l e n t  r a t i o  was  
a r b i t r a r i l y  se lec ted  as r e p r e s e n t a t i v e  of t h e  b u l k  of 
swea t  samples ,  a n d  w a s  used  in  t he  cons t ruc t i on  of  
t h e  f a m i l y  of S cu rves  p l o t t e d  in  F ig .  1. Here ,  t he  S 
f ac to r  is g i v e n  as  a f u n c t i o n  of  two  v a r i a b l e s ,  t h e  
t o t a l  ch lo r ide  c o n c e n t r a t i o n  ca of t he  d i l u t e d  s a m p l e  
( in m E q / 1 ) ,  and  t h e  d i l u t i o n  f ac to r  F. I n  add i t ion ,  
each  c u r v e  (of  c o n s t a n t  c~) is iden t i f i ed  b y  the  a p -  
p r o p r i a t e  v a l u e  of  L~, t he  d i l u t e d  s a m p l e  c o n d u c -  
t i v i t y  ( in  m i c r o m h o s  p e r  c e n t i m e t e r  a t  25~ 
c a l c u l a t e d  f r o m  Eq.  [4] .  

In  p rac t i ce ,  t h e  i n t e r i on i c  a t t r a c t i o n  f ac to r  S is 
d e t e r m i n e d  as fo l lows.  The  a v a i l a b l e  e m p i r i c a l  d a t a  
on a n y  a c t u a l  s w e a t  s a m p l e  are,  as  a l r e a d y  noted ,  
t he  d i l u t e d  s w e a t  c o n d u c t i v i t y  L~-~  ( J o - - J ~ ) K  
a n d  the  d i l u t i o n  f ac to r  F.  The  v a l u e  of S is t hen  
r e a d  off the  cu rves  of Fig .  1, a t  t he  p r o p e r  v a l u e  of 
F, b y  v i s u a l  i n t e r p o l a t i o n  b e t w e e n  t h e  s e v e r a l  L~ 
va lues .  The  f inal  " c o r r e c t e d "  s w e a t  c o n d u c t i v i t y  L.~ 
is t hen  c a l c u l a t e d  as (Jo -- Jb)KFS. 

Sweat  Conduct iv i ty  

To e s t ab l i sh  the  v a l i d i t y  of  t he  i n t e r ion i c  a t t r a c -  
t ion  f ac to r  S, p u r e  s w e a t  s a m p l e s  w e r e  co l l ec ted  
f r o m  t h r e e  sub j ec t s  as d e s c r i b e d  a b o v e  and  the  con-  
d u c t i v i t y  of  u n d i l u t e d  and  d i l u t e d  p o r t i o n s  m e a s -  
u red .  T a b l e  I I  shows  t h e  d a t a  o b t a i n e d  fo r  one  of 
these  s a m p l e s  f r o m  a cys t ic  f ibrosis  p a t i e n t  w h o s e  
u n d i l u t e d  s w e a t  c o n d u c t i v i t y  was  m e a s u r e d  d i r e c t l y  

Table II. Comparison of observed and calculated sweat 
conductivities for a pure and diluted sweat sample (25.0~ 

cell constant K = 12.7 cm -1) (CF Subject No. 1693) 

La (observed) ,  L , '  (uncorrected) ,  L~ (corrected) ,  
/~mho/cm F S /~mho/cm /~mho/cm 

15,500" 1" 1" 15,500" 15,500" 
3430 5 0.918 17,150 15,740 
1780 10 0.893 17,780 15,880 

916 20 0.875 18,320 16,030 
352 50 0.87 17,590 15,300 

* Pure  undi lu ted sweat.  

Sweat conductivity 

La Inter ionic  Ls '  (uncor-  La 
Subject (observed) ,  Dilution a t t rac t ion rec ted) ,  (corrected) ,  

No. / anho /cm factor,  F factor,  S /~mho/em /~mho/cm 

A. For  Chi ldren  wi th  Cystic F ibros is  

474 229 47.43 0.879 10,860 9540 
505 1274 10.60 0.897 13,510 12,110 
532 550 21.31 0.896 11,720 10,500 
646 2655 5.36 0.920 14,240 13,090 
654 481 35.49 0.871 17,060 14,860 

B. Hea l thy  Chi ldren and those wi th  Miscel laneous 
Diseases (Control  Group)  

513 215 20.55 0.927 4420 4100 
520 477 11.48 0.941 5480 5150 
526 286 12.95 0.933 3710 3460 
650 103 57.69 0.912 5940 5420 
651 733 4.68 0.955 3430 3270 

C. S u m m a r y  of Swea t  Conduct iv i ty  Data  

Sweat  conduct iv i ty  

Group 
s tandard  

No. in Mean, deviat ion,  Range,  
Group group p~nho/cm ~ m h o / c m  ~tmho/cm 

Cystic (uncorrec ted)  
fibrosis 47 L, '  = 16,150 3500 9000-24,640 

(correc ted)  
L, = 14,380 3130 8030-21,260 

Control  (uncorrec ted)  
group 77 L, '  = 5560 2360 2080-14,380 

(corrected)  
L~ = 5080 2160 1970-13,340 

as 15,500 ~ m h o / c m .  T h e  s a m p l e  was  d i l u t e d  five to 
f i f ty - fo ld ,  a n d  t h e  c o n d u c t i v i t y  m e a s u r e d  aga in .  T h e  
u n c o r r e c t e d  " s w e a t  c onduc t i v i t i e s "  L /  c a l c u l a t e d  
b y  Eq. [1]  r a n g e d  f rom 17,150 to 18,320, a b o u t  11 
to 18% high.  A p p l i c a t i o n  of t he  S f ac to r  (Fig .  1) 
y i e l d e d  " c o r r e c t e d  s w e a t  c o n d u c t i v i t i e s "  Ls r a n g i n g  
f r o m  15,300 to 16,030, i.e., f r o m  1.3% low to 3.4% 
high,  t he  a v e r a g e  e r r o r  b e i n g  2.2% for  t h e  d i lu t i ons  
of  th is  one sample .  On  a l l  t h r e e  sub jec t s ,  u n c o r -  
r e c t e d  c o n d u c t i v i t i e s  L /  r a n g e d  f r o m  7 to 23% 
high;  v a l u e s  c o r r e c t e d  b y  use  of t he  S f ac to r  r a n g e d  
f r o m  2.7% low to 5.7% high ,  t h e  a v e r a g e  e r r o r  
b e i n g  3.3%. 

In  Tab le  III ,  t y p i c a l  s w e a t  c o n d u c t i v i t y  da ta ,  
o r i g i n a l l y  p r e s e n t e d  in  (1 ) ,  a r e  r e c a l c u l a t e d  f r o m  
Eq. [2]  e m p l o y i n g  the  i n t e r ion i c  a t t r a c t i o n  fac tor .  
T h e  mean ,  g roup  s t a n d a r d  dev ia t ion ,  and  r a n g e  of 
s w e a t  c o n d u c t i v i t i e s  for  77 sub j ec t s  in  a con t ro l  
g r o u p  and  47 p a t i e n t s  w i t h  cys t ic  f ibrosis  a r e  p r e -  
s en ted  in s u m m a r y .  I t  is n o t e d  t h a t  a s igni f icant  
c h a n g e  in  c o n d u c t i v i t y  v a l u e s  occurs  as a r e s u l t  of 
t h e  a p p l i c a t i o n  of  t h e  S fac tor .  T h e  c o r r e c t e d  v a l u e s  
can  be  used  as a bas is  for  a f u r t h e r  c o r r e l a t i o n  b e -  
t w e e n  c o n d u c t i v i t y  and  e l e c t r o l y t e  con ten t  c u r -  
r e n t l y  in  p rogres s .  

A c k n o w l e d g m e n t  

T h e  a u t h o r s  w i sh  to e x p r e s s  t h e i r  t h a n k s  to t he  
I n t e r n a t i o n a l  N icke l  C o m p a n y ,  Inc., of  N e w  York ,  
a n d  to t he  N a t i o n a l  Cys t i c  F i b r o s i s  R e s e a r c h  F o u n -  
d a t i o n  for  G r a n t s - i n - A i d  in s u p p o r t  of  th i s  w o r k .  
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The System LiF-LiCI, LiF-NaCI, LiF-KCI 
H. M. Haendler, P. S. Sennett, and C. M. Wheeler, Jr. 

Department of Chemistry, University of New Hampshire, Durham, New Hampshire 

ABSTRACT 

Liquid-sol id equi l ibr ium data for the systems LiF-LiC1, LiF-NaC1, LiF-KC1 
were obtained through the concentrat ion range 0-100 mole % LiF. These data 
were used to test the formula  

I 1 ~- x ~ ~ F ~  
T~,,. = Tm - 

2RTm In (1 - -  X) 
1 - -  L 

for the prediction of l iquidus temperatures.  Activities were calculated from ex- 
per imenta l  data by 

X_~f~- XA2' AF ~  

a~iA1 = (I -- X)MI" (i -- X)AI e 

It was shown that the activities of salt components can be calculated by this 
formula, if the difference in the sum of lattice energies of the reactants and 
products of mixing is not too large. 

Al though  phase  re la t ionsh ips  in  fused salt  sys tems 
have  been  s tud ied  for m a n y  years,  it is on ly  r ecen t ly  
tha t  the prac t ica l  appl ica t ions  of these  re la t ionsh ips  
have  become apparen t .  One p romis ing  n e w  app l ica -  
t ion  is in  the  pur i f ica t ion  and  separa t ion  of meta l s  by  
ex t r ac t ion  wi th  fused salt  med ia  (1).  Of pa r t i cu l a r  
in te res t  a re  sys tems con t a in ing  fused LiF  as one of 
the  components .  Botschwar  (2) and  B e r g m a n  (3) 
have  pub l i shed  da ta  for the sys tem LiF-LiC1. H o w -  
ever  these phase  d iagrams  are not  in  agreement ,  ex-  
h ib i t i ng  a difference in  l iqu idus  t e m p e r a t u r e s  over  a 
wide  concen t r a t i on  r ange  and  a subs t an t i a l  differ-  
ence in  the eutect ic  t e m p e r a t u r e  and  composi t ion.  
Flood (4) has repor ted  da ta  for the  sys tem LiF-KC1 
over  a l imi ted  concen t r a t i on  range.  The work  re -  
por ted  in  this paper  defines more  accura te ly  the sys-  
t em LiF-LiC1 and  ex tends  the repor ted  da ta  for the 
sys tem LiF-KC1 th rough  the  en t i re  concen t r a t i on  
range,  0-100 mole % LiF. This paper  also p resen t s  
new  data  for the  sys tem LiF-NaC1. 

In  add i t ion  to d e t e r m i n i n g  phase  d iagrams  for 
b i n a r y  sys tems of fused salt  systems,  it is also of in -  
teres t  to use these da ta  where  possible to d e t e r m i n e  
the  act ivi t ies  of the  sal t  componen t s  in  the b i n a r y  
systems.  A n  i m p o r t a n t  c o n t r i b u t i o n  to this  p r ob l e m 
has been  made  by  Flood (4, 5). His equa t ions  have  
b e e n  tes ted w i th  the  da ta  r epor ted  in  this  work.  For  

systems with components of similar lattice energies, 
Flood's equations for the determination of activities 
and prediction of liquidus temperatures are much 
better than the Clausius-Clapeyron equation for 
ideal solutions, when the Temkin model for ideal 
solutions is used. 

Experimental 
All  chemicals  were  r eagen t  grade  and  were  used 

af ter  d ry ing  w i t hou t  f u r t he r  puri f icat ion.  Mix tures  
were  p r epa red  by  accura te  we igh ing  of componen t s  
and  me l t i ng  in  a n icke l  sample  holder.  A gas s t i r r i ng  
device, descr ibed  by  Campbe l l  a nd  P r o d a n  (6) ,  was 
used for the LiF-LiC1 sys tem and  the  N a C l - r i c h  po r -  
t ion  of the LiF-NaC1 system. A n icke l  s t i r r ing  paddle  
connec ted  to a va r i ab l e  speed motor  was used for the 
L i F - r i c h  por t ion  of the LiF-NaC1 sys tem a nd  the  
en t i re  LiF-KC1 system. 

T e m p e r a t u r e s  were  m e a s u r e d  us ing  c h r o m e l - a l u -  
mel  thermocouples ,  ca l ib ra ted  at  the m e l t i n g  po in t  
of B u r e a u  of S t a nda r ds  samples  of a l u m i n u m  and  
zinc. The emf of the  the rmocoup le  was m e a s u r e d  by  
a L&N Type  G two poin t  r ecord ing  po t en t iome te r  
and  a Rub icon  Type  B po ten t iomete r .  

The samples  we re  hea ted  for ~/2 to 1 hr  at  100 ~ 
above the  expected  f reez ing  point .  W h e n  supercool -  
ing  was no t  a p roblem,  the c u r r e n t  t h r ough  the  f u r -  
nace  was comple te ly  t u r n e d  off a nd  the sample  was 
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al lowed to cool at the ra te  of abou t  2 0 ~  W h e n  
supercool ing  was  encoun te red ,  the  cooling ra te  was  
ad jus ted  to 5 ~  

There  was  no ev idence  tha t  the  n icke l  sample  
ho lder  reac ted  apprec i ab ly  w i th  the  melt .  The p u r e  
salts a p p a r e n t l y  a t t acked  the  cell to a lesser ex t en t  
t h a n  did m i x t u r e s  of i n t e r m e d i a t e  composit ion.  As an  
example  of the  ex t en t  of corrosion,  e lec t ro ly t ic  de -  
t e r m i n a t i o n  of n icke l  p re sen t  in  the LiF-LiC1 sys tem 
at  10 mole  % LiF, gave 0.08, 0.07, and  0.08% n icke l  in  
th ree  de te rmina t ions .  X - r a y  powder  p a t t e r n  da ta  
also subs t an t i a t ed  these resul ts .  

Resul ts  

The system L i F - L i C 1 . - - T e m p e r a t u r e - c o m p o s i t i o n  
da ta  were  ob ta ined  for the LiF-LiC1 sys tem over  the  
concen t r a t i on  r a n g e  0 to 100 mole  % LiF.  A n  eutect ic  
composi t ion  of 30.5 mole  % LiF  was  observed,  m e l t -  
ing at 501~ Botschwar  (2) r epor ted  20 mole  % 
LiF  at a eutect ic  t e m p e r a t u r e  485~ B e r g m a n  (3) 
repor ted  30.5 mole  % LiF, 484~ There  was no ev i -  
dence of c o m p o u n d  fo rma t ion  or of solid solut ions.  
The e x p e r i m e n t a l  da ta  are recorded  in  Tab le  I. 
F igu re  1 is a plot  of these data.  Also p lo t ted  are the  
theore t ica l  l iqu idus  curves  for solut ions  of this sys-  
tem, as ca lcula ted  f rom the  C l a u s i u s - C l a p e y r o n  
equat ion .  

The System L i F - N a C l . - - T e m p e r a t u r e - c o m p o s i t i o n  
da ta  were  ob ta ined  for the LiF-NaC1 sys t em over  the  
concen t r a t i on  r a n g e  0 to 100 mole  % LiF.  The  eu tec -  
tic for this  sys tem occurs at 41.5 mole  % LiF  and  
680~ The  phase d i a g r a m  for this  sys tem is s imi la r  
to tha t  for the  LiF-LiC1 system, exh ib i t i ng  a s ingle  
eutectic,  w i th  no ev idence  of c o m p o u n d  fo rma t ion  or 
solid solut ions.  

The 50-90 mole  % LiF  region  of this  sys tem p re -  
sented  cons iderab le  e x p e r i m e n t a l  difficulties because  
of supercool ing.  Supercool ing  a p p a r e n t l y  did no t  oc- 
cur  in  any  other  composi t ion  range.  T h e r m a l  ana lys i s  
of m i x t u r e s  i n  this  r ange  were  pe r fo rmed  in i t i a l ly  
us ing  a cell wi th  an  air  s t i r r i ng  device. Data  us ing  
this e q u i p m e n t  were  no t  r ep roduc ib le  and  va r i ed  
cons i s ten t ly  by  10~ f rom the da ta  r epor t ed  here.  
W h e n  a more  v igorous  m e c h a n i c a l  s t i r r i ng  device  
was used, supercool ing  became smal l  enough  so tha t  
r ep roduc ib le  resul t s  were  obta ined.  The  resul t s  ob-  
t a ined  whi le  us ing  the  mechan i ca l  s t i r re r  are i n -  

T H E  S Y S T E M  LiF-LiC1 ,  L iF -NaC1 ,  L i F - K C 1  

] I I I 

Table I. System LiF-LiCI 

T e m p e r a t u r e ,  ~ C 
C o m p o s i ~ o n ,  m o l e  % L i F  L l q u i d u s  E u t e ~ i c  

0.0 (100% LiC1) - -  610 
10.0 577 500 
20.0 538 499 
27.4 509 501 
29.0 504 501 
30.0 - -  501 
32.0 509 501 
36.9 543 502 
50.0 626 502 
70.0 723 502 
80.0 769 502 
90.0 805 502 
95.0 830 - -  

100.0 - -  848 
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cluded in  Tab le  II  s ince the i r  r ep roduc ib i l i t y  is con-  
s ide rab ly  bet ter .  The va lues  inc luded  in  Ta b l e  II  and  
p lo t ted  in  Fig. 2 for 50-90 mole  % LiF  are averages  
of th ree  d e t e r m i n a t i o n s  w i th  a m a x i m u m  difference 
of --2~ 

Tab le  II  records  the e x p e r i m e n t a l  da ta  for the  
sys tem LiF-NaC1.  F i g u r e  2 inc ludes  a plot  of these  
e x p e r i m e n t a l  da ta  and  the  theore t ica l  l iqu idus  
curves  for ideal  solut ions  of this sys tem as ca lcu la ted  
f rom the  C l a u s i u s - C l a p e y r o n  equa t i on  a nd  Flood 's  
equat ion .  

The System L i F - K C I . - - T h e  t e m p e r a t u r e - c o m p o s i -  
t ion  da ta  ob t a ined  for this  sys tem in  the  c o n c e n t r a -  
t ion  r a nge  0 - I00  mole  % LiF  are l is ted in  Tab le  I l l .  

A plot  of these da ta  is shown in  Fig. 3, w i th  the  
theore t ica l  l iqu idus  curves  for this  sys tem as p r e -  

Table II. System LiF-NaCI 

T e m p e r a t u r e ,  ~ 
Com pos i t i on ,  mo le  % L i F  L i q u i d u s  Eu tec t i e  

0.0 (100%NaC1) - -  802 
5.0 775 676 

10.0 752 679 
15.0 742 679 
20.0 729 681 
25.0 717 681 
30.0 704 681 
35.0 694 680 
40.0 - -  681 
50.0 700 - -  
60.0 720 - -  
70.0 740 - -  
80.0 764 680 
90.0 800 680 

100.0 - -  848 



266 JOURNAL OF THE ELECTROCHEMICAL SOCIETY March 1959 

~176 1 
[ Exper,ment al \ ,  | 

~ I - - - - -F lood  equat,on \ ,  

~ 80C 

w 

70O 

0 20  40  60 80 ~0 
MOL PERCENT LiF 

Fig. 3. The system LiF-KCI 

d i c t ed  b y  the  equa t i ons  of C l a u s i u s - C l a p e y r o n  and  
Flood.  This  s y s t e m  fo rms  a eu tec t ic  a t  20 mo le  % 
L i F  and  715~ F l o o d  (4)  does  no t  l i s t  specific e u t e c -  
t ic  d a t a  for  th is  sys tem,  b u t  his p h a s e  d i a g r a m  shows  
eu tec t ic  b e h a v i o r  cons i s t en t  w i t h  t h a t  w h i c h  was  o b -  
s e r v e d  in  th is  work .  As  w i l l  be  n o t e d  in  Fig.  3, t he  
l i q u i d u s  c u r v e  for  t he  p o t a s s i u m  c h l o r i d e  s ide  of the  
eu tec t ic  is f a i r l y  r e g u l a r  w i t h  a s l igh t  c u r v a t u r e .  On 
the  l i t h i u m  f luor ide  s ide of  t he  eutec t ic ,  h o w e v e r ,  t he  
l i q u i d u s  c u r v e  exh ib i t s  a po in t  of inf lect ion.  The  
shape  of th is  c u r v e  and  i ts  d e v i a t i o n  f r o m  the  gen -  
e r a l  shape  of t he  c o r r e s p o n d i n g  c u r v e  in the  p r e v i o u s  
two  sys t ems  can  be a c c o u n t e d  for  in two  ways .  

The  first  poss ib l e  e x p l a n a t i o n  of th is  c u r v e  is t h a t  
t he  two  c o m p o n e n t s  t e n d  t o w a r d  the  f o r m a t i o n  of an  
e q u i m o l a r  b i n a r y  compound .  This  w o u l d  accoun t  for  
the  a b r u p t  change  in  the  f r e e z i n g  po in t  n e a r  t he  
eu tec t i c  a n d  the  s low c h a n g e  of f r e e z i n g  po in t  w i t h  
compos i t i on  in t he  40-80 m o l e  % L i F  reg ion .  

A second  e x p l a n a t i o n  for  the  shape  of th is  t y p e  of 
phase  d i a g r a m  is g iven  b y  S i d g w i c k  and  E w b a n k  
(7) .  C u r v e s  of th is  shape  a r e  due  to a s u b m e r g e d  
m i s c i b i l i t y  gap.  This  m i s c i b i l i t y  gap  is u n s t a b l e  w i t h  
r e spec t  to t h e  l i q u i d u s  curve ,  t h a t  is, i t  occurs  a t  a 
l o w e r  t e m p e r a t u r e  t h a n  the  t i qu idus  curve .  P r e s u m -  
a b l y  i f  t he  m e l t  could  be  s u p e r c o o l e d  b e l o w  the  l i q -  
u idus  t e m p e r a t u r e ,  two  l iqu id  phases  in m e t a s t a b l e  
e q u i l i b r i u m  w o u l d  a p p e a r .  This  can  a c t u a l l y  be  ac -  
c o m p l i s h e d  in sys t ems  w h e r e  the  m i s c i b i l i t y  gap  is 
no t  f a r  b e l o w  the  l i q u i d u s  t e m p e r a t u r e .  I t  is a s s u m e d  
t h a t  sol id  s o l u b i l i t y  in these  sys t ems  is n e g l i g i b l e  

Table Ill, System LiF-KCI 

Temperature ,  ~ 
Composition, mole % LiF Liquidus  Eutec~c 

0.0 (100% KC1) - -  772 
5.O 747 

10.0 736 716 
15.0 722 714 
20.0 ~ 716 
25.0 732 
30.0 747 - -  
35.0 755 
46.4 767 714 
50.0 772 - -  
60.0 780 
65.0 783 - -  
80.0 795 713 
9O.0 8O5 712 
95.0 819 - -  

100.0 ~ 848 

s ince  none  of t he  e x p e r i m e n t a l  d a t a  i n d i c a t e d  a n y  
sol id  so lu t ion  format ion �9  

Discussion 
F r o m  a c o m p a r i s o n  of F ig .  1, 2, and  3 i t  can  be  seen  

t h a t  the  de v i a t i ons  f r o m  i d e a l i t y  on the  l i t h i u m  fluo- 
r i de  s ide  of the  eu tec t ic  i nc r ea se s  in t he  o r d e r  LiC1- 
NaC1-KC1. The  mos t  p r o n o u n c e d  d e v i a t i o n  occurs  in  
the  L i F - K C 1  s y s t e m  on the  l i t h i u m  f luor ide  s ide  of 
the  eutec t ic .  Of t he  t h r e e  sy s t e ms  s tud ied ,  i t  is to be  
expec ted ,  based  on t h e  in f luence  of ionic  sizes and  
r a d i u s  ra t ios ,  t h a t  t he  m a x i m u m  d e v i a t i o n  f r o m  
i d e a l i t y  w o u l d  a p p e a r  in  th is  sys tem.  The  a p p a r e n t  
t e n d e n c y  t o w a r d  t h e  f o r m a t i o n  of two  i m m i s c i b l e  
l i qu id  so lu t ions  is cons i s t en t  w i t h  the  h i g h e r  l a t t i ce  
e n e r g y  of  l i t h i u m  f luor ide  a n d  the  c onse que n t  h i g h e r  
a t t r a c t i v e  forces  o p e r a t i v e  in  t he  fused  sa l t  med ia .  

A n  i m p r o v e m e n t  ove r  t he  C l a u s i u s - C l a p e y r o n  
e q u a t i o n  for  c a l c u l a t i n g  the  l i qu idus  t e m p e r a t u r e  is 
g iven  b y  F l o o d ' s  e q u a t i o n  (4) .  

1 + X 2 AF~ ) 
T ... .  = T~ [1]  2RT,, In (1 - -  X )  

1 L 

Us ing  the  so lu t ion  r e a c t i o n  of KC1 in L i F  as an  e x -  
ample ,  t he  t e r m s  of th is  e q u a t i o n  h a v e  the  f o l l o w -  
ing  m e a n i n g :  w h e r e  •F ~ is s t a n d a r d  f ree  e n e r g y  
change  of the  r e a c t i o n  

KC1 -t- L i F - ~  LiC1 -]- K F  

L is m o l a r  hea t  of fus ion  of m a j o r  c o m p o n e n t  ( L i F )  ; 
Tr l i q u i d u s  t e m p e r a t u r e  of m e l t  of mo le  f r ac t i on  
X;  T,~, m e l t i n g  t e m p e r a t u r e  (deg rees  A b s o l u t e )  of 
m a j o r  c ompone n t ;  X, m o l e  f r a c t i o n  of m i n o r  c o m -  
p o n e n t  (KC1) ,  M~A~; 1 -  X, m o l e  f r ac t i on  of m a j o r  
componen t ,  M~AI. 

I t  is of i n t e r e s t  to d e t e r m i n e  the  ac t iv i t i e s  of t he  
sa l t  c o m p o n e n t s  of the  two  b i n a r y  sys t ems  L i F - N a C 1  
and  LiF-KC1.  The  m a j o r  c o m p o n e n t  of the  b i n a r y  
sa l t  m i x t u r e s  m a y  b e  c ons ide r e d  the  so lvent .  The  a c -  
t i v i t y  of the  so lven t  is r e l a t e d  to the  d e p r e s s i o n  in  
f r eez ing  po in t  of t he  so lven t  b y  the  equa t ion  (neg l i -  
g ib le  sol id  s o l u b i l i t y  a s s u m e d )  

L (  1 1 )  
In a~lA~ = -~- T~ T [2]  

w h e r e  a~lA1 is t h e  a c t i v i t y  of t he  m a j o r  c o m p o n e n t  
M1A1; L is the  h e a t  of fus ion  of t he  m a j o r  componen t ,  
cons ide red  to be  cons tan t ;  T~ is the  m e l t i n g  po in t  
of  the  m a j o r  c o m p o n e n t  in  t h e  p u r e  s ta te ;  a n d  T~ is 
t he  e x p e r i m e n t a l l y  o b s e r v e d  t e m p e r a t u r e  for  a so lu-  
t ion  of mole  f r a c t i o n  1 - -  X. 

The  a c t i v i t y  coefficient  ~ . ~  --  
(1 - -  X ) , , ( 1  - -X)A~ 

The  v a l u e  of aM~A1 is c a l c u l a t e d  f rom Eq. [2] .  The  
a c t i v i t y  coefficients c a l c u l a t e d  in th is  f a sh ion  w i l l  be  
ca l l ed  7 exp  in  th is  p a p e r .  

These  equa t i ons  p e r m i t  the  ca l cu l a t i on  of ac t iv i t i e s  
and  a c t i v i t y  coefficients f r o m  l i q u i d u s  c u r v e  t e m -  
p e r a t u r e s .  The  equa t i ons  d e v e l o p e d  b y  F l o o d  a re  i n -  
t e n d e d  to p r o v i d e  a m e a n s  of t h e o r e t i c a l l y  c a l c u l a t -  
ing  the  ac t iv i t i e s  and  l i qu idus  t e m p e r a t u r e s  for  a 
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b i n a r y  system, us ing  free energy,  hea t  of fusion,  a nd  
concen t r a t i on  data.  

For  the m i x i n g  M1A1 -~ M~A~ = M~A1 ~ M~A~, the  
ac t iv i ty  of M1A~ m a y  be  ca lcu la ted  us ing  Flood 's  
simplif ied f o r m u l a  

X.~ 2. XA 2' AFo/RT 
a~lA~ : (1 - -  X)M~- (1 --  X)A~.e 

whe re  AF ~ is the  s t a n d a r d  free ene rgy  change  for the  
reac t ion  as wr i t t en .  

The  ac t iv i ty  coefficient m a y  be ca lcu la ted  us ing  

in  ~ MIAI = X ~ .  XA~- AF~ 

The q u a n t i t a t i v e  compar i son  b e t w e e n  ca lcu la ted  
and  e x p e r i m e n t a l l y  d e t e r m i n e d  act ivi ty ,  ac t iv i ty  co- 
efficient, and  l iqu idus  t e m p e r a t u r e  va lues  is g iven  in  
Tab le  IV-VII .  

Table IV. System I.iF-KCI ([.iF as solvent) 

T ~  a 7 

( l - X )  L, F e x p .  ca l c~  e x D .  ca lc . "  e x p .  c a l c .  

1 1121 
0.95 1092 1089 0.93 0.92 1.03 1.02 
0.90 1078 1073 0.89 0.87 1.10 1.08 
0.80 1068 1074 0.86 0.87 1.34 1.38 
0.65 1056 1143 0.84 1.15 1.99 2.71 
0.60 1053 1178 0.83 1.32 2.30 3.69 
0.50 1045 1258 0.81 1.96 3.24 7.85 
0.46 1040 1288 0.80 2.33 3.78 11.00 
0.35 1028 1370 0.77 4.22 6.28 34.90 
0.30 1020 1435 0.75 5.61 8.33 62.70 
0.25 1005 1423 0.71 4.10 11.36 65.90 

Table V. System LiF-KCI (KCI as solvent) 

T ~  a 

( l -X)  KC l e x p .  t a l c .  e x p .  c a l c :  e x p .  c a l c .  

1 1045 
0.95 1020 1016 0.93 0.92 1.03 1.02 
0.90 1009 1002 0.90 0.88 1.11 1.09 
0.85 995 998 0.86 0.87 1.19 1.21 

Table VI. LiF-NaCI (LiF as solvent) 

T ~ a ~/ 

( l - X )  m F  e x p .  c a l c .  e x p .  c a l c .  e x p .  t a l c .  

1 1121 
0.90 1073 1060 0.88 0.89 1.08 1.04 
0.80 1037 1027 0.79 0.76 1.23 1.19 
0.70 1013 1015 0.74 0.74 1.51 1.51 
0.60 993 1018 0.69 0.76 1.91 2.15 
0.50 973 1029 0.64 0.82 2.56 3.29 

Table VII. LiF-NaCI (NaCI as solvent) 

T ~ a 'y 

( l - X )  ~aCI e x p .  c a l c :  e x p .  c a l c :  e x p .  c a l c .  

1 1075 
0.95 1048 1046 0.92 0.91 1.02 1.01 
0.90 1025 1024 0.85 0.85 1.05 1.05 
0.85 1015 1006 0.82 0.80 1.13 1.11 
0.80 1002 996 0.79 0.77 1.23 1.24 
0.75 990 990 0.75 0.75 1.33 1.34 
0.70 977 987 0.72 0.75 1.47 1.53 
0.65 967 988 0.69 0.76 1.63 1.80 
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F ree  energies  of fo rma t ion  and  heats  of fus ion  
were  t a ke n  f rom Na t iona l  B u r e a u  of S t a n d a r d s  Ci r -  
cu la r  500. 

The  d e v e l o p m e n t  of F lood 's  equa t i on  assumes  t ha t  
the  e n t r opy  condi t ion  of the  fused sal t  me l t  is tha t  of 
an  ideal  ion m i x t u r e ;  each ca t ion  is s u r r o u n d e d  by  
an ions  a nd  vice versa;  the cat ions as we l l  as the  
an ions  a re  s ta t i s t ica l ly  d i s t r i bu t ed  a t  r a ndom.  I n  
add i t ion  it  is a s sumed  tha t  the  hea t  of m i x i n g  is 
equa l  to zero. Thus  the ca lcu la ted  l iqu idus  t e m p e r a -  
t u r e  a nd  act ivi t ies  of the  componen t s  are  re la ted  
t h r ough  the free ene rgy  change  of m i x i n g  to the e n -  
t ropy  condi t ion  of the  mix tu re .  

In  a sys tem such as LiF  ~ NaC1 = LiC1 -{- Na F the  
difference in  la t t ice  energies  of the r eac t an t s  and  
p roduc t s  of m i x i n g  is m u c h  less t h a n  for the  sys tem 
Li F + K C1 = LiC1 § KF.  O ne  m a y  suppose, then ,  
tha t  the  e n t r o p y  condi t ion  r equ i r ed  b y  Flood 's  t r e a t -  
m e n t  w ou l d  more  n e a r l y  be a p p r o x i m a t e d  by  the  
LiF-NaC1 system. Consequen t ly  l iqu idus  t e m p e r a -  
t u r e  ca lcu la ted  by  his equa t ion  should more  closely 
cor respond to the  e x p e r i m e n t a l  t e m p e r a t u r e s  for this  
sys tem t h a n  for the  L iF-KC1 system,  in  which  a 
g rea te r  difference in  la t t ice  energies  is observed.  This  
is the case a n d  is ev iden t  f rom the  plots in  Fig. 2 and  
3. The  theore t i ca l ly  ca lcula ted  l i qu idus  curve  for the  
LiF-NaC1 sys tem is in  fa i r  a g r e e m e n t  w i t h  the ex-  
p e r i m e n t a l  cu rve  over  a wide  concen t r a t i on  range.  
However ,  in  the  LiF-KC1 sys tem large  posi t ive  dev i -  
a t ions  are observed  at concen t ra t ions  g rea te r  t h a n  
25 mole  % LiF.  A p p a r e n t l y  due to the  s t rong  i n t e r -  
ionic forces b e t w e e n  the  Li t a nd  F- ions, the  r a n d o m  
d i s t r i bu t i on  of cat ions  a nd  an ions  of the  Li § F-, K § 
C1- m i x t u r e  is no t  rea l ized  in  these  m o r e  concen-  
t r a t ed  solut ions.  I n  the  L i F - N a C I  sys tem the  b o n d  
energies  of the  products  of m i x i n g  more  n e a r l y  equa l  
those of the  reac tants .  This  should  p rov ide  for a 
more  r a n d o m  d i s t r i bu t ion  of the  Li  § F-, Na § C1- 
ions a nd  consequen t ly  for be t t e r  a g r e e m e n t  b e t w e e n  
theore t ica l  a nd  e x p e r i m e n t a l  act ivi t ies  a nd  l iqu idus  
t empera tu re s .  

F lood (4) has shown  tha t  the  act ivi t ies  of salt  
componen t s  w i th  lower  la t t ice  energ ies  can  be  ca l -  
cu la ted  accura te ly  wi th  his s implif ied theore t ica l  
fo rmula .  The  da ta  a nd  ca lcu la t ions  r epor ted  here  for 
the  LiF-NaC1 sys tem ind ica te  t h a t  the  f o r m u l a  can 
also be used w i th  fa i r  resu l t s  for a sys tem in  which  
the  la t t ice  energies  of the  componen t s  are large,  p ro -  
v id ing  the  difference in  the  s u m  of la t t ice  energies  of 
r eac tan t s  a nd  products  of m i x i n g  is no t  too great .  
For  sys tems in  which  the  difference in  la t t i ce  e n e r -  
gies of the  componen t s  is large,  the  f o r m u l a  fai ls  for 
solut ions  of even  m o d e r a t e  concent ra t ions .  

A c k n o w l e d g m e n t  

This  research  was  suppor ted  in  pa r t  by  the  Atomic  
E n e r g y  Commission~ 

Manuscript  received March 7, 1958. 

Any  discussion of this paper  wil l  appear in a Discus- 
sion Section to be published in the December 1959 
J O U R N A L .  
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Technical Notes @ 
Study of Magnetic Oxides by Cathode Rays 

S. Yamaguchi 

Scientific Research Institute, Tokyo, Japan 

The  p a t h  of ca thode  r a y s  is def lec ted  b y  a m a g -  
ne t ic  field ( L o r e n t z  e f fec t ) .  This  effect is o b s e r v a b l e  
in  the  e l e c t r o n  d i f f r ac t ion  p a t t e r n  o b t a i n e d  f r o m  a 
f e r r o m a g n e t i c  subs tance .  In  t he  p r e s e n t  s tudy ,  t he  
m a g n e t i c  s t a t es  of two  f e r r o m a g n e t i c  ox ides  w e r e  
i n v e s t i g a t e d  b y  m e a n s  of e l ec t ron  d i f f rac t ion .  

The  two  spec imens  e m p l o y e d  w e r e  f e r r o m a g n e t i c  
p u r e  n i c k e l  ox ide  (NiO)  a n d  an  ox ide  p e r m a n e n t  
m a g n e t  of p r a c t i c a l  use  (FelOn: NiO:  ZnO = 50: 15: 35 
b y  w e i g h t ) .  The  w e i g h t  of t he  s p e c i m e n  used  for  t he  
e x p e r i m e n t  was  abou t  1 rag. 

In  Fig.  1, t he  d i f f rac t ion  r i ngs  f rom a p o w d e r  of 
t he  n i cke l  ox ide  and  those  f r o m  a n o n f e r r o m a g n e t i c  
gold  foi l  a r e  p h o t o g r a p h e d  on the  s a m e  d r y  p l a t e  b y  
m e a n s  of doub le  exposu re .  In  th is  p rocedu re ,  the  
w a v e  l e n g t h  of the  e l e c t r o n  b e a m  a p p l i e d  a n d  the  
pos i t i on  of t h e  p h o t o g r a p h i c  p l a t e  w e r e  k e p t  f ixed.  
I t  is no t i c eab l e  in  Fig .  1 t h a t  t he  d i f f rac t ion  r i ngs  
f r o m  these  two  subs t ances  a r e  no t  co -cen t r i c .  This  
imp l i e s  t h a t  t he  p a t h s  of the  e l ec t rons  a r e  m a g n e t -  
i c a l l y  p e r t u r b e d  b y  the  f e r r o m a g n e t i c  spec imen .  

In  Fig .  2, t he  d i f f r ac t ion  r i ngs  f r o m  a n o n f e r r o -  
m a g n e t i c  a l u m i n u m  o x i d e  ( b S h m i t e )  (1)  and  those  
f rom the  gold  foi l  a r e  p h o t o g r a p h e d  b y  the  s a m e  
process  as for  Fig.  1. In  th is  p h o t o g r a p h  a l l  the  d i f -  

Fig. 2. Superposition of the diffraction patterns from 
bohmite and from gold. All the rings are co-centric. No 
korentz effect. 

Fig. 1. Superposition of the diffraction patterns from nickel 
oxide and from gold. Diffraction rings of the former and those 
of the latter are excentric as the result of korentz effect. 
Wave length, 0.0292A. Camera length, 495 ram. Positive 
enlarged 2.1 times. 

Fig. 3. Superposition of the diffraction patterns from the 
oxide magnet (Fe2Oa-NiO-ZnO) and from gold. Lorentz effect. 
Wave length, 0.0302A.. 

f r a c t i o n  r i ngs  a r e  co -cen t r i c ,  i.e., t h e r e  is no m a g -  
ne t ic  effect on the  e lec t rons .  F i g u r e  2 c o r r e s p o n d s  to 
the  r e s u l t  of a b l a n k  tes t  for  m a g n e t i c  ana lys i s .  

The  d i f f r ac t ion  p a t t e r n  of Fig.  3 was  o b s e r v e d  
f r o m  a p o w d e r  of the  ox ide  p e r m a n e n t  m a g n e t  and  
f r o m  the  gold foi l  in  t he  s a m e  w a y  as for  F ig .  1 and  
2. In  Fig .  3, the  d i f f r ac t ion  r i ngs  of t he  ox ide  and  
those  of gold  a r e  no t  co -cen t r i c .  
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F r o m  the  dif f ract ion figures thus  prepared ,  it  is 
possible to e s t ima te  the  s t r eng th  H of the  m a g n e t i c  
field g iven  by  the  f e r romagne t i c  oxide. 

or 

m v 
H ----- ----.Ax 

e IL 

h 
H -- - - .  Ax [1] 

eXlL 

where  e is e lec t ron  charge  (1.6 X 10 -~~ C G S E M U ) ;  
m, e lec t ron  mass;  v, ve loc i ty  of e lectrons;  L, c amera  
l eng th  (495 m m ) ;  h, P l a n c k ' s  cons tan t  (6.6 • 10 -~ 
erg sec) ;  l, w id th  of the  magne t i c  field ( abou t  0.5 
m m ) ;  X, w a v e  l eng th  of the  e lec t ron  wave ;  and  Ax, 
observed  deflection of the e lec t ron  beam.  

In  Fig. 1 and  Fig. 3, 
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AX = 0.2 m m  (X = 0.0292A) 
and  

• = 0.1 m m  (X = 0.0302A), 

respect ively .  
Accord ing  to Eq. [ 1 ], therefore ,  

H = 11.4 and  5.53 gauss, respect ively .  

I t  is thus  possible  to inves t iga te  f e r romagne t i c  oxides 
m a g n e t o c h e m i c a l l y  as wel l  as c rys ta l log raph ica l ly  
by  me a ns  of e lec t ron  diffraction.  

Manuscript  received Sept. 30, 1957. 

Any  discussion of this paper  wil l  appear in  a Discus- 
sion Section to be published in  the December 1959 
JOURNAL. 
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The Mechanism of Blackening of Nickel Anodes 
Thomas C. Franklin and Jack Goodwyn 

Chemistry Department, Baylor University, Waco, Texas 

In  the  process of deposi t ing  b lack  n icke l  us ing  a 
n icke l  wi re  anode and  cathode and  a modif icat ion of 
the ba th  used by Mol ine  (1) it was no ted  tha t  the 
anode as wel l  as the cathode became  black.  Meyer  
(2) gave the composi t ion  of solut ions  in  which  n icke l  
m a y  be b l ackened  w i thou t  pass ing  cur ren t ,  bu t  no 
m e n t i o n  was made  of the composi t ion  of the  b]ack 
coat ing nor  of the m e c h a n i s m  of its format ion .  Since 
the solut ions  used by  Meyer  and  Moline  were  s imi -  
lar,  the coat ings were  assumed  to be the  same. This 
paper  describes an  inves t iga t ion  on the composi t ion  
of the b lack  deposit  and  the m e c h a n i s m  by  which  it 
was formed.  

Experimental Methods and Results 

Composition of the anode coating.--The b a t h  used 
con ta ined  NiSO4.6H~O, 70 g / i ;  (NH~)~SO~, 37 g / l ;  
ZnSO4-7H~O, 34.3 g / l ;  and  KSCN,  17.9 g/ l ,  and  was  
opera ted  at  a pH of 5.0, a t e m p e r a t u r e  of 30~ and  
a cu r r en t  dens i ty  of 11 a m p / m r  Al l  chemicals  were  
r eagen t  grade.  To d e t e r m i n e  which  compone n t  of 
this  ba th  caused the  b l a c k e n i n g  of the  anode,  an 
aqueous  so lu t ion  of each componen t  was prepared ,  
ad jus ted  to a pH of 5.0 wi th  HC1, and  a smal l  piece 
of n icke l  w i r e  was  p laced  in  each solut ion.  The 
n icke l  wi re  in  the  so lu t ion  con t a in ing  po tas s ium 
th iocyana t e  d a r k e n e d  in  two days. W h e n  the pH 
was lowered  to 2.0, the  so lu t ion  d a r k e n e d  the  w i r e  
in  7 hr.  Wi th  c u r r e n t  passing,  bo th  solut ions  
d a r k e n e d  the  anode  w i t h i n  6 min .  None  of the  
solut ions  con t a in ing  the  other  componen t s  b l ac ke ne d  
the n icke l  wire.  The odor of H~S was not iced above 
those test  tubes  c o n t a i n i n g  po tas s ium th iocyana te .  

To iden t i fy  the  r eac t ion  which  l ibe ra t ed  the H~S, 
a series of test  tubes  was p r e p a r e d  w i th  moi s t ened  
lead ace ta te  pape r  fas tened  over  the  m o u t h  of each 
test  tube.  Each tube  con ta ined  20 ml  of water ,  1 g 
of po ta s s ium th iocyana te ,  and  2 ml  of concen t r a t ed  

HC1. To these  test  tubes  1 g por t ions  of d i f ferent  
subs tances  were  added and  the resul t s  were  noted.  
These  resul t s  a re  s u m m a r i z e d  in  Ta b l e  I. 

The  ye l low solid which  set t led out  of the b l a n k  
so lu t ion  (No. 1) was  a po lymer i za t i on  p roduc t  of 
th iocyanic  acid (3) .  Meta l  ions e v i d e n t l y  r e t a rd  
this  po lymer i za t i on  as ev idenced  by  the  fact tha t  
12 days  were  r equ i r ed  for the fo rma t ion  of crysta ls  
in  the  solut ions  con t a in ing  the  cobal t  and  n icke l  
ions and  tha t  15 days were  r equ i r ed  w i th  zinc ions 
present .  The b l a c k e n i n g  of the  lead aceta te  paper  
above  test  tubes  1, 4, 6, a nd  7 was due to H,_,S f rom 
the  hydro lys i s  of th iocyanic  acid. The  fact tha t  H~S 
was gene ra t ed  more  r a p i d l y  in  the solut ions  con-  

Table I. Effect of various materials on acidified potassium 
thiocyanate solutions 

M a t e r i a l  a d d e d  R e s u l t s  observed  

1. None Lead acetate paper blackened 
in  5 days. Yellow crystals 
precipitated in 12 hr 

2. Nickel wire Lead acetate paper blackened 
in 3 hr 

3. Tin  (II) chloride Lead acetate paper blackened 
in 3 hr. Brown precipitate 
formed in solution 

4. Zinc chloride Only slight darkening  of lead 
acetate paper in 3 days. 
Crystals formed in solution 
in 15 days 

5. Copper (II) chloride Black precipitate [copper(II)  
thiocyanate] formed in the 
solution immediate ly  

6. Cobalt (II) chloride Slight darkening of lead ace- 
tate paper in 3 days. Crys- 
tals formed in solution in 
12 days 

7. Nickel (II) chloride Slight darkening of lead ace- 
tate paper in 3 days. Crys-  
tals formed in solution in 
12 days 
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t a i n i n g  the  me ta l  ions t h a n  in  t he  b l a n k  was  due  to 
the  i n h i b i t i o n  of the  po lymer i za t i on  by  the  me t a l  
ions thus  m a k i n g  the  hydro lys i s  the  m a j o r  react ion.  
In  the  p re sence  of the  r educ ing  agents ,  t i n  ( I I)  
chlor ide and  n icke l  wire,  the  evo lu t ion  of H~S was 
m u c h  more  r ap id  and  proceeded by  a r ed uc t i on  
s imi la r  to the  fo l lowing:  

2CNS- Jr 2Sn ++-~ SnS~ + 2CN- -~ Sn ... .  

Both chemica l  tests and  x - r a y  dif f ract ion showed 
the  presence  of n icke l  sulfide in  the  anode coating.  

Mechanism oS ]ormation o] the anode coatings.-  
A n  e x a m i n a t i o n  of the  da ta  shows tha t  the  r e d u c -  
t ion  of the  th iocyan ic  acid b y  n icke l  wi re  p roduced  
a coat ing in  7 hr  whi le  the  anodic  r eac t ion  p roduced  
a coat ing  in  6 min.  I t  seems u n r e a s o n a b l e  t ha t  the  
n icke l  anode was  the  r educ ing  agent .  There fore  it  
was  pos tu la ted  tha t  the  n icke l  anode  was  oxidized 
to n icke l  (I)  and  these ions t h e n  acted as the r e -  
duc ing  agen t  on the  t h i o c y a n a t e  ion. K l e i n b e r g  (4) 
has pos tu la ted  a s imi la r  m e c h a n i s m  for the  anodic  
d isso lu t ion  of m a g n e s i u m  in  the  presence  of oxi -  
d iz ing agents .  

Because of the fo rma t ion  of n icke l  ( I I )  sulfide on 
the  anode,  i t  was  imposs ib le  to check cou lome t r i -  
cal ly  the  va l ence  of n icke l  as it  w e n t  into so lu t ion  
in  the  p resence  of the  t h iocyana t e  ion. To avoid this  
difficulty, the  n icke l  was  anodica l ly  oxidized in  
solut ions  con t a in ing  po t a s s ium b r o m a t e  in  place of 
the  th iocyana te .  Thus  the  va l ence  could be checked 
and  a n y  b r o m i n e  p roduced  by  the  r educ t ion  of the  
b r o m a t e  could be de tec ted  by  odor  a n d  by  its ab i l i ty  
to b leach  m e t h y l  red  indica tor .  The  electrolysis  was  
car r ied  out  in  a 400 m l  b e a k e r  con t a in ing  a 100 m l  
porous  po rce la in  cup as the  anode  c o m p a r t m e n t .  
Su l fu r ic  acid was  used r a t h e r  t h a n  HC1 in  order  to 
p r e v e n t  r eac t ion  b e t w e e n  the  ch lor ide  and  b r o m a t e  
ions. A n  o x y - h y d r o g e n  coulometer ,  mode led  af ter  

tha t  of L i n g a n e  (5) ,  was  used. The  po tass ium 
b r oma t e  was added  in  the form of a 0.1177M solu-  
tion. A n icke l  w i r e  of the same d i ame te r  and  l eng th  
as the  anode was  placed in  a solut ion iden t ica l  in  
composi t ion  to the  anode so lu t ion  and  was left  the re  
for the  d u r a t i o n  of each electrolysis .  The  smal l  
change  in  we igh t  of this b l a n k  was sub t r ac t ed  f rom 
the  change  in  we igh t  of the  anode  to give the exact  
loss of weight  due  to e lec t rolyt ic  oxidat ion.  Resul ts  
a re  g iven  in  Tab le  II. 

As can be seen, the  va l e nc e  of n icke l  anodica l ly  
dissolved in  H~SO, ave raged  2.02 ---- 0.03. However ,  
in  the  p resence  of po t a s s ium bromate ,  the  va lence  
of the n icke l  going in to  so lu t ion  dropped  be low two 
( runs  3-7 and  15-23).  It  wi l l  be no t iced  t h a t  on 
repea ted  use of the  b r o m a t e  so lu t ion  the  va lence  
rose t oward  two as the b r o m a t e  c onc e n t r a t i on  was  
lowered.  The  i n t roduc t i on  of a f resh so lu t ion  or the 
add i t ion  of more  b r o m a t e  a lways  caused the  va lence  
to drop. A t  the comple t ion  of each electrolysis,  it 
was found  tha t  the a no l y t e  had  a d is t inc t  odor of 
b r o m i n e  a nd  tha t  i t  w ou l d  b leach  m e t h y l - r e d  
readi ly .  I t  was  n o t  poss ib le  to m a k e  an  e x t e n d e d  
s tudy  since s l ight  changes  i n  c u r r e n t  dens i ty  or i n  
pH caused oxygen  to be evo lved  at  the anode.  

In  order  to es tab l i sh  f u r t h e r  the ex is tence  of 
n icke l  (I)  as an  i n t e r m e d i a t e  in  the  anodic  d issolu-  
t ion  of nickel ,  t he  n icke l  was  oxidized anodica l ly  at  
low c u r r e n t  densi t ies  (0.13 a m p / m  s) in  ace toni t r i l e  
con t a in ing  t e t r a m e t h y l a m m o n i u m  chlor ide  as a 
suppor t ing  electrolyte .  In  this  so lvent  corrosion was 
no t  possible. The  appa ra tu s  was  an  H - t u b e  w i th  the 
c o m p a r t m e n t s  separa ted  by  m e a n s  of a fine poros i ty  
s in te red  glass disk. The  t e m p e r a t u r e  was  m a i n -  
t a ined  at  7~ in  order  to m i n i m i z e  e lectro-osmosis .  
Resul ts  a re  s u m m a r i z e d  in  Tab le  III. I n  all  cases 
it  can  be seen t ha t  pa r t  of the  n i cke l  dissolves as 

n icke l  ( I ) .  

Table II. Effect of potassium bromate on the anodic dissolution of nickel in sulfuric acid solution 

C u r r e n t  C h a n g e  Loss  N - n u m b e r  
R u n  dens i ty ,  in  w t  of i n  w t  of D i s s o l u t i o n  of  F a r a d a y s  
No. E l e c t ro ly t e  a m p / m  ~ anode ,  g b l a n k ,  g t ime ,  r a in  p e r  m o l e  R e m a r k s  

1 0.171N H~SO, 8.40 0.0121 0.0012 30 2.00 
2 0.171N H~SO4 8.40 0.0084 0.0010 20 1.98 
3 0.171N H~SO, -{- 5 ml KBrO~ 8.40 0.0153 0.0005 30 1.48 
4 0.171N H~SO, + 5 ml  KBrO~ 8.40 0.0105 0.0010 20 1.54 
5 0.171N H~SO4 Jr 5 ml KBrO, 4.54 0.0093 0.0012 30 1.41 
6 0.171N H~SO4 -p 5 ml  KBrO, 8.40 0.0218 0.0044 70 1.17 
7 0.171N H~SO, -F 5 ml KBrO~ 8.40 0.0187 0.0027 60 1.17 
8 0.1676N H~SO4 4.72 0.0080 0.0005 40 2.02 
9 0.1676N H~SO, 4.44 0.0078 0.0006 40 1.97 

10 0.1N H~SO~ 2.83 0.0045 0.0003 40 2.05 
11 0.0378N H~SO, 2.88 0.0050 0.0004 40 1.98 
12 0.0378N H~SO, 2.88 0.0051 0.0007 40 2.06 
13 0.0378N H~SO, 4.60 0.0077 0.0004 40 2.05 
14 0.0378N H~SO, 4.60 0.0059 - -  30 2.06 
15 0.1046N H~SO, + 5 ml KBrO~ 2.77 0.0082 0.0015 50 1.64 
16 0.1046N H2SO~ + 5 ml  KBrO3 2.62 0.0072 0.0014 50 1.78 
17 0.1046N H~SO, -p 5 ml  KBrO~ 2.43 0.0060 0.0020 40 1.93 
18 0.1046N H~SO, n u 5 ml KBrOz 2.52 0.0070 0.0012 40 1.40 

19 0.1046N H:SO~ + 5 ml  KBrO~ 2.52 0.0069 0.0012 40 1.42 
20 0.1676N H,SO4 ~ 5 ml  KBrO~ 4.05 0.0100 0.0017 40 1.56 
21 0.1676N H:SO~ d- 5 ml  KBrO~ 4.20 0.0095 0.0025 40 1.90 
22 0.1676N H~SO, -t- 5 ml  KBrO~ 4.56 0.0110 0.0017 40 1.59 
23 0.1676N H~SO, + 5 ml KBrO~ 4.47 0.0112 0.0011 40 1.44 

Soln. 15 reused 
Soln. 16 reused 
Soln. 17 -~ 5 ml  

of KBrO~ 
Soln. 18 reused 

Soln. 20 reused 
Fresh soln. 
Fresh soln. 
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Table III. Anodic dissolution of nickel in acetonitrile containing 
tetramethyl ammonium chloride 

MECHANISM OF BLACKENING OF Ni ANODES 

N - n u m b e r  of  
To ta l  w e i g h t  loss,  g F a r a d a y s  p e r  m o l e  

0.0213 1.85 
0.0230 1.67 
0.0285 1.35 

F r o m  these  expe r imen t s  it was conc luded  tha t  the 
b lack  coat ing  fo rmed  on n icke l  anodes  in  ba ths  con-  
t a i n ing  t h iocyana t e  was  n i cke l  sulfide formed by the 
fo l lowing  series of reac t ions :  

Ni--> Ni + + e 

2Ni + + CNS---> NiS + CN- + Ni +~ 
These  reac t ions  migh t  also be expected to occur 

to some ex t en t  at the  cathode in  b lack  n icke l  p l a t i ng  
baths.  I t  is k n o w n  tha t  these b lack  cathodic pla tes  
con ta in  n icke l  sulfide. S a n b o r n  and  O r l e m a n n  (6) 
have  shown  the  fo rma t ion  of an  i n t e r m e d i a t e  Ni (I)  
ion d u r i n g  the  e lec t ro ly t ic  r educ t ion  of Ni ( I I )  in  
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concen t ra t ed  salt  solutions.  There fore  i t  is r ea son -  
able  to expect  tha t  p a r t  of the  n icke l  sulfide arises 
f rom the  above react ions.  
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ZnS Phosphors with P, As, Sb Coactivators 
E. F. Apple 

Research Laboratory, General Electric Company, Schenectady, New York 

In  Z n S : P ,  C1 and  ZnS:As,C1 phosphors  (1, 2) it  
is t hough t  t ha t  bo th  the  Group  V e l e m e n t  and  
chlor ine  occupy S sites in  the  ZnS  latt ice.  This  
conf igura t ion  gives rise to an  accep to r -donor  l u m i -  
ne scen t  sy s t em in  which  P and  As are  acceptors  or 
ac t iva tors  and  ch lor ine  is a donor  or coact iva tor  (3) .  
Emiss ion  spect ra  u n d e r  3650A exc i ta t ion  show a 
b road  b a n d  in  the ye l low wi th  P and  a b road  b a n d  
in  the y e l l o w - o r a n g e  w i th  As. 

If P or As or Sb is incorpora ted  in  ZnS  a long 
wi th  Cu, on ly  the  b lue  and  g reen  emiss ions  typ ica l  
of C u - a c t i v a t e d  ZnS  are  observed.  These  phosphors,  
which  con ta in  (before  f i r ing)  f rom 5 x 10 -6 to 5 x 10 -~ 
g -a toms  C u / m o l e  ZnS  wi th  equa l  to five t imes  as 
m u c h  Group  V e lement ,  are  p r e p a r e d  in  an  H~S 
s t r eam or in  a sealed, evacua ted  quar tz  t ube  a t  
950~ F i g u r e  1 shows the  emiss ion  spect ra  of ZnS:  
10-' Cu, 5 x 104 As both  u n d e r  3650A and  ca thode-  
r ay  exci ta t ion.  The  spect ra  of co r respond ing  ZnS:  
Cu,P and  ZnS:  Cu,Sb phosphors  are a lmos t  iden t ica l  
wi th  those shown.  Note tha t  u n d e r  c a t h o d e - r a y  ex -  
c i ta t ion  the  b lue  b a n d  d isappears  a lmost  comple te ly .  
This b l u e  emission,  wh ich  peaks at abou t  4450A, is 
p r o b a b l y  t h e " C u - b l u e "  emiss ion p rev ious ly  descr ibed  
in  the l i t e r a t u r e  (4, 5). The se l f - ac t iva ted  b lue  
emiss ion  in  cubic ZnS  peaks  a t  4600~ and  
has a m u c h  b roade r  h a l f - w i d t h  t h a n  the  b l u e  emis -  
s ion b a n d  in  ZnS :Cu ,As .  Inc reas ing  the t e m p e r a -  
t u r e  of p r e p a r a t i o n  of ZnS:  Cu,As causes an  increase  

in  the b l u e  emiss ion  and  decrease  in  the  g reen  emis-  
sion in tens i ty .  I t  should  be m e n t i o n e d  tha t  ZnS:  Cu, 
ZnS:  P, Z n S : A s ,  or ZnS:  Sb are  all  p rac t i ca l ly  n o n -  

l u m i n e s c e n t  w h e n  p repa red  in  H~S at 950~ 

The absence  of the  P - y e l l o w  and  A s - o r a n g e  
emissions in  Z n S : C u ,  P and  Z n S : C u ,  As, respec-  

ROOM TEMP 

j LIQUID N 2 TEMP 

uJ 

0 ~ ~  
4000 5000 6000 7000 

WAVELENGTH (A) 

F~g. 1. ZnS: 10-* Cu, 5 x ] 0 -r g-atoms As/mole ZnS; fired in 
H2S at 950~ A, 3650A excitation; B, CR excitation (15 
kv, 3/m/cm2). 

t ively,  ind ica tes  tha t  in  the p resence  of Cu the  
Group  V e l e m e n t  assumes a d i f fe rent  role t h a n  
w h e n  in  the presence  of halogens.  Because  of the  
s imi l a r i t y  in  emiss ion  to ZnS:  Cu,A1, in  which  A1 
is a donor,  it  is conc luded  tha t  the  Group  V e lements  
are donors  (coact ivators)  w h e n  incorpora ted  in  
ZnS  a long wi th  Cu, the  acceptor  or ac t iva tor .  I t  is 
p robab l e  tha t  the  Group  V e l emen t  occupies a Zn  
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s i t e  w h e n  i n c o r p o r a t e d  as a donor ,  a s i t ua t i on  not  
u n e x p e c t e d ;  As  and  Sb occupy  m e t a l  l a t t i c e  s i tes  
in s e v e r a l  t e r n a r y  sulf ides  w h o s e  s t r u c t u r e s  a r e  r e -  
l a t e d  to the  zinc b l e n d e  or  w u r t z i t e  modi f i ca t ions  of 
ZnS.  P h o s p h o r s  w i t h  G r o u p  V coac t i va to r s  have  
s l i g h t l y  w e a k e r  emiss ions  and  s h o r t e r  a f t e r g l o w s  
t h a n  those  w i t h  G r o u p  I I I  coac t i va to r s  such as A1. 
Also,  G r o u p  V e l e m e n t s  do not  g ive  r i se  to t h e  se l f -  
a c t i v a t e d  b lue  cen t e r  in ZnS.  

In  cova l en t  compounds ,  Sb (or  As )  u s u a l l y  fo rms  
on ly  t h r e e  s t rong  bonds  and  u s u a l l y  has  on ly  t h r e e  
n e a r e s t  ne ighbor s .  F o r  ins tance ,  Cu~SbS~ has  t h e  
z inc  b l e n d e  s t r u c t u r e  in  w h i c h  the  Cu a n d  Sb a t o m s  
occupy  m e t a l  s i tes  and  one q u a r t e r  of the  S s i tes  
a r e  vacan t .  CuSbS~ has  a m o r e  c o m p l i c a t e d  s t r u c -  
ture ,  r e l a t e d  to t h e  w u r t z i t e  s t r uc tu r e ,  in w h i c h  
each  Sb a t o m  fo rms  t h r e e  s t r o n g  p y r a m i d a l  bonds  
and  Cu four  t e t r a h e d r a l  bonds  to S a toms.  Sb2S~ 
i t se l f  has  a cha in  s t r u c t u r e  in w h i c h  each  Sb a t o m  
has  t h r e e  n e a r e s t - n e i g h b o r  S a toms.  Ar sen i c  fo rms  
s i m i l a r  c o m p o u n d s  w i th  c o r r e s p o n d i n g l y  c o m p l e x  
s t r u c t u r e s  (6) .  In  con t ras t ,  CuA1S2 and  A12S~ bo th  
have  s t r u c t u r e s  in w h i c h  the  m e t a l  a t o m s  a re  t e t r a -  
h e d r a l l y  b o n d e d  to fou r  e q u i d i s t a n t  S a t o m s  (7) .  
In  a d d i t i o n  to effects on l u m i n e s c e n t  processes ,  t h e  
d i f fe rences  in b o n d i n g  b e t w e e n  t e r n a r y  sulf ides  of 
A1 and  As  or  Sb m a y  be  r e s p o n s i b l e  for  the  m o r e  
l i m i t e d  so lub i l i t i e s  of  a d d e d  i m p u r i t i e s  in the  
p h o s p h o r s  con t a in ing  Cu a long  w i t h  t he  G r o u p  V 
e lement .  ZnS  p h o s p h o r s  con t a in ing  m o r e  t h a n  10 -3 
g - a t o m s  C u / m o l e  ZnS  and  equa l  to five t imes  as 
m u c h  P, As, or  Sb, h a v e  a v e r y  g r a y  body  color,  
and  a re  on ly  w e a k l y  l uminescen t .  P r e s u m a b l y ,  a 

m u l t i p h a s e  s y s t e m  exis ts .  H o w e v e r ,  ZnS :Cu ,A1  or  
ZnS:CuGaS~ p h o s p h o r s  c on t a in ing  10 -" Cu h a v e  a 
l i gh t  b o d y  color,  e x h i b i t  a f a i r l y  b r i g h t  g r e e n  l u m i -  
nescence ,  and  a r e  s ingle  p h a s e  sy s t e ms  (8, 9) .  

In  s u m m a r y ,  i t  has  been  s h o w n  t h a t  P, As, and  
Sb m a y ,  u n d e r  spec ia l  condi t ions ,  f unc t ion  as  co-  
a c t i v a t o r s  in ZnS  phosphor s .  W h e t h e r  the  G r o u p  V 
e l e m e n t  acts  as an a c t i v a t o r  and  s u b s t i t u t e s  on S 
s i tes  or  a c o a c t i v a t o r  and  subs t i t u t e s  on Zn  s i tes  
d e p e n d s  on w h i c h  t y p e  of c o m p e n s a t i n g  i m p u r i t y  is 
i n c o r p o r a t e d  s i m u l t a n e o u s l y .  In  t h e  p re sence  of 
ha logen ,  the  s u b s t i t u t i o n  occurs  at  S sites,  w h e r e a s  
w i t h  Cu i t  occurs  at  Zn si tes .  

P r e l i m i n a r y  e x p e r i m e n t s  i nd i ca t e  t h a t  P, As, and  
Sb a re  also c oa c t i va to r s  in ZnS  p h o s p h o r s  c on t a in ing  
A g  or  A u  ac t iva to r s .  

Manuscr ip t  received Sept. 25, 1958. 

Any  discussion of this pape r  wi l l  appear  in a Discus-  
sion Section to be publ i shed  in the  December  1959 
JOURNAL. 
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Titanium Coatings on Molybdenum Wire 

Robert L. Bronnes 

Philips Laboratories, Irvington-on-Hudson, New York 

In  an  e l e c t r o n  tube ,  t h e  l eve l  of p r i m a r y  g r id  
emiss ion  is d e p e n d e n t  on m a n y  fac tors ,  i n c l u d i n g  
g r id  and  c a t h o d e  t e m p e r a t u r e s ,  r a t e  of s u p p l y  of 
e v a p o r a t i o n  p r o d u c t s  f r o m  e m i t t e r  m a t e r i a l  in the  
ca thode ,  and  evo lu t i on  of  gases.  E s p e r s e n  a n d  Rogers  
of t h e s e  L a b o r a t o r i e s  h a v e  shown  t h a t  t h e  emis s ion  
l eve l  m a y  be  l o w e r e d  b y  con t ro l l i ng  g r id  t e m p e r a -  
t u r e s  and  b y  choos ing  g r id  m a t e r i a l s  w h i c h  a r e  no t  
r e a d i l y  a c t i v a t e d  b y  c o n t a m i n a t i o n  w i t h  e v a p o r a -  
t ion  p r o d u c t s  f r o m  the  ca thode  (1) .  T i t a n i u m ,  in 
c o m p a r i s o n  to m o l y b d e n u m  and  o t h e r  c o m m o n l y  
used  gr id  ma t e r i a l s ,  is r e m a r k a b l y  i n sens i t i ve  to 
such  ac t iva t ion ,  bu t  does  no t  h a v e  suff icient  h i g h -  
t e m p e r a t u r e  r i g i d i t y  to m a i n t a i n  t h e  a n o d e - g r i d -  
ca thode  spac ings .  In  o r d e r  to c o m b i n e  the  l o w - l e v e l  
emiss ion  c h a r a c t e r i s t i c s  of t i t a n i u m  w i t h  t h e  r i g i d i t y  
of m o l y b d e n u m ,  a m e t h o d  was  d e v e l o p e d  for  d e -  

pos i t i ng  a l a y e r  of t i t a n i u m  on m o l y b d e n u m  b y  the  
e v a p o r a t i o n  of m e t a l l i c  t i t a n i u m .  

Apparatus and Method 
The  m a t e r i a l s  r e q u i r e d  a r e  0.010-in.  m o l y b d e n u m  

wire ,  0.010-in.  t i t a n i u m  wire ,  and  a 0.020-in.  he l i ca l  
t u n g s t e n  w i r e  h e a t e r  coil  h a v i n g  a d i a m e t e r  of 
0.5-in.  a n d  8 c o m p l e t e  tu rns ,  1-in.  long.  T h e  s teps  
r e q u i r e d  are :  

1. D e g r e a s e  t h e  m o l y b d e n u m ,  tungs t en ,  and  
t i t a n i u m  wi re s  in acetone.  

2. H y d r o g e n - f i r e  the  m o l y b d e n u m  and  t u n g s t e n  
w i r e s  a t  l l 0 0 ~  fo r  30 ra in  to r e m o v e  s u r f a c e  con-  
t a m i n a t i o n  a n d  r e d u c e  su r f a c e  oxides .  

3. M o u n t  t he  m o l y b d e n u m  w i r e  v e r t i c a l l y  on a 
b u l b  s t em ins ide  t he  t u n g s t e n  coil.  A p p r o x i m a t e l y  
50 m g  of t i t a n i u m  w i r e  a r e  w r a p p e d  u n i f o r m l y  
a r o u n d  the  t u n g s t e n  coil. 
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Fig. 1. Evaporation assembly 

wire  is he ld  at 900~ s lowly raise the  t e m p e r a t u r e  
of the  t u n g s t e n  hea te r  coil to a few degrees  above 
the m e l t i n g  po in t  of t i t a n i um.  M a i n t a i n  a v a c u u m  
of ca 6 x 10 -~ m m  Hg, and  hold  at this  t e m p e r a t u r e  
for 5 min .  Af te r  the  hea te r  coil has  cooled down,  a 
v a c u u m  of ca 6 x 10 -7 m m  Hg should  be obta ined .  
Since the glass enve lope  wi l l  become opaque  d u r i n g  
the  evapora t ion  of t i t an ium,  the  t e m p e r a t u r e  of the  
m o l y b d e n u m  wi re  can be m a i n t a i n e d  only  by  
re fe rence  to the  power  r e q u i r e m e n t s  no ted  in  Step 
No. 7. 

9. Raise the  t e m p e r a t u r e  of the  m o l y b d e n u m  
wi re  to 1600~ by  us ing  the power  r e q u i r e m e n t s  
no ted  in  Step No. 6. Hold for 1 min .  

10. Al low the  a s sembly  to cool down  a nd  r emove  
f rom the  v a c u u m  pump.  

Fig. 2. Titanium coated molybdenum wire. Original mag- 
nification 900X. 

4. Tho rough ly  degrease  the  as sembly  in  t r i ch lo r -  
e t h y l e n e  vapor .  

5. Seal  the a s sembly  in  a glass enve lope  (Fig. 1), 
m o u n t  on a v a c u u m  pump,  evacuate ,  and  b a k e - o u t  
at 450~ for 1 hr. A v a c u u m  of ca 2 x 10 7 m m  Hg 
should be obta ined .  

6. Raise the  t e m p e r a t u r e  of the  m o l y b d e n u m  
wire  to 1600~ 1 for degassing,  wh i l e  m a i n t a i n i n g  a 
v a c u u m  of at  leas t  6 x 10 -5 m m  Hg. Degas u n t i l  a 
v a c u u m  of ca 2 x 10 -~ m m  Hg is obta ined.  Note 
power  r equ i r emen t s .  

7. Lower  the  t e m p e r a t u r e  of the  m o l y b d e n u m  
wi re  to 900~ A v a c u u m  of ca 6 x 10 -7 m m  Hg 
should be obta ined.  Note power  r equ i r emen t s .  

8. Whi le  the  t e m p e r a t u r e  of the  m o l y b d e n u m  

1 A l l  t e m p e r a t u r e s  a r e  u n c o r r e c t e d ,  as  m e a s u r e d  w i t h  a L&N 
o p t i c a l  p y r o m e t e r .  

Resu l t s  and Discussion 

Smooth,  u n i f o r m  coat ings have  been  ob ta ined  by  
this  me thod  wi th  good r ep roduc ib i l i t y  of resul ts .  
B ond i ng  occurs d u r i n g  deposi t ion  and  d u r i n g  final 
he a t i ng  by  the  f o r m a t i o n  of a m o l y b d e n u m - t i t a n i u m  
alloy. The  t i t a n i u m  coat ing and  a l loyed region  are  
c lear ly  v is ib le  in  Fig. 2. 

If the  pa r t s  have  been  ca re fu l ly  processed and  a 
good v a c u u m  m a i n t a i n e d ,  the  coat ings wi l l  be  of 
good phys ica l  in tegr i ty ,  f i rmly  bonded  and  adhe ren t  
to the  m o l y b d e n u m ,  and  sufficiently duct i le  so t ha t  
r u p t u r i n g  wi l l  not  occur on modera t e  flexing. 

Whi l e  this  process has been  descr ibed  as a labo-  
r a to ry  procedure ,  it  is possible to mod i fy  the  ap-  
pa r a t u s  to p e r m i t  con t inuous  process ing of wi re  in  
a ny  des i red lengths .  

Manuscript  received Oct. 20, 1958. 

Any  discussion of this paper  wil l  appear in a Discus- 
sion Section to be published in  the December 1959 
J O U R N A L .  
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Batteries with Solid Ion Exchange Electrolytes 

I. Secondary Cells Employing Metal Electrodes 

W. T. Grubb 

Research Laboratory, General Electric Company, Schenectady, New York 

ABSTRACT 

Highly  conduct ing ion exchange po lymers  can be employed  as solid e lec t ro-  
lytes  in bat ter ies .  Their  res is t ivi t ies  are  in te rmedia te  be tween  aqueous elec-  
t ro ly tes  and the  usual  inorganic  solid e lectrolytes .  Cells containing pa i rs  of 
meta l  e lectrodes behave  revers ibly .  Their  emf's  form an addi t ive  series for  the 
examples  tes ted and are  only s l ight ly  less than those of the i r  aqueous analogs. 

In  th is  p a p e r  the  p h r a s e  i o n - e x c h a n g e  b a t t e r y  is 
used  to deno te  a g a l v a n i c  cel l  in w h i c h  the  e l e c t r o -  
l y t e  is a sol id  ( a l t h o u g h  s o m e w h a t  h y d r a t e d )  ion -  
i ca l ly  conduc t i ng  ion iz ing  p o l y m e r  of the  t y p e  c o m -  
m o n l y  ca l l ed  ion e x c h a n g e  res ins .  In  these  m a t e r i a l s  
the  se l f -d i f fus ion  r a t e s  and  ionic  conduc t ances  a r e  
s i m p l y  i n t e r r e l a t e d  as has  been  d e m o n s t r a t e d  b y  
C o r y e l l  a n d  S p r e g l e r  (1 ) .  

Ion  e x c h a n g e r s  h a v e  been  used  as s e p a r a t i n g  
m e m b r a n e s  in cel ls  con t a in ing  two  or  m o r e  e l ec -  
t r o l y t e  c o m p a r t m e n t s  such as t he  Dan i e l l  cel l  d i s -  
c losed b y  J u d a ,  et al. (2)  and  the  c o n c e n t r a t i o n  b a t -  
t e r y  p r o p o s e d  b y  M e y e r  (3) .  T h e y  h a v e  b e e n  e m -  
p l o y e d  to depo l a r i z e  cel ls  b y  r e m o v i n g  a r e a c t i o n  
p r o d u c t  (4, 5) .  T h e y  h a v e  been  e m p l o y e d  to s u p p l y  
a r e a c t i n g  ion to the  cel l  r eac t ion .  F o r  e x a m p l e ,  
R o b i n s o n  (6)  has  d i sc losed  the  use  of a p e r m a n g a -  
na t e  an ion  e x c h a n g e  res in  as a ca thode  d e p o l a r i z e r  
in an  ana log  of t he  Lec lanch~  cell .  

The  p r e s e n t  i n v e s t i g a t i o n  has  been  conce rned  w i t h  
the  ion e x c h a n g e  p o l y m e r s  ac t ing  as e l e c t r o l y t e s  
w h e r e i n  t he  c u r r e n t  is e n t i r e l y  conduc t ed  b y  the  
ion iz ing  p o l y m e r  i tself .  A t  the  s ame  t i m e  it  m a i n -  
t a ins  t he  p h y s i c a l  s t r u c t u r e  of t he  cell .  The  ro l e  of 
the  ion  e x c h a n g e r  is ana logous  to t h a t  of a s i lve r  
h a l i d e  in  t h e  m o r e  c o n v e n t i o n a l  t y p e  of s o l i d - e l e c -  
t r o l y t e  cel ls  (7) excep t  t ha t  t he  c o n d u c t a n c e  is 
s e v e r a l  o r d e r s  of m a g n i t u d e  h igher .  Also,  t h e r e  a r e  
m o r e  poss ib i l i t i e s  for  t he  i o n - e x c h a n g e  b a t t e r y  s ince 
the  m o b i l e  ion m a y  be  se lec ted  a t  w i l l  s i m p l y  b y  e x -  
chang ing  the  e l e c t r o l y t e  in to  a s u i t a b l e  ionic  s ta te .  

Materials and Methods 
Ion exchange membranes . - -Synthe t ic  p o l y m e r s  

con t a in ing  s t r o n g l y  ion ized  su l fona t e  g roups  w e r e  
used.  A r e v i e w  (8) of t he  t y p i c a l  i o n - e x c h a n g e  p r o p -  
e r t i e s  a n d  s t r u c t u r e s  m a y  be  f o u n d  he lp fu l .  P a r t i c u -  
l a r  use  was  m a d e  of  i o n - e x c h a n g e  m e m b r a n e s  w h i c h  
consis t  of shee ts  of i o n - e x c h a n g e  p o l y m e r  v e r y  r e -  
s i s t an t  to d i r e c t  flow of l i qu ids  b u t  h i g h l y  p e r m e a b l e  
to ions. Two  c o m m e r c i a l  m e m b r a n e s  w e r e  e m p l o y e d :  
A m b e r p l e x  C - l ,  1 a s u l f o n a t e d  p o l y s t y r e n e  r e s i n  
f inely  c o m m i n u t e d  a n d  he ld  in a m a t r i x  of an  i n e r t  
p o l y m e r ;  and  N e p t o n  CR-51,  ~ a h o m o g e n e o u s  shee t  

1 R o h m  & Haas  Co., R e s i n o u s  P r o d u c t s  Div. ,  P h i l a d e l p h i a ,  Pa. 
2 Ionics ,  Inc. ,  C a m b r i d g e ,  Mass .  

of s u l f o n a t e d  p h e n o l  f o r m a l d e h y d e  p o l y m e r .  These  
two  m e m b r a n e s  possess  s o m e w h a t  d i f fe ren t  e l ec t r i ca l  
and  m e c h a n i c a l  p rope r t i e s .  H e r e a f t e r  t h e y  a r e  r e -  
f e r r e d  to as A m b e r p l e x  a n d  N e p t o n  m e m b r a n e s ,  
r e spec t i ve ly .  
Conditioning of membranes.---The i o n - e x c h a n g e  
m e m b r a n e s  w e r e  c o n v e r t e d  into  a d e s i r e d  ionic  f o r m  
b y  success ive  e q u i l i b r a t i o n  in  s e v e r a l  p o r t i o n s  of a 
so lu t ion  of t he  ca t i on  in  ques t ion  as d e s c r i b e d  b y  
Juda ,  et al. (9) .  In  a l l  cases, t he  " f r e e "  e l e c t r o l y t e  
was  r e m o v e d  b y  e x t e n s i v e  w a s h i n g  w i t h  d i s t i l l ed  
w a t e r .  In  s e v e r a l  cases t he  m e m b r a n e  w a s  equ i l i -  
b r a t e d  w i t h  w a t e r  in e t h y l e n e  glycol ,  u s ing  a l a rge  
excess  of so lu t ion  and  e q u i l i b r a t i n g  for  24 h r  o r  
more .  The  so lu t ion  con t a ined  12.0% b y  w e i g h t  of 
w a t e r  or  a mo le  f r ac t i on  of 0.32. The  w a t e r - e t h y l e n e  
g lyco l  s y s t e m  obeys  R a o u l t ' s  l a w  (10) a p p r o x i m a t e l y .  
Solvating liquids.-a~Laboratory d i s t i l l ed  (p ~ 500,000 
o h m - c m )  w a t e r  was  e m p l o y e d  as t he  aqueous  so l -  
v a t e  to s a t u r a t e  t he  m e m b r a n e s .  E t h y l e n e  glycol ,  
U.S.P.  g rade ,  was  r e d i s t i l l e d  a t  r e d u c e d  p r e s s u r e  

u n d e r  d r y  N~ a t m o s p h e r e .  

Cell construction.--Two cel l  c ons t ruc t i on  m e t h o d s  
have  been  e m p l o y e d  in th is  work .  F o r  h i g h - a r e a  cel ls  
(A --~ 10 cm ~) t he  m e t a l  foi ls  h a v e  been  b a c k e d  up  
b y  1/2-in. p l e x i g l a s  b locks ,  a n d  the  e l e c t r o l y t e  has  
been  sea led  f r o m  e v a p o r a t i o n  b y  s u r r o u n d i n g  i t ' w i t h  
a s i l icone  r u b b e r  gaske t .  In  t hese  cells,  t he  e l e c t r o -  
l y t e  o v e r l a p s  t he  e l ec t rodes  to p r e v e n t  a n y  poss i -  
b i l i t y  of edge  shor t ing .  L o w - a r e a  cel ls  (A = 0.3 cm ~) 
w e r e  c o n s t r u c t e d  in  t r u b o r e  t u b i n g  (1/2 in. I D ) .  I n  
th is  case t he  e l e c t r o d e  and  the  e l e c t r o l y t e  do no t  
o v e r l a p  b u t  a r e  of t he  s a m e  size, b e i n g  cu t  w i t h  t he  
s ame  p u n c h  a n d  die.  D a t a  o b t a i n e d  on  the  two  sizes 
of cel ls  w e r e  m u t u a l l y  cons is ten t .  

The  m e t a l s  w e r e  of c o m m e r c i a l  p u r i t y ,  e x c e p t  for  
coppe r  w h i c h  was  o x y g e n - f r e e .  

Electrical measurements.--Potential  m e a s u r e m e n t s  
w e r e  u s u a l l y  m a d e  w i t h  a Rub i c on  p o t e n t i o m e t e r  to 
the  n e a r e s t  mi l l i vo l t .  C u r r e n t s  w e r e  o b t a i n e d  to 
abou t  1/2 % us ing  a Sens i t i ve  I n s t r u m e n t  Co. p o l y -  
r a n g e r .  These  m e a s u r e m e n t s  a r e  a d e q u a t e  to  t h e  
p u r p o s e  at  hand .  

275 
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Fig. 1. Schematic diagram of salver-zinc cell. Left, un- 
charged cell, emf 0.8-1.2 v, right, charged cell, emf 
1.4-1.5 v. 

Results 
A m o n g  the possible combina t ions  of e lectrode and  

i o n - e x c h a n g e r  electrolyte ,  those in  which  a me t a l  
is in  contact  wi th  an  e lec t ro ly te  con ta in ing  ions of 
the same me ta l  coord ina ted  wi th  the fixed sites on 
the po lymer  are p r o b a b l y  the  simplest .  Whi le  these 
migh t  be cons t ruc ted  as p r i m a r y  cells by  the use of 
two meta l s  and  two i o n - e x c h a n g e  m e m b r a n e s  in  ap-  
p ropr i a t e  ionic state, a s imple r  me thod  is to fo rm 
such a cell by  cha rg ing  a s ing le -e lec t ro ly te  cell. The 
process is shown d i a g r a m m a t i c a l l y  in  Fig. 1. The cell 
in i t i a l ly  conta ins  an  e lect rolyte  in  the zinc s tate  be -  
tween  zinc and  s i lver  foils. The  charg ing  c u r r e n t  
produces  a s i lver  ion region  nex t  to the s i lver  elec- 
trode. 

In  order  to prove  the  n a t u r e  of the charg ing  proc-  
ess, the cell was  set up as in  Fig. 1 and  charged wi th  
a k n o w n  c u r r e n t  for a m e a s u r e d  t ime  in te rva l .  I t  was  
t h e n  disassembled,  the e lec t rolyte  washed,  and  a n a -  
lyzed. The tota l  charge i n p u t  was 2.00 ma  for 4.08 
hr, co r respond ing  to 32.8 mg  Ag. The ana lys i s  for 
to ta l  s i lver  in  the m e m b r a n e  was 32.0 mg  Ag, i nd i -  
ca t ing  q u a n t i t a t i v e  a g r e e m e n t  w i t h i n  the e r ror  of 
m e a s u r i n g  the  tota l  charge.  

Both phenol ic  (Nepton  type)  and  po lys ty rene  
( A m b e r p l e x  type)  e lect rolytes  were  employed  in  
s i lve r -z inc  cells. M e a s u r e m e n t s  of cell vol tage  as a 
f unc t i on  of both  cha rg ing  and  of d i scharg ing  c u r r e n t  
revea l  tha t  the emf is a l i nea r  func t ion  of the  cu r -  
rent ,  w i th  the  l ine  pass ing  smoothly  t h rough  the zero 
c u r r e n t  axis, as seen f rom rep re sen t a t i ve  plots in  

1,6 
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Fig. 3. EMF vs. current  for  Nepton membrane cells. Num- 
bers on curves refer to exper iment  numbers in Table I. 
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Fig. 2. EMF vs. current  fo r  Amberp lex  membrane cells. 
Numbers on curves refer to exper iment  numbers in Table I. 

Fig. 2 and  3. Tab le  I identif ies the composi t ions  and  
d imens ions  of the var ious  cells, and  the first co lumn  
refers  to the appropr i a t e  curve  of Fig. 2 and  3. Data  
were  ob ta ined  at 25 ~ • 0.05~ 

In  every  case the  cell was  charged at  2.0 m a  for 
30 min.  F r o m  the m e a s u r e d  capaci ty  da ta  for the H + 
form of the ion exchange  m e m b r a n e s ,  this a m o u n t  of 
charge  supplies  the more  noble  me ta l  ion to abou t  
4% of the sites in  the  e lec t ro ly te  ( the m e m b r a n e  
capacit ies  per  u n i t  vo lume  are s imi la r  for A m b e r -  
p lex  and  Nepton  m e m b r a n e s ) .  The da ta  of Fig. 2 and  
3 are the emf va lues  af ter  abou t  10 sec on the g iven 
load (or charge) .  

I t  migh t  be  supposed tha t  concen t ra t ion  pola r iza-  
t ion is p r e ve n t e d  by  the n a t u r e  of the ion exchanger  
e lec t ro ly te  since the d i s t r i bu t ion  of ions and  the i r  
concen t ra t ions  are held  n e a r l y  cons tan t  by  the i m -  
mobi le  po lymer  ne twork .  However ,  concen t ra t ion  
po la r iza t ion  ac tua l ly  does occur in  the p resen t  cells 
w h e n  they  are placed on heav ie r  loads for short  t ime  
in te rva ls .  This m a y  be caused by  solvate m o v i n g  
wi th  the ions as h y d r a t i o n  shells  (11).  

The p resen t  cells are  ana logous  to cells wi th  l iqu id  
j unc t ions  in  conven t iona l  e lec t rochemis t ry .  I t  is 
l ike ly  tha t  l iquid  j unc t ions  are absen t  in  the p resen t  
cells; first, because  of the n a t u r e  of the  e lec t ro ly te  
which  requi res  tha t  the t r ans fe rence  n u m b e r  is u n i t y  
for cations,  a nd  second, because  of the  fixed sites in  
the  n e t w o r k  po lymer ,  cross diffusion at  the b o u n d -  

Table I 

A r e a  T h i c k -  
E x p t .  M e t a l  T y p e  o f  o f  c e l l ,  h e s s  o f  

N o .  p a i r  e l e c t r o l y t e  S o l v a t e  c m  ~ c e l l ,  c m  

1. Ag-Zn Amberplex H,~O 10.o 0.088 
2. Ag-Zn Amberplex H,~O + ethylene" 10.o 0.088 

glycol 
4. Cu-Zn Nepton H,~O + ethylene" 10.o 0.081 

glycol 
5. Ag-Zn Nepton H,~O + ethylene a 10.o 0.081 

glycol 
3. Ag-Cu Nepton H20 -t- ethylene ~ 10.o 0.081 

glycol 

a C o n c e n t r a t i o n  = 1 2 . 0 %  b y  w e i g h t  o f  w a t e r .  
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ary  of the regions of d i f ferent  ionic form occurs in  
the m a n n e r  of an ion exchange  reac t ion  and is t he re -  
fore equa l  in  each direct ion.  

The l ines in  Fig. 2 and  3 were  d e t e r m i n e d  by  the 
method  of least  squares.  In  Tab le  II  are t ab u l a t e d  
the cons tan ts  for the equa t ions  of these lines,  which  
all  are  of the form, E = A -- bi wi th  E in  prac t ica l  
volts and  i in  mi l l i amperes .  

The cor re la t ion  coefficient (12),  r, is a m e a s u r e  of 
the degree to which  the  least  squares  l ine r ep resen t s  
the e x p e r i m e n t a l  points.  It  m a y  be concluded tha t  
the e x p e r i m e n t a l  poin ts  are  qui te  wel l  r ep r e se n t e d  
by  s t ra igh t  l ines of cons tan t  slope, and  therefore  
w i t h i n  errors  of m e a s u r e m e n t  the  ha l f -ce l l s  of the 
type  m e t a l / i o n - e x c h a n g e  polymer ,  me ta l  salt  are  
revers ib le  w h e n  meta l s  such as silver,  copper, or zinc 
are employed.  F u r t h e r  ev idence  of the r eve r s ib i l i t y  
of the m e t a l - i o n  exchanger  ha l f -ce l l s  is the  add i -  
t iv i ty  of po ten t ia l s  u s ing  the same electrolyte .  F r o m  
the da ta  of expe r imen t s  3, 4, and  5 it  is observed  tha t  
A (3) 4 - A  (4) = 1.464 and  A (5) = 1.46o. 

The i n t e r n a l  res is tances  of the cells are equa l  to 
b x 10 ~ and  r ep resen t  a composi te  of two ionic forms 
of the ion exchanger .  

E x p e r i m e n t s  1 and  2 i l lus t ra te  the fact tha t  sa lva-  
t ion  of the e lect rolyte  has l i t t le  effect on the emf of a 
typica l  cell bu t  has a large effect on the i n t e r n a l  r e -  
sistance. The  ve ry  sl ight  va r i a t i on  of emf observed 
w h e n  the wa te r  ac t iv i ty  in  the ion exchange r  is re -  
duced by  a factor  of abou t  3 ind ica tes  tha t  the  ac t iv i ty  
rat io of the two ions in  the e lec t ro ly te  is v i r t u a l l y  
unaffected by the par t i a l  r emova l  of the wa te r  of 
sa lva t ion  and  its r e p l a c e m e n t  by  e thy lene  glycol. 
This  effect could be i n t e rp re t ed  as be ing  due to the  
change  of dielectr ic  cons tan t  which  inf luences  the  
ac t iv i ty  of ions in  ion exchangers  in  a m a n n e r  u n -  
specific as to the n a t u r e  of the ion. The ve ry  m a r k e d  
effect on conduc t iv i ty  is p r o b a b l y  caused by a v a r i a -  
t ion in  the a m o u n t  of associat ion b e t w e e n  the  fixed 
sites and  the mobi le  ions. This wou ld  also be ex-  
pected f rom va r i a t i on  of the dielectr ic  cons tan t  of 
the so lva t ing  l iquid.  

A n u m b e r  of cells were  pu t  t h rough  charge and  
discharge cycles. In  a typ ica l  case, a cell of the type  
of e x p e r i m e n t  1, Table  I, was  charged for 5 hr  at 1.0 
ma  and  t h e n  placed on a fixed load resis tance.  The  
discharge c u r r e n t  as a f unc t i on  of t ime  is p lo t ted  in  
Fig. 4. Af te r  5 hr, the re  had been  recovered  app rox i -  
ma te ly  80% of the charge input .  W h e n  cells of the  
type  of e x p e r i m e n t  5, Tab le  I, were  tes ted in  a s imi-  
lar  m a n n e r ,  the charge  recovery  was on ly  abou t  
40%. Li t t le  charge could be recovered  f rom cells 

as 
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Fig. 4. Discharge current  vs. t ime for  Amberp lex  electro- 
lyte cell. Dimensions: d =  0 .088  cm, A ~ 35 cm-~; tacal 
resistance = 420  ohms; charge - -  1 ma for  5 hr. 

Table II. 

E x p t .  No.  A b r 

1 1.48~ 0.0492 0.993 
2" 1.481 2.20 0.999 
3 0.368 0.171 0.996 
4 1.096 0.232~ 0.999 
5 1.46o 0.205 0.996 

which  were  charged and  then  a l lowed to s t and  for 
24 hr  before d ischarging.  

F igu re  1 represen t s  an  ideal ized s i tua t ion .  The  
b o u n d a r y  be t w e e n  ionic forms is no t  sharp  as shown 
bu t  becomes " smeared  out"  by  cross diffusion, and  
this happens  r a the r  qu ick ly  in  h igh ly  conduc t ing  
systems. Modera te  s tab i l i ty  is p roduced  by  use of 
pa r t i a l  aqueous  salvat ion,  us ing  solut ions  of wa t e r  
in  ano the r  polar  l iqu id  (e.g., e thy lene  glycol) .  Even  
in  this  case, s i lver  ions e v e n t u a l l y  reach the  zinc 
electrode and  deposit  because  of cross diffusion. Such 
processes des t roy  the cell for prac t ica l  purposes .  

To p r e v e n t  s i lver  ion f rom reach ing  the  zinc foil a 
ba r r i e r  l ayer  is needed.  One w a y  of ach iev ing  this is 
by  use of a h igh ly  select ive ion exchange  resin,  and  
some progress toward  this has a l r eady  been  made  
(13).  A more  versa t i l e  so lu t ion  perhaps  l ies in  the 
use of complex  ions. If one ion of the cell pa i r  forms 
a s table  complex  anion,  t hen  an  a n i on  exchange  
res in  m e m b r a n e  would  effectively pro tec t  the less 
noble  me ta l  foil. This  modif icat ion of the  basic cell  
has not  been  t r ied  yet  expe r imen ta l l y .  

The p resen t  paper  discussed the app l ica t ion  of ion 
exchange  res ins  as solid e lect rolytes  in  a secondary  
cell sys tem e mp l oy i ng  two me t a l  e lectrodes and  
d e m o n s t r a t e d  tha t  these cells are e lec t rochemica l ly  
revers ible .  A s tudy  of severa l  types  of p r i m a r y  cells 
emp loy ing  ion exchange  res in  so l id-s ta te  e lect rolytes  
has been  made  a nd  wi l l  be repor ted  in  a subsequen t  
publ ica t ion .  
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Controlled Potential Reactions of Cadmium 
and Silver in Alkaline Solution 

George T. Croft 

Edison Laboratory, Thomas A. Edison Industries, McGraw-Edison Company, West Orange, New Jersey 

ABSTRACT 

Data are reported on the electrochemical oxidation and reduction of both 
cadmium and silver in potassium hydroxide electrolyte obtained using tech- 
niques in which the overpotential  was the independent  and the current  the de- 
pendent  variable. The rate of oxidation of cadmium is m a x i m u m  at overpoten-  
tials of 18.0 and approximately 40.0 my. The rate of reduction of cadmium and 
the rate of oxidation of silver are both monotonically increasing functions of the 
overpotential.  

Very  few e lec t rochemica l  reac t ions  are i nves t i -  
gated by  methods  which  use the ove rpo ten t i a l  as the  
i n d e p e n d e n t  and  the c u r r e n t  as the d e p e n d e n t  va r i -  
able. However ,  the app l ica t ion  of such methods  to i n -  
ves t iga t ions  of e lec t rochemica l  reac t ions  which  p ro -  
duce inso lub le  oxide films on the  electrode yie lds  
i n f o r m a t i o n  on the k inet ics  of the  reac t ion  not  rea l iz -  
able  by  the  conven t iona l  p rocedures  which  ut i l ize  
the c u r r e n t  as the i n d e p e n d e n t  va r i ab le  (1) .  Methods 
u t i l iz ing  cont ro l  of the ove rpo ten t i a l  have  here  been  
appl ied  to the  s tudy  of reac t ions  of c a d m i u m  and  
s i lver  in  po tass ium hydrox ide  e lec t ro ly te  wi th  ne w  
and  i m p o r t a n t  resul ts .  

I t  is wel l  k n o w n  tha t  the  ra te  of mos t  e lec t ro-  
chemical  react ions  depends  exponen t i a l l y  on the  
overpotent ia l ,  therefore  a m e a s u r e m e n t  of ra te  as a 
func t ion  of ove rpo ten t i a l  is i n h e r e n t l y  a more  sensi -  
t ive ind ica tor  of the  k ine t ics  of the reac t ion  t h a n  a 
m e a s u r e m e n t  of the overvol tage  as a func t ion  of the 
cur ren t .  F u r t h e r m o r e ,  g iven  the  ove rpo ten t i a l  as an  
i n d e p e n d e n t  va r i ab l e  we can choose f rom a n u m b e r  
of possibilities a particular reaction for investigation. 
If the current is the independent variable, the elec- 
trode system may seek the kinetically most favorable 
reaction, especially if the electrode tends toward 
passivity, rather than the reaction under investiga- 
tion. By controlling the overpotential we can deter- 
mine the influence on the reaction rate of thickening 
of the oxide layer with time. For example, if the 
rate-limiting step in the oxide growth is transport 
of ions through the oxide already formed on the elec- 
trode and if the driving force is a gradient in the 
electrostatic potential, the current density is given 
by 

I =  I - - ~ ]  t-l/2 [1] 

If the  d r i v ing  force is a g rad ien t  in  ion concen t r a -  
t ion, the c u r r e n t  is g iven  by  

I = 1 --  exp t -~/'-' [2] 
e 2a eT / 

The q u a n t i t y  r is the overpoten t ia l ,  o- the ionic con-  
duct iv i ty ,  T the t empe ra tu r e ,  t the  t ime, ~ the  vo l -  
u m e  of oxide fo rmed  per  coulomb of electr ic i ty ,  and  
k and  e are the B o l t z m a n n  cons tan t  and  the  charge 
on the electron,  respect ively .  

Equa t ions  [1] a nd  [2] ind ica te  that ,  if expe r i -  
m e n t a l  condi t ions  are such tha t  a s imple  g rowth  law 
is observed ( in  this case a parabol ic  g rowth  l aw) ,  
we migh t  t e n t a t i ve l y  assume tha t  the reac t ion  ra te  
is g iven  by an  equa t i on  of the  fo rm 

I = F ( ~ ) t  -1~'~ [3] 

where  F(~b) is some func t i on  of the  overpoten t ia l .  
Two methods  based on this approach  were  used to 

inves t iga te  the ox ida t ion  a nd  r educ t ion  of c a d m i u m  
and  s i lver  in po tass ium hyd r ox i de  electrolyte .  Us ing  
the first method,  the fixed po ten t i a l  method,  we  
me a su r e  as a f unc t i on  of t ime  the c u r r e n t  r e q u i r e d  to 
m a i n t a i n  ox ida t ion  at  a cons tan t  overpoten t ia l .  We 
find tha t  af ter  sufficient t ime  has e lapsed the c u r r e n t  
and  t ime are re la ted  by  an  equa t ion  of the fo rm of 
Eq. [3].  Thus  once it  is es tab l i shed  tha t  the  oxide 
grows according to a parabo l ic  g rowth  law, we  in -  
t e rp re t  F ( 6 )  as a func t ion  r e l a t ing  the ra te  of the r e -  
ac t ion  to the overpotent ia l .  

In  employ ing  the second method,  an  e lect rode is 
first oxidized at a fixed ra te  ( cons tan t  c u r r e n t )  u n t i l  
it becomes passive.  This s tate  of the e lect rode cor-  
responds  to the onset  of the  t -1/~ c u r r e n t  dependence  
observed us ing  the fixed po t en t i a l  t echnique .  The 
electrode is t h e n  oxidized or reduced  at a r a t e  such 
tha t  r follows the  form of a t r i a n g u l a r  wave.  Si-  
m u l t a n e o u s l y  the  c u r r e n t  necessary  to m a k e  the  
electrode po ten t i a l  fol low this  w a v e  shape is r e -  
corded. Thus  if the  change  in  th ickness  of the  oxide 
layer  is neg l ig ib le  d u r i n g  the anodic  or cathodic 
swing  of ~, m e a s u r e m e n t s  of I as a f unc t i on  of 
y ie ld  F ( r  vs. r direct ly .  Both  methods  of m e a s u r e -  
m e n t  y ie ld  the  resu l t  tha t  for anodic  va lues  of 4, 
F (~b) for c a d m i u m  electrodes has at  least  one m a x i -  
m u m  and  of ten two. F u r t h e r m o r e ,  the  ove rpo ten t i a l  
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Fig. 1. Block diagram of control circuit used to mainta in 
a given electrode overpotent iol .  

observed d u r i n g  cons tan t  c u r r e n t  ox ida t ion  (before  
pass iv i ty  occurs)  is equa l  to the  po ten t i a l  cor re -  
spond ing  to one of the m a x i m a  in  the F ( r  vs. ~b 
curve.  S imi l a r  resul t s  we re  ob ta ined  for s i lver  elec-  
t rodes except  tha t  F (~b) has on ly  one m a x i m u m  and  
this for cathodic potent ia ls .  The overpo ten t i a l  ob-  
served d u r i n g  cons tan t  c u r r e n t  r educ t ion  of the sil-  
ver  e lectrode is equa l  to the po ten t i a l  cor responding  
to the maximum in F(~). 

Apparatus and Sample Preparation 

A block d i ag ram of the i n s t r u m e n t a t i o n  developed 
to oxidize or reduce  a test  e lectrode at  any  des i red 
overpo ten t ia l  is shown in  Fig. 1. The  c i rcui t  is de-  
s igned so tha t  any  difference b e t w e e n  the des i red 
po ten t i a l  fed in  at t e r m i n a l s  T and  the  test  e lect rode 
po ten t i a l  produces  a flow of c u r r e n t  t h rough  the  test  
e lectrode via  the aux i l i a ry  e lechode .  This cur ren t ,  
e i ther  cathodic or anodic,  causes a change  in  the  tes t  
e lectrode po ten t ia l  which  reduces  to zero the  differ-  
ence in  po ten t i a l  b e t w e e n  the test  and  i n p u t  po ten t ia l .  

Contro l  of the e lect rode po ten t i a l  is achieved by  
conver t ing  the difference po ten t ia l  by  mean s  of a 
chopper  (Chopper  I)  to a 400 cps s igna l  wh ich  is 
amplif ied and  used to dr ive  a power  amplif ier .  The  
ou tpu t  of the power  amplif ier  is fed into the  ou tpu t  
chopper  (Chopper  II)  which  is synchron ized  w i th  
the i npu t  chopper.  Such synchron iza t ion  leads to a 
di rect  c u r r e n t  o u t p u t  which  is fed back  t h rough  the  
test  e lect rode via  the  aux i l i a ry  electrode in  such a 
d i rec t ion  tha t  the difference po ten t i a l  is r educed  to 
zero. 

The po t en t i ome te r  P is used to buck  out  the  test  
e l ec t rode - re fe rence  potent ia l .  The  re fe rence  used 
was a pa r t i a l l y  d i scharged  n icke l  e lectrode f rom an  
Edison n i c k e l - i r o n - a l k a l i n e  s torage ba t te ry .  The cu r -  
r en t  and  po ten t i a l  were  m e a s u r e d  on a r ecord ing  
m i l l i a m m e t e r  and  a s e l f - b a l a n c i n g  record ing  p o t e n -  
t iometer .  Us ing  this  c i rcui t  one can  force the  e lec-  
t rode to oxidize at a fixed po ten t i a l  and  record  the 
cu r r en t  as a f unc t i on  of t ime,  or m a k e  the po ten t i a l  
fol low some p r e d e t e r m i n e d  func t i on  of t ime  and  re -  
cord the c u r r e n t  necessa ry  to produce  this  po ten t i a l  
var ia t ion .  If the c u r r e n t  t h rough  the  test  e lec t rode  
does not  exceed 25 ma, the c i rcui t  m a i n t a i n s  the  de-  
sired po ten t i a l  (e i ther  anodic  or cathodic)  to w i t h i n  
• 0 .2  m v .  

The cells used in  both  the fixed and  sweep ing  po-  
t en t i a l  m e a s u r e m e n t s  were  of c o n v e n t i o n a l  design. 
Ni t rogen  was  b u b b l e d  t h r o u g h  t h e  e lec t ro ly te  in  the  
fixed po ten t i a l  cell to reduce  the dissolved oxygen  
concen t r a t i on  and  to provide  s t i r r ing  of the elec- 
t rolyte.  

The  c a d m i u m  electrodes used  in  the fixed po t en -  
t ia l  e xpe r i me n t s  were  p repa red  by  e lec t rop la t ing  
c a d m i u m  onto n icke l  p la tes  whose d imens ions  were  
3.7 x 5.2 cm. The c a d m i u m  over lay  was  0.005-0.01 
cm th ick  and  comple te ly  covered the u n d e r l y i n g  
metal .  The electrodes were  c leaned  by  w a s h i n g  and  
scouring, followed by an overnight reduction at a 

cathodic potential of 37.5 my. 
The electrodes used in the sweeping potential ex- 

periments on cadmium were made from spectro- 
graphically pure Johnson-Matthey cadmium rods 
which were rolled into sheets, from which were cut 
electrodes of dimensions 2.86 x 3.00 cm. The elec- 
trodes were mounted in an epoxy resin with only 
one side exposed to the electrolyte. 

The following procedure was used prior to record- 
ing the sweeping potential data. First the electrode 
was electrolytically polished in phosphoric acid and 
washed in distilled water. It was then placed in the 
cell and reduced at a high current density (approxi- 
mately 1 amp/cm~). Hydrogen was evolved over the 
surface until the electrolyte in the cell was thor- 
oughly flushed with hydrogen. The cathodic current 
was turned off and the electrode was then oxidized 
at a fixed anodic current (i ma/cm~). When ~b rose 
to 30 mv anodic, the current was turned off and the 
electrode was left to return to thermodynamic equi- 
librium. The electrode was then alternately oxidized 
and reduced so that ~b followed the form of a triangu- 
lar wave. Simultaneously the current necessary to 
produce this potential variation was recorded. 

Fixed Potential Data--Cadmium 

The e lec t rochemica l  r eac t ion  s tudied  was  

Cd + 2OH--> Cd(OH)_~ + 2e 

This  was es tab l i shed  by  ana lys i s  of the  x - r a y  di f -  
f rac t ion  l ines of the  reac t ion  product .  No ev idence  
of CdO was observed.  

10C 

CURRENT vj TIME 
FIXED POTENTIAL 

/ 58.0 mv 

' 0  ~ ~  Cd ..~) Cd [OH) 2 
~ ,  4.94N KOH 

10 

I0 ] 0 I000 
I (minute~) 

Fig. 2. Log I vs. log t curves for cadmium electrodes 
oxidized at f ixed potential .  
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Fig. 3. The  q u a n t i t y  I t  ~/2 vs. t f o r  c a d m i u m  e lec t rodes 
ox id i zed  a t  f i xed  potential. No oxide present i n i t ia l l y .  

A typica l  series of log c u r r e n t  vs. log t ime  curves  
are shown in  Fig. 2. Each of these curves  was  ob-  
t a ined  by  s t a r t ing  w i th  an  ox ide- f ree  surface p re -  
v ious ly  m a i n t a i n e d  ove rn igh t  at a cathodic p o t e n -  
t ial  (37.5 mv)  and  then  i n s t a n t a n e o u s l y  swi tched to 
a p r e d e t e r m i n e d  anodic  potent ia l .  

Af te r  an  in i t i a l  slow decay, the c u r r e n t  for the 
= 24.6 and  36.0 m v  r u n s  begins  to fol low an  e q u a -  

t ion  of the  form of Eq. [3]. At  h igher  po ten t ia l s  (58 
my)  the I vs. t curve  has th ree  port ions.  In  the  first 
por t ion  the c u r r e n t  decays s lowly wi th  t ime, in  the  
second the  c u r r e n t  is p ropor t iona l  to t -~, and  in  the 
th i rd  por t ion  the c u r r e n t  is p ropor t iona l  to t -~-~. 

The q u a n t i t y  I t  ~ ob ta ined  f rom the  da ta  shown  in  
Fig. 2 is p lo t ted  vs. t in  Fig. 3. For  each po ten t i a l  
the p roduc t  I t  ~j~" t ends  t oward  a cons t an t  final va lue  
i n d e p e n d e n t  of t ime. This  behav io r  follows d i rec t ly  
f rom the t -v~ decay of c u r r e n t  which  s tar ts  af ter  
sufficient t ime  has elapsed.  The q u a n t i t y  I t  v~ for the  

= 24.6 m v  r u n  exhib i t s  a n u m b e r  of steps. This  is 
p r o b a b l y  caused by  c rack ing  or shear ing  off of the  
oxide film which  exposes unox id ized  c a d m i u m  to the  
electrolyte ,  which  t hen  oxidizes anew,  etc. 

Data  s imi la r  to those in  Fig. 3 are shown in  Fig. 4. 
These resul t s  were  ob t a ined  by s u d d e n l y  a d v a n c i n g  
the  electrode po ten t i a l  to 36.0 m v  af ter  the  e lec t rode  
had  oxidized at 24.6 m v  u n t i l  the  c u r r e n t  was p ro -  
por t iona l  to t -~j~. More oxide was  g rown  at this  po-  
t en t i a l  u n t i l  the c u r r e n t  decay was  aga in  p ropor -  

~ " " o = . V 

L I 

I 10 100 
t=me (mmutes) 

Fig. 5. Log I vs. log t for a cadmium electrode ini t ial ly in 
the passive state. The electrode was 2.8 x 3.0 cm with one 
side exposed to electrolyte, 

t iona l  to t -~=. The po ten t i a l  was  then  s u d d e n l y  made  
more  anodic  a nd  more  oxide was grown,  etc. These 
da ta  show tha t  w h e n  sufficient t ime  has e lapsed af ter  
the sudden  rise in  anodic  po ten t i a l  the  p roduc t  I t  ~ 

approaches  a cons tan t  even  if an  in i t i a l  oxide is p res -  
en t  on the c a d m i u m  electrode.  In  this  p a r t i c u l a r  ex-  
ample  I t  ~ tends  t oward  the  same va lue  ob ta ined  if 
no oxide was p re sen t  in i t ia l ly .  

The  charac ter i s t ic  shape of the curves  shown in  
Fig. 2 to 4 is a r ep roduc ib l e  func t ion  of ~, bu t  the 
cu r r en t s  at e q u i v a l e n t  t imes  af ter  app l ica t ion  of 
anodic  po ten t ia l s  were  not  gene ra l ly  reproducib le .  
The curves  shown r ep re sen t  some of the  more  r e -  
p roduc ib le  runs .  

F igu re  5 is a plot  of log I vs. log t ob ta ined  by  the 
fixed po ten t ia l  me thod  us ing  electrodes  which  were  
first oxidized at  cons t an t  c u r r e n t  un t i l  the overpo-  
t en t i a l  rose to 30 mv.  (As the cons tan t  c u r r e n t  over -  
po ten t ia l  rises to a va lue  g rea te r  t h a n  30 mv,  the 
electrode r ap id ly  approaches  the pass ive  state. Thus  
these electrodes for all  p rac t ica l  purposes  were  in  the 
passive state.)  The  c u r r e n t  necessary  to force the  
e lect rode to oxidize at  a fixed po ten t i a l  is g rea te r  
at  30 m v  than  at 97 inv. This  is cons is ten t  wi th  the  
fixed po ten t i a l  obse rva t ions  on electrodes not  p re -  
v ious ly  oxidized. 

By fi t t ing the  I vs. t da ta  in  the  t -~  por t ion  of the  
cu rve  to Eq. [3] a n u m b e r  of d e t e r m i n a t i o n s  of F ( r  
were  made.  Values  of F ( r  d e t e r m i n e d  by  this  p ro -  
cedure  are shown plo t ted  vs. @ in  Fig. 6. Po in t s  ob-  
t a ined  f rom add i t iona l  I vs. t da ta  no t  shown in  this  
repor t  are  also p lo t ted  in  this  figure. The scat ter  of 
the poin ts  indica tes  the difficulty of ach iev ing  re -  
p roduc ib i l i t y  f rom sample  to sample,  bu t  q u a l i t a -  
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Fig. 4.  The  q u a n t i t y  I t  ~/s vs. t f o r  c a d m i u m  e lec t rodes 
oxadized a t  f i xed  po ten t ia l .  Ox ide  present  in i t ia l ly .  
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Fig. 6. F(r vs. ~ for cadmium obtained using the fixed 
potential method. 
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t ive ly  the poin ts  show tha t  F(~b) increases  w i t h  r 
to a m a x i m u m  which  lies b e t w e e n  18 and  40 my.  As 

is increased  to po ten t ia l s  b e y o n d  the  m a x i m u m ,  
F (r decreases rapid ly .  

Thus  fixed po ten t i a l  m e a s u r e m e n t s  on electrodes  
oxidized in  a n u m b e r  of ways  all  ind ica te  tha t  in  the 
final por t ion  of the I vs. t cu rve  the c u r r e n t  is p ro -  
por t iona l  to t -v2. This  dependence  of c u r r e n t  on t ime  
corresponds  to a parabolic growth law. F u r t h e r m o r e ,  
besides be ing  a func t i on  of t ime,  the  ra te  of g rowth  
is a pecu l ia r  f unc t i on  of po ten t i a l  wh ich  has a m a x i -  
m u m  for va lues  of ~ b e t w e e n  18 and  40 mv.  Because  
of the difficulty of f o rming  r ep roduc ib le  e lect rode 
surfaces,  the  po ten t i a l  at which  the  ra te  is m a x i m u m  
canno t  be  d e t e r m i n e d  wi th  grea t  precis ion by  the  
fixed po ten t i a l  method.  However ,  the  da ta  ind ica te  
tha t  there  is a po ten t i a l  at which  the parabol ic  
g rowth  ra te  is m a x i m u m .  This  r e su l t  is conf i rmed 
by  da ta  p r e sen t ed  below.  

Sweeping Potential Data--Cadmium and Silver 
The p r o b l e m  of f o rming  r ep roduc ib le  e lect rode 

areas is pa r t i a l l y  e l i m i n a t e d  if one uses the  sweep ing  
po ten t i a l  method.  This  me thod  yie lds  F ( ~ )  vs. ~ d i -  
rect ly,  and  al l  the da ta  are  recorded  us ing  on ly  one 
area,  i.e., t ha t  associated w i th  a s ingle  electrode.  

F i g u r e  7 is a plot  of I vs. r ob ta ined  us ing  the  
sweep ing  po ten t i a l  me thod  and  is typ ica l  of the  be -  

hav ior  of pure  c a d m i u m  electrodes.  The re  is at  least  
one po ten t i a l  at  which  the  ra te  of ox ida t ion  is m a x i -  
m u m  (r = 18 m v ) ,  and  of ten the  ra te  has a peak  at 

~- 40 mv.  The ra te  of r educ t ion  is a mono t on i ca l l y  
inc reas ing  func t i on  of the  overpoten t ia l .  The  da ta  
also show a t r e nd  toward  an  increased  c u r r e n t  d e n -  
s i ty  at  e q u i v a l e n t  po ten t ia l s  as the  (OH-) concen-  
t r a t i on  in  the  e lec t ro ly te  increases.  I t  is difficult to 
m a k e  a q u a n t i t a t i v e  s t a t e me n t  about  effects of (OH-) 
concen t r a t i on  changes  because  of the  p r ob l em of 
m a i n t a i n i n g  rep roduc ib le  surfaces f rom electrode to 
electrode.  

Add i t i ona l  da ta  were  ob ta ined  on c a d m i u m  elec-  
t rodes by  s imply  inc reas ing  ~ l i nea r ly  w i th  t ime  wi th  
no subsequen t  r eve r sa l  of potent ia l .  The  da ta  shown  
in  Fig. 8 w i th  F ( r  no rma l i zed  also show peaks at  

= 18 and  ~ = 40 mv.  These curves,  w h e n  compared  
w i th  the da ta  p lo t ted  in  Fig. 6, ind ica te  tha t  bo th  
methods,  i.e., e i ther  fixed or sweep ing  potent ia l ,  lead 
to the resu l t  tha t  the ra te  of ox ida t ion  of c a d m i u m  in  
a lka l ine  e lec t ro ly te  is a func t ion  of po ten t i a l  and  this  
func t ion  has at least  one m a x i m u m  in  the r ange  of 
po ten t i a l  b e t w e e n  ~ --~ 18 a nd  40 mv.  Compar i son  of 
Fig. 7 and  8 shows tha t  w h e n  the  electrode is forced 
to fol low a cyclic va r i a t i on  of r the detai ls  of the I 
vs. r curves  nea r  the  or igin  are al tered,  bu t  the posi-  
t ion  of the m a x i m a  in  F(~b) are una l t e r ed .  

These are ve ry  i m p o r t a n t  n e w  results .  They  show 
c lear ly  tha t  the ra te  of ox ida t ion  of the c a d m i u m  
electrode is a f unc t i on  of the  overpoten t ia l ,  t ha t  
there  is a po ten t i a l  at  which  the ra te  is m a x i m u m ,  
a nd  tha t  the  ra te  is a m u l t i v a l u e d  func t i on  of the  
overpoten t ia l .  

F i g u r e  9 shows I vs. ~b da ta  ob ta ined  us ing  the 
sweep ing  po ten t i a l  me thod  and  electrodes con t a in -  
ing 1 a tomic % of i n d i u m  al loyed wi th  cadmium.  
These electrodes were  1 x 1 cm in  d i me ns i on  and  
were  also m o u n t e d  in  res in  w i th  one side exposed 
to the  electrolyte .  

The add i t ion  of i n d i u m  to c a d m i u m  electrodes 
causes supress ion  of the 20 m v  peak  a nd  the a ppea r -  
ance  of an  add i t iona l  peak  b e t w e e n  60 and  70 my.  
The  40 m y  peak  in  the  anodic  q u a d r a n t  remains ,  bu t  
a peak  in  the ra te  of reduc t ion ,  i.e., in  the  cathodic 
qua d r a n t ,  is in t roduced .  Thus  an  i n d i u m  i m p u r i t y  
can in t roduce  n e w  peaks in  bo th  the ra te  of ox ida-  
t ion  and  r educ t ion  and  can e l imina t e  peaks  associ- 
a ted w i th  the pu re  electrode.  
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Fig. 8. F(r vs. ~ obtained by sweeping potent ial  measure- 
ments. F(r is normalized to its max imum value. The points 
represent values obtained in a number of d i f ferent  runs 
using sweep rates ranging from 4.7 to 22.8 mv/sec. 
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Fig. 1 1. Comparison of data for cadmium electrodes using 
either O or Q as the independent variable. Q vs. r data (for 
oxidation only) is superimposed on the normal I vs. r plot 
by plott ing both I and Q on the ordinate. Constant current 
oxidation was at 5 ma/cm 2. 

The ra te  of ox ida t ion  and  r educ t ion  of s i lver  elec-  
t rodes in  KOH elec t ro ly te  vs. ove rpo ten t i a l  was  also 
m e a s u r e d  us ing  the sweep ing  po ten t i a l  t echnique .  
The electrodes were  pla tes  1 x 1 cm cast f rom 
99.98% pure  s i lver  and  m o u n t e d  in  epoxy res in  wi th  
one pol ished side exposed to the electrolyte .  The 
studies  were  made  on the react ion,  

2 Ag -4- 2 OH- ~--- Ag~O -t- H_~O d- 2 e 

F igu re  10 is a plot  of I vs. ~b da ta  ob ta ined  us ing  a 
s i lver  electrode. (Cons t an t  cu r r en t  ox ida t ion  da ta  
discussed la ter  are super imposed  on this  plot .)  The  
ra te  of ox ida t ion  is a mono ton ica l l y  increas ing  f unc -  
t ion  of overpo ten t ia l ,  b u t  a s t rong  peak  in  the ra te  
appears  at  46 m v  in  the r educ t ion  quad ran t .  

Comparison of Overpotent ial  vs. Charge and 
Current  vs. Overpo.tentiaI Data 

The resul t s  of cons tan t  c u r r e n t  ox ida t ion  a nd  re -  
duc t ion  of a s i lver  e lect rode are shown in  Fig. 10. 
The  ove rpo ten t i a l  is p lo t ted  as a f unc t i on  of the  
charge Q where  Q ~ It. Q is now the i n d e p e n d e n t  
var iab le .  Super imposed  on this plot  is the I vs. 4 
curve,  where  r is the  i n d e p e n d e n t  var iab le ,  which  
shows tha t  w h e n  reduced  at cons tan t  c u r r e n t  the  
s i lver  e lectrode ove rpo ten t i a l  drops to the  va lue  
cor responding  to the  m a x i m u m  in  the  I vs. r r e -  
duc t ion  curve.  The overpo ten t i a l  r e m a i n s  cons tan t  
un t i l  al l  of the  Ag20 is r educed  to Ag. 

A s imi la r  plot  us ing  c a d m i u m  as the electrode is 
shown in  Fig. 11. The cons tan t  c u r r e n t  anodic  ove r -  
po ten t i a l  rises to a va lue  which  corresponds  closely 
to the po ten t i a l  a t  the  first peak  in  the  I vs. 4 plots  
for pure  cadmium.  The  cons tan t  c u r r e n t  ove rpo t en -  
t ia l  r e m a i n s  a p p r o x i m a t e l y  cons tan t  at  this  va lue  
over  a wide  r ange  of Q, bu t  as r exceeds 20 my,  
d4/dQ increases  r ap id ly  wi th  S~ u n t i l  the  ox ida t ion  
reac t ion  ceases, and  the electrode becomes passive.  
Thus  it  appears  tha t  there  is some f u n d a m e n t a l  con-  
nec t ion  b e t w e e n  the  ra t e  of ox ida t ion  as a func t ion  
of ove rpo ten t i a l  and  the cons tan t  c u r r e n t  ox ida t ion  
and  r educ t ion  character is t ics  of the electrodes.  

The resul t s  of the  m e a s u r e m e n t s  are bes t  s u m -  
mar ized  in  Fig. 10 and  11. It  is ev iden t  tha t  the  ra te  

of ox ida t ion  or r educ t ion  of Cd and  Ag electrodes is 
a func t ion  of 4 and  tha t  it  is m a x i m u m  at  pa r t i cu l a r  
va lues  of 4- There  is a connec t ion  be t w e e n  the  va lues  
of ~b at which  the ra te  of ox ida t ion  or r educ t ion  is 
m a x i m u m  and  the ove rpo ten t i a l  tha t  the  e lect rode 
seeks u n d e r  cons tan t  c u r r e n t  ox ida t ion  or r educ t ion  
condit ions.  For  example ,  the m a x i m u m  ra te  of r e -  
duc t ion  of Ag._,O to Ag occurs at  ~ = 46.0 m v  and,  if 
this electrode is reduced  at cons tan t  cu r ren t ,  the  
ove rpo ten t i a l  drops to 46.0 m v  and  r e ma i ns  cons tan t  
un t i l  al l  of the Ag20 is reduced.  S imi l a r ly  one of the  
peaks  in  the ra te  of ox ida t ion  of c a d m i u m  occurs 
a r o u n d  18 m v  which  corresponds  a p p r o x i m a t e l y  to 
the cons tan t  c u r r e n t  overpoten t ia l .  As the po t en -  
t ial  rises above this  va lue  the electrode goes r ap id ly  
over  into the passive state. 

The cons tan t  c u r r e n t  cathodic ove rpo ten t i a l  of the 
s i lver  electrode agrees f avo rab ly  wi th  the  va lue  (0.04 
v) ob ta ined  by  G l i c ksma n  and  Morehouse  (2) .  Com-  
par i son  of these da ta  is p r o b a b l y  l eg i t imate  because  
m e a s u r e m e n t s  of ove rpo ten t i a l  vs. c u r r e n t  dens i ty  
on the Ag~O to Ag sys tem (see Fig. 10) ind ica te  
tha t  the ove rpo ten t i a l  is r e l a t i ve ly  insens i t ive  to the 
c u r r e n t  densi ty.  The va lue  of the  cons tan t  c u r r e n t  
overpo ten t i a l  observed  by  Rozentsveig,  et al. (3) 
agrees f avo rab ly  w i th  our  va lue  as does the  genera l  
shape of the 4 vs. Q curves.  

Discussion of Results and Conclusions 
The dependence  of ra te  of ox ida t ion  on po ten t i a l  

has been  measu red  by  two methods  and  both  agree 
qua l i t a t ive ly .  The fixed po ten t i a l  s tudies  of cad-  
m i u m  ind ica te  tha t  if the c u r r e n t  is p ropor t iona l  to 
t 1/~ the ra te  of ox ida t ion  is m a x i m u m  for po ten t ia l s  
b e t w e e n  ~ ~ 18 and  40 inv.  The  sweeping  po ten t i a l  
resul ts  show tha t  the ra te  of ox ida t ion  of c a d m i u m  
is m a x i m u m  at two va lues  of 4, one at a p p r o x i m a t e l y  
18 m v  and  the o ther  at 40 mv,  and  tha t  an  i m p u r i t y  
in  the  me ta l  such as i n d i u m  can inf luence  the po ten -  
t ia l  at which  the  ra te  is m a x i m u m .  Thus  the  resul ts  
f~om each me thod  are in good agreement .  

The fixed po ten t i a l  e xpe r i me n t s  show tha t  af ter  
sufficient t ime  has e lapsed the  ra te  of ox ida t ion  fol-  
lows a parabol ic  g rowth  law. A parabol ic  g rowth  
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l a w  is cons i s t en t  w i t h  a t  l e a s t  two  hypo theses .  One  
is t h a t  the  n e c e s s a r y  e l e c t r o n  t r a n s f e r  p rocess  in  t h e  
g r o w t h  of Cd(OH)~  occurs  at  t h e  m e t a l - e l e c t r o l y t e  
i n t e r f ace  and  t h a t  m e t a l  ion goes in to  so lu t ion  a n d  
l a t e r  p r e c i p i t a t e s  on the  m e t a l  as Cd(OH)~.  The  
p a r a b o l i c  g r o w t h  c h a r a c t e r i s t i c  sets  in  w h e n  the  p r e -  
c i p i t a t e d  ox ide  c o m p l e t e l y  covers  t he  m e t a l  excep t  
for  s m a l l  pores .  The  r a t e  is t hen  l i m i t e d  b y  t r a n s p o r t  
of the  Cd +'' ion or  an  e q u i v a l e n t  t h r o u g h  the  pores .  
As  the  ox ide  grows,  t he  Cd +'0 ion  p a t h  increases ,  t hus  
caus ing  a c u r r e n t  p r o p o r t i o n a l  to t-1% M u l l e r  (4)  has  
a d v a n c e d  a t h e o r y  of p a s s i v i t y  b a s e d  on th is  m e c h -  
anism.  

The  o t h e r  h y p o t h e s i s  is t ha t  the  c a d m i u m  ion, or  
OH- ion,  moves  t h r o u g h  t h e  ox ide  a n d  t h a t  t he  e l ec -  
t r on  t r a n s f e r  p rocess  occurs  a t  t he  o x i d e - e l e c t r o l y t e  
in t e r face .  Us ing  this  hypo thes i s ,  the  p a r a b o l i c  
g r o w t h  l a w  sets in w h e n  the  e x c h a n g e  c u r r e n t s  as -  
soc ia ted  w i t h  the  m e t a l - o x i d e  and  o x i d e  e l e c t r o l y t e  
b o u n d a r i e s  a r e  l a r g e  c o m p a r e d  w i t h  t he  r a t e  of 
g r o w t h  so t h a t  t he  r a t e  is l i m i t e d  on ly  b y  t r a n s p o r t  
t h r o u g h  the  oxide .  As  the  ox ide  th i ckens ,  t h e  r e -  
s i s tance  inc reases  and  the  c u r r e n t  r e q u i r e d  to m a i n -  
t a in  the  i m p o s e d  p o t e n t i a l  decreases ,  thus  y i e l d i n g  a 
p a r a b o l i c  g r o w t h  law.  

The  fo l lowing  e x p e r i m e n t a l  fac ts  s u p p o r t  the  
l a t t e r  hypo thes i s ,  n a m e l y ,  t ha t  t he  ox ide  g r o w s  b y  
t r a n s p o r t  of mass  and  e l ec t r i c i t y  t h r o u g h  t h e  o x i d e  
a n d  t h a t  t he  so lu t ion  p rocess  is no t  r e l e v a n t .  

The  o b s e r v a t i o n s  of s teps  in t he  It 1~ vs. t c u r v e  
(Fig .  5) a r e  difficult  to e x p l a i n  b y  any  o t h e r  m e c h -  
a n i s m  t h a n  loca l  c r a c k i n g  of an  a d h e r e n t  sol id  ox ide  
fi lm w h i c h  exposes  a c l ean  m e t a l  su r f ace  to t he  e l ec -  
t r o l y t e  for  f u r t h e r  ox ida t ion .  I f  t he  s o l u t i o n - p r e -  
c ip i t a t i on  process  w e r e  r e l e v a n t ,  t h e r e  w o u l d  be  no 
w a y  of d e v e l o p i n g  s t r a in s  n e c e s s a r y  to cause  c r a c k -  
ing. F u r t h e r m o r e ,  i f  t he  s o l u t i o n - p r e c i p i t a t i o n  p r o c -  
ess w e r e  r e l e v a n t ,  t h e  o v e r p o t e n t i a l  w o u l d  be  a r e -  
sul t  of e i t he r  a g r a d i e n t  in  e l e c t ro s t a t i c  p o t e n t i a l  or  
g r a d i e n t  in  c o n c e n t r a t i o n  of d i s so lv ing  species  in  the  
pores  connec t ing  t h e  m e t a l  to the  e l ec t ro ly t e .  Thus  
F ( r  vs. ~ as d e t e r m i n e d  b y  t h e  f ixed p o t e n t i a l  
m e t h o d  w o u l d  fit e i t he r  t h e  e x p r e s s i o n  in  Eq. [1]  or 
Eq. [2] .  C l e a r l y  i t  fits n e i t h e r  express ion ,  i n d i c a t i n g  
t ha t  t he  s o l u t i o n - p r e c i p i t a t i o n  process  is no t  t h e  
r e l e v a n t  p rocess  in o x i d a t i o n  of c a d m i u m .  

W e  h a v e  also no t i ced  t ha t  Cd(OH)~  f o r m e d  b y  a 
p r e c i p i t a t i o n  p rocess  dif fers  in  co lor  f r o m  t h a t  
f o r m e d  b y  e l e c t r o c h e m i c a l  o x i d a t i o n  of c a d m i u m .  
E l e c t r o c h e m i c a l l y  p r e p a r e d  C d ( O H ) 2  is y e l l o w  a n d  
w e  h a v e  o b s e r v e d  t h a t  i t  is b l e a c h e d  w h i t e  w h e n  
e x p o s e d  to x - r a y s .  P r e c i p i t a t e d  Cd(OH)~  is wh i t e .  
A g a i n  i t  is diff icult  to e x p l a i n  (a )  t he  d i f fe rence  in  
color  of t he  two  c o m p o u n d s  f o r m e d  ( a c c o r d i n g  to 
t he  so lu t ion  p r e c i p i t a t i o n  p rocess )  the  s a m e  way ,  
and  (b )  p r e sence  of t r a p s  in  a p r e s u m a b l y  p r e c i p i -  
t a t e d  c o m p o u n d  w h i c h  a r e  b l e a c h e d  ou t  b y  x - r a y s .  

One  a d d i t i o n a l  fac t  s u p p o r t i n g  the  s o l i d - s t a t e  h y -  
po thes i s  is r e l a t e d  to the  F (~b) vs. r da ta .  The  effects  
o b s e r v e d  us ing  the  s w e e p i n g  p o t e n t i a l  t e c h n i q u e  a r e  
s i m i l a r  to those  o b s e r v e d  in  o sc i l l og raph ic  p o l a r o g -  
r a p h y  (6 ) .  One  t hen  m i g h t  conc lude  t h a t  t he  s w e e p -  
ing  p o t e n t i a l  effects a r e  p u r e l y  p o l a r o g r a p h i c  in  
cha rac t e r .  H o w e v e r ,  i t  is diff icult  to r econc i l e  th is  

v i ew  w i t h  the  fac t  of a g r e e m e n t  in t he  r a t e  of o x i d a -  
t ion  vs. o v e r p o t e n t i a l  d a t a  as d e t e r m i n e d  b y  bo th  t he  
s w e e p i n g  and  f ixed p o t e n t i a l  t echn iques .  I f  one w e r e  
o b s e r v i n g  on ly  a p o l a r o g r a p h i c  effect, one w o u l d  no t  
obse rve  a p e a k  in F ( r  vs. r u s ing  the  f ixed p o t e n t i a l  
t echn ique .  The  q u a n t i t y  F ( r  w o u l d  be a m o n o t o n -  
i c a l l y  i n c r e a s i n g  func t ion  of r w i t h  no peaks .  Thus  
the  so lu t ion  h y p o t h e s i s  is no t  cons i s t en t  w i t h  the  
facts ,  and  one is fo rced  to t he  a l t e r n a t e ,  t h a t  of 
g r o w t h  c o n t r o l l e d  b y  some s o l i d - s t a t e  me c han i sm .  

A c c e p t i n g  the  s o l i d - s t a t e  h y p o t h e s i s  the  d a t a  so 
fa r  not  d i scussed  a re  g iven  the  fo l lowing  t e n t a t i v e  
i n t e r p r e t a t i o n .  

The  5 8 - m v  c u r v e  in  Fig .  2 shows a con t inuous  
t r a n s i t i o n  of t he  r a t e  of o x i d a t i o n  f r o m  a t -1 to a t -lt~ 
d e p e n d e n c e  on the  t ime.  T h e  t -~ d e p e n d e n c e  of t he  
r a t e  of e l e c t r o c h e m i c a l  o x i d a t i o n  c o r r e s p o n d s  to the  
l o g a r i t h m i c  g r o w t h  l a w  of t en  o b s e r v e d  in  a i r  ox i -  
d a t i o n  processes .  A l o g a r i t h m i c  g r o w t h  r a t e  is a r e -  
su l t  of t r a n s p o r t  of ions t h r o u g h  a c o m p o u n d  or  
across  an  in t e r face ,  e i t he r  m e t a l - m e t a l  ox ide  or  
m e t a l  o x i d e - e l e c t r o l y t e ,  caused  b y  a l a r g e  loca l  e lec -  
t r ic  f ield i n t e n s i t y  such t ha t  t h e r e  is no loca l  t h e r m o -  
d y n a m i c  e q u i l i b r i u m .  Thus  the  5 8 - m v  c u r v e  sug-  
gests  tha t ,  for  va lue s  of ~ in  excess  of t h e  o v e r p o t e n -  
t i a l  for  m a x i m u m  p a r a b o l i c  g r o w t h  ra te ,  ions a r e  
i n i t i a l l y  t r a n s p o r t e d  e i t h e r  t h r o u g h  the  h y d r o x i d e  
fi lm or  across  an  i n t e r f a c e  u n d e r  n o n e q u i l i b r i u m  
cond i t ions  a n d  tha t ,  as  t he  f i lm th ickens ,  t he  i n -  
t e r n a l  field is r e d u c e d  u n t i l  t he  ions come  to loca l  
t h e r m o d y n a m i c  e q u i l i b r i u m  at  the  i n t e r f aces  and  in 
t he  i n t e r i o r  of t he  h y d r o x i d e  thus  y i e l d i n g  a p a r a -  
bol ic  g r o w t h  law.  

I t  is of i n t e r e s t  to no t e  t h a t  the  r a t e - l i m i t i n g  
s tep  in  the  t -~ p a r t  of the  c u r v e  could  be  t r a n s f e r r e d  
across  e i t he r  in te r face .  I f  th is  is t rue ,  a d d i t i o n a l  
m e a s u r e m e n t s  of r a t e  vs. t i m e  in t h e  h igh  o v e r p o -  
t e n t i a l  r e g i o n  cou ld  l e ad  to a d e t e r m i n a t i o n  of t h e  
e x c h a n g e  c u r r e n t  a t  t he  r e l e v a n t  in te r face .  

A g a i n  t a k i n g  t h e  s o l i d - s t a t e  v iew,  t he  n e w  F ( r  
vs. r cu rve  (see  Fig .  9) o b t a i n e d  b y  a d d i t i o n  of i n -  
d i u m  to the  c a d m i u m  e l ec t rode  is also g iven  the  fo l -  
l o w i n g  t e n t a t i v e  i n t e r p r e t a t i o n .  

I t  is v e r y  p r o b a b l e  t ha t  some i n d i u m  becomes  in -  
c o r p o r a t e d  in the  c a d m i u m  h y d r o x i d e  l a t t i ce  caus ing  
changes  in  the  t y p e  and  n u m b e r  of i m p e r f e c t i o n s  in 
t he  h y d r o x i d e .  I f  th is  is t rue ,  the  effects caused  b y  
i n d i u m  sugges t  t h a t  the  p e a k s  a r e  r e l a t e d  to t h e  t y p e  
of i m p e r f e c t i o n s  in  the  c a d m i u m  h y d r o x i d e  c rys ta l .  

I f  t he  g r o w t h  of t he  h y d r o x i d e  is v i a  t r a n s p o r t  of 
mass  a n d  e l ec t r i c i t y  t h r o u g h  the  h y d r o x i d e  (as  the  
ev idence  i n d i c a t e s ) ,  the  d e p e n d e n c e  of r a t e  on o v e r -  
p o t e n t i a l  m u s t  t hen  be  r e l a t e d  to t he  t r a n s p o r t  p r o p -  
e r t i e s  of the  h y d r o x i d e  sub j e c t  to the  b o u n d a r y  con-  
d i t ions  i m p o s e d  b y  the  m e t a l - h y d r o x i d e  and  h y -  
d r o x i d e - e l e c t r o l y t e  in te r faces .  Our  r e su l t s  i nd i ca t e  
t h a t  t h e  b o u n d a r y  cond i t ions  a r e  r e l a t e d  to t he  e l ec -  
t r o d e  o v e r p o t e n t i a l .  A m o r e  d e t a i l e d  d iscuss ion  of 
the  i m p l i c a t i o n s  of th is  r e su l t  and  an  i n t e r p r e t a t i o n  
of t h e  F ( r  vs. r cu rves  is in p r e p a r a t i o n  and  w i l l  
be  p u b l i s h e d  l a te r .  
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The Stability and Solubility of AgO in Alkaline Solutions 
Thedford P. Dirkse and Brandon Wiers 

Department o] Chemistry, Calvin College, Grand Rapids, Michigan 

ABSTRACT 

Silver oxide is stable in boil ing water  and decomposes bu t  very little at 
room temperature  in  strongly alkal ine solutions. The presence of Ag~O does 
not affect this stability, but  the presence of unoxidized silver does increase the 
rate of decomposition. When AgO dissolves in strongly alkal ine solutions the 
dissolved form is pr imar i ly  AgO and Ag(OH)~-. The s tandard free energy of 
formation of the lat ter  is --85,380 cal/mole. 

S i l v e r ( I I )  oxide, AgO, has been  k n o w n  for some 
t ime and  is now ava i l ab le  commercia l ly .  Var ious  
methods  for its p r epa ra t i on  have  been  repor ted  as 
wel l  as severa l  s tudies  of its propert ies .  Yet, in  spite 
of all  this, there  is sti l l  confus ion  as to the n a t u r e  
and  charac ter is t ics  of this substance.  There  is con-  
fl icting i n f o r m a t i o n  on its c rys ta l  s t r u c t u r e  as we l l  as 
its s tabi l i ty .  

The work  repor ted  here  is the  resu l t  of a s tudy  
tha t  has b e e n  made  of AgO to e l imina t e  some of this  
confus ion  and  to d e t e r m i n e  some phys ica l  chemica l  
constants .  

In  genera l  the re  are two methods  for p r e p a r i n g  
AgO. One of these  is the  e lect rolyt ic  ox ida t ion  of 
s i lver  in  a lka l ine  solut ion,  or of s i lver  ion in  acid 
solut ion.  However ,  it is difficult to get a pu re  p roduc t  
by  this  method.  Our  s tudies  of the  e lect rolyt ic  ox i -  
da t ion  of s i lver  in  a lka l ine  solut ions have  shown  tha t  
it  is ve ry  difficult to oxidize s i lver  comple te ly  to 
AgO. Den i son  (1) indica tes  tha t  unox id ized  si lver  
is a lways  present .  In  the  p r e p a r a t i o n  of the  oxide by  
ox ida t ion  in  acid solut ions  it is difficult to r emove  
the  last  t races  of anion.  

The  o ther  me thod  of p r e p a r a t i o n  uses chemical  
oxidiz ing agents  on s i lver  ions. Var ious  oxidiz ing 
agents  have  been  suggested,  e.g., M n O j ,  S~O3--, and  
ozone, bu t  po tass ium persu l fa te  in s t rong ly  a lka l ine  
solut ions a p p a r e n t l y  gives the  pu res t  p roduc t  (2, 3). 
In  our  work  we used e i ther  a p roduc t  p r e p a r e d  by  
this  me thod  or a commerc ia l ly  ava i l ab le  ma te r i a l .  

Experimental 
Three  types  of ana lyses  were  pe r fo rmed  on each 

batch  of m a t e r i a l  to d e t e r m i n e  its pu r i ty .  Samples  of 
AgO were  ana lyzed  for oxygen  con ten t  by  hea t ing  

to dr ive  off oxygen;  for s i lver  by  the  Volhard  
method;  and  for oxid iz ing  power  by  t r ea t i ng  w i th  K I  
and  t i t r a t i ng  the l ibe ra ted  I~ w i th  th iosul fa te  (4) .  
These  analyses  ind ica ted  t ha t  the  m a t e r i a l  was  a l -  
ways  be t te r  t h a n  97%, and  u sua l l y  closer to 99% 
AgO. 

In  the  so lub i l i ty  m e a s u r e m e n t s ,  the m i x t u r e s  were  
qu ick ly  fi l tered th rough  s in te red  glass f i l ter ing c ru -  
cibles and  acidified w i th  HNO3 to reduce  Ag +§ to Ag § 
(4, 5). The  sample  was t h e n  t i t r a t ed  p o t e n t i o m e t -  
r ica l ly  us ing  a KI  r eagen t  a nd  a s i lver  electrode.  The 
re fe rence  electrode was a s a tu ra t ed  ca lomel  elec- 
trode. The same precau t ions  a nd  t echn iques  were  
used as are descr ibed in  r e fe rence  (6) .  

The  K O H  solut ions  were  p r epa red  by  d i lu t ion  of a 
stock so lu t ion  to which  some Ba(OH)~ had  been  
added  to remove  carbonate .  

X - r a y  diffract ion p a t t e r n s  were  ob ta ined  f rom a 
p lane  surface of the ma te r i a l  made  by  pas t ing  the  
sample  on a p l a t i n u m  screen. A Norelco x - r a y  u n i t  
was used. The r ad i a t i on  was p roduced  b y  a copper  
cathode, and  a n icke l  foil se rved  as a filter. 

Results 
X-ray  di~raction pat terns . - -Schwab a nd  H a r t -  

m a n n  (7) p r epa red  AgO by  severa l  d i f ferent  m e t h -  
ods and,  in  general ,  ob ta ined  the same x - r a y  diffrac-  
t ion  p a t t e r n  for each p repa ra t ion .  However ,  a some-  
w h a t  d i f ferent  p a t t e r n  was  ob ta ined  f rom a sample  
p repa red  by  ex tens ive  ox ida t ion  of s i lver  w i th  ozone, 
a nd  f rom an  oxide p r e p a r e d  by  anodiz ing  s i lver  n i -  
t r a t e  b e t w e e n  p l a t i n u m  electrodes and  then  boi l ing  
the p roduc t  in  water .  These l a t t e r  pa t t e rn s  were  also 
ob ta ined  by  others  (8) f rom s imi l a r ly  p r e p a r e d  
oxides. This difference in  x - r a y  pa t t e rn s  indicates  a 
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Fig. 1. X-ray diffraction patterns for AgO: (a) commercially 
available AgO; (b) AgO formed by anodizing Ag in KOH 
solutions; (c) AgO formed as in (b) but containing excess 
oxygen, Ag01.17; (d) most AgO specimens prepared by Schwab 
and Hartmann (7); (e) AgO prepared by extensive ozonization 
of Ag (7); (f) AgO prepared from product obt(ained by 
anodizing AgNO8 (7, 8). 

Table II. Effect of boiling AgN03 on AgO 

% A g O  
S o l u t i o n  a f t e r  b o i l i n g  

H~O 97.6 
0.1N AgNO~ 95.6 
O.5N AgNO3 94.2 
1.0N AgNO~ 92.3 
2.0N AgNO2 88.3 

d i f fe rence  in  s t ruc tu re .  S a m p l e s  p r e p a r e d  b y  these  
l a t t e r  two  m e t h o d s  h a v e  o f t en  b e e n  suspec t ed  of 
con t a in ing  Ag20~ (9) .  I t  is poss ib le  t ha t  some such 
s u b s t a n c e  is f o r m e d  and,  b e i n g  uns t ab l e ,  r e a d i l y  
loses o x y g e n  giving,  in effect, A g O  w i t h  s o m e w h a t  
l a r g e r  l a t t i c e  p a r a m e t e r s .  

M u c h  of t he  w o r k  t h a t  has  been  r e p o r t e d  on A g O  
has  been  b a s e d  on a s t u d y  of s a m p l e s  p r e p a r e d  b y  
anod iz ing  s i lve r  n i t r a t e .  S ince  such a s a m p l e  has  a 
d i f f e ren t  x - r a y  p a t t e r n  t h a n  the  A g O  p r e p a r e d  b y  
o the r  me thods ,  i t  is poss ib le  t h a t  i ts  p r o p e r t i e s  a r e  
also d i f ferent .  The  ox ides  used  in  our  w o r k  gave  
x - r a y  p a t t e r n s  s i m i l a r  to those  of mos t  of t he  p r e p -  
a r a t i ons  s t u d i e d  b y  S c h w a b  and  H a r t m a n n .  This  
p a t t e r n  is also o b t a i n e d  f r o m  the  A g O  p r e p a r e d  b y  
the  e l e c t r o l y t i c  o x i d a t i o n  of s i lve r  in  K O H  solu t ions ,  
Fig.  1. The  r e l a t i v e  i n t ens i t i e s  of these  l ines  a r e  not  
n e c e s s a r i l y  c o m p a r a b l e  s ince  some  of t he se  p a t t e r n s  
w e r e  o b t a i n e d  f rom p o w d e r s  and  o the r s  f r o m  a p l a n e  
surface .  

Stabili ty in aqueous solutio.ns.--Since AgO is a 
s t rong  ox id i z ing  agent ,  i t  is poss ib le  t h a t  i t  m a y  be  
u n s t a b l e  in  w a t e r .  H o w e v e r ,  r e a c t i o n  [1]  is no t  

4AgO -k 2H~O--> 4Ag § ~- 4 OH- -k O2 [ 1] 

t h e r m o d y n a m i c a l l y  spon taneous .  J i r sa ,  et al. (4)  
s t ud i ed  th is  b y  p l a c i n g  AgO in bo i l ing  w a t e r  and  ob -  
s e r v e d  t h a t  t he  e x t e n t  of decompos i t i on  of A g O  i n -  
c r ea sed  w i t h  the  a m o u n t  of w a t e r  used.  T h e i r  e x -  
p l a n a t i o n  w a s  t h a t  t he  decompos i t i on  c o n t i n u e d  u n t i l  
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t he  w a t e r  was  s a t u r a t e d  w i t h  AgOH.  H o w e v e r ,  i t  
is poss ib l e  t h a t  t he  A g O H  could  p r e c i p i t a t e  as Ag~O, 
a n d  thus  t he  decompos i t i on  of AgO b y  w a t e r  w o u l d  
cont inue .  The  e x t e n t  of d e c o m p o s i t i o n  w o u l d  t h e n  
d e p e n d  on the  t i m e  of bo i l ing  r a t h e r  t h a n  the  a m o u n t  
of w a t e r  used .  

I n  our  a t t e m p t  to t e s t  th is ,  s a m p l e s  of A g O  w e r e  
p l a c e d  for  1.5 h r  in  v a r y i n g  a m o u n t s  of bo i l ing  
w a t e r .  The  p u r i t y  of t he  s a m p l e s  was  d e t e r m i n e d  
i o d o m e t r i c a l l y  (4) .  T h e r e  was  no decompos i t i on  of 
AgO w i t h  such  t r e a t m e n t  (see  Tab le  I ) .  In  fact ,  t he  
bo i l i ng  w a t e r  a p p e a r s  to p u r i f y  t he  s a m p l e s  s o m e -  
w h a t .  I t  shou ld  b e  n o t e d  h e r e  t h a t  t he  o x i d e  u sed  b y  
J i r s a  a n d  c o - w o r k e r s  was  p r e p a r e d  f r o m  t h e  m a t e -  
r i a l  p r o d u c e d  b y  the  a n o d i z a t i o n  of a AgNO~ solut ion .  

I n  a n o t h e r  tes t ,  s a m p l e s  of AgO w e r e  p l a c e d  for  
1.5 h r  in  bo i l ing  so lu t ions  of AgNO~. He re  t h e r e  was  
a m a r k e d  effect  on the  AgO,  T a b l e  II .  This  l i k e l y  
w a s  due  to t h e  h y d r o n i u m  ion. The  p H  of t he  2.0N 
AgNO~ was  3.5. A g O  does decompose  in  ac id  so lu-  
t ions  (4, 5).  The  AF~ for  r e a c t i o n  [2]  is 

4AgO + 4H § --) 4Ag § + 02 + 2H~O [2]  

a b o u t  - -54  kca l .  
I t  is of  i n t e r e s t  to  n o t e  w h e t h e r  th i s  s t a b i l i t y  of 

A g O  changes  a t  s t i l l  h i g h e r  p H  va lues .  P o r t i o n s  of 
A g O  w e r e  a l l o w e d  to s t a n d  in  K O H  so lu t ions  a t  r o o m  
t e m p e r a t u r e .  S a m p l e s  w e r e  t a k e n  at  v a r i o u s  t i m e  
i n t e r v a l s  to d e t e r m i n e  the  e x t e n t  of decompos i t ion .  
Resu l t s  a r e  g iven  in  T a b l e  III .  I t  is obv ious  t h a t  a 
v e r y  s l ight ,  b u t  def ini te ,  d e t e r i o r a t i o n  t a k e s  p lace .  

To tes t  th is  s t a b i l i t y  f u r t h e r ,  s a m p l e s  of  AgO were .  
p r e p a r e d  b y  t r e a t i n g  s i lve r  a n o d i c a l l y  in  K O H  so lu -  
t ions.  A f t e r  t r e a t m e n t  t he se  spec imens  w e r e  soaked  
in d i s t i l l ed  w a t e r  to r e m o v e  KOH,  d r i e d  in  a s t r e a m  
of pur i f i ed  n i t rogen ,  and  t h e n  p l a c e d  in  a des i cca to r  
for  a t  l eas t  a day .  The  w e i g h t  ga ined  in  th i s  p rocess  
was  a s s u m e d  to be  due  to oxygen .  One of these  spec -  
i m e n s  was  a n o d i z e d  for  s e v e r a l  w e e k s  in  o r d e r  to ge t  
c o m p l e t e  c onve r s ion  to AgO.  This  was  ver i f i ed  b y  
x - r a y  d i f f r ac t ion  p a t t e r n  and  b y  ana lys i s .  T h e  o t h e r  
s a m p l e  was  a n o d i z e d  for  a f ew  days  and,  w h i l e  t h e  
su r f ace  was  c o n v e r t e d  to AgO,  not  a l l  t he  A g  was  

Table 111. Stability of AgO in KOH solutions 

Table I. Effect of boiling water on AgO 

% AgO 
lYI1 water af te r  boiling 

D a y s  13% K O H  

% A g O  a f t e r  t r e a t m e n t  

7% K O H  s a t u -  
r a t e d  w i t h  A g 2 0  

O 97.6 97.6 
- -  97.7 1 97.2 97.2 
25 97.8 3 96.9 97.5 
50 98.1 7 95.6 97.2 

300 98.3 14 96.5 97.3 
500 98.2 60 94.7 96.3 
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ox id i zed  to AgO. The  to t a l  compos i t i on  could  be  
r e p r e s e n t e d  b y  AgO0.~+. Bo th  s a m p l e s  w e r e  k e p t  in  
t he  d a r k  in  30% K O H  so lu t ions  for  4 m o n t h s  a t  r o o m  
t e m p e r a t u r e .  A t  t he  end  of th is  t ime  the  p u r e  s a m p l e  
h a d  los t  2% of  i ts  we igh t .  The  a m o u n t  t h a t  cou ld  
h a v e  d i s so lved  w o u l d  h a v e  been  on ly  a b o u t  0.06% 
of t he  o r i g i n a l  we igh t .  The  x - r a y  d i f f r ac t ion  p a t t e r n  
of the  su r f ace  s h o w e d  on ly  l ines  of AgO.  Hence  a n y  
a p p r e c i a b l e  a m o u n t  of Ag+O t h a t  f o r m e d  d id  no t  r e -  
m a i n  on the  su r f ace  of t he  e lec t rode .  Some  m a y  h a v e  
been  shed  b y  the  e lec t rode .  T h e r e  was  a s m a l l  
a m o u n t  of d a r k  co lo red  m a t e r i a l  a t  the  b o t t o m  of t he  
t e s t  t u b e  w h e n  the  s a m p l e  was  f ina l ly  e x a m i n e d .  

A t  t he  end  of t he  4 m o n t h s  t he  AGO0.= h a d  los t  
on ly  a b o u t  0.3% b y  we igh t ,  bu t  th is  r e p r e s e n t e d  a l l  
t he  AgO t h e r e  was  on t h a t  e l ec t rode  s ince  t he  x - r a y  
d i f f r ac t ion  p a t t e r n s  s h o w e d  t h a t  t he  su r f ace  h a d  been  
c o m p l e t e l y  c o n v e r t e d  to Ag+O. M e a s u r e m e n t  of t he  
p o t e n t i a l  of th is  e l e c t r o d e  vs. a z inc  e l ec t rode  s h o w e d  
the  p r e s e n c e  of AgO a t  t he  end  of 2 months .  

These  r e su l t s  i n d i c a t e  t h a t  p u r e  A g O  does  d e -  
compose  s l i g h t l y  even  in t he  m o r e  c o n c e n t r a t e d  K O H  
solut ions .  Th is  decompos i t i on  m a y  be  d u e  to t he  
p re sence  of loca l  cel l  act ion,  w i t h  a p o t e n t i a l  of a b o u t  
200 mv.  

2 OH---> H+O -t- 1/2 O2 + 2e E ~ = --0.4 v 

2AgO -t- H~O ~- 2e + Ag20 -t- 2 OH- E ~ = +0 .6  v 

This  decompos i t i on  of  A g O  w o u l d  be  h a s t e n e d  b y  
the  p r e s e n c e  of i m p u r i t i e s  such as Ag.  H o w e v e r ,  a t  
r o o m  t e m p e r a t u r e  even  th is  p rocess  t a k e s  p l a c e  
s lowly ,  as i n d i c a t e d  b y  the  v e r y  s l igh t  d e c o m p o s i -  
t ion  of t he  AgOo.~ p r e p a r a t i o n  ove r  a p e r i o d  of t ime .  

I t  is poss ib l e  t h a t  Ag+O m a y  decompose  A g O  c a t a -  
l y t i ca l ly ,  b u t  t h e r e  was  no  ev idence  for  th is  even  in  
bo i l ing  so lu t ions  of KOH,  Fig.  2. 

Solubility in K O H  solutio.ns.--The s o l u b i l i t y  of 
AgO in K O H  so lu t ions  was  m e a s u r e d  a t  25~ The  
s a m p l e s  w e r e  a l l o w e d  to e q u i l i b r a t e  for  a t  l e a s t  2 
day.s a l t h o u g h  l a t e r  w o r k  s h o w e d  t h a t  e q u i l i b r i u m  
was  r e a c h e d  in  a f ew  hours .  Some  of t he  r e su l t s  a r e  
g iven  on Fig.  3. The  s o l u b i l i t y  is a f u n c t i o n  of  t h e  
OH- ion  concen t r a t ion .  This  i nd i ca t e s  t h a t  t h e  A g O  
d isso lves  b y  r e a c t i n g  w i t h  the  OH- ions. So f a r  as 
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Fig. 3. Solubility of AgO in KOH solutions at 25~ 

c o m p a r i s o n  can  be  m a d e ,  t he se  v a l u e s  a r e  t h e  s a m e  
as those  for  Ag20 (6) .  This  is s t r i k i n g  be c a use  o r d i -  
n a r i l y  t he  h i g h e r  v a l e n c e  ox ide  is m o r e  acidic .  

Resu l t s  o b t a i n e d  in  m o r e  d i l u t e  so lu t ions  w e r e  
t r e a t e d  to d e t e r m i n e  e q u i l i b r i u m  cons tan t s  for  t he  
f o r m a t i o n  of c e r t a i n  ions (10) .  A s s u m e  the  fo l l ow-  
ing  e q u i l i b r i a  in  so lu t ion .  

A g O  + H20 ~ A g ( O H ) 2  [3]  

A g O  + OH- -t- H+O ~ Ag(OH)+-  [4]  

AgO -k 2 OH- -t- H20 ~ A g ( O H ) j -  [5]  

The  t o t a l  so lub i l i ty ,  S, t h e n  can  be  e x p r e s s e d  as 

S = M,go -t- M~+<om,- -k M,+~om,-- [6]  
o r  

S = MAgo "~- K2MoH- + K+(Mo.-)2/[y +-- ( 1 - - 1 ) ]  + [7]  

w h e r e  K2 is the  e q u i l i b r i u m  cons t an t  for  r e a c t i o n  
[4]  and  K+ for  r e a c t i o n  [5] ,  t he  ac t iv i t i e s  of A g O  
a n d  H+O b e i n g  t a k e n  as un i ty .  I f  n o w  a p lo t  of  S vs. 
Mo.-  is made ,  i t  is e v i d e n t  f r o m  e q u a t i o n  [7]  t h a t  
the  e x t r a p o l a t e d  v a l u e  is MAgo or  MAt<on+. Such  a p lo t  
is s h o w n  on Fig.  4. The  e x t r a p o l a t e d  v a l u e  is 0.27 x 
10-2M. 
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R e a r r a n g i n g  e q u a t i o n  [7]  

( S - - M A , o ) / M o , -  = K,  + K ,  M o , - / [ y  +-- ( 1 - - 1 ) ]  3 [8]  

P l o t t i n g  the  le f t  h a n d  m e m b e r  vs. Moll- a n d  e x t r a p -  
o l a t i ng  n o w  gives  the  v a l u e  of K~. This  is s h o w n  on 
t h e  u p p e r  p o r t i o n  of F ig .  4. The  v a l u e  for  K~ is 17 x 
10 -3 . S ince  th is  p lo t  is p a r a l l e l  to t he  base  l ine,  t he  
v a l u e  of K3 is zero. Consequen t ly ,  t he  d i s so lved  f o r m  
consis ts  of AgO or  A g ( O H ) 3  and  Ag(OH)3- .  Us ing  the  
s a m e  t e c h n i q u e  the  c o n c e n t r a t i o n  of A g O H  + is shown  
to be  neg l ig ib l e .  

A g O  + H~O ~ A g O H  § + OH- [9]  

A s i m i l a r  t r e a t m e n t  of t he  d a t a  of Johns ton ,  et  al. (6)  
shows  the  d i s so lved  f o r m  of Ag~O in a I k a l i n e  so lu -  
t ions  to be  Ag=O or  A g O H  and  Ag(OH)=- .  The  v a l u e  
of t he  e q u i l i b r i u m  cons t an t  for  the  f o r m a t i o n  of the  
l a t t e r  is 3.6 x 10 -s. Thus,  a l t h o u g h  the  t o t a l  s o l u b i l i t y  
of Ag=O a n d  A g O  in a l k a l i n e  so lu t ions  is p r a c t i c a l l y  
the  same ,  t he  c o n c e n t r a t i o n  of A g ( O H ) 3 -  is g r e a t e r  
t h a n  t h a t  of Ag(OH)3- .  

S ince  K ~  for  r e a c t i o n  [4]  is 1.7 x 10 4 t he  v a l u e  of 
AF~ for  th is  r e a c t i o n  is +5150  cal. Us ing  accep t ed  
va lues  for  the  f r ee  e n e r g y  of f o r m a t i o n  of H~O and  
OH-, a n d  +3615  c a l / m o l e  for  AgO (11) ,  AF%, for  
A g ( O H ) 3 -  is --85,380 c a l / m o l e .  L ikewise ,  AF~ for  
Ag(OH)=-  is --57,065 c a l / m o l e .  

The  r a t e  of  so lu t ion  of  A g O  in  K O H  so lu t ions  was  
also s tud ied .  This  was  done  b y  s t i r r i n g  the  K O H  
so lu t ions  w i t h  sol id  A g O  a n d  a n a l y z i n g  s a m p l e s  of 
t he  so lu t i on  for  d i s so lved  AgO.  This  so lub i l i t y  passes  
t h r o u g h  a r a t h e r  s h a r p  peak ,  Fig .  5. This  has  b e e n  
o b s e r v e d  b y  o the r s  also (12) .  A s im i l a r  p h e n o m e n o n  
has  b e e n  n o t e d  in  p e r c h l o r i c  ac id  (13) .  I t  was  sug -  
ges ted  t h a t  th is  cou ld  be  due  to a sol id  p h a s e  t r a n s i -  
t ion.  This  is a poss ib i l i ty ,  a l t h o u g h  x - r a y  d i f f r ac t ion  
m e a s u r e m e n t s  gave  no d i f f e rence  in  pa t t e rn s .  Nor  is  
th is  p h e n o m e n o n  due  to a decompos i t i on  of AgO.  T h e  
r e s i d u e  le f t  a f t e r  a l l o w i n g  AgO to s t a n d  in  con tac t  
w i t h  t he  K O H  so lu t ions  for  s e v e r a l  days  w a s  a n a -  

14 
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= s  

o 

I I I 

O 4  
time in hours  

Fig. 5. Rate of solubility of AgO in 4 .75M KOH at room 
temperature. 

l y z e d  i o d o m e t r i c a l l y ,  and  t h e r e  was  no ev idence  of 
decompos i t ion .  T h e  r e s i d u e  s h o w e d  as m u c h  o x id i z -  
ing  a b i l i t y  a f t e r  s t a n d i n g  as be fore .  I f  th i s  p e a k  w e r e  
due  to a r e a c t i o n  such  as [10] t h e n  t h e  

4Ag(OH)3- -*  2Ag~O + O.~ + 4OH-  + 4H~O [10] 

r e s i d u e  w o u l d  g r a d u a l l y  change  f rom A g O  to Ag~O. 
This  r e a c t i o n  is t h e r m o d y n a m i c a l l y  poss ib le ,  b u t  
n e i t h e r  w e i g h t  m e a s u r e m e n t s ,  ana lys i s ,  n o r  x - r a y  
d i f f r ac t ion  p a t t e r n s  i n d i c a t e  t h a t  th is  or  s i m i l a r  r e -  
ac t ions  t a k e  p l a c e  unless ,  e.g., m e t a l l i c  s i lve r  is p r e s -  
ent .  I f  th is  p e a k  is due  to a p h a s e  t r ans i t i on ,  e.g., 

AgO ( A )  + H~O + O H - ~  A g ( O H ) ~ -  [11] 

A g ( O H ) 3 - ~  A g O ( B )  + H~O + OH- [12] 

i t  is a r a p i d  t r a n s i t i o n  a n d  one no t  d e t e c t e d  b y  our  
x - r a y  d i f f r ac t ion  m e a s u r e m e n t s .  F u r t h e r m o r e ,  th is  
p e a k  was  o b s e r v e d  w i t h  s a mp le s  of A g O  o b t a i n e d  b y  
t r e a t i n g  AgNO3 w i t h  K~S~O3 in a s t r o n g l y  a l k a l i n e  
so lu t ion ,  so i t  is u n l i k e l y  t h a t  f u r t h e r  con tac t  w i t h  
a l k a l i n e  solut ions  w o u l d  cause  such a p h a s e  change.  

I t  is poss ib le  t h a t  th is  p e a k  in the  s o l u b i l i t y  c u r v e  
is due  m e r e l y  to a t i m e  l a g  n e c e s s a r y  for  a r e a c t i o n  
such as  [12] to t a k e  p l ace  and  thus  some  t i m e  is 
n e c e s s a r y  be fo re  so lub i l i t y  e q u i l i b r i u m  is t r u l y  es-  
t ab l i shed .  

A c k n o w l e d g m e n t  

The  a u t h o r s  w i sh  to exp res s  t h a n k s  to t he  Office of 
N a v a l  R e s e a r c h  for  a g r a n t  u n d e r  w h i c h  th is  w o r k  
was  u n d e r t a k e n ,  a n d  to M e r c k  and  C o m p a n y  for  
s u p p l y i n g  s a m p l e s  of AgO.  

Manuscr ip t  rece ived  Oct. 8, 1958. 

A n y  discussion of this paper  wi l l  appear  in a Discus- 
sion Section to be publ i shed  in the December  1959 
J O U R N A L .  
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ABSTRACT 

A theory  based on the e lec t ron densi ty  in the v ic in i ty  of a reducib le  ni tro 
group which  had  been used to expla in  the effect of subs t i tuent  groups and the i r  
posi t ion on the opera t ing  potent ia l  of aromat ic  ni t ro compounds has been ex-  
tended to the n i t roa lkane  compounds.  The high theore t ica l  a mpe re -minu t e  
capaci ty  of the n i t roa lkane  compounds,  along wi th  the i r  high opera t ing  po ten-  
tials, show these compounds to have  considerable  promise  for  use as cathode 
mate r ia l s  in p r i m a r y  cells. 

P r e v i o u s  s tud ies  (1 -3 )  of the  e l e c t r o c h e m i c a l  c h a r -  
ac te r i s t i c s  of o rgan ic  N - h a l o g e n ,  a r o m a t i c  C-n i t ro so ,  
a n d  a r o m a t i c  n i t ro  c o m p o u n d s  h a v e  sugges t ed  the  
use  of these  m a t e r i a l s  as ca thodes  in p r i m a r y  cel ls  
b e c a u s e  of  t h e i r  h igh  t h e o r e t i c a l  a m p e r e - m i n u t e  ca -  
pac i t i e s  and  p r a c t i c a l  o p e r a t i n g  po ten t i a l s .  

The  p e r f o r m a n c e  c h a r a c t e r i s t i c s  of d r y  cel ls  con-  
t a i n i n g  a r o m a t i c  n i t r o  a n d  C - n i t r o s o  c o m p o u n d s  as  
ca thodes  coup led  w i t h  a m a g n e s i u m  anode  and  a 
m a g n e s i u m  b r o m i d e  e l e c t r o l y t e  h a v e  been  d e s c r i b e d  
in  p r e v i o u s  p a p e r s  (4, 5) .  These  cel ls  h a v e  m a n y  
p e r f o r m a n c e  c h a r a c t e r i s t i c s  s u p e r i o r  to those  of 
ex i s t i ng  c o m m e r c i a l  d r y  cells.  

On the  bas is  of these  s tudies ,  the  mos t  p r o m i s i n g  
class of o rgan ic  ca thode  m a t e r i a l s  a p p e a r s  to b e  t he  
a r o m a t i c  n i t ro  c o m p o u n d s  because  of t he i r  h igh  
t h e o r e t i c a l  a m p e r e - m i n u t e  capac i ty ,  bo th  on a w e i g h t  
a n d  v o l u m e  basis .  S ince  the  a r o m a t i c  n i t ro  c o m -  
pounds  r e p r e s e n t  on ly  one class of a l a r g e  n u m b e r  
of o rgan ic  compounds ,  e x t e n s i v e  s tud ies  w e r e  m a d e  
of the  e l e c t r o c h e m i c a l  c h a r a c t e r i s t i c s  of  o t h e r  o r -  
gan ic  n i t ro  compounds .  This  p a p e r  dea l s  w i t h  t he  
w o r k  on the  n i t r o a l k a n e s .  

Apparatus and Technique 
Because  of the  i r r e v e r s i b l e  n a t u r e  of the  e l e c t r o d e  

r e a c t i o n  and  p o l a r i z a t i o n  effects e n c o u n t e r e d  d u r i n g  
c u r r e n t  flow, the  e l e c t r o c h e m i c a l  c h a r a c t e r i s t i c s  of 
m a n y  i n o r g a n i c  and  o rgan i c  c o m p o u n d s  o f t en  canno t  
be  p r e d i c t e d  b y  t h e r m o d y n a m i c  ca l cu l a t i ons  and  a 
k n o w l e d g e  of t he i r  p h y s i c a l  and  c h e m i c a l  p r o p -  
er t ies .  A t echn ique ,  p r e v i o u s l y  d e s c r i b e d  b y  the  a u -  
t ho r s  (6) ,  has  been  used  to m e a s u r e  t he  o p e r a t i n g  
p o t e n t i a l  d u r i n g  c u r r e n t  flow and  the  cou lombic  ca -  
p a c i t y  of va r i ous  n i t r o a l k a n e  compounds .  This  t e c h -  
n i q u e  consis ts  in  d i s c h a r g i n g  at  a cons t an t  cu r r en t ,  in  
a l a r g e  v o l u m e  of e l ec t ro ly t e ,  a 0 .5-g  1 s a m p l e  of  t h e  
n i t r o a l k a n e  ca thode  m a t e r i a l  m i x e d  w i t h  0.05 g of 
S h a w i n i g a n  a c e t y l e n e  b lack .  The  change  in c a thode  
p o t e n t i a l  w i t h  t i m e  was  m e a s u r e d  w i t h  a L&N T y p e  

1 L i q u i d  c o m p o u n d s  w e r e  t e s t ed  b y  m i x i n g  0.5 m l  of  t he  com-  
p o u n d  w i t h  S h a w i n i g a n  a c e t y l e n e  b lack ,  d i s c h a r g i n g  t he  r e s u l t a n t  
m i x  a t  t he  r e q u i r e d  ra te ,  a nd  m a k i n g  h a l f - c e l l  p o t e n t i a l  m e a s u r e -  
m e n t s  i n  t he  u s u a l  m a n n e r .  

K p o t e n t i o m e t e r  us ing  a s a t u r a t e d  ca lome l  r e f e r e n c e  
e lec t rode .  The  m e a s u r e d  p o t e n t i a l s  w e r e  c o r r e c t e d  for  
t h e  IR drop  a s soc ia t ed  w i t h  t he  a p p a r a t u s  a n d  e lec -  
t r o l y t e  b y  m e a n s  of a n  o sc i l l og raph ic  t e c h n i q u e  (7) .  

A l l  h a l f - c e l l  p o t e n t i a l  d a t a  r e p o r t e d  in th is  p a p e r  
a r e  r e f e r r e d  to t he  n o r m a l  h y d r o g e n  scale  and  in -  
c lude  a l i qu id  j u n c t i o n  po ten t i a l ,  w h i c h  in  mos t  
cases  is  s m a l l  a n d  can  be  neg lec ted .  

F o r  mos t  of the  m e a s u r e m e n t s  an  aqueous  m a g -  
n e s i u m  b r o m i d e  e l e c t r o l y t e  a n d  a m a g n e s i u m  anode  
w e r e  used,  whi le ,  in  s t u d y i n g  the  effect  of p H  on 
po t en t i a l ,  a zinc a n o d e  was  e m p l o y e d  w i t h  t he  ac id ic  
NH, C1-ZnCL-H~O and  bas ic  N a O H - H s O  e lec t ro ly t e s .  

Effect of Substituted Groups on the Electrode Potential 
of Nitroalkanes 

Experimental Results 

P r e s e n t e d  in Fig .  1 a r e  h a l f - c e l l  d i s c h a r g e  cu rves  
for  n i t r o b e n z e n e  a n d  s o m e  l o w - m o l e c u l a r - w e i g h t  
n i t r o a l k a n e  compounds ,  d i s c h a r g e d  a t  a r a t e  of 0.030 
a m p / m l  of c a thode  m a t e r i a l  in a 250 g/1 MgBr2- 6H~O 
e lec t ro ly te .  I t  is seen  t h a t  these  s imp le  p r i m a r y  n i -  
t r o a l k a n e  c o m p o u n d s  o p e r a t e  at  l o w e r  p o t e n t i a l s  
t h a n  n i t r o b e n z e n e  u n d e r  these  cond i t ions  of  d i s -  
charge .  The  l a t t e r  f inding  is in  g e n e r a l  a g r e e m e n t  
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Fig. ]. Cathode potential of various nitroalkane compounds 
discharged in 250 g/ l  MgBr='6H~O electrolyte o t a  rate of 
0.030 amp/ml. 
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Fig. 2. Effect of substituted groups on the cathode potential 
of 2-nitropropane discharged in 250  g / I  MgBr~'6H~O electro- 
lyte at a rote of 0 .030  omp/ml  Qnd 0 .030  emp/g .  

with polarographic data (8) obtained from these 
compounds over a wide  range of pH values.  

To test  the effect of substituted groups on the 
electrode potential  of the nitroalkane compounds,  
some 2-substituted 2-nitropropane derivatives  were  
discharged in the MgBr= electrolyte.  From the data 
presented in Fig. 2, it is seen that those compounds 
having e lectron-repel l ing groups such as --CH~, and 
--C~H~, substituted in the 2-posit ion of 2-nitropro-  
pane operate at lower  potentials  than the parent 
compound, whi le  a compound such as 2, 2-dinitro-  
propane, with  a strongly electron attracting --NO~ 
group in the 2-position, operates at a potential  0.25 
v higher than 2-nitropropane. 

In Fig. 3 are presented discharge data for a series 
of chloronitropropane isomers  discharged at a rate 
of 0.030 a m p / m l  in the 250 g/1 MgBr~.6H, O e lec-  
trolyte.  As wi th  the nitroaromatic compounds (2) ,  
the position as we l l  as the type of substituted group 
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Fig. 3. Effect of the position of o substituted chloro group 
on the cathode potential of 1-nitropropane discharged in 
250 g/I  MgBr2"6H~O electrolyte at a rate of 0 .030  omp/ml .  

0.30 - -  
NO 2 

i 
HANE C t -  C - C ~- 

0.20 - C~ 

~  : 
0,00  N,O 2 H 

x D -I-NITR THANE C$- C- C -H 
= ' c~ ;, 

- 0  ~o ~ - c t - -  

I , J I-CHLORO-I-NITROPROPANE H- C - C- C- H I O 20 
N,O z HI H~ Ct H H 

(:~ [ - NITROPROPANE H-C-C-C -  H 

) - 030  ~ ' 

-0 ,40  

-050 i I t I I I L 
0 4 0  80 [20 160 200 240 280 32Q 

DISCHARGE TIME {MINUTES) 

Fig. 4. Effect of the addition of successive chloro groups 
to a nitro-carbon atom of a nitroalkane compound dis- 
charged in 250  g / I  MgBr2"6H20 electrolyte at a rate of 
0 .030  amp/ml .  

appears to have a pronounced effect on the operating 
potential  of nitroalkane compounds as evidenced by 
the progress ively  higher potentials  obtained when  
the electron attracting --C1 group is success ively  sub- 
stituted in the 3-, 2-, and 1-position of 1-nitropro- 
pane. The effect of the --C1 group in raising the po-  
tential  of 1-nitropropane is seen to be appreciable 
only for the 1- and 2-positions, having very  l itt le 
effect when  substituted in the 3-position. 

The addition of a second and third --C1 group to a 
primary nitro carbon atom raises the operating po-  
tential  of a nitroalkane compound still  higher, as 
evidenced by the discharge curves in Fig. 4 for the 
various mona- ,  di-, and tr i -chloronitroalkane com-  
pounds. It is interesting to note that, although the 
potential  increases wi th  each succeeding chloro addi- 
tion, the potential  increases at a decreasing rate, the 
increase being approximately  0.25-0.30 v for the 

iDa l No~ 
IROMETH~NE 02N- C - NOZ 

0_80 NOz 

0.60 A NO 2 
>J 22 ,2  - TR NITROETI~Y_PROPION~TE 02N-C - COOCC2H 5 
w 

0 40 
z 

020; 
. No,., 

2, 2- DINITROPROPANE H - C - C - C - H 
0 0 O0 ' ' ~ - ~ H NO2H 

o ~ , ',%, 
-0 20 H N H 

~ , ~ ~ 2  -NITROPROPANE H - C - C - C - H 

-040  --X H ~1 

[ I I 
0 40 80 140 l le  2()0 240 21~0 3 2 0  

DISCHARGE TIME (MINUTES) 

Fig. 5, Effect of the addition of successive nitro groups to 
a nitro-carbon atom of a nitroalkane compound discharged 
in 250  g / I  MgBrs'6H20 electrolyte at o rate of 0 .030  
amp/ml .  
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Fig. 6. Cathode potential of various bromo and chlorodini- 
troalkane compounds discharged in 250 g/ I  MgBr~'6HsO 
electrolyte at a rate of 0.030 amp/ml.  

a d d i t i o n  of t he  first  --C1 group,  0.18-0.20 v for  t he  
second,  and  0.03-0.12 v for  the  a d d i t i o n  of a t h i r d  
ch loro  g r o u p  to a d i c h l o r o n i t r o  c o m p o u n d 2  

The  effect  on p o t e n t i a l  of a d d i n g  success ive  --NO~ 
g roups  to a n i t ro  c a r b o n  a t o m  is shown  in F ig .  5 
w h e r e  i t  is seen  t h a t  t he  p o t e n t i a l  of  t h e  v a r i o u s  n i t r o -  
a l k a n e  c o m p o u n d s  inc reases  w i t h  each  succeed ing  
a d d i t i o n  of a --NO~ group.  The  i nc rea se  in p o t e n t i a l  
due  to th is  s t r o n g l y  e l ec t ron  a t t r a c t i n g  g roup  is 
g r e a t e r  t h a n  t h a t  f o u n d  for  the  --C1 group,  as ev i -  
d e n c e d  b y  the  c o n s i d e r a b l y  h i g h e r  c a thode  p o t e n t i a l  
of t e t r a n i t r o m e t h a n e  c o m p a r e d  to t h a t  of t r i c h l o r o -  
n i t r o m e t h a n e .  

In  Fig.  6 a r e  p r e s e n t e d  d i s c h a r g e  d a t a  for  two  
pa i r s  of  b r o m o -  a n d  c h l o r o d i n i t r o a l k a n e  compounds ,  
d i s c h a r g e d  at  a r a t e  of 0.030 a m p / m l  in 250 g/1 
MgBr, .6H~O e lec t ro ly t e .  U n d e r  these  cond i t ions  of 
d i s c h a r g e  the  b r o m o d i n i t r o a l k a n e  c o m p o u n d s  o p e r -  
a te  a t  p o t e n t i a l s  0.1 v h i g h e r  t h a n  those  of t he  cor -  
r e s p o n d i n g  c h l o r o d i n i t r o a l k a n e  compounds .  

Discussion 
The  ca thode  p o t e n t i a l  of a r o m a t i c  n i t ro  c o m p o u n d s  

has  been  s h o w n  to be  d e p e n d e n t  on the  t y p e  a n d  
pos i t ion  of t he  s u b s t i t u e n t  g roup  or  g roups  on the  
r i n g  (2 ) .  This  has  been  e x p l a i n e d  on the  bas is  of the  
e l ec t ron  d i s t r i b u t i o n  in  t he  molecu le .  F o r  e x a m p l e ,  
in  s u b s t i t u t e d  n i t robenzenes ,  the  i n t r o d u c t i o n  on the  
r i n g  of e l e c t r o n - a t t r a c t i n g  groups ,  such  as - -CHO,  
- -CN,  and  --C1, dec reases  t he  e l ec t ron  d e n s i t y  in t he  
v i c i n i t y  of t he  n i t ro  group,  t hus  i n c r e a s i n g  its af f in i ty  
for  e l ec t rons  and  f ac i l i t a t i ng  i ts  r educ t ion .  Con-  
ve r se ly ,  e l e c t r o n - r e p e l l i n g  g roups  such  a s - - C H ~ ,  
- -OH,  and  --NH~ inc rea se  the  e l ec t ron  d e n s i t y  a r o u n d  
the  n i t ro  group ,  t hus  d e c r e a s i n g  i ts  aff in i ty  for  e l ec -  
t rons ,  r e s u l t i n g  in c o m p o u n d s  w h i c h  a r e  m o r e  diffi- 
cu l t l y  r educed ,  i.e., w i t h  c o m p o u n d s  h a v i n g  a l o w e r  
ca thod ic  d i s c h a r g e  p o t e n t i a l  t han  the  p a r e n t  n i t r o -  
benzene .  

The  d a t a  p r e s e n t e d  in Figs .  2-5 also can  be  e x -  
p l a i n e d  on the  bas is  of t he  s ame  theo ry .  F o r  e x a m p l e ,  
i t  is seen f r o m  Fig.  2 t h a t  the  effect  of s u b s t i t u t e d  
e l ec t ron  a t t r a c t i n g  and  e l e c t r o n - r e p e l l i n g  g roups  on 
the  p o t e n t i a l  of a n i t r o a l k a n e  c o m p o u n d  d u r i n g  c u r -  
r e n t  flow is s i m i l a r  to t h a t  found  for  t he  n i t r o b e n z e n e  
compounds .  F u r t h e r ,  the  i nc rea se  in  p o t e n t i a l  due  to 
the  a d d i t i o n  of a --NO2 group  to t he  n i t r o - c a r b o n  

I n  m a k i n g  t h i s  compar i son ,  i t  is a s s u m e d  t h a t  t he  o p e r a t i n g  
p o t e n t i a l s  of c o m p a r a b l e  c h l o r o n i t r o a l k a n e  d e r i v a t i v e s ,  such  as 1, 
1 - d i c h l o r o - l - n i t r o e t h a n e  a nd  1, 1 - d i c h l o r o - l - n i t r o p r o p a n e ,  are  ap-  
p r o x z m a t e l y  the  same.  

a t o m  of a n i t r o a l k a n e  is g r e a t e r  t h a n  t h a t  f o u n d  for  
the  a d d i t i o n  of a --NO~ g roup  to t he  pa ra ,  me ta ,  or  
o r t h o  pos i t i on  of n i t r obenzene .  This  is a t t r i b u t e d  to 
the  fac t  tha t ,  fo r  t he  n i t r o a l k a n e  compound ,  t he  s u b -  
s t i t u t e d  --NO~ g roup  is d i r e c t l y  on the  c a r b o n  a t o m  
con ta in ing  the  r e d u c i b l e  n i t ro  group,  w h i l e  for  n i t r o -  
be nz e ne  such a g r o u p i n g  is imposs ib le ,  and  the  effect 
of a n i t ro  g roup  m u s t  be  t r a n s m i t t e d  t h r o u g h  the  
r i n g  ca rbon  a toms.  

By  the  s ame  reason ing ,  one  w o u l d  e x p e c t  t he  effect 
of an  e l e c t r o n - a t t r a c t i n g  ch loro  g roup  on the  p o t e n -  
t i a l  of a n i t r o a l k a n e  c o m p o u n d  to d i m i n i s h  r a p i d l y  
as s a t u r a t e d  h y d r o c a r b o n  g roups  a r e  i n t e r p o s e d  b e -  
t w e e n  i t  and  the  --NO~ group .  The  d i s cha rge  cu rves  in  
Fig .  3 for  a se r ies  of c h l o r o - n i t r o p r o p a n e  i somers  
b e a r  out  th is  r eason ing .  This  s ame  effect is o p e r a t i v e  
for  a w ide  v a r i e t y  of  o t h e r  o rgan ic  r eac t i ons  (9, 10).  

S i m i l a r l y ,  the  ca thode  p o t e n t i a l  of a n i t r o a l k a n e  
c o m p o u n d  can  be  i n c r e a s e d  b y  the  a d d i t i o n  of suc-  
cess ive  e l e c t r o n - a t t r a c t i n g  g roups  to t he  n i t r o - c a r -  
bon  a tom.  The  effect  of each  s u b s t i t u t e d  g roup  is to  
l o w e r  the  e l ec t ron  d e n s i t y  in  the  v i c i n i t y  of t he  r e -  
duc ib l e  n i t ro  group,  t hus  i nc r e a s ing  i ts  aff in i ty  for  
e l ec t rons  and  f a c i l i t a t i n g  i ts  r educ t ion .  This  t y p e  of 
b e h a v i o r  is i l l u s t r a t e d  b y  the  d i s c h a r g e  cu rves  p r e -  
s en ted  in  Fig.  4 a n d  5 for  t he  v a r i o u s  m o n o - ,  d i - ,  a n d  
t r i - c h l o r o n i t r o ,  a n d  the  m o n o - ,  d i - ,  t r i - ,  a n d  t e t r a -  
n i t r o a l k a n e  compounds .  

I t  has  been  shown  p r e v i o u s l y  t ha t  s u b s t i t u t e d  
ch lo ro  g roups  r a i s e  t he  c a thode  p o t e n t i a l  of  n i t r o -  
a l k a n e  compounds .  This  is in accord  w i t h  t heo ry .  
H o w e v e r ,  c o n t r a r y  to t heo ry ,  the  d a t a  in  Fig .  6 show 
tha t  b r o m o  s u b s t i t u t e d  c o m p o u n d s  o p e r a t e  at  h i g h e r  
po t e n t i a l s  u n d e r  c u r r e n t  d r a i n  t h a n  t h e i r  c o r r e -  
s p o n d i n g  chloro  compounds .  The  r eason  for  th is  is 
no t  known .  

As  w i t h  the  a r o m a t i c  n i t ro  compounds ,  i t  is r e cog -  
n ized  t h a t  the  r e d u c t i o n  of n i t r o a l k a n e  c o m p o u n d s  
i nvo lves  t he  a c c e p t a n c e  of h y d r o g e n  ions  as  weI1 as  
e lec t rons ,  and  e i t he r  or  bo th  m i g h t  be  i n v o l v e d  in  
the  r a t e - d e t e r m i n i n g  step.  H o w e v e r ,  t h e  d a t a  p r e -  
s en ted  in Fig.  2-5, can  be  e x p l a i n e d  r e a d i l y  on the  
bas is  of a r a t e - d e t e r m i n i n g  e l ec t ron  t r a n s f e r  step.  

Coulombic Capacities and Operat ing Potentials of 
Solid Nitroalkane Compounds 

T a b u l a t e d  in  T a b l e  I a r e  t h e o r e t i c a l  c a p a c i t y  a n d  
e l ec t rode  efficiency d a t a  for  some  n i t r o a l k a n e  c o m -  
p o u n d s  c o m p a r e d  w i t h  a f ew  a r o m a t i c  n i t r o  c o m -  
p o u n d s  a n d  two  of  t h e  ca thode  m a t e r i a l s  n o w  used  in  
c o m m e r c i a l  d r y  cells.  The  t h e o r e t i c a l  capac i t i e s  of 
t he  n i t ro  c o m p o u n d s  w e r e  c o m p u t e d  b y  m e a n s  of 
F a r a d a y ' s  Law,  w i t h  the  a s s u m p t i o n  t h a t  each  n i t r o  
g roup  is r e d u c e d  to t he  a m i n o  s tage,  w i t h  a c o r r e -  
s p o n d i n g  6 - e l e c t r o n  change .  

I t  is seen  t h a t  t he  l i s t ed  n i t r o a l k a n e  c o m p o u n d s  
h a v e  t h e o r e t i c a l  a m p e r e - m i n u t e  capac i t i e s  p e r  un i t  
of w e i g h t  a p p r o x i m a t e l y  2 to 10 t imes  those  of m a n -  
ganese  d iox ide  a n d  m e r c u r i c  oxide .  The  capac i t i e s  of 
some of these  n i t r o a l k a n e  c o m p o u n d s  a r e  c o m p a r a -  
b le  to those  of t he  a r o m a t i c  n i t ro  compounds .  As  
w i t h  t he  a r o m a t i c  n i t r o  compounds ,  t he  l ow d e n s i -  
t ies  of t he  n i t r o a l k a n e  c o m p o u n d s  r e su l t  in a g r e a t l y  
r e d u c e d  t h e o r e t i c a l  c a p a c i t y  a d v a n t a g e  ove r  t he  i n -  
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T a b l e  I. Theore t i ca l  capac i t ies  and  e lec t rode  ef f ic iencies  of  var ious 
c a t h o d e  mate r ia ls  

P h y s i -  T h e o r e t i c a l  E l e c t r o d e  
ca l  c a p a c i t y ,  e f f ic iencies ,*  

C a t h o d e  s t a t e  a m p - m i n / g  % 

Convent ional  d ry  cell  cathode mate r i a l s  
Manganese Dioxide Sol id  18.5 66~ 
Mercur ic  Oxide Sol id 14.9 70 

Aromat ic  ni t ro compounds 
Ni t robenzene Liquid  78.4 - -  
m-Din i t robenzene  Solid 115 77 
1, 3, 5 -Tr in i t roben-  Sol id 136 - -  

zene 
Ni t roa lkane  compounds 

2 -Ni t ropropane  Liquid  109 - -  
2, 2 -Din i t ropropane  W a x y  144 - -  

solid 
Liquid  196 
Solid 89.3 32 

36 

50 

Te t ran i t romethane  
2, 4, 6-Trichloro-2,  4, 

6 - t r in i t rohep tane  
4-Bromo-4,  4 -d i -  Sol id 75.1 

n i t robu ty r i c  acid 
1, 1, 3, 3 -Te t ra -  Sol id 40.4 

bromo-2,  2-d i -  
m e t h y l - l ,  3 -d i -  
n i t ropropane  

1, 1, 3, 3 -Te t r a -  Sol id 64.3 
chloro-2, 2-d i -  
m e t h y l - l ,  3 -d i -  
n i t ropropane  

1, 1, 4, 4 -Te t r a -  Sol id 41.7 
bromo-1,  4 -d i -  
n i t robutarm 

48 

52 

* Eff i c i ency  c a l c u l a t i o n  b a s e d  o n  a - - 0 . 40  v c u t  off. 
t E f f i c i ency  c a l c u l a t i o n  b a s e d  o n  a n  85% MnO~ c o n t e n t .  

organ ic  compounds ,  w h e n  these  ca thode  m a t e r i a l s  
a r e  r a t e d  on a v o l u m e  bas i s  (2 ) .  

The  mos t  a t t r a c t i v e  of these  ca thode  m a t e r i a l s  is 
t e t r a n i t r o m e ~ h a n e ,  w h i c h  has  a t h e o r e t i c a l  a m p e r e -  
m i n u t e  p e r  g r a m  c a p a c i t y  c o m p a r a b l e  to t h a t  of o x y -  
gen, and  which ,  w h e n  coup led  w i t h  a m a g n e s i u m  
a n o d e  in  a m a g n e s i u m  b r o m i d e  e l ec t ro ly t e ,  r e s u l t s  in  
a g a l v a n i c  cel l  w h i c h  o p e r a t e s  a t  2.0-2.1 v for  t h e  
f irst  r e d u c t i o n  step.  

Desp i t e  t he  a t t r a c t i v e  e l e c t r o c h e m i c a l  p r o p e r t i e s  
of t e t r a n i t r o m e t h a n e  a n d  o the r  n i t r o a l k a n e  c o m -  
pounds ,  m a n y  of these  c o m p o u n d s  a r e  l iqu ids  or  a r e  
uns t ab l e ,  and  for  t h a t  r e a son  t h e i r  use  in  p r i m a r y  
cel ls  w o u l d  be  l imi t ed .  H o w e v e r ,  these  l i qu id  ox i -  
d iz ing  agen t s  h a v e  p o t e n t i a l  use  as ca thodes  in  con-  
t i n u o u s - f e e d  ce l l  sy s t ems  a n d  d e s e r v e  se r ious  con-  
s i d e r a t i o n  for  th i s  app l i ca t i on .  

T h e r e  are,  h o w e v e r ,  a n u m b e r  of sol id  n i t r o a l k a n e  
c o m p o u n d s  a v a i l a b l e  which ,  b e c a u s e  of t h e i r  h igh  
t h e o r e t i c a l  a m p e r e - m i n u t e  capac i t i e s  and  o p e r a t i n g  
po ten t i a l s ,  show c o n s i d e r a b l e  p r o m i s e  for  use  as  
ca thodes  in  p r i m a r y  cells.  C o u l o m e t r i c  s tud ies  of 
some of these  c o m p o u n d s  in  a m a g n e s i u m  b r o m i d e  
e l e c t r o l y t e  a r e  p r e s e n t e d  in  Fig.  7-10, w h i l e  t he  e l ec -  
t r o d e  efficiencies ~ of a f ew  of these  a r e  g iven  in  
T a b l e  I. The  r e su l t s  w e r e  o b t a i n e d  b y  d i s c h a r g i n g  a 
0.5-g s a m p l e  of t he  c o m p o u n d s  a t  a cons t an t  c u r r e n t  
d r a i n  of 0.005 a m p / g ,  and  m e a s u r i n g  the  c h a n g e  in  
h a l f - c e l l  p o t e n t i a l  w i t h  t i m e  b y  the  s ame  t e c h n i q u e  
as p r e v i o u s l y  desc r ibed .  

~ E l e c t r o d e  eWiciencies c a l c u l a t e d  on t h e  b a s i s  of  a - -0 .40  v e n d  
v o l t a g e .  
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Fig. 7. Half-cell potential studies of various nitro and 
dinitroaJkane compounds discharged in 250 g/ I  MgBr2-6H~O 
electrolyte at a rate of 0.005 amp/g. 

Nitro and Dinitroalkane Compounds 
T h e  d a t a  p r e s e n t e d  in  F ig .  7 i l l u s t r a t e  t h e  fac t  t h a t  

an  e l e c t r o n - a t t r a c t i n g  g r o u p  m u s t  be  a t t a c h e d  to t he  
c a r b o n  a t o m  c on t a in ing  the  r e d u c i b l e  n i t ro  g roup  in 
o r d e r  to ge t  u se fu l  p o t e n t i a l s  f r o m  n i t r o a l k a n e  c o m -  
pounds .  F o r  t he  c o m p o u n d  d i m e t h y l  5 ,5 -d in i t ro  -2 ,8-  
d i aza  - 1 , 9 - n o n a n e d i o a t e  such  a g r o u p i n g  is a va i l ab l e ,  
a n d  the  r e d u c t i o n  of t he  n i t ro  g roup  t a k e s  p l ace  a t  
a h a l f - c e l l  p o t e n t i a l  of 0.00 to +0.10  v. 

The  low o p e r a t i n g  p o t e n t i a l  of t he  " v i c " - 2 , 3 - d i -  
n i t r o - 2 , 3 - d i m e t h y l b u t a n e  c o m p o u n d  as c o m p a r e d  to 
t h a t  of the  " g e m " ' - d i n i t r o  c o m p o u n d  is a t t r i b u t e d  
to t he  d i m i n i s h e d  effect of t he  --NO~ g roups  on each  
o t h e r  as s a t u r a t e d  ca rbon  g roups  a r e  i n t e r p o s e d  b e -  
t w e e n  them,  w h i l e  the  h i g h e r  o p e r a t i n g  p o t e n t i a l  
of 2 - n i t r o - l - p h e n y l - l - p r o p e n e  as c o m p a r e d  to o the r  
m o n o n i t r o a l k a n e  c o m p o u n d s  is b e l i e v e d  to be  due  to 
t he  effect  of t he  u n s a t u r a t e d  doub le  b o n d  in l o w e r -  
ing  the  e l ec t ron  d e n s i t y  in t he  v i c i n i t y  of  t he  r e -  
duc ib l e  --NO~ group.  

Desp i t e  t h e i r  p r a c t i c a l  o p e r a t i n g  po ten t i a l s ,  t he  
g e m - d i n i t r o  and  2 - n i t r o - l - p h e n y l - l - p r o p e n e  c o m -  
p o u n d s  h a v e  poor  e l ec t rode  efficiencies,  as m e a s u r e d  
u n d e r  these  cond i t ions  of e v a l u a t i o n .  

T h e  p r e f i x  "gem" d e n o t e s  a t t a c h m e n t  of b o t h  n i t r o  g r o u p s  t o  
t h e  s a m e  c a r b o n  a t o m ,  w h i l e  " v i c "  d e n o t e s  a t t a c h m e n t  to  a d j o i n i n g  
c a r b o n  a toms .  
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Fig. 8. Half-cell potential studies of various halo-nitro- 
alkane compounds discharged in 250 g / l  MgBrs'6H~O elec- 
trolyte at a rate of 0.005 amp/g. 
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Fig. 9. Half-cell potenhal studies of various halo- 
dinitroalkane compounds discharged in 250 g/I MgBr~'6H~O 
electrolyte at a rote of 0.005 amp/g. 

Ha~o-Nitroalkane Compounds 

The high opera t ing  potent ia l  of 1 -ch loro- l -n i t ro -  
p ropane  (Fig. 3) p rompted  a search for s t ruc tu ra l ly  
s imi lar  solid ch loroni t roa lkane  compounds, which in 
addi t ion contain a high percentage  by weight  of the 
--NO~ group. Presen ted  in Fig. 8, are  da ta  obta ined  
on a number  of such compounds, which were  dis-  
charged at a ra te  of 0.005 a m p / g  in a MgBr= elec-  
t rolyte .  It is seen tha t  both 2,6-dichloro-,  and 2,4,6- 
t r ich loro-2 ,4 ,6- t r in i t roheptane  opera te  at potent ia ls  
close to tha i  of l - ch lo ro - l - n i t r op ropane  and give 
capacit ies of 30 a m p - m i n / g  to a --0.40 v cut off, these 
capacit ies being approx ima te ly  twice the theoret ica l  
l imit  of the inorganic cathode mater ia ls .  Al though 
these compounds opera te  at  s l ight ly  h igher  po ten-  
t ials than aromat ic  dini t ro  compounds such as m - d i -  
ni t robenzene,  the high electrode efficiency of the 
la t te r  compound (77%) makes  it a more  a t t rac t ive  
cathode ma te r i a l  than a compound such as 2,4,6-tr i-  
ch loro-2 ,4 ,6- t r in i t roheptane  which operates  at  an 
efficiency of 32 % and gives one - th i rd  the capaci ty  of 
the aromat ic  dini t ro compound in a MgBr= e lec t ro-  
lyte.  

Atso included in Fig. 8 are  discharge da ta  for two 
compounds containing a N-NO~ grouping.  F rom a 
comparison of the discharge curves of 2,6-dichloro-  
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Fig. ]0. Half-cell potential studies of various dihalonitro- 
alkane compounds discharged in 250 g/l MgBr~" 6H20 elec- 
trolyte Qt a rate of 0.005 amp/g. 

2 ,4 ,6- t r in i t roheptane wi th  2 ,6-dichloro-2,4 ,6- t r ini -  
t ro -4 -azahep tane ,  and 4-n i t razapentanoic  acid wi th  
those of the p r i m a r y  n i t roa lkane  compounds (Fig.  1), 
it  would appear  tha t  those compounds containing a 
N-NO~ grouping opera te  at  lower potent ia ls  than  
comparab le  compounds containing a C-NO= group-  
ing. A s imi lar  type  of re la t ionship  has been found 
for the opera t ing  potent ia l  of C-ni t roso and N-n i -  
troso compounds (3).  

Halo-Dinitro and Dihalo-Nitroalkane Compounds 
It  has been shown previous ly  that  l iquid n i t roa l -  

kane  compounds containing ha lo -d in i t ro  and d iha lo-  
ni tro groups would opera te  at  higher  potent ia ls  than 
the ha lo -n i t roa lkane  compounds which have jus t  
been considered. A number  of solid n i t roa lkane  com- 
pounds containing these groupings were  eva lua ted  
as cathodes in a MgBr~ electrolyte ,  and the resul ts  
are presented  in Fig. 9 and 10. 

The ha lo -d in i t roa lkane  compounds exhib i t  a two-  
step discharge curve, p robab ly  due to the reduct ion 
of one ni t ro group at  a time. The most a t t rac t ive  of 
these compounds, 4 -b romo-4 ,4 -d in i t robu ty r i c  acid, 
operates  at a ha l f -ce l l  potent ia l  of +0.4 to +0.5 v 
for the first reduct ion step and be tween  --0.1 and --0.2 
v for the second step. The la rge  difference in poten-  
t ia l  be tween the two stages of discharge is undes i r -  
able for many  p r i m a r y  cell applicat ions,  and this to-  
gether  wi th  the i r  poor e lectrode efficiencies (36% 
for 4 -b romo-4 ,4 -d in i t robu ty r ic  acid) would l imi t  
the use of these ha lo -d in i t roa lkane  mate r ia l s  as 
cathodes in p r i m a r y  cells at the present  state of 
development .  

The d iha lo -n i t roa lkane  der ivat ives ,  whose dis-  
charge curves are  shown in Fig. 10, comprise another  
promising class of solid n i t roa lkane  compounds. 
These compounds, which exhibi t  re la t ive ly  flat vol t -  
age discharge curves, also opera te  at h igher  poten-  
t ials than  thei r  corresponding ha lo -n i t roa lkane  com- 
pounds. 

The discharge curves of 1,1,3,3-tetrabromo- and 
1 ,1 ,3 ,3 - te t rach loro-2 ,2 -d imethy l -  1 ,3-din i t ropropane  
fu r the r  emphasize the fact tha t  b romo-n i t ro  com- 
pounds opera te  at  higher  potent ia ls  than  the i r  cor-  
responding chloro-ni t ro  compounds. Another  in te r -  
esting discharge curve is tha t  of 2 ,5-d ibromo-2 ,5-d i -  
n i t rocylopentanone,  because of the re la t ive ly  high 
opera t ing  potent ia l  of this monobromo-n i t ro  com- 
pound as compared  to the d ib romo-n i t ro  compounds. 
The high potent ia l  of this compound is be l ieved due 
to the effect of the electron a t t rac t ing  keto  group in 
rais ing the potent ia l  of the adjacent  Br-C-NO~ 
groups. 

Al though the electrode efficiencies of the d iha lo-  
ni t ro compounds are low (48-52%) compared  to 
those of the aromat ic  ni tro compounds (70-90%),  
they represent  the  best efficiencies which have been 
a t ta ined  f rom any of the solid n i t roa lkane  com- 
pounds. The poor electrode efficiencies of the n i t roa l -  
kanes  can be a t t r ibu ted  ei ther  to the re la t ive  diffi- 
cul ty  in complete ly  reducing a n i t roa lkane  to its 
corresponding amine, or to the fact that ,  under  p res -  
ent conditions of discharge,  the e lectrolyt ic  reduct ion 
of the n i t roa lkane  compound does not take  place to 
the amine but  to some in te rmedia te  stage. On the 
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basis of the above study, no satisfactory statement 
can be made about either possibility, and additional 
study of the reaction mechanism is needed in order 
to resolve this problem. 

A review of the l i terature revealed that the reduc- 
tion of mononitroalkanes to pr imary amines may be 
effected with a wide variety of reducing agents under  
various conditions (11-13). Strong reducing condi- 
tions yield amines. Hydrogen and a catalyst (Pt, Pd)  
are most frequently used, but good yields of amine 
have been reported from reductions by metals and 
acids, as well as by electrolytic methods. Mild reduc-  
tion of pr imary and secondary nitroalkanes with zinc 
and acetic acid yields aldoximes and ketoximes, re-  
spectively, while still milder reducing conditions 
such as zinc in water  or aqueous NH,C1 yields the 
N- alkylhydroxylamine.  

Additional coulometric studies of 1,1,4,4-tetra- 
bromo-l ,4-dini t robutane and 1,1,3,3-tetrachloro-2,2- 
dimethyl- l ,3-dini t ropropane in electrolytes of differ- 
ent pH are presented in Fig. 11. It is seen that the 
cathode capacities of these compounds increase with 
decreasing pH of the electrolyte, especially when 
taken to a low end potential. However, the capaci- 
ties obtained in the acidic NH,C1-ZnCI~ electrolyte 
are still considerably less than the theoretical ca- 
pacities of these compounds when calculated on the 
basis of a 6-electron change per --NO~ group. 

The poor capacities obtained from the nitroalkane 
compounds in the strongly basic NaOH electrolyte is 
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4 and 50-ohm resistances at 70 ~ _-4=- 2~ (50% RH). 

similar to that encountered for the aromatic dinitro 
compounds and could be attr ibuted to the presence 
of side products which are formed by the condensa- 
tion of the pr imary reduction products. In addition, 
nitroalkanes in the presence of alkaline reagents 
may undergo oxidation-reduction and extensive de- 
composition reactions, with a concommitant  loss in 
cathode capacity. 

It is interesting to note that the effect of pH on 
the operating potential of these nitroalkane com- 
pounds is very small, a relationship quite different 
than that found for the aromatic dinitro compounds 
(2). This type of behavior agrees with that  found 
from polarographic studies, which show that  the 
hal f -wave potentials of the nitroalkanes change only 
slightly with pH, while those of the nitroaromatics 
show a considerable variation with pH (8). 

Experimental Dry Cell Data 
Experimental  dry cells containing 1,1,3,3-tetra- 

chloro-2,2-dimethyl- l ,3-dini t ropropane and 1,1,4,4- 
te t rabromo-l ,4-dini t robutane  cathodes were assem- 
bled in the usual manner  (4) using an impact ex- 
truded Mg AA-size can be composed of an AZIOA 
Dow Chemical Co. alloy, and a 500 g/1 MgBr.~. 6H~O 
electrolyte. The cathode mix (weighing approxi-  
mately 5 g) consisted of two parts by weight of the 
nitroalkane compound to one part  by weight of 
Cabot experimental  bat tery black. 

The performance characteristics of these magne-  
s ium-nitroalkane AA-size dry cells on a 4- and 
50-ohm continuous discharge test are shown in Fig. 
12. Included for comparison are performance data 
for comparable size commercial Leclanch6, and Mg/ 
MgBrJMnO~ dry cells (14) of the type being devel- 
oped by the Dow Chemical Company. 

On the 4-ohm continuous discharge test, it is seen 
that the magnesium-ni t roalkane cells are superior 
to the Leclanch6 cell both on the basis of minutes of 
service to specified end voltages, and operating volt-  
age. Compared to the Mg-MnO~ cell, the magnesium- 
1,1,4,4-tetrabromo-l,4-dinitrobutane cell operates at 
a higher voltage and gives comparable minutes of 
service to the inorganic cell. 

On the lighter drain 50-ohm continuous discharge 
test, both organic cells give comparable hours of 
service to the Leclanch6 cell to a 0.90 v end point but 
are inferior to the Mg-MnO2 cell in this respect. The 
organic cells, however, operate at higher voltages 
than the Leclanch6 cell on this test, while the mag-  
nes ium-l , l ,4 ,4- te t rabromo-l ,4-din i t robutane  cell has 
a voltage comparable to that of the Mg-MnO~ cell. 

These results, while only representing the data 
obtained on two nitroalkane cathode materials, dem- 
onstrate the possible practical application of these 
materials in pr imary cells. 

Summary 
1. A theory based on the electron density in the 

vicinity of a reducible nitro group is presented which 
explains the effect of substituent groups and their 
position on the operating potential of nitroalkanes. 
For example, the effect of an electron-at tract ing 
chloro group on the potential of a nitroalkane di- 
minishes rapidly as saturated hydrocarbon groups 
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are in te rposed  b e t w e e n  it  and  the  n i t ro  group. I t  is 
also seen tha t  the add i t ion  of successive chloro or 
n i t ro  groups  to a p r i m a r y  n i t ro  ca rbon  a tom i n -  
creases the po ten t i a l  of the  p a r e n t  n i t r o a l k a n e  com-  
p o u n d  wi th  each succeeding  addi t ion  of the e lec t ron  
a t t r ac t ing  group. 

2. Coulomet r ic  s tudies  in  a MgBr2 e lec t ro ly te  i n -  
dicate e lect rode efficiencies of 36-52% can be ob-  
t a ined  f rom a n u m b e r  of solid n i t r o a l k a n e  com-  
pounds ,  a s suming  a 6 -e lec t ron  change  per  n i t ro  
group. The  l a t t e r  a s sumpt ion  is in  doubt ,  however ,  
s ince the  r educ t ion  m e c h a n i s m  is no t  known .  

3. M a g n e s i u m - n i t r o a l k a n e  d ry  cells have  been  
assembled,  and  the  p e r f o r m a n c e  charac ter i s t ics  of 
these cells ind ica te  tha t  n i t r o a l k a n e  compounds  show 
promise  for use as cathodes in  p r i m a r y  cells. 
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Oxidation Studies on the Iron-Chromium-Aluminum Heater Alloys 

Earl A. Gulbransen and Kenneth F. Andrew 

Research Laboratories, Westinghouse Electric Corporation, Pittsburgh, Pennsylvania 

ABSTRACT 

The oxidation behavior  of three i r o n - c h r o m i u m - a l u m i n u m  alloys was 
studied using sensit ive weight gain techniques. In  addition, x - r ay  diffraction 
methods were used to determine the crystal s t ructure and composition of the 
oxide films. The adhesion characteristics of the oxide film to the metal  were 
tested by int roducing strains into the metal  oxide system dur ing oxidation. 

Rate studies show a change in rate for the three alloys near  900~ Between 
900 ~ to 1050~ the rate of oxidation remained near ly  constant;  above 1050~ 
it increased again. X - r a y  diffraction studies suggest that  a crystal s t ructure  
, transformation was occurring in  the oxide. At 1050~ a-A120~ was the main  
oxide in  the scale. 

The parabolic rate law was used to in terpret  the rate data. Deviations oc- 
curred dur ing  the ini t ial  reaction period as a result  of crystal s t ructure  t rans-  
formations in  the film. Heats of act ivation of 76 to 77 kcal /mole  were cal- 
culated for the range 700~176 

Stra in  oxidation studies showed the oxide scale on the high a luminum 
alloy to be less susceptible to damage than the lower a luminum content  alloys. 
These studies were correlated directly with practical performance tests. 

Thermodynamic  analyses of the several types of solid-solid and solid-gas 
reactions were used to in terpre t  the rate and structure studies. P re l imina ry  de- 
sign principles were proposed for heat  resistant  alloys. 

Hea te r  al loys have  been  charac te r ized  by  three  
i m p o r t a n t  proper t ies :  (a) high me l t i ng  point ,  (b)  
h igh res i s tance  to oxidat ion,  and  (c) good m e c h a n -  
ical  proper t ies .  For  ex t r eme  service condi t ions,  two 
types  of al loys have  been  used:  (a)  N i - C r  al loys of 
n o m i n a l  composi t ion  80% Ni and  20% Cr, and  (b)  
Fe -Cr -A1  al loys of n o m i n a l  composi t ion  20-25% Cr, 

4 -6% A1, ba lance  Fe. Both a l loy sys tems consist  of a 
s ingle  phase  w i t h  the  N i - C r  al loys h a v i n g  the  aus-  
ten i t ic  s t ruc tu re  a nd  the Fe -Cr -A1  al loys the  f e r -  
r i t ic  s t ruc ture .  

The m a x i m u m  opera t ing  t e m p e r a t u r e  in  the  final 
ana lys i s  is l imi ted  by  the  a l loy 's  solidus point .  This  
is abou t  1440~ for the Fe -Cr -A1  al loys and  1380~ 
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for  the  N i - C r  a l loys .  N e i t h e r  ser ies  of a l loys  can  be  
used  a t  t e m p e r a t u r e s  n e a r  t he i r  so l idus  po in t  as t he  
r a t e  of o x i d a t i o n  and  sca l ing  becomes  e x c e s s i v e l y  
h igh  a n d  the  m e c h a n i c a l  p r o p e r t i e s  become  poor .  A t  
e x t r e m e  t e m p e r a t u r e s  t he  o x i d a t i o n  r e s i s t ance  of  t he  
a l l oy  d e t e r m i n e s ,  in  pa r t ,  t he  use fu lnes s  of  t h e  a l l oy  
as a h i g h - t e m p e r a t u r e  m a t e r i a l .  

The  o x i d a t i o n  r e s i s t ance  of m e t a l s  has  been  r e l a t e d  
to t he  f o r m a t i o n  of l a t t i c e  de fec t s  and  the  d i f fus ion  
of cat ions,  anions ,  and  e l ec t rons  t h r o u g h  these  d e -  
fects  (1,2) .  This  p ic tu re ,  b a s e d  on a u n i f o r m  ox ide  
film, is p r o b a b l y  too s imp le  as has  been  s h o w n  b y  the  
f o r m a t i o n  of  ox ide  needles ,  w h i s k e r s ,  a n d  p l a t e l e t s  
(3, 4) on the  scale.  These  sugges t  t h a t  c e r t a i n  a r eas  
of the  m e t a l  a r e  m u c h  m o r e  r e a c t i v e  t h a n  the  r e s t  
of the  sur face .  

If  the  m e t a l  is ox id i zed  u n d e r  pe r iod i c  t e m p e r a -  
t u r e  cycles  or  w h e n  s u b j e c t e d  to s t resses  or  to a 
s t ra in ,  the  o x i d e - m e t a l  i n t e r f a c e  m a y  be  d a m a g e d  
(5) .  As  a resu l t ,  t he  r a t e  of o x i d a t i o n  increases .  The  
o x i d a t i o n  r e s i s t ance  of t he  a l loy  for  these  cond i t ions  
is g o v e r n e d  no t  on ly  b y  d i f fus ion  processes  b u t  also 
b y  the  c h e m i c a l  a n d  p h y s i c a l  p r o p e r t i e s  of the  ox ide ,  
a l loy,  a n d  o x i d e - a l l o y  in t e r face .  

T h e  ob j ec t i ve s  of th is  s t u d y  a re :  ( a )  to d e t e r m i n e  
the  k ine t i c s  of  t he  o x i d a t i o n  of t h r e e  F e - C r - A 1  a l l oys  
as a f u n c t i o n  of t ime ,  t e m p e r a t u r e ,  and  a l loy  c o m -  
pos i t ion ,  (b )  to d e t e r m i n e  the  effect of s t r a i n  on the  
o x i d a t i o n  process ,  (c)  to d e t e r m i n e  the  c r y s t a l  s t r u c -  
t u r e  of the  ox ide  scales,  and  (d)  to i n t e r p r e t  f r o m  
the  e x p e r i m e n t a l  o b s e r v a t i o n s  and  t h e r m o d y n a m i c  
ana lys i s  t he  h igh  h e a t  r e s i s t ance  of the  F e - C r - A 1  
a l loys .  
L i t e r a t u r e . - - v o n  K a n t z o w  (6) first  o b s e r v e d  t h a t  
t he  h e a t  r e s i s t ance  of s tee ls  was  i m p r o v e d  b y  a l l o y -  
ing  w i t h  a l u m i n u m .  A ser ies  of a l loys  of F e - C r  a n d  
A1 w e r e  d e v e l o p e d  a n d  p a t e n t e d .  S ince  1932 these  
a l loys  h a v e  been  m a n u f a c t u r e d  u n d e r  the  n a m e  of 
K a n t h a l  1 a l loys .  

The  h e a t  r e s i s t ance  of F e - A 1  and  F e - C r  a l loys  has  
been  s t u d i e d  b y  s e v e r a l  g roups  (7 -12 ) .  H a u t t m a n  
(7) s h o w e d  the  s t rong  effect of i n c r e a s i n g  the  A1 
con ten t  b e t w e e n  4 and  9% at  1000~ AI~O, w a s  
found  in t h e  ox ide  l a y e r  on a 9.44% A1 a l loy.  Sche i l  
a n d  Schu lz  (8)  in  a s t u d y  of Cr -A1  s tee ls  a t  1200~ 
s h o w e d  t h a t  t he  mos t  o x i d a t i o n  r e s i s t a n t  a l loys  w e r e  
c o v e r e d  w i t h  a w h i t e  a l u m i n u m  o x i d e  scale.  A t  t e m -  
p e r a t u r e s  a b o v e  1000~ an  A1 con ten t  of g r e a t e r  
t h a n  4% was  n e c e s s a r y  to ge t  a h igh  d e g r e e  of ox i -  
d a t i o n  res i s t ance .  T h e  h igh  o x i d a t i o n  r e s i s t a nc e  
p r o p e r t i e s  a n d  h igh  e l ec t r i ca l  r e s i s t ance  s u g g e s t e d  
the  use  of A1-Cr  s tee ls  for  h e a t e r  a l loys .  Z i e g l e r  (9)  
and  P o r t e v i n ,  P r e t e t ,  a n d  J o l i v e t  (10) also n o t e d  the  
benef ic ia l  affect  of a d d i n g  A1 to i m p r o v e  the  o x i d a -  
t ion  r e s i s t ance  of s teels .  

The  n a t u r e  of t he  sca l ing  p rocess  in the  o x i d a t i o n  
of s tee ls  con t a in ing  Ni,  Cr, a n d  A1 has  been  d i scussed  
b y  K r a i n e r ,  W e t t e r n i k ,  a n d  Car ius  (11) .  The  loss b y  
sca l ing  was  lowes t  for  s tee l  con t a in ing  24% Cr  a n d  
5 % A1 a n d  h a v i n g  a sca le  of AI~O~. H o w e v e r ,  t he  r e -  
s i s tance  of t h e  l a y e r  to sca l ing  w i t h  t e m p e r a t u r e  
f luc tua t ions  was  be s t  for  a Cr20, scale  and  p o o r e s t  for  
an  AI~O, scale.  

1 K a n t h a l  is  a p r o p r i e t o r y  n a m e  fo r  a s e r i e s  of  h e a t e r  a l l o y s  m a n -  
u f a c t u r e d  by  K a n t h a l  Corp . ,  S t a m f o r d ,  Conn .  

T h e  s e g r e g a t i o n  of a l u m i n u m  a toms  in A 1 - C r - F e  
a l loys  t o w a r d  the  p e r i p h e r y  is d i scussed  b y  S e k t o v a  
(12) .  S e k t o v a  also no ted  the  s t rong  effect  of A1 to 
i m p r o v e  the  o x i d a t i o n  r e s i s t ance  of these  a l loys .  

Experimental 
The  v a c u u m  m i c r o b a l a n c e  m e t h o d  has  been  d e -  

s c r ibed  (13-15) .  In  th is  s t u d y  a m i c r o b a l a n c e  of low 
sens i t iv i ty ,  4.39~g/0.001 em deflect ion,  w a s  used.  A 
to t a l  w e i g h t  change  of a b o u t  7 m g  could  be  m e a s u r e d  
w i t h  a s e n s i t i v i t y  of 1.10 X 10 -~ g. This  low sens i -  
t i v i t y  m i c r o b a l a n c e  t o g e t h e r  w i t h  the  use  of s m a l l e r  
spec imens  i n c r e a s e d  the  r a n g e  of the  m e a s u r i n g  
s y s t e m  b y  a f ac to r  of 25. 

A v a c u u m  g r a d e  m u l l i t e  f u r n a c e  t ube  con t a ined  
the  sample .  I t  was  s e a l e d  d i r e c t l y  to t he  P y r e x  glass  
sys tem.  W i t h  t he  s p e c i m e n  in the  f u r n a c e  t ube  at  
1100~ a M c L e o d  g a u g e  p r e s s u r e  of 3 X 10 ~ m m  Hg 
was  r e a d i l y  o b t a i n e d  in  the  sys tem.  The  v a c u u m  s y s -  
t e m  a n d  gas  p r e p a r a t i o n  s y s t e m  h a v e  been  d e -  
s c r i be d  (15) .  

The  f u r n a c e  t e m p e r a t u r e  was  c o n t r o l l e d  to abou t  
--1.5~ T h e r e  was  no ev idence  of a t e m p e r a t u r e  
g r a d i e n t  a long  the  2 .25-cm s p e c i m e n  d u r i n g  o x i d a -  
t ion.  

W e i g h t  changes  o c c u r r i n g  d u r i n g  t h e  r e a c t i o n  
w e r e  fo l l owed  in a s e m i c o n t i n u o u s  m a n n e r  b y  ob-  
s e rv ing  a p o i n t e r  on a ba l a nc e  b e a m  us ing  a m i c r o -  
m e t e r  mic roscope .  R e a d i n g s  of t he  b a l a n c e  w e r e  
t a k e n  i n  vacuo be fo re  r e a c t i o n  at  t e m p e r a t u r e ,  d u r -  
ing  the  r e a c t i o n  in  oxygen ,  and  a f t e r  r e a c t i o n  in  
vacuo.  W e i g h t  changes  due  to r e a c t i o n  of c a r b o n  in 
t he  m e t a l  w i t h  the  su r f ace  ox ide  and  to v a p o r i z a t i o n  
of  m e t a l l i c  e l e m e n t s  f rom the  a l loy  w e r e  smal l .  

S p e c i m e n s  used  in  th is  s t u d y  w e r e  t h r e e  t y p e s  of 
c o m m e r c i a l  h e a t e r  a l loys  o b t a i n e d  f r o m  the  K a n t h a l  
Corpo ra t i on .  T a b l e  I shows  the  a p p r o x i m a t e  a n d  
spec t roscop ic  ana lys i s  of the  a l loys  and  t h e i r  r a t i ngs  
as h e a t e r  a l loys .  The  0 .025-cm t h i c k  s p e c i m e n s  w e r e  
p r e p a r e d  f r o m  0.63 cm w i d e  s t r ips  a n d  h a d  su r f ace  
a r e a s  of a b o u t  2.25 cm ~. S a m p l e  w e i g h t  was  a b o u t  
0.1886 g. Sec t ions  of the  s t r i p  w e r e  a b r a d e d  s t a r t i n g  
w i t h  No. 1 po l i sh ing  p a p e r  a n d  f inishing t h r o u g h  4 /0  
pape r .  To avo id  ox ida t ion ,  t he  l as t  s t age  was  c a r r i e d  
ou t  u n d e r  pur i f i ed  ke rosene .  A f t e r  a b r a d i n g ,  t he  
s a m p l e s  w e r e  c l e a ne d  w i t h  soap  a n d  w a t e r ,  d i s t i l l ed  
w a t e r ,  p e t r o l e u m  e ther ,  and  abso lu t e  alcohol ,  a n d  
s t o r ed  in  a des icca tor .  
S t ra in  ox ida t i on . - -Ear l i e r  s tud ies  of t he  N i - C r  ser ies  
of a l loys  (5)  and  the  s tud ies  of K r a i n e r .  W e t t e r n i k ,  
a n d  Car ius  (11) h a v e  shown  t h a t  c o n s t a n t  t e m p e r a -  
t u r e  s tud ies  canno t  b e  u sed  a lone  to e v a l u a t e  t he  
p r o t e c t i v e  c h a r a c t e r i s t i c s  of a p a r t i c u l a r  a l loy  if  
the  a l l oy  is s u b j e c t e d  to s t ress  or  to a s t r a i n  in  i ts  
use.  To g ive  a m o r e  c o m p l e t e  p i c t u r e  of t he  p h y s i c a l  
a n d  c h e m i c a l  f ac to r s  i n v o l v e d  in h i g h - t e m p e r a t u r e  
ox ida t ion ,  a n e w  t e s t  m e t h o d  ca l l ed  . s t ra in  o x i d a t i o n  
was  deve loped .  In  th is  m e t h o d  the  m e t a l  is ox id i zed  
to a g iven  w e i g h t  gain,  r e m o v e d  f r o m  the  b a l a n c e  
s y s t e m  and  s t r a i n e d  1 -4% in a t ens i l e  mach ine .  A f t e r  
c u t t i n g  a s m a l l e r  sec t ion  of t he  s a m p l e  f r ee  f rom g r ip  
m a r k s ,  the  s p e c i m e n  was  p l a c e d  in  t he  b a l a n c e  sys -  
t e m  a n d  r e - o x i d i z e d .  R a t e  ca l cu la t ions  be fo re  and  
a f t e r  s t r a i n  w e r e  m a d e  on a 1 cm ~ basis .  To ach ieve  
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Table I. a. Approximate composition* Fe-Cr-A[ alloys (Kanthal Corporation) 

W e i g h t  per  cen t  

R e l a t i v e  u s e f u l  
A l l o y  C Si  M n  Cr  A1 Co F e  l i f e  a t  1200~ 

1 0.07 0.65 0.26 23.0 5.7 0.57 Balance 175 
2 0.06 0.74 0.27 22.4 5.1 0.59 Balance 150 
3 0.07 0.65 0.22 21.7 4.5 0.58 Balance 100 

b. Spectroscopic analyses~ (Westinghouse) 

Weight per cent 

A l l o y  Mo  N i  C u  Zr  P b $  S n  M g  V Ca  

1 <0.01 <0.I ~0.01 0.01-0.05 <0.01 <0.05 <0.001 <0.01 <0.01 
2 0.5-0.9 0.1-0.5 ~--0.01 Not detected <0.03 <0.05 <0.001 <0.01 <0.01 
3 <0.01 <0.I -.,0.01 Not detected <0.01 <0.05 <0.001 <0.01 <0.01 

* T r a c e s  of  o t h e r  e l e m e n t s  to i m p r o v e  o x i d a t i o n  res i s tance .  
f T e s t e d  for  b u t  n o t  d e t e c t e d :  Nb,  Ta ,  Ti ,  a n d  Ce.  

E r r a t i c  s e g r e g a t i o n .  

a s t ra in  of 1% a s t ress  co r respond ing  to the  y ie ld  
po in t  or g rea te r  was imposed  on the sample.  
X-ray di]yraction method.--Filtered Cr K~ r ad i a t i on  
was  used wi th  a fine focus x - r a y  dif f ract ion tube.  The  
diffract ion pa t t e rn s  were  made  at  room t e m p e r a t u r e  
us ing  a 9 cm U n i c a m  camera .  

Oxide samples  we re  r emoved  f rom the al loy b y  
e lec t rochemica l  s t r ipp ing  (16).  Af te r  wash ing  sev-  
era1 t imes in  dis t i l led  water ,  the oxide films were  
rol led on to smal l  glass cap i l l a ry  tubes  for m o u n t i n g  
in  the  x - r a y  camera .  

Results 
The three  al loys were  oxidized at 600~176 

us ing  an  oxygen  pressure  of 7.6 cm Hg for a reac t ion  

,6o I 
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Fig. 1. Effect of temperature on oxidation Fe-Cr-AI alloy 1, 
7.6 cm Hg of O~, abraded through 4 /0 .  
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Fig. 2. Effect of temperature on ox idat ion  of Fe-Cr-AI a l loy 
2, 7.6 cm Hg of 02, abraded through 4 / 0 .  

t ime  of  2 hr. Weigh t  ga in  d u r i n g  reac t ion  was  cal-  
cu la ted  in  un i t s  of m ic rog rams  per  square  cen t imete r .  

X - r a y  diffract ion ana lys i s  suggested tha t  the 
oxides were  l a rge ly  a-AI~O~ and  Cr~O+. A s s u m i n g  
a-ALO~ and  a surface  roughness  ra t io  of un i ty ,  a 
va lue  of 54 was ca lcula ted  for the r e l a t ion  b e t w e e n  
the  oxide th ickness  in  angs t roms  and  the  we igh t  
ga in  in  mic rog rams  pe r  squa re  cen t imete r .  

Time and temperature.--Figures 1-3 show oxida-  
t ion  curves  for the th ree  al loys in  the r ange  800 ~ 
l l 0 0 ~  There  was  a r ap id  in i t i a l  reac t ion  ra te  in  a l l  
curves,  wi th  the  ra te  decreas ing  as the  oxide film 
grows. No ev idence  was  f ound  for a l i n e a r  r a t e  l aw 
for the t imes studied.  Al l  of the  oxides were  g ray i sh -  
b lack  and  were  a d h e r e n t  to the a l loy w h e n  cooled to 
room t empera tu re .  

Below 900~ the  ox ida t ion  curves  show a s t rong 
dependence  on the  t e m p e r a t u r e .  However ,  be tween  
900 ~ a nd  1050~ the ra te  was  n e a r l y  cons tan t  for 
each of the alloys. Above  1050~ it increased  aga in  
wi th  t empera tu re .  

This n e a r l y  cons tan t  ra te  of reac t ion  b e t w e e n  950 ~ 
a nd  1050~ is of grea t  in te res t  a nd  suggests  tha t  
m a j o r  s t r uc tu r a l  changes  were  occur r ing  in  the  al loy 
or in  the  oxide scale. 

A compar i son  of the ra te  of ox ida t ion  of the  th ree  
alloys at l l 0 0 ~  shows only  m i n o r  differences in  the 
a m o u n t  of ox ida t ion  or in  the  f inal  r a t e  of oxidat ion.  
P rac t i ca l  p e r f o r m a n c e  tests of al loys in  Ta b l e  I show 
al loy 1 to be super io r  to 2 and  3. 
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Fig. 3. Effect of temperature on ox ida t ion  of Fe-Cr-AI 
al loy 3, 7.6 cm Hg of 02, abraded through 4 / 0 .  
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Fig. 5. Oxidat ion Fe-Cr-AI al loy 2, 1000~ 7.6 cm Hg of 
0_~, abraded through 4 / 0 ,  parabolic plot, A = 0.695 x 10 -12 
(g/cm2) =sec -~. 

Parabol ic  rate  l a w . - - T h e  parabol ic  ra te  l aw is use -  
fu l  in  e v a l u a t i n g  the  n a t u r e  of ox ida t ion  reac t ions  
even  though  devia t ions  m a y  occur, since the l aw is 
based on f u n d a m e n t a l  phys ica l  p r inc ip les  (1, 2).  
Phys ica l  and  chemical  changes  occur r ing  in  the  ox-  
ide film are  no ted  as dev ia t ions  f rom the ra t e  law. 

The equa t ion  states tha t  W ~ = A t  -F C. Here  W is 
the  we igh t  gain,  t is the t ime, and  A and  C are  
constants .  F igu re  4 shows a parabol ic  ra te  law plot  
a t  1100~ for a l loy 2. A g r e e m e n t  w i th  the theore t ica l  
l aw was good except  for the  in i t i a l  pa r t  of the  r e -  
action.  

F r o m  750 ~ to 900~ the  parabol ic  ra te  l aw con-  
s t an t  increases  d u r i n g  the  first severa l  hours  of r e -  
act ion over  the in i t i a l  value ,  whi le  above and  be low 
this t e m p e r a t u r e  r ange  the parabol ic  ra te  l aw con-  
s t an t  decreases w i th  t ime.  These effects also m a y  be 
re la ted  to m i n o r  changes  in  the composi t ion  or p h y s -  
ical  s t ruc tu re  of the oxide film. In  the  t e m p e r a t u r e  
r ange  900~176 a ma jo r  change  occurred  in  the  
al loy or oxide film, since the t e m p e r a t u r e  coefficient 
of the  reac t ion  was  n e a r  zero. A change  also occurs 
in  the oxide film or a l loy as a f unc t i on  of t ime  for 
this t e m p e r a t u r e  range .  This  was seen in  the  1000~ 
parabol ic  ra te  law plot  shown in  Fig. 5. The  p a r a -  
bolic r a t e  l aw cons t an t  decreased r ap id ly  d u r i n g  the 
first 60 m i n  of reac t ion  af ter  which  a n e a r l y  cons t an t  
va lue  was  found.  

T e m p e r a t u r e  d e p e n d e n c e . - - F i g u r e s  6 to 8 show 
plots  of the l oga r i t hm of the  pa rabo l i c  ra te  l aw con-  
s t an t  A vs. 1 / T  for the th ree  alloys. Below 900~ a 

IQ-n 

% ~'~ 

E 

I 0  -~4 

< 

i d  ~ __ 

16*J 
,60 .70 

~ 
I100 1000 900  800 700 

, ~ . t ,  r ,  t 
/ ' ,ll I I I 

I II~.~I I 

l ll~l 
I II I\l 

II 

II 
II 
II 
]I 

II 
II 
II 

II 
II 
.80 

I ! 
I 

N] 
It 

I I ~1 

I I 
I I  

. 9 0  I 0 

1_ x l0  s 
T 

I 
I - 2 hrs - -  

3 -  4 hrs - -  
5 -  6 hrs 

I I0  1 2 0  LSO 

Fig. 6. Oxidat ion Fe-Cr-AI al loy 1, log A vs. 1 /TAH 
76,900 cal / rnole.  

~C 
I I00 IO00 900  800  700 

o I - 2 hrs - -  
5 -  4 hrs - -  
5 -  6 h rs  

-F- 
I 

i-T- 
[ I I I I T '~ 

I I II I 

3! 
111 I 
111 l 

90 I 0 I I0 120 130 
i ~- x 103 

LO - '~ f' 
IG m 

I 

I .  
- I013 j 
'o 

! 

= 

I 

Ii 
I1 

,o-,, !! 
.'60 .70 

,1. T ! 
iV I I 
~ ! I 
~t,t t 

]WII~,I I 
i 11 i 

l] I I 

II ~11 
t l ]  I~1 
I I] I\1 

I1 
II 
II  , [ 
Ii 7L 
II 

I1 
I |  

II 
IJ 
11 

. 8 0  

Fig. 7. Oxidat ion Fe-Cr-AI al loy 2, log A vs. 1 / T •  = 
76,900 ca l /mole .  

s t ra igh t  l ine  re la t ionsh ip  was  observed.  Be tween  
900 ~ and  1050~ the  plots  show the  t r a n s i t i o n  phe -  
n o m e n o n  a l r eady  noted.  The  slopes of the  log A vs. 
1 / T  plot  and  the  abso lu te  va lues  of A for  the  th ree  
al loys were  s imilar .  Ana lys i s  of the slopes of Fig. 6-8 
for al loys 1 and  2 shows heats  of ac t iva t ion  of 76,900 
c a l / m o l e  and  for a l loy 3, 76,500 ca l /mole .  These are 
v e r y  h igh for  ox ida t ion  processes. 

S t ra in  Ox ida t ion  

The severa l  al loy spec imens  w e r e  oxidized at  
900~ to fo rm an  oxide film of abou t  44.7/~g/cm "~ or 
an  es t ima ted  oxide th ickness  of 2410A. A f t e r  s t r a i n -  
ing 2-4%,  the  spec imens  were  r e -ox id i zed  at  900~ 

F i g u r e  9 shows the  resul t s  for a 2 % s t r a in  for a l loy 
1. The  ox ida t ion  cu rve  af ter  2% s t r a i n  was  n e a r l y  
con t inuous  w i th  the  curve  for the in i t i a l  oxidat ion.  
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Fig. 9. Strain oxidation of Fe-Cr-AI alloy 1, 2% strain: 
a, 900~ 7.6 cm Hg of Os, A =  3.55 x 10 -~3 (g/cm2)=/sec; 
b, 900~ 7.6 cm Hg of 02, after cooling, stretching 2% and 
reheating, A = 4.0 x 10 -~ (g/cm2)~/sec. 

F i g u r e  10 shows  the  s t r a i n - o x i d a t i o n  c u r v e  for  a l l oy  
1 for  a 4% s t ra in .  A m a r k e d  c h a n g e  in t he  course  
of o x i d a t i o n  was  n o t e d  as a r e s u l t  of t he  4% s t r a in .  

The  u s u a l  effect  of s t r a i n  b e t w e e n  the  s e v e r a l  
ox ide  l a y e r s  and  the  m e t a l  is f l ak ing  of t he  o x i d e  
w i t h  loss of p r o t e c t i o n  of t he  m e t a l  (5) .  F o r  h e a t  r e -  
s i s t an t  a l loys  1 -4% s t r a i n  m a y  not  v i s u a l l y  d e s t r o y  
the  b o n d i n g  b e t w e e n  the  o x i d e  a n d  m e t a l  b u t  l oca l -  
i zed  d a m a g e  on a mic roscop ic  or  s u b m i c r o s c o p i c  l e v e l  
m a y  occur  w h i c h  affects  t he  r a t e  of ox ida t ion .  

Some  d a m a g e  in the  ox ide  or  a t  t he  i n t e r f a c e  b e -  
t w e e n  m e t a l  and  ox ide  has  o c c u r r e d  as a r e s u l t  of 
4% s t r a i n  of a l l oy  1 as shown  in Fig .  10. This  d a m a g e  
was  s m a l l e r  t h a n  t h a t  o b s e r v e d  on o t h e r  a l loys  for  
the  s ame  a m o u n t  of s t r a i n  (5) .  Two t y p e s  of  d a m a g e  
a r e  p o s t u l a t e d  to occur  as a r e s u l t  of s t r a i n i n g  of t he  
a l loy .  The  f i rs t  is a s h o r t - t e r m  d a m a g e  w h i c h  is 
r a p i d l y  r e p a i r e d  b y  f u r t h e r  ox ida t ion .  The  second  is 
l o n g - t e r m  damage .  This  d a m a g e  invo lves  an  i n c r e a s e  
in t he  r a t e  of r e a c t i o n  w h i c h  con t inues  ove r  l ong  
pe r i ods  of t ime.  A c o m p a r i s o n  of the  p a r a b o l i c  r a t e  
l a w  cons tan t s  be fo re  a n d  a f t e r  s t r a i n  shows  some  
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Fig. 10. Strain oxidation of Fe-Cr-AI alloy 1, 4 %  strain: 
a, 900~ 7.6 cm Hg of 02, A = 4.09 x 10 -'3 (g/crn~):/sec; 
b, 900~ 7.6 cm Hg of 0=, after cooling, stretching 4 %  and 
reheating, A = 5.12 x 10 -= (g/cm~)2/sec. 
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Fig. ]1. Strain oxidation of Fe-Cr-AI alloy 2, 2% strain: 
a, 900~ 7.6 cm Hg of 0~, A = 3.40 x 10 -~ (g/crn:)S/sec, 
b, 900~ 7.6 cm Hg of Os, after cooling, stretching 2 %  and 
reheating, A = 6.41 x 10 -~s (g/cms)~/sec. 

l o n g - p e r i o d  d a m a g e  for  bo th  2 and  4% s t r a in s  for  
a l l oy  1. 

F i g u r e s  11 and  12 show the  r e su l t s  of s t r a i n  o x i d a -  
t ion  s tud ies  of a l loys  2 and  3. Bo th  a l loys  show s h o r t -  
a n d  l o n g - p e r i o d  d a m a g e  r e s u l t i n g  f r o m  a 2% s t ra in .  
A c o m p a r i s o n  of the  s t r a i n  o x i d a t i o n  tes t s  for  a l loys  
1, 2, a n d  3 show a l loy  1 to b e  supe r io r .  These  r e su l t s  
a r e  in a g r e e m e n t  w i t h  the  u se fu l  l i fe  t es t s  g iven  in  
T a b l e  I. The  u se fu l  l i fe  tes t s  a r e  t e m p e r a t u r e  cyc l ing  
tes t s  a n d  a r e  used  to e v a l u a t e  h e a t e r  a l loys .  

Crystal Structure Studies 
T a b l e  I I  shows  the  r e su l t s  of c r y s t a l  s t r u c t u r e  

s tud ies  on 2 - h r  o x i d a t i o n  e x p e r i m e n t s  for  t he  t h r e e  
a l loys  a n d  for  t he  s e v e r a l  t e m p e r a t u r e s .  C r y s t a l  
s t r u c t u r e  s tud ies  w e r e  m a d e  a b o v e  and  b e l o w  the  
t r a n s i t i o n  t e m p e r a t u r e  r eg ion  of 1000~ The  x - r a y  
d i f f r ac t ion  p a t t e r n s  showed  s h a r p  l ines  for  a l l  of t he  
ox ide  sca les  s tud ied .  

C o m p l e t e  iden t i f i ca t ion  of a l l  of t h e  d i f f r ac t ion  
l ines  was  no t  poss ib le  s ince t he  s t r i p p i n g  p rocess  r e -  
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Table II. Summary crystal structure studies Fe-Cr-AI alloys 

A l l o y  1 A l l o y  2 A l loy  3 
T e m p ,  *C C r y s t a l  s t r u c t u r e s  T e m p ,  ~ C r y s t a l  s t r u c t u r e s  T e m p ,  ~ C r y s t a l  structures 

850 ~-AI~O~ 800 ~-ALO~ 
s.a. Cr~O~ Cr20~ 
s.a. MnO MnO 

950 ~-AI=O~ 950 a-AI=O~ 900 a-A120~ 
s.a.* Cr20~ tr.  Cr203 Cr20~ 
tr.# MnO MnO 

1050 ~-A1~O3 1050 ~-AI~O~ 10.50 a-A120~ 
s.a. a-Fe~O~ MnO 

tr. Cr~O8 
tr. spinel  a, = 8.12A tr. spinel  ao --- 8.12A tr. spinel  a~ = 8.12A 

* s.a. = small amount. 
% tr .  = t r a c e .  

moves  ca rb ides ,  n i t r ides ,  etc. f r om the  su r f ace  l a y e r  
of t he  a l loy .  As  a r e su l t  a n u m b e r  of e x t r a  re f lec t ions  
occur.  Iden t i f i ca t ion  of the  m a j o r  ox ide  c o m p o n e n t s  
was  r e a d i l y  m a d e .  Ox ides  p r e s e n t  in  t r a c e  a m o u n t s  
w e r e  iden t i f i ed  w i t h  less r e l i a b i l i t y  b y  two  or  t h r e e  
c h a r a c t e r i s t i c  ref lect ions .  

A lpha -Al~O,  was  the  p r i n c i p l e  ox ide  f o u n d  in  a l l  
of t he  o x i d e  scales  s h o w n  in T a b l e  II .  Cr~O~ a n d  MnO 
a p p e a r  in  t he  ox ide  scale  a t  t e m p e r a t u r e s  of 900~ 
and  lower .  The  iden t i f i ca t ion  of MnO is open  to  some  
ques t ion  s ince  i ts  d i f f r ac t ion  p a t t e r n  is n e a r l y  i d e n -  
t i ca l  to those  for  NbC,  NbN, a n d  TaC (17) .  These  
c o m p o u n d s  could  c o n c e i v a b l y  be  p r e s e n t  in  t r ace  
a m o u n t s  in h i g h - t e m p e r a t u r e  a l loys .  Spec t ro scop i c  
a n a l y s e s  of t he  a l loys  in  T a b l e  I s h o w e d  no ev idence  
for  Nb  or  Ta  in  t h e  me ta l .  

In  t he  t r a n s i t i o n  t e m p e r a t u r e  zone the  Cr~O~ con-  
t en t  of t he  ox ide  scale  decreases .  In  add i t ion ,  a sp i -  
nel ,  p r o b a b l y  F e O .  AI~O~, a p p e a r s  in  t he  ox ide  h a v i n g  
a p a r a m e t e r  of 8.12A (17) .  These  changes  in  ox ide  
compos i t i on  occur  for  a l l  of t he  a l loys .  

A l l o y  3 con t a in ing  the  lowes t  a m o u n t s  of A1, Cr, 
and  Mn shows  the  l a r g e s t  a m o u n t  of MnO s t r u c t u r e  
in  t he  ox ide  scale .  A l l o y  3 also shows  the  l a r g e s t  
a m o u n t  of d a m a g e  in  the  ox ide  in  s t r a in  o x i d a t i o n  
tests .  

W e  conc lude  t h a t  c r y s t a l  s t r u c t u r e  d i f fe rences  
ex i s t  in t he  ox ide  scales  of the  t h r e e  a l loys  as a r e -  
su l t  of m i n o r  d i f fe rences  in a l loy  compos i t ion .  These  
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Fig. 12. Strain oxidation of Fe-Cr-AI alloy 3, 2 %  strain: 
a, 900~ 7.6 cm Hg of 02, A = 3.29 x 10 -18 (g/crn~)S/sec; 
b, 900~ 7.6 cm Hg of 02, after cooling, stretching 2 %  and 
reheating, A = 4.34 x 10 -1~ (g/cm~)2/sec. 

c r y s t a l  s t r u c t u r a l  d i f fe rences  affect  the  adhes ion  
p r o p e r t i e s  of t he  ox ide  as s h o w n  b y  the  s t r a i n  o x i -  
d a t i o n  s tud ies  or  b y  p r a c t i c a l  p e r f o r m a n c e  tes ts .  
These  d i f fe rences  do no t  a p p r e c i a b l y  affect  t he  r a t e  
of o x i d a t i o n  a t  cons t an t  t e m p e r a t u r e s  a b o v e  a n d  b e -  
l ow  the  t r a n s i t i o n  t e m p e r a t u r e  zone. 

T h e r m o d y n a m i c  I n t e r p r e t a t i o n  

T a b l e  I I I  shows  the  p r i n c i p a l  t y p e s  of r eac t i ons  
w h i c h  m a y  occur  in the  o x i d a t i o n  of F e - C r - A 1  a l loys .  
These  d e t e r m i n e  in  p a r t  t he  cons t i t u t i on  of  t he  ox ide  
scale  f o r m e d  at  h igh  t e m p e r a t u r e s .  P r e c i s e  c a l c u -  
l a t i ons  of t he  t h e r m o d y n a m i c  p r o p e r t i e s  of t he  ox i -  
d a t i o n  p r o d u c t s  neces s i t a t e  c ons ide r a t i on  of t h e  r e l a -  
t i ve  r a t e s  of a t t a c k  of t he  s e v e r a l  m e t a l s  a n d  i n t e r -  
d i f fus ion  p rocesses  in  t he  a l loy ,  as p o i n t e d  ou t  b y  
W a g n e r  (18) for  a n u m b e r  of b i n a r y  sys tems .  

The  t h e r m o d y n a m i c  ev idence  g iven  b e l o w  for  mos t  
of these  r eac t i ons  a s sumes  a s t a n d a r d  s t a t e  of un i t  
a c t i v i t y  for  t he  c o m p o n e n t  me ta l s .  F o r  m a n y  of t he  
ca lcu la t ions ,  t he  a c t i v i t y  co r r ec t i on  is s m a l l  c o m -  
p a r e d  to the  f r ee  e n e r g y  change  in t h e  r e a c t i o n  i t -  
self.  

T a b l e  IV shows  l o g a r i t h m s  of t he  d i s soc ia t ion  

Table III. Types of surface reactions occurring on Fe-Cr-AI alloys 

A. Direct  oxida t ion  
2Cr (s) + 3/20~ (g) ~ -  Cr=O~ (s) ,  etc. 

B. Sol id phase  react ions 
2A1 (s) + Cr~O3 (s) ~AI~O~ (s) + 2Cr (s) ,  etc. 

C. Fo rma t ion  of spinels 
FeO (s) + Al~O8 (s) ~-FeO-AI~O8 (s) ,  etc. 

D. Fo rma t ion  of si l icates 
AI~O~ (s) + SiO2 (s) <-~-~A1~O8.SiO2 (s) ,  etc. 

E. Decarbur iza t ion  react ions 
Cr203 (s) + 3C (solid solution) ~ 2Cr (s) + 3CO (g) ,  etc. 

F. Vapor iza t ion  react ions  
Cr ( s ) ~ C r ( g ) ,  etc. 

Table IV. Dissociation pressures of the oxides 

- - l o g  po 2 atmospheres  
T e m p ,  

~ Fe203 A120~ Cr~Os SiO2 M n O  CoO 

25 85.5 184.6 121.8 144.6 127.2 75.4 
200 50.8 112.4 73.4 87.6 77.4 44.5 
400 33.0 75.7 48.9 58.8 52.1 28.9 
600 23.4 55.8 35.6 43.2 38.4 20.4 
800 17.4 43.3 27.3 33.5 29.8 15.1 

1000 13.3 34.7 21.6 26.8 24.0 11.4 
1200 10.3 28.4 17.4 21.9 19.6 8.8 
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Table V. Solid phase reactions of ferric and chromic oxides with 
Cr, AI, Si, and Mn 

1. 2 C r  (s) + FeeOs (s) ~ C r 2 O s  (s) + 2 F e  (s) 
2. 2A1 (s, 1) + Fe2Oa (s) ~ A 1 2 0 ~  (s) + 2Fe  (s) 
3. 2A1 ( s , l )  + Cr203 (s) ~ A l ~ O 8  (s) + 2Cr  (s) 
4. 31Y[n (s) + Fe.oOs (s) ~ _  3 M n O  (s) + 2 F e  (s) 
5. 3Si  (s) + 2Fe203 (s) ~ 3SiO= (s) + 4Fe  (s) 
6. 3S i ( s )  + 2Cr,~O~ (s) ~ 3SlOe (s) + 4Cr  (s) 

logloK 

T e m p ,  R e a c -  R e a c -  R e a c -  R e a c -  R e a e -  R e a c -  
~ t ion  1 t ion  2 t i o n  3 t i o n  4 t ion  5 t i o n  6 

Table VII. Vapor pressure of metals 

loglcK~ 
T e m p ,  

~ F e  C r  A1 Si  M n  Co 

400 --23.1 --18.2 --26.3 --14.5 --25.3 
600 --16.1 --12.5 --18.55 --9.6 --17.8 
800 --11.65 --8.95 --13.7 --6.5 --13.05 
900 --9.95 --7.6 --11.8 --5.3 --11.25 

1000 - -9 .83  - -8 .55  - -6 .5  - -10 .3  - -4 .35  - -9 .75  
1100 --8.63 - -7 .4  - -5 .5  - -8 .9  - -3 .5  - -8 .5  
1200 --6.4 --4.7 --7.85 --2.8 --7.35 

25 +54.1 +148.2 -{-94.1 +62.1 +176.4 +68.3 
200 33.9 92.4 58.5 39.9 110.5 42.6 
400 23.8 63.9 40.1 28.6 77.3 29.8 
600 18.4 48.6 30.2 22.5 59.5 22.8 
800 14.9 38.9 24.0 18.6 48.2 18.5 

1000 12.5 32.2 19.7 16.1 40.5 15.5 
1200 10.8 27.2 16.4 14.0 34.9 13.4 

pressures  of the  oxides f rom 25 ~ to 1200~ as ca l -  
cu la ted  f rom equa t ions  g iven  by  K u b a s c h e w s k i  and  
Evans  (19).  Al l  of the oxides are s table  in  the a tmos-  
pheres  and  t e m p e r a t u r e s  used in  the  ox ida t ion  ex-  
pe r iments .  

The  e q u i l i b r i u m  cons tan ts  for the several  solid 
phase reac t ions  are g iven  in  Tab le  V. Al l  are  t he r -  
m o d y n a m i c a l l y  possible over  the t e m p e r a t u r e  range .  
A l though  ferr ic  oxide m a y  form in i t ia l ly ,  bo th  Cr 
and  A1 can  reac t  to fo rm c h r o m i u m  and  a l u m i n u m  
oxide as shown by  the  posi t ive va lues  of logloK. 
E v e n t u a l l y  a l u m i n u m  oxide should  cons t i tu te  the  
bu lk  of the oxide film. 

X - r a y  crys ta l  s t ruc tu re  s tudies  (Table  II)  con-  
firm the  t h e r m o d y n a m i c  pred ic t ions  tha t  AI~O~ 
should be the  chief oxide in  the  scale. Solid phase 
react ions  m a y  account  for the  decreases in  c h r o m i u m  
oxide con ten t  of the scale at t e m p e r a t u r e s  above  
900~ The presence  of MnO m a y  be due to the h igh 
mob i l i t y  of m a n g a n e s e  and  to its h igh  t h e r m o d y -  
n a m i c  s tabi l i ty .  

The fo rma t ion  of spinels  or other  m ixed  oxide sys-  
t ems  m a y  be expected bu t  t h e r m o d y n a m i c  da ta  for 
spinels  other  t h a n  Fe~O4 are  no t  avai lable .  However ,  
the  s tab i l i ty  of the severa l  spinels  of in te res t  can be 
deduced  f rom s t r u c t u r a l  in fo rmat ion .  Table  VI shows 
the la t t ice  p a r a m e t e r s  of some of the k n o w n  a l u m i -  
na tes  (17) h a v i n g  the sp ine l  s t r uc tu r e  as a f unc t i on  
of the  ionic radi i  of the  b i v a l e n t  ions. Tab le  VI shows 
tha t  Co, Fe, and  Mn can fo rm spinels  w i th  a l u m i n u m  

Table VI. Parameters of aluminate spinels of a number of metals 

Parameter  o f  
D i v a l e n t  A t o m i c  R a d i u s  of  P a r a m e t e r  o f  a l u m i n a t e  

m e t a l  n u m b e r  ion,  A o x i d e  MO,*  A (17) .  A 

Ni 28 0.74 4.168 8.06 
Mg 12 0.75 4.203 8.10 
Co 27 0.78 4.24 8.085 
Fe 26 0.80 4.332t 8.119 
Zn 30 0.83 8.087 
Cu 29 8.09 
Mn 25 0.83 4.4345 8.28 
Cd 48 0.99 4.689 
Ca 20 1.05 4.797 

* C o o r d i n a t i o n  n u m b e r  of  s ix .  
Stoichi, o m e t r i c  c o m p o s i t i o n ,  

oxide. Even  though  Mn a n d  Co are p resen t  in  m i n o r  
a m o u n t s  in  the  alloy, they  can subs t i tu te  in  the  
spinel  s t ruc tu re  and  thus  appea r  in  the oxide film. 

The fo rma t ion  of si l icates m a y  be expec ted  f rom 
phase  d i a g r a m s tudies  of the  oxides (20).  These 
compounds  can exe r t  a m a j o r  inf luence on the  oxi-  
da t ion  process s ince they  m a y  concen t ra te  at the  
ox ide -a l loy  in ter face .  

The  role  of the  deca rbu r i za t i on  reac t ion  is no t  
unders tood.  Ca lcu la t ions  us ing  data  f rom K u b a -  
schewski  and  Evans  (19) show that ,  if a ca rbon  con-  
t en t  of 0.05% is a s sumed  for the  reac t ion  of ca rbon  
wi th  ferr ic  oxide, the  e q u i l i b r i u m  carbon  monox ide  
p ressure  is 1 a t m  at 1000~ S imi la r  ca lcu la t ions  for 
chromic  oxide, a l u m i n u m  oxide, and  s i l icon dioxide  
show the  reac t ion  to occur u n d e r  v a c u u m  condi t ions  
at 1000~ As the ca rbon  con ten t  is depleted,  the i m -  
por tance  of this r eac t ion  d iminishes .  

Tab le  VII  shows the  vapor  pressures  of the  meta l s  
of in te res t  i n  this  s tudy  f r o m  25 ~ to 1200~ Except  
for i ron  the da ta  are ca lcu la ted  f rom a recen t  su rvey  
by  S tu l l  and  S inke  (21).  The da ta  for i ron  are t aken  
f rom a recent  s tudy  by  the  au thors  (22) us ing  the  
v a c u u m  mic roba lance  method.  The  m e a s u r e d  va lues  
for the  vapor  p ressure  of i ron  were  lower  t h a n  the  
ex t rapo la ted  va lues  g iven  by  S tu l l  and  S inke  (21).  

Weight  loss ca lcula t ions  based on Tab le  VII  for 
oxide free Fe -Cr -A1  al loys show rap id  evapora t ion  
of A1, Cr, and  Mn above  1000~ in  h igh va cuum.  
However ,  r ap id  evapora t ion  of these meta l s  has no t  
been  observed in  our  s tudies  or in  other  s tudies  (6) 
on these alloys. 

In  ano the r  s tudy  (22) the  weigh t  loss curves  for 
oxide free surfaces of pu re  iron,  a 5 A1-Fe al loy and  
a 5 A1-23 C r - F e  alloy, were  de te rmined .  The  alloys 
were  p r epa red  f rom p u r e  metals .  The 5 A1-Fe al loy 
gave a weight  loss cu rve  somewha t  lower  t h a n  tha t  
for pu re  i ron whi le  the 5 A1-23 C r - F e  a l loy gave a 
we igh t  loss curve  a l i t t le  h igher  t h a n  tha t  for iron.  
Chemica l  ana lyses  of the  vapor ized  deposits  showed 
the  vapor  f rom the  5 A1-Fe al loy consisted essen-  
t i a l ly  of iron, wh i l e  the vapor  f rom the 5 A1-23 
C r - F e  a l loy consisted l a rge ly  of Cr and  Fe. We con-  
c lude  tha t  A1 does no t  vapor ize  effect ively f rom a 5 
A1-Fe alloy. However ,  Cr and  Fe do vapor ize  f rom 
an  oxide free surface of a 5 A1-23 C r - F e  alloy. Other  
s tudies  (6, 22) show tha t  ox ida t ion  of an  Fe -Cr -A1  
al loy reduces  the  evapora t i on  losses at  1050~ Since 
Cr~O~ is not  an  i m p o r t a n t  c ompone n t  in  the  oxide 
scale at  1050~ one m u s t  conc lude  tha t  a-AI~O~ acts 
as a ba r r i e r  to the  diffusion of ch romium.  

Ta b l e  VII  shows m a n g a n e s e  to have  a h igh vapor  
pressure.  In  these al loys m a n g a n e s e  is p r o b a b l y  com- 
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b ined  wi th  su l fu r  or w i th  oxygen  thus  lower ing  its 
act ivi ty,  and  l i t t le  m a n g a n e s e  would  vaporize.  

Effect of Vapor Pressure in Oxidation 

With  the  except ion  of ox ida t ion  res i s tan t  me ta l s  
and  al loy at high t empera tu res ,  the vapor  p ressure  of 
the me t a l  has no di rect  effect on the  m e c h a n i s m  of 
oxidat ion.  This is because  b r e a k d o w n  of n o r m a l  oxi -  
da t ion  processes occurs by  other  mechan i sms ,  such as 
loss of adhes ion  at the o x i d e - m e t a l  in terface .  The  
first ev idence  for a vapor  p ressure  effect was found  
in  the ox ida t ion  of c h r o m i u m  (23).  The  rap id  i n -  
crease in  the  r a t e  of ox ida t ion  of c h r o m i u m  was e x -  
p la ined  as shor t  c i rcu i t ing  by  vapor iza t ion  of n o r m a l  
ion t r ans f e r  and  diffusion processes. This occurs 
w h e n  the t r ans fe r  of me t a l  ions into the  oxide by  
evapora t i on  approaches  the ra te  of react ion.  Vapor  
t r ans f e r  of meta l  can occur at surfaces other  t h a n  the  
m e t a l - o x i d e  interface.  In  this  sense the n o r m a l  d i f -  
fus ion processes are shor t  circui ted.  The  p re sen t  
s tudy  shows a rap id  increase  in  the  r a t e  of ox ida -  
t ion at 1050~ for the Fe -Cr -A1  alloys. The  vapor  
pressure  of the  meta l l i c  componen t s  m a y  be i m p o r -  
t an t  in the  h i g h - t e m p e r a t u r e  ox ida t ion  of these  
alIoys, as in  the  case of ch romium.  

The vapor  p ressure  effect can  be s tudied  in  two 
ways.  Compare  the  ra te  of evapora t ion  of m e t a l  
a toms f rom a free surface  wi th  the  reac t ion  ra te  ex -  
pressed in  t e rms  of m e t a l  a toms l eav ing  the  ox ide -  
me ta l  interface.  Since the  ra te  of evapora t ion  has a 
h igher  t e m p e r a t u r e  coefficient t h a n  the  ra te  of ox i -  
dat ion,  a sharp  b r eak  in  the  ra te  of ox ida t ion  should 
occur at  the t e m p e r a t u r e  whe re  the  two ra tes  i n t e r -  
sect. Crys ta l  s t ruc tu re  s tudies  also can be used to 
show the vapor  p ressure  effect. If  the vo la t i l i ty  of a 
ce r ta in  me t a l  becomes impor t an t ,  t he  oxide of this  
me ta t  could appear  in  the  oxide film even  though  
other  meta l s  form more  s table  oxides. 

Al loy  1 h a v i n g  the lowest  ra te  of ox ida t ion  in  the  
1-2 hr  per iod  is the  best  al loy for checking  the  vapor  
p re s su re  effect. F i g u r e  13 shows a p lo t  of the  ra te  of 
ox ida t ion  in  t e rms  of both  i ron  and  a l u m i n u m  r e -  
ac t ing  and  the  e x p e r i m e n t a l  we igh t  loss da ta  for the  
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Fig. 13. Comparison weight loss 5AI-23Cr-Fe alloy (curve 
A) with rate of oxidation in terms of Fe (curve B) or AI 
(curve C), log rate vs. l / T ,  alloy 1. 

5 A1-23 C r - F e  alloy. The ra te  of ox ida t ion  shows 
a sharp  b r e a k  at the t e m p e r a t u r e  where  the me ta l  
t r ans f e r  by  evapora t ion  equals  the ra te  of react ion.  

Tab le  II shows the  oxide scale at  1050~ to be 
~-Fe~O~, a-ALOe, a nd  a low p a r a m e t e r  sp ine l  (p rob -  
ab ly  FeO.AI,.,O~). Below 1050~ i ron  oxides were  no t  
observed.  Both the ra te  s tudies  and  c rys ta l  s t r uc tu r e  
s tudies  show tha t  the  h i g h - t e m p e r a t u r e  ra te  of oxi -  
da t ion  and  c rys ta l  s t r uc t u r e  of the  scale are  re la ted  
closely to the vapor  p ressure  of the meta l s  in the  
alloy. The  a-A120~ scale l imi t s  in  some m a n n e r  the  
vapor  p ressure  effect of ch romium.  

Tab le  II shows for al loy 3, which  has  the  lowest  
usefu l  life value ,  the  fo rma t ion  of MnO and  a t race  
of Cr,.,O~. This  suggests t ha t  the  lower  a l u m i n u m  con-  
t en t  of the al loy 3 is not  l im i t i ng  the fo rma t ion  of 
MnO and  Cr~O~ in  the  oxide scale. 

General Principles 

The select ion of meta l s  for h igh hea t  r e s i s t an t  
al loys based on i ron should  be m a d e  on the  fo l lowing  
pr inc ip les :  (a) a l loy ing  e lements  should  lower  the  
ra te  of ox ida t ion ;  (b)  solid phase  reac t ion  should  be 
cons idered  so as to give an  oxide h a v i n g  a good c rys -  
ta l  s t ruc tu re  ma t c h  w i t h  the  me ta l ;  this  p rope r ty  
should m a x i m i z e  adhe rence  of the  oxide to the  me t a l  
and  m i n i m i z e  the  effects of stress or s t ra in ;  and  (c) 
a l loy ing  e lements  should  be  chosen to lower  the  al loy 
vapor  p re s su re  and  to l imi t  the  vapor  p re s su re  of the  
more  vola t i le  bu t  sti l l  des i rab le  e lements .  

Those s tudies  show tha t  inc reas ing  the  c h r o m i u m  
and  a l u m i n u m  con ten t s  in  a l loys 1 to 3 improves  the  
phys ica l  p roper t ies  of the  o x i d e - m e t a l  in te r face  as 
d e t e r m i n e d  by  the  s t r a in  ox ida t ion  expe r imen t s .  A 
smal le r  i m p r o v e m e n t  is no ted  on the  cons tan t  t e m -  
p e r a t u r e  ox ida t ion  rate.  

Summary 
Three  Fe -Cr -A1  al loys were  s tudied  sys temat i ca l ly  

in  r ega rd  to the i r  ox ida t ion  behav io r  f rom 700 ~ to 
1100 ~ Kine t i c  s tudies  we re  made  us ing  the  v a c u u m  
mic roba l ance  method.  Crys ta l  s t ruc tu re  s tudies  were  
m a d e  on the  oxide film e lec t rochemica l ly  r emoved  
f rom the oxidized alloy. S t r a i n - o x i d a t i o n  s tudies  
we re  made  to d e t e r m i n e  the  adherence  cha rac t e r -  
istics of the oxide film. The e x p e r i m e n t a l  resu l t s  we re  
i n t e rp re t ed  by  t h e r m o d y n a m i c  and  ra te  ana lyses  of 
the  o x i d e - m e t a l  systems.  

Kine t i c  s tudies  show a u n i q u e  change  in  r a t e  of 
ox ida t ion  at 900~ Over  the  r a nge  of 900~176 
the  ra t e  of ox ida t ion  was  n e a r l y  cons tant .  Above  
1050~ the ra te  of ox ida t ion  aga in  increased.  The  
parabol ic  ra te  l aw could be appl ied  w i th  in i t i a l  
dev ia t ions  over  the  comple te  t e m p e r a t u r e  range.  For  
the  t e m p e r a t u r e  r ange  700~176 a logar i thmic  plot  
of the parabol ic  r a t e  law cons tan t s  vs. 1/T gave a 
s t ra igh t  l ine  and  ca lcula ted  heats  of ac t iva t ion  of 
76-77 k c a l / m o l e  for the  th ree  alloys. 

Crys ta l  s t ruc tu re  s tudies  showed a-Al~O3 to be the  
m a i n  oxide over  the  t e m p e r a t u r e  range.  Below 950~ 
some Cr~O~ and  MnO were  observed.  These oxides 
decreased in  the  oxide scale  on pass ing  t h r ough  the  
t r ans i t i on  t e m p e r a t u r e  region.  At  1050~ the oxide 
was la rge ly  a-A120~. 
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The  c r y s t a l  s tud ies  conf i rmed  t h e r m o d y n a m i c  p r e -  
d ic t ions  as to t he  compos i t i on  of  t he  scale.  So l id  
p h a s e  r eac t i ons  of a l u m i n u m  w i t h  c h r o m i u m  ox ide  
w e r e  p r o p o s e d  to e x p l a i n  t he  sh i f t  in  ox ide  c o m -  
pos i t ion  a t  950~ 

S t r a i n  o x i d a t i o n  s tud ies  showed  t h e  ox ide  scale  on 
a l l oy  1 to be  less su scep t i b l e  to d a m a g e  t h a n  t h e  
scale  on a l loys  2 and  3. These  s tud ies  can be co r -  
r e l a t e d  w i th  p r a c t i c a l  p e r f o r m a n c e  tes ts .  

C o m p a r i s o n  of the  r a t e  of o x i d a t i o n  w i t h  a v a i l -  
ab le  v a p o r  p r e s s u r e  d a t a  showed  t h a t  m e t a l  t r a n s f e r  
b y  v a p o r i z a t i o n  was  the  r a t e - c o n t r o l l i n g  f ac to r  in  
t he  o x i d a t i o n  of F e - C r - A 1  a l loys  a t  1050~ a n d  
above .  Des ign  p r i nc ip l e s  we re  p r o p o s e d  for  h igh  hea t  
r e s i s t a n t  a l loys .  

The  F e - C r - A 1  a l loys  a r e  good e x a m p l e s  of w e l l  
des igned  h igh  hea t  r e s i s t a n t  a l loys .  

Manuscr ip t  rece ived  Apr i l  23, 1958. This pape r  was 
presented  before  the  Ot tawa Meeting, Sept. 28-Oct. 2, 
1958. 

A n y  discussion of this pape r  wi l l  appear  in a Discus-  
sion Section to be publ i shed  in the December  1959 
JOURNAL. 
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ABSTRACT 

A new bath  composit ion and its opera t ing  condit ions are  descr ibed for  
e lec t rodeposi t ion of hard,  bright ,  ch romium- i ron  al loy p la te  having  banded  
micros t ructure .  A prec ip i ta t ion  mechanism is proposed to account for  the  mi -  
c ros t ruc ture  of the  plate.  The process  produces  pla te  hav ing  almost  the  same 
physical  p roper t ies  as convent ional  ha rd  chromium from a ba th  composi t ion 
not based on chromic acid. The p la t ing  ra te  and cathode cur ren t  efficiency for 
the al loy are  h igher  than for p la t ing  chromium f rom a convent ional  bath.  

A h i g h - s p e e d  c h r o m i u m - i r o n - a l l o y  p l a t i n g  p r o c -  
ess was  d e v e l o p e d  in  t hese  l a b o r a t o r i e s  (1 ) .  T h e  b a t h  
is e s s e n t i a l l y  a c h r o m i c -  and  f e r r i c - a l u m  so lu t ion  
w i t h  a d d i t i o n s  of a m m o n i u m  su l f a t e  and  o t h e r  sal ts .  
In  the  course  of t h e  d e v e l o p m e n t  p r o g r a m ,  i t  w a s  
o b s e r v e d  t h a t  b r i g h t  c h r o m i u m - i r o n - a l l o y  p l a t e  h a v -  
ing  b a n d e d  m i c r o s t r u c t u r e  was  o b t a i n e d  w h e n  h y -  
p o p h o s p h i t e  was  used  as a b a t h  add i t i ve .  

The  o p p o r t u n i t y  to s t u d y  th is  p a r t i c u l a r  a l l oy  p l a t e  
a rose  w h e n  a p r o g r a m  for  t he  N a v y  D e p a r t m e n t  (2)  

h a d  as i ts  o b j e c t i v e  t he  d e v e l o p m e n t  of ha rd ,  w e a r -  
r e s i s t a n t  p l a t e  f rom a h igh -e f f i c i ency  ba th .  S ince  
p l a t e s  of l a m i n a r  ( b a n d e d )  s t r u c t u r e  r e s e m b l e  con-  
v e n t i o n a l  h a r d  c h r o m i u m ,  t h e y  w e r e  d e v e l o p e d  w i t h  
t he  u l t i m a t e  o b j e c t i v e  of i m p r o v e d  a b r a s i o n  r e s i s t -  
ance.  

Preliminary experiments . - -Frel iminary efforts  
w e r e  success fu l  in  de pos i t i ng  b r i g h t  c h r o m i u m - i r o n  
a l loy  h a v i n g  b a n d e d  m i c r o s t r u c t u r e  onto  2 .5 -cm 
( 1 - i n . ) - d i a m e t e r  c i r c u l a r  a r e a s  of s tee l  ca thodes  
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shielded by a 0.8-cm (5/16- in) -deep plastic frame 
under the following conditions: 

Bath composition (3) 

700 g/1 chrome alum [Cr(NH4) (SO~)~-12H~O] (76 
g/1 chromium) 

13.6 g/1 ferrous ammonium sulfate [Fe(NH4).o 
(SO~)~- 6H~O] 

25 g/1 magnesium sulfate (MgSO4.7H20) 
i00 g/1 ammonium sulfate [ (NH4)~SO4] 
0.2 g/1 sodium dihydrogen phosphate (NaH~PO~. 

H~O) 

Operating conditions 

Temperature  60~ (140~ 
pH 1.5 
Cathode current 

density 54 amp /dm -~ (500 amp/ f t  ~) 

Lead or chromium-iron alloy anodes were satis- 
factory for oxidizing and maintaining iron in the 
ferric state, a condition necessary for the best pla t -  
ing results. The initial oxidation of the iron to the 
ferric state could also be carried out by the addition 
of chromic acid to the bath. Apparent ly  phosphate, 
an oxidation product of hypophosphite, could have 
been responsible for similar bright, banded plate ob- 
tained in earlier work. 

D E P O S I T I O N  OF C r - F e  A L L O Y  P L A T E  303 

Development of Bath for Deposition of 
Plate Having Banded Structure 

The precipitation mechanism developed in the pre-  
ceding section suggested the changes necessary to 
develop a practical bath composition. A buffer was 
required to equalize the pH over the entire face of 
the cathode so that masking of the cathodes with 
thick frames would not be necessary. 

Many amino acids, such as aminoacetic acid (gly-  
cine), have isoelectric points in the pH range 2.0 to 
2.2 and good buffering capacity in  the pH range 1 
to 3. They should permit deposition of laminar plate 
uniformly over broad flat cathodes by maintaining 
uniformly high pH in the cathode film. Glycine addi- 
tions, ranging in concentration from 0.5 to 3.0 g/l, 
were made to the following bath: 

450 g/1 basic chromic sulfate (76 g / l  chromium) 1 
13.5 g/1 ferrous ammonium sulfate [Fe(NH,)~ 

(SO4)~. 6H~O] (or 16.6 g/1 ferric ammonium sul- 
fate [NH~Fe (SO~)~. 12H~O]) 

20 g/1 magnesium sulfate (MgSO,. 7H20) 
100 g/1 ammonium sulfate [ (NH,)2SO4] 
1 g/1 silicon dioxide (added as water  glass, 29.5% 

SiO~) 

with the result that  uniform deposition of laminar 
chromium-iron-al loy plate could be achieved on flat 
rectangular  steel panels without  any form of shield- 
ing under the following conditions: 

Mechanism for the Deposition of 
Chromium-Iron Alloy Having Banded Structure 

The apparent  mechanism responsible for laminar 
structure of deposits taken from a chromic-ferric 
sulfate bath containing small amounts of phosphate 
is that  grain refinement and banding result from" 
precipitation of ferric phosphate in the cathode film 
during electrodeposition. Since confirmation of this 
mechanism would make development of the bath an 
easier problem, experiments were designed for this 
purpose. If  the mechanism were correct, silicate, ar-  
senate, and vanadate  additions to the bath should 
have an effect similar to phosphate additions. All 
these anions form insoluble compounds with ferric 
iron. Using the conditions for plating with the phos- 
phate additive, the new anions were substituted for 
phosphate in amounts varying from 0.1 to 1.2 g/1. 
The results showed the new anions to have the same 
effect as phosphate with the exception that  larger 
amounts were required (1.2 g/1 as opposed to 0.2 
g/ l ) .  

Actually, the new anions were an improvement  
over the phosphate additive, because the concentra-  
tions required for producing deposits with banded 
microstructure were not so critical. Slight excess 
amounts of phosphate caused burning, but this was 
not t rue with the other anions. High current  density 
[43-65 amp/din  ~ (400-600 amp/f f f ) ]  was required 
to obtain the desired effects with phosphate and the 
other anion additives mentioned. The mechanism 
was supported fur ther  by the knowledge that  ferric 
salts of phosphoric, silicic, arsenic, and vanadic acids 
are insoluble in solutions having pH near 2.7, and 
that cathode film pH values are higher than bath pH 
which varied from 0.8 to 2.0 in the tests. 

Temperature  
pH 
Cathode current  

density 
Agitation (work bar) 

Cathodes 

Glycine concentration 
(g/ l)  

Oxidation state 

54~ (130~ 
0.8-1.3 
21-28 amp/din  ~ (200-260 

amp/ f t  ~) 
None to 50 cpm with 3.8- 

cm (1.5-in.) stroke 
Steel-5 x 15 cm (2 x 6 in.) 

or 3 .8x10  cm (1 .5x4  
in.) 

0.5 to 3.0 
Iron all ferric with little 

or no Cr% 

1 T e c h n i c a l  g r a d e  p u r c h a s e d  f r o m  M u t u a l  C h e m i c a l  Company of 
Amer ica .  

Fig. I. Surface crack pattern of banded chromium-iron 
alloy plate. Note: untouched surface. Magnification 2SOX 
before reduction for publication. 



304 J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  April 1959 

Fig. 2 Polished and etched cross sect,on of banded 
chromium-iron al loy plate. Note: electrolyt ical ly etched in 
ddute oxal ic acid. Magni f icat ion 500X  before reduction for 
publ icat ion. 

D a t a  d e r i v e d  f rom t h e  o p e r a t i o n  of th is  b a t h  i n -  
c lude  the  m e t a l l o g r a p h i c a l  e x a m i n a t i o n  of f o u r t e e n  
depos i t s  to v e r i f y  t h e  r e l a t i o n  b e t w e e n  b r i g h t n e s s  
of  t h e  depos i t s  and  b a n d e d  m i c r o s t r u c t u r e .  U n i -  
f o r m l y  b r i g h t  p l a t e  a n d  c o m p l e t e  l a ck  of c o l u m n a r  
s t r u c t u r e  w e r e  o b s e r v e d  for  o p e r a t i n g  cond i t ions  and  
b a t h  compos i t ion  c i ted  above .  The  func t ion  of b a t h  
cons t i t uen t s  was  i n d i c a t e d  b y  t h e  fo l l owing  o b s e r -  
va t ions :  

1. On ly  m a t  c o l u m n a r  p l a t e  cou ld  b e  o b t a i n e d  if 
the  p H  was  so low as to so lub i l i ze  f e r r i c  s i l i ca te  or  
if  t he  c o n c e n t r a t i o n  of f e r r i c  i ron  was  too low to 
cause  p r e c i p i t a t i o n  of f e r r i c  s i l i ca te  at  p H  3. 

2. W i t h o u t  a buf fe r  ( g lyc ine )  to  equa l i ze  p H  ove r  
t he  ca thode  surface ,  p l a s t i c  sh i e ld ing  f r a m e s  and  
c u r r e n t  dens i t i e s  on t h e  o r d e r  of 53 to 63 amp/dm'- '  
(500 to 600 a m p / f t  ~) w e r e  r e q u i r e d  for  p r o d u c t i o n  of 
u n i f o r m l y  b r i g h t  and  b a n d e d  p la te .  

Ba th  compos i t i on  was  f ixed  to ob t a in  p l a t e  of d e -  
s i r ed  p h y s i c a l  c h a r a c t e r i s t i c s  d e s c r i b e d  be low.  
H e n c e  t h e r e  could  be l i t t l e  v a r i a t i o n  in p l a t e  c o m -  
pos i t i on  f r o m  the  n e i g h b o r h o o d  of 85Cr-15Fe .  B a t h  
compos i t i on  was  fo l l owed  b y  c h e m i c a l  ana lys i s .  I r on  
was  m a i n t a i n e d  b y  a d d i t i o n  of f e r rous  su l f a t e  or  b y  
occas iona l  sh i f t ing  b e t w e e n  so lub le  C r - F e  a l l oy  
anodes  and  p l a t i n u m  anodes .  The  o x i d a t i o n  s t a t e  of 
i ron  was  m a i n t a i n e d  w i t h  ch romic  acid.  A f ew g r a m s  
p e r  l i t e r  of excess  ch romic  ac id  h a d  no o b s e r v a b l e  
effect on the  c h a r a c t e r i s t i c s  of t he  p la te .  I t  is n o t e -  
w o r t h y  t h a t  no h e x a v a l e n t  c h r o m i u m  h a d  to be  p r e s -  
en t  to o b t a i n  t he  a l l oy  p l a t e  w h i c h  r e s e m b l e s  h a r d  
c h r o m i u m  so long  as mos t  of the  i ron  was  in  t h e  
f e r r i c  condi t ion .  

Ba th  l i fe  and  g lyc ine  s t a b i l i t y  w e r e  not  s tud ied .  
H o w e v e r ,  b a t h s  w e r e  o p e r a t e d  3-4 h r  d a i l y  for  s e v -  
e r a l  w e e k s  w i t h o u t  a n y  a p p a r e n t  d e t e r i o r a t i o n  or  
need  for  a d d i t i o n  of m o r e  glycine .  

The  p r o c e d u r e  acco rd ing  to w h i c h  the  b a t h  was  
p r e p a r e d  was  cr i t ica l .  So lu t ions  of a l l  ch romic  sa l t s  
h y d r o l y z e  s l o w l y  w h e n  the  t e m p e r a t u r e  is r a i sed .  A n  
e q u i l i b r i u m  is a t t a i n e d  m o r e  r a p i d l y  w h e n  t h e y  a re  
cooled f r o m  an  e l e v a t e d  t e m p e r a t u r e  ( o v e r  80~ to 
t h e  de s i r ed  t e m p e r a t u r e .  F o r  th is  r e a s o n  a d e t a i l e d  
d e s c r i p t i o n  for  b a t h  f o r m u l a t i o n  is g iven.  

Bath formulation.--Basic ch romic  su l fa t e  is a d d e d  
g r a d u a l l y  ( w i t h  cons t an t  s t i r r i n g )  to w a t e r  a t  82~ 
( 1 8 0 ~  The in i t i a l  v o l u m e  of w a t e r  is a b o u t  60% 
of t he  f inal  v o l u m e  of the  ba th .  W h e n  a l l  b u t  a s m a l l  
r e s i d u e  of i n s o l u b l e  m a t t e r  is d isso lved ,  t he  a m -  
m o n i u m  sulfa te ,  f e r rous  a m m o n i u m  su l fa te ,  a n d  
m a g n e s i u m  su l fa t e  a r e  a d d e d  w i t h  c o n t i n u e d  s t i r -  
r ing.  Next ,  the  w a t e r  g lass  so lu t ion  d i l u t e d  w i t h  
t w i c e  i ts  w e i g h t  of w a t e r  is a d d e d  w i t h  v igo rous  
s t i r r i n g  to avo id  p r e c i p i t a t i o n  of s i l icic ac id?  

The  solut ion,  s t i l l  a t  82~ is t r e a t e d  w i t h  0.3 g/1 
a c t i v a t e d  carbon ,  3 u s u a l l y  a d d e d  as a 4% suspens ion  
in w a t e r  to f ac i l i t a t e  we t t i ng .  The  b a t h  is t hen  aged  
4 h r  a t  82~ and  16 h r  or  l o n g e r  a t  n e a r  p l a t i n g  t e m -  
p e r a t u r e .  Next ,  i t  is f i l t e red  at  p l a t i n g  t e m p e r a t u r e ,  
and  the  p H  is a d j u s t e d  to 1.3 ( m e a s u r e d  a t  55~ ~ 
w i t h  su l fu r i c  acid.  The  g l y c i n e  is t hen  a d d e d  ( p r e f -  
e r a b l y  1 g / l ) ,  and  enough  ch romic  ac id  is a d d e d  to 
g ive  a pos i t ive  e x t e r n a l  t e s t  for  h e x a v a l e n t  c h r o -  
m i u m  us ing  S - d i p h e n y l - c a r b a z i d e  ind ica to r .  

T y p i c a l  p l a t e  con t a in ing  8 5 C r - 1 5 F e  is o b t a i n e d  i m -  
m e d i a t e l y  at  55~ 21 a m p / d m  "~ (200 a m p / f t  ~) c a t h -  
ode and  anode  c u r r e n t  dens i ty ,  us ing  so lub le  c h r o -  
m i u m - i r o n  a l l oy  anodes  ( 8 5 C r - 1 5 F e ) .  The  ca thode  
c u r r e n t  eff iciency is a b o u t  35% based  on t r i v a l e n t  
c h r o m i u m .  C o m p a r e d  w i t h  a c o n v e n t i o n a l  h e x a v a -  
l en t  b a t h  w i t h  a ca thode  c u r r e n t  efficiency of  a b o u t  
15% (bas i s  Cr  §176 t h e  t r i v a l e n t  b a t h  w i t h  a ca thode  
c u r r e n t  eff iciency of 35% (bas i s  Cr  +~) y i e ld s  a b o u t  
4.6 t imes  m o r e  depos i t  p e r  un i t  of e l e c t r i c a l  cu r r en t .  
Such  an  i m p r o v e m e n t  in e l e c t r i c a l  eff iciency has  long  
been  sough t  in  c h r o m i u m  p la t ing .  The  p l a t i n g  r a t e  
is 0.0076 c m / h r  (0.003 i n . / h r )  a t  230 a m p / f f f  c a t h -  
ode c u r r e n t  dens i ty .  

Properties of the Plate 

The  p la te ,  con t a in ing  a b o u t  85% c h r o m i u m  a n d  
15% iron,  has  a b a n d e d  m i c r o s t r u c t u r e  w i t h  a c rack  
p a t t e r n  (Fig .  1 and  2) s i m i l a r  to t ha t  of c o n v e n t i o n a l  
c h r o m i u m  pla te .  The  a s - p l a t e d  h a r d n e s s  of t h e  p l a t e  
is 1000 to 1025 K n o o p  (0.5 kg  load)  w h i c h  is a b o u t  
t he  s ame  as for  c o n v e n t i o n a l  h a r d  c h r o m i u m  p la te .  
Th in  p l a t e s  up  to a t  l eas t  0.0025 cm (0.001 in.)  h a v e  
the  a p p e a r a n c e  of d e c o r a t i v e  c h r o m i u m  p la te .  T h i c k  
depos i t s  a r e  s t i l l  b r igh t ,  b u t  hazy ,  b e c a u s e  of m i c r o -  
nodu les  (see p h o t o m i c r o g r a p h  of u n t o u c h e d  sur face ,  
Fig.  1.) P l a t e s  as t h i c k  as 0.025 cm (0.010 in.)  w e r e  
mat .  

The  r a t e  of w e a r  on t h e  T a b e r  A b r a s e r ,  ~ a f t e r  a 
shor t  p e r i o d  of i n i t i a l  w e a r  a t  0.65 m g  p e r  t h o u s a n d  
cycles,  is 0.00 to 0.03 m g  p e r  t h o u s a n d  cycles .  The  
w e a r  for  c o n v e n t i o n a l  h a r d  c h r o m i u m  b y  t h e  s ame  
m e t h o d  was  0.00 to 0.01 m g  p e r  t h o u s a n d  cycles .  The  
a s - p l a t e d  s t ress  ~ in t he  depos i t  is t ens i l e  and  a m o u n t s  
to 5,000 k g / c m  ~ (28,000 p s i ) .  This  m i g h t  be  t e r m e d  

2 The  s o l u b i l i t y  of s i l i ca  as S t ( O H ) 4  is p H  i n d e p e n d e n t  and  is 
a b o u t  0.01% at  25~ and  0.02% a t  57~ (4). 

8 A c t i v a t e d  carbon ,  G r a d e  S-51, Darco  D e p a r t m e n t ,  A t l a s  P o w d e r  
C o m p a n y ,  N e w  York ,  N e w  York ,  was  u sed  t h r o u g h o u t  t h i s  work .  

The  p H  was  a l w a y s  m e a s u r e d  w i t h  a g lass  e lec t rode  s t a n d a r d i z e d  
a t  r oom t e m p e r a t u r e .  

S R e s e a r c h  M o d e l  E-4010, Tabe r  I n s t r u m e n t  Co rpo ra t i on ,  N o r t h  
T o n a w a n d a ,  New York .  

a The  s t ress  m e a s u r e m e n t s  w e r e  m a d e  w i t h  a B r e n n e r - S e n d e r o f f  
Con t r ac tome te r ,  C h a m p i o n  M a n u f a c t u r i n g  Co., N e w  York ,  N. Y. 



Vol.  106, No. 4 DEPOSITION OF Cr-Fe ALLOY PLATE 305 

res idua l  stress, since stress had  been  re l i eved  some-  
wha t  by  cracking.  

The f r equency  of the cracks in  the  c h a n n e l - t y p e  
crack p a t t e r n  does no t  appea r  to v a r y  s igni f icant ly  
wi th  b a t h  pH b e t w e e n  1.0 and  1.3, no r  w i th  g lyc ine  
con ten t  be tween  0.5 and  1.5 g/1. Crack  counts  i nd i -  
cate 250-340 cracks pe r  l i nea r  cm (640 to 870 cracks 
per  l i nea r  inch)  or an  average  p l a t eau  d i ame te r  of 
about  0.0038 cm (0.0015 in . ) .  

Conclusions 
The resul t s  of this  research  show tha t  a new  chro-  

m i u m  al loy e lect ropla te  con ta in ing  a m i n o r  a m o u n t  
of i ron  and  o therwise  h a v i n g  phys ica l  p roper t ies  
close to those of c o n v e n t i o n a l  ha rd  c h r o m i u m  (a) can  
be ob ta ined  f rom a ba th  composi t ion  i nvo lv in g  l i t t le  
or no chromic acid; (b) derives its characteristic 
banded microstructure from a precipitation mechan- 
ism; (c) can be deposited at a rate of 0.0076 em/hr 
(0.003 in./hr) at a cathode current efficiency of near 
35% based on trivalent chromium; and (d) can be 
used as a hard, bright decorative plate. Further study 
of this interesting bath is required to obtain prac- 
tical information relative to bath life and to estab- 

l ish a sys tem of soluble  and  inso luble  anodes  to 
m a i n t a i n  ba th  composit ion.  
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Electroplating on Certain Transition Metals 

(Groups IV, V, VI) 

E. B. Saubestre l 

Central Research Laboratories, Sylvania Electric Products Inc., Bayside, N. u 

ABSTRACT 

It has been found that t ransi t ion metals of groups IV, V, and VI can be 
plated adherent ly  in the as-plated condition by being subjected first to a ca- 
thodic t rea tment  which probably  covers the surface with a hydride. By this 
technique, it is possible to e l iminate  etching prior to plating, permi t t ing  better  
control of dimensional  tolerances. If the par t  is to be heated after plating, the 
procedure is to deposit a th in  film of nickel  or i ron after the cathodic t reatment ,  
vacuum fire, then plate as desired. The method was used to produce adherent  
coatings of Ni and Cu on Ti, Zr, Nb, Ta, Mo, and W. 

A fur ther  study was made of Nb and Nb-Ti  alloys, in which an anodizing 
procedure was developed which permits  subsequent  electroplating of Fe or Ni 
without  requi r ing  etching ( thereby permi t t ing  close control of dimensions) or 
anneal ing  t reatments  (useful where delicate assemblies are involved) .  

In the past decade, the transition metals of groups 
IV to VI have become of increasing commercial im- 
portance. Accordingly, there has arisen a demand for 
electrodeposition on these metals. The main reasons 
for such electrodeposition are: (a) to improve cor- 
rosion or high-temperature resistance, and (b) to 
permit ready joining by soldering, brazing, or weld- 
ing. 

Conventional me thods . - -The  usua l  me thod  of p l a t -  
ing o ther  meta l s  on these  e l emen t s  has invo lved  the  
fo l lowing  steps:  "ac t iva t ion"  by  e tch ing  in  a su i t ab le  
acid, deposi t ion  of a t h in  fi lm of n icke l  or i ron ;  r e -  
mova l  of adsorbed gases; and  f inal ly  heat  t r e a t i n g  to 
improve  adhes ion  of the  e lect rodeposi ted  coat ing to 
the subs t ra te .  Tab le  I gives recen t  l i t e r a tu r e  r e f e r -  

1 P r e s e n t  addres s :  E n t h o n e ,  Inc. ,  N e w  H a v e n ,  Corm, 

ences on the  subjec t ;  in  all  cases, a heat  t r e a t m e n t  is 
appl ied  af ter  s u b s e q u e n t  e lectrodeposi t ion.  

The  effect of the etch c o m m o n l y  employed  in  the  
methods  in  Tab le  I is to r emove  scale, oxide films, 
a nd  the like, r emove  skins  fo rmed  by  f ab r i ca t i ng  
techniques ,  and  p resen t  a fresh, c lean  surface  for 
p la t ing .  In  the case of i mme r s i on  t r ea tmen t s ,  the  
oxidiz ing agen t  is h y d r o g e n  ion, so tha t  the  surfaces 
also t end  to become coated wi th  me t a l  hyd r ide  or 
occluded h y d r o g e n  d u r i n g  etching.  This  is especial ly  
t r ue  of the  group V meta ls ,  which  are especia l ly  

p r one  to hyd r i de  format ion .  For  this  reason,  it  is 
w o r t h y  of no te  tha t  such p r e p l a t i n g  t r e a t m e n t s  as 

cathodic c leaning,  c o m m o n l y  employed  in  p r e pa r ing  

m a n y  c o n v e n t i o n a l  meta l s  for e lec t ropla t ing ,  have  
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Table I. 

Group Meta l  E t ch  M e t h o d  of a p p l i c a t i o n  P l a t i n g  Ref.  

IV Ti HF-CH:~COOH a.c. Cr 1 
HF-CH~COOI-I Cathodic or anodic Cu 1 
SnCL Immers ion Displacement Cu 2 
HF-HOAc Immersion;  then, a.c. Cr 37 
HF-HNO~-H.oSO,- Cathodic; anodic; cathodic * 38 

FeSO~-A1... (SO,) 
HF-HBF,  Immersion Ag strike in B F (  soln. 39 
HF-HC1; HF-HNO~ Immersion Zn (fluoride-ethylene glycol) 3 
H~..PO4-H2SO~ Anodic Zn (f luoride-ethylene glycol) 3 
A1CL in ether Anodic A1 (e ther - l i th ium a luminum 4 

HF-e thy lene  glycol Anodic 
HF-CuSO, Immers ion 
HF-Na~Cr~O7 Immers ion 

Zr HF-NH~F Immersion 
HF-NH4F Immers ion 

Hf Little published data. Zr methods should work. 
V V Na~.CO~-NaHCO~ Anodic 

Nb HF a.c. 
Ta HF-HC1 Anodic 

HF-HC1 Anodic 
HF-H2SO, Anodic 
NH4F-formamide Anodic 

VI Mo KOH-K:~Fe(CN) ~ Immers ion 

HC1 Immers ion 

Cu-Zn plat ing solution Cathodic 

Au strike Cathodic 
HF Immers ion 

H~SO, Anodic 

W KOH-K:~Fe (CN), Immersion 

Cu-Zn plat ing solution Cathodic 

Au strike Cathodic 
HF-HNO.~ Immers ion 
H~O2-oxalic Immers ion 
H~PO~-HC10~ Immersion 
K~Fe (CN) 6 Immersion 

hydride) 
Cu 5 
Cr 6 
Cr 6 
Immersion Zn or Ni plat ing 7, 8 
Displacement In  9 

* 1 0  

Ni; Fe 11, 7 
* 12 
* 1 3  

* 1 4  

* 15 
Cr (after anodic etch in Cr 16,7 

plat ing solution) 
Cr (after anodic etch in  Cr 17 

plat ing solution) 
Ni; Fe (after heat ing to 1000~ 18 

to volatilize Zn) 
Au (after heating to 1400~ 19 
Cr (after anodic etch in Cr 20 

plat ing solution) 
Cr strike, then Ni strike and 21 

plate 
Cr (after anodic etch in Cr 7 

plat ing solution) 
Ni; Fe (after heat ing to 1000~ 18 

to volatilize Zn) 
Au (after heat ing to 1400~ 19 
* 22 
* 23 
* 24 
* 25 

* These  r e fe rences  are  no t  d i r ec t l y  conce rned  w i t h  p l a t i ng ,  b u t  t he  e tches  used  s h o u l d  be s a t i s f a c t o r y  p r i o r  to p l a t i ng .  

no t  been  m e n t i o n e d  in  connec t ion  w i th  the  subs t ra tes  
of in te res t  in  this  paper .  A n  except ion  no ted  in  the 
t a b u l a t i o n  above is the use  of s t r ike  solut ions,  wh ich  
are  in  effect combined  cathodic c l ean ing  and  p la t ing  
solut ions.  

The p r inc ipa l  emphas is  found  in  the  l i t e r a tu r e  
w h e n  e lect rolyt ic  p r ep l a t i ng  t r e a t m e n t s  are  e m -  
ployed,  is upon  anodic  t r ea tmen t s ,  which  p r e s u m a b l y  
m i n i m i z e  h y d r o g e n  occlusion, or hyd r ide  format ion .  
Such t r ea tmen t s ,  however ,  are  no t  des i rab le  where  
accura te  d imens iona l  to lerances  are involved .  

In  the  course of commerc ia l ly  p l a t i ng  on some of 
these substra tes ,  a ve ry  br ie f  l abo ra to ry  rev iew was 
made  of typ ica l  p rocedures  con ta ined  in  the  tab le  
above. In  genera l ,  i t  was found  tha t  both  i m m e r s i o n  
etch and  anodic  etch procedures  gave r ea sonab ly  
sa t i s fac tory  resul ts .  However ,  d u r i n g  the  course of 
this  l imi ted  inves t iga t ion ,  i n t e r m i t t e n t  t roub les  were  
encoun te red ,  u sua l l y  due to pee l ing  of the a s - d e -  
posi ted coating,  and  also b l i s t e r ing  of the coat ing  
d u r i n g  the  b a k i n g  step. I t  was at  first t hough t  tha t  
these occasional  difficulties were  due to excessive oc- 

c lus ion of gases, such as hydrogen ,  on the sur face  of 
the subs t r a t e  pr ior  to p la t ing .  Therefore ,  a p r e l i m i -  
n a r y  v a c u u m  bake  was empioyed  pr ior  to p la t ing .  
P l a t i ng  adhes ion  was found  to de te r io ra te  m a r k e d l y  
as a resu l t  of this operat ion.  This t hen  suggested the  
poss ib i l i ty  tha t  good adhes ion  was favored  by  oc- 
c luded gases, and  tha t  pe rhaps  an  i m p o r t a n t  f u n c -  
t ion of the p r ep l a t i ng  etch was to provide  such a 
surface.  If t rue,  t hen  it should  be possible  to subs t i -  
tu te  for the conven t iona l  etch a cathodic t r e a t m e n t  
in  an  e lec t ro ly te  which  does not  chemica l ly  a t tack  
the subs t ra te .  

I t  is recognized tha t  impur i t i e s  of ten g rea t ly  affect 
the type  of resul ts  ob ta ined  in  s tudies  of this  type.  
The subs t ra te  used (except  for Nb and  N b - T i  al loys)  
were  ob ta ined  f rom A. D. Mackay,  and  ana lyzed  
be t t e r  t h a n  99.9%; however ,  no f u r t he r  ana lyses  
were  made  of the i m p u r i t y  contents .  The n icke l  p l a t -  
ing  so lu t ion  employed  con ta ined  the  fo l lowing  i m -  
pur i t ies :  Mn, 0.48 g / l ;  Co, 0.46 g / l ;  Mg, 0.19 g / l ;  Fe, 
0.028 g / l ;  A1, 0.018 g / l ;  Zn, 0.014 g / l ;  Cu, 0.007 g / l ;  
others,  0.005 g/1. No ana lys i s  was  m a d e  of the  n icke l  
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e l ec t rodepos i t s  on the  s u b s t r a t e s  d i scussed  in  th i s  
pape r .  H o w e v e r ,  n i cke l  depos i t s  on s tee l  m a d e  f r o m  
the  s ame  b a t h  as a b o v e  i n d i c a t e d  an  i m p u r i t y  a n a l -  
ys is  cons i s t en t  w i t h  t he  above  figures.  

The  r e a g e n t s  used  for  ca thod ic  t r e a t m e n t  w e r e  
A.C.S.  r e a g e n t  g rade .  

"Hydride" Plating Procedure 

I t  was  i n d e e d  f o u n d  t h a t  d e l i b e r a t e  evo lu t i on  of 
h y d r o g e n  on the  s u b s t r a t e  su r f ace  p r i o r  to p l a t i n g  
m a r k e d l y  i m p r o v e d  a d h e s i o n  of t he  e l ec t rodepos i t  
in the  a s - p l a t e d  condi t ion .  The  easen t ia l  s tep  in  the  
p r e p l a t i n g  t r e a t m e n t  is ca thod ic  t r e a t m e n t  of t he  
m e t a l  so as to cause  a d s o r p t i o n  of h y d r o g e n  ( w i t h  
p r o b a b l e  f o r m a t i o n  of su r f ace  " h y d r i d e s " ) .  This  
ca thod ic  t r e a t m e n t  m a y  be  c a r r i e d  out  in a n y  e lec -  
t r o l y t e  w h i c h  does no t  con ta in  ions of p l a t a b l e  m e t -  
als.  Conven i en t l y ,  d i l u t e  m i n e r a l  ac id  or  a l k a l i  m e t a l  
h y d r o x i d e  so lu t ions  m a y  be  used.  In  th is  me thod ,  t h e  
ac id  e t ch ing  s tep  m a y  be  e l i m i n a t e d ,  so t h a t  no d i -  
m e n s i o n a l  changes  in  t he  s u b s t r a t e  occur.  H o w e v e r ,  
if  the  o r i g i n a l  su r face  of the  s u b s t r a t e  is u n s o u n d  
(scale ,  m e t a l l u r g i c a l l y  u n s o u n d  s u r f a c e  skins,  e tc . )  
an e tch  is n e e d e d  for  c l ean ing  purposes .  

A n  e x a m p l e  of the  p r o c e d u r e  is: 

1. S o a k  in a l k a l i n e  c l ean ing  so lu t ion  a t  180 ~ 
200~ 

2. Rinse.  
3. E tch  in 10% (wt )  H F  (see  Note  1). I m m e r -  

s i o n - - T i ,  Zr,  Hf. A n o d i c  a t  50 a s f - - V ,  Nb, Ta, Mo, W. 
4. Rinse.  
5. Ca thod ic  for  5-15 sec at  10-100 asf a t  r o o m  

t e m p e r a t u r e  in  a s u i t a b l e  e l e c t r o l y t e  (see  Note  2) .  
6. Rinse.  
7. N icke l  p l a t e  for  30 sec to 2 min :  NiSO~.6H~O, 

300 g / l ;  NiC12.6H~O, 37.5 g / l ;  H3BO~, 37.5 g / l ;  65~ 
5-100 asf;  p H  -~ 4. 

8. Rinse.  
9. P l a t e  as des i red .  

Note 1. This  s tep  is op t iona l ,  and  is n e e d e d  on ly  if i t  
is de s i r ed  to r e m o v e  the  su r face  and  p r e p a r e  a new,  
c lean  one.  
Note 2. S u i t a b l e  e l e c t r o l y t e s  a r e  2 % ( w t )  HC1, 
H2SO~, HNO3, HF,  KOH,  NaOH.  The  anode  shou ld  be  
ine r t ;  p l a t i n u m  was  ~tsed in the  l a b o r a t o r y  s tudy .  

If  the  p a r t  w h i c h  has  been  p l a t e d  is to be  s u b -  
j e c t e d  to h igh  t e m p e r a t u r e s  d u r i n g  use  the  h y d r o -  
gen p r e s e n t  u n d e r  t he  depos i t  ( in  a n y  f o r m )  w i l l  
cause  b l i s t e r ing ,  and  l i f t i ng  of the  depos i t  m a y  r e -  
sul t .  F o r  such app l i ca t ions ,  the  fo l lowing  p r o c e d u r e  
is used :  

1-8. As  above.  
9. Dry .  

10. V a c u u m  fire a t  450~176 u n t i l  gas ceases  to 
be  evo lved .  

11. N icke l  s t r i ke  (Wood ' s  n i c k e l ) ,  t hen  p l a t e  as 
des i red .  

In  e i t he r  of t h e  above  p rocedu re s ,  i ron  p l a t i n g  
m a y  be  s u b s t i t u t e d  for  n i c k e l  p l a t i n g  in  s tep  7. 

The  a b o v e  p r o c e d u r e s  w e r e  ~tsed to o b t a i n  a d -  
h e r e n t  depos i t s  (0.2-0.3 mi l s  t h i ck )  of  Ni  and  Cu on 
Ti, Zr ,  Nb,  Ta, Mo, and  W. I t  is conc luded  t h a t  the  

p r o c e d u r e  w o u l d  be s a t i s f a c t o r y  for  p l a t i n g  a n y  
g roup  IV, V, or  t r a n s i t i o n  me ta l .  A d h e s i o n  was  d e -  
t e r m i n e d  q u a l i t a t i v e l y  only .  In  the  case  of w i r e  
subs t r a t e s ,  c o n v e n t i o n a l  b e n d  tes ts  w e r e  e m p l o y e d .  
F o r  r i g id  subs t r a t e s ,  k n i f e  o r  ch ise l  tes t s  w e r e  e m -  
p loyed .  De ta i l s  of such tes t s  h a v e  been  g iven  b y  
F e r g u s o n  (33) .  A d h e s i o n  was  d e t e r m i n e d  on 0.2- 
0.3 mi l  depos i t s  only .  U n d o u b t e d l y ,  l o w e r  adhes ion  
va lue s  w o u l d  be  o b t a i n e d  w i t h  t h i c k e r  coa t ings .  
H o w e v e r ,  w i t h i n  the  r a n g e  of coa t ing  t h i cknes se s  
w h i c h  was  exp lo red ,  t he  a b o v e  m e t h o d  gave  r e su l t s  
equa l  to or  b e t t e r  t h a n  those  o b t a i n e d  us ing  con-  
v e n t i o n a l  e t ch ing  t r e a t m e n t s .  

Hydrides on the Surface 
The  a b o v e  p r o c e d u r e  has  been  r e f e r r e d  to as a 

" h y d r i d e "  p l a t i n g  process .  T h e  r ea son  for  th is  was  
to d i s t i ngu i sh  this  p r o c e d u r e  f r o m  use  of c o n v e n -  
t i ona l  ca thod ic  c lean ing ,  as for  e x a m p l e ,  in t he  p r e p -  
a r a t i o n  of zinc base  d ie  cas t ings  for  e l e c t r o d e p o s i -  
t ion,  or  in t he  a c t i va t i on  of s t a in less  s tee ls  p r i o r  to 
p l a t ing .  In  these  cases,  t he  s a t u r a t i o n  of t he  su r f ace  
w i t h  h y d r o g e n ,  per se, is not  t he  ob jec t  of t he  t r e a t -  
ment .  F o r  the  t r a n s i t i o n  m e t a l s  u n d e r  d iscuss ion,  
such ca thod ic  t r e a t m e n t s  h a v e  a p p a r e n t l y  been  
l a r g e l y  a vo ide d  in the  pas t ,  b e c a use  of t he  k n o w n  
ease  w i t h  w h i c h  these  m e t a l s  f o rm  h y d r i d e s .  By  
con t ras t ,  th is  m e t h o d  e m p l o y e d  he re  d e l i b e r a t e l y  
s a t u r a t e s  the  su r f ace  w i t h  h y d r o g e n .  

The  w o r d  h y d r i d e  was  p u t  in  q u o t a t i o n  m a r k s  in  
the  p r e c e d i n g  sec t ion  because ,  u n f o r t u n a t e l y ,  the  
v e r y  l i m i t e d  scope of the  w o r k  d id  no t  p e r m i t  p r o p e r  
e x a m i n a t i o n  of the  c a t h o d i c a l l y  t r e a t e d  su r f aces  to 
v e r i f y  t h e  m a n n e r  in  w h i c h  the  h y d r o g e n  was  p r e s -  
ent .  H o w e v e r ,  g e n e r a l  r e v i e w s  on m e t a l  h y d r i d e s  
(34, 35) sugges t  t ha t  the  h y d r i d e s  of i n t e r e s t  in  th i s  
p a p e r  a r e  s o - c a l l e d  " m e t a l l i c "  h y d r i d e s .  Such  m a -  
t e r i a l s  possess  a m e t a l l i c  s t r u c t u r e  and  h a v e  m e t a l  
a l l o y - l i k e  cha rac t e r i s t i c s ,  l a c k i n g  s t o i ch iome t r i c  
f o r m u l a s  c h a r a c t e r i s t i c  of t r u e  e l e c t r o n  b o n d i n g  
[ for  e x a m p l e ,  Moe l l e r  (35) ci tes  Z r H  ..... T a l l  ..... 
VHo ~]. X - r a y  d e t e r m i n a t i o n s  show the  l a t t i c e  of t he  
s u b s t r a t e  m e t a l s  to be d i s to r t ed ,  sugges t i ng  tha t  t he  
d i f fus ion  of h y d r o g e n  is i n t e r s t i t i a l  in  n a t u r e ,  r e -  
s e m b l i n g  f o r m a t i o n  of a m e t a l l i c  sol id  solu t ion .  The  
h y d r o g e n  p r o b a b l y  is p r e s e n t  in t he  a tomic  s ta te ,  in 
v i e w  of the  s t rong  r e d u c i n g  p r o p e r t i e s  of such h y -  
dr ides .  T h e r e  is ev idence  t h a t  t r a n s i t i o n  m e t a l s  of 
g roup  IV, and  to a l esser  ex ten t ,  those  of g roup  V, 
fo rm  s e m i m e t a l l i c  h y d r i d e s ,  i.e., h y d r i d e s  in  w h i c h  
ev idence  of c h e m i c a l  b o n d i n g  is s t ronge r ,  a n d  
s t o i ch iome t r i c  f o r m u l a s  can  be  ob ta ined .  A h y p o t h -  
esis conce rn ing  the  ro le  of such  s e m i m e t a l l i c  h y -  
d r i d e s  in p l a t i n g  is p r e s e n t e d  be low.  

In  a n y  event ,  a l l  the  t r a n s i t i o n  m e t a l s  a r e  c h a r a c -  
t e r i z e d  b y  a t e n d e n c y  to absorb ,  occlude,  or  c h e m i -  
ca l ly  bond  w i t h  e n o r m o u s  a m o u n t s  of h y d r o g e n  
( p a l l a d i u m ,  for  e x a m p l e ,  t a k i n g  up  1000 of i ts  
v o l u m e  of h y d r o g e n  w h e n  t r e a t e d  c a t h o d i c a l l y ) .  
W i t h  r e f e r e n c e  to t he  p r o c e d u r e s  d i scussed  in  th i s  
p a p e r ,  Ht i t t ig  (36) f o u n d  t h a t  Ta  t a k e s  up  a b o u t  
0.8 H / T a  at  r o o m  t e m p e r a t u r e ,  th is  f igure  f a l l i ng  to 
a v e r y  low v a l u e  a b o v e  700~ i n d i c a t i n g  t h a t  a t r u e  
c h e m i c a l  b o n d i n g  is no t  p resen t ,  a t  l e a s t  a t  e l e v a t e d  
t e m p e r a t u r e s .  T r a n s i t i o n  m e t a l s  of g r o u p  V I I I  (Fe ,  
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Co, Ni)  have  h igh  p e r m e a b i l i t i e s  a t  e l e v a t e d  t e m -  
p e r a t u r e s ,  b u t  abso rb  l i t t l e  h y d r o g e n  r e v e r s i b l y  at  
e l e v a t e d  t e m p e r a t u r e s .  Thus,  Hi i t t ig  (36) ci tes  an  
a b s o r p t i o n  of 0.0004 H / N i ,  Fe,  or  less a t  700~ 
Thus,  in t h e  p r o c e d u r e s  ou t l i ned  in th is  p a p e r ,  the  
hea t  t r e a t m e n t  a f t e r  p l a t i n g  w o u l d  s e r v e  to r e m o v e  
h y d r o g e n  f r o m  the  s u b s t r a t e  w i t h o u t  a d v e r s e l y  
effect ing the  p l a t e d  depos i t .  W h e n  h y d r i d e s  of the  
m e t a l s  d i scussed  a b o v e  a r e  r e m o v e d  by  h e a t i n g  in 
a vacuum,  d e c o m p o s i t i o n  is v i r t u a l l y  c o m p l e t e  a t  
800~ (27, 32) .  

No i n v e s t i g a t i o n  was  m a d e  of w h y  it  is d e s i r a b l e  
to have  a su r f ace  cove red  w i t h  h y d r i d e  p r i o r  to p l a t -  
ing  (if, indeed ,  such is the  case) .  Poss ib ly ,  l a t t i c e  
s t r u c t u r e  is of i m p o r t a n c e  in  th is  connec t ion .  T r a n -  
s i t ion  m e t a l s  of g roups  V and  VI a r e  b o d y - c e n t e r e d  
cubic.  Me ta l s  of g roup  IV m a y  be  h e x a g o n a l  c lose 
packed ,  b u t  h y d r o g e n  t ends  to s t ab i l i ze  the  b o d y -  
c e n t e r e d  cubic  f o r m  ( the  /~-form) (26) .  N i o b i u m  
and  t a n t a l u m  h y d r i d e s ,  a t  l o w e r  h y d r o g e n  levels ,  
show a def in i te  b o d y - c e n t e r e d  cubic  l a t t i ce  (27, 28).  
W i t h  h i g h e r  h y d r o g e n  conten ts ,  t r a n s i t i o n  m e t a l  h y -  
d r i d e s  of g roups  IV and  V t e n d  to fo rm f a c e - c e n -  
t e r e d  cubic  or  f a c e - c e n t e r e d  t e t r a g o n a l  s t r u c t u r e s  
(29-31) .  S ince  n i c k e l  is u s u a l l y  d e p o s i t e d  in a f ace -  
c e n t e r e d  cubic  la t t ice ,  i t  can  be  seen  w h y  the  p r e s -  
ence  of a h y d r i d e  of s i m i l a r  s t r u c t u r e  w o u l d  a u g -  
m e n t  a d h e s i o n  s ince  e l ec t rodepos i t s  a d h e r e  bes t  
w h e n  d e p o s i t e d  in the  s ame  l a t t i c e  fo rm as t h a t  of 
t he  subs t r a t e .  

Electroplating on Niobium and Niobium-Titanium Alloys 
In  the  course  of the  l a b o r a t o r y  i n v e s t i g a t i o n  c i ted  

above,  p a r t i c u l a r  a t t e n t i o n  was  p a i d  to the  p r o b l e m  
of p l a t i n g  on n i o b i u m  and  a 75% N b - 2 5 %  Ti  a l loy .  
The  p r o c e d u r e  g iven  a b o v e  was  f o u n d  sa t i s f ac to ry .  
E q u a l l y  s a t i s f a c t o r y  is an  e tch  m e t h o d  sugges t ed  b y  
F a u s t  and  Beach  (7 ) :  

1. E tch  in H F  (49% w t )  w i t h  a.c. a t  200 asf.  
2. Rinse.  
3. Dip  in 50% (vo l )  HNO~ (s.g. 1.43) and  2% 

(vo l )  H F  (49% w t )  to desmut .  
4. Rinse .  
5. P l a t e  w i t h  Ni  or  Fe.  
6. B a k e  at  400~ for  22 hr.  
7. Hea t  t r e a t  a t  1300~ for  1 h r  to i n su re  good 

di f fus ion bonding .  
H o w e v e r ,  th is  m e t h o d  is not  idea l  w h e n  close d i -  

m e n s i o n a l  t o l e r ances  a r e  to be  m a i n t a i n e d .  The  " h y -  
d r i d e "  p l a t i n g  p r o c e d u r e  w o u l d  ge t  a r o u n d  th i s  p r o b -  
lem,  b u t  i nvo lves  h e a t  t r e a t m e n t s  ju s t  as  does  t he  
m e t h o d  of F a u s t  a n d  Beach.  A c c o r d i n g l y ,  f u r t h e r  
w o r k  was  done  to d e t e r m i n e  w h e t h e r  a m e t h o d  
could  be  d e v e l o p e d  w h i c h  w o u l d  avo id  b o t h  e t ch ing  
a n d  a n n e a l i n g  t r e a t m e n t s ,  for  cases  w h e r e  close d i -  
m e n s i o n a l  t o l e r a n c e s  m u s t  be  m a i n t a i n e d  and  w h e r e  
the  n a t u r e  of t h e  a s s e m b l y  does no t  p e r m i t  a n n e a l -  
ing. F o l l o w i n g  the  t y p e  of p r o c e d u r e  used  success -  
f u l l y  w i t h  m e t a l s  such as a l u m i n u m ,  a b r i e f  i n v e s t i -  
ga t i on  was  m a d e  of the  f e a s i b i l i t y  of anod iz ing  the  
s u b s t r a t e  as a bas is  for  e l ec t rodepos i t s .  Such  a p r o -  
c e d u r e  w o u l d  r e m o v e  no r e a d i l y  d e t e c t a b l e  a m o u n t  
of m e t a l ,  r e q u i r e  no ac t i va t i on  s tep,  e l i m i n a t e  s m u t -  
t ing,  and  o b v i a t e  the  need  for  s u b s e q u e n t  a n n e a l i n g  
o p e r a t i o n s  to r e m o v e  occ luded  h y d r o g e n  a n d / o r  h y -  
d r ide .  

The  p r o c e d u r e  w h e n  us ing  the  anod iz ing  m e t h o d  is:  

1. Soak  in a l k a l i n e  c l ean ing  so lu t ion  a t  90~ fo r  
2 rain.  A n y  s t rong  f e r rous  e l e c t r o c l e a n e r  m a y  be  
e m p l o y e d  sa t i s f ac to r i ly .  

2. Rinse.  

3. Anod ic  in  10% ( w t )  NaOH so lu t ion  a t  a b o u t  
5 v a t  ~oom t e m p e r a t u r e  to p r o d u c e  y e l l o w  ( s t r a w )  
co lo red  film on the  subs t r a t e .  ( A n y  m e t a l  no t  a t -  
t a c k e d  by  NaOH m a y  be  used  as ca thode . )  

4. Rinse.  

5. Coa t  w i t h  n i cke l  or  i ron :  NiCL.6H.~O, 220 g / l ;  
HC1 (sp. gr. 1.18), 125 ml/1;  25~ 30 asf. 
W h e n  v i s i b ly  cove red  w i t h  n ickel ,  r inse  a n d  p l a t e :  
NiSO,-6H20,  300 g / l ;  NiCI~-6H.~O, 37.5 g / l ;  H~BO~, 
37.5 g / l ;  65~ 5-10 asf;  p H  = 4. 
Or, if i ron  is des i r ed :  FeSO,-7H.~O, 300 g / l ;  FeCl~. 
4H.,O, 40 g / l ;  (NH~)~SO,, 15 g / l ;  60~ 10-20 asf;  
p H  = 4. 

6. Rinse.  

7. Dry .  

8. H e a t  to r e d  h e a t  in  a i r ,  o r  in v a c u u m  for  a b o u t  
2 rain. 

In  the  anod iz ing  t r e a t m e n t ,  the  color  of the  a n o d -  
ized film is c r i t i ca l ,  the  o t h e r  cond i t ions  a r e  not.  F o r  
e x a m p l e ,  the  N a O H  m a y  be  as d i lu t e  as des i red ,  con-  
s i s t en t  w i t h  r e n d e r i n g  the  so lu t ion  conduc t ive .  I t  
m a y  be  as c o n c e n t r a t e d  as d e s i i e d ,  up  to t h e  l imi t  of 
so lub i l i ty .  T e m p e r a t u r e  of the  so lu t ion  m a y  l ie  a n y -  
w h e r e  b e t w e e n  f r eez ing  and  boi l ing.  F o r m a t i o n  of 
an  i m p r o p e r  f i lm m a y  be d e t e c t e d  r e a d i l y  b y  v i sua l  
means ,  by  obse rv ing  the  color,  as fo l lows:  (a )  co lo r -  
l e s s - - t o o  th in ,  (b )  y e l l o w i s h - b r o w n - - s l i g h t l y  too 
th ick ,  and  (c) b lue  or  p u r p l e - - m u c h  too th ick .  

In  genera l ,  i n c r e a s e d  fi lm th i ckness  is f a v o r e d  b y  
l o w e r  t e m p e r a t u r e s ,  h i g h e r  so lu te  concen t r a t i on ,  and  
h i g h e r  vo l tage .  There fo re ,  b a s e d  on the  color  of f i lm 
ob ta ined ,  su i t ab l e  a d j u s t m e n t  of t e m p e r a t u r e ,  con-  
cen t r a t ion ,  and  vo l t a ge  m a y  be  made .  The  N a O H  
m a y  be r e p l a c e d  b y  o the r  a l k a l i  m e t a l  h y d r o x i d e s ,  
a l k a l i n e  sa l ts  such as a l k a l i  m e t a l  phospha te s ,  c a r -  
bona tes ,  and  s i l ica tes ,  and  b y  p r o p r i e t a r y  a l k a l i n e  
c l ean ing  so lu t ions ,  p a r t i c u l a r l y  those  des igned  for  
c l ean ing  f e r rous  pa r t s .  

I t  is poss ib le  to c omb ine  the  c l ean ing  a n d  a n o d i z -  
ing  s teps  by  u t i l i z ing  P R  in the  c l ean ing  s tep :  

1. P R  t r e a t m e n t  in a s t r ong  a l k a l i n e  e l e c t r o -  
c l e a n i n g  so lu t ion  a t  90~ a t  a b o u t  5 v, w i t h  a cyc le  
of 8 sec anodic  and  4 sec ca thodic ,  w i t h  t r e a t m e n t  
t i m e  of 2 rain.  

2. As  in s teps  4-8 above .  
No m e t a l l o g r a p h i c  cross sec t ions  w e r e  p r e p a r e d ,  

bu t  ca re fu l  s t r i p p i n g  i n d i c a t e d  t ha t  the  a n o d i z e d  
coa t ing  r e m a i n s  on the  Nb or  N b - T i  a f t e r  e l e c t r o -  
p la t ing .  This  anod iz ing  p r o c e d u r e  has  b e e n  u sed  to 
e l ec t rodepos i t  Ni  and  Fe  on Nb and  on an  a l l oy  of 
75% Nb and  25% Ti. H e a t i n g  the  depos i t  to r e d  h e a t  
d id  no t  cause  b l i s t e r i ng  or  p e e l i n g  of t he  deposi t ,  
and  adhes ion  r e m a i n e d  good, (as d e t e r m i n e d  q u a l i -  
t a t i v e l y )  in sp i te  of the  absence  of a b a k i n g  s tep.  
Thus,  the  anod iz ing  m e t h o d  has  t he  a d v a n t a g e  over  
t h e  ac id  e t c h ing  a n d  ca thod ic  t r e a t m e n t  m e t h o d s  of 
not  r e q u i r i n g  an  a n n e a l i n g  step,  and  has  t he  a d v a n -  
t age  ove r  the  ac id  e t ch ing  m e t h o d  of no t  a t t a c k i n g  
the  s u b s t r a t e  a p p r e c i a b l y .  
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A Radioisotopic Study of Leveling 
in Bright Nickel Electroplating Baths 

Seward E. Beacom and Bernard J. Riley 

Research Laboratories, General Motors Corporation, Detroit, Michigan 

ABSTRACT 

A radioisotope-containing addit ion agent has been synthesized and used as a 
component in a br ight  and level ing nickel bath. Invest igat ion by autoradio-  
graphy and counting techniques shows that  this agent is deposited preferen-  
t ial ly at the high points of an i r regular  surface, thereby substant ia t ing a part  
of leveling theory. The radioactive addition agent also is used in an at tempt  to 
unders tand  better  the mechanism of formation of laminat ions in this type of 
nickel deposit. 

In  the  sequence  of even t s  which  leads to the  p ro -  
duc t ion  of b r i l l i an t ,  c h r o m i u m  p la ted  par ts ,  the  
c h r o m i u m  m u s t  be  deposi ted on a b r igh t  and  smooth  
n icke l  surface.  Such a surface  m a y  be p roduced  by  
buff ing a ma t t e  or a s e m i - b r i g h t  n icke l  deposit .  As 
an  a l t e rna t ive ,  it is possible  to deposi t  direct ly ,  f rom 
baths  con t a in ing  organic  add i t ion  agents,  a n icke l  
pla te  which  is b r igh t  and  which  also tends  to fill in  
the m i c r o - i r r e g u l a r i t i e s  of a surface  to m a k e  it  
smooth.  A n y  process which  e l imina te s  buffing ope ra -  
t ions is desirable .  

The  recogni t ion  tha t  ce r ta in  p l a t i ng  solut ions  can 
deposi t  more  t h a n  the  expected  a m o u n t  of m e t a l  in  
the smal l  recesses or scratches in  the basis  me t a l  to 

p roduce  a smoother  surface  was repor ted  by  Meyer  
(1) in  1940 and  also recognized in  the  p a t e n t  l i t -  
e ra ture ,  p r ior  to the n o t e w o r t h y  c o n t r i b u t i o n  of 
G a r d a m  ( l a )  in  1947. A l t h o u g h  this  p h e n o m e n o n  
s u b s e q u e n t l y  has been  k n o w n  by  a v a r i e t y  of terms,  
such as " smooth ing  ac t ion"  and  "h id ing  power ,"  
here  it  is cal led " leve l ing ."  Leve l ing  has been  defined 
by  Thomas  (2) as the ab i l i ty  of an  e lec t rop la t ing  
so lu t ion  to p roduce  deposits  r e l a t i ve ly  th icker  in  
smal l  recesses a nd  r e l a t i ve ly  t h i n n e r  on sma l l  p ro -  
t rus ions  w i th  an  u l t i m a t e  decrease in  the  depth  or 
he ight  of the  smal l  surface  i r regula r i t i es .  If  an  i r -  
r e gu l a r  sur face  is cons idered  to be a series of peaks  
and  recesses, t hen  any  such act ion which  deposits  
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more  m e t a l  in  a recess t h a n  on a peak  cont radic ts  

n o r m a l  p l a t i ng  expectancy .  In  n o r m a l  p la t ing ,  more  

me ta l  would  be deposi ted on the h igh c u r r e n t  d e n -  
si ty areas which  are the high points ,  or peaks,  of an  
i r r egu la r  surface. Thus,  in  add i t ion  to its p rac t ica l  
significance, the p h e n o m e n o n  of l eve l ing  poses a 

p rob l em which  has enl i s ted  the a t t en t i on  of m a n y  
inves t igators ,  and  which  has led d i rec t ly  to the  

s tudy  repor ted  here. For  a comprehens ive  r ev iew 
of the whole  p rob l em of level ing,  the  repor t  of 
Leffier and  Leidhe iser  (3) is most  in fo rmat ive .  

There  has been  m u c h  specula t ion  conce rn ing  the  

m e c h a n i s m  by  which  the p h e n o m e n o n  of l eve l ing  
m a y  occur in  the  e lec t rodepos i t ion  of b r igh t  nickel .  
The  s i tua t ion  is compl ica ted  by  lack of a g r e e m e n t  
among  inves t iga tors  as to the effect on l eve l ing  of 
var ious  p l a t i ng  condit ions,  i nc lud ing  c u r r e n t  densi ty ,  
t empe ra tu r e ,  agi ta t ion,  and  add i t ion  agent  concen-  
t r a t i on  (2, 4-7) .  There  is, however ,  gene ra l  agree-  
m e n t  tha t  an  increase  in  po la r iza t ion  accompanies  
l eve l ing  act ion (4, 6-12) .  Some theor ies  of the 
p h e n o m e n o n  assume tha t  an  organic  add i t ion  agent  
which  promotes  l eve l ing  is adsorbed  or codeposi ted 
onto the h igh points ,  or peaks,  of an  i r r egu l a r  s u r -  
face (2, 4, 7-15).  This  adsorbed  m a t e r i a l  p r e s u m a b l y  
leads to localized po la r iza t ion  which  pa r t i a l l y  i n -  
h ibi ts  the deposi t ion of me t a l  at the peaks  a nd  d i -  
ver ts  c u r r e n t  flow to recessed areas.  Recen t  work  of 
Watson  and  Edwards  (7) suppor ts  this  view. They  
show conclus ive ly  tha t  the re  is inc reased  po la r i za -  
t ion  in  solut ions  possessing l eve l ing  abi l i ty .  F u r t h e r ,  
they  a p p a r e n t l y  have  ident if ied the  presence  of add i -  
t ion  agents  in  n icke l  deposi ts  by  a s t a i n i n g  t e c hn i que  
which,  for example ,  caused a d a r k e n i n g  on the peak  
areas of a deposit  ob ta ined  f rom a ba th  c o n t a i n i n g  
th iourea .  In  his s tudy  of l amina t ions ,  Vande rkoo i  
(15) cons idered  tha t  the da rk  bands  p re sen t  in  
deposits con ta in  e i ther  inc luded  add i t ion  agents  or 
t he i r  r educ t ion  products .  These obse rva t ions  po in t  
up the need  for a t e chn ique  which  wi l l  show u n -  
a m b i g u o u s l y  the  locat ion of add i t ion  agents  in  
l eve l ing  n icke l  deposits.  

Wi th  the pa r t i cu l a r  solutior~s used in  this s tudy,  
the  deposits  fo rmed  are l a m i n a t e d  in  s t ruc ture .  
Whi le  it is k n o w n  tha t  l eve l ing  can be achieved in  
u n l a m i n a t e d  deposits,  a theory  which  can account  
at least  in  pa r t  for l eve l ing  mus t  be compat ib le  w i th  
l a m i n a t i o n  format ion .  

The purpose  of this s tudy  is twofold:  to d e t e r m i n e  
if an  organic  agen t  k n o w n  to p romote  l eve l ing  is 
adsorbed  p r e f e r e n t i a l l y  or codeposi ted on the h igh 
points  of an  i r r egu l a r  surface,  and  to develop r ad io -  
t racer  t echn iques  su i tab le  for d e t e r m i n i n g  the  loca-  
t ion, w i t h i n  electrodeposits ,  of a rad ioac t ive  organic  
add i t ion  agent .  

The work  of Vande rkoo i  (15) has shown tha t  the  
b r i g h t e n e r  sys tem sod ium al ly l  su l fona te  (16) a nd  
N - a l l y l  q u i n a l d i n i u m  b r o m i d e  (17) produces  br ight ,  
level ing,  and  l a m i n a t e d  n icke l  deposits.  These or-  
ganic  add i t ion  agents  were  used in  a Wat t s  type  
n icke l  b a t h  to produce  the  e lectrodeposi ts  e x a m i n e d  
in  this s tudy.  The sod ium al ly l  su l fona te  was  r ad io -  
act ive due to the use of S-35 in  its synthesis .  
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Experimental 
Synthesis of radioactive sodium allyL sulfonate.-- 

The microsyn thes i s  of sod ium al ly l  su l fona te  con-  
t a i n i ng  the rad ioac t ive  isotope S-35 is one repor ted  
by Hoeks t ra  (18).  The meta thes i s  reac t ion  is car-  
r ied out  b e t w e e n  a l ly l  b r omi de  and  sod ium sulfite 
con ta in ing  S-35 as the labe led  atom. O n e - m i l l i m o l e  
a m o u n t s  of each of the  r eac tan t s  are hea ted  together  
in a closed sys tem at 60~ for 35 hr. Excess a l ly l  
b romide  is ex t rac ted  by  e ther  us ing  a Soxhle t  ex-  
t ractor .  The p roduc t  was  dissolved in  w a t e r  to 
y ie ld  a so lu t ion  concen t r a t i on  such tha t  1 ml  con-  
t a ined  a p p r o x i m a t e l y  0.003 g of rad ioac t ive  .sodium 
al ly l  sulfonate .  A rad iochemica l  ana lys i s  of the  final 
p roduc t  showed a r ecovery  of about  95% of the  
o r ig ina l  ac t iv i ty  p re sen t  in  the  sod ium sulfite. 

Plating procedure.--The stock n icke l  so lu t ion  was  
a Wat t s  type  b a t h  con ta in ing  n icke l  sulfate,  300 g / l ;  
n icke l  chloride,  30 g / l ;  boric  acid, 30 g / l ;  and  a pro-  
p r i e t a r y  w e t t i ng  agent ,  5 ml/1.  The  pH was ad jus ted  
to 3.0. P l a t i ng  was  car r ied  ou t . i n  a smal l  Luc i te  cell, 
2 in. long by 1 in. wide  by  3 in. deep. A t e m p e r a -  
tu re  of 56~176  was m a i n t a i n e d  by  i m m e r s i n g  the 
p l a t i ng  cell in  a cons tan t  t e m p e r a t u r e  w a t e r  bath .  
The anode  was e lect rolyt ic  nickel ,  and  ag i ta t ion  was 
p rov ided  by  a Hul l  Cell  ag i ta tor  opera t ing  a Luci te  
paddle  which  made  110 osci l la t ions per  m i nu t e .  The 
c u r r e n t  dens i ty  r a nge  was f rom 10 to 55.5 a m p / f t  ~, 
and  the p la t ing  t imes var ied  f rom 20 to 100 m i n  de-  
p e n d i n g  upon  the th ickneas  of deposit  desired.  Due 
to rap id  changes  in  pH of the smal l  v o l u m e  of solu- 
t ion  used, f r e q u e n t  addi t ions  of d i lu te  su l fur ic  acid 
were  made  to m a i n t a i n  a pH r a nge  f rom 2.6 to 3.5. 

I n a s m u c h  as a surface cons is t ing  of peaks  and  
recesses was desired, grooved cathodes were  p re -  
pared  f rom brass  blocks 1.75 in. by  1 in. by  0.125 in. 
Grooves  0.030 in. deep, w i th  an  inc luded  angle  of 
90 ~ were  cut into one face of the  blocks pa ra l l e l  to 
the  long edge. The cathodes had  13 peaks  and  12 
recesses. To ob ta in  foils of the p la ted  meta l ,  i t  was  
necessary  to p rov ide  a pass iva ted  surface.  Therefore ,  
the brass  cathodes were  p l a t ed  first w i th  a t h in  de-  
posit  of n icke l  f rom a su l f ama te  b a t h  and  t h e n  pas-  
s iva ted  by  i m m e r s i o n  for 1 m i n  in  a 0.05% po tas s ium 
d ich romate  solut ion.  

The organic  add i t ion  agen t  was added  to the  
n icke l  stock so lu t ion  in  the  fo rm of rad ioac t ive  
sod ium al lyl  su l fona te  (1 m l  equals  a p p r o x i m a t e l y  
0.003 g).  Add i t i ona l  non rad ioac t i ve  sod ium al ly l  
su l fona te  was added  to b r i n g  the  tota l  c onc e n t r a t i on  
up to a r ange  of f rom 1.5 to 2 g/1. In  some of the  
exper imen t s ,  a second organic  add i t ion  agent ,  N-  
a l lyl  q u i n a l d i n i u m  bromide ,  ~ was  added in  sufficient 
a m o u n t s  to produce  concen t ra t ions  f rom 2 to 6 mg/1. 
Al l  of the addi t ions  and  p l a t i ng  procedures  were  
car r ied  out  u n d e r  r ad iochemica l ly  safe condi t ions.  

At  the conclus ion of p la t ing ,  the  cathode was  
w i t h d r a w n  f rom the cell, r insed  wi th  dis t i l led  water ,  
and  then  a scalpel  was used to r emove  the  foil f rom 
the cathode block. The foil was sc rubbed  on both  
top and  bo t tom to r emove  a ny  adhe r ing  mate r ia l ,  
r insed  wi th  w a t e r  and  wi th  alcohol, a nd  t h e n  dr ied  
u n d e r  an  i n f r a r ed  l amp p r e p a r a t o r y  to coun t ing  and  

1 Prepared  by N. Vanderkooi ,  Jr. ,  Wayne  State Univers i ty .  
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B r i g h t e r  concen-  
t r a t ion ,  m g / m l  

F o i l  P l a t i n g  C u r r e n t  No. 1 No. 1 No.  2 
n u m -  t ime ,  dens i ty ,  ae-  i n -  i n -  

be r  r a in  A m p  asf  t i v e  a c t i v e  a c t i v e  R e s u l t  

21 100 0.3 27.3 3 0 0.6 Foil intact, 
dull  

25 100 0.3 27.3 6 0 0.6 Foil intact, 
dull  

26 100 0.2 18.2 6 0 0.6 Foil intact, 
dull  

31 100 0.2 18.2 3 198 0 Foil intact, 
bright, 
bri t t le  

34 100 0.2 18.2 3 302 0 Foil intact, 
dull, br i t t le  

36 100 0.2 18.2 3 198 0.4 Foil intact, 
dull, very  
bri t t le  

38 100 0.2 18.2 3 198 0.5 Foil intact, 
bright, 
br i t t le  

41 100 0.2 18.2 3 198 0.3 Foil intact,  
dull, bri t t le  

51 40 0.45 41 3 150 0.2 Foil intact, 
semi- 
bright, 
tough 

54 25 0.45 41 3 150 0.2 Foil intact, 
bright, 
tough 

au to rad iography .  The da ta  p e r t i n e n t  to the p l a t i ng  
condi t ions  and  foils p roduced  are p resen ted  in  Tab le  
I. These resul t s  are r ep re sen t a t i ve  of the 65 p l a t i ng  
expe r imen t s  car r ied  out  and  the 55 n icke l  foils p ro -  
duced. The foils va r i ed  in  th ickness  f rom 0.0005 to 
0.0025 in. 

To check w h e t h e r  or no t  these solut ions  and  con-  
di t ions  p roduced  level ing,  por t ions  of cathodes w i th  
two dif ferent  degrees of surface  i r r egu la r i t i e s  we re  
p la ted  u n d e r  condi t ions  iden t i ca l  w i th  those r epor t ed  
above.  Dupl ica te  spec imens  were  plated,  one in  a 
so lu t ion  con t a in ing  on ly  sodium a l ly l  sulfonate ,  the  
other  in  a so lu t ion  con t a in ing  bo th  sodium al ly l  
su l fona te  and  N-a l ]y l  q u i n a l d i n i u m  bromide .  The  
p la ted  spec imens  were  cross-sect ioned,  moun ted ,  
polished,  and  etched in  1-1 n i t r i c  ac id-ace t ic  acid. 
Fig. 1 shows pho tomic rographs  of a prec is ion  r e fe r -  
ence spec imen of surface roughness  (2) ,  w i th  a 

Fig. la. Precision roughness specimen, sodium allyl sul- 
fonate, nitric-acetic etch. Magnification I OOX before reduc- 
tion for publication. 

Fig. lb. Precision roughness specimen, sodium allyl sul- 
fonate nitric-acetic etch. Magnification 500X before reduc- 
tion for publication. 

p e a k - t o - v a l l e y  he ight  of 0.002 in., p la ted  f rom a 
so lu t ion  con t a in ing  sodium a l ly l  sul fonate .  The  
o r ig ina l  and  final roughness  m e a s u r e m e n t s  made  
wi th  a topographic  microscope showed tha t  l eve l ing  
did occur. The  solut ion c o n t a i n i n g  both  add i t i on  
agents  p roduced  s imi la r  level ing.  

Counting procedures and autoradiography.--The 
c o u n t i n g  of the  p la ted  cathodes and  the  foils r e -  
moved  f rom these cathodes was car r ied  out  in  a 
p ropor t iona l  flow counter .  This  p rocedure  p rov ided  
a gross count  of the ac t iv i ty  on the  top a nd  bo t tom 
of the foils b u t  gave no i n f o r m a t i o n  r e l a t ive  to the  
d i s t r i bu t i on  of the  r ad ioac t iv i ty  across the  surface  
of the sample.  It  did, however ,  give da ta  wh ich  were  
usefu l  in c ompu t i ng  au to rad iograph ic  exposure  
t imes.  Severa l  i nnova t i ons  were  t r ied  to give more  
q u a n t i t a t i v e l y  usefu l  da ta  which  migh t  a u g m e n t  the 
resu l t s  of au to rad iography .  A 0.005-in. th ick  piece 
of lead foil was cor ruga ted  to dupl ica te  the  surface  
of the n icke l  foils by  press ing  the lead into the  
grooves of one of the  cathodes.  A s ingle  slit, 0.002 
in. wide  by  1 in. long, was  cut in  the cen te r  of one 
peak.  This  piece was  t hen  over layed  on a rad io -  
act ive foil  so as to expose on ly  one peak  at  a t ime.  
In  this  m a n n e r ,  al l  of the  peaks  on a foil were  
coun ted  ind iv idua l ly .  By t u r n i n g  the  lead foil over,  
it was  possible to fit the sli t  in to  a va l l ey  a nd  coun t  
each va l l ey  ind iv idua l ly .  C o n t i n u i n g  in  this  way,  a 
profile of the peak  and  va l l ey  counts  was  m a d e  for 
bo th  sides of a foil. The  resu l t s  of this  m e t h o d  are  
shown  in  Tab le  II. 

The p r i m a r y  source of i n f o r m a t i o n  on the  d i s t r i -  
b u t i o n  of the  r ad ioac t iv i ty  over  the  sur face  of a 
foil has been  au to rad iography .  Since the  S-35 gives 
off a ve ry  w e a k  be ta  ray,  it  was cons idered  neces-  
sa ry  to have  the  foil in  d i rec t  contac t  w i t h  the  film. 
Therefore ,  most  of the  foils were  f la t tened m e c h a n i -  
cally,  p laced b e t w e e n  two pieces of film, and  then  
we igh ted  to i n su re  good contact.  Pas t  exper ience  
has shown tha t  bo th  chemica l  a nd  p ressure  effects 
on the  film can resul t  f rom this  me thod  of exposure .  
In  order  to i n su re  tha t  e v e r y t h i n g  which  appea red  
on the  f inal  a u t o r a d i o g r a m  was due to r ad ioac t iv i ty  
and  not  to side effects, foils con t a in ing  no rad io-  
ac t iv i ty  were  exposed u n d e r  iden t ica l  condi t ions  to 
check possible  chemica l  i n t e r ac t i on  a nd  the  effects 
of pressure .  These tests showed no inf luence  of side 
effects. A l though  severa l  types  of film were  used, 
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T o p  of  Fo i l*  

F o i l  A F o i l  B 

P e a k  Recess  P e a k  Reces s  

125 94 42 27 
]15 72 33 33 
115 53 76 53 
143 63 47 81 
213 80 177 91 
226 163 163 160 
224 212 94 97 
125 65 147 34 
106 64 43 28 
55 55 59 45 
79 57 58 

B o t t o m  of Fo i l*  

F o i l  A F o i l  B 

O b v e r s e  of O b v e r s e  of O b v e r s e  of O b v e r s e  of 
t h e  p e a k  t h e  r ece s s  t h e  p e a k  t h e  r e c e s s  

248 143 145 58 
198 103 133 77 
152 133 134 84 
120 112 154 65 
207 102 135 100 
254 113 190 128 
227 163 212 126 
150 146 176 101 
146 129 163 82 
181 158 144 80 
242 129 102 

Fig. 2a. Autoradiogram and densitometer trace for the 
" t o p "  of o foi l  containing only sodium allyl sulfonate. 

* C o u n t i n g  w a s  d o n e  l e f t  to r i g h t  on  the  top  o f  the  fo i l  a n d  r i g h t  
to l e f t  on  t h e  b o t t o m  so t h a t  t h e  v a l u e s  i n  t h e  c o l u m n s  a r e  m a t c h e d .  
A l l  v a l u e s  a r e  c o u n t s  p e r  m i n u t e .  

the au to rad iog rams  shown  in  this  repor t  were  m a d e  
on E a s t m a n  Kodak  Type  AA film. 

Composi te  da ta  on the coun t ing  and  au to rad io -  
graphic  exposures  are g iven  in  Tab le  III,  and  r e p r e -  
sen ta t ive  au to rad iog rams  of the  top and  bo t tom 
surfaces are shown in  Fig. 2. 

The reproduc t ions  of the au to rad iog rams  s h o w n  
in  Fig. 2 are  posi t ives  which  are iden t ica l  w i th  the 
o r ig ina l  au to rad iograms .  The  d a r k  areas  ind ica te  
the  regions  of the  foils wh ich  con ta in  rad ioac t iv i ty .  
Since it was necessary  to m a k e  an  i n t e r m e d i a t e  
nega t ive  to achieve this reproduc t ion ,  some deta i l  
has been  sacrificed. Al l  of the notches  or holes cut  
into the  foils and  v is ib le  in  the  au to rad iog rams  
were  cut  so as to i den t i fy  a peak  area. This  sys t em 
of no tch ing  not  on ly  a l lowed ident i f ica t ion  of the  
i n d i v i d u a l  foils by  the n u m b e r  and  posi t ion  of such 
notches,  bu t  also precise ly  located the peaks  and  
recesses on a g iven  foil. 

I n  add i t ion  to v i sua l  inspect ion,  dens i tomet r i c  
read ings  on a record ing  d e n s i t o m e t e r  have  b e e n  
made  and  are recorded be low each a u t o r a d i o g r a m  
in Fig. 2. The appa ra tu s  employed  was a L&N 
L i n e a r  Record ing  D e n s i t o m e t e r  wi th  a G e ne r a l  
Motors Research  Labora to r i e s  l ight  source and  
s cann ing  device. A slit  w id th  of 0.005 in. (0.127 ram)  
was used since n a r r o w e r  ones did no t  c o n t r i b u t e  to 
de ta i l  and  led to l a rger  i n s t r u m e n t  f luctuat ions.  

Fig. 2b. Autoradiogram and densitometer trace for the 
" b o t t o m "  of a foi l  containing only sodium al lyl  sulfonate. 

Because  this sys tem recorded  a m a r k i n g  pip each 
0.5 mm,  it  was  possible,  by  p lac ing  a m a r k  n e a r  the  
edge of the au to rad iogram,  to me a su r e  d is tances  f rom 
the edge accurate ly .  The i n s t r u m e n t  was  ca l ib ra ted  
wi th  a s t anda rd  step wedge pr ior  to use. Thus,  the  
densi t ies  recorded are  the ac tua l  densi t ies  f rom the  
exposure  to r ad ioac t iv i ty  w h e n  all  possible va r i ab le s  
in  the  film process ing are kep t  constant .  

As was  ind ica ted  p rev ious ly ,  most  of the  foils 
were  f la t tened m e c h a n i c a l l y  to obvia te  the  differ-  
ences in d is tance  b e t w e e n  the peaks  and  recesses, 
a nd  the  film, d u r i n g  au to rad iog raphy .  Some of the  
foils were  qu i te  br i t t le ,  t h e r e b y  m a k i n g  this  f lat-  
t e n i n g  process ve ry  difficult. A check was  made,  
therefore ,  w i th  a r ep re sen t a t i ve  foil, to d e t e r m i n e  
if the m e c h a n i c a l  f l a t t en ing  gave a ny  advan tage ,  
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ground 

Expo-  
Type  sure  :Results 

Foil  Counts, of time, 
No. c p m / c m  e fi lm h r  I m a g e  Deta i l  

21 T-12" KK 833 Fair  Poor Heavy 
B-10* KK 833 Fair  Poor Heavy 

25 T-22 K K  833 Good Fai r  Heavy 
B-30 KK 833 Good Fair  Heavy 

26 T-15 KK 1268 Poor Poor Heavy 
B-13 KK 1268 Poor Poor Heavy 

31 T-1830 K 22 Good Fair  Heavy 
AA 67 Good Good Light 

B-2320 K 22 Good Good Heavy 
AA 67 Excellent Excellent Light 

34 T-850 AA 141 Good Fair  Light 
B-895 AA 141 Excellent Good Light 

36 - -  AA 66 Good Good Light 
B-2231 AA 66 Good Good Light 

38 T-901 KK 18 Fair  Fair  Heavy 
AA 48 Good Good Light 
AA 146 Excellent Excellent Light 

B-2116 KK 18 Good Good Heavy 
AA 48 Good Good Light 
AA 67 Excellent Excellent Light 

41 T-736 AA 67 Poor Poor Light 
B-1656 AA 67 Good Fair  Light 

51 T-585 AA 67 Excellent Excellent Light 
B-1434 AA 67 Excellent  Excellent Light 

54 T-804 AA 67 Good Good Light 
B-1221 AA 67 Excellent Excellent Light 

* T-- top  of foil; B - -bo t tom of foil. 
F i lm process ing condit ions:  t empera tu re ,  19~176 (67~176 

deve lopment  t ime,  4-6 rain; developed emuls ions  on both sides 
of film. 

ei ther  for the  au to r ad iog ram or for the  s u b s e q u e n t  
dens i tome te r  trace. The foil was fo rmed  an d  t h e n  
exposed for a g iven  l eng th  of t ime  to produce  its 
charac ter i s t ic  au to rad iogram.  The  foil was  f la t tened 
then  and  ano the r  a u t o r a d i o g r a m  ob ta ined  on the  
same type  of film which  was  exposed for the  same 
l eng th  of t ime  and  processed u n d e r  the same con-  
dit ions.  Visua l ly  there  were  no s ignif icant  differences 
no ted  on the au to rad iogram,  and  the  dens i tome te r  
traces,  shown in  Fig.  3, ind ica ted  t ha t  there  was  no 
a d v a n t a g e  in  mechan i ca l l y  f la t ten ing  these foils. 

Resu l ts  a n d  D iscuss ion  

A n  e x a m i n a t i o n  of the  au to rad iog rams  shown  in  
Fig. 2 reveals  a g rea te r  d a r k e n i n g  on those por t ions  
of the  film which  were  i r r ad i a t ed  by  the  peaks  of 
the foils. In  those au to rad iog rams  labe led  "top," 
the difference in  dens i ty  of the  l ines  p roduced  by  
peaks and  recesses is ev ident ,  b u t  there  is also 
g rea te r  smea r ing  of r ad ioac t iv i ty  t h a n  is a p p a r e n t  
on the  co r re spond ing  "bo t tom"  au to rad iograms .  The  
concen t r a t i on  of ac t iv i ty  in  bo th  ins tances ,  however ,  
is m u c h  h igher  on the  peaks  t h a n  in  the recesses. 
This is especial ly  t r ue  wi th  the  "bo t tom"  au to rad io -  
grams which  show tha t  the ac t iv i ty  is concen t r a t ed  
on the obverse  of the  "top" peaks.  This d i f fe rent ia l  
d a r k e n i n g  of the films m e a n s  t ha t  the re  is g rea te r  
r ad ioac t iv i ty  e m a n a t i n g  f rom the  peaks  t h a n  f rom 
the recesses. 
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Fig. 3a. Dens i tometer  t race o f  an au to rad iog ram made f rom 
a fo i l  as i t  was removed f rom the brass cathode.  
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Fig. 3b. Dens i tometer  t race o f  an au to rad iag ram made 
f rom the same fo i l  a f t e r  it was mechan ica l l y  f l a t tened .  

The s l i t - c oun t i ng  da ta  for r ad ioac t iv i ty  on the  
peaks  and  in  the recesses, recorded in  Tab le  II, 
serve as q u a n t i t a t i v e  conf i rmat ion  of the  resul t s  
show n  v i sua l ly  by  the au to rad iograms .  Likewise,  
the dens i tome te r  t races made  f rom the  au to rad io -  
g rams  show q u a n t i t a t i v e l y  the resul ts  of d i s t r i bu -  
t ion  of r ad ioac t iv i ty  over  the  en t i re  surface.  The  
concen t r a t i on  of ac t iv i ty  is h ighest  on the  peaks  
of the  "top" au to rad iog rams  and  on the obverse  of 
the  peaks  on the "bo t tom"  au to rad iograms .  These  
t races  also ind ica te  the m a n n e r  in  which  r ad io -  
ac t iv i ty  increases  f rom a m i n i m u m  at  the bo t tom of 
a recess to the m a x i m u m  at a peak.  

In  e x p l a n a t i o n  of these resul ts ,  it is a p p a r e n t  t ha t  
the  ra t io  of rad ioac t ive  m a t e r i a l  ( sod ium a l ly l  
su l fona te  or a r educ t ion  p roduc t  con t a in ing  the  
S-35)  to deposi ted me ta l  is g rea te r  on  the  peaks  
t h a n  in  the recesses. Consequen t ly ,  the re  is less self-  
absorp t ion  of the  r ad ioac t iv i ty  b y  the t h i n n e r  n icke l  
m e t a l  on the peaks  and,  therefore ,  a g rea te r  d a r k -  
en ing  of the film occurs. This  e x p l a n a t i o n  is con-  
s i s tent  wi th  the fact  tha t  in  l eve l ing  less me t a l  is 
deposi ted on the  peaks  a nd  more  me t a l  is deposi ted 
in  the  recesses of an  i r r e gu l a r  surface.  In  order  to 
in i t i a t e  the l eve l ing  process, the  add i t ion  agent  first 
must be concentrated preferentially on the peaks. 
The autoradiograms and the slit-counting data ap- 
pear to confirm the assumption of a preferential ad- 
sorption or codeposition of the addition agent on 
the peaks. Actually these results, as well as those 
recorded in the literature, show only that the agent 
is concentrated at the peak area. The mechanism of 
this concentrating action has not yet been dem- 
onstrated satisfactorily. While some investigators 
(7, 14) have shown that certain addition agents ap- 
parently are deposited with the metal in an un- 
changed or unreduced state, the work of Hoekstra 
(I 8) and Vanderkooi (15) strongly indicates, in the 
case of sodium allyl sulfonate, that its reduction 
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produc t ,  sulf ide ion, is p r e s e n t  in t he  e l e c t r o d e p o s i t e d  
n i cke l  me ta l .  The  p r e s e n t  work ,  w i t h  th is  s a m e  a d -  
d i t ion  agent ,  shows on ly  t h a t  t he  l a b e l e d  S-35 a t o m  
is l oca t ed  in the  depos i t  as no a t t e m p t  was  m a d e  to 
d i s t i n g u i s h  b e t w e e n  the  poss ib l e  p r e s e n c e  of t he  
sulfonate or the sulfide. 

With the type of bath employed in this study, the 
leveling process is accompanied by the formation of 
laminations (2, 4, 6, 9, ii, 15, 18, 19). Several in- 
vestigators (6, 15, 18) have speculated that the 
"dark" bands contain sulfur, probably in the form 
of sulfide. It has been proposed by Vanderkooi (15) 
that the "dark" bands are formed by the reaction 
between nickel and the reduction product of the 
sodium allyl sulfonate, while the "light" bands are 
nickel metal. In order to account for the formation 
of these laminations, as they accompany the leveling 
process, it is convenient to assume that both phe- 
nomena start with a preferential adsorption of the 
addition agent on the peaks. It would appear, from 
an inspection of Fig. I, that the formation of the 
laminations is some type of cyclic process wherein 
alternate layers of metal, and the addition agent or 
its reduction product, are deposited. The start of 
this cyclic process and the inhibition of metal de- 
position on the peaks can be explained by an as- 
sumption of preferential adsorption of addition 
agent. 

Summary 
A r a d i o a c t i v e  o rgan ic  a d d i t i o n  agent ,  s o d i u m  a l l y l  

su l fona te ,  con t a in ing  the  b e t a - e m i t t i n g  S-35 a tom,  
has  been  syn thes ized .  This  a d d i t i o n  agen t  has  b e e n  
used  as a c o m p o n e n t  in a b r i g h t  n i c k e l  p l a t i n g  b a t h  
to p r o d u c e  l e v e l i n g  n icke l  deposi ts .  A r a d i o c h e m i c a l  
t e c h n i q u e  has  been  d e v e l o p e d  to loca te  r a d i o a c t i v i t y  
in the  depos i t ed  me ta l .  A u t o r a d i o g r a m s  and  coun t ing  
d a t a  f rom t h e  n i cke l  foi ls  p r o d u c e d  show tha t  t he  
r a d i o a c t i v e  a d d i t i o n  agent ,  or  i ts  r e d u c t i o n  p roduc t s ,  
is p r e f e r e n t i a l l y  a d s o r b e d  or  codepos i t ed  on the  
h igh  po in t s  of an  i r r e g u l a r  surface .  On the  bas is  of 
th is  ev idence ,  con f i rma t ion  is o b t a i n e d  for  a t h e o r y  
w h i c h  accoun t s  p a r t i a l l y  for  l e v e l i n g  ac t ion  in  t he  
t y p e  of b r i g h t  and  l e v e l i n g  n i cke l  so lu t ions  con-  
s i d e r e d  in  th is  s tudy .  
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Determination of Crystal Orientation 
by High Intensity Reflectograms 

G. H. Schwuttke 
Research Laboratories, Sylvania Electric Products, Inc., Bayside, New York 

ABSTRACT 

An ins t rument  based on the l ight  figure technique for optical  or ienta t ion 
of Ge and Si is descr ibed  which  fulfills all  r equ i remen t s  for  a fast  precis ion 
or ienta t ion  of single crystals .  The dependence  of h igh  in tens i ty  ref lectograms 
on etching condit ions is shown and s t andard  etching specifications are  given. 

Ref l ec tograms  a re  l i gh t  f igures  o b t a i n e d  b y  the  
re f lec t ion  of l igh t  f rom an  e t ched  c r y s t a l  sur face .  
This  'me thod  has  been  d e v e l o p e d  b y  m i n e r a l o g i s t s  to 
o b t a i n  i n f o r m a t i o n  on the  loca t ion  of c r y s t a l l o -  
g r a p h i c  p l a n e s  and  zones in  c rys ta l s .  M a n y  i n v e s t i -  
ga to r s  (1)  c o n t r i b u t e d  to the  l i gh t  f igure  m e t h o d .  
The  m e t h o d  was  first  a p p l i e d  to g e r m a n i u m  and  
s i l icon b y  W y n n e  a n d  G o l d b e r g  (2)  a n d  F a u s t  (3 ) .  
More  r e c e n t l y  Wolff,  C la rk ,  a n d  W i l b u r  (4)  s h o w e d  
tha t  r e f l ec tog rams  of Ge and  Si  t u r n e d  out  to be  
v e r y  c l ea r  and  d i s t i nc t  in a cco rdance  w i t h  t he  low 
c o o r d i n a t i o n  n u m b e r  and  the  s t rong  d i r e c t i o n a l  
b o n d i n g  forces  of t he se  m a t e r i a l s .  

I f  r e f l e c tog rams  a re  used  for  t h e  o r i e n t a t i o n  of 
monoc rys t a l s ,  t h e y  g ive  e x c e l l e n t  accuracy ,  com-  
p e t i n g  w i t h  t h a t  a c h i e v e d  b y  the  use  of L a u e ' s  b a c k  
ref lec t ion  t echn ique .  C r y s t a l s  can  be  o r i e n t e d  ac -  
c u r a t e l y  b y  m e a n s  of r e f l e c tog rams  as a l r e a d y  s h o w n  
for  Ge and  Si  b y  Wolff  and  c o - w o r k e r s  (4)  who  
o r i e n t e d  Ge and  Si  s ing le  c rys t a l s  u s ing  t h e  (111) 
re f lec t ion  w i t h i n  1.5 m i n  of arc.  

The  p u r p o s e  of th is  p a p e r  is to r e p o r t  on a p r a c -  
t i ca l  i n s t r u m e n t  for  r o u t i n e  o r i e n t a t i o n  w o r k .  By  
use of th is  i n s t r u m e n t  i t  is poss ib l e  to o r i e n t  a 
c r y s t a l  in any  d i r ec t i on  and  t h e n  cut  a long  th is  p r e -  
d e t e r m i n e d  d i r ec t ion  w i t h o u t  r e m o v i n g  the  c r y s t a l  
f r o m  i ts  o r ig ina l  moun t .  The  r e f l ec tog rams  p r o d u c e d  
a re  v e r y  b r igh t ,  so the  i n s t r u m e n t  can  be  o p e r a t e d  
in a w e l l - i l l u m i n a t e d  room.  The  a c c u r a c y  of o r i e n -  
t a t i on  is l i m i t e d  b y  the  g o n i o m e t e r  e r r o r  to 12 m i n  
of a rc  for  t h e  (111) ,  (110) ,  a n d  (100) re f lec t ions  
in Ge and  St. 

Fig. 1. Reflectograms of Ge and directional relationship 
in: a, (111) plane; b, (100) plane; c, (110) plane. 

Instrument and Method 
F o r  op t i ca l  o r i e n t a t i o n  the  c r y s t a l  su r f ace  first  is 

g r o u n d  and  t h e n  e t ched  in a specif ied way .  A l a rge  
n u m b e r  of p i t s  of mic roscop ic  size t hus  a r e  c r e a t e d  
at  the  su r f ace  of t he  c rys ta l .  These  p i t s  a r e  b o u n d e d  
b y  m i n u t e  face t s  w h i c h  a r e  m o r e  or  less  p e r f e c t  
p lanes .  I f  a b e a m  of l igh t  is d i r e c t e d  to such a su r -  
face,  i t  sp l i t s  in to  a n u m b e r  of c o m p o n e n t s  a f t e r  
ref lect ion.  I f  t he  re f lec ted  b e a m  is i n t e r c e p t e d  b y  a 
screen,  a l igh t  p a t t e r n  or  r e f l e c t o g r a m  is seen.  These  
p a t t e r n s  show the  s y m m e t r y  of t he  c r y s t a l  in  the  
d i r e c t i o n  of t he  i n c i d e n t  l igh t  b e a m .  The  p a t t e r n  
for  t he  [ 111 ] d i r e c t i o n  thus  shows  t h r e e f o l d  s y m -  
m e t r y  (Fig .  l a ) ,  t he  p a t t e r n  for  the  [100] d i r ec t i on  
f o u r f o l d  s y m m e t r y  (Fig .  l b ) ,  and  the  p a t t e r n  for  
the  [110] d i r e c t i o n  twofo ld  s y m m e t r y  (Fig .  l c ) .  

The  i n s t r u m e n t  (Fig .  2) consis ts  of an  op t i ca l  
s y s t e m  A a n d  a g o n i o m e t e r  B for  m o u n t i n g  t h e  
spec imen .  The  s a m p l e  can  be  r o t a t e d  in  bo th  t he  
v e r t i c a l  a n d  h o r i z o n t a l  p l a n e  w i t h o u t  c h a n g i n g  the  
c r y s t a l  su r face  to sc reen  d is tance .  A t h i r d  c i rc le  
a t t a c h m e n t  C a l l ows  a c o m p l e t e  r o t a t i o n  a b o u t  the  
h o r i z o n t a l  ax i s  of the  m o u n t e d  c rys ta l .  The  op t i ca l  
s y s t e m  A consis ts  of a 30 w a t t  c o n c e n t r a t e d  a rc  
l a m p  and  a f /1 .9  C i n t a r  l ens  of 50 m m  focal  l ength .  
The  sc reen  is a s tee l  p l a t e  cove red  w i t h  w h i t e  p a p e r .  
A c o n v e r g e n t  b e a m  of l i gh t  is focused  on the  screen ,  
t hus  ach i ev ing  v e r y  b r i g h t  r e f l e c tog rams  (5) .  To 
o r i e n t  an  ingot ,  i t  is c e m e n t e d  onto a t t a c h m e n t  D 
as s h o w n  in Fig .  2 and  D is p l a c e d  in g rooves  on 
g o n i o m e t e r  B a f t e r  r e m o v i n g  s l ice  a t t a c h m e n t  C. 
The  g o n i o m e t e r  is b u i l t  s t r o n g l y  e n o u g h  to b e  p l a c e d  
on a cu t t i ng  m a c h i n e .  

C r y s t a l  o r i e n t a t i o n  w i t h  a p rec i s ion  of _--_ 0.5 ~ of 
a rc  is easy  to ach ieve  w i t h o u t  too m u c h  conce rn  for  
t he  e t ch ing  t echn ique .  F o r  g r e a t e r  accuracy ,  h o w -  
ever ,  t h e  e t ch ing  p rocess  is c r i t ica l .  T h e  p e r f e c t i o n  
and  s h a p e  of t he  p i t s  d e v e l o p e d  is s t r o n g l y  d e p e n -  
d e n t  on compos i t i on  of e t chan t ,  t e m p e r a t u r e  of 
e t chan t ,  and  e t ch ing  t ime.  F o r  ins tance ,  t he  ac t ion  
of the  e t ch ing  m e d i u m  m i g h t  be  such t h a t  on ly  
cubic  p l anes  a r e  exposed ,  t hus  p r o d u c i n g  in t h e  
(111) p l a n e  the  we l l  k n o w n  t r i a n g u l a r  pi t ,  f o r m e d  
b y  a t h r e e  s ided  p y r a m i d ;  in t he  (110) p l a n e  an  in -  
d e n t a t i o n  w h i c h  is s add l e  shaped ;  and  in t he  (100) 
p l a n e  a squa re  ho le  w i t h  an  u n e v e n  bo t tom.  S ince  
the  su r f ace  in t he  l o w e r  p a r t  of these  p i t s  is uneven ,  
the  r e s u l t i n g  ref lec t ion  is diffused.  I f  these  d i f fused  
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Fig. 2. Instrument for optical orientation: A, optical sys- 
tem; B, goniometer, transferable to cutt ing machine; C, third 
circle attachment; D, ingot mounted for orientation and 
cutting. 

Fig. 3. Ge-(1 1 1) reflectogram of 10 ~ misorientation 

ref lec t ions  a r e  used  for  o r i e n t i n g  c rys ta l s ,  t he  ac -  
c u r a c y  wi l l  be  less  t han  t ha t  o b t a i n a b l e  w i th  d i s t i nc t  
l i gh t  f igures  w h i c h  c o r r e s p o n d  to e tch  p i t s  w i t h  f lat  
b o t t o m  sec t ions  p a r a l l e l  to the  p l a n e  to be  o r i en ted .  

The  fo l l owing  e x p e r i m e n t a l  p r o c e d u r e  was  a d o p -  
t ed :  t h e  c r y s t a l  su r f ace  to b e  checked  was  h a n d  
p o l i s h e d  on a glass  p l a t e  us ing  a w a t e r  s l u r r y  of  500 
mesh  s i l ica  and  t h e n  e tched .  The  e t ch ing  so lu t ions ,  
the  e t ch ing  t ime,  a n d  e t ch ing  t e m p e r a t u r e  as used  
for  Ge and  Si  a r e  g iven  in T a b l e  I. I t  shou ld  be  no ted  
t h a t  t he se  d a t a  a p p l y  on ly  to f r e sh  e t ch ing  solut ions .  
Di f fe ren t  e t ch ing  so lu t ions  can be  used,  b u t  of t he  
ones t r i ed ,  those  l i s t ed  in Tab le  I gave  the  mos t  i n -  
t ense  r e f l ec tograms .  

The  s ide  w a l l s  of t he  p i t s  in a l l  t h r e e  p l a n e s  show 
a t e r r a c e d  a r r a n g e m e n t ,  c o r r e s p o n d i n g  to h igh  i n -  
dex  or  v i c ina l  p lanes .  These  s ide  w a l l s  a r e  r e s p o n -  
s ib le  for  the  ref lec t ions  a d j a c e n t  to the  d i s t i nc t  (111 ), 
(110),  and  (100) re f lec t ions  and  a id  in i d e n t i f y i n g  

d i f fe ren t  ref lect ions ,  b u t  t he i r  d e g r e e  of p e r f e c t i o n  is 
s t r o n g l y  d e p e n d e n t  on e t ch ing  v a r i a b l e s  (see  Fig .  4 
in  Ref.  4) .  

R e f l e c t o g r a m s  can be  used  for  o r i e n t a t i o n  of s ing le  
c r y s t a l s  and  b i c ry s t a l s ,  for  t i l t  ang le  d e t e r m i n a t i o n  
in  b i c rys t a l s ,  and  m a n y  o t h e r  app l i ca t ions .  Once  t h e  
c r y s t a l  is e tched,  m e a s u r e m e n t s  can  be  m a d e  in  a p -  

Table I 

Composition Time, Temp, 
1Reflection of e t c h a n t  r a i n  "C 

Ge 

Si 

(100) 11/2 P. H F  12 24 
2 P. H~O~ 

(110) 4 P.H.oO 12 30 

1 P. H F  
(111) 2 P. H~O~ 6 24 

4 P. H~O 

(100) 50% NaOH solution 12 65 
(110) or 12 65 
(111) 50% KOH solution 6 65 

Fig. 4. (a) Ti l t  angle r determination in a bicrystal by 
means of reflectograms. (b) Sketch of a bicrystal showing t i l t  
angle r between the two crystals. 

p r o x i m a t e l y  2 rain,  a g r e a t  i m p r o v e m e n t  ove r  t he  
L a u e  b a c k  ref lec t ion  me thod .  

F i g u r e  3 shows  a (111) r e f l e c t o g r a m  of a Ge  
c r y s t a l  w h i c h  is a p p r o x i m a t e l y  10 ~ off o r i en ta t ion .  
The  ang le  of d e v i a t i o n  is g iven  b y  ~ and  fl and  is 
m e a s u r e d  b y  t u r n i n g  the  g o n i o m e t e r  c i rc les  u n t i l  
the cen t e r  re f lec t ion  co inc ides  w i t h  a p r e d e t e r m i n e d  
po in t  on the  sc reen  o b t a i n e d  fo r  zero se t t i ngs  of  t he  
g o n i o m e t e r  f r o m  a m o u n t e d  m i r r o r .  The  h o r i z o n t a l  
and  v e r t i c a l  scale  r e a d i n g s  of t he  g o n i o m e t e r  t h e n  
g ive  the  a m o u n t  of m i s o r i e n t a t i o n .  

A n  e x a m p l e  of t i l t  ang le  d e t e r m i n a t i o n  in  a b i -  
c r y s t a l  is r e p r e s e n t e d  in Fig .  4a. This  p i c t u r e  shows  
a r e f l e c tog ram of a b i c r y s t a l  t a k e n  in  such  a w a y  
t h a t  t he  l i gh t  b e a m  was  s t r a d d l i n g  the  g r a i n  b o u n d -  
a ry .  The  b i c r y s t a l  is t i l t ed  a r o u n d  the  [001] d i r ec t i on  
as shown  s c h e m a t i c a l l y  in  Fig .  4b, t h e r e f o r e  t h e  r e -  
f l ec togram is t a k e n  in  t he  (001) p l a n e  w h i c h  is 
c o m m o n  to bo th  c rys ta l s .  Two s u p e r i m p o s e d  (001) 
p a t t e r n s  show up.  The  t i l t  a n g l e  is t h e  r o t a t i o n  a n g l e  

w h i c h  can  be  m e a s u r e d  eas i ly .  
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Water-Stabilized Arc Tests on Nonmetallic Materials 

M. Dank, R. A. Nelson, W. R. Sheridan, 1 and W. H. Sutton 

Missiles and Space Vehicles Department, General Electric Company, Philadelphia, Pennsylvania 

ABSTRACT 

Evaluat ion of erosion rates on possible h igh- tempera ture  resistant  materials  
have been carried out in a water-s tabi l ized arc. General  classes of materials  
tested include: graphites and impregnated graphites; ceramics, pr incipal ly  
oxides; plast ic-ceramic composites; and reinforced ceramics. Results on erosion 
rates as a funct ion of power dissipated in  the arc and time are given, and a 
general  r ank ing  of these materials  for h igh- tempera ture  use is discussed. 

Componen t s  to func t i on  at  u l t r a - h i g h  t e m p e r a -  
tu res  for short  per iods r ange  f rom l iners  for u n -  
cooled rocket  engines ,  where  the  hea t  is gene r a t e d  
i n t e rna l ly ,  to l ead ing  surfaces of h igh - speed  a i rp lanes  
and  missi les  which  are subjec t  to large hea t  fluxes as 
the  resu l t  of a e r o d y n a m i c  heat ing,  to the  e xpe r i -  
m e n t a l  mach ines  used in  t h e r m o - n u c l e a r  research.  
T e m p e r a t u r e s  m a y  r ange  up to thousands  of de-  
grees;  the t ime  of exposure  ranges  f rom frac t ions  of 
a second to minu tes .  

In  order  to select or develop ma te r i a l s  f rom which  
such componen t s  can be made,  samples  of the m a -  
ter ia ls  m u s t  be tes ted in  an  e n v i r o n m e n t  comparab le  
to tha t  to which  they  wi l l  be exposed in  service.  I t  
is des i rab le  tha t  the test  dup l ica te  not  on ly  the  h igh  
t e m p e r a t u r e ,  bu t  also s t ruc tu r a l  loading,  t h e r m a l  
shock, and  a t tack  by  the gaseous e n v i r o n m e n t  to be 
imposed on the component .  One device which  has 
been  found  usefu l  for the rap id  and  economica l  
e v a l u a t i o n  of ma te r i a l s  for res i s tance  to h i g h - t e m -  
p e r a t u r e  gas flow is the f lu id-s tab i l ized  electr ic  arc. 

A n  arc ope ra t ing  in  the  vor tex  fo rmed  by  a r a p -  
id ly  sw i r l i ng  body  of wa t e r  has developed e x t r e m e l y  
high t e m p e r a t u r e s  (1).  This  is due to the  increased  
c u r r e n t  dens i ty  a r i s ing  f rom the res t r ic ted  cross-  
sec t ional  a rea  of the vor tex  and  the cooling of the  
outer  arc regions,  which  forces mos t  of the  c u r r e n t  
to flow in  the center .  Pe te r s  (2) descr ibed  an  arc in  
which  the cathode consis ted of a p la te  wi th  a hole 
f rom which  a s t r e a m  of "p lasma"  is issued. 

The  arc used in  the p resen t  work  is s t ruck  in  a 
vo r t ex  of wa t e r  b e t w e e n  a 1/2-in. d i a m e t e r  g raph i t e  
rod as anode,  and  a g raph i te  cathode wh ich  is in  the  

1 Present  address: Sylvania Electric Products,  Inc.,  Buffalo, N. Y. 

fo rm of a disk w i th  a 3 /16- in .  hole in  the  center .  
The cathode is m o u n t e d  in  a wa te r - coo led  hor izon ta l  
me ta l  plate,  which  is at  g r o u n d  potent ia l ,  whi le  the 
anode  is held by  a collet in  a ver t ica l  posi t ion di -  
r ec t ly  be low the  hole  in  the  cathode.  F i g u r e  1 is a 
schemat ic  d i a g r a m of the  w a t e r - s t a b i l i z e d  arc. A 
Luci te  "swir l  c h a m b e r "  su r r ounds  the  anode.  D u r -  
ing operat ion,  w a t e r  is i n t roduced  t a n g e n t i a l l y  in to  
this c h a m b e r  at 36 psi and  forms the vo r t ex  in  which  
the arc bu rns .  

The  p o w e r  supp ly  consists of four  w e l d i ng  gen -  
era tors  connec ted  in  series. I t  has been  found  des i r -  
able  for s table  opera t ion  to diss ipate  abou t  one hal f  
the power  in  a ba l las t  resis tor  connec ted  in  series 
wi th  the arc, s ince w h e n  the  arc is first s t ruck  the  
vol tage  and  c u r r e n t  t end  to f luctuate.  The  sample  is 

WATER INLET 

JIL 

ANOO[ ~ NOZZLE 

Fig. 1. Schematic diagram of water-stabilized arc 
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not  i n t r o d u c e d  in to  t he  t e s t ing  pos i t i on  un t i l  s t ab l e  
o p e r a t i o n  has  been  ob ta ined .  A r c  v o l t a g e  is m a i n -  
t a i n e d  at  180 v b y  m e a n s  of a v o l t a g e - s e n s i n g  dev ice  
connec t ed  across  the  a rc  and  c o n t r o l l i n g  a h y d r a u l i c  
m e c h a n i s m  w h i c h  feeds  t h e  l o w e r  e l ec t rode  a t  t he  
p r o p e r  r a t e  to m a i n t a i n  th is  vo l tage .  The  c u r r e n t  
u n d e r  these  cond i t ions  is 350 amp,  g iv ing  a powe~ 
d i s s ipa t i on  at  the  a rc  of 63 kw.  

The  s a m p l e s  a re  Yz-in. d i a m e t e r  rods  3 or  4 in. 
long.  U s u a l l y  flat  e n d e d  s amp le s  a r e  used,  b u t  in  
some cases  h e m i s p h e r i c a l  ends  h a v e  been  p r o v i d e d :  
the  h e m i s p h e r i c a l  shape  is g e n e r a l l y  los t  r a p i d l y .  
The  s a m p l e  is i n t r o d u c e d  so t ha t  i ts  ax i s  is a l i g n e d  
w i t h  the  ax i s  of the  a rc  and  its end  is one inch  a b o v e  
the  ho le  in the  ca thode .  A n  e x p o s u r e  t ime  of  t en  
seconds  is u s u a l  a n d  an  a u t o m a t i c  t i m e r  r eco rds  t he  
e x a c t  d u r a t i o n  of exposu re .  

W i t h  such  a f ac i l i t y  i t  is poss ib l e  to c o m p a r e  v a r i -  
ous m a t e r i a l s  for  r e s i s t ance  to h igh  t e m p e r a t u r e .  
S a m p l e s  a r e  w e i g h e d  and  t h e i r  l e n g t h  m e a s u r e d  b e -  
fo re  a n d  a f t e r  test .  Resu l t s  m a y  be  e x p r e s s e d  as  r a t e  
of loss in  m i l l i g r a m s  p e r  k i l o w a t t  second  and  as loss 
of l ength .  Such  c o m p a r i s o n s  a p p e a r  to be  v a l i d  as 
long  as e x p o s u r e  cond i t ions  a r e  he ld  cons tan t .  

I t  w o u l d  of course  be  v e r y  d e s i r a b l e  to def ine 
e x a c t l y  the  cond i t ions  to w h i c h  the  s a m p l e s  a r e  e x -  
posed,  b u t  to d a t e  such  e x a c t  def in i t ion  has  no t  been  
poss ib le .  T e m p e r a t u r e ,  ve loc i ty ,  a n d  compos i t i on  of 
t h e  p l a s m a  j e t  shou ld  b e  d i f fe ren t  a t  d i f fe ren t  loca -  
t ions  within the jet. 

Work has begun to measure conditions within the 
jet and some preliminary estimates are available. 
Temperatures have been estimated from 7,000 ~ to 
12,000~ and velocities from I00 to I000 m/sec. The 
composition at the center of the jet has been esti- 
mated to be as follows: 10% vaporized carbon; 5% 
carbon particles from the electrodes; 25% water va- 
por; 50% dissociated water vapor; 10% ionized 
atoms and molecules. 

In spite of this uncertainty, the arc, used with 
constant operating conditions, is an excellent tool 
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Fig. 2. Heot tronsfer to colorimeter. Nozzle exit, ]-in. 
diometer. 

for  p r e l i m i n a r y  sc reen ing  and  c o m p a r i s o n  of v a r i -  
ous ma te r i a l s .  H o w e v e r ,  one use fu l  p a r a m e t e r  w h i c h  
m a y  be m e a s u r e d  w i t h  some  a c c u r a c y  is t he  r a t e  of 
hea t  t r a n s f e r  to a b o d y  p l a c e d  in  t he  j e t  some  d i s -  
t ance  f rom the  ca thode  opening .  By  the  use  of bo th  
sol id  m e t a l  and  w a t e r - c o o l e d  m e t a l  c a lo r ime t e r s ,  i t  
has  been  poss ib le  to e s t ab l i sh  h e a t  t r a n s f e r  r a t e s  
a v e r a g e d  r a d i a l l y  a t  v a r i o u s  d i s t ances  f r o m  the  
ca thode .  T y p i c a l  resu l t s ,  u s ing  a g r a p h i t e  nozzle  as 
a ca thode  to e x p a n d  the  je t ,  a r e  shown  in Fig .  2. 

Not  on ly  is i t  i m p o r t a n t  to d e t e r m i n e  w h i c h  m a -  
t e r i a l s  a r e  mos t  s u i t a b l e  for  c o m p o n e n t  f ab r i ca t i on ,  
bu t  also why .  A h igh  d e c o m p o s i t i o n  t e m p e r a t u r e  and  
h igh  specific h e a t  a r e  u n d o u b t e d l y  an a d v a n t a g e .  A n  
e n d o t h e r m i c  de c ompos i t i on  w o u l d  also be  f a v o r a b l e .  
S a m p l e s  w i th  low t h e r m a l  c o n d u c t i v i t y  a p p e a r  to 
h a v e  an  a d v a n t a g e ;  th is  is d o u b l y  use fu l  s ince  the  
i n t e r i o r  of a c o m p o n e n t  m a d e  of such  m a t e r i a l  
w o u l d  r e m a i n  at  a r e l a t i v e l y  low t e m p e r a t u r e  and  
b e t t e r  r e t a i n  i ts  m e c h a n i c a l  p r o p e r t i e s  d u r i n g  the  
se rv ice  l i fe  of t he  c ompone n t .  A n  a d d i t i o n a l  a d v a n -  
t age  of m a t e r i a l s  w i t h  low t h e r m a l  c o n d u c t i v i t y  is 
t ha t  the  su r face  r eaches  an  e x t r e m e l y  h igh  t e m p e r a -  
tu re ,  and  hea t  f lux due  to r a d i a t i o n  f r o m  the  a d j a -  
cent  ho t  gases  is m in imiz e d .  

V a r ious  classes  of n o n m e t a l l i c  i no rgan i c  m a t e r i a l s  
h a v e  b e e n  f a b r i c a t e d  and  t e s t ed  in t he  w a t e r - s t a -  
b i l i zed  arc.  These  i nc lude :  ( a )  g r a p h i t e s  a n d  i m -  
p r e g n a t e d  g raph i t e s ,  (b)  ce r amics  a n d  r e i n f o r c e d  
ce ramics ,  (c)  c e r a m i c - a n d - p l a s t i c  composi tes .  

I t  shou ld  be b o r n e  in m i n d  t h a t  the  r a n k i n g  g iven  
these  m a t e r i a l s  is b a s e d  s i m p l y  on e ros ion  r a t e s  e x -  
h i b i t e d  in the  a rc  and  w i t h  a h igh  h e a t  i n f l u x - s h o r t  
t i m e  a p p l i c a t i o n  in  mind .  The  r a n k i n g  for  a d i f fe ren t  
e n v i r o n m e n t  ( l o w e r  t e m p e r a t u r e s ,  l onge r  t imes )  
m a y  be  v e r y  d i f ferent .  

Graphite and Impregnated Graphites 
G r a p h i t e  has  m a n y  d e s i r a b l e  h i g h - t e m p e r a t u r e  

p r o p e r t i e s  w h i c h  m a k e s  i t  a l i k e l y  s t r u c t u r a l  m a t e -  
r i a l :  i ts  r e f r ac to r ines s ,  low dens i ty ,  low t h e r m a l  e x -  
pans ion ,  h i g h - t e m p e r a t u r e  s t r eng th ,  a v a i l a b i l i t y  of 
t he  r a w  m a t e r i a l ,  m a c h i n a b i l i t y ,  etc. U n f o r t u n a t e l y ,  
the  o x i d a t i o n  res i s t ance ,  e ros ion  res i s t ance ,  a n d  m e -  
chan ica l  s t r e n g t h  a t  i n t e r m e d i a t e  t e m p e r a t u r e s  m a y  
be  too low to p e r m i t  i m m e d i a t e  u t i l i z a t i o n  of a n y  
p r e s e n t  g r a p h i t e  as  a h i g h - t e m p e r a t u r e  s t r u c t u r a l  
m a t e r i a l  p a r t i c u l a r l y  in  l a r g e  pieces.  

A c c o r d i n g  to c u r r e n t  theor ies ,  t he  p e r m e a b l e  m a -  
c r o s t r u c t u r e  w h i c h  p e r m i t s  o x y g e n  to p e n e t r a t e  the  
i n t e r i o r  of the  m a t e r i a l  a n d  i ts  m i c r o s t r u c t u r e ,  
w h i c h  is h i g h l y  r e a c t i v e  to o x y g e n - c o n t a i n i n g  gases  
at  h igh  t e m p e r a t u r e s ,  e x p l a i n s  t h e  l ow o x i d a t i o n  r e -  
s i s tance  of g raph i t e .  The  use of p i t ch  b i n d e r s  w h i c h  
p a r t i a l l y  vo la t i l i ze  d u r i n g  b a k i n g  and  g r a p h i t i z a t i o n  
r e su l t s  in a h i g h l y  p e r m e a b l e  m a c r o s t r u c t u r e ,  w h i l e  
c r y s t a l l i z a t i o n  into  a l a m e l l a r  s t r u c t u r e  w i t h  w e a k  
b i n d i n g  b e t w e e n  p l a n e s  e x p l a i n s  the  a b i l i t y  of o x y -  
gen  to b r e a k  the  i n t e r p l a n a r  bonds  w h i c h  r e su l t s  in 
low eros ion  res i s t ance .  

A t t e m p t s  to o v e r c o m e  the  u n d e s i r a b l e  effects  of 
o x i d a t i o n  and  e ros ion  i nc lude  e x p e r i m e n t s  on d e n s i -  
f ication,  m e t a l  ox ide  and  c a r b i d e  coat ings ,  and  i m -  
p r e g n a t i o n ,  chief ly l i qu id  m e t a l  and  l i qu id  glass  i m -  
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Table I. Typical results of water-stabilized arc test on graphites 

L e n g t h  e r o s i o n  W e i g h t  e ros ion ,  F i n a l  s t r u c t u r a l  s ta te  o f  
M a t e r i a l  G r a i n  size* I m p r e g n a n t  i n  10 sec,  c m  m g / k w  see  g r a p h i t e  c o m p a r e d  to s tart  

Graphite Z2 (1) F None 0.15 0.84 
extruded 0.13 0.97 

Graphite Z2 (1) F None 0.21 0.69 
extruded 0.22 0.79 

Graphite  Z3 (1) F None 0.25 0.72 
molded 0.23 0.70 

Graphite Z21 (2) C None 0.28 0.83 
0.23 0.90 

Graphite  Z22 (2) M None 0.23 0.65 
0.20 

Carbon Z23 (2) C None End spalled 
Graphite  (5) F None 0.13 1.10 

0.23 0.61 
Graphite 1 (7) 0.20 0.67 

0.2O 0.62 
Graphite  4 (8) Yes 0.25 0.81 

0.20 0.87 

S a m e  

Same 
Same 
Same 
Same 

Same 

S a m e  

Same 

Same 

Same 

* F,  f ine;  M, m e d i u m ;  C, coarse .  

p r e g n a t i o n  of porous  graphi te .  This  last  approach  
seems to be the most  p romis ing  and  the  most  l ike ly  
to improve  the h igh t e m p e r a t u r e  ox ida t ion  and  ero-  
sion res i s tance  of graphi te .  

Above  1500~ g raph i t e  becomes s t ronger  m e -  
chan ica l ly  in  cont ras t  to mos t  n o n g r a p h i t i c  m a t e -  
r ia ls ;  be low this t empe ra tu r e ,  its mechan i ca l  s t r eng th  
is abou t  1/10 tha t  of metals .  Its t h e r m a l  shock re -  
s is tance is exce l len t  compared  to most  ceramics  b u t  
poor compared  to metals .  I t  shows prac t ica l ly  no 
duc t i l i ty  be low 2200~ which  m e a n s  there  is no r e -  
l ief of localized or u n e q u a l  stress i n t e rna l ly .  H o w -  
ever,  r ecen t  work  at the  Je t  P ropu l s ion  L a b o r a t o r y  
has shown some duc t i l i ty  above 2200~ 

Graphite Materials System 
Graph i t e  ma te r i a l s  sys tems can be d iv ided  in to  at  

least  th ree  types:  (a) g raph i te  s t ruc tu res  filled w i th  
i m p r e g n a n t :  the  pores in  the mass ive  graphi te  be ing  
filled w i th  an  i m p r e g n a n t ;  (b)  inorgan ic  or organic  
s t ruc tures  filled w i th  graphi te  powder ;  for example ,  
a cast block of concre te  h a v i n g  some of the  same  r e -  
p laced by  graphi te  powder ;  (c) an  a l l - r e f r a c t o r y  
sys tem:  a sys tem in  which  all  the  ing red ien t s  are  as 
equa l ly  re f rac to ry  as graphi te .  A n  example  w ou l d  
be t i t a n i u m  carbide;  here  the ing red ien t s  could all  
be added  before the mass  is graphi t ized.  

Resul ts  of wa t e r - s t ab i l i z ed  arc tes t ing  of g raphi tes  
f rom m a n y  commerc ia l  sources showed a ve ry  smal l  
spread  in  erosion rates,  the  average  va lue  of which  
was 1.1 m g / k w  sec. The average  l eng th  loss was  0.25 
cm, somewha t  h igher  for more  porous  graphi tes .  

The best  i m p r e g n a t e d  graphi tes  were  found  to be 
a series of composi t ion  cor~sisting of si l icon carb ide  
and  graphi te ,  or si l icon me ta l  and  g raph i te  which  
conver t s  to SiC on firing. These show a we igh t  ero-  
s ion of abou t  0.6 m g / k w  sec and  a l eng th  loss e q u i v -  
a len t  to the pu re  graphi te .  Since no o ther  i m p r e g -  
n a n t  gave be t t e r  resul t s  t h a n  p u r e  graphi te ,  the  su-  
per io r i ty  of the c a r b i d e - b o n d e d  graph i te  sys tems 
seems es tabl ished,  a l though  n i t r i de  and  bor ide  
bonded  sys tems are st i l l  to be tested. Other  i m p r e g -  
n a n t s  tes ted inc lude :  oxalic  acid, epoxy resin,  a lu -  

m i n u m  sulfate,  su l fur ,  iodine,  boric acid, and  m a n y  
others.  

Typica l  test  resul ts  for graphi tes  a nd  i m p r e g n a t e d  
graphi tes  are g iven  in  Tables  I and  II. 

Ceramics and Reinforced Ceramics 

Ceramic  mate r ia l s ,  in  general ,  have  poor t h e r m a l  
shock res i s tance  because  of the i r  r e l a t ive ly  h igh co- 
efficients of t h e r m a l  expans ion  and  b r i t t l e  charac -  
teristics.  For  this reason,  most  ceramic  bodies are 
no t  su i tab le  for appl ica t ions  where  severe  t e m p e r a -  
tu re  g rad ien t s  exist.  However ,  successful  a t t empts  
have  been  m a d e  to increase  t h e r m a l  shock res is tance  
g rea t ly  by  r educ ing  cons ide rab ly  the  t h e r m a l  ex-  
pans ion  coefficients. U n f o r t u n a t e l y ,  the l o w - e x p a n -  
sion ceramic  ma te r i a l s  are no t  ve ry  ref rac tory .  A n -  
o ther  approach  for i m p r o v i n g  t h e r m a l  shock res is t -  
ance has been  to use re f rac to ry  bodies which  are 
r e l a t ive ly  soft and  s imi la r  to p las te r  of par is  in  
tex ture .  These mater ia l s ,  w h e n  exposed to sudden  
t e m p e r a t u r e  changes,  fai l  local ly  at the  exposed su r -  
faces whi le  st i l l  r e t a i n i n g  the i r  s t rength .  

The  resul t s  of the  arc tests on s imple  ceramics,  
mos t ly  oxides, are  g iven  in  Tab le  III.  

Al l  samples  were  ob ta ined  f rom commerc ia l  sup -  
pl iers  and  were  g iven  no f u r t he r  t r e a t m e n t .  The 
fused MgO samples  were  in  the  fo rm of 2 x 2-in.  
plates  v a r y i n g  f rom 1/4 to 1 in. in  thickness .  Since 
the p l a sma  je t  covered only  a Y2 in. circle in  the  
cen te r  of the  MgO plates,  this  u n d o u b t e d l y  con t r ib -  
u ted  to the severe t h e r m a l  shock observed.  

A series of ceramic  aggregates  ( l is ted in  Tab le  IV) 
re in forced  by  a c e m e n t i n g  agent  were  tes ted;  these  
unf i red  cemen ted  bodies had  p rev ious ly  exh ib i t ed  
exce l len t  t h e r m a l  shock res i s tance  w h e n  sub jec ted  
to the exhaus t  of a rocket  motor .  Severa l  samples  
were  m a d e  f rom castable  mixes  c o n t a i n i n g  water ,  
c a l c i u m - a l u m i n a t e  cement ,  or phosphor ic  acid, and  
aggregates  of b u b b l e  a l u m i n a  a nd  zirconia,  m a g -  
nesia,  severa l  grades of commerc ia l  a l u m i n a  grain ,  
a nd  si l icon carbide.  These samples  were  tes ted in  the  
wa te r  arc, and  the resul t s  are shown a long  wi th  
those of o ther  ma te r i a l s  in  Tab le  IV. 
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Table II. Typical results of water-stabilized arc tests on impregnated graphites 

April 1959 

L e n g t h  e r o s i o n  W e i g h t  e ros ion ,  F i n a l  s t r u c t u r a l  s t a t e  of  
M a t e r i a l  G r a i n  s i ze t  I m p r e g n a n t  in  10 s e c ,  c m  m g / k w  s e c  g r a p h i t e  c o m p a r e d  to s t a r t  

Silicon carbide 0.51 0.51 
and graphite 0.51 0.54 Same 

F None 0.25 0.73 
Graphite  (5) 0.23 0.98 Same 
Graphite  (5) F Repitch treated and 1.64 Same 

regraphitized 0.18 2.30 
Copper 0.03 0.49 

Graphite  (5) 0.03 0.47 Same 
Sodium 0.08 0.96 

Graphite  (5) Borate 0.15 0.81 Same 
F Some init ial  oxidation 0.30 1.94 

Graphite  (5) 0.28 1.56 Same 
Graphite  A1 C None 0.25 0.86 Same 

Average 1.55 
Graphite  A1 C Sod. sulfate 0.13 1.88 Same or 

Na~SO4 3 % 0.18 1.85 better  
Graphite  B1 F None 0.23 0.90 

0.20 Average Same 
0.20 

Graphite  B1 F Sod. ammonium hy- 0.15 4.02 
drogen phosphate 0.13 3.91 Same 
hydrated 

7% 
Porous graphite M None 1.02, 0.88, 1.02 * 1.96, 1.73 Same as porous graph-  

ite 
Porous graphite M Boric acid 2.28 1.56 Slightly weaker  than  

5% 2.28 2.66 porous graphite 
Porous graphite M Epoxy resin 0.51 13.7 Much weaker  

34% 1.10 15.7 
Porous graphite M Oxalic acid 0.76 12.3 

36% 1.10 11.5 

Porous graphite M Polyester 0.38 
35% 0.51 

Porous graphite M Sod. phosphate tr i -  0.76 
basic crystal 

39% 
Porous graphite M A l u m i n u m  sulfate 1.27 

hydrated 
30% 

Porous graphite M Sulfur  0.51 
47% 0.76 

Porous graphite M Iodine 0.76 
59% 

11.5 

Same as porous graph-  
ite; piece in very 
good condition 

"Waterburn"  and 
warped 

Same as porous graph- 
ite 

10.9 Much weaker  
7.2 

14.2 Same as porous graph-  
20.8 ite 
30.4 Same as porous graph-  
34.7 ire 

F, f ine;  M, m e d i u m ;  C, c o a r s e .  
* S u r f a c e  t e m p e r a t u r e  b y  op t i c a l  p y r o m e t e r  2450~ 

The var ious  samples  m a d e  of AI~O~ and  MgO 
eroded qui te  r ap id ly  compared  to the SiC aggre -  
gates. Therefore ,  it appears  tha t  the  a g g r e g a t e - t y p e  
r a the r  t h a n  b o n d - t y p e  is more  i m p o r t a n t  w i th  r e -  
gard  to erosion resis tance.  The resu l t s  ind ica te  t ha t  
t he re  are no s ignif icant  differences b e t w e e n  samples  
h a v i n g  di f ferent  aggrega te -s ize  d i s t r ibu t ions ,  w a t e r  
content ,  dens i ty ,  and  me thods  of p r e p a r a t i o n  (cas t -  
ing, t rowel ing ,  or t a m p i n g ) .  

Ceramic -and-P las t ic  Composites 

Al though  composi t ions  con ta in ing  organic  plast ics  
are  not  o rd ina r i l y  cons idered  as r e f r ac to ry  mater ia l s ,  
ce r ta in  ce ramic-p las t i c  composi t ions  show a su rp r i s -  
ing ly  low erosion ra te  in  the  w a t e r - s t a b i l i z e d  arc 
tests. 

A t  3000~ the  organic  plast ic  decomposes in to  gas 
and  res idua l  ca rbon  as coke on the  surface.  W h e n  

glass is present ,  i t  fuses a nd  forms  a t h i n  viscous 
l aye r  on the sur face  which reduces  the hea t  t r ans fe r  
to the  model  and  protects  it f rom the chemica l  act ion 
of the hot  gases. 

In  the 8000~ plasma,  even  the glass is volat i l ized,  
so no l iqu id  pro tec t ive  l ayer  is formed.  Here  the 
erosion ra te  depends  on the hea t  absorbed  in  con-  
v e r t i n g  plast ic  and  glass to vapor  at some h igh  t e m -  
p e r a t u r e  and, in  the case of supersonic  flow, the  re -  
duc t ion  in  heat  t r ans f e r  associated wi th  the addi t ion  
of the  gas to the b o u n d a r y  layer .  Since the a toms of 
the  organic  pa r t  are  l igh te r  t h a n  those of the glass, 
the vo lume  of gas gene ra t ed  f rom a g ram of the  a l l -  
organic  m a t e r i a l  is subs t a n t i a l l y  h igher  t h a n  tha t  
f rom the g lass - re in forced  mate r ia l .  

Resul ts  of arc tes t ing  are  g iven  in  Tab le  V and  
re la t ive  erosion ra tes  for ceramic  plast ic  composites  
at different  t e m p e r a t u r e s  are g iven  in  Tab le  VI. 
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Table Ill. Water-stabilized arc tests on simple ceramics 

A v e r a g e  
Wt.  wt.  
loss, lOSS, 

Wt. m g  m g  L e n g t h  
loss, kvr kw-1 loss, 

M a t e r i a l  g / s ec  see-1 sec-1 e m  C o m m e n t s  

Sil ica-bonded 0.103 1.64 1.61 0.38 
SiC 0.098 1.55 0.33 

0.103 1.64 0.13 

Fused MgO 0.054 0.86 1.65 0.23 Severe  the r -  
0.119 1.89 0.28 mal  shock 
0.139 2.21 0.36 

Fused quartz 0.139 2.11 2.07 0.71 White opaque 
(SiO2) 0.128 2.03 SiO~ at cold 

end 

Table V. Behavior of various materials exposed to the 
water-stabilized arc (1/2-in. diameter rods) 

Weight loss 
mg/kw-sec 

Chopped glass c lo th-high temp. phenolic B 6.0 
Chopped glass c loth-high temp. phenolic D, 

27% resin 2.7 
Chopped glass c loth-high temp. phenolic D, 

37 % resin 2.2 
Chopped glass c loth-high temp. phenolic D, 

44% resin 2.2 
Chopped glass c loth-high temp. phenolic D, 

65% resin 1.5 
Chopped refrasil  c lo th-high temp. phenolic 

D, 41% resin 2.3 
Chopped nylon cloth-high temp. phenolic D, 

57% resin 1.1 

SiC 0.402 6.40 6.40 - -  White coating 
(self-bonded) of SiO~ 

A1203 0.508 8.06 6.86 1.04 
0.365 5.65 0.86 

F u s e d m u l l i t e  0.524 8.32 8.22 1.68 
0.531 8.43 1.65 
0.449 7.92 1.62 

Glass-bonded 0.918 14.6 11.4 3.82 Glassy sur-  
mica 0.511 8.12 2.06 face after  

test 

ZrO2 0.778 12.35 12.98 1.40 
0.735 11.65 1.58 
0.943 14.95 1.86 

Table IV. Water-stabilized arc tests on reinforced ceramics 

A v e r -  
Wt.  age  wt .  L e n g t h  

l='rinmpal loss, loss, m g  loss, 
a g g r e g a t e  B o n d  t y p e  g / s e c  k w  -1 sec -1 c m  

ALOz Phosphoric acid - -  7.00 - -  
A 1 2 0 3  Phosphoric acid - -  8.40 1.42 
A I ~ O ~  Phosphoric acid 0.540 7.80 0.98 
Bubble  AI,~Q~ Phosphoric acid - -  7.30 - -  
AhO~ Phosphoric acid 0.576 7.56 0.88 
A 1 ~ O 3  Phosphoric acid 0.608 9.65 1.68 
ALO3 Phosphoric acid - -  7.20 0.86 
Fused AI~O~ Phosphoric acid - -  7.50 - -  
Fused AI~O~ Phosphoric acid 0.538 8.58 1.47 
Fused AI~O~ Phosphoric acid 0.515 8.15 1.42 
Bubble Al~O3 Calcium alumi-  - -  6.80 

nate 
AI~O~ Calcium alumi-  0.559 8.86 1.40 

nate 
Fused AI~O~ Calcium alumi-  0.635 10.07 1.65 

nate  
Fused MgO Calcium alumi-  - -  7.00 - -  

nate 
Fused MgO Calcium alumi-  0.435 6.90 1.24 

nate 
SiC Calcium alumi-  0.161 2.57 0.56 

hate  
Fused mul l i te  Calcium alumi-  0.484 7.65 0.96 

nate 
Bubble ZrO2 Calcium alumi-  0.646 10.25 1.85 

nate 

Table VI. Relative erosion rates of various materials vs. 
temperature of exposure 

T e m p e r a t u r e ,  ~ 
M a t e r i a l  1800 2500 7000 

Phenolic-glass  cloth, 27 % resin 1.0 2.7 2.5 
Phenolic-glass  cloth, 37% 1.2 2.5 2.0 
Phenolic-glass  cloth, 44% resin 1.6 2.2 2.0 
Phenolic-glass  cloth, 65% resin 1.7 1.5 1.4 
Phenolic-glass  cloth, 41% resin 1.4 1.0 2.1 
Phenol ic -nylon  cloth, 57 % resin 4.7 2.5 12 

Conclusions 

1. A smal l  w a t e r - s t a b i l i z e d  arc, as desc r ibed  
here in ,  is a su i t ab le  dev ice  for  sc reen ing  ma te r i a l s  
cons idered  for  shor t  t ime  se rv ice  at e x t r e m e l y  h igh  
t em pe ra tu r e s .  A l a rge  n u m b e r  of samples  m a y  be 
tes ted  r ap id ly  and at r e l a t i v e l y  l ow cost. 

2. The  resu l t s  l i s ted  be low  h a v e  been  ob ta ined  
u n d e r  t he  condi t ions  descr ibed.  Only  the  be t t e r  
plas t ics  and ce ramics  are  inc luded ;  for  example ,  
some ceramics  spa l led  bad ly  and are  om i t t ed  f r o m  
cons idera t ion .  

Loss  of  l e n g t h  
( W h e n  exposed  fo r  

10 sec i n  t h e  p l a s m a  1 
M a t e r i a l s  in.  f r o m  the  cathode) 

Graphi te  0.04 to 0.16 
Graphi te  ( impregnated)  0.04 to 0.13 
Reinforced plastics 0.12 to 0.47 
Ceramics 0.13 to 0.40 
Copper* 1.0 

* C o p p e r  is s h o w n  he re  for  c o m p a r i s o n  only.  

3. E x t r a p o l a t i o n  of these  resu l t s  to o the r  t h e r m a l  
and chemica l  e n v i r o n m e n t s  or l onge r  per iods  of 

t i m e  should  not  be a t t emp ted .  

Manuscript  received Ju ly  25, 1958. This paper was 
presented at the New York Meeting, Apr i l  27-May 1, 
1958. 

Any discussion of this paper  wil l  appear  in a Discus- 
sion Section to be published in the December  1959 
J O U R N A L .  
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ABSTRACT 

Single crystals of the compound silicon hexaboride have been prepared. 
Laue, rotation, and Weissenberg photographs indicate an orthorhombic cell 
with lattice parameters  a ~ 14.39 • 0.01, b z 18.27 • 0.01, and c ~ 9.88 • 0.01A. 
The pycnometer  density is 2.43 g/cm 8. The average electrical resist ivity of 
single crystals, based on a probe technique, is 0.2 ohm-cm. The mel t ing point  
is 1950~ SiB~ has a Knoop hardness, with a 100-g load, of 1910 k g / m m  2. 

The in te res t  in  ha rd  and  re f rac to ry  ma te r i a l s  has 
been  p r e v a l e n t  f rom t imes  da t ing  back  to Moissan 
at  the t u r n  of the  cen tury .  A m o n g  the most  e lus ive  
of these r e f r ac to ry  compounds  have  been  the  bor ides  
of silicon. 

Moissan and  Stock (1) repor ted  in  the i r  o r ig ina l  
work  tha t  they  had  prepared ,  by  fus ion  of the  e le-  
ments ,  two borides,  SiB3 and  SiB6. The  SiB~ was ob-  
t a ined  as b lack  rhombic  pla tes  wi th  a dens i ty  of 2.52 
g / c m  3, and  the  SiB~ as b lack  i r r egu la r  crys ta ls  w i th  
a dens i ty  of 2.47 g / c m  ~. The  borides  were  repor ted  
to be hard,  to have  high m e l t i n g  points ,  and  to con-  
duc t  e lectr ic i ty .  

These  proper t ies  in t e re s t ed  o ther  researchers  (2-  
5) who were  unsuccess fu l  in  t he i r  a t t empt s  to d u -  
p l ica te  the  or ig ina l  work.  Recent ly ,  Samsonov  a nd  
La tysheva  (6) have  repor ted  the  proper t ies  of a 
t e t r agona l  SiB~ phase p r epa red  by  ho t -p r e s s ing  the  
e lements .  The i r  resul t s  and  i n t e rp r e t a t i ons  were  
ques t ioned  by  O r m o n t  (7) who found  d iscrepancies  
in  the i r  x - r a y  data.  Samsonov  and  La tysheva  also 
p r epa red  a compound,  SiB6, which  was  s tud ied  by  
Z h u r a v l e v  (8) who repor ted  a s t r uc tu r e  i somor-  
phous  w i th  CaBs. 

C o n c u r r e n t  wi th  the Russ ian  research,  a s tudy  of 
the  s i l i con-boron  sys tem was u n d e r w a y  in  our  l a b -  
oratories .  A p r e l i m i n a r y  repor t  (9) has been  issued 
on the fo rma t ion  of the compound  SiB~. 

Experimental 
P r e p a r a t i o n . - - A  r ev iew of the  methods  of p r e p a r a -  

t ion  of r e f r ac to ry  borides  and  silicides ind ica ted  t ha t  
the  synthes is  by  a c o m b i n a t i o n  of the e l emen t s  was  
the  most  logical  place to start .  The  in i t i a l  e xpe r i -  
men t s  were  car r ied  out  by  ho t -p re s s ing  boron  a nd  
si l icon in  a 1 to 3 we igh t  ra t io  to a t e m p e r a t u r e  of 
1700~ The  ho t -p re s s ing  was pe r fo rmed  by  i n d u c -  
t ion  hea t ing  of a g raph i t e  mold,  which  had  a bo ron  
n i t r ide  l i ne r  and  p lungers ,  us ing  a p ressure  of 2000 
psi and  an  a rgon  a tmosphere .  This  t e chn ique  p e r -  
mi t t ed  a m i n i m u m  a m o u n t  of ca rbon  con tamina t ion .  
Spec t rographic  ana lyses  of the  boron  and  si l icon are  
g iven  in  Tab le  I. The x - r a y  ident i f ica t ion  of m a t e r i a l  
ob ta ined  by  the ho t -p r e s s ing  was difficult due to the 
p resence  in  the  sys tem of u n r e a c t e d  boron  which  
has a complex  powder  pa t t e rn .  

To overcome this p rob lem,  synthes is  e x p e r i m e n t s  
we re  car r ied  out  by  fus ion  of the e l emen t s  at a t e m -  

p e r a t u r e  of a p p r o x i m a t e l y  2250~ in  an  a tmosphere  
of argon.  The hold t ime  at 2250~ was u sua l l y  1 hr. 
Fus ion  was  car r ied  out  in  a boron  n i t r i de  cruc ib le  
wi th  a boron  n i t r i de  lid. The c ruc ib le  was p laced  in  
a g raph i te  susceptor  and  hea ted  by  induc t ion .  Fus ion  
e xpe r i me n t s  were  car r ied  out  us ing  weigh t  rat ios 
of si l icon to boron  r a n g i n g  f rom 2:1 to 3: 1. This  was  
done  so tha t  sufficient si l icon wou ld  be ava i l ab le  to 
reac t  wi th  all  of the  boron,  since a chemical  s epa ra -  
t ion of the boron  f rom sil icon bor ide  wou ld  be ex -  
t r e m e l y  difficult. The  fused mass was r e move d  f rom 
the  boron  n i t r i de  cruc ib le  and  ac id - t r ea t ed  w i th  a 
m i x t u r e  of HF and  HNO~ to r emove  the las t  t races 
of free silicon. The  crysta ls  we re  t h e n  fused wi th  
K O H  to r emove  bo ron  n i t r i de  which  had  fo rmed  on 
the surface.  A pho tomic rograph  of a typ ica l  me l t  is 
shown  in  Fig. 1. A p ic tu re  of the  crysta ls  af ter  t r e a t -  
m e n t  is shown in  Fig. 2. Af te r  t r e a t m e n t  of the  mel t ,  
the SiB6 crysta ls  are b lack  a nd  opaque,  even  w h e n  
crushed to a fine par t i c le  size. 

Table I. Spectroscopic analysis of silicon metal from Electro 
Metallurgical Co. (--30 -}-80 mesh, high purity, acid treated 

with HCI) 

Fe 0.01 
A1 0.01 
B 0.003 
Ca 0.005 
Mn 0.0005 
Mg 0.0002 

Spectroscopic analysis of Pacific Coast Borax*, 
(95-97%) amorphous boron 

Fe 0.7 
A1 0.01 
Mn 0.1 
Si 1.0 (approx.) 
Cu 0.01 
Cr 0.008 
Ca 0.02 
Mg 0.7 

Major impuri ty :  0 not determined 

* Pac i f i c  Coas t  B o r a x  Co.,  100 P a r k  A v e . ,  N e w  Y o r k  17, N.  Y.  
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Fig. 1. Typical silicon-boron melt. Magnification 6X 
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Ni t rogen  ana lyses  ind ica ted  less t h a n  0.2% N2 p re s -  
en t  in  the  crystals .  The SiB2 is no t  app rec i ab ly  a f -  
fected by  so lu t ions  of the c o m m o n  acids. 

Physical properties.--The a p p a r e n t  m e l t i n g  poin t  
of SiB, was  m e a s u r e d  in  a smal l  g raph i te  res i s tance  
fu rnace  and  a v a l u e  of 1950~ obta ined .  The  m e l t i n g  
po in t  of Pacific Coast  Borax  "fused"  bo r on  was  
2130~ as observed  in  the  same furnace .  

A schemat ic  d r a w i n g  of the  i n t e r n a l  cons t ruc t ion  
of the  m e l t i n g  po in t  fu rnace  is shown  in  Fig.  4. The  
behav ior  of the  sample  is fo l lowed v i sua l l y  t h rough  
a special  c l o se - r a nge  opt ica l  p y r o m e t e r  equ ipped  
wi th  add i t iona l  filters des igned  to e x t e n d  its oper -  
a t ing  range  to 4200~ Samples  were  p laced  ins ide  
a hole  dr i l l ed  in  a boron  n i t r i d e  rod. The  rod was  
m o u n t e d  ve r t i ca l ly  in  a g raph i t e  pedes ta l  and  the  
g raph i te  hea te r  p laced a r o u n d  the  sample .  Rad ia -  
t ion  shields w e r e  used a r o u n d  the  hea te r  to reduce  
power  loss by  rad ia t ion .  Stepless  cont ro l  of power  
i n p u t  to the  hea t e r  was afforded b y  a V a r i a c - c o n -  
t ro l led  s a t u r a b l e  core reactor .  Before  a r u n  the  f u r -  
nace  was  evacua ted  and  t h e n  filled w i th  argon.  The  
a rgon  was a l lowed to flow d u r i n g  the run .  

The f u r n a c e  was  ca l ib ra ted  by  m e a s u r i n g  the  
m e l t i n g  points  of A1~O3, ZrO~, and  HfO~. The  me l t i ng  

Fig. 2. SiB6 crystals after acid treatment. Magnification 6X 

Table II. X-ray diffraction data for SiBe 

" d "  (A)  I*  " d "  I r 

11.47 
9.12 

Structure.--A single  crys ta l  ob t a ined  by  the  fus ion  7.62 
5.57 

t echn ique  shown  in  Fig. 3 was  e x a m i n e d  us ing  Laue,  4.92 
rota t ion,  and  Wei s senbe rg  techniques .  The  resu l t s  4.62 
ind ica ted  t ha t  the  sys t em was o r tho rhombic  w i th  4.35 
u n i t  cell d imens ions  of a z 14.39, b ~ 18.27, a nd  4.23 

4.15 
c----9.88A. The sample  was c rushed  and  a powder  3.99 
p a t t e r n  was r u n  us ing  a Geiger  coun te r  dif f racto-  3.86 
meter .  The  m e a s u r e d  i n t e r p l a n a r  spacings,  as we l l  3.70 
as the  r e l a t ive  in tensi t ies ,  are  l i s ted in  Tab le  II. C u K  3.53 
a r ad i a t i on  was  used  in  al l  cases. 3.45 

3.39 
The n u m b e r  of molecules  per  u n i t  cell, Z, was  ca l -  3.25 

cu la ted  f rom the  p y c n o m e t e r  dens i ty  of the  corn- 3.18 
pound.  Us ing  the  observed  dens i ty  of 2.43 g/cc,  a 3.10 
va lue  of Z ~ 40.9 was  obta ined .  3.05 

Chemical analysis.--The wet  chemical  ana lys i s  of 2.98 
2.93 

si l icon bor ide  was  car r ied  out  by  first c rush ing  the  2.85 
t r ea ted  crys ta ls  d o w n  to --97 mesh  par t ic le  size in  a 1.89 
h a r d e n e d  steel  mor ta r .  A 0.2-g sample  was ana lyzed  1.85 
for bo ron  by  the  m e t h o d  of B l u m e n t h a l  (10) .  The 1.83 

1.82 
si l icon ana lys i s  r e q u i r e d  a 0.5-g sample  an d  was  1.77 
car r ied  out  us ing  the  c o n v e n t i o n a l  sod ium ca rbona t e  1.71 
fusion.  The  boron  was  r e m o v e d  by  d issolv ing out  1.67 
the oxide, a f te r  the  fusion,  b y  ac id i fy ing  and  t r e a t i n g  1.62 

1.57 w i th  m e t h y l  alcohol. The  a l coho l - t r ea t ed  mass  was  
1.552 

then  evapora t ed  to r emove  m e t h y l  borate .  P e r c e n t -  1.546 
ages of bo ron  and  si l icon in  crys ta ls  p r e p a r e d  b y  the  1.482 
fus ion  t echn ique  ave rage  69.7 and  29.3, respect ively .  1.444 
Values  are shown  in  Tab l e  III.  1.434 

The  chemica l  ana lys i s  of SiB~ is qui te  close to 1.424 
1.369 

theore t ica l  va lues  of 69.8% boron  and  30.2% silicon. 1.356 
In  all  cases the  boron  ana lyses  were  r u n  in  dupl icate .  1.350 

(Doublet) 

2O 
10 
20 
I0 

100 
40 
7O 
8O 
5O 
20 
40 
30 
10 
3O 
3O 
40 
30 
20 
20 
30 
3O 
8O 
2O 
20 
20 
20 
2O 
4O 
30 
4O 
2O 
2O 
I0 
3O 
3O 
3O 
3O 
10 
20 
2O 

2.74 50 
2.71 60 
2.67 60 
2.63 40 
2.60 40 
2.56 30 
2.53 30 
2.48 20 
2.47 20 
2.40 30 
2.36 30 
2.34 20 
2.26 20 
2.21 20 
2.15 10 
2.11 10 
2.08 10 
2.04 20 
2.01 10 
1.98 10 
1.93 10 
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Wa~r cooled shea 

O~apalt~ Xeate~  / 

Fig. 4. Schematic drawing of melting point furnace 

Fig. 3. Single crystal of SiB6. Magnification 22X 

points  agreed  wi th  pub l i shed  va lues  w i t h i n  e xpe r i -  
m e n t a l  e r ror  which  was a s sumed  to be  -- 20 ~ Cor-  
rec t ion  for the  glass w i n d o w  in  the f u r n a c e  was  
made  us ing  Wien ' s  law. A more  comple te  desc r ip -  
t ion  of the  appa ra tu s  is g iven  by  L a m b e r t s o n  a nd  
Lewis  (11).  

The e lect r ical  res i s t iv i ty  of crys ta ls  of SiBs was  
d e t e r m i n e d  by a "probe"  me thod  (12,13) .  The 
res i s t iv i ty  was  of the order  of 0.2 o h m - c m  as com-  
pa red  wi th  6x103 o h m - c m  for the  res i s t iv i ty  of the  
boron  used. I t  is no t  possible f rom these m e a s u r e -  
m e n t s  to conc lude  a reason for this  low res i s t iv i ty  
for SiBs; howeve r  it  is cons is ten t  wi th  the low re -  
s is t iv i ty  r epor ted  for B4C (14).  

The ha rdness  of SiBs was  m e a s u r e d  on s ingle  c rys -  
tals  which  were  m o u n t e d  in  b lack  bakel i te .  Samples  
of si l icon carbide,  boron,  and  bo ron  carb ide  were  
m o u n t e d  in  the  same m o u n t  so t ha t  a d i rect  com-  
pa r i son  could be made.  The m o u n t  was  first r o u g h -  
pol ished on a 100-gr i t  d i a m o n d  wheel .  The  final  
po l i sh ing  was  done w i th  a 400-gr i t  d i a m o n d  whee l  
fol lowed by  500-gr i t  SiC wa te rp roof  paper  w i th  a 
f inal  f inish us ing  d i a m o n d  dust  on a po l i sh ing  cloth. 

The  samples  were  i n d e n t e d  u s ing  a Lei tz  M i n i -  

Table Ill. Chemical analysis of SiBs 

Percentage Percentage 
S a m p l e  boron si l icon 

load D u r i m e t  Tester.  The i n d e n t e r  was  the Knoop 
d i a mond  poin t  and  the  load 100 g in  al l  cases. The 
ha rdness  va lues  are l is ted in  Tab le  IV. 

Discussion of Results 
The difficulties exper ienced  by  prev ious  inves t i -  

gators in  p r e p a r i n g  s ingle  crys ta ls  of SiBs, as ev i -  
denced  by  the  l i t e r a t u r e  survey,  appear  to have  
been  the  r e su l t  of severa l  factors, of which  the  most  
p e r t i n e n t  are:  

1. In  most  ins tances  the  reac t ion  was  car r ied  out  
at  too low a t e m p e r a t u r e .  I t  appears  tha t  it  is neces -  
sa ry  to be above  the  me l t i ng  po in t  of boron,  which  
is a p p r o x i m a t e l y  2130~ 

2. React ions  gene ra l l y  were  car r ied  ou t  in  the  
presence  of carbon,  which  appears  d e t r i m e n t a l  to 
the reac t ion  since si l icon and  boron  t end  to fo rm 
the i r  respect ive  carbides.  The  fact  t ha t  a c ruc ib le  
m a t e r i a l  such as boron  n i t r i de  was  a va i l a b l e  was  
indeed  for tuna te ,  since si l icon carb ide  and  g raph i t e  
had p roven  unsa t i s fac to ry .  

3. A slow cooling ra te  is essent ia l  pa r t i cu l a r l y  
s ince ind i rec t  ev idence  indicates  tha t  a per i tect ic  
reac t ion  is involved .  

4. A sufficient a m o u n t  of si l icon is necessary  to 
reac t  wi th  all  of the  boron,  as the  f inal  separa t ion  
of SiBs f rom boron  or o ther  compounds  is e x t r e m e l y  
difficult. Wi th  this  in  m i n d  it  appears  tha t  a two to 
one weigh t  ra t io  of si l icon to bo ron  is sat isfactory.  

Structure--Cell d imens ions  were  d e t e r m i n e d  f rom 
ro ta t ion  and  Weissenberg  photographs .  

The o r thorhombic  s t r uc t u r e  repor ted  here  for 
SiBs is no t  in  a g r e e m e n t  wi th  the  CaBs s t ruc tu re  
r epor ted  by Zhurav l ev .  X - r a y  da ta  repor ted  by  
Z h u r a v l e v  matches  tha t  for CaBs, bu t  since no 
chemica l  ana lys i s  is r epor ted  it  is no t  possible  to 
conc lude  tha t  the p a t t e r n  appl ies  to SiB6. The  so lu-  
t ion  to the comple te  s t ruc tu re  should p rove  i n t e r -  
es t ing since a s imi l a r i t y  to B.,C (15, 16) is indicated.  

1" 76.53 23.02 
2t 69.05 29.43 
3t 70.30 28.92 
4t 70.16 29.48 
5t 69.4 29.3 

Theoretical Composition 

Boron 69.8 
Silicon 30.2 

* H o t  p r e s s e d  s l u g  ( h a d  f r e e  b o r o n ) .  
t S i n g l e  c r y s t a l s  by  f u s i o n  of  e l e m e n t s .  
N o t e :  P e r c e n t a g e s  w e r e  o b t a i n e d  a f t e r  t r e a t m e n t  of  t h e  m e l t  w i t h  

H F  + I-INO3 t o  r e m o v e  f r e e  s i l i con  f o l l o w e d  by  f u s i o n  w i t h  K O H  to  
r e m o v e d  b o r o n  n i t r i d e .  N i t r o g e n  w a s  a n a l y z e d  to b e  less  t h a n  0 .2%.  

Table IV. Knoop hardness measurements 

R a n g e  A v g .  
L* H K 1 ~  H K I ~  

Boron 24.3 1940-2630 2410 
B~C 21.6 2910-3160 3050 
SiC 23.6 2510-2580 2560 
SiB6 27.3 1740-2050 1910 

14230. P 
HKlo0=Knoop  h a r d n e s s : ~  

L" 

where P = load grams, L ~ length of indenta t ion  in 
microns. 

* V a l u e s  fo r  L a r e  a n  a v e r a g e  of  10 i n d e n t a t i o n s .  
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The c h e m i s t r y  of the  bo r ide s  ind ica t e s  t h a t  one 
m i g h t  we l l  expec t  v a r i o u s  o the r  bo r ide s  of s i l icon,  
b u t  as y e t  no ev idence  fo r  the  SiB~ phase  r e p o r t e d  
b y  Moissan  has  been  found.  

Physical properties.--The d e n s i t y  as d e t e r m i n e d  
by  the  p y c n o r n e t e r  m e t h o d  is qu i t e  r e p r o d u c i b l e .  
The  v a l u e  of 2.43 g / c m  ~ is s l i g h t l y  less t h a n  the  
2.47 g / c m  ~ quo ted  b y  Moissan.  T h e  d e n s i t y  for  SiB~ 
(2.43 - -  2.49 g / c m  ~) as d e t e r m i n e d  b y  S a m s o n o v  
ind ica t e s  a c o m p o u n d  s i m i l a r  to SiB~ The  d e n s i t y  of 
the  SiB6 p r e p a r e d  b y  S a m s o n o v  was  r e p o r t e d  b y  
Z h u r a v l e v  to b e  2.16 g / c m  ~. 

The  o b s e r v e d  m e l t i n g  po in t  for  SiB~ is a p p r o x i -  
m a t e l y  1950~ w h i c h  is a b o u t  200~ b e l o w  t h a t  
of e l e m e n t a l  boron .  

The  b r e a k d o w n  of SiB6 u p o n  m e l t i n g  as o b s e r v e d  
b y  x - r a y  s tud ies  sugges t s  a pe r i t e c t i c  reac t ion ,  b u t  
f u r t h e r  w o r k  w i l l  be  n e c e s s a r y  b e f o r e  the  v a r i o u s  
phases  of  t he  b i n a r y  d i a g r a m  a r e  e s t ab l i shed .  

The  m e a s u r e d  h a r d n e s s  of SiB~ is l o w e r  t h a n  a n -  
t i c i pa t ed  f r o m  the  r e p o r t e d  h a r d n e s s  of s i l icon 
bor ides .  In  v i ew  of the  h a r d n e s s  va lue s  r e p o r t e d  b y  
S a m s o n o v  i t  is f e l t  t h a t  t h e r e  m a y  b e  o t h e r  s i l icon 
bo r ides  t h a t  w i l l  g ive  t he  e x p e c t e d  ha rdness .  SiB~ 
is not  as p r o n e  to c r a c k i n g  u n d e r  l oad ing  as bo ron  
or  bo ron  ca rb ide .  

Summary 
I. S ing l e  c rys t a l s  of  s i l icon b o r i d e  (SiB~) have  

been  p r e p a r e d  a n d  iden t i f i ed  b y  w e t  c h e m i c a l  a n d  
x - r a y  ana lyses .  

2. SiB~ has  an  o r t h o r h o m b i c  s t r u c t u r e  w i t h  un i t  
cel l  d imens ions  of a ~ 14.39, b = 18.27, a n d  c 
9.88A. 

3. SiB~ has  a d e n s i t y  of 2.43 g /cm ~ b a s e d  on 
p y c n o m e t e r  m e a s u r e m e n t s .  

4. The  n u m b e r  of mo lecu l e s  p e r  un i t  cel l  b a s e d  
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on a d e n s i t y  of 2.43 g / c m  ~ is 40.9. 
5. The  m e l t i n g  p o i n t  of SiB6 is a p p r o x i m a t e l y  

1950~ 
6. The  e l e c t r i c a l  r e s i s t i v i t y  is a p p r o x i m a t e l y  0.2 

o h m - c m  b a s e d  on p r o b e  m e a s u r e m e n t s  of s ingle  
c rys t a l s .  

7. The  K n o o p  h a r d n e s s  of SiB~ is a p p r o x i m a t e l y  
1910 k g / m m  ~ us ing  a I 0 0 - g  load.  

Manuscr ip t  rece ived  Aug. 7, 1958. This research  was 
car r ied  out in pa r t i a l  fulf i l lment  for the  M.Sc. degree  at  
Niagara  Univers i ty .  

A n y  discussion of this paper  wi l l  appear  in a Discus-  
sion Section to be publ i shed  in the December  1959 
JOURNAL. 
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The Electrolytic Preparation of p.Methoxyphenylacetonitrile 
S. Wawzonek and J. D. Fredrickson 
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ABSTRACT 

Condit ions necessary for the e lect rolyt ic  p repa ra t ion  of p - m e t h o x y p h e n y l -  
acetoni t r i le  f rom a - h y d r o x y - p - m e t h o x y p h e n y l a c e t o n i t r i l e  and its esters were  
de te rmined  polarographica l ly .  Po la rographic  reduct ion waves  were  obta ined in 
d ioxane and wa te r  only in the presence of t e t r a b u t y l a m m o n i u m  iodide and 
t e t r a m e t h y l a m m o n i u m  iodide. A l p h a - b e n z o x y - p - m e t h o x y p h e n y l a c e t o n i t r i l e  
which was reduced  at  the most  posi t ive poten t ia l  gave no reduct ion wave  in 
the  presence of e i ther  ammonium chlor ide  or l i th ium chloride.  

On the basis of the ease of reduct ion and ease of p repa ra t ion  a -benzoxy-  
p -me thoxypheny lace ton i t r i l e  was used as the s ta r t ing  mate r i a l  in the large 
scale reduct ion at a mercu ry  cathode and gave p -me thoxypheny lace ton i t r i l e  in 
yields averaging  65%. 

The  p r e p a r a t i o n  of p - m e t h o x y p h e n y l a c e t o n i t r i l e  
is of i n t e r e s t  s ince th is  c o m p o u n d  is an  i n t e r m e d i a t e  
in the  syn thes i s  of n u m e r o u s  a lka lo id s  and  s y n t h e t i c  
d rugs  ( i ,  2).  The  c h e m i c a l  m e t h o d s  r e p o r t e d  a r e  
n u m e r o u s  a n d  have  i n v o l v e d  the  m e t a t h e t i c a l  r e a c -  
t ion of an i sy l  ch lo r ide  w i t h  a l k a l i  cyan ides ,  t he  n i -  
t r a t i o n  of p h e n y l a c e t o n i t r i l e  f o l l o w e d  b y  r ed uc t i on ,  

d iazo t iza t ion ,  hyd ro ly s i s ,  and  m e t h y l a t i o n ,  t he  c a t a -  
ly t i c  r e d u c t i o n  of a - b e n z o x y - p - m e t h o x y p h e n y l a c e -  
ton i t r i l e ,  and  the  r e a c t i o n  of  ace t ic  a n h y d r i d e  w i t h  
t he  o x i m e  of p - m e t h o x y p h e n y l p y r u v i c  ac id  (3) .  

The  p r e s e n t  s t u d y  desc r ibes  t he  e l e c t r o l y t i c  p r e p -  
a r a t i o n  of p - m e t h o x y p h e n y l a c e t o n i t r i l e  f r o m  a - b e n z -  
o x y - p - m e t h o x y p h e n y l a e e t o n i t r i l e .  P o l a r o g r a p h i c  
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data  were  used to d e t e r m i n e  the condi t ions  neces-  
sa ry  for the  e lectrolysis  and  the de r iva t ive  of a - h y -  
d r o x y - p - m e t h o x y p h e n y l a c e t o n i t r i l e  most  su i t ab le  
for this p repa ra t ion .  

Exper imenta l  

The esters of a - h y d r o x y - p - m e t h o x y p h e n y l a c e t o -  
n i t r i l e  and  a - h y d r o x y p h e n y l a c e t o n i t r i l e  ( m a n d e l o -  
n i t r i l e )  were  s tudied  po la rograph ica l ly  in  so lu t ions  
h a v i n g  the fo l lowing composi t ions:  (A) 0.175M 
t e t r a b u t y l a m m o n i u m  iodide and  0.0048% m e t h y l  
red in 75% d ioxane ;  (B) 0.175M t e t r a b u t y l a m m o -  
n i u m  iodide in  75% dioxane ;  (C) 0.0972M t e t r a -  
m e t h y l a m m o n i u m  iodide in  47% dioxane ;  and  (D) 
0.1312M t e t r a m e t h y l a m m o n i u m  iodide in  50% di-  
oxane.  

The c u r r e n t  vol tage  curves  were  ob ta ined  wi th  a 
F isher  Elecdropode h a v i n g  a c u r r e n t  scale ca l ib ra -  
t ion  of 0.0196/~a/unit on the g a l v a n o m e t e r  scale at  a 
sens i t iv i ty  of one and  a Sa rgen t  Model XI I  po la ro-  
graph  h a v i n g  a c u r r e n t  scale ca l ib ra t ion  of 0.00497 
/~a/mm at a s ens i t i v i ty  of one. 

Al l  m e a s u r e m e n t s  were  made  in  a wa t e r  t h e r m o -  
stat  at  25 ~ • 0.1 ~ us ing  both  a cell wi th  a m e r c u r y  
pool as an  anode and  a H - t y p e  cell fitted w i t h  a 
sa tu ra t ed  calomel  electrode.  The po ten t i a l  of the  
m e r c u r y  pool was m e a s u r e d  in  the  var ious  solut ions  
aga ins t  a s a tu ra t ed  calomel  e lect rode (S.C.E.) u s ing  
a s in te red  glass salt  b r idge  of the  type  descr ibed by  
L a i t i n e n  (4) .  

The d ropp ing  m e r c u r y  electrode had  the fo l lowing  
character is t ics .  At  a p ressure  of 70 cm of m e r c u r y  
the drop t ime  in  0.1N KC1 was 4.3 sec. (open cir-  
cu i t ) .  The va lue  of m was 1.58 mg  sec -1 wi th  a ca l -  
cu la ted  va lue  of m~ 1/6 of 1.73 mg  ~/~ sec -'/'. 

Materials . - -The dioxane  was purif ied by  re f lux ing  
wi th  meta l l i c  sod ium u n t i l  the  m o l t e n  sodium re -  
m a i n e d  shiny.  This process u sua l l y  r equ i r ed  abou t  a 
week. The a m m o n i u m  chloride,  l i t h i u m  chloride,  and  
t e t r a m e t h y l a m m o n i u m  iodide used were  of a r e -  
agent  grade.  T e t r a b u t y l a m m o n i u m  iodide (5) ,  
a - b e n z o x y p h e n y l a c e t o n i t r i l e  (6),  a - e t h o x y c a r b o n y l -  
oxypheny l ace ton i t r i l e  (6) ,  a - h y d r o x y - p - m e t h o x y -  
pheny lace ton i t r i l e  (6) ,  a - e t h o x y c a r b o n y l o x y - p -  
m e t h o x y p h e n y l a c e t o n i t r i l e  (7),  a - b e n z o x y - p - m e t h -  
oxypheny l ace ton i t r i l e  (6) ,  and  a - a c e t o x y - p - m e t h -  
o x y p h e n y l a c e t o n i t r i l e  (8) were  m a d e  according to 
the di rect ions  g iven  in  the l i t e ra tu re .  

Electrolysis .--The r educ t ion  was car r ied  out  in  a 
c i rcu la r  b a t t e r y  jar ,  15.7 cm in  d i a m e t e r  and  su r -  
r o u n d e d  by  an  ice ba th .  A 5 x 13 cm porous  cup, 
which  was 4 - m m  thick, was  used as the  anode com-  
p a r t m e n t  and  was suppor ted  by  a smal l  Luci te  s t and  
3 cm above the surface  of the m e r c u r y  pool used as 
the cathode. The cathode had  an  a rea  of 193.8 cm ~ 
and  was connec ted  to the ex t e rna l  c i rcui t  by  a glass 
tube  filled w i th  m e r c u r y  and  wi th  a smal l  p l a t i n u m  
wire  sealed in  one end. The  anode  was  a la rge  p l a t i -  
n u m  gauze electrode.  A n  efficient mechan i ca l  s t i r re r  
was m o u n t e d  in  the cathode c o m p a r t m e n t  close to 
the surface  of the m e r c u r y  pool. 

The anode and  ca thode  c o m p a r t m e n t s  were  filled 
w i t h  1700 m l  of 0.1M t e t r a m e t h y l a m m o n i u m  iodide 
in  50% dioxane.  To the cathode so lu t ion  a - b e n z o x y -  
p - m e t h o x y p h e n y l a c e t o n i t r i l e  (20.0 g) was added.  
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The l i ne  po ten t i a l  was 80 v. The in i t i a l  c u r r e n t  of 1.7 
amp increased  to 3.9 amp in  the  first 20 m i n  as the  
t e m p e r a t u r e  inc reased  f rom 21.5 ~ to 50.0 ~ . This  cu r -  
rent ,  which  cor responded  to a c u r r e n t  dens i ty  of 
0.020 a m p / c m  '~, and  the t e m p e r a t u r e  were  m a i n -  
t a ined  at this  po in t  for an  add i t iona l  hour.  Gas evo-  
lu t ion  occurred  af ter  1 hr  of electrolysis.  To insu re  
comple te  r educ t ion  the electrolysis  was  con t inued  
for a to ta l  of 6 hr  d u r i n g  which  t ime  the c u r r e n t  
dens i ty  dropped to 0.010 a mp  and  the t e m p e r a t u r e  
to 30 ~ . D u r i n g  the en t i r e  per iod  the  cathode solu-  
t ion  was kept  n e u t r a l  by  the  dropwise  add i t ion  of 
glacial  acetic acid (10.65 m l ) .  The  r e su l t i ng  ca tho-  
ly te  was t rea ted  w i th  800 ml  of water ,  a nd  the  di -  
oxane  was r e move d  u n d e r  reduced  p ressure  as an  
azeotrope. The r e su l t ing  so lu t ion  which  con ta ined  
an  oil was t hen  ex t rac ted  w i th  ether.  The  e the r  ex -  
t rac t  a f ter  w a sh i ng  wi th  5% hydrochlor ic  acid and  
5% sod ium hydrox ide  gave 13.75 g of an  oil which  
gave two f rac t ions  w h e n  dis t i l led  u n d e r  r educed  
pressure.  The  first (2.5 g) of these, bp 100~ ~ 
(20 m m )  cor responded  in  bo i l ing  po in t  to benzy l  
alcohol;  it was not ,  however ,  i nves t iga ted  a ny  f u r -  
ther.  The second f rac t ion  (6.3 g, 57% y ie ld ) ,  bp 
163.5~ ~ (22 m m )  consis ted of p - m e t h o x y p h e n y l -  
acetoni t r i le ,  no .... = 1.5392. F u r t h e r  proof for the  
s t ruc tu re  was ob ta ined  by  condens ing  the  p roduc t  
wi th  an i sa ldehyde  in  the presence  of a lka l i  (9) .  The 
p roduc t  a-  ( p - m e t h o x y p h e n y l ) - p - m e t h o x y c i n n a m o -  
n i t r i l e  mel ted  at 107~ ~ and  did no t  depress  the  
me l t i ng  po in t  of an  au then t i c  sample  (10).  

In  a smal le r  r u n  us ing  10 g of a - b e n z o x y - p -  
m e t h o x y p h e n y l a c e t o n i t r i l e  4 g of p - m e t h o x y p h e n y l -  
ace toni t r i le  was  ob ta ined  (72.5% y ie ld ) .  

Results  

The po la rographic  data  ob ta ined  for the var ious  
subs t i tu t ed  pheny lace ton i t r i l e s  are  g iven  in  Tab le  I. 

Al l  the the compounds  except  a - h y d r o x y - p - m e t h -  
oxyphe ny l a c e t on i t r i l e  gave we l l -de f ined  waves.  The 
l a t t e r  gave a d r a w n  out  wave .  

A lpha  - benzoxy  - p - m e t h o x y p h e n y l a c e t o n i t r i l e  
fa i led to give a po la rograph ic  wave  in  e i ther  0.1M 
a m m o n i u m  chlor ide  or 0.1M l i t h i u m  chlor ide  in  75% 
dioxane.  

The  la rge-sca le  e lect rolyt ic  r educ t ion  of a - b e n z -  
o x y - p - m e t h o x y p h e n y l a c e t o n i t r i l e  in  50% d ioxane  
con t a in ing  0.1M t e t r a m e t h y l a m m o n i u m  iodide gave 

Table I. Half-wave potentials and diffusion currrent constants for 
various substituted phenylacetonitriles 

Concn. 
Compound millimoles Solu- EI/~ (v) 

- p h e n y l a c e t o n i t r i l c  l i t e r  t ion*  S.C.E. I~t  

a-Benzoxy 1.O0 A --1.65 2.86 
a-Ethoxycarbonyloxy 1.00 D --2.12 3.62 
a -Hydroxy-p-methoxy  1.0O B --1.72 1.73 
a -Acetoxy-p-methoxy 1.05 B --2.02 1.92 
a -Benzoxy-p-methoxy  1.00 A --1.65 2.06 
a -Benzoxy-p-methoxy  0.055 C --1.73 1.60 
a-Ethoxycarbonyloxy-  1.01 B --2.07 5.17 

p-methoxy 

* F o r  t he  c o m p o s i t i o n  see t he  E x p e r i m e n t a l  sect ion.  
t I~  ~ i~/CmS/~ tile. 
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in two runs  p - m e t h o x y p h e n y l a c e t o n i t r i l e  in y i e l d s  
a m o u n t i n g  to 57 and  72.5%, r e spec t i ve ly .  

Discussion of Results 
A n  e x a m i n a t i o n  of the  r e su l t s  in  Tab le  I i n d i -  

ca tes  t ha t  the  ~ - b e n z o x y  d e r i v a t i v e s  of the  two  
p h e n y l a c e t o n i t r i l e s  a r e  r e d u c e d  m o r e  eas i ly  t h a n  the  
o the r  es ters .  This  b e h a v i o r  po in t s  to a g r e a t e r  t e n d -  
ency  for  the  p h e n y l  g roup  in c o m p a r i s o n  w i t h  t he  
e t h o x y  and  m e t h y l  g roups  to w i t h d r a w  e l ec t rons  
f rom the  es te r  l i n k a g e  and  thus  m a k e  th is  b o n d  m o r e  
su scep t i b l e  to r educ t ion .  A s im i l a r  effect is f o u n d  in 
the  c o r r e s p o n d i n g  ana logous  ac ids ;  benzoic  ac id  is 
m o r e  ac idic  t h a n  ace t ic  acid.  No v a l u e  is r e p o r t e d  for  
the  d i s soc ia t ion  of e t h y l  b i c a r b o n a t e ,  b u t  th is  ac id  
w o u l d  be  e x p e c t e d  to h a v e  a p p r o x i m a t e l y  t he  s ame  
a c id i t y  as ca rbon ic  ac id  s ince the  i n d u c t i v e  effect  of 
the  e t h o x y  g roup  a p p r o x i m a t e s  t ha t  of  the  h y d r o x y l  
g roup ing .  

The  di f fus ion c u r r e n t  cons t an t  o b t a i n e d  for  these  
benzoa te s  p o i n t e d  to the  fo l lowing  e l ec t rode  r e a c -  
t ion.  

p -CH,OC6H,CHCN H 2e H H~O 
I 

OCOC6H~ 
p-CH~OC6H,CH,CN H C,HsCOO- H OH- 

This  p rocess  was  conf i rmed  b y  the  f o r m a t i o n  of 
p - m e t h o x y p h e n y l a c e t o n i t r i l e  in a l a r g e - s c a l e  r e d u c -  
t ion.  No benzoic  ac id  was  i so la ted  in th is  r e d u c t i o n  
s ince the  p o t e n t i a l  'was no t  con t ro l l ed .  A f r a c t i o n  
bo i l ing  a t  a p p r o x i m a t e l y  the  s ame  p o i n t  as b e n z y l  
a lcohol  was  ob ta ined ,  h o w e v e r ,  and  m a y  be  f o r m e d  
f rom the  benzoa t e  ion s ince  this  is r e d u c i b l e  at  m o r e  
n e g a t i v e  po ten t i a l s .  

A l p h a -  h y d r o x y - p -  m e t h o x y p h e n y l a c e t o n i t r i l e  and  
a - a c e t o x y - p - m e t h o x y p h e n y l a c e t o n i t r i l e  f r o m  the i r  
d i f fus ion c u r r e n t  cons t an t s  u n d e r g o  a s im i l a r  r e d u c -  
t ion  to p - m e t h o x y p h e n y l a c e t o n i t r i l e  and  h y d r o x i d e  
and  ace t a t e  ions, r e spec t i ve ly .  The  l o w e r  v a l u e s  o b -  
t a i n e d  for  t he  c u r r e n t s  m a y  be caused  b y  d e c o m p o s i -  
t ion  of these  c o m p o u n d s  in  solut ion.  

The  h i g h e r  d i f fus ion coefficient  cons t an t s  o b t a i n e d  
for  the  a - e t h o x y c a r b o n y l o x y  d e r i v a t i v e s  sugges t s  
t h a t  p o s s i b l y  fou r  e l ec t rons  a r e  i n v o l v e d  in the  r e -  
duc t ion  of these  compounds .  The  r e d u c t i o n  of these  
es te rs  to the  p h e n y l a c e t o n i t r i l e  w o u l d  invo lve  two  
e l ec t rons  and  p r o d u c e  the  e t h y l  c a r b o n a t e  ion. This  
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ion can  h y d r o l y z e  a t  the  d r o p p i n g  m e r c u r y  e l e c t r o d e  
to ca rbon  d iox ide  a n d  e thanol .  C a r b o n  d i o x i d e  has  
been  shown  to u n d e r g o  r e d u c t i o n  a t  t he  d r o p p i n g  
m e r c u r y  e l ec t rode  to fo rmic  ac id  (11) a n d  w o u l d  be  
the  bas is  for  t he  h i g h e r  c u r r e n t  obse rved .  The  o v e r -  
a l l  e l e c t rode  r e a c t i o n  for  t he  r e d u c t i o n  of the  a - e t h -  
o x y c a r b o n y l o x y  d e r i v a t i v e s  w o u l d  be  t he  fo l lowing :  

R - -  ~ CHCN + 4e H 3H~O-~ 

OCOC,H~ 

R ~ CH._,CN H HC---O-  ~- HOC.~H5 H 3OH- 
II 
O 

On the  bas is  of t he  ease  of r e d u c t i o n  a n d  the  ease  
of p r e p a r a t i o n  ~ - b e n z o x y - p - m e t h o x y p h e n y l a c e t o -  
n i t i i l e  was  used  as  the  s t a r t i n g  m a t e r i a l  for  t he  
l a r g e - s c a l e  e l e c t r o l y t i c  p r e p a r a t i o n  of p - m e t h o x y -  
p h e n y l a c e t o n i t r i l e .  T e t r a m e t h y l a m m o n i u m  iod ide  
was  used  as t he  s u p p o r t i n g  e l e c t r o l y t e  be c a use  i t  was  
less e x p e n s i v e  t h a n  the  t e t r a b u t y l a m m o n i u m  iodide.  
The  a v e r a g e  y i e ld  of 65 % o b t a i n e d  i n d i c a t e d  t h a t  t he  
e l e c t r o l y t i c  m e t h o d  of fered  a su i t ab l e  w a y  for  the  
p r e p a r a t i o n  of p - m e t h o x y p h e n y l a c e t o n i t r i l e .  

Manuscr ip t  received Sept. 19, 1958. This paper  was 
abs t rac ted  in pa r t  f rom the M.S. Thesis of one of the 
authors  (J .D.F.) .  

Any  discussion of this  pape r  wi l l  appea r  in a Discus-  
sion Section to be publ i shed  in the December  1959 
JOURNAL. 
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The Electrochemistry of Nickel 
I. Codeposition of Nickel and Hydrogen from Simple Aqueous Solutions 
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ABSTRACT 

The s imultaneous electrodeposition of nickel and hydrogen has been 
studied in chloride and sulfate solutions and the individual  polarization curves 
determined from efficiency measurements .  Nickel polarization has a Tafel slope 
of 0.10 and is independent  of pH and type of anion at constant  nickel ion ac- 
tivity. The nickel polarization data can be explained readily in terms of the 
t ransfer  of a nickel ion from the solution across an unsymmetr ica l  potent ial  
energy barr ier  to the metal  phase. The hydrogen overvoltage evaluated dur ing  
codeposition at constant  pH is substant ia l ly  the same for both chloride and 
sulfate solutions with a Tafel slope of 0.12. Hydrogen and nickel  deposition 
appear to occur without  any appreciable interdependence over the range of 
conditions involved in the present  work. 

The e lec t rodepos i t ion  of n icke l  has been  s tud ied  
by  var ious  worke r s  in  the t e rms  of po la r iza t ion  
m e a s u r e m e n t s  (1-8) ,  s t r u c t u r a l  s tudies  (9-13) ,  and  
efficiency m e a s u r e m e n t s  (7, 14). Wi th  only  a few 
exceptions,  these m e a s u r e m e n t s  have  been  made  in  
n icke l  solut ions  c o n t a i n i n g  two or more  an ions  in  
apprec iab le  concen t r a t ions  and  of ten  var ious  add i -  
t ion  agents.  E x p e r i m e n t a l  resul ts  ob ta ined  wi th  such 
r e l a t ive ly  compl ica ted  sys tems are no t  conducive  to 
f u n d a m e n t a l  i n t e rp re t a t ion .  

The p resen t  i nves t iga t ion  has been  d i rec ted  to 
the d e t e r m i n a t i o n  of the var ious  p a r a m e t e r s  as-  
sociated wi th  the e lec t rodepos i t ion  of n icke l  f rom 
re l a t i ve ly  s imple  aqueous  solut ions  con t a in ing  only  
one type  of an ion  at a t ime  in  any  apprec iab le  con-  
cen t ra t ion ,  i.e., su l fa te  or chloride.  The cathodic  
po la r iza t ion  and  c u r r e n t  efficiency wi th  respect  to 
n icke l  deposi t ion have  been  m e a s u r e d  in  sul fa te  and  
in  chlor ide solut ions  as a f unc t i on  of n icke l  ion con-  
cen t ra t ion ,  pH, and  t empe ra tu r e .  F r o m  these  data,  
the ac t iva t ion  pola r iza t ion  for bo th  n icke l  deposi -  
t ion  and  h y d r o g e n  deposi t ion has b e e n  ca lcu la ted  
(15) as a f unc t i on  of c u r r e n t  dens i ty  for each p ro -  
cess. 

Reiser  and  F ischer  (7) have  r epor t ed  on the  si-  
m u l t a n e o u s  deposi t ion of h y d r o g e n  and  n icke l  f rom 
a n icke l  ch lo r ide -hydroch lo r i c  acid so lu t ion  a nd  
have  ca lcu la ted  the i n d i v i d u a l  po la r iza t ion  curves  
according to the  p rocedure  m e n t i o n e d  above.  These  
au thors  t h e n  compared  the  n icke l  po la r iza t ion  cu rve  
f rom the s i m u l t a n e o u s  discharge w i th  the  cor re -  
sponding  curve  for the deposi t ion of n icke l  f rom a 
boric  acid buffered,  n icke l  chlor ide solut ion for 
which  the efficiency was  close to 100%. H y d r o g e n  
polar iza t ion  for the  s i m u l t a n e o u s  d ischarge  was  
compared  w i th  tha t  for a n icke l  surface in  a pu re  
hydrochlor ic  acid solut ion.  The po la r iza t ion  curves  
for  n icke l  e lec t rodeposi ted  f rom the  two di f ferent  

1 P re sen t  add re s s :  N a t i o n a l  C a r b o n  Resea rch  Labora to r i e s ,  P a r m a ,  
Ohio.  

'-' Present  address:  T he  K e m e t  C o m p a n y ,  C l e v e l a n d ,  Ohio.  

solut ions  were  found  to be r ea sonab ly  close in  v iew 
of the  differences in  the n icke l  ion act ivi t ies  and  
the poss ibi l i ty  of n icke l  hyd rox ide  f o r ma t i on  n e a r  
the cathode at  a pH as h igh  as 4.4. Major  differences 
were  found  for the  h y d r o g e n  overvo l tage  curves.  
On the  basis  of the l a t t e r  compar ison,  Reiser  and  
F i scher  conc luded  tha t  the  h y d r o g e n  a nd  n icke l  
deposi t ion processes are d e p e n d e n t  on each other  
d u r i n g  codeposi t ion on a n icke l  surface.  

Such compar isons  are no t  w i t hou t  quest ion.  For  
example ,  in the  h y d r o g e n  overvol tage  compar ison,  
no  cons idera t ion  appears  to have  been  g iven  to the  
differences in  the h y d r o g e n  ion act ivi t ies  or salt  
effects. A specific objec t ive  of the p resen t  research  
has been  to e x a m i n e  f u r t h e r  the  i n t e r d e p e n d e n c e  of 
the po la r iza t ion  curves  for  n icke l  and  h y d r o g e n  
d u r i n g  s i m u l t a n e o u s  d ischarge  in  t e rms  of the  de -  
pendence  of these processes on n icke l  and  h y d r o g e n  
ion act ivi t ies  in  bo th  chlor ide  and  sul fa te  solutions.  

Apparatus  

Such factors as mass  t r anspor t ,  c u r r e n t  d i s t r i bu -  
tion, e lec t rochemica l  pur i ty ,  and  t e m p e r a t u r e  m u s t  
be cont ro l led  ca re fu l ly  in  po la r iza t ion  m e a s u r e -  
ments .  The  po la r i za t ion  cell  shown  in  Fig.  1 has 
been  des igned wi th  these factors  in  mind .  The  P y r e x  
cell consists of two U - t u b e s  at  r igh t  angles  to each 
o ther  wi th  the two U - t u b e s  j o i n e d  by  a T - c o n n e c t i o n  
at  the  cathode c o m p a r t m e n t .  Severa l  smal l  s idea rms  
(no t  shown)  have  b e e n  incorpora ted  to fac i l i ta te  the  
i n t roduc t i on  of aux i l i a ry  electrodes a nd  a so lu t ion  
br idge  to an  e x t e r n a l  re fe rence  electrode for pH 
m e a s u r e m e n t s  as wel l  as for the  fil l ing a nd  subse-  
q u e n t  w i t h d r a w a l  of the  so lu t ion  f rom the  cell. The  
cathode assembly  was  i n t roduced  t h r ough  a g round  
jo in t  at  the top of the cell whi le  the  anode was  
in t roduced  t h r o u g h  a second g round  jo in t  (not  
shown)  in  the  o ther  end  of the  U-sec t ion  con t a in ing  
the cathode. The cen t r i fuga l  glass s t i r re r  a nd  as-  
sociated dr ive  system, r ep re sen t ed  d i a g r a m m a t i c a l l y  
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Fig. 1. Polarization cell 

in Fig. 1, were  used to c i rcula te  the  e lec t ro ly te  past  
the  cathode surface at  a cont ro l led  ra te  w i th  the  
d i rec t ion  of flow as shown  by  the arrows.  The  so lu-  
t ion w i t h i n  the cell was sa tu ra t ed  wi th  pur i f ied  
h y d r o g e n  gas, u sua l ly  by  means  of a f r i t t ed  glass 
disk. T e m p e r a t u r e  was  cont ro l led  to --0.05~ by  
means  of a the rmos ta t i c  control  m o u n t e d  w i t h i n  the  
ou te r  ba th  in  Fig. 1. 

The  m a j o r i t y  of the  po la r iza t ion  m e a s u r e m e n t s  
have  been  made  by the direct  method.  The L u g g i n  
cap i l la ry  was in t roduced  t h rough  the rea r  of the  
cathode since this a r r a n g e m e n t  did no t  i n t e r f e re  
wi th  the  flow of the so lu t ion  pas t  the cathode s u r -  
face. This  a d v a n t a g e  more  t h a n  offsets the possible  
d i sadvan tage  associated wi th  s l ight ly  n o n u n i f o r m  
c u r r e n t  dens i ty  d i s t r i bu t ion  at the  e lect rode su r -  
face. A n y  IR drop effects associated wi th  the  use of 
the r ea r  Lugg in  cap i l l a ry  a r r a n g e m e n t  were  shown  
to be neg l ig ib le  on the  basis  of a check m a d e  by  the  
i n t e r r u p t e r  method.  

The cathode design is shown  in  Fig. 2. A me t a l  
disk wi th  an  area  of a p p r o x i m a t e l y  1 cm "~ and  a 
th ickness  of 1/8 in. was  m o u n t e d  in  the  cured  plast ic  
Castol i te?  A glass cap i l l a ry  t u b e  w i th  an  i n t e r n a l  
d i ame te r  of 1/16 in. ex t ended  f rom the  ins ide  of the  
cathode assembly  to the  outside.  The outs ide  e nd  of 
the glass c ap i l l a i y  tube  was g round  so as to be flush 
wi th  the  surface of the  n icke l  disk. Elec t ro ly t ic  
leakage  b e t w e e n  the  ins ide  of the  cathode a s sembly  
and  the  n icke l  t h rough  a pa th  a r o u n d  the  outs ide  of 
the glass cap i l la ry  tube  was no t  a p rob l em since 
the cap i l l a ry  t u b e  was cast in  the  plastic.  

The  re fe rence  e lec t rode  for the  cathodic po la r i za -  
t ion  m e a s u r e m e n t s  was a m e r c u r y - m e r c u r o u s  chlo-  
ride, s a tu ra t ed  po tass ium chloride,  re fe rence  elec-  
t rode (S.C.E.) .  Reagen t  grade  chemicals  and  t r i p ly  
dis t i l led m e r c u r y  were  used in  the  p r e p a r a t i o n  of 
the  re fe rence  electrode.  For  all  measu remen t s ,  the  
r e fe rence  electrode was  m a i n t a i n e d  at  the same 
t e m p e r a t u r e  as the  po la r iza t ion  cell. I n  order  to 
m i n i m i z e  c o n t a m i n a t i o n  of the solut ion w i t h i n  the  

Cas to l i t e  C o m p a n y ,  Woods tock ,  I l l .  Th i s  p l a s t i c  is an  u n s a t u r a t e d  
po lyes t e r  r e s in  and  is i n s o l u b l e  in  a l l  c o m m o n  so lven t s  w h e n  p r o p -  
e r ly  cured,  
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Fig. 2. Plastic cathode assembly with rear-type Luggin 
capillary. 

cathode compar tmen t ,  an i n t e r m e d i a t e  solut ion 
b r idge  filled wi th  the  same solu t ion  as in  the  cell 
was used b e t w e e n  the so lu t ion  in  the  r ea r  of the  
cathode assembly  and  the  re fe rence  electrode.  Two 
asbestos-f i l led capi l lar ies  were  placed in  this  solu-  
t ion b r idge  to p r e v e n t  a ny  apprec iab le  convect ion.  

The anode for the  po la r iza t ion  m e a s u r e m e n t s  in  
n ickel  sul fa te  solut ions  consis ted of a p l a t i n u m  foil 
in  the  form of a cy l inder .  This  cy l inder  was  welded  
to a p l a t i n u m  wire  which,  in  tu rn ,  was sealed into 
a soft glass tube.  For  the  chlor ide solutions,  the  
p l a t i n u m  anode was no t  used because  of possible 
difficulties associated w i th  l i be ra t ion  of chlor ine  
w i t h i n  the cell. For  the  chlor ide solutions,  the anode 
consisted of a cy l i nde r  of n icke l  wi th  a th ick  p la te  
of n icke l  e lec t rodeposi ted  f rom a Wat t s  b a t h  which  
had been  p r epa red  f rom reagen t  grade  chemicals .  
The anode  was  inse r t ed  into the  cell t h r o u g h  a r i n g -  
sealed joint .  A separa te  gas v e n t  was incorpora ted  
in  the anode  c o m p a r t m e n t  in  order  tha t  a ny  gaseous 
products  l ibe ra ted  at the anode  wou ld  be swept  out  
wi th  the  hydrogen ,  and  hence,  wou ld  no t  reach 
the  cathode compar tmen t .  The anodic  efficiency in  
the chlor ide solut ions  w i th  the  e lec t rop la ted  n icke l  
anode  was  close to 100%. 

Po la r i za t ion  was  m e a s u r e d  w i th  a L&N K-1  po-  
t e n t i o m e t e r  i n  c o n j u n c t i o n  wi th  an  Epp ley  u n s a t -  
u r a t e d  Weston  s t a n d a r d  cell. A c o n v e n t i o n a l  r e g u -  
lated,  f i l tered powder  supp ly  capable  of de l ive r ing  
350 v at 200 m a  wi th  a la rge  series res i s tance  was  
used as a source of po la r iz ing  cur ren t .  The  c u r r e n t  
t h r ough  the cell was d e t e r m i n e d  by  m e a s u r i n g  the  
IR drop developed across a s t a n d a r d  10.00-ohm 
res is tance  in  series w i th  the  cell. 

The  veloci ty  of the e lect rolyt ic  so lu t ion  was de-  
t e r m i n e d  as a func t ion  of the  vol tage  o u t p u t  of the  
e lectr ical  t a chomete r  by  me a ns  of a Pi to t  tube  wi th  
an  e n t r a n c e  of 1 m m  ID. By v a r y i n g  the posi t ion  of 
the t ip of the P i to t  t u b e  in  the cathode compar t -  
ment ,  it  was es tab l i shed  tha t  the  veloci ty  of the  
so lu t ion  was  at  a m a x i m u m  at a level  co r re spond ing  
to a p p r o x i m a t e l y  the  top of the  in t e r sec t ion  i n  Fig. 1. 
For  this  reason,  the cathode assembly  was  placed in  
the cell in  such a w a y  tha t  the cathode surface  was  
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j u s t  a s l igh t  d i s t ance  b e l o w  the  top  of th is  i n t e r s e c -  
t ion.  T h e  f inal  ve loc i t y  vs. t a c h o m e t e r  m e a s u r e m e n t s  
w e r e  m a d e  w i t h  the  ca thode  a s s e m b l y  in t he  cel l .  

Experimental Procedure 

The  so lu t ions  w e r e  p r e p a r e d  f rom r e c r y s t a l l i z e d  
r e a g e n t  g r a d e  n i c k e l  su l f a t e  and  ch lor ide .  The  effect  
of p r e - e l e c t r o l y s i s  of t he  e l e c t r o l y t i c  so lu t ions  w i t h  
p l a t i n u m  e lec t rodes  was  e x a m i n e d  d u r i n g  the  p r e -  
l i m i n a r y  p o l a r i z a t i o n  m e a s u r e m e n t s  a n d  found  to be  
neg l i g ib l e  at  p o t e n t i a l s  fo r  w h i c h  a p p r e c i a b l e  n i c k e l  
e l e c t r o d e p o s i t i o n  occur red .  This  f inding  conce rn ing  
p r e - e l e c t r o l y s i s  is s o m e w h a t  s u r p r i s i n g  in v i e w  of  
t he  g e n e r a l  need  for  p r e - e l e c t r o l y s i s  in  p o l a r i z a t i o n  
s tudies .  The  effects of i m p u r i t i e s  on the  po la r i za t ion ,  
howeve r ,  a r e  p r o b a b l y  c o n s i d e r a b l y  less in t he  case  
of the  depos i t i on  of a m e t a l  w h e r e i n  a n e w  su r f a c e  
is c o n s t a n t l y  b e i n g  c rea ted .  A t  h i g h e r  pH, t he  p r e -  
e l ec t ro lys i s  caused  c o n s i d e r a b l e  changes  in t he  pH.  
As  a resu l t ,  p r e - e l e c t r o l y s i s  was  no t  u sed  for  the  
m a j o r i t y  of t h e  m e a s u r e m e n t s  r e p o r t e d  in  th is  p a p e r .  

The  e x a c t  c o n c e n t r a t i o n  of n i c k e l  in  the  v a r i o u s  
so lu t ions  was  d e t e r m i n e d  b y  the  c y a n i d e  m e t h o d  
(16) .  The  p H  of each  so lu t ion  was  d e t e r m i n e d  b y  

m e a s u r i n g  the  p o t e n t i a l  of  a h y d r o g e n  e l e c t r o d e  in 
the  p a r t i c u l a r  e l e c t r o l y t e  vs. an  S.C.E. W h i l e  t he  
p r ec i s i on  of these  m e a s u r e m e n t s  was  of the  o r d e r  of 
0.01 p H  uni t ,  the  a c c u r a c y  was  less because  of l i q u i d  
j u n c t i o n  po ten t i a l s .  The  p H  of each  so lu t ion  was  a d -  
j u s t e d  to specific v a l u e s  t h r o u g h  t h e  a d d i t i o n  of 
e i t he r  h y d r o c h l o r i c  or  su l fu r i c  ac id  to t h e  e l ec t ro ly t e .  

The  p r e p a r a t i o n  of the  ca thode  su r face  was  as 
fo l lows.  The  n i c k e l  ca thode  was  f irst  a b r a d e d  to 
y i e l d  a f r e s h  su r f ace  w i t h  m e d i u m  g r a d e  (320 A )  
s i l icon ca rb ide ,  w a t e r p r o o f  e m e r y  pape r ,  w e t t e d  w i t h  
w a t e r ,  and  t hen  p o l i s h e d  f u r t h e r  w i t h  fine w a t e r -  
p r o o f  e m e r y  p a p e r  (400 A )  u n t i l  the  su r f ace  of the  
n i cke l  d i sk  a p p e a r e d  u n i f o r m l y  smooth .  The  e lec -  
t r o d e  s u r f a c e  was  s u b s e q u e n t l y  e t ched  for  45 sec in 
a 5N n i t r i c  ac id  solu t ion .  A f t e r  t he  su r f ace  was  
t h o r o u g h l y  r i n s e d  w i t h  d i s t i l l ed  w a t e r ,  t he  c a thode  
was  q u i c k l y  i n s e r t e d  into  t he  p o l a r i z a t i o n  cel l  and  
t h e  so lu t ion  ve loc i t y  a d j u s t e d  to a p p r o x i m a t e l y  45 
c m / s e c  in  t he  b u l k  of t he  so lu t ion  a d j a c e n t  to t he  
ca thode .  The  p o l a r i z i n g  c u r r e n t  was  t hen  a d j u s t e d  
to 15 ma/cm-", and  the  e l e c t rodepos i t i on  of n i c k e l  
c o n t i n u e d  a t  th is  c u r r e n t  d e n s i t y  for  10 min .  This  
p e r i o d  of t i m e  has  been  f o u n d  suff icient  for  t he  
c a thode  to a t t a i n  an  e s s e n t i a l l y  s t e a d y - s t a t e  c o n d i -  
t ion  w i t h  r e spec t  to po t en t i a l .  

A f t e r  10 min  of p r e p l a t i n g ,  the  p o l a r i z a t i o n  was  
c a r e f u l l y  m e a s u r e d  a t  a c u r r e n t  d e n s i t y  of e x a c t l y  
15 m a / c m  ~. T h e  c u r r e n t  d e n s i t y  was  t hen  i n c r e a s e d  
to  55 m a / c m  ~ and  the  p o t e n t i a l  r e c o r d e d  a g a i n  as 
soon as a s t ab l e  v a l u e  was  a t t a ined .  This  u s u a l l y  
r e q u i r e d  less t h a n  30 sec. P o l a r i z a t i o n  m e a s u r e m e n t s  
w e r e  m a d e  s u b s e q u e n t l y  a t  c u r r e n t  dens i t i e s  of 45, 
35, 25, 10, 6, 4, 2, 1, 4, and  15 m a / c m  ~. In  each  case,  
a second  r e p e a t  r u n  was  m a d e  u n d e r  s i m i l a r  c i r -  
c u m s t a n c e s  w i t h  a 10 -min  p r e p l a t e  per iod .  In  t he  
second  run ,  p o l a r i z a t i o n  m e a s u r e m e n t s  w e r e  m a d e  
a t  t h e  c u r r e n t  dens i t i e s  of  15, 50, 40, 30, 20, 15, 12, 
8, 5, 3, 1.5, 3, 5, and  15 m a / c m  ~. A r e a  i n c r e m e n t s  
u n d e r  these  cond i t ions  w e r e  neg l ig ib le .  A f t e r  t h e  

c omple t i on  of  t he  run ,  the  p H  of the  e l e c t r o l y t e  was  
aga in  c he c ke d  w i t h  the  h y d r o g e n  e lec t rode .  The  p H  
change  d u r i n g  a n y  one r u n  u s u a l l y  was  less  t h a n  
0.02 p H  uni t .  

The  ca thode  efficiencies for  the  e l e c t r o d e p o s i t i o n  
of n i cke l  w e r e  d e t e r m i n e d  a t  t he  p o t e n t i a l s  assoc i -  
a t ed  w i t h  c u r r e n t  dens i t i e s  of 55, 40, 25, 15, 8, a n d  
5 m a / c m  ~ for  each  so lu t ion  compos i t i on  and  t e m p e r a -  
t u r e  i n v o l v e d  in  the  p o l a r i z a t i o n  s tudies .  I n  some 
cases, the  a m o u n t  of n i cke l  t h a t  could  be  depos i t ed  
in a n y  r e a s o n a b l e  t ime  was  so s m a l l  t h a t  c o n v e n -  
t i ona l  w e i g h i n g  ope ra t i ons  w e r e  no t  su i t ed  to t h e  
d e t e r m i n a t i o n  of the  a m o u n t  of n i cke l  e l e c t r o d e -  
pos i ted .  Consequen t ly ,  t he  p r o c e d u r e  a d o p t e d  for  
th is  p u r p o s e  i n v o l v e d  t h e  anod ic  d i s so lu t ion  of  t he  
depos i t ed  n i c k e l  in  h y d r o c h l o r i c  ac id  so lu t ion  fo l -  
l o w e d  b y  the  ana lys i s  of t he  so lu t ion  for  n i cke l  b y  
t h e  c y a n i d e  m e t h o d  (16) .  The  e l e c t ro ly t i c  ce l l  u sed  
for  t h e  anodic  d i s so lu t ion  is d e s c r i b e d  e l s e w h e r e  in 
de t a i l  (17) .  T h e  c a thode  a s sembl i e s  used  in  the  
eff iciency s tud ies  w e r e  s i m i l a r  in  des ign  to  those  
s h o w n  in Fig.  2 w i t h  t h e  excep t ion  t h a t  the  d i sk  of 
n i cke l  was  r e p l a c e d  w i t h  a s im i l a r  d i sk  of s i lver .  
The  s i lve r  su r f ace  was  p r e p l a t e d  w i t h  n i c k e l  a t  a 
c u r r e n t  d e n s i t y  of 15 m a / c m  ~ for  10 m i n  in m u c h  the  
s a m e  fash ion  as in t h e  case  of the  p o l a r i z a t i o n  m e a s -  
u r e m e n t s .  The  a m o u n t  of n i cke l  e l e c t r o d e p o s i t e d  
d u r i n g  t h e  p r e p l a t e  t i m e  was  c a r e f u l l y  d e t e r m i n e d  
and  s u b t r a c t e d  f r o m  the  t o t a l  a m o u n t  of n i c k e l  d e -  
pos i t e d  on the  ca thode  in  t he  s u b s e q u e n t  m e a s u r e -  
ments .  

The  s t r u c t u r a l  p r o p e r t i e s  of t h e  e l e c t r o d e p o s i t e d  
n i cke l  w e r e  e x a m i n e d  b y  m e a n s  of x - r a y  d i f f rac t ion  
techniques .  A modi f i ed  W y l l i e  (18) camera ,  specif i -  
c a l l y  c o n s t r u c t e d  for  the  e x a m i n a t i o n  of e l e c t r o d e -  
posi ts ,  was  used  for  th is  work .  A N o r t h  A m e r i c a n  
P h i l l i p s  x - r a y  d i f f r ac t ion  t u b e  w i t h  a coba l t  t a r g e t  
p r o v i d e d  an  i n c i d e n t  x - r a y  b e a m  a t  an  a n g l e  of a p -  
p r o x i m a t e l y  15 ~ r e l a t i v e  to the  su r f ace  of t h e  e l ec -  
t rodepos i t .  A c y l i n d r i c a l  p r o j e c t i o n  of t he  d i f f r ac ted  
x - r a y s  was  ob ta ined .  The  d e p t h  in the  depos i t  
to w h i c h  the  x - r a y  p a t t e r n  was  sens i t ive  w a s  c h e c k e d  
b y  depos i t i ng  a k n o w n  a m o u n t  of n i c k e l  on a s i lve r  
s u r f a c e  and  t h e n  e x a m i n i n g  the  d i f f rac t ion  p a t t e r n  
for  l ines  c o r r e s p o n d i n g  to s i lver .  In  t h e  f inal  x - r a y  
e x a m i n a t i o n ,  t h e  depos i t  t h i cknes s  was  a d j u s t e d  so 
as to p r e v e n t  t he  p r e p l a t e d  n i c k e l  f r o m  r e g i s t e r i n g  
d i r e c t l y  in t h e  x - r a y  d i f f r ac t ion  p a t t e r n s .  Be c ause  of 
t he  r e l a t i v e l y  s m a l l  ang le  of i nc idence  of  t he  x - r a y  
beam,  depos i t s  of on ly  a f e w  t e n - t h o u s a n d t h s  of an  
inch  th i ckness  w e r e  g e n e r a l l y  sufficient.  

Experimental Results 
Flow rate.--At 45~ for  a l l  of the  so lu t ions  in -  

v o l v e d  in  the  p r e s e n t  work ,  t he  ca thod ic  p o l a r i z a t i o n  
was  f o u n d  to a p p r o a c h  a l i m i t i n g  v a l u e  w i t h  i n -  
c r eas ing  flow r a t e  even  a t  c u r r e n t  dens i t i e s  as  h igh  
as 55 m a / c m  2. This  was  no t  t he  case a t  25~ in t h e  
m o r e  d i l u t e  so lu t ions .  E v e n  at  t he  h ighe s t  a v a i l a b l e  
so lu t ion  ve loc i t i e s  (50 c m / s e c )  in  t h e  0.12M n i c k e l  
su l fa te ,  the  p o l a r i z a t i o n  a t t a i n e d  a l i m i t i n g  v a l u e  
on ly  a t  c u r r e n t  dens i t i e s  less  t h a n  25 m a / c m  ~. F o r  
th is  reason,  t h e  m a j o r i t y  of t he  p o l a r i z a t i o n  m e a s -  
u r e m e n t s  h a v e  been  m a d e  a t  45~ A l t h o u g h  the  
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p o l a r i z a t i o n  a t t a i n e d  a l i m i t i n g  v a l u e  as  t he  so lu t i on  
v e l o c i t y  was  inc reased ,  i t  c anno t  be  a s s u m e d  t h a t  t he  
c o n c e n t r a t i o n  p o l a r i z a t i o n  was  neg l ig ib le .  The  in -  
c rease  of  t he  ve loc i t y  of f low in t h e  b u l k  of t he  so lu -  
t ion  b e y o n d  a c e r t a i n  v a l u e  p r o b a b l y  has  r e l a t i v e l y  
l i t t l e  effect  on the  ef fec t ive  t h i cknes s  of the  d i f fus ion  
l a y e r  a t  t he  c a t h o d e  so lu t ion  in t e r face .  The  a t t a i n -  
m e n t  of a l i m i t i n g  v a l u e  for  the  p o l a r i z a t i o n  a t  h igh  
flow ra tes ,  h o w e v e r ,  is i m p o r t a n t  b e c a u s e  r e p r o d u c -  
ib le  c o n c e n t r a t i o n  g r a d i e n t s  a r e  t h e n  e s t a b l i s h e d  at  
the  e l e c t r o d e  sur face .  I n  no case  w a s  a l i m i t i n g  c u r -  
r en t  d e n s i t y  found  w i t h  r e spec t  to the  d i s cha rge  of 
e i t he r  n i c k e l  or  h y d r o g e n .  Unless  o t h e r w i s e  i n d i -  
cated,  a l l  of t he  p o l a r i z a t i o n  m e a s u r e m e n t s  r e p o r t e d  
in th is  p a p e r  w e r e  m a d e  w i t h  a m a x i m u m  flow r a t e  
in  the  b u l k  of t h e  e l e c t r o l y t e  a d j a c e n t  to t he  c a thode  
s u r f ace  of 45 cm/sec .  

Reproducibitity.--In Fig.  3, c a thode  p o t e n t i a l s  
( n e g a t i v e  to an  S.C.E. r e f e r e n c e )  a r e  p l o t t e d  a g a i n s t  
t o t a l  c u r r e n t  d e n s i t y  for  a 0.5M n i c k e l  ch lo r ide  so lu -  
t ion  w i t h  a p H  of 2.0 a t  25~ The  d a t a  no ted  b y  t h e  
c i rc les  w e r e  o b t a i n e d  b y  the  p r o c e d u r e s  d e s c r i b e d  
above ,  w h e r e a s  the  d a t a  i n d i c a t e d  b y  the  squa re s  
w e r e  o b t a i n e d  in  s u b s e q u e n t  m e a s u r e m e n t s  b y  G r i f -  
fis (19) in  a g lass  p o l a r i z a t i o n  cel l  of s o m e w h a t  
d i f fe ren t  des ign .  The  i n t e r r u p t e r  m e t h o d  w a s  used  
for  t h e  l a t t e r  m e a s u r e m e n t s  w i t h  ca thodes  of  0.25 
cm'-" a r e a  w i t h  pur i f i ed  h y d r o g e n  gas b u b b l e d  
t h r o u g h  t h e  solu t ion .  T h e  e l ec t ron ic  e q u i p m e n t  has  
been  d e s c r i b e d  p r e v i o u s l y  (20) .  In  b o t h  cases,  t h e  

, d  
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Fig. 4. Dependence of cathode potentials on current density 
at various temperatures in 0.SM salt solutions of pH 2.0. 
Potentials negative to S.C.E. at the same temperature; pH 
adjusted by addition of HCI or H~SO4. 

.95 

N i S O ,  N iCIz  
90 pH 1.49 0 pH 149 �9 

pH 2 0 0  (3 pH 1.96 �9 

i .85 

~ 80 

~ 701 

.651 ~ I I I I I I I I I  ] I I I 
2 3 4 5 6 8 I0 20 30 40 50 

CURRENT DENSITY (mo/cm 2) 

Fig. 5. Dependence of cathode potentials on current den- 
sity at various pH in 0.SM salt solutions at 45~ 

flow r a t e s  in  t h e  so lu t ion  a d j a c e n t  to t h e  ca thode  
w e r e  in excess  of 40 cm/sec .  The  a g r e e m e n t  b e t w e e n  
t h e  two  i n d e p e n d e n t  sets  of m e a s u r e m e n t s  is w i t h i n  
•  my.  

F u r t h e r  ev idence  of t he  r e p r o d u c i b i l i t y  in  t h e  
p r e s e n t  w o r k  can be found  in Fig .  4-6 in  t e r m s  of 
t h e  smoo th  cu rves  w h i c h  can  be  d r a w n  t h r o u g h  the  
e x p e r i m e n t a l  po in t s  de sp i t e  the  fact  t ha t  two  s e p a -  
r a t e  runs  w e r e  i n v o l v e d  in o b t a i n i n g  the  po in t s  for  
each  curve .  The  a g r e e m e n t  b e t w e e n  t h e  p o l a r i z a t i o n  
m e a s u r e d  a t  15 m a / c m  2 a t  t he  s t a r t  of each  r u n  a n d  
t ha t  m e a s u r e d  at  the  s ame  c u r r e n t  d e n s i t y  at  the  end  
of each  r u n  w a s  u s u a l l y  w i t h i n  •  m v  a n d  a t  t h e  
w o r s e  •  my.  

Polarization data.--In Fig.  4-6 a r e  p r e s e n t e d  t y p i -  
cal  ca thod ic  p o l a r i z a t i o n  d a t a  for  the  s i m u l t a n e o u s  
depos i t i on  of n i c k e l  and  h y d r o g e n  f r o m  ch lo r ide  
and  su l fa t e  so lu t ions  for  va r i ous  t e m p e r a t u r e s ,  pH,  
and  n i c k e l  sa l t  concen t ra t ions .  The  o r d i n a t e s  r e p r e -  
sen t  c a thode  p o t e n t i a l s  ( n e g a t i v e  to S.C.E.)  and  i n -  
c l u d e  a s m a l l  l i q u i d  j u n c t i o n  po t e n t i a l .  V a r i a t i o n s  
in  t he  j u n c t i o n  p o t e n t i a l  w i t h  so lu t ion  compos i t i on  
a r e  b e l i e v e d  to be  s m a l l  c o m p a r e d  to t he  changes  in 
the  ca thode  p o t e n t i a l s  a r i s i ng  d i r e c t l y  because  of 
changes  in t h e  ac t iv i t i e s  of t he  h y d r o g e n  a n d  n i cke l  
ions.  C u r r e n t  dens i t i e s  r e p r e s e n t e d  in  t hese  f igures  
a r e  b a s e d  on t h e  a p p a r e n t  a r e a s  of t he  ca thodes .  

P o l a r i z a t i o n  m e a s u r e m e n t s  h a v e  been  l i m i t e d  to 
a p p a r e n t  c u r r e n t  dens i t i e s  of 10 -8 to 10 -1 a / c m  ~ for  
t h e  fo l lowing  reasons .  A t  c u r r e n t  dens i t i e s  b e l o w  
10 _8 a / c m  2, t he  p r e d o m i n a n t  p rocess  is t he  d i s cha rge  
of h y d r o g e n  and  t h e  p o l a r i z a t i o n  v a l u e s  b e c o m e  
s o m e w h a t  n o n r e p r o d u c i b l e ,  p r o b a b l y  b e c a u s e  of i n -  
suff icient  con t ro l  of impur i t i e s .  U n d e r  such  c i r c u m -  
s tances ,  i m p u r i t y  effects a r e  a c c u m u l a t i v e .  A t  c u r -  
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Fig. 6. Dependence of cathode potentials on current den- 
sity at various salt concentrations at pH 2.0 and 45~ 
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Fig. 7. Dependence of cathode potent ial  on current den- 
sity for nickel electrodeposition at various salt concentrations 
at  pH 2.0 and 45~ 
J+l I : 

rent  densit ies above 10 -1 a / c m  ~, concentra t ion 
polar izat ion becomes significant in solutions of 
re la t ive ly  low nickel  ion concentra t ion and high pH. 

Polar iza t ion  curves for the discharge of nickel  at  
45 ~ are  presented  in Fig. 7-9 for various nickel  ion 
concentrations,  pH, and tempera tures .  These curves 
have been der ived  from the ove r -a l l  polar izat ion 
da ta  and the efficiency data.  At  least  pa r t  of the 
deviat ion from l inear i ty  at  higher  cur ren t  densit ies 
is associated wi th  concentra t ion polar izat ion,  and  
perhaps  al l  of it. 

In Fig. 10-12 are the polar iza t ion  curves for the  
discharge of hydrogen  at  various nickel  sal t  concen- 
trat ions,  pH, and tempera tures .  As in the  case of the  
nickel  polar izat ion curves, deviat ions f rom l inea r i ty  
can be expla ined  in terms of concentra t ion polar iza-  
tion. Mass t r anspor t  problems should be pa r t i cu l a r ly  
severe  at  the h igher  pH as is evident  f rom the curve 
for pH 2.43 in the 0.5M NiSO, solut ion in Fig. 11. 
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Fig. 8. Dependence of  cathode potent ia l  on current  den- 
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solutions at 45~ 
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Fig. 10. Dependence o f  cathode potent ia l  on current  den- 
si ty fo r  hydrogen discharge at var ious salt concentrat ions at 
pH 2.0 and 45~ 

The different ia l  capaci ty  of the n ickel  cathode 
was measured  by  the i n t e r rup te r  method in the 0.50M 
nickel  sulfate  solution at  a pH of 2.0 and t e m p e r a -  
tu re  of 45~ The value  was found to be 75 • 
3 ~ f / c m  ~ o f  apparen t  surface area  over  the complete 
range  of potent ia ls  r epresen ted  in Fig. 4-6. If the  
value  of 28.8 ~f /cm ~ of t r ue  surface area  as de te r -  
mined by Brodd and Hacke rman  (21) for  nickel  in 
1M Na~SO, at  30~ is assumed appl icable  at  poten-  
t ials  negat ive  wi th  respect  to the  zero point  of charge, 
the roughness factor  is app rox ima te ly  2.5. In Fig. 
10, the hydrogen polar iza t ion  exhibi ts  l i t t le  v a r i a -  
t ion with  the type  or concentra t ion of n ickel  salt. 
L ikewise  in Fig. 8, the nickel  polar iza t ion  exhibi ts  
only minor  dependence on pH pa r t i cu l a r ly  in chlo- 
r ide  solution. This implies tha t  the roughness factor  
does not change to any apprec iab le  extent  wi th  pH, 
sal t  type,  or sal t  concentrat ion.  Li t t le  quest ion exists 
as to the constancy of the roughness factor  dur ing a 
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Fig. 1 1. Dependence of cathode potent ial  on current den- 
sity fo r  hydrogen discharge at  var ious pH in 0 . 5 M  salt solu- 
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Table I. Polarization data for hydrogen discharge and nickel deposition 

H y d r o g e n  d i s c h a r g e *  N i c k e l  d e p o s i t i o n  
Sa l t  M o l a r i t y  T e m p ,  ~ p H  B a - - l o g  io B vez - - l o g  io 

NiCL 0.50 25 2.00 0.123 0.48 6.6 0.103 0.57 5.4 
0.12 45 2.00 0.130 0.49 5.9 0.103 0.61 5.0 
0.25 45 2.00 0.139 0.45 5.8 0.098 0.64 4.7 
0.50 45 2.00 0.134 0.47 5.9 0.098 0.64 4.5 
0.50 45 1.49 0.120 0.53 6.1 0.093 0.68 4.6 
0.50 45 2.41 (0.143) (0.44) (5.6) 0.100 0.63 4.5 

NiSO~ 0.12 45 2.00 0.117 0.54 6.4 0.10'5 0.60 5.0 
0.25 45 2.00 0.111 0.57 6.4 0.104 0.61 5.0 
0.50 45 1.49 0.120 0.53 6.1 0.093 0.68 5.0 
0.50 45 2.43 (0.144) (0.44) (6.6) 0.091 0.69 5.5 

* B r a c k e t t e d  v a l u e s  a r e  d u b i o u s  b e c a u s e  of  c o n c e n t r a t i o n  p o l a r i z a t i o n  w i t h  r e s p e c t  to h y d r o g e n  i o n s  or  b e c a u s e  of  l i m i t e d  a c c u r a c y  for  
t h e  h y d r o g e n  d i s c h a r g e  c u r r e n t .  W h e n  t h e  e f f i c i ency  f o r  n i c k e l  d e p o s i t i o n  is  c lose  to 100~ ,  t h e  e r r o r s  i n  t h e  h y d r o g e n  d i s c h a r g e  c u r re n t  
b e c o m e  q u i t e  s ign i f i can t .  

g iven  p o l a r i z a t i o n  r u n  in  v i e w  of  t he  r e p r o d u c i b i l i t y  
of the initial and final polarization values at a total 
current density of 15 ma/cm 2. 

In Table I are summarized the polarization data 
for the discharge of hydrogen and nickel ions in 
terms of the Tafel Mopes (B), the logarithms of the 
exchange current io in a/cm ~ of apparent area, and 
az, where ~ is the fraction of the potential effective 
in changing the energy of activation for the cathodic 
rate-determining step, and z is the charge of the 
species passing over the energy barrier. For hydro- 
gen, z = I, while for nickel, z can be assumed to be 

equal to 2 if the rate-determining step involves the 
transfer of a nickel ion from the solution to the 
metal phase. The coefficient a is approximately 0.50 
for hydrogen discharge with no significant difference 
in this coefficient between the sulfate and chloride 
solutions within the limits of experimental error. 
Likewise, the average value for the coefficient az 
for nickel discharge is 0.65 and does not appear to 
differ significantly between sulfate and chloride 
solut ions .  

The  c a l c u l a t i o n  of t he  v a l u e s  for  log  io r e q u i r e s  a 
k n o w l e d g e  of t he  r e v e r s i b l e  po t en t i a l s  of the  h y d r o -  
gen  and  n i c k e l  e l ec t rodes  in  the  p a r t i c u l a r  e l e c t r o -  
ly t i c  so lu t ions  i n v o l v e d  in  t he  p r e s e n t  work .  F o r  
h y d r o g e n ,  th is  is no t  a p r o b l e m  s ince  the  p o t e n t i a l s  
of t he  r e v e r s i b l e  h y d r o g e n  e l ec t rode  in these  e l e c t r o -  
ly t i c  so lu t ions  vs. S.C.E. w e r e  d e t e r m i n e d  d i r e c t l y  
as p a r t  of t he  a d j u s t m e n t  of the  so lu t ions  to p a r -  
t i c u l a r  p H  va lues .  In  t h e  case  of n ickel ,  h o w e v e r ,  t he  
r e v e r s i b l e  p o t e n t i a l  vs. t h e  S.C.E. is m u c h  m o r e  d i f -  
f i cu l t  to e s t ab l i sh  b e c a u s e  t he  r e v e r s i b l e  p o t e n t i a l s  
cou ld  no t  be  m e a s u r e d  d i r e c t l y  u n d e r  the  p r e s e n t  
e x p e r i m e n t a l  condi t ions .  F u r t h e r m o r e ,  t he  b e s t  
l i t e r a t u r e  v a l u e s  fo r  t he  s t a n d a r d  e l ec t rode  p o t e n t i a l  
for  n i cke l  a r e  p r o b a b l y  a c c u r a t e  on ly  to 10 mv.  E v e n  
w i t h  d a t a  fo r  t h e  s t a n d a r d  e l e c t r o d e  p o t e n t i a l  for  
n ickel ,  the  u n c e r t a i n t i e s  conce rn ing  l iqu id  j u n c t i o n  
po t en t i a l s  and  s ing le  ion  ac t iv i t i e s  i n t e r f e r e  w i t h  t he  
a c c u r a t e  ca l cu l a t i on  of t he  p o t e n t i a l  d i f fe rence  b e -  
t w e e n  t h e  r e v e r s i b l e  n i c k e l  e l e c t r o d e  and  t h e  S.C.E. 
In  t h e  p r e s e n t  w o r k ,  th i s  p o t e n t i a l  ha s  been  e v a l u a t e d  
fo r  b o t h  su l f a t e  and  ch lo r ide  so lu t ions  on t h e  bas is  
of t he  fo l l owing  equa t i on :  

E : - -0 .470 - - (1 .0 .10  -~) ( t - -25)  + 

(0.9915) (104) T log a+ [1]  

w h e r e  a+ is t he  a c t i v i t y  of t h e  n i cke lous  ion  and  t 
a n d  T a r e  t h e  t e m p e r a t u r e  on t h e  C e n t i g r a d e  a n d  
a b s o l u t e  scales,  r e spe c t i ve ly .  This  e q u a t i o n  is b a s e d  
on t h e  d a t a  of C a r r  a n d  B o n i l l a  (22) for  t he  t h e r m o -  
g a l v a n i c  p o t e n t i a l s  of n i c k e l  in  0.1 a n d  1.0M n i cke l  
su l f a t e  solut ions .  In  u s ing  the  a b o v e  equa t ion  for  
ch lo r ide  as w e l l  as  su l f a t e  solut ions ,  t he  a s s u m p t i o n  
has  been  m a d e  t h a t  the  l i q u i d  j u n c t i o n  p o t e n t i a l s  
and  the  t e m p e r a t u r e  coefficients a r e  t h e  s ame  for  
t he  ch lo r ide  so lu t ions  as for  t h e  su l fa te  solut ions .  
This  a s s u m p t i o n  is p r o b a b l y  v a l i d  to w i t h i n  a f ew  
mi l l i vo l t s .  

The  ac t iv i t i e s  of t h e  n i cke lous  ion h a v e  b e e n  c a l -  
c u l a t e d  for  t he  su l f a t e  so lu t ions  f r o m  the  m e a n  a c -  
t i v i t y  coefficients e v a l u a t e d  b y  H a r n e d  and  O w e n  
(23) f r o m  t h e  i sop ies t ic  v a p o r  p r e s s u r e  d a t a  of R o b -  

inson and  Jones  (24) ,  a n d  for  t h e  ch lo r ide  so lu t ions  
(25) f r o m  the  i sopies t ic  v a p o r  p r e s s u r e  m e a s u r e -  
m e n t s  of  Rob inson  a n d  S tokes  (26) .  F o r  the  n i cke l  
su l f a t e  solut ions ,  t he  a c t i v i t y  coefficient  of n i cke lous  
ion  has  been  a s s u m e d  e q u a l  to the  m e a n  a c t i v i t y  
coefficient.  F o r  t h e  c h l o r i d e  solu t ions ,  t h e  a c t i v i t y  
coefficient  of  t h e  n i c k e l o u s  ion  was  set  e q u a l  to t he  
s q u a r e  of the  m e a n  a c t i v i t y  coefficient  on the  bas is  
of t he  D e b y e  l i m i t i n g  law.  F u r t h e r m o r e ,  t he  va lue s  
for  t he  a c t i v i t y  coefficients a t  45~ h a v e  been  a s -  
s u m e d  to be  t he  s a m e  as at  25~ an  a p p r o x i m a t i o n  
w h i c h  a p p e a r s  ju s t i f i ed  in  v i e w  of t he  l i m i t e d  a c -  
c u r a c y  of Eq. [1] .  In  t he  case  of the  n i c k e l  su l f a t e  
so lu t ions  of p H  1.49, t he  a m o u n t  of su l fu r i c  ac id  
a d d e d  in the  course  of a d j u s t i n g  the  p H  was  a p p r e c i -  
ab l e  c o m p a r e d  to t h e  n i c k e l  su l f a t e  c o n c e n t r a t i o n  
(0 .5M).  This  p a r t i a l l y  w a s  t a k e n  into  account  in  

the  a c t i v i t y  coefficient  ca l cu l a t i ons  b y  us ing  t h e  m e a n  
a c t i v i t y  coefficient  of  n i c k e l  su l f a t e  so lu t ions  of t he  
s a m e  ionic  s t r e n g t h  as  t h a t  of the  su l fu r i c  a c i d -  
n i c k e l  su l f a t e  so lu t ions .  

The  a c c u r a c y  of t he  va lue s  for  t he  a p p a r e n t  e x -  
c h a n g e  c u r r e n t  io is l i m i t e d  m o r e  b y  the  a c c u r a c y  of 
the  v a l u e  for  t h e  Tafe l  s lope  t h a n  the  r e v e r s i b l e  
po t en t i a l .  The  u n c e r t a i n t y  in  t h e  Ta fe l  s lope  is p a r -  
t i c u l a r l y  g r e a t  for  so lu t ions  in w h i c h  e i t he r  t he  con-  
c e n t r a t i o n  p o l a r i z a t i o n  is a p p r e c i a b l e  o r  t he  c u r r e n t  
dens i t i e s  fo r  h y d r o g e n  d i s c h a r g e  a r e  u n c e r t a i n  b e -  
cause  on ly  a s m a l l  f r a c t i o n  of t he  t o t a l  c u r r e n t  is 
i n v o l v e d  in h y d r o g e n  d i scha rge ,  e.g., h y d r o g e n  
p o l a r i z a t i o n  c u r v e  in  Fig.  11 for  0.5M n i c k e l  ch lo r ide  
at  p H  2.41. On the  bas is  of t he  roughnes s  f ac to r  of 
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Table II. Orientation and grain size of nickel 
electrodeposited at 45~ 

C u r r e n t  
dens i ty ,  G r a i n  

Sa l t  p H  m a / c m  2 Or i e n t a t i on*  size% 

0.5M NiSO, 1.5 5 R 1 
15 [100] 2 
40 [100]W 2 

2.5 5 R 1 
15 [100] 2 
40 [110] 1 

0.5M NiCL 1.5 5 R 2 
15 [100] 3 
40 [100]W 3 

2.5 5 R 2 
15 R 4 
40 [ 100] W 2 

* R a n d o m  = R; W e a k  = W. 
G r a i n  raze scale :  1 to 4 ( inc reas ing  size).  

2.5, discussed earl ier ,  the  q u a n t i t y  --0.4 should  be 
added  to log io va lues  in  Table  I to ob t a in  the loga-  
r i t h m  of the  exchange  c u r r e n t  per  u n i t  t rue  area.  

X-ray  diffraction.--The x - r a y  diffract ion studies  
ind ica ted  tha t  all  of the  deposits  at 45~ f rom chlo-  
r ide and  su l fa te  solut ions  have  a f ace -cen te red  cubic 
latt ice.  The  dif f ract ion pa t t e rn s  show a t e n d e n c y  for 
two types  of p r e f e r r ed  o r ien ta t ions  as wel l  as smal l  
changes  in  g ra in  size. These resul t s  are s u m m a r i z e d  
in  Table  II  on a r e l a t ive  basis. In  no case was  the  
t e n d e n c y  for p re fe r red  o r i en t a t i on  strong.  The  lack  
of any  p re fe r red  o r i en t a t i on  at the  low c u r r e n t  d e n -  
sities is surpr is ing ,  p a r t i c u l a r l y  since the  p r ep l a t e  
had  a smal l  t e n d e n c y  for the  [100] p l ane  to be p a r -  
a l le l  to the  surface.  At  the  h igher  c u r r e n t  densi t ies ,  
the  [110] p l ane  tends  to be pa ra l l e l  to the  sur face  
for the  su l fa te  solut ions.  

The g ra in  size is compared  qua l i t a t i ve ly  on a 
scale of 1 to 4, w h e r e  1 represen t s  the  finest g r a i n  

Table III. Hydrogen overvoltage data for nickel in hydrochloric 
and sulfuric acid solutions according to other workers 

Temp, Tafe l  
E l ec t ro ly t e  ~ s lope - - l og  io W o r k e r  

0.0003MHC1 - -*  0.090 6.7 L.,L., & F.(30) 
0.0012MHC1 - -  0.090 6.7 L., L., & F. 
0.013M HC1 - -  0.10 6.5 L., L., & F. 
0.15MHC1 - -  0.10 6.0 L., L., & F. 
0.001MHC1 20 0.093 6.6 B. & P.(29) 
0.001MHC1 40 0.104 6.0 B. &P. 
0.01MHC1 20 0.091 6.7 B. &P. 
0.01MHC1 40 0.0'94 6.1 B. & P. 
0.1MHC1 20 0.104 6.0 B. &P. 
0.1MHC1 40 0.106 5.7 B. & P. 
1.0MHC1 20 0.109 5.4 B. & P. 
1.0MHC1 40 0.120 4.2 B. & P. 
1M NiCI~ + 1M HC1 20 0.06 9.5 R. & F. (7) 
1M NiCI~ + 1M HC1 30 0.07 8.3 R. & F. 
1M NiCI~ + 1M HC1 40 0.07 8.1 R. & F. 
1M NiCh W 1M HC1 50 0.07 8.1 R. & F. 
0.1MH~SO4 25 0.110 6.6 B. & R.(31) 
0.01M H~SO4 25 0.110 6.4 J., Y., & H.(27) 
0.05M H2SO, 25 0.095 6.3 J., Y., & H. 
0.5M H2SO, 25 0.097 4.5 J., Y., & H. 
0.05M H~SO, + 0.45M 

K~SO~ 25 0.135 6.6 J., u & H. 

* No t e m p e r a t u r e s  a p p e a r  to h a v e  b e e n  g i v e n  by  L u k o v z e v ,  
L e v i n a ,  and  F r u m k i n  (30). 

Apr i l  1959 

and  4 the  coarsest  for  the samples  which  were  ex -  
amined .  This scale is be l i eved  to have  covered  a 
smal l  r ange  of g r a i n  size w i th  the  va r i a t i on  in  size 
b e t w e e n  the l imi ts  of the  scale e s t ima ted  to have  
been  less t h a n  1 to 3. No cons i s ten t  t r e n d  is ev iden t  
wi th  increas ing  c u r r e n t  densi ty ,  a l though  the  g ra in  
size was gene ra l l y  sma l l e r  w i t h  the  n icke l  sul fa te  
solut ions t h a n  the  n icke l  chlor ide  solutions.  

Interpretat ion of Experimental  Results 
In  systems i n v o l v i n g  s i m u l t a n e o u s  e lect rode p ro -  

cesses, the a s s u m p t i o n  is of ten m a d e  tha t  the  cu r -  
r e n t  densi t ies  associated w i t h  the  i n d i v i d u a l  p ro -  
cesses can  be ca lcula ted  on the  basis  of a cons t an t  
effective area  for each process. In  Fig. 7-12 for 
n icke l  and  h y d r o g e n  discharge,  the  Tafe l  slopes are 
s u b s t a n t i a l l y  cons t an t  over  a t enfo ld  change  in  c u r -  
r e n t  dens i ty  in  the  ins tances  where  concen t r a t i on  
po la r iza t ion  is no t  large.  This  cons tancy  of the  Tafe l  
slopes suppor ts  the  above s ta ted  assumpt ion .  L ike -  
wise, the  h y d r o g e n  discharge  appears  to be  i n d e -  
p e n d e n t  of n i cke l  deposi t ion  on the  basis  of the  
l i n e a r i t y  in  the  Tafel  plots for h y d r o g e n  as we l l  as 
the  m i n o r  and  p r o b a b l y  neg l ig ib le  effect wh ich  
va r i a t ions  in  n icke l  salt  concen t r a t i on  appear  to 
have  on the  h y d r o g e n  po la r iza t ion  curves  (see Fig.  
10). 

The va lues  for the  de r iva t ive  of the  cathode po-  
t en t i a l  wi th  respect  to p i t  at  cons tan t  h y d r o g e n  
discharge  cur ren t ,  e va l ua t e d  n e a r  the  m i d d l e  of the  
l i nea r  ranges  in  Fig. 11, are  0.11 and  0.10 for h y d r o -  
gen discharge ~ f rom sulfa te  solut ions  and  f rom chlo-  
r ide solutions,  respect ively ,  p rov ided  the  curve  for 
pH 2.41 in  0.5M n icke l  chlor ide is no t  considered.  
These va lues  compare  f a vo r a b l y  wi th  the va lue  of 
2.3RT/aF predic ted  (28) for the  dependence  of the  
e lect rode po ten t i a l  on pH w h e n  h y d r o g e n  is deposi ted 
in  acid so lu t ion  in  the  p resence  of a n e u t r a l  sal t  for 
the case where  e i ther  the  h y d r o g e n  ion discharge  
step or the  e lec t rochemica l  desorp t ion  step is r a t e -  
de t e rmin ing .  This  r e l a t i ve ly  close a g r e e m e n t  h o w -  
ever,  is to be  expected  only  in  the  absence  of specific 
ionic adsorpt ion.  

U n f o r t u n a t e l y ,  h y d r o g e n  overvol tage  da ta  are  no t  
ge ne r a l l y  ava i l ab le  in  the l i t e r a t u r e  for purposes  of 
compar i son  wi th  the  p re sen t  da ta  since it is neces-  
sary  to dup l i ca te  bo th  pH a nd  ionic s t rength .  Tab le  
III  summar i zes  h y d r o g e n  overvo l t age  da ta  of Bockris  
a nd  Po t t e r  (29) and  of Lukovzev,  Levina ,  a nd  F r u m -  
k i n  (30) for room t empera tu re s .  Values  for the  0.01 
and  0.013N hydrochlor ic  acid solut ions  in  Table  I I I  
differ by  small ,  a l t hough  s ignif icant  a m o u n t s  f rom 
the Tafe l  slope of 0.123 and  the  log io va lue  of --6.6 
l is ted in  Table  I for the  0.5M n icke l  ch lor ide  so lu t ion  
of pH 2.0 at  25~ Such  differences mi gh t  be  an t ic i -  
pa ted  in  v iew of the la rge  concen t r a t i on  of sal t  
p resen t  d u r i n g  the  codeposi t ion of h y d r o g e n  wi th  
n icke l  as wel l  as the  dependence  of the  Tafe l  slope 
on the p r e t r e a t m e n t  of the n icke l  surface (27) .  

The Tafe l  slopes and  log io, ca lcu la ted  f rom the  
graphs  pub l i shed  by  Reiser  a nd  Fischer  (7) ,  also 
have  been  l is ted in  Table  III.  These va lues  a re  based 

Values  fo r  - - l o g  ie i n  T a b l e  I a re  f a r  too l i m i t e d  in  accu racy  to  
p e r m i t  t he  effects of v a r y i n g  p H  o n  t h e  k i n e t i c s  to  be  e x a m i n e d  in 
t e r m s  of t he  a p p a r e n t  e x c h a n g e  c u r r e n t  density. 
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on p o l a r i z a t i o n  m e a s u r e m e n t s  o b t a i n e d  d u r i n g  the  
s i m u l t a n e o u s  depos i t i on  of h y d r o g e n  and  n icke l .  
T h e y  di f fer  f r o m  those  o b t a i n e d  b y  o the r  w o r k e r s  in 
Tab le  I I I  as w e l l  as in  the  p r e s e n t  i nves t iga t ion .  
H y d r o g e n  o v e r v o l t a g e  m e a s u r e m e n t s  in su l fu r i c  
ac id  b y  B o w d e n  a n d  R i d e a l  (31) ,  and  Jef fe rys ,  
Yeager ,  a n d  H o v o r k a  (27) also h a v e  b e e n  p r e s e n t e d  
in T a b l e  III .  I t  is i n t e r e s t i n g  to no t e  t h a t  the  Ta fe l  
s lope is h i g h e r  in  su l fu r i c  ac id  con t a in ing  an  excess  
of p o t a s s i u m  sul fa te .  I f  t he  T a f e l s l o p e  for  h y d r o g e n  
on n i c k e l  in su l fu r i c  ac id  tends ,  in genera l ,  to be  
h i g h e r  in  t h e  p re sence  of a sal t ,  t hen  this  m a y  e x p l a i n  
t he  s l i g h t l y  h i g h e r  s lopes  o b t a i n e d  for  h y d r o g e n  
o v e r v o l t a g e  in t he  p r e s e n t  work .  

The  h e a t  of a c t i va t i on  for  the  d i s c h a r g e  p rocess  
at  t he  r e v e r s i b l e  p o t e n t i a l  of t he  h y d r o g e n  e l e c t r o d e  
m a y  be  c a l c u l a t e d  on  the  bas i s  of the  fo l lowing  
equa t ion :  

AI-I ~ -~ a z F [ T ( a v / O T ) ,  - -v ]  [2]  

p r o v i d e d  a is i n d e p e n d e n t  of t e m p e r a t u r e .  I f  th i s  
e q u a t i o n  is a p p l i e d  to the  d a t a  in T a b l e  I for  the  
0.5M n i cke l  c h l o r i d e  so lu t ion  at  p H  2 and  at  t e m -  
p e r a t u r e s  of 25 ~ and  45 ~ AH ~ is a p p r o x i m a t e l y  
+ 1 2  kcal ,  a v e r a g e d  ove r  th is  t e m p e r a t u r e  r ange .  
C o n s i d e r a b l e  ques t ion  exis ts ,  h o w e v e r ,  as to t he  a c -  
c u r a c y  of th i s  va lue .  A change  in  t h e  r o u g h n e s s  
f ac to r  b e t w e e n  25 ~ a n d  45 ~ w o u l d  cause  a r e l a -  
t i v e l y  l a r g e  e r ro r .  I t  is to be c o m p a r e d  w i t h  v a l u e s  
of 6.9 kca l  a n d  16.3 k c a l  o b t a i n e d  b y  Bockr i s  and  
P o t t e r  for  0.1N and  1.0N h y d r o c h l o r i c  ac id  solu t ions ,  
r e spec t i ve ly .  A k n o w l e d g e  of t h e  Ta fe l  slope,  the  
e x c h a n g e  c u r r e n t  dens i ty ,  and  t h e  a p p r o x i m a t e  
e n e r g y  of a c t i v a t i o n  for  h y d r o g e n  o v e r v o l t a g e  on 
n i cke l  has  no t  p r o v e d  sufficient  to r e so lve  the  q u e s -  
t ion  (32, 33) as to w h e t h e r  t h e  r a t e - d e t e r m i n i n g  
s tep  is p r o t o n  d i s c h a r g e  (H+,,q + e --* H.~ ) or  e l ec -  
t r o c h e m i c a l  d e s o r p t i o n  (H*,q + H,~.  § e - -*  H~). 

F r o m  Fig.  7 to 9, i t  is e v i d e n t  t h a t  the  p o l a r i z a t i o n  
a s soc ia t ed  w i t h  n i cke l  e l e c t r o d e p o s i t i o n  is s u b s t a n -  
t i a l l y  i n d e p e n d e n t  of p H  and  fo l lows  t h e  Ta fe l  t y p e  
d e p e n d e n c e  on c u r r e n t  dens i ty .  Dev i a t i ons  f r o m  
l i n e a r i t y  a t  h i g h e r  c u r r e n t  dens i t i e s  a r e  p r o b a b l y  
a s soc ia t ed  w i t h  concen t r a t i on  po la r i za t ion .  These  
r e su l t s  s u p p o r t  the  conc lus ion  t ha t  t he  r a t e - d e t e r -  
m i n i n g  s tep  a s soc ia t ed  w i t h  t he  n i cke l  depos i t i on  is 
i n d e p e n d e n t  of h y d r o g e n  d i s cha rge  ove r  t he  r a n g e  
of cond i t ions  r e p r e s e n t e d  in t h e  p r e s e n t  work .  

The  a p p a r e n t  l a ck  of i n t e r d e p e n d e n c e  b e t w e e n  
n i cke l  depos i t i on  and  h y d r o g e n  d i s cha rge  can  b e  e x -  
p l a i n e d  on the  bas i s  t h a t  t he  n u m b e r  of s i tes  a v a i l -  
ab le  for  n i cke l  depos i t i on  does no t  v a r y  a p p r e c i a b l y  
w i t h  p H  or  p o t e n t i a l  and  t h a t  the  t o t a l  n u m b e r  of 
s i tes  a v a i l a b l e  for  each  process  is v e r y  l a r g e  c o m -  
p a r e d  to the  a c t u a l  n u m b e r  of s i tes  i n v o l v e d  a t  a n y  
ins tan t .  

On the  bas i s  of t he  Ta fe l  s lopes  l i s t ed  in T a b l e  I, 
the  v a l u e  for  az is a p p r o x i m a t e l y  0.65. Such  a v a l u e  
a p p e a r s  r e a s o n a b l e  in  t e r m s  of the  t r a n s f e r  of a 
n i cke l  ion f r o m  the  so lu t ion  across  an  u n s y m m e t r i c a l  
p o t e n t i a l  e n e r g y  b a r r i e r  to t he  sol id  p h a s e  as t he  
r a t e - d e t e r m i n i n g  s tep  for  t he  n i c k e l  po la r i za t ion .  I f  
th is  is t h e  case, z = 2 and  a = 1/3. The  d a t a  in  Fig .  
7-9 do no t  a p p e a r  c o m p a t i b l e  w i t h  r a t e - d e t e r m i n i n g  
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s teps  i n v o l v i n g  t r a n s f e r  of  n i c k e l  f rom m e t a s t a b l e  
su r f ace  s i tes  to s t ab le  l a t t i ce  sites.  I t  is i n t e r e s t i n g  to 
no te  t h a t  Yuza  and  K o p y l  (1)  in 1940 r e p o r t e d  a 
Tafe l  s lope  c o r r e s p o n d i n g  to a --~ 1/2 on the  bas is  of 
o sc i l l og raph ic  s tud ies  of n i c k e l  e l e c t r o d e p o s i t i o n  
f r o m  a 1M n i c k e l  ch lo r ide  so lu t ion  bu f f e r ed  w i t h  
bor ic  acid.  In  1935, Ess in  and  A l f i m o v a  (14) ,  p r i m a -  
r i l y  f r o m  c u r r e n t  eff iciency m e a s u r e m e n t s ,  d e d u c e d  
a v a l u e  of ~ ~ 0.39 for  n i c k e l  su l f a t e  ove r  a r a n g e  
of c o n c e n t r a t i o n s  and  t e m p e r a t u r e s .  T h e  T a f e l  s lope  
c a l c u l a t e d  f r o m  the  g r a p h s  of Re i se r  and  F i s c h e r  
(7)  is a p p r o x i m a t e l y  0.09 a t  40~ fo r  t he  e l e c t r o -  
depos i t i on  of n i c k e l  f r o m  a 1.0M NiCI~ - -  1.0M HC1 
so lu t ion  as w e l l  as  a 0.26M NiCI~ so lu t ion  bu f fe red  
w i t h  bor ic  ac id  to p H  4.4. This  Tafe l  s lope  c o r r e -  
sponds  to ~ ---- 0.3 for  z ---- 2. 

The  v a r i a t i o n  of t h e  ca thod ic  p o t e n t i a l  w i t h  t he  
n i c k e l  ion  a c t i v i t y  e x p r e s s e d  as t he  d e r i v a t i v e  
(OE/O log a+)~ has  been  f o u n d  to be  0.12 for  bo th  t h e  
c h l o r i d e  and  t h e  su l f a t e  so lu t ions  on the  bas i s  of t h e  
d a t a  r e p r e s e n t e d  in  Fig .  7. N i c k e l  ion ac t iv i t i e s  h a v e  
been  c a l c u l a t e d  on the  s a m e  bas is  as  d e s c r i b e d  
e a r l i e r  in  c o n j u n c t i o n  w i t h  t he  d e t e r m i n a t i o n  of t he  
r e v e r s i b l e  n i c k e l  po t en t i a l s .  U n f o r t u n a t e l y ,  p r e s e n t  
d a y  t r e a t m e n t s  of t he  d o u b l e  l a y e r  s t r u c t u r e  a r e  no t  
a d e q u a t e  to  p e r m i t  a q u a n t i t a t i v e  p r e d i c t i o n  of 
(OE/O log  a . ) ,  w i t h  r e l a t i v e l y  c o n c e n t r a t e d  so lu t ions  

of p o l y v a l e n t  e l e c t r o l y t e s  such  as NiCI~ w h e r e i n  
c o m p l e x i n g  occurs .  F u r t h e r m o r e ,  c o n s i d e r a b l e  q u e s -  
t ion  ex is t s  as to  t h e  s ign i f icance  of s ingle  ion a c t i v i -  
t ies  e v a l u a t e d  in  such so lu t ions  b y  the  p r o c e d u r e  
i n d i c a t e d  ea r l i e r .  

In  genera l ,  t h e  depos i t i on  of n i cke l  f r o m  a ch lo r ide  
so lu t ion  occurs  a t  l o w e r  p o t e n t i a l s  w i t h  c o r r e -  
s p o n d i n g  h i g h e r  c u r r e n t  efficiencies t h a n  f r o m  su l -  
f a t e  so lu t ions  of t he  s a m e  concen t r a t ion .  Th is  
d i f fe rence  b e t w e e n  ch lo r ide  and  su l f a t e  so lu t ions  is 
as w o u l d  b e  p r e d i c t e d  on t h e  bas is  of t h e  n i c k e l  ion 
ac t iv i t i e s  for  t he  so lu t ions  r e p r e s e n t e d  in Fig.  7. In  
t he  su l f a t e  so lu t ions ,  t he  n i c k e l  a c t i v i t y  coefficients 
a r e  c o n s i d e r a b l y  l o w e r  t h a n  in ch lo r ide  solut ions .  
Thus,  d i f fe rences  b e t w e e n  c h l o r i d e  a n d  su l fa t e  so lu -  
t ions  a r e  not  ev idence  of a n y  specif ic  an ion  effects. 

As  in  t he  case  of the  h y d r o g e n  p o l a r i z a t i o n  da ta ,  
the  e n e r g y  of a c t i v a t i o n  for  n i cke l  depos i t i on  m a y  
be c a l c u l a t e d  f r o m  Eq. [2] ,  p r o v i d e d  the  su r f ace  
roughnes s  f ac to r  and  ~ a r e  s u b s t a n t i a l l y  i n d e p e n -  
d e n t  of t e m p e r a t u r e  and  t h e  m e t h o d  of a s c e r t a i n i n g  
the  r e v e r s i b l e  p o t e n t i a l  for  n i c k e l  r e l a t i v e  to t he  
s a t u r a t e d  c a lome l  r e f e r e n c e  e l ec t rode  is r e l i ab le .  On 
the  bas is  of t he  a p p a r e n t  e x c h a n g e  c u r r e n t s  l i s t ed  in 
T a b l e  I for  0.5M NiCI~ at  p H  2.0 for  25 ~ and  45~ 
the  a c t i v a t i o n  e n e r g y  for  n i cke l  is -~21 k c a l  o r  a p -  
p r o x i m a t e l y  tw ice  t h a t  for  h y d r o g e n  d i scha rge .  

A d e t a i l e d  d i scuss ion  of the  k ine t i c s  of t h e  r a t e -  
d e t e r m i n i n g  s teps  i n v o l v e d  in the  n i c k e l  depos i t i on  
wi l l  no t  be  g iven  a t  th is  t i m e  b u t  wi l l  be  p o s t p o n e d  
u n t i l  a f t e r  t h e  p u b l i c a t i o n  of l a t e r  p a p e r s  in th i s  
ser ies  i n v o l v i n g  the  e l e c t r o d e p o s i t i o n  of n i c k e l  f rom 
m i x e d  so lven t  sy s t e ms  and  the  anodic  p r o p e r t i e s  of 
n i c k e l  in  s i m p l e  ch lo r ide  and  su l f a t e  so lu t ions .  
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Streaming Potentials of Corundum 
in Aqueous Organic Electrolyte Solutions 

D. W.  Fuerstenau 1 and H. J. Modi 2 
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ABSTRACT 

The effect of cer ta in  12-carbon anionic and cationic sur face-ac t ive  com- 
pounds  on the zeta po ten t ia l  of corundum at  different  pH values  has been  eva l -  
uated f rom s t reaming  potent ia l  measurements .  These measurements ,  made  
under  condit ions of both  posi t ive and negat ive  surface charge,  indicate  tha t  
long-cha ined  ions are  adsorbed  apprec iab ly  only when  the  solid and organic  
ions are  opposi te ly  charged.  An  adsorpt ion  mechanism involv ing  e lec t ros ta t ic  
a t t rac t ion  and hydroca rbon  chain associat ion is discussed us ing the S te rn  model  
of the double  layer .  

The  s t r u c t u r e  of the  doub le  l a y e r  has  b e e n  the  
sub j ec t  of c o n s i d e r a b l e  i n t e r e s t  d u r i n g  the  pa s t  f ew  
years .  A l t h o u g h  mos t  of the  w o r k  p u b l i s h e d  dea l s  
w i t h  t h e o r e t i c a l  cons ide ra t ions ,  a n u m b e r  of e x p e r i -  
m e n t a l  s tud ies  u t i l i z i ng  e l e c t r o k i n e t i c  or  e l e c t r o -  
c h e m i c a l  t e chn iques  h a v e  also b e e n  r e p o r t e d .  T h e  

1Presen t  address: Kaiser  A l u m i n u m  & Chemical  Corp., Pe r -  
manen te ,  Calif. 

~Present  address: Nat ional  Cash Register  Co., Dayton,  Ohio. 

effects of o rgan ic  e l e c t ro ly t e s  on the  p r o p e r t i e s  of 
t h e  e l ec t r i ca l  doub le  l a y e r  a r e  i m p o r t a n t  in  f lo ta t ion  
a n d  o t h e r  processes  d e p e n d e n t  on su r f ace  p rope r t i e s ,  
b u t  s t i l l  the  t e c h n i c a l  l i t e r a t u r e  on the  s u b j e c t  is  e x -  
c e e d i n g l y  scant .  S t r e a m i n g  p o t e n t i a l  e x p e r i m e n t s  on 
q u a r t z  h a v e  s h o w n  t h a t  a m i n i u m  ions a r e  s t r o n g l y  
a d s o r b e d  and  a re  a b l e  to c h a n g e  the  s ign of t h e  e l ec -  
t r o k i n e t i c  or  ze t a  po t en t i a l ,  ~, b e c a u s e  ions  a d s o r b e d  
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in  t h e  S t e r n  l a y e r  assoc ia te  t h r o u g h  V a n  de r  W a a l s  
a t t r a c t i o n  b e t w e e n  t h e i r  h y d r o c a r b o n  cha ins  (1, 2) 
A m i n i u m  ions  b e g i n  to assoc ia te  a t  the  q u a r t z - s o l u -  
t ion  i n t e r f a c e  a t  p H  7 w h e n  t h e i r  b u l k  c o n c e n t r a t i o n  
is a b o u t  o n e - h u n d r e d f o l d  less  t h a n  t h e i r  b u l k  c r i t i -  
cal  m ice l l e  c o n c e n t r a t i o n  (2) .  The  e x p e r i m e n t s  w i t h  
q u a r t z  w e r e  c a r r i e d  ou t  w i t h  a n e g a t i v e l y  c h a r g e d  
sur face ,  b u t  c o r u n d u m  offers t he  pos s ib i l i t y  of w o r k -  
ing  w i t h  an  ox ide  m i n e r a l  t h a t  can  be  r e a d i l y  
c h a r g e d  pos i t i ve ly  or  n e g a t i v e l y  s ince  t he  zero  p o i n t  
of c h a r g e  occurs  at  p H  9.4 (3) .  The  ob j ec t  of th i s  
p a p e r ,  t he re fo re ,  is to p r e s e n t  the  r e su l t s  of an  e l ec -  
t r o k i n e t i c  i n v e s t i g a t i o n  of c o r u n d u m  in so lu t ions  
c on t a in ing  l o n g - c h a i n e d  o rgan ic  ions  u n d e r  cond i -  
t ions  of bo th  pos i t i ve  a n d  n e g a t i v e  su r face  charge ,  
and  to d iscuss  an  a d s o r p t i o n  m e c h a n i s m  in t e r m s  of 
e x p e r i m e n t a l  resu l t s .  

Experimental Materials and Method 
The p r e p a r a t i o n  a n d  t r e a t m e n t  of c ru shed  c o r u n -  

d u m  a n d  the  e q u i p m e n t  a n d  g e n e r a l  t e chn iques  u sed  
in  th is  i n v e s t i g a t i o n  h a v e  been  d e s c r i b e d  p r e v i o u s l y  
in d e t a i l  (3, 4) .  G r e a t  ca re  was  e x e r c i s e d  in us ing  
r e a g e n t s  of t he  h ighes t  pu r i t y .  D o d e c y l a m m o n i u m  
ch lo r ide  was  o b t a i n e d  f r o m  A r m o u r  and  C o m p a n y ,  
Chicago,  I l l inois ,  and  s o d i u m  d o d e c y l  su l f a t e  a n d  
s o d i u m  dodecy l  su l fona t e  w e r e  bo th  s u p p l i e d  b y  
C o l g a t e - P a l m o l i v e  C o m p a n y ,  J e r s e y  City,  N e w  J e r -  
sey. A s a m p l e  of p u r e  sod ium l a u r a t e  was  p r e p a r e d  
b y  n e u t r a l i z i n g  a w a r m  so lu t ion  of r e c r y s t a l l i z e d  
l au r i c  ac id  ( m p  43.3~ in abso lu t e  a lcoho l  w i t h  an  
e q u i v a l e n t  a m o u n t  of a w a r m  so lu t ion  of m e t a l l i c  
sod ium in a b s o l u t e  alcohol .  The  whi t e ,  w a x y  p r e c i p -  
i t a t e  w h i c h  f o r m e d  was  f i l tered,  w a s h e d  w i t h  a l co -  
hol, and  d r i e d  at  90~ 

Experimental Results 
Since  H + a n d  OH- a r e  p o t e n t i a l - d e t e r m i n i n g  ions 

for  a l u m i n a  (3 -5 ) ,  the  p H  was  m a i n t a i n e d  cons t an t  
for  each  ser ies  of e x p e r i m e n t s .  A t  p H  v a l u e s  b e l o w  
9.4, t he  a l u m i n a  su r f ace  is p o s i t i v e l y  cha rged ,  and  
at  h i g h e r  p H  v a l u e s  i t  is n e g a t i v e l y  cha rged .  Thus ,  
b y  con t ro l l i ng  t h e  so lu t ion  p H  i t  is poss ib le  to s t u d y  
the  effect of an  an ion  or  a ca t ion  on the  e l e c t r o k i -  
ne t ic  p o t e n t i a l  of a p o s i t i v e l y  or  n e g a t i v e l y  c h a r g e d  
sur face .  

Anionic organic eIectrolytes.--Zeta po t en t i a l s  of  
c o r u n d u m  w e r e  d e t e r m i n e d  in aqueous  so lu t ions  of 
s o d i u m  d o d e c y l  su l fa te ,  sod ium d o d e c y l  su l fona te ,  
and  s o d i u m  l a u r a t e  a t  p H  6.5. S o d i u m  d o d e c y l  su l -  
fa te  and  s o d i u m  d o d e c y l  su l fona t e  a r e  b o t h  c o m -  
p l e t e l y  d i s soc i a t ed  in  aqueous  so lu t ions  in t h e  con-  
c e n t r a t i o n  r a n g e  i nves t i ga t ed .  S ince  the  p K  of 
l au r i c  ac id  (6)  is a b o u t  5.3 and  i ts  s o l u b i l i t y  is 1.2 x 
1O -~ moles  p e r  l i t e r  (7 ) ,  a t  p H  6.5 the  u n d i s s o c i a t e d  
ac id  shou ld  p r e c i p i t a t e  f rom 2 x 10-4M a d d i t i o n s  of 
s o d i u m  l a u r a t e .  T h e  c r i t i ca l  m ice l l e  c o n c e n t r a t i o n s  
of these  an ion ic  o rgan ic  e l e c t r o l y t e s  a r e  t h e  f o l l o w -  
ing:  s o d i u m  d o d e c y l  su l fa te ,  0.8 x 10-'M; s o d i u m  d o -  
d e c y l  su l fona te ,  1 . 0 x  10-2M; sod ium l a u r a t e ,  2 . 4 x  
10-2M. 

E x p e r i m e n t a l  r e su l t s  a r e  p r e s e n t e d  in  Fig .  1 a long  
w i t h  m e a s u r e m e n t s  for  sod ium n i t r a t e  a d d e d  for  
c o m p a r a t i v e  pu rposes .  The  ze ta  p o t e n t i a l  cu rves  a r e  
c h a r a c t e r i z e d  b y  c e r t a i n  c o m m o n  fea tu res .  F i r s t ,  t he  
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Fig. 1. Zeta potential of corundum in aqueous solutions of 
sodium Iourote, sodium dodecyl sulfate, sodium dodecyl sul- 
fonote, and sodium nitrate at pH 6.5. 

e x p e r i m e n t a l  v a l u e s  of ~ i n d i c a t e  t h a t  a l l  t h r e e  o r -  
gan ic  e l e c t r o l y t e s  func t ion  l ike  a s imp le  1:1 v a l e n t  
i n o r g a n i c  e l e c t r o l y t e  ( l ike  NaNO~) in  d i l u t e  so lu -  
t ions.  Second,  s h a r p  b r e a k s  occur  in the  cu rves  for  
o rgan ic  e l e c t r o l y t e s  w i t h  t he  ze t a  p o t e n t i a l  b e c o m i n g  
nega t ive ,  and  th i rd ,  t he  cu rves  con ta in  a p o r t i o n  
w h e r e  the  s lope  dec reases  again .  In  t he  case  of so-  
d i u m  l a u r a t e  solu t ions ,  h o w e v e r ,  the  s lope  is a b r u p t l y  
r e d u c e d  to zero b y  the  p r e c i p i t a t i o n  of u n d i s s o c i a t e d  
l au r i c  acid.  The  s lope  of t he  s t r a i g h t  l ine  p o r t i o n  of 
t he  ~-log c c u r v e  fo r  sod ium n i t r a t e  is 17 mv,  w h e r e a s  
for  sod ium d o d e c y l  su l f a t e  a n d  su l fona te ,  i t  is 102 
my.  F o r  s o d i u m  l a u r a t e ,  i t  is 135 mv.  

To i l l u s t r a t e  the  effect of t he  m a g n i t u d e  and  s ign  
of su r f ace  cha rge  on the  s h a r p  b r e a k  in  t he  ze t a  p o -  
t e n t i a l  curve ,  m e a s u r e m e n t s  w e r e  also m a d e  a t  p H  4 
a n d  11 in  s o d i u m  dode c y l  su l f a t e  so lu t ions .  I n  Fig .  2, 

is p l o t t e d  as a func t ion  of t he  c o n c e n t r a t i o n  of bo th  
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s o d i u m  d o d e c y l  su l f a t e  a n d  s o d i u m  ch lo r ide  a t  p H  4, 
6.5, a n d  11. I t  is seen  t h a t  t he  s h a r p  b r e a k  in  t he  
C-log c c u r v e  occurs  a t  n e a r l y  a t e n f o l d  g r e a t e r  d i -  
l u t i on  a t  p H  4 t h a n  a t  p H  6.5, b u t  t he  s lope  d ~ / d  log  
c is s t i l l  102 mv.  In  con t ras t ,  d ~ / d  log c fo r  t he  NaC1 
cu rves  is on ly  17 m v  and  27 m v  a t  p H  6.5 a n d  4, 
r e s p e c t i v e l y .  U n d e r  cond i t ions  w h e r e  c o r u n d u m  is 
n e g a t i v e l y  c h a r g e d  ( p H  11),  h o w e v e r ,  t he  two  
cu rves  a r e  n e a r l y  iden t i ca l ,  t he  s lope  b e i n g  --12.5 
mv.  

C a t i o n i c  o r g a n i c  e l e c t r o l y t e s . - - S i n c e  an ion ic  p a r -  
a f f in -cha in  e l e c t r o l y t e s  b r i n g  a b o u t  an  a b r u p t  r e -  
v e r s a l  in  t he  s ign  of C w h e n  the  s u r f a c e  is p o s i t i v e l y  
cha rged ,  i t  s e e m e d  r e a s o n a b l e  t ha t  p o s i t i v e l y  c h a r g e d  
o rgan ic  ions  shou ld  p r o d u c e  s i m i l a r  changes  u n d e r  
conve r se  condi t ions .  To s t u d y  th is  e x p e r i m e n t a l l y ,  
t h e  ze t a  p o t e n t i a l  w a s  d e t e r m i n e d  in aqueous  so lu -  
t ions  of d o d e c y l a m m o n i u m  ch lo r ide  a t  p H  6.5, 10, 
a n d  11. The  p K  for  t he  h y d r o l y s i s  of d o d e c y l a m i n e  is 
3.4 a n d  the  so lub i l i t y  of d o d e c y l a m i n e  is 2 x 10 - '  
mo le s  p e r  l i t e r  (8) .  A t  p H  10 and  11, t he  r a t i o  
RNH,+/RNH~ is 4.3 and  0.43, r e spec t i ve ly .  The  c r i t i -  
cal  m ice l l e  c o n c e n t r a t i o n  for  d o d e c y l a m m o n i u m  
ch lo r ide  is 1.3 x 10-=M. 

E x p e r i m e n t a l  d a t a  a r e  p r e s e n t e d  in  Fig.  3 a long  
w i t h  d a t a  for  s o d i u m  ch lo r ide  a d d e d  for  c o m p a r a -  
t i ve  purposes .  A t  p H  6.5, w h e n  c o r u n d u m  is pos i -  
t i v e l y  cha rged ,  d o d e c y l a m m o n i u m  ch lo r ide  b e h a v e s  
as an  o r d i n a r y  ind i f f e r en t  e l ec t ro ly t e ,  such  as  NaC1, 
because  i d e n t i c a l  va lue s  a r e  o b t a i n e d  in  so lu t ions  of 
e q u a l  concen t r a t ion .  H o w e v e r ,  w h e n  c o r u n d u m  is 
n e g a t i v e l y  cha rged ,  d o d e c y l a m m o n i u m  ions a b r u p t l y  
change  the  s ign  of ~ once a c r i t i ca l  c o n c e n t r a t i o n  is 
r eached .  F o r  ins tance ,  in  the  a s c e n d i n g  p o r t i o n  of 
t he  c u r v e  a t  p i t  11, d ~ / d  log  c is n e a r l y  --350 mv.  
H o w e v e r ,  w i t h  f u r t h e r  add i t i ons  of d o d e c y l a m m o -  
n i u m  ch lo r ide  t he  s lope  d rops  b a c k  to zero b e c a use  
of the  p r e c i p i t a t i o n  of f ree  amine .  A t  p H  10, a s i m i -  
l a r l y  s h a p e d  cu rve  is also ob ta ined ,  a l t h o u g h  C b e -  
comes  s o m e w h a t  less pos i t i ve  as m o r e  d o d e c y l a m -  
m o n i u m  c h l o r i d e  is added .  This  r e su l t s  f r om the  fac t  
tha t ,  once the  so lub i l i t y  of t he  f ree  a m i n e  is e x -  
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ceeded,  a d d i t i o n  of d o d e c y l a m m o n i u m  c h l o r i d e  a t  
c o n s t a n t  p H  is e q u i v a l e n t  to a d d i n g  m o r e  NaC1, 
w h i c h  inc reases  t h e  ionic  s t r e n g t h  and  compres se s  
the  doub le  l aye r ,  t h e r e b y  r e d u c i n g  the  ze t a  p o -  
t en t ia l .  

Discussion of Results 
Since  H § and  OH- a re  p o t e n t i a l - d e t e r m i n i n g  ions 

for  c o r u n d u m  (3, 5) ,  the  su r f a c e  po ten t i a l ,  ~o, of co-  
r u n d u m  d e p e n d s  on the  p H  of the  solu t ion ,  a n d  i ts  
v a l u e  in  vol t s  can  be  c a l c u l a t e d  f r o m  

k T  aH § 
~bo -= In = 0.059 [9.4 - -  P H I  [1]  

v e  aH~ 

w h e r e  all+ is the  a c t i v i t y  of H § in  so lu t ion  and  ariD+ is 
t he i r  a c t i v i t y  a t  t he  zero  p o i n t  of charge ,  n a m e l y ,  
p H  9.4 (3) .  In  Eq. [1] ,  k is B o l t z m a n n ' s  cons tan t ,  T 
is a b s o l u t e  t e m p e r a t u r e  in  deg rees  Ke lv in ,  v is the  
v a l e n c y  of H + ( s ign  of c h a r g e  i n c l u d e d ) ,  and  e is t he  
e l ec t ron ic  charge .  The  su r f ace  p o t e n t i a l  is + 3 0 0  mv,  
+170  my ,  - -30 my,  a n d  - -90 m y  a t  p H  4, p H  6.5, p H  10, 
and  p H  11, r e spec t i ve ly .  In  c o n d u c t i v i t y  w a t e r ,  t he  
va lue s  of C shou ld  a p p r o a c h  ~o, b u t  su r face  c o n d u c t -  
ance  has  l o w e r e d  the  c a l c u l a t e d  v a l u e  of C to + 7 0  
m v  because  the  m e a s u r e m e n t s  w e r e  m a d e  w i t h  p a r -  
t i c les  (10, 11).  E x p e r i m e n t a l  m e a s u r e m e n t s  of C 
w i t h  pa r t i c l e s  and  c a p i l l a r i e s  m a d e  of t he  s ame  glass  
have  s h o w n  t h a t  d a t a  o b t a i n e d  w i t h  c a p i l l a r i e s  a r e  
80, 50, a n d  17% h i g h e r  in  10 -~ 10 -~, a n d  10-'M KNO~ 
solut ions ,  r e spe c t i ve ly ,  t h a n  the  va lue s  d e t e r m i n e d  
w i t h  p a r t i c l e s  (10) .  H o w e v e r ,  in t he  p r e s e n t  i n v e s -  
t iga t ion ,  w e  a re  e s s e n t i a l l y  c o n c e r n e d  w i t h  t he  con-  
d i t ions  w h e r e  ~ changes  sign, a n d  these  cond i t ions  do 
no t  d e p e n d  on p a r t i c l e  size. 

M o n o v a l e n t  i n o r g a n i c  e l ec t ro ly t e s ,  such as  NaC1 
or  NaNO3, r e d u c e  C to p r a c t i c a l l y  zero in  h i g h l y  con-  
c e n t r a t e d  so lu t ions  t h r o u g h  compres s ion  of t h e  e lec -  
t r i c a l  doub le  l a y e r  (3) ,  b u t  u n d e r  no cond i t i on  do 
t h e y  change  i ts  sign. M o n o v a l e n t  o rgan ic  ions, on the  
o t h e r  hand ,  can  c h a n g e  the  s ign  of C p r o v i d e d  t h e y  
a r e  c h a r g e d  oppos i t e l y  to t he  s u r f a c e . . U n d e r  cond i -  
t ions  w h e r e i n  t he  o rgan ic  ion  a n d  the  sol id  su r f ace  
a r e  c h a r g e d  oppos i t e ly ,  C-log c cu rves  i n d i c a t e  t h a t  
o rga n i c  ions  a r e  a d s o r b e d  as  i n d i v i d u a l  c oun t e r  ions  
t h r o u g h  cou lombic  a t t r a c t i o n  for  t he  su r f a c e  u n t i l  
a c e r t a i n  c r i t i ca l  c o n c e n t r a t i o n  is r e a c h e d  w i t h i n  the  
doub le  l a y e r  w h e n  the  h y d r o c a r b o n  cha ins  of the  
ions a d s o r b e d  in  t h e  S t e r n  l a y e r  beg in  to assoc ia te  
a n d  change  the  s ign  of ~. Be c a use  of t he  a n a l o g y  of 
th i s  p h e n o m e n o n  to m ic e l l e  f o r m a t i o n  in t he  b u l k  
solut ion ,  t he  a s soc ia t ed  o rga n i c  ions in the  S t e r n  
l a y e r  h a v e  b e e n  ca l l ed  h e m i - m i c e l l e s  (1, 2) .  The  r e -  
duc t ion  of t he  s lope  of the  C-log c cu rves  a t  h i g h e r  
c o n c e n t r a t i o n s  r e su l t s  e i t h e r  f r o m  m o n o l a y e r  cov-  
e r a g e  ( in  t h e  case  of dode c y l  su l f a t e  and  su l fona t e  
ions)  or  f rom p r e c i p i t a t i o n  of a n e u t r a l  m o l e c u l e  
( l a u r i c  ac id  or  d o d e c y l a m i n e ) .  

S t e r n  first  p o i n t e d  out  t h a t  the  w o r k  W~ r e q u i r e d  
to b r i n g  an  ion  f r o m  the  b u l k  of t h e  so lu t ion  to a 
po in t  in the  d o u b l e  l a y e r  a t  p o t e n t i a l  ~ m i g h t  i n -  
v o l v e  not  on ly  e l ec t ro s t a t i c  w o r k  

W~ = v e  ~ [2]  
b u t  a lso  chemica l  w o r k ,  ~: 

W~ = v e  q~ - -  r [3]  
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If  the  a d s o r b e d  ion possesses  a long  h y d r o c a r b o n  
chain ,  Van  de r  W a a l s  assoc ia t ion  b e t w e e n  h y d r o -  
c a r b o n  cha ins  of s i m i l a r l y  a d s o r b e d  ions w i l l  g ive  
r i se  to an  a d d i t i o n a l  w o r k  t e rm,  @': 

W, = v e  @,-- @-- @' [4]  

F r o m  the  d a t a  p r e s e n t e d  in Fig .  2 a n d  3, i t  can  be  
seen t h a t  r e v e r s a l  of ~ occurs  on ly  w h e n  the  so l id  
and  o rgan ic  ion a r e  oppos i t e l y  cha rged ,  m e a n i n g  t h a t  
the  o rgan ic  ions a r e  a d s o r b e d  a p p r e c i a b l y  on ly  w h e n  
t h e y  can  func t ion  as coun te r  ions a t  the  in t e r face .  
S ince  these  l o n g - c h a i n e d  e l ec t ro ly t e s  affect  ~ in  a 
m a n n e r  i den t i ca l  to any  ind i f f e r en t  e l e c t r o l y t e  u n d e r  
cond i t ions  of l ike  charge ,  t h e y  h a v e  no c h e m i c a l  
aff ini ty  for  a l u m i n a  and,  c o n s e q u e n t l y  for  th is  sys -  
tem,  @ is zero.  Thus,  the  i n a e r  H e l m h o l t z  p l a n e  wi l l  
be  e m p t y  and  the  h e a d s  of the  a d s o r b e d  o rgan ic  
ions w i l l  l ie  in the  ou te r  H e l m h o l t z  or  S t e r n  p l ane .  
U n d e r  cond i t ions  r e p r e s e n t e d  b y  the  in i t i a l  p o r t i o n  
of the  C-log c curves ,  t he  force  of a d s o r p t i o n  is s i m -  
p l y  e l e c t ro s t a t i c  a n d  r is zero, w h e r e a s  u n d e r  con-  
d i t ions  c o r r e s p o n d i n g  to t he  second  and  t h i r d  p a r t s  
of the  curves ,  Van  de r  W a a l s  fo rce  of a s soc ia t ion  
b e t w e e n  h y d r o c a r b o n  cha ins  becomes  o p e r a t i v e  a n d  
r  has  a f ini te  va lue .  H o w e v e r ,  r is no t  cons t an t  a n d  
wi l l  d e p e n d  on the  o r i e n t a t i o n  of the  a d s o r b e d  o r -  
gan ic  ions in the  S t e r n  l aye r .  Thus,  the  a t t r a c t i v e  
force  b e t w e e n  the  a d s o r b e d  o rgan ic  ions w i l l  i n -  
c rease  f rom zero  to a v a l u e  t h a t  is a p p r o x i m a t e l y  the  
e n e r g y  ga ined  b y  t a k i n g  the  h y d r o c a r b o n  cha in  ou t  
of w a t e r ;  n a m e l y ,  1.1 k T  p e r  CH2 g roup  in t he  cha in  
(9) .  The  r a t e  a t  w h i c h  6' becomes  ef fec t ive  is i l l u s -  
t r a t e d  q u a l i t a t i v e l y  b y  a n y  of the  g raphs .  

Q u a l i t a t i v e l y ,  d o d e c y l  su l f a t e  ions change  the  s ign 
of ~ a t  a l o w e r  b u l k  c o n c e n t r a t i o n  t h a n  is r e q u i r e d  
for  d o d e c y l  su l fona t e  ions, w h i c h  is in accord  w i t h  
t h e i r  r e l a t i v e  c r i t i ca l  m ice l l e  concen t ra t ions .  H o w -  
ever ,  even  t h o u g h  the  c r i t i ca l  m ice l l e  c o n c e n t r a t i o n  
of sod ium l a u r a t e  is s o m e w h a t  h i g h e r  t h a n  t h a t  for  
sod ium dodecy l  su l fa te ,  l a u r a t e  ions  beg in  to asso-  
c ia te  a t  t he  c o r u n d u m - s o l u t i o n  i n t e r f a c e  at  a l o w e r  
b u l k  c o n c e n t r a t i o n  t h a n  is r e q u i r e d  for  s o d i u m  do-  
decy l  su l fa te .  A t  p H  6.5, the  r a t i o  of l a u r a t e  ions  to 
l au r i c  ac id  mo lecu le s  in so lu t ion  is 16, t ha t  is, n e a r l y  
6% of the  sod ium l a u r a t e  a d d e d  is p r e s e n t  as u n d i s -  
soc ia ted  l a u r i c  acid.  In  the  b u l k  so lu t ion  this  con-  
c e n t r a t i o n  of 12 -ca rbon  n e u t r a l  mo lecu l e s  is not  
sufficient  to l o w e r  t he  cmc (12) ,  b u t  i t  m u s t  be  a 
m a j o r  f ac to r  in a d s o r p t i o n  at  t he  s o l i d - s o l u t i o n  in -  
te r race .  I f  a l a u r a t e  ion is a n c h o r e d  in  t he  S t e r n  
p lane ,  a l au r i c  ac id  m o l e c u l e  can  t h e n  be  a d s o r b e d  
t h r o u g h  assoc ia t ion  of h y d r o c a r b o n  chains .  A n o t h e r  
l a u r a t e  ion can  t h e n  be  a d s o r b e d  t h r o u g h  V a n  de r  
W a a l s  a t t r a c t i o n  b e t w e e n  its h y d r o c a r b o n  cha in  and  
t ha t  of an a n c h o r e d  l au r i c  ac id  molecu le .  In  th is  case  
r e p u l s i o n  b e t w e e n  the  c h a r g e d  l a u r a t e  ion h e a d s  
w i l l  be  l o w e r  because  of t h e  i n t e r v e n i n g  u n c h a r g e d  
molecu le .  This  is r p r e s e n t e d  b y  Fr~, in  Fig .  4. I f  asso-  
c ia t ion  of  o rgan ic  mo lecu l e s  w i t h  o rgan ic  ions 
t a k e s  p l ace  be fo re  t he  S t e r n  l a y e r  is suff ic ient ly  p o p -  
u l a t e d  w i t h  enough  o rgan ic  ions for  t he  ions  to as -  
soc ia te  b y  t hemse lves ,  &' shou ld  a l r e a d y  h a v e  a 
f ini te  v a l u e  w h e n  the  cu rves  beg in  to b r e a k  s h a r p l y .  
O b s e r v a t i o n  of F ig .  3 shows  t h a t  t he  ~-log c cu rves  

| 
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Fig. 4. Schematic representat ion o f  double layer  when 
neut ra l  molecules are present. 

for  d o d e c y l a m m o n i u m  ch lo r ide  (pH 10 a n d  11) b e -  
g in  to d e v i a t e  f r o m  the  cu rves  for  NaC1 a t  concen -  
t r a t i o n s  a b o v e  2 x l0-6M. This  d e v i a t i o n  inc reases  
g r a d u a l l y  u n t i l  i t  is 12 m v  a t  the  po in t  w h e r e  t he  
~-log c cu rve  b r e a k s  sha rp ly .  Thus,  ~b' for  t he  sys -  
t e m  i n v o l v i n g  d o d e c y l a m m o n i u m  ch lo r ide  in a l k a -  
l ine  so lu t ions  is zero  on ly  u n t i l  2 x 10 -~ mo le  of t he  
o rgan ic  sa l t  has  been  added .  Because  of t he  p re sence  
of t he  d o d e c y l a m i n e  molecules ,  r  beg ins  to i nc rease  
g r a d u a l l y  for  2 x 10-~ add i t ions ,  b u t  i t  i nc reases  
s h a r p l y  at  the  a b r u p t  b r e a k  in the  ~-log c curves .  I f  
the  o rgan ic  sa l t  is a s t rong  e l ec t ro ly t e ,  o rgan ic  m o l e -  
cules  a r e  a b s e n t  and  the  ~-log c cu rves  do no t  d e -  
v i a t e  f rom those  of NaC1 b e f o r e  t he  s h a r p  b r e a k  
(Fig .  2) .  

I n c r e a s i n g  the  su r face  po t en t i a l ,  t h a t  is, l o w e r i n g  
the  p H  f rom 6.5 to 4.0, was  f o u n d t o  r e d u c e  the  b u l k  
c o n c e n t r a t i o n  of dode c y l  su l f a t e  ions w h i c h  is r e -  
q u i r e d  for  t he  a d s o r b e d  ions to assoc ia te  (Fig.  2) .  
This  r e su l t s  f r om the  i n c r e a s e d  a d s o r p t i o n  of coun te r  
ions. I t  shou ld  be  p o i n t e d  ou t  t h a t  c o m p e t i t i o n  ex is t s  
for  s i tes  in the  doub le  l a y e r  be c a use  t he  c o n c e n t r a -  
t ion  of C1- is 10-~M. A t  p H  11, sod ium d o d e c y l  su l fa te  
affects  ~ in a m a n n e r  i d e n t i c a l  to s o d i u m  chlor ide .  
This  ind ica t e s  t h a t  the  coun te r  ions  in each  case a r e  
s o d i u m  ions and  t ha t  dode c y l  su l f a t e  ions h a v e  no 
c h e m i c a l  aff ini ty  for  c o r u n d u m .  In  th is  case  no as -  
soc ia t ion  can  t a k e  p l ace  be c a use  t he  c o n c e n t r a t i o n  of 
dode c y l  su l f a t e  ions  n e x t  to the  su r f ace  is on ly  a b o u t  
o n e - t e n t h  of the  b u l k  concen t r a t ion .  

A q u a n t i t a t i v e  e s t i m a t e  of t he  v a l u e  of ~' can  be  
m a d e  b y  look ing  a t  the  d o u b l e  l a y e r  u n d e r  cond i -  
t ions  w h e r e  ~ is zero.  F o r  th is  q u a n t i t a t i v e  t r e a t -  
men t ,  the  S t e r n  p l a n e  m u s t  be a s s u m e d  to co inc ide  
w i t h  t he  s h e a r  p l a n e  in  s t r e a m i n g  e x p e r i m e n t s  in 
o r d e r  t ha t  ~ equa l s  @s, t he  p o t e n t i a l  a t  t he  S t e r n  
p lane .  U n d e r  cond i t ions  w h e r e  ~ is zero,  a l l  t he  
c o u n t e r  ions occur  in t he  S t e r n  p l a n e  and  conse-  
q u e n t l y  the  doub le  l a y e r  consis ts  on ly  of a m o l e c u l a r  
condense r .  

The  c a p a c i t y  C~ of t he  m o l e c u l a r  condense r  w i l l  
be a s s u m e d  to be  cons t an t  and  the  r e l a t i o n  w i t h  t he  
su r face  cha rge  ~ w h e r e  ~ is zero can  be  e x p r e s s e d  b y  

o" = q, o C ,  [5]  

The  c h a r g e  of the  S t e r n  p lane ,  ~ ,  w h i c h  is e q u a l  to 
b u t  oppos i t e  in s ign  to the  su r f ace  c h a r g e  for  th is  
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Table I. Data for the calculation of r  with Eq. [8a] when ~ is zero 

Apri l  1959 

E lec t ro ly t e  p H  r m v  y K, Co ~b', kT  

Sodium dodecyl  sulfate  6.5 + 170 6.8 10.9 
Sodium dodecyl  sulfate 4.0 +300 12 10.9 
Sodium dodecyl sulfate 11.0 --90 --3.6 - -  
Sodium dodecyl sulfonate 6.5 + 170 6.8 10.9 
Sodium laurate 6.5 + 170 6.8 22.2 
Dodecylarnmonium chloride 6.5 + 170 6.8 - -  
Dodecy lammonium chlor ide  10.0 --30 --1.3 21.2 
Dodecy lammonium chloride 11.0 --90 --3.6 21.2 

8.2 • 10-SM 8.9 
3.3 • 10 5 10.9 

- -  0 

1.2 • 10 -~ 8.6 
2.5 X 10 -~ 9.4 

- -  0 

8.9 • 10 -5 6.9 
1.2 X 10 -~ 9.5 

model ,  is g iven  b y  

(4') ~, ~ 2 rnve exp  [6] 

w h e n  ~ is zero  (13) .  In  Eq. [6]  r is t he  r a d i u s  of t he  
ion  u n d e r  cons ide ra t ion ,  t h a t  is, t he  h e a d  of t he  
o rgan ic  ion c h a r g e d  o p p o s i t e l y  to the  sur face ,  and  
n is the  n u m b e r  of such  ions p e r  cc of b u l k  so lu t ion .  

F o r  the  m o l e c u l a r  condense r :  

~o C, = cr ~- - - ~  = --2 rnve exp ( k% ) [7]  

M u l t i p l y i n g  bo th  s ides  of t he  e q u a t i o n  b y  v e / k T  
a n d  r e a r r a n g i n g  t e r m s  gives  

veto  ( v e ) 2 r n v e e x p (  ~' ) 
kT kTC~--~ - - ~  [8]  

v y = - - K ,  co exp  ( k - ~ -  ) [Sa]  

w h e r e  y is e~o/kT (~o be ing  e v a l u a t e d  f rom Eq. [ 1 ] ) ,  

K, is - -  
2 v~e~r 
kTC~ 

( N / 1 0 0 0 ) .  H e r e  N is 6.02 x 10 '~ m o l e -  

cules  p e r  mole ,  and  co is the  concen t r a t i on  in  mo les  
p e r  l i t e r  of the  o rgan ic  e l e c t r o l y t e  to b r i n g  the  v a l u e  
of ~ to zero. E v a l u a t i o n  of ~b' d e p e n d s  on the  v a l u e  
and  c o n s t a n c y  of  C ,  t he  m a t h e m a t i c a l  i d e n t i t y  of 
the  S t e r n  p l a n e  and  the  shea r  p l a n e  ( o b v i o u s l y  t he  
shea r  p l a n e  exis t s  ou t s ide  the  h y d r o c a r b o n  cha ins  
of the  a d s o r b e d  o rgan i c  ions, b u t  for  use  of Eq. [8]  
% m u s t  be  zero  w h e n  ~ is ze ro ) ,  a n d  the  p r e s e n c e  
or  l a ck  of  a l a y e r  of w a t e r  mo lecu le s  b e t w e e n  the  
a d s o r b e d  ions  and  the  surface .  F o r  the  p r e s e n t  ca l -  
cu la t ion ,  t he  l a r g e  s u l f a t e  and  su l fona t e  ion (2 .9A 
r a d i u s )  w i l l  be  cons ide r ed  to be  d e h y d r a t e d ,  and  
c o n s e q u e n t l y  the  c a p a c i t y  of the  S t e r n  l a y e r  wi l l  be  
a b o u t  25 ~F/cm ~. Because  of t he  s i m i l a r i t y  in  b e -  
h a v i o r  b e t w e e n  a m m o n i u m  ions a n d  t h e  a m i n i u m  
ions (2) ,  t h e  a m i n i u m  ior~s a r e  p r o b a b l y  s e p a r a t e d  
f r o m  the  su r f ace  b y  a l a y e r  of w a t e r  mo lecu l e s  and  
C, wi l l  t h e r e b y  be a b o u t  1 5 ~ F / c m  ~ (14) .  The  v a l u e  
of r in Eq. [8]  t hen  m u s t  be  the  r a d i u s  of the  a m i -  
n i u m  h e a d  p lus  one w a t e r  molecu le ,  or  a t o t a l  of 
4.2A. S i m i l a r l y ,  the  r e l a t i v e l y  s m a l l  soap  ion ( w h i c h  
w o u l d  be  1.7A w h e n  t h e  t a i l  is p e r p e n d i c u l a r  to t h e  
su r f ace )  wi l l  be  cons ide r ed  to be  s e p a r a t e d  b y  a 
l a y e r  of w a t e r  mo lecu l e s  f r o m  the  surface .  Conse -  

q u e n t l y ,  t he  v a l u e  of r in  Eq. [8]  w i l l  be  4.4A and  
C~ wi l l  be  15~F /c m ~. 

The  re su l t s  of c a l cu l a t i ng  r w i t h  Eq. [8]  w h e n  
is zero  a r e  p r e s e n t e d  in T a b l e  I. The  c o n c e n t r a t i o n  
of d o d e c l y a m m o n i u m  ions m u s t  be  c o r r e c t e d  to ac -  
count  for  h y d r o l y s i s  a t  p H  10 and  11. 

I n  our  p i c t u r e  of t he  a d s o r p t i o n  m e c h a n i s m ,  
the  a d s o r p t i o n  p o t e n t i a l  4' is zero u n t i l  t he  o rgan ic  
ions in the Stern layer begin to associate, this being 
depicted by the deviation of the ~-log c curve of an 
organic electrolyte from a surface-inactive inor- 
ganic electrolyte. For example, in the system involv- 
ing corundum in aqueous solutions of sodium do- 
decyl sulfate at pH 6.5, 4' will be zero until the bulk 
concentration of sodium dodecyl .sulfate reaches 
10-SM. Thereupon, 4' begins to increase as the ad- 
sorbed ions associate, reaching a value of about 8.9 
kT w h e n  the  b u l k  c o n c e n t r a t i o n  is 8 xlW~M. U n d e r  
these  cond i t ions  ~ is zero.  The  v a l u e  of 4' w i l l  con-  
t i n u e  to i nc rea se  u n t i l  the  S t e r n  l a y e r  is fi l led. U n d e r  
these  cond i t ions  4' w i l l  a p p r o a c h  12 kT if  a l l  b u t  the  
end  CH, g roup  is out  of w a t e r .  B e y o n d  th is  poin t ,  
a d s o r p t i o n  p r o b a b l y  wi l l  occur  in  m u l t i l a y e r s .  A p lo t  
of 4' vs. t he  l o g a r i t h m  of the  c o n c e n t r a t i o n  of s o d i u m  
d o d e c y l  su l f a t e  y i e ld s  a f a i r l y  s t r a i g h t  l i ne  if r  is 
zero  a t  the  first  b r e a k  in  t he  ~-log c cu rve  (10-~M), 
8.9 kT w h e n  ~ is zero  (8 x 10-~M), and  12 kT  at  the  
second  b r e a k  in t h e  ~-log c c u r v e  (3 x 10-~M). The  
s lope  of th is  c u r v e  dr log  c is a b o u t  9 kT. A s i m i -  
l a r  p lo t  of t he  d a t a  at  p H  4 shows  t h a t  dr log c is 
r e d u c e d  to a b o u t  7 kT. This  r e d u c t i o n  p r o b a b l y  r e -  
flects t he  c o m p e t i t i o n  b e t w e e n  dode c y l  su l f a t e  ions 
and  ch lo r ide  ions  a t  t he  sur face .  F o r  s o d i u m  l a u r a t e ,  
dr log c is a b o u t  8 kT. Since  the  s o l u b i l i t y  l i m i t  
of d o d e c y l a m i n e  is r a p i d l y  r eached ,  dr log c is 
ove r  300 kT (no te  t he  s teep  s lopes  in  F ig .  3) for  t he  
sy s t e ms  i n v o l v i n g  d o d e c y l a m m o n i u m  c h l o r i d e  at  p H  
10 and  11. 

In  th is  pape r ,  t h e  a d s o r p t i o n  p o t e n t i a l  4'  w h i c h  
a r i ses  t h r o u g h  as soc ia t ion  of h y d r o c a r b o n  cha in s  has  
been  e v a l u a t e d  b y  c o n s i d e r i n g  the  doub le  l a y e r  as a 
m o l e c u l a r  condense r  w h e n  ~ is zero.  S ince  4' a p p e a r s  
as an  e x p o n e n t  in Eq. [8] ,  i ts  v a l u e  does  no t  change  
a p p r e c i a b l y  w i t h  t h e  change  in  c a p a c i t y  of t h e  
S t e r n  l aye r .  H o w e v e r ,  a d s o r p t i o n  m e a s u r e m e n t s  
shou ld  be  c a r r i e d  out  to d e t e r m i n e  the  a c t u a l  v a l u e  
of t he  c a p a c i t y  of t he  m o l e c u l a r  condense r  in  o r d e r  
to a sce r t a in  w h e t h e r  the  o rgan ic  ions a r e  h y d r a t e d  
or  no t  in  t he  S t e r n  l a y e r .  

Summary 

The  effect of 12 -ca rbon  o rgan ic  ions on  the  ze ta  
p o t e n t i a l  of c o r u n d u m  has  been  m e a s u r e d  b y  s t r e a m -  
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ing  p o t e n t i a l  t echn iques .  E x p e r i m e n t a l  d a t a  i nd ica t e  
t h a t  o rgan ic  ior~s a r e  a d s o r b e d  a p p r e c i a b l y  on ly  
u n d e r  cond i t ions  w h e r e  t he  sol id  and  the  o rgan ic  
ions a r e  c h a r g e d  oppos i t e ly .  A d s o r p t i o n  t a k e s  p l ace  
as i n d i v i d u a l  ions un t i l  a suff ic ient ly  h igh  concen -  
t r a t i o n  is a t t a i n e d  in  the  S t e r n  l a y e r  to p e r m i t  a s -  
soc ia t ion  of t h e i r  h y d r o c a r b o n  chains .  This  a s so -  
c ia t ion  r e su l t s  in i n c r e a s e d  a d s o r p t i o n  w h i c h  can  be  
r e p r e s e n t e d  b y  an  a d s o r p t i o n  p o t e n t i a l  in the  Bo l t z -  
m a n n  equa t ion .  By  cons ide r ing  the  d o u b l e  l a y e r  to 
be  a m o l e c u l a r  condense r  w h e n  ~ is zero,  t he  a d s o r p -  
t ion  p o t e n t i a l  r e s u l t i n g  f rom assoc ia t ion  of h y d r o -  
ca rbon  cha ins  was  e v a l u a t e d .  The  p r e s e n c e  of  u n -  
c h a r g e d  l o n g - c h a i n e d  mo lecu l e s  r educes  the  b u l k  
c o n c e n t r a t i o n  r e q u i r e d  for  a s soc ia t ion  n e x t  to the  
surface .  
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ABSTRACT 

A n  electr ic  analog of the me ta l - so lu t ion  in te r face  was assumed and E vs. t 
changes were  deduced ma themat i ca l ly  for appl icat ion of a square wave  voltage.  
The analysis  was verif ied using actual  electr ic  components,  and i t  was demon-  
s t ra ted  that  the component  of capaci ty  could be measured  readi ly .  The method 
was appl ied  wi th  some success to each of the  fo l lowing systems:  me rc u ry  in 
0.1N Na2SO, p la t inum,  silver, copper,  a luminum,  and t an ta lum in 1N Na~SO, 

A t  v a r i o u s  t imes  i n v e s t i g a t o r s  h a v e  a t t e m p t e d  to 
d e t e r m i n e  r o u g h n e s s  f ac to r s  ( r a t i o s  of  t r u e  to a p -  
p a r e n t  s u r f a c e  a r e a s )  of m e t a l  e l ec t rodes  b y  m e a n s  
of c a p a c i t y  m e a s u r e m e n t s .  A s s u m p t i o n s  u s u a l l y  
m a d e  in t hese  a t t e m p t s  i n c l u d e d  (a)  t ha t  a l l  m e t a l s  
h a v e  the  s ame  capac i t i e s  a t  p o t e n t i a l s  s l i g h t l y  
anodic  (pos i t i ve )  to t h e i r  h y d r o g e n  evo lu t i on  p o -  
t en t ia l s ,  and  (b)  t h a t  for  m e r c u r y  the  a p p a r e n t  s u r -  
face  a r e a  is the  t r u e  su r f ace  area .  Thus  if  t he  c a p a c -  
i ty  p e r  s q u a r e  c e n t i m e t e r  of a p p a r e n t  a r e a  for  the  
m e t a l  M was  C~ (a t  a p o t e n t i a l  j u s t  shor t  of h y d r o -  
gen  evo lu t i on )  and  t h a t  for  m e r c u r y  CH~ (a t  a s i m i -  
l a r  p o t e n t i a l )  t hen  t h e  r o u g h n e s s  f a c t o r  of  t he  m e t a l  
M was  C J C ~ .  

A s s u m p t i o n  (b)  is r e a sonab l e .  H o w e v e r ,  a s s u m p -  
t ion  (a)  is no t  e n t i r e l y  t enab le .  The  s m a l l  a m o u n t  
of i n f o r m a t i o n  in the  l i t e r a t u r e  c o n c e r n i n g  capac i t i e s  
of  sol id  m e t a l  e l e c t rodes  shows w i d e  d i sc repanc ie s .  
G r a h a m e  (1) has  p u b l i s h e d  v e r y  u se fu l  p a p e r s  con-  

1Present  address:  A l u m i n u m  Research Center,  Olin Mathieson 
Chemical  Corp., New Haven ,  Connecticut. 

c e rn ing  the  d i f f e r en t i a l  c a p a c i t y  of m e r c u r y .  So l id  
m e t a l  e lec t rodes ,  h o w e v e r ,  h a v e  no t  been  i n v e s t i -  
g a t e d  s y s t e m a t i c a l l y .  Of course ,  d i f f e r en t i a l  c a p a c -  
i t ies  of  sol id  e l ec t rodes  canno t  be c h e c k e d  b y  e lec -  
t r o c a p i l l a r y  m e t h o d s  a n d  as a r e su l t  e l ec t r i ca l  
d o u b l e  l a y e r  ( ed l )  t h e o r y  c onc e rn ing  sol id  m e t a l  
e l ec t rodes  has  no t  been  as e x t e n s i v e l y  t r e a t e d  as 
has  t h a t  of t he  m e r c u r y - s o l u t i o n  sys tem.  

S e v e r a l  e x p e r i m e n t a l  t e chn iques  h a v e  been  u t i -  
l ized  to m e a s u r e  d i f f e r en t i a l  capac i t i e s  of  m e r c u r y -  
so lu t ion  in te r faces .  The  mos t  s ens i t i ve  m e t h o d  is t he  
i m p e d a n c e  b r i d g e  me thod .  G r a h a m e  (1) has  used  

. th is  m e t h o d  e x t e n s i v e l y  a n d  r e p o r t s  an  a c c u r a c y  of  
b e t t e r  t h a n  1%. The  m a j o r  d r a w b a c k  of th i s  m e t h o d  
is i ts  i n a p p l i c a b i l i t y  to l a r g e  capac i t ies .  B o w d e n  a n d  
R i d e a l  (2)  d e v i s e d  a m e t h o d  of m e a s u r i n g  capac i t i e s  
by  d i r ec t  cha rg ing .  T h e y  o b s e r v e d  the  p o t e n t i a l  
c h a n g e  r e s u l t i n g  f r o m  the  pa s sa ge  of a k n o w n  d i r ec t  
c u r r e n t  for  a k n o w n  l e n g t h  of t ime.  The  p o t e n t i a l  
changes  i nvo lved ,  h o w e v e r ,  w e r e  of t he  o r d e r  of 0.5 
v, and  the  capac i t i e s  c a l c u l a t e d  were ,  t he re fo re ,  an  
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average  over  a la rge  po ten t i a l  change.  W a g n e r  (3) 
used a bal l i s t ic  g a l v a n o m e t e r  to m e a s u r e  the charge  
r equ i r ed  to polar ize a s i lver  spec imen  0.1 v. 

Methods i n v o l v i n g  di rect  cha rg ing  al l  a s sumed  
tha t  a n y  c u r r e n t  suppl ied  to the  electrode was  i n -  
volved in  cha rg ing  the  edl. I n  effect, the  a s sumpt ion  
was  made  tha t  the  in te r face  behaved  as an  idea l ly  
po la r izab le  one. 

Brodd  and  H a c k e r m a n  (4) repor ted  resul t s  ob-  
t a ined  wi th  solid me t a l  e lectrodes showing  a cor re la -  
t ion  b e t w e e n  areas  ca lcu la ted  f rom capaci ty  da ta  a nd  
areas m e a s u r e d  by  k r y p t o n  adsorpt ion.  The i r  ca-  
pac i ty  da ta  were  ob ta ined  f rom t i m e - p o t e n t i a l  t races  
observed  w h e n  a s q u a r e - w a v e  s igna l  was  appl ied  to 
the  electrodes.  This me thod  has been  modified and  
ut i l ized here  in  an  a t t e m p t  to d e t e r m i n e  the  differ-  
en t i a l  capaci ty  curves  for severa l  solid m e t a l - s o l u -  
t ion  interfaces .  

Experimental 
The c i rcui t  d i ag r am is shown in  Fig. 1. The source 

of the square  wave  vol tage  was  a Model  202-A f u n c -  
t ion  gene ra to r  m a n u f a c t u r e d  by  H e w l e t t - P a c k a r d .  
The  gene ra to r  appl ied  a square  w a v e  voltage,  across 
the  series resis tance,  R,, to the electrodes N and  M. 
The  po ten t i a l  change  across the cell was  observed  
on the  c a t h o d e - r a y  oscilloscope, CRO. P o t e n t i o m e t e r  
P1 was  used to polar ize  e lect rode M us ing  N as an  
aux i l i a ry  electrode.  P o t e n t i o m e t e r  P~ m e a s u r e d  the  
po ten t i a l  of M wi th  respect  to the  s a tu ra t ed  ca lomel  
electrode,  SCE. L was  an  i n d u c t a n c e  placed in  the 
c i rcui t  to keep the a l t e r n a t i n g  c u r r e n t  f rom the  d i -  

He 0 He 

M 

CELL A 

Fig. 2. Polar izat ion cell and reservoir 

rect  c u r r e n t  par t s  of the circuit .  For  each m e a s u r e -  
m e n t  the CRO was connec ted  to the gene ra to r  to ob-  
t a in  a t race  of the  i n p u t  square  wave.  P e r m a n e n t  
records  of the  t races  were  o b t a i n e d  photographica l ly .  

The  P y r e x  cells used for m e a s u r e m e n t s  a nd  for  
rese rvo i r  are, respect ively ,  A and  B in  Fig. 2. The  
m e r c u r y  electrode M was fo rmed  in  a P y r e x  cup 
wi th  an  ins ide  d i ame te r  of 2.5 cm. The  m e r c u r y  level  
was  cont ro l led  so tha t  the top of the  m e r c u r y  m e n -  
iscus was  t a n g e n t  to the p l a n e  at  the top of the  cup. 
A fresh surface  was  ob ta ined  by  overf lowing the  
m e r c u r y  f rom the cup. A p la t in ized  p l a t i n u m  screen 
cyl inder ,  N, suspended  t h r ough  the  top of the  cell 
and  s u r r o u n d i n g  the  m e r c u r y  electrode,  was  in  
series wi th  the  m e r c u r y  electrode in  the  a -c  circuit .  
The area  of the p l a t i n u m  screen  cy l inder  was  ve ry  
large  compared  to tha t  of the  m e r c u r y ;  hence  its 
capaci ty  was large  and  its effect on the  cell i m -  
pedance  should  have  been  negl igible .  The  s a tu ra t ed  
calomel  electrode,  SCE, was  i m m e r s e d  in  the  so lu-  
t ion  in  a smal l  side cell connec ted  to the  m a i n  cell A 
t h r ough  the closed stopcock S~. 

A ba l l  jo in t  and  closed stopcock $1 connec ted  the 
m a i n  cell A wi th  cell B. Cell  B se rved  as a p r e -  
e lectrolysis  cell a nd  rese rvo i r  for solut ion.  P r e - e l e c -  
t rolysis  wi th  a c u r r e n t  of 3 m a  was  car r ied  out  for at  
leas t  12 hr.  

B u r e a u  of Mines  grade A hel ium,  r epor ted  as 
99.99% pure,  was  b u b b l e d  t h r ough  a s a tu ra to r  and  
passed in to  cells A a nd  B. The  h e l i u m  s t i r red  the  
so lu t ion  and  p rov ided  an  ine r t  a tmosphere .  Af te r  
p re -e lec t ro lys i s  and  at least  4 hr  of h e l i u m  flushing,  
the h e l i u m  pressure  was  used to force so lu t ion  f rom 
B in to  A. 

Dis t i l led  w a t e r  was  redis t i l led  f rom a lka l ine  p e r -  
m a n g a n a t e  to r emove  a ny  organic  mat te r .  The  m e r -  
cu ry  was  t r i p l e -d i s t i l l ed  i n s t r u m e n t  mercu ry .  Other  
meta l s  were  used as wires  pu t  into the so lu t ion  
th rough  the  t ip of the  cell. P r e t r e a t m e n t  of wires  
consis ted of degreas ing,  w a s h i n g  wi th  d i lu te  su l fur ic  
acid, and  r in s ing  w i t h  dis t i l led  water .  

The  impor t ance  of avo id ing  grease c o n t a m i n a t i o n  
has been  d e m o n s t r a t e d  (5) .  No grease was  used in  
a ny  pa r t  of the  appa ra tu s  employed  in  these expe r i -  
ments .  

Analysis of time-potential curve.--In the  s tudy  of 
t i m e - p o t e n t i a l  curves  ob ta ined  w i t h  a square  wave,  
it is he lp fu l  to consider  the  t i m e - p o t e n t i a l  changes  
at  the  electrode surface in  t e r m s  of an  ana logous  
e lectr ic  circuit .  Var ious  s imple  a n d  complex  a r -  
r a n g e m e n t s  of resis tors  a nd  capaci tors  have  been  
u t i l ized  to r ep re sen t  the  behav io r  of such an  i n t e r -  
face. One of the  s implest ,  Fig. 3, consists of a con-  
denser  (C) in  pa ra l l e l  w i th  a res i s tance  (R~), bo th  
be ing  in  series w i t h  a no t he r  res i s tance  (Re). In  the  
p re sen t  case the  square  w a v e  passed t h r o u g h  res is t -  
ance  R, before  e n t e r i n g  the cell. The po ten t i a l  differ-  
ence b e t w e e n  poin ts  A a nd  B was  observed on the  

Rp 

A C 

Fig. 3. Electric anQIog circuit 
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CRO. T h r e e  cases  w e r e  e x a m i n e d  to d e t e r m i n e  the  
t i m e - p o t e n t i a l  b e h a v i o r  to be  e x p e c t e d  u n d e r  d i f f e r -  
en t  condi t ions .  

C a s e I :  R ~ - a ; R o = 0  

If  t he  s i m p l i f y i n g  a s s u m p t i o n s  a r e  m a d e  t h a t  the  
i n t e r f a c e  is a n  i d e a l l y  p o l a r i z a b l e  one and  t h a t  the  
r e s i s t ance  of the  so lu t ion  is zero, t hen  R~ is inf in i te  
and  Ro is zero.  The  e q u a t i o n  for  the  change  of  v o l t -  
age  (Eo) b e t w e e n  po in t s  A and  B, in  th is  case, is 

E~ = E~ [1 - -  exp  (--t/R~C) ] [1]  

w h e r e  t is t ime  a n d  E~ is the  i n p u t  vo l tage .  The  
v a l u e  of Eo a p p r o a c h e s  t he  v a l u e  of t he  i n p u t  v o l t -  
age, e x p o n e n t i a l l y ,  w i t h  i n c r e a s i n g  t ime.  A t  sho r t  
t i m e  in t e rva l s ,  t < <  R~C, t he  e x p o n e n t i a l  in Eq. [1]  
was  e x p a n d e d  to g ive  

Eo : E~t/R~C [2]  

In  th is  t i m e  i n t e r v a l  Eo is a l i n e a r  func t ion  of t ime .  
W i t h  r e v e r s a l  of the  cu r ren t ,  i.e., on the  second  ha l f  
of t h e  s q u a r e  w a v e  cycle,  a n o t h e r  l i n e a r  func t ion ,  
w i t h  s lope  of oppos i t e  sign, is ob t a ined .  The  c o m -  
pos i te  r e s u l t  for  s m a l l  t i m e  i n t e r v a l s  is a t r i a n g u l a r  
t r ace  on  the  CRO. 

Case I I :  R~ ~ a;  R~ = 0 

If  the  i n t e r f a c e  is no t  an  i d e a l l y  p o l a r i z a b l e  one, R~ 
has  a f ini te  va lue .  The  e q u a t i o n  for  the  c h a n g e  in 
vo l t age  is now:  

E~R, [ { - - t (R,  + R~) } ] 
E~ --  (R~ + R~) 1 - -  exp  CR~R~ [3]  

A t  shor t  t i m e  in t e rva l s ,  t < <  CR~R~/(R~ + R~), the  
e x p o n e n t i a l  in Eq. [3]  was  e x p a n d e d  to g ive  Eq. [2] .  
The  fo rm of the  t r a c e  is t hus  the  s ame  as in Case I. 

Fig. 4. Traces obtained for analogs (see text for explanation) 
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Case I I I :  Rp ~ ~; Re r 0 

I n t r o d u c t i o n  of R~ in to  the  s y s t e m  re su l t s  in d i s -  
con t inu i t i e s  in t he  t i m e - p o t e n t i a l  curve .  These  p o -  
t e n t i a l  d rops  a r e  r e p r e s e n t a t i v e  of IR~, w h e r e  I is 
t he  cu r ren t .  The  e q u a t i o n  of each  h a l f - c y c l e  o b -  
t a i n e d  on the  osc i l loscope  is thus :  

Ec = IRo + E~t/R~C [4]  

In  a l l  t h r e e  cases,  t he re fo re ,  Eq. [2]  g ives  the  d e -  
p e n d e n c e  of E~ on t for  s m a l l  va lue s  of t ime .  Di f fe r -  
e n t i a t i n g  Eq. [2]  w i t h  r e s p e c t  to t ime  g ives  

dEc/dt : E~/R~C [5]  

If  the  f r e q u e n c y  of the  i n p u t  s q u a r e  w a v e  is se -  
l ec ted  to g ive  a t r i a n g u l a r  t r ace  on the  osci l loscope,  
t h e n  the  abso lu t e  v a l u e s  of t he  s lope for  each  h a l f -  
cyc le  is g iven  b y  Eq. [5] .  

The  t h r e e  cases  g iven  a b o v e  w e r e  s t u d i e d  e x p e r i -  
m e n t a l l y  b y  o b t a i n i n g  osc i l loscope  t r aces  for  t h e  r e -  
spec t i ve  e l e c t r i c a l  c i rcui ts .  

F i g u r e  4a is a p h o t o g r a p h  of the  CRO t r a c e  for  the  
t i m e - p o t e n t i a l  c u r v e  w i t h  the  c i rcu i t  d e s c r i b e d  in  
Case I (Fig .  3) .  H e r e  C was  a 37~F c o m m e r c i a l  e l ec -  
t r o l y t i c  condenser ,  R~ was  a 15,000-ohm res i s tor ,  
and  the  i n p u t  vo l tage ,  E ,  was  100 cps s q u a r e  wave .  
A t r a c e  of t he  i n p u t  v o l t a g e  E,, a t t e n u a t e d  100: 1, is 
s h o w n  in Fig .  4b. 

F r o m  the  s lope  of t he  t r a c e  in  Fig .  4a, and  t h e  
k n o w n  v a l u e s  of  the  i n p u t  v o l t a g e  (E~) a n d  of Rs, 
the  c a p a c i t y  of c o n d e n s e r  C can  be  c a l c u l a t e d  w i t h  
Eq. [5] .  The  t i m e  fo r  one h a l f - c y c l e  was  0.005 sec; 
the  vo l t age  rose  10 d iv i s ions  in  th is  t ime ,  g iv ing  t h e  
s lope  2 x l0  s d iv . / s ec .  The re fo re ,  

( 1 )  1 2 ( 1 0 0 ) 4 0 ~ F  
C : (dt/dEo) (E~/R~) : 2 • 10 ~ 15,000 

This  is in good a g r e e m e n t  w i t h  37~F m e a s u r e d  b y  
the  c o n v e n t i o n a l  b r i d g e  me thod .  

F i g u r e  4c shows  a t r ace  o b t a i n e d  w i t h  a c i r cu i t  
d e s c r i b e d  u n d e r  Case  II.  Here ,  C was  a 54~F con-  
dense r ,  R~ a 100-ohm res i s tor ,  Re a 15,000-ohm r e -  
s is tor ,  a n d  the  f r e q u e n c y  50 cps. The  t i m e - p o t e n t i a l  
cu rve  is no t  a t r i a n g u l a r  w a v e .  H o w e v e r ,  w h e n  the  
f r e q u e n c y  of t he  i n p u t  s q u a r e  w a v e  was  i n c r e a s e d  
to 500 cps t he  o u t p u t  t r a c e  w a s  t r i a n g u l a r  and  the  
c a l c u l a t e d  c a p a c i t y  was  58~F. A n  i n c r e a s e  in t he  
a m p l i t u d e  of t he  i n p u t  s q u a r e  wave ,  a t  th i s  s ame  
f r equency ,  r e s u l t e d  in  a t r i a n g u l a r  t r a c e  w i t h  i n -  
c r ea sed  slope, and  l o o k e d  j u s t  l i ke  t he  t r a c e  in  Fig .  
4a. The  p r o d u c t  of t he  r e c i p r o c a l  of t he  s lope  and  the  
i n p u t  v o l t a g e  r e m a i n e d  cons tan t ,  h o w e v e r ,  and  t h e  
c a l c u l a t e d  c a p a c i t y  was  a g a i n  58~F. 

F i g u r e  4d shows  a t r a c e  o b t a i n e d  w i t h  a c i r cu i t  
d e s c r i b e d  b y  Case  III .  He re  C was  a 54~F condense r ,  
R~ 100 ohms,  R~ 15,000 ohms,  R~ 13 ohms,  and  the  
f r e q u e n c y  500 cps. The  t i m e - p o t e n t i a l  c u r v e  s h o w e d  
d i s con t inu i t i e s  b e t w e e n  the  l i n e a r  por t ions .  The  ca l -  
c u l a t e d  c a p a c i t y  w a s  58~F. The  IR~ drop ,  (F ig .  4d ) ,  
was  1.5 d iv is ions .  W h e n  Ro was  d o u b l e d  to 26 ohms,  
the  d i s c o n t i n u i t y  d o u b l e d  in size (Fig .  4e)  to 3 
d iv is ions .  T h e  c a l c u l a t e d  c a p a c i t y  r e m a i n e d  t h e  
same,  s ince  t he  s lope  of t he  l i n e a r  p o r t i o n s  d id  no t  
change .  



344 J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  Apri l  1959 

Results and Discussion 

Mercury.--The m e r c u r y - s o l u t i o n  in te r face  was  
inves t iga ted  as ano the r  check, s ince the resu l t s  could 
be compared  wi th  those of o ther  workers .  The P y r e x  
cup con t a in ing  the m e r c u r y  had  an  ins ide  d i ame te r  
of 2.5 cm. A s s u m i n g  the surface of the  m e r c u r y  to 
be p lanar ,  the surface  a rea  was 5 cm 2. If the c u r v a -  
t u r e  of the  surface  were  t a k e n  in to  considera t ion,  the  
area  could be as h igh as 6 cm ~. The fo rmer  va lue  was  
used here.  

The  so lu t ion  used was  0.1N Na~SO~, and  all  ex-  
p e r i m e n t s  were  conduc ted  at  30 ~ --+ 1 ~ The po ten t i a l  
va lues  g iven  refer  to the  s a tu ra t ed  calomel  elec-  
trode. A 15,000-ohm resis tor  was  used as the  series 
res i s tance  R~ t h r o u g h o u t  the rest  of the exper imen t s .  
App l i ca t ion  of the square  wave  voltage,  employed  to 
ca r ry  out  the  capaci ty  measu remen t s ,  changed  the 
po ten t i a l  of the electrodes somewhat .  The change  of 
po ten t i a l  was less t h a n  10 divis ions  on the  CRO. 
Since the  sens i t iv i ty  of the CRO was a p p r o x i m a t e l y  
1.5 m y / d i v i s i o n ,  the  u n c e r t a i n t y  in  the m e a s u r e d  
poten t ia l s  of the electrodes were  less t h a n  0.02 v. 

F igure  5a is a pho tog raph  of a typ ica l  t i m e - p o t e n -  
t ia l  t race  ob ta ined  wi th  m e r c u r y  electrodes.  The 
po ten t ia l  of the  m e r c u r y  was  --0.2 v in  this  case. The 
t i m e - p o t e n t i a l  t race  is a t r i a n g u l a r  wave  wi th  dis-  
con t inu i t i es  b e t w e e n  the  l i nea r  port ions.  This  type  
of t race  corresponds  to Case III. The ca lcu la ted  
capaci ty  was 154t~F or 31t~F/cm ~. 

Capac i ty  m e a s u r e m e n t s  were  made  at po ten t ia l s  
v a r y i n g  f rom 0.0 to --1.0 v. These po ten t ia l s  were  
ob ta ined  by  pola r iz ing  the m e r c u r y  electrode w i th  
an  aux i l i a ry  po ten t iomete r .  The d i f ferent ia l  capac-  
i ty  curve  is shown in  Fig. 6. 

G r a h a m e  (1) found  the po ten t i a l  at the  zero po in t  
of charge (zpc) of m e r c u r y  in  0.1N Na2SO~ to be 
--0.44 v. Therefore ,  for the  purposes  of discussion,  
the  curve  in  Fig. 6 m a y  be d iv ided  in to  th ree  re -  

Fig. 5. (a) Trace obtained with Hg electrode. (b) Trace 
obtained with Pt electrode. 
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Fig. 6. Differential capacity curve for Ha-0.1N NaeSO~ 

gions: (a) a region  of po ten t ia l s  more  nega t i ve  t h a n  
the zpc (cathodic b r a n c h  of the  cu rve ) ,  (b)  a reg ion  
of po ten t ia l s  more  posi t ive  t h a n  the zpc (anodic  
b r a n c h  of the cu rve ) ,  and  (c) a region  of po ten t ia l s  
in  the i m m e d i a t e  v ic in i ty  of the zpc. 

The capaci ty  on the cathodic b r a n c h  is i n d e p e n d -  
en t  of the po ten t i a l  and  has a cons tan t  va l ue  of 19 
t ,F / cm ~. This va lue  would  be 16~F/cm ~ if the  h igher  
surface area  va lue  were  used. The  cons tancy  of the 
capaci ty  a long this  b r a n c h  of the cu rve  has been  
verif ied e x p e r i m e n t a l l y  m a n y  t imes.  The va lue  ob-  
t a ined  here  agrees w i th  P r o s k u r n i n  a nd  F r u m k i n  
(6) ,  Barc lay  and  Bu t l e r  (7) ,  and  Ph i lpo t  (8) .  G r a -  
hame ' s  e x p e r i m e n t a l  va lue  was  16t~F/cm 2. 

The anodic  b r a n c h  of the  curve  does no t  show the  
b road  flat po r t ion  found  on the cathodic b ranch .  
However ,  for a n a r r o w  reg ion  of potent ia ls ,  the  
curve  has a slope close to zero. The average  capaci ty  
in  this region  was  abou t  3 3 ~ F / c m  ~. G r a h a m e ' s  curve  
shows such a " h u m p "  at abou t  35tLF/cm 2. 

In  the region  of the zpc, a t r ans i t i ona l  por t ion  of 
the  curve  occurs wi th  capacit ies  i n t e r m e d i a t e  be -  
tween  those for the  cathodic and  anodic  b r anches  
of the curve.  In  ve ry  d i lu te  solut ions  (N/100 and  
less) ,  this reg ion  exhib i t s  a more  or less sharp  m i n i -  
mum.  Even  wi th  0.1N Na~SO~ G r a h a m e  found  a 
m i n i m u m  of the order  of 1 or 2 ~ F / c m  ~. The  sens i -  
t iv i ty  of the p resen t  m e a s u r e m e n t s  is insuff icient  to 
pe rmi t  obse rva t ion  of such a shal low m i n i m u m  in 
the  curve.  
Platinum.--In order  to avoid the  la rge  so lu t ion  re -  
s is tance e nc oun t e r e d  in  d i lu te  solutions,  the  r e m a i n -  
ing e xpe r i me n t s  were  conduc ted  in  1N Na~SO,. The 
p l a t i n u m  electrodes were  20 cm in  l eng th  a nd  were  
cut  f rom smooth wi re  h a v i n g  a d i ame te r  of 0.04 cm. 
The a p p a r e n t  e lect rode a rea  was  2.5 cm ~. 

A pho tograph  of a typ ica l  t i m e - p o t e n t i a l  t race  
ob ta ined  wi th  p l a t i n u m  electrodes is shown  in  Fig. 
5b. The t i m e - p o t e n t i a l  t race  is aga in  of the  type  
discussed u n d e r  Case III  above.  However ,  the  IRe 
drop is cons ide rab ly  less t h a n  w i th  m e r c u r y  in  0.1N 
Na~SO, (compare  Fig. 5a and  5b) .  

Resul ts  of the capaci ty  m e a s u r e m e n t s ,  at  po t en -  
t ials  v a r y i n g  f rom 0.0 to 1.4 v, are  shown  in  Fig. 7. 
The  shape of the curve  ob t a ined  is s imi la r  to tha t  
for mercury .  Three  regions  are  ev iden t :  a por t ion  
where  the capaci ty  is f a i r ly  cons tan t  at  app rox i -  
m a t e l y  80~F, a n a r r o w  reg ion  h a v i n g  a capaci ty  of 
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Fig. 7. Differential capacity curve for Pt- IN NasSO4. (Ap- 
parent area 2.5 cm~.) 
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a p p r o x i m a t e l y  58t~F, and  a connec t ing  por t ion  w i th  
i n t e r m e d i a t e  capacities.  

These regions  can be i n t e r p r e t e d  in  the same fash-  
ion as for the  curve  ob ta ined  for m e r c u r y  in  0.1N 
Na~SO,. The t r a n s i t i o n a l  po r t ion  of the  curve  is ex -  
pected to be in  the  ne ighborhood  of the  zpc. T h e r e -  
fore, the  zpc for p l a t i n u m  in  this  so lu t ion  should  be 
0.5 • 0.2 v. Rober t son  (9) has ob ta ined  a capaci ty  
m i n i m u m ,  for p l a t i n u m  in  1N HC1, at 0.79 v. A va lue  
of --0.04 v in  acidified 1N Na,SO~ by  contact  angle  
m e a s u r e m e n t s  has also been  repor ted  (10).  

The  cathodic por t ion  of the curve,  wi th  to ta l  ca- 
paci t ies  of the  order  of 54 ~F, is the  reg ion  of ca t ion  
p r e d o m i n a t i o n  in  the  double  layer .  Us ing  the  ap -  
p a r e n t  area  of the  electrodes,  the  capaci ty  was  ap-  
p r o x i m a t e l y  22t~F/cm -~. On the  anodic  por t ion  the  
capaci ty  was 32t~F/cm ~. 
Si lver . - -The a p p a r e n t  area  of the s i lver  electrodes 
was  1.3 cm ". The po la r iza t ion  caused by  the squa re  
wave  vol tage  was less t h a n  15 inv.  

The resu l t s  of capaci ty  m e a s u r e m e n t s ,  at  p o t e n -  
t ials  of 0.0 to --1.2 v, are  shown in  Fig. 8. The shape 
of the curve  is s imi la r  to tha t  ob ta ined  for the  m e r -  
c u r y - s o l u t i o n  in terface .  The  zero po in t  of charge  
has been  repor ted  for silver,  in  0.1N KNO,, as --0.233 
v (11).  A h u m p  appears ,  in  the v ic in i ty  of this  po-  
tent ia l ,  on the  capac i t y -po t en t i a l  curve.  S imi la r  
h u m p s  have  been  observed  in  the reg ion  of the  zero 
po in t  of charge for c apac i t y -po t en t i a l  curves  ob-  
t a ined  for m e r c u r y  in  concen t ra t ed  solut ions.  G r a -  
hame  (1) has sugges ted  tha t  the  h u m p s  arise f rom 
the  m u t u a l  e lectrosta t ic  r epu l s ion  of ions in  the  
double  layer .  Wa tanabe ,  Tsuji ,  and  Ueda  (12) have  
suggested tha t  this  p h e n o m e n o n  is re la ted  more  to 
m e r c u r y - i o n  i n t e r ac t i on  t h a n  to i o n - i o n  in te rac t ion .  
The a p p e a r a n c e  of this  p h e n o m e n o n  wi th  s i lver  a nd  
not  wi th  p l a t i n u m  seems to favor  the l a t t e r  sug-  
gestion. 

The  cathodic por t ion  of the curve  shows a ca-  
pac i ty  of a p p r o x i m a t e l y  58~F. This  wou ld  be the  
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Fig. 8. Hal f - f i l led circle: Dif ferent ial  capacity curve for 
A g - ] N  Na~SO~. (Apparent area 1.3 cm~.) Open circle: Differ- 
ential capacity curve for A I - I N  Na~SO~. (Apparent area 2.5 
em~.) Solid circle: Di f ferent ia l  capacity curve for A[ -1N 
Na~S04 af ter  cathodic treatment.  

reg ion  of cat ion p r e d o m i n a t i o n  in  the so lu t ion  side 
of the double  layer .  The capaci ty  was  a p p r o x i m a t e l y  
4 5 ~ F / c m  '~. This  a p p a r e n t l y  h igh  va lue  of the  ca-  
pac i ty  is not  un reasonab le .  W a g n e r  (3) has repor ted  
va lues  of the order  of 100 ~ F / c m  2 for "smooth"  s i lver  
wires.  

Alurninum.- -The  a p p a r e n t  surface  a rea  of the a lu -  
m i n u m  electrodes was 2.5 cm -~. The  resul t s  of capac-  
i ty  m e a s u r e m e n t s  are  shown in  Fig. 8. The shape of 

this  cu rve  has no s imi l a r i ty  to the curve  ob ta ined  
for mercu ry .  The  capaci ty  is fa i r ly  cons t an t  over  the  
r a nge  of po ten t ia l s  at which  i t  was measured .  The 
low va lues  of the  capacities,  abou t  3 ~ F / c m  ~ of ap -  
p a r e n t  surface,  are  no t  surpr i s ing ,  s ince a l u m i n u m  
is n o r m a l l y  covered wi th  an  oxide film. Rakov  and  
Ersh le r  (13) ob ta ined  7~F/cm-'  for an  oxide covered 
electrode.  The  capaci ty  of the oxide film is sma l l  
compared  to the capaci ty  of the double  layer .  The re -  
fore, the  m e a s u r e d  capaci ty  w ou l d  be p r i m a r i l y  
t ha t  of the  oxide film. The  capaci ty  of the  film is no t  
d e p e n d e n t  upon  the  potent ia l .  This  exp la ins  the  ap-  
p a r e n t  n o n d e p e n d e n c e  of the  m e a s u r e d  capaci ty  
upon  the potent ia l .  

Es t imates  of the  th ickness  of oxide films on meta l s  
have  been  m a d e  by  capaci ty  m e a s u r e m e n t s  (14).  
W a n k l y n  (15) has used capaci ty  m e a s u r e m e n t s  to 
s tudy  the  pro tec t ive  charac te r  of oxide films on z i r -  
c o n i u m  alloys. In  these m e a s u r e m e n t s  the  double  
l a ye r  capaci ty  was  neglected.  A s s u m i n g  the  film 
subs tance  to be ~,AI~O3, and  us ing  a va lue  of 8 for the  
dielectr ic  cons tan t  (16),  the  film th ickness  was  cal-  
cu la ted  to be a p p r o x i m a t e l y  20A. 

A po ten t i a l  l a rge  enough  to evolve h y d r o g e n  at  
the  a l u m i n u m  elect rode was  applied,  m o m e n t a r i l y ,  
b e t w e e n  it  and  an  a u x i l i a r y  electrode p laced  in  the  
smal l  side cell. The  capaci ty  was  m e a s u r e d  at  p o t e n -  
t ials  p rogress ive ly  more  anodic.  The resul t s  of these 
m e a s u r e m e n t s  are shown  in  the  uppe r  cu rve  in  Fig.  
8. The capaci ty  was  f ound  to be m u c h  h igher  af ter  
this t r e a t m e n t  bu t  decreased w i th  t ime  a nd  the po-  
t e n t i a l  of the  a l u m i n u m  became  progress ive ly  more  
anodic.  The va lues  of the  capaci ty  af ter  cathodic 
t r e a t m e n t  were  in  al l  cases subs t a n t i a l l y  h igher  b u t  
fa i r ly  i r reproduc ib le .  I t  is l ike ly  tha t  the  rise i n  ca- 
pac i ty  af ter  cathodic p r e t r e a t m e n t  m a y  be caused 
by  the  oxide film t h i n n i n g  due  to the local increase  
in  pH at  the  electrode.  

Ta~ta[um.--The a p p a r e n t  area  of the  t a n t a l u m  elec- 
t rodes was  1.6 cm ~. The resu l t s  of the  capaci ty  meas -  
u r e m e n t s  are shown in  Fig. 9. The shape of this  
curve  is ve ry  s imi la r  to tha t  of a l u m i n u m .  T a n t a l u m ,  
l ike a l u m i n u m ,  is n o r m a l l y  covered by  an  oxide 
film. Therefore ,  the  low va lues  ob ta ined  for the  ca- 
paci t ies  are in  no w a y  unusua l .  The average  va lue  of 
the  capaci ty  was  a p p r o x i m a t e l y  9tLF/cm ~. Capac-  
ities we re  m e a s u r e d  at  p rogress ive ly  more  anodic  
po ten t ia l s  to observe  poasible ev idence  of increased 
oxide format ion .  F r o m  Fig. 9 it  can be seen tha t  
there  is a con t inuous  slow t r e n d  toward  lower  ca-  
pacities.  This  l o w e r i n g  of capaci ty  at  more  anodic  
po ten t ia l s  suggests the fo rma t ion  of more  oxide on 
the  surface of the  t a n t a l u m .  
Copper.- -The a p p a r e n t  surface  area  of the copper 
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FJg. 9. Open circle: Differential capacity curve for Ta-IN 
Na2S04. (Apparent area 1.6 cm~.) Solid triangle: Differential 
capacity curve for Cu-IN Na2SO~. (Apparent area 2.4 cm~.) 

electrodes was  2.4 cm 2. The  capac i t y -po t en t i a l  cu rve  
is shown  in  Fig. 9. 

Since no va lue  of the  zpc could be found  in  the  
l i t e ra ture ,  an  a p p r o x i m a t i o n  method,  as used ea r l i e r  
by  Brodd  and  H a c k e r m a n  (4) ,  was  tr ied.  The work  
func t i on  for copper  is 4.6 ev (17) and  for m e r c u r y  
4.5 ev (18).  The  difference b e t w e e n  these  two is 0.1 
v. The zpc for m e r c u r y  is --0.44 v; therefore ,  the  zpc 
for copper  is a p p r o x i m a t e l y  --0.3 v. I t  is f u r t h e r  
no ted  tha t  this  a p p r o x i m a t i o n  is m a d e  more  ap -  
p r o x i m a t e  becattse of the va r i a t i ons  in  the  va lues  
of the work  func t ions  found  in  the  l i t e ra tu re .  

The capac i t y -po t en t i a l  curve  (Fig. 9) shows a 
m i n i m u m  of capaci ty  at  a po ten t i a l  of abou t  --0.3 v. 
The shape  of the cu rve  is s imi la r  to tha t  of m e r c u r y  
in  tha t  the capaci ty  goes t h rough  a m i n i m u m .  The 
anodic  b r a n c h  is s imi la r  to the anodic  b r a n c h  of the  
curves  ob ta ined  for m e r c u r y  in  so lu t ions  c o n t a i n -  
ing an ions  which  specifically adsorb (1) .  The  resul t s  
ind ica te  tha t  su l fa te  ion has specifically adsorbed  on 
the copper. 

The  cathodic por t ion  of the curve  does no t  d i sp lay  
a b road  flat m i n i m u m  as w i th  mercu ry .  The r ise in  
capac i ty  occurs wi th  m e r c u r y  bu t  at  m u c h  more  
cathodic potent ia ls .  This  difference could be ac- 
coun ted  for by  the  h igh  hyd rogen  overvo l tage  on 
m e r c u r y  and  the  smal le r  overvol tage  on copper.  

The  m i n i m u m  of capaci ty  corresponds  to 21/~F/ 
cm ~. W i n k l e r  (19) r epor ted  a capaci ty  of 2 3 ~ F / c m  2 
for cathodic cha rg ing  of copper. 

C o n c l u s i o n s  

The resul t s  ob ta ined  for  electr ic  analogs  a nd  the  
a g r e e m e n t  of the resul t s  ob t a ined  for the m e r c u r y -  
so lu t ion  in te r face  wi th  those of o ther  worke r s  a t -  
test  to the r e l i ab i l i ty  of the  method.  

The shapes of the d i f fe rent ia l  capaci ty  curves  r e -  
por ted  ind ica te  t ha t  for mos t  meta l s  on ly  a l imi t ed  
po ten t i a l  r ange  is ava i l ab le  for capaci ty  m e a s u r e -  
me n t s  f rom which  to es t imate  surface areas.  

The capac i ty -po t en t i a l  curves  ob ta ined  for film 
covered metals ,  a l u m i n u m  and  t a n t a l u m ,  suggests  
the  app l icab i l i ty  of the m e t h o d  to film f o r ma t ion  
and  film r e mova l  studies.  F u r t h e r  work  a long these 
l ines is u n d e r w a y .  
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ABSTRACT 

Improved  p ro t amine  collodion m a t r i x  membranes  of e x t r e me  e lec t rochem-  
ical  ac t iv i ty  were  p repa red  by  the adsorpt ion  of purif ied p ro tamine  f rom aque-  
ous solut ions on p re fo rmed  h igh ly  porous collodion membranes  whose poros i ty  
was subsequent ly  reduced  by  drying.  The most  useful  permselec t ive  membranes  
give r ise to concentra t ion potent ia ls  which  agree  wi th  the  ca lcula ted  the rmo-  
dynamic  m a x i m u m  poten t ia l  in po tass ium chlor ide  cells up to O.1N/O.O5N 
within  the meaningfu lness  of the  method.  A t  h igher  concentra t ions  the  meas -  
u red  potent ia ls  become g radua l ly  less than  the theore t ica l  value.  The more  
h igh ly  select ive membranes  have  anion permeabi l i t i e s  which  in 0.1N KC1 are  
250 to 450 t imes grea te r  than  the cat ion permeabi l i t i e s  and 2,000 to 12,000 t imes 
grea ter  in 0.01N solutions. Wi th  solutions of CaCL these ra t ios  were  at  leas t  two 
orders  of magni tude  greater .  The ohmic resis tances of the  permse lec t ive  m e m -  
branes  of highest  se lect iv i ty  (as measured  in 0.1N KC1) may  be ad jus ted  f rom 
about  10 ohm-cm ~ upward .  

The  first  m e m b r a n e s  w h i c h  c o m b i n e d  a h igh  d e -  
g ree  of an ion ic  s e l e c t i v i t y  w i t h  g r e a t  s t a b i l i t y  a n d  
low r e s i s t ance  w e r e  the  p e r m s e l e c t i v e  p r o t a m i n e  col-  
lod ion  m a t r i x  m e m b r a n e s  d e s c r i b e d  b y  Carr ,  Gregor ,  
and  S o l l n e r  ( 1 -5 ) .  ~ T h e y  w e r e  p r e p a r e d  b y  t h e  a d -  
so rp t ion  of p r o t a m i n e  f rom buf fe red  ( 2  p H  10.5) 
aqueous  p r o t a m i n e  su l fa t e  so lu t ions  on co l lod ion  
m e m b r a n e s  of h igh  p o r o s i t y  w h i c h  w e r e  s u b s e -  
q u e n t l y  d r i e d  u n d e r  c a r e f u l l y  con t ro l l ed  condi t ions .  
The  mos t  i m p o r t a n t  s h o r t c o m i n g  of these  m e m -  
b r a n e s  was  the i r  l i m i t e d  ionic  se l ec t iv i ty ;  t h e i r  p e r -  
m e a b i l i t i e s  for  an ions  even  at  c o n c e n t r a t i o n s  as low 
as 0.01 and  0.001N w e r e  on ly  30-50 t i m e s  g r e a t e r  
t h a n  those  for  cat ions .  This  low ra t i o  s e v e r e l y  r e -  
s t r ic t s  t he  use fu lness  of these  m e m b r a n e s  in m a n y  
s tudies .  

A n i o n  se lec t ive  m e m b r a n e s  of h igh  r e s i s t ance  
h a v e  been  p r e p a r e d  b y  A l b r i n k  and  Fuoss  (6 ) .  
M e m b r a n e s  of t h e  p e r m s e l e c t i v e  t y p e  w e r e  d e s c r i b e d  
in r ecen t  y e a r s  b y  Bonhoef fe r  and  M a n e c k e  (7) ,  
Winge r ,  B o d a m e r ,  and  K u n i n  (8) ,  W e t s t o n e  and  
G r e g o r  (9) ,  and  o the r s  (10-12) .  F o r  our  p u r p o s e  
t h e s e  m e m b r a n e s  h a v e  s o m e w h a t  too low ionic  s e -  
l ec t iv i t i es ,  e spec i a l l y  a t  h i g h e r  concen t ra t ions ,  a n d  
too h igh  un i t  a r e a  e x c h a n g e  capac i t i es .  A l so  the  
poros i t i e s  and  r e s i s t ances  of  these  m e m b r a n e s  c a n -  
no t  be  as r e a d i l y  a d j u s t e d  at  w i l l  as those  of co l -  
lod ion  m a t r i x  m e m b r a n e s .  

Co l lod ion  m a t r i x  m e m b r a n e s  of e x t r e m e  an ion  se-  
l e c t i v i t y  w h i c h  a r e  f ree  f rom these  l i m i t a t i o n s  and  

1 P u b h c  H e a l t h  S e rv i c e  R e s e a r c h  F e l l o w ;  P r e s e n t  addres s :  N a t i o n a l  
I n s t i t u t e  of D e n t a l  Research ,  Be thesda ,  IV[d. 

2 P r o t a m i n e s  are  s i m p l e  s t r o n g l y  bas ic  p ro te ins ,  o r d i n a r i l y  d e r i v e d  
f r o m  s a l m o n  spe rm,  w i t h  m o l e c u l a r  w e i g h t s  of a b o u t  4000 in  t h e  
h y d r o x y l  fo rm.  T h e y  are  of  s o m e w h a t  v a r y i n g  compos i t i on ,  mos t  
p r o b a b l y  c o n s i s t i n g  of  n i n e t e e n  mo lecu l e s  of a r g i n i n e ,  a d ibas i c  
a m i n o  ac id  w i t h  a p K  of  10.5 to  11, a n d  s ix  or  s even  m o n o b a s i c  
a m i n o  acids.  The  ion izab le  g r o u p s  in  t he  p r o t a m i n e  molecu le ,  w h i c h  
a re  no t  b l o c k e d  b y  t h e  f o r m a t i o n  of p e p t i d e  l i nkages ,  a r e :  o n e  car-  
b o x y l  g roup ,  one  i m i n o  g roup ,  a nd  n i n e t e e n  g u a n i d i n o  g roups .  

sho r t c omings  w e r e  p r e p a r e d  some y e a r s  ago in  th is  
l a b o r a t o r y  b y  the  a d s o r p t i o n  f rom aqueous  so lu t ion  of 
p o l y - 2 - v i n y l - N - m e t h y l p y r i d i n i u m  b r o m i d e  ( a n d  
s e v e r a l  o the r  bas ic  s y n t h e t i c  p o l y e l e c t r o l y t e s )  on 
p r e f o r m e d  h i g h l y  po rous  co l lod ion  m e m b r a n e s  
whose  p o r o s i t y  was  s u b s e q u e n t l y  r e d u c e d  b y  d r y i n g  
(13) .  The  mos t  u se fu l  of t he se  m e m b r a n e s  g ive  r i se  
to c o n c e n t r a t i o n  p o t e n t i a l s  w h i c h  a g r e e  c lose ly  w i t h  
t h e  c a l c u l a t e d  t h e r m o d y n a m i c  m a x i m u m  po t en t i a l s  
in p o t a s s i u m  ch lo r ide  cel ls  up  to O.1N/O.O5N. The  
m o r e  h i g h l y  se lec t ive  m e m b r a n e s  h a v e  an ion  p e r -  
m e a b i l i t i e s  w h i c h  in  0.1N KC1 a re  500-1300 t i m e s  
g r e a t e r  t h a n  the  ca t ion  p e r m e a b i l i t i e s ,  and  in 0.01N 
so lu t ions  5,000-32,000 t i m e s  g rea t e r .  W i t h  so lu t ions  
of CaCL these  r a t io s  a r e  two  to t h r e e  o r d e r s  of m a g -  
n i t u d e  g rea t e r .  The  ohmic  r e s i s t ances  of t he se  m e m -  
b r a n e s  as m e a s u r e d  in 0.1N KC1 m a y  be  a d j u s t e d  
f rom a b o u t  10 o h m - c m  2 u p w a r d  (13) .  W h i l e  o t h e r -  
wise  f u l l y  s a t i s f a c t o r y  for  m a n y  p h y s i c o c h e m i c a l  
i nves t i ga t i ons  and  m o d e l  s tud ies  of b io log i ca l  i n t e r -  
est, t hese  m e m b r a n e s  qu i t e  u n e x p e c t e d l y  show a 
p e c u l i a r i t y  w h i c h  r e s t r i c t s  t h e i r  u se fu lnes s  for  c e r -  
t a in  purposes .  The  r a t e s  of s e l f - e x c h a n g e  of c r i t i ca l  
ions  b e t w e e n  so lu t ions  across  these  m e m b r a n e s  do  
no t  a g r e e  w i t h  t hose  c a l c u l a t e d  f r o m  the  N e r n s t -  
E ins t e in  equa t ion ,  w h e r e a s  th is  e q u a t i o n  desc r ibes  
s a t i s f a c t o r i l y  t he  r e su l t s  of  s e l f - e x c h a n g e  s tud ies  
w i t h  p r o t a m i n e  co l lod ion  m a t r i x  m e m b r a n e s ,  or  w i t h  
( ca t ion  se l ec t ive )  ox id i zed  co l lod ion  a n d  su l fo na t ed  
p o l y s t y r e n e  co l lod ion  m a t r i x  m e m b r a n e s  (14) .  

In  o r d e r  to p r e p a r e  an ion  se l ec t ive  m e m b r a n e s  of 
e x t r e m e  ionic  s e l e c t i v i t y  w h i c h  b e h a v e  in t h e  m a n -  
n e r  p o s t u l a t e d  b y  t h e  N e r n s t - E i n s t e i n  e q u a t i o n  w i t h  
r e spe c t  to t he  r a t e  of e x c h a n g e  of ions  across  them,  
i t  s e e m e d  bes t  to  t r y  to i m p r o v e  the  ionic  s e l ec t i v i t y  
of t h e  o t h e r w i s e  s a t i s f a c t o r y  p r o t a m i n e  co l lod ion  
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ma t r ix  membrane .  This seemed des i rable  also in 
view of the p lanned  use of these membranes  in 
studies of biological  in teres t  because the chemical  
na ture  of p ro t amine  is more s imi lar  to tha t  of b io-  
logical  membranes  than tha t  of synthet ic  polyelec-  
t rolytes,  such as p o l y - 2 - v i n y l - N - m e t h y l p y r i d i n i u m  
salts. 

The looked for improvement ,  as prev ious ly  ind i -  
cated (1), must  be p resumed to consist e i ther  of the 
removal  (or the chemical  blocking) of the ca rboxyl  
group which is an inherent ,  t e rmina l  pa r t  of the  
p ro tamine  molecule, of the removal  of acidic im-  
pur i t ies  contained in the  commercia l  prepara t ions ,  
or of a combinat ion of the two. If the presence of 
some acidic impur i t ies  in the pro taminic  p r e p a r a -  
tions used is the cause of the deficient ionic select iv-  
i ty  of the membranes ,  the solut ion of the  p rob lem 
could be expected f rom a thorough purif icat ion of 
the p ro tamine  prepara t ions .  

P r e l i m i n a r y  exper iments  with the commercia l  
p ro tamine  p repara t ions  avai lable  at present  r egu-  
l a r ly  y ie lded  membranes  of h igher  ionic select ivi ty  
than  those descr ibed previously,  wi th  considerable  
differences according to the pa r t i cu la r  batch of p ro -  
tamine  used. Different samples of p ro tamine  were  
found to be of different  pu r i ty  as evidenced also by 
differences in color, f rom pure  whi te  to d is t inct ly  
yellow, the least  ye l lowish  p repara t ions  genera l ly  
y ie ld ing the best membranes .  This observat ion  also 
agrees wi th  the resul ts  of ear l ier  a t tempts  to pur i fy  
p ro tamine  in which the repea ted  dissolut ion and 
reprec ip i ta t ion  of commercia l  p ro tamine  p r e p a r a -  
tions had led in some instances, but  not  in a sat is-  
fac tor i ly  reproducib le  manner ,  to membranes  of 
g rea t ly  increased anionic select ivi ty  (15). 

Thus, the  thorough purif icat ion of pro tamine  was 
the obvious ini t ia l  step in our a t t empt  to improve  
the ionic select ivi ty  of p ro tamine  collodion ma t r i x  
membranes .  

Preparation of Improved Permselective Protamine 
Collodion Matrix Membranes 

A consis tent ly successful method  of pur i fy ing  
pro tamine  to a degree adequate  for our purpose  is 
the following: F i f ty  grams of commercia l  p ro tamine  
sulfate is ex t rac ted  repea ted ly  wi th  e thyl  e ther  
unt i l  a sample  of the e ther  on evapora t ion  does not 
leave any  t race  of residue.  (With  p repa ra t ions  a l -  
r eady  free of l i p id - l i ke  ether  soluble contaminants  
this step may  be omit ted.)  The e the r -we t  p ro tamine  
sulfate is dried, and a nea r ly  sa tura ted,  app rox i -  
ma te ly  6.5% aqueous solution is p repa red  (which in 
all  instances proved  to be ve ry  close to neu t r a l ) .  
To remove al l  impur i t ies  of an acidic (anionic)  
charac ter  f rom this solution, i t  was passed through 
a column consisting of 1 kg of s trong base anion ex-  
change resin (Amber l i t e  IRA --400) in the chloride 
form. Whi le  the p ro tamine  solution is run slowly 
through the column, the e luate  is cont inuously tes ted 
wi th  t r ichloroacet ic  acid and discarded unt i l  a 
posi t ive test, a whi te  precipi ta te ,  is obtained.  Af te r  
the last  of the p ro tamine  solution has been run on 
the column, the column is s lowly washed wi th  dis-  
t i l led wa te r  and the eluate collected unt i l  it  no 
longer gives a posi t ive react ion wi th  t r ichloroacet ic  
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acid. The solution containing the p ro tamine  (now in 
the chloride form) may  ei ther  be d i lu ted  appro-  
p r i a t e ly  and used d i rec t ly  in the p repara t ion  of 
membranes ,  or d ry  p ro tamine  chloride may  be ob-  
ta ined as a fine whi te  powder  by  the convent ional  
method of freezing and dry ing  in vacuo. It  might  be 
added that  this purif ied p ro tamine  chlor ide  when 
reconver ted  to p ro tamine  sulfate  on an ion exchange 
column yie lded membranes  which are  significantly 
infer ior  in ionic select ivi ty  to those p repared  with 
the purified p ro tamine  in the chlor ide state. 

The p repa ra t ion  of permselec t ive  membranes  
consists of casting collodion membranes  of high 
porosity,  fol lowed by  adsorpt ion  on the membranes  
of p ro tamine  f rom aqueous solutions, and control led 
dry ing  (1, 2). Th ree - l aye r  membranes  were  p re -  
pa red  rout ine ly  at  room t empera tu r e  and at  re la t ive  
humidi t ies  be tween 20% and 50% from a 4.0% 
solution of Par lodion  (Mal l inckrodt )  in 50:50 e ther -  
alcohol containing 2% water .  This solution was 
poured over  25 x 100 m m  test  tubes ro ta t ing  in the 
horizontal  position. Ordinar i ly ,  the first l aye r  was 
dr ied  3.0 min, and the second 3.5 min; 4.0 min af ter  
the th i rd  l aye r  was poured  the membranes  were  
immersed  in water .  When membranes  of higher  
resis tance were  desired, these d ry ing  per iods  were  
each extended by  30 sec. Af te r  being washed for an 
hour  in several  changes of water ,  the membranes  
were  s l ipped off thei r  casting tubes and washed for 
3 to 4 hr. They were  then  immersed  in a solution 
containing 10 g of p ro tamine  chloride per  l i ter ,  
buffered to a pH of about  10.5 wi th  a sodium 
hydrox ide - sod ium bora te - sod ium chloride buffer 
(0.05N NaOH, 0.05N Na~B40~'10H=O, 0.375N NaC1)2 
The membranes  were  kep t  in this solution for 
periods ranging  f rom 12 to 48 hr  depending on the 
resistance desired, shor ter  immers ion  t imes y ie ld ing  
membranes  of h igher  resistance.  Thereaf te r  the 
membranes  were  washed for 5 min in dis t i l led 
water ,  replaced on thei r  cast ing tubes, and dr ied 
for 24 hr in a humidis ta t  over sa tu ra ted  CaCI~ solu- 
tion, at  a re la t ive  humid i ty  of 31%. Next, the mem-  
branes were  placed in wa te r  for 2 hr, removed  from 
thei r  casting tubes, and t ied with  l inen th read  to 
glass rings fitted into thei r  open ends. They were  
again dr ied for 24 hr  at  31% re la t ive  humid i ty  and 
then placed in 0.1N KC1 solution. Af te r  an aging 
period of several  days  in this solution, the i r  p rope r -  
ties are v i r tua l ly  constant. These test  tube  shaped 
membranes  were  about  30-40 ~ thick, t ransparent ,  
glass clear, and smooth. 

The permselec t ive  membranes  p repa red  wi th  the 
purified pro tamine  prepara t ions ,  l ike the ear l ie r  
types of p ro tamine  collodion ma t r i x  membranes ,  a re  
very  stable. They do not show any significant de-  
te r iora t ion  ei ther  in ionic se lec t iv i ty  or in mechani -  
cal s t rength over  periods of a few years  when stored 
in 0.1N KC1 solution to which a p rese rva t ive  such 
as thymol  was added for protect ion against  mold 
growth.  With respect  to s tab i l i ty  the p ro tamine  col-  
lodion ma t r ix  membranes  are super ior  to the po ly-  
2 - v i n y l - N - m e t h y l p y r i d i n i u m  collodion ma t r ix  

T h e s e  so lu t ions  of  p r o t a m i n e  cou ld  b e  u s e d  r e p e a t e d l y  w i t h  
a d j u s t m e n t  of  p H  as  n e c e s s a r y .  T h e y  w e r e  s t o r e d  r o u t i n e l y  i n  a 
r e f r i g e r a t o r  to  p r e v e n t  b a c t e r i a l  g r o w t h  a n d  o t h e r  f o r m s  of  de ter i -  
orat ion .  



Vol. 106, No. 4 P R O T A M I N E  C O L L O D I O N  M A T R I X  M E M B R A N E S  

Table I. Properties and functional behavior of various permselective protamine collodion matrix membranes 

349 

1 2 3 4 5 6 
T i m e  o f  i m -  A n i o n -  A m o n -  R a t e  o f  o s m o t i c  A v .  u n i t  a r e a  r e s i s t -  

m e r s i o n  i n  1 %  e x c h a n g e  e x c h a n g e  w a t e r  m o v e m e n t  a n c e  e i n  0 .1 /7  K C 1 ,  
p r o t a m i n e  c a p a c i t y ,  c a p a c i t y ,  W a t e r  c o n t e n t ,  ( 0 . 2 M  s u c r o s e ) ,  p* ( t  = 2 5 . 0 0  ~ , 

c h l o r i d e ,  h r  m e q / g  ~ e c l / c m  e % m m S / h r  100  c m  o h m - c m  2 

7 

A v .  c o n c n ,  p o t e n t i a l  c 
0 .4 /7  K C 1  [ 0 . 2 /7  K C l  

( t  = 2 5 . 0 0 " ) ,  m v  

12 ~ 0.141 0.76 7.6 15.0 4500 (1620) 
24 ~ 0.163 0.99 8.5 16.0 2130 (780) 
8 ~ 0.229 1.36 9.6 22.0 660 (310) 

52 ~ 0.304 1.91 12.7 36.0 189 (66) 
16 b 0.359 2.43 22.1 88.0 45.0 (9.0) 
32 b 0.410 2.59 22.2 255.0 17.7 (8.5) 

--15.32 (0.08) 
--15.66 (0.05) 
--15.62 (0.06) 
--15.43 (0.06) 
--15.22 (0.13) 
--15.18 (0.18) 

a D r y i n g  t i m e s  o f  3 .5 ,  4 .0 ,  a n d  4 .5  m i n .  
b D r y i n g  t i m e s  o f  3 .0 ,  3 .5 ,  a n d  4 .0  r a i n .  
c F i g u r e s  i n  p a r e n t h e s e s  i n d i c a t e  m a x i m u m  d e v i a t i o n  f r o m  m e a n  v a l u e .  

m e m b r a n e s ,  some of which  become ve ry  b r i t t l e  in  a 
per iod of two months .  

Properties of Improved Protamine Col lodion 
M a t r i x  Membranes  

For  a series of su rvey  exper iments ,  six different  
sets of twe lve  m e m b r a n e s  each were  p r epa red  u n d e r  
ca re fu l ly  cont ro l led  condi t ions  and  charac te r ized  by  
(a) a n i o n - e x c h a n g e  capacity,  (b)  wa t e r  content ,  
(c) ra te  of osmotic wa t e r  movemen t ,  (d) ohmic 
res i s tance  in  contact  w i th  0.1N KC1 solut ion,  a nd  
(e) concen t r a t i on  po ten t i a l  in  the cell 0.4N KC1 
[ m e m b r a n e ]  0.2N KC1 (.see Tab le  I ) .  

Fo l lowing  the  survey,  m e m b r a n e s  of the types  
most  use fu l  for phys icochemica l  inves t iga t ions  were  
s tudied  for the i r  e lec t romot ive  proper t ies  in  KC1 
concen t r a t i on  cells over  a wide  r ange  of c o n c e n t r a -  
tions, the concen t r a t i on  rat io be ing  2:1 (see Tab le  
I I ) .  One of these m e m b r a n e s  was tes ted s imi l a r ly  in  
ana logous  cells w i th  HC1, KNO~, KIO.., and  K - A c e t a t e  
(see Table  I I I ) .  The  ra tes  of exchange  of cr i t ical  
ions (an ions )  and  of noncr i t i ca l  ions (ca t ions)  
across r ep re sen t a t i ve  m e m b r a n e s  at  th ree  concen-  
t ra t ions ,  1.0N, 0.1N, and  0.01N, were  d e t e r m i n e d  as 
a m e a s u r e  of the i r  abso lu te  pe rmeab i l i t i e s  and  ionic 
selectivit ies,  and  the co r re spond ing  ratios,  the  ionic 
select ivi t ies  of the m e m b r a n e s ,  ca lcu la ted  (see Tab le  
IV) .  I n  add i t ion  the  b i - ion ic  po ten t ia l s  across severa l  
r ep re sen t a t i ve  m e m b r a n e s  were  m e a s u r e d  w i th  
var ious  pairs  of cr i t ical  ions. 

The a n i o n - e x c h a n g e  capaci ty  was  d e t e r m i n e d  wi th  
three  or four  m e m b r a n e s  selected a t  r a n d o m  f rom 
each of the  six sets. The  m e m b r a n e s  were  sli t  open 
lengthwise ,  and  5.0 x 7.0 cm rec tang les  cut  f rom the  

flat por t ions  were  placed in  0.1N KC1 solut ions  which  
were  changed  severa l  t imes d u r i n g  a week  to assure  
tha t  all  accessible fixed charged groups were  in  the 
chlor ide  form. The m e m b r a n e s  were  t h e n  washed  
wi th  dis t i l led  wa te r  for severa l  days u n t i l  chlor ide 
could no t  be  detec ted  in the wash  water .  The chlor ide 
ions in the m e m b r a n e s  were  t h e n  displaced by  im-  
me r s i ng  each group of th ree  or four  m e m b r a n e s  in  
20 ml  of 0.hN NaNO~ solut ion.  Af te r  s t a n d i n g  three  
days wi th  occasional  s t i r r ing ,  the  NaNO~ solut ions  
were  ana lyzed  for chloride ion and  the a n i o n - e x -  
change  capacit ies  of the m e m b r a n e s  in  ~ e q / c m  ~ cal-  
culated.  The  d ry  weights  of the  m e m b r a n e s  (see be -  
low) were  used to ca lcula te  the a n i o n - e x c h a n g e  
capacit ies  per  g r am of d r y  m e m b r a n e .  

The  w a t e r  con ten t  was  m e a s u r e d  w i t h  the  flat 
m e m b r a n e s  used in  the a n i o n - e x c h a n g e  m e a s u r e -  
ments .  They  were  r econve r t ed  to the  chlor ide  form, 
washed,  b lo t ted  d ry  wi th  filter paper ,  p laced  i m -  
me d i a t e l y  in  t a red  we igh ing  bottles,  a nd  weighed  in  
the  wet  state. They  were  t h e n  dr ied  over  phos -  
phorus  pen tox ide  in vacuo. The loss in  we igh t  was  
t a ke n  as the  w a t e r  content .  The  r ep roduc ib i l i t y  of 
the m e a s u r e m e n t s  was abou t  •  g, w h e n  the  
resul t s  are expressed  as g w a t e r / 100  g wet  m e m -  
brane .  

The ra te  of osmotic w a t e r  m o v e m e n t  across a 
m e m b r a n e  was m e a s u r e d  by  fil l ing the  test  t u b e  
shaped m e m b r a n e  wi th  a 0.2M solu t ion  of sucrose 
(for .which they  are  v i r t u a l l y  i m p e r m e a b l e ) ,  f i t t ing 

it w i th  a r u b b e r  s topper  ca r ry ing  a g r a dua t e d  capi l -  
l a r y  m a n o m e t e r  tube,  a nd  p lac ing  it  in  a beake r  of 
w a t e r  at  25 ~ • 0.05 ~ Af te r  t h e r m a l  e q u i l i b r i u m  was  
reached,  the  rise of the  l iqu id  in the  cap i l l a ry  gave 

Table II. Concentration dependence of the concentration potentials (cl:c.~ ~ 2:1) with solutions of KCI across representative permselective 
protamine collodion matrix membranes of different resistance (t ~ 25.00 ~ • 0.05 ~ 

C o n c n .  o f  e l e c t r o l y t e  T h e o r .  m a x . ,  p* : 10 .0  p* : 49 .5  p* = 188  p* : 6 6 0  p* = 2 3 0 0  
s o l n .  e l :  c2, e q u i v / 1  m v  o h m - a m  2, m v  o h m - c m e ,  m v  o h m - c m e ,  m v  o h m - e r a  2, m v  o h m - c m  : ,  m v  

0.002/0.001 --17.45 --17.17 --17.28 --17.30 --17.31 --17.31 
0.004/0.002 --17.31 - -  --17.19 --17.20 --17.20 --17.18 

0.01/0.005 --17.10 --17.06 --17.10 --17.10 --17.10 --17.10 
0.02/0.01 --16.86 --16.76 --16.83 --16.84 --16.84 --16.83 
0.04/0.02 --16.63 --16.45 --16.54 --16.55 --16.56 --16.55 

0.1/0.05 --16.30 --16.06 --16.16 --16.18 --16.19 --16.18 
0.2/0.1 --16.11 --15.75 --15.85 --15.88 --15.91 --15.91 
0.4/0.2 --15.95 --15.03 --15.33 --15.40 --15.64 --15.67 

1/0.5 --16.32 --14.43 --14.54 --14.92 --14.93 --14.86 
2/1.0 --17.3 --12.33 --13.33 --13.63 --14.08 --14.25 
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Table III. Concentration potentials (c~:c2 = 2:1) of several 
electrolytes across a permselective protamine collodion matrix 

membrane (p* ~- 660 ofim-cm ~) (t ~ 25.00 ~ -+ 0.05~ 

C o n c e n t r a t i o n  C o n c e n t r a t i o n  p o t e n t i a l  
of  e l e c t r o l y t e  T h e o r e t i c a l  E x p e r i m e n t a l  D i f f u s i o n  p o t e n t i a l ,  

s o l u t i o n s  m a x i m u m  ( c o r r e c t e d )  El ,  i n  f r e e  s o l u t i o n  
CZ/C2 Emax. Eexp. E l  (calc.) ~1 (exp.) 

A. P o t a s s i u m  i o d a t e  

e q u i v / l i t e r  m v  m v  m v  m v  

0.002/0.001 --17.5 --17.0 5.5 5.0 
0.004/0.002 --17.3 --16.8 5.5 5.0 
0.010/0.005 --16.9 --16.8 5.4 5.G 
0.020/0.010 --16.7 --16.6 5.3 5.1 
0.040/0.020 --16.1 --16.0 5.2 5.0 
0.100/0.050 --15.1 --14.9 5.0 4.9 
0.200/0.100 --14.1 --13.8 4.8 4.7 
0.400/0.200 . . . .  

B.  P o t a s s i u m  n i t r a t e  

e q u i v / l i t e r  m v  m v  m v  m y  

0.002/0.001 --17.52 --16.98 0.27 0.27 
0.004/0.002 --17.40 --16.92 0.27 0.32 
0.010/0.005 --17.12 --16.76 0.28 0.38 
0.020/0.010 --16.72 --16.50 0.29 0.46 
0.040/0.020 --16.27 --16.12 0.29 0.54 
0.100/0.050 --15.58 --15.26 0.31 0.64 
0.200/0.100 --15.02 --14.92 0.34 0.85 
0.400/0.200 --14.19 --13.95 0.39 1.00 

C. P o t a s s i u m  a c e t a t e  

e q u i v / l i t e r  m v  m v  m v  m y  

0.002/0.001 - - 1 7 . 4 3  --17.02 5.07 5.15 
0.004/0.002 - - 1 7 . 3 4  --17.13 5.09 5.06 
0.010/0.005 - - 1 7 . 1 6  --16.94 5.11 4.84 
0.020/0.010 - - 1 6 . 9 7  --16.85 5.11 4.56 
0.040/0.020 - - 1 6 . 8 2  --16.77 5.18 4.23 
0.100/0.050 - - 1 6 . 7 9  --16.63 5.35 4.08 
0.200/0.100 - - 1 6 . 8 5  --16.55 5.50 3.95 
0.400/0.200 --17.27 --16.20 5.82 3.86 

D. H y d r o c h l o r i c  a c i d  

e q u i v / l i t e r  m v  m v  

Concentra t ion  
potent ia ls  were  
measured  wi th  
Ag/AgC1 elec-  
trodes;  see text.  

0.002/0.001 - - 1 7 . 4 5  --17.30 
0.004/0.002 - - 1 7 . 3 4  --17.09 
0.010/0.005 - - 1 7 . 1 5  --17.12 
0.020/0.010 - - 1 6 . 9 7  --16.93 
0.040/0.020 --16.84 --16.70 
0.100/0.050 - - 1 6 . 7 6  --16.43 
0.200/0.100 - - 1 6 . 8 7  --15.60 
0.400/0.200 --17.49 --14.23 

the  r a t e  of w a t e r  t r a n s p o r t ,  the  r e p r o d u c i b i l i t y  of 
these  m e a s u r e m e n t s  b e i n g  a b o u t  -+ 10 %. 

The  ohmic  r e s i s t ance  of t he  m e m b r a n e s  in 0.1N 
KC1 solut ion ,  p~, was  m e a s u r e d  a t  25 ~ ----- 0.05 ~ u s i n g  
the  K o h l r a u s c h  m e t h o d  as p r e v i o u s l y  d e s c r i b e d  (16) .  
F r o m  the  m e a s u r e d  r e s i s t ance  and  t h e  k n o w n  f ree  
a r e a  of  t h e  m e m b r a n e  ( a b o u t  50 cm ~) the  un i t  a r e a  
r e s i s t a n c e  was  c o m p u t e d ?  The  r e p r o d u c i b i l i t y  of t he  

4 D i m e n s i o n a l l y  t h i s  r e s i s t a n c e  in  o h m - c m  2, t h e  r e c i p r o c a l  of  t h e  
u n i t  a r e a  c o n d u c t a n c e  w h i c h  is  e x p r e s s e d  in  m o h / e m  2. T h e  d e s i g -  
n a t i o n  of t h e  u n i t  r e s i s t a n c e  as o h m / c m  2 w h i c h  is  c o m m o n  i n  t h e  
l i t e r a t u r e  ( i n c l u d i n g  s o m e  o l d e r  p u b l i c a t i o n s  f r o m  t h i s  l a b o r a t o r y )  
is  d i m e n s i o n a l l y  in  e r r o r .  

m e m b r a n e  r e s i s t ance  f rom d a y  to d a y  was  a b o u t  
----- 3%.  

T h e  c o n c e n t r a t i o n  p o t e n t i a l s  of t he  m e m b r a n e s  
w e r e  m e a s u r e d  at  25 ~ --+0.05 ~ us ing  s a t u r a t e d  ca lo -  
m e l  h a l f - c e l l s  w i t h  s a t u r a t e d  p o t a s s i u m  c h l o r i d e -  
a g a r  b r idges ,  e x c e p t  in t he  case  of the  H C l - c e l l s  in  
w h i c h  AgIAgC1 e lec t rodes ,  p r e p a r e d  b y  the  m e t h o d  
of Rule  and  L a  Mer,  w e r e  used  (17) .  S t i r r i n g  h a d  
no  effect a t  a n y  c o n c e n t r a t i o n  w i t h  m e m b r a n e s  of 
p~ of s e v e r a l  h u n d r e d  o h m - c m  ~ and  more .  W i t h  
m e m b r a n e s  h a v i n g  a p* of a b o u t  100 o h m - c m  ~, s t i r -  
r i n g  was  n e c e s s a r y  a t  c o n c e n t r a t i o n s  b e l o w  a b o u t  
0.2N/O.1N; o the rwise ,  p a r t i c u l a r l y  a t  t he  l owes t  
concen t ra t ions ,  t he  p o t e n t i a l s  w e r e  up  to 0.5 m v  too 
low.  The  m a j o r i t y  of t h e  p o t e n t i a l  m e a s u r e m e n t s  
w e r e  r e p r o d u c i b l e  w i t h i n  -+ 0.05 m v  e x c e p t  w i t h  t h e  
h ighe s t  and  l o w e s t  concen t r a t i ons  used,  w h e r e  t h e  
e r r o r  m a y  b e  t w i c e  as l a rge .  

F r o m  these  r a w  d a t a  t he  t r ue  c o n c e n t r a t i o n  p o -  
t en t i a l s  w e r e  o b t a i n e d  b y  the  fo l lowing  two  p r o c e -  
dures .  W h e r e  A g / A g C 1  e l ec t rodes  w e r e  used  the  
d i f fe rence  of t h e  two  e l e c t r o d e  p o t e n t i a l s  w a s  c o m -  
p u t e d  f rom the  N e r n s t  e q u a t i o n  us ing  t h e  k n o w n  
m e a n  ac t iv i t i e s  of t he  p a i r s  of KC1 so lu t ions  u n d e r  
cons ide ra t ion ,  a n d  s u b t r a c t i n g  th is  c o m p u t e d  v a l u e  
f rom the  e x p e r i m e n t a l l y  d e t e r m i n e d  po t en t i a l .  In  
t h e  case  of the  cel ls  w i t h  w h i c h  c a lome l  h a l f - c e l l s  
a n d  s a t u r a t e d  K C l - a g a r  b r i d g e s  w e r e  used  for  t h e  
p o t e n t i a l  m e a s u r e m e n t s ,  t he  co r r ec t ions  for  t he  
a s y m m e t r y  of t he  two  l i q u i d - j u n c t i o n  po ten t i a l s ,  
p o t a s s i u m  c h l o r i d e - a g a r  b r i d g e  I e l e c t r o l y t e  cl I 
e l e c t r o l y t e  c~ [ p o t a s s i u m  c h l o r i d e - a g a r  b r idge ,  w e r e  
d e t e r m i n e d  b y  the  fo l l owing  m e t h o d  w h i c h  h a d  also 
been  used  on p r i o r  occas ions  (4, 18).  I t  is b a s e d  on 
the  a s s u m p t i o n  t h a t  i t  is poss ib l e  to c a l c u l a t e  w i t h  
c o n s i d e r a b l e  a c c u r a c y  ( f r o m  the  N e r n s t  equa t ion  
a n d  k n o w n  ionic  m o b i l i t y  d a t a )  t he  l i q u i d - j u n c t i o n  
po ten t i a l s ,  El(ca,c.), a r i s i ng  b e t w e e n  so lu t ions  of the  
s a m e  e l e c t r o l y t e  a t  d i f fe ren t  concen t ra t ions .  These  
c a l c u l a t e d  l i q u i d - j u n c t i o n  po ten t i a l s ,  El(ca,o.~ a r e  
c o m p a r e d  w i t h  t he  e x p e r i m e n t a l  l i q u i d - j u n c t i o n  
po ten t i a l s ,  El(exp), in t he  m e m b r a n e - f r e e  cel ls :  s a t u -  
r a t e d  ca lome l  e l e c t r o d e [ s a t u r a t e d  p o t a s s i u m  ch lo -  
r ide  l s a t u r a t e d  p o t a s s i u m  c h l o r i d e - a g a r  b r i d g e ]  
e l e c t r o l y t e  c~ ] e l e c t r o l y t e  cl I s a t u r a t e d  p o t a s s i u m  
c h l o r i d e - a g a r  b r i d g e  I s a t u r a t e d  p o t a s s i u m  ch lo r ide  I 
s a t u r a t e d  ca lomel  e lec t rode .  The  d i f fe rence  b e -  
t w e e n  these  two  va lues ,  El(o~,o.~ --El~oxp.~, is t a k e n  as 
the  v a l u e  of t h e  a s y m m e t r y  of two  l i q u i d - j u n c t i o n  
po t e n t i a l s  a t  the  t ips  of t h e  a g a r  b r idges ;  i t  is a p -  
p l i ed  as a co r r ec t i on  to t he  c o n c e n t r a t i o n  p o t e n t i a l s  
m e a s u r e d  across  t he  m e m b r a n e .  

The  va lue s  of El(ox,.) w e r e  m e a s u r e d  w i t h  a s imp le  
W - s h a p e d  t ube  w i t h  a g lass  s topcock  in t h e  m i d d l e ;  
o t h e r w i s e  the  i n s t r u m e n t s  used  and  t h e  t e c h n i q u e  
e m p l o y e d  w e r e  t h e  same  as  w e r e  used  for  t h e  d e -  
t e r m i n a t i o n  of t h e  c o n c e n t r a t i o n  p o t e n t i a l s  across  
m e m b r a n e s .  The  r e p r o d u c i b i l i t y  of t h e  EI(O~D.) da ta ,  
e x c e p t  a t  t he  l o w e s t  c o n c e n t r a t i o n s  used,  is b e t t e r  
t h a n  -----0.05 inv. T h e  v a r i o u s  va lue s  for  El(exp. )  and  
E,(o~,o) a r e  g iven  in  T a b l e  I I I  for  t he  n e u t r a l  
sa l t s  e x c e p t  KC1. W i t h  KC1 cel ls  w i t h  a c o n c e n t r a -  
t ion  r a t i o  of 2:1 (Tab le s  I and  I I )  the  c o r r e c t i on  is 
--0.33 m v  i n d e p e n d e n t  of t h e  concen t r a t ion .  A l l  d a t a  
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Table IV. Rates of movement of critical and noncritical ions across several permselective protamine collodion matrix membranes at 
various concentration levels in the system KCI (Cl) Ii NH4CI (c~) 

1 2 3 4 5 6 7 8 9 l 0  
C o n c e n t r a t i o n  

0 .1N 0.1N 0 .01N 

Rat io  Rat io  R a t i  
I m t i a l  I n i t i a l  of  i n i t i a l  I n i t i a l  I n i t i a l  of  i n i t i a l  I n i t i a l  I n i t i a l  of  i n i t i a l  
r a t e  of  r a t e  of  r a t e s  of  r a t e  of  r a t e  of  r a t e s  of  r a t e  of  r a t e  of  r a t e s  of  

m o v e m e n t  m o v e m e n t  m o v e m e n t  m o v e m e n t  m o v e m e n t  m o v e m e n t  m o v e m e n t  m o v e m e n t  m o v e m e n t  
M e m b r a n e  of  C1- of NH4 + of C1- of CI'- of  NH4 + of  C1- of C1- of  NH4 + of C1- 

O*, ohm-e ra2  ~ e q / h r  cm2 # e q / h r  c m  '~ to  NH4+ ~ e q / h r  cm2 # e q / h r  c m  s to NH4 + # e q / h r  c m  ~ ~teq/hr  cm2 to  NH~+ 

5040 0.366 0.025 14.6 0.192 
2780 0.638 0.034 18.7 0.376 
450 4.64 0.380 12.2 2.46 
113 17.9 1.09 16.4 8.34 
24.5 121 16.7 7.2 42.8 

9.5 267 33.6 7.9 110 

on m e m b r a n e  concen t r a t i on  poten t ia l s  g iven  in  this  
paper  are app rop r i a t e ly  corrected.  

The  t h e r m o d y n a m i c a l l y  possible  m a x i m u m  va lues  
of the  concen t r a t i on  po ten t i a l  were  ca lcu la ted  in  the  
c o n v e n t i o n a l  m a n n e r  a s s u m i n g  tha t  the  on ly  process 
occur r ing  across an  ideal  m e m b r a n e  is the  revers ib le  
t r ans fe r  of the cr i t ical  ions f rom the  one so lu t ion  to 
t he  other,  and  tha t  the  ac t iv i ty  of the  cr i t ica l  ions, 
the  anions,  at  any  g iven  concen t r a t i on  is equa l  to 
the m e a n  ac t iv i ty  of the e lec t ro ly te  (a_ = at) .  The 

ac t iv i ty  coefficients were  t a k e n  f rom H a r n e d  a nd  
Owen  and  f rom Robinson  and  Stokes, and  conver ted  
f rom the  mola l i t y  to a n o r m a l i t y  basis  (19, 20). 

For  the  m e a s u r e m e n t  of the r a t e  of exchange  of 
the an ions  a m e m b r a n e  filled w i th  a KC1 solu t ion  
con t a in ing  rad ioac t ive  C1 ~ was  placed in  a l a rge  
v o l u m e  of so lu t ion  of n o n r a d i o a c t i v e  KC1 of the  same 
concen t ra t ion .  Both solut ions  were  st i rred.  Al iquots  
of the ou te r  solut ion were  w i t h d r a w n  per iod ica l ly  
and  the i r  r ad ioac t iv i ty  de te rmined .  The in i t i a l  ra te  
of an ion  exchange  was  ca lcu la ted  f rom the  f rac t ion  
of the  rad ioac t ive  chlor ide  e x c h a n g i n g  for s tab le  
chloride per  u n i t  t ime2 

The s t r ic t ly  comparab le  in i t i a l  ra te  of exchange  
of the cat ions  can be ob ta ined  f rom analogous  e x -  
pe r imen t s  on ly  w i th  m e m b r a n e s  of ve ry  low res i s t -  
ance and  a s ignif icant  l eak  because  of the  shor t  ha l f  
life (t,~ = 12.4 hr )  of the  ava i l ab le  po ta s s ium isotope 
K ~'-'. Ins tead,  wi th  the  m e m b r a n e s  of the  e x t r e m e l y  
low ca t ion  l eak  of pa r t i cu l a r  in te res t  here,  t he  ra te  
of exchange  of cat ions  b e t w e e n  a n  NH,C1 and  a KC1 
solu t ion  of equa l  concen t r a t i on  was  d e t e r m i n e d  by  
c o n v e n t i o n a l  microana lys i s .  The  use of the da ta  for  
these ra tes  ins tead  of those for the  s e l f - exchange  of 
K § seems u n o b j e c t i o n a b l e  for the  p resen t  purpose  
for the  fo l lowing reasons:  (a)  the  b e h a v i o r  of NH~ § 
and  K § ions in  so lu t ion  is ve ry  s imilar ,  and  l ikewise,  
wi th  cat ion select ive m e m b r a n e s ,  as is ev iden t  f rom 
the  fact tha t  the b i - ion ic  potent ia l ,  NH~+lcat ion  
select ive pe rmse lec t ive  m e m b r a n e  l K§ is v e r y  low, 
at best  of the  order  of a few mi l l ivo l t s ;  (b)  the  ra tes  
of exchange  K ~+ e=~ K ,~+ and  N H / ~  K + across p e r m -  
select ive p o l y - 2 - v i n y l - N - m e t h y l p y r i d i n i u m  col-  
lodion m a t r i x  m e m b r a n e s  have  been  found  to agree 
sa t i s fac tor i ly  in  the  case of those m e m b r a n e s  w i th  
which  both  ra tes  could be  d e t e r m i n e d  (14) .  

In  addi t ion,  a few ana logous  e x p e r i m e n t s  on the  
ra tes  of exchange  of cr i t ical  and  nonc r i t i c a l  ions 
were  car r ied  out  w i t h  CaCI~ solut ions  in  wh ich  the  

A d e t a i l e d  a c c o u n t  o f  t h e  e x p e r i m e n t a l  t e c h n i q u e  is  p l a n n e d  f o r  
a f o r t h c o m i n g  p a p e r  on  t h e  e x c h a n g e  of ions  ac ross  p e r m s e l e e t i v e  
m e m b r a n e s  by  G o t t l i e b  a n d  S o l l n e r ,  i n  p r e p a r a t i o n  (14) .  

7.8 X 10 -~ 250 0.180 5.8 X 10 -5 3100 
1.1 X 10 -3 340 0.304 4.6 X 10 -5 6600 
5.6 X 10 -8 450 1.71 2.00 X 10 ~ 8550 

2.10 X 10 -~ 400 5.56 4.6 X 10-' 12000 
2.69 X 10 -1 160 15.0 6.5 X 10 -~ 2300 

1.18 93 17.2 1.36 X 10 -~ 1250 

ra tes  of exchange  of the b i v a l e n t  nonc r i t i ca l  Ca ++ 
ions were  ob ta ined  by  the  use of Ca '~ (t1/2 ~ 152 
days ) .  

The  b i - ion ic  po ten t i a l  in  cells of the  type  0.1N 
K C l l m e m b r a n e l  0.1N K X  where  X m a y  be any  
an ion  o ther  t h a n  chloride,  was  m e a s u r e d  (wi th  all  
the p recau t ions  descr ibed r ecen t ly  e l sewhere ) ,  us ing  
s a tu ra t ed  ca lomel  ha l f -ce l l s  w i t h  s a tu ra t ed  po tas -  
s ium ch lo r ide -aga r  br idges  (21).  The  m e a s u r e m e n t s  
were  r ep roduc ib le  in  genera l  w i t h i n  --+---0.5 mv.  No 
correct ions  w e r e  made  for the  a s y m m e t r y  of the  
l iqu id  j u n c t i o n  po ten t i a l s  at  the  t ips of the  two agar  
br idges.  

Discussion 

The exchange  capac i ty  pe r  g r a m  of m e m b r a n e  
(Table  I, c o l u m n  2) is of in te res t  p r i m a r i l y  in  cor-  
r e l a t ion  to ce r t a in  aspects of the  Teorel l ,  M e y e r -  
Sievers  theo ry  of the  e lec t rochemica l  behav io r  of 
m e m b r a n e s .  This po in t  wi l l  be touched  u p o n  later .  

The  exchange  capaci ty  per  square  c e n t i m e t e r  of 
the  m e m b r a n e s  (Tab le  I, c o l u m n  3) is low, of the  
order  of 1 to 2.5 ~ e q / c m  2 w i th  the most  usefu l  of 
these  m e m b r a n e s .  Thus,  in  m a n y  types  of expe r i -  
ments ,  it  is possible  to use m e m b r a n e s  whose ex -  
change  capacit ies  are low re l a t ive  to the n u m b e r  of 
e qu i va l e n t s  of ionic cons t i tuen t s  i n  the  s u r r o u n d i n g  
solut ions.  This is of i m p o r t a n c e  in  m a n y  phys ico-  
chemica l  inves t iga t ions  such as, for example ,  in  the  
e lec t romet r ic  d e t e r m i n a t i o n  of ionic act ivi t ies  and  
in  the  s tudy  of D o n n a n  equi l ibr ia .  

The wa te r  con ten t  of the  m e m b r a n e s  (Tab le  I, 
c o l u m n  4) is the  h igher  the  longer  the  t ime  of i m -  
mers ion  of the  m e m b r a n e s  in  the  p r o t a m i n e  so lu t ion  
and  the  tess dried,  tha t  is, the  more  porous  the  
m e m b r a n e s  were  d u r i n g  this  immers ion .  

The ra te  of osmotic w a t e r  m o v e m e n t  across the  
m e m b r a n e s  (Tab le  I, c o l u m n  5) is g rea te r  the  
h ighe r  the  w a t e r  con ten t  (cf. col. 4).  The  wa t e r  
m o v e m e n t  across the  m e m b r a n e s  which  is m e a s u r e d  
u n d e r  a d r i v i n g  force co r respond ing  to 50 m of 
w a t e r  p ressure  is low except  in  the case of those 
w i th  the  h ighes t  p r o t a m i n e  content .  The  low w a t e r  
pe rmeab i l i t i e s  a re  he lp fu l  in  s tudies  w he r e  it  is 
necessa ry  to keep solut ions  of d i f ferent  w a t e r  ac-  
t i v i ty  separa te  for long  periods.  

The res is tances  (Tab le  I, c o l u m n  6) of the  m e m -  
b ranes  of a g iven  type  p r e p a r e d  u n d e r  n o m i n a l l y  
iden t ica l  condi t ions  show subs t a n t i a l  var ia t ions .  
Sma l l  i n c r e m e n t s  in  a n i o n - e x c h a n g e  capaci ty  are 
accompan ied  by  grea t  differences in  res is tance.  
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The degree to which the concentra t ion potent ia ls  
(Table  I, column 7) of the membranes  devia te  f rom 
the theore t ica l  max imum at the 0.4/0.2N KC1 con- 
centra t ion level  can be es t imated  by compar ing  them 
with  the calculated theoret ical  m a x i m u m  potent ial ,  
--15.95 my. 

The concentrat ion potent ia ls  across the  m e m -  
branes  wi th  medium pro tamine  contents approach 
the m a x i m u m  theore t ica l  potent ia l  more closely than  
do those wi th  very  low or very  high p ro t amine  con- 
tents. The lower  concentrat ion potent ia l  obta ined 
with  the m e m b r a n e  with  the lowest  p ro tamine  
contents  is ve ry  p robab ly  due to the absence of 
charged groups at cr i t ical  points in some of the pores  
of these membranes .  With  membranes  of high pro-  
tamine  content  the  lower  concentra t ion potent ia ls  
are undoubted ly  due to the  l a rge r  average  pore  size 
of these membranes  which is cor re la ted  wi th  the i r  
h igher  wa te r  content  (cf. col. 4). 

In  connection with  the Teorell ,  Meyer -S ieve r s  
theory  (22, 23) it is of in teres t  to look for a cor re la -  
t ion of the selectivit ies of the var ious  membranes  as 
manifes ted  by the i r  concentra t ion potent ia ls  and 
the equiva lent  concentrat ions of fixed basic wal l  
groups (or exchangeable  counter  ions) in the  pore 
wa te r  of the  membranes .  The la t te r  values as de-  
r ived f rom col. 3 and 4 of Table  I, assuming al l  of 
the  wa te r  to be avai lable ,  are in order  of increasing 
anion exchange  capaci ty  per  g ram of wet  membrane ,  
1.7, 1.8, 2.2, 2.1, 1.3, and 1.4 equiv/1.  These values  
are ident ical  wi th  the select ivi ty  constants of the  
Teorell,  Meyer -S ieve r s  theory.  The theory  postula tes  
the  concentrat ion potent ia ls  to be the higher  the 
grea ter  the equivalent  concentrat ion of active groups 
in the pore  wate r  of the membrane .  The empi r ica l ly  
found correla t ion is more of a genera l  qua l i t a t ive  
than  of a quant i t a t ive  nature.  

Table II  on the concentra t ion dependence of the 
concentrat ion potent ia l  in KC1 cells shows tha t  the 
potent ia ls  at  the lowest  concentrat ions are  0.15 
- -  0.28 mv below the calculated max imum;  at 0.01/ 
0.005N and 0.02/0.01N the agreement  is perfect  
wi th in  the  accuracy of the measurements ,  except  
possibly wi th  the membrane  of lowest  resistance.  
With  more concentra ted solutions the deviat ions 
become greater .  The e lec t romot ive  behavior  of the 
permselec t ive  p ro tamine  membranes  in this series 
of concentra t ion cells is v i r t ua l ly  the  same as tha t  
of the  analogous s t rong-base  type  p o l y - 2 - v i n y l - N -  
m e t h y l p y r i d i n i u m  bromide  collodion ma t r i x  m e m -  
branes (13). 

Table  I I I  gives the calcula ted and the (correc ted)  
exper imenta l  concentrat ion potent ia ls  in cells wi th  
four different  electrolytes ,  KIO~, KNO3, K-Ace ta te ,  
and HC1, together  wi th  the  calcula ted and exper i -  
men ta l  l iquid junct ion potent ia ls  obta ined wi th  the  
three  neu t ra l  e lectrolytes  (on which the correct ions 
of the measured  potent ia l  values are based) .  In al l  
instances, as above wi th  the KC1 cells, the agreement  
be tween the theore t ica l  and exper imen ta l  concen- 
t ra t ion  potent ia ls  is best  in a medium range  of con- 
centrat ions.  

In order  to fac i l i ta te  v isual iza t ion of the  da ta  on 
concentra t ion potent ia ls  a pa r t  of the da ta  of Table  
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Fig. 1. Concentration potentials (c1:c2 ~ 2:1) of several 
electrolytes across typical permselective protamine collodion 
matr ix membranes. 

II and the data  of Table  I I I  are represen ted  g raph-  
ical ly in Fig. 1. The deviat ions of the  exper imen ta l  
values from the calculated ones at  the  h igher  con- 
centra t ions  do not r equ i re  any comment;  it  is in 
full  agreement  wi th  the  fixed charge  theory  (22, 23). 
Deviations be tween the two sets of da ta  at  the lower  
and pa r t i cu la r ly  the lowest  concentrations,  which 
are quite systematic  and, wi th  the neu t ra l  salts, fa r  
in excess of any probable  error,  are not expla ined  
by the fixed charge theory  as commonly  understood.  
They dupl ica te  ear l ie r  observat ions  wi th  the older 
type  of permselec t ive  p ro tamine  collodion ma t r i x  
membrane  (4) and with  p o l y - 2 - v i n y l - N - m e t h y l -  
py r id in ium collodion ma t r ix  membranes  (13). Ana l -  
ogous deviat ions at  the  lowest  concentrat ions were  
also observed wi th  strong acid sulfonated po lys ty -  
rene collodion membranes  (24). We are incl ined to 
a t t r ibu te  this effect to the  ions of the water ,  specifi- 
cal ly to the dr i f t  of the  exper imen ta l  cells toward  
the s ta te  of membrane  hydrolys is  pred ic ted  by  the 
theory  of m e m b r a n e  equil ibr ia .  P r e l i m i n a r y  expe r i -  
ments  suppor t  this  view, wi thou t  as ye t  defini tely 
proving its correctness.  We hope to repor t  on this 
ma t t e r  in the near  future.  

I t  was recognized some t ime ago tha t  the  dev ia -  
tions of the measured  concentra t ion potent ia ls  f rom 
the theoret icaUy possible m a x i m u m  values,  pa r t i cu -  
l a r ly  in the case of membranes  of high ionic selec- 
t ivi ty,  do not furnish  an adequa te  basis for a ca lcu-  
lat ion of the  numer ica l  va lue  of the ionic select ivi t ies  
of such membranes  (25). A va r i e ty  of complicat ing 
factors is now genera l ly  recognized (26). 

First ,  non the rmodynamic  assumptions are  made  
in the calculat ion of the theore t ica l  m a x i m u m  po-  
tent ia l ;  and, l ikewise,  in assigning a pa r t  of the 
measured  potent ia l  of a concentra t ion cell to the  
membrane  concentrat ion poten t ia l  a non t he r mody-  
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namic ,  a t  l eas t  s e m i - e m p i r i c a l  c o r r e c t i o n  p r o c e d u r e  
m u s t  b e  used,  such  as t h a t  ou t l i ned  above .  Second,  
t h e r e  a r e  def in i te  l i m i t a t i o n s  of t h e  a c c u r a c y  w i t h  
w h i c h  the  p o t e n t i a l  m e a s u r e m e n t s  m a y  be  m a d e .  
In  p a r t i c u l a r ,  if a m e m b r a n e  is no t  of v i r t u a l l y  i dea l  
ionic  s e l ec t i v i t y  a n d  if  the  so lu t ions  a r e  v e r y  d i lu te ,  
the  concen t r a t i ons  of e l e c t r o l y t e  in  t h e  n o n s t i r r e d ,  
a d h e r i n g  w a t e r  l a y e r s  of  t he  m e m b r a n e  m a y  be  
s ign i f i can t ly  d i f fe ren t  f r o m  those  in t he  b u l k  so lu -  
t ions.  T h e  m e a s u r e d  p o t e n t i a l  w o u l d  thus  be  l o w e r  
t h a n  t h a t  w h i c h  w o u l d  a r i se  if t he  concen t r a t i ons  in 
t h e  a d h e r i n g  w a t e r  l a y e r s  and  b u l k  so lu t ions  w e r e  
t h e  same.  E x p r e s s e d  in a n o t h e r  way ,  the  t r u e  ionic  
s e l e c t i v i t y  of t he  m e m b r a n e  w o u l d  be  h i g h e r  t h a n  
t ha t  c a l c u l a t e d  in a s t r a i g h t f o r w a r d  m a n n e r  f rom 
the  m e a s u r e d  c o n c e n t r a t i o n  po ten t i a l .  F u r t h e r ,  
m e m b r a n e  h y d r o l y s i s  m a y  also l o w e r  t he  m e a s u r e d  
p o t e n t i a l  in d i lu t e  so lu t ions  of n e u t r a l  e l ec t ro ly te s .  
In  add i t ion ,  t he  ions m o v e  across  t he  m e m b r a n e s  in 
a h y d r a t e d  s ta te ,  t h e r e b y  t r a n s p o r t i n g  w a t e r  of 
h y d r a t i o n  f r o m  a c o m p a r t m e n t  of  l o w e r  to  t he  c o m -  
p a r t m e n t  of  h i g h e r  w a t e r  a c t i v i t y  ( a n d  p o s s i b l y  
some  a d d i t i o n a l  w a t e r  b y  an  e l e c t r o p h o r e t i c  e f fec t ) .  
T h e r e  m a y  also be  an  oppos ing  osmot ic  s t r e a m i n g  of 
w a t e r  w h i c h  t h e  d i f fus ing  c r i t i ca l  ions m u s t  o v e r -  
come. A l l  t he se  effects w o u l d  t e n d  to r e d u c e  the  
e l e c t r o m o t i v e  efficiency of the  c r i t i ca l  ions, t hus  r e -  
duc ing  the  c o n c e n t r a t i o n  p o t e n t i a l  b e l o w  the  v a l u e  
w h i c h  is c a l c u l a t e d  for  t h e  cond i t ion  of no so lven t  
t r a n s p o r t  b e t w e e n  the  two  solut ions .  These  l a t t e r  
poss ib i l i t i es ,  in r e c e n t  years ,  h a v e  b e e n  the  s u b j e c t  
of i n t ens ive  t h e o r e t i c a l  and  e x p e r i m e n t a l  w o r k  (21, 
26-29) .  Thus  i t  is a p p a r e n t  t h a t  t he  deg ree  of t he  ionic  
s e l ec t i v i t y  of h i g h l y  ion se lec t ive  m e m b r a n e s  is 
b e t t e r  e s t a b l i s h e d  b y  a m o r e  d i r e c t  me thod ,  n a m e l y ,  
on  t h e  bas is  of  t h e  r e l a t i v e  p e r m e a b i l i t i e s  of t he  
c r i t i ca l  and  n o n c r i t i c a l  ions  as d e t e r m i n e d  f r o m  the  
ra t e s  of s e l f - e x c h a n g e  of these  ions across  a m e m -  
b r a n e  (13, 14, 24, 25) .  

The  in i t i a l  r a t e s  of m o v e m e n t  of c r i t i ca l  ions, t he  
anions ,  across  t he  v a r i o u s  m e m b r a n e s  in t he  s y s t e m s  
at  0.1N ( T a b l e  IV, c o l u m n  5) a r e  i n v e r s e l y  p r o p o r -  
t i ona l  to t h e i r  s t a n d a r d  res i s t ances ,  p~, ( w h i c h  is 
also m e a s u r e d  w i t h  0.1N so lu t ion)  as p o s t u l a t e d  b y  
the  N e r n s t - E i n s t e i n  equa t ion  for  t he  r a t e  of s e l f -  
diffusion.  W i t h  1N and  0.01N so lu t ions  ( c o l u m n s  2 
a n d  8 of  T a b l e  IV)  t he  r a t e s  of s e l f - e x c h a n g e  of t he  
c r i t i ca l  ions  show on ly  a s e m i - q u a n t i t a t i v e  i n v e r s e  
p r o p o r t i o n a l i t y  to  t h e  s t a n d a r d  r e s i s t ance  of  t h e  
m e m b r a n e s ,  p~. 

The  in i t i a l  r a t e  of  m o v e m e n t  of the  n o n c r i t i c a l  
ions, t he  cat ions,  ( co lumns  3, 6, and  9 of T a b l e  IV)  
shows a c o n s i d e r a b l y  s t e e p e r  i n v e r s e  r e l a t i o n s h i p  
w i t h  t he  s t a n d a r d  m e m b r a n e  r e s i s t ance  t h a n  t h a t  
o b s e r v e d  w i t h  t he  c r i t i ca l  ions. 

The  r a t e s  of e x c h a n g e  of t he  c r i t i ca l  ions across  a 
g iven  m e m b r a n e  in  0.01 and  1N so lu t ions  d i f fer  b y  
a f ac to r  of a b o u t  2 w i t h  t he  m e m b r a n e  of t he  h ighe s t  
s t a n d a r d  r e s i s t ance  to a f ac to r  of a b o u t  15 w i t h  t he  
m e m b r a n e  of l owes t  r es i s t ance .  T h e  r a t e  of e x c h a n g e  
of the  nonc r i t i c a l  ions va r i e s  ove r  t he  same  concen -  
t r a t i o n  i n t e r v a l  b y  a f ac to r  of a b o u t  430 for  t h e  
m e m b r a n e  w i t h  t h e  h ighes t  r es i s t ance ,  to a f ac to r  
of a b o u t  2500 for  t he  l owes t  r e s i s t ance  m e m b r a n e .  
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The  ionic  se l ec t iv i t i e s  of the  v a r i o u s  p e r m s e l e c -  
r ive  m e m b r a n e s ,  t h a t  is, the  r a t i o  of t he  i n i t i a l  r a t e s  
of e x c h a n g e  of t he  c r i t i ca l  to t hose  of t he  n o n c r i t i c a l  
ions ( co lumns  4, 7, and  10 of T a b l e  IV)  a r e  v e r y  
m u c h  g r e a t e r  a t  t h e  l o w e r  t h a n  a t  t he  h i g h e r  con-  
cen t ra t ions ,  in a g r e e m e n t  w i t h  a l l  p r e v i o u s  e x p e r i -  
ence. 

The  c o r r e l a t i o n  b e t w e e n  m e m b r a n e  r e s i s t ance  
and  s e l e c t i v i t y  is not  s t r a i g h t f o r w a r d ;  t he  bes t  
m e m b r a n e  w i t h  a s e l e c t i v i t y  of 12,000:1 in  0.01N 
KC1 so lu t ion  is of m e d i u m  res i s t ance .  The  d e g r e e  of 
ionic  s e l ec t i v i t y  of the  p e r m s e l e c t i v e  p r o t a m i n e  
co l lod ion  m a t r i x  m e m b r a n e s  c lose ly  app roaches ,  b u t  
does no t  qu i t e  reach ,  t h a t  of  t he  ana logous  p e r m -  
se lec t ive  p o l y - 2 - v i n y l - N - m e t h y l p y r i d i n i u m  col lo-  
d ion  m a t r i x  m e m b r a n e s  (13) .  

The  s m a l l  " l e a k s "  of  n o n c r i t i c a l  ions  w h i c h  co r -  
r e s p o n d  to these  h igh  ionic  se l ec t iv i t i e s  ( n u m e r i c a l l y  
t h e i r  r ec ip roca l s )  c i r c u m s c r i b e  t he  cond i t ions  u n d e r  
w h i c h  these  m e m b r a n e s  can  be  used  w i t h o u t  s ignif i -  
can t  d i s t u r b a n c e s  due  to th i s  impe r f e c t i on .  

The  se l ec t iv i t i e s  of  t h e  i m p r o v e d  p e r m s e l e c t i v e  
p r o t a m i n e  co l lod ion  m a t r i x  m e m b r a n e s ,  in  t he  p r e s -  
ence of u n i v a l e n t  an ions  and  b i v a l e n t  ca t ions  (no t  
s h o w n  in the  t a b l e s )  as d e t e r m i n e d  w i t h  0.1N CaCI.~ 
so lu t ions  c o n t a i n i n g  r a d i o a c t i v e  Ca 45, a n d  m e m b r a n e s  
of 10, 23, 108, a n d  402 o h m - c m  ~ in 0.1N KC1 w e r e  
found  to be  10.400, 15.000, 48.000, and  151.000 ohm 
- c m  ~, r e spec t ive ly .  W i t h  m o r e  d i lu t e  so lu t ions  these  
se lec t iv i t i e s  can be  sa fe ly  a s s u m e d  to be  c o n s i d e r a b l y  
h igher .  

The  b i - i o n i c  po t e n t i a l s  across  the  p e r m s e l e c t i v e  
co l lod ion  m a t r i x  m e m b r a n e s  p r e p a r e d  w i t h  pur i f i ed  
p r o t a m i n e  p r e p a r a t i o n s ,  as m a y  b e  e x p e c t e d  a priori, 
are very similar in magnitude to those obtained 
earlier with membranes made with less pure prepa- 
rations (30). Some of the bi-ionic potentials, E~,~, 
obtained (with 0.1N solutions) across a membrane 
with a standard resistance, p~, of 660 ohm-cm" 
were: NaC1]]  NaSCN,  -b 31.4 my ;  NaC1 ]] NaNO3, 
+ 21.1 mv;  NaC1 ]I N a I , §  16.3; NaC1 [[ NIO,, 

- -  38.3 mv;  NaC1 II N a - a c e t a t e ,  - -  46.0 mv;  and  
NaC1 !l N a - p r o p i o n a t e ,  - -  52.5 mv,  t he  s igns  r e f e r -  
r ing  to t he  c h a r g e  of t h e  so lu t ions  on t h e  r i g h t  side.  

The  i m p r o v e m e n t  in  the  ionic  s e l e c t i v i t y  of t h e  
m e m b r a n e s  p r e p a r e d  w i t h  pur i f i ed  p r o t a m i n e  ove r  
those  p r e p a r e d  w i t h  t h e  c o m m e r c i a l  p r e p a r a t i o n s  
obv ious ly  m u s t  be  a s c r i b e d  to the  r e m o v a l  of  s o m e  
s t r o n g l y  a d s o r b a b l e  i m p u r i t i e s  of  ac id ic  c h a r a c t e r  
w h i c h  a re  r e m o v e d  b y  the  t r e a t m e n t  w i t h  t he  ion 
e x c h a n g e  res in  s ince  i t  can  h a r d l y  be  a s s u m e d  t h a t  
t he  t r e a t m e n t  w i t h  an  i o n - e x c h a n g e  c o l u m n  a l t e r s  
the  c h e m i c a l  s t r u c t u r e  of p r o t a m i n e  i tself .  As is 
e v i d e n t  f r o m  the  da ta ,  t h e  c a r b o x y l i c  end  g roups  of 
t h e  p r o t a m i n e  mo lecu l e s  do no t  affect  a d v e r s e l y  t h e  
ionic s e l e c t i v i t y  of the  m e m b r a n e s  to a n y  s ign i f ican t  
ex ten t ,  in sp i te  of t h e  fac t  t h a t  t h e y  r e p r e s e n t  a b o u t  
5% of t he  p o t e n t i a l l y  d i s soc iab le  g roups  of t he  p r o -  
t a m i n e  molecu le .  

S e v e r a l  f ac to rs  shou ld  be  cons ide red  to account  
for  t he  f u n c t i o n a l  ine f fec t iveness  in t h e  m e m b r a n e  
of t he  c a r b o x y l i c  end  g roups  of  the  p r o t a m i n e  m o l e -  
cule. F i r s t ,  m a n y  of  these  g roups  m a y  be  b l o c k e d  
f u n c t i o n a l l y  b y  c o m b i n a t i o n  w i t h  a bas ic  g roup  
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e i t he r  of t h e  s ame  or  of  some o t h e r  p r o t a m i n e  m o l e -  
cule.  Second,  t he  ca t ion ic  c o u n t e r i o n s  of t h e  s p a r s e l y  
d i s t r i b u t e d  ac id ic  groups ,  even  if  d i s soc ia t ed  c o m -  
p l e t e l y  off t he  l a t t e r ,  e w o u l d  h a v e  to m i g r a t e  p a s t  
n u m e r o u s  i n t e r p o s e d  p o s i t i v e  w a l l  g roups .  Be ing  
s t r o n g l y  r e p e l l e d  b y  these  g roups  of t he  s a m e  cha rge ,  
t he  ca t ions  a r e  u n a b l e  to m o v e  f r o m  the  v i c i n i t y  of 
one  of t h e  ac id ic  g roups  to t he  n e x t  a n d  t hus  a r e  
m o r e  or  less p e r m a n e n t l y  conf ined to t he  l oca t i on  
w h i c h  t h e y  h a d  occup ied  w h e n  t h e  m e m b r a n e  was  
p r e p a r e d .  

T h e  h igh  ionic  se l ec t iv i t i e s  of t h e  i m p r o v e d  p r o t a -  
m i n e  co l lod ion  m a t r i x  m e m b r a n e  w h i c h  a r e  e v i d e n t  
f r o m  Tab les  I - I V  d e m o n s t r a t e  t h a t  t h e  p u r p o s e  of  
th is  i n v e s t i g a t i o n  has  been  ach ieved ,  n a m e l y ,  to 
p r o d u c e  m e m b r a n e s  w h i c h  a r e  f r ee  of the  m a i n  
s h o r t c o m i n g  of  the  p r e v i o u s  p r o t a m i n e  m e m b r a n e s ,  
t h e i r  i n a d e q u a t e  d e g r e e  of  ionic  se l ec t iv i ty ,  and  
w h i c h  fulf i l l  t h e  p r e d i c t i o n s  of  t he  N e r n s t - E i n s t e i n  
e q u a t i o n  w i t h  r e spec t  to  t he  c o r r e l a t i o n  of t h e i r  
r e s i s t ance  and  t h e  r a t e  of  s e l f - e x c h a n g e  of ions  
across  them.  

e Due to the mode  of p repara t ion  of the  membranes ,  the carboxyl  
groups m a y  be present  in the hydrogen  state wi th  the  hydrogen  ion 
dissociated off to a ve ry  l imited degree  only. 

Manuscr ip t  rece ived  June  16, 1958. This paper  was 
presented  at  the  New York  Meeting, Apr i l  27-May 1, 
1958. 

A n y  discussion of this  paper  wi l l  appea r  in a Discus-  
sion Section to be publ ished in the  December  1959 
JOURNAL. 

REFERENCES 
1. C. W. Carr ,  H. P. Gregor,  and K. Sollner,  J. Gen. 

Physiol., 28, 179 (1945). 
2. H. P. Gregor  and K. Sollner,  J. Phys. Chem., 5@, 88 

(1946). 
3. H. P. Gregor  and K. Sollner,  ibid., 54, 325 (1950). 
4. K. Sol lner  and H. P. Gregor,  ibid., 54, 330 (1950). 
5. H. P. Gregor  and K. Sollner,  J. Colloid Sci. 7, 37 

(1952). 
6. W. S. A lb r ink  and R. M. Fuoss, J. Gen. Physiol., 32, 

453 (1949). 
7. G. Manecke  and K. F. Bonhoeffer, Z. Elektrochem., 

55, 475 (1951). 

8. A. G. Winger ,  G. W. Bodamer ,  and R. Kunin,  This 
Journal, l{~, 178 (1953). 

9. D. M. Wets tone  and H. P. Gregor,  J. Phys. Chem., 
61, 151 (1957). 

10. A. Nishihara,  Y. Mineki,  and M. Sekino, Reports o5 
Research Laboratory, Asahi Glass Co., 6, 20 
(1956). 

11. W. Juda  and A. A. Kasper ,  U. S. Pat,  2,731,425, Jan.  
17, 1956. 

12. J. T. Clarke,  U. S. Pat.  2,730,768, 2,731,408, 2,731,411, 
Jan.  17, 1956; 2,732,351, Jan.  24, 1956; 2,756,202, 
J u l y  24, 1956. 

13. M. H. Gott l ieb,  R. Neihof, and  K. Sollner,  J. Phys. 
Chem., 61, 154 (1957). 

14. M. H. Got t l ieb  and K. Sollner,  in p repara t ion ;  J. 
Wagner  and K. Sollner ,  in prepara t ion .  

15. R. Neihof, Ph.D. Thesis, Univers i ty  of Minnesota,  
Minneapol is  1950. 

16. H. P. Gregor  and K. Sollner,  J. Phys. Chem., 50, 53 
(1946). 

17. C. K. Rule and V. K. La Mer, J. Am. Chem. Soc., 
58, 2339 (1936). 

18. K. Sol lner  and H. P. Gregor ,  J. Phys. Chem., 51, 299 
(1947). 

19. H. S. Harned  and B. Owen, "The Phys ica l  Chem- 
i s t ry  of Elect rolyt ic  Solutions," 2nd ed., Reinhold  
Publ i sh ing  Corp., New York  (1950). 

20. R. A. Robinson and R. H. Stokes, "Elec t ro ly te  So-  
lutions," Academic  Press  Inc., New York, and 
Bu t t e rwor th  Scientific Publ icat ions,  London 
(1955). 

21. S. Dray  and K. Sollner,  Biochim. et Biophys. Acta, 
18, 341 (1955). 

22. T. Teorell ,  Proc. Soc. Exptl. Biol. Med., 33, 282 
(1935) ; Proc. Natl. Acad. Sci. U. S., 21, 152 (1935) ; 
Z. Elektrochem., 55, 460 (1951); Progr. Biophys. 
and Biophys. Chem., 3, 305 (1953); Discussions 
Faraday Soc., 21, 9 (1956). 

23. K. H. Meyer  and J. F. Sievers,  Helv. Chem. Acta, 19, 
649, 665, 987 (1936). 

24. R. Neihof, J. Phys. Chem., 56, 916 (1954). 
25. K. Sol lner  and  H. P. Gregor,  ibid., 51, 299 (1947). 
26. K. Sollner,  This Journal, 97, 139C (1950). 
27. A. J. S taverman,  Trans. Faraday Soc., 48, 176 

(1952). 
28. G. Scatchard,  J. Am. Chem. Soc., 75, 2883 (1953). 
29. Membrane Phenomena, Discussions of the  F a r a d a y  

Society  No. 21, The F a r a d a y  Society, and A b e r -  
deen Univers i ty  Press  Ltd., Aberdeen,  1956. 

December 1959 Discussion Section 
A Discussion Section, cover ing papers  pub l i shed  in the  J a n u a r y - J u n e  1959 JOURNALS,  is scheduled for  

publ ica t ion  in the  December  1959 issue. A n y  discussion which  did not  reach  the Edi tor  in t ime  for  inclusion 
in the June  1959 Discussion Section wil l  be inc luded  in the  December  1959 issue. 

Those who p lan  to cont r ibute  r emarks  for  this  Discussion Section should submit  the i r  comments  or ques-  
tions in t r ip l ica te  to the  Managing Edi tor  of the  JOURNAL,  1860 Broadway,  New York  23, N. Y. not later than 
September 1, 1959. All  discussions wi l l  be fo rwarded  to the au tho r ( s )  for  r e p l y  before  be ing  p r in t ed  in the  
JOURNAL. 



Electrochemical Kinetics of the Anodic Formation of Oxide Films 

Pierre Van Rysselberghe 

Department ol Chemistry and Chemical Engineering, Stanford University, Stanford, California 

and Herman A. Johansen 

Research Laboratories, Westinghouse Electric Corporation, Pittsburgh, Pennsylvania 

ABSTRACT 

The total electric potent ial  difference be tween a metal  and  a solution across 
an  oxide film being bui l t  up by a constant  anodic cur ren t  is decomposed into 
three contr ibutions:  differences at the interphases metal-oxide and oxide-solu-  
tion, both subject to act ivat ion overvoltage, and the difference across the oxide 
layer. For  one or the other of the interphases the case of l inear i ty  of overvolt-  
age with the logari thm of the cur ren t  (in the range of large currents)  and that  
of proport ional i ty  of overvoltage wi th  current  ( in the range of small  currents)  
are examined in  some detail, and previously obtained exper imenta l  data for 
three types of t i tanium,  for hafnium, and for t an t a lum are analyzed in terms 
of the proposed theoretical t reatment .  Numerical  values are obtained for the 
various parameters  appearing in  the equations: thickness of the interphase, 
exchange current,  electric potent ia l  difference, and electric field at zero current .  
Possibilities for ref inement  and extension of the t rea tment  are mentioned.  

The  theory  advanced  by  Cab re r a  and  Mott  (1) on 
the  basis  of ear l ie r  work  by  Mott  (2) to exp l a i n  the  
r a t e  of g rowth  of oxide films on me ta l s  u s u a l l y  has  
been  r ega rded  as d i rec t ly  appl icab le  to the  case of 
anodic  oxidat ion.  The  p re sen t  au thors  and  the i r  
co l labora tors  (3-5)  have  appl ied  it  to the  i n t e r p r e -  
t a t ion  of da ta  ob ta ined  in  the anodic  ox ida t ion  of 
severa l  metals .  F r o m  the  evo lu t ion  w i th  t ime  of the  
po ten t i a l  of the  me t a l  (measu red  aga ins t  an  u n -  
polar ized e lect rode)  d u r i n g  ox ida t ion  at  cons t an t  
c u r r e n t  t hey  were  ab le  to ve r i fy  t ha t  the  u n i t a r y  
ra te  of change  of potent ia l ,  ( 1 / I )  �9 (OE/Ot)~, in  wh ich  
I is the  a p p a r e n t  c u r r e n t  densi ty ,  E the  re l a t ive  po-  
t en t i a l  of the  meta l ,  t the  t ime, cor responding  to the  
flats in  the  curves  log(OE/at)1 vs. log t at  cons t an t  
I was, over  the  r ange  of cu r ren t s  u t i l ized  (1 to 100 
~a/cm~), a l i nea r  f u n c t i o n  of log I. This  s i tua t ion  is 
impl ied  in  the  C a b r e r a - M o t t  t heo ry  which  thus  was  
rega rded  as essen t i a l ly  verified. 

In  a more  de ta i led  analys is  of our  r ecen t ly  p u b -  
l i shed da ta  (5) on the  anodic  ox ida t ion  of A1, Cr, 
Hf, Nb, Ta, Ti, a n d  V in  s a tu r a t ed  a m m o n i u m  bora te  
at  25~ it  was  found  in t e re s t ing  to i n t e r p r e t  these  
da ta  on the  basis  of an  e lec t rochemica l  approach  i n -  
vo lv ing  the use of the  c u r r e n t - o v e r v o l t a g e  r e l a t i o n -  
ships of e lec t rochemica l  k ine t ics  a t  the  m e t a l - o x i d e  
and  at  the  ox ide - so lu t ion  in te rphase .  Regardless  of 
the  de ta i led  c i rcumstances  of the  passage of the  
c u r r e n t  t h rough  the  oxide fi lm itself,  i t  appears  
p robab l e  that ,  at the m e t a l - o x i d e  in te rphase ,  the  ne t  
process is the  t r ans f e r  of me ta l l i c  ions f rom the  
m e t a l  to the  oxide and  that ,  at  the  ox ide - so lu t ion  
in te rphase ,  the  ne t  process is the  t r a n s f e r  of oxide or 
h y d r o x y l  ions f rom the  so lu t ion  to the oxide. The  
t r e a t m e n t  p r e sen t ed  here  does no t  depend  on an  a 
priori decision as to which  process ( tha t  across the  
m e t a l - o x i d e  in te rphase ,  tha t  across the  oxide itself,  

or tha t  across the  ox ide - so lu t ion  i n t e rphase )  is r a t e -  
de t e rmin ing .  In  a s t eady  state,  w i th  the  same cu r -  
r e n t  pass ing  t h r o u g h  the  th ree  por t ions  of the  over -  
all  m e t a l - s o l u t i o n  system, the  eva lua t i on  of the 
ve loc i ty  of one of the  th ree  processes serves for the  
two other  processes as well .  This  has b e e n  the  gu id -  
ing idea of one of us in  p rev ious  t r e a t m e n t s  of over -  
vo l tage  p h e n o m e n a  (6) .  

Fo l lowing  C a b r e r a  and  Mott  (1) a nd  V e r m i l y e a  
(7) we shal l  neg lec t  the  poss ib i l i ty  of the  p resence  
of a space charge  a n y w h e r e  in  the  o v e r - a l l  i n t e r -  
phase,  the  electr ic  field be i ng  t h e n  cons tan t  f rom the  
b u l k  of the  me t a l  to the  b u l k  of the  solut ion.  

Electrochemical Theory of Anodic Oxidation 
Consider  a meta l l i c  phase  ~ separa ted  f rom an  

e lec t ro ly te  so lu t ion  fl by  a film ~ of oxide (Fig. 1). 
Be t w e e n  the  t e r m i n a l  p l a ne  a' of the  m e t a l  and  the  
oxide in  b u l k  the re  is a t r a n s i t i o n  l ayer  a ' a  a nd  be -  
t w e e n  the  oxide in  b u l k  a nd  the  so lu t ion  in  b u l k  
the re  is a t r a n s i t i o n  l aye r  bb ' .  The  oxide has the  
th ickness  X f r o m  a to b. The  th icknesses  a ' a  and  bb '  
are  cal led xa and  xb, respect ively ,  and  wi l l  be  r e -  
garded  as i n d e p e n d e n t  of t ime.  We shal l  res t r ic t  our -  
selves to va lues  of X large  enough  to p r e v e n t  a n y  
ove r l a pp i ng  or m u t u a l  inf luence  of the t r ans i t i on  

Metol 

a 

O' 

Oxide 

7 

xb .._~ 

b' 

Solution 

Fig. 1. Model used for  metal-oxide-solut ion system 
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regions  a ' a  and  bb '  bu t  smal l  enough  to r e m a i n  in  
the  r ange  of th in  films. 

The electr ic  po ten t i a l  difference f rom me t a l  to 
so lu t ion  is g iven  by  

r - Cp = (xo  + x~ + x )  . F  [ 1 ]  

in  which  F r ep resen t s  the  electr ic  field. Ca l l ing  w 
the  mass of oxide fo rmed  per  coulomb and  d the 
dens i ty  of the  oxide we have  

X -~ Xo q- w l t / d  [2] 

In  e lec t rochemica l  t e rms  the s i tua t ion  at  the  a 'a 
i n t e rphase  can  be descr ibed as follows. I t  should be 
clear  tha t  this  ana lys i s  is equa l ly  appl icab le  to the  
i n t e rphase  bb' .  We shal l  consider  the two ex t r e me  
cases of: (a)  a Tafel  r e l a t ion  b e t w e e n  c u r r e n t  and  
overvol tage ,  and  (b)  p ropor t iona l i t y  b e t w e e n  cur -  
r e n t  and  overvol tage .  In  this  l a t te r  case, as wel l  as 
in  the i n t e r m e d i a t e  one cor respond ing  to p ropor -  
t i ona l i ty  of c u r r e n t  wi th  the hyperbo l i c  s ine of 
zF~/2RT (z be ing  the n u m b e r  of F a r a d a y s  F car r ied  
by  one g ram- ion ,  n the overvol tage,  R the mo l a r  
gas cons tant ,  and  T the absolu te  t e m p e r a t u r e ;  the 
t r ans f e r  coefficient is t a k e n  as equa l  to 1/2 for bo th  
the  anodic  and  the cathodic d i rec t ion)  the ne t  cu r -  
r e n t  is the  r e s u l t a n t  of a fo rward  anodic  c u r r e n t  a nd  
of a reverse  cathodic cu r ren t .  Such  a s i tua t ion  m a y  
conce ivab ly  occur at  ve ry  low ne t  cu r ren t s  both  in  
a 'a  and  in  bb',  even  though  the  anodic  c u r r e n t  
t h rough  the oxide i tself  m igh t  sti l l  be unopposed.  

Case / . - - W e  have  the fo l lowing  Tafe l  re la t ion :  

RT I 
(r162 = (4~,,--r + - - - - . l n -  = x=.F [3] 

r~zF Io~ 

in  which  r~ is the t r ans fe r  coefficient (equa l  to the 
ra t io  of d is tance  a'a" to d is tance  a 'a in  which  a" is 
the ac t iva ted  posi t ion of the  meta l l i c  ion m o v i n g  
across the  b a r r i e r  f rom a' to a) ,  In represen t s  the 
n a t u r a l  logar i thm,  and  Io~ is the ex t r apo la t ed  ex -  
change  c u r r e n t  at the a 'a bar r ie r .  Since 

4ao - -  r  = (x~ + x~ q- Xo q- wi t~d)  �9 F [4] 

we have,  c o m b i n i n g  wi th  Eq. [3] and  d i f fe ren t ia t ing  
wi th  respect  to t at cons tan t  I, E differ ing f rom 
r  r by  a cons tan t :  

1 (OE), R T w  I 

-[-" - ' ~  - - r ~ x ~ z F  i n  Io,, + 

W W 
(~., - r . . . . .  F [ 5 ]  

dx~ d 

an  express ion  i n d e p e n d e n t  of t which  thus  is ex-  
pected to be va l id  on ly  a long the hor izon ta l  por t ions  
of the  e x p e r i m e n t a l  plots of log (OE/Ot), vs. log t for 
cons tan t  I. This  s i tua t ion  is tha t  which  we ac tua l ly  
verif ied wi th  severa l  of the meta l s  p rev ious ly  r e -  
por ted  on (3 -5) .  E q u a t i o n  [5] was found  to apply  
sa t i s fac tor i ly  f rom c u r r e n t  densi t ies  of 100 t~a/cm ~ 
d o w n  to 1. However ,  plots of u n i t a r y  ra tes  vs. I r a the r  
t h a n  vs. log I (8) ind ica ted  a definite poss ibi l i ty  
tha t  the lower  c u r r e n t  densit ies,  f rom 5 to 1, m i g h t  
be  in  or v e r y  nea r  the r ange  of app l icab i l i ty  of 
Case 2. 

J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  A p r i l  1959 

Table I. Data on anodic oxidation of Ti, Hf, and Ta in saturated 
ammonium borate at 25~ 

(~ap- 
Density Xa, I0~, Ca) o, Fo ,  ~71oo, 

M e t a l  O x i d e  os o x i d e  A /~a/cm2 m v  106 v / c m  

Ti TiO_, 4.22 8.7 1.7 205 2.3 3.0 
(iodide) 

Ti TiO.~ 4.22 7.1 2.5 176 2.6 3.2 
(Kroll) 

Ti TiO2 4.22 7.9 1.1 214 2.5 3.4 
(cold 
worked) 

Hf HfO.o 9.68 8.0 1.5 225 2.8 3.6 
Ta Ta._,O~ 8.5 6.0 1.7 94 1.6 2.3 

Case 2 . - - W h e n  the cathodic c o u n t e r - c u r r e n t  in  a 'a 
canno t  be neglec ted  the ne t  c u r r e n t  is g iven  by  a 
difference be t w e e n  two Tafel  express ions  which,  
upon  expans ion  and  l im i t a t i on  to first power  t e rms  
in  the overvol tage  (a p r o c e d u i e  jttstified w h e n  
raFn/RT becomes sufficiently smal le r  t h a n  1) gives: 

RTI  
(~ , - - r  = (~ . - -~ ) ,=o  + - -  - -  = x~.F [6] 

(r~+r'~) zFIo,~ 

Ins t ead  of Eq. [5] we now have:  

--I" , (~., -k r'~)dx~zFIo~ q- 

W W 
(&, - -  & ) , : o  - - - -  F [ 7 ]  

dx~ d 

an  express ion which,  l ike Eq. [5], is t i m e - i n d e p e n d -  
en t  and  which  we m a y  expect  to find verif ied a long 
the hor izonta l  por t ions  of the plots of log(OE/at),  
vs. log t for sufficiently smal l  va lues  of I. Let  us note  
tha t  Eq. [7] leads to the poss ib i l i ty  of d e t e r m i n i n g  
the field at zero c u r r e n t  f rom the in te rcep ts  of the 
l i nea r  plots of ( 1 / I )  �9 (OE/Ot), vs. I. This  is of course 
not  po.ssible wi th  the l i nea r  plots of (1 / I )  �9 (aE/Ot)~ 
vs. log I co r respond ing  to Eq. [5]. However ,  by  com- 
b i n i n g  i n f o r m a t i o n  ob ta inab le  f rom Eq. [5] a nd  [7] 
and  on the basis  of p laus ib le  a s sumpt ions  conce rn ing  
d, r~, and  r'~ we can a r r ive  at n u m e r i c a l  va lues  for 
all  the quan t i t i e s  appea r ing  in these two equat ions .  
We have  done this for a n u m b e r  of meta l s  by  app ly -  
ing Eq. [7] to the r ange  of 5 to 1 / , a /cm ~, t a k i n g  the 
slope p rov ided  by  these two poin ts  to be the coeffi- 
c ient  of I in  Eq. [7]. In  two cases out of five [ the 
first two of Table  I, see (8) ] the  plots were  l i nea r  in  
the r ange  1-5-10/,a/cm'-', whi le  in  the o ther  th ree  
cases a hyperbo l ic  s ine type  of behav io r  appears  to 
hold in  the 5-10-20 range.  

Appl ica t ion  to T i t a n i u m ,  H a f n i u m ,  and T a n t a l u m  

In  Eq. [5] and  [7] the e x p e r i m e n t a l  quan t i t i e s  
are the u n i t a r y  ra te  ( 1 / I ) .  (aE/Ot),, the t e m p e r a t u r e  
T and  the c u r r e n t  dens i ty  I. In  addi t ion  these equa -  
t ions  con ta in  the cons tan ts  R, w, z, and  F. We as-  
sume tha t  the dens i ty  d of each oxide is equa l  to tha t  
of the oxide in  bulk ,  tha t  ~o a nd  r',, are  bo th  equa l  to 
0.5. On this basis  it  is r ead i ly  seen that  the coefficient 
of In I in  Eq. [5] i m m e d i a t e l y  wi l l  give us the  va lue  
of x.,. I n t r o d u c i n g  this  va lue  of x,~ in the  coefficient 
of I in  Eq. [7] we ob ta in  the va lue  of Ion. It  is i n t e r -  
es t ing to note, as is shown in  Tab le  I, that ,  in  the 
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five cases for which  these ca lcula t ions  were  car r ied  
out, Ioa t u rn s  out  to fal l  w i t h i n  the  1 to 5~a/cm" 
range,  an  ind ica t ion  tha t  this r ange  e i ther  corre-  
sponds to the exact  app l icab i l i ty  of the  p ropo r t i on -  
a l i ty  b e t w e e n  cu r r en t  and  overvol tage  or is one of 
t r ans i t i on  f rom hyperbo l ic  s ine behav io r  to p ropor -  
t ional i ty .  Even  if this second a l t e rna t i ve  were  to be  
the more  correct  one, it appears  to be of ex t r eme  i n -  
terest  to pu r sue  the  ca lcula t ions  on the  basis  of p ro -  
po r t iona l i ty  for the 1 to 5 r ange  and  thus  to ob ta in  
f rom our  measu red  u n i t a r y  ra tes  at least  app rox i -  
ma te  va lues  for quan t i t i e s  which  o therwise  wou ld  
no t  be accessible: exchange  cur ren ts ,  electr ic  po t en -  
t ia l  differences across a 'a or bb '  in te rphases  and  
electr ic  fields at I equa l  to or d i f ferent  f rom zero. 

A n o t h e r  ind ica t ion  in  suppor t  of our  p rocedure  is 
the  fol lowing:  the t e r m  (~ba,- ~o)~=o" (w/dxa) should 
have, for i n t e r n a l  consis tency b e t w e e n  Eq. [5] and  
[7] and  the i r  respect ive  ranges  of val id i ty ,  the  same 
va lue  in  these two formulas .  We verif ied tha t  this  
was  p rac t i ca l ly  the case by  t r a n s p o r t i n g  into Eq. [5] 
the  va lue  of (~ba, --  ~)~=o" (w/dxa) der ived  f rom Eq. 
[7] and  ca lcu la t ing  the va lue  of Ioa r equ i r ed  for 
ve . i f ica t ion  of Eq. [5]. In  the case of h a f n i u m ,  for i n -  
stance, Ioa ob ta ined  f rom Eq. [7] is 1.5 ~a/cm'-', whi le  
the  va lue  ob ta ined  f rom Eq. [5] by  the  p rocedure  
jus t  ou t l ined  is 0.9, a ve ry  sa t is factory  a g r e e m e n t  in  
v iew of the fact tha t  a ver i f icat ion of the order  of 
m a g n i t u d e  was all tha t  had  been  expected.  

The resul t s  of the ca lcula t ions  descr ibed above are 
g iven  in  Tab le  I for th ree  k inds  of t i t a n i u m  (iodide 
process, Kro l l  p rocess -annea led ,  Kro l l  process-34% 
cold w o r k e d ) ,  ha fn ium,  and  t a n t a l u m .  The exper i -  
m e n t a l  detai ls  conce rn ing  these and  other  meta l s  
have  been  g iven  ea r l i e r  (5).  The fo rmu la  of the  
oxide, its densi ty ,  the th ickness  x~, the exchange  
c m r e n t  Io~, the electr ic  po ten t i a l  difference (~bo,- 
~),=o, the field F0 at zero cu r r en t  and  the  field Floo at 
I = 100 ~ a / c m  "~ are g iven  for each metal .  

Our  ca lcula t ions  have  been  car r ied  out  w i thou t  in -  
t roduc ing  any  roughness  factor  because  of the  lack 
of a n y  re l i ab le  i n f o r m a t i o n  conce rn ing  its va lue  and  
also because  its theore t ica l  role in  the cons idera t ions  
developed here  is by  no m e a n s  clear.  It  m a y  be tha t  
the va lues  of x~ empi r i ca l ly  ob ta ined  in  the  ca lcu la -  
t ions inc lude  an  effective roughness  factor.  Us ing  an  
a r b i t r a r y  va lue  of 2, for ins tance,  the  ac tua l  va lues  
of x~ wou ld  be those of Tab le  I d iv ided  by  2. 

Recal l  tha t  the exchange  c u r r e n t  Ioa is p ropor -  
t iona l  to exp (--~G~/RT) in  which  ~G ~ is the chem-  
ical free e n t h a l p y  of ac t ivat ion,  the e lect r ical  por t ion  
of the tota l  free e n t h a l p y  of ac t iva t ion  at zero ne t  
c u r r e n t  h a v i n g  been  separa ted  in  the  first t e r m  on 
the r igh t  h a n d  s ide of Eq. [3]. The  va lues  of Ioa and  
AG ~ thus  v a r y  in opposite direct ions.  It  is i n t e re s t ing  
to note  that ,  of the th ree  k inds  of t i t a n i u m  consid-  
ered here,  the  Kro l l  p roces s - annea l ed  has the lowest  
• ~ and  the  Kro l l  process-cold  worked  has the 
highest ,  w i th  the iodide process type  h a v i n g  an  i n -  
t e rmed ia t e  AG ~, the tota l  r ange  of va r i a t i on  be ing  
about  500 c a l / g r a m - i o n .  

In  conc lud ing  we wish  to stress t ha t  the ca lcu la -  
t ions p resen ted  here  should  be r ega rded  as h a v i n g  
on ly  qua l i t a t i ve  significance. They  should  serve as 
i l lus t ra t ions  for a theore t ica l  approach  which  ap-  

pears  to be in  the  r igh t  d i rec t ion  and  wh ich  could be 
ref ined wi thou t  a ny  ma j o r  difficulty. In  pa r t i cu l a r  it  
wou ld  be a s imple  m a t t e r  to in t roduce  d i s c on t i nu -  
ities in  the electr ic  field at  the  p lanes  a and  b and  
t he r e by  to take  in to  account  the  possible presence  of 
space charges.  The o v e r v o l t a g e - c u r r e n t  re la t ionsh ips  
at  the  in te rphases  a 'a a nd  bb '  m a y  each be, for a 
g iven  cur ren t ,  of one of three  possible types  (Tafel ,  
hyperbo l ic  sine, p ropo r t i ona l i t y )  g iv ing  rise to a 
to ta l  of n ine  possibil i t ies.  In  accordance  w i th  a r e -  
cent  s tudy  by  one of us (9) on the dependence  of 
reac t ion  ra tes  on affinities, which  we are  in  the  
process of e x t e n d i n g  to e lec t rochemica l  react ions,  
e l e m e n t a r y  reac t ions  wi th  ra tes  v a r y i n g  e x p o n e n -  
t i a l ly  w i th  the i r  affinities (here  cu r ren t s  v a r y i n g  ex-  
pone n t i a l l y  wi th  the  e lec t rochemica l  affinities or 
overvol tages)  are r a t e - d e t e r m i n i n g ,  whi le  e l e m e n -  
t a ry  react ions  w i th  ra tes  p ropor t iona l  to the i r  affini- 
ties (here  cu r r en t s  p ropor t iona l  to the e lec t rochemi-  
cal affinities or overvol tages)  are r ega rded  as p rac -  
t i ca l ly  revers ib le  steps. If, in  the  cases discussed 
above,  the c u r r e n t - o v e r v o l t a g e  re la t ionsh ip  app ly -  
ing to the th ickness  X of the oxide i tself  r e ma ins  of 
the Tafe l  (or C a b r e r a - M o t t )  type  t h r o u g h o u t  the 
whole  r ange  of cur rents ,  i.e., f rom 100 to 1 ~ a / c m  ~, 
the co~responding step (passage of meta l l i c  ions 
f rom a to b, but ,  as a conceivable  a l t e rna t ive ,  pas -  
sage of oxide ions f rom b to a)  is def ini te ly  r a t e -  
d e t e r m i n i n g  in  the r ange  of smal l  cur rents ,  i.e., here  
5 to 1 ~a/cm". On the  other  hand,  at the  h igher  cu r -  
rents ,  the ac tua l  r a t e - d e t e r m i n i n g  step m a y  be 
e i ther  the passage of meta l l i c  ions f rom a' to a or the 
passage of oxide ions f rom b'  to b. In  this  l a t t e r  case 
a va r i a t i on  wi th  the composi t ion  of the  so lu t ion  of 
the p a r a m e t e r s  ca lcu la ted  in  the  p re sen t  paper  
wou ld  be expected.  In  this  m a n n e r  it  wou ld  become 
possible to e x a m i n e  the  inf luence  of the  composi-  
t ion  of the solut ion on the charac ter is t ics  of the f i lm- 
b u i l d i n g  process. Such an  inf luence  has a l r eady  been  
detec ted  e x p e r i m e n t a l l y  in  the case of z i r con ium 
and  its al loys (10, 11). 
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Technical Notes @ 
Electrochemical Aspects of Stress Corrosion 

D. K. Priest 

Research Division, The PJaudler Company, Rochester, New York 

In  r e c e n t  y e a r s  t h e r e  has  been  some d i scuss ion  of 
a " m e c h a n i c a l "  m e c h a n i s m  for  s t r e s s - c o r r o s i o n  
c r a c k i n g  (1 -5 ) .  In  m u c h  of  th is  w o r k  d i scuss ions  of 
m e c h a n i s m  a re  b a s e d  on the  c o m b i n a t i o n  of a m e -  
chan ica l  s t ep  and  an  e l e c t r o c h e m i c a l  s tep,  these  b e -  
ing  r e g a r d e d  as a l t e r n a t e  a n d  d i s c r e t e  ac t ions  w h i c h  
c o n t r i b u t e  to t he  t o t a l  p h e n o m e n o n .  Those  h o l d i n g  
th is  v i e w p o i n t  w i t h  r e s p e c t  to t he  m e c h a n i s m  of 
s t r e s s - c o r r o s i o n  b e l i e v e  t h a t  p u r e l y  m e c h a n i c a l  
c r a c k i n g  is the  m a j o r  c o n t r i b u t i o n  t o w a r d  s t r e s s -  
co r ros ion  c r a c k i n g  and  t h a t  e l e c t r o c h e m i c a l  r e a c -  
t ion  or  co r ros ion  acts  on ly  as a m e a n s  of t r i g g e r i n g  
the  m e c h a n i c a l  c rack ing .  

I t  is b e l i e v e d  t h a t  some  e x p e r i m e n t a l  ev idence  
a v a i l a b l e  i nd i ca t e s  ano the r ,  m o r e  log ica l  m e c h a n i s m  
for  s t r e s s - co r ros ion ,  and  th is  p a p e r  is d e v o t e d  to d i s -  
cuss ion  of a m e c h a n i s m  for  s t r e s s - c o r r o s i o n  b e l i e v e d  
to be  in be s t  a g r e e m e n t  w i t h  o b s e r v a b l e  da ta .  

H a r w o o d ,  in  a r e v i e w  of the  p h e n o m e n o n ,  d i s -  
cussed  s e v e r a l  t heo r i e s  of s t r e s s - c o r r o s i o n  (6 ) .  
These  t heo r i e s  can  be  d i v i d e d  in to  two  m a i n  a r e a s  
of bel ief ,  a m e c h a n i c a l  m e c h a n i s m ,  t r i g g e r e d  a t  i n -  
t e r v a l s  b y  v e r y  loca l  co r ros ive  a t t a c k  a n d  an  e lec -  
t r o c h e m i c a l  m e c h a n i s m  in w h i c h  co r ros ive  a t t a c k  
occurs  c o n t i n u o u s l y  as a p r i m a r y  c o n t r i b u t i n g  f ac to r  
w i t h  the  ro l e  of s t ress  b e i n g  t h a t  of caus ing  loca l  
e l e c t r o d e  p o t e n t i a l  changes .  Such  p o t e n t i a l  changes  
m i g h t  be  caused  b y  s t r e s s - i n d u c e d  changes  in  f i lm-  
ing  m e c h a n i s m s  or  b y  cold  w o r k  of loca l  m e t a l  
vo lumes .  

B r o w n  and  Dix  (7)  s u p p o r t e d  an  e l e c t r o c h e m i c a l  
m e c h a n i s m .  T h e i r  w o r k  d e a l t  p r i m a r i l y  w i t h  i n t e r -  
g r a n u l a r  s t ress  cor ros ion ,  h o w e v e r ,  a n d  s t rong  e v i -  
dence  was  p r e s e n t e d  for  t he  ex i s t ence  of p r e f e r e n -  
t i a l  p a t h s  for  co r ros ion  a long  g r a i n  b o u n d a r i e s .  E x -  
t ens ions  of t he  e l e c t r o c h e m i c a l  t h e o r y  in to  t he  a r e a  
of t r a n s g r a n u l a r  s t r e s s - c o r r o s i o n  have  been  m a d e  b y  
L o g a n  (8 ) ,  P r i e s t ,  Beck,  and  F o n t a n a  (9, 10),  a m o n g  
others .  

A l t h o u g h  the  m e c h a n i c a l  t h e o r y  was  e a r l y  e x -  
p r e s s e d  b y  K e a t i n g  (1) ,  in r e c e n t  y e a r s  E d e l e a n u  

(4) ,  H a r w o o d  (5)  and  o the r s  h a v e  h e l d  s i m i l a r  a l -  
t h o u g h  m o r e  soph i s t i c a t e d  v i ews  w h e r e i n  t h e  e lec -  
t r o c h e m i c a l  c o n t r i b u t i o n  to s t r e s s - c o r r o s i o n  was  
v i e w e d  as a t r i g g e r i n g  m e c h a n i s m  for  a p u r e l y  m e -  
c h a n i c a l  f r ac tu r e .  This  e x p a n d e d  v i e w p o i n t  was  
m a d e  n e c e s s a r y  in  v i e w  of t he  d e m o n s t r a t i o n  of t he  
e f fec t iveness  of ca thod ic  p r o t e c t i o n  in  p r e v e n t i n g  
s t r e s s - c o r r o s i o n  c r a c k i n g  a n d  in  s lowing  or  s t opp ing  
s t r e s s - c o r r o s i o n  a l r e a d y  in p rogress .  

Loading Previously  Cracked Specimens 

U n p u b l i s h e d  d a t a  and  o b s e r v a t i o n s  r e c o r d e d  b y  
the  w r i t e r  some y e a r s  ago a re  of i n t e r e s t  in  s u p p o r t  
of t h e  e l e c t r o c h e m i c a l  t h e o r y  of  s t r e s s - co r ros ion .  In  
an  i nve s t i ga t i on  of s t ress  co r ros ion  in  a m a g n e s i u m -  
base  a l l oy  (9 ) ,  s e v e r a l  i n t e r e s t i n g  e x p e r i m e n t s  w e r e  
p e r f o r m e d .  In  one case  s t r e s s - c o r r o s i o n  c r a c k i n g  of 
the  J1 a l l oy  (6% A1, 1% Zn, b a l a n c e  Mg)  in  an  in -  
h i b i t e d  s o d i u m  c h l o r i d e  s o l u t i o n  was  a l l o w e d  to p r o -  
ceed  u n t i l  t he  t es t  s p e c i m e n  was  c r a c k e d  h a l f w a y  
th rough ,  a t  w h i c h  t i m e  i t  w a s  r e m o v e d  f r o m  the  t es t  
so lu t ion ,  w a s h e d  a n d  d r ied ,  a n d  s u b j e c t e d  to a d d i -  
t i ona l  s tress.  The  impos i t i on  of a d d i t i o n a l  s t ress  r e -  
su l t ed  in  no f u r t h e r  c r a c k i n g  and  caused  on ly  duc t i l e  
b e n d i n g  of t he  r e m a i n d e r  of t he  cross  sect ion.  Such  
c r a c k e d  spec imens  could  on ly  be  c r a c k e d  f u r t h e r  in 
a i r  b y  i m p a c t  load ing ,  in w h i c h  case  t he  su r f ace  a p -  
p e a r a n c e  of t h e  i m p a c t  f r a c t u r e  was  f a r  d i f fe ren t  
t h a n  the  su r f a c e  a p p e a r a n c e  of  the  f r a c t u r e  caused  
b y  s t r e s s - c o r r o s i o n  c rack ing .  

Corrosion Current  Measurements  

A c o n s i d e r a t i o n  of the  m e c h a n i c a l  t r i g g e r i n g  idea  
is t h a t  m e a s u r e d  cor ros ion  c u r r e n t s  shou ld  a s sume  
d i f fe ren t  v a l u e s  acco rd ing  to w h e t h e r  or  no t  m e -  
chan ica l  f a i l u r e  or  e l e c t r o c h e m i c a l  co r ros ion  is t a k -  
ing  p l a c e  w i t h i n  a g iven  t i m e  i n t e rva l .  Thus ,  if 
p u r e l y  m e c h a n i c a l  c r a c k i n g  is occur r ing ,  t he  c o r r o -  
s ion c u r r e n t  shou ld  be  zero  or  a p p r e c i a b l y  d e c r e a s e d  
and,  if  m e c h a n i c a l  c r a c k i n g  is no t  t a k i n g  p l ace  a t  
t he  i n s t a n t  of t i m e  cons ide red ,  t hen  co r ros ion  c u r -  
r e n t  shou ld  a s sume  some m a x i m u m  va lue .  
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T i M E  IN M I N U T E S  

The  d a t a  p r e s e n t e d  in  Fig.  1 w e r e  r e c o r d e d  for  a 
t r a n s g r a n u l a r  s t ress  cor ros ion  f a i l u r e  of  J1 a l l o y  
u n d e r  t e s t i ng  and  m e a s u r i n g  cond i t ions  d e s c r i b e d  in  
de t a i l  p r e v i o u s l y  (9 ) .  The  J1 a l l oy  was  m a d e  to 
c r ack  in  an  i n h i b i t e d  sod ium ch lo r ide  so lu t i on  and,  
us ing  an  e l ec t rode  p h y s i c a l l y  s e p a r a t e d  f r o m  the  
anodic  c r a c k  as ca thode ,  co r ros ion  c u r r e n t s  w e r e  
m e a s u r e d .  The  d a t a  of  Fig.  1, r e c o r d e d  a t  i n t e r v a l s  
of a m i n u t e  o r  less,  i n d i c a t e  t h a t  the  m e a s u r e d  c u r -  
r en t s  d id  no t  f luc tua te  a n d  d id  not  i nc rea se  or  d e -  
c rease  in  a s t e p - w i s e  m a n n e r .  F u r t h e r ,  con t i nuous  
v i sua l  o b s e r v a t i o n  of the  m i c r o a m m e t e r  r e v e a l e d  no 
n e e d l e  " f l i cker"  or  o t h e r  ev idence  of c h a n g i n g  c u r -  
ren t .  Th is  b e h a v i o r  of t he  cor ros ion  c u r r e n t  sugges t s  
t ha t  the  e l e c t r o c h e m i c a l  n a t u r e  of s t r e s s - c o r r o s i o n  
p rocess  is con t inuous  and  t h a t  p u r e l y  m e c h a n i c a l  
c r a c k i n g  p l a y s  no ro le  in t he  m e c h a n i s m .  

Cathodic Protection 

H a r w o o d  (5)  sugges t s  t ha t  a t  some  p o i n t  in t he  
c r a c k i n g  process ,  t he  inf luence  of m e c h a n i c a l  c r a c k -  
ing  m i g h t  be  too g r e a t  to c o u n t e r a c t  w i t h  ca thod ic  
p ro tec t ion .  In  con t ras t ,  the  w r i t e r ' s  e x p e r i m e n t s  i n -  
d i ca t e  t ha t  a p p l i c a t i o n  of  ca thod ic  p r o t e c t i o n  to a 
spec imen  u n d e r g o i n g  s t r e s s - c o r r o s i o n  con t ro l l e d  the  
rate of s t r e s s - c o r r o s i o n  a t  a l l  s t ages  of  c r ack ing .  

F i g u r e  1 p r e s e n t s  t y p i c a l  co r ros ion  c u r r e n t - c r a c k -  
ing  t ime  d a t a  o b t a i n e d  for  t r a n s g r a n u l a r  s t r e s s  co r -  
ros ion  c r a c k i n g  w i t h  t he  m a g n e s i u m - b a s e  a l loy,  J1. 
The  d a t a  cover  t he  t o t a l  c r a c k i n g  of a s p e c i m e n  
f rom c r a c k  i n i t i a t i on  to e s s e n t i a l l y  c o m p l e t e  f a i lu re .  
C u r r e n t  v a l u e s  w e r e  m e a s u r e d  as d e s c r i b e d  p r e -  
v ious ly .  The  shape  of the  c u r v e  in Fig .  1 is d u e  to t h e  
fac t  t h a t  the  spec imens  w e r e  s t r e s sed  b y  the  con-  
s t an t  def lec t ion  m e t h o d  so t h a t  s t ress  v a l u e s  a t  t h e  
c r a c k  base  v a r i e d  f rom zero  (be fo r e  i n i t i a t i o n )  to a 
m a x i m u m  ( w h e n  c r a c k  was  h a l f w a y  t h r o u g h  the  
s p e c i m e n  cross  sec t ion)  to zero (as  r e l i e f  o c c u r r e d  
because  of t he  duc t i l e  b e h a v i o r  of  the  r e d u c e d  cross  
sec t ion  of t he  n e a r l y  c o m p l e t e l y  c r a c k e d  s p e c i m e n ) .  
A t  a n y  s t age  in t he  c r a c k i n g  process ,  t he  a m o u n t  of 
ca thod ic  p r o t e c t i o n  c u r r e n t  n e e d e d  to s top the  a t t a c k  
was  p r o p o r t i o n a l  to t he  co r ros ion  c u r r e n t  b e i n g  
g e n e r a t e d  at  the  t ime  of a p p l i c a t i o n  of p ro tec t ion .  
F u r t h e r ,  a t  a l l  s t ages  of t he  process  t he  a d d i t i o n  of 
l e s se r  a m o u n t s  of ca thod ic  p r o t e c t i o n  c u r r e n t  s l o w e d  
the  s t ress  cor ros ion  c r a c k i n g  so t h a t  " f a i l u r e  t i m e "  
was  inc reased .  

Corrosion Rates 

C o m p l e t e  c r a c k i n g  of a s p e c i m e n  3/16 in. t h i c k  
took  p l ace  in  a b o u t  20 min ,  b u t  t he  m a j o r  p o r t i o n  of  
t he  c r a c k i n g  o c c u r r e d  in  a p p r o x i m a t e l y  10 m i n  and,  
d u r i n g  th is  t ime ,  t w o - t h i r d s  or  a b o u t  Ys in. of  t he  

s p e c i m e n  was  cut  th rough .  D u r i n g  the  f a s t e s t  c r a c k -  
ing  per iod ,  t he re fo re ,  a r a t e  of 0.0125 i n . / m i n  was  
a t t a ined .  This  is a p p r o x i m a t e l y  6500 i n . / y e a r ,  a v e r y  
h igh  cor ros ion  ra te .  

I t  shou ld  no t  be  a s s u m e d  t h a t  the  e x p l a n a t i o n  for  
th is  v e r y  l a r g e  cor ros ion  r a t e  l ies  in p r o p o s i n g  e x -  
t e n s ive  m e c h a n i c a l  c rack ing .  On the  c o n t r a r y ,  co r -  
ros ion  can  accoun t  for  a l l  of  t he  m e t a l  loss n e c e s -  
s a r y  to p r o d u c e  such  r a p i d  c rack ing .  I f  a c r ack  
w i d t h  of 100 un i t  cel ls  is a s sumed ,  a t r a n s g r a n u l a r  
s t ress  cor ros ion  c r a c k  a long  the  b a s a l  p l a n e  of t he  
m a g n e s i u m - b a s e  J1 a l l oy  w o u l d  be  a p p r o x i m a t e l y  
520A or  5.2 x 10 -'~ cm in wid th .  Since,  e x p e r i m e n t a l l y ,  
t he  a v e r a g e  r a t e  of c r a c k  p r o p a g a t i o n  d u r i n g  i ts  ac -  
t i v e l y  c r a c k i n g  p e r i o d  was  of  t he  o r d e r  of  1/s in. in  
10 ra in  (0.03 c m / m i n ) ,  t hen  in 1 m i n  the  v o l u m e  of 
m e t a l  los t  in  a c r a c k  the  w i d t h  of the  3 /16 - in .  spec i -  
m e n  (0.4763 cm)  w o u l d  be  7.43 x 10 -8 cc. Us ing  1.8 
g / c c  for  t he  d e n s i t y  of t he  J1 a l loy,  t he  w e i g h t  loss 
w o u l d  be  1.34 x 10 -~ g. 

A n o t h e r  a p p r o x i m a t i o n  of  w e i g h t  loss can be  
m a d e  b y  us ing  m e a s u r e d  co r ros ion  c u r r e n t  v a l u e s  
(Fig .  1). D u r i n g  the  ac t i ve  p o r t i o n  of c rack ing ,  co r -  
ros ion  c u r r e n t  flow was  at  l eas t  20 va or  1.2 x 10 -~ 
c o u l o m b s / m i n .  B y  F a r a d a y ' s  law,  t he  w e i g h t  of 
m e t a l  los t  shou ld  be  1.51 x 10 -7 g. 

These  two  w e i g h t  loss a p p r o x i m a t i o n s  r e d u c e  to 
cor ros ion  r a t e s  of 6,210 i p y  ( 7 . 7 9 x  106 m d d )  a n d  
7,000 i p y  (8.77 x 10 ~ m d d ) ,  r e s p e c t i v e l y ,  for  c racks  
100 un i t  cel ls  in  wid th .  

Cor ros ion  r a t e  va lue s  thus  d e r i v e d  s t r o n g l y  sup -  
p o r t  the  idea  t h a t  e l e c t r o c h e m i c a l  ac t ion  is t he  p r i -  
m a r y  cause  a n d  r ea son  for  t he  s t r e s s - c o r r o s i o n  
c rack ing .  These  ca lcu la t ions ,  w h i l e  a d m i t t e d l y  a p -  
p r o x i m a t e ,  cou ld  b e  c o n s i d e r a b l y  in  e r r o r  a n d  s t i l l  
d e m o n s t r a t e  t he  ex i s t ence  of e x t r e m e l y  l a r g e  cor -  
ros ion  r a t e  va lues .  

Visual Perception of Stress Corrosion 

St i l l  a n o t h e r  a r e a  of d i scuss ion  m a y  c l a r i f y  the  es -  
s e n t i a l l y  e l e c t r o c h e m i c a l  n a t u r e  of s t ress  cor ros ion  
c rack ing .  R e f e r e n c e  has  been  m a d e  b y  H a r w o o d  (5)  
to the  m o t i o n  p i c t u r e  p r o d u c e d  b y  Pr i e s t ,  F o n t a n a ,  
a n d  B e c k  (9)  w i t h  r e s p e c t  to v i sua l  ev idence  of t h e  
n o n c o n t i n u o u s  n a t u r e  of s t r e s s - c o r r o s i o n  c rack ing .  
W h i l e  t he  m o t i o n  p i c t u r e  does  show t h a t  t he  c r a c k  
p rog re s se s  n o n l i n e a r l y  w i t h  t ime ,  th is  does  no t  
n e c e s s a r i l y  i nd i ca t e  a ser ies  of  s h a r p  m e c h a n i c a l  
f a i l u r e s  t r i g g e r e d  b y  cor ros ion .  I t  is t he  w r i t e r ' s  
be l i e f  t h a t  c r a c k i n g  is go ing  on con t inuous ly ,  bu t  is 
p e r h a p s  no t  a l w a y s  c o n t i n u o u s l y  v is ib le .  I t  m u s t  b e  
r e m e m b e r e d  t h a t  th i s  m o t i o n  p i c t u r e  p r o v i d e s  on ly  a 
t w o - d i m e n s i o n a l  v i e w  of s o m e t h i n g  o c c u r r i n g  in 
t h r e e  d imens ions .  W i t h  th is  in mind ,  i t  is e v i d e n t  
t h a t  n o n c o n t i n u o u s  c r a c k  p r o p a g a t i o n  o b s e r v e d  on a 
su r f a c e  could  be  caused  b y  con t inuous  c r a c k i n g  t a k -  
ing  p l a c e  b e n e a t h  t he  v i e w e d  sur face .  A s  soon as th is  
u n s e e n  c r a c k i n g  p r o g r e s s e d  f a r  enough,  t he  su r f ace  
in  v i e w  w o u l d  t e a r  q u i c k l y  a n d  do so in  a s e m i d u c -  
t i l e  fashion ,  t h a t  is, in t he  m a n n e r  t y p i c a l  of duc t i l e  
m e t a l  f a i l u r e  a t  t he  b a s e  of  a notch.  This  ana lys i s  is 
c o m p a t i b l e  w i t h  t he  o b s e r v a t i o n s  r e c o r d e d  in  t h e  
film, a n d  i t  is c o n c l u d e d  t h a t  t he  p l a s t i c  d e f o r m a t i o n  
r e v e a l e d  in  t he  m o t i o n  p i c t u r e  is t he  r e s u l t  of c r a c k  
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p r o p a g a t i o n  and  no t  the  cause  of c r a c k  p r o p a g a t i o n .  
The  ro le  of s t ress ,  then ,  is t ha t  of m a i n t a i n i n g  f i lm-  
f ree  a r eas  or, b y  v e r y  loca l  d e f o r m a t i o n ,  caus ing  an  
anod ic  change  in e l ec t rode  p o t e n t i a l  a t  the  t ip  of an  
a d v a n c i n g  s t ress  cor ros ion  crack .  

Summary and Conclusions 
Much  of w h a t  has  been  d i scussed  r e f e r s  specif i -  

ca l ly  to t he  a u t h o r ' s  w o r k  w i th  the  J1 a l loy,  b u t  t he  
fac t  r e m a i n s  t ha t  the  e l e c t r o c h e m i c a l  n a t u r e  of 
s t ress  cor ros ion  has  been  d e m o n s t r a t e d  for  o t h e r  
sys t ems  as w e l l  as the  w o r k  d i scussed  in  th is  p a p e r .  
In  v i ew  of e x p e r i m e n t a l  ev idence  w i t h  r e g a r d  to 
c r ack  cor ros ion  ra tes ,  ca thod ic  p r o t e c t i o n  and  the  
n a t u r e  of m e a s u r e d  co r ros ion  cur ren t s ,  i t  seems  u n -  
l i k e l y  t h a t  p u r e l y  m e c h a n i c a l  c r a c k i n g  p l a y s  a n y  
d i sc re t e  p a r t  in the  s t ress  cor ros ion  process  un less  
a d i s t i n c t l y  b r i t t l e  p h a s e  exis ts .  

I t  is conc luded  t h a t  in duc t i l e  m a t e r i a l s  t r a n s -  
g r a n u l a r  s t ress  cor ros ion  t a k e s  p l ace  on ly  u n d e r  the  
d r i v i n g  force  of a con t inuous  e l e c t r o c h e m i c a l  ac t ion  
w h i c h  causes  v e r y  loca l ized  r e m o v a l  of m e t a l  b y  
corros ion .  The  si te  of m e t a l  r e m o v a l  ( the  c r a c k  t ip )  
and  the  d i r ec t i on  of c r a c k i n g  a r e  d e t e r m i n e d  b y  
s t ress  ac t ing  to cause  loca l ized  p o t e n t i a l  d i f fe rences  
t h r o u g h  the  i n t e r r u p t i o n  of f i lm f o r m i n g  m e c h a n -  
isms or  b y  in tense ,  l oca l i zed  p l a s t i c  d e f o r m a t i o n .  

Manuscr ip t  received Sept. 10, 1958. 

A n y  discussion of this paper  wi l l  appear  in a Discus-  
sion Section to be publ i shed  in the December  1959 
J O U R N A L .  
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Single Crystals by Photovoltaic Scanning 
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I t  is w e l l  k n o w n  (1, 2) t h a t  p h o t o v o l t a g e s  due  to 
r e s i s t i v i t y  g r a d i e n t s  in the  b u l k  can  ex i s t  in s e m i -  
c onduc t i ng  c rys ta l s .  This  p h e n o m e n o n  is g e n e r a l l y  
r e f e r r e d  to as the  " b u l k  p h o t o v o l t a i c  effect ."  R e -  
s i s t iv i ty  i n h o m o g e n e i t i e s  cons t i t u t e  s m a l l  j u n c t i o n s  
t h r o u g h o u t  the  m a t e r i a l  w h i c h  a l l ow c h a r g e  s e p a -  
r a t i o n  to t a k e  place .  These  j u n c t i o n s  g ive  r i se  to 
eas i ly  o b s e r v e d  p h o t o v o l t a g e s  g e n e r a l l y  of t he  o r d e r  
of h u n d r e d s  of mic rovo l t s .  P h o t o v o l t a g e s  due  to p - n  
j unc t i ons  a r e  u s u a l l y  in t he  r a n g e  of t en th s  of a 
vol t .  

Cons ider ,  for  e x a m p l e ,  an  n - t y p e  g e r m a n i u m  
s a m p l e  h a v i n g  r e c t a n g u l a r  shape  w i t h  con tac t s  a t  
t he  ends.  If  th is  c r y s t a l  is i l l u m i n a t e d  a t  some p o i n t  
a long  i ts  l e n g t h  w h e r e  (dp/dx)  > 0, a v o l t a g e  w i l l  
be  o b s e r v e d  across  t he  s a m p l e  w i t h  t he  r i g h t - h a n d  
con tac t  ( a t  x :  k)  pos i t i ve  ( l e f t - h a n d  con t a c t  a t  
x ~ 0 g r o u n d e d ) .  S i m i l a r  r e a s o n i n g  ho lds  for  p - t y p e  
m a t e r i a l ,  in w h i c h  case  t he  vo l t ages  a r e  r e v e r s e d .  

S ince  the  p h o t o v o l t a g e  d e p e n d s  on the  ex i s t ence  
of a r e s i s t i v i t y  g rad ien t ,  i t  is a d e r i v a t i v e  q u a n t i t y .  
The re fo re ,  the  i n t e g r a t e d  s igna l  c o r r e s p o n d s  q u a l i -  
t a t i v e l y  to the  changes  in r e s i s t iv i ty .  

This  p h e n o m e n o n  can  be  used  as a sens i t ive  a n d  
r a p i d  tool  for  e x p l o r i n g  the  h o m o g e n e i t y  of s i ng l e -  
c r y s t a l  g e r m a n i u m  s a m p l e s  t ha t  m a y  o t h e r w i s e  a p -  
p e a r  to be  v e r y  un i fo rm.  The  e x p e r i m e n t a l  a r r a n g e -  
m e n t  is s h o w n  s c h e m a t i c a l l y  in Fig .  1. A l o w - s p e e d  

1 P re sen t  addres s :  The  H e b r e w  U n i v e r s i t y ,  J e r u s a l e m ,  Is rae l .  
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r . . . . . . . . . . . . .  , 

X -Y  RECORDER 

4 0  TURN 
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Fig. 1. Schematic of photovoltage scanning system 

m o t o r  d r i ve s  t h e  c ry s t a l  s a m p l e  u n d e r  a n a r r o w  
b a n d  of w h i t e  l igh t  focussed  on the  sur face .  A 40- 
t u r n  p o t e n t i o m e t e r  is d r i v e n  s i m u l t a n e o u s l y ,  and  the  
vo l t a ge  f rom it  d r i v e s  t he  x - a x i s  of t he  r eco rde r .  
E i t h e r  the  d i r ec t  p h o t o v o l t a g e  s igna l ,  or  t he  i n t e -  
g r a t e d  p h o t o v o l t a g e  as des i red ,  is, a f t e r  su i t ab l e  a m -  
pl i f icat ion,  fed into  t he  y - a x i s  of the  r e c o r d e r .  A d i -  
r ec t  p lo t  of s igna l  ve r sus  pos i t ion  is th~ts o b t a i n e d  
for  a n y  sample .  

F i g u r e  2 shows  the  e x p e r i m e n t a l  r e su l t s  for  an  
n - t y p e  g e r m a n i u m  s a m p l e  t h a t  w o u l d  o r d i n a r i l y  b e  
c ons ide r e d  as b e i n g  f a i r l y  u n i f o r m  ove r  a s igni f icant  
p a r t  of i ts  l ength .  The  u p p e r  c u r v e  is t he  p h o t o -  
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Fig. 2. Photovoltage and resistivity scan of an n-type 
germanium sample. 

vol tage s c a n - - m i c r o v o l t s  vs. d i s tance  a long the  s a m -  
ple in  mi l l imete rs .  This  curve  shows three  poin ts  
whe re  the s ignal  is zero, i nd i ca t i ng  t ha t  a c o m b i n a -  
t ion of th ree  m a x i m a  and  m i n i m a  wi l l  occur i n  the  
res i s t iv i ty  curve.  The lower  d i a g r a m  rep resen t s  the 
res i s t iv i ty  scan for this  sample.  The  solid curve  is 
the resu l t  of i n t e g r a t i n g  the  photovol tage,  whi le  the  
circles r ep re sen t  the ac tua l  res i s t iv i ty  m e a s u r e -  
ments .  The res i s t iv i ty  m e a s u r e m e n t s  were  t a k e n  
wi th  a t w o - p o i n t  probe.  A n  e l ec t romete r  was  used 
to measu re  voltages,  and  a c o n s t a n t - c u r r e n t  ge ne r a -  
tor  supp l i ed  the  sweep c u r r e n t  to the  sample.  Rea-  
sonab ly  good a g r e e m e n t  is apparen t .  In  the  cen t ra l  
por t ion  of the  crystal ,  t ha t  is, a r o u n d  8 mm,  the  r e -  
s i s t iv i ty  changes  are of the  order  of 0.1%, whi le  the  
photovol tages  in  the  same reg ion  are la rge  a nd  
dist inct .  I t  is also c lear  tha t  the  zero photovol tage  
s ignals  coincide exac t ly  w i th  the  m a x i m a  and  m i n -  
ima  of the  res i s t iv i ty  curve.  

To explore  a c rys ta l  wafer ,  deep t r enches  are  cut  
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c in i ty  of the contacts.  This  p rocedure  g rea t ly  r e -  
duces the effective l i fe t ime of the m i n o r i t y  car r ie rs  
in  the  v ic in i ty  of the  contac t  and  a l lev ia tes  t r o u b l e -  
some photos igna ls  tha t  m a y  arise. 

F igu re  3 is a d i a g r a m  of such a ( p - t y p e )  ger -  
m a n i u m  wafer .  A contact  is soldered con t inuous ly  
a long the  le f t -  and  r i g h t - h a n d  edges of the  wafer .  
The pa i r  of ve r t i ca l  l ines  at  each end  r e p r e sen t  the  
t renches .  A set of d i rect  and  i n t eg ra t ed  photovol tage  
scans (as in  Fig. 2), were  t a ke n  on this  wafe r  f rom 
x---- 0 to x = 2 2 . 5  mm,  and  y = 0  to y = 19.8 ram. 

The  i n t eg ra t ed  va lues  of the  photovol tage  s ignals  
are p lo t ted  direct ly ,  and  a res i s t iv i ty  m a p  of the  
wafe r  is then  prepared .  The  he a vy  l ines  in  this  m a p  
are  l ines  connec t ing  poin ts  of equa l  res i s t iv i ty  
change, plot ted  in  t e rms  of microvol ts .  For  con-  
venience ,  let  us call  these l ines isorhos. This  m a p -  
p ing  is sti l l  a ve ry  qua l i t a t i ve  p ic tu re  of the  wafer .  
However ,  sufficient i n f o r m a t i o n  can  be g leaned  f rom 
such a d i a g r a m so as to d e t e r m i n e  the reg ion  f rom 
which  a sample  h a v i n g  the highest  u n i f o r m i t y  can 
be obta ined.  For  example ,  the  sect ion of the  wafe r  
in  Fig. 3 b e t w e e n  x =  0 and  x = 3  m m  indicates  
smal l  res i s t iv i ty  changes  as compared  to o ther  pos-  
sible sections. 

The .section b e t w e e n  x = 0 and  x = 3 m m  was cut  
out  of this wafe r  and  the  m e a s u r e m e n t s  on it  a re  
shown  in  Fig. 4. The uppe r  curve  is the photovol tage  
scan, and  the lower  solid curve  is the di rect  i n t e g r a -  
t ion  of it. As before,  the  circles r ep resen t  the  ac tua l  
res i s t iv i ty  m e a s u r e m e n t s .  The  fit b e t w e e n  the  two is 
c lear ly  good. 

This  e v a l u a t i o n  me thod  has some dis t inc t  a d v a n -  
tages over p robe  methods.  Fi rs t ,  i t  is fast;  the  photo-  
scan and  i n t e g r a t i on  can be m a d e  in  leas t h a n  1 min .  
Second, it  is the  on ly  w a y  k n o w n  of m a k i n g  a de-  
ta i led  es t imate  of the  homogene i ty  of a wafe r  before  
cu t t ing  it. Thi rd ,  the photo me thod  of e s t ima t ing  
res i s t iv i ty  changes  is appl icable  u n d e r  condi t ions  
w he r e  probe  methods  are  v e r y  difficult, as, for ex-  
ample,  w h e n  the  sample  is he ld  at l iqu id  n i t r ogen  
t empera tu re s .  

Thus  far  the re  has been  r easonab le  success in  ob-  
t a i n i n g  re la t ive  va lues  of res i s t iv i ty  changes  by  
pho toscann ing .  By t a k i n g  into account  such i m p o r -  
t a n t  factors as the l i fe t ime of the mater ia l ,  t he  photo-  

into the  crys ta l  on one of the la rge  faces, in  the  v i -  
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Fig. 3. Isorho map for a p-type germanium wafer 
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voltaic scanning method should be suitable for ap- 
proximating the actual values of the resistivity 
changes in ohm-centimeters.  
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Production of Electrolytic Copper Powder 
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ABSTRACT 

A detailed description of the operation, equipment, and quality control used 
in the commercial production of electrolytic copper powder 2 is presented. The 
effect of electrochemical and mechanical variables on the physical character- 
istics of electrolytic copper powder is also reviewed. 

Roll has discussed (1) the advantages and ira- controlled atmosphere, grinding, screening, and 
proved properties obtainable by the use of electro- blending. 
lytic metal  powders. The present paper describes The basic electrochemical theory of electrore- 
the production of electrolytic copper powder. The fining and electroplating is identical to that of 
planff is an integrated copper smelter and refinery electrolytic powder deposition. The electrochemical 
which processes concentrates, blister and scrap to conditions affecting the type of deposit, however, 
fire refined, electrolytic and OFHC' brand copper. In are controlled in powder production so as to yield a 
addition to electrolytic copper powder, the plant  deposit which is the opposite of that  desired in re-  
also produces atomized copper-lead based powders fining and electroplating where a hard, dense and 
as well as solder and tin powders, smooth, adherent cathode is the object. An excellent 

Electrolytic copper powder, based on the work of paper on the theories covering metal  powder deposi- 
Drouilly (2), has been produced by the refinery for tion has been presented by Mehl (3). Wranglen (4) 
twenty-five years. During this period the production also defines the three basic factors responsible for 
capacity of copper powder was increased from 20,000 the formation of powdery and spongy deposits as 
to over 1,000,000 lb/month.  Simultaneously, with low metal overvoltage, depletion of the metal  con- 
increased production capacity, many  improvements  tent of the cathode film, and the formation of basic 
have been made in production and control tech-  material  in the cathode film. Only the first two 
niques, resulting in a better and more uniform factors are of importance in this case. 
product. While the generalities noted above do produce 

The physical characteristics such as particle size, spongy deposits, it is necessary to control the fol- 
apparent  density, flow rate, and dimensional change lowing variables to produce a powder  within a 
on sintering of electrolytically deposited copper specified range of physical properties. These are: 
powder are affected by a number  of factors. The (a) electrolyte composition (acid and copper con- 
most important  of these are the current  density, ten t ) ;  (b) electrolyte temperature;  (c) electro- 
copper and acid content and the temperature and lyte circulation rate; (d) current  density; (e) size 
circulation rate of the copper sulfate electrolyte, and type of anode and cathode; (f) electrode 
Although electrochemical variables can be controlled spacing; and (g) b rush-down interval. 
to produce a powder within a relatively narrow The last variable is very  important  since it not 
range of physical properties, they cannot be con- only controls the type of deposit which builds up on 
trolled sufficiently to yield a product  which meets the cathode, but  also prevents excessive variations 
the rigid specifications required by the consumer. 
Consequently, fur ther  processing operations on the 
washed powder are required such as furnacing in a 

1 Present  address: Reading Metals  Refining Corp., Reading,  Pa.  
By  the  U. S. Meta ls  Ref in ing Co. 

3 United States  Metal  Refin ing Co., Carteret ,  N. J .  
Registered trademark of A m e r i c a n  Metal  Cl imax,  Inc.  

Table I. Effect of brush-down interval 

B r u s h - d o w n  Appa ren t  density,  Dimens ional  
interval,  hr g / c c  change,  % 

1 2.15 0.55 
4 2.18 0.58 
8 2.35 1.62 
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Table II. Effect of temperature Cu in bath, 8.5 g/I 

Temperature,  Apparent  density, Dimensional 
~ g/cc change, % 

50 2.15 0.55 
55 2.40 1.75 
60 2.70 2.12 
65 2.85 2.50 

Table III. Effect of copper content in bath; temp, 55~ 

Copper Apparent  density, Dimensional 
content, g/1 g/cc change, % 

5 1.90 1.13 
6 2.05 1.30 
7 2.18 1.44 
8 2.32 1.60 

in  t h e  ca thode  area ,  w i t h  consequen t  l o w e r i n g  of t he  
c u r r e n t  dens i ty .  Tab l e s  I, II ,  a n d  I I I  i nd i ca t e  the  
effect of t h r e e  of t h e  a b o v e  v a r i a b l e s  on the  a p p a r e n t  
d e n s i t y  and  t h e  p e r  cen t  d i m e n s i o n a l  change  on 
s in te r ing .  

Electro lyt ic  O p e r a t i o n s  

A sec t ion  of t he  r e g u l a r  e l e c t r o l y t i c  copper  r e -  
f ining p lan t ,  or  t a n k  house ,  is u sed  for  t he  p r o d u c t i o n  
of e l e c t r o l y t i c  coppe r  p o w d e r .  The  p o w d e r  sec t ion  
uses t h e  s ame  t y p e  of cel l  as is f o u n d  in t he  r e g u l a r  
t a n k  house  a n d  is also s u p p l i e d  w i t h  d i r ec t  c u r r e n t  
f r o m  t h e  m a i n  p o w e r  p l an t .  E l e c t r o l y t e  and  e l e c t r i -  
cal  cond i t ions  for  t he  two  un i t s  a r e  d i f fe ren t ,  b u t  
b y  su i t ab l e  a l t e r a t i o n  of p i p i n g  and  bus  bars ,  s ec -  
t ions  can  be  s w i t c h e d  f r o m  e l e c t r o l y t i c  coppe r  r e -  
f in ing to p o w d e r  p r o d u c t i o n  a n d  v ice  versa .  Th is  
f l ex ib i l i t y  a l lows  for  c o n s i d e r a b l e  l e e w a y  in o p e r -  
a t i n g  c a p a c i t y  of t h e  two  uni ts .  

A t  t h e  p r e s e n t  t ime ,  s ix  sec t ions  or  g roups  of cells,  
c on t a in ing  16 cel ls  each,  a r e  a v a i l a b l e  for  p o w d e r  
p roduc t ion .  In  add i t ion ,  copper  p o w d e r  is also p r o -  
d u c e d  b y  f o u r - c e l l  l i b e r a t o r  sec t ions  w h i c h  con t ro l  
t he  e l e c t r o l y t e  coppe r  con ten t  by  p l a t i n g  f r o m  t h e  
e l e c t r o l y t e  so lu t ion  i n s t e a d  of f r o m  coppe r  anodes .  
The  cel ls  of four  of t h e  r e g u l a r  sec t ions  a r e  con-  
s t r u c t e d  of wood,  w i t h  a d j a c e n t  ce l ls  h a v i n g  c o m m o n  
s ide  wal l s .  T h e  d imens ions  a r e  11 f t  long  b y  31/2 f t  
w ide  b y  4 f t  h igh  ( I .D. ) .  These  t a n k s  a r e  c o m p l e t e l y  
l ined  w i t h  8-1b, 6% a n t i m o n i a l  lead.  The  r e m a i n i n g  
two  r e g u l a r  sec t ions  and  t h e  l i b e r a t o r s  a r e  m a d e  of 
i n d i v i d u a l  s e l f - s u p p o r t i n g ,  g l a s s - f i be r  r e in fo rced ,  
p o l y e s t e r  cells.  T h e  p l a s t i c  cel ls  a r e  s u p e r i o r  to t h e  
l e a d - l i n e d  cel ls  f r o m  an  e l ec t r i c a l  v i ewpo in t ,  s ince  
s t r a y  c u r r e n t s  and  c u r r e n t  l e a k a g e  a r e  m in imiz e d .  
To e v a l u a t e  p l a s t i c  t a n k s  for  u se  in the  p o w d e r  
p l a n t  s e v e r a l  d i f fe ren t  des ign  and  f a b r i c a t i o n  
m e t h o d s  w e r e  used .  W h i l e  s e v e r a l  un i t s  h a v e  d e m -  
o n s t r a t e d  e x c e l l e n t  s e rv i ceab i l i t y ,  o t h e r  t a n k s  h a v e  
d e v e l o p e d  l e a k s  due  to s e p a r a t i o n  of t he  f i b e r - g l a s s  
l a mina t i ons .  R e p a i r s  to these  t a n k s  is an  a r d u o u s  
t a s k  s ince  i t  is diff icult  to d e t e r m i n e  w h e r e  t he  l e ak  
o r ig ina t e s  in t h e  l a m i n a t e d  s t ruc tu re .  

A l l  cel ls  a r e  s u p p o r t e d  b y  conc re t e  p ie r s  s t a n d i n g  
in  t he  b a s e m e n t  floor. F o r  e l e c t r i c a l  i n s u l a t i o n  f r o m  
the  g round ,  t h e  co lumns  a re  c a p p e d  w i t h  glass  a n d  
a r e  p r o t e c t e d  f rom e l e c t r o l y t e  l e a k s  b y  p l a s t i c  

shie lds .  Each  cel l  is e q u i p p e d  w i t h  a so lu t ion  ou t l e t  
15 in. f r o m  the  b o t t o m  for  p a r t i a l  d r a i n i n g .  This  
out le t ,  in  c o n j u n c t i o n  w i t h  a s t a n d  p ipe  w h i c h  con-  
t ro l s  t h e  so lu t ion  l eve l  in  t h e  t a n k ,  is a lso  u sed  as  an 
ou t l e t  for  the  c i r c u l a t i n g  e l ec t ro ly t e .  A n o t h e r  ou t l e t  
in  t he  ce l l  b o t t o m  is u sed  for  c o m p l e t e  d r a in ing .  

O r i g i n a l l y  t he  sec t ions  w e r e  bu i l t  on two  l eve l s  so 
t h a t  t h e  e l e c t r o l y t e  f lowed f r o m  t h e  t a n k  in  t h e  
u p p e r  t i e r  to t he  l o w e r  l y i n g  p a r a l l e l  t a n k  be fo re  
r e t u r n i n g  to s t o r a g e  for  r ec i r cu l a t i on .  Due  to the  
c h a n g e  in  bo th  c o p p e r  con ten t  and  t e m p e r a t u r e  of  
t he  e l e c t r o l y t e  in  f lowing t h r o u g h  the  two t anks ,  
p o w d e r  depos i t ed  in  t he  l o w e r  sec t ion  was  m u c h  
c oa r se r  and  h e a v i e r .  To o v e r c o m e  th i s  n o n u n i f o r m i t y  
in  p o w d e r  p r o d u c t i o n ,  a l l  sec t ions  a r e  n o w  b u i l t  on 
the  s a m e  l eve l  and  each  t a n k  has  i n d i v i d u a l  c i r c u -  
l a t ion .  E l e c t r o l y t e  is p u m p e d  f r o m  b a s e m e n t  s t o r age  
t a n k s  to an  e l e v a t e d  h e a d  t a n k .  F r o m  t h e r e  i t  f lows 
to m a n i f o l d s  on each  sec t ion  b y  g rav i ty ,  a n d  t hen  
into  t h e  b a c k  and  the  top  of t h e  cell .  Thus  c i r c u l a t i o n  
of e l e c t r o l y t e  in  t he  t a n k s  is top  to bo t tom.  This  
y i e l d s  a finer,  m o r e  h o m o g e n e o u s  p o w d e r  t h a n  b o t -  
t om to top  c i rcu la t ion .  E l e c t r o l y t e  r e t u r n s  to the  
b a s e m e n t  s t o r a g e  b y  g r a v i t y .  

The  ca thodes ,  w h i c h  h a v e  been  the  sub j ec t  of 
c o n s i d e r a b l e  e x p e r i m e n t a t i o n ,  a r e  now 6% a n t i -  
m o n i a l  lead ,  24 x 34 x 3/s in. a n d  w e i g h  a b o u t  150 lb  
each.  P o l i s h e d  copper ,  a l u m i n u m ,  s t a in less  s teel ,  
r o l l e d  and  cast  lead,  as we l l  as  carbon ,  h a v e  been  
t r i e d  b u t  none  p r o v e d  as s a t i s f a c t o r y  as t he  p r e s e n t l y  
used  m a t e r i a l .  F o r  b e t t e r  contact ,  t he se  ca thodes  
a r e  cas t  d i r e c t l y  on the  1/2 x 11/2 x 46 in. coppe r  b a r s  
b y  w h i c h  t h e y  a r e  su spended .  The  l e a d  ca thodes  
h a v e  an  a v e r a g e  l i fe  of s e v e r a l  yea r s .  

Each  cel l  is l o a d e d  w i th  e i g h t e e n  l e ad  ca thodes  at  
a spac ing  of 7 in. centers ,  and  n i n e t e e n  coppe r  anodes  
w h i c h  a r e  h u n g  b e t w e e n  the  ca thodes .  T h e  e lec -  
t rodes  in each  ce l l  a r e  in p a r a l l e l  w i t h  each  o ther ,  
and  t h e  cel ls  and  sec t ions  a r e  in ser ies  w i t h  each  
o ther .  The  bus  b a r s  f rom w h i c h  the  e l ec t rodes  h a n g  
a r e  no tched ,  w h i c h  p r e v e n t s  the  e l e c t rode s  f rom 
sh i f t i ng  and  also g ives  b e t t e r  contact ,  p e r m i t t i n g  
20% h i g h e r  a m p e r a g e  ope ra t ion .  

P o w e r  is s u p p l i e d  to  t h e  cel ls  b y  a 1500 k w  m o t o r  
g e n e r a t o r  set  a t  10,000-13,000 amp,  the  p o w e r  be ing  
c o n d u c t e d  to the  cel ls  b y  a 21 s q u a r e  inch  bus  bar .  
A t  12,000 amp ,  t h e  c u r r e n t  d e n s i t y  on the  anodes  is 
50 a m p / f t  ~. 

D u r i n g  e lec t ro lys i s ,  some of t h e  depos i t ed  p o w d e r  
s loughs  off and  fa l l s  to t he  b o t t o m  of  the  cell .  To 
p r e v e n t  s h o r t  c i r c u i t i n g  b e t w e e n  anodes  and  c a t h -  
odes,  caus ing  a dec rea se  in  c a thode  c u r r e n t  d e n s i t y  
and  depos i t i on  of  l a r g e  pa r t i c l e s ,  the  ca thodes  a r e  
b r u s h e d  d o w n  p e r i o d i c a l l y  w i t h  a long  h a n d l e d  
r u b b e r  squeegee .  S e v e r a l  o the r  m e t h o d s  such as 
con t inuous  v i b r a t i n g ,  shak ing ,  a n d  h a m m e r i n g  h a v e  
been  t r ied ,  b u t  n o n e  has  been  p r a c t i c a b l e .  

A t  t h e  end  of t he  t h r e e - d a y  o p e r a t i n g  cycle  t he  
p o w e r  is t u r n e d  off in t ha t  p a r t i c u l a r  sect ion.  The  
e l e c t r o l y t e  is d r a i n e d  to a l eve l  j u s t  a b o v e  the  top  
of t h e  p o w d e r .  The  anodes  and  ca thodes  a r e  w a s h e d  
d o w n  a n d  r e m o v e d  f r o m  t h e  cel ls  b y  an  o v e r h e a d  
c r a n e  w h i c h  se rv ices  t he  en t i r e  p o w d e r  sect ion.  The  
b o t t o m  ou t l e t  is o p e n e d  and  the  r e m a i n i n g  e l e c t r o -  
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lyte  d ra ined  f rom the tank  along wi th  a smal l  
amount  of powder  which is l a te r  c leaned f rom the  
solution launders .  

The powder  is scooped f rom the bot tom of the 
cell by  a motor ized c lam-she l l  bucke t  a t tached  to 
the overhead crane. Damage to the  cell bot tom is 
p reven ted  by wooden or plast ic  boards  placed in the 
cell. 

The subsequent  powder  washing opera t ion  is one 
of the most impor tan t  steps in the  whole product ion  
cycle. Al l  t races  of e lec t ro ly te  must  be removed  f rom 
the powder,  otherwise an impure  and easi ly oxidiz-  
able ma te r i a l  wil l  be produced.  In addit ion,  any  
sulfate  remain ing  in the powder  wil l  cause repea ted  
breakdowns  in the e lect r ica l ly  hea ted  furnaces used 
in the finishing operation.  Unti l  severa l  years  ago, 
a 40-in. ba tch  type  Tolhurs t  centr i fuge was used to 
remove the e lec t ro ly te  from the wet  powder,  fol-  
lowed by  a clean wate r  wash. Due to the high speed 
of the centrifuge,  the powder  was compacted causing 
par t ic les  to densify, mak ing  product ion  of low densi ty  
powder  impossible.  Product ion of low densi ty  pow-  
der was possible only by percola t ion washing  in 
wooden boxes. Due to channeling,  washing was 
f requent ly  poor, and consequent ly  t ime-consuming  
to achieve complete  removal  of electrolyte.  

A system of washing and dewater ing  has been 
developed which improves  the copper powder  opera -  
t ion immensely.  The present  system, which is oper -  
a t ing ve ry  efficiently, involves dumping  of the  pow-  
der from the c lam-she l l  bucket  into a 400 cubic 
foot tank.  Wate r  is added to s lu r ry  the powder  
which is then pumped  by a Wilfley centr i fugal  pump 
to one of two 400 cubic foot surge tanks.  Here, the 
s lu r ry  is ad jus ted  to the proper  consistency and then 
pumped  to a 60 in. d iamete r  hor izonta l  Oliver  con- 
t inuous filter. The filter dewaters  the s lurry,  washes 
it twice wi th  clean water ,  and then dewaters  it  to 
about 20% moisture.  A ro ta t ing  screw removes the 
moist  powder  f rom the filter. 

Since the  densi ty  rat io of powder  to solution is 
app rox ima te ly  8:1, special  precaut ions  must  be 
taken  to p reven t  set t l ing of powder  in pipes, tanks,  
pumps,  valves,  etc. Al though considerable  p r e l imi -  
na ry  test  work  was done to de te rmine  cr i t ical  ve -  
locities and powder  character is t ics  af ter  pumping,  
a lengthy  s t a r t -up  per iod was needed in the p lan t  
before  t roub le - f r ee  operat ion was obtained.  The 
i r r egu la r  s t ruc ture  of the  powder  complicated m a t -  
ters even more, since once powder  s tar ts  to set t le  
out in the system, the powder  par t ic les  in ter lock 
resul t ing  in a ve ry  solid and h a r d - t o - r e m o v e  plug. 

Al l  equipment  ex te rna l  to the cells is constructed 
of stainless steel type  316 and has given sa t is factory  
service. 

Because of the low acid content  and re la t ive ly  
low t e m p e r a t u r e  of the  electrolyte ,  as well  as the 
high resis tance of the lead  cathodes and high cu r -  
ren t  densi ty  used, the  power  consumption is con- 
s iderab ly  higher  than  for  copper refining. The ave r -  
age vol tage per  t ank  is 0.9-1.1 v compared  to 
no rma l ly  less than  0.25 v for copper  refining. The 
ampere  efficiency at  the anode is in excess of 95%, 
but  at  the cathode it is somewhat  less than  90% 

because of the deposition of hydrogen and relatively 
rapid redissolution of fine copper powder. 

Preparation 
The wet  powder,  which oxidizes read i ly  because 

of its finely d iv ided  s tate  and active surface, is now 
ready  for  the finishing operations.  Cer ta in  of its 
propert ies ,  especial ly the  apparen t  densi ty  and the 
dimensional  change on sintering,  have been produced 
in the powder  dur ing electrodeposi t ion.  To produce  
an acceptable  grade of powder ,  however ,  a furnacing 
operat ion fol lowed by gr inding and screening with  
subsequent  blending of the finished powder  is 
needed. 

As in the  e lectrolyt ic  operations,  considerable  
improvements  have been made in the  processing 
division. When operat ions were  begun in 1932, 6-in. 
tube  furnaces were  used to t rea t  the powder.  Smal l  
boats held the wet  powder  and were  pushed through 
the furnace  by hand. As demand  increased and 
be t te r  equipment  became avai lable ,  the first of a 
series of four  cha in -d r iven  pan furnaces was in-  
s tal led in 1937. These furnaces are 60 ft ove r -a l l  in 
length having a three-sect ion,  30-ft  e lec t r ica l ly  
heated zone and a 30-ft wa te r  j acke ted  cooling zone. 
Manua l ly  filled and compacted p a p e r - l i n e d  copper 
pans were used to hold the  powder.  In order  to 
meet  increasing demand and to achieve improved  
product ion methods,  a mesh bel t  fu rnace  was in-  
s ta l led in 1951 to supercede the p a n - t y p e  furnaces.  
Various other improvements  were  also made  in the  
gr inding  and classifying system. 

Due to the locat ion of the  e lectrolyt ic  product ion 
unit  and the processing plant ,  the f i l tered product  
must  p resen t ly  be t r anspor ted  to the  finishing d iv i -  
sion. A ten- ton  fork lift  t ruck  which carr ies  three 
boxes pe r  t r ip  is used for this job. Pumping  has 
been considered, but, because of the difficulties en-  
countered in even the short  distance pumping  in the  
t ank  house, improved  systems must  be developed 
before this wil l  be feasible.  Added  factors are the 
possible and ve ry  p robab le  de t r imen ta l  changes tha t  
long distance pumping  wil l  have  on powder  charac-  
terist ics.  

Powder  is dumped  from the t ransfe r  boxes into 
the charge hopper  of the  mesh be l t  furnace.  Dimen-  
sions for this furnace  are ident ical  to the  above 
descr ibed pan furnaces.  The continuous mesh belt ,  
made  of Cambr i loy  25-20 al loy wire, is d r iven  by  a 
var iab le  speed dr ive  and operates  at  1-7 in . /min .  
To prevent  wet  powder  f rom fal l ing through the 
belt ,  a continuous high wet  s t rength  paper  sheet is 
in terposed be tween  the be l t  and the powder.  A 
ro l le r  af ter  the charge hopper  compresses the  powder  
to improve  heat  t ransfe r  and to p reven t  loose pow-  
der f rom fal l ing off the belt .  Af te r  the bel t  enters  
the furnace and al l  w a t e r  has been dr iven  off, the  
paper  burns,  but  by  this t ime the powder  has s in-  
te red  sufficiently to p reven t  any  of it  f rom fal l ing 
th rough  the meshes of the  belt .  

Furnace  a tmosphere  is produced in exothermic  
gas producing units. ~ Na tu ra l  gas and air  are burned  
in a rat io  of app rox ima te ly  1:6 to give a gas con- 

G e n e r a l  E lec t r ic  Co. 
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t a i n ing  17% H~, 12% CO, 4% CO~, b a l a n c e  N_.. R e -  
f r i g e r a t i o n  l ower s  t h e  d e w p o i n t  to  30~176  Gas  
is fed  to the  f u r n a c e  c o u n t e r - c u r r e n t l y ,  w h i c h  i m -  
p roves  r e d u c t i o n  and  i m p r o v e s  cool ing  of the  cake.  

The  f u r n a c e  o p e r a t i o n  accompl i shes  t h e  fo l l owing :  
(a)  d r y i n g  the  p o w d e r ;  (b)  r e d u c i n g  ox ide ;  (c)  
s i n t e r i n g  the  fines; (d )  a l t e r i n g  p h y s i c a l  p r o p e r t i e s  
i nc lud ing  a p p a r e n t  d e n s i t y  and  s in t e r i ng  c h a r a c -  
te r i s t ics .  

By v a r y i n g  f u r n a c i n g  t e m p e r a t u r e  b e t w e e n  900 ~ 
1450~ and  c o n c u r r e n t l y  v a r y i n g  f u r n a c i n g  t i m e  b y  
c h a n g i n g  the  be l t  speed,  l a r g e  changes  in  t he  a m o u n t  
of fines, t h e  a p p a r e n t  dens i ty ,  a n d  to some e x t e n t  
the  d i m e n s i o n a l  c h a n g e  c h a r a c t e r i s t i c s  can  be  e f -  
fec ted .  This  f u r n a c i n g  o p e r a t i o n  is c o n s e q u e n t l y  t he  
second  po in t  w h e r e  p o w d e r  p r o p e r t i e s  can  be  
changed  to m e e t  f inal  specif ica t ions .  

D e p e n d i n g  on f u r n a c e  condi t ions ,  t he  s i n t e r e d  
p o w d e r  d i s cha rges  as  a soft  to a h a r d  c a k e  w h i c h  
canno t  b e  b r o k e n  b y  hand .  D i s c h a r g e  t e m p e r a t u r e  
is m a i n t a i n e d  low e n o u g h  to p r e v e n t  r e - o x i d a t i o n  
of the  p o w d e r .  As  t h e  cake  d i scharges ,  i t  is b r o k e n  
b y  g r a p p l i n g  hooks  and  g iven  a p r e l i m i n a r y  c r u s h i n g  
in  a 40 hp  h a m m e r  mi l l  to 1/4 in. The  c ru she d  cake  
is n e x t  l i f t ed  to t he  m a i n  g r i n d i n g  s y s t e m  b y  a 
b u c k e t  e l eva to r .  

F i n e  g r i n d i n g  is done  b y  M i k r o - P u l v e r i z e r s .  These  
a r e  h i g h - s p e e d  w a t e r - c o o l e d  h a m m e r  mi l l s  e q u i p p e d  
w i t h  S t e l l i t e  f aced  h a m m e r s .  F e e d  r a t e  to t h e  mi l l s ,  
t h e  mi l l  speed,  and  the  sc reen  open ing  u n d e r  t h e  
m i l l  can a l l  b e  v a r i e d  to o b t a i n  t h e  d e s i r e d  p o w d e r  
cha rac te r i s t i c s .  N o r m a l  o p e r a t i n g  cond i t ions  a re :  ( a )  
3000 - 4500 r p m ;  (b)  500 - 1000 l b / h r  mi l l ;  (c)  
1 /16 -  3 /32- in .  sc reen  open ing ;  (d )  sc reen  ho le  
shape :  round ,  e l l ip t i ca l ,  slots.  

The  g r i n d i n g  o p e r a t i o n  becomes  the  t h i r d  o p e r a -  
t ion  w h e r e  p o w d e r  c h a r a c t e r i s t i c s  can  be changed .  
Each  g r i n d i n g  s y s t e m  consis ts  of two  M i k r o - P u l v e r -  
izers  in ser ies .  One  or  bo th  un i t s  can  be  used  to g r i n d  
the  p o w d e r ,  d e p e n d i n g  on the  t y p e  des i red .  The  
g r o u n d  p o w d e r  is t hen  m o v e d  to sc reen  hoppe r s .  
These  d i s c h a r g e  into S p r o u t  W a l d r o n  bo l t i ng  r ee l  
sc reens  e q u i p p e d  w i t h  a b e a t e r  a rm.  Overs ize  p o w -  
d e r  f rom the  sc reen  is r e t u r n e d  to a s e c o n d a r y  
g r i n d i n g  s y s t e m  w h i c h  aga in  consis ts  of two  M i k r o -  
P u l v e r i z e r s  and  screen.  T h e  m i n u s  100 m e s h  p o w d e r  
is n e x t  c lass i f ied  in  a G a y c o  a i r  classif ier .  F ines  f rom 
th is  un i t  a r e  co l lec ted  in 24-ga l  d r u m s  and  m o v e d  to 
t h e  b l e n d i n g  floor. Overs ize  f r o m  the  a i r  c lass i f ier  
can  e i t he r  be  r e m o v e d  f r o m  t h e  s y s t e m  or, if d e -  
s i red,  be  a g a i n  r e t u r n e d  to the  g r i n d i n g  sys tem.  

The  g r i n d i n g  and  c l a s s i fy ing  s y s t e m  consis ts  of 
seven  b a n k s  of M i k r o - P u l v e r i z e r s ,  screens ,  a i r  c l a s -  

sifters, and  the  n e c e s s a r y  b u c k e t  e l e v a t o r s  and  sc rew 
conveyors .  G r o u n d  m a t e r i a l  s t a r t s  in  the  f i rs t  uni t ,  
and  overs ize ,  or  m a t e r i a l  for  r e g r i n d i n g  to change  
i ts  cha rac te r i s t i c s ,  is t hen  g r o u n d  and  class i f ied 
p r o g r e s s i v e l y  t h r o u g h  t h e  w h o l e  sys tem.  The  p r o d u c t  
f r o m  the  f inal  un i t  has  been  w o r k e d  c o n s i d e r a b l y  
and represents the highest density material pro- 
duced. Its apparent density is above 3.5 g/cc and its 
application is for specialized uses. Oversize from 
this system is rejected and sent to the casting build- 
ing for remelting. 

Powder that discharges from the system is stored 
in closed drums to which silica gel containers are 
added to control humidity and prevent oxidation. 
Each drum of powder is sampled and its weight, 
apparent density, flow, and screen characteristics 
recorded. 

To produce a lot of finished powder to meet cus- 
tomer specifications, the correct type of powder is 
selected from the storage drums and mixed in one of 
three Gemco double cone blenders. The lot size is 
generally 20,000 Ib/blender charge and, before a 
lot is withdrawn from the blender into shipping 
drums, all specifications have been checked by the 
Control Department and approved for shipment. 

In order to control all phases of the operation, a 
well-equipped production control laboratory is 
maintained. The control laboratory checks both 
electrolytic and finishing operations and the fol- 
lowing samples are taken and tested. 

i. Daily composite of cell powder: Tested for 
particle size distribution, flow, and apparent density. 

2. Electrolyte sample: Tested for copper content 
and acidity. 

3. Daily composite of filtered powder: Tested for 
washing, particle size, flow, apparent density, di- 
mensional change on sintering, and sintered strength. 

4. Hourly furnace discharge cake: Tested for 

temperature. 

5. Shift composite of discharge: Analyzed for 
oxygen content. 

6. Daily composite of furnace production: Tested 
for particle size distribution, apparent density, 
oxygen content, dimensional change on sintering, 
and sintered strength. 

7. Daily composite of finished production lots: 
Tested for chemical assay: Cu, Pb, O.~, C, S, HNO, 
insol., grease. 

8. Daily composite of main finished powder pro- 
duction: Tested for screen analysis, flow, apparent 
density, and dimensional change on sintering. 

Table IV. Powder specifications 

Type  

Appa ren t  
density,  

g / cc  

Screen analys is  
Flow, Dimens iona l  

sec/50g + 100 m e s h  --325 m e s h  change,  % Cu 

Chemica l  analys is  % 

H~ loss HNOs insol. 

LC 
C 
A 
B 
U 
HM 
AJL 

1.5-1.75 
2.1-2.5 
2.4-2.6 
2.5-2.6 
2.5-2.6 
2.6-2.7 
3.5-4.0 

(Scott)  
(Scott)  

32 Max. 
32 Max. 
35 Max. 
35 Max. 
24 Max. 

0.1 Max. 90 Min. - -  
0.1 Max. 90-95 Min. - -  
0.5 Max. 22-32 
0.2 Max. 43-53 
0.2 Max. 55-65 0.3-1.8 
0.2 Max. 60-70 
0.8 Max. 35-45 

99.0 Min. 0.75 Max. 0.03 Max. 
99.0 Min. 0.75 Max. 0.03 Max. 
99.5 Min. 0.30 Max. 0.03 Max. 
99.5 Min. 0.30 Max. 0.03 Max. 
98.4 0.40 Max. 0.03 Max. 
99.25 0.50 Max. 0.03 Max. 
99.25 0.30 0.03 Max. 
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9. M o n t h l y  compos i t e  of f in ished  p r o d u c t i o n  lo ts :  
Tes t ed  for  t ens i l e  s t r e n g t h  and  g r e e n  s t r eng th .  

10. P r o d u c t i o n  lots :  Tes ted  for  s c r een  ana lys i s ,  
a p p a r e n t  dens i ty ,  flow, d i m e n s i o n a l  change  on  s in -  
t e r ing ,  g r e e n  s t r eng th ,  and  c h e m i c a l  assay .  

This  a m o u n t  of t e s t i ng  has  b e e n  f o u n d  n e c e s s a r y  
to g ive  a s a t i s f a c t o r y  d e g r e e  of con t ro l  ove r  a l l  
ope r a t i ons  and  to a s s u r e  cons i s t en t  u n i f o r m  p o w d e r  
p roduc t ion .  

T a b l e  IV shows  some of t h e  t y p e s  of p o w d e r  p r o -  
duced.  These  r a n g e  f r o m  the  v e r y  l i g h t  a n d  fine L C  
t y p e  to t he  h e a v y  a n d  coarse  m a t e r i a l  w h i c h  is 
d e s i g n a t e d  AJL .  A l l  o t h e r  g r ades  p r o d u c e d  l ie  b e -  
t w e e n  these  types .  

To s u p p l e m e n t  t he  con t ro l  sect ion,  a f u l l y  e q u i p p e d  
p o w d e r  r e s e a r c h  l a b o r a t o r y  is also m a i n t a i n e d .  This  
un i t  has  t h e  r e s p o n s i b i l i t y  of d e v e l o p i n g  a n d  i m -  
p r o v i n g  p r o d u c t i o n  m e t h o d s  and  to ass is t  the  o p e r a -  
t ions  gene ra l l y .  S ince  the  U n i t e d  S t a t e s  Meta l s  
Ref in ing  C o m p a n y  also p r o d u c e s  o t h e r  powder s ,  t he  
l a b o r a t o r y  has  un i t s  for  p r o d u c i n g  a t o m i z e d  p o w d e r s ,  

and  an  e l e c t ro ly t i c  sec t ion  w h i c h  consis ts  of e l e c t r o -  
p l a t i n g  t a n k s  w h i c h  r a n g e  in size f r o m  b a t t e r y  j a r s  
to fu l l  size uni ts .  The  l a b o r a t o r y  is also f u l l y  e q u i p -  
p e d  w i t h  p resses  and  s i n t e r i n g  fu rnaces  to s t u d y  t h e  
effect of a l l  p roces s ing  v a r i a b l e s  on f in i shed  p r o d u c t  
cha rac te r i s t i c s .  P rocess  v a r i a b l e s  can  c o n s e q u e n t l y  
be  f u l l y  e v a l u a t e d  in  t h e  l a b o r a t o r y  be fo re  l a r g e  
scale  tes t s  a r e  m a d e  in t he  p r o d u c t i o n  uni t .  

Manuscr ip t  rece ived  Oct. 13, 1958. This pape r  was 
p repa red  for de l ive ry  before  the Buffalo Meeting,  Oct. 
6-10, 1957. 

A n y  discussion of this  paper  wi l l  appear  in a Discus-  
sion Section to be publ i shed  in the December  1959 
JOURNAL. 
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Co n nun ca$ on @ 
The Structure of AgO 

Alvin J. Salkind and William C. Zeek 
The Electric Storage Battery Company, Research Center, Yardley, Pennsylvania 

The  s t r u c t u r e  of s i lve r  ox ide  (AGO) has  been  of 
i n t e r e s t  to m e m b e r s  of the  Soc ie ty  as e v i d e n c e d  b y  
r e c e n t  a r t i c l e s  (1)  in  t he  Journal, and  b y  d iscuss ions  
a t  t he  O t t a w a  Meet ing .  

We w o u l d  l i ke  to d r a w  the  a t t e n t i o n  of r e a d e r s  of 
th is  Journal to a g roup  of r e s e a r c h e r s  whose  e a r l i e r  
c o n t r i b u t i o n s  to th is  f ield a r e  o f t en  ove r looked .  W e  
r e f e r  to t he  w o r k  of V l a d i m i r o  S c a t t u r i n  and  his  as -  
socia tes  a t  t he  U n i v e r s i t y  of  P a d u a .  The i r  mos t  r e -  
cen t  p a p e r  was  e n t i t l e d  "The  C r y s t a l l i n e  S t r u c t u r e  
of AGO" (2) .  

T h e y  i n v e s t i g a t e d  the  c r y s t a l  s t r u c t u r e  of A g O  u s -  
ing  b o t h  coppe r  and  i ron  r a d i a t i o n  a n d  l i s t ed  in  
t h e i r  p a p e r  36 ref lec t ions  o b t a i n e d  w i t h  F e  K a  r a d i -  
a t ion.  T h e y  w e r e  ab le  to i n d e x  a l l  t he se  ref lec t ions  
b y  the  I to  m e t h o d  and  conc luded  t h a t  t h e  c o m p o u n d  
was  monoc l in ic ,  S p a c e  G r o u p  C~ 8 h = C 2 /C  w i t h  t h e  
fo l lowing  p a r a m e t e r s .  

a ~ 5.852A b z 3.478 c z 5.49~ 
fl = 107~ ' V z 106.7A 8 Z ~ 4 

The  a u tho r s  also d iscuased  the  pos i t i on  of t he  
a toms  a n d  conc luded  t ha t  w i t h  t he  a toms  as fo l lows :  

4 A g i n  u 1/4, 0; 3/~, 1/4 , 1/2 ; _~ (000;  1//2, 1~2, 0) 

4 0  in 0, Y, 1/4; 0, Y, 3/4; ~- (000; 1~, � 89  0) 

the  mos t  p r o b a b l e  v a l u e  for  t he  p a r a m e t e r  Y was  
0.084. 

C o m p a r i s o n s  a r e  also d r a w n  w i t h  the  spac ings  
c o m m o n l y  f o u n d  in o t h e r  s i l ve r  compounds .  
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Oxidation of Aqueous Ferrous Sulfate by Glow Discharge 
H. A. Dewhurst, J. F. Flagg, and P. K. Watson 

Research Laboratory, General Electric Company, Schenectady, New York  

A v a r i e t y  of c h e m i c a l  r e ac t i ons  m a y  be  p r o d u c e d  
in  aqueous  so lu t ion  b y  " g l o w  d i s c h a r g e  e l ec t ro lys i s . "  
The  o b s e r v e d  c h e m i c a l  effects h a v e  b e e n  a t t r i b u t e d  
to ions w h i c h  a r e  p r o d u c e d  in  t he  v a p o r  p h a s e  b y  

the  d i s cha rge  (1 -3 ) .  I t  is w e l l  k n o w n  t h a t  in  g low 
d i scha rges  s e v e r a l  c h e m i c a l l y  ac t ive  species  a r e  
f o r m e d  in a d d i t i o n  to t he  ions. These  i nc lude  a toms,  
r ad ica l s ,  m e t a s t a b l e s ,  as w e l l  as photons ,  a l l  of 
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w h i c h  can,  u n d e r  f a v o r a b l e  condi t ions ,  p r o d u c e  
c h e m i c a l  r e ac t i ons  in  aqueous  solut ion .  W e  h a v e  r e -  
c en t l y  c a r r i e d  out  e x p e r i m e n t s  w h i c h  w e r e  d e s i g n e d  
to d i f f e r en t i a t e  b e t w e e n  the  e f fec t iveness  of t he  pos i -  
t ive  ions a n d  of the  e l e c t r i c a l l y  n e u t r a l  spec ies  in 
t he  g low d i s cha rge  o x i d a t i o n  of f e r rous  su l fa te .  The  
p o r t i o n  of the  t o t a l  o x i d a t i o n  a t t r i b u t a b l e  to c h a r g e d  
species  was  d e t e r m i n e d  b y  i n t e r p o s i n g  a p l a t i n u m  
gr id  b e t w e e n  the  d i s c h a r g e  po in t  a n d  the  solut ion.  
The  g r id  was  used  as the  n e g a t i v e  e l ec t rode  in the  
cel l  so t h a t  i t  co l lec ted  the  pos i t i ve  ions f r o m  the  
d i scharge .  H o w e v e r ,  because  of i ts  open  c o n s t r u c -  
t ion,  it  h a d  v e r y  l i t t l e  effect on the  e l e c t r i c a l l y  n e u -  
t r a l  species.  

The  d i s c h a r g e  cel l  was  s im i l a r  to  t h a t  u sed  b y  
H i c k l i n g  and  L i n a c r e  (2)  w i t h  the  e x c e p t i o n  of t he  
g r id  and  the  fac t  t h a t  t he  p l a t i n u m  ca thode  was  
p l a c e d  d i r e c t l y  in t he  aqueous  solut ion.  The  a n o d e  
was  a s t a in less  s tee l  h y p o d e r m i c  need l e  s i t u a t e d  a p -  
p r o x i m a t e l y  1.0 cm above  the  su r face  of t he  so lu-  
t ion.  D e a e r a t e d  0.01M fe r rous  a m m o n i u m  su l f a t e  
so lu t ions  (5-10 m l )  1.0N in H~SO, w e r e  used.  The  
a m o u n t  of o x i d a t i o n  was  d e t e r m i n e d  b y  s p e c t r o -  
p h o t o m e t r i c  m e a s u r e m e n t  of f e r r i c  ion  a t  305 m/~ 
(4 ) .  The  t o t a l  c u r r e n t  was  m e a s u r e d  w i t h  a K e i t h l e y  
e l e c t r o m e t e r .  O x i d a t i o n  y i e ld s  a r e  r e p o r t e d  in t e r m s  
of t he  n u m b e r  of e q u i v a l e n t s  of f e r r i c  ion p r o d u c e d  
p e r  F a r a d a y  of  charge .  E x p e r i m e n t s  w e r e  c a r r i e d  
out  a t  a b o u t  25 m m  p r e s s u r e  u n d e r  w h i c h  condi t ions  
t he  d i s c h a r g e  o p e r a t e d  in  w a t e r  vapor .  O t h e r  e x -  

Table I. Glow discharge oxidation of aqueous ferrous sulfate 
Fe ~+ ~ O.01M in 1.ON H~SO~ 

Pressure ,  Vol tage ,  Cur r en t ,  
m m  Hg k v  /~amp 
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p e r i m e n t s  w e r e  c o n d u c t e d  at  760 m m  p r e s s u r e  w i t h  
e i t h e r  a s ta t ic  or  f lowing (3 l i t e r s / m i n )  a t m o s p h e r e  
of p u r e  n i t rogen .  The  re su l t s  of these  e x p e r i m e n t s  
a r e  s h o w n  in T a b l e  I. 

Resu l t s  a t  l ow  p r e s s u r e  show tha t  spec ies  r e m o v e d  
b y  the  g r id  accoun t  for  a t  l eas t  95% of the  o b s e r v e d  
ox ida t ion .  The  i n v e r s e  d e p e n d e n c e  of t he  o x i d a t i o n  
y i e l d  on c u r r e n t  w i l l  be  d i scussed  in  a l a t e r  p u b l i -  
cat ion.  W e  no te  t h a t  y i e lds  u n d e r  our  cond i t ions  a r e  
g r e a t e r  t han  y ie lds  o b s e r v e d  b y  H i c k l i n g  a n d  L i n -  
ac re  (2) .  

Resu l t s  a t  760 m m  p r e s s u r e  u n d e r  s ta t ic  cond i t ions  
show t h a t  a b o u t  60% of t he  o x i d a t i o n  could  be  ac -  
c oun t e d  for  b y  spec ies  r e m o v e d  b y  the  gr id .  U n d e r  
f low condi t ions ,  h o w e v e r ,  t he  g r id  prevented a b o u t  
90% of t he  ox ida t ions .  W e  a t t r i b u t e  t he  d e c r e a s e d  
e f fec t iveness  of t h e  g r id  u n d e r  s t a t i c  cond i t ions  to 
t he  p r e s e n c e  of w a t e r  v a p o r  in the  d i s c h a r g e  region .  
I n  o t h e r  e x p e r i m e n t s  i t  was  o b s e r v e d  t h a t  u n d e r  
flow cond i t ions  p r e s a t u r a t i o n  of  t he  n i t r o g e n  w i t h  
w a t e r  i n c r e a s e d  t h e  y i e l d  to t h a t  o b t a i n e d  u n d e r  
s t a t i c  condi t ions .  

I n  connec t ion  w i t h  these  s tud ies  w e  h a v e  also e x -  
a m i n e d  the  effect of v a r i o u s  gases,  f e r rous  su l f a t e  
concen t r a t ion ,  and  p o l a r i t y  on the  y ie lds .  A n  osc i l -  
l o g r a p h i c  s t u d y  has  been  m a d e  of t h e  e l e c t r i c a l  
c h a r a c t e r i s t i c s  of t he  d i scharge ,  u n d e r  cond i t ions  
used  in  these  e x p e r i m e n t s .  De ta i l s  of these  and  r e -  
l a t e d  s tud ies  wi l l  a p p e a r  in a s u b s e q u e n t  p u b l i c a -  
t ion.  
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The Anodic Oxides of Lead 
Jeanne Burbank 

U. S. Naval Research Laboratory, Washington, D. C. 

ABSTRACT 

The anodic oxides fo rmed  on lead  under  va ry ing  poten t ia l  and pH were  
identif ied by  x - r a y  and e lec t ron diffraction. Pure  lead specimens were  anodized 
at  selected constant  potent ia ls  to develop anodic coatings of sufficient th ickness  
to give s t rong x - r a y  pat terns .  The domains  of occurrence of: a and  /~ PbO~, 
ye l low and red  PbO, and the in t e rmed ia te  oxides, Pb30,, and  PbOx were  de te r -  
mined  for  acid and a lka l ine  electrolytes .  The in t e rmed ia t e  oxides are  not  be -  
l ieved to be direct  anodic oxides, bu t  to r ep resen t  chemical  react ion products .  
The occurrence of cer ta in  of the  oxides  m a y  be a t t r i bu tab le  to an in i t ia l  e lec-  
t rochemical  oxidat ion  of water .  The identif icat ions have been presented  in po-  
t en t i a l -pH phase diagrams.  

Co inc iden t  w i t h  a s t u d y  of t he  pos i t i ve  g r id  co r -  
ros ion  of the lead-acid storage cell, the anodic oxides 
formed on lead at various potentials in H~SO, were 
identified by x-ray and electron diffraction (1, 2). 
Considered in the light of the potential-pH phase 
diagrams for the .system (3), it became evident that 
certain aspects of the diagrams could be verified by 
application of diffraction techniques to anodic prod- 
ucts formed on lead under controlled conditions of 
potential and pH. Furthermore, it was of interest to 
know which of the many oxides of lead occur as di- 
rect anodic products. 

The potential-pH diagram is an isothermal phase 
diagram showing the various valence states of a 
metal, solubilities of oxides and salts, areas of ther- 
modynamic stability of solid phases, ionic species, 
and their homogeneous and heterogeneous equi- 
libria. The  o r i g i n a l  p r e s e n t a t i o n  of t he  d i a g r a m s  for  
t he  l e a d  s y s t e m  (3) was  b a s e d  on a v a i l a b l e  t h e r m o -  
d y n a m i c  i n fo rma t ion .  This  p r e s e n t  s t u d y  was  u n d e r -  
t a k e n  to i d e n t i f y  t he  so l id  o x i d e  phase s  a p p e a r i n g  on 
l e ad  as anod ic  p r o d u c t s  and  to e x p a n d  the  use fu lnes s  
of t he  d i a g r a m s  b y  ve r i f i ca t ion  of  t he  s t a b l e  a n d  
m e t a s t a b l e  equ i l i b r i a .  In  add i t ion ,  i t  was  d e s i r e d  to 
c l a r i f y  t he  a p p a r e n t  t h e r m o d y n a m i c  a n o m a l y  of t he  
s i m u l t a n e o u s  o c c u r r e n c e  of  t h e  two  c r y s t a l l o g r a p h i c  
modi f i ca t ions  of PbO~ a n d  of t e t r a g o n a l  P b O  as 
anodic  p r o d u c t s  on l e a d  in  ac id  solu t ions ,  a n d  r e l a t e  
the  k n o w n  co r ros ion  d o m a i n s  to those  p r e d i c t e d  on 
the  bas is  of t h e  d i a g r a m s .  

L e a d  f o r m s  a n u m b e r  of ox ides  a n d  T a b l e  I p r e -  
sents  s e l ec t ed  r e f e r e n c e s  (4-24)  a n d  the  d e s i g n a t i o n s  
used  in th is  r epor t .  A n  e x h a u s t i v e  l i s t i ng  has  no t  
been  a t t e m p t e d .  The  h y d r a t e d  l e a d  m o n o x i d e s  h a v e  
no t  been  i n c l u d e d  b e c a u s e  these  m a t e r i a l s  a r e  no t  
w e l l - e s t a b l i s h e d  c r y s t a l l o g r a p h i c  iden t i t i e s .  B y s t r o m  
(25) has  p r e s e n t e d  a s u r v e y  of t he  s t e r o c h e m i s t r y  
of the  l e a d  oxides .  

P r e v i o u s  s tud ies  h a v e  i n d i c a t e d  t h a t  t he  c o r r o -  
s ion p rocesses  on the  l e a d  a n o d e  in  H~SO~ a t  s e l ec t ed  
pos i t i ve  p o t e n t i a l s  i n c l u d e d  a g roup  of r e a c t i o n s  
qu i t e  d i s t i nc t  f r o m  the  r e v e r s i b l e  PbO~, P b S O ,  a n d  
Pb,  PbSO,  e l ec t rode  r eac t i ons  (1, 2, 26-28) .  In  o r d e r  
to c l a r i f y  f u r t h e r  t he  anod ic  co r ros ion  r eac t i ons  on 

lead ,  th is  d e t a i l e d  iden t i f i ca t ion  of t he  anod ic  p r o d -  
uc t s  was  u n d e r t a k e n .  

Experimental 
The  anodic  depos i t s  f o r m e d  on l e a d  a t  c on t ro l l ed  

p o t e n t i a l  and  p H  w e r e  d e t e r m i n e d  b y  p o l a r i z i n g  
p u r e  l e a d  s h e e t  u n d e r  f ixed cond i t ions  a n d  i d e n t i f y -  
ing  the  anod ic  p r o d u c t s  b y  x - r a y  a n d  e l e c t r o n  d i f -  
f r a c t i o n  p a t t e r n s  t a k e n  b y  ref lec t ion  f r o m  the  a n o -  
d ized  sur faces .  The  s t a n d a r d  d i f f r ac t ion  p a t t e r n s  
used  for  i den t i f i ca t ion  a r e  f o u n d  in t h e  X - r a y  P o w -  
de r  D a t a  F i l e  (29) o r  in  one or  m o r e  of t h e  r e f e r -  
ences  c i ted  for  each  ox ide  in  T a b l e  I. 

The  e l e c t r o l y t e s  used  in th is  .s tudy w e r e  m a d e  
f r o m  C. P. chemica l s  and  d i s t i l l ed  w a t e r .  In  the  so lu-  
t ions  n e a r  n e u t r a l  l i m i t e d  a m o u n t s  of CO2 d id  no t  
i n t e r f e r e  w i t h  t he  obse rva t ions .  In  o r d e r  to check  
th is  a f ew  e x p e r i m e n t s  w e r e  c a r r i e d  ou t  w i t h  f r e s h l y  
bo i l ed  d i s t i l l ed  w a t e r  and  K O H  Very low in COs, in  
a c losed  cell .  The  r e su l t s  of these  anod ic  t es t s  w e r e  
i d e n t i c a l  w i t h  those  o b t a i n e d  in  f r e sh  so lu t ions  w i t h  
n o m i n a l  c o n c e n t r a t i o n s  of CO~. F r e s h  K O H  so lu t ion  
was  p r e p a r e d  for  each  r u n  in  w h i c h  i t  was  used.  
Va lues  of r e f e r e n c e  e l e c t r o d e  p o t e n t i a l s  w e r e  t a k e n  
f r o m  the  l i t e r a t u r e  (30 -33) .  

A B e c k m a n n  p H  m e t e r  u s i n g  a g lass  e l ec t rode ,  
s a t u r a t e d  c a lome l  r e f e r e n c e  e lec t rode ,  a n d  s t a n d a r d  
bu f f e r  so lu t ions  w e r e  used  to m o n i t o r  t h e  p H  of t h e  
e l ec t ro ly t e s .  So lu t ions  w e r e  m a d e  w i t h  C. P.  r e -  
agen t s  to a p p r o x i m a t e  v a l u e s  a n d  t h e i r  a c t u a l  p H ' s  
d e t e r m i n e d .  W h e n e v e r  feas ib le ,  t h e  r e f e r e n c e  e lec -  
t r o d e s  w e r e  used  in  the  s ame  so lu t ions  d u r i n g  a n o -  
d i za t i on  to e l i m i n a t e  l i qu id  junc t ions .  I n  su l fu r i c  
ac id  so lu t ions ,  t he  e l ec t rode  was  Hg~SO,, H g  and  in 
K O H  solut ions ,  HgO,  Hg. P o t e n t i a l s  w e r e  c o n v e r t e d  
to t he  s t a n d a r d  h y d r o g e n  e l e c t r o d e  fo r  th i s  r e po r t .  

A n o d i z a t i o n s  w e r e  c a r r i e d  ou t  in  g lass  cells ,  a n d  
u s u a l l y  on ly  a f e w  hour s  w e r e  r e q u i r e d  to deve lop  
coa t ings  suf f ic ient ly  h e a v y  to g ive  e x c e l l e n t  x - r a y  
d i f f r ac t ion  p a t t e r n s .  S o m e  spec imens  w e r e  a n o d i z e d  
fo r  l o n g e r  pe r i ods  of t ime ,  a n d  as m u c h  as  one week .  
The  cons t an t  p o t e n t i a l  r e g u l a t o r  d e s c r i b e d  b y  W o r k  
a n d  W a l e s  (34)  was  used  as t h e  source  of  p o l a r i z i n g  
po ten t i a l .  A n e g a t i v e  e l e c t r o d e  of P b  or  P t  gauze  
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Table I. Some known oxides of lead 

May 1959 

Formula* Lattice Other  d e s i g n a t i o n s  R e a c t i o n  w i t h  A c i d s  R e f e r e n c e s  

PbOy* Orthorhombic Litharge, yellow (4, 5) 

PbO,* Orthorhombic-  Distorted PbO, PbO -[- 2H + ~ Pb ++ + H20 (6) 
pseudotetragonal yellow, brown, 

red 
Tetragonal  Massicot, red 

Hexagonal  Yellow Litharge 

Tetragonal  Minimum -orange 

Red lead 

Black min ium 

Red PbO 

PbO 

i l  Pb~O~ Orthorhombic-  

pseudotetragonal 

~ [Pb~O:~ ~ Orthorhombic-  
pseudocubic 

Monoclinic 

~PbO~* Tetragonal  

aPbO~* Orthorhombic 

PbO, ~_~ ~ maroon 

to 

PbO~.~ ..... black 

Beta; PbO1.~_~ 0._. 

Alpha; PbO~ ,~_,.o~ 

Pb304 -l- 4H + ~ 2Pb" + flPbO~ + 2H,_,O 

PbOx ,-}- 2H § ~ Pb ++ ~- ~PbO, ~- H,O 

1.33 --<x --<1.57 

Insoluble or dissolves as divalent  Pb 

(7,8) 

(9) 

(6,9-11) 

(6,12-17) 

(16,18,19) 

(6,13,20,21) 

(22-24) 

* Symbols used in this report. 

was  of such a rea  t ha t  a cons t an t  posi t ive  po la r i za t ion  
po ten t i a l  was obta ined.  

C. P. lead sheet  to be anodized was a n n e a l e d  at  
100~ for six weeks,  c leaned  of its a i r - f o r m e d  oxide 
film by  wash ing  in  s a tu r a t ed  a m m o n i u m  acetate  so-  
lu t ion,  r i n s ing  in  wa t e r  and  in se r t i ng  into the elec-  
t ro ly te  whi le  wet.  Anodic  po la r iza t ion  was b e g u n  
s i m u l t a n e o u s l y  wi th  in se r t ion  into the e lectrolyte ,  
and  the first few m i n u t e s  of po la r iza t ion  was m o n i -  
tored ca re fu l ly  wi th  a bench  po t en t iome te r  an d  re f -  
e rence  e lect rode to d e t e r m i n e  tha t  the des i red 
anodic  po ten t i a l  was  appl ied  to the  posi t ive elec-  
t rode.  

At  the t e r m i n a t i o n  of polar iza t ion,  the e lect rode 
was r emoved  f rom the solut ion,  and  r insed  in  water ,  
b lo t ted  d ry  on tissue, and  placed i m m e d i a t e l y  in  the 
diffract ion appara tus .  The pa t t e rn s  were  recorded as 
soon as possible  af ter  m o u n t i n g .  

G E - X R D - 5  x - r a y  dif f ract ion e q u i p m e n t  was  used 
w i th  copper and  i ron  targets ,  and  e lec t ron  diffrac-  
t ion  e x a m i n a t i o n  was  car r ied  out  wi th  the  diffrac-  
t ion  a t t a c h m e n t  of an  R C A - E M U - 2  e lec t ron  mic ro -  
scope. 

In  order  to d e t e r m i n e  whe the r  the  two p o l y m o r -  
phic  forms  of PbO~ were  r ead i ly  i n t e r c o n v e r t i b l e  
b y  c rys ta l l i za t ion  f rom a lka l i ne  or acid med ia  sev-  
e ra l  tests were  m a d e  on C. P. flPbO~. Beta  PbO.. 
was dissolved in  K O H  solution,  in  concen t r a t ed  
HNO, solut ions,  and  f i l tered wi th  wa t e r  asp i ra t ion .  
Wa te r  was  added dropwise  to the  f i l t rates and,  w h e n  
sufficient m a t e r i a l  had  hydrolyzed ,  it was  collected 
on a filter and  ident if ied by  x - r a y  dif f ract ion e x a m -  
inat ion.  

C.P. flPbO~ was t r ea t ed  w i th  solid K O H  and  suffi- 
c ient  wa t e r  to form a s lur ry .  Af te r  severa l  days '  d i -  
gest ion at room t empera tu r e ,  la rge  w a t e r - c l e a r  c rys-  
ta ls  fo rmed  up to 2 cm in  d iamete r .  These w e r e  
washed  free of excess PbO~ wi th  dis t i l led  water ,  
and  t h e n  placed in  contac t  w i th  a few drops of N 
K O H  solut ion.  They  were  s lowly  conver t ed  to d a r k  

b r o w n  powder  which  was e x a m i n e d  b y  x - r a y  dif-  
f ract ion.  The res idua l  u n c o n v e r t e d  PbO,  was  also 
e x a m i n e d  by  diffract ion.  

Large  c lear  c rys ta ls  up  to 6 m m  in  d i ame te r  
fo rmed  f rom C.P. PbO~ w h e n  t r ea ted  wi th  concen-  
t r a t ed  HNO3. These were  washed  free of excess PbO~, 
and  placed in  contact  wi th  d i lu te  HNO~ at room 
t empera tu re .  They  were  conver ted  g r a dua l l y  to a 
b r o w n  powder  tha t  was  e x a m i n e d  by  x - r a y  dif-  
f ract ion.  

Essen t ia l ly  iden t ica l  po ten t i a l  ar res ts  are r epor ted  
in  m a n y  po la r i za t ion  s tudies  of lead anodes  in  a lka -  
lies and  only  a few are cited here  (35-38) .  Cons ide r -  

Table II. Electrolytes and anodic potentials used in this study 

E l e c t r o l y t e  
pH C o m p o s i t i o n  

P o t e n t i a l  in  vo l t s  w i t h  r e s p e c t  to 
s t a n d a r d  h y d r o g e n  e l e c t r o d e  

A n o d i c  l ead  s p e c i m e n s  

--0.63 3.5N H.~SO4 2.08 1.87 1.62 1.30 
2.07 1.86 1.59 1.10 
1.90 1.70 1.56 1.06 

2.5 N NaSO4 1.85 1.19 0.32 
H~SO~* 1.57 1.17 0.02 

7 M K~SO4 1.33 1.05 1.00 
N Na~SO, 1.4 1.00 0.51 

1.20 0.80 --0.30 
12 N/1000 KOH 0.85 0.45 --0.41 
14.5 3N KOH 1.03 0.67 0.38 0.27 

0.98 0.45 0.36 --0.57 
0.85 0.43 0.33 --0.66 

P l a t i n u m  a n o d e  p o t e n t i a l s  

2.5 0.1M Pb (NO.) ~ 2.3 1.47 1.32 
8" 0.1M Pb (NO.) 2 1.8 1.30 1.1 

KOH* 
14.5 3N KOH 1.06 0.34 

PbO * * 

* Suff ic ient  q u a n t i t i e s  o f  t h e s e  r e a g e n t s  w e r e  a d d e d  to  a d j u s t  t h e  
p H  to the  i n d i c a t e d  va lues .  

** E x c e s s  so l id  P b O  w a s  p r e s e n t  in  the  cei l  d u r i n g  e lec tro lys i s .  
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a t i on  of such  r e p o r t s  e n a b l e d  j ud i c ious  choice  of t he  
p o t e n t i a l s  used  for  t he  anod ic  t r e a t m e n t s  of th is  
s tudy .  

T a b l e  I I  is a l i s t  of t he  e l ec t ro ly t e s ,  a n d  the  p o -  
t en t ia l s ,  e m p l o y e d  in these  a n o d i z a t i o n  s tudies .  C e r -  
t a i n  e x p e r i m e n t s  w e r e  r e r u n  m a n y  t imes  in o r d e r  
t h a t  t he  iden t i f i ca t ion  shou ld  be  conclus ive .  C e r t a i n  
o the r  a reas ,  w h e r e  t h e r e  s e e m e d  no pos s ib i l i t y  of 
ques t ion ,  w e r e  iden t i f i ed  w i t h  on ly  a few runs .  The  
anod ic  p r o d u c t s  f o r m e d  on l e ad  in  H._.SO~ so lu t ions  
h a v e  been  r e p o r t e d  e a r l i e r  (1 ,2) .  

Some  anod ic  coa t ings  w e r e  l a m i n a t e d ,  a n d  the  
m a t e r i a l  a t  t he  so lu t ion  i n t e r f a c e  was  r e m o v e d  b y  
w i p i n g  the  e l e c t r o d e  w i t h  d r y  t issue,  or  b y  scor ing  
a r o u n d  the  edge  of t h e  e l ec t rode  and  l i f t i ng  off the  
o u t e r  l a y e r .  

By  u s i n g  spo t  t e s t s  (39) i t  w a s  poss ib l e  to d e t e c t  
t he  a p p e a r a n c e  of a h i g h l y  ox id i z ing  m a t e r i a l  on the  
e l ec t rode  s u r f a c e  c o n s i d e r a b l y  b e l o w  the  p o t e n t i a l s  
w h e r e  PbO~ or  t he  i n t e r m e d i a t e  ox ides  b e c a m e  a p -  
p a r e n t  in  t he  x - r a y  d i f f r ac t ion  p a t t e r n s  f r o m  spec i -  
mens  a n o d i z e d  in t h e  s t r o n g  ac id  r ange .  S h e e t  l e a d  
spec imens  w e r e  a n o d i z e d  in  H~SO4 so lu t ions  a t  c a r e -  
f u l l y  m o n i t o r e d  p o t e n t i a l s  w i t h i n  a r a n g e  •  v to 
t he  t h e o r e t i c a l  r e v e r s i b l e  O~,H~O po ten t i a l .  A f t e r  
a nod i za t i ons  as long  as 24 hr ,  t he  e l ec t rodes  w e r e  r e -  
m o v e d  f r o m  the  e l e c t r o l y t e  a n d  d r o p p e d  in to  the  
se lec ted  r e a g e n t :  ace t ic  ac id  w h e n  the  b e n z i d i n e  t es t  
was  used  and  s t a r c h - K I  so lu t ion  w h e n  th is  was  used.  

In  o r d e r  to v e r i f y  t he  r e p o r t e d  depos i t i on  of a a n d  
fl PbO~ as r e s i d u e s  f r o m  t h e  i n t e r m e d i a t e  oxides ,  
PbsO4 and  PbOx w e r e  e x t r a c t e d  w i t h  H~SO~, 
NH~C~HsO~ ( s a t u r a t e d  so lu t i on ) ,  HNO~, a n d  HC~H_~O~. 
The  r e s idues  w e r e  r i n s e d  in  w a t e r ,  s u c k e d  d r y  on a 
fi l ter,  and  the  d i f f r ac t ion  p a t t e r n s  r eco rded .  

N e u t r a l ,  ac id  and  a l k a l i n e  so lu t ions  of l e a d  w e r e  
e l ec t ro l i zed  b e t w e e n  p l a t i n u m  e lec t rodes .  The  p o -  
t e n t i a l s  a t  w h i c h  l e ad  d i o x i d e  first  d e p o s i t e d  on the  
anode  w e r e  obse rved ,  and  the  i n i t i a l  and  f inal  d e -  
posi ts  w e r e  e x a m i n e d  b y  x - r a y  d i f f rac t ion .  

aPbO._, was  h e a t e d  in  a i r  a t  t e m p e r a t u r e s  b e t w e e n  
150 ~ and  400 ~ a n d  the  d e c o m p o s i t i o n  f o l l o w e d  b y  
x - r a y  d i f f rac t ion  e x a m i n a t i o n  of t he  p roduc t s .  The  
t e m p e r a t u r e  r a n g e  b e t w e e n  2900-305 ~ was  e x a m -  
ined  in  s teps  of 2 ~ w i t h  h e a t i n g  t imes  of 48 hr .  The  
d e c o m p o s i t i o n  was  c o m p a r e d  w i t h  t h a t  r e p o r t e d  and  
ver i f i ed  for  C.P. BPbO~ (6, 13, 17).  

Results and Discussion 
The  sol id  anod ic  p r o d u c t s  f o r m e d  on l e a d  a t  f ixed 

p H  and  p o t e n t i a l  a r e  d i v i d e d  into  two  ca tegor ies :  
(a )  t he  p r o d u c t  of t h e  anod ic  r e a c t i o n  a t  t he  so lu-  
t ion  i n t e r f ace ;  and  (b)  the  p r o d u c t  of t he  anod ic  r e -  
ac t ion  at  t he  m e t a l  i n t e r f ace .  These  m a y  b e  the  s ame  
or  d i f fe ren t  reac t ions ,  a n d  t h e r e  m a y  or  m a y  no t  be  
o the r  r e a c t i o n s  b e t w e e n  cel l  componen t s .  T h o r o u g h  
f a m i l i a r i t y  w i t h  t he  p o t e n t i a l - p H  d i a g r a m  o r i g i n a l l y  
p u b l i s h e d  (3)  for  t he  s y s t e m  is a s sumed ,  and  th is  
r e p o r t  dea l s  m a i n l y  w i t h  t he  so l id  o x i d e  phases  as -  
soc ia ted  w i t h  c e r t a i n  cond i t ions  of p o t e n t i a l  a n d  p H  
at  r oom t e m p e r a t u r e ,  b u t  does  no t  i nc lude  s o l u b i l i t y  
da ta .  

F r e e  e n e r g y  v a l u e s  h a v e  been  used  to ca l cu l a t e  t he  
e q u i l i b r i u m  po t en t i a l s  of th is  r e p o r t  in c o n f o r m i t y  
w i th  t he  o r i g i n a l  p r e s e n t a t i o n  of  t he  p o t e n t i a l - p H  

d i a g r a m ;  howeve r ,  the  f ree  e n e r g y  of f o r m a t i o n  of 
PbO~ used  b y  D e l a h a y ,  P o u r b a i x ,  and  V a n  R y s s e l -  
b e r g h e  was  on ly  --50.86 kca l .  L a t i m e r  g ives  a v a l u e  
of --52.34 kca l  (40) .  

The  d o m a i n  of t h e r m o d y n a m i c  s t a b i l i t y  of m e -  
t a l l i c  l e a d  m a y  a p p r o a c h  t h a t  of PbO~, a n d  the  e q u i -  
l i b r i u m  e x p e c t e d  b e t w e e n  the  m e t a l  a n d  th is  ox ide  
has  been  c a l c u l a t e d  (28) 

flPbO~ -k 4H § q- 4e- = P b  § 2H~O [1]  
E = 0 .6775- -  0.0591 p H  

H o w e v e r ,  i t  is k n o w n  tha t  m e t a l l i c  l e ad  u s u a l l y  
t ends  to d i s so lve  in  the  p r e s e n c e  of PbO.~ a n d  w i l l  be  
ox id i zed  in a m i x t u r e  c o n t a i n i n g  excess  h i g h e r  o x -  
ide;  or  if  m e t a l l i c  l e a d  is in  excess ,  t he  h i g h e r  ox ide  
wi l l  be  d i s c h a r g e d  (41, 42) .  The  e l e c t r o c h e m i c a l  i n -  
s t a b i l i t y  of PbO~ in  s t r o n g  H~SO~ so lu t ions  a t  p o t e n -  
t i a l s  b e l o w  the  r e v e r s i b l e  PbSO, ,  PbO~ e l e c t r o d e  has  
been  d i scussed  b y  L a n d e r  (28) .  But  a t  t he  p o t e n t i a l  
of r e a c t i o n  [1 ], m e t a l l i c  l e a d  is t h e r m o d y n a m i c a l l y  
s t ab le  in t he  p r e s e n c e  of PbO~. H o w e v e r  a t  th is  p o -  
t e n t i a l  PbO~ is no t  t h e r m o d y n a m i c a l l y  s t a b l e  w i th  
r e spe c t  to PbOt  or  P b  +§ T h e r e f o r e  w h e n  the  p o t e n -  
t i a l  of a l e a d  a n o d e  is r a i s e d  a b o v e  t h a t  of r e a c t i o n  
[1] ,  a n y  f o r m a t i o n  of PbO~ f r o m  m e t a l l i c  l e a d  w o u l d  
t e n d  to u n d e r g o  the  r e a c t i o n  

PbO~ -k 2H + -k 2e- = PbOt  q- H~O [2]  
E : 1.107 - -  0.0591 p H  

u n t i l  t he  r e v e r s i b l e  p o t e n t i a l  for  th is  r e a c t i o n  is e x -  
ceeded.  A t  p o t e n t i a l s  a b o v e  those  of r e a c t i o n  [1] ,  
m e t a l l i c  l e ad  is u n s t a b l e  w i t h  r e spe c t  to b o t h  PbO~ 
a n d  PbO~. 

Anodic oxides at the solution in ter face . - - I t  has  
been  r e p o r t e d  and  was  ve r i f i ed  in  th is  s t u d y  t h a t  
e l e c t ro ly s i s  of P b  ++ so lu t ions  b e t w e e n  p l a t i n u m  e lec-  
t r o d e s  d e v e l o p s  depos i t s  l a r g e l y  of flPbO~ f r o m  ac id  
a n d  aPbO~ f r o m  a l k a l i n e  solu t ions .  E i t h e r  o r  bo th  
p o l y m o r p h s  m a y  be  d e p o s i t e d  f r o m  c e r t a i n  so lu t ions  
d e p e n d i n g  on c u r r e n t  d e n s i t y  ( p o t e n t i a l )  (23, 24).  

F i g u r e  1 shows  the  anod ic  ox ides  iden t i f i ed  in  th is  
s t u d y  at  the  e l e c t r o d e - s o l u t i o n  i n t e r f a c e  on l e a d  
p o l a r i z e d  in  so lu t ions  of v a r y i n g  p H  a t  s e v e r a l  p o -  
t en t ia l s .  The  l ines  for  t he  o x i d a t i o n  of w a t e r  to 
ozone and  H~O._. h a v e  been  a d d e d  for  r e f e rence .  The  
effect of an ions  o t h e r  t han  su l f a t e  has  no t  been  i n -  
d i c a t e d  on the  d i a g r a m ;  h o w e v e r ,  the  c o r r e s p o n d i n g  
sa l t s  w i l l  p r e c i p i t a t e  a t  t he  so lu t ion  in t e r face .  The  
a c c u m u l a t i o n s  of sol id  p r o d u c t s  on the  a n o d e  su r -  
faces  a p p e a r  as ox ides  or  h y d r a t e d  ox ides  i n t e r -  
m i x e d  w i t h  t he  sa l t s  owing  to d e p l e t i o n  of t he  ano -  
l y t e  in  anions .  

The  a r eas  d e s i g n a t e d  as  PbOy, flPbO~, a n d  the  h y -  
d rous  ox ides  (43) i n d i c a t e d  on the  d i a g r a m ,  Fig .  1, 
a r e  no t  a t  t h e r m o d y n a m i c  e q u i l i b r i u m .  L e a d  d i s -  
so lves  in  so lu t ions  of p H  less t h a n  9.4 as  t he  d i -  
v a l e n t  P b  ~+ to f o r m  a s a t u r a t e d  so lu t ion  a d j a c e n t  to 
the  e l ec t rode ,  and  w h e n  t h e  r a t e  of so lu t ion  exceeds  
the  r a t e  of d i f fus ion  of an ions  f r o m  the  b u l k  of t h e  
e l e c t r o l y t e  the  ox ide  c rys t a l l i z e s  as a c h e m i c a l  d e -  
pos i t  f r om th is  so lu t ion .  T h e  depos i t s  d e s i g n a t e d  in 
Fig .  1 of  t he  h y d r o u s  ox ides  a n d  the  y e l l o w  g l i s t en -  
ing  c rys t a l s  of o r t h o r h o m b i c  PbO~ a re  in  th is  c a t e g o r y  
and  f o r m  n o r m a l  and  bas ic  sa l t s  w i t h  an ions  p re sen t .  
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Fig. 1. Anodic oxides on lead at the solution interface. This 
diagram indicates the areas of occurrence of the solid oxide 
phases identif ied by x-ray and electron diffraction, and ob- 
tained on anodization of lead metal at f ixed pH and poten- 
tial. The lines for the following equil ibria have been added 

O 8  - I -  6 H  + - f -  6 e -  = 3H~O 
E---- 1.51 --0.0.591 pH Po3~ 1 atm 
H~O~ -t- 2H + if- 2e- = 2H~O 
E ~ 1 . 7 7 -  0.0.591 pH a~o~ = 1M 

Anions present in the electrolytes w i l l  form normal and basic 
salts with the lower oxides as indicated in the original poten- 
tial -pH diagram of the system (3). 

The open -c i r cu i t  po t en t i a l  of the  lead  e lect rode is 
cont ro l led  by  the a m o u n t  of Pb  +§ in  so lu t ion  a nd  is 
i n d e p e n d e n t  of pH. Above  pH of 9.4 lead passes into 
so lu t ion  as b i p l u m b i t e  ion, and  the  reac t ion  has a 
slope 0.089 vs. pH. By impres s ing  anodic  po ten t i a l  on 
the  system, more  and  more  sa l t  and  oxide wi l l  be  de-  
posi ted un less  a u n i f o r m  coheren t  coat ing  forms  on 
the  surface  (pass iva t ion) .  These p h e n o m e n a  have  
been  descr ibed  in  de ta i l  by  Wolf  and  Boni l l a  for a 
l a rge  n u m b e r  of an ions  (44).  

The crys ta ls  of PbOy deposit  in  p la te le t s  shown  
by  x - r a y  dif f ract ion to be pa ra l l e l  to the  co face t yp i -  
cal of s o l u t i o n - g r o w n  crys ta ls  of this  ma te r i a l .  I t  
does no t  fo rm dense  pass iva t ing  films bu t  grossly 
c rys ta l l ine  deposits.  I t  is an  anodic  oxide in  the  sense 
tha t  it  is the  solid deposi ted f rom sa tu ra t ed  lead ion 
solut ions.  

At  more  e leva ted  po ten t ia l s  such an  e lect rode be -  
comes covered w i th  a l ayer  of PbO~ in  wh ich  the  
crys ta ls  of PbOy are embedded .  The domains  of so lu-  
b i l i ty  of the  two po lymorphs  of PbO~ i n t r u d e  in to  
this  a rea  at  h igher  pH, and  a m i x t u r e  of the  four  
oxides is obta ined .  I t  is in  this a rea  tha t  the  i n t e r -  
m e d i a t e  oxides Pb~O, and  PbO~ as chemica l  r eac t ion  
products  wi l l  fo rm af ter  a t ime,  b u t  the  e lec t rode  
does no t  passivate.  On ly  above  the  l ine  ind ica ted  in  
Fig. 1 co r re spond ing  to the  theore t i ca l  r eve r s ib l e  
OJH~O reac t ion  does pass iva t ion  appear .  The  cor-  
ros ion reac t ion  of the  m e t a l  surface  is p r i m a r i l y  a 
d iva l en t  one up to a po ten t i a l  co r re spond ing  to the  
r eve r s ib l e  ozone react ion,  whi le  the  deposi t ion  of 
t e t r a v a l e n t  oxide takes  place at  the  so lu t ion  i n t e r -  
face, r e su l t i ng  in  a m i x t u r e  of d i -  and  t e t r a v a l e n t  
products .  

In  solut ions  of pH 12 and  higher ,  a lead anode  be -  
comes covered w i th  a deposit  of h y d r a t e d  lead oxide 

May 1959 

des igna ted  as P b ( O H ) ~  in  Fig.  1, a nd  s u b s e q u e n t l y  
w i t h  a t e t r agona l  oxide des igna ted  as PbOt.  If the  
po t en t i a l  is increased,  p l u m b a t e  ion is f o rmed  in  the  
solut ion,  and  the surface of the  electrode becomes 
covered wi th  a l ayer  of aPbO~. There  is an  u n d e r -  
l y ing  l aye r  of PbO~ which  m a y  react  w i t h  the  ~PbO~ 
fo rmed  at  the so lu t ion  in te r face  to p roduce  the  i n -  
t e rmed ia t e  oxides. 

I t  m a y  be possible  to l imi t  the  deposi t ion of aPbO~ 
f rom a lka l ine  solut ions  to a ra te  comparab le  to its 
chemica l  r eac t ion  ra te  w i t h  PbO~ and  t h e r e b y  ob-  
t a in  a deposi t  a t  the  so lu t ion  in te r face  of the  i n t e r -  
me d i a t e  oxides, bu t  such a condi t ion  was  no t  ob-  
se rved  in  this  work  d u r i n g  anodiza t ion .  Se l f -d i s -  
charge  m a y  also p roduce  such a surface.  These  i n -  
t e r m e d i a t e  oxides do no t  appea r  to be  depos i ted  d i -  
rec t ly  f rom o x i d a t i o n - r e d u c t i o n  react ions,  b u t  f rom 
chemica l  combina t ions ,  i.e. 

PbO H- PbO~ = Pb20~ 
2PbO 4- PbO= ---- Pb,O,J designated PbOt. xPbO= 

An infinitude of stoichiometries is possible in such 
anodic products. 

X-ray diffraction examination shows that flPbO~ is 
obtained by hydrolysis of both acid and alkaline 
solutions of tetravalent lead ion, and is the main 
product deposited electrolytically from acidic Pb ++ 
solutions at elevated potentials. Anodization of me- 
tallic lead, however, produces a mixture of = and 
flPbO, at elevated potentials. The anodic deposition 
of flPbO, in alkaline solutions occurs simultaneously 
with the evolution of O= gas. It therefore probably 
deposits by hydrolysis at the local areas on the anode 
where alkalinity is reduced by the gassing reaction. 

Anodic oxides at the metal interSace.--The x - r a y  
a n d  e lec t ron  dif f ract ion e x a m i n a t i o n  of the  anodic  
p roduc t s  deve loped  on Pb  at  va r ious  p H . a n d  p o t e n -  
t ia l  condi t ions  showed tha t  the  m e t a l - c o a t i n g  i n t e r -  
face exh ib i t ed  the  .same oxides t h r o u g h o u t  the  pH 
range,  at  the  same poten t ia l s  r e l a t ive  to the  r eve r s -  
ible  h y d r o g e n  electrode in  the  same solut ions  (no t  
the  s t a n d a r d  e lec t rode) .  This  means  tha t  the  anodic  
reac t ions  have  slopes of 0.059 vs. pH. The  solid 
phases  ident i f ied in  this s tudy  are ind ica ted  in  Fig. 2. 

W h e n  the  po t en t i a l  of a l ead  surface  exceeds the  
l ine  b o u n d i n g  the  lower  e x t e n t  of the  a rea  desig-  
na t e d  as Pb(OH)~,  a film of the solid hyd r ous  oxide 
forms on the me t a l  surface.  

W h e n  the po ten t i a l  of a lead anode  is ra ised  above  
the  l ine  r e p r e s e n t i n g  the  reac t ion:  

PbO~ + 2H + + 2e = P b  + H~O E~ = 0.248 

in  Fig. 2, the lead  becomes  covered by  a l aye r  of 
PbO,.  This  oxide has a t e t r a g o n a l  la t t ice  showing  a 
charac ter i s t ic  c o m b i n a t i o n  of sha rp  a nd  diffuse l ines  
in  its diffract ion p a t t e r n s  (6,13, 14). I t  is cons idered  
more  reac t ive  t h a n  e i ther  of the  n o r m a l  monoxides ,  
and  it  appears  on a lead anode  in  bo th  acid and  a lka -  
l ine  media .  Katz  descr ibed  this as o r tho rhombic  
p seudo te t r agona l  P bO  (6) .  In  a lka l ine  solut ions  
he a vy  coat ings of this  m a t e r i a l  appear  ye l low w h e n  
we t  w i th  e lectrolyte ,  b u t  are  pale  peach  in  color 
w h e n  d ry  and  m a y  form b e a u t i f u l  glossy coat ings 
on a lead electrode.  I t  has b e e n  descr ibed as a ye l low 
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Fig. 2. Anodic oxides of  lead at the metal interface. This 
diagram indicates the areas af occurrence af the solid oxide 
phases obtained at the metal-coat ing interface on anodizat ion 
of lead at f ixed potential and pH. The reactions represented 
by the lines D and E bounding Pb and the phases Pb(OH)= 
and PbOt will be recognized f rom the original d iagram (3), 
and were found to occur at  essentially their  reversible poten- 
t ials throughout  the pH range. The exception is the boundary 
between PbOt and PbCh. The intermediate region labeled 
PbO.xPbO2, representing oxides and mixtures of  oxides of 
di- and tet ravalent  lead, was found to appear between the re- 
versible oxygen and ozone potentials, lines A and C. Above 
line C, aPbO= is the principal anodic oxide at the metal 
interface. The reactions are represented as follows 

(A) O= -6 4H + -6 4e- = 2H~O 
E ~ 1 . 2 2 8 -  0.0591 pH Po~ ~ t atm 

(C) O~ -6 6H § -6 6e- = 3H~O 
E ~ 1.51 - - 0 . 0 5 9 1  pH Po3 ~ 1 arm 

(D) PbOt -6 2H § -6 2e- =: Pb -6 H~O 
E --~ 0.258 - -  0.0591 pH 

(E) Pb(OH)~ -}- 2H + -6 2e" ~ Pb -6 2H~O 
E = 0 .242 - -  0.0591 pH 

scum (37) .  T h e r m o d y n a m i c a l l y  th is  ox ide  is s t ab l e  
up  to a p o t e n t i a l  d e s c r i b e d  b y  the  r eac t i on :  

PbO~ -t- 2H + -6 2e ~ PbO~ -6 H_~O Eo ~ 1.107 

The  a r e a  a s soc ia t ed  w i t h  P b O ,  is one  of r a p i d  co r -  
ros ion  of t he  a n o d e  un less  t h e r e  is a p a s s i v a t i n g  
l a y e r  of sa l t  a t  t he  so lu t ion  i n t e r f a c e  t h a t  p e r m i t s  
e s t a b l i s h m e n t  of m e t a s t a b l e  e q u i l i b r i u m .  In  su l fu r i c  
ac id  P b S O ,  se rves  th is  pu rpose ,  b u t  in a l k a l i n e  so lu -  
t ions  no p a s s i v a t i o n  occurs  and  t h e  a n o d e  con t inues  
to co r rode  at  h igh  ra tes .  

The  a r e a  d e s i g n a t e d  in  Fig .  2 as P b O . x P b O ~  is 
d e t e r m i n e d  b y  bo th  d i f f r ac t ion  e x a m i n a t i o n  a n d  spo t  
tes ts .  In  th is  a r e a  PbO~ as such is no t  d e t e c t e d  b y  
d i f f r ac t ion  e x a m i n a t i o n  a t  t he  m e t a l  in t e r face .  In  
ac id  so lu t ions  t he  p r o d u c t  is P b O ,  g iv ing  a spot  t e s t  
for  a h i g h l y  ox id i z ing  m a t e r i a l  a f t e r  p o l a r i z a t i o n  
a b o v e  a p o t e n t i a l  c o r r e s p o n d i n g  to  t he  t h e o r e t i c a l  
r e v e r s i b l e  o x y g e n  po t en t i a l .  T h e  h i g h l y  ox id i z ing  
m a t e r i a l  is cons ide r ed  in  th i s  r e p o r t  to b e  t e t r a v a l e n t  
lead.  I t  a p p e a r s  i m m e d i a t e l y  a b o v e  t h e  OJH~O e l ec -  
t r o d e  p o t e n t i a l  and  is no t  o b s e r v e d  in  t h e  a r e a  w h e r e  
H~O~ cou ld  f o r m  f r o m  O~ reduc t ion .  I n  n e u t r a l  and  
a l k a l i n e  so lu t ions  a m i x t u r e  of t h e  ox ides  Pb.O~, 
PbO~, a n d  PbO~ is obse rved .  The  r e a s o n  fo r  t he  d i f -  
f e r ence  in anodic  m a t e r i a l s  d e v e l o p e d  in h i g h l y  ac id  
and  in  n e u t r a l  or  a l k a l i n e  so lu t ions  is t h a t  PbO~ 
va r i e s  in so lub i l i t y  w i t h  t he  p H  a t  t h e  so lu t ion  in -  
t e r face .  I t  is d i s c h a r g e d  in  s t rong  ac id  solu t ions ,  p r o -  

v e n t i n g  a c c u m u l a t i o n  of s ign i f ican t  a m o u n t s  of t e -  
t r a v a l e n t  l ead .  B o t h  f o r m s  of PbO~ a r e  f o r m e d  a t  
t he  so lu t ion  i n t e r f a c e  a t  h i g h e r  p H  so t h a t  l a r g e r  
a m o u n t s  of t e t r a v a l e n t  m a t e r i a l  do a c c u m u l a t e .  In  
t he  a l k a l i n e  so lu t ions  of p H  > 9.4, t he  e l e c t r o d e  is 
c o v e r e d  w i t h  a g r a y  o r  b l a c k  f i lm of PbO~ w h i c h  is 
loose a n d  m a y  be  l i f t ed  off t h e  e l e c t r o d e  r e v e a l i n g  
a l a y e r  co lo red  b r i g h t  o range ,  ye l low,  and  p e a c h  
g iv ing  the  d i f f r ac t ion  p a t t e r n s  for  PbOt ,  Pb~O,, a n d  
PbOx. L e a d  is c o r r o d i n g  u n d e r  t h e s e  cond i t ions  b y  a 
d i v a l e n t  m e c h a n i s m  (26, 28, 35 ,36)  f o r m i n g  PbOt ,  
p a r t  of w h i c h  is b e i n g  o x i d i z e d  to PbO~, a n d  ac t ed  
on a t  the  so lu t ion  i n t e r f a c e  b y  p l u m b a t e  ion. The  
anod ic  p r o d u c t s  d e s i g n a t e d  P b O t . x P b O ~  a t  t h e  m e t a l  
i n t e r f a c e  r e p r e s e n t  t he  m i x t u r e  o b t a i n e d  b y  c h e m -  
ica l  r e a c t i o n  of t he se  m a t e r i a l s .  

The  e x i s t e n c e  of th is  a r e a  is b e l i v e d  to b e  caused  
b y  the  r e l a t i v e  r a t e s  of these  s e v e r a l  r e ac t i ons  

P b  -6 H~O ~ PbOt  -6 2H § -6 2e- 

2H~O = 2(O)~ -6 4H + -6 4e- 

PbO~ -6 ( 0 ) . ~  : PbO~ 

PbOt -6 Pb02 = Pb~Oa] . . . .  
k ~ e s l g n a t e a  PbO~. xPbO_~ 

2PbO~ -6 PbO2 ---- Pb~O,f  

The  fo l l owing  m e c h a n i s m  is sugges t ed :  The  a n o -  
dic  c u r r e n t  m a y  t a k e  two  p a t h s :  (a )  i t  co r rodes  P b  
to f o r m  PbO~ or  d i v a l e n t  p r o d u c t s ;  (b )  i t  ox id izes  
H~O to O ~ v  w h i c h  r eac t s  w i t h  PbO~ to f o r m  t h e  i n -  
t e r m e d i a t e  ox ides  (6, 13).  L a n d e r  (26, 28) s h o w e d  
t h a t  w i t h i n  e x p e r i m e n t a l  l im i t s  a l l  t h e  c u r r e n t  w e n t  
to a d i v a l e n t  co r ros ion  m e c h a n i s m  up  to a p o t e n t i a l  
of 1.58 v in  ac id  solut ions ,  and  on ly  a b o v e  t h a t  p o -  
t e n t i a l  d id  a t e t r a v a l e n t  co r ros ion  m e c h a n i s m  b e -  
come s ignif icant .  G r u b e  a n d  G l a s s t o n e  (35 ,36)  
s h o w e d  a s i m i l a r  d i v a l e n t  co r ros ion  m e c h a n i s m  in 
N a O H  so lu t ions  up  to a c o r r e s p o n d i n g  po ten t i a l .  I t  is 
sugges t ed  t h a t  t h e  k ine t i c s  of t he  e l e c t r o c h e m i c a l  
r e ac t i ons  d e t e r m i n e  the  anod ic  co r ros ion  ra t e ,  a n d  
a b o v e  p o t e n t i a l s  e x p r e s s e d  b y  l ine  C, F ig .  2, PbO~ 
is p r e s e n t  d i r e c t l y  on the  m e t a l l i c  sur face .  L ine  C 
c o r r e s p o n d s  to t he  r e v e r s i b l e  o x i d a t i o n  p o t e n t i a l  of 
w a t e r  to ozone. 

O~-6 6H + -6 6e- ~ 3H20 Eo : 1.51 

The  fac t  t h a t  t he  p a s s i v a t i o n  of P b  in  bo th  ac ids  
a n d  a l k a l i e s  occurs  j u s t  a b o v e  th is  po t en t i a l ,  t h a t  t he  
r e a c t i o n  has  a s lope  of 0.059 vs. pH,  t h a t  i t  exceeds  
t h e  p o t e n t i a l s  for  f o r m a t i o n  of PbO~ f r o m  P b  and  
P b O ,  i nd i ca t e s  t h a t  the  cor ros ion  r eac t i ons  occu r r i ng  
at  th is  p o t e n t i a l  m a y  be  r e l a t e d  to w a t e r  o x i d a t i o n  
reac t ions .  

The  k i n e t i c  a n a l y s e s  of L a n d e r  (26)  show t h a t  
w h e n  l ead  is p o l a r i z e d  a b o v e  the  p o t e n t i a l  for  ox i -  
d a t i o n  of w a t e r  to O~, t he  r e a c t i o n  m e c h a n i s m  
changes .  I t  was  f u r t h e r  d e t e r m i n e d  t h a t  t he  anod ic  
co r ros ion  r a t e s  w e r e  r e l a t e d  to the  s q u a r e  of t he  
w a t e r  a c t i v i t y  u p  to a p o t e n t i a l  c o r r e s p o n d i n g  to t h e  
m a x i m u m  in t he  r a t e .  A b o v e  th is  p o t e n t i a l  t he  r e l a -  
t i onsh ip  of t he  co r ros ion  r a t e  to w a t e r  a c t i v i t y  has  
v a l u e s  " r a n g i n g  b e t w e e n  two  and  f o u r "  (27) .  The  
w a t e r  o x i d a t i o n  r eac t i ons  to g i v e  O~ and  O~ d e p e n d  
on the  s q u a r e  and  cube  of t he  w a t e r  ac t iv i ty ,  r e -  
spec t ive ly .  
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The steps in  the  o v e r - a l l  wa t e r  ox ida t ion  me c h -  
an isms  are  no t  k n o w n  at  the  p re sen t  t ime.  The  re -  
l a t ion  of the  ox ida t ion  processes of the  lead  anodes  
to the wa te r  ac t iv i ty  does no t  p rove  tha t  O2(aq) or 
O~(aq) is l i be ra t ed  in  these  reac t ions ;  however ,  it  
does suggest  tha t  the  anodic  processes depend  on 
the  s i m u l t a n e o u s  reac t ion  of two and  more  w a t e r  
molecules .  I t  is possible tha t  Pb  or PbOt  catalyzes  
the  wa te r  ox ida t ion  react ion,  a n d  tha t  the  subse-  
q u e n t  step is r eac t ion  of P b  and  PbOt  w i th  the wa te r  
ox ida t ion  p roduc t  to fo rm the i n t e r m e d i a t e  oxides 
r a t h e r  t h a n  mo lecu l a r  gas evolut ion .  

If the lead anode  in  a lka l i ne  solut ions  is d i s tu rbed  
wh i l e  in  the  l a m i n a t e d  condi t ion,  before  po la r i za t ion  
above l ine  C, Fig. 2, so tha t  PbO~ is m e c h a n i c a l l y  
b rough t  in to  phys ica l  contac t  wi th  the base lead 
meta l ,  oxygen  gas begins  to be evolved  at  a p o t e n -  
t ia l  lower  t h a n  it  wi l l  be  f rom an  u n d i s t u r b e d  elec-  
trode. This  effect, descr ibed  by  ear l ie r  worke r s  (35),  
was  verif ied in  this s tudy.  Wi th  this  posi t ive  i de n t i -  
fication of the anodic  mater ia l s ,  it is conc luded  tha t  
PbO2 m u s t  be in  di rect  contact  wi th  the  me ta l  su r -  
face for the oxygen  gas l i be ra t ion  reac t ion  to take  
place and  tha t  the reac t ion  m a y  be associated w i t h  
ox ida t ion  of H20 or (OH) -  to H~O... 1 

I t  should  be emphas ized  tha t  this is a s tudy  of the  
d y n a m i c  anodiza t ion  of lead u n d e r  the  po t en t i a l  and  
pH condi t ions  indicated.  Po la r i za t ion  of lead w i t h i n  
the  a rea  des igna ted  P b O .  xPbO2 does no t  es tab l i sh  a 
pass iva t ing  coat ing  on the  surface,  and  anodic  cor-  
rosion ra tes  are  high. Deposi t ion of PbO,  at the  so lu-  
t ion  in te r face  does no t  comprise  a p ro tec t ive  coating.  

The area  ind ica ted  at aPbO~ in  Fig. 2 is cha rac t e r -  
ized by  a heavy  deposi t  of this m a t e r i a l  d i rec t ly  on 
the  electrode,  p rov id ing  other  react ions  do not  i n -  
terfere .  This  m a t e r i a l  has no t  been  wel l  cha rac te r -  
ized chemical ly ,  and  is p r o b a b l y  the l o w - t e m p e r a -  
t u r e  p o l y m o r p h  (45).  

X - r a y  di f f ract ion e x a m i n a t i o n  of the  res idues  ob-  
t a ined  on air  ign i t ion  of ~PbO~ at t e m p e r a t u r e s  cor-  
r e spond ing  to those repor ted  for t h e r m a l  d e g r a d a -  
t ion  of flPbO~ (6, 17) showed evidence  tha t  p r ior  
to decompos i t ion  ~ conver t ed  to flPbO,. The  c onve r -  
sion t e m p e r a t u r e  lies b e t w e e n  296 ~ and  301~ S u b -  
sequen t  t h e r m a l  decomposi t ion,  d e t e r m i n e d  by  
x - r a y  dif f ract ion examina t i on ,  fol lows the  same  pa th  
as flPbO2. 

It  m a y  be conc luded  f rom this e x a m i n a t i o n  of the 
oxides occur r ing  at  the  m e t a l - c o a t i n g  in te r face  on 
anodic  lead  spec imens  t ha t  the  oxides fo rmed  are:  
Pb(OH)~;  PbOt  and  aPbO~. The po ten t i a l s  for these  
reac t ions  have  a slope of 0.0591 vs. pH and  are be -  
l ieved to r ep re sen t  the e lec t rochemica l  reac t ions  of 
lead wi th  wa t e r  and  i ts  ox ida t ion  products .  

The reac t ion  of meta l l i c  lead wi th  w a t e r  to fo rm 
PbOt  takes  place nea r  the ca lcula ted  revers ib le  po-  
tent ia l .  Ar res t s  appear  n e a r  the theore t ica l  po ten t i a l  
in  bo th  acid and  a lka l ine  solut ions  on both  anodic  
and  cathodic t r e a tmen t ,  and  PbOt  is observed  by  
dif f ract ion e x a m i n a t i o n  of the  surface.  This  i n d i -  
cates tha t  the  ox ida t ion  proceeds b y  di rect  r eac t ion  
w i th  wa t e r  molecules  or h y d r o x y l  ions at  the  elec-  

T h e  r e a c t i o n s  i n  a l k a l i n e  s o l u t i o n  m a y  b e  w r i t t e n  w i t h  ( O H ) -  
r a t h e r  t h a n  I-I+, a n d  t h e  H O ~ -  r e a c t i o n s  h a v e  d i i ~ e r e n t  s l o p e s ,  b u t  
f o r  s i m p l i c i t y  t h e s e  a r e  n o t  i n c l u d e d  i n  t h i s  d i s c u s s i o n ,  
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t rode in te r face  and  tha t  no p r e l i m i n a r y  ox ida t ion  of 
w a t e r  occurs in  this  react ion.  Bu t  the  r eac t ion  fo rm-  
ing  PbO~ at  the me t a l  in te r face  should  p r o b a b l y  be 
w r i t t e n  to ind ica te  tha t  w a t e r  is first oxidized to an  
oxygen  species and  the  solid anodic  products  resu l t  
f rom secondary  react ions.  This  suggests  t ha t  the  
anodic  s tudies  of lead m a y  offer a me thod  for k ine t ic  
ana lys i s  of the water ,  oxygen  electrodes.  

Anions and passivation.--As poin ted  out  p r ev i -  
ously  and  discussed ex t ens ive ly  by  Wolf  a nd  Boni l l a  
(44) an ions  p r e se n t  in  the  solut ions  wi l l  reac t  wi th  
the  lead ion a n d / o r  the  lower  oxides, a nd  the  cor re -  
spond ing  sal t  wi l l  be deposi ted at  the  so lu t ion  i n t e r -  
face. If the an ion  s sui table ,  a t ight  pas s iva t ing  film 
is deposi ted on the  anode  surface  [i.e., Pbs(PO,)~, 
PbI~, PbSO,]  (44, 46),  and  c on t i nue d  po la r i za t ion  of 
the electrode wi l l  r esu l t  in  the charac ter i s t ic  anodic  
oxide at the m e t a l - c o a t i n g  in terface .  If the  lead  sal t  
of the  an ion  is no t  pass iva t ing ,  the  e lec t rode  process 
m a y  be changed  by  only  ve ry  h igh c u r r e n t  densi t ies  
or cell po ten t ia l s  (47).  

A p ic tu r i za t ion  of a cross sect ion of an  anodic  lead 
sur face  is shown in  Fig. 3. This  indica tes  the  reac -  
t ion  products  ident i f ied on the  anode  surface  at 
p.H = 0, and  the  re fe rence  po ten t ia l s  are  p r e sen t ed  
in  the  lef t  marg in .  The cross sect ion is schemat ic ;  

],T7 

l.e ~ ~tst ~ble ~low thi~ ~tenti~ i 

•O• * 2 H • • 2 e •  • O  I +R•O 

FOO +4e.4H+~ Pb + 2 H~O 

20.4e .411'=211 O 

.~.2S 

0.00 

2H~+2e=H 

Fig. 3. Schematic cross-section of  an anodic lead surface 
in H2SO, at pH ~ 0. Anodic products ident i f ied by d i f f ract ion 
techniques on a lead surface held at constant potential in 
sulfuric acid are indicated. Electrochemical reactions ore 
shown at the r ight within the areas where they were observed 
to occur. Some Eo values ore indicated at the left  for  or ienta- 
t ion purposes. A t  the potential 1.8 v oxygen gas is evolved, 
and o hydrogen peroxide reaction mechanism is indicated as 
suggested by the potential .  A t  this potential lead is repre- 
sented as corroding by either migrat ion of  Pb or 0 in the f i lm. 
The mechanism of this corrosion process is not known at the 
present time. 
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however ,  it indica tes  tha t  as the po ten t i a l  is i n -  
creased the PbSO4 coat ing appears  to become t h i n n e r  
whi le  the  PbOt  layer  becomes inc reas ing ly  thicker .  
Some suggested reac t ions  are ind ica ted  at the r igh t  
of the d rawing .  The solid phases  ident if ied by  dif-  
f rac t ion  e x a m i n a t i o n  are  ind ica ted  w i t h i n  the  p o t e n -  
t ia l  r anges  where  they  were  observed.  Areas  cor-  
r e spond ing  to high corrosion ra tes  are  ind ica ted  as 
poros i ty  in  the  ou te r  coating.  These  rates  we re  de -  
t e r m i n e d  by  L a n d e r  u n d e r  cons t an t  po ten t i a l  ano -  
dizat ion (26, 28). Severa l  reac t ions  appear  n e a r  
the i r  r evers ib le  potent ia ls ,  exh ib i t i ng  l i t t le  po la r iza-  
t ion, and  it is t hough t  tha t  the superf icial  PbSO4 
coat ing is p e r m e a b l e  to H § ion and  water ,  b u t  no t  to 
S O j  ion (26, 44). The act ion of this  pas s iva t ing  film 
is to p e r m i t  e s t ab l i shmen t  of pseudo e q u i l i b r i u m  in  
an  e lec t rochemica l  reac t ion  in  an  e n v i r o n m e n t  
w h e r e  the  reac t ion  wou ld  n o r m a l l y  be d r i v e n  in  a 
des t ruc t ive  direct ion.  This, of course, descr ibes  the  
condi t ion  cal led me ta s t ab l e  equ i l ib r ium.  

As the  po ten t ia l  is increased,  the lead sul fa te  p res -  
en t  on the surface m a y  be conver t ed  to fiPbO~. Elec-  
t r on  diffract ion e x a m i n a t i o n  of the  anodic  products  
indica tes  tha t  the flPbO~ is a p o l y e r y s t a l l i n e c o a t i n g  
at the so lu t ion  interface.  Benea th  this is a t h in  layer  
of a m i x t u r e  of the two po lymorphs  of PbO2 (1, 2).  
These  ma te r i a l s  are be l i eved  to ar ise  f rom two re -  
act ions fo rming  PbO~, one f rom the  base  lead  and  
PbO,  and  the  o ther  f rom PbSO,.  

The oxygen  gassing reac t ion  at e leva ted  po ten t ia l s  
has been  ind ica ted  as going by  w a y  of the  fo r ma t i on  
of H.~O~ (possible at  these  po ten t ia l s )  and  be ing  de-  
composed ca ta ly t i ca l ly  by  the PbO~. This  is m e r e l y  
a r ep re sen t a t i on  and  sugges t ion  of a possible oxygen  
l i be r a t i on  m e c h a n i s m  which  po ten t i a l  appears  to be 
re la ted  to the  peroxide  reac t ion  in  both  acid and  
a lka l ine  solut ions (48, 49).  The lead me ta l  is r e p r e -  
sented  as cor roding  by  mig ra t i on  of an  oxygen  
species in  and  lead o u t w a r d  t h rough  an  aPbO~ coat-  
ing  at ve ry  e leva ted  potent ia ls .  Lead exhib i t s  an  i n -  
creased corrosion ra te  (26 ,28) ,  and  aPbO~ com- 
prises the m a j o r  por t ion  of the  anodic  p roduc t  at 
these potent ia ls ,  bu t  i t  is no t  k n o w n  whe the r  the  
m e c h a n i s m  involves  a t tack  of the  lead t h rough  fis- 
sures in  the  coat ing or m ig ra t i on  th rough  a con-  
t inuous  film. 

Conclusions 
The areas of occur rence  of the  anodic  lead oxide 

phases  are ind ica ted  on the p o t e n t i a l - p H  phase d ia -  
g rams  of Fig. 1 and  2. The re  appear  to be  two sets of 
anodic  react ions,  p roduc ing  di f ferent  anodic  p rod-  
ucts. Some of the observed  oxides are be l ieved  to be 
electrode species, and  some deposi ts  f rom sa t u r a t e d  
solut ions  and  chemical  react ions.  

The occur rence  of aPbO~ as an  anodic  p roduc t  on 
lead in  acid solut ions  has been  a t t r i b u t e d  to ox ida-  
t ion  of PbOt  and  lead me ta l  by the  p r e l i m i n a r y  oxi-  
da t ion  of water .  

I t  is suggested tha t  the corrosion ra te  of lead de-  
pends  on the k inet ics  of these wa t e r  react ions,  and  
tha t  i nh ib i t i on  of corrosion depends  on the impos i -  
t ion  of a "corros ion"  c u r r e n t  and  po ten t i a l  tha t  r e -  
sul ts  in  a s t eady- s t a t e  condi t ion  in  which  PbO~ is 
m a i n t a i n e d  in  direct  contact  w i th  the base  metal .  
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Upon  anodic  po la r i za t ion  of a c lean  lead surface,  it  
is necessa ry  to "overshoot"  the s t eady- s t a t e  po ten t i a l  
a nd  c u r r e n t  in  order  to genera te  the  r e q u i r e d  m a t e -  
rials,  bu t  once the ma te r i a l s  are fo rmed  in  the  so lu-  
t ion  and  on the electrode surface  t h e n  on ly  a m i n i -  
ma l  c u r r e n t  is r e q u i r e d  to m a i n t a i n  pass ivat ion.  The  
low corrosion ra te  of t e l ephone  b a t t e r y  service (50) 
is be l ieved  to be a reflect ion of this  r e q u i r e m e n t .  

The pass iva t ion  domains  o r ig ina l ly  ou t l ined  to 
cor respond to the  doma i ns  of t h e r m o d y n a m i c  s ta-  
b i l i ty  of PbO~ and  PbSO,  (3) should be modified to 
ind ica te  two areas of pass iva t ion :  one w he re  the  
composi te  coat ing  of PbSO,  a nd  PbOt  is p ro tec t ive  
be low l ine  A in  Fig. 2; and  the  o ther  above  l ine  C. 
These pass iva t ion  domains  are separa ted  by  an  a rea  
of in tense  corrosion be l ieved  to be caused by  the  elec-  
t rochemica l  oxida t ion  of w a t e r  at  the m e t a l  i n t e r -  
face at  a r a t e  insuff icient  to m a i n t a i n  a pass iva t ing  
coat ing  of PbO2 on the  me t a l  surface.  

X - r a y  diffract ion e x a m i n a t i o n  of ca lc ined aPbO2 
suggests tha t  it is the l o w - t e m p e r a t u r e  p o l y m o r p h  
and  is conver ted  to flPbO2 at  a p p r o x i m a t e l y  300~ 
in  air. 

The  po ten t ia l s  associated w i th  gass ing oxygen  
f rom a PbO~ electrode ind ica te  tha t  the  reac t ion  m a y  
go by  w a y  of peroxide  in  bo th  acid a nd  a lka l i ne  
media .  

Manuscript  received Mar. 24, 1958. This paper  was 
prepared for del ivery before the Buffalo Meeting, Oct. 
6-10, 1959. 

A ny  discussion of this paper  will  appear in  a Discus- 
sion Section to be publ ished in the December 1959 
JOURNAL. 
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Evidence for a Logarithmic Oxidation Process for 
Stainless Steel in Aqueous Systems 

Milton Stern 

Metals Research Laboratories, Union Carbide Metals Company, Division of Union Carbide Corporation, 

Niagara Falls, N e w  York  

ABSTRACT 

Upon immersion of a passive stainless steel electrode into an oxidizing 
ferrous-ferr ic  aqueous solution, the mixed potent ial  of the electrode gradual ly  
approaches the reversible redox potential  of the solution. Dur ing  this period, 
an oxidation process occurs, the rate  of which decreases with time. The process 
is most l ikely oxidation of metal  since the potent ial  range over which it occurs 
is more active than  the estimated reversible oxygen potential  for the system, 
and no other oxidation reaction is likely. The kinetics of oxidation of stainless 
steel are similar to kinetics reported for anodic oxidation of metals which form 
thin amorphous oxides. Therefore, it is believed that  evidence has been ob- 
tained for growth of a similar  type of oxide on stainless steel. At constant  po- 
tential, the oxidation process can be described closely by a logarithmic oxi- 
dation equation. Also, the kinetics are consistent with equations which describe 
ion current  through thin oxides as a funct ion of the field across the oxide. 

A s tudy  of f e r rous - f e r r i c  e lect rode k ine t ics  on 
s ta inless  steel  surfaces has been  repor ted  (1) .  The  
da ta  suppor ted  theore t ica l  equa t ions  which  descr ibe  
p o t e n t i a l - c u r r e n t  re la t ionsh ips  for such a system. 
Al l  ra te  m e a s u r e m e n t s  were  conduc ted  on electrodes  
whose potent ia l ,  w i th  no appl ied  cur ren t ,  was v e r y  
close to the revers ib le  f e r rous - f e r r i c  potent ia l .  How-  
ever, it  was  also shown  tha t  s ta inless  s teel  does not  
exh ib i t  this  po ten t i a l  i m m e d i a t e l y  af ter  i m m e r s i o n  
in  the  oxidiz ing solut ion.  The electrode is i n i t i a l ly  
more  act ive  t h a n  a p l a t i n u m  elec t rode in  the  same  
so lu t ion  and  s lowly approaches  the  p l a t i n u m  p o t e n -  
t ia l  over  a per iod of severa l  t h o u s a n d  m i n u t e s  in  a 
m a n n e r  a l r eady  i l lu s t r a t ed  (1) .  No effort was made  
to exp la in  the  processes occur r ing  d u r i n g  this  t ime  
in t e rva l ;  however ,  p e r t i n e n t  da ta  were  ob ta ined  
which,  at  tha t  t ime, were  no t  p a r t i c u l a r l y  clear.  A 

be t t e r  u n d e r s t a n d i n g  of the  n a t u r e  of the  sys tem 
now provides  a r easonab le  e x p l a n a t i o n  of this  in i t i a l  
p o t e n t i a l - t i m e  dependence ,  a nd  the  purpose  of this  
discussion is to descr ibe the  k ine t ics  of the  processes 
which  occur. 

Experimental 
The e x p e r i m e n t a l  p rocedure  was descr ibed ear l ie r  

(1, 2) and  on ly  p e r t i n e n t  detai ls  are repeated .  The  
e n v i r o n m e n t  was  e i the r  a m i x t u r e  of fe r rous  and  
ferr ic  sul fa te  i n  w a t e r  or a m i x t u r e  of fe r rous  and  
ferr ic  chlor ide  c o n t a i n i n g  sod ium n i t r a t e  as a p i t t i ng  
inhibi tor .  Solu t ions  were  oxygen- f ree .  P l a t i n i zed  
p l a t i n u m  was used as r e fe rence  and  as a u x i l i a r y  
electrodes d u r i n g  polar iza t ion.  The m a t e r i a l  was 
commerc ia l  Type  304 stainleas steel. Sample  p r ep -  
a ra t ion  invo lved  thorough  degreas ing,  ac t iva t ion  in  
concen t ra t ed  HC1 u n t i l  h y d r o g e n  evo lu t ion  was  ob-  
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served ,  a r inse  in d i s t i l l ed  wa te r ,  b r i e f  ( a p p r o x i -  
m a t e l y  5 sec)  i m m e r s i o n  in c o n c e n t r a t e d  HNO,,  a 
second  r inse ,  a n d  i m m e d i a t e  i n t r o d u c t i o n  in to  the  
cell .  This  t r e a t m e n t  p r o d u c e s  a pas s ive  su r f ace  p r i o r  
to i m m e r s i o n  in  t he  e l ec t ro ly t e .  The  in i t i a l  p o t e n -  
t i a l - t i m e  b e h a v i o r  was  r e c o r d e d  us ing  a L&N p H  
m e t e r  w h i c h  d r o v e  an  a p p r o p r i a t e  p o t e n t i a l  r e -  
corder .  S ince  p l a t i n i z e d  p l a t i n u m  was  used  as a r e f -  
e rence ,  t he  a p p r o a c h  of t he  s ta in less  s tee l  e l e c t r o d e  
to the  r e v e r s i b l e  p o t e n t i a l  cou ld  b e  o b s e r v e d  r e a d i l y  
b y  w a t c h i n g  the  a p p r o a c h  of t he  r e c o r d e r  i n d i c a t i o n  
to zero.  D u r i n g  th is  t i m e  i n t e rva l ,  a m e a s u r e m e n t  
not  r e p o r t e d  e a r l i e r  was  conduc ted .  I t  i n v o l v e d  p e r i -  
odic anod ic  p o l a r i z a t i o n  of the  s a m p l e  to t he  p l a t i -  
n u m  p o t e n t i a l  and  d e t e r m i n a t i o n  of the  c u r r e n t  r e -  
q u i r e d  to  do this .  The  p r o c e d u r e  r e q u i r e d  a m a x i -  
m u m  of a b o u t  10 sec a n d  d id  not  affect  the  n o r m a l  
p o t e n t i a l - t i m e  b e h a v i o r  s ign i f ican t ly .  To m i n i m i z e  
the  t ime  d u r i n g  w h i c h  the  s a m p l e  was  po la r i zed ,  an  
anodic  c u r r e n t  w a s  a p p l i e d  to p r o d u c e  a zero  r e -  
c o r d e r  r e a d i n g ,  a f t e r  w h i c h  the  p o l a r i z i n g  c i r cu i t  
was  opened .  The  v a l u e  of c u r r e n t  r e q u i r e d  to p o l a r -  
ize to the  p l a t i n u m  p o t e n t i a l  was  d e t e r m i n e d  b y  s u b -  
s t i t u t i ng  a s h u n t  for  t he  cel l  in t he  ser ies  p o l a r i z i n g  
c i r cu i t  a n d  m e a s u r i n g  c u r r e n t  t h r o u g h  the  ser ies  c i r -  
cui t  w i t h o u t  t he  p re sence  of the  cell.  V a l u e s  of r e -  
s i s tance  in  t h e  c i r cu i t  w e r e  h igh  so t h a t  t he  c u r r e n t  
was  no t  s ign i f i can t ly  a f fec ted  b y  i n t r o d u c t i o n  or  r e -  
m o v a l  of t he  ef fec t ive  r e s i s t ance  r e p r e s e n t e d  b y  the  
cell .  Th is  p r o c e d u r e  w a s  r e p e a t e d  p e r i o d i c a l l y  f r o m  
the  first  f ew  m i n u t e s  a f t e r  t he  e l ec t rode  was  i n t r o -  
d u c e d  in to  t he  so lu t ion  to the  t i m e  w h e n  the  p o t e n -  
t i a l  was  e s s e n t i a l l y  s t a t i ona ry .  

These  m e a s u r e m e n t s  w e r e  no t  c o n d u c t e d  w i t h  a 
v i ew t o w a r d  i n t e r p r e t a t i o n  in  t he  m a n n e r  p r e s e n t e d  
be low.  Ra the r ,  t h e y  w e r e  done  to d e t e r m i n e  w h e t h e r  
i t  was  poss ib l e  to m e a s u r e  the  i n s t a n t a n e o u s  cor -  
ros ion  r a t e  of the  m a t e r i a l  b y  a m e t h o d  d e s c r i b e d  b y  
V e t t e r  (3) .  He  r e p o r t e d  t h a t  the  co r ros ion  r a t e  of 
pa s s ive  i ron  in c o n c e n t r a t e d  n i t r i c  ac id  can  b e  d e t e r -  
m i n e d  e l e c t r o c h e m i c a l l y  b y  p o l a r i z i n g  the  su r face  
a n o d i c a l l y  to the  p o t e n t i a l  of p l a t i n u m  in the  s ame  
solut ion .  The  c u r r e n t  r e q u i r e d  to po la r i ze  is e q u i v -  
a l en t  to t he  cor ros ion  cu r ren t .  M e a s u r e m e n t s  of th is  
t y p e  w e r e  d i s c o n t i n u e d  w h e n  it  was  r e a l i z e d  t ha t  
v e r y  spec ia l  e l e c t r o c h e m i c a l  condi t ions ,  d e s c r i b e d  
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Fig. 1. Potent ia l  as a func t ion  o f  t ime fo r  stainless steel 
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e l s e w h e r e  (4 ) ,  a r e  r e q u i r e d  fo r  t he  m e t h o d  to w o r k .  
A sufficient  n u m b e r  of e x p e r i m e n t s  of th is  t y p e  w e r e  
c o n d u c t e d  to p r o v i d e  conv inc ing  e v i d e n c e  t h a t  t h e  
o b s e r v a t i o n s  d e s c r i b e d  b e l o w  a r e  co r r ec t  for  s t a i n -  
less s teel .  Since,  q u a l i t a t i v e l y ,  s im i l a r  p o t e n t i a l - t i m e  
b e h a v i o r  was  o b s e r v e d  for  o t h e r  m a t e r i a l s ,  i t  is p o s -  
s ib le  t h a t  the  ana lys i s  p r e s e n t e d  b e l o w  could  w e l l  
a p p l y  to t he  v a r i o u s  o t h e r  su r f aces  w h i c h  w e r e  used  
to s t u d y  f e r r o u s - f e r r i c  o x i d a t i o n - r e d u c t i o n  k ine t ics .  
H o w e v e r ,  d a t a  for  these  o t h e r  m e t a l s  a r e  no t  a v a i l -  
able .  

Time-Potent ia l  Measurements  

F i g u r e  1 i l l u s t r a t e s  t he  p o t e n t i a l - t i m e  b e h a v i o r  
d e s c r i b e d  above .  The  c i rc les  r e p r e s e n t  d a t a  in  f e r r i c -  
f e r r o u s  su l f a t e  a n d  a r e  t h e  d a t a  r e p o r t e d  e a r l i e r  (1)  
w i t h o u t  e x p l a n a t i o n .  T h e  squa re s  a p p l y  to a f e r r o u s -  
f e r r i c  ch lo r ide  s y s t e m  con ta in ing  n i t r a t e .  K i n e t i c  
d a t a  for  o x i d a t i o n  a n d  r e d u c t i o n  of f e r r o u s  a n d  f e r -  
r ic  ions h a v e  a l r e a d y  been  r e p o r t e d  for  these  sys -  
tems.  I n  t he  s u l f a t e  so lu t ion  w i t h  a f e r r o u s - f e r r i c  
r e v e r s i b l e  p o t e n t i a l  of  +0 .770 v, t he  e x c h a n g e  c u r -  
ren t ,  to, is 0.045 t ,amp/cm~;  t he  Ta fe l  s lope  for  r e -  
duc t ion  of f e r r i c  ions,  flo, is 0.123 v; t he  T a f e l  s lope  
for  o x i d a t i o n  of f e r rous  ions, ft,, 0.102 v. F o r  t he  
c h l o r i d e  s y s t e m  (2)  w i t h  a r e v e r s i b l e  p o t e n t i a l  of  
+0 .824  v, to, is 0.063 t~amp/cm2; flo is 0.146; fla is 
0.165. These  m e a s u r e m e n t s  w e r e  m a d e  a f t e r  t he  
e l e c t rode s  h a d  come to a s t e a d y - s t a t e  p o t e n t i a l  v e r y  
close to t h e  r e v e r s i b l e  f e r r o u s - f e r r i c  po t en t i a l .  

Anodic Polarization Measurements  

I t  is a s s u m e d  t h a t  t h e  a b o v e  k ine t i c  p a r a m e t e r s  
a p p l y  to the  s y s t e m  v e r y  soon a f t e r  t h e  e l ec t rode  is 
i m m e r s e d  a n d  t h a t  t h e y  do no t  change  d u r i n g  the  
t i m e  the  p o t e n t i a l  a p p r o a c h e s  tha t  of  p l a t inum�9  
Jus t i f i ca t ion  for  th is  i m p o r t a n t  a s s u m p t i o n  is p r e -  
s en t ed  l a t e r .  I f  th i s  a s s u m p t i o n  is cor rec t ,  a n o t h e r  
o x i d a t i o n  reac t ion ,  in a d d i t i o n  to o x i d a t i o n  of f e r -  
rous  ions,  m u s t  be  occu r r i ng  d u r i n g  th i s  t ime .  A c -  
c o rd ing  to t he  t h e o r y  of t he  m i x e d  po t en t i a l ,  t h e  
s y s t e m  m u s t  s a t i s fy  the  fo l l owing  r e l a t i o n :  

< < - - - -  > 

iFo++ q- i~ = i . . . . .  [ 1 ] 
< 

w h e r e  iF~++ ( t~amp/cm ~) is t he  r a t e  of o x i d a t i o n  of 

f e r rous  ions;  i~ is t he  r a t e  of o x i d a t i o n  of a second  

o x i d a t i o n  process ,  and  iF . . . .  is the  r a t e  of r e d u c t i o n  
of f e r r i c  ions: E q u a t i o n  [1]  s i m p l y  s t a tes  t h a t  t h e r e  
can  be  no n e t  o x i d a t i o n  or  r e d u c t i o n  in t he  s y s t e m  
and  ho lds  at  a n y  t i m e  w h e r e  no e x t e r n a l  c u r r e n t  is 

app l i ed .  The  mos t  l i k e l y  p rocess  r e p r e s e n t e d  b y  i~ 
is o x i d a t i o n  of me ta l ,  p a r t i c u l a r l y  s ince  p o t e n t i a l s  
i n v o l v e d  a re  m o r e  ac t i ve  t h a n  the  r e v e r s i b l e  o x y -  
gen p o t e n t i a l  and  o x y g e n  evo lu t i on  is no t  l ike ly .  

Upon  anod ic  p o l a r i z a t i o n  to t he  p o t e n t i a l  of p l a t i -  

n u m  (~ = o) ,  w i t h  an  a p p l i e d  cu r ren t ,  i~, t he  e q u a -  
t ion  sat is f ied is: 

( <------ > 

i~ ---- (i . . . .  -k i~) - -  iF . . . .  [2]  

b u t  a t  v = o, iF~+~ = iF . . . . .  to, so t ha t  

4------ 

i~ = i~ [3]  
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~" ~o ' ' %  .... ~ . . . . . . . . . . . . . . . . .  t . . . . . . .  ~ t ion  which  re la tes  ionic c u r r e n t  t h r ough  an  oxide :E 
~ ~ film wi th  the field, F, across the film. 

:~ \ \ i = (~e ~ [8] 
:t 

o, i.( For  example ,  Char lesby  has worked  wi th  a l u m i n u m  
~xo%. (6) and  z i r con ium (7) and  repor ts  gene ra l  agree-  

m e n t  wi th  Eq. [8]. Van  Rysse lbe rghe  a nd  c o - w o r k -  
tLI "'~, %x ers (8) ex t ended  work  w i th  z i r con ium to m u c h  
~ ~.o o. t h i n n e r  films t h a n  those inves t iga ted  by  Char l e sby  
z oJ a nd  also found  Eq. [8] val id .  Young  (9) repor t s  tha t  
O 
y_ resul t s  for c o l u m b i u m  m a y  be expressed by  this  
a < ~ J equat ion.  Ve rmi lyea  (1O) has conduc ted  ex tens ive  

" ~ " ~  ,,I s tudies  on the fo rma t ion  of anodic  oxide films on o 
~.~ o.o~ . . . . . . . .  ~ . . . . . . . .  t . . . . . . . .  I . , : ' x . ,  t a n t a l u m  and  finds tha t  at cons tan t  t e m p e r a t u r e  re -  

o.i I.o io ioo Iooo 
sults  are descr ibed by  an  equa t i on  s imi la r  in  fo rm 

TIME (MINUTES)  
to [8]. However ,  de ta i led  work  has shown tha t  the  

Fig.  2 .  O x i d a t i o n  rote  a t  z e r o  o v e r v o l t a g e  a s  o f u n c t i o n  o f  Matt  a nd  Cabre ra  theory  is no t  adequa te  for de-  
time for stainless steel in a ferric-ferrous sulfate solution with 
reversible potential of +0.770 v. scr ib ing  all  observed  p h e n o m e n a ,  and  efforts to p ro -  

vide modif icat ions  or n e w  theor ies  have  appea red  
(11-14) .  

As descr ibed  above,  i~ was m e a s u r e d  as a f u n c t i o n  It is no t  the purpose  of this  work  to eva lua t e  any  
of t ime. Consequen t ly ,  the  k ine t ics  of me t a l  ox ida -  of these de ta i led  descr ipt ions .  Rather ,  an  effort wi l l  
t i on  at cons tan t  po ten t ia l  can be descr ibed  in  con-  be made  to show tha t  observed  k ine t ics  of s ta in less  
s iderab le  de ta i l  solely f rom this  type  of m e a s u r e -  steel anodic  ox ida t ion  are v e r y  s imi la r  in  fo rm to ob-  
ment .  Since the  da ta  r ange  over  th ree  orders  of m a g -  served kinet ics  for anodic  ox ida t ion  of a l u m i n u m ,  
n i tude ,  it  is c o n v e n i e n t  to plot  t h e m  on logar i thmic  co lumbium,  t a n t a l u m ,  and  z i r con ium w he r e  a m o r -  
scales. Da ta  for sul fa te  so lu t ion  are  g iven  in  Fig. 2. phous  oxide films are produced.  
The  poin ts  fa l l  on a good s t ra igh t  l ine,  the slope of A t  cons tan t  potent ia l ,  Eq. [8] [where  i is p ropor -  

~__ t iona l  to d x / d t  a nd  F = E / x ]  m a y  be pu t  in  the 
which  is close to m i n u s  one. This m e a n s  tha t  im is i n -  form of the so-cal led  inve r se  logar i thmic  equa t ion  
Tersely p ropor t iona l  to t ime.  by  m a k i n g  su i t ab le  app rox ima t ions  (5) .  

r  k'  1 
i ,  = - -  [4] - -  = a - -  b log t [9] 

t x 

Cons ider  tha t  i~ represen t s  the  ra te  of ox ida t ion  of It  is p a r t i c u l a r l y  difficult to d i s t ingu i sh  exper i -  
me t a l  to fo rm an  oxide of some type  in  accordance  m e n t a l l y  b e t w e e n  Eqs. [7] and  [9]. M e a s u r e m e n t s  
w i th  a process s imi la r  to M + H.~O-* MO + 2H § + 2e. over  be t t e r  t h a n  two orders  of m a g n i t u d e  in  t ime  

T h e n  i~ is p ropor t iona l  to the  ra te  of g rowth  of oxide are requi red .  This is descr ibed c lear ly  by  V e r m i l y e a  
th ickness  and  i l lu s t r a t ed  by  his da ta  for anodic  ox ida t ion  (10) 

.~-  k " d x  and  d ry  ox ida t ion  (15) of t a n t a l u m .  Thus,  it  is pos-  
~"~- dt  [5] sible tha t  the  t h i c k n e s s - t i m e  re la t ion  observed  here  

for s ta inless  steel  could also fit the  inverse  loga r i th -  
whe re  x is the  oxide film thickness .  Therefore ,  mic  equa t ion  and  be cons is ten t  w i th  Eq. [8].  

d x  k Char l e sby  (6) in  work  w i th  anodized a l u m i n u m  
- -  -- [6] t r ied  to d e t e r m i n e  w h e t h e r  his da ta  best  fit Eq. [8] 

dt  t or w he t he r  they  a re  best  descr ibed by  the  s t rong  
field emiss ion f o r m u l a  of Fowle r  and  N o r d h e i m  (16) .  and  u p o n  in t eg ra t i on  a logar i thmic  ox ida t ion  e qua -  

t ion  is ob ta ined  i = ~ P e  (-~/~) [ 10] 
x = A + B l o g  t [7] 

Whe the r  one considers  x an  oxide film th ickness  or He also i l lus t ra tes  the  difficulty i nvo lved  a nd  f u r -  
s imply  the  we igh t  of me t a l  oxidized, it  is qu i te  clear  ther  repor ts  tha t  the  G u n t h e r s c h u l z e  a nd  Betz '  (17) 
tha t  the  k ine t ics  of the  process at  cons tan t  po ten t i a l  da ta  for  t a n t a l u m  fit Eqs. [8] and  [10] equa l ly  well .  
closely a p p r o x i m a t e  the  genera l  loga r i thmic  ox ida-  Char lesby ' s  da ta  of p a r t i c u l a r  in te res t  here  invo lve  
t ion  equat ion ,  decay of c u r r e n t  w i th  t ime  at  cons tan t  potent ia l ,  ex-  

Genera l ly ,  Eq. [7] applies  to ox ida t ion  at low act ly  the  e x p e r i m e n t a l  condi t ions  used for s ta inless  
t e m p e r a t u r e s  w h e n  t h i n  films are formed,  steel  in  Fig. 2. He shows m a t h e m a t i c a l l y  t ha t  for 

sys tems descr ibed  by  Eq. [8],  (d log i ) / ( d  log t)  
Relat ion to  O the r  W o r k  on Ox ida t i on  of  Me ta l s  var ies  wi th  flF. Over  a r a nge  of flF va lues  f rom 10 

Cons ide rab le  work  has been  repor ted  on ox ida t ion  to 50, which  should  cover m a n y  rea l  systems,  
k ine t ics  of meta l s  such as a l u m i n u m ,  t a n t a l u m ,  co- (d log i ) / ( d  log t) var ies  f rom --0.87 to --0.96. For  
l u m b i u m ,  and  z i rconium,  where  amorphous  oxide Eq. [10], wi th  B / F  values  f rom 10 to 30, (d  log i ) /  
films are formed.  Much of the  e x p e r i m e n t a l  w o r k  (d log t) var ies  f rom --0.984 to --0.998. These  va lues  
has b e e n  d i rec ted  t oward  d e t e r m i n a t i o n  of the  app l i -  are  closer to --1 t h a n  the  co r respond ing  va lues  for 
cab i l i ty  of the  Mat t  and  Cab re r a  (5) type  of e q u a -  Eq. [8] and  m a y  serve to d i s t ingu i sh  b e t w e e n  the  
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Fig. 3. Oxidation rate at zero overvoltage as a function of 
time for stainless steel in ferric-ferrous chloride solutions 
containing nitrate with reversible potentials of + 0 . 8 2 4  v 
(circles), + 0 . 8 2 3  v (triangles), and -t-0.809 v (squares), 
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F ig.  4 .  S c h e m a t i c  p o l a r i z a t i o n  d i a g r a m  s h o w i n g  t h e  pos i -  

t i o n  o f  p a r t i a l  c u r r e n t s  d u r i n g  t h e  a p p r o a c h  t o  o s t e a d y - s t a t e  
potential. 

two.  C h a r l e s b y  f a v o r e d  Eq. [8]  for  his  da ta ,  b u t  r e -  
p o r t e d  the  r e su l t s  as inconc lus ive .  

The  l ine  d r a w n  t h r o u g h  the  po in t s  on Fig .  2 has  
a slope,  (d  log  i ) / (d  log t ) ,  of --0.96. A l t h o u g h  
va lue s  of B and  F a r e  no t  k n o w n  for  the  s t a in less  
s tee l  sys t em,  these  d a t a  a lone  i n d i c a t e  t h a t  Eq. [8]  
m a y  app ly .  H o w e v e r ,  s i m i l a r  d a t a  for  t h r e e  ch lo r ide  
sys t ems  a re  shown  in Fig.  3. The  c i rc les  a r e  for  t he  
f e r r o u s - f e r r i c  ch lo r ide  s y s t e m  i l l u s t r a t e d  in Fig .  1. 
The  squa re s  and  t r i a n g u l a r  po in t s  a r e  for  s t a in less  
s tee l  in a s i m i l a r  so lu t ion  w i t h  r e v e r s i b l e  f e r r o u s -  
f e r r i c  p o t e n t i a l s  of +0 .809 and  +0.823 v, r e s p e c -  
t i ve ly .  The  s t r a i g h t  l ines  d r a w n  t h r o u g h  t h e  t h r e e  
sets  of d a t a  h a v e  s lopes  of --1.0 ( c i r c l e s ) ,  --1.0 
( s q u a r e s ) ,  a n d - - 0 . 9 7  ( t r i a n g l e s ) .  

I t  is e v i d e n t  f r o m  the  above  d iscuss ion  t h a t  t h e  
o x i d a t i o n  k ine t i c s  o b s e r v e d  for  s ta in less  s tee l  a t  
c o n s t a n t  p o t e n t i a l  in  t he  ox id i z ing  aqueous  e n v i r o n -  
m e n t s  i n v e s t i g a t e d  can  be  cons ide r ed  to c o m p l y  r e a -  
s o n a b l y  w e l l  w i t h  e i t he r  t he  l o g a r i t h m i c  or  i n v e r s e  
l o g a r i t h m i c  o x i d a t i o n  equa t ions .  Also,  t he  d a t a  can  
be cons ide r ed  r e a s o n a b l y  cons i s t en t  w i t h  e i t h e r  Eqs. 
[8]  or  [10] d e s c r i b i n g  ion c u r r e n t  as a func t ion  of 
field across  an  oxide .  

Dependence of Metal Oxidation Rate on Potential 

F o r  Eq. [8] ,  w h i c h  is f a v o r e d  b y  mos t  w o r k  on 
anod ic  ox ida t ion ,  dF/(d log  i ) ,  is a c o n s t a n t  ~ w h i c h  
is o f ten  r e f e r r e d  to as t he  T a f e l  s lope  b y  D e w a l d  
(11) and  Y o u n g  (9) .  Thus ,  a t  cons t an t  f i lm t h i c k -  
ness, dE/(d log  i )  is a cons tan t .  The  r a p i d  ( ~ 1 0 -  
sec)  anodic  p o l a r i z a t i o n  m e a s u r e m e n t s  d e s c r i b e d  

<_.___ 

a b o v e  for  d e t e r m i n a t i o n  of i~ m a y  be  con s ide r e d  
p o l a r i z a t i o n  a t  cons t an t  f i lm th ickness .  Thus ,  one 
w o u l d  e x p e c t  a s t r a i g h t  l ine  r e l a t i o n  b e t w e e n  p o -  

t e n t i a l  a n d  log  i~ at  a n y  t ime  t. W h i l e  e x i e n s i v e  
<___ 

d a t a  showing  the  v a r i a t i o n  of i,,~ w i t h  p o t e n t i a l  a t  
cons t an t  t i m e  canno t  be  o b t a i n e d  b y  the  m e t h o d s  
used,  two  po in t s  a t  a n y  t ime  h a v e  b e e n  m e a s u r e d .  
This  is bes t  d e s c r i b e d  w i t h  t he  a id  of  a s c h e m a t i c  

1 T h e r e  i s  n o w  e v i d e n c e  t h a t  ~ i n  E q .  [83 i s  n o t  s t r i e t l y  i n d e p e n d -  
e n t  o f  f i e l d  (14,  1 8 ) .  H o w e v e r ,  f o r  t h e  s i t u a t i o n  d e s c r i b e d ,  t h e  
c h a n g e  i n  f i e l d  i s  q u i t e  s m a l l ,  a n d  t h i s  r e l a t i o n  m a y  b e  c o n s i d e r e d  
t o  a p p l y .  

p o l a r i z a t i o n  d i a g r a m  u s i n g  the  a s s u m p t i o n  (de -  
s c r i be d  above )  t h a t  t h e  f e r r o u s - f e r r i c  o x i d a t i o n - r e -  
duc t ion  k ine t i c s  a r e  cons t an t  w i t h  t ime .  W i t h  t he  
m e a s u r e d  k ine t i c  p a r a m e t e r s  in  su l f a t e  so lu t ion  used  
as an  e x a m p l e ,  Fig .  4 i l l u s t r a t e s  t h e  r e l a t i o n  b e -  
t w e e n  the  v a r i o u s  p a r t i a l  c u r r e n t s  d u r i n g  the  a p -  
p r o a c h  to a s t e a d y  s ta te .  P o t e n t i a l s  a r e  r e f e r r e d  to 
p l a t i n i z e d  p l a t i n u m  in the  s a m e  solut ion.  The  two  
sol id  Ta fe l  l ines  r e p r e s e n t  t h e  r a t e  of o x i d a t i o n  a n d  
r e d u c t i o n  of f e r r o u s  a n d  f e r r i c  ions as a func t ion  of 
po t en t i a l .  S ince  these  do no t  v a r y  at  a n y  t i m e  ( t )  
d u r i n g  the  a p p r o a c h  to the  p l a t i n u m  po t e n t i a l ,  the  

( > 

m a g n i t u d e s  of iFe§ a n d  iF . . . .  a r e  k n o w n  f r o m  a k n o w l -  
edge  of the  m i x e d  po ten t i a l .  F o r  e x a m p l e ,  w h e n  the  

( 

p o t e n t i a l  is - -100 mv,  iF~§247 is a b o u t  0.005 ~ a m p / c m  ~ 
> 

a n d  i~ . . . .  is a b o u t  0.30 ~ a m p / c m  ~. These  v a l u e s  a r e  
shown  as the  t r i a n g l e s  a n d  s q u a r e s  on Fig.  4. F r o m  

<___ 

Eq. [1] ,  i~ is t he  d i f fe rence  b e t w e e n  these  va lue s  o r  
a p p r o x i m a t e l y  0.30 ~ a m p / c m  ~. The re fo re ,  t h e  po in t  

> <----- ( 

r e p r e s e n t i n g  iF . . . .  a lso r e p r e s e n t s  in w h e n  /~e§247 is 
neg l ig ib l e  and,  in  a n y  case, r e p r e s e n t s  t he  t o t a l  
anod ic  cu r r en t .  

U p o n  r a p i d  anod ic  p o l a r i z a t i o n  to t he  p o t e n t i a l  of 

p l a t i n u m ,  a n o t h e r  v a l u e  of i~ is d e t e r m i n e d  as shown  
<------ ( 

b y  Eqs. [2]  and  [3] .  A t  th is  po ten t i a l ,  i,, + i~§247 r e p -  
<---- 

r e s e n t s  the  t o t a l  anod ic  cu r ren t .  S ince  i~ = i~ and  
( . <----- 

i~ . . . .  io, i~ + io also r e p r e s e n t  t he  t o t a l  anod ic  c u r -  
ren t .  The re fo re ,  t he  d o t t e d  l i ne  on Fig.  4 connec t ing  

i~ + i~ w i t h  iF . . . .  r e p r e s e n t s  the  t o t a l  anod ic  p o l a r i z a -  
t ion  c u r v e  of t he  s y s t e m  w h e n  the  m i x e d  p o t e n t i a l  is 
--100 my.  As  d e s c r i b e d  above ,  w h e n  the  p o t e n t i a l  is 

( 

fa r  f r o m  the  r e v e r s i b l e  po ten t i a l ,  iF~+. is ne g l i g ib l e  
<____ 

a n d  the  d o t t e d  l ine  r e p r e s e n t s  t he  c h a n g e  of i~ w i t h  

po t en t i a l .  A t  l o n g e r  t imes ,  w h e n  v is smal l ,  iF~§247 can  
no  l o n g e r  be  neg lec t ed ,  and  an  ana logous  d o t t e d  l ine  
w o u l d  r e p r e s e n t  t he  sum of two  l o g a r i t h m i c  cu rves  
which ,  ove r  t he  s m a l l  p o t e n t i a l  i n c r e m e n t  cons id -  
ered,  m a y  also be  r e p r e s e n t e d  b y  a s ing le  Ta fe l  l i ne  
(19) .  

<______ 

As d e s c r i b e d  above ,  i~ w a s  m e a s u r e d  p e r i o d i c a l l y  
d u r i n g  the  a p p r o a c h  of t h e  s a m p l e  p o t e n t i a l  to t h a t  
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of p l a t i n u m  in the  s a m e  solut ion .  The  e x c h a n g e  c u r -  
r en t  a n d  Ta fe l  l ines  w e r e  m e a s u r e d  a f t e r  t he  e l ec -  
t r o d e  h a d  r e a c h e d  a s t e a d y  p o t e n t i a l  va lue .  Con-  
s t r u c t i n g  a s i m i l a r  p lo t  to Fig .  4, t he  d a t a  for  t h e  
su l f a t e  s y s t e m  a re  s h o w n  in Fig.  5. The  s q u a r e  po in t s  
w h i c h  l ie  a long  t h e  Ta fe l  l ine  for  f e r r i c  r e d u c t i o n  a r e  
m e a s u r e d  p o t e n t i a l s  a t  v a r i o u s  t imes  d u r i n g  the  a p -  
p r o a c h  to  ze ro  ove rvo l t age .  T h e y  a r e  the  s ame  po in t s  
i l l u s t r a t e d  in  Fig .  1 a n d  a re  p l a c e d  on th is  f igure  
us ing  the  a s s u m p t i o n  t h a t  f e r r o u s - f e r r i c  k ine t i c s  a r e  
i n d e p e n d e n t  of t ime .  The  c i rc les  a r e  v a l u e s  of 

+ to, w h e r e  ~ is also m e a s u r e d  d u r i n g  the  a p p r o a c h  
to ze ro  ove rvo l t age .  The  sol id  l ines  c o n n e c t i n g  c i r -  
cles a n d  s q u a r e s  r e p r e s e n t  d a t a  o b t a i n e d  a t  t h e  s a m e  
t i m e  ( w i t h i n  a b o u t  10 sec) ,  t he  t i m e  a f t e r  i m m e r -  
s ion  in  t he  cel l  b e i n g  i n d i c a t e d  a long  the  a p p r o p r i a t e  
l ine.  The  l ines  a r e  no t  e x a c t l y  p a r a l l e l ,  those  a t  the  
s h o r t e r  t imes  e x h i b i t i n g  a h i g h e r  slope.  The  l ines  

a t  shor t  t i m e s  shou ld  m o r e  n e a r l y  r e p r e s e n t  i~ as a 
( 

f u n c t i o n  of p o t e n t i a l  s ince  iF~++ is ins igni f icant ,  w h i l e  

t he  l ines  a t  l ong  t imes  a re  in f luenced  b y  iF .... U n -  

, , , , i J  ' o  ' o '  i , , ~  ' ' % '  ' ' o o o '  o o o ' o  o o o o o o o 

I-- 
_J o -50 

,d - I 0 0  
I-- 

uJ 

o -150 

i i i i i i I i i J t , I  I ' ' ~ i ~  i i i L , s 

o.i I.O 1o 

CURRENT DENSITY {/LAMP/CM 2) 

Fig. 5. Total anodic polarization curve for stainless steel as 
a function of time during the approach to a steady-state 
potential in ferric-ferrous sulfate with a reversible potential 
of + 0 . 7 7 0  v. 
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Fig. 6. Total anodic polarization curve for stainless steel 
as a function of t ime during the approach to a steady-state 
potential in ferric-ferrous chloride containing nitrate with a 
reversible potential of + 0 . 8 2 4  v. 

f o r t u n a t e l y ,  fo r  s h o r t  t imes ,  t he  i n t e r v a l  d u r i n g  
w h i c h  the  s a m p l e  is a n o d i c a l l y  p o l a r i z e d  is s ign i f i -  
can t  in r e s p e c t  to the  t o t a l  t ime ,  so t h a t  t h e s e  d a t a  
canno t  be  c ons ide r e d  as a c c u r a t e  as those  for  w h i c h  
the  s a m p l e  has  been  i m m e r s e d  for  long  t imes .  

F i g u r e  6 shows  a s i m i l a r  p lo t  for  t he  c h l o r i d e  sys -  
tem.  H e r e  the  t o t a l  p o l a r i z a t i o n  l ines  a r e  a l l  m o r e  
n e a r l y  pa ra l l e l .  

R e g a r d l e s s  of w h e t h e r  one cons ide rs  the  f a m i l y  of 
t o t a l  p o l a r i z a t i o n  curves  p a r a l l e l  o r  no t  ( a n d  one 
w o u l d  no t  e x p e c t  t h e m  n e c e s s a r i l y  to be  p a r a l l e l  

s ince  two  d i f f e ren t  processes ,  i~ and  iF~++, w i t h  pos -  
s i b l y  d i f f e r en t  fl v a l u e s  a r e  i n v o l v e d ) ,  i t  is e v i d e n t  

<_____ 

t h a t  i~ a p p e a r s  to be  a l o g a r i t h m i c  func t ion  of  p o -  
t e n t i a l  as r e q u i r e d  b y  Eq. [8] .  

P o t e n t i a l - T i m e  Behavior  

The  in i t i a l  p o t e n t i a l - t i m e  b e h a v i o r  is e x p l a i n e d  
r e a d i l y  in t e r m s  of t h e  p rocesses  d e s c r i b e d  above .  
The  p o t e n t i a l  dec reases  in t he  m a n n e r  s h o w n  in Fig .  

4------- 

1 b e c a u s e  an  anod ic  Tafe l  l ine  ( r e p r e s e n t i n g  in as a 
func t ion  of E)  sweeps  f r o m  r i g h t  to l e f t  ac ross  t he  

p o l a r i z a t i o n  cu rves  of  iFe++ a n d  iF ..... The  m i x e d  p o -  
t e n t i a l  a t  any  t i m e  is t ha t  v a l u e  a t  w h i c h  t h e  sum of 

a l l  the  r a t e s  of o x i d a t i o n  (i  . . . .  + ira) equa l s  t he  r a t e  

of r e d u c t i o n  (iF . . . .  ) .  A t  sho r t  t imes ,  iFe++ is n e g l i g i b l e  

and  the  p o t e n t i a l  is d e t e r m i n e d  p r i m a r i l y  b y  i~ 

w h i c h  is c h a n g i n g  r a p i d l y .  W h e n  i,, a p p r o a c h e s  iFe++, 
t h e  p o t e n t i a l  is d e t e r m i n e d  b y  the  sum of these  two  

cu r ren t s .  In  th is  i n t e rva l ,  im is c h a n g i n g  less r a p i d l y .  

F i n a l l y ,  w h e n  i~ becomes  n e g l i g i b l e  in c o m p a r i s o n  to 
( ( 

iFo++, the  t o t a l  anod ic  c u r r e n t  is e s sen t i a l l y  iF .... In  

th is  condi t ion ,  iFe++----iF . . . .  (or  the  e x c h a n g e  c u r -  
r e n t ) ,  and  the  m e t a l  e x h i b i t s  t he  r e v e r s i b l e  f e r r o u s -  
f e r r i c  p o t e n t i a l  of the  so lu t ion  w h e r e  v = o. T h e  p o -  
t e n t i a l  no l o n g e r  changes  w i t h  t ime.  

O x i d e  Fi lm Th ickness  

T h e  o x i d a t i o n  k ine t i c s  o b s e r v e d  for  s t a in less  s tee l  
d u r i n g  the  a p p r o a c h  of i ts  m i x e d  p o t e n t i a l  to t h a t  of 
p l a t i n u m  in f e r r i c - f e r r o u s  so lu t ions  a r e  s i m i l a r  to 
k ine t i c s  o b s e r v e d  for  anod ic  o x i d a t i o n  of m e t a l s  
w h i c h  a r e  k n o w n  to fo rm th in  a m o r p h o u s  films. This  
is ev idence  t ha t  s i m i l a r  f i lms a r e  f o r m e d  on the  i r o n -  
c h r o m i u m - n i c k e l  a l loy.  

A n  e s t i m a t e  of t he  t h i cknes s  of t he  f i lm f o r m e d  
at  cons t an t  p o t e n t i a l  m a y  be  m a d e  b y  d e t e r m i n i n g  
the  n u m b e r  of cou lombs  i n v o l v e d  in t he  o b s e r v a t i o n s  
r e p o r t e d  in Fig .  2. I n t e g r a t i n g  the  c u r r e n t - t i m e  r e l a -  
t i onsh ip  b e t w e e n  1 m i n  a n d  400 ra in  p r o d u c e s  a 
v a l u e  of 1.3 (10 - ') c o u l o m b s / c m  -~. C o n s i d e r i n g  the  
r e l a t i o n s h i p  app l i e s  f r o m  1 sac to 1000 m i n  i nc r ea se s  
th i s  v a l u e  to 2.5 (10 ~) c o u l o m b s / c m  ~. Us ing  2 (10- ')  
g / c o u l o m b  for  the  e l e c t r o c h e m i c a l  e q u i v a l e n t  for  
o x i d a t i o n  of t he  a l loy,  g ives  a v a l u e  of  a p p r o x i -  
m a t e l y  5 (10 -~) g / c m  ~ for  t he  w e i g h t  of m e t a l  ox i -  
d ized  a f t e r  1000 min .  A s s u m i n g  the  o x i d e  has  t he  
f o r m u l a  M~O, w i t h  a v e r a g e  m o l e c u l a r  w e i g h t  of 150 
and  m e t a l  a tomic  w e i g h t  of  55, t h e  w e i g h t  of ox ide  
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p r o d u c e d  is a p p r o x i m a t e l y  7 (10 -~) g / c m  2 or  0.7 
~ g / c m l  W i t h  a su r f ace  r o u g h n e s s  f ac to r  of 2.5, th i s  
v a l u e  is r e d u c e d  to 0.3 ~ g / c m l  This  m a y  b e  com-  
p a r e d  w i t h  R h o d i n ' s  (20) va lue s  of 0.5 to 1.0 ~g /  
cm 2 o b t a i n e d  b y  w e i g h i n g  ox ides  s t r i p p e d  f r o m  
s ta in less  s tee ls .  A s s u m i n g  an  ox ide  d e n s i t y  of 5 
g / c m  ', t he  ox ide  t h i cknes s  g r o w n  in  the  ox id i z ing  
so lu t ion  a f t e r  p a s s i v a t i o n  in n i t r i c  ac id  is 6A, a v a l u e  
w h i c h  could  eas i ly  be  in e r r o r  b y  a f ac to r  of two,  
cons ide r ing  the  a s s u m p t i o n s  w h i c h  a r e  invo lved .  

The  c a l c u l a t i o n  is m a d e  p r i m a r i l y  to show t h a t  
e x p e r i m e n t a l  v a l u e s  of c u r r e n t  a r e  cons i s t en t  w i t h  a 
p rocess  i n v o l v i n g  l o g a r i t h m i c  g r o w t h  of th in  o x i d e  
films. 

General Discussion 
The  i m p o r t a n t  a~sumpt ion  m a d e  in  th is  e n t i r e  

a n a l y s i s  is t h a t  t h e  f e r r o u s - f e r r i c  k ine t i c s  r e m a i n  
cons t an t  w i t h  t i m e  d u r i n g  the  a p p r o a c h  of t h e  p o -  
t e n t i a l  to the  r e v e r s i b l e  r e d o x  v a l u e  of  the  solu t ion .  
No a b s o l u t e  p roo f  for  the  v a l i d i t y  of th i s  a s s u m p t i o n  
can  be  p r e s e n t e d .  H o w e v e r ,  i t  a p p e a r s  qu i t e  r e a s o n -  
able ,  and  the  en t i r e  k ine t i c  d e s c r i p t i o n  based  on th i s  
a s s u m p t i o n  is q u i t e  s e l f - cons i s t en t .  

I t  shou ld  p e r h a p s  be  m e n t i o n e d  t h a t  cons t ruc t i on  
of Fig .  5 and  6 to p r o d u c e  a f a m i l y  of cu rves  w h i c h  
a r e  so n e a r l y  p a r a l l e l  p r o v i d e s  a v e r y  s eve re  t es t  of 
bo th  the  a s s u m p t i o n  i n v o l v e d  and  the  e x p e r i m e n t a l  
da ta .  Note ,  for  e x a m p l e ,  the  po in t s  a long  the  p l a t i -  

4-- 

n u m  p o t e n t i a l  a r e  va lue s  of ip + to, w h e r e  io is qu i t e  
<__ 

s igni f icant  in  r e spec t  to ip for  an  a p p r e c i a b l e  f r a c t i o n  
of t he  t o t a l  anod ic  cu rves  shown.  If  io or  flo for  t he  
f e r r i c - f e r r o u s  s y s t e m  w e r e  to change  a p p r e c i a b l y  
w i th  t ime,  i t  w o u l d  be h i g h l y  u n l i k e l y  t h a t  con-  
s t ruc t ion  of Fig .  5 a n d  6 w o u l d  h a v e  p r o d u c e d  such 
a p a r a l l e l  a r r a y  of anod ic  curves .  This  p e r h a p s  p r o -  
v ides  some  jus t i f i ca t ion  for  the  a s sumpt ion .  F u r t h e r ,  
t he  a s s u m p t i o n  is cons i s t en t  w~th a r e d o x  p rocess  
o c c u r r i n g  on an  o x i d e  surface ,  .since one w o u l d  no t  
n e c e s s a r i l y  expec t  r e d o x  k ine t i c s  to c h a n g e  as the  
ox ide  becomes  t h i c k e r  p r o v i d e d  t h e  r a t e  is no t  
l i m i t e d  b y  the  r a t e  of e l ec t ron  t r a n s f e r  t h r o u g h  the  
oxide .  

P e r h a p s  anod ic  o x i d a t i o n  k ine t i c s  for  s t a in less  
s teel ,  s i m i l a r  to t h a t  d e s c r i b e d  here ,  h a v e  no t  b e e n  
h e r e t o f o r e  r e p o r t e d  because  s ta in less  s tee l  e x h i b i t s  a 
t r a n s p a s s i v e  p o t e n t i a l  reg ion .  T h a t  is, a t  r e l a t i v e l y  
nob le  po ten t i a l s ,  s t a in less  s tee l  d i sso lves  r a p i d l y ,  
w h e r e a s  ox ides  on o t h e r  m e t a l s  can  s u p p o r t  m u c h  
h i g h e r  fields. Also,  o v e r v o l t a g e s  for  o x y g e n  e v o l u -  
t ion  on m e t a l s  l ike  t a n t a l u m ,  z i r con ium,  c o l u m b i u m ,  
and  a l u m i n u m  are  r e l a t i v e l y  h igh  in  c o m p a r i s o n  to 
t he  o v e r v o l t a g e  for  t he  p rocess  on s ta in]ess  s teel .  
Thus,  t he  p o t e n t i a l  r a n g e  w h e r e  such  k ine t i c s  can  be  
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o b s e r v e d  for  s t a in less  .steel is m u c h  m o r e  l i m i t e d  
t h a n  t h a t  w h i c h  ex i s t s  for  m e t a l s  w h i c h  can  be  ano -  
d ized  r e a d i l y .  S ince  the  ox ide  on s t a in less  s t ee l  a p -  
p a r e n t l y  canno t  s u p p o r t  h igh  fields, t he  t h i c k n e s s  
canno t  r e a d i l y  be  bu i l t  up  to t he  i n t e r f e r e n c e  color  
r ange .  

In  mos t  w o r k  on anod ic  o x i d e  films, t he  f ield r e -  
q u i r e d  to p r o d u c e  g r o w t h  is a p p l i e d  e x t e r n a l l y ,  
w h e r e a s  he r e  t he  r e d o x  s y s t e m  is c ons ide r e d  to p r o -  
v ide  the  field. This  is cons i s t en t  w i t h  cons ide ra t i ons  
of Y o u n g  (9) ,  D e w a l d  (11) ,  V e r m i l y e a  (10) ,  and  
V a n  R y s s e l b e r g h e  (8 ) ,  w h o  a l l  h a v e  t a k e n  in to  a c -  
count  t h e  f ield p r o d u c e d  b y  electrochemical p r o c -  
esses in  so lu t ion  as w e l l  as t he  field c r e a t e d  b y  an  
a p p l i e d  po t en t i a l .  
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ABSTRACT 

Single  c rys ta l  spheres  of copper  were  used to s tudy the effect of th iourea  
on the p la t ing of copper  f rom an acid ba th  and the adsorpt ion of th iourea  on 
copper.  By x - r a y  diffract ion methods,  it  was found tha t  ins tead of the no rma l  
tendency  of copper  to receive  s ing le -c rys ta l  deposi ts  on the (111) regions f rom 
the acid bath,  the  presence of th iourea  caused a uni form br igh t  po lycrys ta l l ine  
deposit  to be rece ived  over  the  ent i re  sphere.  By the use of th iourea  labe l led  
wi th  S-35, i t  was found that  th iourea  was s t rongly  but  f a i r ly  un i fo rmly  ad-  
sorbed on the spheres.  I t  is concluded tha t  the adsorpt ion  of th iourea  is gen-  
era l  w i th  no pre fe rence  for any crys ta l  face of copper  and tha t  the adsorbed 
th iourea  in ter feres  wi th  the crys ta l  growth  of the copper electrodeposit .  

D u r i n g  the  d e v e l o p m e n t  of m o d e r n  e l e c t r o p l a t i n g  
p rac t i ce ,  i t  was  f o u n d  t ha t  the  inc lus ion  of s m a l l  
a m o u n t s  of t he  p r o p e r  a d d i t i o n  or  b r i g h t e n i n g  agen t  
in  the  p l a t i n g  b a t h  r e su l t s  in  m a r k e d  changes  in the  
n a t u r e  of the  depos i t  o b t a i n e d  f rom the  ba th .  In  mos t  
cases  a d d i t i o n  agen t s  a r e  used  to o b t a i n  smoo th  
b r i g h t  depos i t s  a l t h o u g h  t h e y  also m a y  be  used  in 
some  cases  to i m p r o v e  o the r  p rope r t i e s .  In  some  
cases  a d d i t i o n  agen t s  p e r m i t  t he  use  of h i g h e r  c u r -  
r e n t  dens i t i e s  and,  as is t h e  case  p a r t i c u l a r l y  w i t h  
some b r i g h t  n i c k e l  ba ths ,  p r o d u c e  a l eve l ing  act ion,  
w h e r e b y  the  p l a t e d  su r face  is s m o o t h e r  t h a n  the  
o r ig ina l  surface .  The  a m o u n t  of a d d i t i o n  agen t  r e -  
q u i r e d  to p r o d u c e  these  effects is s u r p r i s i n g l y  smal l ,  
and  the  ac t ion  of the  a d d i t i o n  a g e n t  is o f ten  specific 
for  a p a r t i c u l a r  ba th .  

The  a d v e n t  of b r i g h t  p l a t i n g  r e p r e s e n t s  a con-  
s i d e r a b l e  c o m m e r c i a l  a d v a n c e  in  t he  field of e l e c t r o -  
depos i t ion .  In  p a r t i c u l a r ,  s u b s t a n t i a l  s av ings  in  cost  
a n d  effor t  h a v e  been  m a d e  s ince  a good dea l  of t he  
h a n d  f in ishing p r e v i o u s l y  used  can  be  e l i m i n a t e d .  

The  e a r l y  h i s t o r y  of  b r i g h t  p l a t i n g  has  been  r e -  
v i e w e d  b y  R u b i n s t e i n  ( I )  and  b y  H e n r i c k s  (2 ) .  The  
d i s c o v e r y  of the  b r i g h t e n e r s  used  in  t he  v a r i o u s  
p l a t i n g  b a t h s  was  a c c i d e n t a l  in  some cases,  and  in 
o the r s  was  t he  r e s u l t  of p a i n s t a k i n g  e x p e r i m e n t a -  
t ion,  a lmos t  i n v a r i a b l y  b y  m e a n s  of r e p e a t e d  tes t  
p l a t i n g s  on a sma l l  scale.  H o w e v e r  c o m p a r a t i v e l y  
l i t t l e  r e s e a r c h  effor t  has  been  d e v o t e d  to inc i s ive  
i n q u i r y  in to  t he  m e c h a n i s m  of b r i g h t  p l a t ing .  H e n -  
r i cks  (2)  r e v i e w e d  s e v e r a l  theor ie s  p r o p o s e d  for  the  
m e c h a n i s m  of b r i g h t  p l a t ing .  The  mos t  p r o m i n e n t  of 
these  t heo r i e s  a r e  t he  r e d u c i n g  m e n s t r u u m  t h e o r y  of 
K e r n  (3) ,  t h e  a d s o r p t i o n  t h e o r y  of B a n c r o f t  (4)  
[cf. B l u m  ( 5 ) ] ,  the  c o m p l e x  t h e o r y  of M a t h e r s  (6) ,  
and  the  ca thode  i n t e r f e r e n c e  t h e o r y  of H u n t  (7 ) .  
Each  of these  p r o p o s e d  theo r i e s  explair~s some of  t h e  
p h e n o m e n a  as soc ia t ed  w i t h  b r i g h t e n e r  act ion,  b u t  
none  of these  c o m p l e t e l y  e x p l a i n s  a l l  of the  fac ts  ob -  
se rved .  W h i l e  t he  e x p l a n a t i o n s  of t he  m e c h a n i s m  of 
b r i g h t  p l a t i n g  a r e  s t i l l  obscure ,  t he  p r e v a l e n t  op in ion  
a m o n g  m o r e  r e c e n t  w o r k e r s  (8) is t h a t  some fo rm of 

1 G e n e r a l  M o t o r s  F e l l o w  a t  W a y n e  U n i v e r s i t y ,  1954-5.  

-~ G e n e r a l  M o t o r s  F e l l o w  a t  W a y n e  U n i v e r s i t y ,  1954. 

a d s o r p t i o n  is i nvo lved .  The  d e v e l o p m e n t  of a s a t i s -  
f a c t o r y  t h e o r y  of b r i g h t  p l a t i n g  wi l l  be  of i m p o r -  
t ance  in b r i n g i n g  abou t  the  d e v e l o p m e n t  of f u r t h e r  
b r i g h t  ba ths  of c o m m e r c i a l  u t i l i ty .  

A success fu l  t h e o r y  of b r i g h t  p l a t i n g  m u s t  e x -  
p l a i n  mos t  or  a l l  of the  fo l l owing  aspec t s  of b r i g h t  
p l a t i n g :  the  r e f i ne me n t  of t he  depos i t  in r e g a r d  to 
c r y s t a l  s ize and  the  p r o d u c t i o n  of b r igh t ,  smoo th  
sur faces ;  the  f r e q u e n t  a c c o m p a n i m e n t  b y  l eve l ing  
act ion;  the  e x t e n s i o n  of the  c u r r e n t  d e n s i t y  r ange ;  
t he  specif ic  n a t u r e  of t he  s t r u c t u r e  of t h e  b r i g h t e n e r ;  
inc lus ion  of the  b r i g h t e n e r  or  i ts  r e a c t i o n  p r o d u c t s  in 
the  depos i t ;  the  a c c o m p a n i m e n t  of po l a r i z a t i on ;  and  
the  poss ib l e  change  of o r i e n t a t i o n  in deposi ts .  

The  specific ac t ion  of p a r t i c u l a r  agen t s  in  c e r t a i n  
b a t h s  is one of the  c h a r a c t e r i s t i c s  t h a t  is h a r d e s t  to 
exp la in .  I t  is puzz l ing  t ha t  some s m a l l  v a r i a t i o n s  in 
the  s t r u c t u r e  of a b r i g h t e n e r  can  r u i n  its b r i g h t e n i n g  
a b i l i t y  and  t h a t  o f t en  t h e r e  is l i t t l e  c a r r y - o v e r  of 
the  b r i g h t e n i n g  p o w e r  of a p a r t i c u l a r  c o m p o u n d  
f rom one b a t h  to ano the r .  This  sugges ts  t h a t  a p r o p e r  
t h e o r y  of b r i g h t e n i n g  shou ld  t a k e  into  accoun t  th is  
spec i f ic i ty  in the  n a t u r e  of t he  b r i g h t e n e r  and  i ts  r e -  
l a t i on  to the  m e t a l  be ing  p l a t e d .  

In  the  face  of these  facts,  w e  a g r e e  w i t h  t he  p r e -  
v a l e n t  h y p o t h e s i s  t h a t  b r i g h t e n i n g  is p r i m a r i l y  t he  
r e su l t  of some fo rm of adso rp t ion .  O u r  a s s u m p t i o n  
of th is  po in t  of v i e w  is b a s e d  p a r t i c u l a r l y  on the  fac t  
t ha t  the  m o l a r  c o n c e n t r a t i o n  of the  b r i g h t e n e r  is 
a l w a y s  much  less  t h a n  the  m o l a r  c o n c e n t r a t i o n  of 
the  m e t a l  ion. C l e a r l y  t hen  i t  is no t  poss ib l e  for  a 
s m a l l  a m o u n t  of b r i g h t e n e r  to fo rm a c o m p l e x  w i t h  
any substantial fraction of a large amount of metal 
ion. The most plausible mechanism in which such 

small amount of brightener can control the disposi- 
tion of a large amount of metal must require that 

its action be localized principally at a surface. While 
it is possible that a brightener is carried into the 

cathode film in the form of a complex, or that it may 

exist at or near the electrode surface as a complex, 
this appears to us to be incidental to the real mech- 

anism. 
One could postulate several variations of adsorp- 

tion mechanisms. One we shall call "structure-sen- 

382 



Vol. 106, No. 5 T H I O U R E A  I N  E L E C T R O D E P O S I T I O N  O F  C u  383 

s i t ive ,"  i.e., t he  a d s o r p t i o n  of t h e  b r i g h t e n e r  is se -  
lec t ive ,  so t ha t  on ly  mo lecu le s  of a c e r t a i n  size, 
shape,  and  c h e m i c a l  s t r u c t u r e  can  be  a d s o r b e d  on 
the  m e t a l  surface .  This  c o r r e s p o n d s  to s o m e t h i n g  
l ike  c h e m i s o r p t i o n  and  m a y  r e q u i r e  a s u i t a b l e  s p a c -  
ing  b e t w e e n  m e t a l  a t o m s  on the  su r f ace  of the  e lec -  
t r o d e p o s i t  to ho ld  the  o rgan ic  molecu les .  To t e s t  this ,  
s ingle  c rys t a l s  of copper  w e r e  used  in th is  i n v e s t i g a -  
t ion  to c a r r y  out  the  a d s o r p t i o n  s tud ies .  P l a t i n g  
tes ts  w e r e  also m a d e  w i t h  the  s ing le  c rys ta l s ,  and  
x - r a y  s tud ies  w e r e  m a d e  of t he  depos i t s  on t h e  v a r i -  
ous faces  of the  c r y s t a l  o b t a i n e d  in t he  absence  as 
we l l  as in t he  p re sence  of the  b r i g h t e n i n g  agent .  

A n o t h e r  t y p e  of a d s o r p t i o n  t h a t  cou ld  be  p o s t u -  
l a t ed  m i g h t  be  ca l led  " c u r r e n t  d e n s i t y  sens i t ive , "  or  
b e t t e r  " shape  sens i t ive , "  i.e., the  a d s o r p t i o n  of the  
b r i g h t e n e r  mo lecu le s  on the  ca thode  su r f ace  occurs  
u n d e r  electroly.s is  cond i t ions  r e g a r d l e s s  of t he  n a t u r e  
of the  c r y s t a l l i n e  s t r u c t u r e  of t he  ca thode  b u t  d e -  
p e n d e n t  on the  su r face  con tour  of the  e lec t rode .  H e r e  
p r i m a r y  cons ide r a t i on  is g iven  to t he  l e v e l i n g  ac t ion  
in c e r t a i n  b r i g h t  ba ths ,  in wh ich  the  e x p e c t e d  low 
c u r r e n t  d e n s i t y  a r e a s  g r o w  fas t e r  t h a n  the  h igh  c u r -  
r e n t  d e n s i t y  areas ,  sugges t ing  the  pos s ib i l i t y  t h a t  
the  h igh  c u r r e n t  d e n s i t y  a r eas  a r e  b l o c k e d  p r e f e r -  
e n t i a l l y  by  these  compounds .  I t  shou ld  be  m e n t i o n e d  
he re  t h a t  l eve l i ng  is a mic rosca l e  p h e n o m e n o n  a n d  
t ha t  the  h igh  and  low c u r r e n t  d e n s i t y  a r e a s  b e i n g  
r e f e r r e d  to h e r e  a r e  m i c r o  p r o t r u s i o n s  and  recesses .  
R e l a t i v e l y  less a t t e n t i o n  was  g iven  to the  l e v e l i n g  
aspec t  of the  sub jec t  in t he  p r e s e n t  work .  S o m e  i n -  
ve s t i ga t i ons  of th is  a spec t  a r e  in p rog re s s  and  w i l l  be  
r e p o r t e d  l a t e r .  The  sub j ec t  of l e v e l i n g  has  r e c e n t l y  
been  r e v i e w e d  b y  Leff ier  and  L e i d h e i s e r  (19) .  

These  t y p e s  of a d s o r p t i o n  m a y  be  v i e w e d  as p h y s i -  
ca l ly  i n d e p e n d e n t  b u t  no t  n e c e s s a r i l y  a l w a y s  s ep -  
a i a t e .  T h e r e  could  be  s i tua t ions  w h e r e  one t y p e  of 
m e c h a n i s m  o p e r a t e s  to t he  e n t i r e  exc lus ion  of t he  
o the r s  and  vice versa, b u t  i t  w o u l d  be  m o r e  l i k e l y  
t h a t  a n y  r e a l  s i t ua t i on  w o u l d  show some c o n t r i b u -  
t ion f r o m  each. The  deg ree  to w h i c h  each  m e c h a n i s m  
w o u l d  be  r e p r e s e n t e d  w i l l  p r o b a b l y  v a r y  f r o m  case 
to case. I t  shou ld  be  m e n t i o n e d  t h a t  these  p o s t u -  
l a t e d  v a r i a t i o n s  of an  a d s o r p t i o n  m e c h a n i s m  a re  no t  
o r ig ina l  w i t h  the  p r e s e n t  au tho r s  a n d  tha t  sugge s -  
t ions  r e m i n i s c e n t  of t h e m  can  b e  f o u n d  in t he  w o r k  
of a n u m b e r  of o t h e r  a u t h o r s  [e.g. (8, 1 9 - 2 4 ) ] .  

The  b a t h  chosen  for  in i t i a l  i n v e s t i g a t i o n  was  the  
ac id  coppe r  b a t h  u s ing  t h i o u r e a  as  a b r i g h t e n e r ,  
s ince  th is  b a t h  a p p e a r e d  to be  s i m p l e r  t h a n  o the r s  
w h i c h  m i g h t  h a v e  b e e n  chosen.  T y p i c a l  compos i t i ons  
for  b r i g h t  ac id  copper  b a t h s  a re  g iven  b y  B l u m  (8a ) ,  
C l i f ton  and  P h i l l i p s  (9 ) ,  and  B e a v e r  (10) .  

Electrodeposition Studies on Copper Single Crystal 
Spheres from the Acid Copper Bath 

In  the  s t r u c t u r e - s e n s i t i v e  hypo thes i s ,  i t  was  sug -  
ges ted  t h a t  a d s o r p t i o n  processes  m i g h t  be  o p e r a t i v e  
in w h i c h  a p a r t i c u l a r  m a t c h  w o u l d  occur  b e t w e e n  
the  i n t e r a t o m i c  d i s t ances  in t he  b r i g h t e n e r  m o l e c u l e  
and  those  in t he  m e t a l  c ry s t a l s  of t he  su r f ace  of t he  
e l ec t rodepos i t .  I t  a p p e a r e d  t h a t  such processes  cou ld  
be  s t u d i e d  to good a d v a n t a g e  b y  the  use  of l a r g e  
s ingle  c rys t a l s  of me ta l s .  

The  d e s i r a b i l i t y  of us ing  m e t a l  s ingle  c r y s t a l s  in  
a n y  s tud ies  in w h i c h  t h e  m e t a l  su r f ace  is c o n c e r n e d  
has  been  we l l  d e m o n s t r a t e d  b y  G w a t h m e y ,  L e i d -  
he iser ,  and  c o - w o r k e r s  (11) .  S ince  an  o r d i n a r y  
m e t a l  s p e c i m e n  is c o m p o s e d  of m a n y  s m a l l  c r y s t a l -  
l i tes  w h i c h  m a y  h a v e  r a n d o m  or i en ta t ions ,  t he  v a l u e  
of a m e a s u r e d  su r f ace  p r o p e r t y  of such  a s p e c i m e n  
is a compos i t e  and  v a r i a b l e  a v e r a g e  v a l u e  of con-  
t r i b u t i o n s  due  to e x p o s e d  c r y s t a l l i t e  su r f aces  of 
m a n y  o r i en t a t i ons .  Such  a su r f ace  is no t  r e a d i l y  r e -  
p r o d u c i b l e  and  is no t  s u i t a b l e  for  inc i s ive  s tud ies  
of a d s o r p t i o n  and  o the r  su r f ace  p h e n o m e n a  on m e t -  
als. F o r  such i n v e s t i g a t i o n s  m e t a l  s ingle  c r y s t a l s  can  
p r o v i d e  a m o r e  r e a d i l y  r e p r o d u c i b l e  su r f ace  of 
b e t t e r  k n o w n  c h a r a c t e r  a n d  can  a l l ow one to choose  
su r faces  p a r a l l e l  to p a r t i c u l a r  c r y s t a l  p l anes  for  
s tudy .  S ing le  c r y s t a l  sphe re s  a r e  u se fu l  in  m e t a l  
su r f a c e  .studies b e c a u s e  a s p h e r e  p e r m i t s  a l l  poss ib le  
c r y s t a l  faces  to be  e x p o s e d  for  s t u d y  in a n y  g iven  
e x p e r i m e n t  and  u n d e r  c o m p e t i t i v e  condi t ions .  

In  t he  p r e s e n t  r e sea rch ,  two  types  of s tud ies  e m -  
p l o y i n g  c o p p e r  s ing le  c r y s t a l s  w e r e  m a d e .  The  f irst  
t y p e  was  the  e l e c t r o d e p o s i t i o n  of coppe r  on s ing le  
c r y s t a l  sphe re s  f r o m  p l a i n  ac id  copper  p l a t i n g  b a t h s  
a n d  f rom ac id  coppe r  b a t h s  c on t a in ing  t h i o u r e a  as a 
b r i g h t e n e r .  The  second  t y p e  was  the  .s tudy of the  
a d s o r p t i o n  of the  b r i g h t e n e r ,  t h iou rea ,  on coppe r  
c r y s t a l  sphe re s  b y  m e a n s  of r a d i o t r a c e r  t echn iques .  
P l a t i n g  s tud ies  a r e  p r e s e n t e d  in th is  sec t ion  and  t h e  
r a d i o t r a c e r  a d s o r p t i o n  s tud ies  a r e  p r e s e n t e d  l a t e r .  
The  ob jec t  of b o t h  t y p e s  of e x p e r i m e n t s  was  to d e -  
t e r m i n e  the  r e l a t i o n  b e t w e e n  c r y s t a l  s t r u c t u r e  of t he  
coppe r  m e t a l  and  b r i g h t e n e r  act ion.  

Experimental 
C o p p e r  s ing le  c r y s t a l  rods  w e r e  g r o w n  b y  the  

B r i d g m a n  m e t h o d  in a r e s i s t a nc e  f u r n a c e  w h i c h  is 
a modi f i ca t ion  of  one d e s c r i b e d  b y  G w a t h m e y  and  
B e n t o n  ( l l a )  a n d  also b y  a m e t h o d  us ing  an  i n d u c -  
t ion  h e a t e d  s t a t i o n a r y  g r a p h i t e  c ruc ib le ,  d e v e l o p e d  
he re  (12) .  The  coppe r  used  was  B a k e r ' s  C.P. shot  
a n d  also " h i g h - p u r i t y "  r o d s ?  The  s ing le  c r y s t a l  r o d s  
o b t a i n e d  w e r e  m a c h i n e d  in to  sphe re s  b y  m e a n s  of a 
l a t h e  a t t a c h m e n t  and  m e t h o d  d e v e l o p e d  h e r e  (13) .  
F o l l o w i n g  the  m a c h i n i n g  o p e r a t i o n  the  sphe re s  w e r e  
first  po l i shed  m e c h a n i c a l l y  w i t h  a b r a s i v e  p a p e r s  and  
t h e n  e l e c t r o p o l i s h e d  u n t i l  e t ch ing  s h o w e d  tha t  a l l  
w o r k e d  m a t e r i a l  h a d  b e e n  r e m o v e d .  In  genera l ,  the  
p r o c e d u r e  f o l l o w e d  was  t h a t  o u t l i n e d  b y  G w a t h m e y  
a n d  B e n t o n  ( l l a ) .  The  c r y s t a l  sphe re s  w e r e  f u r t h e r  
a n n e a l e d  at  1000~ in a n i t r o g e n  a t m o s p h e r e  for  a p -  
p r o x i m a t e l y  12 h r  us ing  a L i n d b e r g  C F - 1  t u b e  f u r -  
nace.  The  a r e a  of t h e  sphe res  was  d e t e r m i n e d  f r o m  
m i c r o m e t e r  m e a s u r e m e n t s  for  c u r r e n t  d e n s i t y  ca l -  
cu la t ions .  

P l a t i n g  e x p e r i m e n t s  w e r e  c o n d u c t e d  in l - l i t e r  
b e a k e r s  w h i c h  w e r e  i m m e r s e d  in  a 25~ t h e r m o s t a t .  
The  e x p e r i m e n t a l  e l e c t r o l y t e  used  was  a s t a n d a r d  
ac id  coppe r  b a t h :  205g/1 CuSO~-5H~O and  50 g/1 
conc. H.~SO, (sp  gr  1 .84)? T r a c e  o rgan ic  i m p u r i t i e s  
w h i c h  h a d  been  f o u n d  to cause  poo r  r e su l t s  w e r e  r e -  
m o v e d  b y  s t i r r i n g  some a c t i v a t e d  c h a r c o a F  into  the  

3 O b t a i n e d  f r o m  t h e  A m e r i c a n  S m e l t i n g  a n d  R e f i n i n g  Co. 

4 B o t h  c h e m i c a l s  w e r e  B a k e r  a n d  A d a m s o n  R e a g e n t  Grade .  

5 D a r c o  R e d  L a b e l  ~ r a d e .  
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so lu t ion  a t  60~ a l l o w i n g  the  so lu t ion  to s t a n d  a 
shor t  t ime ,  a n d  f i l t e r ing  to r e m o v e  the  ca rbon .  The  
anodes  w e r e  thin,  h i g h - p u r i t y  copper  rods.~The s ing le  
c r y s t a l  sphe re  as c a t h o d e  was  i m m e r s e d  in t he  cen -  
t e r  of the  cell .  

Two ser ies  of p l a t i n g  e x p e r i m e n t s  w e r e  p e r -  
f o r m e d ;  one ser ies  in  a p l a i n  ac id  coppe r  b a t h  and  
the  o t h e r  in  a b r i g h t  ac id  coppe r  ba th ,  r u n  at  a f ixed  
c u r r e n t  d e n s i t y  of 5 a m p / d i n  ~" a t  25~ for  p l a t i n g  
t imes  of 1, 5, 10, a n d  20 min,  c o r r e s p o n d i n g  to a p -  
p r o x i m a t e  depos i t  t h i cknesses  of 1, 5, 10, 20 /~. The  
b r i g h t  p l a t i n g  b a t h  was  the  same  as t he  p l a i n  ba th ,  
b u t  con t a ined  0.01 g/1 of t h i o u r e a  (Matheson ,  f u r t h e r  
pur i f i ed  b y  r e c r y s t a l l i z a t i o n  f rom a lcohol )  in a d d i -  
t ion.  A t  the  b e g i n n i n g  of a p l a t i n g  e x p e r i m e n t  t he  
sphe re  was  a g a i n  e l e c t r o p o l i s h e d  for  5 m i n  to r e -  
m o v e  ox ide  fi lms; t h e n  the  s p h e r e  was  r i n s e d  w i t h  
w a t e r  a n d  i m m e d i a t e l y  p l a c e d  in  t he  p l a t i n g  ba th .  
P l a t i n g  was  b e g u n  a t  t he  c u r r e n t  c a l c u l a t e d  to g ive  
t he  d e s i r e d  c u r r e n t  dens i ty .  The  p l a t i n g  b a t h  was  
a g i t a t e d  b y  b u b b l i n g  f i l t e red  a i r  t h r o u g h  it. I m -  
m e d i a t e l y  a f t e r  p l a t i ng ,  t he  sphe re s  w e r e  r i n s e d  
w i t h  w a t e r ,  d r i e d  c a r e f u l l y  w i t h  t i s sue  pape r ,  and  
t hen  l a c q u e r e d  b y  d i p p i n g  in a 4% so lu t ion  of S a r a n  
F -120  in m e t h y l  e t h y l  ke tone .  The  l a c q u e r  coa t ing  
w a s  a d v i s a b l e  to p r e s e r v e  the  depos i t  f r om o x i d a t i o n  
to a l l o w  s u b s e q u e n t  e x a m i n a t i o n  b y  x - r a y  d i f f r ac -  
t ion.  The  a p p e a r a n c e  of t he  depos i t  was  o b s e r v e d  
and  in some cases  p h o t o g r a p h e d .  

X - r a y  d i f f rac t ion  p h o t o g r a p h s  w e r e  t a k e n  of t he  
depos i t s  on v a r i o u s  c r y s t a l  faces  u s ing  the  b a c k  r e -  
f lect ion t echn ique .  Some  e a r l y  e x p e r i m e n t s  w e r e  
done  w i t h  a G e n e r a l  E lec t r i c  X R D - 3  x - r a y  d i f -  
f r ac t i on  un i t  b u t  mos t  of the  w o r k  r e p o r t e d  h e r e  
was  done  w i t h  a N o r t h  A m e r i c a n  P h i l l i p s  m o d e l  
5001 uni t ,  u s ing  a coppe r  t a r g e t  t ube  a n d  one  of the  
p i n - h o l e  por ts .  The  c a m e r a  was  a Sachs  t y p e  b a c k  
ref lec t ion  c a m e r a  cons i s t ing  of a casse t t e  a n d  p i n -  
ho le  sys t em.  

The  c r y s t a l  s p h e r e  was  m o u n t e d  in  a t w o - c i r c l e  
g o n i o m e t e r  w h i c h  e n a b l e d  pos i t i on ing  the  d e s i r e d  
c r y s t a l  f ace  n o r m a l  to  t he  b e a m  and  3 cm f r o m  the  
film. The  w h i t e  r a d i a t i o n  n e c e s s a r y  for  the  e x a m i -  
n a t i o n  of s ingle  c r y s t a l  s t r u c t u r e s  was  o b t a i n e d  b y  
r u n n i n g  the  coppe r  t u b e  at  48 kv,  16 ma.  In  the  case 
of p o l y c r y s t a l l i n e  deposi ts ,  u s u a l l y  two  x - r a y  d i f -  
f r ac t i on  p a t t e r n s  w e r e  t aken ,  one  w i t h  w h i t e  r a d i a -  
t ion  and  one w i t h  m o n o c h r o m a t i c  r a d i a t i o n  w h i c h  
a c c e n t u a t e  the  s ingle  c r y s t a l  and  the  p o l y c r y s t a l l i n e  
s t ruc tu res ,  r e spec t i ve ly .  The  m o n o c h r o m a t i c  r a d i -  
a t ion  was  the  copper  K - a  l ine,  w h i c h  was  o b t a i n e d  
b y  r u n n i n g  the  t ube  at  30 kv,  and  24 m a  and  us ing  a 
0.00075-in. n i cke l  f i l ter  a t  the  w i n d o w  of the  x - r a y  
tube.  The  fi lm used  was  E a s t m a n  K o d a k  "No S c r e e n "  
m e d i c a l  x - r a y  film and  the  e x p o s u r e  t i m e  was  1-11/z 
hr .  

Results 

I t  shou ld  be  m e n t i o n e d  t h a t  t he  s ingle  c r y s t a l  
sphe re s  b e f o r e  p l a t i n g  w e r e  b r i g h t  a n d  u n i f o r m  in 
a p p e a r a n c e  fo l l owing  the  po l i sh ing  and  e l e c t r o p o l -  
i sh ing  p rocedu re s .  P l a t i n g  these  sphe re s  w i t h  c o p p e r  
f r o m  the  p l a i n  ac id  b a t h  r e s u l t e d  in  t he  d e v e l o p m e n t  
of  c h a r a c t e r i s t i c  p a t t e r n s  of s t r i k i n g  s y m m e t r y  [as 
first  o b s e r v e d  b y  G w a t h m e y  and  c o - w o r k e r s  ( l l c ) ] .  

J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  May 1959 

The  depos i t  in t he  (100) r e g i o n  cons i s ted  of a m a t t e  
a r e a  in t he  f o r m  of a square ,  w h i l e  t he  depos i t  in t he  
(111) r eg ion  cons i s t ed  of a b r i g h t  t r i ang le .  T h e r e  
w e r e  s ix  such  s q u a r e  a r e a s  p a r a l l e l  to t he  faces  of 
a cube  and  e igh t  such  t r i a n g l e s  p e r p e n d i c u l a r  to t he  
body  d i agona l s  of a cube.  F u r t h e r  w e  h a v e  f o u n d  
t h a t  th is  s ame  p a t t e r n  was  o b t a i n e d  ove r  a s u b s t a n -  
t i a l  r a n g e  of t e m p e r a t u r e s  and  c u r r e n t  dens i t i e s  
(14) .  As  a m a t t e r  of fact ,  the  p a t t e r n s  a r e  so c h a r -  
ac t e r i s t i c  of coppe r  e l e c t r o p l a t e s  on good s ing le  c r y s -  
ta l s  f r o m  a p u r e  b a t h  t h a t  t h e y  m a y  be  used  as a 
tes t  of good p rocedu re s .  The  a d e q u a c y  of t he  p r e p -  
a ra t ion ,  hand l ing ,  c lean ing ,  and  p l a t i n g  cond i t ions  
cou ld  be  j u d g e d  b y  the  d i s t i nc tnes s  of t he  e l e c t r o -  
p l a t e d  p a t t e r n s  ob ta ined .  F o r  e x a m p l e ,  e l e c t r o p o l -  
i sh ing  insuff ic ient  to r e m o v e  w o r k e d  su r f ace  w o u l d  
r e s u l t  in  an  i r r e g u l a r l y  p a t t e r n e d  deposi t .  The  a n -  
n e a l i n g  t r e a t m e n t  of  t he  s ing le  c r y s t a l s  a n d  the  ac -  
t i v a t e d  ca rbon  t r e a t m e n t  of the  p l a t i n g  b a t h s  w e r e  
i n s t i t u t e d  because  such p l a t i n g  tes ts  i n d i c a t e d  t h e i r  
a d v i s a b i l i t y .  M a n y  p l a t i n g  tes ts  w e r e  m a d e  and  t h e  
ones  quo ted  a r e  r e p r e s e n t a t i v e .  

The  s t r u c t u r e  of t he  e l ec t rodepos i t s  on the  s ing le  
c r y s t a l  bases  p l a t e d  in the  p l a i n  ac id  copper  b a t h  is 
s h o w n  b y  the  x - r a y  d i f f rac t ion  p a t t e r n s  in Fig.  1. In  
the  b r i g h t  (111) reg ion ,  t he  p a t t e r n s  c h a r a c t e r i s t i c  
of a s ing le  c r y s t a l  s t r u c t u r e  w e r e  o b t a i n e d  for  p l a t -  
ing  t imes  up  to 10 rain.  Even  a 2 0 - m i n  p l a t e  showed  
s t rong  p r e f e r r e d  o r i en t a t i on .  In  t he  m a t t e  (100) r e -  
gion, t he  s t r u c t u r e  is shown  to be  p o l y c r y s t a l l i n e  a t  
a m u c h  e a r l i e r  s t age  in  t h e  course  of p l a t i ng .  

In  c o n t r a s t  to t he  p a t t e r n e d  depos i t s  f r om the  
p l a i n  ba th ,  t he  b r i g h t  depos i t  o b t a i n e d  f r o m  a b a t h  
con ta in ing  t h i o u r e a  was  b r i g h t  and  u n i f o r m  ove r  
the  en t i r e  sphe re  w i t h  no i n d i c a t i o n  of t h e  s t r u c t u r e  
of the  u n d e r l y i n g  s ingle  c r y s t a l  base .  Also,  x - r a y  

Fig. 1. X-ray dif fraction patterns for copper electrodeposits 
of various thicknesses on copper single crystal spheres plated 
in an acid copper bath. First column is for white radiation on 
(111) face; second, white radiation on (100) face; and third, 
monochromatic radiation on (100) face. Plating times at 
25~ at 5 omp/dm 2 from top to bottom: 1, 5, 10, and 20 
min. 
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d i f f rac t ion  s tud ies  showed  the  depos i t  to h a v e  the  
s a m e  s t r u c t u r e  ove r  the  en t i r e  sphere .  In  this  case  
the  b r i g h t  depos i t  was  found  to h a v e  a p o l y c r y s t a l -  
l i ne  s t r u c t u r e  even  in  v e r y  th in  depos i t s ,  in  c o n t r a s t  
to t he  s ingle  c r y s t a l  b r i g h t  depos i t  o b t a i n e d  on  the  
(111) r eg ion  f r o m  a p l a i n  ac id  ba th .  

Discussion of Plating Results 
These  r e su l t s  show t h a t  u n d e r  n o r m a l  p l a t i n g  con-  

d i t ions  e l e c t r o d e p o s i t i o n  f r o m  the  ac id  copper  b a t h  
has  t he  g r e a t e s t  t e n d e n c y  to con t inue  the  s t r u c t u r e  
of the  ba se  c r y s t a l  on the  (111) faces.  On the  (100) 
faces,  the  process  is suff ic ient ly  less  f a v o r a b l e  t ha t  
a p o l y c r y s t a l l i n e  depos i t  is ob t a ined .  In  a r e l a t e d  
s t u d y  b y  L e i d h e i s e r  and  G w a t h m e y  ( l l e ) ,  i t  w a s  
f o u n d  in the  e l e c t r o d e p o s i t i o n  of n i c k e l  f rom a W a t t s  
b a t h  on coppe r  s ing le  c r y s t a l s  t h a t  t he  f a v o r e d  d i -  
r ec t ion  for  c o n t i n u a t i o n  of t he  s ing le  c r y s t a l  s t r u c -  
t u r e  was  on the  (100) face.  T h e  p r e f e r e n t i a l  d i r e c -  
t ion  of g r o w t h  of m e t a l  c r y s t a l s  in e l e c t r o d e p o s i t i o n  
is p r o b a b l y  a compos i t e  effect of the  inf luence  of a 
n u m b e r  of va r i ab l e s ,  i n c l u d i n g  the  base  c rys ta l ,  b a t h  
compos i t ion ,  a n d  p l a t i n g  condi t ions .  I t  is w e l l  k n o w n  
t h a t  th is  s ame  t e n d e n c y  fo r  the  e l e c t r o d e p o s i t  f r o m  
some  b a t h s  to c o n t i n u e  the  s t r u c t u r e  of t he  ba se  
m e t a l  ex i s t s  even  in  t he  case  of  p o l y c r y s t a ] l i n e  m e t a l  
bases  w h e n  p r o p e r l y  p r e p a r e d  [cf. (Sa)  p. 89].  

U n d e r  t he  u s u a l  p l a t i n g  cond i t ions  on a p o l y c r y s -  
t a l l i ne  ba se  m e t a l  of d o u b t f u l  c lean l iness ,  t he  o r i e n t -  
ing  inf luence  of t he  base  becomes  less  i m p o r t a n t ,  
and  the  o b s e r v e d  o r i e n t a t i o n  in  e l ec t rodepos i t s  is 
m o r e  l i k e l y  to b e  d e t e r m i n e d  b y  b a t h  compos i t i on  
and  p l a t i n g  condi t ions .  E l ec t rodepos i t s  f r o m  com-  
p a r a t i v e l y  s i m p l e  sa l t  so lu t ions  f r e q u e n t l y  h a v e  a 
p r e f e r r e d  c r y s t a l  o r i e n t a t i o n  and  c o m m o n l y  e x h i b i t  
a f iber  s t r u c t u r e  p e r p e n d i c u l a r  to t h e  base  m e t a l  a n d  
e x t e n d i n g  in  the  d i r ec t i on  of the  c u r r e n t  f low (15) .  
F i s c h e r  (8c) has  e v o l v e d  an  e x t e n d e d  c lass i f ica t ion  
s y s t e m  of  c r y s t a l  s t r u c t u r e s  in  e l ec t rodepos i t s  and  
has  also dea l t  e x t e n s i v e l y  w i t h  t he  effect of i n -  
h ib i t o r s  on e l ec t rodepos i t ion ,  Microscopic  e x a m i n a -  
t ion  of coa r se r  depos i t s  such as f rom the  ac id  c o p p e r  
b a t h  r e v e a l s  a p r e d o m i n a n c e  of long  c o l u m n a r  gra ins ,  
One  m i g h t  expec t  t h a t  the  long  d i r ec t i on  of such 
c r y s t a l s  w o u l d  be  the  s ame  as t h e  p r e f e r r e d  d i r e c -  
t ion  for  the  c o n t i n u a t i o n  of  s ing le  c r y s t a l  s t r u c t u r e  
and  t hus  e s t ab l i sh  a c o r r e l a t i o n  to t he  p r e f e r r e d  
o r i e n t a t i o n  in t he  p o l y c r y s t a l l i n e  deposi ts .  S o m e  
s u p p o r t  for  th is  po in t  of v i ew  can  b e  f o u n d  in t he  
r e su l t s  of L e i d h e i s e r  a n d  c o - w o r k e r s  who  f o u n d  t h a t  
t he  W a t t s  n i c k e l  b a t h  g ives  a p r e f e r r e d  (100) o r i -  
e n t a t i o n  in p o l y c r y s t a l l i n e  depos i t s  (16) and  t h a t  i t  
con t inues  the  s ingle  c r y s t a l  s t r u c t u r e  on (100) faces  
of a s ingle  c r y s t a l  ( l l e ) ,  a l t h o u g h  th is  conc lus ion  is 
c louded  b y  the  fac t  t h a t  t h e  s ingle  c r y s t a l  b a s e  was  
of copper .  

The  m o r e  s t r i k i n g  r e su l t s  of t he  e x p e r i m e n t s  of 
th is  sec t ion  a r e  t he  p r o f o u n d  effects of t he  t h i o u r e a  
on t h e  e l e c t r o d e p o s i t i o n  of copper .  The  mos t  i m -  
p o r t a n t  effect  is t he  a b i l i t y  of t he  t h i o u r e a  to i n t e r -  
f e r e  w i t h  the  n o r m a l  t e n d e n c y  of t he  ac id  copper  
b a t h  to con t inue  the  p r o p a g a t i o n  of  a m e t a l  s ing le  
c r y s t a l  on the  (111) faces.  S i m i l a r l y  the  i n t e r f e r e n c e  
o p e r a t e s  on the  g r o w i n g  c rys t a l s  on the  (100) faces  
of t he  s ing le  c r y s t a l  sphe re  l i m i t i n g  t h e i r  g r o w t h  

also, as  e v i d e n c e d  b y  the  fac t  t h a t  the  m a t t e  coa r se ly  
c r y s t a l l i n e  depos i t s  n o r m a l l y  o b t a i n e d  in  t hese  r e -  
g ions  f r o m  the  p l a i n  b a t h  becomes  re f ined  into  a 
f inely  c r y s t a l l i n e  b r i g h t  de pos i t  f r o m  a b a t h  c o n t a i n -  
ing  th iou rea .  Thus  the  c o p p e r  e l e c t rode pos i t s  f r o m  a 
b r i g h t  b a t h  on s ing le  c r y s t a l s  show a u n i f o r m  p o l y -  
c r y s t a l l i n e  s t r u c t u r e  w i t h  no t r a c e  of inf luence  f r o m  
t h e  base  s ingle  c rys ta l .  

I t  w o u l d  be  e x p e c t e d  t h a t  coppe r  e l ec t rodepos i t s  
m a d e  on a p o l y c r y s t a l l i n e  base  w o u l d  also show the  
i n h i b i t i o n  effect of  b r i g h t e n e r s .  Microscop ic  e x a m -  
ina t ion  was  m a d e  of copper  e l ec t rodepos i t s  f r o m  a 
s t a n d a r d  ac id  coppe r  b a t h  a n d  f r o m  b r i g h t  ac id  cop-  
p e r  us ing  t h i o u r e a  as a b r i g h t e n e r .  T h e  n o n b r i g h t  
depos i t  e x h i b i t e d  the  t y p i c a l  coarse ,  g r a i n y  s t r u c t u r e  
w i t h  some t e n d e n c y  t o w a r d  a c o l u m n a r  s t r u c t u r e .  In  
t he  b r i g h t  depos i t  t h e r e  was  no ev idence  of g r a i n i -  
ness  and  c o l u m n a r  g rowth .  W h i l e  no g r a i n  s t r u c t u r e  
can  b e  r e so lved ,  b r i g h t  depos i t s  a r e  c r y s t a l l i n e  as 
s h o w n  b y  our  x - r a y  r e su l t s  a n d  as s h o w n  for  n i c k e l  
b y  Den ise  and  L e i d h e i s e r  (16) ,  and  o thers .  I t  is i n -  
t e r e s t i n g  to no te  t h a t  t h e  b r i g h t  coppe r  depos i t  ob -  
t a i n e d  f r o m  an  ac id  b a t h  c o n t a i n i n g  t h i o u r e a  e x -  
h ib i t s  the  l a m i n a r  s t r u c t u r e  w h i c h  is f r e q u e n t l y ,  if 
no t  i n v a r i a b l y ,  f o u n d  in b r i g h t  e l ee t rodepos i t s .  

I t  is no t  poss ib l e  f r o m  t h e s e  p l a t i n g  r e su l t s  to 
d e c i d e w h e t h e r  t h i o u r e a  exe rc i se s  i ts i n h i b i t i n g  ac t ion  
on on ly  c e r t a i n  c r y s t a l  faces.  W h i l e  g r a i n  r e f i n e m e n t  
cou ld  occur  in  t he  case of t he  e l e c t r o d e p o s i t i o n  of a 
m e t a l  of such  h i g h l y  s y m m e t r i c a l  c r y s t a l  s t r u c t u r e  
as coppe r  if  a d s o r p t i o n  w e r e  to occur  on on ly  ce r -  
t a in  c r y s t a l  faces,  one canno t  e x c l u d e  t h e  p o s s i b i l i t y  
t h a t  i nh ib i t i on  could  occur  on s e v e r a l  t y p e s  of faces  
and  p e r h a p s  even  on a l l  f aces  i n d i s c r i m i n a t e l y .  One 
poss ib le  m e t h o d  of dec id ing  b e t w e e n  these  v a r i o u s  
poss ib i l i t i e s  is a d i r ec t  m e a u r e m e n t  of a d s o r p t i o n  
us ing  t r a c e r  me thods .  

Radiotraeer Studies of the Adsorption of Thiourea 
on Copper Single Crystals 

In  the  p r e c e d i n g  sec t ion  i t  was  shown  t h a t  t he  
p r e s e n c e  of t h i o u r e a  in the  ac id  c o p p e r  b a t h  p r o -  
f o u n d l y  in f luenced  the  c r y s t a l l i n e  s t r u c t u r e  of t he  
coppe r  e l e c t r o d e p o s i t  a n d  t h a t  th is  inf luence,  or  a t  
l eas t  the  effect  of th is  inf luence,  a p p e a r e d  to be  
g r e a t e r  on (111) faces  t h a n  on  the  (100) faces.  I t  
w a s  sugges t ed  t h a t  t he  a d s o r p t i o n  of t h i o u r e a  on  
c o p p e r  m i g h t  be  se lec t ive  on the  v a r i o u s  c r y s t a l  
faces.  In  o r d e r  to m a k e  a d i r ec t  e x p e r i m e n t a l  t e s t  
of th is  poss ib i l i ty ,  r a d i o t r a c e r  s tud ies  w e r e  u n d e r -  
t aken .  

M e t a l  s ingle  c rys t a l s  in  t he  fo rm of sphe res  a r e  
w e l l  su i t ed  to s tud ies  of th is  t y p e  b e c a u s e  t he  s u r -  
face  of a s ingle  c r y s t a l  sphe re  p r e s e n t s  a l l  poss ib le  
c r y s t a l  p l a n e s  and  a l l  poss ib le  i n t e r a t o m i c  d i s t ances  
to t he  r e a c t i o n  m e d i u m  b e i n g  s tud ied .  If  t he  r e a c t i o n  
of t he  m e d i u m  w i t h  t he  m e t a l  is a f u n c t i o n  of c r y s t a l  
face  and  spac ing ,  a def in i te  mac roscop i c  p a t t e r n  w i l l  
de ve lop  on the  su r f ace  of  t he  c r y s t a l  sphere .  G w a t h -  
mey,  et al. (11) h a v e  s h o w n  n u m e r o u s  e x a m p l e s  of 
th is  p a t t e r n  d e v e l o p m e n t  such as those  r e s u l t i n g  
f r o m  the  e t c h ing  ac t ion  of a so lu t ion  of  c u p r i c  ch lo -  
r i de  in  h y d r o c h l o r i c  ac id  on coppe r  s ingle  c r y s t a l  
spheres ,  t h e  depos i t i on  of c a r b o n  on n i c k e l  c r y s t a l  
sphe re s  d u r i n g  t h e  t h e r m a l  de c ompos i t i on  of  c a r -  
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bon  monoxide ,  ox ida t ion  films, w e t t i n g  by  l u b r i -  
cants,  e lectrodeposi t ion,  etc. 

Accordingly ,  if t h iou rea  is adsorbed se lec t ive ly  on 
pa r t i cu l a r  c rys ta l  faces of copper because  of a p re f -  
e rence  for a p a r t i c u l a r  i n t e ra tomic  spacing,  t hen  it  
is r easonab le  to expect  tha t  the  adsorbed  m a t e r i a l  
would  be a r r a n g e d  in  such a r egu l a r  macroscopic  
p a t t e r n  on the  crys ta l  sphere.  If t h i o u r e a - S  ~ is e m -  
p loyed  in  the adsorp t ion  s tudy,  by  m e a n s  of the  ap -  
p ropr ia t e  r ad ioac t iv i ty  de tec t ion  technique ,  it should  
be possible to d e t e r m i n e  w h e t h e r  or not  a r ad io -  
ac t iv i ty  p a t t e r n  co r respond ing  to a n  adsorp t ion  p a t -  
t e r n  occurs. S ince  the  films of i n t e re s t  wou ld  be ex-  
pected to be monomolecu la r ,  sens i t ive  de tec t ion  
methods  are  requi red .  

Experimental 

Elec t ro ly t i ca l ly  pol ished s ingle  crys ta l  spheres  
such as descr ibed  in  the p reced ing  sect ion were  used 
to ca r ry  out  the  adsorp t ion  studies.  I m m e d i a t e l y  
a f t e r  they  were  t a k e n  out  of the  po l i sh ing  b a t h  and  
washed  in  r u n n i n g  water ,  the spheres  were  d ipped  
in  solut ions  con t a in ing  ca r r i e r - f r ee  t h i o u r e a - S  ~ 
which  had been  synthes ized  according  to the  p ro -  
cedure  of Bills and  Ronzio (17).  Two types  of solu-  
t ions were  used;  one be ing  an  aqueous  so lu t ion  con-  
t a i n i n g  0.01 g/1 t h i o u r e a - S  ~ and  the o ther  be ing  a 
typica l  acid copper  p l a t i ng  ba th  of the  composi t ion  
used in  the p reced ing  sect ion to which  0.01 g/1 t h iou -  
r e a - S  ~ had  been  added. The t ime  of i m m e r s i o n  in  
the so lu t ion  was  u sua l l y  30 m i n  to in su re  the  a t t a i n -  
m e n t  of equ i l i b r ium.  Exposures  we re  also m a d e  of 
shor t  flash electrodeposi ts  as wel l  as s imple  i m m e r -  
sion w i thou t  cur ren t .  

Gas phase  adsorp t ion  e x p e r i m e n t s  were  conduc ted  
in  a glass t ube  s imi la r  to the outs ide j acke t  of a vac-  
u u m  sub l imator .  The  c rys ta l  was  suspended  f rom 
a glass hook at the bo t tom of the  solid g round  glass 
s topper  used to close the  tube.  A smal l  a m o u n t  of 
rad ioac t ive  th iou rea  was  dropped  in to  the  t u b e  
which  was t h e n  evacua t ed  at room t empera tu r e .  
Af te r  evacuat ion ,  the  t e m p e r a t u r e  of the  whole  t ube  
was  ra ised by  means  of an  i n f r a - r e d  l a m p  opera ted  
th rough  a t r ans fo rmer .  At  50~ the  adsorp t ion  was  
a l lowed to con t inue  for abou t  12 hr, whi le  for a t e m -  
p e r a t u r e  of 100~ it  was hea ted  for 30 m i n  and  1 h r  
in  two exper imen t s .  

Two methods  were  employed  for the  detec t ion of 
r ad i a t i on  on the  spheres  which  had  been  exposed to 
the t h i o u r e a - S  ~ in  var ious  media.  One was an  au to -  
r ad iograph ic  me thod  and  the  o ther  a me thod  e m -  
p loy ing  a two-c i rc le  gon iomete r  and  a Ge iger  coun te r  
w i th  scaler. These two methods  w i th  the i r  resu l t s  
wi l l  be t r ea ted  separa te ly  below. 

The au to rad iograph ic  de tec t ion  me thod  of the 
p re sen t  work  is based on the fact t ha t  a pho to-  
graphic  e m u l s i o n  is d a r k e n e d  by  the  /3-particles 
f rom the  S '~ in  the  th iourea -S% The  loca t ion  of the  
b l a c k e n i n g  on d e v e l o p m e n t  serves as a m e a n s  of 
d e t e r m i n i n g  the locat ion of the adsorbed  th iourea .  
The  p rocedure  used, p a t t e r n e d  af ter  tha t  descr ibed 
by  G o m b e r g  (18),  is as follows. Af t e r  the  adsorp t ion  
procedure ,  each sphere  was  coated w i t h  a th in ,  
chemica l ly  ine r t  coat ing of S a r a n  by  d ipp ing  the  

sphere  in to  a 4% solu t ion  of S a r a n  F-120 ~ in  m e t h y l  
e thy l  ketone.  This  coat ing p r even t s  the  s u b s e q u e n t  
pho tographic  emul s ion  f rom reac t ing  wi th  the  cop- 
per  base, and  at  the  same t ime  it  is t r a n s p a r e n t  to all  
r ad ia t ions  coming  out. The 4% solu t ion  leaves  abou t  
2.5 ~ of p ro tec t ive  plast ic  coating. Af t e r  this  coat ing 
was dried,  the photographic  emul s ion  was  appl ied  
over  it. 

The emul s ion  used was du  Pon t ' s  DH d e h y d r a t e d  
emul s ion  which  was  prepared ,  applied,  and  deve l -  
oped according to the  ins t ruc t ions  os the  m a n u f a c -  
turer .  A l l  hand l ing ,  dissolving,  coating, and  proc-  
essing steps were  car r ied  out  in  a pho tographic  
d a r k r o o m  equ ipped  wi th  a du P o n t  S-55x  safel ight .  
The emul s ion  was  appl ied  by  s imp ly  d i pp i ng  the  
crys ta l  sphere  into the  emul s ion  and  ro t a t ing  the  
sphere  to spread the  emul s ion  even ly  over  the  en t i re  
surface.  Af te r  the app l ica t ion  of the emu l s ion  the  
spheres  were  placed in  a rack  in  a wel l  closed da rk  
box for exposure .  Exposu re  t imes  were  d e t e r m i n e d  
f rom the  f l -count  per  u n i t  a rea  per  u n i t  t ime  of the 
i n d i v i d u a l  sphere  and  the emul s ion  r e q u i r e m e n t  of 
5 x 106 emissions per  cm ~ for  su i t ab le  contrast .  The 
emul s ion  dr ied  d u r i n g  the first pa r t  of the  exposure  
period, and  af ter  exposure  the  film was developed 
and  fixed wi thou t  pee l ing  it  f rom the  sphere:  

The e x p e r i m e n t a l  resul t s  u s ing  the  au to rad io -  
graphic  t e c h n i q u e  all  t u r n e d  out  to be qui te  s imi lar .  
Al l  of the emul s ion  coat ings developed to be u n i -  
fo rmly  da rk  over  the surface of each sphere.  In  no 
case could any  g rada t ion  be detected in  the d a r k e n -  
ing, and  ce r t a in ly  no r egu la r  p a t t e r n  of local izat ion 
of a ny  k ind  was evident .  The  only  conclus ion  t ha t  
could be d r a w n  was tha t  the  adsorp t ion  was u n i f o r m  
and  tha t  no p r e f e r e n t i a l  adsorp t ion  of t h i o u r e a  on 
the  copper s ingle  crys ta l  spheres  occurred.  Severa l  
factors exis ted which  gave a basis  for doub t ing  the  
va l id i ty  of the au to rad iograph ic  resul ts ,  a m o n g  t h e m  
possible m i g r a t i on  of sens i t ive  m a t e r i a l  in  the  e m u l -  
s ion d u r i n g  d r y i n g  and  subsequen t  exposure  t ime, 
s a tu r a t i on  and  reve r sa l  effects in  the exposure,  and  
imper fec t  i n su l a t i on  of the  emul s ion  f rom the  base 
copper  by  the S a r a n  coat ing a l lowing  ca ta ly t ic  n o n -  
exposure  r educ t ion  of the si lver.  These  were  p roved  
to be u n n e c e s s a r y  worr ies  b y  f u r t he r  tests  on b l a n k s  
and  graded  exposures,  bu t  it  was fel t  des i rab le  in  any  
case to proceed wi th  an  i n d e p e n d e n t  me thod  os r ad i -  
a t ion  de tec t ion  e mp l oy i ng  the  two-c i rc le  gon iomete r  
and  Geiger  counter .  

The  appa ra tu s  shown in  Fig.  2 was  used to count  
d i rec t ly  the emiss ions  f rom var ious  locat ions  on the 
sphere.  I t  consisted os a two-c i rc le  gon iomete r  for 
f ixing the posi t ion of the  sphere  and  a TG C- 2  mica  
w i n d o w  (2.3 g / c m  ~) Geiger  coun te r  t u b e  (Tracer lab ,  
Inc.)  which  was  used wi th  a R a y c h r o n i x  Model  A-4  
64-scaler .  

The crys ta l  sphere  was  he ld  in  the  goniomete r  
c lamp in  such a pos i t ion  tha t  the  axes of bo th  ve r t i -  
cal a nd  hor izon ta l  ro ta t ion  passed th rough  the  center  
of the  sphere.  The  crys ta l  ho lder  could be ro ta ted  
360 ~ about  its own  axis and  s i m u l t a n e o u s l y  t h rough  
180 ~ abou t  the  ver t i ca l  axis. Thus,  a ny  po in t  on a 
hemisphe re  of the  crys ta l  sphere  could be located 

6 D o w  C h e m i c a l  Co. v i n y l d e n e  c h l o r i d e .  
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Fig. 2. Apparatus used for scanning the radioactivity on 
copper single crystal spheres having adsorbed thiourea-S s~. 

wi th  respect  to a chosen re fe rence  po in t  which,  in  
this case, was  the pole of the hor izon ta l  axis opposite 
the h a n d l e  of the  crystal .  

The  Geiger  t ube  was held  ho r i zon ta l ly  on a r i ng  
stand.  In  f ron t  of and  pa ra l l e l  to the Geiger  tube  
window,  8 m m  away,  was  a l /s-in,  lead  sheet,  in  
the  m i d d l e  of which  was  a sma l l  hole of k n o w n  size, 
so pos i t ioned  tha t  the hole  was  in  the  hor izon ta l  
p lane  t h rough  the  hor izon ta l  axis and  a long a r ad ius  
t h rough  the  ver t i ca l  axis. W h e n  the  Geiger  t u b e  a nd  
lead shield were  fixed in  posit ion,  the  crys ta l  sphere  
could be so ro ta ted  tha t  al l  posi t ions  on the  h e m i -  
sphere  could be located and  its emiss ions  counted.  
The sur face  of the sphere  was  abou t  1 m m  f rom the  
load shield so tha t  emiss ions  f rom the  surface  wou ld  
give a f a i r ly  t r u e  r e p r e s e n t a t i o n  of the  n u m b e r  of 
counts  f rom an  area  of the order  of t ha t  of the  hole 
in  the  lead sheet. 

A typ ica l  set of coun t ing  resul t s  is shown  in  the  
po la r  p ro jec t ion  of Fig. 3. The size of the  b lack  dots 
is p ropor t iona l  to the  n u m b e r  of counts .  The  n u m b e r  
of counts  is r e fe r red  to a p i n - h o l e  a rea  of 0.0914 cmL 
The b a c k g r o u n d  coun t  is subt rac ted .  The  locat ions of 
the  va r ious  c rys ta l lograph ic  regions  on the c rys ta l  
are  also pro jec ted  on the  chart .  

The direct  coun t ing  me thod  in  the m a i n  s u b s t a n -  
t ia ted  the  resul t s  of the  au to rad iograph ic  method.  
Whi le  a finer d i s c r i m i n a t i o n  in  the  de tec t ion  of the  
degree  of adsorp t ion  was possible, in  tha t  the  counts  
va r ied  f rom 50 to 90 over  d i f ferent  points ,  aga in  no 
defini te  p a t t e r n  of adsorp t ion  could be detected.  As 
shown in  Fig. 3, no cor re la t ion  can  be found  b e t w e e n  
s t rong and  weak  adsorp t ion  and  c rys ta l lographic  
posit ion.  

The i m p o r t a n t  r esu l t  of the e x p e r i m e n t s  of this  
section is tha t  t h iou rea  is s t rong ly  adsorbed  on the  
var ious  faces of a copper s ingle  c rys ta l  sphere.  Con-  
t r a r y  to the p red ic t ions  of the  s t r uc tu r e  sens i t ive  
hypothesis ,  no local iza t ion of adsorp t ion  was  f ound  
which  migh t  have  resu l t ed  if a specific fit we re  r e -  
qu i red  b e t w e e n  the  b r i g h t e n e r  s t ruc tu re  and  i n t e r -  
a tomic d is tances  on the  me ta l  c rys ta l  surface.  

The differences in  the  a m o u n t  of adsorp t ion  on the 
var ious  par t s  of the  s ingle  c rys ta l  spheres  we re  no t  
large in  t ha t  they  covered only  a twofold  r ange  of 
var ia t ion .  Such smal l  va r i a t i ons  m i g h t  have  been  
due to differences in  me t a l  surface areas  or to m i g r a -  
t ion  of the  b r i g h t e n e r  d u r i n g  the  d r a i n a g e  and  d r y -  
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F ig.  3 .  P o l a r  p r o j e c t i o n  p l o t  o f  r a d i o a c t i v i t y  f r o m  a d s o r b e d  

thioureo-S ~ on a copper single crystal sphere. Smallest circles 
represent 50-59 counts/min/area of 0.09 cm2; next, 60-69; 
then, 70-79; and largest, 80-90. Crystallographic regions ore 
represented: (100) by squares, (110) by ellipses, and ( ]11)  
by triangles. 

ing  periods.  In  a n y  case the differences were  too 
smal l  to d i f ferent ia te  b e t w e e n  the  va r ious  c rys ta l  
faces in  t e rms  of adsorp t ion  power  so tha t  the  pres -  
en t  resul t s  l ead  to the conclus ion tha t  the adsorp t ion  
of the th iourea  is u n i f o r m  on the va r ious  crys ta l  
faces. 

However ,  whi le  these resul t s  are va l id  for the  
condi t ions  used, the re  r e m a i n s  a l i n g e r i n g  suspic ion 
tha t  o ther  methods  of c a r r y i n g  out  the e xpe r i men t s  
m i g h t  revea l  a p r e f e r e n t i a l  adsorpt ion.  P e r ha ps  in  the  
p resen t  expe r imen t s ,  the  adsorp t ion  is sufficient to 
s a tu ra t e  all  faces, i nd ica t ing  tha t  the m e d i a  s tudied  
here  have  p l e n t y  of t h iou rea  ava i l ab le  for even  the  
p r e s u m a b l y  weakes t  adso rb ing  faces of the  copper to 
take  on s u b s t a n t i a l l y  the  s a tu r a t i on  a m o u n t  of 
th iourea .  This poss ibi l i ty  suggests f u r t h e r  exper i -  
me n t s  such as a m a p p i n g  of the  en t i r e  concen t r a t i on  
vs. adsorp t ion  cu rve  for t h iou rea  on copper,  or ad -  
sorpt ion  s tudies  s imi la r  to the  ones done  here  b u t  in  
a m e d i u m  wi th  insuff icient  m a t e r i a l  to give s a t u r a -  
t ion, or select ive desorp t ion  s tudies  by  w a s h i n g  wi th  
var ious  solvents ,  by  heat ing,  etc., p e r f o r me d  on a 
s a tu ra t ed  s ingle  crystal .  

Summary and Conclusions 
I t  has been  shown  by  direct  t r ace r  m e a s u r e m e n t s  

tha t  t h iou rea  is s t rong ly  adsorbed  on the surface  of 
a copper  me t a l  c rys ta l  or  electrode. This  adsorp t ion  
takes  place even  in  the  absence  of appl ied  po ten t i a l  
or e lec t rolys is  condi t ions ,  bu t  this  does no t  exclude  
the  poss ib i l i ty  of modif ica t ion and  perhaps  e n h a n c e -  
m e n t  of the adsorp t ion  u n d e r  condi t ions  of e lec t ro l -  
ysis. 
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The effect of the t h iou rea  on the  m e t a l  e lec t rode  
d u r i n g  e lec t rodepos i t ion  of copper  f rom the  acid 
b a t h  is to mod i fy  the  c rys ta l  s t ruc tu re  of the deposi t  
severely.  The act ion of the  b r i g h t e n e r  is one of i n -  
h ib i t ion  of the  c rys ta l  g rowth  process so tha t  the re  
is a r e l a t ive  e n h a n c e m e n t  of the nuc l ea t i on  process. 
This  resul t s  in  a finer g ra ined  deposit .  The adsorp-  
t ion  process appears  to have  no se lec t iv i ty  for the  
va r ious  crys ta l  faces of the  me t a l  so t ha t  the  i n -  
h ib i t ion  m u s t  be a gene ra l  one gove rned  b y  condi -  
t ions o ther  t h a n  c rys ta l  charac te r  of the  meta l .  

Manuscript  received Sept. 3, 1957. Most of the work 
was performed under  Contract DA-20-018-ORD-12079 
between Wayne Univers i ty  and the Office of Ordnance 
Research, U. S. Army, dur ing  the period of February  
1952 to J anua ry  1954. Some later  confirmatory work is 
included. Fu r the r  details are given in Ref. (25). 

Any discussion of this paper  will  appear in a Discus- 
sion Section to be publ ished in the December 1959 
JOURNAL. 
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The Source of the Nitrogen 
Impurity in Electrodeposited Chromium 

N. Ryan and E. J. Lumley 

Aeronautical Research Laboratories, Department of Supply, Commonwealth of Australia, 

Melbourne, Victoria, Australia 

ABSTRACT 

High-pur i ty  chromium deposited from chromic acid electrolytes containing 
either sulfate or fluoride catalysts invar iab ly  contains small  amounts  of n i t ro-  
gen as an undesi rable  impuri ty.  The amount  of this n i t rogen impur i ty  is shown 
to be increased by increased ni t ra te  ion concentrat ion in  the electrolyte but  
not affected by dissolved atmospheric ni t rogen or ammonium compounds. It  
is demonstrated that  the ni t ra te  impur i ty  is decomposed at the cathode by re-  
duction with hydrogen to form ammonia  as the major  product. Some of the 
atomic ni t rogen which is possibly formed at a stage dur ing  this reduct ion is 
probably adsorbed continuously into the electrodeposited metal. 

The  n i t r o g e n  con ten t  of h i g h - p u r i t y  c h r o m i u m  
produced  by  the electrolysis  of chromic  acid elec-  
t ro ly tes  var ies  according  to the b a t h  condi t ions  
(1-3) .  In  the  c h r o m i u m  p repa red  at  these l a b o r a -  
tories it  is u sua l l y  p re sen t  in  the  r ange  0.001-0.004%. 
Inves t iga t ions  into the duc t i l e -b r i t t l e  behav io r  of 
c h r o m i u m  and  its al loys have  revea led  tha t  sma l l  i n -  
creases in  the  n i t r o g e n  i m p u r i t y  can  inf luence  the  
mechan ica l  p roper t ies  d e t r i m e n t a l l y  to a r e m a r k -  

able  degree  (4,3).  Hence  there  is a s t rong need  to 
e l imina te ,  as far  as possible, this  n i t r o g e n  i m p u r i t y  
and  for this  reason  to t race  its source. 

Poss ib le  sources of p r i m a r y  n i t r o g e n  c o n t a m i n a -  
t ion  i m m e d i a t e l y  a p p a r e n t  are:  (a) a tmospher ic  n i -  
t rogen  dissolved in  the e lectrolyte ,  a nd  (b)  n i t r o -  
g e n - c o n t a i n i n g  compounds  dissolved in  the  e lec t ro-  
lyre. 

If  a tmospher ic  n i t r o g e n  were  the  m a i n  source of 
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the  n i t r o g e n  c o n t a m i n a t i o n  i t  w o u l d  be  e x p e c t e d  
t ha t  c h r o m i u m  d e p o s i t e d  b y  e l ec t ro lys i s  in  an  a t -  
m o s p h e r e  f r ee  f rom n i t r o g e n  w o u l d  h a v e  a low n i -  
t r o g e n  con ten t ,  w h i l e  t h a t  p r o d u c e d  u n d e r  h igh  n i -  
t r o g e n  c o n c e n t r a t i o n s  w o u l d  h a v e  a h i g h e r  va lue .  

R e g a r d i n g  the  second  source,  t he  mos t  c o m m o n l y  
occu r r i ng  n i t r o g e n  i m p u r i t y  in  ch romic  ac id  is the  
n i t r a t e  ion, p r o b a b l y  a r i s ing  f r o m  t h e  n i t r i c  ac id  
w a s h  d u r i n g  m a n u f a c t u r e .  The  n i t r a t e  i m p u r i t y  is 
p r e s e n t  in  a m o u n t s  u s u a l l y  of the  o r d e r  0.004%. This  
a p p e a r s  a r e l a t i v e l y  s m a l l  va lue ,  b u t  r e p r e s e n t s  
0.003 g of a v a i l a b l e  n i r o g e n  in 1 l i t e r  of a 300 g/1 
ch romic  ac id  solut ion.  I f  5 gl of c h r o m i u m  c o n t a i n i n g  
0.003 w t  % n i t r o g e n  is d e p o s i t e d  f r o m  this  so lu t ion ,  
on ly  0.00015 g of the  0.003 g of a v a i l a b l e  n i t r o g e n  is 
used.  The re fo re ,  i t  is poss ib le  t ha t  t he  n i t r o g e n  con-  
t a m i n a t i o n  of e l e c t r o d e p o s i t e d  c h r o m i u m  could  o r i g -  
ina te  f r o m  the  n i t r a t e  i m p u r i t y  in the  e l ec t ro ly t e .  
I f  th is  is t he  case, an  i nc rea se  in t he  e l e c t r o l y t e  n i -  
t r a t e  i m p u r i t y  shou ld  r e s u l t  in i n c r e a s e d  n i t r o g e n  
c o n t a m i n a t i o n  of t he  e l e c t r o d e p o s i t e d  me ta l .  

The  e x p e r i m e n t s  he r e  d e s c r i b e d  w e r e  c a r r i e d  ou t  
to t es t  t h e  above  hypo theses .  

In  genera l ,  e l ec t ro ly s i s  in the  s u l f a t e -  and  f luo- 
r i d e - c o n t a i n i n g  e l e c t r o l y t e s  was  c a r r i e d  out  for  5 - h r  
and  1 -h r  per iods ,  r e spec t i ve ly .  Because  of the  h i g h e r  
c u r r e n t  efficiencies w h e n  us ing  the  f luor ide  e l e c t r o -  
ly te s  (2),'~ h o u r l y  r u n s  p r o d u c e d  sufficient  c h r o m i u m  
for  ana lys i s .  

Apparatus 
The  a p p a r a t u s ,  b a s i c a l l y  a c o m p l e t e l y  enc losed  

glass  vessel ,  was  d e s i g n e d  p r i m a r i l y  to i n v e s t i g a t e  
t he  effect  of d i s so lved  a t m o s p h e r i c  n i t r o g e n  a n d  was  
s u b s e q u e n t l y  e m p l o y e d  for  a l l  e x p e r i m e n t s .  I t  con-  
s i s ted  of two  sect ions :  ( i )  t he  ce l l  sec t ion  for  300 m l  
of e l ec t ro ly t e ,  ca thode ,  and  anode,  and  ( i i )  the  u p p e r  
sec t ion  connec t ed  to t he  cel l  v i a  a g r o u n d  glass  
socke t  jo in t .  This  sec t ion  con t a ined  in le t  and  ou t l e t  
a rms  for  (a )  i n t r o d u c t i o n  of t he  e l ec t ro ly t e ,  (b)  
anode  and  ca thode  connect ions ,  a n d  (c) a re f lux  
c o n d e n s e r  ( t h r o u g h  w h i c h  pa s sed  gases  g e n e r a t e d  
d u r i n g  e l ec t ro ly s i s )  to r e d u c e  e v a p o r a t i o n  losses.  

The  c h r o m i u m  was  depos i t ed  on 1/~ in. d i a m e t e r ,  
2 in. long  copper  tubes  w h i c h  w e r e  s u b s e q u e n t l y  r e -  
m o v e d  b y  d iges t ion  in n i t r i c  acid.  P u r e  l e ad  anodes  

T h e  a p p r o x i m a t e  w e i g h t  o f  c h r o m i u m  d e p o s i t e d  f r o m  1 1 o~ 
e l e c t r o l y t e  d u r i n g  a n o r m a l  p r o d u c t i o n  r u n  in  t h e  c h r o m i c  ac id -  
s u l f a t e  e l ec t ro ly t e .  

e F o r  b r e v i t y ,  t h e  t e r m s  " f l u o r i d e  e l e c t r o l y t e "  a n d  " s u l f a t e  e l ec -  
t r o l y t e "  a re  u s e d  to  d e n o t e  c h r o m i c  a c i d  s o l u t i o n  c o n t a i n i n g  f luo r ide  
a n d  s u l f a t e  a d d i t i o n s ,  r e s p e c t i v e l y .  " F l u o r i d e  c h r o m i u m "  a n d  " s u l -  
f a t e  c h r o m i u m "  s i m i l a r l y  r e f e r  to t h e  p r o d u c t s  of  t h e s e  e l ec t ro ly t e s .  

w e r e  used  in  su l f a t e  e l ec t ro ly t e s ,  a n d  0.5% t i n - l e a d  
anodes  in  t he  f luor ide  e l ec t ro ly t e s .  The  n i t r i c  ac id  
e x t r a c t i o n  does  no t  in f luence  the  n i t r o g e n  con ten t  of 
t he  c h r o m i u m  as i t  has  been  f o u n d  t h a t  c h r o m i u m  
c h ippe d  f r o m  the  e l e c t r o d e  has  t he  s ame  v a l u e  as  t h a t  
e x t r a c t e d  in  t he  n i t r i c  acid.  P o w e r  to t he  cel l  was  
s u p p l i e d  b y  a 6 0 - a m p  c a p a c i t y  s e l e n i u m  rect i f ier .  

I t  has  been  f o u n d  (2)  t h a t  on ly  s l igh t  c o n t a m i n a -  
t ion  of the  e l e c t r o l y t e  w i t h  SiFt--  occurs  w h e n  us ing  
the  f luor ide  e l e c t r o l y t e s  in glass  vessels .  

Chemical analysis.--The c h romic  ac id  used  con -  
t a i n e d  b e t w e e n  0.002-0.004% n i t r a t e  i m p u r i t y  to -  
g e t h e r  w i t h  t he  f o l l o w i n g  n o m i n a l  i m p u r i t i e s  0.02% 
SO,, 0.01% Fe,  a n d  0.1% Na. 

The  o x y g e n  c on t e n t  of t he  c h r o m i u m  depos i t s  was  
d e t e r m i n e d  us ing  the  " A d c o c k "  m e t h o d  and  the  n i -  
t r o g e n  con ten t  was  d e t e r m i n e d  b y  a s e m i - m i c r o  
K j e l d a h l  p r o c e d u r e  u s i n g  a c o l o r i m e t r i c  f inish for  
t he  low n i t r o g e n  va lue s  and  an  a c i d - a l k a l i  t i t r a t i o n  
finish for the high nitrogen values. 

Results 

Effect of electrolyte atmo.sphere.--The cond i t ions  
of e l ec t ro ly s i s  a n d  the  compos i t i on  of the  e l e c t r o -  
l y t e s  used  in these  tes ts  a r e  r e c o r d e d  in T a b l e  I. 

In  t he  f irst  t e s t  ser ies ,  no p r e c a u t i o n s  w e r e  t a k e n  
to e xc lude  a i r  c o n t a m i n a t i o n ,  a n d  these  runs  a r e  
r e c o r d e d  in  T a b l e  I as h a v i n g  been  depos i t ed  in  an  
a i r  a t m o s p h e r e .  Th is  h o w e v e r  is no t  e n t i r e l y  co r -  
rec t  as the  o x y g e n  and  h y d r o g e n  p r o d u c e d  d u r i n g  
e l ec t ro ly s i s  r a p i d l y  r e p l a c e s  t h e  a i r  a b o v e  the  e l ec -  
t r o l y t e  in  the  enc losed  vessel .  Resu l t s  h a d  been  o b -  
t a i n e d  p r e v i o u s l y  fo r  c h r o m i u m  d e p o s i t e d  f r o m  open  
va t s  u n d e r  o t h e r w i s e  s i m i l a r  condi t ions ,  a n d  these  
s h o w e d  the  s a m e  gas  con ten t  as t h e  c h r o m i u m  p r o -  
d u c e d  " in  a i r "  in t he  e x p e r i m e n t a l  cell .  In  t he  sec-  
ond ser ies  of t es t s  a r a p i d  s t r e a m  of n i t r o g e n  was  
b u b b l e d  t h r o u g h  t h e  e l e c t r o l y t e  d u r i n g  p l a t ing .  

To i n v e s t i g a t e  depos i t i on  u n d e r  n i t r o g e n - f r e e  
cond i t ions  the  a p p a r a t u s  was  c o m p l e t e l y  e v a c u a t e d  
and  f lushed w i t h  p u r e  h y d r o g e n .  The  e l e c t r o l y t e  was  
i n t r o d u c e d  f rom an  a t t a c h e d  r e se rvo i r ,  in to  t he  
e v a c u a t e d  vesse l  w h i l e  t he  c u r r e n t  was  app I i ed  
t h r o u g h  the  e lec t rodes .  The  o x y g e n  and  h y d r o g e n  
g e n e r a t e d  w e r e  f ree  to e scape  t h r o u g h  the  re f lux  
c o n d e n s e r  v i a  a w a t e r  seal ,  once  t h e  i n t e r n a l  p r e s -  
su re  e x c e e d e d  t h a t  of the  e x t e r n a l  a t m o s p h e r e .  

A n a l y s e s  of t h e  c h r o m i u m  depos i t  o b t a i n e d  u n d e r  
t he  a b o v e  cond i t ions  a r e  r e c o r d e d  in  T a b l e  I. I t  is 
a p p a r e n t  t h a t  d i s so lved  n i t r o g e n  has  an  ins ign i f ican t  

Table I. Effect of electrolyte atmosphere 

E l e c t r o l y t e  c o m p o s i t i o n  C u r r e n t  
CrO3, SO4, F,  d e n s i t y ,  

g/1 g/1  g /1  A t m o s p h e r e  a m p / f t  2 T e m p ,  ~ 

C u r r e n t  
efficiency, 

% 
O x y g e n ,  

w t  % 
Nitrogen,  

wt  % 

300 4 - -  Ai r  954 80 
300 4 - -  Ni t rogen  bubbled  th rough  910 82 
300 4 - -  Evacuated  pr ior  to run  1000 80 
295 - -  5.4 Ai r  960 100 
295 - -  5.4 Ni t rogen bubbled  th rough  980 100 

11 
12 
10.5 
39 
37.5 

0.02 
0.02 
0.015 
0.03 
0.02 

0.002 
0.002 
0.002 
0.003 
0.003 

P r o b a b l e  a n a l y t i c a l  e r r o r  o f  n i t r o g e n  f i g u r e s  is  •  R e s u l t s  g i v e n  to f i rs t  s i g n i f i c a n t  f i gu re .  
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Table II. Effect of nitrate impurity in electrolyte 

Electrolyte composi t ion Cur ren t  Cur ren t  
CrO3, SO4, F,  NOB, density,  efficiency, Oxygen ,  Ni t rogen,  

g/1 g/1 g/1 g/1 a m p / f t  e Temp,  ~ % wt  % wt  % 

300 4 - -  0.012 1000 82 12 0.02 0.002 
300 4 - -  0.1 980 80 12.5 0.02 0.4* 
300 4 - -  0.5 980 84 10.6 0.02 0.8* 
300 - -  5.2 0.006 880 100 35 0.02 0.001 
290 - -  5.4 0.2 910 100 39 0.03 0.28 
290 - -  5.4 0.15 900 100 37 0.03 0.19 

* These  resul ts  are  g iven  only to the  first dec imal  place, as the  m e t h o d  used for  the analys is  was  not fully sui ted to such h igh  n i t rogen  
contents.  

inf luence  on the a m o u n t  of n i t r o g e n  codeposited 
wi th  the  ch romium.  

E]ffect of nitrate impurity in the electrolyte.-  
C h r o m i u m  was deposi ted u n d e r  the  condi t ions  de-  
ta i led  in  Tab le  II  f rom 300 g/1 as - rece ived  chromic  
acid solutior~s c o n t a i n i n g  e i ther  4 g/1 su l fa te  or 5.4 
g/1 f luoride as the act ive catalyst ,  the  n i t r a t e  i m-  
p u r i t y  be ing  0.012 g/1 and  0.006 g/ l ,  respect ively .  
The  c h r o m i u m  ob ta ined  f rom these tests was  f ound  
to con ta in  0.002 wt  % and  0.001 wt  % n i t rogen ,  re -  
spectively.  These  deposits  were  used as compar i son  
s tandards .  

In  order  to va ry  the  n i t r a t e  impur i t y ,  n i t r ic  acid 
was  added to e lec t rolytes  of s imi la r  composi t ion  to 
the above, and  electrolysis  was  car r ied  out  u n d e r  the  
condi t ions  descr ibed  in  Tab le  II. These deposi ts  
were  ana lyzed  for bo th  oxygen  and  n i t rogen ,  a n d  
resul t s  showed tha t  the n i t r o g e n  con ten t  of the  
c h r o m i u m  was increased  marked ly .  

E~ect of electrolyte temperature.--Investigations 
into the p roduc t i on  of h igh p u r i t y  c h r o m i u m  f rom 
var ious  e lec t ro ly tes  have  g iven  some ind ica t ion  tha t  
r educ t ion  in  n i t r o g e n  con ten t  of the c h r o m i u m  oc- 
curs w i th  i nc reas ing  e lec t ro ly te  t e m p e r a t u r e  (2) .  
In  these e x p e r i m e n t s  chromic  acid w i th  on ly  t race  
a m o u n t s  of n i t r a t e  i m p u r i t y  was  used. C h r o m i u m  
deposi ted f rom an  e lec t ro ly te  con t a in ing  su l fa te  at  
100~ was found  to con ta in  less t h a n  the chemica l ly  
de tec tab le  a m o u n t  of n i t rogen ,  but ,  as shown  in  
Tab le  III,  the  c u r r e n t  efficiency was  on ly  2.5%. 

For  a f u r t h e r  series of tests, an  e lec t ro ly te  con-  
t a i n i n g  300 g/1 CrO~, 5.3 g/1 F, and  1 g/1 NO~ was 
prepared .  This  was  e lec t ro lyzed at 1000 a m p / f t  ~ for 
1 -hr  per iods  at 70 ~ 85 ~ 92 ~ and  100~ Ana lyses  of 
the  c h r o m i u m  deposi ts  ob ta ined  f rom these expe r i -  
men t s  are recorded in  Tab le  III. They  ind ica te  tha t  
the  n i t r o g e n  con ten t  was  unaf fec ted  by  e lec t ro ly te  
t e m p e r a t u r e .  

E~ect o] ammonium compounds in the electrolyte. 
- - I t  is wel l  k n o w n  tha t  a m m o n i a  is p roduced  d u r -  
ing the e lect rolyt ic  r educ t ion  of n i t ra tes .  In  order  to 
find the effect of this  a m m o n i a  on the n i t r o g e n  con-  
t en t  of the  e lect rodeposi ted  ch romium,  the fo l lowing  
tests were  per formed .  N o r m a l  chromic  acid elec- 
t ro ly tes  in  which  the act ive  ca ta lys t  radica ls  were  
i n t roduced  as the co r re spond ing  a m m o n i u m  salts 
were  e lect rolyzed u n d e r  the  condi t ions  l is ted in  
Tab le  IV. The resu l t s  ind ica te  tha t  the  a m m o n i u m  
ion does not  inf luence  the  n i t r o g e n  con ten t  of the  
c h r o m i u m  to a n y  s ignif icant  ex t en t  since the  n i t r o -  
gen va lues  ob ta ined  lie w i t h i n  the usua l  scat ter  
found  in  successive c h r o m i u m  deposits d u r i n g  n o r -  
ma l  product ion .  

Electrolytic reduction of nitrate impurity.--In 
the p reced ing  sections of this  paper  it  has been  
d e m o n s t r a t e d  tha t  there  is a definite r e la t ionsh ip  
b e t w e e n  n i t r a t e  addi t ions  to the chromic  acid elec-  
t ro ly te  and  the increased  n i t r o g e n  con ten t  of the 
e lect rodeposi ted  meta l ,  whi le  molecu la r  n i t r ogen  
a nd  a m m o n i u m  compounds  are w i thou t  effect. The 
m a n n e r  in  which  this  c o n t a m i n a t i o n  takes  place is 
a m a t t e r  for specu la t ion  and  has been  discussed 
br ief ly  in  a p rev ious  repor t  (5) .  N i t rogen  is ob-  
v ious ly  i n t roduced  in to  the  c h r o m i u m  at some stage 
d u r i n g  the e lect rolyt ic  r educ t ion  of the n i t r a t e  elec-  
t ro ly te  impur i t y .  

In  order  to s tudy  this  r e l a t ionsh ip  more  closely a 
so lu t ion  con t a in ing  300 g/1 CrO~, 5.84 g/1 F, and  2.7 
g/1 NO~ was prepared .  This  so lu t ion  was  e lec t ro-  
lyzed at 100~ and  1015 a m p / f t  ~ c u r r e n t  densi ty .  
C h r o m i u m  deposits  were  p l a t ed  f rom this  e lec t ro ly te  
for consecut ive  t ime  in t e rva l s  of 1 hr,  1/2 hr,  3/~ hr, 
and  1/2 hr. F resh  cathodes were  used for each suc-  
cessive e lectrodeposi t ion.  These  deposits  we re  a n a -  
lyzed to d e t e r m i n e  the n i t r o g e n  content ,  and  s am-  
ples of the electrolyte ,  af ter  each succeeding  deposit ,  

Table IiI.  Effect of electrolyte temperature 

Electrolyte composi t ion Cur ren t  Cur ren t  
CrO3, SO4, F, NO~, densi ty ,  efficiency, Oxygen ,  Ni t rogen,  

g/1 g/1 g/1 g/1 amp/ft~ Temp,  ~ % wt  % w t  % 

300 4 - -  0.012 960 82 10 0.02 0.002 
300 4 - -  0.012 984 100 2.5 Not detected 
310 - -  5.25 0.006 1100 100 40 0.03 0.003 
300 - -  5.3 1 1000 70 26 0.18 0.098 
300 - -  5.3 1 1000 84 32 0.12 0.10 
300 - -  5.3 1 1000 92 36 0.09 0.096 
300 - -  5.3 1 1000 100 39 0.03 0.098 
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CrOs, 
g/ l  

Electrolyte c o m p o s i t i o n  
SO~ as 

SO4, (NHD ~ SO4, 
g/1 g/1 

F as Current 
F, NH~F, density,  
g/1 g/1 amp/f te  Temp,  ~ 

C u r r e n t  
e f f i c i e n c y ,  O x y g e n ,  N i t r o g e n ,  

% w t  % wt  % 

300 4 - -  - -  ~ 960 82 I0 0.02 0.002 
300 - -  4.2 - -  ~ 980 84 i i  0.01 0.003 
300 - -  - -  5.2 ~ 880 100 35 0.02 0.001 
300 - -  - -  - -  5 910 100 39.5 0.03 0.002 

Table V. Electrolyte composition, 300 g/I CrO~, 5.84 g/I F. 
Electrolyte temp. 100~ current density 1015 amp/ft'; 

current efficiency 32% 

Nitrogen 
NO~ equiv-  in electro- 

NO~, *  NHs, a lent  os NH3 deposit, 
g/1 g/1 produced,  g/1 w t  % 

Fresh solution 2.7 0..0023 - -  - -  
1-hr deposition 0.052 0.55 2.0 0.24 
11/2-hr deposition 0.024 0.64 2.3 0.084 
21/4-hr deposition 0.012 0.70 2.4 0.040 
23/4-hr deposition 0.008 0.74 2.7 0.025 

* The ni t ra te  ion was  added as potassium nitrate.  

were  ana lyzed  to d e t e r m i n e  a m m o n i a  and  res idua l  
n i t ra te ,  i.e., d u r i n g  the 1 -h r  deposi t ion the  n i t r a t e  
was reduced  f rom 2.7 to 0.052 g/1 and  so on. Resul ts  
are  recorded  in  Tab le  V and  Fig. 1. 

I t  can be seen tha t  the n i t r a t e  con ten t  decreased 
r ap id ly  d u r i n g  the first hour  of e lectrolysis  and  then  
more  s tead i ly  w i th  t ime,  the a m m o n i a  con ten t  
showing  a co r respond ing  increase.  The n i t r o g e n  
con ten t  of the  c h r o m i u m  samples  decreased w i th  the 
n i t r a t e  con ten t  of the electrolyte .  

Discussion 
The m a i n  conclusions  to be d r a w n  f rom this  i n -  

ves t iga t ion  are tha t  dissolved n i t r o g e n  and  a m m o -  
n i u m  salts in  the e lec t ro ly te  do not  inf luence  the  
n i t r o g e n  c o n t a m i n a t i o n  of e lec t rodeposi ted  chro-  
m ium,  b u t  tha t  n i t r a t e  impur i t i e s  m a r k e d l y  raise 
the  n i t r o g e n  pickup.  Inc reas ing  the e lec t ro ly te  t e m -  
p e r a t u r e  does not  in  any  way  effect a r educ t ion  in  
the  n i t r o g e n  impur i ty ,  at  least  in  e lec t rolytes  con-  
t a i n i n g  fluoride and  cons iderab le  a m o u n t s  of n i t ra te .  
However ,  the l imi t ed  ev idence  f rom the sul fa te  elec-  
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Fig. 1. e - - R e d u c t i o n  in n i t r a t e  d u r i n g  e lec t ro lys i s ;  A - - i n -  
c r e a s e  i n  a m m o n i a  in  e l e c t r o l y t e  e x p r e s s e d  as  e q u i v a l e n t  

n i t r a t e ;  m - - n i t r o g e n  c o n t e n t  in succes s ive  c h r o m i u m  depos i t s ,  

t ro ly te  could suggest  a decrease in  n i t r o g e n  con-  
t en t  w i t h  inc reas ing  e lec t ro ly te  t empe ra tu r e .  It  has 
been  shown in  Tab le  V and  Fig. 1 tha t  the  p rogres -  
sive e lect rolyt ic  r educ t ion  of n i t r a t e  resul t s  m a i n l y  
in  p roduc t ion  of an  e q u i v a l e n t  a m o u n t  of a m m o -  
n i u m  ion, a nd  tha t  the reac t ion  follows a typ ica l  r e -  
ac t ion  ra te  t ime  curve,  a sympto t i c  to the  t ime  axis.  
This  impl ies  long  t imes for s u b s t a n t i a l l y  comple te  
convers ion  of n i t r a t e  to ammonia .  

The  m a n n e r  by  which  n i t r o g e n  en te r s  the  chro-  
m i u m  is no t  def in i te ly  k n o w n .  The n i t r o g e n  i m p u -  
r i ty  in  the  c h r o m i u m  is obvious ly  i n t roduced  at 
some stage d u r i n g  e lect rolyt ic  r educ t ion  of the  e lec-  
t ro ly te  n i t r a t e  impur i t y .  I t  is possible tha t  a tomic 
n i t r o g e n  is fo rmed  at some stage d u r i n g  this  r educ -  
t ion, a nd  tha t  a por t ion  of this  n i t r o g e n  en te r s  the  
e lec t rodeposi ted  c h r o m i u m  (5) .  The  e lec t rochemica l  
r educ t ion  of n i t r a t e  is k n o w n  to be complex  (6) ,  and  
m a n y  n i t r o g e n - c o n t a i n i n g  compounds  can be fo rmed  
d e p e n d i n g  on the  var ious  cathode condit ions.  

It  is obvious  tha t  if some me a ns  could be found  
of e l i m i n a t i n g  the  n i t r a t e  i m p u r i t y  in  chromic  acid 
e lect rolytes  the  n i t r o g e n  con ten t  of e lec t rodeposi ted  
c h r o m i u m  could be reduced  to a m u c h  lower  leve l  
t h a n  is n o r m a l l y  ob ta ined  at present .  I t  is suggested 
tha t  the i m p u r i t y  could at  least  be subs t a n t i a l l y  r e -  
duced by  e lec t ro lyz ing  solut ions  of chromic  acid for 
long per iods u n d e r  condi t ions  f avo r ing  the  g e n e r a -  
t ion  of l a rge  vo lumes  of hyd rogen  at the  cathode 
w i t hou t  a ny  recoverab le  c h r o m i u m  deposi t ion.  Low 
concen t ra t ions  of n i t r a t e  m a y  however  be ve ry  diffi- 
cul t  to remove.  L o w - n i t r a t e  chromic  acid could also 
be p roduced  by  rep lac ing  the  n i t r ic  acid wash  d u r -  
ing  m a n u f a c t u r e  by  hydrof luor ic  acid, or by  repea ted  
recrys ta l l i za t ion .  
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ABSTRACT 

A method  was developed for t rea t ing  thor ium w he re by  adheren t  e lec t ro-  
plates of most meta ls  can be applied.  The method  involves anodic p ickl ing  in 
hydrochlor ic  acid and chemical  p ick l ing  in sulfur ic  acid pr io r  to plat ing.  Fac -  
tors affecting the adherence  and pro tec t ive  qual i t ies  of the  coatings are  dis-  
cussed. 

The  use  of t h o r i u m  in n u c l e a r  r e a c t o r s  p r o m p t e d  
an  i n t e r e s t  in coa t ings  t ha t  cou ld  p r o v i d e  d e s i r a b l e  
su r f ace  p rope r t i e s .  T h o r i u m ,  l ike  m a g n e s i u m ,  u r a -  
n ium,  and  zinc, ox id izes  eas i ly  and  cor rodes  r e a d i l y  
in  bo i l ing  w a t e r .  

Coa t ings  on t h o r i u m  t h a t  could  p r e v e n t  o x i d a t i o n  
a n d  corros ion ,  or  t h a t  w o u l d  a id  j o in ing  to o t h e r  
meta l s ,  for  e x a m p l e  b y  so lder ing ,  w e r e  d e e m e d  d e -  
s i rab le .  A process  for  p l a t i n g  on t h o r i u m  has  been  
w o r k e d  out  (1 ) ,  and  e l e c t r o p l a t e d  and  conve r s ion  
coa t ings  t h a t  p r o t e c t  t h o r i u m  in bo i l ing  w a t e r  w e r e  
s tud i ed  b r i e f ly  (2 ) .  

A r e v i e w  of t he  k n o w n  p r o p e r t i e s  of t h o r i u m  and  
its c o m p o u n d s  p lus  i ts  e l e c t r o c h e m i c a l  a c t i v i t y  sug-  
ges t ed  t ha t  the  p r o b l e m s  i n v o l v e d  shou ld  be  s im i l a r  
to those  e n c o u n t e r e d  in p l a t i n g  on a l u m i n u m ,  m a g -  
nes ium,  and  u r a n i u m .  The  p r i n c i p a l  p r o b l e m  was  
the  p r e p a r a t i o n  and  ac t i va t i on  of the  t h o r i u m  s u r -  
face.  W h e n  the  t h o r i u m  was  p r o p e r l y  p r e p a r e d ,  mos t  
m e t a l s  cou ld  be  e l e c t r o d e p o s i t e d  s a t i s f a c t o r i l y  b y  
e s t a b l i s h e d  p rocedures .  K n o w n  m e t h o d s  for  p r e p a r -  
ing  a l u m i n u m ,  m a g n e s i u m ,  and  u r a n i u m  for e l e c t r o -  
p l a t i n g  d id  no t  p r o v i d e  s a t i s f ac to ry  a d h e r e n c e  of 
e i ee t rodepos i t s  on t ho r ium.  H o w e v e r ,  the  m e t h o d  
d e v e l o p e d  in these  s tud ies  for  p l a t i n g  on t h o r i u m  
is also a p p l i c a b l e  to a l u m i n u m .  

Method of Electroplating on Thorium 
Pretreatment of thorium.--Anodic  and  c h e m i c a l  
p i c k l i n g  w e r e  used  to ac t i va t e  t h o r i u m  for e l e c t r o -  
p l a t ing .  The  p r o c e d u r e  is as fo l lows :  desca le  m e -  
c h a n i c a l l y  ( a b r a s i v e  b las t ,  mach ine ,  e t c . ) ;  d e g r e a s e  
( t r i c h l o r e t h y l e n e )  ; ca thod ic  a l k a l i n e  clean,  c o n v e n -  
t i ona l  m u l t i p u r p o s e  a l k a l i n e  c leaner ,  180~ 25 
amp/ft '- ' ,  2 min ;  c o l d - w a t e r  r inse ;  anod ic  p ick le ,  h y -  
d roch lo r i c  acid,  1.2N HC1, HC1 (1.19 g / c c ) - - 1 0 %  
b y  vo lume ,  80 = 10~ 50 amp/ft-", 5 rain;  c h e m i c a l  
p i ck l e  ( w i t h o u t  r i n s i n g ) ,  su l fu r ic  acid, 3.6N H~SO,, 
H~SO, (1.84 g / c c ) - - 1 0 %  b y  vo lume,  80 = 10~ i m -  
m e r s i o n  5 ra in;  c o l d - w a t e r  r inse ;  e l e c t r o p l a t e  ( i m -  
m e r s e  w i t h  t he  c u r r e n t  on ) .  

Electroplating on pretreated thor ium. - -The  a b o v e  
p r e t r e a t m e n t  p e r m i t t e d  a d h e r e n t  e l e c t r o p l a t i n g  of 
a l u m i n u m ,  c h r o m i u m ,  copper ,  gold,  i nd ium,  i ron,  
lead,  n icke l ,  s i lver ,  t in,  and  zinc d i r e c t l y  on t h o r i u m .  

The  l i s t ing  b e l o w  desc r ibes  the  t y p e s  of so lu t ions  
t h a t  w e r e  used.  

M e t a l  P l a t e d  Type  of S o l u t i o n  

A l u m i n u m  

Chromium 
Copper  
I ron  
Nickel  

Gold 
Ind ium 
Si lver  
Zinc 
Lead  
Tin 

A l u m i n u m  c h l o r i d e - - l i t h i u m  c h lo r i de - -  
e ther  (3) 

Chromium ac id - - su l fu r i c  acid (4) 
Copper  su l fa t e - - su l fu r i c  acid (4) 
I ron s u l f a t e - - c h l o r i d e - - f o r m a t e  (5) 
High pH ba th  (6) (used for  d i rec t  p la t -  

ing on a luminum)  
Cyanide  (4) 
Cyanide  (4) 
Cyanide  (4) 
Acid sulfate (4) 
Complex  a lka l ine  t a r t r a t e  (7) 
Alka l ine  s tannate  (4) 

A l t h o u g h  mos t  t y p e s  of p l a t i n g  b a t h s  a r e  su i t ab l e  
for  p l a t i n g  on t h o r i u m  no t  a l l  p l a t i n g  b a t h s  w e r e  
sa t i s f ac to ry .  F o r  e x a m p l e ,  c h l o r i d e - c o n t a i n i n g  b a t h s  
t h a t  h a d  a p H  l o w e r  t h a n  4 w e r e  u n s a t i s f a c t o r y .  
Also,  t he  h i g h - t e m p e r a t u r e  ch romic  ac id  so lu t ion  
for  depos i t i ng  l o w - c o n t r a c t i o n  c h r o m i u m  was  u n -  
su i t ab l e  for  d i r ec t  depos i t i on  on t h o r i u m .  
Stripping oS electrodeposits.--Most e l ec t rodepos i t s  
cou ld  be  s t r ipped ,  w i t h  l i t t l e  or  no a t t a c k  on the  
t ho r ium,  b y  i m m e r s i o n  of t he  p l a t e d  t h o r i u m  in 50% 
n i t r i c  ac id  or  b y  anodic  t r e a t m e n t  in a caus t ic  so-  
lu t ion.  

Electropolishing (Anodizing) o.S Thorium 
E l e c t r o p o l i s h i n g  was  t r i e d  as a m e a n s  of i m p r o v -  

ing  the  t h o r i u m  su r f ace  for  p la t ing .  T h o r i u m  t r e a t e d  
a n o d i c a l l y  u n d e r  the  fo l l owing  cond i t ions  was  
s m o o t h e n e d  u n i f o r m l y  bu t  r e t a i n e d  a f i lm t h a t  p r e -  
v e n t e d  u n i f o r m  a c t i va t i on  for  p la t ing .  H o w e v e r ,  t he  
f i lm p r e s u m e d  to be  t h o r i u m  p h o s p h a t e  also p r o -  
v i d e d  p r o t e c t i o n  a ga in s t  o x i d a t i o n  and  cor ros ion .  

S u l f u r i c  ac id  9N H~SO4 
P h o s p h o r i c  ac id  11N H~PO, 
130~ 150 a m p / f t  ~ 
1500 a m p - m i n / f t V m i l  of su r f ace  m e t a l  r e m o v e d  

H e a t i n g  the  e l e c t r o p o l i s h e d  t h o r i u m  in v a c u u m  at  
600~ for  a b o u t  30 ra in  i n c r e a s e d  the  p r o t e c t i v e  
q u a l i t y  of t h e  a n o d i z e d  film. 

392 
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Q u a l i t a t i v e  adhe rence ,  so lde rab i l i t y ,  t h e r m a l - c y -  
cl ing,  and  cor ros ion  tes t s  w e r e  m a d e  to p r o v i d e  d a t a  
for  e n g i n e e r i n g  de s ign  of p r o t e c t i v e  coa t ings  on 
t ho r ium.  

F o r  the  r e s e a r c h  r e p o r t e d  here ,  " a d h e r e n c e "  is 
n a r r o w l y  def ined  as the  a t t a c h m e n t  a t  t he  bas is  
m e t a l - e l e c t r o p l a t e  in te r face .  The  t e r m  " b o n d  
s t r e n g t h "  (8)  is u sed  to i n d i c a t e  the  force  r e q u i r e d  
to s e p a r a t e  the  e l e c t r o p l a t e d  m e t a l  f r om the  bas is  
m e t a l  r e g a r d l e s s  of the  l oca t i on  of f r ac tu r e .  Bond  
s t r e n g t h  is of u l t i m a t e  i m p o r t a n c e  and  w h e t h e r  or  
not  a g iven  bond  s t r e n g t h  is s a t i s f a c t o r y  is, of course ,  
g o v e r n e d  b y  the  end  use.  

Adherence.--The a d h e r e n c e  of t h e  a b o v e  e l e c t r o -  
p l a t e s  to p r e t r e a t e d  t h o r i u m  was  exce l l en t .  In  no 
case cou ld  the  e l e c t r o p l a t e d  m e t a l  be  p e e l e d  f r o m  
the  t h o r i u m  at  the  e l e c t r o p l a t e - t h o r i u m  in t e r f ace  b y  
the  tes t s  d e s c r i b e d  be low.  

A d h e r e n c e  tes t s  for  copper ,  n ickel ,  a n d  s i l v e r -  
p l a t e d  t h o r i u m  w e r e  m a d e  by :  f i l ing a n d / o r  g r i n d -  
ing across  t he  i n t e r f ace  ( in  a d i r ec t i on  to d r a g  the  
p l a t e  a w a y  f rom the  t h o r i u m ) ;  ch i se l ing  a long  the  
i n t e r f ace ;  and  b e n d i n g  a f lat  4 0 - m i l - t h i c k  s p e c i m e n  
a r o u n d  a 1/4-in. m a n d r e l ,  r e f l a t t en ing ,  and  b e n d i n g  
b a c k  a r o u n d  the  m a n d r e l .  A m i n i m u m  th ickness  of 
1 mi l  of e l e c t r o p l a t e  was  depos i t ed  for  the  a b o v e  
tests .  

Solderability.--Soldering c o p p e r -  or  n i c k e l - p l a t e d  
t h o r i u m  pieces  t o g e t h e r  w i t h  a l ap  j o in t  and  s e p a -  
r a t i n g  b y  f lex ing  the  j o in t  f r a c t u r e d  the  s a m p l e  in 
t h e  soft  so lder .  Thus  the  a d h e r e n c e  of t he  p l a t e  e x -  
ceeded  the  s t r e n g t h  of the  soft  so lder ,  a b o u t  6000 
psi.  

Cyclic heating and cooling.--Copper-, n i c k e l - ,  and  
s i l v e r - p l a t e d  t h o r i u m  spec imens  w e r e  cyc l i c ly  
h e a t e d  ( in  a rgon )  for  15 min  a t  100 ~ i n t e r v a l s  up  to 
700~ success ive ly  a n d  q u e n c h e d  t h r o u g h  a i r  in to  
cold  w a t e r .  Z i n c - p l a t e d  t h o r i u m  was  h e a t e d  on ly  to 
400~ 

B e n d  tes t s  w e r e  m a d e  to f ind the  t e m p e r a t u r e  a t  
w h i c h  d i f fus ion a l l o y i n g  w o u l d  d e g r a d e  the  b o n d  
s t r eng th .  The  bond  of z i n c - p l a t e d  t h o r i u m  was  sa t i s -  
f a c t o r y  a f t e r  h e a t i n g  to 400~ (19~ b e l o w  the  
m e l t i n g  po in t  of z inc ) .  The  b o n d  of c o p p e r - ,  n i c k e l - ,  
and  s i l v e r - p l a t e d  t h o r i u m  was  s a t i s f a c t o r y  up to 
500 ~ or  600~ S ince  t h o r i u m  m e t a l  or  a l loy  r e -  
m a i n e d  f i rmly  a t t a c h e d  to t he  e l e c t r o p l a t e s  w h e n  the  
s a m p l e s  w e r e  b e n t  a f t e r  h e a t i n g  to 600 ~ or  700~ 
the  b o n d  f a i l u r e  was  a t t r i b u t e d  to the  i n t e r f a c i a l  
a l loy  l a y e r s  t h a t  w e r e  w e a k e r  t h a n  the  e l e c t r o d e -  
pos i t ed  m e t a l  or  the  t h o r i u m .  

T h o r i u m  is k n o w n  to a l loy  w i t h  mos t  me ta l s .  I n -  
t e rd i f fus ion  of t h e  e l ec t roc l ad  m e t a l  and  the  t h o -  
r ium,  a long  w i t h  t he  m e l t i n g  po in t  of the  c lad  or  
eu tec t i c  a l loys  fo rmed ,  a p p e a r s  to e s t ab l i sh  l i m i t i n g  
cond i t ions  fo r  t he  use  of  p l a t e d  t h o r i u m  a t  e l e v a t e d  
t e m p e r a t u r e s .  

Corrosion.--Thorium cor rodes  r e a d i l y  in ho t  
w a t e r ,  ox id i z ing  a n d / o r  h y d r a t i n g  to fo rm a l a y e r  of 
loose p o w d e r y  cor ros ion  p r o d u c t s  t h a t  can  be  
b r u s h e d  off eas i ly .  Cor ros ion  w e i g h t  changes  of ~-72 
m d d  to - -14 todd  h a v e  been  r e p o r t e d .  No d o u b t  t h e  
v a r i a n c e  in d a t a  is due  to r e t e n t i o n  or  r e m o v a l  of 

Table I. CorrQsion rate in distilled water at 203~ (95~ 
Duration of test: 6 weeks 

Corrosion 
Surface coating on thorium rate in todd 

None* --7.4 
Anodized* --1.7 
Anodized and heated* --0.7 
Copper electrocladt -{-0.9 

* Loose  co r ros ion  p r o d u c t s  r e m o v e d  be fo re  w e i g h i n g .  
C o p p e r  was  p l a t e d  i n  s e v e r a l  s teps  w i t h  i n t e r m e d i a t e  b u r n i s h i n g  

{to c lose  poros i ty )  a n d  pe r iod i c  h e a t  t r e a t i n g  in  v a c u u m  at  400~  
(to decompose  h y d r i d e s  a n d  r e m o v e  e n t r a i n e d  h y d r o g e n ) .  Copper 

t a r n i s h e d  d u r i n g  cor ros ion .  

loose co r ros ion  p r o d u c t s  for  o b t a i n i n g  the  w e i g h t -  
change  da ta .  

A n o d i z i n g  ( e l e c t r o p o l i s h i n g )  a n d  h e a t  t r e a t i n g  or  
coppe r  e l e c t r o c l a d d i n g  a p p r e c i a b l y  r e d u c e d  the  cor -  
ros ion  of t ho r ium.  The  co r ros ion  d a t a  a r e  p r e s e n t e d  
in  T a b l e  I. The  co r ros ion  of t h o r i u m  was  r e d u c e d  
a b o u t  90% b y  anod iz ing  a n d  h e a t i n g  to f o r m  a p r o -  
t ec t i ve  t h o r i u m  p h o s p h a t e  film. The  s l i g h t  w e i g h t  
ga in  for  c o p p e r - e l e c t r o c l a d  t h o r i u m  w a s  a t t r i b u t e d  to 
t a r n i s h i n g  of the  coppe r  and  pos s ib ly  to e n t r a p m e n t  
of w a t e r  in t he  coppe r  c ladd ing .  

Conclusions 
T h o r i u m  su r faces  p r e t r e a t e d  b y  anod ic  p i c k l i n g  

in h y d r o c h l o r i c  ac id  and  c h e m i c a l  p i c k l i n g  in su l -  
fu r i c  ac id  can  be  e l e c t r o p l a t e d  w i t h  coa t ings  of  mos t  
me ta l s .  The  a d h e r e n c e  of t he  p l a t e d  coa t ings  is e x -  
ce l l en t  a n d  passes  a l l  the  c o n v e n t i o n a l  a d h e r e n c e  
tes ts .  E t e c t r o p t a t e d  m e t a l s  on  t h o r i u m  can  p r o t e c t  
t h o r i u m  in bo i l ing  w a t e r  and  can  a id  so lde r ing  
a n d / o r  j o i n i n g  to o the r  me ta l s .  The  use of e l e c t r o -  
c l ad  m e t a l s  on t h o r i u m  for  h i g h - t e m p e r a u r e  a p p l i -  
ca t ions  wi l l  d e p e n d  on the  p r o p e r  se lec t ion  of  m e t a l s  
t h a t  f o r m  s u i t a b l e  a l loys  w i t h  t h o r i u m  b y  i n t e r -  
diffusion.  

Copper ,  i ron,  n ickel ,  a n d  s i lve r  d i r e c t l y  on t h o -  
r i u m  offer p r o m i s e  for  p r o t e c t i n g  t ho r ium.  H o w e v e r ,  
f u r t h e r  d a t a  on the  d i f fus ion  of the  e l e c t r o p l a t e d  
m e t a l s  a n d  t h o r i u m  a long  w i t h  the  p r o p e r t i e s  of 
t he  a l loys  f o r m e d  a re  needed .  

E l e c t r o p o l i s h i n g  ( a n o d i z i n g )  of t h o r i u m  a n d  h e a t  
t r e a t i n g  i m p a r t s  a p r o t e c t i v e  coa t ing  t h a t  r es i s t s  
h o t - w a t e r  cor ros ion .  

Manuscr ip t  rece ived  Sept.  25, 1958. This paper  was 
p r e p a r e d  for de l ive ry  before  the  Ot tawa  Meeting,  
Sept.  28-Oct. 2, 1958. Work  was pe r fo rmed  under  AEC 
Contract  W-7405-Eng-92. 

A n y  discussion of this pape r  wi l l  appear  in a Discus-  
sion Section to be publ i shed  in the December  1959 
J O U R N A L .  
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ABSTRACT 

The effect of magnesium salts was measured in Watts- type and Wesley al l-  
chloride type nickel plat ing baths. The deposition potential  of nickel was low- 
ered (metal  became more noble) ,  polarization was reduced, and results on de- 
composition potentials were inconclusive. Nickel deposited from all baths under  
test had a face-centered cubic lattice, and magnesium was present  only in 
spectroscopic traces. It  was found that  addition of magnesium salts increased 
cathode current  efficiency, improved throwing power, and reduced porosity 
of the nickel, as revealed by the ferroxyl  test. At low concentrat ions of mag-  
nesium salts the mechanical  properties of nickel deposits were not changed 
materially,  but  at high concentrat ions deposits were harder,  more brittle, and 
had a higher tensile strength. The effect on residual stress in nickel deposits 
was not measured. 

I t  has been  shown tha t  proper t ies  of e lec t rode-  
posi ted n icke l  are d e p e n d e n t  on a n u m b e r  of factors.  
One of these is the n a t u r e  and  concen t r a t i on  of the 
so-cal led  "conduc t ing  sal ts";  the most  common  of 
these sal ts  are those of sodium, a m m o n i u m ,  a nd  
m a g n e s i u m .  

Add i t i on  of m a g n e s i u m  salts to n icke l  ba ths  has 
aroused a con t rovers ia l  issue in  the  p l a t i ng  i ndus t ry ,  
since m a n y  beneficial  and  some h a r m f u l  effects have  
been  observed  and  repor ted.  Opin ions  expressed by  
scientific worke r s  as wel l  as by  prac t ica l  p la te rs  
were, i n  m a n y  cases, conflicting. Data  to suppor t  
bo th  sides of the a r g u m e n t  have  appeared  in  the  
l i t e ra tu re .  However ,  no sys temat ic  s tudy  conf i rmed 
wi th  q u a n t i t a t i v e  da ta  has yet  been  conducted.  
Needless to say, the presence  of such da ta  will,  u n -  
doubted ly ,  help the p la te r  to cont ro l  behav io r  of the  
ba th  as wel l  as p roper t ies  of the deposit.  To this  end  
the p re sen t  i nves t iga t ion  was directed.  Care fu l ly  
cont ro l led  tests  were  m a d e  to d e t e r m i n e  the ne t  
effect of m a g n e s i u m  salts on the  opera t ion  of n icke l  
ba ths  and  on the proper t ies  of n icke l  deposit ,  and  
whe the r  or no t  these effects are due to codeposi t ion 
of magnes ium.  

The  chief a d v a n t a g e  of add ing  conduc t ing  salts to 
n icke l  p l a t ing  ba ths  is to increase  the  conduc t iv i ty  
of the baths.  Apa r t  f rom the  economic advan t a ge  of 
inc reas ing  the  conduct iv i ty ,  be t t e r  conduc t iv i ty  u s u -  
a l ly  leads to be t t e r  deposits, p reven t s  f o rma t i on  of 
t rees  and  rough  deposits  (1),  and  improves  the 
t h r o w i n g  power  (2-4) .  The effect of m a g n e s i u m  
salts  on the conduc t iv i ty  of n icke l  p l a t i ng  ba ths  was  
repor ted  by  H a m m o n d  (5) and  by  Nicol (6).  Reac-  
tions, funct ions ,  and  m e c h a n i s m s  of m a g n e s i u m  a nd  
other  conduc t i ng  salts were  discussed at l e n g t h  
(8-11) .  

As a conduc t ing  salt, m a g n e s i u m  sul fa te  was  
added to n icke l  ba ths  since the v e r y  b e g i n n i n g  of 

1 P r e s e n t  add re s s :  Cairo  U n i v e r s i t y ,  Cairo,  Egyp t .  

the n icke l  p l a t ing  indus t ry .  Adams,  who c o m m e r -  
cialized n icke l  p l a t i ng  in  Boston in  1869 (12),  i n -  
t roduced  in  the fo l lowing  yea r  his w e l l - k n o w n  p a t -  
en t  (13) of a n icke l  ba th  c o n t a i n i n g  m a g n e s i u m  salts 
and  in  1899 K u g e l  es tab l i shed  ano the r  p a t e n t  (14) .  

The first s tudy  on the effect of m a g n e s i u m  was 
conduc ted  in  1902 by  Coehn (15) fol lowed by  Sie-  
m e n s  in  1904 (16) .  Since then,  m a g n e s i u m  su l fa te  
addi t ions  have  been  r e c o m m e n d e d  for n icke l  ba ths  
used in var ious  fields of appl ica t ions ;  for commerc ia l  
r ap id  (17-20) and  b a r r e l  p l a t i ng  (21) a nd  also for 
p l a t ing  on i ron  and  s ta inless  steel (22),  as wel l  as 
on non fe r rous  meta l s  and  alloys, p a r t i c u l a r l y  zinc 
a nd  zinc base die cast ings  (23-32) a l u m i n u m  and  
is al loys (33-41) ,  and  lead (42).  

Ma gne s i um sul fa te  addi t ions  have  also been  re -  
por ted  in  n icke l  ba ths  r e c o m m e n d e d  for p roduc ing  a 
ru s t - r e s i s t i ng  n icke l  p la te  (43, 44), a de tachab le  and  
elastic n icke l  film on a n icke l  base (45) ,  and  for 
plating phonograph records (46). Magnesium sulfate 
has also been added to improve throwing power 
(47), to produce mat silver-white deposits (48) 
that are free from pitting (49). 

Nickel deposited from baths containing magne- 
sium sulfate is soft, easy to buff (50), and can be 
bent, twisted, or rolled without stripping or peeling 
off the plate (51). However, Makar'eva (52) found 
that the addition increases hardness and produces a 
deposit that is more lustrous and more uniform in 
texture, and that changed very little with change in 
current density or temperature. The effect of mag- 
nesium on stress is not yet agreed upon (53, 54). 

Robinson (55) considered magnesium sulfate as 
the most suitable conducting salt in nickel baths. 
Baths containing this salt kept up their metallic 
concentration, produced even anode corrosion, and 
showed no pitting. Nickel deposited from such baths 
were whiter, resisted action of acids and did not rust 
as quickly, retained their luster longer, and were 
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m o r e  r ead i ly  c leaned  and pol i shed  t h a n  deposi ts  ob-  
t a ined  in the  absence  of m a g n e s i u m  sulfate .  T h i r -  
t een  yea r s  la ter ,  B a r r o w s  (56) conf i rmed  Robinson ' s  
f indings r e l a t i v e  to tha t  " i nd i f f e r en t l y  r ecogn ized  aid 
to be t t e r  p l a t ing . "  

In spi te  of r e p o r t e d  benef ic ia l  effects of add ing  
m a g n e s i u m  su l fa te  to n icke l  p l a t i ng  baths,  some 
objec t ions  aga ins t  its use had  been  ra i sed  (57-59) .  

M a g n e s i u m  chlor ide  addi t ions  are  also common,  
a l t hough  to a lesser  ex ten t .  The  func t ion  is e i the r  to 
increase  conduc t i v i t y  (60) or to inc rease  anode  cor -  
ros ion in su l fa t e  ba ths  (61-65) or as a ha logen  ca r -  
r ie r  in a b r i g h t  ba th  (66).  

In add i t ion  to be ing  i n t roduced  i n t e n t i o n a l l y  as 
m a g n e s i u m  slats, m a g n e s i u m  can be also i n t roduced  
in smal l  amoun t s  f r o m  nicke l  sa l t s  (67),  n i cke l  
anodes  (68-71) ,  w a t e r  (72-74) ,  and  f r o m  chemica l s  
added  to i n t roduce  ions or rad ica ls  o ther  t h a n  m a g -  
n e s i u m  (75-77) .  

Experimental  

Purification and preparation of the test b a t h s . -  
This was  effected in a P y r e x  glass cy l ind r i ca l  con-  
ta iner .  H e a t i n g  was  accompl i shed  by i m m e r s i n g  the  
con ta ine r  in a cons tan t  t e m p e r a t u r e  w a t e r  ba th  
wh i l e  ag i t a t ing  by b u b b l i n g  pur i f ied  compressed  air  
t h r o u g h  a p e r f o r a t e d  P y r e x  glass coil  w h i c h  res ted  
on the  b o t t o m  of the  conta iner .  A i r  was  pur i f ied  by 
pass ing it t h r o u g h  co lumns  packed  w i t h  glass woo l  
and charcoa l  to c ap tu r e  any e n t r a i n e d  oil. 

C o n c e n t r a t e d  solut ions  of p l a t e r ' s  g rade  n icke l  
su l fa te  and  of n icke l  ch lor ide  w e r e  p r e p a r e d  and to 
each so lu t ion  2 ml  of 30% h y d r o g e n  pe rox ide  was  
added  per  l i t e r  of solution.  The  t e m p e r a t u r e  was  
ra i sed  to 70~176  ( 1 5 8 ~ 1 7 6  and the  p H  was  
then  ra i sed  to 5.8 by s low add i t ion  of a f r e sh ly  p r e -  
pa r ed  s lu r ry  of n i cke l  carbonate .  So lu t ions  w e r e  
s t i r r ed  v igo rous ly  at t ha t  t e m p e r a t u r e  and pH for  
2 hr,  a f t e r  w h i c h  the  p rec ip i t a t e s  w e r e  a l l ow ed  to 
sett le.  A f t e r  f i l t rat ion,  the  solu t ions  w e r e  e l ec t ro -  
lyzed  at low c u r r e n t  densi ty .  Due  to the  l im i t ed  
ava i l ab l e  q u a n t i t y  of e l ec t ro ly t i c  nickel ,  p l a t i n u m  
anodes  w e r e  used;  ca thodes  consis ted  of  th in  n icke l  
sheets to avoid the possibility of introduction of im- 
purities at very low current density areas, as might 
be the case if steel or nickel plated steel were used. 
Electrolysis was continued at 0.2 amp/din ~ (2 a.s.f.) 
until 120 amp-hr/gal were passed, and then at 0.5 
amp/din ~ (4.6 a.s.f.) until at least 30 amp-hr/gal 
had passed. Finally, the solutions were electrolyzed 
at 5 amp/din ~ (46 a.s.f.) for 6 hr. The hot and well- 
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ag i t a t ed  solut ions  w e r e  then  t r e a t ed  w i t h  7.5 g/1 
(1 o z / g a l )  of ac t i va t ed  carbon.  A f t e r  a l lowing  the  
solut ions  to s tand  for  a f ew  hours ,  t hey  w e r e  f i l tered.  

The  ef fec t iveness  of this pur i f ica t ion  cycle  was  
tes ted  by spec t roscopic  ana lys i s  of a n icke l  shee t  de -  
pos i ted  n o n a d h e r e n t l y  on a s ta in less  s teel  ca thode  a t  

the  specified ope ra t i ng  condi t ions.  A f t e r  thus  p u -  
r i f y i n g  the s epa ra t e  concen t r a t ed  so lu t ions  of  n ickel  
su l fa te  and n icke l  chlor ide,  test  ba ths  shown in 
Tab le  I w e r e  p r e p a r e d  by  m i x i n g  a n d / o r  d i lu t ion  of 
pur i f ied  concen t r a t ed  solutions.  

Ba ths  chosen for  this i nves t i ga t i on  are  the  Wat t s  
su l fa te  and Wes l ey  a l l - ch lo r i de  types  of n icke l  ba ths  
since t h e y  are  the  two  mos t  c o m m o n l y  used  ba ths  
a p a r t  f r o m  t h e  br igh t  ones. Of the d i f fe ren t  types  of  
Wat t s  baths,  the  one se lec ted  was  chosen because  it  
is v e r y  w i d e l y  used  in ac tua l  p rac t i ce ;  i t  has  n e a r l y  
the  same n icke l  con ten t  as the  Wes ley  bath,  and it 
has been  sub jec t ed  to some inves t iga t ions .  

S ince  anions  h a v e  a dec ided  inf luence on the  cha r -  
ac te r  of the  deposit ,  i t  was  dec ided  to add m a g n e -  
s ium su l fa te  to Wat t s  ba th  and m a g n e s i u m  ch lo r ide  
to Wes l ey  bath.  F u r t h e r m o r e ,  in o rder  to p e r m i t  a 
fa i r  compar i son  of the  effects of m a g n e s i u m  ions in 
the  two  baths,  m a g n e s i u m  .salts w e r e  added  in equ i -  
n o r m a l  amoun t s  r a t h e r  t han  in equa l  pe rcen tages .  
Concen t r a t ions  of the  m a g n e s i u m  salts w e r e  se lec ted  
to cover  the  r ange  of usua l  addi t ions .  In  o rder  to 
f ac i l i t a t e  r e f e r e n c e  to the  d i f fe ren t  test  baths,  a ba th  
symbo l  was  ass igned to each  type ;  the  l e t t e r  S ( su l -  
fa te )  is a symbo l  of t h e  W a t t s  su l fa te  ba th  wh i l e  C 
(ch lo r ide )  ind ica tes  the  Wes ley  ch lor ide  bath.  The  
ba th  symbol  is fo l lowed  by a n u m e r a l  w h i c h  ind i -  
cates  the  n o r m a l i t y  of the  m a g n e s i u m  sal t  added.  

Operating c o n d i t i o n s . -  O p e r a t i n g  condi t ions  
chosen for  this i nves t i ga t i on  w e r e  as fo l lows:  cu r -  
r en t  densi ty ,  4.3 a m p / d m  2 (40 a.s .f .) ;  t e m p e r a t u r e ,  
60~ ( 1 4 0 ~  pH ( e l e c t r o m e t r i c )  2. 

Measurement  of cathode and deco~nposition po- 
tent ia ls . - -Measurements  of the  depos i t ion  po ten t i a l s  
w e r e  ef fec ted  in a smal l  r e c t a n g u l a r  glass t r o u g h  
m e a s u r i n g  15 x 6 x  6 cm. The  two anodes  and the  
ca thode  m e a s u r i n g  6 x 1.0 x 0.1 cm each  w e r e  cut  
f r o m  e lec t ro ly t i c  n icke l  shee t  and p laced  5 cm apar t .  
A l t h o u g h  d imens ions  of the  e lec t rodes  did not  a l low 
ideal  condi t ions  of u n i f o r m  densi ty ,  resu l t s  thus  ob-  
t a ined  w e r e  in a g r e e m e n t  w i t h  those ob ta ined  by  
Wes l ey  and Roehl  (78) w i t h  m e a s u r e m e n t s  m a d e  in 
a box  s imi la r  to H a r i n g  cell  wh ich  p rov ides  b e t t e r  
m e a n s  for  m e a s u r i n g  e lec t rode  potent ia ls .  The  close 

of the test nickel baths 

B a t h  B a t h  B a t h  
No. symbol  type  

Const i tuents  in  g/1 

NiSO~. 7H~O NiCl~. 6H20 HaBOz MgSO4.7H20 MgClz. 6H20 NaC1 

1 S-0.0 W a t t s  

2 S-0.1 W a t t s  

3 S- 1.0 Watts 
4 S-2.0 W a t t s  

5 C-0.0 Wesley 
6 C-0.1 Wesley 
7 C- 1.0 Wesley 
8 C-2.0 Wesley 
9 C-2.0Na Wesley 

325 45 30 - -  - -  - -  
325 45 30 12.3 (0.1N) - -  - -  
325 45 30 123 (1.0N) m - -  
325 45 30 246 (2.0N) - -  - -  
- -  300 30 - -  - -  - -  
- -  300 30 - -  10.2 (0.1N) - -  
- -  300 30 - -  102 (1.0N) - -  
- -  300 30 - -  204 (2.0N) - -  
- -  300 30 - -  - -  117 (2.0N) 
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a g r e e m e n t  b e t w e e n  the two da ta  ind ica te  the re l i -  
ab i l i ty  of the m e a s u r e m e n t s  car r ied  out  in the p r e -  
v ious ly  m e n t i o n e d  m a n n e r .  Moreover ,  we were  
chiefly concerned  wi th  r ep roduc ib le  r e l a t ive  va lues  
r a t h e r  t h a n  exact  abso lu te  ones. The po ten t i a l  of the  
cathode was m e a s u r e d  aga ins t  a s a tu ra t ed  calomel  
electrode.  Connec t ion  wi th  the  cathode was  effected 
th rough  a glass U - t u b e ,  one s tem of which  was 
d r a w n  to a capi l lary,  which  was ben t  t h rough  90 ~ 
and  pressed aga ins t  the cathode. 

The  electrolysis  cell, c o n t a i n i n g  400-500 ml  of 
so lu t ion  u n d e r  test, was  i m m e r s e d  in  a co ns t a n t -  
t e m p e r a t u r e  wa te r  ba th  at 50 ~ ---- 0.1~ whi le  the 
calomel  e lect rode was  at room t empera tu r e .  The 
so lu t ion  was  not  s t i rred.  No difference was  observed  
w h e n  the solut ions  were  tes ted as p r epa red  or af ter  
be ing  boi led to expel  dissolved oxygen.  Af t e r  re -  
cording  the stat ic po ten t ia l ,  a ve ry  smal l  c u r r e n t  
was  appl ied  for  a sufficient l eng th  of t ime  to a t t a in  
equ i l ib r ium.  E q u i l i b r i u m  was assumed to exist  if 
two consecut ive  read ings  of the po ten t i a l  made  4 or 
5 m i n  apar t  differed on ly  by  a f rac t ion  of a mi l l ivol t .  
Usua l ly  e q u i l i b r i u m  was a t t a ined  w i t h i n  20 min .  

Decomposi t ion  po ten t ia l s  were  m a d e  in  the  same 
cell and  in  the  same  m a n n e r  except  tha t  the elec-  
t rodes were  all  m a d e  of p l a t i n u m  sheet. No effort 
was m a d e  to measu re  decomposi t ion  po ten t ia l s  w i th  
grea t  precision.  

Cathode current efficiency and throwing p o w e r . -  
Cathode c u r r e n t  efficiencies were  d e t e r m i n e d  by  the 
increase  in  weight  of a n icke l  cathode. Measu re -  
men t s  were  made  in  a r e c t a n g u l a r  glass t rough  12 x 
7 x 6.5 cm (43~ x 23~ x 21/2 in . ) .  The  two anodes  
and  the  cathode were  all  cut  f rom th in  n icke l  sheet  
1 m m  (0.04 in.)  thick. Wi th  the cathode placed m i d -  
w a y  b e t w e e n  the  two anodes  and  the  a rea  of all  
e lectrodes exac t ly  fil l ing the cross sect ion of the  
t rough,  a u n i f o r m  c u r r e n t  dens i ty  was  secured on 
the  cathode. 

M e a s u r e m e n t s  were  m a d e  in  t r ip l ica te  wi th  the  
efficiency celt at 60~ whi le  a copper cou lomete r  
connec ted  in  series was  at  room t empera tu r e .  For  
each bath,  the  c u r r e n t  efficiency was d e t e r m i n e d  at  
t h ree  c u r r e n t  densi t ies :  2.1, 4.3, and  6.4 a m p / d m  ~ 
(20, 40, and  60 a.s.f.). Resul ts  were  r ep roduc ib le  to 
-----1%. 

T h r o w i n g  power  d e t e r m i n a t i o n s  were  m a d e  in  the  
same troughs.  The  anodes  were  pe r fo ra t ed  w i th  3/32 
in. holes. D e t e r m i n a t i o n s  were  m a d e  at  two p r i m a r y  
c u r r e n t  d i s t r i bu t ion  rat ios:  5: 1 and  2: 1. In  ca lcu la t -  
ing the c u r r e n t  densi ty ,  on ly  the areas  of the two 
sides of the cathode facing the anode were  cons id-  
ered. A r u n  las ted u sua l l y  45 min.  

Mechanical properfies.--For t es t ing  m e c h a n i c a l  
proper t ies ,  a sheet  of n icke l  0.25 m m  (0.01 in . )  th ick  
was  p r e p a r e d  f rom each ba th  by  p l a t i ng  n o n a d -  
h e r e n t l y  on a s ta inless  steel sheet, type  302, abou t  
0.079 m m  (0.031 in.)  thick.  The cathode m e a s u r e d  
2 0 x  18.7 cm (8 x 7.5 in.)  

The  p l a t i ng  ja r  consis ted of a r e c t a n g u l a r  glass 
t rough  m e a s u r i n g  20.6 cm long x 36.5 cm high x 16.2 
cm wide  (81/4 in. x 3 in. x 6.5 in . ) .  The  anode  con-  
sisted of e lec t rolyt ic  n icke l  which  was  ana lyzed  by  
spectroscopic methods  and  was enclosed in  a h igh -  
qua l i t y  cot ton bag. One  anode and  one cathode were  

used, both  fi l l ing the  cross section of the p l a t i ng  jar .  
The pH of the solut ion,  which  a lways  t ended  to rise, 
was kept  cons tan t  at  the r e q u i r e d  va lue  by  a l lowing  
acid to dr ip  f rom a buret .  Ag i t a t i on  of the  so lu t ion  
was effected by  two e lec t r ica l ly  d r i v e n  p rope l l e r -  
type  glass rods. P i t t i ng  was  p r e v e n t e d  by  add ing  
0.4-0.5 ml  of 30% h y d r o g e n  peroxide  to eve ry  l i t e r  
of the bath.  Decomposi t ion  of the h y d r o g e n  peroxide  
was ascer ta ined  by  tes t ing  w i th  a d i lu te  so lu t ion  of 
po tass ium p e r m a n g a n a t e .  

The  e lec t roformed n icke l  sheet  ob t a ined  f rom 
each ba th  was cut  in to  2.5 cm (1 in.)  s tr ips w i th  the 
long d imens ion  cor respond ing  to the hor izon ta l  d i -  
me ns i on  of the or ig ina l  sheet.  Str ips  were  t hen  m a -  
ch ined  to the form r e c o m m e n d e d  by  A.S.T.M. speci-  
fications E8-46 for t h in  sheet  mate r ia l ,  except  tha t  
the  l e n g t h  of the s tr ip was 18.7 cm (7.5 in.)  ins tead  
of 20.3 cm (8 in . ) .  Spec imens  were  tes ted in  a Ba ld -  
w i n  hyd rau l i c  tes t ing  machine .  Af te r  the  tens i le  
s t r eng th  test  was  completed,  the zone where  f rac-  
tu re  occurred was  no ted  a nd  the  d imens ions  of tha t  
zone, p rev ious ly  measured ,  were  used in  the  ca lcu-  
l a t ion  of the cross-sec t ional  area.  The  pe r  cent  
e longa t ion  was ca lcula ted  by  the  increase  of a 5 cm 
(2 in.)  gauge length .  U sua l l y  two sets  of gauge 
ma r ks  were  made  in  the reduced  sect ion of the 
spec imen  so tha t  the f r ac tu re  would  ve ry  l ike ly  
take  place wi th  one, if no t  bo th  pairs.  However ,  in  
some spec imens  the f r ac tu re  occurred  jus t  n e a r  or 
even  outs ide  the  gauge marks ;  in  such cases no 
e longa t ion  m e a s u r e m e n t s  were  obta ined.  A t  least  
five specimens  of each type  of deposit  were  tested. 
Reproduc ib i l i t y  of the tens i le  s t r eng th  m e a s u r e -  
me n t s  was w i t h i n  10% whi le  tha t  of the e longa t ion  
m e a s u r e m e n t s  was  ve ry  m u c h  poorer,  a l though  all 
spec imens  were  free of pits and  microscopic defects. 

Hardness  m e a s u r e m e n t s  were  made  by  an  Ebe r -  
bach  microhardneas  tes ter  us ing  a load of 323.2 g. 
I n d e n t a t i o n s  were  m a d e  on the cross section of the 
deposi t  (c ross-sec t ional  ha rdness )  as wel l  as on the 
i n n e r  surface  of the deposi t  which  was ad jacen t  to 
the basis  me ta l  (.surface h a r d n e s s ) .  Usual ly ,  at  least  
seven  ha rdness  m e a s u r e m e n t s  were  t a k e n  for each 
type  of deposit.  Reproduc ib i l i ty  of the  resu l t s  was 
w i t h i n  10 %. 

Structure.--To ob ta in  samples  for me ta l log raph ic  
examina t ion ,  two smal l  pieces were  cut  f rom the 
e lec t roformed n icke l  sheet;  one of these pieces was 
m o u n t e d  in  Bakel i te  in  such a w a y  tha t  the cross 
sect ion p e r p e n d i c u l a r  to its p la ted  sur face  was  ex-  
posed. The o ther  piece was m o u n t e d  so tha t  the  su r -  
face o r ig ina l ly  ad jacen t  to the s ta inless  steel cathode 
was exposed. Elect rolyt ic  e tch ing  us ing  di f ferent  
e lect rolytes  u n d e r  v a r y i n g  condi t ions  did no t  give 
sa t i s fac tory  resul ts .  Good resul t s  w e r e  ob ta ined  
th rough  us ing  the  "flat so lu t ion ,"  cons is t ing  of a 
m i x t u r e  of equa l  vo lumes  of concen t ra t ed  n i t r i c  and  
glacial  acetic acids. The  s t ruc tu re  was pho tographed  
in  a Bausch and  Lomb  meta l lograph .  

X - r a y  pa t t e rn s  were  ob ta ined  by  the  powder  
me thod  in  a Nor th  A m e r i c a n  Phi l ips  Diffract ion u n i t  
us ing  a cobalt  t ube  a nd  an  i ron filter. 

Porosity.--Samples for poros i ty  were  ob ta ined  
by  coat ing  a t h in  l ayer  of n icke l  0.025 --+ 0.0025 m m  
(0.001 ___ 0.0001 in.)  th ick on low carbon  (0.15% C) 
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s tee l  p ieces  m e a s u r i n g  18.7 x 20 cm (7.5 in. x 8 in . ) .  
S tee l  ca thodes  w e r e  p r e p a r e d  accord ing  to the  
A.S.T.M D e s i g n a t i o n  B 183-49 (79) .  

The  co r ros ive  so lu t ion  used  was  t ha t  r e c o m -  
m e n d e d  b y  Than,  et al. (80) w h i c h  consis ts  of 50 g/1 
of p o t a s s i u m  f e r r i c y a n i d e  and  0.2 g/1 sod ium ch lo -  
r ide .  The  tes t  was  c a r r i e d  out  in t he  m a n n e r  m e n -  
t i oned  in  t he  Br i t i sh  S t a n d a r d  1224-1945. A t  l ea s t  
five d e t e r m i n a t i o n s  w e r e  m a d e  f rom each ba th .  

Determination of magnesium. - -  S p e c t r o g r a m s  
w e r e  o b t a i n e d  b y  s h a p i n g  two p ieces  of t he  e l e c t r o -  
f o r m e d  n i c k e l  shee ts  f r o m  each  b a t h  to fo rm the  two  
e l ec t rodes  for  the  spec t rog raph .  These  w e r e  t h e n  
exc i t ed  b y  a d -c  a rc  a t  5 a m p  for  60 sec. The  n i c k e l  
s t a n d a r d  was  exc i t ed  for  5 sec only .  A n a l y s i s  was  
then  c o n d u c t e d  in the  u s u a l  m a n n e r  us ing  the  i n -  
t e r n a l  s t a n d a r d  m e t h o d .  

Results 
C a t h o d e  p o t e n t i a l s  a n d  ca thode  p o l a r i z a t i o n  

cu rves  a r e  s h o w n  in Fig .  1, 2, a n d  3. F i g u r e s  4 a n d  5 
show the  effect of m a g n e s i u m  on the  cel l  vo l t ages  
and  on the  decompos i t i on  p o t e n t i a l s  of the  d i f fe ren t  
ba ths .  

Resu l t s  of ca thode  c u r r e n t  efficiencies a r e  s h o w n  
in Fig.  6 and  7. 
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Fig. 1. Cathode potentials for  nickel baths at 50~ against 
a saturated calomel electrode. 
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T h r o w i n g  p o w e r  d a t a  a re  p l o t t e d  in Fig .  8. D a t a  
a r e  s u b m i t t e d  on the  t h r e e  scales :  H a r i n g  and  B l u m  
scale  (3) ,  H e a t l e y ' s  modi f i ca t ion  (81) ,  and  the  
Br i t i sh  S t a n d a r d  I n s t i t u t i o n  (B.S.I . )  scale.  E a c h  
po in t  on each  c u r v e  is t he  a v e r a g e  of t h r e e  d e t e r m i -  
na t ions .  

M e c ha n i c a l  p r o p e r t i e s  d a t a  a r e  p l o t t e d  in Fig .  9, 
10, and  11. In  Fig .  10, t he  e l o n g a t i o n  v a l u e  c o r r e -  
spond ing  to b a t h  S-0.1 was  no t  i n c l u d e d  s ince  t he  
f r a c t u r e  of the  spec imens  o c c u r r e d  e i t h e r  ou t s ide  
the  gauge  m a r k s  or  j u s t  a d j a c e n t  to them.  

P h o t o m i c r o g r a p h s  of the  va r i ous  depos i t s  a r e  
s h o w n  in Fig .  12, 13, 14, a n d  15. X - r a y  p a t t e r n s  for  
t he  W e s l e y  b a t h s  a r e  s h o w n  in Fig .  16. 

Cor ros ion  r e s i s t a nc e  d a t a  a r e  p l o t t e d  in  F ig .  17. 
Cor ros ion  r e s i s t ance  is e x p r e s s e d  as t he  r e c i p r o c a l  of 
the  n u m b e r  of spots  r e v e a l e d  b y  the  f e r r o x y l  t es t  
p e r  squa re  d e c i m e t e r  of t he  t e s t ed  depos i t .  

F i g u r e  18 shows  s p e c t r o g r a m s  o b t a i n e d  f rom the  
s t a n d a r d  n i cke l  s p e c i m e n  and  depos i t s  f r o m  W e s l e y -  
t y p e  ba ths .  

T a b l e  I I  s u m m a r i z e s  some of t he  i m p o r t a n t  d a t a  
o b t a i n e d  in  th is  i nves t iga t ion .  

Discussion 
Deposition potential, polarization, and decompo- 

sition potential .--Deposit ion p o t e n t i a l  a n d  p o l a r i z a -  
t ion  d a t a  w e r e  i n v e s t i g a t e d  s ince  t h e y  inf luence  the  
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Fig. 6. Effect of magnesium content of nickel baths on the 
cathode current efficiency at SO~ and 40 e.s.f, 

fo l lowing four  character is t ics  (82) : (a) s t ruc tu re  of 
the  deposit ;  (b)  ca thode c u r r e n t  efficiency; (c) 
t h r o w i n g  power ;  and  (d)  al loy deposit ion.  

I t  has been  shown by  others tha t  the re  exists  a 
re la t ion  b e t w e e n  cathodic  po la r i za t ion  and  the  
s t ruc tu re  of the deposi t  (1, 83-85).  In  some cases, 
the  r e l a t ion  was not  verif ied (86-90) .  This led to 
the  i n t roduc t i on  of the  " in t e r f e r ence"  concept  (91).  
However  it is be l ieved  by  some inves t iga to r s  tha t  
there  m u s t  be  some connec t ion  b e t w e e n  cathode po-  
t en t i a l s  and  fo rma t ion  of e lec t rodeposi ted  m e t a l  
(92) .  

C o n c e r n i n g  t h r o w i n g  power ,  h igh cathodic po-  
l a r iza t ion  improves  tha t  i m p o r t a n t  p r o p e r t y  (93, 2, 
94). In  this  respect,  the  s igni f icant  c r i t e r ion  is the 

0 03 l.O 2.0 
CONCENTRATION OF MAGNESIUM, NORMALITY 

Fig. 8, Effect of the magnesium content of nickel baths on 
the throwing power. (Linear ratio, L = 5). 

slope of the cathode po ten t i a l  vs. c u r r e n t  dens i ty  
curve.  

Cathodic  po la r iza t ion  affects al loy deposi t ion in  
the same m a n n e r  as it  affects h y d r o g e n  evolut ion .  

In  the p re sen t  s tudy  it is ev iden t  f rom Fig. 1 and  
2 tha t  addi t ion  of m a g n e s i u m  s l ight ly  makes  the 
po ten t ia l  of n icke l  more  nob le  and  lowers  cathodic 
polar iza t ion.  Tha t  this  effect is not  due to f o r ma t ion  
of inso lub le  m a g n e s i u m  hyd r ox i de  is shown b y  the 
fact  tha t  b a t h  C-2.0Na showed the  same t r e n d  as the  
o ther  baths .  

The  prev ious  resu l t  is no t  in  a g r e e m e n t  wi th  tha t  
of T h o m p s o n  (27) who repor ted  tha t  m a g n e s i u m  in -  
creased cathodic po la r iza t ion  and  cathodic c u r r e n t  

Table II. Effect of adding magnesium salts on the operation of Watts and Wesley baths 
and on the physical preperties of the electrodeposited nickel 

Cathode  Tens i l e  M a g n e s i u m  
eff iciency T h r o w i n g *  s t r eng th ,  E l o n g a t i o n , t  Hardness$  Cor ros ion  con t en t  i n  

B a t h  a t  40 a.s.f., % p o w e r  ps i  % Vicke r s  r e s i s t ance  depos i t ,  % 

S-0.0 97.2 --5.4 6700 17.6 143 12.0 
S-0.1 97.0 --1.7 6400 - -  142 20.8 0.011 
S-1.0 97.8 --0.3 6300 19.3 144 37.0 0.014 
S-2.0 97.8 1.6 7700 13.7 163 100.0 0.014 
C-0.0 99.1 4.2 9200 16.1 204 12.3 - -  
C-0.1 98.9 6.5 9000 14.9 204 14.5 0.014 
C-1.0 99.8 9.3 9400 16.7 202 58.8 0.018 
C-2.0 99.8 11.5 9700 10.9 224 76.9 0.021 

* As m e a s u r e d  in  a t h r o w i n g  p o w e r  box  w i t h  a l i n e a r  r a t io  of 5:1 a p p l y i n g  the  H a r i n g  
t I n  2-in.  g a u g e  m a r k s .  

$ D e t e r m i n e d  by  an  E b e r b a c h  m i c r o h a r d n e s s  t e s te r  a p p l y i n g  a load  of 323.2 g rams .  

and  B l u m  f o r m u l a .  
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Fig. 10. Effect of the magnesium content of nickel baths 
on the elongat ion of the deposits. 
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Fig. 1 1. Effect of the magnesium content of nickel baths 
on the hardness of the deposits. 

efficiency as wel l .  T h o m p s o n  a t t r i b u t e d  these  two  
c o n t r a d i c t o r y  p h e n o m e n a  to the  c o m m o n  ion effect 
a n d  to i n c r e a s e d  d e n s i t y  and  v i scos i ty  of t h e  so lu -  
t ion  due  to a d d i t i o n  of m a g n e s i u m  sal t .  If  th is  is the  
case, a d d i t i o n  of m a g n e s i u m  ch lo r ide  to a n i c k e l  
ch lo r ide  b a t h  shou ld  also inc rease  ca thod ic  p o l a r i z a -  
t ion.  H o w e v e r ,  th is  was  no t  ve r i f i ed  b y  Verd ick ,  
et al. (95) who  f o u n d  tha t ,  a t  h igh  c o n c e n t r a t i o n s  
of m a g n e s i u m  chlor ide ,  n i cke l  was  depos i t ed  m o r e  
eas i ly .  These  w o r k e r s  t r i e d  to e x p l a i n  th is  and  s i m i -  
l a r  p h e n o m e n a  b y  a t h e o r y  i n v o l v i n g  c o m p l e x  ion 
fo rma t ion .  

I t  s eems  t h a t  t he  p r o b l e m  is open  to m o r e  f u n d a -  
m e n t a l  s t u d y  to e s t ab l i sh  t he  pos s ib i l i t y  of c o m p l e x  
ion f o r m a t i o n  and  to r e v e a l  the  p a r t  p l a y e d  b y  the  
d e g r e e  of d i s soc ia t ion  and  so lva t ion  of mo lecu l e s  
and  s i m i l a r  f ac to rs  w h i c h  g o v e r n  t h e  v e r y  n a t u r e  of 
the  de l i ca t e  process  of depos i t ion .  

F i g u r e  3 shows  t h a t  the  a d d i t i o n  of m a g n e s i u m  in -  
c reases  t he  s lope  of t he  ca thode  p o t e n t i a l  vs. c u r r e n t  
d e n s i t y  curve .  This  shou ld  t e n d  to i m p r o v e  the  
t h r o w i n g  p o w e r  of t he  ba ths .  

Cu rves  of Fig .  5 i nd i ca t e  t h a t  a d d i t i o n  of m a g n e -  
s ium causes  a s l igh t  dec rea se  in the  o v e r - a l l  p o t e n -  
t ia l .  This  dec rea se  m a y  be  e n t i r e l y  due  to dec rea se  
in r e s i s t ance  of the  ba th .  

Cathode current e]]iciency.--Cathode c u r r e n t  effi- 
c i ency  is s ign i f ican t  as i t  d e t e r m i n e s  t h e  u se fu l  p o r -  
t ion  of e l ec t r i c  p o w e r  consumed ,  l i b e r a t i o n  of h y -  

Fig. ]2.  Effect of the magnesium content of Watts- type 
bath on the structure of electrodeposited nickel. Section 
paral lel to the direction of growth of deposit. Magni f icat ion 
250X.  

drogen ,  m a i n t e n a n c e  of a c o n s t a n t  p H  d u r i n g  p l a t ing ,  
and  t h r o w i n g  p o w e r  of p l a t i n g  ba ths .  

F i g u r e  6 shows  t ha t  t he  b a t h s  u n d e r  t es t  have  
h igh  ca thod ic  c u r r e n t  efficiencies.  T h e r e  is, h o w e v e r ,  
a s l igh t  i nc rease  in these  efficiencies a f t e r  a d d i t i o n  of 
m a g n e s i u m .  This  is in a g r e e m e n t  w i t h  r e su l t s  ob -  
t a i n e d  e a r l i e r  (27) .  

C o n c e r n i n g  t h e  r a t e  of change  of ca thod ic  c u r r e n t  
eff iciency w i t h  c u r r e n t  d e n s i t y  w h i c h  affects  t h r o w -  
ing  power ,  Fig .  7 i nd i ca t e s  t h a t  t h e r e  is no con-  
s i s t en t  c h a n g e  in  one  d i r e c t i o n  or  t h e  o the r ,  a n d  
d i f fe rences  o b s e r v e d  a re  w i t h i n  the  r e p r o d u c i b i l i t y  
of r e su l t s  and  e x p e r i m e n t a l  e r ro r s .  I t  is conc luded ,  
t he re fo re ,  t h a t  th i s  f ac to r  w i l l  h a v e  v e r y  l i t t l e ,  if 
any,  effect  a t  a l l  on the  t h r o w i n g  p o w e r  of t he  n i cke l  
b a t h s  u n d e r  t es t  u n d e r  t he  cond i t ions  of th i s  i n -  
ves t iga t ion .  

Throwing power . - -Good t h r o w i n g  p o w e r  is a d e -  
s i r ab l e  p r o p e r t y  in  p l a t i n g  so lu t ions  s ince  i t  is gen -  
e r a l l y  f o u n d  t h a t  a b a t h  w i t h  a good t h r o w i n g  p o w e r  
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Fig. 13. Effect of the magnesium content of Watts-type 
bath on the structure of electrodeposited nickel. Section per- 
pendicular to direction of growth of deposit. Magnif ication 
250X. 

Fig. 15. Effect of magnesium content of Wesley bath on 
the structure of electrodeposited nickel. Section perpendicular 
to direction of growth of deposit. Magnif ication 250X. 

Fig. 16. Powder method diffraction patterns of nickel de- 
posited from Wesley baths. 

Fig. 14. Effect of magnesium content of Wesley-type bath 
on the structure of electrodeposited nickel. Section parallel to 
direction of growth of deposit. Magnif ication 250X. 

u s u a l l y  y i e l d s  a good s m o o t h  deposi t .  I t  he lps  to g ive  
u n i f o r m  th i cknes s  of p l a t e  w i t h  s u b s e q u e n t  eco-  
nomic  a d v a n t a g e .  I t  is also i m p o r t a n t  in p l a t i n g  
m o r e  e l e c t r o n e g a t i v e  m e t a l s  and  a l loys .  

F i g u r e  8 shows  t h a t  t h e r e  is a s m a l l  b u t  cons i s t en t  
i nc rease  in t h r o w i n g  p o w e r  w i t h  i n c r e a s i n g  concen -  
t r a t i o n s  of  m a g n e s i u m .  T h e r e  was  c o n t r a d i c t i o n  in 
t he  r e su l t s  of e a r l i e r  i nves t i ga t i ons  (27, 59).  H o w -  
ever ,  m a g n e s i u m  su l fa t e  was  u s u a l l y  a d d e d  to i m -  
p r o v e  the  t h r o w i n g  p o w e r  in n i cke l  b a t h s  (47, 50) .  

The  effect  of m a g n e s i u m  can be  p r e d i c t e d  b y  a n a -  
lyz ing  i ts  effect on the  t h r e e  fac to rs  w h i c h  d e t e r -  
m i n e  t h r o w i n g  power ,  n a m e l y ,  conduc t i v i t y ,  r a t e  of 
c h a n g e  of c a thode  p o t e n t i a l  and  of  c a thode  c u r r e n t  
eff iciency w i t h  c u r r e n t  dens i ty .  By  r e f e r r i n g  to F ig .  
4 and  to t he  w o r k  of H a m m o n d  (5) and  T h o m p s o n  
(27) i t  w i l l  be  c lea r  t h a t  a d d i t i o n  of m a g n e s i u m  sul -  

fa te  inc reases  the  c o n d u c t i v i t y  of n i c k e l  ba ths .  Also,  
i t  was  p r e v i o u s l y  shown t h a t  a d d i t i o n  of m a g n e s i u m  
inc reases  the  s lope  of the  ca thode  p o t e n t i a l  vs. c u r -  
r e n t  dens i t y  curves .  The  t h i r d  fac to r  is no t  a f fec ted  
as has  a l r e a d y  been  s ta ted .  I t  m a y  be  c o n c l u d e d  
t h e r e f o r e  t h a t  a d d i t i o n  of m a g n e s i u m  i m p r o v e s  t he  
t h r o w i n g  p o w e r  p a r t l y  due  to an  i nc rea se  in c o n d u c -  
t i v i t y  of the  b a t h  and  p a r t l y  due  to an  i nc rea se  in  
the  r a t e  of change  of ca thode  p o t e n t i a l  w i t h  c u r r e n t  
dens i ty .  

Mechanical properties.--Mechanical p r o p e r t i e s  
a r e  of p r i m e  i m p o r t a n c e  in d e t e r m i n i n g  t h e  e n g i -  
n e e r i n g  qua l i t i e s  of e l e c t r o d e p o s i t e d  me ta l s .  The  
t ens i l e  s t r e n g t h  ind ica t e s  t he  a m o u n t  of d i s t e n d i n g  
force  p e r  un i t  a r e a  t h a t  t he  depos i t  can  w i t h s t a n d  
be fo re  i ts  f r ac tu re .  D u c t i l i t y  is i m p o r t a n t  if  t he  p l a t e  
is s u b j e c t e d  to d e f o r m a t i o n  or  to m a c h i n i n g  o p e r a -  
t ions.  E l o n g a t i o n  is a s soc ia t ed  w i t h  d u c t i l i t y  a n d  is 
u s u a l l y  t a k e n  as  a m e a s u r e  of  t he  l a t t e r .  H a r d n e s s  is 
also i m p o r t a n t  in  d e t e r m i n i n g  the  ease  of po l i sh ing  
and  buff ing.  I t  is r e l a t e d  to the  r e s i s t ance  of a b r a -  
sion. 
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Fig. 1 7. Effect of magnesium content of nickel baths on the 
corrosion resistance of the deposits. 

Fig. 18. Magnesium lines in the spectrum of nickel de- 
posited from Wesley bath containing different concentrations 
of magnesium chloride. 

M e c h a n i c a l  p r o p e r t i e s  a re  a f fec ted  b y  a l a r g e  
n u m b e r  of fac to rs  and  m a n y  theo r i e s  have  been  p r o -  
p o u n d e d  t o  accoun t  for  the  ne t  inf luence  of these  
fac tors ,  the  l a t e s t  b e i n g  t h a t  of B r e n n e r  and  his  as -  
socia tes  (96) .  

F i g u r e s  9, 10, and  11 show t h a t  up  to a c o n c e n t r a -  
t ion  of one n o r m a l  of m a g n e s i u m  sal ts ,  t h e r e  is no 
a p p r e c i a b l e  change  in the  m e c h a n i c a l  p rope r t i e s .  
W h e n  the  c o n c e n t r a t i o n  of the  sa l t s  is tw ice  n o r m a l ,  
the  r e s u l t a n t  depos i t  has  a h i g h e r  t ens i l e  s t r eng th ,  is 
less duc t i le ,  and  is h a r d e r .  Op in ions  conce rn ing  the  
effect of m a g n e s i u m  a re  qu i t e  c o n t r a d i c t o r y  (97, 52, 
73, 50) .  The  r e c e n t  i n v e s t i g a t i o n  of B r e n n e r  and  his  
assoc ia tes  (96) has  p r o v e d  t ha t  a d d i t i o n  of 0.5N so-  
d i u m  su l f a t e  or  p o t a s s i u m  su l f a t e  to W a t t s - t y p e  
b a t h  d id  no t  r e su l t  in a n y  a p p r e c i a b l e  effect on m e -  
c h a n i c a l  p rope r t i e s .  This  has  been  shown,  in t he  
p r e s e n t  i nves t iga t ion ,  to be  t r u e  also in  t he  case  of 
m a g n e s i u m  sa l t s  up  to a c o n c e n t r a t i o n  of 1N. I t  is 
also f o u n d  t h a t  the  effect of m a g n e s i u m  is a l m o s t  i n -  
d e p e n d e n t  of the  an ion  as soc ia t ed  w i t h  it. The  effect  
of h igh  c o n c e n t r a t i o n  of m a g n e s i u m  could  no t  be  
a t t r i b u t e d  to codepos i t ion  of m a g n e s i u m  s ince  th is  
m e t a l  was  f o u n d  on]y  in  spec t roscop ic  a m o u n t s  as 
w i l l  be  d e m o n s t r a t e d  la te r .  The  effect m a y  be  a t -  
t r i b u t e d  to d i f fe ren t  f ac to rs  such as i nc r ea sed  d e n -  

s i ty  and  v i scos i ty  of t he  solut ion,  c h a n g i n g  the  r a t e  
of a r r i v a l  of  h y d r o g e n  a n d  n i c k e l  ions to the  ca thode  
surface ,  o r  c h a n g i n g  the  n a t u r e  and  th i ckness  of t he  
ca thode  film. U n f o r t u n a t e l y ,  our  p r e s e n t  k n o w l e d g e  
b a s e d  on a v a i l a b l e  d a t a  is no t  qu i t e  suff icient  to 
c l ea r  out  th is  point .  

F i g u r e  11 shows  t h a t  t h e r e  is some d i f fe rence  b e -  
t w e e n  the  c r o s s - s e c t i o n a l  and  su r f ace  h a r d n e s s  w i t h  
a g e n e r a l  t r e n d  t o w a r d  g r e a t e r  h a r d n e s s  on the  s u r -  
face.  A s i m i l a r  p h e n o m e n o n  was  o b s e r v e d  b y  C u t h -  
b e r t s o n  (98) who  a t t r i b u t e d  i t  to t he  an i so t rop ic  n a -  
t u r e  of e l ec t rodepos i t s ,  b u t  i t  m a y  also be  due  to t he  
f iner  g r a i n  size of t he  depos i t  f irst  l a id  down.  

Structure.--The s t r u c t u r e  of  e l ec t rodepos i t s  is 
qu i t e  s igni f icant  because  of t he  r e l a t i o n  w h i c h  exis t s  
b e t w e e n  i t  a n d  m e c h a n i c a l  p r o p e r t i e s .  T h e  s t r u c t u r e  
was  s t ud i ed  in  the  two  d i r ec t i ons  p a r a l l e l  to t he  two  
d i f fe ren t  d i r ec t ions  of l i n e a r  c ry s t a l l i z a t i on ,  i.e., 
p a r a l l e l  to and  n o r m a l  to t he  ca thode .  

The  effect of m a g n e s i u m  on s t r u c t u r e  has  no t  been  
r e p o r t e d  e x c e p t  in v e r y  few g e n e r a l  s t a t e m e n t s  
(7, 99) .  In  t he  p r e s e n t  i nves t iga t ion ,  some modi f i ca -  
t ion  in  t he  s t r u c t u r e  was  no t i ced  u s u a l l y  at  h i g h e r  
c o n c e n t r a t i o n  of m a g n e s i u m .  In  Fig .  13, for  e x a m p l e ,  
i t  is seen t h a t  the  su r face  s t r u c t u r e  of the  depos i t  
o b t a i n e d  f r o m  b a t h  S-2.0 is s o m e w h a t  f iner  t h a n  
t h a t  o b t a i n e d  f r o m  b a t h  S-0.0.  Also,  in Fig .  14, t he  
depos i t  f r om b a t h  C-2.0 has  a m o r e  p r o n o u n c e d  
n e e d l e - l i k e  s t ruc tu re .  I t  has  a l r e a d y  been  d e m o n -  
s t r a t e d  t ha t  th is  modi f i ca t ion  in  s t r u c t u r e  is a c c o m -  
p a n i e d  b y  a c h a n g e  in ha rdnes s .  

Structure by x-ray di~raction.--X-ray d i f f rac -  
t ion  m e t h o d s  w e r e  c o n d u c t e d  to e x a m i n e  the  i n -  
f luence of m a g n e s i u m  on the  c r y s t a l  s t r u c t u r e  of 
e l e c t r o d e p o s i t e d  n ickel ,  and  to de t ec t  the  p re sence  of 
m a g n e s i u m  or  n i c k e l - m a g n e s i u m  a l loys  if  t h e y  w e r e  
p r e s e n t  in a f a i r l y  l a r g e  p e r c e n t a g e ,  as was  r e p o r t e d  
ea r l i e r .  

X - r a y  d i f f r ac t ion  pa t t e rn s ,  Fig.  16, show t h a t  t he  
a d d i t i o n  of m a g n e s i u m  has  no t  c h a n g e d  the  c r y s t a l -  
l ine  s t r u c t u r e  of n i cke l  w h i c h  is d e p o s i t e d  f rom a l l  
b a t h s  u n d e r  t es t  w i t h  a f a c e - c e n t e r e d  cubic  s t r u c -  
tu re .  I t  has  been  r e p o r t e d  p r e v i o u s l y  tha t ,  a c c o r d -  
ing  to condi t ions ,  n i cke l  can  be  d e p o s i t e d  w i t h  a 
f a c e - c e n t e r e d  cubic  s t r u c t u r e  or  a h e x a g o n a l  c lose-  
p a c k e d  s t r u c t u r e  or  a c o m b i n a t i o n  of b o t h  (100-  
102). 

The  p a t t e r n s  show also t h a t  m a g n e s i u m  l ines  do 
no t  appea r .  I t  is conc luded ,  t he re fo re ,  t h a t  n i c k e l  d e -  
posi ts  do no t  con ta in  m a g n e s i u m  or  n i c k e l - m a g n e -  
s ium al loys ,  a t  l eas t  not  in a p p r e c i a b l e  amoun t s .  
This  n e c e s s i t a t e d  f u r t h e r  ana lys i s  of t he  depos i t s  for  
t r ace  a m o u n t s  b y  spec t roscop ic  me thods .  

Povosity.--Porosity d e t e r m i n e s  to a l a r g e  e x t e n t  
the  p r o t e c t i v e  v a l u e  of n i cke l  in o r d i n a r y  a t m o s -  
pheres .  M a n y  m e t h o d s  have  been  used  for  d e t e r m i -  
n a t i o n  of poros i ty .  W h i l e  a t m o s p h e r i c  e x p o s u r e  tes t s  
a r e  t he  mos t  r e l i ab le ,  the  f e r r o x y l  t es t s  a re  e x t e n -  
s ive ly  a p p l i e d  and,  in m a n y  cases, t h e y  g ive  the  be s t  
r e p r o d u c i b l e  r e su l t s  w h i c h  a r e  p a r a l l e l  to those  
o b t a i n e d  b y  a t m o s p h e r i c  e x p o s u r e  tests .  In  t he  p r e s -  
en t  i nves t iga t ion ,  p o r o s i t y  was  d e t e r m i n e d  b y  ho t  
w a t e r  and  f e r r o x y l  tests .  The  f o r m e r  d id  not  g ive  
cons i s t en t  resu l t s .  
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Figu re  17 shows tha t  there  is no essent ia l  differ-  
ence in  the  poxosity of deposits,  expressed  as corro-  
s ion res is tance,  b e t w e e n  the Wat t s -  and  Wes ley-  
type  baths.  However ,  the addi t ion  of m a g n e s i u m  to 
both  ba ths  has resu l t ed  in  a m a r k e d  increase  in cor-  
ros ion res i s tance  of the  r e s u l t a n t  deposit .  Inc reased  
corrosion res is tance  m a y  be the resu l t  of the lower  
deposi t ion  po ten t i a l  m e n t i o n e d  before.  This m a y  
have  reduced  the t e n d e n c y  for the n icke l  deposits  to 
be  pi t ted.  

M a g n e s i u m  in n i cke l  d e p o s i t s . - - E a r l y  i nves t i -  
gators had  repor ted  tha t  m a g n e s i u m  was code-  
posi ted w i th  n icke l  at  f a i r ly  h igh  percen tages  (15, 
16, 103, 97), which  m a y  a m o u n t  to as h igh as 10%. 
These resul ts  had led to the bel ief  tha t  m a g n e s i u m  is 
codeposited wi th  n icke l  f rom aqueous  solut ions  and  
tha t  changes  in the n a t u r e  (104) and  whi teness  (29) 
of these  deposits  are  a t t r i b u t e d  to such deposi t ion.  
La te r  inves t iga t ions  could not  ve r i fy  these ear l ie r  
c la ims (27, 59, 105) and  ne i the r  does the  p resen t  i n -  
ves t igat ion.  Tab le  II shows tha t  m a g n e s i u m  is found  
in  deposits  f rom ba ths  con ta in ing  m a g n e s i u m  bu t  
on ly  in  spectroscopic amounts .  There  is, however ,  
a g radua l  increase  in  the m a g n e s i u m  con ten t  fo l low-  
ing concentration of magnesium in the bath. The 
source of the magnesium present may be either from 
occluded solution or from magnesium hydroxide in- 
clusions which may have been precipitated at the 
high pH prevailing in the cathode film. 

Conclusions 
As a resu l t  of the p re sen t  inves t iga t ion ,  it  is con-  

c luded tha t  add i t ion  of h igh concen t r a t i on  of m a g -  
n e s i u m  to n icke l  ba ths  makes  the deposi t ion po ten t i a l  
of n icke l  more  noble,  reduces  cathode polar iza t ion ,  
does no t  change  the f ace -cen t e r ed  cubic la t t ice  of 
nickel ,  codeposits on ly  spectroscopic t races  of m a g -  
nes ium,  increases  cathode c u r r e n t  efficiency sl ight ly,  
improves  the t h r o w i n g  power,  reduces  porosi ty,  and  
makes  n icke l  deposits harder ,  s t ronger ,  and  less 
ducti le.  

In  the  p l a t i ng  indus t ry ,  use can be made  of "the 
effect of m a g n e s i u m  addi t ions  to n ickel  baths.  It  is 
shown tha t  by  addi t ion  of 2N m a g n e s i u m  sul fa te  to 
the  Wat t s  bath ,  p roper t ies  of the n e w  bath,  ba th  
S-2.0, lie n e a r l y  m i d w a y  be tween  those of Wat t s  and  
Wesley  baths.  This can be real ized easi ly  by  inspec-  
t ion of Tab le  II. It  is t rue  tha t  the same effect can be 
b rough t  abou t  by inc reas ing  the chlor ide con ten t  of 
the Watts bath, but addition of magnesium sulfate 
has certain advantages: 

I. Magnesium sulfate is less expensive than 
nickel chloride. 

2. The corrosive nature of the Watts bath will 
not be increased, whereas it will be much increased 
if the nickel chloride content is increased. In the 
latter case, additional precautions against corrosion 
of the equipment will be necessary. 

3. In the presence of magnesium salts, nickel 
baths hold their metallic concentration better than 
they do without magnesium salts; addition of acid 
to correct the pH is less often needed. 

4. Addition of magnesium sulfate will improve 
the corrosion resistance of the deposit, whereas in- 
creasing the nickel chloride content will not improve 

tha t  proper ty .  A n  ev idence  of this  is the fact  tha t  the 
Wesley  bath,  which  is m a d e  solely of n icke l  chloride,  
gives deposits h a v i n g  corrosion res i s tance  iden t ica l  to 
tha t  of deposits  ob ta ined  f rom the  Wat t s  bath .  This  
resu l t  was found  by  Wesley  and  Carey  (106) and  
was  confirmed in  the  p r e s e n t  work.  

It  is w o r t h y  to no te  tha t  the  above poin t  s t i m u -  
lates the necess i ty  of f u r t h e r  research  to d e t e r m i n e  
w he t he r  or no t  add i t ion  of sti l l  h igher  concen t r a t i on  
of m a g n e s i u m  sulfa te  to Wat t s  b a t h  wi l l  r e su l t  in  
deposits  h a v i n g  mechan i ca l  p roper t ies  closer to 
those of deposits ob ta ined  f rom Wesley  ba th  w i thou t  
the d i sadvan tage  of h igher  tens i le  stresses cha rac -  
ter is t ic  of these deposits.  
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Color Centers in Cadmium Fluoride 
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ABSTRACT 

Single  crysta ls  of CdF.~, purif ied and containing addi t ions of NaF, CeF,, and 
equimolar  quant i t ies  of NaF  and CeF3, were  grown from the mel t  in graphi te  
crucibles in a he l ium atmosphere .  

Phys ica l  constants  of CdF, were  measured.  Optical  t ransmiss ion spect ra  
were  obta ined before  and af ter  x - i r r a d i a t i on  on slices of single crysta ls  (about  
1.5 m m  th ick) ,  at 28 ~ --78 ~ --190~ Crysta ls  containing 0.05-4 mole  % NaF, 
when i r r ad i a t ed  at  28 ~ or at --78~ showed a r ad ia t ion - induced  absorpt ion  
near  the fundamenta l  absorpt ion  edge; this induced absorpt ion  is s table at  
28~ These same crystals ,  when  i r r ad ia t ed  at  --190~ showed another  ab-  
sorpt ion which  is uns table  at --78~ CdF~, pure,  and conta ining low concen- 
t rat ions of CeF~, NaF, or equimolar  CeF3 and NaF, all showed one x - r a y  in-  
duced absorpt ion  band, unstable  above --I0~ CdF_~ x - i r r a d i a t e d  at  room t em-  
pe ra tu re  showed a ve ry  s table absorpt ion  band. 

Color  cen te r s  in a l k a l i  ha l ides  (1, 2) ,  and  to a 
l esser  e x t e n t  in a l k a l i n e  e a r t h  ha l i de s  (3 -5 ) ,  h a v e  
been  and  a r e  be ing  i n v e s t i g a t e d  ex t ens ive ly .  O n l y  
l i m i t e d  d a t a  h a v e  been  p u b l i s h e d  on the  c o m p o u n d  
CdF_~ (6, 7), and  t h e r e  h a v e  been  no i n v e s t i g a t i o n s  
on color  cen te r s  in th is  compound .  

The  dens i ty ,  m e l t i n g  poin t ,  op t i ca l  t r a n s m i s s i o n  
spec t rum,  and  l a t t i ce  cons t an t  of CdF~ have  been  
r e p o r t e d  ( 6 , 7 ) .  These  c h a r a c t e r i s t i c s  we re  r e i n -  
v e s t i g a t e d  and  a re  r e p o r t e d  here .  S ince  no color  
cen te r s  h a d  been  r e p o r t e d  in CdF,_,, w e  o b t a i n e d  
t r a n s m i s s i o n  s p e c t r a  (200-1200 mt~ a n d  2000-15,000 
mt~) of s ing le  c r y s t a l s  of CdF2, pure ,  and  w i t h  v a r i -  
ous add i t i ons  be fo re  and  a f t e r  x - i r r a d i a t i o n  at  28~ 
( r o o m  t e m p e r a t u r e ) ,  - -78~  ( ace tone  and  sol id  
CO~), and  - -190~ ( l i qu id  n i t r o g e n ) .  

Experimental Procedures 
Chemical compounds and materials.--"Standard 

l u m i n e s c e n t "  g r a d e  CdCO~ p o w d e r  ~ was  pur i f i ed  b y  
d i s so lv ing  the  c a r b o n a t e  in c o n c e n t r a t e d  aqueous  
a m m o n i a  solut ion,  f i l t e r ing  r e p e a t e d l y ,  p r e c i p i t a t i n g  
w i t h  c o n c e n t r a t e d  aqueous  hyd ro f luo r i c  acid,  and  
l e a c h i n g  this  p r e c i p i t a t e  r e p e a t e d l y  w i t h  bo i l ing  
c o n c e n t r a t e d  aqueous  hyd ro f luo r i c  acid.  The  pur i f i ed  
CdF~ was  d r i e d  and  used  in  the  p r e p a r a t i o n  of s ing le  
c rys t a l s  w i t h  and  w i t h o u t  add i t ives .  

C e r i u m  ( I I I )  f luor ide  (CeF, )  was  p r e p a r e d  b y  
d i s so lv ing  a m m o n i u m  h e x a n i t r a t o c e r a t e  ( IV)"  in  
w a t e r  and  r e d u c i n g  w i t h  3% aqueous  H,_.O= so lu t ion ;  
a ge l a t i nous  p r e c i p i t a t e  was  o b t a i n e d  on ac id i f ica-  
t ion  w i t h  aqueous  hyd ro f luo r i c  acid,  w a s h e d  r e p e a t -  
e d l y  w i t h  d o u b l y  d i s t i l l ed  wa te r ,  c en t r i fuged ,  and  
h e a t e d  to d ryness .  
Growth of single crystals.--Single c rys t a l s  of a b o u t  
8 g in w e i g h t  w e r e  p r e p a r e d  b y  p l a c i n g  CdF_~ p o w -  
der ,  w i t h  or  w i t h o u t  add i t ions ,  in cove red  g r a p h i t e  ~ 

1 P r e s e n t  a d d r e s s :  M a t e r i a l s  E n g i n e e r i n g  Dep t s . ,  So l id  S t a t e  E lec -  
t r o n i c s  E n g i n e e r i n g  Dep t . ,  W e s t i n g h o t z s e  E l e c t r i c  C o r p o r a t i o n ,  P i t t s -  
b u r g h ,  Pa .  

M a l l i n c k r o d t .  

G.  le. S m i t h  C h e m i c a l  Co., c e r t i f i ed  g r a d e .  
N a F  w a s  r e a g e n t  g r a d e .  

A U C  g r a d e  f r o m  N a t i o n a l  C a r b o n  Corp.  

cruc ib les ;  the  c ruc ib l e s  we re  p l a c e d  in v i t r e o u s  s i l ica  
tubes  (one end c lo sed ) ;  a flow of h e l i u m  (pur i f i ed )  
was  m a i n t a i n e d  in the  s i l ica  t ube ;  the  s i l ica  t ube  
was  p l aced  in  a fu rnace .  The  f u r n a c e  t e m p e r a t u r e  
was  r a i s ed  to 1120~ and  the  s e t t i ng  of the  f u r n a c e  
c on t ro l l e r  was  l o w e r e d  in a s t e p - w i s e  m a n n e r  (cut  
down  10 ~ in 2 min,  he ld  for  8 min ,  a n d  t h e n  this  
cyc le  was  r e p e a t e d )  un t i l  r oom t e m p e r a t u r e  was  
reached .  The  add i t i ons  of CeF~ w e r e  p r e p a r e d  b y  
m i x i n g  CeF~, p ~ e p a r e d  by  us ing  the  m e t h o d  m e n -  
t i oned  in the  p r e v i o u s  sect ion;  the  a d d i t i o n s  of N a F  
were  p r e p a r e d  b y  m i x i n g  r e a g e n t  g r a d e  N a F  wi th  
CdF~. The  s m a l l e r  c o n c e n t r a t i o n  a d d i t i o n s  w e r e  
m a d e  b y  us ing  po r t i ons  of sol id  .solutions of l a r g e r  
concen t ra t ions .  

Density measurements.--The d e n s i t y  of CdF2 was  
o b t a i n e d  by  us ing  a 10 ml  sol id  p y c n o m e t e r ,  f r a g -  
m e n t s  of m e l t e d  CdF_~ (each  f r a g m e n t  a b o u t  5 m m  
in d i a m e t e r ) ,  and  d o u b l y  d i s t i l l ed  w a t e r  as  t he  i m -  
m e r s i o n  l iquid .  The  w a t e r  l eve l  in the  p y c n o m e t e r  
was  r e a c h e d  b y  us ing  a w a t e r  b a t h  m a i n t a i n e d  at  
36.5~ 

Melting point.--The m e l t i n g  po in t  of p u r e  CdF2 was  
d e t e r m i n e d  b y  r e c o r d i n g  h e a t i n g  curves .  The  CdF~ 
p o w d e r  was  p l a c e d  in a g r a p h i t e  c ruc ib l e  w i t h  the  
s ame  a p p a r a t u s  as  used  for  c r y s t a l  g rowth .  The  t e m -  
p e r a t u r e  was  m e a s u r e d  b y  a P t - P t  10% Rh  t h e r m o -  
couple  whose  j u n c t i o n  was  pos i t i oned  in the  w a l l  of 
the  g r a p h i t e  c ruc ib l e  the  d i s t ance  b e t w e e n  the  
t h e r m o c o u p l e  j u n c t i o n  and  the  m e l t  b e i n g  less  t h a n  
1/32 in. The  t h e r m o c o u p l e  was  c a l i b r a t e d  us ing  go ld  
( m p  1063~ The  f u r n a c e  t e m p e r a t u r e  was  r a i s ed  
and  the  a r r e s t  in the  p lo t  of t h e r m o c o u p l e  t e m p e r a -  
t u r e  vs. t ime  was  n o t e d  as the  m e l t i n g  point .  

Lattice constants.--The l a t t i c e  cons tan t s  of p u r e  
CdF~ and  CdF2 w i t h  add i t i ons  w e r e  o b t a i n e d  b y  
m e a n s  of the  D e b y e - S c h e r r e r  t echn ique ,  us ing  a 
57.32 m m  r a d i u s  S t r a u m a n i s - t y p e  c a m e r a  w i t h  
n i c k e l - f i l t e r e d  coppe r  r ad i a t i on .  E igh t  b a c k - r e f l e c -  
t ion  l ines  of the  x - r a y  d i f f rac t ion  d i a g r a m  w e r e  
m e a s u r e d  and  the  p rec i s ion  l a t t i ce  cons tan t s  w e r e  

404 
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ca lcu la ted  by  the S t r a u m a n i s  ca l ib ra t ion  (8) and  
the  B r a d l e y - J a y  (9) ex t rapola t ions .  
Crystal slices.--The s ingle  crys ta ls  g rown  were  cyl -  
inders  abou t  12.5 m m  in d i ame te r  and  12.5 m m  in  
height .  These crysta ls  were  sl iced w i t h  a d i a m o n d -  
i m p r e g n a t e d  saw on a mi l l i ng  machine .  These slices 
were  m o u n t e d  in  po lys ty rene ,  pol ished wi th  e m e r y  
papers ,  and  the  final po l i sh ing  was  accompl ished  on 
a me ta l l u rg i s t ' s  whee l  us ing  a silk cloth, L inde  "B" 
A l u m i n a ,  and  wa te r  as a lub r i can t .  
Optical measurements.--The t r ansmis s ion  m e a s u r e -  
men t s  were  ob ta ined  at  28~ by  a Process and  I n -  
s t r u m e n t s  Co. r ecord ing  spect rophotometer ,  and  at  
other temperatures by a Beckman DU Spectrophoto- 
meter, using a modified cell described by Casler, 
Pringsheim, and Yuster (i0). The primary modifi- 
cations were: standard tapered joints were replaced 
by ball and socket joints to provide maneuverability, 
and the beryllium window was replaced by an alu- 
minum foil (0.2 ram) window. Transmissions were 
measured against an air path. 
Irradiation.--The c r y s t a l  s l i c e s  w e r e  x - i r r a d i a t e d  b y  

a M a c h l e t t  O E G - 5 0 - 6  x - r a y  t u b e .  T h e  t u n g s t e n  t a r -  

g e t  p e r m i t t e d  t h e  g e n e r a t i o n  o f  a w h i t e  r a d i a t i o n  

x - r a y  s p e c t r u m .  T h e  t u b e  w a s  r u n  a s  a s e l f - r e c t i f i e d  

t u b e  a t  26 m a  a n d  42 p e a k  k v .  

U l t r a v i o l e t  i r r a d i a t i o n  w a s  a c c o m p l i s h e d  b y  a 

C o n t e - G l o  l a m p  ( 3 6 5 0 A ) .  I n f r a r e d  i r r a d i a t i o n  w a s  

o b t a i n e d  b y  a c o m m e r c i a l  i n f r a r e d  l a m p .  

Resu l ts  

Physical constants.--The d e n s i t y  o f  CdF~ a s  p r e -  

v i o u s l y  r e p o r t e d  ( 6 )  w a s  6.33 • 0.06 g / c m  ~. O u r  
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Fig. 1. Optical transmission spectrQ of single crystals 
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Fig. 2. Optical transmission spectra of CdFB with addit ions 
of CeF~ measured at 28~ A, CdF2 wi th 10 mole % CeF3; 
B, CdF= with ] mole % CeF~, C, CdF~ with 0.01 mole % 
CeFG; D, CdF9 with 0 .0005 mole % CeF~. 
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pycnome t r i c  va lue  for pur i f ied CdF~ was 6.40 • 0.02 
g/cmL The dens i ty  ca lcu la ted  f rom the  la t t ice  con-  
s t an t  (5.3883A) was  6.386 g / c m  ~. The  pycnome t r i c  
dens i ty  of CdF~ wi th  16 mole  % CeF~ in  solid solu-  
t ion  was 6.32 • 0.02 g/cmL 

The m e l t i n g  po in t  of CdF~ as p rev ious ly  repor ted  
was 1049 ~ • 2~ (6) .  Our  va lue  f rom me l t i ng  poin t  
curves  of pur i f ied CdF~ was 1072 ~ +-- 2~ 

The la t t ice  cons tan t  of CdF~ (f luori te  s t r uc tu r e )  
p rev ious ly  was  repor ted  as 5.3880 • 0.0005A (6) .  
Our  va lue  for the  la t t ice  cons tan t  of pur i f ied  CdF~ 
was 5.3883 • 0.0005A. The  difference b e t w e e n  these 
two va lues  p r o b a b l y  is not  significant.  

The  la t t ice  cons tan t s  o f  CdF~ wi th  additior~s of  
NaF ind ica te  tha t  the  l imi t  of solid so lu t ion  is at  3 
mole  % NaF;  the lat t ice cons tan ts  fo rm a s t ra igh t  
l ine  func t i on  f rom pure  CdF~ to the l imi t  of so lu-  
b i l i ty  of NaF  in  CdF.~, wi th  la t t ice  cons tan ts  inc reas -  
ing w i th  NaF  concen t ra t ion .  Concen t r a t ions  g rea te r  
t h a n  3 mole  % NaF p roduced  no f u r t h e r  increase  in  
la t t ice  constant ,  bu t  did p roduce  a two phase  system. 
The  la t t ice  cons tan t  of a sample  wi th  3 mole  % NaF  
in  CdF2 is 5 . 3 8 9 7 -  0.0005A, which  is an  expans ion  
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Fig. 3. Optical transmission spectra of CdF~ with addi- 
tions of NaF, measured at  28~ A, CdF2 with 5 mole % 
NaF; B, CdFB with 1 mole % NaF; C, CdF,_ with 0.05 mole 
% NaF; D, CdF~ with 0.005 male % NaF. 
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Fig. 4. Optical transmission spectra of CdF2 wi th equimo- 
lar addit ions of NaF and CeFB, measured at  28~ A, CdF~ 
with 5 mole % NaF and 5 mole % CeFB; B, CdF2 with 0.5 
mole % NaF and 0.5 mole % CeFB; C, CdF~ wi th 0.05 mole 
% NoF and 0.05 mole % CeF~; D, CdF~ with 0 .0005 mole 
% NaF and 0.000S mole % CeFs. 
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of 0 . 0 0 1 4 _  0.0005/i.  S i m i l a r l y  t he  l a t t i c e  cons tan t s  
of CdF,_. w i t h  add i t i ons  of CeF.~ i n d i c a t e  t h a t  the  l i m i t  
of sol id  .solution is a t  18 mo le  % CeF~; th is  ser ies  
also d e m o n s t r a t e s  a l i n e a r  l a t t i c e  e x p a n s i o n  to 
5.5032 • 0.0005A for  the  18 mo le  % sample ,  w h i c h  is 
an  e x p a n s i o n  of 0.0064 • 0.0005A p e r  mo le  % CeF.~ 
in CdF~. The  l a t t i c e  cons t an t  of a s a m p l e  w i t h  16 
mo le  % CeF~ in CdF~ is 5.4890 • 0.0005A. 

The  m a x i m u m  s o l u b i l i t y  of e q u i m o l a r  add i t i ons  
of N a F  and  CeF~ in CdF2 is 4.75 mo le  % N a F  and  
CeF,;  th is  s a m p l e  has  a l a t t i c e  cons t an t  of 5.4091 • 
0.0005A. I t  shou ld  be  no ted  t ha t  th is  l a t t i c e  cons t an t  
v a l u e  w o u l d  be  a t t a i n e d  in the  sol id  so lu t ion  con-  
t a i n ing  no N a F  at  a compos i t i on  of on ly  3.5 mo le  
% CeF~. 

The  op t i ca l  t r a n s m i s s i o n  s p e c t r a  f rom our  d a t a  
a n d  f rom H a e n d l e r ' s  (7)  d a t a  a r e  shown  in Fig .  1. 
The  f u n d a m e n t a l  a b s o r p t i o n  edge  ( the  c e n t e r  of t he  
p o r t i o n  of the  t r a n s m i s s i o n  s p e c t r u m  h a v i n g  the  
g rea t e s t  s lope be fo re  zero t r a n s m i s s i o n )  is a t  265 
m/~. T r a n s m i s s i o n  spec t r a  of po l i shed  c r y s t a l  sl ices 
of CdF2 w i t h  add i t i ons  of CeF~, NaF ,  and  e q u i m o l a r  
add i t i ons  of CeF~ a n d  N a F  a re  shown  in Fig .  2, 3, 
a n d  4. 

The  t r a n s m i s s i o n  f rom 700 m/~ to 10/~ is a l m o s t  
cons t an t  w i t h  t r a n s m i s s i o n  of a b o u t  80%. A t  10/~ 
the  t r a n s m i s s i o n  beg ins  to fa l l  and  b y  13.1/~ t h e r e  is 
no t r a n s m i s s i o n ;  th is  edge  is due  to r e s t s t r a h l e n .  In  
t he  r a n g e  2-15/~, c ry s t a l s  of CdF~, pur i f ied ,  and  w i t h  
add i t i ons  of N a F  gave  the  s a m e  s p e c t r u m .  H o w e v e r ,  
CdF~ c rys t a l s  w i t h  CeF~ and  w i t h  e q u i m o l a r  a d d i -  
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Fig. 8. Absorption spectra of CdF~ with 1 mole % NaF. 
A, X-irradiated 2.6 hr at 28~ measured at 28~ B, 
Portion of Curve A bleached by heating 8 hr in 150~ oven; 
C, Portion of Curve A unbleached by heating 8 hr in 150~ 
oven. 

t ions  of N a F  and  CeF~, in  a d d i t i o n  to t he  r e s t s t r a h l e n  
edge,  d e m o n s t r a t e d  a n o t h e r  set  of p e a k s  a r o u n d  
4.40/~ (2880 cm-l ) .  Two shou lde r s  on bo th  s ides  of 
t he  m a i n  p e a k  a t  4.17/~ (2400 cm-1), a n d  a t  4.64/~ 
(2150 cm -1) a r e  o b s e r v e d  in  c rys t a l s  of CdF~ w i t h  
CeF~. In  c rys t a l s  w i t h  e q u i m o l a r  add i t i ons  of  CeF~ 
and  NaF,  the  m a i n  p e a k  sh i f t s  to 4.45/~ (2250 cm -1) 
and  the  two shou lde r s  a p p e a r  a t  4.18/, (2390 cm -1) 
and  4.63/~ (2160 cm-~). The  s h o u l d e r  a t  t he  l a r g e s t  
w a v e  l e n g t h  is m u c h  m o r e  p o o r l y  def ined  w i t h  N a F  
p lus  CeF~ in CdF~ t h a n  w i t h  CeF~ a lone  in  CdF~. 

X-radiation-induced absorption bands.--Four a p -  
p a r e n t l y  i n d e p e n d e n t  x - r a y - i n d u c e d  a b s o r p t i o n  
b a n d s  w e r e  obse rved .  

I. CdF~ i r r a d i a t e d  for  s e v e r a l  hou r s  a t  r o o m  t e m -  
p e r a t u r e  causes  an  a b s o r p t i o n  b a n d  p e a k i n g  at  255 
m/~ (see  Fig.  5) .  This  b a n d  does  no t  b l each  w i t h  h e a t  
(up  to 150~ u l t r a v i o l e t  r ad i a t i on ,  or  i n f r a r e d  
r ad i a t i on .  

II .  CdF~, pure ,  and  c on t a in ing  low c o n c e n t r a t i o n s  
of CeF~ ( less  t h a n  0.0005 m o l e  % CeF~), l ow  e q u i -  
m o l a r  concen t r a t i ons  of CeF~ a n d  N a F  ( less  t h a n  
0.0005 mo le  % CeF~ a n d  N a F ) ,  and  low c o n c e n t r a -  
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Fig. 9. Absorption spectrum of CdF.~ with 4 mole o~ NaF, 
x-JrrodJoted 2.5 hr of - -190~ and meosured at - - }90~  
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t ions of NaF  (less t h a n  0.0005 mole % NaF)  showed 
a double  b a n d  (see Fig. 6). This  b a n d  was p roduced  
by  x - i r r a d i a t i o n  at --190 ~ or - -78~ and  was com-  
p le te ly  b leached  by  ra i s ing  the t e m p e r a t u r e  above 
--10~ I r r ad i a t i on  wi th  3650-& at --190 ~ or - -78~ 
produced  no bleaching.  

III. CdF.~ wi th  addi t ions  of NaF  ( in  concen t r a -  
t ions grea te r  t h a n  0.05 mole  % NaF)  w h e n  x - i r r a d i -  
a ted  at --78 ~ or 28~ produced  an  absorp t ion  b a n d  
which  could not  be b leached  complete ly .  The  b a n d  
was r e l a t i ve ly  s tab le  at  28~ Pa r t i a l  b l each ing  
could be accompl ished by  hea t ing  the  crys ta l  to 100 ~ 
or 150~ in  an  oven,  or by  i r r a d i a t i n g  w i th  3650A, 
or by i r r ad i a t i ng  w i th  a commerc ia l  i n f r a r ed  lamp.  
The absorp t ion  b a n d  in  Fig. 7 has a smal le r  ex t inc -  
t ion coefficient t h a n  tha t  in  Fig. 8A because  the  c rys-  
tal  in  Fig. 7 was pos i t ioned f u r t h e r  f rom the  focal 
po in t  and  received a smal le r  dose of x - rays .  F i g u r e  
8B shows tha t  por t ion  of A b leached  by  hea t ing  in  
an  oven.  F igu re  8C shows the  por t ion  of A u n -  
b leached by  this hea t ing .  

IV. CdF~ wi th  addi t ions  of NaF  (also in  concen-  
t i a t i ons  g rea te r  t h a n  0.05 mole % NaF)  w h e n  x - i r -  
r ad ia ted  and  m e a s u r e d  at  - -190~ produced  the  ab -  
sorpt ion bands  in  Fig. 9. This  absorp t ion  was 
b leached by  ra is ing  the t e m p e r a t u r e  to - -78~ or by  
i r r ad ia t ion  wi th  3650A at --190~ This  is a t r ip le  
band.  

To calcula te  the n u m b e r  of color centers  per  cubic 
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cen t imete r ,  we assume tha t  the  express ion  der ived  
by S m a k u l a  (11) applies.  S m a k u l a  appl ied  the 
theory  of d ispers ion  to F - c e n t e r  bands  of a lka l i  ha -  
l ide crysta ls  to d e t e r m i n e  the  dens i ty  of F -cen te r s .  
A m o n g  his a s sumpt ions  were  the  fo l lowing:  the  ab -  
sorpt ion t r ans i t i on  is ana logous  to the l s - 2 p  t r a n s i -  
t ion  in  a tomic hyd rogen ;  the  ex t inc t ion  coefficient 
of the  b u l k  m a t e r i a l  is zero in  the  v ic in i ty  of the 
F - c e n t e r  bands .  Since the ba nds  are close to the ab -  
sorpt ion  edge, this  equa t i on  canno t  app ly  exact ly.  

Tab le  I summar i zes  some da ta  on the  above m e n -  
t ioned  four  p r i m a r y  x - r a y  induced  absorpt ions .  

Discussion and Conclusions 
If one compares  the t r ansmis s ion  spec t rum of 

0.005 mole % NaF  in  CdF~ (Fig. 3, curve  D) and  the  
spec t rum of the CdF.~ w i t hou t  a ny  add i t ions  (Fig. 1), 
one not ices tha t  the  t r ansmiss ion  of the  CdF~ wi th  
NaF is g rea te r  t h a n  tha t  of the CdF~ w i t hou t  a n y  
addi t ions  in  the  v is ib le  a nd  in  pa r t  of the  u l t rav io le t .  
This  difference of t r ansmis s ion  is rea l  a nd  not  i n -  
s t rumen ta l .  This  a p p a r e n t  a n o m a l y  is p r o b a b l y  
caused by  S: ions. If CdS is added to CdF~ in  a con-  
cen t r a t i on  of 1 ppm,  the  r e su l t i ng  c rys ta l  is qui te  
yel low. The opt ical  absorp t ion  at  wave  l eng ths  less 
t h a n  5000A is total.  The  CdF~ crysta ls  p r e p a r e d  in  
this  i nves t iga t ion  u n d o u b t e d l y  had  some S: ions bu t  
m u c h  less t h a n  1 ppm. The  add i t ion  of NaF  to CdF~, 
even  at low concen t ra t ions  of NaF, seemed to reduce  
the S = ion concen t ra t ion .  

CdF.~ wi th  16 mole  % CeF~ has a pyc nome t r i c  d e n -  
sity of 6.32 ~ 0.02 g / c m  ~ and  a la t t ice  cons tan t  of 
5.4921 -- 0.0005A. A dens i ty  of 6.335 g / c m  ~ m a y  be 
ca lcu la ted  us ing  this  la t t ice  constant ,  by  a s suming  
tha t  a Ce ( I I I )  ion subs t i tu tes  for  a Cd ( I I )  ion and  
an in t e r s t i t i a l  f luoride ion is p resen t  for charge  com-  
pensa t ion .  If one uses a molecu la r  we igh t  a s suming  
tha t  two Ce (I I I )  ions subs t i tu t e  for th ree  Cd ( I I )  
ions, the  ca lcu la ted  dens i ty  wou ld  be 5.851 g / c m  ~. 
Therefore ,  it  is conc luded  tha t  a Ce ( I I I )  ion sub -  
s t i tu tes  for a Cd (II)  ion and  the  charge compensa -  
to ry  ion is an  in t e r s t i t i a l  f luoride ion. This  conc lu-  
sion is cons is tent  wi th  the f indings of Z in t l  a nd  Ud-  
gard  (12) on the CaF~-YF3 sys tem a nd  the  f indings  
of K e t e l a a r  and  Wi l l i ams  (13) on the  SrF~-LaF~ 
system. A l t h o u g h  the  subs t i t u t i ona l  Ce ( I I I )  ion 
wou ld  t end  to cause a smal l  e lectrosta t ic  con t rac t ion  

Table I. Description of absorption bands 

C r y s t a l  
P o s i t i o n  of  p e a k ,  

B a n d  m/z e .v .  

A b s o r p t i o n  
c o e f f i c i e n t  i n  H a l f  b a n d -  
c m  -1 a t  p e a k  w i d t h ,  e .v .  

N o .  o f  c o l o r  
c e n t e r s  

( S m a k u l a  
e q u a t i o n  * ) 

Pure  CdF._,, x- i r radia ted  15 hr at 28~ 
and measured at --190~ 

Pure CdF~, x- i r radia ted and measured at 
--190~ 

CdF~ with 1 mole % NaF, irradiated at 
28~ and measured at --190~ 

CdF~ with 1 mole % NaF, i rradiated and 
measured at 28~ 

Bleachable portion of Fig. 8A 
Unbleachable portion of Fig. 8A 
CdF-~ with 4 mole % NaF, i rradiated and 

measured at --190~ 

I, Fig. 5 255 4.85 0.97 11.1 

II, Fig. 6 340 3.64 8.6 1.62 

III, Fig. 7 315 3.92 11.9 2.38 

III, Fig. 8A 350 3.53 21.6 1.56 

III, Fig. 8B 350 3.53 18.2 1.18 
III, Fig. 8C 280 4.42 8.0 1.32 
IV, Fig. 9 340 3.64 1.1 0.60 

320 3.86 1.25 0.55 

1.125x1017 

1.45x10 '-~ 

2.95x1017 

3.50x1017 

2.24x10 ~7 
1.10xl0 ~7 
6.87x10 ~ 
7.16x10 ~ 

* T h e  osc i l l a to r  s t r e n g t h  is a s s u m e d  to be  u n i t y  in  t h e s e  c a l c u l a t e d  va lue s .  
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of the  latt ice,  the  la rger  size of the  Ce (I I I )  ion 
(ionic rad ius  of Cd (II)  = 0.97A; ionic rad ius  of Ce 
( I I I )  = 1.07A) wou ld  t end  to cause an  apprec iab le  
expans ion  of the  latt ice,  and  the in te r s t i t i a l  f luoride 
ion (ionic rad ius  ~ 1.33A) would  also cause an  ap-  
prec iab le  expans ion  of the  lattice.  

CdF~ crys ta ls  w i th  addi t ions  of NaF  show a smal l  
la t t ice  expans ion :  0 .0005A/mole  % of NaF. The ex -  
pans ion  of CeF~ in  CdF~ shows a m u c h  l a rge r  ex-  
pans ion  of 0 .0064A/mole  % of CeF~. If  the Na (I)  
ion were  to en te r  the  CdF~ la t t ice  in t e r s t i t i a l l y  in  
a n y  way  (e i ther  a f luoride ion could also en te r  i n t e r -  
s t i t ia l ly  or a Cd (II)  ion vacancy  could al low two 
in te r s t i t i a l  Na (I) ions to en te r  the la t t ice)  one 
wou ld  expect  a l a rger  lat t ice expans ion  t h a n  ob-  
served.  Therefore ,  it has been  assumed tha t  on this 
basis  and  on  the  x - r a y  induced  absorp t ion  b a n d  da ta  
(discussed in  the n e x t  p a r a g r a p h s ) ,  each Na (I)  ion 
e n t e r i n g  the CdF~ la t t ice  does so subs t i t u t i ona l l y  for 
a Cd ( I I ) ,  and  an  an ionic  vacancy  is p resen t  to 
achieve e lect r ical  neu t r a l i t y .  

I n  the  case of solid solut ions  of NaF in  CdF~, bo th  
the  subs t i t u t i on  of Na (I)  ion for Cd (II)  ion a n d  
the  fo rma t ion  of an ionic  vacancies  wou ld  lead to an  
expans ion  of the  la t t ice  by  v i r tue  of the local  de-  
crease in  charge  densi ty .  The  expans ion  is p r ob -  
ab ly  d imin i shed  by  the  decrease in  over lap  r epu l s ion  
w h e n  a Cd (II)  ion is replaced  by  a Na (I)  ion a nd  
w h e n  fluoride ions are removed.  This  m a y  account  
for the r e l a t ive ly  smal l  expans ion  ac tua l ly  observed.  
Since the ionic radius of Cd (II) ion is 0.97A and 
the ionic radius of Na (I) ion is also 0.97A, no ex- 
pansion or contraction of the lattice would be ex- 
pected because of a difference in ionic radii. 

It seems quite apparent that the number of an- 
ionic vacancies has been reduced by a similar reduc- 
tion of the number of interstitial fluoride ions in 
crystals of CdF, with equirnolar additions of CeF, 
and NaF (the number of anionic vacancies here is 
compared to solid solutions of CdF~ and NaF and the 
number of interstitial fluoride ions here is compared 
to solid solut ions  of CdF~ and  CeF~), for the fo l low-  
ing reasons:  

1. The crystals  of CdF_~ wi th  equ imo la r  addi t ions  
of CeF~ and  NaF  ( in  concen t ra t ions  grea te r  t h a n  
0.05 mole  % CeF~ and  NaF)  did no t  show x - r a y  i n -  
duced absorp t ion  s table  at room t empera tu r e ,  whi le  
crysta ls  of CdF~ wi th  NaF  addi t ions  grea ter  t h a n  0.05 
mole  % d e m o n s t r a t e  this  absorp t ion  b a n d  (Fig. 7). 

2. We have  p roved  tha t  CdF~ wi th  addi t ions  of 
CeF, has an  in t e r s t i t i a l  f luoride ion for each sub -  
s t i t u t iona l  Ce ( I I I )  ion. The la t t ice  cons t an t  of such 
crysta ls  of CdF~ wi th  equ imo la r  addi t ions  of CeF~ 
and  NaF  is less t h a n  if the same percen tage  of CeF~ 
a lone  were  incorpora ted  ( the expans ion  of C d F J  
mole  % NaF  is 0.0005A, the  expans ion  of C d F J m o l e  
% CeF~ is 0.0064A, and  the expans ion  of CdF~ wi th  
equ imo la r  addi t ions  of CeF~ and  NaF  is 0.0044A/ 
mole  % of CeF, or N a F ) .  Since we  have  ind ica ted  
tha t  CdF~ wi th  addi t ions  of NaF  has an  anionic  va -  
cancy  for each subs t i t u t ed  Na ( I )  ion, and  since 
CdF~ wi th  addi t ions  of CeF~ produces  in t e r s t i t i a l  
f luoride ions, the combina t i on  of NaF  and  CeF~ i n -  
corpora ted  together  a l lows most  of the  in t e r s t i t i a l  
f luoride ions to en te r  the an ionic  vacancies .  

It  has been  p roved  (14) tha t  the shoulder  at  about  
4.18 ~ (2400 cm ~) is an  a r t i fac t  caused by  CO2 ab-  
sorpt ion  in  the  b e a m  pa th  of the spect rophotometer .  
In  us ing  a d o u b l e - b e a m  spec t ropho tomete r  in  this 
region  of the spec t rum,  the response  of the record ing  
pen  falls to zero since the  CO.~ in  the air  is high 
enough  to cause a lmost  to ta l  absorp t ion  in  bo th  
beams.  In  this reg ion  the e lect r ical  c i rcui t  becomes 
insens i t ive  so tha t  if the t r ansmis s ion  is the same be -  
low and  above this region,  there  is u sua l ly  a smal l  
pip, which  has been  sub t r ac t ed  in Fig. 1A ( the spec- 
t ropho tome te r  is insens i t ive  i m m e d i a t e l y  abou t  4.18 
~, bu t  is qui te  sens i t ive  at wave  lengths  above and  
below this  i m m e d i a t e  r eg ion) .  In  the case of solu-  
t ions of CeF~ in  CdF~, the abso rp t ion  spect ra  of the  
crys ta l  are r i s ing  to a peak  in  the region  of 4.18 
(Fig. 1B), and  i t  could no t  be  decided w h e t h e r  this 
was a separa te  peak  or an  ar t i fac t  caused by  the CO~ 
absorpt ion.  Us ing  a s i n g l e - b e a m  spec t rophotomete r  
and  a n i t r ogen  gas pa th  for the beam ins t ead  of air, 
it was p roved  tha t  this was no t  a separa te  peak  bu t  
m e r e l y  an  ar t i fac t  due to the CO~ absorp t ion  (14).  
Mande l  also ob ta ined  a va lue  of 2 x 10 -~ osci l lators  
per  a tom f rom the ca lcu la ted  in t ens i ty  of the  ab-  
sorpt ion of the Ce ( I I I )  ion i nvo l v i ng  only  a 4f shell  
t rans i t ion .  He has suggested,  by  ana logy  wi th  o ther  
work  on ra re  ear th  spectra,  tha t  this i n f r a r e d  ab -  
sorpt ion  m a y  be the  2~j~-2~7/~ t rans i t ion .  

The  x - r a y  induced  abso rp t ion  b a n d  which  is 
s table  at 28~ could invo lve  e lect rons  t r apped  at  
an ionic  vacancies,  since the crysta ls  d e m o n s t r a t i n g  
this absorp t ion  do have  a high concen t r a t i on  of a n -  
ionic vacancies  before  x - i r r ad i a t i on .  This b a n d  was 
reso lvab le  into a b leachab le  and  a difficultly b leach-  
a b l e ( u n b l e a c h e d  po r t ion )  b a n d  (see Fig. 8).  Since 
b leach ing  by  me a ns  of 3650A i r r ad ia t ion  was ob-  
served at t e m p e r a t u r e s  as low as - -78~ (bu t  no 
b leach ing  was observed at  - -190~ we mus t  as- 
sume  a t h e r m a l  step is i nvo lved  in  the b leach ing  
[ G u r n e y  and  Mott  ind ica te  tha t  a t h e r m a l  step is 
necessary  for the b leach ing  of F - c e n t e r s  in  a lka l i  
hal ides  (15 ) ] .The  more  difficult ly b leached  b a n d  
m a y  invo lve  the absence  of levels  sufficiently sha l -  
low for the t h e r m a l  step to be accompl ished at  the 
t e m p e r a t u r e  at which  the m e a s u r e m e n t s  were  made.  

Since the x - r a y  induced  absorp t ion  b a n d  (Fig. 7) 
which  is s tab le  at room t e m p e r a t u r e  is no t  observed  
w h e n  crys ta ls  of NaF  in  CdF~ are x - i r r a d i a t e d  at 
--190~ one m u s t  conclude tha t  a t h e r m a l  step is 
invo lved  in  the p roduc t ion  of the centers  caus ing  
this  band.  The t r ip le  absorp t ion  b a n d  (Fig. 9) p ro-  
duced when NaF in CdF2 is x-irradiated at --190~ 
is bleached by 3650A irradiation or by warming to 

--78~ 
The  absorp t ion  b a n d  (Fig. 6) common to pu re  

CdF~ and  CdF2 wi th  low concen t ra t ions  of ce r ium 
(I I I )  fluoride, NaF, and  e qu i mo l a r  addi t ions  of NaF 
and  CeF3 is no t  b leached  by  3650A at --78~ or 
--190~ bu t  is b leached  by  w a r m i n g  to t e m p e r a -  
tures  grea ter  t h a n  --10~ This b a n d  is i n d e p e n d e n t  
of the  impur i t i e s  added  to CdF~. A p p a r e n t l y  b leach-  
ing requ i res  on ly  a t h e r m a l  step. 

The increase  in  ex t inc t ion  coefficients at  the  high 
ene rgy  end  of the  spect ra  in  Fig. 5, 6, and  9 is due to 
the logar i thmic  differences b e t w e e n  the reciprocals  
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of smal l  t r ansmiss ions  of ques t ionab le  accuracy.  
S ince  the  B e c k m a n  spec t rophotomete r  is no t  as ac-  1. 
cura te  at ve ry  low t r ansmiss ions  as it is at h igher  2. 

3. t ransmiss ions ,  the va lues  of the t r ansmiss ions  at 4. 
smal l  t r ansmiss ions  are no t  ve ry  accurate ,  the dif-  5. 
ferences  b e t w e e n  such smal l  t r ansmiss ions  are less 
accurate ,  and  the logar i thms  of such differences ex-  6. 
aggera te  the inaccuracy .  Therefore ,  it  is doub t fu l  

7. 
whe the r  the increase  in  ex t inc t ion  coefficients at  the  
high ene rgy  end  of the spect ra  i nvo lved  is real.  8. 
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The Luminescent Center in Self-Activated ZnS Phosphors 

J. S. Prener and D. J. Weil 

Research Laboratory, General Electric Company, Schenectady, New York 

ABSTRACT 

A model for the ground state of the self-activated luminescent center in 
ZnS phosphors proposed by Prener and Williams in 1956 has been confirmed 
experimentally. It is shown that a Zn vacancy is involved in the blue lumines- 
cence and that the spectrum depends on whether the required coactivator can 
occupy a Zn or S site near the vacancy. The calculated energy levels of the 
center using a simple model are in qualitative agreement with the observed 
spectra. 

If pure  ZnS  is hea ted  to a h igh t e m p e r a t u r e  in  the 
presence  of a ha logen  (e.g., NaC1 or H_~S, HC1 gas 
m i x t u r e )  or wi th  smal l  a m o u n t s  of A1 or Ga (1),  a 
b lue  emi t t i ng  phosphor  is obta ined.  The  a tomic n a -  
t u r e  of the  defect  respons ib le  for this  " se l f -ac t i -  
va ted"  emiss ion  has been  the  subjec t  of m u c h  dis-  
cussion in  the  l i t e r a tu r e  (2, 3).  Recogniz ing  t ha t  a 
n e u t r a l  Zn  vacancy  m a y  act as a double  acceptor,  
KrSger  and  Vink  (2) proposed tha t  this  defect  was  
such a vacancy  wi th  one of the b o u n d  holes ionized. 
However ,  a concen t r a t i on  of such centers  of abou t  
2 x 10 TM cm -~ or g rea te r  should  have  led to a m e a s u r -  
able  p a r a m a g n e t i c  con t r i bu t i on  to the magne t i c  
susceptibility of this phosphor in the experiments of 
Bowers and Melamed (3); yet they failed to find 
such a contribution. More recently, Prener and Wil- 
liams suggested that the defect in question consists 
of a Zn vacancy in which both the holes are ionized, 
leaving the vacancy doubly negatively charged, and 
an ionized donor impurity (Cl, Br, I, Al, or Ga) as- 

sociated at nearest possible sites in the ZnS lattice 

(4). Such a center, in its ground electronic state, is 
not paramagnetic. 

It is the purpose of this paper to present experi- 
mental evidence for such an associated center. The 
role of Zn vacancies in the formation of the center 

is shown  by  the  expected  va r i a t i on  in  the  i n t ens i t y  
of the b lue  f luorescence w i th  changes  in  the pressure  
of S vapor  over  the  phosphor  du r ing  p repara t ion .  
Tha t  the coact ivator  is also pa r t  of the center  is 
shown by  the differences in  spectra l  d i s t r i bu t ion  of 
the  f luorescence w h e n  halogens  or group I I IB ele-  
me n t s  are  used as coact ivator  impur i t i es .  Deduc t ions  
based on a mode l  for such a cen te r  are shown to be 
cons is tent  w i th  these observed differences. 

In  a series of papers  Bube  (5) and  A d d a m i a n o  
(6) discussed the p r e p a r a t i o n  of se l f - ac t iva ted  ZnS 
wi th  b lue  fluorescence, by  h i g h - t e m p e r a t u r e  firing 
in  air  or n i t r ogen  wi thou t  the use of a ny  added co- 
act ivators .  The i r  i n t e r p r e t a t i o n  was  tha t  the  cen te r  
respons ib le  for the fluorescence was  a Zn  vacancy  
which  was  fo rmed  t h e r m a l l y  at h igh t empera tu re s .  
Carefu l  and  n u m e r o u s  e x p e r i m e n t s  pe r f o r med  in  
our  l abora tor ies  have  convinced  us tha t  p rev ious  ob-  
serva t ions  were  the  resu l t  of f au l ty  e x p e r i m e n t a l  
techniques .  If a " l u m i n e s c e n t  grade"  of ZnS  is care-  
fu l ly  pro tec ted  f rom dus t  a nd  is fired in  a s t r eam of 
purified,  d ry  H~S in  c lean  appara tus ,  first at  low 
t e m p e r a t u r e s  (400~ for severa l  hours )  a nd  then  
s lowly at  i nc reas ing ly  h igher  t e m p e r a t u r e s  un t i l  
1150~176 is reached,  no vis ib le  l uminescence  is 
found  even  at l iqu id  n i t rogen  t empera tu re !  If, on the  
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other  hand,  the  fir ing t e m p e r a t u r e  is ra ised  r ap id ly  
to 1150 oc, ve ry  f r e q u e n t l y  b r igh t  b lue  l uminescence  
is indeed  obse lved .  We p re sume  tha t  even  the best  
ZnS ava i l ab le  p r o b a b l y  has some coprec ip i ta ted  ha -  
l ide which  can be vola t i l ized or conver ted  to sulfide 
by  low t e m p e r a t u r e  H~S firing. At  h igher  t e m p e r a -  
tures  the  ha logen  m a y  diffuse into the  ZnS la t t ice  
p roduc ing  the charac ter i s t ic  b lue  luminescence .  Our  
genera l  conclus ion  is therefore  tha t  u n d e r  condi t ions  
most  l ike ly  to p roduce  Zn  vacancies  (H~S fir ing 
r a t h e r  t h a n  n i t rogen )  no se l f -ac t iva ted  l u m i n e s -  
cence can be induced  in  ZnS  wi thou t  the use of co- 
act ivators .  

E x p e r i m e n t a l  a n d  Resu l ts  

Emission Spectra of Z n S : x C u : y A 1  as a Function of 
A tmosphere  during Preparation 

M a n y  phosphors  con t a in ing  var ious  a m o u n t s  of 
Cu and  A1 were  p r e p a r e d  by  add ing  appropr i a t e  
quan t i t i e s  of copper  su l fa te  and  a l u m i n u m  sul fa te  
solut ions  to pu re  ZnS  and  fir ing at  950~176 for 
2 hr  in  a s t ream of purif ied and  dry  H~S. Pa r t s  of 
these phosphors ,  al l  of which  showed b r igh t  b lue  
and  g reen  f luorescence u n d e r  3650A exci ta t ion,  were  
ret i red in  oxygen- f ree ,  d ry  H.~ for an  add i t iona l  2 hr  
at the  same t empera tu r e .  Emiss ion  spect ra  were  
t a k e n  at  l iqu id  n i t r o g e n  t e m p e r a t u r e s  w i th  3650A 
exc i ta t ion  ( G e n e r a l  Electr ic  BH-4  h i g h - p r e s s u r e  
m e r c u r y  l amp  wi th  a Corn ing  5840 fil ter) u s ing  a 
record ing  spec t rorad iometer .  The powdered  samples  
we re  con ta ined  in  a ho lder  which  p e r m i t t e d  us to 
posi t ion each sample  accura te ly  w i th  respect  to the 
exci t ing  l ight  and  the e n t r a n c e  slit  of the spec t ra -  
r ad iome te r  and  also to ob ta in  spec t ra  at low t e m -  
pera tures .  

In  Fig. 1 are shown emiss ion  spectra,  typ ica l  of 
m a n y  obta ined,  for phosphors  in which  x = 0, x < y, 
x ---- y, and  x > y. The  resul t s  show the  sens i t iv i ty  of 
the " se l f -ac t iva ted  b lue"  emiss ion to H~ re t i r ing  and  
the  absence  of a n y  such m a r k e d  effect on the "copper  
g reen"  emiss ion and  the  "copper b lue"  emiss ion a l -  ,oo  
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Fig. 1. Typical  emission spectra a t  - - 1 9 6 ~  w i th  3 6 5 0 A  
exc i ta t ion  of  ZnS:xCu:yAI  phosphors f i red at  950~  in HsS 

; and ret ired at  950~  in H~ . . . . .  . (a) x = 0; 
y = 10-4; (b) x ~  2 x  10-~ 10-4; (c) x = 1 0 - 4 ; y ~  10-4; 
(d) x ~ I0-4; y ~ I 0  -~. 

ways  ob ta ined  w h e n  x > y. The  di f ferent  spect ra l  
d i s t r i bu t ion  of the  copper b lue  b a n d  at l iqu id  n i t r o -  
gen t e m p e r a t u r e s  compared  to the se l f - ac t iva ted  b lue  
emiss ion has been  cited as ev idence  tha t  two differ-  
ent  types of centers  are respons ib le  for these two 
b lue  bands  (7) .  The di f ferent  behav io r  of the  f luores-  
cent  i n t ens i ty  af ter  H_, re t i r ing  is f u r t h e r  ev idence  
for this. 

To test  the r eve r s ib i l i t y  of this effect on the i n -  
t ens i ty  of the b lue  se l f - ac t iva ted  emiss ion af ter  H2 
ret ir ing,  as wel l  as its reproduc ib i l i ty ,  four  phosphor  
samples  were  prepared ,  all  of the  composi t ion  ZnS:  5 
x 10 -~ Cu: 10 -' A1. These were  t h e n  sub jec ted  to the 
fo l lowing  firing schedules  at  975~ (a)  2 h r  in  H2S; 
(b)  2 hr  in  H.~S fol lowed by  2 hr  in  H~; (c) 2 hr  in  
H~S, 2 hr in H_~, 2 hr  in  H._,S; (d) 2 hr  in  H~S, 2 hr  in  
H~, 2 hr  in  H~S, a nd  f inal ly  2 hr  in  H~. The  emiss ion  
spect ra  shown  in  Fig. 2 show aga in  t ha t  the re  is a 
m a r k e d  decrease  in  the  i n t e n s i t y  of the  b lue  self-  
ac t iva ted  b a n d  on H~ ret ir ing.  F u r t h e r m o r e ,  the  
effect is c lear ly  revers ib le  and  reproducib le .  There  
appears  also to be a smal l  decrease  in  the green  cop- 
per  band  i n t e ns i t y  af ter  H2 re t i r ing  of those phos-  
phors  in which  y > x. For  y = x and  y < x, no such 
effect is observed  w i t h i n  the l imi ts  of e x p e r i m e n t a l  
reproducib i l i ty .  The effect of H~ re t i r ing  on the  green  
b a n d  is ve ry  m u c h  smal l e r  t h a n  on the  se l f - ac t iva ted  
b lue  band .  The reason for this  effect is no t  k n o w n  at 
p resen t  bu t  m a y  ve ry  wel l  be due to the  increased  
associat ion at  neares t  ne ighbo r  sites of the  nega -  
t ive ly  charged copper acceptors wi th  the l a rger  con-  
cen t r a t i on  of ava i l ab le  pos i t ive ly  charged A1 donors  
ava i l ab le  at the  h igh t e m p e r a t u r e  w h e n  the  phos-  
phor  is fired in  H.~ and  ionized Zn  vacancies  are  de-  
s troyed.  The effect of H_~ re f in ing  on the i n t ens i t y  of 
the se l f -ac t iva ted  b lue  emiss ion  descr ibed  above for 
ZnS:A1 has also been  observed  in  Z n S : G a  phos-  
phors.  (See the th i rd  sect ion of Discuss ion) .  

Spectral Distribution of the Se l f -Ac t iva ted  Emission 
in Cubic ZnS  

ZnS:A1 and  ZnS:  Ga phosphors  were  p r epa red  as 
descr ibed in  the  p rev ious  section, except  t ha t  the  
fir ing was  car r ied  out  at 850~ ZnS:C1 a nd  Z n S : B r  
phosphors  were  p r epa red  by  fir ing ZnS  in  a s t r eam 
of H,S con ta in ing  severa l  per  cent  of a n h y d r o u s  HC1 
or HBr at 850~ for 2 hr. Br igh t  b lue  f luorescing 
ma te r i a l s  were  ob ta ined  in  al l  cases. The low fir ing 
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Fig. 2. Emission spectra at  - - 1 9 6 ~  wi th 3 6 5 0 A  exc i ta-  
t ion of ZnS:5 x 10 -8 Cu: 10 -4 AI  subjected to the f i r ing sched- 
ules described in the text .  



Vol. 106, No. 5 L U M I N E S C E N T  C E N T E R  IN Z n S  P H O S P H O R S  

4620 4700 

8o ! 

To 
z 

6o 

50 

~~ \x~ % _  

4000 4200 4400 4600 4800 5000 5200 5400 5600 5800 6000 
WAVELENGTH- 

Fig. 3. Emission spectra at  room tempera tu re  w i th  3 6 5 0 A  
exc i ta t ion  of  Z n S : 1 0 4  AI ,  solid circle; ZnS :10  -~ Ga, open 
circle; ZnS:CI,  open t r iang le ;  ZnS:B, solid inver ted t r iang le ;  
all f i red a t  8 5 0 ~  

t e m p e r a t u r e s  were  used to assure  the absence of any  
hexagona l  phase in  the ZnS  phosphors,  s ince it  is 
k n o w n  tha t  the  emiss ion spect ra  are d i f ferent  for the 
cubic and  hexagona l  phases. The  absence  of a ny  
hexagona l  phase was  conf i rmed by  ob t a in ing  long 
exposure  x - r a y  diffract ion p a t t e r n s  of the  fired 
phosphors.  

The emiss ion spect ra  of four  phosphors  t a k e n  at 
room t e m p e r a t u r e  are shown in  Fig. 3. I t  is seen tha t  
the spect ra  of ZnS:A1 and  Z n S : G a  are iden t ica l  as 
are the spect ra  of ZnS:  C1 and  ZnS:  Br. However ,  the  
peak  of the emiss ion b a n d  of the l a t t e r  two phos-  
phors  occurs at abou t  80A toward  shor ter  wave  
lengths  t h a n  the  peak  of the first two phosphors .  
This effect of the coactivator impurity on the spec- 
tral distribution of the self-activated blue emission 
was also observed by KrSger and Dikhoff (i), al- 
though they placed no significance on this difference 
and indicated that the blue emission was independ- 
ent of the coactivator. We believe this 80A differ- 
ence to be significant and this is discussed later in 
this paper. 

The emission spectra of those phosphors contain- 
ing halogen were also found to be independent of 
how the halogen was introduced. In Fig. 4, the emis- 
sion spectra of halogen-containing phosphors pre- 
pared from HCI and H,S, HBr and H:S, NaC1, and 
NaI are compared to the phosphor ZnS:A1 (i0 -~) by 
plotting the ratios of the emission intensities (nor- 
malized to unity at 4700A) at various wave lengths. 
The emission spectrum of the self-activated emission 
was found not to depend on the concentration of the 
coactivator. In Fig. 5, emission spectra of ZnS:A1 
(i0 -~, 5 x I0 -~) and ZnS:Ga (i0 -~, i0 -4) are compared 
to ZnS:AI (I0-') by again plotting the ratios of 
emission intensities. Similar measurements of the 
emission intensity of various phosphors as a func- 
tion of wave length compared to ZnS:A1 (10-") also 
showed that the emission spectra were dependent 
neither on firing temperature so long as no hexa- 
gonal ZnS were formed, nor on the intensity of the 
exciting ultraviolet. The general conclusion is that 
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Fig. 4. Rat io of  the emission in tens i ty  at  room temperature 
and 3 6 5 0 A  exc i ta t ion  o f  the var ious phosphors g iven below 
to the emission intensity of ZnS:104 AI, as a function of 
wave length. (Intensities normalized to unity at 4700A).  Open 
circle, ZnS fired in H2S containing HCI at 850~ open 
square, ZnS fired in H~S containing HBr at 850~ open 
triangle, ZnS:5%NaCI fired in N~ at 850~ open inverted 
triangle, ZnS :2%No l  fired in N~ at 925~ 
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Fig. 5. Ratio of the emission intensity at room temperature 
and 3650-~ excitation of the various phosphors given below to 
the emission intensity of ZnS: ]0 ~ AI as o function of wave 
length. (Intensities normalized to unity at 4700A).  All  phos- 
phors were fired in H~S at 850~ Open circle, ZnS: ]0  -4 AI; 
open square, ZnS:5 x 10 -5 AI; open triangle, ZnS:lO -s Go; 
open inverted triangle, ZnS: 1 0 4 Go. 

the  spect ra l  d i s t r i bu t ion  of the  b lue  emiss ion  de-  
pended  on ly  on w h e t h e r  the  coact iva tor  used was  
one  of the  G r o u p  I I I  or Group  VII  e lements .  

Discussion 

Formation and Ionization of Zn Vacancies 
ZnS phosphors  p r e p a r e d  by  fir ing at h igh  t e m -  

pe ra tu re s  wi l l  con ta in  n e u t r a l  Zn  vacancies  and  S 
vacancies  (V~. ~ and  Vs ~ whose e q u i l i b r i u m  concen-  
t r a t i on  wi l l  depend  on the  t e m p e r a t u r e  and  p ressure  
of S in  the gas phase wi th  which  the  solid is in  equ i -  
l ib r ium.  The a s sumpt ion  wi l l  be  made  tha t  la t t ice  
defects in  ZnS  are  p r i m a r i l y  vacancies ,  no t  i n t e r -  
stit ials.  Work  on CdS (8) ,  CdSe (9) ,  and  o ther  b i -  
n a r y  compounds  has ind ica ted  tha t  me t a l  a tom va -  
cancies  can behave  as acceptors.  Since the  r emova l  
of a n e u t r a l  Zn  a tom f rom ZnS  removes  two of the  
eight  e lec t rons  in  the  four  bonds  to the  n e i g h b o r i n g  
sulfurs ,  a n e u t r a l  Zn  va c a nc y  has two holes b o u n d  
in  its v ic in i ty .  These m a y  be t h e r m a l l y  ionized into 
the va lence  b a n d  as shown in Eqs. [1] and  [2]. 

Vz. ~ ~.~ Vz. -1 + p - -  ~1 [ 1 ] 

V~.-' ~ Vz. -2 + p - -  *_- [2] 

In  these equat ions ,  p r ep resen t s  a hole in  the  va lence  
band ,  and  al and  e2 are the  t h e r m a l  ion iza t ion  en -  
ergies. The ene rgy  re leased by  the opt ical  cap tu re  of 
a hole into Vz. -1 can be computed  a p p r o x i m a t e l y  us -  
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ing a Bethe  model  (10).  This ene rgy  would  be equa l  
to the ioniza t ion  ene rgy  of a hyd rogen  a tom in  a 
polar izable  m e d i u m  whose stat ic dielectr ic  cons tan t  
is t ha t  of ZnS.  S imi l a r ly  the  ene rgy  re leased  on  cap-  
t u r i n g  a hole opt ica l ly  into V~,, -~ should  be approx i -  
m a t e l y  the ioniza t ion  ene rgy  of He +~ in  a po la r izab le  
m e d i u m  (11).  For  ZnS, wi th  a stat ic die lectr ic  con-  
s tan t  of 8, these energies  are 0.21 e.v. and  0.84 e.v. 
These va lues  can only  be app rox ima te  for ZnS  due 
to the fact  tha t  the holes move  in  sma l l  orbi ts  
a r o u n d  the charged Zn  vacancies  so tha t  the detai ls  of 
the po ten t i a l  in  the v ic in i ty  of the vacancy  are i m-  
por tan t .  Once the hole is cap tu red  in  the center ,  the 
a toms s u r r o u n d i n g  the  vacancy  wi l l  move  to ne w  
e q u i l i b r i u m  posit ions,  and  the  ene rgy  r equ i r ed  for 
the  opt ical  ion iza t ion  of the  hole wi l l  be grea te r  t h a n  
0.21 or 0.84 e.v. d e p e n d i n g  on the la t t ice  po la r iza -  
t ion  energy.  The t h e r m a l  ioniza t ion  energies  e~ and  e~ 
wi l l  lie somewhere  b e t w e e n  these two l imi ts  (12) .  

Association of Charged Zinc Vacancies and 
Ionized Do.nor Impurities 

Coact iva tor  impur i t i e s  such as A1 or C1 in  ZnS  are 
donors  and  therefore  cons t i tu te  a s ingle pos i t ive ly  
charged species w h e n  ionized (13).  For  the t h e r m a l  
ion iza t ion  of A1 we have  

AI* ~ A1 +~ + n -- ~ [3] 

Here n is a conduction electron. These ionized cen- 
ters interact coulombically with negatively charged 
Zn vacancies, and the equilibrium distribution of 
these two defects will therefore be a nonrandom 
one. Of particular interest is the strong interaction 
between Vz~ -2 and A1 +~ or C1 +I. For a concentration of 
each of 10-~M at 1000~ the fraction of Vzj "~ and 
A1 +~ associated into Vz~ -~ -  A1 +~ pairs at neighboring 
Zn sites is about 0.9 (14). For V~, - ~ -  Cl +~ the frac- 
tion will be even higher. At a large distance the as- 
sociated pair appears as a single negative charge 
in ZnS and should therefore be capable of binding 
a hole in a localized orbital. This hole can be ther- 
mally ionized as follows 

(Vz , - -  A 1 ) ~  (V~.- -  A1) -~ -}- p - -  E~ [4] 

The ene rgy  re leased by  the opt ical  cap ture  of a hole 
in to  the  ionized acceptor  can be es t imated  us ing  a 
B e t h e - t y p e  model  in  which  the hole moves  in  the 
po ten t i a l  of a --2e and  a + l e  charge separa ted  by  a 
d i s tance  R in  a po la r izab le  med ium.  For  cubic ZnS  
the  d is tance  R is 2.35A w h e n  C1, Br, or I are  the 
donors  and  3.84A w h e n  A1 or Ga are the donors.  
The  pa r t i cu l a r  group IIIB or VIIB i m p u r i t y  used 
wou ld  be expected to affect the posi t ion of the  lo- 
calized level  on ly  to a s l ight  ex t en t  because  the 
t r apped  hole moves in  an  orbi t  close to the doub ly  
nega t i ve ly  charged  Zn  vacancy  and  therefore  does 
no t  feel the i nne r  po ten t i a l  pecul ia r  to the  donor  i m-  
pur i ty .  Our  p r i m a r y  in te res t  is the  difference in  the 
b i n d i n g  ene rgy  of a hole to the two types of asso- 
c iated pai rs  charac te r ized  by  the d i f ferent  d is tances  
R and  p a r t i c u l a r l y  the  sign of this  difference.  T h e r e -  
fore, the b i n d i n g  ene rgy  of a hole to such an  asso- 
c iated pa i r  embedded  in  a m e d i u m  of dielectr ic  con-  
s t an t  8 was ca lcula ted  as a func t ion  of R. At  ve ry  
smal l  or ve ry  large  va lues  of R the b i n d i n g  ene rgy  
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Fig. 6. Binding energy of a positive hole to f ixed charges 
of ,J2e and f f - le  separated by a distance R (,&) in a polar- 
izable medium of dielectric constant 8. 

of a hole can be ob ta ined  by  a p e r t u r b a t i o n  t r ea t -  
m e n t  us ing  hyd rogen  ls  wave  funct ions .  The b ind ing  
ene rgy  in  e lec t ron  volts  is: 

27.2 27.2 
E(small R) ---- -- 2k---7- ~ ~- - ~  [(0.529 k - - R )  - -  

(0.529 k § R) e -'-'~/~ k] [5] 

54.4 27.2 
E ( l a r g e  R) -- k s t- k - - ~  [0.529 k --  

(0.529 k + 2R) e -'~/~~-~ ~] [6] 

E is shown as a func t ion  of R in  Fig. 6 for the  di-  
electric cons tan t  k = 8. The two va lues  of R of p a r -  
t i cu la r  in te res t  do not  lie w i t h i n  the r ange  where  the  
s imple  p e r t u r b a t i o n  t r e a t m e n t  would  be expected to 
be valid.  Accordingly ,  for these two dis tances  the  
energies  were  ca lcula ted  us ing  the con t inued  f rac-  
t ion  solut ions  g iven  by  Babe r  and  Hass6 for the 
g round  state of the  u n s y m m e t r i c a l  h y d r o g e n  mole -  
cule ion (15).  These two va lues  are also g iven  in  
Fig. 6 and a re  seen to differ by  0.07 e.v., the level  
due to (Vz~--A1; Ga)  -1 ly ing  h igher  above the  va -  
lence b a n d  t h a n  the level  due to ( V z , -  C1; Br;  I) -1. 
This ene rgy  difference a m o u n t s  to a 100A difference 
at 4700A and  is therefore  in  accord wi th  the ob-  
served difference of the emiss ion spectra  as shown 
in  Fig. 3, both  as to the d i rec t ion  and  m a g n i t u d e  of 
the difference, p rov ided  tha t  we assume tha t  the  
la t t ice  po la r iza t ion  ene rgy  fo l lowing  exc i ta t ion  of 
the phosphor  is l a rge ly  i n d e p e n d e n t  of the  donor  
i m p u r i t y  m a k i n g  up the center .  As was  po in ted  out, 
the  hole moves  in  an  orbi t  close to the Zn  vacancy  
so tha t  it is not  u n r e a s o n a b l e  to imag ine  tha t  it  is the  
vacancy  which  p r i m a r i l y  governs  the la t t ice  po la r -  
ization.  

Concentration of Luminescent  Centers (V~ , - -A1)  -I 
as a Function o] Sul fur  Pressure 

ZnS, hea ted  for a sufficiently long t ime in  a ve ry  
slow s t r eam of a gas, wi l l  a t t a in  a s to ich iomet ry  de-  
p e n d e n t  on the composi t ion  of the  gas (16) .  W h e n  
H~ is used as the gas a tmosphere  d u r i n g  fir ing we can 
show tha t  the final effective su l fu r  p ressure  wi th  
which  the solid phase is in  e q u i l i b r i u m  and  which  
therefore  de t e rmines  the s to ich iomet ry  of the solid 
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is ob ta ined  by a so lu t ion  of the equa t ion  ( t ak ing  su l -  
fu r  to be  S~ molecules  in  gas phase)  : 

2ps~ ~/~ + K~ P~.. ps~ - -  K~ = 0 [7] 

P ~  is the pressure  of H~, u sua l ly  1 atm, and  K~ is the 
e q u i l i b r i u m  cons tan t  for the  dissociat ion of H~S. 

1 
H~ + - ~  S~ ~ H~S [8] 

ge~ 1/2 = (p~s/ps~ . p ~ )  [9] 

Kp is the equilibrium constant for the dissociation of 
ZnS molecules in the gas phase multiplied by the 
equilibrium pressure of ZnS molecules at the firing 
temperature: 

ZnS (solid) ~ ZnS (gas) ; pz~s = constant [10] 

1 
ZnS ( g ) . ~ Z n  ( g ) + - ~ - S ~  (g) [11] 

Kp = Kz.s.pz~s =- pz," ps~ ~/~ [12] 

At  1000~ Ke l l ey  (17) gives Ke as 144 a tm  -1/" and,  
according to Pogore ly i  (18),  K,  = 1.63 x 10 .4~ atm~/i 
Wi th  P . ,  = 1 arm, we get f rom Eq. [7] tha t  ps~ 1/~ = 
1.06 x 10 -~ a tm ' / i  On the  other  hand ,  if H.~S is used 
as the firing gas, we can show tha t  ps~ is ob ta ined  
from: 

2K~ ps_2 + 2ps~ "/~- ps2/~ (P.~s + KpKd) --Kp = 0 [13] 

Wi th  P,,..s, the  in i t i a l  p ressure  of H~S, equa l  to 1 atm,  
we get f rom Eq. [13] tha t  p~.J/~ = 0.15 a tm  */". These 
resul ts  show tha t  f ir ing ZnS phosphors  for a suffi- 
c ien t ly  long t ime in  a slow s t r eam of H~S at 1000~ 
fol lowed by  H o is e q u i v a l e n t  to lower ing  the square  
root of the su l fu r  p ressure  by  abou t  five orders  of 
magn i tude .  

We did not  d e t e r m i n e  whe the r  or no t  the gas flow 
rates  we used were  sufficiently slow to m a i n t a i n  
e q u i l i b r i u m  b e t w e e n  the solid and  gas phases. Thus  
in  our  expe r imen t s  the  rat io of effective va lues  of 
p s J  ~ migh t  ve ry  wel l  no t  have  been  as low at 10 -~. 
For  this  and,  more  impor t an t ,  for other  reasons  to 
be po in ted  out in  the fo l lowing pa ragraphs ,  on ly  a 
qua l i t a t i ve  compar i son  of e x p e r i m e n t  wi th  ca lcu-  
la t ions  can be made  at this  t ime. 

The  me thod  deve loped  by  KrSger  and  V i n k  (19) 
for ca lcu la t ing  the concen t r a t ions  of var ious  defects 
as a f unc t i on  of su l fu r  pressure,  can be appl ied  to 
the sys tem ZnS:A1 (2.54 x 101~ cm -~) by  us ing  the 
va lues  of the  e q u i l i b r i u m  cons tan ts  g iven  in  Tab le  I. 

If the concen t ra t ions  of defects, impur i t i e s  and  
charge car r ie rs  are expressed as n u m b e r  per  cubic 
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cent imeter ,  t hen  K~ to K~, which  are the  e q u i l i b r i u m  
cons tants  for the reac t ions  g iven  in  Eqs. [1] to [4],  
are  t a ke n  to have  the  fo rm K = 2(2~rmkT/h~) ~/~ exp 
( - -e /kT) ,  the  free e lec t ron  mass  be ing  used. K~ is 
the e q u i l i b r i u m  cons tan t  for the  t h e r m a l  p roduc t ion  
of e l ec t ron -ho le  pairs.  

ZnS  ( g r ound  s ta te)  --> n + p --  E~ [14] 

K~---- [n ]  [p]  [15] 

K~ is t a ke n  to be of the form 4 (2~rmkT/h~) ' exp 
( - - e JkT ) .  Fina l ly ,  the  rec iprocal  of K,  is the  equ i -  
l i b r i u m  cons tan t  for the dissociat ion of the associ- 
a ted pa i r  

( V ~ o -  A 1 ) - ~  ~ V~o  -~ + A 1  *~ [ 1 6 ]  

K~= [ (V~,--  A1)-~]/[V~. -~] [A1 § [17] 

N e u t r a l  Z n  vacancies  are fo rmed  by  the  reac t ion  

( 1 - - 8 )  Z n S + ~ / 2 S ~ Z n ~ _ ~  (Vz~~ [18] 

The appl ica t ion  of the law of mass act ion for ~ < <  1 
gives 

K~ = [Vz. ~ ps~ -~/~ cm -8 a tm -~/~ [19] 

Since K,  is u n k n o w n  for ZnS, the  concen t ra t ions  of 
all  o ther  defects and  charge car r ie rs  were  ca lcu la ted  
as func t ions  of K,  ps~ 1/~ for ZnS:A1  (2.54 x 10 TM cm -~) 
at  1000~ us ing  the  me thod  of re fe rence  (19).  The  
Schot tky  cons tan t  for ZnS,  g iv ing  the e q u i l i b r i u m  
produc t  of the concen t ra t ions  of n e u t r a l  Z n  and  S 
vacancies,  is also u n k n o w n ,  so tha t  we as sumed  that ,  
in  the r ange  of su l fur  pressures  used, the concen t r a -  
t ion  of ionized su l fu r  vacancies  which  can  act as 
donors  was  m u c h  less t h a n  the  concen t r a t i on  of AI§ 
Af te r  the  h i g h - t e m p e r a t u r e  concen t ra t ions  were  de-  
t e rmined ,  the concen t ra t ions  at l iqu id  n i t r o g e n  t e m -  
p e r a t u r e  were  found  by  a s suming  tha t  the  tota l  con-  
cen t r a t i on  of la t t ice  defects a nd  associated pai rs  is 
f rozen in  at  1000~ as the  phosphor  is cooled, 
whereas  e lect rons  a nd  holes d i s t r i bu t e  themse lves  
among  the var ious  ava i lab le  states in  accordance  
w i th  the e q u i l i b r i u m  Eqs. [1] to [4] and  [14] us ing  
the  va lues  of the  e q u i l i b r i u m  cons tan ts  at  77~ 
also g iven  in  Tab le  I. The resul ts ,  shown graph ica l ly  
in  Fig. 7, are  to be t a ke n  on ly  as an  ind ica t ion  of the  
behav io r  of ZnS:A1  because  of the app rox ima t ions  
used, some of which  have  been  cited. S o m e w h a t  dif-  
f e ren t  app rox ima t ions  wou ld  st i l l  lead  to the  same 
genera l  qua l i t a t i ve  behav io r  wi th  v a r y i n g  su l fur  
pressure .  Never theless ,  i t  is of in te res t  to no t e  
tha t  the mode l  used leads to the concen t r a t i on  of 

(Vz, -- A1) -" 

Table I. Equilibrium constants for the system ZnS:AI 

T e m p ,  7 7 ~  T e m p ,  IOOO~ 

Kr e~ (e.v.)  * Kr e~ (e .v)  * R e m a r k s  

Ka 
K1 
K~ 
K3 
K, 
K, 

- -  - -  2 .3  x 10  -1~ - -  
2.1 x 10 ~o 0.58 4.1 x 1017 0.51 
3.3 x 10 -13~ 2.32 7.6 x 109 2.0 
1.2 x 10 ~ 0.25 1.2 x 10 TM 0.22 
2.1 x 10 -5~ 0.58 4.1 x 101~ 0.51 
1.6 x 10 -~~ 3.66 1.6 X 10 ~ 3.20 

From calc. deg. of assoc. (14) 
Assumed same as K~ 
e2 taken as four times ~1 
From thermal  glow curve data (20) 
From tempera ture  quenching data (21) 
From optical band gap data applying a 

correction of --5 x 10 -4 ev/deg (22). 

* A l l  l e v e l s  a s s u m e d  to d e c r e a s e  w i t h  t e m p e r a t u r e  a t  t h e  s a m e  r a t e  as t h e  o p t i c a l  b a n d  gap .  
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Fig. 7. Concentration of defects in ZnS:AI (2.54 • 10 TM 
cm -3) at --196~ after equilibration at 1000~ and various 
pressures of sulfur in the gos phase. 

be ing  prac t ica l ly  cons tan t  at o n e - h a l f  the total  
A1 concen t r a t i on  over  a r ange  of va lues  of ps.Y" of 
abou t  eight  orders  of magn i tude .  The  ind ica ted  de-  
crease in  the  concen t r a t i on  of this  associated pa i r  at  
low su l fu r  pressures  is in  accord w i th  the expe r i -  
m e n t a l  resul t s  g iven  in  this  paper  and  the i n t e r p r e -  
t a t ion  tha t  a Zn  vacancy  is pa r t  of the  l u m i n e s c e n t  
center .  The  ind ica ted  decrease in  the  concen t r a t i on  
of se l f -ac t iva ted  l u m i n e s c e n t  centers  at h igh su l fu r  
pressures  was  observed in  CdS: Ga by  Kr5ger ,  et al. 
(8) ,  a l though  the au thors  i n t e rp r e t ed  the i r  resul t s  
dif ferent ly .  Also, over  a wide  r ange  of su l fu r  p res -  
sures the concen t ra t ions  of A1 ~ Vz, ~ V~j  ~, and  
(V~, - - A 1 )  ~ are less t h a n  2 x 10 TM cm -'. Since these 
would  be p a r a m a g n e t i c  defects, it can be seen tha t  
on ly  u n d e r  special  condi t ions  of p r epa ra t i on  would  
this phosphor  be expected to have  a m e a s u r a b l e  
p a r a m a g n e t i c  suscept ib i l i ty .  

Summary 

Associated (V~. --  A1; Ga)  -~ or (V~,, --  C1; Br;  I) -~ 
pa i i s  can form in  ZnS  con ta in ing  A1, Ga, or a ha lo-  
gen as an  i m p u r i t y  due to the s t rong  coulombic  i n -  
t e rac t ion  b e t w e e n  ionized donor  impur i t i e s  and  Zn 
vacancies .  Ca lcu la t ions  show thei r  concen t r a t i on  can 
r e m a i n  fa i r ly  cons t an t  at  o n e - h a l f  the  concen t r a t i on  
of the donor  i m p u r i t y  over  a cons iderab le  r ange  of 
su l fu r  pressures .  At  decreas ing  su l fu r  p ressures  the 
concen t r a t i on  of these pairs  decreases.  This  is in  ac-  
cord w i th  the observed decrease in  the i n t ens i t y  of 
the  b lue  l uminescence  af ter  H_~ re t i r ing  of the self-  
ac t iva ted  phosphor.  

The peak  of emiss ion  spec t rum of the  b lue  l u m i -  
nescence  depends  on w h e t h e r  a group IIIB or group 
VIIB e l emen t  is used as a coact ivator  ind ica t ing  tha t  
the coact ivator  is a pa r t  of the l u m i n e s c e n t  center .  
S imple  cons idera t ions  suggest  tha t  the  observed  
shift  in  peak  posi t ion is in  the  r igh t  d i rec t ion  and  of 
the correct  o rder  of magn i tude .  

On the basis  of these resul t s  we conclude t ha t  the  
l u m i n e s c e n t  cen te r  in se l f - ac t iva ted  ZnS  is a V z j  ~ 

associated wi th  the coact ivator  at a nea res t  possible 
site in  ZnS. The associated pa i r  gives rise to a lo-  
calized acceptor  level  above the va lence  b a n d  jus t  as 
do the usua l  activatol-s such as Cu or Ag. 
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A Double Diffused Silicon High-Frequency Switching Transistor 
Produced by Oxide Masking Techniques 

J. F. Aschner, C. A. Bittmann, W. F. J. Hare, and J. J. Kleimack 
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ABSTRACT 

The re la t ive  mer i ts  of two double  diffused t rans is tor  s t ructures  are  dis-  
cussed, one of which  employs  a localized emit ter .  A process for producing the 
localized emi t t e r  s t ruc ture  is descr ibed employ ing  the mask ing  p r o p e r t y  of 
SiO~ against  the  subsequent  phosphorus  diffusion. The dimensions of each 
emi t t e r  are  control led  closely by etching away  this oxide mask  f rom only those 
regions not  pro tec ted  by  a specia l ly  p r epa red  photo resis t  coating. Transis tors  
have been  produced  which switch 30 ma wi th  a gain of 12, in t imes in which 
the sum of the turn-on,  storage, and turn-off  t ime is less than  0.1 ~sec. Smal l  
signal  a lphas  of 0.97, and a lpha  cut-off f requencies  in the common base con- 
nection in excess of 300 mc have  been achieved. 

The  need  for  h i g h - f r e q u e n c y  t r ans i s to r s ,  r e q u i r i n g  
e x t r e m e l y  n a r r o w  base  l aye r s ,  has  l ed  to the  d e -  
v e l o p m e n t  of n e w  f a b r i c a t i o n  t echn iques .  T h e  a d a p -  
t a t ion  of s o l i d - s t a t e  d i f fus ion (1)  has  been  f o u n d  to 
p e r m i t  a h igh  d e g r e e  of con t ro l  of bo th  t h e  d e p t h  
and c o n c e n t r a t i o n  of  an  i m p u r i t y  n e c e s s a r y  to p r o -  
duce  such l ayers .  In  th is  p a p e r  an  n - p - n  s i l icon  
s w i t c h i n g  t r a n s i s t o r  is d iscussed,  in w h i c h  bo th  t he  
e m i t t e r  and  base  l a y e r s  a r e  f o r m e d  b y  diffusion.  B y  
m a k i n g  use  of the  m a s k i n g  p r o p e r t i e s  of a spec i a l l y  
p r e p a r e d  ox ide  l aye r ,  p rec i se  r e g u l a t i o n  of t h e  
g e o m e t r y  of the  e m i t t e r  r eg ion  is a t t a i ned .  The  
e l ec t r i ca l  c h a r a c t e r i s t i c s  of t r a n s i s t o r s  p r e p a r e d  b y  
these  t echn iques  a r e  p r e sen t ed .  

Double Diffused Structure 
In Fig.  1 ( a )  the  e s sen t i a l  f e a t u r e s  of  a t r a n s i s t o r  

p r o d u c e d  b y  a doub le  d i f fus ion  p rocess  (2)  a r e  i l -  
l u s t r a t ed .  A p - t y p e  i m p u r i t y  is d i f fused  f irst  in to  
the  n - t y p e  w a f e r  to fo rm a co l lec tor  j u n c t i o n  
abou t  0.2 mi l s  f r o m  the  sur face .  A n  n - t y p e  e m i t t e r  
d o p a n t  h a v i n g  a m u c h  h i g h e r  i m p u r i t y  c o n c e n t r a t i o n  
is t hen  d i f fused  into th is  l aye r .  Th is  o v e r c o m p e n s a t e s  
t he  o r i g i n a l  d i f fused  i m p u r i t y  u n t i l  such  a d e p t h  is 
r e a c h e d  t h a t  t h e i r  concen t r a t i ons  a r e  equal .  T h e  
e m i t t e r  junc t ion ,  so fo rmed ,  is l oca t ed  at  th is  dep th .  
The  s e p a r a t i o n  of t he  two  junc t ions ,  def in ing  t h e  
base  l ayer ,  can  be  r e p r o d u c e d  to w i t h i n  0.005 mils .  

In  th is  t y p e  of t r ans i s t o r ,  s ince  t h e  e m i t t e r  l a y e r  
e n t i r e l y  covers  t he  base  l aye r ,  a m e t a l l i c  base  con -  
t ac t  is a l l o y e d  t h r o u g h  t h e  emi t t e r .  F u r t h e r m o r e ,  
the  r e g r o w t h  r e g i o n  a r o u n d  th is  con tac t  m u s t  f o r m  a 
r e c t i f y i n g  j u n c t i o n  w i t h  t he  e m i t t e r  l aye r ,  in  o r d e r  
for  t h e  dev ice  to o p e r a t e  as  a t r a n s i s t o r ;  o the rwi se ,  
the  base  w o u l d  be  s h o r t e d  to t h e  emi t t e r .  W i t h  a 
s u i t a b l e  choice  of m a t e r i a l s ,  th i s  t e c h n i q u e  is q u i t e  
feas ib le ,  and  t r a n s i s t o r s  h a v e  been  b u i l t  th is  way .  
H o w e v e r ,  c e r t a i n  l i m i t a t i o n s  a re  imposed .  In  o r d e r  
to h a v e  a r e c t i f y i n g  j u n c t i o n  b e t w e e n  the  base  con-  
t ac t  and  t h e  e m i t t e r  l a y e r  t h r o u g h  w h i c h  i t  passes ,  
an  u p p e r  l i m i t  is p l a c e d  on t h e  su r f ace  c o n c e n t r a -  
t ion  of the  e m i t t e r  d i f fusant ,  t hus  l i m i t i n g  e m i t t e r  

efficiency. A l t e r n a t i v e l y ,  t h e  h i g h l y  d o p e d  p o r t i o n  
of t h e  e m i t t e r  i m m e d i a t e l y  s u r r o u n d i n g  the  base  
con tac t  m a y  be  r e m o v e d  b y  a n  e t ch ing  process .  The  
l a t t e r ,  in fact ,  is t he  p r e f e r r e d ,  choice  b u t  suffers  
f rom con t ro l  diff icul t ies  as t he  e l e c t r i c a l  c h a r a c t e r -  
is t ics  of the  t r a n s i s t o r  a r e  qu i t e  s ens i t i ve  to t h e  
d e p t h  r e a c h e d  b y  th is  etch.  

The  p r e s e n t  p a p e r  is c o n c e r n e d  w i t h  a p rocess  in 
w h i c h  the  m a s k i n g  p r o p e r t i e s  of  a s i l icon d i o x i d e  
l a y e r  a g a i n s t  c e r t a i n  d i f fusan ts  h a v e  been  e x p l o i t e d  
to c i r c u m v e n t  these  diff icul t ies  (3, 4) .  By  r e m o v i n g  
the  ox ide  f rom s e l e c t e d  r eg ions  on the  surface ,  t h e  
e m i t t e r  d i f fusan t  can  p e n e t r a t e  in to  t he  ba se  l a y e r  
on ly  at  each  of  t h e s e  d e s i g n a t e d  areas ,  l e a v i n g  the  
base  l a y e r  e x p o s e d  to the  su r f a c e  e v e r y w h e r e  else 
[Fig .  1 ( b ) ] .  Con tac t  to t he  ba se  r eg ion  thus  m a y  be  
m a d e  w i t h o u t  d i f f icul ty  a f t e r  t h e  r e m a i n i n g  ox ide  
has  been  r e m o v e d .  The  e l i m i n a t i o n  of a n y  e m i t t e r  
e tch and  the  f r e e d o m  to m a k e  use of h igh  e m i t t e r  
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Fig. 1. Cross section of two double diffused tronsistor 
structures. Geometry of (a) regulQr unit, (b) oxide mosked 
unit. 
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concen t r a t i ons  a re  c o n s i d e r a b l e  advan t ages .  In  a d d i -  
t ion,  l i m i t i n g  the  e m i t t e r  a r ea  r e su l t s  in a l o w e r  
e m i t t e r  capac i ty .  

Oxide-Masking Technique 
The  m a s k i n g  process  is i l l u s t r a t e d  in  d e t a i l  in 

Fig .  2. N - t y p e  s i l icon w a f e r s  of a b o u t  0.3 o h m - c m  
r e s i s t i v i t y  a r e  cut  in to  squa res  and  l a p p e d  to o b t a i n  
t he  h i g h l y  po l i shed  su r f ace  essen t i a l  to the  p r o d u c -  
t ion  of u n i f o r m  dif fused junc t ions .  A s i l icon d i o x i d e  
l a y e r  is now g r o w n  ove r  the  su r face ;  a s imp le  
m e t h o d  is i l l u s t r a t ed ,  in w h i c h  w e t  h y d r o g e n  is 
pa s sed  over  the  h e a t e d  w a f e r s  to p r o d u c e  the  8000A 
ox ide  l a y e r  r e q u i r e d .  Us ing  the  t e c h n i q u e  d e v e l o p e d  
b y  F r o s c h  (3, 4) ,  t h e  base  l a y e r  dopan t ,  ga l l ium,  is 
d i f fused into  the  w a f e r  to a dep th  of abou t  0.2 mils .  
T h e  ox ide  coa t ing  on ly  s l i gh t ly  inh ib i t s  the  r a t e  of 
g a l l i u m  diffusion.  

The  o x i d e  n o w  m u s t  be  r e m o v e d ,  se lec t ive ly ,  f r o m  
the  100 3 ra i l  x 6 ra i l  d e s i g n a t e d  a r eas  on the  su r f ace  
in to  w h i c h  e m i t t e r s  a r e  to be diffused.  F o r  c l a r i ty ,  
on ly  one e m i t t e r  area ,  m u c h  en l a rged ,  is s h o w n  in 
Fig .  2. To ach ieve  this ,  t he  w a f e r  is d i p p e d  into a 
pho to  res i s t  solut ion,  1 d r i e d  in air ,  and  e x p o s e d  to 
u l t r a v i o l e t  l i gh t  t h r o u g h  a f i lm m a s k  w h i c h  covers  
on ly  those  a r e a s  w h i c h  a r e  to be  t he  emi t t e r s .  T h e  
photo  res i s t  ove r  t he se  a r e a s  is no t  e x p o s e d  to t he  
l igh t  and,  a f t e r  the  exposed  p o r t i o n  is deve loped ,  is 
eas i ly  w a s h e d  off in w a t e r .  The  ox ide  u n p r o t e c t e d  
b y  the  pho to  res i s t  is r e m o v e d  in a s low etch.  F i -  
na l ly ,  a l l  of the  pho to  r e s i s t  is d i s so lved  to g ive  t he  
s t r u c t u r e  in Fig .  2 ( d ) .  

The  second  diffusion,  w i t h  p h o s p h o r u s  as t h e  i m -  
pu r i t y ,  is n o w  c a r r i e d  out. In  t h e  t i m e  n e c e s s a r y  to 
diffuse t h r o u g h  the  e x p o s e d  reg ions  to  the  r e q u i r e d  
d e p t h  of a b o u t  0.1 rail ,  t h e r e  is no d i f fus ion  t h r o u g h  
the  oxide.  To p r o d u c e  m u c h  d e e p e r  e m i t t e r  j u n c -  
t ions,  t h i c k e r  ox ide  l a y e r s  w o u l d  h a v e  to be  p r e -  
p a r e d  to i n s u r e  c o m p l e t e  mask ing .  The  f inal  d i f fused  
s t r u c t u r e  of a s ing le  t r a n s i s t o r  is s h o w n  in Fig.  2 ( e ) .  

To i l l u s t r a t e  t he  con t ro l  a t t a i n e d  ove r  t he  geo-  
m e t r y  of the  emi t t e r s ,  an  ac tua l  p h o t o m i c r o g r a p h  of 

1 S u c h  as one  m a d e  by  t h e  E a s t m a n  K o d a k  Co. A d e s c r i p t i o n  of 
t h e  g e n e r a l  p r o p e r t i e s  of  t h i s  m a t e r i a l  is  g i v e n  in  t h e  p a m p h l e t  
" I n d u s t r i a l  U s e s  of K o d a k  P h o t o  R e s i s t , "  a m a n u a l  p r e p a r e d  b y  
E a s t m a n  K o d a k  Co., R o c h e s t e r  4, N. Y. 

Fig. 3. Photomicrograph of on oxide masked double dif- 
fused unit. The junction has been exposed by beveling at a 
slight angle end staining the p-layer. 

a un i t  is p r e s e n t e d  in Fig.  3. The  t r a n s i s t o r  has  been  
l a p p e d  a t  an  ang le  of five deg rees  to t he  su r f ace  and  
t h e  base  l a y e r  s t a i ned  w i t h  a h y d r o f l u o r i c - n i t r i c  
ac id  e tch  (5) to d e l i n e a t e  t he  j unc t i ons  c l ea r ly .  Both  
co l lec tor  and  e m i t t e r  j unc t ions  a r e  seen to  b e  q u i t e  
s t r a igh t ,  a n y  i m p e r f e c t i o n s  be ing  much  less t h a n  t h e  
l a y e r  th icknesses .  

In  the  n e x t  s tep,  A u - S b  e m i t t e r  con tac t s  and  A1 
base  con tac t s  a r e  e v a p o r a t e d  t h r o u g h  masks .  To in -  
su r e  t h a t  the  f o r m e r  fa l l  e n t i r e l y  w i t h i n  the  e m i t t e r  
a r e a s  and  t ha t  the  l a t t e r  a r e  pos i t i oned  a c c u r a t e l y  
close to the  e m i t t e r  edges  b u t  w i t h i n  the  base  l ayer ,  
the  m a s k s  a r e  i n d e x e d  c a r e f u l l y  w i th  r e spec t  to the  
o r i g i n a l  f i lm m a s k  used  to  p r e p a r e  t he  emi t t e r s .  
Aga in ,  c o n s i d e r a b l e  con t ro l  is n e e d e d  in t h e  def in i -  
t ion  of t he  e m i t t e r  a reas  on the  su r f ace  to p r e v e n t  
e m i t t e r - t o - b a s e  shorts .  The  u n l a p p e d  p a r t  of t he  
w a f e r  in the  p h o t o m i c r o g r a p h  of Fig .  3, showing  
one such e m i t t e r  a r e a  p r i o r  to the  e v a p o r a t i o n  of 
contacts ,  c l e a r l y  i l l u s t r a t e s  t he  close con t ro l  of t he  
e m i t t e r  g e o m e t r y  t h a t  can  be a c h i e v e d  b y  th is  
m a s k i n g  t echn ique .  

The  s u b s e q u e n t  f a b r i c a t i o n  p rocess  fo l lows  s t a n d -  
a r d  p r o c e d u r e s  of co l lec to r  bonding ,  l e ad  a t t a c h -  
men t ,  and  encapsu la t ion .  

Results and Discussion 

The  e l ec t r i ca l  c h a r a c t e r i s t i c s  of n - p - n ,  si l icon, 
s w i t c h i n g  t r a n s i s t o r s  p r e p a r e d  us ing  the  a b o v e  
t echn iques  a re  p r e s e n t e d  in  Tab le  I. The  base  l a y e r s  
a r e  n o r m a l l y  f r o m  0.05 to 0.10 mi l s  in w id th .  As  
some of the  e l ec t r i ca l  p a r a m e t e r s  a re  qu i t e  sens i t ive  
to th is  wid th ,  r e su l t s  f r om some e x p e r i m e n t a l  un i t s  
w i t h  a much  t h i n n e r  ba se  l a y e r  (0.029 mi l s )  a r e  
also shown.  

The  s t a t i c  c h a r a c t e r i s t i c s  of t h e  n o r m a l  un i t s  show 
a h igh  co l lec tor  to e m i t t e r  b r e a k d o w n  vo l tage ,  a low 
e m i t t e r  j u n c t i o n  b r e a k d o w n  due  to t he  h igh  i m -  
p u r i t y  g r a d i e n t  a t  th is  junc t ion ,  and  t h e  l o w  r e v e r s e  
s a t u r a t i o n  c u r r e n t s  e x p e c t e d  w i t h  s i l icon devices .  
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Table I. 

Normal  Thin base 
median median 
values values Units 

Si  H I G H - F R E Q U E N C Y  S W I T C H I N G  T R A N S I S T O R  

Is 
I' ~ I 2 3 4 5 

0.95 

Number  of units 9 20 0.90 
Emit ter  thickness 0.09 0.04 mils 
Base thickness 0.08 0.029 mils o.85 
BVc~o at I~  ~ 1 ~a 65 27 volts 
BV~Bo at Ioo = 1 ~a 3 8 volts 
L o a t V c B ~ 4 . 5 V  2 x 1 0  -1~ 9 x 1 0  -D amps 
C~ at VcB = 4.5 V 5 6 #~f 
hie at Vc~ ~ 5V, L = 10 ma 400 450 ohms 
Switching times 

at L ~ 30 ma, IB~ ~ 2.5 ma 
V,~ ~ O V 

to 0.03 0.03 /~sec 
t~ 0.03 0.03 ~sec 
t~ 0.04 0.03 ~sec 

VcE at Ic ~ 30 ma, IB ~ 2.5 ma 0.5 0.9 volts 
VBE at Ie ~ 30 ma, IB : 2.5 ma 0.9 1.1 volts 
Small  signal alpha 5 0 - - -  

at Vc~ = 4.5 V 
I~ ~ 0.1 ma  0.927 0.939 

4 0  

1 ma 0.960 0.976 
10 ma 0.973 0.987 
30 ma 0.972 0.985 ~3o 

hfe at f = 30 mc, VcE ~ 5V 14 21 db 
Is ~ 5 ma 2o 

~ ' I 0  - - - -  

~o 
x 

- l e  - -  

The  sma l l  size of the  un i t  is ref lec ted  in t h e  low 
col lec tor  capac i t ance  of 5 FFf. Base res i s tances  of 
200-300 ohms  are  e n c o u n t e r e d  normal ly .  

T h e  e lec t r i ca l  p a r a m e t e r s  of i n t e re s t  for  sw i t ch ing  
appl ica t ions  also are  s u m m a r i z e d  in Tab le  I. In  t h e  
c i rcui t  used  for  m e a s u r i n g  the  swi t ch ing  t ime,  the  
uni t s  a re  u sua l ly  in the  ON or s a t u r a t i o n  condi t ion,  
w i t h  2.5 m a  base d r i v e  and 30 m a  co l lec tor  cur ren t .  
They  a re  t u r n e d  off by a n e g a t i v e  pulse  to the  base  
wh ich  thus  is d r i v e n  to g round  potent ia l .  The  to t a l  
sw i t ch ing  t ime  is the  sum of s torage  t ime  t ,  t u rn -o f f  
t ime  t~, and t u r n - o n  t ime  to. Fo r  swi t ch ing  30 ma  
w i t h  a gain  of 12, to ta l  swi t ch ing  t imes  of the  o rde r  
of 0.1 #sec h a v e  been  measu red .  

F ina l ly ,  the  ga in  charac te r i s t i c s  a re  g iven.  The  
l o w - f r e q u e n c y  s h o r t - c i r c u i t  c u r r e n t  gain, alpha,  is 
f a i r ly  h igh  for  this  t r ans i s to r  and va r i e s  on ly  s l igh t ly  
ove r  t he  o p e r a t i n g  range.  The  v a r i a t i o n  both  w i t h  
e m i t t e r  c u r r e n t  and col lec tor  vo l t age  is p r e s e n t e d  
in Fig.  4. The  fac t  t h a t  a lpha  is i n d e p e n d e n t  of the  
r eve r s e  col lec tor  vo l t age  is of cons ide rab le  a d v a n t a g e  
in t he  des ign of c i rcui ts  us ing  the  unit .  The  a d v a n t -  
age ga ined  f r o m  t h e  use of such  a n a r r o w  base  de -  
v ice  is a p p a r e n t  f r o m  the  c u r r e n t  ga in  at  h igh  
f r e q u e n c y  (h fe ) .  F o r  the  n o r m a l  uni ts ,  t h e  m e a s u r e d  
ga in  of 14 db at 30 mc cor responds  to an a lpha  cu t -  
off f r e q u e n c y  of a p p r o x i m a t e l y  150 me. 

An  analys is  of the  da ta  for  the  e x t r e m e l y  th in  
base  e x p e r i m e n t a l  un i t s  emphas izes  the  f a v o r a b l e  
h i g h - f r e q u e n c y  behav io r .  The  gain  has  been  m e a s -  
u red  as a func t ion  of f r e q u e n c y  bo th  for  the  c o m m o n  
e m i t t e r  and c o m m o n  base  connec t ion  (Fig.  5) for  
a th in  base  unit .  The  a lpha  cu t -of f  f r e q u e n c y  of 
350 mc  is c o m p a r a b l e  to the  best  g e r m a n i u m  t r a n -  
sistors if  the  d i f ference  in mob i l i t y  is t aken  into ac-  
count.  These  uni ts  also show a sma l l  bu t  s ignif icant  

0 .95  

0'901 

08c;.0" ~. -0.5 0 

lE=OImO 

I 
0.5 ID 
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Fig. 5. The current gain vs. frequency for a thin base unit, 
both in the common emitter and common base connection. 

ON EMITTER 

--- ~ ~ ~ . . .  

i m p r o v e m e n t  in  the  l o w  f r e q u e n c y  alpha.  T h e  col -  
l ec to r  to base  r e v e r s e  b r e a k d o w n  v o l t a g e  is subs t an -  
t i a l ly  l o w e r  t h a n  in t he  r e g u l a r  un i t s  due  to r e a c h -  
t h r o u g h  effects; h o w e v e r ,  i t  is s t i l l  h igh  enough  for  
m a n y  swi t ch ing  c i rcui t  appl ica t ions .  
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ABSTRACT 

A complete  s tudy has been made  of the heterogeneous  equi l ib r ium involv-  
ing the four tungsten oxides, water ,  and hydrogen,  using a modified stat ic 
equi l ib r ium appara tus .  These da ta  show tha t  the ini t ia l  results ,  p rev ious ly  r e -  
ported,  a re  in e r ror  due to t he rma l  diffusion. The new data  were  used to 
compute  the s tandard  heats  of format ion  and entropies  of the solid oxide 
species as follows: 

WO2, aHr~  k c a l / g - a t o m  W, S~ e .u . /g -a tom W 
WO~.~(Wl~O~), •176 k c a l / g - a t o m  W, S~ e .u . /g -a tom W 
WO~.,,(W~oO~), a H r ~  --193.1• k c a l / g - a t o m  W, S~ e .u . /g -a tom W 
WO~, A H f ~  --202.8+--1.4 k c a l / g - a t o m  W, S ~  - 19.1• e .u . /g -a tom W 

Since  the  p r e v i o u s  p a p e r  (1) t h e r e  h a v e  been  
s e v e r a l  s igni f icant  d e v e l o p m e n t s  in  t h e  l i t e r a t u r e  
w h i c h  w a r r a n t  not ice .  The  h i g h - t e m p e r a t u r e  f o r m  
( a b o v e  740~ of WO~ has  been  the  sub jec t  of two  
m o r e  i nves t i ga t i ons  (2, 3) .  Vas i l ' eva ,  et al. (3)  h a v e  
m a d e  a t h e r m o d y n a m i c  s t u d y  of t h e  ser ies  of s u b -  
ox ides  f o r m e d  f rom the  h i g h - t e m p e r a t u r e  species  of 
WO~. T h e y  r e p o r t e d  t h a t  the  s t r u c t u r e  of the  ox ide  
f o r m e d  b y  the  r e d u c t i o n  of WO~ is d e t e r m i n e d  b y  
the  s t r u c t u r e  of t h e  WO~. This  g ives  r i s e  to a se r ies  
of  h e r e t o f o r e  u n r e p o r t e d  t u n g s t e n  subox ides .  In  a d -  
d i t i on  to this,  some  v e r y  i n t e r e s t i n g  e v i d e n c e  as to 
m e t a l l i c  n a t u r e  of b e t a  t u n g s t e n  has  b e e n  p r e s e n t e d  
(4, 5).  

The  p u r p o s e  of th is  p a p e r  is to d iscuss  the  e t io logy  
of the  t h e r m a l  d i f fus ion e r r o r  in  the  i n i t i a l  r e su l t s  
for  the  h e t e r o g e n e o u s  e q u i l i b r i u m  i n v o l v i n g  H~-W- 
WO~-H2, and  to p r e s e n t  n e w  d a t a  for  t h e  h e t e r o -  
geneous  e q u i l i b r i u m  i n v o l v i n g  the  c o m p l e t e  r e d u c -  
t ion  of WO~ to W. 

Experimental Procedure 
A l l  r e a g e n t s  w e r e  p r e p a r e d  as p r e v i o u s l y  d e s c r i b e d  

(1 ) .  X - r a y  a n a l y s e s  of  the  p r o d u c t s  of t he  e q u i l i b -  
r i u m  r eac t i ons  a r e  d i scussed  in t h e  n e x t  sect ion.  

The  ex t ens ion  of t he  r e p o r t e d  e x p e r i m e n t a l  t e c h -  
n iques  to t h e  h i g h e r  ox ide  sys t ems  was  f o u n d  to be  
i m p r a c t i c a b l e  (1) .  The  l i m i t i n g  H.~O v a p o r  p r e s s u r e  
r e s u l t e d  in l a r g e  r e l a t i v e  e r ro r s  w h e n  the  v a l u e  of 
K~ was  g r e a t e r  t h a n  one. I t  was  e x p e r i m e n t a l l y  
diff icult  to t h e r m o s t a t  t he  condens ing  b u l b  at  h i g h e r  
t h a n  r o o m  t e m p e r a t u r e  s ince  p r o v i s i o n  h a d  to b e  
m a d e  for  cool ing  the  cold  finger.  T h e r e  was  also an  
i nd i ca t i on  of i nc r ea sed  mass  t r a n s f e r  of t he  ox ides  
in the  v a p o r  phases ,  e spec i a l l y  a t  h igh  H~O v a p o r  
p r e s s u r e s  a n d  t e m p e r a t u r e s .  This  i n c r e a s e  in  v o l a -  
t i l i t y  in t he  p r e s e n c e  of H20 has  been  r e p o r t e d  in 
t h e  l i t e r a t u r e  (6, 7) .  Effects  e n c o u n t e r e d  h e r e  w e r e  
c u m u l a t i v e  in n a t u r e  only ,  and  t h e  a m o u n t  of ox ide  
los t  in a n y  one r u n  was  neg l ig ib le ,  b u t  t h e  effects of 
10-20 r u n s  r e s u l t e d  in a v i s ib le  ox ide  fi lm a t  the  
ex i t  of t h e  r e a c t i o n  c h a m b e r .  The  o r i g i n a l  r e a c t i o n  
c h a m b e r ,  d u e  to i ts  c i r c u l a r  n a t u r e ,  cou ld  no t  be  

c l eaned  out  in a r e a s o n a b l e  t ime .  The  s i t u a t i o n  was  
a g g r a v a t e d  also b y  a c c i d e n t a l  sp i l l age  in s ide  t he  
c h a m b e r .  

Apparatus . - -The  des ign  and  cons t ruc t i on  of the  
n e w  e x p e r i m e n t a l  a p p a r a t u s  c lose ly  f o l l o w e d  the  
o r ig ina l  w o r k  of E m m e t t  and  Schu l t z  (8) .  T h e  e n t i r e  
a p p a r a t u s  is p r e s e n t  in Fig .  1. I t  shou ld  b e  n o t e d  
t h a t  t he  ho t  r e a c t i o n  gases  ove r  t he  s a m p l e  a r e  
p u m p e d  into t h e  r e s t r i c t e d  sec t ion  of t he  r e a c t i o n  
c h a m b e r  and  t hence  to t he  H~O v a p o r  s a t u r a t o r .  
This  des ign  also f ac i l i t a t e s  r e m o v a l  of  t he  c h a m b e r  
for  p e r i o d i c  c lean ing .  The  t e m p e r a t u r e  of t h e  w a t e r  
b a t h  is r e g u l a t e d  to w i t h i n  +_0.02~ b y  m e a n s  of a 
m e r c u r y  t h e r m o r e g u l a t o r  a n d  zero c u r r e n t  r e l ay .  
The  c o n t a i n e r  is a P y r e x  glass  j a r  12 in. in  d i a m e t e r  
and  18 in. high,  ho ld ing  a p p r o x i m a t e l y  7 ga l  of  
doub le  d i s t i l l ed  w a t e r .  I t  is f i t ted  w i t h  a p l a s t i c  
cover  to m i n i m i z e  e v a p o r a t i o n  losses and  to k e e p  ou t  
dust .  The  suppor t s  for  t h e  w a t e r  s a t u r a t o r  and  m a n -  

Fig. 1. Equ}librium apparatus: ], furnace; 2, quartz re- 
action chamber; 3, gas pump; 4, solenoids; 5, therrnostated, 
constant temperature water both; 6, water vapor saturator; 
7, mercury manometer; 8, to atmosphere; 9, to high vacuum; 
10, to hydrogen or argon; ! 1, to high vacuum mani fo ld;  12, 
4 mm high VQCUUm stopcocks; 13, 18 /7  spherical high 
vacuum glass joints; 14, restricted section and exi t  capi l lary; 
15, sealed quartz tube used as plug; 16, sample boat. 
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o m e t e r  a r e  f a sh ioned  f rom brass ,  copper ,  a n d  
Teflon. 

T h e  bas ic  des ign  for  t he  gas  so leno id  p u m p  was  
f u r n i s h e d  b y  S e y b o l t  (9)  and  is s i m i l a r  to t h a t  
r e c e n t l y  d e s c r i b e d  b y  B e n n e t t  (10) .  A Teflon en -  
cased  d r i l l  r od  is u sed  as a p is ton.  This  p i s t on  w a s  
m a c h i n e d  to g ive  a t i gh t  fit in ~ in. OD P y r e x  glass  
tub ing .  This  size of glass  t u b i n g  w a s  chosen  so as to 
fit the  r e a d i l y  a v a i l a b l e  c o m m e r c i a l  so lenoids .  The  
p i s ton  was  t hen  h a n d  l a p p e d  to g ive  a smoo th  s l id ing  
act ion.  A p o r t  is also p r o v i d e d  for  e a sy  r e m o v a l  of 
the  p is ton,  if necessa ry .  S m a l l  b locks  of i r on  t r a n s -  
f o r m e r  core  w e r e  p l a c e d  on the  u p p e r  p a r t  of t he  
glass  t u b e  on the  ou t s ide  of t h e  so leno ids  n e x t  to 
the  v e r t i c a l  sec t ions  of t he  p u m p .  W h e n  the  so leno id  
is ene rg i zed  the  i r on  b locks  a t t r a c t  t h e  i r on  core  of 
the  p i s t o n  and  t e n d  to l e n g t h e n  t h e  s t roke .  This  
ac t ion  r e su l t s  in a f loa t ing  effect w h i c h  e n a b l e s  t h e  
p u m p  to r u n  c o n t i n u o u s l y  for  8-10 h r  a t  a t e m p e r a -  
t u r e  of 60~ w i t h o u t  v a r i a t i o n  in  p u m p i n g  speed.  
The  p u m p i n g  f r e q u e n c y  is 60 c y c l e s / r a i n  a n d  is o b -  
t a i n e d  b y  a cam, s y n c h r o n o u s  motor ,  and  b r e a k e r  
po in t  a s sembly .  The  p u m p i n g  c a p a c i t y  was  m e a s -  
u r e d  as 250 c c / m i n  b y  a w a t e r  d i s p l a c e m e n t  m e t h o d  
at  a t m o s p h e r i c  p r e s su re .  T h e r e  was  no ev idence  of 
decompos i t i on  of the  Teflon p i s t on  at  60~ w h e n  i t  
was  o p e r a t e d  in a v a c u u m .  

A l l  the  glass  tub ing ,  i n c l u d i n g  s topcocks ,  is h e a t e d  
w i t h  a s b e s t o s - c o v e r e d  r e s i s t ance  w i r e  and  w r a p p e d  
w i t h  A1 foi l  s t r ips .  T h e  h igh  v a c u u m  s topcocks  
o p e r a t e  eff ic ient ly  a t  60~ if  t he  p r o p e r  g r e a s i n g  
t e c h n i q u e  is used.  E n o u g h  h e a t  is c o n d u c t e d  f r o m  
the  q u a r t z  r e a c t i o n  c h a m b e r  to p r e v e n t  c o n d e n s a t i o n  
of H,O in th is  sect ion.  The  H~O v a p o r  p r e s s u r e  
t h e r e f o r e  is d e t e r m i n e d  on ly  b y  the  t e m p e r a t u r e  of 
t he  w a t e r  b a t h  w h i c h  is c a r e f u l l y  r e g u l a t e d .  The  
s ame  r e a c t i o n  f u r n a c e  was  used.  The  cons t an t  
t e m p e r a t u r e  zone ( •  l ~  was  i n c r e a s e d  to 4 cm 
due  to i n c r e a s e d  end  i n su l a t i on  a n d  r a d i a t i o n  s h i e l d -  
ing. The  con t ro l  t h e r m o c o u p l e  a n d  r e c o r d e r  w e r e  
r e c h e c k e d  aga in s t  a B u r e a u  of S t a n d a r d s  Cer t i f i ca te  
P t - P t - 1 0 % R h  to _ I ~  for  t he  e n t i r e  t e m p e r a t u r e  
range .  T h e  m e r c u r y  m a n o m e t e r  r e a d i n g s  w e r e  m a d e  
w i t h  a p r ec i s i on  c a t h e t o m e t e r  to •  mm.  

This  n e w  e x p e r i m e n t a l  a p p a r a t u s  was  u sed  to 
d e t e r m i n e  once a g a i n  t he  Fe-H~O-H~-Fe~O~ e q u i l i b -  
r i u m  o v e r  t h e  t e m p e r a t u r e  r a n g e  400~176 D a t a  
w e r e  some 20% h i g h e r  t h a n  those  o b t a i n e d  w i t h  t he  
i n i t i a l  a p p a r a t u s ,  w h i l e  d a t a  for  t h e  s y s t e m  H~-W- 
WO,-H~O w e r e  s l i g h t l y  l o w e r  t h a n  the  p r e v i o u s  da ta .  
V a s i l ' e v a  and  G e r a s i m o v  (11) s u g g e s t e d  some  
changes  in  t he  e x p e r i m e n t a l  a p p a r a t u s .  T h e y  w e r e  
of the  op in ion  t h a t  t he  f low of t h e  ho t  r e a c t i o n  gases  
was  no t  g r e a t  enough  to e l i m i n a t e  t h e r m a l  diffusion.  
A t  t h e i r  sugges t ion  the  ex i t  c a p i l l a r y  of t he  r e a c t i o n  
c h a m b e r  was  m a d e  1 m m  ID a n d  mos t  of t h e  space  
in  the  r e a c t i o n  c h a m b e r  was  occup ied  b y  i n s e r t i n g  a 
sea l ed  q u a r t z  t u b e  a f t e r  t he  s a m p l e  b o a t  was  i n -  
se r ted .  This  r e s u l t e d  in  a m u c h  h i g h e r  f low of  gases  
t h r o u g h  the  hot  r e a c t i o n  zone. 

These  i m p r o v e m e n t s  e n a b l e d  d a t a  to be  o b t a i n e d  
for  the  s y s t e m  Fe-H~O-H~-Fe~O, w h i c h  a g r e e d  
e s s e n t i a l l y  w i t h  t h a t  o b t a i n e d  us ing  the  o r i g i n a l  
a p p a r a t u s  (1 ) ;  h o w e v e r ,  t h e  K~'s n o w  o b t a i n e d  for  

t h e  s y s t e m  H.o-W-WO~-H.oO w e r e  c o n s i d e r a b l y  l o w e r  
t h a n  those  o b t a i n e d  p r e v i o u s l y .  The  a p p a r e n t  p a r a -  
dox  can  be  e x p l a i n e d  b y  e x a m i n i n g  the  cond i t ions  
u n d e r  w h i c h  the  o r ig ina l  a p p a r a t u s  was  used.  In  t h e  
o r i g i n a l  a p p a r a t u s  t h e  en t i r e  r e a c t i o n  c h a m b e r  
was  i n s u l a t e d  b y  A1 foi l  guards .  The  a u x i l i a r y  f u r -  
nace  was  o p e r a t e d  a t  a b o u t  300~ w h i l e  t h e  r e a c t i o n  
f u r n a c e  v a r i e d  f r o m  400 ~ to 550~ for  t he  r e f e r e n c e  
Fe-H.~O-H~-Fe, O4 sys tem.  U n d e r  these  cond i t ions  t h e  
t e m p e r a t u r e  g r a d i e n t  was  no t  l a r g e  e n o u g h  ove r  t he  
c losed  t ube  c h a m b e r  to b r i n g  t h e r m a l  d i f fus ion  effects 
in to  p l a y  a n d / o r  convec t ion  c i r c u l a t i o n  was  sufficient  
to o v e r c o m e  th is  effect. In  w o r k i n g  w i t h  t he  t u n g s t e n  
ox ide  sys tem,  h o w e v e r ,  the  t e m p e r a t u r e  r a n g e d  
f r o m  500 ~ to 1000~ U n d e r  these  cond i t ions  t he  
effects of t h e r m a l  d i f fus ion e v i d e n t l y  h a d  a cons id -  
e r a b l e  in f luence  on the  d a t a  ob ta ined .  

The re fo re ,  i t  is b e l i e v e d  t ha t  t h e r m a l  d i f fus ion  
effects w e r e  e l i m i n a t e d  in t he  s y s t e m  d e s c r i b e d  
a b o v e  because ;  ( A )  the  pos i t i ve  p r e s s u r e  ac t ion  of  
the  p u m p  m a i n t a i n e d  a fo rced  c i r c u l a t i o n  of t h e  
r e a c t i o n  gases;  (B)  the  v e l o c i t y  of t h e  gases  in t he  
r e a c t i o n  c h a m b e r  was  i n c r e a s e d  b y  e l i m i n a t i n g  as 
m u c h  as pos s ib l e  of the  d e a d  space  b y  m e a n s  of t h e  
s ea l ed  q u a r t z  tube ;  and  (C)  t h e  ex i t  gases  w e r e  
c o n d u c t e d  b y  m e a n s  of a 1 m m  c a p i l l a r y  d i r e c t l y  to 
t he  w a t e r  v a p o r  s a t u r a t o r .  

X - r a y  s tudies . - -The x - r a y  i nve s t i ga t i on  was  con-  
ce rned  w i t h  two  a r e a s  of in te res t .  The  first  a r e a  
i n v o l v e d  r o u t i n e  x - r a y  e x a m i n a t i o n s  of t he  sol id  
phases  in t he  e q u i l i b r i u m  samples ,  u s i n g  p o w d e r  
c a m e r a  t echn iques .  This  s t u d y  s h o w e d  on ly  t he  
t u n g s t e n  o x i d e  phases  as r e p o r t e d  b y  Magne l i ,  et al. 
(12) .  

The  second  a r e a  of i n t e r e s t  conce rned  the  n e w  
s t r u c t u r e s  of the  s u b o x i d e s  d e s c r i b e d  b y  Vas i l ' eva ,  
et al. (3) .  S a m p l e s  in th i s  s t u d y  cons i s t ed  of  t he  
p u r e  t u n g s t e n  ox ides  in  c o n t r a s t  to t h e  so l id  t w o -  
phase  s a m p l e s  e n c o u n t e r e d  in  t he  e q u i l i b r i u m  s a m -  
ples.  A G e n e r a l  E lec t r i c  X R D - 5  x - r a y  d i f f r a e t o m e t e r  
was  used  to e x a m i n e  the  q u e n c h e d  s a m p l e s  so as  to 
o b t a i n  the  d a t a  as soon as poss ib le .  C o p p e r  K r a d i a -  
t ion  was  used  s ince  t he  r e s o l u t i o n  a c h i e v e d  was  
suff icient  for  th is  s tudy .  I t  has  been  p o i n t e d  out  t h a t  
r e l i a b l e  d e t e r m i n a t i o n  of a n g u l a r  pos i t i on  and  in -  
t ens i t i e s  of t h e  d i f f r ac t ion  p e a k s  r e q u i r e s  c o n s i d e r -  
a b l e  a t t e n t i o n  to t he  p r e p a r a t i o n  and  m o u n t i n g  of 
t he  s a m p l e  p o w d e r s  (13) .  The  s a m p l e s  w e r e  
m o u n t e d  acco rd ing  to t h e  p r o c e d u r e  as o u t l i n e d  b y  
M c C r e e r y  (14) .  S e v e r a l  s a m p l e s  w e r e  e x a m i n e d  fo r  
each  ox ide  in  o r d e r  to de t ec t  gross  va r i a t i ons .  The  
p u r e  ox ide  s a m p l e s  w e r e  s ea l ed  in  q u a r t z  t ubes  a f t e r  
c a r e fu l  e v a c u a t i o n  a t  less  t h a n  0.1 ~ p r e s s u r e  fo r  a 
p e r i o d  of 8 hr .  These  capsu le s  w e r e  h e l d  a t  1000~ 
for a p p r o x i m a t e l y  18 hr .  The  s a m p l e s  w e r e  q u e n c h e d  
to r o o m  t e m p e r a t u r e  b y  d r o p p i n g  the  ho t  c apsu l e  
in to  a r e s e r v o i r  of w a t e r .  T h e  q u e n c h e d  p o w d e r  
w h i c h  was  s t i l l  u n d e r  v a c u u m  w a s  r e m o v e d  b y  
b r e a k i n g  t h e  capsu le .  T o t a l  t i m e  r e q u i r e d  for  
q u e n c h i n g  a n d  p r e p a r i n g  the  s a m p l e  was  3 min .  In  
one  i n s t ance  a s a m p l e  of WO~ was  h e a t e d  in  a i r ,  
q u e n c h e d  d i r e c t l y  in to  w a t e r ,  f i l tered,  w a s h e d  w i t h  
ace tone  for  d r y i n g  purposes ,  a n d  t h e n  p r e p a r e d  for  
x - r a y .  
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Table I. Equilibrium data for the system WO~-H~-WO~.~o-H~O 

PE20 P~r~O 
Ternp ,  Kp = T e m p ,  Kv -- T e m p .  Kv 

~ P~e ~ Pu2 ~ 

P~=o 

P~ 

600 2.30 700 5.10 800 8.40 
600 2.21 700 4.91 800 9.20 
600 2.39 700 5.30 800 9.61 
600 2.28 700 5.24 800 9.12 
600 2.25 700 5.05 800 9.71 
600 2.32 700 5.12 800 9.54 

Table II. Equilibrium data for the system WO2.~-H2-WO2.72-H~O 

Pn2o PH# P~o 
T e m p .  Kp -- T e m p ,  K~ -- T e m p ,  Kp -- 

"C P~e ~ PE~ ~ Pn2 

600 1.20 700 3.20 800 7.20 
600 1.25 700 3.10 800 7.37 
600 1.17 700 3.27 800 7.02 
600 1.19 700 3.30 800 7.15 
600 1.21 700 3.17 800 7.23 
600 1.23 700 3.22 800 7.10 

Table III. Equilibrium data for the system WO~.z2-H,_,-WO2-H~O 

PH20 PI~O 
Temp, Kv -- Ten]p, Kp -- Temp, 
~ C PH2 ~ C P~e ~ C 

Kv - -  

PH.20 

Pn2 

600 0.880 
600 0.892 
600 0.894 
600 0.873 
600 0.850 
600 0.861 
900 1.50 
900 1.45 
900 1.54 
900 1.48 
900 1.51 
900 1.47 

700 1.10 800 1.31 
700 1.05 800 1.29 
700 1.13 800 1.35 
700 1.08 800 1.33 
700 1.10 800 1.27 
700 1.05 800 1.33 

Table IV. Equilibrium data for the system WO2-H~-W-H20 

PH20 PHi0 PH20 
Temp, Kv -- Temp, Kp -- Temp, K~ = - -  
~ C PH2 ~ C P~ ~ C P~2 

600 0.175 700 0.269 
600 0.168 700 0.272 
600 0.178 700 0.260 
600 0.164 700 0.267 
600 0.173 700 0.265 
600 0.171 700 0.263 
900 0.535 1000 0.687 
900 0.521 1000 0.667 
900 0.540 1000 0.690 
900 0.550 1000 0.665 
900 0.525 1000 0.670 
900 0.531 1000 0.683 

800 0.390 
800 0.385 
800 0.394 
800 0.401 
800 0.388 
800 0.386 

R e s u l t s  a n d  D i s c u s s i o n  

All  of the  da ta  was ob ta ined  by  a l t e rna t e  r educ t ion  
and  ox ida t ion  of the  samples.  The sample  consisted 
of a m i x t u r e  of the  two solid phases concerned  for the  
pa r t i cu l a r  he te rogeneous  e q u i l i b r i u m  be ing  inves -  
t igated.  This is in  con t rad i s t inc t ion  to the  me thod  of 
Vasi l 'eva ,  et aL (3) who p repa red  the  phases  in 
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fo r  the systems: 

situ by the reduc t ion  of WO~. The two phases  were  
in t roduced  in order  to achieve  e q u i l i b r i u m  condi -  
t ions  as soon as was  p rac t i cab le  and  to avoid exces-  
sive s in t e r ing  effects which  somet imes  i nva l i da t e  
the da ta  ob ta ined  for e x p e r i m e n t a l  r u n s  i nvo lv ing  
long t imes  a n d / o r  h igh e q u i l i b r i u m  gas ratios.  The  
2-g sample  was evacua ted  to less t h a n  0.1 /~ and  
held there  for at least  3 hr. Each sample  was  sub-  
jec ted to cond i t ion ing  r u n s  u n d e r  oxid iz ing  and  
reduc ing  condi t ions  before the  final r u n  was  made.  
The sys tem was evacua ted  af ter  the  f inal  equ i l i b -  
r i u m  m e a s u r e m e n t s  were  m a d e  and  the  sample  
cooled to room t empera tu r e .  Al l  e q u i l i b r i u m  samples  
t hen  were  e x a m i n e d  by  x - r a y ,  us ing  powder  camera  
techniques ,  to iden t i fy  the  solid phases present .  The 
t e m p e r a t u r e  regions  inves t iga ted  were  l imi t ed  by  
the s ignif icant  vo la t i l i ty  of the  h igher  t u n g s t e n  
oxides in  the  presence  of wa te r  vapor ,  as was  
po in ted  out  in  the first pa rag raph .  

The  data  a re  s u m m a r i z e d  in  Tables  I - IV,  a nd  Fig. 2. 
C / s  for the e q u i l i b r i u m  reac t ions  were  ca lcula ted  

on the basis  of l i t e r a tu r e  va lues  for H2, H~O, WO3 
(15),  W (16),  and  Kopp ' s  ru le  for the  t u n g s t e n  
oxides since no l i t e r a tu re  va lues  are avai lable .  The 
e q u i l i b r i u m  va lues  in  Tables  I - I V  were  t r ea t ed  b y  
means  of s igma func t ions  a nd  the me thod  of least  
squares.  L i t e r a t u r e  va lues  (17) of AF~ (--109, 
200 cal) and  AH%~ (--115, 600 cal)  for the  reac t ion  
2H_~+O~-->2H20 were  used to ca lcu la te  aH~ for each 
oxide. The s t anda rd  e n t r opy  va lues  of W and  O~ 
(18) were  used to ca lcula te  the  s t a n d a r d  en t rop ies  of 
the oxides. The resul ts  of these ca lcula t ions  are  
t a bu l a t e d  in Tab le  V. 

The lack of re l iab le  heat  capaci ty  da ta  accounts  
for the la rge  es t imated  er ror  ass igned to these values .  
The heats  of fo rma t ion  repor ted  here  (Tab le  VI) 
are compared  wi th  those ob ta ined  by  di rect  com-  
bus t ion  t echn iques  (1) .  
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Table V. Results of thermodynamic calculations 

(A)  10 WO~ + H2"--> 10 WO~.~o + H~O 
AH ~ = 42,300 + i .90T - -  33.1 • 10 -8 T ~ + 0.04 • 

10.~ T-1 
AF ~ ~ 42,300 - -  1 .90TlnT + 33.1 X 10 -8 T 2 + 

0.02 X 10 -~ T -~ - -  66.0T 
AH%8 = +39 .9  -+- 1.0 kca l  
AF%8 = + 2 2 . 4  • 1.0 kea l  

W + 3 /2  O~--> WO8 
AH%8 = --202.8 + 1.4 k c a l / g - a t o m  W 
S%8 WO~ = 19.1 • 1.4 e . u . / g - a t o m  W 

( B )  100/18 WO:.,o + H.~ --> 100/18 WOf.~ + H~O 
AH ~ = 19,100 - -  3.35T + 0.89 X 10 -8 T '~ + 0.04 X 

10 ~ T-~ 
AF ~ ~ 19,100 + 3 .35TlnT - -  0.89 X 10 _8 T "~ + 

0.02 X 10 ~ T -~ - -  44.1T 
AH%~ : +18 .2  + 1.0 kca l  
AF~ : +11 .6  ___ 1.0 kca l  

2.90 
W + - O~--> WO~.~o 

2 
AH%8 : --193.1 __+ 1.4 k c a l / g - a t o m  W 
S%o8 WO,_,.9o : 23.6 • 1.4 e . u . / g - a t o m  W 

( C )  100/72 W O  .... + H~-~ 100/72 WO~ + H~O 
AH ~ -~ 6 1 1 0 - -  3.35T + 0.89 X 10 -~T-" + 0.04 X 

10 ~ T-~ 
i F  ~ = 6110 + 3 .35TlnT - -  0.89 X 10 _8 T ~ + 

0.02 X 10 "~ T -~ - -  28.6T 
AH%s : 5.2 ___ 1.0 k c a l  
AF%8 = 3.2 • 1.0 kca l  

2.72 
W + ~ O, -* W O  .... 

2 
AH~ = --180.3 ___ 1.4 k c a l / g - a t o m  W 
S%8 WO..~, = 25.0 • 1.4 e . u . / g - a t o m  W 

(D)  1/2 WO~ + H,--> V~ W + H,oO 
AH ~ ~ 1 0 , 1 2 5 - - 3 . 4 8 T  + 1.08 X 10 '~T'-' + 0.04 X 

10 ~ T-~ 
AF ~ ~ 10,125 + 3 .48TlnT - -  1.08 X 10 -~ T ~ + 

0.02 X 10 ~ T -~ - -  30.7T 
AH%~ = + 9 . 2  • 0.5 kca l  
AF~ = + 6 . 8  • 0.5 kca l  

W + O~--> WO~ 
AH%s = 134.0 ___ 0.7 k c a l / g - a t o m  W 
S~ WO,~ = 19.7 + 1.0 e . u . / g - a t o m  W 

f o r m  of  WO~ to  t h e  o r t h o r h o m b i c  f o ~ m  a t  a b o u t  
300~  a n d  a s h a r p  t r a n s i t i o n  to  t h e  t e t r a g o n a l  f o r m  
a t  720~  T h e  h i g h - t e m p e r a t u r e  f o r m  ( a b o v e  7 4 0 ~  
of  WO~ w a s  d e s c r i b e d  as  o r t h o r h o m b i c  b y  V a s i l ' e v a  
o n  t h e  b a s i s  of  e x a m i n a t i o n  of  r a p i d l y  c o o l e d  s a m -  
p l e s  of  WO3. A s  s t a t e d  a b o v e ,  t h i s  s t u d y  f a i l e d  to  
d e t e c t  a n y  " q u e n c h e d - i n "  h i g h - t e m p e r a t u r e  f o r m .  
T h e  o n e  s a m p l e  of  WO.~, w h i c h  w a s  c o o l e d  b y  p o u r -  
i n g  t h e  h o t  p o w d e r  i n t o  H~O, d i d  s h o w  s o m e  e v i d e n c e  
of  i n c r e a s e  i n  t h e  d v a l u e s  o b t a i n e d  f r o m  001, 020, 
200 r e f l e c t i o n s .  T h i s  c o m p o r t m e n t  i n d i c a t e s  a s h i f t  
to  t h e  o r t h o r h o m b i c  s t r u c t u r e .  T h e  p e a k s  w e r e  r e -  
c o r d e d  i n  t h e i r  n o r m a l  p o s i t i o n s ,  h o w e v e r ,  a f t e r  
15 m i n .  T h e  d a t a  o b t a i n e d  f r o m  t h e  d i f f r a c t o m e t e r ,  
e s p e c i a l l y  a t  s l o w  s c a n n i n g  speeds ,  w e r e  s u f f i c i e n t l y  
p r e c i s e  so as  to  s h o w  t h e  p o s s i b l e  s h i f t  i n  s t r u c t u r e  
f o r  a l l  t h e  t u n g s t e n  o x i d e s .  T h e  q u e s t i o n  as  to  
w h e t h e r  t h e  t u n g s t e n  o x i d e s  p r e p a r e d  in  s i tu b y  
V a s i l ' e v a  a n d  s u b s e q u e n t l y  c o o l e d  r a p i d l y  h a v e  a 
d i f f e r e n t  s t r u c t u r e  f r o m  t h o s e  p r e p a r e d  b y  d i r e c t  
s y n t h e s i s ,  u s i n g  WO8 a n d  W,  is d i f f i cu l t  s i n c e  t h e  
h i g h - t e m p e r a t u r e  s t r u c t u r e  f o r  WO8 w a s  n o t  r e -  
p o r t e d  b y  V a s i l ' e v a .  T h e  e q u i l i b r i u m  d a t a  c e r t a i n l y  
s u g g e s t  t h a t  t h e r e  is a d i s t i n c t  a n d  m e a s u r a b l e  
d i f f e r e n c e .  F u r t h e r  w o l k  is p l a n n e d  i n  e x a m i n i n g  
t h e  p h a s e  t r a n s i t i o n s  of  e a c h  of  t h e  o x i d e s  b y  m e a n s  
of  a h i g h - t e m p e r a t u r e  x - r a y  c a m e r a .  T h e  c h a r a c t e r -  
i s t i c s  o f  t h o s e  o x i d e s  p r e p a r e d  b y  r e d u c t i o n  of  WO3 
in  s i tu a n d  t h o s e  p r e p a r e d  b y  d i r e c t  s y n t h e s i s  of  
WO~ a n d  W (12 )  w i l l  b e  c o m p a r e d .  
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Table VI. Heats of formation of tungsten oxides 

AHf ~ k c a l / g - a t o m  W 
O x i d e  C o m b u s t i o n  E q u i l i b r i u m  

WO~ --199 • 1 --202.8 • 1.4 
WOf.~0 - -193 ~ 1 --193.1 _ 1.4 
W O ~  --183 _+ 1 --180.3 _ 1.4 
WO2 --137 +_ 1 --134.0 • 0.7 

T h e  x - r a y  e x a m i n a t i o n  of  t h e  e q u i l i b r i u m  s a m -  
p ies ,  as  w a s  p r e v i o u s l y  p o i n t e d  ou t ,  s h o w e d  n o  
e v i d e n c e  of  t h e  s t r u c t u r e  r e p o r t e d  b y  V a s i l ' e v a ,  
et  al. ( 3 ) .  T h e  s t r u c t u r e  of  t h e  e q u i l i b r i u m  o x i d e  
p h a s e s  c o r r e s p o n d e d  o n l y  to  t h o s e  r e p o r t e d  b y  M a g -  
ne l l ,  et ak ( 1 2 ) .  

T h e  x - r a y  e x a m i n a t i o n  of  t h e  p u r e  o x i d e s  p h a s e s ,  
as  o u t l i n e d  u n d e r  t h e  s e c o n d  a r e a  of  i n t e r e s t ,  w a s  
a l so  u n s u c c e s s f u l  i n  r e v e a l i n g  a n y  n e w  s t r u c t u r e s  
f o r  t h e  t u n g s t e n  o x i d e s .  A l l  of  t h e  s a m p l e s  h e a t e d  a t  
1 0 0 0 ~  a n d  q u e n c h e d  g a v e  o n l y  t h e  t u n g s t e n  o x i d e  
p a t t e r n s  as  p r e v i o u s l y  r e p o r t e d  ( 1 2 ) .  T h e  t e t r a g o n a l  
s t r u c t u r e  of  WO~ a b o v e  7 4 0 ~  h a d  b e e n  c o n f i r m e d  
b y  d i l a t o m e t r i c  ( 1 9 ) ,  x - r a y ,  a n d  d i f f e r e n t i a l  t h e r m a l  
a n a l y s i s  d a t a  ( 2 0 - 2 2 ) .  P e r r i ,  et al. ( 2 )  s h o w e d  t h a t  

t h e r e  is a s m o o t h  t r a n s i t i o n  f r o m  t h e  m o n o c l i n i c  

M a n u s c r i p t  r e c e i v e d  Nov.  5, 1958. T h i s  p a p e r  w a s  
p r e p a r e d  fo r  d e l i v e r y  b e f o r e  t h e  Buf fa lo  M e e t i n g ,  Oct. 
6-10, 1957. 
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Polarographic Behavior of Nitro and Nitrosoguanidine 
Gerald C. Whitnack and E. St. Clair Gantz 1 

General Research Branch, U. S. Naval  Ordnance Test  Station, China Lake,  California 

ABSTRACT 

The genera l  behavior  of ni t ro and n i t rosoguanidine  at  the dropping  mercu ry  
electrode has been s tudied under  var ious  alkal ine,  neutra l ,  and acidic con- 
ditions. Different  mechanisms of reduct ion are  pos tu la ted  and discussed. Op- 
t imum condit ions are  specified, wi th  other  details ,  both  for the de te rmina t ion  
of the  ni troso compound in the presence of the ni t ro compound, and for the 
reduct ion of the  ni t ro  compound to e i ther  the amino or ni troso compound.  
Ha l f -wave  potent ials ,  diffusion cur ren t  constants,  and n -va lues  are  r epor ted  
for each compound in severa l  media.  The mul t ip le  waves  obtained wi th  these 
compounds at  some pH values  are  discussed in te rms of different  ionic and 
molecular  forms in solution. 

The  r e d u c t i o n  of n i t r o g u a n i d i n e  has  been  a s u b -  
j ec t  of c o n s i d e r a b l e  s t u d y  for  m a n y  y e a r s  ( 1 - 5 ) .  
N i t r o s o g u a n i d i n e  has  been  e s t a b l i s h e d  as t h e  first  
p r o d u c t  in the  c h e m i c a l  r e d u c t i o n  of n i t r o g u a n i d i n e  
(1, 3) .  Th i e l e  d e s c r i b e d  the  p r e p a r a t i o n  of n i t r o s o -  
g u a n i d i n e  b y  the  ca re fu l  r e d u c t i o n  of n i t r o g u a n i d i n e  
w i t h  t in  and  d i l u t e  h y d r o c h l o r i c  acid. S t e i n b a c h  (5)  
s t u d i e d  the  c h e m i c a l  r e d u c t i o n  of n i t r o g u a n i d i n e  in 
neu t r a l ,  acidic ,  and  a l k a l i n e  so lu t ions  a n d  the  e l ec -  
t r o c h e m i c a l  r e d u c t i o n  in ac idic  and  a l k a l i n e  so lu-  
t ions.  He s h o w e d  t h a t  t he  p r o d u c t  of t he  c h e m i c a l  
r e d u c t i o n  d e p e n d e d  m a i n l y  on the  t y p e  of r e d u c i n g  
agen t  and  the  a m o u n t  of r e d u c t a n t  p resen t .  A m i n o -  
g u a n i d i n e  and  n i t r o s o g u a n i d i n e  w e r e  t h e  end  p r o d -  
ucts .  S m i t h  and  S a b e t t a ,  and  Davis  a n d  Rosenqu i s t  
(4, 23) p r o p o s e d  a m e t h o d  for  t he  p r e p a r a t i o n  of n i -  
t r o s o g u a n i d i n e  b y  the  r e d u c t i o n  of n i t r o g u a n i d i n e  
w i t h  zinc dus t  in an  a m m o n i u m  c h l o r i d e  solu t ion .  
The  o x i d a t i o n  p o t e n t i a l  for  t he  ha l f - ce l l ,  n i t r o - n i -  
t r o soguan id ine ,  has  been  m e a s u r e d  (4 ,6) ;  h o w e v e r ,  
v e r y  l i t t l e  f u n d a m e n t a l  i n f o r m a t i o n  has  been  r e -  
p o r t e d  on the  p o l a r o g r a p h i c  b e h a v i o r  of th is  v e r y  
i n v o l v e d  sys tem.  

N i t ro  and  n i t r o s o g u a n i d i n e  e x h i b i t  a m p h o t e r i c  
c ha r ac t e r i s t i c s  (7) and  t h e i r  d i f fe ren t  poss ib le  m o l e -  
c u l a r  and  ionic fo rms  h a v e  been  the  sub j ec t  of con-  
s i d e r a b l e  c o n t r o v e r s y  (8 -13 ) .  The  d i s soc ia t ion  con-  
s t an t s  of s e v e r a l  d e r i v a t i v e s  of n i t r o g u a n i d i n e  (14) 
a n d  the  effect of s u b s t i t u e n t s  on the  a b s o r p t i o n  spec -  
t r u m  of n i t r o g u a n i d i n e  h a v e  been  d e t e r m i n e d  spec -  
t r o p h o t o m e t r i c a l l y  (15) .  A h y d r o x y l a m i n o g u a n i d i n e  
i n t e r m e d i a t e  has  been  p r o p o s e d  in  the  r e d u c t i o n  of 
n i t r o g u a n i d i n e  b y  t i t a n i u m  ( I I I )  ch lo r ide  (16) .  

In  the  fa l l  of 1955, a p a p e r  on the  p o l a r o g r a p h i c  
b e h a v i o r  of n i t ro  and  n i t r o s o g u a n i d i n e  was  p u b l i s h e d  
b y  Lanza ,  et at. (17) .  In  add i t ion ,  N a m b a  a n d  S u -  

1Presen t  address :  A i rc ra f t  Gas Turb ine  Division,  Genera l  E l e c -  
t r i c  Co., Cincinnat i ,  Ohio. 

zuk i  (18) in 1955 p u b l i s h e d  some w o r k  on n i t r o u r e a  
and  n i t r o g u a n i d i n e .  In  gene ra l ,  w h e r e  t h e i r  w o r k  
o v e r l a p p e d  w i t h  t he  w o r k  p r e s e n t e d  in  th is  r epo r t ,  
good a g r e e m e n t  was  ob ta ined .  

The  p r e s e n t  s t u d y  was  i n i t i a t e d  so t ha t  a d d i t i o n a l  
f u n d a m e n t a l  k n o w l e d g e  a b o u t  t he  m e c h a n i s m  and  
p r o d u c t s  of r e d u c t i o n  and  the  g e n e r a l  p o l a r o g r a p h i c  
b e h a v i o r  of n i t ro  and  n i t r o s o g u a n i d i n e  m i g h t  be  ob -  
t a ined .  I t  is the  p u r p o s e  of th is  r e p o r t  to p r e s e n t  
and  discuss  such  da ta .  

Experimental 
A p p a r a t u s  and m a t e r i a l s . - - A  S a r g e n t  Mode l  X X I  

r e c o r d i n g  p o l a r o g r a p h  and  a F i s h e r  " E l e c d r o p o d e "  
w e r e  used  in these  s tudies .  M e r c u r y  pool  po t en t i a l s  
and  h a l f - w a v e  po t e n t i a l s  (E1/o.) vs. t he  s a t u r a t e d  
ca lome l  e l ec t rode  (SCE)  w e r e  d e t e r m i n e d  w i t h  the  
" E l e c d r o p o d e "  (19) .  The  E,~ va lue s  (vs. Hg poo l )  
w e r e  c a l c u l a t e d  b y  the  m e t h o d  of i n t e r s e c t i n g  l ines  
f r o m  p o l a r o g r a m s  o b t a i n e d  w i t h  the  S a r g e n t  Mode l  
X X I  p o l a r o g r a p h .  I t  is r e c ogn i z e d  t h a t  E,~ (vs.  Hg 
poo l )  va lue s  do no t  h a v e  e x a c t  s igni f icance  a n d  a re  
r e p o r t e d  for  r e l a t i v e  c o m p a r i s o n  only .  The  p o t e n t i a l  
of the  m e r c u r y  pool  was  f a i r l y  cons t an t  in a B r i t t o n  
a n d  Robinson  buf fe r  sy s t em t h r o u g h  the  p H  3-7 
range .  

So lu t ions  used  in these  s tud ies  h a d  cel l  r e s i s t ances  
of less  t h a n  500 ohms  (as d e t e r m i n e d  w i t h  a W h e a t -  
s tone  b r i d g e )  a n d  the  iR co r r ec t i on  was  ne g l i g ib l e  
in c o m p u t i n g  the  EI/~ v a l u e s  (20) .  A l l  p H  m e a s u r e -  
m e n t s  w e r e  m a d e  w i t h  a B e c k m a n  Mode l  G p H  
me te r .  

S e v e r a l  d r o p p i n g  m e r c u r y  e l ec t rodes  w e r e  used  in 
th is  work .  The  m~J~tl/~ va lues  a r e  r e p o r t e d  in the  
tab les .  

S m a l l  bo ros i l i c a t e  glass  b e a k e r s  (30 m l )  w e r e  
used  as p o l a r o g r a p h i c  cells.  A r u b b e r  s t o p p e r  to 
w h i c h  w e r e  a t t a c h e d  the  d r o p p i n g  m e r c u r y  e tec -  
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t rode,  con tac t  e lec t rode ,  and a glass t ube  w i t h  a 
f r i t t ed  disk, was p laced  ove r  t he  top of the  sma l l  
beakers .  The  c u r r e n t - v o l t a g e  cu rves  w e r e  ob ta ined  
in a cons tan t  t e m p e r a t u r e  ba th  at  30 ~ ~-- 0.1~ 

Disso lved  o x y g e n  was  r e m o v e d  f r o m  all  solut ions  
w i t h  p u r e  n i t r o g e n  jus t  p r i o r  to the  po l a rog raph i c  
examina t ion .  The  n i t r o g e n  was  passed t h r o u g h  a 
por t ion  of the  so lu t ion  be ing  e x a m i n e d  p o l a r o g r a p h -  
ica l ly  and  f inal ly  t h r o u g h  the  solut ion in the  po l a ro -  
g raph ic  cell.  

C l a rk  and Lubs '  and Br i t t on  and  Rob inson  buf fer  
solut ions  (21, 22) w e r e  p r e p a r e d  double  s t r eng th  
(2x) ,  and t h e n  the  buffer  was  added  to v a r y i n g  
amoun t s  of  aqueous  s tock solut ions  of n i t ro  and 
n i t r o soguan id ine  so tha t  the  final po l a rog raph i c  so- 
lu t ions  w e r e  about  0.1M in buffer .  M e t h y l  red  
(0 .001%) was  used as a m a x i m a  suppressor  in these  
studies,  and red i s t i l l ed  m e r c u r y ,  C.P. grade,  was  
used as the  anode.  T h e  ionic s t r eng th  of the  po l a ro -  
g raph ic  solut ions  was  con t ro l l ed  c a r e f u l l y  by  the  
add i t ion  of  ionic s t r e n g t h  agents  w h e n e v e r  needed .  

N i t r o s o g u a n i d i n e  was  p r e p a r e d  by the  m e t h o d  of 
Davis  and  Rosenqu i s t  (23).  The  m a t e r i a l  was  r e -  
c rys ta l l i zed  once f r o m  w a t e r  and  ana lyzed  98.6% 
by a p e r m a n g a n a t e  t i t ra t ion .  

The  n i t r o g u a n i d i n e  used  in this w o r k  was  a c o m -  
m erc i a l  g rade  k n o w n  as "p ic r i t e . "  This  m a t e r i a l  was  
r ec rys t a l l i zed  t h r ee  t ime  f r o m  dis t i l led  w a t e r  and 
had a m e l t i n g  poin t  of 234~176 

Diffusion Coefficient and n-Value Measurements 

The  dif fus ion coefficient  (D) for  n i t r o g u a n i d i n e  
was  d e t e r m i n e d  by a p r o c e d u r e  adap ted  f r o m  t h a t  
e m p l o y e d  by S tokes  (24).  In this  me thod ,  porous  
d i a p h r a g m  cells w e r e  used, w h i c h  e m b o d i e d  a m a g -  
net ic  s t i r r ing  mechan i sm.  The  cells  w e r e  ca l i b r a t ed  
by the  usua l  m e t h o d  of a l lowing  0.1M po ta s s ium 
ch lor ide  to diffuse into w a t e r  at 25~ unt i l  25% had  
passed t h r o u g h  the  d i aph ragm.  The  diffusion con-  
s tan t  of po ta s s ium ch lor ide  for  these  condi t ions  is 
k n o w n  to be  1.867 x 10-' cm: /sec .  

S ince  n i t r o soguan id ine  decomposes  in aqueous  so- 
lu t ions  (25) ,  a m o r e  r ap id  m e t h o d  of d e t e r m i n i n g  its 
diffusion coefficient and  n - v a l u e  was  needed.  A m i l -  
l i cou lome t r i c  m e t h o d  r e p o r t e d  by  Reyno lds  (26),  
and r e c e n t l y  modif ied  in this  l a b o r a t o r y  (27),  was  
employed .  In this m e t h o d  the  p o l a r o g r a p h  se rved  as 
a cou lome te r  and a source  of cons tan t  app l ied  p o t e n -  
tial.  The  i n t e g r a t i o n  m e t h o d  was  used  in ca lcula t ion .  
A n  n - v a l u e  for  n i t r o g u a n i d i n e  was  also d e t e r m i n e d  pH* 
by  this t echn ique .  

Results and  Discussion 

Ef]ect of pH, mercury height, and concentration.- 
Nit ro  and n i t r o s o g u a n i d i n e  w e r e  i nves t i ga t ed  in a m -  
m o n i u m  ch lor ide  and a m m o n i u m  su l fa te  solut ions 
(pH 4.5). Only  one w a v e  was  obse rved  for  n i t r o -  
guan id ine  in these  salt  solutions,  and  the  E~/~ was  
m o r e  n e g a t i v e  in t he  a m m o n i u m  su l f a t e  so lu t ion  
than  in the  a m m o n i u m  chlor ide  solut ion.  H o w e v e r ,  
in 1N HC1 and H.~SO~ solut ions,  two  w a v e s  w e r e  ob-  
served.  The  E , :  va lues  w e r e  m o r e  n e g a t i v e  in the  
H.~SO, so lu t ion  than  in the  HC1 solut ion.  N i t ro so -  
guan id ine  gave  two  w a v e s  in the  sal t  so lu t ions  bu t  
only one in t he  1N acid solut ions.  Thus  it  a p p e a r e d  

28 
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Fig. 1. Polorogrophic waves of 1.70 mM ni t rosoguonidine 
solution. Bri t ton and Robinson buf fer  (2X), pH 5.5, 0 . 0 0 1 %  
methyl  red, m~/3t 1/~ = 1.45 mg '~/~ sec -~/~. 

t ha t  these  w a v e s  w e r e  g r ea t l y  d e p e n d e n t  on the  pH 
and the  m ed ium ,  There fo re ,  n i t ro  and n i t r o s o g u a n i -  
d ine  so lu t ions  w e r e  s tud ied  in C la rk  and  Lubs '  and 
in B r i t t on  and Robinson ' s  buf fe r  solut ions.  The  ionic 
s t r eng th  of the  po l a rog raph i c  solut ions  was  m a i n -  
t a ined  be low 0.2M to m i n i m i z e  effects on h a l f - w a v e  
potent ia ls .  In genera l ,  two  w e l l - d e f i n e d  w a v e s  w e r e  
ob ta ined  ove r  the  acid a n d  n e u t r a l  pH r ange  and one 
w e l l - d e f i n e d  w a v e  was  ob ta ined  in a lka l ine  so lu-  
t ions w i t h  a pH  > 10. The  def ini t ion of the  w a v e s  
a p p e a r e d  to be b e t t e r  in the  Br i t t on  and Robinson  
buffer  solut ions  and  a typ ica l  p o l a r o g r a m  is shown  
in Fig. 1 for  n i t r o soguan id ine  in this system. The  
first w a v e  is r e f e r r e d  to as the  m o r e  pos i t ive  in v o l t -  
age. The  effect of pH  on the  i~ va lues  and  the  Elz~ 
va lues  of the  two  i n d i v i d u a l  w a v e s  and  the  to ta l  
waves ,  ~espect ively ,  is shown in Tables  I and  II. The  
E~z: va lues  of the  first w a v e s  inc reased  l i nea r ly  w i t h  
an inc rease  in pH  to about  a pH  of 4. The  slope of 

Table I. Effect of pH on i~ and E~/~ of nitroguanidine 1.007 mM 
nitroguanidine solution containing 0.001% methyl red 

m2/Zt ~/e ~ ] .45 mg 2/3 sec -1/2 

Ell2 (vs.  S C E ) ,  v i~/Cm2/atl/6 

1st 2rid 1st  2r id  

2.4 --0.73 --1.13 5.28 4.67 
3.1 --0.85 --1.45 4.32 3.43 
3.7 --0.94 --1.43 3.43 4.53 
4.4 --1.16 --1.36 3.43 5.22 
4.9 --1.26 - -  10.09 - -  
5.5 --1.26 - -  10.09 - -  
6.3 --1.24 - -  10.02 - -  
6.9 --1.24 - -  9.95 - -  
7.8 --1.22 - -  9.95 - -  
9.1 --1.22 - -  9.75 - -  

10.9 --1.16 - -  9.06 - -  
11.6 --1.15 - -  9.06 - -  
11.8 --1.15 - -  6.92 - -  

* 18 m l  B r i t t o n  a n d  R o b i n s o n  b u f f e r  s o l u t i o n s  w i t h  2 m l  of s t o c k  
n i t r o g u a n i d i n e  so lu t i on ,  p H  2.4 w e l l - d e f i n e d  w a v e s ,  p H  3.1-4.4 i l l -  
d e f i n e d  w a v e s ,  p H  4 .9-11.8  one  w e l l - d e f i n e d  w a v e .  
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Table II. Effect of pH on i~ and E~/2 of nitrosoguanidine 1.043 mM 
nitrosoguanidine solution containing 0.001% methyl red 

m2/~t ~/~ ~ 1.45 mg 2/3 sec -~/~ 

Table II I .  Effect of concentration on E1/~ and id of nitro and 
nitrosoguanidine, Clark and Lubs' buffer (2x), pH 6.0, 0 .001% 

methyl red m~t~t ~/~ = 1.92 mg 2/~ sec -~/2 

EI12 (VS. SCE) ,  V i~/Cm~/Stl/e 

pI-I* 1st 2nd  T o t a l t  1st 2nd Total t  

2.4 --0.73 --1.15 --0.94 7.82 0.66 8.48 
2.8 --0.78 --1.19 --0.98 7.02 1.19 8.35 
3.2 --0.79 --1.22 --0.98 5.83 2.52 8.35 
3.6 --0.84 --1.24 --1.02 5.43 2.98 8.41 
4.0 --0.86 --1.26 --1.05 5.17 3.24 8.48 
4.6 --0.89 --1.27 --1.06 4.57 3.24 8.15 
5.0 --0.89 --1.28 --1.06 3.98 3.38 7.82 
5.7 --0.90 --1.20 --1.06 3.64 3.71 7.62 
6.1 --0.91 --1.18 --1.06 3.64 3.71 7.62 
6.7 --0.89 --1.15 --1.06 3.25 3.84 7.09 
7.1 --0.91 --1.15 --1.06 3.05 3.84 6.76 
8.0 --0.98 --1.20 --1.04 2.85 3.58 6.43 
8.7 --1.00 --1.21 --1.07 1.99 4.24 6.23 
9.5 --1.01 --1.19 --1.08 1.39 4.57 5.96 

10.8 - -  - - 1 . 1 4  - - 1 . 1 4  - -  5.56 5.56 
11.7 - -  - - 1 .12  - - 1 . 1 2  - -  5.17 5.17 

* 18 m l  B r l t t o n  and  R o b i n s o n  bu f fe r  s o l u t i o n  w i t h  2 m l  of s tock  
n i t r o s o g u a n i d i n e  so lu t ion .  

t Tota l ,  r e fe r s  to t o t a l  d i f fu s ion  cur ren t ,  pH 2.4-5.0 w a v e s  w e l l  
defined,  p H  5.7-8.7 w a v e s  i l l -de f ined ,  p H  9.0-11.7 one  wel l -de f ined  
wave .  

the E1/~ vs. pH plots for n i t r o s o g u a n i d i n e  ( l s t  wave )  
is abou t  1/2 tha t  for n i t r o g u a n i d i n e  in  this  p I I  range .  
The  diffusion c u r r e n t  cons tan ts  become smal le r  for 
the  first wave  a n d  l a rge r  for the second wave  w i t h  
an  increase  in  the pH of the  solut ion.  It  should  be 
no ted  (Tab le  II)  tha t  in  the n a r r o w  pH r a nge  of 
5.7-6.1 the  diffusion c u r r e n t  cons tan ts  for each wave  
of n i t r o s o g u a n i d i n e  are n e a r l y  the same. I t  appears  
tha t  n i t ro  and  n i t r o s o g u a n i d i n e  have  n e a r l y  the  
same r educ t ion  po ten t ia l s  in  acid so lu t ion  wi th  a pH 
< 2.5. N i t ro soguan id ine  appears  to be  s l ight ly  the  
be t t e r  depolar izer  (E1/2 more  posi t ive)  in  so lu t ions  
wi th  a pH > 2.5, a l t h o u g h  the  differences in  the  E1/~ 
va lues  are v e r y  small .  Thus,  it  wou ld  seem tha t  if 
one t r ied  to reduce  n i t r o g u a n i d i n e  e lec t rochemi-  
cally, any  n i t r o s o g u a n i d i n e  tha t  m igh t  fo rm wou ld  
be i m m e d i a t e l y  reduced  fur ther .  I t  should be no ted  
also f rom the da ta  in  Tables  I and  II tha t  a pH 
r ange  of 5 to 6 appears  to be  best  for a good sepa-  
r a t ion  b e t w e e n  the  first wave  of n i t r o s o g u a n i d i n e  
and  the wave  of n i t r o g u a n i d i n e .  Thus,  a q u a n t i t a t i v e  
ana lys i s  of n i t r o s o g u a n i d i n e  in  the  presence  of n i t r o -  
g u a n i d i n e  should  be possible  in  this  pH range .  

Data  on the  effect of the  m e r c u r y  c o l u m n  he igh t  
on  the  diffusion c u r r e n t  for each w a v e  of n i t r o  a n d  
n i t r o s o g u a n i d i n e  indicates  diffusion cont ro l led  proc-  
esses t h r o u g h o u t  the  en t i r e  pH r ange  s tudied;  i.e., 
the l im i t i ng  c u r r e n t  var ies  w i th  the  square  root  of 
the corrected m e r c u r y  he ight  (Tables  VII  and  VI I I ) .  

The  effect of concen t r a t i on  on the  E,~ and  ix va lues  
of n i t ro  and  n i t r o s o g u a n i d i n e  is shown  in  Tab le  I I I  
and  was  ob ta ined  in  a C la rk  and  Lubs '  buffer  so lu-  
t ion  of pH 6. At  this  pH a double  wave  was  obse rved  
wi th  1.0 m M  solu t ions  of the  guan id ine s  bu t  on ly  the  
to ta l  wave  was  defined wel l  enough  for accura te  
m e a s u r e m e n t .  Over  the  concen t r a t i on  r ange  of 0.5- 
6.0 mM the  to ta l  w a v e  appeared  to be p ropo r t i ona l  
to concen t r a t i on  (i~ = KC)  for n i t r ogua n i d i ne .  
However ,  for the  tota l  w a v e  of n i t ro soguan id ine ,  

C o n c e n t r a t i o n ,  E1/2 (vs. 
C o m p o u n d  m M  i4, ~ Ha  poo l ) ,  v 

Nitroguanidine  0.5 8.15 --1.29 
Ni t roguanidine  1.4 24.20 --1.33 
Nit roguanidine 4.0 66.60 --1.38 
Nit roguanidine 6.0 94.20 --1.42 
Nitrosoguanidine 0.5 7.29 --1.12 
Nitrosoguanidine 1.7 20.20 --1.15 
N i t r o s o g u a n i d i n e  4.0 39.90 - - 1 . 1 7  
Nitro~oguanidine 6.0 50.70 --1.25 

i~ = KC over the  shor te r  r a n g e  of 0.5-2 m M  solu-  
t ions. Since the E1/~ va lues  depend  on c onc e n t r a t i on  
a nd  become more  nega t ive  w i th  i nc reas ing  concen-  
t r a t i on  for bo th  n i t r o g u a n i d i n e  and  n i t r o s o g u a n i d i n e  
solut ions,  and  since plots of log i / ( i ~ -  i) do not  
give a l i nea r  re la t ionsh ip ,  the  o v e r - a l l  r educ t ion  
process at  the  cathode appears  to be i r r eve r s ib l e  for 
each compound.  

Wi th  solut ions c o n t a i n i n g  two or more  organic  
compounds ,  the  poss ib i l i ty  exists  tha t  one c o m p o u n d  
m a y  affect the  diffusion process of the  o ther  com-  
p o u n d  at a d ropp ing  m e r c u r y  electrode.  Tab le  IV 
gives da ta  on the  effect of n i t r o g u a n i d i n e  on the  first 
wave  of n i t rosoguan id ine .  Sma l l  a m o u n t s  of n i t roso-  
g u a n i d i n e  can be d e t e r m i n e d  in  the  presence  of n i -  
t roguan id ine .  However ,  w h e n  the  ra t io  of these  com-  
pounds  exceeds 1:1 the re  is difficulty in  precise 
m e a s u r e m e n t  of the  first n i t r o s o g u a n i d i n e  wave.  

El~ect of temperature, solvent, and acid concen- 
tration.--In a Cla rk  a nd  Lubs '  buffer  so lu t ion  (pH 
5.5), the tota l  wave  for each compound  is lower  a t  
5~ t h a n  at 30~ This is w h a t  one w ou l d  expect,  
as the diffusion coefficients depend  on t e m p e r a t u r e  
a nd  are  l a rger  at  the  h igher  t empera tu re s .  However ,  
at the lower  t e m p e r a t u r e  the  i~ of the first n i t r o -  
g u a n i d i n e  wave  decreased a nd  the i~ of the  second 
wave  increased.  This  m a y  ind ica te  a change  in  s tate  
a nd  concen t r a t i on  of the r educ ib le  species in  so lu-  
t ion  w i th  a change  in  t empe ra tu r e .  W i t h  n i t roso-  
g u a n i d i n e  solut ions,  the  he ight  of the  first w a v e  and  
the Elj~ values,  respect ively ,  are  n e a r l y  the same at  
5~ as they  are  at  30~ On ly  the  second w a v e  ap -  
pears  to be g rea t ly  affected by  the  change  in  t e m -  
pe ra tu re .  This  u n u s u a l  behav io r  of the po la rograph ic  
waves  w i th  a change  in  the  t e m p e r a t u r e  of the  so lu-  
t ion  is difficult to expla in .  I t  m a y  be  due to the  de-  

Table IV. Effect of nitroguanidine on first wave of nitrosoguanidine, 
Clark and Lubs' buffer (2x), pH 5.5, 0.001% methyl red 

m213t lie = 1.92 mg 2/3 sec -1/~ 

N i t r o g u a n i d i n e  N i t r o s o g u a n i d i n e  
concen t r a t i on ,  concen t r a t i on ,  

m M  rnM i,~, tta 

0.0 1.0 7.2 
0.5 1.0 7.0 
1.0 1.0 7.1 
2.0 1.0 7.5* 
3.0 1.0 8.0* 

* F i r s t  w a v e  of  n i t r o s o g u a n i d i n e  no t  as  we l l -de f ined .  
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Table V. Effect of ethyl alcohol on Et/2 and i~ of nitroguanidine, 
1.40 mM solution of nitroguanidine 

m2/3t TM = 1.92 mg s/8 sec -~/2, 0.001% methyl red 

Table VI. Effect of HCI concentration on E~/~ and in of 
nitroguanidine 

m2/3t ~/~ = 1.45 mg 2/3 sec -~/~, 0.00t % methyl red 

E t h y l  Ell2 (vs. H g  poo l ) ,  v ia, ~a N i t r o g u a n i d i n e  
a l coho l  concen t r a t i on ,  HC1 

%* 1st 2rid 1st 2rid m M  n o r m a l i t y  

E1/2 (vs. H g  poo l ) ,  v i~, iLa 

1st  2 n d  1 s t  2nd  

0 --0.93 --1.33 11.7 12.5 1.007 0.1 
I0 --1.34 --1.55 13.9 6.0 1.038 0.2 
25 --1.39 --1.61 12.4 5.5 1.038 1.0 
50 --1.49 --1.71 15.2 7.5 1.081 2.0 
75 --1.50 --1.71 17.0 8.2 1.077 6.0 

--0.62 --i.01 9.0 3.9 
--0.54 --0.95 9.5 3.5 
--0.39 --0.85 14.7 1.7 
--0.36 --0.85 14.6 1.1 
--0.25 - -  15.6 - -  

* l ~ e m a i n i n g  per  cen t  is C l a r k  and  L u b s '  b u f f e r  (2x) ,  p H  6.0. 

gree of so lva t ion  of d i f ferent  r educ ib le  species in  
solut ion.  

E thy l  alcohol was  used to s t udy  the effect of a 
n o n a q u e o u s  so lvent  on the  waves  of n i t r o g u a n i d i n e  
(Tab le  V) .  A l t h o u g h  the separa t ion  of the  waves  is 
no t  as sha rp ly  defined in  the  p resence  of e thy l  a l -  
cohol, the re  are two d is t inc t  waves  for n i t r o g u a n i -  
d ine  in  these  solutions.  The EI/~ va lues  and  in va lues  
are d e p e n d e n t  on the  concen t r a t i on  of e thy l  alcohol 
in  the med ium.  It should  be no ted  t ha t  the E~/~ values  
are sh i f t ed  to more  nega t ive  po ten t ia l s  in  the  pres -  
ence of e thy l  alcohol, a n d  the i~ va lue  of the tota l  
wave  appears  to go t h rough  a m i n i m u m  a r o u n d  25% 
e thy l  alcohol. Wi th  reduc ib le  me t a l  ions an  increase  
in  the  p roduc t  i~  ~/~, where  ~ is the  viscosi ty of the  
solut ion,  is observed  up to abou t  25% e thy l  alco-  
hol  (28).  However ,  it  can  be seen tha t  a decrease  in  
the  p roduc t  i~v ~/~ is observed  w i t h  so lu t ions  of n i t r o -  
g u a n i d i n e  up  to abou t  25% e thy l  alcohol. Thus,  it  
wou ld  appear  tha t  w i th  up  to 25 % e thy l  alcohol an  
increase  in  the  size of the so lva ted  reduc ib le  n i t r o -  
g u a n i d i n e  ion occur red  as the  ac t iv i ty  of wa t e r  de-  
creased;  or tha t  the  decreas ing  dielectr ic  cons tan t  
favored  and  caused i o n - p a i r  f o r m a t i o n  and  thus  an  
increase  in  the  .size of the  diffusing species. The  i n -  
crease of " a p p a r e n t "  pH of the  f inal  so lu t ion  w i th  
inc reas ing  e thy l  alcohol concen t ra t ions  could ac- 
count  also for some difference in  wave  heights .  As 
the  pe rcen tage  of e thy l  alcohol is inc reased  b e y o n d  
25% the  wave  he ights  of bo th  the  to ta l  and  i n d i v i d -  
ua l  waves  increase.  The  tota l  w a v e  is abou t  the 
same he ight  in  a 70% e thy l  alcohol so lu t ion  as it  is 
in  a p u r e l y  aqueous  solut ion;  however ,  the  i n d i v i d -  
ua l  w a v e  he ights  are jus t  the  opposi te  (first wave  
he ight  l a rge r  and  second wave  he ight  smal l e r )  in  
alcohol. These da ta  wou ld  seem to ru le  out  i o n - p a i r  
f o rma t ion  and  suggest  t ha t  the degree  of so lva t ion  of 
n i t r o g u a n i d i n e  was  abou t  the same in  75% e thy l  a l -  
cohol and  p u r e l y  aqueous  pH 6.0 buffer  solut ion.  
Since the  first w a v e  he ight  is g rea te r  in  the  75% 
e thy l  alcohol  so lu t ion  t h a n  in  the  p u r e l y  aqueous  
solut ion,  i t  m igh t  also be sugges ted  tha t  n i t r o g u a n i -  
d ine  is more  h igh ly  p ro tona t ed  in  the  75% e thy l  a l -  
cohol solut ion,  a n d  tha t  the first w a v e  is due  to the  
r educ t ion  of a p ro tona t ed  species and  the  second 
wave  is due to the  r educ t ion  of the  u n p r o t o n a t e d  
molecule .  

The  effect of hydroch lo r ic  acid concen t r a t i on  on 
the  E,/, and  i~ va lues  of n i t r o g u a n i d i n e  is shown  in  
Tab le  VI. Aga in  two waves  were  observed.  Wi th  a 
decrease in  acid concen t r a t i on  the  E,/~ va lue  of the  

first wave  became  m o r e  nega t ive  and  the i~ va lue  de -  
creased. On ly  one we l l -de f ined  wave  was  observed  
in  6N acid, a l though  a v e r y  smal l  second wave  was  
found  in  2N acid. In  s t rong  acid so lu t ion  a h igh ly  
p ro tona t ed  specie should  p redomina te ,  and  ve ry  
l i t t le  of the u n p r o t o n a t e d  molecu le  wou ld  be p re s -  
ent.  In  acidic so lu t ion  a shif t  of h a l f - w a v e  po ten t ia l s  
to more  nega t i ve  va lues  w i th  an  increase  in  pH 
somet imes  can be though t  of as a d i rect  r eac t ion  of 
the c o m p o u n d  wi th  a p ro ton  to fo rm an  i n t e r m e d i a t e  
ion which  is r educed  more  easily.  At  the  h ighe r  pH 
va lues  the molecule  i tself  is reduced,  fo l lowed by  
a reac t ion  of the  an ion  w i th  w a t e r  as h y d r o g e n  
ions (29).  

Ni t ro  and  n i t r o s o g u a n i d i n e  are w e a k  ampholy tes .  
For  n i t r o g u a n i d i n e  pK~ = 12.20 a nd  pK~ = 14.5, 
while for nitrosoguanidine pK~ = 11.70 and pK~ = 
11.90 (30). As a consequence, different ionic and 
molecular species may exist in solution depending 
upon the pH. This fact suggests a possible explana- 
tion for the existence of two waves at some pH 
values and only one wave at other values. For sim- 
plicity in explanation of the observed polarographic 
waves, only the following ionic and molecular forms ~ 
need to be considered. 

2 S ince  n i t r o  and  n i t r o s o g u a n i d i n e  m o l e c u l e s  m a y  be  c o n s i d e r e d  
as r e s o n a t i n g  a m o n g  v a r i o u s  h y b r i d s  (8),  n u m e r o u s  o the r  f o r m s  
w i t h  v a r i o u s  c h a r g e  s e p a r a t i o n s  m a y  also be  w r i t t e n ,  b u t  t h e s e  a r e  
no t  i m p o r t a n t  in  t he  p r e s e n t  d i scuss ion .  

10 
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Fig. 2. Effect of pH on in of 1.043 mM solution of nitro- 
soguonidine. Britton ond Robinson buffer system (2X). 
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NH: 
(+) / 

N i t r o g u a n i d i n e  I O~N--NH----C 
\ 

NH, 

NH2 
/ 

II 0~N--N-~-C 
\ 
NH~ 

(--) 
NH 

III  0~N--N----C / ," 
\ 

NH, 

May 1959 

Table VII. Effect of mercury column height on is of nitroguanidine, 
Clark and Lubs" buffer (2x), pH 6.11, 1.44 mM solution of 

nitroguanidine containing 0.001% methyl red 
m2/"t v6 = 1.92 mg 2/~ sec -~/2 

M e r c u r y  id , / t a  
c o l u m n  

h, cm 

i~h-~/~ 

1st 2rid T o t a l  1st 2nd  To ta l  

95.2 12.8 10.2 25.4 1.31 1.05 2.61 
71.1 11.3 8.9 22.0 1.34 1.06 2.61 
59.7 10.7 8.4 20.4 1.38 1.08 2.63 
47.0 9.4 7.6 18.0 1.37 1.11 2.63 

Table VII I .  Effect of mercury column height on i~ of 
nitrosoguanidine, Clark and Lubs' buffer (2x), pH 5.5, 1.70 mM 

solution of nitroguanidine containing 0.001% methyl red 
m2/"t ~/6 = 1.92 mg 2/8 sec -1/~ 

M e r c u r y  id, ]~a 
c o l u m n  

h, cm 

i~h-1/2 

1st 2 n d  T o t a l  1st  2nd  T o t a l  

NH~ 
( + )  / 

N i t ro soguan id ine  IV ON--NH~---C 
\ 

NH~ 

( - )  
NH2 NH 

/ / 
V O N - - N : C  , VI O N - - N ~ - C  

\ \ 
NH_. NH, 

Thus ,  in  6N HC1, forms I and  IV wou ld  be  the  p r e -  
d o m i n a n t  species; in  pH f rom 1 to 4, I and  II or IV 
and  V; abou t  pH 7, II  and  III  or V and  VI; and  at  pH 
8-9 and  above,  I I I  and  VI should  be the m a j o r  forms  
present .  On ly  one wave  was  observed  in  solut ions  
more  a lka l ine  t h a n  pH 9 and  more  acid t h a n  2N acid. 
In  the Br i t t on  and  Rob inson  buffer  system, the  two 
wave  heights  ob ta ined  wi th  m i l l i m o l a r  solut ions  of 
n i t r o s o g u a n i d i n e  v a r y  g rea t ly  w i th  pH and  appear  
to be of e q u i v a l e n t  he igh t  a r o u n d  a pH of 6 (Fig. 2).  
Both  these waves  appea r  to be d i f fus ion-con t ro l l ed  
(is var ies  as h -1/-~) (Tab les  VII  and  VI I I )  and  the  E,~ 
va lues  v a r y  w i th  a change  in  pH. These da ta  w ou l d  
suggest  tha t  if the ex is tence  of two waves  for n i -  
h o s o g u a n i d i n e  in  this  m e d i u m  is due  to two r e duc i -  
b le  species in  solut ion,  then ,  at a pH of 6 forms IV 
and  V p r o b a b l y  give rise to the  e q u i v a l e n t  w a v e  
heights  shown  in  Fig. 2 as first wave  and  second 
wave,  respect ively .  The two waves  ob ta ined  wi th  

NH 
I] 

H_.N--C--NH--NO~ N i t r o g u a n i d i n e  
$ ~- 2e- 
NH 
IF 

H ~ N - - C - - N H - - N O  Ni t ro soguan id ine  
$-~ 2e- 
NH 
II 

H ~ N - - C - - N H - - N H O H  H y d r o x y l a m i n o g u a n i d i n e  
$ -t- 2e- 
NH 
]l 

H ~ N - - C - - N H - - N H ~  A m i n o g u a n i d i n e  

Fig. 3. Possible reduction mechanism for the nitro-nitro- 
soguanidine system. 

95.2 13.2 11.9 26.5 1.35 1.22 2.72 
87.6 12.5 11.1 25.0 1.34 1.19 2.68 
71.1 11.6 10.2 22.8 1.37 1.21 2.70 
59.7 11.2 9.5 20.9 1.44 1.23 2.70 

solut ions  of n i t r o g u a n i d i n e  were  no t  as sha rp ly  de-  
fined a nd  accura te  m e a s u r e m e n t s  were  no t  possible  
in  the i n t e r m e d i a t e  pH ranges  of the buffered  sys-  
tems.  

D e t e r m i n a t i o n  of  the  n - v a l u e  and reduc t ion  m e c h -  
a n i s m . - - T h e  porous  d i a p h r a g m  cell m e t h o d  wi th  
magne t i c  s t i r r i ng  has been  used successful ly  in  these  
l abora tor ies  for the d e t e r m i n a t i o n  of the  diffusion 
coefficients (D) of some organic  compounds  (31).  A 
D va l ue  of 2.37 x 10 _5 cm 2 sec -1 was  ob ta ined  for n i -  
t r o g u a n i d i n e  by  this  me thod  in  a 2M a m m o n i u m  
sulfa te  solut ion.  This  va lue  for D, w h e n  used in  the  
I lkovic  equa t ion  (n  = iJ607D1/~Cm~/~t~/6), gave an  
n - v a l u e  of 3.48 electrons.  F r o m  the S t oke s - E in s t e in  
equat ion ,  D(cm2/sec)  = 2.96 X lO-7/v(V,~) 1/~ at  
25~ where  v is the solut ion viscosi ty in  dyne  sec- 
onds per  cm ~ a nd  V,, is the mo l a r  vo lume,  a n  n - v a l u e  
of 4.88 e lect rons  was  obta ined.  Since these va lues  
were  no t  in  a g r e e m e n t  and  s ince n i t r o s o g u a n i d i n e  
decomposes r a t h e r  r ap id ly  in  aqueous  solut ions,  a 
d i rect  and  rap id  m e t h o d  for the  d e t e r m i n a t i o n  of n 
was thought  desirable .  Wi th  the  di rect  a nd  rap id  
me thod  for n - v a l u e s  (mi l l i cou lomet r i c )  t ha t  was  re -  
cen t ly  inves t iga ted  and  modif ied in  these l a b o r a -  
tories (26, 27), an  n - v a l u e  of 5 was ob ta ined  for n i -  
t r o g u a n i d i n e  in  a C la rk  and  Luhs '  buffer  so lu t ion  of 
pH 10 where  one we l l -de f ined  wave  occurred.  Ni -  
t r o g u a n i d i n e  in  a Clark  a nd  Lubs '  buffer  so lu t ion  of 
n - v a l u e  of 3. These  va lues  of 5 and  3 are repea tab le ,  
and, a l though  the  n - v a l u e s  are not  4 a nd  2 as ex -  
pected,  the  2 e lec t ron  difference in  va lues  indica tes  
tha t  the r educ t ion  process of n i t r o g u a n i d i n e  passes 
t h rough  the n i t r o s o g u a n i d i n e  s tate  in  pH 10 buffered  
solut ions  (Fig. 3). 

I t  is k n o w n  tha t  in  s t rong  acid solut ions  n i t r o -  
g u a n i d i n e  is r educed  d i rec t ly  to a m i n o g u a n i d i n e  
(3, 32).  In  6N hydroch lor ic  acid solut ions  an  n - v a l u e  
of 6 was  ob t a ined  for n i t r o g u a n i d i n e  b y  the  m i l l i -  
coulomet r ic  t e c hn i que  (26) .  However ,  in  n e u t r a l  
and  a lka l ine  solut ions  the  r e duc t i on  m e c h a n i s m  ap-  
pears  to be  compl ica ted  a nd  n - v a l u e s  are  of l i t t le  
help in  e luc ida t ing  the o v e r - a l l  process. 
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The  n - v a l u e  of 5 for n i t r oguan id ine ,  ob t a ined  by  
mi l l i cou lome t ry  in  a pH 10 Cla rk  and  Lubs '  buffer  
solut ion,  m a y  be exp la ined  by  a coup l ing  of the 
products  of a 2 and  6 e lec t ron  r educ t ion  respec t ive ly  
(Fig. 3). I t  has b e e n  shown  tha t  n i t r o s o g u a n i d i n e  and  
a m i n o g u a n i d i n e  can reac t  to fo rm a t e t r azene  (33),  
which  should  be f u r t h e r  reducible .  The n - v a l u e  of 
3.5, ob ta ined  in  the  2M a m m o n i u m  su l fa te  so lu t ion  
(pH 4.5) f rom an  e x p e r i m e n t a l  D value,  wou ld  seem 
to ind ica te  the r educ t ion  of n i t r o g u a n i d i n e  to h y -  
d r o x y l a m i n o g u a n i d i n e  (Fig. 3) in  w e a k l y  acidic or 
n e u t r a l  solut ions.  This  l a t t e r  compound  was  sug-  
gested as the  end  p roduc t  in  the  r educ t ion  of n i t ro -  
g u a n i d i n e  in  a lka l ine  m e d i u m  (pH ~ 12) by  Lanza  
and  co -worke r s  (17).  H y d r o x y l a m i n o g u a n i d i n e  has 
neve r  been  isolated. I t  wou ld  be expected  to decom-  
pose r ap id ly  to g u a n i d i n e  and  h y p o n i t r o u s  acid. I t  
appears  t ha t  in  n e u t r a l  and  a lka l i ne  solut ions  the re  
is more  t h a n  one process occur r ing  at  the d ropp ing  
m e r c u r y  electrode.  These processes are  p r o b a b l y  oc- 
cu r r i ng  at d i f ferent  ra tes  and  the  products  m a y  
unde rgo  " d e a r r a n g e m e n t . "  Thus,  it  is difficult to es- 
t ab l i sh  the  o v e r - a l l  r educ t ion  m e c h a n i s m  of e i ther  
n i t r o g u a n i d i n e  or n i t r o s o g u a n i d i n e  at a d ropp ing  
m e r c u r y  electrode in  these  solut ions.  

The au thors  p r e p a r e d  n i t r o s o g u a n i d i n e  at  a m e r -  
cu ry  cathode in  20% yields  by  the  l a rge -sca le  elec-  
t rolysis  of n i t r o g u a n i d i n e  in  a 2 M - a m m o n i u m  su l -  
fa te  solut ion.  Po la rograph ic  t echn iques  ~vere used  
to d e t e r m i n e  the o p t i m u m  condi t ions  for the  p r e p -  
ara t ion.  The add i t ion  of n icke l  II  ions to the  solu-  
t ions p roduced  exce l len t  y ie lds  of a red  n i cke l -  
n i t r o s o g u a n i d i n e  complex  salt. The complex  sal t  is 
e x t r e m e l y  s table  and  a t t empt s  to q u a n t i t a t i v e l y  r e -  
cover the  n i t r o s o g u a n i d i n e  f rom the  complex  were  
unsuccessfu l .  The  fo rma t ion  of this  sal t  es tab l i shed  
n i t r o s o g u a n i d i n e  as the first step in  the  r educ t i on  of 
n i t r o g u a n i d i n e  in  n e u t r a l  or w e a k l y  acidic so lu t ion  
at  a m e r c u r y  cathode (Fig. 3). As fast  as n i t roso-  
g u a n i d i n e  is formed,  it  complexes  w i th  the  n icke l  
ions and  a b r i g h t  red  p rec ip i ta te  appears  in  the  elec-  
t rolysis  solut ion.  
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ABSTRACT 

A new e lec t ro ly t ic  method  for the  deposi t ion of adheren t  coatings of t i -  
t an ium on steel  cathodes is described.  The p rocedure  involves the  use of fused 
a lka l i - ha l i de  baths  composed of eutect ic  mix tu res  of l i thium, potass ium or 
sodium iodides, bromides ,  chlorides,  and fluorides, wi th  a h igh - f r equency  
hea ted  cathode and a soluble  t i t an ium anode. The ba th  composed of K I - K F  
pe r fo rmed  best  and  deposi ted a ve ry  smooth and uni form t i t an ium coating. 
Conversely,  the  ba th  composed of K I - N a I  and TiL (2 to 5%) y ie lded  dendr i t ic  
Ti and  is therefore  considered more  sui table  for  an electroref ining process.  
Equ ipment  and opera t ing  condit ions are  descr ibed and the micros t ruc ture  of 
the coating produced  is repor ted .  A series of decomposi t ion vol tage  curves  is 
inc luded and discussed, and the mechanism of the  e lect rolyt ic  react ions  is 
s tudied in detail .  

A c o m p l e t e  l i t e r a t u r e  s u r v e y  of  the  e l e c t r o d e -  
pos i t i on  of t i t a n i u m  f r o m  m o l t e n  sa l t s  has  been  p u b -  
l i shed  r e c e n t l y  b y  S t e i n b e r g  (1) .  Ti d i f fus ion  coa t -  
ings  w e r e  o b t a i n e d  b y  S t r a u m a n i s ,  et al. (2, 3) f r o m  
fused  b a t h s  con t a in ing  d i s p e r s e d  Ti  c r y s t a l s  or  Ti  
sal ts .  Much  r e m a i n s  to be  i nves t i ga t ed ,  h o w e v e r ,  on 
the  depos i t i on  of u n i f o r m  and  s t r o n g l y  a d h e r e n t  
coa t ings  of Ti. 

The  p r e s e n t  w o r k  dea l s  w i t h  an  e l e c t r o p l a t i n g  
m e t h o d  i n v o l v i n g  the  use  of an  i n d u c t i o n - h e a t e d  
ca thode  a n d  a so lub le  Ti  anode  in fused  sa l t  ba ths .  
The  i n d u c t i o n - h e a t e d  c a t h o d e  acts  a t  t he  s ame  t i m e  
as a h e a t i n g  e l e m e n t  to m a i n t a i n  t he  b a t h  in  a 
m o l t e n  s ta te .  In  th is  m a n n e r ,  t he  c a thode  is a t  a 
t e m p e r a t u r e  a p p r e c i a b l y  h i g h e r  t h a n  the  s u r r o u n d -  
ings.  In  fact ,  the  anod ic  zone, f a r  r e m o v e d  f rom t h e  
ca thode  a rea ,  m a y  be  k e p t  m u c h  colder .  This  p r o -  
v ides ,  t he re fo re ,  m e a n s  to con t ro l  t he  r a t e  of so lu -  
t ion  of t he  anode  as w e l l  as v o l a t i l i z a t i o n  losses a n d  
s e c o n d a r y  reac t ions .  The  sk in  effect due  to i nduc t i on  
c u r r e n t  c r ea t e s  a m a x i m u m  t e m p e r a t u r e  zone on 
the  v e r y  su r f ace  of t he  ca thode ,  s p e e d i n g  up  d e g a s -  
s ing  and  f a c i l i t a t i n g  d i f fus ion  of the  d e p o s i t e d  Ti. 
F u r t h e r m o r e ,  t h e  e l ec t ro ly s i s  m a y  be  c a r r i e d  out  in  
a P y r e x  or  t r a n s p a r e n t  q u a r t z  cel l  w h i c h  m a k e s  i t  
c o n v e n i e n t  to see d i r e c t l y  the  p h e n o m e n a  t a k i n g  
p lace .  

Description of Cells 
Two t y p e s  of cel ls  a r e  used.  These  cel ls  a re  m a d e  

up  of a P y r e x  or  q u a r t z  t u b e  c losed at  the  b o t t o m  
a n d  cove red  a t  t he  top  b y  a g a s - t i g h t  asbes tos  l id  
w h i c h  ho lds  also the  e l ec t rodes  a n d  i n e r t  gas ducts .  

In  the  first  type ,  as shown  in Fig .  1, t he  a n o d e  is 
c o m p o s e d  of Ti sponge  w h i c h  covers  t h e  b o t t o m  of  
t he  cel l :  a s h i e l d e d  W w i r e  pas s ing  t h r o u g h  the  
m o l t e n  e l e c t r o l y t e  is p r o v i d e d  to c a r r y  c u r r e n t  to 
the  anode.  T h e  ca thode ,  in th is  p a r t i c u l a r  case, is 
m a d e  of s tee l  w i r e  2 - m m  d i a m e t e r  and  has  t h e  f o r m  
of a r i ng  w h i c h  is l o c a t e d  in  the  cen t e r  of t he  h i g h -  
f r e q u e n c y  coil.  

The  second  t y p e  of cel l  d i f fers  f r o m  the  f irst  one  
in t h a t  t he  r e l a t i v e  pos i t ions  of  t he  anode  a n d  c a t h -  
ode a r e  r e v e r s e d :  the  a n o d e  is l oca t ed  in the  u p p e r  
p o r t i o n  of  the  b a t h  and  consis ts  of e i t h e r  Ti  w i r e  or  
a c y l i n d r i c a l  W g r id  f i l led w i t h  Ti  sponge.  The  r i n g -  
s h a p e d  ca thode  r eaches  n e a r  t he  b o t t o m  of t he  cel l  
and  is h e l d  b y  m e a n s  of a c onne c t i ng  w i r e  s h i e l d e d  
w i t h  a P y r e x  glass  tube .  The  des ign  of  the  cel l  shown  
in Fig .  1 was  f o u n d  in p r a c t i c e  to be  p r e f e r a b l e .  In  
fact ,  in  th is  cell ,  t h e r e  ex is t s  a m a r k e d  d i f fe rence  in  
t e m p e r a t u r e  b e t w e e n  the  a n o d e  and  the  ca thode  
zones,  w h i c h  canno t  be  o b t a i n e d  in  the  o the r  t y p e  of 
cel l  w h e r e  the  ca thode ,  c lose to t h e  bo t tom,  f avo r s  
s t r o n g e r  convec t ion  r e s u l t i n g  in  a m o r e  u n i f o r m  
h e a t  d i s t r i bu t i on .  

A v a r i e t y  of c a thode  shapes  m a d e  of i ron  or  s tee l  
w e r e  used.  These  i n c l u d e d  m a s s i v e  p ieces  such  as 
t h r e a d e d  rods,  f lat  washe r s ,  or  l i g h t e r  p ieces  m a d e  
of w i r e  w o u n d  in d i f f e ren t  shapes .  

I Ar 

.E 

Fig. 1. Electrolytic cell with a heating cathode (Type 1). 
1, Cathode holder; 2, asbestos stopper; 3, argon inlet; 4, 
heating cathode ring; 5, W wire in Pyrex tube; 6, electrolytic 
bath; 7, high-frequency coil; 8, Ti sponge anode. 
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Experimental Procedure 
E l e c t r o l y t i c  b a t h s  composed  of l o w - f u s i n g  h a l i d e s  

of l i t h ium,  s o d i u m  a n d  p o t a s s i u m  w e r e  se lec ted .  
Each  b a t h  c o n t a i n e d  a b o u t  150 g of an  eu tec t i c  m i x -  
t u r e  of these  sa l t s  w h i c h  w e r e  p l a c e d  in  t he  cel l  t u b e  
and  m e l t e d  in a s e p a r a t e  f u r n a c e  for  d e h y d r a t i o n  
w h i l e  f lushing  w i t h  d r y  a rgon .  F i n a l l y ,  t he  as -  
s e m b l e d  cel l  was  r a p i d l y  t r a n s f e r r e d  to t h e  h i g h -  
f r e q u e n c y  coil.  A n  op t i ca l  p y r o m e t e r  w a s  u s e d  to  
obse rve  the  ca thode  t e m p e r a t u r e ,  a n d  a t h e r m o -  
coup le  i n t r o d u c e d  t h r o u g h  t h e  a r g o n  o u t l e t  t u b e  
s e r v e d  to d e t e r m i n e  the  t e m p e r a t u r e  of t he  b a t h  a t  
d i f f e ren t  dep ths .  T h e  t e m p e r a t u r e  of  t he  c a t h o d e  
d u r i n g  e l ec t ro ly s i s  was  k e p t  c o n s t a n t  w i t h i n  25~ 
and  was  a p p r o x i m a t e l y  200~ a b o v e  the  a v e r a g e  
t e m p e r a t u r e  in  t he  ba th .  

A t  t he  v e r y  first  s t age  of e lec t ro lys i s ,  the  c a thode  
b e c a m e  s u r r o u n d e d  w i t h  a b l u i s h - v i o l e t  c loud  w h i c h  
w i t h i n  a f ew  m i n u t e s  e x t e n d e d  to t he  w h o l e  ba th .  
A t  t he  end  of  the  e lec t ro lys i s ,  the  cel l  was  cooled  
r a p i d l y  in  an  a i r  b l a s t  w h i l e  m a i n t a i n i n g  a d i f f e r -  
ence of p o t e n t i a l  of a b o u t  1 v b e t w e e n  the  e l ec t rodes  
in  o r d e r  to p r e v e n t  a n y  i n t e r a c t i o n  b e t w e e n  the  b a t h  
a n d  the  d e p o s i t e d  Ti. The  ca thode  p r o d u c t s  a n d  the  
r e m a i n d e r  of t h e  b a t h  a f t e r  so l id i f ica t ion  w e r e  s u b -  
m i t t e d  to  a c o m b i n e d  c h e m i c a l  and  x - r a y  ana lys i s .  
I t  was  cons ide r ed  t h a t  r a p i d  cool ing  of the  b a t h  a f t e r  
e l ec t ro lys i s  m i n i m i z e d  p o s t e l e c t r o l y t i c  reac t ions ,  a n d  
t h e r e f o r e  i t  was  a s s u m e d  t h a t  a n a l y t i c a l  r e su l t s  o b -  
t a i n e d  on t h e  so l id i f ied  me l t s  cou ld  s e r v e  as a 
bas is  for  p r o p o s i n g  a p r o b a b l e  e x p l a n a t i o n  of  t he  
m e c h a n i s m  invo lved .  

In  some e x p e r i m e n t s ,  TiL a n d  K~TiF~ w e r e  i n -  
j e c t ed  into  t he  m o l t e n  eu tec t ic  d u r i n g  e lec t ro lys i s .  

Results 
The  first  ser ies  of e x p e r i m e n t s  r e p o r t e d  in  T a b l e  I 

d e a l t  w i t h  e l e c t r o l y t i c  b a t h s  c o m p o s e d  of m i x t u r e s  
of ha l i de s  of eu tec t ic  compos i t ion ,  us ing  a so lub le  
a n o d e  a n d  a r i n g - s h a p e d  ca thode  m a d e  of a 2 - m m  
s tee l  wi re .  C a t h o d e  c u r r e n t  dens i t i e s  w e r e  k e p t  
f a i r l y  cons t an t  d u r i n g  the  w h o l e  of t h e  e l ec t ro lys i s :  
v a l u e s  f r o m  0.42 to 1.0 a m p / c m  ~ w e r e  used.  I t  was  
o b s e r v e d  t h a t  t he  Ti  depos i t  was  m a i n l y  dendr i t i c ,  
n o n u n i f o r m  and  p o o r l y  a d h e r e n t  w h e n  the  t e m p e r -  
a t u r e  a t  the  c a thode  was  b e l o w  850~ w h i l e  i t  was  
m o r e  a d h e r e n t  for  h i g h e r  t e m p e r a t u r e s ;  in  fact ,  i t  
was  found,  in  th is  f irst  ser ies  of  e x p e r i m e n t s ,  t h a t  a t  
t h e  s t a r t  of t he  e l ec t ro ly s i s  a compac t ,  a d h e r e n t  a n d  
s h i n y  depos i t  of Ti  a p p e a r e d  on t h e  ca thode .  This  
depos i t  g r e w  up r e g u l a r l y  for  a b o u t  10 min ,  a f t e r  
w h i c h  some d e n d r i t i c  depos i t  s h o w e d  up  a t  v a r i o u s  
spots  and  c o n t i n u e d  to deve lop ,  f o r m i n g  an  i r r e g u l a r  
su r face  or  even  b r i d g i n g  up  to g ive  r i se  to a s p o n g y  
l aye r .  Th i s  l a t t e r  effect  w a s  m o r e  m a r k e d  fo r  the  
iod ide  and  b r o m i d e  ba ths .  A t  the  end  of t he  e l ec -  
t ro lys i s ,  t he  zone n e x t  to the  ca thode  gave  a def i -  
n i t e l y  a l k a l i n e  aqueous  so lu t ion  w h i l e  t h a t  f r o m  the  
a n o d e  was  acid.  F u r t h e r m o r e ,  as t he  e l ec t ro lys i s  
p r o c e e d e d  t h e  zone  n e a r  the  a n o d e  t u r n e d  f r o m  a 
f a in t  b l u i s h - v i o l e t  to a r e d d i s h - b r o w n  in t he  case  of 
the  b r o m i d e  and  i od ide  b a t h s  a n d  to a p a l e  g r e e n  in  
t h e  case  of t he  c h l o r i d e  ba ths .  T h e  l a t t e r  is a s c r i b e d  
to t he  f o r m a t i o n  of  NaTiCL d e s c r i b e d  b y  S t e i n b e r g  
(1) .  The  c u r r e n t  eff iciency w a s  high,  s l i g h t l y  a b o v e  
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90% in mos t  of the  e x p e r i m e n t s  m e n t i o n e d  in  T a b l e  
I. On the  o t h e r  hand ,  t he  a m o u n t  of  Ti  d i s so lved  a t  
the  a n o d e  e x c e e d e d  c o n s i d e r a b l y  t he  t h e o r e t i c a l  
v a l u e ;  th i s  m a y  r e s u l t  in  p a r t  f r o m  the  f o r m a t i o n  of 
l o w e r  v a l e n c e  Ti  c o m p o u n d s  w h i c h  h a v e  b e e n  d e -  
t e c t e d  in t h e  ba th .  

I n  t he  second  ser ies  of e x p e r i m e n t s ,  Nos. 9-12 in 
T a b l e  I, s m a l l  p r o p o r t i o n s  of TiL w e r e  i n j e c t e d  u n -  
d e r  a r g o n  in b a t h s  c o n t a i n i n g  t h e  eu tec t i c  m i x t u r e  
N a I - K I .  One e x p e r i m e n t  also is r e p o r t e d  on a b a t h  
c o n t a i n i n g  K I - K F  in w h i c h  K~TiF~ w a s  i n j e c t e d  in  
the  s a m e  m a n n e r .  A t  t he  end  of t he  e l ec t ro ly s i s  t he  
b a t h s  con t a in ing  on ly  iod ides  h a d  a r e d d i s h - b r o w n  
color ;  as in  t he  p r e v i o u s  ser ies ,  the  sa l t s  s u r r o u n d -  
ing  the  ca thode  gave  a v e r y  s t r o n g l y  a l k a l i n e  r e a c -  
t ion  w h i l e  those  s u r r o u n d i n g  t h e  a n o d e  h a d  a low 
p H  w h e n  d i s so lved  in  w a t e r .  The  coa t ings  in th i s  
ser ies  of e x p e r i m e n t s  w e r e  in  g e n e r a l  of  a h e a v i e r  
a d h e r e n t  t y p e  t h a n  in  t he  p r ev ious ;  h o w e v e r ,  t h e y  
h a d  a r o u g h  a n d  n o n u n i f o r m  su r f ace  as  m a y  be  seen 
in  Fig .  2a. W h e n  the  t e m p e r a t u r e  of t he  ca thode  w a s  
i n c r e a s e d  to 975~ as in  e x p e r i m e n t  No. 11, t he  
su r f ace  b e c a m e  s m o o t h e r  a n d  m o r e  u n i f o r m  b u t  i t  
was  f o u n d  t h a t  t he  a m o u n t  of a n o d e  d i s so lved  d u r -  
i ng  e l ec t ro ly s i s  was  s t i l l  g r e a t e r  t h a n  in  t h e  p r e -  
v ious  ser ies ,  r e a c h i n g  215% of t he  t h e o r e t i c a l  v a l u e  
b a s e d  on F a r a d a y ' s  law.  This  is not  s u r p r i s i n g  in  
v i e w  of t he  s t r o n g  r e a c t i o n  b e t w e e n  the  i n j e c t e d  TiL 
a n d  the  anode  a t  a h igh  t e m p e r a t u r e .  

The  t h i r d  ser ies  of e x p e r i m e n t s ,  Nos. 13-17 of 
T a b l e  I, c o n c e r n e d  on ly  b a t h s  c o m p o s e d  of a K I - K F  
eu tec t i c  m i x t u r e  u s ing  Ti  anodes  or  Z r  anodes  in  t he  

Fig. 2. (a) (left) Rough and nonuni form surface obtained in 
a KI-Nal  bath with T ih  addit ion (Expt. 10, Table I). (b) 
(right) smooth and uni form coating obtained in KI-KF bath 
(Expt. 15, Table I). Approx. 2 / 3  size. 

Fig. 3. (a) (left) Micrograph showing the Ti deposit ob- 
tained in a KI-Nal  bath (Expt. 5, Table I). The HF etch has 
revealed the more or less granular  deposit of Ti crystals sep- 
arated by a clear white, compact and very hard intermediary 
zone from a darker etching zone. The Ti at the surface con- 
ta ined below 0 . 0 0 1 %  metal l ic elements as determined spec- 
trographical ly,  save for Fe, which reached a value of 11% 
near the interface. The darker zone is much harder than the 
low carbon steel of the base as shown by the micraindenta- 
tions in (b) (right), suggesting that  Ti has diffused in that  
zone to the darker line l imit ing the soft steel and appearing 
in (b) af ter  a Ni ta l  etch. Magni f icat ion 300X.  
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Table I. Electrolytic operating conditions* 

May 1959 

E x p t .  T y p e  of S o l u b l e  Cat .  C.D. ,  T i m e ,  C a t h o d e  B a t h  
No.  c e l l  B a t h  c o m p o s i t i o n ,  g anode**  Vol t s  A m p s  a m p / c m  2 r a i n  t e m p ,  ~ t e m p ,  ~ R e s u l t s  

1 Fig. 1 NaC1 85 Ti 6.0 3.0 0.50 18 900-925 725 Very thin, nonuniform, 
KC1 65 poor coating. 

2 Fig. 1 NaC1 85 Ti 4.5 2.0 0.50 20 900-925 725 Thin, poor coating, i r reg-  
KC1 65 ular. 

3 Fig. 1 LiC1 80 Ti 3.5 3.0 0.52 15 875-900 700 Thin, more or less uni form 
KC1 70 coating. 

4 Fig. 1 NaBr 79 Ti 2.6 3.0 1.00 18 900-925 725 Uni form coating, wi th  
KBr 71 dendri t ic  crystals. 

5 Fig. 1 NaI 63 Ti 5.0 5.0 0.77 30 925-950 750 Shiny coating wi th  den-  
KI 87 dritic crystals. 

6 No. 2 NaI 63 Ti 2.5 5.0 0.42 45 900-925 725 Heavy  dendri t ic  sponge 
KI 87 formation. 

7 Fig. 1 NaI 63 Ti 4.5 3.0 0.53 35 925-950 750 Abundant  coating wi th  
KI 87 dendri t ic  shiny crys-  

tals. 
8 Fig. 1 NaI 63 Zr 3.5 2.0 0.70 20 900-925 725 Uni form coating wi th  

KI 87 sponge formation.  
9 No. 2 NaI 63 Ti 4.5 3.5 1.0 20 900-925 725 Heavy  adherent  coating, 

KI 87 shiny but  nonuniform. 
TiL 7.5 

10 Fig. 1 NaI 63 Ti 2.5 2.0 0.90 30 925-950 750 Heavy  adherent  coating, 
Ti 87 shiny but nonuniform. 
TiL 7.5 

11 Fig. 1 NaI 63 Ti 3.5 2.0 0.40 15 950-975 775 More uni form but thin 
KI 87 coating. 
TiL 3 

12 Fig. 1 KF 29 Ti 3.7 3.0 0.40 10 900-925 725 Poor  coating. 
KI 121 
K.~TiF~ 3 

13 Fig. 1 KF 29 Ti 2.5 2.0 0.66 15 900-925 725 Excel lent  coating, ve ry  
KI 121 uniform, no sponge. 

14 Fig. 1 KF 29 Ti 2.5 3.0 0.40 18 925-950 750 Excel lent  coating, ve ry  
KI 121 uniform. 

15 Fig. 1 KF 29 Ti 2.2 2.0 0.70 20 925-950 750 Excel lent  �9 coating, ve ry  
KI 121 uniform. 

16 Fig. 1 KF 29 Zr 2.3 2.0 0.70 20 925-950 750 Uni form coating, some 
KI 121 dark spots. 

17 Fig. 1 KF 29 Zr 2.2 2.0 0.70 15 900-925 725 Very uniform coating. 
KI 121 

I n d u c t i o n  h e a t i n g  c a t h o d e  p rocess .  
** A n o d e :  T i  o r  Z r  s p o n g e  e x c e p t  fo r  E x p t s .  6 a n d  9 w h e r e  a 2 m m  T i  w i r e  w a s  used .  

t y p e  of cell  dep ic ted  in Fig.  1. The  Ti coat ings  ob t a ined  
w i t h  this  type  of ba th  w e r e  adhe ren t ,  compact ,  
smooth  and sh iny  e i the r  on r i n g - s h a p e d  or flat 
pieces;  in al l  cases, as m a y  be  seen in Fig. 2b, t h e y  
showed  no p i t t ing  or da rk  spot ted  or  spongy  areas.  
C o n t r a r y  to the  o ther  two  series,  the  salts  su r -  
r o u n d i n g  the  ca thode  and the  anode  bo th  showed  an 
a lka l ine  r eac t ion  at the  comple t i on  of the  e l ec t ro l -  
ysis  and  the  ba th  had  a p ink i sh  color.  In  th is  l a t t e r  
series also, the  ins ide  w a l l  of the  P y r e x  or  q u a r t z  
cell  was  f ree  f r o m  any  Ti  m i r r o r  wh ich  a l w a y s  
tends  to f o r m  in the  two  o the r  ser ies  of e x p e r i m e n t s ;  
such m i r r o r s  h a v e  a l r eady  been  obse rved  by  S t r a u -  
manis ,  et al., on ce ramic  m a t e r i a l s  d u r i n g  t i t an i z ing  
e x p e r i m e n t s  (4) .  

Metallographic examination.--Figures 2-5 i l lus -  
t r a t e  some of the  types  of Ti  coa t ings  ob ta ined  w i t h  
the  m a i n  ba ths  desc r ibed  above.  

Decomposition Voltages and Mechanism of the 
Electrolytic Reactions 

The  decompos i t ion  vo l t ages  w e r e  d e t e r m i n e d  for  
the  m a i n  eu tec t i c  m i x t u r e s  se lec ted  fo r  the  above  
e x p e r i m e n t s  us ing first an inso lub le  anode,  and  then  
a so luble  Ti anode.  These  decompos i t ion  vo l t ages  

w e r e  ob ta ined  in the  usua l  w a y  by e x t r a p o l a t i n g  the  
e x p e r i m e n t a l  c u r r e n t - v o l t a g e  curves  to zero cur ren t .  
A l l  m e a s u r e m e n t s  w e r e  ca r r i ed  out  u n d e r  an  a rgon  
a t m o s p h e r e  in a g r aph i t e  c ruc ib le  con ta in ing  the  
m o l t e n  salts he ld  u n i f o r m l y  at 725~ The  use  of a 
c ruc ib le  hea t ed  in a res i s tance  f u r n a c e  e l i m i n a t e d  
the  excess ive  va r i a t i ons  b r o u g h t  about  by the  s t i r r ing  
ac t ion  ob ta ined  in induc t ion  hea t i ng  and, in pa r t i c -  
u lar ,  f ac i l i t a t ed  the  d e t e r m i n a t i o n  of t he  n e e d e d  
da ta  on the  anodic  p h e n o m e n a  u n d e r  the  same  a v e r -  
age ba th  t e m p e r a t u r e  as in t he  e l ec t rop l a t i ng  e x -  
p e r i m e n t s  desc r ibed  in Tab le  I. The  s teel  ca thode  
was  spaced 3~ in. f r o m  the  anode. Bo th  e lec t rodes  
w e r e  i m m e r s e d  1 in. into the  fused salts.  The  salts  
w e r e  a lways  s u b m i t t e d  to a p r e l i m i n a r y  e lec t ro lys i s  
at  1.8 v for  30 min  us ing g r a p h i t e  e lec t rodes  in o rde r  
to r e m o v e  the  last  t races  of wa te r .  The  cu rves  in 
ques t ion  are  shown  in Fig. 6-8. In these  f igures are  
also g iven  the c u r r e n t - v o l t a g e  cu rves  w h e n  TiI,  or, 
in one case, K~TiF~, w e r e  in j ec t ed  into  the  b a t h  
p r io r  to m e a s u r e m e n t s .  

The  e x t r a p o l a t i o n  of c u r v e  A in Fig. 6 co r responds  
to the  decompos i t ion  of NaC1 (3.2 v ) ,  i nd i ca t i ng  tha t  
the  e lec t ro lys is  of a NaC1-KC1 m i x t u r e  y ie lds  Na as 
a p r i m a r y  product .  On the  o the r  hand,  w h e n  a Ti  
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Fig. 4. (a) (left) Micrograph showing the 0.03 mm th ick Ti 
coating bui l t  up on the steel cathode (sample appearing in 
Fig. 2b); the HF etch reveals that  interdiffusion of Ti and Fe 
has taken place in the coating. (b) (right) Micrograph of a 
section simi lar to (a), but with a Nital  etch to reveal with 
better contrast the Ti deposit which is left pract ical ly un- 
etched and also the coarse Widmanstat ten structure af the 
steel underneath. Magni f icat ion 300X.  

'~ I / / 

0.5 ~..o ~.5 - ~'.5 5.0 3.5 4.0 ,4:5 
v0~t0ee ope~e~ on celJ , ,  ~oes 

Fig. 6. Decomposition voltage curves of fused KCI-NoCl 
baths at  725~ wi th and wi thout  addition of TiI~ using a Fe 
cathode. A, KCI-NaCI bath, W anode; B, KCI-NaCI bath, Ti 
anode; C, KCI-NaCI bath + Til~ (1 .5%) ,  W anode; D, 
KCI-NaCI bath + T ih  (1 .5%) ,  Ti anode. 

Fig. 5. Micrograph of a section from a sample plated with 
Ti in a KI-KF bath (Expt. 15, Table I). The microindentat ions 
in the Ti deposit correspond to a hardness of about 180 
Vickers which is of high order and possibly results from some 
dif fusion of the steel constituents into the Ti coating at  the 
temperature at which the cathode was held during the elec- 
trolysis (950 ~ 
1% HF -]- Ni ta l  etch Magni f icat ion:  500X  

anode  is used, there  is a cons iderab le  drop in  the  de-  
composi t ion  vol tage  cor respond ing  to 1.7 v as shown  
by compar i son  wi th  the ex t r apo la t ed  vo l tage  of 
curve  B. Of the k n o w n  Ti  chlorides,  TiCI~ is the  one 
the  free ene rgy  of which  cor responds  the  closest to the  
vol tage  drop m e n t i o n e d  above. I t  suggests,  t he re -  
fore, the  possible fo l lowing  reac t ion  as p r e d o m i n a n t :  

Ti + C12--> TiCI~(E~oe = 1.7 v) [1] 

I t  appears  also f rom Fig. 6 tha t  the  add i t ion  of 
TiI,  shif ts  the  decomposi t ion  vo l tage  to a s l igh t ly  
lower  va lue  for both  W and  Ti anodes.  

S o m e w h a t  s imi la r  conclus ions  m a y  be i n f e r r ed  
f rom e x a m i n a t i o n  of the decomposi t ion  vo l tage  
curves  of Fig. 7 dea l ing  wi th  K I - N a I  baths.  In  this  
case, however ,  the ex t r apo la t ion  of curve  A to zero 
cu r r en t  gives a decomposi t ion  vol tage  of 2.65 which  
falls b e t w e e n  those of NaI  and  KI.  I t  is the re fore  
l ike ly  tha t  K is fo rmed  to some ex t en t  a long  wi th  
Na as a p r i m a r y  reac t ion  product .  On the  o ther  
hand ,  since the drop in  the  decompos i t ion  vol tage,  
w h e n  us ing  Ti as anode  (see curve  B) ,  is 0.90 v, it  
seems tha t  the  Ti at the  anode,  as in  the  case of the  
NaC1-KC1 bath,  also forms a d i v a l e n t  salt ;  in  fact, 
the vol tage  drop observed  corresponds  to the  f o r m a -  
t ion  of TiI~(E,~:oe = 0.86 v)  which  is the Ti iodide 
h a v i n g  the h ighes t  decomposi t ion  voltage.  

2.5 

2.0 

=~1.5 

*e 1,o 

8 
0.5 

e~5 1,o ~.5 2.0 2.~ 3.0 .].5 4.0 4.5 
V01te~e appb~d on cell in volt~ 

Fig. 7. Decomposition voltage curves of fused KI-Nal 
baths at 725~ with and without addition of Til, using a 
Fe cathode. A, KI-Nal bath, Pt anode; B, KI-Nal bath, Ti 
anode; C, KI-Nal bath -~- Tih (1.5%), Pt anode; D, KI-Nal 
bath + Tih (1.5%), Ti anode. 
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Fig. 8. Decomposition voltage curves of fused KI-KF baths 
at 725~ with and without addition of K2TiF6 using a Fe 
cathode. A, KI-KF bath, Pt anode; B, KI-KF bath, Ti anode; 
C, KI-KF bath -k K~TiF6 (1 .5%) ,  Pt anode; D, KI-KF bath 
if- K2TiF~ (1 .5%) ,  Ti anode. 

The ex t r apo la t i on  to zero c u r r e n t  of cu rve  A in  
Fig. 8 ind ica tes  that ,  in  the  case of a m i x e d  ha l ide  
ba th  such as K I - K F ,  on ly  KI  is decomposed because  
the  va lue  of 2.7 v found  for the decomposi t ion  vo l t -  
age cor responds  closely to the ca lcula ted  va lue  for 
KI. Otherwise ,  a m u c h  h igher  decompos i t ion  vol tage  
would  be observed  (E for K F  at 725~ = 4.7 v ) .  
W h e n  a Ti anode is used, the  curve  ob ta ined  exhib i t s  
two d is t inc t  b r a n c h e s  which  m a y  be ex t r apo la t ed  to 
give two d i f fe ren t  decompos i t ion  vol tages;  this  
poin ts  to a double  type  of reac t ion  at  the  anode.  I t  
appears  in  fact tha t  at  low vol tage  Ti forms  on ly  
fluorides;  f o r ma t i on  of such fluorides is h igh ly  exo-  
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Table ]1. General mechanism of reactions 

A Pr imary  steps 
(a) At the Cathode: reduction of an alkali  halide. 

M * ~ e---* M [7] (P r imary  cathode reaction according to decomposition voltage curves) .  
where M + is an alkali  ion in the form of a hal ide MX contained in  the electrolyte and X 
is the most active halogen. 

(b) At the Anode: Format ion  of Ti ions. 
T i - - n e - ~  Ti "~ [8] 

B- -Secondary  steps 
(a) At the Anode Ti "+ ~ nX- ~ TiX~ [9] 
(b) At the Cathode T i X , - b n M ~ T i ~ - n M X  [10] 

C- -Over -a l l  Electrolytic reaction 
a 

T i ~ n M X ~ T i X ~ - n M  [11] 
a b 

1. Process: ~ The anodic dissolution (endothermic)  : the Ti anode is attacked and converted into halide. 
2. Process: ~ The cathodic reaction (exothermic) : the Ti halide is decomposed by the free alkali  metal  

b formed at the cathode as a p r imary  product  

the rmic  and,  consequen t ly ,  leads to the  low decom-  
posi t ion  vo l tage  ob ta ined  by  the  ex t r apo la t i on  of the  
first b r a n c h  of curve  B shown in  Fig. 8. The f o r m a -  
t ion  of TiF~ is the most  l ike ly  to be favored  since this  
sal t  has a h igher  decomposi t ion  vo l tage  t h a n  TiF~ 
and  TiF~ and  one which  is closer to the  e x p e r i m e n t a l  
va lue  i n f e r r ed  f rom the  curves  shown  in  Fig. 8. 
F u r t h e r m o r e ,  TiF2 is no t  s tab le  even  at  room t e m -  
p e r a t u r e  because  of d i sp ropor t iona t ion  to m e t a l  a nd  
TiF~ (5) according  to the  reac t ion  

3TiF~-~ 2TiF~ ~- Ti [2] 

On the o ther  hand,  TiF4, if fo rmed  in  the  m o l t e n  
bath ,  wou ld  be conver t ed  in to  t r i v a l e n t  f luoride as 
was  s h o w n  in  a p rev ious  pape r  (6) .  

W h e n  the  vol tage  is increased  to a po in t  cor re -  
spond ing  abou t  to the  ex t r apo la t i on  of the second 
b r a n c h  of curve  B to zero cur ren t ,  ano the r  anodic  
reac t ion  s tar ts  and  becomes p r e d o m i n a n t  wi th  in -  
c reas ing  voltage,  as m a y  be in fe r r ed  by  the  shape of 
the  last  por t ion  of curve  B. The difference b e t w e e n  
the decomposi t ion  vol tages  co r respond ing  to curve  
A and  the  uppe r  b r a n c h  of curve  B is 0.9 v, wh ich  
is in  a g r e e m e n t  w i th  the va lue  m e n t i o n e d  in  the  
above p a r a g r a p h  for the  fo rma t ion  of TiI~. I t  seems, 
therefore ,  t ha t  the f o r m a t i o n  of TiL wou ld  t ake  
place p r e d o m i n a n t l y  a t  the  surface  of the  anode  at  
h ighe r  c u r r e n t  densi t ies .  This  TiI~ wou ld  tend,  h o w -  
ever,  to be  t r a n s f o r m e d  r a p i d l y  in  p resence  of K F  
according  to the  reac t ion  

TiL W 2KF -* TiF~ ~- 2KI [3] 

TiF,  (due  to reac t ion  [2] )  

In  fact, r eac t ion  [3] is v e r y  exothermic ,  and  f u r -  
t h e r m o r e  it was found  tha t  the  r e d d i s h - b r o w n  color 
of TiL did no t  show up at  the end  of the  e lectrolysis  
of the  K I - K F  bath.  To prove  reac t ion  [3] by  w a y  of 
s imi l i tude ,  TiI,  was  added  to a m o l t e n  K F  bath ,  and  
it  was observed  tha t  the b r o w n  color of TiL v a n -  
ished to form K I  as was  es tab l i shed  by  x - r a y  di f -  
f rac t ion  ana lys i s ;  the  v io le t  complex  of TiF,  a nd  K F  
ident i f ied as K3TiF, was  also found.  The  fo l lowing  
reac t ions  occur 

TiI ,  ~ 4KF ~ TiF~ -t- 4KI [4] 

TiF,  ~- 2KF ~ K~TiF~ [5] 

K~TiF6 + K F  -~ K~TiF~ + 1/2F~ [6] 

D u r i n g  the p l a t i ng  opera t ions  in  the fused sal t  
ba ths  us ing  Ti as anode,  the re  is a t r ans f e r  of the  Ti 
f rom the anode to the cathode. As m a y  be seen f rom 
the decomposi t ion  voltages,  this  t r a n s f e r  w ou ld  i n -  
volve,  as a p r i m a r y  step, the  r educ t ion  of an  a lka l i  
ha l ide  at the cathode a nd  the  s i m u l t a n e o u s  f o r m a -  
t ion of Ti ha l ide  at the anode;  i n  t u r n ,  the  a lka l i  
me t a l  wou ld  reduce  the Ti ha l ide  at the  cathode 
w h e r e  it is deposi ted (see T a b l e  I I ) .  As m a y  be i n -  
fe r red  f rom the  decompos i t ion  vol tage  curves,  the 
process of cathodic deposi t ion  of Ti canno t  proceed 
before  some a lka l i  me t a l  has been  deposi ted at  the  
cathode or  before  some Ti ha l ide  has been  in jec ted  in  
the  bath .  This l a t t e r  condi t ion  appl ies  in  the  case 
of the e xpe r i me n t s  in  Tab le  I where  the add i t ion  of 
Ti salts s ta r ted  ear l ie r  the  cathode reac t ion  [11 ] (b ) ,  
Tab le  II. 

It  m a y  be seen by  c ompa r i ng  the curves  in  Fig. 
6-8 tha t  the  decomposi t ion  vol tages  for KC1-NaC1 
or K I - N a I  ba ths  us ing  a Ti anode  are m u c h  h igher  
and  the  slope ind i ca t ing  the  anode  po la r iza t ion  m u c h  
s teeper  t h a n  for K I - K F  ba ths  at  lower  c u r r e n t  d e n -  
sities. I t  resul ts  the re fore  tha t  in  the  l a t t e r  b a t h  Ti 
m a y  be deposi ted at ve ry  low vol tages  w i t h  re la -  
t i ve ly  h igh c u r r e n t  dens i ty ;  ene rgy  efficiency is 
the re fore  be t t e r  as also the  Ti  deposi ted.  

Af te r  the e lectrolysis  was  comple ted  in  the  K I - K F  
ba ths  us ing  a Ti anode,  the  sal t  m i x t u r e  lef t  was  
s u b m i t t e d  to x - r a y  di f f ract ion ana lys i s  (7) a nd  was  
found  to con ta in  besides  KI  and  K F  some u n i d e n t i -  
fied compound  no t  descr ibed  in  the  ava i l ab le  l i t e r a -  
tu re  which  was def ini te ly  no t  K~TiF~ nor  K~TiF6 (6) .  
This c o m p o u n d  is most  l i ke ly  the  resu l t  of the  fo l -  
lowing  reac t ion  

TiF,  ~- n K F  -~ n KF,  TiF~ [7] 

On the other  hand ,  the  absence  of K~TiF~ in  the  
e lect rolyt ic  ba th  confirms the  v iew t h a t  TiF4 is no t  
fo rmed  at the anode.  I t  follows, therefore ,  t ha t  the 
reac t ion  at  the ca thode  wou ld  be in  this  p a r t i c u l a r  
case 

TiF.  W 3K-~ Ti ~ 3KF [8] 

The  reduced  Ti ob ta ined  b y  reac t ion  [8] u n d e r  the 
condi t ions  m e n t i o n e d  in  Tab le  I produces  a smooth  
and  u n i f o r m  deposit .  This  is ascr ibed  to the  f luidi ty  
of the  K I - K F  b a t h  a nd  to the  h igh  t e m p e r a t u r e  of 
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t he  c a thode  w h i c h  t h e r e f o r e  r e m a i n s  c lean  and  f r ee  
f r o m  a n y  excess  of  K m e t a l  on accoun t  of  i t s  l o w  
bo i l i ng  p o i n t  (774~ Conve r se ly ,  th i s  e x p l a i n s  in  
p a r t  t he  d e n d r i t i c  f o r m a t i o n  o b s e r v e d  in b a t h s  con-  
t a i n i n g  L i  o r  even  Na,  t he  bo i l i ng  po in t s  of  w h i c h  
a r e  h igher .  
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ABSTRACT 

Deposit ion,  onto iner t  electrodes,  of copper  in amounts  insufficient to form 
a mono laye r  takes  place more  r ead i ly  than  pred ic ted  using the Nerns t  equation.  
The undervo l t age  is a funct ion of the acidity,  the  anion present ,  and the amount  
of copper  deposited.  Examina t ion  of the l i t e ra tu re  for s i lver  and for  zinc ind i -  
ca ted that ,  as the  la t t ice  d imension  of the deposi ted  e lement  approached  tha t  
of the  e lec t rode  mater ia l ,  the  undervo t tage  increased.  Copper  undervo l t age  
appears  to fol low the same trend,  bu t  the  observed differences are  smal l  and 
open to question. 

The  e l e c t r o d e p o s i t i o n  of  less  t h a n  a m o n o l a y e r  of  
an  e l e m e n t  onto a n  " i n e r t "  e l e c t r o d e  s o m e t i m e s  
t a k e s  p l a c e  m u c h  m o r e  r e a d i l y  t h a n  one  w o u l d  p r e -  
d ic t  u s ing  the  N e r n s t  e q u a t i o n  (1) .  F o r  e x a m p l e ,  
depos i t i on  of  s i l ve r  f r o m  a 10-gM so lu t ion  onto a 
p l a t i n u m  e l e c t r o d e  t a k e s  p l ace  a t  p o t e n t i a l s  a b o u t  
0.5 v less ca thod ic  t h a n  onto a s i l ve r  e l e c t r o d e  (2 ) .  
Because  s i l ve r  and  coppe r  a r e  qu i t e  s i m i l a r  in m a n y  
c h e m i c a l  a n d  m e t a l l u r g i c a l  p rope r t i e s ,  a s y s t e m a t i c  
s t u d y  i n v o l v i n g  coppe r  was  m a d e  in  t he  h o p e  of 
o b t a i n i n g  m o r e  i n f o r m a t i o n  a b o u t  v a r i a b l e s  w h i c h  
affect  t h e  u n d e r v o l t a g e .  The  fac t  t h a t  c o p p e r  cou ld  
b e  p r e s e n t  in m o r e  t h a n  one  v a l e n c e  s t a t e  w a s  a 
c o m p l i c a t i o n  no t  e n c o u n t e r e d  in  t he  e a r l i e r  w o r k  
w i t h  s i lver .  

Experimental 
Apparatus  and Solutio~ns 

Deion ized  w a t e r ,  w i t h  c o n d u c t i v i t y  t h r e e  t i m e s  
less  t h a n  t h a t  of d i s t i l l ed  w a t e r ,  was  used  for  a l l  
d i lu t ions .  In  o r d e r  to i n s u r e  a m i n i m u m  of  c o n t a m -  
i na t i on  f r o m  coppe r  and  o t h e r  e l e m e n t s  (as  w e l l  as  
o rgan ic  i m p u r i t i e s ) ,  a l l  solut ions ,  e x c e p t  conc e n -  
t r a t e d  acids,  w e r e  p r e - e l e c t r o l y z e d  o v e r n i g h t  a t  
--0.8 v vs. S.C.E. u s ing  a l a r g e  p l a t i n u m  gauze  c a t h -  
ode. 

The  c o n c e n t r a t i o n  of c o p p e r  in  a n  e l e c t r o l y t i c  
so lu t ion  was  b e t w e e n  10 -7 a n d  10-~ The  l o w e r  

1 P resen t  address :  Expe r imen t a l  Station,  E. I. du  Pon t  de Ne mour s  
& Co., Inc.,  Wi lmington ,  Del. 

l i m i t  was  set  b y  t h e  coppe r  i m p u r i t y  in  t he  z inc -  
o x i d e  cyc lo t ron  t a r g e t  ( Johnson ,  M a t h e y  a n d  Co. 
L t d . ) .  C o p p e r  --61, --63, and  - -64  p r o d u c e d  in  t he  
b o m b a r d m e n t  w e r e  m u c h  sma l l e r ,  each  b e i n g  a b o u t  
10-1~M. A n  u p p e r  l i m i t  of 10-TM was  e s t a b l i s h e d  b y  
f ind ing  no c o p p e r  in  t y p i c a l  t r a c e r  so lu t ions  w h e n  a 
c o u l o m e t r i c  p roc e du re ,  s ens i t i ve  to s o m e w h a t  less  
t h a n  10-TM, w a s  used .  

The  r a d i o - c o p p e r  was  a m i x t u r e  of 3.0 h r  coppe r  
--61 a n d  12.8 h r  coppe r  - -64  as  s h o w n  b y  h a l f - l i f e  
m e a s u r e m e n t ,  g a m m a - r a y  s p e c t r o m e t r y ,  a n d  a l u m i -  
n u m  a b s o r p t i o n  ana lys i s .  Usua l ly ,  on ly  6-10 d e p o s i -  
t ion  runs  cou ld  be  c o m p l e t e d  in  t he  t h r e e - d a y  p e r i o d  
fo l l owing  i so la t ion  of a t r a c e r  p r e p a r a t i o n  b e f o r e  i ts  
a c t i v i t y  b e c a m e  too l o w  to p e r m i t  p r e c i s e  m e a s u r e -  
m e n t s  to be  m a d e .  As  a resu l t ,  a l a r g e  n u m b e r  of 
t r a c e r  p r e p a r a t i o n s  w e r e  used,  each  of w h i c h  w a s  
u n d o u b t e d l y  s o m e w h a t  d i f fe ren t  in c o n c e n t r a t i o n  of 
t o t a l  c o p p e r  f r o m  t h e  o thers .  

P r o c e d u r e s  i n v o l v i n g  e lec t ro lys i s ,  an ion  e x c h a n g e  
(3) ,  and  so lven t  e x t r a c t i o n  w e r e  c o m p a r e d  b r i e f l y  
as m e t h o d s  for  s e p a r a t i n g  t h e  r a d i o - c o p p e r  f r o m  
the  a c c o m p a n y i n g  z inc  a n d  g a l l i u m  ac t iv i t i es .  The  
d i t h i z o n e  e x t r a c t i o n  p r o c e d u r e ,  b a s e d  on  t h a t  of  
H a y m o n d ,  et al. (4) ,  w a s  f o u n d  to b e  t h e  fas tes t .  
The  p r o c e d u r e  i n v o l v e d  d i s so lu t ion  of  t h e  t a r g e t  
m a t e r i a l  in  c o n c e n t r a t e d  h y d r o c h l o r i c  acid,  a d j u s t -  
m e n t  of t h e  p H  to 1.0-1.2 b y  d i l u t i on  w i t h  de ion ized  
w a t e r ,  and  e x t r a c t i o n  of t he  r a d i o - c o p p e r  u s ing  
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0.001% d i th i zone  in c a r b o n  t e t r a c h l o r i d e .  The  o r -  
gan ic  e x t r a c t  was  w a s h e d  w i t h  0.1M su l fu r i c  ac id  
and  t hen  w e t - a s h e d  w i t h  a m i x t u r e  of 1-2 d rops  
of 18M su l fu r i c  ac id  a n d  2 ml  of 15M n i t r i c  acid.  
A f t e r  e v a p o r a t i o n  to d ryness ,  t he  r a d i o - c o p p e r  was  
t a k e n  up  in 1M p e r c h l o r i c  acid.  U s u a l l y  2 m l  of th i s  
so lu t ion  w e r e  a d d e d  to 200 m l  of b a c k g r o u n d  e l ec -  
t r o l y t e  in  p r e p a r i n g  a so lu t ion  d e s i g n a t e d  as a 
" t r a ce"  c o n c e n t r a t i o n  of copper .  A p H  of 2.0 was  
used  in  a l l  depos i t ions  un less  o t h e r w i s e  s ta ted .  A d -  
d i t i o n a l  a m o u n t s  of  n a t u r a l  coppe r  ( I I )  s a l t  w e r e  
a d d e d  if h i g h e r  c o n c e n t r a t i o n s  w e r e  to be  s tud ied .  

The  e l ec t rodes  u sed  in  th i s  s t u d y  w e r e  of t w o  
types .  P l a t i n u m  gauze  of a p p r o x i m a t e l y  80 cm ~ 
g e o m e t r i c a l  a rea ,  s ea l ed  into  6 m m  l e a d - g l a s s  t ub ing ,  
was  used  for  mos t  of t he  e x p e r i m e n t s .  In  add i t ion ,  
foi l  e l ec t rodes  of p l a t i n u m ,  p a l l a d i u m ,  gold,  i r i d ium,  
and  r h o d i u m  w e r e  p r e p a r e d  a n d  had ,  as n e a r l y  as  
poss ib le ,  the  same  g e o m e t r i c a l  a rea ,  e s t i m a t e d  to be  
29.8 cm 2. 

S e v e r a l  p r o c e d u r e s  for  p r e t r e a t m e n t  of t he  e l ec -  
t r odes  w e r e  c o m p a r e d  a n d  f o u n d  to g ive  v i r t u a l l y  
t he  s ame  resu l t s .  The  p r o c e d u r e  f ina l ly  chosen  con-  
s i s ted  of r i n s ing  t h e m  in e t h a n o l  and  a l l o w i n g  t h e m  
to d r y  in  a i r .  T h e y  t h e n  w e r e  i m m e r s e d  in  b o i l i n g  
6N n i t r i c  acid,  r i n s e d  t h o r o u g h l y  w i t h  de ion ized  
w a t e r ,  a n d  p l a c e d  d i r e c t l y  in  t he  e l e c t r o l y t i c  cells.  

E l ec t ro ly se s  w e r e  p e r f o r m e d  in l ip less  t a l l - f o r m  
beake r s ,  20 cm t a l l  and  6 cm in d i a m e t e r .  The  
b e a k e r s  w e r e  cove red  w i t h  P l e x i g l a s s  to p r o t e c t  t he  
so lu t ions  f r o m  c o n t a m i n a t i o n  b y  a t m o s p h e r i c  dust .  
S a l t  b r i d g e s  con t a in ing  2M s o d i u m  p e r c h l o r a t e  con -  
nec ted  the  r e f e r e n c e  cel l  and  the  w o r k i n g  a n o d e  
w i t h  the  m a i n  e l e c t r o l y t i c  cell .  T h e  ends  of t he  
b r i d g e s  w e r e  p l u g g e d  w i t h  u n f u s e d  V y c o r  glass  
w h i c h  h a d  been  p r e v i o u s l y  soaked  o v e r n i g h t  in 
sod ium p e r c h l o r a t e .  The  v o l u m e  of so lu t ion  in  t he  
e l e c t ro ly t i c  cel ls  was  200 m l  in  a l l  cases.  N i t r o g e n  
w a s  b u b b l e d  v i g o r o u s l y  t h r o u g h  t h e  so lu t ions  p r i o r  
to and  d u r i n g  t h e  e l ec t ro ly se s  in  o r d e r  to k e e p  the  
o x y g e n  c o n c e n t r a t i o n  to a m i n i m u m .  So lu t ions  w e r e  
s t i r r e d  b y  T e f l o n - c o v e r e d  b a r s  d r i v e n  b y  m a g n e t i c  
s t i r r e r s .  

I m m e d i a t e l y  a f t e r  t he  e l ec t rodes  h a d  b e e n  i m -  
mer sed ,  a 1 -ml  s a m p l e  was  r e m o v e d  f r o m  the  cell .  
This  s a m p l e  was  used  as a s t a n d a r d  aga in s t  w h i c h  
a l l  l a t e r  s a m p l e s  w e r e  c o m p a r e d  in o r d e r  to co r rec t  
for  d e c a y  of t h e  m i x t u r e  of r a d i o - c o p p e r  nuc l ides .  A 
p o t e n t i a l  was  a p p l i e d  a n d  r e g u l a t e d  b y  p o t e n t i o s t a t s  
(5)  for  the  t i m e  n e c e s s a r y  for  t he  a m o u n t  d e p o s i t e d  
to r e a c h  a v i r t u a l l y  c o n s t a n t  va lue .  ( F o r  the  80 -cm ~ 
p l a t i n u m  gauze  e l ec t rodes  th is  t i m e  w a s  1 hr ;  for  
the  29.8 cm ~ foils,  3 h r . )  A t  t h e  end  of t h a t  t ime ,  
a n o t h e r  1 -ml  s a m p l e  w a s  t a k e n  a n d  c o m p a r e d  w i t h  
t h e  s t a n d a r d .  F r o m  the  r e l a t i v e  d i f fe rence  in ac t iv i ty ,  
t he  p e r c e n t a g e  of coppe r  depos i t ed  a t  t h a t  p o t e n t i a l  
was  ca l cu la t ed .  T h e n  t h e  p o t e n t i a l  u s u a l l y  was  
c h a n g e d  0.05 v in t h e  ca thod ic  d i r ec t i on  a n d  t h e  
p r o c e d u r e  r e p e a t e d .  In  th is  m a n n e r ,  t he  p e r c e n t a g e  
of copper  d e p o s i t e d  was  o b t a i n e d  as a func t ion  of 
c a thode  po ten t i a l .  S t r i p p i n g  cu rves  w e r e  o b t a i n e d  
b y  c h a n g i n g  the  p o t e n t i a l  in  t h e  oppos i t e  d i rec t ion .  

A s i n g l e - c h a n n e l  d i f f e r en t i a l  d i s c r i m i n a t o r  coup led  
t h r o u g h  a l i n e a r  amp l i f i e r  to a 2- in .  w e l l - t y p e ,  

t h a l l i u m - a c t i v a t e d ,  s o d i u m  iod ide  c r y s t a l  s c in t i l -  
l a t o r  was  used  for  m e a s u r i n g  t h e  g a m m a - r a y  spec -  
t r u m  to c h a r a c t e r i z e  t h e  r a d i o - c o p p e r .  C o u p l e d  to 
an  o r d i n a r y  b i n a r y  scaler ,  i t  was  used  to coun t  t h e  
r a d i o - c o p p e r  s a m p l e s  in t he  d e p o s i t i o n  s tudies .  
U s u a l l y  3000-3500 counts  a b o v e  b a c k g r o u n d  ( a b o u t  
250 cpm)  w e r e  o b t a i n e d  fo r  each  sample .  Us ing  t h e  
s q u a r e  roo t  of t h e  t o t a l  counts  as an  e s t ima te ,  t h e  
s t a n d a r d  d e v i a t i o n  was  a b o u t  2%.  

The  r e p r o d u c i b i l i t y  of t h e  depos i t i on  d a t a  was  
p r i m a r i l y  a func t ion  of  t he  a m o u n t  of  c o p p e r  p r e s e n t  
and  the  s lope of t h e  c u r v e  a t  t he  p o t e n t i a l  in  q u e s -  
t ion.  A t  t h e  m i l l i m o l a r  leve l ,  t h e  r u n - t o - r u n  r e -  
p r o d u c i b i l i t y  was  • 5 my.  Curves  at  t h e  t r a c e  l eve l  
w e r e  r e p r o d u c i b l e  w i t h i n  • 20 m v  ( c o r r e s p o n d i n g  to 
an  e s t i m a t e d  3 -7% v a r i a t i o n  in o b s e r v e d  p e r c e n t a g e  
of coppe r  d e p o s i t e d ) ,  a l t h o u g h  for  a g iven  e l ec t rode  
and  a p a r t i c u l a r  b a t c h  of t r ace r ,  the  r e p r o d u c i b i l i t y  
was  • 10 my.  Some  v a r i a b i l i t y  was  caused  u n -  
d o u b t e d l y  b y  v a r i a t i o n  in t he  coppe r  c o n t a m i n a t i o n  
f r o m  one p r e p a r a t i o n  to ano the r .  

P o t e n t i a l s  for  50% depos i t ion ,  E~oo/o, in  v a r i o u s  
media ,  w e r e  c o m p a r e d  w i t h  h a l f - w a v e  po ten t i a l s ,  
c a l c u l a t e d  f r o m  f o r m a l  p o t e n t i a l s  o b t a i n e d  f rom 
m i l l i m o l a r  copper ,  us ing  p l a t i n u m  m i c r o e l e c t r o d e s  
and  a S a r g e n t  p o l a r o g r a p h ,  Mode l  XXI .  H a l f - w a v e  
va lue s  cou ld  u s u a l l y  be r e p r o d u c e d  w i t h i n  • 10 m y  
or  less.  

Results 

Perchlorate media 

Be c a use  a s t u d y  of t h e  depos i t i on  of s i l v e r  (2) 
f r o m  d i l u t e  so lu t ions  i n d i c a t e d  t h a t  t h e  l a r g e s t  
u n d e r v o l t a g e  was  o b t a i n e d  in  p e r c h l o r a t e  m e d i u m ,  
0.1M sod ium p e r c h l o r a t e  was  t h e  f irst  m e d i u m  
s tud i e d  in the  p r e s e n t  i nves t i ga t i on .  F i g u r e  1 shows 
t h e  depos i t i on  b e h a v i o r  of  coppe r  in  s o d i u m  p e r -  

I 
*(255 .027 *0.19 +0.11 *005 -0.05 -0.13 -Q210 

PotenlioI,Volts vs S.C.E. 

Fig. 1. Ef fect  o f  in i t ia l  concent ra t ion of  copper on its 
deposit ion behavior onto 80 cm = p la t inum gauze electrodes 
f rom O . ] M  sodium perchlorate. O, trace; A, l x lO -6M;  [3, 
5xlO-6M; e, lxlO-~M; A, 5xIO-~M; II, lxlO-~M; x, lxlO-SM; 
+, lx l  O-2M. 
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Fig. 2. Effect of  pH on the deposition of 10-~M copper 
from 0 . ] M  sodium perchlorate onto 80 cm 2 plat inum gauze 
electrodes, pH 0.0: open square with a dot joined by a solid 
line, deposition, open square with a dot joined by a broken 
line, str ipping; pH 2.0: open tr iangle with a dot joined by 
a solid line, deposition, open tr iangle with a dot joined by a 
broken line, str ipping; pH 5.0: open circle with a dot joined 
by a solid line, deposition, open circle with a dot joined by a 
broken line, stripping. 

chlora te  as a function of copper concentrat ion.  
Undervol tage  effects and changes in curve shape 
with increas ing ini t ia l  concentra t ion of copper were  
reminiscent  of those obtained for silver.  Deposit ions 
of copper f rom 10-~M and 10-~M solutions agreed 
quite wel l  wi th  predict ions  based upon the  Nernst  
equation.  

The pH a lways  was measured  before and af te r  
a deposi t ion study. Only in the deposit ion of mi l l i -  
mola r  copper  f rom a solution in i t i a l ly  at  pH 5.0 
was a change grea ter  than  0.1 pH uni t  found, and 
then it was be tween 1 and 2 units  higher.  

Al though a change from pH 2.0 to 0.0 had  l i t t l e  
effect on deposit ions at  the mi l l imolar  level  (Fig. 2), 
increased acidi ty  fac i l i ta ted  deposi t ion at the t race  
level  jus t  as it  had for s i lver  (2, 6), p robab ly  due to 
its effect on the p l a t inum oxide surface film (Fig. 3). 
At  pH 5.0, deposi t ion appeared  to be easiest  but,  
unfor tunate ly ,  sorpt ion cont r ibuted  subs tan t ia l ly  to 
the  observed remova l  of copper as indicated by  the 
s t r ipping curve  and by  studies conducted at  open 
circuit.  At  pH 2.0, however,  sorpt ion losses never  
exceeded 4%. Other  effects of pH, pa r t i cu l a r ly  those 
encountered in hal ide  media,  a re  discussed below. 

Other Media 

A change f rom perchlora te  to complexing media  
had resul ted  in lower  undervol tages  for  the  depos i -  
t ion of silver. However,  Fig. 4 and Table  I show the 
opposite effect for copper in tha t  the ease of deposi-  
t ion increased in the order  perchlorate ,  sulfate,  
bromide,  chloride,  and ni t rate .  The da ta  for n i t r a te  
do not  fit the t rend  a l though it is wide ly  known 
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Fig. 3. Effect of  pH on the deposition of trace copper f rom 
0 .1M sodium perchlorate onto 80 cm 2 plat inum gauze elec- 
trodes, pH 0.0: square with a dot joined by o solid line, de- 
position; square with a dot joined by a broken line, str ipping; 
pH 2.0: tr iangle with a dot joined by a solid line, deposition, 
triangle with a dot joined by a broken line, str ipping; pH 
5.0: circle with a dot joined by a solid line, deposition, circle 
with o dot joined by a broken line, stripping. 

from macro exper iments  tha t  deposit ions f rom 
n i t ra te  are  difficult to reproduce  in the  absence of a 
substance to remove ni t rous  acid. 

The undervo l tage  for s i lver  had been s tudied as a 
funct ion of ac idi ty  only in pe rch lora te  med ium (2, 6), 
so a br ie f  s tudy using copper  in different  media  
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Fig. 4. Deposition behavior of  trace copper onto 80 cm ~ 
plat inum gauze electrodes from 0 .1M solutions of  sodium 
perchlorate, sodium sulfate, sodium bromide, sodium chloride, 
and sodium nitrate. A, sodium bromide; [3, sodium chloride; 
�9 sodium nitrate; O, sodium perchlorate; A, sodium sulfate. 
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Table I. Comparison of experimental E.~ o/o values for trace 
copper with those predicted for 10-7M solutions from polarographic 

data on 10-3M solutions 

EI/2 f o r  Pre- 
10-aM, v d i e t e d  Ell2 Eeo% of  U n d e r -  

M e d i u m  vs.  S .C.E.  f o r  10-~M, v t r a c e ,  v v o l t a g e  

NaCIO, --0.03 - - 0 . 1 5  +0.04 0.19 
NaNO3 --0.04 - - 0 . 1 6  (+0.18) * (0.33) * 
Na~SO~ --0.06 - - 0 . 1 8  +0.09 0.27 
NaCl (Cu +) + 0 . 1 4  +0.14 +0.18 0.04 

(Cu ~ - - 0 . 2 5  - - 0 . 4 9  +0.18 0.67 
NaBr (Cu + ) + 0 . 1 5  + 0 . 1 5  +0.14 --0.01# 

(Cu ~ - - 0 . 2 6  - - 0 . 5 0  +0.14 0.64 

* U n r e l i a b l e ,  see  t e x t .  
$ W i t h i n  e x p e r i m e n t a l  e r r o r  of  ze ro  u n d e r v o l t a g e .  

s e e m e d  adv i sab l e .  F o r  0.1M s o d i u m  p e r c h l o r a t e  a 
change  in a c i d i t y  f r o m  p H  2 to 1M ( in  p e r c h l o r i c  
ac id)  p r o d u c e d  on ly  a 20 m v  anod ic  shift ,  a c h a n g e  
no t  m u c h  l a r g e r  t h a n  the  l im i t s  of r e p r o d u c i b i l i t y .  
H a l i d e  med ia ,  h o w e v e r ,  s h o w e d  i n t e r e s t i n g  d i f f e r -  
ences.  A 0.1M so lu t ion  of s o d i u m  ch lor ide ,  a f t e r  
be ing  m a d e  1M w i t h  h y d r o c h l o r i c  acid,  gave  a 
ca thod ic  sh i f t  of 0.1 v;  a s i m i l a r  r u n  in  1M s o d i u m  
c h l o r i d e  ( a t  p H  2) a g r e e d  w i t h  t he  0.1M so lu t ion  a t  
p H  2 (i.e., no sh i f t  due  to c h l o r i d e  a l o n e ) .  W h e n  a 
p H  2 so lu t ion  of 0.1M s o d i u m  b r o m i d e  was  m a d e  1M 
in h y d r o b r o m i c  acid,  a ca thod ic  sh i f t  of 0.2 v r e l a -  
t i ve  to 0.1M b r o m i d e  a t  p H  2 was  p r o d u c e d .  These  
changes  a p p e a r  to be  m u c h  too l a r g e  to be  a c c o u n t e d  
fo r  b y  changes  in  a c t i v i t y  coefficients or  j u n c t i o n  
po ten t i a l s .  The  i m p o r t a n t  f ac to r  a p p e a r s  to b e  no t  
t h e  an ion  b u t  the  h y d r o n i u m  ion. P a r t i a l  con f i rma-  
t ion  was  o b t a i n e d  b y  m a k i n g  a 0.1M so lu t ion  of 
s o d i u m  ch lo r ide  1M in p e r c h l o r i c  ac id  a n d  f ind ing  a 
50 m v  ca thod ic  shift .  T h e  fac t  t h a t  th is  s a m e  ac id  
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Fig. 5. Effect of  init ial  concentrat ion of copper on its 
deposit ion behavior onto 80 cm = plat inum gauze electrodes 
f rom O. I M  sodium chloride. O, trace; A, l x l O ~ M ;  rq, 
2xlO-~M; o, 3xlO-~M; A, 5xlO-~M; II, lxlO-~M; x, lxlO-~M; 
+, l x l  O-~M. 

p r o d u c e d  a s l i g h t l y  anodic  sh i f t  w h e n  a d d e d  to 
s o d i u m  p e r c h l o r a t e  w o u l d  a p p e a r  to ru l e  ou t  con-  
t a m i n a t i o n  w i t h  coppe r  as t he  cause  for  t he  ca thod ic  
shif t .  

Because  the  l a r g e s t  u n d e r v o l t a g e  was  o b s e r v e d  
for  depos i t i on  f r o m  c h l o r i d e  m e d i u m ,  de pos i t i on  b e -  
h a v i o r  was  e x a m i n e d  as a func t ion  of  concen t r a t i on .  
F i g u r e  5 shows  t h a t  a d i s t i n c t  p l a t eau ,  w h i c h  e x -  
t e n d e d  for  0.2 v, a p p e a r e d  at  coppe r  c o n c e n t r a t i o n s  
of 5 x 10-6M and  10-SM. Depos i t i ons  f r o m  10-'M a n d  
10-3M copper  a g r e e d  w i t h i n  0.02 v w i t h  t h e  p r e -  
d ic t ions  based  u p o n  t h e  N e r n s t  equa t ion .  

Ch lo r ide  is k n o w n  to c o m p l e x  w i t h  p l a t i n u m  as 
w e l l  as w i t h  copper .  I t  a ids  in  r e m o v i n g  ox ide  f i lms 
and  m i g h t  also ac t  as a b r i d g i n g  ion. H o w e v e r ,  p r e -  
e l ec t ro lys i s  in  c h l o r i d e  d id  no t  s eem to affect  t h e  
depos i t i on  of " t r a c e "  c o p p e r  f r o m  0.1M s o d i u m  
p e r c h l o r a t e  a l t h o u g h  i t  is poss ib l e  t h a t  t h e  ox ide  
was  f irst  r e m o v e d  in c h l o r i d e  m e d i u m  and  t h e n  
r e s t o r e d  in p e r c h l o r a t e .  The  fo l l owing  e x p e r i m e n t  
t hen  was  p e r f o r m e d  to s t u d y  the  effect of v a r i o u s  
a m o u n t s  of c h l o r i d e  on the  de pos i t i on  of t r a c e  
a m o u n t s  of coppe r  f r o m  0.1M sod ium p e r c h l o r a t e .  
The  c a thode  p o t e n t i a l  was  h e l d  a t  +0 .15  v vs. S.C.E. 
in  a so lu t i on  of  t r a c e  c o p p e r  in  0.1Ni s o d i u m  p e r -  
ch lo ra te .  A t  th is  p o t e n t i a l  on ly  21% coppe r  d e p o s -  
i t ed  u n d e r  o r d i n a r y  condi t ions .  A f t e r  m a k i n g  th is  
so lu t ion  10-SM in  ch lor ide ,  t h e  p e r c e n t a g e  of c o p p e r  
d e p o s i t e d  i n c r e a s e d  to 24%, a sma l l  b u t  pos s ib ly  
s igni f icant  change .  A t  10-~M, the  p e r  cen t  i n c r e a s e d  
o n l y  to 26%. H o w e v e r ,  a f t e r  an  i n c r e a s e  in  c h l o r i d e  
c o n c e n t r a t i o n  to 0.1M, the  p e r  cent  d e p o s i t e d  i n -  
c r ea sed  to 38%. This  increase ,  w h i c h  c o r r e s p o n d e d  to 
a 0.05 v sh i f t  of t h e  e n t i r e  depos i t i on  c u r v e  t o w a r d  
less  ca thod ic  po ten t i a l s ,  s eems  g r e a t e r  t h a n  could  b e  
a c c o u n t e d  for  on the  bas i s  of a change  in  e i t he r  
a c t i v i t y  coefficient  or  j u n c t i o n  po t en t i a l .  T h e  fac t  
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Fig. 6. Deposition behavior of  trace copper on 29.8 cm = 
foi l  electrodes of gold, plat inum, pal ladium, ir idium, and 
rhodium from 0 .1M sodium perchlorate. D, gold; O, i r idium; 
o, pal ladium; A, plat inum; I ,  rhodium. 
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tha t  the chloride curve  in the presence of perch lora te  
was displaced ca thodica l ly  f rom the curve for chlo- 
r ide  e lec t ro ly te  alone m a y  indicate  compet i t ion for 
the p l a t i num surface, in ter ference  wi th  the discharge 
reaction,  or possibly contaminat ion.  

E~ects of Electrode Size and Material 

Electrodes comparab le  in size and shape  to the  
s tandard  p l a t inum gauze electrodes were  not  ava i l -  
able for o ther  e lements  so, in order  to be able to 
make  comparisons more  easily, foils of p l a t i num as 
wel l  as gold, pa l lad ium,  ir idium, and rhod ium were  
cut so as to have  uni form geometr ic  areas of 29.8 
cm% As expected (2, 17), a compar ison of the  de -  
posit ion curves for  the gauze and foil of p l a t inum 
showed a cathodic d isp lacement  for the  smal ler  
electrode.  A br ief  comparison of a shiny and a dul l  
p l a t inum foil did not show a difference in behav ior  
g rea te r  than  the usual  exper imen ta l  error,  a l though 
it might  have on a more  ex tended  series of runs (2).  

F igu re  6 compares  the  behavior  of t race  copper 
using different  me ta l  foils. I t  is in te res t ing  tha t  
differences could st i l l  be observed at  the mi l l imola r  
level  (Fig. 7) al though,  at  10"-M, all  expe r imen ta l ly  
significant differences had  disappeared.  Calculat ions 
show that  complete  deposi t ion of 10-"M copper  
would correspond to 1000 layers ,  assuming a rough-  
ness factor  of unity.  The fact  tha t  differences could 
be observed through m a n y  layers  is consistent wi th  
observat ions (7) tha t  the ea r ly  layers  of deposit  
assume the crys ta l  s t ruc ture  of the substrate .  

Electrolysis as an Isolation Procedure 

Because ca r r i e r - f r ee  copper deposits  so readi ly ,  
e lectrolysis  should be a sui table  method  for  sepa-  
ra t ing  r ad io -copper  f rom rad io-z inc  and r ad io -  
gall ium. It  was found tha t  copper  could indeed be 
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Fig. 7. Deposition behavior of ]0-=M copper on 29.8 cm 2 
foi l  electrodes of gold, p lat inum, pal ladium, i r idium, and 
rhodium from 0 .1M sodium perchlorate. FI, gold; �9 i r id ium; 
e, pal ladium; A, p lat inum; I I  rhodium. 
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deposi ted essent ia l ly  complete ly  on p l a t inum wi th -  
out deposi t ing zinc or gal l ium. The fol lowing p ro -  
cedure  gave rad iochemica l ly  pu re  copper activit ies.  
I t  is somewhat  more  t ime consuming than  solvent  
ex t rac t ion  but  should be adap ted  more  easi ly  to 
remote  operat ion.  

A p l a t i num-gauze  e lec t rode  was p laced  in a 
solution of the  ta rge t  ma te r i a l  in 0.5M sulfur ic  acid. 
A potent ia l  of --0.5 v vs. S.C.E. was appl ied  for  1 hr, 
fol lowing which the electrode was removed,  wi thout  
disconnect ing the leads to the potent iostat ,  and 
carefu l ly  washed  by  submers ion in a beaker  con- 
ta in ing  deionized water .  The electrode then was 
p laced  in fresh 0.5M sulfuric  acid and electrolysis  
was cont inued for  another  hour.  A tota l  of th ree  
electrolyses  were  made  and, af ter  each one, es t i -  
mates  were  made  of the  ac t iv i ty  remain ing  in solu-  
tion, the  ac t iv i ty  in the washings,  and the ac t iv i ty  on 
the electrode. The final ac t iv i ty  on the e lec t rode  
was pure  rad io-copper .  Smal l  amounts  of zinc and 
gal l ium act ivi t ies  present  in the washings were  
p r e s um a b l y  car r ied  over  by  en t ra inment .  

Discussion 
Qual i ta t ively ,  undervol tage  appeared  to be grea te r  

when the la t t i ce  dimensions of the  e lect rode m a t e -  
r ia l  more nea r ly  matched  those of the deposi ted 
t race element.  This was first noted in a r e - e x a m i n a -  
t ion of the da ta  for  s i lver  (2) (see Table  II  and Fig. 
8). I t  was found then that,  a l though quan t i t a t ive  
deposi t ion da ta  a re  not avai lable ,  qua l i t a t ive  s t a te -  
ments  for zinc behavior  indicate  tha t  it  follows the 
same trend.  The fact  tha t  zinc is no rma l ly  hexagona l  
close-packed,  whi le  the other  meta ls  are  face-  
centered cubes, is p r o b a b l y  not  as impor t an t  as the  
la t t ice  dimensions themselves  (8). On tha t  basis, 
predict ions of the order  in which the electrode 
undervol tages  would fa l l  were  made  for copper. 
Except  for rhodium, which also gave anomalous 
resul ts  wi th  silver, the e lectrode mate r ia l s  fel l  in the  
expected order  (Fig. 8). A dm i t t e d l y  the  differences 
are small,  but  they  were  observed consis tent ly  On 
many  batches of copper, the unce r t a in ty  being less 
than  • 10 mv when repea ted  runs were  made  using 
a s ingle  p repa ra t ion  of t racer .  
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Fig. 8. Undervoltoges of silver (2) and copper, and con- 
densotion coeff icient for silver ( ]0 )  as a funct ion of latt ice 
mismatch. 
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Table II. Lattice parameters and deposition data for silver, 
copper, and zinc 

T r a c e  N e a r e s t  
e l e -  E l e c -  n e i g h b o r ,  % 

m e n t  t r o d e  A (19) MismatchCa> U n d e r v o l t a g e t b )  

Ag Rh 2.684 7.0 0.00 
Pd 2.745 4.9 0.46 
Pt  2.769 4.0 0.56 
W 2.816 2.3 0.18 
Au 2.878 0.2 0.87 
Ag 2.882 - -  - -  

Cu Cu 2.551 - -  - -  
Rh 2.684 --5.2 0.10 
Ir  2.709 --6.2 0.20 
Pd 2.745 --7.6 0.18 
Pt  2.769 --8.2 0.17 
Au 2.878 --12.8 0.13 

Zn Ni 2.486 6.4 "Slight ''~~ 
Cu 2.551 4.0 "Moderate ' ' ~  
Zn 2.660 ~ - -  - -  
Pt  2.769 --4.1 "Large ' ' ~  
Pb 3.493 --31.2 "None ' ' ~  

ca~ ( T r a c e  m e t a l - - E l e c t r o d e  m e t a l )  / T r a c e  m e t a l .  
cb~ C a l c u l a t e d  on  the  bas i s  of  10-gM s i l v e r  a n d  10-TM c o p p e r  i n  

w e a k l y  a c i d i c  n i t r a t e  a n d  p e r c h l o r a t e  m e d i a ,  r e s p e c t i v e l y .  
(e~ S m a l l  s h i f t  t o w a r d  n o b i l i t y  a t  v e r y  l o w  i n i t i a l  c o n c e n t r a t i o n s .  
Cd) E-~0o/o r e m a i n s  c o n s t a n t  w i t h  d e c r e a s i n g  i n i t i a l  c o n c e n t r a t i o n .  
~e~ S h i f t  of  E~o~ t o w a r d  n o b i l i t y  is i n v e r s e l y  p r o p o r t i o n a l  to d e -  

c r e a s e  of i n i t i a l  c o n c e n t r a t i o n .  
~f~ F o l l o w s  N e r n s t  e v e n  a t  v e r y  l o w  i n i t i a l  c o n c e n t r a t i o n s .  
~g> I f  t h e  v a l u e  f o r  z inc  w e r e  2 .75A (20) ,  t h e  d i f f e r e n c e  i n  b e -  

h a v i o r  b e t w e e n  c o p p e r  a n d  p l a t i n u m  w o u l d  be  r e s o l v e d .  

On the  s i lver  d iagram,  the  d iscrepancies  for 
t u n g s t e n  and  r h o d i u m  are qui te  p r o b a b l y  due to the  
p resence  of oxide films which  led to anoma lous  
d isso lu t ion  behav io r  (2) as well .  (Note:  the  po in t s  
for r h o d i u m  and  t u n g s t e n  have  been  mis l abe led  in  
Fig.  4 of re fe rence  2.) Such  films wou ld  t end  to 
min imize ,  or even  e l imina t e  (10),  the effect of the 
subs t ra te .  Whi l e  it m igh t  be a t t r ac t ive  to be l ieve  
t ha t  r h o d i u m  fell  on a smooth  curve,  the  la rge  p e r -  
centage  of m i s m a t c h  and  the  obvious ly  d i sc repan t  
behav io r  of r h o d i u m  in  bo th  the  copper  and  s i lver  
series leads one to favor  a l i nea r  decrease  in  u n d e r -  
vol tage  w i th  an  increase  in  m i s m a t c h  (8) .  

E x t r a p o l a t i n g  to zero unde rvo l t age ,  the s i lver  da ta  
give a f igure for cr i t ical  m i s m a t c h  of about  11%; 
copper, 23%. [ A s s u m i n g  the  da ta  of Yang,  et al. 
(10) to be  l i nea r  r a t h e r  t h a n  curved,  one can  de-  
t e r m i n e  a m i n i m u m  v a l u e  of m i s m a t c h  of abou t  
30%.]  Because other  d e t e r m i n a t i o n s  of cr i t ical  
m i s m a t c h  give va lues  in  the  r ange  f rom 10 to 20% 
(11-13) before  a con t inuous  fi lm of deposi t  wi l l  
fai l  to form, the  l imi ts  ex t r apo la t ed  f rom t race  de-  
posi t ion appear  reasonable .  

Tha t  a cor re la t ion  should  exist  b e t w e e n  m i s m a t c h  
and  u n d e r v o l t a g e  seems p laus ib le  on the  basis  of 
e lec t ron-d i f f rac t ion  and  microscopic  s tudies  of de-  
posits  which  have  shown  tha t  the  first few layers  
t e n d  to fol low the  s t ruc tu re  of the  subs t r a t e  and  tha t  
smoother  deposits  are ob ta ined  as the  la t t ice  p a r a -  
mete r s  of the  deposi t  and  electrode approach  one 
another .  W e  are  i n d e b t e d  to Tay lo r  and  Datz (9) 
for po in t ing  out  the exis tence  of comparab l e  da ta  
for the  c o n d e n s a t i o n  coefficients of s i lver  on  d i f fe rent  
me ta l s  (10) and  for a lka l i  hal ides  on one a no t he r  
(11, 12). 

I t  is i m p o r t a n t  to no te  tha t  the  u n d e r v o l t a g e  
scale for copper in  Fig. 8 is double  tha t  for silver.  
This  was  done to conver t  the observed  va lues  into 
slopes e q u i v a l e n t  i n  t e rms  of the  decrease in  ac t iv i ty  
of the deposit  r e la t ive  to the  s t a n d a r d  state. Tha t  is, 
a decrease  of 0.060 v for s i lver  corresponds  to 0.030 
v for copper due  to the  difference in  n u m b e r  of 
e lect rons  t r ans fe r red .  E v e n  so, the  slope for copper  
was  on ly  about  half  tha t  for si lver.  Par t ,  if no t  all, 
of the difference m a y  be due  to differences in  sur face  
coverage.  The  concen t r a t i on  of s i lver  m a y  we l l  have  
been  one h u n d r e d  t imes  more  d i lu te  t h a n  the  copper,  
a l t hough  the s ixfold l a rger  geometr ic  a rea  of the  
electrodes used in  the  p resen t  s tudy  w ou l d  t e n d  to 
coun te rac t  this  factor.  In  a n y  event ,  it  is obvious  
tha t  a s tudy  us ing  the  same  set of electrodes and  as 
n e a r l y  as possible the  same concen t r a t i ons  of t race  
e l ements  would  be desirable .  At  the  same  t ime,  a 
r e inves t iga t ion  of the zinc sys tem to ob ta in  more  
n e a r l y  q u a n t i t a t i v e  da ta  w ou l d  be va luab le ,  pa r t i c -  
u l a r l y  in  v iew of an  a p p a r e n t  difference in  behav io r  
b e t w e e n  copper and  p l a t i n u m  electrodes,  bo th  of 
which  m i s m a t c h  abou t  4%. Zinc  falls h a l f w a y  be -  
t w e e n  the  la rger  p l a t i n u m  la t t ice  and  the  sma l l e r  
copper  lattice.  

There  seems to be  l i t t le  ques t ion  tha t  copper  
deposi ted  as the  e l e me n t  f rom solut ions  of pe rch lo-  
r a t e  and  sulfate.  However ,  i n  chlor ide  a nd  b r o m i d e  
media ,  the respec t ive  copper  (I)  salts p r o b a b l y  
deposi ted in i t i a l ly  even  t h o u g h  the i r  so lub i l i ty  
products  ( pa r t i c u l a r l y  for the  chlor ide)  were  not  
exceeded.  First ,  the  E~ o/o va lue  for t race  deposi t ion 
cor responded  a lmost  exac t ly  w i th  the  E1/2 for copper 
( II)  to (I)  reduct ion .  Second, if one assumes  tha t  
the  nea re s t  ne ighbors  in  the  copper  (I)  chlor ide  and  
b romide  a re  the sums of the  radii ,  va lues  of 2.77A 
(0.96 § 1.81) and  2.91A are ob ta ined .  ( P l a t i n u m  is 

2.77/k.) Deposi t ions  on two batches  of copper  t r ace r  
us ing  both  p l a t i n u m  and  gold electrodes in  bo th  
chlor ide  and  b romide  med ia  ind ica ted  s o m e w h a t  
easier  reduc t ions  in  chlor ide at  bo th  electrodes and  
easier  r educ t ion  us ing  p l a t i n u m  t h a n  gold. The  im-  
p o r t a n t  f ea tu re  is the  qua l i t a t i ve  cor respondence  
b e t w e e n  ease of deposi t ion  and  the  smal l  mismatch .  
(Cu-CI :  P t  m i s m a t c h  0%; Au, 4.0%, C u - B r : P t ,  
5 .1%; Au, 1 .4%).  If m i s m a t c h  had  b e e n  the  on ly  
factor  involved,  deposi t ion  onto gold f rom b r o m i d e  
should  have  b e e n  easier  t h a n  onto p l a t i n u m ,  bu t  it  
was not. U n f o r t u n a t e l y ,  a n o t h e r  m a j o r  p r o g r a m  
wou ld  have  been  r e q u i r e d  to explore  fu l ly  the  ef-  
fects of d i f ferent  e lectrode mate r ia l s .  

A cons idera t ion  tha t  has been  ignored  in  the  
above  discussion is the  fact t h a t  complex ing  anions,  
p a r t i c u l a r l y  hal ides  in  acidic solut ion,  w ou ld  t end  
to dissolve oxide coatings,  t h e r e b y  inc reas ing  the  
effective surface area  of the electrode.  F r o m  studies  
in  perch lora te  media ,  an  increase  in geometr ic  su r -  
face a rea  is k n o w n  to resu l t  in  easier  deposi t ion  of 
copper jus t  as it  did in  e x p e r i m e n t s  i nvo l v i ng  s i lver  
(14) .  C o m p a r a b l e  s tudies  in  fused ha l ide  mel t s  
would  therefore  be des i rab le  because  oxide films 
should  be v i r t u a l l y  absent .  

In  order  to refine the  corre la t ions ,  s tudies  emp loy -  
ing the same a m o u n t  of t r ace r  as wel l  as the  same 
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Lead(a) Bismuth(b)  Po lon ium(e)  

Dis tance ,  A % M i s m a t c h  % M i s m a t c h  % M i s m a t c h  
Sub -  

s t ra te  Nea res t  N e x t  T~0% (e) Nea res t  N e x t  Tsoo/o(c) Nea res t  N e x t  T~o/o(c) N e a r e s t  N e x t  

Au 2.88 4.15 770 17.7 18.6 815 20.9 14.0 380 13.6 --24.6 
Pt  2.77 3.92 780 20.8 12.0 990 23.9 7.7 - -  - -  - -  
Pd 2.74 3.88 1050 21.7 1 0 . 9  ~1030 24.7 6.6 780 ") 17.8 --16.6 
Ni 2.49 3.53 620 (') 28.9 0.9 700 (d) 31.6 --3.0 - -  - -  

(a) Nea re s t  n e i g h b o r s  3.50A; b o i l i n g  po in t ,  1525~ {21). 
(b) Nea res t  n e i g h b o r s  3.64A; b o i l i n g  po in t ,  1420~ (21). 
(") T e m p e r a t u r e  i n  ~ fo r  e v a p o r a t i o n  of 50% of f i lm in  10 m i n  in  air .  
(,1) N i t r o g e n  a t m o s p h e r e ;  h y d r o g e n  a t m o s p h e r e  g a v e  t e m p e r a t u r e s  l o w e r  by  70~ 
(e) Nea re s t  n e i g h b o r s  (22) : a - f o r m  3.29A, E- fo rm 3.35A; 3.33A u s e d  in  c a l c u l a t i o n s  of  m i s m a t c h .  B o i l i n g  p o i n t  (23), 962~ 
(~) P a l l a d i u m - g o l d  a l loy .  

electrode area  wou ld  be needed.  These condi t ions  
migh t  be approached  m u c h  more  closely by  com-  
pa r ing  severa l  t r ace r  e l ements  u s ing  a g iven  elec-  
t rode at one potent ia l .  Such a s tudy  was  b e y o n d  the  
scope of the p re sen t  one which  was  des igned  to 
su rvey  the su i t ab i l i ty  of copper  for a compar i son  of 
tha t  type.  

A n o t h e r  p r ecau t i on  to observe  wou ld  be the  con-  
se rva t ive  use of la t t ice  pa ramete r s ,  d e t e r m i n e d  for 
ca re fu l ly  p r epa red  crystals ,  in  i n t e r p r e t i n g  da ta  
ob ta ined  on foils whose surfaces wi l l  reflect, to a 
grea te r  or lesser extent ,  the  phys ica l  t r e a t m e n t  
encoun t e r ed  in the i r  p repa ra t ion .  A n  o u t s t a n d i n g  
e x a m p l e  of the effect of e lectrode h is tory  has been  
cited a l r eady  in  an e lec t rodepos i t ion  e x p e r i m e n t  
wi th  s i lver  for which  a gold c ruc ib le  was  used  as an  
electrode (14).  However ,  the  differences i nco rpo r -  
a ted by  w o r k i n g  a sur face  gene ra l l y  seem to be 
much  smal l e r  t han  those b e t w e e n  any  two e lements  
used in  the p resen t  compar ison.  Hence,  the  use of 
s i ng l e - c rys t a l  p a r a m e t e r s  appears  val id.  

The  concept  of m i s m a t c h  appears  capab le  of ex -  
t ens ion  by  the  use of la t t ice  ne ighbors  more  d i s t an t  
t h a n  the nearest .  For  example ,  a col lect ion of da ta  
(15) on the  re la t ive  ra tes  of vo la t i l i t y  of t h i n  m e t -  
all ic films f rom dif ferent  subs t ra tes  is g iven  in  Ta b l e  
III  a long wi th  da ta  on neares t  and  n e x t - n e a r e s t  
ne ighbors ,  the la t te r  ca lcu la ted  on the  basis  of a 
f ace -cen te red  cubic s t ruc ture .  It  is i m p o r t a n t  to 
note,  p a r t i c u l a r l y  for lead and  b i smuth ,  tha t  the  
d i rec t ion  of change  in  m i s m a t c h  us ing  nea re s t  
ne ighbors  is d i rec t ly  opposite to tha t  us ing  n e x t -  
nearest .  The  l a t t e r  t rend ,  however ,  conforms to the  
concept  of s t ronger  sorpt ion  for smal le r  mismatch .  
The  s t r ik ing  except ion  is nickel ,  for which  the 
r a t iona l i za t ion  based on an  oxide film seems u n -  
l ike ly  because  of the grea t  care exercised to exc lude  
air  (16) .  The  da ta  for p o l o n i u m  are  meage r  and,  
u n f o r t u n a t e l y ,  fa l l  in  a reg ion  of l a rge  m i s m a t c h  on 
both  bases. On any  g iven  surface,  the  i n t e r a tomic  
d is tances  u n d o u b t e d l y  v a r y  wide ly  and  a lmost  con-  
t i nuous ly  so some sorpt ion  of any  g iven  subs tance  
wi l l  occur on a n y  surface  (8) .  However ,  la t t ice  
p a r a m e t e r s  wi l l  p r o b a b l y  r ep resen t  modes  in  a plot  
of the  r e l a t ive  n u m b e r  of sites vs. i n t e ra tomic  dis-  
tance.  

Two other  points  are wor th  no t ing  in  the  lead 
and  b i s m u t h  data  i n v o l v i n g  the nob le  metals .  In  the  

first place, a l t hough  T.~0 o/o va lues  for b i s m u t h  fal l  on 
a s t ra igh t  l ine  w h e n  p lo t ted  aga ins t  mismatch ,  
va lues  for lead show a sharp  change  in  slope in  
going f rom p l a t i n u m  to pa l l ad ium.  The a b r u p t  
change  occurs  in  going f rom 11 to 12% mismatch ,  
va lues  close to the  cr i t ical  10% l imi t  above  which  
con t inuous  f i lms did no t  fo rm in  some studies  
(12, 13). Second, in  spite of the  fact  tha t  b u l k  b i s -  

m u t h  boils  100~ lower  t h a n  b u l k  lead, the  sma l l e r  
m i s m a t c h  of b i s m u t h  ra ised its "50% vola t i l i za t ion"  
t e m p e r a t u r e  as a t h i n  fi lm to va lues  n e a r l y  iden t ica l  
w i th  those for lead films. 

The  p re sen t  s tudy  emphasizes  the s imi l a r i ty  be -  
t w e e n  adsorp t ion  and  t race  deposi t ion  t ha t  has  b e e n  
po in ted  out  ear l ie r  (13, 17). However ,  the  presence  
of i ne r t  solute  and  so lvent  compl icates  the p ic tu re  
as they  do in  adsorpt ions  f rom the  l iqu id  phase.  As 
yet,  t he  effect of c h a n g i n g  the  so lven t  r e m a i n s  to be 
explored,  as does the  effect of add ing  smal l  a m o u n t s  
of adso rbab le  substances .  The l a t t e r  s tudies  should  
p rov ide  a f ru i t f u l  w a y  of exp lo r ing  the  suggested 
l eve l ing  of ac t iv i ty  of sites on an  e lect rode (18),  as 
wel l  as s u p p l e m e n t i n g  da ta  f rom po la rograph ic  and  
e lect rolyt ic  s tudies  in  general .  

A c k n o w l e d g m e n t  

The au thors  a re  g ra te fu l  to the Atomic  E n e r g y  
Commiss ion  for pa r t i a l  suppor t  of this  work.  

Manuscript  received Jan. 15, 1958. This paper is a 
part  of a thesis submit ted by R. C. DeGeiso in part ial  
fulf i l lment of the requi rements  for the Ph.D. degree to 
the Massachusetts Inst i tute  of Technology, June  1957. 

Any  discussion of this paper  wil l  appear in a Discus- 
sion Section to be publ ished in the December 1959 
J O U R N A L .  
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Mechanisms of Hydrogen Producing Reactions on Palladium 

VI. Atomic Hydrogen Overvoltage on an ~ Pd-H Bielectrode 

Sigmund Schuldiner 

U. S. Naval  Research Laboratory,  Washington,  D. C. 

ABSTRACT 

An electrochemical system was evolved in which the only reactions occur- 
r ing on the cathode and anode surfaces of an a Pd-H bielectrode were the 
formation and ionization of atomic hydrogen, respectively. The atomic hy- 
drogen overvoltage on this bielectrode was determined. A kinetic analysis of 
the system was supported by the exper imental  results. 

In  this pape r  a b ie lec t rode  sys tem is descr ibed  in  
which  the ne t  react ion,  on the cathode side, is the 
r educ t ion  of h y d r o n i u m  ions to h y d r o g e n  atoms and,  
on the  anode side, the  ox ida t ion  of h y d r o g e n  a toms 
to h y d r o n i u m  ions. The  e lec t rochemica l  sys tem con-  
sists of two cells in  series in  which  the first cell is 
connected to the second by means of an ~ Pd-H bi- 
electrode. In the first cell, the anode reaction is the 
oxidation of hydrogen atoms, which have diffused 
through a palladium tube, to hydronium ions. The 
cathode reaction on the a Pd-H bielectrode is the 
reduction of hydronium ions to hydrogen atoms. The 
hydrogen atoms formed on this cathode surface are 
transported through the a Pd-H bielectrode to the 
anode surface where they are oxidized to hydronium 
ions in the second cell. The cathode reaction in the 
second cell is the reduction of hydronium ions to hy- 
drogen atoms which diffuse through a Pd tube cath- 
ode to react with oxygen on the inner surface of the 
tube. 

In such an electrochemical system, for every equi- 
valent of atomic hydrogen oxidized to hydronium 
ions at the anode in the first cell, an equivalent of 
hydrogen ions is transported through the bielectrode, 
and an equivalent of hydronium ions is oxidized to 
hydrogen atoms which are removed from the system 
through the cathode in the second cell. Hence, the 
concentration of hydronium ions in both cells re- 
mains constant, atomic hydrogen is consumed as fast 
as it is produced, and the system can be kept free 
of molecular hydrogen. 

On the cathode side of the bielectrode, the ad- 
sorbed atomic hydrogen concentration will increase 

wi th  inc reas ing  c u r r e n t  densi t ies ,  whereas  on the 
anode side of the  bielectrode,  the  adsorbed a tomic  
h y d r o g e n  concen t r a t i on  wi l l  decrease w i th  inc reas -  
ing c u r r e n t  densit ies.  At  a l i m i t i n g  c u r r e n t  densi ty ,  
the t r a n spo r t  of h y d r o g e n  t h r o u g h  the  b ie lec t rode  
wi l l  no t  be fast  enough  to f u r n i s h  enough  h y d r o g e n  
atoms to suppor t  the  c u r r e n t  dens i ty  on the  anode  
side of the bielectrode.  At  this po in t  the  po ten t i a l  
wil l  r ise sha r p l y  and  an  oxygen  p r oduc i ng  reac t ion  
also wi l l  occur on this surface.  No longer  wi l l  the re  
be a complete  t r ans fe r  of the h y d r o g e n  atoms 
fo rmed  on the ca thode  side to the  anode  side. 

Experimental 
The e lec t rochemica l  sys tem used in  this  i nves t i -  

ga t ion  is shown in  Fig. 1. I t  is a modif ica t ion  of a 
p rev ious ly  descr ibed  double  cell (1) .  In  this  sys tem 
the  anode in  the  r igh t  h a n d  cell  is a Pd  tube  w i th  a 
sealed bot tom,  5 cm long, 3 m m  in  d iamete r ,  and  
wi th  a wa l l  th ickness  of 0.2 mm.  D u r i n g  a r u n  h y -  
d rogen  gas is c i rcu la ted  t h r ough  the  ins ide  of this  
tube.  Some of the  h y d r o g e n  diffuses t h r ough  the  
wal l  of the  tube  and  exists as h y d r o g e n  atoms on the  
ou te r  surface in  contac t  w i th  the  2N su l fu r ic  acid 
solut ion.  V i r t ua l l y  al l  of these h y d r o g e n  a toms are 
oxidized to h y d r o n i u m  ions u n d e r  an  app l ied  cu r -  
r en t  flow. If the  flow of a toms to the  surface  is too 
slow to suppor t  the  appl ied  cur ren t ,  an  oxygen  
f o r mi ng  reac t ion  at a sha rp ly  e leva ted  posi t ive  po-  
t en t i a l  occurs. Hence  a d e t e r m i n a t i o n  of the po la r i -  
za t ion  of this e lect rode indicates  w h e t h e r  the  reac-  
t ion  is comple te ly  the ion iza t ion  of h y d r o g e n  a toms 
or not. D u r i n g  the runs  r epor ted  here  the  m a x i m u m  
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Fig. 1. Electrochemical system 

pola r iza t ion  of the Pd  t u b e  anode was  less t h a n  0.1 
v. This  ind ica ted  tha t  the  diffusion of a tomic h y d r o -  
gen th rough  the wa l l  of the anode  tube  was  fast  
enough  to p r e v e n t  an  ox ida t ion  reac t ion  o ther  t h a n  
ion iza t ion  of a tomic hydrogen .  The re  is a poss ib i l i ty  
tha t  at low c u r r e n t  densi t ies  some molecu la r  h y d r o -  
gen could form on this  surface of t he  Pd  tube  anode.  
However ,  even  if this  did occur the  mo lecu l a r  h y -  
drogen  wou ld  be fo rmed  at  a slow ra te  and,  since the  
cells were  swept  con t inuous ly  wi th  a r ap id  s t r eam of 
he l ium,  the pa r t i a l  p ressure  of molecu la r  h y d r o g e n  
in  the solut ions wou ld  a lways  be negl igible .  

The b ie lec t rode  consisted of a Pd  d i a p h r a g m  
(0.004 in. th ick wi th  an  a p p a r e n t  exposed a rea  of 
0.14 cm ~) charged to the  m a x i m u m  a phase ( H / P d  
a tom rat io  ~ 0.03). D u r i n g  po la r iza t ion  the  reac t ion  
on the cathode side consisted of the r educ t ion  of h y -  
dzon ium ions in the  double  l ayer  to hyd rogen  a toms 
chemisorbed  on the  cathode surface.  The h y d r o g e n  
atoms fo rmed  on this surface are t r anspo r t ed  to the  
anode side of the b ie lec t rode  where  they  are  oxi -  
dized to h y d r o n i u m  ions. A descr ip t ion  of the  t r a n s -  
por t  m e c h a n i s m  a l r eady  has been  g iven  (2) .  

The  cathode in  the left  h a n d  cell consis ted of a Pd  
tube  of the same d imens ions  as the anode in  the  
r igh t  h a n d  cell. This  tube  was open to the  a tmos -  
phere.  The  reac t ion  on the  surface  in  contact  w i th  
the  solut ion was the r educ t i on  of h y d r o n i u m  ions to 
a toms which  t hen  m i g r a t e d  t h rough  the wa l l  of the  
t ube  to reac t  w i th  oxygen  on the  i n n e r  surface.  
Po la r i za t ion  of this e lectrode for the m a x i m u m  cu r -  
r en t  appl ied  was less t h a n  --0.05 v which  ind ica ted  
tha t  v i r t u a l l y  all  of the atomic h y d r o g e n  fo rmed  on 
the outer  surface  did diffuse t h rough  the  wa l l  and  
react  wi th  oxygen  on the  i n n e r  sur face  of the  tube .  

The re fe rence  electrodes used in  this  i nves t iga t ion  
were  (Pd-H)~  + electrodes of the  m a x i m u m  a 
composi t ion  (3) .  

A r u n  was  conduc ted  in  the  fo l lowing  way.  Us ing  
p rev ious ly  descr ibed t echn iques  (4, 5) the double  
cell was c leaned  t ho rough ly  and  abou t  5 ml  of p u r i -  
fied 2N su l fur ic  acid so lu t ion  was  added to each 
compar tmen t .  The so lu t ion  was  t hen  "p re -e l ec t ro -  

lyzed"  us ing  the P t  wi re  electrodes shown  in  Fig. 1 
as the p re -e lec t ro lys i s  cathodes.  Pur i f ied  h y d r o g e n  
gas was  c i rcu la ted  t h r ough  the  cells d u r i n g  the  p re -  
electrolysis .  D u r i n g  this  t r e a t m e n t  all  of the Pd  
electrodes  in  the cells we re  anod ica l ly  c leaned.  Af te r  
a m i n i m u m  16-hr  pre-e lec t ro lys i s ,  the  P t  cathodes 
were  r emoved  f rom the  cells ( d u r i n g  c u r r e n t  flow) 
by  p u l l i n g  t hem t h r ough  the  holes ind ica ted  in  the  
Teflon s toppers  in  the ceils. These wires  t h e n  were  
c leaned  by  r epea t ed ly  d ipp ing  them in  concen t ra t ed  
n i t r i c  acid a nd  hea t ing  t h e m  whi te  hot  in  a flame. 
The  P t  wires  t hen  were  r e in t roduced  in to  the  cells. 
Hydrogen  gas was  c i rcu la ted  t h r ough  the  cells u n t i l  
the  po ten t ia l s  on the Pd  b ie lec t rode  and  re fe rence  
electrodes were  0.05 v posi t ive  to the  Pt /H~ elec-  
t rodes in  each cell. This  u sua l l y  took f rom 4 to 6 hr. 
At  this  po in t  the  h y d r o g e n  flow was t r a n s f e r r ed  to 
the  anode  tube  electrode in  the  r ight  h a n d  cell and  a 
pur i f ied s t r eam of h e l i u m  was passed r ap id ly  
t h r o u g h  both  cells. The  open -c i r cu i t  po ten t i a l  be -  
t w e e n  the (Pd-H)o/H~O + re fe rence  electrodes and  
each side of the  a P d - H  bie lec t rode  was equa l  to 
zero. S t e a d y - s t a t e  cu r r en t s  t hen  were  appl ied  to the  
double  cell in  the c i rcui t  shown  in  Fig. 1. Ove rvo l t -  
ages were  d e t e r m i n e d  u n d e r  s t eady- s t a t e  condi t ions  
at  i nc reas ing  c u r r e n t  densi t ies  only,  s ince a t  the  
highest  c u r r e n t  densi t ies  some oxygen  f o r ma t ion  re -  
ac t ion  occurred  on the anode  side of the  bielectrode.  
C u r r e n t  i n t e r r u p t e r  (6) m e a s u r e m e n t s  were  made  
in  order  to ve r i fy  sur face  c leanl iness  a nd  to correct  
for the  IR drop b e t w e e n  the  surfaces of the  b ie lec-  
t rode  and  the re fe rence  electrodes.  The  t e m p e r a t u r e  
was  27 ~ +-- I~  

Results and Discussion 
F o u r  typica l  anodic  and  cathodic overvo l tage  

curves  are shown  in  Fig. 2. A c t u a l l y  abou t  15 r u n s  
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F ig .  2 ,  A n o d i c  e n d  c a t h o d i c  h y d r o g e n  o v e r v o l t o g e  o n  o n  
P d - H  b i e l e c t r o d e .  X, O, /% [ ]  r e p r e s e n t  e x p e r i m e n t a l  

p o i n t s  f o r  f o u r  s e p a r a t e  runs ,  o n d  �9 r e p r e s e n t s  t h e  o v e r -  
l a p p i n g  o f  t h r e e  o r  m o r e  p o i n t s  o f  d i f f e r e n t  r uns .  B r o k e n  l i ne  

r e p r e s e n t s  O v e r v o l t a g e s  in  t h e  p r e s e n c e  o f  m o l e c u l a r  h y d r o -  

g e n  (2). The reference electrodes are (Pd-H)./H~O + (3). 
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were  made,  bu t  the curves  shown  are represen ta t ive .  
The  curve  wi th  a b r o k e n  l ine  was t a k e n  f rom a p re -  
vious inves t iga t ion  (2) and  represen t s  the overvo l t -  
age curves  ob t a ined  for the  same bie lec t rode  sys tem 
w h e n  mo lecu l a r  h y d r o g e n  is p resen t  in  the system. 
As can be seen f rom Fig. 2 the presence  of molecu la r  
h y d r o g e n  does m a r k e d l y  change  the  po la r iza t ion  be -  
havior  on both  the anode  and  cathode sides of the  
bielectrode.  U n d e r  open -c i r cu i t  condi t ions  the po-  
t en t i a l  d e t e r m i n i n g  reac t ion  on the a P d - H  elec-  
t rodes was shown to be an  e q u i l i b r i u m  b e t w e e n  h y -  
d r o n i u m  ions in  the  so lu t ion  and  pro tons  dissolved 
in  the  Pd  (3) .  Upon  po la r iza t ion  in  a so lu t ion  con-  
t a i n ing  molecu la r  h y d r o g e n  two s imu l t aneous  reac-  
t ions  occur on the  b ie lec t rode  surfaces.  The  first re -  
act ion invo lves  the  r educ t ion  of h y d r o n i u m  ions to 
h y d r o g e n  atoms on the  cathode side of the b ie lec-  
trode,  the t r ans f e r  of pa r t  of the a toms t h rou gh  the  
b ie lec t rode  and  the ox ida t ion  of the  a toms to h y d r o -  
n i u m  ions on the  anode side of the bielectrode.  The  
second s imu l t aneous  reac t ion  involves  the  c o m b i n a -  
t ion  of those atoms, which  do not  mig ra t e  f rom the  
cathode to the  anode  sides of the  bielectrode,  to 
molecules  on the  cathode side and  an  e q u i v a l e n t  
a m o u n t  of ioniza t ion  of mo lecu l a r  h y d r o g e n  on the  
anode  side to h y d r o n i u m  ions. Upon  po la r i za t ion  in  
a so lu t ion  which  is f ree of molecu la r  hydrogen ,  on ly  
the first r eac t ion  occurs. Hence  all  of the  h y d r o g e n  
a toms formed on the  cathode side of the b ie lec t rode  
are  t r a n s f e r r e d  to the  anode side and  the re  is no 
second reac t ion  i nvo lv ing  the fo rma t ion  or ion iza-  
t ion of mo lecu l a r  hydrogen .  Therefore ,  it  is obvious  
that ,  in  the case of the  sys tem free of molecu la r  h y -  
drogen,  the  overvol tage  be ing  observed is solely tha t  
of a tomic h y d r o g e n  on the  a P d - H  electrode of 
m a x i m u m  hydrogen  content .  

The  shapes of the  curves  shown in  Fig. 2 were  r e -  
producible .  However  the  effective exchange  c u r r e n t  
densty ,  to, va lues  were  on ly  r ep roduc ib le  to the  ex-  
t en t  indicated.  This mos t  l ike ly  m e a n s  tha t  the 
a tomic po la r i za t ion  was ex t r eme ly  sens i t ive  to su r -  
face condit ions.  S ince  prev ious  inves t iga t ions  (5) 
have  shown tha t  for the  molecu la r  h y d r o g e n  sys tem 
the effective area  r e m a i n e d  fa i r ly  cons tan t  a f ter  the  
in i t i a l  e lect rode t r e a t m e n t ,  this would  ind ica te  tha t  
the  atomic hyd rogen  electrode in  the  absence  of 
molecu la r  h y d r o g e n  was  more  sens i t ive  to ac t ive  
centers  on the surface.  It  m a y  be t ha t  molecu la r  h y -  
d rogen  exer ts  a buf fe r ing  effect s ince the re  is an  
exchange  b e t w e e n  mo lecu l a r  h y d r o g e n  and  h y d r o -  
gen a toms adsorbed  on the surface.  W h e n  molecu la r  
h y d r o g e n  is e l im ina t ed  f rom the  sys tem this  source 
of a tomic h y d r o g e n  is r emoved  and  the  effect w ou l d  
be most  m a r k e d  in  the  low c u r r e n t  dens i ty  region.  
This  wou ld  account  for the  poor r ep roduc ib i l i t y  of to. 

The  ra te  cons tan ts  (--di/dv) for the o v e r - a l l  r e -  
act ions found  in  the low c u r r e n t  dens i ty  overvo l t age  
r ange  in  which  the  overvol tage  is l i n e a r l y  d e p e n d e n t  
on c u r r e n t  dens i ty  va r i ed  f rom 0.14 to 0.33 m h o s /  
cm ~. Since in  the  p resence  of mo lecu l a r  hydrogen ,  

--di/dn is 0.13 m h o s / c m  2 (2) ,  this indica tes  tha t  the  
h y d r o g e n  t r an spo r t  t h rough  the  b ie lec t rode  is some-  
w h a t  faster  t h a n  the  surface  H_~ evo lu t ion  or ion i -  
za t ion react ion.  In  the presence  of mo lecu l a r  h y d r o -  

gen 70% of the c u r r e n t  was  used in  t r a n s p o r t i n g  
h y d r o g e n  th rough  the  b ie lec t rode  and  30% was used 
f o r mi ng  and  ioniz ing H~ on the cathode and  anode  
surfaces,  r espec t ive ly  (2) .  

The ra te  of h e l i u m  s t i r r ing  made  v i r t u a l l y  no 
change  in  the overvo l tage  m e a s u r e m e n t s .  S t i r r i ng  
rates  were  reduced  even  to zero wi th  no s ignif icant  
change  in  po la r iza t ion  potent ia ls .  

Overvoltage on the cathode side of the bielectrode. 
- - D u r i n g  c u r r e n t  flow the reac t ions  occur r ing  on the  
cathode side of the b ie lec t rode  are:  

H ~ O  + -}- e- ~ H, + H20 [ l a ]  

s l o w  

H, > H, [ l b ]  

Hi = H, + + e- [ l c ]  

w he r e  H~ denotes  h y d r o g e n  a toms chemisorbed  on 
sites on the cathode side of the a P d - H  bie lec t rode;  
Hi, h y d r o g e n  atoms absorbed  in  the in te r io r  of the 
bie lect rode;  and  HJ,  p ro tons  in  the  in te r io r  of the 
bielectrode.  E q u a t i o n  [ l a ]  r ep resen t s  the  fo rma t ion  
of chemisorbed  h y d r o g e n  a toms on the  cathode su r -  
face. Equa t i on  [ l b ]  r epresen t s  the absorp t ion  of the 
adsorbed  hyd rogen  atoms f rom the  surface  t h rough  
the sk in  of the me t a l  to some posi t ion  in  the i n -  
t e r io r  of the metal .  E q u a t i o n  [ l e ]  r ep re sen t s  the  
dona t ion  of h y d r o g e n  1-s electror~s to the  d b a n d  of 
the metal .  The a tomic absorp t ion  step, Eq. [ l b ] ,  is 
cons idered  to be ra t e  de t e rmin ing .  P rev ious  w o r k  
(2) has ind ica ted  tha t  the t r ans f e r  of the  h y d r o g e n  
a toms th rough  the  sk in  of the me t a l  is the  r a t e -  
d e t e r m i n i n g  step in  the  m i g r a t i o n  of h y d r o g e n  a toms 
th rough  a Pd  bielectrode.  The  k ine t ic  ana lys i s  which  
follows suppor ts  this  conclus ion  since the  expe r i -  
m e n t a l  resul t s  are in  accordance  wi th  the  mech -  
an i sm ind ica ted  in  Eqs. [ l a ] ,  [ l b ] ,  a nd  [ l c ] .  

Le t  us  wr i t e  the  k ine t ic  equa t ions  for the  p r i m a r y  
discharge step [ l a ] .  

id = k,, (H,O +) exp (--ant F/RT) 

<-- <-- 

Li = k,,(H,) exp [ (1  - -  a)noF/RT] 

where  k,, is the ra te  cons tan t ;  (H~O+), the c o n c e n t r a -  
t ion  of h y d r o n i u m  ions; (H,) ,  the  concen t r a t i on  of 
adsorbed hyd rogen  atoms on the cathode surface;  a, 
the t r a n s f e r  coefficient; ~r the cathodic overvol tage ;  
F, the  f a raday ;  R, the  gas cons tan t ;  a nd  T, the  ab -  
solute t empe ra tu r e .  S ince  step [ l a ]  is cons idered  to 

___> <__ 

be v i r t u a l l y  equ i l i b r ium,  id ---- --id and  

--> <__ 

(H,)  : ( k Jk~) (H~O +) exp (--wF/RT) [2] 

For  the r a t e - d e t e r m i n i n g  step [ l b ]  

<-- 

i~ : ks(H.) + ks(Hi) [3] 

Under conditions where the back reaction in the 
rate-determining step [Ib] is negligible, the net 
cathodic current density is 

--> 

io : k , ( H , ) ,  [4] 
--> 

w he r e  ks is the  ra te  cons tan t  for the f o r w a r d  reac -  
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t ion of the  a tomic absorp t ion  step [ l b ] .  Hence,  sub -  
s t i tu t ion  of Eq. [2] into Eq. [4] yields,  af ter  con-  
vers ion  to logar i thms ,  

~ = (RT/F) [--in io + In const + In (H30 +) ] [5] 

Since (H30 § represents the bulk concentration of 
hydronium ion, which is constant, the Tafel equation 
can be written ~r a--b log L, where the Tafel 
constant b = 2.3 RT/F; at 27~ b = 0.059 v. 

Since the Tafel lines found in the cathode over- 
voltage curves in Fig. 2 are near a 0.059 slope this 
confirms that the slow step in the hydrogen atom 
production reaction is the absorption (solution) of 
hydrogen atoms. 

The data in Fig. 2 show that the Tafel lines com- 
mence at overvoltages of about --0.02 v. This means 
that the back reaction in Eq. [3] must vanish at a 
much lower overvoltage than one would expect. 
Similar low values for the start of the Tafel slope 
were found for platinum and palladium (4-6). 

From Eq. [3] and [4] one obtains io =K exp 

<-- __> _> 

(--~o F/RT) --k~(Hi). From Eq. [ic], i,~ z k1~(H,), 

<.- <__ 

and i~ ~ k~(H~+). Since step [ic] can be considered 
to be virtually at equilibrium and (H, § is constant 
at low overvoltages, (H~) = K'. Therefore the net 
cathodic current is 

ic ~ K exp (--~?~ F/RT)  --  K '  [6] 

At  equ i l i b r ium,  io = 0, 0o = 0, and  K '  = K, hence,  

io = K [exp (--v~F/RT) -- i] [7] 
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Figu re  3 shows a plot  of exp (--no F/RT)  --  1 vs. 
ir for th ree  separa te  r u n s  which  had abou t  the  m a x i -  
m u m  dev ia t ion  f rom one another .  These  curves  
c lear ly  show tha t  Eq. [7] holds on ly  up  to over -  
vol tages of about  --0.02 v. This  m e a n s  tha t  K ' =  K 
n e a r  e q u i l i b r i u m  only.  The  e x p e r i m e n t a l  shift  to a 
Tafel  slope at abou t  --0.02 v could be accounted  for 
by  an  increase  in  K a nd  a decrease in  K '  w i th  i n -  
creas ing c u r r e n t  densi ty .  This  impl ies  a l a rger  i n -  
crease in  the fo rward  reac t ion  in  the  r a t e - d e t e r m i n -  
ing s tep [ l b ]  and  a l a rger  decrease in  the back  re -  
action.  This is owing  to the  increase  in  concen t r a t i on  
of H, on the cathode surface.  

Overvoltage on the anode side of the bielectrode. 
- - U s i n g  a de r iva t ion  ana logous  to tha t  for Eq. [6], 
one finds for the anode side of the b ie lec t rode  

i~ ---- K "  - -  K exp (--v~F/RT) [8] 

where  K " =  K at  low overvol tages .  Hence  at low 
c u r r e n t  densi t ies  0, =--V~. This  is e x p e r i m e n t a l l y  
observed in  Fig. 2. 

The anodic  po la r iza t ion  slopes shown in  Fig. 2 do 
no t  show a clear  region  in  which  an  0.059 slope 
exists, a l though  for a shor t  c u r r e n t  dens i ty  r ange  
such a slope can be d rawn .  This is because  in  the  
h igher  c u r r e n t  dens i ty  r ange  the dep le t ion  of ad-  
sorbed hyd rogen  atoms becomes such tha t  it  c anno t  
suppor t  the c u r r e n t  dens i ty  f lowing f rom the  anode.  
Hence,  as the  concen t r a t i on  of adsorbed a tomic hy -  
drogen  approaches  zero, the re  is a sharp  rise in  po-  
tent ia l .  At  h igher  po ten t ia l s  (>0.1 v) a secondary  
reac t ion  i nvo l v i ng  an  oxygen  f o r ma t i on  reac t ion  oc- 
curs in  the reg ion  shown in  Fig. 2 w he r e  the  anodic  
po ten t i a l  rises ver t ica l ly .  E q u a t i o n  [8] shows tha t  
as a l im i t i ng  condi t ion,  is = K".  The a tomic h y d r o -  
gen supply  on the  anode surface  is l imi t ed  by  the  
ra te  of the deabsorp t ion  of a tomic h y d r o g e n  f rom 
the in te r io r  of the bielectrode,  whereas  the  l imi t ing  
step on the cathode surface of the bielectrode is the 
solution of atomic hydrogen through the skin of the 
metal. Hence on the cathode side the chemisorbed 
atomic hydrogen concentration can build up to a 
large value, whereas on the anode side the depletion 
of the atomic hydrogen will occur at a relatively low 
current density, since the atomic hydrogen concen- 
tration canno t  be l a rger  t h a n  tha t  on an  ~ P d - H  r e -  
vers ib le  e lectrode of m a x i m u m  h y d r o g e n  concen-  
t ra t ion .  

It  should be noted  tha t  in  the e lec t rochemica l  
sys tem repor ted  here, the  in t e r io r  of the  Pd  b ie lec-  
t rode is the m a x i m u m  a P d - H  alloy. This  is because  
this is the al loy at zero c u r r e n t  dens i ty  a nd  this  com- 
posi t ion  is m a i n t a i n e d ,  except  at  the  h ighes t  c u r r e n t  
densit ies,  because  h y d r o g e n  is dissolved into the  
in te r io r  of the  b ie lec t rode  f rom the  cathode side a t  
the  same ra te  it is r e move d  f rom the  in te r io r  of the  
b ie lec t rode  on the  anode  side. 

In  the  h igh  c u r r e n t  dens i ty  r ange  a reac t ion  i n -  
vo lv ing  oxygen  occurs on the  anode  side of the  b i -  
e lect rode a nd  on ly  pa r t  of the  c u r r e n t  f lowing in  the  
in te r io r  of the  Pd  is protonic ,  the  r e m a i n d e r  is an  
e lect ronic  cur ren t .  This  wou ld  m e a n  tha t  no t  al l  of 
the  hyd rogen  a toms fo rmed  on the  cathode surface  
wou ld  be t r a n s f e r r e d  t h r ough  the  b ie lec t rode  to the  
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anode side. Most of these excess a toms p r o b a b l y  dis-  
solve in  the  in te r io r  of the  p a l l a d i u m  to form fl P d - H  
which  coexists  wi th  the  a phase. D u r i n g  the  t ime  in -  
terva l  in  which  m e a s u r e m e n t s  were  t aken  in  this  
h igh c u r r e n t  dens i ty  r ange  (usua l ly  less t h a n  1 hr,  
a l though  in  severa l  cases c u r r e n t s  were  m a i n t a i n e d  
for severa l  hours  wi th  no po ten t i a l  change)  on ly  a 
r e l a t ive ly  smal l  a m o u n t  of the fl phase  wou ld  be 
formed.  The atomic h y d r o g e n  overvo l tage  on the 
cathode side of this  two phase  a l loy does no t  dev ia te  
s igni f icant ly  f rom the  pu re  a al loy since the cathodic 
Tafe l  l ines  in  Fig. 2 show no change  in  the high c u r -  
r e n t  dens i ty  region.  

The anodic  curves  shown in  Fig. 2 ind ica te  tha t  
beyond  a po ten t i a l  of 0.06 v, the concen t r a t i on  of 
a tomic  h y d r o g e n  on the  surface  m u s t  be ve ry  small .  
Since the  concen t r a t i on  of h y d r o g e n  atoms on the 
surface  at zero overvo l tage  would  no t  be  more  t h a n  
t en  t imes higher ,  it can  be conc luded  tha t  the a tomic 
h y d r o g e n  coverage on the  m a x i m u m  a P d - H  a l loy  
u n d e r  open -c i r cu i t  condi t ions  is qu i te  small .  Also, 
i n a s m u c h  as the  po ten t i a l s  on bo th  sides of the  b i -  
e lectrode a re  d e p e n d e n t  on (H~), one can app rox i -  
m a t e  the  change  in  (Ha) on the cathode side at  the  

m a x i m u m  overvo l tage  by  use of the Nerns t  po ten t i a l  
equat ion .  Thus,  at  the  m a x i m u m  m e a s u r e d  Vc of 
abou t  --0.10 v, (H~) on the ca thode  side wil l  increase  
~50  t imes.  This  m e a n s  tha t  the  in i t i a l  a tomic h y d r o -  
gen coverage m u s t  be  less t h a n  2%. 
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Technica  Notes 

Molybdenum Plating Inside of Large Bore Tubes 
Paul L. Raymond 

Metallurgical Department, National Research Corporation, Cambridge, Massachusetts 

In  ea r ly  1953 a p r o g r a m  was in i t i a ted  to develop 
e q u i p m e n t  and  procedures  for coat ing the  ins ide  of 
a l loy  steel  tubes  wi th  a u n i f o r m  coat ing  of m o l y b -  
denum.  The ins ide  d i a m e t e r  of the  tubes  was  abou t  
1% in. and  the  coated sect ion was  to be abou t  2 f t  
long. These  tubes  w h e n  coated were  to be  sub jec ted  
to va r ious  tests for adhesion,  wear  resis tance,  cor-  
rosion resis tance,  etc. 

P rev ious  inves t iga t ions  (1, 2) had d e t e r m i n e d  
tha t :  (A)  h i g h - p u r i t y  m o l y b d e n u m  me ta l  could be 
deposi ted at a high ra te  by the r educ t ion  of m o l y b -  
d e n u m  pen tach lo r ide  w i th  hyd rogen ;  (B) the t e m -  
p e r a t u r e  for this  reac t ion  r anged  b e t w e e n  650 ~ and  
l l 0 0 ~  and  (C) excess h y d r o g e n  was  necessary  to 
y ie ld  comple te  r educ t ion  and  to ut i l ize  efficiently 
the ava i l ab le  pentachlor ide .  

Work  at this  l abo ra to ry  had shown  f u r t h e r  tha t :  
(A)  the p ressure  at which  r educ t ion  occurred  mos t  
efficiently was  a p p r o x i m a t e l y  20 m m  Hg; (B) the  
p la te  fo l lowed surface contours  w i thou t  b u i l d i n g  up  
at d i scont inu i t i es ;  and  (C) h i g h - p u r i t y  m o l y b d e n u m  
pen tach lo r ide  r e q u i r e d  could be ob ta ined  by  hea t ing  
commerc ia l ly  pure  MoCI~ for an  hou r  at  a p ressure  
of 1 m m  Hg or less at  100~ 

Wi th  this  gene ra l  b a c k g r o u n d  it  was proposed to 
coat the i n t e i i o r  of tubes  w i th  m o l y b d e n u m  by  hy -  
d rogen  reduc t ion  of the  pen tach lor ide .  The size of 
the  tubes  p rec luded  the c o n v e n i e n t  use of an  en -  
closed sys tem for v a c u u m  opera t ion ,  and  it seemed 
gene ra l ly  des i rab le  to es tab l i sh  a sys tem e mp loy ing  
c o m m o n  e ng i ne e r i ng  ma te r i a l s  in  order  tha t  tubes  
could be inser ted  r ap id ly  for processing.  

Equipment  

Schemat ica l ly ,  the equipment  design for vapor  
p la t ing  is shown in  the flow d iagram,  Fig. 1. A r g o n  
f rom h i gh - p r e s su r e  cy l inders  was hea ted  and  passed 
th rough  mo l t en  m o l y b d e n u m  pentach lor ide .  

It  was then  mi xe d  as it passed th rough  the l ines 
w i th  hea ted  hydrogen .  The  m i x t u r e  of hydrogen ,  
argon,  and  m o l y b d e n u m  pen tach lo r ide  vapor  en -  
te red  the reac t ion  t ube  w he r e  it  passed u p w a r d  
t h r ough  a hea ted  zone. Metal l ic  m o l y b d e n u m  was 
deposi ted on the wal ls  in  this  hea ted  zone by  the  r e -  
duc t ion  of the pen tach lo r ide  by  the hydrogen .  The 
reac t ion  gases passed t h r ough  a filter to r emove  
solid b y - p r o d u c t s  and  the gases exhaus ted  to a tmos-  
phere  t h rough  a v a c u u m  pump.  The hea ted  zone was  
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.] 

Fig. 1. Flow diagram 

s lowly moved  d o w n w a r d  t h roughou t  the l eng th  of 
the  t ube  as the p l a t i ng  progressed.  

Except  for a series of s ta inless  steel  valves,  the  
componen t s  con t a in ing  m o l y b d e n u m  pen tach lo r ide  
and  the  products  of the  reac t ion  were  all  m i ld  steel, 
synthet ic ,  or n a t u r a l  rubber .  Ope ra t i ng  t e m p e r a -  
tu res  of the vapor izer  in  use at  the conclus ion of the 
i nves t iga t ion  did no t  exceed 250~ so tha t  on ly  a 
sl ight  a m o u n t  of i ron  c o n t a m i n a t i o n  was observed.  
A v a c u u m - t i g h t  v a c u u m  sys tem was developed wi th  
this e q u i p m e n t  and  an  in i t i a l  p u m p - d o w n  to 20 t~ 
wi th  the  o r ig ina l  mechan i ca l  v a c u u m  p u m p  was 
possible t h r o u g h o u t  the  p rogram.  R u b b e r  t u b i n g  was  
employed  in  some cases to faci l i ta te  connec t ions  to 
f lowmeters  and  manomete r s .  Expe r i ence  ind ica ted  
tha t  the most  su i tab le  gasket  m a t e r i a l  for hot con-  
nec t ions  at the reac t ion  tube  was compressed  as-  
bestos sheet  packing.  This m a t e r i a l  does no t  flow as 
do plast ic  ma te r i a l s  and  it  wi l l  w i t h s t a n d  h igh  t e m -  
pera tures .  

The flow d i ag ram shows the  sequence  of equ ip -  
m e n t  and  operat ions ,  s t a r t ing  w i th  the gas system. 

Commerc i a l l y  pu re  wa t e r  p u m p e d  h y d r o g e n  in  
h i g h - p r e s s u r e  t anks  was  purif ied by  a ca ta ly t ic  p u r i -  
fier fol lowed by  a co lumn  filled wi th  ac t iva ted  
a l u m i n a  and  one filled w i th  ca lc ium hyd r ide  lumps .  
H y d r o g e n  f rom this  sys tem had  a dewpo in t  be low 
--70~ A r g o n  and  h e l i u m  used for p u r g i n g  a nd  as 
car r ie rs  for m o l y b d e n u m  pen tach lo r ide  vapor  have  
e x t r e m e l y  low dewpoin t s  a s - rece ived  and  were  used 
w i t h o u t  f u r t h e r  purif icat ion.  P r e s s u r e  regu la to rs  r e -  
duced gas pressures  to a p p r o x i m a t e l y  1 atm.  A 
man i fo ld  p e r m i t t e d  the  flow of e i ther  h y d r o g e n  or 
a rgon  t h rough  ro tame te r s  to d e t e r m i n e  the flow rate.  
A p res su re  s l ight ly  above a tmospher ic  was m a i n -  
t a ined  in  this  sys tem to p rec lude  air  l e ak ing  in to  the  
system. Needle  va lves  reduced  the gas p ressure  to 
5-20 m m  Hg and  also cont ro l led  the  flow. As this  
was gene ra l l y  a s t eady- s t a t e  system, on ly  s l ight  
a d j u s t m e n t s  d u r i n g  a p l a t i ng  r u n  were  requ i red .  

The gases were  hea ted  at a tmospher ic  p ressure  by  
pass ing  th rough  a spi ra l  f inned res i s tance  hea te r  
w i t h i n  an  asbestos j acke ted  sect ion of 1z/4 in. i ron  
pipe. Exi t  gas t e m p e r a t u r e  was  d e t e r m i n e d  by  t h e r -  
mocouples.  Var i ab le  t r a n s f o r m e r s  we re  used to con-  
t rol  power  to the hea t ing  e lements .  

The m o l y b d e n u m  pen tach lo r ide  vapor ize r  con-  
sisted of a 4 in. d i a m e t e r  cy l inde r  abou t  8 in. long  
wi th  a hemisphe r i ca l  base and  f langed top. The 
vapor iz ing  gas b u b b l e d  t h r ough  the  ba th  of m o l t e n  
m o l y b d e n u m  pen tach lo r ide  a nd  out t h r ough  a p ipe  
in  the cover of the  assembly.  The en t i r e  a s sembly  
was i m m e r s e d  in  a cons tan t  t e m p e r a t u r e  oil ba th  to 
p rov ide  heat  of vapor i za t ion  a nd  to control  the vapor  
concen t ra t ion .  

T h r o u g h o u t  the  course of the  i nves t iga t ion  the re  
p r o b a b l y  were  more  changes  in  the  vapor ize r  t h a n  in  
all  o ther  componen t s  concerned.  In  ea r ly  exper i -  
ments ,  hea ted  h y d r o g e n  flowed past  the  m o l y b d e -  
n u m  pen tach lo r ide  suspended  in  a glass cloth bag  
whi le  the outs ide of the  vapor izer ,  wh ich  t h e n  con-  
sisted of a f langed sect ion of pipe, was  hea ted  by  gas 
bu rne r s .  Poor  cont ro l  of vapor  concen t r a t i on  a n d  
p r e m a t u r e  pa r t i a l  r educ t ion  of pen t ach lo r ide  r e -  
su l ted  f rom this  system. 

Next,  a mechan i ca l  s c r ew- type  feeder  was em-  
p loyed to r egu la te  the  flow of pen tach lo r ide  crys ta ls  
to a hea ted  p la te  w he r e  it  was  hoped tha t  flash 
evapora t ion  would  occur, g iv ing  a cont ro l led  m o l y b -  
d e n u m  p e n t a c h l o r i d e - h y d r o g e n  ratio.  However ,  p r e -  
m a t u r e  r educ t ion  and  d i sp ropor t iona t ion  were  ob-  
served.  Also, the  feed screw became  j a m m e d  f re -  
quen t ly ,  r e su l t i ng  in  no vapor  flow at  all. 

The t a n k - t y p e  vapor izer  was  modified severa l  
t imes  before  the final model  was  developed.  In  the 
first model ,  hea ted  hyd rogen  was passed over  mo-  
l y b d e n u m  pen tach lo r ide  p laced  on t r ays  in  a v a -  
porizer,  which  picked up the hyd rogen  vapor .  It  was  
hoped tha t  a cons tan t  evapora t ion  ra te  could be 
m a i n t a i n e d  t h r o u g h o u t  the d u r a t i o n  of the  run ,  bu t  
due to the chang ing  surface  condi t ions  of the p e n t a -  
chlor ide  crystals,  the  vapor  concen t r a t i on  in  the  gas 
m i x t u r e  decreased as the  r u n  progressed.  Af te r  sev-  
eral  a t t empts  i nvo l v i ng  m i n o r  modif icat ions of the  
system, it  was  decided to me l t  t he  m o l y b d e n u m  
pen tach lo r ide  before  vapor iz ing .  The  MoCI~ vapor  
was  picked up  in  one h y d r o g e n  s t r eam and  d i lu ted  
wi th  a second h y d r o g e n  s t ream.  Var ious  a moun t s  of 
pa r t i a l l y  reduced  chlorides were  observed  in  the r e -  
ac t ion  tube,  and  the sys tem con ta ined  pa r t i a l l y  r e -  
duced  chlor ides  in  the  fo rm of dust,  wh ich  at  t imes  
caused e i ther  n o n a d h e r e n t  coat ings or nodules  to be 
fo rmed  in  the r eac t ion  zone. T h r o u g h  the  use of 
hea ted  a rgon  as a vapor  p i c k - up  and  carr ier ,  the 
p r e m a t u r e  r educ t ion  of the  pen tach lo r ide  vapor  was  
e l im ina t ed  a nd  m u c h  closer cont ro l  of vapor  ra t io  
was obta ined .  In  this case, h y d r o g e n  for the  reac -  
t ion  was  added af ter  the  a rgon  had  passed th rough  
the vapor ize r  and  jus t  p r ior  to e n t r a n c e  into the  r e -  
ac t ion  tube.  In  this  way,  it was no t  necessa ry  to con-  
t ro l  closely the t e m p e r a t u r e  of the  d i l ue n t  h y d r o g e n  
gas bu t  on ly  to m a i n t a i n  the t e m p e r a t u r e  of the r e -  
su l t a n t  m i x t u r e  above the  dewpo in t  of the  m o l y b -  
d e n u m  pen tach lo r ide  vapor  present .  

The  use of a rgon  as a m e a n s  of p i ck ing  up  p e n t a -  
chlor ide vapor  was  e x t r e m e l y  successful,  as it  was  
possible  to cont ro l  the h y d r o g e n : p e n t a c h l o r i d e  ra t io  
sufficiently closely to p e r m i t  u n i f o r m  coat ing  con-  
d i t ions  t h r o u g h o u t  ex tended  runs .  In  a n  effort to de-  
t e r m i n e  w h e t h e r  h e l i u m  wou ld  work  as well ,  two 
r u n s  were  conduc ted  u t i l i z ing  h e l i u m  as a car r ie r  
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gas. In  both  of these runs ,  the coat ings deposi ted 
were  as good as those deposi ted w h e n  a rgon  was 
ut i l ized.  

Measurements  and Controls 

With  the  vapor ize r  opera t ing  at  a p p r o x i m a t e l y  
a tmospher ic  pressure,  n e a r  s a tu r a t i on  condi t ions  of 
MoCI~ in  a rgon  existed. By v a r y i n g  the t e m p e r a t u r e  
of the  oil ba th  or the t e m p e r a t u r e  of the  a rgon  en -  
t e r ing  the vapor izer  or both,  it was possible  to con-  
t rol  closely the  ra t io  of m o l y b d e n u m  pen tach lo r ide  
to argon.  The d i lu t ing  h y d r o g e n  s t r eam was me a s -  
u r ed  by  a ro tamete r .  Thus,  the desired m o l y b d e n u m  
pen tach lo r ide  to h y d r o g e n  rat io could be m a i n t a i n e d  
t h rough  an  ex t ended  run .  

D u r i n g  the  pro jec t  severa l  schemes for ac tua l  
m e a s u r e m e n t  of the vapor  concen t r a t i on  were  a t -  
t empted ,  bu t  wi th  poor  success. Color compar i son  
methods  were  of l i t t le  va lue  due  to c loud ing  of s ight  
glasses and  to va r i a t i on  of color wi th  pressure .  Con-  
s iderable  effort was expended  in  an  a t t emp t  to de-  
velop a dewpo in t  type  of m e a s u r i n g  device, b u t  here  
again,  c louded sight glasses p r e v e n t e d  precise meas -  
u r emen t s .  

A tap  at  the reac t ion  t ube  in le t  was  connec ted  to a 
m e r c u r y  m a n o m e t e r  by  m e a n s  of copper  t u b i n g  to 
d e t e r m i n e  the  stat ic p ressure  in  the reac t ion  tube.  
This  a r r a n g e m e n t  func t ioned  ve ry  sa t i s fac tor i ly  
t h roughou t  the  project .  The p ressure  in  the sys tem 
was m a i n t a i n e d  by  a v a c u u m  p u m p  evacua t i ng  the  
system. The p u m p i n g  ra te  was  r egu l a t ed  by  a g lobe-  
type  v a c u u m  va lve  to provide  a con t ro l l ab le  orifice. 
Solid products  of the reac t ion  f r e q u e n t l y  caused ex -  
cessive f r ic t ion  to gas flow u n t i l  a la rge  area  v a c u u m  
filter was ins ta l l ed  ahead  of the  cont ro l  valve.  

Reaction Tubes 

Most of the p la t ing  r u n s  ut i l ized tubes  made  f rom 
commerc ia l ly  d r a w n  steel t u b i n g  wi th  an app rox i -  
ma te  composi t ion  comparab l e  to AISI  4620. The  i n -  
t e r n a l  sur face  of the tubes  was  f inished to a h igh 
polish. In i t ia l ly ,  meta l l i c  "O" r ings  were  used as 
gaskets  at the tube  ends, bu t  exper ience  proved  tha t  
the asbestos sheet  m a t e r i a l  p rov ided  a t igh te r  seal. 

The tubes  were  bored out  to 1% in. and  were  f in-  
ished to a surface  of be t t e r  t h a n  16 micro inehes  rms.  
The  tubes  were  a p p r o x i m a t e l y  36 in. long o v e r - a l l  
p e r m i t t i n g  a coat ing l eng th  of abou t  30 in. 

Var ious  subs t ra tes  we re  used as a basis  for the 
m o l y b d e n u m  plate,  in  add i t ion  to c leaned  bu t  o the r -  
wise u n t r e a t e d  steel. Al l  tubes  were  ca re fu l ly  de-  
greased wi th  acetone. Elec t ropla tes  of copper  and  of 
n icke l  and  chemical  p la tes  of n icke l  and  of cobal t  
were  tested. Chemica l  p la te  was p roduced  by  the  
m a n n e r  ou t l i ned  by  B r e n n e r  and  Ridde l l  (3) at  the  
Na t iona l  B u r e a u  of S tandards .  S ince  cobal t  chemical  
coat ings gave the best  resul ts  in  the ea r ly  stages of 
deve lopment ,  al l  tubes  used in  the la ter  stages were  
g iven  this  t r e a t m e n t .  

Heating o.f the Reaction Tube 

A n  induc t i on  hea t ing  coil was o r ig ina l ly  proposed 
for this s tudy,  bu t  it  was not  possible to secure an 
adequa te  power  supp ly  in  a r easonab le  t ime  at the 
outset  of the  project .  For  the  most  pa r t  hea t ing  of 
the  tube  was  accompl ished  by  an  a n n u l a r  h i g h - t e r n -  
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p e r a t u r e  gas b u r n e r  m o u n t e d  on a m o v i n g  p la t form.  
The  b u r n e r  was of the posi t ive  pressure ,  m i xed  air  
and  gas type. It  was capable  of p roduc ing  a n a r r o w  
b a n d  of in t ense  hea t  at the ex te r ior  of the tube  and 
could be r egu la t ed  w i t h i n  v e r y  close l imits .  

The b u r n e r  was moved  d o w n w a r d  coun te r  to the 
feed flow in order  to a l low the m o l y b d e n u m  to be 
deposi ted on a c lean  surface.  Wi th  a p l a t i n g  r u n  
s t a r t ing  at the uppe r  end of the tube,  a ny  pa r t i a l l y  
reduced  products  of the reac t ion  were  deposi ted on 
the p la ted  surface and  could easi ly be removed.  

D u r i n g  the final phase of the  project ,  a 25 kw, 
9600 cycle i nduc t i on  genera to r  became ava i l ab le  and  
it was decided to inves t iga te  the effect of an  ex-  
t ended  reac t ion  zone on the process. A hea ted  zone 
of f rom 8-10 in. was des i red in  place of the n a r r o w  
2- in .  zone ava i l ab le  f rom the  gas bu r ne r .  I t  was de-  
t e r m i n e d  tha t  abou t  21/2-3 k w  were  r e q u i r e d  to 
m a i n t a i n  the tube  at  reac t ion  t e m p e r a t u r e .  This  
me thod  of hea t ing  p roved  to be e x t r e m e l y  success- 
ful,  clean,  easy to control ,  and  p roduced  less scal ing 
on the outs ide of the tube  t h a n  the gas bu r ne r .  The 
t e m p e r a t u r e  of the e x t e r n a l  t ube  surface  was  meas -  
u r ed  by  a the rmocoup le  and  by  a r ad i a t i on  p y r o m -  
eter. Unfo r tuna t e ly ,  there  was t ime  for on ly  four  
runs  u t i l i z ing  this  equ ipmen t .  Resul ts  are discussed 
la ter .  

For  all  r uns  secondary  hea t ing  by  i n f r a r ed  l amps  
was  u t i l ized to m a i n t a i n  the  t e m p e r a t u r e  of the  re -  
act ion tube  above the condensa t ion  t e m p e r a t u r e s  of 
m o l y b d e n u m  pen tach lo r ide  in  order  to p r e v e n t  a 
subsequen t  vapor i za t ion  and  e n r i c h m e n t  of the  va -  
por m i x t u r e  as the b u r n e r  t r ave led  down  the  tube.  

Effect of Variables on Plating Quality 
T h r o u g h o u t  the  inves t iga t ion ,  the effects of the  

fo l lowing va r i ab les  on  p la te  qua l i t y  and  th ickness  
were  s tudied:  to ta l  pressure ,  t e m p e r a t u r e  of reac-  
t ion zone, vapor  concen t ra t ion ,  hyd rogen  flow rate,  
surface  p repa ra t ion ,  and  d i rec t ion  and  ra te  of t r ave l  
of the bu r ne r .  The fo l lowing  were  found  to be the 
o p t i m u m  condi t ions  us ing  the  e q u i p m e n t  descr ibed:  
(a) to ta l  reac t ion  p ressure  15-20 m m  Hg; (b)  tube  
t e m p e r a t u r e  of 900~176 measu red  e x t e rna l l y ;  
(c) ra te  of t r ave l  of b u r n e r  in  the d o w n w a r d  d i rec-  
t ion of 2 in . /h r .  (d) h y d r o g e n  flow of 7-9 l i t e r s /  
m i n  m e a s u r e d  at  s t a n d a r d  condi t ions .  

W h e n  the p re s su re  in  the reac t ion  t ube  rose above 
20 mm,  a vapor  phase r educ t ion  occur red  a nd  the 
deposi t  became porous  and  n o n a d h e r e n t  due  to de-  
posi t ion of m o l y b d e n u m  par t ic les  which  did no t  
form a con t inuous  coating.  Below 10 m m  tota l  p res -  
sure  it was imposs ib le  to ob ta in  an  adequa te  con-  
cen t r a t i on  of m o l y b d e n u m  pen tach lo r ide  vapor  to 
provide  a sufficiently high ra te  of deposit ion.  Most 
of the work  was car r ied  out  at  a p ressure  of 17 m m  
Hg. 

The  e x t e r n a l  t e m p e r a t u r e  of the reac t ion  zone as 
d e t e r m i n e d  opt ica l ly  was  u sua l l y  b e t w e e n  875 ~ and  
975~ These t e m p e r a t u r e s  we re  cor re la ted  w i th  
m e a s u r e m e n t s  m a d e  by  the rmocoup les  to the i n t e r -  
na l  t ube  t e m p e r a t u r e  ear ly  in  the project .  T e m p e r a -  
tu res  be low 875~ were  no t  high enough  to p roduce  
a comple te  r educ t ion  at  the  exis t ing  gas velocities.  
Above  975~ there  was an  increased  t e n d e n c y  to-  
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w a r d  f o r m a t i o n  of l a r g e  a m o u n t s  of scale  and  to -  
w a r d  d e c a r b u r i z a t i o n  of the  e x t e r i o r  t ube  sur face .  
No i m p r o v e m e n t  in i n t e r n a l  p l a t e  q u a l i t y  was  g a i n e d  
b y  o p e r a t i n g  at  t e m p e r a t u r e s  in excess  of 975~ 

W h i l e  i t  was  no t  poss ib le  to d e t e r m i n e  q u a n t i t a -  
t i v e l y  the  ac tua l  m o l y b d e n u m  p e n t a c h l o r i d e  to h y -  
d r o g e n  ra t io ,  i t  was  qu i t e  e v i d e n t  f r o m  the  e x a m i -  
n a t i o n  of t he  d a t a  t ha t  th is  was  one of the  f u n d a -  
m e n t a l  v a r i a b l e s  of t he  process .  W h e n  the  v a p o r  
c o n c e n t r a t i o n  was  too low,  an  exces s ive ly  long  p e -  
r iod  was  r e q u i r e d  to b u i l d  up  an  a d e q u a t e  p l a t e  
th ickness .  H o w e v e r ,  w h e n  v e r y  l e a n  m i x t u r e s  w e r e  
used,  the  p l a t e  a p p e a r e d  to be  dense  and  w e l l  
bonded .  W i t h  a h igh  r a t i o  of m o l y b d e n u m  p e n t a -  
ch lo r ide  to h y d r o g e n  in the  v a p o r  a porous  n o n a d -  
h e r e n t  coa t ing  was  depos i t ed .  In  t he  l a t t e r  case  
t h e r e  was  a t e n d e n c y  for  the  coa t ing  to be  m u c h  
th icke r ,  b u t  because  of s ide reac t ions ,  vo ids  w e r e  a p -  
p a r e n t  b e t w e e n  the  m o l y b d e n u m  and  the  base  me ta l .  
The  m a x i m u m  p l a t i n g  r a t e  for  dense  a d h e r e n t  coa t -  
ings  was  0.004 i n . / h r .  W h e n  the  p l a t i n g  r a t e  w a s  
i n c r e a s e d  b y  i n c r e a s i n g  r e a c t a n t  r a t e  or  b y  i n c r e a s -  
ing the  v a p o r  concen t r a t ion ,  the  depos i t  b e c a m e  less  
a d h e r e n t ,  b r i t t l e ,  and  less dense.  W h e n  a l ow v a p o r  
concen t r a t i on  was  used,  the  depos i t i on  r a t e  was  l ow 
bu t  the  q u a l i t y  of the  depos i t  was  exce l l en t .  Con-  
s i d e r a b l e  effor t  was  e x p e n d e d  in an  a t t e m p t  to es -  
t ab l i sh  a m e a n s  of d e t e r m i n i n g  q u a n t i t a t i v e l y  t he  
m o l y b d e n u m  p e n t a c h l o r i d e - h y d r o g e n  ra t io ,  bu t  
w i t h o u t  success.  

F r o m  the  e x a m i n a t i o n  of a l a rge  n u m b e r  of p l a t -  
ing runs ,  the  conclus ion  was  r e a c h e d  t h a t  d o w n w a r d  
t r a v e l  of the  b u r n e r  cons i s t en t ly  p r o d u c e d  the  bes t  
r e su l t s ;  as the  v a p o r  m i x t u r e  f lowed t h r o u g h  the  
h e a t e d  zone, the  r e d u c t i o n  to m e t a l l i c  m o l y b d e n u m  
was  on ly  p a r t i a l l y  comple te .  Some  low m o l y b d e n u m  
ch lo r ides  w e r e  also p i o d u c e d ,  w h i c h  depos i t ed  on 
the  i n t e r n a l  t ube  su r f ace  in t he  cool zone. I f  t he  
b u r n e r  w e r e  m o v e d  c o n c u r r e n t  w i t h  the  flow, these  
l o w e r  ch lo r ides  m i g h t  not  be r e v a p o r i z e d  b e f o r e  
t hey  r e a c h e d  r e d u c t i o n  t e m p e r a t u r e .  This  w o u l d  r e -  
su l t  in a po rous  or  p o w d e r y  depos i t  w i t h  l i t t l e  or  no  
a d h e r e n c e  of the  s u b s e q u e n t  m e t a l l i c  p la te .  I f  on the  
o the r  h a n d  the  h e a t e r  w e r e  m o v e d  d o w n w a r d ,  i n -  
c o m p l e t e l y  r e d u c e d  ch lo r ides  w o u l d  be  depos i t ed  on 
p l a t e  w h i c h  had  a l r e a d y  been  l a id  d o w n  and  w o u l d  
be  s u b j e c t e d  to no a d d i t i o n a l  hea t ing .  As  the  h e a t e r  
m o v e d  down,  the  p l a t e  w o u l d  be  depos i t ed  on f r e sh  
c lean  sur face .  W h e n  neces sa ry ,  u n r e d u c e d  ch lo r ide s  
we re  r e m o v e d  w i t h  no di f f icul ty  b y  w i r e  b rush ing .  

Because  of the  r e a c t i o n  of the  m o l y b d e n u m  a n d  
the  ca rbon  of the  s teel ,  i t  was  d e t e r m i n e d  e a r l y  in 
the  r e s e a r c h  t ha t  a b a r r i e r  m u s t  be  e s t a b l i s h e d  to 
p r e v e n t  th is  f rom t a k i n g  place .  Copper ,  n ickel ,  and  
coba l t  p l a t e s  in v a r i o u s  th i cknesses  w e r e  t r ied .  The  
bes t  r e su l t s  w e r e  o b t a i n e d  us ing  a coba l t  u n d e r p l a t e  
of abou t  0.00025 in. This  p l a t e  was  eas i ly  a p p l i e d  
n o n e l e c t r o l y t i c a l l y  and,  once in  p lace ,  p r o v i d e d  e x -  
ce l l en t  p r o t e c t i o n  for  the  i n t e r n a l  su r f ace  of the  t u b e  
p r io r  to m o l y b d e n u m  p la t ing .  

T i m e  d id  no t  p e r m i t  a m o r e  d e t a i l e d  s t u d y  of t he  
effect of i n c r e a s i n g  the  w i d t h  of t he  r e a c t i o n  zone. 
The  r e su l t s  of t he  l a s t  four  r u n s  of t h e  p r o j e c t  w e r e  
so m u c h  s u p e r i o r  to a l l  o the r s  t h a t  i t  a p p e a r s  t h a t  
p l a t i n g  q u a l i t y  and  r a t e s  cou ld  be  i m p r o v e d  g r e a t l y .  
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Fig. 2. Photomicrograph of molybdenum on cobalt on steel, 
unetched. Magnification 100X before reduction for publica- 
tion. Photograph courtesy of Watertown Arsenal Labora- 
tories. 

Examination and Testing 
P h o t o m i c r o g r a p h s  of coa t ings  and  base  m a t e r i a l s  

w e r e  m a d e  r e g u l a r l y  to d e t e r m i n e  q u a l i t y  of t he  
p la te .  F i g u r e  2 shows  the  po l i shed ,  b u t  une t ched ,  
t u b e  a t  100X magn i f i ca t ion  (be fo r e  r e d u c t i o n  for  
p r i n t i n g ) .  On the  b o t t o m  is t he  base  m a t e r i a l  of the  
tube .  The  l ine  a b o v e  is t he  coba l t  s u b s t r a t e ;  n e x t  is 
t he  m o l y b d e n u m  depos i t  of abou t  0.004 in. The  
spec imen  was  coa ted  w i t h  e l e c t r o d e p o s i t e d  n i cke l  
p r i o r  to m e t a l l o g r a p h i c  e x a m i n a t i o n ,  a n d  the  d a r k  
a r e a  b e t w e e n  the  m o l y b d e n u m  and  the  n i c k e l  is a p -  
p a r e n t l y  due  to the  s a m p l e  p r e p a r a t i o n .  

F i g u r e  3 shows the  e t ched  depos i t  a t  500X. The  
base  m a t e r i a l ,  A I S I  4620, is in  t he  l o w e r  sect ion,  the  
coba l t  i n t e r f ace  a n d  the  m o l y b d e n u m .  The  c o l u m n a r  
s t r u c t u r e  of t he  d e p o s i t e d  m e t a l  is r e a d i l y  obse rved .  
The  p r o t e c t i n g  n icke l  coat  is s h o w n  h e r e  as above .  

The  p l a t e d  tubes  h a v e  u n d e r g o n e  u t i l i z a t i o n  tes t s  
to d e t e r m i n e  r e s i s t ance  to a b r a s i o n  and  eros ion.  In  
a d d i t i o n  to the  m e t a l l o g r a p h i c  e x a m i n a t i o n  of t he  
coat ings ,  s e v e r a l  o the r  tes t s  w e r e  m a d e  to d e t e r m i n e  
the  efficiency of the  p l a t i n g  p rocess  a n d  t h e  q u a l i t y  
of the  depos i t ed  m o l y b d e n u m .  

S a m p l e s  of the  coa t ings  w e r e  s u b j e c t e d  to v a r i o u s  
b e n d  tes ts  to d e t e r m i n e  the  ang le  to w h i c h  the  p l a t e  
and  base  m a t e r i a l  could  be  d e f o r m e d  be fo re  s e p a r a -  
t ion  of the  p l a t e  occur red .  The  s p e c i m e n  was  b e n t  
w i t h  t he  p l a t e d  su r f ace  out  so t h a t  t he  p l a t e  was  
u n d e r  tens ion.  I t  was  o b s e r v e d  t ha t  t he  h e a v i e r  t he  
p la te ,  the  m o r e  r e a d i l y  i t  f r a c t u r e d .  In  a l l  cases, t he  
p l a t e  f r a c t u r e d  w h e n  the  b e n d i n g  a n g l e  e x c e e d e d  
135 ~ at  a b e n d i n g  r a d i u s  of ~z2 in. In  s e v e r a l  i n -  
s t ances  good p l a t e  showed  f a i l u r e  a t  m u c h  l o w e r  
bend  ang les  because  of t h e  e x t r e m e  c o l u m n a r  s t r u c -  

Fig. 3. Photomicrograph of typical molybdenum deposit, 
etched with alkaline K.~Fe(CN)~. Magnification 500X before 
reduction for publication. Photograph courtesy of Watertown 
Arsenal Laboratories. 
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t u r e  of t he  depos i t ed  m a t e r i a l .  W h e n  th is  t y p e  p l a t e  
was  e x a m i n e d  u n d e r  a l o w - p o w e r  mic roscope ,  i t  was  
e v i d e n t  t h a t  t he  m o l y b d e n u m  fa i l ed  by  s e p a r a t i o n  
of the  c o l u m n a r  g ra ins  as i n d i c a t e d  b y  the  m a n y  
c racks  e x t e n d i n g  f rom the  base  m a t e r i a l  to t he  o u t -  
s ide su r face  of the  p la te .  In  sp i te  of t he  f a i l u r e  of 
t he  m o l y b d e n u m ,  i t  was  e v i d e n t  t h a t  t he  coba l t  
p l a t e  b e l o w  the  m o l y b d e n u m  h a d  r e m a i n e d  i n t ac t  
d u r i n g  the  b e n d  test .  A d d i t i o n a l  i nd i ca t ions  of q u a l -  
i ty  of t he  m o l y b d e n u m  p l a t e  w e r e  o b t a i n e d  b y  ob -  
s e r v i n g  the  t u b e  w h e n  i t  was  s a w e d  for  s ampl ing .  

To f u r t h e r  d e t e r m i n e  p l a t e  qua l i t y ,  va r i ous  m a -  
ch in ing  o p e r a t i o n s  w e r e  p e r f o r m e d  on coa ted  tubes .  
S a w i n g  of a t u b e  w h i c h  h a d  been  p l a t e d  w i t h  w h a t  
was  cons ide red  to be a h i g h - q u a l i t y  p l a t e  p r o d u c e d  a 
r o l l e d - o v e r  edge  of t he  coa t ing  at  the  edge  of the  
cut.  A poor  coa t ing  w o u l d  e i t he r  f lake off or  ch ip  
a w a y  f r o m  the  base  m a t e r i a l  a t  t he  saw cut.  

W h e n  a p iece  of coa ted  t ube  was  p l aced  in a 
s h a p e r  a n d  a s t r ip  of m a t e r i a l  r e m o v e d  l e n g t h w i s e  
f r o m  the  tube ,  good coa t ings  would ,  as in the  case  of 
the  s a w e d  sample ,  r e m a i n  a t t a c h e d  to t he  sec t ion  of 
base  m a t e r i a l  r e m o v e d  f r o m  the  tube .  Poor  q u a l i t y  
coa t ings  w o u l d  f lake and  chip  as the  tool  pa s sed  
across  t h e  coat ing,  and  the  coa t ing  w o u l d  s e p a r a t e  
f rom the  base  m a t e r i a l  even  t h o u g h  the  base  m a t e -  
r i a l  w e r e  r e m o v e d  in a clean,  even  cu t  f r o m  t h e  
t u b e  sect ion.  

Conclusions 
A t e c h n i q u e  has  been  d e v e l o p e d  for  t he  p r o d u c -  

t ion  of r e l a t i v e l y  h e a v y  m o l y b d e n u m  p la t e s  ins ide  
of tubes .  The  bes t  depos i t s  w e r e  p r o d u c e d  w h e n  the  
v a p o r  c o n c e n t r a t i o n  was  he ld  c o n s t a n t  t h r o u g h o u t  
t he  run .  The  w ide  ho t  zone p r o d u c e d  b y  the  i n d u c -  
t ion  coil  p r o v e d  s u p e r i o r  to t he  n a r r o w  hot  zone 
p r o d u c e d  b y  the  e x t e r n a l  gas  b u r n e r .  I t  was  e s sen -  
t i a l  to m a i n t a i n  a l a r g e  excess  of h y d r o g e n  in t he  
v a p o r  s t r e a m  to i n su re  c o m p l e t e  r educ t ion ,  in o r d e r  

to p r o d u c e  dense  depos i t s .  C h e m i c a l l y  c l ean  su r f aces  
for  depos i t i on  w e r e  n e c e s s a r y  to p e r m i t  good b o n d -  
ing  of the  p l a t e  a n d  subs t r a t e .  

T h e r e  shou ld  be  uses  for  such  p l a t e s  in  t he  c h e m -  
ical  e n g i n e e r i n g  field to t a k e  a d v a n t a g e  of t he  m e -  
chan ica l  s t r e n g t h  and  r e s i s t ance  to a b r a s i o n  and  
e ros ion  of m o l y b d e n u m ,  as w e l l  as i ts h igh  c h e m i c a l  
and  cor ros ion  res i s t ance .  In  t he  p r e s e n c e  of a i r ,  a t  
e l e v a t e d  t e m p e r a t u r e s ,  m o l y b d e n u m  u n d e r g o e s  
c a t a s t r o p h i c  ox ida t ion .  H o w e v e r ,  for  m a n y  uses  in 
h i g h - t e m p e r a t u r e ,  h i g h - p r e s s u r e  reac to r s ,  th i s  m a -  
t e r i a l  cou ld  we l l  be  t he  a n s w e r  to e ros ion  p r o b l e m s  
w h e r e  n o n o x i d i z i n g  cond i t ions  exis t .  
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P r e v i o u s  w o r k  a t  th is  l a b o r a t o r y  (1)  has  s h o w n  
tha t  a b o v e  r o o m  t e m p e r a t u r e  v e r y  p u r e  ca l c ium 
exis t s  in on ly  two  a l l o t rop i c  fo rms :  f.c.c, b e t w e e n  
r o o m  t e m p e r a t u r e  and  464~ and  b.c.c, b e t w e e n  
464~ and  the  m e l t i n g  point .  I t  is the  au tho r s '  b e -  
l ie f  t ha t  these  r e su l t s  r e p r e s e n t  the  b e h a v i o r  of t he  
p u r e s t  Ca w h i c h  has  been  e x a m i n e d  to da te .  This  
p o i n t  of v i e w  is s u b s t a n t i a t e d  b y  the  r a p i d i t y  a n d  
r e v e r s i b i l i t y  of the  o b s e r v e d  t r a n s f o r m a t i o n  s ince  
such b e h a v i o r  is r e p r e s e n t a t i v e  of h i g h - p u r i t y  
me ta l .  S u b t r a c t i o n  of t he  a n a l y z e d  i m p u r i t y  con t e n t  
i n d i c a t e d  th is  m e t a l  to be  99.96 w t  % Ca. No a n a -  
l y t i c a l  d a t a  w e r e  ava i l ab l e ,  h o w e v e r ,  for  h y d r o g e n ,  
oxygen ,  or  c a rbon  conten t .  

I n d i c a t i o n  t ha t  these  n o n a n a l y z e d  i m p u r i t i e s  p l a y  
an  i m p o r t a n t  ro le  in the  a l l o t rop i c  b e h a v i o r  of Ca 
was  f o u n d  in a s u b s e q u e n t  e x a m i n a t i o n  of a l a t e r  
p r e p a r a t i o n  of Ca. The  a n a l y t i c a l  d a t a  fo r  th is  l a t t e r  
Ca [ h e r e i n  r e f e r r e d  to as c a l c ium D (Ca  D ) ]  was  
c o m p a r a b l e  to t h a t  for  t he  o r i g i n a l  Ca. The  v a l u e s  
for  Ca  D were :  Mg, <0.01 w t  %;  N, <0.009 w t  %; C, 
~0 .02  w t  %; Si, <0.005 w t  %;  Mn, Fe ,  A1, Ba, Be, 
<0.001 wt  %; and  Cd, Cu, K, Li, <0.0001 w t  %. The  
o b s e r v e d  c r y s t a l  s t r u c t u r e s  in Ca D showed  the  l o w -  
t e m p e r a t u r e  f.c.c, f o r m  and  the  h i g h - t e m p e r a t u r e  
b.c.c, f o r m  b u t  s h o w e d  in a d d i t i o n  a h.c.p, mod i f i ca -  
t ion  at  i n t e r m e d i a t e  t e m p e r a t u r e s .  Th is  s equence  of 
s t r u c t u r e s  has  also been  o b s e r v e d  b y  Melse r t ,  T i e -  
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Table I. Analytical data for those elements showing possible 
differences in concentration in the two Ca preparations 

E l e m e n t  

A n a l y s i s  
A n a l y s i s  of Ca used  of Ca n used  in  
by  S m i t h ,  Car l son ,  the  p r e s e n t  i n v e s -  

a nd  Vest  (wt  %) t i g a t i o n  (wt  %) 

C No analysis 0.02 
Fe 0.01 <0.001 
Mn 0.005 <0.001 
Si Trace <0.005 
Ba Not detected <0201 

dema,  and  Burgers  (2) .  The behav io r  of Ca D was 
such, however ,  tha t  the  Ca D m u s t  be  conc luded  to 
be a less pure  Ca p r e p a r a t i o n  t h a n  the  d imorph ic  
Ca used in  the o r ig ina l  inves t iga t ion .  This conc lu-  
sion is based on the obse rva t ion  of two-pha se  re -  
gions showing  f.c.c, p lus  h.c.p, and  h.c.p, p lus  b.c.c. 
The t e m p e r a t u r e  ranges  for the  occur rence  of these 
two-phase  regions  was a func t i on  of the  t h e r m a l  
h is tory  of the  sample,  and  indeed  the appea rance  of 
a s ing le -phase  region  of h.c.p, could be en t i r e ly  
e l im ina t ed  af ter  p ro longed  hea t ing  at  e leva ted  t e m -  
pe ra tu re .  On the  basis  of the  phase ru le  the  occur -  
rence  of two-phase  regions  over a t e m p e r a t u r e  r a nge  
at cons tan t  p ressure  is p rec luded  in  a o n e - c o m p o -  
n e n t  sys tem if the sys tem is at equ i l i b r ium.  I t  m a y  
be a rgued  tha t  the f.c.c, to h.c.p, t r a n s i t i o n  is m e c h -  
an i s t i ca l ly  difficult and  tha t  s luggish k inet ics  m a y  
defeat  e q u i l i b r i u m ;  however ,  a s imi la r  a r g u m e n t  is 

no t  va l id  for the  h.c.p, to b.c.c, t r ans i t ion .  In  the 
l a t t e r  case the t r ans i t i on  is concep tua l ly  s imple  and  
m a y  be v i sua l ized  as occur r ing  th rough  a reg ion  of 
con t inuous  s t ra in .  Such a t r ans i t i on  should  be rap id  
and  revers ib le .  

It  seems evident ,  therefore ,  tha t  the behav io r  of 
Ca D m u s t  be due to some c o n t a m i n a n t  p resen t  to a 
grea te r  degree  in  Ca D t h a n  in  the o r ig ina l  Ca. In  

Table  I are  shown the ana ly t i ca l  da ta  for those ele-  
m e n t s  exh ib i t i ng  concen t r a t i on  differences in  the  
two Ca prepara t ions .  These da ta  were  i n t e r p r e t e d  
to m e a n  tha t  ca rbon  or one of the n o n a n a l y z e d  im-  
pur i t i e s  was mos t  p r o b a b l y  respons ib le  for  the  ob-  
served difference in  behav io r  of the two Ca p r e p a r a -  
t ions. S u b s t a n t i a t i o n  of this  po in t  of v iew was m a d e  
by  r e - e x a m i n a t i o n  of the on ly  r e m a i n i n g  sample  of 
the or ig ina l  Ca p repa ra t ion .  This  Ca had  been  s tored 
for a p p r o x i m a t e l y  1 ~/~ years  in  a glass bot t le  wi th  a 
plast ic  stopper.  The  bot t le  had  been  f lushed wi th  He 
a nd  the  g lass -p las t ic  j u n c t u r e  ha d  b e e n  sealed w i t h  
wax.  Visual  e x a m i n a t i o n  of the  Ca t a k e n  f rom the  
bot t le  showed tha t  the  surface  was  discolored and  
obvious ly  con tamina t ed .  Ins t ead  of the  o r ig ina l  d i -  
morph ic  behavior ,  four  s t r u c t u r a l  modif icat ions  were  
observed:  f.c.c., a low s y m m e t r y  fo rm o r ig ina l ly  re -  
por ted  by  Gra f  (3) ,  h.c.p., a nd  b.c.c. The s t r u c t u r a l  
behav io r  was comparab le  to the leas t  pu re  Ca 
(99.66%) e x a m i n e d  in  the  prev ious  i nves t iga t ion  
(1) .  By in fe rence  the  change  in  behav io r  of the  

Table II. Summary of diffraction results 

U n c o n -  
t a m i -  

Temp,  h a t e d  Ca D + C a D  + C a D  + C a D  + Ca D + Ca n + 
~  Ca D o x y g e n  e t h a n e  c a r b o n  n i t r o g e n  b o r o n  h y d r o g e n  

U n c o n -  
t a m i -  
h a t e d  
Ca E 

C a E  + 
h y d r o g e n  

f.c.c, f.e.c, f.c.c. 

~ h.c.p, low sym. ~ ~ h.c.p. 
~ phase f.c.e. ~ 

6 200 200~ 
~ f.c.c. ~ 

~ + ~ 
�9 ~ ~ h.c.p. .~ .~ 
~ + ~ 

~ low s y m . . ~ . , ~  ~ 
300 3oo~ 3oo~ 

r.9 low sym. f.c.c. ~ 

~ low sym. ~ 
350~ ~ ~ 360~ 350~ 3600C ~ ~' 
f.c.c. ~ ~ ~ 

400 + ~ ~ ~ 

h c p  =: h c p  h c p  h cp  Z 
455~ ~ ~ ~ o 450~ 

~ ~ ~ h.c.p. 
h.c.p.* ~ ~ >490~ >490~ >490~ ~ ~ 

500 ~ ~ ~ 
520~ r "'~ h.c.p. -]- b.c.c. ~ 
h.c.p. ~ ~ (the tempera ture  limits of ~ 525~ 

-4- ~ ~ these two phase regions ~0 h.e.p. 
were not closely bracketed) ~ ~ -4- b.c.c. 

56o0c b.c.c. <575oc <575~ <575~ ~ 570~ 
6OO 

b.c.c, b.c.c, b.c.c, b.c.c, b.c.c. 
7OO 

f.c.c. 

300~ 

f .C.C 
+ 

low sym. 
phase 

450 ~ 

b.c.c. 

f . e . c .  
+ 

h.c.p. 
+ 

low sym. 
phase 

435 ~ 

h.c.p. 
+ 

b . c . c .  

550~ 

b.c.c. 

* B e h a v i o r  of  Ca D i n  t he  t e m p e r a t u r e  r e g i o n  455~ was  a f u n c t i o n  of  the  t h e r m a l  h i s t o r y  of  the  s a m p l e  s ince t he  s ing le  phase  
h.c.p, r e g i o n  cou ld  be  e l i m i n a t e d  by  p r o l o n g e d  h e a t i n g  a t  e l e v a t e d  t e m p e r a t u r e .  
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h i g h - p u r i t y  Ca m u s t  h a v e  r e s u l t e d  f rom i n t e r a c t i o n  
w i t h  a t m o s p h e r i c  c o m p o n e n t s  (O.~, N2, CO~, w a t e r  
v a p o r )  w h i c h  h a d  d i f fused  t h r o u g h  the  p l a s t i c  
s topper .  

The  p r e s e n t  i n v e s t i g a t i o n  was  u n d e r t a k e n  to d e -  
t e r m i n e  w h i c h  c o n t a m i n a n t s  w e r e  a s soc ia t ed  w i t h  
t he  a p p e a r a n c e  of the  h.c.p, modi f i ca t ion  and  w h i c h  
w i t h  t he  low s y m m e t r y  s t ruc tu re .  The  low s y m -  
m e t r y  s t r u c t u r e  h a d  a l r e a d y  been  shown  to be  a r e -  
su l t  of c o n t a m i n a t i o n  (1)  w h i c h  r e su l t  is c o r r o b o -  
r a t e d  b y  the  r e c e n t  w o r k  of S c h o t t m i l l e r  (4) .  

Experimental Results 
A n y  a t t e m p t  to d e t e r m i n e  w h i c h  c o n t a m i n a n t s  

w e r e  a s soc ia t ed  w i t h  t he  i m p u r i t y  phases  b y  f u r t h e r  
pu r i f i ca t ion  s tud ies  s e e m e d  i m p r a c t i c a l  because  of the  
l i m i t a t i o n s  of t he  a n a l y t i c a l  t echn iques .  The re fo re ,  
i t  was  d e c i d e d  to c o n t a m i n a t e  s amp le s  of Ca d e l i b e r -  
a t e l y  to see w h i c h  i m p u r i t i e s  caused  the  a p p e a r a n c e  
of the  low s y m m e t r y  and  h.c.p, phases .  C a l c i u m  D 
was  cons ide red  to be  s a t i s f a c t o r y  as a t es t  m a t e r i a l  
for  the  d e t e r m i n a t i o n  of the  i m p u r i t i e s  a s soc ia t ed  
w i t h  the  low s y m m e t r y  phase  but ,  b e c a u s e  the  h.c.p. 
p h a s e  was  a l r e a d y  p re sen t ,  Ca D was  not  s u i t a b l e  
for  d e l i n e a t i n g  the  cause  of the  h.c.p, phase .  E x a m i -  
n a t i o n  of o t h e r  Ca p r e p a r a t i o n s  w h i c h  w e r e  on h a n d  
s h o w e d  one [ h e r e i n  r e f e r r e d  to as ca l c ium E (Ca  
E ) ]  w h i c h  e x h i b i t e d  the  f.c.c., low s y m m e t r y ,  and  
b.c.c, phases  b u t  not  the  h.c.p, phase .  C a l c i u m  E was,  
t he re fo re ,  s a t i s f a c t o r y  for  t he  d e t e r m i n a t i o n  of the  
i m p u r i t y  assoc ia ted  w i t h  the  h.c.p, phase .  C h e m i c a l  
ana lys i s  s h o w e d  Ca E to be  h igh  in Mg con ten t  b u t  
o t h e r w i s e  of good p u r i t y :  Mg, 0.027 w t  %; C, 0.02 
w t  %; N, <0.009 w t  %; Si, <0.005 w t  %; A1, B, Ba, 
Be, Cu, Fe,  <0.001 w t  %; and  Cd, K, <0.0001 w t  %. 

Oxygen ,  e thane ,  ca rbon ,  n i t rogen ,  boron,  and  h y -  
d r o g e n  w e r e  chosen  as c o n t a m i n a n t s .  B o r o n  was  in -  
c luded  in the  l i s t  in o r d e r  to d e t e r m i n e  w h e t h e r  or 
no t  the  s t r u c t u r a l  effects w e r e  due  s i m p l y  to i n -  
t e r s t i t i a l  a toms.  A s u m m a r y  of t he  d i f f r ac t ion  r e -  
sul ts  be fo re  and  a f t e r  c o n t a m i n a t i o n  is shown  in 
T a b l e  II. Di f f rac t ion  p a t t e r n s  w e r e  t a k e n  w i t h  a 
modi f ied  G e i g e r - c o u n t e r  d i f f r a c t o m e t e r  (5)  w i t h  t he  
s a m p l e s  in the  fo rm of s m a l l  bars .  A s lowly  c i r cu -  
l a t i n g  a t m o s p h e r e  of pur i f i ed  He was  m a i n t a i n e d  in  
t he  c a m e r a  u n d e r  a s l igh t  pos i t i ve  p re s su re .  T e m -  
p e r a t u r e s  w e r e  m e a s u r e d  w i t h  a P t - P t  13% R h  t h e r -  
m o c o u p l e  spot  w e l d e d  to t he  sample .  I t  shou ld  be  
e m p h a s i z e d  t h a t  t he  t r a n s i t i o n  t e m p e r a t u r e s  s h o w n  
in T a b l e  II  a r e  a p p r o x i m a t e  s ince d i f f r ac t ion  p a t -  
t e rns  w e r e  t a k e n  at  f ini te  t e m p e r a t u r e  i nc r emen t s ,  
and  no p a r t i c u l a r  effor t  was  m a d e  to p r e c i s e l y  
b r a c k e t  a t r ans i t i on .  

Gaseous  c o n t a m i n a n t s  w e r e  i n t r o d u c e d  into  the  
e x p e r i m e n t a l  sy s t em by  a t t a c h i n g  to the  s y s t e m  a 
200-ml  glass  bu lb  f i l led w i th  the  gas. A f t e r  f irst  
c h e c k i n g  the  s a m p l e  to see t ha t  the  s t r u c t u r a l  b e -  
h a v i o r  was  t y p i c a l  and  t ha t  i n a d v e r t e n t  c o n t a m i n a -  
t ion  h a d  not  occur red ,  the  gas was  v e n t e d  into  t he  
sy s t em t h r o u g h  a s topcock.  C a r b o n  and  b o r o n  w e r e  
a d d e d  as powder s ,  and  c o n t a m i n a t i o n  was  a c c o m -  
p l i s h e d  in  the  fo l l owing  m a n n e r .  The  p o w d e r  was  
s p r i n k l e d  on a file, and  the  s a m p l e  was  i n v e r t e d  and  
l i g h t l y  a b r a d e d  across  t h e  file u n t i l  a t h in  a d h e r e n t  

f i lm of the  p o w d e r  h a d  co l lec ted  on the  ca lc ium.  The  
s a m p l e  was  t h e n  m o u n t e d  in  the  c a m e r a  a n d  h e a t e d  
to ~ 5 0 0 ~  to a l l ow r e a c t i o n  to occur.  

I n  a l l  cases  the  d i f f r ac t ion  p a t t e r n s  w e r e  c h ecked  
to d e t e r m i n e  t ha t  the  sequence  of phases  was  r e -  
v e r s i b l e  in t e m p e r a t u r e .  I t  was  o b s e r v e d  t h a t  in  
t w o - p h a s e  reg ions  t h e r e  was  a g e n e r a l  t e n d e n c y  for  
the  i n t e n s i t y  of the  d i f f r ac t ion  p e a k s  of t he  l o w -  
t e m p e r a t u r e  phase  to d e c r e a s e  w i t h  i n c r e a s i n g  t e m -  
p e r a t u r e  w i t h  an  a c c o m p a n y i n g  i nve r se  effect for  
t he  h i g h - t e m p e r a t u r e  phase .  

I t  is e v i d e n t  f rom T a b l e  I I  t ha t  n e i t h e r  o x y g e n  no r  
bo ron  is r e s p o n s i b l e  for  the  low s y m m e t r y  or  h.c.p. 
phases .  H o w e v e r ,  bo th  c a r b o n  and  n i t r o g e n  w e r e  
f o u n d  to i nduce  the  a p p e a r a n c e  of the  l ow s y m -  
m e t r y  phase .  S ince  t h e r e  m i g h t  be  some ques t ion  
w i t h  r e g a r d  to a d s o r b e d  n i t r o g e n  on t h e  g r a p h i t e  
pow de r ,  c a rbon  was  also i n t r o d u c e d  in  t he  f o r m  of 
e thane .  E t h a n e  c o n t a m i n a t i o n  also caused  the  a p -  
p e a r a n c e  of the  low s y m m e t r y  phase  and,  s ince  con-  
t a m i n a t i o n  w i t h  h y d r o g e n  a lone  d id  no t  p r o d u c e  
this  resu l t ,  the  ev idence  ind i ca t e s  t h a t  c a r b o n  as 
we l l  as n i t r o g e n  can  cause  t he  a p p e a r a n c e  of t he  low 
s y m m e t r y  phase .  

I t  is also e v i d e n t  f rom T a b l e  I I  t h a t  h y d r o g e n  is 
t he  i m p u r i t y  a s soc ia t ed  w i t h  t he  h.c.p, phase .  On ly  
h y d r o g e n  and  e t h a n e  caused  a s igni f icant  c h a n g e  in  
the  t e m p e r a t u r e  r a n g e  of s t a b i l i t y  of  t he  h.c.p, phase  
in Ca D, and  i n d e e d  h y d r o g e n  i n d u c e d  the  a p p e a r -  
ance  of the  h.c.p, phase  in Ca E. A l t h o u g h  h y d r o g e n  
does no t  cause  the  a p p e a r a n c e  of  the  low s y m m e t r y  
phase ,  the  s t a b i l i z a t i on  of th is  phase  at  l o w e r  t e m -  
p e r a t u r e s  in Ca E a f t e r  h y d r o g e n  a d d i t i o n  m u s t  i n -  
d ica te  some d e g r e e  of h y d r o g e n  so lub i l i t y  in the  
phase .  

The  effect of the  t h e r m a l  h i s t o r y  of the  s amp le s  
on s t a b i l i t y  of t he  h.c.p, s t r u c t u r e  has  b e e n  n o t e d  in 
t he  d e s c r i p t i o n  of the  b e h a v i o r  of Ca D. This  effect is 
cons i s t en t  w i t h  the  conc lus ion  t h a t  h y d r o g e n  is r e -  
spons ib le  for  t h e  occu r r ence  of t he  h.c.p, p h a s e  s ince  
r e d u c e d  s t ab i l i t y  of the  p h a s e  a f t e r  h i g h - t e m p e r a -  
t u r e  a n n e a l i n g  w o u l d  be  e x p l i c a b l e  on the  bas i s  of 
v o l a t i l i z a t i o n  of h y d r o g e n .  H y d r o g e n  w o u l d  be  e x -  
p e c t e d  to have  an  a p p r e c i a b l e  v a p o r  p r e s s u r e  at  e le -  
v a t e d  t e m p e r a t u r e ,  and  v o l a t i l i z e d  h y d r o g e n  w o u l d  
be  c a r r i e d  a w a y  b y  the  s l o w l y  c i r c u l a t i n g  h e l i u m  
a t m o s p h e r e .  

Discussion 
On the  bas is  of the  resu l t s ,  t h e r e  is l i t t l e  d o u b t  

t h a t  t he  f ree  e n e r g y  b a l a n c e  a m o n g  the  va r i ous  
s t r u c t u r e s  is r a t h e r  p r e c a r i o u s  and  t ha t  s m a l l  v a r i -  
a t ions  in the  n u m b e r  and  t y p e  of i m p u r i t y  a toms  
h a v e  s igni f icant  effects. This  s e n s i t i v i t y  to n o n m e -  
ta l l i c  impur i t i e s ,  r e a d i l y  a v a i l a b l e  f rom the  a t m o s -  
phere ,  m u s t  be  l a r g e l y  r e s p o n s i b l e  for  t he  d i s p a r i t y  
in  r e su l t s  o b t a i n e d  b y  d i f fe ren t  i n v e s t i g a t o r s  w h i l e  
m e a s u r i n g  the  p h y s i c a l  p r o p e r t i e s  of Ca m e t a l  and,  
in p a r t i c u l a r ,  for  the  d i v e r s i t y  in r e p o r t s  c onc e rn ing  
the  a l lo t rop ic  behav io r .  

C a l c i u m  is k n o w n  to be  a h i g h l y  r e a c t i v e  me ta l ,  
e spe c i a l l y  so in  t he  p o w d e r e d  f o r m  w h i c h  has  been  
used  in o the r  s t r u c t u r a l  i nves t iga t ions .  In  t he  a u -  
t ho r ' s  op in ion  t h e  r ecen t  w o r k  of S c h o t t m i l l e r  (4)  
on the  C a - S r  p h a s e  d i a g r a m  i l l u s t r a t e s  th is  point .  
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Scho t tmi l l e r  found  a m a r k e d  difference b e t w e e n  re -  
sul ts  ob ta ined  by  x - r a y  dif f ract ion us ing  powder  
samples  and  resul ts  ob ta ined  by  t h e r m a l  ana lys i s  on 
mass ive  samples  of the  same Ca metal .  This  oc- 
cu r red  even  though  Scho t tmi l l e r  was p a r t i c u l a r l y  
carefu l  in  the h a n d l i n g  of his p o w d e r  samples.  The 
diffract ion resul t s  showed a f.c.c, to h.c.p, t r ans i t i on  
at 342~176 and  a h.c.p, to b.c.c, t r ans i t i on  at  
607~176 In  add i t ion  the low s y m m e t r y  phase  
was found  to exist  in  the  t e m p e r a t u r e  reg ion  300 ~ 
345~ it  is no t  specified whe the r  this  was a s ing le -  
phase or two-phase  region.  In  compar ison,  the t h e r -  
ma l  da ta  showed a t r ans i t i on  at 281~176 which  
was a t t r i b u t e d  to the appea rance  of the  low s y m -  
m e t r y  phase. Bu t  on ly  one add i t iona l  t r a n s i t i o n  was  
found  at 482~176 ins tead  of the two t r ans i t i ons  
to be expected  on the basis  of the  diffract ion resul ts .  

I t  seems h igh ly  p robab l e  tha t  the  difference in  r e -  
sults  observed  by Scho t tmi l l e r  was  due  to reac t ion  
of the  Ca powder  wi th  some c o n t a m i n a n t .  W a t e r  va -  
por  is the  c o n t a m i n a n t  most  difficult to exc lude  f rom 
an  e x p e r i m e n t a l  e n v i r o n m e n t  since it adsorbs  r ead i ly  
on most  surfaces  and  in  add i t ion  it wi l l  diffuse ap -  
p rec iab ly  t h rough  m a n y  media .  

Svec and  co -worke r s  (6, 7) have  s tudied  the  r e -  
act ion of Ca wi th  wa t e r  vapor  and  have  found  tha t  
the  reac t ion  occurs at  the surface w i th  the l i be r a t i on  
of hydrogen .  Hydrogen  was found  to have  a h igh  
so lubi l i ty  in  Ca and  to diffuse r ap id ly  into the  meta l ,  
whi le  the  oxygen  r e m a i n e d  beh ind  in  a t h in  surface  
layer .  The resul t s  p rov ide  a r eady  e x p l a n a t i o n  for 
a source of hyd rogen  c o n t a m i n a t i o n  and  hence  an  
e x p l a n a t i o n  for the appea rance  of the  h.c.p, phase  in  
m a n y  Ca prepara t ions .  The degree  of wa t e r  vapor  
c o n t a m i n a t i o n  which  m a y  occur before  an  oxide 
phase can be detected by  x - r a y  diffract ion is a f unc -  
t ion of the  surface  to vo lume  rat io  and  is qu i te  h igh  
in  the case of powder  samples.  

In  s u m m a r y ,  the  resul t s  of the  p re sen t  i nves t iga -  
t ion show tha t  n i t r o g e n  or ca rbon  wi l l  i nduce  the  
appea rance  of the low s y m m e t r y  phase  in  Ca, a nd  
h y d r o g e n  wi l l  induce  the appea rance  of the  h.c.p. 
phase. In  fairness,  it should  be emphas ized  tha t  in  
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ne i the r  case was  the in i t i a l  Ca comple te ly  pure  and  
the observed  resul t s  m a y  have  occurred because  of 
a combined  effect due to the added i m p u r i t y  p lus  
impur i t i e s  a l r eady  present .  Nonetheless ,  by  i n f e r -  
ence the h.c.p, and  low s y m m e t r y  phases  are bo th  
impur i t y - s t ab i l i z ed .  This leaves f.c.c, and  b.c.c, as 
the a l lotropic  modif icat ions  of pu re  Ca wi th  a t r an s i -  
t ion  t e m p e r a t u r e  of ~450~ The  p re sen t  i nves t iga -  
t ion  thus  corrobora tes  the resul t s  of the  p rev ious  i n -  
ves t iga t ion  and,  in  addi t ion,  provides  an  e x p l a n a t i o n  
for the  occur rence  of the  low s y m m e t r y  and  h.c.p. 
phases.  The t r ans i t i on  t e m p e r a t u r e  is also in  r ea son -  
ab ly  good a g r e e m e n t  w i th  a t h e r m a l  t r ans i t i on  at 
440~ l is ted by  K u b a s c h e w s k i  (8) and  for which  he 
repor ts  an ave raged  va lue  for the  e n t h a l p y  of t r a n s i -  
t ion  of 0.24 _+ 0.04 kca l /mol .  K u b a s c h e w s k i ' s  va lue  
is based on a cr i t ical  su rvey  of ava i l ab le  data,  and  
he notes  tha t  on ly  one t r a n s i t i o n  is found  consis t -  
e n t l y  a l though  an  add i t iona l  t r ans i t i on  at lower  
t e m p e r a t u r e  is also found  by  some inves t iga tors .  
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The Synthesis of Some Pyridyl Glycols by Electrolytic Reduction 
M. J. Allen and H. Cohen 

Research Department, CIBA Pharmaceutical Products Inc., Summit, New Jersey 

The synthes is  of the  p inacone,  3 , 3 - d i ( p - a m i n o -  
p h e n y l ) b u t a n o n e -  2 - d ihydroch lo r ide  ( A m p h e n o n e  
B) (1) w i th  s u b s e q u e n t  e luc ida t ion  of its i n t e r e s t i ng  
biological  act ivi t ies  (2) led us to con t inue  our  i n -  
ves t iga t ions  in  an  a t t e m p t  to find p inacones  a n a -  
logous to A m p h e n o n e  B which  wou ld  r e t a i n  the  
ad r ena l  i nh ib i t o ry  effect of this  c o m p o u n d  b u t  no t  
its u n d e s i r a b l e  side effects. 

I t  was decided to inves t iga te  the  biological  p rop -  
ert ies  of the p inacones  (3) p r e p a r e d  f rom the  p i n a -  
cols of 2-, 3-, and  4 - ace ty lpy r id ine ,  b u t  first it  was  
necessa ry  to p repa re  the respec t ive  pinacols .  The  
e lect rolyt ic  me thod  was  chosen for this purpose  as 

it had  p roved  i tself  qui te  sa t is factory  for the  p r ep -  
a r a t i on  of 2 , 3 - b i s ( p - a m i n o p h e n y l ) - 2 , 3 - b u t a n e d i o l ,  
the  A m p h e n o n e  B i n t e r m e d i a t e  (4) ,  as wel l  as for 
o ther  p inacols  (5) .  

The p inacol  of 3 - a c e t y l p y r i d i n e  has b e e n  p r e v i -  
ous ly  descr ibed  (6) .  However ,  the e x p e r i m e n t a l  
condi t ions  which  invo lved  the  use of an  acidic m e -  
d i u m  resu l ted  at  t imes  in  difficulty in  i so la t ion  of the  
p inacol  w i th  desired pur i ty .  There fore  as there  is 
a lways  the poss ib i l i ty  of side reac t ions  w h e n  us ing  an  
acidic m e d i u m  for a cathodic r educ t ion  of a ke tone  
to its pinacol ,  it was decided to ut i l ize  basic  condi -  
t ions  in  our  inves t iga t ion .  A l t h o u g h  a po tas s ium h y -  
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drox ide  m e d i u m  was found  to be qu i t e  sa t i s fac tory  
for the 2- and  4 -ace ty lpyr id ines ,  the  3 - a c e t y l p y r i -  
d ine  w h e n  e lect rolyzed in  this m e d i u m  gave ex-  
t r eme ly  poor yields  w i th  an  excessive a m o u n t  of 
t a r r y  mate r ia l .  I n  this ins t ance  a less basic  m e d i u m ,  
i.e., one con t a in ing  po tas s ium acetate,  p roved  more  
sat isfactory.  

Experimental 
The appa ra tu s  used for  cont ro l led  po ten t i a l  e lec-  

t rolysis  has been  descr ibed (7) as has the  1500-ml  
cell used for the reduc t ions  of 2- and  4 - a c e t y l p y r i -  
dine, except  a r egu la r  paddle  s t i r re r  was  used i n -  
s tead of a magne t i c  s t i r re r  (6).  The  m e r c u r y  ca th -  
ode area in  this  cell was 111.3 cm". The  r e f lux - type  
cell (8) used in  the p r e p a r a t i o n  of the  3 - a c e t y l p y r i -  
d ine  p inacol  had  a m e r c u r y  cathode area  of 17.2 cm ~. 
In  all  the  e x p e r i m e n t s  repor ted  the  anode  c h a m b e r  
con ta ined  a n icke l  anode  and  an  aqueous  40% potas -  
s ium ca rbona te  solut ion.  

2 , 3 - B i s - ( 2 - p y r i d y l ) - 2 , 3 - b u t a n e d i o l .  - -  The ca tho-  
ly te  consisted of 100 g 2 - a c e t y l p y r i d i n e  dissolved in  
460 m l  1N KOH in 50% aqueous  e thanol .  At  a r e f e r -  
ence po ten t i a l  of --1.6 v vs. S.C.E. the  in i t i a l  c u r r e n t  
was 5.6 amp and  the appl ied  vol tage  16 v. The  t e m -  
p e r a t u r e  was  m a i n t a i n e d  at 23~ ~ t h r o u g h o u t  the  
course of the react ion.  Af t e r  256 ra in  the  c u r r e n t  
p l a t eaued  at 1.2 amp at  which  t ime the  app l ied  
vol tage  was  4.5 v. The  heavy  prec ip i ta te  wh ich  be -  
gan  to appear  40 m i n  af ter  onset  of electrolysis,  was  
filtered, washed  wi th  25% ethanol ,  and  dried.  Yield  
69 g (68 .4%) ,  mp  134~ ~ c u r r e n t  efficiency 
74.2%. Recrys ta l l i za t ion  f rom 50% aqueous  m e -  
t h a n o l  m p  138~176 anal .  found :  C, 69.06; H, 6.65; 
N, 11.77%. Cl~H16N_~O_~ requires ,  C, 68.82; H, 6.60; N, 
11.46%. 

2 , 3 - B i s - ( 3 - p y r i d y l ) - 2 , 3 - b u t a n e d i o l .  - -  A solu t ion  
of 6 g 3 - a c e t y l p y r i d i n e  in  35 ml  e thanol ,  15 g po tas -  
s ium acetate,  and  17 ml  dis t i l led  wa t e r  was  p laced  in  
the cathode c o m p a r t m e n t  and  the  whole  m a i n t a i n e d  
at reflux t h roughou t  the  course of the  electrolysis .  
At  a re fe rence  po ten t i a l  of --1.5 v the  in i t i a l  c u r r e n t  
was  8.9 amp and  appl ied  voltage,  11.4 v. Af te r  25 
m i n  the  c u r r e n t  p l a t eaued  at 0.5 amp wi th  an  ap-  

p l ied  vol tage of 2.1 v. The ca tho ly te  was  d is t i l led  to 
a smal l  vo lume  u n d e r  reduced  pressure  and, af ter  
chi l l ing,  the aqueous  phase separa ted  f rom the  solid 
residue.  This solid u p o n  t r i t u r a t i o n  wi th  20% ace- 
tone  y ie lded  4.13 g (68 .4%),  mp  220~ ~ c u r r e n t  
efficiency 80.3%. Recrys ta l l i za t ion  f rom e thy lene  
glycol gave mp  244~ ~ (5) .  

2 ,3 -B i s - (  4 - p y r i d y l ) - 2 , 3 - b u t a n e d i o l .  - -  The ca tho-  
ly te  in  this ins tance  con ta ined  100 g of the  4 -ace ty l -  
p y r i d i n e  in  460 ml  aqueous  1N KOH. At  a r e fe rence  
po ten t i a l  of --2.2 v the  in i t i a l  c u r r e n t  was  7.8 amp 
and  appl ied  vol tage  12.5 v. Af t e r  176 m i n  the  cu r -  
r en t  p l a t eaued  at 4.2 amp and  the appl ied  vol tage  
was 7.0 v. The  t e m p e r a t u r e  t h r o u g h o u t  the  course of 
this reac t ion  was m a i n t a i n e d  at 23~ ~ The p re -  
c ipi ta te  which  had  formed d u r i n g  the e lectrolysis  
was  filtered, washed  wi th  water ,  a nd  dried.  Yield 
99 g (98 .2%),  mp  209~ ~ c u r r e n t  efficiency 97%. 
Recrys ta l l i za t ion  f rom m e t h a n o l - e t h y l  aceta te  gave 
mp 219-220; anal .  found:  C, 68.51; H, 6.63; N, 
11.33%. C~4H16N~O~ requ i res  C, 68.82; H, 6.60; N, 
11.46%. 

Manuscript  received Nov. 25, 1958. 

Any  discussion of this paper  wil l  appear in a Discus- 
sion Section to be published in the December 1959 
JOURNAL. 
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Technical Eev]ew @ 
The Silver Oxide Electrode 

T. P. Dirkse 

Calvin College, Grand Rapids, Michigan 

ABSTRACT 

A review has been prepared of the electrochemistry of the silver oxide 
electrode. The discussion covers the s tructure and electrochemistry of the 
oxides of silver and their behavior  in  batteries. 

Wi th  respect  to the b a t t e r y  family ,  s i lver  a nd  its 
oxides are  r e l a t i ve ly  n e w  arr ivals .  There  was  some 
in te res t  in  these oxides for b a t t e r y  use a r o u n d  the  
t u r n  of the  cen tury .  In  1910 Morr i son  was  issued 
several  pa ten t s  (1) cover ing  var ious  phases  of the  
cons t ruc t ion  of a s torage b a t t e r y  us ing  s i lver  oxides 
as posi t ive  p la te  mater ia l s .  However ,  so far  as is 
known,  no commerc ia l  app l ica t ion  was made  of 
these pa tents .  

A r o u n d  the  b e g i n n i n g  of Wor ld  War  II  in te res t  
was aga in  aroused.  A n d r e  (2) once aga in  suggested  
the use of s i lver  oxides in  a s torage ba t t e ry .  To ove r -  
come the  p r o b l e m  of a shor t  shelf  l ife he  advised  
the  use of a m e m b r a n e  as a shea th  a r o u n d  the  s i l -  
ver  oxide plates.  Some work  at the Na t iona l  B u r e a u  
of S t anda rds  showed tha t  s i lver  oxides could serve 
wel l  in  a p r i m a r y  ba t te ry .  The s i l v e r - z i n c - a l k a l i  
sys tem was found  to have  a r e l a t i ve ly  h igh  w a t t  
hour  per  pound  value.  At  p re sen t  this sys tem is 
ava i l ab le  bo th  as a p r i m a r y  and  as a secondary  b a t -  
tery.  

Because  of this r e l a t i ve ly  shor t  h i s tory  of i n t e r -  
est in  the s i lver  oxides as act ive ma te r i a l s  for a lka -  
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Fig. 1. Potential-pH diagram for silver and its oxides 

l ine  bat ter ies ,  there  is in  the  l i t e r a tu re  of s i lver  and  
its oxides ve ry  l i t t le  m a t e r i a l  dea l ing  wi th  the  
chemica l  p rob lems  pecu l ia r  to or associated wi th  the  
ba t t e r y  indus t ry .  

There  are severa l  oxides of s i lver  and,  a l though  
the i r  use  as ac t ive  ma te r i a l s  in  ba t te r ies  has been  
l imi ted  to a lka l ine  electrolytes ,  there  is a good deal  
of l i t e r a t u r e  dea l ing  wi th  the  p r ob l e m of s i lver  
oxides in  acid solut ions.  F i g u r e  1 is a modif icat ion of 
the  d i a g r a m of Delahay,  Pourba ix ,  and  V a n  Ryssel -  
be rghe  (3) .  I t  gives a good su rvey  of the  r e l a t i on -  
ship of s i lver  to its oxides in  a r a the r  wide  pH range.  
This  d iagram,  of course, r ep resen t s  e q u i l i b r i u m  con-  
dit ions,  and  such condi t ions  m a y  not  p reva i l  at al l  
areas of e lec t rode-e lec t ro ly te  in te r face  d u r i n g  the  
opera t ion  of a ba t te ry .  The areas of Ag, Ag +, Ag20, 
and  AgO seem fa i r ly  wel l  defined, bu t  there  is u n -  
ce r t a in ty  abou t  the exis tence  of oxides in  which  
s i lver  a p p a r e n t l y  has an  ox ida t ion  n u m b e r  grea te r  
t h a n  two. L ine  a r ep resen t s  the  r educ t ion  of H + to 
H.~ a nd  l ine  b the  r educ t ion  of O~ to water .  For  a lka -  
l ine  ba t te r ies  the region  of h igh pH is mos t  signifi-  
cant .  Here  we find Ag, Ag~O, and  AgO as the t he r -  
m o d y n a m i c a l l y  s table  phases.  

Silver 
Genera l ly ,  the oxides used in  these ba t te r ies  are 

fo rmed  by  the  e lect rolyt ic  ox ida t ion  of si lver.  Me-  
ta l l ic  s i lver  is a good e lect r ical  conductor ,  hav ing  a 
specific res i s tance  of 1.59 x 10 -6 o h m - c m  (4) .  D u r i n g  
discharge,  these  oxides are r educed  to si lver,  which  
t hen  makes  the  pla tes  be t t e r  e lect r ical  conductors .  

A n  i n t e r e s t i ng  charac ter i s t ic  of s i lver  is its ab i l i ty  
to a l low oxygen  to diffuse t h r ough  it (5) .  I t  has been  
suggested  tha t  this  is done by  the f o r ma t ion  of 
Ag_~O (6).  

The  c rys ta l  s t ruc tu re  of s i lver  has b e e n  the sub-  
ject  of m u c h  inves t iga t ion .  I t  appears  tha t  the re  is 
on ly  one crys ta l  form, a f ace -cen t e r ed  cubic a r -  
r a n g e m e n t .  The  edge of a u n i t  cube has a l eng th  of 
4.078A, and  the d is tance  b e t w e e n  the centers  of the  
nea res t  s i lver  a toms is 2.884A (7).  

A l t h o u g h  the c rys ta l  la t t ice  seems fa i r ly  wel l  es- 
tabl ished,  there  is some ques t ion  abou t  the e lec t ronic  
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conf igura t ion  of the s i lver  atoms. The K, L, and  M 
orbi ts  of the s i lver  a tom are complete,  as are the 4s 
and  4p orbi ta ls .  This  leaves 11 e lec t rons  to be  a l -  
located. One poss ibi l i ty  is to assign 10 of these elec- 
t rons  to the 4d orbi tals ,  comple t ing  t h e m  and  l e a v -  
ing one e lec t ron  for the  5s orbi tal .  This  is in  agree-  
m e n t  w i th  the fact tha t  s i lver  is o rd ina r i l y  u n i v a l e n t .  
However ,  K a p l a n  (8) contends  tha t  the 4d shel l  
does not  have  the s tab i l i ty  of the ra re  gas shells, and  
suggests the presence  of 3 free e lec t rons  per  a tom in  
the latt ice.  This would  account  for the var ious  oxides 
and  va lence  states. 

W h e n  the po ten t ia l  on a s i lver  e lectrode in  a lka -  
l ine  so lu t ion  is raised,  the  first p roduc t  formed is 
Ag~O. This reac t ion  proceeds efficiently and  can be 
car r ied  out  wi th  a po la r iza t ion  of less t h a n  50 my.  
However ,  on ly  a t h i n  film of Ag~O is formed.  I t  has 
been  es t ima ted  to be of the  order  of 3 molecules  in  
th ickness  (9) .  

Silver(I)  Oxide 
S i l v e r ( I )  oxide, Ag~O, is a r a the r  we l l -de f ined  

substance.  I t  has a deep b r o w n  color and  gives a 
defini te  x - r a y  pa t t e rn .  At  one t ime  it was suggested 
tha t  there  are two crys ta l  modif icat ions  of this  sub -  
s tance (10) wi th  d i f fe rent  e lect rode potent ia ls .  
However ,  o ther  inves t iga tors  found  no w a r r a n t  for 
this  (11).  

The c rys ta l  s t ruc tu re  of this oxide is bas ica l ly  the  
cubic type,  the  l eng th  of an  edge be ing  4.72A (12).  
I t  has a f ace -cen te red  cubic a r r a n g e m e n t  of s i lver  
a toms or ions i n t e r p e n e t r a t e d  by  a b o d y - c e n t e r e d  
cubic a r r a n g e m e n t  of oxygen  ions (13).  Conse-  
quen t ly ,  each oxygen  ion is in  the cen te r  of a t e t r a -  
hed ron  of s i lver  ions. A p p a r e n t l y  then,  the f o r m a -  
t ion  of Ag~O does no t  a l te r  the basic s t r uc t u r e  of 
s i lver  bu t  spreads  it out  a bit,  i nc reas ing  the l eng th  
of the  cube  edge. If the  basic  la t t ice  be  d iv ided  into 
octants,  the  oxygen  ions t hen  occupy two octants  of 
the u n i t  cube. The d is tance  be tween  centers  of n e a r -  
est s i lver  ions is 3.336A and  tha t  b e t w e e n  s i lver  and  
oxygen  is 2.043A. 

The e lec t rochemica l  fo rma t ion  of Ag~O can be 
r ep resen ted  by  Eq. [1]. The  va r i a t i on  of E~-A~o w i t h  
h y d r o x y l  ion 

2Ag + 2 O H - ~  Ag~O + H~O + 2 e [1] 

concen t r a t i on  is in  ag r eemen t  wi th  this  equa t ion .  
The  exact  va lue  of E ~ for this  r eac t ion  appears  to be  
in  some doubt .  Hamer  and  Craig  (14) have  r ev iewed  
the  s i tuat ion,  and  po in t  out  tha t  the lack of r ep ro -  
duc ib i l i ty  of the  po ten t i a l  of the Ag-Ag~O couple in  
a lka l ine  so lu t ion  is not  due to changes  in  the  Ag~O. 
They  suggest  tha t  it is due to a chemisorbed  film of 
oxygen  on the  si lver,  which  film could be passive.  
They  po in t  out  f u r t h e r  tha t  no va lue  of E ~ has been  
d e t e r m i n e d  for this change  by  m e a s u r e m e n t  aga ins t  
a hyd rogen  electrode.  

Two proper t ies  of Ag~O l imi t  its effectiveness as 
the  posi t ive  act ive  m a t e r i a l  in  an  a lka l ine  cell. The  
first of these  is its h igh  electr ical  res is tance.  Le 
Blanc  and  Sachse (15) give the specific res i s tance  
as abou t  10 ~ ohm-cm.  This  h igh resis tance,  or low 
conduct iv i ty ,  ind ica tes  the absence of mobi le  or u n -  
pa i r ed  e lec t rons  in  the Ag~O latt ice.  I t  n a t u r a l l y  af -  
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fects the conduc t iv i ty  of the  electrodes in  which  it is 
found,  and  ma y  be the reason  w hy  only  a t h in  film 
of Ag.~O is formed on the  Ag. The  res i s tance  of this 
film resul t s  in  a rise of the  appl ied  vol tage  w h e n  
such an  electrode is charged  by  a cons tan t  c u r r e n t  
process. 

The  other  p rope r ty  is the so lubi l i ty  of Ag~O in  
a lka l ine  solutions.  This  solubi l i ty ,  at least  in  the  
more  d i lu te  solut ions,  is a f unc t i on  of the  h y d r o x y l  
ion and  not  of the  cation.  The so lubi l i ty  p roduc t  a t  
25~ is of the order  of 2 x 10 -8 (16),  and  it increases  
wi th  inc reas ing  t e m p e r a t u r e  (17).  The so lubi l i ty  is 
due to reac t ion  [2]. A pa r t  of the  dissolved 

Ag~O + 2 O H - ~  2AGO- [or Ag(OH)~-]  + H~O [2] 

Ag~O in a lka l ine  solut ions  m a y  also be in the form 
of Agz(OH)*. This  so lubi l i ty  of Ag~O is at least  
pa r t l y  respons ib le  for the  poor shelf  life cha rac t e r -  
istics of the  s i lver  cell (18).  

Silver( l l )  Oxide  
S i l v e r ( I I )  oxide, AgO, has been  inves t iga ted  in  

n u m e r o u s  ways  and  has been  s tudied  both  in  a lka -  
l ine  and  acid solut ions.  I t  is a grayish  b lack  sub -  
s tance  and  is now ava i lab le  commerc ia l ly .  I t  can be 
p r epa red  in  m a n y  ways,  e.g., by  the  ox ida t ion  of 
s i lver  or s i lver  salts wi th  ozone, persul fa te ,  or pe r -  
m a n g a n a t e .  It  is also p r e p a r e d  e lec t rochemica l ly  by  
anodic  t r e a t m e n t  of s i lver  or Ag~O in  a lka l ine  solu-  
t ions. 

The la t te r  r eac t ion  is an  efficient one and  the po-  
l a r i za t ion  is of the order  of 100 to 150 mv.  L u t h e r  
and  P o k o r n y  (19) s tate  tha t  it  proceeds r eve r s ib ly  
as well.  Jones,  Thi rsk ,  a nd  W y n n e - J o n e s  (20) ,  how-  
ever,  s tate  tha t  this process is i r revers ib le .  They  
used as the i r  c r i t e r ion  the  a s sumpt ion  tha t  the dis-  
charge is an efficient process. This, however ,  is no t  
necessa r i ly  the  case. On discharge,  p a r t i c u l a r l y  at 
apprec iab le  c u r r e n t  densi t ies ,  on ly  a pa r t  of the  ca-  
pac i ty  of the AgO is de l ivered  at  the h igher  po t en -  
tial. There  is s t i l l  AgO p r e se n t  at the  b e g i n n i n g  of 
the  lower  vol tage  leve l  d u r i n g  discharge (Fig. 2).  
The kinet ics  or m e c h a n i s m  of this reac t ion  have  not  
been  establ ished,  b u t  the e q u i l i b r i u m  condi t ion  is 
l ike ly  r ep resen ted  by  Eq. [3].  

Ag~O + 2 0 H - - ~  2AgO + H~O + 2e [3] 

This reac t ion  is s imi la r  to [1].  Accordingly ,  the  r e -  
l a t ion  of the po ten t i a l  of [3] to h y d r o x y l  ion con-  
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cen t r a t i on  is the same as tha t  for reac t ion  [1] 
(Fig. 3). 

The layer of AgO formed in these electrochemical 
processes is thicker than that of Ag~O. On Fig. 4, for 
example, the plateau for the formation of AgO is 
longer than that for the formation of Ag~O. At mod- 
erate current densities both processes are about 
100% efficient (21). Therefore the length of the 
plateaus is a relative measure of the depth of forma- 
tion oi the oxides. A constant potential charging 
process can give a product that is completely con- 
verted to AgO. In fact, we have produced in this 
manner products that on analysis appear to be 
Ag.~O~. Yet these products have the same electrode 
potential (Fig. 3) and x-ray pattern that AgO has. 
It is possible that these products are the AgO plus 
adsorbed oxygen. 

There has been some disagreement as to the 
mechanism of the transformation of the lower oxide 
to a higher one. The second plateau of the charge 
curve is preceded by a small peak (Fig. 4). This 
peak has been interpreted differently. Hickling and 
Taylor (9) consider it to represent the formation of 

Ag~O~ which  t hen  decomposes to AgO. Jones,  et al. 
(20) suggest  tha t  this peak  is due to the  difficulty 
of f o r mi ng  nuc le i  of AgO. This could be somewha t  
similar to a resistive effect of Ag~O which is de- 
creased as soon as the better conducting higher oxide 
is formed (22). 

Within the past year or so the structure of AgO 
has been clarified. The work of Scatturin, et al. (23) 
shows AgO to have a monoclinic structure, and the 
cell parameters have been evaluated. More recently 
Graft and Stadelmaier (24) have reached the same 
conclusions. Thus, when Ag~O is oxidized to AgO 
the cubic arrangement of the silver atoms or ions is 
distorted or destroyed. 

However, there still are questions concerning the 
structure of this substance. The material produced 
from the product obtained by anodizing a silver 
nitrate solution between platinum electrodes and 
that produced by extensive ozonization of silver 
gives a different x-ray diffraction pattern than the 
monoclinic form of AgO (24, 25). The monoclinic 
form is the one produced on a battery plate. Jones 
and Thirsk (26) have interpreted the nonmono- 
clinic x-ray pattern as revealing a face-centered 
cubic form of AgO. Graft and Stadelmaier (24) sug- 
gest that this may possibly be a higher oxide such as 
AglOw. This matter is as yet unresolved. 

Various properties of AgO have been studied and 
the results of the several investigations have differed 
significantly. Some of this may be due to the fact 
that many data reported for AgO have been ob- 
tained by measurement and study of the nonmono- 
clinic variety (27, 28). The condition of the silver in 
the AgO has not been clarified. It has been sug- 
gested that there may be two Ag-- O distances, and 
the bonding may be partly ionic and partly cova- 
lent (23). The specific resistance of AgO has been 
reported as 0.012 ohm-cm (26), 15 ohm-cm (29), 
and I0 ohm-cm (15). In any event, the conductivity 
is cons ide rab ly  be t t e r  t h a n  tha t  of Ag,~O and  this  
indica tes  tha t  there  are u n p a i r e d  or mobi le  elec-  
t rons  p r e se n t  in  the solid mater ia l .  The  magne t i c  
suscep t ib i l i ty  per  mole  has been  g iven  as + 4 0  • 10 -6 
( p a r a m a g n e t i c )  (30) a n d - - 1 9  • 10 _6 (d i amagne t i c )  
(29).  The  l a t t e r  va l ue  was  used as ev idence  for the  
conclus ion  tha t  the bond i ng  in  the  AgO lat t ice  is 
cova len t  or meta l l i c  a nd  the  s i lver  is t r i va l en t .  Two 
of these va lences  are used for b o n d i n g  the  oxygen  
a tom and  the  o ther  one for b o n d i n g  wi th  o ther  s i l -  
ver  atoms. 

I t  is gene ra l l y  agreed tha t  the  s i lver  in  AgO has 
an  ox ida t ion  n u m b e r  of +2 .  K l e m m  (30) used sev-  
era l  c r i te r ia  to es tabl ish  this. He cons idered  a n a -  
ly t ica l  evidence,  ox ida t ive  abi l i ty ,  and  i somorph i sm 
wi th  CuO. To this  m a y  be added the fact  tha t  elec-  
t rochemica l  r e duc t i on  of this  oxide yie lds  two F a r a -  
days per  mole  (31).  Add i t ion  of acids to this oxide 
y ie lds  oxygen  b u t  no h y d r o g e n  peroxide.  This  i nd i -  
cates t ha t  AgO is no t  a pe rox ide  (26) .  

AgO dissolves in  n i t r i c  acid to give a d a r k  b r o w n  
so lu t ion  which  is f a i r ly  s table  in  the cold. This  solu-  
t ion  has  s t rong  oxidiz ing powers.  The  color d i sap-  
pears  on w a r m i n g  or on di lu t ion.  Ba rb i e r i  (32) sug-  
gested tha t  this  da rk  colored so lu t ion  con ta ined  t r i -  
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v a l e n t  a n d  m o n o v a l e n t  s i lver .  H o w e v e r ,  l a t e r  w o r k  
s h o w e d  t h a t  t he  d i s so lved  s i lve r  is p r i m a r i l y  b ipos i -  
t i ve  (33) .  This  was  d e t e r m i n e d  b y  a s o l u b i l i t y  
m e t h o d  a n d  b y  a d e t e r m i n a t i o n  of m a g n e t i c  s u sc e p -  
t ib i l i ty .  The  m a g n e t i c  m o m e n t  c o r r e s p o n d e d  c lose ly  
to t ha t  c a l c u l a t e d  on  the  a s s u m p t i o n  of  one  u n p a i r e d  
e lec t ron .  This  t h e n  is a 4d e lec t ron .  

F o r  use  in  a b a t t e r y  i t  is n e c e s s a r y  t h a t  a sub -  
s t ance  be  f a i r l y  s t a b l e  in t he  e l ec t ro ly t e ,  in  th is  case 
an  aqueous  so lu t ion  of  N a O H  or  KOH.  Den i son  (31) 
r e p o r t e d  t h a t  t he  ox ide  is s t ab le  in  20-40% K O H  
solut ions .  H o w e v e r ,  p u r e  A g O  does  decompose  v e r y  
s l i g h t l y  in a l k a l i n e  so lu t ions  a t  r o o m  t e m p e r a t u r e .  
A t  h i g h e r  t e m p e r a t u r e s  th is  decompos i t i on  is m o r e  
r a p i d  (34) .  P r a c t i c a l l y ,  in  a b a t t e r y ,  p u r e  AgO is 
n e v e r  p r o d u c e d  on cha rg ing ,  a n d  the  p r e s e n c e  of  
u n o x i d i z e d  s i lve r  in  such  a p l a t e  f u r t h e r  has t ens  t he  
d e c o m p o s i t i o n  of t he  A g O  (34) .  

Because  of t he  h i g h e r  o x i d a t i o n  s t a t e  of s i lver ,  one 
w o u l d  e x p e c t  the  A g O  to be  m o r e  so luble  t h a n  Ag_~O 
in  a l k a l i n e  solu t ions .  S o m e  so lub i l i t y  d a t a  have  been  
reported (34,35), a n d  i t  a p p e a r s  t h a t  t h e  so lub i l i t i e s  
of Ag_~O and  AgO a re  no t  f a r  d i f fe ren t  f rom each  
o t h e r  in  a l k a l i n e  solut ions .  The  so lub i l i t y  passes  
t h r o u g h  a m a x i m u m  w i t h  t i m e  bu t  e q u i l i b r i u m  is 
r e a c h e d  w i t h i n  a f ew  h o u r s  (34) .  

Higher Oxides 
Of the  v a r i o u s  h i g h e r  ox ides  of s i l ve r  m e n t i o n e d ,  

Ag803 is t h e  mos t  p o p u l a r  fo rmula .  The  ev idence  for  
t he  ex i s t ence  of th is  o x i d e  is, in  t he  ma in ,  ind i rec t .  
I t  is d o u b t f u l  w h e t h e r  a p u r e  s a m p l e  has  been  iso-  
l a t ed .  J i r s a  (36) c l a ims  t h a t  Ag_~O, can  be  p r e p a r e d  
b u t  c a n n o t  ex i s t  a lone.  F u r t h e r m o r e ,  i t  is r e a d i l y  
d e c o m p o s e d  b y  hea t ing .  B r a e k k e n  (37) a t t e m p t e d  to 
d e t e r m i n e  the  s t r u c t u r e  b y  m e a n s  of x - r a y  d i f f r ac -  
t ion  m e a s u r e m e n t s  b u t  r e a c h e d  no conc lus ion  o t h e r  
t h a n  t h a t  i t  h a d  a cubic  s t ruc tu re .  H o w e v e r ,  t he  
cube  edge  l e n g t h  s e e m e d  to v a r y  w i t h  t he  m e t h o d  of  
p r e p a r a t i o n .  

T h r e e  m e t h o d s  h a v e  been  used  to p r e p a r e  th is  
m a t e r i a l .  ( A )  L u t h e r  and  P o k o r n y  (19) w e r e  ab l e  
to ox id ize  s i lve r  n i t r a t e  or  su l f a t e  a n o d i c a l l y  and  ob -  
t a i n  a p r o d u c t  w h i c h  a p p e a r e d  to be  a m i x t u r e  of 
A g O  a n d  Ag~O,. This  couple  h a d  a p o t e n t i a l  a b o u t  
200 m v  h i g h e r  t h a n  t h a t  of the  Ag~O-AgO couple .  
T h e y  w e r e  no t  ab l e  to p r o d u c e  th is  subs t ance  b y  
anod ic  t r e a t m e n t  of A g O  in a l k a l i n e  solu t ions .  S o m e -  
w h a t  s i m i l a r  w o r k  was  done  l a t e r  (38) a n d  i t  was  
conc luded  t h a t  Ag~O4 or  Ag~O~ was  fo rmed .  H o w -  
ever ,  t h e s e  ox ides  w e r e  not  p u r e  b u t  c o n t a i n e d  
AgNO~ or  Ag=SO,. L a t e r  W e b e r  (39) p r e p a r e d  th is  
s ame  m a t e r i a l  a n d  d e t e r m i n e d  t r a n s f e r e n c e  n u m b e r s  
of i t  in  a n i t r i c  ac id  solu t ion .  On t h e  bas i s  of his  r e -  
su l t s  he  conc luded  t h a t  a t  l eas t  some  of t h e  d i s -  
so lved  s i lve r  was  t r i va l en t .  

(B)  Yost  (40) ox id i zed  s i lve r  sa l t s  w i t h  p e r o x y -  
su l fu r i c  ac id  and  o b t a i n e d  a p r o d u c t  w h i c h  a p p e a r e d  
to be  Ag.~O~. xAg~(SO~)~. De Boer  and  v a n  O r m o n d t  
(41) also used  ac id  so lu t ions  of p e r s u l f a t e s  as ox i -  
d iz ing  agen t s  and  o b t a i n e d  a b l a c k  p r e c i p i t a t e  w h i c h  
t h e y  c o n s i d e r e d  to be  a m i x t u r e  of Ag,O,  a n d  Ag~ 
(SO,)~ or  Ag~S~Os. H o w e v e r ,  t he  use  of p e r s u l f a t e s  in 
a l k a l i n e  so lu t ions  gave  on ly  t he  AgO.  

(C) The third method for preparing this oxide in- 
volves the treatment of silver or Ag~O with ozone 
(42), or the treatment of silver salts in acid solu- 
tion with ozone (43). However, here the trivalent 
silver, AgO +, had but a transient existence in solu- 
tion. 

In  s u m m a r y ,  t h e r e  seems  to be  some ev idence  fo r  
t he  ex i s t ence  of a t r i v a l e n t  s t a t e  of s i lver ,  e.g., Ag~Os. 
H o w e v e r ,  m u c h  of t he  e v i d e n c e  m a y  also be  i n t e r -  
p r e t e d  in o t h e r  w a y s  (44) .  The  p o t e n t i a l  v a l u e  g iven  
for  t he  AgO-Ag~O~ coup le  is  v e r y  close to  t h a t  for  
t he  f o r m a t i o n  or  r e d u c t i o n  of the  HO~- ion in a l k a -  
l ine  so lu t ions  or  H~O~ in ac id  so lu t ions  (Fig .  1).  
W h a t e v e r  t he  i n t e r p r e t a t i o n ,  th is  h i g h e r  v a l e n c e  
s t a t e  is of l i t t l e  s igni f icance  for  use  in  a l k a l i n e  b a t -  
ter ies .  This  conc lus ion  is s u b s t a n t i a t e d  b y  r e c e n t  
w o r k  at  the  B a t t e l l e  M e m o r i a l  I n s t i t u t e  (45) .  S a m -  
p ies  of Ag~O, w e r e  p r e p a r e d  a n d  used  as  t he  pos i -  
t i ve  ac t ive  m a t e r i a l  in  an  a l k a l i n e  cell .  The  v o l t a g e  
cu rves  and  the  a m p e r e - h o u r  c a p a c i t y  o b t a i n e d  f r o m  
such p l a t e s  w e r e  e s s e n t i a l l y  those  of  AgO.  

Conclusions 
A l t h o u g h  s i lve r  ox ides  a r e  be ing  used  in  c o m -  

m e r c i a l  ba t t e r i e s ,  the  p e r f o r m a n c e  of these  b a t t e r i e s  
cou ld  s t a n d  i m p r o v e m e n t .  Some  of the  t r o u b l e s  en -  
c o u n t e r e d  a r e  i n h e r e n t  in  t he  sys tem,  e.g., t he  so lu -  
b i l i t y  of  the  ox ides  in  t h e  a l k a l i n e  e l ec t ro ly te .  
O the r s  a r e  due  to o r  a r e  a g g r a v a t e d  b y  the  m e t h o d  
of a s s e m b l y  of the  componen t s .  In  o r d e r  to u n d e r -  
s t a n d  th is  s y s t e m  b e t t e r  t h e r e  a r e  at  l e a s t  two  a reas  
t ha t  need  to be  m o r e  t h o r o u g h l y  inves t iga t ed .  

1. The  h i g h e r  vo l t a ge  l e v e l  on d i scha rge ,  (AGO, 
Fig.  2) ,  is r a t h e r  u n p r e d i c t a b l e ,  p a r t i c u l a r l y  in  a 
s e c o n d a r y  b a t t e r y .  The  c a p a c i t y  d e l i v e r e d  a t  th is  
v o l t a g e  is sens i t ive  to a v a r i e t y  of  condi t ions ,  and  
i t  d i s a p p e a r s  on s t a n d  w i t h o u t  a loss in t o t a l  c a p a c -  
i ty .  The  l a t t e r  p h e n o m e n o n  can  b e  a c c o u n t e d  for  b y  
r e a c t i o n  [4]  w h i c h  can  t a k e  p l ace  r e a d i l y  (34) .  More  
w o r k  

A g  -t- A g O  -+ Ag~O [4]  

is n e c e s s a r y  to d e t e r m i n e  p r e c i s e l y  w h a t  cond i t ions  
do affect  th is  p a r t  of t he  d i s c h a r g e  curve .  I t  is neces -  
s a r y  also t h a t  w o r k  be  c a r r i e d  out  to d e t e r m i n e  the  
p o l a r i z a t i o n  of t he se  v a r i o u s  processes ,  p a r t i c u l a r l y  
t he  r e d u c t i o n  of AgO to Ag~O. 

2. In  a s e c o n d a r y  b a t t e r y  t he  cha rge  a c c e p t ance  
is e r r a t i c  (44) .  W h i l e  the  c u r r e n t  eff iciency is h igh  
a n d  the  d i s c h a r g e  c a p a c i t y  is equa l  to the  cha rge  
capac i ty ,  the  a m o u n t  of c h a r g e  c a p a c i t y  v a r i e s  f r o m  
cyc le  to cycle  and  t ends  to d e c r e a s e  d u r i n g  the  l i f e  
of the  b a t t e r y .  Some  of th i s  m a y  be  due  to des ign,  
b u t  i t  is a lso poss ib l e  t ha t  t h e r e  a r e  p h y s i c a l  changes  
in t he  s i lve r  d u r i n g  cycl ing.  This  is an  a r e a  in need  
of m o r e  inves t iga t ion .  A l l i e d  w i t h  th is  m a y  be  the  
p r o b l e m  of ag ing  of t he  ox ides  d u r i n g  long  pe r i ods  
of s tand .  
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The Performance of Zinc, Magnesium and Aluminum 
Primary Cell Anodes. A Review 

R. Glicksman 

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

ABSTRACT 

In this p a p e r  some of the  factors involved in the operat ion of a p r i m a r y  cell 
anode are  presented.  The effects of such var iab les  as a l loy composition, in-  
hibitors,  pH, e lec t ro ly te  composit ion,  cur ren t  density,  and type  of service, on 
the pe r fo rmance  character is t ics  of zinc, magnesium,  and a luminum anodes are  
discussed. 

The  n u m b e r  of m e t a l s  w h i c h  can  be  used  in a ga l -  
van ic  cel l  is l a r g e  in  theory ,  y e t  in p r a c t i c e  on ly  a 
few h a v e  p r o v e d  sa t i s f ac to ry .  The  anode  m a t e r i a l s  
w h i c h  a r e  in c o m m o n  use  t o d a y  a r e  those  w h i c h  have  
s t a n d a r d  p o t e n t i a l s  of an  i n t e r m e d i a t e  v a l u e  and  
h igh  h y d r o g e n  o v e r v o l t a g e s  such as  zinc, c a d m i u m ,  
and  lead.  Of these,  Zn is u sed  mos t  w i d e l y  in  p r i -  
m a r y  cel l  sys tems ,  f ind ing  use  in b o t h  ac idic  a n d  
a l k a l i n e  cel ls  ( 1 -5 ) .  A t t e m p t s  h a v e  been  m a d e  to 
use  Mg (6, 7) a n d  A1 (8) in  d r y  cells ,  and  c o n s i d e r -  
ab l e  success  has  been  ach i eved  w i t h  Mg anodes .  

The  r e q u i r e m e n t s  for  s e c o n d a r y  cel l  anodes  a r e  
s o m e w h a t  m o r e  s t r i n g e n t  t h a n  for  p r i m a r y  cel l  
anodes  in  t ha t  t he  e l ec t rode  r eac t i ons  h a v e  to be  r e -  
ve r s ib le .  Thus,  Mg and  A1 a re  u n s u i t a b l e  for  use  in  
r e c h a r g e a b l e  cells.  L e a d  and  c a d m i u m ,  w h i c h  fo rm 
in so lub l e  c o m p o u n d s  at  t h e  a n o d e  su r f a c e  d u r i n g  
d i scha rge ,  f ind e x t e n s i v e  use  for  th is  a p p l i c a t i o n  
(9 -11 ) .  The  use  of Zn has  also p r o v e d  qu i t e  f eas ib l e  
in  a l k a l i n e  cel ls  (12) d e s p i t e  t he  s o l u b i l i t y  of 
Zn  (OH)  ~. 

In  th is  p a p e r  some  of the  f ac to r s  i n v o l v e d  in t h e  
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Table I. Theoretical data for Mg, AI, and Zn anodes 
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E l e c t r o -  
c h e m i c a l  

R e v e r s i b l e  e l e c t r o d e  e q u i v -  
D e n s i t y ,  p o t e n t i a l ,  v a l e n t ,  

Meta l  g / c c  E ~ a c i d  E ~ b a s e  a m p - h r / g  

Magnesium 1.74 2.37 2.69 2.20 
A l u m i n u m  2.70 1.66 2.35 2.98 
Zinc 7.14 0.76 1.245 0.82 

ope ra t ion  of a d ry  cell anode  are discussed, and  in  
p a r t i c u l a r  the  pe r fo rmance  of Zn, Mg, and  A1 anodes  
is considered.  

Theoret ica l  
Theore t ica l ly ,  the  su i t ab i l i ty  of a me t a l  for use 

as a ga lvan i c  anode  can be ascer ta ined  s imply  f rom 
its pos i t ion  in  the e lec t rochemica l  series (13) and  its 
e lec t rochemica l  equ iva len t ,  as shown  in  Tab le  I. The 
e lec t rochemica l  e q u i v a l e n t  provides  a meas u r e  of 
the  q u a n t i t y  of e lec t r ic i ty  ( a m p e r e - h o u r s )  con-  
t a ined  in  a u n i t  weight  of the me ta l  and  is defined 
by  F a r a d a y ' s  law. On this  basis, Mg and  A1 are more  
a t t r ac t ive  anodes  t h a n  Zn. 

However ,  because  of the i r  pro tec t ive  oxide film, 
the h igh revers ib le  po ten t ia l s  of Mg and  A1 are ne ve r  
achieved.  I n  pract ice,  Mg has anode po ten t ia l s  on ly  
0.3 to 0.6 v h igher  t h a n  those of Zn, whi le  A1 is 
cathodic to Zn  in  n e u t r a l  or acidic electrolytes ,  as 
ev idenced  by  the  da ta  in  Tab le  II  (14).  

Effect of Current  Density 

The c u r r e n t  dens i ty  affects the anode in  two 
ways:  t h rough  its effect on the po ten t i a l  and  on the  
c u r r e n t  efficiency of the  electrode.  

Most e lectrodes used in  b a t t e r y  appl ica t ions  are 
charac te r ized  by  low po la r iza t ion  as a whole  at  r ea -  
sonable  c u r r e n t  densi t ies .  Act ive  me ta l  anodes  gen-  
e ra l ly  have  large ac t iva t ion  po la r iza t ion  w i t h  r e -  
spect to h y d r o g e n  discharge  and,  hence,  a low self-  
corrosion,  bu t  ve ry  l i t t le  po la r iza t ion  wi th  respect  
to the ox ida t ion  of the metal .  Notab le  except ions  to 
the l a t t e r  are Mg and  A1 in  m a n y  elect rolytes  (15).  
For  example ,  Rob inson  (16) showed tha t  c u r r e n t  
dens i ty  had  r e l a t i ve ly  l i t t le  effect on the po ten t i a l  of 
Mg anodes  in  aqueous  chloride and  sul fa te  e lec t ro-  
lytes;  however ,  w h e n  the e lec t ro ly te  conta ins  a h igh  
concen t r a t i on  of an  an ion  capable  of p r ec ip i t a t i ng  
Mg § ion, e.g., OH-, SOs:, anodic  po la r iza t ion  occurs. 
Thus  the  po la r i za t ion  charac ter is t ics  of Mg in  these  
e lect rolytes  null if ies  an  o therwise  acceptable  elec-  
t rode  potent ia l .  

As one migh t  expect  f rom the  resu l t s  of d isso lu-  
t ion  s tudies  of me ta l  anodes and  viscosi ty  s tudies  of 

cell electrolytes,  at  low t e m p e r a t u r e s  the re  is a l a rge  
increase  in  po la r iza t ion  w i th  inc reas ing  c u r r e n t  d e n -  
sity and  decreas ing  t e m p e r a t u r e  (17).  In  order  to 
min imize  po la r i za t ion  at the low t empera tu re s ,  the 
t r e n d  is t oward  increased  e lect rode a rea  for low-  
t e m p e r a t u r e  ba t ter ies .  

A n o t h e r  i m p o r t a n t  i nde x  of anode p e r f o r m a n c e  
which  mus t  be cons idered  is the anode  efficiency. 
This indicates  how m u c h  of the  stored e lec t r ic i ty  is 
r ecoverab le  as usefu l  ene rgy  u n d e r  service condi -  
tions. A l though  theore t ica l ly  the  c onsumpt i on  of Mg 
per  a m p e r e - h o u r  should  be on ly  0.37 t imes  t ha t  of 
Zn, it  ac tua l ly  is about  0.6 t imes.  This has been  ex-  
p l a ined  by  the  fact  t ha t  40% of the  consumed  Mg is 
dissolved by was te fu l  corrosion d u r i n g  the  d ischarge  
of the cell as compared  to 5-10% for the  Zn  cell  (18).  

The  effect of a polar iz ing  c u r r e n t  on the d issolu-  
t ion  ra te  of a m a g n e s i u m  AZ10A 1 al loy in  2N MgBr= 
is shown in  Fig. 1 (19).  W h e n  the spec imen  is made  
anodic, the  observed  d isso lu t ion  ra te  is the  sum 
of the ra te  due to the  e x t e r n a l  c u r r e n t  a nd  the  ra t e  
due to local action.  I t  is seen tha t  the local  corrosion 
ra te  increases  wi th  inc reas ing  anodic  c u r r e n t  den -  
sity. This  is k n o w n  in  the  t heo ry  of corrosion as the  
nega t i ve  difference effect. For  Mg the m a g n i t u d e  of 
this effect has been  found  by  Robinson  (16) to be  
d e p e n d e n t  on both  the e lec t ro ly te  and  anode  com-  
posi t ion i n c l u d i n g  al loy ing red ien t s  and  level  of im-  
pur i t i tes .  

1 T h i s  a l l o y  cons i s t s  p r i n c i p a l l y  of m a g n e s i u m  b u t  c o n t a i n s  i n  
a d d i t i o n  1% a l u m i n u m  a n d  0.5% z inc .  
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Fig. 1. Effect of  current density on the local corrosion rate 
and anode eff iciency of a M g A Z 1 0 A  al loy dissolving in 2N 
MgBr~ electrolyte [saturated with Mg(OH~)]. [Glicksman 
19)] .  

Table II. Electrode potentials* of Mg, AI, and Zn in various electrolytes 
(potentials referred to a standard hydrogen electrode) 

[Mears and Brown (14)] 

1.0M 1.0M 1.0M 1.0M 1.0M 1.0M 1.0M S t ' d  S t ' d  
M e t a l  NaC1 Na~SO4 Na=CrO4 HC1 HNO3 N a O H  NH~OH Ca (OH) = B a  (OH) 2 

Mg 1.38 1.41 0.62 1.34 1.15 1.13 1.09 0.61 0.54 
A1 0.52 0.16 0.37 0.46 0.15 1.16 0.46 1.20 1.19 
Zn 0.81 0.85 0.33 0.80 0.72 1.17 1.16 1.06 1.15 

* P o t e n t i a l s  o r i g i n a l l y  r e p o r t e d  w e r e  r e f e r r e d  to  a 0 .1N c a l o m e l  e l e c t r o d e .  T h e y  a r e  h e r e  c o r r e c t e d  to t h e  s t a n d a r d  h y d r o g e n  e l e c t r o d e  
sca le  w i t h o u t  m a k i n g  c o r r e c t i o n  f o r  t h e  l i q u i d  j u n c t i o n  p o t e n t i a l .  
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This type  of effect has also b e e n  observed  on Mg 
cor roding  in  a 3% NaC1 solu t ion  (20) and  is u sua l l y  
found  wi th  ve ry  act ive anode meta l s  covered by  a 
pro tec t ive  layer.  The posi t ive  effect is found  in  the  
absence of a p ro tec t ive  l aye r  as i n  the  case of Mg 
dissolving in  HC1 (21).  S imi la r ly ,  A1 anodes show 
posi t ive  difference effects in  ce r t a in  corrosive elec- 
t ro ly tes  such as NaOH (22) and  HF (23) wh ich  can 
dissolve the  pro tec t ive  film, whi le  the  nega t ive  effect 
shows up in  HC1 (23) because  of the presence  of a 
film on the  metal .  

Thus  one of the difficulties associated wi th  the  use 
of A1 and  Mg anodes  is the i r  poor cu r r en t  efficiencies, 
especia l ly  at  low c u r r e n t  densi t ies .  Moreover ,  the  
efficiency at  any  g iven  c u r r e n t  dens i ty  has been  
found  to decrease wi th  a more  i n t e r m i t t e n t  type  of 
discharge.  This  increase  in  corrosion on i n t e r m i t t e n t  
d ischarge is a t t r i b u t e d  to a change  in  the  surface  
condi t ion  of the anode  wi th  a l t e ra t ion  of c u r r e n t  
densi ty .  A n  example  of this can be seen in  Fig. 2, 
which  shows the change  in  t e r m i n a l  vol tage  of Mg /  
MgBrJMnO~ and  Zn/NH,C1-ZnC1JMnO~ dry  cells 
as c u r r e n t  pulses  of 10 and  50 m a  are  w i t h d r a w n  
(24).  It  is seen tha t  the  Mg-MnO~ cells unde r go  a 
grea te r  i n s t a n t a n e o u s  vol tage f luc tua t ion  t h a n  the 
conven t iona l  Leclanch~ cells. (Osci l lographic  me a s -  
u r e m e n t s  of an  A1/A1ClJMnO~ cell showed a be -  
hav ior  qui te  s imi la r  to tha t  of the Mg cells.) For  Mg 
cells, the la rge  in i t i a l  drop is be l i eved  due to the  r e -  
s is tance of the  oxide film on Mg, the vol tage  r i s ing  
as the oxide l aye r  is be ing  removed,  r each ing  a 
s t eady- s t a t e  value .  W h e n  the c i rcui t  is opened,  the  
cell vol tage  rises above the o r ig ina l  open -c i r cu i t  
va lue  and  then  g r a d u a l l y  r e t u r n s  to its o r ig ina l  
voltage.  

Thus,  i m m e d i a t e l y  af ter  decreas ing  the c u r r e n t  or 
b r e a k i n g  the circuit ,  the surface of the Mg is seen 
to be in  a more  act ive form t h a n  in  its s teady state  
u n d e r  these same condit ions.  The ques t ion  is, then,  
whe the r  this change  in  the suzface condi t ion  i n -  
fluences the  ove r - a l l  ra te  of hyd rogen  evolut ion .  
P r e sen t ed  in  Fig. 3 is a compar i son  of the ra te  of hy -  
d rogen  evo lu t ion  f rom two m a g n e s i u m  A Z l 0 A  al loy 
samples  in  2N MgBr~ e lec t ro ly te  in  the  absence  of an  
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Fig. 3. Corrosion rate of o magnesium AZ10A alloy in 2N 
MgBr2 electrolyte saturated with Mg(OH)~ (Area 19.6 cm~). 

e x t e r n a l  anodic  cur ren t .  P r io r  to the  m e a s u r e m e n t s ,  
sample  A was d ischarged  for an  hour  at  a c u r r e n t  
dens i ty  of 5 m a / c m  ~ and  then  a l lowed to corrode 
no rma l ly ,  whi le  sample  B was  no t  d i scharged  at  all. 
The difference in  corrosion ra tes  of the  two samples  
for the first 3 hr  is a t t r i b u t e d  to a less effective oxide 
coat ing for the p rev ious ly  d ischarged  Mg. At  the end  
of 4-5 hr, the re  is l i t t le  or no difference in  the cor-  
ros ion rates,  and  a p p a r e n t l y  the  oxide coat ing  on 
sample  A is jus t  as p ro tec t ive  as tha t  on the  u n d i s -  
charged Mg, i.e., sample  B. I t  is thus  a p p a r e n t  tha t  
the change  in  surface  condi t ion  w i th  c u r r e n t  dens i ty  
inf luences  the  ra te  of h y d r o g e n  evo lu t ion  at  a Mg 
anode.  For  Zn, no such p r o b l e m  arises, and  it  f unc -  
t ions at  high anode efficiencies for n o r m a l  c u r r e n t  
d ra ins  and  discharge  tests. 

As a consequence  of the  oxide film, two other  
p rob lems  are  e n c o u n t e r e d  in  Mg dry  cells w h e n  cu r -  
r e n t  is w i t h d r a w n ,  na me l y ,  "de layed  act ion,"  and  
impedance .  Delayed  act ion is defined as the n u m b e r  
of seconds r equ i r ed  for the cell vol tage  to reach  a 
m i n i m u m  of 1.0 af ter  the c i rcui t  is closed. At  p resen t  
this  de lay  is less t h a n  1 sec a nd  a p p a r e n t l y  is no 
longer  a p r ob l e m (25).  For  A1 cells us ing  an  A1C1, 
e lec t ro ly te  i nh ib i t ed  w i th  po tass ium chromate ,  a 
1-sec de layed  act ion is found  (8) .  

W h e n  a p r i m a r y  cell is cons idered  for use in  
power ing  e lec t ronic  equ ipmen t ,  its i m p e d a n c e  va lues  
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Fig. 2. Oscillographic measurements of change in voltage 
of AA-size Mg end Zn Lecionche type cells, subjected to ]0 
end 50 ma constant current drains. [Glicksmen and More- 
house (24)]. 
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u n d e r  a v a r i e t y  of cond i t ions  m u s t  also be c ons id -  
ered.  I m p e d a n c e  m e a s u r e m e n t s  (26) for  A A - s i z e  
Mg-MnO2 a n d  Zn-MnO~ cel ls  show t h a t  the  a - c  i m -  
p e d a n c e  dec reases  w i t h  i nc r ea s ing  c u r r e n t  d e n s i t y  
a n d  i n c r e a s i n g  f r equency .  A t  400 cps the  i m p e d a n c e  
of Mg cel ls  is s im i l a r  to t ha t  of Lec lanch~  cells,  
w h e r e a s  a t  30 cps t he  i m p e d a n c e  of t h e  M g  cel ls  b e -  
comes  m u c h  g r e a t e r  t h a n  t h a t  of Lec lanch~  cells  a t  
t he  l i g h t e r  c u r r e n t  d ra ins .  The  h igh  i m p e d a n c e  of 
t he  Mg cel ls  a n d  t h e i r  i n s t a n t a n e o u s  v o l t a g e  f luc tua -  
t ions  w i t h  v a r i a t i o n s  in  p o w e r  ou tpu t ,  p r e s e n t s  a 
p r o b l e m  as to t he  use  of these  cel ls  in  some e lec -  
t ron ic  app l i ca t ions .  S i m i l a r  p r o b l e m s  w o u l d  be  e x -  
p e c t e d  for  A1 d r y  cells.  

Effect of Electrolyte 
The inf luence  of an  e l e c t r o l y t e  on the  e l ec t rode  

p o t e n t i a l  a n d  cor ros ion  of a m e t a l  a n o d e  o f t en  d e -  
p e n d s  on the  n a t u r e  of t he  p r o t e c t i v e  f i lm f o r m e d  on 
the  me ta l .  In  t he  cor ros ion  process  these  fi lms se rve  
as b a r r i e r s  for  t he  a t t a c k  of the  m e t a l  b y  the  co r -  
ros ive  e l ec t ro ly t e .  F r e q u e n t l y  t h e y  a r e  so ef fec t ive  
t h a t  r a p i d  cor ros ion  p roceeds  for  on ly  a sho r t  t ime,  
and  w h e n  the  ac t ion  of the  fi lms becomes  a p r e d o m i -  
n a n t l y  con t ro l l i ng  fac tor ,  f u r t h e r  co r ros ion  is e i t he r  
p r e v e n t e d  or  t he  r a t e  is r e d u c e d  to a s m a l l  va lue .  
S ince  the  p H  of  the  e l e c t r o l y t e  has  a m a r k e d  effect  
on the  so lub i l i t i e s  and  p h y s i c a l  c h a r a c t e r i s t i c s  of  th is  
film, i t  is of g r e a t  i m p o r t a n c e  in  choos ing  a p a r t i c -  
u l a r  e l ec t ro ly t e .  

The  inf luence  of p H  on the  cor ros ion  r a t e  of Zn in 
m i x t u r e s  of NaC1 w i t h  N a O H  a n d  HC1 (27) is shown  
in Fig .  4. I t  is seen t ha t  Zn is r a p i d l y  c o r r o d e d  b y  
so lu t ions  whose  p H  is less t h a n  6 or  g r e a t e r  t h a n  
12.5 o w i n g  to the  h igh  so lub i l i t y  of t he  co r ros ion  
p r o d u c t  fo rmed .  In  so lu t ions  h a v i n g  p H  va lues  f r o m  
6 to 12.5 t h e  low cor ros ion  r a t e s  a r e  a t t r i b u t e d  to 
the  p r e s e n c e  of a d h e r e n t  p r o t e c t i v e  c o r r o s i o n - p r o d -  
uc t  films. These  f i lms a r e  p r e c i p i t a t e d  p r o b a b l y  b e -  
cause  of t he  p r o d u c t i o n  of  h igh  p H ' s  b y  the  cor ros ion  
p rocess  in t he  l i qu id  f i lm a d j a c e n t  to the  me ta l .  

In  t he  Lec l anch6  cell ,  w i t h  i ts  NH~CI-ZnCI~ e lec -  
t ro ly t e ,  t h e  w a s t e f u l  co r ros ion  of Zn becomes  a p r o b -  
l em on ly  on l o n g - t i m e  i n t e r m i t t e n t  use. F o r  th i s  
e l ec t ro ly t e ,  w h i c h  has  an  in i t i a l  p H  ~ of 4 to 5 d e -  
p e n d i n g  on the  c o n c e n t r a t i o n  of the  NH,C1 and  
ZnCL, t he  co r ros ion  of Zn can  be  e x p r e s s e d  b y  

Zn + 2NH~CI = ZnCI2.2NH3 + H~ [I] 

which represents the over-all reaction. 
In alkaline dry cells, it would be expected that 

the corrosion of Zn would be much faster as the 
metal is shifted to more anodic potentials due to the 
low activity of metallic cations brought about by 
complex ion formation. For example, Zn exists in a 
sodium zincate solution as [ZnO2]:, or if the solution 
is less alkaline, as [HZnO2]-. However, in strongly 
alkaline solutions the Zn anodes owe their stability 
in large part to the addition of zincate salts to the 
electrolyte in substantially saturating concentration 
(4). The presence of the zincate ion decreases the 
rate of corrosion of the Zn anode by the mass action 
effect. 

The pH of the electrolyte increases during cell discharge, at- 
taining v a l u e s  a s  h i g h  a s  8 t o  10 d u r i n g  h e a v y  c o n t i n u o u s  s e r v i c e  
(28) .  
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Fig. 5. Effect of pH on the corrosion rate end anode po- 
tent ial  of a Mg A Z 1 0 A  al loy dissolving anodical ly in various 
MgBr~ electrolytes [saturated with Mg(OH2] at  a current 
density of 2.0 mo/cm 2 [Glicksman (19)]. 

A l u m i n u m  is s i m i l a r  to Zn  in t h a t  i ts ox ide  is 
so lub le  in bo th  ac id  and  a lka l i ,  and  i t  is a t t a c k e d  b y  
l i qu ids  of  v e r y  h igh  or  v e r y  l o w  p H  va lue .  A n a -  
logous  cu rves  to t ha t  of  Zn in Fig .  4 h a v e  been  ob -  
t a i n e d  for  A1, w i t h  a m i n i m u m  n e a r  p H  7 (29) .  

The  effect of  p H  on the  co r ros ion  r a t e  of Mg in 
so lu t ions  of NaOH,  HC1, and  d i s t i l l ed  w a t e r  has  been  
s t ud i e d  b y  A k i m o v  and  Rozenfe ld  (30) .  T h e y  r e -  
p o r t  tha t ,  f r o m  p H  3 down,  t h e r e  is a s h a r p  i n c r e a s e  
in t he  cor ros ion  ra te ,  w h i l e  f rom p H  3 to 11 the  co r -  
ros ion  cu rve  s lopes  smoo th ly .  A t  pH ' s  of 11 and  
h i g h e r  the  p r o t e c t i v e  f i lm inc reases  s t r o n g l y  in s t a -  
b i l i t y  so t ha t  co r ros ion  ceases  a b o v e  p H  11.5. 

The  effect of p H  on the  co r ros ion  r a t e  a n d  e lec -  
t r o d e  p o t e n t i a l  of a m a g n e s i u m  A Z 1 0 A  a l loy  d i s s o l v -  
ing  a n o d i c a l l y  in  va r i ous  m a g n e s i u m  b r o m i d e  e lec -  
t r o l y t e s  is shown  in Fig .  5 (19) .  The  co r ros ion  r a t e  
dec reases  a p p r o x i m a t e l y  l i n e a r l y  w i t h  i n c r e a s i n g  
e l e c t r o l y t e  p H  ove r  t he  r a n g e  of 6.3 to 8.1 p H  un i t s  
and,  a t  pH ' s  g r e a t e r  t h a n  8.1, a p p r o a c h e s  a cons t an t  
va lue ,  c o r r e s p o n d i n g  to an  a n o d e  eff iciency of 63%. 
In  t he  w e a k l y  ac id ic  so lu t ions  t h e  p o t e n t i a l  va r i e s  
v e r y  s l i gh t ly  w i t h  pH,  w h i l e  in t h e  bas ic  p H  r a n g e  
the  anod ic  p o t e n t i a l  fa l l s  r a p i d l y  w i t h  i n c r e a s i n g  p H  
a n d  d e c r e a s i n g  b r o m i d e  ion concen t r a t i on .  

These  r e su l t s  h a v e  been  e x p l a i n e d  in  t e r m s  of a 
MgO fi lm on the  a n o d e  sur face ,  w h i c h  is m o r e  eas i ly  
p e n e t r a b l e  at  low p H  va lues  be c a use  t he  OH- ion 
c o n c e n t r a t i o n  is too low to m a i n t a i n  an  ef fec t ive  
ox ide  film. Thus,  a t  l ow  p H  va lues ,  h igh  co r ros ion  
r a t e s  and  h igh  a n o d e  p o t e n t i a l s  a re  obse rved .  A t  
h igh  p H  va lues  t h e  OH- ion  c o n c e n t r a t i o n  con t ro l s  
the  p r e c i p i t a t i o n  of t he  Mg ++ ions  p r o d u c e d  a t  the  
anode ,  w h i c h  acco rd ing  to Rob inson  (16) a r e  p r e c i p -  
i t a t e d  so close to t he  anode  as to stifle t he  anod ic  
reac t ion .  This  r e su l t s  in l o w e r  po ten t i a l s ,  a d e c r e a s e  
in loca l  corros ion,  and  excess ive  p o l a r i z a t i o n  of t h e  
anode .  

In an i n t e r m e d i a t e  p H  r a n g e  p r e c i p i t a t i o n  of 
M g ( O H )  ~ occurs  a t  a suff icient  d i s t a n c e  f r o m  the  ac -  
t i ve  anode  a r e a s  to p e r m i t  t h e  anodes  to f u n c t i o n  
n o r m a l l y .  I t  is in  th is  p H  r a n g  e t h a t  o t h e r  p r o p e r t i e s  



Vol. 106, No. 5 Zn,  Mg, A N D  A1 P R I M A R Y  C E L L  A N O D E S  

Table III. Electrode potentials of Mg, AI, and Zn in typical electrolytes 
(potentials referred to a standard hydrogen electrode) [Akimov and Clark (33)] 
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3% NaC1 0.1N HC1 0.1N I~INOs 0.1N N a O H  

M e t a l  1 r a i n  r u b b i n g  1 r a i n  r u b b i n g  1 r a i n  r u b b i n g  1 r a i n  r u b b i n g  

Mg 1.418 1.500 
A1 0.577 1.221 
Zn 0.772 0.818 

1.622 1.596 1.270 1.220 1.086 1.484 
0.493 0.916 0.320 0.804 1.403 1.386 
0.769 0.752 0.688 0.643 1.126 1.123 

of the  e lectrolyte ,  such as the  an ion  present ,  exe r t  a 
g rea te r  inf luence  over  the  local  corrosion ra te  a nd  
the anode  potent ia l .  

The effect of the  an ion  p re sen t  i n  an  e lec t ro ly te  is 
o f ten  of g rea t  i m p o r t a n c e  in  dea l ing  w i t h  anodes  
h a v i n g  a pro tec t ive  film. For  A1 in  a so lu t ion  con-  
t a i n i n g  0.001M K~CrO, and  var ious  po tas s ium salts, 
it was  found  tha t  smal l  ions show the  h ighes t  p e n e -  
t r a t i on  of the  oxide film, the order  of p e n e t r a t i o n  

be ing  CI-, Br-, I-, F-, SO~:, NO~ =, and  PO~ -~ (31).  Eva ns  
points  out  tha t  these differences m a y  be connec ted  
not  on ly  w i th  size b u t  w i th  so lubi l i ty  a n d  d i f fus iv i ty  
as well .  W h a t  this  m e a n s  in  t e rms  of corrosion is 
seen by  the  corrosion m e a s u r e m e n t s  of A k i m o v  a nd  
Glu l skova  (32) of A1 in  solut ions  of NaC1, Na~SO~, 
and  NaNO~. M e a s u r e m e n t s  were  m a d e  over  the  pH 
r ange  of 0 to 14, and  the  pH be ing  ad jus t ed  w i th  
NaOH or the  acid according  to the  an ion  presen t .  In  
the  s t rong ly  acid and  s t rong ly  a lka l ine  regions  the  
r a t e  of corrosion was  of the same order,  b u t  in  n e u -  
t ra l  or acid solut ions  the  ra te  of corrosion in  the  
presence  of chlor ide ions was as m u c h  as one t h o u -  
sand  t imes  g rea te r  t h a n  in  the  presence  of the  su l -  
fa te  ion. 

Wi th  meta l s  coated w i th  a p ro tec t ive  film, such as 
Mg and  A1, more  anodic  po ten t i a l s  m a y  be p roduced  
by  ions which  can eas i ly  p e n e t r a t e  t h rough  this  p ro -  
tec t ive  film. The fact tha t  a l u m i n u m  chlor ide  has 
p roved  to be the  most  sa t i s fac tory  e lec t ro ly te  for 
a l u m i n u m - m a n g a n e s e  dioxide cells (8) is no doub t  
due  to the  ab i l i ty  of the  chlor ide ion to p e n e t r a t e  the 
oxide film and  ac t iva te  the  electrode.  However ,  be -  
cause of t he i r  h igh p e n e t r a t i n g  power,  chlor ides  are  
no t  acceptable  for use in  con junc t i on  w i t h  Mg 
anodes,  and  a m a g n e s i u m  b romide  e lec t ro ly te  is used 
ins tead.  

F r o m  an  e x a m i n a t i o n  of the  da ta  in  Tab le  II, i t  is 
seen tha t  va r i a t i ons  in  the  pH of the  so lu t ion  have  a 
p r o n o u n c e d  effect on the m a g n i t u d e  of the e lec t rode  
potent ia l .  For  the  Zn  electrode wh ich  behaves  r e -  
ve r s ib ly  except  at  ve ry  h igh c u r r e n t  densi t ies  (3) ,  
these va r i a t i ons  gene ra l ly  fol low the  Nerns t  e q u a -  

t ion. For  A1 a nd  Mg the  inf luence  of pH on the  elec-  
t rode  po ten t i a l  is essen t ia l ly  due to its effect on the  
oxide film. Thus,  the po t en t i a l  of A1 is mos t  anodic  
in  e lec t ro ly tes  of h igh  pH in  which  the  oxide fi lm 
is soluble,  b u t  the  r a t e  of corrosion is excess ive  s ince 
A1 owes its s t ab i l i ty  in  e lec t ro ly te  to its oxide film. 

The inf luence  of p ro tec t ive  films on the  e lect rode 
po ten t i a l s  of Mg and  A1 is i l l u s t r a t ed  in  Tab le  I I I  
(33).  M e a s u r e m e n t s  were  m a d e  by  first d e t e r m i n i n g  
the  e lect rode po ten t ia l s  of the  meta l s  i n  a c o n v e n -  
t iona l  m a n n e r  a nd  then  d u r i n g  a con t inuous  c lean-  
ing of the surface  by  m e a n s  of a c a r b o r u n d u m  rod, 
which  r e move d  m u c h  of the or ig ina l  p ro tec t ive  film. 
I t  is ev iden t  tha t  p ro tec t ive  films are p r e se rved  or 
fo rmed  on meta l s  on ly  w h e n  the  e lect rolytes  have  
appropr i a t e  character is t ics .  Thus,  a good p ro tec t ing  
film is p rese rved  on  A1 i m m e r s e d  in  solut ions  of 
NaC1, HC1, and  HNO~, whi le  the  film dissolves in  
NaOH. On the  o ther  hand,  good p ro tec t ing  films are 
fo rmed  on Mg in  NaOH. 

Effect  of Anode Composit ion 

W h e n  h y d r o g e n  evo lu t ion  is the con t ro l l ing  fac-  
tor  in  the ra te  of a t tack  on a m e t a l  anode,  the  effect 
of low h y d r o g e n  overvo l t age  impur i t i e s  are i m -  
por tan t .  They  produce  cathodes  f rom which  h y d r o -  
gen can be evolved  r a p i d l y  w i t hou t  too m u c h  shif t  
in  anode  potent ia l ,  so tha t  the  condi t ions  for con-  
t i n u e d  corrosion are favorable .  The  effect of such 
impur i t i e s  on the  a t tack  of Z n  a nd  A1 in  acid so lu-  
t ion  is descr ibed  by  Eva ns  (34) whi le  the  work  of 
H a n n a w a l t  and  his co -worke r s  (35) stresses the  i m -  
po r t ance  of ce r ta in  impur i t i e s  and  a l loy  meta l s  on 
the  corrosion charac ter is t ics  of Mg al loys in  aqueous  
salt  solutions.  

For  this  reason,  h i g h - p u r i t y  Zn  (wi th  respect  to 
low h y d r o g e n  overvo l tage  me ta l s )  is used  in  the  
var ious  z i n c - a l k a l i n e  a nd  Lec lanch6  d r y  cells. In  
the  case of Mg, a l though  the  po t en t i a l  of p u r e  com-  
merc i a l  Mg is about  0.04-0.10 v more  anodic  t h a n  the  
Mg-A1 a nd  M g - A 1 - Z n  alloys, it  has b e e n  found  to be  
a less efficient anode  m a t e r i a l  t h a n  the  h i g h - p u r i t y  
alloys (19).  I t  is for this  r eason  tha t  the  Mg anodes  

Table IV. Electrode potentials* of AI-Zn alloys in various solutions 
(potentials referred to a standard hydrogen electrode) [Mears and Brown (14)] 

1.0M S t ' d  1.0M 1.0M 1.0M 1.0M S t ' d  S t ' d  S t ' d  
M e t a l  NaC1 Na2SO4 HC1 N a O H  Na~CO3 NaaPO~ Ca (OH) ~ CaCO8 C a S O ,  

A1 (2S) 0.51 0.16 0.54 1.13 1.01 0.98 1.20 0.70 0.43 
A1 with 1% Zn (72S) 0.62 0.42 0.68 1.22 1.20 1.19 1.23 0.65 0.36 
A1 with 5% Zn 0.70 0.48 0.74 1.24 1.16 1.20 1.23 0.71 0.48 
A1 with 10% Zn 0.71 0.32 0.78 1.24 1.18 1.19 1.24 0.64 0.50 
A1 with 15% Zn 0.68 0.28 0.78 1.21 1.19 1.15 1.20 0.53 0.46 

* P o t e n t i a l s  o r i g i n a l l y  r e p o r t e d  w e r e  r e f e r r e d  to a 0 .1N c a l o m e l  e l e c t r o d e .  T h e y  a r e  h e r e  c o r r e c t e d  to  t h e  s t a n d a r d  h y d r o g e n  e l e c t r o d e  
sca le  w i t h o u t  m a k i n g  c o r r e c t i o n  fo r  t h e  l i q u i d  j u n c t i o n  p o t e n t i a l .  
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Fig. 6. Electrode potentials of the solid solutions AI-Li, 
AI-Mg, and AI-Zn. [Akimov and Clark (37)]. 

used in  d ry  cells have  been  al loys such as AZ31 and  
AZ10, the fo rmer  con t a in ing  p r inc ipa l l y  3% A1 and  
1% Zn, whi le  the  l a t t e r  consists of 1% A1 and  abou t  
0.5% Zn. The  effect of the  va r ious  a l loy ing  i n g r e d i -  
ents  on the anode  efficiency of Mg has been  repor ted  
in  de ta i l  by  Robinson  (16).  Essent ia l ly ,  the add i -  
t ion  of A1 pe rmi t s  the r emova l  of the ma jo r  cathodic 
impur i t y ,  Fe, by  p rec ip i t a t ion  w i th  Mn, whi le  the 
add i t ion  of Zn  resul ts  in  be t t e r  corrosion d i s t r i bu t i on  
and  more  u n i f o r m  anode  consumpt ion .  The l a t t e r  
effect is qu i te  impor t an t ,  for a ga lvan ic  anode  m a y  
opera te  qu i te  efficiently, but ,  un less  the  corrosion is 
d i s t r ibu ted  un i fo rmly ,  segregat ion  losses may  be so 
large  as to m a k e  ope ra t ing  efficiency a m a t t e r  of 
m i n o r  concern  (36).  Recent ly ,  it  has been  found  (6) 
tha t  the add i t ion  of smal l  a m o u n t s  of Ca to the  Mg- 
A1-Zn al loys aids g rea t ly  in m i n i m i z i n g  "de layed  
act ion."  

A l u m i n u m  dry  cells have  been  fabr ica ted  (8) us -  
ing an  Alc lad  anode which  conta ins  an  A1 3S al loy 
on the outs ide  and  a 1% Zn-A1 al loy on the inside.  
The  effect of Zn  is to increase  the po ten t i a l  by  abou t  
0.1 v. The oute r  pa r t  of the Alc lad  anode is less 
anodic  t h a n  the  i n n e r  pa r t  and  serves to p r e v e n t  
p i n - h o l e  per fora t ions  d u r i n g  n o r m a l  cell service l ife 
and  storage. The  effect on the  e lect rode po t en t i a l  
of a l loy ing  Z n  to A1 has been  s tud ied  by  Mears  and  
B r o w n  (14).  They  m e a s u r e d  the po ten t ia l s  of a 
series of A1-Zn alloys in  va r ious  e lect rolytes  and  
found  tha t  in  a lka l ine  solut ions the po t en t i a l  of A1 is 
h igh and  is no t  ra ised grea t ly  by the  add i t ion  of Zn. 
However ,  f rom the da ta  in  Tab le  IV, it is seen t ha t  
in  n e u t r a l  solut ions  the  add i t ion  of Zn  raises the  po-  
t en t i a l  of A1, and  in  n e u t r a l  solut ions  con ta in ing  
chlorides,  the po ten t ia l s  of the A I - Z n  alloys ap-  
proach those of Zn. I t  was also found  by  Mears  a n d  
B r o w n  that ,  for equa l  quan t i t i e s  of c u r r e n t  supp l ied  
by  electrodes of such alloys, the A l - b a s e  al loys gen-  
e ra l ly  lost  less t h a n  o n e - t h i r d  as m u c h  we igh t  as did 
the  Zn. Therefore ,  f rom the  s t andpo in t  of me t a l  con-  
sumed,  the A l - b a s e  al loys appear  def ini te ly  super ior  
to Zn. 

A k i m o v  and  Cla rk  (37) have  m a d e  an  ex tens ive  
s tudy  of the  electrode poten t ia l s  of solid solut ions  
and  have  classified t hem into groups according to the  
re la t ionsh ip  b e t w e e n  the po ten t i a l  of a solid so lu t ion  
and  its composi t ion.  The typica l  group to which  a 
g iven sys tem of al loys be longs  is defined p r i n c i pa l l y  
by  the n a t u r e  of (a) the componen t s  and  the i r  i n t e r -  
action,  (b)  the solut ion,  and  (c) the pro tec t ive  film. 
They  also found  tha t  no r e l a t ionsh ip  exis ted be -  
tween  the  po ten t i a l  of a c o m p o n e n t  and  the  effect on 
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Fig. 7. Effect of concentrations of chromate on local cells 
on AI in 10% NaCI solution. [Mears and Brown (39)]. 

po ten t i a l  p roduced  by  this  component .  F i g u r e  6 p re -  
sents  the inf luence  of thl-ee components ,  Li, Mg, and  
Zn, on the  po ten t i a l  of a co r respond ing  solid solut ion 
wi th  A1. It  is a p p a r e n t  tha t  Zn  shifts the  po ten t i a l  of 
the solid solut ion in  the anodic  d i rec t ion  the  most  
a nd  Li the least. This  effect is in  the reverse  r e l a t ion  
to the po ten t ia l s  of these th ree  metals .  

Corrosion Inhibitors 
The corrosion of an  anode  m a y  be r ep re sen t ed  as 

cons is t ing  of two parts ,  an anodic  reac t ion  [2],  and  a 
cathodic reac t ion  [3]. 

M ~ M  §  [2] 

2H+ + 2e- ~ H2 [3] 

As long as no e x t e r n a l  c u r r e n t  is p resen t  to accept 
or supp ly  electrons,  the two reac t ions  mus t  occur at 
the same rate. Thus  the p r o b l e m  of f inding corrosion 
inh ib i to r s  which  can r e t a rd  the  corrosion reac t ion  
m a y  be accompl ished by  i n h i b i t i n g  e i ther  reac t ion  
[2]  or  [3] .  

In  a d ry  cell it  is des i rab le  tha t  the  corrosion of 
the  anode  be inh ib i t ed  by  a l t e r ing  the  cathodic  r e -  
act ion and  not  the  anodic  one, which  is necessary  for 
the  p roduc t ion  of e lectr ical  ene rgy  in  the cell. For  
example ,  a l though  organic  compounds  such as f u r -  
fu ra l  and  q u i n a l d i n e  were  found  to be effective in  
r e t a r d i n g  the  corrosion of Zn  in  d ry  cell e lectrolytes ,  
d ry  cells made  wi th  t h e m  did no t  have  the expected 
increase  in she l f - l i fe  or e lec t r ica l  ou tpu t  (38) .  The 
inh ib i to r s  e i ther  reacted w i th  the  paste  wa l l  of the  
cell and  decreased its s t r eng th  or fo rmed  a h i g h - r e -  
s i s tan t  film on the Zn. In  the l a t t e r  case, these com- 
pounds  p r o b a b l y  form an  inso lub le  p rec ip i ta te  over 
the en t i r e  sur face  of the  Zn,  which  stifles no t  on ly  
the  u n d e s i r a b l e  corrosion reac t ion  bu t  also the  cell 
d i scharge  react ion.  

The  use of soluble  chromates ,  which  f u n c t i o n  as 
anodic  inhibi tors ,  in  the e lec t ro ly te  has p roved  b e n e -  
ficial for cells d u r i n g  storage. However ,  they  ap-  
p a r e n t l y  become ineffect ive w h e n  c u r r e n t  is d r a w n  
f rom the  cell. For  Zn  the  presence  of K2Cr,~O~ in  the  
e lec t ro ly te  p r o b a b l y  pass iva tes  the Zn  wi th  a ve ry  
t h i n  chemica l ly  res i s tan t  film, which,  however ,  
b reaks  down  r a p i d l y  w h e n  c u r r e n t  is d r a w n  f rom 
the  cell. Accord ing  to Mears  and  B r o w n  (39) the 
i nh ib i t i ng  act ion of sodium ch romate  on the  corro-  
s ion of A1 in NaC1 solu t ion  is due to the po la r iza-  
t ion  of local anodes.  Chromate  func t ions  as an  i n -  
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hib i tor  because  it increases  anodic  po la r iza t ion  in  
spite of the fact tha t  it  decreases cathodic po la r iza -  
tion. The  l a t t e r  effect, which  is i l l u s t r a t ed  by  the  
po la r iza t ion  curves  in Fig. 7, is to be expected be -  
cause of the oxidiz ing proper t ies  of the ch romate  ion. 

For  A1 d ry  cells which  have  an  a l u m i n u m  chlor ide 
electrolyte ,  a m m o n i u m  and  a lka l i  ch romate  i n h i b -  
i tors are used. Wi th  po tass ium chromate  a 1-sec de-  
layed  act ion is found,  whi le  the A1 anode shows no 
delay  wi th  an  a m m o n i u m  chromate  i nh ib i t o r  (8) .  In  
general ,  the concen t r a t i on  of ch roma te  r equ i r ed  for 
p ro tec t ion  becomes grea te r  at h igh chloride concen-  
t r a t ions  t han  at low ones and  becomes g rea te r  st i l l  
if the t e m p e r a t u r e  is ra ised  (40).  

In  Mg d ry  cells, a l i t h ium ch romate  i nh ib i t o r  is 
used in  the e lec t ro ly te  and  a smal l  reservoi r  of an  
inso lub le  ch romate  e.g., b a r i u m  chromate ,  is i nco r -  
pora ted  in  the cathode mix  to f u rn i sh  add i t iona l  
soluble  ch romate  as it  is used  up  at the  anode.  For  Mg 
the lowest  ch romate  concen t r a t i on  which  wi l l  give 
adequa te  corrosion pro tec t ion  is prefer red ,  since de-  
layed act ion increases  wi th  inc reas ing  chromate  con-  
cen t ra t ion .  However ,  care m u s t  be t a k e n  since 
anodic  i nh ib i t o ; s  l ike the chromates  are dangerous  
inh ib i to r s  w h e n  not  added to the  e lec t ro ly te  in  suffi- 
c ient  quant i t i es .  The  reason for this  is tha t  the  area  
u n d e r g o i n g  anodic  a t tack  is g rea t ly  cut down.  If cor-  
rosion veloci ty  is cont ro l led  exc lus ive ly  by  the  
anodic  react ion,  t hen  the anodic  a t tack  is cut  d o w n  
in  the same ratio,  and  the i n t ens i t y  of corrosion re -  
ma in s  the same. If, however ,  the  veloci ty  is con-  
t ro l led  even  in pa r t  by  the cathodic react ion,  the 
corrosion ra te  wi l l  be d imin i shed  to a less e x t e n t  
t h a n  the corroded area, and  the i n t ens i t y  of the a t -  
tack wi l l  be increased  (41).  In  d ry  cells this  loca l -  
ized corrosion causes pe r fo ra t ion  of the anode  can, 
r e su l t i ng  in  loss of e lec t ro ly te  by  leakage  and  e v a p -  
orat ion.  

On the other  hand,  cathodic inh ib i to rs  such as 
m e r c u r y  are safe in  general ,  as they  decrease  the 
tota l  corrosion ra te  w i thou t  caus ing  the anodic  area  
to become smaller .  For  Zn, a m a l g a m a t i o n  produces  
an  e lec t rochemica l  couple in  which  Zn  is the anode,  
bu t  the ac t iva t ion  ove rpo ten t i a l  of hyd rogen  on 
m e r c u r y  is so high as to i nh ib i t  the cathodic reac -  
t ion  [3],  and  thus  the  corrosion reac t ion  is g rea t ly  
cur ta i led.  The  quan t i t i e s  of m e r c u i y  t h a n  can be 
used effectively are v e r y  l imi ted ,  se ldom exceed ing  
0.25% because  of the e m b r i t t l e m e n t  and  loss of 
s t r eng th  of the a m a l g a m a t e d  me ta l  (1).  

For  Mg and  A1, a m a l g a m a t i o n  changes  bo th  the  
h y d r o g e n  overvo l tage  and  the anodic  po la r i za t ion  
for the  act ive  me ta l  dissolut ion.  The  high po ten t ia l s  
observed wi th  a m a l g a m a t e d  A1 and  Mg anodes  are 
a t t r i b u t e d  to the  pa r t i a l  r emova l  of the oxide film 
by  ama lgama t ion .  For  A1 this  resul t s  in  a g rea t ly  
increased  ra te  of corrosion and  is therefore  u n d e -  
s i rable;  however ,  resul ts  in  this  l abo ra to ry  for Mg 
d ry  cells show tha t  the  effect of m e r c u r o u s  salts  in  
the e lec t ro ly te  m a y  be  beneficial ,  especia l ly  at  low 
c u r r e n t  dra ins .  The use of m e r c u r y  has a f u r t he r  ad-  
v a n t a g e  in  tha t  it reduces  cell impedance  by  its i n -  
t e r fe rence  wi th  the  pro tec t ive  oxide coating.  

The shelf  life of a cell can be cons ide rab ly  i n -  
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creased by  s torage below o r d i n a r y  t empera tu re s .  The  
m a i n  reasons  for this  a re  the lower  ra tes  of the cor-  
rosion reac t ions  a nd  the increased  h y d r o g e n  ac t iva -  
t ion  ove rpo ten t i a l  which  are  associated w i th  de-  
creased t empera tu re .  For  example ,  a s suming  the  
t e m p e r a t u r e  coefficient of h y d r o g e n  ac t iva t ion  over -  
po t en t i a l  at a m e r c u r y  cathode to be --2.5 m v / ~  
Po t t e r  (42) calcula tes  tha t  for an a m a l g a m a t e d  Zn  
anode,  decreas ing  the  t e m p e r a t u r e  f rom 40 ~ to 9~ 
should  decrease the c u r r e n t  dens i ty  at the  m e r c u r y  
cathode a p p r o x i m a t e l y  4.5 t imes.  Thus  the  shelf  life 
of a cell should  be at least  4.5 t imes as grea t  at  9 ~ 
as at  40~ This is in a g r e e m e n t  wi th  e x p e r i m e n t a l  
results .  

Cathode Performance 
The a d v a n t a g e  to the use of a p a r t i c u l a r  anode-  

e lec t ro ly te  c omb i na t i on  of ten  lies in  the  effect of the  
e lect rolyte  on cathode pe r fo rmance .  A n  example  of 
this  is i l l u s t r a t ed  by  the  coulomet r ic  da ta  in  Fig. 8 
for an  e lec t ro ly t ica l ly  p r epa red  m a n g a n e s e  d ioxide?  
In  the  more  acidic a l u m i n u m  chlor ide e lec t ro ly te  the  
MnO~ opera tes  at  a po ten t i a l  0.4-0.5 v h igher  t h a n  in  
the NH~C1-ZnCI~ e lec t ro ly te  and  gives twice the  
a m p e r e - m i n u t e  capaci ty  to an  end  vol tage  of +0.25 
v. This  capaci ty  corresponds  to a theore t ica l  two-  
e lec t ron  change  per  molecu le  of MnO~, i nd i ca t ing  
tha t  r educ t ion  takes  place in  accordance  wi th  the  
fo l lowing  equa t ion :  

MnO., + 4H + + 2e- ~ Mn ++ + 2H_oO [4] 

It  is also seen tha t  the  gain  in  anode po ten t i a l  de-  
r ived  f rom the  use of a s t rong ly  a lka l ine  e lect rolyte  
w i th  Zn  is offset by  the lower  opera t ing  po ten t i a l  of 
MnO.~ in  this  e lectrolyte .  A s s u m i n g  an  end  vol tage  
of --0.40 v '  for MnO.~, the a m p e r e - m i n u t e  capaci ty  

a 85% manganese dioxide. 

4 The potential of Zn is approximately 0.75 v in acidic electrolyte 
and 1.3 v in strongly basic electrolyte, so that to allow for end 
voltages of 0.90 v in actual dry cells, half-cell end-potentials of 
+0.25 and --0.40 v are taken. 
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ob ta ined  corresponds  to a one -e l ec t ron  change  per  
molecule  of MnO~ in  accordance  wi th  the  fo l lowing  
equa t ion :  

2MnO~ + H~O + 2e- = Mn~O. + 2OH- [5] 

I t  is i n t e re s t ing  to no te  that ,  u n d e r  these  condi t ions  
of discharge,  comparab l e  capacit ies  are  ob ta ined  
f rom MnO~ in  the  NaOH and  NH,C1-ZnC12 e lec t ro-  
lytes.  For  the  use of cathode ma te r i a l s  such as m e r -  
curic  oxide and  cupr ic  oxide, however ,  s t rong ly  
a lka l ine  e lect rolytes  are necessa ry  because  of the 
so lubi l i ty  of these oxides in  acidic solut ions.  

Conclusions 
On the basis  of w a t t - h o u r  capaci ty  per  gram,  A1 

and  Mg are more  a t t r ac t ive  anode  ma te r i a l s  t h a n  Zn. 
The  i m p o r t a n t  progress  which  has been  made  in  the 
deve lopmen t  of Mg d ry  cells indica tes  the  po ten t i a l  
advan tages  of this anode.  However ,  the re  are severa l  
p rob lems  associated w i th  the use of Mg. These are:  
cost, "de layed  act ion,"  h igh impedance ,  and  loss in  
cell capaci ty  on l ight  i n t e r m i t t e n t  tests. These p r ob -  
lems are g r adua l ly  be ing  solved, and  it  is p red ic ted  
tha t  Mg d ry  cells wi l l  achieve commerc ia l  signifi-  
cance in  the nea r  fu ture .  Fo r  A1 dry  cells more  re -  
search is needed  to improve  the p e r f o r m a n c e  on 
i n t e r m i t t e n t  tests, as wel l  as to ascer ta in  the shelf  
l ife character is t ics .  
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ABSTRACT 

Reproducibili ty of the electrical and magnetic properties while adhering to 
mechanical tolerances is still the main difficulty in quantity production of mag- 
netic ceramics. This problem is discussed from a developmental viewpoint 
with suggestions for improving present methods. Older production schemes are 
compared with newer techniques. 

The field of magnet ic  ceramics has grown by t r e -  
mendous propor t ions  since its r eb i r th  a f te r  Wor ld  
War  II. The work  by Hi lper t  (1),  Kato (2),  Snoek 
(3), and others came at a t ime when the need for 
such mater ia l s  was not urgent.  Television and other  
h igh- f requency  appl icat ions have now brought  these 
mate r ia l s  to the forefront .  One of the ma jo r  diffi- 
culties, as in any young industry,  is the lack of suffi- 
c ient ly  t r a ined  technical  personnel  and of the re -  
qui red "ski l l  in the art ."  The pic ture  is improving,  
however,  because of the t rend  in modern  ceramics 
toward  a more scientific basis. 

The innumerab le  var iables  involved in the fabr i -  
cation of a useful  ceramic, from the basic raw ma te -  
r ials  to a finished electronic component,  make  it a 
formidable  task to acquire  the needed control  
throughout  the product ion  scheme. It  must  be borne 
in mind tha t  it is necessary not only to make  a p rod-  
uct wi th  the proper  e lectr ical  and magnet ic  p rop -  
erties, but  one tha t  wi l l  also meet  r a the r  r ig id  
mechanical  tolerances of size and shape. The com- 
p lex i ty  of the p rob lem requires  the pooling of many  
talents.  Co-ordina t ion  of research and product ion 
activi t ies is necessary to uti l ize the var ied  skills of 
the e lectr ical  engineer,  physicist ,  chemist,  mechan-  
ical engineer,  ceramist ,  chemical  engineer,  c rys ta l -  
lographer ,  and the indus t r ia l  engineer.  There is st i l l  
cons iderable  iner t ia  in the  indus t ry  which keeps  it 
f rom discarding some of the older methods.  Presen t  
difficulties show the necessi ty for employing  newer  
and even novel  techniques wi thout  regard  to wha t  
is the genera l ly  accepted practice.  

Achieving  reproduc ib i l i ty  in the final s intered 
product  necessi tates accurate  control  in all  the  proc-  
essing steps. By giving a general ized pic ture  of the 
various factors involved in the manufac tu re  of these 
shapes, a cr i t ical  eva lua t ion  of the techniques can 
be made wi th  suggestions for possible substi tut ions.  

Processing Techniques 
General Survey  

The "compounding"  of ferri tes,  magnetoplumbi tes ,  
and other  magnet ic  ceramic mate r ia l s  involves the  

react ion be tween  various components  in the solid 
s ta te  to y ie ld  a homogeneous product  sui table  for 
forming and s inter ing into a dense form. A s imple 
out l ine of the steps requ i red  is given below: 

1. Powder  preparation: analysis  of the raw ma-  
terials ,  weighing the components,  mixing,  and cal-  
cining ( reac t ing) .  

2. Ceramic body preparation: gr inding  of the 
calcine, addi t ion of the lubr ican t  and binder ,  g ranu-  
lating, and drying.  

3. Specimen preparation: molding,  firing (s in-  
t e r ing) ,  and testing. An examina t ion  of the var ious  
steps wil l  give a be t te r  insight  into the types of 
problems encountered.  

Raw Materials 

The choice of r aw  mate r ia l s  is impor t an t  in the 
successful p repa ra t ion  of a homogeneous compound. 
Extensive informat ion  has been compiled on the re -  
ac t iv i ty  be tween solids (4),  which shows tha t  the  
na tu re  of the react ing species often governs the ra te  
of compound formation.  With  but  few exceptions, 
the commercia l  pract ice  is to react  the  const i tuent  
oxides at high tempera tures .  H i g h - p u r i t y  oxides are 
ava i lab le  at  r e l a t ive ly  low cost, but  in using them 
the manufac tu re r  can defeat  one of the pr ime  req-  
uisites for high reac t iv i ty :  high surface area  and 
h igh-defec t  c rys ta l  s t ructure .  P rec ip i ta t ion  tech-  
niques (5) are avai lab le  to achieve this end, but  
they  are not  compet i t ive  at present  and find only 
l imi ted  use. 

The oxides genera l ly  used are  products  of some 
decomposit ion process. Why use the oxide when the 
or iginal  ma te r i a l  offers be t t e r  oppor tun i ty  for m ix -  
ing and react ing? This possibi l i ty  has not been ex-  
ploi ted to any extent ,  even though it could be com- 
pe t i t ive  wi th  the  oxides. The resul t  would  be a re -  
duction of the  calcining t empe ra tu r e  and the p ro -  
duction of a more f r iab le  ma te r i a l  for  easy grinding.  

Co~nminution Processes 

Grind ing  of the calcine is a ma jo r  opera t ion  in the  
ceramic body prepara t ion .  Ball  mil ls  have  long been 
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used,  b u t  no t  un t i l  r e c e n t l y  have  n e w e r  t y p e  un i t s  
f o u n d  e x t e n s i v e  use. The  a t t r i t o r  a n d  the  v i b r a t o r y  
b a l l  m i l l  cut  t he  t ime  to a f r ac t i on  of  t ha t  n e e d e d  
before .  The  m i c r o n i z e r  (h igh  ve loc i ty  i n t e r p a r t i c l e  
i m p a c t  b y  a i r  or  s t e a m  p r e s s u r e )  has  no t  r e c e i v e d  
e x t e n s i v e  a t t e n t i o n  in th is  field. This  un i t  could  ac -  
c o m p l i s h  in  the  d r y  s t a t e  w h a t  t h e  o t h e r  m e t h o d s  do 
in the  wet ,  t hus  e l i m i n a t i n g  the  e x p e n s i v e  d e w a t e r -  
ing  s tep  u s u a l l y  needed .  

Dry-Press Body Preparation 

The  effort  e x p e n d e d  in t he  p r e p a r a t i o n  of the  d r y -  
p ress  b o d y  p a y s  d i v i d e n d s  in the  b e h a v i o r  of t he  m a -  
t e r i a l s  a t  t he  p resses  and  in the  s i n t e r i ng  steps.  L u -  
b r i c a n t s  a n d  b i n d e r s  (one or  bo th )  a re  a d d e d  to t he  
m i l l e d  m a t e r i a l  to i m p a r t  the  n e e d e d  flow p r o p -  
e r t i e s  to th is  nonp l a s t i c  m a t e r i a l .  This  is g e n e r a l l y  
done  b y  b l e n d i n g - i n  these  add i t i ve s  in the  s e m i -  
p l a s t i c  s ta te .  F o r  a g iven  a m o u n t  of add i t ive ,  the  
p r e s s i n g  b e h a v i o r  is r e l a t e d  to how w e l l  each  p a r -  
t i c le  is coa ted  b y  the  b l e n d i n g  process .  The  mos t  
obv ious  m e t h o d  is one in w h i c h  the  a d d i t i v e s  can  be  
d i s p e r s e d  e f fec t ive ly  and  b r o u g h t  in to  i n t i m a t e  con-  
t a c t  w i t h  t he  sol id  m a t e r i a l .  Emul s ions  a r e  h i g h l y  
d i s p e r s e d  sys tems ,  b u t  a m o l e c u l a r  or  ionic so lu t ion  
is even  m o r e  so. Us ing  l u b r i c a n t s  and  b i n d e r s  w h i c h  
a r e  so lub le  in  a l i qu id  m e d i u m  p e r m i t s  w e t t i n g  of 
t he  sol id  p a r t i c l e s  and,  on s u b s e q u e n t  e v a p o r a t i o n  of 
t he  solvent ,  a f i lm of the  so lu te  r e m a i n s  on the  
pa r t i c l e s .  

A w o r d  of  cau t ion  is n e e d e d  here .  I n  t h e  e v a p o r a -  
t ion  of the  solvent ,  i t  is e s sen t i a l  t h a t  a g i t a t i o n  be  
c o n t i n u e d  un t i l  e v a p o r a t i o n  is comple te ,  o t h e r w i s e  
c a p i l l a r y  a c t i v i t y  b r i n g s  the  so lu te  to t he  su r face  and  
d e s t r o y s  the  h i g h l y  d i s p e r s e d  cond i t ion  o r i g i n a l l y  
p re sen t .  The  mos t  ef fec t ive  m e t h o d  to ach ieve  th is  is 
to d r y  the  w e t  m i x  q u i c k l y  in as h i g h l y  d i v i d e d  s ta te  
as poss ib le .  S p r a y  d r y i n g  e f fec t ive ly  accompl i she s  
this .  This  un i t  e l i m i n a t e s  t he  d e w a t e r i n g  and  the  
b i n d e r - b l e n d i n g  s tep a f t e r  g r i n d i n g  and  p r o d u c e s  
g r a n u l e s  s u i t a b l e  for  p ress ing .  

Pressing 

Most  of the  p r o b l e m s  in the  p r e s s i n g  o p e r a t i o n  
u s u a l l y  can  be t r a c e d  to f laws in one of t h e  p r e v i o u s  
processes .  P r o p e r  d ie  des ign  and  load ing ,  p r e s s i n g  
p r e s s u r e  and  speed,  and  o the r  m e c h a n i c a l  effects 
m u s t  be  w o r k e d  out  for  each  shape  and  compos i t ion .  
Most  of t he  diff icul t ies  a t  th is  s tage  of m a n u f a c t u r e  
wi l l  be  o v e r c o m e  b y  the  p r o p e r  choice of c e r a mic  
b o d y  p r e p a r a t i o n .  

Firing 

The  f i r ing or  s i n t e r i ng  of t he  m o l d e d  shapes  can  be  
r e g a r d e d  as a t h r e e - s t a g e  p rocess :  (a )  hea t ing ,  (b )  
soaking ,  and  (c)  cool ing.  The  in i t i a l  s t age  of t he  
h e a t i n g  p e r i o d  is t he  ca r e fu l  r e m o v a l  of t he  a d d i t i v e s  
b y  e v a p o r a t i o n  or  b y  b u r n i n g .  The  e v a p o r a t i o n  is 
no t  af fec ted  b y  the  f u r n a c e  a t m o s p h e r e ,  w h e r e a s  t he  
b u r n i n g  r e q u i r e s  ox id i z ing  condi t ions .  Obv ious ly ,  
t he  choice  of  b i n d e r  w i l l  be  c r i t i ca l  b e c a u s e  t he  m o d e  
of i ts  r e m o v a l  can  be  d e t r i m e n t a l  to t h e  body ,  d e -  
p e n d i n g  on the  compos i t i on  and  i ts  b e h a v i o r  in v a r i -  
ous f u r n a c e  a t m o s p h e r e s .  This  i n i t i a l  p o r t i o n  of t he  
h e a t i n g  cycle  p rog re s se s  a t  a s l ower  r a t e  c o m p a r e d  
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to t he  r a t e  w h i c h  fol lows,  g e n e r a l l y  at  m o r e  t h a n  
300~ 

The  p r o p e r  r e g u l a t i o n  of the  r e m a i n d e r  of the  
h e a t i n g  cycle,  the  soak  per iod ,  and  the  cool ing  r a t e  
wi l l  be  g o v e r n e d  b y  the  size a n d  s h a p e  of  t he  
pieces,  and  b y  the  de s i r e d  end  p r o p e r t i e s .  The  usua l  
diff icult ies,  such as c racks  due  to too r a p i d  b u r n - o u t  
and  spec imen  s h a t t e r i n g  caused  b y  s h a r p  t h e r m a l  
g r a d i e n t s  d u r i n g  h e a t i n g  a n d  cool ing,  m u s t  be  o v e r -  
come.  A d d e d  to th is  is conce rn  for  the  o x y g e n  s to i -  
c h i o m e t r y  in the  f i red piece.  No set  ru l e  can  be  m a d e  
on the  o p t i m u m  f i r ing condi t ions ,  be c a use  these  v a r y  
w i d e l y  w i t h  the  t y p e  of m a t e r i a l  and  i ts  p rope r t i e s .  
Each  compos i t ion  m u s t  be  t r e a t e d  s e p a r a t e l y .  T u n n e l  
k i lns  a r e  mos t  efficient  for  l a r g e  v o l u m e  p r o d u c t i o n ;  
howeve r ,  for  spec ia l  h e a t i n g  and  cool ing  cycles  and  
a tmosphe re s ,  b a t c h - t y p e  k i ln s  a r e  m o r e  su i t ab le .  

Comparison of Some Production Schemes 
H a v i n g  cons ide red  some of t he  m o r e  c r i t i ca l  p r o c -  

esses and  the i r  a s soc ia t ed  p r o b l e m s ,  a f ew  t y p i c a l  
p r o d u c t i o n  flow shee ts  m a y  be e x a m i n e d  a n d  com-  
pa red .  The  " d r y - p r o c e s s "  (Fig .  1) is the  mos t  com-  
m o n  (5) .  Two d e w a t e r i n g  s t eps  a r e  r e q u i r e d :  t he  
first  is e s sen t i a l  for  p r o p e r  m i x i n g  of t he  c o m p o n e n t  
oxides ,  bu t  the  second  can be e l i m i n a t e d  b y  us ing  
the  mic ron ize r .  This  speeds  t he  p rocess  and,  in t he  
long  run ,  r educes  costs. F i g u r e  2 shows the  flow 
shee t  of a " w e t - p r o c e s s "  p l a n t  (5)  in  w h i c h  the  
second  we t  m i l l i n g  could  be  r e p l a c e d  also. Use of 
d e c o m p o s a b l e  sa l ts  of the  ca t ions  can be  i n c o r p o -  
r a t e d  at  t he  b e g i n n i n g  of bo th  t hese  a r r a n g e m e n t s .  

H i g h l y  spec ia l i zed  schemes ,  such as t h a t  us ing  the  
a t o m i z i n g  b u r n e r  (6) (Fig .  3) ,  cu t  d o w n  the  r e -  

Fig. 1. "Dry-process" flow sheet 

i 

Fig. 2. "Wet-process" flow sheet 

Fig. 3. Atomizing-burner flow sheet 
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q u i r e d  n u m b e r  of steps.  A t  p resen t ,  th is  t e c h n i q u e  
has  f o u n d  a p p l i c a t i o n  on ly  w h e r e  i ts  h igh  cost  and  
low y i e l d  can  be  jus t i f i ed  b y  the  spec ia l  p r o p e r t i e s  
of t he  end  p roduc t ,  such  as m i c r o w a v e  fe r r i t e s .  

Not  to be  o m i t t e d  f r o m  this  d i scuss ion  is t he  p r e s -  
en t  s t a tus  of the  e v a l u a t i o n  of the  final p roduc t .  
N u m e r o u s  o rgan i za t i ons  ( I n s t i t u t e  of Rad io  E n g i -  
neers ,  M e t a l  P o w d e r s  Assoc ia t ion ,  A m e r i c a n  Soc i e ty  
for  Tes t i ng  Mate r i a l s ,  etc.)  h a v e  c o m m i t t e e s  w h i c h  
d r a w  up e v a l u a t i o n  p a r a m e t e r s  w i t h  a c c e p t a b l e  t es t  
p r o c e d u r e s  for  these  ma te r i a l s .  Such  fac tors  as shape ,  
size, app l i ca t ion ,  m e a s u r e m e n t  t echn ique ,  and  so on, 
e n t e r  in to  the  p ic tu re .  Because  of t h e  m u l t i t u d e  of 
these  fac tors ,  no one choice can be  e x p e c t e d  to w i n  
w ide  accep tance .  S o m e  t e n t a t i v e  a g r e e m e n t s  h a v e  
been  r eached ,  b u t  m u c h  has  to be  done  b e f o r e  the  
field is p r o p e r l y  covered .  

Manuscr ip t  rece ived  Dec. 1, 1958. This pape r  was 
p repa red  for de l ive ry  before  the  New York  Meeting, 
Apr i l  27-May 1, 1958. Work  was sponsored by  the U. S. 
Office of Nava l  Research,  the  A r m y  Signal  Corps, and 
the Ai r  Force.  

A n y  discussion of this pape r  wi l l  appear  in a Discus-  
sion Section to be pub l i shed  in the December  1959 
JOURNAL. 
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C m  n cat ons @ 
The Ubiquity of Localized Corrosion 

R. B. Mears 
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F o r  decades  loca l ized  cor ros ion  has  a p p e a r e d  to be  
cons ide r ed  m o r e  m y s t e r i o u s  t h a n  u n i f o r m  or  g e n -  
e r a l  a t t ack .  M a n y  p a p e r s  have  been  w r i t t e n  p o i n t i n g  
out  va r i ous  causes  of loca l ized  a t t ack ,  u s u a l l y  i m -  
p l y i n g  t ha t  u n i f o r m  cor ros ion  was  the  e x p e c t e d  f o r m  
and  t h a t  l oca l i zed  cor ros ion  was  e x c e p t i o n a l  and,  
t he re fo re ,  r e q u i r e d  a spec ia l  e x p l a n a t i o n .  I t  now a p -  
p e a r s  t ha t  th is  v i e w p o i n t  shou ld  be  changed .  L o c a l -  
ized cor ros ion  is the  f o r m  to be  e x p e c t e d  and  u n i -  
f o rm  cor ros ion  is t he  fo rm tha t  r e q u i r e s  e x p l a n a t i o n .  

E v e n  s ing le  c rys t a l s  of v e r y  p u r e  m e t a l s  con ta in  
c r y s t a l  impe r f ec t i ons .  Read  and  S h o c k l e y  (1)  p r o -  
posed  t ha t  loca l ized  cor ros ion  (e t ch  p i t s )  o c c u r r e d  
at  edge  d i s loca t ions  in h i g h - p u r i t y  a l u m i n u m .  T h e y  
s ta ted ,  "We  have  p r o p o s e d  t h a t  each  e tch  p i t  o r i g i -  
na t e s  at  a d i s loca t ion ,  w h e r e  t he  f r ee  e n e r g y  of t he  
s t r e s sed  m a t e r i a l  is s o m e w h a t  h i g h e r  t h a n  e l se -  
w h e r e ;  the  p i t  t hen  g rows  to l a r g e  s ize so t h a t  i t  can  
be  o b s e r v e d  op t i ca l ly . "  

L a t e r  Vogel,  P f ann ,  Corey,  and  T h o m a s  (2)  
showed  t h a t  e tch  p i t s  d e v e l o p e d  in h i g h - p u r i t y  
s ing le  c r y s t a l s  of g e r m a n i u m  and  t h a t  the  m e a s u r e d  
spac ing  of these  p i t s  c o r r e l a t e d  w e l l  w i t h  spac ings  
p r e d i c t e d  f rom x - r a y  d i f f rac t ion .  T h e y  conc luded  
t ha t  i n d i v i d u a l  e tch  p i t s  a r e  n u c l e a t e d  b y  s ing le  
d i s loca t ions ,  w i t h  t he  p i t  be ing  f o r m e d  w h e r e  t he  
d i s loca t ion  s i n g u l a r  l i ne  in t e r sec t s  t he  sur face .  

E tch  p i t s  a t  d i s loca t ion  s i tes  h a v e  been  o b s e r v e d  
on s e v e r a l  o t h e r  h i g h - p u r i t y  me ta l s ,  i n c l u d i n g  i r on  
(3, 4) .  I t  n o w  a p p e a r s  t h a t  a l l  c o m m e r c i a l l y  a v a i l -  
ab le  m e t a l s  con ta in  d i s loca t ions  a n d  tha t ,  u n d e r  a p -  
p r o p r i a t e  condi t ions ,  loca l ized  cor ros ion  (e t ch  p i t s )  

can  de ve lop  at  d i s loca t ion  sites.  The  r e a s o n  g e n e r a l l y  
g iven  for  t he  f o r m a t i o n  of these  e tch  p i t s  is s t i l l  es -  
s e n t i a l l y  t h a t  p r o p o s e d  b y  R e a d  a n d  S h o c k l e y  as 
quo t ed  ea r l i e r .  H o w e v e r ,  i t  shou ld  be  p o i n t e d  out  
t ha t  v e r y  specific co r rod ing  so lu t ions  ( e t c h a n t s )  
m u s t  be  used  to r e v e a l  d i s loca t ion  si tes.  The  m a j o r i t y  
of c o r r o d e n t s  do no t  g ive  th is  t y p e  of a t t ack .  Thus,  
a l t h o u g h  fo l l owing  Read  and  Shock ley ,  w e  can  e x -  
p l a i n  s a t i s f a c t o r i l y  the  loca l i zed  cor ros ion  t h a t  oc-  
curs  in  c a r e f u l l y  s e l ec t ed  e tchan ts ,  i t  is m u c h  m o r e  
diff icult  to e x p l a i n  the  m o r e  c o m m o n l y  e n c o u n t e r e d  
u n i f o r m  a t t ack .  

To c ompl i c a t e  m a t t e r s  s t i l l  f u r t h e r  Bosw e l l  (3, 4) 
has  p o i n t e d  out  in  a p r i v a t e  c o m m u n i c a t i o n  tha t ,  
w i t h  the  specific e t c h a n t  he  used  to r e v e a l  d i s loca -  
t ion  s i tes  in  h i g h - p u r i t y  i ron,  i t  was  n e c e s s a r y  to 
h a v e  b e t w e e n  0.001% a n d  0.01% c a r b o n  in the  i ron  
or  p r o p e r  r e s o l u t i o n  of t he  d i s loca t ion  s i tes  d id  no t  
occur .  [ A p p a r e n t l y  i m p u r i t y  s e g r e g a t i o n  is also nec -  
e s s a r y  for  e tch  p i t s  to be  r e v e a l e d  in  h i g h - p u r i t y  
A1 (5) and  Zn ( 6 ) . ]  

M e t a l l o g r a p h e r s  h a v e  k n o w n  for  y e a r s  t h a t  g r a i n  
bounda r i e s ,  d i f fe ren t  c r y s t a l  faces,  and  d i s s i m i l a r  
phases  in p o l y c r y s t a l l i n e  m e t a l s  or  a l loys  can  be  
c o r r o d e d  or  e t ched  at  d i f f e ren t  ra tes .  Use  is m a d e  of 
th is  " loca l i zed  co r ros ion"  in e x a m i n i n g  po l i shed  m e -  
t a l l i c  spec imens  u n d e r  t he  mic roscope .  

A l l  m e t a l s  or  a l loys  used  in  q u a n t i t y  b y  i n d u s t r y  
a re  p o l y c r y s t a l l i n e  and  con ta in  d i s s i m i l a r  phases  to 
a g r e a t e r  or  l e s se r  ex ten t .  The  e x p e c t a t i o n  w o u l d  be,  
t he re fo re ,  t h a t  a l l  m e t a l l i c  a r t i c l e s  w h e n  e x p o s e d  to 
c o r rode n t s  w o u l d  deve lop  loca l i zed  cor ros ion .  
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ABSTRACT 

A new and improved  separa to r  med ium for the  a luminum dry  cell  is de-  
scribed. I t  p rovides  an adhesive  contact  wi th  the  anode and a sa t i s fac tory  elec- 
t ro ly t ic  contact  wi th  the  cathode. The method by  which  this separa to r  is p re -  
pa red  involves  a new technique which is described.  The separa to r  l aye r  
signif icantly improves  the  keeping  qual i ty  and de layed  service per formance  of 
the  a luminum-manganese  dioxide  cell. 

A l u m i n u m  as an  a n o d e  fo r  p r i m a r y  b a t t e r i e s  has  
r e c e i v e d  pe r iod i c  a t t e n t i o n  d u r i n g  the  pa s t  30 yea rs .  
Recen t  s tud ies  w i t h  r e n e w e d  i n t e r e s t  b y  S tokes  and  
R u b e n  h a v e  s h o w n  g r e a t e r  p r o g r e s s  (1, 2) .  As  an  
anode  for  a b a t t e r y  sys tem,  a l u m i n u m  looks  p a r t i c u -  
l a r l y  a t t r a c t i v e  for  s e v e r a l  reasons .  E l e c t r o c h e m i -  
ca l ly ,  the  a l u m i n u m  anode  t h e o r e t i c a l l y  consumes  
on ly  0.336 g of m e t a l  p e r  a m p e r e  hou r  of e l e c t r i c a l  
ou tpu t ,  or  a b o u t  27% of t h a t  c o n s u m e d  b y  t h e  zinc 
anode.  In  add i t ion ,  d r a w n  a l u m i n u m  cans  offer a t -  
t r a c t i v e  economic  f ea tu res .  

S ince  a n y  n e w  s y s t e m  imposes  m a n y  p rob l ems ,  a 
c o n s i d e r a b l e  a m o u n t  of s t u d y  was  r e q u i r e d  w i t h  th is  
p a r t i c u l a r  s y s t e m  because  of the  v e r y  ac id ic  n a t u r e  
of the  a l t o g e t h e r  n e w  e l e c t r o l y t e  emp loyed .  S tokes  
has  r e p o r t e d  c o n s i d e r a b l e  p r o g r e s s  on s tud ies  of the  
anode,  the  ca thode ,  and  the  e l ec t ro ly t e .  These  s tud ies  
have  y i e l d e d  the  " A l c l a d " - t y p e  a n o d e  and  the  ch lo -  
r i d e - c h r o m a t e  t y p e  e l e c t r o l y t e  (1, 3) .  5 Our  s tud ies  
h a v e  been  conce rned  p r i m a r i l y  w i t h  the  se lec t ion  of 
an  i m p r o v e d  s e p a r a t o r  for  th is  sys tem.  A n  effec t ive  
s e p a r a t o r  m e d i u m  is e s sen t i a l  if  a b a t t e r y  is to o p e r -  
a te  s a t i s f a c t o r i l y  and  to possess  a ccep t ab l e  k e e p i n g  
qua l i t y .  

Experimental 
This  s t u d y  has  f o l l o w e d  a p a t t e r n  s o m e w h a t  s i m i -  

l a r  to t ha t  p r e v i o u s l y  de sc r ibed  for  s e p a r a t o r  s tud ies  
in the  Lec lanch6  cel l  (4, 5) .  As  in the  Lec l anch6  cel l ,  
i t  was  d e e m e d  a d v i s a b l e  to se lec t  a s e p a r a t o r  w h i c h  
w o u l d  possess  the  fo l lowing  p r o p e r t i e s :  (a )  A m e -  
d i u m  w h i c h  w o u l d  con tac t  the  ca thode  s a t i s f a c t o r i l y  
and  fo rm a pos i t i ve  a d h e s i v e  con tac t  w i th  t he  anode ;  
(b)  A m e d i u m  w h i c h  w o u l d  be  c o m p a t i b l e  w i t h  t he  
b a t t e r y  c o m p o n e n t s  and  n o n r e a c t i v e  for  a r e a s o n -  
ab le  p e r i o d  of t ime,  i.e. a t  l eas t  one to t h r e e  y e a r s ;  
(c)  A s e p a r a t o r  w h i c h  w o u l d  possess  a d e q u a t e  w e t  
s t r e n g t h  to  a l l o w  ease  of  cel l  a s semb ly .  

I t  ha s  been  shown  (4) t ha t  the  u sua l  ce rea l  p a s t e  
does no t  m e e t  these  r e q u i r e m e n t s  sa t i s f ac to r i ly ,  
s ince bo th  s t a r ch  and  f lour  h y d r o l y z e  and  b r e a k  
down  in an  ac id  e l ec t ro ly t e .  The  choice of poss ib l e  
s epa ra to r s ,  t he re fo re ,  m u s t  be  m a d e  f r o m  the  f ield 
of o t h e r  n a t u r a l  or  s y n t h e t i c  col loids .  

1 P r e s e n t  a d d r e s s :  E d g e w a t e r  D e v e l o p m e n t  L a b o r a t o r i e s ,  N a t i o n a l  
C a r b o n  C o m p a n y ,  D i v i s i o n  of  U n i o n  C a r b i d e  C o r p o r a t i o n ,  C l e v e -  
l and ,  Ohio .  

2 T h e  A l u m i n u m  C o m p a n y  of  A m e r i c a  R e s e a r c h  L a b o r a t o r y  h a s  
b e e n  v e r y  h e l p f u l  to u s  i n  o u r  w o r k  b y  r e c o m m e n d i l ~ g  e l e c t r o l y t e  
~o rmu la t i ons ,  f u r n i s h i n g  c a n s  a n d  h e l p f u I  t e c h n i c a l  i n f o r m a t i o n .  

Fi r s t ,  one  m u s t  se lec t  one  or  m o r e  colloids which  
sa t i s fy  i t ems  (a)  and  (b)  above.  S ince  the  d e p o l a r -  
izer  is the  s ame  in bo th  sys tems ,  w i t h  the  b a c k -  
g r o u n d  k n o w l e d g e  of the  s t ab i l i ! y  of v a r i o u s  col loids  
w i t h  m a n g a n e s e  d iox ide ,  one m a y  choose  col lo ids  
w h i c h  m i g h t  s a t i s fy  i t e m  ( a ) w h e n  used  w i t h  an  
a l u m i n u m  anode.  This  g roup  i n c l u d e d  w a t e r  so lub le  
m e t h y l  cel lulose,  two  t y p e s  of h y d r o x y p r o p y l  m e t h y l  
ce l lu lose ,  L y t r o n  X-887,  8 p o l y a c r y l a m i d e  50, locus t  
b e a n  gum,  and  gum K a r a y a .  S e l f - s u p p o r t i n g  fi lms of 
a l l  col loids  of th is  g r o u p  e x c e p t  L y t r o n  X-887,  locus t  
bean  gum,  and  g u m  K a r a y a  w e r e  p r e p a r e d .  These  
t h r e e  m a t e r i a l s  w e r e  diff icult  or  imposs ib l e  to p r e -  
p a r e  as s e l f - s u p p o r t i n g  l aye r s .  The re fo re ,  a n e w  
t e c h n i q u e  was  used  to i n c o r p o r a t e  t h e  gums  into  an  
a c c e p t a b l e  s e p a r a t o r  l aye r .  I t  i nvo lves  t he  s u s p e n -  
s ion of the  p o w d e r e d  col lo id  in a r e s in  so lu t ion  and  
is t h e r e b y  d e s i g n a t e d  the  r e s i n - b o n d e d  sepa ra to r .  
The  res in ,  e.g., p o l y v i n y l  ace ta te ,  is d i s so lved  in  a 
v o l a t i l e  solvent ,  e.g., acetone.  The  co l lo ida l  m a t e r i a l  
chosen  is t hen  d i s p e r s e d  in th is  solut ion.  The  su spen -  
s ion m a y  be coa ted  onto a p a p e r  possess ing  h igh  w e t  
s t r eng th ,  an  a n o d e  me ta l ,  film, or  o the r  suppor t ,  and  
dr ied .  In  th is  a p p l i c a t i o n  h igh  w e t  s t r e n g t h  p a p e r  
was  used.  

These  p r e p a r e d  f i lms w e r e  e xpose d  to t he  ch lo -  
r i d e - c h r o m a t e  e l e c t r o l y t e  solu t ion ,  t h e  compos i t i on  
of w h i c h  is p r e s e n t e d  in  T a b l e  I. P e r i o d i c a l l y  t h e y  
w e r e  e x a m i n e d  to d e t e r m i n e  t h e i r  b e h a v i o r  in  the  
e l ec t ro ly t e .  Those  m a t e r i a l s  w h i c h  a b s o r b e d  e l e c t r o -  
l y t e  to become  g e l - l i k e  and  t a c k y  to t h e  touch  w e r e  
locus t  b e a n  gum,  g u m  K a r a y a ,  and  p o l y a c r y l a m i d e  
50. A t  t he  end  of one  w e e k  these  same  m a t e r i a l s  a p -  
p e a r e d  to h a v e  the  s ame  b i b u l o u s  cha rac t e r i s t i c s .  
The  o the r  m a t e r i a l s  a p p e a r e d  on ly  s l i g h t l y  d a m p  
and  d id  not  a p p e a r  to be  b i b u l o u s  enough  to act  as 
s a t i s f a c t o r y  s e p a r a t o r  med ia .  

a L y t r o n  X-887,  a n  o r g a n i c  c o p o l y m e r  of  m a l e i c  a n h y d r i d e ,  is  
a n  e x p e r i m e n t a l  K r i l i u m  c o m p o u n d  m a d e  b y  t h e  M o n s a n t o  C h e m -  
ica l  C o m p a n y .  

Table I. Chloride-chromate electrolyte formulation used 
for experimental studies 

C o m p o n e n t  C o m p o s i t i o n ,  % 

A1CL" 6H~O 36 
CrCL. 6H~O 12 
(NH,) 2CrO, 12 

H~O 40 

469 
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Table II. Composition of experimental D-size AI-MnO~ cells 

Electro lyte  
f o r m u l a t i o n  

A f r i c a n  Ore A c e t y l e n e  
b lack  

Theor .  
G / c e l l  o u t p u t  a m p - h r  

E l ec t ro ly t e  compos i t i on ,  g / c e l l  

g / c e l l  A1C18.6HM9 CrCh .  6H20 (NH~) ~. CrO4 MnCl~ H20 

C1-CrO4 28.6 
MnCI~ 32.71 

7.15 5.70 7.64 2.55 2.55 - -  16.55 
8.18 6.54 - -  - -  ~ 10.90 14.86 

~ ~ )  

Fig. 1. Cross-section view of a f i lm-l ined experimental 
D-size cell. A, aluminum con; B, f i lm separator; C, cathode; 
D, carbon electrode; E, cell closure--El, cover, Es, brass cap, 
E3, insulating washer, E4, seal, Es, washers. 

E x p e r i m e n t a l  cells w e r e  m a d e  e v a l u a t i n g  these  
t h r ee  separa to r s  and also, as a d i r ec t  compar i son ,  a 

f i l t e r -pape r  separa to r . '  A 5: 1: : m a n g a n e s e  d ioxide :  
ace ty l ene  b lack  m i x  ra t io  was  used w i t h  the  e lec-  
t r o ly t e  f o r m u l a t i o n  g iven  in Tab le  I. N a t u r a l  m a n -  
ganese  d iox ide  ore  f r o m  the  A f r i c a n  Go ld  Coast  was  
the  depo la r i ze r  used. D- s i ze  e x p e r i m e n t a l  uni ts  
w e r e  assembled  w h i c h  possessed equa l  we igh t s  of  
the  same  m i x  so tha t  the  on ly  v a r i a b l e  i n t r o d u c e d  
was  the  d i f ferent  separa tors .  A c ross - sec t iona l  v i e w  
of the  cons t ruc t ion  used appea r s  in Fig.  i .  In  add i -  
t ion,  one group of cells  was  m a d e  w i t h  m a n g a n o u s  
ch lor ide  e l ec t ro ly t e  (2) and assembled  w i t h  the  lo-  
cust  bean  gum separa tor .  C o m p a r i s o n  of these  fo r -  
m u l a t i o n s  appea r s  in Tab le  II. 

Discussion of Results 
C o m p a r a t i v e  se rv ice  da t a  on these  e x p e r i m e n t a l  

ba t t e r i e s  are  p r e s e n t e d  in Tab le  III. It  m a y  r ead i ly  
be  seen f r o m  these  data,  e spec ia l ly  on de l ayed  and  
longer  t e r m  tests, such as i n t e r m i t t e n t ,  t h a t  t h e  i m -  
p r o v e d  separa to r s  show a s ignif icant  advan tage .  
These  da ta  show that ,  a l t hough  the  cells m a d e  w i t h  
m a n g a n o u s  ch lor ide  g ive  s o m e w h a t  b e t t e r  in i t i a l  
se rv ice  than  those  w i t h  the  c h l o r i d e - c h r o m a t e  e lec -  
t ro ly te ,  t hey  do not  m a i n t a i n  this se rv ice  level .  The  

4 F i l t e r  p a p e r  was  the  s e p a r a t o r  e m p l o y e d  b y  A l u m i n u m  C o m -  
p a n y  of  A m e r i c a  Resea rch  L a b o r a t o r y  in  t h e i r  s tudies .  

Table III. Service summary of experimental D-size AI-MnO~ dry cells 

S e p a r a t o r  

4 O h m  c o n t i n u o u s  
ra in  to 0.75 v 

4 O h m  I-IIF 
ra in  to  0.9 v 

E l e c t ro ly t e  I n i t i a l  6 M o n t h s  12 M o u t h s  I n i t i a l  6 M o n t h s  

Fi l ter  paper  
Locust bean gum resin bonded 
Gum Karaya  resin bonded 

Polyacry lamide  50 

Locust bean gum resin bonded 

CI-CrO~ 469 30 Cells failed 
CI-CrO, 479 469 615 
CI-CrO, 429 382 471 

CI-CrO4 250 343 No cells 
available 

MnCl~ 694 523 No cells 
avai lable  
4 O h m  L I F  
rain to 0.9 v 

402 440 
368 418 
322 No cells 

avai lable 
125 286 

400 102 

I n i t i a l  6 M o n t h s  12 M o n t h s  

Fi l ter  paper  
Locust  bean gum resin bonded 
Gum Karaya  resin bonded 
Polyacry lamide  50 

Locust bean gum resin bonded 

CI-CrO, 452 
CI-CrO, 271 
CI-CrO4 444 
CI-CrO, 437 

MnCI~ 250 

68 
457 
420 
315 

231 

2.25 O h m  L I F  
ra in  to 0.65 v 

Initial 6 Mouths 12 Months 

Cells failed 
401 
351 

No cells 
avai lable  
No cells 

avai lable  
2.25 O h m  

i n t e r m i t t e n t  
ra in  to  0.65 v 

I n i t i a l  6 M o n t h s  

Fi l ter  paper  
Locust bean gum resin bonded 
Gum Karaya  resin bonded 
Polyacry lamide  50 

Locust bean gum resin bonded 

CI-CrO, 301 Cells failed Ceils  failed 
CI-CrO~ 355 289 361 
CI-CrO4 333 357 274 
CI-CrO4 No test 216 No cells 

run available 
MnC12 500 279 No cells 

available 

21 35 
427 355 
206 332 

No test No test 
run run  
285 162 
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ch lo r ide - ch roma te  electrolyte ,  because  of the  chro-  
ma te  present ,  wou ld  be expected  to possess be t t e r  
keep ing  qual i ty .  Wi th  the improved  separa tor  me -  
d i u m  p re sen t  to m a i n t a i n  adequa te  anode contact  
coupled wi th  sa t i s fac tory  s tab i l i ty  of the separator ,  
it  is ev iden t  tha t  the  a l u m i n u m  dry  cells wi l l  oper -  
ate sa t is factor i ly  even  af ter  12 mon ths  shelf  s torage 
at 21~ 

The m e c h a n i s m  by  which  the r e s i n - b o n d e d  sepa-  
ra tor  operates  is twofold.  As the separa tor  absorbs  
e lec t rolyte  the p o l y v i n y l  acetate  b o n d  hydro lyzes  
to form p o l y v i n y l  alcohol which  absorbs  e lec t ro ly te  
of the composi t ion,  g iven  in  Tab le  I, to a v e r y  l i m -  
i ted extent .  This  act ion releases the  colloid presen t ,  
e.g., locust  bean  gum, which  t h e n  absorbs  electrolyte .  
This  comb ina t i on  provides  a s table  adhes ive  mass  
which  read i ly  contacts  the  a l u m i n u m  anode,  a l low-  
ing the  b a t t e r y  to have  both  good keep ing  qua l i t y  
and  de layed  service character is t ics .  The pape r  serves 
a dua l  purpose.  I t  serves as a car r ie r  for the r e s i n -  
bonded  film and  as a b a r r i e r  l aye r  to m a i n t a i n  the  
colloid l ayer  at the anode.  

A l though  only  a l imi t ed  n u m b e r  of ba t te r ies  was  
ava i lab le  w i th  the po lyac ry l amide  film, which  was 
no t  of the  r e s i n - b o n d e d  type,  the  da ta  show tha t  it 
is a sa t is factory  film separa tor  for this  system. These  
data  show tha t  it is not  comple te ly  the e q u i v a l e n t  

of the  r e s i n - b o n d e d  gum separa tor  b u t  could be em-  
p loyed if less s t r i ngen t  service r e q u i r e m e n t s  a r e  

demanded .  
Conclusions 

It  is be l ieved  tha t  these s tudies  have  c on t r i bu t ed  
m a t e r i a l l y  to the  i m p r o v e m e n t  and  a d v a n c e m e n t  of 
the  a l u m i n u m  dry  cell. The e s t a b l i shme n t  of a sat is-  
fac tory  separa tor  m e d i u m  removes  one add i t iona l  
l im i t a t i on  of this  system. The  discovery  of a sepa-  
r a to r  which  wi l l  p rov ide  adequa te  s tab i l i ty  and  im-  
p roved  keep ing  qua l i t y  should p e r m i t  f u r t h e r  p rog-  
ress and  s tudy  of the  o ther  phases  of the a l u m i n u m -  
m a n g a n e s e  dioxide system. 

Manuscript  received Dec. 5, 1958. This paper  was 
prepared for d61ivery before the Ottawa Meeting, Sept. 
28-Oct. 2, 1959. 

Any discussion of this paper will  appear in a Discus- 
sion Section to be published in the December 1959 
JOURNAL. 
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On the Internal Resistance of Dry Cells 
A New Pulse Method 

Ralph J. Brodd 

National Bureau o~ Standards, Washington, D. C. 

ABSTRACT 

The in terna l  resistance of Leclanch~ cells of various sizes and manufac ture  
was measured by imposing a current  pulse on the cell and observing the in-  
s tantaneous IR drop in the cell. The in terna l  resistance of Leclanch4 cells was 
determined also as cells were discharged on various s tandard tests and on 
continuous or momenta ry  current  drains. The increase in in terna l  resistance of 
the cells on discharge depended on the type of discharge, cell size, and ma nu-  
facture. The use of the in te rna l  resistance of a Leclanch~ cell to estimate the 
life expectancy of the cell is suggested. 

The i n t e r n a l  res i s tance  of Leclanch6 cells a nd  its 
m e a s u r e m e n t  have  been  con t rovers ia l  subjec ts  for 
m a n y  years.  In  one of the  oldest  and  p r o b a b l y  the  
most  u n i v e r s a l  me thod  (1) the i n t e r n a l  res i s tance  
of a cell is d e t e r m i n e d  by  employ ing  the equa t ion :  

V - - V '  
I n t e r n a l  res i s tance  -- [1] 

I 

where  V is the open -c i r cu i t  vol tage  of the cell and  
V' is the  vol tage  w h e n  c u r r e n t  I flows in  t h rough  the  
cell. The  res i s tance  m e a s u r e d  in  this  fashion  is a 
sum of the res is tances  of all  par ts  of the  cell p lus  the  
r e su l t an t  of any  emf i nc lud ing  polar iza t ions  gen-  
e ra ted  in  the cell. Also the  res i s tance  depends  on the  
cur ren t ,  age of the cell, t empera tu re ,  and  degree  of 
exhaus t ion  of the cell. I n  a s imi la r  me thod  in  wide  
use today  (2) the sho r t - c i r cu i t  c u r r e n t  (SCC) is 

m e a s u r e d  w i th  a cr i t ica l ly  d a m p e d  a m m e t e r  h a v -  
ing a to ta l  res i s tance  i nc l ud i ng  the  leads of 0.01 ohm. 
In  this  ins tance  the  ra t io  V' / I  in  Eq. [1] is rep laced  
by  0.01. The Whea t s tone  b r idge  and  the me thod  of 
cha rg ing  capaci tor  are o ther  d-c  methods  tha t  have  
been  used to me a su r e  the res i s tance  of a cell. 

Recent ly ,  a n e w  d-c  me thod  for m e a s u r i n g  the  
i n t e r n a l  r e s i s t ance  of d ry  cells has b e e n  repor ted  
(3) .  The IR drop of a cell occur r ing  in  10 -~--~ sec was  
m e a s u r e d  on an  oscilloscope w h e n  c u r r e n t  pulses  
were  d r a w n  f rom the cell. The  i n t e r n a l  res i s tance  of 
the cell could be ca lcula ted  by  app ly ing  Ohm's  law, 
k n o w i n g  the  c u r r e n t  in the  pulse.  In  recen t  years  a -c  
b r idge  t echn iques  (4-6)  for m e a s u r i n g  res is tance  
have  been  employed  in  an  effort to e l i m i na t e  errors  
caused by  po la r iza t ion  of the  electrodes of a cell. 

A me thod  for m e a s u r i n g  the  i n t e r n a l  res is tance  of 
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Fig. 1. Schematic diagram of circuit 

dry  cells is descr ibed be low w h e r e i n  the  errors  
caused by  po la r iza t ion  of electrodes are reduced  to 
a m i n i m u m .  The usefu lness  of this me thod  wi l l  be 
i l l u s t r a t ed  by  m e a s u r i n g  the  i n t e r n a l  res i s tance  of 
Leclanch~ cells as they  are d ischarged on m o m e n -  
t a ry  drains ,  on var ious  s t a n d a r d  tests, and  th rough  
cons tan t  res is tance.  

Experimental 
A schemat ic  d i ag ram of the c i rcui t  used to de te r -  

m i n e  the  i n t e r n a l  res i s tance  of Leclanch6 cells is 
shown  in  Fig.  1. The pulse  genera to r  was  a H e w l e t t -  
P a c k a r d  Model 212. The oscilloscope was a Tek -  
t ron ix  Model 532. The res is tance  s t a n d a r d  was a de-  
posi ted ca rbon  resis tor  of k n o w n  value.  To m e a s u r e  
the  i n t e r n a l  res i s tance  of a Leclanch6 cell, the oscil-  
loscope leads were  connec ted  across the  d ry  cell in  
Fig. 1 and  the i n s t a n t a n e o u s  IR drop m e a s u r e d  at 
the  t r a i l i ng  edge of the  pulse.  The  i n s t a n t a n e o u s  
drop of the  oscilloscope p a t t e r n  occur red  in  10-' sec 
or less. The oscilloscope was  connec ted  across the  
res i s tance  s tandard ,  the  i n s t a n t a n e o u s  IR drop of 

Fig. 2. Typical oscilloscope traces: trace of current pulse 
through cell on left (0.05 v/cm), trace of current pulse 
through standard resistor (10 ohms) on right (5.0 v/crn), 
pulse length 3 /~sec. 

the res is tor  was noted,  and  the c u r r e n t  in  the  pulse  
was ca lcula ted  by  app ly ing  Ohm's  law. F r o m  this  
va lue  of the c u r r e n t  in  the  pulse,  the  res i s tance  of 
the d ry  cell was  ca lcu la ted  by  app ly ing  Ohm's  law 
to the  IR drop in  the  cell in  the  first m e a s u r e m e n t .  
Typica l  oscilloscope traces for these m e a s u r e m e n t s  
are shown  in  Fig. 2. 

The effects of bo th  m o m e n t a r y  a nd  con t inuous  
c u r r e n t  d r a i n  ( in  addi t ion  to the  cons tan t  d r a in  by  
the gene ra to r  of abou t  10 -~ amp)  on the i n t e r n a l  r e -  
s is tance of Lec lanch6  cells were  also inves t iga ted .  
I n  these cases a load ing  res is tor  was  connec ted  
across the cell. The  c u r r e n t  d r a i n  was ca lcu la ted  by  
m e a s u r i n g  the  vo l tage  drop in  the  res is tor  wi th  a 
po ten t iome te r  and  app ly ing  Ohm's  law. The i n t e r n a l  
res i s tance  of the cells was  d e t e r m i n e d  in  the  fashion  
descr ibed above.  However ,  in  this  case the load ing  
res is tor  and  cell were  in  para l le l .  In  i nves t iga t ing  
the  effect of m o m e n t a r y  dra in ,  m e a s u r e m e n t s  of the  
i n t e r n a l  res i s tance  and  c u r r e n t  d r a i n  were  m a d e  as 
r ap id ly  as possible so the capaci ty  of the cell  wou ld  
r e m a i n  essen t ia l ly  unchanged .  M e a s u r e m e n t  of the  
h ighes t  d r a i n  was made  first; the lowest  d r a i n  was  
m a d e  last.  This  p rocedure  was  t hen  reversed.  The 
i n t e r n a l  res i s tance  wi th  no load was  m e a s u r e d  af ter  
each c u r r e n t  dra in .  

The  i n t e r n a l  res i s tance  of Leclanch6 cells was  de-  
t e r m i n e d  also as the  cells we re  d ischarged  on the 
genera l  purpose  4 - ohm i n t e r m i t t e n t  test  ( 4 -ohm 
tes t ) ,  the genera l  purpose  2 .25-ohm test  (2 .25-ohm 
tes t ) ,  a nd  the l ight  i n d u s t r i a l  f lashlight  test  (LIF  
test)  (7) .  

Results and Discussion 
W h e n  the res i s tance  of a circuit ,  in  this case a 

Leclanch~ cell, is d e t e r m i n e d  i t  is necessa ry  to as-  
ce r ta in  w he t he r  the  m e a s u r e d  res is tance  inc ludes  
other  impedance  componen ts  t h a n  the p u r e l y  resis-  
t ive component .  In  order  to es tabl ish  tha t  the  res is t -  
ance of Leclanch6 cells m e a s u r e d  by  the  pu lse  tech-  
n i q u e  had  the charac ter is t ics  of a p u r e l y  res i s t ive  
e lement ,  the effects of v a r y i n g  var ious  e x p e r i m e n t a l  
p a r a m e t e r s  on the va l ue  of the  m e a s u r e d  i n t e r n a l  
res i s tance  of the  cells was inves t iga ted  first. The 
c u r r e n t  in  the pulse  was va r i ed  f rom 0.008 to 3.96 
amp wi th  no change  in  the i n t e r n a l  res i s tance  of the 
cell. L ikewise  the re  was  no change  in  the  i n t e r n a l  
res i s tance  of the cell w h e n  the  d i rec t ion  of the pulse  
was reversed  or w h e n  the repe t i t ion  ra te  of the pulse  
was a l te red  f rom 100 to 5000 pulses  per  second. The 
m e a s u r e d  i n t e r n a l  res i s tance  of the cell did no t  
change  w h e n  the pu l se  l eng th  was  var ied  f rom 1 
to 10 ~sec. Thus,  the  m e a s u r e m e n t  of the i n t e r n a l  
res i s tance  of Lec lanch6  cells by  this  me thod  appears  
to fulfil l  the  condi t ions  for the  m e a s u r e m e n t  of the 
res is t ive  por t ion  of the cell;  t ha t  is, the c u r r e n t  pulse  
and  the vol tage  pulse  have  the same shape a nd  the 
rat io El i  is i n d e p e n d e n t  of va r ia t ions  in  m a g n i t u d e  
and  sign of the cur ren t ,  r epe t i t ion  rate,  and  l eng th  
of the  pulse. 

The  i n t e r n a l  res i s tance  of f resh und i scha rged  AA- ,  
C-, a nd  D-size cells (Re) is f ound  in  Tab le  I. The 
group n u m b e r  has no s ignif icance f rom one cell  size 
to the other.  Also repor ted  in  Tab le  I are  the  open-  
c i rcui t  vol tage  (OCV),  the sho r t - c i r cu i t  c u r r e n t  
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G r o u p  R%ohm 

L I F  2 . 2 5 - o h m  4 - o h m  

OCV,  v SCC,  a m p  P . T . ,  r a i n  • [ ,  o h m  P.T., r n i n  R t ,  o h m  P . T . ,  ohm R/ ,  o h m  

D-size cells 
1 0.146 1.58 8.6 
2 0.147 1.60 8.7 
3 0.152 1.58 7.0 
4 0.153 1.61 7.7 
5 0.178 1.59 6.9 
6 0.180 1.57 6.7 
7 0.186 1.64 6.8 
8 0.196 1.61 6.1 

C-size cells 
1 0.196 1.59 6.3 
2 0.271 1.61 5.0 
3 0.353 1.62 3.7 

AA-size  cells 
1 0.167 1.64 4.1 
2 0.192 1.56 5.2 
3 0.232 1.57 4.7 
4 0.379 1.58 3.2 

No. 6 size cells 
1 0.0465 1.64 27.4 
2 0.031s 1.65 30.3 
3 0.0380 1.59 32.9 

696 0.2 581 0.7 805 0.5 
709 0.5 486 1.0 807 - -  
616 1.1 420 1.6 618 - -  
789 0.4 518 - -  873 - -  
870 0.3 631 1.5 1014 1.0 
471 0.6 323 0.8 575 - -  
657 0.4 473 0.7 808 0.9 
828 0.3 647 - -  931 1.2 

407 1.2 
468 0.9 
405 1.0 

146 0.5 
127 0.6 
117 0.8 
136 0.6 

(SCC) ,  the  p e r f o r m a n c e  on tes t  (P .T. ) ,  and the  i n -  
t e rna l  res i s tance  at  the  cutoff vo l t age  (R~) of the  
cells  w h e n  d i scharged  on the  LIF,  2.25-ohm, and 
4 - o h m  tests. Al l  va lues  in Tab le  I a r e  the  a r i t h m e t i c  
m e a n  of t h r ee  or m o r e  cells. The  va lues  of the  Rt 
should  be cons ide red  on ly  as an ind ica t ion  of the  
i n t e r n a l  r e s i s t ance  of t he  cel l  at  t h e  cutoff  vo l t age  as 
some of the  cells w e r e  d i scha rged  past  the  cutoff  
vo l t age  be fo re  the i r  i n t e r n a l  res i s tance  could  be  
measu red .  A n  e x a m i n a t i o n  of Tab le  I fai ls  to r e v e a l  
a gene ra l  r e l a t i on  b e t w e e n  R~ and  Rr of a cel l  and  
its p e r f o r m a n c e  on test.  In  genera l ,  t he  SCC in -  
creases  as the  i n t e r n a l  res i s tance  decreases .  I t  is also 
no ted  tha t  the  i n t e r n a l  res i s tance  of al l  the  cel ls  in -  
c reased  on discharge.  The  i n t e r n a l  r e s i s t ance  c o m -  
pu t ed  f r o m  the  SCC and OCV is a lways  l a r g e r  t han  
the  i n t e r n a l  res i s tance  m e a s u r e d  by the  pulse  
method .  

The  effect of c u r r e n t  d ra in  of m o m e n t a r y  d u r a t i o n  
on the  i n t e r n a l  res i s tance  of an u n d i s c h a r g e d  cel l  is 
shown in  Tab le  II. A f t e r  each  drain ,  t he  i n t e r n a l  r e -  
s i s tance  of the  cell  w i t h  no load  was  measu red .  The  
i n t e r n a l  r e s i s t ance  w i t h  no load  r e m a i n e d  constant .  
The  i n t e r n a l  res i s tance  of the  cells  in Tab le  II  r e -  

Table II. Effect of momentary current drain on the internal 
resistance of Leclanch6 cells 

D - s i z e  ce l l s  C- s i ze  ce l l s  A A - s i z e  ce l l s  

I n t e r n a l  I n t e r n a l  I n t e r n a l  
r e s i s t -  r e s i s t -  r e s i s t  - 

D r a i n ,  a n e e ,  D r a i n ,  a n c e ,  D r a i n ,  a n e e ,  
m a  o h m  m a  o h m  m a  o h m  

0 0.180 0 0.220 0 0.274 
1.54 0.180 1.52 0.220 0.42 0.273 

15.4 0.180 15.1 0.220 14.1 0.273 
32.4 0.178 32.0 0.220 29.6 0.272 

149. 0.180 146. 0.221 133. 0.276 
508. 0.180 480. 0.225 426. 0.282 

1156. 0.186 1141. 0.230 

m a i n e d  essen t ia l ly  cons tan t  at al l  c u r r e n t  d ra ins  
w i t h  a s l ight  t e n d e n c y  to increase  at the  h ighes t  c u r -  
r e n t  drain .  These  resul t s  do not  conf i rm the  w o r k  of 
o the r  i nves t i ga to r s  (3, 8) who  r e p o r t e d  tha t  the  in -  
t e r n a l  res i s tance  of Lec lanch6  cells  dec reased  as the  
m o m e n t a r y  c u r r e n t  d r a in  increased.  

These  i nves t i ga to r s  i n t e r p r e t e d  the i r  resu l t s  by 
pos tu la t ing  an adsorbed  fi lm of h y d r o g e n  on the  zinc 
e lec t rode .  It  is poss ible  tha t  the  osci l la t ions  ob-  
s e rved  at the  l e a d i n g  edge  of the  pulse  in Fig.  2 a r e  
caused  by  the  des t ruc t ion  of an  adsorbed  fi lm of h y -  
d rogen  on t h e  zinc e lec t rode .  I f  this  is the  case, t h e r e  
is no conflict in resul ts .  

The  d i scharge  b e h a v i o r  of AA,  C, and D cells  f r o m  
one m a n u f a c t u r e r  was  de t e rmined .  The  typ ica l  be -  
h a v i o r  of A A -  and  C-s ize  cells  as t h e y  w e r e  dis-  
cha rged  on the  4 - o h m  tes t  is shown in Fig.  3 and 4, 
r e spec t ive ly .  The  typ ica l  b e h a v i o r  of D-s ize  cells as 
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Fig. 3. Behavior of AA-size cell on the 4-ohrn test. 
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Table III. Discharge characteristics of Leclanch4 cells from one manufacturer 

A A - s i z e  c e l l s ,  C - s i z e  c e l l s ,  D - s i z e  c e l l s ,  
4 - o h m  t e s t  4 - o h m  t e s t  L I F  t e s t  

A . M .  cr s A .NL a s A . M .  6s  

P.T. (min) 117. 7.6 
R~ (ohms) 0.269 0.042 
Rr (ohms) 0.85 0.12 
aR (ohms) 0.589 0.076 
S x 10 -~ 28.3 3.4 
(ohms/min)  
T, (min) 71.0 5.9 
Rb (ohms) 0.470 0.042 
Eb (volts) 0.981 0.17 

they  were  d ischarged on the LIF  test  is shown in 
Fig. 5. A s u m m a r y  of the resul ts  of discharges  of 6 
cells of each size is g iven  in  Table  III,  whe r e  the  
a r i thme t i c  mean ,  A.M., and  the s t a n d a r d  devia t ions ,  
~,, a re  g iven  for P.T., R,, Rr, the change  in  res i s tance  
d u r i n g  discharge,  z~R, the slope of the plot  of dis-  
charge  t ime  vs. i n t e r n a l  res is tance,  S. In  the case of 
A A -  and  C-size cells the discharge t ime, T~, i n t e r n a l  
resis tance,  R,,, and  voltage,  V~, are g iven  at the  po in t  
of d e p a r t u r e  f rom in i t i a l  l inea r  behav io r  of the  i n -  
t e r n a l  r e s i s t ance -d i scha rge  t ime  plot. D-size cells 
were  d ischarged  past  0.6 v on the LIF  test  wi th  no 
change  in  the  slope, S. P.T. for control  samples  of 
each size cell was w i t h i n  3% of the  va lues  in  Tab le  
III. 

In  Fig. 6 the behav io r  of the i n t e r n a l  res i s tance  of 
AA-s ize  cells is shown as they  were  d ischarged  con-  
t i n u o u s l y  t h rough  the fixed res is tances  no ted  in  the 
figures. The a r rows  ind ica te  the po in t  at which  the 
cell vol tage  was 0.8 v. If the  discharges  were  s topped 
at  any  point ,  the  i n t e r n a l  res i s tance  of the cell r e -  
m a i n e d  cons tan t  even  though  the cell vo l tage  r e -  
covered to its n o r m a l  value .  C-size cells exh ib i t  be -  
hav io r  s imi la r  to tha t  for AA-s ize  cells shown  in  
Fig. 6. 

A common  fea tu re  of the  discharges  t h rough  fixed 
res is tances  or on the s t a n d a r d  tests was  the  increase  
in  the i n t e r n a l  res is tance  of the cells as the dis-  
charge  con t inued .  In  general ,  i t  was found  tha t  the  
lower  va lues  of R~ cor responded  to the lower  va lues  
of Rr. One  of the most  i n t e r e s t i ng  possibi l i t ies  tha t  
the data  i n  Tab le  III  suggest  is the use of the  i n t e r n a l  
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Fig. 4. Behavior of  C-size cell on the 4-ohm test. 
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res i s tance  of a cell to es t imate  l ife expec tancy  for a 
pa r t i cu l a r  test  or use. U n f o r t u n a t e l y ,  the va r i a t i on  
of the  i n t e r n a l  res i s tance  of Leclanch4 cells wi th  
group found  in  Tab le  I makes  imposs ib le  a n y  gen-  
era l  s ta tements .  I t  appears  possible, however ,  to 
m a k e  a ca l ib ra t ion  for each group of cells, as Tab le  
III  and  Fig. 3, 4, and  5 i l lus t ra te ,  and  t h e n  to use  the  
ca l ib ra t ion  for p red ic t ions  of life expectancy.  For  in -  
stance,  if the i n t e r n a l  res i s tance  of D-s ize  cells of 
the  same group as those in  T a b l e  I I I  inc reased  0.113 
ohms f rom R, ( refer  to Tab le  III  and  Fig. 5) it  would  
have  a life expec tancy  of 324 ra in  on the LIF  test. 
S imi l a r  predic t ions  can be m a d e  for the C - a n d  A A -  
size cells a l lowing  for the change  in  slope of the plot  
of t ime  on discharge  vs. i n t e r n a l  resis tance.  Of 
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Fig. 5. Behavior of  D-size cell on the LIF test. 
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Fig. 6. Behavior of AA-size cells discharged continuously 
through 4,7, 6,8, and 1 0 ohms. 
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course, the predic t ions  are subjec t  to the  same s ta-  
t is t ical  er rors  as the ca l ibra t ion .  Inves t iga t ions  are 
u n d e r  w a y  to d e t e i m i n e  if the decrease in  l ife ex-  
pec tancy  wi th  age can be pred ic ted  f rom m e a s u r e -  
men t s  of the  i n t e r n a l  res i s tance  of the  cell. Recen t ly  
(9) a me thod  for p red ic t ing  the capaci ty  of a b a t t e r y  
has been  repor ted.  It  is based on repea ted  shor t  dis-  
charges  m e a s u r i n g  the c u r r e n t  and  vol tage  of the 
b a t t e r y  d u r i n g  discharge.  

Acknowledgment  
The au tho r  wishes to t h a n k  H. J. D e W a n e  for his 

advice  and  help in  conduc t ing  the  s t a n d a r d  specifi- 
ca t ion tests. 

Manuscript  received Sept. 2, 1958. This paper was 
prepared for delivery before the Buffalo Meeting, Oct. 
6-10, 1957. 

Any discussion of this paper will  appear in a Discus- 
sion Section to be published in the December 1959 
JOURNAL. 

REFERENCES 
1. D. L. Ordway, Trans. Electrochem. Soc., 17, 341 

(1910). 
2. G. W. Vinal, "Pr imary  Batteries," p. 133, John  Wiley 

& Sons, Inc., New York (1950). 
3. R. Glicksman and C. K. Morehouse, This Journal, 

1{}2, 273 (1955). 
4. N. C. Cahoon, Trans. Electrochem. Soc., 92, 159 

(1947). 
5. W. Heubner ,  Elektrotech. Z., 61, 149 (1940). 
6. J. Euler  and K. Dehmelt, Z. Elektrochem., 61, 1200 

(1957). 
7. National  Bureau of Standards "Specifications for 

Dry Cells and Batteries," Circular 559 (1955). 
8. W. K. Chaney, Trans. Electrochem. Soc., 29, 183 

(1916). 
9. G. B. Ellis, U. S. Pat. 2,853,676, Sept. 23, 1958. 

Iodine-Activated Solid Electrolyte Cell 
for Use at High Temperature 

Joseph L. W e i n i n g e r  

Research Laboratory, General Electric Company, Schenectady, New York 

ABSTRACT 

Iodine-act ivated min ia ture  cells, T a ( L ) / A g I / A g ,  with solid silver iodide as 
the electrolyte, have been studied at 150~176 In this range of temperatures  
the cells have the following characteristics: complete conversion of the con- 
sumable  silver anode into its electrical equivalent ,  open-circui t  voltage of 0.67 
v, short-circui t  currents  up to 18 ma, capacity of 10 ma-hr ,  energy output  up to 
5 mw-hr /ce l l ,  a definite activation temperature  obtained by selecting a suitable 
source of iodine vapor, and indefinitely long shelf life below that temperature.  
The size of the smallest cells is 0.15 cm in diameter  and 0.5 cm in length. 

Recen t ly  h a l o g e n - a c t i v a t e d  so l id -e lec t ro ly te  cells 
were  discussed f rom a genera l  v i ewpo in t  w i th  r e -  
gard  to the i r  history,  mechan i sm,  and  appl ica t ions  
(1).  They  have  the  a d v a n t a g e  of s imple r  cons t ruc -  
t ion  over  cells wi th  l iqu id  electrolytes .  By r educ ing  
the size and  weight  of i n d i v i d u a l  cells, ba t te r ies  can 
be m i n i a t m i z e d .  However ,  solid e lec t ro ly te  cells 
have  high i n t e r n a l  i m p e d a n c e  wh ich  l imi t s  the  
shor t - c i r cu i t  cu r r en t s  to a few mic roamperes  at room 
t empera tu r e .  The h i g h - t e m p e r a t u r e  modif ica t ion 
a -AgI ,  which  is s tab le  in  the  r ange  of 146~176 is 
one of the  few ionic compounds  w i t h  la rge  ionic con-  
duct iv i ty .  Therefore ,  a s tudy  was  m a d e  of p r i m a r y  
cells wi th  an  a -AgI  e lec t ro ly te  in  t ha t  t e m p e r a t u r e  
range.  

T a n t a l u m - T u b e  Cells 
F i g u r e  1 is a schemat ic  d r a w i n g  of the  cell. The  

cathode is a t a n t a l u m  tube  con t a in ing  a "cathode 
mix,"  which  is a source of the  cathode reac tan t ,  
iodine vapor .  The cathode mix  m a y  be i tself  iodine  
or a su i t ab le  chemica l  sys tem which  wi l l  p roduce  
iodine at a definite e leva ted  t empe ra tu r e .  In  the  
course of assembly,  the  t ube  is sealed w i th  s i lver  
iodide in  a s t r eam of d ry  n i t rogen .  A s i lver  anode  
is i m b e d d e d  t h e n  in  the iodide, the  source of iodine 
is added,  and  the other  end  of the tube  is sealed by  

co ld -we ld ing  u n d e r  vacuum.  A pho tog raph  of one 
of the  first models,  which  was  about  9 m m  long, i n -  
dicates the poss ibi l i ty  for m i n i a t u r i z a t i o n  (Fig. 2). 
The s i lver  anode  can be seen as it p ro t rudes  out  of 

.lO0 
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Fig. 1. Schemotic of To-tube cell 
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t u re  was approached  because  boi l ing  iod ine  (bp 
188~ burs t  the  cathode tube.  For  comple te  cell 
reac t ion  each cubic cen t ime te r  of s i lver  wou ld  re -  
qu i re  the e q u i v a l e n t  a m o u n t  of 1.9 l i ters  of iodine 
vapor  at 1 a tm and  200~ Thus,  in  the p r e l i m i n a I y  
e xpe r i me n t s  the cell vo lume  was too smal l  to con-  
t a in  all  the iodine vapor.  Genera l ly ,  if m a x i m u m  
capacity,  h i g h - t e m p e r a t u r e  operat ion,  a nd  m i n i a -  
t u r i za t ion  are  desired,  t h e n  iodine m u s t  be i n t r o -  
duced and  r e m a i n  in  the  cell, as fa r  as possible,  in  a 
condensed  state. 

Fig. 2. Photograph of Ta-tube cell 

the  e lec t ro ly te  located in  the tube.  Most of the cell 
v o l u m e  is t aken  up by  the iodine reservoi r  which  
can be reduced  cons iderably .  

The  electrode and  cell react ions  are:  

At  the  anode  Ag = Ag + + e- [ I ] 
A t  the  cathode 1/zL + e- = I- [2]  
Cell  reac t ion  Ag + 1~I~ = AgI  [3] 

Thus,  the  s i lver  anode is consumed  wi th  fo rma t ion  
of add i t iona l  e lectrolyte ,  AgI, as the p roduc t  of the  
cell react ion.  

Methods of Activating Cells 
Two methods  were  employed  to achieve h igh-  

t e m p e r a t u r e  s tab i l i ty  and  g radua l  evo lu t ion  of io- 
dine,  so tha t  iodine could be used in  the  cell w i t h -  
out  bu i l d ing  up u n d u e  vapor  pressure .  Firs t ,  a po ly -  
iodide was  used wh ich  was  in  t h e r m o d y n a m i c  equ i -  
l i b r i u m  wi th  iodine over  a fa i r ly  wide  t e m p e r a t u r e  
range.  In  the  case of ces ium polyiodides,  a v e r y  
thorough  s tudy  was  made  by  Briggs a nd  co -worke r s  
for ces ium i o d i d e + i o d i n e + w a t e r  (3) ,  a nd  for 
iodine + ces ium iodide (4) .  Second, ce r ta in  ox ida-  
t i o n - r e d u c t i o n  reac t ion  mix tu res ,  e.g., Cu~I= + 
KMnO,,  evolved iodine s lowly  at h igh t empera tu re s .  
These sys tems were  inves t iga ted  by  t h e r m o g r a v i -  
met r i c  analyses .  

Activation by Decomposition of Iodine Compounds 
The fo l lowing compounds  were  su i t ab le  sources of 

iodine above the  bo i l ing  po in t  of iodine:  CsL, CsL, 
BiL, LOs, and  CHL. In  the  p re sen t  work,  emphas is  
was  placed on ces ium polyiodides  as sources of iodine  
because  they decompose at t e m p e r a t u r e s  cons is ten t  
wi th  the i r  use in  t a n t a l u m - t u b e  cells. 

Preliminary Experiments with Iodine Depolarizer 
In  p r e l i m i n a r y  exper iments ,  cells w i th  e l e m e n t a l  

iodine as the cathode mix  as wel l  as cathode r eac t an t  
we re  inves t iga ted .  The fo l lowing  is a typ ica l  pe r -  
f o rmance  of such a cell, which  was 0.477 cm (3/16 
in.)  long and  had  an  outs ide  d i ame te r  of 0.159 cm 
(1/16 in . ) :  C u r r e n t - v o l t a g e  curves  at  room t e m -  
p e r a t u r e  and  at  170~ resu l ted  in  the  da ta  of Fig. 3. 
The i n t e r n a l  res i s tance  at 170~ was on ly  40 ohms;  
hence  shor t - c i r cu i t  cu r r en t s  were  l a rger  t h a n  5 ma.  
Theore t ica l  open -c i r cu i t  vol tage  (0.67 v)  also was 
achieved.  Wi th  a load of 10 k~2, 0.11 m a - h r  were  ob-  
ta ined.  This  and  other  cells fa i led as h igh  t e m p e r a -  

I 
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Fig. 3. Current-voltage curves for a cell with iodine as the 
cathode reactant at 25 ~ (lower curve) and 170~ (upper 
curve), 

Preparation o5 CsL and CsL 

Prec ip i t a t i on  f rom aqueous  solut ions and  c rys ta l -  
l iza t ion f rom the  me l t  ( in  the case of CsL) were  
used to p repa re  the compounds .  As s t a r t ing  m a t e r i a l  
CsI C. P. was added to an  aqueous  solut ion of iodine 
f rom which  p rec ip i t a t ion  of CsL or CsL took place. 
A n o t h e r  me thod  invo lved  m i x i n g  in  s to ichiometr ic  
ra t io  2 mole  CsI a nd  3 mole  L. This m i x t u r e  was 
sealed in  a quar tz  t ube  u n d e r  v a c u u m  and  ra ised to 
235~ It  was cooled s lowly to 135~ and  equ i l i -  
b ra t ed  at tha t  t e m p e r a t u r e  for 16 hr. Samples  were  
checked for iodine con ten t  by  wet  ana lys i s  on a 
r ou t i ne  basis, a nd  the ex is tence  of the t r i - iod ide  and  
t e t ra iod ide  was  es tab l i shed  in  this  m a n n e r .  Samples  
were  also ana lyzed  by  x - r a y  diffraction.  The  Debye -  
Scher re r  p a t t e r n  of CsL was  no t  k n o w n .  I n  fact, 
crysta ls  of CsL were  ident if ied as LO=. A l i t e r a tu r e  
check showed tha t  the  p a t t e r n  g iven  by  Hanawa l t ,  
et at. (5) for I~O~, wh ich  is accepted as the  ASTM 
s tandard ,  also ma t c he d  the  p a t t e r n  of our  sample  of 
CsI,. To prove  our  sample  as CsL, the ces ium con-  
t en t  was  also d e t e r m i n e d  by  we t  ana lys i s  (Tab le  I ) .  

Table I. Analysis of CsL prepared by crystallization from the melt 

Theor. Found 
wt (%) 

Iodide content  79.3 78.2 
Cesium content  20.7 22.7 
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S a m p l e  A t m o s p h e r e  
P r i m a r y  t emp.  O t h e r  t emp.  

range ,  ~ ranges ,  ~ M e c h a n i s m  

W e i g h t  loss  

E x p e r i -  
m e n t a l  

( t h e r m o -  
Theore t i ca l ,  b a l a n c e ) ,  

% % 

I~O~ Dry N._, 
MgL Dry N.- 
BiL Dry N~ 

BiL Dry 02 

CsL Dry N2 155-230 90-155 
CsL Dry O~ 142-225 95-140 

350-430 - -  1300 -> L t + 21/20~ t 
145-250 300-400 MgL ~ Mg + I~ 1' 
300-359 359-520 BiL-> BiI + L_, ? 

80-120 
285-320 400-480 BiL-~ BiI + L 1' or 

85-95 2BiL + 11/2 O ~  
Bi~O~ + 3 I21' 

CsL--) CsI + 11/2 I~ 
C s L o C s I +  1V2Lt 

100 98.8 
91.1 89.5 
43.0 42.9 

43.0 42.2 

39.0 
58.1 57.7 
58.1 56.8* 

* Th i s  w e i g h t  loss d e t e r m i n e d  on  a n a l y t i c a l  ba lance .  

Application of Phase Diagram CsI-I~ to 
Solid Electrolyte Cells 

By means  of the  phase  d iagram,  one can choose a 
su i t ab le  ces ium poly iodide  as the source of iodine.  
A composi t ion  is r equ i r ed  which  in  the des i red t e m -  
p e r a t u r e  r ange  wi l l  have  a vapor  p ressure  of iodine 
smal le r  t h a n  1 atm. 

Traces of iodine  would  be sufficient to p roduce  an  
apprec iab le  open-ce l l  vol tage  of the  cell T a ( I ~ ) /  
AgI /Ag ,  bu t  they  could not  sus t a in  any  c u r r e n t  
output .  Hence,  the  phase  d i a g r a m  of CsI-I~ m a y  be  
used to es t imate  the t e m p e r a t u r e  r anges  in  wh ich  
sufficient iodine wi l l  be p roduced  to m a i n t a i n  ap-  
prec iab le  c u r r e n t  densi ty .  Thus,  iodine  first should  
appear  on hea t ing  at about  138~ in  the  case of 
CsL, and  at 210 ~ in  the  case of CsI~. If  it  is des i red 
to avoid mel t s  r ich  in  iodine,  one can shift  the com-  
posi t ion of the  CsI -L  m i x t u r e  t oward  more  CsI, e.g., 
an  ove r - a l l  composi t ion  of 60 mole  % CsI a nd  40 
mole % I~. Such a source of iodine wou ld  fo rm less 
iodine vapor  be low 306~ t h a n  others  descr ibed  p re -  
v ious ly  which  also con ta in  CsL. The  phase d i a g r a m  
of re fe rence  (4) refers,  however ,  to the  open sys tem 
CsI-I~ at a p ressure  of 745 ram, whereas  in  the  cells 
the polyiodide  is in  a closed system. In  the  l a t t e r  
sys tem the  iodine p ressure  increases  f rom v a c u u m  
to 1 a tm be low 306~ as the  decomposi t ion  reac t ion  
proceeds. This difference in  the a tmospher ic  e n v i -  
r o n m e n t  of the polyiodide  wi l l  lead to s l ight ly  differ-  
ent  va lues  for t r ans i t i on  t e m p e r a t u r e s  and  vapor  
pressures  of the cell as compared  to the phase  d ia -  
gram.  

Thermolyses of Iodine Compounds 
The resul t s  of t h e r m o b a l a n c e  m e a s u r e m e n t s  of 

iodine compounds  are shown in  Tab le  II. Samples  
were  tes ted in  d ry  oxygen  or dry  n i t r o g e n  to detect  
any  ox ida t ion  react ions.  In  the case of BiL and  CsL 
the  oxide was no t  formed,  bu t  decomposi t ion  took 
place in  steps. This  is ind ica ted  in  Tab le  II by  p r i -  
m a r y  and  other  t e m p e r a t u r e  ranges.  The  p r i m a r y  
r ange  refers  to the  t e m p e r a t u r e  i n t e r v a l  in  which  
the  m a j o r  pa r t  of the  decompos i t ion  occurred.  The  
other  t e m p e r a t u r e  r anges  of the  n e x t  c o l u m n  are  
those in  which  smal le r  we igh t  changes  took place. 
Weigh t  losses to 560~ were  cons idered  as f inal  a nd  
are compared  w i th  ca lcu la ted  va lues  based on the  
react ions  ind ica ted  in  the  table.  In  each case agree -  

m e n t  was v e l y  good so that  wi th  these compounds  
the  exis tence of the r equ i r ed  i o d i n e - p r o d u c i n g  reac -  
t ion is proved.  

Activation by Oxidation of Iodides 
Mechanism 

The second m e c h a n i s m  of ac t iva t ion  of t a n t a l u m -  
t u b e  cells is based on the  ox ida t ion  of an  iodide to 
iod ine  vapor ,  e.g. 

Cu~I2 + O2~ 2CuO + I~ ? [4] 

This  reac t ion  takes  place a t  240~ which  is the  
t e m p e r a t u r e  of ac t iva t ion  for  a cell  w i th  CuJ~ as the  
iodine-source ,  if oxygen  or air  is present .  If it is de-  
sired to achieve a h igher  ac t iva t ion  t e m p e r a t u r e ,  one 
m a y  in t roduce  oxygen  chemica l ly  b o u n d  in  com- 
pounds  such as KMnO4 or KIO~. These decompose at 
a h igher  t e m p e r a t u r e ,  a nd  the oxygen  fo rmed  in  the  
in i t i a l  decomposi t ion  step wi l l  react  t hen  wi th  Cu~L 
above 240~ to produce  the  necessary  iodine  vapor,  
e.g. 

KIO~-) KI  + 3 / 2 0 ~  1' ( ~ 3 3 0 ~  [5] 

fol lowed by  reac t ion  [4] at  a t e m p e r a t u r e  above 
240~ Thus,  the t e m p e r a t u r e  of ac t iva t ion  of t a n -  
t a l u m - t u b e  cells m a y  be increased  by  f inding a com-  
pound  which  wi l l  give off oxygen  at the desired 
t empe ra tu r e .  

Cuprous  iodide was used as the source of iodine.  
W h e n  oxygen  was  added in  the  fo rm of KMnO4 or 
KIO~, the t ube  was  sealed u n d e r  vacuum.  W h e n  
molecu la r  oxygen  was the  oxid iz ing  agent ,  the tube  
l ikewise  was  closed off, bu t  w i t hou t  evacua t ion .  This  
caused leaks  to develop in  the  cell on  hea t ing  be -  
cause of the e x p a n d i n g  air. The  leaks  were  necessary  
to provide  a f resh  supp ly  of oxygen  as the  or ig ina l  
a m o u n t  was used up. 

TheTmolyses of Reaction Mixtures 
The  t h e r m o g r a v i m e t r i c  da ta  of i od ine - r eac t ion  

m i x t u r e s  are  l is ted in Tab le  III. F igu re  4 shows the  
t h e r m o b a l a n c e  curves  for  cuprous  iodide in  the p res -  
ence and  absence  of oxygen.  In  d ry  n i t r o g e n  there  
was 0.6% we igh t  loss at  550~ which  is negl ig ible .  
The  curve  of Cu~I~ + d ry  O~ confirms the  t e m p e r a -  
tu re  of 240~ as the  t e m p e r a t u r e  at  which  reac t ion  
[4] takes  place (6) .  In  the  exper imen t ,  92.2% of the  
theore t ica l  we igh t  loss co r respond ing  to this  r eac -  
t ion  had  occurred.  
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Table Ill. Tllermolysis data for iodine-reaction mixtures 

Sample Atmosphere 
Primary temp. Other temp. Theoretical, 

range, ~ range, ~ Mechanism % 

Weight loss 
Experimental 

(thermobalance), % 

Cu,I, Dry  N~ 
Cu_~L Dry O~ 

2.5 Cu~I._, Dry  N~ 
+KIO.~ 

KIO,~ Dry  N~ 

No react ion 
249-330 - -  Cu..,L + O2 ~ 58.2 

2CuO + L 1' 
262-330 332-550 KIO~-* KI  + 3 /20~ 1" 67.4 

3/2 O~ + 3/2 Cu~L-~ 
3CuO + 3/2 I~ i' 

480-540 540 up KIO~ -~ KI + 3/20~_ 1' 77.6 

54.0 

66.5 

React ion not  complete  
at  h igh - t empera tu r e  
l imi t  (620~ 

F i g u r e  5 is t he  t h e r m o b a l a n c e  c u r v e  of  a m i x t u r e  
of 2.5 CuJ ,  + KIO,  in d r y  n i t rogen .  I t  shows  two  
s e p a r a t e  r e a c t i o n  s teps  at  260 ~ and  330~ The  
w e i g h t  loss is t he  r e su l t  of the  o x i d a t i o n  of Cu~I~ b y  
o x y g e n  (cf. Fig.  4) ,  b u t  the  two  s teps  i nd i ca t e  t he  
success ive  loss of o x y g e n  f rom KIO~, first  a p a r t i a l  
de compos i t i on  to KIO~, t hen  an a c c e l e r a t e d  d e c o m -  
pos i t ion  to KI .  This  is in a g r e e m e n t  w i t h  the  t h e r -  
molys i s  of p u r e  KIO~, w h i c h  also t a k e s  p lace  in two  
steps,  b u t  a t  t e m p e r a t u r e s  abou t  200 ~ h i g h e r  t h a n  in 
t he  p r e s e n c e  of Cu~.L_. This  l o w e r i n g  of t he  r e a c t i o n  
t e m p e r a t u r e  b y  a c a t a l y s t  has  been  o b s e r v e d  in  a 
s i m i l a r  sys tem,  t h a t  of KC10,  c a t a l y z e d  b y  CuO (7) .  
A l i m i t a t i o n  to a t h e r m o g r a v i m e t r i c  s t u d y  of th is  
t y p e  is t h a t  t h e  o x y g e n  f o r m e d  w o u l d  n o t  r e a c t  e n -  

"" ' I 

200~ I ~ Cu212 + bRYN2 
254~ ~ 

I00,~ 

WEIGHT ~ 2BO~ 

Cu 2 I z - DRY 0 2 
% 

150~ / HR 30OP~k_\ 

350 ~ 
TIME :530 ~ 

Fig 4. ThermobQIonce curves of Cu.42, heated in dry 02 
ond Ne, respectively, at I50~ ( initiol wt: 03531 g and 
0.3205 g, respectively), 

262"C K[03~ DRY N 2 

2~'C I I " . ,i/ 

IOOmq 

1 2.5 Cu2I . K~O 5 ~ ~500. 550~C 

WEIGHT TIM~ 

600" 

Fig. 5. ThermobQIance curve of o mixture 2.5 Cu212 ~- 
KIOj, (initiQ) wt ~--- 0.392] g) and KIOs -}- pure N2 (initial 
wt ---- 0.8822 g), heated ot ]50~ 

t i r e l y  w i t h  t he  Cu~I~. H o w e v e r ,  the  c o m p a r i s o n  of 
the two curves of Fig. 5 and the evidence of the ther- 
molysis of Cu~I~ -}- dry nitrogen, in which Cu~I2 did 
not decompose below 500~ confirm that KIO8 de- 
composes first and then reacts with Cu~I2 in the cath- 
ode-mix of the solid electrolyte cell. 

Another interesting aspect of the thermobalance 
curve of the mixture Cu~I~ + KIO~ is the weight loss 
of the mixture~ which proceeds quite slowly. This 
indicates, in comparison with the thermolyses of the 
individual components, that the production of oxy- 
gen is likewise slow. This makes it possible to reach 
the high-temperature limit of the cell if oxygen is 
not evolved too rapidly. The reaction mixture of 2.5 
mole of Cu~I~ per mole of EIO~ contains an excess of 
40% iodide. Assuming that all of the oxygen origi- 
nally present in KIO8 is used up in the formation of 
I~ from Cu~I~, the thermobalance curve shows that 
at 550~ the reaction was 98.8% complete. This sup- 
ports the proposed mechanism of decomposition and 
oxidation. 

Results 

Performance data.--Cells w i t h  the  f irst  t y p e  of 
iod ine  source  b e h a v e d  s i m i l a r l y  once the  c h a r a c t e r -  
is t ic  de c ompos i t i on  of the  iod ine  donor  w a s  r eached .  
Bes ides  t he  iod ides  l i s t ed  in  T a b l e  II ,  t h e  fo l l owing  
c o m p o u n d s  w e r e  t e s t ed  success fu l ly  as sources  of 
iod ine  at  e l e v a t e d  t e m p e r a t u r e s :  CsL, CsI8 + CsI,  
Cu~L, CHI~, and  CL. Cu~I2 r e a c t e d  w i t h  o x y g e n  or  
ox id i z ing  agents .  The  o rgan ic  compounds ,  CHI~ a n d  
CI4, w e r e  i n t e n d e d  p r i m a r i l y  as r a d i a t i o n - s e n s i t i v e  
iod ine  c o m p o u n d s  w h i c h  w o u l d  d e c o m p o s e  a n d  
t r i g g e r  off a sol id  e l e c t r o l y t e  cel l .  F o r  th is  a p p l i c a -  
t ion  CHI~ a n d  also CBr~, w i t h  t he  c o r r e s p o n d i n g  
A g B r  e l ec t ro ly t e ,  a r e  p romis ing ,  b u t  CI,  is too  u n -  
s t ab le  a t  r oom t e m p e r a t u r e  to act  as a r a d i a t i o n  d e -  
tec tor .  Ins tead ,  i t  has  a good  r e sponse  to t h e r m a l  
a c t i v a t i o n  in  t he  r a n g e  145~176 

In  the  second  t y p e  of iod ine  source,  i.e., o x i d a t i o n  
couples  of iodides ,  Cu~I~ was  t e s t ed  w i t h  O~, KMnO~, 
and  KIO~, r e spe c t i ve ly .  Resu l t s  o b t a i n e d  w i t h  bo th  
t y p e s  a re  d i scussed  be low.  

T e m p e r a t u r e  r e sponse  can  b e  o b t a i n e d  f r o m  145 ~ 
to 500~ Thus,  CsI~ or  CI,  d e p o l a r i z e  s a t i s f a c t o r i l y  
a t  t h e  l o w e r  t e m p e r a t u r e  l i m i t ;  Blip, CsI~, a n d  m i x -  
tu res  of CsL and  CsI can  be  used  u p  to a b o u t  320 ~ 
and  f inal ly,  b y  m e a n s  of t he  o x i d a t i o n  couples ,  e.g., 
Cu~L + KMnO,,  one  can r e a c h  the  h i g h - t e m p e r a t u r e  
l imi t .  She l f  l i fe  is u n l i m i t e d  b e l o w  t h e  a c t i v a t i o n  
t e m p e r a t u r e ,  be c a use  f ree  iod ine  is a b s e n t  b e f o r e  
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t h e r m a l  ac t iva t ion  of the  depolar izer .  Capac i ty  a n d  
e n e r g y - o u t p u t  of cells, w h e t h e r  in  series or sepa-  
ra te ly ,  were  as h igh as 14.4 m a - h r  for a s ingle  cell of 
Cu~L + KIO~ depolar izer  or 7.12 m a - h r  and  3.62 m w -  
hr  for a b a t t e r y  ( four  CsL cells in  ser ies) .  C o n v e r -  
sion of act ive  cell ma te r i a l s  by  the  cell reac t ion  into 
the i r  e lectr ical  e q u i v a l e n t  was  n e a r l y  complete.  The  
capaci ty  of the cells was  l imi t ed  e i ther  by  the  
a m o u n t  of iodine or s i lver  ava i l ab le  to the  cell, b u t  
gene ra l ly  it is the q u a n t i t y  of s i lver  p resen t  as the 
consumab le  anode which  is l imi t ing .  Only  in  the case 
of one cell ( c a t h o d e - m i x  Cu~L + KIO~) was the  ca-  
pac i ty  l imi t ed  by  the a m o u n t  of ava i l ab le  iodine.  
There,  78% of the  iodine  was conver t ed  in to  its e lec-  
t rochemica l  e q u i v a l e n t  (chemical ly ,  into AgI ) .  The  
o p e n - c i I c u i t  vol tage  (OCV) of 0.67 v, equa l  to the  
ca lcula ted  emf  of the  AgI  sys tem based  on t h e r m a l  
va lues  at  25~ was ob ta ined  wi th  most  cells, a l -  
t hough  the cells were  opera ted  at h igh  t empe ra tu r e .  
This can  be exp la ined  q u a l i t a t i v e l y  by  the decrease  
in  the  free ene rgy  of f o rma t ion  of AgI  wi th  inc reas -  
ing  t e m p e r a t u r e  which  is c o u n t e r b a l a n c e d  by  an  i n -  
crease as a resu l t  of h igher  iodine pressure.  This  
was  no t  the  case w i th  ox ida t ion  couples.  The  OCV 
usua l ly  dropped  to a l ower  va lue  af ter  p ro longed  
load ing  of the  cells, b u t  occasional ly  it  r ecovered  to 
its o r ig ina l  value .  Comple te  recovery  of OCV was 
aga in  a ques t ion  of p roper  cell design.  Likewise,  the  
shor t - c i r cu i t  c u r r e n t  and  i n t e r n a l  impedance  of cells 
depended  on the i r  s t ruc ture .  Best  va lues  of 18 m a  
and  11 ohms were  ob t a ined  w i t h  a cell  of fiat t ube  
des ign  (CL depola r ize r ) ,  b u t  in  tha t  case the  capac-  
i ty  was  on ly  3.6 m a - h r .  I t  is difficult to es t imate  a 
c u r r e n t  dens i ty  for this  cell because  the  d imens ions  
of the  s i lver  anode change  w i th  t ime, bu t  at leas t  in  
its i n i t i a l  opera t ion  the  surface of the  wi re  anode  is 
known.  If 0.159 cm (1/16 in.)  is i m m e r s e d  in  the 
solid electrolyte ,  t h e n  the  shor t - c i r cu i t  c u r r e n t  of 
18 ma  corresponds  to abou t  290 m a / c m  ~. The  r e -  
sponse to ac t iva t ion  also depends  on the des ign  of 
the cell. On hea t ing  the cell above  145~ f rom room 
t empera tu r e ,  the a t t a i n m e n t  of open-ce l l  vol tage  re -  
qu i red  abou t  1 ra in  or less, whe reas  p roper  c u r r e n t  
response  r equ i r ed  severa l  m i n u t e s  of ac t ivat ion.  

Tables  IV and  V show pe r fo rmance  da ta  charac -  
ter is t ic  of the two different sources of iodine. There 

was cons iderab le  va r i a t i on  f rom cell to cell w i th  
r ega rd  to i n t e r n a l  res i s tance  a nd  capaci ty ,  b u t  this  
is to be  expected f rom the  d imens ions  of the  cells, 
in  which  the  s i lver  anode  was  a wi re  0.127 cm long,  
i m b e d d e d  in  a solid e lec t ro ly te  w i t h i n  a tube  w i th  
ins ide  d i a m e t e r  of about  0.23 cm. The  e lec t rochem-  
ical e q u i v a l e n t  of 0.159 cm (1/16 in.)  l eng th  of such 
a s i lver  wi re  is 5.32 m a - h r .  The convers ion  of s i lver  
in to  the  e q u i v a l e n t  n u m b e r  of coulombs  is described,  
for  b rev i ty ,  be low and  in  the figures as "pe rcen t  
y ie ld  of Ag." Comple te  u t i l i za t ion  of s i lver  can  also 
be d e m o n s t r a t e d  by  microscopic  e x a m i n a t i o n  of the  
or ig ina l  locus of the s i lver  anode  which  has b e e n  
conver t ed  comple te ly  in to  s i lver  iodide. The  differ-  
ence in  t e x t u r e  b e t w e e n  the or ig ina l  AgI  e lec t ro ly te  
a nd  tha t  fo rmed  in  the  course of the e x p e r i m e n t  
gives a clear  p i c tu re  of the  cell  react ion.  A lower  b u t  
s teady ou tpu t  is ob ta ined  w h e n  one uses sma l l e r  
d i a m e t e r  tub ing .  Thus,  Fig. 6 shows the  d ischarge  
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Fig. 6. Ta-tube cell on 10 k~  load ot 300~ source of 
iodine: CsL; capacity 0 .370 ma-hr, theoretical 0 .435 ma-hr. 
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Fig. 7, Ta-tube on 200 D~ load at 258~ cathode mix: 
Cu~l~ -t- KIO:~; output  14.43 ma hr, 2 .32 row-hr. 

Table IV. Performance of Agl cells with thermally activated iodine compounds as iodine sources 

Temp. Short- Internal 
No. of OD of of oper- Open-cell circuit resistance, Capacity, 
cells Ta-tube, cm Depolarizer ation, ~ voltage, v current, ma ohms ma-hr N o t e s  

1 0.159 CsL 300 0.65 4.0 140 - -  
1 0.318 CsL 250 0.675 1.5 440 5.23 
1 0.159 CsL 300 0.63 0.5 1510 0.37 

4 0.318 CsL 225 2.55 5.8 250 7.19 
1 0.318 CsL 265 0.60 11.0 55 3.76 
5 0.318 CsL 250 3.25 6.0 540 0.85 

4 0.318 LO5 250 2.75 7.0 130 6.45 
1 0.318 BiL 308 0.59 3.0 200 3.22 

1 0.318 CHL 287 0.63 2.2 320 0.31 
1 0.318 CL 170 0.68 6.0 120 10.1 
1 0.318 CL 180 0.655 2.4 270 11.2 

Discharge at I k~. 
3 ma at 0.25 v, per cent yield: 

85% Ag, see Fig. 6. 
Energy output  3.62 mw-hr .  
Operated also at 520~ 
Fai lure  caused by bad contact. 

Tempera ture  may have been 
slightly too low for BiL the 
source of iodine. 

Energy output  1.03 row-hr.  
Energy output  1.43 row-hr. 
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Table Y. Performance of Agl cells with Cu~l~ plus oxidizing agent as iodine sources 

S h o r t -  I n t e r n a l  
O x i d i z i n g  T e m p .  of C p e n - c : l ]  c i r c u i t  r e s i s t a n c e ,  C a p a c i t y ,  

a g e n t  o p e r a t i o n ,  ~ v o l t a g e ,  v c u r r e n t ,  m a  o h m s  m a - h r  N o t e s  

Air  450 0.95 ~34 28 8.58 Two cells in series. 
Air  422 0.45 ~12 35 5.23 
KMnO~ 450 0.60 3.0 120 2.6 
KMnO~ 330 0.56 1.2 625 5.5 
KMnO~ 450 0.45 - -  - -  0.53 
KIO3* 258 0.55 ~2.5 200 14.43 
KIO~ 287 and 360 0.66 > 10 11 5.22 

KIO3 275 0.655 1.2 1320 7.78 

Energy  output, 2.32 mw-hr .  
1.56 mw-hr .  At  360~ obtained 

capacity of 4.80 m a - h r  com- 
pared  to 0.42 m a - h r  at 287~ 

Consumed 78% of total  iodine 
present  in Cu~I_~. 

* See  F ig .  7. 

of a cell  w i t h  smal l  outs ide  d i a m e t e r  across 1 0 - k a  
load. F i g u r e  7 g ives  the  p e r f o r m a n c e  of a l a r g e r  cell. 
The  m i n i m u m  nea r  the  b e g i n n i n g  of this  d i scharge  
cu rve  can be a t t r i b u t e d  to the  r e l a t i v e l y  low t e m -  
p e r a t u I e  of ope ra t i on  (258~ for  the  KIO3 + Cu~I_~ 
ca thode  m i x  of this cell.  The  m i n i m u m  is not  a cha r -  
ac ter is t ic  of the  ca thode  m i x  or  the  cell. In  o ther  
cases, the  c u r r e n t  t e r m i n a t e d  abrup t ly ,  wh ich  ind i -  
ca ted  tha t  all  of the  s i lver  anode  had  been  used  up. 

Comparison of cell performance with thermobal- 
ance exper iments . - -The  cells could  be ope ra t ed  in 
defini te  t e m p e r a t u r e  r anges  wh ich  w e r e  s o m e w h a t  
l ower  than  the  t e m p e r a t u r e  of decompos i t ion  of the  
iodine  donor  ob ta ined  f r o m  t h e r m o b a l a n c e  curves .  
This  can be e x p l a i n e d  by the  t e m p e r a t u r e  l ag  be -  
t w e e n  the  r e c o r d i n g  t h e r m o c o u p l e  and  the  sample ,  
wh ich  wou ld  g ive  s l igh t ly  h i g h e r  t e m p e r a t u r e  r e a d -  
ings in t he  t he rmolyses .  Also,  in the  decompos i t ion  
m e c h a n i s m  an e q u i l i b r i u m  or s t e a d y - s t a t e  r eac t ion  
occurs  at cons tan t  t e m p e r a t u r e  at w h i c h  the  iodine  
donor  decomposes .  The  e q u i l i b r i u m  m a y  be dis-  
p laced  t o w a r d  l ower  t e m p e r a t u r e s  if iodine  is r e -  
m o v e d  cons t an t ly  by  the  cel l  reac t ion .  

Thermoactivation current and e m ~ . - - B y  e m p l o y -  
ing  a t e c h n i q u e  s imi la r  to tha t  of the  t h e r m o b a ] a n c e  
one  can use  the  solid e l ec t ro ly t e  cel l  as a ha logen  
de tec tor .  The  cel l  o u t p u t  is r e co rded  w h i l e  the  t e m -  
p e r a t u r e  is i nc reased  in the  same  m a n n e r  as t he  
w e i g h t  is r e c o r d e d  w i t h  the  t h e r m o b a l a n c e .  This  is 
shown for  a cel l  w i t h  CsI, in Fig. 8. I t  is seen tha t  
the  c u r r e n t  rose  r ap id ly  s t a r t i ng  at  abou t  246~ 
f r o m  0.3 to 2.9 ma, t he  s t e a d y - s t a t e  v a l u e  for  this 
cel l  at  200 ~ load. S imi l a r  curves  w e r e  ob ta ined  for  
cells  w i t h  o the r  iodine  donors.  

Comparison of cell performance wi th  phase dia- 
gram of the system C s I - L . - - O n  the  basis of the  
phase  d iag ram,  it  was  p r e d i c t e d  tha t  a cel l  w i t h  CsI, 
as iod ine  source  should  be ope rab le  at 190~176 
w i t h  ful l  a c t i va t i on  at the  h ighe r  t e m p e r a t u r e .  This  
obse rva t i on  has been  conf i rmed  by  the  t h e r m o a c t i -  
v a t i o n  c u r r e n t  i l l u s t r a t ed  in  Fig.  8. T h e  fac t  t h a t  fu l l  
c u r r e n t  ou tpu t  was  not  ob ta ined  un t i l  257~ was  
r e a c h e d  can aga in  be  exp la ined ,  as above,  by the  
t e m p e r a t u r e  l ag  b e t w e e n  the  r e c o r d i n g  t h e r m o -  
couple  and  the  cell.  I t  is the  t e m p e r a t u r e  at  w h i c h  
the  inc rease  of c u r r e n t  begins  tha t  is cha rac t e r i s t i c  
of fu l l  ac t iva t ion .  B e l o w  190~ a c u r r e n t  of 0.3 m a  is 
also app rec i ab l e  for  a T a - t u b e  cell, bu t  the  inc rease  

in current demonstrated the decomposition of  the 
iodine source. Thus, there is qualitative agreement 
of cell performance and its prediction from the phase 
diagram of the open system. The correlation must 
not, however, be pushed too far, because in the cell 
we deal with a closed system. 

To evaluate different iodine donors, a series of 
cells was chosen for initial room temperature simi- 
larity in structure (0.318 cm OD Ta-tube cells) and 
internal room temperature impedance ( 280 -500  k~). 
The cells were filled with different iodine sources, 
namely, iodine, CsI~, Csl3, and the mixture of 4 mole 
Csl:, + 1 mole CsI, which was discussed previously. 
The polarization of the cells then was measured at 
increasing temperatures. Specific values obtained 
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w i t h  an  e x t e r n a l  l oad  of 25 k a  a r e  shown  in Fig .  9. 
W h e r e  iod ine  c rys t a l s  w e r e  t he  source  of iod ine  v a -  
p o r  t he  cel l  r e s p o n d e d  even  b e l o w  t h e  t r a n s f o r m a -  
t ion  t e m p e r a t u r e  and  b r o k e  d o w n  at  200~ This  is 
to be  e x p e c t e d  b e c a u s e  i o d i n e  has  a bo i l i ng  p o i n t  of 
188~ The  cel l  w i t h  CsI ,  was  no t  a c t i v a t e d  f u l l y  
u n t i l  320~ was  r eached .  Two cel ls  w i t h  CsL b e -  
h a v e d  d i f f e r en t ly ;  one  was  a c t i v a t e d  s l o w l y  ove r  t h e  
t e m p e r a t u r e  r a n g e  155 ~ to 245~ and  the  o t h e r  one 
a t t a i n e d  fu l l  o u t p u t  a b r u p t l y  b e t w e e n  235 ~ a n d  
255~ F i n a l l y ,  t he  m i x t u r e  of 4CsI3 -t- CsI also w a s  
a c t i v a t e d  s l o w l y  f r o m  150 ~ up  and  h a d  no t  r e a c h e d  
fu l l  a c t i v a t i o n  at  320~ Desp i t e  t he  d i s c r e p a n c y  in 
t he  two  CsI4 runs ,  t he se  cu rves  q u a l i t a t i v e l y  ag ree  
w i t h  t he  i n t e r p r e t a t i o n  of the  phase  d i a g r a m .  
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Studies of the Structure of Anodic Oxide Films on Aluminum, I 

D. J. Stirland and R. W. Bicknell 

Caswell Research Laboratories, Towcester, Nort~hants, England 

ABSTRACT 

The influence of the formation voltage on the structure of nonporous anodic 
aluminum oxide films has been studied by electron microscope and electron 
diffraction methods. It has been shown that low formation voltages (~I00 v) 
produce an amorphous oxide layer, whereas high formation voltages produce 
amorphous  oxide together  wi th  some crys ta l l ine  7 ' -a lumina.  The locat ion of 
this c rys ta l l ine  oxide wi th in  the  anodic l ayer  is discussed. 

In  g e n e r a l  the  s o - c a l l e d  d i r ec t  m e t h o d s  for  e x -  
a m i n a t i o n  of th in  fi lms (such  as op t i ca l  and  e l ec t ron  
mic roscopy ,  x - r a y  and  e l ec t ron  d i f f rac t ion)  can  p r o -  
v ide  i n f o r m a t i o n  r e g a r d i n g  the  " s t r u c t u r e  of the  
films," but it is necessary to define carefully what 
is meant by this phrase. Conventional microscopical 
methods can show details of the topography of both 
surfaces of the film and, providing the film is suffi- 
ciently transparent either to light or to electrons, 
may also reveal bulk physical features within the 
film. Diffraction methods can be used to determine 
the crystallographic structure either of a thin sur- 
face layer of the film or of the bulk material. These 
methods thus give two structural parameters, the 
physical and the crystallographic. 

A number of workers (1-5) have investigated 
these parameters in the case of films formed on alu- 
minum by electrolytic oxidation and have shown 
that anodic aluminum oxide films can be divided into 
two classes, determined by the solvent action of the 
forming electrolyte on the oxide. Electrolytes which 
dissolve the oxide produce porous coatings whose 
thickness depends primarily on both formation cur- 
rent and time, whereas electrolytes which do not 
attack the oxide appreciably produce thin nonporous 
coat ings ,  whose  t h i cknes s  d e p e n d s  m a i n l y  on f o r m a -  
t ion  vo l tage .  A l t h o u g h  the  e l e c t r i c a l  p r o p e r t i e s  of 

nonporous films have led to a wide application in 
the industrial field of electrolytic capacitors, most 
fundamental investigations of the structure of anodic 
coatings have dealt with the porous types of oxide 

only. 
This paper presents and discusses the results of 

electron microscope and electron diffraction studies 
on both the physical and crystallographic structures 
of nonporous anodic oxide coatings. 

Methods o~ Examinatioq~ of Anodic Films 

A s y s t e m a t i c  x - r a y  i n v e s t i g a t i o n  of t h e  c r y s t a l l o -  
g r a ph i c  s t r u c t u r e  of anod ic  coa t ings  has  b e e n  m a d e  
b y  Tay lo r ,  et al. (6) .  O x i d e  f i lms w e r e  f o r m e d  on 
99.8% p u r e  a l u m i n u m  foi l  in  a v a r i e t y  of  e l e c t r o -  
ly te s  ( g iv ing  b o t h  po rous  and  n o n p o r o u s  coa t ings )  
u n d e r  d i f fe r ing  cond i t ions  of  t e m p e r a t u r e  and  f o r -  
m a t i o n  vo l tage .  X - r a y  e x a m i n a t i o n  of t h e  ox ide  
f i lms s h o w e d  t h a t  some c r y s t a l l i n e  a l u m i n a  was  o b -  
t a i n e d  in a l l  cases  w h e r e  t he  f o r m a t i o n  v o l t a g e  e x -  
ceeded  100 v, and  t h a t  t he  a m o u n t  of c r y s t a l l i n e  
ox ide  i n c r e a s e d  w i t h  i n c r e a s e  in f o r m a t i o n  vo l t age .  
Th is  was  d e t e r m i n e d  b y  c o m p a r i n g  the  r e l a t i v e  i n -  
t ens i t i e s  of t he  x - r a y  d i f f rac t ion  l ines  g iven  b y  each  
spec imen .  

Tay lo r ,  et  al. do no t  d iscuss  t he  s ign i f icance  of t h e  
x - r a y  p a t t e r n  in  de t a i l  and ,  as B u r w e l l  (7)  has  
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poin ted  out, the excessive l ine  b r o a d e n i n g  of the  
p a t t e r n  does no t  p e r m i t  conclus ive  ident i f ica t ion  of 
the  c rys ta l lographic  s t r uc tu r e  of the oxide. We have  
found  tha t  in  gene ra l  on ly  two l ines  are clear  enough  
for m e a s u r e m e n t ,  and  these are ve ry  broad.  A typ i -  
cal x - r a y  diffract ion p a t t e r n  ob ta ined  f rom an anodic  
film formed  at 525 v on 99.99% pure  a l u m i n u m  (see 
nex t  section for p r e p a r a t i v e  deta i ls)  shows two such 
b road  reflections which  have  d - spac ings  of 1.97 
and  1.39A. If the  observed  l ine  b r o a d e n i n g  is due  to 
the  smal l  c rys ta l l i t e  size of the  a lumina ,  t hen  it  
m igh t  be expected  tha t  the sma l l e r  e q u i v a l e n t  w a v e  
l eng th  of an  e lec t ron  b e a m  (as compared  w i th  an  
x - r a y  b e a m )  wou ld  give a sharper  di f f ract ion pa t -  
t e r n  su i tab le  for a comple te  ident i f ica t ion  of the  
s t ruc ture ,  bu t  it  is found  tha t  the  spec imen  is t hen  
too thick to give any  t r ansmis s ion  e lec t ron  diffrac-  
t ion  p a t t e r n  at  all. I n  fact, us ing  a di f f ract ion camera  
ope ra t ing  at  a beam vol tage  of 50 kv, the  prac t ica l  
uppe r  l imi t  to the spec imen  th ickness  wi l l  be ~400A,  
and  since for nonporous  anodic  films the  th ickness  
fo rma t ion  vol tage  rat io is a lmost  cons tan t  at ~ 1 4 A / v  
(8) ,  this l imi ts  the  m a x i m u m  permiss ib le  anodic  
f o rma t ion  vol tage  to ~30  v. 

However ,  it  is possible to examine  h igher  vo l tage  
films in the  e lec t ron  diffract ion camera  if the i r  t h i ck -  
ness can  be reduced  by  some su i t ab le  method.  I t  was 
found  tha t  a phosphor i c -ch romic  acid mix tu re ,  p r e -  
v ious ly  used (9) to dissolve anodic  films f rom a l u m i -  
n u m ,  wou ld  also serve  to t h in  d o w n  the th ick  coat-  
ings to an  app rop r i a t e  th ickness  for t r a n s m i s s i o n  
diffraction.  Thus  films fo rmed  over  a wide  r ange  of 
vol tages  could be examined .  F u r t h e r m o r e ,  these 
t h i n n e d  spec imens  were  also su i t ab le  for e lec t ron  
microscope examina t ion ,  p rov id ing  a di rect  me thod  
of obse rv ing  the  s t r ipp ing  ac t ion  of the  acid m i x t u r e  
on the anodic  coatings.  

Experimental Details 
A l u m i n u m  foil of 99.99% p u r i t y  was used for al l  

the  exper iments ,  and  in  each case the spec imens  
were  c leaned pr ior  to anod iza t ion  by  a 3 - m i n  i m -  
mer s ion  in  a 3% NaOH solution.  They  then  were  
washed  tho rough ly  in  dis t i l led  wa te r  and  dr ied  in  a 
w a r m  ai r  s t ream. The anodiz ing  e lec t ro ly te  consisted 
of a 3% boric acid-0.05% borax  aqueous  so lu t ion  
used  at  20~ Al l  spec imens  were  anodized at  con-  
s t an t  vo l tage  for  a set per iod  of 5 rain.  The acid m i x -  
tu re  used to t h in  down  the  anodic  coat ings consis ted 
of 35 cc of 85% phosphor ic  acid and  20 g of chromic  
acid per  l i te r  of so lu t ion  used at 80~ 

The  inves t iga t ion  was  car r ied  out  in  two parts .  
(a) Action of the acid mixture.--Specimens were  
anodized at 500 v, 20~ and  then  i m m e r s e d  for 1, 3, 
10, and  20 min ,  respect ively ,  in the  acid mix tu re .  
Then  they  were  washed  tho rough ly  and  r e - anod ized  
at  10 v. One reason  for  this  second anod iza t ion  was  
to p rov ide  a t h in  ( ~ 1 5 0 A )  suppor t ing  film to hold 
in  pos i t ion  f r agmen t s  of the o r ig ina l  anodic  coat ing  
wh ich  had  s u r v i v e d  the  acid t r e a t m e n t .  This  10-v 
film only  fo rmed  on the a l u m i n u m  surfaces  exposed 
by  the  d isso lu t ion  of the  or ig ina l  coat ing.  E x a m i n a -  
t ion  of spec imens  in  the  e lec t ron  microscope showed 
tha t  the second anod iza t ion  was  u n n e c e s s a r y  for the  
l igh t ly  a t t acked  films, bu t  the  same p rocedure  was  

adopted  for all  ~pecimens in  order  to s t andard ize  
condi t ions.  The composi te  film was  s t r ipped in  smal l  
squares  f rom the a l u m i n u m  by  the usua l  mercu r i c  
chlor ide method  (10),  washed,  and  p icked up on 
e lec t ron  microscope spec imen  grids for subsequen t  
examina t ion .  

(b) Effect of dif]ering fo.rmation voltages o~ the 
structure of the oxide.--Specimens were  anodized  
over a r ange  of vol tages  b e t w e e n  12 v and  500 v at  
20~ They  then  were  i m m e r s e d  in  the  acid m i x t u r e  
for var ious  t imes,  sufficient in  each case to reduce  
the oxide th ickness  to less t h a n  ~400A.  For  example ,  
spec imens  anodized at 12 a nd  25 v did no t  need  to 
be t r ea ted  at all, the 200-v spec imen  was i m m e r s e d  
for 2 min,  a nd  the  500-v spec imen  for 5 rain.  The  
t r ea ted  spec imens  were  t h e n  r e - anod ized  at 10 v and  
oxide squares  p r epa red  for e x a m i n a t i o n  as before.  

Besides providing a coherent supporting mem- 
brane for the remaining parts of the original anodic 
film, the lO-v oxide film also acted as a normal oxide 
replica (i0) of the exposed parts of the underlying 
aluminum surface. Thus it was possible to examine, 
on the  same specimen,  bo th  the  pa r t i a l l y  dissolved 
or ig ina l  anodic  coat ing  toge ther  wi th  an oxide rep -  
l ica of the  me ta l  surface  f rom which  the coat ing  had  
been  dissolved complete ly .  Since this a l u m i n u m  had  
been  exposed to the  acid mix tu re ,  however ,  it  was  
necessa ry  to inves t iga te  w h e t h e r  a ny  reac t ion  had  
occurred.  

A c leaned sheet  of a l u m i n u m  foil was p laced  in 
the acid ba th  for 20 min,  and  then  oxide repl icas  of 
its surface  were  p r e p a r e d  and  examined .  These 
showed tha t  the on ly  obse rvab le  effect of the  acid 
m i x t u r e  was  to p roduce  a smal l  n u m b e r  of easi ly 
ident i f iable  etch pits (d imens ions  ~0.05~) in  the  
a l u m i n u m  surface.  Since the  size of these  pi ts  was 
cons ide rab ly  smal le r  t h a n  t ha t  of the surface  deta i l  
which  was be ing  studied,  and  since the  20- ra in  acid 
a t tack  was the m a x i m u m  per iod  employed  d u r i n g  
the d isso lu t ion  of the  anodic  films, i t  was considered 
tha t  the effects of the reac t ion  b e t w e e n  the acids and  
the a l u m i n u m  could be ignored.  

F ina l ly ,  it was  found  tha t  all  the low vol tage  
anodic  films (<100 v)  dissolved qu ick ly  and  com- 
p le te ly  in the acid mix tu re .  For  example ,  squares  of 
oxide r emoved  f rom foil anodized  at 25 v dissolved 
comple te ly  in  ~1  min .  

Interpretation of Results 
Figures  1-7 show typ ica l  areas  of the anodic  l ay -  

ers af ter  d i f ferent  t imes  of i m m e r s i o n  in  the  acid 
mix tu re .  F igures  1 and  2 d e m o n s t r a t e  at once the  n o n -  
u n i f o r m i t y  of the acid at tack,  which  has dissolved 
the oxide p r e f e r en t i a l l y  in cy l indr i ca l  pores. Wi th  a 
longer  a t tack  the  pores increase  in  size and  n u m b e r ,  
and  the less soluble  par t s  e v e n t u a l l y  become th in  
enough  to enab le  some fine s t ruc tu re  to be  v is ib le  
in  t hem (Fig. 3-5, wi th  f inely s t ruc tu r ed  areas  a r -  
rowed  on Fig. 4).  F igures  6 and  7 show areas in  
which  the  h igh vol tage  oxide has been  dissolved a l -  
most  completely,  and  there fore  consist  m a i n l y  of 10-v 
oxide replicas of the surface beneath the original 
anodic layer. Micrographs of oxide replicas do not 
differentiate between identically shaped raised or 
depressed features, but by metal-shadowing (Ii) it 
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Fig. 1 (left) Fig. 2 (center). Transmission electron micrographs of 500 v anodic oxide f i lm 
af ter  3 T in  in acid mixture. Fig. 3 (right). Transmission electron micrograph of 400 v anodic 
oxide f i lm af ter  5 T in  in acid mixture. 

Fig. 4 (left) and Fig. 5 (right). Transmission electron mic- 
rographs of 500 v f i lm after 10 T in  in acid mixture, together 
with replica of exposed a luminum surface. 

Fig. 8. Electron diffraction pattern from f inely structured 
mater ial  present in high voltage anodic oxide films. 

Fig. 6 (left). Cell-base structure beneath a 500 v anodic 
oxide f i lm, exposed af ter  20 T in  in acid mixture. Fig. 7 
(right). Transmission electron micrographs of 10 v oxide 
replica. 

has been shown tha t  the features  on Fig. 6 and 7 
represent  shal low cra ters  in the a luminum surfaces. 

Electron diffract ion examina t ion  of specimens 
containing the areas shown in Fig. 3-5 gave the 
sharp r ing pa t t e rn  of Fig. 8. Table  I gives the in-  
dexed reflections, together  wi th  their  es t imated  re l a -  
t ive intensit ies,  for this pat tern .  I t  agrees ve ry  
closely wi th  x - r a y  diffraction resul ts  obta ined  by  
Verwey (12) f rom anodic a luminum oxides. He 
identified the ma te r i a l  as a face-cen te red  cubic 
s t ruc ture  of cel l-size ao = 3.96A, and cal led the 
oxide ~ ' -a lumina.  This is not to be confused wi th  the  
a luminum oxide which can be p repa red  by  the the r -  
mal  decomposit ion of a lumina  hydra tes  and has a 
deficient spinel s t ruc tu re  (ao ~ 7.89A). In the  Eng-  
lish nomencla ture  this oxide is called y -a lumina  
(13); in Amer ican  l i t e ra tu re  it is known as v -a lu -  
mina  (14). Both y ' - a lumina  and y (or ~ ) - a l u m i n a  
have in the i r  diffraction spectra  two strong lines 
wi th  d-spacings  of 1.97 and 1.39A; in the case of 
7 ' - a lumina  these are  from (200) and (220) refiec- 

tions, and in the case of ~ (or 7 ) - a l u m i n a  they are  
f rom (400) and (440) reflections. These two may  be 
the only lines capable  of measuremen t  on an x - r a y  
pat tern,  and thus the identif icat ion of the oxide 
s t ruc ture  is not  certain.  However,  the  sharp electron 
diffraction pa t t e rn  conclusively identif ied the crys-  
ta l l ine  oxide as ~/-alumina.  

Exact ly  the same diffraction pa t t e rn  was obta ined 
f rom all  the anodic films formed at vol tages grea ter  
than 100 v, thus confirming the resul ts  of Taylor,  
et al. (6). F i lms  formed below 100 v gave pa t te rns  
consisting of two broad diffuse rings, typica l  of those 
obta ined from amorphous mater ia ls .  Amorphous  in 
this sense is defined as a s t ruc ture  whose crys ta l l i te  
size is less than  ~10A. Electron micrographs  of these 
films appeared  to be normal  oxide replicas,  showing 
surface detai l  which could be cor re la ted  wi th  tha t  
observed by  optical  examinat ion  of the unformed 
aluminum specimens. 

Locatio.n of the Crystalline Oxide 
wi thin  the Anodic Layer 

It  was possible to deduce theore t ica l ly  and con- 
firm expe r imen ta l ly  that  the  finely s t ruc tured  areas 
shown in Fig. 3-5 could be identified wi th  the crys-  
ta l l ine  ~/-alumina. On each micrograph  three  types  
of area  can be seen; b lack areas, l ight  gray areas,  
and the finely s t ruc tured  areas. The b lack  areas  
cannot  give a diffraction pa t t e rn  since they  represent  
pa r t i a l ly  dissolved oxide  which is s t i l l  too thick to 
be pene t ra ted  by the electron beam. The l ight  g ray  
areas  cannot  give a r ing pa t t e r n  because they  con- 
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Table I. Comparison of diffraction spectra of "f- and "y-alumina 

M e a s u r e d  s p a c i n g s  a n d  
e s t i m a t e d  i n t e n s i t i e s  

f r o m  F ig .  8 

I n d e x e d  s p a c i n g s  a n d  
i n t e n s i t i e s  of "y ' - a lumina ,  
a c c o r d i n g  to V e r w e y  {12) 

dhkl (A) I n t e n s i t y  (hkl)  dhkl (A) I n t e n s i t y  

I n d e x e d  s p a c i n g s  a n d  
i n t e n s i t i e s  of  7 - a l u m i n a ,  

a c c o r d i n g  to R o o k s b y  (13) 

dhkL ( f l ~ )  I n t e n s i t y  (hkl)  

2.287 VVF (111) 2.281 
1.980 S (200) 1.975 

1.399 VS (220) 1.397 
1.193 VF (311) Not observed 
1.143 M (222) 1.140 

0.990 F (400) 0.988 
Not observed (331) Not observed 

0.885 M (420) 0.883 
0.805 S (422) 0.806 

sist of the  10-v amorphous  film. Hence  the r e m a i n -  
ing areas m u s t  be respons ib le  for the  ~ ' - a l u m i n a  
dif f ract ion pa t t e rn .  

E x p e r i m e n t a l l y  this  was conf i rmed by  the "se-  
lected area  diffract ion techn ique ."  A va r i ab l e  aper -  
tu re  in  the  e lec t ron  microscope was  ad jus ted  so tha t  
on ly  a res t r ic ted  a rea  of the  spec imen was visible,  
and  the  diffract ion p a t t e r n  f rom this area  was t hen  
obta ined .  On scann ing  the spec imen  it  was found  
tha t  the  t h i n  film repl ica  areas  gave two b road  
diffuse r ings,  and  the  b lack  areas  gave no t r a n s m i s -  
s ion p a t t e r n  at  all. On ly  the  f inely s t ruc tu r ed  g ray  
areas  p roduced  the ~ / - a lumina  pa t t e rn ,  and  hence  
they  ind ica te  the disposi t ion of the ~ / - a lumina  w i t h i n  
the anodic  layer .  These areas  are most  p r o b a b l y  ag-  
g lomera tes  of crys ta l l ized  a lumina .  

Discussion 
The first conclus ion which  can be d r a w n  f rom a 

s tudy  of the mic rographs  is tha t  a shor t  a t tack  by  
the  phosphor i c -ch romic  acid m i x t u r e  does not  dis-  
solve the high vol tage  anodic  coat ings un i fo rmly .  
Ins tead,  a select ive d isso lu t ion  of t h in  cy l indr ica l  
co lumns  of ma te r i a l  takes  place. I t  was found  by  ex-  
a m i n a t i o n  of the  l igh t ly  a t tacked  oxide specimens  
before  they  had  been  anodized  to give the 10-v rep -  
l ica suppor t  film that,  in  fact, no m a t e r i a l  was p res -  
en t  w i t h i n  the  co lumns  af ter  a 3 - m i n  immer s i on  in  
the  acid m i x t u r e .  This  m e a n s  tha t  the re  is a v a r i a t i o n  
in  so lubi l i ty  of the  anodic  coatings,  which  in  t u r n  
impl ies  a va r i a t i on  in  the i r  composit ion.  I t  has been  
m e n t i o n e d  p rev ious ly  t ha t  aI1 the low vol tage  ( tha t  
is, amorphous )  films dissolved qu ick ly  and  com-  
p le te ly  in  the acid mix tu re ,  and  so it is r easonab le  
to propose tha t  the v e r y  soluble  par t  of the film con-  
sists of amorphous  oxide. 

A l t enpoh l  (15) used a we igh ing  m e t h o d  to s tudy  
the  act ion of the phosphor ic -ch romic  acid m i x t u r e  
on nonporous  anodic  films fo rmed  in  hot aqueous  
bor ic  acid electrolytes .  F r o m  the e x p e r i m e n t a l  re -  
sul ts  he suggested tha t  these  anodic  films consis ted 
of at  least  two dif ferent  types  of oxide;  an ou te r  
l aye r  r ead i ly  soluble  in  the acid mix tu re ,  and  an  i n -  
soluble  l ayer  b e n e a t h  this. He also found  tha t  the 
re la t ive  p ropor t ion  of inso lub le  oxide increased  w i t h  
increase  of fo rma t ion  voltage.  Since the  resul t s  de-  
scr ibed in  the  p re sen t  paper  are no t  s t r ic t ly  corn- 

4.55 MF (111) 
2.79 F (220) 
2.381 MS (311) 

F 2.271 M (222) 
VS 1.973 VS (400) 

1.517 F (511) 
VS 1.392 VS (440) 

M 1.138 F (444) 
1.025 VF (731) 

MS 0.987 VF (800) 

MS 0.882 VF (840) 
S 0.804 F (844) 

pa rab le  wi th  those ob ta ined  by  A l t e npoh l  because  of 
the  difference in  e lec t ro ly te  t empera tu res ,  some 
p r e l i m i n a r y  e xpe r i me n t s  us ing  the boric ac id -bo rax  
f o r mi ng  e lec t ro ly te  at 100~ m a y  be men t ioned .  
These . showed  tha t  500-v anodic  coat ings could no t  
be  t h i n n e d  down sufficiently to give a ny  t r a n s m i s -  
s ion dif f ract ion pa t t e rn ,  even  af ter  30 m i n  in  the acid 
mix tu re ,  a l though in  every  case of fo rma t ion  at  20~ 
it was possible to dissolve the oxide complete ly .  

The  resul ts  ob ta ined  wi th  e lec t ro ly te  at 100~ 
agree wi th  A l t enpoh l ' s  observa t ions ,  b u t  w i th  elec-  
t ro ly te  at 20~ it  has been  shown  tha t  al l  the  oxide 
is r emoved  f rom the metal .  I t  is no t  ce r ta in  w h e t h e r  
this is because  the cold fo rma t ion  oxide e v e n t u a l l y  
is dissolved complete ly ,  or w h e t h e r  d isso lu t ion  of 
pa r t  of the anodic  layer  (i.e., the  amorphous  oxide 
co lumns)  weakens  the  adhe rence  of the r ema inde r .  
F i g u r e  4 suggests tha t  the  l a t t e r  e xp l a na t i on  m a y  
hold in  some cases, s ince the  b lack  f r a gme n t s  on this 
m ic rog raph  have  been  u n a t t a c k e d  d u r i n g  the  dis-  
so lut ion of the rest  of the film, and  yet  a f u r t h e r  
t r e a t m e n t  in the acid m i x t u r e  would  resu l t  in  a film 
free surface (e.g., Fig. 6 and  7). I t  is difficult to 
imag ine  tha t  these  u n a t t a c k e d  f r a g m e n t s  dissolve 
comple te ly  d u r i n g  the  second t r ea tmen t ,  if t hey  have  
a l ready  resis ted the  in i t i a l  at tack,  and  it  seems more  
l ike ly  tha t  they  e v e n t u a l l y  become de tached  by  a 
w e a k e n i n g  of the i r  adherence  to the a l u m i n u m .  The 
mic rographs  do demons t ra te ,  however ,  tha t  the 
d i s t r i bu t ion  of r ead i ly  soluble  oxide a nd  inso lub le  
(or  s lowly soluble)  oxide is ve ry  m u c h  more  com-  
plex  than the simple double layer arrangement pro- 
posed by Altenpohl. 

The electron micrographs also provide informa- 
tion regarding the physical structure of the anodic 
films. At any instant during its formation the anodic 
layer is in intimate contact with the aluminum sur- 
face beneath it, and so the aluminum must repro- 
duce every topographical detail of the oxide surface. 
Hence, replicas of the aluminum surface are also 
replicas of the oxide surface at the metal-oxide 
interface. This provided Keller, et aL (9) with a 
method of examining the oxide surface of porous 
anodic coatings, and by using low formation volt- 
ages they were also able to examine the stripped 
films in transmission. From these observations they 
derived a structure for the porous anodic films. The 
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Table II. Comparison of cell-sizes for porous and nonporous 
oxide films formed at 500 v 
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15% Sulfuric acid* 10 0.83 Porous 
2% Oxalic acid* 24 0.98 Porous 
4% Phosphoric acid* 24 1.03 Porous 
3 % Chromic acid* 38 1.04 Porous 
3% Boric acid, 0.05% 20 0.96 • 0.12 Nonporous 

borax 

* Da ta  o b t a i n e d  f r o m  ref.  9. 

basis of this de r iva t ion  was  tha t  the  oxide con ta ined  
a u n i f o r m l y  spaced a r r ay  of t i ny  pores s u r r o u n d e d  
by c lose-packed hexagona l  co lumns  of oxide. These 
oxide cells had  bases wi th  the shape of a spher ica l  
section somewha t  less t h a n  a hemisphere .  Measu re -  
men t s  of the  pore spacings showed that  they  cor-  
responded  wi th  the  cell sizes (spacing  b e t w e e n  cel l -  
base centers )  m e a s u r e d  f rom repl icas  of the a l u m i -  
n u m  surfaces  benea th  the coatings.  Since the essen-  
t ial  f ea tu re  g iv ing  rise to this  s t ruc tu re  was a s sumed  
to be the  exis tence  of pores t h rough  the anodic  films, 
it is su rp r i s ing  to find that  mic rographs  of the m e t a l -  
oxide in te r face  of nonporous  anodic  films (Fig. 6 
and  7) are a lmost  iden t ica l  in  appea rance  w i th  those 
shown by  Kel ler ,  et al. for the same in te r face  of 
porous anodic  films (Fig. 8 of ref. 9, p. 415).  F u r -  
the rmore ,  it was possible to show that the similarity 
between the two structures is also quantitative. 

Keller, et al. used four different electrolytes, all 
producing porous films. They found that over a 
vol tage  r a n g e  of 20-120 v a l i nea r  r e l a t ionsh ip  
exis ted b e t w e e n  cell size and  fo rma t ion  vol tage.  By 
a s suming  tha t  this  l i nea r  r e l a t ionsh ip  con t inued  for 
h igher  vol tages  and  by  m a k i n g  a la rge  ex t rapola t ion ,  
the cell sizes which  migh t  be expected  for a 500-v 
fo rma t ion  in each of the four  e lect rolytes  could be 
calculated.  These values ,  compared  w i th  the  cell 
size m e a s u r e d  d i rec t ly  f rom mic rographs  of the  
500-v nonporous  format ion ,  are shown  in Tab le  II. 

This  r e m a r k a b l y  close a g r e e m e n t  b e t w e e n  the  
ce l l -base  sizes for bo th  porous and  nonporous  oxides 
is ind ica t ive  of a s imi l a r i ty  in  physica l  s t ruc ture .  
F r a n k l i n  (16) has descr ibed some aspects of anodic  
ox ida t ion  and  suggested that ,  s ince nonporous  oxide 
films have  a p r o n o u n c e d  ce l l - type  of s t ruc ture ,  s im-  
i lar  g rowth  processes m a y  occur  for bo th  types  of 
oxide. 

Conclusions 

It has been shown that anodic oxide films formed 
in a boric acid-borax electrolyte contain some crys- 
talline T'-alumina provided that they are formed at 
voltages in excess of i00 v; otherwise they consist 
entirely of an amorphous oxide. The amorphous 
oxide dissolves more readily in a phosphoric-chromic 
acid mixture than does the crystalline oxide, and it 
appears to be present in cylindrical columns pene- 
trating right through the anodic coating. Finally, the 
nonporous oxide structure is found to be similar in 
some ways to a structure previously proposed for 
porous anodic films. 
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ABSTRACT 

The mechanism of aqueous u r a n i u m  corrosion has been studied using weight 
loss and hydrogen evolution measurements .  Microscopic x - r ay  diffraction and 
chemical analyses were made of the corrosion product. The results indicate 
that  u r an ium corrodes by forming an oxide of the type UO .... The lack of 
chemical balance reported by earlier workers is explained by the existence of 
metall ic u ran ium in the oxide layer. 

M a n y  of the atomic reactors  in  exis tence  today  
use a meta l l ic ,  n a t u r a l  u r a n i u m  fuel  which  is cooled 
wi th  e i ther  heavy  or l ight  water .  The design of some 
fuel  e l e m e n t s i s  discussed by  G u r i n s k y  and  Dienes  
(1) in  the i r  r ev i ew  of the  first G e n e v a  conference  
on a tomic energy.  Al l  of these designs overcome the  
h igh corrosion ra te  of u r a n i u m  by  p rov id ing  some 
pro tec t ive  con ta ine r  to p r e v e n t  the coolant  f rom 
coming  in  direct  contact  w i th  the  u r a n i u m  fuel. The 
f ab r i ca t ion  of reac to r  fue l  e l emen t s  would  be grea t ly  
s implif ied and  the po ten t i a l  hazard  of c o n t a m i n a t i o n  
r e su l t i ng  f rom a c ladd ing  fa i lu re  reduced  if a cor-  
r o s ion - r e s i s t an t  u r a n i u m  al loy were  avai lable .  This  
s tudy  was u n d e r t a k e n  to p rov ide  i n f o r m a t i o n  abou t  
the  m e c h a n i s m  of the aqueous  corrosion of a lpha  
u r a n i u m  to aid in  the deve lopmen t  of co r ros ion - r e -  
s i s tant  alloys. 

P r ev ious  work  on the  corrosion of u r a n i u m  has  
been  s u m m a r i z e d  in  the Reactor  H a n d b o o k  (2) a nd  
by  G u r i n s k y  and  Dienes  (1).  The ear ly  work  showed 
tha t  the u r a n i u m  corrosion ra te  be low 100~ was  
lower  for o x y g e n - s a t u r a t e d  wa t e r  t h a n  for h y d r o -  
g e n - s a t u r a t e d  water .  In  aera ted  water ,  u r a n i u m  cor-  
roded s lowly at first and  then  assumed the h igher  
l i nea r  ra te  for h y d r o g e n - s a t u r a t e d  water .  The me c h -  
a n i s m  proposed to account  for  these obse rva t ions  
was tha t  the oxide fo rmed  in  wa te r  c o n t a i n i n g  oxy-  
gen was se l f -hea l ing  and,  therefore ,  protect ive.  
W h e n  the  dissolved oxygen  was  deple ted  f rom the 
water ,  u r a n i u m  hydr ide  was  be l ieved to form be -  
n e a t h  the  oxide and  b r e a k  the oxide film. Hydr i de  
was  ident if ied on samples  corroded in  s team and  
wa t e r  in  the  t e m p e r a t u r e  r ange  be tween  150 ~ and  
180~ The  fo rma t ion  of UH~ also was  cons idered  
necessary  in order  to account  for the  smal l  q u a n t i t y  
of h y d r o g e n  l ibe ra ted  d u r i n g  corrosion.  

In  the work  repor ted  here  no evidence  was found  
of e i ther  fo rm of UH~. The  observa t ions  are ex-  
p la ined  on the basis of meta l l i c  u r a n i u m  be ing  pres -  
en t  in  the corrosion p roduced  oxide. 

Experimental 
The samples  were  r e c t a n g u l a r  coupons  (1/z x 1/2 x 

% in.)  of selected, c e n t e r - c u t  ingot.  ~ Before f ab r i -  
ca t ing  into samples  the  u r a n i u m  was  r educed  50% 
by  ro l l ing  in  the high a lpha  region.  

1 P r e s e n t  a d d r e s s :  Oh io  S e m i c o n d u c t o r s ,  Inc . ,  C o l u m b u s ,  Ohio .  
2 S u p p l i e d  by  ]Yia l l inckrod t  C h e m i c a l  Works .  

P r e l i m i n a r y  tests showed tha t  the corrosion ra te  
of u r a n i u m  in  wa te r  at 100~ was l i nea r  and  var ied  
b e t w e e n  2.70 and  3.50 mg/cm-~ wi th  an  ave rage  
va lue  of 3.28. Three  methods  of surface p r e p a r a -  
t ion were  inves t iga ted :  e lectropol ishing,  ~ a b r a d i n g  
t h r ough  600 gri t  paper ,  and  a b r a d i n g  fo l lowed by  a 
HNO~ pickle. Corros ion  ra tes  were  i n d e p e n d e n t  of the 
me thod  of surface p repa ra t ion .  Af te r  this  p r e l i m i -  
n a r y  work  all of the  samples  were  electropolished,  
r insed  in  dis t i l led w a t e r  and  alcohol, and  tes ted in  
boiled, deionized water .  

Rate measurement s . - -Weigh t  loss m e a s u r e m e n t s  
were  m a d e  by we igh ing  the sample  pr ior  to tes t ing  
and  aga in  af ter  the co r ros ion -p roduced  oxide had  
been  r emoved  by  p ick l ing  in  concen t r a t ed  HNO~. 
The final weight  was corrected for the  a m o u n t  of 
u r a n i u m  lost in  the  p ick l ing  step by  r e pe a t i ng  the 
p ick l ing  step, which  was u sua l l y  of 45-sec dura t ion ,  
and  reweighing .  The  weight  lost  d u r i n g  the second 
p ick l ing  was added to the final weight  in  order  to 
ca lcula te  the corrosion rate.  The  average  corrosion 
ra te  was found  to be 3.28 mg/cm~/hr  by this  method.  

H y d r o g e n  evo lu t ion  d u r i n g  corrosion was  meas -  
u red  by  b u b b l i n g  t a n k  a rgon  t h r ough  the co r rodan t  
and  d r y i n g  the gas s t ream in  a Mg(C104)2 t ra in ,  
c o n v e r t i n g  the  Ha to wa te r  by  pass ing it t h rough  
hot CuO, and  m e a s u r i n g  the  weigh t  gain  in  a 
Mg(C104),  absorp t ion  tube.  The sys tem was flushed 
un t i l  a cons tan t  we igh t  was ob t a ined  for the  absorp-  
t ion  t ube  both  before  and  af ter  the test. The  average  
a m o u n t  of h y d r o g e n  evolved  d u r i n g  four  24-hr  and  
four  8 -h r  tests was 91.5 --+ 1.2% of the a m o u n t  cal-  
cu la ted  f rom the weigh t  loss u s ing  Eq. [1].  

U + 2H~O ~ UO2 + 2H~ [1] 

Analysis  of the Corrosion Product 

Microscopic examinat ion . - -The  oxide p roduced  
d u r i n g  corrosion was not  a d h e r e n t  a f ter  the first 
few m i n u t e s  at t empe ra tu r e .  F igu re  1 is a pho to-  
mic rog raph  of the oxide l aye r  a f te r  a 24 -h r  test. 
Meta l lographic  e x a m i n a t i o n  of the  m e t a l - o x i d e  in -  
terface did revea l  some hydr ide ;  however ,  no more  
hyd r i de  was p resen t  at the in te r face  af ter  corrosion 
t h a n  was observed in  the in t e r io r  of the  sample  bo th  

'~ T h e  e l e e t r o p o l i s h i n g  b a t h  w a s  40% H~SO4, 40% H 2 0 ,  10% HsPO~, 
a n d  10% C_~HsOH. T h e  o p e n - c i r c u i t  v o l t a g e  w a s  10 v.  A m o r e  u n i -  
f o r m  po l i sh  w a s  o b t a i n e d  w h e n  t h e  b a t h  t e m p e r a t u r e  w a s  m a i n -  
t a i n e d  b e l o w  15~ 
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Fig. 1. Oxide layer formed on uranium metal during a 
24-hr corrosion test at 100~ 

be fo re  and  a f t e r  t es t ing .  V a c u u m - f u s i o n  ana lys i s  
also f a i l ed  to de t ec t  a n y  inc rease  in  the  h y d r o g e n  
con ten t  of the  m e t a l  as co r ros ion  p rog res sed .  

X-ray diffraction.--Using c o p p e r  r ad i a t i on ,  d i f -  
f r a c t o m e t e r  t r aces  w e r e  o b t a i n e d  of the  w e t  s a m p l e  
su r faces  a f t e r  v a r i o u s  t imes  d u r i n g  the  cor ros ion  
tes ts .  These  s h o w e d  a l p h a  u r a n i u m  and  UO~. A f t e r  
the  ox ide  h a d  g r o w n  to such a t h i ckness  t h a t  i t  was  
no l o n g e r  poss ib le  to o b t a i n  the  d i f f rac t ion  p a t t e r n  
of the  me ta l ,  the  ox ide  was  r e m o v e d  b y  d i r e c t i n g  a 
s t r e a m  of a lcohol  or  w a t e r  aga ins t  t he  surface .  Us ing  
this  t r e a t m e n t  i t  was  poss ib le  to r e m o v e  enough  of  
t he  ox ide  to m a k e  the  m e t a l  the  mos t  i n t ense  p h a s e  
in the  p a t t e r n .  A h y d r i d e  p h a s e  was  no t  de t ec t ed .  

In  bo th  the  d i f f r a c t o m e t e r  t r aces  and  D e b y e -  
S c h e r r e r  p a t t e r n s  the  cor ros ion  p r o d u c e d  ox ide  gave  
v e r y  b r o a d  l ines ,  due  to e x t r e m e l y  s m a l l  p a r t i c l e  
size. F o r  th is  r e a s o n  i t  w a s  no t  poss ib l e  to  o b t a i n  
a c c u r a t e  l a t t i ce  p a r a m e t e r s  of t he  oxide .  

W h e n  the  cor ros ion  p r o d u c t  was  r e a c t e d  w i t h  d i -  
l u t e  HNO~ (5 % ) t he  UO, was  a t t a c k e d  p r e f e r e n t i a l l y  
l e a v i n g  f e a t h e r  s h a p e d  pa r t i c l e s .  These  p a r t i c l e s  
w e r e  iden t i f i ed  b y  x - r a y  d i f f rac t ion  as be ing  m e t a l l i c  
u r a n i u m .  

A f t e r  m e t a l l i c  u r a n i u m  was  d e t e c t e d  in the  c o r r o -  
s ion p roduc t ,  tes ts  w e r e  p e r f o r m e d  w h i c h  s h o w e d  
t h a t  bo th  the  m e t a l  and  the  b e t a  h y d r i d e  could  
w i t h s t a n d  the  d i l u t e  HNO~ c l ean ing  and  w o u l d  
p r o b a b l y  be  de tec t ed ,  if p r e s e n t  in t h e  co r ros ion  
p roduc t .  S a m p l e s  w h i c h  showed  no ox ide  w e r e  ox i -  
d ized  to such an  e x t e n t  t h a t  on ly  ox ide  cou ld  be  
seen  in t he  d i f f rac t ion  p a t t e r n .  This  "ox ide"  was  
then  t r e a t e d  w i t h  d i l u t e  HNO~ a n d  the  r e s i d u e  e x -  
a m i n e d  by  x - r a y  d i f f rac t ion .  The  p a t t e r n s  s h o w e d  a 
m i x t u r e  of UO, and  e i t he r  t he  m e t a l  or  UH~, d e -  
p e n d i n g  on the  s t a r t i n g  m a t e r i a l .  

Oxygen-to-uranium ratio.--Uranium diox ide ,  p r e -  
p a r e d  b y  the  h y d r o g e n  r e d u c t i o n  of h i g h e r  oxides ,  
is f r e q u e n t l y  uns t ab le ,  r e s o r b i n g  o x y g e n  (3 -5 ) .  This  
was  f o u n d  to be  t he  case  w i t h  t h e  cor ros ion  p r o d u c t  
w h e n  it  was  v a c u u m  dr ied .  The  a p p a r e n t  o x y g e n - t o -  
u r a n i u m  ra t io  of the  a i r - d r i e d  co r ros ion  p r o d u c t  
was  f o u n d  b y  ign i t i on  to be  2.40. 

The  o x y g e n - t o - u r a n i u m  ra t io  of ox ide  s a m p l e s  
g e n e r a l l y  is d e t e r m i n e d  b y  m e a s u r i n g  the  w e i g h t  
ga in  w h e n  the  s a m p l e  is i gn i t ed  to U~O~ b y  h e a t i n g  
i t  in  a i r  to 750~ and  ho ld ing  i t  a t  t h a t  t e m p e r a t u r e  
for  15 rain.  This  t y p e  of ana lys i s  canno t  d i s t i n g u i s h  
b e t w e e n  oxygen ,  h y d r o x y l ,  or  w a t e r .  The re fo re ,  t he  

v a l e n c e  of t h e  u r a n i u m  is not  n e c e s s a r i l y  twice  t he  
o x y g e n - t o - u r a n i u m  ra t io .  

Because  of the  i n s t a b i l i t y  of the  d r y  cor ros ion  
p roduc t ,  w e t  s a m p l e s  w e r e  l o a d e d  into  a con t ro l l ed  
a t m o s p h e r e ,  d i f f e r en t i a l  t h e r m a l  ba lance .  T h e y  w e r e  
d r i e d  o v e r n i g h t  in  v a c u u m  ( 5 x  10 -5 m m  H g ) ,  
we ighed ,  h e a t e d  to cons t an t  w e i g h t  a t  750~ and  
t hen  ign i t ed  to U~O8. T h r e e  s a m p l e s  los t  3.2, 1.6, and  
4.2% of  t he i r  w e i g h t  d u r i n g  the  d r y i n g  ope ra t i on  
and  w e r e  found  to h a v e  o x y g e n - t o - u r a n i u m  ra t io s  
of 2.19, 2.24, and  2.19, r e spec t i ve ly .  A s a m p l e  of 
c o m m e r c i a l  ox ide  was  p l a c e d  in  a s i m u l a t e d  c o r r o -  
s ion tes t  and  t hen  r u n  t h r o u g h  the  d i f f e r en t i a l  t h e r -  
m a l  ana lys i s .  I t  was  found  to lose 0.3% of i ts  w e i g h t  
d u r i n g  the  d r y i n g  cyc le  and  h a v e  an  o x y g e n - t o -  
u r a n i u m  ra t io  of 2.04, w h i c h  is in  e x c e l l e n t  a g r e e -  
m e n t  w i t h  o t h e r  m e a s u r e m e n t s .  

Mean valence.--The m e a n  va l ence  of the  u r a -  
n i u m  in the  cor ros ion  p r o d u c t  was  d e t e r m i n e d  b y  a 
modi f i ca t ion  of an  a n a l y t i c a l  m e t h o d  d e v e l o p e d  b y  
Me l ton  (6) .  I t  consis ts  of d i s so lv ing  the  s a m p l e  in a 
so lu t ion  of AgNO~ and  NH,F,  1N w i t h  r e s p e c t  to 
each.  The  s i lve r  ion  acts  as an  ox id i z ing  a g e n t  and  
p r o d u c e s  h e x a v a l e n t  u r a n i u m  and  a p r e c i p i t a t e  of 
f ree  s i lver .  The  s i lve r  is f i l t e red  off, d i sso lved ,  and  
m e a s u r e d  g r a v i m e t r i c a l l y  as s i lve r  ch lo l ide ,  and  the  
u r a n i u m  con ten t  d e t e r m i n e d  b y  a w e i g h t - v o l u m e t r i c  
m e t h o d  e m p l o y i n g  cer ic  su l fa te .  

The  m e a n  v a l e n c e  of u r a n i u m  in the  co r ros ion  
p r o d u c t  was  f o u n d  to be  3.70, w h i c h  is in good a g r e e -  
m e n t  w i t h  the  h y d r o g e n - e v o l u t i o n  e x p e r i m e n t s .  
H o w e v e r ,  w h e n  the  loose  co r ros ion  p r o d u c t  was  
a l l o w e d  to d r o p  in to  a cool zone ( a p p r o x i m a t e l y  
25~ r a t h e r  t h a n  r e m a i n  in  the  p r o x i m i t y  of t he  
me ta l ,  t he  m e a n  v a l e n c e  was  f o u n d  to be  3.16. A 
s a m p l e  of t h e  co r ros ion  p r o d u c t  w h i c h  r e m a i n e d  in 
t h e  bo i l ing  so lu t ion  24 h r  a f t e r  t he  m e t a l l i c  s a m p l e  
had  been  r e m o v e d  gave  a m e a n  va l ence  of 3.87. 

In  o r d e r  to o b t a i n  i n d e p e n d e n t  d a t a  on u r a n i u m  
v a l e n c e  the  x - r a y  a b s o r p t i o n  s p e c t r u m  of t he  b u l k  
co r ros ion  p r o d u c t  was  c o m p a r e d  w i t h  t h a t  of UO.~ 
and  UO3. S p e c t r o m e t e r  d a t a  w e r e  o b t a i n e d  ove r  t he  
r a n g e  of  x - r a y  w a v e  l eng ths  e x t e n d i n g  above  and  
b e l o w  t h e  Lm a b s o r p t i o n  edge  of u r a n i u m .  The  p o w -  
de r s  w e r e  b r i q u e t t e d  in a b s o r p t i o n  cel ls  of a b o u t  
the  s a m e  x - r a y  dens i ty .  The  cor ros ion  s a m p l e s  w e r e  
coa ted  w i t h  w a t e r  so lub le  r e s in  be fo re  d r y i n g  in an  
a t t e m p t  to m i n i m i z e  a i r  ox ida t ion .  T h e  cu rve  of i n -  
t e n s i t y  vs. w a v e  l e n g t h  in t he  r eg ion  of t he  a b s o r p -  
t ion  edge  was  a n a l y z e d  for  m a x i m u m ,  m i n i m u m ,  
a n d  p o i n t  of inf lect ion.  The  r e su l t s  for  t he  t h r e e  m a -  
t e r i a l s  a r e  g iven  in T a b l e  I. B y  each  c r i t e r i o n  c h a r -  

Table I. Characteristic points on the In, x-ray absorption edge of 
uranium for uranium dioxide, uranium trioxide, and uranium 

corrosion product 

M a x i m u m  In f l ec t ion  M i n i m u m  
S a m p l e  abso rp t ion ,  A po in t ,  A abso rp t ion ,  A 

UO~ 0.72679 0 . 7 2 2 6 1  0.7184~ 
Corrosion produc t  0.7263, 0 . 7 2 2 3 ~  0.71831 
UOz 0.72631 0 . 7 2 2 2 7  0.7182, 

Note :  The  a b s o r p t i o n - e d g e  w a v e  l e n g t h  was  c a l c u l a t e d  on  t he  
b.s~s of a L i F  a n a l y z i n g  c rys t a l  w i t h  an  a s s u m e d  2d spac ing  of  
4.0275A. 
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acteristic values for the corrosion product are inter- 
mediate between those of UO~ and UO~. These re- 
sults tend to verify the oxygen-to-uranium ratio 
measurements and to indicate that the oxide phase 
should not be considered as stoichiometrie UO~, as 
written in Eq. [i], but that the valence state of the 
uranium is somewhat greater than 4. 

Solubles.--Samples of  t h e  c o r r o d a n t  w e r e  f i l t e r e d  
a n d  a n a l y z e d  f o r  s o l u b l e s .  T h e  u r a n i u m  c o n t e n t  of 
t h e  so l i d  o b t a i n e d  b y  e v a p o r a t i n g  t h e  f i l t e r e d  c o r r o -  
d a n t  to  d r y n e s s  w a s  1 6 % .  S p e c t r o g r a p h i c  a n a l y s i s  
s h o w e d  t h a t  t h e  m a j o r  c o n s t i t u e n t s  w e r e  c a l c i u m ,  
m a g n e s i u m ,  a n d  c h r o m i u m .  A l l  of  t h e s e  e l e m e n t s  
w e r e  p r e s e n t  i n  t h e  o r i g i n a l  m e t a l .  

T h e  u r a n i u m  c o n t e n t  of  t h e  c o t : c o d i n g  w a t e r  w a s  
m e a s u r e d  as  a f u n c t i o n  of  t i m e  d u r i n g  t e s t s  c a r r i e d  
o u t  a t  60~  A f t e r  50 d a y s  t h e  u r a n i u m  c o n c e n t r a t i o n  
a t t a i n e d  a v a l u e  of  5 x 10 ~ m o l e / 1 .  T h i s  is a n  o r d e r  
of  m a g n i t u d e  h i g h e r  t h a n  t h e  s o l u b i l i t y  d a t a  r e -  
p o r t e d  (7 )  f o r  U ( O H ) ~  a n d  is p r o b a b l y  d u e  to  t h e  
f o r m a t i o n  of  c o m p l e x e s .  T h i s  w a s  c o n s i d e r e d  to  b e  
u n i m p o r t a n t  i n  t h e  o v e r - a l l  m e c h a n i s m  b e c a u s e  
s a m p l e s  t e s t e d  i n  w a t e r  c o n t a i n i n g  t h e  d i s s o l v e d  
u r a n i u m  e x h i b i t e d  t h e  s a m e  c o r r o s i o n  r a t e s  as  t h o s e  
r u n  in  f r e s h  w a t e r .  

Ef]ect o] Surface Treatments 

Oxide films.--Metal s a m p l e s  w e r e  h e a t e d  i n  l o w  
o x y g e n  p r e s s u r e s  to  f o r m  c o h e r e n t  o x i d e  f i lms  p r i o r  
to  c o r r o s i o n  t e s t i n g  f o r  s t u d y  of  t h e  p r o t e c t i v e  p r o p -  
e r t i e s  of  u r a n i u m  o x i d e .  T a b l e  I I  p r e s e n t s  t h e  r e s u l t s  
of  s h o r t  t e r m  c o r r o s i o n  t e s t s  a n d  t h e  h e a t  t r e a t -  
m e n t  e m p l o y e d .  T h e s e  d a t a  s h o w  t h a t  t h e  p r o t e c t i o n  
of  t h e s e  f i lms  i n c r e a s e s  as  t h e  t e m p e r a t u r e  of  f i lm  
f o r m a t i o n  is i n c r e a s e d  to  650~  W h e n  t h e  o x i d e  

Toble II. Corrosion results on uranium 

Cor~di t ion of  
o x i d e  f i lm f o r m a t i o n  T i m e  in  

S a m p l e  P r e s s u r e ,  corros ior~ R a t e ,  
No.  T e m p . ,  ~ m m  H g  tes t ,  h r  m g / c m = T h r  

90 100 5 x 10 -~ 4 2.93 
91 100 5 x 10 -~ 4 3.04 
92 200 5 x 10 -~ 4 3.26 
93 200 5 x 10 -s 4 3.34 
94 300 5 x 10 -~ 4 2.78 
95 300 5 x 10 -'~ 4 3.01 
96 400 5 x 10 - '  4 3.00 
97 400 5 x 10 -~ 4 2.71 
98 500 5 x 10 -~ 4 1.56 
99 500 5 x 10 -~ 4 2.16 

100 600 5 x 10 -~ 4 0.68 
101 600 5 x 10 -s 4 1.20 
102 600 5 x 10 -~ 4 1.24 
103 600 5 x 10 -~* 4 3.10 
104 600 5 x 10 -~ 4 1.77 
105 600 5 x 10 -~* 4 3.12 
108 600 5 x 10 -~ 4 N o t  d e t e c t a b l e  
109 600 5 x 10 -~ 4 N o t  d e t e c t a b l e  
110 600 5 x 10 - '  4 N o t  d e t e c t a b l e  
111 600 5 x 104 4 N o t  d e t e c t a b l e  
112 650 5 x 10 -~ 21 0.06 
113 650 5 x 10 -~ 21 0.10 
114 650 5 x 10 -~ 21 0.09 
122 600 1 x 10 -~ 21 0.16 
123 600 1 x 10 -~ 21 0.28 
124 600 1 x 10 -~ 21 0.21 

* E l e c t r o p o l i s h e d  a f t e r  f i lm f o r m a t i o n .  

f i lm w a s  r e m o v e d  b y  e l e c t r o p o l i s h i n g ,  t h e  c o r r o s i o n  
r a t e  w a s  t h e  s a m e  as  t h a t  f o r  u n a n n e a l e d  s a m p l e s .  
T h i s  d e m o n s t r a t e s  t h a t  t h e  i n c r e a s e d  c o r r o s i o n  r e -  
s i s t a n c e  w a s  d u e  to  a s u r f a c e  e f f e c t  a n d  n o t  a b u l k  
e f fec t .  W h e n  t h e  f i l m s  w e r e  f o r m e d  a t  t e m p e r a t u r e s  
a b o v e  t h e  a l p h a - b e t a  t_ a n s f o r m a t i o n  (663  oC) ,  d e e p  
c r a c k s  a p p e a r e d  i n  t h e  m e t a l ,  p r o d u c i n g  d i s c o n t i -  
n u i t i e s  i n  t h e  o x i d e  f i lm.  A l l  of  t h e  s a m p l e s  h e a t e d  
a b o v e  t h e  a l p h a - b e t a  t r a n s f o r m a t i o n  c o r r o d e d  a t  t h e  
s a m e  r a t e  as  u n t r e a t e d  s a m p l e s .  F i g u r e  2 s h o w s  t h e  
r e s u l t s  of  l o n g e r  t e s t s  o n  o x i d e - c o a t e d  s a m p l e s .  A l l  
of  t h e  s a m p l e s  u s e d  i n  t h i s  t e s t  w e r e  h e l d  f o r  2 h r  
a t  6 5 0 ~  i n  a n  o x y g e n  a t m o s p h e r e  a t  a p r e s s u r e  of  
5 x 10 -~ m m  Hg.  O x i d e  f i lms  w e r e  p u t  o n  o n l y  t w o  
s a m p l e s  a t  a t i m e  i n  o r d e r  to  k e e p  t h e m  w e l l  s e p a -  
r a t e d  i n  t h e  f u r n a c e .  T h e  s a m p l e s  t h a t  w e r e  c o a t e d  
t o g e t h e r  a r e  e n c l o s e d  b y  o n e  c i r c l e  i n  F ig .  2. T h e  
s p r e a d  o b s e r v e d  is p r o b a b l y  d u e  to  m i n o r  u n c o n -  
t r o l l e d  v a r i a t i o n s  i n  t h e  c o n d i t i o n s  u s e d  in  f o r m i n g  
t h e  f i lms.  T h e  o x i d e  f i lms  f a i l e d  a f t e r  a p p r o x i m a t e l y  
20 h r  b y  d e v e l o p i n g  a f e w  s m a l l  p i t s  a n d  u n d e r -  
c u t t i n g .  No  i n c l u s i o n s  w e r e  d e t e c t e d  a t  t h e  s i t e  of  
t h e  o r i g i n a l  f a i l u r e .  X - r a y  d i f f r a c t i o n  p a t t e r n s  of  t h e  
m a t e r i a l  f o r m e d  i n  t h e s e  p i t s  s h o w e d  t h a t  n o  h y -  
d r i d e  w a s  p r e s e n t .  L i n e  b r o a d e n i n g  of  t h e  x - r a y  d i f -  
f r a c t i o n  p a t t e r n  s h o w e d  t h a t  t h e  c o h e r e n t  o x i d e  f i lms  
m a y  h a v e  b e e n  h i g h l y  s t r e s s e d .  T h e  f a i l u r e  p o s s i b l y  
o c c u r r e d  w h e r e  t h e  l o c a l  s t r e s s  l e v e l  w a s  s u f f i c i e n t  to  

r u p t u r e  t h e  f i lm.  
I t  s e e m s  l i k e l y  t h a t  t h e  s t r e s s e s  i n  t h e  o x i d e  f i lm  

r e s u l t e d  f r o m  t h e  d i f f e r e n c e  b e t w e e n  t h e  t h e r m a l  
e x p a n s i o n  coe f f i c i en t s  of t h e  o x i d e  a n d  t h e  m e t a l .  I n  
a n  a t t e m p t  to  r e d u c e  t h e  s t r e s s  a n d  t h e r e b y  i n c r e a s e  
t h e  l i f e  of  t h e  f i lm,  s a m p l e s  w e r e  r u n  a t  l o w e r  t e m -  
p e r a t u r e s  a n d ,  w h e n  n e c e s s a r y  to  o b t a i n  a r e a c t i o n ,  
a t  h i g h e r  p r e s s u r e s  (10  -~ to  10 -~ m m  H g ) .  A b o v e  
4 0 0 ~  n o  c h a n g e  w a s  o b s e r v e d  i n  t h e  l i n e  b r o a d e n -  
ing .  B e l o w  4 0 0 ~  a m i x t u r e  of  UO~ a n d  a h i g h e r  
o x i d e  w a s  f o r m e d  w h i c h  d i d  n o t  p r o v i d e  p r o t e c t i o n  

a g a i n s t  a q u e o u s  c o r r o s i o n .  
Cathodic charging.--In o r d e r  to  t e s t  t h e  e f f e c t  of  

s u r f a c e  h y d r i d e  o n  c o r r o s i o n  b e h a v i o r ,  a h y d r i d e  
l a y e r  w a s  p r o d u c e d  b y  c a t h o d i c  c h a r g i n g  i n  w e a k l y  
a c i d  ( 0 . 5 % )  s o l u t i o n .  B y  v a r y i n g  t h e  t e m p e r a t u r e ,  
t h e  s t r u c t u r e  of  t h e  c o a t i n g  c o u l d  b e  c h a n g e d .  A t  

180 
170 - , 

'E 160 
~ 150 
~140 
~ 130 
~120 
g ' 0 1 ~ -  J 

~ so 

700 
60 
50 
4O 
3O 
2O 

I ~  4 8 {2 16 20 24 28 32 36 40  4.4 48 52 56 60 6 4  68  7~ 76 

T ime In Test ,  hr  0-~4~5 

Fig. 2. Effect of oxide film on corrosion of uranium. 
Samples were held 2 hr at  650~ in oxygen atmosphere at  
5xlO -4 mm Hg. Two samples were coated together and are 
enclosed by one circle. 
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t e m p e r a t u r e s  a b o v e  80~ on ly  t he  b e t a  fo rm of UH~ 
was  p r o d u c e d ,  w h i l e  a t  l o w e r  t e m p e r a t u r e  a m i x -  
t u r e  of a l p h a  and  b e t a  UH~ was  fo rmed .  No p u r e  
a l p h a  coa t ings  we re  p r o d u c e d .  

Cor ros ion  tes t s  w e r e  r u n  on s a m p l e s  coa ted  w i t h  
the  b e t a  UH,  and  w i t h  t h e  m i x t u r e  of a l p h a  and  
be ta .  W h e n  c o r r e c t e d  for  t he  a m o u n t  of u r a n i u m  in 
t he  h y d r i d e  l a y e r  no d i f f e rence  in  co r ros ion  r a t e  
cou ld  be  d e t e c t e d  b e t w e e n  the  c h a r g e d  and  t h e  u n -  
c h a r g e d  samples .  

Discussion of Results 
The corrosion product formed when uranium re- 

acts with 100~ water at atmospheric pressure does 
not offer protection to the underlying metal. In con- 
trast, UO~ films produced on the metal at tempera- 
tures above 400~ in oxygen, temporarily protect 
the base metal against corrosion in 100~ water. 
Ignition analyses of the water corrosion product in- 
dicate that its composition may be as high as UO .... 
and increases to UO~.4 after exposure to air at room 
temperature. Some confirming evidence that the 
valence state of uranium in the bulk corrosion prod- 
uct is greater than 4 was obtained from x-ray ab- 
sorption spectroscopy. 

This high oxygen-to-uranium ratio is in apparent 
contradiction to that from hydrogen-evolution meas- 
urement which indicates a composition of UO1.9. The 
latter value is in good agreement with valence deter- 
mination by chemical analysis. However, it is ob- 
vious that the oxygen-uranium ratio and the mean- 
valence and hydrogen-balance measurements are in 
error, being low by the amount of unattacked metal 
particles present in the samples. The metal content, 
although significant in explaining the low values of 
mean valence, must be considered an extraneous 
constituent of the corrosion product. 

Thus the oxidized product is a phase or phases 
giving a UO~-type x-ray pattern. It cannot be con- 
cluded from the oxygen-uranium ratio that the ma- 
terial is indeed UO .... since, under conditions of re- 

ac t ion  in the  p r e s e n c e  of w a t e r ,  h y d r o u s  ox ide  or  t he  
p h a s e  U ( O H ) ,  is a l i k e l y  a l t e r n a t i v e  i n d i s t i n g u i s h -  
a b l e  f r o m  UO~+~, b y  i gn i t i on  ana lys i s ,  in  t h e  p r e s e n c e  
of f ree  me ta l .  The  so lub i l i t y  of U ( O H ) ,  is k n o w n  
(5) ,  and  its p o w d e r  p a t t e r n  has  been  r e p o r t e d  to be  
v e r y  s i m i l a r  to t h a t  of UO~ (9) .  I t  is pos s ib l e  t h a t  t he  
dec rea se  in t he  o x y g e n - t o - u r a n i u m  ra t io  of a i r - d r i e d  
co r ros ion  p r o d u c t  f r o m  2.40 to 2.21, d u r i n g  v a c u u m  
d ry ing ,  m a y  r e p r e s e n t  t he  p a r t i a l  de c ompos i t i on  of 
U (OH)~. The  p r o d u c t  canno t  be  U (OH)4 a lone,  s ince  
th is  p h a s e  w o u l d  lose w e i g h t  on igni t ion ,  r e q u i r i n g  
excessive amounts of free metal to compensate. Fur- 
thermore, its valence state is not consistent with the 
x-ray absorption-edge data. Thus, it is suggested 
that the corrosion product is a mixture of UO~+~ and 

U(OH)~. 
Although no hydride was detected in the present 

investigation, its stability under the conditions of the 
present tests was verified, and, therefore, it is likely 
that previous observations (I) of a hydride phase in 
the corrosion layer were due to hydrogen overpres- 
sure in the reaction vessel. It would be of interest to 
determine the hydrogen pressure required to form 
hydride in the presence of water and the effect of 
pressure on the corrosion rate of uranium. 

Manuscript received June 21, 1957. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the December 1959 
JOURNAL. 
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Measuring Equipment for Polarization 
Studies in Distilled Water 
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ABSTRACT 

A technique of measur ing  polar iza t ion  in dis t i l led wa te r  is described.  The 
Luggin  cap i l l a ry  and the a - c - d - c  br idge  methods  are  discussed and judged  in-  
appl icable .  The decay of polar iza t ion  vol tage (of a luminum)  is shown to be 
re la t ive ly  slow in this environment .  A recording vo l tmete r  and cur ren t  i n t e r -  
rup te r  sui table  for making  polar iza t ion  measurements  in low conduct iv i ty  solu-  
tions are  described.  The impor t an t  design fea tures  of the  e lect rolyt ic  cell a re  
discussed, and polar iza t ion  da ta  for  a luminum in boi l ing wa te r  are  given as an 
expe r imen ta l  example .  

A n u m b e r  of a r t i c l e s  (1)  h a v e  d i scussed  the  t h e o -  
r e t i c a l  ana lys i s  of m e t a l  p o t e n t i a l  vs. a p p l i e d  c u r r e n t  
cu rves  for  c o r r o d i n g  me ta l s .  In  those  cases  in  w h i c h  
a specific e x p e r i m e n t  is desc r ibed ,  t h e  c o r r o d i n g  
m e d i u m  has  been  of r e l a t i v e l y  l ow e l ec t r i c a l  r e -  
s is tance.  E x t e n d i n g  these  p o t e n t i a l - c u r r e n t  a n a l y s e s  
to a h i g h - r e s i s t a n c e  m e d i u m  such as d i s t i l l ed  w a t e r  
modif ies  s e v e r a l  of the  u s u a l  m e a s u r e m e n t  p r o b l e m s  
a n d  i n t roduces  ce r t a i n  n e w  ones. 

The  mos t  se r ious  p r o b l e m  in h i g h - r e s i s t a n c e  so lu -  
t ions  is t ha t  of the  so lu t ion  IR drop.  T h r e e  m e t h o d s  
a r e  k n o w n  for  o v e r c o m i n g  the  so lu t ion  r e s i s t ance  
p r o b l e m  (Fig .  1) :  (a )  b y  use  of t h e  L u g g i n  c a p i l -  
l a ry ,  (b)  b y  b a l a n c i n g  out  th is  p o t e n t i a l  w i t h  an  a p -  
p r o p r i a t e  b r i d g e  c i rcui t ,  and  (c)  b y  m e a s u r i n g  the  
m e t a l  p o t e n t i a l  w h e n  no c u r r e n t  is f lowing ( the  i n -  
t e r r u p t e r  t e c h n i q u e ) .  The  L u g g i n  c a p i l l a r y  canno t  

[ ~  ~ - VACUUM TuBE 
I I I 

(e) DIRECT METHOD 

- - -  AC VACUUM TUBE 
F ~  ) } I i ~ i)-• 0 ~ I  VOLTM ETER 

(b) PEARSON BRIDGE METHOD 

SANPLE, 

(c) iNTERRUPTER METHOD 

Fig. 1. Methods of overcoming solution IR drop in polar- 
ization measurements. 

be  used  in p u r e  w a t e r  be c a use  i t  sh ie lds  t h e  m e t a l  
and  because  t he  s m a l l  l e a k  of t he  conduc t ing  sa l t  a t  
t he  m e t a l  su r f ace  w o u l d  change  the  r e su l t s  en t i r e ly .  
F u r t h e r m o r e ,  the  L u g g i n  c a p i l l a r y  w o u l d  no t  e l i m i -  
n a t e  the  IR drop  in so h igh  a r e s i s t ance  m e d i u m .  

I n i t i a l l y  t h e  b r i d g e  t e c h n i q u e  a p p e a r e d  m o r e  
p r o m i s i n g  s ince  t he  c i r c u i t r y  was  c o m p a r a t i v e l y  
s i m p l e  and  the  i n s t r u m e n t s  ( a - c  and  d - c  v a c u u m  
tube  v o l t m e t e r s ,  etc.)  w e r e  a v a i l a b l e  f r o m  com-  
m e r c i a l  sources .  A f t e r  p r e l i m i n a r y  e x p e r i m e n t a t i o n  
s e v e r a l  ser ious  sources  of t r o u b l e  due  to t he  h i g h -  
r e s i s t ance  so lu t ion  b e c a m e  a p p a r e n t .  As  a resu l t ,  a t -  
t e n t i on  was  d i r e c t e d  to the  t h i r d  or  i n t e r r u p t e r  t e c h -  
n ique .  A b r i e f  d e s c r i p t i o n  of t he  e x p e r i m e n t a l  diffi- 
cu l t i es  e n c o u n t e r e d  w i t h  t he  b r i d g e  c i r cu i t  is p r e -  
s en ted  be fo re  t he  d e t a i l e d  d iscuss ion  of the  i n t e r -  
r u p t e r  e q u i p m e n t  to i l l u s t r a t e  some of the  u n u s u a l  
aspec ts  of the  p r o b l e m .  

Bridge Circuit 

V a r ious  modi f i ca t ions  of t he  P e a r s o n  (2) c i rcu i t  
w e r e  t r i ed .  I t  is a s s u m e d  t h a t  t he  l a r g e  s p e c i m e n -  
so lu t ion  p s e u d o c a p a c i t a n c e  e f fec t ive ly  b y p a s s e s  t he  
e l e c t r o d e  r e s i s t ance  for  a l t e r n a t i n g  cu r r en t s ,  l e a v i n g  
on ly  t he  so lu t ion  res i s t ance .  V a r ious  i m p e d a n c e  
b r i d g e  c i rcu i t s  m a y  t hen  be  devised ,  us ing  a.c., to 
b a l a n c e  the  so lu t ion  IR drop  w i t h  an  e q u i v a l e n t  e x -  
t e r n a l  IR drop.  Thus ,  w h e n  the  c u r r e n t  is c h a n g e d  
to d.c., on ly  the  p o l a r i z e d  p o t e n t i a l  of t he  s p e c i m e n  
is m e a s u r e d  in t he  p r e v i o u s l y  b a l a n c e d  a r m  of t he  
b r idge .  In  d i s t i l l ed  w a t e r  a t  l e a s t  two  se r ious  c o m -  
p l i ca t ions  w e r e  e nc oun t e r e d .  F i r s t ,  the  c a p a c i t a t i v e  
po r t i ons  of the  i m p e d a n c e s  b e t w e e n  b r i d g e  m e m -  
be r s  in the  p o l a r i z a t i o n  cel l  w e r e  the  s ame  o r d e r  
of m a g n i t u d e  as t he  r e s i s t i v e  c o m p o n e n t  of t he  i m -  
p e d a n c e  in the  solut ion.  B a l a n c i n g  the  a - c  b r i d g e  
u n d e r  these  cond i t ions  r e q u i r e d  a W a g n e r  g r o u n d  
connec t ion  and  m u l t i p l e  a d j u s t m e n t s .  S ince  a r e l a -  
t i v e l y  l a r g e  t o t a l  d - c  v o l t a g e  (5-20 v)  was  r e q u i r e d  
to d r i v e  the  d e s i r e d  sma l l  p o l a r i z i n g  c u r r e n t s ,  t he  
a - c  b r i d g e  had  to be  set  w i t h  e x t r e m e  p r e c i s i o n  to 
r e d u c e  the  d - c  e r r o r  v o l t a g e  (due  to u n b a l a n c e d  IR 
d r o p )  to w i t h i n  a f ew  mi l l ivo l t s .  A n o t h e r  d i f f icul ty  
was  e x p e r i e n c e d  w i t h  the  r e f e r e n c e  e lec t rodes .  S ince  
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most reference  electrodes contaminated  the pure  
water  (a possible, but  cumbersome, except ion was 
the p l a t i n u m - h y d r o g e n  electrode in hydrogen  sa tu-  
ra ted  wa t e r ) ,  the area  of contact  be tween the solu-  
tion of the reference  electrode and the pure  wa te r  
was de l ibe ra te ly  made  quite small.  This small  a rea  
resul ted  in a h igh-res i s tance  contact  shunted by a 
capaci ta t ive  reactance.  As a result ,  a-c  and d-c  im-  
pedances through the reference cell were  not  equal, 
whereas  the analysis  of the br idge  circuits used de-  
manded  tha t  they be equal. Because of these diffi- 
culties the work  on br idge  circuits was suspended. 

Interrupter Technique 
High solution resis tance also complicates  the in-  

t e r rup te r  type  of measurement  (Fig. l c ) .  The elec-  
tronic detector  must  be sensi t ive to mil l ivol ts  wi th  
the polar iz ing current  off and yet  not be over loaded 
by  solution IR drops of up to 20 v wi th  the cur ren t  
flowing. The high impedance  of the measur ing  pa th  
be tween the reference electrode and the specimen 
makes  it susceptible to s t ray  a -c '  p ickup (usual ly  
60 cycles) .  Also, the input  capaci tance of the meas-  
ur ing circuit  must  be minimized  to p reven t  r e l a -  
t ive ly  long RC decay t imes from int roducing spur i -  
ous polar izat ion voltages.  

Many circuits have  been descr ibed for  making  
quant i t a t ive  measurements  dur ing  the current  in-  
t e r rup t ion  per iod (3). The recent,  more complicated 
circuits have been requ i red  for precise measure -  
ments  in the microsecond range. However,  in the 
case of corroding specimens in dis t i l led water ,  ex-  
aminat ion  of cur rent  in te r rupt ions  wi th  a Model 531 
Tekt ron ix  oscilloscope indicated severa l  favorable  
features.  For  example ,  pure  a luminum in 100~ 
dis t i l led wa te r  and the s imple circui t  of Fig. lc  gave 
the t race shown in Fig. 2. A low resis tance reference 
cell (p la t in ized Pt, H~ gas) and a special  input  circui t  
to the oscilloscope were  used to pe rmi t  v iewing in 
the short  t ime range. Even so, the per iod up to 60 
/~sec was obscured by the decay of the  IR voltage.  A 
very  rap id  polar izat ion decay reaction, essent ia l ly  
complete  in this t ime, may  have occurred, but  in v iew 
of the subsequent  slow decay this seems unl ikely .  
Since the direct  method is not feasible  we know of 
no way  to e l iminate  this possibil i ty.  

I t  was also noted tha t  the polar izat ion decay in 
this p re l imina ry  exper iment  (wi th  hydrogen  gas) 
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TIME, microseconds 

Fig. 2. Oscilloscope trace of current 
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was about  th ree  t imes more rap id  than  tha t  obta ined 
in boil ing dis t i l led wa te r  wi thout  de l ibera te  gaseous 
additions.  In the l a t t e r  more  common case wi th  the 
above polar iz ing conditions, the polar izat ion vol tage 
(about  300 mv at 0.2 msee) decayed about  6% in 
1 see, 63% in 33 see, and 86% in 108 sec. I t  was ob- 
vious tha t  this was not a s imple RC decay. 

The decay t ime for polar izat ion vol tages in dis-  
t i l led wa te r  thus appeared  longer  than  that  meas-  
ured in the usual  solutions. I t  was not  s imi lar  to the 
usual  rap id  decay of the overpoten t ia l  of a revers ib le  
system (3b).  Since a smooth p la t inum sample be-  
haved in approx ima te ly  the same fashion in hydro -  
gen-f ree  water ,  the slow decay was not associated 
wi th  the a luminum oxide film. The slow decay was 
not caused by  the pa r t i cu la r  form of the reference  
electrode as is evidenced by  the fact tha t  the resul ts  
wi th  a luminum samples were  not changed by  in te r -  
changing Ieference electrodes (Pt-H~ and calomel) .  
It is not intended in this paper to discuss the theo- 
retical implications of the observed values; it is 
hoped that a future publication will cover this aspect 
of the subject. 

While the oscilloscope is an excellent method of 
obtaining a single piece of polarization data it is not 
well suited to the recording of complete curves in 
which both the I and E vary with time. A special 
piece of equipment was designed for this purpose. 

E~ectronic Equipment 

A thyra t ron  tube with  constant  p la te  vol tage fires 
nea r ly  ins tan t ly  whenever  the  g r id -ca thode  vol tage 
is more posi t ive than  a constant  cr i t ical  firing vol t -  
age. Hickl ing (4) devised a po ten t iometer  circuit  
for de te rmin ing  the polar izat ion vol tage dur ing  a 
br ief  cur rent  in te r rup t ion  using this pr incip le  (Fig. 
3a).  The poten t iometer  is connected so tha t  the vol t -  
age due to the solution resis tance dr ives  the grid 
nega t ive  wi th  respect  to the cathode (Fig.  3c). Man-  
ual  ad jus tment  of P~ to the threshold of oscil lation 
was requi red  for each reading.  However,  the th resh-  
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Fig. 3. Basic circuit of self-adjusting polarization volt- 
meter. 
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Fig. 4. Circuit diagram of polarizQtion voltmeter 

old ad jus tment  can be per formed  au tomat ica l ly  by 
the RC circuit  of Fig. 3b. As the circuit  operates  as a 
saw- too th  oscillator,  the current  through the t h y r a -  
t ron charges the condenser C unt i l  the g r id -ca thode  
potent ia l  is just  equal  to the cri t ical  firing potent ia l  
for the thyra t ron .  If the input  vol tage  to be meas-  
ured  (E,~) changes, the condenser C is charged auto-  
mat ica l ly  by  renewed oscil lat ion or d ischarged by  
leakage  through R unt i l  the total  g r id -ca thode  vol t -  
age again equals the cri t ical  firing potential .  The 
change in potent ia l  across RC (measured  with  a d-c  
vacuum tube  vol tmeter )  is therefore  the change in 
the input  voltage. This type  of detector  measures  the 
most posi t ive excursion of the grid potent ia l  dur ing  
the in te r rup t ion  period. 

In Fig. 4 the circuit  d i ag ram of the complete  de-  
tector  is shown. The cathode fol lower (12BH7A) 
provides high input  resis tance and isolates the sam-  
ple f rom vol tage  pulses genera ted  by the firing of 
the t hy ra t ron  detector  (2D21). The output  circui t  
(12BH7A) prevents  the  loading of the  RC se l f -ba l -  
ancing circuit  by  the  L&N recorder.  The range of 
polar izat ion vol tage of the  specimen that  can be 
handled  by  the peak  detector  i tself  is about  0.6-0.7 
v. An ad jus tab le  bucking potent ia l  a r r angemen t  pe r -  
mits  extension of this basic range, when it is nec-  
essary. 

Certa in  precaut ions  in construct ion wil l  improve  
the per formance  of the ins t rument  mater ia l ly .  The 
12BH7A tube used in the cathode fol lower probe  is 
selected for low grid current .  The test is pe r fo rmed  
by  apply ing  +15 v (wi th  respect  to ground)  to the 
"reference electrode" connection of the ins t rument  
wi th  a ga lvanomete r  in series. A m a x i m u m  of 10 -~ 
amp should be d rawn  by  the grid under  these con- 
ditions. 

Pe rmi t t i ng  the tubes to age for 5-10 days wi th  
the i r  f i laments opera t ing  tends to s tabi l ize thei r  pe r -  
formance,  especial ly the 2D21 thyra t ron .  The 135-v 
ba t t e ry  in the p la te  circuit  of the 2D21 should be 
isolated f rom the ins t rument  chassis to avoid s t ray  
leakage currents  and la rge  capaci tance to ground. 
The usual  care should be taken  to isolate signal  
leads f rom those car ry ing  60 cps currents .  

The polar iz ing current  is suppl ied in the no rma l  
manne r  f rom a mu l t i t u rn  poten t iometer  and d ry  
cells. The poten t iometer  may  be motor  driven,  and 
a l a rge  res is tance m a y  be in the  circui t  to p rovide  a 
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Fig. 5. Battery operated current interrupter 

l inear  ra te  of change of polar iza t ion  cur ren t  when 
desired. An adjustable ,  ba t t e ry  opera ted  mul t iv i -  
b ra tor  provides the in te r rup t ion  pulses (Fig. 5). The 
f requency of in te r rup t ion  is about  10 cps. Per iod  of 
cur rent  in te r rupt ion  is ad jus tab le  from 1 to 20 msec. 
A silicon diode in the output  lead is used to prevent  
capaci ta t ive ly  coupled spurious pulses. Revers ing 
switches provide  a m a x i m um  of f lexibil i ty in opera-  
tion. 

Ce~l Design 
The commonly used stop off mater ia l s  (Bakeli te ,  

Lucite, and var ious  waxes)  contaminate  pure  water .  
As shown in Fig. 6, the sample  is c lamped t ight ly  
against  the side of the chamber  in a manner  s imilar  
to tha t  descr ibed by Sheff, et aL (5) and covers a 
1-cm -~ hole. Only the edge of the th in  po lye thy lene  
washer  is exposed to the solution. The specimen-  
po lye thy lene-g lass  assembly  is heat  sealed (3 rain, 
150~ oven) to define the corroding area  sharply .  
Exper iments  wi th  and wi thout  the po lye thy lene  gas-  
ket  produced ident ical  resul ts  wi th in  the exper i -  
menta l  error.  

Contaminat ion of the pure  wa te r  was also a con- 
s idera t ion  in choosing mate r i a l s  for construct ion of 
the cell. Tygon and Neoprene par t s  in the  wa te r  feed 
l ine were  found to be unsat is fac tory  where  the  t em-  
pe ra tu re  was high. Teflon par t s  were  difficult to 
clean proper ly .  Stainless steel appeared  to contami-  

WATER 
iNLET 

ELECTRIC 
HEATER 

F IGURE 6 

TEST CELL USED WITH BOILING DISTILLED WATER 

Fig. 6. Test cell used with boil ing disti l led water 
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na t e  the  hot  wa t e r  to some e x t e n t  as j udged  by  its 
inf luence on pola r iza t ion  curves.  In  the p r e sen t  de-  
s ign p l a t i n u m  and  P y r e x  glass are  used  th roughou t ,  
except  for the po lye thy l ene  gasket.  

The  1-cm -~ hole pe rmi t s  the use of smal l  samples.  
A n y  me ta l  which  can be g round  or o therwise  w o r k e d  
to expose one flat sur face  can be used. These  con-  
s idera t ions  are i m p o r t a n t  w h e n  an  inves t iga t ion  of a 
wide  r ange  of meta l s  is desired. 

A r e l a t i ve ly  la rge  ra t io  of wa t e r  v o l u m e  (250 c c ) /  
sample  a rea  (1 cm ~) reduces  c o n t a m i n a t i o n  of the  
so lu t ion  by  a cor roding  sample,  as does a subs t a n t i a l  
r a t e  of so lu t ion  r e f r e s h m e n t  (10 c c / m i n ) .  

I n  order  to avoid a s t r ay  e lec t r ica l  g r o u n d  the  
solut ion is a l lowed to form discre te  drops at the  end  
of the  exi t  t u b e  and  dr ip  into the  dra in .  Also, the  cell 
to g r o u n d  capaci tance  is m i n i m i z e d  to p e r m i t  r ap id  
decay of the IR  vol tage  pulses.  

The ca lomel  cell is used because  of its convenience .  
The s lowly  l eak ing  sal t  br idge  is cons t ruc ted  by  
fus ing  a s t r a n d  of "Refras i l"  i n s u l a t i o n  in  Pyrex .  The  
sweep of d is t i l led  wa t e r  t h rough  the  cell and  the  
glass wool p lug p r e v e n t  chloride c o n t a m i n a t i o n  of 
the sample  chamber .  On several  occasions a por t ion  
of the flow was syphoned  s lowly f rom the c h a m b e r  
and  collected for analysis .  No chlor ide was  found  
( sens i t iv i ty  be t t e r  t h a n  0.1 p p m  CIO. 

D imens ion  T (Fig. 6) should be control led.  If it  is 
made  too small ,  the c u r r e n t  d i s t r i b u t i o n  is n o n l i n e a r  
to a s ignif icant  ex tent .  If it  is too large,  the  so lu t ion  
IR vol tage  can  exceed +20  v. U n d e r  these condi t ions  
the  gr id  of the  i n p u t  t ube  d raws  c u r r e n t  and  spur ious  
po la r iza t ion  in  the  r e fe rence  pa th  occurs. 

To eva lua t e  the  p r o b l e m  of n o n u n i f o r m  c u r r e n t  
d i s t r i bu t ion  a P t  test  p robe  was made  by  m o u n t i n g  
a piece of 2.8 m m  OD rod th rough  a piece of Teflon 
and  g r i n d i n g  the exposed face flush wi th  the  surface.  
This  p robe  was  m o u n t e d  on the  tes t  cell in  place of 
the u sua l  specimen,  and  the res i s tance  b e t w e e n  the  P t  
w o r k i n g  electrode in  the  cell and  the smal l  p robe  
face was m e a s u r e d  w i th  an  a-c  impedance  b r idge  as 
the probe  was  moved  f rom edge to cen te r  of the  1 
cm ~ opening.  A m a x i m u m  va r i a t i on  of 4% was found  
for 100~ dist i l led wa te r  w i th  T ~ 1.5 mm.  If g rea te r  
u n i f o r m i t y  were  desired,  T could be  var ied  so t ha t  
the m a x i m u m  IR drop did not  exceed 20 v or  a l t e r -  
n a t i v e l y  the  i n p u t  stage to the  po la r iza t ion  v o l t m e t e r  
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Fig. 7. A luminum cathodic polar izat ion curve 

could be opera ted  wi th  h igher  p la te  voltage.  Expe r i -  
me n t s  have  shown  tha t  up to 100 v IR  can  be to le r -  
a ted  us ing  this  l a t t e r  technique .  

A n n o y i n g  f luctuat ions  in  the  c u r r e n t  a nd  vol tage  
m e a s u r e m e n t s  were  t raced  to s team bubb l e s  m o v i n g  
across the  face of the specimen.  The p re sen t  perco-  
la tor  des ign provides  good t e m p e r a t m e  d i s t r ibu t ion ,  
aids in  degass ing the r ep l en i sh ing  water ,  sweeps the  
corrosion p roduc t  a w a y  f rom the  sample,  a nd  e l imi -  
na tes  the  s t eam b u b b l e  p rob lem.  

Experimental Example 
The dis t i l led  w a t e r  ( res i s t iv i ty  --1.1 to 1.5 x 106 

o h m - c m  at  28~ is u sua l ly  s l ight ly  e lec t rolyzed be -  
t w e e n  P t  plates  pr ior  to its e n t r y  into the  po la r iza -  
t ion chamber .  W h e n  h i g h - p u r i t y  A1 is used as the  
sample,  this pl  e -e lec t ro lys is  causes a s l ight  decrease 
in  the in i t i a l  slope of the  E vs. I cathodic curve  and  
also p r e v e n t s  a sharp  b e n d  in  the  E - I  curve  at  abou t  
30 ~a of cathodic po la r i za t ion  cur ren t .  I t  is u sua l ly  
t hough t  (6) tha t  this  p re -e lec t ro lys i s  t akes  some i m -  
pur i t i es  out  of the solut ion,  bu t  it is no t  clear  tha t  
this  m e c h a n i s m  appl ies  here.  The  des ign  of the  p re -  
e lectrolysis  cell and  the a m o u n t  of c u r r e n t  do no t  
seem to be critical.  

F igu re  7 is a t race  of the record ing  of one exper i -  
m e n t  of po t en t i a l  (vs. s a tu ra t ed  ca lomel  e lectrode 
at room t e m p e r a t u r e )  aga ins t  appl ied  cathodic cu r -  
r en t  for h i g h - p u r i t y  A1 in  bo i l ing  water .  The cu r -  
r e n t  was  increased  l i n e a r l y  wi th  t ime  ( A I / ~ t  ~ 0.08 
~a / sec ) .  This  ra te  had  l i t t le  effect on these curves  
w i t h i n  the r ange  inves t iga ted  (0.04 to 0.11 ~a/sec)  
a nd  was cont ro l led  easi ly  w i t h i n  this  range.  A 
5-msec  i n t e r r u p t i o n  per iod was used. The  curve  of 
Fig. 7 is one of t h i r t e e n  s imi la r  curves.  For  this 
g roup  of curves  the  average  dev ia t ion  at  I = 0 is 
0.006 v, tha t  at  35 ~a is 0.027 v; the m a x i m u m  dev ia -  
t ion  at I = 0 is 0.011 v, tha t  at  35 ~a is 0.054 v. The 
slope of the s t ra igh t  l ine  pa r t  (15 ~a to 30 ~a) is 14.4 
x 10 ~ v / a m p  wi th  an  ave rage  dev ia t ion  of 1.i x 10 ~ 

v / a m p .  Samples  were  p r e p a r e d  by  wet  g r i n d i n g  pieces 
of a s ingle  stock of rol led a nd  a n n e a l e d  sheet.  They  
were  exposed to the  bo i l ing  w a t e r  for  abou t  20 hr  (to 
an  a p p r o x i m a t e l y  cons t an t  va l ue  of open -c i r cu i t  po-  
t en t i a l )  before  these  m e a s u r e m e n t s .  Grea t  care  m u s t  
be exercised to exclude  impur i t i es ,  s ince a smal l  
a m o u n t  of c o n t a m i n a n t  cor responds  to a la rge  pe r -  
cen t i le  change  in  the  i m p u r i t y  level  of the  solut ion.  

Reproduc ib le  E - I  curves  are be i ng  ob ta ined  for a 
va r i e t y  of meta l s  in  dis t i l led  w a t e r  at 100~ Cer-  
t a in  o ther  va r i ab les  of sample  p r e p a r a t i o n  are ye t  to 
be eva lua t ed  before  a theore t ica l  i n t e r p r e t a t i o n  of 
the da ta  is made.  

Manuscript  received Oct. 10, 1958. This work was 
done under  the auspices of the U. S. Atomic Energy 
Commission. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the December 1959 
~OURNAL. 
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ABSTRACT 

The pyrophospha te  ba th  has been  found to be sa t is factory  for the p la t ing 
of nickel.  I t  gives good qual i ty  deposits  over  a wide range  of opera t ing  con- 
ditions and has some advantages  over  the Wat ts  bath.  

N icke l  is c o m m o n l y  p l a t e d  f r o m  the  s u l f a t e -  
ch lo r ide  or  cho r ide  ba ths ,  a n d  the  f luobora te  a n d  
s u l f a m a t e  t ypes  have  been  e s t a b l i s h e d  r e c e n t l y  for  
i n d u s t r i a l  work .  These  so lu t ions  a re  a l l  r i g h t  in  
mos t  respects ,  bu t  t h e y  h a v e  a poor  t h r o w i n g  p o w e r  
and  a re  not  s u i t a b l e  fo r  d i r ec t  p l a t i n g  on zinc. A 
c o m p l e x  sa l t  b a t h  sugges t s  i t se l f  as an  a l t e r n a t i v e .  
B r o c k m a n  a n d  N o w l e n  (1)  h a v e  p l a t e d  n i c k e l  on 
zinc f rom the  t r i e t h a n o l a m i n e  ba th .  L a n g b e i n  (2)  
c i tes  an  a l k a l i n e  n i cke l  p y r o p h o s p h a t e  solu t ion ,  and  
t h e r e  is a p a t e n t  (3, 4) on the  z ia l i te  ba th ,  c o n t a i n -  
ing  n i c k e l  in  t he  f o r m  of a m m o n i a c a l  p y r o p h o s p h a t e  
and  c i t r a t e  complexes ,  for  p l a t i n g  the  m e t a l  on zinc. 
In  v i ew  of the  m e a g e r  i n f o r m a t i o n  a v a i l a b l e  in  
l i t e r a t u r e ,  the  p l a t i ng  of n i cke l  f r o m  the  p y r o p h o s -  
p h a t e  b a t h  was  s t u d i e d  in  de ta i l .  The  in i t i a l  w o r k  
has  been  r e p o r t e d  b r i e f l y  f r o m  th is  l a b o r a t o r y  (5, 6), 
and  a g e n e r a l  r e v i e w  of p l a t i ng  m e t a l s  and  a l loys  
f r o m  the  p y r o p h o s p h a t e  b a t h  was  m a d e  r e c e n t l y  
(7, 8). 

Experimental 
P l a t i n g  so lu t ions  w e r e  p r e p a r e d  in the  e a r l y  w o r k  

(5)  by  the  a d d i t i o n  of a l k a l i  p y r o p h o s p h a t e  to a w e t  
p r e c i p i t a t e  of n i cke l  p y r o p h o s p h a t e  o b t a i n e d  f r o m  
n i cke l  su l f a t e  a n d  p y r o p h o s p h a t e .  A l k a l i  c h l o r i d e  
was  t hen  a d d e d  to f a c i l i t a t e  a n o d e  cor ros ion .  I t  was  
n e c e s s a r y  to add  at  l eas t  6 g/1 p o t a s s i u m  ch lo r ide  to 
the  so lu t ion;  o t h e r w i s e  the  anode  efficiency was  
zero.  The  b a t h  p r e p a r a t i o n  was  t h e r e f o r e  a l t e r ed ,  
p o t a s s i u m  p y r o p h o s p h a t e  be ing  a d d e d  to n i c k e l  
ch lor ide .  The  p o t a s s i u m  sa l t  was  chosen  in p l ace  of 
the  sod ium in v i e w  of t he  benef ic ia l  effects  of t he  
f o r m e r  as in  o the r  p l a t i n g  solut ions .  T h e  p y r o p h o s -  
p h a t e  con t en t  of t he  b a t h  was  a l w a y s  in  excess  of 
t h a t  r e q u i r e d  for  c o m p l e x  fo rma t ion .  P h y s i c o c h e m i -  
cal  m e a s u r e m e n t s  h a v e  shown  (9) t h a t  the  m o l a r  
r a t io  of p y r o p h o s p h a t e  to n i cke l  in  t he  c o m p l e x  is 
2 as we l l  as 1, t he  i n s t a b i l i t y  cons t an t  as d e t e r m i n e d  
f rom s p e c t r o p h o t o m e t r i c  d a t a  be ing  of t he  o r d e r  of 
10 '. T h e r e  was  no  i m m e r s i o n  depos i t i on  of n i cke l  
on zinc. 

In  so lu t ions  con ta in ing  m o r e  t h a n  0.3M n i c k e l  
t h e r e  was  a t e n d e n c y  for  p r e c i p i t a t i o n  a f t e r  e l ec -  
t ro lys is .  A m m o n i u m  c i t r a t e  was  a d d e d  as a b a t h  
c o n s t i t u e n t  s ince  i t  w a s  benef ic ia l  f r o m  the  v i e w -  

po in t  of s t a b i l i t y  a n d  bu f f e r ing  of t he  solu t ion ,  
q u a l i t y  of the  deposi ts ,  c a thode  efficiency, and  
l i m i t i n g  c.d. ( c u r r e n t  d e n s i t y ) .  So lu t ions  w i t h  O.3M 
n i cke l  we re  t i t r a t e d  e l e c t r o m e t r i c a l l y  w i t h  a l k a l i  
u s ing  the  glass  e lec t rode .  F i g u r e  1 shows  t h a t  t h e  
p r e c i p i t a t i o n  p i t  is r a i s ed  s l i g h t l y  b y  c i t r a t e ,  t he  
bes t  buf fe r ing  ac t ion  be ing  i m p a r t e d  b y  20 g/1 of t he  
sal t .  I t  was  not  a d v i s a b l e  to i nc rea se  t he  c i t r a t e  con-  
t en t  of the  solu t ion ,  t h e r e b y  m a k i n g  i t  a m i x e d  ba th .  
The  c o n c e n t r a t i o n  of c i t r a t e  was  p r o p o r t i o n a l  to the  
n i cke l  con ten t  of t he  solut ion,  t he  r a t i o  be ing  66.6 
g/1 a m m o n i u m  c i t r a t e  fo r  1M (58.7 g / l )  n icke l .  
F i g u r e  2 shows  t h a t  t he  r e s i s t i v i t y  of the  so lu t ion  is 
s l i gh t ly  d e c r e a s e d  b y  c i t ra te .  
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Fig. 1. Electrometric t i trat ions. Ni 0.3M, rat io (i.e., ratio 
of pyrophosphate to metal by weight) 8. (A) am.ci trate nil, 
(B) am.ci t rate ]0  g/ I ,  (C) am.ci trate 20 g/ I ,  (D) am.ci t rate 
30 g / I .  Each arrow shows the precipi tat ion point for a curve, 
and the letter above it refers to the curve. 
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(A) Fig. 2. Specific resistivity. Temp. 60~ ratio 8. 
am.ci t rate nil, (B) am.ci t rate 66.6 g / I  for 1M Ni. 
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Fresh  solut ions,  200 ml,  were  t aken  for  each ex -  
pe r imen t .  Nickel  anodes  1 (3 x 1 x ~s in.)  and  copper  
sheet  cathodes (3 x l x  1/32 in.)  were  used, the  
i n t e r - e l ec t rode  d is tance  be ing  1 in. and  the  i m -  
mersed  area  of each electrode 2 in.~; p l a t i ng  t ime  
for a n  e x p e r i m e n t  was 10-45 min.  The e x p e r i m e n t a l  
detai ls  conce rn ing  c lean ing  of electrodes,  p l a t i ng  
equ ipmen t ,  c u r r e n t  efficiencies, t e m p e r a t u r e ,  ag i t a -  
t ion, pH, res is t iv i ty ,  and  e lect rode po ten t ia l s  were  
the same as descr ibed before (10). The  pH was 
va r i ed  by  the add i t ion  of po tass ium hydrox ide  or 
hydrochlor ic  acid. Condi t ions  were  ca re fu l ly  con-  
t ro l led  to ob ta in  e lect rode po ten t i a l  va lues  ( h y d r o -  
gen scale) to the accuracy  of _ 0.005 v. 

The t h r o w i n g  power  of the  p la t ing  so lu t ion  was  
m e a s u r e d  u n d e r  o p t i m u m  condi t ions  w i th  a modif i -  
ca t ion of the  H a r i n g - B l u m  t h r o w i n g  power  box 
(11). The object  was  to ob ta in  a r e l a t ive  idea of the  
t h r o w i n g  power  of d i f ferent  p l a t i ng  solutions.  A 
cy l indr ica l  glass cell 15 cm long and  4.5 cm in  
d i ame te r  was used, wi th  2 copper  cathodes a nd  a 
pe r fo ra ted  n icke l  anode in  be tween .  The  d is tance  
be tween  the  cathodes was 12 cm. The cathodes were  
weighed  a f te r  e lectrolysis  and  cathode po ten t ia l s  
and  res i s t iv i ty  of the  solut ion de te rmined .  The  
t h r o w i n g  power  was ca lcu la ted  f rom the  F ie ld  
f o r m u l a  (12) and  also f rom the equa t ion  of G a r d a m  
(13) for a l i nea r  r e l a t ionsh ip  b e t w e e n  cathode 
po ten t i a l  and  log c.d., there  be ing  no v a r i a t i o n  of 
the cathode efficiency wi th  c.d. 

Pho tomic rographs  of a th ick  coat ing  (0.001 in . )  of 
the surface  of n icke l  deposit  were  t a k e n  wi th  a 
Leitz p ro jec t ion  microscope.  X - r a y  powder  p a t t e r n s  
of the  deposi t  were  ob ta ined  f rom a Rich Sei fer t  13 
u n i t  wi th  57 .3 -mm d i ame te r  camera .  Hardness  
m e a s u r e m e n t s  were  m a d e  on the  surface of the 
deposi t  w i th  Lei tz  1151 D u r i m e t  Midget  ha rdnes s  
tester.  

1 Supplied by Canning  and Co. 
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Experimental Results 
Elec t rodepos i t ion  was car r ied  out  u n d e r  the  fol-  

lowing  condi t ions :  n icke l  concen t r a t i on  0.05, 0.1, 
0.2, 0.3, 0.4, 0.5, and  0.8M; ra t io  of py rophospha te  
(P..,OT) to me t a l  (we igh t )  6, 7, 8, and  10 (3.375 mo la r  
r a t io ) ;  pH 7.8, 8.5, 9, 9.5, a nd  10.5; t e m p e r a t u r e  
30 ~ 50 ~ 60 ~ a nd  70~ Resul ts  are p r e se n t ed  in  
Fig. 3-14 a nd  in  Tables  I - I I I .  Al l  the  resu l t s  have  
not  been  covered to avoid over lapping .  For  the same 
reason,  poin ts  co r respond ing  to stat ic  po ten t ia l s  
have  not  been  marked .  The data  recorded  cor re -  
spond  to good qua l i ty  deposits.  The decomposi t ion  
po ten t i a l  for  the p la t ing  so lu t ion  was  1.8-1.9 v, and  
the  ba th  vol tage  0.9-3.0 v. 

Nature of depo~t.--The b a t h  gave smooth,  white ,  
br ight ,  f ine -gra ined ,  and  a d h e r e n t  deposi ts  of n icke l  
on copper (brass  or zinc)  cathodes over  a wide  
r a nge  of p l a t ing  condi t ions.  Tab le  I shows the effect 
of beneficial  add i t ion  agents  on cathode efficiency, 
po ten t i a l  (whe re  there  was  a s ignif icant  change) ,  
a nd  qua l i t y  of the  deposit. A m o n g  other  subs tances  
tr ied,  d i p h e n y l a m i n e  had  no effect, a nd  s e l en ium 
dioxide  resu l t ed  in  a de te r iora t ion .  P la tes  1 to 5 
(Fig. 3) show the  pho tomic rographs  of the surface 
of n icke l  p la tes  ob ta ined  u n d e r  d i f ferent  condi t ions.  
Add i t ion  of a m m o n i u m  ci t ra te  m a d e  the  deposi t  
f iner g ra ined  and  br igh te r ,  and  there  was  no ind ica -  
t ion  of escape of gas f rom the  sur face  (pla tes  1 and  
2). Increase  of c.d. or t e m p e r a t u r e  (no t  shown)  or 
add i t ion  of cobal t  chlor ide gave a b r i gh t e r  deposit ;  
in the  las t  case the re  was gas evo lu t ion  a nd  stress 
(plates  3-5) .  X - r a y  s tudies  showed tha t  the deposi t  
has a f.c.c, s t ruc ture ,  w i th  a ---- 3.516A. 

Current efficiencies.--The cathode efficiency was  
increased  by  the  add i t ion  of a m m o n i u m  citrate,  
increase  of n icke l  content ,  or pH of the  solut ion.  
The r e  was a s l ight  increase  wi th  inc rease  of t e m -  
pera tu re ,  and  decrease w i th  agi ta t ion.  Most of the 
add i t ion  agents  increased  the  efficiency at  h igher  

Table I. Effect of addition agents on cathode efficiency, potential, and quality of the deposit 

Bath composi t ion:  Ni 0 5M, rat io 8, a m m o n i u m  ci trate  33.3 g/ l ;  pH  9.5; t e m p e r a t u r e  60~ still plating.  The first  f igure under  c.d. g ives  the  
ca thode efficiency % and  the  second (in parentheses)  g ives  the  ca thode potent ia l  ( - re  sign) in  volts in  H scale. Qual i ty  of deposit: A - -  
m a r k e d  improvemen t ,  B - - s l i gh t  improvemen t .  

c.d., amp/drn~ 

Br igh tness  
Addi t ion agent  Conc. g/1 0 4 6 8 10 of deposit  

Nil - -  92 86 65 - -  
(0.41) (1.08) (1.18) (1.24) 

Cobalt chloride 4.8 93 93 87 72 A 
Cadmium chloride 0.8 89 88 86 83 B 
Lead acetate 1.0 88 83 79 75 A 

(0.40) (1.08) (1.12) (1.14) (1.18) 
Zinc pyrophosphate 1.5 82 82 81 80 B 
Sodium sulfite 0.5 90 89 82 82 A 
Sodium bisulfite 0.2 90 89 89 87 A 
Thiourea 0.5 78 71 55 32 B 

(0.52) (0.94) (1.07) (1.14) (1.24) 
Gelat in 0.5 78 69 59 56 B 

(0.46) (1.21) (1.29) (1.36) (1.48) 
fl-naphthol 0.05 81 81 77 62 B 

(0.43) (1.02) (1.10) (1.11) (1.36) 
Coumarin  0.5 86 80 78 72 A 
~-nitroso ~-naphthol  0.1 79 79 79 76 A 
Azoxybenzene sulfani lamide 0.1 96 93 86 82 A 
Sodium ~-naphthalene  sulfonate 0.1 91 88 85 76 B 
Tr ie thanolamine  0.1 ml/1 90 85 85 82 B 
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Fig. 3. Photomicrographs of deposits. Temp. 60~ Cu 
cathode, magnification ] x 700. Plate 1 - -N i  0.3M, ratio 8, 
1 amp/dm~; Plate 2 - - N i  0.3M, ratio 8, am.citrate 20 g/ I ,  
1 amp/dm~; Plate 3 - -  Ni 0.hM, ratio 8, am.citrate 33.3 
g/I ,  2 amp/dm';  Plate 4 - - N i  0.hM, ratio 8, am.citrate 
33.3 g/I ,  4 amp/dm-~; Plate 5 - - N i  0.hM, ratio 8, am.citrate 
33.3 g/I ,  cobalt chloride 4.8 g/I ,  2 amp/dm -~. 

c.d. In  the  m a j o r i t y  of  cases  t h e  v a l u e s  w e r e  f r o m  
80 to 94% ( T a b l e  I and  Fig.  4 -8 ) .  The  depos i t s  w e r e  
s a t i s f a c t o r y  even  t h o u g h  the  efficiency was  less t h a n  
100%. I t  was  poss ib le  to w o r k  the  b a t h  up  to 10 
a m p / d m  '~ w i th  a d d i t i o n  agents .  The  a n o d e  eff iciency 
was  a b o u t  100% t h r o u g h o u t ,  a n d  t h e  v a l u e s  h a v e  
t h e r e f o r e  n o t  been  r e c o r d e d  u n d e r  d i f fe ren t  c o n d i -  
t ions  (Fig .  8) .  T h e r e  was  some  s ludge  f o r m a t i o n  at  
t he  anode.  The  cor ros ion  was,  howeve r ,  q u i t e  
n o r m a l  even  b e y o n d  t h e  l i m i t i n g  ca thode  c.d. 

Poten t i a l s . - -The  ca thode  p o t e n t i a l  d e c r e a s e d  = w i t h  
i n c r e a s e  of n i c k e l  or  c i t r a t e  con ten t  of t he  solu t ion ,  
t e m p e r a t u r e  or  ag i t a t ion ,  and  dec rease  in t he  r a t i o  
or  p H  (no t  s h o w n ) .  H o w e v e r ,  the  p o t e n t i a l  changes  
w e r e  not  v e r y  m a r k e d .  The  va lue s  w e r e  d e c r e a s e d  
b y  the  a d d i t i o n  of l e a d  ace ta te ,  t h iou rea ,  b e t a -  
naph tho l ,  and  s e l e n i u m  d iox ide  (0.15 v d e c r e a s e ) ,  
and  i n c r e a s e d  b y  ge l a t i n  ( T a b l e  I and  Fig.  9 -11) .  
The  effect of t he  v a r i a b l e s  on the  a n o d e  p o t e n t i a l  
was  in g e n e r a l  s im i l a r  to t ha t  on the  ca thode  s ide  
(no t  r e c o r d e d ) .  F i g u r e  12 shows  t h a t  t h e  ch lo r ide  
ion p r o m o t e s  anode  cor ros ion .  

-~ " D e c r e a s e d "  m e a n s  t h a t  t h e  p o t e n t i a l  h a s  b e c o m e  m o r e  n o b l e ,  
i . e . ,  h a s  s h i f t e d  t o w a r d  t h e  p o t e n t i a l  o f  a g o l d  e l e c t r o d e .  
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Fig. 4. Effect of pH on cathode efficiency. Temp. 60~ 
Ni 0.3M, ratio 8, am.citrate 20 g/i.  
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Fig. 5. Effect of nickel concentration on cathode effici- 
ency. Temp. 60~ ratio 8, pH 9.5, am.citrate 66.6 g/ I  for 
1M Ni. 
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Fig. 6. Effect of ratio and am.c i t ra te  on cathode effici- 
ency. Temp. 60~ Ni 0.hM, pH 9.5. (A) ratio 8, am.citrate 
20 g/I ,  (B) ratio 8, am.citrate 33.3 g/ I ,  (C) ratio 6, 
am.citrate 33.3 g/ I .  
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Fig, 7. Effect of temperature on cathode efficiency. Ni 
0.hM, ratio 8, pH 9.5, am.citrate 33.3 g/I .  
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Fig. 8. Effect of agitation on cathode efficiency and 
anode efficiency. Temp. 60~ Ni 0.hM, ratio 8, pH 9.5, 
am.citrate 33.3 g/I .  

T h r o w i n g  p o w e r . - - T a b l e  II  g ives  t he  r e su l t s  on 
t h r o w i n g  p o w e r  m e a s u r e m e n t s  for  t he  p y r o p h o s -  
pha te ,  W a t t s  (4 ) ,  a n d  c h l o r i d e  (14) b a t h s  u n d e r  
o p t i m u m  condi t ions .  The  t h r o w i n g  p o w e r  d e c r e a s e d  
w i t h  i n c r e a s e  of c.d., and  i n c r e a s e d  to some  e x t e n t  
w i th  i nc rea se  in t h e  l i n e a r  ra t io .  T h e r e  was  r e a s o n -  
a b l e  a g r e e m e n t  b e t w e e n  the  v a l u e s  c a l c u l a t e d  f r o m  
the  F i e l d  and  G a r d a m  equa t ions .  The  r e c i p r o c a l  of 
the  s lope  of t he  p lo t  of t he  m e t a l  r a t i o  aga in s t  
l i n e a r  ra t io ,  ca l l ed  the  t h r o w i n g  i n d e x  (15) ,  g ives  
a d i r e c t  m e a s u r e  of t he  t h r o w i n g  power .  F i g u r e  14 
g ives  th is  p lo t  for  t he  t h r e e  b a t h s ;  the  i n d e x  v a l u e s  
a r e  g iven  in T a b l e  II. 
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Table II. Throwing power 

p sp. r e s i s t i v i t y  o h m / c m a ;  b s lope  of ca thode  p o t e n t i a l -  log  c.d. 
c u r v e ;  N t h r o w i n g  n u m b e r  = b/2p;  L, M, and  R l inea r ,  me ta l ,  and  
c u r r e n t  ra t ios ,  r e s p e c t i v e l y  (13) 

p b N 
Pyrophosphate 4.51 0.545 O. 0604 
W a t t s  11.60 0.090 0.0039 
C h l o r i d e  5.48 0.125 0.0114 

T h r o w -  P o w e r  T h r o w -  
c.d., i ng  % ing  

B a t h  a m p / d m  e L M R f ie ld  G a r d a m  i n d e x  

Pyrophos-  
phate 

Watts 

Chloride 

0.5 5 2.11 1.57 57 - -  10.0 
1.0 5 2.32 2.00 50 - -  
2.0 5 3.12 2.54 39 41 
4.0 5 - -  3.28 - -  27 
6.0 5 - -  3.66 - -  20 
1.0 11 2.53 2.42 74 - -  
1.0 3 1.75 1.66 46 - -  

0.5 5 3.38 3.97 25 - -  2.8 
1.0 5 3.80 4.35 17 - -  
2.0 5 4.05 4.64 14 5 
4.0 5 - -  4.81 - -  3 
6.0 5 - -  4.87 - -  2 
1.0 11 5.34 8.19 40 - -  
1.0 3 2.59 2.77 11 - -  

0.5 5 2.98 2.87 40 - -  4.7 
1.0 5 3.00 3.55 33 - -  
2.0 5 3.27 4.11 37 14 
4.0 5 - -  4.50 - -  7 
6.0 5 - -  4.65 - -  5 
1.0 11 4.27 5.21 43 - -  
1.0 3 2.51 2.45 33 - -  

Control and maintenance of bath.--The b a t h  was  
qu i t e  s table  u n d e r  t he  condi t ions  of opera t ion .  In  a 
typ ica l  case w i t h  a so lu t ion  con ta in ing  0.5M nickel ,  
ra t io  8, and a m m o n i u m  c i t ra te  33.3 g / l ,  t he  ca thode  
and anode  efficiencies w e r e  92 and 96 %, r e spec t ive ly .  
The  changes  be fo re  and  a f t e r  e lec t ro lys i s  for  1 h r  
at  4 a m p / d m  ~ and  60~ w e r e :  n i cke l  29.8, 29.9; 
to ta l  p y r o p h o s p h a t e  (P~O7) 234.6, 234.5 g / l ;  pH 
9.50, 9.52; specific r e s i s t i v i t y  4.51, 4.50 ohm/cm~;  
o r t h o p h o s p h a t e  nil .  A f r e sh ly  p r e p a r e d  so lu t ion  
could  be used  for  s eve ra l  runs  w i t h  cons is ten t  and  
sa t i s fac to ry  resul ts .  A g e i n g  of the  e l e c t r o l y t e  up to 
six mon ths  had no effect  on the  p e r f o r m a n c e .  

Testing of deposits.--Satisfactory coat ings  of any  
des i red  th ickness  f r o m  0.0003 in. onward ,  ca l cu la t ed  
f r o m  area  and  weigh t ,  could be obta ined.  B e n d i n g  
and b r e a k i n g  tests  ind ica ted  exce l l en t  a d h e r e n c e  of 
the  e l e c t rop l a t e  to the  copper  base. Depos i t s  w e r e  
f r ee  f r o m  poros i ty  as shown  by the  e l ec t rog raph i c  
method .  A f i l ter  p a p e r  m o i s t e n e d  w i t h  a 5 % solut ion 
of sod ium n i t r i t e  is app l ied  to a coa t ing  of  n icke l  on 
brass,  and a sheet  of p l a t i n u m  is p l aced  on top. T h e  
test  spec imen  is m a d e  the  anode  and the  m e t a l  p l a t e  
the  ca thode  w h i l e  a c u r r e n t  of 2 m a / i n .  ~ is passed 
for  3 min.  The  p a p e r  is t h e n  d e v e l o p e d  for  1 m i n  in 
a so lu t ion  of 50 g / l  po t a s s ium f e r r o c y a n i d e  and 30 
g/1 g lac ia l  acet ic  acid. Po ros i t y  is shown  by  b r o w n  
spots on the  paper .  The  ha rdness  of deposits ,  0.001 
in. thick,  i nc reased  w i t h  inc rease  of c.d. f r o m  1 to 6 
amp/d in2 :380  to 450 Vickers ,  and dec reased  w i t h  
inc rease  of t e m p e r a t u r e  f r o m  50 ~ to 80~ 470 to 
240. 

Comparison of pyrophosphate and acid ba th s . -  
Tab le  II I  g ives  the  p l a t i ng  cha rac te r i s t i c s  u n d e r  
o p t i m u m  condi t ions  for t he  py rophospha te ,  Wat ts ,  
and ch lo r ide  ba ths  fo r  n icke l  p la t ing .  Da ta  for  the  
last  two  h a v e  been  ob ta ined  e x p e r i m e n t a l l y  for  
typ ica l  c o m m e r c i a l  composi t ions  (4, 14). 

T h e  p y r o p h o s p h a t e  ba th  is c o m p a r a b l e  to the  acid 
ba ths  in a l l  i m p o r t a n t  charac ter i s t ics .  The  a d v a n -  
tages  of this ba th  o v e r  t h e  o thers  are :  l ow  m e t a l  
content ,  h igh  t h r o w i n g  power ,  and ab i l i ty  to p l a t e  
d i r ec t l y  on zinc. 

Discussion 

E x p e r i m e n t a l  resul t s  show t h a t  the  p y r o p h o s -  
pha t e  ba th  is s a t i s f ac to ry  for  the  p l a t i ng  of  nickel .  
The  so lu t ion  m e n t i o n e d  by  L a n g b e i n  (2) conta ins  
n icke l  p y r o p h o s p h a t e  19.5 and  sod ium p y r o p h o s -  
pha t e  79.4 g / l ;  i t  is ope ra t ed  at  0.5 a m p / d i n  ~, t h e  
ba th  vo l t age  be ing  3.5 v. The  z ia l i t e  b a t h  (3) con-  
sists of n i cke l  in the  f o r m  of p y r o p h o s p h a t e  and  
c i t ra te  complexes ,  sod ium and a m m o n i u m  sulfates ,  
chlor ides,  and  f ree  ammonia .  I t  has  been  used for  
p l a t i ng  on zinc at  21~176 pH 7.5-9.0, and  c u r r e n t  
dens i t ies  up to 2.5 a m p / d i n  ~. The  c u r r e n t  eff iciency 

Table III. Comparison between pyrophosphate and acid baths 

P y r o p h o s p h a t e  W a t t s  C h l o r i d e  

Composition g/1 Nickel  chloride 118.9 Nickel sulfate 300 Nickel chloride 300 
(NiCI~, 6H~O) (NiSO4, 7H~O) 

Pyrophosphate  234.8 Nickel  chloride 60 Boric acid 30 
(P~OT) 

Ammonium cit- 
rate 33.3 Boric acid 38 

Nickel  (0.5M) 29.4 Nickel 77.5 Nickel  74.1 
pH 9.5 5.5 3.8 
Temp, ~ 60 50 54 
Sp. resistivity,  o h m / c m  ~ 4.51 11.60 5.48 
Bath voltage, v 1.3-2.6 0.8-2.5 0.6-1.9 
Cathode c.d. (max.) ,  a m p / d m  2 6 6 8 
Anode c.d. (max.) ,  a m p / d m  ~ 8 8 8 
Cathode efficiency % 86-93 87-100 85-100 
Anode efficiency % 96-97 100-104 94-102 
Cathode polarization, v 0.5-6.0 

a m p / d m  ~ 
Throwing  power  %, Gardam, 

2 a m p / d m  ~ 
Hardness of deposit Vickers, 

2 a m p / d m  2 

0.43-0.78 0.33-0.40 0.18-0.32 

41 5 14 

390 200 350 
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Fig. 9. Effect of nickel concentration on cathode potential. 
Temp. 60~ ratio 8, pH 9.5, am.citrate 66.6 g/ l  for ]M Ni. 
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(A) ratio 8, am.citrate 20 g / l ;  (B) ratio 10, am.citrate 33.3 
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33.3 g/ l ,  agitation. 
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Fig. 1]. Effect of temperature on cathode potential. Ni 
0.5M, ratio 8, pH 9.5, am.citrate 33.3 g/ I .  

is 92% at 1.5 a m p / d m  ~, the values decreasing wi th  
increasing c.d. Solutions used in the present  in-  
ves t igat ion are s imple  in composition, and even at 
30~ the l imi t ing  c.d. is 4 a m p / d m t  

Most of the  addi t ion agents given in Table I act 
as br igh teners  in the  Wat ts  bath.  Sodium sulf i te  
and bisulf i te  have also been used in the zial i te  
ba th  (3) and the pyrophospha te  (16) and cyanide  
(4) baths  for copper. The beneficial effects of am-  
monium ci t ra te  are s imilar  to those obta ined in the  
deposi t ion of copper (16) and zinc (17) f rom the 
pyrophospha te  bath. Br ighteners  in other  baths  
include:  gelat in and be t a -naph tho l  in zinc (17) and 
tin (10) pyrophosphate ,  and lead acetate,  sodium 
b e t a - n a p h t h a l e n e  sulfonate and t r i e thano lamine  in 
copper (16) pyrophospha te  baths. Cobalt,  lead, and 
zinc codeposit  wi th  nickel  from this bath.  Al l  these 

• 0"5 E D C B 

i i 

-0.4 0 0.4 0.8 1.2 1.6 

ANODE POTENTIAL,  VOLTS (+ I,~e) 

Fig. 12. Effect of chloride on anode potential. Bath pre- 
pared from: (A) to (D) nickel pyrophosphate, (E) nickel 
chloride and potassium pyrophosphate. Temp. 60~ Ni 
0.5M, ratio 8, pH 9.5 am.citrate 33.3 g/I ,  (A) KCI nil, (B) 
KCI 3 g/I ,  (C) KCI 6 g/ I ,  (D) KCI 10 g/ I .  
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nickel chloride 60, boric acid 38 g/ I ;  pH 5.5, 50~ Chloride 
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Fig. 14. Throwing index. L and M values at 1 amp/dm ~ 
from Table II. 

substances belong to three  broad  types from the 
v iewpoint  of the  cur ren t  theor ies  of addi t ion agent  
action (18) : complex formation,  codeposition, and 
the format ion  of compounds which may  exist  as 
adsorbable  colloids in the cathode film or function 
as br igh teners  on the analogy of thei r  acid p ickl ing 
inhibi t ing  tendency.  

The nickel  e lectrode did not give reproducib le  
potent ials ;  this has been observed by other  workers .  
It appears  to be due to a pass ive  film on the meta l  
surface, giving a more noble  potential .  The passage 
of n i t rogen or a f reshly  deposi ted nickel  surface 
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c h a n g e d  the  s ta t ic  p o t e n t i a l  in a n e g a t i v e  d i rec t ion ,  
and  a c o m b i n a t i o n  of these  two  gave  t h e  mos t  
s a t i s f a c t o r y  va lue .  In  a 0.5M n i c k e l  so lu t ion  the  
p o t e n t i a l  v a l u e s  w e r e :  --0.1 u n d e r  n o r m a l  cond i -  
t ions,  --0.4 for  d e p o s i t e d  sur face ,  and  --0.5 v for  
depos i t ed  su r f ace  u n d e r  n i t rogen .  T a k i n g  the  l a s t  
v a l u e  t he  i n s t a b i l i t y  cons t an t  for  t h e  c o m p l e x  
( m o l a r  r a t i o  of p y r o p h o s p h a t e  to m e t a l  2) was  of 
the  o r d e r  of 10 -~, i n d i c a t i n g  a f a i r l y  s t ab le  complex .  
The  s ta t ic  p o t e n t i a l  va lue s  i nc lud ing  those  g iven  in  
Tab le  I c o r r e s p o n d  to the  d e p o s i t e d  condi t ion .  

Ca thode  p o l a r i z a t i o n  was  high,  as in t he  d e p o s i -  
t ion  of o t h e r  m e t a l s  f rom th is  b a t h  (7) .  P o l a r i z a t i o n  
is c o n s i d e r a b l e  d u r i n g  the  depos i t i on  of n i c k e l  f r o m  
t h e  su l f a t e  and  s u l f a m a t e  (19) ba th s ;  in t he  f o r m e r  
case  i t  is abou t  0.2 to 0.3 v. I n  t h e  p y r o p h o s p h a t e  
b a t h  t h e  p o l a r i z a t i o n  was  in t he  r a n g e  0.4 to 0.9 v. 
The  r e l a t i o n s h i p  b e t w e e n  c a t h o d e  p o t e n t i a l  a n d  log  
c.d. is l i n e a r  u n d e r  o p t i m u m  cond i t ions  for  t he  
p y r o p h o s p h a t e ,  Wat t s ,  c h l o r i d e  (Fig .  13),  and  s u l f a -  
m a t e  (19) ba ths ,  and  f i n e - g r a i n e d  depos i t s  a r e  
ob ta ined .  This  is in a cco rdance  w i t h  t he  v i e w s  of 
G a r d a m  (20) t h a t  t h e  l o g a r i t h m i c  r e l a t i o n s h i p  is 
an  i nd i ca t i on  of f r e q u e n t  f o r m a t i o n  of n e w  nucle i .  
S i m i l a r  r e su l t s  h a v e  been  o b t a i n e d  in  the  p l a t i n g  
of t in  (10) ,  z inc (17) ,  and  coppe r  (7)  f r o m  t h e  
p y r o p h o s p h a t e  ba th .  The  s lope  of t he  p o t e n t i a l - l o g  
c.d. s t r a i g h t  l ine  was  0.55, m u c h  g r e a t e r  t h a n  the  
va lue s  for  t h e  W a t t s  and  c h l o r i d e  b a t h s  (Fig .  13 and  
Tab le  I I ) .  F o r  the  p y r o p h o s p h a t e  b a t h  t he  slope of 
the  p lo t  of p o l a r i z a t i o n  u n d e r  ag i t a t ion ,  aga in s t  log 
c.d., was  0.34 ( f r o m  Fig.  10, c u r v e  D ) .  Ca l cu l a t i ons  
f rom the  Tafe l  e q u a t i o n  g a v e  a v a l u e  of  the  o r d e r  of 
10 -~ a m p / c m  ~ for  the  e x c h a n g e  c u r r e n t  dens i ty ,  a n d  
0.1 for  a l p h a  u n d e r  these  condi t ions .  T h e  c o r r e -  
s p o n d i n g  va lue s  r e p o r t e d  in l i t e r a t u r e  (21)  for  
n i cke l  f r o m  su l fa t e  b a t h  a r e  10 -~ a m p / c m  ~ and  0.5, 
r e spec t i ve ly .  

T h e  b a t h  possesses  good t h r o w i n g  power .  In  v i e w  
of t h e  g r e a t e r  s lope  of the  p o t e n t i a l - l o g  c.d. l ines  
a n d  the  l o w e r  r e s i s t i v i t y  t he  t h r o w i n g  p o w e r  of  
th is  b a t h  is m u c h  b e t t e r  t h a n  t h a t  of the  ac id  ba ths .  
The  t h r o w i n g  i n d e x  is also g rea t e r .  

The  a n o d e  p o t e n t i a l s  of n i c k e l  in  p y r o p h o s p h a t e  
so lu t ions  i nd i ca t e  t he  p h e n o m e n o n  of p a s s i v i t y  
(Fig .  12).  The  pas s ive  anode  shows  a p o t e n t i a l  of 
1.2 v., c lose  to t he  o x y g e n  e v o l u t i o n  va lue .  I n c r e a s -  
ing a d d i t i o n s  of p o t a s s i u m  ch lo r ide  c h a n g e  the  
p o t e n t i a l s  to m o r e  n e g a t i v e  va lues ,  and  f ina l ly  a t  
the  ch lo r ide  c o n c e n t r a t i o n s  used  for  p l a t i n g  the  
p o t e n t i a l  is 0.4 v, t he  ac t i ve  va lue .  U n l i k e  the  p a r t i a l  
p a s s i v i t y  in  ac id  so lu t ions ,  the  n i c k e l  a n o d e  is t o t a l l y  
pa s s ive  in the  p y r o p h o s p h a t e  ba th .  A d d i t i o n  of 
ch lo r ide  ra i ses  t h e  eff iciency f r o m  0 to 100%. A n o d e  
p o l a r i z a t i o n  was  r a t h e r  h igh,  0.8-0.9 v, b u t  t he  
v a l u e s  canno t  be  r e g a r d e d  as  a c c u r a t e  in v i e w  of 
t he  s l udge  fo rma t ion .  

The  e l e c t r o d e p o s i t i o n  of a l loys  of  n i cke l  w i th  tin,  
copper ,  zinc, cobal t ,  i ron,  m a n g a n e s e ,  t ungs t en ,  a n d  
m o l y b d e n u m  f r o m  this  b a t h  has  been  r e p o r t e d  
e l s e w h e r e  (8, 22-24) .  

Acknowledgment 
O u r  t h a n k s  a r e  due  to P r o f e s s o r  K.  R. K r i s h n a -  

swami ,  H e a d  of t he  D e p a r t m e n t ,  for  h is  k e e n  i n t e r e s t  
in t he  work .  One  of the  a u t h o r s  (S. K.  P a n i k k a r )  is 
g r a t e f u l  to the  G o v e r n m e n t  of  I n d i a  for  the  a w a r d  
of a Sen io r  R e s e a r c h  S c h o l a r s h i p  d u r i n g  t h e  p e r i o d  
of t he  inves t iga t ion .  

Manuscr ip t  received May 20, 1958. This paper  was 
p repa red  for  de l ive ry  before  the Ot tawa Meeting, Sept.  
28-Oct. 2, 1958. 

A n y  discussion of this paper  wi l l  appear  in a Discus-  
sion Section to be publ i shed  in the December  1959 
JOURNAL. 

REFERENCES 
1. C. J. Brockman  and J. P. Nowlen, Trans. Electro- 

chem. Soc., 69, 541 (1936). 
2. G. Langbein,  "Electrodeposi t ion of Metals," p. 318, 

Hodder  and Stoughton,  London (1920). 
3. R. L. Tutt le,  U. S. Pat.  2,069,566 (1937). 
4. A. G. Gray,  Editor,  "Modern Electroplat ing,"  John 

Wi ley  & Sons, Inc, New York  (1953). 
5. S. K. P a n i k k a r  and T. L. Rama Char, J. Sci. Ind. 

Research, India, 14B, 603 (1955). 
6. S. K. P a n i k k a r  and T. L. Rama Char, Sympos ium 

on Electrodeposition and Metal  Finishing,  1957, 
India  Section, Elect rochemical  Soc., under  pub -  
l ication. 

7. T. L. Rama  Char,  Electroplating and Metal Finish- 
ing, 10, 347 (1957). 

8. T. L. Rama Char, ibid., 1O, 391 (1957). 
9. J. Vaid and T. L. Rama  Char, Bull. India Sect., Elec- 

trochem. Soc., 7, 5 (1958). 
10. J. Vaid and T. L. Rama  Char, This Journal, 104, 

282 (1957). 
11. H. E. Har ing  and W. Blum, Trans. Electrochem. 

Soc., 44, 313 (1923). 
12. S. Field,  J. Electrodepesitors' Tech. Soc., 9, 144 

(1934). 
13. G. E. Gardam,  Trans. Faraday Soc., 34, 698 (1938). 
14. W. A. Wes ley  and J. W. Carey,  Trans. Electrochem. 

Soc., 75, 209 (1939). 
15. R. V. J e l i ne k  and H. F. David,  This Journal, 104, 

279 (1957). 
16. S. K. Pan ikkar ,  R. P. Singh, and T. L. Rama  Char, 

Bull. India Sect., Electrochem. Soc., 6, 69 (1957). 
17. J. Vaid and T. L. Rama  Char, J. Sci. Ind. Research, 

India, 15B, 509 (1956). 
18. J. A. Henricks,  Trans. Electro chem. Soc., 82, 113 

(1942). 
19. S. S a t h y a n a r a y a n a  and T. L. Rama  Char, J. Sci. 

Ind. Research, India, 16A, 78 (1957). 
20. G. E. Gardam,  Discussions Faraday Soc., 1, 182 

(1947). 
21. J. O'M. Bockris,  "Modern Aspects  of E lec t rochem-  

istry,"  p. 217, Bu t te rwor ths  Scientific Pub l i ca -  
tions, London (1954). 

22. S. K. P a n i k k a r  and T. L. Rama Char, J. Electro- 
chem. Soc., Japan, 25, El21, 573 (1957). 

23. S. K. P a n i k k a r  and T. L. Rama Char, J. Sci. Ind. 
Research, India, 17A, 95 (1958). 

24. Vasanta  Sree  and T. L. Rama Char, Bull. India 
Sect., Electrochem. Soc., 7, 72 (1958). 



Phase Equilibria and Fluorescence in 

the System Zn(PO ) -Mg(PO 

J. F. Sarver and F. A. Hummel 

Department of Ceramic Technology, College of Mineral Industries, 
The Pennsylvania State University, University Park, Pennsylvania 

ABSTRACT 

The equi l ibr ium diagram for the system Zn(PO~)..-Mg(PO3)~ was estab- 
lished as a solid solution type by quenching and solid-state methods. About  10 
mole % Mg(PO.0: was found soluble in  ~-Zn(POD~ at 850~ but  less than 2 
mole % was soluble in  a-Zn(POD~ at 650~ Solid solution of Zn(POD~ in 
Mg(PO3)~ was extensive, ranging from approximately 35 to 100 mole % 
Mg(PO~)~. 

The cathodoluminescence of compositions in  the three solid-solution series 
was examined for peak emission and brightness when activated with m a n -  
ganese. A shift in  the position of the emission peak from 6000 to 6200A in the 
magnes ium metaphosphate solid-solution series has been interpreted in terms 
of the difference in influence between magnesium and zinc ions on the polar-  
izability of oxygen ions in the neighborhood of the manganese  activator. 

E q u i l i b r i u m  re la t ionsh ips  in  the sys tem Zn(PO, )~ -  
M g ( P O . ) :  w e r e  es tab l i shed  as an  aid to the  i de n t i -  
f ication and  u n d e r s t a n d i n g  of the host  lat t ices which  
a re  respons ib le  for the l uminescence  of p r epa ra t i ons  
in  the sys tem ZnO-MgO-P~O~. I t  is wel l  k n o w n  tha t  
the  or tho- ,  pyro- ,  and  me taphospha t e  compounds  of 
zinc and  m a g n e s i u m  are bases for severa l  phosphors  
which  emi t  in  the red por t ion  of the vis ib le  spec t rum 
and  a few others  which  emi t  in  the orange  or g reen  
por t ion.  

Two prev ious  papers  have  deal t  w i th  the  phase r e -  
l a t ionsh ips  in  the  sys tem ZnO-P:O~ (1) and  the  
emiss ion  charac ter i s t ics  of the m a n g a n e s e - a c t i v a t e d  
zinc phospha te  compounds  u n d e r  cathode r a y  ex-  
c i ta t ion  (2).  

Be rak  (3) has es tab l i shed  the  m e l t i n g  points  a nd  
eutect ic  composi t ions  and  t e m p e r a t u r e s  in  the  sys-  
t em MgO-P~O~. The f luorescence of the  m a g n e s i u m  
phospha te  compounds  has no t  been  explored  as ex-  
t ens ive ly  as tha t  of the i r  zinc phospha te  c o u n t e r -  
par ts ,  p r o b a b l y  due to the  gene ra l l y  low b r igh tness  
ob ta ined  wi th  m a n g a n e s e  act ivat ion.  No e q u i l i b r i u m  
da ta  have  been  pub l i shed  for the t e r n a r y  sys tem 
ZnO-MgO-P~Os. 

Experimental Procedure 
Compositions Used Ior Determination of 

Equil ibrium Relationships 

T e n - g r a m  batches  of the composi t ions  shown in  
Tab le  I (weighed  to 0.0001 g) were  made  f rom C.P. 
ZnO, C.P. basic m a g n e s i u m  carbonate ,  an d  C.P. 
(NH,) :  HPO4 and  were  me l t ed  to glasses in  p l a t i n u m  
crucibles  for use in  quench  de te rmina t ions .  

To m i n i m i z e  P~O~ vo la t i l i za t ion  d u r i n g  mel t ing ,  
the  ba tch  ma te r i a l s  were  reac ted  in  the solid s ta te  at 
abou t  800~ for 24 hr. The  ba tches  were  me l t ed  t h e n  
in  p l a t i n u m  crucibles  for  10 ra in  b e t w e e n  900 ~ a nd  
1200~ The  glasses we re  air  quenched ,  c rushed  in  a 

steel mor ta r ,  and  passed t h r ough  100 a nd  120 mesh  
sieves. The f rac t ion  r e t a i n e d  on  the  120 mesh  screen  
was rese rved  for i ndex  of r e f rac t ion  m e a s u r e m e n t s ,  
and  the m i n u s  120 mesh  m a t e r i a l  was used for 
quench  e xpe r i me n t s  af ter  magne t i c  r e m o v a l  of 
t races  of meta l l i c  i ron  in t roduced  by  the c rush ing  
process. 

Heat Treatment  and Physical Measurements  

The mel t ing ,  quench ing ,  so l id-s ta te  react ions,  
phase ident if icat ion,  d i f fe rent ia l  t h e r m a l  analyses ,  
a nd  m e a s u r e m e n t  of emiss ion spect ra  we re  car r ied  
ou t  as descr ibed  in  p rev ious  papers  (1, 2).  C a l i b r a -  
t ion  of the rmocoup les  used in  the  q u e n c h  w o r k  was 
done us ing  Li~SiO, (1201~ Au  (1063~ and  Ag 
(961~ ; the  accuracy  of t e m p e r a t u r e  m e a s u r e m e n t  
was gene ra l ly  _+2~ 

CuKa  rad ia t ion  was  used for x - r a y  ident i f ica t ion  

Table I. Composition and refractive indexes of 
metaphosphate glasses 

Mole  % 

Camp.  No. Zn  (POa) 2 M g  (POs) 

R e f r a c t i v e  
index ,  

nD --~- 0.001 
S o d i u m  l igh t ,  

= 5 8 9 0 A  

1 100.0 0.0 1.517 
2 95.0 5.0 1.517 
3 90.0 10.0 - -  
4 85.0 15.0 1.515 
5 80.0 20.0 - -  
6 75.0 25.0 1.513 
7 70.0 30.0 - -  
8 65.0 35.0 1.511 
9 55.0 45.0 1.508 

10 45.0 55.0 1.505 
11 35.0 65.0 1.503 
12 25.0 75.0 1.500 
13 15.0 85.0 1.496 
14 5.0 95.0 1.492 
15 0.0 100.0 1.491 

500 
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Tab!e II .  X-ray diffraction data for the metaphosphate compounds 

c~-Zn (PO~) 2 /9-Zn (PO~) ~ 3/Ig (PO~) 
28 d I / I .  20 d t / L ,  20 d I / Io  

13.5 6.56 5 16,5 5.37 5 14.5 6.11 10 
13.7 6.46 15 17,3 5.13 5 19.5 4.55 45 
13.8 6.42 55 17.6 5.04 5 21.0 4.23 25 
14.4 6.15 5 19.6 4.53 10 25.4 3.51 15 
19.3 4.60 5 20.1 4.42 10 26.5 3.36 25 
20.0 4.44 55 21.8 4.08 40 27.8 3.21 45 
20.8 4.27 50 23.1 3.85 10 28.2 3.16 35 
25.2 3.53 5 23.4 3.80 30 29.9 2.99 100 
25.8 3.45 55 24.0 3.71 15 31.3 2.86 20 
26.4 3.38 5 25.5 3.49 45 32.9 2.37 5 
27.1 3.29 - -  25.8 3.45 100 35.0 2.56 20 
27.6 3.23 5 26.2 3.40 25 37.9 2.37 15 
28.1 3.18 5 27.2 3.28 10 39.7 2.27 5 
29.3 3.05 15 27.8 3.2I 15 40.2 2.24 5 
30.1 2.97 95 29.8 3.00 - -  41.5 2.18 10 
30.7 2.91 100 31.8 2.81 10 43.3 2.09 20 
31.2 2.87 5 32.5 2.75 10 46.7 1.940 5 
31.7 2.82 20 33.6 2.67 10 47.2 1.925 5 
34.8 2.58 5 35.4 2.54 - -  48.4 1.887 5 
35.5 2.53 5 36.3 2.47 5 51.0 1.791 5 
37.3 2.41 45 37.4 2.40 10 53.1 1.728 5 
37.7 2.39 10 37.7 2.39 10 54.3 1.689 5 
38.2 2.36 25 39.6 2.28 10 55.8 1.650 5 
42.4 2.13 10 40.0 2.25 5 56.6 1.626 10 
42.9 2.11 10 40.8 2.21 5 57.2 1.610 10 
43.8 2.07 25 41.2 2.19 10 60.3 1.535 10 
45.1 2.01 10 41.5 2.18 5 61.2 1.514 10 
45.4 2.00 10 44.1 2.05 5 62.0 1.497 5 
46.8 1.94 5 44.3 2.04 15 67.9 1.380 10 
47.9 1.90 20 47.8 1.90 5 Other  
50.1 1.82 - -  48.2 1.89 5 reflections 
50.6 1.80 - -  48.7 1.87 5 
51.0 1.79 10 49.6 1.84 5 
52.0 1.76 - -  51.4 1.78 5 
52.4 1.75 5 53.9 1.70 10 
53.5 1.71 5 Other 
56.6 1.63 10 reflections 
56.9 1.62 10 
57.5 1.60 10 
59.6 1.55 10 
60.1 1.54 50 
60.7 1.53 5 

Other  
reflections 

of c rys t a l l i ne  mate r ia l s .  P e t r o g r a p h i c  mic roscope  de-  
t e r m i n a t i o n s  of r e f r a c t i v e  i ndexes  of  glasses and  
c rys ta l s  w e r e  accu ra t e  to -+0.001 us ing  i n d e x  oils 
w h i c h  had  been  ca l i b r a t ed  w i t h  an  Abb~ r e f r a c -  
tomete r .  C a t h o d o l u m i n e s c e n t  emiss ion  spec t ra  w e r e  
d e t e r m i n e d  on a d e m o u n t a b l e  tube  us ing  an e l ec t ron  
b e a m  w i t h  a c u r r e n t  dens i ty  of 2.0 ~ a m p / c m  ' and an 
acce l e ra t ing  po ten t i a l  of 16 kv.  

R e s u l t s  a n d  D i s c u s s i o n s  

Magnesium Metaphosphate 

A l t h o u g h  it was  a l r e ady  k n o w n  tha t  o r tho- ,  py ro - ,  
and m e t a p h o s p h a t e  compounds  of m a g n e s i u m  exist ,  
the  sys tem was  br ief ly  r e - e x a m i n e d  by so l id - s t a t e  
reac t ions  and the t h r ee  compounds  w e r e  conf i rmed.  
T h e n  f u r t h e r  w o r k  was  ca r r i ed  out  on the  t h e r m a l  
b e h a v i o r  of Mg(PO~)~ to check  fo r  poss ible  i n v e r -  
sions and  the  n a t u r e  of me l t ing .  The  c o n g r u e n t  m e l t -  
ing poin t  was  d e t e r m i n e d  by  q u e n c h i n g  e x p e r i m e n t s  
to be  1165 ~ • 1 7 6  wh ich  agrees  we l l  w i t h  t h a t  r e -  
po r t ed  by  B e r a k  (3) .  

No invers ions  w e r e  de t ec t ed  a f te r  e x t e n s i v e  sol id-  
state,  quench ing ,  D.T.A., and d i l a t o m e t r i c  e x p e r i -  

1 " 5 2 0 ~  I I -  I I I I I I 

n l  5 I ~  - ~ ' x  

1,500 

i.49(] I I I I I I I I I 
0 I0 20 30 40 50 60 70 80 90 I00 

Mole % Mg(P03) 2 

Fig. ]. Indexes of refraction of metophosphate glosses 

ments .  Crys ta l s  p r e p a r e d  by dev i t r i f i ca t ion  of  
Mg(PO~).~ glass w e r e  found  to be b i ax i a l  n e g a t i v e  
w i t h  n~ = 1.585 and 2 v equa l  to about  30~ T h e  
x - r a y  d i f f rac t ion  da ta  fo r  Mg(PO.)~  and the  two  
fo rms  of Zn (PO3)2 are  g iven  in Tab le  II. 

Phase Equilibrium Relationships in the System 
Zn (PO~)~-Mg(PO~)2 

The  r e f r a c t i v e  i ndex  c u r v e  for  the  m e t a p h o s p h a t e  
glasses is shown in Fig. 1. These  da ta  w e r e  used e x -  
t e n s i v e l y  d u r i n g  the  p e t r o g r a p h i c  e x a m i n a t i o n  of 
the  m a n y  quenches  m a d e  in the  sys tem.  The  i m -  
p o r t a n t  q u e n c h  da ta  a r e  s u m m a r i z e d  in Tab le  I I I  
and the  e q u i l i b r i u m  d i a g r a m  based  on these  da ta  is 
shown in Fig.  2. The  s t a r t ing  m a t e r i a l  for  the  q u e n c h  
w o r k  was  a glass, and al l  phase  ident i f ica t ions  w e r e  
m a d e  w i t h  the  p e t r o g r a p h i c  microscope ,  excep t  for  
compos i t ion  No. 16. In this  case the  s t a r t i ng  m a t e r i a l  
was  ba tch  w h i c h  had  been  r eac t ed  be low  650~ and 
the  phase  ident i f ica t ions  w e r e  m a d e  by  x - r a y  d i f -  
f rac t ion .  

The  sys tem is c h a r a c t e r i z e d  by two  sma l l  reg ions  
of solid so lu t ion  nea r  the  Zn(POa)2 compound ,  a 
l a rge  reg ion  of M g ( P O , ) ,  solid solut ions,  and a m i s -  

".~176 / ~  

Llquld * MPs$ 

/ 

MPs= I MPS5 

a-zP~ + MP= 

0 Jo 20 30 40 50 60 70 80 90 100 

Mole % M g ( PC~)? 

Fig. 2. Equilibrium relationships in the system Zn(POs)2- 
Mg(PO.)~. 
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Table III. Quench data for the system Zn(PO~)2-Mg(PO~)2 Table 11! (Continued) 

Comp.  - -  
No.  

M o l e  % 
Q u e n c h  T i m e ,  

ZP  M P  t e m p ,  ~ r a i n  P h a s e s  * R e m a r k s  

100 0 860 30 fl-ZP 
109 0 865 15 G + ~ - Z P  
100 0 871 15 G-~fl-ZP Trace crys-  

tals 

95 5 838 30 ~-ZP~ 
95 5 859 30 p-ZP~ 
95 5 864 30 GW~-ZP~ 
95 5 878 20 G + ~ - Z P ~  
95 5 890 23 G ~ f l - Z P ~  

95 5 895 15 G 

Trace glass 

Trace crys-  
tals 

90 10 861 30 fl-ZP~ 
90 l0 865 30 G-}-~-ZP.~ 
90 10 872 39 G-}-~-ZP~ 
90 10 920 20 G + M P ~  

99 10 925 15 G 

Trace crys-  
tals 

85 15 870 30 ~-ZP~ 
85 15 875 30 G + ~ - Z P ~  
85 15 881 30 G-}-fl-ZP~ 
85 15 888 30 G + M P ~  
85 15 935 20 G + M P ~  
85 15 94O 2O G 

Trace glass 

80 20 892 30 ~ - Z P ~ - M P ~  
80 20 896 30 G~-MP~ 
80 20 9~2 30 G~-MP~ 
80 20 918 30 G~-MP~ 
80 20 937 30 G~-MP~ 
80 20 944 20 G + M P ~  
80 20 949 20 G~-MP~ Trace crys-  

tals 

75 25 893 30 ~-ZP~-}-MP~ 
75 25 897 30 G-~-MP~ 
75 25 912 30 G-~-MP~ 
75 25 965 15 G + M P ~  
75 25 973 15 G~-MP~ 

75 25 976 15 G 

Trace glass 

Trace crys-  
tals 

70 30 892 30 ~-ZP,~+MP, .  
70 30 897 30 G~-MP~, 
70 30 910 30 G~-MP~ 
70 30 916 30 G~-MP~ 
70 30 922 30 G~MP~s 
70 30 982 15 G §  
70 30 992 15 G+MP~ 

Trace glass 

Trace crys-  
tals 

65 35 890 30 MP~ 
65 35 898 30 G~-MP~ 
65 35 911 20 G-}-MP~ 
65 35 963 20 G + M P ~  
65 35 981 20 G-}-MP~ 
65 35 1003 15 G+MP~,  

65 35 1008 20 G 

Trace crys-  
tals 

55 45 898 30 MP~ 
55 45 910 30 G+MP,~ 
55 45 914 30 G§ 
55 45 930 30 G~-MP~ 
55 45 1033 15 G-}-MP~ 
55 45 1038 15 G + M P ~  
55 45 1041 15 G~-MP~ 

55 45 1068 15 G 

Trace crys-  
tals 

M o l e  % 
C o m p .  - -  Q u e n c h  T i m e ,  

No. Z P  M P  t e m p ,  ~  r a i n  Phase s*  R e m a r k s  

10 45 55 908 20 MP~ 
45 55 912 20 G + M P ~  
45 55 917 20 G+MP~,  
45 55 1080 10 G~-MP~ 
45 55 1087 10 G~-MP~ 
45 55 1092 12 G 

11 35 65 932 30 MP~, 
35 65 940 15 G + M P , ,  
35 65 1122 15 G-t-MP~ 
35 65 1126 15 G 

Trace glass 

12 25 75 977 30 MP~ 
25 75 987 30 MP~ 
25 75 1004 30 G + M P ~  
25 75 1012 30 G + M P ~  
25 75 1140 15 G + M P ~  
25 75 1144 15 G~-MP~ 
25 75 1149 15 G 

14 

15 

5 95 1115 30 MP~ 
5 95 1130 30 MP~, 
5 95 1157 15 G-t-MP~, 
5 95 1163 15 G 

0 100 1161 15 G-~-MP 
0 100 1168 15 G 

Trace glass 

Trace glass 

16 95 5 687 20hr. a-ZPs~+MP~s 
95 5 701 20hr.  a-ZP~,+MP,~ 
95 5 716 24hr.  ~-ZP~,+MP,~ 
95 5 725 24hr. ~-ZP~,+MP~, 

* G,  g lass ;  ZP,  Zn(PO:D2;  M P ,  M g ( P O a ) ~ ;  ss, so l id  so lu t i on .  

c ib i l i ty  gap i n v o l v i n g  f l -Zn(PO, )2  and Mg(PO,)~  
solid solutions.  A t  850~ the  t w o - p h a s e  r eg ion  ex -  
tends  f r o m  about  10-35 mole  % Mg(PO,)~.  

F u r t h e r  conf i rmat ion  of t he  n a t u r e  and e x t e n t  of 
solid so lu t ion  was  ob ta ined  on a series of w e l l - c r y s -  
ta l l ized  composi t ions  w h i c h  had  been  p r e p a r e d  by 
dev i t r i f i ca t ion  of glasses at 800~ for  24 hr.  Dif f rac-  
t ion  p a t t e r n s  shown  in Fig.  3 w e r e  ob ta ined  w i t h  a 
ro t a t i ng  spec imen  ho lde r  and  a g o n i o m e t e r  speed of 
1 ~  An  e x a m i n a t i o n  of the  pa t t e rn s  of compos i -  
t ions con ta in ing  100-35 m o l e  % Mg(PO, )~  showed  
tha t  t he r e  was  p rac t i ca l ly  no change  in p e a k  posi -  
tions, bu t  only  a change  in in t ens i ty  for  ce r t a in  20 
ref lect ions,  no t ab ly  those  at 14.5 ~ 19.5 ~ 21 ~ and 
27.8 o. 

A m o r e  de ta i l ed  e x a m i n a t i o n  of t he  Mg(PO,)~  
so l id - so lu t ion  series was  m a d e  by  ob ta in ing  d i f f rac-  
t ion pa t t e rns  at a g o n i o m e t e r  speed of 1/4 o ( 2 0 ) / m i n .  
W h e n  the pa t t e rns  of the end m e m b e r s  of the  sol id-  
solut ion series (Fig.  3a) w e r e  c o m p a r e d  [Mg(PO,)~  
vs. (Mgo.~.~Zno ~) (PO~)2], the  m a x i m u m  shif t  in posi -  
t ion of any p a r t i c u l a r  h igh  angle  ref lect ion was  0.05 ~ 
ind ica t ing  a v e r y  low o rde r  of m a g n i t u d e  of change  
in la t t ice  d imensions .  Wi th  inc reas ing  am oun t s  of 
zinc in solid solut ion,  the  sma l l  shi f t  was  t o w a r d  
l o w e r  angles,  i nd ica t ing  on ly  the  s l ightes t  i nc rease  

in l a t t i ce  d imens ions .  
W h e n  a t t e n t i o n  is focused on the  p a t t e r n s  of com-  

posi t ions con t a in ing  30-10 mole  % M g ( P O , ) ,  (Fig.  
3b) ,  it is ev iden t  tha t  two  solid solut ions  a re  p re sen t  
in this range.  The  s t rong  l ines  of Mg(PO,)~  at  29.9 ~ 
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I I MOLE % Table IV. Peak emission and brightness of metaphosphate phosphors 

ZP MP 
Comp. ,  mo le  % P e a k  B r i g h t -  

emis -  hess  
65  35  ZP M P  ~  P h a s e s  s ion,  A (f-L) 

100 0 850/24 fl-ZP 5700 33.9 
55 45 95 5 850/24 ~-ZP~, 5700 17.0 

85 15 850/24 fl-ZP~,+MP,,  5900 18.2 
100 0 650/48 a-ZP 6300 1.0 

45 55 97.5 2.5 650/48 a-ZP, ,  6300 0.8 
95 5 650/48 a-ZP~,+MP, ,  6300 1.6 
55 45 850/24 MP,, 6000 25.2 

35 65 45 55 850/24 MP,, 6100 23.3 
35 65 850/24 MP,s 6100 23.0 
25 75 850/24 MP., 6100 21.1 
15 85 850/24 MP,, 6100 18.9 

25 75 5 95 850/24 MP,, 6200 12.1 
0 100 850/24 MP,, 6200 9.8 

15 85 NBS standard p-Zra(PO,)~ 6380 36.0 
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Fig. 3a. X - ray  d i f f rac t ion  pat terns of  Mg(P08)~ solid 
solutions. 
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Fig. 3b. X-ray di f f ract ion patterns of fl-Zn(P03)2 solid solu- 
tions and mixtures of fl-Zn(PO,~)~ solid solution and Mg(PO,)2 
solid solution. 

and  21.0 ~ pers is t  in  this  region  as do the cha rac t e r -  
istic 25.8 ~ and  21.8 ~ l ines  of f l -Zn(PO0~.  The  r e l a -  
t ive in tens i t i es  of the  reflections of each of the  two 
solid solut ions  do not  change  in  this  range ,  i nd ica t -  
ing  cons tancy  of composi t ion.  

F ina l ly ,  it should be no ted  (Fig. 3b) tha t  on ly  the  
r e l a t ive  in tens i t i es  in  the 5 mole  % Mg(PO.)~ p a t -  
t e rn  change  w h e n  compared  to the p a t t e r n  for  pu re  
Zn  (PO~)2, i nd ica t ing  tha t  it is a solid so lu t ion  h a v i n g  
the s t ruc tu re  of the  be ta  fo rm of zinc me taphospha te .  

Note :  I n  the  MPss  series ,  one w o u l d  e x p e c t  t he  p e a k  e m i s s i o n  to  
v a r y  s y s t e m a t i c a l l y  a n d  c o n t i n u o u s l y  r a t h e r  t h a n  in  s teps  as s h o w n  
(6200, 6100, 6000). H o w e v e r ,  t he  s p e c t r o r a d i o m e t e r  c u r v e s  could  no t  

be  read  w i t h  g r e a t e r  accu racy  t h a n  t h a t  l i s t ed  i n  t he  table .  
I t  is  conce ivab l e  t h a t  t he  b r i g h t n e s s  v a l u e s  l i s t ed  a b o v e  m a y  h a v e  

been  affected by  t he  m e t h o d  of p r e p a r a t i o n  ( se t t l ing  i n  a n  aqueous  
m e d i u m )  s ince m e t a p h o s p h a t e s  are  k n o w n  to h a v e  r e l a t i v e l y  poo r  
c h e m i c a l  d u r a b i l i t y .  

I t  had  been  show n  p rev ious ly  tha t  p u r e  a - Z n  (PO3),~ 
could ne ve r  be ob ta ined  by  dev i t r i fy ing  a glass (1) .  
A m i x t u r e  of a and  fl forms a lways  resu l t ed  f rom the  
crys ta l l iza t ion .  Likewise,  f rom the glass con t a in ing  
5 mole  % Mg(PO0~,  a m i x t u r e  of the  a and  fl forms 
of Zn(PO~)~ and  a Mg(PO~)2 solid so lu t ion  a lways  
resu l t ed  f rom devi t r i f ica t ion  below 700~ Quench  
work  wi th  this  c rys ta l l ine  m i x t u r e  showed tha t  this 
assemblage  could be conver ted  to fl-Zn(PO~).,  plus  a 
Mg(PO~)~ solid so lu t ion  b e t w e e n  716 ~ and  725~ 
Due to the unc e r t a i n t i e s  abou t  the  increase  in  the a 
a nd  fl i nve r s i on  t e m p e r a t u r e  wi th  increase  in  Mg 
(PO~)~ in  solid solut ion,  the phase  bounda r i e s  in this 
reg ion  of the d i a g r a m are showed in  dashed lines. 

Luminescence  S tudies  

On the basis  of the phase re la t ionsh ips  d e t e r m i n e d  
above, the composi t ions  shown in  Tab le  IV were  
selected for the p r e p a r a t i o n  of m a n g a n e s e - a c t i v a t e d  
phosphors .  To each composi t ion  0.01 mole  M n O / m o l e  
(ZnO + MgO) was  added,  and  hea t  t r e a t m e n t s  were  
car r ied  out  at  subsol idus  t e m p e r a t u r e s  as l is ted in  
Tab le  IV. The cons t i tu t ion  of the  phosphors  was  
checked by  x - r a y  diffract ion pa t t e rn s  as shown in  
the fou r th  co lumn  of Table  IV. 

B-Zn(PO~)~ solid so lu t ions . - -The  fl-Zn(PO~)~ 
phosphors  did no t  show a ny  shift  in  the i r  peak  emis-  
s ion posi t ions (5700A).  However ,  there  was  a no t ice-  
able  decrease in  b r igh tnes s  wi th  inc reas ing  m a g n e -  
s ium content .  In  the composi t ion  85 Zn(PO3)~, a 
second phase  was present ,  a Mg (PO3)2 solid solut ion.  
Its emiss ion domi na t e d  tha t  of the  f l -Zn  (PO~)., phos-  
phor,  r a i s ing  the  a p p a r e n t  br ightness ,  and  caus ing  
the peak  emiss ion  to lie at  5900A. 

A n  in t e re s t ing  obse rva t ion  was  m a d e  r ega rd ing  
the b r igh tnes s  of the fl-Zn(PO~).,  phosphor .  K a t n a c k  
(2) p r epa red  this  phosphor  by  addi t ions  of 1 wt  % 
MnO to p re fo rmed  Zn(PO~).., and  ob ta ined  a b r i g h t -  
ness of 4.8 f t -L  as compared  w i th  33.9 ob ta ined  in  
this  work.  His p r e p a r a t i o n  was  fired 50~ lower  t h a n  
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the f l -Zn(PO~) ,  l isted in  Table  IV, bu t  the  grea tes t  
pa r t  of the difference p r o b a b l y  was  due  to s t a r t ing  
mater ia l s .  

a -Zn(PO3)o solid s o l u t i o n s . - - T h e s e  phosphors  do 
not  exh ib i t  a shift  in  the  posi t ion of peak  emiss ion  
(6300A) wi th  increas ing  m a g n e s i u m  content .  Mag-  
n e s i u m  seems to lower  the  b r igh tness  (Table  IV) ,  
and  wi th  as l i t t le  as 5 mole %, Mg(PO~)~ solid so lu-  
t ion  appea l s  as a second phase. 

The  a-Zn(PO~)~ phosphors  had  a second emiss ion  
b a n d  wi th  a peak  a r o u n d  4000A, bu t  of m u c h  lower  
i n t ens i t y  t h a n  tha t  at 6300A. 

Mg (PO~)~ solid so l u t i o n s . - - T h i s  is the most  i n t e r -  
es t ing series, s ince the  Mg(PO~)~ la t t ice  accommo-  
dates  65 mole % Zn(PO~)2 in  solid so lu t ion  w i t h o u t  
apprec iab le  change  in  d imens ions .  However ,  there  
is a s ignif icant  shift  in  peak  emiss ion  f rom 6200/k 
for p u r e  Mg(PO~)~ to 6000A for the (Zn0~Mgo.~) 
(PO~)~ solid so lu t ion  (Tab le  IV) .  

Fonda  (4) r ecen t ly  r ev iewed  the inf luence  of ac-  
t iva to r  e n v i r o n m e n t  on the spect ra l  emiss ion  of iso- 
mo phous compounds  and  solid solut ions  and  i nd i -  
cated tha t  la t t ice  d imens ions  and  po la r i zab i l i ty  of 
the ions are ma jo r  factors which  d e t e r m i n e  the  
posi t ion of the peak  emission.  

Since changes  in  cat ion to an ion  dis tances  in  this 
series of solid solut ions  are a p p a r e n t l y  e x t r e m e l y  
small ,  an  e x p l a n a t i o n  of the shift  in  peak  emiss ion  
migh t  be based on the po la r iza t ion  of oxygen  ions 
in the s t ruc tures .  

U n f m t u n a t e l y ,  the  c rys ta l  s t ruc tu re  of Mg(PO~)~ 
is not  known.  However ,  it  is r easonab le  to assume 
tha t  some k i n d  of P - O  u n i t  forms the basic n e t w o r k  
and  tha t  zinc i somorphous ly  replaces  m a g n e s i u m  in  
MO, groups in the Mg(PO~)~ s t ruc ture .  If there  were  
no difference in po la r iz ing  power  b e t w e e n  Zn '-'§ and  
Mg -~+ and  the ions acted as r igid spheres,  some i n -  
crease in  la t t ice  d imens ions  wou ld  be expected  wi th  
inc_easing subs t i t u t i on  of zinc (0.83A) for m a g n e -  
s ium (0.78A).  However ,  due to its 18 e lec t ron  shell, 
the  zinc ion dis tor ts  the oxygen  ion, r e su l t i ng  in  a 
Z n - O  d is tance  which  gives essen t ia l ly  the same 
effective size for ZnO0 and  MgO~ groups.  Add i t ion  of 
m a n g a n e s e  resul t s  in  MnO~ groups which  are a d j a -  
cent  to MgO~ groups in  Mg (PO~)_~ and  to an  inc reas -  
ing  n u m b e r  of ZnO~ groups as one proceeds to the 
(Zno.~Mg0 ~) (PO~)~ solid solut ion.  The e lec t ron  d e n -  
s i ty  d i s t r i bu t i on  in the oxygen  a r o u n d  the m a n -  
ganese ion is cont ro l led  by  the  re l a t ive  a m o u n t  of 
zinc and  m a g n e s i u m  in  the solid solut ion.  S u b s t i t u -  

t ion  of zinc for m a g n e s i u m  a p p a r e n t l y  lowers  the  
e lec t ron  dens i ty  a r o u n d  the  Mn '~+, caus ing  a change  
in  the  ene rgy  of e lec t ronic  t r ans i t i ons  a nd  a r e su l t -  
an t  shift  toward  shor ter  wave  lengths .  

The change  in  ene rgy  r e q u i r e d  for the  e lect ronic  
t r ans i t ions  due to subs t i t u t i on  of Zn  ~+ ions for Mg ~+ 
ions is a t t ended  by  an  increase  in  b r igh tness  of these 
phosphors  f rom 9.8 f t -L  for Mg(PO~)~:Mn to 25.2 
f t - L  for (Zno~Mg0~) (PO~)..:Mn. 

Summary 
1. The solid so lubi l i ty  of Mg(PO~)~ in  f l-Zn(PO3)~ 

increases  f rom abou t  3 mole  % at  725 ~ to abou t  10 
mole  % at 850~ Inc reas ing  so lubi l i ty  of Mg(PO3)~ 
decreases the ca thodo luminescen t  b r igh tness  of m a n -  
ganese -ac t i va t ed  solid solut ions  which  have  a peak 
emiss ion at 5700A. 

2. The  solid so lubi l i ty  of Mg(PO~)2 in  a-Zn(PO~)2 
is ve ry  low, p r o b a b l y  less t h a n  2 mole  % at 700~ 
Manganese  ac t iva ted  a-Zn(PO3)2  solid solut ions  
have  a ve ry  low ca thodo luminescence  b r igh tness  
wi th  a m a x i m u m  at 6300A. 

3. Solid so lubi l i ty  of Zn(PO~)~ in  Mg(PO~)~ is 
ve ry  extensive ,  r a n g i n g  f rom 100-35 mole  % Mg 
(PO~)~. The peak  emiss ion  of m a n g a n e s e - a c t i v a t e d  
ca thodo luminescence  var ies  f rom 6200A for pu re  
Mg(PO3)~ to 6000A for a (Zno~Mgo.4~) (PO~), solid 
solut ion.  Br igh tness  increases  w i th  increase  in  Zn  
(PO3)_o in  solid solut ion.  
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Chemical Etching of Silicon 
I. The System HF, HNO, and H20 

Harry Robbins and Bertram Schwartz 

Hughes Semiconductors, Newport Beach, California 

ABSTRACT 

The kinetics of the etching of silicon in  the system HF, HNO~, and H~O was 
studied as a funct ion of the composition of the etchant at 25~ A tr iaxial  plot 
of the etch rate vs. composition of the etchant shows two extreme modes of be-  
havior. In  the region of high nitr ic acid compositions, etch rates are functions 
only of the hydrofluoric acid concentration. In  the region of high hydrofluoric 
acid compositions, nitr ic acid concentrat ion determines the etch rates. The 
kinetic behavior  in the lat ter  region is complicated by autocatalysis in which 
the reduct ion products of nitr ic acid are involved. 

The reaction proceeds by an oxidation step followed by the dissolution of 
the oxide. In  the high hydrofluoric acid region the oxidation step is rate l imi t -  
ing. In  the high nitr ic acid region the dissolution step is rate limiting. In  both 
regions the flow of reagent  to the surface by diffusion determines the etch 
rates. A plot of the etch rates as a funct ion of the concentrat ion of the rate-  
l imit ing reagent  indicates an exponential  relat ionship between the etch rates 
and the concentration. This relationship has been explained qual i ta t ively on 
the basis of a second, nonchemical  autocatalytic factor, the heat of reaction. 

This s tudy  was u n d e r t a k e n  for the  purpose  of 
e luc ida t ing  the phys ica l  and  chemical  processes t ha t  
d e t e r m i n e  the  behav io r  of an  acid e tch ing  solut ion.  
The  sys tem HF, HNO~, H~O was chosen for s tudy  be -  
cause it  is the simplest ,  f rom the po in t  of v iew of 
composi t ion,  of all  the  acid e tch ing  sys tems used on 
silicon. It  was felt  t ha t  an  u n d e r s t a n d i n g  of the s im-  
ple sys tem was a p re requ i s i t e  for the  u n d e r s t a n d i n g  
of the more  compl ica ted  systems con ta in ing  add i -  
t ives such as acetic acid, b romine ,  or heavy  me t a l  
salts. 

Experimental Procedure 
The k ine t ics  of the  e tching  sys tem was s tud ied  as 

a f unc t i on  of the composi t ion  of the  e t chan t  a t  con-  
s t an t  i n i t i a l  t e m p e r a t u r e  (25~ and  da ta  were  
t aken  over  the composi t ion  r ange  whe re  the dec-  
r e m e n t  in  die th ickness  exceeded 0.1 m i l / m i n .  Si l i -  
con spec imens  were  1/s x % x 0.025 in. n - t y p e  dice 
of a p p r o x i m a t e l y  3 o h m - c m  res is t iv i ty .  The  two 
large  surfaces of the  die were  111 or ien ted  w i th  an  
accuracy  of abou t  90 min,  whi le  the  r e m a i n i n g  four  
surfaces were  not  o r i en ted  w i th  respect  to any  c rys-  
ta l  p lane.  Al l  surfaces had  been  l apped  wi th  an  a b r a -  
sive gr i t  and  were  work  damaged  to a dep th  of abou t  
1/4 mil.  

The dice were  etched, one at a t ime,  in  10 cc of 
solut ion in  a smal l  Teflon beaker .  Ag i t a t ion  was  p ro -  
v ided by  an  electric s t i r r i ng  moto r  equ ipped  wi th  a 
po lye thy l ene  paddle.  The  reac t ion  was  quenched  at  
the  p rope r  t ime  wi th  a la rge  v o l u m e  of water .  The  
dice were  t hen  r insed  in  dis t i l led  water ,  dried,  and  
m e a s u r e d  wi th  a mic romete r .  

Al l  dice were  etched three  t imes,  and  each etch 
was pe r fo rmed  in  a f resh  por t ion  of the s ame  so lu-  
t ion. Since each e tch ing  per iod had  been  selected to 
r emove  f rom 4 to 6 mi ls  f rom the  specimen,  it  m a y  
be assumed tha t  the  work  damage  had  been  re -  

moved  af ter  the first etch. The th i rd  etch was pe r -  
fo rmed  in  the  p resence  of a few m i l l i g r a m s  of 
NaNO_~, for reasons  which  wi l l  be e xp l a i ne d  la ter .  

Al l  e tch ing  was pe r f o r me d  in  a Teflon beake r  i m -  
mersed  in a cons tan t  t e m p e r a t u r e  ba th  r egu la t ed  at  
25~ The  hea t  t r a n s m i s s i o n  of the beake r  was so 
poor, however ,  tha t  the t e m p e r a t u r e  of 25~ could 
no t  necessar i ly  be m a i n t a i n e d  in  the  etch solut ion.  
Since the e tch ing  per iod was  gene ra l l y  shor ter  t h a n  
1 min,  and  qui te  of ten  of the order  of on ly  severa l  
seconds, it is e x t r e m e l y  u n l i k e l y  tha t  t h e r m a l  equ i -  
l i b r i u m  was m a i n t a i n e d ,  and  the reac t ion  m a y  be 
cons idererd  to have  been  r u n  u n d e r  essen t ia l ly  ad i -  
abat ic  condit ions.  

A t r i a n g u l a r  coordina te  sys tem was set up  to r ep -  
resen t  the composi t ion  of the e tchant .  One  ve r t ex  
was  a r b i t r a r i l y  chosen to r e p r e se n t  the composi t ion  
of the  stock HNO~ used to m a k e  up the solutions,  and  
a no t he r  v e i t e x  was  s imi l a r ly  used to des igna te  the 
stock HF. The th i rd  ver tex ,  therefore ,  r epresen t s  
on ly  the  a m o u n t  of added water ,  not  the  to ta l  
a m o u n t  of w a t e r  present .  This  n o r m a l i z a t i o n  of the 
axes resul t s  i n  a r ep re sen t a t i on  of the da ta  va l id  on ly  
for one pa r t i cu l a r  set of concen t r a t ions  of reagents .  
However ,  the  r e p r e s e n t a t i o n  of the  da ta  in  mole  
f rac t ion  uni ts ,  wh ich  is f ree f rom this  object ion,  led 
to iden t ica l  conclusions.  

In  the p r e p a r a t i o n  of the  e tch ing  solut ions,  HF was 
weighed  out  to --0.01 g. The weights  of HNO~ and  
wa te r  were  conver ted  to vo lumes  a nd  m e a s u r e d  out  
in  a bu r e t  to • cc. Cont ro l  of the  composi t ion  
of the  e tching  solut ions  was  es tab l i shed  by  ana lys i s  
of the stock acids f rom which  the  solut ions  were  to 
be made  a nd  a d j u s t m e n t  of these stock acids to the  
p roper  concen t ra t ion ,  wh ich  was  a r b i t r a r i l y  t a k e n  
as the  analys is  of the in i t i a l  ba tch  of reagents .  

In  order  tha t  the  effect of c rys ta l  o r i en ta t ion  and  
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Fig. 1. Curves of constant rate of change of die thickness 
(mils per minute) as a function of etchant composition (weight 
per cent in the system 49.25% HF, 69.51% HNO:~, and 
water). 

res i s t iv i ty  type  on the etch ra tes  m igh t  be checked, 
spec imens  of bo th  p - t y p e  and  n - t y p e  Si o r i en ted  
a long the  111, 110, and  100 planes,  as wel l  as smal l  
Si spheres,  were  etched in  severa l  composi t ions  
chosen at r andom.  

Results and Discussion 
Figu re  1 is a plot  of the  etch ra t e  ( n u m b e r s  in  

pa ren theses  are the dec r emen t  in die th ickness  in  
mi ls  per  m i n u t e )  as a func t ion  of the composi t ion  of 
the e tchant .  The reagen ts  used in  this  s tudy  weze 
the n o r m a l l y  ava i lab le  concen t r a t ed  acids, i.e., 49% 
HF and  70% HNO~. It wi l l  be shown la te r  tha t  the 
r ange  of composi t ions  accessible t h rough  the use of 
these r eagen t s  was insuff icient  to c lar i fy  the me c h -  
an i sm in  the H F - r i c h  region,  so tha t  it was  necessary  
to ex t end  the  r ange  by  emp loy ing  more  concen t r a t ed  
reagents ,  i.e., 60% HF and  90% HNO3. Data  cor re -  
spond ing  to this  sys tem are p lo t ted  in Fig.  2.1 

1 N o t e  t k a t  t h e  2 0 % - a d d e d - w a t e r  l i n e  o f  F i g .  2 c o r r e s p o n d s  a p -  
p r o x i m a t e l y  w i t h  t h e  n o - a d d e d - w a t e r  l i n e  o f  F i g .  1. 
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Fig. 2. Curves of constant rate of change of die thickness 
(mils per minute) as a function of etchant composition 
(weight per cent in the system 59.75% HF, 90.45% HNO3, 
and water). 

Rate-Limiting Reagents and Autocata~ysis 

The contours  shown  are l ines  of cons tan t  e tching  
rate.  In  the h igh HNO~ composi t ions  the  contours  
r u n  para l l e l  w i th  l ines  of cons tan t  HF concen t ra t ion ,  
i nd ica t ing  a dependence  of the ra tes  on ly  on the HF 
concent ra t ion .  The  sl ight  i nc l i na t i on  of the con-  
tours  wi th  respect  to l ines of cons tan t  we igh t  per  
cent  HF  does no t  ind ica te  a s l ight  dependence  of the  
rates  on HNO3, as a plot  of the  same da ta  in  mole  
fraction units results in an inclination of the con- 
tours in the other direction. In either case the in- 
clination can be shown to be in the direction of con- 
stant molarity, which is kinetically a more signifi- 
cant unit, but which cannot be represented on a 
triaxial plot. 

In the upper region of Fig. 2 there is a strong 
tendency for the contours to run parallel with lines 
of constant HNO8 concentration, indicating that in 
this region only the I-INO, concentration determines 
the rates. However, the behavior of the system is 
complicated by a second factor, autocatalysis. Rates 
shown by the dotted curves are second etch rates. 
They represent the action of fresh solution on a sur- 
face from which the work damage has been removed. 
The solid curves represent what shall be called cata- 
lyzed third-etch rates. These etches were performed 
in the presence of a trace of NaNO2. Sodium nitrite 
decomposes in acid solution to yield oxides of nitro- 
gen which are apparently catalysts for the reaction 
(i), as shown by the displacement of the solid con- 

tours in the direction of decreased HNO8 concentra- 
tion. At all compositions within the area bounded by 
the innermost dotted contour the added catalyst had 
no effect on the measured rates. The reaction is be- 
lieved to require the presence of catalyst throughout 
the entire composition range. For the majority of 
compositions, however, the rates are sufficiently high 
that adequate catalyst is generated to assure its 
availability for the reaction, and other factors come 
into play to mask the effect of the catalyst concen- 
tration on the etch rates. It is only when the rates 
are very slow and HHNO8 dependent that the amount 
of generated catalyst is a prime factor in rendering 

the reaction self-sustaining. 

Many etchant compositions have been found that 
attack a work-damaged surface readily but fail to 
re-etch the specimen after the work damage has 
been removed. This is another manifestation of the 
influence of the generated catalyst. Etch rates are 
initially more rapid on a work-damaged surface. The 
catalyst is either generated in adequate amounts or 
trapped in surface crevices, and the reaction rate can 

build up to the steady-state value. When the surface 

is free from work damage the initial reaction rate 

is very slow, and it is possible for the reaction prod- 

ucts to be dispersed before they can become involved 

in the propagation of the reaction. The addition of 

oxides of nitrogen to the solution by any means, such 

as the addition of NaNO~ or even a chip of work- 

damaged Si, will supply sufficient impetus to get the 

reaction started, and once it is started it will usually 

attain the same steady-state rate as a damaged 

specimen. 
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to t u r n  p a r a l l e l  w i t h  l ines  of cons t an t  HNO,  concen -  
t r a t i o n  (see  Fig .  1).  I t  is for  th is  r ea son  t h a t  i t  was  
n e c e s s a r y  to go to the  m o r e  c o n c e n t r a t e d  sys tem,  
w h e r e  the  a m o u n t  of  w a t e r  is less  t h a n  c r i t i ca l .  

Reaction Mechanisms 

F i g u r e  3 is a p lo t  of t h e  l o g a r i t h m  of the  e tch  r a t e  
as a func t ion  of t he  c o n c e n t r a t i o n  of HNO,  for  v a r i -  
ous leve ls  of a d d e d  w a t e r ,  i.e., in  a d i r ec t i on  p a r a l -  
le l  w i t h  the  HF-HNO~ axis  of Fig.  1. A s i m i l a r  f a m i l y  
of cu rves  m a y  be  p l o t t e d  for  t he  m o r e  c o n c e n t r a t e d  
ac id  sys tem.  In  t he  l a t t e r  s y s t e m  the  c u r v e s  c o r r e -  
s p o n d i n g  to compos i t ions  c o n t a i n i n g  0-20% a d d e d  
w a t e r  and  to t he  l e f t  of t he  m a x i m u m  w o u l d  co in-  

, ~ ~  cide.  To the  r i g h t  of t h e  m a x i m u m  the  curves  for  
�9 o bo th  sys t ems  w o u l d  co inc ide  t h r o u g h o u t  if  the  d a t a  

�9 \ ~  w e r e  p l o t t e d  as a func t ion  of t he  H F  concen t r a t ion .  
In  th i s  r e g i o n  the  d i s p l a c e m e n t  of the  cu rves  is t he  
r e s u l t  of the  v a r y i n g  a m o u n t  of w a t e r  in the  e t chan t ,  

o \ w h i c h  does no t  p e r m i t  the  s i m u l t a n e o u s  r e p r e s e n t a -  
~ t ion  of the  c o n c e n t r a t i o n  ax i s  in t e r m s  of bo th  H F  

and  HNO~. 
To t h e  l e f t  of t he  m a x i m u m  the  e tch  r a t e s  a re  d e -  

p e n d e n t  on the  HNO,  c o n c e n t r a t i o n  and  on the  
a m o u n t  of a d d e d  w a t e r .  H ydro f luo r i c  ac id  is p r e s e n t  
in c o n s i d e r a b l e  excess,  and  d e c r e a s i n g  a m o u n t s  of 
t h a t  r e a g e n t  a r e  s t i l l  sufficient  to sus t a in  i nc r ea s ing  
ra tes .  The  su r f ace  of the  Si  m a y  be c ons ide r e d  to be  
e s s e n t i a l l y  s t r i p p e d  of ox id i zed  Si  un t i l  the  c o m p o s i -  
t ion  c o r r e s p o n d i n g  to the  m a x i m u m  e tch  r a t e  is a p -  
p roached .  T h e n  the  r a t e  of the  r e a c t i o n  becomes  
suff ic ient ly  grea t ,  and  the  c o n c e n t r a t i o n  of H F  suffi- 
c i e n t l y  r e d u c e d  t h a t  a sk in  of o x i d i z e d  Si  beg ins  to 
fo rm.  This  sk in  r e n d e r s  the  su r face  less access ib le  to 
HNO,  so t h a t  t h e  r a t e  of the  r e a c t i o n  dec rea se s  as t he  
c o n c e n t r a t i o n  of HNO~ is i nc r ea sed  s t i l l  f u r the r .  B e -  
y o n d  th is  po in t  the  r a t e s  a r e  d e p e n d e n t  on ly  on the  
r a t e  a t  w h i c h  I-IF can  a t t a c k  t h e  ox id i zed  film. 

The  k ine t i c s  sugges t  a t w o - s t e p  process .  In  t he  
f irst  s t ep  the  Si  is ox id i zed  b y  the  HNO~. This  s tep  is 
f o l l owed  b y  a m e t a t h e s i s - t y p e  r e a c t i o n  in w h i c h  t h e  
ox id i zed  Si is a t t a c k e d  b y  the  HF.  In  the  compos i -  
t ion r eg ion  to t he  l e f t  of t he  m a x i m u m  the  o x i d a t i o n  
s tep  p l a y s  a r a t e - l i m i t i n g  role,  and  in  t he  compos i -  
t ion  r eg ion  to the  r i g h t  of t he  m a x i m u m  the  m e t a -  
thes is  r e a c t i o n  p l a y s  a r a t e - l i m i t i n g  role.  

The  c o n f o r m a n c e  of t he  d a t a  to a s t r a i g h t - l i n e  r e -  
l a t i o n s h i p  i nd i ca t e s  t h a t  the  r a t e s  a r e  p o s s i b l y  e x -  
p o n e n t i a l  func t ions  of the  c o n c e n t r a t i o n  of the  t y p e  
R = e ~c§ I t  is i n t e r e s t i n g  to no te  t ha t  t he  l o g a r i t h m s  
of the  m a x i m u m  e tch  ra tes ,  w h e n  p l o t t e d  a ga in s t  the  
c o n c e n t r a t i o n  of w a t e r ,  also g ive  a s t r a i g h t - l i n e  r e l a -  
t ionship .  The  cons tan t s  a a n d  b r e m a i n  cons t an t  on ly  
as long  as t he  e tch  r a t e s  a r e  s t r i c t l y  d i f fus ion l imi ted .  
Thus  the  cu rves  to t he  l e f t  of t he  m a x i m u m  in t he  
w e a k e r  ac id  s y s t e m  do not  h a v e  the  s ame  slopes,  
a l t h o u g h  the  e x p o n e n t i a l  f o r m  of r e l a t i o n s h i p  is r e -  
t a ined .  

The  e x p o n e n t i a l  r e l a t i o n s h i p  b e t w e e n  the  e tch  
r a t e s  and  the  c o n c e n t r a t i o n  of the  r a t e - l i m i t i n g  r e -  
agen t  sugges t s  au toca t a lys i s .  As  w e  h a v e  i n d i c a t e d  
above ,  the  c h e m i c a l  c a t a l y s t  canno t  be  e x p e c t e d  to 
e n h a n c e  the  r a t e  of a d i f f u s i o n - g o v e r n e d  process ,  
and  so we  a re  ob l iged  to p o s t u l a t e  the  ex i s t ence  of  a 
p h y s i c a l  f ac to r  w h i c h  is c a p a b l e  of o p e r a t i n g  on the  

0 I0 20 30 40 50 60 70 80 90 I O0 
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Fig, 3. Logarithm of the rote of change of die thickness as 
o function of the concentration of HNOs. 

In  Fig.  2 the  e tch  r a t e s  a r e  i n i t i a l l y  i n sens i t i ve  to 
the  a d d i t i o n  of s u b s t a n t i a l  a m o u n t s  of w a t e r  in bo th  
the  h igh  H F  and  the  h igh  HINO~ reg ions ,  p r o v i d e d  
t h a t  t he  c o n c e n t r a t i o n  of t he  r a t e - d e t e r m i n i n g  
species  in  t h e  r e g i o n  u n d e r  cons ide ra t i on  r e m a i n s  
cons tan t .  H o w e v e r ,  a t  a f a i r l y  def in i te  compos i t i on  
the  s y s t e m  s u d d e n l y  becomes  c r i t i ca l  w i t h  r e s p e c t  to 
t he  a d d i t i o n  of w a t e r ,  and  the  e tch  ra t e s  r a p i d l y  
v a n i s h  w i t h  a s l igh t  i nc rease  in t he  w a t e r  conc e n -  
t r a t i on .  I t  w i l l  be  s h o w n  b e l o w  tha t  the  e tch  r a t e s  
a r e  d e t e r m i n e d  b y  the  r a t e  of d i f fus ion  of t he  k i -  
n e t i c a l l y  i m p o r t a n t  species  to t he  Si  su r face  in  t he  
r eg ions  w h e r e  t he  s y s t e m  is i n s e n s i t i v e  to t he  a d d i -  
t ion  of  wa t e r .  F o r  th is  r ea son  the  e tch  r a t e s  do no t  
r e s p o n d  to t h e  c o n c e n t r a t i o n  of a d d e d  c a t a l y s t  or  to 
changes  in  t he  ox id i z ing  p o t e n t i a l  of the  HNO3 r e -  
su l t i ng  f rom the  a d d i t i o n  of t he  w a t e r .  H o w e v e r ,  a t  
t he  c r i t i ca l  c o n c e n t r a t i o n  of w a t e r ,  the  o x i d a t i o n  
p o t e n t i a l  of t he  so lu t ion  has  been  r e d u c e d  to t he  
e x t e n t  t h a t  t h e  su r face  of the  Si is no l o n g e r  a n e a r l y  
pe r f ec t  s ink  fo r  t he  HNO3, and  t h e  e tch  r a t e s  d e -  
c rease  s l ight ly .  A t  th is  po in t  t h e  c a t a l y s t  concen -  
t r a t i o n  beg ins  to p l a y  a k ine t i c  role.  A s l igh t  d e -  
c rease  in  t h e  e tch  r a t e s  is ampl i f i ed  b y  the  d e c r e a s e d  
p r o d u c t i o n  of the  c a t a l y s t  so t h a t  on f u r t h e r  a d d i t i o n  
of w a t e r  t he  e tch  r a t e s  r a p i d l y  van i sh ,  even  t h o u g h  
the  r a t e - d e t e r m i n i n g  r e a g e n t  r e m a i n s  at  t he  s ame  
concen t r a t i on .  I t  shou ld  be  po in t ed  out  t h a t  t he  r e g -  
u l a r  c o n c e n t r a t e d  H F  con ta ins  j u s t  t he  c r i t i ca l  
a m o u n t  of w a t e r ,  so t h a t  the  s lope of the  e t c h - r a t e  
con tours  in t he  v e r y  h igh  H F  reg ion  is j u s t  b e g i n n i n g  
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Fig. 4 Model used to explain the diffusion mechanism af 
the reaction. 

diffusion mechanism. This factor is the heat of re- 
action, which sets up a thermal gradient in the vicin- 
ity of the specimen and thelefore causes the diffu- 
sion coefficient to become a function of the distance 
from the reacting surface. 

In favor of diffusion-governed kinetics is the evi- 
dence that differently oriented surfaces, as well as 
p- and n-type silicon of different resistivities, all ap- 
peared to etch at the same rate, whereas large differ- 
ences in the etch rate of these surfaces are genelally 
observed in other etching systems. Furthermore, the 
fact that the etch rates are insensitive to the concen- 
tration of added catalyst or to the variation of the oxi- 
dation potential of the solution, as explained above, 
supports the theory. The heterogeneous nature of the 
reaction also requires the consideration of transport 
phenomena as being kinetically important (2). 

In Fig. 4 is shown schematically the surface of a 
Si specimen immersed in an etching solution under 
the condition of violent agitation. A thin layer of 
r e l a t i ve ly  immob i l e  l iqu id  of th ickness  ~ adheres  to 
the  spec imen as the so lu t ion  moves past  it. Since the 
a m o u n t  of reac t ion  is neg l ig ib le  r e l a t ive  to the to ta l  
a m o u n t  of reagen ts  in  solut ion,  the b u l k  so lu t ion  
provides  a cons tan t  source for reagents .  The surface  
of the Si provides  a n e a r l y  perfect  s ink  for one of 
the  reagents ,  the one tha t  is ra te  l imi t ing .  The  flow 
of the o ther  r e agen t  ad jus t s  i tself to the s to ichiome-  
tr ic  r e q u i r e m e n t s  of the  react ion.  Thus,  if the s toi-  
ch iomet ry  of the reac t ion  is a ssumed  to be 

3Si + 12HF + 4HNO, = SiF, + 4NO + 8H~O 

t h e n  the  flow ra te  of HF  wi l l  have  to be th ree  t imes  
tha t  of the  HNO~. 

In  add i t ion  to the concen t ra t ion  grad ien t s  across 8 
the re  wi l l  exist  a t h e r m a l  gradient ,  because  of the  
flow of the hea t  of r eac t ion  away  f rom the surface.  
Our  ca lcula t ions  show tha t  the t e m p e r a t u r e  profile 
across 8 is l inear ,  and  the  slope is p ropor t iona l  to the  

a m o u n t  of hea t  dissipated,  i.e., to the reac t ion  rate.  
In  the absence  of the  t e m p e r a t u r e  g r ad i en t  the  con-  
cen t r a t i on  g rad ien t s  across ~ would  also be l inear ,  
because  of the a s sumpt ion  of the s teady state. How-  
ever,  the  t e m p e r a t u r e  g r ad i en t  causes a d i s to r t ion  
of the  c onc e n t r a t i on  profile t oward  s teeper  g rad ien t s  
and  thus  e n h a n c e d  reac t ion  rates.  

Let  us now iden t i fy  subscr ip t  1 wi th  HNO3 and  
subscr ip t  2 wi th  HF, and  le t  us consider  the change  
in  the reac t ion  ra te  as the p ropor t ion  of HF to HNO~ 
is decreased at  a g iven  cons tan t  level  of added water .  
As Clb increases,  the  concen t r a t i on  grad ien t ,  and  thus  
the reac t ion  rate,  also increases.  C~b falls because  the  
sum of the two reagen t s  C1 + C~ is constant .  C~ wi l l  
also fal l  in  a m a n n e r  tha t  takes  into cons idera t ion  
both  the  fal l  of C~b and  the s to ich iomet ry  of the  re -  
action, and  wi l l  approach  C1., which  r e m a i n s  s ta-  
t ionary .  The  finite surface concen t r a t i on  Ca, reflects 
the condition that the HF is present in excess, for the 
flow rate can be increased by a decrease in C~. As 
the maximum etch rate is approached, C~ ap- 
proaches CI~, and the rate of the dissolution of the 
oxidized Si can no longer keep ahead of the rate of 
oxidation. The oxide coating thus impedes the HNO3 
reaction, and the decreased flow rate of HNO3 is re- 
flected in a rise in CI~. The point where the two sur- 
face concentrations cross over marks the transition 
from a HNO~ dependent rate to a HF dependent rate. 
Further increase in the proportion of HNO~ causes 
a decrease in the reaction rate by virtue of the re- 
sultant decrease  in  C~, wh ich  is now  ra te  de te r -  
min ing .  

I t  is i n t e r e s t i ng  to specula te  tha t  if the  diffusion 
coefficients of the  two reagen t s  are equa l  a nd  if the 
s to ich iomet ry  ind ica ted  above is correct,  t hen  the 
composi t ion of the fastest  e tching  so]ut ion at a g iven 
level  of added w a t e r  would  have  to con ta in  3 mole -  
cules of HF per  molecule  of HNO~. On the I-IF-HNO~ 
axis, this composi t ion corresponds  to 56 wt  % HF, 
which  is not  m u c h  r emoved  f rom the observed  65%. 
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ABSTRACT 

Smal l  crys ta ls  of InAs, InP, GaAs, and GaP have been  grown f rom a vapor  
composed of the monochlor ide  or mono- iod ide  of the meta l  and phosphorus  or 
arsenic.  Crys ta l  g rowth  took place  a t  f rom 100 ~ to 300~ below the mel t ing  
points  of the  compounds.  Whiskers  of InAs up to 2 cm long also have  been 
grown. 

I n d i u m  m o n o c h l o r i d e  t ends  to d i s p r o p o r t i o n a t e  in  
some of i ts  r e ac t i ons  f o r m i n g  the  t r i c h l o r i d e  a n d  a 
c o m p o u n d  of i nd ium.  The  r e a c t i o n  of i n d i u m  m o n o -  
c h l o r i d e  a n d  a r sen ic  v a p o r s  to f o r m  InAs  t h e r e f o r e  
s e e m e d  a p r a c t i c a l  poss ib i l i ty .  AsCI~ w o u l d  no t  f o r m  
as i t  is u n s t a b l e  at  the  t e m p e r a t u r e s  of such  a r e -  
act ion.  

The  r e a c t i o n  w a s  of p r a c t i c a l  i n t e r e s t  e spe c i a l l y  
as w e  h a d  e s t a b l i s h e d  t h a t  ch lo r ine  h a d  l i t t l e  or  no 
effect on the  e l e c t r i c a l  p r o p e r t i e s  of InAs.  C r y s t a l s  
of I nAs  in  fac t  w e r e  d e p o s i t e d  b y  th is  r e a c t i o n  a n d  
the  p r i n c i p l e  was  e x t e n d e d  to t he  p r e p a r a t i o n  of 
c r y s t a l s  of GaAs ,  InP,  and  GaP ,  even  t h o u g h  the  
so lub i l i t y  of ch lo r ine  or  iod ine  in  t hese  l a t t e r  c o m -  
p o u n d s  is no t  y e t  k n o w n .  

Theory 
F r o m  the  f ree  ene rg ie s  of f o r m a t i o n  of t he  in -  

d i u m  ha l i de s  at  298~ the  f ree  e n e r g y  c h a n g e  of 
r eac t ions  [1]  and  [2]  a r e  s m a l l  b u t  nega t ive .  

3InC1 --~ InCl~ + 2In  [1]  

2InC1 ~ InCl~ + In  [2]  

As  the  t e m p e r a t u r e  r i ses  t he  f ree  e n e r g y  change  b e -  
comes  m o r e  pos i t i ve  a n d  the  r eac t i ons  t e n d  to go 
f r o m  r i g h t  to left .  

I f  a r s en i c  v a p o r  is a d d e d  to r e a c t i o n  [1] ,  the  fo l -  
l o w i n g  becomes  poss ib le :  

3InC1 + 1/2As, --~ InCl~ + 2 InAs  [3]  

The  d e c r e a s e  in f ree  e n e r g y  due  to the  f o r m a t i o n  of 
I nAs  shou ld  l e a d  to a r e a s o n a b l e  y i e l d  of I n A s  c r y s -  
ta ls .  

E q u a t i o n  [3]  is s t r i c t l y  a p p l i c a b l e  on ly  if  t he  
p r e s s u r e  of a r sen ic  equa l s  the  d i s soc ia t ion  v a p o r  
p r e s s u r e  of I nAs  at  t he  t e m p e r a t u r e  of t he  reac t ion .  
F o r  a r b i t r a r y  p r e s s u r e s  of a r sen i c  vapor ,  the  I n A s  
f o r m e d  m i g h t  be  e x p e c t e d  to be  a s soc ia t ed  w i t h  an  
i n d i u m  or  a r s e n i c - r i c h  l i qu id  as s h o w n  in t he  p h a s e  
d i a g r a m  (1, 2) .  Hence,  a m o r e  g e n e r a l  d e s c r i p t i o n  of 
t he  r eac t i on  in Eq. [3]  is: 

InC1 + As~ ( a r b i t r a r y  p r e s s u r e )  in  e q u i l i b r i u m  w i t h  
[ InCl ,  + ( I n A s  + l i q u i d ) ]  

I t  shou ld  be  n o t e d  t h a t  Eq. [ 1 ] - [ 3 ]  h a v e  been  u sed  
m e r e l y  to i l l u s t r a t e  t he  p r i n c i p l e  a n d  t h a t  t he  a c t u a l  
r e a c t i o n  is not  k n o w n .  

A r g u m e n t s  s i m i l a r  to t h e  above  can  b e  a p p l i e d  
to t he  b r o m i d e s  and  iod ides  of i n d i u m  a n d  to t he  
ch lor ides ,  b r o m i d e s ,  and  iod ides  of g a l l i u m  t o g e t h e r  
w i t h  t he  cases  w h e r e  p h o s p h o r u s  r e p l a c e s  arsenic .  

Crystal Growth 
A l l  the  c rys t a l s  w e r e  g r o w n  in e v a c u a t e d  s i l ica  

r e a c t i o n  t u b e s  a p p r o x i m a t e l y  20 cm long  a n d  h a v i n g  
v o l u m e s  of a b o u t  50 cm ~. 
Method / . - - T h e  r e a c t i o n  t ube  c on t a in ing  the  r e a c -  
t an t s  on the  l e f t  h a n d  s ide  of Eq.  [3]  was  h e a t e d  u n i -  
fo rmly .  I n i t i a l l y  t he  t e m p e r a t u r e  was  m a i n t a i n e d  
h igh  enough  to p r e v e n t  a n y  c rys t a l s  f o r m i n g  and  
was  l o w e r e d  g r a d u a l l y  u n t i l  n u c l e a t i o n  occur red .  
Method 2 . - - T h e  r e a c t i o n  t u b e  c o n t a i n e d  a s m a l l  
a m o u n t  of ch lo r ide  or  i od ide  of g a l l i u m  or  i n d i u m  or  
on ly  iod ine  i tself ,  t o g e t h e r  w i t h  a s a m p l e  of the  a p -  
p r o p r i a t e  AI , ,B .  compound .  The  t u b e  was  p l a c e d  in 
a f u r n a c e  w h i c h  h a d  a t e m p e r a t u r e  g r a d i e n t  of b e -  
t w e e n  40 ~ and  70~ ove r  t he  l e n g t h  of t h e  tube ,  the  
s a m p l e  of t he  c o m p o u n d  b e i n g  at  the  h o t t e r  end.  As  
the  t e m p e r a t u r e  of t he  w h o l e  f u r n a c e  was  l o w e r e d  
s lowly ,  c ry s t a l s  n u c l e a t e d  at  t he  cool end.  The  f u r -  
nace  w a s  h e l d  a t  th i s  t e m p e r a t u r e ,  and  i t  was  pos -  
s ib le  to t r a n s p o r t  the  w h o l e  of t he  s a m p l e  of t he  
c o m p o u n d  f r o m  the  ho t  to  t he  cool  end  of t he  tube .  

This  r e s u l t  fo l lows  f r o m  the  fac t  t h a t  Eq. [3]  is a 

Table I 

P r e s s u r e  of  a t m o s p h e r e s  
R e a c t i o n  I n i t i a l  T e m p .  ~)f 
n u m b e r  r e a c t a n t s  g r o w t h ,  ~ H a l i d e  As~ o r  P6 

1 InC1, As, 725 8 1.2 
2 InI, As4 690 8.2 1.65 
3 InCL, As4 No 3.1 (600~ 1.8 (800~ 

growth  
4 InL, As4 No 3.1 (800~ 1.35 (800~ 

growth  
5 GaI, P4 1050 5.0 2.6 

Table II 

R e a c t i o n  I n i t i a l  T e m p .  of  T e m p .  o f  Press .  a t m  
n u m b e r  r e a c t a n t s  s a m p l e ,  ~ g r o w t h ,  ~ of  h a l i d e  

6 InAs, InCl~ 890 840 1.6 
7 InAs, InI~ 875 830 1.6 
8 InP,  InL 915 860 1.65 
9 GaAs, Is 1070 1030 2.15 
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Fig. ~. InP crystals grown by reaction 8. Magnification 
27X. 

Fig. 3. GaP crystals grown by reaction 5. Magnification 
40X. 

Fig. 2. GaAs crystals grown by reaction 9. Magnification 
27X. 

revers ib le  react ion.  A t  the hot end  of the  reac t ion  
t u b e  the  reac t ion  t ends  to go f rom r igh t  to lef t  a nd  
is r eversed  at the cool end.  

Results 

Table  I gives a l ist  of e x p e r i m e n t s  t ha t  we re  pe r -  
fo rmed  according  to me thod  1. The  pressures  tha t  
are l is ted are the pa r t i a l  p ressures  tha t  the  r eagen t s  
wou ld  have  at  the t e m p e r a t u r e  of g rowth  bu t  before  
they  have  reacted.  Tab le  II covers e x p e r i m e n t s  tha t  
w e r e  pe r fo rmed  by  me thod  2. The  p ressure  of the  
ha l ide  has been  ca lcu la ted  as tha t  which  it  wou ld  
h a v e  b e e n  if the  t ube  were  at a u n i f o r m  t e m p e r a -  
t u r e  equa l  to tha t  of the  cool end. 

Crys ta ls  tha t  have  b e e n  g rown  by  the  reac t ions  
l is ted in  Tables  I and  II are  shown in  Fig. 1-4. 

Growth o5 InAs  Whiskers.--Conditions u n d e r  
which  wh i ske r  g rowth  m a y  be expected  are no t  e n -  
t i re ly  clear,  bu t  it  appears  t ha t  the re  m u s t  be a low 
pressure  of ha l ide  p re sen t  in the  tube  and  also a 
fa i r ly  r ap id ly  fa l l ing  t e m p e r a t u r e .  

The whiske r s  a lways  seemed to grow f rom w h a t  
appea red  o r ig ina l ly  to have  been  a mo l t en  globule.  

The whiske r  shown in  Fig. 4 was g rown  by  re -  
act ion 6, Tab le  II  w h e n  the  dens i ty  of InCl~ mole -  
cules was abou t  1018/cm ~. Whiskers  up to 2 cm in  
l eng th  were  g rown  by  a c o m b i n a t i o n  of react ions  2 
and  4 in  Tab le  I. The  iodide vapor  consis ted of InI~ 
at a p ressure  of about  3 arm at 800~ toge ther  w i th  
a t race  of a lower  iodide. 

X-ray  and electron diffraction data . - - InAs crys-  
ta l l ized m a i n l y  as flat p la tes  which  in  m a n y  cases 

Fig. 4. InAs whiskers grown by reaction 6. Magnification 
40X before reduction for publication. 

were  up to 5 m m  across. A sample  was m o u n t e d  in  
an  e lec t ron  dif f ract ion camera  a nd  a "K ikuch i  l ine"  
p a t t e r n  was ob ta ined  by  ref lect ing an  e lec t ron  b e a m  
at  a g lanc ing  angle  f rom the flat face of the crystal .  
F r o m  this  it was  deduced  tha t  the  flat face was a 
(111) plane.  This  also was  f o u n d  to be the  case wi th  
two other  crystals.  

The edge of the e l e m e n t a r y  cell was  m e a s u r e d  for 
each compound  by  the  x - r a y  powder  me thod  us ing  a 
copper  anode and  a n ickel  filter. The d e t e r m i n a t i o n s  
are l is ted below toge ther  w i th  o ther  pub l i shed  re -  
sul ts  in  brackets .  

In/ks ao = 6 . 0 5 8 ~  [6.058~A] (1) 
I n P  ao = 5.868~A [5.869A] (3) 
GaAs ao = 5.6541A [5.653,] (4) 
GaP  ao = 5.45LA [5.450~] (4) 

The close a g r e e m e n t  b e t w e e n  these d e t e r m i n a t i o n s  
and  p rev ious ly  pub l i shed  va lues  shows tha t  the  v a r i -  
ous compounds  have  indeed  been  fo rmed  in  all  cases. 
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Any  discussion of this paper will  appear in  a Discus- 
sion Section to be published in the December 1959 
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Oxide Nucleation and the Substructure of Iron 

E. A. Gulbransen and K. F. Andrew 

Research Laboratories, Westinghouse Electric Corporation, Pittsburgh Pennsylvania 

ABSTRACT 

Electron optical studies were made of the ini t ia l  stage of reaction of oxygen 
with pure  iron. Oxidation occurred in  a discontinuous m a n n e r  with the oxide 
s tructure orient ing to the metal  grain. The sites for oxide nucleat ion depend on 
the ini t ial  p re t rea tment  atmosphere. Thus, a vacuum anneal ing t rea tment  
showed a random ar rangement  of nucleat ion sites, while a hydrogen anneal ing 
t rea tment  showed a highly ordered a r rangement  of nucleat ion sites. 

Since iron was embri t t led  by anneal ing in dry and moist hydrogen and not 
by vacuum annealing,  the nuclea t ion  sites probably  show the subst ructure  of 
iron responsible for embri t t lement .  

The  theory  of ox ida t ion  as developed by W a g n e r  
(1, 2), Mott  (3) ,  and  others  is based on the di f fus ion 
of me t a l  or oxygen  atoms and  ions t h r o u g h  in t e r s t i -  
t ia l  sites or t h rough  ca t ion  and  a n i o n  defects  in  the  
oxide film. The  oxide  fi lm is a s sumed  to be u n i f o r m  
whi le  the me t a l  u n d e r l y i n g  the oxide is a s sumed  to 
be s t ruc ture less  over  a pa r t i cu l a r  grain.  Recen t  de-  
ve lopmen t s  in  me t a l  physics  have  shown  tha t  c rys ta l  
o r ien ta t ion ,  dislocations,  and  o ther  defects d e t e r m i n e  
the  mechan ica l  p roper t ies  of the  metal .  These  fac-  
tors also m a y  d e t e r m i n e  the n a t u r e  of chemica l  r e -  
act ions on me ta l  surfaces.  The purpose  of this  pape r  
is to show the effect of a n n e a l i n g  e n v i r o n m e n t  on 
the oxide n u c l e a t i o n  p a t t e r n  for pu re  i ron  and  to i n -  
dicate a possible r e l a t ion  b e t w e e n  the  n u c l e a t i o n  
p a t t e r n  and  the mechan i ca l  proper t ies  of the meta l .  

The fact tha t  i ron  reacts  w i th  oxygen  in  a n o n -  
u n i f o r m  m a n n e r  is wel l  k n o w n .  Ea r ly  e lec t ron  opt i -  
cal work  was r ev i ewed  by  Phelps,  G u l b r a n s e n ,  and  
Hickam (4).  These authors ,  in  addi t ion,  s tud ied  the 
s t ruc tu re  of oxide films fo rmed  on m e c h a n i c a l l y  
pol ished spec imens  of p u r e  i ron  us ing  e l ec t rochem-  
ical s t r ipp ing  methods  for r emova l  of the oxide film. 
Elec t ron  optical  s tudies  showed the oxide to consist  
of m a n y  smal l  c rys ta ls  severa l  h u n d r e d  to a t h o u -  
sand  angs t roms  in  size. The  oxide crys ta ls  we re  
n e a r l y  r a n d o m l y  or ien ted  wi th  respect  to the  me t a l  
grain.  

Bardol le  and  B~nard  (5) used carefu l ly  pol ished 
and  a n n e a l e d  spec imens  of Armco  i ron  to s tudy  
oxide nuc l ea t i on  processes at  t e m p e r a t u r e s  b e t w e e n  
650 ~ and  850~ at low pressures  of oxygen.  At  850~ 
and  a v a c u u m  of 10 -3 m m  Hg, a few wel l  o r i en ted  
oxide nuc le i  of defini te  c rys ta l  hab i t  were  formed.  
M a n y  nuc le i  were  fo rmed  at pressures  of 10-~-10 -1 
m m  Hg. Light  mic rographs  of th ick  oxide films 
fo rmed  u n d e r  these condi t ions  showed the  oxide film 
on a s ingle  me ta l  c rys ta l  to consist  of m a n y  s imi l a r ly  
o r ien ted  crystals.  In  no case was  a s ingle  c rys ta l  of 
oxide observed to fo rm on a s ingle  crys ta l  of iron.  

G u l b r a n s e n ,  McMil lan,  a nd  A n d r e w  (6) ex t ended  
the  work  of Bardol le  and  B~na rd  (5) by  con t ro l l ing  
condi t ions  of ox ida t ion  a n d  by  use of e lec t ron  optical  
methods .  The  l a t t e r  me thod  makes  possible  obse rva -  
t ion  of finer deta i ls  of the  c rys ta l  habi t .  

Thermodynamic  conditions for oxidat ion.- -Since 
the  f o r ma t i on  of an  oxide  film, as wel l  as its c rys ta l  
habi t ,  depends  on the  re l a t ive  i m p o r t a n c e  of one or 
more  chemical  react ions,  it  is necessa ry  to consider  
the t h e r m o d y n a m i c  equ i l ib r i a  of these react ions.  
For  i ron  at 650~176 the  more  i m p o r t a n t  reac-  
t ions are the  fo l lowing:  (a) d i rect  ox ida t ion  of i ron  
to FeO, (b)  reac t ion  of ca rbon  in  the  me t a l  w i th  
the  surface  oxide to fo rm ca rbon  monox ide  and  the  
metal ,  a nd  (c) so lut ion of oxygen  in  the  meta l .  

Ca lcu la t ions  show the  dissociat ion pressure  of 
oxygen  over  FeO and  Fe to be 10 -17~ arm at 850~ 
(6) .  The e x t e n t  of the  oxygen  reac t ion  is l im i t ed  
on ly  by  the  oxygen  ava i l ab le  and  the  t ime  of r e -  
action.  

U n d e r  condi t ions  of low pressure ,  ca rbon  in  the  
me t a l  reacts  w i th  the  sur face  oxide. To m i n i m i z e  this  
react ion,  the  c onc e n t r a t i on  of ca rbon  should  be less 
t h a n  0.005% by  weigh t  (6) .  The  k ine t ics  of this re -  
ac t ion  has been  shown  by  G u l b r a n s e n  a nd  A n d r e w  
(7) to be  feasible  above  610~ 

Severa l  r ecen t  va lues  exist  for the  so lubi l i ty  of 
oxygen  in  a lpha - i ron .  Seybol t  (8) found  a va lue  of 
0.022 wt  % at  850~ Siffer len (9) has shown tha t  
for i ron  recrys ta l l i zed  by  a r igorous  t h e r m a l  t r e a t -  
m e n t  the  so lub i l i ty  does not  exceed 0.002 wt  % at 
850~ Cons ide r ing  the low va lues  for the  so lubi l i ty  
and  tha t  oxygen  pressures  of 10-~-10 -~ m m  Hg were  
used, we  feel tha t  the  a m o u n t  of oxygen  dissolving 
in  the  me t a l  is small .  

Good condi t ions  for s t udy ing  the  in i t i a l  nuc l ea t i on  
process a nd  the effect of p r e t r e a t m e n t s  on i ron  are  
as follows: (a) ca rbon  con ten t  of less t h a n  0.005 wt  
%, (b)  oxygen  pressures  of less t h a n  0.01 m m  Hg, 
(c) e lec t ropol ished a nd  a n n e a l e d  meta l ,  and  (d) 
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low c o n c e n t r a t i o n  of o t h e r  i m p u r i t i e s  such  as Mn, S, 
P,  Si, etc. 

Structural  ]acto'rs in mat t e r . - -Four  f ac to r s  a r e  
i m p o r t a n t  in  d i scuss ing  s t r u c t u r a l  f ac to r s  in t h e  o x i d e  
n u c l e a t i o n  process .  These  a r e  as fo l lows :  (a )  c r y s -  
t a l  s t r u c t u r e  or  a tomic  g e o m e t r y  of t he  u n i t  cell ,  
(b)  c r y s t a l  size and  shape ,  (c)  p a r t i c l e  size and  
shape,  a n d  (d)  o r i e n t a t i o n  of the  o x i d e  p a r t i c l e s  
w i t h  r e spec t  to the  u n d e r l y i n g  m e t a l  c rys ta l .  

The  c r y s t a l  s t r u c t u r e  is s t u d i e d  b y  e l ec t ron  d~f- 
f r ac t i on  w h i l e  c r y s t a l  size and  shape  and  o r i e n t a t i o n  
fac to rs  a r e  s t ud i ed  b y  the  e l ec t ron  microscope .  

Experimental 
Samples . - - "Puron  ''1 i ron  was  used  for  a l l  of t he  

e x p e r i m e n t s .  The  i ron  con ta ins  abou t  0.001% m e -  
ta l l i c  impur i t i e s .  Of n o n m e t a l l i c  i m p u r i t i e s  t h e r e  
ex is t s  a b o u t  0.04% oxygen ,  0.005% C, and  v i r t u a l l y  
no su l fur ,  p h o s p h o i u s ,  or  n i t rogen .  

The  f o l l o w i n g  s teps  w e r e  used  in t he  p r e p a r a t i o n  
of spec imens  for  th is  s t u d y :  (a )  m e c h a n i c a l  p o l i s h -  
ing  us ing  po l i sh ing  p a p e r s  up  to 4 /0  u n d e r  pur i f i ed  
ke rosene ,  (b )  c l ean ing  w i t h  soap and  w a t e r ,  d i s -  
t i l l ed  w a t e r ,  p e t r o l e u m  e ther ,  and  abso lu t e  alcohol ,  
(c)  e l e c t r o l y t i c  po l i sh ing  us ing  J a c q u e t ' s  so lu t ion ,  
(d )  w a s h i n g  in  d i s t i l l ed  w a t e r  and  a b s o l u t e  alcohol .  

The  fo l l owing  p r e t r e a t m e n t s  w e r e  used :  ( a )  a n -  
n e a l i n g  at  875~ for  24 h r  in  v a c u u m  of 10 -7 m m  Hg 
p lus  1 -h r  a n n e a l i n g  in  h y d r o g e n  pas sed  t h r o u g h  a 
p a l l a d i u m  t u b e  a t  2.4 cm H g  p r e s s u r e  to r e m o v e  a n y  
o x i d e  f o r m e d  in v a c u u m  annea l i ng ,  cooled  in v a c -  
uum,  (b)  a n n e a l i n g  at  850~ for  20 h r  in 1 a t m  of 
h y d r o g e n  pur i f i ed  by  pa s s ing  ove r  hot  coppe r  and  
d r i e d  w i t h  CaCI~, cooled in h y d r o g e n ,  (c)  a n n e a l i n g  
at  850~ for  23 h r  in t a n k  h y d r o g e n  pas sed  ove r  a 
d r y  ice t r a p  at  - -78.5~ a t  59 cm Hg, cooled in v a c -  
uum,  (d )  a n n e a l i n g  a t  875~ for  21 h r  in  h y d r o g e n  
pas sed  t h r o u g h  a p a l l a d i u m  t u b e  at  59 cm Hg p r e s -  
sure,  cooled in vacuum,  (e)  s ame  as (d)  e x c e p t  w i t h  
an  a d d i t i o n a l  a n n e a l i n g  for  20 h r  in v a c u u m  of 10 ~ 
m m  Hg p lus  1 h r  in  p a l l a d i u m  pur i f i ed  h y d r o g e n  a t  
2.3 cm Hg p r e s s u r e  to r e m o v e  a n y  ox ide  fo rmed ,  
cooled  in  vacuum,  and  (f )  a n n e a l i n g  at  875~ for  
23 h r  w i t h  h y d r o g e n  p a s s e d  t h r o u g h  a p a l l a d i u m  
t u b e  a t  59 cm t t g  p lus  0.2 cm Hg of  p u r e  n i t r o g e n ,  
cooled  in vacuum.  

Reaction wi th  oxygen . - -S t r ips  of 0.013 cm th i ck  
i ron  w e i g h i n g  abou t  0.1 g and  h a v i n g  a su r f ace  a r e a  
of 2.5 cm ~ w e r e  r e a c t e d  in the  m i c r o b a l a n c e  sys tem.  
S p e c i m e n s  w e r e  i n t r o d u c e d  s ing ly  and  the  s y s t e m  
p u m p e d  ove rn igh t .  A v a c u u m  of b e t t e r  t h a n  10 -e m m  
Hg was  ob ta ined .  The  f u r n a c e  at  the  d e s i r e d  t e m p e r -  
a t u r e  was  r a i s ed  a r o u n d  the  Mul l i t e  f u r n a c e  tube .  A 
g iven  q u a n t i t y  of o x y g e n  was  i n t r o d u c e d  b y  m e a n s  
of a gas h a n d l i n g  sys tem.  W e i g h t  changes  w e r e  fo l -  
l o w e d  w i t h  the  m i c r o b a l a n c e .  A l t h o u g h  the  o x y g e n  
r e a c t e d  v e r y  r a p i d l y  w i t h  the  meta l ,  the  m e t a l  was  
k e p t  in  con t ac t  w i t h  t he  gas  a t m o s p h e r e  for  25 rain.  
F o l l o w i n g  r e a c t i o n  t h e  r e s i d u a l  gases  in t he  s y s t e m  
w e r e  evacua t ed ,  t he  f u r n a c e  l owered ,  a n d  the  spec i -  
m e n  a l l o w e d  to cool in  t he  vacuum.  

The  fo l l owing  fac ts  w e r e  o b s e r v e d  or  c a l c u l a t e d  
for  each  n u c l e a t i o n  e x p e r i m e n t :  (a )  w e i g h t  of o x y -  

l " P u r o n "  is  a p r o p r i e t a r y  n a m e  f o r  a g r a d e  of  p u r e  i r o n  m a n u -  
f a c t u r e d  b y  W e s t i n g h o u s e  E l e c t r i c  C o r p o r a t i o n .  

J u n e  1959 

gen reac t ing ,  (b)  a v e r a g e  th i ckness  of ox ide  film, 
(c)  co lor  of oxide ,  (d )  c r y s t a l  s t r u c t u r e  of oxide ,  
(e)  size and  shape  of ox ide  c i y s t a l l i t e s ,  a n d  ( i )  
c r y s t a l  h a b i t  a n d  o r i e n t a t i o n  of o x i d e  w i t h  r e spec t  to  
the  m e t a l  gra in .  

Examinat ion of crystal habit and s t ruc ture . - -The  
c r y s t a l  s t r u c t u r e  of t he  o x i d e  c ry s t a l l i t e s  was  s t u d i e d  
b y  t r a n s m i s s i o n  e l ec t ron  d i f f r ac t ion  wh i l e  t he  c r y s t a l  
h a b i t  was  s t u d i e d  b y  e l ec t ron  m i c r o s c o p y  of the  
s t r i p p e d  ox ide  film. E l e c t r o n  d i f f r ac t ion  p a t t e r n s  
w e r e  t a k e n  w i t h  the  e l ec t ron  d i f f rac t ion  a d a p t e r  of 
t h e  E M B - 4  e l e c t r o n  mic roscope .  P o l y s t y r e n e - s i l i c a  
r ep l i ca s  s h a d o w e d  w i t h  c h r o m i u m  w e r e  p r e p a r e d  in  
t he  c o n v e n t i o n a l  m a n n e r .  S t r i p p e d  ox ide  f i lms w e r e  
p r e p a r e d  in an  e l e c t r o c h e m i c a l  s t r i p p i n g  a p p a r a t u s  
s i m i l a r  to one p r e v i o u s l y  d e s c r i b e d  (4) .  To s u p p o r t  
t h e  o x i d e  c rys t a l l i t e s ,  t h e  o x i d i z e d  su r f ace  was  cov-  
e r ed  w i t h  a P a r l o d i o n  film. 

S e v e r a l  modi f ica t ions  w e r e  m a d e  in the  e l ec t ron  
mic roscope  to o b t a i n  l a r g e  fields at  low magn i f i c a -  
t ions.  A spec ia l  i n t e r n a l  s c r e w  m e c h a n i s m  was  used  
for  r e m o v i n g  the  p r o j e c t o r - p o l e  p iece  for  c a r r y i n g  
ou t  s tud ies  in  the  r a n g e  of 400X to 1600X. Most  of 
e l ec t ron  m i c r o g r a p h s  w e r e  m a d e  at  1080X to 1600X 
a n d  e n l a r g e d  two  to e igh t  t imes .  

Fig. 1. Oxide film (453i~.) stripped from vacuum pre- 
treated Puron. Vacuum, 875~ 20 hr. 

Fig. 2. Oxide films stripped from vacuum pretreated Puron. 
Vacuum, 875~ 20 hr. A, upper left, 64A; B, upper right, 
106-&; C, lower left, 230.&; D, lower right, 453X. 
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Table I. Summary of vacuum pretreatment experiments 

Oxide  th ickness  Crysta l  
P r e t r e a t m e n t  Nucleat ion condit ions ~ g / c m  2 A. Color size,/~ Remarks  

O5 at 5 x 10 -' mm Hg, 0.92 64 Bright <0.15 Random nucleation, 
850~ 25 min  few larger oriented growth 

For all experiments:  O~ at 1 x 10 -8 m m  Hg, 1.5 106 Nearly bright  <0.25 
10 .-7 m m  Hg, 875~ 850~ 25 rain few larger Same 
24 hr, plus 1 hr O~ at 2 x 10 -~ mm Hg, 3.29 230 Blue-gray  <0.30 
H~ at 2.4 cm Hg 850~ 25min  few larger Same 
at 875~ cooled in O2 at 5 x 10 -8 mm Hg, 6.46 453 Blue-gray <0.50 
vacuum 850~ 25 min  few larger Same 

Results and Discussion 
Vacuum pretreatment . - -Table  I and  Fig. 1 and  2 

show the p r e t r e a t m e n t  and  n u c l e a t i o n  condi t ions  
and  resul ts .  F igu re  1A shows a typ ica l  e lec t ron  m i -  
c rograph  of the s t r ipped  oxide film formed  by  low 
pressure  ox ida t ion  at 850~ us ing  oxygen  at a p res -  
sure  of 5 x 10 -8 m m  Hg. For  this  condi t ion  a b l u e -  
gray film was fo rmed  h a v i n g  an  average  film th ick-  
ness of 453A. The e lec t ron  dif f ract ion p a t t e r n  shown 
in  Fig. 1B shows a h igh ly  o r ien ted  oxide film of 
FeO and  FelOn. The e lec t ron  mic rographs  suggest  
that ,  a l though  the  oxide is h igh ly  o r ien ted  to the  
metal ,  the  sites at  which  oxide  n u c l e a t i o n  takes  
place are n e a r l y  r andom.  

F igu re  2, A, B, C, and  D, shows the effect of the 
a m o u n t  of ox ida t ion  on the nuc l ea t i on  and  growth  
processes. The  average  oxide film th ickness  var ies  
f rom 64 to 453A. The  oxide crys ta l  size increases  
w i th  the  a m o u n t  of oxidat ion.  In  each e x p e r i m e n t  
e lec t ron  dif f ract ion pa t t e rn s  showed or ien ted  oxide 
crysta ls  whi le  the  e lec t ron  mic rographs  showed a 
r a n d o m  a r r a n g e m e n t  of the  oxide nuc l ea t ion  sites. 

F igures  1 and  2 show severa l  i n t e re s t ing  facts 
abou t  the m e c h a n i s m  of ox ida t ion  w h e n  the speci-  
m e n  was a n n e a l e d  in  h igh  vacuum.  (A) S ingle  c rys-  
tals  of oxide do no t  fo rm on  a s ingle  crys ta l  of meta l .  
This  confirms the resul t s  of a l ight  m ic rog raph  s tudy  
of Bardo l l e  and  B~nard  (5) for a l a te r  stage of the  
react ion.  The  fact tha t  m a n y  n u c l e a t i n g  centers  exist  
on a me t a l  sur face  m a y  be re la ted  to dis locat ions and  
defects in  the s t r u c t u r e  of the meta l .  (B) The oxide 
s t ruc tu res  were  o r i en ted  to the me t a l  s t ruc ture .  (C) 
Except  for  the g ra in  boundar ies ,  n e a r l y  r a n d o m  dis-  
t r i b u t i o n  of nuc l ea t i on  sites were  observed.  (D) The 
g ra in  bounda r i e s  of the me ta l  we re  not  p r e f e r e n -  
t i a l ly  a t tacked.  

Pretreatment  wi th  tank  hydrogen passed over hot 
copper.--Table II  shows detai ls  of p r e t r e a t m e n t  a nd  
oxide nuc l ea t i on  condi t ions  toge ther  wi th  i n f o r m a -  
t ion  on the  th ickness  and  color of the  oxide c rys ta l -  
lites. Fig. 3, A and  B, shows e lec t ron  mic rographs  of 
the  oxide film formed  at 850~ by  dosing wi th  O8 at 
2 x 10 -8 m m  Hg and  the oxide film fo rmed  at 750~ 
by  dosing w i th  O.~ at  1 x 10 -~ m m  Hg. F i g u r e  4, A a nd  
B, shows s imi la r  resu l t s  for the  film formed  at  650~ 
A surface  repl ica  was  inc luded  to check the film 
s t r ipp ing  technique .  

E lec t ron  mic rographs  of spec imens  p re t r ea t ed  in  
pa r t i a l l y  purif ied h y d r o g e n  and  cooled in  h y d r o g e n  
showed some s imi lar i t ies  wi th  and  some differences 
f rom the  resul t s  of v a c u u m  annea l ing .  For  bo th  p re -  
t r ea tmen t s ,  a d i scon t inuous  oxide fi lm was formed.  

Fig. 3. Oxide fi lm stripped from Puron annealed in hydro- 
gen passed over hot copper. Hs, 850~ 20 hr, cooled in Hs. 
A, 752A thick oxide, 850~ B, 322A., thick oxide, 750~ 

Fig. 4. Oxide fi lm stripped from Puron annealed in hydro- 
gen passed over hot copper and surface replica. H2, 850~ 
20 hr, cooled in H2. A, 252A thick oxide, 650~ B, surface 
replica. 

Elec t ron  dif f ract ion s tudies  of the oxide films in  
bo th  cases show o r i en ta t ion  of the oxide s t ruc tu re  
to the  metal .  In  addi t ion,  the  pa r t i c l e  size of the  
oxide crysta ls  for the same degree of ox ida t ion  was  
n e a r l y  the same. 

Severa l  m a j o r  differences were  observed:  (a) n u -  
c lea t ion  sites were  no t  r a n d o m  bu t  h igh ly  ordered  
in  ce r ta in  d i rec t ions  d e t e r m i n e d  by  the o r i en ta t ion  
of the me t a l  g ra in ;  (b)  spacings  of these l ines  of 
nuc l ea t i on  sites were  r e l a t i ve ly  cons tan t  over  a 
g iven  d is tance ;  (c) l ines  of n u c l e a t i o n  were  u sua l l y  
b e n t  at  the g ra in  b o u n d a r i e s  a nd  jo in  w i th  l ines of 
oxide g rowth  of o ther  me t a l  grains,  and  (d) c i rcu la r  
g rowth  pa t t e rn s  were  f r e q u e n t l y  seen. This  is shown 
in  Fig. 5. The  c i rcu la r  g rowth  p a t t e r n s  p r o b a b l y  
were  re la ted  to inc lus ions  or other  local defects in 
the me t a l  s t ruc ture .  

To test  the  inf luence  of a n n e a l i n g  in  d ry  hydrogen ,  
t a n k  h y d r o g e n  was  dr ied  by  pass ing  t h r ough  a d ry  
ice t r ap  at --78.5~ Deta i ls  of the e x p e r i m e n t  were  
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Table II. Summary of hydrogen pretreatments, tank hydrogen passed over hot copper 

Oxide thickness Crystal 
Pretreatment Nucleation conditions ~g/cm 2 A Color size,/~ Remarks 

1 atm, 850~ 20 hr, O~ at 2 x 10 -~ mm Hg, 10.73 752 Light blue 1 
cooled in I-I~ 850~ 25 min  

1 atm, 850~ 20 hr, 02 at 1 x 10 -3 mm Hg, 4.59 322 Blue spots 0.5 
cooled in H~. 750~ 25 min  

1 atm, 850~ 20 hr, O: at 1 x 10 -3 m m  Hg, 3.60 252 Blue spots 0.3 
cooled in H~ 650~ 25 min 

56 cm, 850~ 23 hr, O~ at 5 x 1O -~ mm Hg, 6.35 451 Blue 1.0 
cooled in vacuum 850~ 25 min  
dew point--78.5 ~ C 

Directed-nucleat ion pattern,  
oriented growth 

Same 

Same 

Par t ia l ly  directed nucleat ion 
pattern,  oriented growth 

g iven  in  Tab le  II. F igu re  6, A, B, and  C, shows three  
e lec t ron  micrographs ,  whi le  Fig. 6D shows an  elec-  
t r on  diffract ion p a t t e r n  of the oxide crystals .  A l -  
though an  o rdered  p a t t e r n  of oxide n u c l e a t i o n  was 
observed,  the a m o u n t  of o rder  was sma l l e r  t han  tha t  
shown  in  Fig. 3, 4, and  5. The  e lec t ron  diffract ion 
p a t t e r n  showed or ien ted  oxides of FeO and  Fe304 
were  formed.  

Pretreatme.nt with hydrogen passed through pal- 
ladium.--Table III  and  Fig. 7, 8, and  9 show deta i ls  
of p r e t r e a t m e n t  and  nuc l ea t i on  condi t ions  toge ther  
w i th  a s u m m a r y  of the results .  

F i g u r e  7, A and  B, shows an e lec t ron  mic rog raph  
a n d  a n  elec t ron  diffract ion p a t t e r n  of a spec imen  
p re t r ea t ed  in  h y d r o g e n  passed th rough  p a l l a d i u m  
and  cooled in  vacuum.  The  sample  was  oxidized at 
850~ in  O2 at 5 .0x 10 -~ m m  Hg. The e lec t ron  di f -  
f rac t ion  p a t t e r n  shows a h igh ly  o r i en ted  s t r uc t u r e  
whi le  the e lec t ron  mic rog raph  shows a pa r t i a l l y  
ordered  oxide nuclei .  Orde r ing  of nuc l ea t i on  sites 
was not  as wel l  developed as for spec imens  a n n e a l e d  
and  cooled in  less pu re  hydrogen.  

F igu re  8 shows an  e lec t ron  mic rog raph  and  an 
e lec t ron  diffract ion p a t t e r n  of a spec imen  p re t r ea t ed  
in  p a l l a d i u m  puri f ied h y d r o g e n  and  then  held  in  a 
v a c u u m  for 20 h r  at  875~ before  cooling. The  e lec-  
t r o n  mic rog raph  shows a pa r t i a l  o rde r ing  of oxide 
nuc l ea t i on  sites. 

F igu re  9, A and  B, shows e lec t ron mic rographs  of 
a spec imen  t rea ted  in  p a l l a d i u m  puri f ied h y d r o g e n  
plus  a smal l  a m o u n t  of pu re  n i t rogen .  Nuc lea t ion  
sites show only  a smal l  a m o u n t  of order ing .  N i t ro -  
gen, as an i m p u r i t y  in  the  hydrogen ,  does no t  have  
a n  i m p o r t a n t  inf luence on the o rde r ing  process. 

We conclude  f rom these e x p e r i m e n t s  tha t  w a t e r  
vapor in hydrogen is primarily responsible for or- 
dering of nucleation sites for oxide formation. 

Fig. 5. Circular growth pattern in oxide film (752~.) 
formed on Puron annealed in hydrogen passed over hot cop- 
per. H2, 8,50~ 20 hr, cooled in Hs. 

Fig. 6. Oxide f i lm stripped from Puron annealed in hydro- 
gen passed over hot copper and dried (--78.S~ H2, 850~ 
23 hr, cool in vacuum. 

Fig. 7. Oxide f i lm (417A)  stripped from Puron annealed in 
hydrogen passed through pal ladium. H2, 875~ 24 hr, 
vacuum cooled. 

Discussion 

I t  is of in te res t  to no te  tha t  the dens i ty  of oxide 
crys ta l l i tes  in  Fig. 1 is of the same order  of m a g -  
n i t u d e  as the dens i ty  of dis locat ions in  a w e l l a n -  
hea led  meta l  crystal ,  i.e., of the  order  of 10~/cm 2. 
The  g rowth  of oxide  nuc le i  m a y  be re la ted  to the 
n u m b e r  and  a r r a n g e m e n t  of dis locat ions in the  me ta l  
crystal .  Normal ly ,  these n u c l e a t i o n  centers  are 
r a n d o m  in  a r r a n g e m e n t .  However ,  if i ron  is a n n e a l e d  
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Table III. Summary of hydrogen pretreatments, palladium purified hydrogen 

O x i d e  thickness Crystal  
P r e t r ea tmen t  Nucleation conditions /~g/crnS A Color size,/z Remarks  

59 cm Hg, 875~ 21 hr, O3 at 5.0 x 10 -~ mm Hg, 5.96 423 Blue-black 0.3 Par t ia l ly  directed 
cooled in vacuum 850 ~ 25 min  few larger nucleat ion pat-  

tern,  o r ien ted  
growth 

59 cm Hg, 875~ 21 hr 
+ 10 -~ mm Hg, 20 hr 
-{- H~ 2.3 cm Hg, 1 hr, 
cooled in vacuum 

59 cm Hg + 0.2 cm 
Hg N~, 850~ 23 hr, 
cooled in vacuum 

O2 at 5.0 x 10-' mm Hg, 6.36 452 Blue-black 0.3 
850~ 25 min  few larger Same 

O~ at 5.0 x 10 -~ mm Hg, 6.05 430 Purple  1.0 Same 
850~ 25 min  

Fig. 8. Oxide film (445A) stripped from Puron annealed 
in hydrogen passed through palladium. H~, 875~ 24 hr 
plus vacuum, 875~ 20 hr. 

Fig. 9. Oxide fi lm stripped from Puron annealed in pal- 
ladium hydrogen plus nitrogen. H= -k N~, 850~ 23 hr, 
vacuum cooled. 

in  i m p u r e  hydrogen ,  these n u c l e a t i o n  centers  be -  
come ordered  a long defini te  c rys ta l lographic  d i rec-  
tions. The  m e c h a n i s m  of o rde r ing  is no t  clear. H o w -  
ever,  low pressure  ox ida t ion  offers a n e w  me thod  for 
the  s tudy  of the fine s t ruc tu re  of i ron  no t  obse rvab l e  
by  l ight  microscopic s tudies  of low t e m p e r a t u r e  
etched surfaces.  

These resul t s  m a y  lead to an  u n d e r s t a n d i n g  of the  
effect of a n n e a l i n g  t r e a t m e n t s  on the mechan i ca l  
proper t ies  of P u r o n  and  other  pu re  irons.  S t a n l e y  

(10) has made  a thorough  s tudy  of the e m b r i t t l i n g  
of P u r 0 n  w h e n  hea ted  in  h igh v a c u u m  a nd  in  d ry  
and  mois t  h y d r o g e n  a tmospheres  at t e m p e r a t u r e s  of 
700~176 P u r o n  is e m b r i t t l e d  in  d ry  hyd rogen  
a tmospheres  at a dew po in t  of - -65~  in  10 hr  for 
the  t e m p e r a t u r e  r a n g e  of 700~176 I n  mois t  h y -  
drogen,  P u r o n  was  e m b r i t t l e d  in  abou t  a n  hour .  Vac-  
u u m  a n n e a l i n g  did no t  lead to e m b r i t t l e m e n t .  L ight  
mic rograph ic  s tudies  showed on ly  m i n o r  changes  in  
me t a l  s t ruc ture .  

S t an l ey ' s  observa t ions  on the  e m b r i t t l e m e n t  of 
i ron  at  700~ and  our s tudies  on the  effect of h y -  
d rogen  and  its impur i t i e s  on the  oxide nuc l ea t i on  
p a t t e r n  at  700~ appear  to be  related.  Atmospheres  
which  e mbr i t t l e  i r on  give ordered  nuc l ea t i on  sites 
for oxide g rowth  whi le  a tmospheres  which  do not  
e mbr i t t l e  i ron  give r a n d o m  nuc l ea t i on  pa t t e rn s  for 
oxide growth.  

Manuscr ipt  received Dec. 2, 1958. This paper was 
prepared for del ivery at the Phi ladelphia Meeting, May 
3-7, 1959. 

Any discussion of this paper  will  appear in  a Discus- 
sion Section to be published in the December 1959 
JOURNAL. 
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ABSTRACT 

In the decomposition of water  bY reaction with iron, as in the electrolysis of 
water, the residual  water  is enriched in deuterium. Since the separation factor 
is an inverse funct ion of the temperature,  an a t tempt  was made to increase 
the reaction rate at low temperatures.  In t roduct ion of cathodic surfaces by 
part ial  plat ing of cathodic impuri t ies  on steel increased the reaction rate by a 
factor of 2 to 4 at 98~176 Separat ion factors from 4.8 to 6.1 were observed 
for the chemical reaction of these par t ia l ly  plated samples with water. In  
electrolysis experiments  vigorous agitation of the electrolyte caused an in -  
crease in the separation factor. 

A n  i m p o r t a n t  pa r t  of the d e v e l o p m e n t  of n u c l e a r  
power  is the p r o c u r e m e n t  of heavy  wa t e r  which  is 
used as a mode ra to r  in  some types  of n u c l e a r  r e -  
actors (1) .  S ince  the n a t u r a l  concen t r a t i on  of d e u -  
t e r i u m  in  wa t e r  is a p p r o x i m a t e l y  1 pa r t  in  7000 a nd  
since separa t ion  factors are gene ra l ly  smal l  for iso- 
tope separa t ion  processes, it is necessa ry  in  the  i n i -  
t ia l  concen t r a t i on  stages to process ve ry  large q u a n -  
t i t ies of wa t e r  (2) .  One of the la rges t  separa t ion  
factors is ob ta ined  in  the  e lectrolysis  of water .  H o w -  
ever,  the ene rgy  cost is high, and  the me thod  is 
p rac t ica l  economica l ly  on ly  w h e n  a m a r k e t  exists  
for e lec t rolyt ic  h y d r o g e n  or w h e n  the me thod  is 
used for the final concen t ra t ion  of wa te r  which  has 
been  en r i ched  by  a less expens ive  process (2) .  

Sepa ra t ion  of the isotopes is ob ta ined  in  the di rect  
chemical  reac t ion  of a va r i e ty  of meta l s  wi th  w a t e r  
or s t eam (3-5) .  Smi th  and  Posey (6) r epor ted  sepa-  
r a t ion  factors  of 3.2 to 1.4 for the reac t ion  b e t w e e n  
i ron  and  s team at 118~176 The  reac t ion  ra te  in  
this  t e m p e r a t u r e  r ange  is low for a p rac t ica l  p ro -  
duc t ion  technique .  Moreover ,  the commerc ia l  p ro -  
duc t ion  of hyd rogen  by  the  reac t ion  b e t w e e n  i ron  
and  s team requ i res  t e m p e r a t u r e s  of 800~176 (7) .  

Since the  separa t ion  factor  is an  inve r se  func t i on  
of the  t e m p e r a t u r e  (8) ,  t e m p e r a t u r e  r e q u i r e m e n t s  
for a usefu l  separa t ion  factor  and  a use fu l  ra te  in  the  
reac t ion  of meta l s  wi th  w a t e r  or s t eam appear  to be  
m u t u a l l y  exclusive.  The p r inc ip le  of sacrificial cor ro-  
sion pro tec t ion  suggested the poss ib i l i ty  tha t  the  re -  
act ion ra te  migh t  be  increased  w i thou t  i nc reas ing  
the  t empe ra tu r e ,  so tha t  the  advan t age  of the l a rge r  
separa t ion  factor  at the lower  t e m p e r a t u r e s  could be 
re ta ined .  The  p resen t  pape r  discusses reac t ion  ra tes  
and  separa t ion  factors  in  the  di rect  chemica l  reac-  
t ion of wa t e r  wi th  i ron  samples  some of which  had  
p la ted  on a por t ion  of the i r  surfaces a va r i e t y  of 
cathodic mater ia l s .  The  effect of v igorous  s t i r r ing  
on the  concen t r a t i on  g rad ien t  at the  cathode also 
is discussed. 

1 P resen t  address :  Bell Te lephone  Labora to r i e s ,  M u r r a y  Hill ,  N. J .  
~Presen t  address :  Union  Carb ide  Nuc l ea r  C o m p a n y ,  O a k  Ridge ,  

Tenn.  

Experimental 
Reaction rates.--Reaction ra te  da ta  were  ob ta ined  

by  m e a s u r i n g  the ra te  of h y d r o g e n  evo lu t ion  at  con-  
s t an t  vo lume  or a t  cons tan t  pressure .  The  cons tan t  
v o l u m e  a ppa r a t u s  is shown in  Fig. 1. The  l iqu id  and  
gas -phase  vo lumes  were  a p p r o x i m a t e l y  10 ml  each. 
Since the a ppa r a t u s  is ve ry  s imple  a nd  compact,  as 
m a n y  as t en  r u n s  could be conduc ted  s i m u l t a n e o u s l y  
in  a 5-ga l  the rmos ta t .  C o n s t a n t - p r e s s u r e  a ppa ra tu s  
is shown  in  Fig. 2. The v o l u m e  of the  r eac t i on  flask 
was  a p p r o x i m a t e l y  500 ml.  Before each r u n  the  r e -  
ce iv ing  flask was evacuated .  The  check va lve  was  
set to opera te  at 85 cm Hg. 

The  e lec t ro ly te  was  fe r rous  chlor ide which  was 
p repa red  by  the reac t ion  of hydroch lor ic  acid wi th  
an  excess of i ron  powder .  I n  order  to conserve  heavy  
water ,  reac t ion  ra tes  were  inves t iga ted  us ing  ordi -  
n a r y  wa te r  only.  

I ron  samples  were  p r epa red  f rom the fo l lowing  
ma te r i a l s :  Merck a n d  C o m p a n y  i ron powder  ( re -  

f " ~  ~ GLASS 

T H E R M O S T A T  B A T H  L I Q U I D  L E V E L  

FLASK - 
SEALED OFF 

REACTION MANOMETER 
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TUBE 

FLASK MERCURY 
LIQUID LEVEL . . . . .  RESERVOIR 

- I"  2 u 
-- _ I I 
" . -  S A M P L E  S C A L E  

DS  

Fig, 1. C o n s t a n t  v o l u m e  a p p a r e t u s  f o r  m e a s u r i n g  r a t e  o f  
hydrogen evolution. 
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Fig. 2. Constant pressure apparatus for determining separa- 
tion factors and rates of hydrogen evolution. 

duced by  h y d r o g e n ) ;  J. T. Baker ' s  and  Baker  a nd  
A d a m s o n ' s  r eagen t  grade i ron  wi re  (size A W G - 3 6 ) ;  
e x t r e m e l y  pure  b u l k  i ron  (9) p rov ided  by the  Bel l  
Te lephone  Labora tor ies  and  the Bat te l le  Memor ia l  
Ins t i t u t e ;  and  o r d i n a r y  l o w - c a r b o n  steel plate,  rod, 
and  tub ing .  I ron  powder  was used as received.  Wire  
samples  a p p r o x i m a t e l y  1 me t e r  in  l eng th  were  
w o u n d  into spirals  a p p r o x i m a t e l y  5 m m  in d i ame te r  
and  3 cm in  length.  R e c t a n g u l a r  and  cy l indr i ca l  
samples  of the  r e m a i n i n g  ma te r i a l s  were  p r e p a r e d  
by  mach in ing .  

Al l  of the  samples  except  the  i ron  powder  were  
c leaned by  wash ing  wi th  hot  C.P. to luene  and  t h e n  
by  su l fur ic  acid pickl ing.  Fo l lowing  c leaning,  the  
absence  of hydrophob ic  c o n t a m i n a n t s  was verif ied 
by  the we t t i ng  proper t ies  of the sur face  as exh ib i t ed  
by  the contac t  angle  of wa te r  drople ts  at the surface.  

The sur face  area of the i ron powder  was m e a s u r e d  
by  the  B E T - n i t r o g e n - a d s o r p t i o n  me thod  and  the 
k r y p t o n - a d s o r p t i o n  method.  The va lues  found  by  
these two methods  were  3.5 m ~ g-1 and  3.4 m ~ g_l, 
respect ively .  In  order  to ob ta in  a compar i son  be-  
tween  the  reac t ion  ra tes  observed  wi th  powder  and  
wi th  b u l k  samples,  the  ra te  of h y d r o g e n  evo lu t ion  
was ca lcu la ted  in  cm ~ a tm  of gas per  cm ~ of subs t r a t e  
per  minu te ,  corrected to 30~ For  all  of the samples,  
except  the i ron  powder ,  the reac t ion  ra te  was  con-  
s tan t  t h roughou t  the runs .  Since the  surface  r o u g h -  
ness of the b u l k  samples  changed  v i s ib ly  d u r i n g  the  
runs ,  the ra te  per  u n i t  a rea  for the b u l k  samples  was  
ca lcu la ted  f rom the i r  phys ica l  d imens ions ,  a r b i t r a r -  
i ly a s suming  u n i t  roughness  factor. 

For  al l  of the  samples,  except  i ron  powder ,  r u n s  
were  made  wi th  a cathodic surface p la ted  onto ap-  
p r o x i m a t e l y  50% of the sample  surface.  P l a t i n g  was  
accompl ished by  d isp lacement ,  t h e r m a l  decompos i -  
t ion, and  e lec t ropla t ing .  

Tab le  I summar i zes  the r e a c t i o n - r a t e  da ta  for a 
va r i e t y  of condi t ions.  It  can be seen tha t  the  r a t e  of 
h y d r o g e n  p roduc t ion  m a y  be increased  by  the ap-  
p l ica t ion  of cathodic meta l s  to a por t ion  of the  
surface  of the  i ron  samples.  The da ta  p resen ted  in  
Tab le  I inc lude  ra te  va lues  ob ta ined  wi th  both  types  
of appara tus .  This  suggests  tha t  the  difference in  the  
reac t ion  ra tes  at cons tan t  p ressure  and  at cons tan t  
vo lume  is not  significant.  

Some m e a s u r e m e n t s  of the reac t ion  rate,  no t  i n -  
c luded in  Tab le  I, were  made  w i t h  samples  of wire,  
Bel l  Te lephone  iron, Ba t te l l e  iron, and  l o w - c a r b o n  

Table I. Rate of hydrogen production in 1M ferrous chloride 
so ut ons at 98~176 

I04 R e a c t i o n  r a t e ,  
S u b s t r a t e  C a t h o d e  ( cm 8 a r m )  c m  -2 min -1  

Iron powder - -  0.39 (0.01) $ 
Iron powder - -  0.10 (0.01) 
I ron wire (JTB) - -  1.54 (0.01) 
Iron wire (B&A) - -  1.55 (0.05) 
Pure  iron (Battelle) - -  1.17 (0.07) 
Pure  iron (BTL) - -  1.04 (0.07) 
Low carbon steel - -  1.07 (0.05) 
Low carbon steel Au* 4.3 (0.7) 
Low carbon steel Ag* 2.8 (0.4) 
Low carbon steel Cu* 3.1 (0.4) 
Low carbon steel Brass* 3.3 (0.4) 
Low carbon steel Ni* 3.9 (0.4) 
Low carbon steel Cd* 2.5 (0.4) 
Low carbon steel P t t  4.1 (0.5) 

* B y  e l e c t r o p l a t i n g  50% of s u r f a c e .  
t B y  t h e r m a l  d e c o m p o s i t i o n  on 50% of s u r f a c e .  
~: A v e r a g e  e r r o r  i n  p a r e n t h e s e s ,  de f i ned  as  +Zd/n ~/n, w h e r e  d is  

t h e  d e v i a t i o n  of  a s i n g l e  m e a s u r e m e n t  f r o m  t h e  a r i t h m e t i c a l  a v e r -  
age ,  a n d  n is t h e  n u m b e r  of  m e a s u r e m e n t s .  

steel  which  were  pa r t i a l l y  p la ted  by  d i sp lacemen t  
w i th  mossy deposi ts  of p l a t i n u m ,  pa l l ad ium,  and  
copper.  In  genera l ,  the in i t i a l  ra tes  were  severa l  
t imes  l a rger  t h a n  those wh ich  were  ob ta ined  wi th  
u n p t a t e d  samples.  However ,  the h y d r o g e n  evo lu t ion  
ra tes  d ropped  off r ap id ly  and  approached  the  va lues  
which  were  ob ta ined  wi th  the u n p l a t e d  samples.  
The  mossy deposits  had  a t e n d e n c y  to become de-  
tached f rom the  iron, a nd  they  collected a l aye r  of 
r e d d i s h - b r o w n  oxide ve ry  quickly .  The  oxide l ayer  
e v e n t u a l l y  t u r n e d  black.  The  r ep roduc ib i l i t y  of the 
ra te  m e a s u r e m e n t s  wi th  this  type  of ca thode surface 
was  v e r y  poor. 

Rates  w i th  i ron  powder  were  in i t i a l ly  r e l a t ive ly  
rap id  b u t  decreased rap id ly ,  p r e s u m a b l y  due  to 
stif l ing by  the reac t ion  products .  P r e r e d u c t i o n  of the  
powder ,  coat ing wi th  copper,  or use of other  salts 
such as sodium chloride,  a m m o n i u m  chloride,  so- 
d i u m  sulfate,  fe r rous  sulfate,  and  zinc su l fa te  did no t  
p r e v e n t  the decrease in  r a t e  as the reac t ion  p ro -  
ceeded. 

Separation factors.--Ferrous chlor ide solut ions  of 
twice the  des i red  s t r eng th  were  p r e p a r e d  as de-  
scr ibed above. A ca lcu la ted  a m o u n t  of h e a v y  wa t e r  
was added in  order  to produce  a sal t  so lu t ion of 
the appropr i a t e  c onc e n t r a t i on  wh ich  also con ta ined  
a p p r o x i m a t e l y  45 mole  % of h e a v y  water .  The  heavy  
w a t e r '  was  repor ted  to be 99.8% pure .  

The  reac t ion  was  car r ied  out  in  the  a ppa ra tu s  
shown  in  Fig. 2. The  h y d r o g e n - d e u t e r i u m  m i x t u r e  
which  was  collected in  the rece iv ing  flask was  sub -  
s e que n t l y  oxidized by  copper  oxide at 300~ in  a 
P y r e x - t u b e  furnace .  The w a t e r  which  was  p roduced  
by  this  reac t ion  was  collected in  a cold t rap.  The 
me thod  has been  descr ibed in  de ta i l  by  Posey (6) .  

A p p r o x i m a t e l y  130 ml  of salt  so lu t ion  was  used  
in  each of the  runs .  The a m o u n t  of w a t e r  which  was  
consumed  in  the reac t ion  was  smal l  in  compar i son  
to the  to ta l  a m o u n t  of w a t e r  present .  However ,  the  
change  in  the  composi t ion  of the  r e s idua l  wa t e r  
d u r i n g  a r u n  was  la rge  enough  to affect the  ca lcu-  

O b t a i n e d  f r o m  t h e  S t u a r t  O x y g e n  C o m p a n y .  
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Table II. Separation factors in the reaction of cathodically 
coated steel samples with 1M ferrous 

chloride solutions at 98~176 

Cathode* Separat ion factor 

Uncoated steel 6.1 (0.5) t 
Au 5.7 (0.4) t 
Ag 5.6 (0.7) ? 
Cu 6.0 (1.0) t 
Brass 6.0 (0.7) t 
Ni 4.8 (0.9) t 
Cd 5.3 (0.7) t 
Fe powder 5.2 (0.1) ? 

* By electroplat ing on 50% of surface. 
t Average  error.  

l a t ion  of the separa t ion  factor.  Therefore ,  the a r i t h -  
met ica l  average  of the  composi t ions  at the b e g i n -  
n i n g  and  at the end  of the  r u n  was  used for the cal-  
cu la t ion  of the  separa t ion  factor. A smal l  sample  of 
the salt  so lu t ion  was t a k e n  before  and  af ter  each 
run .  The samples  were  v a c u u m  dist i l led,  and  the  
w a t e r  was  collected in  a cold t rap.  The isotopic 
composi t ions  of the va r ious  w a t e r  samples  we re  
d e t e r m i n e d  by  the  f a l l i n g - d r o p  me thod  of Combs, 
Googin,  and  Smi t h  (10).  

Steel  t u b i n g  was used for these runs  s ince it  
p rov ided  the most  c o n v e n i e n t  fo rm for p la t ing ,  for 
ob t a in ing  a la rge  surface  area, and  for phys ica l ly  
suppor t ing  the samples  in  the reac t ion  flask. 

Tab le  II lists the  separa t ion  factors  which  were  
ob ta ined  in  the reac t ion  of 1M fer rous  chlor ide solu-  
t ions  (45 mole  % h e a v y  wa te r )  at 98~176 wi th  
u n p l a t e d  and  w i t h  pa r t i a l l y  p la ted  samples  of steel 
tub ing .  Sepa ra t ion  factors  were  ca lcu la ted  by  m e a n s  
of Eq. [1] 

a = ( D / H ) o / ( D / H ) , ~  [1] 

where  D and  H are the mole  f rac t ions  of d e u t e r i u m  
and  of hydrogen ,  the  subscr ip t  e refers  to the elec-  
t rolyte ,  and  the subscr ip t  g to the  gas p roduced  by  
the  react ion.  

Sepa ra t ion  factors also were  d e t e r m i n e d  in  a 
series of e lectrolysis  e x p e r i m e n t s  w i th  an  e x t e r n a l  
emf  of 4 v and  a c u r r e n t  dens i ty  of 0.06 to 4 amp 
cm -2. Al l  e lectrolysis  expe r imen t s  were  conducted  
in  1M fer rous  chlor ide solut ions  con t a in ing  app rox i -  
m a t e l y  45 mole  % h e a v y  water .  The  on ly  he a t i ng  
was tha t  p roduced  by  the e l ec t r i ca l -power  d iss ipa-  
t ion  in the  cell, which  es tab l i shed  an  ope ra t ing  t e m -  
p e r a t u r e  of 30~176 The purpose  of these r u n s  
was  to d e t e r m i n e  the  effect of v igorous  s t i r r ing  on 
the  separa t ion  factor.  Three  levels  of s t i r r ing  were  
inves t iga ted :  tha t  p rov ided  by  h y d r o g e n  evo lu t ion  
at  the cathode, tha t  p rov ided  by  vigorous  mechan i ca l  
agi ta t ion,  and  tha t  p rov ided  by  u l t r a son i c  agi ta t ion.  
The mechan ica l  ag i ta t ion  was  ob ta ined  in  the  ap-  
pa ra tus  shown  in  Fig. 3. The cathode,  to wh ich  an  
of f -ba lance  weigh t  was  at tached,  was  ro ta t ed  at 
1800 rpm,  wi th  consequen t  v igorous  v ib ra t ion .  The  
u l t r a son ic  gene ra to r '  p roduced  sufficient ene rgy  to 
create  a N u j o l - w a t e r  emu l s ion  in  a test  t ube  in  ap -  
p r o x i m a t e l y  1 min .  

4Manufac tured  by  the Crystal  Research Laboratories,  Hartford,  
Conn. 
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Fig. 3. Electrolysis cell wi th ro ta t ing  o f f -ba lance  cathode 

A much  la rger  f rac t ion  of the wa te r  was decom-  
posed in  the electrolysis  r u n s  t han  in  the  di rect  
chemica l  r eac t ion  runs .  There fo re  it was  no t  neces-  
sary  to collect the h y d r o g e n  and  deu te r ium.  Ins tead,  
the separa t ion  factor  was  d e t e r m i n e d  f rom the  i n i -  
t ia l  and  the final concen t ra t ions  of the reac t ing  wa te r  
by  me a ns  of Eq. [2] 

a In (Ho/H) = in  (Do/D) [2] 

w he r e  Ho and  Do are the in i t i a l  concent ra t ions ,  and  
H and  D are the final concen t ra t ions  of h y d r o g e n  
a nd  d e u t e r i u m  in  the r eac t ing  mate r ia l .  The sepa ra -  
t ion  factors for the  th ree  types  of e lectrolysis  exper i -  
m e n t s  are p resen ted  in  Tab le  III. 

Discussion 

The ra te  of h y d r o g e n  p roduc t ion  per  u n i t  surface  
a rea  of u n p l a t e d  sample  was a p p r o x i m a t e l y  the same 
for  all  of the mater ia ls ,  except  i ron powder .  T h e r e -  
fore, for reasons  of convenience ,  steel was  chosen as 
the subs t ra te  m a t e r i a l  for the  i nves t iga t ion  of p la ted  
cathodic surfaces.  

The increase  in  the reac t ion  ra te  which  was  p ro -  
duced by  the  art if icial  i n t r o d u c t i o n  of ga lvan ic  cou-  
ples was lower  t h a n  expected.  I t  is possible tha t  
cathodic po la r iza t ion  p r e v e n t e d  the ra tes  f rom be ing  
m u c h  larger .  S ince  h y d r o g e n  was  the des i red  p rod-  
uct,  i t  was  not  possible  to take  a d v a n t a g e  of ox ida-  
t ive  depola r iza t ion  of the ca thode  in  order  to in -  
crease the  rates.  In  fact, the  p r e p a r a t i o n  a nd  h a n -  
d l ing  of the  salt  solut ions  was  done in  such a m a n n e r  
as to m i n i m i z e  the  a m o u n t  of dissolved air, a nd  the  

Table III. Separation factors in the electrolysis with 
steel electrodes of stirred 1M ferrous 

chloride solutions at 30~176 

M e t h o d  of st i rr ing Separat ion factor  

Hydrogen evolution at cathode 7.23 (0.09) * 
Rotating off-balance cathode 7.61 (0.08) * 
Ultrasonic agitat ion 8.32 (0.07) * 

�9 Average  error.  
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Fig. 4. Separation factors for reaction of metals with 
mixed protium oxide and deuterium oxide. A, Theoretical, 
Eyring and Cagle (8); B, Henderson and Bernstein (5); C, 
massive iron, present work; D, Hughes, Ingold, and Wilson 
(12); E, Smith and Posey (6); F, iron powder, present work; 
G, Johnston and Davis (13); H, electrolysis, present work; I, 
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fer rous  chlor ide solut ions  were  c o n t i n u a l l y  in  con-  
tact  wi th  excess metal .  The solut ions  were  a lways  
b l u e - g r e e n  in  color. 

Sepa ra t ion  of h y d r o g e n  and  d e u t e r i u m  by  chem-  
ical or e lect r ical  decomposi t ion  of wa t e r  depends  on 
differences in  the reac t ion  rates  of the  two species. 
Therefore ,  the  k ine t ic  separa t ion  factor  n o r m a l l y  
should  be ca lcu la ted  by  use of Eq. [2].  This  was  done 
in  the  electrolysis  expe r imen t s  where  a r e l a t i ve ly  
la rge  f rac t ion  of wa t e r  was decomposed.  Since a 
ve ry  smal l  f rac t ion  of the  wa te r  was  decomposed in  
the direct  chemical  r eac t ion  b e t w e e n  i ron  and  water ,  
s t eady- s t a t e  condi t ions  were  approx ima ted ,  a nd  it 
was possible to ca lcula te  the  separa t ion  factor  by  use 
of Eq. [1].  

The average  va lues  of the  separa t ion  factors in  the 
chemical  reac t ion  of i ron  wi th  w a t e r  v a r y  f rom 4.8 
for a brass  cathode to 6.1 for uncoa ted  steel. The  
va lues  of the  sepa ra t ion  factors are no t  sufficiently 
precise  to show conc lus ive ly  a n y  va r i a t i on  due to 
the n a t u r e  of the  cathode. F r o m  the da ta  in  Tab le  II  
a composi te  sepa ra t ion  factor  of 5.7 m a y  be ca lcu-  
la ted  wi th  an  average  e r ror  of -+0.2. 

No va r i a t i on  in  the  separa t ion  factor  could be ob-  
served in  the e lectrolysis  e x p e r i m e n t s  as a func t ion  
of c u r r e n t  densi ty .  

Topley  and  E y r i n g  (11) discussed in  de ta i l  the  
effect on the observed  sepa ra t ion  factor  of a con-  
c e n t r a t i o n  g r a d i e n t  in  the  t h in  film of l iqu id  at the  
cathode surface.  They  conc luded  tha t  the  effect 
should  be small .  The da ta  in  Tab le  III  show tha t  effi- 
c ient  s t i r r i ng  can increase  the  sepa ra t ion  factor. 

The di rect  chemica l  reac t ions  and  the  e lectrolysis  
e x p e r i m e n t s  we re  pe r f o r me d  at  d i f fe rent  t e m p e r a -  
tures  a nd  canno t  be  compared  direct ly.  In  Fig. 4 the  
separa t ion  factors ob ta ined  in  this  i nves t iga t ion  are 
compared  w i th  selected va lues  f rom the  l i t e ra tu re .  
F igu re  4 also inc ludes  the  theore t ica l  cu rve  of sepa-  
r a t ion  factor  vs. t e m p e r a t u r e  which  was  ca lcula ted  
by  E y r i n g  and  Cagle (8) .  
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ABSTRACT 

The W a g n e r - O n s a g e r - S a m a r a s  theory  (wi thout  ad jus t ab le  constants)  a l -  
lows one to calculate  the surface tension of an aqueous e lec t ro ly te  solut ion as 
a funct ion of concentrat ion.  I t  predic ts  tha t  an e lec t ro ly te  added  to wa te r  
would increase  the surface tension. Precise  measurements  of the surface ten-  
sion by  the cap i l l a ry  r ise method give an ini t ia l  decrease and a m in imum in 
the surface tens ion-concent ra t ion  wave.  Theory  and expe r imen t  can be recon-  
ciled by  tak ing  the e lec t rokine t ic  effects into account. 

The  a v a i l a b l e  ev idence  ind ica t e s  t ha t  a k n o w l e d g e  
of t he  e l e c t r o k i n e t i c  ( c o m m o n l y  ca l l ed  ze ta )  p o t e n -  
t i a l  is r e q u i r e d  for  an  i n t e r p r e t a t i o n  of su r f ac e  t e n -  
s ion m e a s u r e m e n t s  of e l e c t r o l y t e  so lu t ions  m a d e  
w i t h  t he  c a p i l l a r y  r i se  t echn ique .  The  bas ic  c o n t r i -  
bu t i ons  to t he  t h e o r y  of the  su r face  t ens ion  of (De -  
b y e - H u e c k e l )  e l e c t r o l y t e s  w e r e  m a d e  b y  W a g n e r  
(1)  and  b y  O n s a g e r  a n d  S a m a r a s  (2) .  T h e  q u a n t i t a -  
t ive  d iscuss ions  we re  l i m i t e d  to 1-1 e l e c t r o l y t e s  such 
as KC1. A n  e x t e n s i o n  of the  t h e o r y  to t he  case  of 
a s y m m e t r i c a l  e l e c t r o l y t e s  has  been  c a r r i e d  out  b y  
T h a c h e r  (3) ,  and  n u m e r i c a l  r e su l t s  a r e  g iven  for  
2-1 (e.g., BaCI~) e l e c t r o l y t e s  and  3-1 (e.g.,  LaCI~) 
e l ec t ro ly t e s .  More  d r a s t i c  a p p r o x i m a t i o n s  in the  
theory ,  used  b y  Rob inson  (4) ,  gave  r e su l t s  for  2-1 
and  3-1 e l e c t r o l y t e s  no t  too d i f fe ren t  f r o m  those  o b -  
t a i n e d  in T h a c h e r ' s  m o r e  re f ined  t r e a t m e n t .  The  es-  
s en t i a l  r e s u l t  in a l l  of the  cases  is t h a t  the  su r f a c e  
t ens ion  t u r n s  ou t  to be  an  i n c r e a s i n g  m o n o t o n e  f u n c -  
t ion  of the  c o n c e n t r a t i o n ;  t he  a d d i t i o n  of a n y  a m o u n t  
of a n e u t r a l  sa l t  to w a t e r  wi l l  i n c r e a s e  the  su r f ace  
t ens ion  acco rd ing  to t heo ry .  

M e a n w h i l e ,  the  t h e o r y  of su r f ace  t ens ion  h a d  r e -  
ce ived  a se r ious  cha l l enge  b y  the  p r ec i s e  m e a s u r e -  
m e n t s  of Jones  and  R a y  (5)  w i t h  a c a p i l l a r y  r i se  a p -  
p a r a t u s  w h i c h  gave  the  r a t i o  of the  su r f ace  t ens ion  
of  an e l e c t r o l y t e  so lu t ion  to t h a t  of  wa t e r .  T h e i r  
m e a s u r e m e n t s  i n d i c a t e d  t ha t  t he  su r f ace  t ens ion  of 
w a t e r  d e c r e a s e d  s h a r p l y  as a r e s u l t  of the  a d d i t i o n  
of a s m a l l  a m o u n t  of a sa l t ;  the  su r f ace  t e n s i o n - c o n -  
c e n t r a t i o n  c u r v e  passed  t h r o u g h  a b r o a d  m i n i m u m  
at  a b o u t  0.001 e q u i v a l e n t s  p e r  l i t e r  for  a l l  e l e c t r o -  
ly te s  tes ted .  F o l l o w i n g  this ,  the  c u r v e  i nc r ea sed  w i t h  
c o n c e n t r a t i o n  at  a r a t e  abou t  t ha t  p r e d i c t e d  b y  
theo ry .  

Jones  and  R a y  i n i t i a l l y  i n t e r p r e t e d  the  d e c r e a s e  
in the  su r f ace  t ens ion  as r e s u l t i n g  f r o m  the  i n t e r -  
ac t ion  of t h e  p o l a r i z e d  w a t e r  m o l e c u l e s  (d ipo l e s )  
w i t h  the  ions  of t he  e l ec t ro ly t e .  T h e y  po in t e d  out  
t h a t  these  forces  a r e  n e g l e c t e d  in  the  u s u a l  t h e o -  
r e t i c a l  t r e a t m e n t s ,  in w h i c h  the  p r i n c i p a l  effect  is 
a t t r i b u t a b l e  to the  p r e s e n c e  of  a b o u n d a r y  ( s o - c a l l e d  
i m a g e  fo rces ) .  T h e y  p o s t u l a t e d  t h a t  t h e  a d d i t i o n  of 
ions to w a t e r  w o u l d  d i s t u r b  t he  s y s t e m a t i c  a r r a n g e -  
m e n t  of w a t e r  d ipoles .  The  e lec t r i c  forces  a m o n g  the  

w a t e r  molecu les ,  oppos ing  this  d i s t u r b a n c e ,  w o u l d  
t end  to t h r u s t  the  d i s t u r b i n g  ions in to  the  surface .  
This  in i t i a l  pos i t i ve  a d s o r p t i o n  was  t a k e n  as t he  
cause  of the  d e c r e a s e  in  su r f ace  t ens ion  in  t he  e x -  
t r e m e l y  d i l u t e  r ange .  

S e v e r a l  o the r  p roposa l s  w e r e  p u t  f o r w a r d  b y  v a r i -  
ous t h e o r e t i c i a n s  to account  fo r  t he  o b s e r v e d  m i n i -  
m u m  in t he  su r f a c e  t e n s i o n - c o n c e n t r a t i o n  curve .  
The  i n t e r p r e t a t i o n  g iven  b y  I r v i n g  L a n g m u i r  (6)  a t -  
t r a c t e d  m o r e  a t t e n t i on ;  i t  is sub j e c t  to q u a n t i t a t i v e  
checks.  L a n g m u i r  a d v a n c e d  the  sugges t ion  t h a t  t he  
r e su l t s  o b t a i n e d  b y  Jones  and  R a y  r e p r e s e n t e d  an  
i n s t r u m e n t a l  effect  r a t h e r  t h a n  a p u r e  su r f ace  t e n -  
s ion p r o p e r t y .  He  c o n t e n d e d  t h a t  t he  f i lm of the  
l i qu id  in the  c a p i l l a r y  a b o v e  the  men i scus  was  no t  of 
ne g l i g ib l e  th i ckness  as was  g e n e r a l l y  a s sumed ,  b u t  
cou ld  a s sume  th i cknesses  w h i c h  w o u l d  b e  a p p r e -  
c i ab le  w h e n  c o m p a r e d  w i t h  t he  r a d i u s  of a t i ny  
c a p i l l a r y .  The  t h i cknes s  of the  w e t t i n g  f i lm was  
p o s t u l a t e d  as be ing  d e p e n d e n t  on the  n a t u r e  and  
c o n c e n t r a t i o n  of t he  e l e c t r o l y t e  and  e spe c i a l l y  on 
the  p o t e n t i a l  e x i s t i n g  at  t he  i n t e r f a c e  b e t w e e n  the  
c a p i l l a r y  w a l l  a n d  the  so lu t ion .  This  is e s s e n t i a l l y  
the  so -ca l l ed  z e t a - p o t e n t i a l ,  the  p o t e n t i a l  ex i s t i ng  a t  
t he  b o u n d a r y  b e t w e e n  a f lowing l i qu id  a n d  the  l a y e r  
of l i qu id  a t t a c h e d  to the  wal l .  The  fi lm was  s u p p o s e d  
to be m u c h  t h i c k e r  for  w a t e r  t h a n  fo r  so lu t ions  of  
e l e c t r o l y t e s  of m o d e r a t e  concen t ra t ions ,  a n d  the  f i lm 
e v i d e n t l y  becomes  n e g l i g i b l e  for  c o n c e n t r a t e d  so lu -  
t ions.  Jones  a n d  F r i z z e l l  (7)  d e v e l o p e d  t h e  t h e o r y  
m o r e  r i g o r o u s l y  so t h a t  t he  o r i g i n a l  su r f ace  t ens ion  
d a t a  of Jones  and  R a y  could  be  c o r r e c t e d  in t he  
m a n n e r  p r o p o s e d  b y  L a n g m u i r .  

A s igni f icant  r e s u l t  is t h a t  a connec t ion  is e s t a b -  
l i shed  b e t w e e n  the  su r face  t ens ion  and  the  e l e c t r o -  
k ine t i c  po ten t i a l .  In  p r inc ip l e ,  one can  i n v e r t  t he  
p r o b l e m  and  ca l cu l a t e  t he  ze ta  p o t e n t i a l  f r om a 
s t a t i c  p h e n o m e n o n .  A t  t he  t i m e  of L a n g m u i r ' s  s u g -  
gest ions,  r e l i a b l e  ze t a  p o t e n t i a l  m e a s u r e m e n t s  w e r e  
v e r y  few. A t  p re sen t ,  r e l i a b l e  r e su l t s  h a v e  been  
m a d e  on a v a r i e t y  of e l e c t r o l y t e s  b y  R u t g e r s  and  
De S m e t  (8)  a n d  b y  Jones ,  Wood,  and  Rob inson  (9 ) .  
The  r e su l t s  of these  two  g roups  of w o r k e r s  a r e  in 
c o m p l e t e  a g r e e m e n t .  

The  a p p l i c a t i o n  of the  cor rec t ion ,  as sugges t ed  b y  
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L a n g m u i r ,  pu t s  the  r e su l t s  of Jones  and  R a y  in s u b -  
s t a n t i a l  a g r e e m e n t  w i t h  t h e  t heo ry .  

Surface Tension by Capillary Rise 
The  m e t h o d  e m p l o y e d  b y  Jones  and  R a y  m e a s u r e d  

the  r a t i o  of su r f ace  t ens ions  of  so lu t ions  to t h a t  of 
wa t e r ,  b y  m e a s u r i n g  r e l a t i v e  r i ses  in  a c a p i l l a r y  
tube .  T h e  su r f ace  t ens ion  is g iven  b y  

c~ = h (do--f l)  gro/2 [1]  

w h e r e  d is t he  d e n s i t y  of the  s o l u t i o n ,  h is the  he igh t  
to w h i c h  the  l i qu id  r ises  in the  cap i l l a ry ,  fl is the  
d e n s i t y  of air ,  g is t he  a c c e l e r a t i o n  of g r av i ty ,  a n d  
ro is t h e  r a d i u s  of t he  c a p i l l a r y  con t a in ing  the  l iqu id .  
T h e  r e l a t i v e  su r face  t ens ion  is 

~ h~ ( d c - - f l )  r~ 
(r - -  - -  - -  [2]  

~o ho (do--f l)  ro 

w h e r e  t he  s u b s c r i p t  zero  r e f e r s  to w a t e r .  Jones  a n d  
R a y  a s s u m e d  t h a t  rc ~ to. L a n g m u i r ' s  sugges t ion  
t h a t  a w e t t i n g  fi lm (of s ign i f ican t  d i m e n s i o n s )  fo rms  
in the  c a p i l l a r y  r e q u i r e s  t h a t  t he  o r i g i n a l  d a t a  of 
Jones  and  R a y  be  m u l t i p l i e d  ( " c o r r e c t e d " )  b y  a 
f ac to r  of  ( r - - A r ~ ) / ( r - - a r o )  w h e r e  Ar is the  t h i c k -  
ness of the  film. 

The  w e t t i n g  f i lm is e s t a b l i s h e d  f r o m  the  e q u i l i b -  
r i u m  of v a r i o u s  forces  a t  the  meniscus .  F o r  f i lms 
w h i c h  a r e  t h i c k  in c o m p a r i s o n  w i t h  t he  d i a m e t e r  of 
t he  w a t e r  molecu le ,  one m a y  neg lec t  shor t  r a n g e  
forces.  The  o t h e r  forces  cons ide r ed  h a v e  the i r  o r ig in  
as fo l lows :  

1. The  h y d r o s t a t i c  p r e s s u r e  e x e r t e d  b y  t h e  m a i n  
b o d y  of the  l i q u i d  in  the  c a p i l l a r y  e x e r t s  a d o w n -  
w a r d  force  (pe r  un i t  a r e a )  on the  f i lm w h i c h  t e n d s  
to m a k e  this  f i lm t h i n n e r ;  th is  p r e s s u r e  has  m a g n i -  
t ude  - - ( d - - f l )  hg, w h e r e  d is t he  d e n s i t y  of t he  
solut ion,  fl the  d e n s i t y  of air ,  h t he  c a p i l l a r y  r ise ,  
and  g t he  a c c e l e r a t i o n  of g r av i ty .  

2. The  su r face  t ens ion  in  the  i n n e r  su r f ace  of the  
a n n u l a r  w e t t i n g  f i lm t ends  to c o n t r a c t  t he  en t i r e  
i n n e r  surface ,  and  h e n c e  m a k e  the  f i lm t h i c k e r ;  the  
p r e s s u r e  e x e r t e d  has  m a g n i t u d e  p = ~/r  ~- (d -- fl) 
hg/2. 

3. The  d i f fe rence  b e t w e e n  the  osmot ic  p r e s s u r e  
in  the  b u l k  so lu t ion  a n d  at  the  a i r - s o l u t i o n  i n t e r f a c e  
t ends  to m a k e  t h e  f i lm t h i c k e r  in  a t t e m p t i n g  to d i -  
l u t e  t he  so lu t ion  c o m p r i s i n g  the  fi lm; th i s  p r e s s u r e  
has  m a g n i t u d e  

X~n~ k T { e x p  ( Z~cqr 

w h e r e  n,  is the  n u m b e r  of ions p e r  cubic  c e n t i m e t e r  
of t he  i th  species  in the  m a i n  p a r t  of f i lm ( a s s u m e d  
to be  t he  s a m e  as t h a t  in the  b u l k  so lu t i on ) ,  Z,  is 
t he  n u m b e r  of e l ec t ron ic  changes  on the  ion, and  t h e  
o t h e r  s y m b o l s  h a v e  t h e i r  u s u a l  s ignif icance.  The  
a b o v e  e x p r e s s i o n  is a r e s u l t  of V a n t  Hoff 's  s imp le  
l a w  t h a t  t he  osmot ic  p r e s s u r e  is P ~ nkT ( w h e r e  n 
is the  t o t a l  n u m b e r  of ions p e r  cubic  c e n t i m e t e r ) ,  
and  f rom the  a s s u m p t i o n  t h a t  the  ions  in the  w e t t i n g  
fi lm a r e  in a B o l t z m a n n  d i s t r i b u t i o n  g o v e r n e d  b y  the  
p o t e n t i a l  ,I,. A t  e q u i l i b r i u m ,  t h e  sum of a l l  of  t he se  
p r e s s u r e s  is zero,  and  t h e r e f o r e  
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i ( Z ~ e ~ Y ) - - l t - - ( d - - f i ) h g / 2 ~ O  [3] X,n~kT e x p  kT 

w h e r e  t he  p o t e n t i a l  ~I, is e v a l u a t e d  a t  t he  a i r - f i l m  
in te r face .  I t  is also a s s u m e d  t h a t  a t  the  a i r  i n t e r f a c e  

V• = 0 [4]  
The  a b o v e  two  b o u n d a r y  condi t ions ,  p lus  the  P o i s s o n -  
B o l t z m a n n  e q u a t i o n  

d ~  1 d~ ( Z~c~F ) 
~7'-'q'= dr'-' ~- =X ,n ,  EZ, exp  [5]  r dr kT 

c ons t i t u t e  the  p r o b l e m  to be  so lved .  The  p r o b l e m  is to 
find the  AT cons i s t en t  w i t h  the  b o u n d a r y  cond i t ions  
a n d  the  specif ied po ten t i a l s .  

E q u a t i o n s  [3]  and  [4]  p r o v i d e  a m e a n s  of d e t e r -  
m i n i n g  bo th  t he  func t ion  ,I, a n d  i ts  slope,  r e s p e c -  
t ive ly ,  a t  t h e  a i r - s o l u t i o n  b o u n d a r y .  Some  re f ine-  
m e n t s  h a v e  been  of fered  at  v a r i o u s  t imes  to i m p r o v e  
the  t heo ry ,  e spe c i a l l y  as fa r  as Eq. [4]  is conce rned ;  
t he  e v i d e n c e  sugges t s  t ha t  t he  t h e o r y  as p r o p o s e d  is 
s u b s t a n t i a l l y  co r r ec t  as long  as the  p o t e n t i a l  a t  the  
f i l m - q u a r t z  i n t e r f a c e  (i.e., t he  ze t a  p o t e n t i a l )  is 
l a r g e  in  c o m p a r i s o n  w i t h  the  p o t e n t i a l  a t  the  a i r - f i l m  
in te r face .  This  cond i t ion  p r e v a i l s  in  the  cases  of KC1 
and  BaCI:,  b u t  is no t  so for  LaCI~. In  fact ,  in  two  of  
t he  L a C L  so lu t ions  s tud ied ,  t h e  a i r - f i l m  i n t e r f a c i a l  
p o t e n t i a l  (as  c a l c u l a t e d )  t u r n e d  out  to be  l a r g e r  
t h a n  the  ze ta  po t en t i a l .  P r e s u m a b l y ,  t he  w e t t i n g  fi lm 
th i cknes s  is zero in  such  cases;  in a n y  c i r c u m s t a n c e  
th is  f i lm th i cknes s  w o u l d  h a v e  to be  c a l c u l a t e d  in  
some  o t h e r  way .  E v i d e n t l y  t he  r e su l t s  for  LaCL a r e  
no t  as  r e l i a b l e  as  those  for  KC1 a n d  BaCL. 

Electrokinetic Potentials 
In  o l d e r  to c a r r y  out  the  co r r ec t ions  as sugges t ed  

b y  the  w e t t i n g  f i lm theory ,  one m u s t  h a v e  r e l i a b l e  
va lue s  of t he  ze ta  po ten t i a l .  R e c e n t l y  s igni f icant  
ga ins  h a v e  been  m a d e  in r e g a r d  to the  e x p e r i m e n t a l  
k n o w l e d g e  c o n c e r n i n g  th is  po ten t i a l .  H i t h e r t o  t h e r e  
has  been  no a g r e e m e n t  a m o n g  the  v a r i o u s  e x p e r i -  
m e n t e r s  (10) in th is  field, a n d  the  r e l i a b i l i t y  of 
m u c h  of the  d a t a  is open  to ques t ion .  M a n y  e x p e r i -  
m e n t e r s  have  not  c h a r a c t e r i z e d  t h e i r  m e t h o d s  and  
i n s t r u m e n t s  a d e q u a t e l y  and,  the re fo re ,  a v a l i d  e v a l -  
u a t i o n  of t h e i r  r e su l t s  is difficult .  A hope fu l  i n d i -  
ca t ion  t h a t  r e l i a b l e  i n f o r m a t i o n  has  been  o b t a i n e d  
c onc e rn ing  these  po t e n t i a l s  is f u r n i s h e d  in  t he  w o r k  
of R u t g e r s  a n d  De S m e t  (8)  a t  G h e n t  ( B e l g i u m )  
and  Jones ,  Wood,  a n d  Robinson  (9)  a t  H a r v a r d .  This  
is p e r h a p s  t he  first  t ime  t h a t  s y s t e m a t i c  a g r e e m e n t  
has  been  o b t a i n e d  b y  d i f f e ren t  i nves t iga to r s ,  us ing  
d i f f e ren t  e x p e r i m e n t a l  t echn iques .  R u t g e r s  and  De 
Smet ,  u s ing  bo th  t he  m e t h o d  of e l e c t r o e n d o s m o s i s  
and  of s t r e a m i n g  po ten t i a l s ,  s t ud i e d  the  ~ -po ten t i a l  
of so lu t ions  of a g r e a t  v a r i e t y  of  sa l ts  in con tac t  w i t h  
J e n a  16 I I I  glass,  w h e r e a s  t he  H a r v a r d  e x p e r i -  
m e n t e r s  s t ud i e d  so lu t ions  of m e t a l l i c  ch lo r ides  in 
con tac t  w i t h  qua r t z .  The  l a t t e r  g roup  used  on ly  t he  
s t r e a m i n g  p o t e n t i a l  me thod .  I t  is r e m a r k a b l e  t ha t  
t he  r e su l t s  w e r e  p r a c t i c a l l y  iden t i ca l .  

A n  i n t e r e s t i n g  r e g u l a r i t y  was  o b s e r v e d  in bo th  
sets  of da ta .  I n s t e a d  of t he  cu rves  pa s s ing  t h r o u g h  
m a x i m a ,  as s h o w n  in mos t  t e x t b o o k s  (11) ,  t he  p o -  
t e n t i a l s  d e c r e a s e d  in  a m o r e  or  less l i n e a r  f a sh ion  
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Fig. 1. Zeta potentials of neutral electrolyte solutions 
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2. Zeta potentials of hydrolyzable electrolyte solutions 

w i t h  the l ogar i thm of the  concentrat ion.  Both  groups 
of workers  found out that  thor ium salts did not  fit 
the  genera l  behav ior  pattern.  This  is also true of 
a l u m i n u m  chloride.  Hydro lys i s  and other effects 
w i t h  these  salts gave  their  so lut ions  propert ies  not  
c o m m o n  to the other e lectrolytes .  

Typ ica l  resul ts  for neutra l  e lec tro lyte  so lut ions  
are g i v e n  in Fig. 1. One observes  that  al l  of  the  data 
of both groups of workers  can be correlated v e r y  
s imply .  Ac tua l l y ,  on ly  one  slope and one intercept  
are needed  to correlate  al l  of the  p h e n o m e n a .  The  
broken l ines  in the f igure are used to g ive  some in -  
d icat ion of the  expected  behav ior  of the  zeta  poten-  
t ial  in the  v e r y  d i lute  range.  The  three  solid l ines  
represent  the  f o l l o w i n g  equat ion:  

~ ( m v )  = - -336 + 55.0 Z+ 4- 26.3 log  c [6]  

w h e r e  Z+ is the  n u m b e r  of charges  on the pos i t ive  
ion, and c is the  concentrat ion  of the  salt in mo le s  
per liter. The  above  fo rmul a  describes the results  
accurate ly  to about  +_10 mv,  w h i c h  is the  order of 
the  e x p e r i m e n t a l  accuracy.  Many  t imes,  revers ing  
the  direct ion of f low of the  so lut ions  g ives  an a s y m -  
m e t r y  potent ia l  of  this  order. In Eq. [6] ,  the  s y m -  
bol  c could represent  the  concentrat ion  of the  anions  
( w e l l  w i t h i n  the e x p e r i m e n t a l  accuracy) .  There  is 
perhaps  some  s ignif icance in that  Eq. 6 can be re-  
wr i t t en  as 

2.27 ~ (vo l t s )  = ~' = --0.760 4- 0.1235 Z+ 4- 

k T  
2.303 log  c [7]  

E 

w h e r e  k, T, and ~ h a v e  their  usua l  s ignif icance.  
The  above  equat ion  m a k e s  ~' i m m e d i a t e l y  a m e n -  

able  to an e l ec trochemica l  in terpretat ion  in w h i c h  
the  ratio of the  v i scos i ty  to the  die lectr ic  constant  
(v/D) in the  double  layer  has been increased by  a 
factor of 2.27 over  this  ratio in pure water.  The  zeta  
potential ,  as ca lculated  both from s t rea mi ng  po ten-  
t ia l  data and from e lec troendosmos i s  (e lec troos-  
mos i s )  i n v o l v e s  this  ( u n k n o w n )  ratio as w e l l  as e x -  
p e r i m e n t a l l y  eva l ua te d  parameters .  R e m a r k s  s imi lar  
to this  w e r e  made  by  Robinson  (5)  some  t ime  ago. 
It seems  as t h o u g h  some  i n d e p e n d e n t  de terminat ion  
of this  ratio w o u l d  be a v e r y  w o r t h w h i l e  contr ibu-  
t ion to the  subject  of e lec trokinet ic  p h e n o m e n a .  
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Fig. 3. Relative surfoce tension of some electrolyte solu- 
tions. Solid lines are colculotions by H. C. Thocher, Jr.; 
broken lines connect experimental points of G. Jones and 
W. A. Ray. Points above 1 .00000  (except the one solid 
circle) are the "corrected" experimental points. The one solid 
circle is on experimental point of F. A. Long and G. C. 
Nutting. 

Figure  2 sh ows  a dif ferent  type  of b e h a v i o r  for 
e lectro lytes  w h i c h  hydro lyze .  A n  interes t ing  prob-  
l em here  w o u l d  be  an at tempt  to de termine  the de -  
gree of hydro lys i s  of these  salts  from the  data g iven  
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Fig. 4. Comparison of surface tension data of solutions of 
barium chloride with theories. Open circles ore the measure- 
ments of Jones end Ray; solid circles ore the "corrected" 
experimental points. The solid line is on approximation to the 
limiting low of Onsoger end Samaras by L. B. Robinson. The 
upper broken line coincides with a linear extrapolation of 
the calculations of H. C. Thacher, Jr. 
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Table i. Wetting film thickness in the Jones-Ray capillary apparatus 

R O L E  O F  T H E  E L E C T R O K I N E T I C  P O T E N T I A L  

Ar (A) 

N e w  

Concen- 
tration 

BaCle  R e p o r t e d  p r e v i o u s l y  

2.50 x 10 _3 87 88 
1.00 x 10 _3 112 110 
5.00 x 10-* 152 135 
1.00 x 10-' 223 240 

LaC]~ 

1.00 x 10 -~ 56 277 
1.00 x 10 -' 18 78 

by  Ru tge r s  and  De Smet  for HC1 and  KOH and  a 
f o rmu la  s imi la r  to Eq. [6]. I t  is i n t e r e s t i ng  to no te  
tha t  one s ingle  cu rve  can r ep re sen t  the  s t r e a mi ng  
po t en t i a l  da ta  for ThCL as wel l  as the  electroosmosis  
data  for Th  (vO~),. Such all  a r o u n d  a g r e e m e n t  as 
exh ib i t ed  in  Fig. 1 and  2 increases  confidence in  the 
re l i ab i l i ty  of both  sets of measu remen t s .  

Results 
Numer i ca l  resul t s  for the th ickness  of the we t t i ng  

film as a f u n c t i o n  of the  zeta po t en t i a l  have  been  re -  
por ted  by  Jones  and  Fr izzel l  and  by  Jones  and  Wood 
for 1-1 electrolytes ,  by  Wood and  Robinson  for 2-1 
electrolytes ,  and  by  Robinson  for 3-1 electrolytes .  
In  every  case, the  a p p r o x i m a t i o n  was m a d e  tha t  one 
could replace  the  Lap l ac i an  for a reg ion  of c y l i n d r i -  
cal s y m m e t r y  by the one d imens iona l  Lap lac i an  op-  
erator.  W h e n  this  is done, the so lu t ion  of the  p r ob -  
l em for the  case of 1-1 and  2-1 e lec t ro ly tes  can be 
ob ta ined  in  t e rms  of el l ipt ic  func t ion .  For  the case 
of 3-1 electrolytes ,  in  add i t ion  to the a p p r o x i m a t i o n  
of the o n e - d i m e n s i o n a l  case, ano the r  a p p r o x i m a t i o n  
of a compu ta t i ona l  n a t u r e  has to be made;  the solu-  
t ion  invo lves  hypere l l ip t i c  in tegra l s  and  these were  
a p p r o x i m a t e d  in  t e rms  of el l ipt ic  in tegra ls .  S ince  the  
pub l i c a t i on  of these resul ts ,  a n u m e r i c a l  ana lys i s  
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Fig. S. Comparison of surface tension data of solutions of 
lanthanum chloride with theories. Open circles are the meas- 
urements of Jones and Roy; solid circles ore the "corrected" 
measurements; salid line is the calculation given by H. C. 
Thacher, Jr. The calculation given by L. B. Robinson coin- 
cides with this below 6 x 10-* moles/I; the broken line 
continues Robinson's results beyond this point. 
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group at the  R a m o - W o o l d r i d g e  Corpora t ion  has as-  
sisted Rob inson  in  ob t a i n i ng  n u m e r i c a l  i n t eg ra t ions  
of the d i f ferent ia l  equa t ion  i nvo l v i ng  the  Lap lac i an  
in  cy l indr i ca l  coordinates .  These ne w  resul t s  show 
tha t  the o n e - d i m e n s i o n a l  a p p r o x i m a t i o n  is en t i r e ly  
just i f ied for the  2-1 case; for the  3-1 case, the  n e w  
w e t t i ng  film th icknesses  are l a rger  by  a factor  of 
abou t  four  or five t h a n  those p rev ious ly  repor ted.  
The  l a rger  w e t t i ng  films, however ,  m a d e  no signifi-  
can t  difference in  the  qua l i t a t i ve  behav io r  of the  
"correc ted"  sur face  t e n s i o n - c o n c e n t r a t i o n  curves.  
Tab le  I shows the old and  n e w  resul t s  for BaCI~ and  
LaCL as wel l  as the  old resul t s  for KC1. No addi -  
t iona l  ca lcu la t ions  have  been  made  for KC1. 

F i g u r e  3 shows the  o r ig ina l  da ta  of Jones  a nd  Ray, 
the theore t ica l  curves  as g iven  by  Thacher ,  and  the  
"correc ted"  da ta  of Jones  and  Ray  for KC1 a nd  BaCL 
solut ions.  The a g r e e m e n t  b e t w e e n  var ious  aspects 
of theory  a nd  e x p e r i m e n t  is good for these  two cases. 
One da ta  po in t  is g iven  f rom the  work  of Long and  
Nu t t i ng ;  they  did no t  have  poin ts  at lower  concen-  
t r a t ions  (12).  

F igu re  4 shows the resul t s  for BaC12 in  more  detail .  
In  the  ve ry  h igh d i lu t ion  range,  the ca lcu la t ions  of 
Thache r  and  Robinson  agree. Thache r ' s  ca lcu la t ions  
were  car r ied  up to a concen t r a t i on  of 2 .5x  10 -~ 
moles/1 of BaCI~. F igu re  5 shows the co r respond ing  
resul t s  for LaCL. The  only  specific th ing  one can say 
in  r ega rd  to the  corrected da ta  is tha t  n o n e  of these 
corrected re la t ive  surface  tens ions  is less t h a n  tha t  
of water .  

The  ev idence  suggests tha t  the  theory  of the  su r -  
face t ens ion  of e lec t rolytes  is sat isfactory,  a nd  the 
m i n i m u m  in the surface  t e n s i o n - c o n c e n t r a t i o n  curve  
is an  i n s t r u m e n t a l  effect. 
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Techn ica] Notes 

Enhanced Surface Reactions 
IV. The Adsorption of Hydrogen on ZnO-Cr203 

M. J. D. Low and H. A. Taylor 

Nichols Laboratory, N e w  York  University, N e w  York ,  N e w  York  

Recen t  e x p e r i m e n t s  on gas - so l id  in t e rac t ions  
(1-3)  w e r e  e x p l a i n e d  in t e rms  of a m e c h a n i s m  (4) 
i n t i m a t e l y  connec ted  w i t h  the  E lov ich  equa t i on  (4) 

d q / d t  = ae -~ 

q be ing  the  a m o u n t  of gas adsorbed  at t ime  t. I t  was  
t hough t  of in t e res t  to s tudy  the  change  of the  con-  
s tants  a and a w i t h  in i t i a l  gas pressure ,  Po, and 
t e m p e r a t u r e .  The  adso rp t ion  of h y d r o g e n  on Z n O .  
Cr20~ was  m e a s u r e d  us ing  p r e v i o u s l y  desc r ibed  t e ch -  
n iques  (3 -6) .  The  u n r e d u c e d  ca ta lys t  (33.4 g) (7) 
was  r e d u c e d  in f lowing h y d r o g e n  at 1 a tm  at 450~ 
for  20 hr.  B e t w e e n  runs  the  ca ta lys t  was  degassed  at 
450 ~ for  16 h r  to ~10  -~ m m  Hg. 

Most  q - l o g  t plots  s h o w e d  i s o t h e r m a l  d i scon-  
t inu i t i e s  (4) and w e r e  desc r ibed  p rec i se ly  by  the  

E lov ich  equa t ion .  A t  147 ~ and 200~ the  change  
in slope co r r e sponded  to a decrease  in a; at  257 ~ to 
an  increase  in a. T a b l e  I s u m m a r i z e s  the  data,  n u m -  
b e r e d  accord ing  to the  o r d e r  of the i r  execut ion .  The  
subscr ip ts  1 and  2 r e f e r  to the  a and  a va lues  ca l -  
cu l a t ed  (8) be fo re  and a f t e r  the  b r e a k  at t i m e  t~ and  
adso rp t ion  a m o u n t  q~. 

P lo ts  of al -- Po show breaks ,  al v a r y i n g  m o r e  r a p -  
id ly  w i t h  a change  in Po at low t e m p e r a t u r e ,  less 
r ap id ly  at  h i g h e r  pressures .  In  con t ras t  to p r e v i o u s  
studies,  this b r e a k  seems to be t e m p e r a t u r e  de-  
pendent ,  chang ing  f r o m  16 cm at  147 ~ to 20 cm at 
257~ Converse ly ,  the  b r e a k s  in q - l o g  t plots  occur  
a p p r o x i m a t e l y  at q = 8 m l  r ega rd le s s  of Po or t e m -  
pe ra tu re .  F u r t h e r ,  the  b r e a k  occurs  at q = 8 ml,  
w h e t h e r  the  c h a n g e  in slope cor responds  to an  in -  

Table I. H2 adsorption on ZnO'Cr203 

R u n  

a t  ~ n . l O  Z 

Po  c m  H g  a l  n x I n  a L ~ t  a'-, 

a2 = n . 1 0  ~ 

n x I n  a 2 q e  tB ,  m i ~  q B ,  m l  

13 
14 
15 
16 
17 

9 
10 
11 
12 
18 
19 

2 
3 
4 
5 
6 
7 

16.1 
10.6 
7.4 

23.6 
30.7 

5.0 
19.1 
35.2 
16.5 
14.3 
10.7 

41.5 
24.0 
11.1 
37.7 

6.3 
18.3 

3.03 
3.59 
3.77 
2.91 
2.80 

2.84 
2.25 
2.20 
2.32 
2.42 
2.07 

0.77 
0.77 
0.97 
0.80 
1.07 
0.82 

1.5 
5.0 
3.6 
3.0 
3.0 

3 
1 
8 
8 
4 
3 

5.2 
3.2 
2.0 
3.3 
2.1 
3.1 

10 
9 
9 
9 
9 

5 
6 
5 
6 
6 
5 

2 
2 
2 
2 
2 
2 

10.66 
10.26 
11.10 
9.90 
9.89 

5.90 
6.45 
6.19 
7.72 
6.93 
5.82 

2.60 
2.40 
2.29 
2.42 
2.35 
2.41 

147 ~  

2.30 
2.13 

200~  

1.34 
0.69 
0.71 
1.04 
0.82 
0.67 

2 5 7  ~  

2.88 
2.56 
2.71 
2.58 
8.52 
3.15 

1.5 
8.0 

89 
18 
41 

370 
53 
14 

2 
5 
5 
3 
2 
2 

7 
6 

0 
0 
0 
0 
0 
0 

12 
9 
7 
8 

26 
11 

7.55 
7.25 

2.08 
1.10 
1.46 
2.58 
1.64 
0.98 

12.25 
10.11 
8.12 
8.92 

27.22 
11.84 

20 
13 

21 
17 
15 
16 
13 
21 

8 
8.7 
8 
3 

17 
8.5 

8.85 
9.00 

5.8 
7.8 
8.5 
8.4 
7.6 
7.9 

10.5 
10.0 
7.7 
8.4 
7.7 
9.3 
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Table II. H~ on ZnO.Cr~O~:--I(ubokawa and Toyama 

~ a (11 a 

0 0.20 9.8 36.2 
20 0.66 11.4 2.9 x 10 ~ 
80 1.17 16.4 1.9 x 10 s 

110 1.05 16.0 1.8 x 10 �9 
140 0.96 16.0 5.7 x 106 
170 0.71 16.0 1.2 x 105 
200 0.56 15.8 1.1 x 10" 

crease or decrease  in  a. Such  behav io r  is s imi la r  to 
tha t  found  by  Decrue  and  Susz (9) in  pa r t  for the  
same system, bu t  even  more  so for the  sys tem H~- 
WS~. A pecu l ia r  effect of in i t i a l  p ressure  is d i sce rn -  
ible  in  the ear l ie r  w o r k  w i th  h y d r o g e n  on zinc chro-  
m i t e  b y  Tay lo r  and  S t ro the r  (10) .  At  1/4 a t m  of h y -  
d rogen  they  ca lcu la ted  energies  of ac t iva t ion  wh ich  
increase  m o n o t o n o u s l y  w i th  the  a m o u n t  of h y d r o g e n  
adsorbed  over  the r ange  80~ At  1/2 and  at  1 
a tm  the  change  in  the ca lcu la ted  ene rgy  of ac t iva t ion  
is d i f ferent  for the r anges  80~ ~ and  110~ ~ 
The adsorp t ion  isobar  showed a m a x i m u m  a r o u n d  
184 ~ No energies  of ac t iva t ion  a t  t e m p e r a t u r e s  h igher  
t h a n  184 ~ at  1/z or 1 a rm are  given.  K u b o k a w a  a nd  
T o y a m a  (11) have  cal led a t t en t i on  to this effect as 
d i f ferent  f rom the i r  f indings,  r e m a r k i n g  tha t  " the  
reason for the difference is not  ye t  clear." Tha t  they  
did no t  observe  the  effect is no doub t  to be a t t r i b u t e d  
to the  low pressure ,  6 cm, in  t he i r  work.  The  low 
p res su re  wou ld  account  also for the  absence  of 
b reaks  in  the  q- log  t plots  of t he i r  data,  s ince n o n e  
was  found  at  the  lowest  p ressures  at 147 ~ in  the  cu r -  
r en t  s tudy.  The i r  da ta  sat isfy  an  Elovich  t r e a t m e n t ,  
Tab le  II  l i s t ing  the  ca lcu la ted  pa ramete r s .  The  va lue  
ql is the  a m o u n t  adsorbed  af ter  1 min ,  ob t a ined  by  
ex t r apo la t ion  of the da ta  given,  and  used to ca lcu-  
la te  the in i t i a l  ra te  a f rom the  i n t eg ra t ed  Elovich 
equat ion ,  q ~ (2 .3 /a)  log (1 -t- a~t) .  F r o m  0 ~ to 
80~ a increases  s teadi ly ,  b u t  f rom 80 ~ to 200~ a 
decreases.  If the  A r r h e n i u s  equa t i on  is appl ied  to 
these va lues  the ene rgy  of ac t iva t ion  so ca lcula ted  is 
37 kcal  in  the  first t e m p e r a t u r e  in te rva l ,  and  --26 
kcal  in  the  second in te rva l .  If the al va lues  in  Tab le  
I are  s imi l a r ly  t rea ted ,  an  average  ene rgy  of ac t i -  
va t i on  of --63 kcal  is found.  S imi l a r  nega t i ve  ac t iva -  
t ion  energies  have  b e e n  po in ted  out  by  Decrue  a nd  
Susz. The  n u m e r i c a l  d i sc repancy  can u n d o u b t e d l y  be 
a t t r i b u t e d  to a difference in  the  ca ta ly t ic  ac t iv i ty  of 
the  adsorbent .  A t  140 ~ K u b o k a w a  a n d  T o y a m a  
found  21 ml  h y d r o g e n  adsorbed  on 12.37 g ca ta lys t  

at  ~ 6  cm pressure ;  the  ~ va lue  was  ~1.0. In  the  pres -  
en t  s tudy  at  147 ~ 33.4 g adsorb  on ly  10 m l  a t  tha t  
pressure ,  whi le  ~1 is 2.1. 

The a~ va lues  in  Tab le  I decrease in  going f rom 
147 ~ to 200~ b u t  increase  f rom 200 ~ to 257~ I t  is 
obvious  tha t  the  t e m p e r a t u r e  dependence  of the  ad -  
sorpt ion  af ter  the  b r e a k  is comple te ly  di f ferent  f rom 
tha t  before  the break .  P a t e n t l y ,  at  least  two types  of 
adsorp t ion  are  involved ,  a n d  m u c h  more  k ine t i c  da ta  
f rom other  a d s o r b e n t - a d s o r b a t e  sys tems are r e -  
qu i r ed  to u n r a v e l  the  complexi ty .  I t  m a y  be noted,  
pa ren the t i ca l ly ,  tha t  the  ac t iva t ion  energ ies  ca lcu-  
l a t ed  f rom the  t imes  r e q u i r e d  to adsorb  defini te  
a m o u n t s  of gas, in  the  ranges  3-4 or 7-13 ml  found  
b y  Tay lo r  and  S t ro the r  a nd  also by  K u b o k a w a  and  
Toyama,  do not  have  the  signif icance which  these  
au thors  claim. 

The  Elovich equa t ion  shows adsorp t ion  to be a 
dece le ra t ing  process, to an  ex t en t  d e p e n d e n t  on the  
va lue  of ~, which  is i tself  t e m p e r a t u r e  and  i n i t i a l -  
p re s su re  dependen t .  To a pp l y  the  A r r h e n i u s  equa -  
t ion  to ra tes  at  cons t an t  a m o u n t s  adsorbed  d is re -  
gards  w h a t e v e r  is respons ib le  for the p a r a m e t e r  ~. In  
v iew of the  p r ev ious ly  discussed m e c h a n i s m  the  de -  
ce le ra t ion  is the  resu l t  of spon taneous  site decay and  
hence,  for the  adsorp t ion  of a cons tan t  a m o u n t  of 
gas, a d i f ferent  p ropor t ion  of the  surface  sites has 
decayed  at  d i f ferent  t empera tu re s ,  and  thus  the 
stages of reac t ion  are no t  comparable .  

Manuscript  received May 13, 1958. 

Any discussion of this paper  will  appear in a Discus- 
sion Section to be published in the December 1959 
J O U R N A L .  
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A u n i q u e  a p p r o a c h  to t he  p r o b l e m  of g r o w i n g  
s i l icon  c a r b i d e  c r y s t a l s  has  p r o d u c e d  f r ee  f a l l i ng  
c rys t a l l i t e s .  This  SiC " snow"  is t r a n s p a r e n t  and  c lea r  
in  t y p i c a l  h e x a g o n a l  or  t r i a n g u l a r  p l a t e l e t  fo rm.  T h e  
snow f o r m s  in a p r e s s u r i z e d  f u r n a c e  c o n t a i n i n g  an  
a r g o n  a t m o s p h e r e .  

S i l i con  c a r b i d e  is k n o w n  to s u b l i m e  a t  e l e v a t e d  
t e m p e r a t u r e s .  N e a r  2700 ~ (1)  decompos i t i o n  t a k e s  
p l a c e  f o r m i n g  an  a t m o s p h e r e  of s i l icon  v a p o r  a n d  a 
sol id  r e s i d u e  of g r aph i t e .  This  e x p e r i m e n t  u t i l i zes  
d e c o m p o s i t i o n  r a t h e r  t h a n  s u b l i m a t i o n .  T h e  L e l y  
p rocess  (2,3) e m p l o y s  s u b l i m a t i o n  as t he  p r i n c i p a l  
m e c h a n i s m .  The  a r g o n  p r e s s u r e  of a b o u t  80 ps i  was  
e s t a b l i s h e d  e m p i r i c a l l y .  Th is  p r e s s u r e  con t ro l s  t he  
d i f fus ion  r a t e  of t he  s i l icon v a p o r  r a t h e r  t h a n  o p e r a -  
t ion  a t  some  a r b i t r a r y  p o i n t  on a p h a s e  vs. p r e s -  
su re  d i a g r a m .  

F i g u r e  1 shows  the  a p p a r a t u s  for  th is  e x p e r i m e n t  
in  a s c h e m a t i c  d r a w i n g .  T h e  e s sen t i a l  p a r t s  i nc lude  
the  p r e s s u r e  e n v e l o p e  of s teel ,  w i t h  w a t e r  cool ing  
coils s o l d e r e d  on; g r a p h i t e  h e a t e r  t u b e  w i t h  g r a p h i t e  
p i s t on  s l id ing  fit; t h e r m a l  i n su l a t i on  of l a m p b l a c k ;  
a n d  a v i e w i n g  p o r t  a t  the  b o t t o m  t h r o u g h  w h i c h  the  
t e m p e r a t u r e  is t a k e n  and  even t s  v i ewed .  A n e o p r e n e  
"O" r i n g  and  a l a v i t e  w a s h e r  e l e c t r i c a l l y  i so la te  t he  
top  e l ec t rode .  The  "O" r i n g  also se rves  as  t h e  p r e s -  
su re  sea l  a r o u n d  t h e  w a t e r - c o o l e d  e lec t rode .  A r g o n  
c i r cu la t e s  t h r o u g h o u t  t h e  f u r n a c e  for  f lush ing  a n d  
g ives  a s u p p o r t i n g  u p w a r d  d r a f t  for  t h e  f lakes a t  the  
po in t  of en t ry .  The  f u r n a c e  uses  a b o u t  4 k w  of p o w e r  
a t  600 a m p  to m a i n t a i n  2700~ A s a t u r a b l e  core  
r e a c t o r  w i t h  a s t e p d o w n  t r a n s f o r m e r  supp l i e s  t he  
power .  M a n u a l  con t ro l  r e g u l a t e s  t he  p o w e r  for  t e m -  
p e r a t u r e  changes .  T h e  t e m p e r a t u r e  r e m a i n s  at  a 
c o n s t a n t  v a l u e  for  a g iven  p o w e r  se t t ing ,  as d e t e r -  
m i n e d  b y  a L&N op t i ca l  p y r o m e t e r .  

The  o p e r a t i n g  zone, ~ x 4 in., con t a in s  the  g r a p h -  
i te  capsu le  w i t h  i ts  s u p p l y  of s i l icon c a r b i d e  (see  
Fig .  2) .  A dense  f o r m  of g r a p h i t e  ~ m u s t  be  used  for  
th i s  c apsu l e  to p r e v e n t  b r e a k a g e  w h e n  the  s i l icon  
v a p o r s  r e a c t  w i t h  it. The  s i l icon v a p o r  does  no t  a t -  
t a c k  o t h e r  p a r t s  of t he  s y s t e m  as m u c h  as t he  c a p -  
sule.  Spec t ro scop i c  g r a d e  ~ g r a p h i t e  w o r k s  w e l l  for  
t he  p is ton ,  base ,  a n d  h e a t e r  s leeve.  The  capsu le  s u p -  
p o r t  w i t h  t h r e e  th in  legs  m i n i m i z e s  h e a t  loss b y  con-  
duc t i on  to t he  base .  A r a d i a t i o n  sh ie ld  a b o v e  t h e  
capsu le  cuts  r a d i a t i o n  losses f r o m  the  capsu le  top  to 
t h e  m u c h  coo le r  p is ton.  

A s imp le  concep t  of th is  e x p e r i m e n t  a s sume s  the  
e q u i l i b r i u m  reac t ion :  

Si 4- C ~ SiC 

Silicon combines with carbon from 1600~ up to the 

1For  example ,  "Graph i t i t e , "  Graph i te  Specialties Co., Niagara  
Falls, N.Y. 

Uni ted Carbon Products,  Bay City, Mich. 
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de c ompos i t i on  t e m p e r a t u r e .  As  s i l icon c a r b i d e  is 
v e r y  s tab le ,  t h e  s i l icon r e m a i n s  loca l i zed  u n t i l  r e -  
l e a sed  at  t he  d e c o m p o s i t i o n  t e m p e r a t u r e .  As  the  
s i l icon v a p o r  b u i l d s  up  in  t h e  capsu le ,  i t  s t r e a m s  ou t  
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Fig. ] .  Longitudinal  section of the graphite pressure fur- 
nace for growing SiC crystals; one inch equalled 40 mils be- 
fore reduction for publ icat ion. 
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TYPICAL PROGRAM OF SIC CRYSTAL FORMATION 
Fig. 3. Typical program of SiC crystal format ion 

a smal l  hole in  the  cover. In  the  uppe r  pa r t  of the  re -  
act ion zone the  si l icon combines  w i th  ca rbon  at  a 
t e m p e r a t u r e  jus t  be low decomposi t ion.  The i n n e r  
wa l l  of the  suppor t  becomes  coated w i th  si l icon car -  
b ide  crystals .  However ,  a t h i n n e d  zone in  the  hea te r  
s leeve creates  a "hot  spot" f rom which  ca rbon  a toms 
evapora te  readi ly .  This  ca rbon  can  reac t  wi th  si l icon 
before  it  reaches the  side wal ls  of the  reac t ion  tube.  
W h e n  this  happens  free fa l l ing  crysta ls  occur. 

The ac tua l  m e c h a n i s m  of the  reac t ion  has no t  been  
studied.  Poss ib ly  i n t e r m e d i a t e  carbides  form before  
a si l icon carb ide  c rys ta l  develops.  A clear u n d e r -  
s t a n d i n g  of the  reac t ion  wou ld  help  m a k e  a more  
efficient process. Th ree  i m p o r t a n t  observa t ions  lead 
to the  m e c h a n i s m  suggested.  The re lease  of s i l icon 
f rom the si l icon carb ide  has b e e n  a b r u p t  enough  to 
separa te  the cover  f rom the  capsule.  The shape of 
the  o r ig ina l  s in te red  mass  of s i l icon carb ide  r e m a i n s  
in  the soft, spongy,  g raphi t ic  mass.  The  f lu t ter  of 
flakes v is ib le  in  the p y r o m e t e r  occurs a b r u p t l y  abou t  
2750~ at 80 psi. Those r u n s  in  wh ich  conspicuous  
erosion of the  hea te r  s leeve takes  place, are  mos t  
p roduc t ive  of si l icon carb ide  crystals .  

A r u n  lasts  for a l i t t le  over  an  hou r  as shown in  
the  typ ica l  p rogram,  Fig. 3. The drop in  t e m p e r a t u r e  
at the end  of the r u n  comes f rom the  m a s k i n g  effect 
of the si l icon ca rb ide  snow, b e t w e e n  the p y r o m e t e r  
and  the re fe rence  surface.  A n  u p w a r d  flow of a rgon  
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Fig. 4. Display of SiC crystall ites as they fell in the fur- 
nace. Graphite dust and silicon spheres are also present. One 
inch equals 40 mils. 

m a i n t a i n s  the  flakes in  the reac t ion  zone un t i l  they  
become la rge  enough  to fal l  u n d e r  gravi ty .  Typica l  
shapes a re  shown  in  the  d i sp lay  of Fig. 4. The  larges t  
d imens ions  observed  are b e t w e e n  20 a nd  30 mils.  
M e a s u r e m e n t s  on these crysta ls  are  ve ry  difficult be -  
cause of the i r  e x t r e me  th inness  (~0.3  mi l ) .  The  size 
of the  crys ta ls  is l imi t ed  l a rge ly  by  the  smal l  size of 
the  reac t ion  zone. Crys ta ls  which  hi t  the  side wal ls  
adhe re  and  are  no longer  f ree fal l ing.  F u r t h e r  work  
on these  free fa l l ing  crysta ls  is p l a n n e d  wi th  a l a rge r  
reac t ion  zone so tha t  l a rger  crys ta ls  can form. 

Manuscript  received Nov. 18, 1958. This paper was 
prepared for del ivery before the Ottawa Meeting, Sept. 
28-Oct. 2, 1958. 

Any discussion of this paper will  appear in a Discus- 
sion Section to be published in the December 1959 
JOURNAL. 
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Corrections 

In  the paper  by  W i l l i a m  T. A l l e n  and  C. H. Bach-  
man,  "Changes  in  T r a p p i n g  Levels  of Zinc Sulfide 
Phosphors  Resu l t i ng  f rom Pos i t ive  Ion B o m b a r d -  
men t , "  which  appears  in  the  March  1959 issue of the 
JOURNAL, in  F igu re  1, page 213, the  curve  l abe led  
350~ should  read  280~ and  the  curve  labe led  
280~ should read  350~ 

In  the  Brief  C o m m u n i c a t i o n  by  G. J. Schafer  and  

P. K. Foster ,  "The Role of the  M e t a l - I o n  C o n c e n t r a -  

t ion  Cell  in  Crevice  Corrosion,"  which  appears  on 

page 468 in  the May 1959 JOURNAL, Reference  5 

should read:  R. V. Je l inek ,  Chem. Eng., 65, No. 17, 

125 (1958). 



The Diffusion Coefficient of Lead Ion in Fused Sodium 

Chloride-Potassium Chloride Eutectic 

Richard B. Stein 1 

Ecole Nationa~e Supdr ieure  d 'Elec trochimie  et d 'Elec tromdtal lurgie ,  Grenoble ,  France  

Work  in  progress  in  this  L a b o r a t o r y  (1) has  i n -  
d icated tha t  the  fused sod ium ch lo r ide -po ta s s ium 
chlor ide  eutect ic  d isplays  an  ideal  behav ior ;  the  
m o l t e n  b a t h  is comple te ly  ionized and  so lva t ion  is 
absent .  E lec t rode  reac t ions  t a k i n g  place in  this  fused 
e lec t ro ly te  are  b e i n g  inves t iga t ed  at  p resen t  by  the  
me thod  of osci l lographic  po la rography .  The  diffu-  
s ion coefficient of the d i scha rg ing  m e t a l  ion can  be 
m e a s u r e d  d i rec t ly  by  this  method.  

I n  the  case of osci l lographic  po l a rog raphy  the  dis-  
charge c u r r e n t  is g iven  by  (2) 

i = ~r 1/~ n F A fl~/2 D1/~ C ~ ~ ( f i t )  

where  A is the  surface of the  electrode,  D is the  d i f -  
fus ion  coefficient, C ~ is the  b u l k  concen t r a t i on  of the  
diffusing species, and  ~ ( f i t )  is a complex  f u n c t i o n  
r e l a t ing  the  d ischarge  cur ren t ,  e lect rode potent ia l ,  
and  r a t e  constant .  Once the  e lect rode surface  and  
b u l k  concen t r a t i on  are known ,  the  diffusion coeffi- 
c ient  can be  ob ta ined  f rom the po la rograph ic  wave  
and  the  above equa t ion .  

Experimental 
The po la rographic  r educ t ion  of Pb  +§ in  the  fused 

e lec t ro ly te  was  fo l lowed by  means  of a po la rog raph  
especia l ly  conceived for this  system. The r educ t ion  
cell consists of a ca thode  in  the fo rm of a microe lec -  
trode, made  f rom a 0.5 m m  p l a t i n u m  wire  sealed in to  
a quar tz  t ube  (A = 1.89 x 10 -~ cm~), and  the  A g /  
AgC1 electrode of Coriou, Dorian,  and  H u r e  (3) .  

The  p r e p a r a t i o n  and  pur i f ica t ion  of the so lvent  
ba th  have  a l r eady  been  descr ibed (1) .  The lead 
chlor ide  used  to m a k e  up  the  e lec t ro ly te  was  pur i f ied 
b y  a flash d i s t i l l a t ion  u n d e r  vacuum.  The  d issolu t ion  
of the lead chlor ide  in  the pur i f ied so lven t  was  ac-  
compl i shed  u n d e r  a r igorous ly  cont ro l led  ine r t  a t -  
mosphere ,  and  the  r e s u l t i n g  so lu t ion  was  e lec t ro-  
lyzed i m m e d i a t e l y  in  such a m a n n e r  tha t  no i m p u r i -  
ties were  in t roduced  f rom the a tmosphere .  The po-  
l a rograph ic  cell was p laced  in  a g raph i t e  res is tor  
f u rnace  w h e r e  the t e m p e r a t u r e  was r egu la t ed  to 
•176 Po l a rog rams  were  t a k e n  at  four  di f ferent  
t e m p e r a t u r e s  for a so lu t ion  (C ~ = 2.187 x 10 -2 m m o l e  
Pb+*/g so lvent )  in  order  to d e t e r m i n e  the  ene rgy  of 
ac t iva t ion  of the diffusion process. 

1 P r e s e n t  addres s :  219 G r a c e  Dr.,  S o u t h  Pasadena ,  Cal i f .  

Table I. Diffusion coefficient of Pb §247 ion in fused 
NaCI-KCI eutectic 

D i f f u s i o n  
c o e f f i c i e n t  x 10 5, 

Temp ,  ~C c m 2 / s e c  

701 2.4_+_0.3 
746 3.1___0.4 
777 3.8• 
807 4.4___0.6 

Discussion 
If the  so lvent  is cons idered  as be ing  a con t inuous  

m e d i u m  in  which  the laws  of classical h y d r o d y n a m -  
ics are appl icable ,  t hen  the  diffusion coefficient can 
be ca lcu la ted  f rom the  S t oke s - E i n s t e i n  equat ion .  For  
the  diffusion of the lead ion h a v i n g  a r ad ius  of 1.21/k, 
and  us ing  the viscosi ty  da ta  of Smi the l l s  (5) ,  the  
diffusion coefficient is ca lcu la ted  at 780~ as D = 
4.6 x 10 -5 cm2/sec. F r o m  Tab le  I i t  is seen tha t  the  
m e a s u r e d  and  ca lcu la ted  va lues  for the  diffusion 
coefficient are a p p r o x i m a t e l y  equal ,  a nd  it  can be 
conc luded  tha t  the  so lvent  possesses the  s t r uc tu r e  of 
a s imple  ionic fluid. 

The  ene rgy  of ac t iva t ion  for the  diffusion process 
as ob ta ined  f rom the  e x p e r i m e n t a l  va lues  is 12.5 
kca l /mole .  This  va lue  can be compared  w i th  the  
va lue  of 13 kcal  found  by  Nach t r i eb  a nd  S t e inbe rg  
(6) for the diffusion of Pb  +~ in  a complex  n i t r a t e  bath .  

Manuscript  received Dec. 29, 1958. 

Any discussion of this paper wil l  appear in  a Discus- 
sion Section to be published in the December 1959 
J O U R N A L .  
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Co   n cadons e 
Rectification by Zircaloy 2 in High-Temperature Water 

J. N. Wonklyn and R. Aldred 

Atomic Energy Research Establishment, Harwell, Berkshire, England 

Recen t  co r ros ion  tes t s  of Z i r c a l o y  2 u n d e r  h e a t  
t r a n s f e r  in  w a t e r  a t  p H  10.5, 280~ w e r e  v i t i a t e d  b y  
rec t i f i ca t ion  effects.  S t r i p s  of t he  m a t e r i a l  w e r e  
h e a t e d  b y  t h e  pa s sage  of a l a r g e  50 cps a l t e r n a t i n g  
cu r ren t ,  a n d  th is  i n v o l v e d  a v o l t a g e  of  a b o u t  12 v 
r m s  b e t w e e n  the  s p e c i m e n  and  the  w a l l  of t h e  a p -  
pa ra tu s .  Cor ros ion  was  u n e x p e c t e d l y  g rea t ,  w h i t e  
ox ide  f o r m i n g  in less  t h a n  200 hr,  a n d  m u c h  h y d r o -  
gen  was  t a k e n  up  b y  t h e  Z i r c a l o y  2. 

P o l a r i z a t i o n  e x p e r i m e n t s  w i t h  u n h e a t e d  Z i r c a l o y  
2 spec imens  in  the  s a m e  a p p a r a t u s  at  250~ a n d  in  
s i m p l e r  a p p a r a t u s  a t  20~ showed  tha t ,  as e x p e c t e d  
f r o m  w o r k  b y  C a r m o d y  (1) ,  r ec t i f i ca t ion  occur red ,  
p r o d u c i n g  a ca thod ic  d i r ec t  cu r r en t .  As  shown  in Fig .  
1, t h e r e  w a s  a " b a r r i e r "  v o l t a g e  b e l o w  w h i c h  no 
s igni f icant  d.c. f lowed,  and  above  th i s  t h e  c u r v e  ro se  
to a f inal  l i n e a r  por t ion .  A t  r o o m  t e m p e r a t u r e ,  
cu rves  for  u n a l l o y e d  z i r c o n i u m  l a y  to t he  r i g h t  of  
those  for  Z i r c a l o y  2, b u t  h a d  the  s a m e  l i n e a r  s lope.  
E x p e r i m e n t s  in  so lu t ions  of d i f f e ren t  c o n c e n t r a t i o n s  
s h o w e d  the  s lope  to be  p r e d o m i n a n t l y  c o n t r o l l e d  b y  
the  e l e c t r o l y t e  r e s i s t ance .  T h e  " b a r r i e r "  v a l u e  w a s  
v i r t u a l l y  una f fec ted  b y  c h a n g i n g  f r o m  a 1 g/1 KOI-I 
so lu t ion  to 50 g/1 K O H  and  to a d i l u t e  Na~SO, so lu -  
t ion.  The  l o w e r  b a r r i e r  for  Z i r c a l o y  2 ( w h i c h  con-  
t a ins  i r on  a m o n g  o t h e r  a d d i t i o n s )  is i n t e r e s t i n g  in 
v i e w  of C a r m o d y ' s  f ind ing  (1) t h a t  t h e  a d d i t i o n  of 
F e  +§ to his  e l e c t r o l y t e  (H~SO4) l o w e r e d  t h e  b a r r i e r  
for  u n a l l o y e d  z i rcon ium.  

S i m i l a r  cu rves  w e r e  o b t a i n e d  at  250~ b u t  the  
c u r r e n t s  w e r e  m o r e  v a r i a b l e ,  a n d  the  cu rves  c h a n g e d  
a p p r e c i a b l y  w i t h  t i m e  w h e n  suff icient  p o l a r i z a t i o n  
was  a p p l i e d  to cause  w h i t e  ox ide  to fo rm.  A n a l y s i s  
a f t e r  100 h r  a t  12 v r m s  showed  t h a t  the  h y d r o g e n  
e n t e r i n g  the  m e t a l  was  a b o u t  15-25% of t h a t  e q u i v a -  
l en t  to t he  c h a r g e  pa s sed  ca thod i ca l l y .  M i c r o g r a p h s  
s h o w e d  p r e c i p i t a t e d  h y d r i d e  t h r o u g h o u t  t he  m a t e -  
r i a l  and,  gene ra l l y ,  a "case"  of m a s s i v e  h y d r i d e  a t  
the  sur face .  The  i n c r e a s e d  cor ros ion  a c c o m p a n y i n g  
ca thod ic  c h a r g i n g  w i t h  h y d r o g e n  is p r e s u m a b l y  r e -  
l a t e d  to t he  s i m i l a r  effect  of d - c  p o l a r i z a t i o n  of z i r -  
con ium a l loys  in h i g h - t e m p e r a t u r e  w a t e r  (2 ) .  

A~P5  oc ,  .A  ~c .  ~A .  r *c  

' - E ~  Z I = Z C A L . O W  2. *I, I  W A T ~ m  

t . r  ~ N ~ S r . ~ t . = :  A ~  p H  b O ' 5  

. . . . . . . .  - ? 2 /'] . . . .  / //"7 : 20 L 

Zj~CON,U 

C ~ L . t .  V O L T S  A C  r ~ s .  

4 6 ~ i o  ~2 ~4 i ~  i ~  2 o  o 2 4 6 e i o  L 2  14 16  t ~  

Fig. ] .  Rectif icotion curves of zirconium ond Zircoloy 2 

In  con t ras t ,  v i r t u a l l y  none  ( < 1 % )  of  t he  ca thod ic  
h y d r o g e n  e n t e r e d  z i r c o n i u m  a n d  Z i r c a l o y  2 p o l a r -  
i zed  at  12 v r m s  at  r oom t e m p e r a t u r e .  

P r o v i d e d  the  c o n d u c t i v i t y  was  a t  l eas t  s e v e r a l  
h u n d r e d  ~ m h o / c m ,  v a r i a t i o n  of it, a t  20~ m e r e l y  
a l t e r e d  t h e  l i n e a r  s lopes ;  b u t  i f  i t  f e l l  b e l o w  r o u g h l y  
100 ~ m h o / c m ,  l i t t l e  o r  no d.c. f lowed even  u p  to 50 
v r m s  a l though ,  cons ide r ing  on ly  t he  e l e c t r o l y t e  r e -  
s i s tance ,  t h e r e  was  suff icient  v o l t a g e  to p r o d u c e  a 
m e a s u r a b l e  cu r ren t .  L ikewi se ,  in  n e u t r a l  w a t e r  a t  
250~ the  c u r r e n t s  w e r e  low,  and  the  curves ,  a l -  
t h o u g h  r a t h e r  i r r e p r o d u c i b l e ,  sugges t ed  t h a t  t he  
b a r r i e r  was  r a i s ed  to a b o u t  10-15 v r m s  a n d  t h a t  t h e  
l i n e a r  s lopes  w e r e  l o w e r  t h a n  c o r r e s p o n d i n g  m e r e l y  
to the  r e d u c e d  conduc t i v i t y ,  c o m p a r e d  w i t h  t ha t  a t  
p H  10.5. No h y d r o g e n  was  t a k e n  up  in 100 h r  a t  12 v 
rms.  In  d i l u t e  so lu t ions  b e h a v i o r  a p p e a r s  to be  d e -  
t e r m i n e d  b y  c o m p l e x  p h e n o m e n a ,  p r o b a b l y  in  t h e  
o x i d e / s o l u t i o n  in t e r face .  

Manuscr ip t  received Feb.  19, 1959. 

Any  discussion of this pape r  wi l l  appear  in a Discus- 
sion Section to be publ i shed  in the December  1959 
JOURNAL. 
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Heater Cathode Breakdown 

R.J. Jaccodine 

Al l en town  Laboratory,  Bel l  Telephone Laboratories, Inc., A l len town,  Pennsylvania  

This c o m m u n i c a t i o n  concerns  a m e t h o d  of s t u d y -  
ing hea t e r - ca thode  i n su l a t i on  b r e a k d o w n  (1) .  I t  
f u r t he r  proposes a m e c h a n i s m  for this  b r e a k d o w n .  

In  some e lec t ron  tubes,  the hea te r  is a he l ix  of 
t u n g s t e n  wi re  coated to severa l  mi ls  th ickness  by  
sp ray ing  w i t h  fine A120,. These hea te rs  are t h e n  
baked  at  h igh  t e m p e r a t u r e  pr ior  to be ing  in se r t ed  
in to  the cathode sleeve. D u r i n g  use this  i n s u l a t i n g  
coat ing degrades  a l lowing  leakage,  and  in ex t r e me  
cases a shor t  develops  b e t w e e n  hea te r  and  cathode. 

In  order  to s tudy  these p h e n o m e n a  u n d e r  more  
cont ro l led  condi t ions ,  the  fo l lowing  me thod  is used. 
A r egu l a r  sp rayed  hea te r  is m o u n t e d  ve r t i ca l ly  in  a 
s t a n d a r d  t u b e  press. Coiled abou t  this  hea te r  is a n -  
o ther  uncoa ted  t u n g s t e n  hea te r  or a th in  s tr ip of 
me t a l  (Fig. 1). This  outs ide hea te r  acts in  the same 
m a n n e r  as the  cathode sleeve in  an  ac tua l  tube.  This 
a r r a n g e m e n t  al lows the  e n v i r o n m e n t a l  condi t ion  of 
a po r t ion  of the i n su l a t i on  to be control led.  If the  
effects of va r ious  meta l s  or impur i t i e s  are to be 
tested,  t hey  are appl ied  on t h in  s t r ips  and  w o u n d  in  
place of the  uncoa ted  heater .  The c u r r e n t  in  each 
hea te r  can be cont ro l led  separa te ly  and  a d-c  p o t e n -  
t ia l  can be appl ied  b e t w e e n  the two heaters .  This  
a l lows a wide  r ange  of t e m p e r a t u r e ,  po ten t i a l  and  
e n v i r o n m e n t a l  condi t ions  to be studied.  

Us ing  the  above technique ,  b r e a k d o w n  was shown 
to occur on ly  u n d e r  the  w o u n d  outs ide hea te r  (Fig. 
1) ; the  appea rance  of the  a l u m i n a  va r i ed  f rom l ight  
g ray  to black.  U n d e r  condi t ions  whe re  the  hea te r  
vol tage  was  15% h igher  t h a n  n o r m a l  ra ted  vol tage  
and  the  h e a t e r - c a t h o d e  po ten t i a l  was  10% higher ,  
b r e a k d o w n  was accelerated.  Shor ts  occurred  wh ich  
caused a glassy, c ra te red  appea rance  in  the in su la to r  
p r o b a b l y  due to large a m o u n t s  of c u r r e n t  pass ing  
t h r o u g h  degraded  spots ra i s ing  the  local t e m p e r a t u r e  
of these spots to the m e l t i n g  point .  

In  the course of s t u d y i n g  factors in f luenc ing  this  
b r e a k d o w n ,  it  was found  tha t  oxygen,  in  the  fo rm 
of me ta l  oxides, caused the degrada t ion  process to 
occur in  a f rac t ion  of the  n o r m a l  t ime.  The a l u m i n a  
in  tubes  in  which  e i ther  of the  t u n g s t e n  hea te rs  was  
oxidized b roke  down  in  a shor t  t ime. In  sti l l  o ther  
tubes,  a source of oxygen  was  i nc luded  in  the  fo rm 
of a separa te  t u n g s t e n  f i l ament  coated w i t h  cupr ic  
oxide. Hea t ing  this  f i l ament  gen t ly  re leased oxygen.  
The a l u m i n a  in  these tubes,  af ter  the  oxygen  was  
released,  b roke  d o w n  in  the  same order  of t ime  as 

Fig. 1. Experimental arrangement showing ('breakdown" 
region under outside tungsten heater. 

the prev ious  group. Heaters  sub jec ted  to th ree  and  
five t imes  the n o r m a l  process ing t ime  in  dry  h y d r o -  
gen however  have  not  degraded  and  are st i l l  on life. 

I t  is proposed tha t  in  an  ac tua l  tube,  a meta l l i c  
oxide is fo rmed  e i ther  of n icke l  or of t u n g s t e n  de-  
p e n d i n g  in  pa r t  on the po la r i ty  of h e a t e r - c a t h o d e  
potent ia l .  The  oxide reacts  w i th  the  AI:O~ to form a 
sp ine l  ( a l u m i n u m  tungs t a t e  in  the case of t u n g s t e n  
oxide).1 I t  is this  p roduc t  t ha t  deg rades  the  i n s u l a t -  

1 In a paper by Rodinhuis, et al. (2), they mention that identifi- 
cation of the breakdown product has been made as aluminum 
tungstate. 

ing qua l i t y  of the  a l u m i n a  and  al lows leakage  and  
e v e n t u a l l y  a short.  

Manuscript  received Feb. 13, 1959. 

Any  discussion of this paper wil l  appear in a Discus- 
sion Section to be published in the December 1959 
JOURNAL. 
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Discussion Section 

T h i a  D i s c u s s i o n  S e c t i o n  i n c l u d e s  d i s c u s s i o n  of  p a p e r s  appearing 
in the JOURNAL of  T h e  E l e c t r o c h e m i c a l  Soc i e ty ,  104, No.  5 ( M a y  
1957),  a n d  105, No.  1, 5, 6, 7, a n d  11 ( J a n u a r y ,  M a y ,  J u n e ,  J u l y ,  
and N o v e m b e r ,  1958). D i s c u s s i o n  n o t  a v a i l a b l e  f o r  t h i s  i s sue  w i l l  
a p p e a r  i n  t h e  D i s c u s s i o n  S e c t i o n  of  t h e  D e c e m b e r  1959 JOURNAL. 

Throwing Index; A New Graphical Method for 
Expressing Results of Throwing-Power Measurements 

R. v. Jelinek and H. F. David (pp. 279-281, Vol. 104) 

S. A. Watson1: One  poin t  which  is no t  m a d e  clear  
in  the  e x p e r i m e n t a l  detai ls  g iven  b y  the  au thors  is 
tha t  the  d i s tance  b e t w e e n  the anode  and  the  n e a r e r  
of the  two cathodes m u s t  be kept  cons tan t  if the 
me t a l  d i s t r i b u t i o n  rat io at  a g iven  average  c u r r e n t  
dens i ty  is to be a l i nea r  f u n c t i o n  of the  l i nea r  or 
p r i m a r y  ratio.  

At  a fixed ave rage  c u r r e n t  densi ty ,  the  re la t ionsh ip  
b e t w e e n  the  m e t a l  d i s t r i bu t i on  ratio,  M, a nd  the  
l i nea r  rat io,  L, was  found  by  the  au thors  to be  of the  
fo rm L ---- k M  4- C where  k = T h r o w i n g  I n d e x  a nd  
C is some constant .  F r o m  this, i t  fol lows tha t  t h r o w -  
ing power  expressed  by  Fie ld ' s  fo rmula ,  

( k - - l )  + C  
T ~ = = a constant .  

( k 4 -  1) 4- C - - 2  

But  G a r d a m  ~ showed tha t  
1 

2dl~ 
1 4 - - -  

N 

where  d is the  average  c u r r e n t  densi ty ,  1, is the dis-  
t ance  f r o m  the  anode  to the  n e a r e r  cathode,  N is a 
cons tan t  re la ted  to so lu t ion  res i s t iv i ty  and  cathode 
polar iza t ion ,  and  c lear ly  T F is cons t an t  at  a fixed 
c u r r e n t  dens i ty  on ly  if 1, is constant .  Therefore ,  
T h r o w i n g  I n d e x  is cons tan t  on ly  if 1, is cons tant .  

The dependence  of T h r o w i n g  I n d e x  on the  va lue  
of 1, can be  shown  us ing  da ta  pub l i shed  by  Wes ley  
and  RoehF by  t a k i n g  a d v a n t a g e  of the fact  tha t  
M ~ 1 at  L = 1. I n  Fig.  1 of th is  discussion,  va lues  
of M d e t e r m i n e d  at c u r r e n t  densi t ies  of 0.01, 0.02, 
and  0.04 a m p / c m '  in  a n i cke l  ch lo r ide /bo r i c  acid 
so lu t ion  a re  p lo t ted  aga ins t  l i nea r  ra t io  and  the  l ines  
for 1, = 10 cm are  ex t rapola ted .  T h r o w i n g  I n d e x  is 
seen to be  h igher  w h e n  1~ ---- 2.9 cm t h a n  w h e n  1, = 
10 cm at  al l  t h ree  c u r r e n t  densi t ies .  F r o m  s imi la r  
da ta  of Wes ley  and  Roehl  ob ta ined  wi th  a h a r d  
n i cke l  so lu t ion  and  a Wat t s  so lu t ion  (pH 2.0) at  a 
c u r r e n t  dens i ty  0.04 a m p / c m  ~, i t  can  be shown  tha t  
T h r o w i n g  I n d e x  increases  as Is decreases  w i t h  these 
solut ions,  too, though  the  effect is sma l l e r  t h a n  in  
the  chlor ide  bath .  

A l t h o u g h  the  inf luence  of 1, on the resul t s  ob ta ined  
by  J e l i n e k  and  Dav id  canno t  be  e s t ima ted  f rom the  

1 E l e c t r o d e p o s i t i o n  Sec t i on ,  T h e  ~r N i c k e l  Co. L td . ,  Birming-  
ham,  England. 

2 G.  E. G a r d a m ,  Trans. Faraday Soc.,  34, 698 (1938).  
8 W .  A.  W e s l e y  a n d  E. J .  Roeh l ,  Trans. Elec~roehem. Soc., 86, 79 

(1944).  

da ta  g iven  in  the i r  paper ,  the  da t a  pub l i shed  by  
P a n '  which  they  quote  does show the  effect of 
change  in 13. P a n ' s  da ta  for a c a d m i u m  cyan ide  
so lu t ion  at  a c u r r e n t  dens i ty  0.01625 a m p / c m  ~ are 
p lo t ted  in  Fig.  2 of this  discussion.  T h r o w i n g  index  is 
seen to increase  as 1~ is decreased.  T h r o w i n g  i ndex  
can  also be  show n  to v a r y  w i th  1~ for the  ac id-z inc  
a nd  n icke l  ba ths  which  P a n  used.  

The  plots  o2 Wesley  a nd  Roehl ' s  da ta  in  Fig.  1 
show tha t  a threefo ld  increase  in  1, m a y  affect 
T h r o w i n g  I n d e x  as m u c h  as a four fo ld  inc rease  in  
c u r r e n t  densi ty ,  which  emphasizes  t ha t  13 m u s t  be 
kep t  cons tan t  d u r i n g  d e t e r m i n a t i o n s  of T h r o w i n g  I n -  

dex. 
R. u  Je l inek:  We ce r t a in ly  apprec ia te  Mr. W a t -  

son 's  in te res t  i n  our  pape r  a nd  his effort to offer 
cons t ruc t ive  cri t icism. U n f o r t u n a t e l y ,  his m a t h e m a t -  
ical  a r g u m e n t  is r e n d e r e d  i nva l i d  by  w h a t  appears  
to be  an  er ror  in  a lgebra .  Us ing  Mr. Wat son ' s  s y m -  
bols, if we  subs t i tu te  the  l i nea r  T h r o w i n g  I n d e x  

re la t ionsh ip  

L.  C. P a n ,  Trans. Electrochem. Soc., 59, 423 (1930).  
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L = k M  + C  

in to  F ie ld ' s  f o r m u l a  [Eq. ( I I I )  of our  pape r ] ,  the  
correct  r esu l t  is 

k M  + C - -  M M ( k - -  1) -[- C 
T F  ~ 

k M  + C + M - -  2 M ( k  + 1) -b C - -  2 

and  no t  the  equa t i on  s ta ted  by  Mr. Watson.  S ince  M 
r e m a i n s  in  the  equa t ion  TF is c lear ly  no t  a cons tant .  

The  da ta  of Wesley  and  Roehl  and  of Pan ,  as i n -  
t e rp re t ed  by  Mr. Watson,  do appea r  to ind ica te  some 
dependence  of T h r o w i n g  Index  on e lect rode spacing.  
However ,  his r a t h e r  ambi t ious  ex t r apo la t i on  of some 
of the po in ts  is ques t ionab le  at  best.  W h e n  we or ig i -  
n a l l y  e x a m i n e d  P a n ' s  resul ts ,  we not iced  some dr i f t  
in  the  c a d m i u m  cyan ide  data,  bu t  in  p r e p a r i n g  our  
Fig. 2 we though t  it  best  to d r a w  a s ingle  l ine  
t h r o u g h  the  points .  We do not  be l i eve  tha t  the  th ree  
separa te  l ines  in  Mr. Wa t son ' s  second figure are  
rea l ly  justified. Also, we ques t ion  ser ious ly  the  10- 
cm l ines  on his first figure. 

Our  own  resu l t s  were  ob ta ined  by  keep ing  the  
cathodes fixed at  the  ends  of the t h r o w i n g - p o w e r  
box  and  m o v i n g  the anode.  Thus,  in  successive runs ,  
the  spacing b e t w e e n  the anode and  both  of the  
cathodes was  var ied ;  i.e., Mr. Wat son ' s  1.~ was  defi- 
n i t e ly  no t  kep t  cons tan t  in  our  m e a s u r e m e n t s .  

Pe rhaps  a carefu l  eva lua t i on  of geometr ic  factors  
and  the i r  inf luence  on T h r o w i n g  Index  wou ld  be an  
i n t e r e s t i ng  subjec t  for s tudy.  However ,  we  should  
r e m e m b e r  tha t  the r e c t a n g u l a r  t h r o w i n g - p o w e r  box  
is s imply  a c o n v e n i e n t  empi r i ca l  device w i t h  m a n y  
theore t ica l  l imi ta t ions .  T h r o w i n g  I n d e x  is offered 
p r i nc ipa l l y  as an  i n t e r p r e t i v e  tool, wh ich  we be l ieve  
more  c o n v e n i e n t  in  prac t ice  t h a n  the  va r ious  T h r o w -  
ing Power  fo rmulas  in  the l i t e ra tu re ,  for the  r ea -  
sons s ta ted in  our  paper .  

The Anodic Oxidation of Cadmium, I. Mechanism 
of Film Formation 

P. E. Lake and E. J. Casey (pp. 52-57, Vol. 105) 

Indra Sanghi~: I was  deeply in t e re s t ed  in  the  
pape r  b y  Lake  and  Casey as we  also h a p p e n  to be  
ca r ry ing  on some inves t iga t ions  on the  cons t an t  c u r -  
r e n t  po la r i za t ion  of Cd in  our  l abo ra to ry .  P r e l i m i -  
n a r y  resu l t s  w e r e  p re sen t ed  at  the  XLV I n d i a n  Sci-  
ence Congress  Sess ion?  

D u r i n g  our  studies,  we  found  tha t  the  behav io r  of 
Cd was  more  compl ica ted  t h a n  appears  f rom the 
paper  of Lake  and  Casey. The t i m e - v o l t a g e  curves  
ob ta ined  d u r i n g  anodic  po la r iza t ion  w i th  cons t an t  
c u r r e n t  show more  t h a n  one arrest .  The me thod  
adopted  by  us was s imi la r  to tha t  a l r eady  repor ted  
in  connec t ion  wi th  our  s tudies  on Zn  ~ and  gene r a l l y  
r e sembled  the p rocedure  adopted  by  Lake  a nd  
Casey. Cd rods or sheets (e lec t ro lyt ic  99.99% p u r i t y )  
were  m a c h i n e d  out  and  all  the surface  except  the  
e x p e r i m e n t a l  por t ion  was  s topped off w i th  su i t ab le  
plas t ic  coatings.  The  p repo la r i za t ion  p r e p a r a t i o n  of 
the  surface consis ted of successive mechan i ca l  pol -  
ishings w i th  0 to 6/0 grades of e m e r y  mo i s t ened  wi th  

C e n t r a l  E l e c t r o - C h e m i c a l  Resea rch  I n s t i t u t e ,  K a r a i k u d i ,  Ind ia .  
e I. S a n g h i  a n d  R. Rao,  Proc.  I n d i a n  Sci.  Congr . ,  45~h Congr . ,  

1958, P a r t  I I ,  p. 202, Abs.  No. 423. 
7 I. S a n g h i  and  W. F. K. W y n n e - J o n e s ,  Proc.  I n d i a n  A c a d .  Sci. ,  

46A, 309 (1957) ; ibid. ,  47A, 49 (1958). 

ethanol .  H g / H g O / K O H  was used as the  r e fe rence  
electrode and  Phi l ips  GM 6010 type  VTVM to read  
the  po ten t i a l  va r ia t ions .  Both  s t i r red  a nd  u n s t i r r e d  
solut ions  were  s tud ied  a t  room t e m p e r a t u r e  (35~ 
b u t  no a t t empt s  w e r e  m a d e  to keep the solut ions  a i r  
free. Var ious  c u r r e n t  dens i t ies  and  concen t ra t ions  
of K O H  solut ions  ( N / 5  to 5N) were  t r i ed  a nd  some 
of the  curves  ob ta ined  are r ep roduced  in  Fig.  1 p u b -  
l i shed here.  

F r o m  these  figures, it  wi l l  be  seen t ha t  sudden  or 
s ing le - s tep  pass iva t ion ,  s imi la r  to tha t  of Z n  ~ and  as 
r epor ted  by  Lake  a nd  Casey, was  no t  observed  by  
us in  the  case of Cd. Also, if on ly  one ox ida t ion  
compound,  CdO, is e lec t rochemica l ly  fo rmed  and  ef-  
fective,  t h e n  the  reasons  for the  observed ar res ts  in  
the  ne ighborhood  of --0.6 v w i th  r e fe rence  to the  
H g / H g O / K O H  elect rode are  no t  clear. Also, a u n i -  
fo rm g radua l  va r i a t i on  of potent ia l ,  as is observed  
wi th  A1 and  other  b a r r i e r  layers ,  is no t  to be ex-  
pected in  the case of Cd. Moreover ,  the  po t en t i a l  at  
which  the  po la r i za t ion  curve  becomes hor izon ta l  ap-  
pears  to v a r y  cons ide rab ly  f rom 0.2 to 1.2 v w i th  
di f ferent  concen t ra t ions  a nd  c u r r e n t  densi t ies ,  more  
t h a n  can be  accounted  for on the  basis  of ( O H ) -  con-  
cen t ra t ion .  Al l  these poin ts  could be checked only  
if the au thors  had  g iven  ac tua l  de ta i led  po la r iza t ion  
curves  ob ta ined  by  them.  

The au thors  do not  give the  order  of va r i a t ions  in  
t~ e x p e r i m e n t a l l y  observed  by  them.  G e n e r a l  ex -  
pe r ience  has b e e n  tha t  good r ep roduc ib i l i t y  of tp 
is ob ta ined  on ly  w h e n  tp is smal l  a nd  no t  g rea te r  
t h a n  a few minu tes .  8 There  m a y  be r isks  in  t ak ing  
average  va lues  for q u a n t i t a t i v e  calcula t ions ,  and  
we were  no t  successful  in  ge t t ing  sa t i s fac tory  r e -  
p roduc ib i l i t y  in  s imi la r  exper imen t s ,  e i ther  w i th  Zn  
or Cd. Accord ingly ,  the discussed paper ,  based  a l -  
most  en t i r e ly  on It~ m e a s u r e m e n t s ,  appears  to de-  
p e n d  on r a the r  u n c e r t a i n  g rounds  for de r iv ing  final 
conclusions.  I t  w ou l d  have  been  he lp fu l  if t he  au -  
thors  had  specifically m e n t i o n e d  the  ac tua l  m e t h o d  
of m e a s u r i n g  t~ in  cases of p ro longed  po la r iza t ion  
w h e r e i n  the curves  wou ld  no t  s teeply  rise, c l a r i fy ing  
p a r t i c u l a r l y  w h e t h e r  the  d e t e r m i n i n g  c r i t e r ion  was a 
low slope or a t t t a i n m e n t  of a p a r t i c u l a r  po ten t i a l  
( say  1.1 v ) .  Also in  Tab le  I of the  discussed paper ,  
m e a s u r e d  It,, va l ue  for K O H  is shown to be 0.52; b u t  
the  c onc e n t r a t i on  of the  e lec t ro ly te  and  the  c u r r e n t  
dens i ty  are  no t  c lear ly  men t ioned .  If a low slope 
de t e rmines  tp, then,  in  our  exper imen t s ,  It~ var ies  
f rom 0.004 to 0.20 in  K O H  d e p e n d i n g  on c u r r e n t  
dens i ty  and  concen t ra t ion .  

Q u a n t i t a t i v e  ca lcu la t ions  a nd  e lec t rometr ics  de-  
pend  on the  a s sumpt ion  tha t  all  oxide films are  r e -  
duced before  h y d r o g e n  evo lu t ion  starts.  Bu t  it has 
been  suggested,  and  some ev idence  adduced,  tha t  in  
some cases h y d r o g e n  is ac tua l ly  l i be ra t ed  e v e n  on 
t h i n  oxide films, 9 a nd  hence  i t  is necessa ry  to check 
this  po in t  in  the p a r t i c u l a r  case of Cd. I t  is possible  
tha t  meta l s  l ike  Zn  and  Cd are ne ve r  comple te ly  
free of oxide films in  aqueous  solutions,  as suggested 
also by  Huber .  

The  au thors  have  p re sen t ed  only  the  de r ived  

s Bicr i ,  Ph.D. Thes is ,  B e r n e  U n i v e r s i t y ,  S w i t z e r l a n d  (1949) ; 
P. De lahay ,  Ana l .  C h e m . ,  27, 478 (1955). 

9I .  S a n g h i ,  et al., P a p e r  p r e s e n t e d  a t  C.I.T.C.E. 10th R e u n i o n  
(1958), I n  press.  



Vol. 106, No. 6 DISCUSSION SECTION 533 

i .o 

o,6 

o 
x 

~ o 

oa 

o.a 

t ,a 
3 6 9 iz  is ,s m z4  z~ 30 ~ ~S 

"rtME IN MINUTE~ 

Fig. 1. Some cu r ren t  densi t ies and concent rQt ions  o f  K O H  so lu t ions :  . . . . .  , s t i r red ;  . 
tri(:mgle with dot, 2N KOH; O, IN KOH; ~ ,  0.2N KOH. 

Y 0 ,082  ma /c=  2 
. . ~ f~ ._~ - - - e -  - - e -  - - - - ~ -  . . . . . . . . . . . .  ~ - - - -  

i - -  _ J  ( " . 

r /..J.G;Y , . .  , ~ +~_~_=L . . . . . . . . .  

I .i ~ , x J J  =/ .~" I  

�9 uns t i r r ed ;  X ,  aN  KOH; 

graphs  and  have  not  r epor ted  the  di rect  m e a s u r e -  
ments .  This  has r e su l t ed  in  some loss of c lar i ty .  For  
example ,  in  Fig. 1 of the  discussed paper ,  the  dot ted 
gas evo lu t ion  curve  appears  to ind ica te  tha t  oxygen  
is d ischarged  in  the  nega t ive  reg ion  of po ten t i a l  i t -  
self and  tha t  as m u c h  as 40% of c u r r e n t  goes t o w a r d  
oxygen  evo lu t ion  at as low a po t en t i a l  as 0 v wi th  
respect  to H g / H g O / K O H .  This  is no t  possible  in  
v iew of the  h igh oxygen  overvo l tage  on Cd a nd  in  
v iew of the defini te  m i n i m u m  po ten t i a l  r equ i r ed  

for the  reac t ion  2OH --> H~O + O. Also, on page 54 
of this paper ,  the  fu l l  s ignif icance of Fig. 5a and  b in  
connec t ion  w i th  the  depass iva t ing  reac t ion  is no t  
qu i te  clear. Some average  ra te  of depass iva t ion  R= 
has been  discussed, and  p r o b a b l y  w h a t  the  au thors  

I t% 
i m p l y  is tha t  R~ -- - - .  S imi la r ly ,  on page 56 (bo t -  

t, t', 

tom of column I ) ,  i t  is stated that " i f  R% >~ RI in i -  
t ial ly, the  CdO film m a y  bu i l d  up  even  before  supe r -  
s a tu r a t i on  is reached."  This  does no t  appear  to be  
correct,  and  pe rhaps  the re  is a t ypograph ica l  e r ror  
and  it  should  read  "R% < <  R , "  

Ionic conduc t ion  t h rough  ve ry  t h in  oxide films is 
governed  by  the h igh field theory  ~~ and  wou ld  be 
expected  to assist  t he  oxide film growth.  However ,  
correct  ideas abou t  this  can be had  only  by  m e a s u r -  
ing c u r r e n t  g rowth  and  decay  t r a n s i e n t s  or by  ap -  
p ly ing  square  wave  polar iza t ion.  

S t i r r i ng  appears  to have  v e r y  i n t e r e s t i ng  effects 
in  the p resen t  case. Genera l ly ,  s t i r r i ng  is expected  to 
de lay  the  pass iva t ion  cons iderably ,  bu t  we  find tha t  
s t i r r i ng  decreases  t~ for  0.2N and  N - K O H  b u t  i n -  
creases it for 2N and  5N-KOH.  This  aspect has p e r -  
haps  not  been  cons idered  by  Lake  and  Casey. Also, 
there  appear  to be ce r t a in  difficulties and  l imi t a t ions  
in  e v a l u a t i n g  the k ine t ics  of e lect rode processes and  
in  m e a s u r i n g  the  ra te  of film t h i c k e n i n g  or g rowth  
by  cons tan t  c u r r e n t  po la r iza t ion  alone.  I t  has b e e n  

1oN. F. Mort  a n d  N. Cabre ra ,  Repts. Progr. in Physics, 1~, 163 
(1948) ; D. A. V e r m i l y e a ,  This Journal, 104, 426 (1957). 

suggested  tha t  po ten t ios ta t i c  m e a s u r e m e n t s  a re  more  
fruitful11. 9 a nd  are, therefore ,  be ing  car r ied  out  in  
these  labora tor ies .  

P. E. Lake and E. J. Casey:  Potential arrests.-- 
P r e l i m i n a r y  work  showed tha t  ex t ra  p ro longed  po-  
t en t i a l  a r res ts  exist  if the  c u r r e n t  dens i ty  d i s t r i bu -  
t ion  t h r ough  the electrode is not  u n i f o r m  a n d / o r  
constant .  In  al l  of the  e lec t romet r ic  w o r k  repor ted,  
a cy l indr i ca l  cell of wh ich  the  electrodes fo rmed  the  
ends  was  used and,  w i t h i n  the  l imi ts  of sens i t iv i ty  of 
the  m u l t i p o i n t  recorder  used (•  v, 4 points  per  
ra in ) ,  the ex t r a  steps were  no longer  present .  Dr. 
Sangh i ' s  i n s t r u m e n t a t i o n  m a y  have  detec ted  a rea l  
"fine s t ruc ture . "  However ,  if this  fine s t r uc t u r e  is no t  
reproducib le ,  one  m u s t  consider  t ha t  the  c u r r e n t  
d i s t r i bu t i on  m a y  be c h a n g i n g  f rom r u n  to run .  

Reproducibility of the va l ue  of It~ was  not  as good 
as could be desired,  as was  r epor t ed  in  the  paper .  
Best r ep roduc ib i l i t y  was  ob ta ined  by  us if the  su r -  
face was  first c leaned  wi th  n i t r i c  acid a nd  t h e n  p re -  
reduced.  The  poss ib i l i ty  tha t  all  oxide was  no t  r e -  
move d  was  suggested  in  the  paper  bu t  accepted as a 
possible smal l  cons tan t  error .  W h e n  p a r a l l e l - p l a t e  
geome t ry  was  used, the d e t e r m i n a t i o n  of the va lue  
of I G was u sua l l y  r ep roduc ib l e  to •  in  expe r i -  
m e n t s  done w i t h i n  the  fif tyfold r a n g e  of c u r r e n t  
densi t ies  repor ted .  If successive e x p e r i m e n t s  d is -  
agreed  by  a l a rge r  amoun t ,  some e x t r a n e o u s  factor,  
such as pee l ing  of the  stop-off  lacquer ,  could u sua l l y  
be found  to be the  reason.  However ,  at  Dr. Sangh i ' s  
room t e m p e r a t u r e  of 35~ (if this is i ndeed  not  a 
m i sp r i n t ! ) ,  the  convers ion  reac t ion  w ou l d  be  ex-  
pec ted  to be more  r ap id  t h a n  a t  the  t e m p e r a t u r e s  
( ~ 2 5 ~  used  in  the  s tudy  repor ted  by  us, and  
wou ld  p r o b a b l y  lead  to i r r ep roduc ib l e  pass iva t ion .  
This  c o m m e n t  is s t r e n g t h e n e d  by  the  f u r t h e r  facts 
tha t  the  so lub i l i ty  of Cd(OH)2 in  K O H  is m u c h  
h igher  TM t h a n  is u s u a l l y  supposed, even  at  25~ and  

11 M. F l e i s c h m a n n  a n d  H. R. T h i r s k ,  Trans. Faraday Sac.,  51, 71 
(1955); M. F l e i s c h m a n n  and  If. R. Th i r sk ,  P a p e r  p r e s e n t e d  a t  

C.I.T.C.E. 10th R e u n i o n  (1958), I n  press .  
r,)p. E. L a k e  a n d  J.  M. G o o d i n g s ,  Can. J. Chem.,  86, 1089 (1958). 
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t h a t  the  e l e c t r o l y t e  can  s u p e r s a t u r a t e  d u r i n g  the  
ox ida t ion .  The  effect of the  s u p e r s o l u b i l i t y  on p o -  
t e n t i a l  is s i m p l y  no t  k n o w n  because  t h e r e  a r e  no ac -  
t i v i t y  d a t a  ava i l ab l e .  

F o r  the  a b o v e  reasons ,  the  use of It~ as a q u a n t i t a -  
t i ve  m e a s u r e  of the  d e p t h  to w h i c h  Cd is o x i d i z e d  
be fo re  p a s s i v a t i o n  is c e r t a i n l y  jus t i f i ed  on the  bas i s  
of r e p r o d u c i b i l i t y .  I ts  va r i a t i on ,  as OH- is r e p l a c e d  
b y  CO-~ at  cons t an t  [K+], is r e a l  and  can be  d e s c r i b e d  
in t e r m s  of t h e  m e c h a n i s m  p r o p o s e d  in the  pape r .  
A n  i n t e r e s t i n g  f u r t h e r  fact ,  the  one w h i c h  sugges t ed  
the  r e p o r t e d  s tudy ,  is t h a t  the  changes  in It~ w i t h  
e x p e r i m e n t a l  cond i t ions  a r e  ampl i f ied ,  s o m e t i m e s  
up  to tenfo ld ,  in the  s i n t e r e d  n e g a t i v e  p l a t e  of t he  
N i - C d  b a t t e r y .  W e  a re  d r i v e n  to the  conc lus ion  t h a t  
t he  ampl i f i ca t ion  is d u e  to an  i m p o r t a n t  f ac to r  no t  
u s u a l l y  cons idered ,  viz . ,  the  effect ive  v o l u m e  of the  
r e a c t i o n  p roduc t .  I t  is cons ide red  t h a t  t he  p r o d u c t  
could,  in f a v o r a b l e  c i r cums tances ,  seal  off a t  t he  
neck  t h e  pores  w h i c h  con ta in  s t i l l - u n o x i d i z e d  Cd. 

P a s s i v a t i o n . - - T h e  c r i t e r i o n  for  choos ing  t~ was  low 
v a l u e  of d E / d t  fo l l owing  the  onse t  of o x y g e n  e v o l u -  
t ion.  To choose a def in i te  p o t e n t i a l  ove r  so w i d e  a 
r a n g e  of e x p e r i m e n t a l  cond i t ions  w o u l d  h a v e  been  
m ean ing l e s s ,  as  Dr.  S a n g h i ' s  g r a p h  test i f ies .  H o w -  
ever ,  i t  is n e c e s s a r y  to r e s t a t e  t h a t  s h a r p  p a s s i v a t i o n  
d e p i c t e d  in Fig.  1 of the  o r ig ina l  p a p e r  is t y p i c a l  of 
the  b e h a v i o r  of p u r e  Cd a t  25 ~ and  be low.  

Dr.  S a n g h i  has  s i m p l y  m i s i n t e r p r e t e d  Fig.  1 in his  
d i scuss ion  of gas  evo lu t i on  ra te .  I t  is the  t ime  base  
w h i c h  is c o m m o n  to bo th  the  p o t e n t i a l  and  the  O~ 
evo lu t i on  ra te .  W h a t  t h e  g r a p h  shows,  for  e x a m p l e ,  
is t ha t  a s m a l l  f r ac t i on  of t he  c u r r e n t  goes in to  02 
evo lu t ion  w h i l e  the  a v e r a g e  p o t e n t i a l  of the  e lec -  
t r o d e  is s t i l l  b e l o w  0 v w.r . t .  H g / H g O  ( th is  is no t  
s u r p r i s i n g  because  the  p o t e n t i a l  d i s t r i b u t i o n  on the  
a c t i v e l y  c o r r o d i n g  m e t a l  is p r o b a b l y  not  c o m p l e t e l y  
u n i f o r m ) ,  a n d  t h a t  gas  evo lu t i on  accoun t s  fo r  40% 
of t he  c u r r e n t  b y  the  t i m e  the  r a p i d l y  r i s ing  p o t e n -  
t i a l  has  r e a c h e d  1.1 v. W h a t  is i n t e r e s t i n g  is the  fac t  
tha t ,  in t he  e x p e r i m e n t  r e p o r t e d  in  Fig .  1, for  some 
hour s  a f t e r  p a s s i v a t i o n  a s m a l l  f r a c t i o n  of t h e  c u r -  
r e n t  c o n t i n u e d  to sp l i t  off to ox id ize  Cd and  to keep  
in  r e p a i r  the  CdO fi lm w h i c h  is c o n t i n u a l l y  e t ched  
a w a y  b y  the  conve r s ion  reac t ion .  

N e w  w o r k . - - A  s t u d y  of t h e  decay  of o v e r p o t e n t i a l  
before ,  du r ing ,  and  a f t e r  p a s s i v a t i o n  has  r e c e n t l y  
been  c o m p l e t e d  and  w i l l  be  s u b m i t t e d  shor t ly .  A t  
a n y  t ime  a f t e r  pa s s iva t i on ,  t h e  d e c a y  is of the  f o r m  
u s u a l l y  found  for  gas  e l ec t rodes  and  r e f e r r e d  to as 
a c t i v a t i o n  o v e r p o t e n t i a l  decay .  H o w e v e r ,  a t  t imes  
b e f o r e  pas s iva t ion ,  a f t e r  an  IR drop  has  been  s e p a -  
r a t e d  the  first  p a r t  of t he  d e c a y  is e x p o n e n t i a l  in 
t ime.  The  e x p o n e n t i a l  p a r t  is no t  d e s c r i b e d  b y  ac t i -  
v a t i o n  t h e o r y  and  is t e n t a t i v e l y  i n t e r p r e t e d  as  t h e  
d e c a y  of an  i n n e r  d o u b l e  l a y e r  of O- /OH- ,  of f ixed 
d imens ions ,  in t he  CdO l a y e r  at  t h e  C d O - e l e c t r o l y t e  
in t e r face .  P a s s i v a t i o n  occurs  w h e n  the  field s t r e n g t h  
across  th i s  i n n e r  doub le  l a y e r  inc reases  to t he  v a l u e  
a t  w h i c h  OH- d i s c h a r g e  to OH occurs  m o r e  ea s i l y  
t h a n  the  ion iza t ion  r e a c t i o n  OH---> O= + H § 

The  ro le  of a d s o r p t i o n  of OH- on t h e  CdO su r f ace  
thus  becomes  qu i t e  i m p o r t a n t ,  and  is m a n i f e s t e d  
t h r o u g h  u n e x p e c t e d  v a r i a t i o n s  of o v e r p o t e n t i a l  w i t h  
a c t i v i t y  of KOH.  In  gene ra l ,  t h e  n e w  w o r k  s u p p o r t s  

and  e x t e n d s  the  m e c h a n i s m  of p a s s i v a t i o n  a l r e a d y  
p r o p o s e d :  

R1 R% 
Cd ~ CdO > 

R/" Cd(OH)= or 
Soluble Complex > CdCOa 

where RI refers to the oxidation process, and R~ to 
the conversion. 

In fact, the proposed mechanism, which inciden- 
tally has been strengthened by recent work of 
Huber, TM has proven to be quite versatile. For in- 
stance, poor reproducibility at high temperatures 
and low currents is predictable when considered in 
terms of the role of the conversion reaction and the 
new information on solubility. At high temperatures, 
the conversion reaction is fast; a thick and prob- 
ably loose layer of product is built up on the surface 
before passivation occurs. The first evolution of oxy- 
gen may simply undermine the protecting film of 
product, and force the process to start over again. At 
very low currents, the solubility is high enough that 
the product can actually be transported to and 
plated out on the negative electrode, and the pas- 
sivation time will be longer than expected, probably 
will be irreproducible, and indeed the electrode may 
never passivate. Stirring will obviously have its 
g r e a t e s t  effect a t  low c u r r e n t  dens i t ies ,  b y  a id ing  
d i s so lu t ion  of the  CdO l a y e r  a n d  a id ing  t r a n s p o r t  of 
c o m p l e x  to the  n e g a t i v e  w h e r e  i t  can  be  p l a t e d  out.  

The  supposed  ro le  of a d s o r p t i o n  of  OH- on the  CdO 
l a y e r  p r e d i c t s  l o n g e r  p a s s i v a t i o n  t i m e s  for  i n c r e a s i n g  
a~o~, because  the  dec rease  in  p H  in  t he  po re s  of t he  
conve r s ion  p r o d u c t  w i l l  be  less  t h e  h i g h e r  t he  a~oH. 
S t i r r i n g  shou ld  sho r t e n  t~ in  low c o n c e n t r a t i o n s  b y  
r a i s i ng  the  p H  in t he  pores .  On the  o t h e r  hand ,  in -  
c r e a se d  a~o~ inc reases  t h e  r a t e  of t he  c onve r s ion  r e -  
ac t ion  and,  once the  CdO su r f a c e  is s a t u r a t e d  w i t h  
OH-, s t i r r i n g  shou ld  l e n g t h e n  t~ as the  a~o~ is f u r -  
t he r  inc reased .  I t  is e n c o u r a g i n g  t h a t  Dr. S a n g h i  has  
o b s e r v e d  t ha t  t~ is s h o r t e n e d  in low c o n c e n t r a t i o n s  
of K O H  and  l e n g t h e n e d  in h igh  concen t r a t i ons .  

G e n e r a l . - - T h e  cond i t ions  u n d e r  w h i c h  the  v a l u e s  
in  T a b l e  I w e r e  o b t a i n e d  could  h a v e  been  a p p r o x i -  
m a t e d  f rom Fig.  4a; t h e y  w e r e  0.07 m a / c m  ~ a n d  7.2N 
e lec t ro ly t e s .  

As  Dr. S a n g h i  has  k i n d l y  p o i n t e d  out,  on page  56, 
l ine  15, t h e  m i s p r i n t  shou ld  r e a d  R~' << R1. 

W e  ag ree  w i t h  Dr.  S a n g h i ' s  c o m m e n t  t h a t  t he  r e -  
ac t ion  is a c o m p l i c a t e d  one on w h i c h  f u r t h e r  w o r k  
is necessa ry .  

Uncommon Valency Ions and the Difference Effect 
M. E. Straumanis (pp. 284-286, Vol. 105) 

Ph. Brouillet ,  I. Epelboin, and M. Froment~': I n  his  
a r t i c le ,  Dr.  S t r a u m a n i s  exp re s se s  s u r p r i s e  t h a t  the  
A-effect  has  no t  been  c ons ide r e d  to e x p l a i n  t he  de -  
v i a t i ons  f rom f a r a d a i c  y i e l d  in  t he  anodic  d i s so lu t ion  
of  c e r t a i n  meta l s .  H o w e v e r ,  e x a m i n a t i o n  of e x p e r i -  
m e n t s  c a r r i e d  out  in r e c e n t  y e a r s  shows t h a t  t he  
A-effect  canno t  e x p l a i n  t he  a n o m a l o u s  y i e l d s  o b -  
t a i n e d  in  c e r t a i n  e l e c t r o p o l i s h i n g  p rocedu re s .  

~ K. Huber, Z. Elektrochem., 6~, 675 (1958). 
14Laboratoire de Physique, Facult~ des Sciences de Paris, Paris, 

France. 
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The  A-effect supposes tha t  in  the absence  of cu r -  
r en t  the re  is a p ro tec t ive  film on the metal ,  and  tha t  
this  film is d i s rup ted  in  ce r ta in  spots on pass ing  
anodic  cu r ren t .  

We have  observed  the  surface of meta l s  u n d e r g o -  
ing anodic  d isso lu t ion  w i th  a n o n i n v e r t i n g  me ta l l o -  
graphic  microscopic whose object ive  was i m m e r s e d  
in  the  e lectrolyte .  E x a m i n a t i o n  was  m a d e  in  two 
ways :  (a)  w i th  an  i n t e r f e rome t r i c  a r r a n g e m e n t  us -  
ing  two polar ized waves  (Nomarsk i  sys tem) ,  a nd  
(b)  w i th  o r d i n a r y  polar ized  light.  The  first me thod  
gives a reso lu t ion  of a few dozen angs t r5ms;  the  
second makes  ev iden t  the ex is tence  of c rys ta l l ine  
layers  as they  are fo rmed  at the  anode surface.  The  
resul t s  h a v e  been  observed  v isua l ly ,  and  recorded  by  
means  of mic ropho tography  and  mic roc inema t og -  
raphy.  ~-~7 

We have  es tab l i shed  tha t  d u r i n g  e lec t ropol i sh ing  
the  surface  becomes more  and  more  u n i f o r m  and  can 
become per fec t ly  smooth  w i t h i n  a few dozen a n g -  
strSms. If po l i sh ing  is con t inued  on such a surface,  
its appea rance  does no t  change.  The homogene i ty  of 
the d issolu t ion  seems to con t rad ic t  the a-effect ,  he t -  
e rogeneous  b y  defini t ion.  

The  pol i sh ing  somet imes  can be  accompl ished  
w i t h o u t  the  appea rance  of a l aye r  on the  anodic  su r -  
face. But,  if it  appears  ( and  it is c lear ly  v is ib le  in  
polar ized l igh t ) ,  it is qu i te  homogeneous ,  and  an  i m -  
p o r t a n t  fact is tha t  it d i sappears  on i n t e r r u p t i n g  the  
cur ren t .  Opt ical  examina t ion ,  as wel l  as chemica l  
analysis ,  1~ shows tha t  this  film has n o t h i n g  in  com-  
m o n  wi th  the  oxide film which  is fo rmed  w h e n  the  
anode  is jus t  be low the  pol i sh ing  po ten t i a l ;  this  
oxide film d isappears  w h e n  the  po l i sh ing  r ange  is 
a t ta ined .  

F r o m  a chemica l  po in t  of view, the reac t ions  i n -  
vo lved  in  the  m e c h a n i s m  of the  A-effect ra ise  add i -  
t iona l  difficulties. 

In  the  e x p e r i m e n t s  to which  we refer ,  for example  
the  anodic  d isso lu t ion  of pu re  A1 in  solut ions  con-  
t a i n i n g  C10,- ions, ~ .... the  electrode does no t  unde r go  
any  " spon taneous"  d isso lu t ion  w h e n  the re  is no ap-  
pl ied cur ren t .  In  e lect ropol ishing,  no gas evo lu t ion  
is apparen t .  If, according  to the  a r g u m e n t  of S t r a u -  
manis ,  a " spon taneous  d isso lu t ion"  occurs on pa r t s  
of the  me t a l  m a d e  ba re  by  anodic  dissolut ion,  one 
m u s t  i ndeed  consider  the poss ib i l i ty  of u n u s u a l  
chemica l  react ions,  for example  the  r educ t ion  of 
pe rch lo ra te  to chlor ide on the  me ta l  surface.  Accord-  
ing  to au thors  who have  s tudied  this  quest ion,  ~ the  
r educ t ion  is difficult, even  if the surface  has been  
"made  ba r e "  by  a m a l g a m a t i o n .  

We have  exp la ined  the  appea rance  of r ed uc t i on  
products  in the  e lec t ro ly te  by  the r e t u r n  to the i r  
s table  va lence  of ions fo rmed  at  the  anode  in  a lower  
and  u n s t a b l e  va lence  state. Q u a n t i t a t i v e  ana lys i s  has 
conf i rmed this  hypothesis ,  ~'~'~'~ and  the  w o r k  of 
others  w i th  qu i t e  d i f ferent  so lut ions  ~ has shown  tha t  

1~I. Epe lbo in ,  M. E r o m e n t ,  a n d  G. N o m a r s k i ,  R e v .  Mdtal l . ,  55, 
260 (1958). 

16M. F r o m e n t ,  Thes i s  1958, Corros ion  e t  an t i -corros ion ,  6 (Nov.  
1958). 

iv " E t u d e  M i c r o s c o p i q u e  d u  Po l i s s age  E l e c t r o l y t i q u e , "  F i l m  p re -  
p a r e d  b y  I. E p e l b o i n  and  M. F r o m e n t  ( w i t h  the  a s s i s t ance  of  
G. N o m a r s k i ) .  

is I. E p e l b o i n  and  M. F r o m e n t ,  C o m p .  rend . ,  238, 2416 (1954). 
19 Ph.  B r o u i l l e t ,  I. Epe lbo in ,  a nd  1VL F r o m e n t ,  C o m p t .  rend . ,  239, 

1795 (1954). 
2OM. F r o m e n t ,  D i s se r t a t ion ,  Pa r i s  (1954). 

the  r educ t ion  products  can be fo rmed  at  some dis-  
t ance  f rom the  electrode.  

In  addi t ion,  we have  descr ibed ..... the  precise 
m e a s u r e m e n t  of the  electrode po ten t i a l  w i th  respect  
to a re fe rence  electrode.  The  anodic  ove rpo ten t i a l  is 
considerable ,  and  it  is difficult to pos tu la te  a r eason-  
able  m e c h a n i s m  of r educ t ion  at  the  e lect rode su r -  
face. Even  if this  chemica l  r eac t ion  exists,  we do not  
see how it could exp la in  the  cons tancy  of the  y ie ld  
w h e n  such p a r a m e t e r s  as t ime  of e lectrolysis  and  
c u r r e n t  dens i ty  are  var ied .  We have  observed  a y ie ld  
cons t an t  to abou t  1% as bo th  p a r a m e t e r s  were  v a r -  
ied over  a r a nge  of 1 to 20. ~'~ 

On the  o ther  hand ,  the  impor t ance  of the  " spon-  
t aneous  d isso lu t ion"  ought  to v a r y  if t he  po ten t i a l  of 
the  e lect rode is changed,  w i th  a consequen t  change  
in  the yield.  Now, e x p e r i m e n t  has shown  tha t  the  
anoma lous  y ie ld  is not  modif ied by  change  in  the 
po l i sh ing  potent ia l .  1~'~''27 E v e n  on chang ing  the po t en -  
t ia l  b y  i n c o r p o r a t i n g  the m e t a l  s tud ied  in  an  alloy, 
for e xa mp l e  A1-Ni, 1~'~''~7 the A1 re t a ins  the  same ab-  
n o r m a l  valence .  In  this case, the  e lec t rochemica l  po-  
t en t i a l  is changed  as m u c h  as 500 mv,  w i t hou t  any  
e x t e r n a l  polar izat ion.  Again,  we do not  see how the  
a-effect  can exp la in  these resul ts .  

F ina l ly ,  we  wish  to po in t  out, in  response  to a 
ques t ion  of the author ,  tha t  we have  m e a s u r e d  the 
y ie ld  of anodic  d issolu t ion  d u r i n g  e lec t ropol i sh ing  
of most  o f  the  common  metals .  1~'='~ W i t h  ce r ta in  
meta ls ,  the va lence  ca lcu la ted  f rom these m e a s u r e -  
me n t s  has been  the  lowest  c u s t oma r y  va lue :  Mo '+, 
Bi ~+, V ~+, Mn ~+, Zr  ~+, Fe ~+, Cd ~+, Co 2+, Ni ~+, Sn  ~+, p b  ~+, Ga  +, 
In  +, Hg +, Ag +, Cu +, Li § Wi th  others,  we have  found  a 
va lence  lower  t h a n  the  lowest  accepted va lues :  La  +, 
Ce +, Ti +, Zn  +, U § Mg +, A1 +, Be +. The va lues  found  are  
in  no case g rea te r  t h a n  a k n o w n  valence ,  and  they  
are n e v e r  less t h a n  un i ty .  

M. E. S t r a u m a n i s :  The  nega t ive  difference effect 
is found  w h e n  the  ra te  of self-dissolution of a me t a l  
e lec t rode  increases  whi le  u n d e r  an anodic  cur ren t ,  
and  the  posi t ive  a - e f f e c t - - w h e n  u n d e r  the  same con-  
di t ions  this  ra te  decreases.  F r o m  the  loss of we igh t  of 
the electrode a nd  f rom the  t ime  and  s t r e n g t h  of the  
c u r r e n t  pass ing  the  anode,  the  va l e nc y  of the  m e -  
ta l l ic  ions pushed  into so lu t ion  can be calculated.  If, 
now, the difference effect ( t ha t  is, t he  inc rease  or 
decrease of se l f -d i s so lu t ion  ra te  d u r i n g  the  flow of 
c u r r e n t )  is d is regarded,  one wi l l  ca lcu la te  in  the  first 

case a decrease in  the  va l e nc y  of ions going anod -  
ica l ly  in to  so lu t ion  (because  the  weigh t  of the  me t a l  
wh ich  dissolved outs ide  the  fa rada ic  c u r r e n t  was  no t  
t a k e n  in to  cons ide ra t ion ) ,  and,  vice versa,  an  i n -  

crease in  the  ionic charge  in  the  second case. 

Both  effects were  s tud ied  by  the  au tho r  ~' a nd  they  
also were  observed  by  others,  e.g., the  nega t ive  
effect by  H e u m a n n  and  associates d u r i n g  the  anodic  

m Ph.  B r o u i l l e t ,  Thes i s  1955, Mdtau:c  ( C o r r o s i o n - I n d u s . ) ,  30, No. 
356 - -Apr i l ,  No. 357--May,  No. 358 - -$une  (1955). 

"~ I. Epe lbo in ,  Z.  E l e k t r o c h e m . ,  59, 691 (1955). 
23 W. R. K i n g  a n d  C. S. G a r n e r ,  J .  P h y s .  C h e m . ,  58, 29 (1954). 

I. E p e l b o i n  a n d  IVL F r o m e n t ,  73rd C o l l o q u e  I n t e r n a t i o n a l  d u  
C.N.R.S.,  Par is ,  1956, M d t a u x  ( C o r r o s i o n - I n d u s . ) ,  32, 55 (1957). 

2~ M. D. Rausch ,  W. E. MeEwen ,  and  J.  K l e i n b e r g ,  J. A m .  C h e m .  
Soc. ,  77, 203 (1955). 

e~ Ph.  B r o u i l l e t  a n d  F. Monno t ,  Bul l .  soc. t rauc ,  dlectr ic iens ,  8, 
498 (1958). 

-~ M. F r o m e n t ,  B u l l  soc. ]ranc.  ~Iectriciens,  8, 505 (1958). 
~ M .  E. S t r a u m a n i s ,  T h i s  Journa l ,  105, 284, 286 (1958). 
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pas s iva t ion  of Cr  Y and on s ta inless  s teel  by  T o m a -  
schow. ~ Bo th  effects a re  p ropo r t i ona l  to the  c u r -  
r e n t  densi ty ,  m e a n i n g  tha t  the  ra t io  of the  ra te  of 
se l f -d i s so lu t ion  and of en fo rced  r a t e  ( t h r o u g h  c u r -  
r en t )  is constant ,  and i n d e p e n d e n t  of the  pH of the  
solut ions.  

In  the  case of A1 co r rod ing  in KC1, the  increase  in  
r a t e  of se l f -d i s so lu t ion  w h i l e  the  anodic  c u r r e n t  was  
on could  be  d i r ec t l y  observed .  Besides,  i t  could  b e  
seen tha t  the  p r o t e c t i v e  (ox ide)  l a y e r  on A1 b r o k e  
d o w n  u n d e r  the  impac t  of anodic  cur ren t .  Thus,  the  
inc rease  in se l f -d i s so lu t ion  could  be a t t r i b u t e d  to 
the  scale b r e a k d o w n .  I t  is not  said tha t  the  l a t t e r  
shou ld  in a l l  cases be  an ox ide  scale;  i t  can  be  a sa l t  
l aye r  as wel l .  E v e n  a m e t a l  w i t h o u t  any  scale at al l  
could  p roduce  a A-effect  if  the  m e t a l  in the  sur face  
becomes  a c t i v a t e d  by  the  anodic  cu r ren t .  The  same  
effect  could  be  p r o d u c e d  by  a dec reas ing  th ickness  
of the scale while under anodic current. If in the ex- 
periment w i t h  A1 in  KC1 the  inc rease  in s e l f - d i s -  
so lu t ion  is d i s regarded ,  a v a l e n c y  l o w e r  t h a n  3 can 
be ca l cu la t ed  for  A1 ions f r o m  the  e x p e r i m e n t a l  data.  
This,  in t he  opin ion  of the  author ,  h a p p e n e d  in the  
w o r k  of Drs. Brou i l l e t ,  Epelboin ,  and  F r o m e n t .  

A l t h o u g h  the  discussors  s ta te  t ha t  in an e l ec t ro ly t e  
con ta in ing  C1Oj  the re  was  no gas evo lu t ion  (at  the  
anode)  d u r i n g  e lec t ropol i sh ing ,  and tha t  the  r e d u c -  
t ion of C1Oj  is difficult  by  the  meta l ,  t h e y  n e v e r t h e -  
less w r i t e  in t he  n e x t  p a r a g r a p h  t h a t  t h e r e  are  r e -  
duc t ion  p roduc t s  p r e sen t  bu t  p r o d u c e d  by  the  A1 
ions of l o w e r  va lency .  Is it not  s imp le r  to w r i t e :  
A1 + 3H+-~ AF + + 3H ( se l f -d i s so lu t ion  wh i l e  u n d e r  
anodic  cu r ren t ,  A-effect)  and t h e n  C1Oj  + 8H->  
Cl- + 4H~O? ~ 

The (active) hydrogen has a certain solubility in 
water and may act at some distance from the elec- 
trode; no lower valency Al-ions are necessary for 
the reduction. In addition, no such ions were ob- 
tained by the discussors when electropolishing was 
made in solutions containing phosphoric acid, chlo- 
rides, or fluorides. ~ It is clear that there was no 
negative A-effect, but probably a positive one during 
the passage of current, as it is well known that the 
effect may change its sign if a metal is anodically 
dissolved in different electrolytes. ~ 

Furthermore, in the last paragraph of the discus- 
sion, two series of metal ions are given. Is it not sur- 
prising that the metals which supposedly produce 
ions of lower valency during electropolishing all are 
t h e  m o s t  a c t i v e  m e t a l s  (Zr  ~+ should  be  t r a n s f e r r e d  
into the  second series because  its mos t  c o m m o n  
v a l e n c y  is 4 )?  These  me ta l s  r eac t  w i t h  t he  e l ec t ro -  
l y t e  ( se l f -d i s so lu t ion )  as soon as the  p r o t e c t i v e  l a y e r  
is r e m o v e d  or changed  (e.g., by  the  anodic  cur ren t ,  
A-effect ) .  E v e n  ions w i t h  a v a l e n c y  l o w e r  t h a n  1 can  
be  found  by  ca lcu la t ion  in such cases. ~ More  nob le  
me ta l s  exh ib i t  on ly  v e r y  s l ight  A-effects ~ and, t h e r e -  
fore,  no ions of u n u s u a l  v a l e n c y  (1st ser ies)  w e r e  
f o u n d  by  the  discussors  w i t h  such  e lec t rodes .  

F ina l ly ,  the  a s sumpt ion  of t he  discussors,  t h a t  

egTh. Heumann and W. Rbsener, Z. Elektvoehem., 59, 722, 730 
(1955) ; Th. Heumann and F. W. Diekbtter, ibid,. 62, 745, 748 (1958), 
however, the authors do not mention the words "difference effect," 
but that there was such an effect follows from the description. 

30 N. n. Tomaschow, Z. Elektrochern., 6~, 717, 725 (1958). 
~1I. E!oelhoin, Z. Elektrochem., 59, 689, 690 (1955). 
32I. Epelboin, Z. Elektrochem., 62, 813, 815 (1958). 
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d u r i n g  anodic  po la r i za t ion  ions of l o w e r  v a l e n c y  are  
going  into solut ion,  is c o n t r a r y  to e x p e r i e n c e  ga ined  
in pass iva t ion  e x p e r i m e n t s .  Fo r  instance,  Fe  or  Cr, ~ 
as it, e.g., fo l lows  f r o m  the  r e c e n t  w o r k  of P o u r -  
baix,  35 at smal l  c u r r e n t  dens i t ies  go into so lu t ion  w i t h  
low bu t  n o r m a l  va l enc ie s  and  w i t h  the  v a l e n c y  in -  
c reas ing  at  h i g h e r  c u r r e n t  dens i t ies  (or po t en t i a l s ) ,  
w h i c h  is in accordance  w i t h  our  t heo re t i c a l  con-  
s idera t ions .  

Of course, if the discussors can show that there is 
absolutely no change in the rate of self-dissolution 
of an anode made of an active metal during polariza- 
tion (no A-effect), then their conclusions should be 
regarded as correct (or see last sentence in the dis- 
cussed paper). 

Studies of Natural Convection at Vertical Electrodes 
N. lbl and R. H. M/Jller (pp. 346-353, Vol. 105) 

G. Wrangl~n~h This  p a p e r  is of g r ea t  i n t e re s t  s ince 
i t  shows tha t  the  ve loc i t y  profi les  ob ta ined  in the  
r igorous  n u m e r i c a l  solut ions  of the  b o u n d a r y  l aye r  
equa t ions  by Os t rach  and by  S p a r r o w  and G r e g g  can 
be  r ea l i zed  also in e lec t ro lys i s  e x p e r i m e n t s  u n d e r  
idea l  flow condi t ions  jus t  as t h e y  a l r e a d y  h a v e  been  
rea l i zed  in e x p e r i m e n t s  on t h e r m a l  b o u n d a r y  layers .  
In addi t ion,  a n e w  con t r i bu t i on  is the  app l i ca t ion  in 
the  a p p r o x i m a t e  ana ly t i ca l  t r e a tm en t ,  acco rd ing  to 
von  K~rm~n,  of ve loc i t y  profi les  t ha t  a re  in a g r e e -  
m e n t  w i t h  t heo re t i ca l  expec t a t i ons  and e x p e r i m e n t a l  
findings. The  m e t h o d  adop ted  by  the  au tho r s  is to 
v a r y  ce r t a in  p a r a m e t e r s  in the  ve loc i ty  and concen -  
t r a t i on  func t ions  so tha t  the  ca l cu la t ed  va lues  of u,,, 
and  ~ fit the  e x p e r i m e n t a l  data.  H o w e v e r ,  this  
m e t h o d  wi l l  no t  admi t  a compar i son  b e t w e e n  a 
p u r e l y  t heo re t i ca l  so lu t ion  and  e x p e r i m e n t a l  resul ts .  
This  compar i son  can be  m a d e  if the  func t ions  i n t ro -  
duced  are  adap ted  ins tead  to the  profi les  ob ta ined  by 
a r igorous  n u m e r i c a l  t r e a t m e n t .  I t  should  f u r t h e r  be  
em phas i zed  tha t  any  func t ions  wi l l  g ive  resu l t s  t ha t  
a re  cor rec t  d imens iona l ly .  Only  the  n u m e r i c a l  co- 
efficients in the  express ions  for  m a x i m u m  flow v e -  
locity,  l i m i t i n g  c u r r e n t  densi ty ,  diffusion l aye r  t h i c k -  
ness, concen t r a t i on  dif ference,  etc., wi l l  differ.  H o w -  
ever ,  exac t  va lues  of these  coefficients can eas i ly  be 
ob ta ined  by compar i son  w i t h  the  r igorous  n u m e r i c a l  
solut ions  for  the  a p p r o p r i a t e  S c h m i d t  (o r  P r a n d t l )  
n u m b e r .  

A c c o r d i n g  to these  pr inc ip les ,  the  discussor  has  
p e r f o r m e d  calcula t ions ,  the  m a i n  resu l t s  of w h i c h  
w e r e  r e c e n t l y  pub l i shed  in a shor t  communica t ion .  37 
Whi le  the  concen t r a t i on  profi les  used  w e r e  the  con-  
v e n t i o n a l  ones, co r r e spond ing  to Eq. (V) of the  
pape r  discussed, the  f o l l o w i n g  a p p r o x i m a t i o n  was  
used for  the  ve loc i ty  profile,  v i z . ,  

u =  3 . 3 7 5 u ~ ( 1 - -  2~Y Y [1] 

fo r  
O --<_ y _--< 2 /3  

M. 2. Straumanis and Y. INT. Wang, This Journal, 102, 304 (1956). 
34 M. n. Rausch, W. 2. McEwen, and J. Kleinberg, J. Am. Che~n. 

Soc., 77, 2093 (1954). 
s5 M. Pourbaix, Z. Elektroehem., 6~, 670 (1958). 
s6 Div. of Applied 21ectrochemistry, R•yal ~Institute of Technology. 

Stockholm 70. Sweden. 
37 G. Wrangl4n, Acta Chem. Scand., 1~, No. 4 (1958). 
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Table I 

C o n s t a n t  l i qu id  C o n s t a n t  c u r r e n t  
d e n s i t y  d e n s i t y  

Q u a n t i t y  A . A .  R.N.  A . A .  R .N.  

u,~ 1.18 0.98 1.33 1.1 
5o.~ 3.48 3.54 3.00 3.09 

2.32 2.69 2.00 (2.1) 
i~m 0.575 0.499 - -  - -  
/ c o  - -  c d  - -  - -  1.50 1.59 

Fig. 1. Transition 
from laminar to tur- 
bulent flow in the 
electrode f i lm in elec- 
trodeposition of Cu 
under free convection 
conditions. 

and  

u ~ O.07 0 u~ Sc-~/~ ( 1 . 5  Sc ~/~ - y ) [2] 

for 2/3 8 --<_ y _-< 1.5 Sc ~/~ 8. In  these  expressions,  
S = ~ .... is defined as the  va lue  of y for which  
/ c  --  c J  = 0.99/co - -  c J .  This def ini t ion also a l lows 
an  exact  m e a n i n g  to be ass igned to 8. Eq. [1] i m-  
plies tha t  u~ is reached  at  2/3 8, which  is app rox i -  
m a t e l y  t r u e  for h igh Schmid t  n u m b e r s .  Eq. [2] 
takes  into account  the fact tha t  the  th ickness  (1) of 
the h y d r o d y n a m i c  b o u n d a r y  l ayer  is a f unc t i on  of 
the Schmid t  n u m b e r .  Genera l ly ,  1 --~ ~. Sd/~. 

For  the  n u m e r i c a l  cons tan ts  of in te res t  here,  the  
resul t s  l i s ted in  Tab le  I were  obta ined .  They  refer  to 
Sc ---- 1000, which  is a good m e a n  va lue  for aqueous  
electrolytes ,  p a r t i c u l a r l y  if h igher  t e m p e r a t u r e s  are 
also considered.  

A.A. means  a p p r o x i m a t e  ana ly t i c a l  so lu t ion  a nd  
R.N. r igorous  n u m e r i c a l  solut ion.  The tab le  shows 
tha t  the  a p p r o x i m a t e  profiles in t roduced ,  a l though  

compara t i ve ly  simple,  are  a sa t i s fac tory  subs t i t u t i on  
for those ob ta ined  in  the r igorous  n u m e r i c a l  t r e a t -  

ments .  This  can also be shown  by  p lo t t ing  the r e -  
spect ive profiles in  the same diagram.  In  a compar i -  
son w i t h  e x p e r i m e n t a l  results ,  the  cons tan t s  de r ived  
f rom the  n u m e r i c a l  solut ions  should  be used. Ex -  
p e r i m e n t a l  va lues  for the  coefficients are:  1.04 for 
u~, 1.63 for ~ (at  cons tan t  c.d.), and  0.505 for the  
l i m i t i n g  c.d. ~ 

The  fact  tha t  the  flow becomes t u r b u l e n t  at  r e l a -  
t i ve ly  low va lues  of the  Grashof  n u m b e r  is i l lus -  
t r a ted  by  Fig. 1 pub l i shed  here  which  was  ob ta ined  

~s C. R. W i l k e ,  IV[. E i s e n b e r g ,  a n d  C. W. Tob i a s ,  This Journal,  I00, 
513 (1953).  

89 E. S c h m i d t ,  Forsch. Gebiete Ingenieurw. ,  3, 181 (1932}. 
4o i t .  H.  Mt i l le r ,  D i s s e r t a t i o n  No.  2668, S w i s s  F e d e r a l  I n s t i t u t e  of  

T e c h n o l o g y ,  Z u r i c h  (1956).  

537 

by  a sch l ie ren  t e c hn i que  w i t hou t  lenses. 3~ A cathode 
in  a 1M CuSO~-solut ion was  p laced  in  a b e a m  of 
pa ra l l e l  l ight  a nd  the  shadow was photographed.  The  
electrode,  f i l l ing the whole  cross sect ion of the  elec-  
t rolyte ,  was  180 m m  high  a n d  the pho tog raph  was  
t a k e n  b e t w e e n  x = 80 and  x---- 140 mm.  The  cu r -  
r en t  dens i ty  was  1.5 a m p / d i n "  and  the  t e m p e r a t u r e  
20~ Whi le  l a m i n a r  flow on the  lower  pa r t  of the 
cathode is ev iden t  f rom the cons t an t  dev ia t ion  of 
l ight  a nd  a r egu la r  ve r t i ca l  mot ion  in  the  b r igh t  
band ,  the  condi t ions  on the  uppe r  pa r t  of the  cathode 
are c lear ly  t u r b u l e n t .  The  t r ans i t i on  f rom l a m i n a r  to 
t u r b u l e n t  flow u n d e r  the  condi t ions  m e n t i o n e d  oc- 
curs  at  x --~ 100 m m  both  at  the cathode and  the 
anode.  The same resu l t  was  ob ta ined  wi th  electrodes,  
1000 m m  in  height .  These resul t s  seem to agree  wi th  
those repor ted  in  the  paper  u n d e r  discussion.  They  
obvious ly  i mp l y  tha t  i n  fu l l - sca le  e lect rolys is  (e.g., 
copper  re f in ing)  the free convec t ive  flow is t u r b u -  
l en t  over  the  m a i n  pa r t  of the  electrodes.  Ca lcu la -  
t ions, based on an  a s sumpt ion  of l a m i n a r  flow, are 
t hen  of qua l i t a t i ve  va lue  only.  This s i tua t ion  stresses 
the  need  for at  least  empi r i ca l  re la t ions  for mass  
t r ans fe r  u n d e r  t u r b u l e n t  f ree convec t ion  condi t ions.  

N. Ibl :  The  i n t e r e s t i ng  resul ts  r epor t ed  by  W r a n g -  
16n on the  onset  of t u r b u l e n c e  in  n a t u r a l  convec t ion  
are in  a g r e e m e n t  w i th  the  f indings of R. Miiller.  In  
our  opt ical  exper imen t s ,  the flow became  t u r b u l e n t  ~~ 
for i n s t ance  at  a he ight  of 8 cm wi th  a c u r r e n t  d e n -  
si ty of 20 m a / c m  ~ and  at  a he ight  of 14 cm wi th  a 
c u r r e n t  dens i ty  of 4 m a / c m  ~. This  corresponds  to a 
Ray le igh  n u m b e r ,  Ra (Ra = Sc x Gr)  of rough ly  
4 x 1 0  ~1 ( compared  to a Ra of 2 x  10 ~ repor ted  by  
S a u n d e r s  41 for the t r ans i t i on  to t u r b u l e n c e  in  hea t  
t r ans f e r ) .  As W r a n g l 6 n  poin ts  out,  the  ques t ion  
arises as to how far  the  re la t ions  h i the r to  der ived  
are  st i l l  va l id  w i th  ta l l  electrodes,  of the k ind  used 
in  technica l  cells. M. G. F oua d  has s tud ied  exper i -  
m e n t a l l y  in  our  l abo ra to ry  the  mass  t r ans fe r  by  
n a t u r a l  convec t ion  at Ray le igh  n u m b e r s  above 101~. 
His u n p u b l i s h e d  e x p e r i m e n t s  show tha t  the l im i t i ng  
c u r r e n t  has a t e n d e n c y  to become a lmos t  i n d e p e n d -  
en t  of the he ight  w i th  ta l l  electrodes.  The  slope of 
the l ine  log Nu  vs. log Ra is somewha t  l a rge r  t h a n  
1/4. In  this  inves t iga t ion ,  the  cathodic l im i t i ng  cu r -  
r e n t  was  m e a s u r e d  in  the  u sua l  w a y  wi th  electrode 
he ights  up  to 100 cm and  CuSO4-solut ions ac idu la ted  
w i th  H~SO,, the  concen t r a t i on  of the CuSO~ r a n g i n g  
f rom 0.01 to 0.73M. 

Conce rn ing  the ques t ion  of the profiles as dis-  
cussed by  Wrang l4n ,  the re  is no doub t  t ha t  the re -  
sul ts  ob ta ined  by  von  K ~ r m h n ' s  me thod  should  be-  
come be t t e r  w i th  inc reas ing  accuracy  of the  profiles 
employed.  However ,  it  is i n t e re s t ing  to no te  tha t  the  
profiles h i the r to  c o m m o n l y  used in  the app l ica t ion  of 
von  K h r m h n ' s  me thod  to n a t u r a l  convec t ion  [Eq. (V) 
and  (VII )  of the discussed paper ] ,  a l though  they  

a re  far  f rom true,  y ie ld  l i m i t i n g  cu r ren t s  which  differ 
b y  on ly  2% "~ f rom those de r ived  f rom the  r igorous  
t r e a t m e n t  g iven  by  Ostrach.  In  the  case of the  m a x i -  

m u m  flow velocit ies,  the a g r e e m e n t  is less good bu t  

~1 R. S a u n d e r s ,  Proc. Roy. Soc. (London) ,  A157,  278 (1936).  
4~ C. R. W i l k e ,  C. W. Tob i a s ,  M. E i s e n b e r g ,  Chem. Eng. Progr., 49, 

663 (1953);  S. O s t r a c h ,  Nat. Adv isory  Comm. Aeronaut . ,  Technote  
Note  2635 (1952).  
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the  d i f fe rence  is s t i l l  no t  v e r y  la rge ,  the  n u m e r i c a l  
coefficient  in  t h e  e q u a t i o n  for  t he  f low ve loc i t i e s  
b e i n g  0.98 for  the  r i go rous  m e t h o d  ~ and  0.77 in  the  
case  of yon  K ~ r m ~ n ' s  a p p r o x i m a t i o n  us ing  the  a b o v e  
prof i les  ( T a b l e  I of t he  d i scussed  p a p e r ) .  I t  was  t hus  
f e l t  w o r t h  w h i l e  to s t u d y  in  some m o r e  de t a i l  the  i n -  
f luence of t h e  a s s u m e d  prof i les  on the  r e su l t s  ob -  
t a i n e d  w i t h  von  K h r m h n ' s  me thod .  This  was  a c h i e v e d  
b y  v a r y i n g  the  p a r a m e t e r s  of Eq. (VI I I )  to (X)  of 
t he  d i scussed  pape r .  I t  was  found  t h a t  t h e  r e su l t s  d e -  
p e n d  g r e a t l y  on the  a s s u m p t i o n  m a d e  on  the  r e l a t i v e  
loca t ion  of t he  ve loc i t y  m a x i m u m  a n d  t h e  shape  of 
t he  ve loc i t y  prof i le  up  to t he  m a x i m u m ,  but ,  w i t h i n  
a w ide  range ,  t h e y  a r e  a lmos t  not  a f fec ted  b y  a v a r i -  
a t ion  of t h e  s lope  of the  ve loc i t y  prof i le  b e y o n d  the  
m a x i m u m .  This  m i g h t  he lp  to u n d e r s t a n d  h o w  i t  is 
poss ib le  t h a t  Eq. (V) a n d  (VI I )  g ive  good r e su l t s  in  
sp i te  of t he  fac t  t h a t  t h e y  a re  qu i t e  w r o n g  in the  
o u t e r  p a r t s  of t h e  b o u n d a r y  l aye r .  I t  m i g h t  be  n o t e d  
tha t ,  w i t h  v e l o c i t y  prof i les  of the  t y p e  used  b y  
Wrang l6n ,  t he  r e su l t s  a r e  also p r a c t i c a l l y  i n d e p e n d -  
en t  of t h e  s lope  b e y o n d  the  m a x i m u m .  This  s lope  is 
in th is  case i n v e r s e l y  p r o p o r t i o n a l  to Sc ~j~, w h i c h  is 
r o u g h l y  10 in aqueous  solut ions .  H o w e v e r ,  if a v a l u e  
of 5 or  20 is u sed  i n s t e a d  of 10, t he  c a l c u l a t e d  m a x i -  
m u m  of t h e  flow v e l o c i t y  at  cons t an t  l i qu id  dens i ty ,  
for  ins tance ,  is c h a n g e d  b y  less t h a n  2%.  

I n  the  d i scussed  pape r ,  the  m e a s u r e d  ve loc i t i e s  
w e r e  no t  c o m p a r e d  w i t h  t he  va lue s  o b t a i n e d  b y  the  
r i go rous  me thod ,  s ince  the  e x t r a p o l a t i o n  to h igh  
S c h m i d t  n u m b e r s  of the  ve loc i ty  d i s t r i b u t i o n s  shown  
g r a p h i c a l l y  b y  S p a r r o w  a n d  Cregg  '~ for  a few P r a n d t l  
n u m b e r s  b e t w e e n  0.1 a n d  100 a p p e a r e d  i naccu ra t e .  
I t  is e n c o u r a g i n g  t h a t  t he  f igure  of 1.1 g i v e n  in 
W r a n g l 6 n ' s  d i scuss ion  for  t h e  n u m e r i c a l  coefficient 
of the  e q u a t i o n  for  t h e  flow ve loc i t y  ( w h i c h  was  e x -  
t r a p o l a t e d  to Sc = 1000 f r o m  m o r e  a c c u r a t e  va lue s  
of t he  r i go rous  so lu t ion  c o m m u n i c a t e d  b y  S p a r r o w  
and  Cregg )  is in  v e r y  good a g r e e m e n t  ~ w i t h  t h e  e x -  
p e r i m e n t a l  v a l u e  of 1.04. 

A Contribution to the Theory of Stress Corrosion 
in AI -4% Cu Alloys 

w. H. Coiner and H. T. Francis (pp. 377-384, Vol. 105) 

G. J.  Schafer and T. MarshalPh The  c o m m e n t s  r e -  
g a r d i n g  H~O~ c o n c e n t r a t i o n  v a r i a b i l i t y  d u r i n g  tes t s  
a r e  of g r e a t  i n t e re s t .  P a r t l y  for  th is  reason ,  w e  h a v e  
m u c h  g r e a t e r  conf idence  in  t he  ac id  ch lo r ide  gas  
e v o l u t i o n  tes t  for  i n t e r c r y s t a l l i n e  cor ros ion  su scep t i -  
b i l i t y  t h a n  in  t h e  s a l t - p e r o x i d e  test .  I t  has  been  
shown  "7 t h a t  i m p o r t a n t  compos i t i on  v a r i a b l e s  r e m a i n  
cons t an t  d u r i n g  the  f o r m e r  test .  

W e  do no t  e n t i r e l y  a g r e e  w i t h  the  i n t e r p r e t a t i o n  of 
some  of t he  r e su l t s  p r e s e n t e d  b y  the  au tho r s .  T h e  
p o l a r i z a t i o n  cu rves  in  F ig .  7 and  8 of the  d i scussed  
p a p e r  i nd i ca t e  m i x e d  r a t h e r  t h a n  ca thod ic  control .  
Ca thod ic  con t ro l  imp l i e s  a l a r g e  d i f fe rence  in p o l a r i -  

za t ion  cu rve  s lopes  w i t h  the  ca thode  p o l a r i z a t i o n  
c u r v e  be ing  r e l a t i v e l y  m u c h  s teeper .  Aga in ,  in Fig.  6, 
c u r r e n t  is on ly  in f luenced  b y  ca thode  a r e a  a t  l a r g e  
ca thode :  anode  ra t ios ,  w h i c h  ind i ca t e s  m i x e d  cont ro l .  

The  a r e a  effect d e m o n s t r a t e d  in  Fig.  2 of the  p a p e r  
does  no t  n e c e s s a r i l y  s u p p o r t  t he  con ten t ion  t h a t  the  
g r a i n  b o u n d a r y - g r a i n  cen t e r  co r rod ing  cel l  is u n d e r  
ca thod ic  control .  In  t h e  case  of the  spec imens  not  
connec t ed  to a u x i l i a r y  e lec t rodes ,  the  r a t i o  of g r a i n -  
c e n t e r  to g r a i n - b o u n d a r y  a r e a s  is cons tan t .  The re fo re ,  
t he  f a i l u r e  t ime  vs. e x p o s e d  a r e a  c u r v e  m u s t  be  e x -  
p l a i n e d  p u r e l y  on t h e  bas i s  tha t ,  w h e n  a l a r g e r  spec -  
i m e n  a r e a  is exposed ,  m o r e  g r a i n - b o u n d a r y  t r enches  
a r e  f o r m e d  in the  s t r e s sed  m e t a l  sur face ,  a n d  the  
time required for a given deflection is therefore 

shorter. 
The disappearance of the area effect when auxili- 

ary electrodes were used is not very relevant. It is 
shown in Fig. 8 that stressed 2024 is anodic to un- 
stressed 2024 (this effect of stress has been observed 
on other materials), 4s so, when a stressed specimen 

is electrically coupled to an unstressed specimen, the 
system under consideration is equivalent to a bi- 
metallic couple and has no simple relation to a 
stressed specimen by itself. Auxiliary electrodes of 
any more noble metal having appropriate polariza- 
tion characteristics would have a similar effect on 
times to failure of the stressed specimens. 

We would appreciate the authors' comments on 

our interpretation of their data. 
H. T. Francis and W. If. Colner: It is conceded that 

Fig. 7 and 8 could be interpreted as indicating mixed 
control rather than cathodic control. In the couples 
of Fig. 6, however, the current was determined by 
the total cathode area when the anode area was held 
constant (C curves). Conversely, the current was 
unaffected by changes in anode area when the cath- 
ode area was held constant (A curves). This we in- 

terpret as cathodic control. 
With regard to the area effect demonstrated in Fig. 

2, we agree that the ratio of grain-center area to 
grain-boundary area is constant in any given speci- 
men. For small specimens, however, we contend that 
t h e  ca thod ic  a r e a  is insuff ic ient  to p r o d u c e  e n o u g h  
to t a l  anodic  a t t a c k  to p r o m o t e  c rack ing .  W i t h  l a r g e r  
spec imens ,  t he  t o t a l  ca thod ic  a r e a  p r o m o t e s  r a p i d  
enough  a t t a c k  on some of t he  anodic  zones to p e r m i t  
c rack ing .  R e f e r e n c e  is m a d e  to the  w o r k  of Mea t s ,  
Brown ,  and  Dix  on th is  poin t .*  

W e  a g r e e  t h a t  coup l ing  to o t h e r  s u i t a b l e  ca thode  
m a t e r i a l  w o u l d  cause  s m a l l - a r e a  spec imens  to c rack .  
The  ques t ion  t h e n  r e m a i n s :  W h y  do s m a l l - a r e a  
spec imens  no t  fa i l  b y  t h e m s e l v e s ?  We k n o w  t h e y  
possess  anod ic  g r a i n - b o u n d a r y  zones,  s ince  t h e y  
c r a c k  r e a d i l y  w h e n  coup led  to  a u x i l i a r y  ca thodes .  
The  conc lus ion  t h e n  m u s t  be  t ha t  t h e y  canno t  in  
t h e m s e l v e s  p r o v i d e  suff icient  ca thod ic  ac t ion  to cause  
c rack ing .  

4a The  K v a l u e  of 0.98 i n d i c a t e d  o n  t h e  t h i r d  l i ne  of Tab le  I of t h e  
d i scussed  p a p e r  is equa l  to  t he  r o u n d e d  n u m e r i c a l  coeff ic ient  in  
W r a n g l 4 n ' s  e q u a t i o n  fo r  t he  f low v e l o c i t y  a t  c o n s t a n t  l i q u i d  d e n s i t y  
a l o n g  the  i n t e r f a c e  [Acta Chem.  Scand. ,  1~, 1143 (1958) ]. The  f igu re  
of 0.98 was  d i r ec t l y  o b t a i n e d  f r o m  the  v a l u e  of F" (~) g i v e n  by  
O s t r ach  fo r  a P r a n d t l  n u m b e r  of  1OOO, t h e  m e t h o d  used  i n  t h e  
d e r i v a t i o n  b e i n g  p r o b a b l y  v e r y  s i m i l a r  to t h a t  e m p l o y e d  i n d e p e n d -  
e n t l y  by  W r a n g l 6 n  (S .  W r a n g l 6 n ,  Trans .  Roy .  Inst .  Technol . ,  S tock -  
holm,  I n  p ress ) .  

** E. M. S p a r r o w  and  J.  L. Cregg,  Trans .  A m .  Soc. Mech.  Engrs . ,  
78, 435 (1956). 

45The n u m e r i c a l  f ac to r  of 2 i n  t he  r i g h t - h a n d  s ide  of Eq. 
(XXI I I )  of t he  d i scussed  p a p e r  is a m i s p r i n t  a n d  s h o u l d  be  omi t t ed .  

~6Dept. of Sc ient i f ic  a n d  I n d u s t r i a l  Research ,  D o m i n i o n  Lab. ,  
P. O. Box  8023, W e l l i n g t o n ,  New Zea land .  

43 T. M a r s h a l l  and  G. ft. Scha fe r ,  J. A p p L  Chem.  ( L o n d o n ) ,  8, 
303 (1958). 

�9 s U .  R. E v a n s ,  " M e t a l  C o r r o s i o n  P a s s i v i t y  a n d  P r o t e c t i o n , "  p.  471, 
E d w a r d  A r n o l d  & Co., L o n d o n  (1937). 

go 1~. B. Mears ,  1~. H. B r o w n ,  and  E. I-I. Dix ,  Jr . ,  " S y m p o s i u m  on  
S t r e s s - C o r r o s i o n  C r a c k i n g  of  Me ta l s , "  A S T M - A I M E ,  323-337 (1944). 
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Fundamentals of the Theory of Electrodes and 
Galvanic Cells 

E. Lange and P. Van Rysselberghe (pp. 420-428, Vol. 105) 

Patrizio Gallone~~ I w o u l d  l ike to take  the  l i be r t y  
to s u b m i t  some ve ry  modes t  cons idera t ions  abou t  
some p a r t i c u l a r  poin ts  of this  paper ,  wh ich  deserves  
the mos t  carefu l  s tudy  by  all  e lec t rochemis ts  w i sh -  
ing to keep abreas t  w i th  the  f u n d a m e n t a l s  of the i r  
subject .  

[2.3] A b o u t  the  las t  s t a t e m e n t  m a d e  by  the  a u -  
thors  in  this  p a r a g r a p h  of the i r  pape r  one m a y  ob-  
ject  tha t  "if chemical  forces we re  a lone  effective" 
the  "cor respond ing  reac t ion"  could on ly  be spon-  
taneous ,  so tha t  in  this  hypo the t i ca l  case A w ou l d  
on ly  be posit ive.  

[2.7] The  e lec t rochemica l  affinity is defined as the  
sum of the chemical  affinity and  of a t e r m  der ived  
f rom the  ga lvan ic  tension.  This  te rm,  which  also has  
by  consequence  the d imens ion  of an  affinity, is, 
among  all  the  phys ica l  quan t i t i e s  cons idered  by  the 
authors ,  the  on ly  one tha t  has no t  been  g iven  its own  
name.  F r o m  the  concepts  u n d e r l y i n g  the def ini t ion 
of the  G a l v a n i  tens ion,  one m a y  deduce  t ha t  such 
nameles s  q u a n t i t y  should  be cal led Galvar~i affinity, 
or inner electric al~inity, or electrostatic affinity. 

[2.9] Wi th  r ega rd  to the  s ign of the  r eve r s ib l e  
G a l v a n i  t ens ion  of a g iven  electrode,  one m a y  note  
tha t  the  w a y  in  wh ich  this  q u a n t i t y  has been  defined 
u n d e r  [2.5] is c lear ly  based  on the spon taneous  reac-  
t ion,  viz., e i ther  ~ or fi, as the  case m a y  be, i r respec t ive  
of cons ide r ing  the  electrode x or its reverse  y. This is 
the  reason  for the change  in  s ign w h e n  cons ider ing  the  
reverse  electrode.  Consequen t ly ,  the  s t a t e m e n t  tha t  
the  G a l v a n i  t ens ion  "is the same w h e t h e r  the  elec-  
t rode  reac t ion  is r ega rded  as be ing  ~ or fl," i n s t ead  of 
add ing  a n y  f u r t h e r  clarif ication,  m a y  seem to be at 
v a r i a n c e  w i t h  the def in i t ion  of the G a l v a n i  t ens ion  
itself, wh ich  is based  on the  cons idera t ion  of the  
spon taneous  reac t ion  only.  

These  same cons idera t ions  essen t ia l ly  apply  also to 
the  s ign of the  co r respond ing  chemica l  tension.  

[4.11] As to the  m u t u a l  i n t e r d e p e n d e n c e  of the  
cell t ens ion  U and  the  e lec t romot ive  force E, m a y  it 
be  emphas ized  tha t  we "a lways"  have  U = - - E  p ro -  
v ided  tha t  the  e q u i l i b r i u m  condi t ions  of the  r eve r s i -  
b le  process are satisfied. For  a be t t e r  u n d e r s t a n d i n g  
of the rec iprocal  behav io r  of ,U and  E, as wel l  as of 
the i r  d i f ferent  na tu re ,  it  can be no ted  tha t  these two 
tens ions  are in  the  same re la t ionsh ip  as an  ac t ing  
and  a r eac t ing  force in  a mechan i ca l  system. The 
chemical  tension,  or e lec t romot ive  force, E of the 
Ga lvan ic  cell  can be  compared  to a static p ressure  
exer ted  by  a fluid aga ins t  the  wa l l  of its conta iner ,  
and  the  e lect ros ta t ic  t ens ion  U is comparab le  to the  
reac t ion  force opposed by  the vessel.  W h e n e v e r  the  
reac t ion  force is decreased,  e.g., by  es tab l i sh ing  a 
meta l l i c  connec t ion  b e t w e e n  the  two cell electrodes,  
or  by  open ing  an  a p e r t u r e  t h rough  the wa l l  of a 
f l u i d - c o n t a i n i n g  vessel,  a new  e q u i l i b r i u m  of a d y -  

5o Oronzio  de  Nora,  I m p i a n t i  E l e t t r o c h i m i c i ,  Mi l an ,  I t a ly .  
51 Cor ros ion  Lab. ,  M a s s a c h u s e t t s  I n s t i t u t e  of Techno logy ,  C a m -  

b r i d g e  39, Mass. 
5~ C. W a g n e r ,  I n t e r n a t i o n a l  S y m p o s i u m  on  P a s s i v i t y ,  J u g e n h e i m ,  

Wes t  G e r m a n y ,  S e p t e m b e r  1957. 
A m e t a l  is ca l l ed  pa s s ive  i f :  (a) on  i n c r e a s i n g  t he  e lec t rode  po-  

t e n t i a l  t o w a r d  m o r e  n o b l e  va lues ,  t he  r a t e  of  anod ic  d i s s o l u t i o n  i n  a 
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n a m i c  sort  comes about ,  wi th  a flow of electric 
charges  or of fluid a n d  the  consequen t  appea rance  of 
forces h a v i n g  a d iss ipa t ive  na tu re .  

A m e c h a n i c a l  compar i son  such as the  above m a y  
sound  somewha t  t r iv i a l  at the h igher  stages of theo-  
re t ica l  s tanding ,  b u t  it is e x t r e m e l y  he lp fu l  at  the  
lower  ones in  g iv ing  more  concre teness  to the  f u n d a -  
m e n t a l  concepts  e x p o u n d e d  by  the authors .  

E. Lange and P. Van Rysselberghe: The au thors  
apprec ia te  Dr. Ga l lone ' s  in te res t  in  the i r  paper .  

The  s t a t e m e n t  m a d e  abou t  p a r a g r a p h  [2.3] is e r -  
roneous.  The chemica l  affinity of an  electrode reac -  
t ion  wi l l  be  pos i t ive  or nega t i ve  according  to the 
d i rec t ion  in  which  the reac t ion  is wr i t t en .  

In  connec t ion  w i th  p a r a g r a p h  [2.7], we agree tha t  
an  express ion  such as electric affinity could wel l  be  
used. This  has, in  fact, b e e n  suggested in  the  1958 
vers ion  of the  repor t  on Elec t rochemica l  N o m e n c l a -  
t u r e  a nd  Defini t ions of the I n t e r n a t i o n a l  Commi t t ee  
of E lec t rochemica l  T h e r m o d y n a m i c s  a nd  Kine t ics  
(C.I .T.C.E.) .  

The  s t a t e m e n t  m a d e  abou t  p a r a g r a p h  [2.9] is e r -  
roneous.  P a r a g r a p h  [2.5] defines the  chemica l  t e n -  
sion, no t  the  electr ic  or G a l v a n i  tension.  Moreover,  
the  d i rec t ion  in  which  these  tensions,  chemical  and  
electric,  are  t a k e n  corresponds  to the m a n n e r  in  
which  the  phases  a re  coun ted  a nd  not  to the d i rec-  
t ion  in  which  the  electrode reac t ion  m a y  be spon-  
taneous .  

We agree tha t  the  ana logy  deve loped  by  Dr. Ga l -  
lone  in  connec t ion  w i th  p a r a g r a p h  [4.11] m a y  be of 
some help in  an  e l e m e n t a r y  discussion of e lec t ro-  
chemica l  e q u i l i b r i u m  and  of the  d e p a r t u r e  f rom this  
equ i l i b r ium.  

The Mechanism of Passivating-Type Inhibitors 
M. Stern (pp. 638-647, Vol. 105) 

H. H. Uhlig~h The  e lec t rochemica l  m e c h a n i s m  for 
pass iva t ion  of meta l s  by  oxid iz ing  pass ivators ,  as 
ou t l i ned  by  Dr. S tern ,  is a r easonab le  proposal  and,  
in  m y  opinion,  fits the facts as we now k n o w  them.  In  
a pape r  by  Dr. K i n g  a nd  myself ,  p r e sen t ed  at this  
same m e e t i n g  (ECS, Ot tawa,  S e p t e m b e r  1958), we 
have  a r r ived  at  essen t ia l ly  the same mechan i sm.  Dr. 
S t e r n  appears  to l e an  toward  a def ini t ion of pass iv i ty  
which  excludes  nonox id i z ing  passivators .  I concur  
in  the  advan t ages  of such a definit ion,  especia l ly  if 
the  me t a l  a d m i t t e d  to be pass ive  exhib i t s  a F lade  po-  
tent ia l .  Bu t  m a n y  inves t iga to r s  have  t r a d i t i ona l l y  
defined pass iv i ty  on the basis  of a low corrosion ra te  
(Def ini t ion II, "Corros ion  H a n d b o o k " )  which  i n -  
cludes as pass iva tors  nonox id i z ing  subs tances  l ike  
p ick l ing  inhib i tors ,  Na~PO,, Na2SiO~, and  ca rbon  
monoxide .  P e r ha ps  we  are now  at the  po in t  w he re  a 
c learer  def ini t ion of pass iv i ty  can be fo rmula ted ,  
and,  in  this  regard,  Dr. Car l  W a g n e r  has a l r eady  
move d  in  this  d i rec t ion2 ~ 

Of course, oxid iz ing  p rope r ty  is not  the  on ly  factor  
tha t  en te r s  pass iva t ion  even  in  the  p resence  of a 

g i v e n  e n v i r o n m e n t  as a f u n c t i o n  of e l ec t rode  p o t e n t i a l  u n d e r  s t eady-  
s t a te  c o n d i t i o n s  is  f o u n d  to  be  less  t h a n  t he  r a t e  a t  a lower ,  less 
nob le  p o t e n t i a l ;  or  (b) if ,  on i n c r e a s i n g  t he  c o n c e n t r a t i o n  of  a n  
o x i d i z i n g  a g e n t  in  an  a d j a c e n t  s o l u t i o n  or gas  phase ,  t h e  ra te  of 
o x i d a t i o n  w i t h o u t  f low of e x t e r n a l  e l ec t r i ca l  c u r r e n t  u n d e r  s t e ady -  
s t a te  c o n d i t i o n s  is  f o u n d  to be  less t h a n  t he  ra te  a t  a l o w e r  con-  
c e n t r a t i o n  os t h e  o x i d i z i n g  agent .  
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s t rong  oxidizer.  In  an  e x p e r i m e n t  we did some years  
ago, 18-8 s ta in less  steel in  10% ferr ic  chlor ide  was  
found  to corrode by  p i t t i ng  at a ve ry  h igh rate,  but ,  
on add i t ion  of 3% sod ium ni t ra te ,  the  corrosion ra te  
fel l  to less t h a n  one mi l l i on th  its o r ig ina l  value .  I t  is 
no t  possible  tha t  the n i t r a t e  ion con t r i bu t ed  to the  
cathodic depola r iz ing  act ion of the ferr ic  ion;  i n -  
stead, the  n i t r a t e  ion p r o b a b l y  adsorbed  on  anodic  
areas d i sp lac ing  chlor ide ion and  t h e r e b y  reduced  
the  cr i t ical  c u r r e n t  dens i ty  r equ i r ed  for pass iv i ty  of 
18-8. This m e c h a n i s m  fits in  wi th  the  genera l  p i c tu re  
ou t l i ned  by  Dr. Stern .  Inc iden ta l ly ,  it  is difficult in  
this  ins tance  to conceive of any  m e c h a n i s m  i n v o l v -  
ing b u i l d - u p  of th ick  oxide films as cause of the  
t r e m e n d o u s  decrease in  corrosion rate.  

Wi th  r ega rd  to Fig. 2, it  is u n f o r t u n a t e  tha t  po in t  
E is descr ibed in  the  tex t  as the F lade  potent ia l .  This  
po ten t i a l  is no t  the  same as the  cr i t ical  po ten t i a l  ob-  
served on decay of pass iv i ty  first descr ibed  by  F. 
F lade ,  and  af ter  w h o m  the F lade  po ten t i a l  is named .  
Po in t  E inc ludes  an  u n k n o w n  i n c r e m e n t  of po ten t i a l  
caused by  concen t r a t i on  po la r iza t ion  and  IR drop 
th rough  t e m p o r a r y  th ick  films of anodic  corrosion 
products .  Such films are not  p re sen t  and  do not  
cause e r ror  in  m e a s u r e m e n t  of the t rue  F lade  p o t e n -  
t ia l  w h e n  pass iv i ty  decays. 

W h e t h e r  a cr i t ical  concen t r a t i on  of pass iva tor  
exists  w i th  a c c o m p a n y i n g  sudden  shift  of po t en t i a l  
to the  pass ive  value ,  or ins tead  the shift  in  po ten t i a l  
is more  g r adua l  on inc reas ing  the  pass iva tor  concen-  
t ra t ion ,  depends  on the r ap id i t y  w i th  which  the 
pass iva tor  can  be ca thodica l ly  reduced.  If r educ t ion  
is slow, as is a p p a r e n t l y  the  case w i th  chromates ,  
ch romate  can adsorb inc reas ing ly  on the  me ta l  su r -  
face ( t h e r e b y  p roduc ing  more  cathodic area)  in  ac-  
cord wi th  the  L a n g m u i r  adsorp t ion  isotherm.  If re -  
duc t ion  is rapid,  a cr i t ical  concen t r a t i on  should be 
found  above which,  bu t  no t  below, pass iv i ty  is ob-  
served.  For  the  l a t t e r  case, a L a n g m u i r  adsorp t ion  
behav io r  of po ten t i a l  vs. pass iva tor  concen t r a t i on  
m a y  then  be found  only  on a surface a l r e ady  passive.  
This  s i tua t ion  p r o b a b l y  ob ta ined  in  the  course of 
Gea ry ' s  m e a s u r e m e n t s  showing  a L a n g m u i r  r e l a -  
t ionsh ip  for 18-8 and  t i t a n i u m  in  su l fur ic  acid in  
p resence  of Cu ++ and  Fe  +++. I t  is m y  conc lus ion  t ha t  
the  passive film in  p resence  of ferr ic  or cupr ic  su l -  
fa te  is essen t ia l ly  an  adsorbed  film of oxygen  in  ac-  
cord w i th  the  ideas descr ibed  in  the paper  by  Dr. 
K i n g  and  myself ,  on top of which  Cu ++ or Fe +§ is ad-  
sorbed in  a m o u n t  d e p e n d e n t  on concen t ra t ion .  

I t  is no t  en t i r e ly  clear  w h a t  e x p e r i m e n t a l  cond i -  
t ions  of Okamoto  led to a cons tan t  corrosion p o t e n -  
t ia l  of i ron  shor t  of 10 -~ moles c h r o m a t e / l i t e r  a nd  a 
passive po t en t i a l  thereaf te r .  Care fu l  work  of H e y n  
and  Baue r  ~ shows a g r adua l  change  of po ten t i a l  on 
increase  of ch romate  concen t r a t i on  more  n e a r l y  in  
accord w i t h  da ta  of G e a r y Y  '~ The lower  p u r i t y  i ron  
used b y  Okamoto  is no t  the  cause, ~ and  it is no t  
ce r ta in  w h e t h e r  Okamoto ' s  use of b e e s w a x - r o s i n  to 
shield a por t ion  of his e lectrode surface reduced  

some chromate  at  the  w a x - m e t a l  in te r face  and  p ro -  
duced  a pass ive -ac t ive  cell wh ich  d i s tu rbed  the  po-  
tent ia l .  

I t  is t rue  tha t  Fig. 4 ind ica tes  tha t  the  corrosion 
ra te  in  a pass iva tor  so lu t ion  should  be the  same as 
tha t  which  occurs w h e n  the m e t a l  is pass iva ted  by  
anodic  po la r iza t ion  to the same potent ia l ,  b u t  wi th  
one important provision. This provision is that the 
anode to cathode ratio should be the same in the 
passivator solution as during anodic polarization. 
This situation may or may not prevail in practice, 
depending on the metal and the passivator. 

From data of Fig. 8, it is probable that chemical 
equivalents of passive film substance on Ti are less 
than 0.02 coulomb/cm" in view of the fact that Ti 
corrodes rapidly in boiling sulfuric acid before pas- 
sivity is achieved. The calculated coulombs under 
these conditions partly include those measured in 
forming an insulating reaction product film preced- 
ing build-up of the true passive film. The situation 
is analogous to Fe where the measured coulombs in 
sulfuric acid are found to be 1.6/cm ~7 which in- 
cludes build-up of ferrous sulfate or similar film be- 
fore passivity is achieved. But as Weil ~8 observed, the 
true passive film accounts for only about 0.008 cou- 
lombs/cm ~ of the 1.6 eoulombs/cm ". It well may be, 
therefore, that the chemical equivalents of passive 
film substance on Ti are also consistent with the 
value of about 0.01 coulomb/cm 2 for Fe, which is the 
value found for the passive film on Cr-Fe and 18-8 
stainless  steelsP 7'~ 

Wi th  respect  to Fig. 6, Dr. S t e r n  states that ,  w h e n  
the  redox  sys tem is essen t ia l ly  at e q u i l i b r i u m  on the  
passive surface,  there  is no ne t  r educ t ion  of i n h i b i -  
tor. T h e r m o d y n a m i c a l l y ,  of course, the  to ta l  sys tem 
sti l l  t ends  to react  and  hence  some corrosion u n -  
doub ted ly  occurs. The  ac tua l  s i tua t ion  is p r o b a b l y  
one  in  which  the  ne t  r educ t ion  of the  redox  sys tem 
is finite, bu t  neve r the les s  so smal l  tha t  the  condi -  
t ions  of e q u i l i b r i u m  are no t  apprec iab ly  upset .  

The  effect of oxygen  on pass iv i ty  of Fe  in  p res -  
ence of mo lybda te s  and  tungs t a t e s  ( and  also on the  
ra te  of pass iva t ion  in  presence  of ch romates ) ,  in  
add i t ion  to factors  m e n t i o n e d  by  Dr. S tern ,  is a 
p robab le  increase  in  the  ca thode  to anode  ra t io  f a -  
vo r ing  anodic  pass iva t ion  of the  sma l l e r  anodic  
areas.  This factor  is m e n t i o n e d  in  our  paper .  

F ina l ly ,  I should  l ike to m e n t i o n  tha t  Dr. S t e rn ' s  
pape r  helps c lar i fy  our  u n d e r s t a n d i n g  of pass iv i ty  
a nd  pass ivat ion,  a nd  is a we lcome con t r ibu t ion .  I t  
comes at  a t ime  w h e n  serious effort is be i ng  made,  as 
was  ev iden t  at  the I n t e r n a t i o n a l  S y m p o s i u m  on P a s -  
s iv i ty  held  at Jugenhe im ,  West  G e r m a n y ,  in  S e p t e m -  
be r  1957, to a r r ive  at a more  sa t is factory  knowledge  
of the  s t r uc t u r e  and  composi t ion  of pass ive  films in  
gene ra l  in  meta l s  a nd  alloys. 

E. E. Nelson' :  This  paper  is ano the r  e xa mp le  of 
Dr. S te rn ' s  exce l len t  discussions of p rev ious  pub l i ca -  
t ions  a nd  of his o r ig ina l  w o r k  on electrode processes. 
The  exp l ana t i ons  of the  roles of the r eve r s ib l e  p o t e n -  

5a E. H e y n  a n d  O. Baue r ,  Mitt. Materialpr~Iungsamt. Berlin-  
Dahlem, 26, 95 (1908). 

A l t h o u g h  r e l a t i v e  v a l u e s  of  p o t e n t i a l  a re  r e p o r t e d  co r rec t ly  i n  
t h e  p a p e r  b y  U h l i g  a n d  G e a r y ,  abso lu t e  v a l u e s  a re  a p p a r e n t l y  too  
a c t i v e  by  a b o u t  0.1 v.  

H. H. U h l i g  a n d  A. G e a r y ,  This Journal,  1@1, 215 (1954). 
56 G. O k a m o t o ,  P r i v a t e  c o m m u n i c a t i o n .  

~7 R. O l iv i e r ,  " P r o c e e d i n g s  6 th  Mee t ing ,  I n t e r n a t i o n a l  C o m m i t t e e  
for  E l e c t r o c h e m i c a l  T h e r m o d y n a m i c s  a n d  K i n e t i c s , "  p. 314, B u t t e r -  
wor ths ,  L o n d o n  (1954). 

.~sK. Wel l ,  Z. E lek t roche~ . ,  59, 11 (1955). 
59 H. U h l i g  and  P. K i n g ,  U n p u b l i s h e d  data .  
eo Socony  Mob i l  Oi l  Co., Inc. ,  412 G r e e n p o i n t  Ave . ,  B r o o k l y n  22, 
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t ia ls ,  t h e  e x c h a n g e  cu r ren t s ,  a n d  c o n c e n t r a t i o n s  of 
ox id i z ing  agen t s  wi l l  a id  g r e a t l y  in  the  e v e n t u a l  
c o m p l e t e  u n d e r s t a n d i n g  of pass iv i ty .  

In  th is  d iscuss ion,  t he  r e l a t i o n s h i p  of S t e r n ' s  a r g u -  
m e n t s  to p a r t i c u l a r  a n o d e - c a t h o d e  r eac t ions  wi l l  be  
cons idered .  I t  is b e l i e v e d  t h a t  th is  s u p p o r t s  S t e r n ' s  
conclus ions  a n d  deve lops  some a d d i t i o n a l  i n f o r m a -  
t ion.  The  p a r t i c u l a r  r eac t i ons  .were d i scussed  b y  
P r y o r  and  Evans  ~ a n d  w e r e  n a m e d  " a u t o r e d u c t i o n "  
b y  them.  La te r ,  t h e y  have  been  s t u d i e d  b y  Oswin  
and  Cohen,  " Buob,  Beck,  and  Cohen,  ~ and  Nelson.  ~ 

" A u t o r e d u c t i o n "  is t he  c o m b i n a t i o n  of r e a c t i o n s  
( I )  and  ( I I )  g iven  be low.  

Fe~O. + 6H § + 2e ~ 2Fe +§ + 3H~O (I )  

F e  ~ F e  ++ + 2e ( I I )  

P o u r b a i x  ~ shows  t h a t  in  the  p H  r a n g e  of abou t  2 to 
8, t he  e q u i l i b r i u m  p o t e n t i a l  of r e a c t i o n  ( I I )  is n e g a -  
t ive  to t he  e q u i l i b r i u m  p o t e n t i a l  of r e a c t i o n  ( I ) .  
There fo re ,  w h e n  f e r r i c  ox ide  is in  m e t a l l i c  con tac t  
w i t h  F e  in  solut ion,  r e a c t i o n  ( I I )  w i l l  be  m o s t l y  in 
the  anodic  d i r ec t i on  and  r e a c t i o n  ( I )  w i l l  be  m o s t l y  
in  the  ca thodic .  Foo tno t e s  61, 62, a n d  63 g ive  p roo f  
t h a t  th is  a c t u a l l y  does  occur.  M a n y  w r i t e r s  h a v e  fe l t  
t h a t  p a s s i v a t i o n  is due  to a cove r ing  of f e r r i c  ox ide  
over  t he  me ta l l i c  Fe.  The  t h e o r y  of " a u t o r e d u c t i o n "  
i nd i ca t e s  t h a t  an e x t e n s i v e  f i lm of f e r r i c  o x i d e  can  
not  s t a r t  f o r m i n g  u n t i l  t he  F e  anode  is p o l a r i z e d  to 
the  e q u i l i b r i u m  p o t e n t i a l  for  r e a c t i o n  ( I ) .  

S o m e  a u t h o r i t i e s  fee l  t h a t  p a s s i v i t y  is due  to a b -  
so rbed  o x y g e n  r a t h e r  t h a n  to an  oxide .  The  a r g u -  
m e n t s  h e r e  cou ld  a p p l y  also to a b s o r b e d  oxygen ,  b u t  
the  w o r k  on a u t o r e d u c t i o n  seems to f a v o r  t he  ox ide  
theory .  

R e f e r r i n g  to Fig .  2 of Dr. S t e rn ' s  pape r ,  t he  cor -  
ros ion  r a t e  of F e  inc reases  a long  t h e  cu rve  f r o m  A to 
B. The  r e d u c t i o n  of f e r r i c  ox ide  w o u l d  p r e d o m i n a t e  
ove r  i ts  f o r m a t i o n  a t  p o i n t  A.  These  t w o  r a t e s  w o u l d  
a p p r o a c h  each  o the r  and  become  equa l  a t  p o i n t  B. 
As  the  p o t e n t i a l  becomes  m o r e  pos i t ive ,  the  f o r m a -  
t ion  of the  ox ide  inc reases  and  i ts  r e d u c t i o n  d e -  
creases .  In  t h e  r eg ion  f r o m  B to E, t he  c o v e r a g e  of 
t he  ox ide  increases .  Th is  dec reases  t he  a n o d e  a r e a  
and  also t he  t o t a l  co r ros ion  ra te .  The  cor ros ion  r a t e  
pe r  un i t  of ac t ive  anode  is p r o b a b l y  i n c r e a s i n g  in  
th is  a rea .  This  w o u l d  account  for  the  t e n d e n c y  for  
s tee l  to p i t  in an  i n h i b i t o r  so lu t ion  of a c o n c e n t r a t i o n  
b e l o w  a sa fe  m i n i m u m .  A t  po in t  E, t he  f i lm d e v e l o p -  
m e n t  is c o m p l e t e d  and  m a x i m u m  p r o t e c t i o n  is 
ach ieved .  

In  m a n y  of the  f igures  of Dr. S t e r n ' s  pape r ,  c u r -  
r en t  is p l o t t e d  r a t h e r  t h a n  c u r r e n t  dens i ty .  This  has  
t he  a d v a n t a g e  of s h o w i n g  the  dec rease  in  anodic  c u r -  
r en t  ( a n d  the  t o t a l  a m o u n t  of co r ros ion )  as p a s s i v i t y  
is deve lop ing .  H o w e v e r ,  i t  fa i l s  to show tha t  t he  c u r -  
r en t  d e n s i t y  on the  ac t ive  anode  is p r o b a b l y  i n c r e a s -  
ing  up  to the  e s t a b l i s h m e n t  of a c o m p l e t e  film. I f  
c u r r e n t  d e n s i t y  is cons idered ,  the  c u r v e  w o u l d  look  
m o r e  l i ke  Fig .  1 of t he  o r i g i n a l  pape r .  This  w o u l d  
avo id  the  m u l t i p l e  i n t e r sec t ions  b e t w e e n  the  p o l a r -  
i za t ion  curves  for  the  ox id i z ing  a g e n t  and  for  the  

~1M. J.  P r y o r  and  U. R. Evans ,  J. Chem. Soc., 1950, 1259. 
~e H. G. O s w i n  and  M. Cohen ,  This J o u r n a l  104, 9 (1957). 
63 K. H. Buob ,  A. F. Beck,  and  M. Cohen ,  This Journal, 105, 74 

(1958). 
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Fe anode. It seems probable that only one of these 
intersections represents an electrochemical state. The 
other is due merely to the method of plotting the 
data. The current density of the Fe anode, of course, 
cannot be plotted since we do not know the true 
anode area. This does not alter the above reasoning, 
however, At least if this concept is kept in mind, 
the curves in the original paper are no longer am- 
biguous. 

The Discussion indicates that, for passivity to 
start, the cathodic curve for the oxidizing agent must 
i n t e r sec t  t he  anod ic  c u r v e  for  F e  a t  a p o t e n t i a l  m o r e  
pos i t i ve  t h a n  the  o x i d a t i o n - r e d u c t i o n  p o t e n t i a l  of 
FelOn. F o r  c o m p l e t e  pass iv i ty ,  t he  i n t e r s e c t i o n  m u s t  
be  m o r e  pos i t i ve  t h a t  the  a b r u p t  b r e a k  in  p o t e n t i a l  
(E in  S t e r n ' s  Fig .  2) .  This  ag rees  w i t h  Dr.  S t e r n ' s  
conclus ions .  

The  c o m b i n a t i o n  of Dr.  S t e r n ' s  pos i t i on  w i t h  a u -  
t o r e d u c t i o n "  c o r r e l a t e s  w e l l  w i t h  c e r t a i n  k n o w n  
fac ts  a b o u t  inh ib i to r s .  F o r  ins tance ,  a t  r o o m  t e m p e r -  
a ture ,  sod ium h y d r o x i d e  r e q u i r e s  d i s so lved  o x y g e n  
in o r d e r  to r e d u c e  corros ion.  A c c o r d i n g  to P o u r b a i x ,  ~ 
the  d i f fe rence  b e t w e e n  the  e q u i l i b r i u m  p o t e n t i a l  of 
r eac t ions  ( I )  and  ( I I )  dec reases  w i t h  i n c r e a s i n g  pH. 
A d d i n g  sod ium h y d r o x i d e  inc reases  t he  s t a b i l i t y  of 
a n y  f e r r i c  ox ide  t h a t  forms,  b u t  i t  does  no t  p r o d u c e  
a n y  f e r r i c  oxide .  F o r  Fe~O8 to resu l t ,  t h e r e  m u s t  be  
some  ox id i z ing  agent ,  such  as  d i s so lved  oxygen ,  
p re sen t .  A t  h i g h e r  t e m p e r a t u r e s ,  w a t e r  a lone  can  
p r o b a b l y  ox id ize  i ron  to FelOn. 

S o d i u m  n i t r i t e  acts  as an  ox id iz ing  a g e n t  to p r o -  
duce  the  h i g h e r  F e  oxide .  Also,  the  r e d u c t i o n  of 
s o d i u m  n i t r i t e  p r o v i d e s  a ca thod ic  r e a c t i o n  so t ha t  a 
h igh  anod ic  c u r r e n t  is poss ib le  on the  F e  anodes .  
This  po la r i zes  the  F e  anodes  to a m o r e  pos i t i ve  p o -  
t e n t i a l  t h a n  the  e q u i l i b r i u m  p o t e n t i a l  of  FelOn. A t  
th is  m o r e  nob le  po ten t i a l ,  a p r o t e c t i v e  f i lm of f e r r i c  
ox ide  can  deve lop .  

C h r o m a t e  ions p r o b a b l y  h a v e  an  a d d i t i o n a l  ac t ion.  
T h e y  p r o d u c e  an  o x i d e  fi lm and  also p e r m i t  a h igh  
anod ic  c u r r e n t  to flow and  po la r i ze  the  F e  anode .  
A d d i t i o n a l l y ,  the  r e d u c t i o n  p r o d u c t  of c h r o m a t e  has  
an  o x i d a t i o n - r e d u c t i o n  p o t e n t i a l  m o r e  n e g a t i v e  t h a n  
t h a t  of b a r e  Fe .  '~ The re fo re ,  c h r o m a t e  can  f o r m  a 
s t ab le  f i lm even  t h o u g h  the  F e  a n o d e  is no t  g r e a t l y  
po la r i zed .  This  s t ab le  f i lm r e duc e s  t he  a n o d e  a r e a  
and  a ids  in p r o d u c i n g  a cond i t ion  w h e r e  f e r r i c  Oxide 
becomes  s tab le .  

D. M. Brasher~6: We h a v e  r e a d  w i t h  m u c h  p l e a s -  
u r e  Dr.  S t e r n ' s  i l l u m i n a t i n g  expos i t i on  of t he  e lec -  
t r o c h e m i c a l  p r i nc ip l e s  u n d e r l y i n g  the  p a s s i v i t y  of 
m e t a l  su r faces  b r o u g h t  abou t  b y  ox id iz ing  inh ib i to r s .  

In  his  r e f e r e n c e  to the  a m o u n t  of i n h i b i t o r  associ -  
a t e d  w i t h  t he  p a s s i v a t e d  surface ,  t h e  a u t h o r  s ta tes  
t h a t  t he  a m o u n t s  r e p o r t e d  h a v e  " v a r i e d  c o n s i d e r -  
a b l y  f r o m  s y s t e m  to sys t em."  W i t h  r e g a r d  to su r faces  
p a s s i v a t e d  in ch roma te ,  i t  is p r o b a b l e  t h a t  th i s  v a r i -  
a t ion  in the  a m o u n t  of Cr  51 f o u n d  ( b y  r a d i o m e t r i c  
m e a n s )  is due  to t he  fac t  t h a t  some w o r k e r s  h a v e  
d e t e r m i n e d  Cr  5~ on the  su r f ace  w i t h o u t  r e f e r e n c e  to 
t h e  v a r i a t i o n  of th is  q u a n t i t y  bo th  w i t h  t i m e  of i m -  
m e r s i o n  of the  spec imen ,  and  also w i t h  "age"  of the  

~ E. E. Nelson,  P a p e r  s u b m i t t e d  to  Corrosion fo r  pub l i c a t i on .  
M. P o u r b a i x ,  Corrosion, 5, 121 (1949). 

~ D e p t .  of Sc ient i f ic  a n d  I n d u s t r i a l  Research ,  N a t i o n a l  C h e m i c a l  
Lab. ,  T e d d i n g t o n ,  Midd le sex ,  E n g l a n d .  
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su r f ace  o x i d e  fi lm be fo re  immers ion .  In  th is  l a b o r a -  
tory ,  in w o r k  on steel ,  w e  h a v e  shown  tha t  a d s o r p -  
t ion  of t he  i n h i b i t o r  ( p r e s u m a b l y  as CrO,  = ions)  is 
f o l l owed  b y  " l o g a r i t h m i c "  g r o w t h  of a f i lm c o n t a i n -  
ing  C r ~ O J  The  w o r k  has  also d e m o n s t r a t e d  the  log -  
a r i t h m i c  g r o w t h  of an  ox ide  fi lm on steel ,  bo th  in  
a i r  ~8 and  also in o t h e r  i n h i b i t i v e  so lu t ions  such  as 
sod ium n i t r i t e ,  a e r a t e d  fenzoate ,  phospha te ,  etc.,  ~9 at  
r a t e s  c o m p a r a b l e  to t h a t  occu r r i ng  in c h r o m a t e  so lu-  
t ion.  

The  l o g a r i t h m i c  n a t u r e  and  s i m i l a r i t y  in r a t e s  of 
f i lm g r o w t h  in a l l  t hese  e n v i r o n m e n t s  has  l ed  us  ~~ to 
sugges t  a c o m m o n  m e c h a n i s m ,  b a s e d  on theo r i e s  of 
Mott ,  and  Hauffe  and  I l schner ,  ~ w h e r e b y  e l ec t ron  
t r a n s f e r  t h r o u g h  the  f i lm is the  r a t e - c o n t r o l l i n g  s tep  
in the  g r o w t h  of t h e  film. I t  w o u l d  be  of m u c h  in -  
t e r e s t  to k n o w  w h e t h e r  th i s  l o g a r i t h m i c  g r o w t h  can  
be  a l t e r n a t i v e l y  accoun ted  for  on the  e l e c t r o c h e m i c a l  
p r i n c i p l e s  set  fo r th  in Dr.  S t e r n ' s  p a p e r .  

Mi l ton  Stern: Before  c o m m e n t i n g  on the  a b o v e  
discuss ion,  i t  shou ld  be  m e n t i o n e d  t h a t  t he  d e s c r i p -  
t ion  of p a s s i v i t y  in  t he  sub j ec t  p a p e r  was  dev i s e d  in  
o r d e r  to o b t a i n  a useful d e s c r i p t i o n  of pas s iv i ty .  T h e  
m e c h a n i s m  p r o p o s e d  is k ine t i c  in  c h a r a c t e r  and  re l ies  
on s imple ,  m e a s u r a b l e  p a r a m e t e r s  w h i c h  d e t e r m i n e  
the  cor ros ion  r a t e  and  e l ec t rode  p o t e n t i a l  of the  sys -  
tem.  Desc r ip t ions  of p a s s i v i t y  w h i c h  e m b r a c e  f i lms 
of one t y p e  or  a n o t h e r  a r e  s t i l l  e m b r y o n i c  in  c h a r -  
ac te r  and  do no t  p r o m i s e  u t i l i t y  for  some t ime.  

I h e a r t i l y  a g r e e  w i t h  P ro fe s so r  Uh l ig ' s  sugges t ion  
t ha t  a c l e a r e r  def in i t ion  of p a s s i v i t y  is in o rde r .  Dr.  
W a g n e r ' s  def in i t ion  a p p e a r s  q u i t e  r e a s o n a b l e  and  is 
cons i s t en t  w i t h  t he  m e c h a n i s m  of p a s s i v i t y  in t h e  
sub j ec t  pape r .  I f u r t h e r  ag ree  t ha t  i t  is u n f o r t u n a t e  
t ha t  p o i n t  E in  Fig.  2 is d e s c r i b e d  as t he  F l a d e  p o -  
t e n t i a l - n o t  n e c e s s a r i l y  for  t he  r easons  g iven  b y  
P ro fe s so r  Uhl ig ,  s ince  the  f igure  is schemat ic ,  b u t  
r a t h e r  because  of t he  spec ia l  n a t u r e  of F l a d e ' s  e x -  
pe r imen t s .  I w o u l d  p r e f e r  to l e t  t he  t e r m  " F l a d e  p o -  
t e n t i a l "  d e c a y  to n o n e x i s t e n c e  and  be l i eve  p o i n t  E 
w o u l d  bes t  be  ca l l ed  the  c r i t i ca l  p o t e n t i a l  for  p a s s i v -  
i ty .  This  point ,  then ,  d iv ides  the  p o t e n t i a l  scale  in to  
ac t ive  and  pas s ive  regions .  

S ince  "ox id i z ing"  is a r e l a t i v e  t e rm,  i t  shou ld  be  
c l ea r  t h a t  a p a s s i v a t i n g - t y p e  i n h i b i t o r  m u s t  e x h i b i t  
a r e d o x  p o t e n t i a l  m o r e  n o b l e  t h a n  the  c r i t i ca l  p o t e n -  
t i a l  for  p a s s i v i t y  of t he  meta l .  This  is w h y  a m e t a l  
l i ke  Fe,  w h i c h  exh ib i t s  p a r t i c u l a r l y  nob le  c r i t i ca l  
p o t e n t i a l s  for  pas s iv i ty ,  r e q u i r e s  r a t h e r  s t rong  ox i -  
d iz ing  agents ,  w h e r e a s  a m e t a l  l i ke  Ti, w h i c h  e x -  
h ib i t s  r e l a t i v e l y  ac t ive  c r i t i ca l  po t en t i a l s  for  p a s -  
s iv i ty ,  is p a s s i v a t e d  b y  on ly  m i l d l y  ox id iz ing  so lu-  
t ions.  As  d e s c r i b e d  in  t he  tex t ,  m a n y  fac to rs  o the r  
t h a n  the  ox id i z ing  n a t u r e  of the  i n h i b i t o r  a r e  also 
p e r t i n e n t  to d e t e r m i n i n g  w h e t h e r  p a s s i v i t y  is 
ach ieved .  

The  sub j ec t  d e s c r i p t i o n  of the  m e c h a n i s m  of p a s -  
s i va t i ng  i nh ib i t o r s  r e q u i r e s  t h a t  a c r i t i ca l  c o n c e n t r a -  

t ion  of p a s s i v a t o r  ex i s t  w h i c h  is a c c o m p l i s h e d  b y  a 
s u d d e n  sh i f t  of p o t e n t i a l  f r o m  ac t ive  to pas s ive  
va lues .  The  d a t a  of G e a r y  a r e  not  cons i s t en t  w i t h  
th is  s ince t h e y  show a g r a d u a l  c h a n g e  of p o t e n t i a l  
w i t h  i n h i b i t o r  concen t r a t ion .  H o w e v e r ,  s ince  the  
d a t a  do not  a p p e a r  to t r a v e r s e  the  c r i t i ca l  p o t e n t i a l  
for  pass iv i ty ,  t h e y  canno t  b e  c ons ide r e d  a tes t  of the  
t h e o r y  s ince the  e l e c t r o c h e m i c a l  p i c tu r e  also shows  
a g r a d u a l  change  of p o t e n t i a l  w i t h  i n h i b i t o r  concen -  
t r a t i o n  in e i t he r  t h e  ac t ive  or  the  pa s s ive  p o t e n t i a l  
reg ion .  

Miss B r a s h e r ' s  i n t e r e s t i n g  w o r k  w i t h  Cr  ~ dese rves  
c ons ide r a b l e  a t t e n t i o n  a n d  c a r e fu l  s tudy .  The  e lec -  
t r o c h e m i c a l  d e s c r i p t i o n  of p a s s i v a t i n g  i nh ib i t o r s  is 
cons i s t en t  w i t h  h e r  o b s e r v a t i o n  t h a t  Cr  a s soc ia t ed  
w i t h  t he  su r f ace  is in  the  r e d u c e d  form.  I t  is also 
cons i s t en t  w i t h  t he  o b s e r v a t i o n  t h a t  t h e  a m o u n t  of 
Cr  f o u n d  on t h e  su r f ace  is no t  d e p e n d e n t  on t h e  con-  
c e n t r a t i o n  of  t he  c h r o m a t e  so lu t ion  p r o v i d e d  the  
m i x e d  p o t e n t i a l  is b e t w e e n  po in t s  E a n d  F of Fig .  2. 
The  m e c h a n i s m  f u r t h e r  p r e d i c t s  t ha t  in the  p r e s e n c e  
of o x y g e n  the  a m o u n t  of Cr  a s soc ia t ed  w i t h  t he  su r -  
face  shou ld  be  less  t h a n  t ha t  f o u n d  in the  absence  
of oxygen .  

T h e r e  is some  ev idence  t h a t  c u r r e n t  in the  p o t e n -  
t i a l  r eg ion  b e t w e e n  E and  F (Fig .  2) is t i m e  d e p e n d -  
en t  and  a c t u a l l y  dec reases  in m a g n i t u d e  in a m a n n e r  
w h i c h  is l o g a r i t h m i c  w i t h  t ime .  7~ This  has  been  o b -  
s e rved  for  s ta in less  steel .  If  i t  is also t r u e  for  Fe,  
t hen  Miss B r a s h e r ' s  o b s e r v a t i o n s  and  th is  e l e c t r o -  
c h e m i c a l  d e s c r i p t i o n  (modi f ied  to cons ide r  t ime  ef -  
fec ts )  m a y  be  cons ide red  c o m p l e t e l y  compa t ib l e .  

Mr.  Ne lson ' s  sugges t ion  t h a t  c u r r e n t  d e n s i t y  be  
s u b s t i t u t e d  for  c u r r e n t  is no t  c lear ,  s ince  i t  is neces -  
s a r y  to p lo t  p o l a r i z a t i o n  d i a g r a m s  on a c u r r e n t  bas is  
in o r d e r  to h a v e  the  i n t e r s e c t i on  of anod ic  and  ca -  
thod ic  cu rves  r e p r e s e n t  t he  m i x e d  po ten t i a l .  I b e l i eve  
i t  is no t  on ly  co r r ec t  to show m u l t i p l e  i n t e r sec t ions  
b e t w e e n  p o l a r i z a t i o n  curves ,  s ince th i s  is a c h a r -  
ac te r i s t i c  of p a s s i v e  sys tems ,  b u t  also t h a t  th is  is 
h i g h l y  d e s i r a b l e  a n d  r e p r e s e n t s  one of t he  c h a r a c -  
t e r i s t i c  f e a t u r e s  of th is  desc r ip t ion .  Note,  for  e x -  
ample ,  t ha t  the  d i a g r a m  in Fig .  10 shows an  a b r u p t  
change  in  p o t e n t i a l  w o u l d  occur  w h e n  the  l i m i t i n g  
d i f fus ion c u r r e n t  for  r e d u c t i o n  of i nh ib i t o r  exceeds  
t he  c r i t i ca l  c u r r e n t  for  pas s iv i ty .  Fig.  9 i l l u s t r a t e s  
th is  b e h a v i o r  e x p e r i m e n t a l l y .  

The  i n t r o d u c t i o n  of a r e a  effects in to  the  e l ec t ro -  
c h e m i c a l  d e s c r i p t i o n  of pas s ive  sys t ems  could  p r o b -  
a b l y  be  a c c o m p l i s h e d  in t he  m a n n e r  d e s c r i b e d  for  
sys t ems  c on t ro l l e d  so le ly  b y  a c t i va t i on  p o l a r i z a t i o n J  ~ 
H o w e v e r ,  th is  a d d i t i o n a l  c o m p l e x i t y  was  no t  i n t r o -  

d u c e d  (a long  w i t h  poss ib le  t ime  effects)  be c a use  i t  
was  b e l i e v e d  i t  w o u l d  m a s k  the  m o r e  e l e m e n t a r y  
and  e q u a l l y  i m p o r t a n t  f e a t u r e s  of t h e  de sc r ip t i on  
a n d  be c a use  these  effects cou ld  no t  (a t  the  t i m e )  be 
h a n d l e d  in a q u a n t i t a t i v e  m a n n e r .  

~7 D. M. Bra she r ,  A. H. K i n g s b u r y ,  a n d  A.  D. Mercer ,  a l so  D. M. 
B r a s h e r  and  C. P.  De, Nature,  108, 27 (1957) ; D. M. B r a s h e r  a n d  
A. H. K i n g s b u r y ,  Trans., Faraday Soe., 54, 1214 (1958). 

~s D. M. Bra she r ,  A. H. K i n g s b u r y ,  a n d  A. D. Mercer ,  Nature,  
108, 27 (1957). 

~ " C h e m i s t r y  R e s e a r c h  1957," p.  12, He r  M a j e s t y ' s  S t a t i o n e r y  
Office, L o n d o n  (1958). 

~o O. Kubaschewski and D. M. Brasher, In press. 

N. F. Mort ,  J. Inst. Metats, 65, 333 (1939) ; Trans. Faraday Soc., 
35, 1179 ~1939). K. Hauf fe  a n d  B. I ] schner ,  Z. EZektrochem., 58, 
382 (1954). 

7e M. S te rn ,  This Journal, 106, 376 (1959). 
~ M. S te rn ,  Csrrosion, 14, 329t (1958). 
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ABSTRACT 

A new exper imenta l  technique for  the  s tudy of the  corrosion films at  elec-  
t rochemical  interfaces has been developed.  I t  consists of app ly ing  a square 
wave  cur ren t  super imposed  on a constant  d-c  current .  The a-c  cur ren t  charges 
and discharges the double l aye r  capaci ty  at  a high frequency.  F rom the vol t -  
age t ransients  p roduced  by  this current ,  as observed wi th  an oscilloscope, the  
na tu re  of the e lect rode in ter face  can be studied. The ins t rumenta t ion  is de-  
scr ibed in detail ,  and expe r imen ta l  resul ts  for corrosion films on lead a re  p re -  
sented. Capaci t ies  were  measured  wi th  a precis ion of be t t e r  than  3% and vol t -  
ages to 1 mv  dur ing  t ransients  las t ing  only a few seconds. 

The  f o r m a t i o n  or  p r e c i p i t a t i o n  of fi lms at  e l e c t r o -  
c h e m i c a l  i n t e r f aces  occurs  in m a n y  sys tems .  A good 
e x a m p l e  is found  in the  b e h a v i o r  of l ead  in su l fu r i c  
acid.  D u r i n g  cons t an t  c u r r e n t  anod i za t i on  a f i lm  of 
l e ad  su l fa t e  is b u i l t  up.  I f  t he  c u r r e n t  exceeds  a 
c r i t i ca l  va lue ,  the  e l e c t r o d e  p a s s i v a t e s  and  the  
p o t e n t i a l  r i ses  q u i c k l y  to v e r y  h igh  va lue s  and  
a r r i v e s  f i n a l l y  at  a s t e a d y - s t a t e  o x y g e n  o v e r v o l t a g e  
va lue .  The  c h a r a c t e r i s t i c s  of e l e c t r o c h e m i c a l  i n t e r -  
faces  h a v e  been  s t ud i ed  in the  p a s t  b y  a v a r i e t y  of 
d i f fe ren t  t echn iques .  These  c h a r a c t e r i s t i c s  i nc lude  
the  e l ec t rode  po ten t i a l ,  e l e c t rode  doub le  l a y e r  
capac i ty ,  and  ohmic  res i s tance .  

The  o ldes t  t e c h n i q u e  used  in e l e c t r o c h e m i c a l  
i nves t i ga t i ons  is the  m e a s u r e m e n t  of t he  s t e a d y -  
s t a t e  v o l t a g e - c u r r e n t  r e l a t i o n  (1, 2) .  This  p r o c e d u r e  
n a t u r a l l y  ignores  a n y  in i t i a l  t r ans i en t s .  I n i t i a l  
t r a n s i e n t s  h a v e  been  s t ud i ed  b y  th~ a p p l i c a t i o n  of a 
s ingle  c u r r e n t  s tep  func t ion  (3) .  In  th is  m a n n e r  
ohmic  r e s i s t ance  and  e l ec t rode  c a p a c i t y  can  be  
d e t e r m i n e d .  H o w e v e r ,  th is  p r o c e d u r e  p e r m i t s  the  
d e t e r m i n a t i o n  of on ly  one v a l u e  in a p a r t i c u l a r  s t a t e  
r e q u i r i n g  m a n y  m e a s u r e m e n t s  for  t he  s t u d y  of one 
t r a n s i e n t  p h e n o m e n o n .  This  app l i e s  also to e x p e r i -  
m e n t s  based on a constant voltage step function 
(4, 5) .  

On the  o the r  hand ,  a - c  t e chn iques  a l l ow c o n t i n -  
uous  m e a s u r e m e n t s  d u r i n g  a t r a n s i e n t  ( 6 - 8 ) .  The  
use  of an  a - c  b r i d g e  p e r m i t s  precise ,  b u t  no t  
n e c e s s a r i l y  accura t e ,  d e t e r m i n a t i o n s  of e l ec t rode  
capac i t i e s  and  res i s t ances .  This  t e c h n i q u e  i nvo lves  
the  supe rpos i t i on  of a sma l l  s ine  w a v e  on the  
po l a r i z i ng  d.c. The  b r i d g e  is b a l a n c e d  b y  us ing  an  
e q u i v a l e n t  RC n e t w o r k .  Capac i t i e s  and  r e s i s t ances  
a r e  g e n e r a l l y  found  to be  f r e q u e n c y  d e p e n d e n t  and  
non l i nea r .  The  b a l a n c i n g  o p e r a t i o n  t a k e s  a c e r t a i n  
a m o u n t  of  t ime,  and  i t  is diff icult  to ob t a in  m e a s u r e -  
m e n t s  in the  shor t  t imes  i n v o l v e d  in some t r a n s i e n t  
p h e n o m e n a .  

A v e r y  use fu l  t e c h n i q u e  is t he  a p p l i c a t i o n  of a 
c u r r e n t  i n t e r r u p t e r  (9 -12 ) .  The  p o l a r i z i n g  d.c. is 
i n t e r r u p t e d  p e r i o d i c a l l y  for  v e r y  shor t  p e r i o d s  of 
t ime  and  the  p o t e n t i a l  d e c a y  is f o l l owed  w i t h  an  

osci l loscope.  The  ohmic  drop ,  due  to R1 in ser ies  
w i th  R~C n e t w o r k  of the  e l ec t rode  in te r face ,  

c 

R2 

is s e p a r a t e d  out  and  eas i ly  d e t e r m i n e d  b y  this  
t echn ique .  F o r  th is  reason ,  the  i n t e r r u p t e r  is u se fu l  
in o v e r v o l t a g e  m e a s u r e m e n t s  a t  h igh  c u r r e n t  d e n -  
si t ies .  I f  the  e l ec t rode  i n t e r f ace  is r e p r e s e n t e d  
r i g o r o u s l y  b y  the  n e t w o r k  shown  a b o v e  w h e r e  R~ 
and  C a re  a s s u m e d  l inear ,  t h e n  a p lo t  of t h e  l o g a -  
r i t h m  of the  e l ec t rode  p o t e n t i a l  vs. t i m e  w o u l d  be  
a s t r a i g h t  l ine.  E x p e r i m e n t a l l y ,  th is  is no t  a l w a y s  
the  case. Moreover ,  on ly  the  p r o d u c t  R~C can be  
e v a l u a t e d  f r o m  th is  plot .  A c o m p l i c a t i n g  f ac to r  is 
tha t ,  if  f a r a d a i c  c u r r e n t s  and  s t r o n g l y  a d s o r b e d  
species  a r e  invo lved ,  the  p o t e n t i a l  d e c a y  becomes  
l o g a r i t h m i c  w i t h  t ime.  This  is due  to t he  fac t  t h a t  
t he  d i s cha rge  c u r r e n t  of the  c a p a c i t o r  C is t hen  an  
e x p o n e n t i a l  f unc t ion  of p o t e n t i a l  (13) .  

A t  h igh  f r equenc ie s  t he  r e a c t a n c e  of the  doub le  
l a y e r  c a p a c i t y  C is m u c h  s m a l l e r  t h a n  the  p a r a l l e l  
r e s i s to r  R~ and  the  l a t t e r  can  be  neg lec ted .  In  the  
p r e s e n t  i nves t iga t ion ,  an  a - c  coup led  squa re  w a v e  
c u r r e n t  is s u p e r i m p o s e d  on the  p o l a r i z i n g  d.c. The  
d o u b l e  l a y e r  c a p a c i t y  is c h a r g e d  and  d i s c h a r g e d  b y  
the  s q u a r e  w a v e  cu r ren t .  The  in i t i a l  p o r t i o n  of t he  
s q u a r e  w a v e  r e p r e s e n t s  h i g h - f r e q u e n c y  h a r m o n i c s  
of t he  base  f r equency ,  and  the  in i t i a l  s lope  of the  
v o l t a g e - t i m e  t r a c e  gives  t h e n  a d i r ec t  m e a s u r e  for  
the  ef fec t ive  d o u b l e  l a y e r  capac i ty ,  s ince  one m e a s -  
u res  e f fec t ive ly  t he  cha rge  and  d i s cha rge  of the  
c a p a c i t o r  a t  cons t an t  cu r r en t .  

Experimental Technique 
F i g u r e  1 shows  the  e l e c t ro ly t i c  cel l  used  in ou r  

i nves t iga t ion .  The  b o d y  of t he  cel l  is c o n s t r u c t e d  
f r o m  two sec t ions  of a l l/2-in, g lass  p ipe .  Two  

543 
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Fig. 1. Electrolyhc cell 

p l a t i n u m  gauze electrodes,  imbedded  at the  edges 
in  Kel  F, are gasketed  w i th  Teflon b e t w e e n  the  two 
sections of the cell. Kel  F coated p l a t i n u m  wires  are  
used as c u r r e n t  connectors .  In le t s  for gas b u b b l i n g  
and  e lec t ro ly te  are  p rov ided  wi th  ba l l  joints.  The 
electrode sample  to be inves t iga ted  is pressed w i th  
a c lamp aga ins t  an open ing  in  the bo t tom of the cell  
and  gasketed  wi th  a t h i n  Teflon washer .  The bo t tom 
of the cell is g round  flat and  a Lugg in  cap i l l a ry  to 
the  re ference  electrode in tersects  the  wa l l  in the 
immed ia t e  v ic in i ty  of the electrode surface.  I n  this 
m a n n e r  ohmic drops are  min imized .  The e lect rode 
area  exposed to the e lec t ro ly te  is 1 cm ~. The  n a r -  
rowed sect ion at the bo t tom of the cell provides  a 
u n i f o r m  c u r r e n t  densi ty .  The samples  inves t iga ted  
were  of pu re  lead and  were  mic ro tomed  at the ex-  
posed surface  as descr ibed in  p rev ious  pub l i ca t ions  
(14).  

F igu re  2 shows a block d i ag ram of the i n s t r u -  
m e n t a t i o n  used. The e lect rolyt ic  cell is shown at A 
wi th  the sample  B pressed agains t  the bo t tom of the 
cell. A cons tan t  d-e cu r r en t  is appl ied  b e t w e e n  the  
sample  and  the uppe r  p l a t i n u m  electrode C by  the 
cons tan t  c u r r e n t  supp ly  D. A n  a-c  square  wave  
c u r r e n t  is appl ied  b e t w e e n  the  sample  and  the 
lower  p l a t i n u m  electrode E. The cons tan t  vol tage  
ou tpu t  of the square  wave  gene ra to r  F is conver ted  
to cons tan t  cu r r en t  by  a n o n i n d u c t i v e  resis tor  G. 
The  electrode po ten t i a l  is m e a s u r e d  agains t  a r e fe r -  
ence e lect rode H which  was in  our  pa r t i cu l a r  case 
Hg/Hg,SO,  in  the  same solut ion.  The d-c  componen t  
of the electrode po ten t i a l  is m e a s u r e d  th rough  a 
9mt~ scope probe  J wi th  an e lec t romete r  amplif ier  
K. This e lec t romete r  ampl i f ier  dr ives  a h igh - speed  
recorder  L. A bias box M is used to ad jus t  the  zero 
level  of the d-c  voltage.  The a-c  componen t  of the  
electrode po ten t i a l  is measu red  th rough  two 4m~t 
scope probes  N wi th  a h igh -ga in ,  w i d e - b a n d  di f -  

Fig. 2. Block diagram of electronic circuit: A, electrolytic 
cell; B, sample; C, upper platinum electrode; D, constant cur- 
rent supply; E, lower platinum electrode; F, square wave gen- 
erator; G, noninductive resistor; H, reference electrode; J, 
9mD~ scope probe; K, electrometer; L, high speed recorder; 
M, bias box; N, 4mD, scope probes; P, oscilloscope; Q, 
camera; R, relay. 

f e ren t i a l  i npu t  oscilloscope P, which  is synchron ized  
e x t e r n a l l y  wi th  the square  wave  genera to r  F. A 
robot  camera  Q is m o u n t e d  on the oscilloscope. A 
side m a r k e r  pen  on the  recorder  L is synchron ized  
to the camera  by  an e lect ronic  re lay  R, t r iggered  by  
the flash contacts  of the camera .  

The use of a square  wave  s ignal  has, as po in ted  
out before, the a dva n t a ge  tha t  the capacit ies  can be 
measu red  accurate ly ,  i n d e p e n d e n t  of f requency .  

It  is necessary  to avoid ca re fu l ly  any  g round  
loops in the circuit .  A n y  por t ion  of the c i rcui t  where  
cu r ren t s  or vol tages m a y  pass t h r ough  two separa te  
pa ths  in paral le l ,  in  pa r t i cu l a r  pa ths  t h rough  
ground,  mus t  be e l imina ted ;  o therwise  spur ious  
a-c  vol tages m a y  be gene ra t ed  by  induc t ive  or 
capaci t ive  pick up. Al l  connec t ing  wires  in  the 
c i rcui t  mus t  be shielded to e l imina t e  h u m  and  noise. 
The shields of the  coaxial  cables used can be 
g rounded  only  at  one point .  For  the i n p u t  of the 
e lec t romete r  amplif ier ,  a m p h e n o l  no i se - f ree  cables 
were  used. This e l imina tes  spur ious  noises due  to 
flexing of the cables. 

Al l  coaxial  cables have a n a t u r a l  r e sonan t  f re-  
quency  and  if a square  wave  is applied,  the  cable 
wil l  produce  a damped  osci l la t ion cal led r i ng ing  
which dis tor ts  the desired signal.  Pick up of a.c. in  
the cable to the  d-c  gene ra to r  is m i n i m i z e d  by  the 
use of the uppe r  p l a t i n u m  electrode r a t h e r  t h a n  
the  lower  one. In  this  m a n n e r  the  d-c  supp ly  elec- 
t rode is kept  outs ide of the  a-c  field in  the  e lec t ro-  
lyte. In  the cables to the e l ec t romete r  ampl i f ier  and  
to the  oscilloscope, r i ng i ng  is m i n i mi z e d  by  the  use 
of the scope probes.  

The  square  wave  f r equency  is ad jus ted  for the  
pa r t i cu l a r  e lect rode capaci ty  r ange  to be inves t i -  
gated. A high f r e que nc y  is desired to m i n i m i z e  the  
vol tage swing of the  e lect rode and  the  f r equency  
dependence .  The uppe r  l imi t  is set by  the response  
of the oscilloscope and  by  the  ava i l ab le  ou tpu t  
c u r r e n t  of the  genera tor .  The  square  wave  c u r r e n t  
is set by  the choice of the n o n i n d u c t i v e  res is tor  and  
us ing  the m a x i m u m  ou tpu t  vol tage  of the  genera tor ,  
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which in  our  case, was  50 v. A low leakage  capac-  
i tor is used to block out  the d-c  component .  This  
capaci tor  m u s t  be large enough  to pass the lowest  
f requencies  invo lved  wi th  a drop of less t han  2%. 

The d i f ferent ia l  i n p u t  of the  oscilloscope assures  
re jec t ion  of any  s t ray  p ick-up .  The two scope 
probes m u s t  be a ma tched  pa i r  to p rese rve  the  
d i f ferent ia l  character is t ics  of the scope. The t r i m -  
m i n g  of the f r equency  compensa t i ng  capaci tors  and  
the di f ferent ia l  ba lance  controls  in  the oscilloscope 
mus t  be done wi th  the probes  connected  to achieve 
the lowest  noise level  and  best  resolut ion.  

The cons tan t  c u r r e n t  gene ra to r  has been  de-  
scr ibed in  an ear l ie r  pape r  (14).  It  is capable  of 
de l ive r ing  cur ren t s  f rom 1 ~a to 10 ma  wi th  a r e gu -  
la t ion  be t t e r  t h a n  0.5%. The shield of the  ou tpu t  
cable is the common g round  for the whole  circuit .  
The bias box consists of a hel ipot  po t en t iome te r  
across a 5-v  m e r c u r y  ba t t e ry .  The desired bias 
vol tage  is ob ta ined  b e t w e e n  one end  of the  pot  a nd  
the slide contact.  This  vol tage  is in  series wi th  the  
i n p u t  vol tage  of the  Gene ra l  Radio 1230-A Elec t ro-  
meter .  The e lec t romete r  ou tpu t  dr ives  a M i n n e -  
apo l i s -Honeywe l l  1~ second Recorder .  The e lec t rode  
po ten t ia l  can be fol lowed in this m a n n e r  wi th  an  
accuracy  of 1 m v  or 0.25%, wh icheve r  is greater .  

The square  wave  genera to r  is a Hickok model 
710. The  r ise t ime  of the genera ted  square  wave  is 
0.1 microsec,  and  the f r equency  r ange  is 20 cycles 
to 1 M cycle. The m a x i m u m  ou tpu t  vol tage  is 50 v 
peak  to peak,  and  the m a x i m u m  c u r r e n t  ou tpu t  50 
ma. In  the expe r imen t s  to be  described,  the c u r r e n t  
l imi t ing  resis tor  was  10,000 1~ which  ad jus ted  the  
square  wave  c u r r e n t  to 5 ma. The d-c  b lock ing  
capaci tor  was 5 ~F. 

The oscilloscope is a Tex t ron ic  model  535 wi th  a 
53/54 D p l u g - i n  preampl i f ier .  The camera  was a 
DuMont  model  352. This is a Robot  camera  which  
is able  to take  up to 6 p ic tures  per  second. In  our  
exper iments ,  the camera  was t r iggered  m a n u a l l y ,  
bu t  a solenoid was p rov ided  which  a l lowed remote  
or au toma t i c  t r igger ing.  The flash contact  ava i l ab le  
on the  camera  was  used to t r igger  a m a r k e r  pen  on 
the recorder  th rough  a sens i t ive  t rans i to r ized  relay.  
In  this way  the t ime  of each exposure  was exac t ly  
cor re la ted  to the vol tage  recordings.  

Results and Discussion 
Figure  3 shows a select ion of oscilloscope traces 

ob ta ined  d u r i n g  an  anodiza t ion  r u n  on pure  lead in  
4.40M H~SO, at 30~ The  anodiz ing  d-c  c u r r e n t  was  
1 m a / c m  2. The square  wave  c u r r e n t  was 5 ma  peak  
to peak  wi th  a f r equency  of 6250 cps. The  sweep 
speed of the oscilloscope was 20 ~sec/cm, or 200 
~sec ful l  screen. The  vol tage  scale factor  was var ied  
f rom 5 to 25 m v / c m ,  depend ing  on electrode 
capacity.  The  in i t i a l  slope of the  traces is a me a s -  
u re  of the  e lec t rode  capacity.  The  capaci ty  C is 
d e t e r m i n e d  by  the  equa t ion  

i 
C 

(~V/~t) 

where  i is the square  wave  c u r r e n t  and  8V/St the  
vol tage  t ime  slope. 
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Fig. 3. Selection of oscilloscope traces. DC current 1 ma. 
Square wave current 5 rna peak to peak. Frequency 6250 cps. 
Sweep speed of oscilloscope 20 /*sec/cm (before reproduction 
of photograph). Photograph 1: hydrogen evolution, at scale 
factor 25 mv/cm; 2: after 15 sec anodizing, scale factor 
5 mv/cm; 3: after 47 sec, 5 rnv/cm; 4: after 53 sec, 25 
mv/cm; 5: after 54 sec, 25 rnv/cm; 6 : 5 5  sec 25 mv/crn; 
7 : 1 0 5  sec, 25 mv/crn; 8 : 1 2 2  sec, S rnv/crn; 9 : 1 2 6  sec, 
5 mv/cm; 1 0 : 1 2 9  sec, 5 mv/cm; 1 1 : 1 3 7  sec, 5 rnv/cm; 
12 :129 sec, 5 mv/crn. 

The first t race  was t a ke n  d u r i n g  ca thodiza t ion  
wi th  hyd rogen  evolut ion,  at  1 m a / c m  -~ at  25 m v / c m .  
The s teepness  of the slope shows tha t  the  capaci ty  
here  is f a i r ly  small ,  a m o u n t i n g  to abou t  10 ~ F / c m  "~. 
Trace  2 is t a ke n  15 sec af ter  r eversa l  of the cu r -  
rent .  A t  this  po in t  meta l l i c  lead is be ing  conver ted  
to lead sulfate,  a reac t ion  which  proceeds w i th  ex-  
t r e me  ease. The capacity,  as d e t e r m i n e d  f rom the  
in i t ia l  slope, is 40 ~F /cm.  It is i n t e res t ing  to ob-  
serve tha t  the t race  is h igh ly  curved  ind ica t ing  
a n o n l i n e a r i t y  in  the  a p p a r e n t  e lectrode capacity.  
This shows tha t  at this po in t  the e lect rode does 
no t  behave  l ike an  ideal  condenser ,  bu t  tha t  a 
fa radaic  c u r r e n t  is also flowing. The  "exchange  
c u r r e n t "  of the  convers ion  of lead to lead sulfate  is 
large,  so tha t  even  wi th  a smal l  po la r iza t ion  a large 
faradaic  c u r r e n t  is produced.  The  c u r v a t u r e  ac- 
counts  for the f r e que nc y  dependence  usua l ly  ob-  
served wi th  a-c  br idge  techniques .  The in i t i a l  
por t ion  of the  t race  is r ep re sen t a t i ve  of the h igh -  
f r equency  range,  whereas  the  la te r  por t ions  corre-  
spond to the lower  f r e que nc y  range.  

Trace  3 is t a ke n  f u r t he r  a long the l ead - su l f a t e  
p l a t eau  and  shows tha t  the capaci ty  is now decreas-  
ing, which  is due to a b lockage of the  surface  wi th  
lead sulfate.  Traces  4, 5, 6, and  7 are t a ke n  d u r i n g  
the r ise of the electrode po ten t i a l  t oward  the 
oxygen  evo lu t ion  value.  In  this  port ion,  the capaci-  
ties are e x t r e m e l y  small ,  in  the  range  f rom 1 to 
3 ~ F / c m  "~ F i l m  res is tance,  on the  other  hand ,  is i n -  
creased cons ide rab ly  as shown by  the ohmic drop. 
The  electrode is s u b s t a n t i a l l y  covered w i th  a pas-  
s iva t ing  l ayer  of lead sulfate.  Traces  8, 9, 10, 11, and  
12 show the g radua l  bu i ld  up of capaci ty  as a s u r -  
face film of PbO.~ is bu i l t  up and  oxygen  is evolved.  
It  is i n t e r e s t i ng  to note  tha t  the t races  are qu i te  
s t ra ight  in  this region,  i nd ica t ing  a smal l  faradaic  
componen t  which  means  t ha t  the  exchange  c u r r e n t  
is small .  

At  the poin ts  where  the c u r r e n t  reverses,  smal l  
peaks  are obse rvab le  on the oscilloscope traces. 
These peaks resu l t  f rom h i g h - f r e q u e n c y  p i c k -up  by  
the  unsh i e lded  cap i l l a ry  to the re fe rence  electrode.  
They  could have  been  e l i m i n a t e d  by  p rope r  shie ld-  
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Fig. 4. Electrode potential and double layer capacity as 
function of time during build-up of an anodic corrosion layer 
on lead at 1 ma/cm'-'. 

F,g. 5. Electrode potential and double layer capacity as a 
function of hme dunng build-up of an anodic corrosion 
layer on lead at 3 ma/cm 2. 

ing, but  they  did not  interfere  w i t h  the  accuracy 
of the m e a s u r e m e n t s .  In fact,  they  turned out  to be 
quite  use fu l  in check ing  the part icular  vo l tage  scale  
factor used.  

F igure  4 s h o w s  a plot  of the  e lec trode  potent ia l  
vs.  the Hg/Hg~SO,  re ference  e l ec trode  and of the 
capacit ies  as a funct ion of t i m e  during anodizat ion 
at 1 m a / c m  ". The  l o w e r  curve  w i t h  the crosses  is 
the  capaci ty  as d e t e r m i n e d  f rom the init ial  s lope  of 
the traces,  and the curve  w i t h  the c ircles  s h o w s  the 
capaci ty  inc luding  a faradaic component ,  as d e t e r -  
m i n e d  f rom the  average  s lope of the traces  and 
s h o w s  the  regions  w h e r e  this  c o m p o n e n t  is large.  
In part icular,  it is s een  that  the faradaic c o m p o n e n t  
is large  during the revers ib l e  ox idat ion  of lead to 
lead sulfate .  The first vo l tage  p la teau  corresponds  
to this reaction.  As  the  e lec trode  is covered  w i t h  
lead sulfate ,  the capaci ty  decreases  and drops 
sharply  to a v e r y  smal l  v a l u e  at the  point  w h e r e  the  
potent ia l  starts  to rise. As the ox idat ion  of lead 
sul fate  to PbO._, proceeds  and o x y g e n  is evo lved ,  the  
e lec trode  potent ia l  drops s o m e w h a t  and the capaci ty  
gradua l ly  increases  to v e r y  high values .  A h u m p  in 
the  capac i ty  curve  is observed  at a po int  w h e r e  the  
potent ia l  stops fa l l ing  and could poss ib ly  corre -  
spond to the  c o m p l e t i o n  of  the  ox idat ion  of lead 
su l fa te  to fl PbO.o and the start  of  o x y g e n  evo lu t ion  
and product ion  of = PbO~ f rom the m e t a l l i c  lead.  

The res i s tance  of the e l e c t r o l y t e  path f rom the 
e l ec trode  to the Luggin  capi l lary  is about  0.3 o h m  in 
the e l e c t r o l y t e  used.  Such a l o w  v a l u e  could not  be 
ach ieved  w i t h  an a r r a n g e m e n t  w h e r e b y  the  a -c  
potent ia l  is m e a s u r e d  b e t w e e n  the e l ec trode  and a 
m u c h  larger  p l a t i n u m  counter  e l ec trode  in the  s a m e  
solut ion (15) .  

F igure  5 s h o w s  s imi lar  curves  for an anodizat ion  
at 3 m a / c m  ~. Again,  one observes  a large  faradaic 

c o m p o n e n t  during the  convers ion  of lead to lead 
sulfate,  the l o w  capaci ty  during  pass ivat ion  w h e r e  
the o h m i c  drop is high,  in the  order of 1 ohm,  and 
the h u m p  at the end of convers ion  of PbSO4 to 
/9 PbO~. 

Figure 6 shows the electrode potential and 
capacity curves during discharge at 1 ma/cm ~ of the 
PbO~ layers formed after 180 sec of anodization at 
1 ma/cm ~. On the potential plot one recognizes the 
PbOJPbSO, plateau, the PbSO,/Pb plateau, and a 
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slow decrease of po ten t i a l  t oward  the hyd rogen  
overvol tage  value .  D u r i n g  the PbO~ step the  ca-  
pac i ty  is e x t r e m e l y  high, 500-1000 t~F/cm, bu t  
decreases r ap id ly  toward  the end  of the p l a t eau  to 
a ve ry  low value.  This indica tes  a pass iva t ion  of the  
PbO~ film as it is covered by  PbSO~. D u r i n g  the  
PbSO4/Pb p l a t eau  the capaci ty  is aga in  m u c h  
h igher  and  decreases aga in  toward  the  end  of the 
p la teau .  I t  is i n t e res t ing  to note  t ha t  there  exists  a 
po ten t i a l  p l a t eau  at abou t  --0.73 v vs. Hg/Hg~SO, 
d u r i n g  which  the capaci ty  r ema ins  qui te  small .  This  
could cor respond to the fo rma t ion  of a d ischarge  
p roduc t  u n d e r n e a t h  a pa r t i a l l y  p ro tec t ing  su l fa te  
layer ,  for ins tance  PbO, or polar ized a PbO~. 

F igure  7 shows a discharge curve  at 3 m a / c m  
af ter  300 sec of anodiza t ion  at  3 m a / c m  ~. Qui te  
s imi la r  p h e n o m e n a  are observed.  The ohmic res is t -  
ance aga in  increases  sha rp ly  at the end of the  PbO~ 
discharge step, i nd ica t ing  pass ivat ion.  

These resul ts  show the usefu lness  of this t ech-  
n i que  in  s t udy ing  t r a n s i e n t  film p h e n o m e n a  on 
electrodes.  The  capacit ies  can be  m e a s u r e d  wi th  a 
precis ion of be t t e r  t han  3% and  the vol tages  to 1 
m v  d u r i n g  processes las t ing  on ly  a n u m b e r  of 
seconds. 

Manuscript  received Dec. 22, 1958. This paper was 
prepared for del ivery before the Ottawa Meeting, Sept. 
28-Oct. 2, 1958. 

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

Buildup and decay of oxygen overvoltage on a- and t~-PbO~ has been stud-  
ied. Layers of the two PbO~ modifications were electrodeposited on Pt  wires, 
sealed at both ends into glass. Ini t ia l  bui ldup of oxygen overvoltage at con- 
stant  current  is l inear  with time, and decay on open circuit is logarithmic with 
time. The results are explained on the basis of a generalized theory of over-  
voltage. Electrode potentials of ~- and t~-PbO~ have been measured as a func-  
tion of pH. 

Lead d ioxide  exists  in  two modifications,  the t e t r a -  
gonal  fl-PbO~ and  the o r thorhombic  a-PbO~. The 
la t te r  was identif ied on ly  a few years  ago by  Zas lav -  
sky, et al. (1). Previous ly ,  an  un iden t i f i ed  oxide of 
lead had  been  descr ibed by  severa l  au thors  (2, 3). 

Bode and  Voss (4) and  Rfietschi and  C a ha n  (5),  
found  a-PbO~ i n d e p e n d e n t l y  in b a t t e r y  and  corrosion 
research.  Recent ly ,  o ther  au thors  have  m e n t i o n e d  
the occur rence  of a-PbO~ (6-8) .  

The exact  e lec t rode  poten t ia l s  of a-  and  fl-PbO~ in  
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H_~SO, have  been  d e t e r m i n e d  recen t ly  (9) by  the  
authors .  1 The potent ia l s  of the a-PbO_~-PbSO~ and  the 
/~-PbO~-PbSO, couples are 1.7085 • 0.0005 v a nd  
1.7015 • 0.0005 v, respect ively,  vs. H~ in  4.4M H~SO~ 
at 31.8~ This  va lue  of the fl-PbO~ electrode is in 
good ag reemen t  wi th  tha t  repor ted  by  Hamer .  Other  
m e a s u r e m e n t s  of e lec t rode  potent ia l s  of a-PbO~ have  
also been  repor ted  (10).  

In  spite of the fact tha t  the po ten t ia l s  of the PbO:  
electrodes are m u c h  h igher  t h a n  the po ten t i a l  of the  
oxygen  electrode and  tha t  the PbO~ electrodes mus t ,  
therefore,  t h e r m o d y n a m i c a l l y  oxidize wa te r  to oxy-  
gen, the  PbO~ poten t ia l s  can be m e a s u r e d  over  long 
periods of t ime  wi th  good reproduc ib i l i ty .  Thus,  PbO~ 
electrodes have  a ve ry  high degree of me tas tab i l i ty ,  
which  is the  reason tha t  these electrodes can be used 
in  the l ead -ac id  ba t t e ry .  

Experimental 
Electrodes of ~-  and  /3-PbO~ have  been  p r epa red  

by e lec t rodeposi t ion  onto a p l a t i n u m  rod, sealed at 
both  ends into glass. The exposed l eng th  of the 
p l a t i n u m  rods was 20.0 m m  and  the d i ame te r  1.30 
mm. 

The p la t ing  solut ion for the a-PbO~ electrode was  
p r epa red  by  m a k i n g  up a stock solut ion of lead 
p l u m b a t e  (500 cc of sa tu ra t ed  sodium acetate,  100 
cc of sa tu ra t ed  lead acetate,  1000 cc of c a r b o n a t e - f r e e  
s a tu ra t ed  K O H  and  500 cc of w a t e r ) .  P r io r  to p l a t -  
ing, the solut ion was d i lu ted  1 : 1 wi th  water .  T r ip l e -  
dis t i l led wa te r  was used t h roughou t  the  exper imen t s .  

For  the fl-PbO.~ electrode,  the p l a t i ng  solut ion was  
lead pe rch lo ra t e -pe rch lo r i c  acid. A stock so lu t ion  
was p r epa red  by  dissolving 500 g of PbO in  1000 cc 
of 30% perchlor ic  acid. The PbO was ob ta ined  by  
p rec ip i t a t ing  f rom a lead n i t r a t e  solut ion at s l ight ly  

1 S ince  th i s  p a p e r  was  s u b m i t t e d  for  p u b l i c a t i o n ,  e l ec t rode  p o t e n -  
t i a l  m e a s u r e m e n t s  on ~-PbOe e lec t rodes  b y  S. J .  Bone,  B a t t e r y  
S y m p o s i u m ,  S igna l s  Resea rch  and  D e v e l o p m e n t  E s t a b l i s h m e n t ,  Min -  
i s t ry  of Supp ly ,  C h r i s t c h u r c h ,  H a m p s h i r e ,  E n g l a n d ,  Oct. 21 to  23, 
1958, h a v e  b e e n  b r o u g h t  to t he  a t t e n t i o n  of t he  a u t h o r s  b y  ~VI. B a r a k .  

a lka l ine  pH, ad jus ted  by  the addi t ion  of KOH. The 
prec ip i ta te  was  dr ied  at 170~ P r io r  to p la t ing ,  the  
stock so lu t ion  was  d i lu t ed  4 par t s  to 1 pa r t  H~O. The  
p la t ing  of both  electrodes was pe r fo rmed  in  a two-  
c o m p a r t m e n t  cell, jo ined  at  the  bo t tom wi th  a capi l -  
lary,  in a wa te r  ba th  held at  30~ The p l a t i ng  cur -  
r en t  was 1 ma, the p l a t i ng  t ime  6 days. The p la t ing  
ba th  was r e ne w e d  every  two days. PbO~ was de-  
posited to a depth  of 0.1 mm.  

Cer t a in  p recau t ions  m u s t  be observed w h e n  m a k -  
ing PbO~ electrodes.  For  ins tance,  du r ing  the e lec t ro-  
deposi t ion of a-PbO~ it was  observed tha t  a too 
s t rong ly  a lka l ine  solut ion wou ld  p e r m i t  the g rowth  
of red Pb~O, crysta ls  on the electrode.  Fu r the r ,  at the  
end  of the p l a t i ng  period,  the electrodes m u s t  be 
washed  carefu l ly  so as to be  free of Pb  § ions, which  
would  o therwise  form deposits of PbSO,  which  can 
r u p t u r e  the electrodeposi ts  phys ica l ly  or fo rm pass i -  
va t ing  layers .  Also, pa r t i cu l a r  care m u s t  be  t aken  
tha t  d u r i n g  wash ing  t e m p e r a t u r e  f luc tuat ions  are 
kept  to a m i n i m u m .  Rapid  evapora t ion  of w a t e r  by  a 
s t ream of air  migh t  chil l  the  electrode sufficiently to 
cause cracking,  and  even  the smal les t  crack or ex-  
posure  of the  u n d e r l y i n g  p l a t i n u m  to the  so lu t ion  r e -  
sults  in  rap id  de te r io ra t ion  of the electrodes.  

Electrodes p repa red  in  this  m a n n e r ,  and  for which  
the above  p recau t ions  were  observed,  were  s table  
over ex tended  per iods of t ime  (up to one m o n t h )  
and  the i r  po ten t ia l s  were  r ep roduc ib le  to w i t h i n  
1 mv.  

Cons tan t  cu r r en t s  were  ob ta ined  by  a genera to r  
descr ibed ear l ier  (5) .  

Elec t rode poten t ia l s  were  m e a s u r e d  aga ins t  h y -  
d rogen  and  Hg/Hg2SO~ in  the same solut ion.  Elec-  
t rode  potent ia l s  were  fol lowed wi th  a precis ion of 
1 my,  c u r r e n t  d ra ins  less t h a n  10 -11 amp and  wi th  a 
response  of 1 m v  in  20 msec. 

F i g u r e  1 shows a pho tograph  of two electrodes 
p r epa red  in  the descr ibed m a n n e r .  This p ic tu re  was  
t a k e n  at  the end  of all  the  m e a s u r e m e n t s  ~eported 
he re in  and  af ter  a surface film of the  electrodes had  
been  s t r ipped off in  a m m o n i u m - a c e t a t e  solut ion.  The 
t e x t u r e  of the a electrode is qu i te  smooth a nd  shiny,  
whereas  the surface  of the fl e lec t rode  appears  po ly -  
crys ta l l ine .  

Results 
Figu re  2 shows the dependence  of the  ~- and  

fl-PbO~ electrode poten t ia l s  on pH. The  first po in t  

Fig. 1. Electrodes of  c=- and/~-PbOs electrodeposited on Pt 
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Fig. 2. Electrode potent ials o f  c~- and fl-Pb02 as a funct ion 
of  pH vs. a hydrogen electrode in the same solut ion at  30.0  ~ 
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( a t  p H  --0.6)  was  m e a s u r e d  in  4.4M H.~SO,. S u b s e -  
quen t  m e a s u r e m e n t s  w e r e  m a d e  in so lu t ions  w h e r e  
the  (SO,--) c o n c e n t r a t i o n  was  m a i n t a i n e d  a t  1/10M. 
F o r  p H  1, a 1 /10M so lu t ion  of H~SO, was  used.  F o r  
o the r  p H  va lues ,  va r i ous  a m o u n t s  of a so lu t ion ,  
w h i c h  was  1 /10M in K O H  and  1 /10M in K~SO,, w e r e  
m i x e d  w i t h  a 1 /10M so lu t ion  of H~SO,. In  th is  m a n -  
ner ,  the  su l f a t e  ion c o n c e n t r a t i o n  was  k e p t  a t  1 /10M 
in a l l  t he  e x p e r i m e n t s .  A f t e r  mix ing ,  the  so lu t ions  
w e r e  s a t u r a t e d  w i t h  PbSO, ,  and  p H  va lues  w e r e  d e -  
t e r m i n e d  a c c u r a t e l y  w i t h  a glass  e lec t rode .  F i g u r e  2 
shows t h a t  a b o v e  p H  2 the  po t en t i a l s  t e n d  to v a r y  
on ly  l i t t l e  w i t h  pH. This  b e h a v i o r  is, of course ,  in  
c o a t r a d i c t i o n  to t he  n o r m a l l y  w r i t t e n  e l e c t r o d e  r e -  
ac t ion  i n v o l v i n g  h y d r o g e n  ions. H o w e v e r ,  one  has  
to r e m e m b e r  t h a t  P b S O ,  s t a r t s  to become  so lub le  a t  
h igh  p H  va lues .  So lub l e  l ead  spec ies  m i g h t  set  up  a 
m i x e d  e l ec t rode  po ten t i a l .  Also,  t h e  H~SO~-K~SO,- 
K O H  sys t em is not  a v e r y  good buffer ,  and  in the  p H  
r a n g e  f rom 2 to 9 the  h y d r o g e n  ion c o n c e n t r a t i o n  is 
no t  w e l l  s tab i l i zed .  

F i g u r e  2 shows t h a t  in s t r o n g l y  ac id  so lu t ions  the  
a - P b O ,  has  a p o t e n t i a l  7 m y  a b o v e  t h a t  of t he  
fl-PbO~, b u t  t ha t  t h e r e  is a c rossover  in t he  r eg ion  
b e t w e e n  p H  1 a n d  2 w h e r e  the  fl-PbO~ becomes  
m o r e  pos i t i ve  t h a n  the  a-PbO~. The  e l ec t rode  w i t h  
the  l o w e r  p o t e n t i a l  is n a t u r a l l y  the  m o r e  s t ab le  one, 
hence  i t  fo l lows  t ha t  in so lu t ions  m o r e  a l k a l i n e  t h a n  
p H  2, ~-PbO~ is f o r m e d  in p r e f e r e n c e  to f l -PbO, .  The  
c rossover  po in t  m i g h t  be  inf luenced  b y  the  p a r t i c u l a r  
an ion  of t he  solut ion.  In  our  case  on ly  SO, = and  OH- 
w e r e  p resen t .  

The  c rossover  in  e l ec t rode  p o t e n t i a l s  is of p r a c t i c a l  
i m p o r t a n c e  in  l e a d - a c i d  b a t t e r y  m a n u f a c t u r e .  The  
i n t e r i o r  of pos i t i ve  p l a t e s  is k n o w n  to r e m a i n  bas ic  
d u r i n g  the  in i t i a l  pe r iods  of fo rma t ion ,  p r o v i d i n g  one 
cond i t ion  conduc ive  to the  f o r m a t i o n  of a-PbO~. I t  is 
also k n o w n  tha t  co r ros ion  of m e t a l l i c  l e ad  a t  e l e -  
v a t e d  p o t e n t i a l s  t e n d s  to f o r m  a-PbO~. This  m i g h t  
also be  due  to a p H  effect u n d e r n e a t h  a p r o t e c t i n g  
su l fa t e  l aye r .  The  c o m b i n a t i o n  of the  two  cond i t ions  
p r o v i d e s  an  e x p l a n a t i o n  for  the  o b s e r v a t i o n  t h a t  
n e w l y  f o r m e d  pos i t ive  p l a t e s  u s u a l l y  show m o r e  
a-PbO~ in t h e i r  i n t e r i o r s  t h a n  in  t h e i r  su r f ace  l aye r s .  

A f t e r  m e a s u r i n g  the  po t en t i a l s  t h r o u g h  the  p H  
series ,  the  e l ec t rodes  w e r e  r e p l a c e d  in  4.40M H~SO,, 
a n d  the  po t en t i a l s  w e r e  o b s e r v e d  to r e t u r n  to w i t h i n  
1 m v  of t h e i r  p r e v i o u s l y  o b s e r v e d  va lues .  This  was  
r e p e a t e d  w i t h  t he  s ame  resu l t ,  d e m o n s t r a t i n g  the  
s t a b i l i t y  of the  e lec t rodes .  Also,  conce rn ing  s t ab i l i ty ,  
on occas ion the  e l ec t rodes  w e r e  p o l a r i z e d  s l i gh t ly  
b e l o w  t h e i r  o p e n - c i r c u i t  va lue s  for  v e r y  shor t  t ime  
pe r iods  w h e r e b y  some l e a d  su l fa t e  was  f o r m e d ;  
a f t e r  r e m o v i n g  t h e  p o l a r i z i n g  c u r r e n t  t he  e l ec t rodes  
r e t u r n e d  s lowly  to t h e i r  o r i g i n a l  o p e n - c i r c u i t  va lues .  

A f t e r  p r o l o n g e d  o p e n - c i r c u i t  s t a n d  of t he se  e l ec -  
t r o d e s  in  4.40M H~SO,, t h e  s low o x i d a t i o n  of w a t e r ,  
as m e n t i o n e d  ea r l i e r ,  p r o d u c e d  some  s e l f - d i s c h a r g e  
and  t h e  b u i l d u p  of some l ead  su l fa t e  on the  sur face .  
I f  t he  e l ec t rodes  a r e  s u b s e q u e n t l y  a n o d i z e d  a t  an  a p -  
p r e c i a b l e  r a t e  ( w h e r e  t he  e l ec t rode  p o t e n t i a l  is 
r a i s ed  s u b s t a n t i a l l y ) ,  th is  l e a d  su l f a t e  is ox id i zed  to 
fl-PbO... This  t r e a t m e n t ,  t he re fo re ,  does  change  an  
a-PbO~ e l e c t r o d e  into  an  e l ec t rode  con ta in ing  a m i x -  

t u r e  of ~- and  fi-PbO~. D u r i n g  o p e n - c i r c u i t  pe r iods  
an  e x c h a n g e  c u r r e n t  is a l w a y s  m a i n t a i n e d .  A finite 
a m o u n t  of PbO.~ is c o n v e r t e d  into  PbSO,  and  vice 
versa. This  e x c h a n g e  e s t ab l i shes  the  r e v e r s i b l e  po -  
ten t ia l .  In  t h e  case of an  a-PbO= e lec t rode ,  th is  m e a n s  
t h a t  P b S O ,  m u s t  c onve r t  b a c k  to a-PbO2 a t  t he  r a t e  
of the  e x c h a n g e  c u r r e n t  even  in  ac id  solu t ion .  The  
fac t  t h a t  a-PbO~ is f o r m e d  r a t h e r  t h a n  fl-PbO~ m u s t  
be e x p l a i n e d  in t ha t  the  a c t i va t i on  e n e r g y  r e q u i r e d  
for  the  nuc l e a t i on  of fl-PbO~ m u s t  be  g r e a t e r  t h a n  
the  a c t i va t i on  e n e r g y  r e q u i r e d  for  the  depos i t i on  of 
a-PbO~ on ~-PbO~. D u r i n g  anod iza t ion ,  the  e l ec t rode  
p o t e n t i a l  is r a i s e d  suff ic ient ly  t ha t  the  a c t i va t i on  
e n e r g y  for  t he  f o r m a t i o n  of fl-PbO~ is e x c e e d e d  a n d  
the  fl phase  can  b e  fo rmed .  W i t h o u t  anod iza t ion ,  t he  
e l ec t rodes  m a i n t a i n  t h e i r  p a r t i c u l a r  s t r u c t u r e s  ove r  
e x t e n d e d  p e r i o d s  of t ime.  Th is  has  been  d e t e r m i n e d  
b o t h  b y  t h e i r  m a i n t e n a n c e  of d i s t i nc t l y  d i f fe ren t  and  
r e p r o d u c i b l e  po t e n t i a l s  and  b y  x - r a y  d i f f rac t ion  
ana lys i s .  The  d i f fe rence  in e l ec t rode  p o t e n t i a l s  b e -  
t w e e n  a -  and  fl-PbO~ in t he  same  so lu t ion  m u s t  be  a 
m e a s u r e  of the  d i f fe rence  in f r ee  e n e r g y  of the  two  
c r y s t a l l i n e  modif ica t ions .  The  c rossover  of t he  p o t e n -  
t i a l s  could  m e a n  t h a t  the  f ree  ene rg ie s  of the  two  
m a t e r i a l s  a r e  a func t ion  of the  h y d r o g e n  (or  h y -  
d r o x y l )  ion c o n c e n t r a t i o n  of the  e l ec t ro ly t e .  The  
o x y g e n  def ic iency a n d / o r  poss ib ly  the  OH- or  H § 
con ten t  of e i t he r  c r y s t a l l i n e  fo rm of PbO~ can  change  
w i t h  t he  pI-I of t he  so lu t ions  w i t h  w h i c h  t h e y  a re  in 
e q u i l i b r i u m .  In  o the r  words ,  t he  f ree  e n e r g y  (or  
e l ec t rode  p o t e n t i a l )  va r i e s  w i t h  t he  o x y g e n  defi-  
c i ency  a n d / o r  OH- or  H § con ten t  in t he  c rys ta l s .  

This  becomes  p a r t i c u l a r l y  e v i d e n t  in o x y g e n  o v e r -  
v o l t a g e  s tudies .  F i g u r e  3 shows  the  b u i l d u p  of o x y -  
gen  o v e r v o l t a g e  on the  fl-PbO~ e l ec t rode  a t  cons t an t  
cu r ren t .  The  e l ec t rode  h a d  b e e n  anod ized  p r e v i o u s l y  
a t  10 Fa over  a p r o l o n g e d  p e r i o d  of t i m e  a n d  t hen  
le f t  on open  c i rcu i t  for  24 h r  p r i o r  to t he  cu rve  
ident i f ied  20 Fa. A f t e r  each  anod iza t i on  the  e l ec t rode  
was  a l l ow e d  to d e c a y  to a v a l u e  s l i gh t ly  above  the  
r e v e r s i b l e  p o t e n t i a l  and  t hen  a n o d i z e d  a t  the  n e x t  
h i g h e r  cu r ren t .  In  th is  m a n n e r  no PbSO,  was  a l l o w e d  
to be  f o r m e d  on the  e lec t rode .  The  f o r m a t i o n  of l e a d  
su l fa t e  w o u l d  have  c h a n g e d  the  su r face  a r e a  of t he  
e l ec t rode  upon  s u b s e q u e n t  anod iza t ion .  The  c u r r e n t s  
in Fig.  3 r e f e r  to t he  t o t a l  e l ec t rode  area .  

The  b u i l d u p  of o x y g e n  o v e r v o l t a g e  a t  cons t an t  
c u r r e n t  i nvo lves  fou r  p rocesses  w h i c h  p roc e ed  at  

~EO 5OO~A 

1"9 200F*A �9 IO0~A 

=- ?O~A 

~ 1.7 

4 

I 
2 
T IME - M INUTES 

Fig, 3. Buildup of oxygen overvoltage on /3-PbO_, at con- 
stant current in 4.40M H2S04 at 30,0~ 
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different  rates. The fastest  process occurs first and  is 
the bu i l dup  of a double  layer,  w h e r e b y  only  free 
e lec t rons  of the  e lec t rode  and  h y d r a t e d  ions of the  
so lu t ion  are displaced.  This  process occurs d u r i n g  
the in i t i a l  few microseconds  and  was observed us ing  
an  osci l lographic technique .  The a p p a r e n t  doub le -  
l ayer  capaci ty  of this first process is of the order  of 
100 ~F/cm-' of the t rue  surface  area. 

The bu i l dup  of the  double  layer  is pa ra l l e led  by  
the much  s lower process of oxygen  deposi t ion onto 
the surface of the electrode. This  process becomes  
p r e d o m i n a n t  af ter  the in i t i a l  few mi l l i seconds  a nd  
af ter  a rise of po ten t i a l  of 5-10 my.  D u r i n g  this sec- 
ond step (which  is shown in  Fig. 3) the  po ten t i a l  
rises l i nea r ly  w i th  t ime.  The  process invo lves  the  
bu i l dup  of a l ayer  of adsorbed,  nega t i ve ly  charged 
oxygen  species. This  can be expressed aga in  as an  
a p p a r e n t  capaci tance.  Also, this capaci ty  is a p p a r -  
en t ly  cons tan t  over  a cons iderab ly  po ten t i a l  region.  
If the c u r r e n t  dens i ty  is d iv ided  by  the slope of the  
l i nea r  por t ion  of the  curve,  one ob ta ins  a va l ue  for 
this a p p a r e n t  capaci ty  of 20,000 to 30,000 ~ F / c m  ~ of 
a p p a r e n t  geometr ic  area.  This capaci ty  is i n d e p e n d -  
ent  of the charg ing  cur ren t .  

As the  oxygen  con ten t  on the surface con t inues  to 
increase,  two fu r t he r  processes become apparen t .  
Oxygen  molecules  are fo rmed  f rom the ac t iva ted  ad-  
sorbed species and  oxygen  is r emoved  by  evo lu t ion  as 
a gas. The process of oxygen  r emova l  becomes in -  
c reas ing ly  fas ter  wi th  the  n u m b e r  of adsorbed  spe-  
cies and  f inal ly approaches  asymto t i ca l ly  the ra te  of 
oxygen  deposi t ion onto the surface.  

Cons idera t ion  has been  g iven to a four th  process: 
oxygen  m a y  diffuse in to  the bu lk  of the PbO_~ elec- 
t rodes and  s lowly sa tu ra t e  it. Because of the re la -  
t ive ly  slow ra te  of the las t  process, the s t eady- s t a t e  
va lue  of oxygen  overvo l tage  on PbO,_, electrodes is 
reached slowly.  

F igure  4 shows the s t eady- s t a t e  oxygen  ove rvo l t -  
age on a-  and  fl-PbO~ in  4.4M H~SO, at 30~ The 
Tafel  slope of the a e lectrode is 0.07 and  tha t  of the 
fl e lectrode is 0.14. This  would  ind ica te  a d i f ferent  
m e c h a n i s m  of oxygen  evo lu t ion  on the two elec-  
trodes. The slopes were  qu i te  r eproduc ib le  and  were  
m e a s u r e d  severa l  t imes  wi th  inc reas ing  and  decreas-  
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Fig. 5. Decoy of  oxygen overvol toge on open c i rcui t  of  a 
fl-PbO_o electrode at  30 .0~  in 4 . 4 0 M  H_~SO4. 

ing cur rents .  The va lues  of the slopes r e m a i n e d  con-  
s t an t  af ter  anodiza t ion  per iods  of up  to 5 days which  
demons t r a t e s  the  absence of any  changes  in  modif i-  
ca t ion du r ing  anodizat ion.  I t  is of in te res t  to note  
tha t  the absolu te  overvol tage  va lue  of fl-PbO~ is 
h igher  t h a n  the va lue  for ~, a l though  the  reverse  is 
t rue  of the  revers ib le  po ten t i a l  on open circuit .  Tafe l  
slopes for oxygen  overvol tages  on ~- and  fl-PbO~ re -  
por ted  ear l ie r  (9) were  ob ta ined  wi thou t  tho rough ly  
s a tu r a t i ng  the electrodes by  p rev ious  anodizat ion.  

The  decay of oxygen  overvo l tage  on open  c i rcui t  
is shown in Fig. 5. 

The decay tends  to become logar i thmic  wi th  t ime, 
and  the slope of the  vo l tage- log  t ime plot  is ( w i th in  
e x p e r i m e n t a l  er rors)  the nega t ive  of the Tafel  slope. 

F igu re  6 shows the plot  of the open-c i r cu i t  decay 
of po ten t i a l  vs. log t ime  for the  a electrode. 

Tha t  the slopes of the  po ten t i a l  vs. log t ime  plot  
a re  the nega t ives  of the Tafel  slopes can be exp la ined  
by  the fol lowing:  The e lect rode po ten t ia l  is a l i nea r  
func t ion  of the surface concen t ra t ion  of oxygen  
(11-13) .  The  ra te  of oxygen  evo lu t ion  and  desorp-  
t ion  is an  exponen t i a l  func t ion  of the electrode po-  
ten t ia l ;  therefore  one ob ta ins  

V~Ze0 = c o n s t .  - -  
i = K~. exp K T  dt --  K~ ~ [ 1 ] 
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Fig. 4. Steady-state Tafel curves for (x- and fl-PbO~_ elec- 
trodes at 30.0~ in 4.40M H~SO~, 
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Fig. 6. Decay of  oxygen overvol tage on open c i rcui t  of 
~-Pb0_~ electrodes at 30.0~ in 4.40M H~S0~. 
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Fig. 7. Recovery  o f  o v e r v o l t a g e  a f t e r  d ischarge to a l ower  
po ten t i a l  va lue .  

where  i is the c u r r e n t  densi ty ,  V the electrode po-  
tent ia l ,  [O:]  the oxygen  concen t ra t ion  on the  s u r -  
face, and  K1 and  X o are constants .  
In t eg ra t ing ,  one ob ta ins  

K._, KT [ ( V a Z e o ~ _  ( VoaZeo ) ]  
t =  K~ aZeo exp - - - ~ - - /  exp KT [2] 

Af te r  the  po ten t i a l  has decayed abou t  50 to 100 mv,  
the  second exponen t i a l  m a y  be neglec ted  and  one 
obta ins :  

KT KT K~ KT 
V = ~ .  l n t - - - -  �9 l n - -  [3] 

~ Z eo c~ Z eo K~ ~e Z eo 
o r  

dV KT 

d ( ln t )  aZeo 
[43 

which  is the  nega t ive  of the Tafel  slope (11).  
The presence  of the  adsorbed (ac t iva ted)  oxygen  

on a n d / o r  in  the PbO.~ la t t ice  was demons t r a t ed  by  
the  fo l lowing  exper imen t .  The oxygen  overvol tage  
of the fl e lectrode at 2 m a  was forced down toward  
the open -c i r cu i t  po ten t i a l  by  appl ica t ion  of a re -  
versed  c u r r e n t  of 2 ma. The c u r r e n t  was i n t e r r u p t e d  
af ter  the po ten t i a l  reached a g iven value.  F igure  7 
shows the v o l t a g e - t i m e  curves  for two different  runs .  
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In  the first one the po ten t i a l  was forced to 1.8 v and  
in  the second to 1.7 v ( tha t  is, the  revers ib le  open-  
c i rcui t  va lue ) .  A t  the  po in t  where  the electrode 
reached these potent ia ls ,  the c u r r e n t  was  i n t e r -  
rupted .  The voltage-time curve showed a recovery of 

overvoltage of more than 30 mv after interruption of 

c u r r e n t  before the po ten t i a l  s lowly  decayed to the 
open -c i r cu i t  value.  At  h igher  reversa l  cur rents ,  the 
recoveries  observed  were  m u c h  greater ,  in the order  
of 100 mv. This  phe nome non ,  which  has not  been  
descr ibed previous ly ,  shows that  the  electrode po-  
t en t i a l  is m a i n t a i n e d  by  the  s t rong ly  adsorbed or 
absorbed  species. A reversa l  of c u r r e n t  wou ld  defi- 
n i t e ly  des t roy a diffuse ionic type  double  layer .  
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On an ion-Exchange Property of Manganese Dioxide 
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ABSTRACT 

When manganese dioxide is shaken with an electrolyte solution, the cation 
is adsorbed and hydrogen ion is released: an ion exchange reaction takes place 
on the surface of the manganese  dioxide. A simple method based on zinc ion 
exchange reaction is proposed to measure the ion exchange capacity of various 
manganese  dioxides. Results have been compared to the surface area of those 
samples measured by the B.E.T. method based on ni t rogen gas adsorption, and 
a fair ly good proport ional i ty was found between them. The mechanism of the 
ion exchange is correlated with the structure of a surface complex. 

If m a n g a n e s e  d ioxide  is shaken  wi th  a salt  solu-  
tion, some cat ions are adsorbed on the dioxide, and  
s i m u l t a n e o u s l y  h y d r o g e n  ions are re leased to the  
solut ion.  This i o n - e x c h a n g e  p rope r ty  of MnO~ has 
been  k n o w n  since 1926 (1, 2). Sasaki  (3) and  J o h n -  
son and  Vosburgh  (4) have  emphas ized  the i m p o r -  
t ance  of this i o n - e x c h a n g e  p rope r ty  in  con junc t ion  
wi th  m e a s u r e m e n t s  of the  electrode po ten t ia l s  of 
MnO2, since the  po ten t ia l  depends  on the pH of the 
solution.  The i o n - e x c h a n g e  capaci ty  of MnO.~ var ies  
wide ly  f rom sample  to sample  and  also is affected by  
var ious  factors  which  d e t e r m i n e  the  su i t ab i l i ty  of 
ce r ta in  m a n g a n e s e  dioxides for d ry -ce l l  use. The 
i o n - e x c h a n g e  capaci ty  of MnO~ usua l ly  is k n o w n  as 
"the pH of the  m a n g a n e s e  dioxide."  In  J a p a n  this  
s t a t emen t  is t aken  to m e a n  the  change  in  the pH 
va lue  of a salt  so lu t ion af ter  shak ing  it wi th  the di -  
oxide. The  pH values  can be used to eva lua t e  m a n -  
ganese dioxides for d ry  cell use (5) and  have  a close 
re la t ionsh ip  wi th  the corrosion of the zinc anode.  
Up to the p resen t  t ime  only  wa te r  and  a m m o n i u m  
chloride solut ion (3) have  been  used for the  de te r -  
m i n a t i o n  of the pH value.  

In  the p resen t  paper ,  a new  method  is proposed 
for compar ing  the  i o n - e x c h a n g e  capacit ies  of va r i -  
ous m a n g a n e s e  dioxides.  Manganese  dioxide is 
shaken  wi th  an  NH,C1 solu t ion  in  which  ZnO is d is -  
solved, and  the  so lu t ion  t hen  is ana lyzed  for zinc 
and  h y d r o g e n  ion by  vo lumet r i c  methods.  The re -  
sults  for var ious  samples  of m a n g a n e s e  dioxide are 
compared  wi th  the  surface  areas of these samples  
as ob ta ined  by  the  B.E.T. method.  In  addi t ion,  in  
order  to c lar i fy  the m e c h a n i s m  of the i o n - e x c h a n g e  
react ion,  several  add i t iona l  expe r imen t s  have  been  
car r ied  out. 

Special Property  o~ A m m o n i u m  Chloride Solution 
in Which Zinc Oxide Is Dissolved 

In  p r e l i m i n a r y  expe r imen t s  it was  found  tha t  the  
adsorp t ion  of cat ions on MnO~ depends  on both  the 
pH of the salt  so lu t ion and  the concen t r a t i on  of the  
cation. Therefore ,  these condi t ions  m u s t  be kept  con-  
s tant  if the re la t ive  i o n - e x c h a n g e  capacit ies  of 
m a n g a n e s e  dioxides are to be measured .  A m m o n i u m  
chloride so lu t ion  in  which  ZnO is dissolved has a pH 
of abou t  7 and,  in  addi t ion,  has ve ry  good buffer  ac-  

t ion. W h e n  this  so lu t ion  is t i t r a t ed  w i th  HC1, a 
n e a r l y  cons tan t  pH is m a i n t a i n e d  un t i l  the  point  
where  the same n u m b e r  of equ iva len t s  of HC1 are 
added as tha t  of ZnO added to the solut ion.  At  this 
po in t  the pH changes  suddenly .  Two moles of NH,C1 
and  abou t  0.1 mole  of ZnO were  dissolved in  a l i ter  
of water .  The zinc con ten t  was d e t e r m i n e d  by  the 
E.D.T.A. method:  5 m l  of the  solut ion was  t i t r a t ed  
wi th  a 0.02 m/1 E.D.T.A. ( e t hy l e ne d i a mi ne t e t r ace t i c  
acid d i sodium sal t )  s t anda rd  solut ion us ing  Erio-  
chrom Black T as the  ind ica tor  (before  t i t ra t ion ,  the  
pH was ad jus ted  to abou t  9.5 us ing  an  NH~C1-NH,OH 
buffer ) .  

F igu re  1 shows the  t i t r a t i on  curves  for the  zinc 
so lu t ion  (2 m/1 NH,C1, 0.1073 m/1 ZnO)  us ing  
0.100N HC1 as the  s t a n d a r d  solut ion.  I t  is ev iden t  
f rom the t i t r a t ion  curves  tha t  the zinc solut ion has a 
r e m a r k a b l e  pH buffer  action.  At  the po in t  where  
exac t ly  the  same n u m b e r  of equ iva len t s  of HC1 is 
added as tha t  of zinc in  the  solut ion,  the pH changes  
s u d d e n l y  f rom 5 to 2.8. This f ea tu re  of the  zinc 
so lu t ion  makes  it  possible to d e t e r m i n e  the  zinc ion 
adsorp t ion  on MnO2 at  a cons tan t  pH of 7 a n d  also 
to measu re  the re leased h y d r o g e n  ion by  t i t r a t ion  of 
the r e su l t ing  so lu t ion  wi th  HC1. 

This  p rope r ty  also can be used to d e t e r m i n e  a 
smal l  a m o u n t  of ZnO ex i s t ing  in ZnCI~ as an i m -  
pur i ty .  In  most  cases, ZnC12, even  the ana ly t i ca l  re -  
agent ,  conta ins  a smal l  a m o u n t  of ZnO. A concen-  
t r a t ed  ZnCL solu t ion  (7.63 m/1 f rom zinc ana lys is )  
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Fig. 1. Titration curves of the Zn solution (2 m / I  NH~CI, 
0.1073 m / I  ZnO). 10 or 20 ml o f  the Zn solut ion was 
t i t ra ted,  corresponding to curve A or B, respectively. Broken 
lines indicate the points where the rat io of  the amount  of  
HCt to tha t  of  Zn ++ is H + : Zn  ++ : 2: 1. 
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containing ZnO were added. Broken lines indicate the points 
where mole ratio H + added: ZnO contained in the ZnCI2 
= 2:1. 
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con ta in ing  a s m a l l  a m o u n t  of ZnO was  p r e p a r e d .  One 
to five m l  of th is  so lu t ion  was  a d d e d  to 50 ml  of 0.5, 
2.0, and  4.0 m/1  NH,C1 solut ion.  These  so lu t ions  t h e n  
w e r e  t i t r a t e d  w i t h  a s t a n d a r d  so lu t ion  of HC1, u s ing  
a p H  m e t e r  to m e a s u r e  p H  va lues .  Resu l t s  for  t he  
0.5 and  4.0 m/1  so lu t ions  a r e  shown  in Fig.  2. In  sp i te  
of the  l a r g e  d i f fe rence  in NH,C1 and  ZnCI~ concen -  
t r a t ion ,  an  a b r u p t  p H  change  was  no ted  and,  as m o r e  
of  the  ZnCI~ so lu t ion  con t a in ing  ZnO was  t aken ,  
p r o p o r t i o n a l l y  m o r e  HC1 was  consumed .  

F r o m  v e r y  ca re fu l  ana lys i s  of the  ZnCI~ so lu t ion  
the  r a t io  Zn:C1 ~ 1:1.900 was  d e t e r m i n e d .  T h e r e -  
fore,  the  original ZnCI~ con t a ined  ZnO in the  a m o u n t  
of 1/20 of t he  t o t a l  zinc. Do t t ed  l ines  in Fig .  2 i n -  
d ica te  t he  e q u i v a l e n t  a m o u n t s  of HC1 as c a l c u l a t e d  
f r o m  this  ana lys i s .  

F r o m  t h e  p r e v i o u s  s tud ies  (6,7) of the  ZnCI~- 
NH~C1-H~O sys tem,  the  a b o v e  d e s c r i b e d  b e h a v i o r  of 
the  z inc  so lu t ion  can  be  unde r s tood .  In  the  z inc  so lu -  
t ion  con t a in ing  2 m/1  NIt,C1 and  0.1 m/1  ZnO, the  
species  [ZnC1,] ~, [Zn(NH~)CI~]- ,  [Zn(NH~)~CI~], 
[Zn(NH~)~C1]+, [Zn(NH~),]~+ a re  p resen t ,  w i t h  
[Zn(NH,)~CI~] be ing  the  p r e d o m i n a n t  c o m p l e x  a t  
p H  7. The  equa t ions  d e s c r i b i n g  the  f o r m a t i o n  a n d  
d i s soc ia t ion  of th is  c o m p l e x  ion ( n e g l e c t i n g  i n t e r -  
m e d i a t e  spec ies )  a re :  

ZnO + 2NH4C1 ~ [Zn(NH3)~CI~] + H~O [1] 

[Zn(NH~)..,CI.~] + 2  H.~O + 2 C I - ~  
[ZnCL]  ~- + 2 OH- + 2 N H J  [2]  

W h e n  HC1 is a d d e d  to t he  zinc so lu t ion  the  OH- is 
n e u t r a l i z e d  and  a l l  t he  [Zn  (NH~),C1,] is c o n v e r t e d  to 
[ZnCl , ]  ~-. 

Proposed Method for Determination of the 
Ion-Exchange Capacity of MnO.~ 

If  YlnO~ is s h a k e n  w i t h  the  z inc  so lu t ion  d e s c r i b e d  
above,  z inc  ion is a d s o r b e d  and  h y d r o g e n  ion  is r e -  
leased ,  b u t  the  i o n - e x c h a n g e  r e a c t i o n  p roceeds  at  a 
n e a r l y  cons t an t  p H  va lue .  A p o r t i o n  of the  s u p e r -  
n a t a n t  so lu t ion  (or  t he  f i l t r a t e )  t h e n  is t i t r a t e d  w i t h  
a s t a n d a r d  so lu t ion  of HC1 (0.100N) us ing  m e t h y l  
o r ange  as t he  ind ica to r .  The  d i f fe rence  b e t w e e n  the  
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Fig. 3. Zn ++ adsorbed and H + released by the ion-exchange 
reaction on electrolytic MnC~2. The three points correspond to 
1, 2, and 3 g of MnO~ taken as samples. A ,  experimental 
values; O, experimental results corrected for free acid in the 
MnO=. 

a m o u n t  of HC1 c o n s u m e d  in  th is  p r o c e d u r e  and  t ha t  
c o n s u m e d  b y  the  o r i g i n a l  so lu t ion  c o r r e s p o n d s  to the  
a m o u n t  of h y d r o g e n  ion  r e l e a s e d  b y  the  i o n - e x -  
change  reac t ion .  A n o t h e r  p o r t i o n  of t h e  s u p e r n a t a n t  
so lu t ion  is a n a l y z e d  b y  the  E.D.T.A. m e t h o d  to d e -  
t e r m i n e  the  zinc ion  adso rp t ion .  

S a m p l e s  of 1, 2, and  3 g of MnO2 ( p r e p a r e d  b y  
e l e c t r o d e p o s i t i o n  and  g r o u n d  so as to pass  t h r o u g h  
a 100 mesh  s ieve)  w e r e  a d d e d  to 5 0 - m l  po r t i ons  of 
2 m/1  NH~C1 + 0.1 m/1  ZnO so lu t ion  con t a ined  in 
100-ml  flasks f i t ted  w i t h  r u b b e r  s toppers .  T h e  r e -  
su l t i ng  suspens ions  then  w e r e  s h a k e n  fo r  6 h r  b y  
m a c h i n e  and  a l l o w e d  to s t a n d  ove rn igh t .  T h e n  5 - m l  
p o r t i o n s  of t he  s u p e r n a t a n t  l i qu id  w e r e  a n a l y z e d  for  
Zn +§ and  H § as d e s c r i b e d  above.  Thus,  the  a m o u n t  of 
a d s o r b e d  Zn  ++ and  r e l e a s e d  H § w e r e  d e t e r m i n e d .  Re -  
sul ts  a r e  s h o w n  in Fig .  3. The  MnO~ used  con t a ined  
some f r ee  H2SO,. The re fo re ,  the  r e l e a s e d  H + v a l u e  
m u s t  be  co r rec ted .  A f t e r  c o m p l e t e  decompos i t i on  of 
the  d iox ide  b y  c o n c e n t r a t e d  HC1, t he  SO4= in t h e  
so lu t ion  was  d e t e r m i n e d  as BaSO4. The  co r r ec t i on  
is s h o w n  in Fig .  3. The  c o r r e c t e d  va lue s  show t h a t  
t h e  r a t i o  a d s o r b e d  Zn*+:released H § is v e r y  n e a r l y  
equa l  to 1:2, and  t h a t  t he  i o n - e x c h a n g e  va lue s  a r e  
p r o p o r t i o n a l  to t he  a m o u n t  of MnO~ used.  T h i r t y  
m i n u t e s  s h a k i n g  fo l l owed  b y  f i l t r a t ion  gave  the  s ame  
r e su l t s  w i t h i n  5 %. 

To m e a s u r e  t he  Zn a d s o r p t i o n  of a v e r y  s m a l l  
s a m p l e  of MnO~ (15-50 m g ) ,  a m o r e  d i l u t e  Zn so lu-  
t ion  (0.5 m/1  NH,C1, 0.005 m/1  ZnO; p H  a b o u t  7.2) 
is r e c o m m e n d e d .  In  th is  case 0.01-0.005 m/1  E.D.T.A. 
s t a n d a r d  so lu t ion  shou ld  be  used.  This  m i c r o m e t h o d  
for  t he  zinc a d s o r p t i o n  m e a s u r e m e n t  has  been  shown  
to g ive  the  s ame  r e su l t s  as t h a t  of the  a b o v e  m e t h o d  
w i t h i n  a f ew  p e r  cent .  T h e  m i c r o m e t h o d  has  been  
a p p l i e d  to MnO2 e l e c t r o d e p o s i t e d  on g r a p h i t e  rods  
(8) .  

S ince  the  Zn a d s o r p t i o n  v a l u e  is not  a f fec ted  b y  
f r ee  acid,  NaOH,  or  Na~CO~ p r e s e n t  in  t he  sample ,  
it, r a t h e r  t h a n  t h e  a m o u n t  of H § r e l eased ,  m a y  be  
t a k e n  as a m e a s u r e  of t h e  i o n - e x c h a n g e  c a p a c i t y  of 
MnO~. If  t he  MnO~ s a m p l e  has  h e a v y  m e t a l  ions  a d -  
so rbed  on the  surface ,  these  shou ld  be  w a s h e d  off 
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Table I. Various samples of Mn02 (ground to pass through 100 mesh 
sieve) for measurement of ion-exchange capacity 

x in  MnO~ MnOe,  % 

No. 1 

No. 2 

No. 3 

No. 4 

No. 5 

No. 6 

No. 7 

No. 8 
No. 9 

prepared by electrodeposit ion 1 .98 84.94 
f rom MnSO, bath at 97~176 
with  a current  density of 1.74 
amp/d in  2 
No. 1 t reated with Na,CO, so- 1 .98 87.58 
lut ion 
No. 2 washed wi th  6N H~SO, 1.94 89.23 
at 60~ then with  wate r  
cryptomelane  prepared  by au-  1.95 89.31 
toclaving No. 2 wi th  NH~C1 
solution at 170~ 
Mn20, prepared by heat ing 1.50 50.01 
No. 2 at 630~ for 5 hr  
No. 5 heated at 250~ wi th  1.53 55.95 
dilute NaOH solution fol lowed 
by washing with  water  
prepared by the rmal  decom- 2.00 100.07 
posit ion of Mn (NO~) 
na tura l  ore (pirica) 2.00 86.05 
na tura l  ore (kawai)  1 .96 76.88 

by dilute H~SO, prior to the ion-exchange capacity 
measurement. 

The method for obtaining the ion-exchange ca- 
pacity described above was applied to various sam- 
ples of MnO~, including natural ores, artificial man- 
ganese dioxides, and a series of heated manganese 
dioxides (see Table I). Some of the results were cor- 
rected for free acid. Results shown in Fig. 4 indicate 
that ion-exchange capacities thus measured are dis- 
tributed over a very wide range depending on the 
origin of the dioxide, the electrolytic manganese 
dioxides having the largest capacity. 

In Fig. 4, most of the points are above the theo- 
retical line of Zn+*:H+ = 1:2. There are two causes 
for this: free acid and impurities such as Ca and Mg, 
the ions of which behave like Zn § in the E.D.T.A. 
method. Natural ores especially contain the latter 
impurities. The effect of these impurities is to de- 
crease the apparent adsorption of Zn §247 
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Fig. 4. Ion-exchange capacities of 1.00 g of the various 
manganese dioxides listed in Table I. The numbers near the 
points correspond to the ones in Table I. The triangles show 
the results for sample 1 on heating at the various tempera- 
tures indicated in the figure for 3 hr. Samples 1 and 3 were 
corrected for free acid, the length of the arrows indicating 
the amount of the correction. 

Sasaki  (5) and Johnson  and  Vosbu rgh  (4) h a v e  
shown  tha t  MnO~ is able  to e x c h a n g e  N H J .  Fo r  the  
case unde r  cons ide ra t ion  here ,  h o w e v e r ,  any  con-  
t r i bu t ion  of NH~ ~ need  not  be t aken  into cons ide r -  
ation, since the  a m o u n t  of H § r e l eased  can be e x -  
p l a ined  e x p e r i m e n t a l l y  by  the  a m o u n t  of Zn *§ ad-  
sorbed.  There fo re ,  in the  c o m p e t i t i v e  adsorp t ion  of 
Zn ++ and NHJ ,  d i v a l e n t  Zn §247 seems to be fa r  super io r  
to m o n o v a l e n t  N H J  in spi te  of the  l a rge  d i f fe rence  
in the  b u l k  concent ra t ions .  

Relation be tween  Ion-Exchange Capacity and 
Surface Area 

The  sur face  areas  of va r ious  m a n g a n e s e  d ioxides  
inc lud ing  e lec t ro ly t i c  MnO~ h e a t e d  at va r ious  t e m -  
p e r a t u r e s  h a v e  been  m e a s u r e d  by the  B.E.T. m e t h o d  
us ing n i t r ogen  gas adsorp t ion  at l iqu id  n i t r o g e n  t e m -  
pe ra tu res .  In  these  expe r im en t s ,  p r io r  to the  gas ad-  
sorpt ion,  ou t -ga s ing  of all  the  samples  ( excep t  the  
u n h e a t e d  and 9 0 ~  samples )  was  ca r r i ed  out  
by  hea t ing  at 165~ for 2 hr  u n d e r  evacua t i on  in the  
adsorp t ion  vesse l  fo l lowed  by  4 - h r  e v a c u a t i o n  at 
room t e m p e r a t u r e .  The  u n h e a t e d  and 9 0 ~  
samples  w e r e  e v a c u a t e d  to 2 x 10 -~ m m  Hg  for  24 
h r  at room t e m p e r a t u r e .  

As shown in Fig.  5, the  sur face  a r e a  of the  e l ec t ro -  
ly t ic  MnO2 decreases  w i t h  hea t ing  t e m p e r a t u r e  
above  250~ A l t h o u g h  the  sur face  areas  for  the  u n -  
h e a t e d  and 9 0 ~  samples  appea r  to be s l igh t ly  
sma l l e r  t han  tha t  for the 160~  sample  due  to 
the i r  g r ea t e r  w a t e r  con ten t  ( s eve ra l  pe r  cen t ) ,  the  
sur face  areas  per  ne t  MnO~ con ten t  r e m a i n  cons tan t  
up to 160 ~ hea t ing .  

The  re la t ionsh ip  b e t w e e n  the  su r face  a reas  and 
the  Zn i o n - e x c h a n g e  va lues  of the  va r ious  k inds  of 
MnO~ is shown in Fig.  6. In spi te  of the  v a r i e t y  of 
samples ,  t he r e  is a fa i r ly  good p r o p o r t i o n a l i t y  be-  
t w e e n  the  sur face  a rea  and the  Zn adsorp t ion  va lue .  
The  adsorp t ion  of 1 x 10 * m o l e  Zn +§ cor responds  to 
140 m "~ of the  sur face  of MnO~ w i t h  an a p p r o x i m a t e  
e r ro r  of 10-15%. These  resu l t s  sugges t  a m e t h o d  
for  d e t e r m i n i n g  the  a p p r o x i m a t e  sur face  a rea  of 
MnO~ by  the  Zn  adsorp t ion  m e t h o d  descr ibed  above.  

In  a p r ev ious  p a p e r  (9) it  was  r epo r t ed  tha t  h e a t -  
t r e a t m e n t  of MnO~ forms  l o w e r  oxides  on the  sur face  
of the  sample.  Thus,  the  cause  of the  dec rease  of the  
Zn ++ i o n - e x c h a n g e  of MnO.~ on hea t ing  can be cons id-  
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Fig. 5. Surface-area change of electrolytic MnO2 on heat- 
ing. Each sample was heated at the temperature indicated 
for 3 hr under air in an electric furnace. 
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FJg. 6. Relation between the surface area measured by the 
B.E.T. method and the Zn adsorption from the 2 m/ I  
NHr 0.1 m/ I  ZnO solution: 1, electrolyt ic MnO-4 2, No. 1 
heated at 165~ 3, No. 1 heated at 320~ 4, No. 1 
heated at 450~ 5, natural ore; 6, natural  pyrolusite; 7, 
Mn203 prepared from electrolyt ic MnO 2 by heating at 650~ 
for 6 hr. 

ered as twofold: change of the surface area and 
change of the surface oxidation state of the man- 
ganese dioxide. The former factor appears to pre- 
dominate, since points for Mn,,,O~ and 450~ 
MnO~, which has considerable lower oxide on its sur- 

face, fall on the straight line shown in Fig. 6. 

If the pore size of electrolytic MnO,~ is extremely 
small, the zinc adsorption method might not give 
the true surface area. Therefore, the pore size dis- 
tribution of e lect rolyt ic  MnO~ was m e a s u r e d  us ing  
the m e r c u r y  me thod  (10, 11). The resul t s  (see Fig. 
7) show tha t  the sample  has a fa i r ly  homogeneous  
pore size wi th  a p r e d o m i n a n t  pore rad ius  of 180A 
and  wi th  no e x t r e m e l y  fine pores. This is in  accord 
wi th  the  fact tha t  the Zn  i o n - e x c h a n g e  reac t ion  a t -  
t a ins  e q u i l i b r i u m  w i t h i n  a shor t  per iod of t ime.  

Mechanism oS the Ion-Exchange Reaction 

The fo l lowing  five e x p e r i m e n t a l  facts are i m p o r -  
t an t  for cons idera t ion  of the  m e c h a n i s m  of the ion-  
exchange  reac t ion  occur r ing  on MnO~: 

1. The  ra t io  of the adsorbed Zn  §247 to the re leased  
H+is 1:2 (Fig. 3 and  4).  

2. The  Zn  ++ adsorp t ion  i so therm on MnO~ was 
measu red  as follows: 2 :00-g  samples  of e lec t rolyt ic  
MnO~ were  washed  wi th  d i lu te  H~SO~ and  shaken  at 
25 ~ + I ~  wi th  var ious  concen t ra t ions  of the  zinc 
so lu t ion  (0.01-0.1 m/1 ZnO in  2 m/1 NH~C1, pH 7.0) 
us ing  enough  solu t ion  to f u rn i sh  5 x 10 -~ mole  of 
to ta l  zinc ion. 

The  resul ts ,  shown in  Fig. 8, seem to ind ica te  a 
typ ica l  c h e m i - a d s o r p t i o n  process. The rat io of the  
number of Mn ~v atoms present on the surface of the 

MnO, to the number of Zn ions adsorbed on the sur- 
face for the highest concentration in Fig. 8 is Mn~V: 
Zn ++= 5 . 9 x 1 0  ~ ' ~ : 3 . 0 x 1 0  ~ ~ =.2:1. 

The  n u m b e r  of Mn  TM atoms on the  surface  was  cal-  
cu la ted  u s ing  the formula ,  n u m b e r  of a toms = 
(d x N/MnO~) ~/~ x 100 ~ x S, where  d is the dens i ty  of 
the MnO~ (4.4 for this  sample ) ,  S is the  surface  area  
as measu red  by  the B.E.T. method  us ing  N.. adsorp-  
t ion (60.7 m~/g for this sample ) ,  N is the Avogadro  
n u m b e r ,  and  MnO~ is the  f o r m u l a  weight .  
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Fig. 7. Pore size distr ibuhon of electrolyt ic MnO~ (No. 2 in 
Table I). 

3. The  ion exchange  of var ious  me t a l  ions on 
MnO.~ was e x a m i n e d  by  shak ing  the  e lect rolyt ic  
MnO~ wi th  var ious  d iva l en t  me t a l  su l fa te  solut ions,  
2 x 10 -~ m/1 in  MnSO~, buffered to pH 5.5 wi th  a 
sodium ace ta te -ace t ic  acid buffer  solut ion.  Resul ts  
are g iven  in  Tab le  II. I n  the  fo rma t ion  of d iva l en t  
me t a l  chelate  compounds ,  for example :  

M+- + 2 ~ O  - 
C H ~ O  

(MKe)  
K - -  

(M *§ (Ke)  2 

there  is a we l l - e s t ab l i shed  order  in  the  s tab i l i ty  
cons tan t  (or log K)  for the  d iva l en t  me t a l  ions 
(12),  Cu > Ni > Co > Zn  > Mg. Adso rp t ion  va lues  
for MnO2 show a s imi la r  order,  a l though  the pos i t ion  
of Ni is s l ight ly  different .  

4. Combined  w a t e r  molecules  (13) and  OH 
groups con ta ined  in  the MnO~ samples  m i gh t  be ex-  
pected to be the source of the  re leased H § However ,  
the  e lec t rolyt ic  MnO2 loses a lmost  all  H~O w h e n  
hea ted  above 300~ the or ig ina l  H~O con ten t  is 
8.7% and  af ter  hea t ing  above 300~ it  is on ly  0.4% 
or less (13).  Never theless ,  this  hea ted  MnO~ has a 

I0 "~ 
1 .0  

~-  0 8  

o 

~ 0 .6  

dl 
I1: 

~ 0 . 4  

0 . 2  

EQUIL. Z~§ IN BULK SOLN., M O L E / J _  

Fig. 8. Zn § adsorption isotherm. Zn *§ adsorption by 2 g 
of the electrolytic Mn02 in the zinc solution. 
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Table II. Adsorption of various divalent ions on MnO2 in the 
solution of pH 5.5 buffered with HAc and NaAc 
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FJg. 10. The mechanism of the ion-exchange reaction on 
the surface of Mn02. 

Manuscript  received Jan. 7, 1959. This paper was 
prepared for del ivery before the Ottawa Meeting, Sept. 
28-Oct. 2, 1958. 

Any  discussion of this paper will  appear in  a Discus- 
sion Section to be published in the June  1960 JOURNAL. 
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Cu "§ 88 • 10 -5 Mole/2 g MnO~ ~ 40 
Co ++ 37 
Zn §247 26 
Ni § 19.5 ~ 3o 
Mg §247 0.5 

**= 20 

cons iderab le  i o n - e x c h a n g e  abi l i ty ,  or in  other  words  N 
a cons iderab le  a m o u n t  of H § ion is released.  Thus,  
the source of the re leased  H + m a y  be H=O molecules  
f rom the so lu t ion  adsorbed  on the surface  of the  
MnO2. This is suppor ted  by  the  fact tha t  the a m o u n t  
of H § ion re leased  is p ropor t iona l  to the  surface  a rea  
of the  MnO~. 

5. Wads ley  (14) has cons idered  the  i o n - e x c h a n g e  
reac t ion  of va r ious  hydrous  MnO~ samples.  Sod ium 
con ta ined  in  the hydrous  oxides was  i r r eve r s ib ly  r e -  
p laced  by  var ious  me ta l  ions. However ,  the e lec t ro-  
ly t ic  MnO~ used in  the  above e x p e r i m e n t s  was f ound  
by  us ing  a flame pho tome te r  to be free f rom Na a nd  
K. Also, it  was  found  tha t  the adsorbed  Zn can  be 
desorbed r eve r s ib ly  by  l ower ing  the pH of the so lu-  
t ion. F i g u r e  9 shows the revers ib i l i ty .  The pH of the  
Zn  solut ion was  ra ised by  add ing  NH,OH and  t h e n  
lowered  by  HC1. For  each e x p e r i m e n t a l  po in t  the 
m i x t u r e  of MnO= and  Zn  solu t ion  was  shaken  for a 
few hours  in  order  to a t t a in  the ion exchange  equ i -  
l i b r ium.  

In  conclusion,  the au tho r  wou ld  l ike to propose the  
m e c h a n i s m  shown in  Fig. 10 for the  i o n - e x c h a n g e  
reac t ion  occur r ing  on the  surface  of MnO.~. This  
m e c h a n i s m  satisfies all  five of the e x p e r i m e n t a l  facts 
descr ibed above.  In  order  for the complex  ions in  the 
zinc so lu t ion  to be adsorbed  p r e f e r e n t i a l l y  on the  
MnO=, it is necessary  tha t  the adsorbed  forms be 
more  s table  t h a n  the  fo rm exis t ing  in  the  solut ion.  In  
the  proposed mechan i sm,  the adsorbed  zinc forms a 
s i x - m e m b e r e d  r ing  w i th  the  MnO~ surface  w i th  ad-  
sorbed water .  It  is a w e l l - k n o w n  fact of chela te  
chemis t ry  tha t  5- or 6 - m e m b e r e d  r ings  are more  
s table  t h a n  complex  ions h a v i n g  groups such as CI-, 
OH-, NH~, and  H20 as the l igands.  
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ABSTRACT 

Previous  explana t ions  of the F lade  potent ia l  have been rev iewed  cri t ical ly.  
A new exp lana t ion  based on a single phase  passive film of ~-Fe~O~ hav ing  non-  
uni form defect  concentra t ion and type  is advanced.  The poten t ia l  de te rmin ing  
react ion is considered to be tha t  be tween  excess oxygen in the outer  p - type  
layers  and hydrogen  ions and electrons.  The inner  n - t y p e  oxide is des t royed by 
reduc t ive  dissolution in acid med ia  and b y  exchange of oxygen ions wi th  h y -  
d roxy l  ions in solut ion having  pH values  h igher  than  3.0. 

Previous Explanations of the Flade Potential 
If  i ron  is p o l a r i z e d  at  p r o g r e s s i v e l y  m o r e  nob le  po -  

t en t i a l s  in  su l fu r i c  acid,  t h e  onse t  of p a s s i v i t y  w i l l  be  
o b s e r v e d  a t  a r e p r o d u c i b l e  po ten t i a l .  I f  the  p o t e n t i a l  
of i r on  w h i c h  has  b e e n  p a s s i v a t e d  e i the r  b y  anod ic  
m e a n s  or  b y  i nh ib i t o r s  is p e r m i t t e d  to d e c a y  b y  
sw i t ch ing  off t he  p a s s i v a t i n g  cu r r en t ,  or  b y  a d d i n g  
co r ros ive  agen t s  to the  p a s s i v a t i n g  solut ion ,  a s i m i l a r  
w e l l - d e f i n e d  p o t e n t i a l  a r r e s t  is aga in  of ten  obse rved .  
This  p o t e n t i a l  a r r e s t  was  first  o b s e r v e d  b y  F l a d e  (1)  
w h o s e  n a m e  i t  n o w  bears .  L a t e r  w o r k e r s  (2)  in  the  
f ield h a v e  c h a r a c t e r i z e d  the  p H  d e p e n d e n c y  of t he  
F l a d e  p o t e n t i a l  b y  t h e  equa t ion  

E = 0.58 - -  0.059 p H  [1]  

S ince  the  e a r l y  w o r k  of F l ade ,  We l l  (2)  has  p r o -  
posed  t h a t  the  F l a d e  p o t e n t i a l  is an e q u i l i b r i u m  p o -  
t e n t i a l  w h e n  no c u r r e n t  is pa s s ing  t h r o u g h  the  f i lm 
and  w h e n  no o x i d a t i o n - r e d u c t i o n  sy s t em is a v a i l a b l e  
in  t he  e l ec t ro ly t e .  This  v i e w  has  been  s u p p o r t e d  b y  
C a r t l e d g e  (3)  fo l lowing  a s t u d y  of t he  f o r m a t i o n  of 
pas s ive  f i lms in o s m i u m  (VI I I )  oxide .  

If  t he  p o s t u l a t e  t h a t  the  F l a d e  p o t e n t i a l  is an  
e q u i l i b r i u m  p o t e n t i a l  is accep ted ,  i ts  p H  d e p e n d e n c y ,  
u n d e r  condi t ions  of p o t e n t i a l  d e c a y  ( w i t h  no e x -  
t e r n a l  c u r r e n t  p a s s i n g ) ,  imp l i e s  t h a t  t he  bas ic  r e a c -  
t ion  i n v o l v e d  is an  e l e c t r o c h e m i c a l  r e d u c t i o n  of t h e  
t y p e  

O ~ 2H § -~ 2e ~ H~O [2]  

D e p e n d i n g  on the  s ta te  of a s soc ia t ion  of the  oxygen ,  
f e r r i c  ions  in  an  i ron  ox ide  f i lm also m a y  be  r e d u c e d  
to the  f e r rous  condi t ion .  

The  m a i n  p r o b l e m  l ies  in the  fac t  t ha t  the  o x y g e n  
w o u l d  a p p e a r  to b e  n e c e s s a r i l y  c o n t a i n e d  in or  
o t h e r w i s e  a s soc ia t ed  w i t h  an  ox ide  of i ron  on the  
p a s s i v e  sur face .  A t t e m p t s  to r econc i l e  a v a l u e  of E~ = 
0.58 (Eq. [ 1] ) w i t h  t he  s t a n d a r d  s t a t e  f r ee  ene rg i e s  of 
r e d u c t i o n  of k n o w n  b u l k  ox ides  of i ron  to an  i n t e r -  
m e d i a t e  s ta te  or  to the  m e t a l  have  been  unsuccessfu l .  
In  o r d e r  to r econc i l e  th is  d i f f icul ty  " s a n d w i c h "  ox ides  
o f t en  possess ing  u n u s u a l  p r o p e r t i e s  have  been  sug-  
ges ted  a lmos t  u n i v e r s a l l y .  I n v e s t i g a t o r s  f a v o r i n g  a 
t h e r m o d y n a m i c a l l y  r e v e r s i b l e  r e a c t i o n  h a v e  p i c -  
t u r e d  the  r e a c t i o n  g iv ing  r i se  to t he  F l a d e  p o t e n t i a l  
as occu r r i ng  w i t h i n  such  s a n d w i c h  films. 

F o r  ins tance ,  C a r t l e d g e  (3) p o s t u l a t e d  the  f o r m a -  
t ion  of a d u p l e x  p a s s i v a t i n g  ox ide  on i ron  i m m e r s e d  

in o s m i u m  (VI I I )  oxide .  He  assumed ,  cons i s t en t  w i t h  
p a s t  e l ec t ron  d i f f rac t ion  i nves t i ga t i ons  (4 -6 ) ,  t h a t  
t he  o u t e r  l a y e r  was  composed  of ~,-Fe~O,. He also 
a s s u m e d  t h a t  an  i n n e r  two d i m e n s i o n a l  l a y e r  of " a b -  
n o r m a l "  f e r rous  o x i d e  e x i s t e d  b e t w e e n  the  ~/-Fe~O, 
l a y e r  and  the  i ron.  By  a s s ign ing  a r b i t r a r i l y  an  u n -  
u s u a l  v a l u e  of f ree  e n e r g y  of f o r m a t i o n  of --73.6 k c a l  
mo le  -1 to the  i n n e r  l a y e r  of a b n o r m a l  " F e O "  ( t he  
f r ee  e n e r g y  of f o r m a t i o n  of b u l k  F e O  is a c t u a l l y  
--58.4 kca l  mo le  -1) he  was  ab le  to d e r i v e  a p o t e n t i a l  
d e t e r m i n i n g  r e v e r s i b l e  e l e c t r o d e  process  in the  f i lm 
as fo l lows  

Fe.~O~ -t- 2H § �9 2e = 2"FeO"  ~- H.~O [3] 
AFo = --26.7 kca l  

A fit w i t h  t h e  E~ ~ 0.58 v for  t h e  F l a d e  p o t e n t i a l  
is o b t a i n e d  on ly  because  of t he  a s s u m p t i o n  of  t h e  
u n u s u a l  f ree  e n e r g y  of f o r m a t i o n  for  a b n o r m a l  
"FeO" .  This  is s o m e w h a t  s im i l a r  to t he  a p p r o a c h e s  
used  b y  s e v e r a l  i nve s t i ga to r s  of p a s s i v a t i o n  m e c h -  
an i sms  of i r on  who  h a v e  p o s t u l a t e d  the  p r e s e n c e  of 
l a y e r s  of e n e r g y - r i c h  and  u n k n o w n  ox ides  of i ron  
(7, 8) .  

V e t t e r  (9, 10),  We l l  (2) ,  and  G o h r  a n d  L a n g e  
(11) also p i c t u r e d  the  pa s s ive  l a y e r  on i ron  as b e i n g  
dup l e x ,  w i t h  a Fe~O~ l a y e r  n e x t  to t he  m e t a l  i n t e r -  
face  b e i n g  o v e r l a y e d  b y  a second  l a y e r  of ~/-Fe~O~. 
Us ing  th is  m o d e l  V e t t e r  (10) p r o p o s e d  t h a t  the  
F l a d e  p o t e n t i a l  was ,  in fact ,  an  i r r e v e r s i b l e  p o t e n -  
t ia l .  He  sugges t ed  t h a t  t he  r e a c t i o n  

F e  ~- 4Fe~O~ = 3Fe~O~ [4]  

occurs  i r r e v e r s i b l y  a n d  c o m p l e t e l y  g iv ing  r i s e  to a 
p o t e n t i a l  d i f fe rence  of 0.66 v in t he  r e s u l t i n g  m a g -  
n e t i t e  l aye r .  This  is the  d i f fe rence  b e t w e e n  the  t h e o -  
r e t i c a l  and  e x p e r i m e n t a l  v a l u e s  w h i c h  is o t h e r w i s e  
diff icult  to exp la in .  V e t t e r  p r o p o s e d  t h a t  the  d e -  
s t ruc t ion  of  t he  d u p l e x  l a y e r  i n v o l v e d  the  s low d i s -  
so lu t ion  of t he  ~,-Fe~O~ film. He c ons ide r e d  t h a t  once 
t h e  ~,-Fe.~O~ was  c o n s u m e d  i t  was  succeeded  b y  an  
e x t r e m e l y  r a p i d  d i s so lu t ion  of the  m a g n e t i t e  l a y e r  
d u r i n g  w h i c h  the  i ron  b e c a m e  s p o n t a n e o u s l y  ac t i -  
va t ed .  

P a s t  e x p l a n a t i o n  of the  F l a d e  p o t e n t i a l  h a v e  a l l  
been  based  on Eq. [1]  in  w h i c h  E~ = 0.58 v. Re -  
cent ly ,  howeve r ,  Uh l ig  and  K i n g  (12) h a v e  shown  
t h a t  t he  v a l u e s  of the  F l a d e  p o t e n t i a l  in i n h i b i t i v e  
so lu t ions  such  as n i t r i t e ,  ch roma te ,  t ungs t a t e ,  m o l y b -  
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date, and  fe r ra t e  are cons tan t  in  tha t  they  do not  
v a r y  wi th  t ime, bu t  tha t  the absolute  va lues  va ry  by  
up to 0.14 v wi th  the  pass iva t ing  med ium.  Us ing  
these facts, ,Uhlig and  K i n g  have  reasoned  tha t  the  
F lade  po ten t i a l  observed  d u r i n g  pass ive  po ten t i a l  de-  
cay  is an  e q u i l i b r i u m  po ten t i a l  due  to the  r educ t ion  
of chemisorbed  oxygen  atoms and  molecules  (0.O~) 
on the surface  of i ron or on a nonpro t ec t i ve  oxide 
cover ing  the i ron surface.  

Critical Examination of Previous Models of Passive 
Films on Iron and Their Relation to the Flade Potential 

One of the most  f u n d a m e n t a l  ques t ions  left  u n r e -  
solved by  prev ious  cons idera t ions  of the  F lade  po-  
t en t i a l  is whe the r  this  is a t h e r m o d y n a m i c a l l y  re -  
vers ib le  or an  i r r eve r s ib le  potent ia l .  Direct  expe r i -  
m e n t a l  proof of e i ther  concept  has so far  no t  been  
obta ined.  Consequen t ly ,  it appears  tha t  one p ro -  
cedure  based on exis t ing  knowledge  involves  ob-  
t a i n ing  a su i tab le  model  for the reac t ions  occur r ing  
d u r i n g  pass ive  po ten t i a l  decay and  f rom this de te r -  
m i n i n g  the m a g n i t u d e  of the  local -ce l l  cu r r en t s  i n -  
vo lved  in  these react ions.  The m a g n i t u d e  of these 
cu r ren t s  t hen  m a y  suggest  whe the r  or no t  the over -  
all  reac t ion  occurs at  a po ten t i a l  close to the equ i -  
l i b r i u m  value.  The first pa r t  of this  approach  in -  
volves  se t t ing  up the most  r easonab le  model  for the 
reac t ions  invo lved  d u r i n g  pass ive  po ten t i a l  decay on 
iron.  In  order  to achieve this a cr i t ical  cons idera t ion  
of p rev ious  suggested models  is in  order.  

P rev ious  models  of dup lex  pass iva t ing  films p ro -  
posed by  inves t iga tors  of the  F lade  po ten t i a l  fal l  
p r i m a r i l y  into the  fo l lowing classes: 

(a) Fe/Fe~O,/),-Fe~O~ (2, 9-11) 
(b)  Fe/"FeO"/Fe~O~ (3) 
(c) The model  of Uhl ig  and  K i n g  (12) i nvo lv ing  

chemisorbed  oxygen  atoms and  molecules  on the 
i ron  surface.  

Model  (a) as s ta ted by  its suppor te r s  appears  
difficult to m a i n t a i n  for passive po ten t i a l  decay in  
acid electrolytes.  Here  it has been  shown (13-15) 
tha t  films of ~, or ~ Fe~O~ formed  on i ron by  exposure  
to air  at  different  t e m p e r a t u r e s  are des t royed r ap -  
id ly  by  r educ t ive  d issolu t ion  according to the equa -  
t ions 

Fe = Fe  § + 2e [5a]  

Fe~O~ + 6H § + 2e = 2Fe *+ + 3H~O [5b] 

Fe + Fe~O~ + 6H + -- 3Fe ++ + 3H_~O [5] 

The ra te  of reac t ion  [5] is ve ry  grea t  so tha t  up to 
800A of film m a y  be des t royed in 1-2 sec in  e i ther  
1N HC1 or 1N H~SO~. The reac t ion  proceeds by  fa i r ly  
u n i f o r m  i n w a r d  t h i n n i n g  f rom the ox ide - so lu t ion  
interface.  S imi l a r  films, w h e n  de tached f rom the 
iron, are v i r t u a l l y  u n a t t a c k e d  for p ro longed  per iods 
by  s imi la r  acid electrolytes.  

In  e x a m i n i n g  model  (a) it  is first necessary  to 
d e t e r m i n e  w h y  the ou te r  por t ion  of the  dup lex  film 
has a p p a r e n t l y  grea ter  s tab i l i ty  toward  H_.SO, so lu-  
t ions t h a n  7-Fe~O~ films fo rmed  by  exposure  of i ron  
to air. One possible reason  migh t  lie in  a h igher  
e lectronic  res is tance  which  migh t  m a k e  reac t ion  
[5b] s lower  or in  h igher  ionic res i s tance  which  
would  m a k e  reac t ion  [5a] slower. E i ther  factor  

would  t end  to decrease the ra te  of ove r - a l l  r educ t ive  
d issolu t ion  of the film. 

However ,  it has been  po in ted  out  p rev ious ly  (16) 
tha t  the pass ive  films on i ron  are good electronic  
conductors  and  tha t  they  cover  the  surface  of the  
me t a l  complete ly .  Therefore ,  e n h a n c e d  e lec t ronic  re -  
s is tance cannot  p rov ide  the  reason for the grea te r  
s tab i l i ty  of the t h in  (100A) passive films. Values  of 
leakage  c u r r e n t  d e t e r m i n e d  d u r i n g  anodic pass iva-  
t ion  of i ron  in  H~SO~ (2) show tha t  the  in i t i a l  ionic 
res is tance  of the passive films so fo rmed  is fa i r ly  
high. However ,  if the pas s iva t ing  condi t ions  are dis-  
tu rbed ,  the ionic res i s tance  of t h in  oxide films on 
meta l s  can be reduced  ve ry  rapid ly ,  even  at 25~ by  
n - t y p e  defects i n t roduced  in to  the oxide film by  ex-  
change  be t w e e n  O" in  the oxide lat t ice and  m o n o v a -  
l en t  an ions  such as OH' (17) and  by  the i n t roduc t ion  
of H § into the latt ice.  Therefore ,  it  also appears  tha t  
enhanced  ionic res is tance  canno t  account  for the 
re la t ive  s tab i l i ty  of the  ou te r  ~,-Fe~O, layer  in  H,SO~ 
electrolytes .  This  grea te r  s tab i l i ty  is p r e s u m a b l y  the 
resu l t  of special proper t ies  or s t r uc tu r a l  cha rac te r -  
istics not  descr ibed to date  by  the suppor te r s  of 
model  (a) .  

The  suggest ion tha t  an  i n n e r  l ayer  of Fe,  O4 is p res -  
en t  in  the passive films fo rmed  anodica l ly  in  H~SO~ 
is also ha rd  to reconci le  wi th  prev ious  work  on t h e r -  
ma l  films unless  u n u s u a l  p roper t ies  are again  
ascr ibed to it. If the s t r uc t u r e  of the film was dup lex  
as suggested by  Lange  (11) and  Vet ter  (10),  the in i -  
t ial  des t ruc t ion  of a conven t iona l  ~,-Fe.~O~ film by  re -  
duc t ive  d issolu t ion  wou ld  be fast  in  acid solut ion.  
Magne t i t e  as fo rmed  in  dup lex  t h e r m a l  Fe8OJFe20~ 
films canno t  easi ly  be ca thodica l ly  reduced  by  local-  
cell corrosion cu r ren t s  in acid solut ions  or by  i m -  
pressed cathodic cu r ren t s  of the  order  of 15 ~a / cm ~ 
in  n e u t r a l  or s l ight ly  a lka l ine  e lect rolytes  (18).  
Therefore ,  the subsequen t  d i rect  d issolu t ion  of m a g -  
ne t i t e  would  be s lower t han  the reduc t ive  d issolu t ion  
of the ou te r  ~,-Fe~O~ layer .  This  is exac t ly  opposite to 
the  m e c h a n i s m  suggested by  Vet te r  (11).  Therefore ,  
it appears  tha t  the app l icab i l i ty  of model  (a)  to 
passive po ten t i a l  decay in  H~SO~ logical ly r equ i res  
the  pos tu la t ion  of rad ica l ly  di f ferent  charac ter is t ics  
bo th  for the ~,-Fe,~O~ and  to the Fe~O~ layers  t h a n  are 
exper ienced  in t h e r m a l  films. 

Model (b)  and  Eq. [3] as pu t  fo rward  b y  Car t -  
ledge also lack e x p e r i m e n t a l  support .  C e r t a i n ly  in  
solut ions  hav ing  pH va lues  lower  t h a n  3.0 the  re -  
act ion shown in  Eq. [3] has no t  been  observed ex-  
pe r imen ta l l y .  A cons ide rab le  vo lume  of exper i -  
m e n t a l  ev idence  (15, 19) shows tha t  r educ t ion  of 
t h e r m a l  ferr ic  oxide films proceeds comple te ly  to 
soluble  fer rous  ions r a the r  t h a n  to "FeO" ( n o r m a l  or 
a b n o r m a l )  whose existence,  even  in t r a n s i e n t  form, 
has ne ve r  been  detected d u r i n g  cathodic r educ t ion  
of oxide films on iron. Recent  precise and  successive 
q u a n t i t a t i v e  cathodic r educ t ion  of dup lex  Fe~OJ 
FefO~ t h e r m a l  films on i ron (18) at pH = 7.65 has 
revea led  in t u r n  ~-Fe._.O:,, -/-Fe~O.~, and  Fe,O, in  tha t  
order  bu t  wi th  no sugges t ion  of any  "FeO" com- 
pound  e i ther  n o r m a l  or abno rma l .  Aga in  successful  
app l ica t ion  of model  (b)  r equ i res  the descr ip t ion  of 
the Fe~O~ layer  in  m a r k e d l y  di f ferent  t e rms  to those 
n o r m a l l y  a t t r i b u t e d  to t h e r m a l  films. If it was a t -  
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tempted to apply the Cartledge model to acid solu- 
tions, it would suffer the same additional disadvan- 
tage experienced above by model (a). 

The mechanism suggested by Uhlig and King (12) 
appears to be more consistent with previous knowl- 
edge of the reactions of iron oxide films than those 
outlined above. Doubtless, adsorbed oxygen is pres- 
ent on the surface of many passive films, and it 
would appear necessary to reduce this in some man- 
ner before further reactions involving the film could 
occur. The time factor for one seems to argue against 
this mechanism being primarily responsible for the 
Flade arrest. For instance, Evans (21) in his early 
work on anodic passivation showed that a layer of 
oxygen absorbed on the surface of an iron oxide film I 

prevented its reductive dissolution but only for a 
fraction of a second. Therefore, it is evident that a 
certain period of immunity toward reductive dis- 
solution of the film may be obtained by virtue of 
oxygen supersaturation on its surface; supersatura- 
tion of this type could result from the formation of 
the oxide by the anodic discharge of oxygen or by 
the action of strong oxidizing agents. It is also 
equally clear that this short period of immunity 
against reductive dissolution observed earlier by 
Evans is not sufficient to account for the rather long 
periods of metastable passivity observed by many 
investigators. The model of Uhlig and King also fails 
to account for the slow appearances of ferric ions in 
sulfuric acid electrolytes during the early stages of 
passive potential decay (25). Further it implies that 
passivation processes in the inhibitors studied are 
invariably associated with the layer of adsorbed 
oxygen atoms and molecules (0.O,) which is gener- 
ally contrary to the existing direct experimental 

evidence. 

Proposed Model for Passive Layers on Iron 
It is believed that the subsequent model reconciles 

many of the difficulties outlined above and is more 
consistent with known experimental facts on the 
properties of thermal oxide films on iron. It postu- 
lates structural differences between thermal and pas- 

sive oxide films which can account for their different 
behavior in many electrolytes and for the Flade 
potential. The passive films on iron have been shown 
in many cases to consist largely of ~-Fe.~O, (4-6). 
Accordingly, it is most consistent with past experi- 
mental evidence to propose that the passive films 
are crystallographically single phase. These films 
may, of course, contain minor inclusions of hydrated 
oxide (5, 6) when formed in nearly neutral inhibi- 
tors, but these compounds in small amounts of less 
than a few per cent do not affect the arguments ad- 
vanced below. 

Whereas the gross crystallographic structure of 
passive films is held to be uniform, the defect con- 
centration of passive films having thicknesses of the 
order of 1OOA will be far from uniform and will re- 
sult in marked departure from stoichiometry. For 

�9 Oxygen dissolved in the bulk electrolyte cannot depolarize reae- 
hon [5b] at pH values less than 3.0 because the local cell corrosion 
c u r r e n t s  a r e  su f f i c i en t l y  h t g h  t h a t  02  d e p l e t i o n  o c c u r s  a t  t h e  c a t h o d e  
s u r f a c e  a n d  b e c a u s e  t h e  r e d u c t i o n  of d i s s o l v e d  m o l e c u l a r  o x y g e n  
ts  a g a s  e l e c t r o d e  r e a c t i o n  w h i c h  su f f e r s  f r o m  h i g h  a c U v a t i o n  
p o l a r i z a t i o n .  T h e s e  e f fec ts  of fse t  t h e  m o r e  f a v o r a b l e  f r e e  e n e r g y  
c o n s i d e r a t i o n s  i n v o l v e d .  
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Fig. ] .  5chemetic representohon of the concentration of 
metal excess defects in on oxide f i lm on iron es a function of 
distance from the metal interface. 

instance Fig. 1 shows schematically the effect of a 
metal interface on the concentration of metal excess, 
n-type, defects in the oxide near to the oxide-metal 
interface. The investigations of Grunberg and 
Wright (20) on photosensitized electron emission 
strongly suggest that the excess metal concentration 
in this interfacial region is due to considerable num- 
bers of oxygen ion vacancies where electrons are 
trapped. Defect concentrations at the oxide-metal 
interface may presumably approach values of i0 ''~ 
10:i/cc. The strong effect of the oxide-metal inter- 
face largely disappears at a distance of around 50.&. 
Thereafter, the film is capable of assuming a more 
conventional defect structure and concentration 
(i01LI017/cc) except at the outer interface between 
the oxide and the passivating medium. Here, if 
strongly oxidizing conditions exist, it is reasonable 
to propose that the surface layers of oxide contain 
excess oxygen. By similar reasoning to that above 
this is probably due to metal ion deficiency resulting 
in a p-type structure although the existence of inter- 
stitial excess oxygen cannot be ruled out. 

The concentration of excess oxygen ions plus 
bound positive holes in the outer portion of the film 
usually should distinguish passive from thermal 
films. In the former case films are produced at low 
temperatures when cation diffusion is relatively 
slow and also under conditions where the concentra- 
tion of oxidant is high. Such conditions seldom apply 
to thermal films since appreciable thickening must 
be the result of raising temperature in which case 
cation diffusion is speeded. The chance of producing 
a high concentration of excess oxygen plus bound 
positive holes in the outer portion of a thermal film 
is thus greatly reduced. Here, therefore, it appears 
possible to use the new model to account for logical 
differences in defect structure between air-formed 
and passive films as will be shown below. This can 



560 J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  July 1959 

in t u r n  r e l a t e  to d i f fe rences  in b e h a v i o r  on i m m e r -  
s ion in c e r t a i n  e l ec t ro ly t e s .  

The  r e s u l t i n g  m o d e l  of a p - n  s e m i c o n d u c t o r  has  
m a n y  aspec t s  in c o m m o n  w i t h  t he  d u p l e x  ox ides  
p o s t u l a t e d  b y  C a r t l e d g e  and  Vet te r .  H o w e v e r ,  i t  does  
no t  i nvo lve  gross  c r y s t a l l o g r a p h i c  changes  t h r o u g h -  
out  t he  ox ide  and  p r o v i d e s  a m e a n s  of e l i m i n a t i n g  
m a n y  of t he  diff icul t ies  e n c o u n t e r e d  w i t h  t he  o t h e r  
models .  

Application to the Flade Potential 
Using this model it is first necessary to explain 

why such a single phase film of p-n ~,-Fe20, will 
resist rapid reductive dissolution when exposed to 
electrolytes more acid than pH 3.0. The explanation 
should rely logically on factors other than an ad- 
sorbed layer of oxygen to retard reductive dissolu- 
tion of the film. 

The most probable means by which reductive dis- 
solution of ~/-Fe~O, could be prevented involves the 
excess oxygen contained in the outer p-type portion 
of the passive film. This excess oxygen which con- 
sists of oxygen ions plus bound positive holes could be 
reduced by the following electrochemical reaction: 

§ 2H- § 2e ---- H~O [6]  O" § 

c ry s t a l  b o u n d  
l a t t i c e  pos i t i ve  

holes  

w i t h  t h e  e lec t rons  be ing  s u p p l i e d  b y  the  anodic  
pa s sage  of f e r rous  ions t h r o u g h  the  film. 

B y  e m p l o y i n g  the  n e w  m o d e l  o u t l i n e d  a b o v e  in  
c o n j u n c t i o n  w i t h  r e a c t i o n  [6]  a r e a d y  d i s t i nc t ion  is 
o b t a i n e d  b e t w e e n  the  e l e c t r o c h e m i c a l  cha r ac t e r i s t i c s  
of pas s ive  and  t h e r m a l  ox ide  fi lms on i ron  based  on 
the  c o n c e n t r a t i o n  of excess  o x y g e n  ions p lu s  b o u n d  
pos i t i ve  holes  in t he  ou te r  l ayers .  I t  has  been  sug -  
ges ted  a b o v e  t ha t  pa s s ive  fi lms on i ron  con ta in  a 
m u c h  h i g h e r  c o n c e n t r a t i o n  of excess  o x y g e n  t h a n  
thermal films due to their formation at lower tem- 
perature often under strongly oxidizing conditions. 
Consequently, the higher concentration of excess 
oxygen may confer substantial periods of immunity 
against reductive dissolution (Eq. [5]) which would 
not be experienced with thermal films of similar 
crystallographic structure. 

A n  e q u i l i b r i u m  p o t e n t i a l  m a y  be  w r i t t e n  for  r e -  
ac t ion  [6]  as fo l lows  

E = E, § ~ log  ( H ' ) '  (O")  [7]  

w h e r e  (O") and  ( D )  a r e  the  ac t iv i t i e s  of excess  

o x y g e n  ions and  b o u n d  pos i t ive  holes,  r e spec t i ve ly ,  
in  t he  ou te r  p - t y p e  l aye r .  R e a c t i o n  [6]  is cons ide r e d  
to be  p o t e n t i a l  d e t e r m i n i n g  d u r i n g  the  t h i n n i n g  of 
the  o u t e r  p - t y p e  ~-Fe~O~. The re fo re ,  the  r e l a t i o n s h i p  
b e t w e e n  the  e q u i l i b r i u m  p o t e n t i a l  of r e a c t i o n  [6]  
a n d  the  F l a d e  p o t e n t i a l  m a y  now be  cons ide r ed  w i t h  
a v i e w  to d e t e r m i n i n g  how c lose ly  t he  two  wi l l  a p -  
p roach .  

I t  is k n o w n  f rom p a s t  w o r k  on the  r e d u c t i v e  d i s -  
so lu t ion  of o x i d e  and  sulf ide  f i lms on i ron  (13) ,  

copper  (19) ,  a n d  s i lve r  (22) t ha t  ca thodic  r e m o v a l  
of o x y g e n  and  su l fu r  f rom the  ox ide  and  sulf ide 
l a t t i ces  is a c c o m p a n i e d  b y  a h igh  d e g r e e  of p o l a r i z a -  
t ion.  H o w e v e r ,  c a l cu l a t i on  of l o c a l - c e l l  c u r r e n t s  d u r -  
ing  r e d u c t i v e  d i s so lu t ion  of t h e r m a l  ox ide  f i lms on 
i ron  in 1N H~SO4 shows  t h a t  these  a r e  of t h e  o r d e r  
of 50 m a / c m  "~. C u r r e n t s  of the  o r d e r  of 0.5 to 1.0 
m a / c m  ~ of ten  h a v e  been  e m p l o y e d  for  t he  q u a n t i t a -  
t ive  ca thod ic  r e d u c t i o n  of ox ide  f i lms on i ron  and  
copper  in n e u t r a l  e l ec t ro ly t e s .  S e v e r e  ca thod ic  p o l a r -  
i za t ion  of the  r e d u c t i v e  d i s so lu t ion  a t  these  h igh  
c u r r e n t  dens i t ies  n o r m a l l y  w o u l d  be  an t i c ipa t ed .  
H o w e v e r ,  P r i c e  (23) has  p o i n t e d  out  t ha t  as t he  a p -  
p l i e d  c u r r e n t  d e n s i t y  is r e d u c e d  the  r e d u c t i o n  p o -  
t e n t i a l  w i l l  a p p r o a c h  the  c a l c u l a t e d  e q u i l i b r i u m  
v a l u e  a s y m p t o m a t i c a l l y .  

T y p i c a l  va lue s  of l o c a l - c e l l  c u r r e n t  flow m a y  be  
c a l c u l a t e d  for  r e a c t i o n  [6] .  A s s u m i n g  the  o u t e r  
p - t y p e  l a y e r  of ~-Fe_oO3 is 50A thick,  t h a t  i t  con ta ins  
an  a v e r a g e  of 0.1 at. % of excess  oxygen ,  and  t h a t  i t  
is s u b j e c t e d  to a c o m b i n a t i o n  of r e d u c t i o n  (Eq. [6 ] )  
a n d  d i s so lu t ion  as d e s c r i b e d  l a t e r  for  100 sec, local  
cel l  c u r r e n t s  of the  o r d e r  of on ly  0.2 # a / c m  ~ a re  r e -  
q u i r e d  to r e d u c e  the  excess  o x y g e n  b y  r e a c t i o n  [6] .  
The  e x t r e m e l y  s m a l l  c u r r e n t  f low i n v o l v e d  w h e n  
c o m b i n e d  w i th  P r i c e ' s  o b s e r v a t i o n  (23) s t r o n g l y  
sugges t s  t ha t  t he  d e g r e e  of p o l a r i z a t i o n  of r e a c t i o n  
[6]  shou ld  be  v e r y  smal l .  Consequen t ly ,  the  F l a d e  
p o t e n t i a l  and  the  e q u i l i b r i u m  p o t e n t i a l  for  r e a c t i o n  
[6]  m a y  b e  r e g a r d e d  as b e i n g  i den t i ca l  to the  first  
a p p r o x i m a t i o n .  Of course ,  the  F l a d e  p o t e n t i a l  m u s t  
a l w a y s  be  s o m e w h a t  less nob le  t h a n  the  E v a l u e  in 
Eq. [7]  and  the  d i f fe rence  b e t w e e n  the  two  w i l l  be  
r e l a t e d  to the  f i lm s t r u c t u r e  and  the  l e n g t h  of the  
F l a d e  a r res t .  B a s e d  on t h e  ca l cu la t ions  above,  the  
d i f fe rences  a p p e a r  to be  v e r y  s m a l l  so t h a t  t he  F l a d e  
p o t e n t i a l  wi l l  be  r e g a r d e d  t h r o u g h  t h e  r e s t  of t he  
p a p e r  as a p p r o x i m a t e l y  r e p r e s e n t i n g  the  e q u i l i b r i u m  
p o t e n t i a l  of r e a c t i o n  [6] .  

The  success of t h e  new mode l ,  t he re fo re ,  d e p e n d s  
to a c o n s i d e r a b l e  deg ree  on the  a c c u r a c y  w i t h  w h i c h  
i t  r e p r e s e n t s  e x p e r i m e n t a l  o b s e r v a t i o n s  on the  F l a d e  
p o t e n t i a l  and  the  b e h a v i o r  of ox ides  of i ron  e x p o s e d  
to aqueous  solut ions .  If  Eq. [7]  is c o m p a r e d  w i t h  Eq. 
[1]  i t  m a y  be  d e d u c e d  t ha t  

EF = Eo + ~ log (O") [8]  

Us ing  th is  m o d e l  i t  becomes  e r r o n e o u s  to t r e a t  EF as 
a s t a n d a r d  s t a t e  t h e r m o d y n a m i c  p o t e n t i a l  b e c a u s e  it 
is u n c o r r e c t e d  for  t he  ac t iv i t i e s  of t he  c o m p o n e n t s  of 
t he  excess  oxygen .  E q u a t i o n  [8]  also imp l i e s  t h a t  r e -  
p r o d u c i b l e  va lue s  of the  F l a d e  p o t e n t i a l  w i l l  b e  ob-  
t a i n e d  on ly  if  the  m e t h o d  of f o r m a t i o n  of t he  ox ide  
fi lm is such t ha t  a r e l a t i v e l y  r e p r o d u c i b l e  de fec t  
s t r u c t u r e  is f o r m e d  in the  o u t e r  l ayers .  The  c o n s i d e r -  
ab le  v a r i a t i o n  in E~ f o u n d  b y  Uh l ig  a n d  K i n g  (12) 
w h e n  pa s s ive  fi lms w e r e  f o r m e d  in d i f fe ren t  i n -  
h ib i t o r s  can  be  a s c r i b e d  log i ca l ly  to v a r i a t i o n s  in  t h e  
de fec t  s t r u c t u r e  of the  ou te r  l aye r s  of p a s s i v a t i n g  
ox ides  f o r m e d  u n d e r  d i f fe ren t  condi t ions .  

The  p o t e n t i a l  d e t e r m i n i n g  s tep  o u t l i n e d  in  Eq. [6]  
fits w e l l  w i t h  p r e v i o u s  w o r k  conce rn ing  the  m e c h -  
a n i s m  of d i r ec t  d i s so lu t ion  of b u l k  f e r r i c  ox ide  (24) .  
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Here  it was  found  tha t  direct  so lut ion of ~-Fe~O~ oc- 
cur red  r ap id ly  on ly  at surface  defects associated 
w i th  oxygen  vacancies.  Once these had  been  " leached 
out"  f u r t h e r  a t tack  on more  per fec t  por t ions  of the 
oxide was ve ry  slow. I t  is reasonable ,  therefore,  to 
p ic tu re  a slow r educ t ion  of excess oxygen  at  a su r -  
face l ayer  r e su l t i ng  in  condi t ions  whe re  a p p a r e n t  
s to ich iomet ry  is approached  by  the p roduc t ion  of 
surface  layers  which  con ta in  miss ing  ferr ic  and  oxy-  
gen ions in  a p p r o x i m a t e l y  equa l  propor t ion .  By a n a -  
logy wi th  p rev ious  m e c h a n i s m  of di rect  so lu t ion  of 
ferr ic  oxide (24) the  d i s rup t ion  of the  electr ic  field 
w i t h i n  the oxide  la t t ice  a c c o m p a n y i n g  r emo va l  of 
oxygen  ions should p e r m i t  the more  rap id  r em ova l  of 
r e m a i n i n g  oxygen  ions by  combina t ion  wi th  h y d r o -  
gen ions adsorbed f rom solution.  The l a t t e r  is a d i rect  
d issolu t ion  process w i th  i ron  e n t e r i n g  so lu t ion  in  the 
ferr ic  condi t ion  r a t h e r  t h a n  a r educ t ion  process. 
Some i ron  should  en te r  so lu t ion  in  the  fer rous  condi -  
t ion  since the  e lec t rons  in  reac t ion  [6] p r e s u m a b l y  
are suppl ied  by  the  anodic  fo rma t ion  of fe r rous  ions. 
Ca lcu la t ion  of the a m o u n t  of fe r rous  ions so p ro -  
duced, us ing  the a s sumpt ions  pu t  fo rward  p rev ious ly  
for ca lcu la t ion  of local  cell cu r r en t s  r equ i r ed  for 
r educ t ion  of excess oxygen,  indica tes  tha t  this is 
on ly  of the order  of 5 x 10 -~ g Fe++/cm 2. This  accords 
wel l  wi th  the recent  observa t ions  of Wel l  (25) who 
d e m o n s t r a t e d  tha t  i ron  found  in  so lu t ion  d u r i n g  the  
in i t i a l  s tage of the  po ten t i a l  decay in  1.0N H2SO, de-  
cay was in  the  ferr ic  condi t ion  wi th  a n y  fer rous  ions 
be ing  be low the l imi t  of de tec t ion  of the  f e r r i cyan ide  
test. 

The sequence  of r educ t ion  fol lowed by  direct  so- 
lu t ion  of the defect ive  surface l ayer  ou t l i ned  above 
m a y  occur u n t i l  such a t ime  as the  depola r iz ing  i n -  
f luence of excess oxygen  in  the  p - t y p e  surface l ayer  
is exhausted .  W h e n  the p - t y p e  oxide has been  re -  
moved  as ou t l ined  above, the reac t ion  proceeds on 
the n - t y p e  me ta l - excess  oxide wh ich  can be de-  
s t royed a lmos t  i n s t a n t a n e o u s l y  in  acid solut ions  by  
reduc t ive  d isso lu t ion  as shown in  Eqs. [5a & b] .  
Here  the  p roduc t  of bo th  the  anodic  and  cathodic 
react ions  is fe r rous  ion as has also been  observed by  
Well  (25).  Since it has been  po in ted  out  p rev ious ly  
tha t  loca l -ce l l  corrosion cu r ren t s  invo lved  d u r i n g  
the  rap id  reduc t ive  d isso lu t ion  of n - t y p e  ~,-Fe~O~ 
films to so luble  fe r rous  ions are of the  order  of sev-  
eral  m i l l i ampe re s  per  square  cen t imeter ,  reac t ion  
[5b]  is h igh ly  polarized.  Therefore ,  on exposure  of 
the  n - t y p e  ~/-Fe~O3 and  on i n i t i a t i ng  reac t ion  [5b]  
an  immed ia t e  and  subs t an t i a l  shift  in  po ten t i a l  in  
the act ive d i rec t ion  m u s t  be  observed.  This, of 
course, coincides w i th  the end  of the  F lade  p la teau .  

The pH d e p e n d e n c y  of reac t ion  [6] is c lear ly  con-  
s is tent  wi th  the F lade  potent ia l .  F u r t h e r m o r e ,  the  
ove r - a l l  r eac t ion  is cons is ten t  w i th  pas t  work  on the  

direct  and  r educ t ive  d issolu t ion  of i ron  oxides. H o w -  
ever,  the  va lue  of E~ ~ 0.58 v for the F lade  p o t e n -  
tial, w i th  or w i thou t  the dev ia t ions  observed  by  U h -  

lig and  K i n g  (12),  is sti l l  a p r o b l e m  which  defies 
precise  solut ion.  If the above model  is accepted, it is 
c lear ly  mean ing le s s  to a t t emp t  to ca lcula te  E~ in  
t e rms  of free energies  of f o rma t ion  of b u l k  oxides. 
This  is because  no re l i ab le  es t imates  of f ree ene rgy  
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of formation of energy rich, highly defective oxide 
films have been developed, and because E~ cannot 
be corrected to the standard state without a knowl- 
edge of the activity of excess oxygen in the outer 
p-type layer. However, the latter problem is one 
t ha t  can  be inves t iga ted  e x p e r i m e n t a l l y  us ing  semi-  
conductor  techniques .  If the  ac t iv i ty  of the  excess 
oxygen  ions in  the  outer  layers  was known ,  it  wou ld  
t hen  be possible  to ca lcula te  the Eo va lue  for Eq. [8]. 
S u b s e q u e n t  ca lcu la t ion  f rom this va lue  and  f rom the  
free ene rgy  for the r educ t ion  of molecu la r  oxygen  
wou ld  give the  s t anda rd  s tate  free ene rgy  for the  
reac t ion  

�89 O~ O" + ~ J  • = 110 kcal  [9] - - )  

crys ta l  b o u n d  
la t t ice  posi t ive  

hole  

i.e., the  pa r t i a l  ion iza t ion  of gaseous oxygen  into a 
d i f ferent  die lectr ic  and  wou ld  th row l ight  on the 
bond  ene rgy  b e t w e e n  the  excess oxygen  ions and  the 
b o u n d  posi t ive  holes. This  in  t u r n  wou ld  assist the  
u n d e r s t a n d i n g  of the  s t ruc tu re  of defect  and  ene rgy  
r ich surface  oxides on iron. 

The m e c h a n i s m  ou t l ined  above proposes tha t  the 
Flade potential should be observed only if an oxygen 
excess p-type layer of ~-Fe~O3 is formed during pas- 
sivation. Formation of films of ~,-Fe~Oz less than 
around 50A thick would appear to preclude the pos- 
sibility of this type of outer layer defect structure. 
It is, therefore, of interest to note that thin films 
formed by very short time anodic passivation of iron 
in H~SO~ appear to be destroyed almost instantane- 
ously once the passivating current is switched off. No 
evidence of a Flade arrest is found in this case and 
it is probable that the film is destroyed by reductive 
dissolution in a similar manner to thermal oxide 
films. 

Whether the same sequence of passive film break- 
down can occur in p-n ~ Fe~O~ films at pH values 
higher than 3.0 is less certain. It is known that the 
inner n-type oxide could not undergo reductive dis- 
solution due only to the flow of local-cell corrosion 
currents (13). Instead it is probable that the ionic 
resistance of the n-type inner layer is reduced pro- 
gressively by hydroxyl ion exchange which will be 
more rapid at the higher pH values. 

However, there appears no reason why the reduc- 
tion and dissolution of the outer p-type layer of 
oxide, which is believed to give rise to the Flade 
potential, should not proceed by the same mechanism 
as that outlined above. At the same time it must be 
borne in mind that the higher electrolyte pH mag- 
nifies the importance of exchange between oxygen 
ions in the oxide and hydroxyl ions from solution. 
This exchange will be accompanied by a decrease in 
ionic resistance since each exchange creates an 
n-type defect. A decrease in ionic resistance due to 
this reaction will be accompanied by a shift in poten- 
tial in the active direction similar to that which ac- 
companies activation of the iron in acid electrolytes 
by reductive dissolution of the n-type inner layer. 
These two processes, therefore, have a similar total 
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effect, differ ing only  in  rate.  On occasion, however ,  
the exchange  reac t ion  could p r e s u m a b l y  occur before 
the ou te r  p - t y p e  oxide was comple te ly  r emoved  by 
reac t ion  [6] and  the a c c o m p a n y i n g  d issolu t ion  re -  
action. In  this case, the decrease  in  ionic res i s tance  
accompany ing  the  exchange  reac t ion  m a y  wel l  mask  
the F lade  potent ia l .  Therefore ,  it is of in te res t  to note  
tha t  we l l -de f ined  F lade  arres ts  do not  a lways  occur 
at the h igher  pH values  (26).  Ins tead,  there  is some-  
t imes a r ange  of e r ra t ic  po ten t ia l s  sp read ing  over  as 
much  as 400 mv.  F r o m  these, it is imposs ib le  to 
typ i fy  a we l l -de f ined  F lade  potent ia l .  

Rap id ly  f luc tua t ing  poten t ia l s  such as these are 
charac ter i s t ic  of the n o n u n i f o r m  reduc t ion  of ionic 
res i s tance  and  a c c o m p a n y i n g  increase  in  local-cel l  
cu r r en t s  such as would  accompany  o x y g e n - h y d r o x y l  
ion exchange.  P o t e n t i a l - t i m e  curves  of this type  are, 
therefore,  be l ieved  to be charac ter i s t ic  of the ex-  
change  reac t ion  m a s k i n g  the  t rue  effect of the F lade  
potent ia l .  
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Potential Studies on Passivity to Corrosion Induced 
Pretreatment Processes 

by 

II. Comparative Study of Chromate Treatment and Chromate Inhibition 

K. S. Rajagopalan and K. Balakrishnan 

Central Electrochemical Research Institute, Karaikudi, South India 

ABSTRACT 

The mechanism of passivation of zinc by chromate t rea tment  is compared 
with that of chromate inhibi tor  in this paper. The par t  played by soluble chro- 
mate in enhancing passivation by chromate t rea tment  is elucidated in terms of 
the kinetic approach made in a previous paper. 

I t  was shown ear l ie r  (1) tha t  po ten t i a l  and  po la r -  
izat ion s tudies  are  ve ry  he lp fu l  in  e luc ida t ing  the  
m e c h a n i s m  of pass iva t ion  of a l u m i n u m  by chemi -  
cal ox ida t ion  processes. The p resen t  paper  a t t empt s  
to th row more  l ight  on the  m e c h a n i s m  of i nh ib i t i on  
of corrosion of zinc by  chromate  t r e a t m e n t  as wel l  
as ch romate  inh ib i tor .  

Experimental 
Commerc i a l l y  p u r e  zinc (1 /16 in. th ick)  was  cut  

into 1 x 1 in. and  3 x 2 in. specimens.  The me ta l  

specimens  were  a b r a de d  wi th  120 e me r y  u n t i l  a 
u n i f o r m  f inish was obta ined ,  degreased wi th  m e -  
thanol ,  hot benzene,  and  hot acetone,  and  sub jec ted  
to ch romate  t r ea tmen t ,  where  necessary,  in  Cronak  
(2) composi t ion (200 g of po ta s s ium d ich romate  + 
6 cc of H_.SOI/1) at room t e m p e r a t u r e  for 30 sec. 
Spec imens  were  r insed  in cold wa te r  and  dr ied  by  
cold compressed air  af ter  t r e a tmen t .  

Sod ium chlor ide  solut ions  of var ious  c o n c e n t r a -  
t ions were  used. The chlor ide  solut ions  were  a i r -  
s a tu ra t ed  by b u b b l i n g  air  t h rough  solu t ion  for 15 
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Table I. Initial and steady potentials* of chromate-treated 
and untreated zinc in sodium chloride solutions 

I n i t i a l  S t e a d y  
p a t e n -  F o r m  of p a t e n -  

C o n d i t i o n  Conc.  of  t i a la  vs .  p o t e n t i a l  tml~ vs .  
of  m e t a l  NaC1, % S C E  t i m e  c u r v e  S C E  

Untreated 0.001 --0.94 Becomes 50 mv --0.94 
more negative 
and recovers 
to ini t ial  po- 
tent ial  after 2 
weeks 

Untreated 1.0 --1.02 Same as above --1.01 
Chromate-  0.001 --1.05 R i s e s  s l o w l y  --0.95 

treated over 2 weeks 
to a potent ial  
100 mv more 
positive 

Chromate-  1.0 --1.03 R i s e s  s l o w l y  --0.99 
treated over 2 weeks 

to a potential  
40 mv more 
positive 

* M e a n  of d u p l i c a t e  d e t e r m i n a t i o n s  w h i c h  dzd n o t  d i f f e r  f r o m  
e a c h  o t h e r  by  m o r e  t h a n  •  m y .  a - - -measu red  a f t e r  5 r a in ;  ~- -  
m e a s u r e d  a f t e r  2 w e e k s .  

m i n  before  each test  and  were  exposed to air  a f t e r -  
ward .  Al l  i nh ib i t i on  expe r imen t s  were  done us ing  
500 ppm sodium chromate  in  the solutions.  

Methods.--These have  been  descr ibed (1) .  Al l  
expe r imen t s  were  car r ied  out  at 35~ The  po ten t i a l  
va lues  are g iven  the nega t i ve  s ign according to the 
E u r o p e a n  conven t ion  (3) .  The po ten t i a l  decreases 
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n e a r l y  200 mv,  and  this  increases  in the  n e x t  few 
days to a va lue  of 500 m y  more  posit ive.  The  en -  
nob l i ng  effect is observed aga in  in  0.01% NaC1 bu t  
to a lesser ex tent .  In  the case of 0.1% NaC1, the 
in i t i a l  po ten t i a l  is s l ight ly  more  posi t ive  to s ta r t  
with, but there is hardly any change with time. In 
i% NaC1 solution, the behavior of untreated zinc is 
reproduced. 

Polarization studies.--Potential-current density 
curves obtained with untreated and chromate- 
treated zinc, a few hours after immersion, in solu- 
tions containing different concentrations of chloride 
ions are shown in Fig. 2 and 3. Figure 4 gives paten- 

in  anodic  po la r iza t ion  curves  and  increases  in  
cathodic po la r iza t ion  curves.  

The 3 x 2-in.  spec imens  were  suspended  in  t r i p l i -  
cate in  1 l i ter  of solut ion con ta ined  in  a ta l l  fo rm 
beake r  such tha t  the uppe r  edge of the  spec imen  was  
3 in. be low l iquid  level.  At  the  end  of test  period,  the  
spec imens  were  t aken  out, c leaned in  20% su l fa te -  
free chromic  acid at 80~ (8) ,  and  reweighed.  
Weigh t  of film was deducted  f rom the in i t i a l  we igh t  
for ca lcu la t ion  of the  loss in  we igh t  due  to corrosion 
in  the case of t r ea ted  metal .  The m e a n  of the  t r i p l i -  
cate d e t e r m i n a t i o n s  made  in  each solut ion did not  
differ f rom the i n d i v i d u a l  va lues  by  more  t h a n  20 %. 
Mean  va lues  are g iven  in  Tab le  II. 

Results 

Potential-time studies.--Initial and  s teady po ten -  
t ials  of u n t r e a t e d  and  c h r o m a t e - t r e a t e d  zinc in 
0.001% and  1% NaC1 solut ions  and  the  forms of 
the p o t e n t i a l - t i m e  curves  are shown in  Tab le  I. I t  is 
seen f rom Table  I tha t  the  po ten t i a l  of u n t r e a t e d  
zinc var ies  l i t t le  w i th  t ime  and  tha t  its po ten t i a l  in  
0.001% NaC1 is 70 m v  more  posi t ive.  Nea r ly  the  
same po ten t i a l  as tha t  of u n t r e a t e d  me ta l  is re -  
corded by  c h r o m a t e - t r e a t e d  zinc af ter  it  is a l lowed 
to reach a s teady va lue .  The po ten t i a l  ob ta ined  
i m m e d i a t e l y  af ter  i m m e r s i o n  is, however ,  about  
100 m v  more  nega t i ve  in  0.001% NaC1 solut ion.  As 
compared  to these, rap id  changes  are observed in  
the po ten t i a l  of u n t r e a t e d  me ta l  in  the presence  of 
ch romate  inh ib i to r  (see Fig. 1). At  the lowest  
chlor ide  concen t ra t ion ,  viz., 0.001% NaC1, the  in i t i a l  
po ten t i a l  becomes i m m e d i a t e l y  more  posi t ive by  
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Fig. 2. Potential-current density curves of untreated zinc in 
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Fig. 5. Potential-current density curves of chromate-treated 
zinc. �9 After immersion for a week in 0.001% NaCl, O in 
0.001% NoEl -J- ,500 ppm chromate immediately after im- 
mersion. Potentials were measured against saturated caJomel 
electrode. Current densities are given in /za/in. ~. 

t ia l  c u r r e n t  dens i ty  curves  for u n t r e a t e d  zinc in  
chlor ide solut ions  to which  chromate  has also been  
added. A common  in i t i a l  po ten t i a l  has been  t a k e n  
where  the  po ten t ia l s  do not  differ f rom each o ther  
cons ide rab ly  to avoid ove r l app ing  of the  curves  and  
to compare  the slopes. 

The  points  g iven  in  the  curves,  therefore,  ind ica te  
on ly  the  observed  shifts. I t  is seen f rom Fig. 2 tha t  
at  the h ighes t  concen t r a t i on  of chloride,  i.e., 1% 
and  0.1%, the re  is p rac t i ca l ly  no po la r iza t ion  of 
u n t r e a t e d  metal .  S l ight  po la r iza t ion  is observed  in  
0.001% NaC1 solutions.  The in i t i a l  po ten t i a l  is 
i tself  changed  cons ide rab ly  (c.f. Fig. 1) in  0.001% 
solut ion con t a in ing  inhib i tor ,  and  the me ta l  shows 
cons iderab le  cathodic as wel l  as anodic  po la r iza t ion  
wi th  e x t e r n a l l y  appl ied  cur ren t .  C h r o m a t e - t r e a t e d  
me ta l  shows s l ight  po la r iza t ion  in  1% solution.  This 
increases  cons ide rab ly  as the  concen t r a t i on  fal ls  to 
0.01%. This is f u r t h e r  increased  at 0.001% concen-  
t r a t i on  w h e n  the  me ta l  is polar ized both  anodica l ly  
and  ca thodica l ly  to a m u c h  grea te r  ex ten t  t h a n  
u n t r e a t e d  metal .  Slopes of the po la r i za t ion  curves  
suggest  tha t  cathodic po la r iza t ion  is somewha t  
grea te r  t h a n  anodic  po la r iza t ion  at al l  concen t r a -  
tions. 

Table II. Rate of corrosion of treated and untreated zinc in NaCI 
solutions in the presence and absence of chromate 

Loss  i n  w e i g h t  i n  
m g / d m  ~ (16 in.e) 

W h e t h e r  of m e t a l  a t  t h e  e n d  of :  
u n t r e a t e d  

S o l u t i o n  o r  t r e a t e d  2 d a y s  4 d a y s  11 d a y s  

1% NaC1 Untreated  58 86 183 
1% NaC1 Treated 22 39 34 
1% NaC1 + CrO~= Untreated 49 60 57 
1% NaC1 + CrOr  Treated 16 36 35 
0.1% NaC1 Untreated 35 - -  109 
0.1% NaC1 Treated 6 8 11 
0.1% NaC1 + CrO4- Untreated 10 31 26 
0.1% NaC1 + CrO(  Treated Nee.* 4 17 
0.01% NaC1 Untreated 28 56 126 
0.01% NaC1 Treated Nee. 3 7 
0.01% NaC1 + CrO4= Untreated  4 2 6 
0.01% NaC1 + CrO, Treated Nee. Nee. 4 
0.001% NaC1 Untreated  31 56 154 
0.001% NaC1 Treated Nee. Nee. 5 
0.001% NaC1 + CrOr  Untreated Nee. 2 4 
0.001% NaC1 + CrO4 Treated Nee. Nee. Neg. 

* B e l o w  0.5 me .  

Figure  5 compares  the p o t e n t i a l - c u r r e n t  dens i ty  
curves  ob ta ined  wi th  t r ea ted  me ta l  a f ter  i m m e r s i o n  
in  0.001% NaC1 solut ion for a week  wi th  tha t  g iven  
by t rea ted  me t a l  i m m e r s e d  in  solut ion con ta in ing  
chromate  in add i t ion  to chlor ide i m m e d i a t e l y  af ter  
immers ion .  The close r e s e mb l a nc e  in  the shapes of 
the two curves  m a y  be noted.  

Corrosion tests.--Losses in  weight  of u n t r e a t e d  
and  c h r o m a t e - t r e a t e d  zinc in  the var ious  solut ions  
cons idered  are g iven  in Table  II. I t  is seen f rom 
Tab le  II that ,  at al l  concent ra t ions ,  ch romate  t r ea t -  
m e n t  gives be t t e r  p ro tec t ion  t h a n  inh ib i to r  and  the  
corrosion ra te  fal ls  to a neg l ig ib le  va lue  in  0.01% 
and  0.001% solutions.  It  is also seen tha t  even  at 
1% concen t r a t i on  of NaC1, corrosion ra tes  of bo th  
t rea ted  meta l  and  u n t r e a t e d  me t a l  in  the presence  
of inh ib i to r  fall  w i th  t ime. The combined  effect of 
i nh ib i to r  and  c h r o m a t e - t r e a t m e n t  is g rea te r  t h a n  
tha t  of either.  

F r o m  the loss in  we igh t  da ta  g iven  in Table  II, 
the c u r r e n t  f lowing t h r ough  the local cells was  
calculated.  The  ca lcu la t ion  shows tha t  at  the  highest  
chloride concentration of i% this current is of the 
order of i0 ~a/in} in the case of chromate-treated 
metal and 30 ~a/in. ~ for untreated metal. In the 

other solutions, it is much less. Polarization studies 
thus have been carried out at similar and greater 
current densities. 

Discussion 

A compar i son  of Fig. 1 and  Table  I shows that ,  
wh i l e  the  presence  of ch romate  inh ib i to r  in  so lu t ion  
is accompanied  by  cons iderab le  shifts in  po ten t i a l  
in  the nob le r  (posi t ive)  direct ion,  no such shift  in 
po ten t i a l  is observed  in  the case of c h r o m a t e -  
t r ea ted  metal .  On the  o ther  hand ,  the in i t i a l  po t en -  
t ia l  of c h r o m a t e - t r e a t e d  zinc is s l ight ly  more  nega -  
t ive  t h a n  tha t  of u n t r e a t e d  metal .  But  it  is seen 
f rom Table  II that ,  in  bo th  cases, the corrosion ra te  
becomes a lmost  neg l ig ib le  in  chlor ide  solut ions  of 
low concent ra t ion ,  i.e., 0.01% and  0.001%. The i r -  
r evers ib le  charac te r  of these  po ten t ia l s  thus  is 
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b r o u g h t  out. A n  u n d e r s t a n d i n g  of such p o t e n t i a l s  
has,  h o w e v e r ,  been  f a c i l i t a t e d  b y  t h e  m e c h a n i s m  of 
i nh ib i t i on  p u t  f o r w a r d  b y  M e a r s  (4)  b a s e d  on loca l  
cel l  t h e o r y  of co r ros ion  and  Evans '  d i a g r a m .  A c -  
co rd ing  to Mears ,  co r ros ion  i n h i b i t i o n  w i l l  be  
a c c o m p a n i e d  b y  shi f ts  of the  o v e r - a l l  e l e c t r o d e  
p o t e n t i a l s  such  as those  m e a s u r e d  h e r e  in  t h e  
n o b l e r  (pos i t i ve )  d i r ec t ion  w h e n  the  p o l a r i z a t i o n  
of the  loca l  anodes  a lone  is inc reased ,  in t he  n e g a -  
t ive  direction if only cathodic polarization is in- 
creased, and no shift in potential will take place 
when the polarization of both anodes and cathodes 
is increased. That this approach is very helpful is 
readily seen in the case of chromate treatment 
where the treated metal shows more cathodic as 
well as anodic polarization. When we come to 
polarization curves in the presence of chromate 
inhibitor, however, we find that there is marked 
cathodic polarization and the anodic polarization is 
not very significant unless we take into account the 
initial shifts also. Mears' mechanism does not, 
therefore, lend itself to an explanation of the 
changes in potentials with time, as has been pointed 
out (i). The other drawbacks of this approach, viz., 
the need for reproducing the local cell by indirect 
methods which themselves are suspect and the lack 
of quantitative relationship between changes taking 
place on the metal surface and potential, were also 
referred to earlier (i). It was also shown that the 
behavior of aluminum subjected to a wide variety of 
passivation treatments could be explained satis- 
factorily if a kinetic approach based on the theory 
of rate processes is made. This approach was shown 
to result in an equation which enabled changes in 
potentials being interpreted in terms of log ratio of 
the anodic and cathodic areas on the metal surface 
under identical experimental conditions (5, I). A 
similar equation has also been derived by other 
workers (6, 7). It will be shown presently that this 
approach is equally helpful in explaining the be- 
havior of zinc and that it also enables us to get an 
intimate knowledge of the mechanism by which 
chromate ions inhibit corrosion in the present case, 
information which may be of use in other cases of 
chromate inhibition as well. 

No appreciable shift in potential following chro- 
mate treatment is explained on this basis as arising 
from a reduction in the anodic as well as cathodic 
areas. Polarization data given in Fig. 2 confirms 
this conclusion. A much lower anodic and cathodic 
polarization observed at higher chloride concentra- 
tion shows that, due to the penetrating effect of 
chloride ions, both anodic and cathodic areas are 
increased. This is also reflected in the increased 
corrosion rate. No appreciable change in potential 

with time is expected in the case of treated zinc, as 
both anodic and cathodic areas are increased by the 
chloride ions. This is what is observed (see Table I). 
Similarly, no change in potential is expected with 

time in the case of untreated zinc as it does not 

form a protective oxide film (cf. aluminum). 

Coming to untreated zinc in solution containing 

chloride and chromate, the smaller rise in potential 

with increase in chloride concentration is to be 
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a t t r i b u t e d  e i t he r  to the  b r e a k d o w n  of t h e  f i lm 
cove r ing  the  anodic  area ,  if a f i lm is fo rmed ,  or  due  
to the  g r e a t e r  so lub i l i t y  of i n so lub l e  zinc c h r o m a t e  
f o r m e d  a t  t he  anod ic  a r eas  in  t he  h i g h e r  ch lo r ide  
concen t ra t ions .  The  f irst  r a p i d  r i s e  in  p o t e n t i a l  i m -  
m e d i a t e l y  a f t e r  i m m e r s i o n  in 0.001% NaCI  is fo l -  
l o w e d  b y  a s low r i se  for  s e v e r a l  days .  I t  is l i k e l y  
t h a t  in the  p r e s e n c e  of t he  i n h i b i t o r  t he  fo l lowing  
r eac t i ons  t a k e  p l ace  at  t he  anodes  and  ca thodes  
w h i c h  r e su l t  in  the  d i m i n u t i o n  of  bo th  t h e  anod ic  
and  ca thod ic  a reas .  

3Zn ~- 3 C r O , : ~  3ZnCrO~ ( in so lub le )  -t-6e- [1]  

6e- § 2CrO,:  -t- 5H.~O-* Cr~O, -b 10 (OH-)  [2]  

Thus,  t he  c h r o m a t e  ion m a y  be e x p e c t e d  to act  l i ke  
o x y g e n  bo th  as a d e p o l a r i z e r  a t  the  ca thode  and  as 
a s u p p r e s s o r  of the  anodic  reac t ion .  A c c o r d i n g  to 
the  a b o v e  m e c h a n i s m ,  the  first  r a p i d  r i s e  in  p o t e n -  
t i a l  ind ica tes  the  p r e p o n d e r a t i n g  c o v e r a g e  of  t he  
anod ic  a r eas  b y  the  r e a c t i o n  of a d s o r b e d  c h r o m a t e  
ions a t  the  anod ic  points ,  and  the  l a t e r  s low r i se  is 
to be  a t t r i b u t e d  to the  c o v e r a g e  of t he  ca thod ic  
a r e a s  also acco rd ing  to Eq. [2] .  P o t e n t i a l - c u r r e n t  
d e n s i t y  d a t a  for  u n t r e a t e d  zinc in  0.001% NaC1 
so lu t ion  c on t a in ing  c h r o m a t e  conf i rms th is  v iew.  
C o n s i d e r a b l e  anodic  p o l a r i z a t i o n  is i n d i c a t e d  b y  the  
r a p i d  r i se  in p o t e n t i a l  in  t he  p r e s e n c e  of c h r o m a t e  
even  w i t h o u t  a p p l i c a t i o n  of  cu r ren t .  B u t  i nc rea se  in  
ca thod ic  p o l a r i z a t i o n  is also o b s e r v e d  i n d i c a t i n g  
tha t ,  in the  p r e s e n c e  of t he  c h r o m a t e  ion, t he  c a t h -  
odic a r eas  also a re  affected.  I t  m a y  be  seen f rom 
T a b l e  II  tha t ,  in 1% NaC1, cor ros ion  of the  m e t a l  is 
s u p p r e s s e d  to some e x t e n t  in t he  p r e s e n c e  of t he  
i n h i b i t o r  w h e n  the  tes t  is p r o l o n g e d  to 11 days .  The  
po t e n t i a l s  of the  two  sys tems ,  h o w e v e r ,  r e m a i n  
n e a r l y  the  s a m e  (cf. T a b l e  I and  Fig.  3) .  This  is 
also to be a t t r i b u t e d  to p a r t i a l  c o v e r a g e  of bo th  
anodic  and  ca thod ic  a reas  b y  the  f o r m a t i o n  of i n -  
so lub le  r e a c t i o n  p roduc t s .  F i g u r e  5 c o m p a r e s  t he  
p o t e n t i a l - c u r r e n t  d e n s i t y  cu rves  o b t a i n e d  w i t h  
t r e a t e d  m e t a l  a f t e r  i m m e r s i o n  in 0.001% so lu t ion  
for  a w e e k  w i t h  t ha t  g iven  b y  t r e a t e d  m e t a l  i m -  
m e d i a t e l y  a f t e r  i m m e r s i o n  in so lu t ion  con ta in ing  
500 p p m  of s o d i u m  c h r o m a t e  in a d d i t i o n  to ch lor ide .  
A close r e s e m b l a n c e  in the  shape  of the  two  cu rves  
is obse rved .  This  s i m i l a r i t y  a r i ses  f rom the  fac t  t h a t  
t he  two  sy s t e ms  a r e  n e a r l y  i d e n t i c a l  s ince  t he  f o r m e r  
s y s t e m  also con ta ins  h e x a v a l e n t  c h r o m i u m  ions in 
so lu t ion  at  the  end  of one w e e k  due  to i ts  ge t t i ng  
l e a c h e d  out  f rom the  film. Since,  as a l r e a d y  p o i n t e d  
out,  the  t r e a t m e n t  p r e d o m i n a n t l y  d imin i she s  c a t h -  
odic  a r eas  and  a d d i t i o n  of  c h r o m a t e  p r e d o m i n a n t l y  
d imin i shes  anodic  areas ,  i nc r ea sed  anod ic  and  c a t h -  
odic p o l a r i z a t i o n  is o b s e r v e d  in t he  a b o v e  two  
sys tems .  I t  may ,  t he re fo re ,  be  e x p e c t e d  t h a t  u n d e r  
t hese  condi t ions ,  t he  co r ros ion  r a t e  wi l l  also be  
f u r t h e r  r educed .  Cor ros ion  r e s i s t ance  d a t a  g iven  in 
Tab le  II  conf i rms th is  v iew.  

Conclusions 
A c c o r d i n g  to t he  loca l  cel l  t h e o r y  of cor ros ion  and  

the  e q u a t i o n  d e r i v e d  e a r l i e r  (1) ,  i nh ib i t i on  of  co r -  
ros ion  wi l l  be  mos t  s a t i s f a c t o r y  w h e n  bo th  anodic  
and  ca thod ic  a r e a s  a r e  d imin i shed .  This  cond i t ion  is 
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obtained satisfactorily when zinc is chromate- 
treated and immersed in an aqueous solution con- 
taining hexavalent chromium. 
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Anodic Behavior of Aluminum at Low Potentials 
J. V. Petrocelli 

Research Laboratory, The International Nickel Company, Inc., Bayonne, New Jersey 

ABSTRACT 

Electrode potentials, differential capacities, and anodic polarization curves 
have been determined for a luminum in sulfuric acid solutions. It  is shown that 
the anodic behavior  in  the region of low potentials (--1.0 v to 43.0 v, S.C.E. 
scale) follows the relationship i ~ ~ exp [~F]. Differential capacity measure-  
ments  show that the capacitance is inversely proport ional  to the potential. The 
analysis of the exper imental  data indicates the existence of a very thin film 
on the a luminum in this low potent ial  region. It is suggested that the passive 
behavior of a luminum is due to the presence of a thin, compact, and continuous 
"oxide like" film on its surface. This film is formed and /or  modified by the 
electrochemical action which takes place between the a luminum and the 
electrolyte. 

The  role p layed  by  films, especial ly  oxide films, on 
me ta l  surfaces in  e lect rode processes is of inc reas ing  
technica l  and  scientific interest .  The greates t  ad-  
vances  have  perhaps  been  made  in the s tudy  of the  
ox ida t ion  of meta l s  in  air. The f o u n d a t i o n  of these 
advances  was the idea in t roduced  by  W a g n e r  (1) 
tha t  me t a l  ions and  e lec t rons  diffuse t h rough  the 
oxide l ayer  and  react  wi th  the oxygen  at the oxide-  
gas interface.  

Verwey,  Mott, and  others  (2-7)  have  ex t ended  
the theories  of d ry  ox ida t ion  to the fo rma t ion  of 
anodic  films by  e lect rolyt ic  action. The ra te  of bo th  
types  of processes are supposed to depend  on the  k i -  
net ics  of the  m o v e m e n t  of ions, u sua l ly  meta l l i c  
ions, into and  th rough  the film u n d e r  the  inf luence of 
an  electrostat ic  field. E x p e r i m e n t a l  work  and  theo-  
re t ica l  deve lopmen t s  have  been  concerned  p r i m a r i l y  
w i th  the so called "va lve"  meta l s  such as t a n t a l u m ,  
a l u m i n u m ,  h a f n i u m ,  n iob ium,  t i t an ium,  v a n a d i u m ,  
and  z i rconium.  Most of these s tudies  have  deal t  wi th  
the  fo rma t ion  of r e l a t i ve ly  th ick  oxide films, circa 
2000s  or more,  fo rmed  at 100-600 v (8-16) .  The 
work  of G u n t h e r s c h u l z e  and  Betz (17) con ta ins  an  
exce l len t  compi la t ion  of resul ts  up to 1936. Johansen ,  
et al. (18) give a comprehens ive  b ib l i og raphy  for the 
more  recent  work  on anodizat ion.  

A l though  u n d e r  ce r t a in  condi t ions  of fo rma t ion  
some th ick  anodic  coat ings  m a y  be porous,  there  are 
s t rong  ind ica t ions  tha t  m a n y  of t hem are r e l a t ive ly  
compact  and  nonporous  and  tha t  even  the th icker  
porous coat ings have  a compact,  nonporous  " b a r r i e r "  

l ayer  film u n d e r n e a t h  which  ma y  be f rom 10A to 
200A th ick  (15, 19, 20). 

It  has been  suggested tha t  the  above "va lve"  m e t -  
als as wel l  as ch romium,  nickel ,  and  iron,  which  ex-  
h ib i t  passive behav io r  at r e l a t ive ly  low voltages,  
have  a compact,  nonporous  film on the i r  surface 
u n d e r  condi t ions  u sua l ly  e nc oun t e r e d  in  corrosion 
and  f inishing (21-23, 24). These meta l s  exh ib i t  pas-  
sive behav io r  in  tha t  they  do not  react  or reac t  ex-  
t r e me l y  s lowly w i th  aqueous  solut ions despi te  the 
e x t r e me l y  f avorab le  t h e r m o d y n a m i c  condi t ions.  A l -  
though  there  are severa l  schools of though t  as to the  
n a t u r e  of these films which  exist  on passive meta l s  
(25),  it is ve ry  l ike ly  tha t  they  are s imilar ,  if not  
ident ical ,  to the ba r r i e r  l ayer  type  which  form d u r -  
ing anodiza t ion  of the  me t a l  in  ques t ion  (10, 11, 27). 

In  some cases the  film is fo rmed  in  air, hence  p re -  
exists pr ior  to exposure  to the  aqueous  med ium.  For  
o ther  cases the en t i re  film forms af ter  i m m e r s i o n  in  
the  electrolyte.  In  e i ther  case the final th ickness  of 
the film wi l l  be governed  by  the  e lec t rochemica l  ac- 
t ion  which  occurs in  the electrolyte .  On open cir-  
cuit, w i thou t  ex t e rna l  polar iza t ion,  film g rowth  is 
p romoted  by  an  electrosta t ic  field set up across the 
film by  the  local e lec t rochemica l  action. The anodic  
reac t ion  consists of the mi g r a t i on  and  diffusion of 
ions ( the  meta l l i c  ions in  m a n y  cases) t h rough  the 
film whi le  the cathodic reac t ion  involves  the r educ -  
t ion  of oxygen,  hydrogen ,  or o ther  r educ ib le  sub-  
s tance p resen t  in  the solut ion.  The k ine t ics  and  
m e c h a n i s m  are ve ry  s imi la r  to tha t  which  occurs 
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d u r i n g  anodiza t ion  by  appl ica t ion  of an e x t e r n a l  
current .  

It  is the object  of this work  to d e t e r m i n e  the  pres -  
ence of such a film on A1 on open circui t  and  in  the 
low vol tage  region, --1.0 to +2.0  v. P rev ious  work  
on the behav io r  of A1 wi th  o x i d a t i o n - r e d u c t i o n  sys-  
tems s t rong ly  suggested the presence  of such a film 
on this  me ta l  (21).  

Some inves t iga tors  have  explored  this low vol tage  
region for some of the  film fo rming  metals .  V e r m i l -  
yea  (26) has shown tha t  it is possible to form a film 
on Ta even  w h e n  its e lect rode po ten t i a l  is nega t ive  
to the h y d r o g e n  electrode in  d i lu te  solut ions  of HNO, 
and  NaOH. Young  (10) s tudied  the anodiza t ion  of 
Nb in  the 0.0 to 10 v r ange  in  NafSO~ and  H~SO~. He 
found  tha t  in  this vol tage  region  films r a n g i n g  f rom 
abou t  20A to a few t h o u s a n d  angs t roms  th ick  fo rmed  
on the metal .  Johansen ,  et al. (18) s tudied  anodic  
film fo rma t ion  on Ta, A1, Ti, Hf, V, Nb, and  Cr in  
boric  a c i d - a m m o n i a  solut ions  in  the po ten t i a l  reg ion  
below oxygen  evolut ion .  Except  for Cr and  V they  
found  tha t  films did fo rm and  d e t e r m i n e d  some of 
the e lect rolyt ic  p a r a m e t e r s  involved.  

Experimental Technique 
Different ia l  capaci ty  m e a s u r e m e n t s ,  s t r ic t ly  speak-  

ing impedance  measu remen t s ,  were  adopted  in  this  
work  for de tec t ing  and  s tudy ing  the film on A1. 
M e a s u r e m e n t s  of the capaci ty  of electrodes covered 
by  anodic  oxide films have  been  used successful ly  for 
ob t a in ing  an  es t imate  of film th ickness  (10, 13, 17). 
The oxide film func t ions  as the dielectr ic  of a p a r a l -  
lel p la te  condenser  of which  the basis  me t a l  and  the  
solut ion form the plates.  It  is l ike ly  tha t  this  mode l  
is overs impl i f ied  and  Young  (10) has t r ea ted  some 
of the  possible compl ica t ing  factors which  m a y  be 
involved.  

I t  is wel l  known ,  however ,  tha t  the  capaci ty  of 
c lean meta l l i c  surfaces in  e lect rolytes  var ies  w i th  the  
electrode po ten t i a l  in  such a m a n n e r  tha t  the  m i n i -  
m u m  capaci tance  is abou t  16 ~ F / c m  2 and  tha t  this  
va lue  is t ha t  charac ter i s t ic  of the double  layer  (28, 
29). I t  is r easonab le  to assume tha t  the presence  of 
a t h in  film on the  sur face  wi l l  y ie ld  lower  capaci ty  
va lues  and  tha t  the capaci ty  should decrease as the 
film thickens.  The resul t s  ob ta ined  do in  fact  
s t rong ly  ind ica te  tha t  the  capaci ty  va lues  m e a s u r e d  
at h igh f requenc ies  are ve ry  close to, if no t  iden t ica l  
with,  the  capaci ty  of a ba r r i e r  l ayer  film. 

The  appa ra tu s  was  p rac t ica l ly  iden t ica l  to tha t  
used by  G r a h a m e  (29) and  Rober t son  (30).  A m e r -  
c u r y - m e r c u r o u s  su l fa te  ha l f - ce l l  was  used as a r e f -  
e rence  electrode, and  a glass t ube  filled w i th  the 
solut ion be ing  s tudied  served as a salt  br idge.  One 
end  of this  tube  was  d r a w n  down  to a fine cap i l l a ry  
which  was  pressed close to the back  of the A1 elec-  
trode.  A n  H - t y p e  electrolysis  cell w i t h  two separa te  
c o m p a r t m e n t s  was used. One c o m p a r t m e n t  con ta ined  
the  A1 electrode,  the cap i l la ry  t ipped  tube,  and  a 
la rge  (75 cm 2) p la t in ized  P t  e lec t rode  which  f unc -  
t ioned as an  aux i l i a ry  e lect rode for the a-c m e a s u r e -  
ments .  The  o ther  por t ion  of the  cell  con ta ined  a P t  
e lectrode which  served as a cathode in  the d-c  cir-  
cuit. 

Al l  e x p e r i m e n t s  we re  pe r fo rmed  at cons tan t  te rn-  
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p e r a t u r e  of 25.0~ A l though  no apprec iab le  differ-  
ence was  observed b e t w e e n  resul ts  ob ta ined  in  a i r -  
free solut ions  and  a i r - s a t u r a t e d  solutions,  pur i f ied 
n i t r ogen  was used in most  of the exper imen t s .  The 
da ta  p resen ted  were  ob ta ined  wi th  s t a t iona ry  elec- 
t rodes and  u n s t i r r e d  solutions.  

The va lues  of the electrode potent ia ls ,  E, are g iven  
wi th  re fe rence  to the  s a tu ra t ed  calomel  electrode,  
i n c r e m e n t s  in  the  electrode potent ia l ,  AV, are ~e- 
fe r red  to the  open -c i r cu i t  po ten t i a l  of A1 in  any  
g iven  expe r imen t .  

P u r e  A1 (99.99) sheet,  0.25 m m  thick  was  used, 
and  all solut ions were  made  up f rom redis t i l led  
wa te r  and  r eagen t  grade  su l fur ic  acid. 

G e n e r a l l y  the e x p e r i m e n t a l  p rocedure  was  as fol-  
lows: The  sheet  a l u m i n u m  was tho rough ly  c leaned 
and  t h e n  pol ished wi th  No. 0000 me ta l log raph ic  
paper .  I t  was t hen  c leaned in  hot acetone and  thor -  
oughly  r insed  in  dis t i l led  water ,  alcohol, and  dried. 
Al l  bu t  a defined r e c t a n g u l a r  area,  0.10 cm ~ to 1.0 
cm ~, was  coated w i th  an  ine r t  resin.  The electrodes 
were  t h e n  s tored in  a desiccator  for one or two days 
pr ior  to use. 

Po la r i za t ion  e xpe r i me n t s  were  conduc ted  by  m a k -  
ing the  A1 the anode of a d-c  c i rcui t  and  impress ing  
a p r e d e t e r m i n e d  c u r r e n t  densi ty .  Unless  no ted  
otherwise ,  each po ten t i a l  r epor ted  is a s t eady- s t a t e  
value.  The a-c  impedance  b r idge  could be connec ted  
to the  A1 and  the  p la t in ized  P t  a ux i l i a r y  e lect rode a t  
a ny  t ime  for the  m e a s u r e m e n t  of the a-c  impedance .  
The impressed  a-c  vo l tage  neve r  exceeded 10 m y  and  
was u sua l l y  less. 

The a-c  i mpe da nc e  was m e a s u r e d  on the b r idge  
as a capac i tance  ,C,, in  series w i th  a resis tance,  Rs. 
The  impedance  at  the m e t a l - s o l u t i o n  in te r face  is 
p r o b a b l y  best  r ep resen ted  by  a capac i tance  in  p a r a l -  
lel  w i t h  the  fi lm res i s tance  (14) .  Therefore  the  va l -  
ues C, and  R, ob ta ined  on the  b r idge  were  conver ted  
to the co r re spond ing  va lues  C~ and  R~ as shown in  
Fig. 1 w h e r e  RL is the res is tance  of the electrolyte .  
This  choice does no t  effect the resul ts  r epor ted  be -  
cause Cs a nd  C~, are iden t ica l  at  the h igher  f re -  
quencies  used  in  this  w o r k  (10-15 kc) .  

The res i s tance  due  to the e lec t ro ly te  was  ob ta ined  
by  ex t r apo la t i ng  R~ to inf ini te  f requency .  The va lues  
so ob ta ined  were  checked in  the  fo l lowing m a n n e r :  
a smal l  p la t in ized  P t  e lect rode h a v i n g  the  same 
shape, size, and  exposed area  as the A1 was  subs t i -  
t u t ed  for the A1 electrode and  the  conduc t iv i ty  of the  
sys tem m e a s u r e d  w i th  the a -c  b r idge  in  the  c onven -  
t iona l  m a n n e r .  The  r e su l t ing  va lues  compared  v e r y  
wel l  w i th  those ob ta ined  above.  The  e lec t ro ly te  re -  
s is tance is des igna ted  by  RL. 

M a n y  exp lo ra to ry  e xpe r i me n t s  showed tha t  
ne i the r  the  electrode po ten t i a l  nor  the  capaci tance  
was apprec iab ly  sens i t ive  to the  exact  posi t ion of the  
cap i l l a ry  t ip a n d / o r  the  a ux i l i a r y  P t  electrode.  Sev-  

Rp 

Cs Rs 

Measured C alculoted 
Fig. ]. Impedance analogues 
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Fig. 3. Change of  electrode potent ia l  w i th  t ime at  a g iven 
onodic cur rent  densi ty  =n 3 . 0 N  H~S04. 

eral  e x p e r i m e n t s  were  pe r fo rmed  w i thou t  the  use of 
an  i n s u l a t i n g  res in  in  order  to d e t e r m i n e  if this  res in  
had  an  effect on the capaci tance  values .  No signifi-  
cant  effect was ever  found.  

Experimental Results 
The po ten t i a l  of A1 on i m m e d i a t e  i m m e r s i o n  was  

abou t  --0.2 v and  changed  to more  anodic  va lues  
w i th  t ime, becoming  fa i r ly  s teady in  abou t  1 hr. The 
s t eady- s t a t e  va lue  was abou t  --0.9 v in  all  solut ions.  
Whi le  any  g iven  spec imen  m a i n t a i n e d  a s t eady- s t a t e  
po ten t i a l  w i t h i n  a few cent ivol ts ,  the  s t e a d y - s t a t e  
po ten t i a l  of d i f ferent  spec imens  var ied  w i t h i n  0.1 v. 

W h e n  anodica l ly  polarized,  A1 reaches  a s teady 
po ten t i a l  at any  g iven  c u r r e n t  dens i ty  in  abou t  15 
rain. The ac tua l  t ime  r equ i r ed  depends  on the p re -  
vious  c u r r e n t  dens i ty  as wel l  as the c u r r e n t  dens i ty  
in  quest ion.  The  behav io r  is tha t  gene ra l l y  found  for 
film fo rming  metals .  

The curves  shown in  Fig. 2 and  3 show typ ica l  
behav io r  in  H.~SO,. Curves  ob ta ined  wi th  m a n y  di f -  
f e ren t  spec imens  all  had about  the same genera l  
shape. Var i a t ion  in  po ten t i a l  for a n y  g iven  c u r r e n t  
dens i ty  was about  ----_0.2 v. 

The po la r iza t ion  at  any  one c u r r e n t  dens i ty  could 
be  p ro longed  for 1 or 2 hr  w i thou t  chang ing  the form 
of the curve  to any  apprec iab le  extent .  

No v i sua l  ev idence  of gas evo lu t ion  was detected 
t h r o u g h o u t  the vo l tage  r ange  inves t iga ted .  

If the A1 is polar ized r ap id ly  (each read ing  t a k e n  
wi th in  30 sec), s u b s e q u e n t l y  depolar ized,  and  the  
process repea ted  severa l  t imes, the  fo l lowing  be -  
havior ,  shown in  Fig. 4, is observed.  The first po la r i -  
za t ion  curve  lies s o m e w h a t  above  the  r e m a i n i n g  
curves,  curve  A in  Fig. 4. The subsequen t  curves,  

3 0 - -  

 2o- A B 
10 

H 

O0 I 
I 0 O0 IO Z 0 3 0 4 . 0  

E ( V O L T S ) - S .  C. E. 
Fig. 4. Rapid onodic po la r iza t ion  in 5 . 0 N  H.oSO~ hysteresis 

e f fec t .  

as we l l  as the steady-state curve, l ie  w i t h i n  the 
bracke ts  of curve  B in  Fig. 4. Af te r  the  first r ap id  
po la r iza t ion  all  s u b s e q u e n t  curves  i n c l u d i n g  the 
s t eady- s t a t e  one are iden t ica l  w i t h i n  the exper i -  
m e n t a l  error .  

A l though  i n s t r u m e n t  l imi ta t ions  did no t  a l low 
accura te  read ings  for t imes less t han  abou t  30 sec, 
ind ica t ions  were  ob ta ined  tha t  if depola r iza t ion  po-  
t en t i a l s  were  ob ta ined  in ve ry  short  t ime  in t e rva l s  a 
cons iderab le  hys teres is  effect would  be noted.  A 
spec imen  which  had  been  polar ized at s t eady- s t a t e  
va lues  up to abou t  1.0 m a / c m  ~ showed a p ronounced  
hysteres is  on rap id  depolar iza t ion .  The po ten t i a l  re -  
t a ined  its nob le  va lue  for severa l  seconds whi le  the 
c u r r e n t  d imin i shed  to ve ry  low values.  

A n  A1 spec imen which had  been  polar ized  up to 
+1 .0  v in  5N H~SO, and  r e move d  f rom the so lu t ion  
wi thou t  i n t e r r u p t i n g  the c u r r e n t  exh ib i t ed  nob le  be -  
havior  in  a weaker ,  1N H2SO~, solut ion.  The open-  
c i rcui t  po ten t i a l  was abou t  --0.6 v, and  the anodic  
po la r iza t ion  ob ta ined  in  the la t te r  so lu t ion  had a 
h igher  slope, (dV/di). 

Severa l  spec imens  were  polar ized at va r ious  c u r -  
r e n t  densi t ies  for 30 rain in  5.0N H2SO, and  tes ted in  
the d ry  s ta te  for the  presence  of an i n s u l a t i n g  film. 
A meta l l i c  p robe  was  pressed aga ins t  the surface,  
and  1.0 v d.c. was  appl ied  across the probe  and  
the  A1. 

I n s u l a t i n g  films were  ob ta ined  on spec imens  
which  had  been  polar ized at more  noble  po ten t ia l s  
t h a n  +1.0  v. The conduc t ion  did no t  depend  on the 
po la r i ty  of the probe.  

The anodic behav io r  descr ibed above s t rong ly  in -  
dicates tha t  A1 forms a film on the sur face  and  tha t  
its th ickness  depends  on the po ten t i a l  and  cu r r en t  
densi ty .  

The d i f ferent ia l  capac i tance  var ied  wi th  the  f re -  
quency  as shown in  Fig. 5. In  all  cases it became 
cons t an t  at  abou t  8 ke. I t  m a y  be assumed tha t  the  
C~ measu red  at 10 kc or g rea te r  is the t rue,  or v e r y  
close to the t rue,  va lue  of the  pa ra l l e l  p la te  capaci ty  
of the oxide (10).  Unless  o therwise  noted,  all  va lues  
repo~ted were  m e a s u r e d  at  15 kc. 

At  a n y  g iven  c u r r e n t  dens i ty  the capaci tance  
changed  wi th  t ime  in  about  the  same m a n n e r  as the  
potent ia l .  On open circui t  the  capaci tance  increased  
in va lue  as the  po ten t i a l  became  more  anodic  (nega -  
t ive wi th  respect  to S.C.E.).  At  any  g iven  c u r r e n t  
dens i ty  the capaci tance  decreased wi th  t ime  as the 
po ten t i a l  became more  noble ,  bo th  va lues  becoming  
fa i r ly  s teady at abou t  the same t ime. 
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Fig. 5. Variation of capacitance with frequency in 1.0N 
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In  any  one e x p e r i m e n t  the capaci tance  var ied  f rom 
about  13 /~F/cm -~ on open c i rcui t  to about  2 /~F/cm "~ 
at  AV = +3.0  v. On open c i rcui t  the  m a x i m u m  va r i -  
a t ion  f rom one spec imen  to ano the r  was abou t  1 /~F/ 
cm~; this  va r i a t i on  decreased wi th  appl ied  c u r r e n t  to 
a few ten ths  of a mic ro fa rad  per  square  cen t imete r .  
It  is ve ry  l ike ly  tha t  va r i a t ions  in  capaci tance  va lues  
were  p r e d o m i n a t e l y  due to va r i a t ions  in  the  surface  
roughness  factor,  s ince this p r o b a b l y  approached  
u n i t y  as the surface  film th i ckened  (9) .  

G e n e r a l l y  the  capaci tance  was lower  in  1N H~SO~ 
t h a n  in  the 5N and  10N acid. No s ignif icant  differ-  
ences were  observed in  5N and  10N H~SO~. 

A fa i r ly  we l l -de f ined  l inea r  re la t ionsh ip  was  
found  b e t w e e n  1 / C  and  AV. Typica l  resul t s  are 
shown in  Fig. 6. 

A s s u m i n g  tha t  an  oxide film is p resen t  on the 
surface  we m a y  fol low the  ideas of Mott  and  Ca-  
b r e r a  (5) and  others  (8, 9) and  express  the  c u r r e n t  
dens i ty  as follows: 

i / A r  = ~ e ~F [ 1 ] 

where  a and  fl are  cons tan ts  and  F is the field 
s t r eng th  across the  film. 

If we let  F = V / x ,  where  V is the po ten t i a l  differ-  
ence across the  film and  X the film thickness,  we 
ob ta in  

i / A r  = a e ~vI~ [2] 

Express ing  the c u r r e n t  dens i ty  in  te rms  of the 
c u r r e n t  per  u n i t  of a p p a r e n t  area,  A, we have  

A r  
i / A  - -  ~ e jv/~ [3] 

A 

where  A r / A  is the  roughness  factor.  
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Since the m e a s u r e d  e lec t rode  po ten t i a l  of the  A1 
wi l l  differ f rom the ac tua l  e lectr ical  po ten t i a l  differ-  
ence at  the A l - s o l u t i o n  in te r face  by  some cons tant ,  
we will,  for  purposes  of convenience ,  re fe r  most  of 
our  po ten t ia l s  to tha t  of the A1 on open circuit ,  V ~ 

i / A  = A r / A  ~ exp [B(V ~ + A V ) / x ]  [4] 

A s s u m i n g  tha t  the  roughness  factor  is one, we f inal ly  
have:  

~ V / x  = 2.3 l o g i / A - - ~ 2 " 3  l o g ~ - - V " / x  [5] 

If the film on the  surface acts as the dielectr ic  of 
a pa ra l l e l  p la te  condenser ,  the capaci ty  should be re -  
la ted  to the film th ickness  as follows: 

D A r  
C = [6] 

4=x 

or 

c = k / x  [7] 
where  C is the capaci tance  and  D the dielectr ic  con-  
s tant .  

S u b s t i t u t i n g  the above into Eq. [5],  we  have  

•  = 2.3 k / / ~  l o g  i / A  - -  2.3 k / f l  l o g  ~ - -  V ~  [8] 

If we assume tha t  ~ and  fl do no t  differ apprec iab ly  
f rom the  va lues  found  for th ick  films, where  a 
5 x 10 -~8 a m p / c m  ~ and  fl - -  5 x 10 -0 c m / v  (8, 9), it is 
r easonab le  to expect  tha t  the r e l a t ive ly  smal l  v a r i a -  
t ions  in  the p roduc t  V s. C wi l l  not  affect express ion  
[8] to a ny  apprec iab le  extent .  Hence  if our  concepts  
and  as sumpt ions  are correct,  AV. C should be a l i nea r  
f unc t i on  of log i / A .  

Figu re  7 shows tha t  the p roduc t  ( A V . C )  plot ted  
vs. log i / A  yields  s t ra igh t  l ines  as p red ica ted  by  
Eq. [8].  

The  da ta  ob ta ined  in 5N H~SO4 a lways  resu l t ed  in  
one l ine,  whereas  those ob ta ined  in  1N and  10N t-l~SO4 
i n v a r i a b l y  showed a b r e a k  w i th  two s t ra igh t  l ines  of 
different  slopes. This  t e n d e n c y  for the  c u r r e n t  to i n -  
crease more  r ap id ly  at h igh field s t reng ths  has been  
observed by  others  for bo th  A1 and  Ta (8, 9),  and  a 
"hea t ing  effect" was  suggested as the possible cause. 

It  is difficult to u n d e r s t a n d  w hy  this  p h e n o m e n a  
was  no t  observed  in  5N H~SO~, a nd  no sa t is factory  ex -  
p l a n a t i o n  can be offered at this t ime. I t  is possible, of 
course, tha t  the  proper  condi t ions  of c u r r e n t  and  so- 
l u t i on  composi t ion for p roduc ing  a hea t  effect we re  
encoun te r ed  in  1N and  10N acid and  not  in  the 5N 
H~SO~. 

The  average  va lue  of the  slope d ( a V . C ) / d  log i 
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obta ined  on several  different  specimens  in  5N H.~SO, 
was 6.0, wi th  an  ave rage  dev ia t ion  of 5%. The slopes 
in  1N acid were  6.0 and  2.1 and  in  10N acid 4.3 and  
2.3. The average  dev ia t ion  was abou t  10% in both  
cases. 

Discussion 
Since the capaci ty  of the aux i l i a ry  p la t in ized  P t  

e lectrode was about  2000 t~F, we m a y  assume tha t  the 
measu red  capaci tance  is ve ry  close to the t rue  va lue  
of the capaci tance  of the A1 electrode.  The exper i -  
m e n t a l  resul ts  m a y  be in te rp re ted ,  at least  in  a 
qua l i t a t i ve  m a n n e r ,  as i nd i ca t ing  the presence  of a 
film on the A1 surface.  The  film is p re sen t  at  al l  po-  
ten t ia l s  i nc lud ing  open-c i r cu i t  condi t ions  and  ap-  
p a r e n t l y  th ickens  as the po ten t ia l s  are  made  more  
noble.  

A q u a n t i t a t i v e  i n t e r p r e t a t i o n  of capac i tance  in  
t e rms  of a film th ickness  is compl ica ted  because  of 
the  fo l lowing factors. The  t rue  capaci ty  of the film 
is somewhat  grea te r  t h a n  the m e a s u r e d  va lue  be-  
cause of the capaci tance  of any  diffuse double  layer  
at the ox ide - so lu t ion  interface.  Whi le  the film is 
p robab ly  fa i r ly  u n i f o r m  in  thickness,  it  is not  e n -  
t i r e ly  so, and  our  m e a s u r e m e n t s  cor respond to some 
average  thickness.  The surface roughness  factor  is 
not  known,  a l though  as p rev ious ly  ment ioned ,  it 
p r o b a b l y  approaches  u n i t y  as the film increases  in  
thickness.  F ina l ly ,  we do not  k n o w  the exact  com- 
posi t ion nor  the  dielectr ic  cons tan t  of the film. 

However ,  the data  do s t rongly  ind ica te  a film 
th ickness  which  var ies  l i nea r ly  wi th  the potent ia l ,  
and  it is i n t e re s t ing  to ob t a in  at least  some q u a l i t a -  
t ive idea of the p robab le  thickness.  

If we rewr i t e  Eq. [6] as 

8.84 D 
C -- [9] 

x .  10 ~ 

where  C is in  t ,F /cm -~ and  x in cent imeters ,  we  see 
f rom Eqs. [7] and  [8] tha t  the slope, S, of the • C 
vs. log i curve  is 

20 • 1 0 8 D  
S = [10] 

If we take  the  va lue  of fl --~ 0.5 x 10 " c m / v  as ca l -  
cu la ted  by  Verwey  (2) ,  we ob ta in  a va lue  for the 
dielectr ic  constant ,  D, of about  15 which  is the r igh t  
order  for Al~O3. 

Higher  va lues  of fl as repor ted  for th ick  films 
(4, 8, 9) would  y ie ld  va lues  of D which  are u n r e a -  
sonab ly  high. 

If we take  D ~ 15, and  ca lcula te  x we ob ta in  fi lm 
th ickness  of the order  of about  10A on open circui t  
to about  50A at +3 .4  v in  5N H2SO~; and  in  1N and  
10N acid in  lower  vol tage  region.  

Since it  is not  k n o w n  whe the r  fl, D, or both change  
to cause lower  va lues  of the slope at the h igher  
vol tages  no a t t empt  wi l l  be made  to ca lcula te  th ick-  
nesses in  these cases. It  should be noted,  however ,  
tha t  a change  in  fl f rom 0.5 x 10 -6 to about  1.5 x 10 " 
is all  t ha t  is necessary  to account  for the change  in 
the  slope wi th  the  same dielectr ic  constant .  

The resul ts  ob ta ined  on A1 in  this  s tudy  and  on 
some of the o ther  film fo rming  meta l s  m e n t i o n e d  in 

the introduction strongly indicate that, at least for 
these metals, the presence of a very thin, compact, 
and continuous "oxide-like" film on the surface is 
responsible for their passive behavior. The film 
thickness and characteristics will be governed by 
the electrochemical action which occurs between the 
metal and the electrolyte. This action exists on open 
circuit and does not differ in kind from that induced 
by external anodic polarization. 

It is, in fact, a self-anodic polarization. The elec- 
trons are r emoved  by  the  cathodic r educ t ion  of some 
reduc ib le  subs tance  p resen t  in  the solut ion.  
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Kinetic Studies on Corrosion Systems 

I. Polyelectrodes under Activation Control 

Franz A. Posey 

Oak Ridge National Laboratory, Oak Ridge, Tennessee 1 

ABSTRACT 

Electrochemical kinetics has been applied to the case of corroding poly- 
electrodes under  activation control for the si tuation where  the rates of part ial  
processes vary  over the surface of an electrode. Explicit  expressions have been 
derived for rate and potential  in the simplest polyelectrode systems. The ki-  
netics of galvanic couples under  activation control has been derived with em- 
phasis on the significance of measurable  quantities. The use of steady-state 
polarizabil i ty measurements,  potentiostatic measurements ,  and galvanostatic 
measurements  in the study of polyelectrode systems has been outlined. 

N u m e r o u s  inves t iga tors  have  con t r i bu t ed  to the  
founda t ions  ~ and  e x p e r i m e n t a l  appl ica t ions  of elec- 
t rochemica l  k inet ics  and  comprehens ive  rev iews  of 
this work  have  been  pub l i shed  (4-6) .  Much of the  
exis t ing  theory  t rea ts  the case of a s ingle  ove r - a l l  
reac t ion  u n d e r  ac t iva t ion  controF at  an  e lec t rode-  
solut ion in t e rphase  [e.g., a m e t a l - m e t a l  ion equ i l i b -  
r ium,  or a redox reac t ion  at an  ine r t  e lectrode (8 ) ] ,  
and  one of the most  genera l  t r e a t m e n t s  of such a 
sys tem'  has been  p resen ted  by  Pa r sons  (9) .  W a g n e r  
and  T r a u d  (10),  K i m b a l l  (11), and  A u d u b e r t  (12) 
have  been  among  the few to e x a m i n e  corrosion sys-  
tems f rom a sys temat ic  k ine t ic  v iewpoint .  However ,  
in  the s tudy  of some of the more  complex  e lec t ro-  
chemical  s i tuat ions ,  such as those occur r ing  in  m a n y  
corrosion systems, there  appears  to be a need  for a 
more  ex tens ive  t r e a t m e n t  su i table  for i n t e r p r e t i n g  
the phenomenology .  In  the  p re sen t  report ,  an  ele-  
m e n t a r y  e lec t rochemical  k ine t ic  t r e a t m e n t  of two-  
phase  polye lec t rode  sys tems ~ and  ga lvan ic  couples 
u n d e r  ac t iva t ion  cont ro l  has been  developed,  a nd  the  
appl ica t ion  of the theory  to the ana lys i s  of cor roding  
polyelec t rodcs  has been  ou t l ined  for severa l  types  of 
s t eady- s t a t e  measu remen t s .  The resul ts  of an  ex-  
p e r i m e n t a l  inves t iga t ion  on a pa r t i cu l a r  polye lec t rode  
sys tem wi l l  be p re sen t ed  in  a subsequen t  report .  

' O p e r a t e d  by  U n i o n  C a r b i d e  C o r p o r a t i o n  fo r  t h e  U.  S. A t o m i c  
E n e r g y  Commiss ion .  

-9 T he  source  e q u a t i o n s  of e l e c t r o c h e m i c a l  k i n e t i c s  m a y  be f o u n d  
in  the  w o r k s  of  B u t l e r  (1), B o w d e n  a nd  R i d e a l  (2), a nd  E r d e y -  
G r u z  and  V o l m e r  (3). 

~Use  of  the  t e rm,  a c t i v a t i o n  cont ro l ,  he r e  co r responds  to  t he  
s e n s e  of t he  de s igna t i on ,  " D u r c h t r i t t s t i b e r s p a n n u n g , "  as e m p l o y e d  
by  Ve t t e r  (7) to d i s t i n g u i s h  b e t w e e n  cases w h e r e  t he  cha rge  t r a n s -  
fer  s tep  i n  a n  e l e c t r o c h e m i c a l  r eac t i on  or p a r t i a l  process  is r a t e -  
d e t e r m i n i n g  and  those  w h e r e  the  h i g h e r  a c t i v a t i o n  e n e r g y  of a 
p r e c u r s o r  s tep  or a s u b s e q u e n t  s tep  i n  t he  r e a c t i o n  d e t e r m i n e s  t he  
ra te .  

' The  de s igna t i on ,  sys tem,  is used- he re  to r e f e r  to a n  e lec t rode  
p lu s  i ts  l i q u i d  e n v i r o n m e n t .  

~The  t e rm,  po lye lec t rode ,  as used  here ,  r e fe r s  to t he  s i t u a t i o n  
w h e r e  m o r e  t h a n  one c h e m i c a l I y  d i s t i nc t  i n d i v i d u a l  or  p a r t i a l  p roc -  
ess is o c c u r r i n g  a t  the  s ame  e l e c t r o d e - s o l u t i o n  in t e rphase .  The  t e rm,  
t w o - p h a s e  po lye l cc t rode  sys tem,  deno te s  a m e t a l l i c  po lye l ee t rode  in  
con tac t  w i t h  a n o n m e t a l l i c  e n v i r o n m e n t  i n  t he  l i q u i d  state.  The  
case of i n t e r v e n t i o n  of a t h i r d  phase  (e.g., a n  ox ide  fi lm) b e t w e e n  
m e t a l  and  so lu t i on  is no t  cons ide red  e xp l i c i t l y ,  a l t h o u g h  t he  k i n e t i c s  
of  some t h r e e - p h a s e  s y s t e ms  is  i n d i s t i n g u i s h a b l e  f r o m  t h a t  of  t h e  
t w o - p h a s e  sy s t ems  t r e a t ed  here .  Th i s  l a t t e r  s i t u a t i o n  m a y  occu r  i f  
a l l  r a t e - d e t e r m i n i n g  c h a r g e  t r a n s f e r  s t eps  i n  a t h r e e - p h a s e  s y s t e m  
p r o c e e d  at  t h e  s ame  i n t e r p h a s e  (e.g., a n  o x i d e - s o l u t i o n  i n t e r p h a s e ) .  

Definitions and Fundamental Relations 
The p resen t  theory,  in  add i t ion  to t r e a t i ng  the case 

where  severa l  pa r t i a l  processes u n d e r  ac t iva t ion  
control  occur at  the same e lec t rode-so lu t ion  i n t e r -  
phase, a t t empts  to take  account  (at  leas t  in  a fo rma l  
m a n n e r )  of the  e x p e r i m e n t a l l y  demons t r ab l e  fact  
tha t  the ra tes  of each of the par t i a l  processes m a y  
v a r y  over  the  surface of the  electrode.  As a con-  
sequence  of these var ia t ions ,  th ree  c u r r e n t  q u a n t i -  
ties p resen t  themse lves  for cons idera t ion  in  a k ine t ic  
analysis .  The first of these quan t i t i e s  is g iven  by  the  
equa t ion :  

j~ = ,x, F k, ~r (CJ',) [1] 

w he r e i n  the c u r r e n t  densi ty ,  j~ (un i t s  of amp/cm'~), 
of the  i th charge t r ans fe r  step at a ve ry  smal l  (differ-  
en t ia l )  e l e me n t  of area,  dS, on the surface  of an  
e lect rode is r e la ted  to the absolu te  va l ue  of the 
n u m b e r  of charges t r a n s f e r r e d  across the in t e rphase  
(X~) d u r i n g  the  i "  charge  t r ans f e r  step, F a r a d a y ' s  
cons tan t  (F ) ,  an  e lec t rochemica l  specific ra te  con-  

s t an t  .(k,),  and  the  p roduc t  of the  concen t ra t ions  of 
the  r eac tan t s  ( symbol ized  by  ~r(C~'),  where  p~ de-  
notes  the k ine t ic  order  of the  i ~h charge  t r ans fe r  step 
wi th  respect  to the species of concen t ra t ion ,  C , )2  

Since the ene rgy  ba r r i e r  of a charge t r ans f e r  step 
m a y  be t r ave r sed  in  e i ther  direct ion,  it is p e r t i n e n t  

6 I n  t h i s  def in i t ion ,  t he  s ign i f icance  of  the  c u r r e n t  dens i t y  of  a 
c h a r g e  t r a n s f e r  s tep  is a s s igned  to j~, i n s t e a d  of t h e  c u r r e n t  dens i t y  
of a p a r t i a l  process.  T h i s  is  done  so t h a t  Eqs. [2], [3], a n d  [7] w i l l  
be g e n e r a l  i n  t h a t  t h e y  i n c l u d e  a l l  t h e  c h a r g e  t r a n s f e r  s teps  of 
any  t w o - p h a s e  p o l y e l e c t r o d e  sys tem.  H o w e v e r ,  t he  c u r r e n t  d e n s i t y  
of  a cha rge  t r a n s f e r  s tep  is no t  neces sa r i l y  i d e n t i c a l  to  t he  c u r r e n t  
dens i t y  of  the  assoc ia ted  p a r t i a l  process,  excep t  fo r  p a r t i a l  processes  
u n d e r  p u r e  a c t i v a t i o n  con t ro l  (cf. foo tno te  3) h a v i n g  a m e c h a n i s m  
w i t h  on ly  one  cha rge  t r a n s f e r  s tep.  A p a r t i a l  p rocess  m a y  I n v o l v e  
s eve ra l  s teps  {i.e., the  s u r m o u n t i n g  of s eve ra l  e n e r g y  b a r r i e r s ) ,  of 
w h i c h  a t  leas t  one  s tep w i l l  be  a cha rge  t r a n s f e r  step.  F u r t h e r m o r e ,  
the  cha rge  t r a n s f e r  s tep (s) of a p a r t i a l  process  m a y  or  m a y  no t  be  
r a t e - d e t e r m i n i n g  (viz., t h e  " s l o w  r e c o m b i n a t i o n "  m e c h a n i s m  of t h e  
h y d r o g e n  e v o l u t i o n  r e a c t i o n ) ,  b u t  each  cha rge  t r a n s f e r  s tep  w i l l  
obey Eq. [1] i n  w h i c h  k~ i s  t h e  e l e c t r o c h e m i c a l  specific r a te  con-  
s t a n t  of t he  cha rge  t r a n s f e r  s tep  a n d  v (CcP~) i n v o l v e s  a l l  species  
p a r t i c i p a t i n g  i n  t h e  s tep,  ~vhether  t h e y  h e  i den t i f i ab l e  r e a c t a n t s  or 
p r o d u c t s  of the  p a r t i a l  p r o c e s s  o r  i n t e r m e d i a t e s  of t r a n s i t o r y  ex i s t -  
ence. I n  genera l ,  t h e  c u r r e n t  dens i t y  of a p a r t i a l  p rocess  w h i c h  has  
a m e c h a m s m  w i t h  m e n e r g y  b a r r i e r s  i n v o l v i n g  c h a r g e  t r a n s f e r  i s  
e q u a l  to m t i m e s  t he  ne t  c u r r e n t  dens i t y  c ross ing  each  of the  ene rgy  
bar r i e r s .  I n  a p p l y i n g  Eqs.  [1], [2], [3], a n d  [7] to t he  cases d is -  
cussed  in  t he  res t  of  t he  repor t ,  h o w e v e r ,  i t  w i l l  be  a s s u m e d  t h a t  
a l l  p a r t i a l  processes  a re  u n d e r  p u r e  a c t i v a t i o n  con t ro l  and  i n v o l v e  
on ly  one  c h a r g e  t r a n s f e r  s tep ;  i n  o the r  words ,  o n l y  t h e  s i m p l e s t  
e l ec t rode  processes  w i l l  be  a s s u m e d  p r e s e n t  i n  t he  sys tem.  
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to define the  anodic and  cathodic c u r r e n t  densi t ies ,  
j~., and  3,.~." ~ Wi th  this convent ion ,  a second c u r r e n t  
q u a n t i t y  is g iven  by  the equa t ion :  

j~ = 2 ( j , . , - -  j,,o) [2] 

This  is the  ne t  c u r r e n t  dens i ty  (j~) at a d i f ferent ia l  
e l emen t  of area  ( d S )  on an  electrode surface a nd  is 
the difference b e t w e e n  tota l  anodic  and  tota l  ca- 
thodic c u r r e n t  densi t ies  at dS.  I t  wi l l  be shown la te r  
tha t  the sign and  m a g n i t u d e  of j~ depend  on the  k i -  
net ics  (i.e., on the energet ics  and  on the n u m b e r  of 
reac t ive  par t ic les)  of the var ious  processes occur r ing  
both  at  d S  and  over  the rest  of the  electrode surface,  
as wel l  as on the  sign and  m a g n i t u d e  of any  c u r r e n t  
appl ied  to the  electrode f rom an e x t e r n a l  source. 

The th i rd  i m p o r t a n t  c u r r e n t  q u a n t i t y  is the ap-  
pl ied cur ren t ,  i~, which  for s t eady- s t a t e  condi t ions  
is g iven by:  

ip - f ,  j ,  dS  = f , [ ~ ( j ~ , o - -  j~.r ]dS  [3] 

on i n t eg ra t i ng  j ,  over  the surface area, S, of the elec- 
trode. The appl ied  cur ren t ,  of course, is an exper i -  
m e n t a l l y  m e a s u r a b l e  quan t i ty .  

F u r t h e r  cons idera t ion  of polye lec t rode  sys tems 
necess i ta tes  the a s s ignmen t  of a p a r t i c u l a r  form to 

the  e lec t rochemical  specific ra te  constants ,  k,. I t  wi l l  
be  assumed  tha t  the  ra te  cons tan ts  are g iven  (13) 
by:  

k, = r, - -h- -  e RT [4] 

whe re  ( k T / h )  has its usua l  significance of the  de-  
composi t ion f r equency  of ac t iva ted  complexes  (14),  

~, equals  K, ( in  which  K. is the t r ansmis s ion  
7, $ 

coefficient of the i 'h charge t r ans fe r  step (15),  7r (7, ' , )  
symbol izes  the p roduc t  of the ac t iv i ty  coefficients of 
the reactants ,  and  7,$ is the ac t iv i ty  coefficient of the 

ac t iva ted  complex) ,  and  A~,* is the change  in  the 
e lec t rochemica l  po ten t i a l  of the sys tem r equ i r ed  for 
the  fo rma t ion  of one mole  of ac t iva ted  complex  f rom 

reactants ,  z~*  is a pa r t i a l  mola r  q u a n t i t y  in the 
usua l  t h e r m o d y n a m i c  sense. 

The ra te  cons tants  for anodic  and  cathodic charge  
t r ans fe r  steps m a y  be ob ta ined  f rom Eq. [4] on i n -  
t roduc ing  the def ini t ion of e lec t rochemica l  po ten t i a l  

due to Lange  (16, 17), (m)~---- (~ , ) ,  + Z.F4,~ ( in  

which  (~ )~  is the  e lec t rochemica l  po ten t ia l  of spe-  
cies n in  phase  fl, (~,)~ is the  chemical  po ten t i a l  of n 
in  fl, Z,  is the  charge  on n, and  4,~ is the i n n e r  or 
G a l v a n i  po ten t i a l  of the phase fl), in a m a n n e r  s im-  
i lar  to the p rocedure  used by  Pa r sons  (9) in de r iv ing  
the ra te  cons tan t  of a pa r t i a l  process. The e lec t ro-  
chemical  specific ra te  cons tan ts  become:  

7 Here  and  e l sewhere ,  s u b s c r i p t  a re fe rs  to a n  anod ic  cha rge  t r a n s -  
f e r  step,  e n t a i l i n g  a t r a n s f e r  of p o s i t i v e  cha rge  f r o m  e lec t rode  to  
s o l u t i o n  or  of n e g a t i v e  cha rge  in  t he  r e ve r s e  d i r ec t ion ;  l i kewise ,  
s u b s c r i p t  c r e fe r s  to a ca thod ic  c h a r g e  t r a n s f e r  step,  w i t h  t r a n s -  
f e r  of n e g a t i v e  c h a r g e  f r o m  e lec t rode  to s o l u t i o n  or  of p o s i t i v e  
cha rge  in  t he  r eve r s e  sense.  C u r r e n t  dens i t i e s  are  de no t ed  by  j ,  cu r -  
r en t s  by  6. C u r r e n t s  a nd  c u r r e n t  dens i t i e s  of  cha rge  t r a n s f e r  s teps  
are  cons ide red  as p o s i t i v e  quan t i t i e s ,  a n d  p o s i t i v e  or  n e g a t i v e  s igns  
are  aff ixed a c c o r d i n g  to w h e t h e r  t he  p a r t i c u l a r  cha rge  t r a n s f e r  s teps  
a re  anod ie  or  ca thodic ,  r e spec t i ve ly .  The  s igns  of  a l l  o the r  c u r r e n t  
q u a n t i t i e s  a n d  d e r i v e d  f u n c t i o n s ,  such  as t h a t  of  t he  e x t e r n a l l y  
ap p l i ed  cu r ren t ,  are f ixed b y  t h i s  p rocedure .  

Aiz,,a$ ~ ,ak$ ,aF  

k , . o  = ~ . o  e a T  e RT [ 5 ]  

k , , c  = v, ,c  e R T  e R T  [ 6 ]  

for anodic  and  cathodic charge t r ans fe r  steps, re -  
spectively.  Here, A~,a* and  A~,,~* are the  changes  in  
the chemical  po ten t i a l  of the  sys tem requ i r ed  for 
the fo rma t ion  of one mole of ac t iva ted  complex  f rom 
reac tan t s  for anodic  and  cathodic steps, respect ively .  
~.~ and  a~,~ are  the s y m m e t r y  factors of the charge 
t r ans fe r  steps whi le  A4,H is the  i n n e r  po ten t i a l  differ-  
ence be tween  the  in te r io r  of the me.tallic e l emen t  of 
volume,  dv  (one surface of which  is the e l emen t  of 
area,  dS,  in contact  wi th  the so lu t ion) ,  and  the  
i n n e r m o s t  por t ion  of the diffuse double  l aye r  in  the  
solut ion.  8'~ M a n y  of the p reced ing  def ini t ions are 
offered m a i n l y  to es tabl ish  a n o m e n c l a t u r e  for the 
t r e a t m e n t  of polye lec t rode  sys tems r a the r  t h a n  as 
ne w  proposit ions,  and  the p r e sen t a t i on  resembles  
Parsons '  de r iva t ion  (9) of s imi la r  express ions  for 
pa r t i a l  processes. For  conven ience  in  reference,  a list 
of f r e q u e n t l y  used symbols  and  the i r  defini t ions is 
appended  to this report .  

F r o m  Eqs. [1], [3],  [5], and  [6], the c u r r e n t  ap-  
pl ied to a polye lec t rode  sys tem in  a s teady state is 
g iven  by:  

i~. = F - - / - -  2. x , ,~ ,~ , , ,~(C,",)o  e RT 

a,,ak~,aF Al~t,c$ 
+ - -  ACH 

e aT --  k.,.~,~Ir (C,P'~) r e RT 

e RT dS  [7] 

Equa t i on  [7] is the f u n d a m e n t a l  express ion  of the 
p resen t  model  of two-phase  polye lec t rode  sys tems;  
it inc ludes  all  the charge t r ans f e r  steps occur r ing  at 
an  e lec t rode-so lu t ion  in terphase ,  w he t he r  r a t e - d e -  
t e r m i n i n g  or not. Since A4'- of Eq. [7] is no t  an  ex-  
p e r i m e n t a l l y  m e a s u r a b l e  quan t i ty ,  it is appropr ia te  
to modi fy  this equa t ion  to a form con ta in ing  a meas -  
u r a b l e  po ten t ia l  difference. F igu re  1 shows a typica l  
c i rcui t  for the m e a s u r e m e n t  of cell or e lectrode po-  
tent ia ls .  Here, the m e a s u r a b l e  po ten t i a l  difference, V, 
is the po ten t i a l  difference cor responding  to the  dif-  
fe rence  in  the e lec t rochemical  po ten t i a l  of e lect rons  
in  the  two ends of a po t en t iome te r  s l idewire  of u n i -  
form composit ion,  i.e., V = (4 , , ' - -4 ' , " ) -  Hence,  V = 

(4,,' --  4,~) + (4,~ - -  4,~) -- (r - -  4,~) - -  (4,~ - -  4,~), 
where  (4,, '--4,~) is the  po ten t i a l  difference due to 
e lectronic  e q u i l i b r i u m  b e t w e e n  one po ten t iome te r  
lead ( l ' )  and  the  meta l l ic  vo lume  e lement ,  dv,  at 
the surface of the electrode, (4,~ - -  4,~,) = A4, = A4,,~ + 

s I f  CM is the  i n n e r  p o t e n t i a l  of  t he  m e t a l l i c  v o l u m e  e l emen t ,  d r ,  
and  Cs is the  i n n e r  p o t e n t i a l  a t  the  ~ u t e r m o s t  p o r t i o n  of t h e  d i f fuse  
d o u b l e  l aye r  in  the  so lu t ion ,  ArnCet ~ r  -- Cs is t he  o v e r - a l l  i n n e r  
p o t e n t i a l  d i f fe rence  b e t w e e n  and  s o l u t i o n  a t  dS.  H o w e v e r ,  
t he  specif ic  r a te  cons t an t  of a cha rge  t r a n s f e r  s tep is a f u n c t i o n  of 
the  p o t e n t i a l  d i f fe rence  across  the  H e l m h o l t z  d o u b l e  l ayer ,  Ar ---- 
Cz~ -- r  w h e r e  r  is  the  i n n e r  p o t e n t i a l  a t  t he  o u t e r m o s t  p o r t i o n  
of the  H e l m h o l t z  or " f i x e d "  doub le  l aye r  or  (we sha l l  a s s u m e  also) 
a t  t he  i n n e r m o s t  p o r t i o n  of the  d i f fuse  d o u b l e  layer .  T h e  i n n e r  po-  
t e n t i a l  d i f fe rence  of t he  d i f fuse  d o u b l e  l a y e r  is t h e n  ~b _-- CH -- CS, 
and  i t  fo l lows  t h a t  Ar ~_ r  -- Cs = Ar  + ~. 

9 The  i n n e r  p o t e n t i a l  of e l e c t r o c h e m i s t r y  s h o u l d  no t  be  con fused  
w i t h  t he  i n n e r  p o t e n t i a l  of  e l ec t ron  d i f f r ac t ion  theo ry .  F o r  t h e  d i s -  
t i nc t i on ,  see P a r s o n s '  a r t i c l e  in  r e f e r ence  (4). 
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V 

I I - REFERENCE --I 

_ 

Z;o  L 
F,g. ] .  S c h e m a t i c  d i a g r a m  o# typicol  c i rcu i t  #or t he  m e a s -  

u r e m e n t  of electrode potentials of polyelectrodes. 

qJ (cf. foo tno te  8) is the  e l e c t r o d e - s o l u t i o n  p o t e n t i a l  
d i f fe rence  at  d S ,  ( ~ "  - -  d~) is the  p o t e n t i a l  d i f fe rence  
due  to e lec t ron ic  e q u i l i b r i u m  b e t w e e n  the  o the r  po -  
t e n t i o m e t e r  l e ad  ( l " )  and  t h e  r e f e r e n c e  e lec t rode ,  
and  (q~ - -  ~&~) is the  p o t e n t i a l  d i f fe rence  b e t w e e n  the  
r e f e r e n c e  e l ec t rode  and  t h e  solut ion.  If  ( ~ , " - - q ~ )  q- 
( q ~ - - r  : (qL"- - r  is deno t ed  b y  ~ . ,  and  

1 
(q~,'-- ~,~) is r e p l a c e d  b y  ~ - [ ( ~ ) , ' - -  (/~,:)~], A ~  of 

1 
Eq. [7]  is g iven  b y  Ar = V - - @  -4- A~ .... 4 - - ~  [ ( t~ )~ , - -  

(t~) , ']- Here ,  [ ( t ~ ) . ~ -  (t~.), ']  is the  d i f fe rence  in the  
c h e m i c a l  p o t e n t i a l  of e l ec t rons  in the  m e t a l l i c  vo l -  
u m e  e lement ,  d v ,  and  in the  p o t e n t i o m e t e r  l e ad  ( l ' ) .  
E q u a t i o n  [7]  then  becomes :  

(h~,a$--CAr (/Le) / ' ])  O:t ,ak~ ,aF 

e R T  ~ RT 

o~,,cX~,(F 
(Aer ~,f - -~)  

- -  X ~ , o ~ , , o ~ ( C , ' ~ )  o e RT 

(Alet,c$+Otl,r a~,,k,,(F V ] 

e RT e mr d S  [7 ' ]  

Two a s s u m p t i o n s  a r e  imp l i c i t  in Eq [7 '] .  F i r s t ,  i t  
is a s s u m e d  tha t  c u r r e n t s  f lowing in t he  e lec t rode ,  
w h e t h e r  e x t e r n a l l y  a p p l i e d  or  ex i s t i ng  as a r e s u l t  of 
v a r i a t i o n s  in the  r a t e s  of p rocesses  ove r  the  e l ec t rode  
surface ,  can  h a v e  no s igni f icant  effect on [ ( /~o)~--  
(/~),'] : F(~--~,'). This assumption is surely an 
excellent approximation since it is well known that 
metals and metallic contacts are quite unpolarizable; 
certainly the assumption will be valid for currents 
encountered in systems having partial processes un- 
der a c t i v a t i o n  control .  Second,  i t  is a s s u m e d  t h a t  ~ 
is cons t an t  e v e r y w h e r e  in the  solut ion,  and  hence  
t ha t  the  m e a s u r e d  v a l u e  of V wi l l  be  i n d e p e n d e n t  of 
the  pos i t ion  of the  r e f e r e n c e  e l ec t rode  (or  i ts L u g g i n  
c a p i l l a r y )  w i t h  r e spec t  to the  co r rod ing  p o l y e l e c -  
t r o d e  (i.e., no s ign i f ican t  ' f iR d r o p "  ex is t s  in t h e  so-  
l u t i o n ) .  F o r  sys t ems  u n d e r  a c t i v a t i o n  cont ro l ,  th i s  
cond i t ion  u s u a l l y  can  b e  me t  e x p e r i m e n t a l l y  b y  e m -  
p l oy ing  a l a rge  excess  of an ind i f f e ren t  e l e c t r o l y t e  
in  the  solu t ion .  The  p r e s e n c e  of a l a r g e  excess  of 
i n e r t  e l e c t r o l y t e  is a d v a n t a g e o u s  also in t h a t  the  
diffuse doub le  l a y e r  p o t e n t i a l  d i f fe rence  (q,) is s u p -  
p ressed ,  is a p p r o x i m a t e l y  i n d e p e n d e n t  of the  o v e r -  

a l l  e l e c t r o d e - s o l u t i o n  p o t e n t i a l  d i f fe rence  (A~b) at  
po t e n t i a l s  suff ic ient ly  fa r  f rom tha t  of t h e  e l ec t ro -  
c a p i l l a r y  m a x i m u m  and  is a p p r o x i m a t e l y  i n d e p e n d -  
en t  of the  c onc e n t r a t i on  of r e a c t i v e  species.  

I t  shou ld  be  n o t e d  t h a t  A~b (or  r has  no t  been  
p r e s u m e d  to be  cons t an t  ove r  the  p o l y e l e c t r o d e  s u r -  
face.  C o n s t a n c y  of ~b is e x p e c t e d  on ly  w h e n  the  
p o l y e l e c t r o d e  is a m e t a l  of u n i f o r m  compos i t ion ,  a l -  
t h o u g h  even  in th is  case the  r a t e s  of p rocesses  m a y  
v a r y  ove r  t he  su r face  because  of, for  e x a m p l e ,  t he  
p r e s e n t a t i o n  of va r i ous  c r y s t a l  faces  to the  solu t ion .  
M e a s u r e m e n t s  of V do no t  n e c e s s a r i l y  g ive  a n y  in -  
f o r m a t i o n  on the  v a r i a t i o n  of ~b over  a p o l y e l e c t r o d e  
sur face ,  a l t h o u g h  a change  in V c o r r e s p o n d s  to an  
i den t i ca l  change  in  A~ e v e r y w h e r e  on the  surface ,  
u n d e r  the  cond i t ions  of v a l i d i t y  of t he  two  a s s u m p -  
t ions  m e n t i o n e d  above .  The  t e rms ,  A/~.~* a n d  A~,~*, 
of Eq. [7"] f r e q u e n t l y  a r e  no t  i n d e p e n d e n t  of ( ~ ) ~  
s ince  e l ec t rons  m u s t  be cons ide red  as r e a c t a n t s  in 
some c h a r g e  t r a n s f e r  s teps;  the  exac t  d e p e n d e n c e  is 
a func t ion  of the  p a r t i c u l a r  c h a r g e  t r a n s f e r  s tep.  

In  a p p l y i n g  Eq. [7 ']  to cases  of p r a c t i c a l  in te res t ,  
s e v e r a l  f u r t h e r  a s s u m p t i o n s  w i l l  be  made .  F i r s t ,  i t  is 
a s sume d  tha t  a l l  p a r t i a l  p rocesses  a~e u n d e r  p u r e  
a c t i va t i on  con t ro l  and  t h a t  each  has  on ly  one r a t e -  
determining charge transfer step. Second, it will be 
presumed that concentrations of solution species 
which enter into the terms, ~r(Cf,), and ~r (C, m) ~, are 
approximately the same as the concentrations of the 
same species in the bulk of the solution. Third, a 
large excess of an indifferent electrolyte will be pre- 
sumed present, so that the diffuse double layer po- 
tential difference (qJ) is suppressed. And fourth, it 
will be assumed that the electrochemical transfer co- 
efficient  (a,k~) of the  i ~ c h a r g e  t r a n s f e r  s t ep  does  no t  
v a r y  s ign i f i can t ly  ove r  the  p o l y e l e c t r o d e  sur face ,  
even  t h o u g h  the  ene rge t i c s  of the  s tep  m a y  v a r y  
g rea t ly ,  as f rom one me ta l l i c  c r y s t a l  f ace  to a n o t h e r ?  ~ 
W i t h  these  a s sumpt ions ,  Eq. [7 ' ]  m a y  be  modi f ied  to 
give:  

+ - - V  V 
i ,  : ~ Q~,~I~,~e r~T - Q , ,oL ,oe  RT [8]  

w h e r e  
ot~,a~t,aF 

Q,,  = _ ~ , L . . . . ~ ) X , , , , r , , ~ r ( C  , ) ,  e R~r 

- -  - -  ( A r  

RT (k__[) , 
Q~,~-  F M.or~.oTr(C, )r e 

I,,~ -- ,~ e . RT d S  

(Ate~,c* + ce~,cM,c [ (/t~)~-- (p,~) ~,1) 

L,c  ---- e RT d S  

In  Eq. 8, Q,,o and  Q,.o a r e  cons ide red  i n d e p e n d e n t  of 
d S ,  w h e r e a s  the  e x p o n e n t i a l  t e r m s  u n d e r  the  i n t e -  
g ra l  s igns of I,.~ and  I,,o a re  func t ions  of d S .  R e m e m -  
b e r i n g  the  a p p r o x i m a t e  n a t u r e  of the  a s s u m p t i o n s  
w h i c h  l ed  to t he  d e v e l o p m e n t  of  Eq. [8] ,  i t  is p o s -  
s ib le  to p roc e e d  w i t h  a d e r i v a t i o n  of f o r m u l a s  w h i c h  

so See, however ,  the  work  of Busing and K a u z m a n n  (18), who 
consider the possibility of a r a the r  large var ia t ion  of the electro- 
chemical  t ransfer  coefficient over  an  electrode surface. 
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desc r ibe  the  b e h a v i o r  of c e r t a i n  of the  s i m p l e r  p o l y -  
e l ec t rode  sys t ems  sa t i s fy ing  the  cond i t ions  d i scussed  
above .  

Rate and Potential in Simple Polyelectrode Systems 
F r e q u e n t l y ,  and  e spec i a l l y  in cor ros ion  sys tems ,  

t he  s i tua t ion  is e n c o u n t e r e d  w h e r e  on ly  two  c h e m i -  
c a l l y  d i s t i nc t  p a r t i a l  processes ,  one  anodic  a n d  one  
ca thodic ,  c o n t r i b u t e  a s igni f icant  p o r t i o n  of the  t o t a l  
c u r r e n t  c ross ing  an  e l e c t r o d e - s o l u t i o n  i n t e rphase .  
Such  m i g h t  be  t he  case  for  t he  h y d r o g e n - e v o l u t i o n -  
t y p e  cor ros ion  of a me ta l .  F r o m  Eqs. [51-[81  i t  is 
seen  t ha t  •  and  A~.~* a re  mos t  i m p o r t a n t  f ac to rs  
in  d e t e r m i n i n g  r a t e s  of p a r t i a l  processes ,  and  the  
effect  of v a r i a t i o n s  in these  q u a n t i t i e s  ove r  a p o l y -  
e l ec t rode  su r face  is of in te res t .  V a r i a t i o n s  in Am.~$ 
and  A~,,o$ a r e  e x p e c t e d  to occur  on a r ea l  p o l y e l e c -  
t r o d e  su r f ace  because  of a n u m b e r  of w e l l - k n o w n  
s t r u c t u r a l  fac tors ,  e.g., the  p re sence  of i m p u r i t i e s  and  
l a t t i ce  impe r f ec t i ons  in the  me ta l ,  the  p r e s e n t a t i o n  of 
va r i ous  c r y s t a l  faces  to the  i n t e rphase ,  the  ex i s t ence  
of g r a i n  bounda r i e s ,  etc. If  Eq. [8]  ho lds  for  such  a 
sy s t em w i t h  two d i s t inc t  p a r t i a l  processes ,  the  m e a s -  
u r a b l e  p o t e n t i a l  (V) for  the  case of no e x t e r n a l l y  
a p p l i e d  c u r r e n t  (i~ = 0, " s p o n t a n e o u s "  co r ros ion)  is 
g iven  by :  11 

v = ( . .xo  + . r  - j ~ - / j  [ 9 ]  

E q u a t i o n  [8]  is so lub le  e x p l i c i t l y  for  V ( for  a r b i -  
t r a r y  va lue s  of aoXo and  a~h~) on ly  for  the  p r e s e n t  
case  w h e r e  ie ~ 0, b u t  va r i ous  w o r k e r s  have  r e p o r t e d  
so lu t ions  for  o the r  spec ia l i zed  cases  (19-21) .  The  p o -  
t e n t i a l  (V)  of th is  s i m p l e  co r rod ing  p o l y e l e c t r o d e  
s y s t e m  is not  r e l a t e d  d i r e c t l y  to the  r a t e s  of the  p a r -  
t i a l  p rocesses  ( excep t  t h r o u g h  the  cond i t ion  t h a t  
i~ = to) but ,  a p a r t  f r om concen t r a t i on  t e rms ,  is a 
func t ion  p r i m a r i l y  of t he  d i f fe rence  in  the  " a c t i v a -  
t ion  ene rg i e s "  of the  two  p a r t i a l  processes ,  5 ~ * - -  
A~fl. Thus,  i f  A ~  and  A/~  w e r e  cons t an t  ove r  the  
p o l y e l e c t r o d e  surface ,  in  ( L / L )  w o u l d  con ta in  a 
t e r m  in ( •  If, in add i t ion ,  bo th  p a r -  
t i a l  p rocesses  r e f e r r e d  to the  same  o v e r - a l l  c h e m i c a l  
r eac t ion ,  Eq. [9]  w o u l d  r e d u c e  to the  f a m i l i a r  N e r n s t  
e q u a t i o n  of t h e r m o d y n a m i c s .  

The  cor ros ion  c u r r e n t  of th is  p o l y e l e c t r o d e  sys tem,  
w h i c h  is a m e a s u r a b l e  quan t i t y ,  is g iven  by :  

i o=io  = Q~~176 Io~ [10] 

on s u b s t i t u t i n g  the  r e su l t  of Eq. [9]  in to  the  a p -  
p r o p r i a t e  r a t e  equa t ions  for  io a n d  i~ e x p r e s s e d  in  

t e r m s  of V. Here ,  0~ = and  0o = 
O~a~ a -~- a e X  v Ota~k a 7[- O~c)t c 

T h e  in tegra l s ,  Io and  L, d e t e r m i n e  the  effect of the  
v a r i a t i o n s  in a c t i va t i on  ene rg ies  of the  p a r t i a l  p r o c -  
esses on the  o b s e r v a b l e  k ine t ics .  T e r m s  in (A~b~e~ --~b), 
w h i c h  a p p e a r  in the  def in i t ions  of  Q~ and  Qo (cf. Eq. 
[ 8 ] ) ,  in o r d e r  to r e l a t e  t he  r a t e s  of p a r t i a l  p rocesses  
to the  m e a s u r a b l e  p o t e n t i a l  (V) ,  cance l  out  in the  
r e su l t  of Eq. [101. The  s y m m e t r y  of th is  e q u a t i o n  
and  the  i n t e r d e p e n d e n c e  of t he  k ine t i c  p a r a m e t e r s  of 
the  two  p a r t i a l  p rocesses  in d e t e r m i n i n g  r a t e s  is 

~ S u b s c r i p t  i w i l l  be  d r o p p e d  in  t he  p r e s e n t a t i o n  of e q u a t i o n s  
p e r t a i n i n g  to  sy s t ems  w i t h  on ly  one  anod ie  a n d  o n e  ca thod ic  pa r -  
t i a l  process.  

r a t h e r  s t r ik ing .  W h e r e a s  t he  po ten t i a l ,  V, was  found  
to be  a func t ion  p r i m a r i l y  of the  d i f fe rence  in the  
a c t i va t i on  ene rg ies  of anodic  and  ca thod ic  processes ,  
the  cor ros ion  c u r r e n t  is a func t ion  p r i m a r i l y  of the  
sum of the  ac t i va t i on  energ ies .  Thus,  if  A~* and  A~fl 
w e r e  cons t an t  over t he  polyelectrode surface ,  i~ 

w o u l d  be  p r o p o r t i o n a l  to e •T 
aahaF ~ c ~ c F  

+ - - - - V  - -  - - V  
W h e n  Eq. [9]  is so lved  for  e RT and  e RT 

and  these  qua n t i t i e s  a r e  s u b s t i t u t e d  into  the  a p -  
p r o p r i a t e  fo rm of  Eq. [2] ,  t he  ne t  c u r r e n t  d e n s i t y  a t  
dS (j:) is g iven  by :  

(A~c$  + a c X ~ [  ( ~ )  i - -  (~e )  t , ] )  

__ ( ~ ) ~  e RT ] [111 

This  i n t e r e s t i n g  r e l a t i o n  shows  t ha t  the  ne t  c u r r e n t  
d e n s i t y  a t  dS is a func t ion  no t  on ly  of the  anod ic  and  
ca thod ic  ac t i va t i on  ene rg ie s  at  dS but  also of the  
k ine t i c  v a r i a b l e s  ove r  the  r e s t  of the  p o l y e l e c t r o d e  
surface .  D e p e n d i n g  m a i n l y  on the  va lues  of L,  L,  
h~o*, A~$, and  ( ~ ) ~ ,  j~ m a y  be  e i the r  pos i t i ve  or  n e g -  
a t ive ,  j~ is the  k ine t i c  c o u n t e r p a r t  of t he  " loca l  cel l  
c u r r e n t s "  of c lass ica l  co r ros ion  theory .  F o r  t he  case 
of a p o l y e l e c t r o d e  cons i s t ing  of a m e t a l  of u n i f o r m  
composi t ion ,  b u t  w i th  va r i ous  c ry s t a l  faces  e xposed  
to solu t ion ,  (# , )~  a n d  ~r a r e  e x p e c t e d  to be cons t an t  
ove r  the  e l ec t rode  surface ,  w h e r e a s  j~ is f ree  to fo l -  
low the  v a r i a t i o n s  of A~$ and  A~$ of Eq. [11].  E q u a -  
t ion  [11 ] p r o v i d e s  a k ine t i c  bas is  for  a def in i t ion  of 
"anod ic"  and  "ca thod ic"  a r eas  on an  e l ec t rode  s u r -  
face.  A t  anodic  areas ,  j~ is pos i t ive ,  w h e r e a s  at  ca -  
thodic  areas ,  j~ is nega t ive .  In  th is  def in i t ion  no r e f e r -  
ence  is m a d e  to the  v a l u e  of A~b at  anodic  as com-  
p a r e d  to ca thodic  areas .  I t  w i l l  become  e v i d e n t  in the  
k ine t i c  t r e a t m e n t  of g a l v a n i c  couples  ( to be  d i s -  
cussed  l a t e r )  tha t ,  in fact ,  a r  a t  anod ic  a r e a s  m a y  be  
m o r e  pos i t ive ,  m o r e  nega t ive ,  or  the  s ame  as A6 at  
ca thod ic  areas .  This  m a y  be  seen also f rom Eq. [11] 
on r e p l a c i n g  the  t e r m  [ ( ~ ) ~ - - ( ~ ) , ' 1  b y  F [ a r  
(~b , ' - -4s ) ] ,  so t ha t  j~ ( and  i ts  v a r i a t i o n  ove r  the  

su r f ace )  is not  d e t e r m i n e d  u n i q u e l y  b y  a~b ( and  i ts  
v a r i a t i o n  over  t he  s u r f a c e ) ,  bu t  is a func t ion  of ~a* ,  
a~$,  and  ar Thus,  t h e r e  is no k ine t i c  neces s i t y  for  
v a r i a t i o n s  in the  ne t  c u r r e n t  d e n s i t y  (or  t h e  " loca l  
cel l  c u r r e n t " )  to fo l low (or  to be " in  phase"  w i t h )  
v a r i a t i o n s  in Ar ove r  a p o l y e l e c t r o d e  sur face .  

As  a c o r o l l a r y  of Eq. [11],  if the  a c t u a l  d i s t r i b u -  
t ion  of A~*, a~o$, and  (~) .~  w e r e  speci f iable  in a lge -  
b ra i c  form,  so t h a t  I~ and  Io could  be e v a l u a t e d ,  the  
locus"-' of a l l  e l e m e n t s  of a r e a  on the  e l ec t rode  su r -  
face  w h e r e  j~ = 0 could  be  o b t a i n e d  f rom:  

( a ~ 2  - a ~ t )  - (.oxo + ~ox0) [ ( ~ o ) ~  - (~o ) , ' ]  = 

~-" I f  A~ca +, A/tc +, and  (~r are  exp re s sed  i n  C a r t e s i a n  eoord ina fes  
as f u n c t i o n s  of x and  y, the  v a l u e s  of these  q u a n t i t i e s  a t  t h e  p o i n t  
(x, y) w i l l  be  cons ide red  as r e f e r r i n g  to those  a t  t he  r e c t a n g u l a r  
e l e m e n t  os area  d S ,  two  a d j a c e n t  s ides  of  w h i c h  h a v e  t he  l eng ths ,  
( x  + d x )  - - x  and  ( y  § d y )  - - y .  Hence,  the  coo rd ina t e s  of the  

p o i n t  (x, y) are  def ined  as the  locus  of the  e l e m e n t  os area,  
d S  = d x d y .  
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V 
~ , ~ _  P OT E N T I 0 M E T E R I::~::::::: I r 

POTENTIOM ETRIC LEADS  sCOU : : 
- ~ - -  REFERENCE ELETRODE 

SOLUTION 

Fig. 2. Schematic diagram of typical circuit for the meos- 
urement o~ electrode potentials of golvonic couples. 

In  the  m o r e  g e n e r a l  case of e x t e r n a l l y  a p p l i e d  c u r -  
r en t  (i~ r 0) ,  v a l u e s  of j~, and  thus  t he  locus of e l e -  
m e n t s  of a r e a  w h e r e  j~ = 0 (hence  also t he  r a t i o  of 
anodic  to ca thod ic  a reas ,  def ined as a b o v e ) ,  a r e  f u n c -  
t ions of i. .  F o r  p u r p o s e s  of i l l u s t r a t ion ,  a n u m e r i c a l  
e x a m p l e  b a s e d  on a con t inuous  d i s t r i b u t i o n  of a c t i -  
v a t i o n  ene rg ie s  of p a r t i a l  p rocesses  ove r  a p o l y e l e c -  
t r o d e  su r face  is p r e s e n t e d  in the  a p p e n d i x  to th is  
pape r .  

Kinetics of Galvanic Couples under Activation Control 
T h e  k ine t i c s  of a spec ia l  case of a p o l y e l e c t r o d e  

s y s t e m  w h e r e i n  two  m e t a l l i c  e l ec t rodes  m a y  be  con-  
nec t ed  t o g e t h e r  ( s h o r t e d )  in t he  s a m e  so lu t ion  as a 
ga lvan i c  coup le  can  be  d e r i v e d  on the  bas is  of p r o -  
pos i t ions  d i scussed  above .  A n  a p p r o p r i a t e  c i r cu i t  for  
e l ec t rode  p o t e n t i a l  m e a s u r e m e n t s  on a g a l v a n i c  
couple  is p r e s e n t e d  in Fig.  2. H e r e  (cf. Fig.  1),  the  
m e a s u r a b l e  p o t e n t i a l  d i f fe rence  is V. --~ (~ , ' - -~b ," )  = 
( r  r + ( r  r  ( r  ~ . )  -- ( r  C J ,  
w h e r e  s u b s c r i p t  n r e fe r s  to m e t a l  i or  m e t a l  2. On 

1 
se t t ing  ( 4 , ' - -  4.)  = ~ -  [ ( ~ ) , ' - -  ( ~ ) n ]  because  of 

e l ec t ron ic  e q u i l i b r i u m  b e t w e e n  one  p o t e n t i o m e t e r  
l e ad  (l') and  the  m e t a l  n, s e t t ing  (4.--~b~) - ~ r  
and  se t t ing  (4," - -  r + (4~ - -  r - • . . . .  i t  fo l lows  

1 
t h a t  Y. = -~- [ (#~) ,' - -  ( . o ) . ]  -t- Ar - -  A% . . . . .  

I t  w i l l  be  a s s u m e d  t h a t  on ly  two  p a r t i a l  p rocesses  
u n d e r  a c t i v a t i o n  control ,  one anodic  and  one ca -  
thodic,  occur  a t  each  e lec t rode ,  and  t h a t  a l l  the  as-  
sumpt ions  cons ide red  in  t h e  d e r i v a t i o n  of Eqs.  [ 9 ] -  
[12] a p p l y  h e r e  also. In  add i t ion ,  i t  is a s s u m e d  t h a t  
the  r a t e  cons tan t s  of t he  p a r t i a l  p rocesses  a r e  con-  
s t an t  ove r  t he  su r f ace  of each  of t he  e l ec t rodes  ( a l -  
t h o u g h  d i f fe ren t  r a t e  cons t an t s  w i l l  be  a s s u m e d  for  
each  e l e c t r o d e ) .  W i t h  these  conven t ions ,  i t  is poss i -  
b le  to d e r i v e  f o r m u l a s  for  quan t i t i e s  of i n t e r e s t  for  
the  cases  in w h i c h  each  e l ec t rode  is i so la ted  and  in 
w h i c h  bo th  e l ec t rodes  a r e  sho r t ed  toge the r .  The  
anodic  ( co r ros ion )  c u r r e n t  (i~176 and  the  ca thod ic  
c u r r e n t  (i~ of t he  m e t a l s  in  t he  u n s h o r t e d  s t a t e  '~ 
a r e  g iven  b y :  

kF 
+ - - - -  A r  

i~ = S.  K. , .  e 2R~" [13] 
and  

kF 
-- - -  h e %  

ion,r = S .  Kn,  c e ZRT [14]  

1~ Superscr ipt  zero refers  to quantit ies per ta in ing  to the unshor ted 
electrodes, whi le  superscript  asterisk per ta ins  to the shorted state. 

Here ,  S .  is the  a r e a  of m e t a l  1 or  m e t a l  2, K.,o and  
K.,o i nc lude  a c t i va t i on  ene rg ie s  and  concen t r a t i ons  of 
r eac t an t s ,  ~' and  A~% is t he  m e t a l - s o l u t i o n  po t en t i a l  
d i f fe rence  of m e t a l  1 or  m e t a l  2 in t he  u n s h o r t e d  
s ta te .  I t  is a s s u m e d  t h a t  the  s y m m e t r y  f ac to r s  and  
the  e l e c t r o c h e m i c a l  t r a n s f e r  coefficients of a l l  p a r -  
t i a l  p rocesses  in t h e  sy s t em a re  iden t i ca l ;  specif ical ly ,  

equa l s  1/2 and  }. is c o m m o n  to a l l  p a r t i a l  processes .  
S ince  i~ = i~ for  m e t a l s  1 and  2 w h e n  unsho r t ed ,  
i t  fo l lows  f rom Eqs. [13] a n d  [14] t ha t :  

RT l n (  K",~ ) 

The  m e a s u r a b l e  e l e c t r o d e  p o t e n t i a l  (V%) of the  u n -  
sho r t e d  m e t a l s  is g iven  b y :  

1 RT In \--K-~.~/ V< = ~ [ (~o )~ ' - -  (~o)~] --  a ~ . , .  + XF 

[16] 

W h e n  t h e  r e s u l t  of Eq. [15] is s u b s t i t u t e d  in to  Eqs. 
[13]  and  [14] ,  i%,. and  i~ a re  g iven  by :  

i%,o ~-- i~ = S.(K~,oK.,o) ~/~ [17]  

F r o m  Eqs. [15] and  [16],  the  d i f fe rence  in t he  
m e a s u r a b l e  p o t e n t i a l s  of the  u n s h o r t e d  m e t a l s  is r e -  
l a t e d  to t h e  d i f fe rence  in t he  i n t e r f a c i a l  p o t e n t i a l  
d i f fe rences  or to the  K ' s  by :  

1 

1 R T l n (  K~''~K'~'~ ) [18]  

I t  is a p p a r e n t  f rom Eq. [18]  t h a t  the  s ign of 
(V= ~  V, ~ is not  n e c e s s a r i l y  t he  same  as the  s ign of 
(~r176 ~ a n d  tha t ,  in fact ,  m e a s u r e m e n t s  of 
(V~ ~ - -  V{) a lone  g ive  no i n f o r m a t i o n  a b o u t  ( M ~ : -  
ACF). If  (V2 - -  V, ~ is pos i t ive ,  t hen  (A~b, ~ - -  Ar ~ m a y  

1 
be  n e g a t i v e  p r o v i d e d  ~ -  [ ( ~ o ) ~ -  (~o),] is suff ic ient ly  

pos i t ive .  On the  bas is  of L a n g e ' s  def in i t ions  (16, 17) 
a n d  on the  cond i t ion  t ha t  the  m e t a l s  be  n o n p o l a r i z -  
able,  t he  t e r m  [ (# . )~- - (#o) .~]  d e p e n d s  on ly  on the  
compos i t ion  and  s t r u c t u r e  of the  two  m e t a l s  in  con-  
t ac t  and  is i n d e p e n d e n t  of t he  e n v i r o n m e n t  and  of 
the  even t s  o c c u r r i n g  a t  the  m e t a l - s o l u t i o n  i n t e r -  
phases .  

W h e n  the  two  e l ec t rodes  a re  connec t ed  toge the r ,  
the  m e a s u r a b l e  e l ec t rode  p o t e n t i a l  of t he  r e su l t i ng  
ga lvan i c  couple  (V ~ ) TM is g iven  b y :  

RT 
V* ~ V~* = V~* : - - I n  xF 

• e + ~F ] 
k z '  A F  

. . . . .  V P  - -  - -  V ~  ~ 

S~(K~,~K~,.)~/~ e 2RT + S~(K~,.K~,~)~/'~ e 2RT 
[19] 

~4 In  te rms of previously defined quantit ies,  

xF 

K n , a  ~ F - -  ~ T ~ a ~ r  ( C  P~)  n a e R T  e ..,ItT 

h + 

A ~ n , c  + + ) .F 

C) and K ~ , , c  = F ~ -  Xr~e~r(C~'Jn, oe RT e 2~-~ ~n. Km~ and Kn,c 

have  the dimensions of current  density and, f rom Eqs. [13] and 
[14], are  mere ly  the cur ren t  densities of the respect ive part ial  p r o c -  
e s s e s  w h e n  ACa = 0. 
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E q u a t i o n  [19] g ives  the  e l ec t rode  p o t e n t i a l  of a ga l -  
van ic  couple  in t e r m s  of the  e l ec t rode  po t en t i a l s  of 
the  u n s h o r t e d  m e t a l s  and  the  c u r r e n t s  c ross ing  the  
i n t e r p h a s e s  of the  m e t a l s  w h e n  u n s h o r t e d  (cf. Eq. 
[ 17 ] ) .  If  m e t a l s  1 and  2 w e r e  bo th  r e v e r s i b l e  e l ec -  
t rodes  w h e n  unshor t ed ,  the  t e r m s  S~(KI,~Ks,~)  1/~ and  
S~ (K,_,~K~.,o)1/~ w o u l d  be  m e r e l y  the  e x c h a n g e  c u r r e n t s  
of the  r e spec t i ve  sys tems .  If  S~(K~,oKI,~)~/2 > S~ 
(K~..~K~.) ~/2, V ~ wi l l  h a v e  a v a l u e  n e a r e r  to Vfl t h a n  
to Vfl. In  the  l imi t ,  if S~(Ks,~K~,~) v~ is m u c h  l a r g e r  
t h a n  S,(K2,~K2.~)  v2, t hen  V * wi l l  be  a p p r o x i m a t e l y  
the  s ame  as V1 ~ 

The  to t a l  anodic  ( co r ros ion )  c u r r e n t  or  t o t a l  ca -  
thod ic  c u r r e n t  of bo th  e l ec t rodes  in the  sho r t e d  s t a t e  
is g iven  by :  

i .  ~ i 1 , .  ~+~,~" ~ = i o *  = i s ~ *  + i ~ , o * =  

+ - - ( V P - - V , o )  

SI~-KI,~KI,o + SIS~.{KI,.KI,~K,,.K,,, }~/-' e 2aT 

XF t 11/-' - - - - (V2O--V1o)  
+ e 2RT -~- S~_~'K._,.K2,~ [20] 

In  t e r m s  of (~bs*--~b2*), the  d i f fe rence  in the  i n n e r  
p o t e n t i a l s  of m e t a l s  1 and  2 in the  sho r t ed  s ta te ,  Eq. 
[20] becomes :  

[ + (r162 
i .  ~ = i t*  = SI~-KI,oK~,~ At- S1S~IKI , .K~ ,c  e 2RT 

- - - -  (r f d- K: , .KI .~  e 2RT "~ S~.~K~,oK~,~ J [20']  

The  t e r m  (r ~) of Eq. [20']  is e q u i v a l e n t  to 
(Ar177 the  d i f fe rence  in t he  i n t e r f a c i a l  p o -  
t en t i a l  d i f fe rences  of the  two  sho r t ed  meta l s .  F o r  t he  
case  t h a t  V f l =  Vfl, no change  w o u l d  occur  in the  
sy s t em on sho r t i ng  the  me ta l s ,  and  Eq. [20]  r educes  
to i~ ~ = i~ ~ = S~(K~,~ ~/~ + S~(K~.,oK~,o) 1/2 ~- i~,fl + 
i o i o . o  . . . . . .  ---- + ~,~. In  the  l i m i t i n g  case w h e r e  
$1 (Ks, ~K1,r ~/~ is v e r y  m u c h  g r e a t e r  t h a n  $2 (K~,.K~,~)1/2, 

Eq. [20] r educes  to i~ ~ ~ - - S ~ ( K l o K ~ )  , = i1,.~ in 
w h i c h  case  t he  cor ros ion  r a t e  of m e t a l  1 w o u l d  be 
s ca rce ly  changed  on s h o r t i n g  to m e t a l  2. The  t e r m  
F(~b~*--r *) of Eq. [20']  m a y  be  r e p l a c e d  b y  
[(/~o)~-- (~o)_~], w h i c h  is a cons t an t  d e p e n d i n g  on ly  
on the  compos i t ion  and  s t r u c t u r e  of the  two m e t a l s  
in contact .  

In  the  sho r t e d  s ta te ,  the  ne t  c u r r e n t  c ross ing  the  
i n t e r p h a s e  of m e t a l  1 (i1.~ *) is equa l  bu t  of oppos i t e  
s ign  to the  ne t  c u r r e n t  c ross ing  the  i n t e r p h a s e  of 
m e t a l  2 (i~,~*). These  ne t  c u r r e n t s  a re  g iven  by :  

i~,~ ~ = ii,~* --  i1,~* = - -  i~,~* = i2,~* - -  i2,o*= ( s e e b e l o w )  
In  t e r m s  of (~1" - -  ~,*) ,  Eq. [21] b e c o m e s : ( s e e  [21 ' ] )  

E q u a t i o n  [21']  shows that ,  for  a ga lvan i c  couple ,  the  
s ign of t he  ne t  c u r r e n t  i1,~ ~ (wh ich  is e q u i v a l e n t  to 
the  " loca l  cel l  c u r r e n t "  of c lass ica l  t h e o r y )  is a f u n c -  
t ion  of, b u t  c e r t a i n l y  is not  u n i q u e l y  d e t e r m i n e d  by,  
the  s ign of ( r162  or  i ts  e q u i v a l e n t  (Ar162 
the  d i f fe rence  in t he  i n t e r f a c i a l  p o t e n t i a l  d i f ferences  
of the  sho r t e d  me ta l s .  If  i1,~ ~ is pos i t ive ,  A~bl ~ m a y  be  
m o r e  pos i t i ve  t h a n  Ar p r o v i d e d  the  K ' s  have  a p -  
p r o p r i a t e  va lues ,  even  t h o u g h  V~ ~ is m o r e  pos i t ive  
t h a n  Vfl. I f  Vfl ~ Vfl, t hen  o b v i o u s l y  ~ , ~  = --~2,~*' = 0. 
F o r  the  case w h e r e  $1 (K1, oKI.~)1/2 is v e r y  m u c h  g r e a t e r  
t h a n  S~(K2,~K~,o) 1/2, t hen  f rom Eq. [19] m e t a l  2 is 
p o l a r i z e d  n e a r l y  to t he  p o t e n t i a l  of u n s h o r t e d  m e t a l  
1 and  Eq. [21] r educes  to i s , ~ - - S ~ ( K 2 , ~ K 2 , o )  I/2 

f xv x~ } 

+ (V~o--V~ o ) _ _ _  (V,~O-- V~O) 
e 2RT e 2RT - -  , so t ha t  the  ne t  

c u r r e n t  he r e  d e p e n d s  p r i m a r i l y  on the  c u r r e n t  c ross-  
ing  the  i n t e r p h a s e  of u n s h o r t e d  m e t a l  2 and  the  d i f -  
f e r ence  in the  u n s h o r t e d  po ten t i a l s .  

F r o m  Eqs. [20] and  [21],  the  r a t io  of t h e  c u r r e n t  
f lowing b e t w e e n  the  s h o r t e d  m e t a l s  to the  t o t a l  
anodic  ( co r ros ion )  c u r r e n t  is g iven  by :  

i~,~.* i2.N* i1,~ -* i.~,~ * 
. . . .  ( see  [22] b e l o w )  
i .  ~ i~ ~ ir ~ io ~ 

The  v a l u e  of th is  r a t io  m a y  l i e  a n y w h e r e  b e t w e e n  0 
and  1, d e p e n d i n g  on the  va lue s  of the  va r i ou s  k i -  
ne t ic  p a r a m e t e r s .  A s im i l a r  exp re s s ion  in t e r m s  of 
( ~ 1 " - - ~ )  is d e r i v a b l e  f r o m  Eqs. [20']  and  [21 '] .  

The  anodic  ( co r ros ion )  c u r r e n t  of m e t a l  1 in the  
sho r t e d  s t a t e  is g iven  b y :  
i~,~ = Ss (K~.~K1, ~) 1/2 

[ xF ]~/-' 
+ (V2 o V~ o) 

-1~ . . . . . . . .  ~ d- S2(K~,~K~,o)V2e 2RT 

I XF 11/2 
- - - -  (V~O V~O) 

[23]  

F r o m  Eqs. [17] and  [23],  t he  r a t io  of t he  cor ros ion  
c u r r e n t  of sho r t ed  m e t a l  1 to the  cor ros ion  c u r r e n t  
of the  s ame  m e t a l  in t h e  u n s h o r t e d  s t a t e  is: 

SxS2IKI , .KI ,  eKz , .K,_ ,~) I /2{e  
XF XF t + - -  (V2o--V~o) (V2o--vlo) 

2RT - -  e 2 - ~  

-~ ( V2I*--V10 ) 
SfKI. , ,K~,o -t- S1S... KI , .K~ oK~ ~K~.~ e 2RT + e 2~(v~"-v '~ + S~K2,aK~,~ 

[21]  

i~,~. ~ __-- __ i._, ~ ~- = 

I XF kF t + - - ( r 1 6 2  - - - - ( r 1 6 2  
SsS2 KI, .K~,o e 2RT - -  K~,oKI, c e 2nT 

+ ( r  $ - - r  ) 
S12KloK~ + S S K K e 2Rr + S~K~,~K_,~ . . . .  t . . . .  + K2,~KI, o e ~T(r162 

[21']  

+ - -  ( V2 o -- Vl ~ ( V~ -- V, o ) 
$1S2 KI,aKI,  cK~_,aK~,~ e - -  e 

+ (V2o--Vx o) - - - - (V2o- - v lo )  
SlY'K1 oKs~ -]- S~S~. K~.~ oK~.,.K~ o e 2RT + e 2RT ~_ S2K~.~K~c 

[22]  
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�9 o 

[ + - -  (Ve ~ Va0) 

S~(K~ .~KI .o )  ~ + S~ (K~ . ,K~ ,~ )  ~/~ e 2 ~  

XF 1~/z - -  - -  (V~O-- V~O) 

S,(K~,.K~,~) ~: + S~(K~,~K~,o) ~/" e 2RW 
[24] 

For the limiting case where V~ ~ >>  V~", Eq. [24] be- 
comes: 

p e r t a i n  on ly  to one of the  s imp le s t  poss ib le  cases  of 
a g a l v a n i c  coup le  and  t ha t  d ra s t i c  a s s u m p t i o n s  abou t  
the  va lue s  of p a r t i c u l a r  k ine t i c  p a r a m e t e r s  w e r e  in -  
v o k e d  in o r d e r  to ob t a in  exp l i c i t  equa t i ons  for  t he  
va r i ous  qua n t i t i e s  of in te res t .  H o w e v e r ,  i t  is e x -  
pec t ed  t ha t  sys t ems  of g r e a t e r  c o m p l e x i t y  wi l l  b e -  
have  in a m a n n e r  q u a l i t a t i v e l y  s im i l a r  to t ha t  p r e -  
d i c t ed  b y  the  p r e s e n t  ana lys i s r  "'~ In th is  sense,  i t  is 
h o p e d  t ha t  the  ideas  p r e s e n t e d  wi l l  p r o v e  to be  u se -  
ful  as a k ine t i c  bas is  for  i n t e r p r e t i n g  s tud ies  on ga l -  
van ic  couples .  

XF 
i ~1,~ ~ [ S e ( K 2 a I ~ , , c )  1 / ' ,  ~ ,  ] 1/'~ §176  
-- S ~ ( K , ~ K ~ o )  , e 4RT [251 

E q u a t i o n  [25] shows how the  cor~.osion c u r r e n t  of 
m e t a l  1 inc reases  on sho r t i ng  to a m e t a l  of m u c h  
h i g h e r  ( m e a s u r a b l e )  e l ec t rode  po ten t i a l .  F o r  t h e  
l i m i t i n g  case w h e r e  V~ ~ > >  V ~ Eq. [24] becomes :  

XF 
" -~ [ S l ( K ~  a K l  ~)l/'-' ] - - - ( v i o  v:.o) 
Z2,a ~ ' ' e 4 a T  [26] 
i~,~~ S~ ( K ,  oK~ ~ ) , 

This  case co r r e sponds  to "ca thod ic  p r o t e c t i o n "  of 
m e t a l  1 on sho r t i ng  to a n o t h e r  m e t a l  of much  l o w e r  
( m e a s u r a b l e )  e l ec t rode  po ten t i a l .  

F o r  the  case, V,~ ~ > >  V~ ~ the  cor ros ion  c u r r e n t  of 
sho r t ed  m e t a l  1 ( i ~ J )  is f o u n d  f rom Eq. [23]  or  
f rom Eqs. [17] and  [25] to be:  

XF 
+ - - ( V . 2 ) - - V ~  ~) 

il,~ ~ ~ ( S ~ S ~ )  ~/~ (K~,~K~,~K~,.K2,,.) 1/4 e 4 R T  [27] 

I t  m a y  be  seen also f r o m  Eqs. [20] and  [21] tha t ,  for  
th is  s ame  a s s u m p t i o n  (V, ~ > >  V~~ i ~ J  -~  i~,~ ~ ~ io% 

Tha t  is, p r o v i d e d  the  k ine t i c  p a r a m e t e r s  have  s u i t -  
ab le  va lues  and  m e t a l  1 is sho r t ed  to a second  m e t a l  
of m u c h  h i g h e r  e l ec t rode  po ten t i a l ,  the  co r ros ion  
c u r r e n t  of sho r t ed  m e t a l  1 is v i r t u a l l y  i den t i ca l  to 
bo th  t he  ne t  c u r r e n t  f lowing f r o m  m e t a l  1 and  the  
t o t a l  co r ros ion  c u r r e n t  of bo th  e lec t rodes .  This  l i m i t -  
ing  case  a p p a r e n t l y  c o r r e s p o n d s  to s i t ua t ions  wh ich  
i ed  to t he  d e v e l o p m e n t  of t h e  c lass ica l  " l o c a l - c e l l "  
hypo the s i s  of the  cor ros ion  of m e t a l s  in solut ion.  I t  
shou ld  be  no ted  t h a t  Eqs. [ 1 9 ] - [ 2 7 ] ,  con ta in ing  V~ ~ 
and  V, ~ ( w h i c h  a re  m e a s u r a b l e  q u a n t i t i e s ) ,  also con-  
t a in  the  fac tors ,  S~ ( K~, ~K~,~. ) ~/~ and  S~ ( K~_.,~K~,~ ) ~/~. These  
l a t t e r  f ac to r s  m a y  be  r e p l a c e d  b y  t h e i r  equ iva l en t s ,  
i~,~ ~ and  i~,~ ~ (cf. Eq. [17 ] )  1~. T h e  quan t i t i e s  i~,~ ~ and  
i,,.~ ~ ( the  cor ros ion  c u r r e n t s  of t he  r e s p e c t i v e  m e t a l s  in 
the  u n s h o r t e d  s t a t e )  a r e  m e a s u r a b l e  in p r i n c i p l e  b y  
e i t he r  d i r ec t  c h e m i c a l  or  e l e c t r o c h e m i c a l  means .  
Hence  a l l  t he se  equa t ions  m a y  be  e x p r e s s e d  in t e r m s  
of m e a s u r a b l e  quan t i t i e s .  

The  equa t ions  d e r i v e d  above  m a y  be  cons ide red  
as spec ia l  cases  of the  m o r e  g e n e r a l  t r e a t m e n t  d i s -  
cussed  ea r l i e r .  In  p a r t i c u l a r ,  a p p r o p r i a t e  fo rms  of 
Eqs. [9] ,  [10],  and  [11] a re  e q u i v a l e n t  to Eqs. [19] ,  
[20],  and  [21],  r e spec t i ve ly .  I t  shou ld  be  r e m e m -  
b e r e d  t h a t  the  exp re s s ions  d e r i v e d  in th is  sec t ion  

1~ F o r  e x a m p l e ,  i n  t e r m s  of il,a ~ a n d  i2,a o, Eel. [20] a s s u m e s  t h e  

+ - -  (V2o--v~o) 
s i m p l e  f o r m :  ia* ~ (il,a~ ~ + (i~,a ~ (i'~,a ~ e ~ler + 

- -  (Ve0--V~0) + (ie,~o) : /~, 
e 2 ~ T  

Polarizability of Polyelectrode Systems 
The  r e m a i n d e r  of th is  p a p e r  is conce rned  w i t h  the  

i n t e r p r e t a t i o n  of some t y p e s  of s t e a d y - s t a t e  m e a s -  
u r e m e n t s  on p o l y e l e c t r o d e  sys t ems  u n d e r  a c t i va t i on  
control .  I t  is o f ten  c onve n i e n t  to p e r f o r m  t h r e e  com-  
p l e m e n t a r y  ope ra t i ons  on a sys tem;  these  a re :  (a )  
p o l a r i z a b i l i t y  m e a s u r e m e n t s ,  (b)  p o t e n t i o s t a t i c  
m e a s u r e m e n t s ,  and  (c)  g a l v a n o s t a t i c  m e a s u r e m e n t s .  
The  equa t ions  p r e s e n t e d  b e l o w  w h i c h  d e s c r i b e  these  
ope ra t i ons  a r e  e x p r e s s e d  in t e r m s  of the  su r face  
a v e r a g e  c u r r e n t  dens i t i es  of t he  r e s p e c t i v e  p a r t i a I  

processes ,  3~ ~- j , d S  (see  Eq. [1]  for  def in i t ion  

of j , ) .  W i t h  th is  convent ion ,  and  the  a s s u m p t i o n s  
l e a d i n g  to Eq. [8] ,  t he  a p p l i e d  c u r r e n t  of a p o l y e l e c -  

t r o d e  s y s t e m  is g iven  b y  ie  = S 2 [ j ~ . ~ - -  j~.~] and  the  

a p p l i e d  c u r r e n t  d e n s i t y  is j~, ~ ~ [j~.o - -  j~.~].~ 

The " p o l a r i z a b i l i t y "  of an e l ec t rode  wi l l  be  d e -  
f ined he re  as the  d e r i v a t i v e  of the  ( m e a s u r a b l e )  
e l ec t rode  po ten t i a l ,  V (cf. Fig.  1), w i t h  r e spec t  to 
any  one of the  four  quan t i t i e s :  (a )  the  a p p l i e d  c u r -  
r en t  ( i ~ ) ,  ( b )  the  a pp l i e d  c u r r e n t  d e n s i t y  ( j~) ,  (c)  
the  l o g a r i t h m  of t he  a p p l i e d  cu r ren t ,  and  (d)  the  
l o g a r i t h m  of the  a p p l i e d  c u r r e n t  dens i ty .  D i f f e r en t i a -  
t ion  of Eq. [8]  for  the  a b o v e  cases  and  subs t i t u t i on  

of the  def in i t ions  of j~.~ and  j,.o l ead  to the  equa t ions :  1 9  

[ n 
O V  R T  X - -  ~ " =--g-  + . . . . . . .  j [281 

( @ )  = RT__~_[ ~{~,,aX,,2,o § , , , ~ L , j , , , } - - ] - '  [291 

16 See ,  i n  th i s  c o n n e c t i o n ,  t h e  i n t e r e s t i n g  a n a l y s i s  of  S h u l t i n  (22) 
o n  t h e  r e l a t i v e  i m p o r t a n c e  of t h e  s e v e r a l  f a c t o r s  (e .g. ,  a c t i v a t i o n  
a n d  d i f fu s ion  c o n t r o l  of  p a r t i a l  p r o c e s s e s  a n d  o h m i c  r e s i s t a n c e  of 
t h e  so lu t i on )  w h i c h  i n f l u e n c e  t h e  c o r r o s i o n  r a t e  of  a g a l v a n i c  
coup le .  

1r T h e  p r e c e d i n g  a n a l y s i s  s h o u l d  h o l d  a l so  f o r  t h e  a p p r o p r i a t e  case  
w h e r e  a n  a c t i v e  m e t a l  ( t w o - p h a s e  s y s t e m )  is s h o r t e d  to a p a s s i v e  
m e t a l  ( t h r e e - p h a s e  sy s t em)  i f  a l l  t h e  r a t e - d e t e r m i n i n g  c h a r g e  t r a n s -  
f e r  s teps  m t h e  p a s s i v e  m e t a l  s y s t e m  o c c u r  a t  t h e  s a m e  i n t e r p h a s e  
(e.g. ,  t h e  o x i d e - s o l u t i o n  i n t e r p h a s e ) .  

J~ U s i n g  t h e  n o m e n c l a t u r e  of Eq.  [8] j , ,~  = - -  Q,,aI~,ae ~T 
S 

i a ,cX~,c~ Y 
a n d  J~,c = - -  Q,,~I , ,~e RT . T h e  a s s u m p t i o n s  of Eel. [8] 

S 
e q u a t e d  t h e  c u r r e n t  d e n s i t y  of a c h a r g e  t r a n s f e r  s tep ,  j~, to t h e  
c u r r e n t  d e n s i t y  of t h e  a s s o c i a t e d  p a r t i a l  p rocess .  H o w e v e r ,  EelS. 
[ 2 8 ] - [ 3 0 ] ,  s u b j e c t  to t h e  a s s u m p t i o n  t h a t  t h e  e l e c t r o c h e m i c a l  t r a n s -  
f e r  coeiTicmnts  of c h a r g e  t r a n s f e r  s t eps  a r e  i n v a r i a n t ,  a l so  d e s c r i b e  
t h e  m o r e  g e n e r a l  ca se  w h e r e  m e c h a n i s m s  of p a r t i a l  p roces se s  i n -  
v o l v e  s e v e r a l  c h a r g e  t r a n s f e r  s teps .  I n  t h i s  case ,  j~,a a n d  r m a y  
be  i n t e r p r e t e d  as  t h e  s u r f a c e  a v e r a g e  c u r r e n t  d e n s i t i e s  of  t h e  r e -  
s p e c t i v e  c h a r g e  t r a n s f e r  s teps .  

1. _ _  of cou r se ,  is  e q u a l  to a n d  t h e  e l e c t r o d e  
8 In i/, / ' 

a r e a ,  S, c a n c e l s  o u t  i n  t h e  d e r i v a t i o n  of Eel. [301. 
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[J,.o - j,,o] 

[ 3 0 ]  
Pola r i zab i l i ty  m e a s u r e m e n t s  u sua l ly  find impor -  

t ance  in the d e t e r m i n a t i o n  of the rates  and  the elec- 
t rochemica l  t r ans f e r  coefficients (cA,)  of pa r t i a l  
processes. If, in  some range  of e lectrode potent ia ls ,  

the  rate  of one par t i a l  process (j~) g rea t ly  exceeds 
those of all  o ther  processes occur r ing  at the same 
in terphase ,  Eq. [30] reduces  to: 

= - -  . - -  [ 3 1 ]  
Y a~h~ 

Equa t ion  [31] is j u s t  the  di f ferent ia l  fo rm of the  
w e l l - k n o w n  Tafe l  re la t ion.  Genera l ly ,  however ,  for 
sys tems wi th  several  pa r t i a l  processes of comparab le  
rates,  there  m a y  exist  no accessible r ange  of elec- 
t rode  po ten t ia l s  where  the ra te  of one process p r e -  
dominates ,  so tha t  the more  genera l  re la t ionship ,  Eq. 
[30], m u s t  be used. 

A re la t ionsh ip  b e t w e e n  the po la r izab i l i ty  of a cor-  

roding  polye lec t rode  and  its corrosion rate,  j ...... at 
the s t eady- s t a t e  corrosion po ten t i a l  (V ..... ) is de-  
r ivab le  f rom Eq. [29]. If it is assumed tha t  all  anodic  
processes are corrosion processes, and  (. and  ~ are 

d imens ion less  cons tants  such tha t  ~a,,~X,..j~,o =- ~.  ~ ,~  
t 

and  ~,,~X~,~j_.o ~ ~.  ~.~,  then ,  on recogniz ing  tha t  

3 ..... = ~ , .  = ~j,,~ at V . . . . .  Eq. [29] can be r e a r -  

r anged  to give: ~o 

---:- RT 1 . 1 [32] 
3 . . . . .  = - - i f -  ( , o + , ~ ) {  av ~ 

\ ) 
Here, the t e r m  ($o § ~ )  has a va lue  which  is of the  
order  of m a g n i t u d e  of u n i t y  for cor roding  polye lec-  
t rodes u n d e r  ac t iva t ion  control.  For  a s imple  po ly -  
e lectrode sys tem hav ing  only  one anodic  and  one 
cathodic pa r t i a l  process, ($o + ~ )  = (a~X, + a,X~). 
The  exact  va lue  of (( ,  + $~) is a f unc t i on  of the p a r -  
t i cu la r  system, depend ing  both  on the iden t i t y  of the 
me ta l  and  on the  composi t ion  of the  solut ion.  E q u a -  
t ion  [32] m a y  be used to es t imate  corrosion ra tes  
f rom po la r izab i l i ty  m e a s u r e m e n t s  to an  accuracy  of a 
smal l  n u m e r i c a l  factor  for cor roding  polye lec t rode  
sys tems u n d e r  ac t iva t ion  control .  A l t e r n a t i v e l y ,  in  
s tudy ing  re la t ive  corrosion rates  of a series of al loys 
of s imi lar  composit ions,  it  m a y  be possible  to de te r -  

RT 1 
m i n e  the factor  - -  e x p e r i m e n t a l l y  and  

F (~o + ~ )  
to use the r e su l t ing  va lue  in  Eq. [32] to es t imate  
corrosion ra tes  for the  series in  a cons t an t  e n v i r o n -  
ment.=* 

Potentiostatic Measurements on Polyelectrode Systems 
This sect ion and  the fo l lowing one are concerned  

wi th  the  i n f o r m a t i o n  ob ta inab le  f rom elect r ical  
~ A n  e x p r e s s i o n  s i m i l a r  to Eq.  [32] h a s  a lso  b e e n  d e r i v e d  by  

S t e r n  (23) f o r  t h e  case  of a s i m p l e  c o r r o d i n g  p o l y e l c c t r o d e  w i t h  
o n e  a n o d i e  a n d  one  c a t h o d i c  p a r t i a l  p roce s s  

st An  i n v e r s e  r e l a t i o n s h i p  b e t w e e n  c o r r o s i o n  r a t e  a n d  p o l a r i z a b i l -  
i ty  a t  V~.orr w a s  n o t e d  by B o n h o e f f e r  a n d  Jel~a (24) ,  S i m m o n s  (25 ) ,  
a n d  S k o l d  a n d  L a r s o n  (26) .  T h e  d a t a  of B o n h o e f f e r  a n d  J e n a  on 
t h e  c o r r o s i o n  of i r o n  a n d  c a r b o n  s tee l s  i n  a c i d  e n v i r o n m e n t s  a r e  
d e s c r i b e d  w e l l  by  Eq.  [32] .  T h e  s y s t e m s  s t u d i e d  by  S k o l d  a n d  
L a r s o n  a p p a r e n t l y  w e r e  n o t  u n d e r  p u r e  a c t i v a t i o n  c o n t r o l  ( and  
p r o b a b l y  w e r e  n o t  s i m p l e  t w o - p h a s e  s y s t e m s ) ,  a n d  Eq.  ]32] de -  
s c r i be s  t h e i r  d a t a  on ly  q u a l i t a t i v e l y .  

m e a s u r e m e n t s  on polye lec t rode  sys tems w h e n  the  
concen t ra t ion  of one of the  r eac tan t s  in  the  sys tem 
can be varied.  One of the i m p o r t a n t  pa r ame te r s  of 
e lec t rochemica l  k inet ics  is the k ine t ic  order  (p~) of 
a pa r t i a l  process w i th  respect  to the concen t ra t ion  of 
one of its reac tan t s  (C~).= For  a s i tua t ion  in  which  
V is he ld  cons tan t  whi le  the  concen t r a t i on  of one of 
the r eac tan t s  (C~) in  the sys tem is var ied,  it can be 
shown f rom Eq. [8] tha t  p, is g iven  by:  

( 01nli~'-i~''~ ) =p~ [33] 
0 lnC~- v 

Here, ip is the c u r r e n t  appl ied  to the polye lec t rode  
which  is necessary  to m a i n t a i n  the ( m e a s u r a b l e )  
e lectrode po ten t ia l  (V) cons tan t  in  the presence  of 
some amoun t ,  Ca, of the r e a c t a n t  u n d e r  s tudy,  ip,~ is 
the  appl ied  c u r r e n t  at  the  same po ten t i a l  before  
addi t ions  of x (or for a k n o w n  a m o u n t  of x a l r eady  
p re sen t ) .  P recau t ions  are necessary  tha t  addi t ions  
of x do not  change  apprec iab ly  the  ionic s t r eng th  of 
the  solut ion or the s t ruc tu re  of the  double  layer  at 
cons tan t  V; i.e., e xpe r i me n t s  should be pe r fo rmed  
in  an excess of an  ine r t  e lectrolyte .  The  p rocedure  
embodied  in  Eq. [33] is e q u i v a l e n t  to the  me thod  of 
isolat ion long used to d e t e r m i n e  reac t ion  orders  in  
o r d i n a r y  chemical  kinetics.  

A n  as sumpt ion  impl ic i t  in  Eq. [33] is t ha t  elec- 
t rode processes other  t h a n  x proceed i n d e p e n d e n t l y  
of C~, at cons tan t  V. I t  is in  p rov id ing  an  exper i -  
m e n t a l  test  of this a s sumpt ion  tha t  potent ios ta t ic  ex-  
p e r i m e n t s  find cons iderab le  value .  Plots  of l n  l i ~ - -  
i~,o I vs. In Cx can exh ib i t  l i ne a r i t y  on ly  if i~,0 is i n -  
d e p e n d e n t  of Ca; i.e., l i n e a r i t y  wi l l  be ob ta ined  if the 
processes in i t i a l ly  p resen t  in  the  sys tem proceed 
wi th  u n c h a n g e d  ra tes  regard less  of the  va l ue  of C,. 
N o n l i n e a r i t y  of the plots does no t  necessar i ly  ob-  
v ia te  the model  for a g iven  electrode sys tem bu t  
m a y  mere ly  indica te  tha t  n e w  paths  are be ing  pro-  
v ided for the react ions  in i t i a l ly  p resen t  in  the  sys-  
t e m  on the i n t roduc t ion  of x. ~ A series of po ten t io -  
s tat ic  e x p e r i m e n t s  conducted  at  va r ious  po ten t ia l s  
yields  a spec t rum of re la t ions  among  V, C~, and  

i, ( ~  I i~ --  i~.o I ). These da ta  lead i m m e d i a t e l y  to the  

same i n f o r ma t i on  (a,X, and  ix as a func t ion  of V) ob-  
t a i nab l e  f rom the usua l  p rocedure  of d i rect  ana lys i s  
of the ra tes  of pa r t i a l  processes and  use of the  Tafel  
relation, Eq. [31]. 2~ 

e2 S u b s c r i p t  x w i l l  be  u s e d  in  t h i s  s e c t i o n  a n d  t h e  f o l l o w i n g  o n e  
to d e n o t e  b o t h  t h e  r e a c t a n t  a n d  t h e  p a r t i a l  p r o c e s s  i n  w h i c h  i t  
p a r t i c i p a t e s .  C~ a n d  Px a r e  as de f i ned  i n  t h e  d i s c u s s i o n  of  Eq .  [1] .  

2s C o n c e i v a b l y  t h e  s i t u a t i o n  m a y  a r i s e  w h e r e  m o r e  t h a n  o n e  n e w  
p a r t i a l  p roce s s  is  e n c o u n t e r e d  on  a d d i t i o n s  of x (e.g. ,  x m a y  r e a c t  
by  a l t e r n a t i v e  p a t h s  of c o m p a r a b l e  r a t e s ) .  I n  t h i s  case ,  Eq .  [33]  w i l l  
c o n t a i n  a d d i t i o n a l  t e r m s  (as c a n  be  v e r i f i e d  by  s o l v i n g  Eq.  [8] f o r  
s u c h  a s i tua t ion}  w h i c h  m a y  c a u s e  p l o t s  of  l n l i p  - -  ip,0[ vs.  In  Cx to  
cons l s t  of  t w o  (or  p e r h a p s  m o r e )  l i n e a r  p o r t i o n s ,  i f  t h e  n e w ,  a l t e r -  
n a t i v e  p a t h s  p o s s e s s  d i f f e r e n t  o r d e r s  (p~) w i t h  r e s p e c t  to  C~. I f ,  
in  a d d i t i o n ,  t h e  a l t e r n a t i v e  p a t h s  p o s s e s s  d i f f e r e n t  e l e c t r o c h e m i c a l  
t r a n s f e r  coefficaents  (ax k~),  t h e  p r o j e c t i o n  of t h e  p o i n t ( s )  of  i n -  
t e r s e c t i o n  of t h e  h n e a r  p o r t i o n s  of t h e s e  p l o t s  on  t h e  c o n c e n t r a t i o n  
a x i s  w i l l  v a r y  w i t h  V, t h e  p o t e n t i a l  c h o s e n  f o r  o b s e r v a t i o n .  

e ~ E q u a t i o n  [33] h o l d s  a l so  i n  t h e  e v e n t  t h a t  t h e  r e a c t i o n  of x 
p r o c e e d s  by  a l t e r n a t x v e  a n d / o r  c o n s e c u t i v e  c h a r g e  t r a n s f e r  s teps  
(if  e a c h  s tep  has  t h e  s a m e  v a l u e  of  p~) .  H o w e v e r ,  t w o  (or  p e r -  

h a p s  m o r e )  l i n e a r  p o r t i o n s  i n  t h e  T a f e l - t y p e  p l o t  of  V vs .  In  ix 
(a t  c o n s t a n t  C~) m a y  t h e n  be  o b t a i n e d ,  a n d  f o r  t h i s  ca se  t h e  ob -  

I(;~ s e r v e d  v a l u e  of - -  a n y  o n e  l i n e a r  p o r t i o n  m a y  n o t  
R T  

e q u a l  t h e  e l e c t r o c h e m i c a l  t r a n s f e r  coe f f i c i en t  ( a~k~)  of a s i n g l e  
s t ep  i n  t h e  p a r t i a l  p roce s s  (of. Eq.  [31] )  b u t  m a y  be  a f u n c t i o n  of  
t h e  v a l u e s  of t h e  e l e c t r o c h e m i c a l  t r a n s f e r  coef f ic ien t s  of  t w o  (or  
m o r e )  c h a r g e  t r a n s f e r  s teps  of t h e  p a r t i a l  p rocess ,  as  h a s  b e e n  
d e m o n s t r a t e d  by w o r k e r s  i n  t h e  f i e ld  of  h y d r o g e n  o v e r v o l t a g e .  
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Galvanostatic Measurements on Polyelectrode Systems 
I t  is k n o w n  tha t  the  addi t ion  of oxidizable  or r e -  

ducib le  subs tances  to polye lec t rode  sys tems affects 
the  electrode potent ia l .  It  has been  found  in  some 
cases (27, 28) tha t  the electrode po t en t i a l  of a cor-  
rosion sys tem increases  l i nea r ly  wi th  the l oga r i t hm 
of the concen t r a t i on  of the added ( reduc ib le )  con-  
s t i tuent ,  at least  at h igher  concent ra t ions .  This be -  
havior  is p red ic tab le  for polye lec t rode  systems u n d e r  
ac t iva t ion  control.  Let  the  cu r r en t  dens i ty  appl ied  
to a polye lec t rode  be g iven  by  the expression,  j~ ---- 

Y~j~,~--~j~,o • j~, whe re  j~ is the (surface  average)  

c u r r e n t  dens i ty  of the added cons t i t uen t  ~'2~ and  plus  
or m inus  signs denote  an  anodic  or cathodic pa r t i a l  
process, respect ively .  T h e n  the slope of the r e l a t i on -  
ship b e t w e e n  V and  in  C~ at cons tan t  appl ied  cur -  
r en t  dens i ty  (j~) is g iven  by:  

KINETIC STUDIES ON CORROSION SYSTEMS 

[34] 

Here, the  m i n u s  or plus  sign is employed  according 
to w h e t h e r  the  add i t iona l  pa r t i a l  process is anodic  or 
cathodic, respect ively .  Genera l ly ,  the  m a g n i t u d e  of 

the  slope, J~, is a func t ion  of Cx, b u t  for 

ce r ta in  i m p o r t a n t  special  cases, it m a y  be a' cons tan t ;  
some of these special  cases are no ted  below. 

Consider  the  case of a s imple  polye lec t rode  sys tem 
hav ing  only  one anodie  and  one cathodic pa r t i a l  
process, bu t  in which  a th i rd  cathodic process is in -  
t roduced  by  the  add i t ion  of a r educ ib le  cons t i t uen t  
(x) .  Equa t i on  [34] then  becomes:  

( ov ) 

As C, is increased,  ~ m a y  become m u c h  la rger  t h a n  

3r ~, so tha t  j~ is g iven  a p p r o x i m a t e l y  by  jp ~ j ~ -  j~, 
and  Eq. [35] becomes:  

- [  ( 4)] 
It  can be seen f rom Eq. [36] that ,  for zero appl ied  

( 0V ) 
cur ren t ,  - -  is i n d e p e n d e n t  of C, w h e n  

3 1 n C ,  j~=0 

j ,  ~ j~ and  is a func t ion  only  of a~M, a,Xx, and  p~. 
However ,  both  a,X, and  p, are ob ta inab le  f rom a 
series of potent ios ta t ic  measu remen t s ,  as no ted  in  
the p rev ious  section. Hence,  the  e lec t rochemica l  
t r ans fe r  coefficient of the  anodic  pa r t i a l  process 
(aoM) is ca lcu lab le  f rom Eq. [36] and  potent ios ta t ic  
data  on the  same system. If the  appl ied  c u r r e n t  is 

large and  nega t ive  (j~ ~ <  0), for the  case j~ ~ jc, 

t hen  j ,  --~ --  j~., and  Eq. [36] becomes:  
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U n d e r  these condit ions,  the ga lvanos ta t i c  m e a s u r e -  
men t s  can provide  a check on the resul t s  of po ten t io -  
stat ic m e a s u r e m e n t s  on the  same system. 

The p reced ing  k ine t ic  analys is  has been  l imi ted  
to two-phase  polye lec t rode  sys tems in  a s teady state  
hav ing  pa r t i a l  processes u n d e r  pu re  ac t iva t ion  con-  
trol.  As such, it obvious ly  is no t  appl icable  q u a n t i t a -  
t ive ly  to every  polye lec t rode  sys tem or ga lvan ic  
couple  which  m a y  be e nc oun t e r e d  in  the  l abora tory ,  
since no account  has been  t a k e n  of the  inf luence  of 
diffusion or other  s i tua t ion  of mixed  ra te  control  of 
pa r t i a l  processes. I t  can  be expected  to serve as a 
s t a r t ing  po in t  for the t r e a t m e n t  of sys tems of grea te r  
complexi ty ,  however ,  and  as a k ine t ic  basis  for the  
qua l i t a t i ve  i n t e r p r e t a t i o n  of observa t ions  on corro-  
sion systems. The  resul t s  of an  e x p e r i m e n t a l  inves t i -  
ga t ion  on a pa r t i cu l a r  cor roding  polye lec t rode  sys-  
tem,  us ing  the  theory  and  t echn iques  ou t l i ned  here,  
wi l l  be p resen ted  in  a subsequen t  report .  

APPENDIX I 

Numerical Example of Polyelectrode with Continuous Distribution of 
Partial Process Activation Energies 

Consider the case of a two-phase simple polyelec- 
trode system with one anodic and one cathodic part ial  
process. For the par t icular  case that a,k~ = a ~  ~ a~, 
explicit expressions are derivable from Eq. [8] for 
various quanti t ies of interest  as a funct ion of the ap- 
plied current  (ip). These are given by the equations 
below in which the function, Z, appears. Z takes ac- 
count of the influence of the integrals, I~ and L, and of 
the applied current  on the system, and the use of Z 
leads to simple forms of the equations for the various 
quanti t ies of interest.  The electrode potential  of the 
system may be derived from Eq. [8] as: ~ 

R T  
V ~ In Z 

~klv 
where 

( i~, q- x / i d  q- 4QoQdoIo ) 
z =__ 2Q,d, [38] 

The total anodic and cathodic currents  in the system are 
given as a function of Z and thus of ip by: 

i~ = Qd~Z [39] 

Qd~ 
i~ [40] 

Z 

The net  current  density at dS (j~) is given by:  

Aa A c  
q v  - - -  

j~ = Q~Z e R T _  e R:r [41] 
Z 

where Ao and A c are given in the nomenclature  of Eq. 
[8] by Ao--- 5t~$-- ~ [ ( t~e )~- -  (~o) v] and A~ ~ At~or 

Aa 

q - a ~ [ ( ~ ) ~  (~)V],  so that  L - f ~  e n~' dS and L - -  
A~ 

f~ e RT dS. Finally,  the equation of the locus of ele- 

merits of area on the electrode surface TM where j~ = 0 
follows from Eq. [41] as: 

A.  -- A~ ~ RT ln ( - ~  Z ~ ) [42] 

z5 T h e  m i n u s  s i g n  is o m i t t e d  b e f o r e  t h e  s q u a r e  r o o t  s y m b o l  in  t h e  
a~F 

- - - - -V  
f u n c t i o n ,  Z,  of  Eq .  [38]  s i n c e  Z = e RT m u s t  b e  a p o s i t i v e  q u a n -  
t i t y  fo r  a l l  v a l u e s  of V. 
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Table I. Certain quantities pertaining to numerical example 

~e ( a p p l i e d  
c u r r e n t ) ,  

a m p  

L o c u s  
~ ( c o r r o s i o n  ~( + ) ~ [ ' J ~ (  + )dS, ~ w h e r e  

V ,  c u r r e n t ) ,  J~ - -  ) ~  = 0 ,  
v a m p  a m p  t ( + ) c m  
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o n l y  6-7%, so t h a t  t h e  i m p o r t a n c e  of v a r i a t i o n s  in  t h e  
a c t i v a t i o n  e n e r g i e s  of p a r t i a l  p roces se s  o v e r  t h e  su r -  
face  of a p o l y e l e c t r o d e  is e v i d e n t .  

W h e n  ie = 0, Eqs.  [ 38 ] - [42 ]  b e c o m e  t h e  a p p r o p r i a t e  
cases  of Eqs.  [ 9 ] - [12 ] ,  r e s p e c t i v e l y .  

In  t h e  c o n s t r u c t i o n  of t h e  p r e s e n t  mode l ,  a = a/2, 
? ~ = 1 ,  T = 2 5 ~  Q , = Q ~ =  6 x 10 ~ ( a m p / c m : ) ,  a n d  
t h e  e l e c t r o d e  a r e a  (S)  is 1 c m t  Ar is t a k e n  to b e  c o n -  
s t a n t  o v e r  t h e  e l e c t r o d e  s u r f a c e  a n d  e q u a l  to 25 k c a l /  
mole .  I t  is a s s u m e d  t h a t  A~ is of t h e  f o r m ,  A~ = A~,o + 
B~.x, w h e r e  A~,o ~ 30 k c a ] / m o l e ,  B~ = 2 k c a l / m o l e - c m ,  
a n d  x is one  os t he  c o o r d i n a t e s  of t he  se t  (x, y)  w h i c h  
d e s c r i b e  t he  locus  os e l e m e n t s  of a r e a  on  t h e  e l e c t r o d e  
s u r f a c e  (0 --< x <-- 1;0 ~ y <= 1) .  A~ t h u s  v a r i e s  l i n e a r l y  
f r o m  30 k c a l / m o l e  a t  x = 0 to 32 k c a l / m o l e  a t  x = 1 
cm. F r o m  t h e  p r e v i o u s  i n f o r m a t i o n  a n d  Eqs.  [ 3 8 ] - [ 4 2 ] ,  
i t  is pos s ib l e  to c a l c u l a t e  t h e  p r o p e r t i e s  of th i s  s i m p l e  
p o l y e l e c t r o d e  sys t em.  

T a b l e  I l i s ts  t h e  v a l u e s  of some  of t h e s e  q u a n t i t i e s  as 
a f u n c t i o n  of t h e  a p p l i e d  c u r r e n t .  F i g u r e  3 s h o w s  t h e  
r a t h e r  e n o r m o u s  v a r i a t i o n  of j ,  o v e r  t h e  e l e c t r o d e  su r -  
face  as a f u n c t i o n  of t h e  a p p l i e d  c u r r e n t .  T h e  f o u r t h  
c o l u m n  of T a b l e  I l i s ts  v a l u e s  of i ( + ) ,  t he  n e t  p o s i t i v e  
c u r r e n t  f l owing  f r o m  t he  e l ec t rode ,  o b t a i n e d  b y  i n t e -  
g r a t i o n  of j ,  o v e r  t h a t  r e g i o n  of t h e  e l e c t r o d e  w h e r e  i t  
h a s  p o s i t i v e  va lues .  W h e n  ip = 0, i t  is n o t e w o r t h y  t h a t  
t h e  t o t a l  c o r r o s i o n  c u r r e n t  of t h e  e l e c t r o d e  (io) is a b o u t  
a f a c t o r  of t h r e e  g r e a t e r  t h a n  w o u l d  h a v e  b e e n  es t i -  
m a t e d  f r o m  i ( + ) ,  t h e  c u r r e n t  f l owing  b e t w e e n  a n o d i c  
a n d  c a t h o d i c  a r e a s  (as de f ined  b y  Eq.  [11] ) .  C o l u m n  s ix  
of T a b l e  I s h o w s  h o w  t h e  " b o u n d a r y "  b e t w e e n  a n o d i c  
a n d  c a t h o d i c  a r e a s  on  t he  e l e c t r o d e  v a r i e s  w i t h  a p p l i e d  
c u r r e n t ;  fo r  l a r g e  p o s i t i v e  a p p l i e d  c u r r e n t s ,  no  ca -  
t h o d i c  a r e a s  ex i s t  on  t h e  su r f ace ,  w h i l e  f o r  l a r g e  n e g a -  
t i v e  a p p l i e d  c u r r e n t s ,  no  a n o d i c  a r e a s  exis t .  B e c a u s e  of 
t h e  1 cm ~ a r e a  of t h e  e l ec t rode ,  t h e  v a l u e s  r e c o r d e d  in  
c o l u m n  s ix  a r e  also e q u a l  to t he  f r a c t i o n  of t h e  s u r f a c e  
a r e a  w h i c h  is anodic .  T h e  r e l a t i v e l y  l a r g e  v a r i a t i o n  of 
j~ o v e r  t he  s u r f a c e  c o r r e s p o n d s  to a v a r i a t i o n  in  A~ of 
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Fig. 3. Plot of }~ vs. position on electrode surfoce for model 
of numericol exomple (see Appendix I for description of 
model). 

A P P E N D I X  II  
List of Frequently Used Symbols 

j~ = c u r r e n t  d e n s i t y  of i th c h a r g e  
t r a n s f e r  s t ep  a t  e l e m e n t  of a rea ,  
dS, o n  p o l y e l e c t r o d e  su r face .  

ks = n u m b e r  of c h a r g e s  t r a n s f e r r e d  
across  i n t e r p h a s e  d u r i n g  i th 
c h a r g e  t r a n s f e r  s tep.  
e l e c t r o c h e m i c a l  specif ic  r a t e  con -  
s t a n t  of i ~h c h a r g e  t r a n s f e r  s tep.  
p r o d u c t  of r e a c t a n t  c o n c e n t r a -  
t i ons  r a i s e d  to  a p p r o p r i a t e  ki -  
n e t i c  o r d e r s  fo r  a n o d i c  a n d  ca -  
t h o d i c  c h a r g e  t r a n s f e r  s teps .  

j ,  = n e t  c u r r e n t  d e n s i t y  a t  e l e m e n t  of 
a rea ,  dS.  

ip = c u r r e n t  a p p l i e d  to p o l y e l e c t r o d e  
f r o m  e x t e r n a l  source .  

x~ = e q u a l  to  t r a n s m i s s i o n  coeff ic ient  
of i t" c h a r g e  t r a n s f e r  s t ep  (K,) 
t i m e s  p r o d u c t  of a c t i v i t y  coeffi- 
c i en t s  of r e a c t a n t s  r a i s e d  to a p -  
p r o p r i a t e  k i n e t i c  o r d e r s  (n ( ~ / ~ ) )  
d i v i d e d  b y  a c t i v i t y  coeff ic ient  of 
a c t i v a t e d  c o m p l e x  (745). 

A~,$ = " a c t i v a t i o n  e n e r g y " ;  c h a n g e  in  
c h e m i c a l  p o t e n t i a l  of p o l y e l e c -  
t r o d e  s y s t e m  r e q u i r e d  fo r  f o r m a -  
t i o n  of one  m o l e  of a c t i v a t e d  
c o m p l e x  f r o m  r e a c t a n t s  fo r  i th 

c h a r g e  t r a n s f e r  s tep .  
Ar = i n t e r r a c i a l  i n n e r  p o t e n t i a l  d i f f e r -  

ence  a t  dS, b e t w e e n  m e t a l l i c  
v o l u m e  e l e m e n t  dv a t  p o l y e l e c -  
t r o d e  s u r f a c e  a n d  o u t e r m o s t  
p o r t i o n  of d i f fuse  d o u b l e  l a y e r  
i n  solution (Ar = A~ + r 

a~ = inner potential difference across 
Helmholtz double layer at dS. 

= inner potential difference across 
diffuse double layer at dS. 

a, = s y m m e t r y  f a c t o r  of i th c h a r g e  
t r a n s f e r  s tep.  

Cr,  ~ ,"  = i n n e r  p o t e n t i a l s  of p o t e n t i o m e t e r  
leads ,  l' a n d  l" (cf. Fig.  1).  

V = m e a s u r a b l e  ce l l  or  e l e c t r o d e  po-  
t e n t i a l ;  V = r - -  r  

r r r = i n n e r  p o t e n t i a l s  of m e t a l l i c  vo l -  
u m e  e l e m e n t ,  dr, on  p o l y e l e c -  
t r o d e  su r f ace ,  of r e f e r e n c e  e l ec -  
t rode ,  a n d  of so lu t ion ,  r e s p e c -  
t ive ly .  

( ~ )  ~, (~~ ,' = c h e m i c a l  p o t e n t i a l s  of e l e c t r o n s  
in  m e t a l l i c  v o l u m e  e l e m e n t ,  dr, 
on  p o l y e l e c t r o d e  s u r f a c e  a n d  in  
p o t e n t i o m e t e r  lead ,  l', r e s p e c -  
t i ve ly .  

• = e q u a l  to  ( r  - -  Cn) + ( ~ R - -  Cs). 
Q~,,, Q~,r = c o n t a i n  d e c o m p o s i t i o n  f r e q u e n c y  

of a c t i v a t e d  complexes ,  c o n c e n -  
t r a t i o n s  of r e a c t a n t s ,  r e f e r e n c e  
e l e c t r o d e  p o t e n t i a l  ( a~b~ . ) ,  a n d  
o t h e r  q u a n t i t i e s  p r e s u m e d  i n -  
d e p e n d e n t  of dS; def ined  in  Eq .  
[8]. 

I,.~, L,~ = e x p o n e n t i a l  i n t e g r a l s  c o n t a i n i n g  
c h e m i c a l  p o t e n t i a l s  ( w h i c h  m a y  
v a r y  o v e r  p o l y e l e c t r o d e  s u r f a c e )  ; 
d e f i ned  in  Eq.  [8]. 

i , , i ,  = t o t a l  a n o d i c  ( c o r r o s i o n )  c u r r e n t  
a n d  t o t a l  c a t h o d i c  c u r r e n t  of 
p o l y e l e c t r o d e .  

k~ 

: t ( C r  n ( C r  ~ = 

+ 6  X 10 -~ +0 .307  6.72 X 10 -3 6.00 X 10 -~ 1.12 - -  
+ 1  X 10 -3 +0 .261 2.75 X 10 -~ 1.45 X 10 _3 1.90 0.504 

•  +0 .249  2.20 • 10 -3 8.09 • 10 -~ 2.71 0.371 
--1 X 10 -~ +0 .237  1.75 X 10 -'~ 3.47 X 10-' 5.05 0.237 
--3 X i0 -~ +0.216 1.16 X 10 -~ 0 + ~  - -  
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0~, 0~ 

V~ ~ V~ ~ 

i~.,,~ = i,. ~~ i~_.,, ~ ~ io_. oo . ~  

S~, So_ 

K, ~, K .... K~_.,, K._. ~ -~ 

(~) , ,  (,o)_~-__ 

V* ~ VI* = V._,* 

i,.~*, i~ ~*, i~..~*, i~_.~* 

j,.o, j,,o = 

~eorr .  

T~Teor r" 

Z ~ -  

A,, A, ---- 
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equal to and 

Otc~v 
; occur in t rea tment  

of simple polyelectrode system. 
measurable electrode potentials 
of metals 1 and 2 (cf. Fig. 2) 
when disconnected from each 
other; occur in t rea tment  of sim- 
ple galvanic couple. 
netal-solution potential  differ- 
ences of metals 1 and 2 when  
disconnected. 
anodie and cathodic currents  of 
metals 1 and 2 when unshorted.  
areas of metals 1 and 2 of simple 
galvanic couple. 
include activation energies and 
concentrations of reactants for 
anodic and cathodic part ial  proc- 
esses on metals 1 and 2 of gal-  
vanic couple; defined in footnote 
14. 
chemical potentials of electrons 
in metals 1 and 2 of galvanic 
couple. 
measurable  electrode potential  of 
galvanic couple formed by short-  
ing metals i and 2. 
total anodic (corrosion) and ca- 
thodic currents  of galvanic eou- 
pie. 
inner  potentials of metals 1 
and 2 when shorted as a galvanic 
couple. 
net  currents  from metals 1 and 2 
when  shorted as a galvanic cou- 
ple. 
anodic and cathodic currents  of 
metals 1 and 2 when shorted as a 
galvanic couple. 
surface average current  densities 
of anodic and cathodic part ial  
processes. 
corrosion current  density of 
polyelectrode (surface average) .  
steady-state (measurable)  elec- 
trode potential  of corroding 
polyeleetrode with no external ly  
applied current .  
function taking  account of effect 
of ip, Io, and L on properties of 
simple polyelectrode system; de- 
fined in Eq. [38] of Numerical  
Example. 
functions of activation energies 
of anodic and cathodic part ial  
processes of Numerical  Example. 
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Kinetic Studies on Corrosion Systems 

II. The Reduction of Cupric Ion on Passive Stainless Steel Electrodes 
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ABSTRACT 

The reduction of cupric ion on the surface of passive stainless steel elec- 
trodes in aerated, dilute sulfuric acid medium has been investigated using 
potentiostatic, galvanostatic, and tracer techniques. The independent  s imul-  
tanei ty  of the electrode reactions has been demonstrated. A mechanism is ad- 
vanced for the reduction of cupric ion on the oxide surface. The data are in-  
terpreted on the basis of electrochemical kinetics. 

The  first paper  in  this series (1) (he re ina f t e r  re -  
fe r red  to as I) t r ea ted  two-phase  polye lec t rode  sys-  
tems u n d e r  ac t iva t ion  control ,  i nc lud ing  corrosion 
systems, on the basis  of e lec t rochemical  kinetics.  I t  
was  shown in  I tha t  the resul t s  of s t eady- s t a t e  po-  
ten t ios ta t ic  and  ga lvanos ta t ic  m e a s u r e m e n t s  can be 
i n t e rp r e t ed  in  te rms  of the  rates,  the  k ine t ic  reac t ion  
orders,  and  the  e lec t rochemical  t r ans f e r  coefficients 
of the i n d i v i d u a l  pa r t i a l  processes proceeding  at  the 
m e t a l - s o l u t i o n  in t e rphase  of a polye lec t rode  sys tem 
u n d e r  ac t iva t ion  control .  The  p resen t  repor t  deals 
wi th  the resul t s  of some m e a s u r e m e n t s  of these types  
on a rea l  cor roding  polyelec t rode  system. Specifi-  
cally, the effect of addi t ions  of cupr ic  ion to solu-  
t ion  on the electrode po ten t i a l  and  the ra tes  of the  
pa r t i a l  processes of the  system, pass ive  s ta inless  steel 
in  aerated,  d i lu te  su l fur ic  acid solut ion,  has been  
e x a m i n e d  and  compared  wi th  theore t ica l  expec ta -  
tions. 

The effect of addi t ions  of oxidizable  and  r educ ib le  
subs tances  to so lu t ion  on electrode po ten t ia l s  and  
corrosion ra tes  of meta l s  has been  s tudied  by  severa l  
worke r s  in  recent  years  (2-9) .  N u m e r o u s  exp lo ra -  
to ry  exper iments ,  pe r fo rmed  in  this l abora tory ,  have  
been  concerned  wi th  the effect of addi t ions  of re -  
ducib le  ions ( and  some uncha rged  species) on the  
electrode po ten t i a l  of passive s ta inless  steel in  d i lu te  
su l fur ic  acid so lu t ion  (3, 4, 9). A s u m m a r y  of these 
resul t s  is p re sen ted  in  Table  I. Here  the  add i t ion  

slope, - -  refers  to the  slope of the l i nea r  
0 log C~ ' 

por t ion  of plots of the s ta inless  steel e lectrode po-  
t en t i a l  (for  zero appl ied  c u r r e n t )  aga ins t  the  loga-  
r i t h m  of the addi t ive  concen t r a t i on  for those ions 
causing s ignif icant  po ten t i a l  changes  ( >  40-50 m y  
for concen t ra t ions  up to about  10 -" M) and  for which  
the  l i nea r  V - - l o g  C, r e l a t ion  holds (cf. P a r t  A) .  
P a r t  B lists ions of "noble" meta ls  which,  even  at 
low concen t ra t ions  (10 - ~ -  10-~M), cause la rge  
changes  in  e lectrode potent ia l .  However ,  in  this  con-  
cen t r a t i on  region,  it appears  tha t  s teady states are  
no t  a t t a ined  w i th  the  ions of P a r t  B. Elect rode po-  

1 P r e s e n t  address ,  D e p a r t m e n t  of C h e m i s t r y ,  San  Jose  S t a t e  Col-  
lege,  S an  Jose ,  Cal i f .  

s Ope ra t ed  by  U n i o n  Ca rb ide  C o r p o r a t i o n  fo r  t he  U. S. A t o m i c  
E n e r g y  Commiss ion .  

t en t ia l s  ma y  increase  wi th  t ime  for long periods,  and  
the observa t ions  suggest  tha t  the specific r a t e  con-  
s tants  of one or more  pa r t i a l  processes change  m a r k -  
edly  wi th  t ime. The r educ t ion  ra tes  of ions in  P a r t  B 
are la rge  ( muc h  la rger  t h a n  the r educ t ion  ra tes  of 
ions in Pa r t  A)  and  at h igher  concen t ra t ions  (10 '~-- 
10-'M) it appears  tha t  a meta l l i c  phase is soon pro-  
duced on the e lect rode surface.  Fo l lowing  the  ap-  
pea rance  of a meta l l i c  phase,  po ten t ia l s  no longer  

Table I. Summary of the effect of additions of various ions 
to solution on the electrode potential of passive stainless steel 

in aerated, 0.10N H~SO4 at 85~ * 

A. L i s t  of ions (and u n c h a r g e d  species)  w h i c h  cause s ign i f i can t  
p o t e n t i a l  changes  and  fo r  w h i c h  l i n e a r  p lo t s  of e l ec t rode  p o t e n -  
t i a l  vs. l o g a r i t h m  of a d d i t i v e  c o n c e n t r a t i o n  are  ob ta ined .  

A d d i t i o n  slope,  
 u  ero, 

e x p e r i m e n t s  
A d d e d  g r o u p  (V) a v e r a g e d  

BrO3- 0.072 1 
Cu § 0.051 ___ 0.004 12 
Fe +++ 0.104 __+ 0.012 9 
HCrO,- 0.098 _+ 0.008 10 
H~O.~ 0.139 _ 0.005 4 
IOz 0.080 1 
IO,~ 0.160 _ 0.005 2 
OsO~ 0.137 ___ 0.003 3 
S~.O~ = 0.035 1 

B. L i s t  of ions  w h i c h  cause s ign i f i can t  p o t e n t i a l  changes  b u t  for  
wh ich ,  a t  low concen t r a t ions ,  s t eady  s ta tes  are  no t  a t t a i n e d  and  
wh ich ,  a t  h i g h  concen t r a t ions ,  p r o d u c e  a m e t a l l i c  p h a s e  on t he  
e lec t rode  surface:  

Ag +, Au +++, Hg2 ++, Hg ++, Pd ++, PtC1j  

C. L i s t  of ions w h i c h  cause  s l i g h t  p o t e n t i a l  changes :  
La +++, Sn +~, UO2 ++, Zr +', Zn ~ 

D. Lis t  of ions  for  w h i c h  no a p p r e c i a b l e  effect is  d e t e c t e d :  
AsO(  ~, BiO +, Ca ++, Cd ++, Ce +", Cr +~, C1- (caused loss 
of passivity at high concentrat ions) ,  C10,-, C10(, 
F-, Co(NH,)~ +", I-, Mn ++, Na +, Ni § NO,-, P O J ,  
ReO4-, T1 +, TcO~- 

* Medium: 150-400 ml of 0.105/ H2SO4 at 85~ stirred at ca. 600 
rpm; pOs = 0.2 atm. Electrodes: flag-shaped type 347 stainless steel 
sheet electrodes (abraded surface) of 2-4 cm s geometrical area, 
stems lacquered with baked G. E. Glyptal. Initial electrode poten- 
tlals, before additlons, occupied region + (100-200) mv vs. S.C.E. 
at 25~ and were sensibly constant (+__3 mv/hr).  2.303 RT/F at 
85~ = 0.071 v.  
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change  w i t h  t ime ,  s t e a d y  s ta tes  a r e  a t t a i n e d  r a p i d l y ,  
and  the  a d d i t i o n  slopes,  as w e l l  as t he  po ten t i a l s ,  
c o r r e s p o n d  c lose ly  to those  e x p e c t e d  for  e q u i l i b r i u m  
b e t w e e n  ox id i zed  and  r e d u c e d  (me ta l l i c )  f o r m s  of 
the  add i t ives .  P a r t  C l i s ts  ions w h i c h  cause  v e r y  
s l igh t  p o t e n t i a l  changes  ( <  10-20 m v  for  concen -  
t r a t i o n s  up  to a b o u t  10-~M) and,  f inal ly ,  P a r t  D l is ts  
those  ions w h i c h  cause  no d e t e c t a b l e  change  in  s t a i n -  
less s tee l  e l ec t rode  po ten t i a l .  

In  o r d e r  to i nqu i r e  f u r t h e r  in to  the  s igni f icance  of 
the  a d d i t i o n  slopes,  one of these  sys t ems  was  chosen  
for  m o r e  d e t a i l e d  e x a m i n a t i o n  b y  the  m e t h o d s  o u t -  
l ined  in  I. The  effect of add i t i ons  of cupr ic  ions  to t he  
chosen  s ta in less  s tee l  e l e c t r o d e  s y s t e m  w a s  s t u d i e d  
p o t e n t i o s t a t i c a l l y  at  a n u m b e r  of po t en t i a l s  in  t he  
pas s ive  region .  F r o m  the  r e s u l t i n g  i n f o r m a t i o n  the  
k i ne t i c  o r d e r  of t he  r e d u c t i o n  r e a c t i o n  w i t h  r e s p e c t  
to the  c o n c e n t r a t i o n  of cupr i c  ions was  d e t e r m i n e d  
as w e l l  as t he  ( e l e c t r o d e  p o t e n t i a l )  - ( c u r r e n t  d e n -  
s i ty )  r e l a t i o n s h i p  for  t he  r e d u c t i o n  of Cu §247 as a f u n c -  
t ion  of concen t r a t ion .  In  add i t ion ,  t he  i n d e p e n d e n t  
s i m u l t a n e i t y  of t h e  e l ec t rode  processes  was  d e m o n -  
s t r a t ed .  The  r e su l t s  of g a l v a n o s t a t i c  e x p e r i m e n t s ,  t o -  
g e t h e r  w i t h  t he  r e su l t s  of the  p o t e n t i o s t a t i c  e x p e r i -  
ments ,  p e r m i t t e d  a ca l cu l a t i on  of t he  ( e l e c t r o d e  
p o t e n t i a l ) -  ( c u r r e n t  d e n s i t y )  r e l a t i o n s h i p s  fo r  t h e  
anod ic  o x i d a t i o n  r e a c t i o n  of pas s ive  s ta in less  s tee l  
and  for  the  ca thodic  r e d u c t i o n  r e a c t i o n  of o x y g e n  
d i s so lved  in solu t ion ,  these  be ing  the  i n t e r p h a s e  r e -  
ac t ions  p r e s e n t  in  t h e  s y s t e m  b e f o r e  add i t i ons  of 
Cu §247 T r a c e r  e x p e r i m e n t s  w e r e  p e r f o r m e d  w i t h  l a -  
b e l l e d  cupr i c  su l f a t e  (us ing  i so tope  of a tomic  w e i g h t  
64) w h i c h  y i e l d e d  i n f o r m a t i o n  of i n t e r p r e t i v e  va lue .  
The  r e su l t s  of these  e x p e r i m e n t s  a r e  r e p o r t e d  b e l o w  
and  a n a l y z e d  on the  bas i s  of an  e l e c t r o c h e m i c a l  k i -  
ne t ic  model .  

Experimental 
The  e x p e r i m e n t a l  vesse l  was  a f i v e - n e c k e d  s p h e r i -  

cal  r e a c t i o n  f lask of 500-ml  c a p a c i t y  f i t ted  w i t h  a 
short ,  v e r t i c a l  condense r  to w h i c h  was  a t t a c h e d  a 
m e r c u r y - s e a l  s t i r r e r  o p e r a t e d  b y  a Bod ine  m o t o r  
( t y p e  K Y C - 2 3 )  w i t h  a s t e p - u p  gea r  a t  600 rpm.  
S t a n d a r d  t a p e r  (24 /40 )  e n t r y  p o r t s  p r o v i d e d  space  
fo r  a t h e r m o m e t e r ,  t he  e n t r y  of air ,  an  a u x i l i a r y  
p l a t i n u m  p o l a r i z i n g  e lec t rode ,  and  for  t he  i n s e r t i o n  
of a s ta in less  s tee l  e lec t rode .  A v igo rous  s u p p l y  of a i r  
was  effused into  t h e  so lu t ion  t h r o u g h  a s i n t e r e d  glass  
disk.  S t a n d a r d  t a p e r  jo in t s  and  glass  a p p a r a t u s  w e r e  
used  t h r o u g h o u t  t h e  e x p e r i m e n t a l  a s sembly .  T e m -  
p e r a t u r e  was  con t ro l l ed  b y  m e a n s  of a Glasco l  h e a t -  
ing m a n t l e  o p e r a t e d  f r o m  a Va r i ac  s u p p l i e d  w i t h  
r e g u l a t e d  a.c. T h e  c o n s t a n c y  of t he  a m b i e n t  t e m p e r -  
a t u r e  p e r m i t t e d  con t ro l  of the  so lu t ion  t e m p e r a t u r e  
b y  th is  m e a n s  f r o m  r o o m  t e m p e r a t u r e  up  to t he  
bo i l ing  po in t  to w i t h i n  -----0.5~ The  efficiency of t he  
condense r  was  such t h a t  no s igni f icant  change  in  so -  
lu t ion  v o l u m e  o c c u r r e d  for  m a n y  hours ,  even  a t  
t e m p e r a t u r e s  close to t h e  bo i l ing  poin t .  

M e a s u r e m e n t s  of e l ec t rode  p o t e n t i a l s  w e r e  p e r -  
f o r m e d  us ing  a L&N p H  I n d i c a t o r  (No. 7664) as a 
p o t e n t i o m e t e r  coup l ed  w i t h  a B r o w n  r e c o r d e r .  T h e  
i n p u t  i m P e d a n c e  of th is  i n s t r u m e n t  is v e r y  l a r g e  
c o m p a r e d  to the  p o l a r i z a b i l i t y  of s t a in less  s tee l  e l ec -  
t r odes  u n d e r  a lmos t  a n y  condi t ions .  P o t e n t i a l s  w e r e  
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m e a s u r e d  and  r e c o r d e d  w i t h  t i m e  b y  the  d i r ec t  
me thod ,  us ing  a L u g g i n  c a p i l l a r y  b r i d g e d  ( w i t h  
0.10N H2SO4) to a Ag/Ag~SO4 (sa t 'd .  in 0.10N H~SO~) 
r e f e r e n c e  e l ec t rode  m a i n t a i n e d  a t  r o o m  t e m p e r a t u r e .  
C u r r e n t s  w e r e  m e a s u r e d  w i t h  t ime  b y  r e c o r d i n g  the  
vo l t a ge  d rop  across  p rec i s ion  r e s i s to r s  in t he  p o l a r -  
iz ing c i rcui t .  C u r r e n t - i n t e r r u p t e r  and  o the r  inc i -  
d e n t a l  s tud ies  p r o v e d  ohmic  p o t e n t i a l  d rops  in  so lu -  
t ion  b e t w e e n  t h e  s ta in less  s tee l  e l ec t rode  and  the  t ip  
of t he  r e f e r e n c e  e l ec t rode  c a p i l l a r y  to be  neg l ig ib l e  
even  at  t he  h ighes t  e x t e r n a l l y  a p p l i e d  c u r r e n t s  e m -  
p loyed .  E x t e r n a l  po l a r i z i ng  c u r r e n t  was  p r o v i d e d  
t h r o u g h  h igh  r e s i s t ances  b y  m e a n s  of h igh  vo l t ages  
s u p p l i e d  b y  an  Oregon  E lec t ron ic s  V a r i a b l e  Vo l t age  
R e g u l a t e d  P o w e r  S u p p l y  ( m o d e l  A 3 A ) .  

E x p e r i m e n t s  w e r e  p e r f o r m e d  us ing  a b r a d e d '  e lec -  
t r o d e s  of 4 cm ~- g e o m e t r i c a l  su r f ace  a r e a  p r e p a r e d  
f r o m  a t y p e  347, T a - s t a b i l i z e d  s ta in less  s tee l  shee t  of 
20 m l  th ickness .  S t a in l e s s  s tee l  e l ec t rodes  w e r e  a t -  
t a c h e d  to a s ta in less  s tee l  rod  l ead  and  al l  po r t i ons  of 
t he  rod,  t he  j u n c t i o n  of t he  rod  w i t h  t he  e lec t rode ,  
and  a p a r t  of t he  e l e c t r o d e  ( e x c e p t  4 cm 2) w e r e  
cove red  w i t h  an  i n su l a t i ng  coat  of G.E. G l y p t a l  C lea r  
B a k i n g  V a r n i s h  No. 1202 w h i c h  was  b a k e d  a t  l l 0 ~  
to a tough,  a c i d - r e s i s t a n t  finish. E l ec t rodes  w e r e  a l -  
l o w e d  to passivate for many hours in the environ- 
ment, 400 ml of aerated, 0.10N H~SO, (prepared from 
redistilled water) at 85~ until constancy (• my/ 
hr) of electrode potential was observed. The choice 
of the experimental temperature, 85 ~ rested on the 
fact that steady states are attained very much more 
readily here than at room temperature as a conse- 
quence of the higher rates of the partial processes 
at the higher temperature. 

In the potentiostatic experiments, following the 
attainment of a steady-state potential, the electrode 
potential was maintained constant (-- 1 my) at any 
desired value with an electromechanical potentiostat 
(i0) or with a sensitive manual device. Additions of 
aliquots of a concentrated stock solution of CuSO4. 
5H~O in 0.10N H~SO~ were made to the solution by 
micropipettes and the externally applied current 
necessary to maintain the chosen potential constant 
was recorded with time. In the galvanostatic experi- 
ments, a similar procedure was followed except that 
the electrode potential was recorded continuously 
with time at constant externally applied current. 

For the tracer experiments, previously irradiated 4 
CuSO~. 5H~O was  d i s so lved  in  0.10N H~SO, to f o r m  a 
s tock  solut ion ,  and  a l iquo ts  of th is  w e r e  a d d e d  to 
t he  s ta in less  s tee l  e l ec t rode  sys tem.  In  these  e x p e r i -  
men ts ,  e igh t  s t a in less  s tee l  e lec t rodes ,  each  of 2 cm" 
a r e a  and  p r e p a r e d  as above,  w e r e  p r e s e n t  in t he  d i -  
l u t e  ac id  e n v i r o n m e n t .  E l e c t rode s  w e r e  r e m o v e d  p e -  
r i o d i c a l l y  f r o m  so lu t ion  at  va r i ous  cupr ic  ion con-  

A b r a s i o n  as a m e t h o d  of e lec t rode  su r face  p r e p a r a t i o n  is sub j ec t  
to o b v i o u s  ob jec t ions  f r o m  the  s t a n d p o i n t  of d i s t o r t i o n  of t h e  su r -  
f ace  s t r u c t u r e  of t h e  meta l .  "However ,  fo r  use  w i t h  t he  s t a in less  
steels,  the  m e t h o d  was  f o u n d  to p e r m i t  a good degree  of r e p r o -  
d u c i b i l i t y  a m o n g  d i f f e r en t  e lec t rode  s p e c i m e n s  w i t h  respec t  to  
i n i t i a l  s t e ady - s t a t e  p o t e n t i a l s  i n  t he  p a s s i v e  r e g i o n  a n d  po l a r i z ab i l -  
i t y  i n  t he  e n v i r o n m e n t  used  here .  These  are  cha r ac t e r i s t i c s  of con-  
s i d e r a b l e  i m p o r t a n c e  i n  a ser ies  of  g a l v a n o s t a t l e  e x p e r i m e n t s  u s i n g  
d i f f e r en t  e lec t rodes .  Howeve r ,  i t  s h o u l d  be  m a d e  e x p l i c i t  t h a t  cur- '  
r e n t  q u a n t i t i e s  m e a s u r e d  he re  p e r t a i n  on ly  to  t h e  r ea l  e l ec t rode  
su r face  used.  

The  a u t h o r s  a re  i n d e b t e d  to  G. W. L e d d i c o t t e  of  t he  A n a l y t i c a l  
C h e m i s t r y  D i v i s i o n  of  th i s  L a b o r a t o r y  fo r  h is  k i n d  coope ra t i on  i n  
i r r a d i a t i n g  s amp le s  of CuSO4.SHeO i n  the  g r a p h i t e  r e ac to r  fo r  use  
i n  th i s  work .  
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cent ra t ions ,  r insed  tho rough ly  in  dis t i l led  water ,  
dr ied  in  a je t  of air, and  assayed for ~Cu in  a s t and -  
ard  w e l l - t y p e  sc in t i l l a t ion  counter .  Specific ac t iv i ty  
of the e x p e r i m e n t a l  so lut ion at  the end  of an  ex-  
p e r i m e n t  was found  by  coun t ing  smal l  a l iquots  of 
the  solut ion which  had  been  evapora ted  to d ryness  
on an ab raded  s ta inless  steel surface. 

Results and Discussion 
Potentiostatic Experiments 

It  was shown in I tha t  potent ios ta t ic  m e a s u r e m e n t s  
p e r m i t  the d e t e r m i n a t i o n  of the k ine t ic  order  of an 
i nd iv idua l  pa r t i a l  process in a polye lec t rode  sys tem 
wi th  respect  to the concen t ra t ion  of a r eac t an t  in  this 
process, p rov ided  the r eac t an t  concen t r a t i on  can be 
var ied  wi thou t  affecting the concen t ra t ions  of other  
r eac tan t s  in  the sys tem and  prov ided  two (or more)  
pa r t i a l  processes of the sys tem have  no common  k i -  
net ic  orders  wi th  respect  to the r eac t an t  u n d e r  ex-  
amina t ion .  Thus,  the k ine t ic  order  (p~) of a reac t ion  
(denoted  by  subscr ip t  x)  wi th  respect  to the concen-  
t r a t i on  of one of its r eac tan t s  (C,) is g iven  by:  

( OlnliJ'--i~'~ )r =p, [1] 
OlnC, 

Here, i~ is the e x t e r n a l l y  appl ied  c u r r e n t  in the pres -  
ence of an amount ,  C~, of the  r eac t an t  and  i~,0 is the  
in i t i a l  appl ied  c u r r e n t  at the chosen electrode po-  
t en t i a l  (V) before  addi t ions  of the  r eac t an t  (or for 
a k n o w n  a m o u n t  of r eac t an t  a l r eady  p re sen t ) .  F ig -  
u re  1 p resen t s  g raph ica l ly  the resul t s  of expe r i me n t s  
of this type  on the add i t ion  of Cu +§ to a passive s t a in -  
less steel e lectrode system. F r o m  the  un i t  slopes 
ob ta ined  in  Fig. 1, it is ev iden t  tha t  the  r educ t ion  
reac t ion  is first order  wi th  respect  to (Cu ++) over  the 
whole  po ten t i a l  r ange  inves t iga ted  (--158 to +283 
m v  vs. S.C.E.) and  over  a thousandfo ld  va r i a t i on  in  
(Cu++). 

The ionic s t r eng th  of the solut ion was essen t ia l ly  
cons tan t  at ~ = 0.15 t h roughou t  the e x p e r i m e n t s  ex-  
cept for the  ve ry  h ighes t  concent ra t ions ,  hence  
changes  in  ac t iv i ty  coefficients have  been  neglec ted  
in  the i n t e r p r e t a t i o n  of the results .  Two observa t ions  
at tes t  to the  i n d e p e n d e n t  s i m u l t a n e i t y  of the  elec-  
t rode reac t ions  (i.e., the presence  of the add i t iona l  
pa r t i a l  process due to the r educ t ion  of Cu +§ does not  
s igni f icant ly  affect the ra tes  of the  in i t i a l  pa r t i a l  
processes in  the sy s t em) :  (a) i~ does no t  v a r y  wi th  
t ime  at  the  var ious  (Cu++), except  for the v e r y  
highest  concen t ra t ions  at the  lowest  po ten t ia l s  s tud-  
ied; ~ (b)  the m e a s u r e d  va lues  of i~,0, for each po t en -  
tial,  are  exac t ly  the c u r r e n t  quan t i t i e s  necessa ry  to 

V a r i a t i o n s  of  ip w i t h  t i m e  w e r e  o b s e r v e d  a t  t h e  l o w e s t  p o t e n -  
t i a l s  a t  h i g h  (Cu++); ie b e c a m e  m o r e  n e g a t i v e  l i n e a r l y  w i t h  t i m e  
a t  c o n s t a n t  (Cu++). I f ,  f o l l o w i n g  t h e  o n s e t  of  t h i s  b e h a v i o r ,  t h e  
{ca thodic)  a p p l i e d  c u r r e n t  w a s  i n t e r r u p t e d ,  t h e  e l e c t r o d e  p o t e n t z a l  

w a s  o b s e r v e d  to a s s u m e  v e r y  r a p i d l y  t h e  v a l u e  of t h e  r e v e r s i b l e  
C u ~  ++ p o t e n t i a l  fo r  t h e  e n v i r o n m e n t  a n d  to  m a i n t a i n  t h a t  v a l u e  
f o r  p e r i o d s  of  t h e  o r d e r  of  m i n u t e s  b e f o r e  c h a n g i n g  to m o r e  n o b l e  
p o t e n t i a l s  c h a r a c t e r i s t i c  of  p a s s i v e  s t a in l e s s  s t e e l  i n  t h e  p r e s e n c e  of 
Cu+ +. T h i s  p h e n o m e n o n  w a s  no t  o b s e r v e d  a t  p o t e n t i a l s  m u c h  a b o v e  
S.C.E.  e v e n  f o r  t h e  h i g h e s t  {Cu++) s t u d i e d  a n d  d id  n o t  o c c u r  a t  
l o w e r  p o t e n t i a l s  un l e s s  ~p w a s  o b s e r v e d  to c h a n g e  w i t h  t i m e  a t  
c o n s t a n t  (eu++) .  F o r  e l e c t r o d e s  h e l d  a t  s t i l l  l o w e r  p o t e n t i a l s  t h a n  
t h o s e  of F ig .  2, t h e  a d d i t i o n  of Cu  ++ soon  p r o d u c e d  a v i s i b l e  m e t a l -  
l i c  c o p p e r  p h a s e ,  a n d  on r e l e a s e  of a p p l i e d  c u r r e n t ,  t h e s e  e l e c t r o d e s  
a lso  s h o w e d  t h e  a b o v e  b e h a v i o r .  P r e c a u t i o n s  w e r e  t a k e n  i n  s t u d i e s  
a t  t h e  l o w e r  p o t e n t i a l s  of  F i g .  1 to m i n i m i z e  t h e  e f fec t  of  t h i s  a d d i -  
t m n a l  c o m p l i c a t i o n  by  c o n d u c t i n g  e x p e r i m e n t s  as  r a p i d l y  as  poss i -  
b l e  a n d  t h e  d a t a  of F ig .  1 c o n t a i n  no  s i g n i f i c a n t  e r r o r  f r o m  t h i s  
source .  

July 1959 

S5 'F--7-- i L I ! 
T ELECTRODE 0 ENTIALS, 

18 0 -- ~ / vsSCE: - -  
I 
j ~ .  A + 2 8 5  mv 
) S \  ~ 8 + 2 2 3 m v  

O + ~ 3 1 m v  
I E + 8 3 m v  
L C F 4- 44  my 

~ - T O ~  G + 7 r n v  - -  

�9 ! - 8( m v  

-~ -65 O d - t 3 0 r n v  
K - t 58  rnv 

g - s 0  ~ 

o G 

~'~ - 5 5  

- - 5 0  

- 4 0  - -  
[ LINES DENOTE UNIT 

SLOPE AND FIRST 
- 3  5 __ORDER K/NETtCS WITH 

- 3 0 - -  i ; I : A I 
- 5 0  - 4 5  - 4 0  - 3 5  - 3 0  - 2 5  - 2 0  - r  - - s  

tog [Cu §  (moles/hfer) 

Fig. ]. Results of potentiostatic experiments on the reduc- 
tion of cupric ion at the surface of passive stainless steel in 
aerated, O.]N H2SO~ at 85~ 

confer  l i nea r i t y  on the  plots of log I i~ --  i~,0 I vs. log 
(Cu++). 

In  Fig. 2, a T a f e l - t y p e  plot,  e x p e r i m e n t a l  po in ts  
cor responding  to log ] ip-- ip,o I at cons tan t  (Cu ++) 
f rom Fig. 1 have  been  p lo t ted  agains t  e lect rode po-  
tent ia l ,  V. Solid l ines  are d r a w n  t h r ough  exper i -  
m e n t a l  da ta  r e fe r r ing  to cons tan t  (Cu++). L ines  of 
slope --RT/F and  --4RT/F have  been  p rov ided  for 
compar i son  wi th  theore t ica l  expectat ions .  The  pres -  
en t  sys tem is l imi ted  w i th  respect  to the exper i -  
m e n t a l l y  accessible po ten t ia l  region.  At  h igher  po- 
t en t ia l s  t h a n  those studied,  cu r ren t s  due  to the  r e -  
duc t ion  of Cu §247 are smal l  and  difficult to measu re  
accura te ly  except  for v e r y  high (Cu++), whe re  
changes  in  ionic s t r eng th  become impor t an t .  At  
lower  po ten t ia l s  t h a n  those in  Fig. 2, Cu +§ is reduced  
so r ap id ly  tha t  the  electrode surface  canno t  long be 
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Fig. 2. Electrode potenhal-current density curves for the 
reduction of cuprm ion at the surface of passive stainless steel 
in aerated, 0. IN  H=SO4 at 85~ 
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c ons ide r ed  t h a t  of pa s s ive  s t a in less  s teel ,  i~ changes  
v e r y  r a p i d l y  w i t h  t ime ,  and  a m e t a l l i c  copper  p h a s e  
is soon p roduced ,  the  p r o p e r t i e s  of w h i c h  a r e  no t  of 
p r i m a r y  i n t e r e s t  here .  F o r  p a r t i a l  p rocesses  u n d e r  
p u r e  a c t i v a t i o n  con t ro l  and  i n v o l v i n g  a s ing le  cha rge  
t r a n s f e r  s tep,  such  p lo t s  of V vs. log l ip-- i~.o I 
( --- I c u r r e n t  due  to a d d e d  c o n s t i t u e n t  I ) y i e l d  s t r a i g h t  

I RT 1 I (cf. Eq. [31]  in  I ) .  Here ,  lines of slope F a2,---Z 

a~ is the symmetry factor of the energy barrier in 
the charge transfer step of the partial process, and 
k~ is the number of charges transferred across the 
interphase during the charge transfer step. 

The change of slope of the curves in Fig. 2 implies 
the existence of alternative and/or consecutive 
charge transfer steps in the mechanism for the re- 
duction of Cu §247 on the electrode surface. ~ Numerous 
mechanistic schemes have been examined for the 
purpose of finding one or more which predict the 
type of behavior observed in Fig. 2. Mechanisms in- 
volving partial diffusion and partial activation con- 
trol (assuming Fick's first law and linear diffusion) 
or p a r t i a l  " r e a c t i o n "  (12) and  p a r t i a l  a c t i v a t i o n  con-  
t ro l ,  w i t h  a s ing le  c h a r g e  t r a n s f e r  s tep,  w e r e  f o u n d  
to be  i ncons i s t en t  w i t h  e x p e r i m e n t  in  t h a t  t h e y  do 
no t  a l l ow a cons t an t  s lope  at  l o w e r  po ten t i a l s ,  b u t  p r e -  
d ic t  an  a s y m p t o t i c  a p p r o a c h  to a l im i t i ng  c u r r e n t  
as V--> - -  ~ .  I t  can  be  s h o w n  t h a t  w h e n  the  s lope  of 
the  ( e l e c t r o d e  p o t e n t i a l ) - ( l o g a r i t h m  of c u r r e n t  d e n -  
s i ty )  cu rves  for  these  m e c h a n i s m s  is t w i c e  t h a t  of 
t he  u p p e r  por t ion ,  w h e r e  ac t i va t i on  is e f fec t ive ly  
r a t e  con t ro l l i ng  for  a ca thod ic  p a r t i a l  process ,  t he  
c u r r e n t  a t  th is  p o i n t  equa l s  ha l f  t he  l i m i t i n g  cu r ren t .  
I n spec t ion  of Fig .  2 shows  t ha t  a t  the  lowes t  p o t e n t i a l  
s t ud i ed  the  c u r r e n t  is a l r e a d y  a f ac to r  of a b o u t  t en  
l a r g e r  t h a n  t h a t  a t  t he  p o i n t  w h e r e  t h e  s lope  is t w i c e  
t he  s lope  of t he  h igh  p o t e n t i a l  reg ion ,  w i t h  no in -  
d i ca t i on  of an  a p p r o a c h  to a l i m i t i n g  cu r ren t .  F u r -  
t h e r m o r e ,  a c a l cu l a t i on  of the  e x p e c t e d  effect  of con-  
c e n t r a t i o n  p o l a r i z a t i o n  on the  r e su l t s  a t  t h e  l o w e s t  
po t en t i a l s  of Fig.  2, us ing  p r o b a b l e  va lue s  of the  d i f -  
fus ion  coefficient of cup r i c  ion a n d  of the  t h i cknes s  
of t he  N e r n s t  d i f fus ion l a y e r  (13) ,  shows  t h a t  l i t t l e  
e r r o r  is i n v o l v e d  in  neg l ec t i ng  changes  in  cup r i c  ion 
c o n c e n t r a t i o n  at  t he  e l e c t r o d e  su r f ace  for  t he  c u r -  
r en t s  u sed  here .  A m e c h a n i s m  cons i s t ing  of two  s i -  
m u l t a n e o u s  s i m p l e  r e a c t i o n  p a t h s  (e.g.,  a " t w o - e l e c -  
t r o n "  p a t h  s i m u l t a n e o u s  w i t h  a " o n e - e l e c t r o n "  p a t h )  
is i n c a p a b l e  of e x p l a i n i n g  the  da ta ,  for  i t  r e q u i r e s  
t h a t  t he  s lope  of t he  h i g h e r  p o t e n t i a l  r eg ion  of t he  
( e l e c t r o d e  p o t e n t i a l ) -  ( l o g a r i t h m  of c u r r e n t  d e n s i t y )  
r e l a t i o n  be  g r e a t e r  t h a n  t h a t  of t h e  l o w e r  p o t e n t i a l  
reg ion ,  w h e r e a s  t h e  r e v e r s e  is o b s e r v e d  here .  

W i t h o u t  d i scuss ing  a d d i t i o n a l  m e c h a n i s m s  e x -  
a m i n e d  in r e l a t i o n  to th is  p r o b l e m ,  one  m e c h a n i s m  is 
p r e s e n t e d  w h i c h  is cons i s t en t  w i t h  t he  da ta .  Th is  r e -  
ac t ion  sequence  is g iven  by :  

k~(+e-) 
Cu++ (d.1.) ~ " Cu+ (d.1.) 

k~(--e-) 
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[2]  

6 R. Parsons (11), among others, has discussed cases of simultane- 
ous mechanisms for the hydrogen evolution reaction. 

T h e  s y m b o l  Cu++(d'.l.) r e f e r s  to  cupr i c  ions  a t  t he  
i n n e r m o s t  p o r t i o n  of the  dif fuse  d o u b l e  l a y e r  a t  t he  
i n t e r p h a s e ,  the  c o n c e n t r a t i o n  of which ,  for  the  e x -  
p e r i m e n t a l  cond i t ions  of th is  w o r k  ( l a r g e  excess  of 
i n t e r  e l e c t r o l y t e ) ,  m u s t  be  e s s e n t i a l l y  e q u a l  to  t h e  
c o n c e n t r a t i o n  in t he  b u l k  of t he  solut ion.  Because  of 
the  w e l l - k n o w n  m u l t i v a l e n c y  of copper  in  aqueous  
solut ions ,  i t  does  no t  s eem u n r e a s o n a b l e  to p r e s u m e  
t h a t  t h e  c up rous  s t a t e  is e n e r g e t i c a l l y  access ib le  as 
an  i n t e r m e d i a t e  in t he  o v e r - a l l  p rocess  for  t he  r e -  
duc t i on  of Cu §247 and  the  s y m b o l  Cu§ re fe r s  to 
t he  p o s t u l a t e d  i n t e r m e d i a t e  a t  t he  i n t e r p h a s e .  Cu + 
(d.1.) is p r o d u c e d  f r o m  Cu§247 b y  t h e  " o n e - e l e c -  
t r o n "  s tep  of e l e c t r o c h e m i c a l  specific r a t e  cons t an t  

kl and  ( s u r f a c e  a v e r a g e )  c u r r e n t  d e n s i t y  j ,  I t  m a y  
r eac t  f u r t h e r  e i t h e r  b y  r e o x i d a t i o n  back  to Cu ++ (d.1.) 
( v i a  t he  " o n e - e l e c t r o n "  anod ic  s tep  of r a t e  cons t an t  

and  c u r r e n t  d e n s i t y  j-~) or  b y  m o v i n g  across  the  
i n t e r p h a s e  to a pos i t i on  in t he  s t a in less  s tee l  ox ide  
la t t ice .  This  l a t t e r  ca thod ic  s tep  is c h a r a c t e r i z e d  b y  

r a t e  cons t an t  k, and  c u r r e n t  d e n s i t y  j~. The  p r o d u c t  
of t he  p a r t i a l  p rocess  is s y m b o l i z e d  in  Eq. [2]  b y  
Cu ~ ( o x i d e ) ,  a l t h o u g h  the  o b s e r v a b l e  k ine t i c s  g ives  
no i n f o r m a t i o n  on the  i d e n t i t y  of the  species,  w h i c h  
m a y  be  Cu+(ox ide ) .  

D e s i g n a t i n g  the  o v e r - a l l  ( su r f ace  a v e r a g e )  c u r -  

r e n t  d e n s i t y  of t h e  r e d u c t i o n  process  b y  ix, j~-is g iven  

as  a func t ion  of j ,  j~, a n d  j~ b y :  

J ~ - - - - j l - - j 2 +  J~ [3]  

D e n o t i n g  the  c o n c e n t r a t i o n  of Cu++(d.1.) (or  t he  
e q u i v a l e n t  c o n c e n t r a t i o n  of  Cu §247 in t he  b u l k  of t h e  
so lu t ion)  b y  (Cu§ and  d e n o t i n g  the  c o n c e n t r a t i o n  
of Cu§ b y  (Cu§ Eq. [3]  becomes :  

j~ = k l ( C u  +§ - -  ( k 2 -  k~) (Cu  +) [4]  

A s s u m i n g  t h a t  (Cu  ++) is cons t an t  w i t h  t ime,  t h a t  
(Cu +) v e r y  soon r eaches  a s t e a d y - s t a t e  va lue ,  and  
t h a t  t h e  r e a c t i o n  p r o d u c t  on the  ox ide  su r f ace  b u i l d s  
up  c o n t i n u o u s l y  w i t h  t i m e  (i.e., no b a c k  r e a c t i o n ) ,  
t he  s t e a d y - s t a t e  c o n c e n t r a t i o n  of Cu+(d.1.) is g iven  
by :  

kl 
(Cu +)=(cu ++) _ _ [5] 

k~ + k~ 

The  o v e r - a l l  c u r r e n t  d e n s i t y  of t he  r e d u c t i o n  p rocess  
is g iven  f r o m  Eqs. [4]  a n d  [5]  by :  

2klk8 
j~ = ( C u  ++) [6 ]  

k= + k~ 

The  e l e c t r o c h e m i c a l  specific r a t e  cons t an t s  of t he  
r e s p e c t i v e  s teps  in  t he  m e c h a n i s m  of Eq. [2]  a r e  
a s s u m e d  to be  g iven  by :  

alkiF 
----V 

k~ = kl e ~T [ 7 ] 

ae~,2F 
+ V 

k s = k ~ e  RT [8] 

- - - - V  

k ~ = k ~ e  RT [9]  

k~( +e-) 
Cu ~ (ox ide )  
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The terms,  k~, k:, and  k~ are p r e s u m e d  i n d e p e n d e n t  
of the  va lue  of V, the m e a s u r a b l e  e lect rode potent ia l ,  
a~, a:, and  a~ are  the  s y m m e t r y  factors of the  steps in  
the  m e c h a n i s m  of Eq. [2],  and  X~, ~:, and  X~ are  the  
n u m b e r s  of charges  t r a n s f e r r e d  across the  i n t e rphase  
d u r i n g  the  respec t ive  charge t r ans fe r  steps (X~ = X~ = 
M = 1 is a ssumed  in  the  m e c h a n i s m  of Eq. [2 ] ) .  S u b -  
s t i tu t ion  of Eqs. [7],  [8],  and  [9] in  Eq. [6] a nd  di f -  

f e r en t i a t i on  of the r e su l t i ng  express ion  for j ,  w i t h  

aE 
respect  to V, w i th  use of the  re la t ions  - - - -  

dV 

- - k ~ ,  - -  -- - -  k~, - -  -- - -  k~, a nd  
RT dV RT dV RT 

dV dV 
"7- 

- - _  -- j~ �9 _ ,  leads to: 
dln j~  dj,~ 

(0v) 
p x  ---- ~ (Cu ++) = 

RT [ k~ .6 k,__ __ J [10] 

The  behav io r  of the  func t ion ,  P, ,  depends  on the  

ra t io  of k~ to k~; this  ra t io  increases  r ap id ly  w i th  i n -  

creas ing V. Thus,  w h e n  k, > >  k~ at  h igh  potent ia ls ,  
RT 1 

P,  becomes P + = - -  ; a nd  

w h e n  k: < <  k~ at low potent ia ls ,  P ,  becomes P , - =  
RT 1 

---- . The former slope (P J) corresponds, 
F a~X~ 

in  the  p re sen t  set of e x p e r i m e n t s  (cf. Fig. 2), to t ha t  
in  the  po ten t i a l  reg ion  f rom .6100 to -6300 m v  vs. 
S.C.E., whi le  the  l a t t e r  slope (P,-)  cor responds  to 
tha t  in  the  reg ion  f rom .6100 to --200 m v  vs. S.C.E. '  
Equa t ions  [6] and  [10] adequa t e ly  descr ibe the  p re s -  
en t  da ta  on the  r educ t ion  of Cu +§ at the  surface  of 
pass ive  s ta inless  steel in  the  chosen e n v i r o n m e n t .  

Before ca lcu la t ing  va lues  of e lec t rochemica l  t r a n s -  
fer  coefficients f rom the  resul t s  of Fig. 2, on the basis  
of the  m e c h a n i s m  of Eq. [2] and  the  k ine t ic  deduc-  
t ions  of Eqs. [6] and  [10],  it is necessa ry  to recognize  
the  exis tence  of th ree  phases  in  the  p re sen t  pass ive  
me ta l  system. The ove r - a l l  e l ec t rode-so lu t ion  po t en -  
t ia l  difference m a y  be cons idered  to be composed of 
th ree  par ts :  (a)  the  m e t a l - m e t a l  oxide po ten t i a l  d i f -  
ference;  (b)  any  po ten t i a l  difference exis t ing  be -  
t w e e n  the  i n n e r  and  outer  bounda r i e s  of the  oxide on 
the  passive meta l ;  and  (c) the  ox ide - so lu t ion  po t en -  
t ia l  difference. In  the  absence  of a q u a n t i t a t i v e  k i -  
ne t ic  theo ry  of the  pass ive  state wh ich  takes  in to  ac-  
coun t  all  the  above  po ten t i a l  differences,  a theo-  
re t i ca l ly  exact  i n t e r p r e t a t i o n  of the  sys tem s tud ied  
here  does no t  seem possible  at  the  p re sen t  t ime.  
However ,  the  va lues  of the  e lec t rochemical  t r ans f e r  

7 No e v i d e n c e  was  f o u n d  i n  t h i s  s y s t e m  for  the  ex i s t ence  of a s ig -  
n i f i c an t  d i r e c t  " t w o - e l e c t r o n "  r e d u c t i o n  p a t h  fo r  Cu++. I f  a p a t h  
of  t h i s  t y p e  is i n c l u d e d  i n  Eq. [2], i t  is f o u n d  t h a t  P~ (cf. Eq. [10]) 
can  t h e n  possess  f o u r  c o n s t a n t  v a l u e s  i n  f o u r  r a n g e s  of p o t e n t i a l ,  
a n d  t he  p l o t  of V v s :  log  Jx fo r  t he  m e c h a n i s m  p o s s e s s e s  t h e  aspec t  
of an  i n c l i n e d  " W " ,  i n  w h i c h  the  two  i n n e r  p o r t i o n s  (or " l e g s " )  are  
d e s c r i b e d  by  Eqs.  [6] a n d  [10] a nd  the  two  ou te r  p o r t i o n s  r e f e r  to  
t h e  a d d i t i o n a l  " t w o - e l e c t r o n "  pa th .  T h u s  e i t h e r  t he  e x p e r i m e n t a l l y  
access ib le  r a n g e  of e lec t rode  p o t e n t i a l s  fo r  t h i s  s y s t e m  does no t  pe r -  
m i t  o b s e r v a t i o n  of  r eg ions  a t  v e r y  h i g h  a nd  v e r y  l ow  p o t e n t i a l s  
c o r r e s p o n d i n g  to p r e d o m i n a n c e  of a " t w o - e l e c t r o n "  pa th ,  or  e l s e  
s u c h  a p a t h  is n o n e x i s t e n t .  

coefficients ca lcu lab le  f rom the  p re sen t  da ta  a nd  Eq. 
[10] do find a r easonab le  i n t e r p r e t a t i o n  on the  basis  
of a mode l  developed in  co l labora t ion  w i th  Meyer  of 
this  l abo ra to ry  (14).  

In  the model  it  is a s sumed  tha t  the  ra te  cons tan ts  
for the  t r a n spo r t  of pos i t ive  ions and  oxide ions 
t h rough  the  pass ive  oxide l ayer  on s ta inless  s teel  are  
qu i te  la rge  compared  to the  r a t e  cons tan t s  for the  
t r ans f e r  of posi t ive  ions f rom me ta l  to oxide and  
f rom oxide to solut ion.  Hence  it is a ssumed  tha t  any  
po ten t i a l  difference b e t w e e n  the  i n n e r  and  outer  
b o u n d a r i e s  of the  oxide is neg l ig ib l e  compared  to the  
po ten t i a l  differences at the  m e t a l - m e t a l  oxide i n t e r -  
phase  and  at the  ox ide - so lu t ion  in terphase .  I t  is as-  
sumed  also tha t  the  concen t r a t i on  of me t a l  ions is 
essen t ia l ly  cons tan t  e v e r y w h e r e  in  the  oxide. The  
c u r r e n t  dens i ty  for the  t r ans fe r  of pos i t ive  ions f rom 
me t a l  to oxide is a s sumed  to be g iven  by:  

~MXaF 
+ Ar 

j~ = K~ e RT [11] 

Here, j~ is the (surface  average)  c u r r e n t  dens i ty  of 
the  t r ans fe r  step, K~ conta ins  the  p o t e n t i a l - i n d e -  
p e n d e n t  por t ion  of the  specific ra te  cons tan t  of the  
charge  t r ans fe r  step and  the  concen t r a t i on  of ions in  
the  metal ,  a~ is the  s y m m e t r y  factor  of the  ene rgy  
ba r r i e r  at the  m e t a l - o x i d e  in te rphase ,  ka is the  
charge  of the me ta l  ions, a nd  Ar is the i n n e r  po ten -  
t ia l  difference b e t w e e n  me t a l  and  oxide. The  c u r r e n t  
dens i ty  for the  t r ans fe r  of posi t ive  ions f rom oxide 

to so lu t ion  (is) is g iven  by:  

~8~aF 
+ ACz 

js = Kz e ~w [12] 

Here,  Ks is ana logous  to K~ of Eq. [11],  as is the 
s y m m e t r y  factor  of the ene rgy  ba r r i e r  at the  oxide-  
so lu t ion  in te rphase ,  M is as defined in  Eq. [11], and  
ACs is the  ox ide - so lu t ion  po ten t i a l  difference.  It  is 
a ssumed  tha t  the  back  reac t ions  cor responding  to 
Eqs. [11] and  [12] can be  neglected.  S ince  it  has 
been  p r e s u m e d  tha t  the  po ten t i a l  difference th rough  
the  oxide is negl ig ible ,  the  tota l  m e t a l - s o l u t i o n  po-  
t en t i a l  difference (Ar is g iven  by:  

Ar ---- A~, .6 ACs [ 13 ] 

Equa t ions  [11], [12],  and  [13] m a y  be solved s imu l -  

t aneous ly  and,  for s t e ady - s t a t e  condi t ions  (j~, = is) ,  

lead to the  c u r r e n t  dens i ty  of the  anodic  process (ja), 
which  is g iven  by:  

+ - -  ACT 

ja = j~ = j~ = (K~) a~+~z (K~) ~ + ~ s  e ~ + ~ s  RT 
[14] 

F u r t h e r m o r e ,  the  c u r r e n t  dens i ty  of a cathodic 

pa r t i a l  process (j~) u n d e r  pu re  ac t iva t ion  control  
w i th  one charge t r ans f e r  step and  proceeding  at  the  
ox ide - so lu t ion  in t e rphase  m a y  be w r i t t e n  as: 

olrXcF 
- -  - - A C s  

j ,  = K,  e nT [15] 

Here, K~ is ana logous  to K~ and  Ks of Eqs. [11 ] and  
[12], a~ is the s y m m e t r y  factor  of the  b a r r i e r  at the  
ox ide - so lu t ion  in te rphase ,  a nd  ~,o is the  charge  t r a n s -  
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fe r red  across the  i n t e rphase  d u r i n g  the  cathodic 
charge t r ans f e r  step. Equa t i on  [15],  toge ther  wi th  
the va lue  of Ar ob ta ined  by  s imu l t aneous  so lu t ion  
of Eqs. [11],  [12],  and  [13], leads to: 

O~rke 

I t  is ev iden t  that ,  for this  case, the  "ove r - a l l "  s y m -  
m e t r y  factor  for the anodic  pa r t i a l  process is g iven  

by  , so that ,  if the  ene rgy  ba r r i e r s  are s y m -  
~M --[- 0/8 

met r i ca l  (i.e., a~ = a~ = 1/2), the  ove r - a l l  s y m m e t r y  
factor  is 1/4, ins tead  of the  1/2 observed  f r e q u e n t l y  
for t w o - p h a s e  polye lec t rode  systems. Likewise,  the  
ove r - a l l  s y m m e t r y  factor  for the  cathodic pa r t i a l  

0/r 
process, , is also 1/4 if a, = a~ = ~s : V2. 

O/M --~ 0/S 

If it  is a ssumed  tha t  the  p reced ing  model  holds for 
the  case of passive s ta inless  steel, and  tha t  a~, ~,, and  
a, of Eqs. [ 7 ] - [ 1 0 ]  are  "ove r - a l l "  s y m m e t r y  factors  
hav ing  va lues  of 1/4, whi le  X~ : X, : M = 1 in  accord 
wi th  the  m e c h a n i s m  of Eq. [2], the  va lues  of P,  cal-  
cu la ted  f rom Eq. [10] for the h igher  and  lower  po-  
t en t i a l  regions  of the  (e lec t rode  p o t e n t i a l ) - ( l o g a -  
r i t h m  of c u r r e n t  dens i ty )  plot  (cf. Fig.  2) are P / =  
--1.33 R T / F  and  P , - :  --4 RT/F ,  respect ively ,  com- 
pa red  w i th  the  observed  va lues  of --1.14 R T / F  a nd  
--3.71 RT/F.  The a g r e e m e n t  seems sa t is factory  since 
exac t ly  s y m m e t r i c a l  ene rgy  ba r r i e r s  are no t  neces-  
sar i ly  expected.  The slope of the  h igher  po ten t i a l  
reg ion  in  Fig. 2 ( P : )  is P , §  ~0.082 (V) ;  hence  it  
fol lows tha t  (0/~ + a~X~ + 0/~.) : 0.87. The slope of 
the  lower  po ten t i a l  reg ion  is P,-  : --0.263 (V) ,  l ead-  
ing to a va lue  of a)~ = 0.27; and  if h~ is p r e s u m e d  
equa l  to u n i t y  as in  the  m e c h a n i s m  of Eq. [2],  0/~ = 
0.27, in  good a g r e e m e n t  w i th  the  a s sumpt ion  of two 
fa i r ly  symmet r i c a l  ene rgy  ba r r i e r s  for the  anodic  
process in  the  system. F r o m  the  va lues  of aA~ and  of 
P / ,  it  fol lows tha t  (a#_~ + a~X~) : 0.60, and  if X~ and  
X~ are also equa l  to un i ty ,  (a~ + 0/~) : 0.60, also in  
reasonab le  a g r e e m e n t  wi th  the  mechan i s t i c  concep-  
t ions  ou t l i ned  above. No f u r t h e r  separa t ion  of (0/~ + 
0/~) into its cons t i tuen t s  appears  possible f rom these 
data.  

Galvanostatic Exper iments  

A n  e l e m e n t a r y  theory  of the effect of addi t ions  of 
a r educ ib le  cons t i tuen t  to solut ion on the  electrode 
po ten t i a l  of a polye lec t rode  sys tem wi th  on ly  one 
anodic  and  one cathodic pa r t i a l  process in i t i a l ly  
p resen t  was  p resen ted  in  I. The re  it was  shown  t h a t  
the  slope of the (e lect rode p o t e n t i a l ) - ( l o g a r i t h m  of 
addi t ive  concen t r a t ion )  plot  is g iven  by:  

Here, j ,  and  jo are the (surface  average)  c u r r e n t  
densi t ies  of the  anodic  and  cathodic pa r t i a l  processes 
in i t i a l ly  p resen t  in  the  sys tem;  in  the  sys tem s tudied  
here  these  are  the ox ida t ion  of s ta inless  steel cons t i t -  
uen t s  and  the  r educ t ion  of molecu la r  oxygen  dissolved 

in  solut ion.  The  c u r r e n t  dens i ty  of the  added  reduc i -  

b le  cons t i tuen t  is deno ted  by  3~, where  j~ is defined 
for the p re sen t  sys tem by  Eq. [3],  a~X, is g iven  f rom 

RT 1 
Eq. [10] by  --  - - ~  �9 p-~, and  p~ is as defined in  Eq. 

[ 1 ]. The  appropr i a t e  va lues  of ~ ,  a~, a nd  ~, for use in  
Eq. [17] are the  "ove r - a l l "  s y m m e t r y  factors of the  
respec t ive  processes, as discussed in  the  p rev ious  sec-  

t ion.  The  appl ied  c u r r e n t  dens i ty  is g iven  by  j~ = 

j~- -  j~- -  j~, so tha t  w h e n  j ,  > >  j~ (at  h igher  concen-  
t r a t ions  of the  added reduc ib le  c ons t i t ue n t ) ,  j~ 

% - - j , ,  and  Eq. [17] reduces  to: 

....[ ( )] , = - -  ~.x.+~ox.  1 + ~  j" [18] 
Y L 

E q u a t i o n  [18 ]  predicts a constant  slope w h e n  j~ = O, 
in  accord w i t h  e x p e r i m e n t a l  observat ions.  The  po-  
ten t ios ta t ic  expe r imen ts  have  shown tha t  p= equals 
u n i t y  fo r  the reduc t ion  of  Cu ++ on the surface of pas- 
s ive stainless steel. 

F i g u r e  3 p resen t s  the  resul t s  of ga lvanos ta t i c  ex-  
p e r i m e n t s  on the  p re sen t  sys tem and  Fig. 4, con-  
s t ruc ted  f rom the  da ta  of Fig. 3, shows how the  slope, 

1 , var ies  w i th  C~ for va r ious  va lues  of 
OV 

% 

0 log C , / J ,  
j~. For  compar i son  wi th  theory,  the  ana logous  be -  
hav ior  of an  ideal ized sys tem is shown in  Fig. 5 and  
6. For  the  cons t ruc t ion  of these theore t ica l  d iagrams,  

- ~ 5 ~  I I ] I - I  I I 1 1 /  
300 - -  2 3 0 3 R T I F @  85~ 

200 --~ 
~50 o 

o 
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z E E - 4  89x l0  -6  A 
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log ~_CU ~ §  (mole/h|etl 

Fig. 3. Variation with applied current of the effect of cupric 
ion on the electrode potential of passive stainless steel in 
aerated, 0.1N H~SO, at 85~ 
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Fig. 4. Variation with applied current of the slope, (0 V/O 
log [Cu++])jr, for the effect of cupric ion on the electrode 
potential of passive stainless steel in aerated, 0. IN HsSO4 
at 85~ 
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Fig. 5. Theoretical variation with applied current of the 
effect of an added reducible constituent on the electrode 
potential of a polyeleetrode system (see text  for description 
of model). 
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Fig. 6. Theoretical variat ion of the slope, (0 V/O log 
C~)jp, with the applied current density and with the con- 
centrohon of on added reducible constituent for o poly- 
electrode system. 

a model  was  used hav ing  the  fo l lowing e l ec t rochem-  
ical k ine t ic  pa ramete r s ,  k ,  k~, and  k~ of Eqs. [ 7 ] - [ 9 ]  
were  assumed  to be g iven  by  the re la t ions :  k, = 44.3 
and  k=/k~ = 8.59 x 10-". In  accord wi th  the  m e c h a n i s m  
of Eq. [2] and  wi th  the dua l  ba r r i e r  mode l  discussed 
in  the  p rev ious  section, ~ = a~ = ~, = 1/4 and  X~ 
X, = X, = 1. The  c u r r e n t  dens i ty  of the  anodic  process 
was  assumed to be of the  form of Eq. [14] ;  specifi- 

aakaF 
+ V 

cally,  j ~ =  1 . 2 1 x 1 0  -~5 e RT wi th  X ~ = 2  and  a~ 

( the  ove r - a l l  s y m m e t r y  factor  equa l  to - -  of 

Eq. [14])  = //4. Likewise,  the  c u r r e n t  dens i ty  of the  
cathodic process was assumed to be of the form of 

otcXcF 
- - - - V  

Eq. [16];  specifically, jo = 9.55 x 10 -" e RT , w i t h  
X~ = 1 and  ~ ( the  ove r - a l l  s y m m e t r y  factor  equa l  to 

OL rOLM 
of Eq. [16])  = 1/4. These p a r a m e t e r s  were  

selected to cor respond closely, except  for t e m p e r a -  
t u r e  (T  = 25~ wi th  those ca lcu lab le  f rom the  r e -  
sul ts  of the  potent ios ta t ic  expe r imen t s  on the  r e -  
duc t ion  of CW § and  wi th  those ca lcu lab le  f rom the  
po la r i zab i l i ty  of the  sys tem before  addi t ions  of C u ' .  
The  a g r e e m e n t  b e t w e e n  the  forms of the  curves  for 
theore t ica l  and  e x p e r i m e n t a l  sys tems seems sat is -  
factory.  

The  l inear i ty ,  at h igh (Cu++), of cu rve  A in  Fig. 3 
is ev idence  for  the i n d e p e n d e n t  s i m u l t a n e i t y  of the  

two pa r t i a l  processes, ox ida t ion  of steel cons t i tuen t s  
a nd  r educ t ion  of Cu +§ in  a g r e e m e n t  w i t h  ev idence  
f rom the  potent ios ta t ic  exper imen t s .  In  this  l i nea r  
region,  the  r educ t ion  c u r r e n t  of dissolved oxygen  is 
neg l ig ib le  compared  to tha t  for the  r educ t ion  of CW +, 
hence  the l a t t e r  c u r r e n t  ve ry  n e a r l y  equals  the  cu r -  
r e n t  for the oxidation of the steel constituents. 
Therefore, from the results of Fig. 2 and 3, the (elec- 
trode potential)-(logarithm of current density) re- 
lationship for the anodic (corrosion) reaction can be 
calculated. This is found to be linear and to exhibit 

a slope of 0 log -~  = 0.164; hence  it  fol lows tha t  

,~.Xo = 0.43. This resu l t  is cons is ten t  wi th  a va lue  of 
X, ( a n  average  va l ue  s ince s ta in less  steel  is composed 
of th ree  i m p o r t a n t  oxidizable  species) in  the  v i c in i ty  
of two and  s l ight ly  a s y m m e t r i c a l  ene rgy  ba r r i e r s  for 

aMOLB 
the  anodic  process (cf. Eq. [14] w i th  a= -- ). 

aM -~ aN 

K n o w l e d g e  of a.X, and  j ,  as a f u n c t i o n  of V p e r -  
mi ts  a ca lcu la t ion  of the cor responding  quan t i t i e s  
for the  r educ t ion  reac t ion  of dissolved oxygen  f rom 
the  po la r iza t ion  cu rve  for pass ive  s ta inless  steel  in  
the  absence  of Cu §247 The  (e lect rode p o t e n t i a l ) - ( l o g -  
a r i t h m  of c u r r e n t  dens i ty )  plot  for this  r eac t ion  was  

found  to possess a slope of = - - 0 . 2 7 5 ;  
0 

hence  ,~cXo = 0.26, in  a g r e e m e n t  wi th  a "one -e l ec -  
t ron"  process for the  r educ t ion  of oxygen  and  an  
ove r - a l l  s y m m e t r y  factor  for the  process of app rox i -  
m a t e l y  1/4. The  va lues  of o~X,~ a nd  ~X~ are  seen to be 
cons is tent  wi th  the  dua l  b a r r i e r  model  discussed 
above  which  was invoked  to i n t e r p r e t  the po ten t io -  
s tat ic  e xpe r i me n t s  on the  r educ t ion  of CW § If the  
va lues  of ,~X. and  ~X~ repor ted  above are subs t i tu t ed  

into Eq. [18], has the va l ue  0.054 
0 log C~ 

(V) w h e n  j~ = 0. This  va lue  is iden t ica l  to tha t  ob-  
se rved  e xpe r i me n t a l l y ,  as seen in  Fig. 3 a nd  4. If the 
va lues  of a,X~ and  ~X, f ound  in  this  w o r k  are  sub-  
s t i tu ted  into Eq. [18] for the  t empe ra tu r e ,  25~ a 
slope of 0.046 (V) is predicted.  This  va lue  compares  
f a vo r a b l y  wi th  tha t  [0.048 ( V ) ]  ob ta ined  on p lo t -  
t ing  da ta  [ in  a V vs. log (Cu  ++) d i a g r a m ]  of o ther  
workers  (5) on the  effect of Cu ++ on the  e lect rode po-  
t en t i a l  of 18-8 s ta inless  steel  in  0.2N H~SO, at  25~ 
A n  increase  in  cupr ic  ion concen t r a t i on  f rom zero to 
10-~M in this  system, wi th  j~ = 0, increases  the  corro-  
sion ra te  of pass ive  s ta inless  steel f rom 2.9 x 10 -~ 
amp/cm"  to 3.0 x 10 -~ amp/cm% 

P a r t  A of Tab le  I lists those ions for which  a l i nea r  
r e la t ionsh ip  b e t w e e n  electrode po ten t i a l  and  loga-  
r i t h m  of addi t ive  concen t r a t i on  is observed for zero 
appl ied  cur ren t .  The  mode l  of the  pass ive  s ta inless  
steel i n t e rphase  ou t l ined  above also assists in  the  in -  
t e rp r e t a t i on  of the  va lues  of the  add i t ion  slope, 

( OV ) for some of these  sys tems .  Thus ,  a s - - -  , 
0 log C, 
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Fig. 7. Typic(][ results of trocer experiments using ~Cu + + -  
relotionship between omount of copper retoined by electrode 
surfoce ond [Cu ++] in solution. 

s u m i n g  o v e r - a l l  s y m m e t r y  fac to rs  of a --= 1/4 for  the  
r e d u c t i o n  processes  of each  of t he  a d d i t i v e s  and  the  
v a l u e  of a~ r e p o r t e d  above ,  t he  fo l lowing  a p p r o x i -  
m a t e  v a l u e s  of X~ a r e  c a l c u l a b l e  f r o m  the  a d d i t i o n  
s lopes  and  Eq. [18]  for  jp = 0: F e  §247 ~ 1; HCrO,-  = 1; 
BrO3- = 2; and  IOs = 2. These  va lue s  seem in r e a -  
sonab le  a g r e e m e n t  w i t h  k n o w n  fac ts  a b o u t  t h e  so lu-  
t ion c h e m i s t r y  of these  ions. The  o the r  g roups  in 
P a r t  A, cons i s t ing  of p e r o x y  species  a n d  ions of h igh  
o x i d a t i o n  s ta te ,  m a y  invo lve  c o m p l i c a t e d  r e a c t i o n  
sequences  for  r educ t ion ,  i n s t ead  of s imp le  o n e - s t e p  
m e c h a n i s m s  n e c e s s a r i l y  a s s u m e d  in t he  ca l cu la t ions  
for  t he  a b o v e  ions ( H C r O (  m a y  also be long  in th i s  
c a t e g o r y ) .  

Tracer Exper iments  
A t y p i c a l  set  of t r a c e r  r e su l t s  is shown  in Fig .  7. 

C a l c u l a t e d  v a l u e s  of t he  a m o u n t  of copper  r e d u c e d  

b y  the  p a t h  of specific r a t e  cons t an t  k~ of t he  m e c h -  
a n i s m  sugges t ed  in  Eq. [2] ,  as a func t ion  of (Cu  +§ in 
solut ion,  a r e  i n c l u d e d  for  compar i son .  C a l c u l a t e d  and  
e x p e r i m e n t a l  va lue s  a r e  in  good a g r e e m e n t  b e l o w  
(Cu §247 = IO-~M; at  h i g h e r  concen t ra t ions ,  t he  o r d e r  
of m a g n i t u d e  is s t i l l  cor rec t ,  b u t  t h e  n u m e r i c a l  
a g r e e m e n t  is p o o r e r  ( t h e o r e t i c a l  and  e x p e r i m e n t a l  
va lue s  d i f fer  b y  a f ac to r  of abou t  t h r e e  a t  (Cu  §247 = 
10-3M). 8 A l t h o u g h  the  r e su l t s  of t he  t r a c e r  e x p e r i -  
m e n t s  offer some s u p p o r t  for  the  m e c h a n i s t i c  con-  
cep t ions  o u t l i n e d  above ,  t he  q u a n t i t y  m e a s u r e d  is no t  
p a r t i c u l a r l y  w e l l  def ined,  as the  p r o c e d u r e s  f o l l o w e d  
in r ins ing  and  d r y i n g  e l ec t rodes  for  a s say  of r a d i o -  

s The  d i s c r epancy  b e t w e e n  t h e o r y  a n d  e x p e r i m e n t  i n  F ig .  7 a t  
h i g h e r  (Cu++) m a y  be  r e m o v e d  by  a s s u m i n g  a d d i t i o n a l  p a t h s  fo r  t he  
d e s t r u c t i o n  of t he  cup rous  i n t e r m e d i a t e  i n  t he  m e c h a n i s m  of Eq.  
[2], such  as d i f fus ion  of t h e  i n t e r m e d i a t e  a w a y  f r o m  the  i n t e r p h a s e  
be fore  i t  can  reac t  a t  t he  su r face  o r  r e a c t i o n  of t he  i n t e r m e d i a t e  
w i t h  m o l e c u l a r  O~ f r o m  the  so lu t ion .  T h e  a d d i t i o n a l  p a t h s  are  no t  
i n c l u d e d  in  Eq. [2], h o w e v e r ,  s ince t h i s  w o u l d  c o m p l i c a t e  t h e  a n a l y -  
s i s  u n d u l y .  

a c t i v i t y  m a y  h a v e  i n v o l v e d  u n k n o w n  e r ro rs .  N e v e r -  
theless ,  these  t r a c e r  e x p e r i m e n t s  a n d  some o the r  
t r a c e r  s tud ies  on the  a m o u n t  of copper  r e t a i n e d  b y  
t h e  e l e c t rode s  as  a func t ion  of t i m e  a t  c o n s t a n t  
(Cu +§ do s u p p o r t  the  con ten t ion  t h a t  t he  p r o d u c t  
of t h e  final r e d u c t i o n  step,  t he  p a t h  of specific r a t e  

cons t an t  k~ in Eq. [2] ,  bu i l d s  up  c o n t i n u o u s l y  w i t h  
t i m e  on the  ox ide  surface .  F u r t h e r  t r a c e r  s tud ies  
have  d e m o n s t r a t e d  the  " i r r e v e r s i b i l i t y "  of t he  f inal  
s t ep  in  the  m e c h a n i s m  of Eq. [2] .  I f  g a l v a n o s t a t i c  
e x p e r i m e n t s  a t  zero  a p p l i e d  c u r r e n t  a r e  p e r f o r m e d  
w i t h  ~Cu §247 in w h i c h  the  so lu t ion  is s u b s e q u e n t l y  r e -  
p l a c e d  w i t h  f resh ,  c o p p e r - f r e e  solvent ,  t he  e l e c t r o d e  
p o t e n t i a l  r e t u r n s  to i ts i n i t i a l  v a l u e  o b s e r v e d  be fo re  
a d d i t i o n s  of Cu §247 H o w e v e r ,  t he  a m o u n t  of copper  
r e t a i n e d  b y  the  e l ec t rodes  in  t he  c o p p e r - f r e e  so lu-  
t ion  is iden t ica l ,  w i t h i n  e x p e c t e d  e x p e r i m e n t a l  e r ro r ,  
to t h a t  r e t a i n e d  b y  s im i l a r  e l e c t rode s  w i t h d r a w n  
f r o m  so lu t ion  b e f o r e  c h a n g i n g  so lvents .  

The  po ten t ios t a t i c ,  ga lvanos t a t i c ,  and  t r a c e r  e x -  
p e r i m e n t s ,  t o g e t h e r  w i t h  t he  m e c h a n i s m  of Eq. [2]  
and  a d u a l  b a r r i e r  m o d e l  for  t he  anod ic  ( co r ros ion )  
r e a c t i o n  of  pa s s ive  s ta in less  s teel ,  offer a s e l f - c o n -  
s i s t en t  p i c t u r e  of t he  p r e s e n t  p o l y e l e c t r o d e  s y s t e m  
and  af ford  a m e c h a n i s t i c  bas is  for  i n t e r p r e t i n g  the  
r e su l t s  of e x p e r i m e n t s  l i ke  those  r e p o r t e d  in T a b l e  I. 
T h e r e  seems  l i t t l e  d o u b t  t h a t  s im i l a r  s tudies ,  i n v o l v -  
ing the  t h e o r y  and  t echn iques  o u t l i n e d  in  I and  u sed  
h e r e  in  a c o n c e r t e d  s t u d y  of  a s ing le  sys t em,  w o u l d  
p r o v e  v a l u a b l e  in a n a l y z i n g  o the r  co r rod ing  p o l y -  
e l ec t rode  sys tems .  

Manuscr ip t  rece ived  Jan.  16, 1958. 

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

REFERENCES 
1. F. A. Posey, This Journal, 106, 57 (1959). 
2. J. V. Petrocel l i ,  ibid., 98, 183 (1951). 
3. G. H. Car t ledge  and R. P. Yaffe, "Chem. Semiann.  

Prog. Rep. June  20, 1953/' ORNL-1587, p. 13. 
4. G. H. Car t ledge and R. P. Yaffe, "Chem. Semiann.  

Prog. Rep. December  20, 1953," ORNL-1674, p. 11. 
5. H. H. Uhl ig  and A. Geary ,  This Journal, 101, 215 

(1954). 
6. A. C. Makrides ,  N. M. Komodromos,  and N. Hacke r -  

man, ibid., 102, 363 (1955). 
7. H. C. Gatos, Corrosion, 12, 322t (1956). 
8. H. C. Gatos, This Journal, 103, 286 (1956). 
9. G. H. Cart ledge,  ibid, 104, 420 (1957). 

10. R. W. Lamphere  and L. B. Rogers, AnaL. Chem., 22, 
463 (1950). 

11. R. Parsons,  J. chim. Phys., 49, C82 (1952). 
12. H. Ger ischer  and K. J. Vetter ,  Z. physik. Chem., 197, 

92 (1951). 
13. C. V. King, This Journal, 1@2, 193 (1955). 
14. R. E. Meyer,  "Chem. Ann. Prog. Rep. June  20, 1958," 

ORNL-2584, p. 69. 



Effects of Chloride on the Orientation of Nickel Deposits 
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ABSTRACT 

The effects of chlor ide  ions in a n ickel  ba th  have been studied. Chloride ions 
genera l ly  counterba lance  the ou tgrowth  condit ion due to impur i t ies  and  favor  
l a te ra l  growth;  this  is a t t r ibu ted  to the desorpt ion of the  impur i t ies  f rom the 
cathode, which faci l i ta tes  the e l ec t ron- t r ans fe r  process. 

In  a ser ies  of p a p e r s  (1 -3 )  G o s w a m i  a n d  his co-  
w o r k e r  have  shown  t h a t  t he  p r e f e r r e d  o r i e n t a t i o n  of 
an  e l ec t rodepos i t  can  be  a l t e r e d  b y  an  a p p r o p r i a t e  
c h a n g e  in  t h e  b a t h  cond i t ions  such  as pH,  c u r r e n t  
d e n s i t y  (c .d . ) ,  t e m p e r a t u r e ,  r a t e  of s t i r r ing ,  b a t h  
compos i t ions ,  add i t ives ,  etc. F inch ,  et al. (4, 5) f irst  
r e cogn i zed  t h a t  the  c r y s t a l  o r i en t a t i ons  w e r e  r e l a t e d  
to t he  modes  of w a y s  in  w h i c h  c rys t a l s  w e r e  g r o w -  
ing  a n d  these  w e r e  loose ly  t e r m e d  as  (a )  out  g r o w t h  
deposi ts ,  w h e n  the  mos t  dense ly  p a c k e d  a t o m  rows  
of depos i t  c r y s t a l s  w e r e  n o r m a l  to t he  s u b s t r a t e - s u r -  
face,  (b )  l a t e r a l  g r o w t h  deposi ts ,  w h e n  a d e n s e l y  
p a c k e d  l a t t i c e  p l a n e  con ta in ing  the  mos t  d e n s e l y  
p a c k e d  l a t t i ce  rows  was  p a r a l l e l  to it, and  (c)  o t h e r  
t y p e s  of g r o w t h  e x h i b i t i n g  c o m p l e x  o r i en ta t ions .  In  
f.c.c, me ta l s ,  out  g r o w t h  depos i t i on  cond i t ion  is d e -  
n o t e d  b y  t h e  a p p e a r a n c e  of { 110 } o r i en t a t i on ,  w h e r e a s  
l a t e r a l  g r o w t h  is d e n o t e d  b y  {100} or  {111}. The  l a s t  
o r i e n t a t i o n  was  n e v e r  o b s e r v e d  d u r i n g  e l e c t r o d e -  
pos i t i on  of n i cke l  b u t  w a s  o b s e r v e d  (6)  d u r i n g  
c h e m i c a l  r e d u c t i o n  f r o m  a n i cke l  h y p o p h o s p h i t e  ba th .  

The  m i x e d  {211} + {10~0} .... w h i c h  come p r i m a r i l y  
f r o m  the  i n i t i a l  {100} o r i e n t a t i o n  h a v e  also been  
shown  (7, 2) to be  of l a t e r a l  g r o w t h  type .  

In  p r e l i m i n a r y  e x p e r i m e n t s  i t  was  o b s e r v e d  t h a t  
t h e  o u t - g r o w t h  cond i t ion  of n i c k e l  depos i t i on  in  
p r e s e n c e  of i m p u r i t i e s  as r e p o r t e d  (8)  e a r l i e r  can  be  
modi f i ed  to l a t e r a l  g r o w t h  t y p e  b y  a d d i t i o n  of so-  
d i u m  chlor ide .  S ince  ch lo r ide  ion is k n o w n  to i n -  
c rease  t he  b a t h  c o n d u c t i v i t y  (9-11)  and  also f ac i l i -  
t a t e  e l ec t ron  t r a n s f e r  p rocess  (12, 13) a t  the  ca thode ,  
i t  was  d e e m e d  n e c e s s a r y  to s t u d y  its effect on the  
s t r u c t u r e  of n i c k e l  d e p o s i t e d  f r o m  i m p u r e  b a t h s  and  
ga in  an  ins igh t  in to  t h e  m o d e  of ca thod ic  c r y s t a l  
g r o w t h  process .  

Experimental 
Nicke l  was  depos i t ed  on m e c h a n i c a l l y  p o l i s h e d  

b r a s s  s u b s t r a t e s  f r o m  b a t h s  con ta in ing  NiSO,,  7H20 
280 g/1 and  H~BO~ 31 g/1 in  p r e s e n c e  of v a r y i n g  
a m o u n t  of a l u m i n u m  sul fa te ,  c h r o m i u m  su l fa te ,  
ch romic  acid,  b e n z a l d e h y d e ,  n i t r obenzene ,  g lyc ine ,  
ge la t ine ,  benzene  d i su l fona te ,  and  1 : 3 : 6  sod ium sa l t  
of n a p h t h a l e n e  t r i s u l f o n a t e  a t  c o n s t a n t  c.d. ( ~ 1 0  
m a / c m  "~) and  t e m p e r a t u r e  ( ~ 2 4 ~  

Depos i t i on  was  c a r r i e d  out  to w e l l  b e y o n d  the  
s t age  w h e r e  p o l y c r y s t a l l i n e  depos i t s  d e v e l o p e d  p r e -  
f e r r e d  o r i en t a t i ons  c h a r a c t e r i s t i c  of b a t h  condi t ions .  
The  p H  of t h e  so lu t ion  was  a d j u s t e d  so t h a t  t he  d e -  
pos i t s  w e r e  l a t e r a l  g r o w t h  t y p e  in t he  absence  of i m -  

p u r i t i e s  (8 ) .  A f t e r  each  a d d i t i o n  of i m p u r i t i e s  or  
s o d i u m  ch lo r ide  t he  depos i t  o r i e n t a t i o n  was  d e t e r -  
m i n e d  b y  e l ec t ron  d i f f rac t ion  ( re f lec t ion  m e t h o d )  in  
t h e  u s u a l  way .  O t h e r  e x p e r i m e n t a l  cond i t ions  such  as  
p H  a d j u s t m e n t ,  m e t h o d  of depos i t ion ,  etc. ,  w e r e  
s im i l a r  to those  a l r e a d y  d e s c r i b e d  ( 1 - 3 ) .  

Results and Discussion 
E l e c t r o n  d i f f r ac t ion  s tud ies  r e v e a l e d  t h a t  t h e  p o l y -  

c r y s t a l l i n e  deposi ts ,  w h i c h  w e r e  i n i t i a l l y  u n o r i e n -  
ra ted ,  d e v e l o p e d  one or  a n o t h e r  o r i en t a t i ons  d e p e n d -  
ing  on t h e  a m o u n t  and  also on the  n a t u r e  of t h e  
add i t ives .  The  r e su l t s  ( T a b l e  I)  showed  t h a t  w i t h  in -  
c r ea s ing  a m o u n t  of i m p u r i t i e s ,  a t  h igh  p H  reg ion ,  t he  
depos i t  c ry s t a l s  f a v o r e d  {110} o r i en ta t ion ,  b u t  {210} 
at  low p H  va lues .  This  l a t e r  o r i e n t a t i o n  has  been  
a s c r i b e d  to h y d r o g e n  a d s o r p t i o n  (2, 3) b y  t h e  depos i t  
c rys ta l s .  The  a d d i t i o n  of s o d i u m  ch lo r ide  s u p p r e s s e d  
these  o r i e n t a t i ons  and  e v e n t u a l l y  l ed  to {100} or  

{211} + {1010}~ex or  a m i x t u r e  of them.  This,  h o w -  
ever ,  s ignifies t h a t  t he  c r y s t a l  g r o w t h  p rocess  was  
c o n s i d e r a b l y  modi f i ed  to g ive  l a t e r a l  g r o w t h  d e -  
pos i t s  (2, 7).  Bo th  the  o u t - g r o w t h  or l a t e r a l  g r o w t h  
cond i t ions  of depos i t i on  could  be  i n d u c e d  b y  the  
a l t e r n a t e  a d d i t i o n  of s u i t a b l e  a m o u n t  of i m p u r i t i e s  
or  s o d i u m  chlor ide .  This  is d e m o n s t r a t e d  c l e a r l y  
w i t h  ch romic  su l fa t e  a n d  g e l a t i n e  in  t he  r e su l t s  
m a r k e d  w i t h  a s t e r i sks  ( T a b l e  I)  and  is l i k e l y  to be  
t r u e  for  o the r s  also. 

F a c t o r s  w h i c h  con t ro l  t he  c r y s t a l  g r o w t h  p rocess  
at  t h e  ca thode  h a v e  been  d e s c r i b e d  b y  v a r i o u s  w o r k -  
ers  ( 1 -5 ) .  A n  i m p o r t a n t  f e a t u r e  in  the  g r o w t h  p r o c -  
ess in t he  p r e s e n t  cases is t he  a d s o r p t i o n  of bas ic  
sa l t s  or  h y d r o x i d e s  of the  i no rgan i c  i m p u r i t i e s  (8)  
or  of t h e  o rgan ic  c o m p o u n d s  w h i c h  a r e  good  su r face  
ac t ive  agen t s  (14, 15).  The  depos i t i on  wi l l ,  h o w e v e r ,  
be  inf luenced  bo th  b y  the  e x t e n t  of e q u i l i b r i u m  cov-  
e r a g e  of t h e  ca thode  su r f ace  a r e a  and  also b y  the  r a t e  
of a d s o r p t i o n / d e s o r p t i o n  p rocess  (16) .  In  a n y  case, 
t he  r e s u l t  w i l l  be  the  o u t - g r o w t h  depos i t i on  cond i t ion  
e i t he r  due  to d e p l e t i o n  of m e t a l  ions at  t h e  c a thode  
su r f ace  r eg ion  as d i scussed  in t he  p r e v i o u s  p a p e r  (8)  
or  to an  i nc rea se  in  c.d. r e s u l t i n g  f r o m  t h e  d e c r e a s e  
in  su r f a c e  area .  T h a t  h igh  c.d. f avo r s  {110} o r i e n t a -  
t ion  even  at  d i f f e ren t  p H  and  b a t h  compos i t i on  is 
e v i d e n t  f r o m  T a b l e  II .  I n c r e a s e  in  c.d. a lso ra i ses  t h e  
c a thode  po la r i za t ion .  T h e  i n t e r d e p e n d e n c y  b e t w e e n  
m o d e s  of c r y s t a l  g r o w t h  process  or  the  p r e f e r r e d  o r i -  
e n t a t i o n  and  ca thode  p o l a r i z a t i o n  in  p r e s e n c e  of o r -  

590 
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p H  

3.1 

5.2 

3.1 

5.05 

5.9 

3.1 

5.2 

4.4 

5.8 

EFFECTS OF CHLORIDE ON NICKEL DEPOSITS 

Table I. Effect of concentration of sodium chloride on the orientation of nickel deposited from baths containing various impurities 

f NaCl 

Cone, ~ I [ 

g n  ~ ]  

A l u m i n u m  0 
sulfa te  

0.8 
1.0 

0 
1.2 
1.4 

Chromic 0 
sulfate  

0.3 
0 
0.35 
0.45 
0.65 

Chromic 
acid 

+0.2* 
0 

0.07 

0.12 
0 
0.02 
0.03 
0 
0.06 

+0.08* 
0 

Gela t ine  

Nitrobenzene,  
Benza ldehyde  

0.30 
Naph tha lene  0 

t r i su l fonate  0.1 

Glycine 0-4 
6 

0 20 40 60 80 100 

100 

1 0 0 + 2 1 0  
210 

100 
1 0 0 + 2 1 0  

210 

100 

210 
100 

1 0 0 + 1 1 0  
110 
110 

110 
211+10-i-0 

211 +1010 
+110 

110 
IO0 

100+210 
210 
i00 
110 
110 
I00 

210 2 1 0 + 1 0 0  100+211+ 
10T0 

210+100 I00+211+ 
10~0 

210 210 210 

Ii0 100+211"+ 
1010 

211+10T0  211+1oTo  

110 110 211+ I~0 

2 1 0 + 1 1 0  1 1 0 + 1 0 0  

2 1 1 + 1 0 1 0 "  
110 211+I0~0 

211 + 1010 

211 + 101-0 

211 + 1010 

110 110 110 110 2 1 1 + 1 0 1 0  
100 

Pa t t e rn  not  110 211-{-10]-0 
clear  

100 
110 110 110 110 110 

211+1010 

110 

* C h r o m i c  su l f a t e  a nd  g e l a t i n e  added .  

c.d. in 

A 3.1 100 
5.1 100 

B 5.1 211 + 10~  
C 3.7 100 

Table II. Effect of current density on the orientation of nickel deposits 

BO 40 70 100 200 300 

210 210 + 110 110 110 
100 + 210 210 + 110 210 + 110 110 
211 + 101-0 211 + 101--0 210 210 110 110 
100 + 210 210 210 + 110 110 110 

A - -  NiSO,.7H20 280 g/1 + H~BO, 31 g/1. 
B - - N i C h - 6 H 2 0  150 g/1 + I-I~BO, 31 g / l /  
C - -N iSO, -TH,O 280 g/1 + NiC1,.6H~O 48 g/1 + H,BO. 31 

gan ic  b r i g h t e n e r s  in n i c k e l  b a t h s  has  been  p o i n t e d  
out  b y  one of us (A.G. )  in a r e c e n t  p a p e r  (2) .  

S o d i u m  ch lo r ide  seems  to s u p p r e s s  c o m p l e t e l y  or  
a t  l eas t  m i n i m i z e  the  effect  of f ac to r s  such  as (a )  
a d s o r p t i o n  of c o m p o u n d s  a t  t h e  ca thode ,  (b )  f i lm 
f o r m a t i o n  in  the  c a t h o l y t e  r e s i s t i ng  the  s u p p l y  of 
ions and  h i n d e r i n g  the  e l ec t ron  t r a n s f e r  process ,  (c)  
c o m p l e x  ion  fo rma t ion ,  etc., w h i c h  c o n t r i b u t e  to o u t -  

g/1. 

g r o w t h  depos i t i on  condi t ion .  H o a r  (17) has  e m p h a -  
s ized t h a t  a d s o r p t i o n  is e s s e n t i a l l y  a d y n a m i c  p r o c -  
ess and  e q u i l i b r i u m  m a y  be  sh i f t ed  b y  a l t e r i n g  a d d i -  
t ives .  Tha t  s o d i u m  ch lo r ide  f ac i l i t a t e s  t he  d e s o r p t i o n  
p rocess  is c l e a r l y  s h o w n  f r o m  t h e  r e su l t s  w i t h  n a p h -  
t h a l e n e  t r i su l fona t e .  The  depos i t s  w e r e  h i g h l y  l u s -  
t r o u s  w i t h  th is  add i t i ve ,  b u t  d id  no t  y i e l d  a n y  c l ea r  
d i f f r ac t ion  p a t t e r n s  w h i c h  w e r e  on ly  i l l - d e f i n e d  and  
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diffuse. By  the addi t ion  of sod ium chloride,  the  de-  
posit  c rys ta ls  became  less and  less lus t rous  a nd  
f inal ly  became  dul l  and  even  blackish,  s imi la r  to 
those ob ta ined  f rom a chloride ba th  (3) .  Such s u r -  
faces y ie lded  clear diffract ion pa t te rns ,  r ev e a l i ng  

tha t  the  deposits  had  developed {211} + {1010},,~, 
or ienta t ions .  Tha t  the  loss of detai ls  of e lec t ron  di f -  
f rac t ion  p a t t e r n  in  the  above was  no t  due to n o n -  
c rys ta l l in i ty ,  bu t  due to adsorp t ion  of organic  com- 
pounds ,  was  shown f rom x - r a y  p a t t e r n  of the  
s t r ipped  films, which  consisted of r ings  i nd i ca t ing  the  
c rys ta l l ine  n a t u r e  of deposits.  X - r a y s ,  because  of 
the i r  h igher  p e n e t r a t i n g  power,  are  sca t te red  by  the 
u n d e r l y i n g  metals ,  whereas  e lec t rons  are  sca t te red  
b y  surface  layers  which  in  the  p resen t  case con ta ined  
adsorbed  addi t ives .  The  a l t e rna t e  add i t ion  of n a p h -  
t ha l ene  t r i su l fona te  and  sodium chlor ide  made  the  
deposits  b r igh t  and  dull ,  w i th  the i r  character is t ic  
surface  s t ruc tu res  as discussed above. 

These resul t s  suggest  tha t  chlor ide ions fac i l i ta te  
the  desorp t ion  process of the  sur face  act ive com- 
pounds  at the cathode surface  and  p roduce  more  sites 
for deposit ions,  thus  r educ ing  the  c u r r e n t  dens i ty  
and  hence  c o n t r i b u t i n g  to l a te ra l  growth.  The  de-  
po la r iza t ion  of cathode po ten t i a l  in  a ge l a t i ne -cop -  
per  sul fa te  b a t h  wi th  ha l ide  ions has b e e n  exp la ined  
s imi l a r ly  (18).  In  the  compet i t ion  b e t w e e n  chlor ide 
ions and  surface  act ive agents  or o ther  impur i t i e s  to 
get adsorbed  at  the  g rowing  cathode surface,  it  is 
l ike ly  tha t  the former ,  because  of its po la r izab i l i ty  
(19),  p reva i l s  over  the  others.  This  wi l l  also help the  
e lec t ron  t r ans f e r  process and  favor  l a te ra l  g rowth  
condi t ion.  The  obse rva t ion  tha t  chlor ide ions faci l i -  
ta te  the deposi t ion of meta l s  (9-11)  and  the sug-  
ges t ion tha t  the fo rma t ion  of chloro or a q u o - c o m -  
plexes helps the e lec t ron  t r ans fe r  process d u r i n g  

n icke l  deposi t ion (12, 13) are also in  a g r e e m e n t  wi th  
our  results .  
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ABSTRACT 

The rate of je t  electropolishing of low resist ivity n-Si  is controlled by two 
factors: supply of injected minor i ty  carriers and rate of dissolution of the SiO~ 
film. The current  through the oxide changes from ionic to electronic, i.e., the 
silicon becomes passive, if the oxide thickness increases beyond a critical 
value. The hole supply determines the amount  of etching which can occur when 
the Si is not passivated by a thick oxide layer. 

A genera l  descr ip t ion  of this  process has been  
g iven  before  (1) .  The  p r e sen t  pape r  is concerned  
wi th  the m e c h a n i s m  of the  e tch ing  process and  wi th  
the  ra te  and  qua l i t y  of e tching,  wh ich  is i m p o r t a n t  
f rom the  economic po in t  of v iew;  no t  on ly  is it  neces-  
sa ry  to etch fast, bu t  the' r e s u l t a n t  sur face  also mus t  
be  pol ished comple te ly  for s u b s e q u e n t  device app l i -  
cations.  

Anodic  d issolu t ion  of a me ta l  involves  the  r e mova l  
of pos i t ive  ions f rom the  me ta l  la t t ice  u n d e r  the  ac-  
t ion  of the  appl ied  electrosta t ic  field. In  n - t y p e  semi -  
conductors  h a v i n g  an  apprec iab le  w id th  of the  for -  

b i d d e n  gap there  are no posi t ive  ions, except  the  few 
donor  a toms a nd  the  v e r y  few la t t ice  ions cor re -  
spond ing  to holes in  the  va l ence  band .  In  pr inc ip le ,  
the hole concen t r a t i on  can  be increased  by  ra i s ing  the  
t e m p e r a t u r e  of the  system. However ,  this  approach  
is of no help on heav i ly  doped n - G e  because  of 
the  ve ry  smal l  hole concen t r a t i on  in  this  m a t e r i a l  at 
room t empera tu re .  The hole concen t r a t i on  at 100~ 
has no t  increased  sufficiently to m a i n t a i n  a n y  ap-  
prec iab le  e tching  cur ren ts .  (For  0.1 o h m - c m  n - G e  
the e lec t ron  concen t r a t i on  is n = 2.0 x 10 l~ cm -~. The 
in t r in s i c  p roduc t  for Ge at room t e m p e r a t u r e  is n,  ~ = 
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n . p  = 6.25-10 ~~ so tha t  p = 3.7 x 1011 cm -~. At  100~ 
the  in t r in s i c  p roduc t  has increased  to 2.6 x 10 ~9 cm -~. 
A s s u m i n g  tha t  n~o is a p p r o x i m a t e l y  the same as 
nlooo, plooo wou ld  be a p p r o x i m a t e l y  1.3 x 10 TM cm%) 
Wi th  increas ing  bias, therefore ,  e i ther  d ischarge of 
an ions  in  the e lec t ro ly te  or b r e a k d o w n  of the  sur face  
ba r r i e r  of the n - G e  m u s t  occur. This  b r e a k d o w n  is 
u sua l l y  v e r y  u n d e s i r a b l e  because  it  does no t  occur 
even ly  over  the  anode  surface  and  thus  leads to p i t -  
t ing.  Use of h igher  bo i l ing  e lect rolytes  t h a n  wa t e r  is 
not  r ead i ly  possible  because  of the  low so lub i l i ty  of 
the  reac t ion  products  in  n o n a q u e o u s  electrolytes .  
Also viscosi ty p rob lems  are t roublesome.  On Si w i th  
its wider  gap apprec iab le  t h e r m a l  gene ra t i on  of 
ho le -e l ec t ron  pai rs  is a lmost  out  of the  ques t ion  for 
je t  operat ion.  

For  these reasons  ho le -e l ec t ron  pai rs  are g e n e r -  
a ted by  optical  exc i ta t ion  of e lec t rons  f rom the  va -  
lence  band ,  and  s t rong i l l u m i n a t i o n  is employed  in  
the e tching  of both  n - G e  and  n-St .  This  need  for 
s t rong i l l u m i n a t i o n  is a c o m m o n  fea tu re  in  the  e tch-  
ing of n - G e  and  n-St .  Differences in  behav io r  are 
caused on one h a n d  by  the sma l l e r  gap of Ge a nd  on 
the  other  by  the  r e l a t i ve ly  good so lub i l i ty  of GeO~ in  
wa t e r  as compared  to SiO~. 

Mechanism of electropolishing.--Electropolishing 
proceeds u n d e r  condi t ions  of s t rong  polar izat ion.  
Differences in  work  func t i on  of the i n d i v i d u a l  c rys ta l  
faces, or due  to degree  of c rys ta l  perfect ion,  or d i f -  
ferences  in  conduc t iv i ty  of semiconduc tor  mate r ia l ,  
mus t  be smal l  compared  to the ove rpo ten t i a l  of the  
process;  o therwise  p r e f e r en t i a l  e tch ing  would  resul t .  

On meta l s  which  fo rm ve ry  s table  oxides, the  
necessa ry  po la r iza t ion  d u r i n g  e lec t ropol i sh ing  can be 
p rov ided  by  an  oxide hav ing  such a ra te  of d issolu-  
t ion  in  the  g iven  e lec t ro ly te  tha t  ra te  of anodic  film 
g rowth  and  ra te  of d issolu t ion  of the  film can be 
ba lanced .  

The appl ied  electr ic  field pul ls  ions t h rough  the  
film, cat ions  f rom the metal ,  and  an ions  f rom the  
e lec t ro ly te  in te r face ;  t hey  combine  to form more  
oxide [ the  older  theo ry  of anodic  oxide g rowth  by  
Mott  and  Cabre ra  regards  on ly  the cat ions  as mobi le :  
r ecen t  ev idence  favors  the  mob i l i t y  of bo th  cat ions  
and  anions,  at  least  for some sys tems (2, 3) ]. At  the  
same t ime  the  oxide dissolves in  the  e lect rolyte ;  u n -  
der  s t eady- s t a t e  condi t ions  the  oxide th ickness  does 
no t  change.  The  differences in  work  func t i on  l of the  
i n d i v i d u a l  c rys ta l  faces are smal l  compared  to the  
ac t iva t ion  ene rgy  for m i g r a t i o n  t h rough  the  oxide 
film, ~ which  in  t u r n  is smal l  compared  to the  ac t iva -  
t ion  e n e r g y  necessary  for m i g r a t i o n  t h rough  the  
oxide at a po in t  no t  favored  by  the  presence  of a 
vacancy  or other  defect.  

A n  increase  in  c u r r e n t  dens i ty  at a n y  spot w ou l d  
increase  the  r a t e  of film g rowth  there ;  the  r a t e  of 
d issolu t ion  b y  the  e lec t ro ly te  wou ld  no t  increase  as 
r ead i ly  (i t  m a y  increase  somewha t  because  of a local  
r ise in  t e m p e r a t u r e  and  g rea te r  d isorder  of the  fi lm 
s t ruc tu re ;  cf. however ,  d iscuss ion on "Charac ter i s t ics  
of SiO~ f i lms") .  For  a g iven  appl ied  bias, the  field 
s t r eng th  in  the  oxide decreases v e r y  r a p i d l y  w i th  

1 W o r k  f o r  r e m o v a l  of  a p o s i t i v e  ion  f r o m  t h e  c r y s t a l .  

2 A t  l e a s t  i n  t h e  " h i g h  f i e l d "  case  w h i c h  is  r e a l i z e d  i n  j e t  e t c h -  
i n g  (2) .  

inc reas ing  thickness .  The ra te  of reac t ion  at this  spot 
m u s t  therefore  decrease  to its old value.  Thus  there  
resul t s  a comple te  ma sk i ng  of local  differences in  
etch ra te  of the  me t a l  surface  itself. 

I t  is hoped to p resen t  here  ev idence  tha t  an  oxide 
film is p resen t  on Si d u r i n g  e lec t ropol i sh ing  in  aque -  
ous solvents ,  bu t  it has not  been  shown tha t  the  oxide 
film m u s t  be  p resen t  and  tha t  o ther  anions,  e.g., 
halides,  canno t  p lay  the same role as oxygen.  

Electropolishing of N-St 
The je t  e lec t ropol i sh ing  of Si is possible in  aque -  

ous or alcoholic solut ions  con t a in ing  f luoride ions. 
P r io r  to this  i nves t iga t ion  the je t  e tching  of n - S t  was  
done  w i th  a 0.2N solu t ion  of NaF  + 5 cc 48% H F /  
1000 ml  H20. U n d e r  i l l u m i n a t i o n  wi th  a Bausch  and  
Lomb  reflector l amp  e lec t ropol ish ing cu r r en t s  no t  
h igher  t h a n  3.0 ma  were  possible  wi th  a 10 mi l  jet.  
A f u r t h e r  increase  in  l ight  i n t e ns i t y  did no t  increase  
the  etch rate.  

This  l im i t a t i on  of the e tching  cu r r en t s  could be 
due  to (a)  an  insuff icient  hole supply,  or to (b)  a 
s low chemical  step, or to both.  

In  order  to 'check the  first possibi l i ty ,  it was  neces-  
sa ry  to k n o w  (a)  the abso lu te  i n t e n s i t y  of i l l u m i n a -  
t ion  expressed  in  n u m b e r  of photons  of ene rgy  
g rea te r  t h a n  the gap width ,  and  (b)  w h a t  f rac t ion  of 
this  n u m b e r  is ava i l ab le  for the  e tching  process, 
a l lowing  for the  u n a v o i d a b l e  losses by  reflect ion and  
by  bu lk  and  surface  r ecombina t ion .  

Experimental Methods 
The i n t e ns i t y  of i l l u m i n a t i o n  was  d e t e r m i n e d  by  

sh in ing  the focused b e a m  of a 1 kw pro jec tor  l amp  
t h r ough  a n a r r o w  open ing  in  the  l id of a Dewar  
flask in to  a d i lu te  so lu t ion  of ind ia  ink  in  water .  A 
w a t e r  filter of 2 cm th ickness  inse r t ed  in  the  pa th  
of the  b e a m  cut  off wave  l eng ths  g rea te r  t h a n  1.2 /~ 
which  do not  c rea te  hole-electron pai rs  in  St. The  l id 
of the D e w a r  consisted of cork, covered w i th  r e -  
flecting a l u m i n u m  foil both  on the ins ide  and  the  
outside.  The  ind ia  ink  so lu t ion  was s t i r red  gen t ly  to 
ob ta in  a u n i f o r m  t e m p e r a t u r e  d i s t r ibu t ion .  The r ise 
of t e m p e r a t u r e  w i th  t ime  of i l l u m i n a t i o n  was  meas -  
ured,  as was  the  drop of t e m p e r a t u r e  w i th  t ime  af ter  
swi tch ing  off the  light.  The  to ta l  ene rgy  absorbed  
thus  could be ca lcu la ted  f rom the  k n o w n  hea t  capac-  
i ty  of the  so lu t ion  and  could be corrected for hea t  
losses d u r i n g  i l l umina t ion .  The  l a t t e r  cor rec t ion  
p roved  to be ve ry  small .  

K n o w i n g  the  color t e m p e r a t u r e  of the  t u n g s t e n  
f i lament ,  a p p r o x i m a t e l y  3200~ the to ta l  e n e r g y  
input ,  and  a s s u m i n g  tha t  the e n e r g y  d i s t r i bu t ion  vs. 
wave  l eng th  for the  t u n g s t e n  f i l ament  is essen t ia l ly  
the  same as for a b lack  body  radia tor ,  the  to ta l  n u m -  
ber  of photons  of wave  l eng ths  shor ter  t h a n  1.2~ can 
be calculated.  This  also gives the  n u m b e r  of p h o t o n s /  
cm ~ x sec for a g iven  size of the  i l l u m i n a t e d  area. 

K n o w i n g  the  ref lect iv i ty  of the  Si the  n u m b e r  of 
photons  is ob ta ined  which  pe ne t r a t e  in to  the  Si and  
create  ho le -e l ec t ron  pairs.  

The  nex t  s tep was to d e t e r m i n e  e x p e r i m e n t a l l y  
the  f rac t ion  of the  in jec ted  holes tha t  are lost  b y  
b u l k  or surface  r e c o m b i n a t i o n  before  t hey  can be 
collected by  the  anode process. S ince  the  r a t e  of 
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r e c o m b i n a t i o n  could change  at v e r y  h igh  l ight  i n -  
tensi t ies,  it  was also necessa ry  to d e t e r m i n e  the  hole 
flux tha t  could be collected as a func t ion  of l ight  i n -  
tensi ty .  This  was  done  by  sh in ing  l ight  of a k n o w n  
i n t e n s i t y  on the  f ron t  surface of a photodiode  on 
n -S i ,  whi le  m a i n t a i n i n g  a reverse  bias of 0.25 v 
across the  diode. L ight  i n t ens i t y  was  va r i ed  b y  i n -  
ser t ing  K o d a k - W r a t t e n  n e u t r a l  dens i ty  filters in  the  
pa th  of the  l ight  beam.  

Since i l l u m i n a t i o n  in t roduces  a fo rward  bias of the  
diode, the  appl ied  reverse  bias  had  to be increased  in  
order  to m a i n t a i n  the  effective bias  at  0.25 v. This  
p rocedure  does no t  t ake  in to  account  the  change  in  
vol tage  drop wi th  c u r r e n t  across the base contac t  
and  across the  b u l k  of the  diode; it is, therefore ,  on ly  
a rough  approx imat ion .  However ,  the c u r r e n t  u n d e r  
i l l u m i n a t i o n  does no t  depend  s t rong ly  on the  m a g -  
n i t u d e  of the  appl ied  reverse  bias  for the  g iven  re -  
s i s t iv i ty  of the  Si. 

Before the  hole c u r r e n t  collected can  be compared  
to the  hole c u r r e n t  in jec ted  a f u r t he r  correc t ion  m u s t  
be  appl ied  because  the  diode collects holes no t  on ly  
f rom the  area  d i rec t ly  in  f ron t  of it b u t  also f rom the  
s u r r o u n d i n g  area  by  l a t e ra l  diffusion of holes? The  
abso lu te  a m o u n t  of this  c o n t r i b u t i o n  to the c u r r e n t  
increases  w i th  the c i r cumfe rence  of the  contact .  The  
re la t ive  impor tance ,  however ,  depends  on the  ra t io  
of contact  r ad ius  to diffusion l eng th  for holes. For  the  
photodiode  employed  it wi l l  increase  the  c u r r e n t  by  
a factor  of abou t  2. Col lect ion of holes b y  the je t  also 
differs f rom collect ion of holes by  the  photodiode in  
tha t  the  concen t r a t i on  of in jec ted  holes is g rea tes t  
i m m e d i a t e l y  u n d e r n e a t h  the  Si surface;  it m u s t  be  
expected  therefore  tha t  the  je t  wi l l  be  a more  effi- 
c ient  collector t h a n  the  photodiode.  Thus  the  ex-  
p e r i m e n t s  wi th  the photodiodes  on ly  give a lower  
l imi t  for the supp ly  of holes which  m a y  be expected  
to be ava i l ab le  for the  anode  process. 

Results 
Determination of light intensity.--Total e n e r g y  

i n p u t  in to  ca lo r imete r  by  1 kw pro jec tor  lamp,  w i th  
wa te r  filter inser ted,  was  equa l  to 0.70 w. The l igh t  
b e a m  was focused u n i f o r m l y  over  an  area  of 0.08 
cm ~. For  this  set t ing,  which  also was  used in  the  e x -  
p e r i m e n t s  w i th  the  photodiodes and  d u r i n g  je t  e tch-  
ing, a to ta l  n u m b e r  of photons  of 5 x 10~~ x cm 2 
in  the w a v e - l e n g t h  reg ion  0.3-1.2~ is ca lcu la ted  f rom 
the  color t e m p e r a t u r e  of the  t u n g s t e n  f i l ament  
(3200~ 

Corrections for reflection losses and ~or collection 
of holes by lateral dif]usion.--Table I gives the pe r t i -  
n e n t  da ta  for the  n - S i  photodiodes  employed.  For  the  
diode area  of 1.9 x 10-' cm ~ the pho ton  flux is 9.5 x 
10 ~ see. 

�9 ~ P r o v i d e d  t he  i l l u m i n a t e d  area  is l a r g e r  t h a n  t he  d iode  area,  as 
was  the  case in  ou r  e x p e r i m e n t .  

Table I 

B u l k  
l i f e t i m e  Base  t h i c k n e s s  

a f t e r  Res i s -  i n  f r o n t  of 
a l l oy ing ,  t i v i t y ,  r e c rys t a l l i z ed  A r e a  of 

sec M a t e r i a l  o h m - c m  reg ion ,  ~ con tac t  

9 n-Si  alloyed 0.7 to 1.3 5.0 1.9 X 10 - '  cm ~ 
A1 contact 
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TRANSMISSION OF LIGHT FILTERS 

Fig .  1. R e s p o n s e  o f  p h o t o d i o d e  o n  n-SJ vs .  l i g h t  i n t e n s i t y  

The ref lect iv i ty  of Si as a func t ion  of wave  l eng th  
in  the  vis ib le  has been  g iven  by  Coblentz  (4) .  Tak ing  
in to  account  the  change  of ref lect iv i ty  w i th  wave  
l eng th  it was  found  tha t  for the  ene rgy  d i s t r i bu t i on  
of the  t u n g s t e n  f i l ament  an  average  ref lect iv i ty  of 
29% can be employed  for the  spect ra l  reg ion  0.3- 
1.2~. 

A n  average  ref lect iv i ty  ' of 29 % conver t s  the  n u m -  
ber  of 9.5 x 101~ pho tons / sec  inc iden t  on the  diode 
area  to 6.8 x 10 TM photons  p e n e t r a t i n g  into the  silicon, 
e q u i v a l e n t  to a hole c u r r e n t  of 1.1 ma. 

Due  to the above  m e n t i o n e d  affect of l a te ra l  d i f -  
fusion,  however ,  a c u r r e n t  of about  2.2 ma  m a y  be 
expected.  

Diode response vs. light intensity.--Figure 1 shows 
diode c u r r e n t  vs. l ight  i n t e ns i t y  and  also indicates  
the  t r ansmis s ion  factors of the  filters used. 

The diode response  is p rac t i ca l ly  l inear .  As a l r eady  
men t ioned ,  this  can be on ly  an  a p p r o x i m a t i o n  be -  
cause the  change  in  vol tage  drop wi th  c u r r e n t  across 
b u l k  of the diode and  base contact  has been  neg -  
lected. 

At  the  highest  l ight  i n t e ns i t y  the diode response  
was  0.87 ma, i.e., abou t  40% of the in jec ted  holes 
reached  the collector. 

Correction for reflection losses during jet etching. 
- - S i n c e  u n d e r  our  e x p e r i m e n t a l  condi t ions  of j e t  
e tching  the l ight  was  no t  p e r p e n d i c u l a r l y  inc iden t  on 
the  Si surface  b u t  w i t h i n  15 ~ of the pe rpend icu la r ,  
a nd  because  add i t iona l  ref lect ion losses are  i n t r o -  
duced b y  the je t  s t ream,  the  above figure needs  a 
f u r t h e r  correct ion before  it  can  be used to es t imate  
the  expected  etch rate.  I t  was  found  tha t  the  diode 
c u r r e n t  decreased by  abou t  40% w h e n  an  e lec t ro-  
ly te  je t  was  d i rec ted  aga ins t  the  f ron t  surface  of the  
diode a nd  the  l ight  was  inc iden t  w i t h i n  15 ~ of the  
pe rpend icu la r .  

A p p l y i n g  the  above correct ions  indicates  tha t  at 
least  1 out of eve ry  3 inc iden t  photons  should  be 
ava i l ab le  to the  e tching  process, based on the  e tched 
area. 

Discussion 
F r o m  the fact  tha t  there  is no l eve l l ing  off of the  

photodiode  response  at  v e r y  h igh l ight  in tens i ty ,  and  

4 A c t u a l l y ,  t he  r e f l ec t i v i t y  m a y  also d e p e n d  s o m e w h a t  on  i n t e n s i t y  
of i l l u m i n a t i o n  (5, 6).  
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f rom the  fact tha t  the re  is a defini te  cor re la t ion  be -  
tween  low l ight  i n t ens i t y  and  e tch ing  cu r r en t s  be-  
low 3 m a / 1 0  rail jet ,  i t  m a y  a l r eady  be conc luded  
tha t  the  l imi t a t i on  of 3 ma  is imposed by  a slow 
chemical  step and  not  by  an  insuff icient  hole supp ly  
(a t  ve ry  h igh l ight  in tens i t i e s ) .  

As a check, we can now compare  the  hole supp ly  
and  there fore  also the  expected e tching  c u r r e n t  u n -  
der  i l l u m i n a t i o n  w i th  the 1 kw pro jec tor  l amp to the  
highest  e tch ing  c u r r e n t  ob ta ined  e x p e r i m e n t a l l y  
(wi th  10 rail r je t  and  0.2N NaF  + 5 cc 48% H F /  
l i ter  so lu t ion) .  

At  low c u r r e n t  densi t ies  (3 ma )  the  d i a m e t e r  of 
the etch pi t  is n o r m a l l y  abou t  twice the  je t  d i ame te r  
( i t  increases  to abou t  4 t imes  the  je t  d i ame te r  at 
la rge  c u r r e n t  densi t ies ,  i.e., the c u r r e n t  dens i ty  does 
no t  increase  as r ap id ly  as the  je t  cu r ren t . )  

The  pho ton  flux on an  area  of 2 x 10 -~ cm ~ ( =  20 
rail  ~) is 1 x 1017 sec -1, e q u i v a l e n t  to a hole c u r r e n t  
of 16 ma. Reflection losses u n d e r  ac tua l  j e t - e t c h i ng  
condi t ions  reduce  this  figure to 6.8 ma. Two correc-  
t ions  m u s t  aga in  be appl ied:  increase  of the  ava i l -  
able  n u m b e r  of holes due  to l a te ra l  diffusion, a nd  
decrease because  of surface  and  b u l k  r ecombina t ion .  
I t  can be es t imated  tha t  the  first factor  wi l l  increase  
the c u r r e n t  by  about  60% of its va lue  in  the  ab -  
sence of l a t e ra l  di f fusion? Recombina t i on  losses 
ought  to be  cons ide rab ly  less t h a n  in  the  case of the  
photodiode,  because  the  holes are  gene ra t ed  in  the  
space charge reg ion  of the  surface ba r r i e r  and  are 
i m m e d i a t e l y  collected by  the s t rong field. The two 
factors should  at leas t  ba lance .  I t  is therefore  j u s t i -  
fied to assume a hole supp ly  sufficient to m a i n t a i n  an  
e tch ing  c u r r e n t  of at  least  6 ma. E x p e r i m e n t a l l y ,  
however ,  the  e lec t ropol ish ing c u r r e n t  was found  to 
be l imi ted  to 3.0 ma. 

I t  m u s t  therefore  be conc luded  tha t  the hole sup-  
p ly  u n d e r  i n t ense  i l l u m i n a t i o n  is sufficient to m a i n -  
t a i n  qu i t e  la rge  e tch ing  cur ren t s ,  bu t  t ha t  a s low 
chemica l  s tep controls  the  etch ra te  for the  g iven  
electrolyte .  

Dissolution o:f SiO~ Film as the Rate-Controlling 
Process During Jet Etching of N-S t  

Under Intense Il lumination 

Characteristics of SiO~ f i lms. - -Slow disso lu t ion  of 
a SiO~ layer  appeared  as the most  l ike ly  cause of 
slow e tching  u n d e r  the  above m e n t i o n e d  condi t ions.  
In  work  on the  anodic  f o rma t ion  of oxide films on Si 
in  i ne r t  e lec t rolytes  it had  been  found  (7) t ha t  the  
c u r r e n t  t h rough  the  SiO~ d u r i n g  fo rming  is mos t ly  
e lect ronic  and  not  ionic (e.g., 99% elect ronic  at  7 
ma/cm~) .  The  same is t r ue  a p p a r e n t l y  also for the  
SiO~ film p resen t  d u r i n g  e lec t ropol ish ing;  thus  if for 
a g iven  e lec t ro ly te  the  r a t e  of f o rma t ion  of SiO~, i.e., 
the  c u r r e n t  densi ty ,  is h igher  t h a n  the  ra te  of d is -  
so lut ion of the  SiO2 by  the  electrolyte ,  the  oxide film 
wi l l  increase  in  thickness ,  and  the  si l icon wi l l  be -  
come pass ive  because  the  c u r r e n t  t h rough  the  SiO~ 
changes  f rom ionic to electronic.  

I t  migh t  be  though t  tha t  the chemica l  d isso lu t ion  
of the  oxide wou ld  con t inue  at  the  same ra te  af ter  

These  e s t i m a t e s  are based  on  t he  a s s u m p t i o n  t h a t  the  n u m b e r  of  
l a t e r a l l y  co l lec ted  holes  decreases  to 1 /e  a t  d i s t ance  X = L p  f r o m  
t h e  g e o m e t r i c  edge  of t he  diode.  

pass iva t ion  so tha t  the  Si m u s t  aga in  become active. 
This, however ,  is no t  the case: once the si l icon has 
become passive,  it r e ma i ns  pass ive  at  the g iven  cur -  
r e n t  densi ty .  A n  e xp l a na t i on  for this p h e n o m e n o n  
m a y  be sought  e i ther  a long the  l ines  of pass iva t ion  of 
iron,  which  dissolves r ap id ly  as long as the  sur face  
is covered by  Fe~O, only, bu t  becomes pass ive  w h e n  a 
l ayer  of Fe~O~ appears  in  add i t ion  (8) ,  or a long the  
l ines of the work  of Enge l l  (9) who showed tha t  the  
d isso lu t ion  ra te  of b u l k  oxides l ike FeO or Fe~O~ de-  
pends  s t rong ly  on an  appl ied  potent ia l .  Bu t  it  m a y  
also be tha t  the  eno rmous  electrosta t ic  p ressure  on 
the SiO~ film at the  v e r y  h igh c u r r e n t  densi t ies  of 
the  je t  process is of impor tance .  The oxide is s t rong ly  
d isordered  whi le  ionic c u r r e n t  is f lowing t h r ough  it  
(10).  A n y  s t rong ly  d isordered  s t ruc tu re  wi l l  have  a 
h ighe r  r a t e  of dissolut ion t h a n  an  ordered  s t ruc ture .  
W h e n  the  Si passivates ,  ionic c u r r e n t  flow t h rough  
the  SiO~ stops a lmos t  complete ly .  Accord ing  to Le 
Chate l ie r ' s  p r inc ip le  the electrostat ic  p ressure  should 
decrease  the  n u m b e r  of in te r s t i t i a l s  and  vacancies ,  
thus  decreas ing  the  v o l u m e  and  lead ing  to a de-  
creased ra te  of dissolut ion.  

If the  slow dissolu t ion  of an  SiO~ film is indeed  
ra te  de t e rmin ing ,  an  increase  in  ac idi ty  a nd  in  t e m -  
p e r a t u r e  should p e r m i t  fas ter  e tching  ( u n d e r  in t ense  
i l l u m i n a t i o n ) .  

Effect 05 acidity and temperature on etching speed. 
- - I n  order  to accelera te  the d isso lu t ion  of the SiO~ 
both  the  t e m p e r a t u r e  and  the  HF  con ten t  of the  elec-  
t ro ly te  were  increased.  A solu t ion  con ta in ing  30 cc 
of 48% HF + 8.4 g NaF/1000  H~O, hea ted  to 70~ 
was  found  su i t ab le  for e lec t ropol i sh ing  at  30 ma  
wi th  a 10 rail je t  u n d e r  the  above  quoted  high l ight  
in tens i ty .  The  r e su l t ing  etch pi t  had a d i ame te r  of 
0.1 cm. The pho ton  flux on the  area  of the  etch pit, 
7.8 x 10 ~ cm 2, is e q u i v a l e n t  to a hole c u r r e n t  of 26.8 
ma,  a l lowing  for ref lect ion losses. For  the  r e l a t i ve ly  
la rge  a rea  of the  etch pi t  ( rad ius  > L,,) the  con t r i -  
b u t i o n  b y  l a t e r a l  diffusion of holes is becoming  less 
i m p o r t a n t  and  m a y  be es t imated  to a m o u n t  to abou t  
14%, which  increases  the expected  e lec t ropol i sh ing  
c u r r e n t  to 30.5 ma. This good a g r e e m e n t  b e t w e e n  ex -  
pected and  e x p e r i m e n t a l l y  d e t e r m i n e d  e lec t ropol ish-  
ing c u r r e n t  m a y  be somewha t  acc identa l  ( compen-  
sa t ion of e r rors ) ,  b u t  essen t ia l ly  i t  m e a n s  tha t  su r -  
face and  b u l k  r e c o m b i n a t i o n  of holes are suppressed  
by  the  s t rong field of the  je t  contact .  A n o t h e r  solu-  
t ion,  40 g NH~HF~ + 8 g N a F / l i t e r ,  p roved  v e r y  sat is-  
fac tory  at room t empera tu r e .  

Shape of etch pi ts . - -Assumption of slow dissolu t ion  
of an  SiO~ film as the  r a t e - d e t e r m i n i n g  step pe rmi t s  
u n d e r s t a n d i n g  of the  factors gove rn ing  the shape of 
the etch pit. St, in  con t ras t  wi th  Ge, u s u a l l y  yie lds  
v e r y  f l a t -bo t tomed  etch pits. The  c u r r e n t  dens i ty  
should  be h ighes t  in  the  cen te r  of the  etch pi t  if po-  
t en t i a l  d i s t r i bu t i on  a lone  were  decisive. However ,  as 
was  shown above,  a ve ry  h igh  c u r r e n t  dens i ty  leads 
to a t h i c k e n i n g  of the  SiO~ film, which  in  t u r n  i n -  
creases the  e lec t ronic  c u r r e n t  componen t .  The  cen te r  
reg ion  also canno t  collect as m a n y  holes as the  pe-  
r i p h e r y  which  profits f rom la t e ra l  diffusion of holes. 
Thus  a ba lance  can be achieved wi th  the p e r i p h e r y  
e tching  at  abou t  the  same ra te  as the  center .  Mounds  
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f o r m e d  in t he  cen t e r  of the  e tch  p i t  can  be  e x p l a i n e d  
b y  the  s ame  reason ing .  Typ i ca l l y ,  i t  was  f o u n d  t h a t  
u n d e r  cond i t ions  of h igh  H F  con t en t  and  h igh  l i gh t  
i n t e n s i t y  t he  r e s u l t i n g  e tch  p i t s  a r e  rounded .  Thus ,  a 
de l i ca t e  b a l a n c e  of  a l l  c o n t r i b u t i n g  f ac to r s  is r e -  
q u i r e d  to o b t a i n  f l a t - b o t t o m e d  e tch  p i t s  a t  h igh  e t ch  
ra tes .  

W h a t  causes  t he  p i t t i n g  at  too h igh  c u r r e n t  d e n s i t y  
is no t  y e t  c o m p l e t e l y  c lear .  C r y s t a l  de fec t s  a r e  an  ob-  
v ious  poss ib i l i ty ,  b u t  i t  seems  t h a t  o the r  causes  l i ke  
d i e l ec t r i c  b r e a k d o w n  of i n su l a t i ng  l a y e r s  or  r e m o v a l  
b y  the  e l ec t r i c  field of p o s i t i v e l y  c h a r g e d  donor  
a toms,  a g g r e g a t e d  at  d is loca t ions ,  a n d  thus  caus ing  
a c a t a s t r o p h i c a l l y  h igh  loca l  e tch  ra te ,  m a y  also be  
invo lved .  C o r r e l a t i o n  b e t w e e n  p i t t i ng  and  d i s loca t ion  
d e n s i t y  is, of course ,  v e r y  p ronounced .  

P i t t i n g  is r e d u c e d  m a r k e d l y  w h e n  the  l igh t  i n t e n -  
s i ty ,  c u r r e n t  dens i ty ,  and  p H  of t he  so lu t ion  a r e  co r -  
r e c t l y  a d j u s t e d ;  i t  is a lso poss ib le  to a d d  c e r t a i n  c o m -  
p l e x e d  ca t ions  ( such  as K,  [ F e ( C N ) 6 ] )  in the i r  
l o w e r  va l ence  s t a t e  to t he  e l e c t ro ly t e ;  a p p a r e n t l y  
t h e y  a r e  t hen  ox id i zed  to a h i g h e r  v a l e n c e  a t  a l o w e r  
f ield s t r e n g t h  t h a n  is r e q u i r e d  for  the  p r o d u c t i o n  of  
" p i n - h o l e s . "  

Valence state of dissolved S i . - - N o  l a t t i c e  s t r u c t u r e  
is r e v e a l e d  b y  t h e  anod ic  e l e c t r o p o l i s h i n g  of Si;  t he  
s ame  ho lds  t r u e  for  t he  anod ic  e l e c t r o p o l i s h i n g  of Ge. 
On the  o the r  hand ,  t he  ca thod ic  j e t  e t ch ing  of Ge ~ 
( r eac t i on  p r o d u c t  GeH4) r e su l t s  in e tch  p i t s  c o r r e -  
spond ing  to t h e  g iven  o r i en ta t ion ,  i.e., f o r m a t i o n  of 
d i s t o r t e d  h e x a g o n a l  e tch  p i t s  on the  {100} p lane .  
C l e a r l y  suff icient  p o l a r i z a t i o n  is a b s e n t  in t he  ca -  
thod ic  e t ch ing  of Ge b u t  is p r e s e n t  in  t he  anodic  
po l i sh ing  of S i  ( a n d  G e ) .  The  p o l a r i z a t i o n  f ac to r  
could  be  e i t he r  a t h in  ox ide  l a y e r  on the  Si or  d i f fu-  
s ion con t ro l  in  t he  e l ec t ro ly t e ,  spec i f ica l ly  d i f fus ion  
of f luor ide  ions t h r o u g h  the  d i f fus ion l a y e r  to t he  in -  
t e r f ace  (12) .  A c t u a l l y  the  two  m e c h a n i s m s  m a y  d e -  
sc r ibe  the  s ame  p h y s i c a l  p ic tu re ,  n a m e l y ,  t he  p r e s -  
ence of a th in  ox ide  l a y e r  on the  Si. This  ques t ion  can  
p e r h a p s  be  dec ided  if t he  c u r r e n t  eff iciency d u r i n g  j e t  
e l ec t ropo l i sh ing  of Si  is known.  In  the  absence  of an  
ox ide  l a y e r  one w o u l d  e x p e c t  t he  Si  to go into  so lu -  
t ion  i n i t i a l l y  in the  d i v a l e n t  s ta te .  I f  a l a y e r  of SiO~ 
w e r e  p re sen t ,  t hen  the  Si  shou ld  de f in i t e ly  go in to  
so lu t ion  in t he  q u a d r i v a l e n t  s ta te .  A t h i r d  p o s s i b i l i t y  
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is sugges t ed  b y  the  w o r k  of Bockr i s  ( to be  p u b -  
l i shed)  who  has  shown  b y  g a l v a n o s t a t i c  m e a s u r e -  
m e n t s  t h a t  t h e  su r f ace  of Ge  d u r i n g  anodic  p o l a r i z a -  
t ion  is cove red  b y  a m o n o l a y e r  of GeO; y e t  the  Ge 
ions  w h i c h  h a v e  gone  into  so lu t ion  a r e  f o u n d  to be  
in t he  q u a d r i v a l e n t  s ta te .  Resu l t s  of r e l a t e d  s tud ies  
(11) show t h a t  t he  Si  d i s so lves  in the  q u a d r i v a l e n t  
s t a t e  in the  h igh  c u r r e n t  d e n s i t y  region .  This,  to -  
g e t h e r  w i t h  t he  h igh  p o t e n t i a l  va lue s  obse rved ,  w i t h  
t he  need  for  f r ee  H F  in o r d e r  to e lec t ropo l i sh ,  and  
w i t h  t he  p a s s i v a t i o n  of t he  Si  a t  too h igh  c u r r e n t  
dens i t i e s  for  a g iven  H F  con ten t  seems  to e s t ab l i sh  
de f in i t e ly  t he  p r e s e n c e  of a t h in  SiO~ f i lm d u r i n g  
e l e c t r o p o l i s h i n g  in  aqueous  solut ions .  In  o r d e r  to ob-  
t a in  t he  bes t  pol ish,  the  d i s so lv ing  p o w e r  of t h e  
e l e c t r o l y t e  m u s t  be  n e i t h e r  too low no r  too high.  
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Uniform Resistivity p-Type Silicon by Zone Leveling 
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ABSTRACT 

Silicon single crystals nomina l ly  1 cm in  diameter  and 16 cm long have been 
grown with a luminum doping in  a floating zone apparatus. Crystals have been 
prepared with nomina l  p- type  resistivities of 0.3 and 5 ohm-cm with variat ions 
of 5% or less along the crystal length. Variations of resist ivity with rotation 
rate, growth rate, ambient  gas flow rate, and other growth variables have been 
studied. Zone volume variat ions were also measured. 

The  wide  use of diffusion t echn iques  for the  p ro -  
duc t ion  of si l icon devices has led to a need  for l a rge  
quan t i t i e s  of s ingle  c rys ta l l ine  Si of u n i f o r m  res is-  
t iv i ty .  Pas t  exper ience  w i th  g e r m a n i u m  zone ref in ing  
and  leve l ing  (1) d e m o n s t r a t e d  tha t  this  is a prac t ica l  
me thod  of ob t a in ing  la rge  quan t i t i e s  of u n i f o r m  re -  
s is t iv i ty  s ingle  crystals .  

By the  use of the  f loating zone t echn ique  (2) Si 
s ingle  crysta ls  can be g rown  and  zone refined. The 
process can be adap ted  easi ly  to zone  level ing.  F igu re  
1 i l lus t ra tes  a typ ica l  zone l eve l ing  expe r imen t .  A 
zone of mo l t en  semiconductor ,  A, is fo rmed  b e t w e e n  
a s ingle  crys ta l  seed, B, and  a pu re  po lyc rys t a l l i ne  
ingot,  C. The  i m p u r i t y  is added to the  mo l t en  zone. 
The mo l t en  zone is moved  to the  r igh t  f reezing out  
i m p u r i t y  doped semiconduc tor  onto seed B and  m e l t -  
ing pu re  po lyc rys t a l l i ne  semiconduc tor  f rom ingot  
C. The  n e w l y  g rown  single  c rys ta l  wi l l  con ta in  a 
concen t r a t i on  of i m p u r i t y  kCL, where  /c is the effec- 
t ive d i s t r i bu t ion  coefficient of the  impur i ty ,  and  CL 
is the  i m p u r i t y  concen t r a t i on  in  the  mo l t en  zone. If 
k is ve ry  smal l  (e.g., < 0.01), the  a m o u n t  of i m p u r i t y  
f rozen in to  the  s ingle  crys ta l  is sufficiently smal l  so 
tha t  CL is not  s igni f icant ly  a l te red  even  af ter  severa l  
zone l eng ths  have  been  t raversed .  

In  add i t ion  to hav ing  a smal l  k, a su i t ab le  doping  
e l emen t  m u s t  be nonvo la t i l e  if a u n i f o r m  concen-  
t r a t i on  is to be ma in t a ined .  I t  m u s t  be of high p u r i t y  
since t race  e l ements  hav ing  a l a rger  d i s t r i bu t ion  co- 
efficient wou ld  have  a d e t r i m e n t a l  effect on the  
l eve l ing  process. Fu r the r ,  since cont ro l  is of ten de-  
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Z O N E  L E V E L I N G  S C H E M A T I C  

Fig. 1. Typicol zone leveling experiment 

s i rable  over  severa l  orders  of m a g n i t u d e  of i m p u r i t y  
concen t ra t ion ,  it  is des i rab le  to be able  to use bo th  
al loys of the  i m p u r i t y  w i t h  the  semiconduc tor  as we l l  
as the e l e me n t a l  i m p u r i t y  itself. A l u m i n u m  fulfills 
these  r e q u i r e m e n t s  and  was  used for these  expe r i -  
ments .  

Experimental 
The floating zone ma c h i ne  used for the  exper i -  

me n t s  has been  descr ibed by  Bueh le r  (3) .  I t  is neces-  
sary  to keep the  zone v o l u m e  cons tan t  d u r i n g  zone 
l eve l ing  to keep CL constant .  In  order  to min imize  
zone v o l u m e  changes,  the  zone v o l u m e  was  m o n i -  
tored  d u r i n g  the  leve l ing  operat ion.  This  was  done 
by  m e a s u r i n g  the  zone l eng th  w i th  a ca the tometer ,  
a s suming  tha t  the  zone d i ame te r  a nd  l iqu id - so l id  
in te r face  shape r e m a i n  essen t ia l ly  constant ,  and  
m a n u a l l y  a d j u s t i ng  the rf  i nduc t ion  hea te r  to com- 
pensa te  for a ny  observed  changes.  Zone l eng th  va r i -  
a t ions did no t  exceed •  % for the  g rowth  condi t ions  
s tudied.  

Zone  leve l ing  was  s tud ied  w i t h  crys ta ls  t h a t  
r a n g e d  f rom 14 to 18 cm in  length ,  were  b e t w e e n  0.9 
and  1.2 cm in  d i ame te r  w i th  d i ame te r  va r i a t ions  in  
i n d i v i d u a l  rods of -----3 % or less. They  were  all  p - t y p e  
w i th  res is t ivi t ies  at the seed ends  in  the  r a nge  f rom 
80 to 175 o h m - c m  a nd  30 to 165 o h m - c m  at  the op-  
posi te  ends.  

Crys ta ls  were  doped to n o m i n a l  res i s t iv i ty  levels  
of 0.3 and  5 ohm-cm.  The  0.3 o h m - c m  crys ta ls  were  
g r ow n  by  doping  w i t h  e l e m e n t a l  A1. A smal l  piece of 
99.998% A1 we igh ing  a p p r o x i m a t e l y  0.5 mg was  
p laced  in  a 0.025 cm slot, cut  at a p p r o x i m a t e l y  a 45 ~ 
ang le  in  the seed end  of the p u r e  crystal ,  where  the 
s t a r t ing  zone was  to be es tab l i shed  (Fig. 2a) .  

The  5 o h m - c m  rods were  g rown  b y  d o p i n g  wi th  
cy l inders  of floating zone leveled  A1 doped Si of ap -  
p r o x i m a t e l y  0.038 o h m - c m  res is t iv i ty .  These were  
placed b e t w e e n  the  seed and  the  u n d o p e d  s ta r t ing  
rod where  the  s ta r t ing  zone was  to be  es tab l i shed  
(Fig. 2b) .  I t  was  i m p o r t a n t  to assure  tha t  the  seed, 
the  doping cyl inder ,  and  the  s ta r t ing  rod were  coax-  
ia l ly  a l igned  pr ior  to the  zone - l eve l ing  operat ion.  
A n y  eccent r ic i ty  t ended  to increase  the  d i ame te r  
va r i a t ions  d u r i n g  zone me l t i ng  and  thus  increase  the  
u n c e r t a i n t y  in  the  zone volume.  It  was possible to 
achieve condi t ions  where  the  d i ame te r  f luc tuat ions  
increased  f rom an  or ig ina l  average  of •  to final 
va lues  of ---7% or less. 
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Fig. 2. Aluminum doping schematic 
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All  the expe r imen t s  were  pe r fo rmed  in a h y d r o -  
gen a tmosphere .  Oxygen  was  r emoved  f rom the  h y -  
d rogen  by  pass ing t h rough  a Deoxo pur i f ier  and  the  
h y d r o g e n  dr ied  to a dew poin t  of < - -100~ by  pass-  
ing over L inde  molecu la r  sieves (No. 5A) at l iqu id  
n i t r ogen  t empera tu re .  This pur i f ica t ion was necessa ry  
to i n su re  a m i n i m u m  loss of a l u m i n u m  f rom the  
mo l t en  zone by  oxidat ion.  

The  res i s t iv i ty  of the  zone leveled  crysta ls  was  
measu red  on bars  0.625 cm by  0.625 cm in  cross sec- 
t ion  cut  f rom the cen te r  of a crystal .  C u r r e n t  e lec-  
t rodes were  r h o d i u m  and  copper p la ted  on the ends  
of the bars,  and  a cons tan t  c u r r e n t  was  passed a long 
the i r  length .  Two m o v a b l e  points  spaced 0.025 cm 
apar t  were  d r iven  mechan i ca l l y  a long the  l eng th  of 
the rod and  the  po ten t i a l  difference b e t w e e n  the  
poin ts  was  plot ted  on a L&N Speedomax  recorder .  
Resis t ivi t ies  were  ca lcula ted  f rom the  po ten t i a l  p ro -  
files. These m e a s u r e m e n t s  showed a b a c k g r o u n d  
noise level  which  appeared  as the  points  were  
dragged a long the sur face  of the  crystal .  By r epea t -  
ing the m e a s u r e m e n t s  severa l  t imes  on a pa r t i cu l a r  
crystal ,  i t  was  d e t e r m i n e d  tha t  the  m e a s u r e m e n t s  
were  r ep roduc ib le  but ,  due  to the noise, va r i a t ions  in 
res i s t iv i ty  less t h a n  •  could no t  be de te rmined .  

Results 
The fo l lowing va r i ab les  we re  s tudied:  s t i r r ing  of 

the  m o l t e n  zone, g rowth  rates,  loss of A1 f rom the  
mo l t en  zone, and  a m b i e n t  gas flow rate.  

The m o l t e n  zone is s t i r red  by  ro t a t ing  the seed 
c rys ta l  whi le  ho ld ing  the  undoped  por t ion  of the  rod 
s ta t ionary .  The  effect on res i s t iv i ty  of seed ro ta t ion  
speeds b e t w e e n  40 and  110 r p m  was d e t e r m i n e d  to be 
neg l ig ib le  at the  0.3 o h m - c m  level.  A crys ta l  was  
g rown  at  bo th  0.0021 and  0.0058 cm/sec  w i th  ro ta -  
t ion  speeds of 40 and  110 rpm. F i g u r e  3 is a res is -  
t i v i ty  profile ob ta ined  f rom a typica l  s t i r r ing  expe r i -  
ment .  Dis tance  a long the  crys ta l  axis in  cen t ime te r s  
is p lo t ted  a long the ver t i ca l  coordina te  whi le  r e -  
s i s t iv i ty  in  o h m - c m  is p lot ted  a long the hor izonta l  co- 
ordinate .  It  can be seen tha t  the  res i s t iv i ty  is v i r t u -  
a l ly  u n c h a n g e d  by  chang ing  the  ro ta t ion  ra te  at 
e i ther  g rowth  rate.  A closer compar i son  of the  r e -  
s is t ivi t ies  at the 0.0021 cm/sec  g rowth  ra te  showed 
the  110 r p m  reg ion  to be ~ 7 %  higher  t h a n  the  40 r p m  
region.  Since this increase  occurred gradua l ly ,  and  
there  was  no a b r u p t  change  w h e n  the  s t i r r ing  ra te  
was  changed,  it is be l i eved  tha t  this  is no t  a r e su l t  
of s t i r r ing  bu t  is due to some u n k n o w n  var iab le .  

Fig. 3. Resistivity profile of 0.3 ohm-cm stirring and 
growth rate experiment. 

Chang ing  the  g rowth  ra te  p roduced  the  la rges t  
effect of a ny  of the  var iab les  s tudied.  Inc reas ing  the 
g rowth  ra te  f rom 0.0021 cm/sec  to 0.0058 cm/sec  de-  
creased the  res i s t iv i ty  a p p r o x i m a t e l y  25% at the  0.3 
o h m - c m  level  and  35% at the  5 o h m - c m  level.  Meas-  
u r e m e n t s  of zone l eng th  and  crys ta l  d i a m e t e r  i nd i -  
cated tha t  the  m a x i m u m  change  in  zone v o l u m e  be-  
t w e e n  the  above g rowth  regions  was no t  more  t h a n  
•  F igu re  3 is the res i s t iv i ty  profile of a typ ica l  
0.3 ohm crystal .  The  decrease in  res i s t iv i ty  is in  the  
d i rec t ion  expected f rom the  B u r t o n - P r i m - S l i c h t e r  
(4) diffusion l ayer  theory.  At  the  fas ter  g rowth  rate,  
less of the  re jec ted  i m p u r i t y  is able  to diffuse away  
f rom the g rowing  interface,  and  the  effective dis-  
t r i b u t i o n  coefficient increases.  

It  is i n t e re s t ing  to no te  tha t  a compar i son  of u n i -  
fo rmi ty  of res i s t iv i ty  vs. g rowth  ra te  shows tha t  at 
res i s t iv i ty  levels  of 5 o h m - c m  and  g rowth  ra tes  of 
a p p r o x i m a t e l y  0.0021 cm/sec  the res i s t iv i ty  va r i a -  
t ions  are •  In  the  reg ion  g rown  at  0.0058 c m /  
sec the res i s t iv i ty  va r ied  less t h a n  •  Zone vol -  
ume  changes  as m e a s u r e d  by  the  ca the tomete r  r e ad -  
ings b e t w e e n  the  slow and  fast  g rowth  ra te  regions  
did no t  exceed •  for each region  and  canno t  ac-  
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coun t  for the  observed  res i s t iv i ty  var ia t ions .  I t  ap -  
pears  tha t  at  the  h igher  res i s t iv i ty  levels  the  r e -  
s i s t iv i ty  is more  u n i f o r m  at the faster  g rowth  rates.  
At  the  lower  res i s t iv i ty  levels,  the  res i s t iv i ty  u n i -  
f o rmi ty  is no t  affected over  the  r ange  of g rowth  
ra tes  s tudied.  The  reason  for this  difference is no t  
known .  

Loss of A1 f rom the m o l t e n  zone by  evapora t ion  
or reac t ion  w i th  the  pro tec t ive  a tmosphere  was  s tud -  
ied b y  s topping the  zone t r ave l  a p p r o x i m a t e l y  ha l f -  
w a y  t h r o u g h  the pass, ho ld ing  the  zone s t a t i ona ry  
for an  hour  w i th  the  seed ro ta t ing  ( p u d d l i n g ) ,  and  
then  proceeding  at  the  or ig ina l  g rowth  rate.  Loss of 
A1 f rom the  mo l t en  zone wou ld  produce  h igher  r e -  
s i s t iv i ty  af ter  puddl ing .  By compar ing  the res i s t iv i ty  
m e a s u r e m e n t s  in  the  first half  of a 0.3 o h m - c m  crys-  
ta l  wi th  those in  the  second hal f  it  was  observed tha t  
the  res i s t iv i ty  level  u p o n  r e s u m i n g  g rowth  is equa l  
to tha t  p r ior  to the  p u d d l i n g  i n t e r v a l  w i t h i n  the  
m e a s u r e m e n t  error.  Thus  the loss of A1 f rom the  
m o l t e n  zone at the  0.3 o h m - c m  level  is negl ig ible .  
Two add i t iona l  pudd led  crysta ls  doped to 1.5 a nd  5 
o h m - c m  resu l t ed  in  res i s t iv i ty  levels  upon  r e s u m i n g  
g rowth  tha t  were  5% and  12% higher ,  respect ive ly ,  
t h a n  the levels  pr ior  to the puddl ing ,  i nd ica t ing  some 
loss of A1. The loss of A1 m a y  be due to va r i a t ions  in  
the  cont ro l  of the  H2 dew poin t  r e su l t ing  in  ox ida-  
t ion  of A1 f rom the  mo l t en  zone. In  this case the  
tota l  loss of A1 wou ld  depend  only  on the  w a t e r  
con ten t  of the a m b i e n t  hyd rogen  a tmosphere  a nd  
wou ld  be i n d e p e n d e n t  of the A1 concen t r a t i on  in  the  
m o l t e n  zone. At  h igher  res i s t iv i ty  levels  the loss of a 
cons tan t  a m o u n t  of A1 f rom the  m o l t e n  zone wou ld  
be more  no t iceable  since it  is a l a rger  f rac t ion  of the  
tota l  A1 concen t r a t i on  added in i t i a l ly  to the  m o l t e n  
zone. 

F ina l ly ,  the  effect of the  H~ gas flow ra te  b e t w e e n  
100 and  1000 c c / m i n  on res i s t iv i ty  level  was  de te r -  
m i n e d  to be  neg l ig ib le  at  the  0.3 o h m - c m  level.  A 
crys ta l  was  g rown  at 0.0028 cm/sec .  The res i s t iv i ty  
in  the  reg ion  of 100 c c / m i n  of H~ was w i t h i n  me a s -  
u r e m e n t  e r ror  of •  whi le  the  res i s t iv i ty  va r i ed  
+-8% in  the  1000 c c / m i n  region.  The  reason for this  
difference is not  known .  

M e a s u r e m e n t s  of the  res i s t iv i ty  va r i a t ions  t h r ough  
the  cross sections of the  zone leve led  crysta ls  were  
made  on rods 0.0125 cm by  0.0125 cm in  cross sect ion 
cut  d i agona l ly  f rom the  0.625 cm cross section of the  
square  rods tha t  had  been  used for the  l o n g i t u d i n a l  
measu remen t s .  M a x i m u m  res i s t iv i ty  va r i a t ions  
t h rough  the  cross section were  +-7% and  se ldom ex-  
ceeded -----5% in  any  of the g rowth  condi t ions  s tudied.  

Values  for the  effective d i s t r i bu t ion  coefficient of 
A1 in  Si at the  concen t r a t i on  levels  and  wi th  the  
g rowth  va r i ab les  s tudied  r anged  b e t w e e n  2.0 x 10 -8 
and  9.0 x 10 -3. B u r t o n  (5) has r epor ted  an  equ i l i b -  
r i u m  d i s t r i bu t i on  coefficient va lue  for A1 in  Si at the  
me l t i ng  po in t  of Si ~ 4.0 x 10 -8. The va lues  ob ta ined  
f rom the  p resen t  work  are based  on A1 concen t r a -  
t ions in  the  mo l t en  zone ca lcu la ted  f rom the  concen-  
t r a t ion  of A1 added and  corrected for zone v o l u m e  
changes  m e a s u r e d  a long the  c rys ta l  length.  The con-  
cen t r a t i on  of A1 in  the  leveled  crys ta ls  and  in  the  
doping al loys was ob ta ined  f rom the  respect ive  r e -  
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s is t iv i ty  m e a s u r e m e n t s  us ing  mob i l i t y  da ta  of 
P r i n c e  (6) .  

There  is some u n c e r t a i n t y  in  P r ince ' s  mob i l i t y  da ta  
be low 1.0 ohm-cm,  and  an  ex t r apo la t ion  was  made  
to the  0.038 o h m - c m  level.  Ca lcu la t ions  of the  effec- 
t ive  d i s t r i bu t ion  coefficient were  also made  us ing  the  
recen t  va lues  of hole mob i l i t y  d e t e r m i n e d  by  Back-  
enstoss (7) .  These resu l t ed  in  d i s t r i bu t i on  coeffi- 
c ients  as la rge  as 1.5 x 10 -~. These  va lues  are m u c h  
la rger  t h a n  a ny  prev ious  es t imate  of the d i s t r i bu t ion  
coefficient of a l u m i n u m .  F u r t h e r m o r e ,  if the  d is t r i -  
b u t i o n  coefficient was  this large,  zone l eve l ing  w i th  
A1 should  no t  be  as effective as is ac tua l ly  observed.  
This indica tes  tha t  the  mobi l i t ies  repor ted  by  Back-  
enstoss m a y  be too low at  low resist ivi t ies .  

Minor i ty  car r ie r  l i fe t ime d e t e r m i n e d  by  photo-  
conduc t iv i ty  decay m e a s u r e m e n t s  (8) r a n g e d  f rom 
10-20/~sec at  the  0.3 o h m - c m  level,  and  f rom 50-200 
~sec at the  5 o h m - c m  level.  

Conclusions 
For  the  g rowth  pa rame te r s  s tudied,  changes  in  

g rowth  ra te  have  the larges t  effect on res i s t iv i ty  
level.  Inc reas ing  the  g rowth  ra te  f rom 0.0021 cm/sec  
to 0.0058 cm/sec  p roduced  a decrease in  the r e -  
s i s t iv i ty  level  of a p p r o x i m a t e l y  25 % at  the  0.3 ohm-  
cm level  and  35% at  the 5 o h m - c m  level.  Changes  
in  s t i r r ing  ra te  or gas flow ra te  do not  p roduce  sig- 
n i f icant  effects on res i s t iv i ty  level  over  the  r ange  
t ha t  was  explored.  Also a l u m i n u m  evapora t ion  is no t  
significant.  This  suggests tha t  sa t is factory  zone l eve l -  
ing of A1 in Si r equ i res  close cont ro l  of g rowth  ra te  
whi le  modera t e  va r i a t ions  in  ro ta t ion  ra te  a nd  a m -  
b i e n t  gas flow ra te  can  be tolerated.  

Crys ta ls  doped wi th  A1 can be g rown  in  the  pres -  
en t  appa ra tu s  w i th  res i s t iv i ty  va r ia t ions  a long the  
l eng th  of •  or less at  the  0.3 o h m - c m  level  at 
g r o w t h  ra tes  b e t w e e n  0.0021 cm/sec  a nd  0.0058 
cm/sec  and  at the  5 o h m - c m  level  at  0.0058 cm/sec .  
Crys ta ls  doped to the  5 o h m - c m  level  and  g rown  at 
a p p r o x i m a t e l y  0.0021 cm/sec  have  va r i a t i ons  a long 
the  l eng th  of ~ 1 0 % .  Res is t iv i ty  va r i a t ions  t h rough  
the  cross sect ion of all  crysta ls  s tudied  were  less 
t h a n  +--7%. 
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ABSTRACT 

An optical analogy leads to a simple x - r ay  method of de termining crystal 
perfection. Although furn ish ing  only semiquant i ta t ive  informat ion at present, 
this can be developed into a quant i ta t ive  method. For some applications it is 
considered superior to existing techniques such as etch pit counts or x - r ay  
rocking curves. This method is combined with the determinat ion of the crystal 
or ientat ion since it  is based on a slightly modified Laue back reflection method. 

I t  is no t  necessary  to stress the impor t ance  of c rys-  
ta l  per fec t ion  for semiconduc tor  devices since it has 
been  emphas ized  by  severa l  au thors  (1, 2). M a n y  of 
the proper t ies  of the solid s tate  can be unde r s tood  
on ly  if a dev ia t ion  f rom the r egu l a r  a r r a n g e m e n t  
of m a t t e r  in  crysta ls  is a ssumed  (3) .  The  s ta tus  of 
this  knowledge  has been  s u m m a r i z e d  (4, 5). 

The methods  c o m m o n l y  used for the  d e t e r m i n a -  
t ion  of s ingle  crys ta l  per fec t ion  are etch pi t  counts  
(6) ,  copper  p rec ip i t a t ion  (7) ,  and  x - r a y  rock ing  
curve  m e a s u r e m e n t s  (8, 9). These p rocedures  have  
l imi ta t ions  wi th  respect  to ease of hand l ing ,  r ep ro -  
ducib i l i ty ,  or i n t e rp re t a t ion .  

This pape r  describes a s imple  x=ray me thod  which  
e l imina tes  some of the  d rawbacks  of the  methods  
m e n t i o n e d  above. The  objec t ive  of this me thod  is an  
ove r - a l l  cha rac te r i za t ion  of the crys ta l  w i th  respect  
to r e t i cu la r  o r i en ta t ion  (Ref. 4, p. 411) bu t  no t  to 
la t t ice  defects of a tomic d imens ions .  Other  x - r a y  
methods  of per fec t ion  studies  are ava i l ab le  (10-12) .  

This  pa r t  of the pub l i ca t ion  p resen t s  a qua l i t a t i ve  
descr ip t ion  of the method,  an ou t l ine  of the  e v a l u a -  
t ion  procedure ,  and  some p r e l i m i n a r y  resul ts .  P a r t  II 
wi l l  deal  w i th  some q u a n t i t a t i v e  cons idera t ions  a nd  
more  examples  of appl icat ion.  

Experimental Procedure 
A model  w i th  vis ib le  l ight  is he lp fu l  in  exp l a in ing  

this  x - r a y  me thod  (13).  The re fe rence  ar t ic le  shows 
a wel l  g rown  rock salt  cube which,  a l though  far  f rom 
be ing  an  ideal  s ingle  crystal ,  migh t  r ep re sen t  here  a 
s ingle  crystal .  I t  is comple te ly  t r a n s p a r e n t  wh ich  
means  tha t  no i n t e r n a l  surfaces reflect l ight  f rom a 
l ight  source into the eye of the  observer .  However ,  
it  became dul l  and  opaque  af ter  it  had  been  de-  
fo rmed  by  exerc is ing  some pressure  on it  in  a h a n d  
press. The crys ta l  has kept  its e x t e r n a l  shape, bu t  
the  de fo rma t ion  has created i n t e r n a l  ref lect ing s u r -  
faces. This rock sal t  cube wi th  i n t e r n a l  surfaces 
migh t  serve  as a model  for a mosaic  crystal .  

Cons ider  an  ana logous  e x p e r i m e n t  us ing  x - r a ys ,  
for which  p rac t i ca l ly  all  ma te r i a l s  are to some ex t en t  
t r a n s p a r e n t ,  p a r t i c u l a r l y  si l icon or g e r m a n i u m .  
X - r a y s  are  also a more  sens i t ive  probe  due to the i r  
shor t  wave  lengths.  The  i n h e r e n t  differences be= 
tween  x - r a y  diffract ion and  optical  reflect ion m u s t  
be  kept  in  m i n d  in  spite of the  f r e q u e n t  i n fo rma l  use  
of the  express ion  " x - r a y  reflection." 

Due  to the se lec t iv i ty  of x - r a y  diffract ion a s ta -  
t i o n a r y  s ingle  c rys ta l  pe rmi t s  reflections by  the  l a t -  
tice p lanes  on ly  if a va r i e t y  of w a v e  l eng th  ( b r e m s -  
s t r a h l u n g )  is used so tha t  the crys ta l  can select  
those which  sat isfy Bragg 's  equa t ion :  n}, ~- 2d sin 0. 

Monochromat ic  rad ia t ion ,  however ,  has a chance  
for reflect ion on ly  if a va r i e t y  of angles  are used so 
tha t  the  crys ta l  can select those ve ry  few which  sat-  
isfy Bragg 's  equat ion.  It  is wel l  k n o w n  tha t  this  is 
achieved by  rocking  or ro ta t ing  a s ingle  crystal .  I n  
the  case of a powder  or po lyc rys ta l  w i t hou t  p r e -  
fe r red  or ien ta t ion ,  a la rge  va r i e t y  of la t t ice  p lanes  
is present ,  whose n o r m a l s  po in t  to all  d i rec t ions  of 
rad i i  of the sphere  a r o u n d  the  crystal .  This  la rge  
n u m b e r  of p lanes  offers such a va r i e ty  of i nc iden t  
angles  tha t  in  a n y  case a sufficient n u m b e r  of p lanes  
are in  g lanc ing  posi t ion.  The  geometr ica l  shape of 
all  rays  reflected by  one type  of p lanes  forms a cone 
wi th  an  apex of 40 or 360-40, respect ively .  The  poly-  
chromat ic  b r e m s s t r a h l u n g  is in  the  case of a powder  
reflected in  all  d i rec t ions  because  of the  va r i e t y  of 
both  ~ and  0 and  con t r ibu tes  to the  b a c k g r o u n d  only.  

The or ien ted  po lycrys ta l s  such as rol led sheets or 
e lec t ro ly t ica l ly  g r ow n  whiskers ,  to n a m e  two of 
m a n y  examples ,  hold a posi t ion b e t w e e n  the  wel l  
g r ow n  single  c rys ta l  and  the  i r r e gu l a r  powder ,  which  
m a r k  the  ex t remes .  Also, a p lace  be tween ,  a l though  
closer to the s ingle  crystal ,  m u s t  be  a t t r i b u t e d  to the  
d is tor ted  single crys ta l  (mosaic  crys ta l )  as r ep re -  
sented  by  the opaque  rock sal t  cube. 

S ince  the  mosaic  crystal ,  the  most  common  fo rm of 
"s ingle  crysta l ,"  is a h y b r i d  b e t w e e n  the  perfect  
monocrys t a l  and  a polycrys ta l ,  a me thod  should  be 
ava i l ab le  to d e t e r m i n e  how m u c h  of each compo-  
n e n t  is present .  One possible  w a y  is to take  an  x - r a y  
p a t t e r n  u n d e r  condi t ions  for bo th  mono-  and  po ly -  
c rys ta l  and  find out  wha t  t races  of po lyc rys t a l l i n i t y  
it contains .  

As s ta ted previous ly ,  it is p roper  to use the  b r e m s -  
s t r a h l ung  to ob ta in  a p a t t e r n  of a s t a t i ona ry  s ingle  
c rys ta l  (Laue  p a t t e r n ) .  A t u n g s t e n  ta rge t  x - r a y  t u b e  
serves best  for this  purpose,  since the  r ad i a t i on  
f rom such a t ube  consists a lmost  exc lus ive ly  of the 
po lychromat ic  x - r a y  spec t rum.  

For  powder  pa t te rns ,  however ,  the b r e m s s p e c t r u m  
is no t  on ly  useless, bu t  even  adverse,  since it  gives 
rise to excessive background .  The  r ad ia t ion  of a cop- 
per  t a rge t  is used mos t ly  for this  case since it com- 
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bines  a ve ry  in tense  charac ter i s t ic  r ad ia t ion  w i t h  
l i t t le  b r e m s s t r a h l u n g  due  to the r e l a t i ve ly  low 
atomic n u m b e r  of copper. To m a k e  D e b y e - S c h e r r e r  
d iagrams  even  clearer ,  other  w a v e  l eng ths  besides  
the des i red K a - d o u b l e t  are  suppressed or e l i m i n a t e d  
by  filters, monochromators ,  or pulse  he ight  d i sc r imi -  
nators .  

However ,  the purpose  is served best  by  the u n -  
fi l tered r ad ia t ion  of a copper target ,  s ince it  offers 
a ce r ta in  a m o u n t  of a po lychromat ic  r ad ia t ion  plus  
a s t rong monochroma t i c  component .  Thus,  condi t ions  
for both  s ingle  and  po lycrys ta l  are  met  s i m u l t a n e -  
ously. F u r t h e r m o r e ,  the  unf i l t e red  r ad ia t ion  f rom a 
copper t a rge t  is ob t a inab le  in  the s imples t  fashion.  

Reg i s t ra t ion  by  counters  (Geiger ,  p ropor t iona l ,  
s c in t i l l a t ion ) ,  which  offers t r e m e n d o u s  advan t ages  
in  m a n y  cases in  compar i son  to photographic  m e t h -  
ods, is no t  v e r y  su i tab le  in  this case because  the  
scann ing  n a t u r e  of these devices makes  r eg i s t r a t ion  
of a Laue  p a t t e r n  of a s ingle  crys ta l  uneconomica l .  A 
recorder  should  regis ter  a m a x i m u m  of diffracted 
rays  and  offer an  ove r - a l l  v iew of the crystal .  The 
ideal  s i tua t ion  wou ld  be  to have  a spher ica l  f i lm 
a r o u n d  the  crystal .  The closest a p p r o x i m a t i o n  to this, 
which  pe rmi t s  ro l l ing  off the film in to  a plane,  is the  
double  cone suggested by  Regler  (14, 15). 

The appea rance  of u n d e f o r m e d  and  deformed  rock 
salt  in  double  cone pa t t e rns  is i l lus t ra ted  by  Fig. 
1 and  2, respect ively .  The  film f rom regu la r  cones 
has the  shape of a semicirc le  and  pe rmi t s  s imple  
eva lua t i on  of the r ead ings  on the  film. 

F i g u r e  1 shows a Laue  p a t t e r n  of a s ingle  c rys ta l  
wi th  spots f rom the  b r e m s s t r a h l u n g  and  h a r d l y  a ny  
diffract ion of the copper rad ia t ion .  This  corresponds  
to the  reflectionless appea rance  of the c rys ta l  in  
v is ib le  l ight.  Dis tor t ion  of the  c rys ta l  lets m o n o -  
chromat ic  reflections appear  in  the  form of l una t e s  
on the  back  reflected pa r t  and  causes the Laue  spots 
on the  t r a n s m i t t e d  pa r t  to degene ra t e  to curves,  
(Fig. 2). This  is closely re la ted  to the m u l t i p l e  r e -  

flections of the vis ib le  l ight  which  make  the  c rys ta l  
appear  dull .  

In  us ing  these facts for c rys ta l  per fec t ion  studies,  

Fig. 1. Double cone pattern of an undeformed rock salt 
crystal: (A) transmitted part, (B) back-reflected part. The 
figure next to the back reflected pattern indicates the per- 
fection value in arbitrary units (see Fig. 7). 

Fig. 2. Double cone pattern as in Fig. 1, but after de- 
formation of the rock salt crystal. 
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Fig. 3. Summary of perfection method 

Fig. 4. Cone back reflection pattern of a diamond (per- 
fection value O). 

it is found the back reflected cone furnishes all the 
information we need and permits nondestructive 
testing. Restriction to the back reflected part of the 
diffraction pattern is, therefore, no disadvantage 
since it offers simplicity with no sacrifice of infor- 
mation. This is the reason all routine work on per- 
fection studies has been carried out with the single 
cone back reflection method only. 

As compared to the plane film method, the ad- 
vantages of the cone back reflection method for the 
task under consideration consist of: (a) focusing, 
which reduces exposure time by making use of a 
wider aperture; (b) recording of all glancing angles 
45 < ~ < 90 on the entire circumference of the dif- 

fraction cones. 
Figure 3 summarizes the situation. A perfect lattice, 

symbolized by an undistorted network (left), fur- 
nishes only a Laue pattern from the bremsstrahlung. 
A completely irregular polycrystal with small sized 
crystallites furnishes only Debye-Scherrer circles, the 
bremsstrahlung disappearing in the continuous 
background. The mosaic crystal, symbolized by an 
irregular network, is a hybrid between the two. 

Even with the small divergence of the primary 
beam which offers a small variety of angles to the 
crystal, no traces of Debye-Scherrer lines should be 
found on the Laue back reflection pattern of an 
ideal single crystal. This is proved by Fig. 4, a pat- 
tern from a 3 x 3 mm clear diamond chip. Diamond is 
known to have the most nearly perfect lattice. In 
spite of the divergence of about 5 ~ of the primary 
beam, no reflection from the copper K radiation can 
be observed. The diamond chip was not cut in a ma- 
jor crystallographic direction; therefore, no simple 
symmetry relations can be seen on its Laue pattern. 

To demonstrate the opposite extreme from this 
diamond lattice, a pattern taken under the same con- 
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Fig. 5. Cone back reflection pattern of a polycrystal l ine 
piece of sdicon (perfection value ~ ) .  
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1 
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Fig. 7. Scheme of a rough scale for evaluat ion in arbi t rary 
units. The size of the lunates is rated from 2-10. The reflect- 
ing planes ore marked (in parentheses) from both Kc~ and 
K/]. If the doublet appears, the number should be doubled. 
The fl-reflections are weaker than the o-reflections because of 
the lower intensity of the fl wave length. 

Fig. 6. Various degrees of "s ingulQr i ty"  between the ex- 
tremes of Fig. 4 and 5. A, B, Czoehralski crystals with per- 
fection values of ( ]4)  and (56), respectively; C, f loat ing zone 
crystal, twinned (74); D, silicon needle from the zinc reduc- 
tion of silicon tetrachloride ( ~ ) .  

di t ions  as for Fig. 4 was ob ta ined  wi th  a piece of 
si l icon (Fig. 5). The  sil icon was ob ta ined  by  vapor  
decompos i t ion  of its chloride.  I t  is an  examp l e  of a 
f inely po lyc rys ta l l ine  aggregate  w i thou t  any  p re -  
fe r red  o r i en ta t ion  f u r n i s h i n g  fu l l  D e b y e - S c h e r r e r  
circles (degene ra t ed  into hal f  circles af ter  ro l l ing  
off the f i lm).  No Laue  spots f rom the b r e m s s p e c t r u m  
can  be observed.  

Be tween  these two ex t remes  be long  the photo-  
graphs  of Fig. 6 ( A - D ) .  F igure  6A is t aken  f rom a 
wel l  g rown  Si -Czochra lsk i  crystal ,  "B" f rom a less 
perfect  Si s ingle  crystal ,  "C" is the p a t t e r n  f rom an  
ea r ly  unsuccess fu l  a t t emp t  to grow a float zoned 
s ingle  crystal ,  and  "D" s tems f rom a si l icon need le  
deposi ted f rom the  vapor  phase. The la t te r  ap -  
proaches  Fig. 5, bu t  the c rys ta l l ine  ind iv idua l s  are 
la rge  enough  to fu rn i sh  Laue  spots ins tead  of con-  
t i nuous  b a c k g r o u n d  f rom the b remsspec t rum.  A nec -  
essary consequence  of this  is tha t  the D e b y e - S c h e r -  
re r  circles are b r o k e n  in to  s ingle  reflections and  are 
not  con t inuous  as in  Fig. 5. 

Evaluation of Perfection Numbers 
These expe r imen t s  m a k e  it clear tha t  conclus ions  

abou t  the per fec t ion  of the  s ingle  crys ta l  can  be 
d r a w n  by  coun t ing  the  n u m b e r  of monochroma t i c  r e -  
flections and  by  t ak ing  into account  the size of the  
lunates ,  in  other  words,  e s t ima t ing  the f rac t ion  of 
the D e b y e - S c h e r r e r  circle which  is b lackened .  This  
leads to s e m i q u a n t i t a t i v e  resul t s  in  a r b i t r a r y  uni t s ,  
good for compar i son  of crysta ls  bu t  no t  of signifi-  
cance in  an  absolu te  sense. A scale for a r b i t r a r y  un i t s  
is suggested in  a la ter  pa r t  of this  paper  (Fig. 7). 

Pe r fec t ion  n u m b e r s  m e a s u r e d  in  these a r b i t r a r y  
un i t s  are shown for the  back  reflect ion pa t t e rn s  of 
Fig. 1, 2, 4-6, 13. This  figure in  a r b i t r a r y  un i t s  is de -  
r ived  f rom the p lanes  (111),  (013),  (011),  (135),  
(335),  (123),  which  appear  on the  back  reflect ion 
p a t t e r n  of si l icon wi th  the r ad ia t ion  f rom a copper 
t a rge t  (see Fig. 7). 

The  method  appl ied  in  this  w a y  is s e m i q u a n t i t a -  
t ive  and  does not  t ake  s t r ic t  account  of severa l  fac-  
tors such as, for example ,  the  d ivergence  of the  p r i -  
m a r y  b e a m  and  the  i n t e ns i t y  of the  D e b y e - S c h e r r e r  
l una t e s  (cor re la ted  wi th  each o ther ) .  The  method,  
however ,  fu rn i shes  a ve ry  dependab l e  r e l a t ive  meas -  
u re  of per fec t ion  as d e m o n s t r a t e d  by  a few examples  
below. A chip of a clear  i n d u s t r i a l  d i a mond  serves 
as a s t anda rd  m a r k i n g  the zero po in t  of the  scale. A 
perfect  s ingle crys ta l  r ep resen t s  the  va lue  0 in  this 
scale, whi le  the  powder  or po lycrys ta l  wi th  c o n t i n u -  
ous D e b y e - S c h e r r e r  circles is des igna ted  as inf ini ty.  
The method  can be developed into a q u a n t i t a t i v e  one 
lead ing  to the s te reographic  p ro jec t ion  of the poles 
of all  p lanes  appea r ing  on the  back reflect ion pa t t e rn .  
The n u m b e r  of p lanes  reg is te red  can be increased  by  
us ing  a l loyed ta rge ts  (14).  This  d e v e l o p m e n t  wi l l  be  
descr ibed  in  a f u t u r e  paper.  For  a lmost  al l  p rac t ica l  
purposes  e nc oun t e r e d  w i th  semiconduc to r  s ingle  
crystals,  eva lua t ion  in  a r b i t r a r y  un i t s  y ie lds  ade-  
qua te  i n f o r ma t i on  and  is p re fe r red  because  of the  
r ap id i t y  of the method.  

A few more  deta i led  ins t ruc t ions  abou t  this  p ro-  
posed s e m i q u a n t i t a t i v e  scale in  a r b i t r a r y  un i t s  is 
g iven  below to fac i l i ta te  its appl icat ion.  

F igu re  7 is a rough  sketch of a cone back  reflect ion 
p a t t e r n  of si l icon wi th  copper  rad ia t ion .  The  fu l l  
semicircles,  p ic tu red  in  t h in  l ines,  are the Debye -  
Scher re r  reflections f rom the  fo l lowing p lanes  (111) 
IV. Order,  (335),  (013) II. Order ,  (135),  (011) IV. 
Order,  (335),  and  (123) II. Order.  These reflections 
are  ob ta ined  by  the al, a_o double t  a n d / o r  by  the  fl 
l i ne  of the  charac ter i s t ic  copper  K spec t rum.  At  
g lanc ing  angles  nea r  90 ~ the a - d o u b l e t  is c lear ly  
resolved into its componen t s  (444 ref lect ion) .  In  the  
case of an  imperfec t  s ingle  crystal ,  f rac t ions  of these 
D e b y e - S c h e r r e r  circles appear  on the  p a t t e r n  on the  
place of a Laue  spot. F rac t ions  f rom all  possible  
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D e b y e - S c h e r r e r  circles can appear .  This  is verif ied 
for example  in Fig. 13B, where  p rac t i ca l ly  every  
D e b y e - S c h e r r e r  circle is r ep resen ted  by  a f ract ion.  
The re  is a cor re la t ion  be tween  the p e r i p h e r a l  w i d t h  
of the  luna te ,  its g lanc ing  angle  9, and  the f luc tua-  
t ion  of the  n o r m a l  vector  of the reflect ing plane.  This  
wi l l  be  covered in  more  deta i l  in  P a r t  II  of this  
paper .  A smal l  f rac t ion  on any  of the  D e b y e - S c h e r -  
rer  circles poin ts  to a r e l a t i ve ly  smal l  m i so r i en t a t i on  
of the latt ice.  A n u m b e r  of 2 is a r b i t r a r i l y  a t t r i b u t e d  
to such a smal l  l u n a t e  p ic tu red  on the  lef t  side of 
Fig. 7. Inc reas ing  size of the  l u n a t e  poin ts  to l a rger  
m i so r i en t a t i on  and  is r ep resen ted  on subsequen t  
rows, f rom left  to r ight ,  Fig. 7, by  increas ing  " im-  
per fec t ion  va lues"  r a n g i n g  f rom 2-10. A double  
l u n a t e  of both  ~1 and  a.~ r ad i a t i on  indicates  a r a the r  
serious m i s a l i g n m e n t  of the crys ta l  since the p r o b -  
ab i l i ty  of reflect ion of a m o n o c h r o m a t e  r ad ia t ion  by  
a s ingle  crys ta l  is smal l ;  to reflect two monochro -  
mat ic  w a v e  lengths  of 4 XU w a v e - l e n g t h  d is tance  is 
sti l l  more  improbable .  If it  happens ,  the  crys ta l  m u s t  
be s igni f icant ly  distorted.  Therefore ,  such a double  
l u n a t e  should be counted  double.  The  reproduc t ions  
do not  give all  the  detai ls  v is ib le  on the or iginals ,  
p a r t i c u l a r l y  wi th  respect  to these double  luna tes .  In  
Fig. 13, a fu l l  eva lua t ion  of these pa t t e rn s  is car r ied  
out, l ead ing  to the "per fec t ion"  va lues  at the  r igh t  
side of the pa t te rns .  

The  significance of the  i n t ens i t y  of a l u n a t e  should  
also be cons idered  w h e n  e v a l u a t i n g  the photographs .  
A v e r y  in tense  l u n a t e  of smal l  pe r iphe ra l  w id th  evi -  
den t ly  s tems f rom a smal l  f luc tuat ion  of the n o r m a l  
vector  of a " sha t t e red  p lane ,"  bu t  spread over  a 
large par t  of the crystal .  On the o ther  hand,  one oc- 
cas ional ly  finds la rge  f rac t ions  of the D e b y e - S c h e r -  
re r  circle of ve ry  weak  in t ens i t y  (Fig. 6C, c lear ly  
v is ib le  on the  or ig ina l  pho tog raph) .  Such a case 
points  to a serious mi so r i en t a t i on  w i th  la rge  f luc tua-  
t ions of the  n o r m a l  vector  bu t  on ly  in  smal l  areas of 
the crystal .  

Admi t t ed ly ,  the per fec t ion  figures are d e p e n d e n t  
on some i n d i v i d u a l  j u d g m e n t  v a r y i n g  f rom person  to 
person.  However ,  it  has been  es tabl i shed empi r i ca l ly  
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Fig. 8. Device for crystal or ientat ion and cutt ing: X, x-ray 
beam; S, support; C, crystal; R, reference direction for cor- 
rections (turn le f t - - tu rn  right, and l i f t - -d rop) .  
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Fig. 9. Mask for orientation (correction values in degrees) 
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Fig. 10. Scheme of Laue back reflection method on plane 
and cone f i lm from a perfectly oriented crystal (A) (top) and a 
crystal misoriented by the angle r (B) (bottom) C ~ Crystal. 
[11 1], Crystallographic direction, X, x-ray beam, T, x-ray 
target. (1 1 1), crystallographic plane, d, crystal-f i lm distance. 
CF, cone fi lm, ST, starpoint, PF plane fi lm. 

tha t  a l abo ra to ry  assis tant ,  a f ter  p roper  ins t ruc t ion ,  
wi l l  ass ign figures differ ing not  more  t h a n  a few 
poin ts  f rom those of the  wr i t e r  in  most  cases. A 
dev ia t ion  of severa l  points  is rare.  I t  is s ignif icant  
tha t  the  r e l a t ive  va lues  ass igned by  a g iven  ob-  
se rver  are se l f -cons is tent ,  based on n u m e r o u s  cases, 
a l though  the abso lu te  figures m a y  v a r y  sl ightly.  

Crystal Orientation 
The method  fu rn i shes  crys ta l  o r i en ta t ion  s i m u l -  

taneous ly .  If the d i rec t ion  of the  x - r a y  b e a m  is a 
ma j o r  d i rec t ion  of the  latt ice,  for example  the  J i l l ] -  
d i rect ion,  the  Laue  spots of zones wi th  zone axes 
pe r pe nd i c u l a r  to the x - r a y  b e a m  in te rsec t  in  the  
cen te r  of the cone (Fig. l b ) .  If the crys ta l  d i rec t ion  
is a few degrees off, the in te r sec t ion  does no t  occur 
in  the  cen te r  of the film (Fig. 13). If the  c rys ta l  is 
fixed on a suppor t  as d e m o n s t r a t e d  in  Fig. 8, cor-  
rec t ion  va lues  can be de r ived  wi th  respect  to a d i -  
rec t ion  of reference.  Whereas  the monochroma t i c  
reflections are used for eva lua t i on  of the  perfect ion,  
the po lychromat ic  Laue  spots are an  exce l len t  means  
of d e t e r m i n i n g  how m u c h  a crys ta l  g r ow n  in  a cer -  
t a in  c rys ta l lographic  d i rec t ion  devia tes  f rom this  
direct ion.  F igu re  9 shows a mask  which  enab les  one 
to read  correc t ion  va lues  wi th  respect  to the  r e fe r -  
ence d i rec t ion  of Fig. 8. These correct ions  can be 
incorpora ted  w h e n  the suppor t  shown in  Fig. 8 is 
f as tened  on the d i a mond  saw. The  m a s k  is de r ived  
f rom the  geome t ry  of the  p a r t i c u l a r  cone camera  
a nd  a defini te  sample  d i s tance  (see Fig.  10). 
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If the  s t a rpo in t  ( in t e r sec t ion  of spots f r o m  zones 
w i t h  zone axes  p e r p e n d i c u l a r  to the  x - r a y  b e a m )  is 
at the  pos i t ion  m a r k e d  in Fig.  9, a m o v e m e n t  of the  
R - d i r e c t i o n  (Fig.  8) 2 ~ u p w a r d  and 3 ~ to the  r igh t  
wi l l  b r ing  the  c rys ta l  into a posi t ion such tha t  the  
x - r a y  b e a m  is in accord  w i t h  the  [ l l l ] - d i r e c t i o n  of 
the  la t t ice ,  wh ich  was  the  d i rec t ion  of g r o w t h  in this 
case. 

F igu res  10-12 i l lus t ra t e  m o r e  in de ta i l  how the  
m a s k  of Fig. 9 and the  cor rec t ion  va lues  are  ob-  
ta ined.  Cons ider  a L a u e  p lane  film back  ref lec t ion  
pa t t e rn ,  the  m o r e  f a m i l i a r  case. I t  is t hen  easy  to 
change  to the  less c o m m o n  cone film. 

The  macroscopic  axis  of the  c rys ta l  m i g h t  be  the  
[ l l l ] - d i r e c t i o n  and the  x - r a y  b e a m  m a y  i m p i n g e  
p e r p e n d i c u l a r l y  to the  (111) - p l a n e  (Fig. 10A). T h e n  
we  obta in  the  Laue  p a t t e r n  ske tched  in Fig. l l A .  If  
the  I l l  1 l - d i r e c t i o n  does not  coincide  w i t h  the  m a -  
croscopic c rys ta l  axis  bu t  is inc l ined  by the  ang le  
(Fig.  10B),  we  obta in  the  Laue  p a t t e r n  of Fig.  l l B  
or C, r e spec t ive ly ,  d e p e n d i n g  on w h e t h e r  the  d e v i a -  
t ion  is ve r t i c a l  or hor izonta l .  T h e  [ l l l ] - d i r e c t i o n  
can dev ia t e  in an a r b i t r a r y  manne r ,  of course,  bu t  
this  case can be  r e so lved  into a ve r t i c a l  p lus  ho r i zon-  
ta l  devia t ion .  

The  m i r r o r  can be used  as an analogy.  To b r ing  
the  c rys ta l  (or  mi r ro r ,  r e spec t i ve ly )  of Fig. l l B  or C 
into a posi t ion to fu rn i sh  a L a u e  p a t t e r n  of Fig. l l A ,  
t u r n  it by  the  angle  ~b, in the ve r t i c a l  or ~bH in the  
hor izon ta l  d i rect ion,  r espec t ive ly .  Use  of a m a s k  fa -  
c i l i ta tes  e v a l u a t i o n  of the  films (Fig.  12). This  m a s k  
or the one for  the  cone fi lm can be ob ta ined  by geo-  
m e t r i c a l  cons t ruc t ion  us ing  Fig. 10 for  a g iven  dis-  
tance,  d, and v a r y i n g  angles,  ~. 

F i g u r e  12 shows a L a u e  p lane  fi lm back  ref lect ion 
p a t t e r n  on top of the  mask.  The  c rys ta l  f r o m  w h i c h  
this  d i a g r a m  s tems could be o r i en ted  by  a m o v e -  
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ST 

Fig. 11. Schematic Laue plane f i lm patterns from a per- 
fect ly oriented crystal (A), a vert ical ly misoriented crystal 
(B), and a hor izontal ly misoriented crystal (C); ST, star point. 
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Fig. 12. Evaluation mask for a plane f i lm at  a given dis- 
tance d (Fig. 10). On top of mask, a sketched Laue pattern 
from a misoriented crystal. 
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Fig. 13. Cone back reflection pattern of the top (A) and 
bottom (B) of a Czochralski crystal. The crystal axis is about 
9 ~ off  the [1 1 1J-direction. Degree of perfection evaluated 
according to Fig. 7. 

m e n t  of the R d i rec t ion  (Fig. 8) 2 ~ u p w a r d  and 2 ~ 
to the  left .  

The  shif t  f r o m  these  p l ane  film cons idera t ions  to 
the  case of a cone is v e r y  s imple.  The  s y m m e t r y  of 
the  p h o t o g r a p h  is unchanged .  Rol l ing  off the  fi lm 
cone, howeve r ,  compresses  the  360 ~ p i c tu re  of the  
p l ane  fi lm into the  180 ~ of a semicirc le .  It  also com-  
presses  the  m a s k  of Fig. 12 to our  mask  of Fig. 9. 
S i m p l e  geome t r i ca l  cons idera t ions  show tha t  the  
s ta rpo in t  of Fig.  11 and 12 is spl i t  in two  w h e n  the  
cone film is ro l l ed  off into a semici rc le ,  bu t  on ly  the  
one ly ing  w i t h i n  the  film semic i rc le  is rea l i s t ic  and 
can be used for  e v a l u a t i o n  purposes .  

In this discussion, no cons ide ra t ion  has been  g iven  
to o r i en ta t ion  of the  c rys ta l  by  ro t a t ion  about  its 
axis  of g rowth .  This  is ev iden t  f r o m  the  r a n d o m  di -  
r ec t ion  of radi i  of the  s tar  in Fig. 11 A-C .  If o r i en t a -  
t ion w i t h  respec t  to ro ta t ion  about  the  c rys ta l  axis 
of g r o w t h  is desired,  this can r ead i ly  be done  by  
m e a s u r i n g  the  angle  necessa ry  to ro ta t e  the  s tar  in 
o rde r  to b r ing  it to the  des i red  posit ion.  

No a t t en t ion  has been  pa id  to the  a t t a inab l e  p r e -  
cision of this o r i en t a t i on  method .  The  accu racy  
of the  cu t t ing  tool  for  wh ich  the  o r i en t a t i on  figures 
w e r e  used was  in fe r io r  (----1~ There fo re ,  no need  
ex is ted  for  m o r e  accura te  x - r a y  or ien ta t ion ,  wh ich  
can be ach ieved  easily.  

Results of Perfect ion Studies 

Resul ts  of the  n e w  m e t h o d  g e n e r a l l y  ag ree  w i t h  
i n f o r m a t i o n  ob ta ined  by e tch pi t  counts  (see Tab le  
I ) .  D i sag reemen t ,  h o w e v e r ,  was  e x p e r i e n c e d  in some 
cases, w h e r e  the  e tched  p lane  did not  coincide  w i t h  
the  (111) p lane  nor  w i t h  any  o ther  low indices 
plane.  

The  decrease  in pe r f ec t i on  of a Czochra l sk i  c rys ta l  
f r o m  top to b o t t o m  is d e m o n s t r a t e d  in Fig. 13. 
W h e r e a s  the  pa r t  n e x t  to the  seed can be c h a r a c t e r -  
ized by a n u m b e r  in a r b i t r a r y  uni t s  of 50, the  b o t t o m  
rep re sen t s  a n u m b e r  of 80. The  same or a s imi la r  ob-  
s e rva t ion  was  m a d e  in m a n y  o ther  cases. H o w e v e r ,  
this ru le  appears  to be  i nva l id  in cases of c rys ta ls  

Table I. Comparison of etch pit counts with x-ray values 

P e r f e c t i o n  N o .  
C r y s t a l  s l i c e  E t c h  p i t s  ( F i g .  7)  

A 1 • 10' /cm -~ 30 
B 2 • 10~/cm ~ 46 
C 1 • 10~/cm 2 32 
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w i t h  good o r i e n t a t i o n  and  good per fec t ion .  
The  inf luence  of s awing  and  sand ing  on the  x - r a y  

p i c tu r e  was  d e m o n s t r a t e d  in a n o t h e r  e x p e r i m e n t .  A 
l a r g e  c r y s t a l  d i sk  s a w e d  f rom a Czoch ra l sk i  c r y s t a l  
was  cove red  w i t h  wax .  The  w a x  was  success ive ly  r e -  
m o v e d  f rom d i f fe ren t  q u a r t e r s  and  the  c r y s t a l  
l e ached  e v e r y  t i m e  so t h a t  t he  4 q u a r t e r s  w e r e  e x -  
posed  0, 1, 2, 5 min  to t he  e t chan t  (HF,  HNO~, COOH, 
e q u a l  pa r t s ,  abou t  40~ The  th i ckness  c h a n g e  of 
t he  fou r  sec tors  was :  0, 0.04, 0.06, 0.1 ram.  X - r a y  
p a t t e r n s  t a k e n  f rom each of t he  4 sectors  d e m o n -  
s t r a t e d  tha t ,  a f t e r  r e m o v a l  of 0.04 mm,  the  p a t t e r n  
d id  no t  change  b y  f u r t h e r  r emova l .  In  o the r  words ,  
t he  t h i cknes s  of t he  d a m a g e d  l a y e r  was  less  t h a n  
0.04 mm.  H i g h e r  i n t e n s i t y  of t he  p a t t e r n  f r o m  the  
u n l e a c h e d  p a r t  of the  c rys ta l ,  c l e a r l y  v i s ib le  on the  
p h o t o g r a p h s ,  is a n o t h e r  c r i t e r i on  of d i s t o r t i on  ( sec-  
o n d a r y  ex t i nc t i on )  (3, 4) b u t  can  be  o b s e r v e d  on ly  
in a case  l i ke  th is  w h e r e  p h o t o g r a p h s  w e r e  t a k e n  
u n d e r  i den t i ca l  cond i t ions  be fo re  and  a f t e r  r e m o v a l  
of the  d a m a g e d  su r f ace  l aye r .  

O t h e r  conclus ions  f rom c o r r e s p o n d i n g  e x p e r i -  
m e n t s  w e r e :  

(A)  The  a v e r a g e  c r y s t a l  g r o w n  in good accord  
w i t h  a m a j o r  l a t t i ce  d i r ec t i on  is of b e t t e r  p e r f e c t i o n  
t h a n  the  a v e r a g e  c ry s t a l  p o o r l y  o r i e n t e d  d u r i n g  
g rowth .  

(B)  P i c t u r e s  t a k e n  be fo re  and  a f t e r  h e a t  t r e a t -  
m e n t  s h o w e d  on ly  s l igh t  d i f fe rences  w h i c h  w e r e  no t  
cons i s t en t  f r o m  c r y s t a l  to c rys t a l .  The  h e a t  t r e a t m e n t  
cons i s ted  of h e a t i n g  the  c r y s t a l  in a rgon  and  ho ld ing  
at  1100~ for  30 rain,  cool ing in t he  f u r n a c e  to 700~ 
and  r e m o v i n g  f r o m  t h e  fu rnace .  

(C)  The  a v e r a g e  p e r f e c t i o n  of l a rge  d i a m e t e r  
c ry s t a l s  is b e t t e r  t h a n  the  one of sma l l  d i a m e t e r  
c rys ta l s .  This  r u l e  was  found  t r u e  in t he  r a n g e  3/s in. 

d ~ 1 in. (d  = d i a m e t e r ) .  Di f fe ren t  resu l t s ,  h o w -  
ever ,  have  been  r e p o r t e d  in  t he  case  of g e r m a n i u m  
crys ta l s .  S ince  the  pe r f ec t i on  of Czoch ra l sk i  c ry s t a l s  
d e p e n d s  on m a n y  fac to r s  such as g e o m e t r i c a l  a r -  
r a n g e m e n t ,  g r a d i e n t  of supercoo l ing ,  and  sk i l l  of t he  
ope ra to r ,  a r a t h e r  c o m p l e x  c o r r e l a t i o n  m i g h t  be  ob -  
t a i n e d  if o the r  v a r i a b l e s  bes ides  t he  d i a m e t e r  in  t he  
l i m i t e d  r a n g e  b e t w e e n  % in. and  1 in. a r e  va r i ed .  

(D)  A m u l t i p a s s  float  zoned  c r y s t a l  f r o m  w h i c h  
a l l  i m p u r i t i e s  o the r  t h a n  b o r o n  had  b e e n  r e m o v e d  
was  of v e r y  h igh  pe r fec t ion .  W h e t h e r  th is  is a g e n -  

e r a l  r u l e  could  be  e s t a b l i s h e d  on ly  a f t e r  a ser ies  of 
e x p e r i m e n t s ,  b u t  i t  a p p e a r s  to be  v e r y  logical .  

(E)  A Czoch ra l sk i  c r y s t a l  g r o w n  w i t h  poor  h e a t  
con t ro l  due  to f a i l u r e  of the  a u t o m a t i c  h e a t  con t ro l  
w a s  of v e r y  poor  pe r fec t ion .  W h a t  has  been  sa id  in 
t he  f o r m e r  e x a m p l e  a b o u t  e s t a b l i sh ing  th is  as a 
g e n e r a l  r u l e  app l i e s  here .  

I t  is i n h e r e n t  in the  m e t h o d  t h a t  i t  i n t e g r a t e s  over  
the  w h o l e  v o l u m e  of t he  c r y s t a l  h i t  b y  the  s l i gh t ly  
d i v e r g e n t  b e a m .  The re fo re ,  l oca l i zed  i m p e r f e c t i o n s  
such as those  close to t h e  su r f ace  can  be  d e t e c t e d  
on ly  u n d e r  c e r t a i n  condi t ions .  

The  p h o t o g r a p h s  w e r e  t a k e n  a lmos t  e x c l u s i v e l y  
u n d e r  t he  fo l lowing  condi t ions :  r a d i a t i o n :  C u - t a r g e t ,  
35 kvp ,  20 ma;  e x p o s u r e  t ime :  10 min ;  size of p i n -  
hole:  0.6 ram. 

Manuscr ip t  received Nov. 12, 1958. This paper  was 
p repa red  for de l ive ry  before  the Ot tawa Meeting,  Sept.  
28-Oct. 2, 1958. 

A n y  discussion of this paper  wi l l  appear  in a Discus-  
sion Section to be publ i shed  in the June  1960 JOURNAL. 
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ABSTRACT 

Pre l iminary  work on anodizing zinc in a var ie ty  of alkal ine solutions led to 
some smooth white or gray films. A detailed study was made of the anodic oxi- 
dation of zinc and zinc alloys in one electrolyte the results of which suggest 
similarit ies but  also some differences between anodic films on a luminum and on 
zinc. Autoclaving in silicate solutions improved the resistance to corrosion and 
abrasion and changed the chemical composition of the anodic films without 
al ter ing their appearance greatly. 

Sys temat ic  work  p rev ious ly  has been  done on the  
k inet ics  of the  ox ida t ion  of zinc in  air  (1) and  of 
the  in i t i a l  stages of the  anodic ox ida t ion  of zinc in  
sod ium h y d r o x i d e  solut ions  as wel l  as on the  char -  
acterist ics  of films on zinc produced  by  anodic  oxi -  
da t ion  at low vol tages in  a va r i e t y  of solut ions  
(2-7) .  Cons ide rab le  va r i a t ions  in  the p roper t i es  of 
the  films were  observed in  the ear l ie r  work.  I t  was  
therefore  of in te res t  to s tudy  some aspects of the 
n a t u r e  and  g rowth  of a w ide r  va r i e ty  of anodic  films 
on zinc, i nc lud ing  p a r t i c u l a r l y  films fo rmed  at h igher  
field s t rengths .  In  v iew of the poor  chemica l  res is t -  
ance  which  zinc oxide films were  expected to have,  
the poss ib i l i ty  was e x a m i n e d  of conve r t i ng  the  films 
to zinc si l icate by  reac t ion  of the anodic  film wi th  a 
si l icate so lu t ion  at e leva ted  pressure  and  t e m p e r a -  
ture.  

Experimental 
The fo l lowing ma te r i a l s  were  used:  h i g h - p u r i t y  

Zn  str ip (99 .95%),  4.3 m m  thick,  m a i n  i m p u r i t y  
0.02% Pb;  d ie -cas t  flat p la tes  of Mazak 3,1 2.8 m m  
thick; chill-cast Z n - 4 %  A1 and  Z n - 1 2 %  A1 alloys, 
made  f rom 99.99% pure  metals .  The i r  g ra in  size a nd  
mic ros t ruc tu r e  were  coarser  t h a n  those of the  d ie-  
cast  alloy. In  the 4% A1 al loy the p r i m a r y  phase  is 
the  Z n - r i c h  B solid solut ion,  con t a in ing  about  1% A1 
( l ight  g ray  in  Fig. 1A).  In  the 12% A1 al loy the  p r i -  
m a r y  phase is the a solid solut ion,  and  it separa tes  
on cooling to a m i x t u r e  of a and  B phases;  this is the  
s l ight ly  da rke r  cons t i t uen t  in  Fig. lB.  The e lec t ro-  
ly tes  were  made  up  w i th  demine ra l i zed  wa t e r  us ing  
" A n a l a r "  chemicals  if ava i l ab le  or pures t  commerc ia l  
grade  of chemicals.  
Preparation oy specimens.--Strips of the  m a t e r i a l  
to be anodized (1 x 8  cm) were  bol ted  to copper  
strips. A n  area  of 3 x 1 cm of pol ished surface on one 
side was  left  exposed for  anod iz ing  and  the  r e -  
m a i n d e r  coated wi th  an  i n su l a t i ng  lacquer .  The  zinc 
was  e lect ropol ished in  a solut ion of 250 g/1 chromic  
acid, 12 g/1 boric  acid, and  the al loys were  buffed. 
Anodizing procedure.--Fresh elec t ro ly te  at 20~ was 
used for each expe r imen t ,  unless  o therwise  stated,  
and  s t i r red  d u r i n g  anodizing.  Spec imens  were  i m -  
mersed  for 15 sec before  app ly ing  the  potent ia l .  
T e m p e r a t u r e  rises of up to 3~ were  observed d u r -  

1 Zamak  3 in U.S.A. High  pu r i t y  Zn-4.1% A1-0.04% Mg. 

Fig. 1. Microsections through the anodized surface of 
chil l-cast alloys showing (A) (top) even at tack on Z n - 4 %  AI 
and (B) (bottom) preferential a t tack on the eutectic in Zn- 
] 2 %  AI. Both etched nitol. (The films, which are about 5 mm 
thick at th,s magnif icat ion, are not visible in the photographs.) 
Magni f icat ion X100.  

ing  anodizing.  The  anode po ten t i a l  r e l a t ive  to a 
s a tu ra t ed  calomel  e lectrode was  m e a s u r e d  as a f u n c -  
t ion  of t ime.  

In  c o n s t a n t - c u r r e n t  tests the  selected c u r r e n t  d e n -  
s i ty  was  reached a lmost  i n s t a n t a n e o u s l y  and  was  
m a i n t a i n e d  to w i t h i n  1%. In  c o n s t a n t - a n o d e - p o t e n -  
t ia l  tests the selected po ten t i a l  was  reached  in  abou t  
10 sec and  was m a i n t a i n e d  to w i t h i n  1%. In  some 
tests the ma ins  vol tage  was appl ied  across the  cell 
in  series wi th  a fixed e x t e r n a l  res is tance.  
After- t reatment . - -Anodized  specimens  were  au to -  
c laved in  var ious  solut ions  in  a s ta inless  steel  au to -  
clave. 
Isolation of films and density measurements . - -Fi lm 
th icknesses  were  m e a s u r e d  on microsect ions  to • 1/4~ 
at a magni f ica t ion  of 1000. The  a p p a r e n t  dens i ty  was 
d e t e r m i n e d  by  we igh ing  isola ted films of k n o w n  
area  (6) .  The me thod  i nvo lved  an e x p e r i m e n t a l  
e r ror  of about  --+10%. 
Abrasion resistance.--The abras ion  res i s tance  of 
the films was  m e a s u r e d  by  a me thod  due to Schuh  

606 



Vol. 106, No. 7 

and  K e r n  (8) in  which  a s t r eam of 60 mesh  fused 
a l u n d u m  par t ic les  falls on to the  film f rom a he ight  
of 1 m th rough  a tube  of 0.5 cm i n t e r n a l  d iameter .  
The  film was j udged  to be w o r n  t h rough  w h e n  elec-  
t r ica l  contact  could be  made  wi th  the  basis  me ta l  
over an  area  which  was  jus t  sens ib ly  g rea te r  t h a n  
a s ingle  po in t  w i th  a h a r d e n e d  steel p robe  h a v i n g  a 
rad ius  of c u r v a t u r e  of 1/16 in. Resul ts  of ab ras ion  
tests, expressed in  t e rms  of the  v o l u m e  of ab ras ive  
r equ i r ed  to pene t r a t e  the coating, appear  to be  r e -  
p roduc ib le  to w i t h i n  +_10%. 

Results 
Prel iminary Work  

Dark films and whi te  f i lms . - -Black  coatings were  
ob ta ined  by  anodiz ing  zinc in  N NaOH solu t ion  at a 
c u r r e n t  dens i ty  of about  200 m a / c m  ~ and  a cell vo l t -  
age of about  5 v. These coat ings were  smooth  and  
unc racked  and  in  this  respect  differed f rom those 
p repa red  by  Hube r  at a cell vol tage  of 2.5 v (4) .  

In  var ious  solut ions  con ta in ing  Na~CO~ and  NaOH, 
da rk  films were  fo rmed  at  low anode poten t ia l s  and  
wh i t e  films at  h igher  potent ia ls .  F i lms  fo rmed  u n d e r  
the  l a t t e r  condi t ions  were  t r a n s p a r e n t  w h e n  thin .  

Formation of smooth anodic f i lms.--Using a con-  
s tan t  vol tage  source and  cons tan t  e x t e r n a l  res is t -  
ance, zinc was anodized in  a series of m i x t u r e s  made  
f rom 0.2N NaOH and  one other  0.2N solution.  W h e n  
the  second solu t ion  was  sod ium bora te  or sod ium 
succinate ,  t r a n s l u c e n t  and  smooth opaque  whi te  films 
were  ob ta inable .  The la t te r  type  of film was ob t a i n -  
able  w h e n  the second solut ion was  sod ium c a r b o n -  
ate or sod ium oxala te  and  the fo rmer  type  w h e n  it 
was  sod ium hyd rogen  phosphate .  

Some of the wh i t e  films had  areas  w i th  small ,  
p a r t l y  or whol ly  de tached flakes. F l a k i n g  depended  
on the  solut ion composi t ion  and  on condi t ions  and  
d u r a t i o n  of fo rma t ion  of the film. F r o m  N a O H -  
Na..CO, solut ions  smooth whi te  films were  ob ta ined  
only  w h e n  the  composi t ion was  0.146N NaOH, 
0.054N Na,CO,, b u t  the  films flaked if, u n d e r  ce r t a in  
condi t ions  of anodizing,  the  t ime  exceeded a ce r t a in  
m a x i m u m  or if the solut ion had  been  used p re -  
viously.  

The t e n d e n c y  to form flakes increased  w i t h  i n -  
creasing t empe ra tu r e ,  voltage,  and  c u r r e n t  densi ty .  
For  example ,  at 0~ inc ip ien t  f laking occurred  on ly  
in  samples  anodized at a cons tan t  vol tage  of 120 v, 
whereas  at 50~ f laking occurred  even  at 15 v. 

Electrical breakdown of anodic films in the elec- 
t r o t y t e . - - I n  e x p e r i m e n t s  at cons t an t  cur ren t ,  t he  
anode vol tage  rose u n t i l  there  was  an  ar res t  or  r e -  
versa l  of the  or ig ina l  c u r r e n t - v o l t a g e  t r e n d  accom-  
pan ied  by  aud ib le  and  somet imes  v is ib le  sparks.  E x -  
p e r i m e n t s  u sua l l y  were  s topped at this  stage. The  
spa rk ing  vol tage  depended  on the  composi t ion  of the  
electrolyte ,  a m a x i m u m  vol tage  of about  170 v be ing  
reached in  ce r ta in  a lka l ine  bora te  e lec t rolytes  wh i l e  
abou t  110 v was typ ica l  for NaOH-Na,CO~ solutions.  

In  the  e x p e r i m e n t s  in  a so lu t ion  of 0.146N caust ic  
soda 0.054N sodium ca rbona te  the  spa rk ing  vol tage  
in  cons tan t  c u r r e n t  tests  was abou t  130 v at  0~ a nd  
120 v at room t empera tu r e ,  i n d e p e n d e n t  of c u r r e n t  
dens i ty  u n d e r  bo th  condi t ions,  whi le  at 50~ it was  
3 v at  50 ma/cm-" and  abou t  80 v at  183 m a / c m  ". In  
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la te r  exper imen t s ,  descr ibed below, the m e a n  spark-  
ing  vol tage  was  abou t  100 v for zinc anodized in  the  
same solu t ion  at  an  in i t i a l  t e m p e r a t u r e  of 20~ 

Abrasion resistance of smooth anodic f i lms . - -The  
abras ion  res i s tance  of smooth  films on zinc var ied  
f rom about  300 to about  3500 ml  of abras ive ,  i.e., by  
a factor  of abou t  10. The  va lues  for anodized  a l u m i -  
n u m  lay  b e t w e e n  8000 and  9000 ml  for a 4~ th ick  
sealed anodic  film. The abras ion  res i s tance  of films 
fo rmed  u n d e r  one set of condi t ions  increased  w i t h  
thickness,  b u t  in  genera l  the  ab ras ion  res i s tance  per  
u n i t  th ickness  was  found  to depend  in  a complex  
m a n n e r  on the  anodiz ing  condi t ions  and  on the  com-  
posi t ion of the  solut ion.  

Chemical resistance of anodic f i lms . - -A  few tests 
were  made  of the  corrosion res is tance  p rov ided  by  
anodic  films on zinc u n d e r  h u m i d  condi t ions  and  the  
resul t s  were  i n v a r i a b l y  poor, whi te  corrosion prod-  
uct  appea r ing  af ter  about  1 day 's  exposure.  The  
anodic  films also were  a t t acked  by  severa l  dye solu-  
t ions  acidified wi th  oxalic acid to pH va lues  ly ing  
b e t w e e n  6.4 and  3.2. 

Systemat ic  S tudy  o] Anodic Oxidation of Zn and 
Zn-A1 Alloys in a Solution of 0.146N Sodium 

Hydroxide,  0.054N Sodium Carbonate 

Constant current exper imen t s . - -When  the  c u r r e n t  
f lowing t h r o u g h  the  cell was  kept  cons tan t  d u r i n g  
anodizing,  smooth  wh i t e  films were  fo rmed  on zinc 
and  Mazak 3 at c u r r e n t  densi t ies  in  the  r ange  50- 
200 m a / c m  2. Curves  of anode  po ten t i a l  aga ins t  t ime  
are r ep roduced  in  Fig. 2A (zinc) and  2B (Mazak 3). 
They  show tha t  af ter  an  in i t i a l  per iod the anode po-  
t en t i a l  increased  l i nea r ly  w i th  t ime. The  shape of 
the  curve  suggests  tha t  the in i t i a l  period,  which  be -  
came shor ter  as the c u r r e n t  dens i ty  increased,  is as-  
sociated wi th  the  fo rma t ion  of b lack  films. 

The m e a n  ra te  of increase  of the  anode po ten t i a l  
w i th  t ime,  ob ta ined  by  m e a s u r i n g  the  slope of the  
s t ra igh t  pa r t  of the  curve,  became grea te r  as the  
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Fig. 2. Anode potent ia l  os a funct ion of the t ime dur ing the 
fo rmot ion  of b lack end whi te f i lms at constant current den- 
sity (A) (top) zinc, (B) (bot tom) M a z a k  3, 
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Fig. 3. Effect ive wet  resistance per uni t  area of  a complete ly  
formed f i lm as a funchon of  current  density in constant-  
current  tests. 

c u r r e n t  dens i ty  increased,  bu t  the ra te  of increase  of 
the effective wet  res i s tance  ( the anode po ten t i a l  
d iv ided  by  the c u r r e n t )  was n e a r l y  i n d e p e n d e n t  of 
c u r r e n t  densi ty .  The ra te  of increase  of the effective 
wet  res i s tance  at each cu r r en t  dens i ty  was  g rea te r  
for zinc t h a n  for Mazak 3. A l though  the r ep roduc i -  
b i l i ty  was low ( •  for zinc and  •  for Mazak 
3 in  five tests)  the cor responding  resul t s  for the two 
mate r i a l s  did not  overlap.  

There  was a spread  of abou t  20 v in  the  po ten t i a l  
at which  condi t ions  became u n s t e a d y  in  rep l ica te  
tests, and  the  m e a n  was  abou t  100 v, i n d e p e n d e n t  of 
c u r r e n t  dens i ty  for bo th  zinc and  Mazak 3 anodes. 
The effective wet  res i s tance  of the comple te  film was 
a p p r o x i m a t e l y  i nve r se ly  p ropor t iona l  to the c u r r e n t  
dens i ty  as shown by  the hyperbol ic  shape of the  
curves  in  Fig. 3. 

At  low c u r r e n t  densi t ies ,  20 to 35 ma/cm-", the  
anode  po ten t i a l  reached a m a x i m u m  in the r a nge  
1.8 to 4 v af ter  several  m i n u t e s  and  then  fell  s l ightly.  
The films on both  ma te r i a l s  were  black.  Curves  
showing  the  re la t ionsh ip  b e t w e e n  anode po ten t i a l  
and  t ime  at  30 m a / c m  ~ are g iven  in  Fig. 2. The effec- 
t ive wet  res is tance  of comple te ly  fo rmed  b lack  films, 
i.e., at  the  m a x i m u m  voltage, decreased s lowly  as the  
c u r r e n t  dens i ty  was increased  w i t h i n  the  r ange  20 to 
35 m a / c m  ~- and  it  was  g rea te r  for Mazak 3 t h a n  for 
zinc (Fig. 3). 

At  c u r r e n t  densi t ies  b e t w e e n  35 and  50 m a / c m  ~ 
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Fig. 4. Typical  curves showing the ef fect ive wet resistance 
per uni t  orea of  f i lm as a funct ion of  the logar i thm of  t ime 
in constant-voltage tests. Zinc and Mozok 3 ot ] 6 v. 

the resul t s  were  unpred ic tab le .  Some films r e m a i n e d  
dark,  some qu ick ly  became white ,  and  others  re -  
m a i n e d  da rk  for severa l  m i n u t e s  and  t h e n  became 
white,  a fa i r ly  sudden  increase  in  res i s tance  be ing  
associated wi th  the change.  

Wi th  chi l l -cas t  Z n - 4 %  A1 al loy the ra tes  of i n -  
crease of anode po ten t i a l  at  cons tan t  c u r r e n t  were  
close to the  cor responding  va lues  for Mazak 3, and  it  
was concluded tha t  the resul t s  were  not  inf luenced  
by  the difference in  g ra in  size and  mic ros t ruc tu r e  of 
these two mater ia ls .  

The Z n - 1 2 %  A1 al loy fo rmed  a b lack  film at 30 
m a / c m  ~, wi th  effective wet  res i s tance  (110 o h m /  
cm ~) s imi la r  to tha t  of films on zinc and  Mazak 3. 
Smooth  whi te  films were  ob ta ined  at  70 and  150 
m a / c m  ~ bu t  the anode po ten t i a l  did no t  increase  
l i n e a r l y  wi th  t ime;  af ter  a con t inuous  rise at a ra te  
which  decreased wi th  t ime  the  po ten t i a l  became  u n -  
s teady at a va lue  b e t w e e n  50 and  80 v. 

Constant-voltage exper iments . - -When  the anode 
po ten t ia l  was kept  cons tan t  d u r i n g  anodiz ing  smooth  
whi te  films were  ob ta ined  on zinc and  Mazak 3 at 
anode poten t ia l s  in  the r a n g e  4 to 60 v. The  poin t  at 
which  f luctuat ions  first occurred  in the res i s tance  of 
the film was t a ke n  as ind ica t ing  the comple t ion  of 
film growth.  F igure  4 shows tha t  the effective wet  
res is tance  increased  l i nea r ly  w i th  the l oga r i t hm of 
the  t ime  af ter  an  in i t i a l  per iod of s lower  g rowth  
which  is p r o b a b l y  associated w i th  the fo rma t ion  of 
b lack  films. The c u r r e n t  dens i ty  at  the po in t  of com-  
plet ion,  t ak ing  the m e a n  of severa l  tests, is p lot ted  
agains t  anode po ten t i a l  in  Fig. 5, and  the  effective 
wet  res is tance  is p lo t ted  aga ins t  anode po t en t i a l  in  
Fig. 6. At  each anode po ten t i a l  in  the  wh i t e - f i lm  re -  
gion the comple te ly  formed films on zinc had  g rea te r  
res is tance  t han  films on Mazak 3. The scat ter  of the 
res i s tance  va lues  was  w i t h i n  •  in  rep l ica te  tests, 
six at each voltage,  bu t  the  p robab i l i t y  tha t  the  
difference be t w e e n  the  two mate r i a l s  at  each anode 
po ten t i a l  (Fig. 6) could have  a r i sen  by  chance was  2 
in  100, which  is c o n v e n t i o n a l l y  accepted as ind ica t ing  
tha t  the difference is' s ignificant.  

Black films were  fo rmed  on both ma te r i a l s  at  
anode poten t ia l s  1.5-3.5 v. The c u r r e n t  reached  a 
m i n i m u m  after  severa l  m i n u t e s  and  then  increased,  
somet imes  on ly  sl ightly.  The  m i n i m u m  c u r r e n t  is 
p lo t ted  agains t  anode po ten t i a l  in  Fig. 5. The  effec- 
t ive  wet  res is tance  of films on Mazak 3 increased  by  
about  40% at the b o u n d a r y  b e t w e e n  da rk  and  wh i t e  
films, and  the cor responding  increase  for zinc was  
about  100% (Fig. 6). 

Relative rates of anodic attack on the different 
constituents in z inc-aluminum al loys . - -Meta l lo-  
graphic  e x a m i n a t i o n  of sections t h r ough  anodized 
Mazak 3 and  ch i l l -cas t  Z n - 4 %  A1 m o u n t e d  in  a 
co ld-se t t ing  acryl ic  res in  r evea led  no d i f fe rent ia l  a t -  
tack or p e n e t r a t i o n  at the surface  (Fig. 1A). A t  the  
surface of the Z n - 1 2 %  A1 alloy, however ,  the  eu tec -  
tic was a t t acked  more  r a p i d l y  t h a n  the  p r i m a r y  
dendr i t es  ~ (Fig. 1B). The  p r i m a r y  dend r i t e  areas 
( the s l ight ly  da rke r  gray  cons t i tuen t )  r e m a i n e d  flat 
in  the  cen te r  d u r i n g  anodiz ing  and  did no t  p ro jec t  
t h r ough  the film at  a n y  point .  

Thickness of white  films on zinc and Mazak 3.-- 

e T h e  b u f f e d  s u r f a c e  ( b e f o r e  a n o d i z i n g )  w a s  f la t .  
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tests. 

Specimens  were  anodized at  20~ u n t i l  j u s t  before  
the  res i s tance  of the  film was k n o w n  to become u n -  
steady. The  th ickness  of films on zinc (see Tab le  I) 
appeared  to be l a rge ly  i n d e p e n d e n t  of c u r r e n t  in  
c o n s t a n t - c u r r e n t  tests ( m e a n  abou t  4~) and  inde -  
p e n d e n t  of anode po ten t i a l  in cons t an t -vo l t age  tests  
( m e a n  abou t  2.5~). F i lms  on Mazak 3 were  th icker  
t h a n  those on zinc. F i lms  on the ch i l l -cas t  Z n - 4 %  
A1 al loy were  not  s igni f icant ly  di f ferent  in  th ickness  
f rom those on Mazak 3. Excep t iona l ly  th ick  films on 
Mazak 3 (7-8~) w e r e  fo rmed  at  40-50 m a / c m  ~ in  
c o n s t a n t - c u r r e n t  tests and  at 16-30 v in cons t a n t -  
vol tage  tests. These films took m u c h  longer  to fo rm 
t h a n  a n y  of the  others.  

Ra the r  th icker  films were  fo rmed  at 0 ~ t h a n  at  
20~ both  at cons tan t  vol tage  and  cons tan t  cu r ren t ,  
bu t  the th icknesses  of films formed at  50~ were  the  
same as those of films fo rmed  at 20~ 

Analys i s . - -Spec imens  were  dr ied  over sil ica gel 
for severa l  days. On ign i t ion  at 700~ films p roduced  
by  anodiz ing  zinc at  60 m a / c m  ~ lost about  15% by  
weight .  This  was m a i n l y  water ,  i nc lud ing  combined  
water ,  and  it p r o b a b l y  inc luded  a t race  of ca rbon  
dioxide. The zinc con ten t  of these films before  ign i -  
tion, d e t e r m i n e d  mic rochemica l ly  by  a t i t r ime t r i c  
d i th izone  procedure ,  was equ iva l en t  to :84% zinc 
oxide. 

The  x - r a y  diffract ion p a t t e r n  of films r e move d  
f rom zinc ind ica ted  the presence  of zinc oxide in  the  
film; the l ines  were  diffuse, sugges t ing  tha t  the  
crys ta l  size was small ,  poss ib ly  b e t w e e n  10 -5 and  10 -~ 
cm. No fu r t he r  i n f o r m a t i o n  was ob ta ined  f rom elec-  
t ron  di f f ract ion e x a m i n a t i o n  a l though  the dif f ract ion 
p a t t e r n  was  less diffuse. 

Porosity and cell structure of whi te  films on zinc: 

A N O D I C  O X I D A T I O N  O F  Z I N C  609 

Table I. Thickness and porosity of films formed at 20~ 

A n o d i z m g  c o n d i t i o n s  

F i l m s  o n  
M a z a k  3 F i l m s  o n  z i n c  

T h i c k n e s s , *  /~ T h i c k n e s s , *  ~ P o r o m t y , *  % 

Constant  current  
density, ma /cm -~ 

40 7.5 3.8 45 
50 6.3 4.3 43 
60 5 5.6 43 
70 4 4 45 

100 3.3 3.5 38 
150 5 4.3 54 
200 4.5 3.1 40 

Constant voltage, v 
16 6.9 2.2 50 
30 6.6 2.3 - -  
45 3.8 2.5 48 
60 4 2.4 45 

* M e a n  o f  d u p h c a t e  tes ts .  

Electron microscopy.--In  m a n y  cases ca rbon  repl icas  
of the outer  surfaces of anodic  films on zinc could no t  
be in te rpre ted ,  bu t  some ev idence  of an  hexagona l  
celt s t r uc t u r e  was  ob ta ined  f rom a film formed  at 
45 v as shown in  Fig. 7, the  cell w i d t h  be ing  about  
3000A. 

Very thin films examined by direct-transmission 
appeared to be porous (see Fig. 8). Three constant- 
current fihns formed by anodizing zinc for 1 sec and 
2 sec at 60 ma/cm "~ and for 0.6 sec at 200 ma/cm'-' 
were examined in this way; the distance between the 
pores was about 500A in each case, with no de- 
tectable difference between the two current densities. 
Determination of porosity f rom the apparent density. 
- - A p p a r e n t  densi t ies  were  in the  r a nge  1.8-3.5 
g/cm'L In  ca lcu la t ing  the  poros i ty  a correc t ion  was  
m a d e  for the presence  of 15% wa te r  in  the films, 
and  the dens i ty  of zinci te  (5.60 g / c m  3) was t a ken  to 
be the  dens i ty  of the nonporous  oxide. The  porosi t ies  
of dup l ica te  films f rom zinc anodized  at  a r a nge  of 
c o n s t a n t - c u r r e n t s  and  cons t an t -vo l t ages  are  g iven  in  
Tab le  I. W i t h i n  the  l imi ts  of the  e x p e r i m e n t a l  e r ror  
(___15%) the  porosi ty,  wi th  a m e a n  va lue  of 45%, 
appea red  to be i n d e p e n d e n t  of anodiz ing  condit ions.  

Af te r - t r ea tmen t  of anodic films on zinc: 
Composition of autoclaved f i lms . - -The  films for ana l -  
ysis we re  made  b y  anodiz ing  in  a solut ion of 0.146N 
sod ium hydroxide ,  0.054N sod ium ca rbona te  to j u s t  
before  the spa rk ing  vol tage  a nd  they  were  au to-  
c laved in  a so lu t ion  of 200 g/1 sod ium sil icate "Q79" 
c o n t a i n i n g  8.8% Nasa,  29% SiO.,, 62.2% H~O for 30 
rain at  150~ The films were  isolated (6) and  t h e n  
ana lyzed  in  the  same w a y  as anodized films. Silica 
was  d e t e r m i n e d  spec t ropho tomet r i ca l ly  as reduced  
s i l icomolybdate .  

The  tota l  w a t e r  con ten t  of films p roduced  at  con-  
s tan t  c u r r e n t  dens i ty  was abou t  10%. The  ZnO:  SiO, 
ra t io  increased  f rom 2:1 to n e a r l y  3:1 as the cu r r en t  
dens i ty  was increased  f rom 60 to 200 m a / c m  -~, a l -  
though  films fo rmed  to comple t ion  at 60 m a / c m  = and  
200 m a / c m  = r e sembled  each other  closely in  th ickness  
and  porosi ty .  

On ly  l ines  cor responding  to zinc oxide were  iden -  
tified in  x - r a y  and  e lec t ron  dif f ract ion photographs .  
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Fig. 7. Electron mJcrograph of surface of f i lm, showing 
cell structure. Zinc anodized 1 rain at 45 v. X 10,000 

Fig. B. Direct transmission eJectron mJcrogroph of f i lm, 
showing pores. Zinc anodazed 2 sec at 60 ma/cm: .  X 32,500 

In  v iew of the change  of the chemical  p roper t ies  of 
the  film on au toc lav ing  it would  be su rp r i s ing  if 
silica had  not  en te red  into chemica l  comb i na t i on  
wi th  zinc oxide to some extent .  

Properties of autoclaved films: 
Appearance and abrasion resis tance.--Films were  
gene ra l l y  smooth and  off -whi te  af ter  au toc lav ing  in  
a va r i e ty  of different  si l icate solut ions  at 150~ for 
30 rain.  For  a g iven  au toc lave  t r e a t m e n t  the  a b r a -  
s ion res i s tance  of the  films depended  in  a compl ica ted  
way  on the anodiz ing  condi t ions,  the  ra t io  of a b r a -  
sion res is tances  before  and  af ter  au toc lav ing  v a r y i n g  
f rom 1 to 7. For  a g iven  set of anodiz ing  condi t ions ,  
e.g., 0~ and  50 m a / c m  "~, the  ab ras ion  res i s tance  of 
the au toc laved  samples  increased  rough ly  l i n e a r l y  
wi th  the  thickness,  the d u r a t i o n  of the  anodic  t r e a t -  
ment ,  and  the  m a x i m u m  anodic voltage.  The  h ighes t  
va lues  of abras ion  res i s tance  (about  7000 ml  of a b r a -  
sive) were  ob ta ined  by  us ing  an au toc lav ing  so lu t ion  
wi th  a r e l a t i ve ly  high SiO~: Na~O rat io  ( abou t  3.3-3.6) 
a t  a r e l a t i ve ly  high concen t r a t i on  of abou t  400 g/1 
sodium sil icate (wa te r  glass) .  

The  au toc laved  films accepted some dyes f rom 
acidified solutions,  the i n t ens i t y  of the color p ro -  
duced gene ra l l y  inc reas ing  as the  pH of the  dye de-  
creased. Dye ing  was aided by  boi l ing  au toc laved  
samples  in  a solut ion of c h r o m i u m  oxala te  the  pH 
of which  had  been  ad jus ted  to 7.4 w i th  NaOH. 
Corrosion resis tance.--Anodized and  au toc laved  
samples  suffered h a r d l y  any  de te r io ra t ion  af ter  1 
week ' s  exposure  to h u m i d  condi t ions  in  cont ras t  to 
u n a u t o c l a v e d  samples  which  corroded quickly.  Af t e r  
96 hr  in  an  a tmosphere  of 95% re la t ive  h u m i d i t y  
con ta in ing  3% su lphu r  dioxide the  samples  were  a t -  

t acked  s t rongly  as were  some samples  of ch roma ted  
zinc and  of anodized a l u m i n u m .  
Af ter  treatment  of anodized zinc alloy d i e - cas t i ngs . -  
Fi lms  on zinc a l loy were  affected adverse ly  d u r i n g  
au toc lav ing  in  some solut ions  in  which  the  corre-  
sponding  films on pu re  zinc r e m a i n e d  intact .  The 
adverse  effects inc luded  f laking and  d a r k e n i n g  which  
occurred p a r t i c u l a r l y  w h e n  anodiz ing  had  b e e n  car-  
r ied out in solut ions  con ta in ing  borates.  By  add ing  
phosphoric  acid to the n o r m a l  au toc lav ing  solut ions  
or by  us ing  solut ions  of lower  a lka l ine  content ,  f lak- 
ing, bu t  not  d a r k e n i n g  could be avoided. In  some 
cases a fine mot t l ed  effect was  observed;  the pa t -  
t e rn  of flow ma r ks  was u s u a l l y  found  on t rea ted  
commerc ia l  d ie-cas t ings .  Smooth,  a lmost  whi te  films 
were  ob ta ined  w h e n  ce r t a in  anodized  films were  
au toc laved  in a solut ion of 400 g/1 sodium sil icate 
"Q79" (pH ii.i) but not for all conditions of anodiz- 

ing. 
The abrasion resistance of anodized and auto- 

claved samples of zinc alloy was about 3500 ml of 
abrasive for samples anodized in a NaOH-Na2CO3 
solution with a fixed external resistance of I000 
ohms and autoclaved in water glass containing phos- 
phoric acid, but this value was not accurately re- 
producible. 

The ability of treated zinc alloy to accept dyes is 
s imi lar  to tha t  of t r ea t ed  zinc. 

A few tests suggest  tha t  the  corrosion res i s tance  of 
t r ea ted  zinc al loys resembles  tha t  of t r ea ted  pu re  
zinc. Some anodized and  au toc laved  zinc a l loy d ie -  
cast ings were  a t tacked  cons ide rab ly  w h e n  exposed to 
an  indus t r i a l  a tmosphere  for several  months .  

Discussion 
Composition, Structure,  and Color o] Anodic FiLms 

on Zinc 

The resul ts  of chemical  and  x - r a y  dif f ract ion ana l -  
ysis ind ica ted  t ha t  the  w h i t e  anodic  films consis ted 
essen t ia l ly  of zinc oxide. The  same resu l t  was  ob-  
t a ined  by  H u b e r  for a whi te  f i lm fo rmed  u n d e r  d i f -  
f e ren t  condi t ions  (6) .  

H u b e r  found  tha t  loose wh i t e  coat ings  were  
fo rmed  w h e n  zinc was anodized at  cell vol tages  up  
to 2 v in  N NaOH solu t ion  and  tha t  wh i t e  or da rk  
films were  fo rmed  and  oxygen  was  evolved at  vo l t -  
ages b e t w e e n  4 and  6 v, the  color of the  fi lm depend -  
ing on composi t ion  and  pH of solut ion.  The  p resen t  
resul t s  show tha t  con t inuous  whi te  films are fo rmed  
at sti l l  h igher  vol tages  in  a va r i e ty  of s imi la r  so- 
lu t ions .  

The da rk  appea rance  of ce r ta in  films is due to the  
presence  of f inely d iv ided  zinc (4) ;  such films t u r n  
whi te  if hea ted  in air  because  the free zinc is oxi -  
dized. The  res i s t iv i ty  of n o r m a l  zinc oxide, an  excess 
me t a l  semiconductor ,  is of the  order  of 10 ohm-cm,  
and  this increases  to l0  t ohms w h e n  the  oxide is kep t  
for 30 hr  at 900~ in  120 a t m  pressure  of oxygen  (9) .  
Dr ied  whi te  anodized films on zinc had  a res i s t iv i ty  
of more  t h a n  10 l~ o h m - c m  ind ica t ing  tha t  the  com- 
posi t ion of such films approaches  sti l l  more  closely 
tha t  of s to ichiometr ic  zinc oxide, ZnO. 

The  t r ansmis s ion  e lec t ron  mic rog raph  in  Fig. 8 
demons t r a t e s  the poros i ty  of films about  100A th ick  
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whose s t ruc tu re  was p r o b a b l y  tha t  of b lack  films. 
The  d is tance  be tween  pores was i n d e p e n d e n t  of c u r -  
r en t  densi ty .  Hube r  and  Bier i  (5) found  tha t  films 
fo rmed  in  N NaOH solu t ion  did not  develop a ny  
porosi ty  t i l l  they  were  about  2000A thick. In  th ick  
anodic  films on a l u m i n u m  the d is tance  be tween  pores 
was  also i n d e p e n d e n t  of c u r r e n t  dens i ty  (11),  b u t  
th in  anodic  films on a l u m i n u m  appear  to be different ,  
in  tha t  the  d is tance  be tween  pores increased  w i th  the 
fo rming  vol tage  (10, 11). 

The poros i ty  of th ick  anodic  films on zinc ca lcu-  
la ted f rom m e a s u r e m e n t s  of the  a p p a r e n t  dens i ty  
(Table  I) was  about  45% i n d e p e n d e n t  of e lec t r ica l  
condi t ions  of format ion ,  whi le  tha t  of anodic  films on 
a l u m i n u m  has been  ca lcula ted  f rom data  on the n u m -  
ber  and  d i ame te r  of pores to v a r y  f rom about  50% 
at 10 v to less t h a n  2% at 100 v (10) .  Some ev idence  
has been  found  for a hexagona l  cell s t ruc tu re  s imi la r  
to tha t  on cer ta in  anodic  films on a l u m i n u m ,  the  cell 
size of about  3000-& in  a film formed  at  45 v be ing  
of the same order  as tha t  of the  larges t  cells ob-  
served in films on a l u m i n u m .  

In  v iew of the  la rge  porosi ty  of the  films the  re -  
s is tance of the e lec t ro ly te  in  the  pores is smal l  and  
in  order  to account  for the r e l a t i ve ly  high effective 
wet  res i s tance  it is necessary  to pos tu la te  a n o n -  
porous  b a r r i e r  l ayer  ad jacen t  to the  basis  metal .  

The Barrier Layer 

The wet  res i s tance  of the  b lack  films is seen in  Fig.  
6 to drop r ap id ly  w i th  increas ing  voltage.  This sug-  
gests tha t  the concen t r a t i on  of meta l l i c  zinc in  the  
ba r r i e r  l ayer  of the  b lack  film increases  w i th  i n -  
creasing vol tage,  r ap id ly  at first and  t h e n  more  
slowly. 

The slope of the curves  of res i s tance  vs. vol tage  
and  vs. c u r r e n t  dens i ty  changes  its d i rec t ion  at 4 v 
and  at  40 m a / c m  ~, respect ively .  The  change  in  the  
n a t u r e  of the ba r r i e r  l ayer  which  is respons ib le  for 
this r eversa l  is p r e s u m a b l y  the same as tha t  which  is 
k n o w n  to take  place at  this  stage in  the  porous  pa r t  
of the  layer ,  viz., the  ox ida t ion  of meta l l i c  zinc. This  
change  is accompanied  by  a change  in  the  m e c h a n i s m  
of conduc t ion  which,  in  wh i t e  films, is d e p e n d e n t  on 
the  presence  of in te r s t i t i a l  zinc ions. 

The changes  in  the  we t  res i s tance  of the  f i lm c a n -  
not,  however ,  be  i n t e r p r e t e d  solely in  t e rms  of 
changes in  the  th ickness  of the  b a r r i e r  layer ,  i.e., 
w i thou t  t ak ing  into account  the changes  in  res i s t iv i ty  
which  p r o b a b l y  occur. The  res i s t iv i ty  is inf luenced  
by  the concen t r a t i on  of in t e r s t i t i a l  zinc ions, and,  
since this  concen t r a t i on  m a y  be expected to increase  
wi th  inc reas ing  field s t r eng th  the  res i s t iv i ty  p r ob -  
ab ly  fal ls  as the  field s t r eng th  increases  (12) .  A n -  
other  factor,  which  also tends  to cause a fal l  in  the  
res i s t iv i ty  of the b a r r i e r  w i th  increas ing  field 
s t rength ,  whi le  it  is be ing  formed,  is the  inc reas ing  
a m o u n t  of hea t  evolved  (13, 14). 

For  these  reasons  the ra te  of increase  of the th i ck -  
ness of the ba r r i e r  l ayer  of whi te  films w i th  in -  
creas ing vol tage  is p r o b a b l y  g rea te r  t h a n  the  ra te  
of increase  in  the  wet  res i s tance  of the  fi lm (Fig.  7).  

In  c o n s t a n t - c u r r e n t  tests the increase  in  res i s tance  
at  any  g iven  c u r r e n t  dens i ty  (d i rec t ly  p ropor t iona l  
to the  increase  in  vol tage  in  Fig. 2A and  2B) m a y  be 

a fa i r  me a su r e  of the increase  in  thickness,  s ince the  
concen t r a t i on  of in t e r s t i t i a l  zinc ions is p r e s u m a b l y  
cons tan t  and  a m e a n  e q u i l i b r i u m  wi l l  be  qu ick ly  
establ ished.  Fig. 2A and  2B suggest  tha t  the  th i ck -  
ness of the  ba r r i e r  l ayer  increases  l i nea r ly  wi th  t ime  
af ter  an  in i t ia l  per iod d u r i n g  which  it appears  to 
increase  more  slowly. 

Influence of A l u m i n u m  on the Barrier Layer 

In  the  anodiz ing  of Mazak 3 the  l i nea r  and  loga-  
r i thmic  ra tes  of increase  of the  effective we t  r e -  
s is tance were  less t h a n  the  cor responding  ra tes  for 
zinc. 

I t  seems l ike ly  t ha t  a l u m i n u m  en te r s  the  b a r r i e r  
l aye r  and  changes  its proper t ies  and  its ra te  of 
growth.  The  presence  of a l u m i n u m  in zinc reduces  
the  ra te  of a tmospher ic  ox ida t ion- -0 .1  at. % A1 r e -  
duc ing  the  ra t e  of ox ida t ion  100-fold at  390~ (15),  
and  W a g n e r ' s  theory  of ox ida t ion  a t t r i bu t e s  this  to 
the  d i sp lacemen t  f rom the  lat t ice of in t e r s t i t i a l  zinc 
ions whose diffusion is the r a t e - c o n t r o l l i n g  process in 
a tmospher ic  oxidat ion.  I t  is r ea sonab le  to suppose 
tha t  the ra te  of g rowth  of the ba r r i e r  l ayer  in  anodic  
ox ida t ion  is cont ro l led  by  the  same process, and  it 
would  fol low tha t  the  layer  should grow more  s lowly  
on Mazak  3 t h a n  on zinc. 

In  en t e r i ng  the zinc oxide la t t ice  a l u m i n u m  ions 
also increase  its conduc t iv i ty  by  increas ing  the con-  
cen t r a t i on  of e lect rons  in  the  conduc t ion  b a n d - - 1  
mole  % AI~O~ increas ing  the  conduc t iv i ty  of zinc 
oxide 1000-fold at  394~ (16).  A l t h o u g h  the  con-  
cen t r a t i on  of a l u m i n u m  in the  b a r r i e r  l ayer  of ano-  
dized films on Mazak 3 is no t  known ,  it  seems l ike ly  
t ha t  the  conduc t iv i ty  of the  l aye r  is cons ide rab ly  
g rea te r  t h a n  tha t  of the  cor responding  l ayer  on zinc. 

These  two factors exp la in  the  lower  ra te  of in -  
crease of the res i s tance  of the  ba r r i e r  l ayer  on Mazak 
3 in  all  e x p e r i m e n t s  and  the  lower  res i s tance  of the  
l ayer  in comple te ly  fo rmed  films in  c o n s t a n t - v o l t a g e  
tests. 

Manuscript  received June  5, 1958. This paper was 
prepared for delivery before the New York Meeting, 
Apri l  27-May 1, 1958. 

Any  discussion of this paper Will appear in  a Discus- 
sion Section to be published in the June  1960 JOVRNAL. 
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A Study of the Silver(I) Oxide-Silver (11) Oxide Electrode 
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ABSTRACT 

A reproducible emf of the cell Ag(c) ,  Ag.~O(c)/NaOH (1M)/AgO(c) ,  
Ag~O (c), Pt  is found to be 0.262 v at 25~ From this value and the know n  po- 
tent ial  of the Ag, Ag20 electrode, the s tandard oxidation potent ial  of the Ag.~O, 
AgO electrode is --0.604 v. The temperature  coefficient of the cell is ~-2.20 x 10 -~ 
v/deg. The free energy, enthalpy,  and entropy changes for the cell reaction are 
--6049 cal, --4537 cat, and 5.07 cal/deg, respectively. From these values and the 
existing thermodynamic  data on Ag and Ag~O, values of 3463 cal, --2769 cal, 
and 13.81 cal /deg are calculated, respectively, for the free energy and enthalpy 
of formation and for the entropy of AgO at 25~ 

The purpose  of this research is to p resen t  da ta  on 
the electrode po ten t i a l  of the s i lver  (II)  oxide elec- 
t rode over  the t e m p e r a t u r e  r ange  20~176 Var ious  
inves t iga tors  (1-5)  have  es tabl i shed in s tudies  of the  
s i lver  ( I I )  ox ide - z inc - a lka l i  ba t t e ry  tha t  a cell h a v -  
ing an AgO cathode has twice the capaci ty  of a s imi-  
lar  cell hav ing  an Ag~O cathode, bu t  at high c u r r e n t  
d ra ins  the  d ischarge  of an AgO cathode to free s i lver  
takes place in  a s ingle step at a po ten t i a l  co r respond-  
ing to tha t  of an Ag~O cathode. At  low c u r r e n t  dra ins ,  
however ,  there  occurs a two step r educ t ion  in vo l t -  
age (1) which  would  be expected in v iew of the r e -  
sults  of a n u m b e r  of ear l ie r  s tudies  invo lv ing  AgO. 

Marsh  (6) d e t e r m i n e d  the po ten t i a l  of Ag.~O 
agains t  AgO to be 0.15 v. F r o m  this  d a t u m  and  the  
k n o w n  ox ida t ion  po ten t i a l  for the Ag, Ag._,O elec-  
t rode  of --0.342 v (7) ,1 a va lue  of --0.49 v can be ca l -  
cu la ted  for the Ag~O, AgO oxida t ion  potent ia l .  Ea r ly  
s tudies  by  L u t h e r  and  P o k o r n y  (8) ind ica ted  a s tep-  
wise r educ t ion  of AgO --> Ag~O-~ Ag at  e lectrode po-  
ten t ia l s  of 0.57 v and  0.344 v, respect ively .  The p re -  
ceding va lues  were  d e t e r m i n e d  f rom cells us ing  Hg, 
HgO re fe rence  electrodes and  samples  of AgO p re -  
pa red  by  the  anodic  ox ida t ion  of Ag in  alkali .  U n -  
fo r tuna te ly ,  conflicting va lues  of 0.927 and  0.962 v 
are g iven  in  the or ig ina l  re fe rence  for the emf  of the  
cell 

Hg, H g O / N a O H  (1N)/H~ ( 1 a tm)  [A ] 

The difference of 0.035 v m a y  have  led to confl ict ing 
va lues  for the Ag~O, AgO potent ia l .  La t ime r  (9) ac-  
cepts the oxida t ion  po ten t i a l  ob ta ined  d i rec t ly  f rom 
L u t h e r  and  P o k o r n y ' s  da ta  (--0.57 v) .  Hick l ing  and  
Tay lor  (10),  however ,  correct  the or ig ina l  da ta  by  
0.04 v so as to produce  a va lue  of --0.61 v for the  
Ag~O, AgO oxida t ion  potent ia l .  No e x p l a n a t i o n  of 
this  0.04-v correc t ion  is g iven  by  Hick l ing  and  T a y -  
lor, bu t  Jones,  Thirsk ,  and  W y n n e - J o n e s  (11) sug-  
gest tha t  the  correc t ion  m a y  be connec ted  wi th  the  
po ten t i a l  of the cell 

J S i g n s  g i v e n  fo r  o x i d a t i o n  p o t e n t i a l s  i n  th i s  p a p e r  are cons i s t en t  
w i t h  those  used  by  H a m e r  a n d  C r a i g  (7) in  t h e i r  s t u d y  of  t h e  Ag,  
AgeO e lec t rode  and  w i t h  those  of L a t l m e r ' s  (9) o x i d a t i o n  po ten t i a l s ,  
Th e  e lec t rode  po ten t i a l ,  as def ined  by The  E l e c t r o c h e m i c a l  Soc ie ty  
an d  by the  I U P A C  S t o c k h o l m  conve n t i on ,  has  the  oppos i t e  a lgeb ra i c  
s ign.  

H2/OH- (N) / c a lome l  [B] 

which Hickl ing  and  Tay lo r  used in the i r  s tudy.  I t  is 
also possible tha t  a 0.04-v correc t ion  can be made  for 
the  0.035-v incons i s tency  in  the repor ted  emf of cell 
[A] .  F r o m  studies  of J i rsa  (12) and  J i rsa  and  J e l i nek  
(13) on cells of the type  

H J N a O H  (M)/Ag~O,Ag [C] 

a va lue  of about  --0.60 v can  be ca lcula ted  for the  
Ag..,O, AgO oxida t ion  po ten t i a l  at 25~ 

In  v iew of the  inconsis tencies  which  exist  wi th  
regard  to the po ten t i a l  of the couple  

Ag20 ~ 2 OH---> 2AgO ~ H.~O -}- 2e- [1] 

it was deemed  advisab le  to r e inves t iga te  the emf as- 
sociated wi th  the Ag~O, AgO electrode.  Such  an  in -  
ves t iga t ion  also makes  possible the eva lua t i on  of 
some i m p o r t a n t  t h e r m o d y n a m i c  func t ions  of AgO 
which  at p resen t  have  not  been  d e t e r m i n e d  re l iab ly .  

Experimental 
In  this  s tudy  of the  Ag.~O, AgO electrode, cells of 

the  fo l lowing type  were  employed  

Pt ,Ag (c) ,  Ag~O (c) / N  aOH ( 1 M ) / A g O  (c) ,  
Ag._,O(c), P t  [D] 

The  reac t ions  occur r ing  in the cell would  be 

(Cathode)  2AgO -~ H._,O ~ 2e---> Ag~O -~ 2 OH- [2] 

(Anode)  2Ag § 2 OH---> Ag~O ~- H~O -{- 2e- [3] 

Thus,  the  ove r -a l l  cell r eac t ion  for 1 f a r a da y  m a y  be 
cons idered  to be 

A g O ( c )  -t- A g( c )  = Ag.~O(c) [4] 

As this reac t ion  indicates,  it is not  p rac t ica l  to r e -  
place the  p l a t i n u m  contact  by  a s i lver  contact  in  this  
cell since reac t ion  [4] can t hen  occur comple te ly  at  
the cathode. Conf i rmat ion  of this  was  ob ta ined  in  a 
p r e l i m i n a r y  s tudy  of the cell 

Ag, Ag.~O/NaOH(1M)/AgO,  Ag~O, Ag [El  

In  less t h a n  1 ra in  the vol tage  of cell [E l  d ropped  
f rom about  0.25 v to less t h a n  0.01 v. In  a hal f  hour  
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the  vol tage  had  dropped  a lmost  to zero. Therefore ,  
it  is necessary  to use an  ine r t  subs tance  such as 
p l a t i n u m  in  the  cons t ruc t ion  of the Ag..,O, AgO elec- 
trode. 

In  cons t ruc t ing  cell [D],  r ep roduc ib le  and  h igh ly  
s table  Ag, Ag~O electrodes,  p repa red  as d i rec ted  by  
H a m e r  and  Craig 's  me thod  n u m b e r  two (7) ,  were  
used as re fe rence  electrodes.  The Ag.~O used in  the  
p r epa ra t i on  of the e lectrodes  was of certified r eagen t  
grade.'-' Two dif ferent  sources of AgO were  employed  
in  the p r e p a r a t i o n  of electrodes:  (a) " D i v a s i l ' '  and  
(b)  AgO p repa red  f rom reagen t  grade  chemicals  by  

K le inbe rg ' s  me thod  (14),  in  which  AgNO, was  oxi-  
dized by  K~S.~O~ in  NaOH at  90~ The r e su l t ing  AgO 
was washed  n u m e r o u s  t imes,  filtered, and  a l lowed 
to dry  in  an  a tmosphere  of n i t r ogen  in  a desiccator.  
Ana lyses  of AgO samples,  carr ied  out  iod imet r ica l ly  
by  Dut ta ' s  me thod  (15),  averaged  98% AgO for 
samples  of "Divasi l"  and  99.0 to 99.5% AgO for 
p repa ra t ions  car r ied  out  by  K le inbe rg ' s  method.  

In  assembl ing  the  cell, an  H - t y p e  P y r e x  glass con-  
t a ine r  was  used. The legs were  1.5 cm in  d i ame te r  
by  12.5 cm long and  were  connec ted  nea r  the  top 
by  a c ross - tube  5 cm long and  0.8 cm in  d iameter .  
In  one leg was  placed the sample  of AgO which  had  
been  t ho rough ly  mixed  wi th  a smal l  a m o u n t  of Ag,O 
and  t h e n  r epea t ed ly  washed  wi th  the  1M NaOH 
which  was  to be used in  fil l ing the  cell. Af te r  fi l l ing 
the cell w i th  1M NaOH, a r u b b e r  stopper,  t h r ough  
which  ex tended  a 5 m m  soft glass t ube  wi th  a P t -  
hel ix  sealed into one end, was inse r ted  into the  leg 
of the  H - t u b e  in  such a way  tha t  the P t - h e l i x  was  
comple te ly  covered by  the  oxide s lurry .  In to  the  
other  leg of the H-cel l ,  the r e fe rence  electrode was  
inse r ted  and  held in  place by  means  of a r u b b e r  
stopper.  The  assembled  cell was t hen  placed in  a 
ba th  in  which  a desired t e m p e r a t u r e  could be m a i n -  
t a ined  w i t h i n  0.02~ Al l  t e m p e r a t u r e  m e a s u r e m e n t s  
were  made  wi th  a Na t iona l  B u r e a u  of S t anda r ds  
certified t h e r m o m e t e r  g r adua t ed  in  0.02~ in t e rva l s  
in the r ange  f rom 18 ~ to 30~ M e a s u r e m e n t s  of emf  
were  made  by  means  of a L&N type  K-2  p o n t e n t i o m -  
eter  which  was ca l ib ra ted  aga ins t  a Rub icon  po t en -  
t iomete r  of k n o w n  accuracy.  The s t anda rd  cell e m -  
p loyed was ca l ib ra ted  aga ins t  a s t a n d a r d  cell ce r t i -  
fied by  the Nat iona l  B u r e a u  of S tandards .  

2 S u p p l i e d  b y  t h e  M e r c k  C h e m i c a l  C o m p a n y .  

Table 1. Electromotive force at 25~ of cell [D] 

S I L V E R ( I I )  O X I D E  E L E C T R O D E  

Table II. Electromotive force at 25~ of cell No. 4 
as a function of time 
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T i m e ,  T i m e ,  
d a y s  E m f ,  v d a y s  E m f ,  v 

T y p e  of  r e f e r e n c e  T y p e  of  A g O  
Cel l  No. E m f ,  v e l e c t r o d e  e m p l o y e d  

1 * 0.2622 Pasted Freshly prepared 
2 * 0.2625 Pasted Freshly prepared 
3" 0.2620 Pasted Freshly  prepared 
4* 0.2625 Pasted Freshly prepared 
5 0.2608 Pasted "Divasil" 
6 0.2610 Pasted "Divasil" 
7 0.2618 Pasted "Divasil" 
8 0.2615 Pasted "Divasil" 
9 0.2616 Slurry  "Divasil" 

10 0.2614 Slur ry  "Divasil" 

* R e f e r e n c e  A g ,  AgeO e l e c t r o d e  p r e p a r e d  b y  H a m e r  a n d  C r a i g ' s  
(7) m e t h o d  No.  2; A g O  u s e d  w a s  p r e p a r e d  b y  K l e i n b e r g ' s  (14) 
m e t h o d .  

0.5 0.2625 7 0.2613 
1 0.2622 8 2.2612 
4 0.2616 9 0.2611 
6 0.2614 10 0.2610 

Table III. Electromotive force at various temperatures 
in order of observation 

Cell  :ff;1 Cel l  # 2  Cel l  # 3  
T e m p ,  ~ E m f ,  v T e m p ,  ~ E m f ,  v T e m p ,  ~ E m f ,  v 

30.00 0.26327 25.00 0.26252 25.00 0.26198 
27.00 0.26261 20.00 0.26142 20.00 0.26087 
25.00 0.26217 23.00 0.26208 22.00 0.26131 
23.00 0.26173 25.00 0.26252 25.00 0.26198 
20.00 0.26108 28.00 0.26318 27.00 0.26242 

30.00 0.26362 30.00 0.26308 

dE/dT  +0.219 ~0.220 +0.221 
(mv/~  
Average value of dE/dT  ~ 2.20 X 10 -4 v /deg at 25~ 

In  Tab le  I are  g iven  the emf ' s  found  at  25~ for 
cell [D].  New samples  of AgO were  p r epa red  f reshly  
by  K l e i nbe r g ' s  me thod  (14) for each of the  first four  
cells. The  average  va lue  for the emf  of these  cells 
is 0.2623 • 0.0002 v. Using 23,060.5 ca l / abs  volt. g -eq  
for the  f a r aday  (16) in  the  re la t ion  AF ~ = - - n F E  ~ 
the s t a n d a r d  free ene rgy  change  for cell r eac t ion  [4] 
is --6049 • 5 cal at 25~ 

For  compar ison,  four  cells (No. 5 t h r ough  8) were  
p r epa red  in the same m a n n e r  us ing  Merck ' s  "Di- 
vasi l"  ins tead  of our  own  p r e pa r a t i on  of AgO. As 
can be seen in  Tab le  I, "Divas i l"  produces  a s l ight ly  
lower  emf of 0.2613 • 0.0004 v at 25~ For  fu r the r  
compar ison,  s l u r r y - t y p e  re fe rence  electrodes p re -  
pa red  by  H a m e r  and  Craig 's  method  No. 1 (7) were  
used in  the  p r e pa r a t i on  of two cells, No. 9 and  10. 
Compar i son  of the  data  in  Tab le  I for the  two types  
of re fe rence  electrodes shows good a g r e e m e n t  be -  
t w e e n  them. 

The  s tab i l i ty  of cell No. 4 was  inves t iga ted  by  t ak -  
ing emf  m e a s u r e m e n t s  over a per iod  of t e n  days at  
25~ (Table  I I ) .  As can be seen, the emf  s lowly de -  
creases f rom 0.2625 v to 0.2610 v in  this per iod of 
t ime. Aged AgO and  "Divas i l"  seem to produce  
s l ight ly  lower  and  more  s table  po ten t ia l s  t h a n  
f resh ly  p repa red  AgO. 

The  effect of t e m p e r a t u r e  on the  emf of cells No. 
1, 2, and  3 is g iven  in  Tab le  III. Readings  were  t a k e n  
at each t e m p e r a t u r e  w h e n  a cons tan t  emf va lue  had 
been  m a i n t a i n e d  for at least  1 hr. No apprec iab le  
e m f - t e m p e r a t u r e  hys teres is  occurred  as is c lear ly  
shown by  the  r ep roduc ib i l i t y  of 25~ emf ' s  in  cells 
No. 2 and  3. The  average  va lue  for the coefficient at 
25~ is +2.20 x 10 -~ v / d e g  which  gives AS ~ for cell  
reac t ion  [4] as 5.07 • 0.02 ca l /deg  since AS ~  n F  
( d E ~  The e n t h a l p y  AH ~ of cell reac t ion  [4] is 
- - 4 5 3 7 •  11 cal at 25~ since AH ~ 1 7 6  ~ 

Thermochemis t ry  

F r o m  the s t anda rd  va lue  --2586 cal for the free 
ene rgy  of fo rma t ion  of Ag._.O (16) and  our  va lue  of 
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--6049 • 5 cal for the s t anda rd  free ene rgy  of cell 
reac t ion  [4],  a va lue  of 3463 • 5 cal is ca lcu la ted  
for the  s t anda rd  free ene rgy  of fo rma t ion  of AgO. 
The  en t ropy  of reac t ion  [4] is g iven  by  

• ~ = S ~ (Ag~O) --  S ~ (Ag) --  S ~ (AGO) [5] 

The  va lues  for S ~ (Ag~O) and  S ~ (Ag) are, respec-  
t ively,  29.09 and  10.21 ca l /deg  (16).  F r o m  these  
va lues  and  our va lue  of 5.07 • 0.02 ca l /deg  for aS ~ 
a va lue  of 13.81 • 0.02 ca l /deg  is ca lcu la ted  for 
S~ (AGO). 

In  a s imi la r  m a n n e r ,  our  va lue  of --4537 • 11 cal 
for the  e n t h a l p y  of reac t ion  [4] toge ther  wi th  --7306 
cal for the hea t  of f o rma t ion  of Ag~O (16) leads to a 
v a l u e  of --2769 • 11 cal for the  hea t  of fo rma t ion  of 
AgO at 25~ La t ime r  (9) gives --6.0 k c a l / m o l e  for 
this hea t  of fo rma t ion  of AgO which  he a t t r i bu t e s  to 
the Na t iona l  B u r e a u  of S tandards .  Ac tua l ly ,  C i rcu la r  
500 (16) gives --6.3 k c a l / m o l e  as the  heat  of f o r m a -  
t ion of Ag~O.~ (not  AgO) f rom which  the hea t  of 
fo rma t ion  of AgO would  be --3.15 kca l /mole .  This  
va lue  is ob ta ined  f rom the rmochemica l  m e a s u r e -  
men t s  made  by  J i r sa  (12).  J i r sa ' s  s tudies  invo lved  
the d e t e r m i n a t i o n  of the  heats  of so lu t ion  of Ag~O 
and  AgO in  acids. T a k i n g  HC104 as an example  

2AgO + 2HC10, (aq)  

2AgC10~(aq) § H~O + 1/2 O_~ + 10964 cal 
Ag~O + 2HC10~ (aq) ~ 2AgC10, (aq)  + H~O + 9964 cal 

By sub t r ac t ion  

2AgO -~ Ag~O + 1/2 O_~ + 1000 cal 

However ,  J i r sa  f ound  tha t  the difference b e t w e e n  
the two heats  of so lu t ion  was not  a cons tan t  1000 cal 
bu t  va r i ed  f rom 1197 cal to 1956 cal as the acid 
s t r eng th  var ied  f rom 20% to 70%, respect ively .  The 
1000-cal difference was ob ta ined  by  a ques t ionab le  
ex t r apo la t ion  of these da ta  to zero concen t ra t ion  of 
acid. Using 1000 cal as the app rox ima te  difference 
b e t w e e n  the  heats  of solut ion of the  oxides and  the  
k n o w n  heat  of fo rma t ion  of Ag~O (16),  an  approx i -  
ma te  va lue  of --3.15 k c a l / m o l e  can be ca lcu la ted  for 
the  hea t  of fo rma t ion  of AgO. Thus  no grea t  dis-  
c repancy  exists  b e t w e e n  J i r sa ' s  va lue  of --3.15 kc a l /  
mole  and  our  more  accura te  va lue  of --2.769 kc a l /  
mole. The  d i sc repancy  becomes even  smal le r  w h e n  
J i rsa ' s  ac tua l  ca lor imet r ic  va lues  are subs t i tu t ed  for 
his ex t r apo la t ed  value.  

Electrode Potential 
F r o m  our  va lue  of 0.262 v for the  emf  of cell [D] 

and  the  va lue  --0.342 v (7) for the ox ida t ion  p o t e n -  
t ia l  of ha l f - r eac t i on  [3],  a va lue  of --0.604 v can  be 
ca lcu la ted  for the  s t a n d a r d  ox ida t ion  po ten t i a l  of 
couple [1]. The s t a n d a r d  electrode po ten t i a l  of this  
couple is, therefore,  0.604 v. 

Our  va lue  of --0.604 v is in  poor ag r eemen t  w i t h  
--0.49 v ca lcula ted  f rom Marsh ' s  da ta  (6) .  Since no 
e x p e r i m e n t a l  da ta  are g iven  in  the reference,  it is no t  
possible to make  a f u r t he r  eva lua t i on  of this dis-  
crepancy.  Our  ox ida t ion  po ten t i a l  does agree wel l  
wi th  the va lue  --0.60 v ca lcula ted  f rom J i rsa ' s  work  
(12, 13) and  wi th  Hick l ing  and  Tay lo r ' s  (10) cor-  
rec t ion of L u t h e r  and  Poko rny ' s  (8) data.  A l though  

the  corrected va lue  does agree wel l  wi th  our  data,  
such a correc t ion  does no t  seem jus t i f iable  for a 
n u m b e r  of reasons.  

First ,  app ly ing  a 0.04-v correc t ion  to the  o ther  
da ta  ob ta ined  by  L u t h e r  a nd  P o k o r n y  wou ld  give a 
va l ue  of +0.38 v for the  s t a n d a r d  electrode po ten t i a l  
of Ag, Ag~O a nd  a va lue  of +0.78 v for the  AgO, 
AglOw(?) electrode potent ia l .  These va lues  are  both  
0.04 v h igher  t h a n  other  d e t e r m i n a t i o n s  (7, 9, 13). 

Second, us ing  samples  of AgO p r e p a r e d  by a 
va r i e ty  of methods,  L u t h e r  and  P o k o r n y  ob ta ined  
da ta  f rom which  va lues  of --0.56 to --0.60 v can be 
ca lcula ted  for the s t a n d a r d  ox ida t ion  po ten t i a l  of 
the  Ag~O, AgO electrode.  Since the same Hg, HgO 
re fe rence  electrode was used  in  all  these d e t e r m i n a -  
t ions, it  seems r ea sonab le  to a t t r i bu t e  the  va r i a t i on  
in  the  s t anda rd  po ten t i a l  to the  me thod  of p r e p a r a -  
t ion  of AgO. The  cell  f rom which  the  h ighes t  ox ida-  
t ion  emf v a l u e  (--0.56 v) was  ob ta ined  by  L u t h e r  
and  P o k o r n y  con ta ined  AgO p repa red  by  the  anodic  
ox ida t ion  of s i lver  in  d i lu te  su l fur ic  acid. Due  to the  
lack of e x p e r i m e n t a l  details,  it is no t  possible to 
d e t e r m i n e  the exact  me thod  of p r e pa r a t i on  of the 
AgO electrode used in  the i r  s tudy.  However ,  in  v iew 
of a l a t e r  x - r a y  s tudy  (17) it  is p robab le  tha t  the  AgO 
electrode con ta ined  some free s i lver  or s i lver  in  
some oxida t ion  state  other  t h a n  +2 ,  which  p roduced  
the  h igher  ox ida t ion  emf va l ue  of --0.56 v. L u t h e r  
and  P o k o r n y ' s  accepted ox ida t ion  emf of --0.57 v 
was d e t e r m i n e d  f rom samples  of AgO p repa red  by  
the anodic  ox ida t ion  of s i lver  in  alkali .  Den ison  (1) ,  
however ,  has shown  by  x - r a y  s tudies  tha t  this  
e lect rolyt ic  me thod  produces  AgO which  st i l l  con-  
ta ins  some free silver.  Jones,  Thirsk,  and  W y n n e -  
Jones  (11) also suggest  the  presence  of a " suboxide"  
in  AgO p repa red  by  this e lectrolyt ic  method.  The 
lower  oxida t ion  emf of --0.60 v was  ob ta ined  b y  
L u t h e r  and  P o k o r n y  f rom cells con ta in ing  AgO p re -  
pared  both  by  the  anodic  ox ida t ion  of AgNO, and  
Ag~SO, solutions.  This  same va lue  can be ob ta ined  
f rom J i r sa ' s  (13) da ta  on AgO p repa red  by  the  
ozonizat ion of powdered  s i lver  and  f rom our  data  on 
AgO prepared  by  the a lka l ine  ox ida t ion  of Ag (I)  by  

K.~S~O~. 
Thus  it would  appear  tha t  ea r ly  e lec t rolyt ic  p rep-  

a ra t ions  of AgO f rom s i lver  resu l ted  in  h igh s t and -  
ard  oxida t ion  poten t ia l s  for the  Ag.~O, AgO electrode. 
The  other  ma j o r  methods  of p r e p a r a t i o n  p roduce  a 
lower  oxida t ion  po ten t i a l  of abou t  --0.60 v. In  the  
case of AgO p r e p a r e d  by  the  a lka l ine  ox ida t ion  of 
Ag.~O by  K_~S~O~, we  have  accura te ly  d e t e r m i n e d  this  
lower  ox ida t ion  po ten t i a l  to be  --0.604 v for cou-  
ple  [1]. 

In  conclus ion  it  is of in te res t  to consider  the  ob-  
serva t ions  made  on the commerc ia l  s i lver  ( I I )  oxide-  
z inc -a lka l i  ba t te ry .  Most i n t e re s t ing  of these is the  
fact tha t  the emf of the commerc ia l  cell on h igh cur -  
r en t  d ra ins  is the same w he t he r  AgO or Ag.~O is used 
as the  cathodic mater ia l ,  b u t  the  capaci ty  of a cell 
con ta in ing  an AgO cathode is twice tha t  of a s imi la r  
cell con ta in ing  an  Ag.~O cathode. In  l ight  of our  s tudy  
it seems possible to exp la in  this  obse rva t ion  in  the  
same m a n n e r  as S c h u m a c h e r  and  Heise (18) ex -  
p la ined  a s imi la r  p h e n o m e n o n  invo lv ing  the  corre-  
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sponding  oxides of ano the r  coinage metal ,  Cu~O and  
CuO. The  discharge  m a y  be cons idered  to be r e p r e -  
sented by  the  fo l lowing react ions  

2AgO-~ 2 K O H ~  Zn ~- H~O = K~Zn (OH),-t-Ag,.,O [6] 

Ag~O + 2KOH + Zn  + H20 = K.~Zn(OH), + 2Ag [7] 

React ion  [6] p r edomina t e s  u n t i l  the a m o u n t  of Ag.,O 
bui lds  up at which  po in t  reac t ion  [7] p redomina tes .  
This  wou ld  be cons is tent  wi th  the  obse rva t ion  tha t  a 
h igher  vol tage  is observed for a short  t ime  on low 
cu r r en t  d ra ins  (1).  The fact tha t  the AgO elect rode 
has twice the  capaci ty  of an  Ag=O elec t rode m a y  be 
exp la ined  by  re fe rence  to reac t ion  [4]. The  Ag.~O 
used in  reac t ion  [7] is r egene ra t ed  by  means  of re -  
act ion [4] un t i l  al l  the AgO has been  consumed.  In  
this  w a y  AgO can con t r ibu t e  to the  tota l  capaci ty  of 
the cell w i thou t  c o n t r i b u t i n g  to the potent ia l ,  once 
reac t ion  [7] becomes the  p r e d o m i n a n t  react ion.  

Manuscript  received Nov. 10, 1958. 

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

The temperature  coefficient of the potential  of an electrode can be defined 
exper imenta l ly  by reference to (a) the potent ial  of the SHE at the same tem-  
perature,  (b) the potential  of the same electrode at some fixed temperature.  
These two definitions give rise to the "isothermal" and "thermal" tempera ture  
coefficients of electrode potentials. The isothermal coefficient is AS/nF where 
~S is the reaction entropy of the "SHE//Electrode" cell. The thermal  coefficient 
is S* /nF  where S* is the entropy transported from the hot to the cold heat 
reservoir by the passage of n faradays of positive electricity through the cell 
from the cold to the hot electrode (before the onset of thermal  diffusion). The 
entropy S* is divided into an entropy S*E of electrochemical t ransport  which 
determines the electrode temperature  effect, and an entropy S* .  of migrat ion 
t ransport  which determines the thermal  l iquid junct ion potential.  

By assuming that  S*~ is negligible in a saturated potassium chloride bridge, 
we have deduced that the thermal  tempera ture  coefficient of the SHE is +0.871 
mv /~  [hot electrode ( + )  terminal]  at 25~ The s tandard ionic entropy S* ~ 
of electrochemical t ransport  of hydrogen ion is --4.48 cal/deg. Thermal  tem- 
perature  coefficients are computed for calomel, silver chloride, and copper sul-  
fate electrodes and are compared with experiment.  Thermal  and isothermal 
temperature  coefficients are computed and tabulated for near ly  300 standard 
electrode potentials. 

The t e m p e r a t u r e  coefficient of e lectrode po t en -  
t ials  1 can be defined e x p e r i m e n t a l l y  in  two ways,  
e i ther  as an  " i so the rmal"  or as a " t he rma l "  t e m p e r -  
a tu re  coefficient. The i so the rmal  t e m p e r a t u r e  co- 
efficient ( d V / d T )  .... ,, is the  de r iva t ive  d E / d T  of the  
emf-' E of the i so thermal  cell 

SHE / /  E lec t ro ly te  / Elect rode [1] 

where  the  lef t  e lectrode is a s t a n d a r d  hyd rogen  
electrode (SHE) .  In  cell [1],  the t e m p e r a t u r e  of the 
two electrodes is va r ied  in  the same way.  

The t h e r m a l  t e m p e r a t u r e  coefficient ( d V / d T ) , h  is 
the  de r iva t ive  dE/dT~_ of the emf E of the  t h e r m a l  
cell 

M(Tt )  /E l ec t rode (T1)  / E l e c t r o l y t e ( T 1 )  / 
E lec t ro ly te  (T~) /Elec t rode  (T_ 0 / E l e c t r o d e  (T1) /M (TI) 

[2] 

in which  T1 is fixed and  T.~ varies.  W h e n  the t h e r m a l  
coefficient, as defined here,  is posit ive,  the hot elec-  
t rode is the  ( + )  t e r m i n a l  of cell [2].  Cell  [2] can 
also be modified by  the  i n t roduc t ion  of salt  br idges  
across the l iqu id  t h e r m a l  bounda ry .  

The G i b b s - H e l m h o l t z  equa t ion  (5, 7, 8) yields  an  
express ion  for the i so the rmal  t e m p e r a t u r e  coefficient 
in  the fo rm 

T h e  s i g n  c o n v e n h o n  to be  f o l l o w e d  in  th i s  p a p e r  for  s i n g l e  e l ec -  
t r o d e s  is t h a t  of  t h e  G i b b s - S t o c k h o l m  e l e c t r o d e  p o t e n t i a l  V (1-4} 
~vhich is  p o s i t i v e  if  t h e  e l e c t r o d e  in  q u e s t i o n  is  t h e  ( + )  t e r m i n a l  
of  a ce l l  w h o s e  o t h e r  e l e c t r o d e  is  a s t a n d a r d  h y d r o g e n  e l e c t r o d e  
( S H E ) .  

2 T h e  s ign  c o n v e n t i o n  f o l l o w e d  fo r  w h o l e  ce i l s  is t h a t  of  t h e  
L e w i s - S t o c k h o l m  ce l l  e m f  E (2-6) w h i c h  is p o s i t i v e  w h e n  p o s i t i v e  
c u r r e n t  t e n d s  to f low t h r o u g h  t h e  ce l l  as w r i t t e n  f r o m  l e f t  to r i g h t .  

( d V / d T )  .... ,, -- A S / n F  ~-- ( a l l - -  A G ) / n F T  [3] 

where  AS, AH, and  AG are the  ent ropy,  en tha lpy ,  and  
free e n t h a l p y  (Gibbs  f r e e - e n e r g y ) ,  respect ively ,  of 
the reac t ion  which  t r ans fe r s  n f a radays  of posi t ive 
e lec t r ic i ty  t h rough  cell [1 ] f rom left  to r ight .  

Thermal Temperature Coefficients 
T h e r m a l  t e m p e r a t u r e  coefficients of e lectrode po-  

t en t i a l s  have  been  s tudied  by  m a n y  inves t iga tors  
(9-36) since the  p ionee r ing  work  of Bou ty  (9) .  
Much of the ea r ly  work  was  r ev iewed  by  Lange  
(10).  The e lec t romot ive  force of a t h e r m a l  cell ( in  
its in i t i a l  s tate)  is the  r e s u l t a n t  of th ree  effects: (a) 
the  meta l l ic  t he rmocoup le  effect, (b)  the  electrode 
t e m p e r a t u r e  effect, and  (c) the t h e r m a l  l iqu id  j u n c -  
t ion  potent ia l .  Effect (a) can be e l im ina t ed  by  keep-  
ing all m e t a l - m e t a l  j unc t i ons  i so thermal ,  as in  cell 
[2] ,  a t e chn ique  used b y  Richards  (13),  or it can be  
corrected for, as in  the  work  of Car r  a nd  Boni l la  
(31).  Effect (a) has a m a g n i t u d e  of the order  of 1% 
of the  sum of (b)  and  (c) and  wi l l  be cons idered  
e l imina t ed  in  w h a t  follows. 

W i t h  the passage of t ime,  a t h e r m a l  cell is subjec t  
to t h e r m a l  diffusion in  the  e lec t ro ly te  (Soret  effect) 
(18) as d e m o n s t r a t e d  e x p e r i m e n t a l l y  by  Agar  and  
Breck (33).  T h e r m a l  diffusion tends  to concen t ra t e  
s t rong e lect rolytes  in  the  cold region.  The r e s u l t a n t  
concen t ra t ion  g rad ien t  f u r t he r  changes  the two elec- 
t rode potent ia ls ,  a nd  the cell e v e n t u a l l y  reaches a 
n e w  s ta t ionary  s tate  af ter  t h e r m a l  diffusion has be -  
come fu l ly  developed.  However ,  most  t h e r m a l  cell 

616 
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m e a s u r e m e n t s  have  been  conducted  u n d e r  ex -  
p e r i m e n t a l  condi t ions  u n f a v o r a b l e  to the deve lop-  
m e n t  of the  Soret  effect, and  the in i t i a l  s tate of the  
cell t hen  has been  found  to be s table  for ex t ended  
per iods of t ime  (up to 24 hr)  (13, 30). Only  the  i n i -  
t ia l  s tate  of t h e r m a l  cells is cons idered  here. 

T h e r m o d y n a m i c s  o f  T h e r m a l  Ce~ls 

The d r iv ing  force of a t h e r m a l  cell is the t r an spo r t  
(or flux) of en t ropy  f rom a h i g h - t e m p e r a t u r e  heat  
reservoi r  (at  %) to a l o w - t e m p e r a t u r e  heat  r ese r -  
voir  (at  T,) as is the case for any  hea t  engine.  Let  
the en t ropy  t r anspo r t ed  in  a Carno t  eng ine  be S *. 
The p roduc t  S * (% --  T,) is the usefu l  work  o u t p u t  of 
the  engine .  This work,  d iv ided  b y  the e lect r ical  
charge t r anspo r t ed  nF ,  gives the e lec t romot ive  force 
E of the  cell, i.e., 

E / ( T ~  - -  T~) = d E / d T  : S ~ / n F  [4] 

The e lec t romot ive  force is posi t ive for tha t  d i rec t ion  
of the  c u r r e n t  flow which  t r anspor t s  en t ro py  r e -  
ve r s ib ly  f rom the hot to the cold heat  reservoir .  The 
quan t i t i e s  of heat  absorbed  by  the cell f rom the hot  
heat  reservoir ,  and  evolved to the  cold heat  r ese r -  
voir,  are  T , S  ~ and  T~S ~, respec t ive ly  (Pe l t i e r  hea t s ) .  

The above analys is  is too simple,  since a t h e r m a l  
cell is the  seat  of two e n t r o p y  fluxes: (a)  a flux of 
en t ropy  by  heat  conduct ion ,  and  (b)  a flux of e n -  
t ropy  a c c o m p a n y i n g  the  flux of electr ici ty.  The 
fo rmer  is i r r eve r s ib le  whi le  the  l a t t e r  can be made  
revers ib le  by  the use of a po ten t iomete r .  Consider  
cell [2] connec ted  wi th  a po ten t iomete r .  Let  T~ : 
T~ § d T  where  d T  is posit ive.  The  electr ical  po t en -  
t ials  of the  left  and  r igh t  t e rmina l s  are V and  V 
d V ,  respect ively .  Let  the c u r r e n t  I be  posi t ive  w h e n  it  
flows t h rough  the cell f rom left  to r ight .  The en t ropy  
flux J is posi t ive  f rom the  hot ( r ight )  to the  cold 
( lef t)  heat  reservoir .  

The i r revers ib le  r a t e  of p roduc t ion  of Claus ius '  
u n c o m p e n s a t e d  en t ropy  (37,38)  f rom these two 
fluxes is 

: I ( - - d V / T )  + J d T / T  ~ 0 [5] 

Fo l lowing  the methods  of i r r eve r s ib l e  t h e r m o d y -  
namics  (39),  one m a y  wr i t e  the phenomeno log ica l  
equa t ions  for the two fluxes: 

T X ,  d e t e r m i n e d  by  the po ten t iomete r ,  and  (b) a 
t h e r m a l  emf dE ~ T L ~ X j / L H  ~ L x j d T / L , ~  de te r -  
m i n e d  by  the appl ied  t e m p e r a t u r e  difference. At  the  
ba lance  po in t  (I = 0), the  po ten t i a l  difference d V  

equals  the  emf dE and  

- - X ~ / X j  ~ d E / d T  ~ L~j /LH [8] 

By the  Onsager  re la t ions ,  this  becomes 

d E / d T  : L j ~ / L ,  [9] 

Suppose  now tha t  the  cell is b r ough t  to u n i f o r m  
t e m p e r a t u r e  a nd  a smal l  e x t e r n a l  emf appl ied  ( d V  

nega t i ve ) .  The  c u r r e n t  f lowing is I = L~X~  : n F / t  if 
t is the  t ime  r equ i r ed  for the  passage of n faradays .  
At  the same t ime, the  e n t r opy  flux is J = L j , X z  : S ~ / t  

if S ~ is the  e n t r opy  t r a n spo r t e d  f rom the  r igh t  hea t  
rese rvo i r  to the  lef t  heat  reservoir ,  by  the  t r ans f e r  
of n f a radays  of posi t ive  e lec t r ic i ty  t h r o u g h  the  cell 
f rom left  to r ight .  A n d  therefore  

d E / d T  = ( d V / d T ) ~ : ~  = ( J / I )  . . . .  = S ~ / n F  [10] 

an  express ion  de r ived  f rom the  Onsager  re la t ions  
which  coincides w i th  Eq. [4],  ob ta ined  above  f rom 
a cons idera t ion  of a t h e r m a l  cell as a q u a s i - C a r n o t  
engine .  The  e n t r opy  S * is seen to be the e n t ropy  
t r a n spo r t e d  f rom one heat  rese rvo i r  to the  other,  
by  the  flow of electr ici ty,  in  the  absence of a t e m -  
p e r a t u r e  gradient .  

The en t ropy  S * is the sum of two te rms:  (a) an  
e n t r opy  S% absorbed  by  the reac t ion  at  the  r igh t  
e lectrode f rom its heat  rese rvo i r  and  evolved  by  the  
reac t ion  at  the  left  e lectrode to its hea t  reservoi r  
(S% wil l  be re fe r red  to as the  e n t r opy  of e lec t ro-  
chemica l  t r a n s p o r t ) ;  a nd  (b)  an  en t ropy  S*~ t r a n s -  
por ted  t h r ough  the  cell f rom r igh t  to lef t  b y  elec-  
t ro ly t ic  migra t ion .  A n  equa l  q u a n t i t y  of e n t ropy  
then  en te rs  the  cell f rom the  r igh t  heat  reservoi r  and  
leaves the cell at the  left  hea t  reservoir ,  in  order  to 
keep the  t e m p e r a t u r e  cons tan t  (S*~ wi l l  be  re fe r red  
to as the  e n t r opy  of m i g r a t i o n  t r a n s p o r t ) .  

Consider  cell [2] w i th  two revers ib le  i r o n - f e r r o u s  
ion electrodes and  a fer rous  su l fa te  sal t  br idge.  For  
the  passage of 2 f a radays  t h rough  the  cell f rom left  
to r ight ,  the reac t ion  at the  r igh t  e lectrode is Fe *§ ~- 
2e- = Fe and  the e n t r opy  S% becomes 

I : L u X ,  Jr L , j X j  [6] S% = S ( F e )  - -  S % ( F e  §247 [11] 

J = L j~X ,  Jr L j ~ X j  [7] 

where  X , = - - d V / T  and  X j : d T / T .  The L's  are 
phenomeno log ica l  coefficients. By  Ohm's  law, L~ is 
T / r  where  r is the to ta l  res i s tance  of the  circuit .  The  
heat  conduc tance  of the  system, at zero cur ren t ,  is 
g iven  by  L ~ -  Lj~Lu/L~, a q u a n t i t y  which  m u s t  be 
posit ive.  The  in te rac t ion  coefficients L~j and  Lj~ serve 
to measure ,  respect ively ,  the flow of e lec t r ic i ty  
caused by  a t h e r m a l  g rad ien t  w h e n  the  cell is shor t -  
c i rcui ted  and  the flow of en t ropy  caused b y  an  ap-  
pl ied emf w h e n  the  cell is at  u n i f o r m  t empera tu r e .  
By the  Onsager  re la t ions  (40),  the con juga te  i n t e r -  
act ion coefficients are  equal ,  i.e., L,j = Lj~. 

E q u a t i o n  [6] shows the  c u r r e n t  I as the r e s u l t a n t  
of two emf 's :  (a) an  e x t e r n a l l y  appl ied  emf - - d V  = 

w h e r e  S ( F e )  is the  e n t r o p y  of meta l l i c  i ron  whi le  
S % ( F e  *§ is the ionic e n t r opy  of e lec t rochemica l  
t r anspo r t  of the  fer rous  ion. The  e n t r opy  S ~  is 

S ~  = t _ S ~  (SO~ =) - -  t + S ~  (Fe §247 [12] 

where  the  t 's  are  t r ans f e r ence  n u m b e r s ,  and  the  
S ~ , ' s  are  ionic en t ropies  of m i g r a t i o n  t ranspor t ,  of 
the  two ions. The  two t r a n s p o r t  en t ropies  S%,  and  
S ~  for an  ion s do not  coincide w i th  its o r d i n a r y  
ionic en t ropy  (based  on the s t anda rd  S ~ (H § : 0 at 
al l  t e m p e r a t u r e s )  and  ne i the r  do they  coincide wi th  
one another .  S~E, is the e n t r o p y  t r a n spo r t e d  by  an  

3 S*E~ h a s  b e e n  r e f e r r e d  to  (18, 29, 41) as  t h e  " a b s o l u t e  ion ic  e n -  
t r o p y , "  a n d  S*M~ as  t h e  " e n t r o p y  of  t r a n s f e r , "  A g a r  a n d  B r e c k  (33) 
h a v e  r e f e r r e d  to  S*B~ + S * ~  as  t h e  " t r a n s p o r t e d  e n t r o p y "  a n d  to  
S * ~  as  t h e  " m o l a r  e n t r o p y  of t r a n s p o r t . "  See  T e m k i n  a n d  K h o r o -  
s h i n  (33) .  
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ion  w h e n  it  sheds  its h y d r a t i o n  shea th  in one p l ace  
and  p icks  up  a n e w  h y d r a t i o n  s h e a t h  in i ts  n e w  
place .  S ~  is t he  e n t r o p y  t r a n s p o r t e d  b y  the  ion w h e n  
i t  d r a g s  i ts  h y d r a t i o n  shea th  w i t h  i t  across  the  ce l l  
(35, 36) .  The  ionic e n t r o p y  S%~ is equal ,  in i dea l  
solut ions ,  to - -RT t imes  the  So re t  coefficient of the  
ion. 

The  t h e r m a l  t e m p e r a t u r e  coefficient of t h e  i r o n -  
f e r rous  ion e lec t rode ,  w i t h  a f e r r o u s  su l f a t e  sa l t  
b r idge ,  shou ld  t h e r e f o r e  be  g iven  b y  

(dV/dT)~ = S%/2F + S ~ / 2 F  [13] 

where S% and S ~  are given by [ 11] and [ 12 ] above. ~ 
The first term in Eq. [13] measures the electrode 
temperature effect, the second term the thermal 
liquid junction potential. The separation of a meas- 
ured thermal emf into these two terms is, strictly 
speaking, impossible. This separation can be accom- 
plished only with the help of certain arbitrary as- 
sumptions. 

An estimate of the thermal  liquid junction poten- 
t ia l . - -One such a s sumpt ion ,  w h i c h  w e  sha l l  m a k e  
now,  is t h a t  the  t h e r m a l  l iqu id  j u n c t i o n  p o t e n t i a l  of a 
s a t u r a t e d  p o t a s s i u m  c h l o r i d e  sa l t  b r idge ,  as used  in  
t h e  e x p e r i m e n t a l  w o r k  of Fa l e s  a n d  M u d g e  (14) ,  is 
zero. This  a s sumpt ion ,  w h i l e  a r b i t r a r y ,  can  be  l ooked  
upon  as r e a s o n a b l e  and  a p p r o x i m a t e l y  v a l i d  for  t he  
fo l lowing  reasons .  

In  1928, E a s t m a n  (42) e s t i m a t e d  en t rop i e s  of m i -  
g r a t i o n  of the  ions of h y d r o g e n ,  and  a l k a l i  ch lor ides ,  
in 0.02N so lu t ions  f r o m  m e a s u r e m e n t s  on e l e c t r o l y t i c  
t he rmocoup le s .  F r o m  his  e s t ima tes ,  the  fo l lowing  e n -  
t rop i e s  of m ig ra t i on ,  and  t h e r m a l  l i qu id  j u n c t i o n  p o -  
t en t i a l s  ( t l j p ) ,  can  be  ca lcu la ted .  

0.02M so lu t ion  ~IC1 LiC1 NaC1 KC1 RbC1 
S ~  ( c a l / d e g )  --7.7 --0.03 --0.36 --0.49 --0.54 
t l j p  ( m v / d e g )  --0.33 --0.001 --0.016 --0.021 --0.023 

(23.06 cal /deg--- -  1 m v - f a r a d a y / d e g ) .  The  n e g a t i v e  
s ign  m e a n s  t h a t  the  ho t  end  of t h e  t h e r m a l  l i q u i d  
j u n c t i o n  d ipo le  is nega t ive .  W h i l e  t he  t l j p  of h y d r o -  
ch lor ic  ac id  is s ignif icant ,  the  t l j p ' s  of d i l u t e  a l k a l i  
ch lo r ides  a r e  e s t i m a t e d  to be  no t  l a r g e r  t h a n  0.03 
m v / d e g .  

W i t h  t h e  a s s u m p t i o n  t h a t  the  t l j p  of s a t u r a t e d  
p o t a s s i u m  ch lo r ide  is zero,  F a l e s  and  M u d g e ' s  (14) 
m e a s u r e m e n t s  l e ad  to a v a l u e  of t he  e n t r o p y  of e l ec -  
t r o c h e m i c a l  t r a n s p o r t  S %  of t he  h y d r o g e n  ion, as 

E q u a t i o n  [131 has  b e e n  r e f e r r e d  to as t he  E a s t m a n  t h e r m o c e l l  
e q u a t i o n  (29) a n d  app l i e s  to a t h e r m a l  ce l l  i n  i t s  i n i t i a l  s ta te ,  b e f o r e  
the  onse t  of t h e r m a l  d i f fus ion .  W h e r e v e r  t h e  S o r e t  effect  i s  a l l o w e d  
to  deve lop ,  i t  can  be s h o w n ,  b y  i n t r o d u c i n g  so lu te  d i f fu s ion  i n to  
t h e  set  of Onsage r  f iuxes  [6-7], t h a t  the  ce l l  r eaches  a f ina l  s t eady  

1 
s t a te  in  w h i c h  2 F ( d V / d T )  th, f inal  = S * E [ l l ]  - - - - [ S * M ( F e  ++) + 

1 2 
S*~(SO4=) ] - - - - [ S * ~ ( F e + +  -- S*M(SO,=} 1. H e r e  t he  second t e r m  

2 
g i v e s  the  effect  of  the  t h e r m a l l y  i n d u c e d  c o n c e n t r a t i o n  g r a d i e n t  on 
the  d i f fe rence  of the  two  e l ec t rode  po ten t i a l s ,  a n d  t he  t h i r d  t e r m  
g i v e s  the  f inal  v a l u e  of t he  l i q u i d  j u n c t i o n  p o t e n t i a l  as a r e s u l t a n t  
of  b o t h  t e m p e r a t u r e  a n d  c o n c e n t r a t i o n  g rad i en t s .  The  w h o l e  ex-  
p r e s s ion  fo r  t he  f ina l  s t a te  r educes  to S * ~ [ l l ]  -- S*~(Fe++).  The  
c o r r e s p o n d i n g  e q u a t i o n  [13] f o r  t he  i n i t i a l  s t a te  t a k e s  t he  c o m p a r a -  
b l e  f o r m  S * ~ [ l l ]  + S*M[12]. 

F o r  a n  e l ec t ro ly t e  w h i c h  d i s soc ia tes  i n t o  ~+ + ~- = ~ ions,  a n d  
for  the  pas sage  of ~t[z~] f a r a d a y s  t h r o u g h  e l ec t rodes  of the  m e t a l  
Me r e v e r s i b l e  to  t he  p o s i t i v e  ion,  t he  m o l a l  a n d  ion ic  en t rop i e s  are  
r e p l a c e d  b y  ~+S(Me) or ~S*E(i )  or  p~S*~(~) i n  a l l  of  t he se  ex-  

1 
press ions .  T h e  f irst  - - i n  t h e  e x p r e s s i o n  for  t h e  f ina l  s t a t e  is  r e -  

2 1 
p l a c e d  by  ~+/~; t he  second  - -  is  r ep l aced  by  ~-/~ fo r  t h e  p o s i t i v e  

2 
Ion and  by  ~+/~ for  the  n e g a t i v e  ion.  

wi l l  be  shown  be low.  This  in t u r n  y i e lds  t he  S %  
va lues  of o the r  ions, and  f r o m  them,  t he  t h e r m a l  
t e m p e r a t u r e  coefficients of r e v e r s i b l e  e l ec t rodes  
( w i t h o u t  t l j p ) .  W h e n  these  c a l c u l a t e d  t h e r m a l  co-  
efficients of e l ec t rodes  a r e  c o m p a r e d  w i t h  e x p e r i -  
m e n t a l  va lues ,  the  d i f fe rence  m a y  b e  used  as an  es-  
t i m a t e  of the  t l j p  in the  e x p e r i m e n t a l  b r idge .  This  
s tudy ,  w h i c h  is s t i l l  in p rogress ,  w i l l  be  r e p o r t e d  in 
d e t a i l  in a c o m p a n i o n  p a p e r  (36) .  I t  is poss ib le  a t  
th is  s tage,  h o w e v e r ,  to p r e s e n t  ce r t a in  t e n t a t i v e  con-  
clusions.  The  e s t i m a t e d  t l j p ' s  of a v a r i e t y  of sal ts ,  
in  concen t r a t i ons  r a n g i n g  f rom 0.001N to 1N, f a l l  
w i t h i n  +0 .08  to --0.08 m v / d e g  t h a t  of a s a t u r a t e d  
p o t a s s i u m  c h l o r i d e  b r idge .  F o r  p o t a s s i u m  ch lo r ide  
so lu t ions ,  t he  e s t i m a t e d  t l j p ' s  a r e  ~0 .03  to  --0.03 
m v / d e g ;  for  s o d i u m  chlor ide ,  -~0.02 to --0.02 m y /  
deg;  for  l i t h i u m  chlor ide ,  -}-0.05 to +0 .07  m v / d e g .  
F o r  s t rong  acids,  t he  e s t i m a t e d  t l j p ' s  a r e  a r o u n d  --0.3 
to --0.4 m v / d e g .  F o r  s t rong  a lka l i e s ,  t h e y  a r e  a r o u n d  
~-0.5 m v / d e g .  The  l a t t e r  two  a re  cons i s t en t  w i t h  t he  
S o r e t  effect in  t h a t  t he  cold  end  of the  t h e r m a l  l i qu id  
j u n c t i o n  d ipo le  t a k e s  on t h e  cha rge  of t he  f a s t e r  ion 
(H § or  OH-) .  Thus  i t  seems  p r o b a b l e  t ha t  our  as -  
s u m p t i o n  of zero  t l j p  in a s a t u r a t e d  p o t a s s i u m  ch lo -  
r i de  b r i d g e  wi l l  no t  be  in e r r o r  b y  m o r e  t h a n  a b o u t  
0.03 m v / d e g .  

S ince  the  s a t u r a t e d  p o t a s s i u m  ch lo r ide  sa l t  b r i d g e  
is u sed  w i d e l y  in e l e c t r o c h e m i s t r y  as m e t h o d  of 
" e l i m i n a t i n g  the  l iqu id  j u n c t i o n  po t en t i a l , "  s ince  i t  
has  been  p r o p o s e d  b y  S c a t c h a r d  (60) as a p r a c t i c a l  
tool  for  the  def in i t ion  of s ing le  ion ac t iv i t ies ,  s ince 
i t  is p a r t  of e v e r y  cel l  t ha t  m e a s u r e s  p H  (61) or  pC1 
(62) ,  we  fe l t  jus t i f i ed  in  a d o p t i n g  i t  as a m e a n s  of 
e x p l o r i n g  f u r t h e r  the  sub j e c t  of t h e r m a l  t e m p e r a t u r e  
coefficients.  In  p a r t i c u l a r ,  our  a s s u m p t i o n  opens  up  
an  a v e n u e  to  t h e  e v a l u a t i o n  of the  two  t r a n s p o r t  
e n t r o p y  t e r m s  w h i c h  a p p e a r  in Eq. [13] .  

Thermal  temperature coeI~cient oJ the 0.1N 
hydrogen ion saturated hydrogen gas electrode. 
- - F a l e s  and  M u d g e  (14) i n v e s t i g a t e d  the  emf  of t he  
i s o t h e r m a l  cel l  
P t / H 2 ( s a t d ,  t o t a l  p r e s s u r e  1 a t m ) ,  

0.1M HC1/sa td  KC1, Hg2C1JHg [14] 

in  t he  t e m p e r a t u r e  r a n g e  5~176 W e  h a v e  ca l cu -  
l a t e d  the  l eas t  squa re s  e xp re s s ion  

E (cel l  [14] a t  t~  m v )  = 310.0 - -  
0 .46793( t -25)  - -  0 .0020617( t -25)  2 [15] 

w h i c h  fits t he i r  d a t a  w i t h i n  t he  e x p e r i m e n t a l  s ca t t e r  
of a few t en th s  of a mi l l i vo l t .  In  add i t ion ,  F a l e s  and  
M u d g e  i n v e s t i g a t e d  the  emf ' s  of the  t h e r m a l  cel ls  
H /C ,  C /H,  H / H ,  and  C/C,  w h e r e  H and  C d e n o t e  t he  
two  e l ec t rodes  of cel l  [14] ,  w i t h  one e l ec t rode  a t  
25 ~ and  the  o the r  a t  5~ ~ and  w i t h  t he  t h e r m a l  
l i qu id  j u n c t i o n  loca t ed  in a s a t u r a t e d  p o t a s s i u m  ch lo -  
r i de  br idge .  F r o m  t h e i r  obse rva t ions ,  w e  h a v e  ca l -  
c u l a t e d  leas t  squa res  exp res s ions  for  the  e l ec t rode  
p o t e n t i a l  V, r e f e r r e d  to the  p o t e n t i a l  V~, of t he  s ame  
e l ec t rode  at  25 ~ as fo l lows:  

(Vt - -  V~) ( P t / H ~ ( s a t d  1 a t m ) ,  0.1M HC1/sa td  KC1, 
m v )  : ~ 0 . 6 7 2 7 3 ( t - 2 5 )  ~ 0 .0018351( t -25)  ~, [16] 

(Vt --  V~.~) (Hg/Hg~CI~, s a td  KC1, m v )  : 
+0.21692(t-25)--0.0010547(t-25) ~ [17] 
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Both  exp re s s ions  fit the  d a t a  w e l l  w i t h i n  the  e x -  
p e r i m e n t a l  s ca t t e r  of a few t e n t h s  of a m i l l i v o l t ?  A t  
25 ~ the  t h e r m a l  t e m p e r a t u r e  coefficients a r e  +0.217 
m v / d e g  for  the  s a t u r a t e d  ca lome l  e lec t rode ,  and  
+0.673 m v / d e g  for  the  0.1N h y d r o g e n  e lec t rode .  
The i r  d i f ference,  --0.456 m v / d e g ,  is cons i s t en t  w i t h  
the  i s o t h e r m a l  coefficient  --0.468 m v / d e g  o b s e r v e d  
for  cel l  [14]  (Eq. [ 15 ] ) .  The  u n c e r t a i n t y  of these  25 ~ 
va lues  a p p e a r s  to  be  no  m o r e  t h a n  0.02 m v / d e g .  O v e r  
t he  t e m p e r a t u r e  r a n g e  5~ ~ the  i s o t h e r m a l  t e m -  
p e r a t u r e  coefficient of cel l  [14]  c a l c u l a t e d  f r o m  Eq. 
[15] ag rees  w i t h  t he  d i f fe rence  of t he  two  t h e r m a l  
t e m p e r a t u r e  coefficients c a l c u l a t e d  f r o m  Eq. [16] 
and  [17]  w i t h i n  -----0.045 m v / d e g .  
Coerection to unit  activity of hydrogen g a s . - - F a l e s  
and  M u d g e ' s  0.1N h y d r o g e n  e l ec t rodes  w e r e  s a t u -  
r a t e d  w i t h  h y d r o g e n  gas  u n d e r  t o t a l  p r e s s u r e s  of 
755-770 m m  Hg. To co r r ec t  to t he  s t a n d a r d  s t a t e  
of h y d r o g e n  gas  ( p a r t i a l  p r e s s u r e  e q u a l  to 760 m m  
H g ) ,  t he  t e r m  (RT/2F)  In [p (H~, r a m ) / 7 6 0 ]  m u s t  be  
a d d e d  a l g e b r a i c a l l y  to t he  h y d r o g e n  e l ec t rode  p o t e n -  
t i a l s  as m e a s u r e d  in  a n y  of t h e i r  cells.  The  p a r t i a l  
p r e s s u r e  of h y d r o g e n  can  be  c o m p u t e d  b y  s u b t r a c t -  
ing  t h e  v a p o r  p r e s s u r e  of  w a t e r  ( w h i c h  ho lds  v e r y  
n e a r l y  in 0.1M h y d r o c h l o r i c  ac id)  f r o m  t h e i r  r e -  
co rded  b a r o m e t r i c  da ta .  W h e n  this  co r r ec t i on  is 
a p p l i e d  to t h e i r  i n d i v i d u a l  da ta ,  Eq. [15] is modi f i ed  
as fo l lows  

E (ce l l  [14]  c o r r e c t e d  to H, p.p. 1 a tm,  m v )  
310.3 - -  0 .43520( t -25)  - -  0 .00089234(t -25)  ~ [18] 

w h i l e  Eq. [16]  becomes  

( V , -  V~) (Pt /H. .  (p .p  1 a t m ) ,  0.1M HC1/sa td  KC1, 
m v )  ~ + 0 .64023( t -25)  + 0 .00064334( t -25)  ~ [19] 

A t  25~ the  t h e r m a l  t e m p e r a t u r e  coefficient  of t h e  
0.1N h y d r o g e n  e l ec t rode  is +0.640 m v / d e g ,  a f t e r  
c e r r e c t i o n  to un i t  a c t i v i t y  of h y d r o g e n  gas. 
Coerection to unit activity of hydrogen i o n . ~ T h e  
N e r n s t  e q u a t i o n  for  a r e v e r s i b l e  h y d r o g e n  e l e c t r o d e  
is 

V = V ~ + ( R T / F )  in  [ (H +) / (H~)  ~ ]  [20] 

The  t e m p e r a t u r e  d e r i v a t i v e  of th is  equa t ion  can  be  
a p p l i e d  to  b o t h  i s o t h e r m a l  and  t h e r m a l  t e m p e r a t u r e  
coefficients of e l ec t rode  po ten t i a l s .  W h e n  a p p l i e d  to 
t he  t h e r m a l  coefficient,  i t  y i e ld s  ~ 

(dV/dT) th  = (dV~ + ( R / F )  in  [ (H+)/(H.~)  ~/~] 
+ (RT /F)  ( d l n  [(H+)/(H~)~J~]/dT) [21] 

5 N e i t h e r  of t he se  exp res s ions  has  b e e n  co r rec ted  fo r  t he  t h e r m o -  
coup le  effect. T he  s t a tus  of t he  co r r ec t ion  is no t  c lear  f r o m  Fa le s  
an d  M u d g e ' s  paper .  H o w e v e r ,  t h e  e m f ' s  of H g / C u  a n d  P t / C u  t h e r -  
m o c o u p l e s  (43) a m o u n t  to +0.0120 and  +0.0068 m v / d e g  a t  25" [ho t  
Cu  t e r m i n a l  ( + ) ]. These  v a l u e s  f a l l  w i t h i n  t h e  e x p e r i m e n t a l  u n c e r -  
t a i n t y  of Fa l e s  a n d  M u d g e ' s  da t a  of a b o u t  0.02 --0.04 m y / d o g .  

A p p l i c a t i o n s  of e q u a t i o n s  such  as [20] a n d  [21] come  u p  a g a i n s t  
t h e  t h o r n y  p r o b l e m  of  d e f i n i n g  t he  s i n g l e  i on  a c t i v i t i e s  w h i c h  t h e y  
i n v o l v e .  A p r a c t i c a l  r u l e  is  t h a t  of  S c a t c h a r d  (60) : " W e  w i l l  def ine  
s ing le  ion  a c t i v i t i e s  as those  m e a s u r e d  w i t h  a use  of a s a t u r a t e d  po -  
t a s s m m  ch lo r ide  br idge .  ' S u c h  a de f in i t i on  does no t  c o n t r a d i c t  any  
m e a s u r e m e n t s  or t heo r i e s  w h i c h  do no t  i n v o l v e  s ing le  ion  ac t i v i -  
t ins. '  " A c o n v e n i e n t  r u l e  fo r  c o m p u t a t i o n  a p p l i c a b l e  to u n i - u n i v a l e n t  
sa l ts  is  to  t ake  t he  s ing le  i on  a c t i v i t y  e q u a l  to  t he  m e a s u r a b l e  m e a n  
i o n  a c t i w t y  of  t h e  e l e c t ro ly t e  (7).  Fo r  m u l t i p l y  c h a r g e d  ions  of 
b i n a r y  sal ts ,  an  e x t e n s i o n  of t h i s  ru le ,  cons i s t en t  w i t h  t he  Debye  
t h e o r y  (44), is to t ake  s i n g l e  i on  a c t i v i t y  coeff icients  as 7+ = 7_+-~+/z 

an d  7 _ =  ,7+-z-~z+ w h e r e  z+ a nd  z- are  t he  v a l e n c e s  ( w i t h  s ign)  of  

t h e  ca t ion  a n d  an ion ,  r e spec t ive ly .  These  ru l e s  w i l l  be  a d o p t e d  in  
t h e  p r e s e n t  paper .  
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F a l e s  and  M u d g e  (14) r e p o r t e d  the i r  0.1M h y d r o -  
ch lor ic  ac id  as 0.1003M. If  one t a k e s  7+ ~ 7• ~ 0.7967 

(45) ,  t h e  second  t e r m  in Eq. [21]  be c ome s  e q u a l  to  
(0.1984 m v / d e g )  log (0.1003 X 0.7967) = - - 0 . 2 1 8  
m v / d e g ,  w h e n  (Ha) ---- 1. A t  cons t an t  m o l a l i t y ,  d in  
(H+)/dT can be  r e p l a c e d  b y  d In 7,/dT. F r o m  d a t a  

of Ba tes  and  B o w e r  (45, Eq. [5]  in t h e i r  p a p e r ) ,  d 
log 7+_/dT -~ -- 0.0002181 deg  -1, and  the  t h i r d  t e r m  in 

Eq. [21]  is equa l  to (59.16 mv) ( - -0 .0002181  deg  -1) 
= - - 0 . 0 1 3  m v / d e g .  

Thermal temperature coeI~cient of the standard 
hydrogen electrode.--By t a k i n g  ( dV/dT)t~, ~ +0.640 
m v / d e g  in Eq.  [21] ,  one can o b t a i n  t he  t h e r m a l  t e m -  
p e r a t u r e  coefficient  of t he  s t a n d a r d  h y d r o g e n  e lec -  
t r o d e  (SHE)  as ( + 0 . 6 4 0 ) -  (--0.218) - -  (--0.013) = 

+0.871 m v / d e g  a t  25~ 
A n  i n d e p e n d e n t  e x p e r i m e n t a l  check  of th is  v a l u e  

can  be  m a d e  as fo l lows.  The  p o t e n t i a l  of the  s a t u -  
r a t e d  p o t a s s i u m  ch lo r ide  c a l o m e l  e l e c t r o d e  (SCE)  
has  b e e n  d e d u c e d  f rom buf fe r  m e a s u r e m e n t s  of (a )  
MacInnes ,  Be lcher ,  and  S h e d l o v s k y  (46) a n d  of (b)  
B a x t e r  (47) to be:  10~ +0.2540b;  12 ~ 0.2530a; 15 ~ 
0.2508b; 18 ~ 0.2489b; 2(} ~ 0.2476b; 25 ~ 0.2446a, 
0.2443b; 30 ~ 0.2410b; 35 ~ 0.2376b; 38 ~ 0.2375a, 
0.2356b; 40 ~ 0.2342b. The  i s o t h e r m a l  t e m p e r a t u r e  
coefficient  of t he  SCE a t  25~ is o b t a i n e d  a s - - 0 . 6 0  
m v / d e g  f r o m  set  (a )  and  --0.66 m v / d e g  f r o m  set  
( b ) .  These  m a y  be  c o n t r a s t e d  w i t h  C l a r k ' s  (61) 
e a r l i e r  e s t i m a t e  of --0.76 m v / d e g  and  V e l l i n g e r ' s  
(48) of --0.66 m v / d e g .  The  t h e r m a l  t e m p e r a t u r e  
coefficient  of t he  SCE has  been  o b s e r v e d  as +0.217 
m v / d e g ,  F a l e s  and  M u d g e  (14) ; +0.21,  E w i n g  (15) ; 
+0 .20 ,  C a r y  a n d  B a x t e r  (25 ) ;  +0.22,  B j e r r u m  a n d  
U n m a c k  (20) ; +0.234,  Wingf i e ld  and  A c r e e  (23) .  

The  d i f fe rence  t h e r m a l  m i n u s  i s o t h e r m a l  coeffi- 
c ien t  for  t he  SCE shou ld  y i e l d  t he  t h e r m a l  t e m p e r a -  
t u r e  coefficient  of t he  SHE. W h e n  th is  is done,  e x -  
t r e m e s  r a n g i n g  f r o m  +0 .80  to +1 .0  m v / d e g  a r e  
ob ta ined .  H o w e v e r ,  if  --0.66 m v / d e g  is a d o p t e d  as a 
p r e f e r r e d  i s o t h e r m a l  v a l u e  and  +0 .22  m v / d e g  as a 
m e d i a n  t h e r m a l  va lue ,  for  t he  SCE, t he  t h e r m a l  
v a l u e  +0 .88  m v / d e g  is o b t a i n e d  for  t he  SHE,  w h i c h  
is v e r y  close to our  own.  The  e x p e r i m e n t a l  u n c e r -  
t a i n t y  in  t hese  and  o the r  o b s e r v a t i o n s  s t i l l  a m o u n t s  
to a f ew  h u n d r e d t h s  of a m i l l i v o l t  p e r  degree .  I t  
s eems  bes t  to  a ss ign  a p r ec i s i on  m e a s u r e  of no t  less  
t h a n  -----0.02 m v / d e g  and  w e  sha l l  t h e r e f o r e  adopt ,  for  
t he  SHE at  25~ 

( d V ~  +) : +0.871 ----- 0.02 m v / d e g  [22] 

Standard ionic entropy of electrochemical t r a n s -  
port oI the hydrogen ion.--For t he  s t a n d a r d  h y d r o -  
gen  e lec t rode ,  t he  e n t r o p y  of e l e c t r o c h e m i c a l  t r a n s -  
p o r t  S*~ is g iven  b y  

S *~  : S~ - -  2S*~  +) [23]  

for  2 f a r a d a y s ,  and  is equa l  to +0.871 m v / d e g  X 2F 
+1.742 m v F / d e g  ---- 40.17 c a l / d e g .  S ince  the  m o l a l  

e n t r o p y  of h y d r o g e n  gas is 31.211 c a l / d e g  (6) ,  t he  
s t a n d a r d  ionic e n t r o p y  S*~ of H + is c o m p u t e d  as 
--4.48 c a l / d e g  --+0.5 c a l / d e g .  This  v a l u e  m a y  be  con-  
t r a s t e d  w i t h  e s t i m a t e s  r a n g i n g  f r o m  --1.5 to --6.3 
c a l / d e g  r e p o r t e d  b y  s e v e r a l  a u tho r s  (28, 29, 41) .  

S ince  the  e n t r o p y  t r a n s p o r t e d  b y  a n e u t r a l  s u b -  
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stance should  be i n d e p e n d e n t  of the pa r t i cu l a r  w a y  
its en t ropy  is d iv ided  into cons t i tuen t  ionic e n -  
tropies,  the  s t a n d a r d  ent ropies  of e lec t rochemica l  

S ~ of other  ionic species can be ob ta ined  t r an spo r t  . o 
f rom thei r  t abu l a t ed  s t a n d a r d  ent ropies  S~ ( re fe r red  
to S ~ (H +) = 0 at al l  t e m p e r a t u r e s )  by  the equa t ion  

~ o  o S ~ = S ~ + z(--4.48 ca l /deg)  [24] 
where  z, is the  ionic charge (wi th  s ign) .  

C a l o m e l  e l e c t r o d e s . - - F o r  the ca lomel  electrode:  
2Hg + 2C1- = Hg~CI~ + 2e-, V ~ = § v, the  e n -  
t ropy  of e lec t rochemical  t r an spo r t  S% is 

S~~ = 2S ~ (Hg) + 2S '%(C1- )  --  S ~ (Hg~CI~) 
----- 2 ( + 1 8 . 5 )  + 2(13.2 + 4.48) -- (46.8) 

= 25.56 cal/deg = 1.108 mvF/deg [25] 

Division by 2 faradays yields 

(dV~ CI-) = +0.554 mv/deg [26] 

The Nernst equation for this electrode and its tem- 
perature derivative (applied to the thermal coeffi- 
cient), are 

V -~ V ~ - -  ( R T / F )  in  (C1-) [27] 

and  

( d V / d T ) t h  = ( d V ~  - ( R / F )  In  (Cl-) 
- - ( R T / F )  ( d  In ( C l - ) / d T )  [28] 

By  means  of Eq. [26] and  [28],  we have  ca lcula ted  
the  t h e r m a l  t e m p e r a t u r e  coefficients of 0.01, 0.1, 1.0, 
3.5, and  3.8N po tas s ium chlor ide ca lomel  e lectrodes  
and  compared  t hem wi th  e x p e r i m e n t a l  observa t ions  
on t h e r m a l  cells in which  the  sal t  b r idge  con ta ined  
the  same concen t r a t i on  of po ta s s ium chlor ide as the 
electrodes (Tab le  I ) .  The second t e r m  in  Eq. [28] 
is equa l  to + (0.1984 m v / d e g )  pC1 where  p C 1 -  
log (C1-), a q u a n t i t y  which  can be equa ted  to - - log 
m% (62).  In  the  th i rd  term,  the de r iva t ive  d ln  

( C 1 - ) / d T  can be replaced,  at  cons tan t  mola l i ty ,  by  
d i n  % / d T .  The la t te r  q u a n t i t y  can be eva lua t ed  f rom 

da ta  in  H a r n e d  and  Owen  (49),  the  es t imates  for the  
two highest  no rma l i t i e s  are u n c e r t a i n  and  have  been  
pu t  in  pa ren theses  in  Tab le  I. The th i rd  t e r m  in  Eq. 
[28] a m o u n t s  to +0.002, 0.000,--0.021, (--0.07),  and  
(--0.075) m v / d e g  for the  five no rma l i t i e s  s tudied.  
For  the first th ree  normal i t i es ,  the th i rd  t e r m  could 
have  been  neglec ted  wi thou t  s ignif icant  e r ror  while ,  
for the  last  two, it is s ignif icant  b u t  unce r t a in .  For  
the  first th ree  normal i t i es ,  ag r eemen t  b e t w e e n  cal-  

cu la t ion  and  e x p e r i m e n t  fal ls  by  and  large  w i t h i n  
--+0.02 m v / d e g ,  and  no dev ia t ion  exceeds 0.04 m v /  
deg. For  the two highest  normal i t i es ,  be t t e r  agree-  
m e n t  is a t t a ined  w h e n  the th i rd  t e r m  is neglected.  
Inc lus ion  of the  th i rd  t e r m  (va lues  in  pa ren theses )  
leads to ca lcula ted  va lues  tha t  are about  0.06 --0.07 
m v / d e g  low. 

The po ten t i a l  of the  sa tu ra t ed  po tass ium chloride 
calomel  electrode (SCE) can be ca lcula ted  f rom Eq. 
[27] w i th  the chlor ide  ion ac t iv i ty  set equa l  to the  
square  root  of the  ac t iv i ty  of the sa tu ra t ed  po tass ium 
chlor ide  e lectrolyte .  The  l a t t e r  in  t u r n  is e qua l  to 
exp ( - - • 1 7 6  w he r e  AG ~ is the  s t a n d a r d  free en -  
t h a l p y  (Gibbs  free ene rgy)  of solut ion of po ta s s ium 
chlor ide  according to the reac t ion:  KC1 (c) = K § (aq) 
+ C l - ( aq ) ,  and  is equa l  to --1.224 kcal  = --0.0532 v -  
f a r a d a y  (6) .  The  po ten t i a l  of the  SCE is therefore  
equa l  to V(SCE)  ---- V ~ + A G ~  = +0.2676 v + 
(--0.0532 v F / 2 F )  = +0.2410 v, a va lue  which  is con-  
s is tent  wi th  observed va lues  0.2446 (46) and  0.2443 
(47) at  25~ af ter  correct ion for the  l iqu id  j u n c t i o n  
po ten t i a l  by  me a ns  of the H e nde r son  equat ion.  The 
t h e r m a l  t e m p e r a t u r e  coefficient of the SCE po ten t i a l  
is then given by (dV/dT)th(SCE) = (dV~ - 
AS~ where • ~ is the standard entropy of solu- 
tion of potassium chloride, and is equal to 17.94 cal/ 
deg ~ 0.778 mvF/deg (6). We can therefore cal- 
culate 

(dV/dT)t,,(SCE) = +0.554- (0.778/2) = 
+ 0.165 mv/deg 

at 25~ The comparable experimental values al- 
ready have been quoted above as: +0.217 (14), 
+0.21 (15), +0.20 (25), +0.22 (20), and +0.234 
mv/deg (23). The calculated value here seems to be 
about 0.05 mv/deg low. 

Silver chloride electrode.--For the silver chloride 
electrode: Ag + C1----- AgC1 + e-, V ~ -- +0.2223 v, 
the entropy of electrochemical transport S% is 

S * %  : S ~ (Ag) + S * % ( C F )  - -  S ~ (AgC1) 
= (10.206) + (13.2 + 4.48) - -  (22.97) 

= 4.92 ca l /deg  = 0.214 m v F / d e g  [29] 

Divis ion  by  1 f a r aday  yields  

( d V ~  C1-) = +0.214 m v / d e g  [30] 

This  va lue  m a y  be compared  w i th  e x p e r i m e n t s  of 
Ty r r e l l  and  Hollis  (28) who deduce a va lue  of 
+0.205 m v / d e g  for the  s t a n d a r d  t h e r m a l  coefficient, 

Table I. Thermal temperature coefficients of unsaturated calomel electrodes 

Normali ty  of KC1 0.01 0.1 
Molality 0.01002 0.1006 
7+ 0.901 0.770 

pC1 2.042 1.111 
i0 ~ d In 7/dT --i 0 
(dV/dT) th mv/deg 

Calc. +0.961 +0.774 

Obs. +0.94 ~ +0.79 ~ 
+0.79 ~ 
+0.792 ~ 

1.0 3.5 3.8 
1.033 3.93 4.81 
0.607 0.578 0.58 

0.203 --0.356 --0.398 
+ 8  (+27)  (+29)  

+0.573 +0.48 ~ -}-0.475 ~ 
(+0.41) (+0.40) 

+0.61 b +0.47 ~ +0.475 exposed ~ 
+0.59 b +0.394 jacketed ~ 
+0.57 r~ 

Values  e x c l u s i v e  of  t h e  t h i r d  t e r m  i n  Eq.  [28]; b R i c h a r d s  (13);  c S o r e n s e n  and  L i n d e r s t r o m - L a n g  (17);  ~ B a s e d  on  L e w i s  a n d  R a n -  
d a l r s  (50) o b s e r v e d  dE~tiT = +0.152 m v / d e g  fo r  t h e  ce l l :  t Ie (p .p .  1 a t m ) / 0 , 1 M  HC1/HgeCl~, I-Ig c o m b i n e d  w i t h  t he  t h e r m a l  v a l u e  +0.640 
m v / d e g  fo r  t he  0.1N h y d r o g e n  e lec t rode;  e K o l t h o f f  a nd  T e k e l e n b u r g  (19);  f B u r i a n  (21); g d e B e t h u n e ,  L ich t ,  a n d  S w e n d e m a n  (36);  ~ W i n g -  
f ield and  Acree  (23). 
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Normali ty  of chloride 
Y• 

pC1 

10' d In .y/dT 

(dV /dT)  th mv/deg  
Calc. 

Obs. 

C O E F F I C I E N T S  O F  E L E C T R O D E  P O T E N T I A L S  

Table II. Thermal temperature coefficients of silver chloride electrodes 

0.001 0.01 0.1 
0.9650b 0.90 ~b 0.77 ~ 

0.78 b 
3.02 2.04 1.11 

- - 0 . 6  ~ ~ 1 "  0 ~ 
_ _ 1 . 7  ~ - - 3  b 

+0.81 ~ +0.621 �9 +0.434 ~ 
_ _  +0.623 b +0.442 b 

+0.77 ~ +0.617 "t +0.431 ~ 
+0.620 bf +0.449 "g 
+0.60 ~ 

621 

1.0 
0.61 ~ 
0.66 b 
0.21 ~ 
0.18 b 

+8 ~ 
+4 b 

+0.235 ~ 
+0.239 b 

+0.250 ~ 
+ 0 . 2 6 1  ar 
+ 0 . 2 2 8  bf 
+0.22 ~ 

a KC1; b NaC1; c CsC1; ~ s  Debye  e q u a t i o n ;  e L e v i n  and  B o n i l l a  (30) ; f B e r n h a r d t  a n d  C r o c k f o r d  (26) ; ~ d e B e t h u n e ,  L ich t ,  a n d  S w e n -  
d e m a n  (35), sa td  KC1 b r i d g e ;  ~ G i l b e r t  (27). 

f rom the i r  observa t ions  in  sodium chlor ide solutions.  
For  severa l  n o n s t a n d a r d  s i lver  chlor ide electrodes,  

t h e r m a l  t e m p e r a t u r e  coefficients can be computed  
(neg lec t ing  the  s l ight  d i sc repancy  b e t w e e n  n o r m a l -  
i ty  and  mola l i t y  of chlor ide)  and  compared  w i th  ex-  
p e r i m e n t  (Table  I I ) .  The t e m p e r a t u r e  effect on ac- 
t i v i ty  coefficients was es t imated  f rom data  in  H a r n e d  
and  Owen  (49) or f rom the  Debye  theory  (44).  
A g r e e m e n t  b e t w e e n  ca lcu la t ion  and  e x p e r i m e n t  is 
w i t h i n  --+0.02 m v / d e g ,  the larges t  dev ia t ion  is 0.04 
m v / d e g .  

F r o m  the  ca lcula ted  va lues  in  Tab le  II, the  Pe l t i e r  
heat  of the s i lver  chlor ide  electrode can be computed  
as T S % =  T n F ( d V / d T ) t , , =  4.27 and  2.98 kcal,  in  
0.01N and  0.1N po ta s s ium chloride,  respect ively .  
Lange  and  Hesse 's  ca lo r imet r i ca l ly  observed  va lues  
are 4.52 and  3.32 kcal,  r espec t ive ly  (22).  

Copper-copper  sul fate  electrode.---The s t a n d a r d  
po ten t i a l  of the copper  electrode,  Cu = Cu+++ 2e-, 
has been  ass igned va lues  r a n g i n g  f rom V ~ = +0.3448 
to +0.337 v (5-7, 51-53) at 25~ In  general ,  the  
a m a l g a m  electrodes p roved  abou t  5 m v  more  nob le  
t h a n  the  p u r e  metal .  T rage r t  and  Rober t son  (53) 
inves t iga ted  the dependence  of po ten t i a l  on c rys ta l  
face or ien ta t ion .  For  the most  s table  (111) p lane ,  
they  found  a po ten t i a l  of +0.3419 v. For  u n s t a b l e  
(110),  (100),  and  (210) planes,  the  po ten t i a l  was  

abou t  4 m v  more  act ive and  r eve r t ed  in  t ime  to the 
(111) value .  

The  en t ropy  S% of e lec t rochemica l  t r a n s p o r t  for 
the copper e lectrode is 

s~% -- s ~ (Cu) - S~%(Cu ++) 
= (7.96) - -  ( - - 2 3 . 6 -  2 X 4.48) 

---- 40.52 ca l /deg  = 1.757 m v F / d e g  [31] 

Divis ion by  2 fa radays  yie lds  

( d V ~  ++) = +0.879 m v / d e g  [32] 

B o n n e m a y  (32) has repor ted  a va lue  of +0.81 m v /  
deg for the s t a n d a r d  t h e r m a l  coefficient f rom his ex-  
p e r i m e n t a l  observat ions .  

For  u n s a t u r a t e d  copper su l fa te  electrodes,  the  
t h e r m a l  t e m p e r a t u r e  coefficient should be g iven  by  
+0.879 + ( R / 2 F )  In (Cu ++) p lus  a th i rd  t e r m  i nvo lv -  
ing the  t e m p e r a t u r e  dependence  of ac t iv i ty  coeffi- 
cients  which  wi l l  be  neglec ted  here. This  coefficient 
was  m e a s u r e d  by  Meyer  (12),  B u r i a n  (21),  Ewing  
(24),  and  o ther  observers  [see Lange  (10) ] .  The  
b u l k  of the  va lues ,  for copper su l fa te  concen t ra t ions  
f rom 0.02 to 1M, fal l  in  the  r a nge  +0.5  to~+0.8 m y /  
deg. The  fo l lowing a pp r ox i ma t e  ca lcula t ions  can be 
car r ied  out  and  compared  w i th  selected e x p e r i m e n t a l  
va lues  (Table  I I I ) .  A g r e e m e n t  b e t w e e n  ca lcula t ion  
and  e x p e r i m e n t  falls he re  w i t h i n  abou t  -----0.05 m v /  
deg. 

The  s a tu ra t ed  copper  sul fa te  e lectrode is a popu la r  

re fe rence  electrode in  corros ion field w o r k  (24, 34). 
I ts  po t en t i a l  at  25~ is g iven  by  V ( C u / s a t d  CuSO~) 
= V ~ + ( R T / 2 F )  In (Cu § in  satd CuSO~). The ac-  
t i v i ty  of cupr ic  ion in  s a tu ra t ed  copper sul fa te  so lu-  
t ion  m a y  be set equa l  to the  square  root of the ac-  
t i v i ty  of s a tu ra t ed  copper sul fa te  electrolyte .  The  
l a t t e r  is equa l  to exp ( - - A G ~  where  AG ~ is the  
s t anda rd  free e n t h a l p y  of solut ion of copper sulfate  
according to the  equa t ion  CuSO~. 5H~O (c) ---- Cu++(aq) 
+ S O ~ = ( a q ) +  5H~O and  is equa l  to +4.04 kcal---- 
+0.1752 vF  (6) .  The  po ten t i a l  of the  sa tu ra t ed  cop- 
per  sul fa te  e lectrode is therefore  equa l  to V ( C u / s a t d  
CuSO~) = V ~  AG~ = +0.3419 v --(0.1752 v F /  

4F) ---- +0.2981 v at 25~ The latter is in good 
agreement with data of Hall (54) who observed val-  
ues ranging from +0.302 to +0.317 on uncleaned 
copper, and +0.296 to +0.303 after nitric acid etch. 

The thermal temperature coefficient then is given 

by  ( d V / d T ) t h  ( C u / s a t d  CuSO4) = ( dV~  + 

Table III. Thermo[ temperature coefficients of unsaturated copper sulfate electrodes 

Molarity of CuSO~ 0.08 0.1 0.5 1.0 1.4 
T~ 0.17 0.16 0.068 0.047 0.04 (est) 

pCu 1.86 1.80 1.47 1.33 1.25 
( dV /dT)  th rnv/deg 

Calc. +0.694 +0.700 +0.733 +0.747 +0.755 

O b s .  +0.64 ~ +0.72 b +0.75 ~ +0.69 ~ +0.75 ~ 
+0.79 b 

a M e y e r  (12);  b B u r i a n  (21);  e E w i n g  (24) f o u n d  no  v a r i a t i o n  w h e n  coppe r  sul~tate b r i d g e  w a s  r ep l aced  b y  a p o t a s s i u m  c h l o r i d e  b r i d g e .  
Coeff ic ients  o b s e r v e d  in  r a n g e  28.5~176 I n  0.5M CuSO4, o b s e r v e d  v a l u e  d rops  to  +0.55 m v / d e g  a t  0~ 
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A S ~  w h e r e  AS ~ is t he  s t a n d a r d  e n t r o p y  of so lu -  
t ion  of copper  su l f a t e  p e n t a h y d r a t e  and  is e q u a l  to 
--8.92 c a l / d e g  = --0.3868 m v F  (6) .  W e  can  t h e r e f o r e  
ca l cu l a t e  

(dV/dT)  t h (Cu / sa td  C u S O 4 ) ~  +0.879 + ( - -0 .3868/4)  
= +0.782 m v / d e g  

This  c a l c u l a t e d  v a l u e  m a y  be  c o m p a r e d  w i t h  t he  o b -  
s e r v e d  va lues :  E w i n g ' s  +0.895 m v / d e g  (24) ob -  
s e r v e d  in  the  t e m p e r a t u r e  r a n g e  0~176  w i t h  a 
coppe r  su l f a t e  b r idge ,  and  Sco t t ' s  +0 .97  m v / d e g  
(34) o b s e r v e d  u n d e r  f ield condi t ions  w i t h  a soil  

b r i d g e  and  a p o l a r i z e d  s tee l  s t r u c t u r e  as t he  c o n s t a n t  
t e m p e r a t u r e  r e f e r e n c e  e lec t rode .  E w i n g  o b s e r v e d  a 
d i s t i nc t  hys t e r e s i s  in t he  b e h a v i o r  of t he  s a t u r a t e d  
coppe r  su l f a t e  e l ec t rode  w i t h  t e m p e r a t u r e  changes ,  
Sco t t  a p p a r e n t l y  d id  not.  A l t h o u g h  the  a g r e e m e n t  
b e t w e e n  ca l cu l a t i on  and  e x p e r i m e n t  is on ly  w i t h i n  
0.1-0.2 m v / d e g ,  i t  is suff ic ient ly  s t r i k i n g  to conf i rm 
the  v a l i d i t y  of t he  ionic  en t rop i e s  of e l e c t r o c h e m i c a l  
t r a n s p o r t  d e d u c e d  in th is  p a p e r  f rom F a l e s  and  
M u d g e ' s  obse rva t i ons  (14) on the  0.1N h y d r o g e n  
e l e c t r o d e  t o g e t h e r  w i t h  the  a s s u m p t i o n  t h a t  t h e i r  
s a t u r a t e d  p o t a s s i u m  c h l o r i d e  b r i d g e s  e l i m i n a t e d  t h e  
t h e r m a l  l i qu id  j u n c t i o n  po ten t i a l .  

Isothermal Temperature Coefficients 

I s o t h e r m a l  t e m p e r a t u r e  coefficients of e l e c t r o d e  
p o t e n t i a l s  h a v e  a l r e a d y  been  def ined  a b o v e  in t e r m s  
of cel l  [1]  and  Eq. [3] .  Cons ide r  cel l  [1]  w i t h  a r e -  
v e r s i b l e  i r o n - f e r r o u s  ion e l ec t rode  at  t he  r i g h t - h a n d  
end.  The  e n t r o p y  AS of the  r e a c t i o n  w h i c h  t r a n s f e r s  
2 f a r a d a y s  of pos i t ive  e l ec t r i c i t y  t h r o u g h  cel l  [1]  
f r o m  lef t  to r i g h t  is 

A S = S ( F e ) - - S ( F e  +§ + 2 S ~  +) - - S ~  [33] 

If  t he  i ron  a n d  f e r rous  ion a re  in t h e i r  s t a n d a r d  
s ta tes ,  t h e i r  s t a n d a r d  m o l a l  en t rop ie s  a r e  6.49 a n d  
--27.1 c a l / d e g ,  r e s p e c t i v e l y ,  a t  25~ (6) .  G i v e n  the  
s t a n d a r d  en t rop i e s  of h y d r o g e n  gas  and  h y d r o g e n  ion  
as 31.211 c a l / d e g  and  zero,  r e spec t i ve ly ,  the  s t a n d a r d  
r e a c t i o n  e n t r o p y  of cel l  [1]  is AS~ = +2 .38  c a l /  
deg - - - -+0 .1032  m v F / d e g .  Div i s ion  b y  2 f a r a d a y s  
y i e ld s  

(dV~ . . . . .  ( F e / F e  ++) = +0.052 m v / d e g  

The  t h e r m a l  t e m p e r a t u r e  coefficient of t he  i r o n -  
f e r r o u s  ion e l ec t rode  is d e t e r m i n e d  b y  the  e l e c t r o -  
c h e m i c a l  t r a n s p o r t  e n t r o p y  S %  a l r e a d y  g iven  in  Eq. 
[11] .  I f  w e  t a k e  S*% (Fe  +§ = --27.1 + 2 ( - -4 .48)  
= - - 3 6 . 0 6  c a l / d e g ,  the  s t a n d a r d  t r a n s p o r t  e n t r o p y  
S*% [11] becomes  +42.55  c a l / d e g  = +1.845 m v F /  
deg.  Div i s ion  b y  2 f a r a d a y s  y i e lds  

(dV~ t h ( F e / F e  +§ = +0.923 m v / d e g  

The  d i f fe rence  t h e r m a l  m i n u s  i s o t h e r m a l  coeffi- 
c ien t  for  t he  i r o n - f e r r o u s  ion e l e c t r o d e  becomes  
[ S % [ 1 1 ]  - -  A S [ 3 3 ] ] / 2 F  = [ S ( F e  ++) - -  S % ( F e  +§ - -  
2 S ~  § + S ~  = [ - - 2 S * % ( H  § + S ~  
2F, i.e., th i s  d i f fe rence  is equa l  to t h e  t h e r m a l  t e m -  
p e r a t u r e  coefficient of  t he  SHE. F o r  t h e  s t a n d a r d  
i r o n - f e r r o u s  ion e lec t rode ,  th is  d i f fe rence  is e q u a l  to 
+0.923 - -  ( + 0 . 0 5 2 )  = +0.871 m v / d e g ,  i.e., t he  

n u m e r i c a l  v a l u e  a s s igned  a b o v e  to t he  SHE t h e r m a l  
coefficient.  

Thus  the  t h e r m a l  t e m p e r a t u r e  coefficient  of a n y  
( s t a n d a r d  or  n o n s t a n d a r d )  e l ec t rode  po t en t i a l ,  w h e n  
c o m p u t e d  acco rd ing  to the  m e t h o d s  of th is  pape r ,  can  
be  c o n v e r t e d  to t he  c o r r e s p o n d i n g  i s o t h e r m a l  t e m -  
p e r a t u r e  coefficient  b y  s u b t r a c t i o n  of t h e  n u m e r i c a l  
cons t an t  0.871 m v / d e g .  

Table of Temperature Coefficients 
T a b l e  IV l is ts  a n u m b e r  of e lec t rodes ,  t h e i r  s t a n d -  

a r d  e l ec t rode  po ten t i a l s ,  t he  t h e r m a l  t e m p e r a t u r e  
coefficients c o m p u t e d  accord ing  to the  m e t h o d s  of 
th is  pape r ,  and  the  i s o t h e r m a l  t e m p e r a t u r e  coeffi- 
c ien ts  c o m p u t e d  f r o m  Eq. [3] .  The  d a t a  re fe r ,  excep t  
w h e r e  noted ,  to 25~ The  e n t r o p y  d a t a  w e r e  t a k e n  
l a r g e l y  f rom L a t i m e r  (6) .  W h e n e v e r  e n t r o p i e s  w e r e  
g iven  on ly  to t he  n e a r e s t  c a l / d e g ,  the  coefficients 
w e r e  r o u n d e d  off to the  n e a r e s t  h u n d r e d t h  of a m i l l i -  
vo l t  p e r  degree .  D i rec t  e x p e r i m e n t a l  obse rva t ions ,  in 
a d d i t i o n  to t hose  d i scussed  a b o v e  in t he  tex t ,  a r e  
n o t e d  in pa ren these s .  The  a g r e e m e n t  is u s u a l l y  
w i t h i n  a few h u n d r e d t h s  of a m i l l i v o l t  p e r  d e g r e e  for  
bo th  t h e r m a l  a n d  i s o t h e r m a l  t e m p e r a t u r e  coeffi- 
cients .  

The  t e m p e r a t u r e  coefficient  of t he  e m f  of a n y  
i s o t h e r m a l  cel l  can  be  c o m p u t e d  f r o m  the  t e m p e r a -  
t u r e  coefficients g iven  in T a b l e  IV b y  t a k i n g  the  a l -  
ge b ra i c  d i f fe rence  of the  v a l u e s  l i s t ed  for  t h e  two  
e l ec t rodes  in t he  o rde r :  t h e r m a l  r i g h t  m i n u s  t h e r m a l  
left ,  or  i s o t h e r m a l  r i g h t  m i n u s  i s o t h e r m a l  lef t .  
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Table IV. Thermal and isothermal temperature coefficients 
of the standard electrode potentials a t  2 5 ~  

T h e  e l e c t r o d e  p o t e n t i a l  V ~ i s  g i v e n  a p o s i t i v e  v a l u e  i f  t h e  e l e c -  
t r o d e  i s  t h e  ( + )  t e r m i n a l  o f  a c e l l  w h o s e  s e c o n d  e l e c t r o d e  i s  t h e  
S H E .  T h e  t h e r m a l  t e m p e r a t u r e  c o e f f i c i e n t  ( d V ~  th i s  g i v e n  a 
p o s i t i v e  v a l u e  i f  t h e  h o t  e l e c t r o d e  i s  t h e  ( + )  t e r m i n a l  i n  a t h e r m a l  
c e l l .  T h e  m o t h e r m a l  t e m p e r a t u r e  c o e f f i c i e n t  ( d V ~  , s o t u  i s  g i v e n  
a p o s i t i v e  v a l u e  i f  t h e  e l e c t r o m o t i v e  f o r c e  o f  t h e  i s o t h e r m a l  c e l l :  
S H E / / E l e c t r o d e ,  i n c r e a s e s  w i t h  t h e  t e m p e r a t u r e .  

( d V ~  ( d V ~  
d T )  th,  d T )  1 so th ,  

E l e c t r o d e  V ~ v m v / d e g  m v / d e g  

( A c i d  S o l u t i o n )  
H N s ( g )  = ( 3 / 2 ) N ~  + H +  + 6 -  - - 3 . 4 0  a - - 0 . 3 2 2  - - 1 . 1 9 3  
H N 3 ( a q )  = ( 3 / 2 ) N 2  + H +  + e -  - - 3 . 0 9  - - 0 . 7 0  - - 1 . 5 7  
L z  = L~ + + e ~ - - 3 . 0 4 5  + 0 . 3 8 7  - -  0 . 5 3 4  
K = K +  + e~ - - 2 . 9 2 5  - - 0 . 2 0 9  - - 1 . 0 8 0  
Rb : Rb + + e -  --2.925 --0.374 --1.245 
Cs : Cs + + e- - - 2 . 9 2 3  - - 0 . 3 2 6  - - 1 . 1 9 7  
R a  = Ra ++ + 2e- --2.916 ~ +0.28 --0.59 
B a  : B a ~ *  + 2 6 -  - - 2 . 9 0 6  a + 0 . 4 8  - - 0 . 3 9 5  
S r  : S r++  + 2 e -  - - 2 . 8 8 8 a  + 0 , 6 8 0  - - 0 , 1 9 1  
C a  = C a  ++ + 2 e -  - - 2 . 8 8 6 ~  + 0 . 6 9 6  - - 0 . 1 7 5  
N a  = 2qa + + 6- - - 2 . 7 1 4 2  a + 0 . 0 9 9  - - 0 . 7 7 2  
L a  = L a  +++ + 3 e -  - - 2 . 5 2 2 a  + 0 . 9 6  + 0 . 0 8 ~  
2qd : i'qd +++ + 3e- --2.431 ~ + 0 . 9 9 5  + 0.124 
S m :  Sm +++ + 3e- 2.414 a + 1.007 + 0,136 
G d  : G d  +++ + 3 6 -  2 . 3 9 7  a + 1 .02  + 0 . 1 5  
Y : Y+++ + 3 e -  - - 2 . 3 7 2 a  + 1.05 + 0 . 1 8  
M g  = M g  ++ + 2 6 -  - - 2 . 3 6 3 a  + 0 . 9 7 4  + 0 . 1 0 3  
Am : Am +++ + 36"- --2.320'~ + 0 . 9 6 0  +0.089 
LU : LU +++ + 3 e -  --2.255" + 1.064 + 0.193 
1{- : ( 1 / 2 )  H~ + ~ -  --2.25 b - - 0 . 7 0 ~  - - 1 . 5 7  
H ( g )  = H + + e- - - 2 . 1 0 6 5  a + 1 . 3 8 2  + 0 . 5 1 1  
S e  = S c  +++ + 3 e -  - - 2 , 0 7 7 a  + 1 .12  + 0 . 2 5  
A1 + 6 F -  = A 1 F 6 - - -  + 3 6 -  - - 2 . 0 6 9  a + 0 . 6 7  - - 0 . 2 0  
P u  = P u  +++ + 3 e -  - - 2 . 0 3 1 a  + 0 . 9 3  + 0 . 0 6  
Th = Th +~ + 4e- --1.899 a +1.15 +0.28 
INp : iNp +++ + 3 6 -  --1.856 a + 0 . 8 1 7  --0.054 
Be = Be ++ + 2e- --1.847a + 1.44 + 0.565 
U = U+++ + 3e- --1.789u +0.80 --0.07 
AI = AI+++ + 3e- - -  1,662~ + 1 . 3 7 5  + 0 . 5 0 4  
Si + 6F- = SIF,-- + 4e- --1.24 a +0.22 --0.65 
T z  + 6 F -  = T i F 6 - -  + 46"- - - 1 . 1 9 1  a - - 0 . 0 9  - - 0 . 9 6 5  
M n  : M n + +  + 2 e -  - - 1 . 1 8 0  a + 0 . 7 9  - - 0 . 0 8  
B + 3 H e O  : H a B O a ( a q )  + - - 0 . 8 6 9 8  a + 0 . 3 9 0  - - 0 . 4 8 1  

3 H +  + 3e- 
B + 3I- I20 = H a B O a ( e )  + - - 0 . 8 6 9 a  + 0 . 6 3 2  - - 0 . 2 3 9  

3H+ + 3e- 
Si + 2H~O : SIO~(quartz) + --0.857a +0.497 --0.374 

4H + + 4e- 
2Ta + 5H~O := Ta20~ + - -0 .812  a +0.494 - - 0 . 3 7 7  

10H+ + 10e- 
Z n  : Z n  ++ + 2 e -  - - 0 . 7 6 2 8  a, + 0 . 9 6 2  + 0 . 0 9 1  

--0.7626~ (+ I. ' )  (+0.10o% 
+ 0.166 ~) 

T1 + I- ~ TlI + e- --0.752a +0.721 --0.150 
Cr = Cr +++ + 3e- --0.744a +1.389 +0.468 
HzTe ( g ) =  Te + 21-1+ + 2e- --0.718 a + 1.151 + 0.280 
T1 + Br-  : TIBr + 6- --0.658 + 0 . 4 5 8  --0.413 
2Nb + 5H~O = N]>205 + --0.644a + 0 . 4 8  - - 0 . 3 9  

I O H  + + lOe ' -  
U +§ = U +~ + e-- - - 0 . 6 0 7  a + 2 . 2 7  + 1 .40  
A s H ~ ( g )  = A S  + 3 H +  + 3 e -  0 . 6 0 7  a + 0 . 8 2  - - 0 . 0 5  
T1 + C 1 -  = T I C 1  + e -  - - 0 . 5 5 8 8  ~ + 8 , 3 1 1  - - 0 , 5 6 0  

( - - O . 5 7 9  
a m a l g a m ,  
- - 0 . 6 1 1  
c r y s t a l  e,) 

G a  = G a + + +  + 3 e -  - - 0 . 5 2 9 ~  + 1 .54  + 0 . 6 7  
S b H a ( g )  : S b  + 3 H  + + 3 6 -  - - 0 . 5 1 0 ~  + 0 . 8 1  - - 0 . 0 6  
P (white) + 2H~O = HaPO~ + --0.508 ~ +0.45 --0.42 

H + + e -  
I -~PO2 ( a q )  + H = O  = - -  0.499~ + 0.51 - -  8.36 

H a P O ~  ( a q )  + 21{+ + 2 e -  
F e  = F e  ++ + 2 e -  - - 0 . 4 4 0 2  a + 0 . 9 2 3  + 0 . 0 5 2  
C d  = Cd++ + 2 e -  - - 0 . 4 0 2 9  a + 0 . 7 7 8  - - 0 . 0 9 3  

( + 0 . 7 8 8 0  ( - -  0 ,053~)  
H 2 S e ( a q )  = S e  + 2 H +  + 2 e -  - - 0 . 3 9 9 ~  + 0 . 8 4 3  - - 0 . 0 2 8  
P b  + 2 I -  = P b I 2  + 2 6 -  - - 0 . 3 6 5  + 0 . 7 4 7  - - 0 . 1 2 4  

( - - 0 . 0 9 5  
a m a l g a m ,  
- - 0 . 1 1 1  
s o l i d  s ) 

Pb + SO~ = = PbSO~ + 2 6 -  --0.3588 a --0,144 - - 1 . 0 1 5  
C d  (Hg) = Cd++ + Hg + 2e- --0.3515% ( +  0.62 c) (--0.252% 

--0.3514% - - 0 . 2 9 2 %  
--0.3516 ~ --0.2504) 

Ph (1{g) + SO~= = PbSO~ + -- 0.3505 ~ (-- 0,045'0 (-- 0.914 ~) 
I-Ig + 2e- 

I n  = In +++ + 3 e -  --0.343 ~ + 1,27 + 0.40 
T I  = TI+  + e -  - - 0 . 3 3 6 3  - - 0 . 4 5 6  - - 1 . 3 2 7  

( - - 0 . 5 2 5 0  ( - - 1 . 3 1 4  ~) 
( 1 / 2 )  C ~ ' ~  + H.~O = H C N O  + - - 0 . 3 3 0 r  + 0 . 2 8 3  - - 0 . 5 8 8  

I-I++ e- 
Pt  + H~S (aq) = P t S  + - - 0 . 3 2 7  a +0.606 - - 0 . 2 6 5  

21{+ + 2e- 
P t  + H ~ S  (g )  ~ P t S  + 2 H  + + 2 e -  - - 0 . 2 9 7  ~ + 1 .0 3 9  + 0 . 1 6 8  
P b  + 2 B r -  = P b B r ~  + 2 e -  - - 0 . 2 8 4 ,  + 0 . 5 3 0  - - 0 . 3 4 1  
C o  = Co++ + 2 e -  - - 0 . 2 7 7  + 0 . 9 3  + 0 . 0 6  
H ~ P O a  ( a q )  + H. ,O  = - - 0 . 2 7 8  + 0 .51  - - 0 . 3 6  

I - ~ P O , ( a q )  + 21{+ + 2 6 -  
P b  + 2 C l -  = P b C I ~  + 2 e -  - - 0 . 2 6 8  + 0 . 3 9 6  - - 0 . 4 7 5  

( - - 0 . 4 5  
a m a l g a m ,  
- - 0 , 4 7  
solid e ) 

Sn + 6F- = SnF~- + 4e- --0.25 +0,178 --0.693 
Ni = l~i++ + 2e- --0.250 +0.93~e + 0 . 0 6  
NeH~ + : N2 + 5H+ + 46- - - 0 . 2 3  + 0 . 0 3  --0.84 
S~O6 = + 21-120 = 2SO~ = + --0.22 + 1.39 +0.52 

41-I+ + 2 e -  
HCOOH(aq) + CO~(g) + --0.199 a --0.085 --0.936 

2H + + 2e- 
Cu + I -  = Cul + e- --0.1852 ~ +0,671 --0,200 
Ag + I- ~ Agl  + 6- --0.1518 a +0.587 --0.284 

( + 0.414 u) (-- 0.328 a) 
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Table IV ('Continued) 

(dV~ ( d V ~  
dT) th, dT) ,sot},, 

Electrode V ~ v mv/deg mv/deg 

Ge + 2Ho, O = GeO2 + --0.15 +0.54 
4H+ + 46- 

Sn(white) = Sn++ + 2e- --0.136 +0.589 
Pb = Pb ++ + 2~- --0,126 +0.420 

( + 0 . 4 5  ~) 
W + 3 H ~ O  = WOa(e) + - - 0 . 0 9 0 a  +0.471 

6 H +  + 6 e -  
PI-Is (g )  = P ( w h i t e )  + 3 H +  + 3 6 -  - - 0 . 0 6 3 a  + 0 , 7 6 7  
2 H g  + 2 I -  = Hg~I~  + 2 6 -  - - 0 . 0 4 0 5  + 0 , 8 9 0  
H g  + 4 I -  ~ H g I r  = + 2 e -  - - 0 . 0 3 8  a + 0 . 9 1  
I-I2 = 2 H +  + 2 e - ( S H E )  -~---0.O000 + 0 . 8 7 1 ~  
H2 (sat'd, t.p. 1 arm) = + 0.0004 ~ + 0.9049 

2 H +  + 2 e -  
C u  + B r -  = C u B r  + e ~ + 0 . 0 3 3  + 0 . 4 2 6  
UO~+ ~ U 0 2 + +  + e -  + 0 .05  + 1 .45  
A g  + B r -  ---- A g B r  + 6 -  + 0 . 0 7 1 3 %  + 0 . 3 6 3  

( +  0 . 0 7 1 1  d , ( + 0 . 3 2 0 %  
+ 0 . 0 7 1 3 0  + 0 . 3 2 7 %  

+ 0.38~) 
S i H 4 ( g )  = Si + 4H+ + 46- +0.102 +0,674 
CH4 (g) = C (graphite) + + 0.1316 ~ + 0,662 

4H+ + 4e- 
Cu + C1- ~ CuCl + e- +0.137 +0.236 
2 H g  + 2 B r -  ~ H g ~ B r 2  + 2e- + 0 , 1 3 9 7  +0.729 
H2S (aq) = S (rhombic) + + 0.142a + 0 . 6 6 2  

21+ + 2 e -  
Np+++ = Np+4 + e- +0.147 +2.23 
2 S b  + 3H~-O = Sb203 + + 0.152 + 0,496 

6 H  + + 6 6 -  
Cu+ = Cu ++ + e- + 0 . 1 5 3  + 0 . 9 4 4  
Bi + I-I20 + C1- = ]3iOC1 + +0.160 a +0.526 

2H+ + 3 6 -  
H_oSOs + H 2 0  = S O ~  = + + 0 . 1 7 2 a  + 1 .68  

4H + + 2 e -  
Ag + C1- = AgCl + e- +0.2222 +0,213 w 

( + 0.22254, 
+ 0 , 2 2 2 3 4 1 )  

H g  + 4 B r -  = H g B r ~ =  + 2 e  ~ + 0 . 2 2 3 a  + 0 .45  
A s  + 2 H 2 0  = H A s O 2 ( a q )  + + 0 . 2 4 7 6  a + 0 . 3 8 1  

3 H  + + 3 e -  
2 C 1 -  + 2 H g  ~ H g 2 C l ~  + 2 6 -  + 0 . 2 6 7 6  + 0 . 5 5 4  ~ 

U+~ + 2 H 2 0  ~ UO~++ + + 0 . 3 3 0 a  - - 0 . 4 0  
4 H  + + 2 e -  

C u  = C u + +  + 2 e -  + 0 . 3 3 7  + 0 . 8 7 9  w 
( + 0 . 3 4 1 9  ~) 

Ag + 105- = A g l O a -  + e -  + 0 . 3 5 4 a  + 0 . 3 0 3  
R e  + 4 H ~ O  = R e O ~ -  + + 0 .362~  + 0 .36  

8 H  + + 7 e -  
H C N  ( a q )  = 1 / 2 C ~ N 2  (g )  + + 0 . 3 7 3 a  + 0 . 2 7 5  

H + +  e- 
2NH,~OH + = H2N~O~ + + 0.387 a + 0.43 

6H + + 46- 
S.203 = + 3H20 = 2 H ~ S O 3  + + 0.400 ~ - - 0 . 3 9  

2H + + 4e- 
R h  + 6CI- = RhC]6--- +3e-  +0.431 +0.73 
S + 3 H 2 0  = H ~ S O s  + +0.450 a +0.21 

41{ + + 4e- 
2Ag + CrO4 = = Ag~CrO4 + 26- +0,464 a --0,287 
S4Oo = + 61{20 = 4 H ~ S O s  + +0.51 --0.44 

4 H +  + 6 e -  
C.~Ho (g )  = CeH~ (g )  + + 0 .52  + 0.246 

2H + + 2 e -  
C u  = C u +  + e -  + 0 . 5 2 1  + 0 . 8 1 3  
T e  + 2 H 2 0  = T e O ~ ( c )  + + 0 . 5 2 9  + 0 . 5 0 1  

4 H  + + 4 e -  
21- = I~(e) + 26- + 0 . 5 3 5 5  +0,728 

3 I -  = I s -  + 2 e -  + 0 . 5 3 6  +0.657 
CuCI = Cu ++ + C1-  + e -  + 0 . 5 3 8  + 1.521 
HAsOs + 2H~O = + 0.560 a + 0.507 

H3AsOt (aq) + 2H + + 2e- 
Ag + NO~- = AgNO~ + e -  +0.564 +0,606 
21{_~SO3 = $206 = + 4H+ + 2 6 -  + 0 .57  + 1 .97  
P t  + 4 B r -  = P t B r ~ =  + 2 e -  + 0 . 5 8 1 a  + 1 .02  
C H ~ ( g )  + I-I~O = C I ~ O I - I  ( a q )  + + 0 . 5 8 8  a + 0 . 8 3 6  

2 H  + + 2 e -  
P d +  4 B r -  = P d B r ~  = + 2e- +0.60 a + I . I I  
2Hg + SO~ = = H g ~ S O ~  + 2 e -  + 0 . 6 1 5 1 ,  + 0 . 0 4 5  

+ 0 . 6 1 1 9 %  
+ 0 . 8 1 5 1 5  m 

U+~ + 2 H 2 0  ~ LTO~+ + + 0 . 6 2  - - 2 . 2 6  
4 H +  + e- 

Pd + 4Cl- = PdC4 = + 2e- + 0.62 + 0.75 
CuBr = Cu ++ + Br- + e- +0.640 +1.331 
A g  + C~H~O~-  = + 0 . 6 4 3  + 0 . 0 7 4  n 

AgCeHsO~ + e- 
2Ag + SOt = = Ag~SO~ + 2e- +0.654a --0.311 
PtCl, = + 2CI- = PtCl0 = + 26- + 0.68 + 0.54 
H2Oo~(aq) = O2(g) + 2H + + 2e- +0.6824 a --0.162~ 
3NH, + = H2qa(aq) + 1111+ + 8e- +0.695 a +0.373 
C(,H~ (OH) s = CoH~O~ + + 0.6994 ( + 0.140~) 

2H § + 2e-- 
OH (g) + H 2 0  = H~O2 (aq) + + 0.71 a + 1.411 n 

H + +  e -  
H z N ~ O ~  = 2NO + 21-1+ + 2e- +0,712a - - 0 . 8 6 1  
Pt  + 4C1- = PtCh = + 2e- +0.73 +0.64 
C2H~(g) = C2H~(g) + 2H + + 26- +0.731 +0.291 
S e ( g r a y )  + 3 H ~ O  = + 0 . 7 4 0 a  + 0 . 3 5 1  

H ~ S e O ~  (acD + 4 H +  + 4 e -  
Np+~ + 2 H ~ O  = N p O ~ +  + + 0 . 7 5  - - 2 . 2 8  

41{ + + e -  
I r  + 6CI- = IrCl~--- + 36- + 0.77 + 0 .84  
Fe++ ~ Fe +++ + e -  + 0 . 7 7 1  + 2 . 0 5 9  
A g  = A g  + + e -  + 0 . 7 9 9 1  - - 0 , 1 2 9  

( --0.22 x, 
- - 0 . 1 7 0 ~ )  

N 2 0 ~  (g )  + 2I-I~O = 2 N O 3 -  + + 0 . 8 0 3 a  + 0 . 9 7 8  
4H+ + 2e- 

Os + 4H~O ~ OsO~(c, yel- +0.85 +0.438 
l o w )  + 8H + + 8e- 

- -0 .33~  

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

- - 0 . 4 0 0  

- - 0 . 1 0 4  
+ 0 . 0 1 9  
+ 0 .04  
~ -0 .00Ot  
+ 0 .033~  

- - 0 . 4 4 5  
+ 0 . 5 8  
- - 0 . 5 0 8  
(--0.488~, 

- - 0 . 5 0 0 0  

- - 0 . 1 9 7  
- - 0 . 2 0 9  

- - 0 , 6 3 5  
- - 0 . 1 4 2  
- - 0 , 2 0 9  

+ 1 ,36  
- - 0 . 3 7 5  

+O.O73  
- - 0 , 3 4 5  

+ 0 . 8 1  

--0.658 
( - - 0 . 6 3 8  ~, 

- - 0 , 6 5 3 0  
- - 0 . 4 2  
- - 0 . 5 1 0  

- - 0 . 3 1 7  
( - - 0 . 3 2 0 6  

- - 1 . 2 7  

+ 0 .008  
( - - 0 . 0 1 6 ~  

- -  0 . 5 6 8  
- - 0 . 5 1  

- - 0 , 5 9 6  

- - 0 . 4 4  

- - 1 . 2 6  

- - 0 . 1 4 5  
- - 0 . 6 6  

- - 1 . 1 5 8  
- - 1 . 3 1  

- - 0 . 6 2 5  

- - 0 . 0 5 8  
- - 0 . 8 7 0  

- - 0 . 1 4 8  
(--0.150~) 

- - 0 . 2 1 4  
+ 0.650 
- - 0 . 3 6 4  

--0.265 
+ 1 .10  
+ 0 . 1 5  
- - 0 . 0 3 5  

+ 0 ,235 
- - 0 . 8 2 6  

(-- 0 .802~ ,  
--0.803~) 
--3.13 

- - 0 . 1 2  
+ 0 . 4 6 0  
- - 0 . 7 9 7  

--1.182 
- - 0 , 3 3  
- - 1 . 0 3 3  
- - 0 . 4 9 8  

( - - 0 . 7 3 1 ' 0  

+ 0.540 

- -  1 , 732  
- - 0 . 2 3  
--0.580 
- - 0 . 5 2 0  

--3.13 

- - 0 . 0 3  
+ 1 .188  
-- 1,000 

+ 0 . 1 0 7  

- - 0 . 4 3 3  
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Table I V  ( C o n t i n u e d )  

( d r ~  ( d V ~  
dT) th, dT) , soth 

E l e c t r o d e  V ~ v m v / d e g  m v / d e g  

H2N~Os + 2H=O = 2HNOs + + 0.86 + 0.36n 
4H + + 4e- 

CuI = Cu+ + + I -  + e- + 0.86 + 1.086 
AU + 4Br- = AuBr~- + 3e- + 0.87 (60~ + 0.39 
PuO=+ = PuO~++ + e -  + 0 .93  + 1.58 
HNO~ + H~O : NOa- + + 0.94 + 0.07  

3 H +  + 2 6 -  
N O  + 2H~O = N O ~ -  + + 0 .96  + 0 .899  

4 H +  + 3 e -  
Pu+++ = P u  +~ + e -  + 0 . 9 7  + 2 . 2 7  
P t  + 2H=O = P t  ( O H ) ~  + + 0 . 9 8  + 0 . 5 6 1  

2 H  + + 2 e -  
NO + H~O = HNO~ + H+ + 6- + 1.00 + 1.574- 
Au + 4Cl- = AuCI4- + 3e'- + 1.00 + 0.24 
I r C l g - - -  = IrClo= + e -  + 1.017 --0,24 
TeO= + 4I-IMD = H~TeOs (c) + + 1.02 + 1.00 

2 H  + + 2 e -  
2NO + 2H~O = N~O~ + + 1 . 0 3  + 0 . 8 6 0  

4H + + 46-- 
PU +4 + 2H20 = PuO~++ + + 1.04 --0.69 

4 H +  + 2 6 -  
2Br- = Br2 (I) + 2 6 -  + 1.0652 + 0.242 
2HNO2 = N20~ + 2H+ + 26- +1.07 +0.145" 
2Br- : Br~ (aq) + 26- + 1.087 + 0.393~ 
Pu+~ + 2 H ~ O  = P u O 2 +  + + 1.15 - - 2 . 9 5  

4H+ + e- 
Hm,~eO3 + }120 = SeOa = + + 1.15 + 1.424 

4 H +  + 2 e -  
NpO~+ = NpO2++ + e -  + 1.15 + 1.45 
4C1-  + C + 4 H +  = C C h  + + 1 .18 + 0 . 2 2 6  

4 H +  + 4 6 -  
ClO3- + H~O = CiO~- + +1.19 +0.46 

2H + + 2 6 -  
(I/2) I.~ + 3H~O : IO~-  + + 1.195 + 0,507 

6 H +  + 5 e -  
H C 1 0 ~  + H e O  : C 1 0 ~ -  + + 1.21 + 0 . 6 2  

3 H +  + 2 e -  
2 H ~ O  : O~ + 4 H +  + 4 6 -  + 1 ,229 + 0 . 0 2 5  
2S  + 2C1-  = SeCI~ + 2 6 -  + 1 .23 + 0 . 2 3  
Mn++ + 2HM9 = M n O ~  + + 1 .23 + 0 .210  

4 H +  + 2 6 -  
TI+ = TI +++ + 26- + 1.25 + 1.76  
2NH~+ : N~/-I~+ + 3 H +  + 2 6 -  + 1 , 2 7 5  + 0 . 6 9  
H C 1 0 ~  = C 1 0 2  + H + + e -  + 1 . 2 7 5  - - 0 . 5 7  
P d C I ~  = + 2C1-  = P d C l s  = + 2 6 -  + 1 .288 + 0 .42  
N~O (g) + 3H~O = 2 H N O 2  (aq )  + + 1 .29  + 0 . 5 4 4 -  

4 H +  + 4 6 -  
2 C r +  ++ + 7H~O = C r 2 0 7  = + + 1 .33 - - 0 . 3 9 2  

14H+ + 6 e -  
NH~+ + H~O = N H 3 O H  + + + 1 ,35 + 0 . 3 4  

2 H +  + 2 e -  
2C1-  = Cl~ + 2 6 -  + 1 .3595  - - 0 . 3 8 9  

NeI-I~+ + 2H=O = 2 N H s O H +  + + 1 , 4 2  - - 0 . 0 1  
H +  + 2 e -  

A u  + 3H. ,O = A u ( O H ) s ( c )  + + 1 . 4 5  + 0 . 6 6 5  
3H+ + 3 e -  

( 1 / 2 ) I ~  + H _ . O  : H I O  + + 1 . 4 5  + 1  29 
H++e - 

P b  ++ + 2 H ~ O  : P b O ~  + + 1 .455 + 0 .633  
4 H +  + 2 6 -  

Mn++ = Mn+++ + e -  + 1 . 5 1  + 2 . 1 0  
Mn ++ + 4 H s O  = M n O ~ -  + + 1 . 5 1  +0.21 

8 H  § + 5 e -  
( 1 / 2 )  B r ~  (1) + 3H20 = + 1.52 + 0 . 4 5 3  

B r O 3 -  + 6 H +  + 5 6 -  
( 1 / 2 ) C I ~  + H 2 0  = H C 1 0  + + 1 .63 + 0 . 7 3  
H++ e -  

HCIO + H20 = HCI02 + + 1.64 + 0.32 
2 H +  + 2 e -  

PbSO~ + 2H~O : PbO= + + 1,685 + 1 .197  
SO~= + 4 H +  + 2 6 -  

M n O ~  + 2 H ~ O  = M n O a -  + + 1 .695  
4 H +  + 36 -  

2 H ~ O  : H~O~ + 2 H +  + 2 6 -  + 1 ,776  a 
NI-I~+ + N~ = H N s  + 3 H +  + 2 6 -  + 1 .96 
2SO~ = : S~Os = + 2 e -  + 2 . 0 1  
0 2  + H20 = Oa + 2 H  + + 2 e -  + 2 . 0 7  
2 F -  + I-I~O = F~O + 2 H +  + 4 e -  + 2 . 1 5  a 
Am+++ : Am+~ + e- +2.18 
Fe++++ 4H~O : FeO~ = + +2.20q 

8H+ + 3 e -  
H~O : O ( g )  + 2H+ + 2 e -  + 2 . 4 2 2 ~  
N~ + 2H~O = H ~ O ~  + + 2 . 6 5  = 

2 H  + + 2 e -  
H~O : O H  + H +  + 6 -  + 2 . 8 5 a  
2 F -  = F 2 ( g )  + 2 e -  + 2 . 8 7  
2 H F ( a q )  = F 2 ( g )  + 2 H +  + 2 e -  + 3 . 0 6  

( B a s i c  S o l u t i o n )  

+ 0 ,205  

+ 0.213'~ 
+ 0 .73  
- - 0 . 3 9  
+ 0 . 3 8 8  
- - 0 . 3 1 3  
+ 2 .40  
+ 0 .02q 

- - 0 , 2 7 7  
+ 0 .78  

--0.984 
--0.959 
+ 0.27 

--0.094 
+ 1.25 n 

+ 0.548 
0.08  

- - 0 . 0 9  
0 .06  

--0.074 
- - 0 . 1 2  
- - 0 . 3 4 9  
--0.24 

- - 0 . 0 6  
- - 0 . 2 7 6  

- - 0 . 2 0 8  
- - 0 . 3 6 1  
- - 0 . 4 3 3  
--0.II 
+ 0.02~ 
- - 0 . 1 2  

C a  + 2 O H -  : C a ( O H ) ~  + 2 e -  - - 3 , 0 2  a 
B a  + 2 O H -  + 8 H ~ O  : - - 2 . 9 9  a 

Ba(OH)~-SH~O + 2 6 -  
H ( g )  + O H -  : H~O + e-  - - 2 . 9 3 4 5  a 
L a  + 3 O H -  = L a ( O H ) 3  + 3 e -  - - 2 . 9 0  
S r  + 2 O H -  = S r ( O H ) s  + 2 e -  - - 2 . 8 8 ~  
B a  + 2 O H -  = B a ( O H ) s  + 2 e -  - - 2 . 8 1  ~ 
M g  + 2 O H -  = M g ( O H ) 2  + 2 e -  - - 2 . 6 9  
T h  + 4 O H -  = T h ( O H ) ~  + 4 6 -  - - 2 . 4 8  
U + 4 O H -  = U O ~  + 2 H ~ O  + 4 6 -  - - 2 . 3 9  
Z r  + 4 O H -  = H ~ Z r O a  + - - 2 . 3 6  

H e O  + 4 e -  
A1 + 3 O H -  = A I  ( O H ) a  + 3 e -  - - 2 . 3 0 r  
B + 4 O H -  = H ~ B O a -  + - - 1 . 7 9  

H~O + 3e -  
M n  + 2 O H -  = M n ( O H ) s  + 2 e -  1.55 
M n  + COs  = = M n C O 3 ( c )  + 2 e -  - - 1 . 5 0  a 
M n  + C O s  = = M n C O z ( p p t )  + 2 e -  - - 1 . 4 8  
C r  + 3 O H -  = C r  ( O H )  s (c) + 3 e -  - -  1 .48 a 
Z n  + S = = Z n S  ( w u r t z i t e )  + 2 e -  - - 1 . 4 0 5  r 
C r  + 3OH- : Cr(OH)~(hy- --1.34 r 

drous) + 3e- 

- - 0 . 5 1  

+ 0 . 2 1 5  
- - 0 . 4 8  
4 0 ,71  
- - 0 ,80  

+ 0 . 0 2 8  

+ 1 .40 
- - 0 . 3 1 0  

+ 0.7O3 
- - 0 . 6 3  
- - 1 . 1 1  
+ 0 .13  

- - 0 . 0 1 1  

- - 1 . 5 6  

- - 0 . 6 2 9  
- - 0 . 7 2 6  
--0.478 
- - 3 . 8 2  

+ O.553 

+ 0 .58  
--0.645 

--0.41 

- - 0 . 3 6 4  

- - 0 . 2 5  

--0.846 
--0.64 
--0.661 

+ 0.89 
--0.18 
--1.44 
--0.45 
--0 327 

--1.263 

- - 0 . 5 3  

- -  1.266 
( - -  1 .26 e ) 
- - 0 .88  

- - 0 . 2 0 6  

+ 0.42 '~ 

--0,238 

+ 1.23 n 
--0.66 

--0.418 

--0.14 

- - 0 . 5 5  

+ 0 . 3 2 6  
( + 0.350~ 

+ 0.389~ 
+ 0 .349p)  
- - 0 . 6 6 6  

- - 0 . 6 5 8  
--0.14 
--1.26 
--0.483 
--1.184 
+ 1.53 
- - 0 . 8 5  

1 .148  
- - 0 . 0 9  

--1.855 
--1.830 
--0.60 

--0.965 
+ 0.38 

- - 0 . 3 2 3  
- - 0 . 9 5  
- - 0 . 9 6  
- - 0 . 9 3  
--0.945 
--0.99 
--1.220 
--1.11 

- - 0 .93  
- - 1 . 1 4 7  

--  1 .079  
- - 1 , 2 3 2  
--  1 .304  
--0.98 
--0.85 
--0.99 
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Table IV (Continued) 
(dV~ (dV~ 
dT)  th, dT)  , so th, 

E l e c t r o d e  V ~ v m v / d e g  m v / d e g  

Z n  + 4 C N -  = Z n  ( C N )  4 = + 2 e -  - -  1 .26 H 1.19' ,  + 0 .82  
Z n  + 2 O H -  = Z n ( O H ) ~  + 2 6 -  - - 1 . 2 4 5  - - 0 . 1 3 1  - - 1 . 0 0 2  
C d  + S= = C d S  + 2 e -  - - 1 . 1 7 5 a  0.00~ - - 0 . 8 7  
H P O a =  + 2 O H -  = P O ~ - - -  + - - 1 . 1 2  +0 .38 '~  - - 0 . 4 9  

2 H 2 0  + 2 e -  
SeO4 = + 4 O H -  = 2SOa= + - - 1 . 1 2  + 0 . 1 6  - - 0 . 7 1  

2 H ~ O  + 2 e -  
Z n  + CO~= = Z n C O 8  + 2 6 -  - - 1 . 0 6  - - 0 . 2 9 3  - - 1 . 1 6 4  
W + 8 O H -  = W O ~  = + - - 1 . 0 5  - - 0 . 4 9  - - 1 . 3 6  

4 H 2 0  + 6 e -  
M o  + 8 O H -  = MoO~= + - - 1 . 0 5  - - 0 . 4 9  - - 1 . 3 6  

4 H e O  + 6 6 -  
G e  + 5 O H -  = H G e O 3 -  + - - I . 0 3  a - - 0 . 4 2  - - 1 . 2 9  

2 H ~ O  + 4 e -  
I n  + 3 O H -  = I n ( O H ) a  + 3 e -  --1.00~, - - 0 . 1 0  - - 0 . 9 7  
C N -  + 2 O H -  = C N & -  + - - 0 . 9 7 0  - - 0 . 3 4 0  - - 1 . 2 1 1  

H 2 0  + 2 6 -  
F e  + S = = F e S  ( a )  + 2 6 -  - - 0 . 9 5  r - - 0 . 1 0  r - - 0 . 9 7  
P b  + S= = P b S  + 2 6 -  - - 0 . 9 3  r - - 0 . 0 3  r - - 0 . 9 0  
SO3 = + 2 O H -  = SO4 = + - - 0 . 9 3  - - 0 . 5 1 8  - - 1 . 3 8 9  

H 2 0  + 2 6 -  
Se = : S e  + 2 6 -  - - 0 , 9 2  - - 0 . 0 2  - - 0 . 8 9  
2 T I  + S = = TI~S + 2 e -  - - 0 . 9 0  r - - 0 , 0 7  r - - 0 . 9 4  
2Cu + S= = Cu~S + 2e- --0.69 r --0.17 r --1.04 
PHs + 3OH- = P (white) + --0.89 --0.067 --0.938 

3 H 2 0  + 3 6 -  
F e  + 2 O H -  = F e ( O H ) e  + 2 6 -  - - 0 . 8 7 7  - - 0 . 1 9  - - 1 . 0 6  
Sn + S = = SnS + 2e- --0.87 r --0.14 r --I.01 
H~ + 2 O H -  = 2 H 2 0  + 2 6 -  - - 0 . 8 2 8 0 6  a H 0 . 0 3 7  - - 0 , 8 3 4 2  
C d  + 2 O H -  = C d ( O H ) s  + 2 e -  - - 0 . 8 0 9  - - 0 . 1 4 3  - - 1 . 0 1 4  
F e  + CO3 = = F e C O a  + 2 6 -  - - 0 . 7 5 6  - - 0 . 4 2 2  - - 1 . 2 9 3  
C d  + COs= = C d C O a  + 2 6 -  - - 0 . 7 4  - - 0 . 3 6 1  - - 1 . 2 3 2  
Co + 2OH- = Co (OH)~ + 2e- --0.73 --0,193 --1,064 
Ni + 2OH- = Ni (OH)2 + 2e- --0.72 0.17 --1.04 
Hg + S = = HgS (black) + 2 6 , -  --0.69 r +0.08 r --0.79 
2Ag + S = = Ag2S (~) + 26- --0.66 r --0.21 r --1.08 
Be + 8OH- = ReO~- + --0.584 --0.59 --1.46 

4H~O + 76- 
$ 2 0 3  = + 6 O H -  = 2SO3 = + - - 0 . 5 8  - - 0 . 2 7  - -1 .145  

3HM9 + 4 6 -  
T e  + 6 O H -  = TeOa= + - - 0 . 5 7  - - 0 . 3 6  - - 1 . 2 3  

3 H 2 0  + 4 6 -  
F e ( O H ) 2  + O H -  = - - 0 . 5 6  - - 0 . 0 9  - - 0 . 9 6  

F e ( O H ) s  + 6 -  
P b  + COa= = P b C O 3  + 2 e -  - - 0 , 5 0 6  - - 0 . 4 2 3  - - 1 . 2 9 4  
2 B i  + 6 O H -  = Bi~O3 + - - 0 . 4 6  a - - 0 . 3 4 3  - - 1 . 2 1 4  

3 H 2 0  + 6 6 -  
Ni + COa = = NiCO3 + 2e- --0.45 --0.400 --1.271 
S = = S + 2e- 0,447 r --0.06 --0.93 r 
H g  + 4 C N -  = H g ( C N ) ~ =  + 2 e -  - - 0 . 3 7  + 1 .65 + 0 , 7 8  
S e  + 6 O H -  = S e O 3  = + - - 0 . 3 6 6  - - 0 . 4 4 7  - - 1 . 3 1 8  

3 H e O  + 4 6 -  
2Cu + 2OH- = Cu~O + --0.358 --0.455 --1.326 

H20 + 2 6 -  
T1 + O H -  = T I ( O H )  (c) + e -  - - 0 . 3 4 4 5  + 0 . 0 0 3  - - 0 . 8 6 8  
A g  + 2 C N -  = A g  ( C N )  2- + e -  - -  0 .31  + 0 . 9 5 8  + 0 .087  
C r  ( O H ) 3 ( h y d r )  + 5 O H -  = - - 0 . 1 3  - - 0 . 8 0 4  - - 1 , 6 7 5  

C r O 4  = + 4 H z O  + 3 6 -  
Cu + 2NH3 : Cu (NH~) 2 + + e- -- 0 .12  + 0.09 -- 0.78 
Cu20 + 2 O H -  + H20 = - - 0 , 0 8 0  +0.15 - - 0 . 72~  

2 C u ( O H ) ~  + 2 6 -  
T 1 O H  + 2 O H -  = T I ( O H )  3 + 2 6 -  - - 0 . 0 5  - - 0 . 0 6 9  - - 0 . 9 4 0  
M n  ( O H ) 2  + 2 O H -  = M n O 2  + - - 0 . 0 5  - 0 . 4 5 8  - - 1 . 3 2 9  

2 H e O  + 2 6 -  
A g  + C N -  = A g C N  + e -  - - 0 . 0 1 7  + 0 . 9 9 2  + 0 , 1 2 1  
NO~- + 2OH- = NO3- + +0.Ol --0.388 --1.259 

H~O + 2 e -  
2 R h  + 6 O H -  = R h 2 O a  + + 0 . 0 4  - - 0 . 3 6  - - 1 . 2 3  

3 H 2 0  + 6 e -  
S e O s  = + 2 O H -  = S e O 4  = + + 0 . 0 5  - - 0 . 3 1 6  - - 1 . 1 8 7  

H 2 0  + 2 e -  
P d +  2 O H -  = P d ( O H ) ~  + 2 e -  + 0 . 0 7  - - 0 . 1 9 3  - - 1 . 0 6 4  
2S2Oa= = S~O6= + 2 e -  + 0 . 0 6  - - 0 . 2 4  - - 1 . 1 1  
H g  + 2 O H -  = HgO (r) + + 0 . 0 9 8  - - 0 . 2 4 9  - - 1 . 1 2 0  

H 2 0  + 2 6 -  
2NH4OH + 2 O H -  = N~I-14 + + 0 . i i  a --0.22 --1.09 

4H20 + 2e- 
Mn(OH)2 + OH- = +0.15 a --0.032 --0.903 

Mn(OH)s + e- 
Pt + 2OH- = Pt(OH)s + 26- +0.15 --0.273 --1.144 
Co (OH) 2 + OH- = + 0.17 + 0.07 -- 0.80 

C o ( O H )  3 + e -  
P b O  (r) + 2 O H -  = P b O 2  + + 0 . 2 4 8  - - 0 . 3 2 3  - - 1 . 1 9 4  

H 2 0  + 2 e -  
I -  + 6 O H -  = I O a -  + 3 H ~ O  + 6 e -  + 0 . 2 6  - - 0 . 2 9 1  - - 1 . 1 6 2  
C10~,~- + 2 O H -  : CLO3- + + 0 . 3 3  - - 0 . 6 0  - - 1 . 4 7  

H 2 0  + 2 e -  
2 A g  + 2 O H -  = A g 2 0  + + 0 . 3 4 5 ~  - - 0 . 4 6 6  - - 1 . 3 3 7  

H 2 0  + 2 e -  
C1Oa- + 2 O H -  = C 1 0 4 -  + + 0 . 3 6  - - 0 . 3 7  - - 1 . 2 4  

H 2 0  + 2 e -  
A g  + 2NI-I3 = A g ( N H a ) 2  + + e -  + 0 . 3 7 3  + 0 . 4 1 1  - - 0 . 4 6 0  
4 O H -  = O~ + 2 H 2 0  + 4 6 -  + 0 , 4 0 1  - - 0 , 8 0 9  - - 1 . 6 8 0  
2 A g  + C O s  = = Ag,~CO3 + 2 e -  + 0 . 4 7  - - 0 . 5 0 6  - 1 . 3 7 7  
A g 2 0  + 2 O H -  = 2 A g O  + + 0 . 6 0 7  aa - - 0 . 2 4 6  a~ - - 1 , 1 1 7  

H 2 0  + 2 e -  
MnO.z  ( p y r o l u s i t e )  + 4 O H -  = + 0 . 5 8 8  - - 0 . 9 0 7  - - 1 . 7 7 8  

M n O 4 -  + 2H~O + 3 e -  
B r -  + 6 O H -  : B r O a -  + + 0 . 6 1  - - 0 . 4 1 6  - - 1 . 2 8 7  

3 H s O  + 6 e -  
CIO- + 2OH- = CIO~-  + +0.66 --0.583 --1.454 

H~O + 2 e -  
F e ( O H ) a  + 5 O H -  = FeO~= + + 0 . 7 2 q  - - 0 . 7 5 q  - - 1 . 6 2  

4H~O + 3 6 -  
N~I-I~ + 2 O H -  : 2 N H ~ O H  + 2 e -  + 0 . 7 3  - - 0 . 9 4  - - 1 . 8 1  
Cl- + 2OH- = ClO- + +0.89 --0,208 --1,079 

H~O + 2e- 
C102- = CIOe(g) + e- + 1.16 --1.35 --2.22 
O,~ + 2OH- = O3 (g) + + 1.24 --0,447 --1.318 

H~O + 2e- 
OH- = OH(g) + e- +2.02 a --1.818 --2.689 
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ABSTRACT 

The t ransport  number  of the chloride ion has been determined in  fused 
alkali  chloride salts by a radiochlorine tracer technique, using a membrane  
cell. Values obtained (Table I) are compared with theoretical predictions of 
Mulcahy and Heymann,  and of Sundheim. 

The  t r anspo r t  n u m b e r s  of the  fused a lka l i  me t a l  
chlorides have  been  es t imated  f rom compar i sons  of 
e lectr ical  conduc t iv i ty  data  (1, 2) and  f rom p u r e l y  
theore t ica l  cons idera t ions  (3, 4).  Mulcahy  and  Hey-  
m a n n  (1) compared  the equ iva l en t  conduct iv i t i es  at 
a cor responding  t e m p e r a t u r e  defined as t h r e e - f o u r t h s  
of the  bo i l ing  point .  They  found  tha t  the  da ta  could 
be a p p r o x i m a t e d  by  the  equa t ion  X = K (1/rA + 1/re) .  
Bloom and  H e y m a n n  (2) conc luded  tha t  the  e lec-  
t r ica l  conduc tance  of the a lka l i  hal ides  is due p r i -  
m a r i l y  to the  smal l  cation. This was based on the  
fact  tha t  the  e q u i v a l e n t  conduc t iv i ty  changes  s t rong ly  
wi th  change  of cat ion bu t  ve ry  l i t t le  w i th  change  
of anion.  F r e n k e l  (3) suggested tha t  on ly  one of the  
ions in  a m o l t e n  salt  should be respons ib le  for e lec-  
t r ica l  conductance ,  and  tha t  this  wou ld  in  genera l  
be the cat ion because  of its smal le r  radius .  S u n d h e i m  
(4) proposed tha t  the t r anspo r t  n u m b e r s  in  a pu re  
fused salt  should be expressed by  the  equa t ion  
tA = Me~ (MA + Me) where  the M's are the masses  of 
the  an ion  and  cation. S u n d h e i m  der ived  this equa t ion  
by  r equ i r i ng  a ba l ance  of m o m e n t u m  in  a s impl i -  
fied model ,  a s suming  no m o m e n t u m  t r ans f e r  to the  
appara tus .  

If the  t r anspo r t  n u m b e r  of an  ionic species in  a 
fused salt  is defined as the  f rac t ion  of the c u r r e n t  
car r ied  by  those ions which  are m o v i n g  r e l a t ive  to 
the  b u l k  of the  l iqu id  (5) ,  t hen  this  n u m b e r  can be 
d e t e r m i n e d  by  hold ing  a q u a n t i t y  of salt  in  a th ick  
m e m b r a n e  of ve ry  fine poros i ty  whe re  its mot ion  is 
res tr ic ted,  and  m e a s u r i n g  the m o v e m e n t  of the  ions 
t h rough  this  m e m b r a n e  u n d e r  the  inf luence  of an  
electr ical  potent ia l .  The  t r an spo r t  n u m b e r s  of severa l  
pu re  fused salts have  been  d e t e r m i n e d  b y  m e a s u r i n g  
the  v o l u m e  changes  in  the electrode c o m p a r t m e n t s  
resulting from the movement of the ions through 
the membrane (5-7). The movement of one of the 
ions can also be measured by the use of a radioisotope 
(8). This method is particularly convenient for the 
measurement of the transport number of the chloride 
ion in any fused chloride. 

Experimental 
Reagent  grade  salts were  used;  they  were  kept  in  

a d r y i n g  oven  at 150~ and  cooled in  a desiccator  
before  weighing,  except  for l i t h ium chlor ide  which  

P r e s e n t  a d d r e s s :  Los  A l a m o s  Sc i en t i f i c  L a b o r a t o r y ,  U n i v e r s i t y  of  
C a l i f o r n i a ,  Los  A l a m o s ,  i'r M e x .  

was fused and held in this condition in a dry atmos- 
phere for several hours. The chloride isotope, CF 6, 
was obtained from Oak Ridge National Laboratory 
as an aqueous solution of hydrochloric acid. The al- 
kali metal salts containing CF ~ were prepared by dis- 
solving the salt in water, adding HCF ~ and evaporat- 
ing the solution to dryness. Reagent grade silver 
wire and granulated lead were used for electrodes. 

A 16-in. Marshall Tube Furnace was used with a 
Brown Indicating Controller to provide the high- 
temperature region. A d-c power supply capable of 
delivering up to 350 ma at 35 v was used for elec- 

trolysis. The quantity of charge was determined by 

measuring the fairly constant current with a milli- 

ammeter and the time of electrolysis with a Precision 

"Time-It". 

The cells were made from i0 mm ID quartz, in the 
form of a square U-tube, 2.5 in. wide and 1.5 in. high, 
with a small bubble on the bottom of each vertical 
tube to hold the liquid metal electrodes. A membrane 
of fused quartz, 1.5 mm thick, porosity No. 4, Engel- 
hard Industries, Amersil Quartz Division, was sealed 
into the center of the horizontal section. The porosity 
of the membrane was reduced by depositing silica 
within it. This was done by alternately running ethyl 
silicate and hydrochloric acid through the membrane 
and dehydrating the resulting silica gel by baking 
at 800~ This treatment was repeated until more 
than 2 hr was required for i ml of water to flow 
through the membrane under suction. The cathode 
was a pool of molten lead, with electrical contact 
through a nichrome wire sealed into a glass tube. 
The anode was either lead or a silver wire. The same 
results were obtained with both anodes. 

To carry out a run, the cell was filled with solid 
salt, radiotracer salt was added to the catholyte, the 
electrodes were inserted, the ends of the cell were 
capped, and the cell was placed in the furnace at the 
temperature of the run. As soon as thermal equilib- 
rium was attained and the cell was conducting, a 
metered d-c current was passed for a measured time 
(usually 300 ma for 400 sec). The cell was then 
withdrawn, frozen, and split at the membrane to 
separate anolyte and catholyte. The two halves of the 
cell were dissolved in aqueous ammonia. The CF 6 
was precipitated from the ammoniacal solutions with 
excess silver nitrate and counted as silver chloride. 
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In  o rder  to ob ta in  a smooth,  f i n e - t e x t u r e d  p r ec ip i -  

tate ,  it was  necessa ry  to keep  the  solut ion a m m o n i -  

acal  du r ing  the  prec ip i ta t ion .  Al l  samples  w e r e  cor-  

r ec ted  to a c o m m o n  w e i g h t  by  the  use of a s e l f - a b -  

sorp t ion  curve .  The  w e i g h t  of ano ly te  salt  was  ob-  

t a ined  by w e i g h i n g  the  anode  por t ion  of the  cel l  be -  

fo re  and a f te r  the  salt  was  dissolved.  
To ob ta in  a r e l a t ion  b e t w e e n  e x p e r i m e n t a l  q u a n -  

t i t ies  and the  t r a n s p o r t  numbers ,  cons ider  a cel l  
whose  ano ly t e  and ca tho ly t e  are  s epa ra t ed  by  an 
ideal  m e m b r a n e  w h i c h  p e r m i t s  passage  of c u r r e n t -  
c a r ry ing  ions only.  The  n u m b e r ,  m, of c u r r e n t - c a r r y -  
ing ch lor ide  ions w h i c h  pass t h r o u g h  the  m e m b r a n e  
is equa l  to ( t Z / e )  w h e r e  t is the  t r a n s p o r t  n u m b e r  of 
the  ch lor ide  ion, Z is the  q u a n t i t y  of cha rge  passed 
dur ing  e lect rolysis ,  and e is the  e lec t ron ic  charge.  
Le t  the  ca tho ly t e  in i t i a l ly  conta in  (N*)o r a d i o a c t i v e  
ch lor ide  ions and a to ta l  n u m b e r  N ~ of ch lor ide  ions. 
A f t e r  m ch lor ide  ions h a v e  passed t h r o u g h  the  m e m -  
b r a n e  du r ing  e lect rolysis ,  (N*),~ r ad ioac t i ve  ch lo-  
r ide  ions are  found  in the  anolyte .  T h e n  m = [ ( N * ) ~ /  
( N * ) ~  ~  [ ( N * ) ~ / ( N * ) ] N ,  w h e r e  N* and  N are  
the  n u m b e r s  of r ad ioch lo r ide  and to ta l  ch lo r ide  ions, 
r e spec t ive ly ,  in the  ca tho ly t e  at the  end of the  run.  
The  second r e l a t ion  fol lows,  since the  in i t ia l  and final 
ra t io  of CF~/C1 in the  ca tho ly t e  mus t  r e m a i n  the  
same,  if no isotopic f r ac t iona t ion  occurs. If  t he  r a d i o -  
ac t iv i ty  found  in ano ly te  and ca tho ly t e  at the  end  of 
the  run,  CA andCc, a re  expres sed  in (counts  pe r  m i n -  
u te)  pe r  mi l l i g r am,  t h e n  (N*) , ,  = CAWA, and (N*)  
= CcWc, w h e r e  W~ and WG are  the  to ta l  we igh t s  of 
ano ly t e  and ca tholy te ,  r e spec t ive ly ,  in mi l l ig rams .  
This  assumes  tha t  the  samples  used  for  count ing  a re  
iden t ica l  in size and composi t ion.  Bu t  N = ( W e ~ M )  

N~, w h e r e  M is the  m i l l i e q u i v a l e n t  w e i g h t  of the  sal t  
and NA is A v o g a d r o ' s  number .  T h e n  m can be  e x -  
p ressed  by  m = ( C f f C c ) ( W f f M ) N A ,  and the  t r a n s -  
por t  n u m b e r  t of ch lo r ide  ion by  

t = e m / Z  = F C A W f f Z C c M  [1] 

w h e r e  F is the  fa raday .  
The  as sumed  condi t ion  tha t  only  c u r r e n t - c a r r y i n g  

ions pass t h r o u g h  the  m e m b r a n e  can be r ea l i zed  in 
effect by  ca r ry ing  a pa ra l l e l  b l a n k  r u n  w i t h  no 
passage  of charge,  and sub t r ac t ing  the  (CA)bl,,k f r o m  
the  obse rved  va lues  of CA. It  was  found  e x p e r i -  
m e n t a l l y  tha t  the  b l a n k  cor rec t ion  was  e s sen t i a l ly  
zero if t he  m e m b r a n e  was  suff icient ly fine. 
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Table I. Transport numbers of chloride ion in fused alkali metal 
chlorides 

Salt Temp, ~ Observed values Calculated values 
(This investigation) 

LiC1 600 0.25 +0.03 0.25 * 0.16t 
NaC1 860 0.38• 0.34 0.41 
KC1 830 0.38--+0.04 0.42 0.52 
RbC1 785 0.42-+0.04 0.45' 0.71 
CsC1 685 0.36-+0.04 0.48 0.79 

* t = rc./(rA + rv) Mulcahy and Heymann (I). 
7 t = Me/(]VIA + Mr Sundheim (4). 

Results and Discussion 

The  va lues  of t ob ta ined  in the  a lka l i  m e t a l  ch lo-  
r ides  by  fo l lowing  the  m i g r a t i o n  of CF 6 are  g iven  
in Tab le  I and are  c o m p a r e d  w i t h  va lues  ca lcu la ted  
f r o m  the  es t ima tes  of o ther  worke r s .  

It  is a p p a r e n t  t ha t  the  t r a n s p o r t  n u m b e r s  do not  
ag ree  wi th  S u n d h e i m ' s  equa t i on  (4) nor  w i t h  the  
p red ic t ions  of B loom and H e y m a n n  (2) and F r e n k e l  
(3) .  Wi th  the  excep t ion  of ces ium chlor ide ,  the  e x -  
p e r i m e n t a l  va lues  do agree,  w i t h i n  e x p e r i m e n t a l  
error ,  w i t h  the  rad ius  d e p e n d e n c e  of M u l c a h y  and 
H e y m a n n  (1) .  H o w e v e r ,  the  l a t t e r  au thors  r e q u i r e  
t ha t  the  mob i l i t y  of the  ch lor ide  ion should  be  con-  
s tan t  at co r re spond ing  t e m p e r a t u r e s .  Us ing  the  con-  
d u c t i v i t y  da ta  of Yaffe and Van  A r t s d a l e n  (9) ,  the  
mob i l i t y  of the  ch lor ide  ion in these  salts  at 5% 
above  the i r  m e l t i n g  points  va r ies  f r o m  2.9 x 10 -~ 
( c m ~ / s e c ) / v  for  ces ium ch lor ide  to 5.6 x 1{~ -~ for  so- 

d i u m  chlor ide.  Thus  it w o u l d  appea r  tha t  the  t r a n s -  
po r t  n u m b e r s  of these  salts  cannot  be  exp re s sed  as 
any  s imple  func t ion  of the  mass  or rad ius  of the  ions. 

Manuscript  received Nov. 3, 1958. 

Any  discussion of this paper  wil l  appear in a Discus- 
sion Section to be published in the June  1960 JOURNAL. 
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An unusua l  g low d i scharge  was  p roduced  b e t w e e n  
a t ungs t en  e lec t rode  and an aqueous  so lu t ion  of cu -  
pr ic  or i n d i u m  salts. This  g low was  s o m e w h a t  l a m -  
ben t  and a lmos t  filled the  con ta in ing  flask. I t  was  not  
p roduced  w i t h  solut ions  of the  o ther  me ta l l i c  salts  
w h i c h  we  t r i ed  (BaC10,,  C u C N . 3 K C N ,  H2SO~, LiC1, 
LiI,  LiC10~, NaC1, SrCL U (VI)  A c e t a t e ) .  H o w e v e r ,  
occasional  flashes of color  w e r e  p r o d u c e d  w i t h  solu-  
t ions of l i t h i u m  and sod ium chlor ide .  M a n y  s tudies  
of the  chemica l  effects of the  g low d i scharge  b e t w e e n  
an e lec t rode  and a solut ion h a v e  been  m a d e  (1 -3 ) ,  
bu t  the  p h e n o m e n o n  w h i c h  we  obse rved  has no t  

been  repor ted .  The  glows w e r e  charac te r i s t i c  of the  

spec t ra  of copper  and ind ium.  P r o d u c t i o n  of spec t ra  

in this m a n n e r  is u n i q u e  since spec t ra  are  u sua l ly  ob-  

t a ined  by  vapo r i z ing  the  m e t a l  or c o m p o u n d  at h igh  
t e m p e r a t u r e s .  

In these  expe r imen t s ,  s a tu ra t ed  solut ions of cupr ic  

pe rch lo ra te ,  chlor ide ,  or su l fa te  or i n d i u m ( I I I )  ch lo -  

r ide  w e r e  p laced  in a round,  t h r e e - n e c k e d  flask, one -  

or t w o - l i t e r s  in vo lume ,  and the  flask e v a c u a t e d  

t h r o u g h  a side neck  to 5 or 10 cm Hg. One lead  of a 

Table I. Wave lengths and relative intensities of various lines observed 
an aqueous solution cathode of either 

h i g h - v o l t a g e  d -c  p o w e r  supp ly  was  a t t ached  to a 
t u n g s t e n  rod  w h i c h  passed t h r o u g h  the  cen t e r  neck  
of the  flask and t e r m i n a t e d  about  1 in. above  the  so- 
lu t ion  level .  The  o ther  e lec t rode  wh ich  passed 
t h r o u g h  the  r e m a i n i n g  neck  of the  flask was  sh ie lded  
a long its l eng th  by a glass t ube  excep t  at the  end  
w h e r e  the  e lec t rode  d ipped  into the  solution.  A c u r -  
r en t  of 0.05-0.2 amp,  w h i c h  r e q u i r e d  about  500 v, 
p roduced  a con t inuous  g low discharge.  A f t e r  a pe r iod  
of about  15 min  of d i scha rge  a soft g r een  or b lue  
g low deve loped  a round  the  cen t r a l  d ischarge ,  de -  
pend ing  on the  salt  used, and g r e w  un t i l  it a lmos t  
c o m p l e t e l y  fil led the  con ta in ing  flask. The  g low was  
m o r e  eas i ly  p roduced  w i t h  copper  salts  t h a n  w i t h  
i n d i u m  salts. The  spec t ra  of the  g low w e r e  pho to -  
g r a p h e d  and examined .  1 The  a tomic  l ines  w e r e  e x -  
c i ted at about  the  same in tens i t ies  as those  p r o d u c e d  
by f lame spectra.  Spec t r a l  l ines  of OH w e r e  also 
present .  

These  e x p e r i m e n t s  w e r e  r e p e a t e d  us ing  a fused  
sal t  ba th  of l i t h i u m  chlor ide ,  po ta s s ium chlor ide ,  and 

1 B y  M a r v i n  M a r g o s h e s  of t he  N a t i o n a l  B u r e a u  of S t a n d a r d s ,  
W a s h m g t o n ,  D.C. 

in the glow discharge produced between a solid tungsten anode and 
cupric sulfate or indium trichloride 

E m i t t i n g  R e l a t i v e  E m i t t i n g  R e l a t i v e  E m i t t i n g  R e l a t i v e  
species  i n t e n s i t y *  X s p e c i e s  i n t e n s i t y *  X s p e c i e s  i n t e n s i t y *  X 

In 4 2710.27 InC1 1 2672.19 Cu 2 2961.17 
In 4 2713.94 InC1 1 2694.7 Cu 1 3010.84 
In 4 2753.88 InC1 1 2717.5 Cu 5 3247.54 
In 3 2775.36 InC1 1 2740.6 Cu 5 3273.96 
In 4 2836.92 InC1 2 to 3 3419.3 Cu 1 3337.84 
In 4 2858.74 InC1 2 to 3 3456.3 Cu 2 4022.66 
In 4 2932.62 InC1 2 to 3 3458.5 Cu 3 4062.70 
In 3 2957.01 InC1 2 to 3 3499.0 Cu 3 5105.54 
In 5 3039.36 InC1 2 to 3 3513.0 Cul l  3 4279.6 
In 5 3051.25 InC1 2 to 3 3514.6 OH 4 3063.6 
Cu 3 3247.3 InC1 2 to 3 3554.0 
In 5 3256.09 InC1 2 to 3 3556.2 
In 5 3258.57 InC1 2 to 3 3596.5 
Cu 3 3273.96 
In 1 3280.69 InC1 2 to 3 3599.2 
In 1 4072.40 probably InO 1 to 3 4102 to 4511 
In 5-{- 4101.77 
In 5-k 4511.32 

* 1 i nd i ca t e s  a v e r y  f a i n t  l i n e  a n d  5 a v e r y  s t r o n g  l ine .  
W a v e  l e n g t h s  l i s t ed  for  m o l e c u l a r  e m i t t e r s  are b a n d  h e a d s .  
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cupric  chloride,  bu t  no s imi la r  copper  spectra  could 
be produced.  Therefore ,  it  was conc luded  tha t  the re  
was someth ing  u n i q u e  abou t  the aqueous  cupric  salt  
so lu t ion  tha t  caused this  g reen  glow a r o u n d  the  cen-  
t r a l  discharge.  Tab le  I shows the  w a v e  lengths  of the  
l ines  observed.  

The  first a t t emp t  to exp la in  the  glow discharge  
was on the basis  of spray  or par t ic les  be ing  t h r o w n  
b e t w e e n  the  electrodes.  If this is the exp lana t ion ,  the  
glow should have  been  p roduced  wi th  aqueous  solu-  
t ions  of other  me ta l  salts. To test  this  hypothes is  
specifically an  appa ra tu s  was  cons t ruc ted  wh ich  con-  
sisted of a ro ta t ing  device which  t h r ew  a sheet  of 
e lec t ro ly te  into the space b e t w e e n  the  two electrodes.  
This p rocedure  did no t  lead to resu l t s  as good as 
were  ob ta ined  in  the  s imple  e q u i p m e n t  consis t ing of 
a t h r e e - n e c k e d  flask w i t h  electrodes.  F u r t h e r  exper i -  
men t s  showed tha t  the glow was no t  caused by  salts 
coat ing the  electrodes,  as coated electrodes did no t  
y ie ld  a spec t rum u n t i l  t hey  became  hot enough  to 
vola t i l ize  the  deposi ted salt. 

Our  e x p l a n a t i o n  of the  p h e n o m e n o n  is tha t  a vo la -  

t i le  copper  or i n d i u m  compound  is fo rmed  in  the  so- 
lu t ion.  This  evapora tes  into the  evacua ted  space and  
is respons ib le  for the  spectra.  This  e xp l a na t i on  is in  
accordance  w i th  the  observa t ions  tha t  the  glow is 
less p r o n o u n c e d  wi th  chi l led solut ions and  becomes 
s t ronger  as the solut ions  become w a r m e r ;  also it  fits 
w i th  the  obse rva t ion  tha t  the  glow is no t  a lways  
g iven  i m m e d i a t e l y  wi th  a f resh solut ion,  b u t  m a y  re -  
qu i r e  a br ief  per iod  of e lectr ical  discharge.  A some-  
wha t  s t ronger  glow was ob ta ined  w h e n  the  so lu t ion  
was cathodic, but ,  since the  glow could be p roduced  
also w h e n  the  so lu t ion  was  anodic, this  indica tes  tha t  
the p h e n o m e n o n  was  not  l ike ly  caused by  the  m i g r a -  
t ion  of charged cat ions into the  gaseous space. 

Manuscript  received Jan. 22, 1959. 

Any  discussion of this paper  wil l  appear in  a Discus- 
sion Section to be publ ished in the June  1960 JO~RNAr.. 
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Determination of Activities in Multicomponent Metallic Solutions 
Rudolph Speiser and George St. Pierre 

Department  of Metallurgy, The Ohio State University, Columbus, Ohio 

I t  is gene ra l l y  difficult to d e t e r m i n e  phase equ i -  
l ib r ia  at  h igh t empera tu res .  A t t e m p t s  at r e t a i n i n g  
the  h i g h - t e m p e r a t u r e  s i tua t ion  by  rap id  que nc h i ng  
to low t e m p e r a t u r e s  a t  wh ich  e x a m i n a t i o n  is easier  
are no t  en t i r e ly  sat isfactory.  Diffract ion studies  are  
pe r fo rmed  at h igh t e m p e r a t u r e s  w i th  cons iderab le  
success; however ,  no knowledge  of the  act ivi t ies  of 
the  componen ts  is ob ta ined  f rom such inves t iga t ions .  
The  p re sen t  me thod  al lows for the  s imu l t aneous  
d e t e r m i n a t i o n  of act ivi t ies  and  phase  equ i l ib r i a  at  
h igh t empera tu re s .  

Thermodynamic Treatment 
The vapor pressure and vapor composition over a 

condensed phase can be used to determine phase 
equilibria and activities. A direct measurement 
(static) of the vapor pressure can be made only 
when the vapor pressure is at least i0 -~ mm Hg. At 
lower pressures dynamic methods must be employed. 
It will be shown that it is not necessary to determine 
the vapor pressure at all. 

The general form of the Gibbs-Duhem (i) equa- 

tion may be written in the following form: 

S" d T - -  V ~ dP~ + ~ N~ ~ d ~  = 0 [1] 

whe re  N~, is the  mole  f rac t ion  of componen t  i in  a ny  
condensed  phase,  q, and  ~, is the  chemica l  po t en t i a l  
of componen t  i in  the  system. For  each phase,  q, 
the re  is an  equa t ion  of fo rm [1].  The  first t e r m  in  
Eq. [1],  S q dT, disappears  u n d e r  i so the rma l  condi -  
t ions and  is no t  cons idered  fu r t he r  in  this  paper .  The  
second term,  V q dPr, is neg l ig ib le  because  the  abso-  
lu te  va r i a t i on  of P~ wi th  the  composi t ion  of the  con-  

densed phase is very small. Therefore, Eq. [i ] is re- 

duced to 

~ N ~ d l n  a~ ~ 0 [2] 

( cons tan t  T and  Pr)  

The ac t iv i ty  of each c ompone n t  in  the  condensed  
phase  is r e la ted  to the  vapor  phase  by  the fo l lowing 
equa t ions :  

a~ ---- --~ [3] 

w he r e  f~~ a nd  P~~ des igna te  the  fugac i ty  a nd  pa r t i a l  
p ressure  of componen t  i for a s t a n d a r d  s tate  of the  
condensed  system. If the  vapor  is a ssumed  to obey 
ideal  gas laws, t hen  

P~ P1 P_- 
p ~  - -  . . . . .  [ 4 ]  

N/ N~ ~ N~': 

where  N /  is the mole  f rac t ion  of componen t  i in  
the  vapor  phase. The pa r t i a l  p ressure  of a ny  com- 
p o n e n t  m a y  be expressed in  t e rms  of the  pa r t i a l  
p ressure  of a n y  other  componen t  by  the  re l a t ion  

N ,  v 
p ,  = - - .  Pj [5] 

N~ ~ 

and  the  ac t iv i ty  of each componen t  m a y  be  re la ted  to 
the  vapor  composi t ion and  the  re l a t ive  vapor  p res -  
sure  of one component .  

N$ P, 
at : - -  [6] 
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C o m b i n a t i o n  of Eq. [2] and  [6] resul t s  in  the fo l low-  
ing modif icat ion of the G i b b s - D u h e m  equa t ion  
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N~ )d  nN~ = 0 

N~ v 

N J d l n  P ~ =  0 [7] 
N j  

Solving for P~ in Eq. [7] 

N ~ 
dlnPj :--ZN/'dln-- [8] 

N2 ~ 

which reduces even further to 

d In P~ : din Nj ~ -- ~ N~ ~ d In N$' [9] 

The integration of Eq. [9] from N~ "{~) to N~ ~('') yields 

the ratio of the activities in the corresponding con- 

densed mixtures. 

l n ~ : l n  N~{~m Z h  N ' ~ d l n N *  * [10] a~ (1) 

The pa th  of i n t eg ra t i on  in  Eq. [10] is of no signifi-  
cance because  on ly  exact  dif ferent ia ls  are involved .  
If the s t a r t ing  condensed  m i x t u r e  is the  s t a n d a r d  
s ta te  ( a / ' =  1), t hen  Eq. [10] gives the a~ at  a ny  
composi t ion  in  the system. The in teg ra t ions  invo lved  
m a y  be ob ta ined  g raph ica l ly  f rom a plot  of N J  vs. in  
N$ or the  in t eg ra l  m a y  be modified as follows, 

f NJdlnNj: f NJ dN/ [Ii] 
N{ ~ 

Equation [ii] has the obvious advantage that both 

N, q 
- -  and N~ ~ do not become infinite. 
N, v 

Equation [i0] allows for the determination of ac- 
tivities from a study of vapor composition corre- 
sponding to condensed phase composition without 
any need for the measurement of vapor pressures. 
There is an equation of form [i0] for every com- 
ponent in the system. Before pursuing this aspect 
any further, attention will be directed at phase equi- 
libria within the condensed system. 

Phase Equilibria 
Equa t ion  [10] indicates  tha t  it is necessary  to fol-  

low the va r i a t i on  in  vapor  composi t ion caused by  
va r i a t ion  in the composi t ion  of the  pa r t i cu l a r  con-  
densed phase, q. If this  were  so, the method  wou ld  
lose m u c h  of its va lue  because  it wou ld  r equ i r e  s am-  
p l ing  and  e x a m i n a t i o n  of mu l t i phase  condensed  sys-  
tems.  As p rev ious ly  no ted  the G i b b s - D u h e m  e q u a -  
t ion  m a y  be appl ied  to each e q u i l i b r i u m  phase  in  
the system. Therefore ,  f rom Eq. [9] it fol lows tha t  

~ N S d l n  N$ : ~ N , ~ d l n  N~ ~ : ~ N J d  In N$ = . . .  ---- 
' ' ~ [12] 

where  a, fl, I, des ignate  pa r t i cu l a r  e q u i l i b r i u m  con-  
densed phases. F r o m  the  above equal i t ies ,  the fol-  
lowing  set of equa t ions  m a y  be wr i t t en :  

]~(N$-- N,~)d lnNJ : 0 [13a] 

(N~ ~ -  N J ) d  in  N)'  = 0 [13b] 

J u l y  1 9 5 9  

[13c] 

(p-l) equations 

If p designates the number of phases, then there are 
(p-l) equations of the above type. From material 
conservation 

N~ T = n ~ N  ~ ~ + n~N~ ~ 4- n^~N J 4- . . . + . [14] 

where  N~ T is the mole f rac t ion  of i in  the  sys tem 
t a ke n  as a whole  and  no, n~, are the  f rac t ions  of the 
tota l  moles of the sys tem inc luded  in  each s table  
phase. Equa t ion  [14] ma y  be modified to 

N~r:n~(N$--N,O 4- (n~ 4- n~) (N~-- NJ) + .. 4- N~ p 
[15] 

and  

N~-- N, ~ : no(N,~-- N~ ") + (n~ 4- n~) (N~--NJ) 
4- . .  + (1 --  np) (N~ P-1 - -  N, ~) [16] 

If each equa t ion  in  set [13] is now mul t i p l i ed  by  the  
appropr ia te  factor,  [13a] by  n~, [13b] by  (n~ 4- n J ,  
etc., and  the i r  sum is taken,  it  follows tha t  

2~ (N~ ~ --  N~ ~) d In N$ '  : 0 [17] 
{ 

and  
~N~d in N$-- ~N~d In N~ ~ ~- ~N~d ]n N~ ~ : . . . [18] 

+he necessity of designating a particular condensed 

phase in Eq. [10] is, therefore, removed and the 

general solution becomes 

in - =  In----]~-- ~ d N {  ~ [19] 
a / "  N~ v(1) * ~Nd'(1) N ,  ~' 

N, ~ des ignates  the  mole  f rac t ion  of i in  e i ther  a p a r -  
t i cu la r  phase or in  the condensed  sys tem t a k e n  as a 

NT 

N, f 
":'C- 
N,"/ 

v N, 

Fig. 1. Schematic representation of vapor composition 
var iat ion in a binary system. 

NT 
N v 

2 Phases 

3 Phases 

2 Phases 

I Phase 

NI v 

Fig. 2. Schematic representation of vapor composit ion 
var iat ion in a ternary system. 
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whole.  The ques t ion  now arises as to the poss ib i l i ty  
of detecting phase boundaries from the experi- 
mentally determined plots of N~/N~ v vs. N~ ~. The 

answer can best be obtained by examination of spe- 
cial systems. 

Binary and Ternary Systems 
For  a t w o - c o m p o n e n t  sys tem wi th  immisc ib i l i t y  a 

plot  of N~T/N~ v vs. N~ v wou ld  appear  as schemat ica l ly  
r ep resen ted  in  Fig. 1. W i t h i n  the  two-phase  reg ion  
the  act ivi t ies  and,  therefore ,  the  vapor  composi t ion 
mus t  be  i n v a r i a n t  and  the  slope of the  curve  mus t  
become infinite.  The composi t ion l imi ts  of the  reg ion  
of immisc ib i l i t y  are defined clearly.  Thus  b i n a r y  
phase  d iagrams  m a y  be d e t e r m i n e d  by  i so the rma l  
cuts of the va r i a t i on  of vapor  composi t ion  w i th  to ta l  
composit ion.  

For  a t h r e e - c o m p o n e n t  sys tem the  s i tua t ion  is 
s imi lar ;  however ,  the vapor  composi t ion does no t  
become i n v a r i a n t  in  a two-phase  field except  w h e n  
the  tota l  composi t ion  var ies  a long a tie l ine.  In  a 
t h r ee -phase  field the  vapor  composi t ion is i n d e p e n d -  
en t  of to ta l  composi t ion  wi thou t  except ion.  A t r a -  
verse  of a t e r n a r y  sys tem could appear  as s chemat -  
ica l ly  i l l u s t r a t ed  in  Fig. 2. In  mov ing  f rom a one-  
phase field to a t w o - p h a s e  field a change  in  slope 
mus t  occur. If, by  coincidence,  the  to ta l  composi t ion 
var ies  a long a t ie l ine  in  the two-phase  field, t h e n  
the  slope of the  curve  in  the  t w o - p h a s e  region  wi l l  
be infinite.  This  coincidence could be r ead i ly  de-  
tected;  however ,  because  the tota l  composi t ion at 
e i ther  end  of the two-phase  field wou ld  t h e n  corre-  
spond to a b o u n d a r y  b e t w e e n  a one -phase  a nd  a 

t w o- pha se  field. By  severa l  d i f ferent  t raverses  an  
i so the rma l  sect ion of the  phase equ i l ib r i a  m a y  be 
d e t e r m i n e d  f rom plots l ike Fig. 2. 

Experimental Application 
Speiser,  Jacobs, and  S p r e t n a k  (2) have  appl ied  

the me thod  to l iqu id  F e - N i  al loys at t e m p e r a t u r e s  
b e t w e e n  1510 ~ and  1600~ Ana lyses  of the con-  
densed  vapor  effusing f rom a K n u d s e n  cell enab led  
t h e m  to app ly  a special  fo rm of Eq. [19]. I ron  and  
n icke l  are comple te ly  misc ib le  at the  t e m p e r a t u r e s  
employed  so tha t  no phase  equ i l ib r i a  we re  involved.  
The  ac t iv i ty  da ta  on F e - N i  al loys has also been  de-  
t e r m i n e d  by  Zel la rs  and  Morris  (3) at  the U. S. 
B u r e a u  of Mines  by  a t r a n s p i r a t i o n  me thod  which  
ob ta ined  vapor  pressures  direct ly .  The a g r e e m e n t  
b e t w e e n  the two methods  was  ou t s tand ing .  
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Formation of Hydride Films on Ti, Zr, Hf, Th Dissolving 
in Hydrofluoric Acid 
W. J. James and M. E. Straumanis 

Departments of Chemical and Metallurgical Engineering, School of Mines and Metallurgy, 

The University of Missouri, Rolla, Missouri 

During studies on the dissolution of nuclear metals 
in dilute hydrofluoric acid in our laboratories, the 
formation of gray to black films on the surface of 
the dissolving metals has been noted (I). The pres- 
ence of a black film on the surface of Zr dissolving 
in HF has also been reported by Baumrucker (2) 
and by Johnson and Hill (3); and on Ti by Ogawa 
(4) and  Ri~diger, et al. (5) .  Suggest ions  as to the  n a -  
t u r e  of these films have  been  made  (4) bu t  no t  cor-  
robora ted  by  e x p e r i m e n t a l  data.  

Sma l l  pieces of low Hf con ten t  Zr and  Ti meta l ,  in  
separa te  beakers ,  we re  i m m e r s e d  in  a p p r o x i m a t e l y  
0.1N HF for about  1 hr. The films were  r e m o v e d  
wi th  the  aid of a r u b b e r  squeejee  and  the  b lack  smu t  
washed  onto a wa tch  glass. In  the  case of Zr, i m -  
mers ion  of the  sample  in  sa tu ra t ed  NH,F for a shor t  
t ime  fac i l i ta ted  the r emova l  of the  film. The  films 
were  dr ied  and  c rushed  to a powder .  Powder  d i f -  

fraction pictures were taken using Cu Ks radiation 
with a Ni filter. 

The "d" values of the patterns were compared 
with data from many sources and were found to 
agree very well with hydride patterns corresponding 
to approximately ZrH~ and Tills. The comparison 
with the three principal "d" values of the hydrides 
are shown in Table I. Additional lines were also in 
good agreement with the standards. 

In addition to the identification above, the authors 
have previously reported the formation of ThH.~ on 
Th dissolving in dilute HCI (6). 

A thin grayish film was observed also on Hf dis- 
solving in dilute HF, but attempts to remove the film 
were  unsuccessful .  In  l ight  of the  foregoing the  fi lm 
is p r o b a b l y  HfH.~. 

These observa t ions  appear  to indica te  tha t  suffi- 
c ient  a tomic h y d r o g e n  is gene ra t ed  u n d e r  condi t ions  
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Table I. Comparison of samples with ASTM data 

Zr  S a m p l e  ZrH1 9 S t a n d a r d  

d in  A I/Io d in  A I/Io 
2.76 100 2.76 100 
1.76 100 1.76 100 
1.64 90 1.66 100 

Ti  S a m p l e  T i l l 2  S t a n d a r d  
d in  A I/Io d i n  A I/Io 
2.55 100 2.55 100 
1.57 50 1.56 60 
1.31 50 1.33 60 

of corrosion to produce  sa tu ra t ed  me ta l  hydr ides  on 
the meta l l ic  surfaces at room t empera tu re .  
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Some Morphological Studies of Silver Crystals Electrodeposited 
from LiCI-KCI Eutectic Melt Containing AgCI 

Ling Yang, Chien-yeh Chien, and Robert G. Hudson 

Metals Research Laboratory, Carnegie Institute of Technology, Pittsburgh, Pennsylvania 

Study  of the morpho logy  of me ta l  crysta ls  e lec t ro-  
deposi ted f rom mol t en  salt  ba ths  is of both  f u n d a -  
m e n t a l  and  prac t ica l  interest .  I n f o r m a t i o n  ava i l ab le  
on this subject ,  however ,  is ve ry  l imi ted  (1-7) .  This  
no te  repor ts  some observa t ions  made  on si lver  c rys -  
tals  e lect rodeposi ted f rom LiC1-KC1 eutect ic  me l t  
con ta in ing  AgC1 at 500~ 

The e lect rolyte  was made  by  me l t i ng  k n o w n  
amoun t s  of AgC1 and  LiC1-KC1 eutect ic  m i x t u r e  
u n d e r  d ry  a rgon  a tmosphere  in  a P y r e x  cell shown  
in  Fig. 1 and  was purif ied by  electrolysis  w i th  
d u m m y  s i lver  electrodes according to procedures  de-  
scr ibed p rev ious ly  (8) .  W h e n  electrolysis  was car -  
r ied  out  w i th  the cathode r e m a i n i n g  s ta t ionary ,  the  
me ta l  pu l l ey  shown in  the figure was removed,  and  
the  i ron  rod hold ing  the s i lver  cathode was  con-  

Anode Cathode 

[I 

Pulley 
Rubber Seal 

Rubber Stopper 

Glass Sleeves 
I/8" Iron Rods 

= Argon Inlet 

Thermocouple Well 

35 ram. Pyrex Cell 

I/4" Iron Bindin9 Posts 

Set Screws 

0.05" Silver Wires 

~ AgCI + KCI~LICI Eutectlc 

Fig. 1. Cell arrangement for electrodeposition 

nec ted  to the glass s leeve by  a r u b b e r  t u b i n g  seal, 
s imi la r  to tha t  shown for the anodic  side. How-  
ever,  if it was des i red to ro ta te  the cathode d u r i n g  
electrodeposi t ion,  the a r r a n g e m e n t  shown in  Fig. 1 
was used, wi th  the me ta l  pu l l ey  res t ing  on top of the  
glass sleeve. The  l a t t e r  f i t ted closely to the  i ron 
rod and  acted as a bear ing .  A n y  leakage  of air  into 
the  cell  d u r i n g  ro t a t ion  was  p r e v e n t e d  by  m a i n t a i n -  
ing a slow flow of a rgon  t h r ough  the space b e t w e e n  
the  i ron  rod a nd  the  glass sleeve. Af te r  the  e lec t ro l -  
ysis, the cathode was  ra ised out  of the me l t  to the  
upper  pa r t  of the  cell and  cooled in  argon. The s i lver  
crys ta ls  deposi ted were  f reed  of occluded e lec t ro ly te  
by  wash ing  in  d i lu te  (6N) NH~OH, dried,  and  ex -  
a m i n e d  u n d e r  a microscope. 

W h e n  the cathode was s ta t ionary ,  the  deposits 
were  a lways  dendr i t i c  [Fig. 2 ( a ) ] ,  i r respec t ive  of 
the  c u r r e n t  dens i ty  (10-1000 m a / c m  2 of o r ig ina l  ca-  
thodic area)  and  the  concen t r a t i on  of AgC1 (3-14 wt  
%)  used. F i g u r e  2 (h )  a nd  2 (k )  are mic ropho to-  
graphs  t a ke n  of these dendr i tes .  I t  can be seen tha t  
the m a i n  axis of the  dend r i t e  is 60 ~ f rom the  
b ranches  at one side and  90 ~ f rom the  b ranches  at  
the  other  side. The 60 ~ b ranches  s t re tch  out  much  
fa r the r  t han  the  90 ~ b ranches  which  t e r m i n a t e  w i th  
the  fo rma t ion  of defini te  facets [Fig. 2 ( k ) ] .  Al l  
dendr i t es  e x a m i n e d  showed this u n s y m m e t r i c a l  fea-  
ture.  X - r a y  back  reflect ion Laue  pa t t e rn s  ob ta ined  
f rom these dendr i t e s  ind ica te  tha t  the p l ane  of the 
dendr i t e  is of the  most  dense ly  packed {111} type,  
and  the m a i n  axis of the  dendr i t e  is pa ra l l e l  to the 
< 2 1 1 >  direct ions.  The 60 ~ b ranches  are also para l l e l  
to the < 2 1 1 >  direct ions,  whi le  the 90 ~ b ranches  are 
pa ra l l e l  to the  < 1 1 0 >  direct ions,  each be ing  a 
dense ly  packed a tom row in  the  {111} planes .  Thus,  
the  g rowth  of the  dendr i t e  is fastest  a long the  < 2 1 1 >  
direct ions  and  slowest  a long the  < 1 1 1 >  direct ions.  
Since the flow of c u r r e n t  is p e r p e n d i c u l a r  to the  
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Fig. 2. Ag crystals deposited from LiCI-KCI-AgCI baths 

I. Macroscopic appearance (1X), 500~ 3 hr. 

% AgCI Current density Cathode rotat ion 
ma /cm ~ speed, rpm 

(a) 4 50 0 
(b) 4 50 400 
(c) 4 50 1000 
(d) 4 50 2000 
(e) 4 200 2000 
(f) 4 1000 2000 
(g) 14 200 2000 

II. Microscopic appearance [50X,  except (I) 2 5 0 X ] ,  all re- 
duced to one-third of their  sizes) 

(h) same as (a), (i) same as (b), (j) same as (d), all 
oblique i l luminat ion (k) same as (a) but for a very large 
dendnte, vertical i l luminat ion,  ( t ) t r i a n g u l a r  etch pits 
on the (111) plane of the dendrite shown in (k), ver- 
t ical i l luminat ion.  

equa l  p o t e n t i a l  surfaces ,  a n y  c r y s t a l  g r a i n  on the  
su r face  of the  s i lve r  ca thode  w i t h  the  < 2 1 1 >  d i r e c -  
t ions  p e r p e n d i c u l a r  to the  equa l  p o t e n t i a l  su r faces  
b e t w e e n  the  e l ec t rodes  is a f a v o r a b l e  s i te  for  s t a r t -  
ing a dendr i t e .  As  the  d e n d r i t e  nuc leus  g r o w s  o u t -  
w a r d ,  m o r e  m e t a l  ions  a r e  a t t r a c t e d  to  i ts  t i p  and  
edge  w h e r e  t he  e l ec t r i c  field is m o r e  c o n c e n t r a t e d  and  
thus  he lp  t he  f o r m a t i o n  of b ranches .  The  a c t u a l  c u r -  
r en t  d e n s i t y  on the  flat  {111} p l anes  is t hus  v e r y  
sma l l  and  the  g r o w t h  a long  the  < 1 1 1 >  d i rec t ions  
p r o b a b l y  has  to r e l y  on the  sc rew d i s loca t ion  m e c h -  
anism.  

Close e x a m i n a t i o n  of Fig.  2 ( k )  r evea l s  the  e x i s t -  
ence of t r i a n g u l a r  p i t s  w i t h  p ipes  ( some  t r i a n g u l a r  
s h a p e d )  r u n n i n g  d o w n  a t  t h e i r  centers .  On t h e  s u r -  
faces  of o the r  d e n d r i t e s ,  r o u n d  p i t s  have  been  ob -  
s e rved  [Fig .  2 ( h ) ] .  These  p i t s  w e r e  p r o b a b l y  f o r m e d  
b y  e t ch ing  w h i l e  these  d e n d r i t e s  w e r e  be ing  f r e e d  
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of t he  occ luded  e l ec t ro ly t e s  b y  w a s h i n g  in  NH4OH. 
The  f a v o r a b l e  loca t ions  of these  p i t s  a r e  r eg ions  in 
b e t w e e n  the  d e n d r i t i c  b r a n c h e s  [Fig .  2 ( k ) ]  and  
a long  the  m i d r i b  of t he  d e n d r i t e  [Fig .  2 ( h ) ] ,  a l -  
t h o u g h  m o r e  d ra s t i c  e t ch ing  does p r o d u c e  p i t s  e l s e -  
where .  The  r eg ions  b e t w e e n  the  d e n d r i t i c  b r a n c h e s  
a r e  p laces  w h e r e  l a r g e  a m o u n t s  of i m p u r i t i e s  and  
i m p e r f e c t i o n s  a r e  concen t r a t ed .  The  t w o  s ides  of t he  
dendr i t e ,  g r o w n  out  of i ts  m id r ib ,  m a y  not  e x a c t l y  
a l ign  w i t h  each  o the r  c r y s t a l l o g r a p h i c a l l y .  These  
m a y  be  the  r easons  w h y  p i t s  a r e  m o r e  l i k e l y  to f o r m  
at  these  places .  The  fac t  t h a t  some of these  p i t s  a r e  
t r i a n g u l a r  and  some a re  r o u n d  is p r o b a b l y  due  to t he  
d i f fe rence  in t he  r a t e  of e t ch ing  and  the  p re sence  of 
d i f fe ren t  a m o u n t s  of i m p u r i t i e s  a t  these  pi ts .  W h e n  
the  i m p u r i t y  con ten t s  a r e  h igh,  p r e f e r e n t i a l  a d s o r p -  
t ion  on c e r t a i n  faces  w o u l d  l e ad  to t he  f o r m a t i o n  of 
p i t s  showing  c r y s t a l l o g r a p h i c  s y m m e t r y .  On the  
o the r  hand ,  if  t he  i m p u r i t y  con ten t s  a r e  low and  the  
r a t e  of e t ch ing  fast ,  r o u n d  p i t s  a r e  fo rmed .  F i g u r e  
2 (1) shows  the  t r i a n g u l a r  p i t s  a t  a b i g g e r  magn i f i ca -  
t ion.  The  l a r g e  size of the  p ipe  at  the  cen t e r  of the  
p i t  is p r o b a b l y  a s soc ia t ed  w i t h  the  p r e s e n c e  of l a r g e  
a m o u n t s  of i m p u r i t i e s  a long  the  l ine  de fec t  p o i n t i n g  
d o w n w a r d .  

If the cathode was rotated during the electrolysis, 
both the macroscopic and the microscopic appear- 
ances of the deposits were modified. When the speed 
of rotation was low (e.g., 400 rpm, and current den- 
sity equaled 50 ma/cm2), the branches of the den- 
drites grew thicker and shorter in the form of poly- 
hedrons showing well-defined facets, although the 
deposits in general still retained the dendritic shape 
[Fig. 2 (b) and 2 (i)]. With the increase of the speed 
of rotation to 2000 rpm (current density still equaled 
50 ma/cm~), the dendritic structures broke up fur- 
ther, and the deposits became granular, each grain 
being a single crystal polyhendron exhibiting mostly 
the low index planes [Fig. 2(c), 2(j)]. Since these 
grains usually were not located in one plane, it was 
impossible to obtain well-focussed pictures. Rotation 
continuously moves the dendrite nuclei away from 
the positions favorable to their growth along the 
<211> directions. It also helps to even up the cur- 
rent density distribution over the various parts of 
the dendrite and thus the rate of growth along the 
different crystallographic directions. High current 
density and high AgC1 concentration were found to 
favor the dendritic growth, as shown by comparing 
Fig. 2(d) with Fig. 2(e), 2(f), and 2(g). Periodic 
reversal of the current (2-sec deposition, l-sec dis- 
solution; or 20-sec deposition, 10-sec dissolution) 
did not appear to affect appreciably the macroscopic 
appearance of the deposit on the cathode. In all cases 
studied, both the. cathodic and the anodic current 
efficiencies were close to 100%, as determined from 
the weight loss of the electrodes with the aid of a 
silver coulometer. 
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The Silver/Silver Chloride~Chlorine Solid Electrolyte Cell 
Donald M. Smyth 

S p r a g u e  E lec t r i c  C o m p a n y ,  N o r t h  A d a m s ,  M a s s a c h u s e t t s  

ABSTRACT 

A Ag/AgC1/C12 solid e lec t ro ly te  cell has been developed in which  the chlo- 
rine is furn ished  by  the dissociat ion of potass ium te t rachloroiodide ,  KICI~. These 
cells can be assembled into ba t te r ies  which  are  ex t r eme ly  stable and compact  
and which del iver  cur rents  in the  mic roampere  range.  The dissociation cha r -  
acterist ics  of the  cathode salt  influence the shelf- l i fe ,  t empe ra tu r e  dependence  
of the  open-c i rcu i t  vol tage (OCV),  and the change of OCV wi th  aging. The 
ionic conduct iv i ty  of the  AgC1 e lec t ro ly te  controls  the in te rna l  resis tance of the 
ba t t e ry  and its t empe ra tu r e  dependence.  The shelf- l i fe ,  OCV, and t e m p e r a t u r e  
dependence  of OCV are  s t rongly  dependent  on the cathode a tmosphere  since 
this  can influence the  electronic conduct ion of the e lectrolyte .  

T h e  d e v e l o p m e n t  of e l ec t ron ic  dev ices  w h i c h  can  
o p e r a t e  on c u r r e n t s  in t he  m i c r o a m p e r e  r a n g e  has  
g iven  r i s e  to c o n s i d e r a b l e  i n t e r e s t  in  e l e c t r o c h e m i c a l  
cel ls  w i t h  sol id  e l ec t ro ly t e s .  Such  cel ls  h a v e  p o t e n -  
t i a l  s h e l f - l i v e s  m a n y  t i m e s  those  of c o n v e n t i o n a l  
sys t ems  and  l end  t h e m s e l v e s  to e x t r e m e  m i n i a t u r i -  
zat ion.  This  p a p e r  desc r ibes  a cel l  s y s t e m  w i t h  an  
i n d i c a t e d  she l f - l i f e  in  excess  of 20 y e a r s  a n d  w h i c h  
is eas i ly  c o n s t r u c t e d  in  sizes of t he  o r d e r  of 0.03 
cm'/v. 

The choice of a solid electrolyte cell system is 
based on several factors: (a) the electrolyte should 
have a high ionic conductivity for current delivery 
and an infinitesimal electronic conductivity for long 
shelf-life; (b) the electrolyte must have suitable 
mechanical properties for the formation of strong, 
t h in  f i lms;  (c)  t h e  c o m p o n e n t  p a r t s  m u s t  be  c h e m i -  
ca l ly  c o m p a t i b l e ;  and  (d )  a h igh  emf  is des i r ab le .  

R e q u i r e m e n t  (b)  exc ludes  a l a r g e  m a j o r i t y  of 
ionic sa l t s  f r om c o n s i d e r a t i o n  as e l ec t ro ly t e s .  T h e  
s i l v e r / s i l v e r  h a l i d e / h a l o g e n  sy s t ems  m e e t  t he se  
r e q u i r e m e n t s  qu i t e  wel l ,  and  b a t t e r i e s  b a s e d  on t h e  
A g / A g I / I ~  and  A g / A g B r / B r 2  sy s t ems  h a v e  b e e n  
d e s c r i b e d  p r e v i o u s l y  (1 -3 ) .  T h e  Ag/AgC1/C12 sys -  
t e m  has  t h e  a d v a n t a g e s  of a h i g h e r  emf  [Ag-C12, 
E o =  1.133 v; Ag-Br2,  E o ~  1.008 v; Ag-I~, E o ~  
0.788 v ( 4 ) ] ,  an  e l e c t r o l y t e  w i t h  a s m a l l e r  e l ec t ron ic  
c o n d u c t i v i t y  ( b a s e d  on the  e v i d e n c e  of s i l v e r - h a l o -  
gen  t a r n i s h i n g  r e a c t i o n s ) ,  and  an  e l e c t r o l y t e  w i t h  
e x c e l l e n t  m e c h a n i c a l  p rope r t i e s .  Use  of p o t a s s i u m  
t e t r ach lo ro iod ide ,  KICL as a low p r e s s u r e  source  of 
ch lo r ine  v a p o r  has  m a d e  poss ib le  t he  d e v e l o p m e n t  of 
a A g / A g C 1 / C L  cel l  w h i c h  is e x t r e m e l y  s tab le .  T h e  
cel ls  h a v e  an  o p e n - c i r c u i t  v o l t a g e  (OCV)  of 1.04 v 
at  25~ and  th is  does  no t  v a r y  m o r e  t h a n  •  o v e r  
t he  t e m p e r a t u r e  r a n g e  + 7 5  ~ to - -40~ The  t h e o r e t -  
ica l  she l f - l i f e  p r e d i c t e d  b y  t a r n i s h i n g  e x p e r i m e n t s  
and  t h e  she l f - l i f e  o b t a i n e d  b y  e x t r a p o l a t i o n  of ac -  
c e l e r a t e d  ag ing  d a t a  a r e  bo th  of t he  o r d e r  of decades  
of yea r s .  The  cel ls  h a v e  an  i n t e r n a l  r e s i s t a nc e  of 
a b o u t  10 ~ o h m s / c m  ~ a r e a  a t  25~ and  th i s  i nc reases  
b y  a f ac to r  of  60 as t h e  t e m p e r a t u r e  is r e d u c e d  to  
--40~ 

Cell Structure 
F o r  a s y s t e m  such as the  Ag/AgC1/CI~  cel l  w h i c h  

con ta ins  a Corrosive v a p o r  phase ,  t he  s t a b i l i t y  of the  
cel l  s y s t e m  d e p e n d s  on the  e x t e n t  to w h i c h  th is  
v a p o r  can  be  s ea l ed  w i t h i n  t h e  cel l  and,  for  th i s  
reason,  a sea led  cup s t r u c t u r e  has  been  deve loped .  
The  cel l  is c o n s t r u c t e d  f rom a sma l l  s i l ve r  can  w h i c h  
se rves  as t he  a n o d e  a n d  as t h e  m a i n  s t r u c t u r a l  un i t .  
A n  e l e c t r o l y t e  f i lm of AgC1 a f ew  m i c r o n s  t h i c k  is 
f o r m e d  ove r  t he  anode  b y  e x p o s u r e  to CI~ a t  200 ~ 
300 ~ for  a b o u t  30 min.  T h e  ca thode  is a c onduc t i ng  
m i x t u r e  of K I C L  and  c a r b o n  b l a c k  in 6:1 w e i g h t  
r a t i o  m i x e d  w i t h  K e l - F  #90  g rease  1 to g ive  a p u t t y -  
l i ke  cons is tency .  The  ca thode  is e x t r u d e d  into  t h e  
anode  can  w h i c h  is t hen  sea led  w i t h  a c o m p r e s s i o n  
f i t ted  Teflon p l u g  t h r o u g h  w h i c h  e x t e n d s  a t a n t a l u m  
w i r e  t h a t  p r o v i d e s  e l ec t r i ca l  con tac t  to t h e  ca thode .  

Open-Circuit Voltage (OCV) 
The  emf  of the  Ag/AgC1/C12 s y s t e m  is r e l a t e d  to 

the  t e m p e r a t u r e ,  T, ch lo r ine  p r e s su re ,  Pc,~, a n d  t h e  
s t a n d a r d  f ree  ene rgy ,  AF ~ of t he  r e a c t i o n  

A g  + ~/2 CI~ = AgC1 [1]  

b y  the  f a m i l i a r  e x p r e s s i o n  

- - A F  ~ R T  
E + lnPc12 [2]  

F 2F 

This  e x p r e s s i o n  y ie lds  a t h e o r e t i c a l  emf  of 1.04 v 
a t  25~ us ing  t h e r m o d y n a m i c  d a t a  c o m p i l e d  b y  
Qui l l  (4)  for  AF ~ and  the  d a t a  of S m y t h  and  Cu t l e r  
(5)  a n d  Cornog  and  B a u e r  (6)  for  Pcl~. The  o b -  
s e r v e d  OCV is in  e x a c t  a g r e e m e n t  w i t h  th is  t h e o -  
r e t i c a l  va lue .  I f  Eq. [2]  is d i f f e r e n t i a t e d  w i t h  r e -  
spec t  to t e m p e r a t u r e ,  n e g l e c t i n g  t h e  v a r i a t i o n  of 
~ F  ~ w i t h  t e m p e r a t u r e  and  a s s u m i n g  t h a t  t he  ch lo -  
r ine  p r e s s u r e  ove r  KICL can  be  e x p r e s s e d  in t he  
f o r m  

Po,~ = A e  -B/~ [3]  

w e  o b t a i n  an  e x p r e s s i o n  for  t he  t e m p e r a t u r e  d e -  
p e n d e n c e  of t h e  emf,  

1 A p r o d u c t  o f  M. W.  K e l l o g g  Co.,  f f e r sey  Ci ty ,  N.  ft. 
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Fig, 1. Temperature dependence of open-circuit voltage. 
Behavior of several ten cell botteries compared with calcula- 
tion from Equation IV. 

dE R 

dT 2F 
ln A [4] 

in which R is the gas constant  in coulombs per  mole 
~ and A is a constant  eva lua ted  f rom the dis-  
sociation pressure  da ta  (5, 6). Evalua t ion  of this 
re la t ion gives a predic ted  t empera tu re  var ia t ion  of 
OCV of 0.00092 v / ~  assuming tha t  the chlorine 
vapor  is a lways  in equi l ib r ium wi th  the solid phase. 
F igure  1 shows the actual  t empera tu re  dependence  
of the OCV of several  ba t ter ies  together  with the 
calculated dependence.  I t  is seen tha t  the observed 
OCVs lie above the pred ic ted  value  down to about  
--50~ In the vic ini ty  of this t empera ture ,  the vo l t -  
ages s tar t  to drop off r ap id ly  in many  cases, a l though 
a few bat te r ies  show ve ry  l i t t le  vol tage drop even 
at --70~ The rapid  drop in OCV at ve ry  low t em-  
pera tures  is p robab ly  re la ted  to a r e l a t ive ly  in-  
creasing impor tance  of the electronic conduct iv i ty  
of the e lec t ro ly te  wi th  decreasing t empera tu re .  

The d iscrepancy be tween  the observed and cal-  
culated t empera tu re  dependence of the OCV can be 
re la ted  to the nonrevers ib le  dissociation of the po ly -  
ha l ide  cathode salt. I t  has been observed tha t  equi-  
l ib r ium dissociation pressures  are obta ined only in 
the direct ion of increasing t empe ra tu r e  for these 
salts (5).  Af te r  a decrease in t empera ture ,  halogen 
pressures  severa l  t imes the equi l ib r ium value  may  
be main ta ined  for  severa l  days. This is p robab ly  
re la ted  to the format ion of a film of solid recom-  
binat ion product  over the  decomposit ion residue, 
wi th  the resul t  tha t  fu r the r  recombina t ion  is h in -  
dered. Thus the assumption tha t  the chlorine vapor  
is in equ i l ib r ium with  the solid cathode phase  is not  
val id  when the t empera tu re  is decreased.  

At t empts  have been made to r e tu rn  the OCV to 
its equ i l ib r ium value  by  consuming the excess ha lo-  
gen pressure  by  cur ren t  drain.  The number  of 
e lect rochemical  equivalents  of excess pressure  is 
surpr i s ing ly  high, however ,  and exceeds tha t  es t i -  
ma ted  from the cell volume by more than  a factor  of 
ten. I t  is be l ieved tha t  the grease cathode b inder  and 
the carbon b lack  act as reservoirs  of excess halogen 
by  dissolving and adsorbing large amounts  of vapor.  
This fact  reduces the hazard  tha t  a sl ight  drop in 
OCV may  resul t  af ter  a smal l  amount  of cur ren t  has 
been d rawn from the cell. 

The full, theoret ica l  emf of the e lectrochemical  
system wil l  be observed across the cell te rminals  
only for systems in which electronic conduction 
through the e lec t ro ly te  phase is negl igible  compared  
with the ionic conduction. This requ i rement  is a l -  
ways satisfied in aqueous e lect rolyte  cells, since 
wa te r  solutions have immeasurab ly  small  electronic 
conductivities.  Ionic crystals  range al l  the way  from 
essent ia l ly  pure  ionic conductors to essent ia l ly  pure  
electronic conductors, however,  and the re la t ive  
magni tudes  may  depend on the pu r i ty  and c rys ta l -  
l ini ty  of the mater ia l ,  the composit ion of the am-  
bient  atmosphere,  and the na tu re  of the electrodes. 

As a resul t  of the  ear ly  work  of Tubandt  (T), the 
s i lver  hal ides were  long considered to be classic 
examples  of mate r ia l s  having almost pure ly  ionic 
conductivi ty.  Wagner  was able to show, however,  
that  in the presence of 0.23 a tm of bromine  at 200~ 
the to ta l  conduct ivi ty  of AgBr  films formed by re -  
action of s i lver  wi th  bromine  is 17 % electronic,  and 
tha t  the electronic contr ibut ion increases r ap id ly  
wi th  decreasing t empera tu re  (8). In recent  years,  
Pfeiffer, Hauffe, and Jaenicke  have shown that  
single crys ta l  AgBr  is an essent ia l ly  pure  electronic 
conductor and tha t  the  ionic contr ibut ion increases 
wi th  the concentrat ion of grain boundar ies  (9).  
Luckey and West  (10) and Shamovskii ,  Dunina, 
and Gosteva (11) have shown that,  in the presence 
of bromine  vapor,  single c rys ta l  AgBr has an "addi -  
t ional"  conduct ivi ty  which is p ropor t iona l  to the 
square root of the bromine pressure  and which is 
thus considered to be due to the inject ion of electron 
holes into the AgBr  in agreement  wi th  the theories 
of Wagner.  These proper t ies  of AgBr and thei r  pos-  
sible extension to AgC1 and AgI  raise a question as 
to the  sui tabi l i ty  of the s i lver  hal ides for e lectro-  
lytes in sol id-s ta te  cells of the s i lver -ha logen  type.  
It has been known for several  years  that  such cells 
do have open-c i rcui t  vol tages close to the theore t i -  
cal emf (1-3) ,  and i t  is necessary to reconcile this 
fact wi th  the known electr ical  proper t ies  of the 
electrolytes.  The fol lowing exper iments  c lar i fy  this 
point. 

I t  has been found tha t  a Ag/AgC1/CI.~ cell wi th  a 
cathode phase consist ing of 1 arm of d ry  chlorine 
has an equi l ib r ium OCV of about  0.75 v, whereas  
the theore t ica l  emf is 1.13 v. The OCV also de-  
creases r ap id ly  wi th  t empera ture .  This indicates 
tha t  a subs tant ia l  electronic conduction through the 
AgC1 e lec t ro ly te  is pa r t i a l ly  shor t -c i rcu i t ing  the emf 
and tha t  the  re la t ive  electronic contr ibut ion is in-  
creasing wi th  decreasing t empera tu re .  When un-  
dr ied chlorine is used, however,  the OCV is the 
same as the the rmodynamic  emf, and the change of 
OCV wi th  t empera tu re  is g rea t ly  reduced.  The cell 
vol tage changes r ap id ly  and revers ib ly  wi th  changes 
in the  mois ture  content  of the chlorine. I t  appears  
tha t  the mois ture  content  of the chlorine a tmos-  
phere  is suppressing the electronic conduction 
through the AgC1. Measurements  of the in terna l  
resistance of the cell in wet  and d ry  chlorine show 
that  the wate r  vapor  has ve ry  l i t t le  effect on the 
ionic conduction through the electrolyte.  These find- 
ings led to an invest igat ion of the  effect of foreign 
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v a p o r s  on the  t a r n i s h i n g  r a t e  of s i lve r  in h a l o g e n  
vapo r ;  th is  w o r k  is d e s c r i b e d  in  a s e p a r a t e  p u b l i c a -  
t ion  (12) .  I t  was  f o u n d  t h a t  v e r y  s m a l l  p a r t i a l  
p r e s s u r e s  of w a t e r  or c a r b o n  t e t r a c h l o r i d e  v a p o r  
supp re s s  t he  r e a c t i o n  r a t e s  d r a s t i c a l l y  and  t h a t  the  
r a t e - d e t e r m i n i n g  p rocess  is an  i n t e r f a c e  p h e n o m -  
enon,  s ince  t he  r e a c t i o n  r a t e  is i n d e p e n d e n t  of t a r -  
n i sh  f i lm th ickness .  The  supp re s s ion  of t he  r e a c t i o n  
r a t e  m a y  be  t a k e n  as an  u p p e r  l i m i t  of the  s u p p r e s -  
s ion of the  e lec t ron ic  cu r ren t .  

I t  has  s ince  been  f o u n d  t ha t  cel ls  m a d e  w i t h  c a t h -  
odes  cons i s t ing  on ly  of c a rbon  b l a c k  and  KIC1, h a v e  
vo l t ages  less t h a n  the  t h e o r e t i c a l  emf,  and  v e r y  poor  
l o w - t e m p e r a t u r e  p rope r t i e s .  Cel ls  in w h i c h  the  
ca thode  con ta ins  a h y d r a t e d  sa l t  as a source  oK 
w a t e r  v a p o r  or  K e l - F  g rease  h a v e  the  t h e o r e t i c a l  
emf  and  g r e a t l y  i m p r o v e d  low t e m p e r a t u r e  p r o p e r -  
t ies.  Thus  the  K e l - F  g rease  b i n d e r  used  in the  
ca thode  se rves  to s t ab i l i ze  the  cel l  vo l t age  and  to 
e x t e n d  the  t h e o r e t i c a l  she l f - l i f e  b y  dec r ea s ing  the  
e lec t ron ic  conduc t ion  t h r o u g h  the  e l ec t ro ly t e .  T a r -  
n i sh ing  e x p e r i m e n t s  i nd i ca t e  t h a t  t he  s t ab i l i z ing  
v a p o r  is not  c o n s u m e d  d u r i n g  the  f o r m a t i o n  of m o r e  
s i lve r  ha l ide .  

The  s t a b i l i t y  of the  OCV w i t h  t i m e  as a func t ion  
of t e m p e r a t u r e  is of g r e a t  i n t e r e s t  for  such a p o t e n -  
t i a l l y  long  she l f - l i f e  i tem.  The  she l f - l i f e  u n d e r  idea l  
cond i t ions  w i l l  be  d e t e r m i n e d  b y  the  r a t e  of con-  
s u m p t i o n  of the  ac t ive  m a t e r i a l s  b y  the  i n t e r n a l  
t a r n i s h i n g  r e a c t i o n  whose  r a t e  is l i m i t e d  b y  the  
e lec t ron ic  l e a k a g e  t h r o u g h  the  e l ec t ro ly t e .  Thus  a 
m a x i m u m  a t t a i n a b l e  l i fe  of such a s y s t e m  can  b e  
e s t i m a t e d  f rom t a r n i s h i n g  d a t a  and  the  a m o u n t  of 
ac t ive  m a t e r i a l s  in  a cell .  The  r e a c t i o n  r a t e s  of 
s i lve r  foi ls  of  d i f fe ren t  p u r i t i e s  w i t h  t he  e q u i l i b r i u m  
ha logen  a t m o s p h e r e  ove r  KIC1, a t  60~ a re  shown  
in Fig.  2, in  w h i c h  the  squa re  of t he  w e i g h t  i n -  
c rease  is p l o t t e d  aga in s t  t ime.  The  two  c a d m i u m  
doped  s a m p l e s  a p p e a r  to fo l low a p a r a b o l i c  t a r n i s h -  
ing  express ion ,  w h e r e a s  h i g h - p u r i t y  and  c o m m e r c i a l  
p u r i t y  s i lve r  h a v e  an  even  g r e a t e r  d e p e n d e n c e  of 
r e a c t i o n  r a t e  on f i lm th ickness .  

C h e m i c a l  a n a l y s e s  of these  f i lms ind ica t e  a 
ch lo r ide :  i od ide  a tomic  r a t i o  of a b o u t  19.5:1 w h e r e a s  
t he  e q u i l i b r i u m  d i ssoc ia t ion  v a p o r  of KIC1, a t  60 ~ 
has  a C I : I  r a t i o  of 14.5:1 (5) .  Thus  t h e r e  m a y  be  a 
s l igh t  p r e f e r e n t i a l  r e a c t i o n  of ch lor ine ,  and  the  f i lms 
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Fig. 2. Tarnishing rates of various silver samples with the 
dissociation vapor over KICI4 at  60~ Square of weight in- 
crease plotted against reaction time. (Fine silver is nominal ly  
99 .9% silver.) 
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m a y  be cons ide red  as a d i lu t e  so lu t ion  of A g I  in 
AgC1. 

A ca l cu l a t i on  b a s e d  on the  a s s u m p t i o n  t h a t  t he  
c o m m e r c i a l l y  p u r e  s i lve r  r eac t s  a cco rd ing  to a 
p a r a b o l i c  r a t e  e xp re s s ion  gives  a t h e o r e t i c a l  she l f -  
l i fe  of 25 y e a r s  for  con t inuous  s to rage  a t  60~ for  
t y p i c a l  cel l  d imens ions  and  an  in i t i a l  e l e c t r o l y t e  
t h i ckness  of 13 /~. This  is a c o n s e r v a t i v e  e s t ima te ,  
s ince  the  a c t u a l  r e a c t i o n  r a t e  is d e c r e a s i n g  w i t h  
t i m e  m o r e  r a p i d l y  t h a n  i n d i c a t e d  b y  a p a r a b o l i c  
e x p r e s s i o n  and  also be c a use  t he  r eac t i ons  w e r e  
c a r r i e d  out  in  t he  r o o m  a t m o s p h e r e  w i t h o u t  t he  
p r e s e n c e  of a n y  r a t e - d e p r e s s i n g  v a p o r s  such as a r e  
p r e s e n t  in a c t u a l  cells.  The  in i t i a l  e l e c t r o l y t e  f i lm of 
p u r e  AgC1 wi l l  a lso dep re s s  t he  r e a c t i o n  r a t e  to a 
g r e a t e r  e x t e n t  t h a n  w o u l d  the  s a m e  th i ckness  of 
Ag-KIC1 ,  t a r n i s h i n g  p roduc t .  

In  a c t u a l  p rac t i ce ,  the  she l f - l i f e  of a sol id  e l e c t r o -  
l y t e  cel l  is l i m i t e d  b y  the  l e a k a g e  of ac t ive  ca thode  
v a p o r  f r o m  the  cel ls  and  b y  e l ec t r i ca l  l e a k a g e  
t h r o u g h  and  ove r  the  su r f ace  of t he  e n c a p s u l a t i n g  
m a t e r i a l .  The  m a g n i t u d e  of t he se  effects m a y  be  
d e t e r m i n e d  f r o m  a c c e l e r a t e d  l i fe  tes ts  c a r r i e d  out  a t  
e l e v a t e d  t e m p e r a t u r e s .  Such  tes ts  have  b e e n  p e r -  
f o r m e d  w i t h  g roups  of 4 -ce l l  b a t t e r i e s  s t o r e d  a t  
125 ~ 110 ~ a n d  100~ The  end  of t h e  b a t t e r y  l i f e  
has  b e e n  def ined  a r b i t r a r i l y  as t he  t i m e  a t  w h i c h  
the  r o o m  t e m p e r a t u r e  o p e n - c i r c u i t  v o l t a g e  of ha l f  
t h e  b a t t e r i e s  in  a g roup  has  d r o p p e d  5%.  Resu l t s  
a r e  s u m m a r i z e d  in Fig.  3, in w h i c h  the  she l f - l i f e  
has  been  p l o t t e d  l o g a r i t h m i c a l l y  a g a i n s t  the  r e -  
c ip roca l  a b s o l u t e  s to rage  t e m p e r a t u r e .  The  r e l a t i o n -  
sh ip  is m e r e l y  an  i n t u i t i v e  guess  w h i c h  seems  to fit 
the  e x t r e m e l y  s t r o n g  t e m p e r a t u r e  d e p e n d e n c e  of 
s h e l f - l i f e  r e a s o n a b l y  wel l .  A l t h o u g h  the  e x t r a p o l a -  
t ion  of these  d a t a  to o r d i n a r y  s to rage  t e m p e r a t u r e s  
canno t  be  cons ide red  accura te ,  t he  i nd i c a t i on  is t ha t  
s a t i s f a c t o r y  s t a b i l i t y  has  been  a t t a ined .  

The  ag ing  c h a r a c t e r i s t i c s  of a t y p i c a l  b a t t e r y  a re  
s h o w n  in Fig .  4, in  w h i c h  the  r o o m  t e m p e r a t u r e  
v o l t a g e  of a 4 - ce l l  b a t t e r y  s to red  a t  100~ is p lo t t ed  
a g a i n s t  s t o rage  t ime .  I t  is seen  t h a t  t h e r e  a r e  two  
s t ab l e  v o l t a g e  l eve l s :  an  i n i t i a l  v o l t a g e  of a b o u t  
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Fig. 3. Accelerated aging clata of four-cell batteries, and a 
possible extrapolat ion to lower temperatures. Shelf-l i fe de- 
f ined as t ime prior to a 5 %  drop in open-circuit vol tage 
(measured at room temperature) for hal f  of the batteries in a 
group. The line was f i t ted to the data by the method of least 
squares. 
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Fig. 4. Aging behavior of a four-cell battery stored at 
100~ Open-circuit voltage measured at room temperature. 

1.05 v / c e l l  which  is r e l a t ed  to a Ag/AgC1/C12 cell  
in  which  the  C12 is f u rn i shed  b y  the  dissociat ion of 
KICL, and  a s u b s e q u e n t l y  s table  p l a t eau  at 0.89 
v /ce l l .  I t  has been  shown  tha t  this  l a t t e r  vol tage  is 
tha t  of a Ag/AgC1/IC1 cell in  which  the  IC1 is f u r -  
n i shed  b y  the  dissociat ion of KIC1,. A n  ear l ie r  p u b -  
l ica t ion (5) has shown tha t  KIC14 dissociates in  two 
steps: 

KICI,-> KIC12 -]- Cl~ [5] 

KIC12--> KC1 + IC1 [6] 

and  tha t  the e q u i l i b r i u m  vapor  is p r e d o m i n a n t l y  
ch lo r ine  which  is thus  consumed  or lost  fas ter  t h a n  
the  IC1. W h e n  the  ch lor ine  has al l  b e e n  lost, there  
is sti l l  sufficient KIC1, lef t  to m a i n t a i n  the vo l tage  
at 0.89 v / c e l l  for  a per iod  which  is gene ra l l y  longer  
t h a n  the d u r a t i o n  of the  in i t i a l  vol tage.  Note t ha t  
this  second vol tage  p l a t eau  has no t  been  inc luded  in  
the she l f - l i fe  def ini t ion and  thus  represen t s  a s u b -  
s t an t i a l  safety factor  for appl ica t ions  t ha t  can 
to lera te  a 15% vol tage  drop. The  i n t e r n a l  res is t -  
ances of the cells do no t  increase  apprec i ab ly  u n t i l  
n e a r  the end  of the second vol tage  p la teau .  

The Internal Resistance 
The i n t e r n a l  res is tance,  Ro, is defined here  by  the  

express ion  

R 
V = E o  [7] 

R-t-Ro 

in  which  Eo is the  OCV and  V is the  t e r m i n a l  vo l t -  
age w i th  load R. The r e l a t i ve ly  smal l  ionic con-  
duc t iv i ty  of the  AgC1 e lec t ro ly te  de t e rmines  the  
genera l  m a g n i t u d e  of the  res i s tance  and  also its t e m -  
p e r a t u r e  dependence .  Da ta  r epor ted  by  Compton  
(13) show a conduc t iv i ty  of abou t  3 x 10 -" to 2 x 10 -~ 
ohm -1 cm -1 at 25~ for  u n d o p e d  AgC1. For  a cell 
a rea  of 0.24 cm" and  an  e lec t ro ly te  th ickness  of 
0.0013 cm, this  gives a ca lcu la ted  res i s tance  r a nge  
of 2.7 x 10 ~ to 1.8 x 10" ohms which  is to be  com-  
pa red  wi th  an  observed r ange  of 5 x 10 ~ to 5 x 10 ~ 
ohms for cells w i th  these  d imens ions .  The  s ing le -  
c rys ta l  conduc t iv i ty  da ta  r epor ted  b y  Compton  m a y  
con ta in  an  u n k n o w n  elect ronic  c o n t r i b u t i o n  wh ich  
could account  for the  observed  res is tances  be ing  
s l igh t ly  h igher  t h a n  the  ca lcula ted  values .  The  con-  
duc t iv i t y  da ta  pred ic t  a res i s tance  increase  by  a 
factor  of 60 b e t w e e n  25 ~ and  --40 ~ S e v e n t e e n  10- 
cell ba t te r ies  selected at r a n d o m  showed an  average  
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increase  by  a factor  of 57 over  this  r a nge  a l though  
there  was  cons iderab le  va r i a t i on  among  the  group 
(ave rage  dev ia t ion  of factor  = 20). 

Compton ' s  conduc t iv i ty  da ta  lie in the  i m p u r i t y -  
sens i t ive  range  be low 100~ r a t h e r  t h a n  in  the  
in t r ins ic  range,  and  the  cor re la t ion  b e t w e e n  the  
t e m p e r a t u r e  coefficients of res i s tance  and  res i s t iv i ty  
ind ica te  tha t  the  cell behav io r  should also be typ ica l  
of the  i m p u r i t y - s e n s i t i v e  range .  Thus  smal l  add i -  
t ions of impur i t i e s  to the  AgC1 e lec t ro ly te  m igh t  
have  cons iderab le  inf luence  on the  resis tance.  I t  is 
wel l  es tabl i shed tha t  the  p r inc ipa l  ionic charge 
carr iers  in  s i lver  hal ides  in  this  t e m p e r a t u r e  r ange  
are s i lver  ion vacancies  a nd  tha t  the ca t ion  vacancy  
con ten t  of the  s i lver  ha l ides  can  be e n h a n c e d  by  the 
add i t ion  of d iva l en t  meta l l i c  ha l ides  such as those 
of c a d m i u m  or lead. The d iva l en t  fore ign  ca t ion  
enters  the la t t ice  in  place of a m o n o v a l e n t  s i lver  
ion, and  ano the r  s i lver  ion posi t ion is lef t  v a c a n t  
to m a i n t a i n  e lect r ical  ne u t r a l i t y .  I t  has also been  
es tab l i shed  tha t  the  i m p u r i t y  con ten t  of ha l ide  films 
fo rmed  b y  t a r n i s h i n g  reac t ions  is r e l a t ed  to the  
meta l l i c  i m p u r i t y  con ten t  of the  base si lver.  Cells 
have  been  m a d e  f rom s i lver  anode cans con ta in ing  
var ious  a m o u n t s  of cadmium,  and  it  was found  tha t  
a c a d m i u m  con ten t  of 0.02% causes a r educ t ion  in  
the  cell res i s tance  by  a factor  of three  to five over  
the  en t i re  t e m p e r a t u r e  r a n g e  of b a t t e r y  operat ion.  
La rge r  a moun t s  of c a d m i u m  cause the AgC1 film to 
become b r i t t l e  and  less adheren t .  Aging  cha rac te r -  
istics, low t e m p e r a t u r e  proper t ies ,  and  o ther  oper -  
a t ing  character is t ics  a re  as good or be t t e r  for these 
ba t te r ies  as for the u n d o p e d  cells. 

In  add i t ion  to the  ionic conduc t iv i ty  of the  elec-  
t rolyte ,  o ther  factors  m a y  inf luence the  a p p a r e n t  
res is tance  of cells d u r i n g  long per iods of heavy  
c u r r e n t  drain.  The ra te  of d issocia t ion of the  po ly -  
ha l ide  sal t  and  the  ra t e  of diffusion of the l i be ra t ed  
ha logen  to the  e l ec t ro ly te -ca thode  in te r face  m a y  
e v e n t u a l l y  l imi t  the  cu r ren t .  The  i m p o r t a n c e  of 
these secondary  factors  m a y  be su rmised  f rom a 
compar i son  of he a vy  c u r r e n t  d r a i n  da ta  w i th  ideal  
behavior ,  which  takes  into account  on ly  conduc t iv -  
i ty  effects. In  p a r t i c u l a r  it  is necessa ry  to a l low for 
the fact tha t  the  e lec t ro ly te  th ickness  increases  
wi th  c u r r e n t  d r a i n  due to the  fo rma t ion  of add i -  
t iona l  AgC1. 

The ra te  of increase  in  e lec t ro ly te  th ickness  w i th  
c u r r e n t  d r a i n  m a y  be expressed  as 

dx V ~E 
- -  - -  [ 8 ]  

dt  F x 

w he r e  x is the  th ickness  of the  e lectrolyte ,  t the  
t ime, V the  v o l u m e  of AgC1 pe r  e q u i v a l e n t  weight ,  
F F a r a d a y ' s  constant ,  r the ionic conduc t iv i ty  of the  
AgC1, a nd  E the  vol tage  drop across the  e lec t ro ly te  
(essen t ia l ly  the  emf  for n e a r  shor t - c i r cu i t  condi -  
t ions) .  I t  has been  as sumed  tha t  the c u r r e n t  can be 
expressed  as 

<rAE 
i [9] 

x 

w h e r e  A is the  act ive  e lec t ro ly te  area,  and  tha t  the 
p roduc t  of c u r r e n t  d ra in  is essen t ia l ly  pu re  AgC1. 
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Fig. 5. Short-circuit current of a ten-cell battery at room 
temperature plotted according to Eq. [10]. 
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Fig. 6. Termina l  vol tage of a ten-cell  bat tery  wi th various 
loads at  room temperature (undoped cells). 

I n t e g r a t i n g  [8] and  us ing  [9] to re la te  th ickness  
to c u r r e n t  and  express ing  ~r in  t e rms  of io a nd  xo 
( the  in i t i a l  c u r r e n t  and  e lec t ro ly te  th ickness )  gives 

1 2V 1 
- -  �9 t + - -  [ 1 0 ]  

i 2 FxoAio io ~ 

Thus  a plot  of 1/ i  s vs. t should  give a s t ra igh t  l ine  
of siope 2V/FxoAio  and  an  in te rcep t  of 1/io ~, if the  
e lec t ro ly te  conduc t iv i ty  is the  p r inc ipa l  d e t e r m i n i n g  
factor.  A n  example  of this  type  of t r e a t m e n t  is 
shown in  Fig. 5. I t  is seen t ha t  ideal  behav io r  is 
fol lowed for about  150 hr,  a f ter  which  the  c u r r e n t  
decreases qui te  ab rup t ly .  The  scat ter  of the  da t a  is 
due m a i n l y  to f luc tua t ions  in  room t e m p e r a t u r e ;  
smoothed discharge da ta  give precise l inear i ty .  At  
the end  of 150 hr,  the  cell had  de l ive red  a to ta l  of 2 
coulombs;  af ter  265 hr  of con t inuous  d r a i n  the  load 
was r emoved  f rom the  cell and  its OCV r e t u r n e d  to 
85% of its o r ig ina l  va lue  in  3 sec and  to 95% of its 
o r ig ina l  va lue  in  25 rain.  W h e n  c u r r e n t  d r a i n  was  
r e s u m e d  the  c u r r e n t  was 5.5 ~a, decaying  af ter  abou t  
a day  to the  1.5 #a level  reached  pr ior  to the  in i t i a l  
r emova l  of the  load. A more  de ta i led  s tudy  of the  
first few m i n u t e s  of d ischarge  discloses a b r i e f  
per iod  of h igh  c u r r e n t  which  a m o u n t s  to abou t  
0.005 coulombs of charge more  t h a n  would  cor re -  
spond to a l i nea r  1/ i  ~ vs. t p lot  ex t r apo la t ed  to t-~0. 
A n  e v a l u a t i o n  of the  slope of this  p lo t  gives x,  : 1 1 . 6  
/~ and  ~ : 3.7 x 10 -~ ohm -1 cm -1 wh ich  agrees  r e -  
m a r k a b l y  we l l  w i th  the  xo of 13 /~ es t ima ted  f rom 
the t ime  and  t e m p e r a t u r e  of the  ch lo r ina t ion  of the  
s i lver  cans and  wi th  the  conduc t iv i ty  r ange  p re -  
v ious ly  quoted  f rom the  w o r k  of Compton.  This  cor-  
r e l a t ion  is a good ind ica t ion  t ha t  the  c u r r e n t  d r a i n  
is conduc t iv i ty  cont ro l led  even  in  the  n e a r  shor t -  
c i rcui t  r a n g e  for per iods up  to abou t  a week.  

Typica l  c u r r e n t  d r a i n  pe r fo rmance  of 10-cel l  
ba t te r ies  at  room t e m p e r a t u r e  and  - -40~ are shown 
in  Fig. 6 and  7. Vol tage recovery  af ter  r e m o v a l  of 
the load is a lmost  i n s t an taneous .  
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ABSTRACT 

The open-ci rcui t  potent ial  against  a Pt/H~ electrode in the same 2N sulfuric 
acid solution of a series of pal ladium electrodes of different sizes and shapes 
was recorded as a funct ion of time. The electr ical  resistance in certain cases was 
also fol lowed as a funct ion of time. It  is shown that  the t ime requi red  for 
charging the pal ladium with  hydrogen is sensitive to the sur face- to -vo lume 
ratio of the electrode. Charging mechanisms are discussed. 

It  has  been  shown (1) tha t  pu re  p a l l a d i u m  meta l ,  
w h e n  p l aced  in an acid so lu t ion  s a tu ra t ed  w i t h  h y -  
d rogen  gas, w i l l  absorb  the  h y d r o g e n  un t i l  the  m a x -  
i m u m  ~ - P d  c o n c e n t r a t i o n  (~0.03 H / P d  a tomic  r a -  
t io)  has been  r eached  and wi l l  exh ib i t  a po t en t i a l  
of 50 m v  m o r e  nob le  than  a Pt /H~ e lec t rode  p laced  
in the  same solution.  It  was  s ta ted  also tha t  u n d e r  
o p e n - c i r c u i t  condi t ions  the  Pd  w o u l d  not  absorb  
add i t iona l  h y d r o g e n  beyond  this  m a x i m u m  ~ - P d  
l imi t  and tha t  the  5 0 - m v  po ten t i a l  could  be  m a i n -  
ra ined  indef in i te ly  in t he  absence  of impur i t i es .  T h e  
po ten t i a l  of 50 m v  has been  associa ted w i t h  an  
a t o m i c - h y d r o g e n  p o t e n t i a l - d e t e r m i n i n g  r eac t ion  (2) 
on the  Pd  as opposed to the  m o l e c u l a r  h y d r o g e n  r e -  
ac t ion  on the  Pt /H~ e lec t rode .  The  so lub i l i ty  l imi t  at  
H / P d  a tomic  ra t ios  of about  0.03 has  been  desc r ibed  
(3) in t e rms  of a b lock ing  m e c h a n i s m  due  to a v a r i -  
a t ion in the  po in t  of zero cha rge  of the  Pd  as h y d r o -  
gen  was  absorbed.  

Recent ly ,  Ra t ch fo rd  and Cas te l l an  (4) h a v e  r e -  
po r t ed  tha t  Pd  e lec t rodes  m a d e  f r o m  th in  m e t a l  
w i re s  or foils  b e h a v e d  s o m e w h a t  d i f ferent ly .  Such  
e lec t rodes  did not  g ive  o p e n - c i r c u i t - p o t e n t i a l - v s -  
t i m e  curves  w i t h  a p l a t eau  at  50 m v  of indef in i te  
l eng th ;  instead,  the  p l a t eau  at 50 m y  was  less t h a n  
10 hr  long a f t e r  w h i c h  the  po ten t i a l  d ropped  to a 
s t eady  v a l u e  of zero volt .  A n o t h e r  i n t e r e s t i ng  f e a -  
t u r e  about  these  cu rves  is the  in i t ia l  ove r shoo t ing  
of the  50 m v  v a l u e  w i t h  an i m m e d i a t e  r e t u r n  to the  
50 m v  p la teau ,  ana logous  to a supercoo l ing  curve .  
Elec t rodes ,  wh ich  had  gone  to zero po t en t i a l  vs. a 
Pt/I-I~ e lec t rode ,  w e r e  ana lyzed  for  the  h y d r o g e n  con-  
t en t  w i t h  cer ic  su l fa te  (5) and found  to h a v e  ab-  
sorbed  h y d r o g e n  to the  f l -phase  concen t r a t i on  of 
about  0.6 H / P d  a tomic  rat io.  

I t  is the  purpose ,  then,  of this  i nves t i ga t i on  to 
s tudy  possible  su r face  to v o l u m e  effects i m p o r t a n t  to 
the  so lu t ion  of h y d r o g e n  by  pa l l ad ium.  

Experimental 
Elec t rodes  w e r e  m a d e  f r o m  P d  foil  and w i r e  

9 9 . 5 + %  pure .  In  the  first  set of e x p e r i m e n t s  the  
fo l lowing  e lec t rodes  w e r e  used:  (a)  a 1 cm" p iece  of 
Pd  f o i l 2  mils  th ick ;  (b)  a 1 cm ~piece  of foi l  4 mi l  
th ick ;  (c) a 1 cm ~ piece  of 4 mi l  foi l  whose  sur face  
was  n i n e - t e n t h s  cove red  w i t h  a p o l y e t h y l e n e  fi lm; 

(d)  a 3 cm l e n g t h  of wire ,  5 mi l  in d i a m e t e r ;  and 
(e)  a P d  bead  0.057 in. in d i a m e t e r  and ha l f  w a y  
cove red  w i t h  p o l y e t h y l e n e  so tha t  a h e m i s p h e r e  was  
exposed  to t h e  solut ion.  

The  Teflon cel l  was  s imi la r  to those  used  be fo re  
(6) .  A l l  e lec t rodes  w e r e  c l eaned  in hot  concen t r a t e  
HNO3 and the  cel l  was  r insed  r e p e a t e d l y  w i t h  w a t e r  
t r i p l y  d is t i l led  in an  a l l - q u a r t z  st i l l  as desc r ibed  
be fo re  (6) .  A l l  m e a s u r e m e n t s  w e r e  m a d e  in 2N 
H,SO, so lu t ion  m a d e  w i t h  t r i p ly  d is t i l led  w a t e r  and  
s a t u r a t e d  w i t h  h y d r o g e n  pur i f ied  by  a s t anda rd  m u l -  
t i s tage  pur i f i ca t ion - t r a in .  The  h y d r o g e n  flow was  
m a i n t a i n e d  a p p r o x i m a t e l y  at  a cons tan t  r a t e  n igh t  
and day.  F ina l  pur i f ica t ion  of the  so lu t ion  and e l ec -  
t rodes  was  done  by  p r e - e l e c t r o l y s i s  o v e r n i g h t  w i t h  
an a u x i l i a r y  P t  e l ec t rode  w h i c h  was  r e m o v e d  w h i l e  
the  p r e - e l e c t r o l y s i s  c u r r e n t  was  flowing. The  open-  
c i rcu i t  po t en t i a l  b e t w e e n  the  tes t  e l ec t rode  and a 
P t / H ,  e l ec t rode  in the  same so lu t ion  was  r eco rded  
as a func t ion  of t ime.  A t  no t i m e  in this  comple t e  in -  
ves t iga t ion  was  any  e l ec t rode  cathodized.  

A second ser ies  of e x p e r i m e n t s  was  done  in wh ich  
w i r e s  of a p p r o x i m a t e l y  the  same  l e n g t h  bu t  of v a r y -  
ing d i a m e t e r s  w e r e  used. These  wi res  w e r e  about  11 
cm long and had  d i a m e t e r s  of 5, 10, 15, 20, and 25 
mils.  Each  w i r e  was  c l eaned  as desc r ibed  above  and 
m o u n t e d  d i agona l ly  in a v i r g i n  p o l y e t h y l e n e  cel l  19 
cm long and 2.5 cm in d i a m e t e r  f r o m  the  top on 
one side to the  b o t t o m  on the  o ther  side. P l a t i n u m  
leads w e r e  w e l d e d  to the  Pd  w i r e  and the  w e l d  a rea  
as we l l  as about  3 or  4 m m  of Pd  w i r e  p e n e t r a t e d  
t h r o u g h  the  cel l  w a l l  and  was  w e l l  c o v e r e d  w i t h  
po lye thy l ene .  This  was  done  to assure  a d e q u a t e  p r o -  
tec t ion  aga ins t  contac t  b e t w e e n  the  w e l d  a rea  or the  
P t  and  so lu t ion  and aga ins t  contac t  b e t w e e n  Pd  and  
the  e x t e r n a l  a tmosphere .  I t  is to be  no ted  tha t  in 
al l  cases t h r o u g h o u t  this  i nves t i ga t i on  the  en t i r e  Pd  
e lec t rode  was  m a i n t a i n e d  s u b m e r g e d  b e n e a t h  the  
so lu t ion  l eve l  so tha t  the  Pd  was  n e v e r  in contac t  
w i t h  the  e x t e r n a l  a tmosphe re .  A f t e r  a g iven  w i r e  
was  c l eaned  e l ec t ro ly t i c a l l y  ove rn igh t ,  the  h y d r o g e n  
s t i r r ing  was  b e g u n  and the  o p e n - c i r c u i t  po t en t i a l  
vs. a Pt /H~ e lec t rode  in t he  same so lu t ion  as we l l  
as the  e lec t r i ca l  r e s i s t ance  of the  w i r e  was  r e c o r d e d  
as a func t ion  of t ime.  Zero  t i m e  is t a k e n  w h e n  h y -  
d rogen  flow is begun.  The  res i s tance  was  m e a s u r e d  

640 
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wi th  a Gene ra l  Electr ic  P o r t a b l e  Double  Br idge  
which  is des igned to measu re  res i s tance  f rom 0.0001 
to 22~1. 

These same e x p e r i m e n t s  we re  r epea ted  w i th  these  
same wires  w o u n d  in  the  fo rm of a toroid on a po ly -  
e thy lene  r ing  and  placed in  the  Teflon cell. The  re -  
sults  of this  series of expe r imen t s  were  s imi la r  to 
those done in  the po lye thy l ene  cell. 

Resul ts  a n d  Discuss ion  
F i g u r e  1 shows the  open -c i r cu i t  po ten t i a l  vs. a 

Pt/H~ electrode in  the  same 2N H~SO+ so lu t ion  for 
a series of Pd  electrodes hav ing  dif ferent  va lues  for 
the ra t io  of the exposed a p p a r e n t  surface  area  to the  
tota l  v o l u m e  of the  Pd  as a f unc t i on  of t ime.  The 
surface area  was  d e t e r m i n e d  b y  geometr ic  m e a s u r e -  
m e n t  and  the v o l u m e  by  weigh t  m e a s u r e m e n t s  us ing  
a va lue  of 12.01 g cm -~ for the  dens i ty  of Pd. As was  
observed by  Ratchford  and  Caste l lan,  the o p e n - c i r -  
cuit  po ten t i a l  falls f rom the  h igh posi t ive  va lue  p ro -  
duced by  anodiza t ion  to a v e r y  flat p l a t eau  at abou t  
50 inv.  Af te r  a t ime,  the  po ten t i a l  fal ls  a long a sig- 
moid  curve  to zero and  r e m a i n s  there .  The l eng th  of 
the 50 m v  p l a t eau  and  the  t r a n s i t i o n  t ime  f rom the  
50 m v  p l a t eau  to the zero vol t  p l a t eau  are found  to 
be sens i t ive  to the ratio,  a r e a / v o l u m e  ( A / V ) .  

In  Fig. 2 and  3 are shown the re la t ive  res i s t ance-  
v s . - t ime  curves  for a series of Pd  wires.  F i g u r e  3 
shows the  in i t i a l  pa r t  of the curves  in  grea te r  detail .  
I t  is seen tha t  a p l a t eau  of v a r y i n g  l e n g t h  occurs at 
abou t  a va lue  of R/Ro of 1.05. Us ing  F ischer ' s  ex -  
press ion  (7) ,  R = Ro(1.0292 + 0.000668 V),  where  V 
is the  re la t ive  v o l u m e  of the dissolved hydrogen ,  this  
res i s tance  va lue  corresponds  to abou t  31 re la t ive  
vo lumes  or a H / P d  a tomic ra t io  of abou t  0.03, the  
uppe r  l imi t  of the  ~-phase  (1, 7, 8).  
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Fig. ]. Open-circuit potentials of Pd electrodes of various 
sizes in 2N H~SO~ solution plotted as function of time. 
Potential measured with reference to Pt/H~; temperature, 
24~177 ~ 
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Fig. 2. Relative resistance-vs.-time curves far Pd wires of 
o o different diameter; temperature, 24 •  C. 
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Fig. 4. length of ~ plateau found on resistance-time curves 
for Pd wires is shown by circles and is plotted vs. surface-to- 
volume ratio. Lenoth of 50 my plateau found on potential 
curves for Pd electrodes of various shapes is shown by trianoles 
and also is plotted as function of surface-to-volume ratio. 

In  genera l  af ter  the a - p h a s e - p l a t e a u  the  res i s tance  
increases  u n i f o r m l y  to abou t  a va lue  of 1.27 forR/Ro 
which  corresponds  to a H / P d  a tomic ra t io  of 0.29. 
In  Fig. 5 is shown the  p o t e n t i a l - t i m e  curve  w i th  the  
accompany ing  re la t ive  r e s i s t a nc e - t i me  curve  for 
on ly  the  5 mi l  wi re  case, for the sake of s impl ic i ty .  
S imi la r  curves  were  ob ta ined  for all  the  o ther  wires.  
W h e n  the  re la t ive  res i s tance  reaches a va lue  of 
abou t  1.35, cor responding  to a H / P d  a tomic  ra t io  of 
0.37, the po ten t i a l  beg ins  to drop a w a y  f rom the  50 
m v  p l a t e a u  in  al l  cases. This  is in  good a g r e e m e n t  
w i th  the da ta  r epor ted  w h e n  the  wi re  was  charged 
wi th  hyd rogen  ca thodica l ly  (1, 2). W h e n  the  po t en -  
t ia l  f inal ly  reaches a s teady  va lue  of zero volts, the  
res i s tance  has come to a s teady  va lue  somewha t  over  
1.6 for R/Ro. This  is a h igher  va lue  t h a n  was  r e -  
por ted  for a w i r e  charged  wi th  h y d r o g e n  ca thod-  
ical ly  (1, 2) and  corresponds  to a H / P d  a tomic ra t io  
n e a r  0.7. 

In  order  to check the h y d r o g e n  con ten t  of a wi re  
which  had  reached  zero volts,  the a m o u n t  of h y -  
d rogen  absorbed  was  d e t e r m i n e d  us ing  ceric sul fa te  
so lu t ion  a nd  was  found  to con ta in  abou t  0.6 H / P d  
a tomic ratio.  

A plot  of the  l eng th  of the  50 m v  p l a t eau  vs. A / V  
is found  in  Fig. 4. The curve  is hyperbol ic .  A l though  
the  e x p e r i m e n t  wi th  the  bead  was  t e r m i n a t e d  for 
conven ience  af ter  9 days, it is be l i eved  tha t  the  po-  
t en t i a l  wou ld  have  fa l l en  to zero af ter  a sufficiently 
long t ime. 
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The l eng th  of the  a - P d  p l a t eau  for the  wires  is 
p lo t ted  in  Fig. 4 as a f unc t i on  of A/V.  This plot  is 
also hyperbol ic .  If the  data  in  Fig. 4 are p lo t ted  as a 
f unc t i on  of V/A ins tead  of A/V,  indeed,  s t ra igh t  
l ines  are obta ined.  This  indica tes  tha t  the  l eng th  of 
the  p l a t eau  is d i rec t ly  p ropor t iona l  to the v o l u m e  
and  inve r se ly  p ropor t iona l  to the  area. I t  is to be 
noted,  though,  tha t  the  va lues  for the  bead and  for 
the  25 mi l  wi re  devia te  f rom the respect ive  s t ra igh t  
l ines  t oward  h igher  values.  

One m a y  conclude  f rom the data  in  Fig. 5 t ha t  
h y d r o g e n  does no t  en t e r  the  Pd  me ta l  u n t i l  the  oxide 
is r emoved  f rom the surface.  This is ind ica ted  b y  the  
fact tha t  the  res i s tance  does no t  change  u n t i l  the  po-  
t en t i a l  drops f rom a h igh posi t ive va lue  to tha t  of 
50 m v  which  is the po t en t i a l  associated w i th  the  e x -  
posed a - P d  surface  of m a x i m u m  concent ra t ion .  This  
same behav io r  was found  in  all  cases. Once the  su r -  
face is c lear  the  h y d r o g e n  is dissolved by  the  Pd. 

The po ten t i a l  r e m a i n s  at  50 m v  u n t i l  an  H / P d  
a tomic ra t io  of about  1.37 is reached.  At  this point ,  
the  a m o u n t  of f l -Pd has increased  at the  expense  of 
the  a - p h a s e  u n t i l  now  the mixed  po ten t i a l  (2) ,  
which  had, up  u n t i l  now, been  domina t ed  by  the  
a -phase  p o t e n t i a l - d e t e r m i n i n g  react ion,  is b e g i n n i n g  
to be d o m i n a t e d  by  the  f l -phase react ion.  Of course, 
w h e n  the  wi re  reaches a po ten t i a l  of zero volt,  i t  is 
n o w  a f l -phase electrode and  the  po ten t i a l  de t e r -  
m i n i n g  reac t ion  is the  same as tha t  on Pt. 

Because  of the  fact  tha t  bo th  the  l eng th  of the  
p l a t eau  of 50 m v  on the  po ten t i a l  curves  and  the  
l eng th  of the  a - p h a s e  p l a t eau  on the  res i s tance  
curves  are  sens i t ive  to the  ratio, A/V,  it is sug-  
gested tha t  the  p e n e t r a t i o n  of the  surface sk in  of 
the  me t a l  is the  r a t e - d e t e r m i n i n g  step in  the so lu-  
t ion  of h y d r o g e n  by  Pd. This proposal  is also sup-  
por ted  b y  the lack of a th ickness  effect in  the t r a n s -  
por t  of h y d r o g e n  t h rough  a Pd  b ie lec t rode  (9) .  
Once the  h y d r o g e n  en te rs  the  in te r io r  of the  meta l ,  
i t  is qui te  mobi le  as shown by  the  nuc l ea r  magne t i c  
r e sonance  work  of Norbe rg  (10) and  spreads e v e n l y  
t h r o u g h o u t  the  metal .  It  is pos tu la ted  here  tha t  the  
f l -phase canno t  nuc lea t e  un t i l  the  en t i r e  body  of 
Pd  is conver ted  to the  a -phase  of m a x i m u m  h y d r o -  
gen  concen t r a t i on  ( H / P d  at ra t io  ~0 .03) .  I t  is i n -  
t e res t ing  to no te  tha t  the  res i s tance  makes  a v e r y  
rap id  j u m p  to an  R/Ro-value of abou t  1.05 and  re -  

ma i n s  at  this  va lue  for a l eng th  of t ime  d e p e n d e n t  
on the va lue  of A / V  according to the curve  shown 
in  Fig. 4. I t  wou ld  appear ,  then,  tha t  the  res i s tance  
is no t  a l inear  f unc t i on  of the  h y d r o g e n  con ten t  u n t i l  
the m a x i m u m  a - p h a s e  concen t r a t i on  is reached  
t h r o u g h o u t  the metal .  As a m a t t e r  of fact, F i scher  
makes  this  s ta tement ,  and  it appears  in  the  i n t e r -  
cept va lue  of 1.0292 in  his equat ion.  I t  is a ssumed  
here  tha t  the l eng th  of the  a - p h a s e  p l a t e a u  is the 
t ime  it  takes  to change  the en t i r e  b u l k  of Pd  to the 
s - p h a s e  of m a x i m u m  concen t r a t i on  a nd  tha t  the  r e -  
s is tance is no t  a l i nea r  f unc t i on  of h y d r o g e n  con ten t  
u n t i l  at least  some f l -phase  is present .  

Af te r  the  a -phase  p l a t e a u  the  res i s tance  increases  
at the  same l i nea r  ra te  of 1.67 x 10 -5 un i t s  sec -1 up to 
a va lue  of abou t  1.27 for R/Ro in  all  cases regard less  
of the  va lue  of A/V.  F r o m  t h e n  on, as shown  in  
Fig. 2, the  res is tance  increases  in  steps, inc reas ing  
in  l eng th  w i th  decreas ing  va lues  of A/V,  except  for 
the  25 mi l  case. This  wou ld  seem to suggest  tha t  the 
f l -phase nuc lea tes  at va r ious  centers  t h r o u g h o u t  the  
me ta l  and  t h e n  grows according to a d o m a i n - t y p e  
m e c h a n i s m  at the  expense  of the a -phase .  The  steps 
in  the  res i s tance  m a y  be due  to a coalescing of these 
domains .  The ra te  at  which  the  f l -phase nuc lea tes  
and  grows seems to be a func t i on  of the h i s to ry  of 
the electrode p r e p a r a t i o n  as exempli f ied  b y  the 
rap id  charg ing  of the  25 mi l  wire.  Such steps are  no t  
found  in  the  open -c i r cu i t  po ten t i a l  curves  for these 
wires.  These curves  are not  shown here, bu t  they  are 
s imi la r  to the smooth  curves  shown in  Fig. 1. This  
m a y  have  been  expected s ince the  res i s tance  is a 
b u l k  q u a n t i t y  whi le  the  po ten t i a l  is a f unc t i on  of a 
surface  q u a n t i t y  and  surface  condi t ions  m a y  not  
necessar i ly  v a r y  l i nea r ly  w i th  those occur r ing  in  the  
b u l k  mater ia l .  

I n  the  case of a v e r y  smal l  wire ,  these  effects are 
at  a m i n i m u m  because  of the  h igh surface a rea  and  
consequen t ly  the  h igh ra te  of p e n e t r a t i o n  of the 
hyd rogen  to the  in te r io r  of the  metal .  I t  is w i th  
this  type  of electrode,  one w i t h  a v e r y  h igh  va lue  
of A/V,  t ha t  Ra tchford  and  Cas te l l an  w o r k e d  and  
so they  worked  on the  r i g h t - h a n d  b r a n c h  of the  
hyperbo las  shown in  Fig. 4. On the o ther  hand,  
Schu ld ine r  and  Hoare  worked  on the  l e f t - h a n d  
b r a n c h  by  us ing  smal l  beads  and  pieces of foil 
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h igh ly  covered wi th  p o l y e t h y l e n e  films. In  this  w a y  
it is possible  to resolve  the  differences b e t w e e n  the  
two inves t iga t ions .  Even  though  it  is not  necessa ry  
to resor t  to a change  in the po in t  of zero charge  to 
exp la in  the  a - p h a s e  p la teau ,  it  is st i l l  he ld  tha t  the  
h y d r o g e n  en te rs  the  me t a l  by  way  of a h y d r o g e n  
a tom in  the  double  l ayer  be ing  t r a n s p o r t e d  to the  
me t a l  sur face  t h rough  an  adsorbed  wa te r  molecule  
as descr ibed before  (3) .  

I t  was  observed  ne i t he r  by  Schu ld ine r  and  Hoare  
nor  in  this  i nves t iga t ion  tha t  an  e lec t rode  m a d e  f rom 
Pd  foil or bead  gave a po ten t i a l  t ime  curve  w i th  a 
m i n i m u m  s imi la r  to a supercool ing  curve.  This  effect 
was  no t  observed for the  wires  s t re tched  a long a 
s t ra igh t  l ine  in  the po lye thy l ene  cell no r  for the  
same wi re  w o u n d  as a toroid on a p o l y e t h y l e n e  r i ng  
in  the  Teflon cell. Howeve r  if the  wi re  was  w o u n d  
in  the  fo rm of a loose a i r - co red  helix,  a m i n i m u m  
m a y  be found  as shown in  Fig. 6. It  is i m p o r t a n t  to 
note  tha t  the  res i s tance  does no t  change  f rom the  
o r ig ina l  h y d r o g e n  free va lue  of R0 u n t i l  the po ten t i a l  
has r e t u r n e d  to the  50 m v  value.  I t  wou ld  appear ,  
then,  as the  h y d r o g e n  removes  the  oxygen  f rom the 
surface,  by  some chance  condi t ion  of the surface  
film b r o u g h t  abou t  by  an  acc iden ta l  stage in  the  
h is tory  of its p r e p a r a t i o n  the surface  becomes more  
p l a t i n u m - l i k e ,  tha t  is, a nob le  me t a l  tha t  does no t  
dissolve h y d r o g e n  read i ly  and  the  po ten t i a l  s t r ives  
t oward  zero volt.  However ,  the  po ten t i a l  n e v e r  
reaches zero because  the  hyd rogen  g r a d u a l l y  de-  
s troys this u n u s u a l  surface  film. Af t e r  the  film is 
des t royed  and  the  t rue  Pd  surface  exposed, the  hy -  
d rogen  begins  to dissolve, the  res i s tance  increases  
and  the  po ten t i a l  r e t u r n s  to the  50 m v  pla teau.  A l -  
though the  n a t u r e  of this  surface  film has no t  b e e n  
d e t e r m i n e d  at  this t ime,  it is seen tha t  it  is r e -  
duced by  hydrogen ,  it is conduct ing ,  it  is a ca ta -  
lys t  for the  hyd rogen  react ion,  and  it  most  l ike ly  
conta ins  oxygen  since it  occurs on ly  af ter  s t rong  
anodizat ion.  

In  v iew of the resul t s  p r e sen t ed  here  it  m a y  be 
necessa ry  to d i f fe ren t ia te  b e t w e e n  th ree  types  of 
h y d r o g e n - c h a r g i n g  mechan i sms  in  the  P d - H  system.  
In  p rev ious  work  (3) ,  it was shown  tha t  h y d r o g e n -  
charged Pd  tha t  was  ob ta ined  f rom d ry  Pd  exposed 
to d ry  hyd rogen  gas had  di f ferent  p roper t ies  f rom 
tha t  ob ta ined  by  the cathodic charg ing  of a Pd  elec- 

t rode  in  an  acid solut ion.  A difference was  in  the  
h y d r o g e n  con ten t  of the f inal  s table  p roduc t  which  
seemed to be a func t i on  of the  a m o u n t  of la t t ice  
dis tor t ion.  In  the  first case the  H / P d  a tomic  ra t io  
was abou t  0.6 whi le  in  the second case it was  abou t  
0.36. In  the  p resen t  work,  the  final p roduc t  con ta ins  
h y d r o g e n  at 0.6 H / P d  a tomic ra t io  bu t  which  ex -  
h ib i t s  a r e l a t ive  res i s tance  wh ich  seems to be m u c h  
too h igh  and  does not  lose h y d r o g e n  as in  the  ca th-  
odized case. This  m a y  ind ica te  tha t  in  this  case the  
la t t ice  is d i s tor ted  in  a d i f fe rent  m a n n e r  in  abso rb -  
ing a q u a n t i t y  of h y d r o g e n  necessary  to raise the  
H / P d  atomic  ra t io  to 0.6 t h a n  in  the two prev ious  
cases ci ted above. A p p a r e n t l y  the  d o m a i n - l i k e  
cha rg ing  process descr ibed  here  was  no t  p e r m i t t e d  
in  the  ca thodica l ly  charged  Pd  due  to the  forcing of 
the  h y d r o g e n  in to  the  Pd  by  e lec t rochemica l  m e a n s  
as shown  by  the  l i nea r  curve  in  Ref. (1) .  

One m a y  say, then ,  tha t  Pd  charged wi th  h y d r o -  
gen to the  f l -phase  by  s t and ing  on open c i rcui t  in  a 
h y d r o g e n - s t i r r e d  acid so lu t ion  gives a f inal  r esu l t  
more  s imi la r  to the  d ry  P d - H  charg ing  t h a n  to the  
cathodic  charging.  Also, if one  wishes  to s tudy  the  
proper t ies  of a - p h a s e  Pd  one mus t  use an  e lect rode 
conf igura t ion  (e.g., beads)  in  which  the  A / V  va lue  
is such tha t  the ra te  of change  to the  f l -phase  is 
ve ry  slow. 

Manuscr ipt  received Feb. 20, 1959. This paper was 
prepared for del ivery before the Phi ladelphia  Meeting, 
May 3-7, 1959. 

Any  discussion of this paper will  appear in  a Discus- 
sion Section to be published in the June  1960 JOURNAL. 
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The Growth of Barrier Oxide Films on Aluminum 
W. J. Bernard and J. W. Cook 

Sprague Electric Company,  North  Adams,  Massachuset ts  

ABSTRACT 

The growth of anodically formed barr ier  oxide films on a luminum has been 
followed by weight, capacitance, and rate measurements .  The increase of film 
thickness at constant  voltage has been calculated and compared to the values 
obtained by optical measurements.  The results have been shown to obey the 
law i ~ ae ~F. 

Severa l  papers  in  recen t  years  (1-6)  which  have  tha t  the  th ickness  is d e t e r m i n e d  precise ly  by  the  
deal t  w i th  the  th ickness  of anod ica l ly  fo rmed  b a r -  vol tage  impressed  on the oxide film. This  conclus ion 
t i e r  oxide films on a l u m i n u m  lead to the  conclus ion  ignores  the ge ne r a l l y  accepted theory  of anodic  o x -  
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ide g rowth  first advanced  by  Mott  (7) and  covered  
more  specifically in  the  case of a l u m i n u m  by  
Cha r l e sby  (8) and  by  Nagase (9) .  I t  is the  purpose  
of the  p re sen t  paper  to show tha t  the  r e l a t ionsh ip  
b e t w e e n  c u r r e n t  and  field i = ae ~v/~, whe re  a a nd  fl 
are  constants ,  cor rec t ly  expresses  the dependence  of 
the  thickness ,  s, of the oxide film on both  ionic cu r -  
r e n t  densi ty ,  i, and  the appl ied  voltage,  V. It  is p r o b -  
ab ly  the fa i lu re  to define the  c u r r e n t  dens i ty  in  the 
ci ted papers ,  r a the r  t h a n  the  use  of d i f ferent  e lec-  
t ro ly t ic  solut ion,  which  has led to the  va r i a t i ons  in  
repor ted  va lues  of oxide thickness ,  r a n g i n g  f r o m  
12.7 to 16.5 A / v .  A l t h o u g h  it is po in ted  out  by  v a n  
GeM and  Sche len  (2) tha t  film g rowth  m a y  con t inue  
at  cons tan t  voltage,  t hey  suggest  tha t  it  is sufficient 
on ly  to p e r m i t  the  c u r r e n t  to decrease to a low ( b u t  
unspecif ied)  va lue  in  order  to define the  thickness .  

In  this  i nves t iga t ion  we  have  ca lcu la ted  oxide 
fi lm thicknesses  b y  m e a s u r e m e n t  of the  weight  of 
oxide and  by  the  di rect  m e a s u r e m e n t  t h rou gh  the  
use of i n t e r f e r ence  fr inges.  This l a t t e r  me thod  has 
been  employed  p rev ious ly  by  Nagase  (1) .  

Ba r r i e r  films can be fo rmed  on A1 in  a n y  of sev-  
era l  d i f ferent  aqueous  solut ions,  most  c o m m o n l y  in  
solut ions  of boric acid or a lka l i  borates .  However ,  
aqueous  solut ions  are charac te r ized  b y  gene r a l l y  
poor c u r r e n t  efficiency of oxide format ion ,  as a r e -  
su l t  of oxygen  evo lu t ion  and  anodic  d issolu t ion  of 
A1. These effects m a k e  it  difficult to e x a m i n e  on ly  
tha t  componen t  of the c u r r e n t  which  leads  to film 
growth,  and  we have,  therefore ,  found  it  c o n v e n i e n t  
to work  w i th  solut ions  of a m m o n i u m  p e n t a b o r a t e  i n  
e thy l ene  glycol. The pa r t i cu l a r  composi t ion  chosen 
by  us (30% by  weigh t  of sal t)  is no t  use fu l  for 
oxidiz ing A1 to h igh voltages,  bu t  it is charac ter ized  
by  a h igh c u r r e n t  efficiency of f o r m a t i o n  up  to 150 
v;  w i t h i n  the  er ror  of the  m e a s u r e m e n t s  the  effi- 
c iency is 100%. The films found  in  this  so lu t ion  ap-  
pea r  to be iden t ica l  to those found  in  aqueous  solu-  
t ions  of boric  acid, as shown by  the  capac i tance  of 
films fo rmed  u n d e r  the  same condi t ions  of t e m p e r a -  
ture ,  voltage,  and  c u r r e n t  dens i ty  in  the  two elec-  
t rolytes .  

In  order  to d e t e r m i n e  the  th ickness  of a fo rmed  
film by  we igh t  m e a s u r e m e n t s ,  the  dens i ty  of the  
oxide and  the  surface  area  of the  fo rmed  m e t a l  
m u s t  be known.  The dens i ty  of such films of A120~ 
is not  necessa r i ly  the  same as tha t  of the  b u l k  oxide, 
and  va lues  v a r y i n g  f rom 3.0 to 5.0 g / c m  * have  b e e n  
repor ted.  We have,  therefore ,  also car r ied  out  a de-  
t e r m i n a t i o n  of this  quan t i ty .  The  " roughness  fac-  
tor"  of the me ta l  surface  has been  es t imated  b y  
compar ing  the fo rma t ion  charge r e q u i r e d  for foil 
to tha t  of h igh ly  pol ished A1 surfaces  whe r e  the  
t rue  area is a s sumed  to be equa l  to the geomet r ica l  
area.  We have  verif ied the  equa t ion  for oxide g rowth  
by  ob t a in ing  s t r a i g h t - l i n e  plots of log i vs. 1/W 
(W = oxide film we igh t ) ,  and  log i vs. capaci tance,  
over  the c u r r e n t  dens i ty  r a n g e  of 104 to 10 -7 a m p / c m  ~ 
for films m a i n t a i n e d  at a cons tan t  vol tage  of 150 v. 

Experimental 
F o r m a t i o n s  were  car r ied  out  at  25~ on Alcoa  foil  

of 99.99% pur i ty ,  w i t h  an  a p p a r e n t  surface  a rea  of 
97 cm ~. Before fo rming  the  foil was  c leaned  br ief ly  

w i th  cold po tas s ium d i c h r o m a t e - s u l f u r i c  acid 
c l ean ing  so lu t ion  and  washed  tho rough ly  w i th  h igh-  
p u r i t y  water ,  r i n sed  in  me thano l ,  and  dried.  The  
nega t ive  electrodes of the  fo rma t ion  cell, which  
were  pla t in ized,  also served as the subs id i a ry  elec-  
t rodes for capac i tance  m e a s u r e m e n t s  of the fo rmed  
films. 

The roughness  factor  of the  foil was m e a s u r e d  by  
compar ing  its f o r ma t i on  charge  to tha t  of e lectrodes 
which  were  a s sumed  to have  a factor  of un i ty .  These 
l a t t e r  electrodes were  p r e p a r e d  by  m a c h i n i n g  h igh-  
p u r i t y  A1 pla tes  in  the  fo rm of disks 2 in. in  d i a m -  
eter. One face of each disk was  dr i l led  a nd  t apped  
to accommodate  a brass  rod which  served as an  
e lect r ical  contact .  The opposi te  face was  polished,  
cleaned,  and  then  formed,  a long wi th  the  c y l i nd r i -  
cal surface,  to 400 v in  aqueous  boric  acid. The  
fo rmed  face was  repol i shed  to a m i r r o r  finish and  
t h e n  g iven  a br ie f  chemica l  polish in  Alcoa "R-5 
Br igh t  Dip" solut ion.  The he a vy  fo rma t ion  on the  
cy l indr i ca l  sur face  of the  e lect rode p ro tec ted  tha t  
po r t ion  f rom chemica l  a t tack  and  defined the  area 
for subsequen t  format ion .  Severa l  such electrodes 
were  fo rmed  to 150 v at 1.0 m a / c m  ~, and  f rom the  
charge  passed it  was  d e t e r m i n e d  tha t  the roughness  
factor  of our  foil spec imen  was  1.03. This  low rough-  
ness  factor  is p r o b a b l y  no t  a t r ue  m e a s u r e  of the  
s tate  of the  sur face  before  f o r ma t i on  bu t  is a resu l t  
of the  smooth ing  effect of anodizing.  This  effect has 
been  discussed by  Lewis  and  P l u m b  (10).  

Oxide films were  de tached  f rom the  u n d e r l y i n g  
me ta l  by  dissolving the A1 in  a m e t h a n o l - b r o m i n e  
so lu t ion  (11),  fil tered, washed,  and  dr ied  at  105~ 
Al l  we igh ings  were  made  on a B r i n k m a n n - S a r t o r i u s  
microba lance .  

Dens i ty  m e a s u r e m e n t s  we re  made  by  hydros ta t i c  
we igh ing  in to luene.  A bou t  100 mg of sample  was  
sufficient to give the  des i red accuracy.  

Capac i tance  read ings  were  made  10 m i n  af ter  r e -  
mova l  of voltage,  at  which  t ime  the change  in  ca-  
pac i ty  wi th  t ime  is negl ig ible .  

Direct  d e t e r m i n a t i o n s  of the  th ickness  of films were  
made  by  the  m e a s u r e m e n t  of the  d i sp lacemen t  of i n -  
t e r f e rence  f r inges  p roduced  b y  a s t a n d a r d  a i r  wedge.  
Detached flakes of oxide, p r e p a r e d  by  S t rohma ie r ' s  
me thod  (12),  were  m o u n t e d  on an  optical  flat and  
covered wi th  an  evapora ted  l ayer  of s i lver  about  
600A thick.  S ince  the  step thus  p roduced  on the  su r -  
face of the opt ical  fiat is the  same he ight  as the  
th ickness  of the  oxide film, the  observed  d isp lace-  
m e n t  is the same as tha t  which  wou ld  be due  to the  
film itself. The d i sp lacemen t  was  m e a s u r e d  at  a 
magni f ica t ion  of 32X wi th  a t r a ve l i ng  microscope 
which  was ca l ib ra ted  to read  to 0.001 mm.  The  l ight  
source was  the Hg 5460A line.  

A c o n s t a n t - c u r r e n t  gene ra to r  1 was  used for the  
m e a s u r e m e n t  of fo rma t ion  ra tes  at cons tan t  c u r -  
rent .  The  r a nge  of c u r r e n t  of this  i n s t r u m e n t  l imi t ed  
the  m e a s u r e m e n t s  to b e t w e e n  2.0 x 10 -~ and  2.0 x 
10 -' a m p / c m  ~. D u r i n g  the per iod  of m e a s u r e m e n t  
the  c u r r e n t  could be he ld  cons t an t  to be t t e r  t h a n  
0.5%. 

1 C o n s t r u c t e d  by  t he  Tes t  E q u i p m e n t  D e p a r t m e n t ,  S p r a g u e  Elec-  
t r i c  Co. 
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Table I. Current efficiency of oxide formation based on weight measurements 
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Curren t  density, amp/cm ~ 10 -~ 
Total charge, coulombs/cm ~ 0.388 
Measured wt. gain, ~g/cm ~ 31.9 
Calculated wt. gain, ~g/cm ~ 32.2 
Measured wt. of oxide, ~g/cm ~ 68.0 
Calculated wt. of oxide, ~g/cm ~ 68.4 

10 -~ 10 -5 10-" 10 -8 
0.363 0.339 0.318 0.299 

30.0 28.3 26.8 25.0 
30.3 28.1 26.3 24.8 
63.6 59.8 56.5 53.4 
64.0 59.6 56.0 52.8 

Results 

The va l i d i t y  of the  resul t s  is d e p e n d e n t  on a 
knowledge  of the c u r r e n t  efficiency of oxide f o r m a -  
t ion, i.e., the  f rac t ion  of the  to ta l  c u r r e n t  which  is 
ionic. P r e l i m i n a r y  work  w i th  the g lyco l -bora t e  elec- 
t ro ly te  showed a l i nea r  r ise in  vol tage  w i th  t ime  to 
s l ight ly  h igher  t h a n  150 v w h e n  a cons tan t  c u r r e n t  
of 10 -~ a m p / c m  ~ was  ma in t a ined .  Therefore ,  an  end  
vol tage  of 150 v was  chosen as a c o n v e n i e n t  va lue  
for our  format ions .  F o r m a t i o n s  were  made  at a con-  
s t an t  c u r r e n t  dens i ty  w i th  a s i lver  cou lomete r  in  
series w i th  the  cell, the  vol tage  be ing  ad jus t ed  m a n -  
ua l l y  d u r i n g  fo rmat ion .  A t  the  end  vol tage,  the  
vol tage  was  held  constant ,  and  the  c u r r e n t  was  a l -  
lowed to decrease  to the  des i red value .  Therefore ,  in  
each fo rma t ion  0.299 c o u l o m b / c m  ~ (see Tab le  I) was  
passed at 10 -~ a m p / c m  ~, the r e m a i n d e r  of the  charge  
be ing  passed at a cons t an t l y  decreas ing  c u r r e n t  d e n -  
sity. The  m e a s u r e d  we igh t  ga in  of the anode  was  
compared  to tha t  ca lcu la ted  f rom the  a m o u n t  of 
charge  passed, a s suming  tha t  the p roduc t ion  of ALO~ 
was the  on ly  anodic  process. In  addi t ion ,  the  oxide 
was r emoved  f rom the  foil, and  its we igh t  was  also 
compared  to the  ca lcula ted  value .  Tab le  I shows 
tha t  the  a g r e e m e n t  b e t w e e n  the  two va lues  is g e n -  
e ra l ly  w i t h i n  1%, which  is the  e s t ima ted  e r ro r  of 
the  exper imen t s .  

Hea t ing  of the  oxide to 600~ resu l ted  in  no  
change  in  weight ,  i nd ica t ing  tha t  the  fi lm con t a i ne d  

ne i t he r  wa t e r  nor  glycol, and  the  presence  of bora tes  
could no t  be  detec ted  by  chemica l  analysis .  F u r t h e r -  
more,  the re  was  no a p p a r e n t  oxygen  evo lu t ion  at  

a n y  t ime  d u r i n g  format ion ,  nor  did the  elec-  

t ro ly te  con ta in  A1 af ter  fo rmat ion .  On the  basis  of 
these  analyses ,  we have  conc luded  tha t  the  anodic  
p roduc t  was  solely ALO~ and  tha t  the  condi t ions  of 
fo rma t ion  led to 100% c u r r e n t  efficiency of oxide 

fo rmat ion .  
F i g u r e  1 is a plot  of log i vs. 1/W ( the  rec iproca l  

of the  we igh t  of oxide pe r  u n i t  a r ea ) ,  whe re  each 

poin t  r ep resen t s  the  average  va lue  of at leas t  th ree  

-2 

I 0 | i  I I I I I I I I I 

~ ,  I 
1.4 LS t. l l  i*? I .e  1,9 

REC, IPROCAL WEIGHT X I0 4 (C.~t'/~') 

Fig. 1. Current density vs. reciprocal weight of aluminum 
oxide films maintained at a constant potential of 150 v at 
25 ~ 

separa te  m e a s u r e m e n t s .  The  da ta  at  the  h igher  c u r -  
r e n t  densi t ies  we re  corrected for iR losses in  the  
e lec t ro ly te  so tha t  each po in t  cor responds  to an  ap -  
p l ied  anodic  vol tage  of 150 v. The  slope of the  l ine  
is 150fl p/2.303 w he r e  p is the  dens i ty  of the  anodic  
oxide. Fou r  separa te  dens i ty  m e a s u r e m e n t s  r e su l t ed  
in  an  average  va l ue  for p of 3.17 _ 0.03 g / c m  ~. fl is 
t hen  ca lcu la ted  to be 4.8 x 10 -B c m / v .  A s imi la r  p lo t  
of log i vs. capac i tance  per  u n i t  a rea  m e a s u r e d  at 120 
cps is g iven  in  Fig. 2. The  slope in  this  case is equa l  
to 150fl/2.04 x 10-~e. F r o m  the  th ickness  m e a s u r e -  
ments ,  e is ca lcu la ted  to be 8.4 • 0.2, a nd  # f rom this  
plot  has a va l ue  of 5.4 x 10 -B c m / v .  Ex t r a po l a t i on  
of the  two plots pe rmi t s  an  e s t ima t ion  of a, g iv ing  
l f f  ~ and  10 -~' a m p / c m  ~ in  Fig. 1 and  2, respect ively .  
Char l e sby  (8) r epor ted  fl : 3 x 10 -~ a nd  a = 10 -1~, 
whi le  Nagase  (9) ,  who ob ta ined  his va lues  f rom 
ra te  m e a s u r e m e n t s ,  is in  b e t t e r  a g r e e m e n t  wi th  our  
figures, g iv ing  4.3 x 10 -~ a nd  10 -~~ for fl a nd  a. 

Tab le  II  shows the  thickness ,  s, ca lcu la ted  for 
some of the  poin ts  and  compared  w i th  those ob ta ined  
f rom in t e r f e rome t r i c  me a su r e me n t s ,  the  l a t t e r  be ing  
re l i ab le  to abou t  30A. Sa t i s fac tory  a g r e e m e n t  was  
ob ta ined  b e t w e e n  the  two methods.  

The  increase  in  oxide th ickness  which  is possible  
at  cons tan t  vol tage  exp la ins  the  va r i a t i on  in  the  r e -  
por ted  va lues  for anodic  a l u m i n u m  oxide. In  the  
r a nge  of c u r r e n t s  discussed here,  a 150-v fi lm m a y  
v a r y  in  th ickness  f rom 11.3 to 14.4 A / v .  Clear ly ,  
then,  bo th  vo l tage  and  ionic c u r r e n t  dens i ty  m u s t  be  
defined if the  va l ue  of th ickness  at  some specified 
vol tage  is to be significant.  

In  a recen t  paper ,  Winke l ,  Pis tor ius ,  and  v a n  
Geel  (13) suggest  a modif icat ion of the  ex is t ing  
theory  for anodic  growth.  Suppor t  for the i r  v iew is 
g iven  by  the i r  obse rva t ion  tha t  the  cons t an t  fl ap -  
p a r e n t l y  var ies  w i t h  field. However ,  the  aqueous  
e lec t ro ly te  used in  the i r  e x p e r i m e n t s  r e q u i r e d  t h e m  
to correct  the  to ta l  c u r r e n t  for the  e lec t ronic  com-  
ponen t ,  and  large  correct ions  of this  n a t u r e  lead to 
an  apprec iab le  degree  of u n c e r t a i n t y  in  the  f inal  
resul ts .  We, on the  o ther  hand,  have  m e a s u r e d  these  
ra tes  in  our  e lec t ro ly te  of h igh c u r r e n t  efficiency 
and  p lo t ted  in  the  same m a n n e r  as Winke l ,  et al., as 
shown in  Fig.  3. A s t ra igh t  l ine  is p roduced  as p r e -  
dicted by  theory.  F r o m  the  slope fl m a y  aga in  be  
ca lcu la ted  and  gives the va lue  4.4 x 10 -~, in  good 

Table II. Comparison of film thickness at constant voltage as 
determined by weight and optical measurements 

C u r r e n t  
d e n s i t y ,  a m p / c m  2 

F i l m  t h i c k n e s s ,  c m  • 10 5 

Weight measurement Optical measurement 

10 -8 1.68 1.72 
10 -~ 1.89 1.93 
10 -7 2.15 2.14 
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Fig. 2. Current density vs. 120 cps capacitance of  alumi- 
num omde fi lms maintained at a constant potential o f  1S0 v 
a t  25~ 
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Fig. 3. increase of  voltage per unit  charge as o funct ion o f  
the current density of  format ion at 25~ 

a g r e e m e n t  w i th  the  va lues  ob ta ined  f rom weigh t  
and  capac i tance  measu remen t s .  

Rates at al l  c u r r e n t  densi t ies  were  m e a s u r e d  in  
the  vol tage  r ange  of 120-150 v by  first f o rming  at 
10 -3 a m p / c m  ~ to 120 v and  then  r educ ing  the  c u r r e n t  
to the  des i red level.  In  this  w a y  all  ra tes  were  m e a s -  
u r ed  u n d e r  the same condi t ions  of surface  roughness  
since n e a r l y  the same th ickness  of oxide was  p resen t  
before  the  in i t i a l  r ead ings  were  taken .  

Al l  the  work  p re sen t ed  here  is based on the  as-  
s u m p t i o n  tha t  even  at the  lowest  c u r r e n t  densi t ies  

A u g u s t  1959 

used we are dea l ing  solely w i th  ionic cur ren t .  It  
m a y  be a rgued  tha t  s ince the  e x p e r i m e n t s  which  
led to this  conclus ion  were  based on fo rma t ions  
d u r i n g  which  the ma j o r  por t ion  of the charge was  
passed at 10 -3 a m p / c m  2, an  apprec iab le  c o n t r i b u t i o n  
by  e lect ronic  c u r r e n t  wou ld  have  been  unno t i c ed  at  
the lower  cur ren ts .  If such were  the case, however ,  
we would  not  expect  such a good fit to the  plots  
over  the  whole  range .  F u r t h e r m o r e ,  the  r a t e  curve  
(Fig. 3) would  t h e n  be expec ted  to have  the  shape 
ob ta ined  by  Winke l ,  et al., r a t h e r  t h a n  a s t ra igh t  
l ine.  
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Kinetics of the Dissolution of Copper in Oxygen-Containing 
Solutions of Various Chelating Agents 
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ABSTRACT 

The kinetics of the dissolution of copper in  stirred oxygen-conta in ing  solu- 
tions of e thylenediamine  and several amino acids have been examined and com~ 
pared with those found earlier for ammonia.  In  each case, provided that  the 
part ial  pressure of oxygen exceeds a critical value (below which its t ranspor t  to 
the copper surface may be rate l imit ing) ,  the rate was found to be zero-order 
in  oxygen and first-order in  the complexing agent. The ra te -de te rmin ing  proc- 
ess is believed to be the chemical attack of the oxygen-covered copper surface 
by the complexing agent. At 25 ~ the rate constants for dissolution by e thylene-  
diamine, glycinate, ~-alaninate,  and ~-alaninate  were found to be 2.3 x 102, 49, 
59, and 11 mg Cu cm -2 hr -1 M -1. These follow the same order as the stabil i ty con- 
stants of the corresponding cupric complexes. In  each system there is also an-  
other reaction path, independent  of the first, which involves the protonated 
species, i.e., the e thy lenediamin ium ion and the neut ra l  amino acids. The cor- 
responding rate constants are 5.1 x 102, 31, 36, and 3.5 mg Cu cm -2 hr  -1 M -1. 

A k ine t ic  s tudy  of the  d i sso lu t ion  of copper  in  
o x y g e n - c o n t a i n i n g  aqueous  solut ions  of a m m o n i a  
and  a m m o n i u m  salts was  descr ibed  ear l ie r  (1, 2). I t  
was shown  tha t  the reac t ion  proceeded by  two i n -  
d e p e n d e n t  pa ths  whose  r a t e - d e t e r m i n i n g  steps a re  
the  chemica l  a t tack  on the o x y g e n - c o v e r e d  copper  
surface  by  an  NH3 molecu le  and  an  NH, § ion, respec-  
t ively.  Both rates  are  i n d e p e n d e n t  of the  oxygen  
concen t r a t i on  above a cr i t ical  va lue  w h e n  the  t r a n s -  
por t  of oxygen  to the  surface  is no longer  r a t e -  
l imi t ing .  U n d e r  these condi t ions  the  k inet ics  are of 
the fo rm 

Rate  = kA[NH3] + kAR[NH~ § [1] 

At  lower  oxygen  pa r t i a l  p ressures  a d i f ferent  ra te  law, 
f i r s t -o rder  in  oxygen  and  i n d e p e n d e n t  of the  con-  
cen t ra t ions  of a m m o n i a  or a m m o n i u m  salts, was  
observed;  this  was  a t t r i b u t e d  to ra te  cont ro l  by  
oxygen  t ranspor t .  

The p re sen t  paper  descr ibes  s imi la r  m e a s u r e -  
m e n t s  u s ing  severa l  o ther  c o m p l e x - f o r m i n g  r e -  
agents,  n o t a b l y  the  che la t ing  agents  e t h y l e n e -  
d iamine ,  glycine,  a - a l a n i n e ,  and  f l -a lan ine .  These 
were  selected w i t h  a v iew to p rov id ing  f u r t h e r  
ins igh t  into the  role of complex  fo rma t ion  in  the  
m e c h a n i s m  of the  d isso lu t ion  process and  to cor-  
r e l a t ing  the  ra te  of d i sso lu t ion  w i th  the s t ruc tu re  
and  s t ab i l i ty  of the  complexes  formed.  

Experimental 
The a p p a r a t u s  a n d  e x p e r i m e n t a l  p rocedure  were  

s imi la r  to those employed  ea r l i e r  (1, 2) w i t h  the  
fo l lowing m i n o r  va r ia t ions :  Ag i t a t i on  was effected 
by  means  of a t u r b i n e - t y p e  impe l l e r  whose  blades,  
gene ra l l y  ro t a t i ng  at  770 rpm,  swept  a cy l ind r i ca l  
v o l u m e  of 8 cm d iamete r .  The  exposed surface  
(gene ra l ly  abou t  2 cm 2) of the  B a k e l i t e - m o u n t e d  

1 D e p a r t m e n t  of  C h e m i s t r y ,  U n i v e r s i t y  of  B r i t i s h  C o l u m b i a .  
2 P r e s e n t  a d d r e s s :  U n i o n  M i n i ~ r e  d u  t t a u t  K a t a n g a ,  J a d o t v i l l e ,  

B e l g i a n  Congo .  
8 P r e s e n t  a d d r e s s :  D e p a r t m e n t  of  C h e m i s t r y ,  C a r l e t a n  U n i v e r s i t y ,  

O t t a w a ,  O n t .  

copper  spec imen  was  pos i t ioned  in  a ve r t i ca l  p l ane  
t a n g e n t i a l  to this  cy l ind r i ca l  vo lume.  

Most of the m e a s u r e m e n t s  were  m a d e  u s i ng  con-  
d u c t i v i t y - g r a d e  (99.97%) copper;  no difference in  
the r a t e  of d i s so lu t ion  was  no ted  w h e n  J o h n s o n -  
Ma t they  h i g h - p u r i t y  (99.999%) copper  was used  
instead.  Dif ferent  a n n e a l i n g  p r e t r e a t m e n t s ,  which  
resu l t ed  in  g ra in  sizes r a n g i n g  f rom 0.035 to 0.12 
ram, were  also w i thou t  effect on the  d isso lu t ion  
rate .  Before each e x p e r i m e n t  the  copper  surface  
was  etched l igh t ly  w i th  an  a m m o n i a - a m m o n i u m  
pe r su l f a t e  solut ion,  bu t  this  p rocedure  also did no t  
appea r  to be cri t ical .  

E t h y l e n e d i a m i n e  (99%)  was  ob t a ined  f rom 
C a r b o n  a nd  Carb ide  Chemica l s  Corp. Pur i f i ca t ion  
by  f rac t iona l  d i s t i l l a t ion  did no t  affect the  d issolu-  
t ion  rate.  Glycine ,  ~ -a l an ine ,  and  f l -a lan ine ,  of 
Reagen t  Grade,  were  ob ta ined  f rom N u t r i t i ona l  
Biochemica l  Corp. 

Disso lu t ion  ra tes  were  d e t e r m i n e d  by  ana lyz ing  
the  l each ing  so lu t ion  per iod ica l ly  for copper  us ing  
the c a r b a m a t e  ca lor imet r ic  me thod  (3) .  Al l  ex-  
p e r i m e n t s  we re  pe r f o r me d  at  25.0 ~ - -0 .1~  To 
avoid the compl ica t ions  due  to sal t  effects found  in  
the  p rev ious  s tudy  (1) ,  the  to ta l  e lec t ro ly te  con-  
cen t r a t i on  of al l  the  solut ions  was  ad jus t ed  ( in  most  
cases to 0.1M) wi th  sod ium perchlora te .  

Results 
The  che la t ing  agents  used a nd  the i r  p roper t i es  are 

l is ted in  Table  I. Typ ica l  ra te  plots  for  the  var ious  
complex ing  agents  are shown  in  Fig. 1. I n  al l  cases 
these were  found  to be l inear ,  and  the  d isso lu t ion  
rates,  co r re spond ing  to the  slopes of the plots, were  
ge ne r a l l y  r ep roduc ib le  to abou t  +_2%. It  was  es tab-  
l i shed  tha t  the  tota l  d isso lu t ion  ra tes  were  p ropor -  
t iona l  to the copper  surface  a rea  and  i n d e p e n d e n t  of 
the  so lu t ion  v o l u m e  (gene ra l l y  2 l i t e r s ) .  No cuprous  
species could be detec ted  in  the  solut ions,  the d is -  

647 
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Table I, Properties of complexing agents and first order rate constants for thedissoJution of copper at 25~ 

C o m p l e x i n g  a g e n t  A o r  A -  

S t a b i l i t y  c o n s t a n t  R a t e  c o n s t a n t  
o f  Cu++ c o m p l e x *  ( r a g  c m  -e h r - ;  M - D  

p K *  
F o r m u l a  H A  + H2A++ l o g  K 1  l o g  K2  kA kAII 

Ammonia  A 
E thy lened iamine  A 
Glyc ina te  A-  
a -Alan ina t e  A- 

~-Alan ina te  A-  

NH~ 9.26 - -  4.3 3.6 84t 1550t 
NH~CH~CH2NH2 10.2 7.47 10.7 9.3 2.3 X ]0 ~ 5.1 • J0 = 
NH~CH~COO- 9.78 2.35 8.4 6.9 49 31 
NH2CHCOO- 9.87 2.34 8.4 6.9 59 36 

I 
CH~ 

NH~CH~CH~COO- 10.4 3.60 7.1 5.5 11 3.5 

* F r o m  R e f .  ( 4 ) .  
t F r o m  R e f .  ( 1 ) .  

so lved  coppe r  a p p a r e n t l y  be ing  p r e d o m i n a n t l y  in 
t he  f o r m  of  the  t e t r a c o o r d i n a t e d  cup r i c  c h e l a t e  
complex ,  e.g., C u ( e n ) / §  Cu(gl)=,  etc.  

F o r  each  of t he  c o m p l e x i n g  agents ,  the  d e p e n d -  
ence  of t he  r a t e  of d i s so lu t ion  on the  c o n c e n t r a t i o n  
of the  r e a g e n t  and  on the  o x y g e n  p a r t i a l  p r e s s u r e  
( s h o w n  for  e t h y l e n e d i a m i n e  in F ig .  2) was  f o u n d  to 
c on fo rm q u a l i t a t i v e l y  to the  s ame  p a t t e r n  as o b -  
s e r v e d  p r e v i o u s l y  fo r  a m m o n i a .  This  p a t t e r n  is 
c h a r a c t e r i z e d  b y  two  d i s t i nc t  k ine t i c  reg ions .  A t  
low o x y g e n  p ressu res ,  the  r a t e  is f i rs t  o r d e r  in 
o x y g e n  and  i n d e p e n d e n t  of the  c o n c e n t r a t i o n  of the  
c o m p l e x i n g  agent .  In  t he  case  of a m m o n i a ,  e v i d e n c e  
was  f o u n d  t ha t  the  r a t e  in th is  r e g i o n  is d e t e r m i n e d  
b y  t r a n s p o r t  of  o x y g e n  to t h e  c o p p e r  sur face .  W h i l e  
th is  i n t e r p r e t a t i o n  also m a y  a p p l y  to the  p r e s e n t  
sys tems ,  i t  a p p e a r s  supe r f i c i a l ly  a t  v a r i a n c e  w i t h  t he  
o b s e r v a t i o n s  t ha t  t he  r a t e  for  e t h y l e n e d i a m i n e  in 
th is  r eg ion  (as  we l l  as in  t he  r eg ion  of h igh  o x y g e n  
p r e s s u r e )  was  una f fec ted  b y  v a r y i n g  the  s t i r r i n g  
r a t e  f r o m  550 to 810 r p m  and  t h a t  the  r a t e s  for  
so lu t ions  of  d i f f e ren t  c o m p l e x i n g  agen t s  (e.g.,  
e t h y l e n e d i a m i n e  a n d  g lyc ine )  d i f fe red  b y  as m u c h  
as 25%. This  po in t  was  no t  i n v e s t i g a t e d  f u r t h e r ,  
a n d  a l l  the  k ine t i c  r e su l t s  to be  cons ide red  h e r e  
r e f e r  to t he  r eg ion  of h i g h e r  o x y g e n  p re s su re ,  w h e r e  

i 
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Fig. 1. Typical rote plots for the dissolution of copper in 
0.1M solutions of various complexing agents at ')5 ~ 6.5 atm 
0~. 

the  r a t e  was  found  to be z e r o - o r d e r  in o x y g e n  and  
f i r s t - o r d e r  in  t he  c o m p l e x i n g  agent .  I n  th is  r eg ion  
the  r a t e - d e t e r m i n i n g  s tep  is o b v i o u s l y  c h e m i c a l  in 
na tu r e .  

In  t he  e t h y l e n e d i a m i n e  sys tem,  k ine t i c  m e a s u r e -  
m e n t s  e x t e n d e d  ove r  e t h y l e n e d i a m i n e  ( en )  c o ncen -  
t r a t i o n s  of 0.05 to 0.5M, e t h y l e n e d i a m i n i u m  ( enH +) 
p e r c h l o r a t e  c o n c e n t r a t i o n s  of 0.00 to 0.03M and  
o x y g e n  p a r t i a l  p r e s s u r e s  of 0 to 7.5 a tm.  The  r e su l t s  
a r e  s u m m a r i z e d  in  T a b l e  I I  a n d  Fig.  2 to 4 and,  in 
t he  h igh  o x y g e n  p r e s s u r e  reg ion ,  con fo rm to a r a t e -  
l a w  ana logous  to Eq. [1] ,  i.e., 

Ra t e  = kA[en]  -t- kA~[enH § [2]  

V a l u e s  of  k~ and  k~., g iven  in  T a b l e  I, w e r e  c o m -  
p u t e d  f rom the  d a t a  in  T a b l e  II. 

A d d i t i o n  of s o d i u m  h y d r o x i d e  to a so lu t ion  of 
e t h y l e n e d i a m i n e  r e s u l t e d  in  a s l igh t  d e c r e a s e  in t he  
r a t e  of d i s so lu t ion  ( T a b l e  I I ) .  This  is a t t r i b u t e d  to 
p a s s i v a t i o n  of the  c o p p e r  su r f ace  b y  ox ide  or  h y -  
d r o x i d e  films. 

In  t he  g lyc ine ,  ~ - a l a n ine ,  a n d  f l - a l a n ine  sys tems ,  
k ine t i c  m e a s u r e m e n t s  w e r e  m a d e  at  c o n c e n t r a t i o n s  
r a n g i n g  f r o m  0.0 to 0.3M each  of the  f ree  a m i n o  
ac id  ( A H )  and  of the  c o r r e s p o n d i n g  an ion  ( A - ) .  
The  r e su l t s  a r e  s u m m a r i z e d  in  T a b l e  II .  Bo th  

E thylsnediomlns (M} / 
0o40 , / ~  
G 0,19 

30 a o.14 

0 o,oTI 
V 0.048 

#, O C 

~2o 

o o , ~ ' ,~ ' 

OXYGEN PRs (otto,) 

Fig. 2. Dependence of the dissolution rate on the ethylene- 
d iomine concentrat ion and the oxygen part ial  pressure. 
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C o n c e n t r a t i o n  (M) 

C h e l a t i n g  a g e n t  A t  AH+t  AH2++t NaOH (M) p H  
Ion ic  

s t r e n g t h s  

Ra t e  of 
s o l u t i o n  
{mg Cu  

cm-2hr-1) 

Ethylenediamine  0.045 0.002 0.00 0.00 11.5 0.1 11.7 
0.068 0.003 0.00 0.00 11.5 0.1 17.2 
0.091 0.004 0.00 0.00 11.6 0.1 22.8 
0.138 0.005 0.00 0.00 11.7 0.1 31.3 

0.0475 0.010 0.00 0.00 10.9 0.1 17.0 
0.0475 0.020 0.00 0.00 10.6 0.1 22.0 
0.0475 0.030 0.00 0.00 10.4 0.1 27.0 

0.0950 0.00 0.00 0.01 11.8 0.1 20.0 
0.0950 0.00 0.00 0.02 12.2 0.1 19.4 
0.0950 0.00 0.00 0.03 12.4 0.1 18.5 

Glycinate  0.097 0.003 0.00 0.00 11.3 0.1 4.8 
0.146 0.004 0.00 0.00 11.3 0.2 9.8 
0.194 0.006 0.00 0.00 11.3 0.3 14.8 

0.00 0.10 0.00 0.00 6.0 0.1 3.2 
0.00 0.15 0.00 0.00 6.0 0.1 4.6 
0.00 0.20 0.00 0.00 6.0 0.1 6.2 

0.00 0.10 0.01 0.00 4.2 0.1 0.2 
0.00 0.10 0.02 0.00 2.7 0.1 0.0 

~-alaninate 0.096 0.0037 0.00 0.00 11.3 0.1 5.9 
0.193 0.0074 0.00 0.00 11.3 0.2 11.7 
0.29 0.011 0.00 0.00 11.3 0.3 17.3 

0.00 0.10 0.00 0.00 6.3 0.1 3.6 
0.00 0.20 0.00 0.00 6.3 0.2 7.5 
0.00 0.30 0.00 0.00 6.3 0.3 10.8 

0.00 0.10 0.01 0.00 4.2 0.1 0.2 
0.00 0.10 0.02 0.00 2.7 0.1 0.0 

p-alaninate  0.094 0.006 0.00 0.00 11.6 0.1 1.0 
0.187 0.013 0.00 0.00 11.6 0.2 2.2 
0.281 0.019 0.00 0.00 11.6 0.3 3.6 

0.00 0.10 0.00 0.00 6.6 0.1 0.34 
0.00 0.20 0.00 0.00 6.6 0.1 0.69 
0.00 0.30 0.00 0.00 6.6 0.1 1.11 

0.00 0.10 0.01 0.00 4.7 0.1 0.00 

* 02 p a r t i a l  p re s su re  = 7.8 arm for  e t h y l e n e d i a m i n e  and  6.5 a t m  fo r  t he  
t [A-J,  [AH] ,  and  [AH~+] in  t he  case of the  a m i n o  acids.  
S A d j u s t e d  w i t h  NaC10~. 

o the r  sys tems.  

species a re  a p p a r e n t l y  ac t ive  in p r o m o t i n g  d isso lu-  
t ion and the  o x y g e n - i n d e p e n d e n t  r a t e  l a w  in each  
sys t em was  found  to be  of the  f o r m  

Ra te  = k~[A-] ~- kA~[AH] [3] 

Values  of kA and k,n, c o m p u t e d  f r o m  these  data ,  a re  
l i s ted  in Tab le  I. By  ana logy  w i t h  the  i n t e r p r e t a -  
t ions accorded  to the  a m m o n i a  and  e t h y l e n e d i a m i n e  
sys tem it  m a y  be  conc luded  tha t  these  are  the  r a t e  
cons tan ts  for  the  i n d e p e n d e n t  a t t ack  of the  an ion  
and acid species, r e spec t ive ly ,  on the  o x y g e n -  
c ove red  copper  surface ,  e i t he r  process  l ead ing  to the  
d isso lu t ion  of a cupr ic  ion. 

The  n e u t r a l  amino  acids are  p re sen t  in so lu t ion  in 
two  fo rms  (5) ,  the  zwi t t e r i on  (e.g., § 
and the  m o l e c u l a r  f o r m  (e.g., NH~CH2COOH). 
S ince  the  ra t io  of the  concen t r a t i ons  of the  two  fo rms  
is cons tan t  for  each  acid, the  k ine t i c  da ta  p rov ide  no 
i n f o r m a t i o n  about  the  r e l a t i v e  con t r ibu t ions  of the  
two  species to the  rate .  H o w e v e r ,  in v i e w  of the  p r e -  

d o m i n a n c e  of the  zw i t t e r i on  form,  it  is r easonab le  
to conc lude  tha t  kA~ re fe r s  essen t ia l ly  to t he  r eac t ion  
of th is  species.  

No pass iva t ion  effect  was  ev iden t  w i t h  solut ions  
con ta in ing  app rec i ab l e  concen t ra t ions  of the  f ree  
amino  acid a n d / o r  the  anion.  H o w e v e r ,  the  add i t ion  
of an excess  of H § r e su l t i ng  in f o r m a t i o n  of some 
p r o t o n a t e d  amino  acid, H~A +, was  found  to inh ib i t  
d issolu t ion  comple te ly .  This  is a t t r i b u t e d  to pa s s iva -  
t ion of the  copper  su r face  by  an ox ide  f i lm due  to 
suppress ion  of c o m p l e x  f o r m a t i o n  in the  solut ion 

CuA~ ~ 2H~A ~ ~ Cu "~ ~- 4AH [4] 

[ S i m i l a r l y  it  was  found  (2) tha t  copper  does no t  
d isso lve  in a so lu t ion  con ta in ing  NH~ + if the  f ree  
NH~ concen t r a t i on  is v e r y  low, desp i te  the  fact  t ha t  
the  r a t e  cons tan t  for  the  r eac t ion  of NH~ + is h ighe r  
t h a n  for  NH3 w h e n  bo th  a re  p resen t . ]  Because  of 
this  res t r ic t ion ,  m e a s u r e m e n t s  could  be  m a d e  on ly  
in solut ions  in w h i c h  the  concen t r a t i on  of t he  p r o -  
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Fig. 3. Dependence of the rate at 7.8 atrn O~ on the 
ethylenedlarnine concentration. 

t o n a t e d  a m i n o  ac id  (e.g.,  +NH3CH.~COOH) was  v e r y  
l o w  and  the  r a t e  cons t an t  for  the  r e a c t i o n  of th i s  
spec ies  cou ld  not  be  d e t e r m i n e d .  

U n d e r  t he  cond i t ions  e m p l o y e d  in these  s tud ies  
(25 ~ 6.5 a t m  O~) the  d i s so lu t ion  of  coppe r  in  so lu -  
t ions  of ace t ic  ac id  a n d / o r  s o d i u m  ace t a t e  was  f o u n d  
to be  v e r y  slow. This  is p r o b a b l y  also due  to p a s s i -  
v a t i o n  of the  coppe r  s ince  the  p H  of t hese  so lu t ions  
is r e l a t i v e l y  h igh  a n d  the  c o m p l e x i n g  of Cu § w e a k .  

Conclusions 
The  same  t y p e  of m e c h a n i s m  as p r o p o s e d  e a r l i e r  

for  t he  d i s so lu t ion  of  coppe r  b y  a m m o n i a  also a p -  
p e a r s  to be a p p l i c a b l e  to the  p r e s e n t  sys tems .  This  
m e c h a n i s m  invo lves  t he  fo l lowing  sequence  of s teps  

(i) Cu + �89 O, 

( i i )  C u . . . O + N H , R  

o r  

fas t  
) C u . . . 0  

s l ow  ) *C 

O =  --d 

H O H  

fas t  

C u . . .  0 + * N H , R  ) 
s low 

) C u ( N H , R )  §247 + 2 OH- [5]  

fast  

0 = --, 

) Cu(NH,R)** + OH- [6]  

E x a m i n a t i o n  of t he  d a t a  in T a b l e  I r e v e a l s  t he  
fo l l owing  po in t s  of i n t e r e s t :  

1. The  r eac t i v i t i e s  of t he  amines  (NH~ and  en)  in 
d i s so lv ing  coppe r  a p p e a r  to be  s ign i f i can t ly  h i g h e r  
t h a n  those  of the  a m i n o  acids.  

2. The  h i g h e r  r e a c t i v i t i e s  of e t h y l e n e d i a m i n e  
r e l a t i v e  to a m m o n i a ,  and  of ~ - a l a n i n e  r e l a t i v e  to 
f l - a l a n i n e  sugges t  t he  inf luence  of  a c h e l a t e  ef fec t  
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Fig. 4. Dependence of the rate at 7.8 atm O~ on the 
ethylenediaminiurn perchlorete concentration. Solutions also 
contain 0.048M free on. Ionic strength held constant at 
0.1M with sodium perchlorete. 

in the  r a t e - d e t e r m i n i n g  step.  This  imp l i e s  t h a t  bo th  
c o o r d i n a t i n g  g roups  of t h e  che l a t i ng  a g e n t  i n t e r a c t  
w i t h  t he  m e t a l  su r f ace  in th is  s tep.  

3. The  r a t e  cons t an t s  for  t he  fou r  che l a t i ng  agen t s  
fo l low a p p r o x i m a t e l y  the  s a m e  o r d e r  as t h e  s t a b i l i t y  
cons t an t s  of t he  c o r r e s p o n d i n g  cupr i c  complexes .  

4. In  the  case  of  bo th  a m m o n i a  a n d  e t h y l e n e d i a -  
m i n e  the  p r o t o n a t e d  species  is m o r e  r e a c t i v e  t h a n  
the  n e u t r a l  base  (kAH*> kA). This  has  p r e v i o u s l y  
(1)  been  a t t r i b u t e d  to s t a b i l i z a t i on  of t he  a c t i v a t e d  
c o m p l e x  in t he  d i s so lu t ion  p rocess  b y  i n t e r a c t i o n  
b e t w e e n  the  e x t r a  p r o t o n  and  the  i nc ip i en t  ox ide  
ion  (Eq. [ 6 ] ) .  H o w e v e r ,  th is  e x p l a n a t i o n  does  no t  
a c c o m m o d a t e  t he  p r e s e n t  o b s e r v a t i o n  t h a t  t he  r e -  
ac t iv i t i e s  of t h e  a m i n o  ac ids  a r e  e n h a n c e d  b y  
removal  of a p r o t o n  (i.e., kA->  k ~ ) .  I t  m a y  be  of 
s igni f icance  t h a t  in bo th  cases  t he  h i g h e r  r e a c t i v i t y  
is a s soc ia ted  w i t h  t he  ionic  species.  

5. A c o m p a r i s o n  of t he  r a t e s  of r e a c t i o n  of ~-  
a n d  f l - a l an ine  fa i l s  to r e v e a l  a n y  i n d i c a t i o n  t h a t  t h e  
p re sence  of a m e t h y l  g roup  on t h e  a -  pos i t i on  of t he  
a m i n o  ac id  i n t e r f e r e s  s t e r i c a l l y  w i t h  t h e  reac t ion .  

6. S o m e w h a t  u n e x p e c t e d l y ,  t he  r a t i o  kN.,+/kN,8 
(18.5) is m u c h  g r e a t e r  t h a n  ke.~+/ken (2.1) .  A p o s -  

s ib le  e x p l a n a t i o n  of th is  is t h a t  d i s so lu t ion  b y  e t h y l -  
e n e d i a m i n e  i nvo lves  c o n c e r t e d  i n t e r a c t i o n  w i t h  t h e  
su r f a c e  of bo th  a m i n e  g roups  a n d  hence  is ass i s ted  
on ly  s l i gh t ly  b y  p r o t o n a t i o n  of one of t h e  groups .  
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ABSTRACT 

Amorphous  se lenium coatings have been e lec t ropla ted  in thicknesses up to 
30 ~ (1.2 mils)  on br igh t  n ickel  cathodes (and th icker  coatings can be p r e pa re d ) .  
Data  are  given for  s tudies leading to the selection of the op t imum ba th  and 
opera t ing  condit ions for  the  format ion  of reproducible ,  uniform, and adheren t  
deposits.  I t  is shown tha t  the  p la t ing  ba ths  employed  and the amorphous  de-  
posits obta ined  are  ex t r eme ly  sensi t ive to a va r i e ty  of conditions,  thus em-  
phasizing the need for fu r the r  s tudy of the  e lec t rodeposi t ion of se lenium in the 
amorphous  form. 

D u r i n g  r e c e n t  y e a r s  an  e l e c t r o p h o t o g r a p h i c  p r o c -  
ess ca l l ed  x e r o g r a p h y  (1) has  been  deve loped .  I t  is 
used  for  the  r a p i d  r e p r o d u c t i o n  of p h o t o g r a p h s .  As  a 
p h o t o g r a p h i c  process ,  x e r o g r a p h y  e m p l o y s  a r e u s a -  
b le  p l a t e  cons i s t ing  of a th in  l a y e r  of a p h o t o c o n d u c -  
t ive  m a t e r i a l ,  h a v i n g  a h igh  d a r k  r e s i s t i v i ty ,  on an  
e l e c t r i c a l l y  c o n d u c t i v e  base.  The  p l a t e  is s ens i t i zed  
b y  e l ec t ro s t a t i c  c h a r g i n g  i m m e d i a t e l y  b e f o r e  use  
and  an  e l ec t r i ca l  i m a g e  f o r m e d  b y  e x p o s u r e  of t he  
p l a t e  to a l i gh t  image .  The  e l e c t r i c a l  i m a g e  t h e n  is 
t r a n s f o r m e d  to a p o w d e r  i m a g e  b y  s u b j e c t i n g  the  
p l a t e  to an  e l e c t r i c a l l y  c h a r g e d  p o w d e r  d i s p e r s e d  in 
air .  P r i n t s  a r e  m a d e  b y  t r a n s f e r r i n g  the  p o w d e r  
i m a g e  to p a p e r  or  o t h e r  m a t e r i a l  su i t ab l e  for  h a n d l -  
ing or  use.  

The  p h o t o g r a p h i c  p l a t e s  in  use  t o d a y  a re  c o m -  
posed  of a 50 ~ (2.0 m i l s )  t h i c k  l a y e r  of a m o r p h o u s  
s e l e n i u m  on an a l u m i n u m  base .  The  s e l e n i u m  l a y e r s  
a r e  d e p o s i t e d  on the  bas is  m e t a l  b y  a v a c u u m  e v a p -  
o r a t i on  process .  

This  p a p e r  p r e s e n t s  t he  r e su l t s  of a r e s e a r c h  i n -  
v e s t i g a t i o n  u n d e r t a k e n  to p r o d u c e  b y  e l e c t r o d e p o s i -  
t ion  a m o r p h o u s  s e l e n i u m  fi lms h a v i n g  the  r e q u i r e d  
p r o p e r t i e s  for  use  as e l e c t r o p h o t o g r a p h i c  p la tes .  

Bo th  e l e c t r o n e g a t i v e  and  e l e c t r o p o s i t i v e  ions  of 
s e l e n i u m  can  ex i s t  t o g e t h e r  in a l k a l i n e  solut ions .  
C r y s t a l l i n e  a l l o t ropes  of s e l e n i u m  inc lude  two  
monoc l in i c  fo rms  and  one h e x a g o n a l  fo rm.  The  
monoc l in i c  v a r i e t y  consis ts  of 8 - m e m b e r e d  r i n g  
mo lecu l e s  (2) ,  a n d  the  h e x a g o n a l  f o rm  is b u i l t  up  
f r o m  c h a i n - m o l e c u l e  sp i r a l s  (3 ) .  The  a m o r p h o u s  
and  monoc l in i c  fo rms  of s e l e n i u m  a re  n o n c o n d u c -  
tors  and  a r e  d a r k  r e d  to b l a c k  and  red,  r e s p e c t i v e l y .  
The  h e x a g o n a l  modi f i ca t ion  is a s e m i c o n d u c t o r  and  
is g e n e r a l l y  g r a y  in color.  

The  s e m i c o n d u c t i n g  h e x a g o n a l  f o r m  of s e l e n i u m  
has  r e p o r t e d l y  been  e l e c t r o d e p o s i t e d  bo th  c a t h o d i -  
ca l ly  (4)  a n d  a n o d i c a l l y  (5 ) ,  H o w e v e r ,  t h e r e  is l i t t l e  
i n f o r m a t i o n  conce rn ing  the  f o r m a t i o n  of un i fo rm,  
dense,  and  a d h e r e n t  a m o r p h o u s  s e l e n i u m  e l e c t r o -  
deposi ts .  Von H i p p e l  and  B loom (4)  in  t h e i r  w o r k  
on the  e l e c t r o d e p o s i t i o n  of m e t a l l i c  s e l e n i u m  s t a t e d  
t h a t  u n d e r  c e r t a i n  cond i t ions  n o n c o n d u c t i v e  se le -  
n i u m  was  f o r m e d  w h i c h  i n t e r r u p t e d  c u r r e n t  flow. 
T h e y  also r e p o r t e d  t h a t  t he  e l e c t r o d e p o s i t i o n  of 
a m o r p h o u s  s e l e n i u m  p r a c t i c a l l y  ceases  in t h e  d a r k  

bu t  cou ld  be  c o n t i n u e d  u n d e r  s t rong  i l l u m i n a t i o n  
u n t i l  a t h i ckness  of a b o u t  0.12 ~ was  r eached .  Se l l a  
(6)  r e p o r t e d  ob ta in ing ,  b y  e l ec t rodepos i t ion ,  t he  
a l l o t rop i c  fo rms  of s e l e n i u m  b y  v a r y i n g  the  depos i -  
t ion  t e m p e r a t u r e  w i t h  l ow t e m p e r a t u r e  (0 ~ - 62~ 
a p p a r e n t l y  p r o d u c i n g  t h e  a m o r p h o u s  f o r m  of the  
e l emen t .  

The  ba ths  p r e v i o u s l y  r e p o r t e d  for  e l e c t r o d e p o s i t -  
ing s e l e n i u m  r a n g e d  f r o m  a l k a l i n e  ( fo r  anod ic  d e -  
pos i t ion )  to s t r o n g l y  ac id  and,  e x c e p t  for  anodic  
depos i t ion ,  w e r e  so lu t ions  c on t a in ing  Se IV. I t  a p -  
p e a r s  f r o m  p o l a r o g r a p h i c  ev idence  (7)  t h a t  Se VI 
is no t  r e d u c e d  in  ac id  med ia .  

Experimental 
P l a t i n g  so lu t ions  w e r e  p r e p a r e d  in  d i s t i l l ed  

w a t e r ,  u s ing  s e l e n i u m  d iox ide  of h igh  p u r i t y #  W h e n  
a w e t t i n g  a g e n t  was  used,  i t  was  i m p o r t a n t  to 
fo l low the  sequence  of a d d i n g  t h e  a g e n t  to the  w a t e r  
first,  and  t hen  a d d i n g  the  de s i r e d  a m o u n t  of se le -  
n i u m  d iox ide  in  o r d e r  to o b t a i n  s a t i s f a c t o r y  r e p r o -  
duc ib i l i t y .  The  so lu t ion  was  d i g e s t e d  30 m i n  a t  
80~ cooled,  and  f i l t e red  t h r o u g h  a ce l lu lose  f i l te r  
aid.  

The  r a n g e  of s p e c t r o g r a p h i c  a n a l y s e s  of t h r e e  lo ts  
of s e l e n i u m  d i o x i d e  is shown  in T a b l e  I. 

E x c e p t  in t he  p r e l i m i n a r y  work ,  t he  p l a t i n g  so-  

l Obtained f rom A. D. Mackay Inc., New York, N.Y. 

Table I. Analysis of SeO~ 
Range of three  lots, % 

Cu -0.005 -0.01 
Pb -0.02 -0.05 
Fe-0.01 -0.1 
Si -0.005 -0.01 
A1 -nd* -0.01 
Mg-0.01 -0.05 
Cr -nd -0.001 
Ca -0.01 -0.03 
Bi -0.0001 
As -0.001 
Ag -0.0005-0.005 
B -0.0001-0.0005 
H g - n d  -0.001 
Te -0.2 
Sb -nd -0.001 

Sought  but  not  detected--Ni ,  Mn, Sn, Au, Ga. Ti, V, Mo, Co, Zn. 
* N o t  d e t e c t e d .  
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tu t ions  w e r e  c o n t a i n e d  in a Luc i t e  H a r i n g  cel l  
p r o v i d e d  w i t h  a c e r a m i c  d i a p h r a g m .  The  a n o l y t e  
was  p l a c e d  in  the  s m a l l e r  sect ion;  for  ac id  p l a t i n g  
ba ths ,  10% (vo l )  H~SO, was  used  w i t h  l e ad  anodes ;  
s t a in less  s tee l  anodes  w e r e  used  in N a O H  so lu t ion  
of b a t h  s t r e n g t h  w h e n  a l k a l i n e  p l a t i n g  b a t h s  w e r e  
be ing  s tud ied .  Most  of t he  w o r k  was  done  in  a cel l  
17.7 x 10 x 11 cm deep,  a l t h o u g h  a sma l l e r ,  geo -  
m e t r i c a l l y  s i m i l a r  cel l  a lso was  used.  

The  p l a t i n g  so lu t ions  w e r e  c i r c u l a t e d  t h r o u g h  
T y g o n  t u b i n g  b y  m e a n s  of a S i g m a m o t o r  p u m p ,  
p r o v i d i n g  m i l d  a g i t a t i o n  of the  ca tho ly t e .  T e m p e r a -  
t u r e  con t ro l  was  o b t a i n e d  b y  i m m e r s i n g  a c o n s i d e r -  
ab l e  l e n g t h  of the  T y g o n  t u b i n g  in  a c o n s t a n t  
t e m p e r a t u r e  ba th .  S t o r a g e  b a t t e r i e s  w e r e  u sed  as 
t h e  c u r r e n t  source  to p r o v i d e  d i r ec t  c u r r e n t  w i t h  
zero  r ipp le .  

P r o v i s i o n  was  m a d e  for  v a r y i n g  t h e  d e g r e e  of 
i l l u m i n a t i o n  of the  ca thode  f r o m  v e r y  s t r o n g  to 
c o m p l e t e  da rknes s .  T h e  v e r y  s t rong  i l l u m i n a t i o n  
was  o b t a i n e d  b y  focus ing  t h r e e  500-w p h o t o s p o t  
l a m p s  on  the  c a t h o d e  s u r f a c e  f r o m  a d i s t a n c e  of 
121/2 in. U n d e r  these  condi t ions ,  c o n s i d e r a b l e  cool ing  
was  r e q u i r e d  to m a i n t a i n  b a t h  t e m p e r a t u r e s ,  e s p e -  
c i a l l y  those  b e l o w  r o o m  t e m p e r a t u r e .  

T e m p e r a t u r e s  f rom 5 ~ to 40~ w e r e  i n v e s t i g a t e d ;  
no h i g h e r  t e m p e r a t u r e  was  s tud ied ,  s ince  i t  was  
d e e m e d  i n a d v i s a b l e  to a p p r o a c h  the  t r a n s f o r m a t i o n  
t e m p e r a t u r e  a m o r p h o u s  ~ c r y s t a l l i n e  too c losely .  

E x p l o r a t o r y  w o r k  was  done  on a b e a k e r  scale  
w i t h  a P t  c a thode  and  w i t h  the  anodes  in  po rous  
cups.  Depos i t s  w e r e  m a d e  w i t h  n o r m a l  i l l u m i n a t i o n  
and  no a g i t a t i o n  a t  r o o m  t e m p e r a t u r e .  In  one ser ies ,  
the  so lu t ion  c o n t a i n e d  211 g/1 SeO~ and  the  pH, 
o r i g i n a l l y  a b o u t  0.8, was  r a i s ed  success ive ly  to 1.5, 
2.6, 7.8, 12.8, a n d  13.7 w i t h  NaOH.  A t  t he  two h i g h e r  
p H  va lues ,  l i t t l e  o r  no depos i t  was  ob ta ined .  F r o m  
the  o the r  ba ths ,  a t  m o d e r a t e  c u r r e n t  dens i t i e s  of  0.1 
to 0.2 a m p / d m  ~, un i fo rm,  a d h e r e n t ,  g lossy  depos i t s  
w e r e  o b t a i n e d  r a n g i n g  f r o m  g lossy  s la te  or  b l a c k  
b e l o w  p H  3 to d a r k  r e d  a b o v e  th i s  pH. In  a n o t h e r  
ser ies ,  350 g/1 SeO2 was  d i s so lved  in w a t e r  or  in 1, 
2, or  5N H~SO4. Depos i t s  m a d e  in  t h e  s ame  w a y  
showed  the  so lu t ion  w i t h o u t  a d d e d  ac id  to be t he  
mos t  p romis ing .  F u r t h e r  w o r k  was  conf ined to t he  
p H  r eg ion  of 0.8 to 8.0. 

So lu t ions  of se len ious  ac id  a t t a c k  a g r e a t  m a n y  
me ta l s ,  i n c l u d i n g  lead ,  s i lver ,  and  gold.  P l a t i n u m  
is no t  a t t a c k e d ,  and  the  a t t a c k  on r h o d i u m  or  c h r o -  
m i u m ,  if  any ,  is s low.  The  r a t e  of a t t a c k  d imin i shes ,  
n a t u r a l l y ,  as  the  p H  is ra i sed .  In  a l l  the  w o r k  r e -  
p o r t e d  here ,  t he  c a thode  was  connec t ed  to t h e  c u r -  
r e n t  source  be fo re  i m m e r s i o n  in the  p l a t i n g  so lu t ion  
to m i n i m i z e  the  effect  of the  c h e m i c a l  a t t ack .  

Us ing  the  two  b a t h s  at  t he  e x t r e m e s  of t h e  se-  
l ec t ed  p H  range ,  t he  l i m i t i n g  c u r r e n t  dens i t i e s  on 
p l a t i n u m  w e r e  f o u n d  to be  as shown  in T a b l e  II. 
A b o v e  these  c u r r e n t  dens i t ies ,  t h e  depos i t s  b e c a m e  
r e d d e r ,  p u l v e r u l e n t ,  and  n o n a d h e r e n t .  

Alkal ine  bath . - -Because  of i ts h i g h e r  l i m i t i n g  
c u r r e n t  d e n s i t y  and  the  r e d u c e d  a t t a c k  on m e t a l s  
o t h e r  t h a n  p l a t i n u m ,  t h e  a l k a l i n e  b a t h  of  T a b l e  I I  
was  chosen  i n i t i a l l y  for  e v a l u a t i o n  in  the  H a r i n g  
cell .  The  t e m p e r a t u r e  was  v a r i e d  f r o m  5 ~ to 25~ 
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Table ft. Preliminary work with selenium deposits on Pt cathodes 
for 15 min at 25~ with normal illumination 

L i m i t -  Depos i t  d e -  
i n g  C.D. ,  s c r i p t i o n  b e l o w  

B a t h  C o m p o s i t i o n  p H  a m p / d i n  2 l i m i t i n g  C. D. 

A Acid 350 g/1 SeO2 0.7-0.9 0.4 Amorphous,*  
un i form d a r k  
red  to b lack  

B Alka-  211 g/1 SeO~ 7.5-8.0 0.85 Amorphous,* 
l ine in 2.6N NaOH uniform, red  

* By  x - r a y  d i f f rac t ion .  
N o t e :  T h e  d e p o s i t s  t e n d e d  to be  p u l v e r u l e n t ,  t h e  m o r e  so at  t h e  

h i g h e r  c u r r e n t  d e n s i t i e s .  

the  c u r r e n t  d e n s i t y  f r o m  0.05 to 0.25 a m p / d m  2, and  
s t rong  i l l u m i n a t i o n  of the  c a thode  was  used.  The  
c h a r a c t e r  of t h e  deposi t ,  as  j u d g e d  b y  a p p e a r a n c e ,  
was  e x t r e m e l y  sens i t ive  to t h e  ca thode  m a t e r i a l  
used,  w h i c h  i n c l u d e d  buf fed  shee t  copper ,  and  e l ec -  
t r odepos i t s  t h e r e o n  of l ead ,  W a t t s  n ickel ,  b r i g h t  
n ickel ,  b r i g h t  c h r o m i u m ,  b l a c k  c h r o m i u m ,  r h o d i u m ,  
and  gold.  G e n e r a l l y  speak ing ,  the  l i m i t i n g  c u r r e n t  
d e n s i t y  was  l o w e r  ( a b o u t  0.4 a m p / d m  ~) on these  
ca thodes  t h a n  on p l a t i n u m .  The  depos i t s  Were 
r e d d e r ,  w i t h  a t e n d e n c y  to be  p u l v e r u l e n t ,  and  on 
coppe r  a b lack ,  n o n a d h e r e n t  depos i t  was  ob ta ined .  
W i t h  t he  sole e x c e p t i o n  of the  depos i t  on p l a t i n u m ,  
w h i c h  was  a m o r p h o u s ,  a l l  depos i t s  f r om th is  b a t h  
w e r e  c rys t a l l i ne ,  b y  x - r a y  d i f f rac t ion .  2 The  a d d i t i o n  
of  w e t t i n g  agent ,  t he  a d d i t i o n  of c i t r a t e  ion, a n d / o r  
t he  s u b s t i t u t i o n  of a m m o n i u m  ion for  s o d i u m  w e r e  
w i t h o u t  effect. No f u r t h e r  w o r k  was  done  w i t h  a l -  
k a l i n e  ba ths .  

Acid ba th . - -From v a r i o u s  modi f ica t ions  of t he  
ac id  b a t h  of T a b l e  II, a l a r g e  n u m b e r  of depos i t s  
w e r e  o b t a i n e d  w h i c h  w e r e  a m o r p h o u s  acco rd ing  to 
x - r a y  d i f f rac t ion .  These  v a r i e d  w i d e l y  in a p p e a r -  
ance,  and  s u r p r i s i n g l y ,  depos i t s  up  to 30 ~ (1.2 mi l s )  
t h i c k  w e r e  ob ta ined ,  w i t h  no i nd i c a t i on  t h a t  th is  
was  an  u p p e r  l imi t .  S p e c t r o g r a p h i c  ana lys i s  of two  
such depos i t s  s h o w e d  c o n t a m i n a t i o n  w i t h  copper ,  
n ickel ,  and  lead,  m i n o r  in  one case and  in m a j o r  
a m o u n t s  in the  o ther .  P o s s i b l y  be c a use  of such con-  
t a m i n a t i o n ,  n o n e  of the  a m o r p h o u s  depos i t s  w o u l d  
r e t a i n  an  e l ec t r i ca l  charge ,  and  w e r e  t h e r e f o r e  u n -  
s u i t a b l e  for  x e r o g r a p h i c  pu rposes .  The  p h y s i c a l  
c h a r a c t e r  of m a n y  such depos i t s ,  h o w e v e r ,  was  
exce l l en t ,  be ing  smooth ,  g lossy  b lack ,  and  a d h e r e n t .  
Because  of th is  i t  is c ons ide r e d  w o r t h  w h i l e  to r e -  
p o r t  on the i r  p r e p a r a t i o n .  

The  bes t  depos i t s  w e r e  o b t a i n e d  f r o m  a so lu t ion  
of 350 g/1 SeO2 in d i s t i l l e d  w a t e r ,  c o n t a i n i n g  1 g/1 
D upono l  ME ( s o d i u m  l a u r y l  su l f a t e )  p r e p a r e d  as 
d e s c r i b e d  above.  T h e  c a thode  was  p l a t e d  w i t h  an  
u n d e r c o a t  of b r i g h t  n i c k e l  a b o u t  0.25 m i l  t h i c k  and  
was  i n t r o d u c e d  in to  the  b a t h  w i t h  t h e  c u r r e n t  on, a t  
a c u r r e n t  d e n s i t y  of 0.1 to 0.4 a m p / d m  "~ Room 
t e m p e r a t u r e  up  to 40~ was  f o u n d  to be  t he  bes t  
r ange .  M o d e r a t e  to s t r ong  i l l u m i n a t i o n  f a v o r e d  the  
f o r m a t i o n  of g lossy  b l a c k  depos i t s ;  t he  depos i t s  
w e r e  less  g lossy  a n d  g r a y e r  in  n o r m a l  i l l u m i n a t i o n  
or  in t o t a l  da rkness .  

2 S ince  t he  a u t h o r s  we re  i n t e r e s t e d  on ly  i n  a m o r p h o u s  s e l e n i u m ,  
t h e  ex i s t ence  of any  c ry s t a l l i ne  d i f f r ac t ion  p a t t e r n  a t  a l l  a m o u n t e d  
to a r e j ec t ion .  No a t t e m p t  was m a d e  to  cha rac te r i ze  t h e  a c t u a l  
s t r u c t u r e  of the  c r y s t a l l i n e  depos i t s  f r o m  the  d i f f r ac t ion  data .  
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Results 
A t  ac id i t i e s  v a r y i n g  b e t w e e n  5N H~SO, up  to p H  

1.5, ove r  t e m p e r a t u r e s  f r o m  5 ~ to 40~ w i t h  i l l u -  
m i n a t i o n  v a r y i n g  f r o m  to t a l  d a r k n e s s  to v e r y  s t rong  
w h i t e  l ight ,  a m o r p h o u s  depos i t s  w e r e  ob ta ined ,  
v a r y i n g  on ly  in a p p e a r a n c e ,  on b r i g h t  n i c k e l - p l a t e d  
ca thodes  f rom b a t h s  con t a in ing  w e t t i n g  a g e n t  f rom 
0.01 to 10 g/1. F r o m  b a t h s  w i t h o u t  w e t t i n g  agent ,  
depos i t s  w e r e  s o m e t i m e s  a m o r p h o u s  and  s o m e t i m e s  
c rys t a l l i ne ,  for  causes  no t  c l e a r l y  e s t ab l i shed .  

None  of these  a m o r p h o u s  depos i t s  w o u l d  r e t a i n  
an  e l ec t r i c a l  charge .  S e e k i n g  the  r ea son  for  this ,  
two  of t he  b e s t - l o o k i n g  a m o r p h o u s  depos i t s  and  
two  s amp le s  of v a c u u m - d e p o s i t e d  s e l e n i u m  s u i t a b l e  
for  x e r o g r a p h y  w e r e  sen t  ou t  fo r  s p e c t r o g r a p h i c  
ana lys i s ,  w i t h  r a t h e r  s t a r t l i n g  r e su l t s :  

Spec. A Spec. B V a c u u m - d e p o s i t e d  

Ni 0.5 >10.0 nd* 
Cu 0.5 ~10.0 0.005-0.5 
Pb 0.01 1-10 nd-0.0002 
Fe 0.001 nd* 0.005-0.01 
Ag 0.02 <0.01 nd-0.01 

Notes :  

1. S p e c i m e n  B was  a n a l y z e d  by  a d i f f e ren t  l abo ra to ry ,  a n d  t he  
resu l t s  are  b e l i e v e d  to  be  o r d e r - o f - m a g n i t u d e  only,  r a t h e r  t h a n  
q u a n h t i v e .  

2. S p e c i m e n  A was  p r o d u c e d  i n  a b a t h  w i t h o u t  w e t t i n g  a g e n t  a t  
pI{ 0.7; S p e c i m e n  B wa s  p r o d u c e d  u n d e r  s i m i l a r  c o n d i t i o n s  of  t e m -  
p e r a t u r e ,  c u r r e n t  dens i ty ,  a n d  i l l u m i n a t i o n ,  b u t  t h e  b a t h  c o n t a i n e d  
w e t t i n g  agen t .  

* n d ,  no t  de tec ted .  

A n  a t t e m p t  was  m a d e  to o b t a i n  p u r e r  depos i t s  b y  
p u r i f y i n g  the  b a t h  be fo re  use  and  b y  t a k i n g  e x t r a  
p r e c a u t i o n s  to avo id  a c c i d e n t a l  c o n t a m i n a t i o n  of t he  
ba th .  G r a p h i t e  anodes  w e r e  s u b s t i t u t e d  for  t he  l e ad  
anodes  p r e v i o u s l y  used ;  the  po rous  d i a p h r a g m  of 
the  cel l  was  r e p l a c e d  b y  a f r e sh  one, and  a l l  m e t a l l i c  
connec t ions  c lose  to t h e  b a t h  w e r e  coa ted  h e a v i l y  
w i th  s top-of f  l acquer ,  l e a v i n g  t h e  face  of the  n i c k e l  
ca thode  as the  on ly  e x p o s e d  me ta l .  The  f r e s h l y  
p r e p a r e d  b a t h  was  c a r e f u l l y  n e u t r a l i z e d  w i t h  a m -  
m o n i u m  h y d r o x i d e .  The  w h i t e  p r e c i p i t a t e  w h i c h  w a s  
o b t a i n e d  was  f i l t e red  off and  t h e  p H  was  r e a d j u s t e d  
to 0.8 w i t h  H~SO,. A n o t h e r  po r t i on  of f r e sh  b a t h  was  
passed  t h r o u g h  a bed  of A m b e r l i t e  IR-120,  ~ a s t rong  
ac id  ca t ion  e x c h a n g e  res in .  Ba ths  w i t h  and  w i t h o u t  
w e t t i n g  agen t s  w e r e  t r e a t e d  thus.  A f t e r  p l a t e s  w e r e  
p r e p a r e d  u n d e r  cond i t ions  p r e s u m e a  to be o p t i m u m ,  
the  pur i f i ed  b a t h s  w e r e  p u r p o s e l y  c o n t a m i n a t e d  
w i t h  10 mg/1  each  of Cu and  Ni  and  30 mg/1  of  P b  
as so lub le  sal ts ,  and  f u r t h e r  p l a t e s  w e r e  m a d e .  
P l a t e s  also w e r e  m a d e  f r o m  a f r e s h l y  p r e p a r e d  con -  
t ro l  b a t h  (i.e., u n t r e a t e d )  w i t h  and  w i t h o u t  a d d i -  
t ions of c o n t a m i n a t i n g  me ta l s .  G e n e r a l l y  speak ing ,  
the  a p p e a r a n c e  of t he  depos i t s  f r o m  pur i f i ed  b a t h s  
was  less s a t i s f a c t o r y  t h a n  f rom the  con t ro l ;  t hose  
f r o m  t h e  c o n t a m i n a t e d  b a t h s  w e r e  s l i g h t l y  i m -  
p roved .  T i m e  was  no t  a v a i l a b l e  for  x - r a y  or  spec -  
t r o g r a p h i c  ana lyses ,  b u t  r e t e n t i o n - o f - c h a r g e  tes t s  
showed  some v e r y  w e a k  a b i l i t y  to ho ld  a c h a r g e  in 
a b o u t  ha l f  the  p la tes ,  b u t  in an  e n t i r e l y  h a p h a z a r d  
and  incons i s t en t  m a n n e r  f r o m  w h i c h  no conc lus ions  
cou ld  be  d r a w n .  

s R o h m  & Haas  Co. a n a l y t i c a l  grade.  
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Effect oS substrate.--It has  a l r e a d y  b e e n  o b s e r v e d  
t h a t  f r om the  a l k a l i n e  b a t h  depos i t s  on  p l a t i n u m  
w e r e  a morphous ,  b u t  on a l l  t he  o t h e r  bas i s  m e t a l s  
t r i ed ,  t h e y  w e r e  c rys t a l l i ne .  E x c e p t  on copper ,  t he  
depos i t s  w e r e  dense ,  un i fo rm,  and  d a r k  r ed  to 
r e d d i s h  b lack .  C o p p e r  was  so r e a c t i v e  t h a t  good 
depos i t s  could  not  be  ob ta ined .  

F r o m  the  ac id  ba th ,  depos i t s  on l e a d  and  du l l  
n i c k e l  w e r e  smoo th  and  b l a c k ;  g lossy  b l a c k  on 
b r i g h t  n ickel ,  b u t  o r a n g e - r e d  a n d  p u l v e r u l e n t  ove r  
c h r o m i u m  a n d  b r i g h t  n i c k e l  t h a t  h a d  b e e n  p a s s i -  
v a t e d  b y  a d i c h r o m a t e  dip.  A l l  these  depos i t s  w e r e  
a m o r p h o u s .  B l a c k  depos i t s  w e r e  o b t a i n e d  on p l a t i -  
num,  w h i c h  w e r e  a m o r p h o u s  w h e n  p r e p a r e d  at  
r o o m  t e m p e r a t u r e ,  b u t  c r y s t a l l i n e  w h e n  p r e p a r e d  
f rom t h e  b a t h  a t  5~ 

Defective Deposits.--All t he  r e m a r k s  a b o v e  a p p l y  
to depos i t s  w h i c h  w e r e  no t  v i s i b l y  defec t ive .  E s p e -  
c i a l l y  in the  e a r l y  work ,  good depos i t s  w e r e  diffi-  
cu l t  to ob t a in  r e p r o d u c i b l y .  D u r i n g  the  long p l a t i n g  
runs  n e c e s s a r y  to o b t a i n  the  t h i c k e r  depos i t s ,  a 
de fec t  f r e q u e n t l y  o c c u r r e d  w h i c h  at  t he  onse t  a p -  
p e a r e d  l ike  p i t t i n g  in n i cke l  b u t  as p l a t i n g  p r o -  
gressed ,  these  p i t s  e r u p t e d  into  l a r g e  c r a t e r - l i k e  
a r e a s  of p o w d e r y  r e d  se len ium.  These  a r e a s  i n v a r i -  
a b l y  gave  x - r a y  ev idence  of c r y s t a l l i n i t y ,  a l t h o u g h  
the  good b l a c k  a r eas  r e m a i n e d  a m o r p h o u s .  I t  was  
s u r m i s e d  t h a t  h y d r o g e n  evo lu t i on  was  r e s p o n s i b l e  
for  t h e  p i t t i n g  a n d  l i k e w i s e  for  t he  c h e m i c a l  r e d u c -  
t ion  of se len ious  ac id  to  t h e  me ta l .  A d d i t i o n  of  t he  
w e t t i n g  agen t  i m p r o v e d  the  s i t ua t ion  and  i t  was  
f o u n d  tha t ,  if  t h e  f r e sh  b a t h  was  m a d e  up  in the  
m a n n e r  w h i c h  has  b e e n  desc r ibed ,  good depos i t s  
cou ld  be  o b t a i n e d  r e p r o d u c i b t y  u n t i l  t he  b a t h  h a d  
been  o p e r a t e d  for  no m o r e  t h a n  a b o u t  6 a m p - h r / l ,  
w h e n  t h e  de fec t  r e a p p e a r e d .  A l l  a t t e m p t s  to d e t e r -  
m i n e  the  cause  a n d  cu re  for  th is  b e h a v i o r  w e r e  
fu t i le .  T h e r e  h a d  been  no m e a s u r a b l e  loss of w e t t i n g  
agent ,  and  d e p l e t i o n  of t he  s e l e n i u m  con ten t  of the  
b a t h  was  in s ign i f i can t ly  smal l .  D u r i n g  p la t ing ,  a 
c e r t a i n  a m o u n t  of r e d  s e l e n i u m  i n v a r i a b l y  f o r m e d  
in t he  ba th ;  w h e n  no w e t t i n g  a g e n t  was  p re sen t ,  
th is  cou ld  be  r e m o v e d  b y  f i l t ra t ion ,  b u t  in  the  p r e -  
sence of w e t t i n g  a g e n t  some of i t  m u s t  h a v e  been  in 
co l lo ida l  form,  s ince  even  a f t e r  h e a v y  c a r b o n  t r e a t -  
m e n t  and  f i l t r a t ion  t h r o u g h  f i l ter  aid,  t h e  b a t h  h a d  
a r e d  t inge.  This  t r e a t m e n t ,  f o l l owed  b y  r e p l a c e -  
m e n t  of t he  w e t t i n g  agent ,  a lso f a i l ed  to r e s t o r e  
t he  b a t h ' s  a b i l i t y  to p r o d u c e  good p la tes .  C o n s i d e r -  
ing  w h a t  was  l a t e r  l e a r n e d  of t he  p r e s e n c e  of 
i m p u r i t i e s  in t he  deposi ts ,  i t  is t h o u g h t  poss ib le  
t h a t  t h e  d e p l e t i o n  b y  de pos i t i on  of some  of these  
i m p u r i t i e s  f r o m  the  b a t h  m a y  h a v e  been  r e s p o n s i -  
ble.  The  r e su l t s  of t h e  l a t e r  a t t e m p t s  to  p u r i f y  the  
b a t h  in p a r t  s u p p o r t  th is  e x p l a n a t i o n ,  a l t h o u g h  r e -  
p l a c e m e n t  of the  t h r e e  m a j o r  i m p u r i t i e s  d id  n o t  
a g a i n  cause  good p l a t e s  to b e  p r o d u c e d .  T i m e  d id  
not  p e r m i t  a f u l l e r  e x p l o r a t i o n  of th is  p r o b l e m .  

Summary 
1. A l t h o u g h  the  p r o d u c t i o n  of r e l a t i v e l y  t h i c k  

a m o r p h o u s  s e l e n i u m  e l ec t rodepos i t s  w i t h  p h o t o -  
sens i t i ve  r e t e n t i o n - o f - c h a r g e  p r o p e r t i e s  was  no t  
ach ieved ,  th ick ,  sound,  a m o r p h o u s  depos i t s  w e r e  
o b t a i n e d  f r o m  a b a t h  c on t a in ing  350 g/1 SeO2 a n d  
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w e t t i n g  a g e n t  a t  c u r r e n t  dens i t i e s  of 0.05 to 0.2 
a m p / d m  2 and  t e m p e r a t u r e s  of 20~176 

2. S p e c t r o g r a p h i c  ana lys i s  of  two  of  t h e  b e s t -  
l ook ing  a m o r p h o u s  depos i t s  showed  m e t a l l i c  con-  
t a m i n a t i o n ,  in one case  ser ious,  b u t  r e l a t i v e l y  m i n o r  
in the  o ther .  I t  was  not  d e t e r m i n e d  w h e t h e r  th is  
c o n t a m i n a t i o n  o c c u r r e d  in a l l  cases.  

3. A ser ious  d r a w b a c k  was  the  sho r t  l i fe  of t he  
b a t h  be fo re  de f ec t i ve  depos i t s  w e r e  ob ta ined .  More  
w o r k  needs  to be done  to d i s cove r  the  cause  and  
cu re  for  th is  behav io r .  

4. E q u a l l y  sound  c r y s t a l l i n e  depos i t s  w e r e  o b -  
t a i n e d  f r o m  a b a t h  c o n t a i n i n g  211 g/1 SeO.~ and  
w e t t i n g  a g e n t  in 2.6N N a O H  (8.0 pH)  u n d e r  s im i l a r  
condi t ions ,  b u t  th is  a r e a  was  not  as e x t e n s i v e l y  i n -  
ve s t i ga t ed .  

5. I l l u m i n a t i o n  v a r y i n g  f r o m  zero to v e r y  s t rong  
h a d  no v e r y  p r o f o u n d  effect.  

6. The  n a t u r e  of the  ca thode  m a t e r i a l  e x e r t s  a 
p r o f o u n d  inf luence  on t h e  a p p e a r a n c e  a n d  s t r u c t u r e  
of the  deposi ts .  B r i g h t  n i cke l  p l a t i n g  was  the  bes t  
of t he  s u b s t r a t e s  e x a m i n e d ,  w h i c h  also i n c l u d e d  lead ,  
s i lver ,  gold,  r h o d i u m ,  copper ,  du l l  n icke l ,  b r i g h t  

c h r o m i u m ,  and  b l a c k  c h r o m i u m  e l ec t rodepos i t s  and  
shee t  p l a t i n u m .  
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ABSTRACT 

Elec t rop la t ing  of a luminum was s tudied at  Bat te l le  in 1953-55 as an a l t e rna -  
t ive method  for  a luminum c ladding  of u ran ium fuel  elements.  Uran ium elec-  
t roclad wi th  12 mils  of a luminum over  a 0.5-mil nickel  or n i cke l -p lu s - coppe r  
e lec t ropla te  res is ted  corrosion for more  than  100 hr  in boil ing water .  Hot press-  
ing the e lect roclad composite  improved  the corrosion resistance.  Many of the  
resul ts  obta ined  wi th  a luminum elec t roc laddings  pa ra l l e l ed  those obta ined wi th  
wrought  a luminum claddings on uranium.  

One  m e t h o d  of  c l a d d i n g  u r a n i u m  fue l  e l e m e n t s  
w i t h  w r o u g h t  a l u m i n u m  invo lves  an  i n t e r m e d i a t e  
b r a z e  l a y e r  of a l u m i n u m - 1 2 . 5 %  s i l icon a l l oy  (A1Si)  
or  a n i cke l  p la te .  The  p u r p o s e  of  t he  i n t e r m e d i a t e  
l a y e r  is to a id  bond ing ,  to p r e v e n t  r a p i d  i n t e r d i f f u -  
sion, a n d / o r  to p r o v i d e  a s e c o n d a r y  b a r r i e r  to r a p i d  
co r ros ion  by  ho t  w a t e r  in case  of p e n e t r a t i o n  of t he  
a l u m i n u m  c ladd ing .  H o w e v e r ,  d u r i n g  d ip  b r a z i n g  
exces s ive  so lu t ion  of t he  a l u m i n u m  c l a d d i n g  in  the  
m o l t e n  A l S i  a n d  s e l ec t i ve  p e n e t r a t i o n  of t h e  AIS i  
in to  the  c l a d d i n g  m a y  r e s u l t  if the  t e m p e r a t u r e  and  
t i m e  of A1Si d ip  b r a z i n g  a re  no t  c a r e f u l l y  con-  
t ro l l ed ,  a n d  p o r o s i t y  of t h e  A1Si b r a z i n g  l a y e r  a n d  
u n b o n d e d  a r e a  can  also r e s u l t  in an i n f e r i o r  c l a d -  
d ing.  

This  r e s e a r c h  was  u n d e r t a k e n  at  B a t t e l l e  to e v a l -  
u a t e  t h e  poss ib i l i t i e s  of  e l e c t r o c l a d d i n g  u r a n i u m  
w i t h  a l u m i n u m .  The  e l e c t r o d e p o s i t i o n  of a l u m i n u m  
h a d  been  d e v e l o p e d  to t he  p o i n t  w h e r e  c o m m e r c i a l  
a p p l i c a t i o n s  w e r e  t e c h n i c a l l y  feas ib le ,  b u t  e l e c t r o -  
c l a d d i n g  of  r e a c t o r  m a t e r i a l s  h a d  not  been  exp lo red .  
N e w  t echn iques  fo r  p r e p a r i n g  m e t a l  su r faces  to be 

p l a t e d  w i th  a d h e r e n t  a l u m i n u m  w e r e  needed .  The  
p r i n c i p a l  c h a r a c t e r i s t i c s  of t he  e l e c t r o c l a d d i n g  in -  
v e s t i g a t e d  w e r e  t h e  d i f fus ion  and  the  co r ros ion  
p r o t e c t i o n  a f fo rded  b y  a l u m i n u m  p l a t e d  d i r e c t l y  on 
u r a n i u m  and  also ove r  i n t e r m e d i a t e  coa t ings  p l a t e d  
on u r a n i u m .  The  s tud ies  w e r e  u se fu l  in s h o w i n g  the  
ro l e  of b a r r i e r - m e t a l  e l e c t r o p l a t e s  in  p r e v e n t i n g  
d e l e t e r i o u s  d i f fus ion of u r a n i u m  w i t h  t he  a l u m i n u m  
and  the  i m p o r t a n c e  of  good b o n d s  b e t w e e n  the  b a r -  
r i e r  me ta l ,  the  u r a n i u m ,  a n d  the  a l u m i n u m .  

Selection of an Aluminum Plating Process 
Two t y p e s  of a l u m i n u m  e l e c t r o p l a t i n g  b a t h s  w e r e  

a v a i l a b l e :  fused  sa l t  (1)  a n d  organic .  In  th is  work ,  
t he  need  for  depos i t s  t h i c k e r  t h a n  10 mi l s  (0.010 
in.)  o b v i a t e d  m o r e  t h a n  a f ew  c u r s o r y  tes t s  w i t h  
f u s e d - s a l t  ba ths .  Two o r g a n i c - t y p e  ba ths ,  t he  e t h y l  
p y r i d i n i u m  b r o m i d e  b a t h  and  the  h y d r i d e  ba th ,  
w e r e  i n v e s t i g a t e d .  

The  e t h y l  p y r i d i n i u m  b r o m i d e - a l u m i n u m  ch lo -  
r i d e - t o l u e n e  b a t h  was  d i s c ove re d  b y  W e i r  a n d  
H u r l e y  (2, 3, 4) and  d e v e l o p e d  b y  S a f r a n e k ,  S c h i c k -  
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her,  a n d  F a u s t  (5, 6) .  The  f o l l o w i n g  p l a t i n g  b a t h  
and  cond i t ions  a r e  r e c o m m e n d e d :  bath composition: 
E t h y l  p y r i d i n i u m  b r o m i d e - a l u m i n u m  c h l o r i d e  
fus ion  p roduc t ,  32%;  to luene  (sp g r  0.866), 67%;  
m e t h y l  t - b u t y l  e ther ,  1% ; plating conditions: t e m -  
p e r a t u r e ,  86 ~ _ 2~  c u r r e n t  dens i ty ,  10-20 a m p / f t  ~ 
( s u p e r i m p o s e d  a.c.) ; ag i t a t i on  n i t r o g e n  dif fuser .  

The  l i t h i u m  h y d r i d e - a l u m i n u m  c h l o r i d e - e t h y l  
e t h e r  b a t h  ( c o m p o s i t i o n  and  o p e r a t i n g  cond i t ions  
a r e  g iven  l a t e r )  was  d i s cove red  b y  Couch  and  
B r e n n e r  ( 7 - 9 ) .  The  h y d r i d e  b a t h  is r e l a t i v e l y  easy  
to p r e p a r e .  The  e t h e r  con ten t  m a k e s  t he  b a t h  f l am-  
m a b l e  and  s a f e ty  p r e c a u t i o n s  m u s t  be  fo l l owed  
r igo rous ly .  A l t h o u g h  exp los ions  w i t h  sys t ems  con-  
t a i n i n g  l i t h i u m  h y d r i d e  a n d  e t h e r  h a v e  been  r e -  
p o r t e d  (10, 11),  the  p r e s e n c e  of a l u m i n u m  c h l o r i d e  
t ends  to s u p p r e s s  the  v o l a t i l i t y  of t he  e t h e r  and  thus  
r educes  the  f ire haza rd .  

Bo th  n o n a q u e o u s  o rgan i c  p rocesses  p r o d u c e  
smooth ,  dense ,  m a t - t y p e  deposi ts ,  b u t  e l e c t r o f o r m e d  
foils, p r e p a r e d  for  th is  w o r k  f rom the  h y d r i d e  ba th ,  
w e r e  m o r e  r e s i s t a n t  to bo i l ing  w a t e r  t h a n  those  
m a d e  in  t he  e t h y l  p y r i d i n i u m  b r o m i d e  ba th .  A f t e r  
8 d a y s '  e x p o s u r e  to bo i l ing  d i s t i l l ed  w a t e r ,  2S 
a l u m i n u m  foi ls  and  foi ls  d e p o s i t e d  in  the  h y d r i d e  
b a t h  g a i n e d  a b o u t  0.4 m g / c m  ~ in we igh t .  The  a b -  
sence of a p p r e c i a b l e  l i t h i u m  in t he  h y d r i d e - b a t h  
deposi t ,  in  v i e w  of  t h e  h igh  l i t h i u m  con ten t  of t he  
b a t h  and  the  low w e i g h t  change ,  sugges t s  l i t t l e  or  no 
occ lus ion  of t he  b a t h  cons t i t uen t s  in t he  e l e c t r o -  
d e p o s i t e d  a l u m i n u m .  On  the  o t h e r  hand ,  foi ls  d e -  
pos i t ed  in the  e t h y l  p y r i d i n i u m  b r o m i d e  b a t h  ga ined  
2.0 m g / c m  ~ in w e i g h t  a f t e r  e x p o s u r e  to d i s t i l l ed  
w a t e r .  This  g r e a t e r  w e i g h t  ga in  is a t t r i b u t e d  to t he  
h y d r a t i o n  of occ luded  o rgan ic  m a t t e r .  T a b l e  I shows  
the  r e su l t s  of s p e c t r o g r a p h i c  a n a l y s e s  of t he  a l u m i -  
n u m  depos i t s  f rom the  two  o r g a n i c  p l a t i n g  ba ths .  
The  a l u m i n u m  p r o d u c e d  in t h e  h y d r i d e  b a t h  was  of 

Table I. Per cent of impurities in aluminum deposits 

E t h y l  p y r i d i n i u m  H y d r i d e  
C o n t a m i n a n t  b r o m i d e  b a t h  b a t h  

Ant imony  * <0.01t  
Arsenic  * <0.01t  
Calcium * 0.03 
Cobalt  * <0.001t 
Chromium <0.005 0.001 
Copper  0.005-0.05 * 
Ga l l ium * 0.0005 
I ron  0.05-0.10 0.008 
Lead 0.005-0.05 0.001 
Li th ium * <0.005t 
Magnesium 0.005-0.05 0.002 
Manganese * 0.001 
Molybdenum * <0.005t 
Nickel  * 0.001 
Potass ium * <OAt 
Sil icon 0.05-0.10 0.001 
Sodium * <0.01t 
Tin * 0.005 
Ti tan ium * 0.003 
Tungsten * <0.02t  
Uran ium * <0.05* 
Zinc * 0.01 

* Not  d e t e r m i n e d .  
t L o w e r  l i m i t  fo r  th i s  s p e c t r o g r a p h i c  ana lys i s .  
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s o m e w h a t  h i g h e r  p u r i t y  t h a n  t h a t  p r o d u c e d  in t he  
o t h e r  ba th .  

B a s e d  on the  ease  of p l a t i n g - b a t h  p r e p a r a t i o n  a n d  
o p e r a t i o n  and  the  h i g h e r  p u r i t y  a n d  g r e a t e r  cor -  
ros ion  r e s i s t ance  of  the  e l e c t r o d e p o s i t e d  a l u m i n u m ,  
the  h y d r i d e  b a t h  was  se lec ted  for  t he se  s tud ies  of 
e l e c t r o c l a d d i n g  a l u m i n u m  on u r a n i u m .  

Adherent Plating of Aluminum on Various Metals  
Good a d h e s i o n  b e t w e e n  the  a l u m i n u m  and  the  

u r a n i u m  is an  i m p o r t a n t  f ac to r  for  s a t i s f a c t o r y  
c l add ings .  But ,  as s h o w n  l a t e r ,  the  good a s - p l a t e d  
adhes ion  of a l u m i n u m  d i r e c t l y  on u r a n i u m  is d e -  
g r a d e d  b y  diffusion.  Thus,  a d h e r e n t  p l a t i n g  of a l u -  
m i n u m  on m e t a l s  o t h e r  t h a n  u r a n i u m  was  i n v e s t i -  
ga ted .  A d h e r e n t  p l a t i n g  of a l u m i n u m  on w r o u g h t  
m e t a l s  was  done  p r e p a r a t o r y  to e l e c t r o c l a d d i n g  
a l u m i n u m  over  i n t e r m e d i a t e  coa t ings  p l a t e d  on the  
u r a n i u m .  

T r e a t m e n t  of c l ean  m e t a l  su r faces  b y  r i n s ing  in  
a lcohol ,  d i p p i n g  in oleic ac id  (12) ,  and  p l a t i n g  w i t h  
a l u m i n u m  p r o d u c e d  f a i r l y  a d h e r e n t  a l u m i n u m  d e -  
pos i t s  on m a n y  me ta l s .  W r o u g h t  m e t a l  su r f aces  
w e r e  first  c l eaned  and  a c t i v a t e d  b y  c o n v e n t i o n a l  
m e a n s  for  aqueous  p l a t i n g  and  t hen  t r e a t e d  b y  
r in s ing  in  a l coho l  a n d  oleic acid.  

F a t t y  ac ids  o t h e r  t h a n  oleic  acid,  such  as l ino le ic  
ac id  and  e t h e r e a l  so lu t ions  of  p a l m i t i c  acid,  w e r e  
also success fu l ly  used  to p r o m o t e  a d h e r e n t  p l a t e  of 
a l u m i n u m .  S ince  p e l a r g o n i c  ac id  was  no t  effect ive,  a 
f a t t y  ac id  w i t h  c a r b o n  cha in  longe r  t h a n  n ine  c a r -  
bon  a t o m s  a p p a r e n t l y  is neces sa ry .  

So lu t ions  of s t e a r a t o  c h romic  c h l o r i d e  1 in i so-  
p r o p y l  a lcoho l  w e r e  even  m o r e  effect ive  t h a n  oleic  
ac id  in p r o m o t i n g  a d h e s i o n  of a l u m i n u m  to i ron  and  
n ickel .  H o w e v e r ,  t he  s t e a r a t o  c h romic  ch lo r ide  c a r -  
r i ed  in to  t h e  p l a t i n g  b a t h  s h o r t e n e d  the  b a t h  l ife.  
S u b s e q u e n t l y  r i n s ing  in  oleic ac id  was  h e l p f u l  in 
p r e v e n t i n g  b a t h  c o n t a m i n a t i o n .  Ole ic  ac id  p e r  se 
d id  no t  s h o r t e n  the  l i fe  of t he  a l u m i n u m  p l a t i n g  
b a t h  no t i ceab ly .  

Preparation of Metal Sur]aces for Plating 
with Adherent Aluminum 

Aluminum.--Preparation of a l u m i n u m  su r faces  was  
b y  a p p l i c a t i o n  of a c o n v e n t i o n a l  z i nc a t e  r e p l a c e -  
m e n t  f i lm a n d  r in s ing  in  w a t e r  b e f o r e  r i n s i ng  in  
a lcoho l  and  oleic acid.  The  a d h e s i o n  of t h e  a l u m i -  
n u m  e l e c t r o p l a t e s  on 3S a l u m i n u m  was  t e s t ed  b y  
p e e n i n g  and  b y  so lde r ing .  P e e n i n g  of t he  su r f ace  
was  done  b y  a r o u n d e d  t ip  tool  m o u n t e d  in  a v i b -  
r a t i n g  m a r k i n g  tool.  In  t he  second  test ,  t he  a l u m i -  
n u m  e l e c t r o d e p o s i t  was  coppe r  p l a t ed ,  and  a rod  
was  s o l d e r e d  p e r p e n d i c u l a r  to  t h e  su r f a c e  and  t h e n  
p u l l e d  loose. N e i t h e r  p e e n i n g  n o r  so lde r  t e s t i ng  
b r o k e  the  a l u m i n u m - z i n c a t e - a l u m i n u m  bond.  The  
d i s t o r t i on  of t he  p e e n e d  a l u m i n u m  p l a t e  is a p p a r e n t  
in Fig .  1. 
Copper.--Clean coppe r  su r f aces  w e r e  a c t i v a t e d  in  
a s o d i u m  c y a n i d e  so lu t ion  and  t hen  r i n s e d  in  w a t e r  
be fo re  r i n s ing  in a lcoho l  and  oleic acid.  
Nickel.--Nickel was  a c t i v a t e d  b y  e l e c t r o p o l i s h i n g  ~ 

1 Quino l ,  E. I. d u  P o n t  de  N e m o u r s  a n d  C o m p a n y ,  Inc.  
e P r o p r i e t a r y  n i c k e l  e l e c t r o p o l i s h i n g  process,  B a t t e l l e  Deve lop -  

m e n t  Corp.  U.S.  Pat .  2,440,715, May  4, 1948. 
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Fig. 1. Aluminum electroplate on 35 aluminum after peen- 
ing and plating with copper. HF etch. Magnification 50X be- 
fore reduction for publication. 

Fig. 2. Aluminum electroplate on SAE 1020 steel. HF etch. 
Magnification 250X before reduction for publication. 

or  anodic  e t ch ing  a n d  s t r i k e  p l a t i n g  in  t he  h i g h -  
c h l o r i d e  "Woods"  n i c k e l  b a t h  and  t hen  r i n sed  in 
w a t e r  p r i o r  to r i n s ing  in  a lcohol  and  oleic acid.  
Stainless steel.--Stainless s tee l  was  a c t i v a t e d  b y  
anod ic  e t ch ing  and  n i c k e l  s t r i ke  p l a t i n g  in  t he  h i g h -  
c h l o r i d e  "Woods"  n i cke l  b a t h  and  t hen  r i n s e d  in 
w a t e r  be fo re  r i n s ing  in a lcoho l  and  oleic  acid.  
Carbon steel.--Carbon steel ,  T y p e  1020, was  e l ec -  
t r o p o l i s h e d  and  then  r i n s e d  in w a t e r  p r i o r  to r i n s ing  
in  a lcoho l  and  oleic  acid.  C h e m i c a l  e t ch ing  in h y d r o -  
ch lor ic  ac id  or  anodic  e t ch ing  in  su l fu r i c  ac id  was  
less s a t i s f a c t o r y  t h a n  e l ec t ropo l i sh ing .  A l u m i n u m  
on ca rbon  s tee l  is shown  in Fig.  2. 

Electroplating of Aluminum over  Metals 
Electroplated on Uranium 

E l e c t r o p l a t i n g  of a l u m i n u m  over  e l e c t r o p l a t e d  
m e t a l s  on u r a n i u m  was  c o m p l i c a t e d  b y  the  fac t  t h a t  
u r a n i u m  was  exposed  t h r o u g h  d i s con t inu i t i e s  in  t h e  
i n t e r m e d i a t e  p l a t e d  l a y e r s  w h i c h  p r e v e n t e d  o p t i -  
m u m  a c t i v a t i o n  of t he  sur face .  Nicke l ,  copper ,  and  
i ron  e lec t rodepos i t s ,  V2 m i l  th ick ,  p l a t e d  a d h e r e n t l y  
on u r a n i u m ,  w e r e  not  impe rv ious .  The  th i ckness  of  
t h e  i n t e r m e d i a t e  m e t a l  coa t ing  was  l i m i t e d  in th i s  
s t u d y  to a b o u t  1/2 ra i l  b ecause  of t he  h i g h e r  t h e r m a l -  
n e u t r o n  cross  sec t ion  of n ickel ,  copper ,  and  i r on  as 
c o m p a r e d  w i t h  a l u m i n u m .  

The  bes t  m e t h o d s  for  a c t i v a t i n g  sol id  n i c k e l  and  
s tee l  spec imens  p r i o r  to t h e  o rgan ic  a c t i v a t i o n  s teps  
w e r e  no t  a p p l i c a b l e  to n i c k e l -  or  i r o n - p l a t e d  u r a -  
n ium,  because  these  ac id  t r e a t m e n t s  a t t a c k e d  the  
u n d e r l y i n g  u r a n i u m .  There fo re ,  a l u m i n u m  was  
e l e c t r o p l a t e d  d i r e c t l y  on n i c k e l -  or  i r o n - p l a t e d  
u r a n i u m  fo l lowing  r i n s i n g  in  a lcoho l  and  oleic acid.  
The  m e t h o d  for  a c t i v a t i n g  c lean  coppe r  su r faces  b y  

i m m e r s i o n  in a c y a n i d e  so lu t ion  p r i o r  to the  o rgan ic  
a c t i va t i on  s teps  was  ef fec t ive  in p r o m o t i n g  a d h e r e n t  
a l u m i n u m  e l e c t r o p l a t i n g  ove r  u r a n i u m  p l a t e d  w i t h  
coppe r  o r  n ickel .  

The  a s - p l a t e d  b o n d  of t h e  a l u m i n u m  to t h e  n i c k e l  
or  i r on  p l a t e s  was  i n f e r i o r  to t h a t  of a l u m i n u m  to 
e l ec t rop l a t e s  of coppe r  or  copper  ove r  n i cke l  on 
u r a n i u m .  S u b s e q u e n t  hot  p r e s s i n g  or  v a c u u m  hea t  
t r e a t i n g  of e l e c t r o c l a d  spec imens  h a v i n g  a l u m i n u m  
on n i c k e l -  and  c o p p e r - p l a t e d  u r a n i u m  i m p r o v e d  the  
a s - e l e c t r o p l a t e d  bonds .  H o w e v e r ,  hot  p r e s s i n g  of 
a l u m i n u m  p l a t e  on i r o n - p l a t e d  u r a n i u m  p r o d u c e d  
b r i t t l e  a l loys  t h a t  r e s u l t e d  in d o u b t f u l  adhe rence .  

Electrocladding Uranium with Aluminum 
Uranium samples.--Alpha-rolled u r a n i u m  p l a t e  

was  cold  ro l l ed  to 90 -mi l  shee t  a n d  cut  in to  s a m p l e s  
3/4 b y  3/4 in. square .  The  edges  and  co rne r s  w e r e  
r o u n d e d  to m i n i m i z e  edge  b u i l d u p .  S u r f a c e s  w e r e  
c l eaned  b y  g r i n d i n g  or  b y  g r i t  b l a s t i n g  to r e m o v e  
scale.  S a m p l e s  w e r e  he ld  in  r a c k s  m a d e  of s t a in l e s s  
s tee l  w i t h  two  p o i n t - t y p e  con tac t s  on oppos i t e  
edges.  The  con tac t  a r ea s  w e r e  not  p l a t ed ,  a n d  thus  
t h e r e  w e r e  d i s con t inu i t i e s  in the  e l ec t roc l add ing .  
The  r a c k s  w e r e  coa ted  w i t h  S y n t h e t a s i n e ,  3 a s y n -  
the t i c  res in  p r e p a r a t i o n ,  w h i c h  was  i n e r t  in t he  
ba th .  

Aluminum-Plating Bath 

Preparation.--The l i t h i u m  h y d r i d e - e t h y l  e t h e r  b a t h  
was  p r e p a r e d  u n d e r  n i t r o g e n  a t m o s p h e r e  in  a 
t h r e e - n e c k  f lask p r o v i d e d  w i t h  a s t i r r e r  and  a 
cool ing b a t h  of d r y  ice and  ace tone .  E t h y l  e t h e r  was  
s t i r r e d  in the  f lask w h i l e  A1CI~ was  a d d e d  t h r o u g h  a 
gooch r u b b e r  tube .  Nex t ,  t he  L i H  was  a d d e d  s i m i -  
l a r l y .  C o n s i d e r a b l e  h e a t  was  l i b e r a t e d  d u r i n g  these  
add i t i ons ;  howeve r ,  the  t e m p e r a t u r e  was  m a i n -  
t a i n e d  b e t w e e n  --25 ~ and  - -10~ to m i n i m i z e  e t h e r  
evapo ra t i on .  The  f inal  compos i t i on  was  400 g A1CI~, 
6 g LiH,  and  e t h e r  to m a k e  1 l i ter .  

Ba ths  of 2.5 l i t e r s  w e r e  con t a ined  in glass  j a r s  
and  cove red  w i t h  an a l u m i n u m  d r y  box  in to  w h i c h  
d r y  n i t r o g e n  gas  was  b l ed  s lowly .  Two sets of doors  
w e r e  p r o v i d e d  in t he  d r y  box  for  i n se r t i on  a n d  r e -  
m o v a l  of t he  ca thodes .  F i g u r e  3 shows  the  e l e c t r o -  
p l a t i n g  se tup.  
Bath life.--The l onges t  t i m e  a h y d r i d e  t y p e  of a l u -  
m i n u m  ba th  was  o p e r a t e d  was  30 days ,  or  190 a m p -  
h r / l i t e r .  A b o u t  160 g of a l u m i n u m  h a d  been  d e -  
pos i t ed  f rom t h e  2-~/2-1iter ba th ,  or  80% of t h e  
a m o u n t  in t he  o r ig ina l  A1CI~. The  b a t h  was  t h e n  
d i s c a r d e d  because  the  e l e c t r o d e p o s i t e d  a l u m i n u m  
h a d  become  b r i t t l e ,  nodu l a t ed ,  and  spongy.  The  
ca thode  c u r r e n t  eff iciency h a d  i n c r e a s e d  to 115%. 
No a t t e m p t  was  m a d e  to r e c o n d i t i o n  the  ba th .  

G e n e r a l l y ,  a t  t he  b e g i n n i n g  of  t h e i r  use,  a l u m i -  
n u m  p l a t i n g  b a t h s  p r o d u c e d  duc t i l e ,  m a t  a l u m i n u m .  
As  the  ba ths  g r e w  o lde r  the  p l a t e s  t e n d e d  to become  
smoo the r .  In  some  cases, t h e  smoo thnes s  was  ac -  
c o m p a n i e d  b y  s m a l l  c r acks  and  f issures  in  the  
p la tes .  As  the  p l a t e s  b e c a m e  s m o o t h e r  t h e y  u s u a l l y  
t e n d e d  to loose duc t i l i t y .  F i n a l l y ,  m a n y  b a t h s  b e g a n  
to p r o d u c e  d a r k ,  s t r e a k y  depos i t s  w h e n  t h e y  h a d  ou t -  
l i v e d  t h e i r  use fu lness .  

a Synthe tas ine  Pro tec t ive  Coatings,  Inc.,  New York,  N.Y. 
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Fig. 5. Aluminum electroplate on uranium as-plated 
(aluminum thickness, 12 mils). As-polished. Magnification 
500 X before reduction for publication. 

Fig. 3. Aluminum plating bath with dry box and plating 
rack in place. 

Fig. 6. Aluminum electroplate on uranium after 24-hr 
diffusion at 200~ (aluminum thickness, 12 mils). As- 
polished. Magnification S00X before reduction for publication. 

Fig. 7. Aluminum electroplate on uranium after 24-hr dif- 
fusion at 250~ (aluminum thickness, 12 mils). As-polished. 
Magnification 500X before reduction for publication. 

Fig. 4. Surface view of crystalline electrodeposited atumi- 
num. Magnification approx. 1000X before reduction for 
publication. 

In  some cases  t h e  a l u m i n u m  t e n d e d  to b e c o m e  
sa t in  su r faced ,  due  to a l u m i n u m  crys ta l s .  F i g u r e  4 
shows  one of these  f iat  surfaces .  T h e  t e n d e n c y  to 
fo rm r e g u l a r  h e x a g o n s  was  ou t s t and ing .  In  Fig .  4 
cub ic  c r y s t a l s  can  b e  seen  also.  

A l u m i n u m  Plated Directly on Uranium 

The  p r e p a r a t i o n  of u r a n i u m  for  a l u m i n u m  p l a t i n g  
was  the  s a m e  as fo r  c o n v e n t i o n a l  aqueous  p l a t i n g ,  
as d i scussed  l a te r .  A n  e x t r a  r e q u i r e m e n t  for  a l u -  
m i n u m  p l a t i n g  was  t h a t  a f t e r  a c t i v a t i o n  the  u r a -  
n i u m  was  d r i e d  in  a l coho l  a n d  e t h e r  be fo re  b e i n g  
i m m e r s e d  in  t he  a n h y d r o u s  p l a t i n g  ba th .  A s - p l a t e d  
a l u m i n u m  on u r a n i u m  is shown  in Fig .  5. 

Hea t  t r e a t m e n t  of a l u m i n u m - p l a t e d  u r a n i u m  
eas i ly  d i f fused  the  two  meta l s .  The  e x t e n t  of d i f fu-  
s ion o c c u r r i n g  in 24 h r  a t  t e m p e r a t u r e s  of 200 ~ 
250 ~ and  300~ is i l l u s t r a t e d  in Fig.  6, 7, a n d  8. 
The  d i f fus ion  in  24 h r  a t  300~ w a s  e n o u g h  to d e -  
s t roy  the  a s - p l a t e d  bond.  

Dif fus ion of a l u m i n u m  a n d  u r a n i u m  a t  250~ 
and  p o s s i b l y  at  200~ was  u n e x p e c t e d  b a s e d  on t h e  
o b s e r v e d  d i f fus ion  b e t w e e n  w r o u g h t  a l u m i n u m  and  
u r a n i u m .  The  i n t e r f a c e  of a l u m i n u m  p l a t e d  on 
u r a n i u m  p r o b a b l y  has  less  ox ides  t h a n  m e c h a n i c a l l y  

Fig. 8. Aluminum electroplate on uranium after 24-hr dif- 
fusion at 300~ (aluminum thickness, 12 mils). As-polished. 
Magnification S00X before reduction for publication. 

p r e p a r e d  d i f fus ion  samples ,  and  th i s  d i f fe rence  
could  e x p l a i n  t h e  d i f f e rence  in  d i f fus ion  across  t he  
a l u m i n u m - u r a n i u m  in te r face .  

A l u m i n u m  Plated over EIectroplated 

Metals on Uranium 

The  o b s e r v e d  d e l e t e r i o u s  d i f fus ion of e l e c t r o p l a t e d  
a l u m i n u m  a n d  u r a n i u m  in 24 h r  a t  250 ~ a n d  300~ 
p o i n t e d  out  t he  need  for  an  i n t e r f a c i a l  d i f fus ion  
b a r r i e r .  A b a r r i e r  m e t a l  was  de s i r ed  t h a t  w o u l d  p r e -  
ven t  diffusion,  w o u l d  be  w e l l  b o n d e d  to bo th  t he  
a l u m i n u m  a n d  t h e  u r a n i u m ,  a n d  w o u l d  p r o v i d e  sec -  
o n d a r y  cor ros ion  p r o t e c t i o n  to t he  u r a n i u m  w h e n  
e x p o s e d  to bo i l i ng  w a t e r  t h r o u g h  d i s con t inu i t i e s  in  
the  a l u m i n u m .  Nicke l ,  copper ,  and  i ron  e l e c t r o p l a t e s  
w e r e  t r i e d  as  b a r r i e r  l aye r s .  
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T h e  p r o c e d u r e  for  a c t i v a t i n g  a n d  p l a t i n g  on u r a -  
n i u m  was  as fo l lows:  

Desca le  u r a n i u m :  (a )  su r f ace  g r ind ,  (b )  a b r a s i v e  
b las t ,  or  (c)  c h e m i c a l  p ick le .  

A l k a l i n e  c lean :  i m m e r s i o n  for  2 ra in  a t  180~ 
Rinse  
Ni t r i c  p i ck le :  8N HNO~, 80 +-- 10~ 5-10 rain.  
Rinse  
A n o d i c  p ick le :  22N H~PO,, 0.2N HC1, 100~ 50 
amp/ f f f ,  10 m i n  
Cold r inse  
N i t r i c  p i ck l e :  8N HNO~, 80 ~ • 10~ 3-5 rain.  
E l e c t r o p l a t e :  (a )  C o p p e r  (0.5 m i l ) ,  coppe r  su l -  
fa te ,  CuSO, '5H~O, 210 g / l ;  su l fu r i c  acid,  H=SO,, 
82.5 g / l ;  molasses ,  2.5 g / l ;  20 ~ ----- 10~ 50 a m p / f t  2, 
1 min ,  25 a m p / f t  2, 20 min .  

(b)  I r o n  (0.5 m i l ) ,  f e r rous  su l fa te ,  FeSO, '7H~O, 
300 g / l ;  f e r rous  ch lor ide ,  FeCI~-4H~O, 40 g / l ;  
s o d i u m  fo rma te ,  NaCOOH,  15 g / l ;  a m m o n i u m  su l -  
fa te ,  NH,SO,,  15 g / l ;  bo r i c  acid,  H,BO,, 30 g / l ;  
w e t t i n g  agent ,  D u P o n o l  M. E., '  1 g / l ;  p H  4.1 • 0.1, 
140~ 60 amp/ f f f ,  1 min ,  30 amp/ f f f ,  19 rain.  

(c)  N icke l  (0.5 r a i l ) ,  n i c k e l  su l fa te ,  NiSO,7H~O, 
145 g / l ;  m a g n e s i u m  su l fa te ,  MgSO,'7H_~O, 75 g / l ;  
a m m o n i u m  chlor ide ,  NH,C1, 15 g / l ;  bo r i c  acid,  
H~BO~, 15 g / l ;  w e t t i n g  agent ,  X X X D ,  5 20 r a i l / l i t e r ;  
p H  5.5 ----- 0.1, 100~ 30 amp/ f f f ,  1 rain,  15 amp/ f f f ,  
30 rain.  
Rinse  
A c t i v a t e :  ( a )  e t h y l  a lcohol  r inse ,  (b )  oleic ac id  

r inse .  
A l u m i n u m  p l a t e  (12 m i l s ) ,  a l u m i n u m  ch lor ide ,  

A1CI~, 400 g / l ;  l i t h i u m  h y d r i d e ,  LiH,  6 g / l ;  e t h y l  
e the r ,  b a l a n c e ;  75 ~ • 1 7 6  10 a m p / f t  ~, 24 hr .  

R inse  and  dry .  
Treatment after electrocladding.--Heat t r e a t i n g  of 

a l u m i n u m - e l e c t r o c l a d  s a m p l e s  for  5 m i n  at  950~ 
and  ho t  p r e s s i n g  for  5 m i n  a t  950~ w i t h  r a m  p r e s -  
su res  up  to 5.1 ts i  w e r e  done  to p r o m o t e  d i f fus ion  
and  i m p r o v e  the  a s - p l a t e d  adhes ion .  H e a t  t r e a t i n g  
was  done  in a v a c u u m  t u b e  f u r n a c e  w i t h  a p r e s s u r e  
of less t h a n  10 ~. 

Hot  p r e s s i n g  was  done  in  a c losed  die.  The  h o t -  
p re s s  a s sembly ,  Fig .  9, cons i s ted  of a f r a m e  a n d  two  
cover  p l a t e s  of 3S a l u m i n u m  in w h i c h  the  e l e c t r o c l a d  
s a m p l e  was  encased .  A 1-1/2-mil  i ron  foi l  was  i n c l u d e d  
as a p a r t i n g  compound .  The  1 - 7 / 1 6 - i n . - d i a m e t e r  b y  
3/s-in. t h i c k  a s sembl i e s  w e r e  hot  p r e s sed  in a t u b u l a r  
d ie  w i t h  t he  r a m  p r e s s u r e  a p p l i e d  on one face.  The  
3S a l u m i n u m  d e f o r m e d  u n d e r  p r e s s u r e  and  h e a t  to 
fill  the  con tou r s  of the  a l u m i n u m - e l e c t r o c l a d  sample .  
A f t e r  be ing  hot  p ressed ,  t he  a l u m i n u m - e l e c t r o c l a d  
core  was  p e e l e d  off the  3S a l u m i n u m  casing.  A s m a l l  
h y d r a u l i c  p re s s  ~ f u r n i s h e d  the  p re s su re .  

Corrosion Test ing of A luminum-P la ted  Uranium 
S a m p l e s  of a l u m i n u m - p l a t e d  u r a n i u m  w e r e  i m -  

m e r s e d  in bo i l ing  d i s t i l l ed  w a t e r  for  2 4 - h r  i n t e r v a l s  
or  less. The  co r ros ion  t r e n d  was  fo l l owed  b y  the  
w e i g h t  change  and  the  p r o g r e s s i v e  change  in a p -  
pea rance .  The  r e l a t i v e  co r ros ion  r e s i s t ances  of t he  
v a r i o u s  c l a d d i n g  sys t ems  w e r e  b a s e d  on the  hour s  in 
t e s t  be fo re  a w e i g h t  change  of • 1 m g / c m  ~ was  

E. I. d u  P o n t  de  N e m o u r s  and  Co., Inc.  
5 H a r s h a w  C h e m i c a l  C o m p a n y .  
e C a r v e r  L a b o r a t o r y  Press ,  F r e d  S. C a r v e r  Inc. ,  S u m m i t ,  N.J .  

August 1959 

Fig. 9. Assembly for hot-pressing aluminum-clad uranium 
samples. 

noted .  Cor ros ion  for  the  mos t  p a r t  o c c u r r e d  on ly  a t  
con tac t  a r ea s  in t he  a l u m i n u m  e l e c t r o c l a d d i n g .  I f  t he  
bond  of t he  a l u m i n u m  c l a d d i n g  w a s  not  good,  c o r r o -  
s ion also occu r r ed  ove r  t he  b a r r i e r - c o a t e d  u r a n i u m  
because  of p e n e t r a t i o n  of w a t e r  a long  the  a l u m i -  
n u m - b a r r i e r  m e t a l  i n t e r face .  The  bes t  s a m p l e s  

Table II. Relative corrosion resistance of aluminum-electroclad 
uranium specimens having various barrier-metal coatings 

and postcladding treatments (aluminum 12 mils in thickness) 

C o r r o s i o n  
B a r r i e r  Th ickness ,  P o s t c l a d d i n g  res i s t -  
m e t a l  rai l  t r e a t m e n t  ance,  hr* 

Ni 0.5 Hot pressed 63 
Ni 0.5 Heat  t rea ted  39 
Ni + Cu 0.4 -]- 0.1 Hot pressed 104 
Ni + Cu 0.4 + 0.1 Heat  t r ea ted  64 
Ni + Cu 0.25 -}- 0.25 Hot pressed 50 
Ni + Cu 0.25 -F 0'.25 Heat  t rea ted  38 
Ni -}- Cu 0.1 + 0.4 Hot pressed 26 
Ni ~ Cu 0.1 + 0.4 Heat  t r ea ted  23 

* Hour s  i n  b o i l i n g  w a t e r  u n t i l  w e i g h t  change  of ~ 1  m g / c m 2  oc- 
curred .  A v e r a g e  of  f o u r  samples .  

Table III. Effects of barrier-metal coating, activity of uranium 
surface for plating, and pressure applied during postcladding 

hot pressing on the relative corrosion resistance 
of aluminum-electroclad uranium 
(aluminum, 12 mils in thickness) 

Coating 
B a r r i e r  th i ckness ,  A c t i v i t y  P ressu re ,  Cor ros ion  
m e t a l  m i l  of u r a n i u m *  t o n s / i n .  2 res i s tance ,  h r t  

Fe 0.5 Act ive  3.5-4.3 144-77 (95) 
Fe  0.5 Passive 0.2-2.2 31-1 (16) 
Cu 0.5 Act ive  3.3-3.9 108-46 (77) 
Cu 0.5 Passive 3.5-5.1 46-1 (23) 
Ni 0.5 Act ive  0.6-1.2 38-1 (19) 
Ni 0.5 Passive 0.0-4.8 7-86 (46) 
Ni ~- Cu 0.4 -]- 0.1 Act ive  1.0-5.1 138-327 (232) 
N i - F  Cu 0.4 + 0.1 Passive 1.4-4.4 109-80 (94) 
Ni + Fe  0.4 + 0.1 Act ive  2.8-3.5 49-84 (66) 
Ni % Fe  0.4 + 0.1 Passive 2.6-4.5 36-1 (18) 

* A c t i v e  u r a n i u m  was  t h a t  w h i c h  was  p r e t r e a t e d  fo r  good  as-  
p l a t e d  adherence .  P a s s i v e  u r a n m m  was  j u s t  p i c k l e d  in  n i t r i c  ac id  
and  p l a t e d  wzth a n  e n v e l o p e  of t he  b a r r i e r  meta l .  B o n d i n g  of  t he  
e l e c t r o p l a t e d  m e t a l  to t he  u r a n i u m  d e p e n d e d  on  t he  d i f fu s ion  t h a t  
occu r r ed  d u r i n g  ho t  p ress ing .  

H o u r s  i n  b o i l i n g  w a t e r  u n t i l  w e i g h t  c h a n g e  of  •  m g / c m  2 oc- 
cur red .  N u m b e r  in  p a r e n t h e s e s  is a v e r a g e  of two  samples .  
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showed s l ight  corrosion only  at  the  e lec t rop la t ing  
contac t  areas. 

Tables  II and  III  show the re l a t ive  corrosion re -  
s is tance of u r a n i u m  elect roclad wi th  var ious  ba r r i e r  
meta l s  p lus  12 mi ls  of a l u m i n u m .  The  bes t  corros ion 
res i s tance  was observed  for u r a n i u m  tha t  was  p la ted  
wi th  a d h e r e n t  0.4 mi l  of n icke l  p lus  0.1 mi l  of copper  
plus  a l u m i n u m  and  hot  pressed at 950~ wi th  a r a m  
pressure  of 5.1 tsi. This  sys tem p rov ided  the  bes t  
adhes ion  of the  a l u m i n u m  c ladd ing  and  also p ro -  
v ided  des i rab le  a l loy ing  of the  u r a n i u m  wi th  the  
n icke l  as a secondary  corrosion bar r i e r .  Samples  tha t  
we re  no t  hot  pressed  no r  hea ted  a f te r  e lec t roc lad-  
d ing  corroded r ap id ly  (w i th in  a few hours )  a long 
the u r a n i u m - e l e c t r o p l a t e  interface.  

Manuscript  received Feb. 13, 1959. This paper was 
prepared for delivery before the Ottawa Meeting, Sept. 
28-Oct. 2, 1958. Work on this paper was performed 
under  AEC Contract W-7405-eng-92. 
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Any discussion of this paper will  appear in  a Discus- 
sion Section to be published in  the June  1960 Joum~rAL. 
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Electrolytic Iron Powder from a Caustic Soda Solution 
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ABSTRACT 

Conditions for electrolytic deposition of i ron powder from a s lurry  of i ron III  
oxide in  caustic soda solutions were investigated. The variables that  influence 
the deposition the most were tempera ture  (90~ caustic soda concentrat ion 
(600-800 g/ l ) ,  and low current  densities. Results from pi lo t -plant  studies were 
in good agreement  wi th  laboratory findings. Several  photomicrographs of the de- 
posits are included. Physical  and chemical properties of the powders are listed. 
Results show that  a ductile, dendri t ic  deposit was obtained that  could be ground 
up easily. The size of the dendri tes was influenced greatly by conditions of de- 
position. Part icle size distribution, particle shape, ductility, flow rate, purity,  
and compactabil i ty of several powders were examined. Tensile s t rength and 
elongation of sintered compacts were also studied. 

I ron  III  hyd rox ide  is soluble  to a l imi ted  ex t en t  
in  s t rong  caust ic  soda so lu t ion  f rom which  m e t a l  
powder  m a y  be deposi ted in  a den t r i t i c  and  duct i le  
form. The  so lu t ion  is kep t  s a tu ra t ed  by  emp l oy i ng  
an  excess of f inely d iv ided  i ron  oxide m a i n t a i n e d  
in  suspens ion  by  agi ta t ion .  

Este l le  (1) first p a t e n t e d  such a process in  which  
he r e c o m m e n d e d  a ba th  cons is t ing  of 30% i ron III  
hydroxide ,  35% sod ium hydroxide ,  and  35% water ,  
m a i n t a i n e d  at 100~ He s ta ted tha t  a g ray  meta l l i c  
deposi t  can be ob ta ined  f rom this  solut ion.  Ange l  (2) 
showed tha t  f inely d iv ided  i ron ore could be used in  
place of the  p u r e  hydrox ide  in  the  same type  of m e -  
dium.  Este l le ' s  and  Ange l ' s  pa ten t s  defined ve ry  few 
condi t ions  for e lec t rodepos i t ing  the  i ron  and  did no t  
descr ibe  the  charac ter is t ics  of the  powder  produced.  
L i t t l e  a t t en t i on  has been  g iven  to this  me thod  of p ro -  
duc ing  i ron  powder .  L j u n g b e r g  (3) descr ibed  it  in  

1 Present  address: Explora tory  Research  Depar tmen t ,  Research  & 
Deve lopmen t  Laborator ies ,  M. W. Kel logg Co., Sersey City, N.J .  

~Presen t  address: Research Laboratories,  Nat ional  Carbon  Co., 
P a r m a ,  Ohio. 

a r ev i ew  of e lec t rolyt ic  methods  for m a k i n g  p o w -  
ders and  conc luded  tha t  f u r t he r  w o r k  wou ld  be 
necessa ry  to change  it  f rom the  s ta tus  of a l a b o r a -  
tory  curiosi ty.  He considered  the  me thod  a t t rac t ive ,  
since the  powder  is ob ta ined  d i rec t ly  f rom the  ore. 
Mehl  (4) s ta ted  t h a t  a b r i t t l e  deposit ,  su i tab le  for 
c rushing ,  is ob ta ined  by  Este l le ' s  process, and  pa -  
t en ted  a process (5) in  which  so luble  i ron  anodes  
were  employed  in  50% caust ic  so lu t ion  at 100~ A 
ve ry  fine, den t r i t i c  powder  was obta ined.  

The  e x p e r i m e n t a l  work  descr ibed in  this  paper  
was  u n d e r t a k e n  to d e t e r m i n e  condi t ions  of elec-  
trolysis,  yields,  and  charac ter i s t ics  of the i ron 
powder  p roduced  in  an  a lka l i ne  i ron oxide med ium.  

Experimentation 
Laboratory Electrolytic Studies 

A ba th  was  p repa red  consis t ing  of equa l  par t s  of 
water ,  caustic soda, and  f inely d iv ided  C.P. i ron  III  
oxide. This  was  e lec t ro lyzed at  ca thode c u r r e n t  
dens i t ies  r a n g i n g  f rom 30 to 90 a m p / f t  ~ a nd  a te rn-  
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Table I. Effect of bath temperature on current efficiency. 
Fe203-50 g/I;  current density, 40 amp/ft ~ 

Cathode 
NaOI-I, cu r r en t  

Temp,  ~ g/1 efficiency, % 

Fig. 1. Effect of ogJtotion: o, iron deposited on flat panel 
cathode; b, iron deposited on rotating cathode; c, iron de- 
posited from agitated bath. Magnification 500X before re- 
duction for publication. 

p e r a t u r e  of 120~ in  an  i ron  con ta ine r  used as the  
anode.  Gray,  meta l l i c  deposits  we re  fo rmed  f rom 
which  it  was difficult to r emove  al l  of the  a d h e r i n g  
oxide, so tha t  the  c u r r e n t  efficiencies ca lcu la ted  
f rom the  ga in  in  we igh t  were  120%. A pho tomic ro -  
g raph  of the  cross sect ion of a typica l  deposi t  is 
shown  in  Fig. la.  Oxide inc lus ions  are  ev ident ,  
except  n e a r  the surface,  where  they  were  washed  
out. However ,  if a ro t a t ing  cathode was  used, the  
ca lcu la ted  c u r r e n t  efficiency was r educed  to 92%. 
F igu re  l b  is a pho tomic rog raph  of this  deposit ,  a nd  
the  a m o u n t  of oxide occluded is seen to be less t h a n  
previous ly .  If, in  addi t ion,  a h igh - speed  impe l l e r  
was used to agi ta te  the  viscous bath ,  oxide i nc lu -  
sions were  fu r t he r  e l imina ted ,  as shown  in Fig. lc, 
a n d  a c u r r e n t  efficiency of 70% was  obta ined.  

In  add i t ion  to its t e n d e n c y  to give deposi ts  con-  
t a i n ing  occluded oxide, the  ba th  was  so viscous 
tha t  d rag  out  was excessive. The  viscosi ty  was 
cons ide rab ly  reduced  by  decreas ing  the  a m o u n t  of 
suspended  oxide, and  deposi t ion at  h igh c u r r e n t  
efficiency was sti l l  possible if the  b a t h  was  v igor -  
ously  agi ta ted.  F u r t h e r  e x p e r i m e n t s  were  car r ied  
out  in  1- and  4 - l i t e r  conta iners .  Nickel  or i ron  
anodes  0.5 in. in  d i ame te r  or l a rger  and  6-7 in. long 
were  used. The i ron anodes  were  corroded s lowly  
d u r i n g  electrolysis .  The cathodes consis ted of m i l d -  
steel  sheets tha t  had been  s l ight ly  roughened .  The  
deposits adhered  wel l  to the surface bu t  were  eas i ly  
r emoved  f rom the  electrode by  f lexing or scraping.  
The r emoved  chips were  reduced  to powder  by  mi ld  
gr ind ing .  Ai r  ag i ta t ion  was  t r i ed  in  a few expe r i -  
men t s  bu t  had  the d i sadvan tages  of p roduc ing  a 
la rge  a m o u n t  of sp ray  and  i n t roduc ing  ca rbon  
d ioxide  into the bath .  Agi t a t ion  w i th  a 2.5 in. d i -  
a m e t e r  impe l l e r  r evo lv ing  at  abou t  700-800 r p m  
was found  to be more  sat isfactory.  

Bath stability during electrolysis.--The cathode 
c u r r e n t  efficiency of a f reshly  p r e p a r e d  ba th  was  
found  to decrease u p o n  con t inued  electrolysis .  In  a 
typ ica l  e x p e r i m e n t  a c u r r e n t  efficiency of 90% was 
ob ta ined  d u r i n g  the first few hours  of electrolysis ,  
bu t  a f ter  24 hr  the c u r r e n t  efficiency had  decreased 
to a s teady va lue  in the  r ange  of 60-80%. The high 
c u r r e n t  efficiency of a f reshly  p r epa red  so lu t ion  
m a y  be due  to the fact  tha t  the i ron  oxide conta ins  
an  easi ly  soluble  f r ac t ion  tha t  dissolves shor t ly  
af ter  the  add i t ion  to the  caust ic  soda solut ion.  

The charac te r  of the  deposits also changed  d u r i n g  
the s tab i l iza t ion  period. Deposits  f rom f resh ly  p re -  
pa red  ba ths  were  loose and  powde ry  bu t  became  
more  compact  as e lec t rolys is  was  con t inued .  I n  the  
progress  of the e x p e r i m e n t a l  work,  successive e x -  

30 400 30 
35 600 45 
50 600 75 
60 400 45 
70 600 85 
80 600 90 
90 400 60 
90 600 90-95 

120 400 70 

p e r i m e n t s  were  r u n  u n t i l  the  ba th  had  reached  a 
s table  state. 

Effect of temperature.--The effect of t e m p e r a t u r e  
was  inves t iga ted  in  a b a t h  con t a in ing  200-600 g/1 of 
caustic soda and  25-75 g/1 of i ron  III  oxide. Elec-  
t rolysis  was car r ied  out  at  a ca thode c u r r e n t  dens i ty  
of 40 a m p / f t  ~ over  a t e m p e r a t u r e  r ange  f rom 30 ~ to 
120~ The  h ighes t  t e m p e r a t u r e  was st i l l  be low the 
bo i l ing  po in t  of the  bath .  

Resul ts  are shown  in  Tab le  I and  ind ica te  a cu r -  
r en t  efficiency of wel l  over  80% in  severa l  ins tances .  
The effect of t e m p e r a t u r e  was  inves t iga ted  before  
the  need  for ex tens ive  e lectrolysis  to ob ta in  a s table  
condi t ion  was  real ized.  Whi le  the  resul t s  are g e n e r -  
a l ly  cons is ten t  w i th  one another ,  some of the va lues  
are incons i s t en t  w i th  la te r  work.  

The best  c u r r e n t  efficiency was  ob ta ined  at  the 
h ighes t  t e m p e r a t u r e  for a n y  g iven  caust ic  concen-  
t ra t ion .  The n a t u r e  of the  deposi t  also changed  wi th  
the  t empe ra tu r e .  As the t e m p e r a t u r e  inc reased  the 
deposi ted dendr i t e s  increased  in  size, as shown in  
Fig. 2a to 2d inclus ive .  These figures are pho tomi -  
crographs  of pol ished cross sections of the deposits.  
The  deposit  m a d e  at  60~ was  dispersed somewha t  
w h e n  m o u n t e d  pr ior  to pol ishing.  

The va r i a t i on  in  dend r i t e  size wi th  t e m p e r a t u r e  
was even  more  c lear ly  shown  by  g r ind ing  deposi ts  
to --325 mesh, m o u n t i n g  in  Lucite,  and  pol ishing.  

Fig. 2. Influence af temperature on cathode deposits: o, 
35~ b, 60~ c, 90~ d, 120~ Magnification IOOX be- 
fore reduction for publication. 
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Table II. Effect of caustic soda concentration. FelOn-SO g/I; 
temp, 90~ current density, 40 amp/ft 2 

200 g/1 NaOH 465 g/1 NaOH 765 g/1 NaOH 

Amp-hr /1  C.E., % Amp-hr /1  C.E., % Amp-hr /1  C.E., % 

3.1 68 3.1 91 4.7 80 
15.6 40 15.6 86 17.2 85 
28.0 22 28 65 26.6 73 
50.0 13 47.0 54 36.0 68 
59.5 13 50 52 39.2 67 

Fig. 3. Effect of bath temperature on iron deposit (caustic 
soda, 400 g/I; Fe20~, 50 g/I): a, 35~ b, 60~ c, 90~ 
d, 120~ Magnification 500X before reduction for publica- 
tion. 

Pho tomic rographs  of the  spec imens  are shown  in  
Fig. 3a to 3d. The l a rge  par t ic les  appea r ing  in  the 
pho tomic rograph  of the powder  deposi ted at 35~ 
are no t  i n d i v i d u a l  dendr i t e s  bu t  r a the r  c lumps  
made  up  of m a n y  smal le r  dendr i tes .  This  powder  
had  ve ry  poor flow charac ter i s t ics  and  ba l l ed  up  on 
the screen  r a the r  t h a n  pass ing  t h r o u g h  it. The  d e n -  
dr i tes  f rom the  60~ deposi t  easi ly  passed a --325 
mesh  screen. At  h igher  t e m p e r a t u r e s  some of the  
dendr i t e s  we re  too large  to pass a --325 mesh  screen 
and  had  to be d is tor ted  first, r e q u i r i n g  a m u c h  more  
severe g r i n d i n g  t r ea tmen t .  However ,  the  flow p r op -  
ert ies  of the  powder  t ended  to improve  as the  t e m -  
p e r a t u r e  of deposi t ion  increased.  

In  all  of the photomicrographs ,  except  tha t  of the 
powder  p roduced  at  35~ f r a g m e n t s  wi th  a h e x a -  
gonal  s y m m e t r y  can be observed,  r e su l t ing  f rom 
sect ioning th rough  the wid th  r a t h e r  t h a n  the  l e n g t h  
of the dendr i te .  Therefore ,  the dendr i t e s  consist  of 
six l o n g i t u d i n a l  r idges spaced a r o u n d  a l o n g i t u d i n a l  
axis w i th  hexagona l  symmet ry .  

Effect oS caustic concentration.--Electrodeposition 
of i ron  f rom i ron  III  oxide s lur r ies  in  caustic soda 
solut ions  of v a r y i n g  concen t ra t ions  showed tha t  a 
h igh caustic soda concent ra t ion ,  in  excess of 400 g/ l ,  
is r equ i r ed  to ob ta in  a c u r r e n t  efficiency of over  
50%. Rep re sen t a t i ve  resul t s  are shown in Tab le  II. 
A ba th  con ta in ing  200 g/1 of caustic soda and  50 g/1 
of i ron  III  oxide was held  at a t e m p e r a t u r e  of 90~ 
and  e lect rolyzed at  36 a m p / f t  2. The first deposits  
f rom this b a t h  were  ob ta ined  at  a c u r r e n t  efficiency 
in  excess of 60%, b u t  the  c u r r e n t  efficiency d ropped  
c o n t i n u a l l y  as more  a m p e r e - h o u r s  were  pu t  t h r ough  

the  bath .  A ppa r e n t l y ,  caust ic  soda p re sen t  in  a 
concen t r a t i on  of 200 g/1 is no t  able  to solubi l ize al l  
of the  i ron  oxide. 

Wi th  465 g/1 of caust ic  soda in  the ba th ,  a s table  
c u r r e n t  efficiency of abou t  55% was obta ined .  Wi th  
765 g/1 of caust ic  soda in  the  bath ,  deposi ts  were  
p roduced  at  a c u r r e n t  efficiency of 70%. 

Effect of iron III oxide concentration.--The s lu r ry  
concen t r a t i on  of i ron  III  oxide in  caust ic  soda solu-  
t ion  was va r i ed  to d e t e r m i n e  w h e t h e r  its concen t r a -  
t ion  affected the  c u r r e n t  efficiency of e lec t rodeposi -  
t ion  a nd  the  type  of deposi t  produced.  A finely 
divided,  chemica l ly  pu re  i ron  oxide was selected 
for use in  the bath .  Baths  con ta in ing  25, 50, and  
75 g/1 of i ron  oxide and  400-765 g/1 of caust ic  soda 
were  opera ted  at  90~ a nd  a ca thode c u r r e n t  d e n -  
s i ty  of 35-40 a m p / f t  2. The  resu l t s  in  Tab le  III  i nd i -  
cate tha t  the concen t r a t i on  of oxide could be va r i ed  
w i t hou t  s igni f icant ly  affecting the electrolysis .  

Use of commerc ia l  h e m a t i t e  ores con ta in ing  as 
h igh as 86% Fe~O~ in  place of pu re  i ron  oxide gave 
somewha t  incons i s t en t  resul ts .  However ,  the  c u r r e n t  
efficiencies were  gene ra l l y  20-30% lower  t h a n  wi th  
the  pu re  oxide. The use of a m a g n e t i t e  ore (Fe304) 
gave c u r r e n t  efficiencies be low 5%. 

Effect of current density.--The effect of inc reas -  
ing the  c u r r e n t  dens i ty  was  to decrease  bo th  the  
c u r r e n t  efficiency of deposi t ion  and  the  size of the  
dendr i t e s  deposited.  C u r r e n t  efficiency va lues  are  
g iven  in  Table  IV. The decrease  in  the  average  size 
of the dendr i t e s  deposi ted is ev iden t  f rom the  
pho tomic rographs  of deposi t  cross sect ions shown 
in  Fig. 4a to 4g. At  2400 a m p / f t  ~ the  deposi t  appears  
to have  been  to rn  off by  the h y d r o g e n  evolved,  
except  for a t h in  layer .  

As expected,  the  effect of inc reas ing  the  c u r r e n t  
dens i ty  is opposi te  to the  effect of i nc reas ing  the  
t empera tu re .  Inc reas ing  the c u r r e n t  dens i ty  de-  
creases the c onc e n t r a t i on  of i ron  in  the  ca thode  film, 
l ead ing  to a decrease  in  the  c u r r e n t  efficiency and  

Table III. Effect of iron oxide concentration on cathode current efficiencies. C.D., 40 amp/ft'; temp, 90~ 

400 g/1 NaOH 765 g/1 NaOH 
25 g/1 Fe2Oa 50 g/1 FefO3 75 g/1 Fe203 25 g/1 Fe20~ 50 g/1 FefO3 

Arap-hr/1 C.E., % Amp-hr /1  C.E., % Amp-hr /1  C.E., % Amp-hr /1  C.E., % AmD-hr/1 C.E., % 

1.39 46 
7.1 55 
8.5 50 
9.9 60 

15.4 68 
25.2 60 

1.4 66 1.4 74 3.13 83 
2.8 63 

31 54 33 57 28.2 68 

3.13 73 

28.2 64 
43.8 73 

40 58 94 83 
46 61 163 80 163 73 
49 63 191 73 191 78 
52 48 269 68 269 75 
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Table IV. Effect of current density on current efficiency. 
Fe20.~, 50 g/I; temp, 90~ 

Curren t  efficiency, % Cur ren t  densi ty  

Amp/f t~  at 400 g/1 NaOH at 765 g/1 N o a H  

40 55 80 
72 - -  75 
80 45 - -  

145 - -  68 
160 35 - -  
300 20 - -  
600 15 - -  

1200 15 - -  
2400 3 - -  

more  nuc lea t ion .  Thus,  finer dendr i t e s  are formed.  
An  increase  in  t e m p e r a t u r e  increases  the ra te  of 
diffusion in  the cathode film and  p r o b a b l y  increases  
the so lub i l i ty  of the  oxide. The r e su l t  is a h igher  
cu r r en t  efficiency and  a t e n d e n c y  to deposi t  on 
dend r i t e  surfaces a l r eady  establ ished,  r a the r  t han  
to s tar t  n e w  ones. 

Conclusions 

The e x p e r i m e n t a l  resul t s  have  shown  tha t  i t  is 
possible to p repa re  i ron powder  wi th  an average  
par t ic le  size tha t  can be var ied  ave r  a wide  range .  
The va r i ab le s  tha t  most  inf luence  the  e lec t rodepos i -  
t ion  of i ron f rom an  a lka l ine  ba th  are  t empera tu re ,  
caustic soda concen t ra t ion ,  and  c u r r e n t  densi ty .  High 
t e m p e r a t u r e s  of the  order  of 90~ are  des i rab le  for 
m a i n t a i n i n g  c u r r e n t  efficiency and  p roduc ing  coarser  
dendr i t i c  deposits.  S imi l a r l y  low c u r r e n t  densi t ies ,  
in  addi t ion  to p roduc ing  high c u r r e n t  efficiencies, 
b r ing  about  coarse dendr i tes .  High caustic soda con-  
cen t ra t ions  in  excess of 400 g/1 and  p r e f e r a b l y  be-  
tween  600-800 g/1 effect the best  c u r r e n t  efficien- 
cies. The l abo ra to ry  scale expe r imen t s  es tab l i shed  
the feas ib i l i ty  of depos i t ing  dendr i t i c  i ron  f rom a 
caustic soda - i ron  oxide med ium.  

It is p robab l e  tha t  the i ron  was  deposi ted by  the 
r educ t ion  of the  soluble  sodium fer r i te  in the  solu-  
t ion. The so lub i l i ty  of the fe r r i t e  is r a the r  low and  
depos i t ion  would  soon cease w i thou t  cons tan t  r e -  
p l e n i s h m e n t  of the so lu t ion  by the suspended  oxide. 
The p resence  of more  oxide par t ic les  t h a n  are 
needed  to m a i n t a i n  the  fe r r i t e  ion concen t r a t i on  

Fig. 4. Effect of current density on cathode deposit: a, 
40 arnp/ft2; b, 80 amp/ft2; c, 160 arnp/ft2; d, 300 amp/ft2; 
e, 600 amp/ft2; f, 1200 amp/ft2; g, 2400 amp/ f t  ~. Magni- 
fication 500X before reduction for publication. 

should not  change  the resul ts ,  which  exp la ins  w h y  
the  oxide concen t r a t i on  is no t  crit ical ,  a t  leas t  
above  a ce r ta in  m i n i m u m  value.  

Pi lo t -P lan t  Electrolyt ic  S tudies  

On the basis of the  l a b o r a t o r y  f indings es tab l i sh-  
ing the feas ib i l i ty  of the deposi t ion  process, p i lo t -  
p l a n t  s tudies  we re  u n d e r t a k e n .  P i l o t - p l a n t  s tudies  
we re  to aid in  d e t e r m i n i n g  the  best  condi t ions  for 
con t inuous  electrolysis ,  to ve r i fy  efficiencies, to 
f u r n i sh  a basis  for an  economic s tudy  of the process, 
and  to m a k e  ava i l ab le  sufficient quan t i t i e s  of i ron  
powder  for chemical  and  phys ica l  p rope r ty  studies,  
commerc ia l  appl ica t ions  and  eva lua t ions .  

Large-sca le  s tudies  also offered the  poss ib i l i ty  for 
i nve s t i ga t i ng  o ther  sources of i ron  oxide in  place of 
the chemica l ly  pu re  m a t e r i a l  used in  the l abora tory .  
They  f u r t h e r  a ided in  d e t e r m i n i n g  the t echn ica l  
advan tages  and  d i sadvan tages  of the  e lec t rodeposi -  

"tion process and  gave some knowledge  on the  des ign  
of the cell, g r i n d i n g  equ ipmen t ,  and  the  ove r - a l l  
p roduc t i on  process. 

E q u i p m e n t  and p roc e dure . - - T he  cell was  con-  
s t ruc ted  of 0.125 in. n icke l  sheet  wi th  base d i m e n -  
sions 18 x 9 in. and  a he ight  of 29 in., a nd  had  a 20- 
gal capacity.  A n  in le t  and  out le t  were  p rov ided  on 
the side of the  cell for the  i n t roduc t i on  a nd  r emova l  
of l iquor.  Ag i t a t ion  was p rov ided  by  a h igh - speed  
impe l l e r  ro t a t ing  f rom 1000 to 1500 rpm.  The  solu-  
t ion  was hea ted  f rom the  outs ide  by  s t r ip  heaters .  
The wal ls  of the  cell served as one anode,  and  a 
second anode was  h u n g  in  the cen te r  of the  cell. 
Two cathodes 10 x 24 in. m a d e  of 0.25-in. steel p la te  
were  inser ted  on e i ther  side of the cen te r  n icke l  
anode.  The  tota l  ca thode a rea  was  5.5 f t  ~. D.C. c u r -  
r e n t  was suppl ied  by  a s e l e n i u m  rectifier.  

Caust ic  soda flakes were  dissolved in  w a t e r  to 
m a k e  16.5 gal of 50% l iquor .  This e lec t ro ly te  was  
used t h r o u g h o u t  a run ,  which  somet imes  ex t ended  
f rom 6 to 8 days,  wi th  on ly  per iodic  addi t ions  of 
wa te r  to replace  evapora t ion  loss. The i ron  was  
added as 9 lb of C.P. i ron oxide or commerc ia l  ores. 
Per iodic  addi t ions  of a p p r o x i m a t e l y  2 lb of oxide 
were  made  every  4 h r  t h r o u g h o u t  the run ,  a s suming  
a c u r r e n t  efficiency of 85%. 

The  cell was opera ted  at  275 a mp  wi th  an  average  
cell po ten t i a l  of abou t  2.3 v. The b a t h  t e m p e r a t u r e  
was  m a i n t a i n e d  at 85~176 and  the so lu t ion  was  
ag i ta ted  to assure  i n t i m a t e  m i x i n g  of the  i ron  oxide 
and  the a lka l ine  bath.  

Af t e r  each 24 h r  of opera t ion  the cathodes were  
r e move d  f rom the cell. The  deposi ted i ron  was  
washed  tho rough ly  w i th  w a t e r  to r emove  a n y  excess 
a lka l i  and  meta l l i c  oxides adhe r ing  to the surface  
and  then  scraped off. Af te r  the i ron was g round  in  a 
bal l  mil l ,  the oxide was  removed.  The powder  was 
oven  dried,  sif ted th rough  a U. S. S t a n d a r d  120 
screen, and  weighed.  Samples  of each day ' s  p roduc-  
t ion  were  ana lyzed  for h y d r o g e n  loss, to ta l  iron,  and  
par t ic le  size d i s t r i bu t ion  according  to s t a n d a r d  MPA 
methods.  

Process eva lua t ion . - -P i lo t - sca le  r u n s  were  m a d e  
at condi t ions  which  had p r o v e n  most  successful  in  
the  labora tory .  The  cor re la t ion  b e t w e e n  the  l abo ra -  
to ry  work  at Ba t te l le  Memor ia l  I n s t i t u t e  and  Dia-  
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Table V. Pilot Plant Data. 82~ 275 amp, 45 amp/ft ~, 2.3 v, 16.5 gal. Capacity cell, 9 Ib initial Fe20~ charge followed by 2 Ib additions 
every 4 hr 

A m p - h r  Product  analysis 
FeeO3 Curren t  Ba th  age, Ease of 

Run No. Ore efficiency ' r ime,  hr  days liter str ipping deposit Fe H2 loss 

17 C.P. 75 8 New 35 Easy 
18 C.P. 80 11 1 .83 Easy 
25 C.P. 46 20 New 88 Easy 0.4 
26 C.P. 81 20 1 176 Easy 99.66 0.30 
27 C.P. 76 21 2 268 99.60 0.33 
28 C.P. 72 23 3 369 99.49 0.69 

Composite 99.57 0.43 
19 Oolitic hemat i te  50 12 New 53 Easy when  fresh, 
20 Oolitic hemat i te  52 12 1 106 hard af ter  stand- 
21 Oolitic hemat i te  46 12 2 159 ing. 
22 Oolitic hemat i te  58 24 6 273 
23 Oolitic 59 20 New 88 
24 Oolitic 41 20 1 176 

m o n d  A l k a l i  C o m p a n y  and the  p i l o t - p l a n t  runs  m a d e  
at D i a m o n d  A l k a l i  was  exce l len t .  As  shown on Tab le  
V, us ing C. P. Fe~O3 as a r a w  mate r i a l ,  c u r r e n t  effi- 
c iencies  w e r e  in the  r a n g e  of 75-80% and  w e r e  no t  
a p p r e c i a b l y  affected by  the  age of the  b a t h  as long 
as the  Fe~O~ concen t r a t i on  was  m a i n t a i n e d  by  the  
add i t ion  of ore. The  c h e m i c a l  q u a l i t y  of the  p r o d u c t  
was  exce l len t ,  ana lyz ing  99.57% i ron  and 0.43% h y -  
d rogen  loss. The  type  of depos i t  is shown  in Fig. 5, 
w h i c h  is s imi l a r  to t ha t  found  in bench  scale work .  

P i lo t  opera t ion  ver i f i ed  tha t  a v e r y  s imple  cell  
des ign was  sufficient. I t  was  shown  tha t  a b a t h  could 
be used  for  s eve ra l  days  w i t h o u t  d e t r i m e n t a l  effects. 
I t  was  also s h o w n  t h a t  a f t e r  s eve ra l  days  of o p e r a -  
t ion the  cel l  could  set d o r m a n t  for  s eve ra l  days  and 
be pu t  back  in ope ra t ion  w i t h o u t  a r educ t ion  in c u r -  
r e n t  efficiency. 

The  use of ooli t ic  h e m a t i t e  in p lace  of C.P. ore  
r educed  the  c u r r e n t  efficiency to a p p r o x i m a t e l y  
50%. The  p roduc t  q u a l i t y  was  also reduced ,  s h o w -  
ing 2% h y d r o g e n  loss. The  n a t u r e  of the  depos i t  was  
a l t e r ed  s l ight ly ,  and a l t hough  it was  eas i ly  r e m o v e d  
wh i l e  fresh,  i t  b e c a m e  difficult  to r e m o v e  if a l l owed  
to cool and dry.  This  was  p r o b a b l y  due  to the  p r e s -  
ence  of si l icate,  w h i c h  c e m e n t e d  the  deposit .  I t  is 
possible  t ha t  w i t h  some add i t iona l  w o r k  to i m p r o v e  

Fig. 5. Iron deposited on pilot plant cathode, cross section 
of cathode deposit. Magnification 90X before reduction for 
publication. 

Easy when fresh, 
hard  after  stand- 
ing. 

98 2.0 

the  t e c h n i q u e  and  by se lec t ion  of a m o r e  su i t ab le  
n a t u r a l  ore  resu l t s  could be cons ide rab ly  improved .  

In genera l ,  i t  was  shown  tha t  the  e l ec t rodepos i -  
t ion  of  dendr i t i c  i ron  f r o m  a caus t ic  soda b a t h  con-  
t a in ing  a suspended  Fe~O~ is c h e m i c a l l y  and  eco-  
n o m i c a l l y  feasible .  The  r a w  m a t e r i a l s  a re  low in 
cost  and can be  h a n d l e d  easily.  T h e  e lec t ro lys is  
p roceeded  as p lanned .  A n d  finally,  the  p roduc t  could  
be r e m o v e d  f r o m  the  ca thodes  w i t h  a m i n i m u m  of 
effort ,  y i e ld ing  a depos i t  t h a t  could  be  eas i ly  g r o u n d  
in a ba l l  mil l .  

Physical and Chemical Properties of Iron Powders 
A d e t e r m i n a t i o n  of the  phys ica l  and chemica l  

p rope r t i e s  of p o w d e r s  m a d e  u n d e r  al l  of the  condi -  
t ions t r ied  w o u l d  be e x t r e m e l y  labor ious ,  s ince 
t he r e  are  so m a n y  p rope r t i e s  of s ignif icance in p o w -  
der  m e t a l l u r g y  and o the r  p o w d e r  uses. H o w e v e r ,  
m a n y  of the  p rope r t i e s  a re  r e l a t ed  i n h e r e n t l y  to the  
shape  and size d i s t r i bu t ion  of the  powder .  The re fo re ,  
de t a i l ed  d e t e r m i n a t i o n s  could  be  r e s t r i c t ed  to a f e w  
r e p r e s e n t a t i v e  pow de r s  cove r ing  the  shapes  and size 
d i s t r ibu t ions  e n c o u n t e r e d  du r ing  the  e x p e r i m e n t a l  
p roduc t ion  of powders .  In mos t  of t he  depos i t ion  
e x p e r i m e n t s  on a l a b o r a t o r y  scale less t h a n  30 g of 
p o w d e r  w e r e  produced .  This  a m o u n t  of m a t e r i a l  is 
insuff icient  to d e t e r m i n e  s eve ra l  i m p o r t a n t  p r o p e r -  
ties, such as flow rate .  The re fo re ,  most  of the  p o w -  
ders  t ha t  w e r e  e x a m i n e d  in de ta i l  w e r e  m a d e  on a 

Table VI. Chemical analysis of iron powder. 
L-Laboratory; P-Pilot plant 

Sample  He loss, Fe, FeO, FeeOs, Total 
No. Fe2Oz % % % % Fe, % 

L-82 C.P. 0.05 98.77 0.65 0.49 99.62 
L-83 C.P. 0.38 94.22 6.50 0.49 99.62 
L-84 C.P. 0.00 97.08 3.05 0.25 99.62 
L-85 C.P. 0.12 98.28 2.16 0.05 99.96 
L-86 C.P. 0.58 97.08 3.05 0.00 99.45 
P-25 C.P. 0.40 . . . .  
P-26 C.P. 0.30 - -  - -  - -  99.66 
P-27 C.P. 0.33 - -  - -  - -  99.60 
P-28 C.P. 0.69 - -  - -  - -  99.49 
#8  0.76 . . . .  
L-87 Oolitic hemat i te  1.08 - -  - -  0.73 96.58 
L-88 Oolitic hemat i te  1.39 - -  - -  0.47 96.07 
P-24 Oolitic hemat i te  2.0 90.6 7.3 0.6 - -  
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Fig. 6. Photomicrographs of various powders; left, un- 
ground; right, ground, a, powder No. 8; b, powder No. 9; c, 
powder No. 10; d, powder No. 11; e, powder No. 12; f, 
powder No. 13. Magnification 24X before reduction for 
publication. 

p i l o t - p l a n t  scale.  In  s e v e r a l  cases  t he  o p e r a t i o n s  of 
s t r i p p i n g  f r o m  the  s t a r t i n g  shee t  and  w a s h i n g  w i t h  
v igo rous  ag i t a t i on  w e r e  sufficient  to r e d u c e  mos t  of 
t he  depos i t  to p o w d e r .  The  p r o d u c t  is r e f e r r e d  to as 
" u n g r o u n d "  p o w d e r  as d i s t i nc t  f r o m  " g r o u n d "  
p o w d e r  r e s u l t i n g  f rom f u r t h e r  c o m m i n u t i o n  in a 
ba l l  m i l l  or  m o r t a r .  

Analytical data.--Determinations w e r e  m a d e  of 
p o w d e r s  p r e p a r e d  f r o m  b a t h s  con ta in ing  e i t h e r  C.P. 
i r on  o x i d e  or  a c o m m e r c i a l  i ron  ox ide  ore  ( h e m a -  
t i t e ) .  T y p i c a l  r e su l t s  of s e v e r a l  e x p e r i m e n t s  a r e  
s h o w n  in T a b l e  VI. L i t t l e  d i f f icul ty  was  e x p e r i e n c e d  
in o b t a i n i n g  a h y d r o g e n  loss ~ ( o x y g e n  con ten t )  of 
less  t h a n  1% w h e n  p u r e  ox ide  was  used.  H o w e v e r ,  
w i t h  ool i t ic  h e m a t i t e  ore  the  o x y g e n  con ten t  was  as 
h igh  as 2%.  

Ductility.--All depos i t s  and  p o w d e r s  w e r e  e x -  
t r e m e l y  duc t i le .  W h e n  s t r u c k  w i t h  a h a m m e r  a 
depos i t  was  eas i ly  d e f o r m e d  w i t h o u t  f r ac tu r e .  I t  
was  diff icult  or  imposs ib l e  to f r a c t u r e  p a r t i c l e s  b y  
g r ind ing .  E v e n  a r e l a t i v e l y  m i l d  g r i n d i n g  d e f o r m e d  
the  p a r t i c l e s  as e v i d e n c e d  b y  the  p h o t o m i c r o g r a p h s ,  
Fig .  6a-6f ,  of the  s ame  p o w d e r ,  be fo re  and  a f t e r  
mi l l ing .  E x t e n s i v e  g r i n d i n g  caused  seve re  d e f o r m a -  
t ion.  E v i d e n c e  t h a t  t he  p o w d e r  is f u l l y  duc t i l e  as 
f o r m e d  a n d  t h a t  an  a n n e a l i n g  t r e a t m e n t  does  no t  
i nc rea se  the  d u c t i l i t y  was  o b t a i n e d  as fo l lows :  A 
g reen  c o m p a c t  p r e p a r e d  f rom p o w d e r  No. 1 h a d  a 
d e n s i t y  of 5.51 w h e n  p r e s s e d  a t  38.7 t.s.i. A g r e e n  
compac t  m a d e  f r o m  p o w d e r  No. 1 a n n e a l e d  in  h y -  
d r o g e n  at  1,000~ for  1 h r  had  a d e n s i t y  of 5.57, or  
e s s e n t i a l l y  t he  s a m e  v a l u e  as t he  u n a n n e a l e d  p o w -  
der .  H a d  t h e  a n n e a l i n g  i nc r ea sed  t h e  d u c t i l i t y  to 
a n y  ex ten t ,  t h e  d e n s i t y  of the  c o r r e s p o n d i n g  c o m -  
p a c t  shou ld  h a v e  inc reased .  

3 The  t e r m  " h y d r o g e n  loss"  is  t he  lo~s d u e  to  t h e  r e m o v a l  o f  
o x y g e n  d u r i n g  the  h e a t i n g  of the  s p e c i m e n  in  an  a t m o s p h e r e  of  h y -  
d rogen .  P r o c e d u r e  i n  M P A - S t a n d a r d  2-48 was  fo l lowed ,  

Fig. 7. Electron micrograph showing pattern of growth. 
Magnification 24,750X before reduction for puMication. 

Comminution.--The depos i t s  w e r e  a d h e r e n t ,  and,  
a f t e r  t h e y  w e r e  r e m o v e d  f r o m  the  ba th ,  excess  e l ec -  
t r o l y t e  and  ox ide  could  be e l i m i n a t e d  b y  s p r a y  
r ins ing .  The  size of the  d e n d r i t e s  and  t h e i r  a d h e r -  
ence to each  o t h e r  i n c r e a s e d  w i t h  the  t e m p e r a t u r e  
of depos i t ion .  M a n y  of the  90~ depos i t s  w e r e  con-  
v e r t e d  to p o w d e r  b y  the  s t r i p p i n g  and  w a s h i n g  
opera t ions ,  p a r t i c u l a r l y  t he  depos i t s  p r e p a r e d  on a 
p i l o t - p l a n t  scale.  A f u r t h e r  m i l d  g r i n d i n g  t r e a t m e n t  
s e p a r a t e d  the  f ew  r e m a i n i n g  d e n d r i t e  a g g l o m e r a -  
t ions e x c e p t  for  the  l a r g e  nodu le s  f o r m e d  a t  the  
co rne r s  and  edges  of  the  ca thodes .  The  depos i t s  p r e -  
p a r e d  a t  120~ in t he  l a b o r a t o r y  s h o w e d  a d i f f e ren t  
b e h a v i o r  t h a n  the  l o w e r  t e m p e r a t u r e  depos i t s .  
D e n d r i t e s  w e r e  g e n e r a l l y  too l a r g e  to pass  a 100 
mesh  screen,  and  the  a g g l o m e r a t e s  t e n d e d  to d e f o r m  
u n d e r  the  i m p a c t  in  the  ba l l  m i l l  r a t h e r  t h a n  to 
s e p a r a t e  in to  i n d i v i d u a l  dend r i t e s .  

Particle shape.--The d e n d r i t e s  as f o r m e d  t e n d e d  
to be  n e e d l e - l i k e ,  and  the  p a r t i c l e s  a p p e a r e d  to b e -  
come  n a r r o w e r  and  l o n g e r  as t he  c u r r e n t  d e n s i t y  and  
t e m p e r a t u r e  w e r e  lowered .  P o w d e r  p a r t i c l e s  of No. 
12, as shown  in Fig .  6e, h a d  p e r h a p s  t he  l a r g e s t  
l e n g t h  to w i d t h  r a t i o  of a n y  of the  s a m p l e s  e x -  
amined .  E v e n  m i l d  g r i n d i n g  t e n d e d  to f l a t t en  t he  
pa r t i c l e s ,  and  e x t e n s i v e  g r i n d i n g  d i s t o r t e d  the  
p a r t i c l e s  in to  f l a t t ened  p la t e l e t s .  I n d i v i d u a l  p a r t i c l e s  
w e r e  also e x a m i n e d  a t  h i g h e r  magni f i ca t ions .  E l ec -  
t r o n - m i c r o g r a p h s  in  Fig.  7 show the  p a t t e r n  of 
g rowth .  G r o w t h  a p p e a r s  to t a k e  p l ace  b y  b u d d i n g  
off f r o m  a p a r e n t  s ta lk .  

Particle size distribution.--Sieve a n a l y s e s  w e r e  
m a d e  of  p o w d e r s  p r e p a r e d  in bo th  t he  l a b o r a t o r y  
and  p i lo t  p lan t .  The  l a b o r a t o r y  r e su l t s  a r e  s h o w n  in 
T a b l e  VII .  A h igh  p r o p o r t i o n  of fines was  f o u n d  in 
a l l  the  powder s .  As  the  t e m p e r a t u r e  of depos i t i on  
was  inc reased ,  m o r e  g r i n d i n g  was  r e q u i r e d  to b r e a k  
up  the  deposi t ,  and  the  a m o u n t  of~fines b e c a m e  less. 
A t  120~ a f i rm depos i t  w a s  o b t a i n e d  t ha t  r e q u i r e d  
e x t e n s i v e  g r i n d i n g  and  r e s u l t e d  in p o w d e r  pa r t i c l e s  
h a v i n g  a flat, d i s k - l i k e  shape .  S i m i l a r  r e su l t s  w e r e  
o b t a i n e d  w i t h  p i l o t - p l a n t  p o w d e r s  as shown  in 
T a b l e  VIII .  A g a i n  the  p o w d e r s  w e r e  on t h e  fine side.  
The  r e su l t s  for  --325 m e s h  f r ac t ions  w o u l d  a p p e a r  
to be  e r ra t i c ,  and  th is  is r e l a t e d  to t he  d e f o r m a b i l i t y  
of the  p a r t i c l e s  on g r ind ing .  T a b l e  IX ind ica t e s  th is  
effect  c l ea r ly .  I n  fou r  of t he  five e x a m p l e s  t he  f r a c -  
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Table VII. Properties of powders prepared in the laboratory 

Size  d m t r i b u t i o n ,  T y l e r  E q u i v a l e n t  

C u r r e n t  G r e e n  - -  100 --  150 - -  200 --  250 
S a m p l e  d e n s i t y ,  N a O H  W e i g h t  of d e n s i t y ,  + 100 + 150 + 200 + 250 + 325 - -  325 

No. T e m p ,  ~ a m p / f t  e conc ,  g/1 p o w d e r ,  g g / c c  % % % % % % 

1 90 86 400 49.4 5.2 8.8 - -  - -  5.3 - -  85.9 
2 90 40 600 26.4 5.5 1.02 0.38 22.6 16.9 23.4 35.7 
3 105 40 600 26.2 5.5 0.23 1.5 4.8 5.3 14.7 73.5 
4 112 40 600 26.8 5.8 1.06 14.7 13.6 8.3 15.3 47.1 
5 116 40 600 24.8 5.8 0.14 17.9 15.3 6.56 14.0 46.2 
6 120 40 600 35.7 5.7 12 12.3 18.6 9.6 21.6 26.0 
7 120 80 600 49.6 5.4 19.7 2.3 10.7 7.5 19.3 39.8 

Notes :  
No. 1, D e p o s i t s  a v e r a g e  0 . I  in .  i n  t h i c k n e s s  a n d  w e r e  g r o u n d  w e t  f o r  2 h r  w i t h  1 - in .  d i a m e t e r  s t e e l  ba l l s ,  S e v e r a l  l a r g e  p i ece s  f r o m  

e d g e s  a n d  c o r n e r s  of  t h e  depos i t s  w e r e  n o t  b r o k e n  up .  T h e  l a r g e  p i e c e s  a c c o u n t  f o r  m o s t  of  t h e  100 m e s h  m a t e r i a l  
No. 2. D e p o s i t  loose  a n d  c r u m b l y .  G r o u n d  f o r  5 r a i n  w i t h  I/2-in. d i a m e t e r  s t e e l  ba l l s .  P a r t i c l e s  w e r e  n e e d l e - l i k e  a n d  t e n d e d  to a g g l o m e r -  

a t e  so t h a t  p a r t i c l e  size is  p r o b a b l y  m u c h  f ine r  t h a n  i n d i c a t e d  by  s i e v e  ana ly s i s .  
No.  3. G r o u n d  w i t h  0.5 in .  d i a m e t e r  c e r a m m  b a n s ,  s i z i ng  a f t e r  5, 15, 30,  a n d  45 r a i n  a n d  r e t u r n i n g  100 m e s h  m a t e r i a l  to  t h e  b a l l  mi l l .  P o w -  

d e r  d e f i n i t e l y  d e n d r i t i c  b u t  less  so t h a n  No.  2. 
No.  4. D e p o s i t  w a s  f i r m  a n d  a d h e r e n t  b u t  e a s i l y  g r o u n d  in  a m o r t a r .  P a r t i c l e s  d e n d r i t i c  b u t  c o n s i d e r a b l y  less  so t h a n  No.  2 a n d  No.  3. 
No.  5. M o r e  g r i n d i n g  r e q u i r e d  t h a n  w i t h  l o w e r  t e m p e r a t u r e  d e p o s i t s  a n d  p a r t m l e s  w e r e  m o r e  i r r e g u l a r  i n  shape .  
No.  6. D e p o s i t  v e r y  f i r m  a n d  c o m p a c t .  G r o u n d  w i t h  0,625 m.  d i a m e t e r  s t e e l  b a l l s  f o r  3 h r ,  r e m o w n g  - - 1 0 0  m e s h  m a t e r i a l  f r e q u e n t l y .  P a r -  

t i c l e s  w e r e  s e v e r e l y  d e f o r m e d  a n d  f l a t t e n e d .  
NO. 7. D e p o s i t  v e r y  f i r m  a n d  c o m p a c t  a n d  r e q u i r e d  o v e r  10 h r  of  g r i n d i n g  to r e d u c e  t h e  b u l k  to - - 1 0 0  m e s h  p o w d e r .  P a r t i c l e s  s e v e r e l y  d e -  

f o r m e d  a n d  f l a t t e n e d .  

Table VIII .  Properties of powders prepared on o pilot-plant scale 

S i e v e  a n a l y s i s  of  g r o u n d  p o w d e r s ,  T y l e r  s c r e e n  s ize  

C u r r e n t  --  100 --  150 - - 2 0 0  - - 2 5 0  
S a m p l e  d e n s i t y ,  + 100 + 150 § 200 + 250 + 325 - -  325 

No.  a m p / f t 2  T i m e ,  h r  T e m p ,  ~ T h i c k n e s s ,  m .  % % % % % % 

8 . . . .  0.06 1.63 11.72 10.52 14.82 61.25 
9 45 24 93 3/32 15.1 7.9 11.7 9.1 27.0 29.2 

10 45 8 93 1/32 0.5 0.5 2.8 5.5 33.2 57.0 
11 90 12 93 1/8 13.4 3.7 6.9 7.1 33.3 35.6 
12 33 24 88 3/32 4.6 1.9 7.2 8.2 29.5 48.6 
13 45 24 77 3/32 5.0 2.4 5.5 5.4 28.6 53.1 
14 45 24 93 - -  Trace 8.0 15.3 (37.6) 39.1" 

* P a r t  of  t h e  f ines  w e r e  r e m o v e d  so t h a t  t h e  p o w d e r  w o u l d  f low.  

t ion  of fines is decreased by  gr ind ing ,  as the  need le -  
shaped par t ic les  are f la t tened and  u n a b l e  to pass 
t h rough  as fine a screen. Therefore ,  the  a m o u n t  of 
g r i n d i n g  is ve ry  cr i t ical  in  d e t e r m i n i n g  size d is -  
t r i bu t ion ,  since b r e a k i n g  up of agglomera tes ,  t e n d -  
ing to reduce  sc reen  size, and  f la t tening,  t end i ng  to 
increase  screen  size, occur s imul t aneous ly .  

The --325 f rac t ion  of a l a b o r a t o r y  sample  was  
f u r t h e r  ana lyzed  by  air  e lu t r i a t i on  ( in f ras ize r )  w i th  
the  resu l t s  shown  in  Tab le  X. The  resul t s  can be 
cons idered  only  v e r y  approx imate ,  since the  i n s t r u -  
m e n t  is ca l ib ra t ed  for spher ica l  r a t h e r  t h a n  n e e d l e -  
l ike part ic les .  The average  n o m i n a l  d i ame te r  for the  
par t ic les  i n  the  fines appears  to be  i n  the  r ange  of 
20-40 ~, w i th  less m a t e r i a l  be low 10 ~. 

Flow rate.--Flow ra te  tests we re  car r ied  out  on 
sized f rac t ions  of powders  p r e p a r e d  in  the  pi lot  
p l a n t  w i th  the resul t s  shown  in  Tab le  XI. None  of 
the powders  flowed pr ior  to screening,  b u t  al l  the  
--325 f rac t ions  flowed af ter  screening.  P o w d e r  No. 
14 o r ig ina l ly  con ta ined  m u c h  more  t h a n  39% fines, 
bu t  w h e n  the fines above this a m o u n t  were  removed,  
the  powder  flowed w i t h  a s t a n d a r d  t ime  of 35 sec, 
which  is c o m m o n l y  accepted in  powder  specifica- 
t ions. 

Apparent density.-~The a p p a r e n t  densi t ies  of 
powder  No. 8 and  No. 14 were  2.29 g/cc an d  2.47 
g/cc,  respect ive ly .  The  h igher  va lue  for the  l a t t e r  
powder  m a y  be because  a pa r t  of the  fines were  r e -  

moved.  The va lues  for a p p a r e n t  dens i ty  are ac-  
ceptable  for m e t a l l u r g i c a l  powders .  

Compactability.---Green compacts  were  m a d e  in  a 
s ingle  p l u n g e r  die  w i th  a 0.5 in. d i ame te r  cyl inder .  
Unless  o therwise  stated,  the  p ressure  used was  30 
t.s.i., and  0.5-1% of zinc s tea ra te  was  added  to the  
powder  as a l ub r i can t .  I n  most  cases the  g reen  
dens i ty  was  in  the  r a nge  5.5-6.0 g /cc  (Fig. 8).  A 
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Fig. 8. Green density and porosity of iron powder compacts 
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Table IX. Change in amount of fines with grinding 

August 1959 

Fract ion  o f  - - 3 2 5  mesh  sample  
Sample  Gr ind ing  

No. Unground  Ground  Ume, rain 

9 42.5 29.2 40 
10 49.5 57.0 30 
11 45.5 35.6 60 
12 59.4 48.6 25 
13 71.2 53.1 30 

Table X. Particle size distribution of --325 mesh fraction 
by air elutriation, powder No. 1 

Par t ic le  size, microns  Weigh t  fract ion,  % 

0.9 56~ 
16.0 42-70 
30.6 28-56 
25.2 15-42 
15.2 9-30 
6.7 5-18 
3.5 3-15 

g reen  dens i ty  of  at least  6.5 would  be p r e f e r a b l e  
to m e e t  ex i s t ing  specifications,  a l t hough  tens i l e  
tes ts  ind ica ted  tha t  such a h igh  dens i ty  is not  neces -  
sa r i ly  r e q u i r e d  for  s t r eng th  and duct i l i ty .  

Green s trength. - -The s t anda rd  M P A  r a t t l e r  tes t  
was  ca r r i ed  out  w i t h  g r een  compac ts  of  p o w d e r  No. 
8. The  v a l u e  was  2.29% loss, w e l l  a b o v e  m i n i m u m  
r e q u i r e m e n t s .  

Tensile strength and elongation of sintered com- 
pacts.--Tensile spec imens  w e r e  compac ted ,  s in tered ,  

Fig. 9. Sintered powder compact. Magnification 250X be- 
fore reduction for publication. 

and tes ted  accord ing  to M P A  s t anda rd  10-50 T. 
Resul t s  for  two  e x p e r i m e n t a l  pow de r s  a re  shown  in 
Tab l e  X I I  and a re  c o m p a r e d  w i t h  s e v e r a l  c o m -  
m e r c i a l l y  ava i l ab l e  ma te r i a l s .  P o w d e r  No. 12 had 
v e r y  long, j agged  par t i c les  and did not  flow. Its 
s in te red  compac ts  had  s t r eng ths  and  duc t i l i t i es  
c o m p a r i n g  f a v o r a b l y  w i t h  m u c h  h i g h e r  dens i ty  

compac ts  f r o m  o the r  powders .  The  resu l t s  w i t h  
p o w d e r  No. 14 i l l u s t r a t e  the  r isk  in us ing  a s t anda rd  
e v a l u a t i o n  test.  A t  a p re s su re  of 30 t.s.i., c o m m o n l y  
used fo r  eva lua t ion ,  resu l t s  w e r e  v e r y  poor,  bu t  at  
50 t . s i . ,  wh ich  is s t i l l  a p r ac t i ca l  pressure ,  m u c h  
h i g h e r  s t r eng th  and duc t i l i t y  w e r e  obta ined.  

A p h o t o m i c r o g r a p h  of a s in te red  compac t  m a d e  
f r o m  an e x p e r i m e n t a l  p o w d e r  is shown in F i g u r e  9. 

Table XI. Properties of powders prepared on a pilot-plant scale 

Sample  
No. 

F low rate,  s e c  
Green  

Minus  325 m e s h  Tyler  }--100 --150 --200 --250 densi ty ,  
powder ,  % screen f + 150 + 200 + 2 5 0  + 3 2 5  --325 g /ce  

8 61.25 33.8 33.1 33.5 31.9 NF 5.9 
9 (A) 29.2 43.0 39.8 36.8 32.5 NF 5.5 

10 (B) 57 - -  40.6 40.1 33.5 NF 5.5 
11 (C) 35.6 57.3 51.1 44.9 35.2 NF 5.7 
12 (D) 48.6 95.3 63.5 55.6 43.9 NF 5.6 
13 (E) 53.1 45.8 44.1 41.1 34.7 NF 5.7 
14 - -  35 - -  

Table XII. Tensile strength and elongation of iron powder compacts 

Compact ing  Densi ty ,  Tensile Elonga-  
Powder  Lubr i can t  pressure ,  tsi g /ee  s t rength ,  psi tion, % 

Diamond No. 12 0.5% Zn stearate {30 5.8__ 24,00022'000 109 

30 6.06 11,100 2.3 Diamond No. 14 0.5% Zn stearate 50 6.64 28,000 6.1 

Brit ish none 40 6.8 23,000 10.5 
1% stearin 40 7.0 16,000 2.5 

European I - -  25.8 6.8 18,000 - -  
38.7 7.2 24,000 - -  
51.6 - -  27,000 - -  

European II - -  25.8 6.5 24,000 - -  
38.7 7.0 31,000 - -  
51.6 - -  34,000 - -  

Japanese  - -  30 6.4 20,045 10.4 
U. S. I 0.5% Zn stearate f30  6.7 21,300 - -  

L 50 7.2 29,200 20 
U. S. II - -  18 6.6 23,000 7 

31 7.0 31,000 7 
45 7.3 3%000 10 
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I n t e r m e s h i n g  of p a r t i c l e s  and  g r a i n  g r o w t h  a r e  
ev iden t ,  as a r e  the  in te rs t i ces .  

The  i nves t i ga t i on  jus t  d i scussed  was  c a r r i e d  ou t  
a t  the  D i a m o n d  A l k a l i  L a b o r a t o r i e s  and  at  B a t t e l l e  
M e m o r i a l  I n s t i t u t e  u n d e r  the  sponso r sh ip  of t he  
fo rmer .  
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Electric Field Enhancement of Cathodoluminescence 

(Cathodoelectroluminescence) 1 

Philip M. Jaffe 
Research Department, Westinghouse Electric Corporation, Bloomfield, New Jersey 

ABSTRACT 

The appl ica t ion  of an a l te rna t ing  electr ic  field to cer ta in  ca thode - r ay  ex-  
ci ted ZnCdS:Mn,C1 powder  phosphors  causes the cathodoluminescence to be 
enhanced.  Enhancement  is a funct ion of the  f requency  and s t rength  of the  ap-  
pl ied field, the beam cur ren t  density,  and the accelera t ing  potential .  The indi -  
cat ions are  tha t  the effect is in r ea l i t y  ca thode - r ay  induced electroluminescence.  
S imi la r  test ing of a ZnCdS: Mn,Au,C1 phosphor  resul ts  in e i ther  enhancement  
or quenching depending  upon the exci t ing conditions.  

D e s t r i a u  has  shown  t h a t  the  R o e n t g e n o l u m i n e s -  
cence  of ce r t a in  Z n C d S :  Mn,C1 (1) and  ZnCdS:  Mn , -  
A u , C I ( 2 )  p h o s p h o r s  is e n h a n c e d  b y  the  a p p l i c a t i o n  
of an  a l t e r n a t i n g  e lec t r i c  field. S ince  then ,  s ev -  
e ra l  s i m i l a r  e n h a n c e m e n t  effects h a v e  been  r e -  
p o r t e d  (3 -14 ) .  One of these,  d e s c r i b e d  b y  Cusano  
(3 -5 ) ,  u t i l i zes  a th in  f i lm of ZnS p h o s p h o r  a c t i v a t e d  
b y  e i t h e r  m a n g a n e s e ,  a rsenic ,  or  p h o s p h o r u s  and  
c o a c t i v a t e d  b y  chlor ine .  On e x c i t i n g  the  f i lm w i t h  
3650A r ad i a t i on ,  x - r a y s ,  or  c a t h o d e - r a y s ,  t he  s i m u l -  
t aneous  a p p l i c a t i o n  of  a d - c  f ield p r o d u c e s  an  i n -  
c rease  in  t h e  l igh t  ou tpu t .  A s i m i l a r  effect  has  been  
r e p o r t e d  b y  T h o r n t o n  us ing  a w i d e  v a r i e t y  of 
p o w d e r e d  ZnS  p h o s p h o r s  w i t h  u.v. r a d i a t i o n  and  
e i t he r  a - c  (6)  or  d - c  (7) fields and  b y  Woods  (8)  
us ing  s ingle  c rys ta l s .  H a l s t e d ' s  e n h a n c e m e n t  effect 
(9)  has  been  o b s e r v e d  us ing  a - c  f ields and  2537A 
exc i t a t i on  of Z n S : C u , A I  and  ZnS :Ag ,C1  a n d  3650A 
e xc i t a t i on  of Z n C d S  (35, 50, 85% C d ) :  Ag,C1 and  
Z n S S e  ( 2 0 % S e ) :  Cu,A1 p h o s p h o r  p o w d e r  samples .  
G o b r e c h t  and  G u m l i c h  (10) h a v e  s t u d i e d  the  effect  
of a - c  f ields on u . v . - e x c i t e d  ZnS:Mn,C1  p o w d e r  
phosphor ,  w h i l e  M a t t l e r  (11) i n v e s t i g a t e d  the  s ame  
p h o s p h o r  us ing  e x c i t a t i o n  b y  a pa r t i c l e s .  N e u m a r k  
(12) has  s t ud i ed  the  e n h a n c e m e n t  of t h e r m o l u m i -  

1 T h e  s ec t i ons  of  t h i s  p a p e r  w h i c h  d e a l  w i t h  t h e  Z n C d S : M n ,  C1 
p h o s p h o r  w e r e  p r e s e n t e d  a t  t h e  W a s h i n g t o n ,  D.C. ,  M e e t i n g  of T h e  
E l e c t r o c h e m i c a l  Soc i e ty ,  M a y  1957, u n d e r  t h e  t i t l e  " E l e c t r o c a t h o d o -  
l u m i n e s c e n c e . "  F.  E. W i l l i a m s  in  h is  k e y n o t e  s p e e c h  b e f o r e  t h e  L u -  
m i n e s c e n c e  S y m p o s i u m  of t h i s  S o c i e t y  in  1955 s u g g e s t e d  t h a t  i n  
p h e n o m e n a  of t h i s  so r t  t h e  f i r s t  p r e f i x  ind ica te  t he  c o n t r o l l i n g  s o u r c e  
a n d  t h e  s e c o n d  p r e f i x  t h e  p o w e r  source .  As  w i l l  be  s h o w n  l a t e r ,  t h e  
e x p e r i m e n t a l  r e s u l t s  i n d i c a t e  t h a t  the  effect  r e p o r t e d  on h e r e  s h o u l d  
be  c a l l e d  " C a t h o d o e l e c t r o l u m i n e s c e n c e "  in  k e e p i n g  w i t h  W i l l i a m s '  
s u g g e s t i o n .  

nescence  b y  e lec t r i c  fields. M e n t ion  also shou ld  be  
m a d e  of the  w o r k  of Woods  and  W r i g h t  (13) on the  
e n h a n c e m e n t  of t he  c a t h o d o l u m i n e s c e n c e  of MgO 
b y  the  a p p l i c a t i o n  of a d - c  field. 

The  p r e s e n t  p a p e r  dea l s  w i t h  a - c  field e n h a n c e -  
m e n t  of the  c a t h o d o l u m i n e s c e n c e  of c e r t a i n  ZnCdS :  
Mn,C1, and  ZnCdS:  Mn,Au,C1 p o w d e r  phosphor s .  The  
s i m u l t a n e o u s  effect of a - c  f ields and  c a t h o d e - r a y s  on 
ZnS :Cu ,A1  a n d  Z n S : M n  p o w d e r  p h o s p h o r s  has  been  
r e p o r t e d  on b y  G o b r e c h t  and  c o - w o r k e r s  (14) .  

Experimental 
The  compos i t i on  of t he  p h o s p h o r  m a i n l y  used  in 

th is  w o r k  was  ( 7 0 Z n - 3 0 C d ) S :  0.14Mn,0.5NaC1 ~ and  
is s i m i l a r  to t h a t  u sed  b y  D e s t r i a u  in  his  s tud ies  on 
x - r a y  e n h a n c e m e n t  (1) .  Some  o b s e r v a t i o n s  also 
w e r e  m a d e  w i t h  a (50Zn .50Cd)S :0 .5Mn,10 -4Au  
( a d d e d  as t h e  r e s p e c t i v e  c h lo r i de s )  phosphor ,  
s u p p l i e d  b y  Des t r i au ,  w h i c h  shows  g r e a t e r  x - r a y  
e n h a n c e m e n t  t h a n  the  p h o s p h o r  w i t h o u t  gold  (2 ) .  
In  add i t ion ,  s i l v e r - a c t i v a t e d  Z n S  and  Z n C d S ( 3 0 , -  
70, 85 w t  % Cd) ,  Zn~SiO, :Mn and  a good e l e c t r o -  
l u m i n e s c e n t  ZnS:Cu ,C1  p h o s p h o r  w e r e  tes ted .  The  
s i l v e r - a c t i v a t e d  p h o s p h o r s  g e n e r a l l y  s h o w e d  
q u e n c h i n g  of t he  c a t h o d o l u m i n e s c e n c e  on a p p l i c a -  
t i on  of t he  field. No field r e sponse  was  f o u n d  for  t he  
w i l l e m i t e  phosphor ,  i.e., no e n h a n c e m e n t  or  q u e n c h -  
ing.  

2 A l l  c o m p o s i t i o n s  a r e  on  a w e i g h t  bas is .  N o r m a l l y  D e s t r i a u  a d d s  
t h e  a c t i v a t o r s  as  t h e  c h l o r i d e s  b u t  t h e  p r e s e n c e  of t h e  h a l i d e  is n o t  
n e c e s s a r y ,  a t  l e a s t  fo r  M n  a lone .  H e  f inds ,  h o w e v e r ,  t h a t  t h e  p h o s -  
p h o r s  w i t h o u t  c h l o r i n e  a r e  no t  as  good  as  t h o s e  c o n t a i n i n g  chlor ine .  
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Fig. 1. Block diagram of the circuit used in the cathodoelec- 
troluminescent studies. 

The phosphors  were  made  into cells 1 x 1 in. and  
a p p r o x i m a t e l y  2 mils  th ick  us ing  Ny lon  ( D u P o n t  
FM6501) as the  dielectric.  The  cells were  p r epa red  
by  coat ing the  conduc t ing  surface  of t in  ox ide-  
coated glass wi th  a clear  coat of Nylon,  0.5 mi l  
th ick  (as m e a s u r e d  w i th  a m i c r o m e t e r ) ,  on which  
was super imposed  a 1 to 1.5 mi l  th ick  l ayer  of 
Ny lon  plus  phosphor  in  a v o l u m e  rat io  of 1:1. The 
cell was  comple ted  by  evapo ra t i ng  an  a p p r o x i -  
m a t e l y  1500A th ick  l ayer  of a l u m i n u m  on the  
N y l o n - p h o s p h o r  layer .  The cells were  first tes ted 
u n d e r  x - r a y s  for u n i f o r m  e n h a n c e m e n t .  The sa t is -  
fac tory  cells t hen  were  e x a m i n e d  in  a con t inuous ly  
pumped ,  d e m o u n t a b l e  c a t h o d e - r a y  tube.  The t ube  
was  opera ted  w i th  the  gun  at  nega t ive  high vol tage  
whi le  the a l u m i n u m  elect rode of the cell a nd  the 
i n t e r n a l  conduc t ing  coat ing of the t ube  were  con-  
nec ted  to ground.  The gun  was of the m a g n e t i c a l l y  
focused type,  and  a cons tan t  ras te r  of a p p r o x i m a t e l y  
5 cm ~ was  used in  all  the  m e a s u r e m e n t s .  The  l ight  
ou tpu t  f rom the.  cell was  detec ted  wi th  an  RCA 
1P22 pho tomu l t i p l i e r  and  a K e i t h l e y  e lec t rometer .  
P rov i s ions  also were  made  for v i sua l  obse rva t ions  
of the  pho tomul t i p l i e r  ou tpu t  on a d u a l - b e a m  
oscilloscope in  order  to s tudy  phase  re la t ionships .  
A block d i a g r a m  of the  test  c i rcui t  is shown in  Fig. 
1. 

Results 

Studies  of the  e n h a n c e m e n t  effect were  m a d e  as 
a func t ion  of acce le ra t ing  potent ia l ,  b e a m  c u r r e n t  
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Fig. 2. Enhancement ratio, O, as a function of frequency for 
the (70Zn-3OCd)S:Mn,CI phosphor at different field strengths. 
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Fig. 3. Enhancement ratio, p, as a function of frequency for 
the (50Zn '50Cd)S:Mn,Au,CI  phosphor at  d i f ferent f ield 
strengths. A t  12 kv, 0.5/~a/cm ~ and field strengths between 
26,000 and 63,000 v / in . ,  quenching is found at frequencies 
above 3600 cps. Quenching is also found at  4 and 8 kv as 
discussed in the text. 

densi ty ,  and  the f r e que nc y  and  s t r eng th  of the ap -  
pl ied field. The resul ts  of these m e a s u r e m e n t s  as 
wel l  as severa l  misce l l aneous  m e a s u r e m e n t s  and  
observa t ions  are g iven  below.  The  resul t s  are  r e -  
por ted  in  t e rms  of the e n h a n c e m e n t  factor,  p, which  
is defined by  the express ion  

p = B/Bc~ 4- B~ 

where  B is the  l ight  ou tpu t  u n d e r  the act ion of both  
cathode rays  a nd  the  field, Bo, is the n o r m a l  ca th -  
odo luminescence  and  B~ is the e lec t ro luminescence ,  
if any.  
E n h a n c e m e n t  as a ]unct ion o] ] r e q u e n c y . - - T h e  en -  
h a n c e m e n t  effect was  s tudied  ex tens ive ly  over  the 
r a nge  of 60-6000 cps; some m e a s u r e m e n t s  were  also 
m a d e  b e t w e e n  20 and  60 cps us ing  the Z n C d S : M n , -  
C1 phosphor .  Wi th  the  Mn,Ct  phosphor ,  p goes 
t h r ough  a m a x i m u m  a r o u n d  30 cps and  decreases 
t oward  a l imi t ing  factor  of u n i t y  w i th  inc reas ing  
f r e q u e n c y  (Fig. 2). Also, p decreases wi th  inc reas -  
ing f r e que nc y  for the Mn,Au,C1 phosphor,  and,  de-  
p e n d i n g  on the b e a m  c u r r e n t  dens i ty  a nd  field 
s t rength ,  m a y  be less t h a n  un i ty ,  i.e., the  ou tpu t  is 
quenched  (Fig. 3).  
E n h a n c e m e n t  as a ]unct ion of field s t r e n g t h . - - T h e  
e n h a n c e m e n t  effect was  s tud ied  over  the  r a nge  of 
a p p r o x i m a t e l y  10,000 to 60,000 v / i n .  since the use 

i 
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Fig. 4. ( p - - 1 )  as a function of f ield strength for the 
(70Zn '30Cd)S:Mn,CI  phosphor. Notice the d~crease in p 
with increasing beam current density over the range 0.02- 
0.5 Fa / cm 2. 
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(50Zn'SOCd)S:Mn,Au,CI phosphor. Note the decrease in p 
with increasing frequency, field strength, and beam current 
density. 

of h igher  fields r e su l t ed  in  a rc ing  which  de te r io -  
r a ted  the cells. Wi th  the  Mn,C1 phosphor  the q u a n -  
t i ty  ( p - l )  inc reases  l i n e a r l y  w i th  field s t r eng th  
(Fig. 4).  The  q u a n t i t y  ( p - l )  also increases  l i n e a r l y  
wi th  inc reas ing  field s t r eng th  for the Mn,Au,C1 
phosphor  at low f r e q u e n c y  (60 cps) and  4 kv. As 
the f r e q u e n c y  increases  there  is a nega t ive  dev ia -  
t ion  f rom l inea r i ty ;  the  curves  ob ta ined  at  0.02 a nd  
0.1 ~ a / c m  ~ first show the  devia t ion ,  bu t  as the  f r e -  
q u e n c y  increases  the 0.2 and  0.5 # a / c m  ~ curves  also 
deviate .  In  the f r e q u e n c y  r ange  of 3800-6000 cps 
there  is quench ing  at high field s t rengths .  This  
behav io r  is shown in  Fig. 5. At  8 and  12 kv  the  
q u a n t i t y  (p -1)  is l i nea r  except  at 6000 cps w he r e  
q u e n c h i n g  is observed  at  a b e a m  c u r r e n t  dens i ty  
of 0.2 and  0.5 # a / c m  ~ and  high field s t rengths .  
E n h a n c e m e n t  as a f unc t ion  o/ beam curren t  den-  
s i t y . - - T h e  effect of b e a m  c u r r e n t  dens i ty  on the e n -  
h a n c e m e n t  factor  was  s tud ied  over  the  r ange  of 0.01 
to 0.5 ~ a / c m  ~ for the  Mn,C1 phosphor  and  0.02 to 
0.5 ~ a / c m  ~ for the  Mn,Au,C1 phosphor .  At  h igher  
c u r r e n t  densit ies,  or for long t imes  of b o m b a r d m e n t  
at  the  lower  c u r r e n t  densi t ies  the re  is some decom-  
posi t ion of the  Ny lon  as ev idenced  by  its a cqu i r i ng  
a b r o w n  discolorat ion.  Because of this, m e a s u r e -  
men t s  at  h igh c u r r e n t  densi t ies  were  t aken  af ter  
those at lower  densit ies.  Be tween  m e a s u r e m e n t s ,  
the c u r r e n t  was  e i ther  lowered  or t u r n e d  off. 

The e n h a n c e m e n t  factor  is s t rong ly  d e p e n d e n t  
on the  b e a m  c u r r e n t  dens i ty  as can be seen in  
Fig. 4 and 5. Maximum enhancement occurs at the 
lower densities and decreases with increasing cur- 
rent density. This decrease in enhancement with 
increasing incident energy is not limited to the pres- 
ent studies but also is found with several of the other 

enhancement effects mentioned earlier (3-7, 9). 
E n h a n c e m e n t  as a f u n c t i o n  o:f acce lerat ing  p o t e n -  
t i a l . - - T h e  effect of acce lera t ing  po ten t i a l  was 
s tudied  over  the  r ange  of 4-12 kv. The resu l t s  are 
a l i t t le  e r ra t ic  and  depend  on the b e a m  c u r r e n t  
densi ty ,  field s t rength ,  and  f requency .  In  genera l  
the e n h a n c e m e n t  factor  increases  wi th  inc reas ing  
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Fig. 6. Enhancement ratio, p, as a function of accelerating 
potential for the (70Zn-30Cd)S:Mn,CI phosphor. A t  low beam 
current densities p increases with increasing accelerating 
potential over the range 4-12 kv; at high beam current den- 
sities p decreases with increasing accelerating potential. The 
value of the beam current density at the cross-over point be- 
tween the two kinds of behavior varies from cell to cell. A 
similar behavior is observed for the (50Zn. SOCd)S:Mn,Au,CI 
phosphor. 

acce le ra t ing  po ten t i a l  for low c u r r e n t  densi t ies  
and  decreases for h igh c u r r e n t  densi t ies  (Fig. 6). 
The  va lue  of the  b e a m  c u r r e n t  dens i ty  at the  cross-  
over  po in t  b e t w e e n  the  two k inds  of behav io r  
var ies  f rom cell to cell, the  r ange  be ing  f rom 0.1- 
0.5 # a / c m  ~. 
Br igh tnes s  w a v e s . - - B r i g h t n e s s  waves  f rom cells 
m a d e  w i t h  the  Mn,C1 phosphor  were  observed  on a 
d u a l - b e a m  oscilloscope. These  were  d i sp layed  in  
two dif ferent  ways.  In  one method,  the  p h o t o m u l t i -  
p l ie r  ou tpu t  was fed in to  one set of ve r t i ca l  deflec- 
t ion  p la tes  a nd  the  a l t e r n a t i n g  vol tage  across the  
cell into the  o ther  set. The  two channe l s  were  
locked toge ther  so tha t  the  s ignals  we re  s y n c h r o n -  
ized. This  r e su l t ed  in  a l i n e a r  t race  tha t  showed 
the  t ime  re l a t ionsh ip  of the  two curves.  In  the 
second me thod  a t race  s imi la r  to a Lissa jous  figure 
was  obta ined .  This  was accompl ished  by  connec t ing  
the pho t omu l t i p l i e r  ou tpu t  to one set of ve r t i ca l  
p la tes  and  the a l t e r n a t i n g  vol tage  across the  cell to 
bo th  sets of hor izon ta l  plates.  The two channe l s  
we re  locked together  a nd  the  hor izon ta l  t races  
super imposed .  In  this  w a y  one channe l ,  the one 
h a v i n g  only  the  hor izon ta l  s ignal ,  acts as a zero 
re fe rence  wh i l e  the  o ther  shows the  b r igh tness  
wave  fo rm as a func t i on  of voltage.  

The  s tudy  of the  wave  fo rm was made  at b e a m  
c u r r e n t  densi t ies  of 0.01 a nd  0.02 ~ a / c m  ~ at va r i ab l e  
f requency ,  field s t rength ,  and  acce le ra t ing  po t en -  
t ial .  The  b r igh tness  waves  show two peaks  per  cycle 
of appl ied  voltage,  w i th  one peak  gene ra l l y  la rger  
t h a n  the  o ther  (Fig. 7 and  8). The  b r igh tnes s  peaks  
appea r  a f te r  the  vol tage  ma x i ma ,  as can  be seen in  
the  figures. This  is s imi la r  to the b r igh tnes s  waves  
ob ta ined  d u r i n g  the  e l ec t ro luminescence  of M n -  
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a c t i v a t e d  zinc sulfide phosphors  (15).  On inc reas ing  
the  field s t r e n g t h  bo th  peaks  g e n e r a l l y  inc reased  
p ropor t iona l ly .  In gene ra l  the  l a r g e r  p e a k  occur red  
a f t e r  the  t r a n s p a r e n t  e l ec t rode  b e c a m e  posi t ive .  On  
inc reas ing  the  f r e q u e n c y  of the  app l i ed  field, the  
b r igh tness  w a v e s  shi f t  s l igh t ly  to l a t e r  t imes,  the  
m a g n i t u d e  of the  shif t  v a r y i n g  f r o m  cel l  to cell.  
The re  also appea r s  to be some field s t r eng th  d e -  
p e n d e n c e  of t he  b r igh tnes s  peaks ,  bu t  the  d e p e n d -  
ence  is v e r y  er ra t ic .  T h e  shif t  w i t h  inc reas ing  field 
s t r e n g t h  is also to l a t e r  t imes.  Var i a t ions  in b e a m  
c u r r e n t  dens i ty  and acce le ra t ing  po ten t i a l  seem 
to h a v e  l i t t le ,  if  any,  effect on the  w a v e f o r m  r e l a -  
t ionships .  

E x a m i n a t i o n  of the  w a v e  f o r m  shows the  p res -  
ence of two  components ,  an a -c  c o m p o n e n t  super -  
imposed  upon  a d - c  c o m p o n e n t  (Fig.  8) .  On 
inc reas ing  the  field s t rength ,  at  cons tan t  f r equency ,  
both  the  a -c  and the  d -c  componen t s  increase ,  w i t h  
the  a m p l i t u d e  of the  f o r m e r  inc reas ing  the  faster .  
On inc reas ing  the  f r e q u e n c y  at  cons tan t  field 
s t reng th ,  the  d -c  c o m p o n e n t  decreases  s l igh t ly  
wh i l e  the  a m p l i t u d e  of the  a l t e r n a t i n g  c o m p o n e n t  
decreases  fa i r ly  rap id ly .  

Miscellaneous observations.--In addi t ion  to the  e n -  
h a n c e m e n t  effect t he r e  is also a G u d d e n - P o h l  effect. 
I m m e d i a t e l y  a f te r  the  app l i ca t ion  of the  field to a 
cel l  u n d e r  c a t h o d e - r a y  exc i t a t i on  t h e r e  is a r ap id  
increase  in b r igh tness  to some m a x i m u m  v a l u e  
fo l lowed by a r ap id  dec rease  to a cons tan t  v a l u e  
which  is h ighe r  t han  the  in i t i a l  c a t h o d o l u m i n e s -  
cence. This  p e r m a n e n t  inc rease  in l igh t  o u t p u t  he re  
has been  ca l led  the  e n h a n c e m e n t  effect. R e m o v a l  
of the  field also causes  a t r a n s i e n t  b r igh tness  in-  
c rease  wh ich  decreases  r ap id ly  to the  o r ig ina l  f ie ld-  
off va lue .  Both  the  m a g n i t u d e  and  the  decay  t i m e  of 
the t r ans i en t  c o m p o n e n t  inc rease  w i t h  inc reas ing  
field s t rength .  E q u i l i b r i u m  was  usua l ly  ob ta ined  
wi th in  5 sec a f te r  t he  app l i ca t ion  or  r e m o v a l  of the  
field. 

Relative brightness obtained wi th  the enhancement  
effect.--In orde r  to com pa re  the  r e l a t i v e  b r igh tness  
ob ta ined  w i t h  c a t h o d o e l e c t r o l u m i n e s c e n c e  w i t h  tha t  
of t he  usua l  P4 phosphor ,  ~ cel ls  w e r e  p r e p a r e d  us ing 
a P4 phosphor  ( R C A  #33Z259) .  Tab le  I shows the  
resu l t s  of b r igh tness  m e a s u r e m e n t s  (no field) for  
d i f fe ren t  b e a m  c u r r e n t  dens i t ies  and acce l e ra t ing  
potent ia ls .  An  R C A  1P22 p h o t o m u l t i p l i e r  co r rec t ed  
for  eye  sens i t iv i ty  was  used in m a k i n g  these  m e a -  
su rements .  The  e n h a n c e m e n t  ra t io  used  for  a g iven  
exc i t i ng  condi t ion  is the  m a x i m u m  tha t  was  ob-  
t a ined  unde r  those  condi t ions,  i.e., for  any  v a l u e  of 
f r equency .  The  b r igh tness  w i t h  field ac t ing  was  
ob ta ined  by m u l t i p l y i n g  the  b r igh tnes s  of t he  Zn-  
CdS:  Mn,C1 phosphor ,  no field acting,  by  the  se lec ted  
v a l u e  of t he  e n h a n c e m e n t  rat io.  As can be  seen 
f r o m  Table  I, d e p e n d i n g  on the  exc i t i ng  condi t ions,  

3 T h e  p h o s p h o r  u s e d  in  b l a c k - a n d - w h i t e  t e l e v i s i o n ,  d e s i g n a t e d  P4 ,  
is in  r e a h t y  a m i x t u r e  of t w o  p h o s p h o r s ,  one  ( Z n S : A g )  h a v i n g  a 
b l u e  e m i s s i o n  a n d  t h e  o t h e r  { Z n C d S : A g )  a y e l l o w  e m i s s i o n .  

Table I. Relative brightness of (70Zn.30Cd)S:Mn,CI phosphor, with and without field acting, compared to a standard P4 phosphor 

4 k v  
C u r r e n t  8 k v  12 k v  
d e n s i t y ,  B r i g h t n e s s  B E n h a n c e d  = 

P h o s p h o r  ~ a / c m  e ~max* ( B } t  pmaxB pmax B pmaxB pmax B pmaxB 

RCA P4 

(70Zn.30Cd) S: 
Mn, C1 

0.01 - -  14.7 - -  - -  176 - -  - -  750 
0.02 - -  24 - -  - -  480 - -  - -  1,420 
0.1 - -  163 - -  - -  2,500 - -  - -  7,900 
0.2 - -  310 - -  - -  4,900 - -  - -  15,000 
0.5 - -  770 - -  - -  11,170 - -  - -  30,000 

0.01 2.36 1.16 (12.7) $ 2.74(5.38) 3.07 7(25.2) 21.4(8.23) 4.03 25(30) 
0.02 1.99 1.95 (12.3) 3.88 (6.2) 2.4 17 (27.2) 42.3 (11.2) 2.36 60 (23.5) 
0.1 1.38 7.7(21.2) 10.6(15.4) 1.5 82(30.5) 122.8(20.4) 1.33 220(35.9) 
0.2 1.26 12.7(24.4) 16(24.2) 1.26 145(33.8) 182.15(26.9) 1.23 360(41.6) 
0.5 -~l.13 27.5(28.8) 31.1(28.0) 1.13 300(39) 339(33.0) 1.06 800(37.6) 

m 

m 

m 

m 

m 

100.7 (7.4) 
141.3 (10.0) 
292 (27.0) 
444(33.7) 
848 (35.4) 

* T h e  v a l u e  of p is t h e  m a x i m u m  u n d e r  t h e  g i v e n  a c c e l e r a t i n g  p o t e n t i a l  a n d  c u r r e n t  d e n s i t y .  
-~ B r i g h t n e s s  in  a r b i t r a r y  u n i t s  w i t h  no  f ie ld  a c t i n g .  
$ T h e  n u m b e r  i n  p a r e n t h e m s  is t h e  r a t i o  Bp~/Bz,cds:Mn, ~l. 
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Table II. Maximum values of p for the ZnCdS:Mn,CI and 
the ZnCdS:Mn,Au,CI phosphors 

Accelerat ing Beam cur ren t  (70Zn 30Cd)S: (50Zn.5OCd) S: 
potential,  kv  density, #a/cm~ Mn, C1 Mn, Au, C1 , 

P P 

4 0.01 2.36 - -  
0.02 1.99 1.85 
1.0 1.38 1.59 
0.2 1.26 1.24 
0.5 1.13 1.14 

8 0.01 3.07 - -  
0.02 2.40 1.48 
0.1 1.50 1.20 
0.2 1.26 1.15 
0.5 1.13 1.08 

12 0.01 4.03 - -  
0.02 2.36 1.59 
0.1 1.33 1.18 
0.2 1.23 1.16 
0.5 1.06 1.07 

the  P4 p h o s p h o r  is a p p r o x i m a t e l y  5-35 t i m e s  
b r i g h t e r  t h a n  the  f i e l d - e n h a n c e d  Z n C d S : M n , C 1  
phosphor .  

Discussion 

A n  inc rea se  in l i gh t  o u t p u t  is o b s e r v e d  w h e n  an  
a l t e r n a t i n g  e lec t r i c  f ield is a p p l i e d  to a 2 - m i l  t h i c k  
cel l  m a d e  w i t h  ( 7 0 Z n ' 3 0 C d ) S : M n , C 1  p h o s p h o r  or, 
u n d e r  c e r t a i n  condi t ions ,  w i t h  (50Zn 5 0 C d ) S : M n , -  
Au,C1 p h o s p h o r  w h i c h  is u n d e r  c a t h o d e - r a y  e x c i t a -  
t ion.  As  can  be  seen  f rom F i g  9, the  t o t a l  l i gh t  o u t -  
pu t  (B)  is g r e a t e r  t h a n  the  sum of the  e l e c t r o l u -  
minescence  (Be1) and  the  c a t h o d o l u m i n e s c e n c e  
(Bo,).  The  e n h a n c e m e n t  ra t io ,  p, is f o u n d  to d e p e n d  
on s e v e r a l  fac tors ,  t h e  mos t  i m p o r t a n t  b e i n g  the  
f r e q u e n c y  and  s t r e n g t h  of t he  a p p l i e d  field,  the  
a c c e l e r a t i n g  po ten t i a l ,  and  the  b e a m  c u r r e n t  d e n -  
s i ty .  The  Mn,C1 p h o s p h o r  has  the  b r i g h t e r  c a t h o d o -  
l u m i n e s c e n c e  and  also t he  l a r g e r  e n h a n c e m e n t  
f ac to r  ( T a b l e  I I ) .  

In  m a n y  r e spec t s  t he  b e h a v i o r  of t he  Z n C d S : -  
Mn,Au,C1 p h o s p h o r  is s i m i l a r  to t he  Z n C d S : M n , C 1  
phosphor .  T h e  m a j o r  d i f fe rences  a re :  ( a )  q u e n c h i n g  
occurs  w i t h  t he  f o r m e r  p h o s p h o r  a t  4, 8, and  12 k v  
at  h igh  b e a m  c u r r e n t  dens i t ies ,  h igh  f ield s t r eng ths ,  
and  h igh  f requenc ies .  (b)  The  q u a n t i t y  (p -1)  as a 
func t ion  of field s t r e n g t h  is l i n e a r  for  t he  Mn,C1 
p h o s p h o r  b u t  m a y  h a v e  a n e g a t i v e  d e v i a t i o n  f rom 
l i n e a r i t y  a t  4, 8, and  12 k v  for  t h e  Mn,Au,C1 p h o s -  
p h o r  d e p e n d i n g  on the  f r equency ,  f ield s t r eng th ,  and  
b e a m  c u r r e n t  dens i ty .  

S e v e r a l  c h a r a c t e r i s t i c s  of th is  effect  a r e  s i m i l a r  
in n a t u r e  to o r d i n a r y  e l ec t ro luminescence ,  i.e., t he  
shape  and  n u m b e r  of b r i g h t n e s s  w a v e s  p e r  cyc le  of 
a p p l i e d  field, the  i n c r e a s e  in p w i t h  f ield s t r eng th ,  
t he  effect of f r e q u e n c y  on the  a - c  c o m p o n e n t  of t h e  
l i gh t  ou tpu t ,  and  the  pos s ib l e  sh i f t  of the  b r i g h t n e s s  
p e a k s  w i t h  f r e q u e n c y  (16) .  T h e r e  a r e  also some 
d i s s imi l a r i t i e s ,  the  m a i n  ones be ing  the  d e c r e a s e  in 
p w i t h  i nc r ea s ing  f r e q u e n c y  and  the  a p p a r e n t  sh i f t  
of the  b r i g h t n e s s  w a v e s  to l a t e r  t imes  w i t h  i n c r e a s -  
ing  f ield s t r eng th .  

This  n e w  e n h a n c e m e n t  effect is s o m e w h a t  s i m i l a r  
to some of  the  o t h e r  e n h a n c e m e n t  effects in t h a t  
t h e r e  is a d e c r e a s e  in e n h a n c e m e n t  w i t h  i nc r e a s ing  
h igh  exc i t i ng  i n t e n s i t y  (3-7,  9).  The  x - r a y  and  
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Fig. 9. Relative brightness of the enhanced cathodolumi- 
nescence and the electroluminescence of (30Zn" 30Cd)S:Mn,CI 
phosphor. Beam current density 0.01 /~a/cm s. 

c a t h o d e - r a y  e n h a n c e m e n t  effects differ  w i t h  r e spec t  
to f r e q u e n c y  in t h a t  t h e r e  a p p e a r s  to be  l i t t l e  f r e -  
q u e n c y  d e p e n d e n c e  for  x - r a y  e n h a n c e m e n t .  This  
m a y  be  r e l a t e d  to the  d i f fe rence  in  p e n e t r a t i o n  b e -  
t w e e n  x - r a y s  and  c a t h o d e - r a y s .  

Because  of  t he  p r e l i m i n a r y  n a t u r e  of th is  w o r k  
no conc lus ive  t h e o r y  can  be  d e v e l o p e d  at  th is  t i m e  
for  t he  c a t h o d o e l e c t r o l u m i n e s c e n t  effect.  F r o m  the  
g e n e r a l  b e h a v i o r  of th is  effect  and  the  s i m i l a r i t y  
to o r d i n a r y  e l e c t ro lumine sc e nc e ,  i t  w o u l d  a p p e a r  
t h a t  t he  effect is f u n d a m e n t a l l y  r a d i a t i o n - c o n t r o l l e d  
e l e c t r o l u m i n e s c e n c e  and  is s i m i l a r  to the  m e c h a n i s m  
p r o p o s e d  b y  W i l l i a m s  for  Cusano ' s  a n d  D e s t r i a u ' s  
e n h a n c e m e n t  effects (17) .  Recen t ly ,  h o w e v e r ,  Cur ie  
(18) ,  Des t r i au ,  (19) ,  and  I v e y  (20) h a v e  conc luded  
t ha t  t he  f i e l d - e n h a n c e m e n t  effect  o b s e r v e d  b y  Des -  
t r i a u  does  no t  h a v e  the  s a m e  m e c h a n i s m  as  t ha t  
o b s e r v e d  b y  Cusano.  This  p r e s u m a b l y  can  be  e x -  
t e n d e d  to the  effect  r e p o r t e d  on here .  Because  of t h e  
c o m p l e x i t y  of c a t h o d o l u m i n e s c e n c e  in g e n e r a l  and  
of t he  p r e s e n t  effect, i t  m a y  be  e x t r e m e l y  diffi-  
cu l t  to e l u c i d a t e  t h e  e n h a n c e m e n t  m e c h a n i s m .  
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Influence of Hydrogen on the Red ZnS-Cu Fluorescence 
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Philips Research Laboratories, N. V. Philips' Gloeilampenfabrieken, Eindhoven, Netherlands 

ABSTRACT 

Self-coactivated ZnS-Cu phosphors were made by firing in different atmos- 
pheres. When H2S/H2 mixtures were used, the red fluorescence decreased with 
increasing amounts of hydrogen. With A/S2 or with N2/$2 atmospheres no red 
fluorescence was obtained. These experimental results can be summarized by 
stating that, in order to obtain the red fluorescence, hydrogen must be incor- 
porated into the phosphor and the sulfur pressure must be sufficiently high. The 
hydrogen either forms a part of the red center or it destroys or replaces a killer 
center that prevents the occurrence of red fluorescence when hydrogen is absent. 
In connection with the high sensitivity of the red fluorescence to small amounts 
of impurities it is suggested that the concentration of the red centers is much 
smaller than the amount of incorporated copper. 

Some years  ago Froe l ich  (1) made  an  ex tens ive  
s tudy  of the red  f luorescence ob ta ined  by  ac t iva t ing  
ZnS  wi th  Cu w i thou t  coact ivators  such as chlorine 
or t r i v a l e n t  ions, Recen t ly  n e w  da ta  on the  p r e p a r a -  
t ion  of these powders  and  the i r  p roper t ies  we re  r e -  
por ted  by  A v e n  and  Po t t e r  (2) .  In  spite of this  w o r k  
it  is as yet  no t  possible  to give a model  of the s t ruc -  
t u r e  of the cen te rs  which  wou ld  account  for this  red  
fluorescence. 

I n  our  own  inves t iga t ions ,  which  conf i rmed the  
more  i m p o r t a n t  facts g iven  by  the  a b o v e - m e n t i o n e d  
authors ,  we w a n t e d  to m a k e  sure  tha t  h y d r o g e n  had  
no inf luence  on the  red fluorescence. In  v iew of the  
fact  tha t  most  powders  had  been  in  contact  w i th  an  
a tmosphere  con ta in ing  h y d r o g e n  in  one way  or a n -  
other,  the  role of h y d r o g e n  should no t  be  d i s re -  
ga rded  en t i re ly .  The e x p e r i m e n t s  ind ica te  tha t  i n -  
deed h y d r o g e n  m u s t  be incorpora ted  in to  the la t t ice  
in  order  to ob ta in  the  red fluorescence, as is de -  
scr ibed in  the  n e x t  sections. 

Preparation of Powders and Firing Conditions 
Severa l  phosphors  were  made  in  gas a tmospheres  

con ta in ing  H~S, S~, and  H~. A f luorescent  grade  ZnS,  
p rec ip i t a ted  f rom an acid ZnSO4 solut ion,  was  used. 
By chemical  ana lys i s  abou t  0.4% SO, and  0.003% C1 
were  found  in  the  s t a r t i ng  m a t e r i a l  Spec t rog raph -  
ical  ana lys i s  showed 0.0005-0.0010% Pb  and  the  
o ther  impur i t i e s  were  be low the i r  de tec t ion  l imi t  

(a l l  pe rcen tages  are g iven  by  we igh t ) .  The ZnS  was 
we t t ed  w i th  a CuSO4 solut ion,  dr ied  at 90~ and 
mixed.  The  concentration in  these  phosphors  was  
10-' g r a m  a tom Cu per  mole  ZnS.  

The  H~S was t a k e n  f rom tanks .  In  the  ea r l i e r  

stages of this r esea rch  the H~S was washed  wi th  an  
acid CrCI~ solut ion to e l imina t e  O~ (3) ,  w i th  a so lu t ion  

of Nar iS  to e l imina t e  HC1, a nd  then  dr ied  over  P~O~. 
At  a ce r t a in  stage of this  i nves t iga t ion  the  red Z n S -  
Cu emiss ion could no t  be reproduced.  A carefu l  i n -  

ves t iga t ion  of the  w o r k i n g  condi t ions  ind ica ted  tha t  
a c h a n g e - o v e r  f rom one t a n k  of H~S to a n o t h e r  was  
the  cause of this  fai lure .  F u r t h e r  inves t iga t ion  
showed tha t  some t anks  con ta ined  on ly  smal l  
a m o u n t s  of CO~, whereas  others  con ta ined  abou t  1% 
CO~. For  this reason  the  H~S was also washed  wi th  
Ba (OH)~ solut ion in the  l a t e r  stages of this  research.  
The  H~S gas m a y  con ta in  smal l  a m o u n t s  of m e t h -  
y l ene  chloride tha t  are  no t  r e move d  by  the  pur i f ica-  
t ion  t echn ique  used in  these exper imen t s .  The re  was,  
however ,  no ind ica t ion  f rom the f luorescence of the  
powders  tha t  this i m p u r i t y  i n t e r f e r ed  w i th  the  r e -  
sult.  

Hydrogen ,  n i t rogen ,  and  a rgon  were  t a k e n  f rom 
t a nks  and  were  of the  pu res t  qua l i t y  ava i lab le .  In  
some e x p e r i m e n t s  t hey  were  washed  w i t h  a n  acid 
CrCl~ solut ion,  w i th  a K O H  solut ion,  and  t h e n  dr ied  
over  P~O~. In  other  cases t races  of oxygen  were  r e -  
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moved  f rom the n i t r o g e n  by  means  of a copper  oven.  
W h e n  necessary  the  gases were  mixed  first and  t h e n  
passed t h rough  one p u r i f y i n g  set. The  su l fu r  used  
was  of h igh pu r i t y :  the on ly  i m p u r i t y  found  b y  
spec t rographica l  ana lys i s  was 0.00003 % (by  weigh t )  
of Cu. 

Two dif ferent  firing t echn iques  were  used. The 
first one, wh ich  was used in  most  of our  expe r imen t s ,  
is shown in  Fig. 1. The  second one, shown in  Fig.  2, 
was used w h e n  add i t ion  of su l fu r  to the  gases was  
necessary.  By chang ing  the  t e m p e r a t u r e  of the  su l -  
f u r - c o n t a i n i n g  pa r t  of the  silica t ube  and  the  gas-  
flow rate,  d i f ferent  su l fu r  p ressures  were  obta ined.  
In  bo th  fir ing t echn iques  the  tubes  w i th  powder  were  
placed in  the fu rnace  af ter  the  fu rnace  had  reached  
the r equ i r ed  t e m p e r a t u r e ;  thus  the powders  reached  
the  firing t e m p e r a t u r e  w i t h i n  a few minu tes .  

Al l  powders  were  cooled as r ap id ly  as possible. In  
the  first f ir ing t echn ique  this  was done by  i m m e r s i n g  
the  firing t ube  in wa te r ;  in  the second one the  ou t -  
side t ube  was  flooded wi th  water .  

Severa l  cross e x p e r i m e n t s  were  made.  Some pow-  
ders were  fired w i th  bo th  setups in  order  to m a k e  
sure tha t  no u n e x p e c t e d  factors were  impor t an t .  Ex -  
cept for the case a l r eady  men t ioned ,  no s ignif icant  
differences were  found.  

Table I. ZnS-IO -4 Cu fired in H~S [not passed through Ba(OH)2] 
2 hr 1100~ 

Gas flOW, 
Phosphor  F i r i ng  me thod  ml /min*  

AC 497 Fig. 1 75 
AC 510 Fig. 2 200 
AC 538 Fig. 2 200 

* The gas  flow was  a lways  measu red  at room tempera tu re .  
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Table II. ZnS-IO -4 Cu, fired in H~S/H2, 2 hr 1100~ 

Fi r ing  Gases Total  gas  Ratio 
Phosphor  me thod  [no Ba(OH)e used]  flow, m l / m i n  H2S/H2 

AC 499 Fig. 1 H~ not purified 100 7/93 
AC 532 Fig. 1 H~ purified 100 7/93 
AC 511 Fig. 2 H~ not purified 200 7/93 
AC 503 Fig. 1 H~ not purified 100 20/80 
AC 501 Fig. 1 H~ not purified 100 44/56 
AC 531 Fig. 1 H~ purified 100 44/56 

Three  powders  were  fired in  pure  H~S; some de-  
tai ls  of the  fir ing condi t ions  are g iven  in  Tab le  I. 

A second set of f luorescent  powders  was  ob ta ined  
by  fir ing in  H~S/H~ mix tu res ,  as de ta i led  in  Tab le  II. 

A th i rd  series of phosphors  was  made  by  fir ing in  
H,S/S~ m i x t u r e s  (Tab le  III ;  AC 535, AC 536, and  
AC 537). 

One  s ingle  phosphor  was  m a d e  by  pass ing  pu re  H~ 
over su l fu r  (Tab le  III,  AC 543). 

In  a fou r th  series n i t r o g e n  or a rgon  were  used as 
car r ie r  gases. Powders  AC 528, AC 529, AC 530, and  
AC 550 were  ob ta ined  by  pass ing  the  n i t r o g e n  over  
sulfur .  AC 549 was  fired in  a rgon  car r ie r  gas (Tab le  
IV) .  The  powders  AC 533 and  AC 534 were  made  
by  pass ing  a N~/H~ m i x t u r e  over  sulfur .  

In  order  to e l imina t e  the  effect of c o n t a m i n a t i o n s  
o r ig ina t ing  f rom the  sil ica walls ,  Z n S - 1 0 4  Cu was  
fired in  two n e w  vessels (Fig. 1). In  each t u b e  four  
firings were  made  in  purif ied hydrogen .  One  tube  
was  c leaned  in  the  n o r m a l  w a y  af ter  each firing. The  
second tube  was  no t  c leaned  b e t w e e n  the  firings, the  
powder  was  m e r e l y  shaken  out  (AC 5 5 1 - A C  557). 

Observat ions  and  M e a s u r e m e n t s  

The f luorescence of the  powders  descr ibed  in  the  
p reced ing  sect ion was  s tud ied  w i t h  3650A exci ta t ion .  
A l t h o u g h  the  re l a t ive  b r igh tnes s  of the  powders  
could be es tab l i shed  eas i ly  b y  v i sua l  inspec t ion  of 
the  powders ,  the  m e a s u r e m e n t  of the  red f luores-  

Table III. ZnS-IO r Cu, fired in H2S/$2 or H~/S2, 1100~ 
200 ml gas/min, firing setup Fig. 2 

Fi r ing  Evapora ted  
Phosphor  Gas t ime  sulfur,  g 

AC 535 H~S no Ba (OH) ~ used 2 hr  3.418 
AC 536 H,~S no Ba (OH) 2 used 2 hr 7.228 
AC 537 H~S no Ba (OH) ~ used 45 min  7.217 
AC 543 H~ purified 45 min  7.284 

Table IV. ZnS-lO -4 Cu, fired in N2, N2-k-H~ or A, 1100~ 

Total  
g a s  flow, F i r i ng  Evap.  

Phosphor  Gases  used m l / m i n  t ime  sulfur ,  g 

AC 528 N~(copper oven) 200 2 hr 0.0245 
AC 529 N2(copper oven) 200 2 hr  2.712 
AC 530 N2(copper oven, P~O~) 200 2 hr  3.879 
AC 550 N~(CrCh, KOH, P~O~) 100 45 min  9.177 
AC 549 A(CrCh,  KOH, P~O5) 200 2 hr  4.355 
AC533 NJH2 70--30(N2 4- 200 2 h r  4.575 

H.~ -- CrCh, P~O~; N~- 
copper oven) 

AC534 N~/H~ 90--I0(N2 -k 200 2hr 4.463 
H2 -- CrCl~, P205; N~- 
copper oven) 
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Table V. Relative luminance of phosphor layers, measured with Schott RG1 red filter 

A u g u s t  1959 

F i r e d  
in  H2S 

N o .  o f  
p h o s p h o r  Lure .  

HeS/S2 H2S/H2 N~/S~/I-Is H2, N2/S~, A / S 2  

No.  of  No.  o f  No. o f  No.  o f  
p h o s p h o r  L u r e .  p h o s p h o r  L u r e .  p h o s p h o r  Lu re .  p h o s p h o r  L u m .  

AC 497 73 
AC 510 44 
AC 538 100 

AC 535 89 AC 543 38 AC 533 14 AC 551-557~ 
AC 536 94 AC 501 25 AC 534 8-10 AC 528-530~ 
AC 537 71 AC 531 19 AC 550 

AC 549 .] AC 5o3 l 
AC 499~ 
AC 532~ <6 
AC 511J 

<6 

cence was difficult owing  to the  weakness  of the red 
l ight  emit ted.  The  best  me thod  was  to compare  the  
l u m i n a n c e  of a phosphor  l ayer  w i th  tha t  of a m a t  
surface  by  means  of a L o m m e r - B r o d h u n  pho tome te r  
con t a in ing  a Schott  red  RG1 filter in  the eyepiece.  
The ma t  surface  was  i l l u m i n a t e d  by  an  incandescen t  
lamp,  and  the  l amp vol tage  was  var ied  so as to 
ma tch  the l u m i n a n c e  of bo th  surfaces.  Eve ry  me a s -  
u r e m e n t  was  repea ted  two or th ree  t imes,  a nd  the  
average  of the  l amp  vol tages  was  used in  the  cal-  
cula t ion .  The  red l u m i n a n c e  (as seen th rough  a 
Schot t  red  RG1 fil ter) of the  ma t  sur face  at d i f ferent  
vol tage  set t ings  was  ca l ib ra ted  wi th  a l abo ra to ry  
l u m i n a n c e  meter .  The  l u m i n a n c e  of one phosphor  
l ayer  (AC 538) a r b i t r a r i l y  was g iven  the  va lue  100. 
Ca lcu la ted  va lues  of the l u m i n a n c e  of the phosphor  
layers  are  s u m m a r i z e d  in  Tab le  V. 

Phosphors  made  in low su l fu r  p ressure  or m a d e  in  
a tmospheres  w i t hou t  hyd rogen  did not  show a n y  red 
f luorescence;  this corresponds  to the  va lues  be low 
the  m i n i m u m  va lue  de tec tab le  wi th  the l u m i n a n c e  
me te r  ( abou t  6 u n i t s ) .  T h e y  had  a weak  g reen  or 
g r e e n - b l u e  fluorescence. This  f luorescence was  k i l l ed  
w h e n  i n f r a r ed  l ight  was  shone on the  phosphors  to-  
ge ther  w i th  the  u.v. at room t empera tu r e .  No s t i m u -  
la t ion  of an  af te rg low was found  wi th  i n f r a r ed  r a -  
dia t ion.  A t  low t e m p e r a t u r e  (77~  these  p h e n o m -  
ena  were  reversed :  the  f luorescence was no t  i n -  
f luenced by  inf ra red ,  b u t  a s t imu la t i on  of the  a f t e r -  
glow was found.  D u r i n g  the s t imula t ion ,  the emi t t ed  
l ight  had  the  same color as d u r i n g  u.v. exci ta t ion,  
and  not  the  s l ightest  i nd ica t ion  of any  red f luores-  
cence was  found.  

I t  is wel l  k n o w n  tha t  the red Cu-f luorescence  has 
the i m p o r t a n t  p rope r ty  tha t  it is m u c h  more  sens i -  
t ive to impur i t i e s  t h a n  the f luorescence of n o r m a l l y  
ac t iva ted  ZnS  powders ;  smal l  a m o u n t s  of O~, CO._., 
or H.~O al l  d i s tu rb  the  r ed  f luorescence (1, 2) .  W h e n  
add ing  a l u m i n u m  in the order  of 10 mole  % of the  
added a m o u n t  of Cu, one finds a b lue  emiss ion  as 

~'10g 
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40 

2O 

0 

\ 

24 ~ ~ 3.0 ~3 
- ~ p ~  few 

Fig. 3. Spectral distr ibut ion of red ZnS-Cu phosphor. 
AC 538;  measured at room temperature; . . . . .  

spectral distr ibut ion measured by Aven and Potter (2), Fig. 
3 ( x = 0 ) .  

s t rong as the red emission.  We have  conf i rmed these 
observat ions .  

The  spectra l  ene rgy  d i s t r i bu t i on  was  m e a s u r e d  
wi th  the  aid of a Leiss (Ber l in )  double  m i r r o r -  
m o n o c h r o m a t o r  w i th  sod ium chlor ide  pr isms.  The  
800 cps chopped r ad ia t ion  of the  phosphor  was  
imaged  on the e n t r a n c e  sli t  of the  monochromato r .  
The  ou tpu t  of the  detector ,  amplif ied by  a t u n e d  a -c  
ampli f ier  wi th  synchronous  detect ion,  was  recorded  
au toma t i ca l l y  as a func t ion  of the  wave  length .  

The  phosphor  was  exci ted  by  the r ad i a t i on  of a 
h i gh - p r e s su r e  m e r c u r y  d ischarge  l amp  ( the  i n n e r  
pa r t  of a Phi l ips  HP 125W l a m p  wi th  s tabi l ized dis-  
charge)  f rom which  the long wave  l eng th  u.v. r a -  
d ia t ion  was isolated by  a c o m b i n a t i o n  of Schot t  fil- 
ters  U G l l  and  BG18. The  B G l S - f i l t e r  was used to 
r emove  the t r ansmis s ion  of the U G l l  filter in  the  red  
pa r t  of the spec t rum.  

As a detector  for the  spect ra l  reg ion  f rom 3.5 
about  to 1.65 e v a  selected RCA pho t omu l t i p l i e r  
( type  IP28) was  used wi th  ve ry  h igh sens i t iv i ty  in  
the  red. For  r ad ia t ion  of lower  f requenc ies  a Phi l ips  
pho tomul t i p l i e r  type  51CVP wi th  C s - O - A g  photo-  
cathode was used. 

The  re la t ive  emi t t ed  power  of the phosphor  was  
found  f rom the  recorded p h o t o c u r r e n t  by  ca l ib ra t ing  
the e q u i p m e n t  wi th  the aid of a t u n g s t e n  r i b b o n  
l amp  wi th  k n o w n  spect ra l  d i s t r ibu t ion .  In  Fig. 3 the  
spect ra l  d i s t r i bu t ion  of AC 538 is r epor ted  toge ther  
wi th  one of the d i s t r ibu t ions  g iven  by  A v e n  and  
Po t t e r  (2) .  

Discussion 

In  descr ib ing  the  e q u i l i b r i u m  sys tem Z n S - s u l f u r  
vapor ,  the su l fu r  p ressure  is sufficient to define the 
o x i d a t i o n - r e d u c t i o n  state  of the  ZnS  crystal .  In  tha t  
case the  zinc p ressure  can be der ived  f rom the  su l -  
fu r  p ressure  accord ing  to the  e q u a t i o n  

pzn. pso. 1/2 = Kz,s  [ 1 ] 

W h e n  hyd rogen  is also p resen t  in  the a tmosphere  
and  w h e n  hyd rogen  is incorpora ted  into the  ZnS,  the  
va lue  of the h y d r o g e n  pressure  m u s t  also be k n o w n  
in  order  to define the  s tate  of the ZnS  powders .  In  
e q u i l i b r i u m  it is u n i m p o r t a n t  w he t he r  the  p resence  
of the  hyd rogen  is defined by  the  hyd rogen  p ressure  
itself, by  the H~S pressure ,  or by  the  p ressure  of 
some other  hyd rogen  compounds ,  because  these 
pressures  are cor re la ted  by  a re la t ion  of type  [2] 

pH~ ~. ps~ 
- -  K H ~ s  [ 2 ]  

(p~2~) -~ 
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A th i rd  equa t i on  is ob ta ined  f r o m  the  condi t ion  tha t  
the  to ta l  p res su re  is 1 atm, thus  

P~ -k P~  + pH~s + ps~ = 1 [3] 

A f o u r t h  equa t i on  is ob ta ined  f r o m  the  r e l a t i v e  
amoun t s  of gases or su l fu r  used  d u r i n g  the  e x p e r i -  
ment .  In  t he  case of p u r e  H~S this  equa t i on  is 

p~.~ : 2ps~ [4a]  

W h e n  1 mole  gas m i x t u r e ,  i n t roduced  in the  f i r ing 
vessel ,  conta ins  p moles  H~ and ( l - p )  moles  H~S and  
when ,  a f t e r  e s t a b l i s h m e n t  of the  equ i l i b r i um ,  x 
moles  S, h a v e  been  fo rmed ,  t h e n  we  h a v e  

p + 2 x  
pH2 - -  

1 + ~ c  
X 

l q - x  
Thus,  a f t e r  e l im ina t i on  of x 

p ~  = p + ( 2 - -  p) -ps~ [45]  

In  the  same w a y  a s imi la r  add i t iona l  equa t i on  can  
be f o r m u l a t e d  for  e v e r y  e x p e r i m e n t .  W e  used  KH~S = 
17.10 " a t m  (4) at  l l 0 0 ~  ~ 

The  v a l u e  K~os ---- 5.4- 10 -~ a t m  ~/~ at  1100~ was  ca l -  
cu la t ed  f r o m  r e f e r e n c e  (6) .  Recen t  m e a s u r e m e n t s  
by  S p a n d a u  and  K l a n b e r g  (7) and  N e u h a u s  and 
R e t t i ng  (8) do not  p e r m i t  the  ca lcu la t ion  of the  dis-  
socia t ion cons tan t  K~.s. The  to ta l  p ressures  of ZnS,  
as m e a s u r e d  by S p a n d a u  and  K l a n b e r g ,  dev i a t e  f r o m  
the  va lues  used  in (6) ,  bu t  t he r e  is no i m p o r t a n t  in -  
f luence on the  m a i n  aspects  of these  ca lcula t ions .  
Ca l cu l a t ed  p ressures  are  g iven  in Tab l e  VI. 

Pz, is a lways  so smal l  t ha t  one  can use the  e q u a -  

t ion  

pHe -~ p.,s -k ps~ : 1 [3a]  

ins tead  of [3] w h e n  only  H~, H=S, S~, and  Zn are  
p re sen t  in the  a tmosphere .  The  r e l a t ion  ob ta ined  by  
e l i m i n a t i n g  p.~s f r o m  Eq. [1] and [3a]  is r e p r e s e n t e d  
by the  h e a v i l y  d r a w n  l ine  in Fig.  4. In the  same 
f igure the  p re s su re  points  of the  fired p o w d e r s  a re  
indica ted .  A l l  p ressures  w e r e  ca l cu la t ed  w i t h  the  

: F r o m  t h e  t a b l e s  of  (5) a v a l u e  of KHeS = 18.5.10-~ a r m  w a s  c a l -  

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

Table V I .  Calculated H~ and ~s pressures under equilibrium 
conditions, T = 1100~ 

Gas  
i n t r o d u c e d  i n to  

P o w d e r  t h e  f i r i ng  v e s s e l  p ~  (atrn)  Ps~ ( a tm)  

AC 497, AC 510, AC 538 H~S 0.24 0.12 
AC 535 H~S/S~ 0.21 0.15 

536 H~S/S~ 0.19 0.18 
537 H~S/S~ 0.15 0..26 
543 H.oS/H~ 0.46 2.1.10 -~ 
501-531 H~S/H~ 0.55 1.0-10 -~ 
503 H~S/H~ 0.80 1.0.10 -~ 
532, AC 511 H~S/H~ 0.93 1.0.1O -~ 
533 N~/S~/H~ 0.18 7.4" 10 -~ 
534 N~/S~/H~ 4.1.10 -~ 3.4.10 -~ 
551-557 H~ 
528 N~/S~ - -  3.6.10 -~ 
529 N~/S~ ~ 3.8.10 -~ 
530 N2/S2 - -  5.4" 10 -~ 
550 N~/S~ - -  0.42 
549 A/S~ ~ 6.0" 10 -~ 

AC 
AC 
AC 
AC 
AC 

AC 499, AC 
AC 
AC 
AC 
AC 
AC 
AC 
AC 
AC 
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Fig. 4 Sulfur and hydrogen pressures used during prepara- 
tion of the powders at 1100~ 
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Fig..5. Measured red fluorescence (in arbitrary units). The 
location in the pressure diagram corresponds with Fig. 4. 

assumpt ion  tha t  al l  equ i l i b r i a  w e r e  ac tua l ly  e s t ab -  
l ished.  In some cases t he  su l fu r  p re s su re  was  l ower  
than  the  m i n i m u m  su l fu r  sub l ima t ion  p re s su re  of 
ZnS (9 .1 .10- '  a tm)  and thus  the  zinc p r e s su re  h ighe r  
t h a n  the  m i n i m u m  zinc p ressure .  T h e n  the  ques t ion  
ar ises  w h e t h e r  the  gas flow is s low enough  to p r o -  
v ide  sufficient t ime  for  the  equ i l i b r i a  to be e s t ab -  
l i shed (9) .  If  this  is not  the  case, the  p r e s su re  wi l l  be  
s tabi l ized  on the  m i n i m u m  sub l ima t ion  l ine.  This  
has been  ind ica ted  in Fig.  4 by  a r rows  po in t ing  to 
some p o w d e r s  (AC 499, AC 532, AC 511, AC 551-AC 
557, and AC 528). As none  of these  p o w d e r s  has any  
red  f luorescence  (see b e l o w ) ,  the  ques t ion  of t he  
exac t  loca l iza t ion  of the  f ir ing condi t ions  in the  p r e s -  
sure  d i a g r a m  is not  impor tan t .  

In o rde r  to fac i l i t a te  the  r e v i e w  of e x p e r i m e n t a l  
resul ts ,  the  m e a s u r e d  red  f luorescence  of the  p o w -  
ders  is inscr ibed  at  the  r e spec t i ve  p re s su re  points  in 
Fig.  5. F r o m  this  f igure it is i m m e d i a t e l y  c lear  t ha t  
two  condi t ions  had  to be ful f i l led  in o rde r  to ob ta in  
the  red  f luorescence:  (a) t he r e  mus t  be  h y d r o g e n  in 
the  a tmosphere ,  and (b) the  su l fu r  p re s su re  m u s t  be  
suff icient ly high.  

Unless  these  resu l t s  a re  caused  by  i m p u r i t y  effects  
(see b e l o w ) ,  t he  first cond i t ion  m e a n s  t h a t  h y d r o g e n  
is i nco rpo ra t ed  into  the  ZnS powders .  A t  this  t ime  
it is not  possible  to decide  w h e t h e r  the  h y d r o g e n  
fo rms  r e a l l y  a pa r t  of the  red  f luorescent  center .  The  
o the r  e x p l a n a t i o n  wou ld  be tha t  w i t h o u t  h y d r o g e n  
the  r ed  cen te r s  w o u l d  be  p r e sen t  bu t  t h a t  some o the r  
cen t e r  ki l ls  the  red  f luorescence.  A d d i n g  h y d r o g e n  
then  w o u l d  t r a n s f o r m  the  k i l l e r  cen te r  into a h a r m -  
less one. As t he r e  is, h o w e v e r ,  no e v i d e n c e  in ou r  
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work  for the  presence  of the  red cen te rs  in  the  p o w -  
ders  fired w i thou t  hydrogen ,  we pre fe r  the first e x -  
p l ana t ion .  

Some doub t  m a y  be t h r o w n  on this  conclus ion  on 
the  basis of a few expe r imen t s  descr ibed by  A v e n  
and  Po t t e r  (2) .  They  repor ted  tha t  f ir ing Z n S - C u  in  
h y d r o g e n  first gave a b lue  fluorescence, b u t  tha t  r e -  
pea ted  fir ings in  the  same vessel  f inal ly  gave a red  
fluorescence. The  au thors  i n t e rp r e t ed  the i r  resul t s  
w i th  the  t r ans f e r  of a ce r t a in  i m p u r i t y  (for i n s t ance  
a l u m i n u m )  f rom the  silica wa l l  to the powder .  We 
have  found  in  some cases tha t  the outs ide of the 
s in te red  powders  did show a d i f ferent  f luorescence 
t h a n  the  core, bu t  this  was  res t r ic ted  to a t h i n  ou te r  
shell  and  the  b u l k  of the  powders  was a lways  homo-  
geneous.  F i r i ng  in  hyd rogen  a lone  p roduced  no red 
fluorescence, a l though  the  firings were  repea ted  four  
t imes  in the  same vessel.  Moreover ,  compar i son  of 
the  powders  AC 499, AC 503, AC 501, AC 543, and  
AC 497 (Tab le  II)  shows tha t  the change  in  h y d r o -  
gen p ressure  is r a the r  smal l  (by  a factor  of 4),  bu t  
tha t  the  su l fu r  p ressure  changes  at  least  by  a factor  
of 100. The  red f luorescence d isappears  comple te ly  at 
lower  su l fu r  pressures  in  this series, and  it seems 
i m p r o b a b l e  tha t  a la rge  change  in  i m p u r i t y  t r ans f e r  
should  be b rough t  abou t  by  a r a t h e r  smal l  change  
in  hyd rogen  pressure .  There fore  we  be l ieve  tha t  in  
the  i n t e r p r e t a t i o n  of our  resul ts  we have  to assume 
a di rect  inf luence of the su l fur  p ressure  on the  for-  
m a t i o n  of the  red f luorescence centers .  

A n  i m p o r t a n t  cross e x p e r i m e n t  is r ep re sen t ed  by  
the  powders  AC 533 and  AC 534. Wi th  n i t r o g e n  no 
red f luorescence was  found  and  wi th  h y d r o g e n  the  
red  f luorescence is decreased,  as has been  descr ibed  
above.  Cons ide r ing  the  grea t  sens i t iv i ty  of the  red  
f luorescence to impur i t i e s  it wou ld  be possible for 
some h a r m f u l  i m p u r i t y  to have  been  in t roduced  by  
each gas ind iv idua l ly .  But  in us ing  both  gases to-  
ge ther  the  red f luorescence was p resen t  aga in  and  
thus  the  a s sumpt ion  abou t  h a r m f u l  gas impur i t i e s  is 
made  v e r y  improbable .  

Some of the  red f luorescent  powders  m e n t i o n e d  
in  (1) were  made  in  a CS._, a tmosphere .  This  resu l t  is 
in  conflict w i th  the i n t e r p r e t a t i o n  g iven  in  this  
paper .  However ,  the  expe r imen t s  in  (1) and  (2) 
were  no t  pe r fo rmed  wi th  the t hough t  in  m i n d  tha t  
h y d r o g e n  in  any  fo rm had  to be r emoved  carefu l ly ,  
and  the  e x p e r i m e n t a l  detai ls  necessa ry  to set t le  this  
ques t ion  are lack ing  in  these papers.  

A l t h o u g h  the  weakness  of the  red f luorescence as 
compared  w i t h  t ha t  of s t rong  red  phosphors  (for  
example  color te lev is ion  phosphors)  can be ex -  
p la ined  by  a s suming  a smal l  r e c o m b i n a t i o n  coeffi- 
c ient  in  the  k ine t ic  mechan i sm,  the  a s sumpt ion  
seems more  p robab l e  tha t  the concen t r a t i on  of the  
red  cen te rs  is m u c h  smal l e r  (by  a factor  of 10 to 
100) t h a n  the added a m o u n t  of Cu. Hence  the  occur -  
r ence  of the  red f luorescence centers  resul t s  on ly  in  a 
m i n o r  change  in  the  m e c h a n i s m  by  which  Cu is bu i l t  
into the  la t t ice  w i thou t  hydrogen .  This has th ree  
consequences .  In  the  first place, the  red  f luorescence 
as such does not  p rov ide  m u c h  use fu l  i n f o r m a t i o n  
abou t  the  incorpora t ion  of Cu. In  the  second place, 
it is difficult to say a n y t h i n g  defini te  abou t  the  s t ruc -  

tu re  of the  red f luorescence centers  so long as we do 
not  k n o w  exac t ly  the  b u i l t - i n  m e c h a n i s m  of Cu. The  
d i a m a g n e t i s m  of these  Z n S - C u  phosphors ,  as f ound  
by  Bowers  and  Melamed  (10),  can be i n t e r p r e t ed  as 
a d i a m a g n e t i s m  of the m a j o r i t y  of the  b u i l t - i n  cop-  
per  atoms. As long as we do not  k n o w  the  c o n c e n t r a -  
t ion  of the  red  f luorescence centers  the  poss ib i l i ty  
tha t  these cen te r s  are p a r a m a g n e t i c  can not  be ex -  
cluded.  F ina l ly ,  this  a s sumpt ion  can exp la in  the  h igh  
sens i t iv i ty  of the  red centers  to impur i t i e s  in  a s im-  
ple  m a n n e r .  

Pe rhaps  one conclus ion  abou t  the  s t r uc t u r e  of the  
red f luorescence centers  can be reached  by  c ompar -  
ing the  red Z n S - C u  f luorescence wi th  tha t  of Z n S -  
Ag. Accord ing  to the resul t s  pub l i shed  by  A v e n  and  
Po t t e r  the red  s i lver  f luorescence has a spect ra l  
d i s t r i bu t i on  di f ferent  f rom tha t  of Cu. Since  h y d r o -  
gen  is also necessa ry  for the  red  s i lver  f luorescence 
the  cen te r  m u s t  con ta in  a t  least  one me t a l  (Ag or 
Cu) and  one h y d r o g e n  a tom or ion. As to the  rea l  
n a t u r e  of the cen te r  severa l  possibi l i t ies  ar ise de-  
pe nd i ng  on w h e t h e r  the impur i t i e s  occupy subs t i t u -  
t iona l  or in te r s t i t i a l  posi t ions and  on the  va lenc ies  of 
these impur i t ies .  

In  spite of the  carefu l  cont ro l  of the  p r e p a r a t i v e  
condi t ions  a r a the r  la rge  spread  in  the l u m i n a n c e  of 
the  red phosphors  was  found,  as can be seen f rom 
the powders  fired in  pure  H~S alone. There fo re  it  is 
imposs ib le  to give q u a n t i t a t i v e  re la t ionsh ips  be -  
t w e e n  this  l u m i n a n c e  a nd  the  pressures  used. F u r -  
ther  inves t iga t ions  are necessa ry  in  order  to find 
these q u a n t i t a t i v e  re la t ionships .  In  our  op in ion  i t  is 
p r e m a t u r e  to give models  for the red  f luorescent  
centers  as long as the e x p e r i m e n t a l  m a t e r i a l  is 
scarce and  even  p a r t l y  cont radic tory .  
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ABSTRACT 

The fluorescence of binary and ternary  germanates  of Ca, Sr, Ba, Mg, and Zn 
wi th  different act ivators  was investigated.  Germanate  phosphors act ivated with  
Pb, Ti, and Mn are described. The te rnary  composit ion t r iangles  are given to- 
gether  wi th  the x - r a y  powder -d iagrams  of 23 hi ther to  unknown germanates.  

A g rea t  dea l  of the  r e s e a r c h  on inorgan ic  phos -  
phors  has  been  concen t r a t ed  on sil icates.  In con t ras t  
to this the  ge rmana t e s ,  w h i c h  are  c losely  r e l a t ed  to 
the  si l icates,  h a v e  d r a w n  l i t t l e  a t ten t ion .  On ly  the  
o r t h o g e r m a n a t e s  of Mg, Zn, and  Be h a v e  been  in -  
ve s t i ga t ed  to some e x t e n t  (1) .  Fo r  this r eason  it  
s eemed  w o r t h  w h i l e  to i nves t i ga t e  the  f luorescence  
of ge rmana te s ,  also because  n o w a d a y s  p u r e  GeO~ is 
c o m m e r c i a l l y  ava i lab le .  

The  w o r k  desc r ibed  in  th is  a r t i c l e  w a s  done  a long  
the  same l ines and  in  close connec t ion  w i t h  the  w o r k  
of Klasens ,  Hoeks t r a ,  and Cox (2) on b i n a r y  and  
t e r n a r y  sil icates.  Most  of the  n e w  g e r m a n a t e s  found  
a re  i somorphous  w i t h  the  co r r e spond ing  sil icates.  

Preparation.--The s t a r t ing  m a t e r i a l s  used w e r e  
r e a g e n t  g r ade  CaCO~, SrCO~, BaCOn, MgCO~, ZnO, 
and GeO~. The  ac t iva tors ,  wh ich  inc luded  Pb,  Ti, Mn, 
Sn, Ce, Bi, and Re, in f o r m  of so lu t ions  of t he i r  salts, 
w e r e  added  in the  r e q u i r e d  amoun t s  to t he  r a w  
mate r ia l s .  The  suspens ion  f o r m e d  was  e v a p o r a t e d  
to d ryness  and mi l l ed  in a r u n n e r  mi l l  for  15 rain. 
The  b lends  w e r e  t h e n  hea t ed  in a l u n d u m  cruc ib les  
in a i r  at 1050~ ~ for  1 or 2 hr.  In all  cases 2 or  
4% of the  Ca- ,  S r - ,  or B a - c a r b o n a t e s  used as base  
m a t e r i a l s  w e r e  subs t i tu t ed  by  the  co r re spond ing  flu- 
orides.  

X - r a y  d i a g r a m s  showed  tha t  this  f luor ide subs t i -  
t u t ion  g r ea t l y  a ided  in qu i ck ly  comple t i ng  the  r e a c -  
tion. I t  was  shown by  chemica l  ana lys is  t ha t  a f t e r  
f ir ing on ly  a neg l ig ib le  a m o u n t  of the  f luor ide  was  

r e t a i n e d  in the  phosphors .  The  ac t i va to r  con ten t  was  
usua l ly  about  0.5 mole  %. In  o rder  to p r e p a r e  effi- 
c ien t  phosphors  an  excess  of f r ee  GeO~ had  to be 
avo ided  because  GeO~ absorbs  u.v. r a d i a t i o n  be low  
3150A w i t h o u t  g iv ing  any  app rec i ab l e  luminescence .  
The  same is t r u e  for  s eve ra l  of the  g e r m a n a t e s ,  
espec ia l ly  those  w i t h  a h igh  GeO2 content .  This  c o m -  
p l i ca t ion  necess i t a t ed  a ca re fu l  choice  of the  c o m -  
pos i t ion  w i t h  the  aid of the  phase  d i a g r a m s  to be  
d iscussed in sec t ion  3. X - r a y  d i a g r a m s  of the  f ired 
p o w d e r s  w e r e  m a d e  w i t h  a N o r t h  A m e r i c a n  Ph i l ips  
Ge ige r  coun te r  x - r a y  d i f f r ac tome te r  us ing  Co-K~ 
rad ia t ion .  

Binary germanates.--The b i n a r y  g e r m a n a t e s  
found  are  l i s ted  in Tab le  I t oge the r  w i t h  the  k n o w n  
b i n a r y  si l icates.  The  compounds  l abe l ed  w i t h  the  
same l e t t e r  in Tab l e  I a re  i somorphous .  Our  x - r a y  
p o w d e r  d i ag rams  of the  o r t h o g e r m a n a t e s  (2-1)  of  
Ca, Sr,  Ba, and  Mg essen t i a l ly  co r r e spond  to those  
pub l i shed  by  L u d e k e n s  (3) .  In con t ras t  to Ludekens ,  
who  ob ta ined  only  o r t h o g e r m a n a t e s  i r r e spec t i ve  of 
the  ra t io  of basic  to acid  oxides ,  we  also found  o the r  
compounds .  Our  m i x t u r e s  w e r e  p r o b a b l y  m o r e  r e -  
ac t ive ,  e spec ia l ly  because  of the  f luor ide flux. The  
x - r a y  p o w d e r  d i ag rams  of the  n e w  1-1, 2-3 and  
1-2 g e r m a n a t e s  a re  g iven  in Tab le  II. 

Ternary germanates.--The t e r n a r y  g e r m a n a t e s  
found  are  g i v e n  in Tab l e  I I I  t o g e t h e r  w i t h  the  
k n o w n  t e r n a r y  si l icates.  Tab le  I I I  shows tha t  w i t h  
the  excep t ion  of the  2-1-2  B a M g -  and B a Z n - g e r m a -  

Table I. Binary germanates and silicates of Ca, Sr, Ba, Mg, and Zn. Identical letters in the columns denote that the corresponding 
compounds are isomorphous. Temperatures given are the firing temperatures in ~ 

M o l e  r a t i o s  of b a s e  to  a c i d  ox ide s  

C o m p o n e n t  ox ide s  2-1 3-2  1-1 2-3  1-2 

CaO GeO~ a 1150 ~ - -  d* 1200 ~ e 1100 ~ f 
SiO~ b c d* - -  

SrO GeO~ g 1125 ~ - -  h 1150 ~ - -  i 
SiO2 g - -  h -- 

BaO GeO2 g 1100 ~ ~ h 1100 ~ - -  i 
SiO2 g - -  h - -  j 

MgO GeO~ k 1150 ~ - -  m 1150 ~ - -  
SiO~ 1 ~ n - -  

ZnO GeO~ o 1050 ~ - -  - -  - -  
SiO~ o . . . .  

1150  ~ 

1150  ~ 

1075  ~ 

* CaGeO3 is i s o m o r p h o u s  w i t h  flCaSiO~ ( w o l l a s t o n i t e ) ;  no  o t h e r  m o d i f i c a t i o n s  of CaGeOa  w e r e  f o u n d .  
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Table II. X-ray data of the binary germanates 

Augus t  1959 

CaGeO3 SrGeO3 BaGeOs MgGeO3 CaGeeO5 SrGe205 BaGe~O5 

d (A) I d (A) I d (A) I d (2*) I d (A) I d (A) l d (A) I 

Ca~GesOs 

d(A) I 

5.10 20 3.65 30 3.80 30 4.75 40 5.10 40 3.65 
4.10 10 3.45 60 3.60 25 4.41 40 4.00 27 3.27 
3.90 15 3.00 100 3.12 100 3.35 90 3.58 24 2.83 
3.85 5 2.63 30 2.72 25 3.22 95 2.84 100 2.70 
3.60 20 2.13 20 2.22 30 3.00 65 2.75 16 2.43 
3.57 5 2.09 45 2.20 70 2.95 100 2.67 13 2.09 
3.37 30 1.95 10 2.05 25 2.91 25 2.42 13 1.95 
3.27 25 1.82 10 1.90 15 2.79 15 2.36 14 1.82 
3.17 25 1.71 10 1.80 25 2.58 100 2.31 13 1.76 
3.05 100 1.63 10 1.71 20 2.53 55 2.22 9 1.64 
2.98 15 1.5.7 15 1.64 30 2.48 20 2.00 7 1.49 
2.68 10 1.49 5 1.56 20 2.05 15 1.79 5 1.415 
2.56 20 1.38 5 1.44 10 2.02 30 1.77 13 1.345 
2.39 5 1.32 10 1.39 30 1.73 15 1.75 15 
2.21 5 1.65 15 1.67 13 
1.98 5 1.64 15 1.60 9 
1.88 10 1.55 15 1.555 9 
1.81 10 1.52 30 1.515 9 
1.76 5 1.49 20 1.485 9 
1.66 10 1.42 15 1.42 11 
1.58 5 1.315 12 
1.57 5 
1.53 10 

100 3.66 
6 3.21 

70 2.90 
90 2.73 
20 2.48 
16 2.17 
18 1.98 
20 1.83 
22 1.79 
25 1.67 
10 1.52 
12 1.43 
10 1.37 

100 4.95 25 
20 4.65 12 
65 3.42 10 
80 3.20 45 
10 3.13 50 
14 3.00 100 
18 2.77 6 
14 2.64 80 
16 2.60 35 
14 2.53 25 
10 2.32 12 
8 2.28 6 

10 2.05 8 
2.03 10 
1.70 15 
1.69 25 
1.65 18 
1.64 18 
1.575 15 
1.535 10 
1.50 8 
1.485 6 
1.36 8 

Table III. Ternary germanates and silkates of Ca, Sr, Ba, Mg, and Zn. Identical letters in the columns denote that the 
compounds are isomorphous. The temperatures given are the firing temperatures in ~ 

corresponding 

Mole  r a t io s  of base  to amd ox ides  

C o m p o n e n t  ox ides  2-1-2 1-1-1 1-2-2 3-1-2 1-1-2 

CaO, MgO GeO~ - -  q 1100 ~ - -  - -  s 1100 ~ 
SiO~ p q - -  v s 

CaO, ZnO GeO~ p 1150 ~ - -  - -  - -  s 1100 ~ 
SiO~ p . . . .  

SrO,  MgO GeO~ p 1100 ~ - -  - -  v 1150 ~ s 1100 ~ 
SiO~ p ~ - -  v - -  

SrO, ZnO GeO~ p 1150 ~ - -  - -  - -  t 1050 ~ * 
SiO~ p - -  u - -  - -  

BaO, MgO GeO~ p 1100 ~ - -  - -  v 1100 ~ t 1100 ~ 
SiO~ v ~ w v - -  

BaO, ZnO GeO~ p l l 00  ~ x 1100 ~ w*  - -  - -  
SiO~ v x w - -  - -  

* BaZneGeeO7 a n d  SrZnGe20~ a re  r a t h e r  uns t ab l e .  L ines  of o t h e r  c o m p o u n d s ,  e spec ia l ly  of ZneGeO~, also occur  in  the  x - r a y  d i a g r a m s  o f  
these powders .  

n a t e s  a l l  c o r r e s p o n d i n g  g e r m a n a t e s  a n d  s i l i c a t e s  a r e  
i s o m o r p h o u s .  T h i s  w a s  c o n f i r m e d  b y  t h e  f o r m a t i o n  
of  u n i n t e r r u p t e d  s e r i e s  of  so l id  s o l u t i o n s .  T h e  x - r a y  

p o w d e r  d a t a  of  t h e  n e w  t e r n a r y  g e r m a n a t e s  a r e  

g i v e n  in  T a b l e s  I V - V I I .  T h e  2 - 1 - 2  g e r m a n a t e s  
( T a b l e  I V )  a r e  a l l  i s o m o r p h o u s  w i t h  Ca.oZnSi.oO~ 

( h a r d y s t o n i t e )  a n d  Ca~MgSi~O7 ( a k e r m a n n i t e )  w h i c h  
a r e  t e t r a g o n a l .  T h e  d i a g r a m s  c o u l d  r e a d i l y  b e  i n -  

d e x e d .  Ce l l  d i m e n s i o n s  a r e  g i v e n  in  T a b l e  V I I I  i n  
w h i c h  i t  is s e e n  t h a t  t h e  c o r r e s p o n d i n g  Z n -  a n d  M g -  

c o m p o u n d s  h a v e  p r a c t i c a l l y  t h e  s a m e  ce l l  d i m e n -  
s ions .  

T h e  3 - 1 - 2  c o m p o u n d s  o c c u r  o n l y  in  t h e  s y s t e m s  
c o n t a i n i n g  m a g n e s i u m .  Sr~MgGe~O8 a n d  Ba3MgGe~O~ 
a r e  i s o m o r p h o u s  w i t h  Ca~MgSi~O8 ( m e r w i n i t e )  

w h i c h  is o r t h o r h o m b i c .  W i t h  t h i s  k n o w l e d g e  t h e  
x - r a y  d i a g r a m s  c o u l d  b e  i n d e x e d  ( T a b l e  V )  a n d  t h e  
u n i t  ce l l  d i m e n s i o n s  c o u l d  b e  c a l c u l a t e d .  

Sr~MgGe~O8 a = 5.5 b = 9.6 c = 7.3 
Ba~MgGe20~ a = 5.7 b = 10.0 c = 7.4 

CaMgGe~O~, CaZnGe~O~, a n d  SrMgGe.~O6 ( T a b l e  V I )  
a r e  i s o m o r p h o u s  w i t h  CaMgSi..,O~ ( d i o p s i d e ) ,  w h i c h  

is t h e  o n l y  c o m p o u n d  w i t h  t h i s  s t r u c t u r e  in  t h e  t e r -  

n a r y  s i l i c a t e  s y s t e m s .  SrZnGe~O0 a n d  BaMgGe~O6 a r e  

i s o m o r p h o u s  b u t  h a v e  n o  d i o p s i d e  s t r u c t u r e .  
S u f f i c i e n t  f i r i n g s  w e r e  m a d e  to  c o n s t r u c t  t h e  c o m -  

p o s i t i o n  p h a s e  t r i a n g l e s  s h o w n  in  F ig .  1. T h e  f ina l  
p h a s e s  p r o d u c e d  b y  t h e  f i r i ng  of  c o m p o s i t i o n s  f a l l i n g  
on  c o n j u g a t i o n  l i n e s  a r e  g i v e n  b y  t h e  c o m p o u n d s  a t  

t h e  e n d  of  t h e  l ines .  T h e  f ina l  p h a s e s  p r o d u c e d  b y  t h e  

f i r i ng  of  c o m p o s i t i o n s  f a l l i n g  w i t h i n  t h e  t r i a n g l e s  a r e  
g i v e n  b y  t h e  c o m p o u n d s  a t  t h e  a p e x e s  of  t h e  t r i -  

a n g l e s .  

Activation with P b . - - T h e  b i n a r y  g e r m a n a t e s  d i d  
n o t  g i v e  e f f i c ien t  p h o s p h o r s  w i t h  P b  a c t i v a t i o n .  Of  

t h e  t e r n a r y  c o m p o u n d s  t h e  2 - 1 - 2  B a M g - ,  S r M g - ,  
B a Z n - ,  a n d  S r Z n - g e r m a n a t e s  g a v e  u .v .  e m i t t i n g  
p h o s p h o r s .  T h e  e m i s s i o n s  a r e  g i v e n  in  F ig .  2 t o g e t h e r  
w i t h  t h o s e  of  t h e  c o r r e s p o n d i n g  s i l i ca t e s .  T h e  p h o s -  

p h o r s  a r e  e x c i t e d  s t r o n g l y  o n l y  w i t h  2537A.  I t  is  
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Fig. 1. Composition phase diagrams of the ternary germa.nate systems. 

s e e n  f r o m  F ig .  2 t h a t  t h e  p e a k  of  t h e  P b  e m i s s i o n  
i n  t h e  g e r m a n a t e s  is a t  s e v e r a l  h u n d r e d  A l o n g e r  
w a v e  l e n g t h s  t h a n  i t  is  i n  t h e  s i l i c a t e s .  T h e  2 - 1 - 2  
P b - a c t i v a t e d  B a M g -  a n d  S r M g - g e r m a n a t e s  c a n  b e  
m a d e  w i t h  a b o u t  t h e  s a m e  e f f i c i e n c y  as  t h e  c o r r e -  
s p o n d i n g  s i l i c a t e s .  T h e  e f f i c i e n c y  of  t h e  P b - a c t i v a t e d  
2 - 1 - 2  B a Z n - ,  S r Z n - ,  a n d  C a Z n - g e r m a n a t e s  is m u c h  
l o w e r .  A n  e x p l a n a t i o n  f o r  t h i s  c a n  b e  g i v e n  e a s i l y  

w i t h  t h e  a i d  of  F ig .  3, w h e r e  t h e  s h a d e d  p a r t s  a r e  
t h e  t r i a n g l e s  w h i c h  c o n t a i n  o n e  o r  m o r e  p h a s e s  
w i t h  a n  i n e f f i c i e n t  u .v .  a b s o r p t i o n .  T h e s e  p h a s e s  a r e  
g i v e n  b y  c i r c l e s  a t  t h e  a p e x e s .  T h i s  m e a n s  t h a t  c o m -  
p o s i t i o n s  f a l l i n g  i n  t h e  s h a d e d  a r e a s  h a v e  a l o w  effi-  
c i e n c y  d u e  to  t h e  p r e s e n c e  of  t h o s e  u n d e s i r e d  p h a s e s .  
I t  is  a l so  s e e n  f r o m  Fig .  3 t h a t  i n  t h e  Z n - c o n t a i n i n g  
c o m p o u n d s  t h e  w h o l e  a r e a  a r o u n d  t h e  2 - 1 - 2  c o m -  

Table IV. X-ray data of the 2-1-2 germanates 

I n d i c e s  
h k l  

Ca2ZnGe20~ 
d (A) I 

Sr~AYlgGe207 SreZnGeeO7 
d ( A )  I d ( A )  I 

Ba2MgGe2Ov Ba2ZnGe~O7 
- d (A) I d (A) I 

110 5.15 40 5.80 22 
101 4.35 8 4.49 5 
111 3.79 9 3.93 9 3.90 10 
210 3.54 20 
201 3.15 20 3.25 20 3.20 22 
211 2.92 100 3.04 100 3.00 100 
220 2.80 6 2.90 3 2.87 8 
002 2.58 12 2.67 10 2.65 12 
310 2.50 48 2.59 26 2.57 30 
221 2.46 10 2.53 6 2.52 7 
301 2.34 5 2.42 7 2.40 3 
311 2.26 30 
212 2.03 2 2.15 4 2.14 3 
400 1.99 2 2.04 18 2.03 4 
410 1.90 10 1.96 4 1.95 5 
330 1.87 7 1.93 20 1.92 6 
312 1.80 40 1.85 32 1.84 36 
411 
420 1.77 8 1.83 3 1.82 7 

103, 322 1.68 4 1.72 3 
213 1.55 2 1.595 15 1.59 11 
332 1.56 6 1.55 4 
223 1.47 7 1.51 6 1.505 4 
521 1.42 7 1.46 19 1.45 13 
512 1.39 3 
531 1.36 7 1.355 4 
004 1.32 7 1.32 5 

4.18 10 3.15 5 

3.30 20 3.35 12 
3.10 100 3.10 100 

2.76 8 2.80 12 
2.64 17 2.65 40 

2.50 5 2.50 12 

2.23 10 2.24 10 
2.09 9 2.09 8 
2.03 9 2.03 10 
1.97 10 1.97 11 
1.92 22 1.92 27 
1.90 21 1.90 15 
1.86 5 1.87 10 

1.66 26 1.66 20 
1.61 16 1.61 12 
1.57 5 1.57 9 
1.50 25 1.50 20 
1.395 5 1.395 18 

1.365 11 1.37 12 
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p o s i t i o n  is s h a d e d .  S i n c e  i n  o u r  f i r i n g  e x p e r i m e n t s  

t h e  r e a c t i o n  w a s  n e v e r  e n t i r e l y  c o m p l e t e ,  n o n l u m i -  
n e s c e n t  a b s o r b e r s  c o u l d  n o t  b e  a v o i d e d  i n  t h e s e  
ca ses .  I n  t h e  s y s t e m s  c o n t a i n i n g  M g  t h e r e  a r e  u n -  
s h a d e d  t r i a n g l e s  a r o u n d  t h e  2 - 1 - 2  c o m p o s i t i o n .  I n  
f a c t  t h e  e f f i c i en t  M g - c o n t a i n i n g  p h o s p h o r s  w e r e  
m a d e  b y  f i r i n g  c o m p o s i t i o n s  f a l l i n g  w i t h i n  t h e s e  
f a v o r a b l e  t r i a n g l e s .  

Act iva t ion  w i t h  T i . - - O f  t h e  b i n a r y  a n d  t e r n a r y  
g e r m a n a t e s  o n l y  Ca~Ge30~ g a v e  a n  e f f i c i en t  e m i s s i o n  
w i t h  Ti .  T h e  s p e c t r a l  d i s t r i b u t i o n  w i t h  2 5 3 7 A  e x -  
c i t a t i o n  is g i v e n  in  F ig .  4 w h i c h  s h o w s  t h a t  t h e  e m i s -  

Table V. X-ray data of the 3-1-2 germanates 

I n d i c e s  

hk I  

Sr,~MgGe20s 

d (A) I 

Ba~lVIgGefOs 

d (A) I 

111 4.00 22 4.15 
002 3.50 15 - -  
012 3.25 15 - -  
102 3.02 25 3.10 

112,022 2.86 85 2.98 
130 2.80 100 2.88 
040 2.48 15 - -  
013 2.35 18 2.46 
221 2.29 20 2.35 
222 2.00 45 2.06 
310 1.86 
241 1.82 

1.685 9 1.73 
1.62 27 1.67 
1.605 28 1.655 

1.55 
1.48 
1.43 

1.39 15 1.41 
1.37 
1.35 
1.31 

E~ 

T 
gs,2oT-Pb Ba#~ 

sr2Mgs'~%~ 

// 
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3OOO 
I 
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~ GeiOT-Pb 

I 
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Fig. 2. Spectral distribution curves of Pb-activated 2-1- 
2-BaMg- and SrMg- germanates and silicates. Excitation with 
2537A at room temperature. 
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- -  s i o n  of  t h e  Ca~Ge~O,-Ti  c l o s e l y  c o r r e s p o n d s  to  t h a t  of  

18 b l u e - e m i t t i n g ,  S b - a c t i v a t e d  c a l c i u m  h a l o p h o s p h a t e  
80 ( C 1 / F  = 1) .  T h e  q u a n t u m  e f f i c i e n c y  of  t h e  g e r m a -  

100 h a t e  p h o s p h o r  is t h e  s a m e  as  t h a t  of  t h e  h a l o p h o s -  
- -  p h a t e  o r  s l i g h t l y  b e t t e r .  T h e  a c t i v a t o r  w a s  a d d e d  
12 f r o m  a s o l u t i o n  o f  TIC1, i n  a m i x t u r e  of  a l c o h o l  a n d  
20 
40 w a t e r .  T h e  i n t e n s i t y  of  t h e  e m i s s i o n  d o e s  n o t  v a r y  
20 m u c h  b e t w e e n  0.05 a n d  0.5 m o l e  % of  Ti ,  a c o n c e n -  

8 t r a t i o n  of  a b o u t  0.1 m o l e  % b e i n g  t h e  o p t i m u m .  I n  
12 t h e  p r e p a r a t i o n  of  t h e  p h o s p h o r  a s l i g h t  e x c e s s  of  
35 GeO~ w a s  t a k e n ,  b e c a u s e  t h e  o c c u r r e n c e  of  s m a l l  
30 

6 a m o u n t s  of  t h e  2 -1  g e r m a n a t e  (cf .  F ig .  1 ) ,  w h i c h  
12 a l so  g i v e s  a f a i r l y  s t r o n g  e m i s s i o n ,  is l e s s  h a r m f u l  
16 t h a n  t h e  o c c u r r e n c e  of  t h e  1-1  c o m p o u n d  w h i c h  d o e s  
12 n o t  g i v e  a n  a p p r e c i a b l e  e m i s s i o n  w i t h  Ti.  T h e  p h o s -  
10 
10 p h o r  w a s  m a d e  i n  o n e  s i n g l e  f i r i n g  a t  1 1 5 0 ~  f o r  1 
16 h r .  T h e  Ca~Ge ,Os-Ti  is n o t  e f f i c i e n t l y  e x c i t e d  b y  c a t h -  

Table VI. X-ray data of the 1-1-2 germanates 

CaMgGe-200 CaZnGefO~ SrlV[gGesO6 SrZnGefOG BaMgGefO6 

d {A) I d (A) I d (A) I d (A) I d (A) I 

4.90 24 4.90 4 
- -  - -  4.50 13 

3.43 45 3.40 12 
3.30 16 3.30 7 
3.06 100 3.06 100 
3.00 25 3.00 21 
2.63 47 2.63 60 
2.60 60 2.60 80 
2.44 5 2.43 5 
2.40 12 2.4O 3 
2.30 7 2.30 6 
2.25 6 2.25 5 
2.08 10 2.08 13 
2.06 15 2.06 6 
2.01 6 - -  - -  
1.91 8 1.91 3 
1.77 7 1.77 4 
1.71 10 1.70 7 
1.67 18 1.67 13 
1.585 5 1.58 10 
1.575 6 1.57 5 
1.545 7 1.54 5 
1.47 8 1.47 6 
1.44 7 1.44 6 
1.43 7 1.43 7 
1.375 8 1.38 8 
1.33 5 1.33 5 

m 

4.65 4 
3.50 17 
3.40 30 
3.12 100 
3.02 60 
2.68 30 
2.65 95 
2.47 15 
2.42 20 
2.32 10 
2.26 8 
2.13 28 
2.10 12 

1.92 10 
1.79 6 
1.73 10 
1.69 20 
1.615 10 
1.60 18 
1.58 13 
1.49 10 
1.465 17 
1.45 6 
1.39 12 
1.34 12 

3.60 25 3.65 8 
3.20 100 3.35 100 
2.91 75 3.03 75 
2.84 15 2.96 25 
2.70 30 2.79 37 
2.47 30 2.66 23 
2.37 15 2.46 12 
1.97 20 2.04 20 
1.85 80 1.91 30 
1.74 18 1.80 18 
1.56 25 1.60 27 
1.49 10 1.53 10 
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F=g. 3. Part of the phase diagram around the 2-1-2 compounds. Shaded parts contain one or more phases with an 
inefficient u.v. absorption given by circles at the apexes. 
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F~g. 4. Spectral distribution curve of the fluorescence in 
Ca~Ge3Os-Ti with 2537~_ excitat ion at room temperature. 
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Fig. 5. Temperature dependence of the Ti-emission in 
Ca=Ge30.-Ti. Excitation 2537.&. 

Table VII. X-ray data of the 1-1-1 and 1-2-2 germanates 

CaMgGeO~ 

d ( A )  I 

BaZnGeO4 BaZn..Ge207 

d (A,) I d (A) I 

5.61 25 4.75 15 3.30 100 
4.55 25 4.15 30 3.23 75 
4.25 70 3.21 100 3.06 75 
3.95 25 3.12 20 2.94 18 
3.75 25 2.68 85 2.56 45 
3.23 30 2.49 40 2.48 15 
3.05 20 2.06 45 2.33 33 
2.73 100 1.99 20 2.16 21 
2.64 70 1.82 10 1.98 21 
2.58 30 1.71 40 1.80 9 
2.43 15 1.65 20 1.70 10 
2.28 20 1.63 60 1.64 6 
2.07 5 1.60 5 1.60 25 
1.86 20 1.55 15 1.535 6 
1.78 15 1.51 5 1.425 8 
1.73 25 1.40 10 1.41 6 
1.69 10 1.37 15 1.31 12 
1.61 30 1.34 10 
1.59 15 1.29 10 
1.52 10 
1.42 10 

Table VIII. Cell dimensions of the tetragonal 2-1-2 germanates 

a (A) b (A) 

Ca=ZnGe~O7 7.94 5.16 
Sr~MgGe207 8.18 5.28 
Sr~ZnGe~O7 8.13 5.27 
Ba=MgGe=O7 8.40 5.46 
Ba=ZnGe~O7 8.40 5.46 

% 
150 

excitatlbn spectrum (a.u.) of 
R Ti emission 

/ \ 
100 i \ 

i \ ,Ca2Ge30 e unactivated 
, , 
i \ 

I / ~ Ca2Ge3Os_Ti 
50 / f , , ,  I 

I 
I 

I - \ \ 
% 

?, 
000 2500 3000 3500 /~JO0/~ 

Fig. 6. Reflection spectra (solid lines) of unactivated and 
Ti-activated Ca~Ge~Os at room temperature. Excitation spec- 
trum (dashed curve, arbitrary units) of Ca=Ge3Os-Ti at room 
temperature. 

ode rays  or l o n g - w a v e  u.v. In  samples  a c t i v a t e d  
w i t h  Ti  and Mn no sens i t iza t ion  of a Mn emiss ion  
by  the  Ti  was  found.  The  t e m p e r a t u r e  d e p e n d e n c e  of 
the  Ti  emiss ion  is shown  in Fig.  5. The  ref lec t ion  
s p e c t r u m  of the  u n a c t i v a t e d  and a c t i v a t e d  phosphor  
t o g e t h e r  w i t h  the  exc i t a t ion  s p e c t r u m  of the  Ti  
emiss ion  are  g iven  in Fig.  6. 

A c t i v a t i o n  w i t h  Mn.---Of  the  o the r  ac t iva to r s  t r i ed  
in  t he  b i n a r y  and t e r n a r y  ge rmana te s ,  e.g., Mn, Sn, 
Ce, Bi, and Re, on ly  Mn gave  a no t i ceab le  emiss ion  in 
Ca~Ge~O8 w i t h  c a t h o d e - r a y  exc i ta t ion .  The  peak  of 
the  emiss ion  is in the  o r a n g e - y e l l o w  reg ion ;  the  an -  
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ergy  efficiency is abou t  2%. The o p t i m u m  Mn con-  
cen t r a t i on  is about  0.8 mole  %. In  order  to ob ta in  
proper  incorpora t ion  of the  Mn the  phosphors  had  to 
be fired in  N~. 

Conclusions 
The fluorescence of b i n a r y  and  t e r n a r y  g e r m a n a t e s  

of group II e lements  has been  inves t iga ted .  Sr~Mg- 
Ge2OT-Pb and  Ba.~MgGe~O~-Pb proved  to be good u.v. 
emi t t i ng  phosphors .  Ca~Ge~Os-Ti was  found  to be a 
good b lue  emi t t i ng  phosphor .  

Manuscript  received Jan. 28, I959. This paper  was 
prepared for del ivery before the Phi ladelphia Meeting, 
May 3-7, 1959. 

Any  discussion of this paper will  appear in a Discus- 
sion Section to be published in the June  1960 JOURNAL. 
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Thermoluminescence and Shallow Traps In ZnS:Cu:Co 
B. Goldstein 1 and J. J. Dropkin 

Polytechnic Institute of Brooklyn, Brooklyn, New York 

ABSTRACT 

Trapping states of the hexagonal  ZnS:Cu  10-~:Co 10 ~ phosphor were in -  
vestigated by thermoluminescence as functions of the t ime and tempera ture  of 
ul t raviolet  (u.v.) excitation and of the t ime and temperature  of spontaneous or 
IR induced decay. The main  copper (chloride) and cobalt peaks are complex, 
and ret rapping takes place in both. 

In  connec t ion  w i th  some work  on  pho toconduc-  
t ivi ty ,  quenching ,  and  s t imu la t i on  of the  Z n S : C u -  
10 ' mole  % : C o  10 -~ mole  % phosphor ,  we found  it  
adv isab le  to inves t iga te  the  sha l low t rap  s t ruc tu re  
and  used t h e r m o l u m i n e s c e n c e  as one of the m e t h -  
ods (1-4) .  This  paper  repor ts  the  resul t s  of the  glow 
curve  work  on  the  n a t u r e  of the  sha l low t rap  d is-  
t r ibu t ion .  Some es t imate  of the  t rap  energies  is 
ob ta ined  f rom the in i t i a l  slope of the glow curves  
(4) .  The p resence  of r e t r a p p i n g  was  shown by  
t e m p e r a t u r e  r ecyc l ing  expe r imen t s  (3).  Some of the 
proper t ies  of the IR sens i t iv i ty  of the  t raps  were  
studied.  A m e a s u r e  of the  complex i ty  of the  t r ap  
d i s t r i bu t i on  was ob ta ined  by  v a r y i n g  the t ime  and  
t e m p e r a t u r e  of exc i ta t ion  as wel l  as by  i n t r o d u c i n g  
a de lay  t ime  for decay of the t rap  popu la t i on  before  
r u n n i n g  the glow curves.  

Experimental Details 
The appa ra tu s  used in  our  glow curve  work  is 

i l l u s t r a t ed  in  Fig. 1. This  was  a me t a l -g l a s s  D e w a r  
wi th  a th in  l aye r  of the  phosphor  powder  m o u n t e d  
in  the v a c u u m  in contac t  w i th  a brass  block wh ich  
was cooled or hea ted  by  l iqu id  n i t r o g e n  or a n i -  
chrome heater .  The  hea t ing  ra te  was 3 .6~ 

The Dewar  was so s i tua ted  tha t  the  phosphor  and  
a pho tomul t i p l i e r  were  located at con juga te  foci of 
a spher ica l  mi r ro r .  The  phosphor  was exci ted by  
36502~ u.v. r ad i a t i on  or s t imu la t ed  by  IR f rom a 
m o n o c h r o m a t o r  t h rough  a hole in  the  mir ror .  The 
l uminescence  r each ing  the  pho tomu l t i p l i e r  first was  
f i l tered so tha t  on ly  the  charac ter i s t ic  g reen  Cu 
emiss ion  was measured .  

The phosphors  used were  p r epa red  by  f ir ing at 
l l 0 0 ~  wi th  NaC1 flux in  an  a tmosphere  of H~S to 
e l im ina t e  the  effect of oxygen  on the  t r ap  s t ruc tu re  
(4) .  

1 P r e s e n t  addres s :  R a d i o  Corp.  of A m e r i c a ,  P r i n c e t o n ,  N. J.  

BLOCK 

G 

Fig. 1. Thermoluminescence and photoconduct iv i ty Dewar 

Results 
Ef]ect of tLme and temperature oS exc i t a t i on . -  

Figu re  2 shows some typ ica l  glow curves  t a k e n  u n d e r  
s a tu r a t i on  condi t ions  of exc i ta t ion  for exc i ta t ion  at  
- - 1 7 8  ~ and  at - - 6 0 ~  C ur ve  A is the  glow curve  
af ter  30 -min  exc i ta t ion  a nd  13 rain of decay  at  
--178~ The  l o w - t e m p e r a t u r e  peak,  a t t r i b u t a b l e  
to copper  (3) or to chlor ide  (4) ,  2 is at  - -123~ and  
seems s imple  as in  Hoogens t r aa t en ' s  work  (4) .  The 
h i g h - t e m p e r a t u r e  peak,  a t t r i b u t a b l e  to Co (5) ,  
is at  + 60~ a nd  shows some s t ruc ture .  The ac t iva -  
t ion  energies  de r ived  f rom the  in i t i a l  r i s ing  por t ions  
of these peaks  u n d e r  the  a s sumpt ion  e i ther  of t r ap  
s a tu r a t i on  or of no r e t r a p p i n g  are 0.16 ev a nd  0.20 
ev, respect ively .  Wi th  the  phosphor  exci ted  at  
--  60~ cooled to - -  178~ a nd  then  w a r me d ,  curve  

I n  w h a t  fo l lows ,  w e  w i l l  r e fe r  to the  l o w e r  t e m p e r a t u r e  g l o w  
p e a k  f e u n d  in  Z n S : C u  (NaC1 flux) as t he  Cu  peak .  
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Fig. 2. ZnS:Cu:Co glow curves. A, Excitation: - -178~  for 
30 min, decay of 13 rain at - -178~ before glow curve run; 
B, excitation: - -60~  for 30 ram, cooled to - -178~ before 
glow curve run. 
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Fig. 3. Effect of hme of excitation on ZnS:Cu:Co glow 
curves: A, 60 min; B, 5 rain; C, 1 min; D, 10 sec; E, 5 sec; 
F, 2 sec (all at - -178~ 

B is obtained. The first peak has disappeared, and 
now with no interference from the trailing edge of 
the lower temperature peak, the rising portion of 
the Co peak gives an activation energy of 0.38 ev. 

When we studied how this trap or group of traps 
fills under excitation and empties under decay or IR 
stimulation, the simple structure apparent in the 
smooth shape of the Cu peak turned out to be non- 
existent. 
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W e  i n v e s t i g a t e d  first  t he  t r a p  f i l l ing process  
b y  exc i t i ng  the  p h o s p h o r  at  --178~ for  v a r i o u s  
l eng ths  of t i m e  f r o m  2 sec to 60 min .  The  r e su l t s  
a r e  g iven  in  Fig .  3. S a t u r a t i o n  is seen  to occur  in  
a p p r o x i m a t e l y  5 min .  W e  no te  tha t ,  as t he  e x c i t a -  
t ion  time was reduced, the Cu peak shifted to lower 
temperatures and the ratio of the Cu peak area to 
the Co peak area decreased. 

The latter point seems to indicate either that the 
Co trap has a larger cross section for u.v. excited 
electrons than the Cu trap or that Co traps retrap 
electrons released from Cu traps. The former sug- 
gests that the Cu glow peak is due to a trap distri- 
bution rather than a single trap. A single trap 
which did not retrap liberated electrons would 
produce an unchanged glow peak. A single trap 
which did retrap liberated electrons would have a 
higher temperature glow peak when only partly 
filled than when completely filled. Activation 
ene rg i e s  o b t a i n e d  f rom t h e  i n i t i a l  p o r t i o n s  of t he  
r e s p e c t i v e  g low curves  v a r y  f rom 0.11 ev  for  2-sec  
e x c i t a t i o n  to 0.16 ev  for  s a t u r a t i o n .  

The  Co p e a k  does  not  sh i f t  w i t h  e x c i t a t i o n  t ime.  
A c t i v a t i o n  ene rg i e s  o b t a i n e d  f r o m  the  l e a d i n g  edge  
do v a r y  f rom 0.21 ev  for  s a t u r a t i o n  to 0.23 ev  for  
2-sec  exc i t a t ion ,  b u t  t he  effect  of t he  t r a i l i n g  edge  of 
t he  Cu p e a k  cou ld  n o t  be  e l i m i n a t e d  in  a n y  of these  
cases.  

In  o r d e r  to s t u d y  the  t r a p  d i s t r i b u t i o n  of t he  Cu 
p e a k  b y  a n o t h e r  means ,  t he  p h o s p h o r  was  e x c i t e d  
at  success ive ly  h i g h e r  t e m p e r a t u r e s  and  t h e n  cooled 
to - - 1 7 8 ~  b e f o r e  w a r m i n g .  F i g u r e  4 shows the  
g low  curves  o b t a i n e d  w i t h  e xc i t a t i on  a t  - - 1 7 8  ~ 
- - 1 4 0  ~ --120 ~ , and  - - 1 0 0 ~  be fo re  r u n n i n g  the  
g l o w  cu rves  f r o m  - - 1 7 8 ~  These  g low p e a k  t e m -  
p e r a t u r e  sh i f t s  cou ld  be  cons i s t en t  w i t h  t he  b e h a v -  
ior  of a p a r t l y  f i l led set  of  t r a p s  a l l  of t he  s a m e  
e n e r g y  if t h e y  could  r e t r a p  r e l e a s e d  e lec t rons .  
H o w e v e r ,  in  v i e w  of t he  p r e v i o u s  r e su l t s  t he se  

/ 

zjl 
oo / ~ l  Ao oo 

o , : ' L  o 
T ~ C 

% 

Fig. 4. Effect of temperature of excitation on ZnS:Cu:Co 
glow curves. Temperature of excitation for: A, - -178~ B, 
- -140~ C, - -120~ D, - -100~  (all glow curves run from 
- -  1 7 8  ~  



684 J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  Augus t  1959 

- 1 6 0  -120  - 8 0  - 4 0  0 4 0  8 0  ]20 
T~ 

Fig. 5. E f fec t  o f  i n f r a r e d  r a d i a t i o n  on  Z n S : C u : C o  g l o w  
curves. Wave length of IR for: A, No IR; B, 1.6/~; C, 1.4/~; 
D, 1.2/~; E, 1.0 /~; F, 0.9 /~; G, 0.8/~; H, 0.7/~. 

20( 

i 

A o 
B A 
C m 
D �9 
E �9 

I i - -  i 
-2o  -oo -4o 6 ,~o ~o 

T ~ C 
I 

15( 

g 

50 

7O 

2(3 

IG 

160 

Fig. 6. Effect of decay time on ZnS:Cu:Co glow curves. 
Decay time at - -178~ for: A, 11 rain; B, 21 rain; C, 36 
rain; D, 64 min; E, 122 rain. 

cu rves  a r e  b e t t e r  i n t e r p r e t e d  b y  t h e  p r e s e n c e  of  a 
d i s t r i b u t i o n  of t r a p s  of d i f f e ren t  ene rgy .  The  effect  
of  h i g h e r  t e m p e r a t u r e s  of exc i t a t i on  is to l e a v e  
occup ied  on ly  those  d e e p e r  t r a p s  of t he  d i s t r i b u t i o n  
w h i c h  a r e  r e l a t i v e l y  m o r e  s t ab l e  a t  the  h i g h e r  
t e m p e r a t u r e s .  The  Co p e a k  is u n c h a n g e d  t h r o u g h -  
out.  

Effect of infrared radiation.--The w a v e - l e n ~ t h  
d e p e n d e n c e  of the  effect  of IR on the  t h e r m o l u m i -  
nescence  cu rves  was  s t u d i e d  b y  e x c i t i n g  the  p h o s -  

p h o r  to s a t u r a t i o n  w i t h  u.v. for  30 m i n  a t  - -178~  
and  then  i r r a d i a t i n g  the  p h o s p h o r  for  5 m i n  w i t h  
IR of a p a r t i c u l a r  w a v e  l e n g t h  a t  - -178~  p r i o r  to 
r u n n i n g  the  g low curve .  Th is  w a s  r e p e a t e d  for  a 
n u m b e r  of IR w a v e  lengths ,  k e e p i n g  the  i n c i d e n t  
IR i n t e n s i t y  cons tan t .  Resu l t s  a r e  shown  in Fig .  5. 
These  cu rves  seem to i nd i ca t e  t h a t  e l ec t rons  t r a p p e d  
in  e i t he r  the  Cu  or  t he  Co t r a p s  m a y  abso rb  IR. A l l  
w e  observe ,  h o w e v e r ,  is the  dec rea se  of l u m i n e s -  
cence.  The  a c t u a l  e m p t y i n g  of e i t he r  or  b o t h  t r a p s  
m a y  be  an  a b s o r p t i o n  of IR b y  the  e l ec t ron  or  a l t e r -  
n a t i v e l y  m a y  be  p a r t  of an  i n d i r e c t  p rocess  ( such  as 
one i n v o l v i n g  the  l u m i n e s c e n t  c e n t e r ) .  

Ef]ect of time of decay.--In t he  t h e r m o l u m i n e s -  
cence  o b t a i n e d  b y  a l l o w i n g  t h e  p h o s p h o r  to s t a n d  
for  a t ime  a f t e r  e x c i t a t i o n  be fo re  r u n n i n g  the  g low 
curves ,  w e  o b s e r v e d  an  i n t e r e s t i n g  a n o m a l y  w h i c h  
also m a y  i n d i c a t e  t h a t  bo th  t r a p s  a r e  l i n k e d  to the  
l u m i n e s c e n t  center .  F i g u r e  6 shows  t h e  g low curves  
o b t a i n e d  b y  a l l o w i n g  the  p h o s p h o r  to d e c a y  for  
success ive ly  l o n g e r  t imes  a t  - -178~ a f t e r  e x c i t a t i o n  
for  30 m i n  a t  - -178~ The  Cu p e a k  t e m p e r a t u r e  
shi f ts  s l i g h t l y  f r o m  - -123~  a f t e r  11 m i n  d e c a y  to  
- -119~ a f t e r  21 m i n  decay ,  a n d  r e m a i n s  u n c h a n g e d  
t h e r e a f t e r ,  e x c e p t  for  a d e c r e a s e  in  a r e a  for  a l l  
l onge r  d e c a y  t imes .  T h e r e  is l i t t l e  c h a n g e  in  a r e a  
f r o m  36- ra in  d e c a y  t i m e  to 120-min  d e c a y  t ime .  
W h a t  is unusua l ,  h o w e v e r ,  is tha t ,  a l t h o u g h  the  d e -  
cay  t a k e s  p l a c e  a t  - -178~ the  Co peak ,  w h i c h  
shou ld  b e  s tab le ,  dec reases  in a r e a  also. In  fact ,  t he  
r a t i o  of Cu p e a k  a r e a  to Co p e a k  a r e a  r e m a i n s  con-  
s t a n t  to w i t h i n  2 % o v e r  t he  en t i r e  d e c a y  t ime  i n t e r -  
val .  This  r a t io  was  also f o u n d  to be  c o n s t a n t  for  
t he se  s a m e  d e c a y  t i m e s  a f t e r  e x c i t a t i o n  of 1 min ,  
i.e., b e l o w  s a t u r a t i o n .  This  effect  is no t  cons i s t en t  
w i t h  t he  r e m o v a l  of e l ec t rons  f r o m  t raps ,  b u t  m o r e  
l i k e l y  w i t h  the  f i l l ing of ion ized  l u m i n e s c e n t  cen t e r s  
b y  e l ec t ron ic  t r a n s i t i o n s  to these  centers .  

Effect of C d S . - - W e  r e p e a t e d  t h e  w o r k  of H o o g e n -  
s t r a a t e n  (4)  and  f o u n d  t ha t  bo th  g low  p e a k s  sh i f t ed  
l i n e a r l y  to l o w e r  t e m p e r a t u r e s  as CdS  was  added .  

10( 4 

IC 

0 
T ~ C 

Fig. 7. R e t r a p p m g  o f  e lec t rons  re leased by i n f r a r e d .  
ZnS:Cu:Co glow curves: A, u.v. ] rain at - -178~ no IR; 
B, u.v. 1 rain at - -178~ IR 1 min at - -178~ C, u.v. ] 
rain at --60~ IR I rain at - -178~ Insert: Portion of 
curve C replotted with enlarged scale. 
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In  addi t ion ,  the  emiss ion  d u r i n g  t h e r m a l  glow shif ted 
to longer  w a v e  l eng ths  w i th  increased  CdS content .  

Retrapping.- -Af ter  exci t ing  at  - -60~ so tha t  the  
Cu t raps  were  e m p t y  (see Fig. 2), and  for on ly  1 
m i n  so tha t  the  Co t raps  were  on ly  pa r t i a l l y  fil led 
(see Fig. 3), the  phosphor  was  cooled to - -178~ 
and  t h e n  i r r ad i a t ed  w i th  in t ense  1.2-~ r a d i a t i o n ?  
Resul ts  shown  in  Fig. 7 ind ica te  tha t  r e t r a p p i n g  
can occur in  e i the r  the  Cu or the Co trap.  The  inse r t  
shows the  r e t r a p p i n g  in  the Cu peak  on a l a rger  
scale. A compar i son  of curve  A wi th  curve  B shows 
tha t  r e t r a p p i n g  occurs in  the Co t raps  as well .  I t  
should be no ted  tha t  this  increase  in  the  Co peak  by  
r e t r a p p i n g  of e lect rons  re leased  f rom the  1.2-~ deep 
t rap  occurs over and  above  the  IR sens i t iv i ty  of the  
Co t raps  shown  in  Fig.  5. 

Summary 
The shal low t rap  s t ruc tu re  of ZnS:  Cu 1O-~: Co 10 -6 

which  produces  t h e r m o l u m i n e s c e n c e  consists of two 
di f ferent  groups  of t raps,  one associated wi th  copper  
or chloride,  the  o ther  w i th  cobalt .  Each of these is 
capable  of r e t r a p p i n g  e lec t rons  t ha t  are released.  

3 I n  c o n n e c t i o n  w i t h  p h o t o c o n d u c t i o n  s tud ies ,  w e  h a v e  f o u n d  a 
1.2-~ s e n s i t i v e  s to rage  cen te r  in  Z n S : C u : C o .  (See f ina l  r e p o r t  N6onr  
26313, " P h o t o c o n d u c t i o n  in  P h o s p h o r s . " )  

The copper t raps  have  a d i s t r i bu t i on  of ene rgy  
levels.  
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Arrays of Inorganic Semiconducting Compounds 
A. J. Cornish 

Research Laboratories, Westinghouse Electric Corporation, Pittsburgh, Pennsylvania 

ABSTRACT 

Arrays of compounds related to the periodic chart  of the elements can be 
prepared. These arrays aid in est imating the physical and chemical properties 
of compounds, including semiconducting properties. Many compounds included 
in the arrays may not exist; however, if the compound does exist, the value 
of its mel t ing point, energy gap, and electron mobil i ty general ly  fit into a un i -  
form pat tern  related to adjacent  compounds. The crystal s t ructure of semi- 
conducting compounds is shown to be of only second-order importance. Group-  
ing semiconducting compounds by crystal types loses the over-al l  relations that  
exist between many  compounds. 

B r a u n  (1) observed  the  rec t i fy ing  act ion of m e -  
tal l ic  sulfides,  and  since t hen  m a n y  a t t empt s  have  
been  m a d e  to re la te  the  p h e n o m e n a  of s emiconduc-  
t iv i ty  to chemica l  bonds  and  s t r uc tu r e  for the  p u r -  
pose of d iscovery  of new  semiconduc t ing  compounds .  
In  1925 W h e r r y  (2) ,  us ing  a copper  cat 's  whisker ,  a 
s imple  c rys ta l  set, and  a m i n e r a l  collection, f ound  
75 m i n e r a l s  capable  of be ing  used as radio detectors.  
Since 1925 n u m e r o u s  tables  of inorgan ic  semicon-  
duc t ing  compounds  have  been  pub l i shed  (3 -5 ) ;  
however ,  the  n u m b e r  of compounds  has no t  i n -  
creased ma te r i a l ly .  W i n k l e r ' s  (3) l is t  pub l i shed  in  
1955 con ta ins  s l ight ly  u n d e r  100 inorgan ic  semi -  
conduc t ing  compounds .  The reason  for the lack of 
g rea t ly  e x p a n d e d  tables  of s emiconduc t ing  com-  
pounds  is no t  because  worke r s  in  the field are 
u n a w a r e  of the la rge  n u m b e r  tha t  exist,  bu t  r a t h e r  
the lack of e x p e r i m e n t a l  work  conf i rming  the  ex i s t -  
ence of a la rge  n u m b e r  of suspected semiconduc t ing  
compounds .  

The  recen t  expans ion  of semiconduc to r  ma te r i a l s  
in to  the  i n f r a r ed  detector,  the rmoe lec t r i c  device, and  
other  fields of app l ica t ion  has led to a n e w  in te res t  
in  e x p a n d i n g  the l ist  of ava i l ab le  compounds .  Such  
an  expans ion  invo lves  the select ion of compounds  
l ike ly  to be semiconductors ,  the  carefu l  p repa ra t ion ,  
and  the  m e a s u r e m e n t  of p roper t ies  of these com-  
pounds .  A r r a y s  of compounds ,  r e la ted  to the  periodic 
char t  of the e lements ,  serve a ve ry  use fu l  purpose  in  
the  selection, p repa ra t ion ,  and  e s t ima t ion  of p rope r -  
ties of s emiconduc t ing  compounds .  W i t h  these a r -  
rays,  it is possible  to es t imate  m e l t i n g  points ,  e n e r g y  
gaps, and  poss ib ly  e lec t ron  mobil i t ies .  

Crystal s tructure. - -The idea tha t  s emiconduc t iv i ty  
is found  in  on ly  a few dif ferent  types  of c rys ta l  
s t ruc tu res  has been  d isproved  d u r i n g  the  pas t  few 
years.  Tab le  I l ists over  35 crys ta l  s t ruc tu res  con-  
t a i n i ng  ino rgan ic  s emiconduc t ing  compounds .  M a n y  
more  are k n o w n  to exist. F i scher  a nd  P e a r son  (6) 
and  Mooser and  P e a r son  (7) have  shown r e l a t i on -  
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Table I. Structures of semiconducting compounds 

S t r u c t u r e  S y s t e m  S e m i c o n d u c t i n g  c o m p o u n d s  

BI* (NaC1) Cub. PbS, SrS, AgSbSe_~, etc. 
B3 (ZnS) Cub. A1Sb, In~Te3, CdZnSe~, etc. 
B4 (ZnO) Hex. ZnO, CdS, ZnS, AgI, etc. 
B8 (NiAs) Hex. MnTe, FeS, CrSe, etc. 
B9 (HgS) Hex. HgS 
B18 (CuS) Hex. CuS, CuSe 
B29 (SnS) Ortho. GeS, SnS, PbSnS~ 
B32 (NAT1) Cub. Li~MgSn 
B37 (T1Se) Tet. T1Se 
C1 (CaFf) Cub. MgfPb, GeLi~P~, LiZnN, etc. 
C2 (FeSf) Cub. FeSf, CoAsS, MnSe~ 
C3 (Cu~O) Cub. Cu~O 
C4 (TiO~) Tet. TiO~, SnO~ 
C6 (CdL) Hex. SnS~ 
C13 (HgL) Tet. HgL 
C18 (FeS~) Ortho. FeAst, CoAst, NiAs.~ 
C33 (Bi~Tes) Rhomb. BifTes, Bi~TefS, SI~fTe3 
DOs (BiFs) Cub. Li~Bi 
D0~ (CusP) Hex. Cu~As 
D5~ (ALOe) Rhomb. FefO. 
D5~ (LabOr) Hex. Mg~SI~, Mg~Bi~ 
D5~ (~Mn~O~) Cub. Mg~a~s~ 
D5~ (ZraP~) Tet. Zn~Pf, CcLAs~ 
E0~ (FeAsS)  Mon. FeAsS,  FeSbS  
E L (CuFeS~) Tet. AgInTe~, ZnGeP~, etc. 
E3~ (Ag~HgL) Tet. Cu~HgL, HgIn~Te,, etc. 
E3~ (FeSb~S~) Ortho. FeSb.~S, 
F5~ (CuSbS~) Ortho. CuSbS~, PbSb~S,, etc. 
H L  (MgALO~) Cub. FesO,, HgIn~S~ 
H2, (CthVS~) Cub. Cu~VS~ 
H2~ (CusAsS~) Ortho. Cu~AsS,, Cu~SbS~ 
H26 (Cu~FeSnS~) Tet. Cu~FeSnS, 

* " S t r u k t u r b e r i c h t "  symbols .  

ships  b e t w e e n  m a n y  of the  d i f fe ren t  s t ruc tu res .  I t  
n o w  a p p e a r s  t ha t  s e m i c o n d u c t i v i t y  cou ld  be  f o u n d  
in a n y  c r y s t a l  s t r u c t u r e  e x c e p t  the  c l o s e - p a c k e d ,  
h igh  coo rd ina t i on  n u m b e r  s t ruc tu re s .  In  t he  l a t t e r  
s t ruc tu re s ,  t he  l a r g e  n u m b e r  and  n e a r n e s s  of n e i g h -  
b o r i n g  a t o m s  g e n e r a l l y  i n su re s  an  o v e r l a p p i n g  of 
t he  b a n d s  and  t h e r e f o r e  m e t a l l i c  cha rac te r i s t i c s .  

Too m u c h  e m p h a s i s  has  been  p l a c e d  on the  r e l a -  
t i onsh ip  b e t w e e n  s e m i c o n d u c t i v i t y  and  c r y s t a l  
s t ruc tu re .  The  c r y s t a l  s t r u c t u r e  w h i c h  a c o m p o u n d  
assumes  is a m i n i m u m  e n e r g y  o r i e n t a t i o n  of a toms  
in space  s a t i s fy ing  a p a r t i c u l a r  b o n d  scheme.  The  
b o n d  scheme  is d e t e r m i n e d  b y  the  d i s t r i b u t i o n  of 
e l ec t rons  b e t w e e n  a t o m s  in t he  c o m p o u n d ;  th is  s ame  
d i s t r i b u t i o n  d e t e r m i n e s  t he  pos i t ion  of t he  v a l e n c e  
and  the  conduc t ion  band .  A l t h o u g h  it  is t r u e  t h a t  
c e r t a i n  c r y s t a l  s t r u c t u r e s  c o m m o n l y  e x h i b i t  s e m i -  
conduc t i v i t y ,  t he  m o r e  bas ic  p r o p e r t y  is t he  n a t u r e  
of t he  bonds .  As  the  bonds  change  in  a ser ies  of c o m -  
pounds ,  d i f f e ren t  c r y s t a l  s t r u c t u r e s  b e c o m e  p r e -  
f e r red .  In  some e x a m p l e s  an  inc rease  or  dec rea se  in 
ionic c o n t r i b u t i o n  to the  b o n d  changes  t he  s t r u c t u r e ;  
in  o t h e r  e x a m p l e s  r a d i u s  r a t i o  ru les  f o r b i d  c e r t a i n  
o r i en ta t ions .  H o w e v e r ,  in a c h e m i c a l l y  r e l a t e d  ser ies  
of compounds ,  even  these  s t r u c t u r a l  changes  f o r m  a 
m o r e  or less con t inuous  spec t rum,  t he  c r y s t a l  s t r u c -  
t u r e s  of a d j a c e n t  c o m p o u n d s  be ing  the  s a m e  as, or  
r e l a t e d  to, t he  c r y s t a l  s t r u c t u r e  of i ts  ne ighbor s .  
Thus  l i s t ing  and  d i scuss ing  s e m i c o n d u c t o r s  b y  
c r y s t a l  s t r u c t u r e  t y p e s  h ides  t he  o v e r - a l l  r e l a t i o n -  
sh ips  of p r o p e r t i e s  t h a t  ex i s t  b e t w e e n  s t r u c t u r e  
types .  

Melting points.--Attempts h a v e  been  m a d e  to 
c o r r e l a t e  the  m e l t i n g  po in t s  of s e m i c o n d u c t i n g  c o m -  
p o u n d s  w i t h  bond  s t r e n g t h  a n d  e n e r g y  gap.  Cons id -  
e r a b l e  cau t ion  shou ld  be  t a k e n  in such work .  The  
m e l t i n g  po in t  of  a c o m p o u n d  m a y  or  m a y  no t  be  
r e l a t e d  to the  s t r e n g t h  of t he  bonds  p r o v i d i n g  s e m i -  
conduc t ing  p rope r t i e s .  W h e n  g e r m a n i u m  mel t s ,  co-  
v a l e n t  b o n d s  a r e  b r o k e n  and  the  l i qu id  becomes  a 
d e n s e r  m e t a l l i c  m a t e r i a l .  In  t in,  m e t a l l i c  p r o p e r t i e s  
a p p e a r  fo l lowing  a s o l i d - s t a t e  phase  change .  The  
m e l t i n g  po in t  is a t r a n s i t i o n  f rom a m e t a l l i c  so l id  
to a me ta l l i c  l iqu id .  W e a k  v a n - d e r  W a a l  bonds  a r e  
b r o k e n  at  the  m e l t i n g  p o i n t  of s e l en ium;  the  c o v a -  
l en t  bonds  g i v i n g  r i se  to s e m i c o n d u c t i v i t y  ex i s t  a t  
t e m p e r a t u r e s  w e l l  a b o v e  the  m e l t i n g  point .  C o m -  
p o u n d s  f r e q u e n t l y  b e h a v e  l ike  t in  or  s e l en ium.  The  
o c c u r r e n c e  of p h a s e  changes  a n d  low m e l t i n g  po in t s  
g r e a t l y  r educe  the  n u m b e r  of u s a b l e  s e m i c o n d u c t -  
ing compounds .  F o r  c h e m i c a l l y  r e l a t e d  c o m p o u n d s  
we  e x p e c t  m e l t i n g  po in t s  to d e c r e a s e  as t he  m o l e c -  
u l a r  we igh t  increases .  W h e n  th is  t r e n d  is r e v e r s e d  
w e  look  for  a c o m p l i c a t e d  b o n d  s t ruc tu re .  

Energy gaps.--At the  p r e s e n t  t i m e  i t  is no t  poss i -  
b le  to p r e d i c t  s a t i s f a c t o r i l y  the  e n e r g y  gap  of a 
c o m p o u n d  chosen  a t  r a n d o m .  F o r  r e l a t e d  c o m -  
pounds ,  h o w e v e r ,  P a u l i n g  and  G o o d m a n  h a v e  p r o -  
v i d e d  us w i t h  a m e a n s  of u n d e r s t a n d i n g  m a n y  of 
t he  m e a s u r e d  va lues .  P a u l i n g  (8)  p r o p o s e d  t ha t  
bond  energ ies  w e r e  i n v e r s e l y  p r o p o r t i o n a l  to t he  
e q u i l i b r i u m  i n t e r a t o m i c  d i s t a n c e  for  the  G r o u p  
IVB e l e m e n t s  C, Si, Ge, and  a S n  as we l l  as g roups  
us ing  c o v a l e n t  b o n d s  o t h e r  t h a n  sp a . 

G o o d m a n  (9) ,  in  a s p e c u l a t i v e  pape r ,  a s s u m e d  
t h a t  the  bond  e n e r g y  was  p r o p o r t i o n a l  to e n e r g y  
gap.  He  also a s s u m e d  the  m e a s u r e d  e n e r g y  gap  was  
the  sum of two  t e r m s :  a c o v a l e n t  c o n t r i b u t i o n  
w h i c h  is a func t ion  of the  i n t e r a t o m i c  d is tance ,  
and  an  ionic  c o n t r i b u t i o n  w h i c h  is a func t ion  
of the  e l e c t r o n e g a t i v i t y  d i f ferences .  The  G r o u p  IVB 
e lemen t s ,  h a v i n g  no ionic  con t r i bu t i on ,  gave  v a l u e s  
of the  " c o v a l e n t "  e n e r g y  gap  as a func t ion  of i n t e r -  
a tomic  d is tance .  Va lues  of the  second t e r m  can  be  
o b t a i n e d  for  G r o u p  I I I - V  c o m p o u n d s  k n o w i n g  the  
i n t e r a t o m i c  d i s t a n c e  and  the  m e a s u r e d  e n e r g y  gap.  
G o o d m a n  was  t h e n  ab le  to show t h a t  an  i nc rea se  in 
the  ionic c o n t r i b u t i o n  to t he  e n e r g y  gap  was  p r o -  
p o r t i o n a l  to an  inc rease  in  the  ion ic i ty .  W h e n  a 
ser ies  of c h e m i c a l l y  r e l a t e d  c o m p o u n d s  a r e  c o m -  
p a r e d  the  e n e r g y  gap  inc reases  w h e n :  (a )  t he  com-  
p o u n d s  become  m o r e  ionic or  less meta l l i c ,  (b )  t he  
cova l en t  bond  l e n g t h  decreases ,  (c)  the  m o l e c u l a r  
w e i g h t  decreases .  

Electron mobilities.--The e x p e r i m e n t a l  va lue s  of 
e l ec t ron  mob i l i t i e s  a r e  so sens i t ive  to c r y s t a l  p e r -  
fec t ion  t h a t  i t  is diff icult  to p u t  m u c h  f a i t h  in the  
p r e s e n t  va lues .  T h e y  a p p e a r  to i nc rea se  w i t h  i n -  
c r ea s ing  m o l e c u l a r  w e i g h t  and  r e a c h  a m a x i m u m  
v a l u e  in  c o m p o u n d s  possess ing  a s m a l l  ionic  c o m -  
p o n e n t  to the  b ind ing .  

Periodic Arrays of Compounds 
K n o w i n g  on ly  t he  g e n e r a l  t r e n d s  of t he  m e l t i n g  

points ,  e n e r g y  gaps ,  and  e l ec t ron  mob i l i t i e s  as t he  
m o l e c u l a r  we igh ts ,  ionic i t ies ,  and  b o n d  l e n g t h s  
change ,  w e  shou ld  look  for  some m e t h o d  of  t a b u l a t -  
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" i  j Notol~on B'  ~ 

X ~ c e n ' , , N u ~  D o ~  El,s1 
zA - -  ~ c o m ~  K n o ~  

B3 ~ 50ruwlu,b 
L, Se B e .~wi ~ ~ ~ .  

83 T B ~BSe I~Se , ~  J ,e~  ,~ . . . . .  

' " "  1 I x 

RbSe SrSe YSe Zr~e NbSe I ~  I ~  IS), i ~  i ~oSe TcSe I~Se RnSe ~Se ~ose  CdSe ~nSe SnSe 

~ Ce~ f~'Se NdSe ~ S e  Oy,~,e i-~Se E r ~  Tn~Se YbSe �9 

am'~rm~ I~ ThSeBI POSe USe PuSe ~ Cm3e 8 k ~  ~ ~ ~ t ,  

F "~ .2 -S ino ry  selenium compounds Of I I o l o n ~  rOhO 

Fig. 1. Binary selenium compounds of 1:1 atomic ratio 

ing or a r r a n g i n g  compounds  in  order  to m a k e  m a x -  

i m u m  use of this  knowledge .  The periodic char t  of 
the  e l emen t s  is such an  a r r a n g e m e n t  for the  e le-  
ments .  S imi la r  char ts  can be cons t ruc ted  for com-  
pounds .  One  such chart ,  a per iodic  char t  of b i n a r y  
se l en ium compounds  of 1:1 a tomic ra t io  is shown  in  
Fig. 1. The complete  char t  i l lus t ra tes  the  p r inc ip les  
i nvo lved  bu t  does no t  c o n v e n i e n t l y  p e r m i t  the l is t -  
ing  of phys ica l  proper t ies .  Reduced  char ts  or a r -  
rays  of compounds  i nc lud ing  crys ta l  s t ruc tures ,  
m e l t i n g  points ,  ene rgy  gaps, and  e lec t ron  mobi l i t i e s  
wi l l  be used to discuss s emiconduc t ing  compounds .  
Obvious ly  m a n y  char ts  s imi la r  to Fig. 1 m a y  be 
d r a w n  cons ider ing  tha t  the re  are 102 e l emen t s  a nd  
a la rge  n u m b e r  of c o m m o n  s to ichiometr ic  ratios.  
The n u m b e r  of possible  a r rays  increase  r ap id ly  
w h e n  t e r n a r y  and  h igher  componen t  sys tems are  
considered.  

F igu re  1 is s imi la r  to the e l emen ta l  per iodic  char t  
in  m a n y  ways.  Cat ions  occupy the i r  n o r m a l  pos i -  
t ions as in  the  per iodic  char t  of e lements .  The n u m -  
ber  of e lect rons  increases  as it does for the  e lements ,  
and  e l ec t ronega t iv i ty  differences b e t w e e n  posi t ions  
in  the tab le  are the  same as for the  e lements .  Defi- 
n i t e  t r ends  in  proper t ies  should and  do exist  as ad -  
j acen t  compounds  in  the  same group ( co lumn)  or 
per iod ( row)  are compared.  These t r ends  are more  
u n i f o r m  in  an  a r r a y  of b i n a r y  compounds ,  such as 
Fig. 1, t h a n  in  the per iodic  char t  of e lements .  The  
c o m m o n  e lement ,  se len ium,  in  this  char t  t ends  to 
modera t e  the  effect of a change  in  the  cation.  In  
h igher  componen t  sys tems whe re  more  t h a n  one 
a tom is cons tan t  t h r o u g h o u t  the  t ab l e  this  m o d e r a t -  
ing effect is even  more  p ronounced .  

The compounds  u n d e r l i n e d  in  Fig. 1 are k n o w n  
to exist.  M a n y  not  u n d e r l i n e d  p r o b a b l y  exist ,  b u t  
sufficient work  has no t  been  done to es tabl ish  the  
compound.  W h e n  the  phase  d i a g r a m  is k n o w n  a nd  
a compound  of 1:1 a tomic ra t io  does not  occur an  
x is p laced  in  the appropr i a t e  square .  

Re la t ionsh ips  b e t w e e n  c rys ta l  s t ruc tu res  of ad-  
j acen t  compounds  can  be shown.  I n  the a lka l ine  
ea r th  c o l u m n  ( I IA)  the B1 (NaC1) s t r uc tu r e  occurs 
except  for BeSe whe re  the r ad ius  rat io forces a 

lower  coord ina t ion  n u m b e r  s t ruc ture .  The h e x a -  

gonal  B8 (NiAs)  s t ruc tu re  t a k e n  by  m a n y  t r a n s i t i o n  

meta l s  acts as a b r idge  s t ruc ture ,  a d j u s t i ng  its c / a  
ra t io  in  such a m a n n e r  tha t  it forms a n  a lmos t  con-  
t i nuous  t r a n s i t i o n  b e t w e e n  ad jacen t  compounds .  
M a n y  compounds  ly ing  close to the  t e t r a h e d r a l l y  
bonded  B3 and  B4 s t ruc tu res  have  re la ted  s t ruc tu res  
such as the  B37 (T1Se) a nd  B18 (CuSe) .  S imi la r  r e -  
la t ions  exist  b e t w e e n  other  phys ica l  proper t ies  
which  depend  p r i m a r i l y  on the  bond  b e t w e e n  the  
cat ion and  nea re s t  s e l e n i u m  atoms.  

Since s e l en ium requ i res  two e lec t rons  to fill i ts 
ou te r  shell, s e l e n i u m  compounds  are most  s table  
w h e n  the  e l e m e n t  fo rming  the  ca t ion  can, by  losing 
or sha r ing  two electrons,  fo rm a s table  kernel .  This  
occurs w h e n e v e r  the e l e me n t  possesses two elec-  
t rons  above a s table  e lec t ron  conf igura t ion  such as 
a filled or ha l f - f i l led  shell. Most semiconductors  are 
compounds  which  obey this ru le  of s t ab i l i ty  and  can  
c o n v e n i e n t l y  be w r i t t e n  as n o r m a l  ionic compounds .  
A few i m p o r t a n t  except ions  do exist, e.g., CuSe and  
BiSe. These wou ld  be missed if we l imi ted  ourselves  
to the a b b r e v i a t e d  a r r ays  tha t  follow. They  do 
appear  on a per iodic  char t  of compounds  of the  
type shown in Fig. I. 

Columns A, T, B, and B' in Fig. 1 indicate some 
of the places where this maximum stability occurs. 
Elements in Column A can lose 2 electrons and 
leave a stable filled p-shell (an s-shell in the case 
of Be). These elements form compounds which are 
l a rge ly  ionic as the i r  ou te r  e lec t rons  are  eas i ly  lost. 
E l emen t s  in  C o l u m n  T are  t r a n s i t i o n  metals .  They  
are able  to lose two e lec t rons  a nd  have  r e m a i n i n g  a 
s table  ha l f - f i l led  d-shel l .  C o l u m n  B conta ins  the  
usua l  B Group  e lements  wh ich  t end  to share  two 
e lec t rons  l eav ing  a filled d-shel l ,  the two shared  
e lec t rons  be ing  s -e lec t rons .  The B' c o l u m n  e le-  
m e n t s  are capable  of losing two e lec t rons  l e av ing  
filled s- and  d-shel ls .  M a n y  e l emen t s  in  o ther  col- 
u m n s  show a va l ence  of two, bu t  on ly  those in  col-  
u m n s  des igna ted  A, T, B, and  B'  are  discussed in  
this  paper .  

The a r r ays  t ha t  fol low are, therefore ,  por t ions  of 
per iodic  char ts  of compounds .  The o ther  an ions  in  
each an ion  group  are  inc luded  in  such a m a n n e r  
tha t  m a x i m u m  use can be made  of the  re la t ions  
tha t  exist  b e t w e e n  chemica l ly  s imi la r  compounds .  

I t  is obvious  f rom Fig. 1 that ,  if we were  f o rming  
compounds  wi th  a Group  VB a n i on  (N, P, As, Sb, or 
Bi) wh ich  r e qu i r e  th ree  e lec t rons  to fill the i r  outer  
shells, the c o l u m n  m a r k e d  A, T, B, and  B' would  
move  one space to the  r ight .  In  l ike m a n n e r ,  col-  
u m n s  of o ther  va l ence  can be des ignated.  

Tab le  II shows an  a r r a y  of Group  I I - V I  com- 
pounds  wi th  m e l t i n g  points ,  c rys ta l  s t ruc tures ,  e n -  
e rgy  gaps, and  e lec t ron  mobi l i t ies  t a k e n  f rom the  
l i t e ra tu re .  Compounds  of be ry l l i um,  r ad ium,  and  
ca rbon  have  b e e n  omi t t ed  s ince t hey  a re  no t  at  
p r e sen t  of grea t  in te res t  as semiconductors .  Us ing  
the gene ra l  re la t ions  discussed in  the p rev ious  sec- 
tion, es t imates  can be m a d e  to. fill in  m a n y  of the 
miss ing  e x p e r i m e n t a l  values .  In  the A co lumn  we 
gene ra l l y  expect  the  m e l t i n g  poin ts  to decrease 
wi th  inc reas ing  molecu la r  we igh t  thus  mp  MgO 
m p  MgS ~ m p  ]VIgSe ~ m p  MgTe  and  mp  MgO ~ mp  
CaO ~ mp SrO > m p  BaO. S imi la r  series should 
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Table II, Properties of group II V[ compounds 

August 1959 

A T B B' 

m p ,  
Comp.  ~ S t r .  

/re, /ze, /~e, bee, 
crn2 c m  2 c m  2 crn2 

A E g ,  - -  rap ,  A E g ,  - -  roD, A E g ,  r ap ,  A E g ,  - -  
ev  v.  sec Comp.  ~ S t r .  ev  v .  sec Comp.  ~ S t r .  ev  v.  sec Comp.  ~ S t r .  ev  v.  s e c  

M g O  2800 B1  6 
M g S  B1 
M g S e  B1 
M g T e  B 4  
CaO 2572 B1  
CaS B1 
CaSe B1 
C a T e  B1  
S r O  2430 B I  
SrS BI 4.1 
SrSe B1 
SrTe B1 
BaO 1923 B1 4.20 
B a S  B1 3.6 
B a S e  B1 
B a T e  B1 

S i O  
S I S  ? 
S*Se ? 
S i T e  Cub.  

M n O  1650 Cub.  0.5 Z n O  1975 B4  3.4 1000 G e O  700 
M n S  1580 B3  + Z n S  1850 B3  + 3.6 100 G e S  530 B16  1.8 
M n S e  B1 0.1 Z n S e  B3 2.56 ~ 1 0 0  G e S e  680 T e t .  
M n T e  1175 B8  Z n T e  1238 B3 2.2 G e T e  725 B I +  
TcO CdO B1 120 SnO BI0 
TcS CdS 1750 B3 2.42 210 SnS 882 B29 
TcSe CdSe >1350 B3 1.74 700 SnSe 560 B29 
TcTe CdTe 1041 B3 1.4 300 SnTe 790 B1 
BeO HgO RHB P b O  888 B I I  + 
BeS HgS 583 B3 + 700 PbS 1114 B1 0.34 
ReSe HgSe 609 B3 0.16 15,090 FbSe 1988 B1 0.25 
B e T e  H g T e  650 B3  0.1 25,000 P b T e  905 B1  0.22 

exist  for the T co lumn.  Occas ional ly  in  the B col- 
u m n  and  more  f r e q u e n t l y  in  the  B' c o l u m n  we find 
devia t ions  f rom this  gene ra l  rule .  These dev ia t ions  
are a t t r i b u t e d  to a more  compl ica ted  bond i ng  pic-  
t u r e  t h a n  s imple  c a t i o n - a n i o n  in te rac t ion .  The B' 
group e lements ,  and  to some ex ten t ,  the B group 
e lements  are capable  of f o rming  cova len t  bonds  be -  
tween  themselves .  This  means  a compet i t ion  be -  
tween  b o n d i n g  types  exist  in  the  solid. M a n y  of 
these compounds  mel t  to give cova len t  l iquids.  
The i r  m e l t i n g  points  are  i r regu la r .  

Ene rgy  gaps fol low the genera l  ru les  a l r e ady  dis-  
cussed. The  gaps in  the A group of Tab le  II are  too 
la rge  to be classed as semiconduc tors ;  they  are 
ionic insula tors .  The decrease  in  ene rgy  gaps wi th  
inc reas ing  mo lecu l a r  weights  leads to pred ic t ions  
such as 6 ev > Eg (CaO) > Eg (SrO)  > 4.2 ev, 
and  3.6 ev > Eg (BaSe)  > Eg (BaTe) .  In  the  T 
group  the  gap of MnO of abou t  0.5 ev indicates  tha t  
all  the o ther  compounds  tha t  exist  in  tha t  g roup  
wi l l  have  a gap of less t h a n  0.5 ev. In  fact it  m i gh t  
ind ica te  the  ReSe and  ReTe, if they  exist  as com-  
pounds ,  could be metal l ic .  In  the  B group,  the  gaps 
are qu i te  r egu l a r  w i th  the  excep t ion  tha t  AEg 
(ZnO)  < AEg(ZnS) .  This inve r s ion  of the  gene ra l  
ru le  could poss ib ly  be the 2nd order  effect of c rys-  
ta l  s t ruc ture .  In  the  B group the  m e a s u r e d  gap of 
1.8 ev for GeS indica tes  tha t  1.8 ev > Eg GeSe 
Eg GeTe and  also 1.8 ev > Eg S n S  > 0.34 ev. 

800 
1200 
2100  

Mobil i t ies  of compounds  in  Table  II  fol low the  
ru les  except  for the  h igh  va l ue  of ZnO a nd  the  low 
va lue  of CdTe. I t  should be po in ted  out  aga in  tha t  
e lec t ron  mobi l i t i es  are so d e p e n d e n t  on c rys ta l  pe r -  
fect ion tha t  all  m e a s u r e d  va lues  are open to ques -  
tion. The large  mobi l i t i es  of HgSe and  HgTe con-  
firm the s t a t e me n t  tha t  m a x i m u m  mobi l i t i es  occur 
wi th  sl ight  ionici ty.  

Tab le  III  shows an  a r r a y  of Group  IILVL com-  
pounds ;  boron  a nd  n i t r ogen  compounds  have  been  
omit ted.  The t r ends  in  m e l t i n g  poin ts  and  ene rgy  
gaps are s imi la r  to those for the  Group  I I - V I  com-  
pounds .  The va l ue  of 2.3 ev for the ene rgy  gap of 
Fe.~O~ a nd  2.5 ev for AI~O~ indicates  tha t  the  r e m a i n -  
ing compounds  in  both  groups  wi l l  have  ene rgy  
gaps be low 2.3 and  2.5 ev, respect ively .  The ene rgy  
gap of As~Se~ should  be above  1.2 ev, the  va lue  for 
Sb~Se~, and  be low 2.2 ev, the  va lue  for  As~Se~. It  is 

expec ted  tha t  h igher  mobi l i t i es  wil l  be found,  es-  
pec ia l ly  in the lower  por t ion  of the B group of 
compounds .  

T e r n a r y  compounds  and  h igher  c ompone n t  sys-  

t ems  requ i re  e labora te  a r r ays  if al l  possibi l i t ies  are 
to be  inc luded.  F igu re  2 shows the  possible  subs t i -  
t u t ions  tha t  can  be made  to fo rm compounds  of the  
type  I I II  VL. Al l  possibi l i t ies  do no t  exist ,  h o w -  
ever  m a n y  of the  compounds  do occur. In  a s ingle  
ar ray ,  the  effect of h a v i n g  more  t h a n  one a tom in  

Table III. Properties of group 1112 VI3 compounds 

A T B B '  

Comp.  
r a p ,  
~ S t r .  

p,e, /~e, /Le, 
cm2 cm 2 cms 

A E g ,  - -  r ap ,  A E g ,  - -  r ap ,  A E g ,  - -  n ~ p ,  
e v  v.  see Comp.  ~ S t r .  ev  v. sec Comp.  ~ S t r .  e v  v.  sec Comp.  ~ S t r .  

c m  2 
A E g ,  - -  

ev  V. sec 

SceOa D53 
Sc2S3 ? 
Sc2Se3 ? [1]  
SceTe8 ? 
Y2Os 2410 D5s 
Y,~S3 1600 Mon .  

Y~Se8 ? ?[I] 
Y2Te~ 
La203 2315 D52 
La~Ss 2150 n7.~ 
LaeSea ? [2]  
LaeTe3 

Al~O3 2050 D51+ 2.5 PeOa 23.8 Mon .  
A12Sa llOO H e x .  P~Ss 290 
Al,zSe~ 950 B~+ P~Se3 
AI~Te3 890 P.~Te3 

Fe2Oa 1565 D51+ 2.3 Ga20~ 1740 D51 As2Oa 315 C u b . +  
Fe2S3 ? Ga2S3 1255 B3+ As~Ss 310 Mon .  
Fe2Sea Ga~Se3 1020 ~ B 3  AseSe3 307 
Fe2Tea 780 B6  GaeTea 790 ~ B 3  AseTe3 360 Mon .  
1Ru203 ? In203 > 2 0 0 0  D58 Sb208 652 D5n+ 
BurSa In~Ss 1095 I-Ill+ Sb~S3 550 D5s 

Bu2Se3 In~Ses 890 ~B3 1.2 30 SbeSe3 575 D5s 
l:tu2Tes In~Te3 667 ~ B 3  1 .O SD~Tea 629 C33 
0 s 2 0 8  ? ? T1203 717 D53 >10O Bi2Os 860 n512+ 
Os~S3 TleS3 260 Bi~Ss 745 D5s 
Os2Se3 TleSe~ 274 BlaSe3 706 C33 
Os2Tes TleTe3 - -  - -  BieTe3 573 C33 

2.2 

1.0 170 

1.7 

1.2 15 
0.3 

1.3 200 
0.35 600 
0.15 800 

[ i ]  I s o m o r p h o u s  w i t h  Er2Ses,  Yb2Se~. 
[23 I s o r n o r p h o u s  w i t h  CeaSes, PrsSes,  iNd~Se~. 
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A T B B '  

~e ,  ~e ,  ~e ,  
c m 2  c m  2 c m  2 

r a p ,  A E g ,  - -  r a p ,  A E g ,  - -  re!o,  A E g ,  - -  m p ,  
C o m p .  ~  S t r .  e v  v .  s e c  C o m p .  ~  S t r .  e v  v .  s e c  C o m p .  ~  S t r .  e v  v .  s e c  C o m p .  ~  S t r .  

~te, 
c m  2 

A E g ,  - -  

ev v. sec 

C u B O ~  C u N O s  
C U B S 2  C u N S 2  
C u B S e 9  C u N S e - 2  
C u B T e 2  C u N T e ~  
C u A 1 O z  C u P O ~  
CuAIS2 Elz ~2.4 CuPS~ 
CuAISe2 Eh CuPSe2 
CuAITe~ Eh CuPTe~ 
CuScO2 CuFeO~ CuGaO~ CuAsO2 
CuScS2 CuFeS2 950 Eli 0.53 CuGaS2 Eh CuAsS= 625 ~B3 
CuScSee CuFeSe2 800 0.16 CuGaSe2 1040 Eh 1.6 CuAsSe2 415 ~B3 
CuScTe~ CuFeTe2 773 0.10 CuGaTe2 840 Eh 1.0 CuAsTe2 360 
CuYOs CuRuO2 CuInO2 CuSbO2 
C u Y S 2  C u R u S ~  C u I n S ~  E h  1 .2  C u S b S e  5 3 5  F 5 6  
CuYSe2 CuRuSe~ CulnSe2 990 Eh 1.07 I000 CuSbSes 460 
CuYTe2 CuRuTe2 CuInTe~ 700 Eh 0.95 CuSbTe# 520 
CuLaO~ CuOsO2 CuTIO2 CuBiO~ 
CuLaS2 CuOsS2 CuTIS# Eh CuBtS~ F56 
CuLaSe2 CuOsSe2 CuTISe2 405 Eh CuBiSe~ 590 
CuLaTe2 CuOsTe2 CuTITe2 375 CuBiTe2 510 

>i 
>i 

> 1  
>i 

0 .6  

common  modera te s  the  t r ends  in  p roper t i es  to a 
grea te r  degree  t h a n  in  the b i n a r y  systems.  

Tab le  IV shows an  a r r a y  of Group  I III  VL com-  
pounds  in  which  copper  is used as the  Group  I e le-  
ment .  S imi l a r  a r r ays  exist  for each of the  o ther  
Group  I e lements .  The  few m e a s u r e d  proper t i es  
shown in  Table  IV confirm in  genera l  the  t r ends  
expected.  A s imi la r  char t  w i th  the  Group  I e l e me n t  
s i lver  ins tead  of copper  should  have  ve ry  s imi la r  
proper t ies  wi th  s l ight ly  lower  me l t i ng  points ,  en -  
e rgy  gaps, and  h igher  mobi l i t ies .  

S imi la r  a r rays  can  be  d r a w n  up  for  o ther  s toichio-  
met r i c  ra t ios  of b ina ry ,  t e rna ry ,  and  h igher  com-  
p o n e n t  sys tems fo l lowing  a p a t t e r n  s imi la r  to tha t  
shown in  Fig. 2. 

One  guide to other  possible a r r ays  could be a l is t  
of s emiconduc t ing  compounds  s imi la r  to Tab le  I. 
For  example  Zn~P~ suggests  II.V~, ZnGeP~ suggests 

A T B B ~ 

Li B 
No AI 
K Cr Cu Ga 
Rb Mo Ag In 
Cs W Au TI 

I Ill "V[  2 S e  
, Te  

A T B B l Po 

B N 
AI P 
Sc Fe Go As 
Y Ru In Sb 
La Os TI 81 

Fig. 2. Possible Group I II1 Vls semiconducting compounds 

Examples 
Structure Compounds 

BI AgSbSe2,KB~Sz,LWe O2,etc 
B3 CuAs Sz,CuAsSe 2 
El I CuFe S2,CuTiS2~Culn $2, etc 
F56 CuSbS2,CuBiS2 

others AgFeTe2,TIBtSe 2 
Ag LaTe 2 

II  IV V~ and  HgIn_~Te4 suggests  II  I IL VI,. G o o d m a n  
(10) has ou t l ined  a p rocedure  which  w ou l d  aid in  
the  select ion of types  of compounds  wh ich  could be 
e x p a n d e d  into arrays .  If the proper t ies  of some of 
the compounds  in  an  a r r a y  are known ,  the  proper t ies  
of others  can be es t imated .  
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Glycerol Baths for the Electrodeposition 
of Molten Indium or Indium-Cadmium Alloy 
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ABSTRACT 

Pla t ing  baths  employing  glycerol  as a solvent  are  described,  f rom which 
el] ipsoidal  beads of mol ten  ind ium or i nd ium-cadmium al loy of app rox ima te ly  
eutectic composit ion are  e lec t rodeposi ted  onto whisker  wires  used as leads to 
e lectrodes of t ransistors .  The In-Cd eutectic consists of 75% In and 25% Cd by 
weight  and mel ts  at  123~ The glycerol  baths  for  electrodepositing molten  
In-Cd alloy, which are  solutions of InC13, CdCL, and NH4C1 (and in some cases 
e thy lened iamine te t raace t i c  acid) in glycerol ,  are  usual ly  opera ted  at 140~ 
Carbon anodes are  used. With  24 v d.c. applied,  a 15 ~g el l ipsoidal  bead of In -Cd 
al loy of app rox ima te ly  eutectic composit ion can be e lec t rodeposi ted  on the end 
of a 0.05-ram nickel  wire  in about  2 sec. The effects of ba th  composit ion and of 
p la t ing  condit ions on al loy composition, p la t ing rate,  and ba th  life are discussed. 
The p la t ing  baths  are  capable  of serving as effective fluxes dur ing  solder ing of 
whisker  wires  to e lectrodes of t ransistors .  

In  t he  m a n u f a c t u r e  of m a n y  t y p e s  of s e m i c o n -  
duc to r  devices ,  e l e c t r i c a l  connec t ions  m u s t  be  m a d e  
to t he  e lec t rodes .  I n d i u m  meta l ,  m p  156~ is a con -  
v e n i e n t  so lde r  for  dev ices  w h e r e  a so lde r ing  t e m -  
p e r a t u r e  of a b o u t  170~ can  be e m p l o y e d .  

In  the  f a b r i c a t i o n  of s u r f a c e - b a r r i e r  t r ans i s to r s ,  
e l e c t r i c a l  connec t ions  m u s t  be  m a d e  to i n d i u m  
e m i t t e r  and  co l lec tor  e lec t rodes .  I n d i u m - c a d m i u m  
eu tec t ic  a l l oy  (75% In, 25% Cd, b y  w e i g h t ) ,  w h i c h  
me l t s  a t  123~ (1) ,  can  be  used  to so lde r  w h i s k e r  
w i r e s  to e m i t t e r  and  co l lec to r  e l ec t rodes  w i t h o u t  
m e l t i n g  the  In  me ta l .  S o l d e r i n g  t e m p e r a t u r e s  of 
abou t  140~ a re  e m p l o y e d .  I n d i u m - c a d m i u m  a l loys  
in  the  a p p r o x i m a t e  r a n g e  f rom 50% I n - 5 0 %  Cd to 
80% I n - 2 0 %  Cd b y  w e i g h t  h a v e  been  f o u n d  to 
flow at  t e m p e r a t u r e s  b e l o w  130~ and  thus  a r e  
c ons ide r ed  s a t i s f a c t o r y  so lders  for  In  me ta l .  The  
a d v a n t a g e s  of I n - C d  a l loys  as so lders  for  s e m i c o n -  
duc to r  dev ices  h a v e  been  d e s c r i b e d  p r e v i o u s l y  (2) .  

Electrodeposition of Molten Solders 

Meta l s  e l e c t r o d e p o s i t e d  in m o l t e n  fo rm a r e  
smooth ,  dense,  and  n o n p o r o u s  (2, 3) .  W h e n  m o l t e n  
m e t a l  or  a l loy  is e l e c t r o d e p o s i t e d  on a s m a l l  wi re ,  
a bead  fo rms  a t  t he  end  of  the  w i r e  in  a l oca t ion  
h i g h l y  s u i t a b l e  for  a s u b s e q u e n t  s o l d e r i n g  o p e r a -  
t ion  (3) .  Depos i t i on  can  be  v e r y  r a p i d  s ince  h igh  
c u r r e n t  dens i t i e s  can  be  used.  Such  c u r r e n t  d e n s i -  
t ies  w o u l d  g e n e r a l l y  cause  d e n d r i t i c  g r o w t h s  in 
o r d i n a r y  aqueous  e l e c t r o p l a t i n g  solut ions .  

The  g l y c e r o l  b a t h s  for  e l e c t r o d e p o s i t i n g  m o l t e n  
In  or  I n - C d  a l loy  a r e  p a r t i c u l a r l y  s u i t a b l e  for  
r a p i d l y  p l a t i n g  s m a l l  a m o u n t s  of m e t a l s  or  a l loys  
w h i c h  m a y  r e a d i l y  be  used  as solders .  In  c o n t r a s t  
to the  fused  sa l t  b a t h  d e s c r i b e d  p r e v i o u s l y  (2 ) ,  t he  
g lyce ro l  b a t h  is c a p a b l e  of a c t i ng  as a s o l d e r i n g  
flux in the  t e m p e r a t u r e  r a n g e  f r o m  r o o m  t e m p e r a -  
t u r e  to a b o u t  200~ Thus  in  some app l i ca t ions ,  for  

1 P r e s e n t  A d d r e s s :  A m c h e m  Produc t s ,  Inc. ,  A m b l e r ,  Pa. 
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e x a m p l e ,  on the  a u t o m a t i c  w h i s k e r  a t t a c h e r  m a -  
chines  (4) ,  the  coa t ing  of p l a t i n g  so lu t ion  w h i c h  
r e m a i n s  on p l a t e d  w h i s k e r s  w i t h d r a w n  f r o m  the  
b a t h  se rves  as a s a t i s f a c t o r y  flux d u r i n g  a subse -  
q u e n t  so lde r ing  ope ra t ion .  

Experimental Results 
Glycerol so lvent . - - In  t he  e l e c t r o d e p o s i t i o n  of 

m o l t e n  me ta l s ,  a so lven t  is r e q u i r e d  w h i c h  has  a 
bo i l ing  po in t  a b o v e  the  l i q u i d u s  t e m p e r a t u r e  of the  
m e t a l  or  a l loy  e l ec t rodepos i t ed .  W h i l e  i t  was  f o u n d  
poss ib l e  to e l ec t rodepos i t  m o l t e n  In  m e t a l  f rom 
so lu t ions  of a n h y d r o u s  i n d i u m  t r i c h l o r i d e  in a 
w ide  v a r i e t y  of p o l a r  o rgan ic  c o m p o u n d s  i n c l u d i n g  
e t h y l e n e  glycol ,  1, 2 - p r o p a n e d i o l ,  1, 2, 4 - b u t a n e -  
t r iol ,  N, N, N' ,  N ' - t e t r a k i s  ( 2 - h y d r o x y p r o p y l )  
e t h y l e n e d i a m i n e ,  pheno l ,  d - s o r b i t o l ,  a ce t amide ,  
e t h y l e n e  g lyco l  m o n o b u t y l  e ther ,  benzo ic  acid,  
p h t h a l i c  a n h y d r i d e ,  d i e t h y l e n e  glycol ,  t r i e t h a n o l a -  
m i n e  and  a m m o n i u m  fo rma te ,  g l y c e r o l  was  t he  mos t  
su i t ab l e  solvent .  G lyce ro l ,  w h i c h  has  a bo i l ing  po in t  
of 290~ is r e l a t i v e l y  n o n v o l a t i l e  a t  t h e  u s u a l  op -  
e r a t i n g  t e m p e r a t u r e s  of t he  p l a t i n g  ba ths ,  and  i ts  
t h e r m a l  d e c o m p o s i t i o n  r a t e  a t  t he se  t e m p e r a t u r e s  is 
c o m p a r a t i v e l y  low.  G l y c e r o l  f u m e s  a re  non tox ic .  
Materials.--Materials used  in the  p r e p a r a t i o n  of In  
and  I n - C d  a l loy  p l a t i n g  b a t h s  a re :  g l y c e r o l  ( a s say  
95%, sp. gr. 1.25), A.C.S. r e a g e n t ;  c a d m i u m  ch lo -  
r ide ,  a n h y d r o u s ,  pow de r ,  m i n i m u m  a s s a y  99%, 
A.C.S.  r e a g e n t ;  i n d i u m  t r i ch lo r ide ,  p o w d e r ,  a n h y -  
drous ,  m i n i m u m  a s s a y  96%, 0.02% m a x i m u m  m e t a l -  
l ic impur i t ies ;~  a m m o n i u m  chlor ide ,  g r a n u l a r ,  
A.C.S.  r e a g e n t ;  e t h y l e n e d i a m i n e t e t r a a c e t i c  ac id  
( E D T A ) ,  p o w d e r ,  r e a g e n t  g rade .  3 

Preparation of solutions.---Formulations of the  
g l y c e r o l  so lu t ions  for  e l e c t r o d e p o s i t i o n  of m o l t e n  

-" F r o m  Conso l i da t ed  M i n i n g  a n d  S m e l t i n g  Co. of  Canada ,  Tra i l ,  
B.C., or I n d m m  Corp.  of Amer i ca ,  U t i ca ,  N.Y. 

8 J.  T. B a k e r  C h e m i c a l  Co., P h i l l i p s b u r g ,  N.J.,  or  F i s h e r  Sc ient i f ic  
Co., F a i r  L a w n ,  N.J .  
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or indium-cadmium alloy 

691 

S o l u t i o n  I S o l u t i o n  I I  S o l u t i o n  I I I  

S o l u t i o n  fo r  e l e c t r o -  
D e s c r i p t i o n  d e p o s i t i o n  of In  m e t a l  

S o l u t i o n  f o r  E l e c t r o -  
d e p o s i t i o n  os I n - C d  a l l o y  

C o m p l e x e d  s o l u t i o n  f o r  e l e c t r o -  
d e p o s i t i o n  of I n - C d  a l l o y  

Formulat ion,  % by weight 
InC13 12.0 
CdC12 
EDTA 
NH,C1 8.0 
Glycerol 80.0 

Electrolytic conductivi ty 
Specific conductance at 140~ 0.035 

mho/cm 
Typical operat ing conditions 

Operat ing temperature,  ~ 140 
Bath life, hr  8 
Applied potential, v 15-24 
Composition of the electro- 100 

deposited alloy, % In by 
weight 

Approximate  plat ing t ime to 
obtain a 15-~g deposit, sec 

Approximate  current  den- 
sity, amp/cm ~ 

Approximate cathode current  
efficiency, % 

6.0 5.2 
1.7 1.5 

- -  12.6 
10.6 9.3 
81.7 71.4 

0.040 0.035 

165 140 140 140 140 
4 8 8 8 8 
3-24 10 18 24 12 

100 75-80 75-80 67-75 66-70 

w 

B 

140 140 
8 8 

18 24 
66-70 70-75 

2 _ _  m 5 

50  - -  - -  25  

20  - -  - -  15 

In  or I n - C d  al loy are g iven  in  Tab le  I. Solution~s 
are p r epa red  by  s t i r r ing  a m i x t u r e  of the  cons t i -  
t uen t s  for 30 min,  b r e a k i n g  up a n y  lumps,  and  then  
hea t ing  the r e su l t i ng  s l u r r y  w i th  con t inuous  s t i r r i ng  
at 140~ for 10 min ,  or at 160~ for 10 m i n  in  the  
case of Solu t ion  III,  to fo rm a clear  solut ion.  The 
solut ion is a l lowed to cool to 100~176 and  vac -  
u u m  fi l tered t h rough  a coarse-poros i ty  s in te red  
glass f i l ter ing funne l .  

Whi le  i t  is possible to dissolve al l  of the  i n d i u m  
t r ichlor ide ,  c a d m i u m  chloride,  and  a m m o n i u m  chlo-  
r ide  in  the  glycerol  at  25~ the  EDTA is on ly  
s l ight ly  soluble.  Rap id  d issolu t ion  of the solids is 
no t  possible be low 135~ 

The  glycerol  ba ths  are clear, l ight  a m b e r  so lu-  
t ions which  are somewha t  more  viscous t h a n  g ly-  
cerol. Densi t ies  average  rough ly  1.35 g / m l  at  25~ 
The baths,  which  are p repared ,  stored, and  opera ted  
in  P y r e x  or K i m a x  glass vessels, are  s table  for 
years  at room t empera tu r e .  

The r ep roduc ib i l i t y  of n u m e r o u s  ba tches  of p l a t -  
ing solut ions  made  by  severa l  d i f ferent  opera tors  
was  qu i te  sa t i s fac tory  in  t e rms  of specific conduc t -  
ance at  140~ and  in  t e rms  of p l a t i ng  ra te  (w i t h  18 
or 24 v appl ied)  at 140~ both  in i t i a l ly  and  af ter  
5 hr  at  140~ 

Glycerol baths for Electrodeposition of Molten 
In  and I n - C d  Alloy 

Proper t i es  and  typ ica l  ope ra t ing  condi t ions  of the  
va r ious  solut ions  are  g iven  in  Tab le  I. 

A m m o n i u m  chlor ide  increases  the e lectr ical  con-  
duc t iv i ty  of the  p l a t i ng  solut ions  cons ide rab ly  and  
improves  we t t i ng  by  m a k i n g  the solut ions  more  
effective fluxes for the  base me ta l  to be  p la ted  (for 
example ,  n icke l )  as wel l  as for the  m o l t e n  me t a l  
be ing  deposi ted.  (The  specific conduc t i v i t y  a t  140~ 
of a so lu t ion  cons is t ing  of 13% InC1, and  87% g ly -  
cerol was  rough ly  0.001 m h o / c m ,  compared  to 0.035 

m h o / c m  for So lu t ion  I.) C a d m i u m  chlor ide and  
i n d i u m  t r ich lor ide  are p re sen t  in  Solu t ions  II  and  
III  i n  the  rat io of 1:3.54 by  weight ,  so tha t  the r a -  
tio of Cd to In  (as m e t a l )  in  the  ba ths  is 1:3 by  
weight .  Sufficient EDTA is p resen t  in  Solu t ion  III  
to complex  al l  In  and  Cd ( a s suming  one mole  of 
e i ther  me t a l  per  mole  of EDTA)  wi th  35% EDTA 
in excess. 

I n e r t  anodes  of ca rbon  (spectroscopic g raph i te )  
were  used  in  al l  expe r imen t s .  D u r i n g  electrolysis  
bubbles  of oxygen  a n d / o r  chlor ine  are evolved at  
the anode.  The ca rbon  anode  should have  sufficient 
area  so tha t  there  is no apprec iab le  po la r i za t ion  or 
local hea t ing  at the anode  d u r i n g  electrolysis .  One 
or more  ca rbon  rods 1/8 in. in  d i a m e t e r  are  used as 
anodes.  The d is tance  b e t w e e n  cathode a nd  anode  is 
ge ne r a l l y  on the order  of 1 cm. 

In  all  of the  e x p e r i m e n t s  described,  nickel ,  wi re  
2 mi ls  (0.05 m m )  in  d i ame te r  was  used as a ca th -  
ode. U n d e r  typ ica l  opera t ing  condi t ions  the  wi re  
was  immersed  1 to 2 mi ls  (0.025 to 0.05 m m )  be -  
low the  p l ane  of the  surface  of the p l a t i ng  solu-  
t ion. The hot p l a t i ng  ba ths  n o r m a l l y  wet  the  w h i s k -  
er  wires  far  above  the  leve l  of immers ion .  For  ex -  
ample ,  a 2 -mi l  n icke l  wh i ske r  wi re  i m m e r s e d  1 to 2 
mi l s  be low the  p l ane  of the  surface  of a glycerol  
p l a t i ng  so lu t ion  at 140~ is we t t ed  and  p la ted  a long 
a p p r o x i m a t e l y  a 10-mi l  l eng th  at  the tip. 

U n d e r  n o r m a l  e lec t rodepos i t ion  opera t ing  con-  
dit ions,  some h y d r o g e n  gas is evolved at the ca th-  
ode d u r i n g  electrolysis  of the solut ion.  

The ca thode  a rea  of i m m e r s e d  wires  increases  
r a p i d l y  w i th  the  g rowth  of the  e lect rodeposi ted  
e l l ipsoidal  beads  of m o l t e n  metal .  For  example ,  u n -  
der  typica l  opera t ing  condi t ions  an  e l l ipsoidal  bead  
of m o l t e n  I n - C d  al loy 5 mi ls  in  d i a m e t e r  and  10 
mi l s  long  is deposi ted on a 2 - m i l  wi re  in  abou t  2 
sec. At  the  e nd  of the  2-sec p l a t i ng  period, the  su r -  
face a rea  of the  m o l t e n  I n - C d  al loy is severa l  t imes  
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as great  as the or iginal  immersed  area  of the wire. 
As the surface area  of the mol ten  solder increases 
dur ing electrolysis,  the current  d rawn  at constant  
appl ied  vol tage also increases. For  this reason, op-  
era t ing conditions are specified in te rms of appl ied  
vol tage r a the r  than current  density.  Approx ima te  
cur ren t  densi t ies  are  given in Table  I for severa l  
opera t ing  conditions. 

Opera t ing  t empera tu re  and vol tage of the baths  
are not pa r t i cu l a r ly  crit ical .  Samples  p la ted  f rom 
Solution II  at 120~ with  6 to 36 v applied,  and at 
160~ wi th  12 to 36 v applied,  flowed at  130~ or 
less. The flow t empera tu r e  of In -Cd  alloys p la ted  
f rom Solution III  at  140~ using 1.5 to 30 v was 
130~ or less. 

Bath life.--The average  amount  of In -Cd  a l loy 
deposi ted on the 2-rail  n ickel  wires  used in the  fab-  
r icat ion of su r f ace -ba r r i e r  t ransis tors  is of the or -  
der  of 10 to 20 t,g. Under  o rd inary  opera t ing  condi-  
tions, ba th  life is l imi ted  by decomposi t ion reac -  
tions which occur in the ba th  at  the opera t ing  t em-  
pera ture ,  usual ly  140~ deplet ion of Cd and of In 
is negligible.  

Since the rat io  of Cd to In both in the p la t ing  
baths  and in the eutectic a l loy is 1:3 by weight,  the 
rat io  of Cd to In in the ba th  remains  essent ia l ly  un-  
changed even when large  amounts  of a l loy are elec-  
t rop la ted  f rom the bath.  

Al though thousands of whiskers  can be p la ted  
from a 25-ml sample  of p la t ing  ba th  wi thout  any 
evidence of decomposi t ion of the p la t ing  solution 
due to anodic oxidation,  prolonged electrolysis  of 
these baths  at  high currents  can accelera te  decom- 
posit ion react ions considerably.  

Normal ly  the pr inc ipa l  l imi ta t ion  of ba th  life 
arises as a resul t  of increase in viscosi ty wi th  t ime 
at  operat ing t empera tu re .  Increased viscosi ty r e -  
sults in lower  e lectrolyt ic  conductance and thus 
lower p la t ing  rates  (wi th  a constant  p la t ing  vo l t -  
age app l ied) .  Eventua l ly ,  baths  opera ted  at  140~ 
become sufficiently viscous that  p la t ing  ra tes  are  
significantly lower  than they  had been ini t ial ly,  and 
the p la ted  deposit  tends to be somewhat  e r ra t ic  in 
size or location. 

Tests have shown tha t  these solutions f requent ly  
lose severa l  per  cent of the i r  weight  dur ing  3 hr  at 
140~ due to volat i l izat ion.  

No changes have been observed in flow t e m p e r a -  
tures  of In -Cd alloys p la ted  f rom solutions held  at  
opera t ing  t empe ra tu r e  for var ious  per iods  of t ime 
up to 16 hr. 

Ef]ects of Bath Composition and Plating Conditions 
on Plating Rate and Bath Life 

In a series of exper iments  to de te rmine  the effect 
of var ia t ions  in ba th  composition, the re la t ive  
amounts  of CdCI~, InCl,, and EDTA were  kep t  con- 
s tant  and were  in the mole  rat io  of 1:2.94:5.36, r e -  
spectively.  The independent  solution composit ion 
var iab les  were  thus per  cent by weight  (CdCI~+In-  
C13+EDTA) as a constant  mole rat io  group, and 
per  cent by  weight  ammonium chloride,  the re -  
ma inder  of the bath being glycerol.  Specific con- 
ductance measurements  at  100~ indicated tha t  
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solutions consisting of the group (CdCl~+InCl~+ 
EDTA) and glycerol  in the weight  rat io  of 1 to 3 or 
4 had  a m a x i m um  specific conductivi ty.  Decrease 
in the concentra t ion of such solutions resu l ted  in 
less ions avai lab le  for e lectrolyt ic  conductance and 
thus lower  specific conduct ivi ty.  Increase in the 
concentra t ion of such solutions decreased the spe-  
cific conduct ivi ty  because the viscosi ty of these so- 
lut ions increased cons iderably  wi th  concentrat ion.  
[Genera l ly ,  dissolved electrolytes  increase the  vis-  
cosity of glycerol  solutions (5) . ]  The viscosi ty of 
the glycerol  solutions increased cons iderab ly  wi th  
increase in concentrat ion of the group ( C d C I , + I n -  
CI~+EDTA);  change in the concentrat ion of the 
ammonium chloride had  l i t t le  effect on the  vis-  
cosity of the solution. 

Baths which were  more concentra ted than  Solu-  
t ion I I I  had a r a t h e r  sharp decrease in specific con- 
duc t iv i ty  wi th  evapora t ion  of glycerol  and thus had 
a l imi ted  ba th  life. Solut ion III, which has approx i -  
ma te ly  the concentrat ion at  which m a x i m u m  speci-  
fic conduct ivi ty  is obtained,  is r e l a t ive ly  insensi-  
t ive to changes in specific conduct iv i ty  resul t ing  
f rom evapora t ion  of glycerol.  Solution I I I  has an 
opera t ing  life at 140~ of a pp r ox i m a t e l y  8 h r  
whereas  a more concentra ted  bath, consisting of 
2.5% CdCI~, 8.9% InCl., 21.4% EDTA, 6.1% NH,C1, 
and 61.1% glycerol,  by  weight ,  had an opera t ing  
life of 2-3 hr  at  140~ 

Increase  in the ammonium chloride content  of the 
ba th  increased the specific conductance and thus 
increased the p la t ing  ra te  at a given appl ied  vo l t -  
age. However,  the solubi l i ty  l imi t  of ammonium 
chloride in the ba th  at about  20~ cannot be ex-  
ceeded if the ba th  is to be s tored at  room t e m p e r a -  
ture. 

In some cases a small  amount  of sur face-ac t ive  
agent  is added to glycerol  baths  for  p l a t ing  mol ten  
meta ls  and alloys. This addi t ion lowers the surface 
tension of the solution, causing the bubbles  formed 
at  the cathode dur ing  electrolysis  to be smaller .  
For  example,  0.05% by weight  of decyl  benzene 
sodium sulfonate is effective in cons iderab ly  re -  
ducing the surface tension of the Solut ion II  at  
140~ The presence of a sur face-ac t ive  agent,  by  
mak ing  the bubbles  smaller ,  resul ts  in s teadier  
p la t ing  currents  and thus more reproducib le  p l a t -  
ing rates.  

Composition of Electrodeposited In -Cd  Alloys 
Flow tempera tu res  were  de te rmined  by  immers -  

ing whiskers ,  on which the beads of In -Cd  al loy 
had  been flattened, into a flux such as 9% am-  
monium chloride in glycerol  at  130~ If the  al loy 
flowed at  130~ or less, the bead  r e tu rned  to an 
e l l ipsoidal  shape. 

The composit ion of e lect rodeposi ted  In -Cd  alloys 
was de te rmined  by  quan t i t a t ive  spect rographic  an-  
alysis.  Weighed samples of clean, dry, p la ted  whisk-  
ers were  t rea ted  wi th  about  0.6 ml of 4N HC1 to 
dissolve the In -Cd  alloy. The s t r ipped whiskers  
were  rinsed, dried,  and reweighed.  The solution was 
di lu ted  to a concentra t ion of 0.50 mg of In -Cd  al-  
l o y / m l  and analyzed spec t rograph ica l ly  by  com- 
par ison with  solution s tandards .  About  50 p la ted  
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whiskers  we re  used to p r epa re  each sample  so lu t ion  
for analysis .  G e n e r a l l y  dupl ica te  d e t e r m i n a t i o n s  
were  made.  

Local Heating at the Cathode during Electrolysis 

In  some cases cons iderab le  local  hea t ing  occurs 
at  the cathode d u r i n g  electrolysis .  For  example ,  
m o l t e n  I n - C d  al loy was  p la ted  on a 2 -mi l  n i cke l  
wi re  i m m e r s e d  in  So lu t ion  III,  opera ted  at  a t e m -  
p e r a t u r e  of 70~ u s ing  18 v for electrolysis .  In  this  
case, the  t e m p e r a t u r e  at  the  cathode rose more  
t h a n  50~ above the  ope ra t ing  t e m p e r a t u r e  of the  
bath .  In  one expe r imen t ,  w i th  90 v appl ied  to a 
2 -mi l  wi re  i m m e r s e d  abou t  5 rnm, m o l t e n  I n - C d  
al loy was  e lec t rop la ted  f rom Solu t ion  III  at  room 
t e m p e r a t u r e  (25 ~ ind i ca t ing  a t e m p e r a t u r e  r ise 
of a p p r o x i m a t e l y  100~ at the cathode.  

Mol ten  In  me ta l  can  be deposi ted on 2 -mi l  n i cke l  
wi re  f rom Solu t ion  I opera ted  at  140~ wi th  18 v 
appl ied  or at 120~ wi th  24 v applied.  Mol ten  I n - C d  
al loy can  be p la ted  on 2 -mi l  n icke l  wi re  f rom Solu-  
t ion  II opera ted  at  100~ wi th  24 v applied.  

The pr inc ip le  of emp loy ing  local  hea t ing  at  the  
cathode to p la te  m o l t e n  meta l s  or al loys f rom a 
so lu t ion  opera ted  at a t e m p e r a t u r e  cons ide rab ly  
below the l iqu idus  t e m p e r a t u r e  of the me t a l  or 
al loy is of in te res t  in  appl ica t ions  whe re  long  b a t h  
life or m i n i m u m  f u m i n g  is desired. 

Chemical Plating 

Smal l  pieces of Cd and  of In  me t a l  were  added 
to both  Solu t ion  II  and  Solu t ion  III  at  140~ W i t h  
bo th  solut ions  the Cd became  coated wi th  a m o l t e n  
alloy, i nd ica t ing  tha t  chemical  p l a t i ng  of In  had  
occurred.  The In  me t a l  was etched by  both  solut ions  
bu t  no v is ib le  deposi t ion of Cd occurred.  

Conclusions 
The chemica l  p l a t ing  e x p e r i m e n t s  ind ica te  t ha t  

In  is more  noble  t h a n  Cd at 140~ in  bo th  the 
complexed  and  the  u n c o m p l e x e d  solut ions  for 
p l a t ing  m o l t e n  I n - C d  alloy. Such a resu l t  m i gh t  be 
expected  f rom a compar i son  of the  s ingle  e lec t rode  
po ten t ia l s  of In  and  of Cd in  the  acid e lec t romot ive  
series of the  e l ements  ( in  aqueous  so lu t ion) ,  w he r e  
E ~ = --0.34 v for In  and  E ~ = --0.40 v for Cd (6) .  

Increase  in  p l a t i ng  so lu t ion  viscosi ty  w i th  t ime  
at ope ra t ing  t e m p e r a t u r e  is be l i eved  to be due to 
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evapora t i on  of glycerol  a n d / o r  w a t e r  a nd  to con-  
densa t ion  p o l y m e r i z a t i o n  of g lycerol  to fo rm po ly -  
glycerides,  which  are  more  viscous t h a n  glycerol  
(7) .  Since f o r m a t i o n  of po lyg lycer ides  appears  to 
be ca ta lyzed  by  a n h y d r o u s  i n d i u m  t r ichlor ide ,  the  
solut ions  l is ted in  Tab le  I are  less susceptable  to 
this  type  of deg rada t ion  t h a n  more  concen t ra t ed  
solut ions.  

Both  So lu t ion  II  a nd  So lu t ion  III  are  used in  the  
p roduc t ion  of semiconduc to r  devices. So lu t ion  II 
deposi ts  I n - C d  al loy more  t h a n  twice  as fast  as 
So lu t ion  III,  bu t  the  l a t t e r  is less vo la t i l e  at  140~ 
and  electrodeposi ts  I n - C d  al loys of su i t ab le  solder 
composi t ion  over  a w i de r  r ange  of ope ra t ing  condi -  
t ions t h a n  the  u n c o m p l e x e d  so lu t ion  (8) .  
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Potential Measurements during Jet Etching 
of P-Type Ge and P-Type Si 

Paul F. Schmidt  and M a i r e  Blomgren 

Research Division, Philco Corporation, Philadelphia, Pennsylvania 

ABSTRACT 

Potent ial  measurements  have been made dur ing  jet  etching, and the feasi- 
bil i ty of the method has been established. Potentials  dur ing  jet  etching have 
been compared with those obtained in  bath operations by other authors. 

Je t  e tch ing  and  p l a t i ng  have  become inc reas ing ly  
i m p o r t a n t  for the f ab r i ca t ion  of semiconduc to r  de-  
vices. The c u r r e n t  densi t ies  employed  are wel l  be-  
yond  the  usua l  r ange  of ba th  operat ion.  Thus  it 
appea red  ve ry  des i rab le  to inves t iga te  jet  e tch ing  
and  p l a t i ng  by  po ten t i a l  measu remen t s .  Develop-  
m e n t  of special  t echn iques  was r equ i r ed  for the  
pecu l i a r  geomet ry  of the  je t  method .  The me thod  
has been  appl ied  to p - G e  and  p -S t  so far, b u t  
should be appl icab le  also to other  systems. 

Exper imental  

Jet-etching apparatus.--The appa ra tu s  consis ted 
of a t r a n s p a r e n t  plast ic  enc losure  wi th  r em ova b l e  
l id;  the  jet  and  anode  were  inser ted  into the plast ic  
c h a m b e r  f rom opposi te  sides, bo th  m a k i n g  an angle  
of 45 ~ w i th  the  p e r p e n d i c u l a r  (Fig. 1). The jet  was  
r ig id ly  fixed in  its posit ion.  The anode  consis ted of 
a Ge or Si wafe r  m o u n t e d  on a n icke l  or s ta inless  
steel disk, which  in t u r n  was screwed into a holder.  
Three  mic rome te r  screws p e r m i t t e d  the m o v e m e n t  
of the holder  p e r p e n d i c u l a r  and  pa ra l l e l  to the  jet  
axis. In  the  d i rec t ion  pa ra l l e l  to the  let  axis the  ac-  
curacy  was 0.2 mil,  in  the  two p e r p e n d i c u l a r  d i rec-  
t ions  the accuracy  was abou t  1 rail. 

"1 H2 TO REFERENCE "~ ELECTRODE 

 2ROL, TE ,--------:- 
FOR ETCHING I ~ L ~  DER 

P ~ i ~ i Eg~g;~CE 

FO~,~SED 02~ /p_ [ 
Ge OR S 

_,.J~NN~(~ / ~  ELECTROLYTE q ~ - ~ ~  OUT 

v o ~ ADJUSTING SCREWS 
' t ~ ' ~  1~1 FOR THE THREE 

Fig. t. Schematic of jet etching apparatus 

A pocket  microscope was m o u n t e d  in  such a fash-  
ion tha t  it could a lways  be b r ough t  to exac t ly  the  
same posi t ion  and  could be focused s i m u l t a n e o u s l y  
on the  je t  nozzle and  on its m i r r o r  image  at the  
sh iny  Ge or Si surface.  Magni f ica t ion  by  the  mic ro -  
scope was  60X. Two d ra inage  tubes  at the bo t tom 
of the plast ic c h a m b e r  p e r m i t t e d  the w i t h d r a w a l  
of the e lec t ro ly te  d u r i n g  etching.  A l id was placed 
on the plast ic  c h a m b e r  w h e n  large  jet  sizes were  
used. 

The j e t . - -Two sizes of je t  nozzles were  employed:  
30 a nd  100 mi l  d i a m e t e r  (7.6 x 10 _2 and  2.5 x 10 -1 
cm) .  Inse r t ed  in the center  of the  jet, by  m e a n s  of 
a glass seal, is a smal le r  t ube  which  tapers  off to a 
capi l lary ,  abou t  0.5 cm long, 2.5 rail (6 x 10 -~ cm) 
OD, and  1.5 mi l  (3.7 x 10 '~ cm) ID. The cap i l l a ry  
is located accura t e ly  in  the cen te r  of the  jet  nozzle 
and  ex tends  0.15 to 0.2 cm b e y o n d  it. The i n n e r  t ube  
is connec ted  to a s a t u r a t e d  ca lomel  electrode.  The 
e lec t ro ly te  in the ou te r  t ube  was used for je t  e tch-  
ing. The e lec t ro ly te  in  the i n n e r  tube,  connec ted  to 
the  re fe rence  electrode,  was  u sua l l y  the  same as 
tha t  in  the outer  tube  except  for those e x p e r i m e n t s  
which  invo lved  the  use of f ree  H F  for je t  etching.  
In  this case the  pH of the e lec t ro ly te  in  the  i n n e r  
t ube  was  kept  n e u t r a l  in  o rder  to avoid excessive 
a t t ack  on the capi l la ry .  Only  capi l lar ies  w i t hou t  any  
faul t s  could be used;  if the t ip of the cap i l l a ry  was  
damaged  in  a ny  way,  the e lec t ro ly te  f rom the  i n -  
side wou ld  form drople ts  at  the  t ip  thus  m a k i n g  it 
imposs ib le  to pos i t ion  the Ge or Si sample  accu-  
r a t e ly  (compare  be low) .  Also the  po ten t i a l  va lues  
wou ld  be qu i te  e r ra t ic  wi th  f au l ty  capi l lar ies .  

The e lec t ro ly te  for je t  e tch ing  was  in t roduced  
into the outer  tube  of the  jet  t h rough  a side arm.  
The l a t t e r  in t u r n  was  connec ted  to a smal l  t ube  
pa r t i a l l y  open at the tip. In se r t ed  in  this  smal l  
tube  was  a Pt  wi re  which  served as the  a u x i l l i a r y  
electrode.  A n y  h y d r o g e n  b u b b l e s  f o r mi ng  at  the  
wi re  were  swept  out  at  the  t ip  a nd  thus  did  no t  
en te r  the m a i n  jet  s t ream.  

Anode set u p - - T h e  anode,  as a l r eady  men t ioned ,  
consisted of a Ge or Si wafe r  m o u n t e d  on a n icke l  
or s ta inless  steel disk which  in  t u r n  could be 
screwed into the  sample  holder .  W h e n  pos i t ion ing  
the sample,  the  anode was moved  toward  the  jet  
nozzle by  m e a n s  of the  m i c r o m e t e r  screws u n t i l  
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Fig. 2. I-V of ohmic base contacts to Ge and Si 

both the tip of the capillary and its mirror image 
were simultaneously in the focus of the micro- 
scope. In this fashion it was possible to make the 
distance between the tip of the capillary and the 
semiconductor surface less than 1.2 x i0 ~ cm. 

Preparation of Ge and Si samples.--Ohmic base 

contacts to the p-Ge wafers (resistivity 1 ohm-cm, 
lifetime about I00 ~sec, thickness 0.05 cm) was ob- 
tained by sand blasting the whole back surface of 
the wafer and soldering pure tin to the sand blasted 
area. The stainless steel disk was then pressed 
against the tin while heating. This resulted in a 
good electrical and mechanical contact. In the case 
of p-St (p about 1 ohm-cm, r about 20 ~sec, thick- 
ness -- 0.05 cm), Al was evaporated onto the back 
surface of the chemically polished wafer and was 
then alloyed by heating at 850~ for 30 sec. The 
A1 was then painted with silver paste, which again 
resulted in a good contact when mechanically 
pressed against the metal disk. 

In order to check that the contact was truly 
ohmic, the front surface of some wafers was given 
the same treatment as the back surface and I.V. 
curves were taken. Figure 2 shows that completely 
ohmic contacts were obtained both on p-Ge and on 
p-St. The contact resistance for each contact is 
about 0.2 ohm on p-Ge, and 2.3 ohm on p-St. 

In order to obtain a homogeneous current density 
during jet etching it was necessary to mask the Ge 
or Si surface except for a hole of the same size or 
smaller than the jet employed. The hole had to be a 

perfect circle without fuzzy edges; otherwise, the 
resulting etch pit would be of very poor quality. 
The masking material must also meet the require- 
ments of being quite inert to the electrolytes em- 
ployed, and of being so thin that it would not ob- 
struct the view of the mirror image of the capillary 
tip when the sample is brought into position. For 
measurements of current efficiency it was also es- 
sential that the masking material should be easily 
removable without changing the weight of the Ge 
or Si wafer. All these requirements were met by a 
Teflon tape with pressure sensitive silicone adhesive. I 
The tape was applied to the chemically polished 
surface of the semiconductor. 

]Produced by  the  Minnesota  l~ming  and  M a n u f a c t u r i n g  Co. (pres-  
sure  sensi t ive  tape No. 549). 
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Potential measurements.--A vol tage  r egu la to r  
supply,  model  3-150 L, of the D r e s s e n - B a r n e s  
Corpora t ion  served as a power  source. The  vol tage  
was appl ied  b e t w e e n  the  a u x i l l i a r y  electrode in the 
side a r m  of the  jet  and  the  ohmic base contact  of 
the Ge or Si wafer .  A s t a n d a r d  res is tor  was  inse r ted  
in  the c i rcui t  and  the vol tage  across this  resis tor  
applied to one axis of a IVioseley X-Y recorder. The 
voltage between the reference electrode and the 
ohmic base contact was applied to the input of a 
Keithley electrometer, model 210, and from there 
to the other axis of the X-Y recorder. Use of the 
Keithley electrometer was necessary because of the 
high resistance in the capillary (about 106 ohm). 
The response time of the recorder is 1 sec full scale 

on either axis. 

It was found that the potential values did not 
depend on the speed with which the curves were 
taken, i.e., for times of the order of a few seconds, 
except, of course, for the additional RI drop intro- 
duced if the etching process at high current densi- 
ties increased the distance between capillary and 
Ge surface by an appreciable amount. Usually the 
current was increased to its maximum value in i0 
sec and decreased to zero in the same time. 

Owing to the small distance between the tip of 
the capillary and the semiconductor surface, the 
RI drop in the electrolyte up to current densities 
of about 0.i amp/cm ~ is negligible (~ I0 my). This 
was checked by experiments in which the distance 
between capillary and Ge surface was increased 
successively in steps of 0.5 rail (1.3 x 10 -3 cm). 

At high current densities, however, this RI drop 
must be taken into account. It is then necessary to 
consider the distance by which the Ge or Si surface 
has receded from the capillary due to the etching 
action. Knowledge of the current efficiency over the 
current range investigated, of changes in the re- 
sistivity of the solution due to heating effects, and 
of the total amount of charge passed at each point 
of the curve would be required in order to apply an 
accurate correction. The amount of charge passed 
could be determined if the current had been in- 
creased linearly with time. The current in our ex- 
periments was increased manually and therefore 
not quite linearly with time. Therefore it is not 
justified to apply a correction in this manner. 

No corrections have been applied to any of the 
curves shown in this paper, except those applied to 
Fig. 3; they are stated below in the text. However, 
from the known resistivities of the electrolytes em- 
ployed it can be calculated that the additional RI 
drop introduced by recession of the semiconductor 
surface during etching is less than 1 v (at i0 
amp/cm 2) if the etching current is raised linearly 
with time over a period of i0 sec from 0 to I0 
amp/cm ~. When comparing this value to the poten- 
tials obtained at i0 amp/cm ~, roughly I0 v, it can 
be seen that the error even at the largest current 
densities is less than 10%. It can be shown that the 
additional RI drop under the above conditions in- 
creases with i3; the error at lower current densities 
is therefore much smaller. The RI drop due to the 
original distance between the tip of the capillary 
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Fig. 3. Current-potential curves on p-Ge for bath operation 
(Gerischer and Beck) and for jet-operation using the same 
electrolyte. 1 ohm-cm p-Ge, 0.1M NaCIO, + 0.02 M NaOH; 
flow rate: 3.1 m/sec. 

The electroly tes . - -The elect rolytes  used had  the 
fo l lowing composi t ion  a nd  res i s t iv i ty  (at  room 
t e m p e r a t u r e )  : 

On p - G e :  0.1M NaC10, + 0.02M NaOH; p = 79.3 
o h m - c m  

0.2N H.~SO,; p = 21 o h m - c m  
0.2N H~SO, + 1 cc H y a m i n e / 1 ;  p = 24.9 

ohm- c m.  
On p-S i :  40 g NH~F + 8 g N a F / 1 ;  p = 16.4 o h m - c m  

0.2N N a F  + 5 cc 48% HF;  p - ~  61.8 
o h m - c m  

The  e lec t ro ly te  was forced t h r ough  the  jet  by  
p ressure  f rom a n i t r o g e n  t ank .  In  separa te  expe r i -  
me n t s  it  was shown tha t  r e m o v i n g  dissolved oxy -  
gen  f rom the e lec t ro ly te  d id  no t  effect the  po ten t i a l  
m e a s u r e m e n t s  w i t h i n  the l imi t  of accuracy  except  
close to zero cur ren t .  

The n i t rogen  pressure  was  2 psig w h e n  the  100- 
mi l  je t  was  employed,  and  e i ther  2.5 or 5 psig w h e n  
the 30-mi l  je t  was  used. The cor respond ing  l inea r  
jet  veloci t ies  were  3.i m e t e r s / s e c  (100-mi l  jet, 2 
ps ig) ,  9.3 m e t e r s / s e c  (30-ra i l  j e t  2.5 ps ig) ,  a nd  12.4 
me te r s / s ec  (30-ra i l  jet, 5 ps ig) .  The flow ra te  of 
the  e lec t ro ly te  has a v e r y  m a r k e d  effect on the  
I.V. curves  as would  be expected.  

and  the  semiconduc to r  sur face  is abou t  0.5 v at  10 
a m p / c m  -~. 

The curves  shown  are typica l  of a v e r y  large  
n u m b e r  of expe r imen t s ;  the r ep roduc ib i l i t y  was  
qu i te  good. The  poten t ia l s  a lways  refer  to the  sa tu -  
r a t ed  ca lomel  electrode,  except  i n  Fig. 3 whe r e  they  
have  been  re fe r red  to the  N-ca lome l  electrode.  Al l  
m e a s u r e m e n t s  we re  done  at  room t e m p e r a t u r e .  

Since the expe r imen t s  were  p e r f o r m e d  on p - t y p e  
m a t e r i a l  only, s a tu r a t i on  effects ins ide  the semi -  
conduc tor  are no t  expected  to occur, and  except  
for the i r  apprec iab le  res i s t iv i ty  Ge and  Si can be 
t r ea ted  in  this  respect  m u c h  l ike metals .  

Measurements  of current  e1~ciency.--These m e a s -  
u r e m e n t s  were  done in  pa ra l l e l  to the po ten t i a l  
m e a s u r e m e n t s .  The  we igh t  of the  Ge or Si sample  
before  and  af ter  e tch ing  was d e t e r m i n e d  wi th  a 
Met t l e r  mic roba lance ,  sens i t iv i ty  • 1 /~g. Before 
weighing ,  the samples  were  kept  in  a dessicator  for 
1 hr. I t  was aga in  necessa ry  to m a s k  the Si or Ge 
wafers  except  for a smal l  hole  fac ing  the  jet  in  order  
to deal  wi th  a defined c u r r e n t  densi ty .  In  cont ro l  r u n s  
it  was found  tha t  app ly ing  the m a s k i n g  tape  to the  
sample,  expos ing  it to the e lec t ro ly te  s t r eam ( w i t h -  
out  app ly ing  a b ias ) ,  r e m o v i n g  the tape  and  w a s h -  
ing  the sample  w i th  ch loroform or CCI, did no t  
change  the  weigh t  of the  wafer  by  m o r e  t h a n  • 10 
/~g. The a m o u n t  of charge  passed d u r i n g  each r u n  

was  chosen so as to r emove  400 /Lg. I t  is be l i eved  
there fore  tha t  the resu l t  of the weigh ings  should 

be accura te  to at leas t  • 5%. However ,  the  a m o u n t  
of charge  passed was ob ta ined  s imply  f rom the p ro -  
duc t  t ime  x cons tan t  cu r ren t .  This  reduces  the  ac- 
curacy  somewha t  more.  For  accura te  d e t e r m i n a t i o n s  
a cou lomete r  should be employed.  

R e s u l t s  

1. Potentials during je t  etching of p - G e  wi th  
0.1M NaC10, + O.02M NaOH solution, and com- 
parison to the potential values obtained by Gerischer 
and Beck  (1) w i th  the same electrolyte in a stirred 
bath.--Figure 3 shows the  c u r r e n t  po ten t i a l  curves  
for th ree  di f ferent  je t  flow rates.  For  the  sake of 
compar i son  the  curve  ob ta ined  by  Ger i scher  and  
Beck is also shown.  U n f o r t u n a t e l y ,  the s t i r r i ng  ra te  
for this  cu rve  is not  g iven  in  the  p r e l i m i n a r y  p u b -  
l ica t ion  by  Ger i scher  and  Beck. 

The  je t  curves  in  Fig. 3 are  corrected for the 
tota l  RI drop b e t w e e n  base contact  and  t ip of capi l -  
l a ry  in  the fo l lowing  way :  (a) F r o m  the  expe r i -  
m e n t s  on contact  res i s tance  (Fig. 2) the  res i s tance  
of the  base contact  is k n o w n  to be abou t  0.2 ohm. 
(b)  For  the  contac t  j e t / G e  the sp read ing  res i s tance  
ins ide  the Ge is ca lcu la ted  f rom the f o r m u l a  (2) :  

1 

R = 4a~ (where  a = rad ius  of the  contact ,  ~ = 
conduc t iv i ty  of the  Ge)  to be  4.0 ohm for the  large,  
and  6.5 ohm for the smal l  jet.  ( In  the e x p e r i m e n t s  
wi th  the la rge  je t  the u n m a s k e d  area  of the Ge 
was  50 mi ls  r = 0.13 cm r (c) F r o m  the  r e -  
s i s t iv i ty  of the  solut ion (79.3"ohm) and  an  assumed 
dis tance  of 1.3 x 10 ̀3 cm, the  res i s tance  of the  elec- 
t ro ly te  l ayer  b e t w e e n  the  t ip  of the cap i l l a ry  and  
Ge surface  is ca lcu la ted  to be 23.1 ohm for the 
smal l  j e t  (30 rail  r  and  8.1 ohm for the  la rge  
je t  (effect ively 50 mi l  ~). (No correc t ion  has been  
appl ied  for increase  of the  d i s tance  wi th  e tch ing  
because  the curves  were  t a ke n  so r a p i d l y  tha t  the  
add i t iona l  d is tance  is neg l ig ib le  compared  to the 
or ig ina l  d is tance. )  

I t  can be seen f rom Fig. 3 t ha t  the shapes of the  
curves  are qu i te  s imilar .  However ,  the  c u r r e n t  
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p l a t e a u s  occur  a t  m u c h  h i g h e r  v a l u e s  for  t he  j e t  
ope ra t ion ,  a n d  t h e  p l a t e a u s  a r e  no t  so fiat. 

I t  is e v i d e n t  t h a t  t he  v igo rous  s t i r r i n g  ac t ion  of 
the  j e t  causes  a d e c r e a s e  in  t h i cknes s  of the  N e r n s t  
d i f fus ion l aye r .  T h e  fac t  t h a t  t he  pos i t i on  of t he  
c u r r e n t  p l a t e a u s  d e p e n d s  s t r o n g l y  on the  j e t  speed  
shows  t h a t  c o n c e n t r a t i o n  o v e r p o t e n t i a l s  a r e  v e r y  
p r o n o u n c e d  in j e t  o p e r a t i o n  in th is  c u r r e n t  d e n s i t y  
range .  

The  c u r r e n t  p l a t e a u s  o b t a i n e d  w i t h  t h e  j e t  a r e  
no t  as h o r i z o n t a l  as in the  ba th .  This  is due  to t he  
fac t  t h a t  the  c u r r e n t  d e n s i t y  is no t  e x a c t l y  h o m o -  
geneous  ove r  t h e  e t ch ing  area ,  as can  be  seen  f r o m  
the  s l i g h t l y  r o u n d e d  b o t t o m  of t he  e tch  p i t  ob -  
t a i n e d  w i t h  p r o l o n g e d  e tching .  

T h e  c u r r e n t  p l a t e a u s  of c u r v e  2 (100 mi t s  4~ je t ,  
50 mi l s  ~ e t ch ing  area ,  3.1 m / s e c  l i n e a r  j e t  v e l o c i t y )  
and  of c u r v e  3 (30 mi l s  r je t ,  30 mi l s  ~b e t ch ing  area ,  
9.3 m / s e c  l i n e a r  j e t  ve loc i t y )  occur  at  no t  g r e a t l y  
d i f fe ren t  c u r r e n t  dens i t ies ,  w h e r e a s  the  c u r r e n t  
p l a t e a u  of  c u r v e  4 (30 mi l s  ~ jet ,  30 mi l s  ~ e t c h ing  
area ,  12.4 m / s e c  l i n e a r  j e t  v e l o c i t y )  is sh i f t ed  to a 
m u c h  h i g h e r  c u r r e n t  dens i ty .  

The  t h i cknes s  of t he  N e r n s t  d i f fus ion  l a y e r ,  w h i c h  
d e t e r m i n e s  the  pos i t i on  of the  c u r r e n t  p l a t eau ,  is 
a p p a r e n t l y  s m a l l e r  in t he  case  of c u r v e  2 t h a n  
w o u l d  be  e x p e c t e d  f r o m  the  a v e r a g e  flow r a t e  of 
the  j e t  ( m e a s u r e d  as v o l u m e / t i m e ) .  This  m u s t  be  
d u e  to t he  fac t  t h a t  t h e  50 mi l s  r e t ch ing  a r e a  is 
e x p o s e d  to  t he  h i g h e r  flow v e l o c i t y  in  t h e  cen t e r  of 
the  100 mi l s  ~b je t .  The  s m a l l  d i s t ance  b e t w e e n  je t  
nozz le  and  Ge su r f ace  (2 m m  ~ 80 mi l s )  is a p -  
p a r e n t l y  no t  sufficient  to supp re s s  t he  ve loc i t y  p r o -  
file of t he  j e t  s t r e am.  

A r o u g h  ca l cu l a t i on  ind ica t e s  t h a t  the  t h i c k n e s s  
of t he  N e r n s t  d i f fus ion  l a y e r  is a b o u t  25 t i m e s  
s m a l l e r  for  cu rve  4 t h a n  for  c u r v e  1. 

The  a g r e e m e n t  b e t w e e n  cu rve  1 ( b a t h  o p e r a t i o n )  
and  cu rves  2-4 ( j e t  o p e r a t i o n )  is s a t i s f a c t o r y  w h e n  
cons ide r ing  the  d e v i a t i o n s  f r o m  idea l  cond i t ions  
m e n t i o n e d  a b o v e  and  shows  t h a t  e s s e n t i a l l y  t he  
s ame  e l e c t r o d e  p rocess  t a k e s  p l ace  in  j e t  e t ch ing  as 
in  b a t h  ope ra t i on .  

As  to  t h e  i n t e r p r e t a t i o n  of t h e  curves ,  r e f e r e n c e  
is m a d e  to t he  p u b l i c a t i o n  b y  G e r i s c h e r  and  Beck  
(1) .  A c c o r d i n g  to these  a u t h o r s  t he  a n o d e  r e a c t i o n  
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Fig. 4. Current-potential relationship at high current den- 
sities. Same electrolyte as in Fig. 3. 1 ohm-cm p-Ge, 0.1M 
NaCIO, -k 0.02M NaOH; flow rate: 12.4 m/sec. 
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Fig. 5. Current-potential relationship in dilute H=SO, at low 
current densities. 1 ohm-cm p-Ge, 0.2N H=SO4; flow rate: 
9.3 m/sec. 

on the  f irst  a s cend ing  b r a n c h  is b e t w e e n  Ge and  
OH- ions, and  on the  second  a s c e n d i n g  b r a n c h  b e -  
t w e e n  Ge and  H20 molecu les .  The  c u r r e n t  p l a t e a u  
ind i ca t e s  d e p l e t i o n  of OH-  ion s u p p l y  a t  t h e  surface .  

This  so lu t ion  (0.1M NaC10,  + 0.02M N a O H )  is 
not  an  e l e c t r o p o l i s h i n g  so lu t ion  on Go. I t  does no t  
r e v e a l  c r y s t a l  s t r uc tu r e ,  b u t  n e i t h e r  does  i t  r e m o v e  
a n y  su r f a c e  s t r u c t u r e  p r e s e n t  p r i o r  to j e t  e tch ing .  

F i g u r e  4 shows  an  e x p e r i m e n t  ( w i t h  t he  30 m i l  
~b j e t  a t  a flow r a t e  of 12.4 m / s e c )  in w h i c h  the  
c u r r e n t  d e n s i t y  was  i n c r e a s e d  to 13 a m p / c m  ~. The  
a d d i t i o n a l  RI drop  caused  b y  e t ch ing  at  h igh  c u r r e n t  
dens i t i e s  is c l e a r l y  seen  on th i s  g r a p h  f r o m  t h e  
d i f fe rence  of t he  p o t e n t i a l s  on the  w a y  up  and  down.  
In  add i t ion ,  a second  l eve l l i ng  of  t he  c u r r e n t  is 
o b s e r v e d  at  a b o u t  5 a m p / c m  ~. This  l e v e l l i n g  m a r k s  
t he  b e g i n n i n g  of o x y g e n  evo lu t i on  (as  i n d i c a t e d  b y  
c u r r e n t  eff iciency m e a s u r e m e n t s ) ,  a n d  is p r o b a b l y  
connec t ed  w i t h  t he  b u i l d u p  of an ox ide  l aye r .  A t  
c u r r e n t  dens i t i e s  m u c h  b e l o w  5 a m p / c m  ~ t h e r e  is 
no i n d i c a t i o n  of an  i nc rea se  in t h i ckness  of a h y -  
p o t h e t i c a l  ox ide  l a y e r  w i t h  t ime :  t he  c u r r e n t  can  
be  he ld  c o n s t a n t  w i t h o u t  caus ing  an  i nc rea se  of 
p o t e n t i a l  w i t h i n  a r e a s o n a b l e  l e n g t h  of t ime.  A b o v e  
5 a m p / c m  ~ an  i nc rea se  of p o t e n t i a l  w i t h  t i m e  a t  
cons t an t  c u r r e n t  is o b s e r v e d  b u t  canno t  be  d i s -  
t i n g u i s h e d  eas i ly  f r o m  a n  a d d i t i o n a l  R / d r o p  caused  
b y  e t ch ing  un les s  t r a n s i e n t  t e c hn ique s  w e r e  to b e  
e m p l o y e d .  

These  r e m a r k s  also a p p l y  to the  c u r r e n t  l eve l s  
o b s e r v e d  a t  v e r y  h igh  c u r r e n t  dens i t i e s  w i t h  t he  
o t h e r  e l e c t r o l y t e s  e m p l o y e d  in th is  i nves t iga t ion .  

2. C u r r e n t - p o t e n t i a l  curves  obta ined  w i t h  a 0.2N 
solu t ion  o] H~SO4.- -F igure  5 shows the  c u r v e  o b -  
t a i n e d  w i t h  0.2N H2SO, at  l ow  c u r r e n t  dens i t ies ,  
and  Fig.  6 at  h i g h  c u r r e n t  dens i t ies .  A second  l e v e l -  
l ing  of the  c u r r e n t  is aga in  o b s e r v e d  in Fig .  6, b u t  
i t  is r e m a r k a b l e  t h a t  in t he  r eg ion  of  t he  l e v e l l i n g  
the  c u r r e n t  for  a g iven  p o t e n t i a l  is l a r g e r  on the  
w a y  d o w n  t h a n  on the  w a y  up.  A t  h i g h e r  c u r r e n t  
dens i t i e s  the  c u r v e  t a k e n  u p w a r d  co inc ides  w i t h  
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t he  d o w n w a r d  curve .  This  sugges t s  t h a t  in  th is  r e -  
g ion  the  a d d i t i o n a l  RI d r o p  caused  b y  e t ch ing  is 
c o m p e n s a t e d  b y  a dec rea se  of p o t e n t i a l  w i t h  t i m e  
at  cons t an t  cu r r en t .  The  shape  of the  c u r v e  in the  
r eg ion  of l ow  po t en t i a l s  is m a r k e d l y  d i f fe ren t  f r o m  
the  one o b t a i n e d  w i t h  the  N a C 1 O d N a O H  so lu t ion  
and  g ives  ev idence  t h a t  d i f fe rences  in  e l e c t r o d e  
processes  can  be o b s e r v e d  b y  p o t e n t i a l  m e a s u r e -  
m e n t s  w i t h  the  p r e s e n t  j e t  t echn ique .  

Su l fu r i c  ac id  has  d i s t i nc t  e l e c t r o p o l i s h i n g  p r o p -  
e r t i e s  on Ge, bu t  i t  s t i l l  t a k e s  t ime  for  i n i t i a l l y  
p r e s e n t  su r f ace  s t r u c t u r e s  to d i s a p p e a r .  

3. Current-potent ia l  curves obtained w t h  0.2N 
H2SO4 wi th  the addition of a wet t ing  agent . - -Figure  
7 shows  the  c u r r e n t - p o t e n t i a l  cu rves  o b t a i n e d  w i t h  
a 0.2 N H2SO~ + 1 c c / l i t e r  of  H y a m i n e  2389 [ A l k y l  
(C~-C~) t o l y l m e t h y l t r i e t h y l  a m m o n i u m  c h l o r i d e  
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Fig. 7. Effect of addit ion of hyamine to dilute sulfuric 
acid. 1 ohm-cm p-Ge, 0.2N H2SO~ -k 1 cc hyamine/ l i te r ;  f low 
rate: 9.3 m/sec. 
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Fig. 8. Current-potent ial  curves on p-Si in acidic f luoride 
solution. 1 ohm-cm p-Si, 8 g NaF -}- 40 g NH4HFff l i ter ;  f low 
rate: 9.3 m/see. 

50%, H,O 50%;  R o h m  & H a a s  C o m p a n y ] .  The  h igh  
a n o d e  po t e n t i a l s  a r e  r e m a r k a b l e .  I t  is k n o w n  t h a t  
a r o m a t i c  amines  a r e  a d s o r b e d  to an  a p p r e c i a b l e  e x -  
t en t  also on an  anod ic  surface ,  and  t ha t  t h e y  a r e  d e -  
so rbed  at  h igh  anode  p o t e n t i a l s  (3) .  The  s u d d e n  
j u m p  in c u r r e n t  a t  + 4.2 v sugges t s  t h a t  t he  o rgan ic  
agen t  is p a r t i a l l y  d e s o r b e d  at  th is  po t en t i a l ,  c aus ing  
the  c u r r e n t  to a p p r o a c h  the  v a l u e  for  a c l ean  Ge 
sur face .  

4. Ef]ect of crystal or ientat ion.- -No di f fe rence  
in p o t e n t i a l  va lue s  was  o b s e r v e d  for  t he  {111} and  
the  {110} p lane .  

5. Current-potent ial  curves during je t -e tching  
of p - S t  wi th  a solution of 40 g NH4HF,~ + 8 g 
NaF/ l i t er  H 2 0 . - - F i g u r e  8 shows  a t y p i c a l  c u r r e n t -  
p o t e n t i a l  c u r v e  in t he  low,  and  Fig.  10 in t he  h igh  
c u r r e n t  d e n s i t y  range .  In  t he  r eg ion  b e t w e e n  4 and  
5 v the  p o t e n t i a l  va r i e s  i r r e g u l a r l y  and  r a t h e r  v io -  
l en t  f luc tua t ions  occur  if t he  c u r r e n t  in th is  r eg ion  
is he ld  cons tan t .  The  a m p l i t u d e s  of the  osc i l l a t ions  
a r e  d a m p e d  if  t he  cu rves  a r e  t a k e n  w i t h  h i g h e r  
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Fig. 9. Increasing size of etched area relative to jet  size 
does not affect the general shape of the curve. 1 ohm-cm 
p-Si, 8 g NaF 2r- 40 g NH~HF2/liter; f low rate: 12.4 m/sec; 
etching area 16 times jet size. 
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Fig ] 0. Cur ren t -po ten t ia l  curves in the same e lect ra ly te at  
h igh cur ren t  densit ies. I ohm-cm p-5i, 8 g NaF -I- 40  g 
NH~HF~/liter, f low rate: 12.4 m/sec. 
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Fig. 11. Current-potent ial  curves in an electro lyte contain- 
ing less acid. ] ohm-cm p-Si, 8 g NaF -I- 5 cc 4 8 %  HF/ l i te r ;  
f low rate: 9.3 m/sec. 

speed.  A l so  the  j e t  flow r a t e  has  some inf luence.  I t  
was  of i n t e r e s t  to f ind out  w h e t h e r  t h e  f luc tua t ions  
a r e  caused  b y  p h e n o m e n a  o c c u r r i n g  at  t he  edges  of 
the  m a s k i n g  tape .  In  Fig .  9 t he  d i a m e t e r  of the  u n -  
m a s k e d  Si su r face  was  4 t i m e s  the  j e t  d i a m e t e r ;  
the  c o n t r i b u t i o n  b y  p h e n o m e n a  at  the  p e r i p h e r y  
m a y  t h e r e f o r e  be  e x p e c t e d  to be  less.  The  f luc tua -  
t ions  n e v e r t h e l e s s  show up  v e r y  c l ea r ly .  Also  in  Fig .  
9 two  po in t s  a r e  m a r k e d  at  w h i c h  the  c u r r e n t  was  
he ld  cons t an t  for  5 sec each  w i t h o u t  caus ing  osc i l -  
l a t ions .  U n d e r  the  cond i t ions  of th is  e x p e r i m e n t  t he  
osc i l l a t ions  a r e  conf ined to t he  r eg ion  b e t w e e n  16 
and  31 ma.  

A s i m i l a r  r eg ion  of c u r r e n t - p o t e n t i a l  i n s t a b i l i t y  
in  t h e  anod ic  o x i d a t i o n  of Si  has  been  r e p o r t e d  b y  
T u r n e r  (5) .  No " r u n - a w a y "  r eg ion  of d e c r e a s i n g  
p o t e n t i a l  w i t h  i n c r e a s i n g  c u r r e n t  as n o t e d  b y  
T u r n e r  was  o b s e r v e d  in our  e x p e r i m e n t s  p r e s u m -  
a b l y  b e c a u s e  t h e  r e s i s t a n c e  of t he  e l e c t r o l y t e  j e t  is so 
h igh  ( s e v e r a l  K - o h m s )  t h a t  v a r i a t i o n s  in  e l ec -  
t r o d e  p o t e n t i a l  do no t  affect  t he  c u r r e n t  no t i ceab ly .  

P o t e n t i a l s  b e l o w  1 v w e r e  no t  v e r y  r e p r o d u c i b l e ;  
th is  is p r o b a b l y  connec t ed  w i t h  t he  a b i l i t y  of Si  to 
fo rm  a t h i c k  ox ide  f i lm in con tac t  w i t h  air .  Thus  
p o t e n t i a l s  in  th is  r e g i o n  d e p e n d  on the  p r e v i o u s  h i s -  
t o r y  of the  sample ,  e spec i a l l y  on the  t i m e  e l a p s e d  
s ince t h e  w a f e r  was  p o l i s h e d  c h e m i c a l l y  ( w i t h  CP  
4). 

A t h i c k  a i r - f o r m e d  f i lm wi l l  no t  e tch  a w a y  
r a p i d l y  be fo re  a c r i t i ca l  p o t e n t i a l  is r eached ,  as 
can  be  seen  f r o m  the  fo l lowing  e x p e r i m e n t .  P h o t o -  
d iodes  on n - S t  w h i c h  h a d  been  exposed  to a i r  for  
a long t i m e  a f t e r  t h e i r  m a n u f a c t u r e  w e r e  b i a s e d  
r e v e r s e l y  ( +  0.25 v ) ,  and  l i gh t  was  shone  t h r o u g h  
the  r u n n i n g  e l e c t r o l y t e  j e t  a i m e d  a c c u r a t e l y  a t  t he  
f ron t  su r f ace  of t he  pho tod iode .  (The  d iode  a r e a  

in  these  e x p e r i m e n t s  was  30 s q u a r e  mils ,  the  j e t  
d i a m e t e r  w a s  20 mils ,  a n d  t h e  f r o n t  s u r f a c e  of t h e  
Si  h a d  no t  been  m a s k e d ;  the  d iode  con tac t  on t h e  
r e v e r s e  s ide  was,  of course ,  i n s u l a t e d  a g a i n s t  con-  
t ac t  w i t h  t he  e l ec t ro ly t e . )  The  s a t u r a t i o n  c u r r e n t  
of t he  p h o t o d i o d e  i n c r e a s e d  to a v a l u e  d e t e r m i n e d  
b y  the  l i gh t  i n t ens i ty .  A n  i n c r e a s i n g  anod ic  c u r r e n t  
was  n o w  a p p l i e d  b e t w e e n  the  Si  base  con tac t  a n d  
an  a u x i l i a r y  e l ec t rode  in  t he  je t ,  so t h a t  t he  j e t  
shou ld  n o w  also act  as a co l l ec to r  for  the  holes  i n -  
j e c t e d  b y  the  l igh t .  U n t i l  a c u r r e n t  of  7 m a  was  
r eached ,  the  c u r r e n t  of the  d iode  was  qu i t e  i n d e -  
p e n d e n t  of the  j e t  cu r r en t ,  p r o v i n g  t h a t  up  to 7 m a  
the  d i s c h a r g e  of oxygen ,  i.e., t he  i n j ec t i on  of m a -  
j o r i t y  c a r r i e r s  ( e l ec t rons )  was  t h e  m a i n  anod ic  
process .  B e y o n d  7 m a  t h e  d iode  c u r r e n t  d e c r e a s e d  
a b r u p t l y  to n e a r  t he  r e v e r s e  s a t u r a t i o n  c u r r e n t  in 
da rknes s ,  the  j e t  n o w  co l l ec t ing  p r a c t i c a l l y  a l l  t he  
i n j e c t e d  holes.  

I f  t he  e l e c t r o l y t e  j e t  ( s a m e  N H , H F J N a F  c o m -  
pos i t ion  as a b o v e )  is a i m e d  a t  the  Si. su r f ace  w i t h -  
out  a p p l i c a t i o n  of a cu r ren t ,  a th in ,  s e m i t r a n s p a r -  
en t  w h i t e  f i lm is fo rmed ,  b u t  t he  r e a c t i o n  is v e r y  
s low and  the  Si  is no t  a t t a c k e d  a p p r e c i a b l y  w i t h i n  
20 min .  I t  is t h e r e f o r e  m o r e  l i k e l y  t h a t  t he  a i r -  
f o r m e d  SiO2 f i lm r a t h e r  t h a n  the  f o r m a t i o n  of th is  
w h i t i s h  c o m p o u n d  is r e s p o n s i b l e  for  t h e  poor  r e -  
p r o d u c i b i l i t y  of t he  p o t e n t i a l s  b e l o w  i v. In  our  
e x p e r i m e n t s  t he  c u r r e n t  d e n s i t y  r a n g e  0-25 m a / c m  ~ 
was  u s u a l l y  t r a v e r s e d  w i t h i n  1 sec or  less.  

If, on the  o the r  hand ,  j e t  e t ch ing  is done  on p u r -  
pose  at  a c o n s t a n t  c u r r e n t  d e n s i t y  of  25 m a / c m  ~ 
for  a p r o l o n g e d  p e r i o d  of t ime ,  t he  Si  is e t ched  
d e e p l y  a n d  the  su r f ace  becomes  c o v e r e d  w i t h  a 
f i rmly  a d h e r e n t  co lor less  compound ,  w h i c h  is no t  
so lub le  in wa t e r ,  s l o w l y  in  CP 4, and  d i sso lves  
s l o w l y  in s t r ong  N a O H  w i t h  evo lu t i on  of a gas, 
p r e s u m a b l y  h y d r o g e n .  The  subs t ance  is t hus  s i m i -  
l a r  to b u t  no t  i d e n t i c a l  w i t h  t he  one d e s c r i b e d  b y  
T u r n e r  (5) .  

A t  l a rge  c u r r e n t  dens i t i e s  ( a b o u t  6 a m p / c m  2) 
o x y g e n  e v o l u t i o n  occurs  as a s ide  reac t ion ,  as shown  
b y  the  c u r r e n t  eff iciency m e a s u r e m e n t s  ( see  b e l o w ) .  

6. Current-potential  curves abtained with a 
solution of 8.4 g N a F  ~- 5 cc 48% HF/l i ter . - -This  
so lu t ion  h a d  been  used  e x t e n s i v e l y  in  p r a c t i c e  b u t  
was  s a t i s f a c t o r y  on ly  at  v e r y  low c u r r e n t  dens i t ies .  
F i g u r e  11 shows  c o n v i n c i n g l y  t ha t  a t  h igh  c u r r e n t  
dens i t i e s  a h igh  r e s i s t ance  SiO~ f i lm is f o r m e d  
w h i c h  does  no t  d i s a p p e a r  q u i c k l y  even  w h e n  the  
c u r r e n t  d e n s i t y  is l owered .  

7. Measurements  of current efficiency in the  jet  
etching of p-Ge and p - S t . - - W h e n  e t ch ing  p - G e  w i t h  
d i l u t e  su l fu r i c  ac id  t he  c u r r e n t  eff iciency b a s e d  on 
a v a l e n c y  of  -~4 is u s u a l l y  c lose  to 100% or  j u s t  
be low,  r e g a r d l e s s  of w h e t h e r  the  Ge su r f ace  is 
m a s k e d  or  not.  Up to m o d e r a t e l y  h igh  c u r r e n t  d e n s i -  
t ies  t he  c u r r e n t  eff iciency does  no t  s eem to d e p e n d  
m u c h  on c u r r e n t  dens i t y ;  a t  h igh  c u r r e n t  dens i t i e s  
o x y g e n  is d i s c h a r g e d  as a s ide  r e a c t i o n  and  the  
c u r r e n t  eff iciency drops .  

In  so lu t ions  c on t a in ing  h a l i d e  ions, m o r e  c o m p l e x  
p h e n o m e n a  occur  if t he  su r f a c e  is no t  m a s k e d .  C u r -  
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Table I 

E l e c t r o l y t e :  40 g NH4HF2 § 8 g N a F / l i t e r ;  F l o w  ra te :  3.1 m / s e e  

~0.025 0.05< • <0.5 0.5< X <2 Curren t  dens i ty  
range,  amp /e r a  -~ 

% Curren t  effi- 
ciency 

Remarks  

2< X <15 

>>160 485-115 115-95 95-75 

Shiny but  not  pol ished 
surface;  a t  h igher  cur-  
ren t  densi t ies  t rans i t ion  
to electropolishing.  

Etched area  covered wi th  
adheren t  whi te  deposit ,  
ac tual  loss of Si therefore  
much greater ,  i.e., cu r ren t  
efficiency > >  160%. Sur-  
face bad ly  p i t t ed  under  
the deposit.  

Good elect ropol ish  at  Elec t ropol ish ing con- 
h igher  cur ren t  den- commitan t  wi th  02 
sities evolut ion 

r e n t  efficiencies as h igh  as 120% can  be  o b s e r v e d  in 
HC1 solut ion.  This  m a y  w e l l  b e  due  to the  " e d g e -  
effect"  d e s c r i b e d  b y  J i r s a  (4)  who  f o u n d  t h a t  Ge 
goes in to  so lu t ion  + 4  v a l e n t  ove r  t he  w h o l e  c u r r e n t  
d e n s i t y  r a n g e  and  in  a l l  e l e c t r o l y t e s  i n v e s t i g a t e d  b y  
h im (HC1, H~SO4, KOH,  NH4OH),  b u t  t h a t  a t  t he  
i n t e r f ace  s o l u t i o n / a i r / G e  d i v a l e n t  Ge ions a r e  
f o r m e d  b y  the  r eac t i on :  Ge '§ + Ge -* 2 Ge ~. 

In  c o n t r a d i s t i n c t i o n  to the  b e h a v i o r  of Ge v e r y  
l a r g e  d e v i a t i o n s  f r o m  a c u r r e n t  eff iciency of 100% 
w e r e  o b s e r v e d  on Si. Tab le  I s u m m a r i z e s  t he  resu l t s .  

I t  is v e r y  r e m a r k a b l e  t h a t  a p p a r e n t  c u r r e n t  effi- 
c ienc ies  > 400% a re  o b t a i n e d  at  l ow  c u r r e n t  d e n s i -  
t ies .  Th is  ru l e s  out  a n y  e x p l a n a t i o n  b a s e d  on d i s -  
so lu t ion  of Si as ions of l o w e r  va l ency .  I t  seems  in 
fac t  t ha t  an  e x p l a n a t i o n  m u s t  be  sough t  a long  the  
l ines  of  the  n e g a t i v e  d i f fe rence  effect  i n v e s t i g a t e d  
b y  S t r a u m a n i s  (6) .  A c o r r e s p o n d i n g  effect  is no t  
f o u n d  on  Ge  w h i c h  is m o r e  nob le  t h a n  h y d r o g e n .  
This  l ends  s u p p o r t  to t he  a s s u m p t i o n  t ha t  c u r r e n t  
eff iciencies > 200% a r e  caused  b y  c u r r e n t  flow b e -  
t w e e n  loca l  anodes  and  ca thodes .  The  loca l  c a t h -  
odes  a r e  e v i d e n t l y  c r e a t e d  b y  an  i m p r e s s e d  anod ic  
c u r r e n t  in  t he  m a n n e r  d e s c r i b e d  b y  S t r a u m a n i s  (6 ) .  
The  effect  d i s a p p e a r s  a t  l a r g e r  anod ic  p o t e n t i a l s  b e -  
cause  the  h y d r o g e n  evo lu t ion  r e a c t i o n  is t h e n  
s u p p r e s s e d  on the  Si sur face .  

A t  v e r y  l a r g e  c u r r e n t  dens i t i e s  o x y g e n  evo lu t i on  
occurs  b u t  in t h e  g iven  e l e c t r o l y t e  Si  does  no t  p a s s i -  
va te ,  a t  l eas t  no t  b e l o w  20 a m p / c m  ~, the  h ighes t  
c u r r e n t  d e n s i t y  i nves t i ga t ed .  
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ABSTRACT 

Ant imony,  copper,  silver,  p la t inum,  and gold can be deposi ted on sil icon by  
e lec t rochemical  displacement .  The d isp lacement  p la t ing  process induces po ten-  
t ia l  differences be tween  ab raded  and pol ished n -  and p - t y p e  silicon. This r e -  
sults in meta l  being deposi ted at  different  ra tes  on the four  types  of silicon 
surfaces which  in t u rn  produces  p - n  junct ion  del ineat ion.  The process also 
shows up abrup t  changes in the  impur i t y  concentra t ion  at  the  surface. The 
m a x i m u m  resolut ion  be tween  junct ions  in a mul t ip le  junc t ion  c rys ta l  is about  
2 microns.  

A n u m b e r  of c h e m i c a l  t r e a t m e n t s  h a v e  been  d e -  
ve loped  to  show up  p -  a n d  n - r e g i o n s  on  the  su r f a c e  
of s i l icon s ing le  c rys t a l s .  The  first  was  d e v i s e d  b y  
F u l l e r  (1)  and  cons i s t ed  of t r e a t i n g  the  Si  in  H F  
so lu t ions  con ta in ing  a s m a l l  a m o u n t  of HNO~. This  
so lu t ion  s ta ins  p - t y p e  r eg ions  d a r k e r  t h a n  the  
n - t y p e .  S i l v e r m a n  and  Benn  (2)  w e r e  ab le  to p o r -  
t r a y  j u n c t i o n s  on Si  w i t h  A u  d e p o s i t e d  b y  e l e c t r o -  
c h e m i c a l  d i s p l a c e m e n t  f r o m  a go ld  c y a n i d e  p l a t i n g  
so lu t ion  in  the  p r e s e n c e  of l ight .  R e c e n t l y  W h o r i s k e y  
(3)  has  i m p r o v e d  on the  r e p r o d u c i b i l i t y  of t he  H F  
s t a in  m e t h o d  b y  e l i m i n a t i n g  the  HNO~ and  i l l u m i -  
n a t i n g  the  j u n c t i o n  w i t h  w h i t e  l ight .  He  also r e p o r t s  
good j u n c t i o n  d e l i n e a t i o n  us ing  w h i t e  l i gh t  and  a 
copper  n i t r a t e  so lu t ion  con ta in ing  a s m a l l  a m o u n t  of 
HF.  I les  and  Coppen  (4) o b t a i n e d  j u n c t i o n  d e l i n e a -  
t ion  on Si  in a d i l u t e  s i l v e r - f l u o r i d e  solu t ion .  T h e y  
r e p o r t e d  t h a t  A g  d e p o s i t e d  p r e f e r e n t i a l l y  on the  
l o w e r  c o n d u c t i v i t y  m a t e r i a l  r e g a r d l e s s  of c o n d u c -  
t i v i t y  t y p e  in  t he  d a r k  or  w i t h  r o o m  l ight .  

The  p u r p o s e  of th is  p a p e r  is to d e s c r i b e  a m e t h o d  
of o b t a i n i n g  v e r y  s h a r p  p - n  j u n c t i o n  d e l i n e a t i o n  on 
Si  in  ac id  f luor ide  d i s p l a c e m e n t  p l a t i n g  so lu t ions  
w i t h o u t  t he  a id  of l ight .  W a l t z  (5)  and  W a n g  (6) 
h a v e  d e p o s i t e d  m e t a l s  on Si  b y  e l e c t r o c h e m i c a l  d i s -  
p l a c e m e n t  f r o m  ac id  f luor ide  so lu t ions  for  t he  p u r -  
pose  of m a k i n g  ohmic  contac ts .  T h e i r  so lu t ions  a r e  
no t  s u i t a b l e  for  j u n c t i o n  de l inea t ion .  

Electrochemical displacement plating on S i . - - O n e  
m e t a l  p l a t e s  on a n o t h e r  b y  e l e c t r o c h e m i c a l  d i s p l a c e -  
m e n t  w h e n  the  d e p o s i t i n g  m e t a l  is m o r e  n o b l e  ( e l e c -  
t r o p o s i t i v e )  t h a n  the  m e t a l  r e c e i v i n g  the  depos i t .  
P l a t i n g  is l i t e r a l l y  b y  d i s p l a c e m e n t ,  for  each  m i l l i -  
g r a m - e q u i v a l e n t  of m e t a l  depos i t i ng  on Si  a t  c a -  
t hod ic  si tes,  i . r a g - e q u i v a l e n t  of Si  d i s so lves  at  
anodic  sites.  The  t o t a l  anode  cu r ren t ,  t he re fo re ,  
equa l s  t he  t o t a l  c a thode  cu r ren t .  The  r a t e  of m e t a l  
depos i t i on  b y  d i s p l a c e m e n t  can  be  c o n t r o l l e d  b y  
r e g u l a t i n g  the  r a t e  of t he  a n o d e  reac t ion .  S i l i con  d i s -  
solves  a n o d i c a l l y  b y  first  f o r m i n g  an  oxide .  Unless  
the  e l e c t r o l y t e  is c a p a b l e  of d i s so lv ing  the  oxide ,  t he  
anode  r e a c t i o n  w i l t  s top  a f t e r  t h e  o x i d e  bec ome s  a 
few a t o m  l a y e r s  th ick .  D i s p l a c e m e n t  p l a t i n g  also 
wi l l  s top  u n d e r  t hese  condi t ions .  S i l v e r m a n  a n d  

Benn  (2)  w e r e  ab l e  to de pos i t  A u  on Si  b y  d i s p l a c e -  
m e n t  f r o m  a go ld  c y a n i d e  p l a t i n g  so lu t ion  b e c a u s e  
ho t  s t r o n g l y  a l k a l i n e  so lu t ions  d i s so lve  s i l icon d i -  
ox ide  f o r m i n g  a so lub le  s i l i ca te  c o m p l e x :  

SiO:  + 2 K O H  -) K~SiO~ + I-L~O 

F o r  t he  s a m e  reason ,  Cu can  be  d e p o s i t e d  on Si  b y  
d i s p l a c e m e n t  in a ho t  a l k a l i n e  Cu p l a t i n g  solut ion .  

H y d r o f l u o r i c  ac id  d i s so lves  SiO~ b y  f o r m i n g  a 
so lub le  s i l i cof luor ide  c o m p l e x :  

SiO.~ + 6HF--> H:SiF~ + 2I-I~O 

The  r a t e  of Si  d i s so lu t ion  a t  anod ic  si tes,  and  t h e r e -  
fo re  t he  m e t a l  depos i t i on  r a t e  a t  c a thode  si tes,  in  
ac id  f luor ide  d i s p l a c e m e n t  p l a t i n g  so lu t ions  can  be  
r e g u l a t e d  b y  con t ro l l i ng  the  r a t e  of mass  t r a n s f e r  of 
H F  f r o m  the  so lu t ion  b u l k  to t h e  anode  si tes.  Th is  is 
done  eas i ly  b y  a d j u s t i n g  the  b u l k  H F  c o n c e n t r a t i o n  
in t he  p l a t i n g  so lu t ion .  

Experimental Methods and Results 
F i v e  d i f fe ren t  m e t a l s  w e r e  d e p o s i t e d  on Si  b y  

e l e c t r o c h e m i c a l  d i s p l a c e m e n t :  Sb,  Cu, Ag,  Pt ,  a n d  
Au.  The  aqueous  so lu t ions  con ta in  s imp le  m e t a l  sa l t s  
p lu s  d i f f e ren t  a m o u n t s  of H F  as s h o w n  in T a b l e  I. 
T h e y  a re  a l l  u sed  at  r o o m  t e m p e r a t u r e .  The  m e t a l s  
in  T a b l e  I a r e  a r r a n g e d  acco rd ing  to t he  e l e c t r o -  
m o t i v e  ser ies .  A n t i m o n y  is t he  mos t  e l e c t r o n e g a t i v e  
of t he  g r o u p  w h i l e  A u  is t he  mos t  e l ec t ropos i t i ve .  
The  a m o u n t  of I.IF used  in  each  so lu t ion  is b e l i e v e d  
to be  o p t i m u m  for  t he  s h a r p e s t  j u n c t i o n  de l inea t ion .  
A 2 - m i n  t r e a t m e n t  is u s u a l l y  suff icient  to  p o r t r a y  
p - n  j u n c t i o n s  in  t he  so lu t ions  of T a b l e  I. A t  l o w e r  
H F  concen t r a t i ons ,  the  t i m e  r e q u i r e d  for  d e l i n e a t i o n  
increases ,  and  the  depos i t  o f t en  is no t  un i fo rm.  
H i g h e r  H F  c o n c e n t r a t i o n s  r e s u l t  in r a p i d  m e t a l  d e -  
pos i t i on  on bo th  s ides  of t he  p - n  j u n c t i o n  so t h a t  
d e l i n e a t i o n  is poor  or  imposs ib le .  A t  a g iven  H F  con-  
cen t r a t i on ,  the  r a t e  of m e t a l  depos i t i on  b y  d i s p l a c e -  
m e n t  on Si  i nc reases  t h e  m o r e  e l e c t r o p o s i t i v e  t h e  
me ta l .  The re fo re ,  A u  w i l l  depos i t  f a s t e r  t h a n  the  
o t h e r  me ta l s .  Ra te s  of m e t a l  depos i t i on  m a y  be  
equa l i zed ,  h o w e v e r ,  b y  d e c r e a s i n g  t h e  H F  c o n c e n -  
t r a t i o n  as t he  m e t a l  becomes  m o r e  e l e c t r o p o s i t i v e  
as s h o w n  in T a b l e  I. 
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Table I. Solutions for junction delineation on Si 

M e t a l  cc 48 % 
d e p o s i t e d  M e t a l  s a l t  g/1 H F / 1  

Sb SbF3 400 500 
Cu CuSO~- 5H20 200 10 
Ag AgNO3 40 4 
Pt  H.~PtCI~. 6H.~O 3 2 
Au AuC13 10 0.3 

E x p e r i m e n t s  were  car r ied  out  w i th  s ingle  c rys ta l  
bars  of n -  and  p - t y p e  St, ha l f - sec t ions  of crys ta ls  
w i th  pn  junc t ions ,  and  bars  wi th  e i ther  s ingle  or 
m u l t i p l e  r a t e - g r o w n  junc t ions .  The surface  was  p re -  
pa red  by  e i ther  l app ing  wi th  No. 600 SiC on glass or 
b r igh t  e tching  in  an  acid m i x t u r e  con ta in ing  HNO3, 
HF, and  acetic acids. 1 Si l icon samples  are  used i m-  
med ia t e ly  af ter  l app ing  or etching.  

Adhes ion  of meta l s  deposi ted by  e lec t rochemica l  
d i sp l acemen t  is r e l a t i ve ly  poor as compared  to elec-  
t rop la ted  deposits.  This  is due, at  leas t  in  par t ,  to 
the u n d e r m i n i n g  act ion of the anodic  reac t ion  which  
tends  to dissolve Si f rom u n d e r  the  me t a l  deposi ted 
by  d isp lacement .  As expected,  the  adhes ion  of dis-  
p l a c e m e n t  p l a t ed  meta l s  is be t t e r  on ab raded  t h a n  
on pol ished Si surfaces.  The  most  a d h e r e n t  deposi ts  
were  ob ta ined  wi th  Sb and  Cu on ab raded  surfaces.  
The re la t ive  adhes ion  of d i sp l acemen t  p la ted  me ta l s  
on Si is lower  the more  nob le  the metal .  Gold de-  
posits have  the  poores t  adhes ion  and  on pol ished 
surfaces the  deposit  is u s u a l l y  pu l l ed  off by  the su r -  
face t ens ion  of the so lu t ion  as the sample  is removed.  
Adhes ion  of the  other  meta l s  deposi ted on chem-  
ical ly  pol ished si l icon was  adequa te  for the purpose  
of p o r t r a y i n g  junc t ions .  

The best  reso lu t ion  of p n  j unc t i ons  was  ob ta ined  
wi th  Cu and  Ag. Most of the  e x p e r i m e n t a l  w o r k  was  
done  wi th  the aqueous  so lu t ion  con t a in ing  200 g / l  
CuSO~-5H~O and  10 cc 48% HF/1. For  the  r e m a i n d e r  
of the paper ,  it wi l l  s imply  be cal led the  Cu solut ion.  

The solut ions  in  Tab le  I wi l l  deposi t  me ta l  u n i -  
f o r m l y  on n -  or p - t y p e  Si spec imens  w i th  e i ther  
ab raded  or pol ished surfaces.  If the Si con ta ins  a p - n  
j u n c t i o n  and  the  surface  is e i ther  all  ab raded  or all  
chemica l ly  polished,  me t a l  aga in  deposits  fa i r ly  u n i -  
formly ,  and  j u n c t i o n  de l inea t ion  is poor if d i sce rn -  
ible at all. This  can be improved  if the  p - n  j u n c t i o n  
area  is i l l u m i n a t e d  wi th  wh i t e  l ight  (2 -4) .  

In  order  to ob ta in  sharp  p - n  j u n c t i o n  de l inea t ion  
on Si in  the  d i sp l acemen t  p la t ing  solut ion w i t h o u t  
us ing  l ight,  it is necessa ry  tha t  the  sur face  be p a r t l y  
pol ished ~ and  p a r t l y  abraded.  A n  example  of the 
resul t s  ob ta ined  is shown  in  Fig. 1. The  pho tograph  
at  the  lef t  shows a slice of a s ingle  c rys ta l  of Si abou t  
2 x 2 x 0.2 cm thick,  con t a in ing  a g rown  p - n  j u n c -  
t ion. The  j u n c t i o n  is v is ib le  as an  i n v e r t e d  U wi th  
p - t y p e  on top. Firs t ,  the en t i re  slice was  chemica l ly  
pol ished and  t h e n  the  lef t  ha l f  was ab raded  by  r u b -  
b i n g  wi th  No. 400 Aloxi te  paper .  The sample  was i m -  
mersed  in  the  Cu solu t ion  for 2 ra in  af ter  which  it  

l T h e  e x a c t  c o m p o s i t i o n  of t h e  c h e m i c a l  p o l i s h i n g  s o l u t i o n  is:  5 
p~r t s  by  vol .  cone.  HNO~. 3 p a r t s  b y  vol .  48% H F ,  a n d  3 p a r t s  b y  
vol .  g l a c i a l  a c e t i c  ac id .  T h i s  is i d e n t i c a l  w i t h  t h e  e t c h i n g  s o l u t i o n  
k n o w n  as C .P . -4  e x c e p t  no b r o m i n e  is a d d e d .  

E i t h e r  a c h e m i c a l l y  or  a m e c h a n i c a l l y  p o l i s h e d  s u r f a c e  is s a t i s -  
f a c t o r y .  A c h e m i c a l l y  p o l i s h e d  s u r f a c e  w a s  u s e d  in  m o s t  of  t h e  w o r k  
to be  d e s c r i b e d  h e r e .  

Fig. 1. P-N junct ion dehneat ion on SJ m the CuSO~-HF 
solutmn with part ly  abraded and part ly  polished surfaces; 
p-region is the top half  of crystal; left side is abraded while 
the right side is chemical ly polished. (a) View of large slice 
2 cm x 2 cm; (b) magni f ied view of central region of (a). 

was r insed  in  w a t e r  and  air  dried.  The heavies t  Cu 
deposi t  appeared  at the top left  on a b r a de d  p -S t  
whi le  the least  a m o u n t  was on pol ished p-St .  A n  
i n t e r m e d i a t e  a m o u n t  of Cu deposi ted on both  
ab raded  and  pol ished n-St .  A n  en la rged  v iew of the  
cen te r  of the spec imen  is shown in  Fig. lb .  Good 
j u n c t i o n  de l inea t ion  is ev iden t  on both  ab raded  and  
pol ished surfaces,  bu t  the  grea tes t  con t ras t  is on 
pol ished St. 

If the j u n c t i o n  area  is i l l u m i n a t e d  w i th  a s t rong 
l ight  in  the d i sp lacemen t  p l a t i ng  solut ion,  the  resul t s  
on ab raded  surfaces  are abou t  the  same as w i thou t  
l ight.  On the pol ished side of the crystal ,  however ,  
the p a t t e r n  is r eversed  and  more  Cu deposits  on p -S t  
t h a n  on n - S t  bu t  on ly  where  the surface  is i l l umi -  
nated.  Pol i shed areas  tha t  are no t  s t rong ly  i l l u m i -  
na t e d  behave  as shown in  Fig. 1. Whor i skey  (3) and  
Iles and  Coppen (4) r epor ted  that ,  u n d e r  s t rong 
i l l umina t ion ,  me t a l  deposits  more  r ap id ly  on n -  t h a n  
p - t y p e  St. These resul t s  are  ob ta ined  on ly  w h e n  the  
Si is covered w i th  a t h in  l ayer  of p l a t ing  solut ion.  If 
the  Si is immersed  in  a la rge  vo lume  of solut ion,  a 
heav ie r  deposi t  appears  on p -  t h a n  on n - S t  wi th  
i l l u m i n a t i o n  as descr ibed  previous ly .  The  reason  for 
this  reversa l  is not  unde r s tood  at present .  

There  is ano the r  w a y  of ob t a i n i ng  sharp  j u n c t i o n  
de l inea t ion  on pol ished Si w i t hou t  us ing  l ight  or 
a b r a d i n g  pa r t  of the surface.  This  me thod  requ i res  a 
me ta l  e lect rode connec ted  to the p - t y p e  Si by  means  
of an  ohmic contact .  The me t a l  e lectrode should  be 
the  same as the me t a l  deposi ted by  d i sp lacemen t  and  
is immersed  in  the p l a t i ng  so lu t ion  a long wi th  the  
St. A n  example  of j u n c t i o n  de l inea t ion  ob ta ined  by  
this  process in  the Cu solu t ion  is shown in  Fig. 2. 
This  is a h igh ly  magni f ied  v iew of the  surface  of a 
Si ba r  con ta in ing  m u l t i p l e  r a t e - g r o w n  p - n  junc t ions .  
Copper  has deposi ted on the  n - r e g i o n s  bu t  no t  on 
p - t y p e  St. This  e xa mp l e  also demons t r a t e s  the  h igh  
reso lu t ion  of j u n c t i o n  de l inea t ion  which  is possible  
in  d i sp l acemen t  p l a t i ng  solut ions.  The n a r r o w  n - r e -  
gion in  the  cen te r  of the pho tograph  is abou t  10 
wide  at  the e x t r e me  left  a nd  is c lear ly  v is ib le  down  
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Fig. 2. An example of the high resolution of junct ion de- 
l ineation on polished Si in the CuSO4-HF solution. Surface of 
sample contains mult ip le rate-grown pn junctions. Copper de- 
posit appears only on n-Si ( l ight areas). 

to abou t  2 ~ as it t apers  to the  r ight .  The  process 
also shows up a b r u p t  changes  in  the  i m p u r i t y  con-  
cen t r a t i on  at the surface  of a Si crystal .  

Junc t ion  Del inea t ion  on G e r m a n i u m  

A t t e m p t s  were  made  to produce  sharp  pn  j u n c t i o n  
de l inea t ion  on Ge in  the  same d i sp l acemen t  p l a t i ng  
solut ions  used for St. The  resul t s  on Ge were  no t  
good as the j u n c t i o n  was poor ly  defined if de tec tab le  
at  all. Some i m p r o v e m e n t  was ob ta ined  wi th  h igher  
HF concent ra t ions .  The i n h e r e n t  differences in  the  
e lec t rochemica l  and  semiconduc tor  proper t ies  of Ge 
and  Si p r o b a b l y  m a k e  it imposs ib le  to ob ta in  as 
sharp  j u n c t i o n  de l inea t ion  on Ge as is ob ta ined  on 
Si in  d i sp lacemen t  p la t ing  solutions.  

Mechanism of Junction Delineation 
Elec t rochemica l  d i sp l acemen t  p l a t i ng  on Si i n -  

volves Si d isso lu t ion  as wel l  as me ta l  deposi t ion.  I t  
has been  found  that ,  if Si is a t t acked  by  an  elec-  
t rolyte ,  a la rge  excess of holes and  e lec t rons  is p ro -  
duced at the  surface  (7) .  These excess holes and  
e lec t rons  diffuse in to  the Si and  change  the concen-  
t r a t i on  g rad ien t  of the m i n o r i t y  c u r r e n t  ca r r i e r  be -  
t w e e n  the  surface and  the  Si bulk .  The  ne t  r e su l t  is 
to shift  the  m e a s u r e d  po ten t i a l  of p - t y p e  Si t oward  
more  posi t ive  va lues  whi le  n - t y p e  Si changes  in  the  
nega t ive  direct ion.  A s imi la r  effect is observed  if 
excess holes and  e lec t rons  are  p roduced  at  the  Si 
wi th  i l l umina t ion .  The m a g n i t u d e  of the  po ten t i a l  
change  is a f unc t i on  of the  res i s t iv i ty  of the  Si a nd  
the  m i n o r i t y  car r ie r  l i fe t ime.  

The po ten t ia l s  of i n d i v i d u a l  electrodes of n -  and  
p - t y p e  Si wi th  ab raded  and  pol ished surfaces  were  
m e a s u r e d  aga ins t  a s a tu ra t ed  KC1 ca lomel  r e fe rence  
electrode (SCE) in  an  u n s t i r r e d  Cu solut ion.  The  
electrodes were  s ingle  crys ta l  0.7 o h m - c m  n - t y p e  
and  1.5 o h m - c m  p - t y p e  St. N u m b e r  400 Alox i te  
paper  was  used to p r epa re  ab raded  surfaces whi le  
the  pol ished electrodes were  ob ta ined  by  e tch ing  in  
the modified C.P.-4 so lu t ion  p rev ious ly  described.  

The recorded po ten t ia l s  v a r y  w i th  t ime  as shown 
in  Fig. 3a. The  resul t s  show tha t  the re  are cons ider -  
able  po ten t i a l  differences b e t w e e n  ab raded  and  pol-  
ished Si and  also b e t w e e n  pol i shed n- and  p l t y p e  Si 
in the Cu solut ion.  The po ten t i a l  of a Cu electrode in  
the Cu solu t ion  vs. SCE is also inc luded  in  Fig. 3a 
for the  purpose  of compar ison.  A Cu electrode was  
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Fig. 3. Electrode potent ia l - t ime curves of abraded and 
polished n- and p-type Si in the CuSO~-HF solution. 

used ins tead  of ab raded  Si to b r i n g  out  the  j u n c t i o n  
in  the  e x p e r i m e n t  i l l u s t r a t ed  in  Fig. 2. 

Al l  four  Si e lectrodes exh ib i t  la rge  in i t i a l  t r a n -  
s ients  in  potent ia l .  The two pol ished electrodes ap-  
pea r  to reach  s teady  po ten t ia l s  about  130 m v  apar t  
a f ter  3 ra in  i m m e r s i o n  in  the  Cu solut ion.  Af te r  the  
in i t i a l  m a x i m u m ,  the po ten t i a l  of the  a b r a de d  elec-  
t rodes  g r a d u a l l y  became  more  nega t ive  and  ap -  
p roached  the s teady  po ten t i a l  va lues  of pol ished Si 
electrodes.  The  reversa l  in  po ten t i a l  b e t w e e n  
a b r a d e d  n -  a nd  p - t y p e  Si af ter  abou t  3 m i n  is r ep ro -  
duc ib le  and  is cons is ten t  w i th  e x p e r i m e n t a l  resul ts .  
On ab raded  St, me ta l  begins  to deposit  more  r ap id ly  
on the  n - s i d e  of a p n  j u n c t i o n  b u t  l a te r  the  ra te  of 
me t a l  depos i t ion  becomes g rea te r  on p - S t  t h a n  on 
n -S t .  

In  a vol ta ic  cell, the nega t i ve  e lect rode is the  
anode.  T h e n  according  to the  resul t s  of Fig. 3a, po l -  
ished n - t y p e  Si is anodic  to all  the  other  electrodes.  
If al l  four  types  of Si e lectrodes are connec ted  to-  
ge ther  in  a s ingle  crystal ,  one would  expect  the least  
a m o u n t  of Cu deposi ted on pol ished n - t y p e  St. In  
ac tua l  pract ice,  as d e m o n s t r a t e d  in Fig. 1, the  leas t  
a m o u n t  of me t a l  is deposi ted on pol ished p-St .  The  
reason  for this  a p p a r e n t  a n o m a l y  is ind ica ted  by  the  
resu l t s  of connec t ing  the e lectrodes  of ab raded  and  
pol ished n -  and  p - t y p e  Si toge ther  in  pairs  as shown 
in  Fig. 3b. The  mi xe d  po ten t ia l s  ob ta ined  are r e -  
corded as a f unc t i on  of t ime  af ter  i m m e r s i o n  in  the  
Cu solut ion.  The  th ree  vol ta ic  cells i n v o l v i n g  po l -  
ished n - S t  as the anode  have  mi xe d  po ten t i a l s  v e r y  
n e a r  the  i n d i v i d u a l  po ten t ia l s  of the  cathode. This  
m e a n s  tha t  the  c u r r e n t  f lowing b e t w e e n  the  e lect rode 
pa i r s  is cont ro l led  by  a po la r iz ing  effect at the  po l -  
ished n-St .  The  effect is i l l u s t r a t ed  more  c lear ly  in  
Fig. 4 which  shows the  p o t e n t i a l - c u r r e n t  dens i ty  
r e l a t ion  of pol ished n - S t  as the anode and  ~oolished 
p -S t  as the  cathode of a vol ta ic  cell in  the  Cu solu-  
t ion. These curves  were  ob ta ined  by  connec t ing  the  
two electrodes toge ther  t h r ough  a v a r i a b l e  k n o w n  
res is tance.  The  c u r r e n t  b e t w e e n  the electrodes was  
d e t e r m i n e d  by  m e a s u r i n g  the  IR  drop  across the  
s h u n t i n g  res is tor  whi le  the  e lect rode po ten t ia l s  were  
m e a s u r e d  aga ins t  the  s a tu ra t ed  calomel  r e fe rence  
electrode.  I n i t i a l l y  a large res i s tance  was  p laced  be -  
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t w e e n  the two electrodes so the c u r r e n t  f lowing be-  
t w e e n  t h e m  was smal l  and  the po ten t ia l s  were  es-  
sen t i a l ly  those at  open  circuit .  As the c u r r e n t  be -  
tween  the  electrodes was  increased,  by  decreas ing  
the s h u n t i n g  resis tance,  the po ten t i a l  of n - t y p e  Si 
ac t ing  as an  anode changed  more  r ap id ly  t h a n  
p - t y p e  Si ac t ing  as a cathode. The m a x i m u m  cur -  
r e n t  f lowing b e t w e e n  the two electrodes therefore  is 
d e t e r m i n e d  p r i m a r i l y  b y  the  anodic  po la r iz ing  effect 
on n - t y p e  Si. 

B r a t t a i n  and  G a r r e t t  (8) and  others  have  shown  
tha t  holes are r equ i r ed  to ca r ry  out  anode  processes 
on semiconductors .  The re  is also ev idence  tha t  ca-  
thodic  processes on semiconduc to r  electrodes r e -  
qu i r e  e lec t rons  (8-10) .  If the  on ly  source of holes 
and  e lec t rons  at  the surface  of n -  and  p - t y p e  Si, r e -  
spect ively ,  is by  diffusion f rom the  bu lk ,  t h e n  the  
s a t u r a t i o n  cu r r en t  of n - S i  made  anode  an d  p - S i  
made  cathode should be on ly  a few mic roampere s  
per  square  cen t imete r .  The  resul t s  shown  in  Fig. 4 
ind ica te  tha t  there  m u s t  be  ano the r  source for holes 
and  e lec t rons  at the  surface.  As descr ibed ear l ier ,  
holes and  e lec t rons  are  p roduced  as a resu l t  of dis-  
p l a c e m e n t  p la t ing .  The  add i t iona l  holes ava i l ab le  at 
the  surface  of the  pol ished n - t y p e  Si e lec t rode  
s tud ied  in  the  Cu so lu t ion  a l lowed a m a x i m u m  anode  
c u r r e n t  dens i ty  of abou t  130 ~ a / c m  2 w h e n  connec ted  
wi th  a su i t ab le  ca thode such as: pol ished p-Si ,  
ab raded  Si, or a Cu wire.  The  m a x i m u m  or s a t u r a -  
t ion  anode c u r r e n t  dens i ty  in  the da rk  is a f unc t i on  
of the e q u i l i b r i u m  hole dens i ty  and  the  diffusion 
l e n g t h  for holes in  the  sur face  reg ion  of the  n - t y p e  
Si e lect rode (9) .  This  c u r r e n t  f lowing be twe e n  n -  
and  p - t y p e  Si should t end  to deposi t  more  Cu on 
p - S i  t h a n  on n -SL There  a re  two e lec t ro ly t ic  c u r -  
r en t s  inCcolved, however ;  one is b e t w e e n  n -  a nd  
p - t y p e  regions  as jus t  descr ibed  and  the  o ther  is 
b e t w e e n  local  anode  and  cathode areas tha t  r e su l t  
in  d i sp l acemen t  p la t ing .  The  reason  tha t  j u n c t i o n  
de l inea t ion  is no t  ob t a ined  on an  all  pol ished Si 
c rys ta l  in  the  absence  of s t rong l ight  is tha t  the  r a t e  
of Cu deposi t ion  over  al l  surfaces b y  e lec t rochemica l  
d i sp l acemen t  is much  g rea te r  t h a n  the  deposi t ion  of 

Cu at  d i f ferent  ra tes  on n -  and  p - S i  as a resu l t  of the  
po ten t i a l  difference. The d i sp lacemen t  p l a t i ng  cur -  
r e n t  dens i ty  can  be es t ima ted  f rom the tota l  we igh t  
of Cu deposi ted in  a g iven  t ime.  The  a m o u n t  of Cu 
deposi ted in  2 m i n  f rom the  Cu solu t ion  cor responds  
to an  average  c u r r e n t  dens i ty  of abou t  1.5 m a / c m  ~, 
a s s u m i n g  equa l  anode a nd  cathode areas  a nd  a Si d is -  
so lu t ion  va lence  of 4. This  c u r r e n t  dens i ty  is abou t  
t en  t imes  the  m a x i m u m  c u r r e n t  dens i ty  b e t w e e n  
pol ished n - S i  a nd  pol ished p - S i  w h e n  connec ted  to-  
ge ther  as shown in  Fig. 4. S h i n i n g  l igh t  on the  j u n c -  
t ion  provides  more  holes on n - S i  wh ich  increases  the  
c u r r e n t  f lowing b e t w e e n  n -  a nd  p-areas .  This  re -  
sul ts  in  more  Cu be ing  deposi ted on p and  less on n, 
t h e r e b y  increas ing  the  sharpness  of j u n c t i o n  de l i nea -  
t ion. 

Pol i shed  p - t y p e  Si is cathodic to pol ished n - S i  bu t  
is anodic  to bo th  a b r a de d  n -  a nd  p - S i  a nd  Cu as 
shown in  Fig. 3a. S ince  holes are the m a j o r i t y  cu r -  
r e n t  ca r r i e r  in  a p - t y p e  Si electrode,  it  can  func t i on  
as a n  anode  up  to r e l a t i ve ly  h igh  c u r r e n t  dens i t ies  
w i t hou t  the  sur face  becoming  dep le ted  in  holes. The  
c u r r e n t  b e t w e e n  pol ished and  ab raded  p - t y p e  Si, 
therefore ,  can be abou t  the same as the  d i sp lacemen t  
p l a t i ng  c u r r e n t  which  resu l t s  in  a heav ie r  Cu deposit  
on a b r a de d  p - S i  and  a co r respond ing  l igh te r  a m o u n t  
on pol ished p-Si .  A Cu electrode,  connec ted  to po l -  
ished p - t y p e  Si by  m e a n s  of an  ohmic  contact ,  be -  
haves  in  the same m a n n e r  as ab raded  p - S i  in  contac t  
w i t h  pol ished p - S i  in  the Cu solut ion.  

On the basis of the i n d i v i d u a l  e lec t rode  po ten t i a l  
m e a s u r e m e n t s ,  a b r a de d  n - t y p e  Si should  be as good 
a ca thode in  the  Cu so lu t ion  as ab raded  p - S i  w i th  
respect  to pol ished p-Si .  However ,  c u r r e n t  m u s t  
flow b e t w e e n  a b r a de d  n - S i  and  pol ished p - S i  in  the  
Si across the  p n  j u n c t i o n  in  the  b lock ing  d i rec t ion  to 
comple te  the e lect r ical  circuit .  This  l imi t s  the  cu r -  
r e n t  b e t w e e n  the  two regions  to a few mic roampere s  
a nd  exp la ins  w h y  the  a m o u n t  of Cu deposi ted  on  
a b r a de d  n - S i  is no t  as he a vy  as tha t  ob ta ined  on 
a b r a de d  p-Si .  

Summary and Conclusions 
Elec t rochemica l  d i sp l acemen t  of meta l s  such as 

Cu and  Ag and  to a lesser  ex tent ,  Sb, Au,  a nd  P t  can 
be used to de l inea te  Si p - n  junc t ions .  J u n c t i o n  de-  
l i nea t i on  is possible  because  of po ten t i a l  differences 
tha t  a re  es tab l i shed  b e t w e e n  a b r a de d  a nd  pol i shed 
n -  and  p - t y p e  Si in  d i sp l acemen t  p l a t i ng  solut ions.  
On the  basis of these po ten t i a l  differences alone,  the  
least  a m o u n t  of me t a l  should  deposit  on pol ished 
n - t y p e  Si. This  is no t  conf i rmed e xpe r i me n t a l l y .  I n -  
stead, pol ished p - t y p e  Si receives  the  leas t  a m o u n t  of 
metal .  This  is because  pol ished n - S i  canno t  f unc t i on  
as an  anode  a t  a h igh enough  c u r r e n t  dens i ty  in  the 
vol ta ic  cell b e t w e e n  n -  and  p - a r e a s  r e l a t ive  to the  
d i sp l acemen t  p l a t i ng  c u r r e n t  densi ty .  S h i n i n g  l igh t  
on the  j u n c t i o n  improves  the  j u n c t i o n  p o r t r a y a l  be-  
cause add i t iona l  holes are p roduced  by  the  l igh t  in  
n - t y p e  Si which  increases  the  c u r r e n t  in  the  vol ta ic  
cell b e t w e e n  n -  and  p-sur faces .  

Po l i shed  p -S i  is capable  of sus t a in ing  an  anode  re -  
ac t ion  at r e l a t i ve ly  h igh ra tes  w i thou t  the  aid of 
l ight.  If connec ted  to a su i t ab le  cathode, such as 
ab raded  p -S i  or a Cu e lect rode in  the  Cu solut ion,  
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ve ry  l i t t le  if any  Cu deposits  on pol ished p - S i  whi le  
a subs t an t i a l  a m o u n t  deposits  on n - S i  due  to dis-  
p l a c e m e n t  p la t ing .  This  produces  a sharp  j u n c t i o n  
de l inea t ion  b e t w e e n  n -  and  p - t y p e  Si. 

Acknowledgment 
The au thor  wishes  to acknowledge  the  ass is tance 

of George P e r a n t e a u  in  the  e x p e r i m e n t a l  phase  of 
the  w o r k  and  to U. B. Thomas  for his he lp fu l  com-  
men t s  and  discussion.  

Manuscript  received Feb. 2, 1959. This paper  was pre-  
pared for delivery before the Ottawa Meeting, Sept. 28- 
Oct. 1, 1958. 

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

REFERENCES 
1. C. S. Ful le r  and J. A. Ditzenberger,  J. Appl, Phys., 

27, 550 (1956); C. S. Fuller ,  U.S. Pat.  No. 2,740,- 
700, April  3, 1956. 

2. S. J. S i lverman and D. R. Benn, This Journal, 105, 
170 (1958). 

3. P. J. Whoriskey, J. Appl. Phys., 29, 867 (1958). 
4. P. A. Iles and P. J. Coppen, ibid., 29, 1514 (1958). 
5. M. C. Waltz, U.S. Pat. No. 2,814,589, Nov. 26, 1957. 
6. P. Wang, Recent  News Paper,  Electrochem. Soc. 

Meeting, New York (1958). 
7. D. R. Turne r  and J. F. Dewald, To be published. 
8. W. H. Brat ta in  and C. G. B. Garrett ,  Bell System 

Tech. J., 34, 129 (1955). 
9. J. B. Flynn~ This Journal, 1OS, 715 (1958). 

10. D. R. Turner ,  Paper  submit ted to This Journal. 

Diffusion of Radioactive Antimony in Silicon 
J. J. Rohan, N. E. Pickering, and J. Kennedy 

Radiochemistry Section, Electronic Material Sciences Laboratory, Electronics Research Directorate, Air Force 

Cambridge Research Center, Air Research and Development Command, Bedford, Massachusetts 

ABSTRACT 

The diffusion coefficient of radioactive Sb-124 in  Si has been investigated in 
the tempera ture  range 1190 ~ to 1398~ with use of a technique involving meas-  
u remen t  of the residual  integrated activity of the 0.602 Mev gamma before and 
after removing successive 2- to 4-~ layers perpendicular  to the diffusion path. 
Results are compared to l i terature  data obtained via p - n  junc t ion  measure-  
ments. The diffusion coefficients are on the average about 85 % higher than  the 
l i terature values, while the activation energies are essentially the same. The 
tempera ture  dependence of the diffusion coefficient is given by D ~ 12.9 exp 
(--91,700/RT) cm ~ sec -1 with an average error of ___12%. Surface concentrat ions 
of Sb were in  the range of 1019 to 10 ~~ atoms cm -~. 

S tudies  of the  diffusivi t ies  of donor  and  aceeptor  
e l ements  i n  semiconduc tors  by  means  of r ad io t race r s  
have  been  s u p p l a n t e d  l a rge ly  in  r ecen t  yea rs  by  
methods  i nvo lv ing  the  m e a s u r e m e n t  of p - n  j u n c t i o n  
distances.  These methods  (1, 2) wh ich  depend  on the  
fo rma t ion  and  loca t ion  of p - n  j unc t i ons  w i t h i n  the  
crys ta ls  are fas ter  and  far  less tedious  t h a n  methods  
emp loy ing  radiot racers .  Up to the  presen t ,  no com-  
par i son  of resul t s  ob ta ined  by  the  two t echn iques  
appears  to exist  for diffusion in  silicon. In  g e r m a -  
n i u m  a rad io t race r  me thod  gave diffusion coefficients 
for Sb wh ich  were  20 to 40% h igher  t h a n  those g iven  
by  a p - n  j u n c t i o n  me thod  (1, 3).  Some ind ica t ion  
tha t  this  m igh t  be  the  case for Sb in  Si was  no ted  in  
th is  l a b o r a t o r y  in  a s tudy  of the  effect of va r ious  
pressures  of Sb~O~ vapor  on the  surface  c o n c e n t r a -  
t ion  of Sb on Si d u r i n g  diffusion annea ls .  Wi th  use  
of the  da ta  and  t echn iques  of F u l l e r  and  Di t zen -  
be rger  (4) ,  it  was  found  in  all  cases tha t  p - n  j u n c -  
t ion  m e a s u r e m e n t s  gave m u c h  l a rge r  va lues  for the  
surface  concen t ra t ion ,  Co, of Sb t h a n  rad ioac t iv i ty  
m e a s u r e m e n t s  w h e n  s imi la r  a m o u n t s  of d i f fusant  
were  hea ted  in  evacua ted  quar tz  tubes  con t a in ing  
p - t y p e  s i n g l e - c r y s t a l  Si slabs. I n  these  and  the  
fo l lowing expe r imen t s ,  b o u n d a r y  condi t ions  were  
such tha t  diffusion proceeded according  to the  e r ro r  
f unc t i on  c o m p l e m e n t  equa t ion .  F r o m  p - n  j u n c t i o n  

m e a s u r e m e n t s  then ,  the  sur face  concen t ra t ion ,  Co, i n  
a toms cm -~, was  ca lcu la ted  f rom:  

x 
C~ ~- Co erfc _ _  [ 1 ] 

2k/Dt 

w he r e  C, is the  concen t r a t i on  in  a toms cm -3 of Sb at  
a j u n c t i o n  located x cm f rom the  surface  of Si; D is 
the  diffusion coefficient in  cm ~ sec -1, a nd  t is the  t i m e  
in  seconds at  cons t an t  t empe ra tu r e .  The  diffusion 
coefficient, D, was  p r e s u m e d  to be on ly  t e m p e r a t u r e  
d e p e n d e n t  and  the  surface  concen t ra t ion ,  Co, p r e -  
sumed  to be constant .  Rad ioac t iv i ty  m e a s u r e m e n t s ,  
descr ibed  more  fu l ly  la ter ,  gave  Co in  t e rms  of the  
to ta l  n u m b e r  of a toms NT of Sb w h i c h  diffused 
t h r o u g h  one face of the  Si slab. This  is g iven  by  
i n t e g r a t i on  of Eq. [1 ] so tha t  

NT ~ GR~ ~ A Co erfc  _ _  dx = 1.13 ACo x /Dt  
o 2~/Dt 

[2] 
where  R,  is the  tota l  ac t iv i ty ,  A is the  a rea  of the  
diffusion p l a ne  in t roduced  here  to account  for the  
to ta l  n u m b e r  of diffused atoms, and  G is a factor  
which  re la tes  ac t iv i ty  to the  n u m b e r  of a toms of Sb. 

A n  e xa mpl e  of the  la rge  d iscrepancies  no ted  for  
va lues  of Co as f ound  by  bo th  methods  is g iven  for a 
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diffusion a n n e a l  at 1380~ F r o m  rad ioac t iv i ty  m e a s -  
u r e m e n t s  a va lue  of Co ~ 4.3 x 101~ a toms cm 3 was  
ob ta ined  whi le  p - n  j u n c t i o n  m e a s u r e m e n t s  gave 
Co = 3.4 x 102" a toms cm -~. The l a t t e r  is cons is ten t  
wi th  a m e a n  va lue  ob ta ined  by  F u l l e r  and  Di tzen-  
be rger  (4) at the same t e m p e r a t u r e  wi th  s imi la r  
a m o u n t s  of Sb~O,, bu t  is i ncons i s t en t  wi th  the ex -  
pected solid so lub i l i ty  of Sb in  Si e v e n  if s a tu r a t i on  
had  been  reached.  The  b i n a r y  a l loy sys tem S b - S i  
be longs  to a class whose l iqu id  phases  are " r egu la r "  
solut ions  and  whose solid phases  exh ib i t  the  p h e -  
n o m e n o n  of r e t rog rade  solubi l i ty ,  as has been  shown 
by  T h u r m o n d  and  S t ru the r s  (5) .  They  have  also 
shown tha t  the  l oga r i t hm of the  d i s t r i bu t i on  coeffi- 
c ient  k of the  solute  (Sb in  this  case) b e t w e e n  the  
solid and  l iqu id  phases  of such sys tems is a l i nea r  
f unc t i on  of the  rec iprocal  of abso lu te  t e m p e r a t u r e  
n e a r  the me l t i ng  po in t  of the  solvent .  Ex t r apo l a t i on  
of this  l ine  to the k co r respond ing  to the m e l t i n g  
po in t  of the so lvent  (St) gives the m a x i m u m  va lue  
or segregat ion  coefficient. The l a t t e r  has been  found  
by  di rect  m e a s u r e m e n t  to be 0.04 for Sb in  the  S b - S i  
sys tem (6).  However ,  a va lue  of 1.4 is ca lcu la ted  
for the d i s t r i bu t i on  coefficient of Sb in  S b - S i  at  
1380 ~ f rom the Co ob ta ined  by  p - n  j u n c t i o n  me a s -  
u r e m e n t  a n d ' t h e  so lub i l i ty  of Sb in  the  l iqu id  phase  
at  this t e m p e r a t u r e  (5, 7). 

A p p a r e n t l y  t hen  C~ va lues  for Sb in  Si ca lcu la ted  
f rom p - n  j u n c t i o n  m e a s u r e m e n t s  and  the  va lues  of 
D g iven  by  F u l l e r  and  Di t zenbe rge r  can be too h igh  
by  one or two orders  of magn i tude .  One  e x p l a n a t i o n  
for this is tha t  too low va lues  of D were  used in  the  
calcula t ion.  In  the p r e l i m i n a r y  w o r k  and  in  m u c h  of 

Fu l le r ' s ,  the  q u a n t i t y  x / 2 ~ / D t  had a n u m e r i c a l  va lue  
of 2 or g rea te r ;  r e l a t i ve ly  smal l  changes  in  the  v a l u e  
of erfc in  such cases can lead to v e r y  large  changes  
in  Co as ca lcu la ted  f rom Eq. [1], wh ich  is a p p a r e n t  
on e x a m i n a t i o n  of tab les  of the e r ror  func t ion .  For  
example ,  a 50% increase  in  D at cons t an t  x a nd  t 
can effect a t enfo ld  r educ t ion  in Co as ca lcu la ted  by  
Eq. [1] ( p - n  j u n c t i o n ) ,  whereas  w i th  Eq. [2] ( r a -  
d io t racer )  the  effect is to reduce  Co by  on ly  20%. In  
v iew of the foregoing  observat ions ,  i t  was  decided to 
r e - e x a m i n e  the  diffusion of Sb in  Si u s ing  r ad io -  
t racer  Sb-124 exclus ively .  

Discuss ion of  Me thods  

Where  the concen t r a t i on  of rad ioac t ive  d i f fusant  
does not  change  apprec i ab ly  over  shor t  d is tances  
( severa l  mic rons )  a long  the  diffusion path,  a me thod  
based on coun t ing  the ac t iv i ty  in  t h in  pa ra l l e l  seg- 
m e n t s  of the  m a t r i x  g r o u n d  onto e m e r y  paper ,  or  
s imi la r  abras ive ,  has been  used successful ly  for the  
d e t e r m i n a t i o n  of diffusion coefficients in  h igh ly  i m -  
p e n e t r a b l e  s ingle  crystals .  Such concen t r a t i on  p ro -  

files r equ i r e  tha t  the p e n e t r a t i o n  p a r a m e t e r  k / D t  be 
of the  order  of 10 -3 cm, or greater ,  to i n su re  a n y  
degree  of precis ion and  were  accompl ished in  the  
case of Sb in  Ge wi th  a n n e a l  t imes  of less t h a n  10 
days  (3) .  However ,  in  the  case of Si in  wh ich  Sb 
is one of the  slowest  diffusing e lements ,  it  w o u l d  
take  up to 100 days to p roduce  comparab l e  p e n e t r a -  
t ions;  hence,  a more  su i t ab le  p rocedure  was desired.  

A n  a l t e rna t e  me thod  for the  rad ioassay  of diffused 
Sb-124 in  Si is to count  the  i n t eg ra t ed  g a m m a  ac- 
t iv i ty  of a c rys ta l  fo l lowing  r e mova l  of t h in  layers  
pa ra l l e l  to one surface.  On decay of Sb-124,  be ta  
par t ic les  and  g a m m a  rays  are emit ted.  Of the  severa l  
g a m m a  rays  emi t t ed  the  p r i nc i pa l  one has an  e n e r g y  
of 0.602 Mev and  is v i r t u a l l y  u n a b s o r b e d  by  the 
smal l  th icknesses  of Si e n c o u n t e r e d  here. The  coun t  
ra te  of the  0.602 m e v  g a m m a  rays  is the re fore  d i -  
rec t ly  p ropor t iona l  to the tota l  n u m b e r  of Sb atoms 
at  all  depths  w i t h i n  the  Si crystal .  W h e n  the  edges 
and  one face of the c rys ta l  have  been  r e moved  by  
g r i n d i n g  to depths  be low which  the concen t r a t i on  
of Sb is negl ig ible ,  on ly  u n i d i m e n s i o n a l  diffusion 
need  be considered.  The  n u m b e r  of r e s idua l  Sb 
atoms, N,,  in the  crys ta l  l apped  down  to a p l ane  x 
cm be low and  pa ra l l e l  to the  r e m a i n i n g  o r ig ina l  
surface  is 

N~ = GR~ = A Co erfc _ _  dx  
2 k / D t  

: A C o \ / D t  -~--2 exp --  erfc 
k/~" N/Dt-- 2k/D t-~ 

[3] 

w he r e  R, is the  r e s idua l  0.602 Mev g a m m a  act ivi ty .  
If Co is known ,  D can be ob ta ined  d i rec t ly  f rom 

Eq. [3] by  successive a p p r o x i m a t i o n s  us ing  tables  
of the  e r ror  f unc t i on  and  its first de r iva t ive  (8) ,  
( the  first t e r m  ins ide  the b r a c k e t ) .  Since Co is u s u -  
a l ly  not  known ,  the  in t eg ra l  count  rates,  R~ and  R~, at  
two depths,  xl and  x2 m a y  be combined  to give:  

. . . . . .  [4] 

w he r e  ~b represen t s  the  t e rms  ins ide  the  b racke t  of 
Eq. [3],  and  is a f unc t i on  of x only.  Again ,  by  suc-  
cessive approx imat ions ,  a va l ue  for D is f ound  which  
satisfies the  rat ios  of Eq. [4]. 

Experimental 
Samples  of s i ng l e - c ry s t a l  St, 200 o h m - c m  n - t y p e ,  

8 m m  on a side and  1 m m  thick,  we re  p r e p a r e d  by  
h a n d  l app ing  on glass t h rough  3200-mesh  abras ive  
suspended  in  water .  They  were  t hen  b r o u g h t  to a 
s e m i - m i r r o r  finish b y  a shor t  final l a pp i ng  wi th  
1/4-/z Diame t  Hyprez  on a si l icon flat; in  al l  cases the  
flatness of the  samples,  m e a s u r e d  optical ly,  was  at 
least  • t~ out  to the edges. Af te r  c leaning,  the  
samples  were  washed  success ively  in  conc HNO~ and  
conc HF. Two such spec imens  were  sealed a t  10 -5 
m m  of air  in  qua r t z  ampu les  con t a in ing  200 to 500 
t~g of rad ioac t ive  Sb20~. In  the  la t ter ,  ob ta ined  by  
n e u t r o n  i r r ad ia t ion  at B r o o k h a v e n  Na t iona l  Labo-  
ra tory ,  abou t  1 at. in  every  10 ~ at. of Sb was  Sb-124.  
Before i r rad ia t ion ,  the  i m p u r i t y  con ten t  of the  oxide 
was d e t e r m i n e d  by  spectroscopic ana lys is ;  the  i m -  
p u r i t y  con ten t  was  low enough  not  to give r ise to 
u n d e s i r a b l e  ex t r aneous  rad ioac t iv i ty .  The samples  
were  a n n e a l e d  in  a g r aph i t e - r e s i s t o r  v a c u u m  f u r n a c e  
which  was  m a i n t a i n e d  at cons t an t  t e m p e r a t u r e  b y  a 
M i n n e a p o l i s - H o n e y w e l l  Rad iama t i c  uni t .  This  u n i t  
was  ca l ib ra ted  aga ins t  the m e l t i n g  po in t s  of Cu, St, 
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a n d  N i  c o n t a i n e d  i n  q u a r t z  a m p u l e s .  T e m p e r a t u r e  
m e a s u r e m e n t  a n d  c o n t r o l  w a s  - 4 ~  T e m p e r a t u r e  
r i s e  a n d  d e c a y  t i m e s  i n  t h i s  f u r n a c e  w e r e  s u c h  t h a t  
n o  t i m e  c o r r e c t i o n  w a s  n e e d e d  f o r  s a m p l e s  d i f f u s e d  
o v e r  24 h r .  A t  t h e  h i g h e s t  t e m p e r a t u r e  i n v e s t i g a t e d  
( 1 3 9 8 ~  t h e  a n n e a l  w a s  d o n e  i n  a g l o b a r - h e a t e d  
t u b e  f u r n a c e  w h e r e  t h e  s a m p l e s  c o u l d  b e  i n t r o d u c e d  
a n d  w i t h d r a w n  q u i c k l y .  I n  n e a r l y  a l l  c a ses ,  t i m e s  

w e r e  c h o s e n  so  t h a t  t h e  v a l u e  of  ~/Dt w o u l d  b e  a t  
l e a s t  5 x 10 -" c m ,  i n  o r d e r  t o  i n s u r e  t h a t  c o u n t  r a t e s  
w o u l d  n o t  c h a n g e  b y  o v e r  t h r e e  o r d e r s  of  m a g n i t u d e  
w h i l e  l a p p i n g  t h r o u g h  a d e p t h  of  15 ~ o r  m o r e .  

A f t e r  r e m o v a l  f r o m  t h e  f u r n a c e ,  t h e  s a m p l e s  w e r e  
w a s h e d  i n  4 8 %  H F  to  r e m o v e  p o s s i b l e  o x i d e s .  T h e  
e d g e s  a n d  o n e  of  t h e  f a c e s  w e r e  g r o u n d  off to  a 
d e p t h  f a r  b e l o w  t h a t  a t  w h i c h  n o  c h a n g e  i n  c o u n t  
r a t e  w a s  o b s e r v e d  a n d  a u t o r a d i o g r a p h s  of  t h e  a c t i v e  
f a c e s  w e r e  t a k e n .  T h e  s a m p l e s  w e r e  t h e n  w e i g h e d  
to  c o n s t a n t  w e i g h t  o n  a m i c r o b a l a n c e  a n d  a n  i n i t i a l  
c o u n t  r a t e  f o r  e a c h  s a m p l e  w a s  d e t e r m i n e d .  A l a y e r  
of  u n i f o r m  t h i c k n e s s  (2 to  4 /~ i n  m o s t  c a s e s )  w a s  
t h e n  g r o u n d  off e a c h  s a m p l e  b y  h a n d  l a p p i n g  w i t h  
3 2 0 0 - m e s h  a b r a s i v e  o n  g las s .  T h i s  p r o c e s s  e f f e c t s  a 
c l e a n  s e p a r a t i o n  b e t w e e n  m a t r i x  a n d  g r o u n d - o f f  
m a t e r i a l ;  n o  e x t r a n e o u s  a c t i v i t y  o n  t h e  m a t r i x  d u e  
to  a d h e s i o n  of  g r o u n d - o f f  l a y e r s  w a s  n o t e d .  

T h e  p r o c e s s  of  g r i n d i n g ,  w e i g h i n g ,  a n d  c o u n t i n g  
w a s  r e p e a t e d  u n t i l  t h e  a c t i v i t y  d r o p p e d  to  a v a l u e  
b e l o w  w h i c h  f u r t h e r  p r o c e s s i n g  w o u l d  b e  i m p r a c -  
t i ca l .  A l l  c o u n t i n g  w a s  d o n e  i n  a w e l l - t y p e  g a m m a  
s c i n t i l l a t i o n  d e t e c t o r  c o u p l e d  to  a s i n g l e - c h a n n e l  
s p e c t r o m e t e r .  A l l  s a m p l e  c o u n t  r a t e s  w e r e  c o m p a r e d  
to  t h e  c o u n t  r a t e  of  a s t a n d a r d  of  k n o w n  t o t a l  S b  
c o n t e n t ;  b a c k g r o u n d s  w e r e  d e t e r m i n e d  a t  l e a s t  t w i c e  
a d a y .  I n  m o s t  c a s e s  t o t a l  c o u n t s  w e r e  c o l l e c t e d  so as  
to  g i v e  a c o u n t i n g  e r r o r  of  1 %  or  l e s s  w i t h  9 5 %  
c o n f i d e n c e .  

Results 

Evaluation of D . - - T h e  t h i c k n e s s  of  s a m p l e  l a y e r s  
r e m o v e d  a t  e a c h  c u t  w a s  c a l c u l a t e d  f r o m  t h e  w e i g h t  
los s  a n d  t h e  c r o s s - s e c t i o n a l  a r e a  of  t h e  s a m p l e  u s i n g  
a d e n s i t y  of  2.33 f o r  S i  ~. A l l  of  t h e  d a t a  f r o m  s ix  
t e m p e r a t u r e  a n n e a l s  a r e  t o o  b u l k y  to  r e p r o d u c e  
h e r e ;  h o w e v e r ,  a n  e x a m p l e  of  t h e  b a s i c  d a t a  u s e d  

Table I. Example of basic diffusion data* 

C u t  W t .  l o s s  T o t a l  
N o .  p e r  c u t ,  # g  d e p t h  ( x ) , / L  

A B A B 

D I F F U S I O N  O F  R A D I O A C T I V E  S b  I N  S i  707 

i n  c a l c u l a t i n g  D f o r  t h e  r u n  a t  1 3 3 0 ~  is g i v e n  i n  

T a b l e  I. 
T h e  r a t i o  of  s u c c e s s i v e  c o u n t  r a t e s  a n d  t h e  c o r -  

r e s p o n d i n g  v a l u e s  of  x w e r e  s u b s t i t u t e d  f r o m  T a b l e  
I i n t o  Eq .  [ 4 ]  a n d  D ' s  w e r e  c a l c u l a t e d  f o r  s u c c e s s i v e  
c o m b i n a t i o n s  a s  s h o w n  i n  T a b l e  II .  T h e  m e a n  v a l u e  
of  t h e  D ' s  t h u s  c a l c u l a t e d  w a s  t a k e n  as  t h e  f i n a l  
v a l u e  f o r  e a c h  s a m p l e .  

Evaluation of C o . - - T h e  s u r f a c e  c o n c e n t r a t i o n  C~ 
w a s  c a l c u l a t e d  f r o m  Eq .  [ 2 ] ,  s u b s t i t u t i n g  t h e  m e a n  
v a l u e  of  D f o u n d  f o r  e a c h  s a m p l e  a n d  t h e  c o r r e -  
s p o n d i n g  t o t a l  n u m b e r  of  S b  a t o m s .  T h i s  c o u l d  b e  
d o n e  i n  a l l  c a s e s  w h e r e  n o  e x t r a n e o u s  s u r f a c e  a c -  
t i v i t y  w a s  f o u n d  o n  t h e  s a m p l e s  as  c h e c k e d  b y  a u t o -  

r a d i o g r a p h y .  
T h e  r e s u l t s  of  s i x  t e m p e r a t u r e  a n n e a l s  a r e  s u m -  

m a r i z e d  i n  T a b l e  I I I .  
T h e  t e m p e r a t u r e  d e p e n d e n c e  of  t h e  d i f f u s i o n  c o -  

e f f i c i en t  of  S b  i n  S i  f o u n d  i n  t h e s e  e x p e r i m e n t s  is  

e x p r e s s e d  b y  t h e  f o l l o w i n g  e q u a t i o n :  

D = 12.9 exp(--91,7OO/RT) c m  ~ sec  -~ [5J  

w h i c h  is t h e  l e a s t  s q u a r e s  e q u a t i o n  of  t h e  d a t a  i n  
T a b l e  I I I ,  o m i t t i n g  t h e  d a t a  f r o m  t h e  r u n  a t  1355~  
T h e  s o l i d  l i n e  i n  F ig .  1 is a p l o t  of  Eq .  [ 5 ] ;  t h e  e x -  
p e r i m e n t a l  p o i n t s  r e p r e s e n t  t h e  m e a n  D v a l u e  of  t h e  
t w o  s a m p l e s  a t  e a c h  t e m p e r a t u r e .  T h e  l a t t e r  f a l l  o n  
o r  a r e  c lo se  to  t h e  l i n e  e x c e p t  t h e  p o i n t  c o r r e s p o n d -  

C o u n t  r a t e  ( R ) ,  
c o u n t s  m i n  -1 

A B 

0 . . . .  119,138 96,361 
1 515 241 5.92 3.07 65,127 70,980 
2 246 244 8.74 6.19 44,084 47,819 
3 359 179 12.9 8.48 22,738 36,092 
4 374 248 17.2 11.65 10,266 22,276 
5 387 269 21.6 15.1 4,155 11,553 
6 304 290 25.1 18.8 1,725 5,180 
7 170 297 28.2 22.6 794 2,396 
8 356 325 32.3 26.7 248 790 
9 - -  141 - -  28.5 - -  514 

* T e m p e r a t u r e ,  1 3 3 0 ~  t i m e ,  4 9  h r ;  
S a m p l e  A :  A r e a  G 

0 . 3 7 3  c m  2 3.825 x 1 0 i i  a t .  c o u n t  - i  r a i n  - i  
S a m p l e  B :  0 . 3 3 6  c m  2 4 . 3 9 0  x 10 l l  a t .  c o u n t  - i  r a i n  -1. 

Table II. Example of method for obtaining mean value of D* 

S a m p l e  A S a m p l e  B 
C o m b i n a t i o n  D ( c m  2 s e c  - i )  D ( c m  2 s e c  -1) 

1-2 4.01 • 10 -1~ 4.10 X 10 -1~ 
2-3 3.80 X 10 -~ 4.69 • 10 -1~ 
3-4 3.77 X 10 -1~ 4.10 • 10 -12 
4-5 3.93 X 10 -~ 3.40 X 10 -1" 
5-6 3.84 X 10 -~ 3.32 • 10 -12 
6-7 3.85 X 10 -12 4.10 X 10 -1~ 
7-8 3.69 X I0 -I~ 3.36 >< I0 -I~ 
8-9 - -  4.10 X 10 -12 
M e a n  3.84 • 10 -l~ 3.90 X 10 -~ 
~ ( r m s )  •  X 10 -~ ___0.46 • 10 -1~ 
% a ( r m s )  ___2.34 •  

* T e r n p e r a t u r e ,  1 3 3 0 ~  t i m e ,  49  h r ;  
S a m p l e  A :  A r e a  G 

0 . 3 7 3  c m  ~ 3 . 8 2 5  x 1 0 i l  a t .  c o u n t  -1 m i n  - i  
S a m p l e  B :  0 . 3 3 6  c m  s 4 . 3 9 0  x 1011 a t .  c o u n t - 1  m i n  - i .  

Table III. Summary of results 

T i m e ,  D x 10 l~ Co x I 0  - i~  
S a m p l e  T e m p ,  ~  h r  c m  2 s e c  -1 a t .  c m  -a 

A 1190 144 2.46 • 0.25 2.4 
B 1190 144 2.83 • 0.48 1.9 
A 1230 144 5.81 • 0.91 --'~ 
B 1230 144 5.82 • 0.82 - -~ 
A 1280 93 16.2 __+ 3.8 4.5 
B 1280 93 16.2 _+ 1.0 5.0 
A 1330 49 38.4 • 0.9 4.9 
B 1330 49 39.0 _ 4.6 4.5 
A 1355 24 104 ~ 7 3.5 
B 1355 24 103 • 8 3.5 
A 1398 2 135 • 18 3.1 
B 1398 2 b 3.2 ~ 

a S u r f a c e  c o n t a m i n a t i o n ;  b s a m p l e  d e s t r o y e d  i n  p r o c e s s i n g ;  ~ c a l -  
c u l a t e d  f r o m  t h e  N T  o f  B a n d  t h e  D o f  A .  
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Fig. 1. Diffusion coefficients of Sb in Si plotted against 
reciprocal of absolute temperature. 

ing  to the 1355~ run .  I t  is p robab l e  tha t  this  dev i -  
a t ion  was  caused by  the  t e m p e r a t u r e  be ing  m u c h  
h igher  t h a n  recorded,  s ince some difficulties we re  
exper i enced  wi th  the  t e m p e r a t u r e  con t ro l le r  d u r i n g  
t ha t  run .  For  compar i son  a plot  of the  t e m p e r a t u r e  
dependence  of the diffusion coefficient of Sb in  Si as 
g iven  by  F u l l e r  and  Di tzenberge r ' s  equa t ion  (4) ,  

D ~ 5.6 exp(--91,OOO/RT) cm "~ sec -1 [6] 

is shown (dashed  l ine ) .  I t  can be seen that ,  w he r e a s  
bo th  t racer  and  p - n  j u n c t i o n  methods  gave AH 
va lues  which  are  in  essent ia l  ag reemen t ,  the  va lues  
of D ob ta ined  by  the  t racer  me thod  averaged  abou t  
85% h igher  t h a n  those by  the  p - n  j u n c t i o n  m e t h o d  
in  the  t e m p e r a t u r e  r ange  s tudied.  

D i s c u s s i o n  o f  R e s u l t s  

I t  is difficult to ana lyze  q u a n t i t a t i v e l y  the effect 
of all  possible  errors  on the  va lues  of D, Co, and  AH 
repor t ed  here.  The er ror  in  coun t ing  has b e e n  m e n -  
t ioned  p rev ious ly ;  however ,  this e r ror  is based on 
the  stat is t ics  of r a n d o m  process. A more  p rac t ica l  
e r ror  to consider  here  is tha t  of r eproduc ib i l i ty .  In  
our  coun t ing  assembly,  coun t  ra tes  we re  r ep r oduc -  
ible  to -+2% which  leads to errors  of --+4% in the  
ra t io  of Eq. [4] .  C u m u l a t i v e  we igh ing  errors  of +--2 
t~g lead to errors  in  the  e s t ima t ion  of l app ing  depths  
of --+0.02 /x; such precision,  however ,  means  l i t t le  in  
v i ew  of the  fact tha t  pa r a l l e l  l app ing  was  a s sumed  
bu t  no t  proved.  

The  most  ser ious e r rors  in  the  va lue  6f D could  be  
due  to n o n p a r a l l e l  l app ing ;  the  effect of m i s a l i g n -  
m e n t  of the p l ane  of l app ing  wi th  respect  to the  
p l ane  of the  or ig ina l  c rys ta l  face can  resu l t  in  a 
va lue  for D which  is h igh compared  to the  t r u e  va l ue  
in  al l  cases. By  a s suming  var ious  geometr ies  of m i s -  
a l i g n m e n t  it  is possible to es t imate  the  e r ro r  in  D 
due  to this  source. This  was  done  for va r ious  geom-  
etr ies  and  degrees  of m i s a l i g n m e n t ,  and  it was  f ound  

tha t  the  wors t  conce ivable  s i tua t ion  w ou l d  p roduce  
an  e r ror  in  D of abou t  + 2 5 % .  However ,  t oward  the  
end  of this  w o r k  i t  was possible  to check the  geom-  
e t ry  and  degree of m i s a l i g n m e n t  by  m e a n s  of a 
Zeiss op t ime te r  capable  of m e a s u r i n g  th icknesses  
w i th  an  accuracy  of ----_0.2 ~. These  m e a s u r e m e n t s  i n -  
d icated tha t  the  degree  of m i s a l i g n m e n t  was  indeed  
smal l  and  tha t  confidence in  the  i n h e r e n t  s impl ic i ty  
of h a n d  l app ing  was  justif ied.  E x p e r i m e n t s  w i t h  v a r -  
ious mach ines  a nd  j igs led  to the conc lus ion  t ha t  
these could in t roduce  sys temat ic  e r rors  which  wou ld  
be more  serious t h a n  the r a n d o m  errors  p roduced  by  
h a n d  lapping.  

Er rors  migh t  also accrue due  to loss of s ample  su r -  
face by  evapora t ion .  I t  was  fel t  t ha t  such losses 
wou ld  be smal l  in  a closed sys tem;  this  was  con-  
f i rmed both  by  mic romet r i c  m e a s u r e m e n t s  and  by  
the  fact tha t  the o r ig ina l  s e m i - m i r r o r  finish of the  
samples  was p re se rved  ( a l t hough  some p i t t i ng  was  
no t i ced) .  The ques t ion  of w h e t h e r  the diffusion co- 
efficients ob ta ined  are t r u l y  r ep re sen t a t i ve  of b u l k  
diffusion has no t  been  fu l ly  resolved.  This  ques t ion  
arises f rom the  fact tha t  the  samples  were  no t  e tched 
af ter  g r i nd ing  flat. It  is possible  tha t  the  worked  
surfaces  and  the  l ayers  i m m e d i a t e l y  be low migh t  
p rov ide  an  easier  pa th  for d i f fusant  p e n e t r a t i o n  t h a n  
wou ld  the  b u l k  mater ia l .  I ndeed  it  was  found  tha t  
va lues  of D ca lcula ted  f rom the  da ta  of cut  c o m b i n a -  
t ions  0-1, 0-2, etc., were  m u c h  h igher  t h a n  the  m e a n  
va l ue  in  al l  cases. Such  va lues  for D, therefore ,  were  
not  i nc luded  in  ca lcu la t ing  the m e a n ;  however ,  i t  
wi l l  be no ted  f rom the  r ep re sen t a t i ve  da ta  of Tables  
I a nd  II tha t  this  effect was  no t  no t iceable  beyond  
a dep th  of a few microns.  Samples  were  lef t  in  the  
g r o u n d  state  because  even  the  most  r igorous ly  con-  
t ro l led  e tching  a lways  p roduced  u n e v e n  surfaces  
tha t  wou ld  be ve ry  poor p lanes  of re fe rence  for such 
r e l a t i v e l y  sha l low diffusion pene t r a t ions .  

The  ove r - a l l  effect of all  the  possible errors,  as 
wel l  as the a s sumpt ions  m a d e  in  ca r ry ing  out  these  
exper imen t s ,  m a y  be i l l u s t r a t ed  b y  compar ing  the  
e x p e r i m e n t a l  diffusion of Sb into Si w i th  t ha t  p r e -  
d ic ted by  Eqs. [2] and  [3]. These equa t ions  m a y  be 
combined  to express  the f rac t ion  of to ta l  diffused 
a toms r e m a i n i n g  in  the crystal ,  i.e., a f ter  g r i n d i n g  
d o w n  to a p l a ne  x cm be low the  surface,  as fol lows:  

N~ R~ 
- -  - -  - -  [ 7 ]  

NT Rr 1.13 

F i g u r e  2 is a plot  of theore t ica l  r e s idua l  a tom f rac-  
t ions  at  va r ious  depths  ca lcu la ted  f rom Eq. [7] ,  s u b -  

s t i t u t ing  for k/Dt the  va l ue  8.26 x 10-' cm corre-  
spond ing  to the m e a n  va lue  found  f rom the  diffusion 
a n n e a l  at  1330~ (Tab le  I I ) .  The  poin ts  are the  ex -  
p e r i m e n t a l l y  d e t e r m i n e d  count  ra te  rat ios;  it is ap-  
p a r e n t  t ha t  these  fol low the  theore t ica l  cu rve  w i t h i n  
e x p e r i m e n t a l  error .  For  the  sake of c la r i ty  on ly  one 
such cu rve  is shown  in  Fig. 2, viz., tha t  which  m a y  
be verif ied by  the  da ta  g iven;  however ,  for  o ther  
t e m p e r a t u r e  a nne a l s  the  fit of the  e x p e r i m e n t a l  
p e n e t r a t i o n  w i th  the  theore t ica l  was even  more  
s t r ik ing.  Despi te  the  fact tha t  the  rms  dev ia t ions  in  
the  va lue  of D's of the  two samples  in  a n y  t e m p e r a -  
t u r e  r u n  va r i ed  cons ide rab ly  b e t w e e n  samples,  it  
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Fig. 2. Plot comparing experimental with theoretical dif- 
fusion of Sb in Si at 1330 ~ 

should  be no ted  t ha t  the  m e a n  D va lues  of bo th  
samples  were  in  v e r y  close a g r e e m e n t  (Tab le  I I I ) .  
Such  ag reemen t ,  coupled  w i th  the  good fit of the  e x -  
p e r i m e n t a l  p e n e t r a t i o n  wi th  the  theoret ical ,  seems to 
ind ica te  t ha t  al l  of the  a s sumpt ions  m a d e  were  v i n -  
d icated and  tha t  the  D's r ep re sen t  t r ue  b u l k  diffu-  
sion w i th  an  average  e r ror  of -----12% which  r e p r e -  
sents  the m e a n  of al l  the  i n d i v i d u a l  sample  errors .  
F r o m  this  and  the  closeness of the  e x p e r i m e n t a l  
poin ts  to the  log D vs. 1/T l ine  in  Fig. 1, the  es t i -  
ma t ed  e r ror  in  AH is abou t  1%. 

Er rors  in  Co reflect the errors  in  D and  the  con-  
ve rs ion  factor  G. The la t ter ,  f rom a series of ca l i -  
bra t ions ,  is e s t ima ted  to be  abou t  -----5%. Thus ,  the  
e r ror  in  Co is abou t  12%. 

Conclusion 

Diffusion coefficients of Sb in  Si m e a s u r e d  b y  a 
r ad io t race r  t e chn ique  were  found  to be cons ide rab ly  
h igher  t h a n  those repor ted  in  the  l i t e r a t u r e  where  a 
p - n  j u n c t i o n  t echn ique  was used. The  resu l t s  con-  
f i rmed the  bel ief  tha t  p - n  j u n c t i o n  m e a s u r e m e n t s  
gave too low va lues  for D, since a b n o r m a l l y  h igh 
va lues  for the surface  concen t r a t i on  of Sb on Si are  
ca lcu la ted  w h e n  p - n  j u n c t i o n  va lues  of D are  used.  
Surface  concen t r a t ions  ca lcu la ted  f rom the diffusion 
coefficients found  in  this  i nves t iga t ion  were  found  to 
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be w i t h i n  the r a nge  expected  for u n s a t u r a t e d  Si su r -  
faces. No e x p l a n a t i o n  is offered at this  t ime  for the  
d i s a g r e e m e n t  b e t w e e n  the  resul t s  as ob ta ined  by  the  
two methods  p e n d i n g  the comple t ion  of f u r t h e r  
s tudies  us ing  t race r  acceptor  e l emen t s  as diffusants .  

Since this  w o r k  was  completed,  it has come to the  
a t t e n t i on  of the  au thors  tha t  the  diffusion of Sb in  Si 
has been  inves t iga ted  us ing  Sb-124 (10).  Detai ls  of 
these  e x p e r i m e n t s  are insuff ic ient ly  expl ic i t  to w a r -  
r a n t  c o m m e n t ;  howeve r  the  resul t s  of the  work,  ex -  
pressed by  the  equa t ion  D ~ 0.112 exp ( - -66 ,000 /RT)  
cm ~ sec -1 is in  comple te  d i s a g r e e m e n t  w i t h  bo th  the  
au thors '  resul t s  and  those of F u l l e r  a nd  Di tzen-  
berger .  
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The Relation of Gas Composition to Current Efficiency 
in an Aluminum Reduction Cell 

T. R. Beck 

Metals Division Research, Kaiser Aluminum & Chemical Corporation, Permanente, California 

ABSTRACT 

Experience with a 10,000-amp a luminum reduct ion cell indicates that  the 
previously accepted equation re la t ing current  efficiency and cell gas CO~ con- 
centrat ion is an oversimplification. A modified equation, % CE ~ g[50 -t- u (% 
COs) ] - - Z ,  fits the data more satisfactorily. The new terms, g and Z, respec- 
tively, account for: (a) less than  100% init ial  COs and /or  react ion of CO~ with 
carbon, and (b) a certain percentage of current  inefficiency by oxidation or 
loss of some cathode products without  involvement  of CO2. The experiments  
showed g to be somewhat  larger than  un i ty  and to vary  with the bake tem- 
perature of the anodes and Z to be somewhat  larger than 3.5%. 

This paper  descr ibes  work  done on a 10,000-amp 
e x p e r i m e n t a l  a l u m i n u m  reduc t ion  cell. The  cell was  
es tab l i shed  for s t udy ing  process va r i ab l e s  t ha t  could 
no t  be s tudied  sa t i s fac tor i ly  in  a n y  o ther  way.  I t  was  
of such a size tha t  resul t s  could be scaled up  to app ly  
d i rec t ly  to the  p resen t  commerc ia l  cells. A l t h o u g h  i t  
was  on ly  1/6 to 1/10 the  size of p r e sen t  commerc ia l  
cells, i t  was comparab l e  in  size to the  commerc i a l  
cells of th ree  decades ago (1) .  Because  it  was  oper -  
a ted  as an  i n d e p e n d e n t  u n i t  wi th  its own  power  sup -  
p ly  and  was  no t  t ied  to a p roduc t i on  schedule,  e x p e r -  
imen t s  and  m e a s u r e m e n t s  could be made  and  a n  ac-  
curacy  ob ta ined  tha t  wou ld  be v i r t u a l l y  imposs ib le  to 
a t t a i n  u n d e r  p l a n t  condi t ions .  S igni f ican t ly  sma l l e r  
s e l f - sus t a in ing  cells ope ra t i ng  at commerc ia l  c u r r e n t  
densi t ies  are difficult to operate  because  of p ropor -  
t i ona te ly  h igher  hea t  losses for the i r  g rea te r  su r face-  
t o - v o l u m e  ratio.  Sca l e -up  f rom sti l l  sma l l e r  e x t e r -  
n a l l y  hea ted  bench  scale cells to fu l l  scale p l an t  cells 
is open to quest ion.  

In  cons t ruc t ion  and  d imens ions  it was  e q u i v a l e n t  
to p lac ing  the  two ends  of a commerc ia l  p r e b a k e d -  
anode  cell together  af ter  r e m o v i n g  the  cen te r  sec- 
t ion. D imens ions  of the cav i ty  were  a p p r o x i m a t e l y  
43 in. x 65 in. cross sect ion by  14 in. deep. P l a n t  
anodes  and  s u p e r s t r u c t u r e  h a r d w a r e  were  used. 
Anode  d imens ions  were  151/2 in. x 19V2 in. cross 
sect ion by  12 in. high. 

Ea r ly  in  the  p r o g r a m  a test  was made  to eva lua t e  
the  effect of a n o d e - b a k e  t e m p e r a t u r e  on ca rbon  con-  
sumpt ion .  Rou t ine  cell gas ana lyses  for  CO2 and  CO 
were  made  in  order  to d e t e r m i n e  w h a t  f rac t ion  of 
the  ca rbon  c o n s u m p t i o n  could be a t t r i b u t e d  to the  
e lec t rochemica l  react ion.  Cor re la t ion  of these gas 
analys is  da ta  w i th  c u r r e n t  efficiency was  the  basis  
for this  paper .  

Experimental 
Anodes  for use in  this  s tudy  were  pressed  a nd  

baked  at  the  Corpora t ion ' s  Mead Works  nea r  Spo-  
kane ,  Wash ing ton .  The rmocoup les  were  ins ta l l ed  in  
the  b a k i n g  pi ts  to d e t e r m i n e  the  m a x i m u m  t e m p e r a -  
tu res  reached  d u r i n g  the  bake.  F r o m  these  da ta  

m a x i m u m - t e m p e r a t u r e - i s o t h e r m s  were  d r a w n  for 
the  pits,  and  anodes  were  segregated  into su i t ab le  
bake  t e m p e r a t u r e  r anges  for use  in  the  10,000-amp 
cell  tests. 

Each test  las ted four  weeks  and  c o n s u m e d  ap-  
p r o x i m a t e l y  19 anodes.  Each of the four  anodes  in  
the  cell was  changed  every  six days on  a r egu l a r  
schedule.  A o n e - w e e k  t r a n s i t i o n  per iod  b e t w e e n  
tests  was  used to ins ta l l  a n e w  c o m p l e m e n t  of 
anodes.  

Cell  condi t ions  w e r e  he ld  as cons t an t  as possible  
d u r i n g  the  test  series. A n o d e - c a t h o d e  d is tance  was  
m a i n t a i n e d  at 2 in. for al l  b u t  the  last  th ree  r u n s  at  
which  it was  1 �89  in. Ba th  composi t ion  was  89% 
cryol i te  at 1.5 NaF:  A1F~ rat io,  8% ca lc ium fluoride, 
and  3 % a lumina .  Ba th  t e m p e r a t u r e  was  m a i n t a i n e d  
at  975~176 C u r r e n t  va r i ed  f rom 9500 to abou t  
11,000 amp d u r i n g  the  course of the  e x p e r i m e n t s  be -  
cause the  power  i n p u t  was  increased  to compensa te  
for increased  hea t  losses as b a t h  p e n e t r a t e d  the  i n -  
su la t ion  and  because  the  last  th ree  r u n s  were  m a d e  
at a lower  anode -ca thode  dis tance.  

Gas composi t ion  was  m e a s u r e d  wi th  an  Orsa t  gas 
ana lyze r  at 2 -h r  i n t e rva l s  ha l f  w a y  b e t w e e n  h o u r l y  
feedings  of a lumina .  The  cell gas was  collected 
t h r ough  a steel be l l  placed on the  crus t  of the  cell  as 
shown  in  Fig. 1. The  gas was  d r a w n  t h r o u g h  I n -  
conel  and  r u b b e r  t u b i n g  to the gas ana lyzer .  The  

INCONEL RUBBER 
--TUBING TUBING 

STEEL BELL. / / 
ALUMINA ~ ~ ~ CELL GAS TO "O EcR BTCOVER\  ,NAL ZER 

.,J _- --- �9 J "  / ~ - -  LEDGE 
~ - - B A T H - - - - - -  J /  

METAL J I 

CARBON LINING 

Fig. 1. Cell gas collection system 
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Table I. Experimental data for various bake temperature anodes. 
Each point represents one four-week test 

R E L A T I O N  O F  G A S  C O M P O S I T I O N  T O  C E  711 

C u r r e n t  % A v g .  est .  a n o d e  
eft.  COe b a k e  t e m p ,  ~ 

Low-bake - t emper -  { 85.5 69.3 946 } 959 
a ture  anodes 86.9 71.8 972 

M e d i u m - b a k e - t e m - {  86.7 77.4 1071 } 1070 
pe ra tu re  anodes 88.9 79.7 1070 

t 
8 6 . 8  8 0 . 7  1 1 4 2  1 
85.5 78.5 1110-1190| 
86.4 79.0 1110-1190| 

H igh-bake - t emper -  88.2 81.1 1110-1190~ Approx .  
a tu re  anodes 86.5 78.7 1110-1190| 1150 

84.4 77.4 1110-1190 I 
84.1 75.9 l l10-1190J  

crus t ,  composed  of f rozen  c ryo l i t e ,  was  con t inuous  
e x c e p t  for  the  s ingle  v e n t  w h i c h  was  used  for  f e e d -  
ing  a n d  gas  co l l ec t ion  so t h e r e  was  a n e g l i g i b l e  l e a k -  
age  of a i r  in to  t he  sys t em.  R e a c t i o n  of the  cel l  gas  
w i t h i n  t he  Incone l  s a m p l e  t ube  a p p e a r s  u n l i k e l y  b e -  
cause  the  m e a s u r e d  gas  compos i t i on  d id  no t  v a r y  
w i t h  the  r a t e  t h a t  t he  gas  was  s a m p l e d .  The  gas  w a s  
cool be fo re  i t  e n t e r e d  the  r u b b e r  t ub ing .  

Resu l ts  

The  e x p e r i m e n t a l  d a t a  a r e  p r e s e n t e d  in  T a b l e  I 
a n d  Fig.  2. C u r r e n t  eff iciency d id  no t  v a r y  s ignif i -  
c a n t l y  w i t h  a n o d e - b a k e  t e m p e r a t u r e ,  b u t  p e r  cen t  
of CO2 in t he  cel l  gas  i n c r e a s e d  w i t h  i n c r e a s i n g  b a k e  
t e m p e r a t u r e .  The  l o w - b a k e - t e m p e r a t u r e - a n o d e  d a t a  
a re  a b o v e  the  p r e v i o u s l y  accep t ed  P e a r s o n  and  W a d -  
d i ng ton  c o r r e l a t i o n  (1, 2) ,  and  the  h i g h - b a k e - t e m -  
p e r a t u r e - a n o d e  d a t a  a r e  b e l o w  it. T h e r e  is a c e r t a i n  
s ca t t e r i ng  of the  da ta ,  b u t  t h e r e  is an  u n m i s t a k a b l e  
t r e n d  w i t h  a n o d e  b a k e  t e m p e r a t u r e .  F o r  a g i v e n  
b a k e  t e m p e r a t u r e ,  t h e  d a t a  r o u g h l y  p a r a l l e l  t he  
P e a r s o n  and  W a d d i n g t o n  c o r r e l a t i o n  a l t h o u g h  the  
s lope  a p p e a r s  to be  s l i g h t l y  s teeper .  

The  f irst  fou r  g roups  of anodes  w e r e  r u n  in  r a n -  
d o m  o r d e r  to  cance l  t he  effect  of ce l l  aging.  The  r e -  
m a i n i n g  seven  g roups  w e r e  r u n  in t he  o r d e r  l i s ted .  
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The  r a n g e  of c u r r e n t  eff iciency f r o m  85.5 to 88.9% 
can be  a t t r i b u t e d  to s m a l l  changes  in t he  o p e r a t i n g  
condi t ions ,  u n a v o i d a b l e  in an  a l u m i n u m  r e d u c t i o n  
cell .  The  84 % c u r r e n t  eff iciency in  t he  l a s t  two  r u n s  
was  the  r e s u l t  of t he  l o w e r  a n o d e - c a t h o d e  d is tance .  
Desp i t e  some v a r i a t i o n s  in  ce l l  cond i t ions  t h e  d a t a  
for  each  b a k e  t e m p e r a t u r e  fe l l  on i ts  c h a r a c t e r i s t i c  
l ine.  The  r e g u l a r  d e v i a t i o n  sugges t ed  t h a t  t h e r e  w e r e  
some fac to r s  i g n o r e d  in  t he  o r i g i n a l  d e r i v a t i o n  of 
t he  P e a r s o n  a n d  W a d d i n g t o n  e q u a t i o n  so a m o r e  
c o m p r e h e n s i v e  e q u a t i o n  w a s  d e r i v e d .  

Discuss ion  

The  P e a r s o n  a n d  W a d d i n g t o n  e q u a t i o n  

% C E = 5 0 +  � 8 9  CO~) 

is b a s e d  on the  fo l lowing  a s s u m p t i o n s :  (a )  i n i t i a l  
a n o d e  p r o d u c t  is 100% c a r b o n  d iox ide ,  and  (b)  c a r -  
bon  m o n o x i d e  is p r o d u c e d  b y  r e d u c t i o n  of c a r b o n  
d i o x i d e  b y  c a thode  p roduc t s ,  i.e., 

) A 1 ,  . )A1 +++, 
CO~ + |2/3AI, -~ CO + ~2/3AI+++ -I- O = 

Letc.  Letc.  

A p lo t  of t he  P e a r s o n  a n d  W a d d i n g t o n  e q u a t i o n  is 
s h o w n  in Fig .  3 w i t h  the  d i r ec t i ons  of t he  d e v i a t i o n s  
due  to e r r o r s  in  t he  a s sumpt ions .  

Case I is a d e c r e a s e  in  p e r  cen t  CO~ w i t h o u t  a 
c h a n g e  in c u r r e n t  efficiency. This  can  r e s u l t  f r o m  
p r i m a r y  a n d / o r  s e c o n d a r y  f o r m a t i o n  of CO. These  
a r e  i n s e p a r a b l e  in t he  d a t a  p r e s e n t e d  h e r e  b u t  cou ld  
p e r h a p s  be  s e p a r a t e d  us ing  a r a d i o - c a r b o n  t e c h -  
n ique .  I t  m u s t  be  b o r n e  in m i n d  t h a t  t h e r e  is a l w a y s  
the  p o s s i b i l i t y  of i n t r o d u c t i o n  of a i r  d u r i n g  s a m p l i n g  
w h i c h  w i l l  g ive  a low a p p a r e n t  CO2, e s p e c i a l l y  w i t h  
p l a n t  cel ls  w h i c h  of ten  do no t  h a v e  a con t inuous  
sol id  crus t .  I t  is f e l t  t h a t  th is  e r r o r  is no t  s ign i f ican t  
in t he  w o r k  w i t h  t he  P e r m a n e n t e  cel l  b e c a u s e  of t he  
con t inuous  sol id  crus t .  The  n i t r o g e n  c on t e n t  of t he  
s a m p l e s  was  u s u a l l y  less  t h a n  1%. S m a l l  a m o u n t s  of 
o t h e r  gases  h a v e  b e e n  f o u n d  in r e d u c t i o n  cel l  gas  
b u t  no t  in suff icient  a m o u n t  to affect  t he  r e su l t s  
p r e s e n t e d  h e r e  s ign i f ican t ly .  H y d r o g e n ,  h y d r o g e n  
sulfide,  and  c a r b o n y l  sulf ide  h a v e  been  f o u n d  in con -  
c e n t r a t i o n s  of a f ew  t e n t h s  of a p e r  cen t  or  less  (3) .  
F o r m a t i o n  of f l uo roca rbons  a p p e a r s  to be  l i m i t e d  to  
pe r i ods  of a n o d e  effect (3) .  
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Fig. 2. Experimental data for various bake temperature Fig. 3. Deviations due to errors in derivation assumptions 
anodes. Each point represents one 4-week test. for Pearson and Waddington equation. 
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Case I I  is an  i nc rea se  in p e r  cen t  CO2 w i t h o u t  a 
change  in c u r r e n t  efficiency�9 A poss ib l e  r e a c t i o n  is 
t he  f o r m a t i o n  of f r ee  c a r b o n  and  COs b y  d i s p r o -  
p o r t i o n a t i o n  of CO as t he  po t  gas  t e m p e r a t u r e  is r e -  
duced.  No m e a s u r a b l e  a m o u n t  of th is  f r ee  c a r b o n  
f o r m a t i o n  was  f o u n d  w i t h  t h e  P e r m a n e n t e  cell .  

Case  I l I  is a dec rea se  in  c u r r e n t  eff iciency w i t h o u t  
a change  in the  gas  composi t ion �9  T h e r e  a r e  a n u m b e r  
of m e c h a n i s m s  t h a t  can  l e a d  to th is  condi t ion�9  T h e  
m o r e  i m p o r t a n t  poss ib i l i t i e s  a r e  as  fo l lows.  ( a )  e s -  
cape  of s o d i u m  f r o m  the  cel l  or  o x i d a t i o n  of s o d i u m  
b y  a i r  ( P o c k e t s  of s o d i u m  m e t a l  a r e  f r e q u e n t l y  
f o u n d  in t he  c rus t  of t he  P e r m a n e n t e  cell ,  s u b s t a n -  
t i a t i ng  th is  m e c h a n i s m . )  ; (b )  d i r ec t  o x i d a t i o n  of so-  
d ium,  m o n o v a l e n t  a l u m i n u m ,  or  " m e t a l  fog"  a t  t he  
a n o d e  w i t h o u t  the  i n t e r v e n t i o n  of CO2; (c)  e l ec t ron i c  
conduc t ion  t h r o u g h  the  b a t h  or  t h r o u g h  sho r t  c i r -  
cui ts  b e t w e e n  a n o d e  a n d  ca thode  b y  m e t a l  sp l a sh ing  
or  a c c u m u l a t e d  c a r b o n  " d u s t ; "  (d )  f o r m a t i o n  of so-  
d i u m  a n d / o r  a l u m i n u m  c a r b i d e s  w i t h  t he  l in ing ;  a n d  
(e)  o x i d a t i o n  of a l u m i n u m  d u r i n g  t app ing .  

Case IV, an  i n c r e a s e  in c u r r e n t  eff iciency w i t h o u t  
a change  in  gas  compos i t ion ,  is not  poss ib l e  b e c a u s e  
i t  w o u l d  r e q u i r e  m o r e  t h a n  F a r a d a y ' s  e q u i v a l e n t  of 
m e t a l  f o r m e d  at  t he  ca thode .  

The  d e v i a t i o n s  of t he  e x p e r i m e n t a l  d a t a  in  Fig .  2 
can  be e x p l a i n e d  b y  these  reac t ions .  F o r  a l l  t h r e e  
sets  of da ta ,  the  d e v i a t i o n  b e l o w  the  P e a r s o n  a n d  
W a d d i n g t o n  l ine  due  to Case  I I I  w o u l d  be  e x p e c t e d  
to be  a b o u t  the  same.  A n o d e  q u a l i t y  w o u l d  h a r d l y  
be  e x p e c t e d  to affect  s ign i f i can t ly  t he  fac to rs  t h a t  
m a k e  up  Case III .  The  sh i f t  in t he  l ines  to t he  l e f t  
w i t h  l o w e r - b a k e - t e m p e r a t u r e  anodes  can  be  e x -  
p l a i n e d  b y  Case  I. 

The  m o r e  g e n e r a l  r e l a t i o n  b e t w e e n  c u r r e n t  effi- 
c i ency  and  gas  compos i t i on  is d e r i v e d  as fo l lows :  

I n i t i a l  ce l l  r e a c t i o n  

2AI~O, + ( 6 - - n )  C ~  4A1 + nCO2 + ( 6 - -  2n) CO [1]  
0_<_n__<3 

E q u i v a l e n t  ineff ic iency r e a c t i o n  

2/3A1 + CO~-~ 2/3A1 § + CO + O: [2]  

Reac t ion  of CO~ w i t h  c a r b o n  

Y, 
CO~ + C ~ -  2CO [3]  

y~ 

A - - C - - D  
% CE = x 100 [4a ]  

A + B  

w h e r e  A : e q u i v a l e n t s  of A1 (or  Na, etc.)  i n i t i a l l y  
f o r m e d ;  B = e q u i v a l e n t s  of e l ec t rons  c a r r i e d  b y  
e l ec t ron ic  conduc t ion ;  C = e q u i v a l e n t s  of A1 r e -  
ox id i zed  b y  CO~; and  D = e q u i v a l e n t s  of A1 los t  or  
r e o x i d i z e d  w i t h o u t  CO.o. 

To s i m p l i f y  t h e  d e r i v a t i o n  the  f o l l o w i n g  t r a n s -  
f o r m a t i o n  is m a d e  

A ' = A + B  
E = D + B  

A ' - - C - - E  
�9 % C E  ---- x 1 0 0  [ 4 5 ]  

A '  

* T h e  s u b s c r i p t  p r e p r e s e n t s  m a t e r i a l  p r o d u c e d ,  s u b s c r i p t  r i n d i -  
ca tes  m a t e r i a l  r e d u c e d ,  a n d  t h e  n u m e r i c a l  s u b s c r i p t s  r e f e r  to  Eqs .  
[1] ,  [2] ,  a n d  [3] .  
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. rv--x--y ) 
n+6--2n--x+x--y+2y 

n--x--y 
= 1 0 0 \ ~  ) [65]  

E l i m i n a t i n g  x f r o m  [6a]  and  [65]  g ives  

6--n+y 
% CE [ 5 0 +  1/2(% CO=)] - - Z  [6c]  

3 

The  f r ac t i on  of t he  i n i t i a l  CO~ r e a c t i n g  b y  Eq. [3]  
is 5 = y/n 

6--n+n] 
�9 % C E - -  [ 5 0 +  1/2(% C O ~ ) ]  - - Z  [ 7 ]  

3 

( ~  
% CO, in  p r i m a r y  gas  = 100 6 -  n 

S u b s t i t u t i n g  the  v a l u e  for  n [Eq. 8] in Eq. [7]  

l + ] ( i n i t i a I  % CO~)  

100 
% C E = 2  

i n i t i a l  % CO= 
1 +  

100 

[50 + 1/2 ( %  CO~)] - - Z  [9]  

Because  i t  is diff icul t  to s e p a r a t e  the  effect  of i n i -  
t i a l  a n o d e  gas  compos i t i on  and  the  r e a c t i o n  of CO~ 
w i t h  ca rbon ,  Eq.  [9]  m a y  be  s impl i f i ed  b y  l e t t i ng  

[ 100 + ] ( i n i t i a l  % CO~) ] 

g = 2 100 + in i t i a l  % CO~ 

�9 % C E  = g[50 + ~ ( %  CO2)] - - Z  [ 1 0 ]  

This  e q u a t i o n  r e d u c e s  to t h e  P e a r s o n  and  W a d d i n g -  
ton  e q u a t i o n  for  100% in i t i a l  CO~, no r e a c t i o n  of CO~ 
w i t h  carbon ,  and  no loss of c a thode  p r o d u c t s  o t h e r  
t h a n  b y  r e a c t i o n  w i t h  CO~. 

The  t h e o r e t i c a l  l imi t s  for  g a r e  g = 1 to  2. A 
v a l u e  of g = 1 m e a n s  in i t i a l  CO~ = 100% and  no r e -  
ac t ion  of COs w i t h  ca rbon .  A v a l u e  of g = 2 m e a n s  
t h a t  u n d i l u t e d  gas  l e a v i n g  the  cel l  is p u r e  CO and  no 
COs r e d u c t i o n  b y  m e t a l  has  occur red .  E x c e p t  w h e n  
t h e  ce l l  is on a n o d e  effect,  t he  v a l u e  of g a p p e a r s  to  
be  c loser  to un i ty .  The  v a l u e  of g w o u l d  be  less  t h a n  
1 for  Case  I I  in Fig .  3, bu t  Case  I I  a p p e a r s  to be  n e g -  
l i g ib l e  for  the  P e r m a n e n t e  e x p e r i m e n t a l  cel l .  

a n d  

% CO, = 100 

% CO,: 
CO~(~.,--CO=(~.~)--CO,(..~) 

x 100 

[5] ~ 

P e r  each  Eq. [1] ,  a s s u m e  x Eq. [2]  and  y Eq. [3] .  
(Note :  y is the  ne t  n u m b e r  of CO~'s lost ,  i.e., y = 

Yl--Y~ since the  r e a c t i o n  is r e v e r s i b l e . )  . . A ' =  4, 
C = ( 2 / 3 )  x, and  E = 4Z/100,  w h e r e  Z is p e r c e n t -  
age  of c u r r e n t  los t  b y  Case III .  

( 4--(2/3)x--4Z/100 ) [6a] 
�9 % C E  = 100  4 
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The theore t ica l  l imi ts  for Z are Z = 0 to 100. 
The preced ing  sections show tha t  (a) less t h a n  

100% in i t i a l  CO~ or reac t ion  of CO~ wi th  carbon,  a nd  
(b)  loss of me ta l  w i thou t  reac t ing  w i t h  CO~ t end  to 
shift  ac tua l  pot da ta  to opposi te  sides of the P e a r son  
and  W a d d i n g t o n  line.  I t  appears  tha t  the  r e l a t ion  of 
per  cent  CO~ to c u r r e n t  efficiency found  by  pr ior  
inves t iga t ions  (2, 4) was due to a for tu i tous  combi -  
na t i on  of these  two effects. 

In  Fig. 2 it  is seen t ha t  the  l ine  for the  h ighes t  
b a k e - t e m p e r a t u r e  anodes  is abou t  3.5% be low the  
Pea r son  and  W a d d i n g t o n  l ine  w i t h i n  the r a nge  of 
the  e x p e r i m e n t a l  data.  Since even  the highest  ba ke -  
t e m p e r a t u r e  anodes  used  p r o b a b l y  gave a 9 v a l u e  
g rea te r  t h a n  one, Z m u s t  have  been  grea te r  t h a n  
3.5%. The l ines  t h rough  the  da ta  in  Fig. 2 we re  
d r a w n  as an  example  wi th  a va lue  of Z = 5.0. The  
cor respond ing  va lues  of g are as follows: 

Anode  bake  temp,  ~ g 
959 1.070 

1070 1.040 
1150 1.020 

In  f u t u r e  tests  it is hoped tha t  Z can be eva lua ted ,  
or at least  its va r i a t i on  wi th  cell va r i ab le s  de t e r -  
mined .  Whi le  the  va lue  of Z was p r o b a b l y  r e l a t i ve ly  
cons tan t  in  these tests, there  are ind ica t ions  f rom 
la te r  tests tha t  it var ies  s igni f icant ly  w i th  b a t h  N a F /  
A1F~ ratio.  

M e a s u r e m e n t  of the  per  cen t  CO~ in  cell gas has  
been  advoca ted  as a means  of d e t e r m i n i n g  i n s t a n -  
t aneous  va lues  of c u r r e n t  efficiency (4) .  Resul t s  i n  
this  work  ind ica te  tha t  this  is a v e r y  ques t i onab l e  
practice.  

Summary and Conclusions 
C u r r e n t  efficiency and  cell gas composi t ion  were  

m e a s u r e d  on a 10,000-amp e x p e r i m e n t a l  a l u m i n u m  
reduc t ion  cell for opera t ion  wi th  groups  of anodes  
baked  at t e m p e r a t u r e s  f rom 950 ~ to 1190~ The  
fo l lowing are  the conclus ions  f rom ~his work :  

1. C u r r e n t  efficiency did no t  v a r y  s igni f icant ly  
wi th  anode  bake  t e m p e r a t u r e .  
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2. The  pe rcen tage  of CO~ in  the cell gas va r i ed  
w i th  anode  bake  t empe ra tu r e ,  inc reas ing  w i th  i n -  
c reas ing  bake  t e m p e r a t u r e .  

3. This  p roduced  dev ia t ions  f rom the  p rev ious ly  
accepted equa t ion :  

% CE = 50 + 1/2(% CO~) 

The  da ta  could be cor re la ted  b y  a n e w  e q u a -  4. 
t ion:  

% C E = g  [50 + 1/2(% CO~)] - - Z  

5. Some ox ida t ion  or loss of cathode products  by  
o ther  t h a n  reac t ion  w i th  CO~ is ind ica ted  by  a va lue  
of Z tha t  is at  least  3.5%. 

6. The va lue  of g was  g rea te r  t h a n  u n i t y  and  i n -  
creased for l o w - b a k e - t e m p e r a t u r e  anodes,  which  i n -  
dicates  less t h a n  100% in i t i a l  CO~ a n d / o r  reac t ion  of 
in i t i a l ly  fo rmed  CO_~ wi th  ca rbon  in  cell. 

7. Use of the  overs impl i f ied  equat ion ,  % CE = 
50 + J/z ( % CO~), to ca lcula te  c u r r e n t  efficiency f rom 
gas ana lyses  is a ques t ionab le  practice.  
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ABSTRACT 

The potent ia ls  of a series of m e t a l - m e t a l  chlor ide systems in an equimolar  
mix tu re  of mol ten  potass ium and sodium chlor ides  have been measured  against  
a s i lve r - s i lve r  chlor ide  reference  electrode.  An  e lec t romot ive  force series of 
meta ls  at  different  t empera tu re s  has been es tabl ished for  this pa r t i cu la r  
solvent.  Exper imen t s  wi th  a chlor ine e lect rode have  shown tha t  the solutions 
of s i lver  chlor ide  in the  KC1-NaC1 solvent  are  ideal,  and hence, devia t ions  f rom 
idea l i ty  of the other  chlor ides  in this solvent  can be a t t r ibu ted  d i rec t ly  to the 
fo rmat ion  of complexes  in the melts .  Three  types  of behavior  have been ob-  
served  for the salts  s tudied in this  solvent:  ideal i ty,  and posit ive and negat ive  
deviat ions f rom ideal i ty .  The theore t ica l  aspects  of complex fo rmat ion  in mel ts  
are  discussed. 

The  w o r k  r e p o r t e d  in th is  p a p e r  is t he  c u l m i n a -  
t ion  of e x p e r i m e n t s  b e g u n  in 1956 for  the  p u r p o s e  
of e s t a b l i s h i n g  e l e c t r o m o t i v e  fo rce  ser ies  of m e t a l -  
m e t a l  ch lo r ide  s y s t e m s  in a so lven t  cons i s t ing  of 
1: 1M KC1-NaC1, a t  t e m p e r a t u r e s  b e t w e e n  650 ~ and  
900~ In  t h e  i n i t i a l  e x p e r i m e n t a l  work ,  a t h e r m o -  
d y n a m i c a l l y  r eve r s ib l e ,  d i f fus ion- f ree ,  s i l v e r - s i l v e r  
ch lo r ide  r e f e r e n c e  e l e c t r o d e  (1)  was  deve loped .  
This  e l ec t rode  was  used  to ob t a in  the  s t a n d a r d  p o -  
t en t i a l s  of s e v e r a l  sy s t ems  (2 -5 ) .  In  th is  pape r ,  the  
d a t a  h a v e  been  used  to e s t ab l i sh  emf  ser ies  of m e t -  
a ls  a t  v a r i o u s  t e m p e r a t u r e s .  

A t h e o r e t i c a l  i n t e r p r e t a t i o n  of these  d a t a  r e -  
q u i r e d  the  def in i t ion  of  an  " i dea l "  r e f e r e n c e  s t a n d -  
a r d  s ta te .  B y  choos ing  the  p u r e  m e t a l  ch lo r ides  a t  
t he  t e m p e r a t u r e s  of e x p e r i m e n t  as t he  s t a n d a r d  
s ta te ,  i t  was  o b s e r v e d  t h a t  the  e x p e r i m e n t a l  s t a n d -  
a r d  cel l  p o t e n t i a l s  s h o w e d  p r o n o u n c e d  d e v i a t i o n s  
f rom idea l i ty .  To r e so lve  the  d i f ferences ,  a c h l o r i n e -  
ch lo r ide  ion  e l e c t r o d e  was  cons t ruc t ed ,  and  the  
p r o p e r t i e s  of t he  s i l v e r - s i l v e r  ch lo r ide  e l ec t rode  
w e r e  i n v e s t i g a t e d  in de ta i l .  H a v i n g  e s t a b l i s h e d  the  
p r o p e r t i e s  and  t h e r m o d y n a m i c  func t ions  of t h e  s i lve r  
ch lo r ide  solu t ions ,  the  a c t i v i t y  coefficients and  o t h e r  
r e l a t e d  t h e r m o d y n a m i c  p r o p e r t i e s  of the  r e m a i n i n g  
ch lo r ides  w e r e  ca lcu la ted .  

Standard Electrode Potentials in Fused Salts 
Experimental  

The  p r e p a r a t i o n  of m a t e r i a l s  a n d  the  d e t a i l e d  
e x p e r i m e n t a l  p r o c e d u r e  for  e l ec t rode  p o t e n t i a l  
m e a s u r e m e n t s  in fused  sa l t s  has  been  d e s c r i b e d  in 
de t a i l  in p r e v i o u s  p u b l i c a t i o n s  (1 -5 ) .  The  p o t e n t i a l s  
of t he  sy s t ems  Mn-MnCI~, Zn-ZnCl~,  Cr-CrCI~, 
T1-T1C1, Cd-CdCI~, Fe-FeCI~,  Pb-PbC12, Sn-SnCI~, 
Co-CoCI~, Ni-NiCl~, and  Cu-CuC1 w e r e  i n v e s t i g a t e d  
w i th  cel ls  of the  t y p e  

M 
(-) 

Asbes to s  
f iber  

MCl.(x2) 
KCI-NaC1  (1 /1  Mole )  
( I n d i c a t o r  e l e c t r o d e )  

AgC1 (Xl) 
KCI -NaC1  (1 /1  mo le )  
( R e f e r e n c e  e l e c t r o d e )  

A g  
(+)  

[ A ]  

A t y p i c a l  de s ign  of the  a l l - s i l i c a  cel l  is g iven  in  Fig .  
1. In  th is  cel l  t he  r e f e r e n c e  e l ec t rode  so lu t ion  is 

ARGON OUTLET 

~ 

Fig. 1. Cell design for metal electrode potential measure- 
ments: Cell [A] 

M MCl.(x2) Asbestos AgCI (xl) I Ag 
(- - )  KCI-NoCI fiber KCI-NaCI I (-f-) 

(1/1 moe) (1/1 mole) 

714 



Vol. 106, No. 8 E M F  S E R I E S  O F  M E T A L S  I N  F U S E D  S A L T S  715 

s e p a r a t e d  f r o m  the  so lu t ion  in t he  i n d i c a t o r  e l ec -  
t r o d e  b y  a s m a l l  a sbes tos  f iber  s ea l ed  into  the  end  
of t he  s i l ica  t u b i n g  of t he  r e f e r e n c e  e lec t rode .  The  
f iber  abso rbs  the  sa l t s  and  m a k e s  a good e l e c t r i c a l  
con tac t  b e t w e e n  the  two  so lu t ions  w h i l e  h i n d e r i n g  
diffusion.  A n a l y s i s  of the  so lu t ions  f rom bo th  e l ec -  
t r o d e  c o m p a r t m e n t s  i n d i c a t e d  t h a t  th is  m e t h o d  of 
s e p a r a t i o n  was  effect ive.  F o r  d i l u t e  sa l t  so lu t ions ,  
the  p r e s e n c e  of a l a r g e  excess  of t he  s a m e  ionic  
m e l t  on bo th  s ides  of the  j u n c t i o n  e f fec t ive ly  e l i m -  
i n a t e d  j u n c t i o n  po ten t i a l s .  

The  r e a c t i o n  for  a cel l  of the  t y p e  s h o w n  a b o v e  is: 

M (s)  + n Ag+(AgC1 in KC1-NaC1) 

: M"+(MCL in KC1-NaC1) + n A g ( s )  [A ' ]  

The  r e l a t i o n s h i p  b e t w e e n  the  cel l  p o t e n t i a l  a n d  
sa l t  c o n c e n t r a t i o n s  in the  m e l t  is g iven  b y  the  
N e r n s t  equa t ion  in  t he  e x p a n d e d  f o r m  

E (cel l  A )  : E ~ ( A g / A g  +) - -  E o (M/M~+) 

X2 T2 
+ ( R T / n F )  In  - -  ( R T / n F )  ] n - -  [1]  

x~" Tf  

w h e r e  E ~ ( M / M  "+) is t h e  standard electrode poten-  
tial [ w i t h  the  I U P A C  S t o c k h o l m  s ign  conve n t i on  
(16) ] of M in the  m e t a l  c h l o r i d e  MC1, and  E ~ ( A g /  
A g  +) is t he  standard electrode potential of A g  in 
AgC1. The  ~/ and  x are,  r e spec t i ve ly ,  t he  m e a n  ac -  
t i v i t y  coefficients and  mo le  f r ac t ions  of the  m e t a l  
ch lo r ides  t a k i n g  p a r t  in t he  cel l  r eac t ion .  If  t he  E ~ 
a r e  r e f e r r e d  to t he  s t a n d a r d  c h l o r i n e - c h l o r i d e  e l ec -  
t r o d e  at  the  s ame  t e m p e r a t u r e  (see  b e l o w ) ,  t h e y  
become  e q u a l  to minus the formation potentials 
of MCL and  AgCI,  r e spec t i ve ly ,  in t h e i r  s t a n d a r d  
s ta tes  ( p u r e  sa l t  a t  t he  t e m p e r a t u r e  of t he  e x p e r i -  
m e n t )  as def ined  b y  H a m e r ,  M a l m b e r g ,  and  R u b i n  
(6) .  Mole  f r ac t ions  a r e  def ined  in t h e  u s u a l  way ,  
w h i c h  is 

x,  : n,/~n~ [2]  

w h e r e  n~ is t he  n u m b e r  of mo les  of t h e  i "  cons t i t -  
uent .  

F r o m  Eq. [1] ,  a s s u m i n g  t h a t  t he  a c t i v i t y  coeffi- 
c ients  for  d i l u t e  so lu t ions  a r e  cons tan t ,  i t  is pos s ib l e  
to ca l cu l a t e  a cel l  p o t e n t i a l  w h i c h  p r o v e d  to be  i n -  
d e p e n d e n t  of concen t r a t i on .  This  is done  s i m p l y  
b y  s u b t r a c t i n g  the  t e r m  ( R T / n F )  in  (x?/x.~) f r o m  
t h e  e x p e r i m e n t a l l y  o b t a i n e d  po ten t i a l ,  E (ce l l  A ) .  
The  p o t e n t i a l  t hus  d e r i v e d  is cons t an t  ove r  t he  
r a n g e  of c o n c e n t r a t i o n s  for  w h i c h  the  a c t i v i t y  co-  
efficients a r e  cons t an t  and  wi l l  be  ca l l ed  the  " a p -  
p a r e n t  s t a n d a r d  cel l  p o t e n t i a l , "  E ~ (ce l l  A ) .  F r o m  
Eq. [1] ,  the  a p p a r e n t  s t a n d a r d  cel l  p o t e n t i a l s  a r e  
g iven  b y  

E ~  A )  : E ~ ( A g / A g  +) - -  E ~ ( M / M  "+) 

+ ( R T / n F )  in  (~"/T2) [3]  

The  s t a n d a r d  cel l  p o t e n t i a l  E ~  A)  w o u l d  be  
g i v e n  b y  Eq. [3]  w i t h o u t  t he  a c t i v i t y  coefficient  
t e rm.  

A p p a r e n t  s t a n d a r d  cel l  p o t e n t i a l s  can  be  o b t a i n e d  
in e i t h e r  of two  w a y s :  b y  the  g r a p h i c a l  m e t h o d ,  
w h i c h  i nvo lves  the  i n t e r p o l a t i o n  (or  e x t r a p o l a t i o n )  
of t he  log  x~/x/ '  vs. E ( c e l l  A )  c u r v e  to zero  log -  

q ~ i i i 
, 

I 
I 

c,. c, % 

~o 6oc 

~" c, pb_ tl 

r 
68~- c 

otoo 

.lie I + /  *1 o e _o1~ oo 
log ~ 

Fig. 2. Electromotive force of Cell [A] for different metals 
os o function of log (x../x~ ~) at constant temperature. (x~ = 
6.235 x 10-~). 

v a l u e  (Fig .  2) ,  or  b y  ca l cu l a t i on  f r o m  t h e  N e r n s t  
equa t ion .  In  t he  l a t t e r  m e t h o d  the  N e r n s t  cu rves  
m u s t  be  l inea r ,  and  the  s lopes  of t he  s t r a i g h t  l ines  
m u s t  be  i d e n t i c a l  w i t h  the  t h e o r e t i c a l  v a l u e s  of  
(2.303 R T / n F ) .  F r o m  Eq. [3]  i t  is seen  t h a t  the  
e x p e r i m e n t a l l y  d e r i v e d  a p p a r e n t  s t a n d a r d  cel l  p o -  
t e n t i a l  E ~  A)  inc ludes ,  in a d d i t i o n  to t he  
s t a n d a r d  e l e c t r o d e  po ten t i a l s ,  the  d i l u t i o n  effect  as 
an  a c t i v i t y  coefficient  t e rm.  S ince  s t a n d a r d  e lec -  
t r o d e  p o t e n t i a l s  a r e  k n o w n  (6) ,  Eq. [3]  can  be  
used  to ca l cu l a t e  a c t i v i t y  coefficients in mel t s .  

Results  

The  re su l t s  of p o t e n t i a l  m e a s u r e m e n t s  w i t h  these  
cel ls  a t  d i f fe ren t  sa l t  c o n c e n t r a t i o n s  a r e  g iven  in 
Fig.  2. In  th is  g r a p h  the  e x p e r i m e n t a l l y  o b t a i n e d  
cel l  p o t e n t i a l s  E ( c e l l  A )  a r e  p l o t t e d  vs. t he  l o g a -  
r i t h m  of t he  m o l e  f r ac t i on  r a t i o  in  t h e  two  h a l f -  
cells,  f o l l owing  the  N e r n s t  e q u a t i o n  [1] .  I t  w i l l  be  
o b s e r v e d  t h a t  the  r e l a t i o n s h i p  is l inea r ,  w h i c h  j u s t i -  
fies t he  a s s u m p t i o n  m a d e  for  t h e  def in i t ion  of the  
a p p a r e n t  s t a n d a r d  cel l  p o t e n t i a l  E ~  A )  of Eq. 
[3] .  This  l i n e a r i t y  i nd i ca t e s  t h a t  t he  a c t i v i t y  co-  
efficients of the  m e t a l  ch lo r ides  a r e  e i t h e r  u n i t y  or  
cons t an t  for  t h e  c o n c e n t r a t i o n  r a n g e  of t he  e x p e r i -  
ments .  The  a p p a r e n t  s t a n d a r d  cel l  p o t e n t i a l s  for  
each  sys tem,  o b t a i n e d  b y  g r a p h i c a l  i n t e r p o l a t i o n  
or  e x t r a p o l a t i o n  a t  zero l o g - t e r m ,  a r e  i n d i c a t e d  b y  
the  i n t e r c e p t s  w i t h  the  d o t t e d  l ine  in t he  cen t e r  of 
Fig .  2. 

The  s lopes  of t he  s t r a i g h t  l ines  a r e  in m o s t  cases  
in good a g r e e m e n t  w i t h  t he  N e r n s t  equa t ion ,  w i t h  
the  e x c e p t i o n  of the  Ni-NiCI~ s y s t e m  in w h i c h  a 
s lope  of  0.107 is o b t a i n e d  i n s t e a d  of 0.096. Cel l  
p o t e n t i a l s  in Fig .  2 a r e  c o r r e c t e d  fo r  s m a l l  t h e r m o -  
e l ec t r i c  forces.  These  w e r e  m e a s u r e d  s e p a r a t e l y  on 
the  b i m e t a l l i c  sys t ems  of t he  e l ec t rodes  ( w i t h  t h e i r  
connec t ions )  and  a r e  g iven  in Fig .  3.1 

1 P o t e n t i a l s  g i v e n  i n  s o m e  o f  o u r  p r e v i o u s  p u b l i c a t i o n s  (1 -4 )  h a v e  
n o t  b e e n  c o r r e c t e d  f o r  t h e r m o e l e c t r i c  e f f e c t s .  F o r  s u c h  c o r r e c t i o n s ,  
r e f e r e n c e  s h o u l d  h e  m a d e  to  F i g .  3. 
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Fig. 3. Thermoelectric electromotive forces of the bimetal- 
lic systems of the various types of electrodes used in this 
study. 

The effect of t e m p e r a t u r e  change  on the  a p p a r e n t  
s t a n d a r d  cell po ten t i a l s  E ~ (cell  A)  was  also me a s -  
ured ;  the resul t s  are s u m m a r i z e d  in  Fig. 4. It  is seen 
tha t  be tween  650 ~ to 900~ the  r e l a t ionsh ip  of t e m -  
p e r a t u r e  and  a p p a r e n t  s t a n d a r d  cell po ten t i a l  is 
l i nea r  and  the t e m p e r a t u r e  coefficient is small .  
S t a n d a r d  cell  po ten t i a l s  for the sys tems  Cu-CuCl~ 
and  Cr-CrCI~ are  shown  in  the g raph  by  dot ted  
l ines  to ind ica te  tha t  these  va lues  were  not  ob ta ined  
e x p e r i m e n t a l l y  bu t  were  ca lcula ted  us ing  a process 
descr ibed  p rev ious ly  (4) .  In  fact, n e i t h e r  of these 
po ten t ia l s  could be m e a s u r e d  d i rec t ly  because  of a 
spon taneous  r educ t ion  of the h igher  va l ency  chlo-  
r ides by  the cor responding  me ta l  electrodes.  

The  emf  series de r ived  in  the p resen t  i nves t iga -  
t ion  at  t e m p e r a t u r e s  of 700 ~ 800 ~ and  900~ are 
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Fig. 4. Varmt ion  of s tandard electrode potent ia ls with 
temperature.  

given  in  the first th ree  co lumns  of Tab le  I f rom our  
observed  va lues  of E ~ (cell  A) .  In  the same t a b u l a -  
t ion  are also inc luded  the s t a n d a r d  potent ia ls ,  cal-  
cu la ted  f rom E ~ (cell  A)  va lues  de r ived  f rom the r -  
ma l  da ta  by  Hamer ,  Malmberg ,  and  R u b i n  (6) .  A 
th i rd  set of da ta  is i nc luded  to de mons t r a t e  the  
a g r e e m e n t  be t w e e n  the  s t a n d a r d  e lect rode p o t e n -  
t ials  ob ta ined  in  this  s tudy  in  the  presence  of 1/1M 
KC1-NaC1 solvent  and  those pub l i shed  r ecen t l y  by  
L a i t i n e n  and  L iu  (7) in  the  KC1-LiCI eutect ic  sol-  
vent .  Since the l a t t e r  were  d e t e r m i n e d  at  450~ it  
was  necessary  to ex t rapo la te  our  va lues  to this  
t empera tu re .  

Table I. Standard electrode potentials ~ of metals in fused 1:1 KCI-NaCI 

E ~ ( M / M  n+) --  E ~ ( A g / A g + ) ,  v 

A t  450~ 
T h i s  s t u d y  H a m e r ,  e t  a l .  b 

E l e c t r o d e  700 ~ 
L a i t i n e n  

800~ 900~ 700~ 800~ 900~ T h i s  s t u d y  c a n d  L i u  d 

Mn, MnCI~ --1.206 
Zn, ZnC12 --0.860 
Cr, CrCI~ --0.758 
T1, T1C1 --0.665 
Cd, CdCI~ --0.620 
Fe, FeC12 --0.520 
Cr, CrCL --0.425 
Pb, PbCI~ --0.390 
Sn, SnC12 --0.370 
Co, CoCI: --0.324 
Cu, CuC1 --0.260 
Ni, NiCL --0.140 
Ag, AgC1 0.0 
Cu, CuCL +0.170 
CI~, C1- +0.845 

--1.190 --1.172 --1.010 --0.981 --0.955 --1.230 --1.212 
--0.835 --0.810 --0.665 --0.650 --0.630 --0.930 --0.929 
--0.740 --0.728 --0.565 --0.526 --0.505 --0.810 --0.788 

- -  - -  --0.665 . . . .  
--0.580 - -  --0.415 --0.367 - -  --0.630 --0.679 
--0.510 --0.498 --0.305 --0.292 --0.270 --0.560 --0.534 
--0.385 --0.345 --0.385 --0.380 --0.375 --0.525 --0.523 
--0.376 --0.355 --0.315 --0.286 --0.270 --0.447 --0.464 
--0.354 --0.340 --0.405 --0.435 --0.450 --0.410 --0.445 
--0.300 --0.275 --0.195 --6.155 --0.135 --0.372 --0.354 
--0.256 --0.260 --0.140 --0.145 --0.152 --0.240 --0.214 

- -  - -  --0.095 . . . .  0.158 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 

+0.180 +0.192 +0.410 +0.430 -]-0.450 +0.200 +0.189 
+0.820 +0.795 +0.850 +0.826 +0.794 +0.905 +0.853 

r e c o m m e n d a t i o n s  of  t h e  I U P A C  S t o c k h o l m  C o n v e n t i o n  a I t  w i l l  be  n o t e d  t h a t  t h e  s i g n  of t h e  e l e c t r o d e  p o t e n t i a l s  is i n  a c c o r d  w i t h  t h e  
[See  L i c h t  a n d  d e B e t h u n e  (16 ) ] .  T h e  p o t e n t i a l s  a r e  r e f e r r e d  to A g / A g C 1 .  

b S t a n d a r d  p o t e n t i a l s  c a l c u l a t e d  f r o m  t h e r m a l  d a t a .  
c E x t r a p o l a t e d  v a l u e s  f r o m  o u r  e x p e r i m e n t a l  d a t a  o b t a i n e d  a t  t e m p e r a t u r e s  
d V a l u e s  o b t a i n e d  bY L a i t i n e n  a n d  L i u  (7) in  KC1-LiC1 a t  450~ 

b e t w e e n  650 ~ to 900~ i n  1:1 KCI-NaC1.  
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F r o m  T a b l e  I, i t  is r e a d i l y  seen  t h a t  bo th  t h e  
sequence  and  the  m a g n i t u d e  of the  po t en t i a l s  in  t he  
e x p e r i m e n t a l l y  d e r i v e d  emf  ser ies  of m e t a l s  a r e  
d i f fe ren t  f r o m  those  c a l c u l a t e d  b y  H a m e r ,  M a i m -  
berg ,  and  R u b i n  (6 ) .  These  d i f fe rences  a r e  due  to 
t he  effects of so lven t  on the  sal ts ,  as e x p r e s s e d  b y  
the  7 t e r m  in Eq. [3] .  On  the  o t h e r  hand ,  s t a n d a r d  
p o t e n t i a l s  o b t a i n e d  e x p e r i m e n t a l l y  in  th is  s t u d y  
and  b y  L a i t i n e n  and  L iu  (7)  a r e  in s u b s t a n t i a l  
a g r e e m e n t .  The  s m a l l  d i f fe rences  in t he  m a g n i t u d e  
of t he  po t en t i a l s  shou ld  be  a t t r i b u t e d  to t he  d i f f e r -  
ence in  so lven t s  and  to the  e r r o r  in  e x t r a p o l a t i n g  
our  d a t a  to 450~ I t  shou ld  also be  n o t e d  t h a t  
s t a n d a r d  p o t e n t i a l s  d e t e r m i n e d  b y  L a i t i n e n  a n d  
L iu  a r e  g iven  w i t h o u t  t h e r m o e l e c t r i c  fo rce  co r -  
rec t ions .  The  co r r ec t ions  a re  p r o b a b l y  a f ew  m i l l i -  
vo l t s  on ly  and  shou ld  be  a d d e d  to t he  m e a s u r e d  
po ten t i a l s .  The  a g r e e m e n t  shou ld  t h e r e f o r e  be, in 
mos t  cases, even  b e t t e r  t h a n  t ha t  shown  in T a b l e  I. 

Thermodynamic Properties of Solutions of 

Silver Chloride in 1/1M KCI-NaCI 

The  s t a n d a r d  cel l  p o t e n t i a l s  o b t a i n e d  in  cel l  [ A ]  
r e p r e s e n t  t he  d i f fe rence  b e t w e e n  the  i n d i v i d u a l  
s t a n d a r d  e l e c t r o d e  po t en t i a l s  of t he  r e f e r e n c e  and  
i n d i c a t o r  e l ec t rode  sys tems .  Consequen t ly ,  i t  is no t  
poss ib le  to ca l cu l a t e  i n d i v i d u a l  ac t iv i t i e s  of t he  
m e t a l  ch lo r ides  in so lu t ion  un les s  t he  t h e r m o d y -  
n a m i c  p r o p e r t i e s  of one  species  a r e  k n o w n .  A l -  
t h o u g h  p r e l i m i n a r y  r e su l t s  (1)  i n d i c a t e d  i d e a l i t y  
of the  AgC1 (KC1-NaC1) sys tem,  i t  was  n e c e s s a r y  
to conf i rm th i s  b y  d e t e r m i n i n g  the  ac t iv i t i e s  of 
s i lve r  ch lo r ide  in solu t ion .  The  t h e r m o d y n a m i c  
p r o p e r t i e s  of p u r e  s i l ve r  ch lo r ide  h a v e  been  s t ud i e d  
b y  s e v e r a l  i n v e s t i g a t o r s  (8-10,  17),  us ing  s i l v e r -  
ch lo r ine  cel ls  of v a r i o u s  des igns .  The  a g r e e m e n t  
b e t w e e n  the  d i f fe ren t  d a t a  is qu i t e  good. On  the  
o t h e r  hand ,  t h e r e  is l i t t l e  i n f o r m a t i o n  on the  p r o p e r -  
t ies  of so lu t ions  of s i lve r  ch lo r ide  in  fused  sa l t  so l -  
vents .  S t e r n  (11, 12) i n v e s t i g a t e d  t h e  sy s t ems  AgC1- 
KC1 and  AgCI-NaC1,  a t  800~ and  showed  tha t ,  
w h e r e a s  the  f o r m e r  d e v i a t e s  f r o m  i d e a l i t y  pos i -  
t i ve ly ,  t h e  l a t t e r  d e v i a t e s  n e g a t i v e l y .  T a k a h a s h i  
(13) i n v e s t i g a t e d  the  s y s t e m  AgCI (KC1-L iC1)  a n d  
f o u n d  a s m a l l  d e v i a t i o n  f rom idea l i ty .  In  these  
s tud ies  t he  p u r e  s i l ve r  ch lo r ide  s t a t e  was  also 
chosen  as t he  s t a n d a r d  s t a t e  for  r e f e rence .  

In  t he  p r e s e n t  i nves t iga t ion ,  a cel l  cons i s t ing  of 
s i l v e r - s i l v e r  ion  and  c h l o r i n e - c h l o r i d e  ion e l e c t rode s  
was  d e v e l o p e d  a n d  used  to m e a s u r e  t he  t h e r m o -  
d y n a m i c  p r o p e r t i e s  of so lu t ions  of s i l ve r  c h l o r i d e  in  
the  1 /1M KC1-NaC1 so lven t  a t  t e m p e r a t u r e s  v a r y i n g  
b e t w e e n  650~176 

E x p e r i m e n t a l  

The  cel l  used  to m e a s u r e  t he  p o t e n t i a l s  of  s i l ve r  
ch lo r ide  in the  m o l t e n  sa l t  so lu t ion  was  of the  fo l -  
l owing  t y p e :  

A g  AgC1 (x)  
( - )  KC1-NaC1 (1 /1  mo le )  

Asbes to s  KC1-NaC1 CI~ (1 a t m )  ( -k )  
f i be r  1/1 mo le  C ( g r a p h i t e )  [B]  

The  cel l  cons i s ted  of a c h l o r i n e - c h l o r i d e  ion r e f e r -  
ence  e l e c t r o d e  and  a s i l v e r - s i l v e r  ion i n d i c a t o r  
e lec t rode .  The  cel l  r e a c t i o n  is s i m p l y  the  f o r m a t i o n  
of s i lve r  ch lo r ide  in solut ion,  i.e.: 

A g ( s )  q- ]/2Cl~(g) : A g §  [C]  

The  r e l a t i o n s h i p  b e t w e e n  the  cel l  p o t e n t i a l  and  the  
mo le  f r ac t i on  of s i lve r  ch lo r ide  ( x ) ,  is g iven  b y  the  
N e r n s t  e q u a t i o n  in  the  e x p a n d e d  fo rm:  

E (ce l l  B)  : E ~ (C1-/CI2) - -  E ~ ( A g / A g  § 

- -  ( R T / F )  in  (xT) [4]  

w h e r e  t he  E ~ a r e  the  s tandard  e lec trode  po ten t ia l s  
in p u r e  s i l ve r  c h l o r i d e  ( w h i c h  is the  s t a n d a r d  s t a t e ) ,  
and  x and  ~, are,  r e spe c t i ve ly ,  the  mo le  f r ac t i on  and  
m e a n  a c t i v i t y  coefficient  of s i l ve r  c h l o r i d e  in  so lu -  
t ion  in  the  p o t a s s i u m - s o d i u m  c h l o r i d e  so lvent .  

The  a c t u a l  cel l  des ign  is shown  in Fig .  5. The  
l o w e r  p a r t  of th i s  cel l  was  c o n s t r u c t e d  f r o m  s i l ica  
t u b i n g  and  the  u p p e r  p a r t  f r o m  P y r e x  tub ing .  The  
two  p a r t s  w e r e  j o i n e d  b y  a g r a d e d  seal .  The  o v e r - a l l  
d ime ns ions  of t he  cel l  w e r e  2 in. x 20 in. The  s i lve r  
e l e c t r o d e  was  a rod  of p u r e  s i lve r  w i r e  (99 .99%)  
connec t ed  to the  p o t e n t i o m e t e r  b y  p l a t i n u m  wire .  

The  i n e r t  e l ec t rode  for  the  c h l o r i n e - c h l o r i d e  ion 
s y s t e m  was  a ]/4 in. d i a m e t e r  rod  of  s p e c t r o g r a p h -  
i c a l l y  p u r e  g raph i t e .  A 20 ,000-ohm re s i s t ance  in 
ser ies  w i t h  the  e l ec t rodes  was  used  as an  a d d i t i o n a l  
p r e c a u t i o n  to r e d u c e  the  p o t e n t i o m e t r i c  c u r r e n t  and  
p r e v e n t  a n y  p o l a r i z a t i o n  p h e n o m e n a .  One  of t he  
f e a t u r e s  of th is  cel l  is t he  a c t i v a t i o n  of the  g r a p h i t e  
e l e c t r o d e  be fo re  use.  The  end  of t he  rod  w a s  coa ted  
w i t h  a c o n c e n t r a t e d  sucrose  so lu t ion  a n d  t h e n  c a r -  
bon ized  in a ch lo r ine  a t m o s p h e r e  at  800~ for  24 hr .  
The  r e s u l t  was  a th in ,  porous ,  and  h i g h l y  a b s o r b e n t  
c a r b o n  depos i t .  This  cell ,  l ike  a l l  t h e  o the r s  used  in 
th is  i nves t i ga t i on ,  was  f i t ted  w i t h  a s m a l l  a sbes tos  
f iber  to s e p a r a t e  the  two  solut ions .  I t  w i l l  be  no ted  
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tha t  t he  m a i n  s igni f icant  d i f fe rences  b e t w e e n  th is  
cel l  and  those  used  b y  o t h e r  i n v e s t i g a t o r s  (8, 9) a r e  
(a )  the  effect ive  s e p a r a t i o n  b e t w e e n  t h e  two  h a l f -  
cel ls  b y  the  asbes tos  fiber, a n d  (b )  t he  s i m p l e  
m e t h o d  of a c t i v a t i n g  the  c a r b o n  e lec t rode .  

P r i o r  to a run ,  ~he d r y  p o t a s s i u m - s o d i u m  ch lo r ide  
m i x t u r e  was  a d d e d  to bo th  the  i n n e r  and  o u t e r  h a l f -  
cells,  t he  a m o u n t s  b e i n g  a r r a n g e d  so t ha t  w h e n  t h e  
con ten t s  w e r e  m o l t e n  the  h e i g h t  in t he  i n n e r  cel l  
w o u l d  be  g r e a t e r  t h a n  t ha t  in t he  o u t e r  cell .  A f t e r  
the  sa l t s  had  me l t ed ,  t he  g r a p h i t e  e l e c t r o d e  was  
p l a c e d  in pos i t ion ,  and  d r y  p u r e  ch lo r ine  gas  was  
i n t r o d u c e d  into  the  cel l  and  p e r m i t t e d  to escape  
a f t e r  b u b b l i n g  t h r o u g h  the  mel t .  To o b t a i n  s t e a d y  
and  r e p r o d u c i b l e  p o t e n t i a l  m e a s u r e m e n t s ,  i t  was  
n e c e s s a r y  to l e a v e  the  cel l  in o p e r a t i o n  for  a b o u t  24 
h r  be fo re  t a k i n g  p o t e n t i a l  r ead ings .  A su l fu r i c  ac id  
ou t l e t  t r a p  p r e v e n t e d  a i r  f r o m  l e a k i n g  into  the  cel l  
and  also p r o v i d e d  a m e a n s  of e s t i m a t i n g  the  ch lo -  
r ine  gas  flow. I t  was  f o u n d  t h a t  t he  cel l  p o t e n t i a l  
was  i n d e p e n d e n t  of t he  r a t e  of ch lo r ine  gas  flow, 
and  the  cel l  was  o p e r a t e d  n o r m a l l y  u n d e r  a v e r y  
s low flow ( a b o u t  30 c c / m i n ) .  

So lu t ions  of s i lve r  c h l o r i d e  w e r e  p r e p a r e d  in situ 
b y  a d d i n g  w e i g h e d  a m o u n t s  of s i lve r  c h l o r i d e  to 
the  m o l t e n  sa l t  so lven t  and  m i x i n g  we l l  w i t h  a 
sma l l  e l e c t r i c a l l y - o p e r a t e d  p l a t i n u m  s t i r r e r .  To 
i n su re  t h a t  t r u e  e q u i l i b r i u m  h a d  been  a t t a i n e d  a f t e r  
each  a d d i t i o n  of solute ,  the  cel l  was  a l l o w e d  to 
s t a n d  for  a b o u t  24 h r  d u r i n g  w h i c h  the  p o t e n t i a l s  
w e r e  checked  s e v e r a l  t imes .  I t  was  o b s e r v e d  t h a t  
w i t h  v igo rous  s t i r r ing ,  e q u i l i b r i u m  was  a t t a i n e d  in 
a shor t  t ime  and  t h a t  a f t e r w a r d  the  p o t e n t i a l s  r e -  
m a i n e d  p r a c t i c a l l y  unchanged .  S m a l l  f luc tua t ions  of 
the  po ten t i a l s ,  of t he  o r d e r  of --+0.4 mv,  d id  a c t u a l l y  
occur  a n d  w e r e  a t t r i b u t e d  to loca l  t e m p e r a t u r e  
changes  in t h e  cell .  Thus ,  a c o m p l e t e  r u n  l a s t ed  
s e v e r a l  days ,  d u r i n g  w h i c h  the  ch lo r ine  e l e c t r o d e  
was  in con t inuous  use. The  s i l v e r  e l e c t r o d e  was  
i m m e r s e d  in  the  so lu t ion  on ly  w h i l e  p o t e n t i a l  
m e a s u r e m e n t s  w e r e  be ing  made .  I t  was  t hen  w i t h -  
d r a w n  into  t he  space  a b o v e  the  solut ion.  Pu r i f i ed  
a r g o n  was  used  to p r o v i d e  an  i n e r t  gas  p r o t e c t i o n  
for  the  s i lve r  e l ec t rode  c o m p a r t m e n t .  

The  c h l o r i n e - c h l o r i d e  ion e l e c t r o d e  m a y  be  r e -  
g a r d e d  as a s t a n d a r d  r e f e r e n c e  e l e c t r o d e  for  p o t e n -  
t i a l  m e a s u r e m e n t s  in fused  c h l o r i d e  sal ts .  U n f o r -  
t u n a t e l y ,  in c o m p a r i s o n  w i t h  t he  s i l v e r - s i l v e r  
c h l o r i d e  e lec t rode ,  i t  has  t he  d i s a d v a n t a g e  of b e i n g  
r a t h e r  f r ag i l e  and  c o m p l i c a t e d  in des ign .  

Results 

The  r e su l t s  of t he  e x p e r i m e n t s  in  w h i c h  the  
e l e c t r o m o t i v e  forces  of the  s i l v e r - c h l o r i n e  cel l  w e r e  
m e a s u r e d  as a func t ion  of t e m p e r a t u r e  at  v a r i o u s  
m o l e  f r ac t ions  of s i lve r  ch lor ide ,  a r e  s h o w n  in Fig .  
6. A l l  p o t e n t i a l s  h a v e  been  c o r r e c t e d  for  s m a l l  
t h e r m o e l e c t r i c  effects.  I t  is a p p a r e n t  t h a t  t he  ce l l  
p o t e n t i a l  v a r i e s  l i n e a r l y  w i t h  t e m p e r a t u r e  ove r  the  
t e m p e r a t u r e  r a n g e  b e t w e e n  650 ~ to 900~ 

The  v a r i a t i o n  of E (ce l l  B)  w i t h  log  x,  a cco rd ing  to 
t he  N e r n s t  e q u a t i o n  [4] ,  is shown  in Fig .  7, for  
700 ~ 800 ~ a n d  900~ The  r e l a t i o n s h i p  ove r  mos t  
of the  cu rves  is l inea r ,  and  the  s lopes  of the  s t r a i g h t  
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l ines  ag ree  v e r y  w e l l  w i t h  t he  c a l c u l a t e d  s lopes  
f rom the  N e r n s t  e q u a t i o n  a t  t he se  t e m p e r a t u r e s  for  
a o n e - e l e c t r o n  e l ec t rode  reac t ion .  The  s t a n d a r d  
cel l  [B]  p o t e n t i a l  is o b t a i n e d  b y  g r a p h i c a l  e x t r a -  
p o l a t i o n  of the  s t r a i g h t  l ines  in Fig.  7, to zero  log  
x. These  po ten t i a l s ,  a cco rd ing  to Eq. [4] ,  w o u l d  
inc lude  the  a c t i v i t y  coefficient  t e r m  of t he  N e r n s t  
equa t ion ,  if any .  I t  w i l l  be  obse rved ,  in Fig.  7, t h a t  
one of the  e x p e r i m e n t s  was  c o n t i n u e d  to h i g h e r  
c o n c e n t r a t i o n s  of s i lve r  c h l o r i d e  t h a n  the  o thers .  A t  
a mo le  f r ac t i on  of a b o u t  0.5, w h i c h  c o r r e s p o n d s  to 
a log x t e r m  of a b o u t  --0.2, the  c u r v e  d e v i a t e s  f r o m  
l i nea r i t y .  This  is a t t r i b u t e d  m a i n l y  to the  g e n e r a t i o n  
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Fig. 7. EMF of Cell [B]  as a function of log x at constant 
temperature. 
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of a j u n c t i o n  po ten t i a l  at  h igh  s i lver  chlor ide  con-  
cen t ra t ion .  On this basis, it  can be ca lcu la ted  tha t  
the  j u n c t i o n  po ten t i a l  b e t w e e n  p u r e  s i lver  chlor ide  
and  the  p o t a s s i u m - s o d i u m  chlor ides  is abou t  300 
my.  This  j u n c t i o n  po t en t i a l  decreases  r ap i d l y  as 
soon as some of the  p o t a s s i u m - s o d i u m  chlor ide  
m i x t u r e  has been  added  to the s i lver  chlor ide  side, 
and  at  a mole  f rac t ion  of abou t  0.5 it d i sappears  
complete ly .  

However ,  it  should  be po in ted  out  tha t  pa r t  of 
this  potent ia l ,  which  is t e r m e d  a j u n c t i o n  po ten t ia l ,  
could be due to a difference in  the  chlor ide ion ac-  
t iv i t ies  in  the  two ha l f - ce l l  solut ions.  The ac t iv i ty  
of chlor ide ion in  the  p o t a s s i u m - s o d i u m  chlor ide  
ha l f -ce l l ,  is equa l  to the  ac t iv i ty  of chlor ide ion in  
the s i lver  chlor ide ha l f - ce l l  on ly  for d i lu te  s i lver  
choride solutions.  

To inves t iga te  the  combined  effects of ch lor ide  ion 
ac t iv i ty  and  j u n c t i o n  potent ia l ,  a s i l ve r - ch lo r ine  
cell w i t h o u t  t r ans f e r ence  was  operated.  This  was  
done by  s imply  r e m o v i n g  the  asbestos fiber tha t  
separa ted  the  two ha l f -ce l l s  and  thus  p e r m i t t i n g  
free m i x i n g  of the solut ions.  The observed  e lec t ro-  
mot ive  force in i t i a l ly  was  on ly  2 m v  less t h a n  in  the  
co r re spond ing  cell of the  closed type,  for the  same 
chloride ion concen t r a t i on  (0.32M). Af t e r  a shor t  
t ime, however ,  the po ten t i a l  of the  open cell be -  
came er ra t ic  and  this  was  a t t r i b u t e d  to the chemica l  
depo la r iza t ion  of the  s i lver  e lect rode caused by  
smal l  a m o u n t s  of ch lo r ine  gas d issolv ing and  m i -  
g ra t ing  in the  mo l t en  mix tu re .  Hence,  f u r t h e r  ex -  
p e r i m e n t s  wi th  this type  of cell were  d i scont inued .  
However ,  the  in i t i a l ly  observed difference of 2 mv,  
which  is a lmos t  w i t h i n  the area  of e x p e r i m e n t a l  
e r ro r  for the method,  indica tes  tha t  the effects of 
chlor ide  ion ac t iv i ty  coefficient had a lmost  d i sap-  
peared  even  in  this  r a t h e r  concen t ra t ed  s i lver  
chlor ide solut ion.  

In  Fig. 6 the  dashed l ine  at  a mole  f rac t ion  x = 1 
indicates  the  fo rma t ion  po ten t i a l  of pu re  s i lver  chlo-  
r ide at  d i f ferent  t empera tu re s ,  as ca lcu la ted  f rom 
t h e r m a l  da ta  by  Hamer ,  Malmberg ,  and  R u b i n ( 6 ) .  
The t r i a n g u l a r  and  square  poin ts  a long this  l ine  
r ep resen t  the e x p e r i m e n t a l  resul t s  ob ta ined  by 
Senderoff  and  Mellors  (9) ,  and  the  po ten t ia l s  ca l -  
cu la ted  f rom the free ene rgy  func t ions  as t a b u l a t e d  
by  Brewer ,  et  al. (10) for the Ag-AgC1 system. I t  
is ev iden t  f rom Fig. 6 t ha t  the  po ten t ia l s  ca lcu la ted  
by  H a m e r  and  co -worke r s  are a l i t t le  l a rge r  t h a n  
the  e x p e r i m e n t a l  ones, a l though  the  a g r e e m e n t  w i th  
the  ca lcu la t ions  of Brewer  is good. Devia t ions  be -  
t w e e n  the  po t en t i a l  da ta  are p r o b a b l y  due to the 
u n c e r t a i n t y  of the t h e r m a l  data.  The  crosses a long 
this  l ine  r ep r e sen t  s t a n d a r d  fo rma t ion  po ten t ia l s  
de r ived  e x p e r i m e n t a l l y  in  the p re sen t  s tudy,  in  the  
presence  of solvent ,  and  the  a g r e e m e n t  b e t w e e n  the  
e x p e r i m e n t a l  da ta  by  the di f ferent  methods  is 
s t r ik ing.  

F r o m  the  data  in  Fig. 6, us ing  the w e l l - k n o w n  
equat ions ,  

• ~ : --E~ = --RT in K [5] 

d i n  K / d T  = •  2 [6] 

~F = AH--TAS [7] 

719 

I I I 

42~ 

4~ 

J 

*X 

�9 4 ~ i  x , o - '  

Cl ~ A ~ C  ~ R E A C T I O N  A ~ ' t "  "~ Ill (S~isKO,m*C*| 

moo 0~a 

Fig. 8. Variat ion of log K with the reciprocal of absolute 
temperature of the reaction: 

Ag(s) + �89 = Ag+CI - (in KCI-NaCI) 

it  is possible to ca lcula te  the  en tha lp ies  and  e n t r o -  
pies of f o r ma t i on  of s i lver  chlor ide in  the presence  
of solvent .  The resul t s  of the ca lcu la t ions  a re  shown 
in  Fig. 8, in  which  the l o g a r i t h m  of the  e q u i l i b r i u m  
cons t an t  for the f o r ma t i on  reac t ion  of s i lver  chlor ide 
is p lo t ted  aga ins t  the  rec iprocal  of abso lu te  t e m -  
pera tu re .  It  wi l l  be no ted  tha t  the a g r e e m e n t  be -  
t w e e n  the d i f ferent  sets of da ta  f rom which  these 
po in ts  were  ca lcu la ted  is ve ry  good. The  r e l a t i on -  
ship is l i nea r  for the  r ange  of t e m p e r a t u r e ,  i.e., 
b e t w e e n  650~176 F r o m  the slope of the  s t ra igh t  
l ine  the  heat  of f o r ma t i on  of s i lver  chlor ide  is cal-  
cu la ted  as: AH, = --26.3--  + 0.2 kcal  mole  -1. The  s u m -  
m a r y  of all  t h e r m a l  data  for s i lver  chlor ide is g iven  
in  Tab le  II. 

F r o m  Tab le  II  it  can be r ead i ly  de r ived  tha t  the  
s t a n d a r d  pa r t i a l  mola l  free ene rgy  of m i x i n g  of 
s i lver  chlor ide  w i th  the p o t a s s i u m - s o d i u m  chlor ide 

Table II. Thermal data for silver chloride 

Temp, ~ 

S t a n d a r d  S t a n d a r d  S t a n d a r d  
f r e e  e n e r g y  e n t h a l p y  e n t r o p y  

o f  f o r m a t i o n ,  o f  f o r m a t i o n ,  o f  f o r m a t i o n ,  
k c a l  m o l e  -1 k c a l  m o l e  -1 c a l .  d e g  -1 m o l e  -1 

700 --19.48" --26.3 ~ --7.1 ~ 
_ 1 9 . 4 2  b --25.3 b --6.1 b 

_ 1 9 . 3 5  ~ --26.0 ~ --6.8 ~ 

800 --18.9P --26.3 ~ --7.0 ~ 
_18.79 b --25.3 b --6.1 ~ 
_18.84 ~ --26.0 ~ --6.7 ~ 

900 --18.33 ~ --26.3" --6.9 ~ 
_18.19 b --25.3 b --6.1 b 
--18.31 ~ --26.0 ~ --6.6 ~ 

- T h i s  s t u d y .  D a t a  o b t a i n e d  f r o m  s o l u t i o n s  o f  s i l v e r  c h l o r i d e  i n  
K C 1 - N a C 1  s o l v e n t .  

b S e n d e r o f f  a n d  M e l l o r s  ( 9 ) .  D a t a  o b t a i n e d  o n  p u r e  s i l v e r  c h l o r i d e .  
B r e w e r ,  e t  a L  ( 1 0 ) .  D a t a  o b t a i n e d  o n  p u r e  s i l v e r  c h l o r i d e .  
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m o l t e n  sa l t  so lven t  is of t he  o r d e r  of on ly  --0.05 to 
--0.15 k c a l  mo le  -1, a v a l u e  s u r p r i s i n g l y  l ow and  w e l l  
w i t h i n  the  a r e a  of e x p e r i m e n t a l  e r r o r  of the  d a t a  
used  for  compar i son .  A c c o r d i n g l y ,  for  a l l  p r a c t i c a l  
purposes ,  t h e  a c t i v i t y  coefficient  of s i l ve r  c h l o r i d e  
in  the  1 /1M KC1-NaC1 so lu t ion  is u n i t y  (~, = 1.0). 
F r o m  t h e  d a t a  in  T a b l e  II, i t  can  also be  d e r i v e d  
t h a t  the  s t a n d a r d  p a r t i a l  m o l a l  e n t r o p y  of m i x i n g  is 
of t he  o r d e r  of --0.9 to --0.3 c a l / d e g  mole ,  t he  v a l u e  
a g a i n  d e p e n d i n g  on the  d a t a  used  for  t he  c o m p a r i -  
son. The  i nd i ca t i on  is t h a t  t he  s t a n d a r d  e n t r o p y  
change  a c c o m p a n y i n g  t h e  p rocess  of so lu t ion  is v e r y  
s m a l l  a n d  in the  a r e a  of e x p e r i m e n t a l  e r r o r  of these  
m e a s u r e m e n t s .  Thus,  the  so lu t ion  of s i lve r  ch lo r ide  
w i l l  be  cons ide r ed  to be  i dea l  ove r  t h e  t e m p e r a t u r e  
r a n g e  of 650~176 and  for  t he  r a n g e  of conc e n -  
t r a t i o n s  f r o m  v e r y  d i l u t e  up  to 0.5M. 

Discussion 

By t a k i n g  the  s t a t e  of the  p u r e  m e t a l  ch lo r ides  at  
t he  t e m p e r a t u r e  of t he  e x p e r i m e n t s  as  t he  s t a n d a r d  
s ta te ,  Eq. [3]  can  be a p p l i e d  to m e a s u r e  t he  a c -  
t i v i t y  coefficients of the  m e t a l  ch lo r ides  in t he  fused  
sa l t  solut ion.  By se t t i ng  the  a c t i v i t y  coefficient  of 
s i l ve r  ch lo r ide  (y~) equa l  to un i ty ,  Eq. [3]  can  be  
r e a r r a n g e d  to r e a d  

log y (MC1,) = ( , F / 2 . 3 0 3 R T )  [E  ~ - -  E ~ [8]  

w h e r e  E ~ is t he  a p p a r e n t  s t a n d a r d  cel l  [ A ]  p o t e n t i a l  
e x p e r i m e n t a l l y  o b t a i n e d  in  th is  s tudy ,  and  E ~ is the  
c a l c u l a t e d  s t a n d a r d  cel l  [ A ]  p o t e n t i a l  f r om t a b u -  
l a t e d  f o r m a t i o n  p o t e n t i a l s  g iven  b y  H a m e r ,  M a i m -  
berg ,  a n d  R u b i n  (6)  (cf. Tab le  I ) .  

Hence,  the  a c t i v i t y  coefficients can  be  r e a d i l y  
c a l c u l a t e d  b y  us ing  Eq. [8]  and  t h e  d a t a  g iven  in 
Tab les  I and  II.  The  a c c u r a c y  of t he  v a l u e s  t hus  
o b t a i n e d  d e p e n d s  on the  a c c u r a c y  of our  o b s e r v e d  
p o t e n t i a l s  a n d  on the  a c c u r a c y  of  t he  t h e r m a l  d a t a  
f r o m  w h i c h  H a m e r ' s  s t a n d a r d  p o t e n t i a l s  h a v e  b e e n  
ca lcu la ted .  The  r e su l t s  of t he se  ca l cu la t ions  a r e  
g iven  in  T a b l e  III .  Also  s h o w n  in T a b l e  I I I  a r e  t he  
r a n g e  of concen t r a t i on ,  for  wh ich  the  a c t i v i t y  co-  
efficients w e r e  found  to be cons t an t  and  the  v a r i a -  
t ion  of a c t i v i t y  coefficient  w i t h  t e m p e r a t u r e .  I t  is 
obv ious  f r o m  the  t a b l e  t h a t  on ly  t he  so lu t ions  of 
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s i lve r  ch lo r ide  and  tha l l ous  chor ide  in  th is  so lven t  
b e h a v e  idea l ly .  F o r  a l l  t he  o t h e r  m e t a l  ch lo r ide  
so lu t ions  s tud ied ,  a m a r k e d  d e v i a t i o n  f rom i d e a l i t y  
is obse rved .  

F o r  m e t a l  ch lo r ide  so lu t ions  such  as MnCI,,  ZnCL, 
and  a l l  t he  o the r s  for  w h i c h  the  a c t i v i t y  coefficients 
a r e  less  t han  un i ty ,  t he  f o r m a t i o n  of c o m p l e x e s  can  
be pos tu l a t ed .  I t  w o u l d  a p p e a r  t h a t  these  sa l t s  in  
so lu t ion  a r e  c o m p l e x e d  to the  e x t e n t  t h a t  on ly  a b o u t  
1/100 to 1/1000 of the  a m o u n t  p r e s e n t  is f ree  to 
c o n t r i b u t e  to the  e l e c t r o d e  po ten t i a l .  F o r  these  
ch lo r ides  the  a c t i v i t y  coefficients show the  e x p e c t e d  
behav io r ,  i.e., t h e y  i nc rea se  w i t h  i n c r e a s i n g  t e m -  
p e r a t u r e .  The  cons t ancy  of the  a c t i v i t y  coefficients 
in d i l u t e  solut ions ,  for  t he  r a n g e  of c o n c e n t r a t i o n s  
i nves t i ga t ed ,  i nd i ca t e s  t h a t  in these  so lu t ions  the  
c o m p l e x  spec ies  r e m a i n  unc ha nge d .  

Two  n o t a b l e  e xc e p t i ons  to  t he  g e n e r a l  p a t t e r n  of  
c o m p l e x  f o r m a t i o n  a r e  r e p r e s e n t e d  b y  c h r o m i c  a n d  
s t annous  ch lor ide .  F o r  t h e s e  sa l t s  the  a c t i v i t y  co-  
efficients a re  l a r g e r  t h a n  un i ty .  On  the  a s s u m p t i o n  
t ha t  no phase  changes  a r e  invo lved ,  th is  b e h a v i o r  
w o u l d  i n d i c a t e  t h a t  the  so lve n t  has  a b o n d - l o o s e n -  
ing  effect on the  solute .  

In  Tab le  III ,  t he  s t a n d a r d  p a r t i a l  m o l a l  f ree  
ene rg i e s  of m i x i n g  a re  c a l c u l a t e d  f rom the  da ta ,  
us ing  the  equa t ion :  

AF~ ~ R T  l n  y = + n F  

[ E ~  - -  E~  A ) ]  [9]  

The  q u a n t i t y  def ined  b y  Eq. [9]  r e p r e s e n t s  t he  
d i f fe rence  b e t w e e n  the  f ree  e n e r g y  of the  sa l t  in i ts  
h y p o t h e t i c a l  s t a n d a r d  s t a t e  as a so lu te  [i.e., a so lu -  
t ion con ta in ing  un i t  m o l e  f r ac t i on  of t he  sa l t  b u t  
h a v i n g  in a l l  o t h e r  r e spec t s  t h e  t h e r m o d y n a m i c  p r o -  
p e r t i e s  of the  s t a t e  of inf in i te  a t t e n u a t i o n  of t he  
solute ,  as  def ined  b y  L e w i s  a n d  R a n d a l l  ( 1 8 ) ]  m i n u s  
t he  f ree  e n e r g y  of  t he  sa l t  in  i ts  a c t u a l  s t a n d a r d  
s t a t e  as the  p u r e  sal t .  I t  is of i n t e r e s t  to no te  t h a t  
t he  effect of t e m p e r a t u r e  on  the  s t a n d a r d  p a r t i a l  
m o l a l  f r ee  ene rg i e s  of m i x i n g  is, in mos t  cases,  v e r y  
smal l .  O n l y  in  the  cases  of s t annous  c h l o r i d e  and  
ch romic  ch lo r ide  is t he  change  s ignif icant .  F o r  c h r o -  
mic  ch lo r ide  t he  " i d e a l i t y "  of t he  so lu t ions  is c lose ly  

Table III. Activity coefficients, standard partial molal free energies andentropies of mixing of metal chlorides 
in 1 : IM KCI-NaCI 

R a n g e  o f  m o l e  
S a l t s  f r a c t i o n s ,  10 4 x 

A c t i v i t y  c o e f f i c i e n t s  ,y~ 
A F  ~ ( m i x i n g ) ,  A S  ~ ( m i x i n g ) ,  

cal  ITlole -1 c a l  d e g  -1 m o l e  -1 

7 0 0 ~  8 0 0 ~  900~  700~ 800~ 900~  700~  800~  900~  

MnC12 5.87-107.0 
ZnCl~ 22.20-717.0 
CrCh 2.84-93.5 
T 1 C 1  36.10-603.0 
CdCI~ 23.40-835.0 
FeCh 8.85-138.0 
CrCh 4.00-90.0 
PbCh  3.25-628.0 
SnCh 6.32-125.0 
CoCh 7.60-612.0 
CuC1 10.80-391.0 
NiCI~ 5.94-666.0 
AgC1 3.37-6850.0 
CuCI~ 10.0 -390.0 

0.0093 0.011 0.014 --9,040 --9,640 --10,000 3.6 3.7 3.5 
0.0091 0.018 0.028 --8,990 --8,530 --8,300 --2.0 --2.3 --2.0 
0.010 0.010 0.013 --8,900 --9,820 --10,280 8.9 8.9 8.8 
1.0 - -  - -  0.0 . . . . .  
0.0075 0.010 - -  --9,460 --9,820 - -  6.1 5.8 - -  
0.0059 0.0089 0.011 --9,920 --10,050 --10,520 4.4 4.1 4.4 
0.24 1.18 2.4 --2,770 ~350 ~2,070 --22.0 --22.2 --22.0 
0.17 0.14 0.19 --3,460 --4,150 --3,920 3.7 3.8 3.9 
2.3 5.7 8.9 ~1,610 ~-3,730 ~5,070 --15.1 --11.7 --9.8 
0.046 0.043 0.063 --5,950 --6,690 --6,460 3.9 4.2 3.9 
0.24 0.30 0.34 --2,770 --2,570 --2,560 --0.7 --0.8 --0.8 
0.34 - -  - -  - - 2 , 0 8 0  . . . . .  
1.0 1.0 1.0 0.0 0.0 0.0 (--0.5) (--0.5) (--0.5) 
0.0033 0.0045 0.0061 --11,070 --11,530 --11,900 5.5 5.4 5.5 
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re la ted  to t empe ra tu r e .  At  abou t  800~ the  solu-  
t ions are a lmost  " ideal ,"  bu t  wi th  inc reas ing  t e m -  
p e r a t u r e  a posi t ive  dev ia t ion  f rom idea l i ty  is ev i -  
dent .  

F r o m  the  dependence  of the  s t a n d a r d  pa r t i a l  
mola l  f ree energ ies  of m i x i n g  on t e m p e r a t u r e ,  the  
s t a n d a r d  pa r t i a l  mo la l  en tha lp ies  and  en t rop ies  of 
m i x i n g  can  be ca lcu la ted  for  the  sys tems show n  in  
Tab l e  III. The l a t t e r  are also g iven  in  this  table .  

The s t a n d a r d  pa r t i a l  mola l  en t rop ies  of mix ing ,  
as shown in  the last  t h ree  co lumns  of Table  III,  also 
suggest  tha t  complex  ions are p resen t  in  all  of these  
systems.  It  is necessa ry  here  to define the  t e r m  
"complex"  as used t h r o u g h o u t  this  s tudy.  In  a v e r y  
b road  sense a "complex"  in  an  ionic me l t  should be 
defined as a group of a toms for which  the  b i n d i n g  
forces are  s t ronge r  t h a n  the  forces t e n d i n g  to sepa-  
ra te  them.  The l a t t e r  type  of forces obvious ly  i n -  
cludes the in t e rac t ions  b e t w e e n  s imi la r  groups  of 
a tomic aggregates  and  also the in t e rac t ions  wi th  the  
solvent .  In  t e rms  of s t ruc ture ,  a "complex"  in  so lu-  
t ion  should  be a group  of a toms in  wh ich  the  i m m e -  
dia te  ne ighbors  of a n y  a tom are a r r a n g e d  in  some 
o rde r ly  way,  bu t  the  a r r a n g e m e n t  becomes more  
r a n d o m  g radua l l y  wi th  inc reas ing  d is tance  f rom the  
cen te r  of the  complex.  The  def in i t ion  is a lmos t  t ha t  
on a l iquid,  wi th  the  difference tha t  there  is a d is -  
t inc t ion  b e t w e e n  the  r a n d o m  d i s t r i b u t i o n  of a toms 
or ions in  the  solvent ,  and  the local ly  more  ordered  
d i s t r i bu t i on  of a toms in  a complex.  

A l though  the p resence  of finite complexes  in  
mel ts  has been  d e m o n s t r a t e d  both  by  p o t e n t i o m e t -  
ric (14) and  by  spec t rophotomet r ic  m e a s u r e m e n t s  
(15) ,  it  seems reasonab le  tha t  in  ionic meta l s  the re  
should  exist  severa l  i n t e r m e d i a t e  states of aggrega-  
t ion b e t w e e n  the  so-ca l led  "noncomplexed"  ionic 
s tate  and  the  type  of finite complexes  fou nd  in  
aqueous  solutions.  

The ac tua l  va lues  of the  ac t iv i ty  coefficients, and  
of o ther  t h e r m o d y n a m i c  func t ions  wh ich  c h a r a c t e r -  
ize these complexes  in  so lu t ion  wi l l  depend  en t i r e ly  
on the def ini t ion of a n o n c o m p l e x e d  state. A com-  
p le te ly  d i f ferent  set of da ta  wou ld  be ob ta ined  if, 
ins tead  of choosing the  p u r e  me t a l  sal t  as the  s t a n d -  
ard  state, the s ta te  of inf ini te  d i lu t ion  were  chosen. 
In  fact, on ly  the  ex is t ing  differences b e t w e e n  a ny  
two states are  m e a s u r e d  direct ly ,  and  a t h e r m o -  
d y n a m i c  def in i t ion  of a n o n c o m p l e x e d  state  is qu i te  
a rb i t r a ry .  E v e n  the  " ideal  so lu t ion"  appears  to arise 
f rom cance l l ing  out  of opposing effects in  the  b i n d -  
ing forces w i t h i n  the  complex  itself. 

I n  suppor t  of this  v iew is the  b e h a v i o r  of the  
solut ions  of s i lver  chlor ide in  a lka l i  chlorides.  
S t e rn  (11,12) found  tha t  the  pa r t i a l  mola l  f ree e n -  
ergy of m i x i n g  of s i lver  chlor ide in  po ta s s ium chlo-  

r ide  is negat ive ,  a nd  tha t  of s i lver  ch lor ide  in  sod ium 
chlor ide  is posi t ive.  In  the  p re sen t  i nves t iga t ion  it  
was found  tha t  in  a so lu t ion  of s i lver  chlor ide in  
1 /1M m i x t u r e  of po tass ium a nd  sod ium chlorides,  
the s t a n d a r d  pa r t i a l  free ene rgy  of m i x i n g  is zero 
and  the  solut ions  are " ideal ."  I t  is a p p a r e n t  tha t  by  
r e g u l a t i n g  the  composi t ion  of the so lven t  and  t e m -  
p e r a t u r e  i t  is possible to ob t a in  so lu t ions  w i t h  
posit ive,  negat ive ,  or zero dev ia t ion  f rom ideal i ty .  
Thus,  one m a y  conclude  tha t  w h a t  is t h e r o m d y -  
n a m i c a l l y  an  " ideal"  s tate  is no t  necessa r i ly  a n o n -  
complexed  state. 
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The Oxygen-Evolution Reaction at Gold Anodes 
I. Accuracy of Overpotential Measurements 

Sidney Barnartt 

Research Laboratories, Westinghouse Electric Corporation, Pittsburgh, PennsyLvania 

ABSTRACT 

The oxygen-evolut ion reaction at gold anodes was studied in 0.1M H2SO, at 
25~ The factors affecting the accuracy of overpotential  measurements  and a 
new cell design for improved accuracy with a Luggin-Haber  capil lary are de- 
scribed. Current  dis t r ibut ion in the cell, l imitat ions imposed by competing re-  
actions and by the IR drop included in the measurement ,  overpotent ia l - t ime 
curves at constant  current  density, and the accuracy with which Tafel 's equa-  
t ion is obeyed are presented. The current  densi ty range for accurate measure-  
ments  was found to be 3 x 10 -5 to 10 -~ amp cm -~. Overpotent ial  measurements  
taken with decreasing and increasing currents  were reproducible to -+1 mv, 
and deviations from the Tafel l ine were wi thin  this variation. At constant  cur-  
rent  density the gold anodes oxidized to hydrated  AutO3 following the l inear  
law, and the current  density dependence of the oxidation rate indicated a 
blister mechanism. 

The  s t eady- s t a t e  ove rpo ten t i a l  m e a s u r e m e n t s  
necessa ry  for d i s t i ngu i sh ing  possible r a t e - d e t e r m i n -  
ing steps in  anodic  oxygen  evo lu t ion  have  been  com-  
p i led  by  Bockris  (1) .  Data  repor ted  to date,  h o w -  
ever ,  have  shown  l i t t le  consis tency.  I n h e r e n t  e xpe r i -  
m e n t a l  difficulties are p r o b a b l y  g rea te r  than ,  and  
ce r t a in ly  have  not  been  as i n t ens ive ly  inves t iga ted  
as, those for the  h y d r o g e n  evo lu t ion  reac t ion  (2, 3).  

P l a t i n u m  anodes  have  been  s tudied  in  grea tes t  
de ta i l  (2) .  For  this  e lect rode there  is gene ra l  agree -  
m e n t  tha t  anodic  oxygen  evo lu t ion  follows Tafe l ' s  
equa t ion  (4) : 

7 /= a -4- b l o g i  [1] 

whe re  ~ is the  s t eady - s t a t e  ove rpo ten t i a l  at the  ap -  
p l ied  c u r r e n t  dens i ty  (c.d.) i. The  Tale1 cons tan t s  
a and  b repor ted  by  var ious  au thors  are d iscrepant .  
Recen t ly  Bockris  and  Huq  (5) inves t iga ted  p l a t i n u m  
in  su l fur ic  acid solut ions  u n d e r  condi t ions  of ex -  
t r e m e  purif icat ion.  Grea t e r  cons is tency  in  the Tafe l  
plots was  repor ted ;  the  slope b was  r ep roduc ib l e  to 
--+12% or bet ter .  In  the  absence  of appl ied  cur ren t ,  
a r evers ib le  oxygen  e lect rode was  a p p a r e n t l y  ob-  
t a ined  for the  first t ime. 

This  paper  repor ts  a de ta i led  s tudy  of the  accuracy  
a t t a i n a b l e  for oxygen  ove rpo ten t i a l  m e a s u r e m e n t s  
at  gold anodes  in  0.1M H~SO, at 25.0~ The var ious  
sources of e r ror  in  ove rpo ten t i a l  m e a s u r e m e n t s  are 
eva lua ted ,  a n e w  cell des ign for u n i f o r m  c u r r e n t  
d i s t r i bu t i on  described,  and  the c.d. l imi ts  d e t e r m i n e d  
for m e a s u r i n g  n to --+1 mv.  I t  wi l l  be  seen tha t  Tafe l ' s  
equa t ion  is obeyed w i t h i n  this  devia t ion .  

Sources of Error 
The fo l lowing  is a gene ra l  ou t l ine  of the  sources 

of e r ror  i nvo lved  in  the  e x p e r i m e n t a l  m e a s u r e m e n t  
of s t e ady - s t a t e  overpoten t ia l .  
Current distribution.--When m e a s u r e m e n t s  are  
made  by  the  di rect  me thod  (whi le  c u r r e n t  is f low- 
ing)  w i th  a L u g g i n - H a b e r  cap i l l a ry  (6) ,  the  c u r r e n t  

d i s t r i bu t ion  over  the test  e lect rode should  be  u n i -  
f o rm (7) .  Wi th  cell geometr ies  h a v i n g  n o n u n i f o r m  
d i s t r ibu t ion ,  the  c.d. at  the  po in t  of m e a s u r e m e n t  
ge ne r a l l y  wi l l  no t  be  a cons tan t  a nd  k n o w n  f rac t ion  
of the  average  c.d. at  a l l  va lues  of ove rpo ten t i a l  
(8-10) .  Even  w h e n  i n t e r r u p t e d  cu r r en t s  are  used 
and  the  po ten t i a l  is m e a s u r e d  ve ry  r a p i d l y  af ter  the  
i n t e r r up t i on ,  it is des i rab le  to use a cell h a v i n g  u n i -  
fo rm c u r r e n t  d i s t r i bu t i on  ( 11 ). 

I t  is recognized tha t  a m e c h a n i c a l l y  pol ished elec- 
t rode surface wi l l  con ta in  fine scratches and  a large 
n u m b e r  of sharp  micro  peaks.  In  the  p r i m a r y  cu r -  
r en t  d i s t r i bu t i on  ( tha t  in  the  absence  of e lec t rode  
po la r iza t ion)  the c u r r e n t  dens i ty  approaches  inf in i ty  
at sharp  peaks. W h e n  the electrode is polar ized,  
however ,  the d i s t r i bu t ion  ( secondary)  is more  u n i -  
form. The  grea te r  the  ra t io  of W a g n e r ' s  cha rac t e r -  
istic l eng th  p a r a m e t e r  K I O~/Oi [, w he r e  K is the  solu-  
t ion  conduct iv i ty ,  to the  average  scratch depth  X, the  
more  u n i f o r m  the  c u r r e n t  d i s t r i bu t i on  (10).  If 
Tafel ' s  equa t i on  applies,  !Ov/Oi I decreases and  the 
d i s t r i bu t i on  becomes less u n i f o r m  as the  c.d. is i n -  
creased, since 

O~/Oi = --_+0.4343 b/i  [2] 

where  the plus  s ign refers  to anodic  and  the  nega t ive  
sign to cathodic react ions.  For  even  rough ly  pol ished 
electrodes in  most  e lectrolytes ,  the ra t io  of W a g n e r ' s  
charac ter i s t ic  l eng th  to ave rage  scratch dep th  is ex-  
pected to be sufficiently la rge  tha t  the  c u r r e n t  d is -  
t r i b u t i o n  over  the surface  wi l l  be  essen t ia l ly  u n i -  
form. The  surface  roughness ,  however ,  m u s t  be  
t a ke n  into cons idera t ion  in  ca lcu la t ing  the  t rue  cu r -  
r e n t  densi ty .  
Shielding by the capillary.--It has been  shown  tha t  
la rge  er rors  in  ove rpo ten t i a l  can resu l t  f rom shie ld-  
ing of the  electrode at  the po in t  of m e a s u r e m e n t ,  
un less  the  cap i l l a ry  t ip is e i ther  sufficiently far  r e -  
moved  f rom the  e lect rode sur face  (12, 13) or is 
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a ga in s t  t he  e l e c t r o d e  a n d  has  a p r o p e r l y  d e s i g n e d  
open ing  (14-16) .  F o r  an  open  t ip  c a p i l l a r y  of d i a m -  
e t e r  d, n e g l i g i b l e  sh i e ld ing  wi l l  occur  if  the  d i s t a n c e  
b e t w e e n  the  t ip  a n d  e l e c t r o d e  su r f ace  is 2d or  
g r ea t e r .  
I R - d r o p  c o r r e c t i o n s . - - W h e r e  a L u g g i n - H a b e r  c a p i l -  
l a r y  w i t h  open  t ip  is used,  co r r ec t i on  m u s t  be  m a d e  
fo r  t he  I R  v o l t a g e  d r o p  (V~R) in  t he  e l e c t r o l y t e  b e -  
t w e e n  the  t ip  and  the  e lec t rode .  These  co r r ec t ions  
can  be  a p p r e c i a b l e ,  even  in so lu t ions  of m o d e r a t e l y  
h i g h  conduc t i v i t y .  F o r  e x a m p l e ,  a t  10 ~ a m p  cm -~, t h e  
fo l l owing  va lue s  of V~  in 0.1M H~SO, (K = 0.046) 
w e r e  c a l c u l a t e d  fo r  a c a p i l l a r y  t ip  of d i a m e t e r  d 
pos i t i oned  a d i s t ance  3d f r o m  a p l a n e  e l ec t rode :  

d ( c m )  : 0.5 0.1 0.02 
VI~ (v )  : 0.290 0.058 0.012 

These  va lue s  w e r e  o b t a i n e d  f r o m  the  equa t i on :  

VzR = ( 3 d - -  d / 3 )  i/K [3]  

w h i c h  is b a s e d  on the  o b s e r v a t i o n  (12, 13) t h a t  t he  
p o t e n t i a l  ins ide  t he  c a p i l l a r y  is e q u a l  to t h a t  a t  a 
d i s t ance  d/3  closer  to t he  e l ec t rode  in t he  u n d i s t o r t e d  
f ield? The  a b o v e  e x a m p l e  i l l u s t r a t e s  t he  g e n e r a l  r e -  
q u i r e m e n t  of pos i t i on ing  the  c a p i l l a r y  v e r y  c lose  to 
t he  e l ec t rode  and,  hence,  for  us ing  a c a p i l l a r y  w i t h  
s m a l l  o u t e r  d i a m e t e r  in o r d e r  to avo id  sh i e ld ing  
e r ro rs .  

W h e r e  a coa t ing  f o r m s  on the  e l ec t rode  sur face ,  
as o f t en  occurs  d u r i n g  anod ic  o v e r p o t e n t i a l  m e a s u r e -  
ments ,  t h e  r e s i s t ance  of t he  coa t ing  m u s t  be  e v a l u -  
a ted.  This  is done  b y  a c t u a l  m e a s u r e m e n t  of t he  
t o t a l  IR d rop  i n c l u d e d  in  the  o v e r p o t e n t i a l  m e a s u r e -  
ment ,  f r o m  w h i c h  the  1R drop  in t he  e l ec t ro ly t e ,  c a l -  
c u l a t e d  as above ,  is s u b t r a c t e d  to o b t a i n  the  IR d rop  
w i t h i n  t he  coat ing .  
Roughnes s  f a c t o r . - - F o r  an e l ec t rode  su r f ace  w i t h  
r o u g h n e s s  f ac to r  q ( r a t i o  of t r u e  a r e a  to  a p p a r e n t  
a r e a ) ,  Ta fe l ' s  e q u a t i o n  m a y  be  w r i t t e n  in t he  f o r m  

~ a q - b l o g ( i ' / q )  - ~ a ' - k b l o g i '  [4]  

w h e r e  i" is the  a p p a r e n t  c.d. and  a' = a --  b log  q. I f  
q r e m a i n s  cons t an t  t h ro f lghou t  the  m e a s u r e m e n t s ,  
t he  co r r ec t  s lope  b is o b t a i n e d  w h e n  n is p l o t t e d  
aga in s t  log i'. The  a p p a r e n t  a - v a l u e  f r o m  th is  plot ,  
h o w e v e r ,  is t he  v a l u e  a ' ;  th is  is too smal l ,  as c o m -  
p a r e d  w i t h  t h e  t r u e  a, b y  the  a m o u n t  b log q. 

F o r  sy s t ems  in w h i c h  the  r o u g h n e s s  f ac to r  changes  
w i t h  c h a n g i n g  c.d., t he  m e a s u r e m e n t s  m a y  a p p e a r  to 
fo l low a T a f e l  l ine,  b u t  bo th  t h e  s lope  and  t h e  
a - v a l u e  w i l l  b e  in e r ro r .  This  t y p e  of e r r o r  shou ld  be  
r e v e a l e d  b y  a d r i f t  of t he  a p p a r e n t  Ta fe l  l ine  w h e n  
d e t e r m i n e d  w i t h  dec reas ing ,  t h e n  w i t h  inc reas ing ,  
c u r r e n t  dens i t ies .  

T h e r e  is ev idence  t h a t  t he  r o u g h n e s s  f ac to r  of a 
po l i shed  m e t a l  m a y  v a r y  b y  an  o r d e r  of m a g n i t u d e ,  
d e p e n d i n g  on s u b s e q u e n t  t r e a t m e n t s  (17, 18).  
The re fo re ,  w h e r e  t he  e l e c t r o d e  su r f ace  u n d e r g o e s  
change ,  e.g., b y  o x i d a t i o n  d u r i n g  anod ic  o x y g e n  e v o -  
lu t ion ,  p r e p o l a r i z a t i o n  to a s t ab le  su r f ace  shou ld  
p r e c e d e  the  o v e r p o t e n t i a l  m e a s u r e m e n t s .  

1 Th i s  o b s e r v a t i o n  re fe r s  (12) to  a c a p i l l a r y  t i p  w i t h  ID = 2 /3  
o n ;  t he  cap i l l a r i e s  used  i n  t he  a p p a r a t u s  to  b e  de sc r ibed  c o n f o r m e d  
to t h i s  g e o m e t r y .  
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Impurities.--Trace impurities, present in the elec- 
trolyte or adsorbed on the electrode surface, may 
produce large errors in overpotential (5, 19-21). 
The observable effects of impurities on T-measure- 
ments include: (a) prolonged potential drift with 
time, (b) irreproducibility of steady-state potentials, 
and (c) depolarization accompanying increased agi- 
tation, particularly at low c.d., resulting from com- 
peting reactions involving impurities. 

Compe t ing  react ions.  A n y  c o m p e t i n g  r e a c t i o n  d e -  
po l a r i ze s  t he  e l e c t r o d e  r e a c t i o n  u n d e r  s tudy ,  i.e., t h e  
m e a s u r e d  o v e r p o t e n t i a l  c o r r e s p o n d s  to a c u r r e n t  
s m a l l e r  t h a n  the  o b s e r v e d  t o t a l  cu r r en t .  C o m p e t i n g  
r e a c t i o n s  m a y  occur  even  in  h i g h l y  pu r i f i ed  sys t ems ;  
d u r i n g  anod ic  o x y g e n  evo lu t ion ,  for  e x a m p l e ,  m e t a l  
d i s so lu t ion  a n d  o x i d e  f o r m a t i o n  o f t en  p r o c e e d  s i -  
m u l t a n e o u s l y .  S o l u b l e  p r o d u c t s  of t he  ca thode  r e -  
ac t ion  can  di f fuse  to t he  a n o l y t e  and  d e p o l a r i z e  t h e  
a n o d e  reac t ion ,  a n d  v ice  ve r sa .  

P o t e n t i a l - t i m e  v a r i a t i o n s . - - T h e  use  of a r b i t r a r y  p o -  
l a r i z a t i o n  t imes  has  o f ten  r e s u l t e d  in f a i l u r e  to a t t a i n  
the  s t e a d y - s t a t e  T-va lues ,  as  has  been  e m p h a s i z e d  
for  anodic  o x y g e n  evo lu t i on  b y  the  w o r k  of H i c k l i n g  
a n d  Hi l l  (22) .  I n  g e n e r a l  i t  is p r e f e r a b l e  to a p p r o a c h  
the  s t e a d y  s t a t e  f r o m  two  d i rec t ions ,  e.g., w i t h  i n -  
c r ea s ing  and  w i t h  d e c r e a s i n g  c u r r e n t  dens i ty ,  in  
o r d e r  to avo id  e r r o r s  r e s u l t i n g  f r o m  s low d r i f t s  or  
t e m p o r a r y  p o t e n t i a l  a r res t s .  

Concen t ra t ion  po la r i za t i on . - -Conc e n t ra t i on  changes  
a t  t h e  e l e c t r o d e  su r f a c e  i m p o s e  a n  u p p e r  l i m i t  to  t h e  
c.d. r a n g e  ove r  w h i c h  a c c u r a t e  o v e r p o t e n t i a l s  can  be  
m e a s u r e d .  The  m a x i m u m  p e r m i s s i b l e  c.d. w i l l  g e n -  
e r a l l y  be  c o n s i d e r a b l y  l o w e r  t h a n  the  s o - c a l l e d  
l i m i t i n g  c u r r e n t  ( a t  w h i c h  the  c u r r e n t  eff iciency b e -  
g ins  to f a l l ) .  A n  a p p r e c i a b l e  c o n c e n t r a t i o n  change  of 
a n y  d i s so lved  subs t ance  w h i c h  affects  t he  e l e c t r o d e  
p o t e n t i a l  w i l l  c o n t r i b u t e  to c o n c e n t r a t i o n  p o l a r i z a -  
t ion.  I n  mos t  cases  t h e  a c c o m p a n y i n g  p o t e n t i a l  
changes  w i l l  be  c o m p l e x  and  no t  a m e n a b l e  to  ac -  
c u r a t e  ca lcu la t ion .  The re fo re ,  t he  f r a c t i o n a l  concen -  
t r a t i o n  change  a t  t he  e l e c t r o d e  shou ld  be  m a i n t a i n e d  
s m a l l  b y  the  use  of i n c r e a s e d  ag i t a t ion ,  a m o r e  con-  
c e n t r a t e d  solut ion ,  or  a l o w e r  c.d. r ange .  

F r o m  the  m a t h e m a t i c a l  t h e o r y  of diffusion,  t h e  
c o n c e n t r a t i o n  a t  t he  e lec t rode ,  Co (mo le  cc-1), of a n y  
so lu t ion  c o n s t i t u e n t  u n d e r  s t e a d y - s t a t e  cond i t ions  is 
g iven  b y  the  r e l a t i o n  (23-25)  : 

C , - -  Co = ] I /D [5]  

w h e r e  Co is i ts  b u l k  concen t r a t ion ,  l t he  t h i cknes s  of 
t he  d i f fus ion  l a y e r  ( c m ) ,  D i ts  d i f fus ion coefficient  
( cm = sec-1), and  f i t s  f lux a t  t h e  e l e c t r o d e  b o u n d a r y  
( m o l e  cm -2 sec-1). The  f lux is e q u a l  to t he  r a t e  a t  
w h i c h  the  c o n s t i t u e n t  is a d d e d  a t  the  e l e c t r o d e  s u r -  
face  b y  the  e l e c t r o d e  r e a c t i o n  and  b y  e l ec t r i ca l  
t r a n s f e r e n c e .  

In  mos t  p r a c t i c a l  sy s t ems  i n v o l v i n g  fo rced  con-  
vec t ion  of a c o m p l e x  na tu r e ,  Eq. [5]  is a p p l i e d  as a 
first  a p p r o x i m a t i o n ,  w i t h  t he  a s s u m p t i o n  t h a t  t h e  
on ly  effect  of convec t ion  is a d e c r e a s e  in t h e  p a r a m -  
e t e r  I. Q u a n t i t a t i v e  t h e o r e t i c a l  p r e d i c t i o n s  fo r  con-  
v e c t i v e  effects in s e v e r a l  s impl i f i ed  sy s t e ms  h a v e  

been  r e v i e w e d  (26) .  
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Experimental Procedure 
Materials.--Reagent-grade su l fur ic  acid was  d is-  

t i l led  in  an  a l l - P y r e x  still. Dis t i l led  wa t e r  was  
t r ea ted  w i th  smal l  a m o u n t s  of K O H  and  KMn O ,  a n d  
red is t i l l ed  in  an  a l l - P y r e x  still. I n  each case the  first 
po r t i on  of the  d is t i l la te  was  re jec ted  and  the  m i d d l e  
f rac t ion  used. 

Oxygen  gas was pur i f ied  by  passage t h ro ugh  a 
c o l u m n  of cupr ic  oxide hea ted  to 700~ in  a Vycor  
tube,  t h e n  in to  an  a l l - P y r e x  sys tem th rough  b u b -  
b lers  con t a in ing  1M NaOH and  1M H~SO,, and  f ina l ly  
t h rough  a f r i t t ed  P y r e x  t ube  to t rap  droplets .  The  
pur i f ied gas was  led  in to  the cell t h rough  a shor t  
l eng th  of flexible, unp las t i c ized  poly t r i f luorochloro-  
e thy l ene  ( K e l - F )  tub ing .  

Anodes  of solid gold and  of go ld -p la t ed  copper  
were  used.  The  solid e lect rode was  m a c h i n e d  f r o m  
pu re  gold rod (99.98% Au,  p r inc ipa l  impur i t i e s  Ag 
and  P t  me ta l s ) .  The  p la ted  electrode was  p r e p a r e d  
by  e lec t rop la t ing  gold at  2 m a / c m  2 and  70~ f r o m  
the  fo l lowing  so lu t ion  ( r e a g e n t - g r a d e  5hemica l s ) :  
0.05M K Au(CN)2,  0.2M, KCN, and  0.1M K2CO8. The 
surface  was  a l t e r n a t e l y  p l a t ed  and  pol ished u n t i l  a 
gold l ayer  75 ~ th ick  was  achieved.  D i a m o n d  pol i sh-  
ing c o m p o u n d  wi th  a par t ic le  size of 3 /~ was  used  
for the f inal  pol ish on each electrode.  

The fo l lowing  surface  t r e a t m e n t s  of the gold elec-  
trodes,  p r ior  to in se r t ion  in  the cell, we re  s t a n d a r d -  
ized. P r e c l e a n i n g  i nvo lved  degreas ing  in  solvents ,  
t r e a t m e n t  ca thodica l ly  in  hot  3M NaOH, t hen  i m -  
mer s ion  in  10M HNO3. The  final t r e a t m e n t  of the  
p la ted  e lect rode consis ted in  e lec t rop la t ing  an  add i -  
t iona l  3 ~ th ickness  of gold to p roduce  a smooth,  
ma t t e  surface.  The  solid gold e lect rode was  m a d e  
anodic  in  1M H2SO, at 5 x 10 _2 amp  cm -'~ for 5 ra in  to 
produce  a v e r y  t h in  b r o w n  oxide, t hen  the  l a t t e r  was  
dissolved in  5M HC1; the final surface  r e m a i n e d  a l -  
most  m i r r o r  br ight .  

Two sa tu ra t ed  ca lomel  electrodes (SCE) ,  of the  
type  h a v i n g  a P y r e x  s a l t -b r idge  j u n c t i o n  t ube  con-  
t a i n ing  a cont ro l led  diffusion crack (27),  were  used 
to fol low po ten t i a l  changes.  These  were  checked 
per iod ica l ly  w i th  each o ther  and  wi th  a th i rd  e lec-  
t rode;  the  vol tage  b e t w e e n  a n y  two n e v e r  exceeded 
0.1 my.  

to  
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Fig. 2. Cell I 

Cell design.--Two cells were  used, bo th  des igned 
for u n i f o r m  c u r r e n t  d i s t r i bu t i on  a nd  based  on con-  
cent r ic  spher ica l  geome t ry  w i th  conical  sec t ioning  
(7) ,  as ind ica ted  in  Fig. 1. The  fo l lowing  two dis-  
tor t ions  were  i n t roduced  in  the  ac tua l  cells. (A)  The  
insu la to r  was  shor tened,  as shown  in  Fig.  1 by  the  
b r o k e n  ver t ica l  l ines,  so tha t  the 60 ~ angle  was  
m a i n t a i n e d  only  for a d i s tance  ro, w he r e  ro is the  
rad ius  of the i n n e r  electrode.  In  the  cells used the  
i n n e r  e lectrode was  the anode  w i th  ro = 0.50 cm. (B) 
I t  was assumed  that ,  p rov ided  the  cell d i a m e t e r  ex -  
ceeded 10 ro, the  ou te r  spher ica l  e lect rode (ca thode)  
could be h igh ly  d is tor ted  w i th  l i t t le  effect on c u r r e n t  
d i s t r i bu t ion  at the  anode.  For  this  reason  the  ca th -  
ode was r emoved  to an  e x t e r n a l  c o m p a r t m e n t ,  and  
the  d i ame te r  of the  anode  c o m p a r t m e n t  was  made  
12 ro in  cell I (Fig. 2) a n d  16 ro in  cell  II  (Fig. 3) .  
These  d is tor t ions  were  expected  to p roduce  r e l a -  
t ive ly  smal l  n o n - u n i f o r m i t i e s  of c u r r e n t  d i s t r i bu t i on  
at  the anode A. 

The cells we re  cons t ruc ted  of P y r e x  glass. The  
60 ~ conical  i n su l a to r  was  g r o u n d  f rom prec i s ion-  
bore  t u b i n g  B, and  the  rod por t ion  of the  anode  was  
m a c h i n e d  to fit s n u g l y  into the bore. The  ba l l  j o in t  D 

§ 

D 
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Fig. 1. Conical sectior~ing of concentric spheres Fig. 3. Cell II 
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Fig. 4. Current distr ibut ion over the anode determined by 
electrodeposit ion of chromium. 

p e r m i t t e d  accura te  pos i t ion ing  of the  anode  w i th  r e -  
spect to the fixed cap i l l a ry  t ip E. A tip of d i a m e t e r  
d = 0.20 m m  was used and  was  pos i t ioned  at a dis-  
t ance  of abou t  3d f rom the  anode.  

In  cell I the  ano ly te  bounda r i e s  were  cy l indr ica l ,  
12 r ,  in  d i ame te r  and  12 ro in  height .  Contac t  w i th  
the  ca tho ly te  was  made  t h rough  a slot S, 0.5 m m  
wide,  which  was concent r ic  w i th  the  anode.  The 
cathode C was  a p l a t i n u m  wi re  r ing  s i tua ted  n e a r  the  
top of the  catholyte .  The  p r i m a r y  c u r r e n t  d i s t r i b u -  
t ion  over  the  electrode surface  in  this  cell was  ob-  
t a ined  by  m e a s u r i n g  the  d i s t r i bu t i on  of ch romium,  
e lec t rop la ted  u n d e r  condi t ions  shown p rev ious ly  
(28) to y ie ld  good a g r e e m e n t  w i t h  the  p r i m a r y  dis-  

t r i b u t i o n  as m e a s u r e d  by  the  p o t e n t i a l - m a p p i n g  
method.  F i g u r e  4 shows the  m e a s u r e d  d i s t r i bu t i on  of 
c h r o m i u m  over  a copper  electrode,  and  the  c u r r e n t  
d i s t r i bu t i on  ca lcu la ted  f rom it us ing  the  c u r r e n t  effi- 
c iency da ta  of D u b p e r n e l l  (29).  I t  m a y  be conc luded  
tha t  the  c u r r e n t  d i s t r i bu t ion  in  this  cell is suffi- 
c ien t ly  u n i f o r m  for ove rpo ten t i a l  m e a s u r e m e n t s ,  a nd  
tha t  neg l ig ib le  e r ror  is i n c u r r e d  w h e n  one uses the  
average  c.d. ins tead  of tha t  d i rec t ly  opposite the  
cap i l l a ry  tip. 

In  cell II the  ano ly te  was  a p p r o x i m a t e l y  spher ica l  
in  shape, of d i ame te r  16 ro. This  cell i ncorpora ted  the  
fo l lowing i m p r o v e m e n t s  over cell I. (A)  Both  com-  
p a r t m e n t s  were  covered,  wi th  on ly  a smal l  hole for 
escape of oxygen.  (B) The cathode,  a p l a t i n i z e d -  
p l a t i n u m  cy l indr i ca l  gauze, had  m u c h  la rger  surface  
area. (C) Oxygen  was  b u b b l e d  a r o u n d  the cathode 
as wel l  as the  anode,  thus  t end ing  to sweep out  a n y  
h y d r o g e n  fo rmed  at  h igh c.d. The u n i f o r m i t y  of cu r -  
r en t  d i s t r i bu t i on  was not  m e a s u r e d  in  cell II, b u t  
was a s sumed  to be jus t  as sa t i s fac tory  as in  cell I. 
Cell  II  wi th  the  solid gold anode  was  used for me a s -  
u r e m e n t s  repor ted  be low except  whe re  o therwise  
stated.  The  re fe rence  c o m p a r t m e n t  of each cell was,  
of course, filled w i th  the  so lu t ion  u n d e r  s tudy.  Traces  
of KC1 e n t e r i n g  this  c o m p a r t m e n t  f rom the re fe rence  
e lect rode had  a long diffusion pa th  to the  cap i l l a ry  
tip. 

Measurement of overpotential.--Polarizing cu r -  
r e n t  was  d r a w n  f rom a 30-v  l ead -ac id  b a t t e r y  
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source, through a resistance box designed to allow a 
sudden change in current to a preselected value 
without breaking the circuit. The anode-SCE volt- 
age, Eob~, was measured with a shielded potentiom- 
eter (L&N Co. model K3) and a current-sensitive 
galvanometer having sensitivity of 1.3 x 10 -9 amp/ 
ram. The sensitivity-selecting switches of the poten- 
tiometer were replaced by four push-button switches 
in an external shielded circuit, by means of which a 
resistance of i0 ~, 108, 107, or 106 ohms was inserted in 

series with the voltage being measured. With this 
ci rcui t  it  was  possible  to p r e v e n t  the  o u t - o f - b a l a n c e  
c u r r e n t  d r a i n  f rom exceeding  10 -9 amp d u r i n g  a vo l t -  
age m e a s u r e m e n t .  

The  r eve r s ib l e  vol tage  E1 b e t w e e n  the  SCE and  a 
h y d r o g e n  e lect rode of the  H i l d e b r a n d  type  was  
m e a s u r e d  in  the  solut ions  used in  the p re sen t  s tudy  
a nd  the  ove rpo ten t i a l  for the  o x y g e n - e v o l u t i o n  reac-  
t ion  was  t h e n  g iven  by:  

n = Eobs + E l - -  1.229 [6] 

w he r e  1.229 v represen t s  the  revers ib le  emf b e t w e e n  
the  oxygen  and  h y d r o g e n  electrodes in  a g iven  solu-  
t ion  at  25~ (30).  

Results and Discussion 

Oxide Sormation.--In di lu te  su l fur ic  acid, gold 
anodes  become covered wi th  h y d r a t e d  AutO3 (31, 
45).  A t  ve ry  low c.d. A u t o  first forms, t h e n  conver t s  
t h r ough  AuO to Au:O3 before  oxygen  evo lu t ion  com- 
mences  (32).  The color of the  oxide changes  f rom 
ye l lowish  b r o w n  to reddish  b r o w n  as it th ickens .  

A coat ing was  p r epa red  at 10 = amp cm -2 for 23 h r  
and  was  ca re fu l ly  f laked off the  electrode.  Chemica l  
ana lys i s  for A u  and  H:O ( and  oxygen  by  difference)  
ind ica ted  A u  (OH)8; some change  in  h y d r a t i o n  could 
have  occurred,  however ,  d u r i n g  r e m o v a l  of the  coat-  
ing. X-ray diffraction patterns of the oxide were at- 
tempted with a Guinier focusing camera (33); no 
diffraction lines were obtained, although the instru- 
ment had high sensitivity and gave good patterns 
for evaporated gold films 100A thick. 

The kinetics of oxide growth at constant c.d was 
investigated at I0 -~ and i0 -~ amp cm -~ apparent 
anodic c.d. It was found that the amount of oxide on 
the spherical anode could be determined by dissolv- 

ing it in i0 ml of 5M HCI, then analyzing the solution 
for Au spectrophotometrically (absorption peaks in 
the ultraviolet at 226 and 314 m~). Oxide layers IA 
in average thickness are detectable by this method. 

Figure 5 presents the oxidation rate measure- 
ments. Linear oxidation curves were obtained, cor- 
responding to constant current efficiency for oxide 
formation. In 0.1M H~SO~, the oxidation rates at i0 -~ 
and I0 -" amp cm -~ are 143 and 6.8 A/hr, respectively, 
corresponding to current efficiencies for oxide for- 
mation of 1.13% at  10 -3 amp cm -~ and  0.53% at 10 -' 
amp cm% Such  low c u r r e n t  efficiencies wou ld  have  
neg l ig ib le  depolar iz ing  effects. M e a s u r e m e n t s  we re  
made  also in  0.05M H~SO, at  10 -~ amp cm-"; as seen in  
Fig. 5, the  change  in  acid concen t r a t i on  had  no ap-  
p rec iab le  effect on the  ox ida t ion  curve2 

A r m s t r o n g ,  H i m s w o r t h ,  and  B u t l e r  (44) f o u n d  l i n e a r  o x i d a t i o n  
c u r v e s  f o r  go ld  i n  0.1M H2SO4, as d e t e r m i n e d  b y  ca thod ic  r e d u c t i o n  
of t he  ox ide ,  w i t h  a c u r r e n t  eff iciency of  0.9% i n d e p e n d e n t  of  c.d. 
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Fig. 5. Anodic formation of gold oxide in sulfuric acid 
solutions, 25~ 

L i n e a r  o x i d a t i o n  cu rves  m a y  be  i n t e r p r e t e d  as 
r e s u l t i n g  f rom a b l i s t e r  m e c h a n i s m ,  in  w h i c h  loca l  
s e p a r a t i o n  occurs  a t  t he  o x i d e - m e t a l  i n t e r f a c e  in  a 
m a n n e r  s i m i l a r  to t h a t  p o s t u l a t e d  for  g a s - m e t a l  r e -  
ac t ions  (34) .  I n  s u p p o r t  of th is  m e c h a n i s m ,  i t  w a s  
n o t e d  t h a t  t he  ox ide  e x h i b i t e d  poor  adhes ion ,  a n d  
t h e  t h i c k e r  coa t ings  cou ld  b e  r e a d i l y  f l aked  a w a y  
f r o m  the  go ld  subs t r a t e .  

The  b l i s t e r  m e c h a n i s m  m a y  be  used  to e x p l a i n  t he  
i nc rea se  in  c u r r e n t  eff iciency for  ox ide  f o r m a t i o n  
w i t h  i nc r ea s ing  c.d. A c c o r d i n g  to th is  m e c h a n i s m ,  
loca l i zed  i n t e r r a c i a l  s e p a r a t i o n  occurs  w h e n  the  
ox ide  l a y e r  has  g r o w n  to a c r i t i c a l  t h i ckness ,  such  
t h a t  t he  loca l  a d h e s i v e  force  is e x c e e d e d  b y  t h e  c o m -  
p r e s s i v e  fo rce  in the  ox ide  at  t h a t  poin t .  A b l i s t e r  
fo rms ,  t h e  d i s t o r t e d  o x i d e  c racks ,  t h e  e l e c t r o l y t e  
t h e n  con tac t s  t he  e x p o s e d  m e t a l  sur face ,  and  r a p i d  
o x i d a t i o n  beg ins  t h e r e  aga in .  In  t he  absence  of gas  
evo lu t ion ,  t h e  o x i d a t i o n  r a t e  shou ld  i nc rea se  w i t h  
c.d.; i t  w o u l d  t e n d  to be  r o u g h l y  p r o p o r t i o n a l  to c.d. 
if  t h e  c r i t i ca l  ox ide  t h i cknes s  for  b l i s t e r i n g  is v e r y  
smal l ,  as  a p p e a r s  to b e  t he  case  for  go ld  anodes  
w h e r e  l i n e a r  o x i d a t i o n  occurs  even  a t  l ow  fi lm 
th i cknesses  (Fig .  5).  The  effect of s i m u l t a n e o u s  gas  
evo lu t ion ,  h o w e v e r ,  is to i nc rea se  t he  o x i d a t i o n  r a t e  
b y  caus ing  i n c r e a s e d  r a t e  of b l i s t e r ing .  Gas  p r e s s u r e  
can  b u i l d  up  w i t h i n  t he  b l i s te r s ,  b e c a u s e  t he  su r f a c e  
t ens ion  of t he  l i qu id  t e n d s  to p r e v e n t  t he  escape  of 
gas  t h r o u g h  the  s m a l l  c r acks  in t he  b l i s t e r e d  o x i d e  
l aye r .  The  gas  p r e s s u r e  w i t h i n  a loca l  b l i s t e r  he lps  
to o v e r c o m e  the  a d h e s i v e  force at  a d j a c e n t  a reas ,  
t hus  i nc r ea s ing  the  r a t e  of b l i s t e r i n g  and  d e c r e a s i n g  
the  c r i t i ca l  ox ide  th ickness .  S ince  t h e  r a t e  of gas  
evo lu t i on  is p r o p o r t i o n a l  to c.d., t he  h i g h e r  t h e  c.d. 
t h e  g r e a t e r  t he  i n c r e a s e  in  o x i d a t i o n  r a t e  r e s u l t i n g  
f r o m  this  g a s - e v o l u t i o n  effect. Thus  the  b l i s t e r  m e c h -  
a n i s m  is q u a l i t a t i v e l y  cons i s t en t  w i t h  t h e  o b s e r v e d  
fac t  t h a t  t h e  c u r r e n t  eff iciency for  o x i d a t i o n  i n -  
c r ea sed  w i t h  c.d. 

Poten t ia l - t ime  var ia t ions . - - In  0.1M H~SO,, o x y -  
g e n - s a t u r a t e d  b u t  b e f o r e  a n y  e l ec t ro lys i s ,  a c l ean  
go ld  e l e c t r o d e  a s sumes  a p o t e n t i a l  of 0.83 v vs. RHE,  ~ 

S i n g l e  e l e c t r o d e  p o t e n t i a l s  r e f e r  to t h e  r e v e r s i b l e  h y d r o g e n  e l e c -  
t r o d e  i n  t h e  s a m e  s o l u t i o n .  
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Fig. 6. Potential behavior of a fresh gold electrode in pre- 
electrolyzed 0.1M H2S04, 25~ Potential referred to reversible 
hydrogen electrode (R.HE) in some solution. 

w h i c h  is 0.4 v less  t h a n  t h e  r e v e r s i b l e  o x y g e n  p o t e n -  
t ia l .  A f t e r  p r o l o n g e d  e l e c t ro ly s i s  of t h e  so lu t ion  
( r o u g h l y  0.2 c o u l o m b / m l ) ,  h o w e v e r ,  t h e  t y p i c a l  b e -  
h a v i o r  of  a c l ean  go ld  e l e c t r o d e  is t h a t  s h o w n  in  Fig .  
6. Upon  i m m e r s i o n  (zero  t i m e )  t he  p o t e n t i a l  r i ses  
q u i c k l y  to a v a l u e  h i g h e r  t h a n  the  r e v e r s i b l e  o x y g e n  
p o t e n t i a l  and  a p p r o a c h e s  t h e  r e v e r s i b l e  Au/Au~O~ 
( h y d r a t e d )  po t en t i a l ,  1.363 v (35 ,36 ) ,  i n d i c a t i n g  

t h a t  go ld  t ends  to ox id ize  in  t he  e l e c t r o l y z e d  so lu -  
t ion.  A f t e r  the  e l ec t rode  is m a d e  anode  for  a sho r t  
t i m e  at  v e r y  low c.d., t he  p o t e n t i a l  d e c a y  c u r v e  t e n d s  
to a r r e s t  a t  the  s a m e  va lue .  

W h e n  a c l ean  go ld  su r f ace  was  m a d e  a n o d e  at  10 -8 
or  10-' a m p  cm -2, the  p o t e n t i a l  i n c r e a s e d  to a v a l u e  
3 to 5 m v  h i g h e r  t h a n  the  s t e a d y - s t a t e  va lue ,  t hen  
d e c r e a s e d  to the  s t e a d y  v a l u e  a f t e r  pa s sa ge  of a b o u t  
1 cou lomb  cm-% The  p o t e n t i a l  was  f o l l o w e d  fo r  an  
a d d i t i o n a l  40 hr ,  and  r e m a i n e d  c o n s t a n t  to __-0.5 m v  
as t he  ox ide  l a y e r  t h i c ke ne d .  I t  w a s  c o n c l u d e d  t h a t  
no d e l e t e r i o u s  i m p u r i t i e s  w e r e  d i f fus ing  in to  t he  cel l  
f r o m  t h e  r e f e r e n c e  c o m p a r t m e n t .  

In  t he  p r o c e d u r e  t h a t  was  a d o p t e d  for  d e t e r m i n -  
ing  the  ~- i  r e l a t i onsh ip ,  a r e l a t i v e l y  h e a v y  o x i d e  
coa t ing  w a s  f irst  f o r m e d  a t  a c.d. n e a r  t h e  u p p e r  end  
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of the  r a n g e  (at  leas t  40 cou lomb cm -2 passed) .  T h e n  
the  c u r r e n t  was  dec reased  in steps to the  m i n i m u m  
va lue  and  f inal ly  inc reased  in steps to the  m a x i m u m  
value .  A typ ica l  set  of ,~ vs. t i m e  cu rves  a r e  s h o w n  in  
Fig. 7. The  s t e a d y - s t a t e  o v e r p o t e n t i a l s  ob ta ined  w i t h  
dec reas ing  or  w i t h  inc reas ing  c u r r e n t  w e r e  t h e  s a m e  
w i t h i n  -----0.5 mv.  One e x p e r i m e n t  was  c o n t i n u e d  
t h r o u g h  a second cycle  of dec reas ing  fo l l owed  by  in -  
c reas ing  c u r r e n t  densi t ies ,  and the  s t e a d y - s t a t e  o v e r -  
po ten t i a l s  r e m a i n e d  the  same w i t h i n  --1 inv.  P r e -  
l i m i n a r y  e lec t ro lys i s  of t he  so lu t ion  w i t h  an  a u x i l i -  
a ry  anode  p r o d u c e d  no app rec i ab l e  change  in t he  
s t e a d y - s t a t e  ~-i  curve .  

The  cons tan t  c u r r e n t  cu rves  of Fig.  7 exh ib i t  a 
t i m e  effect at  l ow  c u r r e n t  densi t ies .  W h e n  the  c u r -  
r en t  is dec reased  f r o m  a h i g h e r  v a l u e  the  o v e r p o -  
t en t i a l  is in i t i a l ly  l o w e r  than  the  s t e a d y - s t a t e  va lue ,  
and w h e n  the  c u r r e n t  is i nc reased  f r o m  a l o w e r  
v a l u e  '1 exceeds  the  s t e a d y - s t a t e  v a l u e  in i t ia l ly .  This  
is a r e p r o d u c i b l e  effect. 

A t  10 ~ amp  cm -2 the  po ten t i a l  d r i f t  w i t h  t i m e  was  
p r o l o n g e d  (Fig.  7).  The  v a l u e  of ~ a f t e r  1 h r  was  s t i l l  
3 m v  b e l o w  the  e x t r a p o l a t e d  q- log  i curve .  This  b e -  
h a v i o r  w a s  cha rac t e r i s t i c  of a l l  runs ,  h e n c e  i = 3 x 
10 -' was  chosen  as the  l o w e r  l im i t  for  s t e a d y - s t a t e  
o v e r p o t e n t i a l  m e a s u r e m e n t s .  T h e  i n t e r p r e t a t i o n  of  
this t i m e  effect  is cons ide red  in the  n e x t  sect ion f r o m  
the  s t andpo in t  of c o m p e t i n g  react ions .  

Competing reactions.--The r e v e r s i b l e  s ingle  e l ec -  
t rode  po ten t ia l s ,  r e f e r r e d  to the  s t anda rd  h y d r o g e n  
e l ec t rode  ( S H E ) ,  at 25~ for  poss ible  reac t ions  at  
gold  anodes,  and for  poss ible  ca thodic  react ions ,  in 
d i lu te  su l fu r ic  acid solids a re  g i v e n  in Tab l e  I. 

Table I. Reversible electrode potentials at 250C referred 
to SHE* 

(a) O5 + H + + e- = HO~; E = --0.13 - -  0.0592 pH + 
0.0592 log [O5]/[HO5] 

(b)  2H + -}- 2e- : H~; E ---- --0.0592 pH - -0 .02% 
log [H~] 

(c) O5 + 2H + + 2e- ~ H~O~; E ---- 0.682-- 0.0592 pH --  
0.0296 log  [O2]/[H~O~] 

(d) 02 + 4H + + 4e- = 2H20; E ---- 1.229 - -  0.0592 pH 
.}.0.0148 log [05] 

(e)  A u ( O H ) ~  + 3H + .}. 3e- : A u  + 3H~O; E = 
1.363 - -  0.0592 pH 

(f) Au +5 + 3e- = Au; E ~ 1.50 + 0.0197 log [Au +3] 

(g) Au + + e- ~ Au; E ---- 1.7 + 0.0592 log [Au +] 

(h) HO2 + 3H + + 3e- ~ 2H~O; E ~ 1.7 - -  0.0592 pH + 
0.0197 log [HO~] 

(i) H20~ + 2H + + 2e- ~ 2H~O; E ~ 1.77 - -  0.0592 
pH + 0.0296 log [H~O~] 

(j) S~O~ -~ + 2e- = 2SO~-2; E ~ 2.01 + 0.0296 log 
[S~O~ -2] --0.0592 log [SO4 -~] 

(k) O~ + 2H + + 2e- = O~ + H~O; E = 2.07 --  0.0592 
pH + 0.0296 log [O~]/[O2] 

(1) OH + H + + e- ~ H~O; E ---- 2.8 --  0.0592 pH + 
0.0592 log [OH] 
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Reac t ions  (a)  to (c) a re  poss ible  ca thodic  p roc -  
esses w h i c h  y ie ld  p roduc t s  t ha t  w o u l d  depo la r i ze  t he  
o x y g e n  e v o l u t i o n  r eac t ion  at  the  anode.  Of these,  
H205 is e x p e c t e d  to be  t he  p r i m a r y  depo l a r i ze r  p r o -  
duced  at  l ow  cur ren t s ,  h y d r o g e n  gas at  h igh  cur ren t s .  
The  l a t t e r  t ends  to be swep t  out  of t he  so lu t ion  by  
o x y g e n  b u b b l i n g  and  has  been  s h o w n  to  h a v e  no ap -  
p r e c i a b l e  depo la r i z ing  effect  at  m o d e r a t e  c u r r e n t  
dens i t ies  (37).  H y d r o g e n  p e r o x i d e  was  de t ec t ed  in  
t he  solut ion,  at  the  end of an  ~ vs. i run ,  w i t h  t i t a -  
n i u m  su l fa te  r eagen t ;  s p e c t r o p h o t o m e t r i c  ana lys i s  
i nd ica t ed  a concen t r a t i on  of 5 x 10-~M. The  m a x i -  
m u m  c.d. for  H~O5 ox ida t ion  at  the  anode,  co r r e -  
sponding  to this  concen t ra t ion ,  can be  c o m p u t e d  
f r o m  Eq. [5] ;  thus  w i t h  l ---- 5 x 10 -~ cm fo r  g a s - b u b -  
b l ing  condi t ions  (38) ,  D ~ 10 -~ cm ~ sec -1, and  Ce ---- 0, 
one obta ins  f = 1 x 10 -11 m o l e  cm -5 sec -1. This  c o r r e -  
sponds to a diffusion c u r r e n t  densi ty ,  i~ ~ 2Ff, of  
2 x 10 -~ amp cm -5, w h i c h  w o u l d  r e su l t  in  m e a s u r a b l e  
depo la r i za t ion  at an app l i ed  c.d. of 3 x 10 -~ a m p  c m  -5 
or  less. A c t u a l l y  the  m e a s u r e d  I4~O2 c o n c e n t r a t i o n  
was  d e t e r m i n e d  soon a f t e r  e lec t ro lys i s  at  h igh  c.d.; 
a f t e r  p r o l o n g e d  e lec t ro lys i s  w i t h  g r a d u a l l y  dec rea s -  
ing cu r r en t s  t he  H50~ concen t r a t i on  w o u l d  be less 
t h a n  the  m e a s u r e d  va lue ,  and the  c.d. for  obse r vab l e  
depo la r i za t ion  w o u l d  be less t h a n  3 x 10 -~ amp  cm -5. 
The  typ ica l  p o t e n t i a l - t i m e  curves  in Fig.  7 i nd ica t ed  
depo la r i za t ion  b e g i n n i n g  at  1 x 10 -~ a m p  cm -~, hence  
this  m a y  be  a t t r i b u t e d  to the  p re sence  of c a thod i -  
ca l ly  p r o d u c e d  H~O5. 

Of the  poss ible  s imul tancou~ anodic  reac t ions  
w h i c h  could  l o w e r  t he  c u r r e n t  efficiency, (e)  to (1) 
in Tab le  I, ox ide  f o r m a t i o n  (e)  and m e t a l  d i sso lu-  
t ion (f)  t end  to occur  at  l ow  overpo ten t i a l s .  T h e  
r a t e  of the  f o r m e r  r eac t i on  has  a l r e a d y  been  shown  
to be  insignif icant .  The  m e t a l  d i sso lu t ion  r a t e  is e x -  
pec ted  to be  sma l l  because  of t he  r e l a t i v e l y  l ow 
so lub i l i ty  of t he  ox ide  in d i l u t e  acids (30) : 

A u ( O H ) ~ - - - - A u  + ~ + 3 O H -  K =  8 .5X 10 -~ [7] 

This  was  conf i rmed  in 0.1M tI ,SO,;  the  a v e r a g e  cu r -  
r e n t  eff iciency for  gold d isso lu t ion  at  10 -3 amp  cm -~ 
o v e r  a 24 -h r  pe r iod  was  found  to be 0.007%. 

A t  h igh  v a l u e s  of n w a t e r  t ends  to ox id ize  anod-  
ica l ly  to H20~ and  HO~ by  reac t ions  ( i)  and  (h ) ,  bu t  
these  subs tances  a re  v e r y  u n s t a b l e  w i t h  respec t  to 
f u r t h e r  anodic  oxida t ion ,  i.e., r eac t ions  (a)  and (c) .  
P e r o x i d i s u l f u r i c  acid can be  p r o d u c e d  by  r eac t i on  
( j )  and ozone by  r eac t ion  ( k ) ;  these  p roduc t s  h a v e  
g r e a t e r  s t ab i l i ty  in the  anoly te ,  as s h o w n  by  the  fac t  
t ha t  t h e y  can  be  g e n e r a t e d  at  the  anode  in l a rge  
quan t i t i e s  in  m o r e  c o n c e n t r a t e d  H~SO~ solut ions  

(39, 40).  
T h e r m o d y n a m i c a l l y ,  e i the r  of the  l a t t e r  two  p r o d -  

ucts  is capab le  of ox id iz ing  a f r e sh  gold e lec t rode ,  as 
i nd ica t ed  by  the  reac t ions :  

2Au + 3H~S~O~ + 6H~O ---- 2Au(OH)~ + 6H~SO,, 

AG ~ = --90 kca l  [8] 

2Au + 30~ + 3H~O = 2Au(OH), + 30~, 
* S t a n d a r d  e l e c t r o d e  p o t e n t i a l s  a r e  f r o m  L a t i m e r  (30),  e x c e p t  f o r  

r e a c t i o n  (e) (35, 36) .  P o t e n t i a l s  f o l l o w  t h e  I U P A C - S t o c k h o l m  s i g n  A G  ~ = - - 9 8  k c a l  [ 9 ]  
c o n v e n t i o n .  [ ] d e n o t e s  a c t i v i t y .  
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w h e r e  t he  va lues  of AG ~ , the  s t a n d a r d  f ree  e n e r g y  
change  at 25~ w e r e  ca l cu la t ed  f r o m  the  s t a n d a r d  
e lec t rode  po ten t i a l s  of Tab le  I. Hence  one of these  
subs tances  m i g h t  h a v e  p r o d u c e d  the  effect  shown in  
Fig.  6, in w h i c h  a f r e sh  gold e l ec t rode  in a used  
solut ion assumes  a po t en t i a l  h i g h e r  t h a n  the  r e -  
ve r s ib l e  o x y g e n  p o t e n t i a l  and  app roach ing  t h a t  of 
the  A u / A u ( O H ) ~  e lec t rode .  I t  m a y  be no ted  tha t  
H~O.~, w h i c h  a c c u m u l a t e d  in the  so lu t ion  as found  
above,  w o u l d  not  p roduce  such h igh  po ten t i a l s  (41).  
A t t e m p t s  to de tec t  H~S~O~ in the  so lu t ion  a f t e r  p r o -  
longed  e lect rolys is ,  by  the  use of N i (OH)~  r e a g e n t  
( sens i t iv i ty  a p p r o x i m a t e l y  5 p p m ) ,  w e r e  nega t ive .  
More  s ignif icant ly,  i t  was  found  t h a t  the  p o t e n t i a l  
of a c lean  gold sur face  in u n - e l e c t r o l y z e d  0.1M H=SO, 
r e m a i n e d  cons tan t  at abou t  0.83 v w h e n  K~S~O~ was  
added  to the  solution,  e v e n  in  concen t r a t ions  as h igh  
as 0.002M. 

The  effect  of ozone was  d e t e r m i n e d  q u a l i t a t i v e l y  
in the  fo l l owing  manne r .  A p l a t i n u m  w i r e  was  
p laced  ins ide  a smal l  P y r e x  tube  t h r o u g h  w h i c h  the  
pur i f ied  o x y g e n  gas passed be fo re  en t e r i ng  the  cell.  
A n  induc t ion  coil  ( l a b o r a t o r y  l eak  t e s t e r )  was  used  
to p roduce  spa rk ing  to the  p l a t i n u m  w i r e  for  a p e -  
r iod of 9 rain, thus  i n t roduc ing  a l i t t l e  ozone into  the  
o x y g e n  gas bubb l ing  a r o u n d  the  e lec t rode .  A t  t he  
end of this  pe r iod  the  po t en t i a l  of the  gold e l ec t rode  
had  r i sen  to 1.30 v, w h i c h  is above  the  r e v e r s i b l e  
o x y g e n  po t en t i a l  bu t  b e l o w  the  A u / A u  (OH)~ p o t e n -  
tial.  Thus  ox ida t ion  of an app rec i ab l e  f r ac t ion  of 
the  gold sur face  was  indica ted .  

F r o m  the  above  ev idence  it was  conc luded  tha t  
ozone is an anodic  b y - p r o d u c t  at the  h ighe r  c u r r e n t  
densi t ies ,  and is r e spons ib le  for  the  m a r k e d  c h a n g e  
in po ten t i a l  b e h a v i o r  of a f r e sh  gold e l ec t rode  p r o -  
duced  by  p r e - e l e c t r o l y s i s  of the  solut ion.  

I R - d r o p  m e a s u r e m e n t s . - - - A n  u p p e r  l imi t  to t he  
c.d. r a n g e  m a y  be imposed  by the  accu racy  w i t h  
w h i c h  the  IR drop inc luded  in the  o v e r p o t e n t i a l  
m e a s u r e m e n t  is de t e rmined .  To ca lcu la te  the  IR drop  
w i t h i n  the  so lu t ion  for  a cap i l l a ry  of d i a m e t e r  d po -  
s i t ioned at  a d i s tance  3d f r o m  the  e lec t rode ,  Ohm ' s  
l a w  in the  f o r m  i = - - K d V / d n  was  i n t e g r a t e d  for  
concen t r i c  spheres ,  f r o m  n ---- r~ to n = ro + 3 d  - -  d/3 ,  
to g ive  the  equa t ion :  

V,R ---- (iron~K) [ l / t o - -  1 / ( t o  + 3 d - -  d / 3 ) ]  [10] 

This  assumes  tha t  the  po ten t i a l  ins ide  the  cap i l l a ry  
is equa l  to t ha t  at a d i s tance  d/3  closer  to the  e l ec -  
t r ode  in the  u n d i s t o r t e d  field, as was  o b s e r v e d  for  
pa r a l l e l  p lanes  (12),  a good a p p r o x i m a t i o n  for  con-  
cen t r ic  spheres  w i t h  3d < <  ro. The  m a x i m u m  a l l o w -  
able  m a g n i t u d e  of V~ was  t a k e n  to be  10 m v  for  e x -  
p e r i m e n t a l  e r ro r  -----1 my.  Subs t i t u t i on  of this  v a l u e  
into  Eq. [10] y ie lds  i . . . .  the  h ighes t  c.d. at  w h i c h  
accu ra t e  co r rec t ion  can be  m a d e  for  t he  IR drop  in 
the  e lec t ro ly te .  F o r  0.11V[ Iq~SO~ (K---- 0.046) in t he  
cells  used  (d = 0.02, ro = 0.50), one obta ins  im~ = 
1 X 10 -~ amp  cm -~. 

In  o rde r  to d e t e r m i n e  IR  drops w i t h i n  the  ox ide  
coat ing,  t he  to t a l  IR drop  inc luded  in t h e  m e a s u r e d  
o v e r p o t e n t i a l  was  e v a l u a t e d  d i r ec t l y  at 10 -~ a m p  cm -= 
in 1.01V[ H2SO~, w i t h  an ox ide  of t yp i ca l  th ickness  
p r e f o r m e d  ove r  the  anode.  The  i n t e r r u p t e d - c u r r e n t  
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Table II. Overpotential-current density relationship for oxygen 
evolution at gold anodes in 0.100M H2SO~, 25.0~ 

T a f e l  c o n s t a n t s  

E l e c t r o d e  Cel l  a '  b 

Pla ted  I 0.977 0.0461 
Pla ted  II 0.977 0.0450 
Solid II 0.976 0.0445 
Solid II 0.976 0.0447 
Mean Tafel  line 0.977 0.0450 

m e t h o d  was  used:  the  e l ec t rode  was  po la r i zed  to the  
s t e a d y - s t a t e  po ten t ia l ,  the  app l ied  c u r r e n t  was  
swi t ched  off by  means  of a r ap id  e lec t ron ic  switch,  
and the  anode  vs. SCE v o l t a g e - d e c a y  c u r v e  dis-  
p l a y e d  on an osci l loscope2 The  " i n s t a n t a n e o u s "  v o l t -  
age  decay  ag reed  w i t h  tha t  ca l cu la t ed  f r o m  Eq. [10] 
w i t h i n  1 my.  Thus  the  IR drop  w i t h i n  the  ox ide  was  
neg l ig ib l e  at  10 -2 a m p  cm -~, or at  any  l o w e r  c.d. 
S im i l a r  m e a s u r e m e n t s  w e r e  not  m a d e  in  0.1M H2SO~, 
bu t  the  same conclus ion  was  d r a w n  f r o m  t h e  ab -  
sence of app rec i ab l e  dev ia t ions  f r o m  Tafe l ' s  e q u a -  
t ion  as desc r ibed  below.  

Concen t ra t ion  changes  at  the  anode s u r f a c e . - - T h e  
inc rease  in acid concen t r a t i on  at  the  anode  sur face  
m a y  be e s t ima ted  f r o m  Eq. [5].  A t  any  c u r r e n t  d e n -  
s i ty  i, f = ( 1 - - t + ) i / 2 F ,  w h e r e  t .  is the  ca t ion  t r a n s -  
f e r ence  num ber .  For  0.1M H._SO, t + =  0.82 (42),  
D = 1.9 x 10 -~ cm" sec -1 (43),  I = 0.005 cm (38),  and 
the  ca l cu la t ed  concen t r a t i on  change  at i ..... = 0.010 
amp  cm -2 is C e - - C o = 0 . 0 0 2 ~  mole  11, a change  of 
on ly  2.4%. T h e r e f o r e  concen t r a t i on  po la r i za t ion  
effects w e r e  e x p e c t e d  to be neg l ig ib le  in these  e x -  
pe r im en t s .  

O v e r p o t e n t i a l - c u r r e n t  dens i t y  r e l a t i o n s h i p . - - O v e r  
the  c.d. r ange  for  prec ise  m e a s u r e m e n t s  as def ined 
above,  3 x 10 -~ to 10 -~ amp  cm -~, Tafe l ' s  e q u a t i o n  was  
a c c u r a t e l y  obeyed.  The  Tafe l  cons tants  for  va r ious  
runs  are  g iven  in Tab le  II, and  Fig. 8 shows a t yp i ca l  
Ta fe l  l ine. In each  r u n  the  points  ob ta ined  w i t h  de -  
c reas ing  and t h e n  inc reas ing  c u r r e n t  dens i t ies  a l l  
fe l l  on the  l ine  w i t h i n  _+1 mv.  Essen t i a l ly  t he  same  
Tafe l  cons tants  w e r e  ob ta ined  in al l  runs ;  subs t i t u -  

T e k t r o n i x ,  Inc . ,  P o r t l a n d ,  Oreg . ,  t y p e  545 o sc i l l o scope  w i t h  t y p e  
53/54D a m p l i f i e r .  
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0.82 

0 80 

0.78 

0,76 
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3 5 3 5 3 5 10-4 10-3 i0 -~ 
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Fig. 8. Typical Tafel plot for oxygen evolution at gold 
anode in 0.1M H2SO4, 25~ 



Vol. 106, No. 8 OXYGEN REACTION AT GOLD ANODES 729 

t ion  of the  slot cell  for cell  II  or of the  p l a t ed  gold 
electrode for the  solid one had no apprec iab le  effect. 

The Tafe l  cons tan ts  in  Tab le  II  are  based  on the  
a p p a r e n t  surface  area;  roughness  factors were  no t  
measured .  I t  was an t i c ipa ted  tha t  the roughness  
factor  for the  du l l  oxide surface  on the  p la ted  e lec-  
t rode (q~) wou ld  be g rea te r  t h a n  tha t  (qs) for the  
solid electrode (b r igh t  oxide surface  which  reflected 
clear images ) .  If q~ = 2q,, for example ,  the  effect on 
the Tafel  a cons tan t  wou ld  be 0.015 v. The fact  tha t  
no apprec iab le  effect was  found  ind ica ted  tha t  oxide 
g rowth  on these  two surfaces  p roduced  the  same  
roughness  factor,  in  spite of the  la rge  difference in  
surface br ightness .  

The m e a n  value ,  b ~ 0.045 at  25~ does no t  co-  
incide  wi th  the  p red ic ted  va lue  for a n y  m e c h a n i s m  
of anodic  oxygen  evo lu t ion  g iven  in  the  compi la t ion  
of Bockris  (1) .  The exchange  c u r r e n t  dens i ty :  

i .  = 10 -(a/b) ~-- ( l / q )  10 -(a'/b) [11]  

has the  u n u s u a l l y  low va lue  2 x lO-~/q. In  add i t ion  
to the  Tale1 constants ,  the  m e a s u r e m e n t s  r e q u i r e d  to 
fix the  m e c h a n i s m  of anodic  oxygen  evo lu t ion  i n -  
c lude the  effects of pH and  n e u t r a l  sal ts  on the  ove r -  
p o t e n t i a l  Conclus ions  conce rn ing  the  mechan i sm,  
therefore ,  m u s t  be  defe r red  to a f u t u r e  pape r  in  
which  such m e a s u r e m e n t s  wi l l  be  presented .  

Manuscript  received Oct. 13, 1958. This paper was 
prepared for delivery before the Ottawa Meeting, Sept. 
28-Oct. 2, 1958. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June  1960 JOURNAL. 
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Electrokinetic Measurements on Stainless Steel Capillaries 
B. Levy and A. R. Fritsch 

Radiation & Nucleonic~ Laboratory, Materials Engineering Departments, 
Westinghouse Electric Corporation, East Pittsburgh, Pennsylvania 

ABSTRACT 

Electrokinetic potentials of stainless steel in HC1, H~SO~, and K~Cr~O~ solu- 
tions have been measured by the streaming current technique. Negative zeta 
potentials are obtained in H~O and in low acid concentrations. Isoelectric acid 
concentrations occur between 10-' and 10~N. At higher concentrations positive 
potentials are obtained. K~Cr~O~ adsorbs irreversibly at its isoelectric concen- 
tration of 10-~M as evidenced by the inabili ty of water washing to re turn the 
sample to its original negative zeta potential. 

A technique has been developed recent ly  by  Hurd  
and Hacke rman  (1, 2) mak ing  it possible to meas -  
ure  the e lect rokinet ic  potent ia ls  of bu lk  metals .  
Pr io r  to this all  quan t i t a t ive  measurement s  have  
been made  on meta l  sols (3).  The exper iments  
pe r fo rmed  by Hurd  and Hacke rman  involved 
pla t inum,  silver, and gold capi l lar ies  and wa te r  
solutions of KC1 and KOH in the concentra t ion 
range  f rom 10 -~ to 10-~M. In al l  cases the e lec t ro-  
kinet ic  po ten t ia l  was found to be negative.  The 
magni tudes  of the potent ia ls  were  expla ined  on the 
basis of the re la t ive  s t rengths  of the meta l  oxide and 
the ox ide-counter  ion bonds, the la rger  negat ive  
potent ia ls  being obtained wi th  the  meta ls  forming 
the s t ronger  oxide bonds. In the present  study,  
e lectrokinet ic  potent ia ls  of types 304 and 347 s ta in-  
less steel  were  measured  in HC1, H~SO~, and K~Cr~O~ 
solutions. The purpose of the work  is to de te rmine  
if changes in the e lectr ical  double l aye r  of adsorbed 
ions, as de te rmined  by  electrokinet ic  measurements ,  
can be corre la ted  with  such factors as corrosion, 
corrosion inhibit ion,  and format ion  of deposits  on 
meta l  surfaces. This paper  is in the na tu re  of a 
repor t  on the progress  tha t  has been made  thus far. 

Experimental 
The technique developed by  Hurd  and Hacke rman  

was employed in making  the measurements .  I t  con- 
sists of measur ing  the s t reaming current  due to 
l iquid flow through a meta l  capi l lary.  Unless 
special  precaut ions  are  taken,  pa r t  of this s t r eaming  
current  wil l  flow through the wal ls  of the capi l lary,  
thus obscuring the results.  In order  to e l iminate  this 
difficulty an ex te rna l  shunt ing res is tor  is placed in 
series wi th  a pa i r  of P t  electrodes located close 
to, but  not touching, the  ends of the meta l  capi l lary.  
I t  has been shown by Hurd  and Hacke rman  that,  if 
the outside walls  of the capi l la ry  are isolated from 
the solution, then the "apparen t "  res is tance of the 
Pt, Au, and Ag capi l lar ies  is large  compared  to an 
ex te rna l  resis tor  ranging  from 10 ' to 10 ~ or 10 ' ohms. 
This effect has been verified for the stainless steel 
capi l lar ies  in the present  s tudy and is p robab ly  due 
to polar izat ion at the ends of the cap i l l a ry  (Table  I, 
sample 4). 

730 

A L&N No. 9835 D-C microvol t  amplif ier  and 
Var ian  G-10 recorder  are  used to measure  the  
vol tage drop across this resistor,  thus making  it 
possible to calculate  the s t reaming  cur ren t  and 
the reby  the zeta potent ia l  f rom the fol lowing equa-  
tion: 

APr~D~ 
I =  

4~?l 

where  I is s t reaming  current ,  s ta tamp;  AP the  pres -  
sure drop across the capi l lary,  dynes/cm~; ~ the zeta 
potential ,  s ta tvol ts ;  v the viscosity, poises; D the 
dielectr ic  constant  of the  solution; r the radius  of the  
capi l lary ,  cm; and I the length  of the capi l lary ,  cm. 

A check on the opera t ion  of the equipment  is 
shown in Fig. 1, where  the vol tage drop across a 
40-k ex te rna l  resis tor  is p lo t ted  against  the  pressure  
drop (AP). 

Al l  of the solutions used in the exper iments  were  
p repa red  f rom reagent  grade  chemicals using singly 
dis t i l led water .  The steel capi l lar ies  were  used as 
received or t r ea ted  wi th  acetone, boi l ing NaOH, and 
HNO3. The resul ts  were  s imi lar  qua l i t a t ive ly  r e -  
gardless  of p r e t r e a t m e n t  as is seen in Table I, 
samples 1-4. 

_ o  o 
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o 

~ o  
0 o 

w o 

a .  
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/ / 

,'o ~'o Jo r ;o 
PRESSURE (CM HG) 

I 
6 0  

Fig. 1. Potent ia l  vs. pressure across 40  K ex te rna l  resistor, 
sample 2,  type 304  stainless steel; r = 1 .46 x 10 -= cm; 
I = 2 .54  cm, so lut ion H~O. 
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Table I. Zeta potential of type 304 stainless steel 
in H2SO~ solutions 

Sample 1. I = 2.22 cm, r = 1.40 x 10 -e cm, external resistor = 40 K A v g  

zeta poten- 10-~N H2SO, 
Solution tial. mv 

H20 --12.8 
10-~N H~SO~ --4.32 
10-~N H~SO, --2.27 
10~N H~SO~ --0.27 
10~N H~SO~ -1-13.2 
10--~N H2SO4 + 84.0 

sample 2. l = 2.54 cm, r ~ 1.46x 1o-~ cm, externalresistor ~ 40 K 

Zeta poten- 
Solution tial, mv 

H~O --88.0 
10-~N H~SO4 --28.1 

--25.8 
Avg --27.0 

104N H~SO, --0 
10-~N H~SO~ -[- 31.7 

-4-54.5 
A v g  +43 .1  

10-:N H:SO~ -4-37.2 
10-1N H~SO~ + 24.9 

Sample 3. I ~ 3.60 cm, r = 1.60x 10 -2cm, external resistor = 20 K 

Pretreatment: acetone, NaOH, HNO~ (each reagent was 
~ollowed by V2-hr refluxing with HuO in 
a Soxhelet extractor) 

Zeta poten- 
Solution tial, mv 

H~O --64.1 
--64.4 
--69.2 
--65.3 
--56.5 
--63.8 

A v g  --63.9 

10-~N H~SO, --32.5 
--29.6 
--34.0 
--35.4 
--33.9 

A v g  --33.1 

10-~N H~SO~ --17.3 
--11.1 

--7.58 
--9.61 

A v g  --11.4 

10~N H~SO~ -4- 38.0 
.4.41.4 

A v g  + 3 9 . 7  

10-~N H~SO, + 128 
-4-143 
-4-140 

A v g  + 137 

Sample 4. I : 3.54 cm, r : 1.64x 10 -2 cm 

Pretreatment: 1/2-hr acetone followed by 1/2-hr H20 

Concentration 
Zeta poten- Zeta poten- Zeta poten- 

tial, mv tial, mv tial, mv 
external external external 

resistor = resistor = resistor= 
104 ~ 105 ~ 106 

H~O --75.3 --71.8 --70.1 
--61.9 --67.1 --67.1 
--64.5 --62.1 --61.9 
--56.5 --46.4 --46.4 

10-~N H2SO4 

10-4N H2SO, 

10-~N H~SO~ 

H~O 

10-~N H~SO, 

731 

--49.7 --50.8 --47.6 
--42.6 --46.9 --46.0 
--58.4 Avg --57.5 Avg --56.5 

--42.3 --42.8 --43.1 
--35.3 --30.2 --30.8 
--43.1 --29.8 --48.1 
--42.8 --46.0 --45.7 
--55.4 --42.8 --30.1 
--46.6 --28.4 --57.2 
--42.3 --43.8 --38.3 

--43.8 --42.4 
--42.3 --42.6 

--31.7 
A v g  --44.0 A v g  --38.9 A v g  --41.0 

--30.0 --22.6 --28.4 
--27.0 --20.9 --24.6 

--25.9 --23.2 
--28.3 --26.5 
--25.1 --28.2 
--26.7 --25.8 

--28.5 A v g  --24.9 A v g  --26.1 A v g  

A v g  

A v g  

B o t h  p o s i t i v e  a n d  n e g a t i v e  v a l u e s  

B o t h  p o s i t i v e  a n d  n e g a t i v e  v a l u e s  

--44.8 --45.6 --46.0 
--54.8 --49.1 --47.7 
--16.5 --25.6 --23.6 
--38.7 Avg --40.1 Avg --39.1 

-4-393 + 4 0 1  
-4-4-394 -4-394 
-4-394 A v g  + 3 9 8  

Results and Discussion 

T a b l e  I l i s t s  t h e  r e s u l t s ,  i n  t h e  o r d e r  p e r f o r m e d ,  
o n  t y p e  304 s t a i n l e s s  s t e e l  c a p i l l a r i e s  a s  a f u n c t i o n  
of  H~SO~ c o n c e n t r a t i o n .  A s  is  s een ,  t h e  a g r e e m e n t  
b e t w e e n  t h e  s a m p l e s  is  n o t  t o o  g o o d  e x c e p t  i n s o f a r  
as  t h e  i s o e l e c t r i c  p o i n t  is c o n c e r n e d .  T h i s  o c c u r s  a t  a 
c o n c e n t r a t i o n  c l o s e  to  10- 'N H.~SO,. T h e  l a c k  of  

q u a n t i t a t i v e  a g r e e m e n t  is p r o b a b l y  n o t  t oo  s u r -  
p r i s i n g .  S i n c e  t h e  z e t a  p o t e n t i a l  of  t h e  m e t a l  is a p -  
p a r e n t l y  t h a t  of  a n  o x i d e  l a y e r ,  c l i f f e r ences  i n  t h e  

n a t u r e  a n d  e x t e n t  of  o x i d e  f i l m  b u i l d u p  w i l l  a f f e c t  
t h e  m a g n i t u d e  o f  t h e  z e t a  p o t e n t i a l  b u t  m a y  n o t  
a f f e c t  t h e  i s o e l e c t r i c  p o i n t .  1 T h e  t r a n s f o r m a t i o n  f r o m  
a n e g a t i v e  to  a p o s i t i v e  z e t a  p o t e n t i a l  m a y  p r o v i d e  
a s e n s i t i v e  i n d i c a t i o n  of  t h e  f i r s t  s i g n s  of  m e t a l  c o r -  
r o s i o n .  

I f  G r a h a m e ' s  m o d e l  ( 4 )  f o r  t h e  e l e c t r i c a l  d o u b l e  
l a y e r  is  a s s u m e d ,  t h e  s i t u a t i o n  a t  t h e  m e t a l - H 2 0  
i n t e r f a c e  m a y  b e  p i c t u r e d  s c h e m a t i c a l l y  a s  i n  F ig .  2. 
T h e  z e t a  p o t e n t i a l  is, b y  d e f i n i t i o n ,  t h e  p o t e n t i a l  a t  
t h e  s u r f a c e  o f  s h e a r  of  t h e  d o u b l e  l a y e r  as  c o m p a r e d  
to  t h a t  of  t h e  s o l u t i o n .  T h i s  s u r f a c e  o f  s h e a r  is g e n -  
e r a l l y  a s s u m e d  to  c o i n c i d e  w i t h  t h e  b o u n d a r y  b e -  
t w e e n  t h e  o u t e r  H e l m h o l t z  l a y e r  a n d  t h e  d i f f u s e  
l a y e r .  T h e  s i g n  o f  t h e  z e t a  p o t e n t i a l  is  d e t e r m i n e d  
b y  t h e  e x c e s s  c h a r g e  i n  t h e  c o m b i n e d  i n n e r  a n d  
o u t e r  H e l m h o l t z  l a y e r .  E x p e r i m e n t a l l y ,  t y p e  304 
s t a i n l e s s  s t e e l  h a s  a n e g a t i v e  z e t a  p o t e n t i a l  i n  H~O. 
T h e r e f o r e ,  F ig .  1 s h o w s  a n  e x c e s s  of  O H -  i o n s  i n  t h e  
H e l m h o l t z  l a y e r  l o c a t e d  a t  s i t e s  a d j a c e n t  to  m e t a l  
a t o m s .  T h e  o x y g e n  a t o m s  w o u l d  a p p e a r  to  b e  i d e a l  
s i t e s  f o r  t h e  a d s o r p t i o n  o f  p r o t o n s .  P e r h a p s  t h e  
r e a s o n  t h a t  s t a i n l e s s  s t e e l  d o e s  n o t  h a v e  a p o s i t i v e  

1 Suggested by one of the reviewers of this paper. 
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Fig. 2. Structure of the electrical double layer 

ze ta  p o t e n t i a l  in w a t e r  is the  r e l a t i v e l y  h igh  d e -  
h y d r a t i o n  e n e r g y  t ha t  m u s t  be  s u p p l i e d  in  o r d e r  for  
the  p ro tons  to e n t e r  the  i nne r  H e l m h o l t z  l a y e r  as 
c o m p a r e d  to the  s i m i l a r  p rocess  w i t h  OH- ions. As  
H~SO~ is a d d e d  to t he  so lu t ion  t h e r e  a r e  f e w e r  OH- 
ions  in  t he  so lu t ion  and  c o r r e s p o n d i n g l y  m o r e  H~O + 
ions. This  l eads  to a dec rea se  in n e g a t i v e  p o t e n t i a l  
due  to: ( a )  a d e c r e a s e  in t he  n u m b e r  of  OH- ions  
a v a i l a b l e  for  a d s o r p t i o n  in the  i n n e r  H e l m h o l t z  
l a y e r ,  (b )  a d s o r p t i o n  of p ro tons  a t  o x y g e n  sites,  
and  (c) p a r t i a l  decompos i t i on  of t h e  ox ide  b y  p r o -  

Table II. Zeta potential of type 304 stainless steel in HCI solutions 

S a m p l e  5. ! = 3 . 1 9  e m ,  r = 2 . 5 6  x 10 -2 e r a ,  e x t e r n a l  r e s i s t o r  = 40  K 

S o l u t i o n  Z e t a  p o t e n t i a l ,  m v  

H~O --15.2 
--13.2 
--18.6 
--6.98 

--14.0 
Avg --13.6 

10-~N HC1 --9.79 
--11.2 
--12.2 

Avg  --11.1 

10-~N HC1 + 8.93 
+7.64 

+12.6 
Avg  + 9.72 

H~,O --24.0 
--21.1 

Avg --22.6 

10-3N HCI + 48.8 
+58.4 
+55.3 

Avg  +54.2 

H~O --37.0 
--45.5 

Avg --41.3 

10-2N HCI Values ranged from +4.9 to +146 
H~O --30.0 

--29.5 
Avg  --29.8 

10-~N HC1 Avg  +239 
Values ranged  f rom + 166 to +392 

H~O --35.0 
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tons  a c c o m p a n i e d  b y  the  f o r m a t i o n  a n d  a d s o r p t i o n  
of p o s i t i v e l y  c h a r g e d  m e t a l  ions. 

These  p rocesses  p r o c e e d  w i t h  c o n t i n u e d  inc rea se  
in  ac id  c o n c e n t r a t i o n  u n t i l  a p o i n t  is r e a c h e d  w h e r e  
t h e r e  a r e  an  e q u a l  n u m b e r  of pos i t i ve  and  n e g a t i v e  
ions in t he  H e l m h o l t z  l aye r .  F u r t h e r  a d d i t i o n  of ac id  
causes  t he  ze ta  p o t e n t i a l  to become  pos i t ive .  

In  T a b l e  I I  t he  r e su l t s  a r e  g iven  fo r  t y p e  304 
s t a in less  s tee l  in  HC1 solut ions .  Once  a g a i n  t he  ze ta  
p o t e n t i a l  changes  f r o m  n e g a t i v e  to pos i t i ve  w i t h  
i n c r e a s e d  HC1 concen t r a t i on .  The  i soe lec t r i c  p o i n t  
occurs  b e t w e e n  10 - '  and  lff3N HC1. P o t e n t i a l s  w i t h  
HC1 w e r e  found  to be  m o r e  e r r a t i c  t h a n  w i t h  H~SO~ 
solut ions ,  p o s s i b l y  due  to t he  a b i l i t y  of t h e  C1- ions 
to p e n e t r a t e  t he  su r f ace  f i lm w h i c h  in t u r n  m a y  

Table III. Zeta potential of type 347 stainless steel 
in H2SO4 solutions 

S a m p l e  6. I = 3 . 3 0  c m ,  r = 3 . 9 4  x 10 -2 c m ,  e x t e r n a l  r e s i s t o r  = 10 K 

S o l u t i o n  Z e t a  D o t e n t i a l ,  m v  

H~O --102 
--98.0 
--96.8 

Avg --98.9 

10-~N H~SO4 --58.1 
--63.8 
--68.9 
--68.9 
--69.4 

Avg --65.8 

i0 ~N H,~SO4 --41.3 
--40.2 
--41.3 
--44.9 
--45.2 

Avg --42.6 

10-~N H~SO4 +15.7 
+16.6 
+16.6 
+14.1 
+15.6 
+19.8 
+15.2 
+19.5 

Avg  +16.6 

H20 --54.3 
--49.7 
--53.0 
--53.0 
--51.3 

Avg --51.5 

10-~N H~SO, 

10-~N H2SO, 

H~O 

10-1N 

--89.6 
--77.8 
--87.3 

after stand- --71.5 
ing over --61.0 
weekend --82.2 

--83.6 
--82.4 

Avg --79.4 

+6.2 

Very  s l ight ly  posit ive,  same resul t  
a f te r  s tanding  overnight  

--133 
--149 
--148 
--186 
--151 
--108 

Avg --146 

Erra t ic  



VoI. 106, No. 8 

give  r i se  to ac t ive  corros ion .  These  spec ia l  p r o p e r -  
t ies  of C1- ions  a r e  e v i d e n c e d  b y  t h e i r  a b i l i t y  to 
cause  s t ress  cor ros ion  c r a c k i n g  (5 ) .  

Tab l e s  I I I  and  IV g ive  the  r e su l t s  for  t y p e  347 
s ta in less  s tee l  in H..SO, and  HC1 solut ions ,  r e s p e c -  
t i ve ly .  I n  H~SO, t h e  i soe lec t r i c  p o i n t  occurs  b e t w e e n  
10-' and  10-~N. In  HC1 it  is p r o b a b l y  c loser  to 10-~N. 
F o r  b o t h  so lu t ions  t h e  r e su l t s  a r e  s o m e w h a t  m o r e  
e r r a t i c  t h a n  w i t h  t he  t y p e  304 s t a in l e s s  s teel .  

The  effects of t he  ac id  on t h e  m e t a l  su r f ace  do no t  
a p p e a r  to be  p e r m a n e n t  s ince t he  sh i f t  to pos i t i ve  
p o t e n t i a l s  w i t h  h igh  ac id  c o n c e n t r a t i o n  can  b e  r e -  
v e r s e d  eas i ly  to n e g a t i v e  va lue s  b y  f lowing H,O 
t h r o u g h  the  c a p i l l a r y  in  mos t  ins tances .  This  offers 
s u p p o r t  to t he  g e n e r a l l y  accep t ed  v i e w  t h a t  an  ox ide  
l a y e r  is f o r m e d  q u i c k l y  on c lean  m e t a l  su r faces  (6 ) ,  
if  i t  is a s s u m e d  t h a t  t he  ac id  t r e a t m e n t  c o m p l e t e l y  
d i s so lved  the  ox ide  l aye r .  

T a b l e  V gives  the  r e su l t s  of a ser ies  of e x p e r i -  
m e n t s  t h a t  h a v e  been  r u n  w i t h  t y p e  304 s t a in less  

Table IV. Zeta potential of type 347 stainless steel in HCI solutions 

S a m p l e  7. I ~ 3 .32  c m ,  r = 1 .20  x 10 -2 c m ,  e x t e r n a l  r e s i s t o r  = 10 K 

S o l u t i o n  Z e t a  p o t e n t i a l ,  m v  

I-I~O --86.6 
--86.6 
--95.5 

--116 
--92.0 

Avg  --95.3 

10-~N HC1 --131 
--115 
--169 

A v g  --138 

10-~N HC1 Erra t ic  resul ts  

H~O --84.4 
--94.7 
--82.9 

--105 
--105 

Avg --94.4 

10-~N HC1 --69.2 
--81.9 
--71.9 
--67.8 

Avg  ~72.7 

1O-4N HC1 --11.7 
--12.5 

Avg  --12.1 

1O-"N HC1 -t- 0.42 

1O-~N HC1 -t- 106 

I-LO 

10-~N HC1 

H=O 

--106 
--104 

--76.1 
--139 
--109 

--73.4 
Avg- -101  

-~2060 then  errat ic,  no change 
in po ten t ia l  wi th  change in 
direct ion or flow ra te  

No response to direct ion or ra te  
of flow 
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steel in K~Cr~O7 solutions. The zeta potential was 
found to be negative in concentrations from i0 -5 to 
i0 ~M. At 10-~M K2Cr~O7 and above, the potentials 
obtained appear to become insensitive to pressure 
changes and alternate erratically between low posi- 
tive and low negative values. Powers and Hacker- 
man (7) have demonstrated by tracer techniques 
that S.A.E. 1020 steel forms distinct anodic and cath- 
odic areas, accompanied by the deposition of a non- 
adherent film, in 10-'M Na~CrO,. They find that at 
concentrations of 10-~M Na.~CrO~ the steel is passi- 
vated, and chromate is deposited uniformly on the 
steel surface and cannot be removed by any physi- 
cally nondestructive means. King, Goldschmidt, and 
Mayer (8) have demonstrated a significant decrease 
in the corrosion rate of iron in 10-~M K..Cr~O7 as com- 
pared to that found at lower concentrations. The re- 
sults of the zeta potential determinations in K~Cr207 
at concentrations greater than 10-'M may be the re- 
sult of the masking, by polarization, of anodic and 
cathodic areas. Measurements were made with a 
fresh sample of type 304 stainless steel at succes- 
sively higher concentrations of K~Cr~OT. At 10-~M 
K~Cr20~ the zeta potential becomes zero. The appara- 
tus was then rinsed with distilled water and a deter- 
mination made using the same capillary in H~O. The 
sample remained at the isoelectric point. Previous 
measurements showed that there was no apparent 
permanent change in the behavior of the metal when 
treated with HC1 and H~SO~ solutions. Evidently 
there is a very strong irreversible attachment of the 
Cr~O~ equal to the steel surface, in agreement with 
the data of Powers and Hackerman. To test this 
point still further, a new sample of type 304 stain- 
less steel was treated first with H~O, then 10-3M 
K~Cr~OT, and finally with H~O. Once again the 10-~M 
solution caused the zeta potential to go to zero and 
remain there after treatment with H~O. Still another 
series of experiments were performed with a new 
sample of stainless steel. The order of the experi- 
ments consisted of runs with H~O, 10-'M K~Cr~OT, 
and H~O. The zeta potential remained negative in 
the 10-'M K~Cr~O~ solution. 

Gatos (9) has measured the supression of the 
polarographic maxima by corrosion inhibitors in 
systems containing either dissolved O~, Ni §247 or Pb ~. 
At cathodic potentials lower than those at which 
the polarographic maxima occur, the dropping 
mercury electrode is assumed to be nonpolarized. 
When the potential of the polarographic maxima is 
reached and at higher potentials where the diffusion 

followed by erratic current is the controlling factor, the dropping 
results mercury electrode is generally considered to be 

polarized. Enhanced corrosion inhibition is often 
considered to be due to polarization of the metal by 
the inhibitor. Gatos has shown a distinct correlation 
b e t w e e n  the  sup re s s ion  of t h e  p o l a r o g r a p h i c  m a x -  
i m a  and  co r ros ion  inh ib i t ion ,  a n d  t h e r e b y  has  g iven  
s t rong  s u p p o r t  to t he  t h e o r y  of  co r ros ion  i nh i b i t i on  
b y  a d s o r p t i o n  of p o l a r i z i n g  subs tances .  He  has  
p o i n t e d  ou t  t h a t , " . . ,  c a p i l l a r y  ac t ive  an ions  and  
n e g a t i v e  col lo ids  in  g e n e r a l  p r e f e r e n t i a l l y  supp re s s  
( p o l a r o g r a p h i c )  m a x i m a  a p p e a r i n g  on the  pos i t i ve  
s ide  of t he  e l e c t r o c a p i l l a r y  zero (pos i t i ve  m a x i m u m )  
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Table V. Zeta potential of type 304 stainless steel 
in K~Cr20~ solutions 

S a m p l e  8. l = 3 .30  e m ,  r : 1 .48 x 10-~ c m ,  e x t e r n a l  r e s i s t o r  = 20  K 

10-~MK.~Cr~O~ First  --  finally zero 

H20 Zero 

S o l u t i o n  Z e t a  p o t e n t i a l ,  m v  

H~O 

S a m p l e  11. l = 3 .68  c r a ,  r = 1 .57 x 10 -~ e r a ,  e x t e r n a l  r e s i s t o r  = 2 0  K 

S o l u t i o n  Z e t a  p o t e n t i a l ,  m v  

H20 --47.3 
--40.6 

Avg --44.0 

10-~M I~Cr~O~ --24.8 
--22.7 

Avg --23.8 

H~O --61.6 

10-~M K2Cr~O~ 

10-~M K~Cr~O~ 

1O-~M K=Cr~O~ 

10-2M K=Cr20~ 

10-~M K_~Cr~O~ 

--38.6 
--38.1 
--36.6 

Avg--37.8 
After  s tanding over weekend 

--13.5 
--4.33 
--9.81 

--14.1 
--13.4 
--12.6 
--13.8 
--15.0 
--16.0 
--16.5 

Avg --12.9 

--19.3 
--16.5 
--19.3 
--17.8 
--17.5 
--16.0 
--16.4 

Avg --17.5 

--12.5 
--11.9 
--13.0 
--12.0 
--13.0 

Avg --12.5 

+ and --  values finally zero 

+ and --  values finally zero 

+ and --  values finally zero 

S a m p l e  9. I = 3 . 5 4  c m ,  r = 1 .59  x 10 -2 c m ,  e x t e r n a l  r e s i s t o r  = 20  K 

S o l u t i o n  Z e t a  p o t e n t i a l ,  r a y  

H20 --46.9 
--48.0 
--42.3 
--45.9 
--49.2 
--45.9 

Avg --46.4 

10-SM K2Cr20~ --47.3 
--47.3 
--42.6 

Avg --45.7 

10-'M K~Cr20~ --33.8 
--37.7 
--31.6 
--24.7 

Avg --32.0 

10-~M K~Cr20~ + and --  values finally zero 

H~O + and --  values finally zero 

S a m p l e  10. 1 ~ 3 .69  c m ,  r = 1 .64  x 10 -2 c m ,  e x t e r n a l  r e s i s t o r  = 20  K 

S o l u t i o n  Z e t a  p o t e n t i a l ,  m v  

H20 --24.6 
--20.6 
--22.2 

Avg --22.5 

whereas  cap i l l a ry -ac t i ve  cat ions  and  posi t ive  col- 
loids are effective w i th  the  nega t ive  (e lec t rocap i l -  
l a ry )  m a x i m a . "  

The e lec t rok ine t ic  da ta  w i th  K~Cr~O~ solut ions  
bea r  a ce r t a in  s imi l a r i t y  w i th  t ha t  of Gatos  in  tha t  
both  are concerned  wi th  the  e lectr ical  double  l aye r  
of adsorbed m a t e r i a l  at  the  m e t a l - s o l u t i o n  in terface .  
W h e n  a concen t r a t i on  is r eached  at  which  the  iso-  
electr ic  po in t  is observed  in  the  s t r e a m i n g  c u r r e n t  
exper iments ,  the n a t u r e  of the  m e t a l - s o l u t i o n  i n t e r -  
face m u s t  be s imi la r  to t ha t  which  occurs at  the  
e lec t rocap i l l a ry  m a x i m a  wi th  the  d ropp ing  Hg 
electrode,  s ince bo th  cor respond to a ne t  zero charge  
of adsorbed  ions a t  the  surface.  I t  m a y  the re fo re  be 
a s sumed  in  the  e lec t rokine t ic  s tudies  t ha t  the  me ta l  
is polar ized at  t he  isoelectr ic  po in t  and  t h e r e b y  pas -  
s ivated.  As Gatos  has  po in ted  out, the po la rograph ic  
t echn ique  for sc reen ing  corrosion inh ib i to r s  is n o n -  
specific in  tha t  a subs tance  which  is effective in  
suppress ing  the  po la rograph ic  m a x i m a  m a y  prove  
to be a good inh ib i t o r  for one subs tance  and  be 
a poor one for another .  The e lec t rok ine t ic  tech-  
n i q u e  makes  i t  possible  to r u n  tests on the  m a t e r i a l  
of i m m e d i a t e  in te res t  a nd  to corre la te  the  resu l t s  
wi th  corrosion da ta  on sys tems  c o n t a i n i n g  the  
iden t i ca l  type  of meta l ,  corros ion so lu t ion  a n d  i n -  
hibi tor .  

Summary 

1. The zeta po ten t ia l s  of type  304 and  type  347 
s ta inless  steel w e r e  m e a s u r e d  in  H~SO~ and  HC1 solu-  
t ions  in  the  concen t r a t i on  r a nge  of f rom 10 -~ to 10-~N. 
Steel  samples  go t h r ough  the  isoelectr ic  po in t  a t  
concen t ra t ions  b e t w e e n  10 -4 and  10-~N. 

2. The  i r r eve r s ib l e  adsorp t ion  of 10-~M K~Cr~O~ 
was d e m o n s t r a t e d  by  e lec t rok ine t ic  m e a s u r e m e n t s  
and  f ound  to be in  a g r e e m e n t  w i th  the da ta  in  the  
l i t e ra tu re .  
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Brief Co   n ca, ons @ 
Electron Diffraction of Zinc Silicate Phosphor 

S. Yamaguchi 

The Institute o5 Physical & Chemical Research, 31 Kamifuji (Hongo), Tokyo, Japan 

A c o m m e r c i a l  s a m p l e  of  z inc  s i l i ca te  p h o s p h o r  
(Zn2SiO4:Mn),  in p o w d e r  f o r m  and  of u n k n o w n  
h i s to ry ,  was  s t ud i ed  b y  e l ec t ron  d i f f r ac t ion  u s i n g  
two  d i f f e ren t  w a v e  l eng th s  (0.029 and  0.0455A) (1) .  
E l ec t rons  a c c e l e r a t e d  to 150 k v  or  m o r e  can  p e n e -  
t r a t e  t h i c k  g r a in s  to a d e p t h  of a b o u t  3000A, w h e r e -  
as soft  e l ec t rons  a t  a b o u t  50 k v  can  o n l y  g raze  t h e i r  
sur faces .  The  th i ckness  of t he  su r f ace  l a y e r  w h i c h  
can  be  p e n e t r a t e d  b y  t h e  l a t t e r  e l ec t rons  is a b o u t  
200A. T h e  d i f f r ac t ion  p a t t e r n s  o b s e r v e d  a t  t he  s a m e  
spo t  of t h e  s a m p l e  w i t h  the  soft  and  h a r d  e l ec t rons  
a r e  s h o w n  in Fig.  1 and  2, r e spec t i ve ly .  F o r  con-  
ven i ence  in c o m p a r i n g  these  t w o  f igures,  t he  n e g a -  
t ives  w e r e  e n l a r g e d  2.3 a n d  3.7 t imes ,  r e spec t i ve ly .  
This  is ~he a p p r o x i m a t e  r a t io  of r i n g  d i a m e t e r  a t  
the  two  w a v e  lengths .  

Estimation o~ grain s ize . - -A p h o s p h o r  of p r a c t i c a l  
use  is as a r u l e  g r a n u l a r ,  and  i t  is of s igni f icance  to 
e s t i m a t e  t he  g r a i n  size. A d i s con t inuous  d i f f r ac t ion  
r i n g  [ fo r  t he  i n t e r p l a n a r  spac ing  4.04A, t h e  (300) Fig. 2. Diffraction pattern with hard electrons. Wave 

length, 0.0290A; positive enlarged 3.7X. 

Fig. 1. Diffraction pattern with soft electrons. Wave length, 
0.0455A; camera length, 495 ram; positive enlarged 2.3X. 

d i f f rac t ion  f r o m  the  h e x a g o n a l  p seudoce l l  of Zn~SiO4 
( 2 ) ]  f o u n d  in  Fig .  2 w a s  u t i l i z ed  for  a r o u g h  
e s t i m a t i o n  of t he  g r a i n  size. I n  th is  r i n g  w e  can  
count  a b o u t  80 spots  d i f f r ac t ed  f r o m  i n d i v i d u a l  
c rys t a l l i t e s .  The  cross  sec t ion  of t he  i nc iden t  b e a m  
used  was  a b o u t  0.05 mm.  I f  w e  a s s u m e  t h a t  the  
d i f f rac t ion  spots  (4 .04A) c o r r e s p o n d  to s ix fo ld  s y m -  
m e t r y  of each  c rys ta l ,  w e  o b t a i n  the  g r a i n  size of 
t he  s a m p l e  

5O 
S . . . .  4~ 

80/6 

Dif]raction in tensi ty . - - In  c o m p a r i n g  the  f igures  
w e  recogn ize  t h a t  t he  i n t e n s i t y  of c e r t a i n  d i f f r ac t ion  
spots  found  in Fig .  1 is d i s t i n c t l y  s t r o n g e r  t h a n  t h a t  
of t he  c o r r e s p o n d i n g  spots  in  Fig .  2. Th is  imp l i e s  
t h a t  on the  su r f aces  of  t he  p h o s p h o r  g r a i n s  t h e r e  
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are la t t ices  which  are no t  on ly  d i s t ingu i shab le  f rom 
those of the subs t ra te ,  b u t  also a re  su i t ab le  for 
di f f ract ing soft electrons.  The n u m b e r  of diffract ion 
spots f ound  in  Fig. 1 is rough ly  p ropor t iona l  to the  
n u m b e r  of c rys ta l l i tes  able  to diffract  the  soft e lec-  
t rons.  Since the  e lec t rons  used for a t e lev is ion  screen 
a re  r a t h e r  s low (abou t  10 k v ) ,  the  diffract ion 
p h e n o m e n o n  t ak ing  place on this  screen is qu i t e  
s imi la r  to tha t  in  Fig.  1. A n  i m p o r t a n t  p r o b l e m  to 
be s tud ied  in  the  fu ture ,  is w h e t h e r  e l e c t r o l um-  

inescence  depends  on the coheren t  sca t te r ing  of the  
i nc iden t  e lec t rons  or not.  

Manuscript  received March 2, 1959. 

Any  discussion of this paper will appear in a Discus- 
sion Section to be published in the June  1960 JOURNAL. 
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Influence of Crystallographic Orientation on 
the Pitting of Iron in Distilled Water 

Jerome Kruger 

National Bureau oJ Standards, Washington, D. C. 

A rev iew paper  by  Greene  and  F o n t a n a  (1) i n -  
dicates tha t  p i t t i ng  is r a n d o m  w i t h  respect  to su r -  
face s t ruc ture .  Recent  work  in  our  l abo ra to ry  
indicates,  however ,  t ha t  this  is no t  t rue  for p i t  
f o rma t ion  on i ron  in  dis t i l led  water .  I n i t i a l l y  this  
work  was car r ied  out  w i th  an  Armco  i ron  s ing le -  
c rys ta l  sphere  3/s-in. in  d i ame te r  which  had  fiat 
surfaces  cut  pa ra l l e l  to the  (111}, {110}, and  {100} 
planes .  These surfaces  were  p r epa red  by  mechan i ca l  
pol i sh ing  pr ior  to chemica l  po l i sh ing  us ing  Mi r roFe  1 
solut ion.  W h e n  the c rys ta l  thus  p r e p a r e d  was i m -  
mersed  for 3 hr  in  dis t i l led  wa t e r  at room t e m p e r a -  
ture,  it was observed  tha t  the (110} p l ane  had  the  
greates t  n u m b e r  of pi ts  per  u n i t  area.  The  {100} had  
a p p r o x i m a t e l y  o n e - h a l f  as m a n y  pits  as the (110}, 
and  the (111} had  only  a r o u n d  o n e - q u a r t e r  as 
m a n y  as the  {110). The  n u m b e r  and  locat ion of pi ts  
was  no t  a lways  the same for a g iven  t ime  i n t e r v a l  
of immers ion .  The order  of p i t t i ng  act ivi ty ,  {110}> 
{100}>{111}, however ,  r e m a i n e d  the  same in  eve ry  
one of the seven r u n s  car r ied  out. F igu re  1 i l l u s -  
t ra tes  this  order  of ac t iv i ty  on the  th ree  d i f ferent  
p lanes  cut  on the same i ron  crystal .  

I n  order  to see if the use of Mi r roFe  for po l i sh ing  
was  respons ib le  for  the  effect observed,  the  surfaces  
af ter  mechan ica l  po l i sh ing  were  e tched wi th  a d i lu te  
so lu t ion  of HC1 pr ior  to c a r r y i n g  out  a run .  The  
resul t s  were  the  same as for the  surfaces  pol ished 

1 M a n u f a c t u r e d  b y  M a c D e r m i d  Inc. ,  W a t e r b u r y ,  Conn.  

Fig. 1. Three ddferent  crystal lographic planes of an iron 
single crystal corroded in disti l led water for 3 hr at 25~ 
2.5X. 

/ ~ (  I I ) 

P I T T I N G  

(ioo) c/" *r(:) ( l l o )  

Fig. 2. Stereogrophic triangle showing pitting Gh grains of 
iron having different crystallographic orientations. 

wi th  MirroFe.  The effect of o r i e n t a t i on  of the  cor -  
rod ing  surface,  hor izon ta l  or ver t ical ,  was  also 
checked, and  aga in  the  same order  of p i t t i ng  ac t iv i ty  
was observed  for the c rys ta l lograph ic  p lanes  s tudied.  

Other  s tudies  were  car r ied  out  us ing  a p u r e r  i ron  
t h a n  Armco  (235 p p m  of impur i t i e s  to 2460 :ppm for 
A r mc o) .  Here  a spec imen  con t a in ing  large  gra ins  of 
m a n y  dif ferent  surface  o r i en ta t ions  were  used. As 
Fig. 2 shows, all  those g ra ins  whose o r i en ta t ions  
were  n e a r  tha t  of the  {110} c rys ta l lograph ic  p l ane  
p i t ted  every  t ime  or every  t ime  bu t  one, whi le  those 
which  were  n e a r e r  the {111) or {100} o r i en ta t ions  
p i t t ed  on ly  once or no t  at  al l  d u r i n g  the  course of 
five runs .  

As wi th  the  Armco  iron,  those surfaces h a v i n g  an  
o r i en ta t ion  n e a r e r  the {110} exh ib i ted  the  grea tes t  
a m o u n t  of p i t t ing .  I r respec t ive  of c rys ta l lographic  
or ien ta t ion ,  the  genera l  l eve l  of p i t t i ng  a t t ack  was  
lower  for  the p u r e r  iron. 
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Titanium and Zirconium As Primary Cell Anodes 
Milton A. Thompson, Allen B. Scott, Donald Chittick, and Paul M.  Gruzensky 
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ABSTRACT 

Polarization, chemical corrosion rates, and the anodic electrochemical equiv-  
alence for t i t an ium and zirconium were measured in several  electrolytes, chiefly 
fluoride solutions. T i tan ium exhibited satisfactory electrode characteristics in 
dilute HF, containing added NH,F, except for somewhat excessive chemical 
corrosion. Zirconium was corroded severely by fluoride solutions in which its 
electrode characteristics were otherwise satisfactory and was somewhat  less 
suitable as an electrode in H~SO, solutions in which chemical corrosion was not 
serious. The Ti-HF,  NH4F-MnO~ cell operated stably dur ing  discharge with 
good anode ut i l izat ion but  is probably l imited to use as a reserve cell chiefly 
because of the deleterious effects of fluoride upon the MnO2 electrode. 

The e x p e r i m e n t s  descr ibed  in  this  paper  were  
u n d e r t a k e n  in  order  to d e t e r m i n e  the  su i t ab i l i ty  of 
t i t a n i u m  and  z i r con ium as nega t ive  e lectrodes  in  
p r i m a r y  cells. Both  meta l s  are  charac te r ized  by  
large  nega t ive  electrode potent ia l ,  corrosion res i s t -  
ance in  m a n y  electrolytes ,  ga lvan ic  cor rod ib i l i ty  in  
some of these solut ions,  and  r e l a t i ve ly  low equ i va -  
l en t  we igh t  and  e q u i v a l e n t  vo lume.  On the  o ther  
hand,  bo th  m a y  be r e n d e r e d  pass ive  by  oxide films 
w h e n  anodized  u n d e r  ce r ta in  condi t ions.  Whi le  the  
cost of the  meta l s  is st i l l  h igh  compared  to tha t  of 
zinc, m a g n e s i u m ,  and  a l u m i n u m ,  it is decreas ing  
r ap id ly  and  con t inua l ly ,  and  even  now an  a m o u n t  
of Ti e lec t rochemica l ly  e q u i v a l e n t  to the  Z n  con-  
t a ined  in  a f lashl ight  D cell costs on ly  4.5 cents.  

E lec t rochemica l  da ta  for Ti and  Zr  are g iven  in  
Tab le  I; da ta  for Zn  are also g iven  as a compar ison.  

Cons ide rab le  i n f o r m a t i o n  is ava i l ab le  conce rn ing  
the cor rod ib i l i ty  of Ti and  Zr  in  the  more  c o m m o n  
elect rolytes  (3) .  Both meta l s  are h igh ly  res i s t an t  to 
corrosion u n d e r  a v a r i e t y  of condi t ions ;  however ,  Ti  
is a t t acked  by  H~SO, above 5% concen t ra t ion ,  HC1 
above 5%, H~PO, above  30%, ce r t a in  organic  acids 
and  H F  at  all  concent ra t ions .  Z i r c o n i u m  is corroded 
by  H~SO, above 80%, FeCI~ and  CuCI.~ solutions,  and  
HF  at  all  concent ra t ions .  S t r a u m a n i s  and  Gi l l  (4) 
repor ted  tha t  the  add i t ion  of NH4F increased  the  
d isso lu t ion  ra te  of Ti in  HC1 and  H~SO, up  to a con-  
cen t r a t i on  of 4M NH,F, above wh ich  the  me t a l  was  
r e n d e r e d  p rac t i ca l ly  passive.  In  HF,  the  effect of 
NH,F was  to reduce  the  d isso lu t ion  ra te  at  al l  NH F 
concent ra t ions .  

Table I. Comparison of Ti, Zr, and Zn as anode materials 

T i  Z r  Z n  

Eq. wt ~ 11.97 22.8 32.69 
Eq. vol, cm ~ 2.66 3.50 4.59 
Amp m i n / g  134. 70.6 49.4 
Cost (1), $/ lb 2.05 7.50 0.10 
Standard  oxidation 

potential,  b (2) v 1.19 1.53 0.76 

a B a s e d  on  o x i d a t i o n  to  t e t r a v a l e n t  T i  a n d  Zr .  
b For couples:  T i - T i F ~ - - ,  Zr-ZrO++,  a n d  Zn-Zn++,  respect ively .  

Schla in  and  co -worke r s  (5) s tud ied  ga lvan ic  cor-  
ros ion of Ti and  Zr. W h e n  coupled w i th  severa l  
o ther  meta l s  in  a va r i e t y  of e lectrolytes ,  both  were  
u sua l l y  cathodic;  however ,  Ti  was  anodic  to s t a in -  
less steel  in  H~SO, and  to A1 af ter  severa l  days in  a 
deae ra ted  H~SO, solut ion.  

Severa l  s tudies  of e lectrode po ten t ia l s  of Ti and  
Zr  have  been  repor ted .  Botts  and  K r a u s k o p f  (6) 
and  more  r ecen t l y  Sato and  Y a m a n e  (7) a t t emp ted  
to ob ta in  the  s t a n d a r d  e lect rode po ten t i a l  of Ti in  
Ti2(SO,)~ solut ions.  The  va lues  obta ined ,  e.g., 
--0.355 v in  the  l a t t e r  expe r imen t ,  we re  far  d i f ferent  
f rom the  va l ue  --1.30 v ca lcu la ted  f rom t h e r m o -  
d y n a m i c  data  (2) ,  showing  tha t  the  e lect rode was  
no t  revers ib le .  Other  e x p e r i m e n t s  (5, 8) gene ra l ly  
suppor t  the  conclus ion  tha t  po ten t ia l s  of these elec-  
t rodes  in  m a n y  e lec t ro ly tes  are  va r i ab l e  wi th  t ime,  
sens i t ive  to degree  of aera t ion ,  and  tha t  the  e lec-  
t rodes  are h igh ly  i r revers ib le .  S t r a u m a n i s  and  Chen  
(8) found  tha t  the  Ti e lect rode po t en t i a l  in  H F  
becomes more  nega t ive  wi th  inc reas ing  I-IF concen-  
t r a t i on  up to 0.20N, beyond  which  it was  cons tan t  
at  --0.768 v. Add i t i on  of NH,F resu l t ed  in  a po ten t i a l  
of --0.95 v. 

Anodic  po la r i za t ion  and  oxide film g rowth  d u r i n g  
anod iza t ion  of Ti and  Zr  have  been  ex tens ive ly  i n -  
ves t iga ted  (9) .  Pass iv i ty  is u sua l l y  a t t r i b u t e d  to a 
l aye r  of TiO2 or ZrO~. 

The  only  app l ica t ion  of e i ther  Ti or Zr  in  a p r i -  

m a r y  cell, to our  knowledge ,  invo lves  a posi t ive  
e lec t rode  of porous  Ti coated w i th  depolar izer  (10).  

Sch la in  (5) ob ta ined  a c u r r e n t  as h igh  as 11 m a  
f rom a Mg- T i  couple  in  which  Ti was  cathodic.  

In  the  course of this  i nves t iga t ion  the  fo l lowing  
quan t i t i e s  w e r e  de t e r mi ne d :  (a) e lectrode p o t e n -  

t ials  for Ti and  Zr  as a f unc t i on  of anodic  c u r r e n t  
dens i ty  in  a v a r i e t y  of e lec t ro lytes ;  (b)  average  

charge  of the  ion p roduced  by  the  anode  reac t ion  in  

severa l  e lec t ro ly tes  and  at  severa l  c u r r e n t  densi t ies ;  
(c) charac ter is t ics  of more  t h a n  a h u n d r e d  p r i m a r y  

cells h a v i n g  e i ther  a Ti or Zr  anode  a nd  e i ther  a 
Pb-PbO~ or C-MnO~ cathode.  
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Experimental  
T i t a n i u m  sheet, 1 0.25 m m  thick,  was  cut  to the  

des i red size and  pol ished wi th  e m e r y  pape r  for use 
as electrodes.  T i t a n i u m  tub ing ,  ~ 3.17 cm O.D., was  
used for the  cons t ruc t ion  of d ry  cells. Z i r c o n i u m  
sheet, 0.25 m m  thick,  was  e i ther  Iodide Process ~ or 
Kro l l  Process. '  No s ignif icant  differences were  ob-  
served in  the  behav io r  of the  two types  of Zr. Al l  
r eagen ts  were  C.P. or A n a l y t i c a l  Reagen t  grade. 

S ingle  electrode po ten t ia l s  we re  m e a s u r e d  by  
m e a n s  of a L&N Type  K po ten t iomete r .  Cell  vo l t -  
ages were  m e a s u r e d  e i ther  po t en t iome t r i ca l l y  or by  
means  of a v a c u u m - t u b e  vo l tmete r .  C u r r e n t  dens i -  
ties were  computed  f rom the m e a s u r e d  area  of 
electrodes w i thou t  app l ica t ion  of a roughness  factor.  
The  e lec t rode  area  was  r egu la t ed  by  coat ing  the  
en t i re  e lec t rode  w i t h  paraff in and  c lean ing  off the  
des i red a rea  on one side of the  electrode,  f inal ly  
po l i sh ing  the  exposed a rea  wi th  e m e r y  paper .  

C-MnO2 electrodes were  of the  commerc ia l  D-ce l l  
type.  ~ 

In  order  to select an  e lec t ro ly te  and  a usab le  
cathode for de ta i led  tests, the  behav io r  of Ti a nd  Zr  
coupled  to o ther  electrodes in  abou t  40 e lec t ro ly tes  
was s tudied.  The  o p e n - c i r c u i t  vol tage  and  the  vo l t -  
age of the  couples connec ted  by  a 12-ohm res is tor  
were  measured .  The e lec t ro ly tes  were  p r inc ipa l l y  
solut ions  of H3PO~, HF,  H2SO,, FeCI~, NHI4F, and  
c o m b i n a t i o n s  of these.  The  o ther  e lectrodes  w e r e  
Cu, A1, Pb,  s ta inless  steel, and  MnO_~. Most of the  
couples exh ib i t ed  e i ther  a low open -c i r cu i t  vol tage  
or severe  po la r iza t ion  u n d e r  load;  however ,  Ti 
coupled  w i t h  the  MnO~ elect rode in  IN  H F  gave 1.37 
v open c i rcui t  and  0.600 v u n d e r  load. A Zr-MnO2 
couple, w i th  0.1N HF,  gave 1.60 v open c i rcui t  and  
0.89 v u n d e r  load. The  highest  c u r r e n t  d r a w n  was  
75 ma,  us ing  an  anode  a rea  of 2 cm ~. 

I t  is ev iden t  tha t  acid f luoride solut ions  are  the  
most  effective in  r e d u c i n g  po la r iza t ion  u n d e r  load 
in  the  case of bo th  Ti and  Zr. The C-MnO~ electrode,  
a l though  u n d o u b t e d l y  adve r se ly  affected b y  fluo- 
ride,  was  selected for de ta i l ed  inves t iga t ion  because  
of the  h igh  vol tage  observed  w h e n  coupled w i t h  Ti  
and  Zr  in  m a n y  di f ferent  acid f luoride solut ions.  

PoZarization Measurements 

T i t a n i u m  or z i r con ium was m a d e  the  anode  in  
e lec t ro ly tes  composed chiefly of H F ,  N H , F ,  KC1, a nd  
in  some cases H~SO,. The  s ingle  e lec t rode  po ten t i a l  
was  m e a s u r e d  b y  m e a n s  of a r e fe rence  n o r m a l  calo-  
me l  electrode,  as a f unc t i on  of c u r r e n t  densi ty .  The  
s ingle  e lect rode po ten t ia l s  of rep l ica t ions  agreed  
w i t h i n  1% at  c u r r e n t  densi t ies  less t h a n  1 m a  cm -= 
and  w i t h i n  5% at  the  h ighes t  c u r r e n t  densi t ies .  
Rep re sen t a t i ve  curves  are  p r e sen t ed  in  Fig. 1 a nd  2. 
Po ten t i a l s  are  t a k e n  w i t h  respect  to the  s t a n d a r d  
h y d r o g e n  electrode.  

In  the  case of Ti (Fig. 1), as the  c u r r e n t  dens i ty  

�9 Supplied by Titanium Metals Corp. as Ti-75A. 
-~ Supplied by Superior Tube Co. 
s Supplied by Foote Mineral Co. 

' Supplied by the Carborundum Metals Co. 
6 Supplied by the Nat ional  Carbon Co. 
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was increased,  a po in t  was  a t t a ined  a t  wh ich  the  
e lect rode po t en t i a l  s u d d e n l y  became  s t rong ly  posi-  
tive. The c u r r e n t  dens i ty  at  which  this  occurred  is 
ind ica ted  by the  b r o k e n  ver t i ca l  por t ion  of the  
po la r iza t ion  curve,  and  electrodes which  have  
u n d e r g o n e  the sudden  posi t ive  change  in  po ten t i a l  
wi l l  be r e fe r red  to as passive.  In  this  condi t ion,  
oxygen  is evolved a nd  the electrode is p r e s u m a b l y  
covered by  a pro tec t ive  film. The c u r r e n t  dens i ty  for 
pass ivat ion,  i~, was no t  v e r y  reproducib le ,  even  
though  the  electrode po ten t i a l s  p r ior  to pass iva t ion  
were  qu i te  so. This arose f rom the  fact  tha t  i~ de-  
pended  m a r k e d l y  on the ra t e  at which  the  c u r r e n t  
was  increased.  The  curves  were  selected to show 
typ ica l  pass iv i ty  behavior .  

Z i r c o n i u m  elect rodes  ge ne r a l l y  showed less t e n d -  
ency  to become passive.  However ,  in  solut ions  con-  
t a i n i ng  only  HF, or d i lu t e  m i xe d  solut ions  of H F  
and  NH4F, i~ was  lower  for Zr  t h a n  for Ti, as shown 
in  Fig. 2. NI-I,F was ve ry  effective in  e l i m i n a t i n g  
pass iva t ion  of Zr, e v e n  in  the  absence  of H F .  
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Fig. ]. Polarization and passivation of Ti in fluoride solu- 
tions. Curve A, 0.05N HF; B, 0 .075N HF; C, 0.1N HF; D, 1N 
HF, 2 0 %  NH~F; E, 0.2N HF; F, 0 .075N HF, 0.1N KCI, 6% 
NH4F; G, 1N HF. b for IN  HF was 110 ma cm -~. 
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Fig. 2. Polarization and passivation of Zr in fluoride solu- 
tions, and Zn in Leclanche electrolyte (curve D). Curve A, 
0.1N HF; B, IN  HF; C, 0. I N  HF, 1% NH4F; E, 8% NH,F; 
F, 0 .075N HF, 4 %  NH~F; G, 0 .075N HF, 8% NH4F. Passivity 
did not occur in E, F, or G, even though in G i was taken as 
high as 180 ma crn -2. 
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Fig. 3. Dependence of  the passivation current density of Ti 
on HF and NH~F concentration. A, HF only; B, 0 .075N HF, 
added hlH4F; C, 0.2N HF, added hlH~F; D, 0.5N HF, added 
NH~F. 

R e t u r n i n g  to Fig .  1, w e  no t e  in p a r t i c u l a r  t h e  
effect of H F  c o n c e n t r a t i o n  on the  s lope  of t h e  E vs.  i 
cu rve  for  Ti and  on t h e  v a l u e  of i~. E v e n  m o r e  i m -  
p o r t a n t  is the  benef ic ia l  effect  of a d d e d  NH,F  in 
d i l u t e  H F  so lu t ions  on the  po ten t i a l ,  po l a r i z a t i on ,  
and  p a s s i v a t i o n  c u r r e n t  d e n s i t y  for  Ti, as  i l l u s t r a t e d  
b y  the  d i f fe rence  b e t w e e n  cu rves  B and  F. (KC1 h a d  
a v e r y  m i n o r  effect on e l ec t rode  b e h a v i o r  and  w a s  
a d d e d  to s e v e r a l  e l e c t r o l y t e s  for  the  p u r p o s e  of  i n -  
c r eas ing  c o n d u c t i v i t y . )  A l t h o u g h  i~ was  s o m e w h a t  
unce r t a in ,  enough  v a l u e s  w e r e  a t  h a n d  to a l l o w  an  
a p p r o x i m a t e  e v a l u a t i o n  to be  m a d e  of i ts  d e p e n d -  
ence on e l e c t r o l y t e  compos i t ion .  In  Fig .  3, t he  p a s -  
s i va t i on  c u r r e n t  d e n s i t y  is p l o t t e d  a g a i n s t  t he  con-  
c e n t r a t i o n  of H F  ( w i t h  no N H , F ) ,  or  a g a i n s t  % 
NI-LF at  f ixed H F  concen t r a t ion .  NH~F e x e r t s  a 
benef ic ia l  inf luence  up  to a b o u t  5% in d i l u t e  H F  
(0.2N) bu t  a d e l e t e r i o u s  effect  a t  h i g h e r  H F  c onc e n -  
t r a t ions .  This  is also c l e a r l y  s h o w n  b y  cu rves  D a n d  
G of Fig .  1. In  1N H F  ip was  r e d u c e d  f r o m  110 m a  
cm -~ to 8.1 m a  c m  -~ b y  the  a d d i t i o n  of 20% NH,F.  
In  NH~F so lu t ions  w i t h  no  H F  ( e x c e p t  t ha t  a r i s i ng  
f rom h y d r o l y s i s ) ,  i~ was  v e r y  low, e.g., 2.6 m a  cm -: 
in  8% NH,F.  

C o n s i d e r i n g  also t he  c h e m i c a l  co r ros ion  of  Ti  
w h i c h  inc reases  r a p i d l y  w i t h  H F  c o n c e n t r a t i o n  a n d  
is i n h i b i t e d  b y  NH~F, w e  c o n c l u d e  t h a t  t he  be s t  
e l e c t r o l y t e  to be  used  w i t h  Ti  is 0.075N H F  con-  
t a i n i n g  5 -6% NH,C1 a n d  a b o u t  0.1N KC1. F o r  
b r e v i t y  th is  so lu t ion  is d e s i g n a t e d  so lu t ion  A. The  
p o t e n t i a l  of Ti  in so lu t ion  A is --1.02 v ( a b o u t  0.2 v 
m o r e  n e g a t i v e  t h a n  Zn in t he  u s u a l  d r y - c e l l  e l e c t r o -  
l y t e )  and  r e m a i n s  b e l o w  --0.8 v u p  to a c u r r e n t  
d e n s i t y  of 28 m a  cm -". 

This  c u r r e n t  d e n s i t y  m a y  be  c o m p a r e d  w i t h  t y p i -  
cal  v a l u e s  at  t he  Zn e l e c t r o d e  in t he  Lec l anch~  cell .  
D u r i n g  d i s c h a r g e  of  a f r e sh  D - c e l l  u n d e r  4 - o h m  
load  the  anod ic  c u r r e n t  d e n s i t y  is a b o u t  6 m a c m  -:, 
a n d  d u r i n g  o p e r a t i o n  of an  o r d i n a r y  2 -ce l l  f l a sh l igh t  
i t  is a b o u t  20 m a  cm -'. 

T h e r e  w e r e  too f ew  cases  of  p a s s i v i t y  for  Zr  to 
p e r m i t  the  s ame  k i n d  of c o r r e l a t i o n  b e t w e e n  i~ and  
e l e c t r o l y t e  compos i t ion .  C u r v e  G of Fig .  2 shows,  
h o w e v e r ,  t h a t  the  mos t  s a t i s f a c t o r y  e l e c t r o l y t e  for  
Z r  f r o m  the  s t a n d p o i n t  of p o l a r i z a t i o n  was  0.075N 
H F  w i t h  8% NH~F. The  a d d i t i o n  of KC1 caused  no 
s ign i f ican t  d i f ference .  In  th is  e l e c t r o l y t e  t h e  p a t e n -  
t i m  of Z r  is s u p e r i o r  to t h a t  of Zn  ( c u r v e  D, F ig .  2) 
in a so lu t ion  c o n t a i n i n g  26% NH,C1, 8.8% ZnCL, 
and  a t r ace  of HgCL (a  c o m m o n  d r y - c e l l  e l e c t r o l y t e )  
a t  a l l  c u r r e n t  dens i t i e s  up  to 200 m a c m  -~. 

Corrosion 

The  co r ros ion  r a t e s  of Ti a n d  Zr  w e r e  m e a s u r e d  
in e l e c t r o l y t e s  w h i c h  a p p e a r e d  p r o m i s i n g  f rom 
p o l a r i z a t i o n  s tud ies  and  in s e v e r a l  o t h e r  so lu t ions  
used  in t he  e x p e r i m e n t a l  cel ls  d e s c r i b e d  l a t e r .  S o l u -  
t ions  w e r e  in  con tac t  w i t h  a i r  a t  r oom t e m p e r a t u r e ,  
b u t  no t  s t i r r ed .  The  f a v o r a b l e  effect  of  a d d e d  NH,F  
on the  co r ros ion  of  Ti b y  HF,  p r e v i o u s l y  r e p o r t e d  
(4 ) ,  was  conf i rmed.  The  r a t e  for  Ti  in e l e c t r o l y t e  A 
was  22 mdd ,  which ,  w h i l e  not  excess ive ,  sets  an  
u p p e r  l i m i t  of a b o u t  s ix  m o n t h s  on the  l i f e  of a 
0 . 25 -mm shee t  a n o d e  in th is  e l ec t ro ly t e .  

On the  o t h e r  hand ,  Z r  c o r r o d e d  r a p i d l y  in a l l  ac id  
f luor ide  so lu t ions  i nves t iga t ed ,  and  t h e  a d d i t i o n  of 
NH,F  was  of no benefi t .  The  r a t e  was  6000 m d d  in 
e l e c t r o l y t e  A and  800 m d d  in 8% N t L F  a lone .  S m a l l  
concen t r a t i ons  of Pb,  Zr,  and  c h r o m a t e  ions r e d u c e d  
the  co r ros ion  r a t e  in  0.1N HF,  b u t  no t  to a use fu l  
level .  Na~Cr~O7 r e d u c e d  s ign i f i can t ly  t he  c o r r o s i v e -  
ness  of H:SO, on Zr ,  t h e  r a t e  in t he  case  of 80% 
H:SO,, 1% Na.~Cr~O7 be ing  o n l y  2.3 todd.  

Anode Reaction 

The  n u m b e r  of f a r a d a y s  to d i s so lve  a mo le  of  
me ta l ,  z, w h e n  Ti  or  Z r  was  m a d e  the  a n o d e  was  
m e a s u r e d  ove r  a ser ies  of c u r r e n t  dens i t i e s  and  w i t h  
v a r y i n g  e l e c t r o l y t e  compos i t ion .  

E l e c t r o l y t e s  used  w i t h  Ti w e r e  a l l  m i x t u r e s  of 
NH,F ,  KC1, and  HF,  c o n t a i n i n g  f r o m  4 to 8 % NH,F,  
0.1N KC1, a n d  f r o m  0.075 to 0.1N HF.  C u r r e n t  d e n -  
s i t ies  r a n g e d  f r o m  1 to 20 m a  cm -~. T h e r e  was  no 
o b s e r v a b l e  d e p e n d e n c e  of z on e i t h e r  compos i t i on  or  
c u r r e n t  dens i ty .  The  a v e r a g e  of 16 m e a s u r e m e n t s  of 
z w h i c h  l a y  b e t w e e n  3.93 and  4.18 was  4.04. 

E l e c t r o l y t e s  used  w i t h  Zr  i n c l u d e d  0.05 to 0.2N 
HF,  5 to 10% NH,F,  m i x t u r e s  of H F  a n d  NH~F, 
CuCL, FeCL, NH~C1, and  HC1 of s e v e r a l  c o n c e n t r a -  
t ions  each.  C u r r e n t  dens i t i e s  w e r e  h i g h e r  t h a n  in 
the  case  of Ti  in  o r d e r  to r e d u c e  the  t i m e  r e q u i r e d  
a n d  t h u s  the  e r r o r  due  to  c h e m i c a l  cor ros ion ,  r a n g -  
ing  f r o m  50 to 140 m a c m  -~. A t  100 m a  cm-", t h e  
anod ic  corrosion r a t e  is 2 x 105 todd.  z d id  no t  d e -  
p e n d  on e i t he r  compos i t i on  or  c u r r e n t  dens i ty .  The  
a v e r a g e  of 14 m e a s u r e m e n t s  of z, w h i c h  l a y  b e t w e e n  
3.25 a n d  4.44 was  3.90. 

I t  is c l ea r  t h a t  t h e  on ly  r e a c t i o n  of s igni f icance  in  
these  cases  is o x i d a t i o n  of t he  m e t a l  to t h e  t e t r a -  
v a l e n t  s ta te .  C h e m i c a l  co r ros ion  d u r i n g  t h e  m e a s -  
u r e m e n t s  has  t h e  effect of r e d u c i n g  z b e l o w  the  
a c t u a l  va lue ;  th is  m a y  accoun t  fo r  t he  s o m e w h a t  
s m a l l e r  a v e r a g e  v a l u e  for  Zr ,  s ince  in  some  e l e c t r o -  
l y t e s  t h e  c h e m i c a l  co r ros ion  r a t e  w a s  in  t h e  n e i g h -  
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Fig. 4. Characteristics of primary cells. Curve A, A', Ti- 
0.07N HF, 0.1N KCI, 9% NH~F, 1.6% H.~SO,-PbO~; B, Zr- 
90% HsSO4, 1% Na~Cr20~-Pb02; C, C', Ti-soln. A-MnOs; D, 
Zr-soln. A-MnO~. Soln. A = 0.075N HF, 0.1N KCI, 6o/b NH,F. 
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Fig. 5. Effect of H~SO4 on Ti and PbOs electrodes. Composi- 
tion given as ratio: vol. soln. A/vol. of 15% H2SO~. Curve A, 
1/99; B, E, 25/75;  C, F, 50/50; D, G, 75/75; H, 90/10; 
I, 99/1. 

borhood of 3% of the anodic corrosion rate. Oxygen 
was evidently not produced in a significant quantity. 

Primary Cells 
Cells were  made in open beakers  using Ti or Zr 

anodes and ei ther  PbO.o or MnO~ cathodes. The 
pr inc ipa l  e lectrolytes  used were  solution A (0.075N 
HF, 6% NH,F, 0.1N KC1), mix tures  of A wi th  H~SO, 
and addi t ional  NH~F, H.oSO,, and H~SO, containing 
Cr~Oc-. Th PbO~ electrodes were  made with  com- 
merc ia l  posi t ive  grids, pas ted  and formed in the 
l abo ra to ry  according to the method descr ibed by  
Vinal  (11). Represen ta t ive  da ta  for four  types  of 
cells are shown in Fig. 4. Curves A through D were  
obta ined by  measur ing  the cell vol tage dur ing  ve ry  
short  per iods  of discharge through a va r i ab le  load. 
The dra in  is given by  i~, the  anodic current  density.  
In all  cases the cathode was of much grea ter  a rea  
than  was the  anode. 

Curves C and C' represen t  the behavior  of a Ti-  
MnO~ cell containing solution A. The open-c i rcu i t  
vol tage was 1.75. When discharged at  i~ = 10 ma 
cm -~ the vol tage remained  about  1.4 for de l ivery  of 
25 amp min, and  d ropped  to 1.0 v at  3g amp min.  
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This corresponded to 81% ut i l izat ion of the anode. 
The behavior  of these cells was not ve ry  reproduc-  
ible, and the example  ci ted here  was represen ta t ive  
of several  of the best  cells studied. Unfor tunate ly ,  
fluoride solutions affect MnO~ electrodes de le te r -  
iously, so tha t  even the open-c i rcui t  vol tage of such 
cells would fal l  to zero af ter  2 or 3 days. 

The use of PbO~ in place of MnO~ resul ted  in a 
much higher  in i t ia l  open-c i rcu i t  vol tage  (2.2 to 
2.7 v) .  The addi t ion of a small  concentrat ion of 
H~SO4 to the e lec t ro ly te  increased the PbO~ poten-  
tial.  T i tan ium became more  posi t ive wi th  increasing 
H~SO~ concentrat ion,  but  the polar izat ion charac-  
ter is t ics  were  improved.  These effects are  i l lus t ra ted  
by  Fig. 5. However,  the polar iza t ion  of Ti wi th  t ime 
dur ing  continuous discharge was more severe  in 
solutions containing H~SO~. Thus we find that ,  a l -  
though the vol tage remained  high for high dra in  of 
short  dura t ion  (curve  A, Fig. 4), the discharge 
character is t ics  were  d isappoint ing  (curve A ' ) .  Much 
of the decrease in vol tage dur ing  discharge was due 
to fa i lure  of the PbO, electrode in fluoride solution. 
At  the end of the discharge,  the PbO~ single elec- 
t rode potent ia l  had fal len f rom an or iginal  va lue  of 
1.4 v to 0.6 v. 

Zr-MnO~ cells containing solution A were  s imi lar  
(see curve D, Fig. 4) to the Ti cells except  for the 
much grea ter  chemical  corrosion of the anode. Many 
cells of the type  Zr-H~SO,-PbO~ were  tested, to 
severa l  of which chromate  was added to reduce 
corrosion. The per fo rmance  of the  best  of these is 
i l lus t ra ted  by  curve B, Fig. 4. Discharge charac te r -  
istics were  genera l ly  infer ior  to the Ti-PbO~ cells. 

"Dry"  cells were  constructed f rom Ti tub ing  or 
Zr sheet, commercia l  MnO2 electrodes,  and a s tarch 
paste  containing solution A. These cells polar ized 
comple te ly  at  low current  densi ty,  p r o b a b l y  because 
the  polar iza t ion  produc t  was held  mechan ica l ly  in 
contact  wi th  the electrode, whi le  in the open -beake r  
cells it  was a l lowed to drop off. 

Other  e lectrolytes  used in exper imen ta l  cells were  
chosen with  the purpose of e l iminat ing  wa te r  or 
reducing  its ac t iv i ty  m a r k e d l y  in the  hopes of 
avoiding the format ion  of oxide layers  on the Ti or 
Zr  electrodes.  Fused  hydra tes  of NaOAc, FeCL, 
CaCl~, and KF, and the nonaqueous solvents ~lacial 
acetic acid, fused a lka l i  halides,  fused KL methanol ,  
d ie thy l  ether,  ni t robenzene,  SClo, S_~CI~, formamide ,  
acetone, acetic anhydr ide ,  and dioxane all  gave un-  
sa t is factory  results.  Cells containin~ I-I.oSiF~ in aque-  
ous solution were  modera t e ly  successful but  cor-  
rosion was severe. 

Polar~zafio'n Product 
The na ture  of the  product  responsible  for  po la r i -  

zat ion of Ti in solut ion of H F  and NH,F was  not  
ascertained.  Colors commonly  observed on polar ized 
electrodes were  black,  blue, or whi te  and were  due 
to ma te r i a l  which could be r ead i ly  scraped off. 
X - r a y  diffraction photographs  of four  products  ob-  
ta ined under  different  condit ions showed tha t  no 
two were  identical ,  nor were  any to be identified 
wi th  compounds for which da ta  are t abu la t ed  by  
AST1V[ (12). Whi le  TiO2 is undoub ted ly  a ma}or 
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c o m p o n e n t  of t h e  p o l a r i z a t i o n  p r o d u c t  u n d e r  m a n y  
condi t ions ,  in no case s t ud i ed  d id  i t  a p p e a r  as a 
p u r e  p roduc t .  
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Investigation of the Electrochemical Characteristics 
of Organic Compounds 
IV. Quinone Compounds 
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ABSTRACT 

A s tudy of the  e lec t rochemical  character is t ics  of var ious  quinone compounds 
shows tha t  the  cathode potent ia l  of these compounds dur ing  cur ren t  flow is 
dependen t  on the type  and posi t ion of subs t i tuent  groups in the  molecule,  the  
pH of the e lectrolyte ,  and the na tu re  of the quinone itself. Expe r imen ta l  da ta  
a re  p resen ted  for  d ry  cells conta in ing 2 ,5-dichloro-p-quinone and p -qu inone -  
d ioxime as cathodes coupled wi th  a magnes ium anode. 

Most  o x i d a t i o n  a n d  r e d u c t i o n  r eac t i ons  in  o rgan ic  
c h e m i s t r y  a r e  i r r eve r s i b l e .  A n  e x c e p t i o n  to th i s  is 
t he  g r o u p  of r eac t i ons  i n v o l v i n g  q u i n o i d - b e n z e n o i d  
equ i l i b r i a .  One of t he  bes t  k n o w n  of t hese  is t he  
q u i n o n e - h y d r o q u i n o n e  sys tem,  w h o s e  p o t e n t i a l  has  
been  r e p o r t e d  b y  H o v o r k a  and  D e a r i n g  (1)  to be  

0 OH 
u I 

ii I 
0 OH 

In  th i s  l~aper t he  effect  of such  fac to r s  as g roup  
subs t i tu t ion ,  a r o m a t i c i t y ,  and  p H  on the  o p e r a t i n g  
p o t e n t i a l  and  cou lombic  c a p a c i t y  of v a r i o u s  q u i n o n e  
c o m p o u n d s  a r e  p r e s e n t e d  a n d  t h e i r  use  as  c a t h o d e  
m a t e r i a l s  in  p r i m a r y  cel ls  is cons idered .  

Experimental Data and Discussion of Results 
Apparatus and Technique 

A techn ique ,  p r e v i o u s l y  d e s c r i b e d  (2 ) ,  ha s  been  
used  to m e a s u r e  t he  o p e r a t i n g  p o t e n t i a l  d u r i n g  c u r -  
r e n t  flow and  t h e  cou lombic  c a p a c i t y  of  t he  va r i ous  
q u i n o n e - t y p e  compounds .  This  t e c h n i q u e  consis ts  in 
d i s c h a r g i n g  a t  a c o n s t a n t  c u r r e n t  d r a i n  of 0.005 
a m p / g ,  in a l a r g e  v o l u m e  of e l e c t ro ly t e ,  a 0 .5-g  s a m -  
p l e  of t he  q u i n o n e - t y p e  c a t h o d e  m a t e r i a l  m i x e d  w i t h  
0.05 g of S h a w i n i g a n  a c e t y l e n e  b lack .  The  change  in  
c a thode  p o t e n t i a l  w i t h  t i m e  was  m e a s u r e d  w i t h  a L&N 
t y p e  K p o t e n t i o m e t e r  us ing  a s a t u r a t e d  ca lome l  r e f -  
e rence  e lec t rode .  The  m e a s u r e d  p o t e n t i a l s  w e r e  co r -  
r e c t e d  for  t h e  IR drop  a s soc ia t ed  w i t h  t he  a p p a r a t u s  
and  e l e c t r o l y t e  b y  m e a n s  of an  o sc i l l og raph ic  t e c h -  
n i q u e  (3) .  
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A l l  h a l f - c e l l  p o t e n t i a l  d a t a  r e p o r t e d  in th is  p a p e r  
a r e  r e f e r r e d  to  t he  n o r m a l  h y d r o g e n  e l e c t r o d e  a n d  
i nc lude  a l i qu id  j u n c t i o n  po t en t i a l ,  w h i c h  in mos t  
cases  is s m a l l  and  can  be  neg lec ted .  F o r  mos t  of t he  
m e a s u r e m e n t s  an  aqueous  m a g n e s i u m  b r o m i d e  e lec -  
t r o l y t e  and  a m a g n e s i u m  a n o d e  w e r e  used,  w h i l e  in  
s t u d y i n g  the  effect of p H  on po t en t i a l ,  a zinc a n o d e  
was  e m p l o y e d  w i t h  t he  ac id ic  NH~CI-ZnCI~-H~O a n d  
bas ic  NaOH-H~O e lec t ro ly t e s .  

Hal]-Cell  Potent ia l  S tudies  

EfJect of a romat i e i t y . - -F igure  1 g ives  h a l f - c e l l  d i s -  
cha rge  cu rves  for  a ser ies  of qu inones  d e r i v e d  f r o m  
benzene  and  o t h e r  p o l y n u c l e a r  h y d r o c a r b o n s .  The  
o r tho  qu inones  h a v e  h i g h e r  o p e r a t i n g  p o t e n t i a l s  t h a n  
t h e i r  c o r r e s p o n d i n g  p a r a  qu inone  compounds .  In  a d -  
d i t ion,  bo th  t he  o r t h o -  a n d  p a r a  q u i n o n e s  show a 
m a r k e d  d i m u n i t i o n  in ca thode  p o t e n t i a l  as one goes 
to the  b icyc l i c  and  t r i cyc l i c  qu inone  compounds .  F o r  
e x a m p l e ,  a c o m p a r i s o n  of p - q u i n o n e  w i t h  i ts  c o r r e -  
s p o n d i n g  n a p h t h o q u i n o n e  ind i ca t e s  a d i f fe rence  in  
p o t e n t i a l  of 200-300 my,  in  a g r e e m e n t  w i t h  s t a n d a r d  
p o t e n t i a l  m e a s u r e m e n t s .  F i e s e r  and  F i e s e r  (4)  a t -  
t r i b u t e  t h e  m a r k e d l y  d i m i n i s h e d  e n e r g y  con ten t  of 
t he  b icyc l ic  c o m p o u n d s  to t he  fac t  t h a t  the  qu ino id  
d o u b l e  b o n d  is i n c o r p o r a t e d  in  t he  a r o m a t i c  nuc l e us  
a n d  hence  is r e l a t i v e l y  iner t .  In  a n t h r a q u i n o n e  b o t h  
t he  o t h e r w i s e  r e a c t i v e  qu ino id  d o u b l e  b o n d s  p a r t i c i -  
p a t e  in b e n z e n o i d  r i ng  sy s t ems  a n d  the  p o t e n t i a l  of 
t he  qu inone  is l o w e r  ye t .  S i m i l a r l y ,  b e c a u s e  of t he  
h i g h e r  e n e r g y  con ten t  of t he  o r t h o q u i n o n e s  as c o m -  
p a r e d  to t h e  i somer i c  p a r a q u i n o n e s  t he  s t a n d a r d  p o -  
t en t i a l s  of t he  o r tho  c o m p o u n d s  a r e  85-95 m v  h ighe r .  

I f  t he  s t a n d a r d  p o t e n t i a l s  of a ser ies  of qu inones  
a r e  c o m p a r e d ,  t h e  c h a n g e  in  p o t e n t i a l  w i l l  be  d e -  
p e n d e n t  on the  change  in  f r ee  e n e r g y  in  going  f r o m  
the  q u i n o n e - h y d r o g e n  s y s t e m  to t he  h y d r o q u i n o n e ,  
acco rd ing  to t he  fo l l owing  e q u a t i o n  

AF ~ ~H o T~S  o 
E o I - -  - -  -t- - -  [2]  

nF nF nF 

I t  has  been  f o u n d  t h a t  t he  t e m p e r a t u r e  coefficient  of 
t he  s t a n d a r d  p o t e n t i a l  is a p p r o x i m a t e l y  t he  s a m e  for  
a l a r g e  n u m b e r  of qu inones  and  is e q u a l  to a b o u t  
0 3  m v / d e g .  Th is  t e m p e r a t u r e  coefficient,  w h i c h  co r -  
r e s p o n d s  to an  e n t r o p y  change  of --32 c a l / d e g  for  
t he  h y d r o g e n a t i o n  of a quinone ,  c o r r e s p o n d s  r o u g h l y  
to t he  e n t r o p y  of t he  m o l e  of h y d r o g e n  los t  in  t he  
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Fig. 1. Half-cell potential studies of various ortho and paro- 
quinone compounds discharged at a rate of 0.005 amp/g in 
250 g / I  MgBr~'6H~O electrolyte. 

reac t ion .  Thus  the  c h a n g e  in p o t e n t i a l  in a ser ies  of 
qu inones  wi l l  r e p r e s e n t  t he  c h a n g e  in the  r e l a t i v e  
h e a t  con ten t s  of t he  qu inone  and  h y d r o q u i n o n e  
t h r o u g h  the  ser ies  (5 ) .  The  change  in b o n d  ene rg i e s  
in  the  r e d u c t i o n  r e p r e s e n t e d  b y  Eq. [1]  is t he  s ame  
for  a l l  qu inones  and  is s m a l l  c o m p a r e d  to the  b e n -  
zene  r e s o n a n c e  e n e r g y  g a i n e d  on the  h y d r o q u i n o n e  
side.  Thus  i t  w o u l d  be  e x p e c t e d  t ha t  r e s o n a n c e  e f -  
fec ts  w o u l d  be  a con t ro l l i ng  f ac to r  in t he  m a g n i t u d e  
of the  po ten t i a l .  S ince  the  l a r g e s t  c o n t r i b u t i o n  to t he  
r e s o n a n c e  e n e r g y  is due  to  t he  e q u i v a l e n t  K e k u l e  
forms,  t he  r e l a t i v e  n u m b e r s  of such  e q u i v a l e n t  fo rms  
m a y  be  used  as a q u a n t i t a t i v e  e s t i m a t e  of t he  r e l a -  
t i ve  e n e r g y  of the  ox id i zed  a n d  r e d u c e d  forms.  

The  r e l a t i o n s h i p  b e t w e e n  the  n u m b e r  of c o n t r i b u t -  
ing  r e s o n a n c e  f o r m s  in t h e  qu inone  a n d  h y d r o -  
q u i n o n e  and  the  s t a n d a r d  p o t e n t i a l  of t he  s y s t e m  has  
b e e n  d e m o n s t r a t e d  b y  B r a n c h  and  Ca lv in  (5 ) .  T h e y  
o b t a i n e d  a s t r a i g h t  l ine  r e l a t i o n s h i p  b e t w e e n  the  
s t a n d a r d  p o t e n t i a l  of  p a r a  q u i n o n e s  and  the  r a t i o  of 
the  c o n t r i b u t i n g  f o r m s  nJn~.  ~ A s t i l l  b e t t e r  r e l a t i o n -  
sh ip  was  o b t a i n e d  w h e n  t h e  e x p r e s s i o n  ( n ~ - - n ~ ) /  
(n~ + n , )  was  u sed  i n s t e a d  of t he  s imp le  r a t i o  and  
w h e n  a l l o w a n c e  was  m a d e  for  s t e r i c  a n d  o r tho  effects 
in qu inones  of p o l y n u c l e a r  s t r uc tu r e .  S i m i l a r l y ,  B e r -  
l i n e r  (6)  c o m p u t e d  t h e  d i f f e rence  in  e m p i r i c a l  r e s o -  
n a n c e  ene rg ie s  of a n u m b e r  of qu inones  and  t h e i r  r e -  
spec t ive  h y d r o q u i n o n e s  f r o m  k n o w n  e x p e r i m e n t a l  
d a t a  a n d  f o u n d  a l i n e a r  r e l a t i o n s h i p  ex i s t s  b e t w e e n  
the  o x i d a t i o n - r e d u c t i o n  p o t e n t i a l  and  the  d i f f e rence  
in r e s o n a n c e  ene rg i e s  of t h e  qu inones  a n d  the  r e -  
spec t ive  h y d r o q u i n o n e s .  

To tes t  the  a b o v e  r e l a t i o n s h i p  for  e l ec t rodes  u n -  
d e r g o i n g  d i scha rge ,  t h e  c a t h o d e  p o t e n t i a l s  of t h e  
qu inones  a f t e r  1 a m p - m i n  of  d i s c h a r g e  w e r e  p l o t t e d  
vs. (n~ - -  n , ) / ( n ~  + n , ) ,  as s h o w n  in Fig.  2. In  a g r e e -  
m e n t  w i t h  the  r e su l t s  of B r a n c h  a n d  Ca lv in  a s t r a i g h t  
l ine  r e l a t i o n s h i p  was  f o u n d  b e t w e e n  t h e  p o t e n t i a l  
a n d  t h e  r a t i o  of t h e  n u m b e r  of  r e s o n a n c e  fo rms  in t he  
qu inone  and  h y d r o q u i n o n e  compounds .  In  a d d i t i o n  a 
s i m i l a r  l ine  is o b t a i n e d  fo r  t he  o r t h o q u i n o n e s  b u t  
d i s p l a c e d  u p w a r d  a b o u t  0.1 v and  p a r a l l e l  to t he  
p a r a q u i n o n e  l ine .  

z n~ and  n~ are  t h e  n u m b e r  o f  f o r m s  o f  the  q u i n o n e  a n d  h y d r o -  
qu inone .  F o r  p * q u i n o n e  t h e r e  is  on ly  one  s u c h  f o r m ,  w h i l e  in  
h y d r o q u i n o n e  t h e r e  are  t w o  K e k u l e  fo rms ,  I n  1, 4 - n a p h t h o q u i n o n e  
there  are  t w o ,  w h i l e  in  t h e  c o r r e s p o n d i n g  h y d r o q u i n o n e  t h e r e  a r e  
three .  
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Fig. 2. Relationship between the number of contr ibut ing 
resonance forms in the cluinone ond hydrocluirlone and the 
half-cell potent ial  as measured at  a rate of 0 .005 o m p / g  in 
2.50 g / I  MgBr2"6H20 electrolyte. 
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Fig. 3. Effect of group substitution on the cathode potential 
of p-quinone and N-chloro-p-quinoneimine discharged at a rate 
of 0.005 amp/g in 250 g/ I  MgBr2-6HsO electrolyte. 
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Ef]ect of group substitution.--Presented in  F ig .  3 
a r e  d i s c h a r g e  cu rves  for  v a r i o u s  p a r a  q u i n o n e  a n d  
c h l o r o i m i d e  c o m p o u n d s  i l l u s t r a t i n g  the  effect  of s u b -  
s t i t u e n t  g roups  on the  o p e r a t i n g  p o t e n t i a l  of t he se  
compounds .  I t  is seen  t h a t  an  e l e c t r o n - a t t r a c t i n g  
h a l o g e n  g r o u p  r a i se s  t he  p o t e n t i a l  w h i l e  an  e l e c t r o n -  
r e p e l l i n g  m e t h y l  g r o u p  l ower s  t he  p o t e n t i a l  of t h e  
p a r e n t  compound .  This  t y p e  of effect  c lose ly  p a r a l l e l s  
t h e  effect  of t he se  cons t i t uen t s  on the  s t a n d a r d  p o -  
t e n t i a l s  of quinones ,  as w e l l  as on the  o p e r a t i n g  p o -  
t e n t i a l  of a r o m a t i c  n i t ro  c o m p o u n d s  (7 ) .  

The  effect  of s u b s t i t u e n t  g roups  on the  s t a n d a r d  
p o t e n t i a l s  of  q u i n o n e  c o m p o u n d s  has  been  s t u d i e d  
e x t e n s i v e l y  b y  F i e s e r  (8, 9) .  Mos t  of  t he  d e t e r m i n a -  
t ions  w e r e  c a r r i e d  out  in a lcohol ic  so lu t ion ,  b u t  t h e  
r e su l t s  w o u l d  be  e x p e c t e d  to a p p l y  c lose ly  to aqueous  
solut ions .  In  gene ra l ,  i t  was  f o u n d  t h a t  e l e c t r o n -  
a t t r a c t i n g  groups ,  such  as  -NO,,  -CN,  -COOH,  a n d  
ha logens ,  r a i s e  t he  p o t e n t i a l  of t he  p a r e n t  qu inone ,  
w h e r e a s  a p o t e n t i a l - l o w e r i n g  effect  is e x e r t e d  b y  
e l e c t r o n - r e p e l l i n g  g roups  such  as -NH=, -OH,  a n d  
-CH,.  This  is in  a g r e e m e n t  w i t h  t he  d a t a  p r e s e n t e d  in  
Fig .  3. These  r e l a t i o n s h i p s  a r e  those  e x p e c t e d  f r o m  
the  cour se  of a r o m a t i c  subs t i t u t ions .  E l e c t r o n - a t -  
t r a c t i n g  g roups  t e n d  to d e c r e a s e  t h e  e l ec t ron  d e n s i t y  
in the  v i c i n i t y  of t he  o x y g e n  a t o m s  a n d  thus  to i n -  
c rease  t he  a t t r a c t i v e  p o w e r  of t he  s y s t e m  for  e x -  
t e r n a l  e lec t rons ,  r e n d e r i n g  the  c o m p o u n d  a s t r o n g e r  
ox id iz ing  agent .  C o n v e r s e l y  e l e c t r o n - r e p e l l i n g  s u b -  
s t i t uen t s  d e c r e a s e  t h e  aff ini ty  for  e l ec t rons  and  hence  
l o w e r  t he  po ten t i a l .  

W h e n  the  s u b s t i t u e n t  is no t  in t he  qu ino id  r i ng  i ts  
effect  is m u c h  s m a l l e r  a n d  d e p e n d s  to a l a r g e  e x t e n t  
on i ts  pos i t i on  w i t h  r e s p e c t  to t h e  qu ino id  r ing.  F o r  
e x a m p l e ,  F i e s e r  (8)  has  s h o w n  t h a t  s u b s t i t u e n t s  in  
t h e  1 o r  3 pos i t i on  of p h e n a n t h r e n e q u i n o n e  h a v e  a 
c o n s i d e r a b l e  effect  on t h e  p o t e n t i a l  of p h e n a n t h r e n e -  
q u i n o n e  w h i l e  in t he  2 or  4 pos i t ions  t h e y  a r e  p r a c -  
t i c a l l y  ineffect ive .  The  i m p o r t a n c e  of t h e  pos i t i on  
of s u b s t i t u e n t  g roup  on the  e l e c t r o d e  p o t e n t i a l  of an  
o r gan i c  c o m p o u n d  has  also b e e n  s h o w n  for  b o t h  a r o -  
m a t i c  n i t ro  (7)  and  n i t r o a l k a n e  c o m p o u n d s  (10) ,  
and  i t  d e p e n d s  e s s e n t i a l l y  on i ts  effect  in  a l t e r i n g  
the  e l e c t r o n  d e n s i t y  in  t h e  v i c i n i t y  of t he  r e d u c i b l e  
group .  

Effect of electrolyte p!-I .---For t h e  q u i n o n e - h y d r o -  
q u i n o n e  s y s t e m  t h e  v a r i a t i o n  of t h e  o x i d a t i o n - r e d u c -  
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Fig. 4. Effect of pH on the cathode potential of p-quinone 
and 2, 5-dichloro-p-quinone when discharged at a rate of 
0.005 amp/g in various electrolytes. 0 - - -25% NH4CI, 20% 
ZnCI~, 55% H~O; A---14% MgBr~, 86% H~O; 1:]--30% 
NaOH, 70% H20, saturated with ZnO. 

t ion  p o t e n t i a l  w i t h  h y d r o g e n  ion c o n c e n t r a t i o n  is 
r e l a t i v e l y  s imp le  in ac id ic  e l ec t ro ly t e s ,  b u t  in  a l k a -  
l ine  so lu t ions  a l l o w a n c e  m u s t  be  m a d e  for  t he  ion iza -  
t ion  of h y d r o q u i n o n e ,  w h i c h  can  f u n c t i o n  as a d i -  
bas ic  acid.  Thus  in  ac id ic  e l e c t r o l y t e  dE/d(pH) 
0.059 for  th is  sys t em,  w h i l e  a t  pH ' s  h i g h e r  t h a n  a b o u t  
8 t he  s lope  of t he  p o t e n t i a l - p H  cu rve  be c ome s  0.030 
to a p H  of a p p r o x i m a t e l y  11 and  is zero  in m o r e  
a l k a l i n e  so lu t ions  (11) .  

T a k i n g  in to  accoun t  t he  effect  of p H  on po t en t i a l ,  i t  
is seen  f r o m  Fig.  4 t h a t  bo th  p - q u i n o n e  a n d  2 ,5 -d i -  
c h l o r o - p - q u i n o n e  h a v e  i n i t i a l  o p e r a t i n g  p o t e n t i a l s  
c lose  to  t h e i r  r e v e r s i b l e  v a l u e s  in  t h e  NH~C1-ZnCI~ 
( p H  = 4.5) a n d  MgBr~(pH = 8.2) e l ec t ro ly t e s .  S i m i -  
l a r l y ,  t he  i n i t i a l  o p e r a t i n g  p o t e n t i a l s  of t he  qu inone  
c o m p o u n d s  p r e v i o u s l y  p r e s e n t e d  in F ig .  1 and  3 a r e  
also r e a s o n a b l y  close to t h e i r  r e v e r s i b l e  v a l u e s  in t he  
m a g n e s i u m  b r o m i d e  e l ec t ro ly t e .  H o w e v e r ,  in t he  
s t r o n g l y  a l k a l i n e  s o d i u m  h y d r o x i d e  e l ec t ro ly t e ,  t h e  
o p e r a t i n g  p o t e n t i a l s  of p - q u i n o n e  a n d  2 ,5 -d i ch lo ro -  
p - q u i n o n e  show a c o n s i d e r a b l e  d e v i a t i o n  f r o m  t h e i r  
r e v e r s i b l e  va lues .  This  is a t t r i b u t e d  to  t h e  d e c o m -  
pos i t i on  of b o t h  t h e  qu inone  and  h y d r o q u i n o n e  b y  
a t m o s p h e r i c  o x y g e n  in th i s  a l k a l i n e  e l e c t r o l y t e  (12) .  

Various N-analogues of quinone.--In a d d i t i o n  to  
the  v a r i o u s  q u i n o n e  c o m p o u n d s  d i scussed  a b o v e  
t h e r e  a r e  a n u m b e r  of ana logous  o rgan ic  c o m p o u n d s  
c o n t a i n i n g  qu ino id  s t r u c t u r e s  w h i c h  a r e  of scient i f ic  
in te res t .  M a n y  of t he se  c o m p o u n d s  a r e  e m p l o y e d  as  
o x i d a t i o n - r e d u c t i o n  i nd i ca to r s  in  b io log ica l  a p p l i c a -  
t ions.  P r e s e n t e d  in  Fig .  5 a r e  d i s c h a r g e  cu rves  of  

O4O aao 
INDOPHENOL --NO SALT N - CHLORO- p - OUINONEIMINE 

i .oO..O.o 
5 oo0 Q ~  I I - ~  I 
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"O.2Q 

i ' O 4 0  "O4O 

H i ) l E t  

*O~0 EUTRAL RE0 "OJO .,cC~-..C~ 
.~.,++++i,-~-,...~,+,,,c~, ~ . , - .  , .  

+. J+ ,+ , + ~ ,,+ .sz .,,, ,.++ ,o 
C AP&CrT'r IAM PERE- MINUTES) 

Fig. 5. Half-cell potential studies of various quinone-type 
compounds discharged at a rate of 0.005 amp/g in 250 g / l  
MgBr2"6H20 electrolyte. 
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t h r e e  t y p i c a l  ind ica to r s ,  i n d o p h e n o l - N a  sa l t  ( i n d o -  
p h e n o l  g r o u p ) ,  n e u t r a l  r e d  ( az ine  g r o u p ) ,  a n d  
m e t h y l  v io l e t  ( t r i p h e n y l m e t h a n e  g r o u p ) .  A s  w i t h  
t h e  o t h e r  qu inones  bo th  i n d o p h e n o l - N a  sa l t  a n d  n e u -  
t r a l  r e d  o p e r a t e  at  p o t e n t i a l s  c lose to t h e i r  t h e o r e t i c a l  
v a l u e s  (13) a f t e r  co r r ec t ions  a r e  m a d e  for  t he  p H  of 
t h e  solu t ion .  

Also shown in Fig. 5 are discharge curves of three 
other N-analogues of p-quinone, which contain in 
addition to the quinoid structure additional reducible 
groups in the molecule. Of the three, N-chloro-p- 
quinoneimine which contains a positive halogen and 
p-quinonedioxime with two reducible oxime groups 
are of the most interest, as the amine oxides in N,N' di- 
phenyl-p-quinonediimine-N,N'-dioxide are reduced 
very difficultly (14, 15). Only the N-chloro-p-qui- 
noneimine compound has a higher operating poten- 
tial than p-quinone and, as evidenced by the data 
in Fig. 3 for 2,6-dibromo-N-chloro-p-quinoneimine, 
it would appear that the effect of substituent groups 
on the operating potential of chloroimides is similar 
to that of the quinones. 

Capacities of Quinone Compounds 

P r e s e n t e d  in  T a b l e  I a r e  t h e o r e t i c a l  capac i t i e s  a n d  
e l ec t rode  efficiencies of v a r i o u s  q u i n o n e - t y p e  c o m -  
p o u n d s  as c a l c u l a t e d  f r o m  the  h a l f - c e l l  d i s c h a r g e  
d a t a  in  Fig .  1, 3, and  5. I t  is seen  t h a t  on the  bas i s  
of t h e o r e t i c a l  c a p a c i t y  in a m p e r e - m i n u t e s  p e r  g r a m  
t h e  q u i n o n e  c o m p o u n d s  a r e  s u p e r i o r  to m a n g a n e s e  
d iox ide ,  t he  c a thode  m a t e r i a l  n o w  used  in  c o n v e n -  
t i ona l  Lec lanch~  d r y  cells .  H o w e v e r ,  b e c a u s e  of t h e  
l ow dens i t i e s  a n d  poor  e l ec t rode  efficiencies of t he se  
o rgan ic  c o m p o u n d s  a m a n g a n e s e  d i o x i d e  c a thode  
w o u l d  g ive  m a r k e d l y  s u p e r i o r  p e r f o r m a n c e  w h e n  
r a t e d  on the  bas i s  of a m p e r e - m i n u t e  o u t p u t  p e r  cubic  

Table I. Theoretical capacities and electrode efficiencies of various 
quinone compounds discharged in 250 g/ I  MgBrs'6H20 

electrolyte at a rate of 0.005 amp/g 

C a p a c i t y ,  a m p - m L ~ / g  
Efn- 

T h e o -  c i e n c y ,  
Compound retical  A c t u a l *  % 

Manganese dioxide? 18.5 10.3 65.6 
p-quinones 

p-qu inone  29.8 6.4 21.5 
1, 4-naphthoquinone 20.4 5.8 28.4 
an th raqu inone  15.5 - -  
p - to luqu inone  26.4 4.6 17.4 
2, 5 -d ich lo ro-p-qu inone  18.2 17.2 94.5 

o-quinones 
1, 2 -naphthoquinone  20.4 2.3 11.3 
phenan th renequ inone  15.5 6.5 41.9 

N-Analogues 
N-ch lo ro -p -qu inone imine  45.5 (4) $ 10.4 22.9 
N-ch loro-p  - quinoneimine  22.8 (2) 10.4 45.6 
2, 6 - d i b r o m o - N - C h l o r o - p -  

quinoneimine  21.5 (4) 9.6 44.7 
2, 6 - d i b r o m o - N - C h l o r o - p -  

quinoneimine  10.8 (2) 9.6 88.9 
p-qu inonediox ime 69.9 (6) 65.2 93.3 
N, N ' - d i p h e n y l - p - q u i n o n e -  

d i imine-N,  N ' -d iox ide  11.1 (2) 6.6 59.5 
indophenol~ sal t  14.6 2.8 19.2 

c e n t i m e t e r .  As  seen  f r o m  the  h a l f - c e l l  p o t e n t i a l  d a t a  
in Fig.  4 t he  use  of a m o r e  ac id ic  NH~C1-ZnCI~ e lec -  
t r o l y t e  has  no a p p r e c i a b l e  effect  on the  e l e c t r o d e  
eff iciency of t he  quinones ,  a n d  no a d v a n t a g e  cou ld  be  
g a i n e d  for  the  o rgan ic  c o m p o u n d s  in  go ing  to th i s  
e l ec t ro ly t e .  

More  p r o m i s i n g  for  use  as ca thodes  in p r i m a r y  
ce l l  a p p l i c a t i o n s  a r e  some  of t h e  qu inones  w h i c h  
con ta in  r e d u c i b l e  g roups  in  a d d i t i o n  to t he  qu ino id  
s t ruc tu re .  These  c o m p o u n d s  no t  on ly  h a v e  h i g h e r  
t h e o r e t i c a l  capac i t i e s  t h a n  the  q u i n o n e s  b u t  also 
o p e r a t e  at  h i g h e r  e l e c t r o d e  efficiencies.  Of p a r t i c u l a r  
i n t e r e s t  is p - q u i n o n e d i o x i m e  w h i c h  has  a t h e o r e t i c a l  
c a p a c i t y  of 69.9 a m p - m i n / g  and  w h i c h  o p e r a t e s  
u n d e r  these  cond i t ions  of d i s c h a r g e  at  an  e l e c t r o d e  
eff iciency of 93.3%. On the  bas i s  of these  r e su l t s  and  
t h e  p o l a r o g r a p h i c  d a t a  of E lofson  and  A t k i n s o n  (16) 
i t  is b e l i e v e d  the  o v e r - a l l  r e d u c t i o n  of p - q u i n o n e -  
d i o x i m e  t a k e s  p l a c e  w i t h  a 6 e l e c t r o n  change ,  t h e  
a c t u a l  r e d u c t i o n  p r o b a b l y  p r o c e e d i n g  t h r o u g h  the  
i n t e r m e d i a t e  d i im ino  s t age  as  s h o w n  h e r e :  

NOH NH NH 2 
II II I 

O ,e-  O 2e- 0 [3] 
4H + 2H § 

I I  I I  I 

NOH NH NH 2 

Experimental Dry Cell Data 
The  use  of q u i n o n e  c o m p o u n d s  in p r i m a r y  b a t -  

t e r i e s  was  sugges t ed  p r e v i o u s l y  b y  A r s e m  (17) who  
r e f e r r e d  to  the  coup l ing  of  a z inc  a n o d e  w i t h  a n  
o rgan ic  ox id iz ing  a g e n t  such  as  qu inone .  M o r e  r e -  
c e n t l y  T r i p l e r  a n d  M c G r a w  (18) e v a l u a t e d  t e t r a -  
c h lo roqu inone  as a c a thode  m a t e r i a l  in bo th  ac id  a n d  
bas ic  e l e c t r o l y t e  us ing  z inc  and  l e a d  anodes .  In  t he  
p r e s e n t  s t u d y  the  qu inones  w e r e  coup led  w i t h  a 
m a g n e s i u m  a n o d e  to t a k e  a d v a n t a g e  of t he  h i g h e r  
p o t e n t i a l  of th is  e l ec t rode .  

E x p e r i m e n t a l  d r y  cel ls  c on t a in ing  2 , 5 - d i c h l o r o - p -  
q u i n o n e  a n d  p - q u i n o n e d i o x i m e  ca thodes  w e r e  as -  
s e m b l e d  in  the  u s u a l  m a n n e r  us ing  an  i m p a c t  e x -  
t r u d e d  m a g n e s i u m  A Z 1 0 A  a l l o y  A A - s i z e  can  as  
anode,  and  a 500 g/1 MgBr, -6 t I~O e l ec t ro ly t e .  The  
ca thode  m i x  ( w e i g h i n g  a p p r o x i m a t e l y  4.5 g)  con-  
s i s ted  of one p a r t  b y  w e i g h t  of t h e  qu inone  com-  
p o u n d  to two  p a r t s  b y  w e i g h t  of  Darco  c a r b o n  b l a c k  
G-60.  

P e r f o r m a n c e  c h a r a c t e r i s t i c s  of these  cel ls  on a 4-  
and  5 0 - o h m  con t inuous  d i s c h a r g e  t es t  a r e  s h o w n  in 
Fig .  6. I n c l u d e d  fo r  c o m p a r i s o n  a r e  p e r f o r m a n c e  

* C a p a c i t i e s  c a l c u l a t e d  o n  basis of  a n  e n d  voltage  of - - 0 . 4 0  v .  
? E l e c t r o l y t i c  m a n g a n e s e  d i o x i d e  ( 8 5 %  M n O =  c o n t e n t ) .  
$ V a l u e s  in parentheses  indicate the  e lectron change.  

' ~  w . . . .  leo . . . . .  
4-OHM CONTINUOUS D(SCHARGE TES~ 50-OHM CONTINUOUS DISCHARGE T]E~T 
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Mg/MQDrslMnO I 
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Q60 060 Zn/NH4C)' --ZnC~'# MaOl' 
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Fig. 6. AA-size dry cells discharged cont inuously through 
4- and SO-ohm resistances at 70 ~ ~2~ (50% RH). 
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d a t a  for  c o m p a r a b l e - s i z e  c o m m e r c i a l  Lec l anch6  a n d  
m a g n e s i u m - m a n g a n e s e  d i o x i d e  d r y  cel ls  (19)  of t he  
t y p e  b e i n g  d e v e l o p e d  b y  t h e  D o w  C h e m i c a l  C o m -  
pany .  I t  is seen  t h a t  t he  p e r f o r m a n c e  of t he  m a g -  
n e s i u m - p - q u i n o n e d i o x i m e  cel l  is s u p e r i o r  to t h e  L e -  
c lanch6  cel l  on b o t h  t h e s e  tes ts ,  w h i l e  t h e  m a g n e -  
s i u m - 2 , 5 - d i c h l o r o - p - q u i n o n e  cel l  p e r f o r m s  b e t t e r  
on ly  on  the  h i g h e r  c u r r e n t  d r a i n  tes t .  C o m p a r e d  to 
t h e  m a g n e s i u m - m a n g a n e s e  d i o x i d e  cell ,  t he  q u i n o n e  
cel ls  g ive  i n f e r i o r  p e r f o r m a n c e  on t h e s e  tes ts .  H o w -  
ever ,  t h e  f lat  v o l t a g e  d i s c h a r g e  c u r v e  of t h e  p - q u i -  
n o n e d i o x i m e  cel l  is a d v a n t a g e o u s  for  some  a p p l i c a -  
t ions.  

Summary 
A n  i n v e s t i g a t i o n  of t h e  e l e c t r o c h e m i c a l  c h a r a c t e r -  

is t ics  of va r i ous  q u i n o n e - t y p e  c o m p o u n d s  show these  
c o m p o u n d s  to  o p e r a t e  close to t h e i r  r e v e r s i b l e  v a l u e s  
d u r i n g  c u r r e n t  flow. The  o p e r a t i n g  p o t e n t i a l  of t h e s e  
c o m p o u n d s  has  b e e n  f o u n d  to b e  d e p e n d e n t  on t h e  
t y p e  a n d  pos i t i on  of t he  s u b s t i t u e n t  g roups  in  t he  
m o l e c u l e  as w e l l  as  t he  p H  of t h e  e l ec t ro ly t e ,  e l e c -  
t r o n - a t t r a c t i n g  g r o u p s  a n d  low p H ' s  f a v o r i n g  h i g h e r  
po ten t i a l s .  T h e  o p e r a t i n g  p o t e n t i a l  of t he  q u i n o n e s  
is also d e p e n d e n t  on t h e  n a t u r e  of t he  c o m p o u n d ;  for  
e x a m p l e ,  t h e  o r tho  qu inones  o p e r a t e  a t  p o t e n t i a l s  a p -  
p r o x i m a t e l y  0.1 v h i g h e r  t h a n  t h e i r  i somer i c  p a r a  
quinones ,  w h i l e  a d e c r e a s e  in p o t e n t i a l  is f o u n d  as  
one goes to  b icyc l ic  a n d  t r i cyc l i c  m e m b e r s  in a n y  
g iven  ser ies .  

C o m p a r e d  to t h e  c o n v e n t i o n a l  i n o r g a n i c  c a t h o d e  
m a t e r i a l s  t he  qu inone  compounds ,  in gene ra l ,  a r e  no t  
as good. H o w e v e r  c e r t a i n  q u i n o n e - t y p e  c o m p o u n d s  
con ta in ing  o t h e r  r e d u c i b l e  g roups  in  t he  molecu le ,  
such  as  p - q u i n o n e d i o x i m e ,  show some  a d v a n t a g e s  
w h e n  coup l ed  w i t h  a m a g n e s i u m  a n o d e  in  a m a g -  
n e s i u m  b r o m i d e  e l ec t ro ly t e .  

Manuscr ip t  rece ived  Feb.  13, 1959. This pape r  was 
p r e p a r e d  for de l ive ry  before  the Ot tawa  Meeting,  Sept.  
28-Oct. 2, 1958. 

A n y  discussion of this  pape r  wi l l  appear  in a Discus-  
sion Sect ion to be publ i shed  in the  June  1960 JOURNJU~. 
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The Cathodic Reduction of Manganese Dioxide 
in Alkaline Electrolyte 

N. C. Cahoon 1 and M. P. Korver 

Research Laboratories, National Carbo~ Company, Division 05 Unio~ Carbide Corpc>ration, Cleveland, Ohio 

ABSTRACT 

A s tudy of the  mechanism of the reduct ion  of manganese  dioxide  in 
s t rongly  a lka l ine  e lect rolytes  has shown tha t  the  r a t h e r  complex process  may  
be considered as occurr ing  in th ree  steps. The first is the  s imul taneous  r educ -  
tion to form a d iva len t  manganese  compound,  p resumably ,  Mn(OH)~ and an 
in te rmedia te  oxide t en ta t ive ly  identif ied as Mn40~; the  second step is the  elec-  
t rochemical  reduct ion  of Mn~O7 to fo rm both  Mn~O~ and Mn(OH)~; the  final 
s tep is the  e lec t rochemical  reduct ion  of Mn30, to Mn (OH)~. Both chemical  and 
x - r a y  diffract ion analyses  of cathodes at  var ious  stages of reduct ion  are  pre-  
sented.  

The  ca thod ic  r e d u c t i o n  of m a n g a n e s e  d i o x i d e  in  
Lec lanch~  cel ls  (1)  has  b e e n  e x a m i n e d  p r e v i o u s l y  
and  a m e c h a n i s m  p r o p o s e d  to accoun t  for  t h e  e x -  
p e r i m e n t a l  obse rva t i ons .  The  n e e d  of a s i m i l a r  e x -  
a m i n a t i o n  of t h e  ca thod ic  r e d u c t i o n  of MnO~ in 

1Edgewa te r  Deve lopment  Laboratories,  National  Carbon Com- 
pany,  Cleveland, Ohio. 

a l k a l i n e  e l e c t r o l y t e s  was  r e c ogn i z e d  some  y e a r s  ago.  
A c c o r d i n g l y ,  a s t u d y  was  u n d e r t a k e n  to d e t e r m i n e  
the  m e c h a n i s m  of  t he  r e a c t i o n  w h e n  MnO~ is u sed  
as t h e  ca thod ic  d e p o l a r i z e r  in  a n  a l k a l i n e  ceil .  T h e  
a p p r o a c h  to th i s  p r o b l e m  fo l l owed  the  l ines  of  e a r l i e r  
s tud ies  in t h a t  t h e  p r o d u c t s  of t h e  ca thod ic  r e d u c -  
t ions  w e r e  s e p a r a t e d  in to  two  f r ac t i ons  b y  a d i f f e r -  
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Table I. Extent of reaction of cathodes of experimental alkaline cells during the course of discharge 

Cel l  No. 

O u t p u t  e q u i v a l e n t  to  M n  II 
Actua l  Output associated 

I n i t i a l  Theore t i ca l*  e l ec t r i ca l  A m o u n t  % of w i t h  insoluble Last cel l  
f r ee  MnO2 capacity,  output,  present ,  total  cathode product,  reading, 
conten t ,  g a m p  ra in  a m p  r a in  a m p  r a in  o u t p u t  a m p  m i n  v 

1 0.5938 14.64 2.22 1.16 52.3 1.06 1.26 
2 0.5174 12.78 4.14 2.41 58.2 1.73 1.19 
2a 0.6029 14.88 4.20 1.71 40.3 2.49 1.20 
3 0.4642 11.46 6.12 3.79 61.9 2.33 1.09 
4 0.5292 13.08 8.09 5.06 63.7 3.03 1.63 
5 0.5342 13.20 9.39 5.11 54.5 4.28 0.96 
6 0.3949 9.78 8.87 3.25 37.6 5.62 0.63 

* T h e  t h e o r e t i c a l  c apac i t y  is calculated o n  t h e  basis of t h e  r e d u c t i o n  of  t he  f ree  MnO2 to  Mn~Or 

ence in solubil i ty .  The soluble and insoluble f ract ions 
were  s tudied sepa ra te ly  by  both chemical  and 
phys ica l  methods.  This pape r  presents  some signifi- 
cant  resul ts  obta ined  in the  course of the work.  

Experimental  

A series of exper imen ta l  cells was p repa red  f rom 
elec t ro ly t ic  g rade  MnO~, ace ty lene  black, and an 
e lec t ro ly te  containing 7.6N KOH. An  excess of 
ama lgama ted  powdered  Zn was used in a com- 
pressed  pe l le t  as the anode, and an adequate  supply  
of e lec t ro ly te  was p rov ided  so tha t  the cathodic 
depolar izer  would  be the only service l imi t ing  factor. 
The composit ion of a r ep resen ta t ive  cell follows: 
e lectrolyt ic  MnO~ 0.5128 g, ace ty lene  b lack  0.1923, 
KOH (7.6N) 0.2949, ama lgama ted  Zn 4.0 ( app rox i -  
m a t e l y ) .  The par t s  of the cells were  assembled in a 
bench- type  cell of a c i rcular  cross section wi th  a 
cross-sect ional  a rea  of 2.58 cm ~ (0.40 in.t). A cel lu-  
losic separa tor  0.0208 cm (0.0082 in.) th ick  was  
employed.  The cell  was closed wi th  a close-fi t t ing 
p lunger  and th roughout  the  test the uni t  was m a i n -  
ta ined under  a mechanical  pressure  equiva lent  to 
4.32 k g / c m  ~ (6!.5 lb / in2)  of cell area.  A continuous 
load of 30 ohms was placed across the  cell, and cell  
vol tage  readings  were  t aken  per iod ica l ly  wi th  a 
recording vol tmeter .  

One cell was removed  af ter  each of the  fol lowing 
service levels  had  been reached:  2.20, 4.14, 4.19, 
6.12, 8.09, 8.87, and 9.39 amp rain. Immed ia t e ly  
fol lowing the removal  f rom test, the cell  was quickly  
d i smant led  and the cathode mix  was suspended in 
500 cc of an aqueous solut ion of 25% NH,C1. The pH 
of this suspension was qu ick ly  measu red  and � 8 9  
HC1 added wi th  adequate  s t i r r ing  to reduce the  pH 
to 5.4. The suspension was  s t i r red  mechanica l ly  for 
2 h r  at  room t e m p e r a t u r e  to pe rmi t  the  solut ion of 
any  d iva lent  manganese  tha t  m a y  have  been formed 
in the cell  discharge.  Previous  studies had  shown 
tha t  MnO~, Mn~Os.H~O, and MnsO, are  al l  s table  
under  these condit ions and tha t  subs tan t ia l ly  no 
complicat ing react ions would  occur at  this pH. 
Fol lowing the  leaching operation,  the  res idue  was 
separa ted  f rom the  f i l t rate  and  thoroughly  washed.  
The combined washings and f i l t rate  were  made  up 
to one l i te r  and al iquot  samples  of 100 ml were  
ana lyzed  for manganese  content  by  the  method  of 
L ingane  and Karplus .  (2) 

The res idue was dr ied  at  10O~176 and then  
subjected to examina t ion  by  s tandard  x - r a y  diffrac-  

t ion techniques to ident i fy  the  solid phases r ema in -  
ing in the cathode. Another  por t ion  of the  res idue 
was analyzed  for ava i lab le  oxygen and to ta l  m a n -  
ganese contents by  convent ional  ana ly t ica l  methods.  

Discussion 
The discharge curve character is t ic  of this group 

of cells is shown in Fig. 1. Cells 1 to 5 gave  subs tan-  
t ia l ly  the same discharge curve as shown by  the 
upper  l ine in Fig. 1, whi le  cell  6, which had  a some-  
wha t  smal ler  cathode but  was o therwise  the  same 
as cells 1 to 5, gave a discharge curve shown by  the 
lower  l ine in the same figure.  Data  obtained f rom 
the d ischarge  of the cells and analyses  of the soluble 
por t ion of the depolar izers  a re  g iven in Table  I. The 
conditions used for leaching the discharged cathodes 
were  chosen so tha t  any  d iva len t  manganese,  p r e -  
sumably  present  as manganous  hydroxide ,  would  be 
dissolved. The amounts  of d iva len t  manganese  
leached f rom the cathodes in this  manner  have  been  
calcula ted to equiva lent  ampere  minutes  on the 
basis of the fol lowing react ion:  

MnO~ + 2e + 2K* + 2H~O 
-~ Mn(OH)~ + 2KOH [1] 

F rom this react ion 1 amp min  of energy resul ts  f rom 
the reduct ion of 0.027 g MnO~ to form 0.0173 g of 
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Fig. 1. Discharge curves of experimental alkaline cells 
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Table II. Composition of the insoluble cathode products during discharge of experimental alkaline cells 

C h e m i c a l  c o m p o s i t i o n  of  i n s o l u b l e  c a t h o d e  p r o d u c t  A m o u n t  A m o u n t  
I n i t i a l  d e p o l a r i z e r  c o n t e n t  f r e e  MnO~ f r e e  M n O s  

c o n v e r t e d  to  i n  i n s o l u b l e  z i n  F r e e  
Cel l  No.  W e i g h t ,  g F r e e  MnO~, g M n  (OH)  2, g c a t h o d e  p r o d u c t ,  g MnOs ,  % M n ,  % M n O x  MnO~, % 

1 0.7056 0.5938 0.0313 0.5625 55.33 40.21 1.879 47.04 
2 0.6148 0.5174 0.0651 0.4523 55.04 39.83 1.883 47.05 
2a 0.7164 0.6029 0.0461 0.5568 55.52 39.88 1.888 47.94 
3 0.5516 0.4642 0.1023 0.3619 51.42 39.62 1.819 40.16 
4 0.6288 0.5292 0.1365 0.3927 . . . .  
5 0.'6348 0.5342 0.1380 0.3962 42.79 36.66 1.738 27.57 
6 0.4692 0.3949 0.0878 0.3071 26.55 42.91 1.391 None 

N o t e :  T h e  e l e c t r o l y t i c  MnO~ u s e d  i n  t h e s e  t e s t s  c o n t a i n e d  86.36% to t a l  MnOe,  55.89% t o t a l  M n  w h i c h  c a n  b e  c a l c u l a t e d  to  84.16% f r e e  
MnOe.  

Table III. Relationship between the insoluble 
reaction product and the electrical output 

CeH No.  

l ~ e m a i n i n g  d e p o l a r i z e r  
I n i t i a l  F r e e  NInO2 

d e p o l a r i z e r  c o n v e r t e d  to P e r c e n t  F r e e  MnO~ 
w e i g h t ,  g M n  (OH)  2, g W e i g h t ,  g f r e e  NInOs c o n t e n t ,  g 

1 0.7056 0.0313 0.6743 47.04 0.3172 
2 0.6148 0.0651 0.5497 47.05 0.2586 
2a 0.7164 0.0462 0.6702 47.94 0.3213 
3 0.5516 0.1023 0.4493 40.16 0.1804 
4 0.6288 0.1365 0.4923 - -  - -  
5 0..6348 0.1380 0.4968 27.57 0.1370 
6 0.4692 0.0878 0.3814 - -  

A m o u n t  
f r e e M n O s  F r e e  MnO~ F r e e M n O 2  
in  i n so lu -  p r e s e n t  F r e e  l~InO~ O u ~ u t  c o n s u m e d  

b l e  c a t h o d e  a t  e n d  c o n s u m e d  o b t a i n e d ,  p e r  a m p  
p r o d u c t ,  g of  t es t ,  g i n  t e s t ,  g a m p  m i n  r a in ,  g 

1 0.5625 0.3172 0.2453 1 .06  0.2314 
2 0.4523 0.2586 0.1937 1.73 0.1120 
2a 0.5568 0.3213 0.2355 2.49 0.0946 
3 0.3619 0.1804 0.1815 2.33 0.0779 
4 . . . . .  

5 0.3962 0.1370 0.2592 4.28 0.0606 
6 0.3071 - -  0.3071 &62 0.0546 

m a n g a n e s e  as m a n g a n o u s  hydroxide .  The  p ropor -  
t ion  of the  to ta l  ou tpu t  i n  a m p e r e  m i n u t e s  r e p r e -  
sen ted  by  the  m a n g a n o u s  hyd rox ide  f o u n d  and  ca l -  
cu la ted  on the above  basis  is shown  in  Fig.  2. I t  is 
ev iden t  f rom these da ta  t ha t  whi le  abou t  ha l f  the  
r eac t ion  p roduc t  is in  this  form, a s u d d e n  decrease  
in  the  p ropor t ion  occurs b e t w e e n  8.09 and  9.39 a mp  
m i n  output .  However ,  the  f ind ing  tha t  M n ( O H ) ~  
cons t i tu tes  a la rge  p ropor t ion  of the  cathodic  r e -  
duc t ion  p roduc t  is no t  in  accord w i t h  p rev ious ly  
pub l i shed  da ta  (3) which  ind ica te  tha t  the  p roduc t  
is an  o r a n g e - r e d  Mn~O~? 

s W e  a r e  u n a b l e  to  r a t i o n a l i z e  t h e s e  ear l i er  d a t a  w i t h  our  f i n d i n g s .  
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Fig. 2. Proportion of divalent manganese found in the cath- 
odic reaction product as a percentage of the total cell output 
throughout the test. 

Table  I shows the  depolar izer  conten ts  of the  five 
e x p e r i m e n t a l  cells in  t e rms  of the  free MnO2 con ten t  
and  the  e q u i v a l e n t  theore t ica l  cell ou tpu t  if al l  this  
MnO~ were  conver t ed  to Mn~O, accord ing  to the  fol-  
l owing  cathodic reac t ion:  

3MnO~ + 4K § + 4e + 2H~O --> Mn~O~ + 4KOH [2] 

In  this  w a y  0.0405 g of MnO~ provides  1 amp m i n  of 
energy.  This  basis  has been  used for  gene ra l  ca l -  
cu l a t ion  of cell o u t p u t  s ince w o r k  in  this  l a b o r a t o r y  
had  p rev ious ly  shown tha t  a va r i e t y  of MnO~ types  
was, at  leas t  in  part ,  r educed  to this  compound.  
Tab le  I also shows the  ac tua l  e lectr ical  ou tpu t  of 
each cell  as wel l  as tha t  po r t ion  of the  ou tpu t  i n  
e q u i v a l e n t  a m p e r e  m i n u t e s  t ha t  can be accounted  
for by  the f o r ma t i on  of Mn(OH)~.  The  a m p e r e  
m i n u t e  ou tpu t  which  m u s t  therefore  be associated 
wi th  a change  in  composi t ion  of the  inso lub le  res i -  
due is l isted. Tab le  II  also shows the composi t ions  of 
these cathode residues.  Tab le  III  combines  the  da ta  
of Tab les  I a nd  II  a n d  shows the  a m o u n t  of f ree  
MnO~ consumed  per  ampere  m i n u t e  for tha t  por t ion  
of the  ou tpu t  associated w i t h  the  f o r m a t i o n  of the  
in so lub le  cathodic product .  The  va lues  ob ta ined  are  
ca lcu la ted  on the a s sumpt ion  tha t  on ly  a s ingle  i n -  
soluble  reac t ion  p roduc t  is fo rmed  in  each case. By 
compar i son  of these  va lues  w i th  the  a m o u n t s  of 
MnO8 consumed  per  ampere  m i n u t e  for the  r educ -  
t ion  to the var ious  lower  oxides, some he lp fu l  cor-  
re la t ions  m a y  be found.  Thus,  in  reac t ion  [2] 0.0405 
g MnO~ is r equ i r ed  per  a m p e r e  m i n u t e  to fo rm Mn~O,. 
S i mi l a r l y  0.027 g MnO~ ( reac t ion  [1 ] )  a nd  0.054 g 
MnO~ are needed  per  a m p e r e  m i n u t e  to form Mn 
(OH)~ and  Mn.~O,, respect ively .  

F igu re  3 shows the  a m p e r e  m i n u t e s  per  g r am of 
free MnO2 lost  b y  the  res idue  p lo t ted  aga ins t  the  
a m p e r e  m i n u t e  ou tpu t  associated w i t h  this  res idue  
t a k e n  f rom the  last  two  co lumns  in  the  second pa r t  
of Tab le  III.  The  va lues  fal l  on a smooth  curve  
wh ich  approaches  the  va lue  of 0.0405 charac ter i s t ic  
of reac t ion  [2].  However ,  the  th ree  i n t e r m e d i a t e  
va lues  for cells 2, 2a, and  3 fal l  too close to one 
ano the r  to a t t r i b u t e  to e x p e r i m e n t a l  er ror .  One  
poss ib le  cathodic reac t ion  t ha t  gives a va lue  ap -  
proaching these po in ts  is the  fo l lowing:  

4MnO~ + 2K + 2e + H~O--> Mn~O7 + 2KOH [3] 

This  reac t ion  consumes  0.108 g M n O J a m p  m i n  
which  is no t  too far  f rom the  0.112 g / a m p  m i n  ob-  
t a ined  f rom cell 2. 

F r e e  MnO2 i s  t h e  a m o u n t  of  MnO~ in  t h e  d e p o l a r i z e r  a v a i l a b l e  
to  r e a c t  e l e c t r o c h e m i c a l l y .  
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Fig. 4. Relationship between the proport ion of d ivalent  man- 
ganese found in the cathodic reaction product and the last 
cell voltage reading. 

D a t a  for  cel l  6, s h o w n  in  Tab l e s  I, II ,  a n d  III ,  
d i f fer  s o m e w h a t  f r o m  t h a t  for  ce l ls  1 to 5. A l o w e r  
d i s c h a r g e  c u r v e  for  cel l  6 is s h o w n  in Fig .  1, a n d  i t  
w i l l  be  n o t e d  t h a t  t he  c losed  c i r cu i t  v o l t a g e  of th i s  
un i t  fe l l  to 0.63 v a t  t h e  t i m e  the  t es t  was  t e r m i -  
na ted .  The  l o w e r  v o l t a g e  of cel l  6 p r o b a b l y  is t he  
r e s u l t  of  t he  s m a l l e r  q u a n t i t y  of d e p o l a r i z e r  con -  
t a i n e d  in t he  un i t  as  s h o w n  in t he  t ab les .  W h e n  the  
a m o u n t  of  t he  cel l  o u t p u t  r e p r e s e n t e d  b y  the  d i v a -  
l en t  m a n g a n e s e  r e m o v e d  f r o m  the  ca thode  is p l o t t e d  
on Fig.  3, t h e  p o i n t  is s o m e w h a t  l o w e r  t h a n  the  
c u r v e  g iven  b y  the  d a t a  of cel ls  1 to  5. A t  th is  t i m e  
i t  a p p e a r s  t h a t  t he  fac t  t h a t  t he  d i s c h a r g e  p r o g r e s s e d  
r e l a t i v e l y  so m u c h  f a r t h e r  in  cel l  6 t h a n  in  cel ls  1 
to 5 is p r o b a b l y  r e s p o n s i b l e  for  th is  s i tua t ion .  A d d e d  
ev idence  to th i s  v i e w p o i n t  is g iven  b y  Fig.  4 w h e r e  
t h e r e  is a s h a r p  b r e a k  in  t h e  c u r v e  r e l a t i n g  Mn ~ as  
a p e r  cen t  of t o t a l  o u t p u t  to t he  l a s t  c losed  c i r cu i t  
v o l t a g e  r e a d i n g .  

F r o m  a c o n s i d e r a t i o n  of t he  r e su l t s  of these  a n a l -  
yses  of t he  ca thode  res idues ,  i t  is c o n c l u d e d  t h a t  
t he  i n t e r m e d i a t e  ox ide  is p r o b a b l y  MraOT. H o w e v e r ,  
t he  e v i d e n c e  w e  h a v e  p r e s e n t e d  fo r  t h e  ex i s t ence  of 
th is  m a n g a n e s e  ox ide  needs  f u r t h e r  conf i rmat ion .  
The  fac t  t h a t  i t  is c a t h o d i c a l l y  r e d u c e d  to 1ViraO, is 
no t  u n k n o w n  w i t h  o t h e r  m a n g a n e s e  oxides .  F o r  e x -  
ample ,  Mn..O,. H20 w h e n  used  as t he  sole d e p o l a r i z e r  
in  e x p e r i m e n t a l  cel ls  s i m i l a r  to t hose  u sed  in  t h e s e  
tes t s  is e l e c t r o c h e m i c a l l y  r e d u c e d  to M n ( O H ) 2  a n d  

September 1959 

MnsO, s i m u l t a n e o u s l y .  On the  o the r  hand ,  Mn~O, on 
r e d u c t i o n  y ie lds  o n l y  Mn (OH)~. 

The  iden t i f i ca t ion  of t he  i n s o l u b l e  ca thod ic  p r o d -  
uc t  m a y  also be  s t u d i e d  b y  x - r a y  d i f f r ac t ion  m e t h o d s  
s ince  m a n y  ox ides  of m a n g a n e s e  possess  c h a r a c t e r -  
i s t ic  p a t t e r n s .  The  diff icul t ies  i n h e r e n t  in  a p r e c i s e  
c o m p a r i s o n  of  a poss ib l e  m i x t u r e  of m a n g a n e s e  
ox ides  a r e  we l l  r ecognized .  H o w e v e r ,  t h e  r e s u l t s  of  
such  a s t u d y  of ten  y i e l d  v a l u a b l e  p r i m a r y  a n d  con-  
f i r m a t o r y  ev idence  fo r  t he  ex i s t ence  of  a p a r t i c u l a r  
sol id  p h a s e  a n d  t h e r e b y  i n d i c a t e  t he  r e a c t i o n  b y  
w h i c h  i t  m a y  h a v e  b e e n  fo rmed .  A close  e x a m i n a -  
t ion  of Fig.  5 s h o w i n g  the  a c t u a l  d i f f r ac t ion  p a t t e r n s  
of t he  i n s o l u b l e  r e s idues  f r o m  t h e  e x p e r i m e n t a l  
cel ls  shows  some  r a t h e r  s t a r t l i n g  d i f ferences .  The  
o r i g i n a l  e l e c t r o l y t i c  MnO~ is a t y p i c a l  g a m m a  s t r u c -  
t u r e  w i t h  t he  c h a r a c t e r i s t i c  g a m m a  " h u m p "  a n d  
a d d i t i o n a l  c h a r a c t e r i s t i c  l ines .  F r o m  Fig .  5 i t  is 
e v i d e n t  t h a t  t he  s h a p e  of t h e  g a m m a  h u m p  changes  
d u r i n g  t h e  cel l  d i s c h a r g e  f r o m  a r o u n d e d  to a n e a r e r  
s q u a r e  s h a p e  w i t h  a w i d e r  ba se  and  in t h e  l a s t  p a t -  
t e r n  i t  a lmos t  d i s a p p e a r s .  The  cha r t s  g iven  in  Fig .  5 
i n d i c a t e  t h a t  each  of t he  s o - c a l l e d  g a m m a  h u m p s  
a re  t o p p e d  b y  a n u m b e r  of  s m a l l  p e a k s  l oca t ed  a t  
specific "d"  va lues .  I t  cou ld  be  i n t e r p r e t e d  t h a t  t he  
g a m m a  h u m p  i t se l f  is on ly  t he  r e s u l t  of t h e  n e a r  
co inc idence  of t he se  specific p e a k s  and  m a n y  p e a k s  
of l e s se r  i n t e n s i t y  w h i c h  a r e  i n t e r s p e r s e d  a m o n g  
them.  A t t e n t i o n  is d r a w n  to a c o m p a r i s o n  of t h e  "d"  
v a l u e s  f r o m  3.0 to 6.0 for  t he  s ix  d i f f r ac t ion  p a t t e r n s .  
I n  t r y i n g  to c o m p a r e  such p a t t e r n s ,  c o n s i d e r a b l e  
ca re  m u s t  be  t a k e n  to  avo id  m i s i n t e r p r e t i n g  r a n -  
dom v a r i a t i o n s  in  t h e  b a c k g r o u n d  coun t ing  r a t e  o r  
i n s t r u m e n t a l  h u n t i n g  as a c t u a l  b u t  s m a l l  i n d i v i d u a l  
peaks .  H o w e v e r ,  t h e  r e m a r k a b l e  r e g u l a r i t y  s h o w n  
in t he  "d"  va lue s  of t h e  specific l ines  w h i c h  occur  in  
s e v e r a l  of t he  g a m m a  h u m p  p a t t e r n s  in  Fig .  5 
s t r o n g l y  sugges t  t h e  p r e d o m i n a n t  p e a k s  could  r e p -  
r e s e n t  t r u e  d i f f r ac t ion  l ines .  

Fig. 5. X-ray di f f ract ion patterns of insoluble cathode prod- 
ucts at  various levels of discharge. 
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Table IV. D values of x-ray diffraction patterns of MnO~ shown in Fig. 5 

749 

E l e c t r o l y t i c  
MnO~ 

d I 

Cel l  1 Cel l  2 Cel l  3 Ce l l  4 Cel l  6 

d I d I d I d I d I 

5.03 
4.90 
4.86 
4.25 
4.07 
3.97 
3.89 
3.81 
3.79 
3.69 
3.55 
3.37 
3.29 
3.09 
2.91 
2.78 
2.55 
2.49 
2.43 
2.41 
2.35 
2.32 
2.22 
2.13 
2.12 

6 4.77 5 6.00 7 4.69 3 4.62 5 4.90 13 
6 4.44 4 5.41 5 4.47 6-7 4.51 7 4.58 6 
8 4.30 4-5 5.12 5 4.44 5 4.21 9 4.12 6 
8 4.24 5 4.98 5 4.15 3 4.11 7 4.06 5 
8 4.12 5-6 4.54 7 4.12 10 4.09 5 4.00 6 
6 4.07 8 4.30 6-7 4.09 5-6 3.97 4 3.81 6 
5 4.02 5 4.12 4-5 4.00 4 3.81 4 3.74 6 
6 3.92 5 4.07 10 3.95 4 3.74 7 3.65 8 
8 3.82 4 3.97 10-11 3.79 7 3.51 7 3.58 7 
4 3.74 3 3.92 10 3.76 11 3.49 8 3.51 8 
5 3.65 9 3.84 8-9 3.69 7 3.45 9 3.49 8 
6 3.62 3 3.76 5 3.65 6 3.35 4 3.45 7 
3 3.60 3 3.67 6 3.58 6 3.26 7 3.37 4 
4 3.53 5 3.65 6 3.51 6 3.13 5 3.31 3 
4 3.51 7 3.60 7 3.49 5 3.02 7 3.27 7 
5 3.49 7 3.51 5 3.41 4 2.84 4 3.08 14 
4 3.45 6 3.49 5 3.37 3 2.75 6 3.03 14 
3 3.43 7 3.41 5 3.29 6 2.71 4 2.97 4 

15 3.35 2 3.29 5 3.17 5 2.69 4 2.87 15 
14 3.29 6-7 3.24 6 3.03 4 2.65 4 2.78 18 
5 3.24 5 3.20 4 2.97 4 2.58 5 2.69 18 
3 3.13 6 3.12 5 2.84 4 2.54 5 2.48 47 
4 3.02 3 3.00 4 2.76 6 2.49 9 2.35 5 

18 3.00 3 2.86 5 2.71 4 2.46 14 2.31 5 
18 2.91 3 2.84 5 2.61 5-6 2.44 15 2.27 7 

2.79 5 2.76 6 2.60 5-6 2.39 8 2.19 7 
2.71 6 2.73 5-6 2.48 7-8 2.33 5 2.14 7 
2.69 2-3 2.68 5 2.44 17 2.28 5 2.11 7 
2.55 5 2.63 8 2.43 17 2.15 18 2.04 16 
2.51 3 2.42 16 2.41 15 2.02 14 
2.42 13 2.33 5 2.28 5 
2.40 13 2.18 5 2.18 7 
2.35 7 2.13 16 2.15 15 
2.28 5 2.12 21 2.14 18 
2.22 5 2.10 5 
2.18 5 2.04 7 
2.15 7 
2.13 18 

N o t e :  I i n d i c a t e s  t h e  r e l a t i v e  i n t e n s i t y  of  t h e  l ines  a n d  is  a m e a s u r e  of  t h e  h e i g h t  o f  d i v i s i o n s  a b o v e  t h e  b a c k g r o u n d .  

I t  seems clear  f r o m  Fig. 5 t h a t  the r e l a t i v e l y  
s imple  diffract ion p a t t e r n  of the  o r ig ina l  e lec t ro ly t ic  
MnO~ becomes m u c h  more  complex  as the  d ischarge  
proceeds.  I t  is qu i t e  easy to iden t i fy  the  m a j o r  n e w  
componen t  in  cell  6, wh ich  was  d i scharged  to the  
lowest  voltage,  as Mn~O,. The re  is some ev idence  of 
the  charac ter i s t ic  d i f f ract ion p a t t e r n  l ines  of this  
m a t e r i a l  in  the  char t  for cell 4 also, thus  i nd i ca t ing  
tha t  Mn~O, beg ins  to fo rm af ter  the  cell reaches  the  
0.9-1.0 v level .  However ,  i t  is i n  the  i n t e r m e d i a t e  
r ange  of d ischarge  t ha t  the  rea l  ques t ion  arises as 
to w h a t  inso lub le  cathodic  p roduc t  is present .  

In  v i ew  of the  c rys ta l lograph ic  difficulties i n -  
vo lved  in  i n t e r p r e t i n g  the  signif icance of the  g a m m a  
b a n d  in  the  p a t t e r n  of e lec t ro ly t ic  MnO~, i t  seems 
u n w i s e  to a t t e m p t  to ass ign exact  d i f f ract ion spac-  
ings to the  n e w  phase  which  developed d u r i n g  the  
cell discharge.  More  ex tens ive  da ta  wou ld  be r e -  
qu i red  to es tab l i sh  the  presence  of such a n e w  
phase.  Therefore ,  a t t en t i on  is d r a w n  to the  fact  t ha t  
a group of di f f ract ion l ines  appears  i n  the  "d" v a l u e  
reg ion  of 3.7 to 3.3 wh ich  could be associated w i t h  
the  p resence  of the  i n t e r m e d i a t e  oxide t e n t a t i v e l y  
des igna ted  Mn~O~. Added  emphas is  to this  gene ra l  
po in t  of v i ew  is f u r n i s h e d  by  the  fact  tha t  some of 

these  dif f ract ion l ines  become reduced  in  i n t ens i t y  
as the  d ischarge  proceeds a nd  Mn~O4 is formed.  A n  
a l t e r n a t i v e  e x p l a n a t i o n  of these  n e w  diff ract ion 
l ines  wou ld  be t ha t  t hey  m i g h t  r e p r e se n t  a solid 
so lu t ion  of ce r t a in  r educed  m a n g a n e s e  compounds  
in  m a n g a n e s e  dioxide.  No conclus ive  ev idence  for 
solid solut ions  of m a n g a n e s e  oxides in  Leclanch~ 
d r y  cells has b e e n  pub l i shed  a l though  the  concept  
of a solid so lu t ion  has b e e n  suggested in  the  absence  
of def ini t ive  data.  

Pe rhaps  the  mos t  comple te  ana lys i s  of the  x - r a y  
diffract ion p a t t e r n s  of g a m m a  MnO~ is t ha t  of Cole, 
Wadsley,  a nd  W a l k l e y  (4) who pos tu la te  gamma,  
g a m m a  I, a nd  g a m m a  II  var ie t ies .  The i r  ana lys i s  of 
the  g a m m a  I type,  e lec t ro ly t ic  MnO~, gives on ly  
the  3.94, 2.57, 2.41, 2.33, 2.11, 1.62, 1.41, and  1.37 
l ines.  The 3.94 l ine  a p p a r e n t l y  refers  to the  peak  of 
the g a m m a  b a n d  m e n t i o n e d  ea r l i e r  in  this  paper .  
F r o m  the  da ta  p resen ted  in  Fig. 5 and  Tab le  IV, 
t he re  seems to be no  ind i ca t ion  t h a t  a change  f r o m  
the  e lect rolyt ic  MnO~ to e i ther  of the  o ther  phases  
descr ibed  by  Cole, Wadsley ,  a n d  W a l k l e y  occurs in  
the  d ischarge  of the  e x p e r i m e n t a l  cells. The  diffrac-  
t ion  spacings  p r e se n t e d  in  this  pape r  do no t  conform 
wi th  a ny  of the  p a t t e r n s  of r educed  m a n g a n e s e  
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Table V. X-ray diffraction patterns for MnO~ reduction by-products 

Mn2Os 7-MnsO3 Mn2OaI-I20 Mn~OaI-IsO MnOx.~ Mn304 M~O4 ~ n x O Y  HMnO2 

3.86 10 4.93 
2.72 100 3.08 
2.35 10 2.74 
2.01 20 2.48 
1.84 30 2.39 
1.66 90 2.03 
1.45 20 1.83 
1.42 60 1.79 
1.39 20 1.59 
1.35 10 1.55 
1.28 10 
1.19 5 
1.18 10 
1.16 10 
1.14 10 

40 3.40 100 3.40 100 6.99 25 4.86 
60 2.64 60 2.63 60 4.91 25D 3.05 
70 2.53 5 2.53 40 3.99 10D 2.87 

100 2.41 20 2.41 70 3.502 10D 2.74 
40 2.28 50 2.26 40 3.132 75D 2.47 
20 2.23 5N 1.77 50 2.755 10D 2.34 
30 2.20 5 1.71 40 2.392 100 2.02 
20 1.783 20 1.68 70 2.152 75D 1.812 
30 1.708 40 1.64 20 2.086 10D 1.779 
60 1.672 30 1.50 40 1.633 25 1.689 

1.636 40 1.44 40 1.542 50D 1.629 
1.502 20 1.425 50 1.571 
1.437 30 1.368 25D 1.537 
1.326 10 1.358 25D 1.462 
1.297 10 1.348 25D 1.434 
1.256 5 1.405 
1.24 20S 1.378 
1.21 20S 1.340 
1.183 10 1.323 
1.162 19 1.238 
1.139 40 1.226 
1.116 20 1.215 
1.10 20S 1.189 
1.08 20S 1.175 
1.029 30 1.142 
1.01 - - S  1.128 
0.993 10 1.095 
0.932 20S 1.075 
0.890 20S 1.053 
0.878 20S 
0.867 20S 
0.860 20S 
0.835 20S 

Mineralogical Bixbyite Mangani te  
designation 

70 5.10 80 5.1 20 5.36 10 
50 3.09 20 4.39 100 4.17 100 
20 2.63 100 4.12 100 3.462 10-20 
90 2.51 15 3.34 20 2.798 60 

100 2.17 15 2.46 100 2.675 60 
50 1.77 10 2.35 50 2.524 10 
60 1.67 20 2.06 35 2.369 60 
10 1.53 18 1.74 50 2.303 50 
50 1.62 50 2.210 20 
20 1.58 35 2.008 10 
15 1.50 20 1.957 5 
60 1.30 20 1.932 10 
80 1.27 35 1.798 5 
10 1.763 20 
50 1.732 10 
10 1.692 50 
10 1.603 40 
20 1.559 0 
30 1.515 30 
10 1.465 10 
30 1.448 10 
10 1.435 20 
30 1.398 10 
30 1.367 5-10 
10 1.345 10 
40 1.304 5 
10 1.286 10 
50 1.281 10 
30 1.267 10 

1.258 10 
1.220 10 
1.212 10 
1.202 10 
1.153 20 
1.134 10-20 

Ref: McMurdie & Ref: Cowley & 1.107 10 
Golovato, J.  Res. Walkley,  Nature ,  
Nat. Bur. Stds., 161, 173 (1948) 1.086 5 
41, s89 (1948} 1.077 5 

1.068 30 
Ref: Gruener ,  Am.  Min., 32, 654 (1947} 

Hausmanni te  Groufite 

compounds  as shown  in  Tab le  V which  a re  possible  
p roduc t s  u n d e r  the condi t ions  used for test ing.  
These compounds  inc lude  m a n g a n i t e ,  Mn~O~r-I20, 
b ixbyi te ,  Mn~O., and  grout i te ,  MnOOH (5) .  

Conclusion 
A m e c h a n i s m  for  the  e lec t rochemica l  r educ t ion  of 

e lec t rolyt ic  m a n g a n e s e  d ioxide  in  s t rong ly  a l k a l i n e  
e lect rolytes  is proposed wh ich  consists  of the  severa l  
steps l i s ted  below. 

Step / . - - T h e  m a n g a n e s e  dioxide is e l ec t rochemi-  
ca l ly  reduced  accord ing  to the  two fo l lowing  r e -  
act ions which  occur s imu l t aneous ly :  

4MnO~ + 2K § + 2e + H~O -* Mn407 + 2KOH 

MnO~ ~- 2K + + 2 e  + 2H~O ~ Mn(OH)~  -~ 2KOH 

Step 2 . - - T h e  i n t e r m e d i a t e  inso lub le  oxide p roduc t  
fo rmed  in  Step 1 t h e n  becomes the  depola r ize r  
wh ich  is e l ec t rochemica l ly  r educed  b y  the  fo l lowing  
two react ions :  

3Mr~O~ ~- 10K § ~ 10e -~ 5H~O-->4Mn~O4 -b 10KOH 

Mn40~ + 6K + ~ 6e + 7H~O-*4Mn(OH)~ -b 6KOH 

Step 3 . - - T h e  inso lub le  p roduc t  of the  second step 
t hen  becomes  the  depolar izer  and  is e l ec t rochemi-  
ca l ly  reduced  in  this  m a n n e r :  

Mn,  O4 -k 2K* ~- 2e -~ 4H,O--> 3Mn(OH)~  -~ 2KOH 

Step 1 occurs d u r i n g  the first p a r t  of the  d ischarge  
whi le  the  w o r k i n g  vol tage  fal ls  f rom the  in i t i a l  
va lue  of 1.46 to 1.20. Step 2 a p p a r e n t l y  opera tes  in  
the  w o r k i n g  vol tage  r a n g e  of f rom 1.20 to 0.95. 
Step ~ occurs i n  the  r ange  be low 0.95 v to the  com- 
ple te  r educ t ion  of the  oxide to Mn(OH)~.  Much  of 
this  las t  pa r t  of the  d ischarge  of ten  occurs at  a 
w o r k i n g  vol tage  of 0.4-0.5 v or lower.  

Manuscr ipt  received March 10, 1959. This paper  was 
prepared for del ivery before the Ottawa Meeting, Sept. 
28-Oct. 2, 1958. 

Any  discussion of this paper  will  appear in  a Discus- 
sion Section to be published in the June  1960 JOURNAL. 
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High-Temperature Reaction Rates of Several Metals 
with Hydrogen Chloride and Water Vapor 

M i l t o n  Farber  

Research Laboratories, Rocket Power Inc., Pasadena, California 

ABSTRACT 

An  exper imenta l  s tudy has been made of the h igh- tempera tu re  react ion 
rates of various metal  filaments with HC1 and H~O vapors and mixtures  of the 
two. Measurements  were made by an electrical method in  which the change 
in resistance of the metal  f i lament was related to the loss in  pure metal  due to 
the vapor-meta l  reaction. Measurable reaction rates were determined for both 
nickel  and i ron in  a tempera ture  range from 1000 ~ to 1600~ Specific react ion 
rate constants and apparent  activation energies are presented.  The reaction 
rates of tungs ten  wi th  H~O vapor  were measured in  a tempera ture  range from 
1600 ~ to 2000~ The reaction rates of chromium, Inconel, stainless, steel 18-8, 
and tungs ten  did not  proceed at a measurable  rate in  ei ther pure HC1 or in  
mixtures  of HC1 and H~O. Nickel, copper, Inconel, and stainless steel 18-8 did 
not react appreciably with water  vapor at temperatures  approaching the melt-  
ing points. The reaction rate~ for i ron in pure  HC1 var ied from 0.03 to 0.04% 
area loss per second over the tempera ture  range investigated with an apparent  
activation energy of 10.5 kcal/mole.  The react ion rates of i ron in  mixtures  of 
HC1 and H~O var ied from 0.08 to 0.17% area loss per second in  the same tem- 
perature  range with an apparent  activation energy of 8.5 kcal/mole.  Reaction 
rates of nickel in pure HC1 varied from 0.005 to 0.03% area loss per  second in 
the tempera ture  range of 1000 ~ to 1600~ wi th  an apparent  act ivat ion energy 
of 13 kcal/mole.  The reaction rates of nickel  in the HC1 and H..O mixtures  
varied from 0.004 to 0.03% area loss per  second in  the same tempera ture  range 
with an apparent  act ivat ion energy of 22 kcal /mole  below 1300~ and 13 
kcal /mole  above this temperature.  Reaction rates of i ron in H~O vapor varied 
from 0.002 to 0.05% area loss per  second f rom 1120 ~ to 1415~ with an activa- 
t ion energy of 28 kcal/mole.  Reaction rates of tungs ten  in H~O vapor varied 
from 0.02 to 0.03% area loss per  second from 1700 ~ to 2000~ with an activation 
energy of 14.5 kcal/mole.  

In  the  field of h i g h - t e m p e r a t u r e  reac t ions  of gases 
and  metals ,  r eac t ion  ra tes  are  m e a s u r e d  in  t e rms  of 
seconds as compared  to days  and  years  for reac t ions  
b e t w e e n  me ta l s  and  gases a t  c o n v e n t i o n a l  t e m p e r a -  
tures .  This  pape r  is the  th i rd  in  a series of i nves t i -  
gat ions  of the  r eac t ion  ra tes  of severa l  meta l s  w i t h  
the  combus t ion  p roduc t s  of chemica l  p rope l lan t s .  
P rev ious  papers  (1, 2) inc lude  the  s tudy  of severa l  
meta l s  w i th  H~S, SOs, and  NO at  a t e m p e r a t u r e  r a nge  
f rom 1000~176 

Conce rn ing  the  reac t ions  of me ta l s  w i th  HC1 some 
prev ious  work  of a qua l i t a t i ve  n a t u r e  has b e e n  r e -  
por ted.  A few inves t iga to rs  have  s tud ied  this  r eac -  
t ion  by  a l lowing  the  me ta l  to r e m a i n  in  the  tIC1 
a tmosphe re  for a per iod  of t ime  and  ob t a in i ng  the  
corros ion ra te  by  the  loss in  we igh t  of the  m e t a l  
(3, 4).  Brown ,  DeLong,  and  A u l d  (5) s tud ied  the  
corrosion ra tes  of nickel ,  p l a t i n u m ,  gold, Inconel ,  
s ta inless  steel, Monel ,  copper,  i ron,  and  severa l  
n icke l  and  c h r o m i u m  alloys in  d ry  HC1 and  also in  a 
m i x t u r e  of tIC1 c o n t a i n i n g  0.2% H~O. T h e y  f ound  
tha t  n e a r l y  al l  the  meta ls ,  w i th  the  excep t ion  of gold 
and  p l a t i n u m ,  are corroded qu i t e  r ead i ly  at  f a i r ly  
low t e m p e r a t u r e s  and  tha t  the  add i t ion  of the  w a t e r  
vapo r  increases  the  corros ion r a t e  on ly  s l ight ly .  

W h e n  a m e t a l  is corroded in  an  a tmosphe re  of 
e i ther  d ry  or we t  h y d r o g e n  chloride,  the  r eac t ion  

products  are  u s u a l l y  the  me t a l  chlor ide a nd  h y d r o -  
gen  as: 

M + HC1 = MC1 + ~zH2 

I n  the  p resence  of w a t e r  vapor  the  reac t ion  can  
become qu i t e  compl ica ted  because  of the  possible  
f o r ma t i on  of o ther  compounds  of the  me t a l  besides  
the  chloride.  

The  dissocia t ion of w a t e r  to H2 a n d  OH rad ica l s  is 
less t h a n  1% at  t e m p e r a t u r e s  be low 2000~ whi le  

,.oo ~ . . ~  ~ - - . - - -  oey (~,ct A,o s r ~ * ) . . . i  
�9 ~. ~r (5~;ect. ~,2o. A,, s,~^) 

% . 

\ % - 
< 0.8~ 

O. TI 

O 30 60 90 120 150 180 210 240 
Tl~ (SEe) 

Fig. 1. Corrosion rate of Fe with dry and wet HCl vs. time 
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Fig. 2. Corrosion rote of Fe with dry and wet HCI os func- 
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Fig. 3. Corrosion rote of Ni with dry ond wet HCI vs. t ime 
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Fig. 4. Corrosion rote of Ni with dry and wet HCI as func- 
tion of I /T.  

the  dissociat ion of w a t e r  to O~ and  H~ does no t  be -  
come apprec iab le  be low 3000~ 

E x p e r i m e n t a l  P r o c e d u r e  

The  au tho r  ( i ,  2) has  p r ev ious ly  emp loyed  the  
me thod  p re sen t ed  in  this  pape r  for  m e a s u r i n g  the  
reac t ion  ra tes  of var ious  meta l s  w i th  H~S, SO~, a nd  
NO and  the  appa ra tu s  has been  described.  Garne r ,  
Gray,  and  S tone  (6) s tud ied  the  reac t ion  ra te  of 
copper w i t h  oxygen  by  m e a s u r i n g  the  increase  in  r e -  
s is tance of a copper fi lm wh ich  was  p l a t ed  on  the  
wal l s  of a glass bulb .  Wi l son  (7) and  Hudson  (8) 
s tud ied  corrosion ra tes  b y  m e a s u r i n g  the  change  in  
e lec t r ica l  conduc t iv i ty  of flat me t a l  strips.  The  
me thod  employed  here  and  descr ibed  in  de ta i l  ea r l i e r  
(1) is concerned  wi th  the  m e a s u r e m e n t  of the  
change  in  res i s tance  of a me ta l  f i l ament  (hot  wi re )  
of 0.010 in. d i a m e t e r  in  a corrosive  med ium .  S ince  
the  corros ion ra te  is ob t a ined  d i rec t ly  f rom the  r e -  
s is tance change,  a record ing  m e c h a n i s m  is necessa ry  

Table I. Initial reaction rates of Fe and Ni with dry and wet  HCI 

k, % area 
Metal  T, ~ ( I /T)  x 104 ~ s s / s e c  

Gas m ~ t u r e :  95% argon and 5% HC1 

Iron 1127 8.87 0.037 
1184 8.44 0.042 
1198 8.34 0.053 
1222 8.18 0.064 
1300 7.69 0.068 
1305 7.66 0.083 
1388 7.20 0.087 

Nickel 1060 9.44 0.0053 
1140 8.76 0.0073 
1146 8.73 0.0073 
1195 8.37 0.0087 
1210 8.27 0.0113 
1313 7.61 0.0153 
1330 7.52 0.0173 
1355 7.38 0.0213 
1373 7.28 0.0213 
1419 7.07 0.0260 
1486 6.73 0.0260 
1550 6.48 0.0320 

Gas m ~ t u r e :  91% argon,  5% HC1, and  4% I-~O 

Iron 1105 9.05 0.075 
1186 8.43 0.092 
1274 7.84 0.122 
1335 7.49 0.142 
1444 6.93 0.172 

Nickel 1115 8.97 0.0042 
1154 8.67 0.0050 
1162 8.60 0.0067 
1167 8.57 0.0042 
1231 8.12 0.0080 
1233 8.11 0.0092 
1241 8.05 0.0108 
1255 7.97 0.0075 
1283 7.80 0.0150 
1299 7.70 0.0167 
1333 7.50 0.0233 
1340 7.47 0.0250 
1347 7.42 0.0208 
1354 7.38 0.0192 
1355 7.38 0.0208 
1360 7.35 0.0233 
1391 7.19 0.0283 
1445 6.92 0.0333 
1460 6.85 0.0325 
1528 6.55 0.0367 
1543 6.48 0.0308 
1543 6.48 0.0375 
1578 6.33 0.0358 
1608 6.22 0.0341 

to ind ica te  the c u r r e n t  and  vol tage  across the  fi la- 
ment .  The  a r r a n g e m e n t  of the  e q u i p m e n t  used to 
conduct  ra te  e x p e r i m e n t s  has b e e n  descr ibed p re -  
v ious ly  (2) .  

I n  order  to ob ta in  u n i f o r m  corrosion of the  wire,  
it is necessa ry  to use f i laments  which  have  been  ac-  
cu ra t e ly  m a c h i n e - d r a w n .  Thus,  hot  spots can  be 
e l im ina t ed  and  cons is ten t  b u r n o u t  t imes  obta ined ,  
j u s t i f y ing  the res i s tance  m e t h o d  for m e a s u r i n g  cor-  
ros ion rates.  

Theore t ica l  corrosion ra te  l aws  have  been  der ived  
(2) for  these  cy l indr i ca l  wires.  These  r e su l t ed  in  the  
fo l lowing  ra te  laws for 
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parabol ic  

~ 2~rkt 21rkt 
A / A o  = 1 --  2 A------j-- .-k Ao [1] 

r ec t i l i nea r  

A / A o  = 1 --  2 ( ~ / A o ) l / 2 k t  ~- ~/Aok~t ~ [2] 

logar i thmic  

A / A o  : 1 --  2 ( v /Ao ) l / S ln  ( l ~ - k t )  ~- ~/Ao in  (1-~kt)  ~ 
[3] 

The  resu l t s  ob ta ined  for the  meta l s  s tudied  y ie ld  
an  e x p e r i m e n t a l  ra te  l aw of 

A / A o  ~ 1 - -  k /100 t 

where :  A is the  cross-sec t ional  a rea  of wi re  r e m a i n -  
ing  at t ime  t, Ao is the  in i t i a l  a rea  of wire,  and  k is 
per  cent  area  change  per  second. 

This  express ion  is s imi la r  to the  logar i thmic  ra t e  
l aw for t h i n  coat ings and  also to the  r ec t i l i nea r  ra te  
law for in i t i a l  corrosion,  w h e r e i n  the  th i rd  t e r m  is 
smal l  compared  to the  second. 

I t  was  shown in  the  p rev ious  papers  (1, 2) t ha t  
the  conduc t iv i ty  of oxide coat ings was  neg l ig ib le  in  
compar i son  to tha t  of the  pu re  me t a l  even  at h igh  
t e m p e r a t u r e s  (9) .  However ,  i n  the  case of the  chlo-  
rides,  me t a l  chlor ides  a re  u sua l l y  in  the  vapor  phase  
at  the t e m p e r a t u r e s  in  ques t ion  and  the surface  r e -  
ma in s  essen t ia l ly  c lean  d u r i n g  the  course of the  ex -  
pe r imen t .  

The  effect of the  so lub i l i ty  of the  gases on the  r e -  
s is tance of the  me t a l  f i laments  inves t iga ted  was  
neg l ig ib le  since the re  was  no d i scern ib le  change  in  
the i r  res i s tance  at  t e m p e r a t u r e s  jus t  be low the  po in t  
of corrosion.  However ,  it was no t  possible to s tudy  
the  corros ion ra tes  of meta l s  such as z i r con i um or 
t i t a n i u m  because  the  so lub i l i ty  of oxygen  and  n i t r o -  
gen changed  the i r  res is t iv i t ies  to such an  e x t e n t  t ha t  
the  change  in  res i s tance  due to corrosion could no t  
be  measured .  

R e s u l t s  

Reac t ion  Ra tes  of  Meta ls  w i t h  HC1 

Reac t ion  ra tes  oy iron w i t h  H C l . - - C o r r o s i o n  ra tes  
of i ron  were  inves t iga ted  in  bo th  d ry  HC1 (95% A -  

REACTION RATES OF 

Table II. ln i t ia l react ion rates of Fe and W w i t h  H~O 

k , % a r e a  
Metal  T, ~ ( I /T)  x 10 ~ l o s s / s e c  

Gas  m i x t u r e :  95% a r g o n  a n d  5% H20 

Iron 1122 8.91 0.0020 
1195 8.36 0.0070 
1202 8.31 0.0085 
1253 7.98 0.0105 
1280 7.81 0.0195 
1314 7.46 0.0260 
1415 7.06 0.0475 

Tungsten  1685 5.93 0.0170 
1780 5.61 0.0233 
1800 5.55 0.0185 
1860 5.37 0.0200 
1870 5.34 0.0194 
1965 5.08 0.0313 
1995 5.01 0.0313 

M E T A L S  W I T H  HC1 753 

5% HC1) a nd  wet  HC1 (91% A - 5 %  HC1-4% H~O) 
over  a r a nge  of t e m p e r a t u r e  f rom 1100 ~ to 1450~ 
The  resu l t s  of the  corrosion ra tes  are  shown as a 
f unc t i on  of t ime  in  Fig. 1. As m a y  be seen f rom this  
figure, the corrosion ra te  of i ron  in  the  we t  HC1 is 
s l igh t ly  fas ter  t h a n  in  the  d ry  HC1. This  fact  wou ld  
t end  to ind ica te  tha t  the p re sence  of w a t e r  speeds up  
the  react ion.  In  Fig. 2, the  l oga r i t hm of the  ra te  is 
p lo t ted  aga ins t  the  rec iprocal  of the abso lu te  t e m -  
pe ra tu re .  The  ac t iva t ion  energies  are 8.5 and  10.5 
kcal  for the  wet  a nd  the  d r y  HC1, respect ively .  The  
ra te  cons tan ts  as func t ions  of the  t e m p e r a t u r e  are  
g iven  in  Tab le  I. 

Reac t ion  ra tes  of  n i cke l  w i t h  H C I . - - T h e  corrosion 
ra te  of nickel ,  was  also inves t iga ted  in  bo th  d ry  and  
wet  HC1 m i x t u r e s  over  a t e m p e r a t u r e  r a nge  f rom 
1050 ~ to 1600~ The  ra tes  are g iven  in  Fig. 3. The  
corrosion of n icke l  wi th  d r y  HC1 shows a s l igh t ly  
h igher  ra te  t h a n  w i th  we t  HC1, p a r t i c u l a r l y  in  the  
lower  t e m p e r a t u r e  range ,  as can be seen f rom the  
plot  of the  l oga r i t hm of the  corrosion ra te  as a f u n c -  
t ion  of the  rec iproca l  of the  abso lu te  t e m p e r a t u r e  
shown in  Fig. 4. 

The  ac t iva t ion  ene rgy  for the  wet  HC1 is of the  
order  of 22 k c a l / m o l e  for t e m p e r a t u r e s  be low 
1300~ and  decreases to 13 k c a l / m o l e  above this  
t e m p e r a t u r e .  This  la t te r  va lue  is a p p r o x i m a t e l y  the  
same as for the  d ry  HC1 over  the  en t i re  t e m p e r a t u r e  
r a nge  covered. The ra te  cons tan ts  for  the  corrosion 
ra tes  of n icke l  in  bo th  d r y  and  we t  HC1 are g iven  in  
Tab le  I. The  ra tes  are of the  order  of a p p r o x i m a t e l y  
20% of those for i ron  in  the  same gas mix tu res .  
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Table I I I .  Activation energies and rote constants of several metals with reactive gases" 

5 %  H C 1 - 9 5 %  2, 

G a s  ( P r e s s u r e  = 1 a t m )  

5% H C I - 4 %  H 2 0 - 9 1 %  A 4% H 2 0 - 9 6 %  A 

Ea E6 ~ 
M e t a l  ( k c a l / m o l e )  a ( k c a l / m o l e )  a ( k c a l / m o l e )  

Fe 10.5 4.14 8.5 3.46 
(1120 to 1400~ (1180 to 1430~ 

Ni 13.0 2.34 21.6 69.4 
(1140 to 1540~ (1140 to 1300~ 

- -  - -  13.0 2.41 
(1300 to 1560~ 

W . . . .  

28 
(1030 to 1400~ 

14.5 
(1700 to 2000 ~ 

9.98 X 10 = 

1.25 

-Ea/R~ 
a E a  = a c t i v a t i o n  e n e r g y ;  a = e x p o n e n t i a l  c o n s t a n t ;  k = a e  
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Fig. 7. Corrosion rate of W with H=O vs. t ime 
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Reaction Rates of Several Metals wi th  Water Vapor 
Severa l  me ta l s  i nc lud ing  iron, t ungs t en ,  n ickel ,  

copper,  Inconel ,  and  s ta inless  steel  18-8 were  tes ted  
in  a gas m i x t u r e  c o n t a i n i n g  95% A and  5% I-I~O 
vapor .  I r o n  and  t u n g s t e n  were  the  on ly  meta l s  of the  
group  tha t  corroded at  a m e a s u r a b l e  r a t e  at  t e m -  
pe ra tu re s  approach ing  the  me l t i ng  points .  

Reaction rates of iron wi th  water vapor.--Corro- 
sion ra tes  of i ron  in  a m i x t u r e  of 95% A and  5% H~O 
vapor  were  m e a s u r e d  in  a t e m p e r a t u r e  r ange  of 
1100 ~ to 1400~ Corros ion  ra tes  a re  p lo t ted  aga ins t  
t i m e  in  Fig. 5. A plot  of the  l oga r i t hm of the  cor ro-  
s ion ra te  aga ins t  the  rec iproca l  of the  abso lu te  t e rn -  

p e r a t u r e  gives an  ac t iva t ion  e n e r g y  of 28 k c a l / m o l e  
(Fig. 6). The ra te  cons tan t s  k, which  are  l i s ted in  
Tab le  II, v a r y  f rom 0.0020 (% area  loss /sec)  at  
l 1 2 0 ~  to 0.047 at  1415~ 

Reaction rates of tungsten wi th  water vapor . - -The 
corrosion of W in  H~O does no t  become apprec iab le  
un t i l  t e m p e r a t u r e  of 1600~ is a t ta ined .  The  corro-  
s ion ra tes  of t u n g s t e n  in  a gas m i x t u r e  of 95% A and  
5% H~O vapor  were  m e a s u r e d  in  the  t e m p e r a t u r e  
r a nge  f rom 1685 ~ to 1995~ At  the  h igher  t e m p e r a -  
tu res  the  dissociat ion of H~O to H~ and  OH is in  the  
ne ighborhood  of 0.1%. The  curves  of corrosion r a t e  
vs. t ime  are shown  in  Fig. 7. The  plot  of the  loga-  
r i t h m  of the  r a t e  vs. 1/T gives an  ac t iva t ion  e n e r g y  
of 14.5 k c a l / m o l e  (Fig. 8). The  ra te  cons tan t s  l i s ted  
in  Tab le  III  v a r y  f rom 0.0170 (% area  loss /sec)  at  
1685~ to 0.0313 at  1995~ 

Manuscr ipt  received Aug. 9, 1957. Some of the lab-  
oratory work for this paper  was performed at the Jet  
Propulsion Laboratory,  California Inst i tute  of Tech- 
nology under  Contract No. DA-04-495-ORD 18, spon- 
sored by the Depar tment  of the Army, Ordnance Corps. 

Any  discussion of this paper  will  appear in  a Discus- 
sion Section to be published in the June  1960 JO,JR~AL. 
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ABSTRACT 

In the  active condition, corrosion of t i t an ium is control led  by  act ivat ion 
polar izat ion.  The meta l  presents  a surface wi th  a l o w  exchange cu r ren t  for  a 
va r i e ty  of e lec t rochemical  reactions.  Low exchange currents  a re  not  con- 
ducive to es tabl i shment  of passivi ty.  However ,  this  is overcome by  unusua l ly  
act ive cr i t ical  potent ia ls  for  passivi ty .  This accounts for  the ease wi th  which 
t i t an ium is pass iva ted  by  many  substances which  are  only s l ight ly  oxidizing.  I t  
also expla ins  the ease wi th  which  the me ta l  can be pro tec ted  anodica l ly  by  
galvanic  coupl ing to other  meta ls  and  alloys.  Anodic  deposi t ion of th ick t i -  
t an ium oxide films is observed under  some expe r imen ta l  conditions. 

The  m e c h a n i s m  of p a s s i v a t i n g - t y p e  i n h i b i t o r s  has  
been  d e s c r i b e d  (1)  so le ly  in t e r m s  of t he  k ine t i c s  of 
t he  v a r i o u s  e l e c t r o c h e m i c a l  p rocesses  w h i c h  occur ,  
w i t h o u t  t h e  neces s i t y  fo r  r e f e r e n c e  to t he  n a t u r e  of 
the  pa s s ive  film. The  e n v i r o n m e n t a l  p a r a m e t e r s  
w h i c h  a r e  p e r t i n e n t  to t he  a c h i e v e m e n t  of p a s s i v i t y  
a r e  t he  e x c h a n g e  c u r r e n t ,  T a f e l  s lope,  a n d  l i m i t i n g  
d i f fus ion  c u r r e n t  for  ca thod ic  processes .  P a s s i v i t y  is 
f a v o r e d  b y  h igh  v a l u e s  of e x c h a n g e  c u r r e n t  and  
l i m i t i n g  d i f fus ion  c u r r e n t  and  b y  low v a l u e s  for  t he  
Tafe l  slope.  The  i m p o r t a n t  p a r a m e t e r s  r e l a t e d  to 
the  m e t a l  a r e  t he  c r i t i ca l  anod ic  c u r r e n t  and  the  
c r i t i ca l  p o t e n t i a l  for  pas s iv i ty .  A low v a l u e  of c r i t i -  
ca l  anod ic  c u r r e n t  a n d  a r e l a t i v e l y  ac t i ve  c r i t i c a l  
p o t e n t i a l  f a v o r  pa s s iv i t y .  

T i t a n i u m  shows  a c t i v e - p a s s i v e  b e h a v i o r  s i m i l a r  
to s t a in l e s s  s tee l  e x c e p t  t h a t  i t  is no t  a f fec ted  a d -  
v e r s e l y  b y  c h l o r i d e  ion and  does  no t  e x h i b i t  t r a n s -  
pa s s ive  behav io r .  Th i s  w o r k  was  done  to o b t a i n  
d a t a  w h i c h  w o u l d  r e l a t e  the  anod ic  b e h a v i o r  of  Ti  
to t he  p a r a m e t e r s  of t e m p e r a t u r e  and  ac id  c onc e n -  
t r a t ion .  Such  i n f o r m a t i o n  shou ld  he lp  in u n d e r -  
s t a n d i n g  p a s s i v i t y  of Ti and  p e r m i t  m o r e  efficient  
use  of p a s s i v a t i n g  inh ib i to r s .  

Experimental Procedure 
Elec t rodes ,  g lass  cells ,  and  m e t h o d s  for  m e a s u r i n g  

p o t e n t i a l  w e r e  g e n e r a l l y  t h e  s a m e  as  those  r e p o r t e d  
e l s e w h e r e  (2)  e x c e p t  t h a t  anodic  p o l a r i z a t i o n  
m e a s u r e m e n t s  w e r e  c o n d u c t e d  w i t h  an  A n a l y t i c a l  
I n s t r u m e n t s  C o m p a n y  ~ po t en t i o s t a t ,  an  e l e c t r o -  
m e c h a n i c a l  device .  I t  w a s  n e c e s s a r y  to use  t he  s a m e  
m a t e r i a l  for  the  t es t  e l ec t rode  and  for  a p o t e n t i o s t a t  
r e f e r e n c e  e l e c t r o d e  a n d  to p l a c e  t h e  two  e l ec t rodes  
in t h e  s a m e  solut ion ,  s ince  t h e  p o t e n t i o s t a t  does  no t  
o p e r a t e  p r o p e r l y  i f  a h igh  i m p e d a n c e  ex is t s  b e t w e e n  
these  e lec t rodes .  A u x i l i a r y  e l e c t rodes  of t h e  s ame  
m a t e r i a l  as t he  t e s t  e l e c t r o d e  w e r e  p l a c e d  d i r e c t l y  in 
t h e  cell .  A l l  e l ec t rodes  w e r e  aged  for  a b o u t  30 m i n  
in t h e  so lu t ion  b e f o r e  t he  first  m e a s u r e m e n t .  P o t e n -  
t i a l s  w e r e  m e a s u r e d  b y  m e a n s  of a L u g g i n  p r o b e  to 
m i n i m i z e  e r r o r s  caused  b y  IR drop .  P o t e n t i a l s  w e r e  

1 B r i s t o l ,  C o n n e c t i c u t .  

m e a s u r e d  a g a i n s t  a s a t u r a t e d  ca lome l  e l ec t rode  e x -  
t e r n a l  to t he  cel l  a t  r o o m  t e m p e r a t u r e .  No effor t  was  
m a d e  to co r r ec t  for  l i qu id  j u n c t i o n  p o t e n t i a l s  or  
t e m p e r a t u r e  effects w h e n  t h e  so lu t ion  w a s  hot.  

I n  sys t ems  w h e r e  h y d r o g e n  w a s  used ,  t h e  gas  w a s  
pu r i f i ed  w i t h  Cu a t  500~ f o l l o w e d  b y  P t  and  P d  
ca t a lys t s .  T h e  so lu t ion  w a s  f u r t h e r  pu r i f i ed  b y  p r e -  
e l ec t ro ly s i s  for  3 h r  on a Ti  c a thode  h e l d  a t  --1.0 v 
vs. s a t u r a t e d  c a lome l  w i t h  t h e  po t e n t i o s t a t .  T h e  
c u r r e n t  d e n s i t y  d u r i n g  p r e - e l e c t r o l y s i s  was  g r e a t e r  
t h a n  80 m a / c m  ~. In  th i s  case, a u x i l i a r y  e l ec t rodes  
w e r e  e x t e r n a l  to t h e  cel l  and  connec t ed  to i t  b y  sa l t  
b r idges .  

T h e  Ti m e t a l  w a s  of  c o m m e r c i a l  p u r i t y  c o n t a i n i n g  
0.032% C a n d  0.13% oxygen .  

Behavior of Hydrogen-Saturated H2S04 

F i g u r e  1 shows  anod ie  a n d  ca thod ic  p o l a r i z a t i o n  
cu rves  for  Ti  in  h y d r o g e n - s a t u r a t e d  20% H~SO, a t  
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Fig. 1. Anodic and cathodic behavior of Ti in room-tem- 
peroture, hydrogen-saturated 20~ H2SO~. 
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Fig. 2. Expanded view of Fig. 1 showing the calculated 
onodic polarization curve of Ti. 
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room tempera ture .  The revers ib le  hydrogen  po ten-  
t ia l  of this solution, measured  wi th  p la t in ized Pt, is 
--0.21 v vs. sa tura ted  calomel. Polar iza t ion  da ta  
were  obtained wi th  the potent ios ta t  by  s ta r t ing  at  a 
potent ia l  of --0.85 v and g radua l ly  increasing the 
potent ia l  in the noble direction. The cathodic curve 
exhibi ts  a Tafel  slope of 0.07 v and an exchange 
cur ren t  of only  1.9 (10 -~) a m p / e m  ~. Re la t ive ly  smal l  
changes in Tafel  slope wi l l  have a m a r k e d  effect on 
exchange current ,  since ex t rapola t ion  to the r eve r s -  
ible hydrogen  potent ia l  is made  over  a potent ia l  
range  of about  0.6 v. Thus, the measured  exchange 
cur ren t  could be in considerable  error .  I t  is evident ,  
however ,  tha t  the hydrogen  ion reduct ion  react ion 
on Ti is accompanied by  a high overvol tage  ( ap -  
proaching  tha t  of Hg) because of the ex t r eme ly  
small  exchange current .  This agrees wi th  other  
observat ions (3, 4). 

The anodic da ta  show a cri t ical  cur rent  for pas -  
s iv i ty  of 140 ~a /cm ". The cri t ical  po ten t ia l  for pas -  
s iv i ty  is about  --0.23 v vs. sa tu ra ted  calomel which 
is 20 mv more act ive than  the potent ia l  of P t  in the 
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Fig. 3. Current density and corrosion rote at controlled po- 
tentials for Ti in boil ing 2.% H2SO~ containing 5% No,SO4. 
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h y d r o g e n - s a t u r a t e d  20% H~SO~ solution. If  one 
defines pass iv i ty  as the  s ta te  where  the poten t ia l  of 
a meta l  is more noble than  the cr i t ical  potent ia l  
shown in Fig. 1, then  it becomes evident  tha t  Ti can 
show stable  passive behavior  in  solutions which 
contain a redox sys tem no more  oxidizing than  the 
hydrogen  ion-hydrogen  gas system. Pass iv i ty  in 
hyd r oge n - s a t u r a t e d  solutions is an unusua l  phe -  
nomenon which is not  observed in F e -  or Ni -base  
al loy systems. The re l a t ive ly  act ive cr i t ical  potent ia l  
exhib i ted  by  Ti explains,  in par t ,  the  ease wi th  
which this meta l  is pass iva ted  by  many  oxidizing 
inhibitors. 

The data of Fig. 1 permit an examination of the 
dissolution kinetics of Ti in the active potential 
region to determine if they are consistent with pres- 
ently accepted views on electrode kinetics involving 
activation overvoltage. Figure 2 shows an expanded 
view of the data close to the corrosion potential. 
Calculated values of the dissolution rate of Ti as a 
function of potential are shown as triangles. The 
methods used for this calculation are similar to 
those already described (2). The points more noble 
than the corrosion potential were obtained by sum- 
ming the extrapolated rate of hydrogen reduction 
and applied anodic current at any given potential. 
The points on the active side of the corrosion poten- 
tial were obtained by subtracting the applied 
cathodic current from the extrapolated rate of 
hydrogen reduction at any given potential. 

It is evident that in this potential region the dis- 
solution kinetics are controlled by activation polari- 
zation with a Tafel slope of 0.22 v. While this value 
is high, the kinetics near the corrosion potential can- 
not be considered unusual. Thus, the phenomena as- 
sociated with passivity are not evident near the cor- 
rosion potential but become significant near the po- 
tential region associated with the critical current for 
passivity. 

Correlation of Polarization Data with 
Weight Loss Measurements 

An anodic polar iza t ion  curve, such as tha t  shown 
in Fig. 1, is expected  to represen t  the dissolut ion 
ra te  of Ti as a function of potent ia l ,  except  in the 
region close to the  corrosion poten t ia l  where  the 
measured  cur ren t  is s ignif icantly less than  the dis-  
solution ra te  as i l lus t ra ted  in  Fig. 2. To check this, 
da ta  were  obta ined wi th  Ti in boil ing 2% H~SO, 
containing 5% Na~SO,, where  corrosion ra tes  are 
h igher  than  at  room t e m p e r a t u r e  and more easi ly  
measured.  

F igure  3 shows the anodic polar iza t ion  curve ob- 
tained.  The por t ion below the cr i t ical  po ten t i a l  for 
pass iv i ty  is as expected.  The current  rises to some 
m a x i m u m  value ( the  cr i t ica l  cur ren t  for pass iv i ty)  
and then falls to a low value  at  the cr i t ical  potent ia l  
for passivi ty.  Weight  loss measurements  in the same 
envi ronment  ut i l ized separa te  electrodes, each held 
at  a control led potent ia l  for  18-24 hr. Continuous 
recording dur ing  these measurement s  r evea led  
long- t ime  current  var ia t ions .  These are  a t t r ibu ted  
to changes in the envi ronment  caused by  accumula t -  
ing corrosion products  f rom the sample,  the aux i l -  
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i a r y  e lec t rodes ,  and  the  p o t e n t i o s t a t  r e f e r e n c e  
e lec t rode .  A s s u m i n g  t h a t  Ti  co r rodes  to f o r m  t r i v a -  
l en t  ions,  i n t e g r a t i o n  of each  c u r r e n t - t i m e  c u r v e  
l e a d s  to a c a l c u l a t e d  co r ros ion  w e i g h t  loss w h i c h  is 
also p l o t t e d  on Fig.  3 ( s q u a r e s )  a long  w i t h  t h e  
m e a s u r e d  w e i g h t  loss ( c i r c l e s ) .  

I t  is e v i d e n t  f r o m  Fig .  3 t h a t  d i s so lu t ion  r a t e  as  
a f u n c t i o n  of p o t e n t i a l  c lose ly  p a r a l l e l s  t h e  anod ic  
p o l a r i z a t i o n  c u r v e  in  t he  p o t e n t i a l  r e g i o n  m o r e  
ac t ive  t h a n  the  c r i t i ca l  p o t e n t i a l  for  pa s s iv i t y .  
Q u a n t i t a t i v e  a g r e e m e n t  b e t w e e n  the  m e a s u r e d  co r -  
ros ion  r a t e s  and  t h e  anod ic  p o l a r i z a t i o n  c u r v e  is 
p r e c l u d e d  b y  d i f fe rences  in  e x p e r i m e n t a l  p r o c e d u r e .  
F o r  e x a m p l e ,  each  p o i n t  on the  p o l a r i z a t i o n  c u r v e  
r e p r e s e n t s  on ly  3 m i n  a t  t ha t  p o t e n t i a l  c o n t r a s t e d  
to a m i n i m u m  of 18 h r  for  a w e i g h t  loss m e a s u r e -  
men t .  

U n e x p e c t e d  b e h a v i o r  is f o u n d  in  t h e  anod ic  p o l a r -  
i za t ion  c u r v e  a b o v e  t h e  c r i t i ca l  p o t e n t i a l  for  p a s -  
s iv i ty .  R a t h e r  t h a n  r e m a i n i n g  r e l a t i v e l y  c o n s t a n t  
w i t h  i nc r ea s ing  p o t e n t i a l  as  s h o w n  in Fig .  1, t h e  
c u r r e n t  a g a i n  r i ses  a n d  f ina l ly  r e aches  a l i m i t i n g  
va lue .  This  does  no t  r e p r e s e n t  t h e  anod ic  b e h a v i o r  
of Ti, b u t  is an  a r t i f a c t  r e s u l t i n g  f r o m  the  e x p e r i -  
m e n t a l  p r o c e d u r e  used.  This  can  be  s h o w n  in t he  
fo l l owing  m a n n e r .  E l ec t rodes  he ld  a t  cons t an t  
p o t e n t i a l  in  th is  r eg ion  show a c o n s i d e r a b l e  w e i g h t  
ga in  a n d  deve lop  a t h i c k  ox ide  coa t ing  w h i c h  is 
not  p a r t i c u l a r l y  a d h e r e n t .  S c r a p i n g  t h e  ox ide  off 
accounts  for  a l l  of t h e  w e i g h t  ga in  w i t h i n  t h e  e r r o r  
of t he  t echn ique ,  a n d  t h e  f inal  s a m p l e  shows  a co r -  
ros ion  r a t e  of less  t h a n  2 mdd .  The re fo re ,  anod ic  
c u r r e n t  m e a s u r e d  in th is  r e g i o n  does  no t  r e p r e s e n t  
o x i d a t i o n  of m e t a l  b u t  r a t h e r  r e p r e s e n t s  a d i f f e ren t  
o x i d a t i o n  process .  The  mos t  l i k e l y  p rocess  is e l e c t r o -  
depos i t i on  of ox ide  in a cco rdance  w i t h  a r e a c t i o n  of 
t h e ' t y p e  Ti  ~ ~- 2H~O ~ TiO~ -P 4H § ~- e. I t  is qu i t e  
poss ib l e  t h a t  th is  is no t  t he  specific r e a c t i o n  w h i c h  
occurs ,  s ince  l o w e r  ox ides  cou ld  also h a v e  b e e n  
p roduced .  In  a n y  event ,  i t  is c l ea r  t h a t  co r ros ion  
p r o d u c t s  a r e  p l a t e d  onto t he  a n o d e  su r f ace  in  t h e  
f o r m  of oxides .  The  v e r t i c a l  l ine  on the  p o l a r i z a t i o n  
c u r v e  p r o b a b l y  r e p r e s e n t s  t he  l i m i t i n g  d i f fus ion  
c u r r e n t  for  t h e  process .  

The  c u r r e n t  a s soc i a t ed  w i t h  ox ide  depos i t i on  m a y  
obscure  t he  t r u e  v a l u e  of t he  c r i t i c a l  p o t e n t i a l  for  
pas s iv i ty .  The  c r i t i ca l  p o t e n t i a l  shown  in  Fig .  3 
could  be  s l i g h t l y  m o r e  ac t i ve  t h a n  the  t r u e  va lue .  
This  e r r o r  is p r o b a b l y  no t  s ign i f i can t  as e v i d e n c e d  
b y  the  w e i g h t  loss da ta .  

S ince  the  cor ros ion  r a t e  of Ti  in  t he  p o t e n t i a l  
r eg ion  of o x i d e  depos i t i on  was  less  t h a n  2 t odd  ( t he  
e x p e r i m e n t a l  e r r o r  in  w e i g h t  c h a n g e ) ,  t he  po in t s  on 
Fig.  3 a r e  shown  a t  2 m d d  w i t h  a r r o w s  i n d i c a t i n g  
the  r a t e  is less  t h a n  th is  va lue .  Thus,  a b o v e  t h e  
c r i t i ca l  p o t e n t i a l  fo r  pa s s iv i t y ,  t h e  d i s so lu t ion  r a t e  
is v e r y  s low.  

Cot ton  (5)  has  m e a s u r e d  co r ros ion  r a t e  as a f u n c -  
t ion  of p o t e n t i a l  for  Ti  in 40% H_~SO, at  60~ His  
d a t a  a r e  s i m i l a r  to t hose  s h o w n  h e r e  and  e x t e n d  to 
2 v m o r e  nob le  t h a n  the  s a t u r a t e d  ca lome l  e lec t rode .  

Anodic Polarization by Galvanic Coupling 
A n o d i c  p a s s i v a t i o n  of Ti  b y  m e a n s  of an  e x t e r -  

n a l l y  a p p l i e d  p o t e n t i a l  is d e s c r i b e d  above .  T i t a n i u m  

Table I. Effect of galvanically coupling titanium to various cathodic 
materials in boiling H~SO~ solutions 

C o u p l e  

W e i g h t  loss  of  t i t a n i u m  (todd) 

A r e a  r a t i o  B o i l -  B o i l -  
A (Ti) i n g t  3% ing$ 5~o 

Bo i l i ng*  H2SOI + H~SOt + 
" A (Cathode)  1% HeSOa 5~o Na~SO4 5% Na~SO, 

Ti 
Ti - (18-8)  

Ti-  (Has te l loy  
a l loy F)  

Ti-C 

T i - P t  

1 
2 
6.6 
1 

12 
0.2 
0.5 
1 
0.25 
1 
2 
4 

35 

1400 
0 

10 
6 
0 
2 
0 

1800 2900 

0 
0 

1200 

3600 

21 
65 
65 

108 
1700 

* Cr i t i c a l  p o t e n t i a l  f o r  p a s s i v i t y  of  T i  is  --0.45 v vs.  s a t u r a t e d  
ca lomel .  

t C r i t i c a l  p o t e n t i a l  fo r  p a s s i v i t y  of  T i  is  --0.42 v vs.  saturated 
ca lomel .  

$ C r i t i c a l  p o t e n t i a l  f o r  p a s s i v i t y  of T i  is  --0.34 v vs. saturated 
ca lomel .  

can  also be  p a s s i v a t e d  b y  g a l v a n i c  coup l ing  (5 -7 )  
w i t h  some m e t a l  or  a l l oy  w h o s e  p o t e n t i a l  is m o r e  
nob le  t h a n  t h e  c r i t i ca l  p o t e n t i a l  for  p a s s i v i t y  of  Ti  
in t he  g iven  e n v i r o n m e n t .  The  m i x e d  p o t e n t i a l  of  
t h e  r e s u l t i n g  coup le  m u s t  also be  m o r e  n o b l e  t h a n  
the  c r i t i ca l  po ten t i a l .  S ince  the  coup le  m i x e d  p o t e n -  
t i a l  is d e p e n d e n t  on ca thod ic  po l a r i za t i on ,  l a r g e  
c a t h o d e  a r e a s  shou ld  f a v o r  p a s s i v a t i o n  of Ti. 

T a b l e  I shows  the  effect  of coup l ing  Ti  to Pt ,  C, 
18-8 s t a in less  s teel ,  a n d  H a s t e l l o y  a l l oy  F in  s e v e r a l  
e n v i r o n m e n t s  as a f u n c t i o n  of the  r a t i o  of Ti  a r e a  
to ca thode  a rea .  A l l  t h e  a b o v e  m a t e r i a l s  e x h i b i t  
p o t e n t i a l s  in  t hese  e n v i r o n m e n t s  w h i c h  a r e  m o r e  
n o b l e  t h a n  the  c r i t i ca l  p o t e n t i a l s  for  p a s s i v i t y  of Ti. 
In  t hese  e x p e r i m e n t s ,  no effor t  was  m a d e  to e s t i m a t e  
s u r f a c e  r o u g h n e s s  fac tors ,  a n d  a l l  a r e a s  a r e  c a l c u -  
l a t e d  f r o m  g e o m e t r i c  m e a s u r e m e n t s  a s s u m i n g  
smoo th  sur faces .  Resu l t s  show t h a t  a l l  of t he se  
m a t e r i a l s  can  p a s s i v a t e  Ti  i f  suff icient  ca thode  a r e a  
is p resen t .  The  m o r e  a gg re s s ive  t he  e n v i r o n m e n t ,  
t he  g r e a t e r  t he  c a thode  a r e a  n e c e s s a r y  to pa s s iva t e .  I t  
is i m p o r t a n t  to no te  t h a t  s t a in less  s tee l  a n d  H a s t e l -  
l oy  a l loy  F a r e  bo th  e l e c t r o c h e m i c a l l y  ac t ive  in 
bo i l i ng  1% H~SO~. H o w e v e r ,  t h e i r  a c t i ve  m i x e d  
p o t e n t i a l s  a r e  s t i l l  suff ic ient ly  m o r e  nob le  t h a n  the  
c r i t i ca l  p o t e n t i a l  for  p a s s i v i t y  of Ti  to p r o d u c e  p a s -  
s i v i t y  w h e n  g a l v a n i c a l l y  coup led  to th is  me ta l .  

Effect of Temperature on Dissolution Kinetics 
Since  t e m p e r a t u r e  is k n o w n  to affect  t h e  b e h a v i o r  

of  p a s s i v a t i n g  inh ib i to r s ,  i t  is i m p o r t a n t  to e s t ab l i sh  
h o w  t e m p e r a t u r e  affects  those  m e t a l  d i s so lu t ion  
p a r a m e t e r s  w h i c h  d e t e r m i n e  w h e n  s t ab l e  p a s s i v i t y  
can  be  ach ieved .  

F i g u r e  4 shows  the  anod ic  p o l a r i z a t i o n  b e h a v i o r  
of Ti  in h y d r o g e n - s a t u r a t e d  5% H~SO~ c on t a in ing  
5% Na~SO,. The  c r i t i ca l  c u r r e n t  for  p a s s i v i t y  i n -  
c reases  c o n s i d e r a b l y  as  t e m p e r a t u r e  is i n c r e a s e d  
f r o m  50 ~ to 95~ The  c r i t i ca l  p o t e n t i a l  for  p a s s i v i t y  
is no t  s ign i f i can t ly  affected.  In  genera l ,  t e m p e r a t u r e  
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Fig. 4. Effect of temperature on the anodic behavior of Ti 
in hydrogen-saturated 5% HsSO~ containing 5% No,SO,. 

serves only to increase reaction rates, shifting the 
curves to higher current values with an increase in 
temperature.  

At 95~ where corrosion product  build-up is 
faster, oxide deposition is again observed as evi- 
denced by the shape of the polarization curve in 
the passive region. At 50 ~ and 75~ the oxidation 
rate of corrosion products is probably not signifi- 
cant, and passive currents represent the dissolution 
rate which also increases with temperature.  

The measured potential of platinized Pt as a 
function of temperature is also shown on Fig. 4. It 
is important  to note for subsequent discussion that 
the critical potential for passivity of Ti is again 
more active than the reversible hydrogen potential 
for this system. 

Effect of Acid Concentration on Dissolution Kinetics 
Figure 5 shows the anodic polarization behavior 

of Ti in various concentrations of boiling H~SO, 
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Fig. 5. Anodic behavior of Ti in boiling HsS04 solutions con- 
taining 5% No2SO~. 
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containing 5% Na, SO,. Paralleling the effect of 
temperature,  increasing acid concentration markedly  
increases the critical current for passivity. However, 
the critical potential for passivity and the potential 
at the critical current  are shifted in the noble direc- 
tion. 

Corrosion product build-up in the solution is 
sufficiently fast at the boiling point to cause oxide 
deposition in the passive region. Thus, as described 
above, anodic current  in the passive region does not 
represent the effect of acid concentration on passive 
corrosion rate. Rather, the vertical section probably 
represents the limiting diffusion current  for the 
deposition process which increases with acid con- 
centration because corrosion product  bui ld-up in- 
creases. 

Oxide deposition is not observed in HC1 as shown 
in Fig. 6, where it is evident that  the passive cor- 
rosion rate increases with acid concentration. 

Discussion and Conclusions 
In the active condition, corrosion of Ti is con- 

trolled by activation polarization. The metal  ex- 
hibits a part icularly high hydrogen overvoltage 
(low exchange current) .  In general, it presents a 
surface with a low exchange current for a variety 
of electrochemical reactions as evidenced by meas-  
urements of rates of ferric ion reduction and oxygen 
evolution (8). Low exchange currents are not con- 
ducive to establishment of passivity. However, this 
is overcome by unusually active critical potentials 
for passivity. The critical potential for passivity of 
Ti is about 0.6 v more active than the corresponding 
value for Fe and about 0.1-0.2 v more active than 
the value for stainless steel. The exact differences, 
of course, are dependent on the environment  used 

Fig. 6. Anodic behavior of Ti in boiling HCI solutions con- 
taining 5% NaCI. 
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for comparison.  This, in large  part ,  accounts for the  
ease wi th  which Ti is pass iva ted  by  many  sub-  
stances which are only s l ight ly  oxidizing. I t  also 
explains  the  ease wi th  which the meta l  can be 
pro tec ted  anodical ly  by galvanic  coupling to other  
meta ls  and  alloys.  

Potent ios ta t ic  measurements  in H~SO, containing 
corrosion products  of Ti show tha t  increasing anodic 
polar iza t ion  of Ti in the passive poten t ia l  region 
resul ts  in an increasing current .  This cur ren t  is 
caused by anodic deposi t ion of t i t an ium oxide r a t h e r  
than  an increas ing Ti corrosion rate.  

Da ta  p resen ted  here  show that ,  as t empe ra tu r e  
increases, the concentra t ion of inhibi tor  requ i red  to 
pass iva te  increases. Since the inhibi tor  concent ra-  
t ion must  p rovide  a l imi t ing  diffusion cur ren t  
grea ter  than  the cr i t ical  cur ren t  for pass iv i ty  (1) ,  
measurements  of the  type  presented  here pe rmi t  an 
es t imate  of the  min imum concentra t ion of inh ib i -  
tor  r equ i red  to a t ta in  pass iv i ty  of a given sys tem as 
t e m p e r a t u r e  is raised.  

The s i tuat ion is s imi lar  for an increase in acid 
concentra t ion except  that ,  since the  cri t ical  po ten t ia l  
for pass iv i ty  becomes more noble, the inhibi tor  
must  exhib i t  a g rea te r  oxidizing charac ter  (more  
noble revers ib le  potent ia l )  for more acid env i ron-  
ments.  

For  anodic protect ion of Ti by  galvanic coupling 

to a cathodic me ta l  or alloy, da ta  presented  here  
assist in the de te rmina t ion  of the couple a rea  rat io  
r equ i red  to produce  pass iv i ty  of Ti. The cathodic 
polar iza t ion  behavior  of the cathode m e m b e r  of the 
couple also mus t  be known and its a rea  made  suffi- 
c ient ly  la rge  so tha t  the mixed  po ten t ia l  of the  
couple is more noble  than  the cr i t ical  po ten t ia l  of Ti 
in the  environment .  
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The Influence of Noble Metal Alloy Additions on the 
Electrochemical and Corrosion Behavior of Titanium 

Milton Stern and Herman Wissenberg 

Metals Research Laboratories, Union Carbide Metals Company, 
Division o~ Union Carbide Corporation, Niagara Falls, New York 

ABSTRACT 

Alloying of t i tanium with small amounts of noble metals markedly im- 
proves its corrosion resistance in reducing-type acids without any impairment 
of its high resistance to oxidizing media. The mixed potentials of t i tanium noble 
metal  alloys are more noble than the critical potential for passivity of t i tanium 
in the same environment. Passivity is observed in hydrogen-saturated systems 
without t h e p r e s e n c e  of a redox system more oxidizing than the hydrogen 
electrode. The mixed potential of t i tanium noble metal alloys is much more 
sensitive to traces of oxidizing agents than unalloyed metal. 

Previous  work  (1) proposed tha t  pas s iva t ing - type  
inhibi tors  function p r imar i l y  by  creat ing a mixed  
potent ia l  more noble than  the cr i t ical  po ten t ia l  for 
pass iv i ty  of the meta l  involved.  The es tabl i shment  
of a potent ia l  more noble than some cri t ical  value  
is a basic concept which applies  not  only to inhib i -  
to ts  but  also to the phenomenon of anodic p ro tec -  
t ion (2) and prevent ion  of corrosion by  galvanic  
coupling to sui table  cathode mater ia l s  (3-5) .  

Anodic polar iza t ion  under  a va r i e ty  of condit ions 
shows tha t  Ti exhibi ts  unusua l ly  active values  of 
cr i t ical  anodic potent ia l  (5).  Often, this  po ten t ia l  is 
even more  active than  the revers ib le  hydrogen  
potent ia l  of the solution. This pe rmi t s  es tab l i shment  

of pass iv i ty  by  a l loying wi th  elements  having  low 
overvol tage  characteris t ics .  

The purpose of this work  is to descr ibe  the cor-  
rosion and e lect rochemical  character is t ics  of these 
alloys. 

Theory of Noble Metal  Al loying to Obtain Passivity 

According to wha t  has a l r eady  been described,  
pass iv i ty  is obta ined by  producing a condit ion which 
resul ts  in a potent ia l  more  noble than  the cr i t ical  
potent ia l  for passivi ty.  Without  an ex te rna l ly  ap-  
pl ied potential ,  a meta l  in solution can a t ta in  a 
passive mixed  potent ia l  only if the solution contains 
a redox sys tem wi th  a revers ib le  po ten t ia l  more  
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noble  t h a n  the cr i t ical  po ten t i a l  for pass iv i ty  of the  
meta l .  This  is a necessary ,  bu t  no t  sufficient, con-  
d i t ion  for s table  pass iv i ty  (1) .  

A l loy ing  can con t r ibu t e  to the  pass iva t ion  of 
meta l s  by  two d i s t inc t ly  d i f ferent  pr inc ip les :  

1. Al loy  add i t ion  m a y  affect those me ta l  d i sso lu-  
t ion  p a r a m e t e r s  ( the cr i t ical  anodic  c u r r e n t  and  the  
cr i t ical  anodic  po ten t i a l )  which,  in  t u rn ,  d e t e r m i n e  
the ease of pass iva t ion .  This  is the  effect wh ich  Cr 
has on Fe  in  the  s ta inless  steels. I nc reas ing  Cr con-  
t en t  decreases the cr i t ical  anodic  c u r r e n t  (6) a nd  
moves  the  cr i t ical  anodic  po t en t i a l  in  the  ac t ive  
d i rec t ion  (7,8).  

2. Al loy  add i t ion  m a y  inf luence  the  r educ t ion  
k ine t ics  of the  cathodic process. Mixed  po ten t i a l s  in  
the  pass ive  po ten t i a l  r eg ion  are  favored  by  an  i n -  
crease in  exchange  c u r r e n t  and  a decrease in  the 
cathodic Tafe l  slope (1) .  

A n  example  of cathodic process inf luence  was  
descr ibed by  Tomashov  (9) .  A l loy ing  of 18% C r -  
8% Ni s ta inless  steel or 27% Cr s ta in less  steel  w i th  
P t  or Pd  m a r k e d l y  improves  corrosion res i s tance  in  
r o o m - t e m p e r a t u r e  H~SO~ by  fac i l i t a t ing  the  cathodic  
react ion.  Whi le  it is no t  c lear  w h e t h e r  these ex -  
p e r i m e n t s  were  done w i th  i n t e n t i o n a l  ae ra t ion  of 
the  acid, oxygen  was  mos t  l ike ly  p re sen t  i n  solut ion.  

Pass iva t ion  by  a l t e r a t i on  of cathodic process 
k inet ics  is of special  in te res t  w h e n  the  cr i t ical  
anodic  po t en t i a l  of the  me t a l  is more  ac t ive  t h a n  the  
revers ib le  h y d r o g e n  po t en t i a l  of the  solut ion.  U n d e r  
these  c i rcumstances ,  pass iv i ty  theore t i ca l ly  can be 
ach ieved  wi th  the presence  of a redox  sys tem no 
more  oxidiz ing t h a n  the  h y d r o g e n  electrode.  U n d e r  
condi t ions  whe re  the  me ta l  exhib i t s  a r e l a t i ve ly  
h igh h y d r o g e n  overvol tage ,  a pass ive  mixed  p o t e n -  
t ia l  m a y  not  be  ob ta ined  direct ly .  However ,  pas -  
s iv i ty  can be accompl ished  by  a l loy ing  such a m e t a l  
w i th  an  e l emen t  which  is essen t ia l ly  inso lub le  in  
the  e n v i r o n m e n t  and  wh ich  exhib i t s  a h igh ex -  
change  c u r r e n t  for the  h y d r o g e n  ion r educ t ion  
process. A smal l  a m o u n t  of corrosion should  leave  
the  a l loy add i t ion  essen t i a l ly  in  e l e m e n t a l  f o rm on 
the  surface.  The  surface  is now a b i -e lec t rode ,  or 
ga lvanic  couple, w i th  one of the  cons t i tu t en t s  p r e -  
sen t ing  a l o w - h y d r o g e n  overvo l tage  surface.  This  
is shown schemat ica l ly  in  Fig. 1 wh ich  m a y  be con-  
s idered typ ica l  of the behav io r  of Ti. The exchange  
c u r r e n t  for the h y d r o g e n  r educ t i on  reac t ion  of Ti  is 
v e r y  smal l  (5) r e su l t i ng  in  an  act ive  mixed  p o t e n -  
tial.  W h e n  a l loyed wi th  a me t a l  l ike Pt, reg ions  w i th  
v e r y  h igh  exchange  cu r r en t s  are p roduced  on the  
surface  c rea t ing  a m ixed  po ten t i a l  in  the  pass ive  
po ten t i a l  range .  This resul ts  in  a m a r k e d l y  r educed  
d isso lu t ion  rate.  Ev idence  for this  is p re sen ted  be -  
low. 

Procedures 

In  genera l ,  e lec t rochemica l  t echn iques  and  p ro -  
cedures  were  s imi la r  to those repor ted  p rev ious ly  
(5) .  Al loy  bu t t ons  were  p r e p a r e d  in  an  a rgon  
a tmosphere  by  n o n c o n s u m a b l e  arc m e l t i n g  on a 
wa te r -coo led  Cu hear th .  The  but tons ,  we igh ing  ap -  
p r o x i m a t e l y  50 g, were  me l t ed  th ree  t imes,  r educed  
in  th ickness  abou t  50% b y  cold- ro l l ing ,  and  he a t -  

z 
o(142 on T i )  io(H 2 on Pt)  

F ~ _ _  Rev H , ~ PASSIVE 
Potentrol / ~ . ~  Potent~ol 
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PASSIVE ~ ACTIVE 
~ ~ i  Potential 
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I�9176 i i i i i i i  

CURRENT 

Fig. 1. Schematic diagram showing how al loying wi th o 
noble metal produces a passive mixed potent ial  and a marked 
reduction in corrosion rate. 

t r ea ted  at  1000~ in  v a c u u m  for 18-24 h r  fo l lowed 
by  fu rnace-coo l ing .  

Corrosion Behavior 

Tab le  I shows the  effect of t en  a l loy addi t ions  on 
the  corrosion ra te  of Ti in  bo i l ing  H~SO, a nd  HC1. 
Corros ion res i s tance  is m a r k e d l y  i m p r o v e d  in  m a n y  
cases. The best  resul t s  are  p roduced  by  Pt,  Pd, Rh, 
and  Ru;  Os, Ir, and  Re are i n t e r m e d i a t e  in  effect; Au  
is beneficial  on ly  in  h igher  concent ra t ions ,  wh i l e  Ag 
and  Cu are de t r imen ta l .  As expected,  the  effect ive-  
ness of the  va r ious  addi t ions  is r ough l y  in  the  same  
order  as the i r  h y d r o g e n  overvol tage .  Genera l ly ,  P t  
and  Pd  exh ib i t  v e r y  l o w - h y d r o g e n  overvol tages ,  
whereas  Au, Ag, and  Cu m a y  be cons idered  the 
r e l a t ive ly  h i g h - h y d r o g e n  overvo l t age  e l emen t s  of 
those eva lua ted .  The  a p p r o x i m a t e  exchange  c u r r e n t  
densi t ies  (10) in  HC1 for the  var ious  meta l s  are  P t  
(10-8), Pd(10-~), Rh(10-~), A u ( 1 0  -~ to 10-6), Ag 
(10-7), Cu(10  -~) a m p / c m  2. 

Table I. Effect of various alloy additions on 
corrosion resistance of Ti 

Weight  loss in 24 hr* {mil/yr) 

Boiling H~SO~ Boiling HC1 

Composition 1% 10% 3% 10% 

Ti tan ium 460 3950 242 4500 
Ti -~ 0.064% Pt <2 145 <2 128 
Ti -t- 0.54% Pt  <2 48 3 120 
Ti q- 0.08% Pd <2  166 3 100 
Ti q- 0.44% Pd <2  45 <2 67 
Ti -~ 0.1% Rh <2 26 5 96 
Ti q- 0.5% Rh 3 48 <2 55 
Ti -t- 0.1% Ru 3 187 5 280 
Ti Jr 0.5% Ru <2  48 <2 113 
Ti + 0.11% Ir <2  359 3 120 
Ti + 0.60% Ir <2 45 3 88 
Ti + 0.10% Os 5 480 3 1820 
Ti + 0.48% Os <2  82 3 208 
Ti -k 0.11% Re 235 - -  345 - -  
Ti -~ 0.36% Re 9 - -  30 - -  
Ti -t- 0.11% Au 1050 - -  1500 - -  
Ti + 0.48% Au 3 - -  9 146 
Ti -t- 0.04% Ag 500 - -  334 - -  
Ti -t- 0.34% Ag - -  - -  - -  4850 
Ti q- 0.17% Cu 470 -- 340 -- 
Ti + 0.44% Cu 660 - -  550 - -  

* The possible weighing error  of these  tests  is •  mi l /y r .  
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Fig. 3. Effect of Pt and Pd addi t ions on corrosion rote of 
Ti in boiling H~50~ solutions. 

The  q u a l i t a t i v e  t h e o r y  of  n o b l e  m e t a l  a l l oy  a d d i -  
t ions  d e s c r i b e d  a b o v e  does  not  p e r m i t  an  e s t i m a t e  of 
t he  a l l oy  c o n c e n t r a t i o n  r e q u i r e d  to p r o d u c e  a m a x -  
i m u m  effect�9 H o w e v e r ,  one  w o u l d  p r e d i c t  tha t ,  in a 
g iven  e n v i r o n m e n t ,  i n c r e a s i n g  the  a l loy  c o n c e n t r a -  
t ion  and  no t ing  the  effect on cor ros ion  r a t e  shou ld  r e -  
vea l  a compos i t ion  a b o v e  w h i c h  no a d d i t i o n a l  
benef i t  is p roduced .  This  is t he  c o n c e n t r a t i o n  suffi-  
c ien t  to p r o d u c e  a m i x e d  p o t e n t i a l  m o r e  n o b l e  t h a n  
the  c r i t i ca l  p o t e n t i a l  for  pass iv i ty �9  One  w o u l d  also 
e x p e c t  t ha t  insuff ic ient  a l loy  a d d i t i o n  w o u l d  be  
d e t r i m e n t a l ,  s ince  t he  m i x e d  p o t e n t i a l  w o u l d  m o v e  
in  t he  nob le  d i rec t ion ,  y e t  r e m a i n  in t h e  ac t ive  
p o t e n t i a l  reg ion .  

F i g u r e  2 shows  the  effect  of P t  and  P d  add i t i ons  to 
Ti  on cor ros ion  r a t e  in bo i l ing  HC1 solut ions�9 Bo th  
of these  a l l o y i n g  e l e m e n t s  a p p a r e n t l y  b e h a v e  in  a 
s i m i l a r  m a n n e r ,  and  this  o b s e r v a t i o n  was  used  to 
c omb ine  the  d a t a  on one plot .  I t  is e v i d e n t  t h a t  
a b o u t  0.05% P t  or  P d  r educes  t he  cor ros ion  r a t e  b y  
a f ac to r  of f rom 50 to I00. I n c r e a s e d  concen t r a t i ons  
of n o b l e  m e t a l s  a r e  not  a d d i t i o n a l l y  benef ic ia l .  
These  d a t a  a r e  t he  r e su l t s  of 24 -h r  cor ros ion  tes ts .  
The  s a m p l e  size was  such  t h a t  a co r ros ion  r a t e  of  
a b o u t  2 m i l / y r  is w i t h i n  the  poss ib l e  w e i g h i n g  e r r o r  
of the  test .  

F i g u r e  3 shows  s i m i l a r  d a t a  in  bo i l ing  H~SO~. In  
th is  case, i t  a p p e a r s  t h a t  m o r e  n o b l e  m e t a l  is r e -  
q u i r e d  to ach ieve  the  m a x i m u m  benef ic ia l  effect.  
Also,  in th is  e n v i r o n m e n t ,  P d  a p p e a r s  to b e  no t  
qu i t e  as effect ive  as Pt ,  a l t h o u g h  on ly  one l ine  is 
d r a w n  t h r o u g h  the  po in t s  in each  H~SO, c o n c e n t r a -  
t ion.  

As  expec ted ,  a l l oy  a d d i t i o n s  a b o v e  some c r i t i c a l  
c o n c e n t r a t i o n  do no t  f u r t h e r  r e d u c e  co r ros ion  ra te .  
H o w e v e r ,  c o n t r a r y  to expec t a t i ons ,  v e r y  s m a l l  a l l oy  
a d d i t i o n s  do no t  i n c r e a s e  t he  o b s e r v e d  co r ros ion  
ra te .  This  is because  t h e  o b s e r v e d  cor ros ion  r a t e  is 
an  a v e r a g e  v a l u e  for  a 24-h r  tes t .  As  w i l l  be  s h o w n  
below,  these  a l loys  a r e  i n i t i a l l y  ac t ive  and  p r o b a b l y  
co r rode  a t  an  a c c e l e r a t e d  ra te .  H o w e v e r ,  t h e y  b e -  
come pa s s ive  d u r i n g  t h e  t es t  so t h a t  the  a v e r a g e  
cor ros ion  r a t e  is b e t w e e n  t ha t  of ac t ive  and  pas s ive  
Ti. 

D a t a  not  p r e s e n t e d  h e r e  show t h a t  such  a l l o y i n g  
is no t  d e t r i m e n t a l  to b e h a v i o r  in  h i g h l y  ox id i z ing  
med ia ,  such as c o n c e n t r a t e d  HNO3 or  f e r r i c  ch lor ide .  
This  is e x p e c t e d  s ince  Ti  does  no t  e x h i b i t  a t r a n s -  
pa s s ive  p o t e n t i a l  r eg ion  w h e r e  t he  d i s so lu t i on  r a t e  
inc reases  a t  qu i t e  nob le  p o t e n t i a l  values �9  S i m i l a r  
a l l o y i n g  in  t he  case  of s t a in less  s tee ls  (9)  is e x -  
p e c t e d  to be d e t r i m e n t a l  u n d e r  h i g h l y  ox id i z ing  
condi t ions  be c a use  of t he  t r a n s p a s s i v e  b e h a v i o r  of 
such  a l loys .  

E l e c t r o c h e m i c a l  B e h a v i o r  

F i g u r e  4 shows  p o t e n t i a l - t i m e  d a t a  in  bo i l i ng  
1% H2SO, for  Ti  a n d  a ser ies  of Ti  a l loys  con ta in ing  
v a r i o u s  a m o u n t s  of Pt .  The  d a t a  w e r e  r e c o r d e d  con-  
t i n u o u s l y  u s i n g  h igh  i m p e d a n c e  i n s t r u m e n t a t i o n .  
Note  t h a t  a l l  P t - b e a r i n g  a l loys  r e a c h  t h e  pas s ive  
p o t e n t i a l  r eg ion  d u r i n g  the  24 -h r  t es t  pe r iod .  Those  
a l loys  c o n t a i n i n g  t h e  h i g h e r  c o n c e n t r a t i o n s  of  P t  a r e  
pa s s ive  f rom the  v e r y  b e g i n n i n g  of tes t ,  w h e r e a s  t he  
m o r e  d i l u t e  a l loys  r e m a i n  ac t ive  for  some t i m e  p r i o r  
to b e c o m i n g  pass ive �9  I t  is b e l i e v e d  t h a t  d u r i n g  th i s  
ac t ive  p e r i o d  the  su r face  c o n c e n t r a t i o n  of P t  is i n -  
c r ea s ing  as a r e su l t  of co r ros ion  u n t i l  t he  a r e a  r a t i o  
is sufficient  to p r o d u c e  a nob le  m i x e d  poten t ia l �9  
A n o d i c  p o l a r i z a t i o n  of Ti  in th is  e n v i r o n m e n t ,  Fig.  
5, shows  a c r i t i ca l  c u r r e n t  of a b o u t  1000 / m m p / c m  ~ 
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Fig. 4 Potent ial  as a funct ion of t ime for Ti al loyed with 
various concentrat ions of  Pt in boi l ing 1% H=SO~�9 
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Fig. 5. Anodic polarization of Ti and Ti-Pt alloys in boiling 
1% H~SO~. 

at a potent ia l  of --0.64 v vs. sa tu ra ted  calomel.  The 
cri t ical  anodic potent ia l  is about  --0.44 v on the 
same scale. I t  is in teres t ing to note in Fig. 4 tha t  the 
two di lute  alloys, 0.01% Pt  and 0.019% Pt, which 
are act ive for a r e l a t ive ly  long period,  r ap id ly  pass 
through the potent ia l  region where  the polar iza t ion  
curve of Ti has a negat ive  slope. Also, the r ap id  
change in potent ia l  occurs when the electrodes have  
reached values  of about  --0.64 v. This indicates tha t  
this potent ia l  region is uns table  for these alloys. 

F igure  5 shows anodic polar iza t ion  da ta  for three  
al loys in boil ing 1% H~SO4 compared with  tha t  of 
unal loyed Ti. If such measurements  are conducted 
wi th  the  0.01% Pt  al loy soon af ter  it  is immersed  in 
solution whi le  its potent ia l  is st i l l  r e l a t ive ly  act ive 
(see Fig. 4),  the polar iza t ion  curve (open squares)  
is essent ia l ly  tha t  of a typica l  active metal .  However,  
if this a l loy is immersed  in solution overnight  pr ior  
to anodic measurements ,  the data  (solid squares)  
closely para l l e l  the behavior  of una l loyed  Ti in the 
passive region. The 0.01% Pt  alloy, in i t ia l ly  in the 
act ive condition, shows negat ive  (cathodic cur -  
rents)  in the potent ia l  region be tween  about  --0.53 
and --0.44 v. This phenomenon has been descr ibed 
adequa te ly  by  Edeleanu (2),  and this observat ion is 
consistent wi th  his explanat ion,  since this a l loy is 
expected to exhibi t  a h igher  exchange current  for 
the hydrogen  ion reduct ion react ion than unal loyed 
Ti. 

Ti tan ium alloys containing 0.37% or 2% Pt  are 
passive ve ry  soon af ter  immersion.  Anodic polar iza-  
t ion shows only passive behavior  as expected.  As 
shown ear l ier  (5) in H~SO~ solutions containing ap-  
prec iable  quant i t ies  of corrosion products ,  measured  
currents  in the  passive potent ia l  region represent  
the ra te  of t i t an ium oxide deposi t ion ra the r  than  
meta l  oxidat ion.  Thus, cur rents  observed for the  

0.37% and 2% Pt  a l loy are  less than  tha t  for Ti or 
the 0.01% Pt  a l loy because corrosion product  bu i ld -  
up in solution ( f rom the sample  and the aux i l i a ry  
electrodes)  is slower.  

According to the mechanism of protect ion ob- 
ta ined  by  noble me ta l  a l loying descr ibed above, one 
would expect  tha t  cathodic polar izat ion of a P t -  
containing al loy would cause a marked  increase in 
corrosion rate.  This was found wi th  the 0.37% Pt  
a l loy in boil ing 1% H~SO,. The potent ia l  of this al loy 
is normal ly  in the passive range  be tween  about  
--0.2 and --0.3 v. I t  was held at a potent ia l  of --0.55 
-----0.05 v (see Fig. 5) for 19 hr  wi th  a potent iostat .  
The cathodic cur ren t  requi red  to accomplish this 
was ve ry  high (0.2-0.3 amp/cm~),  p re sumab ly  be-  
cause of the high Pt  content  of the surface. The 
corrosion ra te  for this per iod was 110 m i l / y r  com- 
pared  with  normal  corrosion ra te  of less than  2 mi l /  
y r  in this environment .  This supports  the mechan-  
ism proposed.  

Ease of Passivation 
Titanium al loyed with  noble meta ls  should show 

another  pa r t i cu l a r ly  beneficial proper ty .  Such alloys 
should become passive in aggressive envi ronments  
wi th  concentrat ions of oxidizing agent  insufficient 
to pass ivate  unal loyed Ti. 

A schematic polar iza t ion  d i ag ram which i l lus-  
t ra tes  this p rope r ty  is shown in Fig. 6. The solid 
cathodic curve or iginat ing f rom iol represents  hydro -  
gen ion reduct ion on Ti and produces an active 
mixed potent ia l  El. The solid cathodic curve or ig i -  
na t ing  from i~ represents  reduct ion of an oxidizing 
agent  on Ti which produces e i ther  a passive poten-  
t ia l  at E# or an act ive potent ia l  E~. Oxidat ion and 
reduct ion  of the oxidizing agent  on the a l loy surface, 
where  the noble meta l  content  m a r k e d l y  raises the 
exchange current ,  are shown at  i~. In this case, only 
one passive mixed  potential ,  E3, is obta ined (1).  
Evidence for this behavior  was obtained in the fol-  
lowing exper iments .  

Corrosion measurements  were  obta ined in H~SO, 
and HC1 at  190~ (374~ Samples  wi th  areas  of 
2-3 cm ~ were  sealed in heavy  wal l  Py rex  tubes con- 
ta ining 40 ml acid solution. Pr io r  to sealing the 
tubes, a s t ream of ni t rogen was bubbled  through the 
acid for about 2 hr  and continued whi le  the tube 

E 

o'(H2 ~ T') ~ I 
_ t "4.~~ 

E2 
Ep 

1 , 
CURRENT 

Fig. 6 Schematic polarization diagram showing influence of 
an oxidizing agent on the potential of Ti and Ti alloyed with 
a noble metal. 
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Table II. Effect of Pt and Pd alloy additions on the corrosion 
resistance of Ti in oxygen-free H~SO, and HCI at 190~ (:~74~ 

NOBLE METAL ALLOY ADDITION INFLUENCE ON Ti 

W e i g h t  Loss ,*  m i l / y r  

H2SOr HC1 

C o m p o s i t i o n  1% 5% 10% 20% 3% 5% 10% 

Ti 515 - -  2250 - -  - -  
Ti ~- 0.03% Pt  < 2  < 2  3.4 Diss - -  - -  - -  
Ti -~ 0.29% Pt  < 2  < 2  3.3 11.5 < 2  < 2  890 
Ti -]- 0.08% Pd <2 <2 3.5 Diss - -  - -  - -  
Ti -~ 0.44% Pd <2 <2 5.0 12.0 <2 <2 1120 

* O n e - p e r i o d  tes ts ,  44-64 h r  d u r a t i o n .  T h e  pos s ib l e  w e i g h i n g  e r r o r  
in  t h e s e  t e s t s  is •  r a i l / y r .  

was  be ing  n e c k e d  down.  A l t h o u g h  t h e  gas  in le t  t u b e  
was  r e m o v e d  jus t  p r i o r  to sea l ing ,  t he  so lu t ions  
canno t  be  cons ide red  c o m p l e t e l y  o x y g e n - f r e e .  The  
tubes  t hen  w e r e  h e a t e d  in a p r e s s u r i z e d  au toc lave .  
The  w e i g h t  loss r e su l t s  for  Ti  and  Ti  a l l oye d  w i t h  
P t  and  P d  a re  s h o w n  in T a b l e  II. U n a l l o y e d  Ti  cor -  
rodes  at  v e r y  h igh  ra tes ,  w h e r e a s  P t  and  P d  a d d i -  
t ions  a r e  qu i t e  ef fec t ive  in  r a t h e r  h igh  c o n c e n t r a -  
t ions  of acid.  The  p e r s i s t e n c e  of t he  nob le  m e t a l  
effect a t  th is  h igh  t e m p e r a t u r e  is in  i t se l f  qu i t e  
i m p o r t a n t  and  can  be  e x p l a i n e d  in v i e w  of ev idence  
(5)  showing  t h a t  t e m p e r a t u r e  does  not  m a r k e d l y  
affect the  c r i t i ca l  p o t e n t i a l  for  p a s s i v i t y  of Ti. W h a t  
is mos t  s igni f icant  abou t  these  d a t a  is t h a t  t he  co r -  
ros ion  r a t e s  o b s e r v e d  a r e  c o n s i d e r a b l y  less  t h a n  
those obtained at the boiling point of the acids. 
Small quantities of oxygen present during the test 
are believed responsible for the lower corrosion 
rate at the higher temperature. 

These data alone are probably not sufficient 
evidence for the general conclusion that noble metal 
alloying improves the susceptibility to passivation 
by oxidizing agents. More direct evidence was ob- 
tained by a combination of electrochemical and 
corrosion data. It was observed that in 20% H~SO~ 
at room temperature, unalloyed Ti shows unstable 
passivity when the solution is oxygen-saturated. 
This is shown in Fig. 7A. The potential oscillates in 
an unpredictable manner from a value only slightly 
more noble than the critical potential for passivity 
(shown in Fig. 7B) to an active value. The rela- 
tively active value of the passive potential of un- 
alloyed Ti is due primarily to a particularly small 
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v a l u e  of e x c h a n g e  c u r r e n t  for  o x y g e n  r e d u c t i o n  on 
the  Ti  sur face .  A l l o y s  c on t a in ing  P t  a n d  P d  a re  
0.7-0.8 v m o r e  n o b l e  t h a n  u n a l l o y e d  Ti  and  on ly  
abou t  0.3 v m o r e  ac t ive  t h a n  P t  in  t he  s a m e  ~solu- 
t ion.  These  d a t a  a r e  an  idea l  i l l u s t r a t i o n  of the  
m e c h a n i s m  s h o w n  in Fig .  6. 

F i g u r e  7C shows  p o t e n t i a l - t i m e  b e h a v i o r  in 
h y d r o g e n - s a t u r a t e d  solut ion.  P l a t i n u m  exh ib i t s  t he  
r e v e r s i b l e  h y d r o g e n  po ten t i a l .  P o t e n t i a l s  of Ti  con-  
t a i n ing  P t  and  P d  a re  w i t h i n  25 m v  of th is  va lue .  
The  p o t e n t i a l  of u n a l l o y e d  Ti, w h i c h  i n i t i a l l y  had  an  
a i r - f o r m e d  film, is ac t ive .  This  i l l u s t r a t e s  t he  bas ic  
m e c h a n i s m  of nob le  m e t a l  a l l oy  a d d i t i o n s  shown  in 
Fig.  1. 

Note  in Fig .  7 t h a t  r e l a t i v e l y  s t ab le  po t e n t i a l s  a r e  
no t  o b s e r v e d  in t he  p o t e n t i a l  r eg ion  w h e r e  t he  
anodic  p o l a r i z a t i o n  cu rve  has  a n e g a t i v e  slope.  
W h e n  the  p o t e n t i a l  of pas s ive  Ti  r eaches  t he  c r i t i ca l  
po ten t i a l ,  i t  moves  r a p i d l y  to ac t ive  va lues .  W h e n  
ac t ive  Ti r eaches  po t e n t i a l s  close to t h a t  a t  t he  c r i t i -  
ca l  current, it moves rapidly to passive values. Also 
note that the potential of active Ti in oxygen- 
saturated solution is more noble than active Ti in 
hydrogen-saturated acid because of the combined 
cathodic reduction of oxygen and hydrogen ions. 

W e i g h t  loss d a t a  for  t he  e l ec t rodes  whose  be~ 
h a v i o r  is d e s c r i b e d  in Fig .  7A and  C a re  shown  in 
T a b l e  III .  A l l o y s  c on t a in ing  P t  or  P d  a re  pas s ive  
and  e x h i b i t  neg l ig ib l e  co r ros ion  r a t e s  in  e i t he r  
h y d r o g e n -  or  o x y g e n - s a t u r a t e d  acid.  U n a l l o y e d  Ti  
is ac t ive  in h y d r o g e n - s a t u r a t e d  so lu t ion  and  is 
i n t e r m i t t e n t l y  ac t ive  in o x y g e n - s a t u r a t e d  solut ion.  
In  the  l a t t e r  case, the  w e i g h t  loss is b e t w e e n  t h a t  
o b s e r v e d  for  t he  ac t ive  and  pas s ive  condi t ions .  

These  e x p e r i m e n t s  in 20% H~SO~ s u p p o r t  t h e  
concep t  t h a t  Ti  con t a in ing  nob le  m e t a l  a l l o y  a d d i -  
t ions  is m u c h  m o r e  sens i t ive  to ox id i z ing  agen t s  
t h a n  u n a l l o y e d  me ta l .  Da ta ,  w h i c h  show t h a t  th is  
e x t e nds  to t r ace  concen t r a t i ons  of ox id i z ing  agents ,  
w e r e  o b t a i n e d  b y  m e a s u r i n g  the  m i x e d  p o t e n t i a l  of 
Ti  and  Ti a l loys  con ta in ing  P t  as a func t ion  of f e r r i c  
ion c o n c e n t r a t i o n  in  bo i l ing  1% H,SO,. M e a s u r e -  
m e n t s  w h i c h  w e r e  c o n d u c t e d  in  t he  m a n n e r  d e -  
s c r i be d  p r e v i o u s l y  (1)  a r e  s h o w n  in  Fig .  8. T i t a -  
n ium,  w h i c h  is i n i t i a l l y  ac t ive ,  r e q u i r e s  a f e r r i c  ion 
c onc e n t r a t i on  of a b o u t  0.2 m g / m l  to pas s iva t e .  
P l a t i n u m - c o n t a i n i n g  a l loys  w h i c h  a r e  a l r e a d y  
e l e c t r o c h e m i c a l l y  p a s s i v e  in  th is  e n v i r o n m e n t  (see  
Fig. 5) without ferric ion additions respond mark- 
edly to concentrations of the oxidizing agent which 

Table III. Effect of 02 and H2 on corrosion resistance of 
Ti and Ti alloys in room temperature 20% H~SO~ 

W e i g h t  loss, 
Al loy  G a s  m i l / y r  

Ti 02 4* 
H2 29 

Ti + 0.37% P t  O~ < 2 t  
H2 <2  

Ti -i- 0.44% Pd  O~ <2 
H2 <2 

* P a s s i v e  d u r i n g  m o s t  o f  t es t .  S e e  F i g .  7A. 
t T h e  p o s s i b l e  w e i g h i n g  e r r o r  o f  t h e s e  t e s t s  is  •  m i l / y r .  
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H~SO4 on the potential of Ti and Ti-Pt alloys. 

a r e  less  t h a n  o n e - h u n d r e d t h  of t h a t  n e c e s s a r y  to 
p a s s i v a t e  Ti. 

Conclusions 
1. A l l o y i n g  Ti w i t h  s m a l l  a m o u n t s  of Pt ,  Pd ,  Re, 

Ru, Ir ,  Os, Rh, and  A u  m a r k e d l y  i m p r o v e s  cor ros ion  
r e s i s t ance  to H2SO,, HC1, and  o t h e r  r e d u c i n g - t y p e  
med ia .  

2. The  m i x e d  po t en t i a l s  of T i - n o b l e  m e t a l  a l loys  
w h i c h  e x h i b i t  low co r ros ion  r a t e s  a r e  m o r e  nob le  
t h a n  the  c r i t i ca l  p o t e n t i a l  for  p a s s i v i t y  of  Ti  in  t he  
s ame  e n v i r o n m e n t .  A n o d i c  p o l a r i z a t i o n  of t he se  
a l loys  shows  on ly  p a s s i v e  behav io r ,  w h e r e a s  c a t h -  
odic  p o l a r i z a t i o n  in to  t he  ac t ive  p o t e n t i a l  r eg ion  
p r o d u c e s  an  inc rease  in  cor ros ion  ra te .  

3. E l e c t r o c h e m i c a l  p a s s i v i t y  is o b s e r v e d  in  h y d r o -  
g e n - s a t u r a t e d  sys t ems  w i t h o u t  t he  p r e s e n c e  of a 
r e d o x  s y s t e m  m o r e  ox id iz ing  t h a n  the  h y d r o g e n  
e lec t rode .  

4. The  m i x e d  p o t e n t i a l  of  T i - n o b l e  m e t a l  a l loys  
is m u c h  m o r e  sens i t ive  to t r aces  of ox id i z ing  agen t s  
t h a n  u n a l l o y e d  meta l .  

5. The  a b o v e  o b s e r v a t i o n s  a r e  cons i s t en t  w i t h  t he  
t h e o r y  of nob le  m e t a l  a l l o y i n g  p roposed .  T i t a n i u m  

is p a r t i c u l a r l y  su scep t i b l e  to i m p r o v e m e n t  b y  a l -  
l o y i n g  because  i t  exh ib i t s  u n u s u a l l y  ac t i ve  v a l u e s  of 
c r i t i ca l  p o t e n t i a l  for  p a s s i v i t y  in  a v a r i e t y  of media .  

6. A l l o y i n g  Ti  w i t h  n o b l e  m e t a l s  is no t  d e t r i -  
m e n t a l  to b e h a v i o r  in  ox id i z ing  med ia ,  such  as  HNO,  
or  f e r r i c  ch lor ide .  This  is e x p e c t e d  s ince Ti  does  rmt 
e x h i b i t  a t r a n s p a s s i v e  p o t e n t i a l  r e g i o n  w h e r e  t h e  
d i s so lu t ion  r a t e  i nc reases  a t  qu i t e  nob le  p o t e n t i a l  
va lues .  S i m i l a r  a l l o y i n g  in t he  case  of s t a in less  
s tee l s  is e x p e c t e d  to be  d e t r i m e n t a l  u n d e r  h i g h l y  
ox id i z ing  cond i t ions  because  of the  t r a n s p a s s i v e  b e -  
h a v i o r  of F e - C r - N i - t y p e  a l loys .  Thus,  t he  a d d i t i o n  
of s m a l l  a m o u n t s  of nob le  m e t a l s  to Ti  p r o d u c e s  a 
m a t e r i a l  w i t h  u n u s u a l l y  b r o a d  cor ros ion  r e s i s t ance  
to bo th  ox id i z ing  and  r e d u c i n g - t y p e  med ia .  

Manuscr ip t  received Apr i l  6, 1959. This pape r  was 
p r e p a r e d  for de l ive ry  before  the Columbus Meeting, 
Oct. 18-22, 1959. 

A n y  discussion of this p a p e r  wil l  appea r  in a Discus-  
sion Sect ion to be publ ished in the  June  1960 JOURNAL. 
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High-Temperature Sulfiding of Iron Alloys in 
Hydrogen Sulfide-Hydrogen Mixtures 

E. W. Haycock 
Shell Development Company, Emeryville, California 

ABSTRACT 

Rates  of sulfide scale format ion  on pure  i ron  and a series of chromium 
steels have been measured  over  the  t empera tu re  range  400~176 in H~S-H~ 
mix tures  at a total  pressure  of 600 psi wi th  an H~S pa r t i a l  pressure  of 0.6 psi 
for  exposure  per iods  up to 500 hr. A mechanism of scaling, involving the  de-  
ple t ion of a ba r r i e r  scale l ayer  by  recrys ta l l iza t ion  and gra in  growth  processes, 
is proposed  and subs tan t ia ted  by  l abo ra to ry  studies of the  s t ruc tura l  p roper t ies  
and mode of format ion  of scales grown on the var ious  mate r ia l s  studied. A 
single kinet ic  equation, based on this mechanism,  is shown to sat isfy the ra te  
curves over  the complete  range  of condit ions studied. A solid defect  s t ructure,  
protons t r apped  at  me ta l  ion vacancies, is suggested to exp la in  the effect of 
hydrogen  on the scal ing process. The te rm "E" center  is suggested to descr ibe  
such a la t t ice  i r regular i ty .  

I n t e r e s t  in  the  h i g h - t e m p e r a t u r e  s t e e l - h y d r o g e n  
sulf ide  r e a c t i o n  has  been  s t i m u l a t e d  in  r e c e n t  y e a r s  
b y  sca l ing  p r o b l e m s  e x p e r i e n c e d  in  h i g h - t e m p e r a -  
t u r e  re f in ing  ope ra t i ons  of t he  p e t r o l e u m  i n d u s t r y .  

Cor ros ion  due  to p r e sence  of H~S in h y d r o r e f i n i n g  
processes  has  been  u n e x p e c t e d l y  severe ,  c h r o m i u m  
s tee ls  con ta !n ing  up  to 9 % c h r o m i u m  sca l ing  e q u a l l y  
as r a p i d  as c a r b o n  steel .  S e v e r a l  i n v e s t i g a t i o n s  of 
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this r eac t ion  have  been  repor ted  (1) .  Of these  i n -  
ves t igat ions ,  those car r ied  out  u n d e r  we l l - con t ro l l ed  
condi t ions  have,  for the most  par t ,  i nvo lved  r e l a -  
t ive ly  short  d u r a t i o n  exposures  and  have  been  pe r -  
fo rmed  at  or n e a r  a tmospher ic  pressure .  The  p r i -  
m a r y  objec t ive  of the inves t iga t ion  repor ted  here  
was to s tudy  the  k ine t ics  and  m e c h a n i s m  of scal ing 
under conditions similar to those experienced in 
refinery operations. This has involved scaling ex- 
periments at elevated pressures and with exposure 
times beyond the range reported by previous in- 
vestigators. In the present investigation, corrosion 
rates of pure iron and iron-chromium alloys have 
been compared with those of commercial steels and 
scaling rates studied as a function of chromium 
content. 

Dravnieks and Samans (2) recently have sug- 
gested a mechanism for the steel-hydrogen sulfide 
reaction. Mechanistic studies of the iron-H~S re- 
action have been reported by Delahay and co- 
workers (3). The interpretation of kinetic data in 
these studies is complicated by the thermodynamic 
possibility that FeS~ could be formed as well as FeS. 
In the present work the 1-12S/H~ mole ratio has been 
maintained at a sufficiently low value to insure that 
over the entire range of conditions studied FeS was 
the only stable product phase. As a result of the 
present kinetic and mechanistic studies a new 
mechanism of the reaction is proposed. Although the 
present studies confirm certain hypothetical features 
of the Dravnieks-Samans mechanism, our kinetics 
analysis differs significantly from that of the above 
authors and allows the experimental data to be 
explained by a single rate equation over the entire 
range of conditions studied. 

Experimental Rate Measurements 
The ra tes  of scal ing of pu re  iron, ~/2 % Mo steel, 

and  a series of c h r o m i u m  steels were  m e a s u r e d  over  
the t e m p e r a t u r e  r ange  400~176 in  H~S-H~ m i x -  
tu res  at a to ta l  p ressure  of 600 psi  w i th  an  H,S 
pa r t i a l  p ressure  of 0.6 psi. On the  basis  of t h e r m o -  
d y n a m i c  da ta  pub l i shed  by  Rosenqvis t  (4) ,  FeS is 
the s table  p roduc t  u n d e r  these  condit ions.  The  com-  
posi t ions of the  alloys s tudied  are g iven  in  Tab le  I. 
Two pu re  irons, Armco  and  Fe r rovac  E, were  used, 
and  no s ignif icant  differences were  observed  in  the  
r e l a t i ve ly  long exposure  scal ing ra tes  s tudied.  Com-  
merc i a l  u % Mo steel  was  used r a t h e r  t h a n  ca rbon  
steel  to avoid h y d r o g e n  a t tack  of the  metal .  

The e x p e r i m e n t s  were  m a d e  in  the appa r a t u s  
shown schemat ica l ly  in  Fig. 1. Meta l  spec imens  were  
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Fig. 1. Schematic diagram of apparatus used to measure 
metal scaling rate in H~S/H2 mixtures at 600 psi. 
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exposed in  th ree  s ta inless  steel  reactor  tubes  hea ted  
by  electr ic  fu rnaces  which  were  m a i n t a i n e d  at  
chosen t e m p e r a t u r e s  _ 2 ~  by  a Celee t ray  ind ica to r -  
control ler .  The t e m p e r a t u r e  con t ro l le r  was  ac tua ted  
by  i r o n - c o n s t a n t a n  the rmocoup les  s i tua ted  in  
the rmowel l s  close to the  me t a l  specimens.  

Cy l inde r  h y d r o g e n  (99.8% H~, 0.15% O~, 0.05% 
N~) was led  t h r ough  a Deoxo cata ly t ic  ca r t r idge  and  
d r y i n g  co lumn  to r emove  oxygen.  The  des i red H~S- 
H2 m i x t u r e  was  ob ta ined  b y  d iv id ing  the  hyd rogen  
s t r eam and  pass ing  pa r t  of it  t h r ough  l iqu id  H~S in  a 
d ry  ice bath .  The  d iv ided  gas s t r eam t h e n  was r e -  
m i xe d  and  passed th rough  a p rehea t  c o l u m n  in to  
the  reactors.  Divis ion  of the  h y d r o g e n  s t r eam to the 
des i red ex t en t  was  achieved by  the  use  of Foxboro  
flow recorder -con t ro l l e r s .  The tota l  flow of gas over  
the  scal ing spec imens  was  m a i n t a i n e d  at  a suffi- 
c ien t ly  h igh  ra te  to keep the  effluent H~S concen t r a -  
t ion  to w i t h i n  10% of the  in le t  concent ra t ion .  The  
gas composi t ion  at  both  the  in le t  a nd  out le t  was  
checked at f r e q u e n t  in te rva ls ,  and  in  m a n y  exper i -  
me n t s  the difference in  in le t  and  out le t  composi t ion  
was cons ide rab ly  less t h a n  this  amount .  For  ease in  
long t e r m  con t inuous  operat ion,  H~S was r emoved  
f rom the  effluent gas in  soda l ime towers  and  the  
h y d r o g e n  recycled.  

The m e t a l  specimens  s tud ied  were  in  the  form of 
cy l indr ica l  r ings  a p p r o x i m a t e l y  ~ in. long,  % in. 
O.D., wi th  3/32 in. wa l l  th ickness .  R ing  spec imens  
were  chosen p r i m a r i l y  to i n su re  tha t  scale samples  
wou ld  be ob ta ined  in situ on the me t a l  sur face  for 
subsequen t  e x a m i n a t i o n  by  me t a l l u r g i c a l  mic ro -  
scopic techniques .  The scales fo rmed  u n d e r  com-  

Table I. Alloy compositions 

W e i g h t  % c o n s t i t u e n t s  

N o m i n a l  a l loy  c o m p o s i t i o n  Cr  Ni  Mo C M n  P S Si Cu 

Armco iron - -  - -  - -  0.03 0.02 0.003 0.02 0.01 - -  
Ferrovac E* <0.02 - -  - -  0.01 <0.02 0.004 0.001 <0.03 <0.01 
1/2 % Mo steel - -  - -  0.55 0.20 0.56 0.018 0.025 0.22 - -  
5% Cr, ~/z% Mo steel 4.76 - -  0.54 0.10 0.35 0.002 0.011 0.33 - -  
9% Cr, 1% Mo steel 8.44 - -  1.01 0.09 0.42 0.012 0.015 0.36 - -  
12% Cr, type 410 12.31 0.50 0.11 0.13 0.65 0.010 0.009 0.55 0.03 
18% Cr, 8% Ni, type 304 18.43 10.36 - -  0.054 1.71 0.014 0.010 0.48 - -  

* V a c u u m  m e l t e d  p u r e  i ron.  
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p res s ion  on the  ins ide  of t he  r i ngs  r e m a i n e d  in tac t ,  
w h e r e a s  in m a n y  cases  the  scales  on the  o u t e r  
su r faces  of r i ng  spec imens  or  on flat  spec imens  
w o u l d  spa l l  on cool ing f r o m  the  r e a c t o r  t e m p e r a -  
tures .  Up to t e n  spec imens  could  be  s u p p o r t e d  in 
each  r e a c t o r  tube .  

The  e x p e r i m e n t a l  p r o c e d u r e  a d o p t e d  was  as fo l -  
lows.  P r i o r  to exposure ,  spec imens  w e r e  g r o u n d  
smooth  and  s h a r p  edges  r e m o v e d  w i t h  180 gr i t  
a b r a s i v e  fo l l owed  b y  soft  r u b b e r  e ras ing .  Spec imens  
t hen  w e r e  w a s h e d  w i t h  acetone,  we ighed ,  and  
l oaded  into  p r e h e a t e d  r e a c t o r  t ubes  u n d e r  n i t rogen .  
F i n a l  t e m p e r a t u r e  a d j u s t m e n t s  w e r e  m a d e  as t he  
n i t r o g e n  was  swep t  ou t  w i th  h y d r o g e n  and  the  
pres ' sure  b r o u g h t  up  to 600 psi .  The  h y d r o g e n  su l -  
f i d e - h y d r o g e n  s t r e a m  t h e n  was  i n t r o d u c e d  and  
sca l ing  a l l o w e d  to p roceed  for  v a r i o u s  e x p o s u r e  
t imes  up  to 500 hr.  E x p e r i m e n t s  w e r e  t e r m i n a t e d  b y  
s topp ing  flow~ to the  reac tors ,  ven t ing ,  and  p u r g i n g  
w i t h  n i t rogen .  To d e t e r m i n e  the  e x t e n t  of m e t a l  
c o n s u m p t i o n  a f t e r  each  exposure ,  t he  spec imens  
w e r e  desca l ed  in an  e l ec t ro ly t i c  c l e ane r  in 5 % w  
su l fu r i c  acid,  dr ied ,  soft  r u b b e r  e rased ,  and  we ighed .  
D u p l i c a t i o n  of a l loy  spec imens  a l l o w e d  a d d i t i o n a l  
s a m p e s  for  scale  a n a l y s e s  and  mic roscop ic  e x a m i n a -  
t ion.  

Experimental Results and Discussion 
The  r a t e  curves  o b t a i n e d  w e r e  s im i l a r  in fo rm  to 

those  o b t a i n e d  for  c a r b o n  s tee l  b y  D r a v n i e k s  and  
S a m a n s  (2) .  F o r  a l l  of t he  a l loys  s tud ied ,  the  r a t e  
of sca l ing  was  o b s e r v e d  to be  h igh  i n i t i a l l y  and  
g r a d u a l l y  dec rea se  ove r  t h e  f irst  20-30 h r  to a p -  
p r o a c h  an  e s s e n t i a l l y  cons t an t  va lue .  

The  sca l ing  r a t e  cu rves  for  p u r e  iron,  1/2 % Mo 
steel,  and  5% Cr, 1/2 % Mo s tee l  a r e  i l l u s t r a t e d  in 
Fig.  2, 3, and  4 for  e x p o s u r e s  up  to 500 hr.  The  
shapes  of these  curves  a r e  t y p i c a l  of a l l  of t he  a l loys  
s t ud i ed  i n c l u d i n g  18-8 s ta in less  steel .  S e v e r a l  e x -  
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Fig. 2. Sulflding rate curves for pure iron 
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Fig. 4 Sulfiding rate curves for 5% Cr-Y2% Mo steel. 
Curves are plots of Eq. 1 with the following rate constants 

Temp, ~ Kp K1 

400 1.1 0.14 
480 5 0.23 
565 18 0.31 

p e r i m e n t s  w i t h  p u r e  i r o n - c h r o m i u m  a l loys ,  m a d e  
b y  v a c u u m  m e l t i n g  " F e r r o v a c  E"  p u r e  i r on  w i t h  
e l e c t ro ly t i c  c h r o m i u m ,  showed  no s igni f icant  d i f fe r -  
ence in  sca l ing  p r o p e r t i e s  b e t w e e n  these  m a t e r i a l s  
and  the  c o r r e s p o n d i n g  c o m m e r c i a l  a l loys .  A l a r g e  
n u m b e r  of sca l ing  e x p e r i m e n t s ,  w h i c h  wi l l  not  be  
r e p o r t e d  in de t a i l  here ,  h a v e  been  m a d e  u n d e r  v a r y -  
ing  p a r t i a l  p r e s s u r e s  of H_oS and  H~. These  e x p e r i -  
m e n t s  have  conf i rmed  p r e v i o u s l y  r e p o r t e d  (1)  ob -  
s e rva t i ons  tha t ,  w i t h i n  the  t h e r m o d y n a m i c  l imi t s  of 
F e S  s t ab i l i ty ,  t he  o v e r - a l l  sca l ing  r a t e  d e p e n d s  on 
the  p a r t i a l  p r e s s u r e  of HaS a n d  is no t  a f fec ted  b y  
changes  in t he  p a r t i a l  p r e s s u r e  of H2. 

Scale structure and composition.--Scales f o r m e d  
on a l l  of the  m a t e r i a l s  i n v e s t i g a t e d  cons i s ted  of two  
w e l l - d e f i n e d  l aye r s .  The  scales  r e s e m b l e d  those  d e -  
s c r ibed  b y  D e l a h a y  (3) for  t he  p u r e  i ron-H~S p r o d -  
uc t  and  b y  D r a v n i e k s  (2)  for  t he  ca rbon  s tee l  cor -  
ros ion  p roduc t .  T h e  l a y e r  n e x t  to t he  m e t a l  cons i s ted  
of sma l l  d i s o r g a n i z e d  c r y s t a l l i t e s  and  was  cohe ren t  
and  adhe ren t .  The  second  l a y e r  a d j a c e n t  to t he  
gaseous  e n v i r o n m e n t  cons i s t ed  of a c o l u m n a r  a r r a y  
of r e l a t i v e l y  l a r g e  c rys t a l s  w i t h  pores  e x t e n d i n g  
f r o m  the  gas i n t e r f a c e  to t h e  su r f ace  of  t he  a d h e r e n t  
sulf ide  l aye r .  The  scale  s t r u c t u r e  i l l u s t r a t e d  b y  the  
p h o t o m i c r o g r a p h  shown  in Fig.  5 is t y p i c a l  of t h a t  
o b t a i n e d  on a l l  of t he  m a t e r i a l s  s tud ied .  

C h e m i c a l  a n a l y s e s  of t he  i n d i v i d u a l  scale  l a y e r s  
showed  tha t ,  for  p u r e  i r on  a n d  the  l ow c h r o m i u m  
steels ,  the  m a i n  c o n s t i t u e n t  of bo th  l a y e r s  w a s  m e t a l  
def ic ient  f e r rous  sulfide. S i m i l a r  r e su l t s  for  p u r e  
i ron  have  been  r e p o r t e d  b y  D e l a h a y  (3) .  This  was  
conf i rmed  b y  p o w e r  x - r a y  ana lyses ,  t he  i ron  sulf ide 

Fig. 5. Sulfide scale formed on 12% Cr steel. Specimen 
scaled 400 hr at 565~ partial pressure, H2S 0.3 psi in 600 
psi H2. Magnif ication 100X before reduction for publication. 
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supe r  l a t t i c e  (a ' )  p a t t e r n  be ing  o b t a i n e d  in a l l  cases. 
This  s t r u c t u r e  is a s soc ia t ed  w i t h  the  FeS  c o m p o s i -  
t ion r a n g e  50-50.74 at. % sul fur .  S i m i l a r  x - r a y  
p a t t e r n s  h a v e  been  r e p o r t e d  b y  B r u n s  (5) .  F o r  the  
c h r o m i u m  al loys ,  c h e m i c a l  a n a l y s e s  showed  t h a t  
c h r o m i u m  and  m o l y b d e n u m  w e r e  r e t a i n e d  in  t he  
scale  l a y e r  n e x t  to t he  me ta l .  O t h e r  t r ace  m e t a l s  
p r e s e n t  such as n i cke l  and  m a n g a n e s e  w e r e  f o u n d  to 
be  d i s t r i b u t e d  t h r o u g h o u t  b o t h  l ayers ,  a l t h o u g h  
some t e n d e n c y  to r e t a i n  n i c k e l  in  t h e  i n n e r  l a y e r  
was  obse rved .  S i l i con  and  ca rbon  w e r e  found  to ac -  
c u m u l a t e  in the  i n n e r  l aye r .  F o r  t he  h i g h e r  c h r o -  
m i u m  s tee ls  and  for  low c h r o m i u m  s tee ls  w h i c h  h a d  
been  exposed  suff ic ient ly  long  to a l l ow a s igni f icant  
c o n c e n t r a t i o n  of c h r o m i u m  to be  b u i l t  up  in  t he  
i n n e r  scale  l aye r ,  an x - r a y  p a t t e r n  c o r r e s p o n d i n g  to 
the  sp ine l  s t r u c t u r e  FeCr~S~ was  obse rved .  A l t h o u g h  
no t h e r m o d y n a m i c  d a t a  a r e  a v a i l a b l e  for  th is  c o m -  
pound,  b y  c o m p a r i s o n  w i t h  t he  ana logous  o x y g e n  
compound ,  i t  w o u l d  b e  e x p e c t e d  to h a v e  a h igh  
n e g a t i v e  f ree  e n e r g y  of f o r m a t i o n  and  i ts  o c c u r r e n c e  
accounts  for  t he  r e t e n t i o n  of c h r o m i u m  in t he  i n n e r  
scale  l aye r .  

Mechanism o 5 scale formation.--Microscopic 
s t u d y  of scale  s t r u c t u r e  s t r o n g l y  sugges t s  t h a t  t he  
o u t e r  po rous  scale  l a y e r  is f o r m e d  a t  t he  e x p e n s e  of 
the  i n n e r  l a y e r  b y  a r e c r y s t a l l i z a t i o n  a n d  g r a i n  
g r o w t h  m e c h a n i s m .  This  is i n d i c a t e d  b y  t h e  s h a r p -  
ness  of the  i n t e r f ace  b e t w e e n  t h e  scale  l a y e r s  a n d  
the  change  in c r y s t a l  size and  o r i e n t a t i o n  f rom one 
l a y e r  to the  o ther .  I t  is also in  k e e p i n g  w i t h  t he  
o b s e r v a t i o n  t ha t  for  p u r e  i ron  b o t h  l a y e r s  a r e  i d e n -  
t i ca l  w i t h i n  the  l im i t s  d e t e r m i n a b l e  b y  c h e m i c a l  a n d  
x - r a y  ana lyses .  

To o b t a i n  con f i rma t ion  of th i s  g e n e r a l  mode l ,  
i n e r t  m a r k e r  e x p e r i m e n t s  w e r e  p e r f o r m e d  on 1% 
Cr, 1/2 % Mo steel ,  and  ~2 % Mo s tee l  sca led  u n d e r  
the  cond i t ions  p r e v i o u s l y  d e s c r i b e d  for  t he  r a t e  
m e a s u r e m e n t s .  T h r e e  m a r k i n g  m a t e r i a l s  w e r e  used :  
c h r o m i u m  oxide ,  a l u m i n u m  oxide ,  and  p l a t i n u m  
m e t a l  dust .  The  pos i t ions  of t h e  c h r o m i u m  ox ide  and  
p l a t i n u m  m a r k e r s  w e r e  s t u d i e d  b y  m e t a l l o g r a p h i c  
t e chn iques  and  a l u m i n u m  ox ide  b y  c h e m i c a l  a n a l y -  
ses of t he  sca le  l aye r s .  In  a l l  cases  m a r k e r s  w e r e  
f o u n d  d i s t r i b u t e d  t h r o u g h o u t  t he  o u t e r  sca le  l a y e r s  
and  on the  o u t e r m o s t  scale  sur face .  Some  m a r k e r s ,  
p a r t i c u l a r l y  in t he  case of c h r o m i u m  oxide ,  w e r e  
f o u n d  at  t h e  i n t e r f ace  b e t w e e n  the  scale  l aye r s ,  a n d  
the  r e l a t i v e  n u m b e r  a n d  a p p e a r a n c e  of  t h e s e  
m a r k e r s  sugges t ed  t h a t  t he  c h r o m i u m  ox ide  was  no t  
e n t i r e l y  i n e r t  and  t h a t  some i n h i b i t i o n  of t he  p r o -  
cesses t a k i n g  p l ace  at  the  i n t e r f ace  b e t w e e n  t h e  two  
scale  l a y e r s  was  occur r ing .  The  fac t  t h a t  no m a r k e r s  
w e r e  f o u n d  in t h e  i n n e r  l a y e r  or  a t  t he  m e t a l  s u r -  
face  c l e a r l y  ind ica t e s  t h a t  t he  i n n e r  scale  l a y e r  was  
f o r m e d  b y  sulf ide ion d i f fus ion to t he  m e t a l  su r face .  
T h e  g e n e r a l  s ca t t e r i ng  of m a r k e r s  t h r o u g h  t h e  o u t e r  
l a y e r  sugges t s  t h a t  con t inuous  r e a r r a n g e m e n t  t a k e s  
p l ace  in  th is  l aye r ,  and  th is  is in k e e p i n g  w i t h  t h e  
p r o p o s e d  m o d e l  of i ts  f o r m a t i o n  b y  r e c r y s t a l l i z a t i o n  
and  g r a i n  g r o w t h  processes .  

The  g r o w t h  of the  i n n e r  l a y e r  b y  sulf ide ion d i f fu-  
s ion to t h e  m e t a l  su r f ace  necess i t a t e s  t h a t  th i s  l a y e r  
be  f o r m e d  u n d e r  h igh  c o m p r e s s i v e  s t ress .  The  m o l a r  

v o l u m e  of f e r rous  sulf ide  is c o n s i d e r a b l y  g r e a t e r  
t h a n  t h a t  of t h e  p a r e n t  m e t a l  and,  e x c e p t  for  some 
r e l i e f  due  to s l i gh t  p l a s t i c  d e f o r m a t i o n ,  t h e  p r o d u c t  
sulf ide is conf ined b e n e a t h  ex i s t i ng  scale  to t he  s ame  
v o l u m e  as t h a t  i n i t i a l l y  occup ied  b y  the  p a r e n t  
metal. It seems probable that the stress in the inner 
scale layer is the main driving force for nucleation 
and growth of the outer scale layer. The phenome- 
non of stress induced recrystallization is well 
known, particularly in metal systems. A pertinent 
example of this is the observation that the growth 
of single crystal tin "whiskers" from polycrystalline 
tin is greatly enhanced by the application of a com- 
pressive stress (6). 

The difference in the mechanism of scale forma- 
tion in hydrogen sulfide environments as compared 
to sulfide formation in sulfur vapor studied by 
Birchenall (7) is dealt with later when interaction 
of hydrogen with metal deficient ferrous sulfide is 
discussed. 

Kinet ic  analysis o~ rate data.--Microscopic e x -  
a m i n a t i o n  of sulf ide scales  f o r m e d  in h y d r o g e n  su l -  
fide e n v i r o n m e n t s  ind ica t e s  t h a t  t he  p o r o s i t y  of t he  
o u t e r  scale  l a y e r  is suff ic ient ly  h igh  to r e n d e r  i t  i n -  
ef fec t ive  as a sol id  d i f fus ion b a r r i e r  b e t w e e n  the  
m e t a l  a n d  the  gas  phase .  The  m a i n  r e s i s t ance  to r e -  
ac t ion  a p p e a r s  to r e s ide  in t h e  i n n e r  b a r r i e r  l a y e r  
scale.  The  s imp le s t  k ine t i c  m o d e l  w h i c h  a d e q u a t e l y  
e x p l a i n s  t he  e x p e r i m e n t a l  o b s e r v a t i o n s  is one to 
w h i c h  a c o m b i n a t i o n  p a r a b o l i c - l i n e a r  l a w  m a y  be  
a p p l i e d  in w h i c h  the  l i n e a r  c o m p o n e n t  of the  r a t e  is 
a s soc ia t ed  w i t h  t he  p rocess  occu r r i ng  a t  t he  i n t e r f a c e  
b e t w e e n  the  c ompa c t  and  the  po rous  sca le  l aye r s .  B y  
c o m p a r i s o n  w i t h  o the r  s o l i d - s t a t e  i n t e r f ace  t r a n s f o r -  
ma t ions ,  t h e  p r o p o s e d  r e c r y s t a l l i z a t i o n  p rocess  fo r  
the  f o r m a t i o n  of t he  porous  l a y e r  w o u l d  be  e x p e c t e d  
to occur  at  a l i n e a r  r a t e  a n d  the  i n t e r r a c i a l  a r e a  w i l l  
r e m a i n  s e n s i b l y  cons t an t  t h r o u g h o u t  t he  reac t ion .  
The  b a r r i e r  l a y e r  scale  t h e r e f o r e  w i l l  g r o w  b y  t h e  
d i f fus ion  of sulf ide ions to t he  m e t a l  su r f ace  and  be  
d e p l e t e d  a t  a cons t an t  r a t e  b y  the  p rocess  f o r m i n g  
the  porous  ou te r  scale  l aye r .  I f  i t  is a s s u m e d  t h a t  
d i f fus ion  across  t he  i n n e r  scale  l a y e r  d e t e r m i n e s  t he  
r a t e  of m e t a l  consumpt ion ,  t hen  th is  r a t e  w i l l  be  i n -  
v e r s e l y  p r o p o r t i o n a l  to t h e  i n n e r  scale  th ickness .  The  
r a t e  of sca l ing  w i l l  s t a r t  t h e r e f o r e  a t  a h igh  v a l u e  
and  dec l ine  as the  i n n e r  scale  th ickens .  W h e n  the  
r a t e  of m e t a l  c o n s u m p t i o n  a p p r o a c h e s  the  r a t e  of 
r e c r y s t a l l i z a t i o n ,  t he  i n n e r  scale  l a y e r  wi l l  a p p r o a c h  
a cons t an t  t h i ckness  and  the  sca l ing  r a t e  w i l l  a p -  
p r o a c h  a cons t an t  va lue .  This  m o d e l  l eads  to the  e x -  
p r e s s ion  

x =  K, in K, [1] 
K, K,  -- K, (x  -- K, t )  

for  the  m e t a l  w e i g h t  loss  as a f u n c t i o n  of t ime ,  
w h e r e  x equa l s  m e t a l  w e i g h t  loss, t ,  t ime ,  K~ is a 
r a t e  cons t an t  a s soc ia t ed  w i t h  t he  p a r a b o l i c  d i f fus ion 
p rocess  b y  w h i c h  t h e  b a r r i e r  l a y e r  is fo rmed ,  a n d  
K,  a r a t e  c o n s t a n t  a s soc ia t ed  w i t h  t he  l i n e a r  r e -  
c r y s t a l l i z a t i o n  r a t e  b y  w h i c h  i t  is dep l e t ed .  

E q u a t i o n  [1]  is a g e n e r a l  e x p r e s s i o n  for  t he  r a t e  
of  sca l ing  of a n y  s y s t e m  in w h i c h  a d i f fus ion b a r -  
r ie r ,  w h i c h  w o u l d  n o r m a l l y  be  f o r m e d  p a r a b o l i c a l l y ,  
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is d e p l e t e d  a t  a cons t an t  r a t e  b y  a n y  s e c o n d a r y  p r o -  
cess. I ts  de r iva t i on ,  w h i c h  is an  ex t ens ion  of t he  
w o r k  of L o r i e r s  (8)  and  W a g n e r  (9) ,  w i l l  be  g iven  
in  m o r e  d e t a i l  in t he  fo l l owing  p a p e r  (10) w h e r e  i t  
is a p p l i e d  to sys t ems  o t h e r  t h a n  sulf iding.  

The  close c o r r e s p o n d e n c e  b e t w e e n  the  p r e s e n t  
e x p e r i m e n t a l  d a t a  and  the  t h e o r e t i c a l  r a t e  cu rves  
o b t a i n e d  f r o m  Eq. [1]  fo r  t he  r a n g e  of  cond i t ions  
s t u d i e d  is shown  in Fig .  4 for  5 % Cr, u % Mo steel .  
S i m i l a r  a g r e e m e n t  has  been  found  for  t he  o t h e r  
a l loys  s tud ied .  

E q u a t i o n  [1]  is b a s e d  on a m o d e l  of an  i d e a l  
sys tem.  The  a s s u m p t i o n s  m a d e  in i ts  d e r i v a t i o n  are :  
(a )  t he  c o n s u m p t i o n  of m e t a l  is con t ro l l ed  so le ly  b y  
d i f fus ion  p rocesses  in t he  c o m p a c t  l aye r ,  i.e., no 
su r face  or  i n t e r f a c e  r e a c t i o n  inf luences  the  p r i m a r y  
r eac t ion ;  (b )  the  d i f fus ion  coefficient  of t h e  r a t e -  
d e t e r m i n i n g  species  is cons t an t  t h r o u g h o u t  the  r e -  
ac t ion;  (c)  t he  s e c o n d a r y  i n t e r f a c e  r e a c t i o n  g iv ing  
the  po rous  sca le  l a y e r  d e p l e t e s  t he  d i f fus ion  b a r r i e r  
a t  a u n i f o r m  ra t e ;  and  (d)  bo th  sca le  l a y e r s  beg in  
to  g r o w  a t  t = 0 a n d  h a v e  cons t an t  d e n s i t y  t h r o u g h -  
out  the  reac t ion .  F o r  t h e  e a r l y  s t ages  of sca l ing  on 
p u r e  i ron  and  the  l o w  c h r o m i u m  steels ,  t hese  r e -  
q u i r e m e n t s  a p p a r e n t l y  a r e  o b e y e d  r e a s o n a b l y  wel l .  
H o w e v e r ,  a t  l ong  e x p o s u r e  t imes  dev i a t i ons  a r e  to 
be  e x p e c t e d  and  the  r e su l t s  of some of these  a r e  a p -  
p a r e n t  in scales  f o r m e d  in long t e r m  e x p e r i m e n t s  
in  bo th  l a b o r a t o r y  a n d  r e f ine ry  p l a n t  e q u i p m e n t .  
The  p r e s e n c e  of n o n m e t a l l i c  m a t e r i a l s  ( c a r b o n  a n d  
s i l icon)  in  t h e  s tee ls  m a y  i n t r o d u c e  a c h a n g i n g  a d -  
d i t i ona l  r e s i s t ance  to the  c o n s u m p t i o n  of m e t a l  a t  
t he  m e t a l - s c a l e  in te r face .  The  e n r i c h m e n t  of c e r t a i n  
a l l oy  cons t i t uen t s  in v a r i o u s  loca t ions  in  t h e  scale  
g r a d u a l l y  wi l l  effect the  d i f fus ion coefficient  of o t h e r  
cons t i tuen ts .  The  o u t e r  scale  l aye r ,  as i t  t h i ckens ,  
m a y  offer  a g r a d u a l l y  i nc r ea s ing  r e s i s t ance  to gas  
flow to t he  i n t e r f a c e  b e t w e e n  the  t w o  scale  l aye r s .  
Thus,  a t  t he  base  of po re s  of t he  o u t e r  scales,  t he  
r a t i o  of H: to H:S m a y  inc rea se  as t h e  porous  scale  
g r o w s  a n d  gaseous  d i f fus ion  p a t h s  to the  r e a c t i o n  
zone become  longer .  The  compac t  d i f fus ion b a r r i e r  
m a y  deve lop  s t ress  c racks  as t he  r e a c t i o n  proceeds .  
The  sca le  i n t e r f a c e  reac t ion ,  w h i c h  is t h o u g h t  of 
b a s i c a l l y  as a r e c r y s t a l l i z a t i o n  process ,  cou ld  be  
af fec ted  b y  changes  in  c o n c e n t r a t i o n  of f o r e ign  
m a t e r i a l s  a t  t he  in te r face .  

E x p e r i m e n t a l  o b s e r v a t i o n s  of scale  l a y e r  t h i c k -  
nesses  m a d e  in the  p r e s e n t  s t u d y  ind i ca t e  t h a t  t he  
i n n e r  scale  l a y e r  t h i c k e n s  ove r  t he  first  24 -h r  e x -  
p o s u r e  to  a v a l u e  w h i c h  r e m a i n s  e s s e n t i a l l y  con -  
s t an t  for  70-100 hr.  A s l igh t  b u t  con t inuous  t h i c k e n -  
ing  of t he  i n n e r  l a y e r  t a k e s  p l ace  for  100-500 h r  
e x p o s u r e  and  this  is a c c o m p a n i e d  b y  a s l igh t  d e -  
c rease  in  the  r a t e  of t h i c k e n i n g  of the  o u t e r  po rous  
l aye r .  These  dev i a t i ons  f r o m  the  t h e o r e t i c a l  m o d e l  
do not  a p p e a r  to be of sufficient m a g n i t u d e  to p r e -  
v e n t  the  e x p e r i m e n t a l  r a t e  cu rves  b e i n g  f i t ted  a d e -  
q u a t e l y  b y  Eq. [1] .  

Va lues  of K~ and  K~, p l o t t e d  as a func t ion  of t e m -  
p e r a t u r e  acco rd ing  to t he  A r r h e n i u s  equa t ion ,  a r e  
s h o w n  in Fig.  6 and  7. S t r a i g h t  l ines  w e r e  o b t a i n e d  
in  a l l  cases,  w h i c h  adds  s u p p o r t  of i n t e r n a l  con-  
s i s t ency  to t he  p r o p o s e d  m e c h a n i s m  and  k ine t i c  
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Fig. 6 Arrhenius plots for Kp 

t -"  

PURE IRON AND 0-9% Cr 

I0 ~ 

"~ 18-8 TYPE 304 

1.51 

I 
l.z! 1 31 1.41 

1 x 10 "] DEGREES ABSOLUTE 

Fig. 7. Arrhenius plots for K1 

ana lys i s .  F o r  the  p u r p o s e  of c l a r i t y ,  t he  p u r e  i ron  
Kp p lo t  has  been  o m i t t e d  f r o m  Fig.  6 and  the  l ines  
for  va r i ous  a l loys  have  been  g r o u p e d  in Fig .  7. 
A c t i v a t i o n  ene rg ie s  a n d  p r e - e x p o n e n t i a l  f ac to rs  
d e t e r m i n e d  f rom the  d a t a  for  each  i n d i v i d u a l  m e t a l  
a r e  g iven  in T a b l e  I I  for  t he  d i f fus ion  a n d  r e c r y s t a l -  
l i za t ion  processes .  The  a c c u r a c y  w i t h  w h i c h  w e i g h t  
losses could  be  d e t e r m i n e d  and  the  d e v i a t i o n s  of  
i n d i v i d u a l  po in t s  f r o m  the  t h e o r e t i c a l  cu rves  ob -  
t a i n e d  f rom Eq. [1]  set  a l i m i t  of a c c u r a c y  of ----1 
k c a l  on the  r e p o r t e d  a c t i va t i on  ene rg ie s  for  a l l  
a l loys  excep t  18-8 s t a in less  s teel .  In  th is  case  w e i g h t  
losses w e r e  v e r y  s m a l l  and  the  e x p e r i m e n t a l  d a t a  
m o r e  w i d e l y  s ca t t e r ed .  The  d a t a  g iven  for  18-8 

Table II. Activation energies and pre-exponential factors 
for parabolic and linear processes 

K ~ A e - E / I ~ T  

Alloy  

Pa rabo l i c  r a t e  L inea r  r a t e  
cons tant ,  K~ cons tan t ,  K~ 

Ac t iva t ion  
energy ,  E, 
k c a l / m o l e  

P re -exp .  Ac t iva t ion  P re -exp .  
f ac to r ,  A,  ene rgy ,  E, fac tor ,  A,  

mg~/cmr h r  k c a l / m o l e  mg/em~ h r  

I ron  12.5 
1/2 % Mo 10 
5% Cr, ~/z% Mo 19 
9% Cr, 1% Mo 20 
12% Cr, t ype  410 28 
18-8, type  304 17 

2.1 • 10 ~ 7 10 
7.7 X 108 7 10 
1.6 • 106 7 10 
2.4 X 106 7 10 
2.9 X l0 s 7 22 
3.7 >< 107 16 7 X 108 
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s t a in less  s tee l  t h e r e f o r e  cou ld  be  c o n s i d e r a b l y  in 
e r r o r  and  shou ld  be  t a k e n  for  c o m p a r i s o n  in  a 
q u a l i t a t i v e  r a t h e r  t h a n  q u a n t i t a t i v e  sense.  I t  w i l l  
be  seen  tha t ,  w i t h  t he  c h r o m i u m  al loys ,  t h e  a c t i v a -  
t ion  e n e r g y  for  t he  d i f fus ion p rocess  inc reases  as t he  
c h r o m i u m  con ten t  of the  s tee l  increases .  T h e  a c t i v a -  
t ion e n e r g y  of the  r e c r y s t a l l i z a t i o n  process ,  h o w -  
ever ,  s t ays  e s s e n t i a l l y  c o n s t a n t  u n t i l  t h e  12% 
c h r o m i u m  a l loy  is r e a c h e d  and  t h e n  inc reases  
s h a r p l y  for  the  18% Cr, 8% Ni s ta in less  steel .  

These  ac t i va t i on  e n e r g y  d a t a  s e r v e  to i l l u s t r a t e  
s e v e r a l  p r a c t i c a l  f e a t u r e s  of t he  sca l ing  process .  
S ince ,  on the  bas is  of t he  p r o p o s e d  model ,  the  u l t i -  
m a t e  r a t e  of scale  f o r m a t i o n  is d e t e r m i n e d  b y  the  
r e c r y s t a l l i z a t i o n  r a t h e r  t h a n  the  d i f fus ion  process ,  
t he  cons t ancy  of t he  ac t i va t i on  ene rg ie s  and  p r e -  
e x p o n e n t i a l  f ac to rs  for  the  r e c r y s t a l l i z a t i o n  process  
a r e  to be  e x p e c t e d  s ince p r a c t i c a l  e x p e r i e n c e  has  
shown  t h a t  c h r o m i u m  add i t i ons  of less t h a n  12% to 
s tee l  a r e  not  benef ic ia l  in l o w e r i n g  the  l o n g - t e r m  
sca l ing  r a t e  (1) .  T h e  fac t  t h a t  the  a c t i v a t i o n  e n e r -  
gies for  t he  d i f fus ion  p rocess  i n c r e a s e  w i t h  c h r o -  
m i u m  con ten t  imp l i e s  tha t ,  if  t he  sca l ing  process  
i n v o l v e d  the  d i f f u s i o n - c o n t r o l l e d  f o r m a t i o n  of  t he  
b a r r i e r  scale  only,  t h e n  low p e r c e n t a g e  c h r o m i u m  
add i t i ons  w o u l d  be  benef ic ia l  in r e d u c i n g  scal ing.  
This  is in  k e e p i n g  w i t h  e x p e r i e n c e  in o x i d a t i o n  of 
c h r o m i u m  s tee ls  w h e r e  no porous  sca le  l a y e r  is p r o -  
duced  a n d  low p e r c e n t a g e  add i t i ons  of c h r o m i u m  
l o w e r  the  sca l ing  ra te .  I t  is a n t i c i p a t e d  t h a t  a d d i -  
t ions  of c h r o m i u m  w o u l d  be  benef ic ia l  in t he  p u r e  
su l fu r  v a p o r  sca l ing  sys tem.  

Effect of Hydrogen on Ferrous Sulfide Scale Formation 

The  effect  of h y d r o g e n  in h i g h - t e m p e r a t u r e  su l -  
t id ing  of i r on  can be  a p p r e c i a t e d  bes t  b y  c o m p a r i -  
son of t he  sca l ing  processes  in h y d r o g e n  sulf ide and  
in p u r e  su l fu r  vapo r .  In  h y d r o g e n  sulf ide e n v i r o n -  
m e n t s  the  r a t e  of sca l ing  is h igh  i n i t i a l l y  and  fa l l s  
to  an  e s s e n t i a l l y  cons t an t  va lue .  A t w o - l a y e r  scale  
is fo rmed ,  t he  i n n e r  l a y e r  g r o w i n g  b y  sulf ide ion 
d i f fus ion to t he  m e t a l  surface .  In  c o n t r a s t  to this ,  
the  i r o n - s u l f u r  v a p o r  r e a c t i o n  fo l lows  a p a r a b o l i c  
r a t e  l a w  (7) .  A s ingle  l a y e r  sca le  is f o r m e d  a n d  has  
been  s h o w n  b y  B i r c h e n a l l  to g r o w  b y  i ron  ion d i f fu-  
s ion f r o m  the  m e t a l  su r f ace  to t h e  s c a l e - g a s  i n t e r -  
face. S ince  the  p r o d u c t  in  bo th  cases  is i ron  def ic ient  
f e r rous  sulf ide,  i t  is e v i d e n t  t h a t  h y d r o g e n  p l a y s  an  
i m p o r t a n t  ro le  in  the  m e c h a n i s m  of  scale  f o r m a t i o n  
in h y d r o g e n  sulf ide e n v i r o n m e n t s .  

To ob t a in  a q u a n t i t a t i v e  m e a s u r e  of t he  i n t e r -  
ac t ion  of h y d r o g e n  w i t h  f e r rous  sulfide,  t he  a l l  g lass  
a p p a r a t u s  shown  s c h e m a t i c a l l y  in  Fig .  8 has  been  
used.  In  a t y p i c a l  e x p e r i m e n t  a s a m p l e  of f e r rous  
sulf ide in b u l b  A was  e q u i l i b r a t e d  w i t h  a r e s e r v o i r  
m i x t u r e  of a p p r o x i m a t e l y  6% h y d r o g e n  sulf ide in 
h y d r o g e n  at  a t m o s p h e r i c  p r e s s u r e  for  15 h r  a t  
500~ This  gas cQmposi t ion  was  s u i t a b l e  to m a i n -  
t a in  f e r rous  sulf ide  t h e r m o d y n a m i c a l l y  s t ab le  
a ga in s t  b u l k  r e d u c t i o n  a t  th is  t e m p e r a t u r e .  The  
a d s o r p t i o n  c h a m b e r  A was  t hen  e v a c u a t e d  to 10 -~ 
m m  Hg a t  500~ for  8 hr .  A k n o w n  a m o u n t  of  
H~S-H2 m i x t u r e  was  i n t r o d u c e d  in to  t h e  s y s t e m  
f r o m  the  r e se rvo i r ,  and  the  a d s o r p t i o n  of gases  fo l -  

TO HIGH 
VACUUM SYSTEM 

V / / / / / , / , / / A  ~ RESERVOIR 

FURNACE 

Fig. 8. Schematic diagram of apparatus used to measure 
absorption of hydrogen by ferrous sulfide. 

I I I I / o Z 4 6 8 1 
TIME, HOURS 

Fig. 9. Adsorpt ion of HsS/H2 mixture on ferrous sulfide at  
500~ Weight  of ferrous sulfide, 75.6 g; surface area (after 
experiment), 0. l 1 m2/g; gas pressure at  zero t ime, 40.8 cm 
Hg; gas pressure af ter  12 hr, 15.8 cm Hg; ini t ia l  composi- 
t ion of H~S/H~ mixture, 6 .15% H~S; gas composit ion after 12 
hr, 10.9% H2S; hydrogen adsorbed af ter  12 hr, 10.4 ccs 
(N.T.P.); hydrogen sulfide adsorbed after 12 hr, 0.34 ccs 
(N.T.P). 

l o w e d  b y  the  r e d u c t i o n  in p r e s s u r e  m e a s u r e d  w i t h  a 
g lass  c a p i l l a r y  b o u r d o n  g a u g e  (11) .  A t  a n y  s t age  of 
the  a d s o r p t i o n  a p a r t  of t he  a m b i e n t  gas  cou ld  be  
i so l a t ed  in sec t ion  B of  t he  a p p a r a t u s  and  the  H~S 
condensed  ou t  in the  a m p o u l e  C. This  a l l owed  a 
m e a s u r e m e n t  of t he  H~S/H~ v o l u m e  r a t i o  ex i s t i ng  
a b o v e  the  a d s o r b e n t  a t  a n y  g iven  t ime.  The  v o l u m e s  
of t he  v a r i o u s  sect ions  of t he  a p p a r a t u s  w e r e  ca l i -  
b r a t e d  w i t h  he l ium.  F u r n a c e  t e m p e r a t u r e s  w e r e  
c on t ro l l e d  to --+2~ The  su r f ace  a r e a  of t he  sulf ide 
was  d e t e r m i n e d  a f t e r  each  e x p e r i m e n t  to a l l ow for  
a n y  s in t e r ing  w h i c h  m i g h t  occur.  S u r f a c e  a r e a s  
w e r e  m e a s u r e d  b y  the  B.E.T. m e t h o d  us ing  n i t rogen .  
A t y p i c a l  a d s o r p t i o n  i s o t h e r m  is s h o w n  in Fig.  9 
w i t h  t he  p e r t i n e n t  p r i m a r y  and  c a l c u l a t e d  d a t a  for  
the  e x p e r i m e n t .  I t  w i l l  be  seen t ha t  t he  s y s t e m  h a d  
no t  r e a c h e d  e q u i l i b r i u m  even  a f t e r  12 hr .  E v e n  if i t  
is a s s u m e d  tha t  the  e v a c u a t i o n  t r e a t m e n t  b e f o r e  
a d s o r p t i o n  r e m o v e d  a l l  of t he  h y d r o g e n  as soc ia t ed  
w i t h  t he  f e r r o u s  sulf ide,  t he  t o t a l  m e a s u r e d  a m o u n t  
of h y d r o g e n  a d s o r b e d  a f t e r  12 h r  e xc e e ds  t h e  v a l u e  
e x p e c t e d  for  a m o n o l a y e r .  The  slow, e s s e n t i a l l y  
l inea r ,  a d s o r p t i o n  o b s e r v e d  a f t e r  1 h r  is a t t r i b u t e d  
to the  so lu t ion  of h y d r o g e n  into  t he  b u l k  sulfide.  

The  a d s o r p t i o n  of h y d r o g e n  b y  m e t a l  def ic ient  
oxides ,  m a t e r i a l s  k n o w n  as p - t y p e  semiconduc to r s ,  
has  been  s t u d i e d  e x t e n s i v e l y  and  i t  is k n o w n  t h a t  
the  a d s o r p t i o n  of h y d r o g e n  is a c c o m p a n i e d  b y  a 
dec rea se  in e l ec t r i ca l  c o n d u c t i v i t y  (12) .  I t  is a n -  
t i c i p a t e d  t h e r e f o r e  t ha t  t he  a d s o r p t i o n  of h y d r o g e n  
b y  f e r rous  sulf ide and  i n c o r p o r a t i o n  into  t he  l a t t i c e  
w o u l d  be  a c c o m p a n i e d  b y  a dec rea se  in t he  concen -  
t r a t i o n  of pos i t i ve  holes.  F r o m  a c h e m i c a l  po in t  of 
v i e w  th is  is e q u i v a l e n t  to a d s o r b e d  h y d r o g e n  r e -  
d u c i n g  the  n u m b e r  of f e r r i c  ions in  t h e  m e t a l  
def ic ient  f e r rous  sulf ide l a t t i ce .  A s s u m i n g  th is  to be  
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Fig. 1 1. Growth of iron-deficient ferrous sulfide modified by 
hydrogen. 

the  case, and  recogniz ing  the difference in  scal ing 
m e c h a n i s m  observed in  hyd rogen  sulfide and  su l fu r  
vapor,  i.e., scale fo rma t ion  by  diffusion of sulfide 
r a the r  t h a n  i ron ions, it  appears  tha t  h y d r o g e n  is 
incorpora ted  in  the  fe r rous  sulfide la t t ice  as pro tons  
associated w i th  me ta l  ion vacancies .  As i l lus t ra ted  
schemat ica l ly  in  Fig. 10, i ron  deficient fe r rous  sul -  
fide formed by  the reac t ion  of i ron  wi th  su l fu r  vapor  
would  be expected to con ta in  me t a l  ion vacancies ,  
of which  a pa r t  are  compensa ted  for e lec t r ica l ly  by  
sulfide ion vacancies  and  a pa r t  by  the exis tence  of 
ferr ic  ions. It  is suggested tha t  i n t e rac t ion  of h y d r o -  
gen wi th  this sys tem resul t s  in  a s t ruc tu re  shown in  
the reac t ion  scheme i l lus t ra ted  in  Fig. 11. In  addi -  
t ion to chemisorbed  h y d r o g e n  at  the  surface,  p ro -  
tons wi l l  be incorpora ted  into the la t t ice  r educ ing  
the  n u m b e r  of ferr ic  ions. This s t ruc tu re  can be 
rega rded  as e q u i v a l e n t  to a n u m b e r  of HS- ions 
incorpora ted  in  the latt ice,  these ions be ing  dis-  
sociated to an  ex ten t  d e p e n d e n t  on t empe ra tu r e .  
Since me ta l  ion vacancies  ca r ry  an  ef fec t ive  n e g a -  
t ive  charge,  they  wou ld  be  expected  to be efficient 
t raps  for p ro tons  in  the  lat t ice.  I t  is proposed to 
n a m e  the  defect  s t ruc tu re  of a p ro ton  t r apped  at  a 
me t a l  ion vacancy  an  "E" center .  A prev ious  sug-  
ges t ion of such a s t ruc tu re  has been  made  by  Cap lan  
and  Cohen (13) to exp la in  the i n h i b i t i n g  effect of 
wa te r  in  the  high t e m p e r a t u r e  ox ida t ion  of i ron -  
c h r o m i u m  alloys. A n  "E" cen te r  wou ld  be expected  
to have  ce r t a in  proper t ies  s imi la r  to those of the  
we l l - e s t ab l i shed  "f" center ,  i.e., an  e lec t ron t r a ppe d  
at  an  an ionic  vacancy.  The effective d i ame te r  of 
pro tons  t r apped  at me t a l  ion vacancies  would  in -  
crease wi th  t e m p e r a t u r e  and,  u n d e r  the scal ing 
condi t ions  studied,  an  "E" cen te r  could be expected  
to p resen t  an  effective ba r r i e r  to the  m i g r a t i o n  of 
me ta l  ions. 

The r ec rys t a l l i za t ion  p h e n o m e n a  observed wi th  
sulfide scal ing in  the  p resence  of h y d r o g e n  suggest  
that ,  in  add i t ion  to b lock ing  i ron ion diffusion, the  
in t e rac t ion  of hyd rogen  enhances  the  mob i l i t y  of the  
r e l a t i ve ly  b u l k y  sulfide ions. This is r ead i ly  u n d e r -  
stood on the  basis  of the above mode l  s ince the  p res -  
ence of s ing ly  charged HS- ions wi l l  t end  to loosen 
the  close packed  sulfide ion latt ice.  Sur face  mob i l i t y  
of sulfide ions would  be expected to increase  since 

the  ene rgy  r equ i r ed  to t r ans fe r  an  HS- ion f rom the  
b u l k  sulfide to a surface adsorbed  state  would  be 
cons ide rab ly  less t h a n  for a S -  ion. Such surface 
mob i l i t y  is the  process cons idered  to be  i m p o r t a n t  
in rec rys ta l l i za t ion  and  g ra in  g rowth  processes. 

The enhanced  surface  ionic mob i l i t y  in  the  p res -  
ence of h y d r o g e n  has been  d e m o n s t r a t e d  by  s in t e r -  
ing exper iments .  Powdered  fer rous  sulfide w i th  an  
in i t i a l  B.E.T. surface  area  of 0.5 sq m e t e r / g  was 
m a i n t a i n e d  in  a v a c u u m  of 10 - ~  Hg for 5 hr  at 
500~ No de tec tab le  change  in  surface  a rea  oc- 
curred.  Hea t ing  the  powder  at  the same t e m p e r a -  
tu re  in  a h y d r o g e n - 7 %  H~S a tmosphere  for 2 hr  
reduced  the surface  a rea  to a ha l f  of its in i t i a l  value ,  
and  the powder  had  v i s ib ly  s in te red  to a porous  
plug.  

On the basis  of h y d r o g e n  i n t e r a c t i ng  w i th  the  
fer rous  sulfide p roduc t  to (a)  r e t a rd  me ta l  ion diffu-  
sion, and  (b)  accelera te  surface  and  b u l k  diffusion 
of sulfide ions, it is possible to account  for the  differ-  
ence in  m e c h a n i s m s  observed  w h e n  steel is scaled in  
h y d r o g e n  sulfide and  in  su l fu r  vapor .  

The  genera l  s imi l a r i ty  in  oxide and  sulfide 
sys tems suggests tha t  the  effects of h y d r o g e n  i n t e r -  
ac t ion discussed here  for i ron  sulfide w ou l d  also 
app ly  to meta l s  oxidized in  w a t e r  vapor ,  a l though  
s imi la r  effects m i gh t  be expected  to occur over  
di f ferent  t e m p e r a t u r e  ranges  due to the difference 
in  s tab i l i ty  of OH- and  SH- ions. The s tudy  by  
G u l b r a n s e n  (14) of the  o r i e n t a t i on  of oxide crys ta ls  
fo rmed  on i ron  lends  suppor t  to the  sugges t ion  tha t  
the  in t e rac t ion  of h y d r o g e n  wi th  i ron  oxides wi l l  
enhance  the mob i l i t y  of oxide ions. I t  was  shown 
tha t  i ron scaled in  pure  oxygen  produced  a poor ly  
or ien ted  surface  oxide. However ,  i ron  scaled in 
wa te r  vapor  was  found  to form a h igh ly  or ien ted  
film. The b u l k y  an ions  in  the  presence  of h y d r o g e n  
a p p a r e n t l y  possessed sufficient mob i l i t y  to achieve a 
desired o r i en t a t i on  in  the  t ime  of oxide fo rmat ion .  
The  sys tem Fe-H20-H2 has been  s tudied  by  C h a u -  
d ron  and  co -worke r s  (15),  and  these au thors  de-  
scribe a double  scale f o r ma t i on  s imi la r  to tha t  
observed  in  the i r o n - h y d r o g e n  sulfide react ion.  
F u r t h e r  e x p e r i m e n t a l  work  wi l l  be requi red ,  i n -  
vo lv ing  m e a s u r e m e n t  of ca t ion  and  an ion  diffusion 
ra tes  in  me ta l  deficient oxides a nd  sulfides in  the 
presence  of hydrogen ,  to f i rmly  es tabl ish  the  effects 
suggested by  the p resen t  s tudy.  
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Transitions from Parabolic to Linear Kinetics in Scaling of Metals 

E. W. Haycock 

Shell Development Company, Emeryville, CaliJ~rnia 

ABSTRACT 

A general  rate equation is derived for a model of a barr ier  scale layer 
being formed by a diffusion process and s imultaneously being depleted at a 
constant  rate by a secondary process. The equation, derived to satisfy rate 
curves for sulfide scaling of iron in hydrogen sulfide, is shown to be applicable 
to the oxidation of a luminum and hafn ium over ranges of conditions where 
two or three rate equations have been used previously to explain the experi-  
menta l  data. The val idi ty of this equation emphasizes the importance of sec- 
ondary processes, such as scale recrystallization, in de termining  the over-al l  
rate of h igh- tempera ture  corrosion reactions. 

A n  i m p o r t a n t  pa r t  of f u n d a m e n t a l  s tudies  of the  
m e c h a n i s m  of h i g h - t e m p e r a t u r e  corrosion is the  fit- 
t ing  of theore t ica l  ra te  equat ions ,  de r ived  f rom 
mechanis t i c  models,  to e x p e r i m e n t a l  scal ing data.  
The  basis  of n e a r l y  all  k ine t ic  t r e a t m e n t s  of scal ing 
processes, b e y o n d  the  t h in  film range ,  is the s imple,  
d i f fus ion-cont ro l led  fo rma t ion  of a ba r r i e r  p roduc t  
layer .  The accepted m e c h a n i s m  by  which  the  b a r r i e r  
scale grows according to a parabol ic  ra te  equa t ion  is 
a t t r i b u t e d  m a i n l y  to W a g n e r  (1) and  has been  de-  
scribed exhaustively in recent review texts (2, 3). 
Many scaling systems, however, do not follow a 
parabolic equation except over limited ranges of 
temperature. Other rate equations such as linear, 
cubic, exponential, or combinations of these have 
been shown to fit experimental rate data for various 
systems, and a number of mechanisms have been 
suggested to account for these deviations from para- 
bolic behavior (2, 3). 

For the oxidation of most metals, an intermediate 
temperature range has been observed over which a 
parabolic rate law is reasonably well obeyed. At low 
temperatures a tendency toward logarithmic laws 
has been noted, while linear kinetics are favored at 
elevated temperatures. The apparent need for more 
than one theoretical rate equation to satisfy experi- 
mental data over a range of temperatures usually 
has been ascribed to transitions in the mechansim of 
scaling. 

Systems which have not received an adequate 
quantitative treatment are those whose rates begin 
at a high value and then decrease over a certain time 
period to follow linear kinetics for the remainder of 
the scaling reaction. In these systems the linear por- 

t ion of the ra te  curve  m a y  begin  close to the  or ig in  or 
m a y  not  be a p p a r e n t  u n t i l  the scal ing reac t ion  is 
wel l  advanced,  depend ing  on the t e m p e r a t u r e  of 
react ion.  The purpose  of this  paper  is to develop a 
q u a n t i t a t i v e  approach which  yields  an  equa t ion  ca-  
pab le  of sa t i s fy ing  ra te  curves  of this  type  over  a 
wide range of conditions. 

Mechanisms Associated with Linear Kinetics 
L i n e a r  ra te  laws ge ne r a l l y  are  associated wi th  one 

of two mechan i s t i c  features .  Sur face  reac t ions  oc- 
c u r r i ng  at  e i ther  the  me ta l - s ca l e  or sca le-gas  i n t e r -  
face can be cons idered  in  some cases to be  slow and  
therefore  r a t e  de t e rmin ing .  If the in te r face  has a 
cons tan t  area  t h r o u g h o u t  the react ion,  t hen  an  over -  
all  l i nea r  ra te  law wou ld  be expected.  The  second 
m e c h a n i s m  g iv ing  r ise to l i nea r  k inet ics  depends  on 
the f o r ma t i on  of an  "open"  or porous  scale s t ruc ture .  
This inc ludes  sys tems where  vola t i le  p roducts  are 
formed.  E a r l y  inves t iga to rs  of ox ida t ion  sys tems as-  
sociated a porous  scale wi th  metals ,  such as the  a lka -  
l ine  ea r th  metals ,  whose oxides have  a sma l l e r  mo la r  
v o l u m e  t h a n  the  p a r e n t  metal .  The  oxides of these  
sys tems were  supposed to be formed u n d e r  tension,  
and  hence  crack and  shear  as the scale th i ckened  to 
give access of r eac t an t  gas to the  me ta l  surface at a 
constant rate. This is the basis of the well-known 
Pilling-Bedworth (4) rule. An improved under- 
standing of the mechanism of oxide formation, how- 
ever, has shown that the Pilling-Bedworth rule is 

without theoretical foundation (5~6) for scales 
formed by metal ion diffusion. A more reasonable 
explanation, discussed by Evans (7), is that crack- 
ing, shearing, etc., can occur as a result of stresses 
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in  the p roduc t  scale bu t  tha t  the ra te  of me ta l  con-  
s u m p t i o n  is d e t e r m i n e d  by  diffusion across a t h i n  
ba r r i e r  l aye r  on the me ta l  surface which  bui lds  up  
to and  then  m a i n t a i n s  a cons tan t  thickness.  Such  a 
m e c h a n i s m  can apply  equa l ly  wel l  to sys tems whose  
oxides have  a mola r  v o l u m e  grea te r  or less t h a n  t ha t  
of the  p a r e n t  metal .  

Fo l lowing  a s tudy  of the  ox ida t ion  of cer ium,  
Lor iers  (8) suggested tha t  the  observed l inea r  k i -  
net ics  could be exp la ined  by  the  fo rma t ion  of a po-  
rous CeO~ layer  on top of a nonporous  Ce~O3 b a r r i e r  
layer .  The  oute r  scale l ayer  was observed  to grow at  
the  expense  of the  ba r r i e r  l ayer  at a cons tan t  r a t e  
whi le  the consumpt ion  of me ta l  was cont ro l led  b y  a 
diffusion process in  the  ba r r i e r  layer .  The  ba r r i e r  
l ayer  approached  a cons tan t  th ickness  as the  ra te  of 
its fo rma t ion  became equa l  to the  ra te  of fo rma t ion  
o5 the ou te r  porous  layer .  The  ove r - a l l  ra te  of r e -  
act ion therefore  was h igh in i t i a l ly  and  decreased to 
approach  a cons tan t  value.  S imi la r  r eason ing  has 
been  appl ied  by  W a g n e r  (9) to the  ox ida t ion  of 
tungs ten ,  and  it  appears  tha t  the same mechan i s t i c  
approach  can be  used for the  ox ida t ion  of u r a n i u m  
(10) and  t h o r i u m  (11).  In  al l  of these cases a two-  

l ayer  scale is formed.  The outer  l ayer  is porous  and  is 
a h igher  oxide of the me t a l  t h a n  the  compact  i n n e r  
ba r r i e r  scale. In  these sys tems it  is r easonab le  to as-  
sume  tha t  the  porous  l ayer  is fo rmed  at  the  expense  
of the ba r r i e r  l ayer  by  nuc l ea t i on  and  g rowth  of a 
d i f ferent  chemica l  phase. 

There  are  o ther  scal ing systems, such as i ron -H,S  
(12) ,  and  the  ox ida t ion  of a l u m i n u m  (13, 14), ha f -  
n i u m  (15),  ca lc ium (16),  and  m a g n e s i u m  (17),  
where  l i nea r  r a t e  curves  are  ob ta ined  over  ce r ta in  
t e m p e r a t u r e  ranges.  In  these cases, however ,  where  
two scale layers  have  been  observed,  bo th  layers  
have  been  found  to be chemica l ly  the same mate r ia l .  
In  these sys tems it seems logical  to ex tend  the  k i -  
net ics  descr ibed qua l i t a t i ve ly  by  Lor iers  (8) and  to 
a t t r i bu t e  the fo rma t ion  of the  porous  second l aye r  to 
rec rys ta l l i za t ion  and  g ra in  g rowth  processes. Such a 
m e c h a n i s m  is t r ea ted  in  the  fo l lowing section. 

Proposed Scaling Mechanism 

By ex t end ing  the qua l i t a t i ve  a r g u m e n t s  of Evans  
(7) and  Lor iers  (8) ,  the mechanis t i c  model  i l lus -  
t r a t ed  in  Fig. 1 can  be descr ibed in  a q u a n t i t a t i v e  
m a n n e r .  

A ba r r i e r  l ayer  scale AB is fo rmed  on the  me t a l  
surface,  its ra te  of f o rma t ion  be ing  governed  by  ionic 
diffusion. S imu l t aneous ly ,  a secondary  process is 
supe r imposed  upon  this  p r i m a r y  process wh ich  de-  
p le tes  the  b a r r i e r  l aye r  at a cons tan t  rate.  In  Fig. 1 
this  secondary  process is shown to give the scale 
l ayer  BC which  is a ssumed  to be sufficiently porous  
so tha t  it offers no s ignif icant  b a r r i e r  to the  ava i l -  
ab i l i ty  of reac t ive  gas at  the in te r face  B. The ra te  of 
me t a l  consumpt ion  wi l l  be inve r se ly  p ropor t iona l  to 
the th ickness  of the compact  ba r r i e r  l ayer  and  wi l l  
be g iven  by  the  s t anda rd  parabol ic  equa t ion  (18).  

d x / d t  : a k J 2 ~  [1] 

whe re  x is me t a l  we igh t  loss at t ime  t; ~, th ickness  of 
compact  l ayer  at t ime  t; k~, parabol ic  ra te  cons tan t ;  
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where 

Kp ~ a ~ k J 2  

K s  = bk s  

I n t e g r a t i on  of Eq. [4] y ie lds  the  equa t ion  g iv ing  
me ta l  weight  loss as a func t ion  of t ime  

K~ Kp 
x = In [5] 

K~ K~ --  K ,  ( x  - -  K , t )  

In  the  genera l  case, the  process which  depletes  the  
b a r r i e r  l ayer  m a y  be e i ther  vapor iza t ion  of the  p r i -  
m a r y  reac t ion  p roduc t  or, as in  the case i l lus t ra ted ,  
the fo rma t ion  of a solid second scale layer .  If a 
solid second l ayer  is formed,  it  m u s t  e i ther  be porous  
and  offer neg l ig ib le  res i s tance  to the ava i l ab i l i t y  of 
reac t ive  gases at  the  in te r face  b e t w e e n  the  two-sca le  
layers  or it m u s t  have  a s t ruc tu re  such tha t  solid 
diffusion ra tes  in  it  a re  ve ry  rap id  compared  to those 
in  the  ba r r i e r  layer .  Mechanica l  processes such as 
cracking,  spal l ing,  etc., can be cons idered  as pos-  
s ible  mechan i sms  of porous  second l ayer  scale for -  
mat ion .  However ,  the  gene ra l  smoothness  of l i nea r  
ra te  curves  and  confo rmance  w i th  the  A r r h e n i u s  

A B C 

Fig. 1. Schematic model for derivation of rate equation 

and  a, a convers ion  factor  r e l a t ing  the th ickness  of 
me ta l  reacted to the th ickness  of the compact  scale 
produced.  In  an  u n h i n d e r e d ,  s ingle  scale f o rming  
reac t ion  governed  en t i r e ly  by  a parabol ic  k ine t i c  
law, a would  be defined by  x = a~. In  add i t ion  to the 
usua l  a s sumpt ions  of cons tan t  diffusion coefficient 
and  u n i f o r m  area  at  in te r face  A, Eq. [1] assumes  
tha t  l ayer  AB has a cons tan t  u n i f o r m  densi ty .  

Let  E be the th ickness  of the porous l ayer  at  t ime  
t. As a first a p p r o x i m a t i o n  we assume the  r ec rys t a l -  
l iza t ion process to beg in  at t = 0. Then  

E = k s t  [2] 

where  ks = l inea r  ra te  cons tan t  of the  in te r face  re -  
act ion fo rming  BC. We wr i t e  

x = a~ + be [3] 

w he r e  a and  b are  the  dens i ty  convers ion  factors  
f rom me ta l  to the two scale types. This  in t roduces  
the  a s sumpt ion  tha t  the  porous  l ayer  has a cons tan t  
dens i ty  t h r o u g h o u t  the  react ion.  S u b s t i t u t i n g  in  Eq. 
[3] f rom Eq. [1] and  [2],  ~ and  e in  t e rms  of x and  
t, we ob ta in  

d x  K~ 
- -  - -  [ 4 ]  

d t  x -  K s t  
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Fig. 2. Theoretical rote curves. X = --KP In K~ 
K, Kp - -  K~(X -- K,t) 

equa t ion  as a func t ion  of t e m p e r a t u r e  are cons idered  
ev idence  agains t  such an  u n p r e d i c t a b l e  process as 
mechan ica l  c rack ing  be ing  i m p o r t a n t  in  more  t h a n  a 
few cases. In  ins tances  where  the porous  and  b a r r i e r  
layers  are chemica l ly  ident ical ,  the  most  r easonab le  
m e c h a n i s m  of porous  scale fo rma t ion  appears  to be  
rec rys ta l l i za t ion  and  g ra in  growth.  

If we e l imina t e  x and  �9 f rom Eq. [1],  [2],  a nd  [3] 
we  ob ta in  

d~ K~ K~ 
- -  - -  - -  [ 6 ]  
dt a~ a 

The i n n e r  scale grows, i.e., d~/dt is posit ive,  as long 
as K~/a~ > K,/a.  As # approaches  a th ickness  g iven  
by  K~/a~ = k,/a, t hen  d~/dt approaches  zero. The 
i n n e r  layer ,  therefore ,  approaches  a cons tan t  t h i ck -  
ness ~ = Kp/aK,. I t  should  be po in ted  out tha t  m a t h -  
ema t i ca l ly  this  occurs at  inf ini ty.  However ,  for p rac -  
t ical  purposes,  the  i n n e r  scale l ayer  can be cons id-  
ered to become essen t ia l ly  cons tan t  af ter  it  has 
achieved 95% of its u l t i m a t e  thickness .  Equa t i on  [6] 
has been  der ived  by  W a g n e r  and  co -worke r s  (9) for 
the  ox ida t ion  of tungs ten .  

A plot  of Eq. [5] yields  a curve  which  approaches  
the  s t ra igh t  l ine  K~ -- K, ( x - -  K~t) = O. The gene ra l  
shape character is t ics  of the  curve  are d e t e r m i n e d  by  
the re la t ive  va lues  of K~ and  K,. W h e n  K~ is l a rge  
compared  wi th  K,,  the  parabol ic  fea tures  of the  
equa t ion  are emphas ized  and  the plot  is cons ide rab ly  
curved  for short  exposure  t ime. As K, increases  r e l a -  
t ive  to K~, the l i nea r  por t ion  of the  plot  beg ins  closer 
to the or ig in  of react ion.  These va r i a t ions  a re  i l lus -  
t r a t ed  by  the  theore t ica l  r a t e  curves  shown in  Fig. 2. 

In  the fo l lowing sections, E q u a t i o n  [5] is appl ied  
to sys tems whe re  scale rec rys ta l l i za t ion  appears  to 
be the  m e c h a n i s m  of porous  second l ayer  scale for -  
mat ion ,  and  sufficient da ta  are  ava i l ab le  to test  the  
equat ion.  The  K~ and  K, va lues  repor ted  for these  
sys tems were  ob ta ined  f rom the  e x p e r i m e n t a l  da ta  in  
the fo l lowing way.  A t r ia l  a sympto t e  was  d r a w n  to 
the  final stages of the  r a t e  curve.  As s ta ted above,  
this  l ine  should  fol low the  equa t ion  K~- -K ,  ( x - - K , t )  
= 0, and  hence  the  g rad ien t  was  an  app rox i ma t e  
va lue  of K, and  the in te rcep t  on the  x axis an  ap-  
p rox ima te  va lue  of K J K , .  The app rox ima te  va lues  
of K~ and  K,  ob ta ined  in  this w a y  were  t h e n  ad jus ted  
s l ight ly  to give the  best  coincidence w i th  the  e xpe r i -  
m e n t a l  data.  The n u m b e r  of s ignif icant  figures to 

which values of K~ and K, are reported is an indica- 
tion of the sensitivity with which the experimental 
rate curves could be fitted. 

Application of Proposed Mechanism and 
General Rate Equation 

Iron-hydrogen sulfide reaction.--!n the preceding  
pape r  (19),  Eq. [5] was shown to sat isfy  sulf iding 
ra tes  of i ron  and  a series of c h r o m i u m  steels over a 
r a nge  of e n v i r o n m e n t a l  condit ions.  For  this  sys tem 
two scale layers  are formed.  Both layers  consist  of 
i ron  deficient fe r rous  sulfide. The  i n n e r  b a r r i e r  l aye r  
is fo rmed  by  the  diffusion of sulfide ions to the 
me ta l - sca l e  interface.  Since this  involves  the f o r m a -  
t ion  of fe r rous  sulfide b e n e a t h  exis t ing  scale, it  is 
expected  tha t  the  ba r r i e r  l aye r  wou ld  be fo rmed  
u n d e r  h igh compress ive  stresses. The  fo rma t ion  of 
the  porous l ayer  is a t t r i b u t e d  to stress induced  re -  
c rys ta l l i za t ion  of the  i n n e r  scale layer.  

Oxidation of a luminum. - -An  a p p a r e n t  k ine t ic  
t r ans i t i on  f rom parabol ic  to l i nea r  ox ida t ion  of a lu -  
m i n u m  has been  observed  at  475 ~ to 500~ by  G u l -  
b r a n s e n  (13) and  Smel tze r  (14).  H u n t e r  and  Fowle  
(20) have  shown tha t  oxide films on a l u m i n u m  con-  
sist of two layers ,  a ba r r i e r  l ayer  and  a porous  ou te r  
layer .  V e r mi l ye a  (6) has suggested tha t  r ec rys t a l -  
l iza t ion qua l i t a t i ve ly  could account  for the  fo rma t ion  
of the  porous  l ayer  and  exp la in  the  t r ans i t i on  to 
l i nea r  kinet ics .  

Equa t i on  [5] is fitted to the  e x p e r i m e n t a l  da ta  of 
G u l b r a n s e n  (13) in  Fig. 3. The three  lower  curves  in  
this figure have  been  fitted w i th  a parabo l ic  equa t ion  
by  G u l b r a n s e n ,  whi le  no a t t e mp t  was made  to sat isfy 
the  uppe r  curve.  I t  can be seen tha t  Eq. [5] is capa-  
b le  of f i t t ing all  the  curves  over  the  a p p a r e n t  t r a n s i -  
t ion  range.  The  ra te  cons tan ts  K~ a nd  K,  ob ta ined  
f rom Fig. 3 have  been  p lo t ted  according to the A r -  
r he n i u s  equa t ion  in  Fig. 4. S t ra igh t  l ines  are ob-  
ta ined,  and  this  is an  ind ica t ion  of i n t e r n a l  con-  
s is tency in the  appl ica t ion  of Eq. [5] to the  a l u m i -  
n u m  system. The e x p e r i m e n t a l  ac t iva t ion  ene rgy  of 
23 kcal  for K~ is iden t ica l  to tha t  ob ta ined  by  G u l -  
b r a n s e n  f rom parabol ic  ra te  cons tan ts  of the  lower  
t e m p e r a t u r e  curves  and  is of the order  of m a g n i -  
tude  expected for the  m o v e m e n t  of me t a l  ions in  an  
oxide system. The  ac t iva t ion  ene rgy  of 49 kcal  for 
K,  is s imi la r  to the  va lue  of 50.5 kcal  ob ta ined  by  
Leont is  and  Rhines  (17) for the l i nea r  h igh t e m -  

18 
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to aluminum oxidat ion rate data. Experimental data taken 
from Ref. (13). 
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Fig. 4. Arrhenius plots for the oxidation of aluminum 

p e r a t u r e  ox ida t ion  of magnes ium.  It would  be ex-  
pected tha t  the  ra te  of rec rys ta l l i za t ion  in  a l u m i n u m  
oxide wou ld  be cont ro l led  by  the surface  mob i l i t y  of 
the  r e l a t i ve ly  b u l k y  oxide ions. A h igh  ac t iva t ion  
ene rgy  for this process wou ld  be expected for r e f rac -  
to ry  oxides such as a l u m i n a  and  magnes i a  which  are 
k n o w n  to be difficult to s in ter  even  at ve ry  h igh 
t empera tu res .  

On the  basis  of our  p rev ious  discussion of the  
effects of the re la t ive  va lues  of K~ and  K, on the  
shape of the  plot  of Eq. [5],  it wou ld  be expected  
tha t  the  a p p a r e n t  t r ans i t i on  f rom parabol ic  to l i nea r  
k inet ics  wou ld  occur over a smal l  r ange  of t e m p e r a -  
t u r e  for sys tems in  which  K,  has a h igh t e m p e r a t u r e  
coefficient compared  wi th  K~. This  effect is wel l  i l lus -  
t r a t ed  by  the  ox ida t ion  of a l u m i n u m .  

The  successful  app l ica t ion  of Eq. [5] to the  ox ida-  
t ion  curves  shown in  Fig. 3 emphasizes  tha t  shor t  
t e r m  expe r imen t s  can be mis l ead ing  in  mechan i s t i c  
studies.  If the  m e c h a n i s m  associated w i th  Eq. [5] is 
correct,  t h e n  the  low t e m p e r a t u r e  curves  in  Fig. 3 
wou ld  become s t ra ight  l ines  if the  expe r imen t s  were  
con t inued  for sufficient t ime.  The  app l ica t ion  of 
parabol ic  equa t ions  to these curves  is mis leading ,  
especia l ly  if a pa r t i cu l a r  m e c h a n i s m  is associated 
w i th  the  parabol ic  law. I t  is i m p o r t a n t  t ha t  the  cor-  
rec t  m e c h a n i s m  and  k ine t i c  equa t ions  be es tab l i shed  
if the k ine t i c  data  are to be  used for theore t ica l  ab -  
solute  ra te  ca lcula t ions  such as those a t t emp t e d  b y  
G u l b r a n s e n  (21) .  

Oxidation of hafnium.--The oxida t ion  of h a f n i u m  
f rom 350 ~ to 1200~ has been  s tudied  r ecen t l y  b y  
Smel tze r  and  S i m n a d  (15).  The m e c h a n i s m  appears  
to be  ve ry  s imi la r  to tha t  of the  iron-H~S system. A 
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t w o - l a y e r  scale is formed.  Both  layers  consist  of 
HfO~, and  the  outer  l ayer  is ve ry  porous.  Ine r t  
m a r k e r  e xpe r i me n t s  ind ica te  tha t  the  b a r r i e r  l ayer  
is fo rmed  by  diffusion of oxygen  f rom the  gas-scale  
in te r face  to the me ta l  surface  and  hence  wou ld  be 
fo rmed  u n d e r  a h igh compress ive  stress. The above 
au thors  have used an  exponent ia l ,  parabol ic ,  and  
l inea r  law successively to sat isfy  empi r i ca l ly  the ex-  
p e r i m e n t a l  da ta  over  the t e m p e r a t u r e  r a nge  studied.  
The  scale th ickness  m e a s u r e m e n t s  r epor ted  by  
Smel tze r  and  S i m n a d  suppor t  the  m e c h a n i s m  used to 
derive Eq. [5]. They have shown that the barrier 
layer approaches a constant thickness which can be 
expressed in terms of the rate constants Kp and K~. 

The application of Eq. [5] to the experimental re- 
sults of Smeltzer and Simnad is shown in Fig. 5. It 
can be seen that the equation explains the data pre- 
viously fitted by three equations. There is no theo- 
retical evidence therefore of "transitions" occurring 
over the temperature range studied. As a further test 
of internal consistency, the straight-line Arrhenius 
plots, for va lues  of Kp and  KI ob ta ined  f rom Fig. 5, 
are  shown  in Fig. 6. The  ac t iva t ion  ene rgy  of 36 kcal  
ob ta ined  for K~ is ident ica l  to the  va lue  repor ted  by  
Smel tze r  and  S i m n a d  f rom parabol ic  r a t e  cons tan ts  
ob ta ined  by  a p p r o x i m a t i n g  por t ions  of the exper i -  
m e n t  ra te  curves  to pa rabo las  over  the  t e m p e r a t u r e  
r ange  470~176 The ac t iva t ion  ene rgy  of 18 kcal  
for K, is somewhat  lower  t h a n  the va lue  of 26 kcal  
r epor ted  by  the  above au thors  f rom l inea r  ra te  con-  
s tants  ob ta ined  f rom por t ions  of the e x p e r i m e n t a l  
ra te  curves  in  the  t e m p e r a t u r e  r ange  900~176 
This difference resul t s  because,  in  our  ana lys i s  of the 
e x p e r i m e n t a l  r a t e  curves ,  on ly  the  1200~ cu rve  was  
cons idered  to have  reached the  final l i nea r  stage. The  
curves  p resen ted  by  Smel tze r  a nd  S i m n a d  for 900 ~ 
and  1000~ were  cons idered  not  to have  reached  the  
final l i nea r  ra te  of reac t ion  in  the exposure  t ime  
studied.  Since Smel tze r  and  S i m n a d  i l lu s t r a t ed  the  
g rowth  of the b a r r i e r  l ayer  oxide by  oxide ion diffu-  
sion, the  ac t iva t ion  ene rgy  of 36 kcal  is associated 
wi th  the  b u l k  mob i l i t y  of oxide ions in  po lyc rys t a l -  
l ine  hafnia .  On the  basis  of a r ec rys ta l l i za t ion  proc-  
ess d e t e r m i n i n g  the  ra te  of fo rma t ion  of the  outer  
porous  scale layer ,  the ac t iva t ion  ene rgy  of 18 kcal  is 
associated wi th  the  surface  m o b i l i t y  of ions. Since,  in  
this  case, the t e m p e r a t u r e  coefficient of K~ is g rea te r  
t h a n  tha t  of K,, a p p a r e n t  t r ans i t i ons  in  shor t  t e rm 
exposures  are spread  over  a wide  t e m p e r a t u r e  

5 O - -  

"~ 3o 
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~ 10  
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I I I I I f [ I 
IO Zo 30 40 5 0  0 3 6 

TIME t. HOURS 

Kp Kp 
Fig. 5. Application of equation X = - -  In 

K~ Kp - -  K ~ ( X -  Kit) 
to hafnium oxidation rate data. Experimental data taken from 
Ref. (15). 
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p e r i m e n t s  can be mis l ead ing  in  s tudies  of scal ing 
mechan i sms .  

The  genera l  va l id i ty  of Eq. [5] for the  sys tems 
discussed indicates  tha t  secondary  processes, such as 
scale recrys ta l l iza t ion ,  can be of cons iderab le  i m -  
po r t ance  in  d e t e r m i n i n g  the  ra te  of scal ing processes. 
The  appl ica t ion  of Eq. [5] in  f u t u r e  studies,  and  
f u r t h e r  d e v e l o p m e n t  of the  mechan i s t i c  concept  as-  
sociated w i th  it, should  be  he lp fu l  in  i m p r o v i n g  our  
u n d e r s t a n d i n g  of the  m e c h a n i s m  of corrosion at  h igh 
t empe ra tu r e .  
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Fig, 6. Arrhenius plots for the oxidation of hafnium 

range.  The  closest a p p r o x i m a t i o n  of the  r a t e  curves  
to pa rabo las  occurs at the  h ighes t  t empera tu re s .  

A possible ex tens ion  of the  proposed k ine t i c  t r e a t -  
m e n t  is tha t  Eq. [5] wi l l  be modified in  some cases 
to inc lude  the  poss ibi l i ty  tha t  the  secondary  process 
does no t  beg in  at t = 0. In  cases s imi la r  to those dis-  
cussed, this  wou ld  cor respond to the r e q u i r e m e n t  
tha t  a m i n i m u m  stress level  be reached  before  for -  
ma t ion  of the  porous l aye r  begins.  This  modif icat ion 
yields  a ra te  equa t ion  of the  fo rm 

dx  K~ 
- -  [ 7 ]  

dt x - -  K ,  ( t  ~- to) 

where  to is the t ime  at  which  the secondary  process 
begins.  Such an  equa t ion  wou ld  be expected to app ly  
to sys tems such as the  ox ida t ion  of n i o b i u m  s tud ied  
r ecen t ly  b y  Cathcar t ,  Campbel l ,  and  Smi th  (22).  

Conclusions 
It  has been  shown tha t  a s ingle  ra te  equa t ion  can 

replace  the need  for m u l t i p l e  equa t ions  in  severa l  
sys tems for which  sufficient e x p e r i m e n t a l  da ta  are  
ava i l ab le  to test  its va l id i ty .  It  is p robab l e  that ,  w h e n  
more  data  are avai lable ,  it wi l l  be  possible  to show 
its gene ra l  app l i cab i l i ty  to o ther  scal ing react ions.  
For  the  systems discussed, the  concept  of t r ans i t i ons  
in  m e c h a n i s m  occur r ing  over ce r t a in  t e m p e r a t u r e  
ranges  has been  shown to be an  u n n e c e s s a r y  com-  
p l ica t ion  of p rev ious  k ine t ic  t r ea tmen t s .  The  p r e se n t  
ana lys i s  emphasizes  the  fact  tha t  shor t  d u r a t i o n  ex -  
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The Effect of Halides on the Capacity and Resistance 
of the Magnesium Electrode in Aqueous Solutions 
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ABSTRACT 

A s tudy of po ten t i a l - t ime  decay curves at anodica]ly and ca thodical ly  
polar ized magnes ium by the d-c  cur ren t  i n t e r rup te r  method is presented.  Po-  
t en t i a l - t ime  osci l lograms and polar iza t ion  curves were  de te rmined  for mag-  
nesium electrodes in buffered and unbuffered aqueous solut ions containing 
chloride, bromide,  iodide, and fluoride. F i lm capacity,  solut ion double l aye r  
capacity,  and resis tance da ta  de te rmined  from the osci l lograms using the 
e lect r ica l  analog 

R s Itd 

is p resented  where  Cd and Rd are  the capaci ty  and resistance of the Helmhol tz -  
Gouy double layer .  The effect of specific adsorpt ion of anions and the phys ica l  
na tu re  of the film on the magnes ium electrode are  discussed. 

Loca l  co r ros ion  (1 -3 )  and  e l e c t r o c h e m i c a l  f o r m a -  
t ion  of Mg § (4 -10 ) ,  Mg~ § (11) ,  and  M g . M g  § (3)  
h a v e  been  sugges t ed  to e x p l a i n  t h e  n e g a t i v e  d i f f e r -  
ence  effect  o b s e r v e d  for  m a g n e s i u m .  The  ex i s t ence  
of t he  ions Mg § Mg~ §247 and  M g - M g  § has  no t  been  
de f in i t e ly  es tab l i shed ,  and  the  n e g a t i v e  d i f fe rence  
effect of Mg may ,  in fact ,  be  e x p l a i n e d  so le ly  on the  
bas is  of loca l  corros ion.  I t  can  be  s t a t ed  w i t h  ce r -  
t a in ty ,  howeve r ,  t ha t  even  if  Mg* is fo rmed ,  loca l  
co r ros ion  m u s t  also occur.  This  conc lus ion  fo l lows  
f r o m  the  e x p e r i m e n t a l  fac ts :  ( a )  va lue s  of t he  a p -  
p a r e n t  Mg v a l e n c y  ( d e t e r m i n e d  c o u l o m e t r i c a l l y )  
less  t han  u n i t y  as w e l l  as g r e a t e r  t h a n  u n i t y  h a v e  
been  obse rved ;  (b)  a pos i t ive  d i f fe rence  effect  is ob -  
s e r v e d  for  Mg a t  low anodic  c u r r e n t  dens i t i e s  in  so-  
lu t ions  con ta in ing  tIC1 or  NH,C1 (9, 12).  O b s e r v e d  
Mg va l enc i e s  g r e a t e r  t han  u n i t y  m a y  be  e x p l a i n e d  b y  
e l e c t r o c h e m i c a l  f o r m a t i o n  of Mg +§ e i t he r  d i r e c t l y  or  
v i a  the  reac t ion ,  Mg§ Mg § + e (5 ) .  

F r o m  the  above  cons ide ra t i ons  i t  m a y  be  con-  
c luded :  (a )  t he  p o t e n t i a l  of Mg is a m i x e d  a n o d i c -  
ca thod ic  po ten t i a l ,  and  (b)  a l t h o u g h  t h e . m e c h a n i s m  
of t he  loca l  anodic  r e a c t i o n  is u n c e r t a i n  i t  consists ,  in 
p a r t ,  of t he  e l e c t r o c h e m i c a l  f o r m a t i o n  of Mg § e i t h e r  
d i r e c t l y  or  v i a  m o n o v a l e n t  Mg. The  loca l  ca thod ic  
r e a c t i o n  is g e n e r a l l y  t he  h y d r o g e n  evo lu t i on  r e a c t i o n  
b u t  m a y  u n d e r  some e x p e r i m e n t a l  condi t ions  consis t  
bo th  of the  h.e.r ,  and  the  o x y g e n  a d s o r p t i o n  r e a c t i o n  
(13, 14).  

The  p o t e n t i a l  of t he  Mg e l ec t rode  m a y  be  u n d e r  
anodic ,  ca thodic ,  or  m i x e d  con t ro l  d e p e n d i n g  on the  
e x p e r i m e n t a l  condi t ions .  In  ac id  so lu t ions  ( p H ' s  ~ 3 
in  u n b u f f e r e d  so lu t ions)  t he  cor ros ion  r e a c t i o n  is 
p r o b a b l y  u n d e r  ca thodic  cont ro l ;  t he  p o t e n t i a l  b e -  
comes  m o r e  n o b l e  w i t h  i nc r ea s ing  h y d r o g e n  ion con-  
c e n t r a t i o n  (15) and  t h e  cor ros ion  p roceeds  u n d e r  
H~O § di f fus ion con t ro l  (16, 17).  A t  h igh  pH ' s  (pH 
11 in u n b u f f e r e d  so lu t ions ) ,  the  p o t e n t i a l  i nc reases  

s h a r p l y  in the  m o r e  nob le  d i r ec t i on  w i t h  i nc r ea s ing  
p H  and  anod iza t i on  causes  p a s s i v a t i o n  (15) w h i c h  
ind i ca t e s  t ha t  a t  h igh  p H ' s  t he  r e a c t i o n  is u n d e r  
anodic  control .  In  the  i n t e r m e d i a t e  p H  r a n g e  t h e  po -  
t e n t i a l  of Mg is p r a c t i c a l l y  i n d e p e n d e n t  of p H  and  a 
t r a n s i t i o n  f rom ca thod ic  to anod ic  con t ro l  p r o b a b l y  
occurs .  F i l m  f o r m a t i o n  at  h igh  pH ' s  u n d o u b t e d l y  
p l a y s  a m a j o r  ro le  in  the  t r a n s i t i o n  f r o m  ca thod ic  
to anodic  con t ro l  and  t h e r e  a r e  ind ica t ions  t h a t  
t r a n s p o r t  p h e n o m e n a  t h r o u g h  su r f ace  f i lm m a y  be  
p a r t l y  r a t e  con t ro l l i ng  even  a t  low p H 's  (18) .  A l -  
t h o u g h  the  c h e m i c a l  compos i t i on  of the  su r f ace  f i lm 
is r e a s o n a b l y  w e l l  e s t a b l i s h e d  (19-23) ,  l i t t l e  is 
k n o w n  conce rn ing  such i m p o r t a n t  fac tors  as the  con-  
d u c t i v i t y  and  p o r o s i t y  of the  film. The  Mg e l e c t r o d e  
p o t e n t i a l  is d e p e n d e n t  on the  n a t u r e  and  c o n c e n t r a -  
t ion of  i nac t i ve  an ions  in  so lu t ion  (24) w h i c h  sug -  
ges ts  t h a t  specific a d s o r p t i o n  effects  of an ions  on the  
e l e c t r o d e  m i g h t  also be  i m p o r t a n t .  

This  s t u d y  was  u n d e r t a k e n  in o r d e r  to ga in  f u r -  
t he r  i n f o r m a t i o n  on the  ro les  of specific a d s o r p t i o n  of 
an ions  and  fi lm f o r m a t i o n  in t he  e l e c t r o c h e m i c a l  b e -  
h a v i o r  of Mg. I t  was  fe l t  t ha t  a c o m p a r i s o n  of t he  
effect  of h a l i d e  ions  on the  Mg e l ec t rode  capac i ty ,  r e -  
s is tance,  and  p o l a r i z a t i o n  cu rves  w o u l d  p r o v i d e  in -  
f o r m a t i o n  on specific a d s o r p t i o n  and  f i lm effects.  A 
l im i t e d  a m o u n t  of d a t a  ex is t s  in t he  l i t e r a t u r e  w h i c h  
m i g h t  be  used  for  p r e d i c t i n g  the  a d s o r p t i o n  b e h a v i o r  
of h a l i d e  ions on Mg. C1-1, Br  -1, and  1-1 f o r m  so lub le  
sa l t s  w i t h  Mg, w h e r e a s  MgF~ is i n so lub le  l e a d i n g  to 
pa s s ive  films. The  o r d e r  of i nc rea s ing  a d s o r p t i o n  of 
t h e s e  ions on m e r c u r y  a r e  F -1 ~ C1-1 ~ B r  -1 ~ 1-1 (25) .  
The  f luor ide  ion is no t  cons ide red  to be  spec i f ica l ly  
a d s o r b e d  on m e r c u r y .  On p l a t i n u m ,  1-1 is p r o b a b l y  
m o r e  s t r o n g l y  a d s o r b e d  t h a n  C1-1; t h e  m i n i m u m  in 
t he  P t  e l ec t rode  c a p a c i t y  vs. p o t e n t i a l  cu rve  for  so lu-  
t ions  con ta in ing  1-1 is m o r e  ca thodic  t h a n  t h a t  for  
so lu t ions  con ta in ing  C1-1 (26) .  The  s ame  o r d e r  of 
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/ DPDT 

A 

Fig. 1. D-C current interrupter apparotus 

adso rbab i l i t y  of C1 -~, Br  -~, and  1-1 migh t  be expec ted  
for Mg as for Hg and  Pt. 

E x p e r i m e n t a l  

Pola r i za t ion  capaci ty  and  res i s tance  was de t e r -  
m i n e d  by  the  d-c  c u r r e n t  i n t e r r u p t e r  method.  The  
c u r r e n t  i n t e r r u p t e r  t echn ique  used was  s imi la r  to 
tha t  of S h u l d i n e r  and  Whi te  (27).  The  c i rcui t  is g iven  
in  Fig. 1. The  cell was  polar ized by  means  of a con-  
s t an t  c u r r e n t  suppl ied  in  the  p la te  c i rcui t  of the  p e n -  
tode 6AK5. The  pen tode  was  hooked up as a tr iode.  
By reve r s ing  the DPDT switch the  Mg elect rode 
could be m a d e  anodic  or cathodic. The  po ten t i a l  of 
the Mg electrode was  con t inuous ly  recorded on a 
Speedomax  recorder .  P o t e n t i a l - t i m e  osci l lograms 
were  d e t e r m i n e d  as follows. A nega t ive  pu l se  w i th  a 
r ise  t ime  of 0.1 /~sec was  suppl ied  to the  gr id  of the  
pen tode  which  shuts  off the t ube  for the pu lse  in -  
t e rva l ;  the  Tele t ronics  pulse  gene ra to r  was used to 
give i n t e r r u p t i o n  t imes  f rom 1 /~sec to 1 msec, and  a 
T e k t r o n i x  type  161 pu l se  gene ra to r  was  used for 
pulse  wid ths  f rom 1 msec to 0.1 sec. The  pulse  gen -  
e ra tor  could be t r iggered  by  the  osci l lator  to give 
f rom 0.1 pu lses / sec  to 5000 pulses / sec ;  r epe t i t i on  
rates  less t h a n  0.1 pu lses / sec  could no t  be recorded  
on the  oscilloscope. The  pulse  gene ra to r  was  t r i g -  
gered  to a T e k t r o n i x  type  545 oscilloscope wh ich  re -  
corded the p o t e n t i a l - t i m e  changes  occur r ing  at  the  
Mg elect rode d u r i n g  the  c u r r e n t  i n t e r rup t ion .  The  
m a x i m u m  sens i t iv i ty  of the  T e k t r o n i x  type  53/54D 
preampl i f ie r  was 1 m v / c m .  Oscilloscope t races  we re  
pho tographed  wi th  a type  299 Dumas  oscilloscope 
record ing  camera.  

P o t e n t i a l - c u r r e n t  po la r iza t ion  curves  were  de t e r -  
m i n e d  us ing  the  cons tan t  c u r r e n t  method.  The Mg 
electrode was anodica l ly  polar ized at 0.4 m a / c m  ~ for 
12 hr  d u r i n g  which  t ime  the  po ten t i a l  reaches  a 
s teady value .  The  c u r r e n t  was  t hen  changed  in  steps 
las t ing  abou t  ~/2 hr  f rom 0.4 m a / c m  ~ anodic  to 0.4 

I I 1 1 1  

o ~  A ~ I I~I, I" 

, 

. B / r . . T . . T , . 1 . ~ . r ~ r  ~ 
L I  ] ] J I # 1 " 1  I J I 

Fig. 2. Potential-time decay curves of anodically polarized 
Mg; A, B, and C; solution, 0.05M NaOH, 0.186N H3BO~; 
0.1M NaCI; pH = 8.9; 0.4 ma/em 2. D; solution 0 . ]M NoF; 
0.035 ma/cm -~. 

m a / c m  ~ cathodic and  back  aga in  to 0.4 m a / c m  ~ 
anodic  in  steps. At  each se t t ing  of the c u r r e n t  the  
po ten t i a l  was recorded on the  Speedomax  recorder  
a nd  p o t e n t i a l - t i m e  osci l lograms were  taken .  The 
e lect rolyt ic  cell was  m a c h i n e d  f rom Lucite ,  cy l in -  
dr ica l  in  shape, wi th  a slit  a long the top th rough  
which  the re fe rence  electrodes could be i m m e r s e d  in  
the  solut ion.  The  d is tance  of the  re fe rence  electrode 
f rom the  Mg electrode could be va r i ed  a long the  
l eng th  of the cell. The  w o r k i n g  electrode was  p l a t i -  
n ized  p l a t i n u m ;  the  re fe rence  electrode (R,)  was  a 
s i l ve r - s i l ve r  ha l ide  e lectrode;  and  R~ was  a Mg wi re  
re fe rence  electrode (Fig. 1). 

The Mg test  e lectrode (a rea  = 5 cm ~) was  m a -  
ch ined  f rom commerc ia l ly  dis t i l led  pu re  Mg. This  
m a t e r i a l  was suppl ied  to have  a m i n i m u m  p u r i t y  of 
99.96% wi th  a to ta l  Fe, Ni, and  Cu con ten t  no t  
g rea te r  t h a n  0.005%. The  Mg elect rode sur face  was  
p r epa red  by  pol i sh ing  on si l icon carb ide  papers  fo l -  
lowed by  a 1 m i n  etch in  10% HNO3 acid solut ion.  
The  optical  and  e lec t ron  microscopes revea led  a c lean  
surface  p repara t ion .  By e lec t ron  dif f ract ion e x a m -  
ina t ion  the film r e m a i n i n g  on the  Mg elect rode af ter  
the chemical  etch was shown to be MgO and  Mg (OH)~. 

Solu t ions  were  p r epa red  f rom reagen t  grade  salts. 
D u r i n g  a r u n  f resh  solut ion was  con t inuous ly  sup-  
p l ied  to the cell so lu t ion by  me a ns  of an  overflow 
system. 

R e s u l t s  

Typical potential-time decay curves are given in 
Fig. 2, 3, and 4. The potential-time curves are inter- 
preted in terms of the equivalent electrical circuit: 

Of C d Rs 

Cr is the capacity of the electrical double layer with 
the film as dielectric and Rf is the polarization re- 
sistance of the film; Cd and R~ are the capacity and 
polarization resistance of the solution electrical 
double layer; Rp is that part of the pore resistance of 
the film which is noncapacitive; and R, is the resist- 
ance of the solution between the reference electrode 
and the magnesium electrode. 

The equivalent electrical circuit is based on the 
model of the metal electrode given in Fig. 11 which 
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Fig. 3. Potential-time decoy curves of anodically polarized 
Mg after various polarization times in a solution containing 
0.1M NaOH; 0.1M H~BO.~, and 0.1M NaBr; 0.4 ma/cm~; 
p H =  11. 
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is descr ibed in  the  Discussion. The  solut ion double  
l ayer  (Fig. 11) is cons idered  to be in  a pore of a 
n o n c o n d u c t i n g  type  film. The compar i son  of the  
e lect r ical  double  l aye r  of the  e lect rode w i th  an  
e q u i v a l e n t  c i rcui t  is no t  s t r ic t ly  correct,  bu t  it is a 
s imple  and  c o n v e n i e n t  m a n n e r  in  which  to express  
the resul t s  of this  type  of exper imen t .  

The componen ts  of the  e q u i v a l e n t  c i rcui t  are  de -  
t e r m i n e d  f rom the p o t e n t i a l - t i m e  oscil lograms.  The  
po ten t i a l  drop which  occurs in  the  first 0.3 /~sec of 
the i n t e r r u p t i o n  in  Fig. 2A, which  wi l l  be cal led the  
series polar iza t ion,  is the  sum of the  po ten t i a l  drops 
across e l ements  of the  e q u i v a l e n t  c i rcui t  wi th  t ime  
cons tan ts  < 0.3 #sec; the  series res i s tance  (R~) is 
equa l  to the series po la r iza t ion  d iv ided  b y  the va lue  
of the c u r r e n t  before  i n t e r rup t ion .  R, is equa l  to the  
sum of Rp and  R, and  wi l l  also inc lude  Rr and  R~ if 
R~Cr and  CdR~ is < 0.3 #sec. The res idua l  series r e -  
s is tance exclus ive  of the  so lu t ion  res i s tance  is ob-  
t a ined  by  m e a s u r i n g  the series po la r iza t ion  at  v a r i -  
ous poin ts  f rom the  Mg electrode;  R, is a func t ion  of 
the  d is tance  of the re fe rence  electrode f rom the  Mg 
electrode whereas  Rr and  R~ are not. Typica l  plots of 
the  series res is tance  vs. the  d is tance  of the re fe rence  
electrode f rom the Mg electrode are g iven  in  Fig. 5; 
the  res idua l  series res i s tance  for bo th  cases is 25 
o h m - c m  ~. For  the e x p e r i m e n t a l  condi t ions  s tud ied  in  
this  work  the  c o n t r i b u t i o n  of the res idua l  series r e -  
s is tance to the overpo ten t i a l  of the  Mg electrode is 
less t h a n  5 % in  act ive solut ions  and  less t h a n  1% in  
passive solutions.  

The capaci ty  of the  Mg electrode (C) is defined by  
the  express ion:  

C = - - i~  ,~ [ 1 ] 

where  i ~ is the  c u r r e n t  at the  m o m e n t  of i n t e r r u p t i o n  
and  ( d E / d t ) , ~  is the  slope of the  p o t e n t i a l - t i m e  de-  
cay curve  t a k e n  at t = 0. 

The  ra te  of po ten t i a l  decay across the  capaci t ive  
pa r t  of the equ iva l en t  c i rcui t  is 

d E / d t  = - -  (Er /RfCr  -F E~/R~Cd) [2] 

where  E t and  E, are the  po ten t ia l s  across the  film a nd  
so lu t ion  double  layer  circuits,  respect ively .  A t  t = 0, 
E r / R  r = E~/R~ = i ~ 
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Fig. 5. Series resistance as a function of distance of the 
reference electrode from the Mg electrode: 0.4 ma /cm 2. 

i6 I I I I I 
OO5M NoaH OOSM NaOH 
0186  M H a BO 3 -0186 M H 3 BO 3 
0, M Na B r ~......._& / 

~E O IM NaT 

B -- 03 

0 05 M NaOH 
0 186 H 3 BO 3 
O I M  NaCI 

I I I I ] 
4-18 -17 -16 -15 -14 -15 -12 

POTENTIAL (volts H scale) 

Fig. 6. Magnesium electrode capacity as a funct ion of 
polar izat ion potent ial ;  pH = 8.9. 

(dE~dr) ,=o = --i" (Cr + C~)/CfC~ [3] 
and  

C = CrC~/(Cr + Cd) [4] 

Equa t i on  [3] is s implif ied w h e n  the t ime  cons tan ts  
R~Cr and  R~C~ are qu i te  different ,  and  t hen  

( d E / d t )  ~_~ : -- i~ [5a]  

or = --i"/C~ [5b] 

de pe nd i ng  on the t ime  r a nge  s tudied  by  the oscillo- 
scope. M a g n e s i u m  electrode capaci ty  da ta  are  g iven  
in  Fig. 6 and  Tab le  I. The e x p e r i m e n t a l  capaci t ies  
are cor re la ted  w i th  the  componen t s  of the  e q u i v a l e n t  
e lectr ical  c i rcui t  in  the  discussion. 

The pa ra l l e l  po la r iza t ion  res i s tance  is ob ta ined  
f rom the po ten t i a l  t ime  osci l lograms us ing  the  e q u a -  
t ion:  

I A E I  ~:~ / 
R, ,~= / ] d E / d t  J ~= t o [67 

c / 

w he r e  Rr,~ is the pa ra l l e l  po la r iza t ion  res i s tance  of 

e i ther  the  film or the so lu t ion  double  layer ;  J AE J ~ = 
is the  difference in  po ten t i a l  and  ] A d E / d t  J ~ - t  o 
is the  difference in  ra te  of po ten t i a l  decay at t imes  
t = t a nd  t = 0. Equa t i on  [6] is va l id  w h e n  the  t ime  
cons tan t s  for decay across the  film and  so lu t ion  
double  layers  are equa l  or w h e n  one of the two decay 
ra tes  is smal l  compared  to the  other.  Res is tance  data  
for the  solut ions  s tudied  are g iven  in  Tab le  I. The 
r ep roduc ib i l i t y  of Rr,~ d e t e r m i n a t i o n s  us ing  Eq. [6] 
is abou t  -----50%. 

P o t e n t i a l - c u r r e n t  po la r iza t ion  curves  of Mg in  
buffered and  unbuf fe red  solut ions  wi th  ha l ide  add i -  



Vol. 106, No. 9 H A L I D E S  O N  C A P A C I T Y  O F  M g  E L E C T R O D E S  

Table i 

779 

P o l a r i z a t i o n  R e s t  P a r a l l e l  
C u r r e n t  p o t e n t i a l ,  p o t e n t i a l  (Ec ) ,  S e r i e s  r e s i s t a n c e ,  C a p a c i t y ,  

S o l u t i o n  p H  m a / c m  2 v - H  sca l e  v - H  sca l e  p o l a r i z a t i o n ,  v o h m - e r a  ~ /ef /cm ~ 

9.05M NaOH, 0.186M H,BO~ 8.9 0.39 (a) --t .40 --1.61 0.038 40 11.2 
0.1M NaC1 0.40 (c) --1.72 --1.61 0.038 55 8.8 

D.05M NaOH, 0.186M H~BO~ 8.9 0.40 (a) --1.18 --1.48 0.125 60 11.0 
0.0002M NaC1 0.40 (c) --1.72 --1.48 0.150 85 7.2 

0.05M NaOH, 0.186M H3BO~ 8.9 0.40 (a) --1.37 --1.63 0.038 40 12.2 
0.1M NaI 0.19 (c) --1.70 --1.63 0.016 25 8.2 

9.05M NaOH, 0.186M HsBO~ 8.9 0.40 (a) --1.41 --1.63 0.052 70 12.8 
0.1M NaBr  0.40 (c) --1.75 --1.63 0.040 135 9.4 

0.05M NaOH, 0.186M H~BO~ 8.9 0.40 (a) --1.15 --1.48 0.12 50 11.2 
0.42 (c) --1.70 --1.48 0.14 80 7.0 

0.05M NaOH, 0.186M H3BO~ 8.9 0.21 (a) 4.5 --1.5 0.030 2500 0.30 
0.1M NaF 0.28 (c) --2.4 --1.5 0.040 1150 0.36 

0.085M NaOH, 0.113M H~BO~ 10.0 0.40 (a) --1.35 --1.62 0.033 90 10.0 
0.1M NaC1 0.40 (c) --1.79 --1.62 0.036 300 7.4 

0.10M NaOH, 0.10M H~BO~ 11.2 0.37 (a) 2.42 --1.38 0.065 110 0.2 
0.10M NaOH, 0.10M H~BO~ 11.1 0.36 (a) --1.23 --1.41 0.028 65 0.5 

0.1M NaC1 
0.10M NaOH, 0.10M H~BO~ 11.0 0.35 (a) --0.86 --1.45 0.030 250 0.2 

0.1M NaI 
0.10M NaOH, 0.10M H3BO~ 11.0 0.38 (a) --1.12 --1.40 0.036 75 0.4 

0.1M NaBr  
0.10M NaOH, 0.10M HsBO~ 10.9 0.14 (a) 9.0 --1.42 0.012 600 0.32 

0.1M NaF 0.20 (c) --2.27 --1.42 0.020 850 0.53 
0.1M NaC1 10.6 0.36 (a) --1.21 --1.44 0.090 55 9.0 
0.1M NaBr 10.5 0.38 (a) --1.32 --1.50 0.040 70 5.6 
0.1M NaI 10.5 0.4 (a) --1.34 --1.45 0.038 55 6.0 
0.1M NaF 9.9 0.14 (a) 13.7 --1.63 0.004 3250 0.28 

0.50 (c) --2.29 --1.63 0.018 1500 0.44 

(a) A n o d i c  p o l a r i z a t i o n ;  (c) C a t h o d i c  p o l a r i z a t i o n .  

t ions are  g iven  in Fig.  7, 8, 9, and 10. The  r e p r o d u c i -  
b i l i ty  of po t en t i a l  m e a s u r e m e n t s  for  the  e x p e r i -  
m e n t a l  condi t ions  of Fig.  7, 8, and  9 is 30 m v  and  fo r  
Fig.  10 the  r e p r o d u c i b i l i t y  is 0.2 v. Ca thod ic  p o l a r i -  
za t ion  m e a s u r e m e n t s  of Mg in solut ions  buf fe red  at  
pH  = 11 con ta in ing  NaC1, NaBr ,  or  NaI  and u n -  
buf fe red  solut ions con ta in ing  NaC1, NaBr ,  or  NaI  are  
n o n r e p r o d u c i b l e  and are  not  p resen ted .  

Discusssion 

An exac t  t heo re t i ca l  t r e a t m e n t  of t he  po t en t i a l  
t i m e  cu rves  obse rved  in this  w o r k  is not  possible;  t he  
c u r r e n t  dens i ty  is p r o b a b l y  n o n u n i f o r m  ove r  the  
e lec t rode  sur face  and the  e l ec t rochemica l  m e c h a n i s m  
is compl i ca t ed  and uncer ta in .  H o w e v e r ,  a s e m i q u a n -  
t i t a t i ve  and pe rhaps  fo r tu i tous  a g r e e m e n t  b e t w e e n  
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the  c u r r e n t  i n t e r r u p t e r  t h e o r y  and e x p e r i m e n t  was  
found.  

A n  e q u a t i o n  for  t he  p o t e n t i a l - t i m e  decay  cu rves  
is de r i ved  in the  fo l lowing  m anne r .  A s s u m e  the  r a t e -  
con t ro l l ing  r eac t ion  is: 

Mg ---- Mg "§ + ne [7] 

The  f o r w a r d  c u r r e n t  ( i )  and the  r e v e r s e  cu r r en t  

<-- 

( i ) of r eac t ion  [7] a re  g iven  by  the  equa t ions  (28),  

i = io exp  (~nF AEc/RT) exp  ( anF  AE/RT) [8] 
<__ 

i = io exp  ( - - ( 1  - -  a)nF• 

exp ( - - (1  --  oOnF• ) [9] 

i = ~--  ~- -  i .... [10] 
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Fig. 7. Anodic and cathodic polarization curves of Mg cor- Fig. 8. Anodic polarization curve of Mg corrected for series 
rected for series polarization; pH ~ 8.9. polarization; pH = 10.5. 
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Fig. 10. Anodic and cathodic polarization curves of Mg 
corrected for series polar izat ion; e, pH = 1 1; ::, pH = 8.9; 
A, pH = 11; O, pH ~ 10. 

whe re  • ~ E - -  E~, and  AEo = Eo--  Eo; i~ is the  e x -  
change  c u r r e n t  and  a is the  t r ans fe r  coefficient for 
reac t ion  [7] ;  F is the F a r a d a y ;  R is the  gas cons tan t ;  
T is the absolu te  t e m p e r a t u r e ;  E is the  po la r i za t ion  
po ten t ia l ;  Er is the corrosion po ten t i a l  at zero appl ied  
cu r r en t ;  Eo is the  e q u i l i b r i u m  po ten t i a l  for reac t ion  
[7] ;  i is the  appl ied  c u r r e n t  and  i .... is the  corrosion 
cur ren t .  The c u r r e n t  efficiency for the  anodic  dis-  
so lu t ion  of Mg a s suming  n = 2 (3) is i n d e p e n d e n t  of 
c u r r e n t  dens i ty  at high c u r r e n t  densi t ies  (i > 0.05 
m a / c m  ~) which  indicates  tha t  the  corrosion c u r r e n t  
is d i rec t ly  p ropor t iona l  to the  appl ied  cur ren t .  Thus,  
it m a y  be assumed tha t  i .... = ( K -  1) i where  K is 
a cons tan t  (K > 1) which  is i n d e p e n d e n t  of the  ap-  
pl ied cur ren t .  

Since 
d E / d t  = - -  i / C  [11] 

t h e n  

f - -  d •  s 
- -  ,~ ( 1 / C K ) d t  [12] 

1 - - $  

where  it is a ssumed  tha t  E~ and  Eo are i n d e p e n d e n t  
of appl ied  cur ren t .  I n t e g r a t i o n  of Eq. [12] b y  G r a -  

1 
hame ' s  me thod  (29) us ing  the  a s sumpt ions  a -  

2 '  
exp ( a n F ~ E o / R T )  ~ 1, and  C is i n d e p e n d e n t  of AE 
yie lds  the  equa t ion  

2 R T  1 + exp ( - -nF i~( t  + t l ) / R T C K )  
AE ~ In  [13] 

n F  1 - -  exp ( - - nF i o  ( t  + t 1 ) / R T C K )  

t is m e a s u r e d  f rom the m o m e n t  of i n t e r r u p t i o n  and  
t 1 has the m e a n i n g  tha t  • wou ld  be inf ini te  at  t ------t 1. 
The  a s sumpt ion  tha t  exp ( a n F A E o / R T )  ~ 1 m a y  set 
a fictit ious va lue  to the e q u i l i b r i u m  po ten t i a l  for r e -  
act ion [7], i.e., Eo ~ E~, w h e n  Eq. [13] is appl ied  to 
a cor roding  Mg electrode;  the s imu l t aneous  occur-  
rence  of the  cathodic and  anodic  reac t ions  on anodic -  
a l ly  polar ized Mg could have  the  effect of d isplac ing 
the  e x p e r i m e n t a l  po ten t i a l  of the  electrode f rom the  
po ten t i a l  of the anodic  reac t ion  toward  the p o t e n -  
t ia l  of the cathodic reac t ion  if an  apprec iab le  ohmic 
po ten t i a l  drop exists  b e t w e e n  the  reac t ion  pa ths  of 
the  cathodic and  anodic  react ions.  

E q u a t i o n  [13] was  der ived  for an  e lect rode wi th  
a u n i f o r m  c u r r e n t  dens i ty  over  the  surface.  In  act ive 
solut ions  at pI-I = 8.9 a u n i f o r m  a t tack  occurs on Mg 
which  indica tes  a u n i f o r m  c u r r e n t  densi ty .  The  g e n -  
era l  fo rm of the  p o t e n t i a l - t i m e  decay curves  for Mg 
in  this type  of so lu t ion  is r ep resen ted  by  Eq. [13]. 
In  Fig. 4 the p o t e n t i a l - t i m e  decay curve  for anodica l ly  
polar ized Mg ca lcula ted  f rom Eq. [13] us ing  as sumed  
va lues  of n, t 1, K, a nd  io (n  = 2, t 1 = 0.1 msec, K = 2, 
a nd  io = 0.024 ma/cm~) ,  a nd  C = 10 t~ f / c  m~ f rom 
in i t i a l  slope compares  wel l  w i th  the  e x p e r i m e n t a l  
p o t e n t i a l - t i m e  decay curve.  The  ra te  of reac t ion  [7] 
ca lcu la ted  f rom Eq. [10] is w i t h i n  an  order  of m a g n i -  
tude  of the ra te  of d issolu t ion  of Mg in  this  pa r t i cu l a r  
so lu t ion  at  the same c u r r e n t  (10 -8 moles /cm2/sec) .  

In  v iew of the m a n y  s impl i fy ing  a s sumpt ions  nec -  
essary for the de r iva t ion  of Eq. [13] f u r t h e r  i n t e r -  
p r e t a t i on  of the  resul t s  in  t e rms  of this  equa t ion  
wou ld  be u n w a r r a n t e d .  The  r e m a i n d e r  of the  dis-  
cussion wi l l  be concerned  wi th  qua l i t a t i ve  i n t e r p r e -  
t a t ion  of the capaci ty  a nd  po t en t i a l  da ta  in  t e rms  of 
the  e q u i v a l e n t  e lec t r ica l  c i rcui t  p r ev ious ly  g iven  and  
the  fo l lowing concept  of the  s t ruc tu re  of the  Mg 
electrode interface.  

The  s t ruc tu re  of the Mg electrode in te r face  wi l l  be 
a s sumed  to be of the  fo rm schemat ica l ly  r ep resen ted  
in  Fig. 11. Pos i t ive  and  nega t ive  po la r iza t ion  refers  
to po la r iza t ion  r e l a t ive  to the  po ten t i a l  of the  zero 
po in t  of charge.  The anodic  and  cathodic reac t ions  
are  assumed  to occur at  the  ba r r i e r  f i lm-so lu t ion  
interface.  In  Fig.  ( l l B )  the  e lect rode is cons idered  
to be sufficiently polar ized to comple te ly  suppress  
the  anodic  react ion.  The  n a t u r e  of the  film is pH de-  
penden t .  A th in  nonporous  ba r r i e r  film is a s sumed  to 
be p re sen t  at al l  pH's.  In  act ive  solutions,  at  pH's  

10.5, th ick  wh i t e  films (10-' cm) are  fo rmed  on 
Mg; at  pH 's  < 10.5 t h in  films ( <  10 -~ cm) are formed.  
The  d i scon t inu i ty  in  film f o r ma t i on  is due to p rec ip i -  

A B 
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POLARIZATION POLARIZATION 
BARRIER BARRIER 

WETkL FILM SOLUTION METAL FILM SOLUTION 

N:] i| 
INNER OUTER INHER OUTER 

HELWHOLTZ PLANES HELWHOLTZ PLANES 

Fig. 1 1. Schematic diagrams of the electrical double layer 
of posit ively and negat ively polarized Mg. 
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ta t ion  on the  Mg at pH's  ~ 10.5 of Mg(OH)~ f rom 
solu t ion  (3) .  At  the  low field s t r eng th  used in  this  
work  t r a n s p o r t  of ions and  e lec t rons  t h rou gh  the  
th ick  film would  no t  occur for nonpass ive  films. 

The capaci ty  of the  ba r r i e r  film is a decreas ing  
func t ion  of pH and  po la r iza t ion  c u r r e n t  since these  
factors wou ld  t end  to increase  the  ba r r i e r  film th i ck -  
ness. The  po la r iza t ion  res i s tance  of the  ba r r i e r  film 
is d e p e n d e n t  on th ickness  and  chemica l  and  phys ica l  
s t ruc tu re  of the  film; the  l a t t e r  factor  controls  the 
type  of t r an spo r t  ( ionic or e lec t ronic) .  The  capaci ty  
of the  solut ion double  l ayer  which  inc ludes  the  fixed 
double  layer  and  the diffuse double  l ayer  is a com-  
plex  func t ion  of po ten t ia l ;  severa l  m a x i m a  and  m i n -  
ima are somet imes  observed  (25).  In  the s imples t  
case the capaci ty  of the  so lu t ion  double  l aye r  reaches  
a m i n i m u m  at  the  po t en t i a l  of the  zero po in t  of 
charge  and  increased  po la r iza t ion  increases  the  ca-  
pac i ty  due  to the  decrease  in  effective d i s tance  be -  
tween  the outer  Helmhol tz  p l a n e  and  the  b a r r i e r  
film. The  electrode capaci ty  per  u n i t  of a p p a r e n t  
a rea  is d i rec t ly  re la ted  to the  pore area  and  the  
po la r iza t ion  res is tance  of the e lect rode is i nve r se ly  
p ropor t iona l  to the pore area. 

Specific adsorp t ion  of an ions  on Mg wou ld  have  
the effect of inc reas ing  the  capaci ty  of the so lu t ion  
double  l ayer  and  d isp lac ing  the po ten t i a l  of the  zero 
po in t  of charge to more  cathodic potent ia ls .  Specific 
adsorp t ion  of an ions  provides  a m e a n s  of exp l a in ing  
the nega t ive  difference effect of Mg. Increased  anodic  
po la r iza t ion  causes increased  adsorp t ion  on the  b a r -  
r ier  film which  resul t s  in  an  increased  posi t ive  
charge on the diffuse double  layer  and  a closer p r ox -  
imi ty  of the  diffuse double  l ayer  to the  b a r r i e r  film. 
H y d r o g e n  ions in  the  diffuse double  l ayer  are t h e r e -  
fore more  easi ly  d ischarged at  the  ba r r i e r  film b y  
increased  anodic  polar izat ion.  

In  the fo l lowing  sections a sa t i s fac tory  exp l a na t i on  
of the experimental results is presented in terms of 
the pore theory. 

Buf f e red  So lu t ions  at p H  = 8.9 

The hal ide  addi t ions  affect the po la r iza t ion  curves  
of the  buffer  solut ions  bu t  no specific effect of the  
an ions  C1-1, Br  -1, or 1-1 are a p p a r e n t  (Fig. 7). The  
shift  in  po ten t i a l  observed in  solut ions  w i thou t  ha -  
l ide addi t ions  is p r o b a b l y  due to h igher  He lmho l t z -  
Gouy  double  layer  impedance  cor responding  to the  
lower  conduc t iv i ty  of the  buffer  solut ion.  The Mg 
electrode capaci ty  is p r o b a b l y  the  so lu t ion  double  
layer  capaci ty  (C~) since the capaci ty  increases  as 
the anodic  po la r iza t ion  is increased  (Fig. 6). Thus,  
it appears  tha t  the  t ime  cons tan t  for decay across the  
ba r r i e r  film at  pt I  = 8.9 is less t h a n  0.3 t~sec. Specific 
effects of each of the  hal ides  on the  capaci ty  are no t  
ev iden t  w i t h i n  the r ep roduc ib i l i t y  of the  expe r i -  
ments .  The bora te  ion is a p p a r e n t l y  p r e f e r e n t i a l l y  
adsorbed on Mg in  these  solutions.  

Cathodic  po la r i za t ion  in  the  r ange  s tudied  does no t  
effect a change  in  s ign of the  charge on the  me t a l  
surface f rom posi t ive  to nega t ive  (Fig. 11) since the  
capaci ty  did not  go th rough  a m i n i m u m  on cathodic 
polar iza t ion.  The ra te  of d issolu t ion  of ca thodica l ly  
polar ized Mg in  these  solut ions  is qu i te  la rge  which  
serves to m a i n t a i n  the  Mg me ta l  surface pos i t ive ly  

charged  or pe rhaps  n e u t r a l  ( the re  is the poss ibi l i ty  
tha t  the  m i n i m u m  in the  capaci ty  vs. po ten t i a l  curves  
was reached  at  the  most  cathodic po ten t ia l s  s tud ied) .  

Buf f e red  Solu t ions  at  pH = 11 

The capaci ty  of the  Mg electrode at  pH = 11 is 
cons ide rab ly  lower  t h a n  the  capaci ty  at  pH = 8.9 
(Tab le  I ) .  A decrease  in  capaci ty  of both  the  ba r r i e r  
film and  the so lu t ion  double  layer  is expected  due  to 
the  decreased reac t ing  area  of the  electrode and  i n -  
creased ba r r i e r  film thickness .  The fo rma t ion  of the  
porous  film or ba r r i e r  film is a slow process;  the Mg 
electrode capaci ty  changes  f rom 2 t d / c m  ~ at  10 m i n  
po la r iza t ion  to 0.4 t~f/cm ~ at  20 hr  po la r iza t ion  (Fig. 
3). T rends  of the  observed  capaci ty  at pH = 11 wi th  
specific ha l ide  ion or po ten t i a l  m a y  be h idden  due to 
the low r ep roduc ib i l i t y  of capaci ty  m e a s u r e m e n t s  i n  
these  solut ions.  Therefore ,  it  is no t  possible  to decide 
w h e t h e r  the  e x p e r i m e n t a l  capaci ty  is Ct,C~, or the  
series capacity,  C f C J  ( Ct + C~) : 

Buffered solut ions  at  pH = 11 w i t hou t  a hal ide  
add i t ive  exh ib i t  passive po ten t i a l s  on anodic  po la r i -  
za t ion  in  con t ras t  to solut ions buffered at pH = 8.9 
(Fig. 10). Ha l ide  addi t ions  des t roy  this  pass iv i ty  
(Fig. 9). The  order  of inc reas ing  effectiveness of the 
ha l ide  ions as depass iva t ing  ions is I -1~  B r - l <  C1-1. 
The depass iva t ing  effect of ha l ide  addi t ions  on the  
pass iv i ty  of Mg at  pH = 11 is expl icable  in  t e rms  of 
the  pore theory  if it  is a ssumed  tha t  the  pore  size is 
la rge  enough  for p e n e t r a t i o n  by  ha l ide  ions and  too 
smal l  for p e n e t r a t i o n  by  BO~ -~ ions. The re la t ive  de-  
pass iva t ing  effect of the ha l ide  ions m a y  be due to 
the  re la t ive  mobi l i t ies  of the ha l ide  ions which  fol-  
low this  same order,  i.e., 1-1 < Br  -1 ~ CI-L 

Unbuf]ered  Solu t ions  

The film formed  on Mg in  unbu f f e r ed  solut ions  of 
NaC1, NaBr,  and  NaI  is s imi la r  to t ha t  at  pH = 11 
bu t  the  pH in  the  pores is p r o b a b l y  lower  t h a n  the  
b u l k  pH of the  u n b u f f e r e d  solut ion.  The reac t ing  area  
of the  Mg me ta l  surface  is increased  over  tha t  in  
buffered  solut ions  at  pH = 8.9 by  a change  in  type  of 
a t tack  f rom genera l  to p i t t i ng  and  film fo rma t ion  in  
unbuf fe red  solut ions  tends  to decrease  the reac t ing  
a rea  of the  b a r r i e r  film. Wi thou t  a knowledge  of 
r e l a t ive  roughness  factors  of the  electrode it  is i m -  
possible  to compare  observed  capacit ies  in  u n b u f f -  
ered solut ions  w i th  those in  buffered solutions.  The  
capaci ty  of the  Mg electrode in  NaC1 solu t ion  is s ig-  
n i f ican t ly  g rea te r  t h a n  for solut ions  of NaBr  and  NaI, 
which  indicates  tha t  the  C1 -~ ion is more  s t rong ly  
adsorbed  on Mg t h a n  e i ther  the Br  -1 ion or 1-1 ion 
which  is the reverse  of w h a t  migh t  be expected  f rom 
da ta  on P t  and  Hg (25, 26). If this  is t r ue  specific ad-  
sorpt ion  of an ions  does no t  p roduce  s ignif icant  
changes  in the  po ten t i a l  of Mg (Fig. 8). The capaci ty  
of the  Mg elect rode in 0.1M NaC1 solu t ion  de te r -  
m i n e d  by  Tomashov,  et al. (13) us ing  the  a-c  br idge  
me thod  (500-5000 cps) is 7-8 t~f/cm ~ which  is in  good 
agreement with this work (9 ~f/cm~). 

S o d i u m  Fluor ide  Solu t ions  

M a g n e s i u m  in  NaF solut ions  exhib i t s  h igh  anodic  
po la r iza t ion  (Fig. 10) ; the  rest  po ten t i a l  is act ive ye t  
the  corrosion ra te  is small .  These facts m a y  be ex -  
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p la ined  by  a pore theory  wi th  the fo l lowing a s s u m p -  
t ions:  the  ba r r i e r  film is nonporous  MgF~ wi th  i nc lu -  
sions of porous  film; the a rea  of the  porous film is 
smal l  compared  wi th  the area  of the  nonporous  film; 
and  the nonporous  film becomes charged on anodic  
polar iza t ion,  b u t  e lec t rochemica l  r eac t ion  both  ca-  
thodic and  anodic  occurs only  at the porous  areas.  
Thus,  at zero appl ied  po la r iza t ion  the corrosion of 
Mg occurs at a slow ra te  at  the pores which  exp la ins  
the  act ive rest  po ten t i a l  observed;  anodic  po la r iza -  
t ion  wou ld  pa r t i a l l y  fill up  the pores w i th  MgF~ at a 
ra te  p ropor t iona l  to the appl ied  po la r i za t ion  c u r r e n t  
and  raise the  po ten t i a l  in  the  pores to passive po-  
tentials .  The anodic  ove rpo ten t i a l  of Mg is less in  
buffered solut ion of NaF  t h a n  in  unbuf fe red  solu-  
t ions. E v i d e n t l y  the  BO~ -3 ion has a s imi la r  effect on 
the  pass iv i ty  of Mg in  NaF  solu t ion  as C1-1, Br  -1, and  
1-1 have on the  pass iv i ty  of Mg in  the  buffer  solut ion 
at pH = 11 b u t  to a m u c h  lesser degree.  P a r t i a l  fi l l ing 
up  of the pores wi th  Mg (OH)~ exp la ins  the  fact  tha t  
the  anodic  ove rpo ten t i a l  is h igher  for NaF  solut ions  
buffered at  pH = 11 t h a n  at  pH = 8.9. The r e l a t ive ly  
lower  ove rpo ten t i a l  for the  cathodic po la r i za t ion  i n -  
dicates tha t  cathodic po la r iza t ion  does no t  reduce  the 
pore  area. 

The capaci ty  in  buffered  and  unbuf fe red  solut ions  
of NaF  var ied  f rom 0.3 to 0.5 /~f/cm ~ over  the en t i r e  
po ten t i a l  r ange  studied.  The i n v a r i a n c e  of the capac-  
ity over the large range  of po ten t ia l s  suggest  tha t  the 
capaci ty  is due to the nonporous  areas of the film, the 
effective th ickness  of which  is i n d e p e n d e n t  of p o t e n -  
tial.  The double  layer  wi th  the  nonporous  areas of 
the film as dielectr ic  discharges  t h rough  the pores 
in  the  film. 

Res is tance  M e a s u r e m e n t s  

In  solut ions  con ta in ing  fluoride the pa ra l l e l  po la r i -  
za t ion res i s tance  (Rf,~) var ied  f rom 600 o h m - c m  ~ to 
3200 ohm-cm~; in  all  o ther  solut ions  the para l l e l  r e -  
s is tance var ied  f rom 25 o h m - c m  ~ to 250 o h m - c m  ~. 
L i t t l e  s ignif icance can  be  g iven  to the  va lues  of Rf,d 
due to the poor r ep roduc ib i l i t y  except  to state tha t  
the  re la t ive  m a g n i t u d e  of Rf,~ for Mg in  NaF solu t ion  
indica tes  tha t  the pore  area  is smal le r  t h a n  for the  
other  solut ions.  

The con t r i bu t i on  of the ohmic po ten t i a l  drop to 
the  tota l  ove rpo ten t i a l  of Mg in  the  pass iva t ing  solu-  
t ions  s tudied  in  this  work  is less t h a n  1% which  is 
in gene ra l  ag r eemen t  w i th  the w o r k  of Epelboin ,  
et al. (30).  By app l ica t ion  of a c i rcui t  b r e a k i n g  tech-  
n i q u e  Epelboin ,  et al. (30) have  shown tha t  the  h igh  
poten t ia l s  observed in  pass iva t ing ,  anodic  oxidat ion,  
and  e lect rolyt ic  pol ishing expe r imen t s  are no t  due  to 
diffusion overvol tage  or ohmic drop bu t  are p r o b a b l y  
due to adsorp t ion  effects of an ions  at the  me ta l  su r -  
face. 
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Use of Nickel-Aluminum Alloy Coatings for the 
Protection of Molybdenum from Oxidation 

W. Beck 1 

American Electrometal Corporation, Yonkers, New York 

ABSTRACT 

Coatings produced  by  e lec t rodeposi t ion of a luminum on n icke l -p l a t ed  mo lyb -  
denum protec t  this meta l  effectively against  h i g h - t e m p e r a t u r e  oxidat ion.  In-  
fo rmat ion  about  composit ion and d is t r ibut ion  of the  Ni-A1 phases fo rmed  in 
the coating was obta ined f rom a meta l lograph ic  analysis  of a l ayer  created 
by  deposi t ion of a luminum from the cryol i te  ba th  on a sheet  of h i g h - p u r i t y  
nickel.  

Effec t ive  p r o t e c t i o n  of m o l y b d e n u m  aga in s t  h i g h -  
t e m p e r a t u r e  o x i d a t i o n  b y  a coa t ing  cons i s t ing  of 
n i c k e l  a l u m i n i d e s  has  been  r e p o r t e d  r e c e n t l y  b y  
Couch,  Shap i ro ,  and  B r e n n e r  (1) .  The  coa t ing  was  
p r o d u c e d  in an  u n o r t h o d o x  fash ion  b y  e l e c t r o d e p o s i -  
t ion  (1, 2) of a l u m i n u m  f rom a fu sed  c ryo l i t e  b a t h  
onto n ickel ,  w h i c h  h a d  b e e n  p l a t e d  f r o m  an  aqueous  
so lu t ion  onto  c h r o m i u m - p l a t e d  m o l y b d e n u m .  Some  
y e a r s  ago, t h e  a u t h o r  of th is  r e p o r t  (3)  succeeded  in 
i m p a r t i n g  to Mo, p ro t ec t i on  aga in s t  h i g h - t e m p e r a -  
t u r e  o x i d a t i o n  b y  c o n v e r t i n g  its su r face  into a Mo-A1 
a l loy,  c r e a t e d  d u r i n g  e l e c t r o d e p o s i t i o n  of A1 f r o m  
the  c r y o l i t e  ba th .  

This  p a p e r  is conce rned  w i t h  t he  p r o d u c t i o n  of N i -  
A1 coa t ings  on Mo, r e m o v a l  of b a t h  sa l ts  f r o m  the  
coat ing,  t e s t ing  of the  e f fec t iveness  of the  a l l oy  l a y e r  
to p ro t ec t  Mo aga in s t  h i g h - t e m p e r a t u r e  ox ida t ion ,  
and  the  m e t a l l o g r a p h i c  s tud ies  of a Ni-A1 d i f fus ion  
couple .  

These  i nves t i ga t i ons  w e r e  c o m p l e t e d  some y e a r s  
ago b u t  w e r e  no t  p u b l i s h e d  un t i l  now.  

Experimental Procedures and Results 
Specimens and pre t rea tment . - -The  spec imens  con-  

s i s ted  of rods  of Mo of 99.9% pu r i t y ,  1/4 in. in d i a m -  
e t e r  and  6 in. long.  The  ends  w e r e  r o u n d e d  in o r d e r  
to avo id  s h a r p  angles ,  g r o u n d  w i t h  a g reen  whee l ,  
and  f ina l ly  po l i shed  on a h a r d  r u b b e r  whee l .  

Va r ious  p r e t r e a t m e n t s  w e r e  used  to ach ieve  s a t i s -  
f a c t o r y  a d h e s i o n  of t he  Ni  p l a t e - t o  t he  Mo sur face ,  
i nc lud ing  an anodic  t r e a t m e n t  in HF-HC1  m i x t u r e  
and  i m m e r s i o n  in a q u a  regia .  The  l a t t e r  me thod ,  
wh ich  gave  the  bes t  resu l t s ,  cons i s t ed  of a l - r a i n  d ip  
in t he  ac id  m i x t u r e ,  f o l l owed  b y  c l ean ing  the  spec i -  
m e n  w i t h  co t ton  u n d e r  s t r e a m i n g  wa te r .  This  p r o -  
c edu re  w a s  r e p e a t e d  s e v e r a l  t imes .  I m m e d i a t e l y  fo l -  
l owing  the  l a s t  i m m e r s i o n  and  c leaning ,  t he  spec i -  
m e n  was  Ni  p l a t ed .  

Nickel  p la t ing . - -Nickel  was  e l e c t r o d e p o s i t e d  f r o m  
a W a t t s - t y p e  ba th .  The  a v e r a g e  p l a t i n g  t h i cknes s  
was  0.8 rail .  

A l u m i n u m  p la t ing . - -A luminum w a s  d e p o s i t e d  on 
the  Ni  p l a t i n g  f r o m  a eu tec t ic  m i x t u r e  of 75% c r y o -  
l i t e  w i t h  25% N a F  a t  a t e m p e r a t u r e  of 1005 ~ • 5~ 

1Present  address: Aeronaut ica l  Materials Laboratory ,  Naval  Air  
Material  Center,  Philadelphia 12, Pennsylvania ,  

A u n i f o r m  coa t ing  was  o b t a i n e d  on ly  w h e n  the  t o t a l  
c onc e n t r a t i on  of A1 in the  b a t h  was  k e p t  above  a 
m i n i m u m  va lue .  The  A1 used  up  d u r i n g  p l a t i n g  w a s  
r e p l a c e d  w h e n  n e c e s s a r y  b y  r e c h a r g i n g  the  c ruc ib l e  
con ta in ing  the  b a t h  w i t h  AI~O~ ( s a t u r a t e d  concen -  
t r a t i o n  of A120~ in the  eu tec t ic  m i x t u r e  a t  982~ is 
1 5 % ) .  

A f t e r  k e e p i n g  the  rods  in t he  b a t h  for  1 rain,  A1 
was  p l a t e d  at  a c u r r e n t  d e n s i t y  of 0.15 a m p / c m  ~. The  
a p p r o x i m a t e  t o t a l  t h i ckness  of the  a l u m i n i d e  l aye r ,  
a f t e r  a p l a t i n g  t ime  of 15 min ,  was  1.8 rail .  

A l l  coa t ings  w e r e  p r o d u c e d  in a g r a p h i t e  c ruc ib l e  
w h i c h  s e r v e d  as t he  anode.  B a t h  c o m p o n e n t s  w e r e  
fused  b y  m e a n s  of h i g h - f r e q u e n c y  hea t ing .  

Leaching of excess A1 and bath salts and testing 
for protection against h igh- temperature  o x i d a t i o n . -  
To avo id  p r e m a t u r e  b r e a k d o w n  of t he  coa t ings  in 
t he  b l a s t  b u r n e r  t e s t  to  be  d e s c r i b e d  be low,  i t  is of 
t he  u t m o s t  i m p o r t a n c e  to r e m o v e  f r o m  the  su r face  
excess  A1 and  c r y o l i t e  w i t h o u t  a t t a c k i n g  the  coa t ing  
i tself .  

N u m e r o u s  a t t e m p t s  w e r e  m a d e  to so lve  th is  p r o b -  
l em;  some of the  r e su l t s  a r e  r e p r o d u c e d  in T a b l e  I. 
Mos t  ef fec t ive  a n d  l eas t  d a m a g i n g  is a p p a r e n t l y  a 
20% HC1 so lu t ion  w h e n  used  a t  r o o m  t e m p e r a t u r e .  

A f t e r  l each ing ,  the  rods  w e r e  f a s t e n e d  s e c u r e l y  in 
ho lde r s  and  a b o u t  1 in., m e a s u r e d  f r o m  the  t ip  of t he  
rod,  was  i n s e r t e d  in the  ox id iz ing  cone of an  a i r - g a s  
b l a s t  b u r n e r .  The  t e m p e r a t u r e  of t he  spec imens  in 
t he  f lame w a s  d e t e r m i n e d  b y  op t i ca l  m e a s u r e m e n t s  
to be  a p p r o x i m a t e l y  800~ T h e y  w e r e  k e p t  in t he  
f lame un t i l  t he  coa t ing  b r o k e  d o w n  and  the  Mo b e g a n  
to oxidize ,  e v i d e n c e d  b y  a change  in color  of t he  
f lame f rom r e d d i s h  o r ange  to b r i g h t  ye l low,  w h i c h  is 
caused  b y  the  o x i d a t i o n  p r o d u c t s  of Mo. The  t imes  to 
b r e a k d o w n  r e c o r d e d  on spec imens  l e a c he d  in  d i f fe r -  
en t  so lu t ions  a r e  l i s t ed  in T a b l e  I. 

Microscopic examination of the nickel-aluminide 
coating, as plated and after b reakdown . - -Two  sec-  
t ions  w e r e  t a k e n  t h r o u g h  each  rod  a f t e r  b r e a k d o w n  
h a d  occur red ,  sec t ion  A a b o u t  1/4 in. f r o m  the  t ip  of 
t h e  rod,  sec t ion  B a p p r o x i m a t e l y  1 in. f r o m  sec t ion  A. 

The  spec imens  w e r e  m o u n t e d  in a m i x t u r e  of a m -  
b e r  B a k e l i t e  and  pheno l i c  r e s in  w h i c h  has  been  
f o u n d  to be  p a r t i c u l a r l y  su i t ab l e  for  coa ted  m a t e r i a l ,  

783 
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Table I. Time to breakdown of coated Mo specimens exposed to blast burner 
after leaching of excess AI and bath salts 

Sep tember  1959 

C o m p o s i t i o n  of c o a t i n g  

A v e r a g e  t h i c k n e s s  of a l l o y  coa t i ng ,  1.8 r a i l  

A p p e a r a n c e  of  s o l u t i o n  o r  
L e a c h i n g  s o l u t i o n  c o a t i n g  a f t e r  l e a c h i n g  

T i m e  to b r e a k -  
d o w n  i n  h o u r s  
i n  b l a s t  b u r n e r ,  
T e m p .  of  s p e c -  

i m e n s  a b o u t  
800~ 

Ni-Alumin ide  

Ni -Aluminide  

Ni -Aluminide  

Ni -Aluminide  

Mo -Aluminide  

Ni plated f rom aqueous 
solution 

Specimen quenched wi th-  
out delay in 20% HC1 

Specimen cooled to room 
tempera ture  and leached 
in 20% HC1 

Specimen cooled to room 
tempera tu re  and leached 
in 37% (conc.) HC1 

Specimen cooled to room 
tempera ture  and leached 
in 20% NaOH (3~ 

Dip in alkali  mel t  (4~ fol-  
lowed by leaching in 20 % 
HC1 

Solution showed in all cases 
green color (1) 

In some cases, solution 
showed slight green color 

No change in color became 
visible 

Coating changed color f rom 
dark to black 

No change in color became 
visible 

Max. 435 
Min. 208 (~ 
Max. 1100 
Min. 100 (2) 

Max. 200 

Max. 100 

Max. 600 

Max. 24 

Note s :  
(1) L e a c h i n g  t i m e  i n  HC1 in  a l l  cases  w a s  2 h r ;  l e a c h i n g  s o l u t i o n  w a s  f r e q u e n t l y  r e n e w e d .  
(~) T o t a l  n u m b e r  of l e a c h e d  s p e c i m e n s  w a s  in  a l l  cases  10; 80% of s p e c i m e n s  h a d  m a x i m u m  l i f e t i m e .  
(3) L e a c h i n g  t i m e  w a s  a t  l e a s t  4 hr .  
(~ A l k a h  m e l t  c o n s i s t e d  of  60% N a O H  a n d  40% Na2CO3 a n d  w a s  u s e d  a t  540~ 

pol i shed  in t he  c o n v e n t i o n a l  m a n n e r ,  e tched  w i t h  
Ke l l e r s  (4) reagen t ,  and then  repol i shed .  S u b s e -  
quen t ly ,  p h o t o m i c r o g r a p h s  w e r e  taken .  

F igu res  1 to 3 are  p h o t o m i c r o g r a p h s  of sect ion A. 
F i g u r e  1 p ic tu res  a spec imen  in the  as p l a t ed  condi -  
tion. Mic rog raphs  shown  in Fig. 2 and 3 are  t a k e n  on 
spec imens  a f te r  100- and 540-hr  exposu re  to the  
b las t  bu rne r .  The  coat ings  r e p r e s e n t  s ingle  phase  
sys tems  and a n u m b e r  of b r e a k d o w n s  can  be d i s t in -  
guished.  The  coat ing  th ickness  decreases  s l igh t ly  
wi th  inc reas ing  ox ida t ion  t ime.  

F i g u r e  4 exh ib i t s  the  cha rac t e r i s t i c  " ox ida t i on  
f ingers"  wh ich  are  f o r m e d  a f t e r  the  coa t ing  has 
b roken  down  and the  u n p r o t e c t e d  Mo is exposed  to 
oxidat ion .  The re  w e r e  no s t a r t l ing  d i f ferences  be -  
t w e e n  the  A and B sections.  

Phase identification in a Ni-A1 dif]usion l a y e r . -  
Various a t t emp t s  to i den t i fy  the  phases  f o r m e d  in 
the n icke l  a l u m i n i d e  l aye r  on Mo w e r e  not  success-  
ful,  t he re fo re ,  a d i f fe ren t  approach  was  used. A l u -  
m i n u m  was  e l ec t rodepos i t ed  f r o m  the  c ryo l i t e  ba th  
s a tu ra t ed  w i t h  ALO3 onto a sheet  of A n icke l  (5) ,  

Fig. 1. Ni-aluminide coating. Aluminum electrodeposited 
from eutectic NaF-cryolite bath on Ni plated on Mo; as 
plated; leaching m 20% HCI; Keller's etch. Magnif ication 
500X before reduction for publication. 

Fig. 3. Ni-aluminide coating. Breakdown after 540-hr ex- 
posure to oxidizing flame at approx. 800~ leaching in 20% 
HCI; Keller's etch. Magnif ication 500X before reduction for 
publication. 

Fig. 2. Ni-aluminide coating. Breakdown after 100-hr ex- 
posure to oxidizing flame at approx. 800~ leaching in 20% 
HCI; Keller's etch. Magnif ication 500X before reduction for 
publication. 

Fig. 4. Type of oxidation fingers formed by oxidation of Mo 
on breakdown points of Ni-aluminide coating at 800~ Mag- 
nification 500X before reduction for publication. 
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Fig. 5. Phases and phase distr ibut ion in Ni-AI dif fusion 
layer produced by electrodeposition of AI from a eutectic 
NaF-cryol i te bath (saturated with AIsOs) on a sheet of A N i .  
Excess AI was removed in 2 0 %  HCI, anodic etch in 1 part 
conc. HCI with 3-5 parts ethyl alcohol, 1 v, 0.5 amp/ in .  ~, 10 
sec. Magni f icat ion 1000X before reduction for publ icat ion. 

which  was  pol ished to a m i r r o r  finish and  degreased  
pr ior  to p la t ing .  

The  longest  t ime  of electrolysis  was  5 hr. A n u m -  
ber  of e x p e r i m e n t s  were  made  wi th  shor ter  ex -  
posures;  however ,  this  did not  p roduce  any  essent ia l  
change  in  the  phase  d i s t r i bu t ion  shown in  Fig. 5. The  
c u r r e n t  dens i ty  was the  same as tha t  used to deposi t  
AI on N i -p t a t ed  Mo. Af te r  r emova l  f rom the  cryol i te  
bath,  the spec imen was  cooled in  a m b i e n t  air  and  
the  coat ing etched anodica l ly  (6) .  

At  the  c u r r e n t  dens i ty  and  p la t ing  t ime  employed,  
it  has to be in fe r red  tha t  the A1 diffuses essen t ia l ly  
f rom the l iqu id  phase into the  solid Ni af ter  be ing  
fo rmed  at the  cathode, by  "di rec t"  e lec t rochemica l  
r educ t ion  of an  A1 donor  (7, 8). The  Ni is thus  in  
contact  wi th  supe rhea ted  mo l t en  A1 at a t e m p e r a t u r e  
a l i t t le  above t w o - t h i r d s  of its me l t i ng  point .  By re f -  
e rence  to the  phase d i a g r a m  (9) ,  it  m a y  be ascer-  
t a ined  tha t  Ni m a y  take  u p w a r d s  of abou t  6 w / o  
(or 12 a /o )  a p p r o x i m a t e l y  of A1 to fo rm the solid 
so lu t ion  phase zeta (~). This  m a y  be assumed to take  
place by  the s imple  dissolving act ion of m o l t e n  A1 
on Ni, a m u t u a l l y  i n t e r p e n e t r a t i n g  act ion b e t w e e n  
the A1 and  Ni caused by  the i r  compa ra t i ve ly  equa l  
a tomic sizes, u n i t  cell s t ruc ture ,  h igh t empe ra tu r e ,  
and driving force of the current in the electrolytic 

cell. 
The intermediate phases or secondary solid solu- 

tions e, ~, and y (i0), occur in sequence as the 
distance from the surface of the Ni is increased. 
These may be assumed to have been nucleated by a 
diffusion process dependent on the operation of 

Fick's law at the environmental conditions obtained 
in the cryolite cell. The basis of the identification of 
these various secondary solid solution phases lies in 
their proximity, or lack of it, to the surface of the 
Ni cathode, their comparative hardness determined 
by microhardness tests (to be presented in the next 
section), and their obviously different etching char- 
acteristics. 

On r emova l  of the Ni cathode f rom the  cryol i te  
ba th ,  an  in te r face  b e t w e e n  the  y secondary  solid 
solut ion and  mo l t en  A1 wou ld  be formed.  On cooling, 
as m a y  be seen f rom the  phase d i a g r a m  (9),  the  i n -  
c o n g r u e n t l y  me l t i ng  phase  fl wou ld  be fo rmed  b y  the  
per i tect ic  reac t ion  of the  ~, and  mo l t en  A1. 

This  is be l i eved  to be the or ig in  of the  mi xe d  

0 
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I 900 

r 7 5 0  tlJ 
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6 0 0  

3 : 4 5 0  
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o. 5 0 0  

150  

COATED ON MO 

A B C D E F G H 

Fig. 6. Hardness measurements made at room temperature: 
A, AI an Ni, as coated; B, AI on Ni, exposed for 540 hr at 
800~ C, Ni on AI, as plated; D, Ni on AI, exposed for 540 
and 1000 hr at 800~ E, 5 phase; F, 3' phase; G, /3 phase; 
H, Mo. 

black  and  whi te  areas which  appear  as i s lands  i n t e r -  
spersed in  the ~, secondary  phase.  A per i tec t ic  reac-  
t ion  wou ld  also exp la in  the  p r o x i m i t y  of the  f ree  fl 
phase  to these  areas. The fl phase was also ident if ied 
by  its compara t ive  hardness .  

Hardness measurements.--Hardness m e a s u r e m e n t s  
were  made  wi th  the B e r g s m a n  ha rdness  tes ter  and  
are p resen ted  in  Fig. 6. These va lues  are the  averages  
of 3 de te rmina t ions .  Nickel  a lumin ides  of th ree  dif-  
f e ren t  composi t ions,  Ni~AL, NiA1, a nd  NiAL, were  
made  by  cast ing (11) and  the i r  ha rdnesses  de te r -  
mined .  Hardness  va lues  of some of the  phases  formed 
w h e n  A1 was deposi ted on the  Ni sheet  were  de te r -  
m i n e d  also. Compar i son  of these va lues  w i th  those 
of the cast n icke l  a lumin ides  was  t hen  used as one 
method  of i den t i fy ing  the  % 8, and  fl phases  in  the 
diffusion coating. 

As m a y  be seen f rom Fig. 6, the ha rdness  va lues  
d e t e r m i n e d  on the  coat ings on Mo did no t  cor respond 
d i rec t ly  to a ny  Ni-A1 system. However ,  the  ha rdness  
of the coat ings in  the a s -p la t ed  condi t ion  and  af ter  
ox ida t ion  periods of 540 and  1000 hr  was  close to 
tha t  of the v e r y  hard,  h igh me l t i ng  ~ phase.  

Tha t  the coat ings con ta ined  ample  Ni and  A1 was 
p roven  by  chemical  ana lys i s  of a s t rong HC1 solut ion 
in  which  the coat ings  had  been  s t r ipped anodical ly .  

Coatings of Ni on diffused A l . - - T h e  adhes ion  of 
Ni p la ted  on Mo covered wi th  a m o l y b d e n u m  a l u m i -  
n ide  coat ing p roduced  by  e lec t rodepos i t ion  of A1 
f rom the cryol i te  ba th  was  excel lent .  The m o l y b d e -  
n u m  a lumin ides  are charac te r ized  by  good electr ical  
conduc t iv i ty  and,  therefore ,  Ni can be p la ted  on 
t hem easi ly  f rom an  aqueous  solut ion.  The  au thor  
has succeeded in  i den t i fy ing  by  x - r a y  diffract ion (3) 
the two b r i t t l e  i n t e rme ta l l i c  systems,  ALMa and  
A15Mo, in  the coat ing and,  as could be expected,  the  
ox ida t ion  life of spec imens  covered wi th  a m o l y b -  
d e n u m  a l u m i n i d e  layer ,  overp la ted  wi th  nickel ,  was  
r a the r  l imited.  

F u r t h e r  w o r k  to improve  the  effect iveness of the  
pro tec t ion  of Mo aga ins t  h i g h - t e m p e r a t u r e  ox ida t ion  
by  coat ings  con t a in ing  Ni and  A1, the  l a t t e r  be ing  
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elect rodeposi ted  f rom the cryol i te  ba th ,  should,  
therefore, be restricted to the nickel aluminides. 
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Electroplating Metal Contacts on Germanium and Silicon 

Dennis R. Turner 

Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 

ABSTRACT 

Various metals have been plated on germanium and silicon. These semi- 
conductors usual ly have oxide layers on them which could interfere with the 
int imate contact required  between metal  and semiconductor for good adhe-  
sion and the desired electrical properties. Oxide films and residues from 
chemical etching on germanium can be removed by cathodic reduct ion prior 
to metal  deposition in many  pla t ing solutions. Sixteen different metals were 
plated on n -  and p- type germanium. Since oxide films on silicon are difficult 
to reduce cathodically, other methods of removing the oxide film are employed 
to produce adherent  electrodeposits on silicon. 

So l id - s ta te  e lect ronic  devices m a d e  f rom semicon-  
duc t ing  ma te r i a l s  r equ i r e  some k ind  of e lectr ical  
contact  to the  semiconductor .  E lec t rop la t ing  t ech-  
n iques  have  been  used to make  ohmic contacts  to 
semiconduc tors  for m a n y  years.  More recent ly ,  good 
rec t i fy ing  contacts  have  b e e n  made  by  e lec t rop la t ing  
smal l  me ta l  spots (~10  -3 cm ~) on g e r m a n i u m  and  
si l icon (1 -4) .  Much of this  w o r k  was  car r ied  out  
u s ing  a je t  p l a t i ng  technique .  One  of the  bes t  types  
of p l a t ing  baths,  cyan ide  solutions,  was avoided com-  
pletely.  This  paper  discusses the resu l t s  of expe r i -  
men t s  which  sought  to d e t e r m i n e  the  solut ions  and  
condi t ions  tha t  give h igh qual i ty ,  la rge  area  deposi ts  
wi th  m a x i m u m  adhes ion  on Ge and  St. E i the r  ohmic 
or rec t i fy ing  contacts  can  be ob ta ined  by  e lec t ro-  
p l a t i ng  the p rope r  me t a l  on Ge and  St. 

Germanium 
Semiconduc t ing  ma te r i a l s  u sua l l y  have  oxide l a y -  

ers on t h e m  which  could in t e r f e re  wi th  m a k i n g  an  
i n t i m a t e  contac t  b e t w e e n  p la ted  me ta l  and  the  semi-  
conductor .  Some oxides on me ta l s  can  be  r e move d  
by  e lec t rochemica l  reduct ion .  For  example ,  L i n f o r d  
and  Fede r  (5) have shown tha t  copper  oxide l ayers  
up to about  650A th ick  are comple te ly  r educed  elec-  
t rochemica l ly  pr ior  to n icke l  deposit ion.  T u r n e r  (6) 
d e m o n s t r a t e d  tha t  the  con t inuous  m o n o l a y e r  of oxide 
formed on Ge d u r i n g  anodic  d isso lu t ion  is r educed  
ca thodica l ly  in  acid solut ions  pr ior  to h y d r o g e n  gas 
evolut ion .  M a n y  res idues  f rom chemical  e tching  a nd  

oxide films th icker  t h a n  a m o n o l a y e r  on Ge can  also 
be reduced  e lect rolyt ical ly .  This  is d e m o n s t r a t e d  in  
Fig. 1. If a Ge  electrode is chemica l ly  pol ished in  
C.P.-4 solut ion,  1 r insed  in  dis t i l led  w a t e r  a nd  t h e n  
sub jec ted  to a cathodic t r e a t m e n t  in 0.1N H~SO,, a 
cathodic r educ t ion  cu rve  is obta ined .  The  n u m b e r  of 
coulombs in the po ten t i a l  a r res t  stage corresponds  
to abou t  2 a tom layers  of oxide. ~ The  cathodic r educ -  
t ion  cu rve  ob ta ined  on a Ge electrode p rev ious ly  
anodized  in  a fused salt  b a t h  (34% LiNO~-F 66% 
KNO~, mp  ~ 155~ to produce  a th icker  oxide l ayer  

1 C o m p o s i t i o n  of C.P.-4 etch: 5 p a r t s  by  vol .  cone.  HNOs, 3 p a r t s  
by  vol .  48% H F ,  3 p a r t s  by  vol .  g l a c i a l  a c e t i c  ac id ,  a n d  10 d r o p s  
l i q u i d  b r o m i n e / 5 0  cc of a c i d  m i x t u r e .  

e A c i d  f l uo r ide  s o l u t i o n s  m a y  a c t u a l l y  l e a v e  a f l u o r i d e  f i lm on t h e  
s u r f a c e .  
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PLATING SOLUTION 

l ~  GLASS PLAT UM WIRE ANODE + NOZZLE 
POLYSTYRENE COATING 

- -  GERMANSU M 

Fig. 2. Experimental arrangement for plating metal spots 
on Ge. 

is also inc luded  in  Fig. 1. The l eng th  of the po ten t i a l  
a r res t  corresponds  to abou t  4 a tom layers  of oxide. 
The second cathodic curve  ob ta ined  in  each expe r i -  
m e n t  is inc luded  to show tha t  all  r educ ib le  m a t e r i a l  
is r emoved  in  the first cathodic t r e a t m e n t  and  tha t  
the  reduced  m a t e r i a l  in  the  in i t i a l  cu rve  is no t  due  to 
some solu t ion  impur i ty .  Schmid t  (7) has found  tha t  
th ick layers  of GeO=, fo rmed  anod ica l ly  in  N - m e t h y l -  
acetamide,  can be r educed  in  the  same solvent .  

These resul t s  suggest  tha t  the best  choice of meta l s  
and  solut ions  for e lec t rop la t ing  i n t i m a t e  me t a l  con-  
tacts  on Ge are those which  deposi t  me t a l  on ly  af ter  
all  oxide films or res idues  f rom chemical  pol i sh ing  
are  r emoved  by  cathodic reduct ion .  

Experimental  

The e x p e r i m e n t s  were  car r ied  out  wi th  Ge elec-  
t rodes about  1 cm square  b y  1 m m  thick.  These were  
cut  f rom two single  crystals ,  one 4 - o h m  cm n - t y p e  
Ge and  the  other  3 -ohm cm p - t y p e  Ge. A n  ohmic 
contact  was made  to the  Ge b y  a b r a d i n g  one edge 
and  so lder ing  it  to a 1.3 m m  (0.050 in.)  d i a m e t e r  
copper wi re  us ing  a s t anda rd  l e a d - t i n  solder a nd  an  
acid zinc chlor ide flux. The  solder j o in t  and  abou t  2 
cm of the  copper  w i r e  were  coated w i th  po ly s t y r e ne  
cemen t  to protect  t h e m  f rom the  acid etches used  
later .  P r io r  to p la t ing ,  the  surface  of the  g e r m a n i u m  
was chemica l ly  pol ished in  the C.P.-4 solut ion.  Af te r  
a thorough  wa te r  r inse  the  Ge was  placed aga ins t  a 
glass nozzle as shown in  Fig. 2. This  p rocedure  con-  
fined the  a rea  of me t a l  p la ted  m a i n l y  to the  ins ide  
d i ame te r  of the  nozzle tip. A P t  wi re  sealed in to  the  
glass about  2.5 cm above the nozzle t ip served as the  
anode.  A glass or p o l y e t h y l e n e  f u n n e l  served as the  
so lu t ion  reservoir .  P l a t i n g  solut ions  tha t  w o r k  bes t  
above  room t e m p e r a t u r e  were  p rehea t ed  p r io r  to 
fil l ing the funne l .  A sect ion of Tygon  t u b i n g  connec ted  
the f u n n e l  to the  nozzle. Re la t ive ly  h igh p l a t i ng  cu r -  
r en t  densi t ies  were  possible since the  so lu t ion  flowed 
con t inuous ly  d u r i n g  pla t ing .  A b o u t  0.025 m m  (0.001 
in.)  of me t a l  was  p la ted  for the contac t  studies.  Af t e r  
p la t ing ,  the  samples  were  wa t e r  r in sed  and  g iven  a 
br ief  etch in  a su i tab le  acid so lu t ion  to r emove  the  
fea ther  edge a r o u n d  the  m a i n  spot of meta l .  This  
acid etch af ter  p l a t i ng  was  of ten essent ia l  for good 
rec t i fy ing  contacts.  

3ZIB 
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FLUOBORATE 
SULFATE AND CYANIDE AND FLUORIDE 
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Fig. 3. Metals plateable from aqueous solutions. Bold let- 
tered metals were plated on Ge. Preferred plating solutions are 
indicated above table. 

Six teen  di f ferent  meta l s  were  p la ted  on n -  and  
p - t y p e  Ge. T h e y  r ep re sen t  p rac t i ca l ly  all  of the  
r ead i ly  p la ted  metals .  The  sect ion of the  per iodic  
tab le  con t a in ing  all  the  e lements  p la teab le  f rom 
aqueous  solut ions  is shown in  Fig. 3. The  bold  le t -  
t e red  meta l s  were  p la ted  in  this  s tudy.  The  p re fe r red  
solut ions,  w i th  a few exceptions,  are  ind ica ted  above 
the  chart .  A sul fa te  so lu t ion  was  used to p la te  i n d i u m  
ins tead  of the  cyanide  ba th  because  it  was  more  
s table  chemical ly .  As a r u l e  the  cyan ide  solut ions  are 
to be  p re fe r red  in  this app l ica t ion  since meta l s  de-  
posit  in  t h e m  at  po ten t ia l s  cons ide rab ly  more  nega -  
t ive  t h a n  tha t  r equ i r ed  to reduce  oxide films on Ge. 
Elect rodeposi ts  f rom cyan ide  ba ths  also are u s u a l l y  
of good qual i ty ,  i.e., smooth  and  dense.  The  chro-  
m i u m  spots were  p la ted  f rom a s t a n d a r d  chromic 
acid sul fa te  bath .  B i s m u t h  was  p la ted  f rom a p e r -  
chlora te  so lu t ion  (8) whi le  the  t e l l u r i u m  deposits  
were  ob ta ined  f rom a f luor ide -su l fa te  so lu t ion  (9) .  

On ly  technica l  g rade  chemicals  we re  ava i l ab le  for 
some of the  p l a t i ng  baths .  These solut ions  were  
purif ied e lec t ro ly t ica l ly  to r emove  meta l l i c  i m p u r i -  
ties. O ve r n i gh t  e lectrolysis  w i th  a d u m m y  Pt  cathode 
at  2 m a / c m  ~ c u r r e n t  dens i ty  was  u sua l l y  sufficient. 

Elec t r ica l  contact  to the  p la ted  me t a l  spot was  
made  by  touch ing  it w i th  a loop of gold wire.  Meas-  
u r e m e n t s  of the e lect r ical  p roper t ies  of the  m e t a l -  
g e r m a n i u m  j u n c t i o n  consis ted first of obse rv ing  the  
E - I  p a t t e r n  on an  oscilloscope screen us ing  a c onven -  
t iona l  d i sp lay  c i rcui t  a nd  t h e n  m a k i n g  a po in t  by  
po in t  plot  of bo th  the  fo rward  and  reverse  E - I  char -  
acter is t ic  us ing  d. c. 

Results of Plated Metal Contacts on Ge 

Al l  the p la ted  meta l s  tes ted except  a n t i m o n y  p ro -  
duced rec t i fy ing  contacts  on n - t y p e  Ge and  ohmic 
contacts  on p - t y p e  Ge. E lec t rop la ted  Sb contacts  be -  
haved  jus t  the  opposite, i.e., t hey  were  ohmic on n -  
and  rec t i fy ing  on p - t y p e  Ge. B o r n e m a n ,  et al. (3) 
r epor ted  tha t  all  p la ted  meta l s  gave rec t i fy ing  con-  
tacts on n -  and  ohmic contacts  on p - t y p e  Ge. The re -  
verse  v o l t a g e - c u r r e n t  curves  of the s ix teen  meta l s  
p la ted  on n - t y p e  Ge  are shown in  Fig. 4. These r e -  
sul ts  were  ob ta ined  wi th  c i rcu la r  me ta l  spots abou t  
2 m m  in d iameter .  Most of the  curves  have  the same 
gene ra l  shape b u t  are  displaced f rom one ano the r  
a long the  c u r r e n t  axis. The  large  differences in  the  
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tacts on n-type Ge (measured in room air). 

J 

o o~ 

o oo l  
am  o I Ioo  

TOTAL CURRENT tIN MILLLAMPERI~ S 

Fig. 5. Forward and reverse curves for  a 2 mm d iameter  
plated Sb spot on p-type Ge. 

s a tu r a t i on  cu r r en t s  are  a t t r i b u t e d  to va r i a t ions  in  
the  s tate  of the surface af ter  e tching and  also to d i f -  
ferences  in  the adhes ion  of the  var ious  e lec t rode-  
posits on Ge. In  genera l ,  the poorer  the  adhes ion  the  
h igher  the  s a tu ra t ion  cur ren t .  The s i lver  deposits  on 
Ge  had  the  poorest  adhes ion  of al l  and  one of the  
h ighes t  s a tu r a t i on  cur rents .  P l a t ed  2 m m  d i ame te r  
Sb contacts  on n - t y p e  Ge were  ohmic up  to the  h igh -  
est c u r r e n t  passed th rough  the  contact ,  200 ma. 

W h e n  the resul ts  w i th  Sb were  obta ined,  it was  
t hough t  tha t  pe rhaps  all  the  meta l s  in  groups  VA and  
VIA of the  periodic tab le  would  behave  the same 
way.  In i t i a l  tests wi th  Bi and  Te in  fact  did give 
n e a r l y  ohmic contacts  to n - t y p e  Ge. Af te r  the Bi a nd  
Te p la t ing  solut ions were  purif ied by  electrolysis ,  
however ,  bo th  meta l s  p roduced  rec t i fy ing  contacts  on 
n - t y p e  Ge as shown in  Fig. 4. 

A n  in t e re s t ing  effect was  observed wi th  n icke l  
p l a t ing  on Ge w h e n  the so lu t ion  was  at  room t e m p e r -  
a ture .  The  Ni deposi t  of ten cur led  up  at  the  edges a 
short  t ime  af ter  p l a t i ng  and  a t tached  to the Ni we re  
la rge  pieces of Ge. There  is a ce r ta in  a m o u n t  of h y -  
d rogen  codeposited w i th  Ni which  produces  a stress 
in  the  deposit .  Since the  adhes ion  b e t w e e n  e lec t ro-  
p la ted  Ni and  Ge is good, the stress in  the  deposi ted 
Ni is t r a n s m i t t e d  to the  Ge. The  stress a p p a r e n t l y  
is sufficient to crack the  Ge u n d e r  the  Ni and  the  
pee l ing  is ac tua l ly  due to this  r u p t u r e  in  the Ge. The  
effect was  e l im ina t ed  w h e n  a hot ( ~ 6 0 ~  Ni p la t ing  
solut ion was used. A n  increase  in  the p la t ing  solu-  
t ion  t e m p e r a t u r e  p r e s u m a b l y  decreases the a m o u n t  
of codeposited h y d r o g e n  in  the Ni which  reduces  the  
stress t r a n s m i t t e d  to the  Ge u n d e r  the  deposit .  

A n t i m o n y ,  the  on ly  me ta l  found  to give rec t i fy ing  
p la ted  contacts  on p - t y p e  Ge, was p la ted  f rom a fluo- 
bora te  solut ion.  It  was  p r epa red  by  dissolving 6 g of 
t echnica l  grade  a n t i m o n y  fluoride in  100 ml  of so lu-  
t ion  con ta in ing  10 g of fluoboric acid. As made  up, 
the  solut ion p roduced  S b - p l a t e d  spots which  were  
ohmic on both  n -  and  p - t y p e  Ge. Af te r  e lec t rolyt ic  
so lu t ion  puri f icat ion,  the  a n t i m o n y  deposits  on 

n - t y p e  Ge r e m a i n e d  ohmic b u t  those on p - t y p e  Ge  
became rect i fy ing.  F igu re  5 shows the  fo rward  and  
reverse  v o l t a g e - c u r r e n t  curves  for a 2 m m  d i ame te r  
p la ted  Sb spot on p - t y p e  Ge. This  r ep resen t s  the 
first t ime  a rec t i fy ing  character is t ic  has been  ob-  
t a ined  by  e lec t rop la t ing  a m e t a l  contact  on p - t y p e  
Ge. The  sa tu ra t ion  c u r r e n t  in  the b locking  d i rec t ion  
p r o b a b l y  could be lowered  by  the  use of p l a t ing  solu-  
t ions made  f rom ve ry  p u r e  mater ia l s .  Schmid t  (7) 
repor ts  tha t  a l i t h i u m  p res su re  contact  on p - t y p e  Ge 
is rec t i fy ing.  This is a t t r i b u t e d  to the  diffusion of 
donor  l i t h i um atoms into the  Ge which  conver t s  the 
surface  reg ion  to n - t ype .  

Silicon 
Metals  e lec t ropla ted  on pol ished Si us ing  o r d i n a r y  

p la t ing  t echn iques  have  poor adhes ion  and  the de-  
posits u sua l l y  bl is ter .  W u r s t  a nd  B o r n e m a n  (4) 
p la ted  smal l  me ta l  dots on Si us ing  the je t  e lec t ro-  
p l a t i ng  t echn ique  a nd  repor ted  good adhesion.  Us ing  
the i r  p r e t r e a t m e n t  p rocedures  and  p l a t i ng  solut ions,  
me ta l  e lec t ropla ted  on pol ished Si spec imens  wi th  
abou t  2 cm ~ surface area  a lways  bl is tered.  The  poor 
adhes ion  is a t t r i b u t e d  to a surface  oxide l aye r  which  
canno t  be reduced  ca thodica l ly  in  aqueous  solut ions  
pr ior  to me ta l  deposi t ion  as it  is on Ge. Arche r  (10) 
has es t imated  the  oxiae  l aye r  th ickness  on Si af ter  
e tching  to be abou t  10A or 2 to 3 a tom layers.  To im-  
prove  the  adhes ion  b e t w e e n  p la ted  me ta l  and  Si, the  
oxide film m u s t  be r e move d  or at  least  r educed  in  
thickness.  Si l icon dioxide is so luble  in  bo th  s t rong 
a lka l ine  solut ions  and  HF. 

One me thod  which  has b e e n  found  effective in  im-  
p r ov i ng  the  adhes ion  cons ide rab ly  is to sub jec t  the  
Si to a br ie f  etch in  a hot  concen t ra t ed  po tass ium or 
sodium hydrox ide  solut ion pr ior  to me ta l  p l a t ing  in  
a hot  cyanide  p l a t i ng  bath .  Hot, s t rong ly  a lka l ine  
solut ions  a t tack  Si v igorously .  The Si is t r a n s f e r r ed  
qu ick ly  f rom the  hot a lka l ine  so lu t ion  to the  p la t ing  
ba th  w i t hou t  r i n s ing  and  w i t h  c u r r e n t  on as the Si 
en te rs  the  p la t ing  solut ion.  By not  r i n s ing  the  Si, the  
cor roding  effect of the  hot a lka l ine  solut ion con t inues  
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u n t i l  m e t a l  depos i t i on  begins .  B y  th i s  process ,  m e t a l  
p l a t e s  ove r  a t  mos t  a m o n o l a y e r  of oxide ,  and  in  some 
p laces  t h e r e  is d i r ec t  con tac t  b e t w e e n  p l a t e d  m e t a l  
a n d  s emiconduc to r .  

A n o t h e r  m e t h o d  w h i c h  g ives  a d h e r e n t  Ni  depos i t s  
on Si  m a k e s  use  of a Ni  p l a t i n g  b a t h  con ta in ing  HF.  
The  Si  is a l l o w e d  to soak  in  t he  p l a t i n g  so lu t ion  for  
a b o u t  1 m i n  be fo re  the  p l a t i n g  c u r r e n t  is s t a r t ed .  
Hydro f luo r i c  ac id  d i s so lves  s i l icon d iox ide ,  b u t  t he  
su r f ace  m a y  no t  be  c l ean  s ince  t h e r e  is some ev idence  
t h a t  t h e  f luor ide  s i m p l y  r ep l aces  t h e  o x i d e  on the  
su r f ace  (11) .  W h a t e v e r  t he  m e c h a n i s m ,  the  a d h e s i o n  
of a s u b s e q u e n t  Ni  depos i t  is g r e a t l y  i m p r o v e d  b y  
this  p rocedu re .  A Ni  p l a t i n g  so lu t ion  d e v e l o p e d  for  
p l a t i n g  Ni  on Mg (12) was  f o u n d  to be  s a t i s f a c to ry :  
H F  ( 4 8 % )  78 cc / l ,  c i t r ic  ac id  30 g / l ,  bas ic  n i c k e l  
c a r b o n a t e  130 g / l ,  w e t t i n g  a g e n t  ( s o d i u m  l a u r y l  su l -  
f a t e )  20 drops/1 .  

S ix  m e t a l s  w e r e  p l a t e d  on c h e m i c a l l y  po l i shed  Si  
us ing  one of the  p r e p l a t i n g  p r o c e d u r e s  j u s t  d e -  
scr ibed .  Resu l t s  a r e  s u m m a r i z e d  in T a b l e  I. T h e  p l a t -  
ing  so lu t ions  used  w e r e  of s t a n d a r d  compos i t ion .  A 
" s t r i k e "  p l a t i n g  t e c h n i q u e  i m p r o v e d  the  a d h e s i o n  of 
Cu and  Zn depos i t s  b u t  not  t he  o thers .  The  h igh  
in i t i a l  c u r r e n t  d e n s i t y  in Cu and  Zn  p l a t i n g  was  r e -  
d u c e d  a f t e r  a f ew  seconds  to depos i t  t he  b u l k  of t he  
me ta l .  C o p p e r  depos i t s  w e r e  the  mos t  a d h e r e n t ,  
w h i l e  Zn gave  the  poo re s t  r e su l t s  b y  compar i son .  The  
tes t  for  a d h e s i o n  cons i s t ed  s i m p l y  of cu t t i ng  t h r o u g h  
t h e  depos i t  b y  s c r a t ch ing  w i t h  a s h a r p  object .  E v e n  
Zn  p l a t ing ,  h o w e v e r ,  d id  no t  show s igns  of the  
b l i s t e r i n g  w h i c h  is c o m m o n  w h e n  m e t a l s  a r e  d e -  
pos i t ed  on Si  b y  o r d i n a r y  p rocedu re s .  

The  e l ec t r i ca l  p r o p e r t i e s  of t h e s e  m e t a l  con tac t s  
on n -  and  p - t y p e  Si  a r e  also g iven  in Tab le  I. These  
r e su l t s  w e r e  o b t a i n e d  w i t h  m e t a l  spots  1 m m  in  
d i a m e t e r .  Q u a l i t a t i v e l y  t h e y  a g r e e  w i t h  those  r e -  
p o r t e d  b y  W u r s t  and  B o r n e m a n  (4) excep t  for  Cu 
and  In  on n - t y p e  Si, w h i c h  gave  oppos i t e  resu l t s .  

Effect of Semiconductor Electrode 
The  s e m i c o n d u c t i n g  p r o p e r t i e s  of  G e  and  Si  h a v e  

no t  been  a fac to r  in  t he  e l e c t r o p l a t i n g  r e su l t s  d i s -  
cussed  thus  far .  B r a t t a i n  and  G a r r e t t  (13) have  
shown  t h a t  holes  a r e  r e q u i r e d  to c a r r y  out  anodic  
p rocesses  on s emiconduc to r s  and  e l ec t rons  a r e  neces -  
s a r y  for  ca thod ic  reac t ions .  A n  a d e q u a t e  s u p p l y  of 
e l ec t rons  a r e  p r e s e n t  a t  t h e  su r f ace  of  n - t y p e  s e m i -  
conduc tors ,  u n d e r  ca thod ic  bias ,  s ince  t h e y  a r e  the  
m a j o r i t y  c u r r e n t  ca r r i e r .  R e l a t i v e l y  f ew  e l ec t rons  a r e  
a v a i l a b l e  in p - t y p e  Si. I f  t he  su r f ace  of p - t y p e  m a -  
t e r i a l  is a b r a d e d ,  a d d i t i o n a l  e l ec t rons  become  a v a i l -  
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Fig. 6. Cathode potent ial-current density curves for Ni 
plat ing on abraded and polished n- and p-type Si. 

ab le  a t  t he  su r f ace  due  to a l a rge  i nc rea se  in t he  
g e n e r a t i o n - r e c o m b i n a t i o n  r a t e  of h o l e - e l e c t r o n  pa i r s .  
A l igh t  of h igh  i n t e n s i t y  d i r e c t e d  a t  t he  S i  w i l l  a lso 
r a i s e  t he  m i n o r i t y  c a r r i e r  c o n c e n t r a t i o n  a t  the  s u r -  
face.  The  c o m p a r a t i v e l y  few e l ec t rons  at  t he  su r f ace  
of c h e m i c a l l y  po l i shed  p - t y p e  s e m i c o n d u c t o r s  e x -  
posed  to s u b d u e d  r o o m  l igh t  a r e  d e p l e t e d  in  a ca -  
t hod ic  r e a c t i o n  at  v e r y  l o w  c u r r e n t  dens i t ies .  This  
su r f ace  d e p l e t i o n  of e l ec t rons  r e su l t s  in a space  
c h a r g e  r eg ion  in  t he  semiconduc to r .  I t  can  be  t h o u g h t  
of as a c o n c e n t r a t i o n  p o l a r i z a t i o n  of e l ec t rons  in t he  
semiconduc to r .  A t t e m p t s  to i nc rea se  t he  c a thode  c u r -  
r e n t  b y  a p p l y i n g  m o r e  v o l t a g e  to t he  cel l  m e r e l y  r e -  
su l t  in  i nc r e a s ing  the  d e p t h  of t h e  space  cha rge  r e -  
g ion  in  t he  semiconduc to r .  The  c u r r e n t  b a r r i e r  a t  t he  
su r f a c e  of t he  s e m i c o n d u c t o r  e v e n t u a l l y  b r e a k s  
down,  a l l o w i n g  m o r e  c u r r e n t  to flow, if  t h e  a p p l i e d  
v o l t a g e  is h igh  enough.  

A n  e x a m p l e  of w h a t  m a y  be  e n c o u n t e r e d  in a t -  
t e m p t i n g  to p l a t e  m e t a l s  on c h e m i c a l l y  po l i shed  
p - t y p e  s e m i c o n d u c t o r s  is i l l u s t r a t e d  in Fig .  6. I t  is a 
l o g - l o g  p lo t  of t he  c a thode  p o t e n t i a l  vs. c u r r e n t  d e n -  
s i ty  of 1~ cm n -  a n d  12~ cm p - t y p e  Si  w i t h  a b r a d e d  
a n d  po l i shed  su r faces  in a Ni  p l a t i n g  solut ion .  These  
d a t a  w e r e  o b t a i n e d  b y  i nc rea s ing  the  c u r r e n t  in  
s teps.  The  c u r r e n t  was  he ld  cons t an t  a t  each  se t t ing  
a n d  the  e l ec t rode  p o t e n t i a l  m e a s u r e d  w h e n  it  a p -  
p e a r e d  to r e a c h  a s t e a d y  s ta te .  The  p l a t i n g  b a t h  was  
a s t a n d a r d  "co ld"  Ni  so lu t ion  c on t a in ing  n i c k e l  c h l o -  
r ide ,  a m m o n i u m  chlor ide ,  and  bor ic  acid.  Be low 
a b o u t  0.1 m a / c m  2, t h e  c a thode  r e a c t i o n  is t he  d i s -  
cha rge  of h y d r o g e n  ions. The  Ec-i  cu rves  for  a b r a d e d  
and  po l i shed  n - t y p e  Si  a r e  iden t ica l .  A n  a b r a d e d  

Table I. Metals electroplated on Si with good adhesion and their electrical properties as contacts 

Elec t r i ca l  p r o p e r t i e s  of  contac t  
Current  d e n -  R e l a t i v e  

Meta l  So lu t ion  t y p e  s i ty ,  m a / c m  2 a d h e s i o n  n -S i  p -S i  

Cu Cyanide  200-75 Very  good Ohmic* Rect i fying 
Au Cyanide  15 Good Rect i fying Ohmic 
Ni F luor ide  40 Good Rect i fy ing Rect i fy ing 
In Cyanide  30 Fa i r  Rectifying* Rect i fying 
Sn S tanna te  20 Fa i r  Ohmic Rect i fying 
Zn Cyanide  100-30 Poor  Ohmic Rect i fying 

* Resu l t  d i f f e r en t  f r o m  W u r s t  a n d  B o r n e m a n .  
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p - t y p e  Si e lectrode has abou t  the  same Eo-i cu rve  as 
n - t y p e  up  to the c u r r e n t  dens i ty  where  Ni s tar ts  de-  
posi t ing.  The po ten t i a l  difference b e t w e e n  the  two 
curves  is a t t r i b u t e d  to a smal l  rec t i fy ing  ba r r i e r  be -  
tween  p la ted  Ni and  the  ab raded  p - t y p e  Si. 

Pol i shed p - t y p e  Si devia tes  f rom the  other  curves  
even  at ve ry  low c u r r e n t  densit ies.  The e x p e r i m e n t  
was car r ied  out  in  subdued  room light.  Most of the  
vol tage  appl ied  to the p l a t i ng  cell appears  across the  
space -cha rge  reg ion  in  the  Si. As shown in  Fig. 6, 
the cathode po ten t i a l  can reach as m u c h  as 50 v 
w i thou t  p l a t ing  any  Ni. ~ At  the cr i t ical  ca thode po-  
t en t i a l  ( the va lue  is d i f ferent  for each Si e lec t rode) ,  
Ni begins  to deposit .  The  s tar t  of Ni p la t ing  is p r o b -  
ab ly  co inc ident  w i th  a local b r e a k d o w n  of the p o t e n -  
t ia l  ba r r i e r  at the surface  of the Si. The  cathode po-  
t en t i a l  drops s lowly as Ni covers the  Si. The  drop 
in  cathode po ten t i a l  at a cons tan t  c u r r e n t  dens i ty  is 
a t t r i b u t e d  to hole in jec t ion  by  the  e lec t rop la ted  Ni 
contact  on the  Si. This  collapses the  space-charge  
region  which  reduces  the  po ten t i a l  drop in  the  semi -  
conductor .  

If the p l a t i ng  so lu t ion  is capable  of cor roding  the 
Si, even at a moderate rate, the large polarization 
effect inside polished p-type Si made cathodic is not 
observed. This is due to the fact that excess holes and 
electrons are produced at the surface of Si whenever 
it is corroded (14). Both strong alkaline and acid 
fluoride plating solutions will etch Si. The number 
of electrons produced at the surface in these solu- 
tions in the etching process is sufficient to carry out 
cathode reactions up to current densities where 
metal deposition begins without surface depletion. 
Germanium is corroded to some degree in most aer- 
ated aqueous solution (15) so that the "internal" 
polarization effect may not be observed with pol- 
ished p-type Ge. 

Summary and Conclusions 
Oxide films and  chemica l  pol i sh ing  res idues  on Ge 

are  ca thodica l ly  reduced  in  p la t ing  solut ions  pr ior  
to me ta l  deposi t ion if the  po ten t i a l  at  which  m e t a l  
s tar ts  depos i t ing  is more  nega t ive  t h a n  t ha t  r e -  
qu i r ed  to reduce  the  surface  films. Cyan ide  p l a t i ng  
solut ions  are  u sua l l y  p re fe r red  for this  reason.  Al l  

8 I n  o n e  e x p e r i m e n t ,  m o r e  t h a n  200 v h a d  to  b e  a p p l i e d  to t h e  
p l a t i n g  ce l l  b e f o r e  Ni  w o u l d  d e p o s i t  on  p o l i s h e d  p - t y p e  Si. 
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elec t ropla ted  me ta l  contacts  except  Sb gave rec t i fy -  
ing contacts  on n - t y p e  Ge a nd  ohmic contacts  on 
p - t y p e  Ge. A n t i m o n y  be ha ve d  jus t  the  opposite. 

Oxide films on Si are no t  reduced  ca thodica l ly  in  
aqueous  solutions.  W h e n  special  p r ep l a t i ng  tech-  
n iques  are  used, the  adhes ion  of electrodeposi ts  on 
Si is improved  cons iderably .  P l a t i n g  solut ions  tha t  
corrode Si serve a double  purpose :  (a) they  r emove  
or reduce  the  oxide layer  th ickness  pr ior  to me ta l  de-  
posi t ion,  and  (b)  they  p r e v e n t  the fo rma t ion  of a 
large po la r iza t ion  effect due  to e lec t ron  dep le t ion  i n -  
side the Si. 
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On the Research and Development of Electron 
Emitting Substances for Gas Discharges 

D.M. Speros 

L a m p  R e s e a r c h  L a b o r a t o r y ,  L a m p  D e v e l o p m e n t  D e p a r t m e n t ,  G e n e r a l  E l e c t r i c  C o m p a n y ,  C l e v e l a n d ,  O h i o  

ABSTRACT 

Criteria for the stabili ty and chemical behavior  of electron emit t ing sub- 
stances in gas discharges are obtained by means of thermodynamics.  Theo- 
retical analysis is supplemented by means of exper imental  methods intended 
for the s tudy of processes at elevated temperatures,  such as thermogravimetry  
and differential thermal  analysis. The application of the above permits  some 
insight into the processes of formation, activation, and detr i t ion of electron 
emit t ing compositions, guiding the development  of a n u m b e r  of improved 
cathodes. 

The purpose  of this  w o r k  was  to develop cathodes 
mee t ing  the  r e q u i r e m e n t s  of n e w  gas d ischarge  de-  
vices. To effect this, a be t t e r  u n d e r s t a n d i n g  of the  
f u n d a m e n t a l s  i nvo lved  was  necessary.  Therefore ,  a 
ma jo r  por t ion  of this  work  was devoted  to the  c he m-  
ical and  t he rmochemica l  aspects of e lec t ron e m i t t i n g  
substances ,  which  are  bu t  poor ly  unde r s tood  at  
present .  

The concern  of the theore t ica l  pa r t  is to eva lua t e  
a degree  of r e l a t ive  s tab i l i ty  for these ma te r i a l s  
(w i th  respect  to dissociation,  sub l ima t ion ,  chemica l  
in te rac t ion ,  phys ica l  state, and  spu t t e r ing )  a nd  to 
predic t  the processes expected  d u r i n g  the i r  his tory,  
(such as format ion ,  ac t iva t ion  or reduct ion ,  and  n o r -  
ma l  de t r i t ion)  w i thou t  ex t ended  e x p e r i m e n t a t i o n  of 
a t r ia l  and  e r ror  na tu re .  This pa r t  of the  w o r k  forms 
an  ex tens ion  or genera l i za t ion  of the  t he rmochemica l  
ca lcu la t ions  of R i t t ne r  (1) which  were  concerned  
p r i m a r i l y  w i th  the r educ t ion  reac t ion  of the  oxide 
cathode. F r o m  the chemical  po in t  of view, t h e r m o -  
d y n a m i c  cons idera t ions  are obvious  in  m a n y  of the i r  
aspects;  however ,  s ince they  appear  to be of gene ra l  
usefu lness  in  cathode research,  they  are ou t l ined  in  
this paper .  

The chemica l  processes occur r ing  in  cathodes be -  
long to the r e a l m  of so l id-s ta te  chemis t ry .  Therefore ,  
e x p e r i m e n t a l  methods  des igned for the s tudy  of r e -  
act ing solids were  appl ied  to s u p p l e m e n t  the  theo-  
re t ica l  ana lys i s  and  p rov ide  i n f o r m a t i o n  w h e n  t he r -  
m o d y n a m i c  and  k ine t ic  da ta  we re  lacking.  

Procedure 
T h e o r e t i c a l  b a s i s . - - A  cathode sys tem is defined as 

one cons is t ing  of a moles  of subs tance  A, fi moles  of 
subs tance  B, ~/moles of subs tance  C, etc., and  is r ep -  
resen ted  as follows: 

AoB~C~ . . . .  

A b i n a r y  sys tem AoB, whe re  a is the  n u m b e r  of 
moles of A per  one mole  of B, is for the purpose  at 
h a n d  a sufficient a p p r o x i m a t i o n  to a la rge  n u m b e r  
of ac tua l  cathodes. For  example ,  A,B could r ep r e se n t  
a c o m m o n  fo rm of the oxide cathode for A----BaO 
and  B = S r O ;  for A = L a  and  B = B ,  the  bor ide  

cathode;  for A = Th and  B = W, the thor i a t ed  ca th-  
ode, a n d  so on. 

The  process of fo rma t ion  in  each case is as follows: 

a A ( c )  + B(c )  --> A~B(c) [1] 

which  involves  a free ene rgy  change:  

AF ---- FA~B(o> - -  aFA(o) - -  FB(o) = A H  - -  T A S  [2] 

As a l r eady  impl i ed  in  the  above examples ,  Eq. [1 ] 
m a y  rep resen t  a chemical  react ion,  the  fo rma t ion  of 
a solid solut ion,  a process of adsorpt ion,  or a com-  
b i n a t i o n  of more  t h a n  one of these processes. Since 
at a t e m p e r a t u r e  T: 

A~B (c) 
AF= A F  ~ + R T l n  

A ( c ) "  B(c )  

a nd  at e q u i l i b r i u m  AF ~ 0 and  

A~B (c) AF ~ 
In = In K -- 

A ( c ) ~ B ( c )  R T  

the s t anda rd  f ree  ene rgy  change  for the  fo rma t ion  of 
AoB f rom its componen t s  aA a nd  B was  used as a 
q u a n t i t a t i v e  c r i t e r ion  for the  s tab i l i ty  of e lec t ron  
emi t t i ng  subs tances  AaB wi th  respect  to dissociation.  

In  n e a r l y  all  cases of in te res t  the vapor  pressure  
of one of the  components ,  B, and  of the  compound  
AoB is neg l ig ib le  in  compar i son  to tha t  of the  com- 
p o n e n t  A. Therefore ,  the process of s u b l i m a t i o n  p ro -  
ceeds for al l  p rac t ica l  purposes  as fol lows 

A~B(c) --) ~ A ( g )  + B(c )  [3] 

The accompany ing  free ene rgy  change  is 

AF~ = aFA(~) + FB(o) --FA~(c) [4] 

The process of sub l i ma t i on  of pure  A a nd  the  cor-  
r e spond ing  free ene rgy  change  are  as fol lows 

a A ( c )  --> ~A(g)  [5] 

AFt = otFA(g) - -  O~EA(e) [6] 

Since obvious ly :  

AF~ -- AF~ = aF [7 ] 
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Table 1. The AF ~ - -  f (T )  relations for a number of processes of interest 
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T r a n g e  of 
P r o c e s s  AF ~ = ] (T) a p p l i c a b i l i t y  

CaO (c) + SiO.~ (c) -~ CaSiO3 (c) 
SrO (c) + SiO= (c) -~ SrSiO3 (c) 
BaO (c) + SiO~ (c) ~ BaSiO~ (c) 
BaO (c) + Al~O~ (c)-~ BaA]~O~ (c) 
BaO (c) + MoO3 ( c ) ~  BaMoO~ (c) 
CaO (c) + WO~ (c) -> CaWO, (c) 
SrO (c) + WO~ (c) -~ SrWO, (c) 
BaO (c) + WO~ (c) -~ BaWO~ (c) 

--21,300 + 0.12T* 298-1483 
--23,000 + 0.9T 298-1600 
--26,800 + 0.1T* 298-1600 
--24,500 + 0.3T 298-2100 
--59,900 + 0.3T 298-1068 
--40,600 + 0.6T 298-M.P. 
--58,300 + 0.6T 298-M.P. 
--74,300 + 0.6T 298-M.P. 

* A v a i l a b l e  i n  t h i s  f o r m  in  t h e  l i t e r a t u r e  (2) .  
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Fig. 1. Standard free energy change as a function of tem- 
perature for the formQtion of some interoxide compounds from 
the oxides: A, CaSiO3; B, SrSiOs; C, BaSi03; D, BaAI204; E, 
CaWO,; F, SrWO4; G, BaWO4; H, BaMoO4. 

the  free ene rgy  change  AF for the  fo rma t ion  of A~B 
f rom its componen t s  aA and  B is also usefu l  in  de te r -  
m i n i n g  the  compara t ive  s tab i l i ty  wi th  respect  to 
sub l ima t i on  of each componen t  A f rom its c o m b i n a -  
t ion  wi th  a g iven  componen t  B. 

The  s t a n d a r d  free ene rgy  change  as a func t ion  of 
t e m p e r a t u r e  is shown in  Table  I for a n u m b e r  of 
processes of in te res t  which  lead to the  fo rma t ion  of 
in te rox ide  compounds?  These were  eva lua t ed  us ing  
da ta  in  re ferences  (2) and  (3) ; since howeve r  these  
ca lcula t ions  involved ,  in  some ins tances ,  es t imates  
of en t ropy  and  hea t  capaci ty  values,  they  are to be 
cons idered  accura te  on ly  in  the i r  r e l a t ive  magn i tude .  
These AF ~ = f ( T )  func t ions  are p lo t ted  in  Fig. 1. In  
accordance w i th  the above,  the  lower  the  AF ~ = J (T )  
r e l a t ion  for a g iven  compound  in  this  figure, the  
more  s table  the  compound  wi th  respect  to dissocia-  
t ion  and  sub l imat ion .  

A th i rd  area  in  which  the  cons idera t ions  l ead ing  to 
Fig. 1 are  of i m p o r t a n c e  is tha t  of chemical  i n t e r a c -  
t ion  b e t w e e n  AoB and  other  subs tances  w i th  which  it  
m a y  come in  contact .  Since all  sys tems t end  t o w a r d  
a s tate  of m i n i m u m  free energy,  all  subs tances  as 
shown in  Fig. 1 wi l l  be  t h e r m o d y n a m i c a l l y  u n s t a b l e  
in  the  presence  of the  free oxides of subs tances  be -  
low them in  the  •  ~ = f ( T )  d iagram.  F u r t h e r ,  since 

1 T h e  o x i d e s  t h a t  c o m b i n e  to  f o r m  t h e s e  s u b s t a n c e s  do n o t  d i f f e r  
e n o u g h  in  t h e i r  a c i d i c  c h a r a c t e r  to j u s t i f y  t h e  t e r m  " o x y g e n  s a l t s "  
n o r  do t h e y  e x i s t  i n  s u c h  a loose  c o m b i n a t i o n  as  to c o r r e s p o n d  to  
" m i x e d  o x i d e s . "  T h e  t e r m  " i n t e r o x i d e s "  is  p r o p o s e d  to de f ine  th i s  
c lass  of  m a t e r i a l s .  

in  most  ins tances  each A m a y  t end  to form a n u m b e r  
of d i f ferent  combina t ions  w i th  B, an  in te rox ide  com- 
p o u n d  in  Fig. 1 wi l l  be  u n s t a b l e  in  the presence  of 
ano the r  one if the change  of the  free ene rgy  for the i r  
i n t e rac t ion  is favorable .  F ina l ly ,  in te rox ide  sys tems 
m a y  combine  to fo rm a solid so lu t ion  or compound  
such as, for example, Call,SlOT. 

These considerations also govern the interaction 
between a component of A or B and a third reagent. 
In general it can be shown that their combination in- 
creases their stability toward chemical attack. For 
example, it will be seen that BaO-Al~O~ (or BaAI~O,) 
is, for all practical purposes, completely inert in the 
presence of tungsten, while BaO is not. 

If the relative amounts of the components of an 
emission material are known, the above are useful for 
the understanding of the nature of cathode coatings 
and of the interface composition between the coat- 
ing and the supporting electrode. 

Not much is known about the quantitative aspects 
of sputtering of composite surfaces. However, the 
process represented by 

x(so l id )  ~ x ( g a s )  

wi l l  invo lve  the  same a m o u n t  of ene rgy  regardless  
of the pa th  the  process follows, the efficiency in -  
volved,  or the agen t  caus ing  it. Therefore ,  f rom 
basic cons idera t ions  a lone  it can be expected t ha t  the  
separa t ion  of an  a tom or molecule  f rom the  surface 
wi l l  involve,  as one factor  at least, the ene rgy  of sub-  
l ima t ion  regard less  of w h e t h e r  this " s u b l i m a t i o n "  is 
achieved t h e r m a l l y  or by  ionic b o m b a r d m e n t .  Thus  it  
is no t  su rpr i s ing  tha t  i m p o r t a n t  recent  s tudies  on 
spu t t e r ing  (4) have  succeeded in  in t e r re l a t ing ,  e m -  
p i r ica l ly  at least,  this  p h e n o m e n o n  wi th  the  hea t  of 
sub l ima t ion ,  a mong  other  factors.  There fore  the  cr i -  
t e r ion  AF, used for the  s t ab i l i ty  wi th  respect  to sub-  
l imat ion ,  dissociation,  and  chemical  r eac t iv i ty  was  
used also for the s tab i l i ty  w i th  respect  to spu t t e r ing  
as the  best  a l t e rna t i ve  at the  p re sen t  s tate  of k n o w l -  
edge. 

The  phys ica l  s tate  of AaB as a func t i on  of t e m -  
pe ra tu re ,  the  n a t u r e  of the  c ombi na t i on  AaB as a 
func t ion  of a a nd  t empe ra tu r e ,  a nd  an  es t imate  of the  
m a g n i t u d e  of the  t h e r m o d y n a m i c  quan t i t i e s  i n -  
vo lved  were  ob ta ined  f rom the s tudy  of the  appro-  
p r ia te  phase d iagram.  

The  appl ica t ion  of the  above cons idera t ions  to ac- 
tua l  sys tems involves  the w e l l - k n o w n  l imi ta t ions  of 
t he rmodynamics .  The e x p e r i m e n t a l  work  indicated,  
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h o w e v e r ,  t h a t  t he  a c t i v a t i o n  e n e r g y  and  d i f fus ion  
b a r r i e r s  w e r e  of l e s se r  m a g n i t u d e  t h a n  shou ld  h a v e  
been  e x p e c t e d  f r o m  s o l i d - s t a t e  reac t ions .  The re fo re ,  
these  l i m i t a t i o n s  w e r e  of l esser  i m p o r t a n c e  t h a n  
w o u l d  h a v e  o t h e r w i s e  b e e n  the  case. 

Experimental Methods 

The  a w a r e n e s s  of the  i m p o r t a n c e  of the  t h e r m o -  
c h e m i c a l  h i s t o r y  of t h e  e l ec t ron  e m i t t i n g  m a t e r i a l s  
l ed  to t he  app l i ca t ion ,  in th is  work ,  of t h e r m a l  m e t h -  
ods of e x p e r i m e n t a l  i n v e s t i g a t i o n  such  as  t h e r m o -  
g r a v i m e t r i c  ana lys i s  (T .G .A . ) ,  a n d  d i f f e r en t i a l  t h e r -  
m a l  ana lys i s  (D.T.A.)  

The  bas i s  for  t he  a p p l i c a t i o n  of these  m e t h o d s  is 
as fo l lows :  I t  has  been  shown  in t he  p r e v i o u s  sec t ion  
t h a t  if  A a n d  B wi l l  f o r m  a c o m b i n a t i o n  A , B  such as  
to i n c r e a s e  t he  s t a b i l i t y  of A, t he  s ign  of AF for  t he  
p rocess  of th is  c o m b i n a t i o n  w i l l  be  nega t ive .  

S ince  the  e n t r o p y  c h a n g e  for  p rocesses  in  t he  sol id  
s t a t e  is small ,"  t h e n  

~F ~ AH 

If  t he  c h a n g e  in  h e a t  c o n t e n t  AH is u n k n o w n ,  t he  
n e x t  be s t  t h ing  is to d e t e r m i n e  i ts  sign. By  m e a n s  of 
D.T.A.,  t h e  t e m p e r a t u r e  r a n g e  a t  w h i c h  t h e  p roces s  
t a k e s  p lace ,  t h e  e x o t h e r m i c  or  e n d o t h e r m i c  n a t u r e  of 
t he  process ,  as w e l l  as a v e r y  a p p r o x i m a t e  m a g n i t u d e  
of ~H a re  d e t e r m i n e d .  

This  m e t h o d  was  also used  in  o r d e r  to o b t a i n  an  
i nd i ca t i on  of t he  r a t e s  a t  w h i c h  the  t h e r m o d y n a m -  
i ca l l y  p r e d i c t e d  p rocesses  t a k e  p lace .  

P h a s e  d i a g r a m s  a n d  t h e r m o d y n a m i c  d a t a  for  t he  
b i n a r y  s y t e m s  A~B of i n t e r e s t  a r e  few;  for  t he  t e r -  
n a r y  s y s t e m s  r e s u l t i n g  f r o m  t h e  p rocesses  e x e m p l i -  
fied b y  Eq. [8] ,  be low,  a r e  v i r t u a l l y  nonex i s t e n t .  
Hence,  once  t h e  A , B  s y s t e m  was  e v a l u a t e d ,  D.T.A.  
p r o v i d e d  the  m e a n s  of d e t e r m i n i n g  w h e t h e r  t h e  
p rocess  of Eq. [8]  p r o d u c e d  a s y s t e m  of i n c r e a s e d  
s t ab i l i t y .  

The  diff icul t ies  of i n t e r p r e t a t i o n  of D.T.A. r e c o r d s  
can  o f t en  b e c o m e  f o r m i d a b l e  w h e n  a c o m p l e x  p r o c -  
ess, such  as t h a t  of t he  a c t i v a t i o n  of an  emiss ion  m a -  
t e r i a l ,  is b e i n g  s tud ied .  O t h e r  m e t h o d s  such  as x - r a y  
d i f f rac t ion ,  mass  spec t roscopy ,  mic roscopy ,  a n d  
T.G.A.  w e r e  t h e n  a p p l i e d  in  c o n j u n c t i o n  w i t h  D.T.A.  

The  m a x i m u m  t e m p e r a t u r e  a t t a i n a b l e  b y  the  con -  
v e n t i o n a l  D.T.A. a p p a r a t u s  used  was  1500~ 3 T h e r e -  
fore ,  a p p r o x i m a t e  m e l t i n g  p o i n t  d e t e r m i n a t i o n s  of 
c o m p o u n d s  m e l t i n g  at  h i g h e r  t e m p e r a t u r e s  w e r e  
p e r f o r m e d  in i n e r t  a t m o s p h e r e s  ins ide  a t u n g s t e n  
w o u n d  fu rnace .  The  t e m p e r a t u r e  v~as d e t e r m i n e d  b y  
m e a n s  of a c a l i b r a t e d  m i c r o p y r o m e t e r  focused  a t  a 
" b l a c k b o d y "  c a v i t y  f o r m e d  b y  a t u n g s t e n  c o n t a i n e r  
in to  w h i c h  a s m a l l  c r y s t a l  of t he  c o m p o u n d  w a s  
p laced .  

The  t h e r m i o n i c  b e h a v i o r  of s e l ec t ed  m a t e r i a l s  w a s  
e x a m i n e d  b y  m e a n s  of  h igh  v a c u u m  d iodes  for  a c a -  
d e m i c  pu rposes ;  s ince  i t  is u n k n o w n  w h e t h e r  t h e r m -  
ionic or  s e c o n d a r y  p rocesses  p r e d o m i n a t e  in a g iven  
gas  d i scha rge ,  g r e a t e r  r e l i a n c e  was  p l a c e d  on r e su l t s  

e T h i s  is a lso  t r u e  f o r  t h e  e v a l u a t i o n  of  s t a b i l i t y  w i t h  r e s p e c t  to 
s u b h m a t i o n ,  s ince  t h e  d i f f e r e n c e  AF1 - -  AF~ c a n c e l s  o u t  t h e  l a r g e  
i n c r e a s e  of e n t r o p y  on s u b h m a t i o n  of ~A.  

3 F o r  s u b s t a n c e s  c o n t a i n i n g  exces s  b a r i u m ,  t h e  D . T . A .  a p p a r a t u s  
c o u l d  no t  b e  u s e d  a b o v e  950~176  b e c a u s e  of s e v e r e  c h e m i c a l  a t -  
t a c k  on  t h e  P t - P t : 1 3 %  R h  t h e r m o c o u p l e s .  
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o b t a i n e d  b y  s t u d y i n g  t h e  b r e a k d o w n  v o l t a g e  a n d  
t h e  c a t h o d e  d rop  in  t he  a c t u a l  gas  d i s c ha rges  for  
w h i c h  these  ca thodes  w e r e  i n t ended .  

Interoxide Systems As Electron Emitting Substances 
I n t e r o x i d e  sy s t e ms  (M~O~)a. (R~O~), w h e r e  M~O~ 

r e p r e s e n t s  an  " e mi s s ive "  oxide ,  BaO for  ins tance ,  
and  RzO~ a r e f r a c t o r y  ox ide  such  as  Al~O3, if u sed  
as such, f o r m  poo r  l a m p  ca thodes  even  if  a > 1. The i r  
b e h a v i o r  as ca thodes  h o w e v e r  i m p r o v e s  a p p r e c i a b l y  
if  an  excess  of t he  emis s ive  m e t a l  M is i n t roduced .  
Th is  w a s  done  b y  c h e m i c a l l y  r e d u c i n g  p a r t  of t h e  
M~O~ c o m p o n e n t  as  fo l lows :  

(M~O,)a.  (R~O~) -F f l R ~  

) ( ) ~-~-y M. ~--~---- MoO~. t~+l  R~Oo [8] 
z y  z 

w h e r e  t he  l e f t  h a n d  s ide  of t h e  e q u a t i o n  r e p r e s e n t s  
t h e  emis s ion  m i x t u r e  w h i l e  t h e  r i g h t  h a n d  s ide  r e p -  
r e s e n t s  t he  a c t i v a t e d  ca thode .  T h e  r e d u c i n g  a g e n t  R 
used  w a s  the  same,  in  each  case, as t h e  R of t he  r e -  
f r a c t o r y  ox ide .  Th is  was  done  in  o r d e r  to  ob ta in ,  
a f t e r  ac t iva t ion ,  t h e  s i m p l e s t  pos s ib l e  c h e m i c a l  spe -  
cies hence  the  eas ies t  to s tudy .  

T h e  t y p e  of c a thode  t hus  p r o d u c e d  w a s  c o n t r o l l e d  
b y  a d j u s t i n g  the  fo l l owing  v a r i a b l e s :  ( a )  se lec t ion  
of the  i n t e r o x i d e  sys t em;  (b )  se lec t ion  of t h e  r e d u c -  
ing  agen t ;  (c)  a m o u n t  of t he  r e d u c i n g  agen t ;  ( d )  
s t a t e  of s u b d i v i s i o n  of t he  r e d u c i n g  agent .  

I n  cases  w h e r e  i t  was  d e s i r a b l e  t h a t  t he  r e d u c t i o n  
r e a c t i o n  p r o c e e d  in  a sho r t  t ime ,  a p o t e n t  r e d u c i n g  
a g e n t  (1)  ' in  fine p o w d e r  f o r m  was  m i x e d  w i t h  t he  
p o w d e r  of t h e  i n t e r o x i d e  subs tance .  I n  t h e  o t h e r  e x -  
t r e m e ,  the  r e d u c i n g  agen t  was  a l l o y e d  w i t h  t h e  c a t h -  
ode  suppor t .  

I t  m a y  be  n o t e d  tha t ,  in  a l l  cases,  t h e  p rocess  of 
ac t iva t ion ,  be ing  a c h e m i c a l  r e a c t i o n  in  t h e  sol id  
s ta te ,  does  no t  i n v o l v e  e v o l u t i o n  of gases  ( see  be low,  
P roces s  of A c t i v a t i o n ) ,  no r  does  i t  n e c e s s i t a t e  a n y  
p a r t i c u l a r  a t m o s p h e r e  or  l a c k  of i t  for  i t s  p rogress .  
I f  t he  compos i t i on  of t he  i n t e r o x i d e  s y s t e m  is such  
t h a t  a _--< 1, t h e  emis s ion  m i x t u r e  is s t a b l e  in  t he  
a t m o s p h e r e  for  e x t e n d e d  pe r i ods  of t i m e  as  shown  in 
Fig .  2. F i n a l l y ,  t h e  r e d u c t i o n  in  v o l u m e  of t h e  e m i s -  
s ion m i x t u r e  u p o n  a c t i v a t i o n  is m u c h  less  t h a n  if, fo r  
ins tance ,  i t  h a d  i n v o l v e d  the  d e c o m p o s i t i o n  of c a r -  
bona te s ,  a h e l p f u l  fac t ,  as i t  w i l l  be  seen  w h e n  t h e  
s y s t e m  is u sed  in  c o n j u n c t i o n  w i t h  a r e f r a c t o r y  m e t a l  
sponge  or  compac t .  

The  e l e c t r o n  e m i t t i n g  b e h a v i o r  of i n t e r o x i d e  sys -  
t ems  in l a m p s  p a r a l l e l s  t h a t  f o u n d  in th i s  w o r k  a n d  
b y  o the r s  (5, 6) b y  m e a n s  of m e a s u r e m e n t s  of t he  
t h e r m i o n i c  emiss ion  cons tan t s  of i n t e r o x i d e  sy s t ems  
cons i s t ing  of BaO and  a n u m b e r  of r e f r a c t o r y  oxides .  
A n  in spec t ion  of these  r e su l t s  b r i n g s  ou t  t he  poss i -  
b i l i t y  t h a t  t h e  v a l u e  of  t h e  w o r k  f u n c t i o n  ~, o r  m o r e  
p r e c i s e l y  t he  s lope  of t h e  R i c h a r d s o n  plots ,  is a p -  
p r o x i m a t e l y  t h e  s ame  and  in t he  v i c i n i t y  of 1.6 e.v. a t  
750~176 r e g a r d l e s s  of t he  r e f r a c t o r y  ox ide  (AI~O, 
or  ZrO,,  etc.)  and ,  e x c e p t  a t  t h e  t w o  e x t r e m e s  of 

I n  g e n e r a l ,  h o w e v e r ,  i t  s h o u l d  b e  r e m e m b e r e d  t h a t  n o w  t h e  AF 
r e d u c t i o n  = A F a  + (AF" - -  A F ' )  w h e r e  AFR is  t h e  f r e e  e n e r g Y  
of r e d u c t i o n  of  M~O~ to M a n d  R~O~v, a n d  A F ' ,  AF'  a r e  t h e  f r e e  e n e r -  
g i e s  of  f o r m a t i o n  f r o m  the  o x i d e s  o f  t h e  f ina l  a n d  o r i g i n a l  i n t e r -  
o x i d e  s u b s t a n c e s ,  r e s p e c t i v e l y .  
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Fig. 2. Weight gain of cathode matenals on exposure to air 
of relative humidity as stated. A, BaO; relative humidity: 
70%;  B, 0.76 BaO'BaAIsO~; relative humidity: 80%;  C, 
BaAGO~; relative humidity: 80%. 

compos i t ion ,  r e g a r d l e s s  of t he  BaO con ten t  of t he  
i n t e r o x i d e  sys tem.  I n  th i s  ~vork t h e  emiss ion  coa t ings  
w e r e  a p p l i e d  on ca thodes  m a d e  of m o l y b d e n u m ,  
tungs t en ,  and  n icke l ;  hence  to  th is  e x t e n t  th is  v a l u e  
of ~ is i n d e p e n d e n t  of  t he  ca thode  base .  F u r t h e r m o r e ,  
t h e  v a l u e  of A in the  R i c h a r d s o n  e q u a t i o n  

i = A T  ~ e -'~/~T 

seems  d e p e n d e n t  on the  a m o u n t  of Ba  p r e s e n t  in e x -  
cess of t he  s t o i ch iome t r i c  f o r m u l a s  for  t h e  i n t e r o x i d e  
sys tem,  be ing  v e r y  s m a l l  for  the  p u r e  subs t ances  and  
i nc r ea s ing  w i t h  t he  B a  conten t .  

This  e v i d e n c e  po in t s  to t he  h y p o t h e s i s  t h a t  t he  
w o r k  func t ion  in i n t e r o x i d e  sy s t ems  is d e t e r m i n e d  
b y  the  n a t u r e  of the  emis s ive  s i tes  i n v o l v e d  ( B a O - B a  
in th i s  case,  see  also be low,  P rocess  of A c t i v a t i o n )  
w h i l e  t he  s a t u r a t e d  c u r r e n t  d e n s i t y  is d e t e r m i n e d  b y  
the  n u m b e r  of t he se  s i tes  p e r  un i t  a rea .  

I f  the  a b o v e  is t rue ,  t h e n  the  ro l e  of t he  r e f r a c t o r y  
c o m p o n e n t  is s i m p l y  to i nc rease  t he  s t a b i l i t y  of t h e  
B a O - B a  e m i s s i v e  s i tes ,  as  e x p l a i n e d ,  and  to i n c r e a s e  
t he  a m o u n t  of Ba  t h a t  m a y  be  c o m b i n e d  w i t h  t h e  
B a O - r e f r a c t o r y  ox ide  m a t r i x ,  as w i l l  be  e x p l a i n e d .  

Preparat ion  of S tar t ing  Materials  

I n t e r o x i d e  subs t ances  u s u a l l y  a r e  p r e p a r e d  b y  
h e a t i n g  a m i x t u r e  of a l k a l i n e  e a r t h  c a r b o n a t e s  or  
oxa la tes ,  n i t r a t e s ,  su l fa tes ,  etc., w i t h  t he  oxides ,  h y -  
d ra t e s ,  or  o t h e r  c o m p o u n d s  of t he  r e f r a c t o r y  c o m -  
p o n e n t  to t he  p o i n t  of me l t i ng .  

I n  th i s  w o r k  the  i n t e r o x i d e  subs t ances  of i n t e r e s t  
w e r e  p r e p a r e d  b y  the  d i r ec t  c o m b i n a t i o n  of t he  t w o  
ox ides  in t h e  sol id  s ta te ,  

h e a t  

aM,  O~ + R~O~ > (M~O,)~. (R~O~) [9]  

In  mos t  i n s t ances  t h e  r eac t i ons  p r o c e e d e d  a t  r e l a -  
t i v e l y  l o w - t e m p e r a t u r e  r a n g e s  a n d  r a t h e r  sho r t  r e -  
ac t ion  t i m e s  as shown  in t he  D.T.A. r e co rds  of F ig .  3. 
A t  a h e a t i n g  r a t e  of 15~  it  is seen  t h a t  BaALO,  
is f o r m e d  b e t w e e n  400 ~ and  500~ BaZrO~ b e t w e e n  
200 ~ and  800~ and  BaThOs b e t w e e n  200 ~ and  
900 ~ C. T h e  o v e r - a l l  effect is e x o t h e r m i c .  I t  is i n t e r e s t -  
ing  to no te  t h a t  in a l l  t h r e e  cases  d e p i c t e d  the  r e -  
ac t ions  p roceed  in  t h r e e  m a i n  s t ages  a l t h o u g h  these  
s tages  m a y  occur  a t  d i f fe ren t  t e m p e r a t u r e  r a n g e s  

t - 4 ~  

?oo- ~ , /  770 

/ -  IlO0 

f 3 8 0  

Temperature In ~  

Fig. 3. D.T.A. curves for the formation of some interoxide 
systems from their component oxides. 

(A) BaO(c) -k AGO3(c) --> BaAl~04(c) 
(B) BaO(c) if- Zr02(c)--> BaZrOs(c) 
(C) BaO(c) -k ThOs(c)-> BaThOs(c) 

in each  case. The  r e a c t i o n  l e a d i n g  to t he  f o r m a t i o n  of 
BaThO~ does  no t  p r o c e e d  to c o m p l e t i o n  in the  50 ra in  
of h e a t i n g  as shown,  b u t  t h e  o t h e r  two  a p p a r e n t l y  
do p r o c e e d  to comple t ion :  if  the  a l u m i n a t e  or  z i r con -  
a te  s a m p l e s  a r e  t a k e n  out  of t he  a p p a r a t u s  a f t e r  t h e  
l a s t  s tage,  r e g r o u n d ,  r e p l a c e d  in t he  a p p a r a t u s ,  and  
h e a t e d  again ,  no ev idence  of f u r t h e r  r e a c t i o n  is ob -  
se rved .  Me l t i ng  p o i n t  d e t e r m i n a t i o n s ,  c h e m i c a l  a n a l -  
ysis ,  and  x - r a y  d i f f rac t ion  d a t a  conf i rm th is  to t he  
e x t e n t  t ha t  p u b l i s h e d  d a t a  a r e  ava i l ab l e .  X - r a y  p o w -  
d e r  p a t t e r n  d a t a  h a v e  been  o b t a i n e d  for  BaAl~O4 p r e -  
p a r e d  as d e s c r i b e d  above ,  w h i c h  is p r e s e n t e d  in  
T a b l e  II  c o m p a r e d  w i t h  t h e  d a t a  in A.S.T.M. c a r d  
No. 2-0545. I t  is seen  t h a t  the  A.S.T.M. i n t e n s i t y  
va lues ,  ~ w i t h  t he  e x c e p t i o n  of t he  i n t e n s i t y  of t he  
p r i n c i p a l  l ine  at  d ~ 3.17, a r e  a p p r o x i m a t e l y  tw ice  
those  d e t e r m i n e d  ~ in  th is  work .  As  the  v a l u e  as s igned  
to a l l  i n t ens i t i e s  is r e l a t i v e  to t h a t  of  t he  p r i n c i p a l  
l ine  ( w h i c h  is a s s igned  the  v a l u e  of 100),  w e  be l i eve ,  
as sugges t ed  b y  Dr.  A d d a m i a n o ,  t h a t  t he  va lue s  
g iven  b y  the  A.S.T.M. ca rd  for  BaAI~O4 a r e  h i g h e r  
t h a n  the  a c t u a l  ones  b y  a c o n s t a n t  f ac to r  b e c a u s e  of 
f i lm s a t u r a t i o n  b y  the  p r i n c i p a l  l ine  ref lect ion.  

Preparat ion  of Cathodes 

The  i n t e r o x i d e  s u b s t a n c e  is g r o u n d  and  m i x e d  
w i t h  t h e  p o w d e r  of t he  r e d u c i n g  agent .  Then ,  d e -  
p e n d i n g  on the  p a r t i c u l a r  i n t e n d e d  app l i ca t ion ,  t he  
m i x t u r e  is e i t h e r  s u s p e n d e d  in a c o m p a r a t i v e l y  v o l a -  
t i l e  o rgan ic  l i qu id  such  as  b u t y l  ace ta te ,  or  u sed  as 
t he  d r y  pow de r .  T h e  l i qu id  suspens ions  m a y  b e  used  
for  coa t ings  b y  d ipp ing ,  s p r a y i n g ,  or  p a i n t i n g  in t h e  
u s u a l  m a n n e r .  

The  d r y  p o w d e r  m a y  be  used  to p r o v i d e  v e r y  th in  
coa t ings  of t he  m i x t u r e  on the  e l ec t rodes  or  to 
f o r m  d i spe r s ions  in r e f r a c t o r y  m e t a l  c o m p a c t s  (or  
sponges ) .  In  connec t ion  w i t h  t he  f o r m e r  use  i t  has  

5 O b t a i n e d  f r o m  D h o t o g r a p h i c  f i l m  r e c o r d i n g s .  

6 B y  m e a n s  o f  a G e i g e r  c o u n t e r  d e t e c t o r .  
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Table II. X-ray diffraction data of BaAls04 
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T h i s w o r k  ASTM 

d-spacings  In tens i t ies  d -spac ings  In tens i t ies  

4.57 35 
4.56 80 

4.18 15 4.06 20 
4.05 5 
3.75 7 3.17 100 
3.16 100 
2.62 39 2.62 80 
2.51 6 2.51 20 

2.46 10 
2.26 20 

2.25 30 2.24 70 
2.20 18 2.20 20 

2.19 10 
2.01 25 2.01 60 
1.98 21 1.977 20 

1.951 10 
1.71 11 1.71 20 
1.68 18 1.68 30 
1.64 5 1.64 20 
1.595 29 1.594 60 
1.577 13 1.577 30 
1.508 18 1.507 40 

1.477 10 
1.465 10 
1.428 10 
1.395 20 

1.392 8 1.389 10 
1.351 35 

1.350 14 
1.307 8 

1.276 12 
1.253 7 
1.243 11 
1.227 7 
1.207 14 
1.123 6 
1.112 7 
1.102 6 
1.066 4 
1.Ol0 10 
0.9868 9 
0.9212 6 
0.8385 6 
0.8183 8 
0.7991 5 
0.7968 5 

1.307 20 
1.279 30 

been  found  tha t  some of these mix tu res ,  for ins tance ,  
tha t  of BaAl~O4 and  A1, wi l l  adhere  to c lean  me ta l s  
if the  m i x t u r e  con ta ins  a s l ight  excess of BaO or 
BaCO~ (see below, Chemica l  Processes) .  For  some 
uses a t h i n  coating,  v is ib le  to the  n a k e d  eye on ly  by  
di rect  compar i son  of the  coated and  uncoa ted  po r -  
t ions  of the  electrode,  is sufficient to p rov ide  de -  
s i rable  pe r fo rmance .  

In  connec t ion  w i th  the  l a t t e r  use the  in t e rox ide  
subs tance  and  its r educ ing  agen t  are mixed  in  pow-  
der  fo rm wi th  a chemica l ly  ine r t  (see be low)  r e -  
f r ac to ry  me ta l  powder ,  u sua l l y  tungs ten ,  the  l a t t e r  
being in  la rge  excess, as for examp le  9:1 b y  weight ,  
for one of the  appl ica t ions  r epor ted  here.  The  re -  
su l t ing  m i x t u r e  is pressed wi thou t  benef i t  of b inders ,  
lubr ican t s ,  or other  addi t ives  in to  compacts  of the  
des i red shape and  d imens ions .  A pressure  of 6000 
k g / c m  ~ is sufficient for s imple  shapes such as t h a t  of 
a short  cyl inder .  The  compacts  t h e n  are p laced  in  
r e f r ac to ry  fir ing boats  and  fired at  a t e m p e r a t u r e  of 

Fig. 4. Photomicrograph of cross section of pellet cathode 
bottom attached by means of spot welding to the tungsten 
electrode shown at the top. (Specimen and photomicrograph 
by K.S.G. Pertwee of Large Lamp Department.) 

1050~ in  d r y  h y d r o g e n  or an  ine r t  a tmosphere  for 
at  least  20 min .  This  t r e a t m e n t  causes the  compacts  
to s in te r  in to  hard,  porous  pel le ts  of a dens i ty  r ange  
of 8.5 to 9.5 g / c m  ~. If the  t u n g s t e n  con ten t  is more  
t h a n  a p p r o x i m a t e l y  60% by  weight ,  the  res i s tance  of 
the  pel le ts  is v e r y  low; therefore  it  m a y  be spot 
we lded  d i rec t ly  on a me ta l  lead to fo rm one type  of 
cathode as shown  in  Fig. 4. 

The  purpose  of the  above  p rocedure  is p r i m a r i l y  
to s in te r  the  t u n g s t e n  par t ic les ;  for, as wi l l  be seen, 
the ac t iva t ion  process involves  lower  t e m p e r a t u r e s  
and  shor ter  t imes  t h a n  those m e n t i o n e d  above.  The 
r e su l t i ng  s t ruc tu re  is qu i te  s imi la r  to cathodes a l -  
r e a dy  repor ted  (7) ,  the basic  difference be ing  that ,  
due  to the  choice of a _--< 1 for the  i n t e rox ide  sys tem 
a nd  to the incorpora t ion  of R, the  ac t iva t ion  is i n -  
d e p e n d e n t  of the  t u n g s t e n  sponge which  serves s im-  
p ly  as a phys ica l  suppor t  (see below, Chemica l  P roc-  
esses).  

Af te r  ac t iva t ion  the  coat ings ob t a ined  f rom l iqu id  
suspens ions  a nd  the  t h in  d ry  powder  coat ings  are  
u n s t a b l e  in  the  o r d i n a r y  a tmosphere ;  the  s in te red  
t u n g s t e n  compacts  howeve r  are s table  even  if s tored 
for severa l  weeks  u n d e r  s a tu ra t ed  h u m i d i t y  condi -  
t ions  (see below,  Chemica l  Processes) .  

The Process of Activation 

The D.T.A. records  of Fig. 5 ind ica te  t ha t  Eq. [8] 
descr ibes  in  r ea l i ty  a complex,  mu l t i s t age  process. 

F r o m  a p rac t i ca l  po in t  of v iew the  low t e m p e r a -  
tu res  a nd  shor t  t imes  ~ of "ac t iva t ion"  are c o n v e n i e n t  
in  t ha t  the cathodes become ac t iva ted  whi le  l amps  
are  be ing  processed in  ovens.  

F r o m  the  theore t ica l  po in t  of v iew it is i n t e re s t ing  
to no te  tha t  the  s imi lar i t ies  observed  in  the react ions  
of f o r ma t i on  of the  i n t e rox ide  compounds ,  Fig. 2, 
have  a pa ra l l e l  in  the i r  reac t ions  of reduct ion .  These 
consist  of two m a i n  processes: a l o w - t e m p e r a t u r e  
sharp  exo thermic  reac t ion  a nd  a process at h igher  
t e m p e r a t u r e  proceeding  at  a s lower  r a t e  a n d  h a v i n g  
a h u m p - l i k e  appearance .  A n  increase  in  fl (Eq. [8])  
causes an  increase  in  the  he ight  and  a rea  of the  peaks  
as shown in  Fig. 5A. Both  processes decrease  in  i n -  
t ens i ty  and  are displaced toward  h igher  t e m p e r a -  
tu res  as a is decreased to the  ex t en t  of necess i t a t ing  
longer  t ime  in t e rva l s  for the i r  comple t ion  t h a n  i n -  
d icated b y  Fig. 5. F i n a l l y  for ~ ~ 1 the  l ow- t e rn -  

7 The D.T.A. e x p e r i m e n t s  w e r e  p e r f o r m e d  in a rgon  at  a tmospher ic  
p res su re  at a hea t ing  ra te  of app rox ima te ly  IS~ 
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Fig. 5. D.T.A. curves for  the reduction (activation) processes 
(A) ] .76BaO. ]AI~03 -~ various amounts of  AI 
(B) 9BaO']Zr02 -k 2.3Zr--> 3.3(].33BaO'|Zr(~2.].39Ba) 

p e r a t u r e  process begins  to become endo the rmic  whi le  
the  h igher  t e m p e r a t u r e  h u m p  has st i l l  an  exo the rmic  
appearance .  

Repe t i t ion  of the  r u n s  us ing  var ious  p ropor t ions  of 
reac tants ,  x - r a y  dif f ract ion studies,  mass  spect ro-  
scopic work,  and  chemica l  ana lyses  we re  of ass is t -  
ance for the  i n t e r p r e t a t i o n  of the  records  of Fig. 5 
as follows. 

A t  a p p r o x i m a t e l y  160~ the  smal l  a m o u n t  of 
wa t e r  adsorbed  by  the  powders  begins  to separa te  
caus ing  the  endo the rmic  peak  at 186~ on the  record  
for the  a l u m i n a t e  case. As the  wa t e r  vapor  diffuses 
out  of the  sample  it a t tacks  the r educ ing  me t a l  i t  
encoun te r s  caus ing  the  fo rma t ion  of r e f r ac to ry  oxide 
and  hydrogen .  This exo thermic  process occurs in  the  
a l u m i n a t e  n e a r  280~ In  the z i rconate  case this  r e -  
act ion begins  at a lower  t e m p e r a t u r e  to the  ex t en t  of 
b a l a n c i n g  the  endo the rmic  effect of the  desorp t ion  of 
water .  

The m a i n  r educ t ion  react ions  t hen  fol low p e a k i n g  
at  370 ~ and  620~ for the  z i rconate  and  a lumina t e ,  
respect ively .  In  the case of the  a lumina t e ,  w h e n  the 
t e m p e r a t u r e  a t t a ins  the  v a l u e  of 660~ the  me l t i ng  
po in t  of a l u m i n u m ,  the r e m a i n i n g  q u a n t i t y  of u n r e -  
acted a l u m i n u m  melts,  impregna t e s  the sample,  and  
reacts  caus ing  the  smal l  exo thermic  peak  at 668~ 
The  a rea  co r respond ing  to the  peak  at  620~ w h e r e  
a l u m i n u m  is p r e s u m e d  sti l l  solid is far  l a rge r  t h a n  
tha t  at  668~ As this  is also the  case in  the  z i rcon-  
a t e - z i r c o n i u m  react ion,  it m a y  be conc luded  tha t  the  
reac t ions  are capable  of p roceed ing  in  the  solid s ta te  
and  it is not  necessa ry  to assume the  fo rma t i on  of 
( r educ ing  m e t a l ) -  ( b a r i u m )  eutect ic  composi t ions,  
which  are l iqu id  at  the  reac t ion  t empera tu re s ,  in  
order  to exp l a in  the  progress  of these reac t ions  in  
the  short  r eac t ion  t imes  and  low t e m p e r a t u r e s  ob-  
served.  

The reduction reaction is always followed by a 
slower exothermic process appearing as a hump on 
the D.T.A. records. Neither this process nor the un- 
expectedly exothermic behavior 8 of the peaks at- 
tributed to the main reduction reaction have been 
completely understood to date; however, work in 
progress has permitted interesting glimpses into their 
nature which may be summarized as follows. 

When the reduction reaction begins, the reducing 
metal, which is present in excess at the particle in- 
terface with the interoxide compound, will reduce a 
larger quantity of barium oxide than that intended 
by Eq. [8]. Soon a gradient will be established across 
the reaction front which in the case of (BaO)a 
(Al~O3)-A1 reaction, for instance, involves the series: 
A1 Al~O~ BaO. 6Al~O~ BaO. Al~O~ 3BaO. Al~O~ 
with the quantity of barium produced increasing in 
the same order as that of aluminum oxide. As shown 
in the reactions of formation in Fig. 3, the inter- 
diffusion rate of these species is appreciable and a 
series of exothermic reactions are thermodynamic- 
ally predictable to take place; as for example, 

5Al~O~ + BaO �9 Al~O~-> BaO �9 6Al~O~ 

Since these reactions depend on the diffusion of 
molecules bulkier than A1 or Al~Ba~, they would 
manifest themselves on the D.T.A. record as humps 
rather than as sharper peaks as the reduction reac- 

tion does. 
It is suspected that the above explains the hump 

process only in part and that this process, as well as 
that causing the sharper peak at lower temperatures, 
also involves the exothermic interaction between the 
Ba formed by the reduction reaction and the result- 
ing interoxide substance. Thus, for instance, the 0.31 
g of Ba that is theoretically produced by 1 g of a 
mixture of BaAl~O, and A1 according to 

BaAl~O~ + 0.4Al-~ 1.2(0.34BAO. iAl~O~.0.SBa) 9 [i0] 

is not detected by means of x-ray diffraction tech- 
niques; hence it does not exist in the elementary 
crystalline state. This is confirmed by thermogravi- 
metric experiments using a Chevenard thermobal- 
ance. Except for a weight loss of approximately 1.8% 
between 70 ~ and 300~ which has previously been 
shown to be due to the evolution of water and hydro- 
gen, there was no other significant weight change up 
to I050~ the maximum temperature attainable by 
the apparatus used. The experiments were per- 
formed in a flow of purified argon (600 cc/min) at 
atmospheric pressure, using l-g samples of powder 
consisting of the mixture shown by the left hand side 
of Eq. [I0]. On the average, the sample was at a 
temperature above 710~ the melting point of Ba, 
for at least 2 hr. 

In order to overcome the limitations imposed by 
the inability to perform these experiments in vac- 
uum, and  also in  order  to ob t a in  a n  ind ica t ion  of the  

s T h e r m o c h e m i c a l  c a l cu l a t i ons  s h o w  m o s t  of  t he se  r eac t i ons  to  
be  s l i g h t l y  e n d o t h e r r n i c  w i t h i n  t h e  l i m i t s  of  u n c e r t a i n t y  o f  t h e  
a v a i l a b l e  data .  

9 I n  a d d i t i o n  to Eq. [10], t he  f o l l o w i n g  g i v e  specif ic  e x a m p l e s  i n -  
v o l v i n g  a c t u a l  ca thodes .  

BaZrO8 + 0.25Zr--> 1 .25(0 .4BaO. lZrO2.0 .4Ba)  [11] 

BaThOs  + 0.2Th ~ 1.2 (0.5BaO.1ThO~.0.33Ba) [12] 
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n a t u r e  of the  a p p a r e n t  c o m b i n a t i o n  b e t w e e n  b a r i u m  
and  the  in te rox ide  system, the  t h e r m o g r a v i m e t r i c  
e x p e r i m e n t s  were  repea ted  in  a flow of h y d r o g e n  
ins tead  of argon.  The behav io r  in  the  700C r ange  was  
n e a r l y  the  same as in  the  case of a rgon ;  however ,  a n  
increase  in  we igh t  was observed at  650 ~ to 700~ 
because  of the  fo rma t ion  of b a r i u m  hydr ide .  This  
p e r m i t t e d  the  es t ima t ion  of a m a x i m u m  for the  hea t  
of the  c o m b i n a t i o n  B a - X  as foIlows: 

B a - - X ( c ) ~ B a ( c )  + X ( c )  A H =  ? AF=- ? [13] 

w h e r e  aH is the  q u a n t i t y  to be  es t imated .  This  p roc-  
ess is the  s u m  of 

Ba ~ X ( c )  + H~(g) ~ BaH,o(c) + X ( c )  

~ H ~ =  ? A F t = ?  [14] 
and  

BaH~(c) --> Ba(c )  + H~(g) AH~-~ + 4 0 . 9 A F t =  ? [15] 

the re fore  AH = AH~ -]- 40.9 and  AF~ + AF2 ~- 2~F. 

Reac t ion  [14] proceeds spon taneous ly  and  to an  
apprec iab le  ex t en t  even  if the  flow of H~ is stopped. 
Hence  AF~ ~ 0 and  therefore  AF ~ AF~ or A H -  TAS 
=< 4 0 . 9 -  TASk. Since AS refers  to a reac t ion  i n v o l v -  
ing solids only,  it wi l l  be smal l ;  AS~ refers  to a r eac -  
t ion  r e su l t i ng  in  a gaseous p roduc t  and  wi l l  t he re -  
fore have  a l a rger  pos i t ive  value.  Hence  AS~ > AS and  
therefore  AH ~ 40.9 kca l /mo le ,  t hus  es tab l i sh ing  a n  
uppe r  l imi t  for Ba - -  X. 

Sub jec t  to f u r t he r  ver i f icat ion this  ev idence  ind i -  
cates t ha t  at  least  a pa r t  of the  b a r i u m  formed  is 
no t  in  a "free"  state. This  con t r ibu te s  to the e x p l a n a -  
t ion  of Fig. 5 and  the s tab i l i ty  of the  pos tu la ted  Ba-  
B a O - r e f r a c t o r y  oxide e lec t ron  e m i t t i n g  sites. 

Chemical Processes Involving Refractory 

Sponge Cathodes 

I t  was  seen t ha t  the reasons  for the  choice of 
e qu i mo l a r  p ropor t ions  for the  composi t ion  of the  
s t a r t ing  in t e rox ide  ma te r i a l s  inc luded  s tab i l i ty  in  air, 
low t e m p e r a t u r e s  of ac t iva t ion ,  lack of copious gas 
evo lu t ion  d u r i n g  act ivat ion,  a nd  ease of cont ro l  of 
the chemis t ry  invo lved  in  the i r  selection,  p r e p a r a -  
t ion,  a nd  act ivat ion.  

A f u r t he r  reason  is the i r  r educed  r eac t iv i ty  t oward  
the r e f r ac to ry  me t a l  of the  cathode support .  As the  
ac t iva t ion  of the  in t e rox ide  subs tance  is cont ro l led  
b y  the  r educ ing  agent ,  it  is no t  necessa ry  tha t  f u r -  
the r  r educ t ion  be made  to occur;  no r  is this  des i rab le  
because  this  i n t e r ac t i on  wi l l  r esu l t  in  the  c rea t ion  
of an  in te r face  c onc e n t r a t i on  g r ad i en t  and  its as-  
sociated problems.  

The  pa i r ing  of the  e lec t ron  emi t t i ng  ma te r i a l s  arld 
me t a l  suppor ts  involves  the  theore t ica l  cons ide ra -  
t ions at  the b e g i n n i n g  of this  paper .  Below, these  are  
appl ied  to the  pa i r  BaAI~O~ --  W as an  example  pe r t i -  
n e n t  to this work.  This app l ica t ion  necess i ta tes  the  
knowledge  of the  in i t i a l  and  final  s tates of r eac tan t s  
a nd  products .  I t  was  shown  in  the  p rev ious  section 
tha t  the  exact  s ta te  of the  b a r i u m  produced  by  the  
r educ t ion  process, and  hence  the  final s tate  of the  
products ,  are  in  doubt .  Therefore ,  for compar i son  
purposes ,  the  f inal  s ta te  of b a r i u m  wii1 be t a k e n  as 
be ing  gaseous, because  this  s ta te  offers a c o m m o n  
basis for the  r e l a t ive  e v a l u a t i o n  of the  pa i rs  of i n -  
terest .  

The vapor  p ressure  of b a r i u m  produced  in  a n u m -  
ber  of processes was  eva lua t ed  and  is g iven  in  Tab le  
III. Once again,  by  necessi ty ,  es t imates  of t h e r m o -  

Table Ill. Theoretical vapor pressures of barium produced by a number of processes of interest 

Process or reaction log PBa = ] (T) 

Ba(c) ~ Ba(g)  

Ba(c) --> Ba(g)  

1 
BaO(c) --> Ba(g)  + 3~-). O2(g) 

4 1 1 
-~-BaO(c) -}- -~- W (c) -~ Ba(g)  -t- --BaWO~(c)3 

2 4 
BaAl~O,(c) + ~ A l ( c )  --> Ba(g)  + - -AhOy(c )  

3 3 

2 4 
BaAI~O,(c) + - ~ - A I (  )--> Ba(g)  +-~-ALO~(c) 

1 1 
2BaO(c) + __W(c)  -~ Ba(g)  - t - - -BaWO~(c)  

3 3 
1 

BaAI~O,(c)-> Ba(g)  -t- ~-O~(g) + AI~O~(c) 

4 1 1 4 
-~- BaAhO,(c) - t -~-W(c)--> Ba(g)  + - -  B a W O , ( c ) 3  - t - -  A120, ( c ) 3  

1 1 
2BaAI~O,(c) + - - W ( c )  --> Ba(g)  + - -  Ba~WO, (c) + 2ALO~(c) 

3 3 

- - 9 7 3 0  
l o g  P~.  -~ - -  

I '  
- - 9 3 4 0  

log P ~  = - -  
T 

--25,750 
log P B .  ~ - -  

T 
--18,650 

log PB. --  - -  
T 

--14,720 
log P~a --  - -  

T 
--14,460 

log P~. ~ - -  
T 

--14,730 
log P~. ~ - -  

T 
--29,200 

l o g  P~. ~ - -  
T 

--25,640 
log P~. -- - -  

T 
--25,(}00 

l o g  PB~ - -  - -  
T 

t- 7.83* 

t- 7.42* 

t- 9.62 

6.50 + 0.74 log T 

+ 6.72 + 0.29 log T 

t- 6.30 + 0.27 log T 

b 6.10 -t- 0.74 log Tt  

t- 9.66 

t- 6.86 + 0.73 log Tt  

t- 6.86 -t- 0.73 log T 

* Available in this form in the literature (2). 
t See also references (8) and (9). 
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Fig. 6. Logarithm of the theoretical vapor pressure of 
barium, produced by a number of processes of interest, as a 
function of temperature. 

(A) Ba(c, I)--) Ba(g) 

1 1 
(B) 2BoO(c) J r -  W(c)--) Ba(g) Jr ~ Ba~W06(c) 

3 3 

2 4 
(C) BaAl~O~(c) J r -  Al(c, I)--) Bo(g) J r -  Ah08(c) 

3 3 

1 1 
(D) BoO(c) Jr - -  W(c) -~ Ba(g) + - -  BaWO~(c) 

3 3 
1 

(E) 2BaAl~O~(c) -k - -  W(c) --) 
3 

1 
Ba(g) -f- - -  BasW00(c) Jr 2Al~O~(c) 

3 
1 

(F) BoO(c) - )  Ba(g) -f- - -  O~(g) 
2 

4 1 
(G) - -  BaAl~O~(c) -I- - -  W(c) --) 

3 3 
1 4 

Bo(g) Jr ~ BaWO~(c) -}- - -  AI2Os(c) 
3 3 

1 
(H) BoAI~O~ --) Bo(g) + ~ -  O~(g) + Al~O~(c) 

c h e m i c a l  d a t a  h a d  t o  b e  m a d e .  R e s u l t s  a r e  p l o t t e d  i n  
F ig .  6. I t  is  s e e n  t h a t  t h e  v a p o r  p r e s s u r e  o f  b a r i u m  
p r o d u c e d  b y  t h e  r e a c t i o n  b e t w e e n  BaALO~ a n d  W 
r e s u l t i n g  i n  t h e  f o r m a t i o n  of  Ba3WO6 ( c )  is  c o m p a r a -  
b l e  to  t h a t  p r o d u c e d  b y  t h e  t h e r m a l  d e c o m p o s i t i o n  of  
B a O ( c ) .  A s  is  w e l l  k n o w n  w i t h  r e s p e c t  to  c a t h o d e  
a c t i v a t i o n ,  t h e  l a t t e r  is n e g l i g i b l e .  T h e  v a p o r  p r e s -  
s u r e  of  b a r i u m  p r o d u c e d  b y  t h e  r e a c t i o n  r e s u l t i n g  i n  
t h e  f o r m a t i o n  of  B a W O 4 ( c )  f r o m  B a A L O 4  a n d  W is 
e v e n  less .  W h e n  t h e s e  a r e  c o m p a r e d  w i t h  t h e  v a p o r  
p r e s s u r e  of  b a r i u m  p r o d u c e d  b y  t h e  t o t a l  1~ r e d u c t i o n  
of  B a A L O ,  b y  A1 i t  is  c o n c l u d e d  t h a t  t h e  a c t i v a t i o n  
of  t h e  BaAI~O~ + 0.4A1 + 13.2 W m i x t u r e  11 is i n d e -  
p e n d e n t  of  t h e  t u n g s t e n  s p o n g e  a n d  t h a t  t h e  f o r m a -  
t i o n  of  a n  i n t e r f a c e  c o m p o s i t i o n  of  t u n g s t a t e s  is u n -  
l i k e l y .  

T h e  a b o v e  w a s  c o n f i r m e d  b y  m e a n s  of  D . T . A .  
w o r k :  n o  e v i d e n c e  of  a r e a c t i o n  w a s  o b s e r v e d  o n  
h e a t i n g  f i n e l y  p o w d e r e d  m i x t u r e s  of  B a A L O ,  a n d  W 
u p  to  1500~  

I n  c o n t r a s t ,  t h e  r e a c t i o n  b e t w e e n  B a O  a n d  W a n d  

1o Used here as a limiting case; the vapor pressure of Ba from the 
actual activating process used (Eq. [9]) is substantially higher, 
BaA1204 and BaO-6Al~Oa being the end products rather than AlaOs. 

n Usually employed to manufacture the compacts. 

September 1959 

a l so  t h a t  b e t w e e n  i n t e r o x i d e  s y s t e m s  c o n t a i n i n g  B a O  
i n  e x c e s s  of  t h e  e q u i m o l a r  c o m p o s i t i o n  is t h e r m o -  
d y n a m i c a l l y  f a v o r e d  t o  n e a r l y  t h e  s a m e  e x t e n t  a s  
t h a t  b e t w e e n  B a A L O 4  a n d  A1. ~ H o w e v e r ,  i n  t h e s e  
c a s e s  t h e  r o l e  of  t h e  t u n g s t a t e  i n t e r f a c e  b e c o m e s  a p -  
p a r e n t .  T h u s ,  a l t h o u g h  t h e  r e a c t i o n  r e s u l t i n g  i n  t h e  
f o r m a t i o n  of  Ba~WO~ is  m o r e  f a v o r a b l e  t h a n  t h a t  r e -  
s u l t i n g  i n  t h e  f o r m a t i o n  of  BaWO4,  t h e  f o r m e r  is l e s s  
f a v o r a b l e  k i n e t i c a l l y  s i n c e  i t  a n d  t h e  a c c o m p a n y i n g  
p r o d u c t i o n  of  b a r i u m  d e p e n d s  o n  t h e  d i f f u s i o n  of  
t h e  r e a c t a n t s  t h r o u g h  t h e  B a W O ~  i n t e r f a c e .  T h e r e -  
fo r e ,  a p e l l e t  c a t h o d e  of  t h i s  k i n d  w i l l  d e p e n d  o n  c o n -  
c e n t r a t i o n  g r a d i e n t s  a n d  h e n c e ,  d e l i c a t e l y ,  o n  t h e  
c a t h o d e  t e m p e r a t u r e ,  t h e  c o n t r o l  of  w h i c h  f o r  d i -  
r e c t l y  h e a t e d  l a m p  c a t h o d e s  is n o t  c o n v e n i e n t l y  e f -  
f e c t e d .  T h i s  is p a r t i c u l a r l y  t r u e ,  of  c o u r s e ,  i n  i n t e r -  
m i t t e n t l y  p u l s e d  d i s c h a r g e s  w h e r e  t h e  b u l k  of  t h e  
c a t h o d e  is o n l y  s l i g h t l y  a b o v e  r o o m  t e m p e r a t u r e .  

T h e  s t a b i l i t y  i n  a i r  a f t e r  a c t i v a t i o n  o f  t h e  p e l l e t  
c a t h o d e s  c o n t a i n i n g  i n t e r o x i d e  m a t e r i a l s  is i n t e r -  
p r e t e d  as  f o l l o w s :  U p o n  e x p o s u r e  to  t h e  w a t e r  a n d  
c a r b o n  d i o x i d e  of  t h e  a t m o s p h e r e  b a r i u m  h y d r o x i d e  
a n d  c a r b o n a t e  f o r m  o n  t h e  s u r f a c e  p o r e s  of  t h e  p e l l e t ,  
w i t h  a n  a c c o m p a n y i n g  l a r g e  i n c r e a s e  i n  v o l u m e  of  
t h e  e m i s s i o n  m a t e r i a l  t h a t  h a s  t h u s  b e e n  a t t a c k e d .  
A s  t h e s e  s u r f a c e  p o r e s  w e r e  a l r e a d y  f i l l ed  w i t h  t h e  
i n t e r o x i d e  s u b s t a n c e  i n a s m u c h  as  t h e  a c t i v a t i o n  d i d  
n o t  i n v o l v e  a n y  a p p r e c i a b l e  r e d u c t i o n  i n  v o l u m e ,  t h e  
f o r m a t i o n  of  t h e s e  i m p e r v i o u s  " p l u g s "  p r e v e n t s  f u r -  
t h e r  p e n e t r a t i o n  of  v a p o r s  a n d  g a s e s  a n d  t h e r e f o r e  
f u r t h e r  a t t a c k  b e l o w  t h e  s u r f a c e .  I f  s u b s t a n c e s  s u c h  
as  t h e  u s u a l  c a r b o n a t e s  h a d  b e e n  u s e d  f o r  t h e  f o r m a -  
t i o n  of  t h e  p e l l e t s ,  t h e i r  a c t i v a t i o n  w o u l d  h a v e  b e e n  
a c c o m p a n i e d  b y  a l a r g e  d e c r e a s e  i n  v o l u m e  m a k i n g  
t h e  p e l l e t s  m o r e  s u s c e p t i b l e  to  a t m o s p h e r i c  a t t a c k .  
T h e  a b o v e  c o n s t i t u t e s  a n  a d d i t i o n a l  r e a s o n  f o r  t h e  
c h o i c e  of  i n t e r o x i d e  s y s t e m s  f o r  t h e  p e l l e t  c a t h o d e s .  

le The theoretical vapor pressure of Ba from the reaction between 
BaO and W resulting in the formation of Ba3WO6 is nearly two 
orders of magnitude higher than determined experimentally (g), 
either because the enthalpy estimated in this work for the forma- 
tion of BaaWO~ from its component oxides is too high or because, 
as shown in this section, the Ba formed by the reduction reaction 
becomes at least partly bound into the interoxide lattice. 

Fig. 7. Left: Standard electronic flashtube after 2500 
flashes (near end of life). Minimum average breakdown volt- 
age: 400 v. Right: Lamp identical to that above but using 
emission materials shown by Eq. [11 ] (thin fi lm application on 
tungsten electrode) after 70,000 flashes. Minimum break- 
down voltage constant at 285 + 5  v. Both lamps were oper- 
ated at 125 watt-sec (or Joules) per flash. 
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Life (hours) 

Fig. 9. Maintenance (in per cent of lumen output at  100 
hr) vs. life in hours, of: A, standard 400-w high-pressure mer- 
cury discharge lamp; B, same as A, but with electron emit t ing 
materials as shown by Eqs. [ 12 ]  or [ 13 ]  (from l iquid sus- 
pension); C, same as B, but with modif ied electrodes. 

Afte r  m a n u f a c t u r e  in to  lamps,  the  pel le t  sur face  
is r eac t iva ted  e i ther  t h e r m a l l y  or by  spu t te r ing .  The  
ease w i th  which  this  can  be accompl ished  indica tes  
tha t  the  at tack,  even  af ter  severe exposure ,  was  v e r y  
superficial.  In  the  case of t h e r m a l  reac t iva t ion ,  the  
fo rma t ion  of tungs ta t e s  m a y  be expected  on the su r -  
face. D.T.A. e x p e r i m e n t s  show tha t  b a r i u m  ca r bona t e  
and  W react  at  a h igh ra te  at 760~ ( and  s lower  wel l  
be low this  t e m p e r a t u r e ) .  T. G. A. work  w i th  severa l  
in te rox ide  pel le ts  in  each e x p e r i m e n t  fa i led to de-  
tect  a n y  we igh t  loss (due  to the  a c c o m p a n y i n g  evo-  
lu t ion  of CO) t h e r e b y  conf i rming  the  above resu l t s  
of l a m p  behavior .  This  indica tes  t ha t  the  fo rma t i on  
of tungs ta t e s  is ins ignif icant .  I t  m a y  become signifi-  
cant ,  however ,  w h e n  the  d ry  t h i n  coat ings  m e n t i o n e d  
ear l ie r  are  used on a t u n g s t e n  base. I t  wi l l  be  r e -  
cal led tha t  these  t h i n  coat ings  adhere  t enac ious ly  to 
the  t u n g s t e n  base  and  p rov ide  good cathode p e r -  
f o rmance  if a s l ight  excess of BaO or BaCO~ is i n -  
t roduced.  P r o b a b l y  the  fo rma t ion  of t ungs t a t e s  to an  
ex ten t  of fo rming  a n u m b e r  of " anchor ing"  sites b u t  
no t  to the  ex ten t  of f o rming  an  in te r face  could ac-  
count  for this. 

Performance Characteristics 
In  add i t ion  to the  r e q u i r e m e n t  of ease of m a n u -  

fac tu re  and  use a l r eady  men t ioned ,  l a m p  cathodes 
mus t  mee t  ce r t a in  s t anda rds  of pe r fo rmance .  These 
a re  10ng life, low b r e a k d o w n  or s t a r t ing  vol tage  of 
the  lamp,  good l a m p  efficiency ( n u m b e r  of l u m e n s  
ou tpu t  per  w a t t  i n p u t ) ,  and  good l amp  " m a i n t e -  
nance . "  

I m p r o v e m e n t s  in  p e r f o r m a n c e  ob ta ined  by  the  use 
of va r ious  forms  of in t e rox ide  cathodes as descr ibed 
in  this  paper  are shown  in  the  examples  of Fig. 7, 8, 
and  9. 
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ABSTRACT 

Phase relations were examined in the vicini ty of CaSiO~ in  the system 
to pseudowollastonite inversion temperature.  Addit ion of MnSiO, to (Ca,Pb) 
CaSiO~-MnSiO~-PbSiO,. Lead solid solutions in CaSiO, lower the wollastonite 
SiO, ss markedly  lowers the solubil i ty of lead in (Ca,Mn,Pb)SiO~ss and causes 
a change in s tructure from pseudowollastonite to wollastonite. Applicat ion of 
the phase data is used to demonstrate  how the synthesis technique can be varied 
to produce major  differences in particle size of the phosphor. 

The proper t ies  of the  CaSiO~:Mn + Pb  phosphor  
are  descr ibed  by  Froe l ich  (1) ,  Mer r i l l  and  S c h u l m a n  
(2) ,  Schu lman ,  Gin the r ,  and  Evans  (3) and  F o n d a  
a n d  Froe l ich  (4) .  Var ious  synthes is  t echn iques  are  
descr ibed  by  S t e a d m a n  (5) ,  S c h u l m a n  (6) ,  and  
Froe l ich  (7) .  Phase  da ta  p e r t i n e n t  to the  phosphor  
composi t ion  are  l imited.  Glasser  (8) r ecen t l y  r e -  
e x a m i n e d  the  sys tem CaSiO~-MnSiO. and,  in  genera l ,  
he  conf i rmed the  ea r l i e r  resu l t s  of Voos (9) ,  a l -  
t hough  differ ing in  m a n y  details.  No da ta  are  r e -  
por ted  in  e i ther  the  b i n a r y  sys tem PbSiO.-CaSiO~ or 
the  t e r n a r y  sys tem CaSiO~-PbSiO~-MnSiO..  

The  object  of this  s tudy  was  to e x a m i n e  the pe r t i -  
n e n t  phase  re la t ionsh ips  in  the  v i c in i t y  of CaSiO~ 
composi t ion  and  in  p a r t i c u l a r  to d e t e r m i n e  the  e x -  
t en t  of the so lubi l i ty  of lead in  CaSiO~ and  its effect 
on the i nve r s ion  t empe ra tu r e .  Phase  da ta  were  used  
as a basis  for the  i n t e r p r e t a t i o n  of the  reac t ions  
which  occur d u r i n g  synthes i s  of the  CaSiO,: Mn  + Pb  
phosphor.  

Experimental Procedure 
The r aw  ma te r i a l s  used for phosphor  synthes i s  

were  Ma l l i nck rod t  Specia l  B u l k y  silicic acid, silicic 
acid p r e p a r e d  f rom te t rae thy lor thos i l i ca te ,  and  r e -  
agen t  g rade  PbSO,  and  MnCO~. The  CaCO~ was p r e -  
pa red  by  Chemica l  P roduc t s  P l a n t  of the G e n e r a l  
Electr ic  Company .  Composi t ions  in  the  sys t em 
CaSiO,-PbSiO~ were  made  f rom silicic acid p r e p a r e d  
by  hydro lys i s  of t e t r ae thy lo r thos i l i ca te ;  al l  o ther  
composi t ions  were  made  wi th  Ma l l i nck rod t  silicic 
acid. 

Preparation of compositions and heat treatments.  
- - T h e  i ng red i en t s  were  g round  in  e i ther  an  agate  or 
a glass m o r t a r  w i th  r e agen t  grade  acetone un t i l  dry.  
Calcines  were  p r e p a r e d  in  e i ther  p l a t i n u m  or fused 
si l ica c ruc ib les  at t e m p e r a t u r e s  r a n g i n g  f rom 1000 ~ 
to 1200~ for 3 hr  to one month .  T e r n a r y  composi -  
t ions  were  p r e p a r e d  f rom p re fo rmed  CaSiO., MnSiO~, 
and  PbSiO~. The  composi t ions  e x a m i n e d  are l i s ted in  
Tab le  I. 

Apparatus and techniques . - - (a)  Phase  ident i f ica-  
t ion  was  made  wi th  a G e n e r a l  Electr ic  r ecord ing  
d i f f rac tometer  us ing  Cu~ r ad i a t i on  (X = 1.540A) fil- 
t e red  w i th  Ni. 

(b)  Microscopic e x a m i n a t i o n s  were  made  wi th  a 
pe t rograph ic  microscope.  

(c) A quench  t e c hn i que  was  used  to e x a m i n e  the 
solid so lu t ion  reg ions  b y  p rocedures  s imi la r  to those 
descr ibed  by  Shepherd ,  Rank in ,  and  W r i g h t  (10).  
Thermocoup les  were  ca l ib ra ted  us ing  l i t h i u m  m e t a -  
s i l icate ( mp  1201~ a nd  gold ( mp  1063~ 

(d)  Pa r t i c l e  size d i s t r i b u t i o n  curves  of phosphor  
powders  were  ca lcula ted  f rom se t t l ing  ra tes  of p a r -  
t icles in  w a t e r  b y  app l ica t ion  of Stokes law us ing  
the  t echn ique  of R a b a t i n  a nd  Gale  (11).  

Results and Discussion 
(Ca,Mn)SiO~ fluoresces a weak  g reen  and  fl(Ca, 

Mn)  SiO. fluoresces a s t rong orange  w i th  cathode r ay  
exci ta t ion.  F o n d a  a nd  Froe l ich  showed tha t  M n -  
ac t iva ted  wol las toni te ,  the l o w - t e m p e r a t u r e  fo rm of 
CaSiO~ cal led (fl),  a nd  no t  pseudowol las ton i te ,  the  
h i g h - t e m p e r a t u r e  modif ica t ion cal led (a ) ,  could be 
sensi t ized to 2537A rad i a t i on  by  lead. Therefore ,  
fl (Ca,Mn,Pb)SiO~ is the  species impl i ed  by  the  n o t a -  
t ion  CaSiO~: Mn -4- Pb.  

Phase Relationships 
P r e l i m i n a r y  s tudies  showed tha t  in  the  v i c in i ty  of 

the CaSiO, composi t ion,  the  sys tem C a O - M n O - P b O -  

Table I. Composition of CoSi08-PbSiO3-MnSiOa mixtures 

Mole % 
Sample  

No. 

Composition 

CaSiOa PbSiOs MnSiOa 

1 99.5 0.5 - -  
2 99.0 1.0 - -  
3 97.0 3.0 - -  
4 94.0 6.0 - -  
5 92.0 8.0 - -  
6 96.5 0.5 3.0 
7 96.0 1.0 3.0 
8 95.5 1.5 3.0 
9 93.5 0.5 6.0 

10 93.0 1.0 6.0 
11 92.5 1.5 6.0 
12 90.5 0.5 9.0 
13 90.0 1.0 9.0 
14 89.5 1.5 9.0 
15 87.5 0.5 12.0 
16 87.0 1.0 12.0 
17 86.5 1.5 12.0 
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SiO~ can  be  r ega rded  as a 3 - c o m p o n e n t  sys tem ,2oo 
CaSiO, -MnSiO, -PbSiO, .  Consequen t ly ,  e x a m i n a t i o n  o .  

of the b i n a r y  sys tems CaSiO~-PbSiO~ and  CaSiO~- 
MnSiO,  (af te r  Glasse r ) ,  and  the  solid so lu t ion  reg ion  

- -  ~ 

f l (Ca,Mn,Pb)SiO~ prov ided  da ta  necessa ry  to u n d e r -  .o ,,oo ~ : 
s t and  m a n y  of the  reac t ions  which  occur d u r i n g  s y n -  
thesis  of the CaSiO~: Mn + Pb  phosphor .  ~ o ~ 

A discuss ion of the  p e r t i n e n t  phase  data  fol lows:  
The invers ion t empera ture  o] calcium m e t a s i l i c a t e . ~  ~ ,ooc ~  
The l i t e r a t u r e  shows confl ict ing c la ims on the  te rn-  " ~ 
p e r a t u r e  of the  d imorph ic  i nve r s ion  in  ca lc ium m e t a -  
silicate. Voos, for example ,  repor t s  t ha t  the  i nve r s ion  
occurs at 1210~ whereas  Osborn  and  Scha i re r  (12) 9or 

CaSiC 
give a va lue  of 1125~ Our  a t t empt s  to p r e pa r e  
fl-CaSiO~ f rom CaCO~ a n d  SiO,-XH~O a lways  r e -  
su l ted  in  a m i x t u r e  of a -  + fl-CaSiO~ w h e n  fired at  
t e m p e r a t u r e s  be low ca. 1170~ a sample  fired at  
1000~ for one m o n t h  consisted of about  50% a -  -t- 
50% fl-CaSiO,. At  1180~ or above,  on ly  a - c a l c i u m  
sil icate formed,  a-CaSiO~ wi l l  beg in  ve ry  s lowly  to 
i n v e r t  to fl-CaSiO~ at 1150~ af ter  severa l  weeks.  
The  data  are  no t  conc lus ive  bu t  t hey  ind ica ted  t ha t  
the i nve r s ion  lies b e t w e e n  1150 ~ and  1180~ 
The sy s t em  CaSiO~-MnSiO~.--Glasser  has r ecen t l y  
r e - e x a m i n e d  the  sys tem CaSiO~-MnSiO~ and  he is in  
gene ra l  a g r e e m e n t  w i th  the  ear l ie r  resu l t s  of Voos 
except  in  m a n y  detai ls  and  the  disclosure  tha t  the  
solid so lu t ion  series ex tends  to 90% MnSiO~ r a t h e r  
t h a n  to 100% as r epor ted  ear l ier .  He shows tha t  
MnSiO~ solid solut ions  in  CaSiO~ raise  the  i nve r s ion  
t e m p e r a t u r e  to a m a x i m u m  of 1400~ The  a ~ fl- 
CaSiO~ inve r s ion  t e m p e r a t u r e  was  no t  r e d e t e r m i n e d  
in  the sys tem CaSiO~-MnSiO~. However ,  Glasser  a nd  
Osborn  (13) found  the  a ~ fl-CaSiO~ inve r s ion  t e m -  
p e r a t u r e  to occur at  1125~ in  the  sys tem CaO-  
Cr~O~-SiO~. 
The  sy s t em  CaSiO~-PbSiO~.- -Nothing has b e e n  re -  
por ted  in  the  b i n a r y  sys tem CaSiO~-PbSiO~. The  h igh  
vo la t i l i ty  of Pb  l imi t ed  this  i nves t iga t ion  to the  area  
a r o u n d  the  CaSiO~ composi t ion.  So l id - s t a t e  calcines 
of p r e fo rmed  CaSiO8 and  PbSiO,  were  used as s t a r t -  
ing ma te r i a l s  for q u e n c h  studies.  The  loss of l ead  
af ter  ca lc in ing  these  m i x t u r e s  for 6 days at  1050~ 
is shown in  Tab le  II. Since 5 to 7 add i t i ona l  days  
were  r e q u i r e d  for the  samples  to reach  e q u i l i b r i u m  
in  the  q u e n c h  furnace ,  f u r t h e r  lead losses can be e x -  
pected,  b u t  the  m a g n i t u d e s  of these  losses were  no t  
de t e rmined .  

The q u e n c h  data  are  g iven  in  Tab le  I I I  a nd  are 
shown  g raph ica l ly  in  Fig. 1. The  u n u s u a l  shape of 
the  two phase  area,  p a r t i c u l a r l y  the  fiat lower  l imi t ,  
p r o b a b l y  reflects the  fact  tha t  the  composi t ions  have  
shif ted f rom the  b i n a r y  join.  Consequen t ly ,  the phase  

Table 11. Loss of Pb from CaSiO3-PbSi03 mixtures 

Composi t ion a f te r  
In i t ia l  composi t ion 1050~ days  

Mole % mole  % Mole % 
No. CaSiO3-PbSiO3 CaSiO3-PbSiOs Pb  loss 

1 99.5 0.5 99.55 0.45 10.0 
2 99.0 1.0 99.27 0.73 27.0 
3 97.0 3.0 �9 97.22 2.78 7.3 
4 94.0 6.0 94.34 5.66 5.7 
5 92.0 8.0 92.14 7.86 1.8 
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Fig. 1. A portion of the system CaSi03-PbSi03 
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data  can  be t a ke n  on ly  as an  a p p r o x i m a t i o n  of the  
t rue  e q u i l i b r i u m  re la t ionships .  

PbSiO3 is soluble  in  a ca lc ium metas i l i ca te  to at  
least  6 mole  % a nd  it  lowers  the  i nve r s ion  t e m p e r a -  
t u re ;  t he  add i t ion  of 3 mole  % PbSiO~ lowers  the  i n -  
vers ion  be low 1125~ E x t r a p o l a t i o n  of the  two-  
phase  area  bounda r i e s  to pu re  ca lc ium sil icate i n -  
dicates tha t  the  i nve r s ion  occurs at  1160 ~ ----- 10~ 
The (Ca,Mn,Pb)SiO~ ss phase r e g i o n . - - A  por t ion  of 
the  p l a ne  CaSiO~-MnSiO~-PbSiO~ in  the  v i c in i ty  of 
CaSiO~ was e x a m i n e d  at  1160~ This  t e m p e r a t u r e  
was selected because  it  is n e a r  the  i nve r s ion  t e m -  
p e r a t u r e  a nd  also is a p rac t ica l  t e m p e r a t u r e  for  
phosphor  synthesis .  Calcines  were  p r e p a r e d  b y  hea t -  
ing m i x t u r e s  of p r e f o r me d  a (Ca,Pb)SiO3 and  MnSiO~ 
for per iods up  to th ree  weeks  w i th  a t ho rough  g r i n d -  
ing eve ry  12 hr. 

Lead  is m u c h  less soluble  in  fi- t h a n  in  a-CaSiO~ 
in  the  presence  of MnSiO~. For  example ,  so lu t ion  of 3 
mole  % MnSiO~ in  a (Ca,Pb)SiO~ changes  it to f l(Ca,  
P b , M n )  SiO~ a nd  lowers  the  P b  so lub i l i ty  f rom over  
6 mole  % to less t h a n  1 mole  %. 

The  loss of Pb  af ter  va r ious  fir ing t imes  f rom a 
typ ica l  phosphor  composi t ion  is shown  in  Tab le  IV. 
These da ta  r evea l  tha t  8.3% P b  is lost  d u r i n g  the  
f o r ma t i on  a(Ca,Pb)SiO~ss  (p repa red  f rom PbO + 
CaO + SiO~) whereas  33.3% Pb  is lost a f ter  4 hr  and  
53.7% P b  af te r  16 h r  at 1160~ f rom the  reac t ion  of 
a ( C a , P b ) S i O z + M n S i O ~  to y ie ld  the  q u a t e r n a r y  
composi t ion  f l (Ca . . . . .  Mno o~Pb~) SiO~. The  g rea te r  s ta-  
b i l i ty  of lead in  ~ (Ca,Pb)SiO~ss t h a n  in  fi (Ca ,Mn,Pb)  

0 2 4 6 8 I0 12 
CaSiOz} MOL PERCENT MnSiO 3 

Fig. 2. A portion of the plane CoSiO~-MnSiO3-PbSiOs 
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Table III. Quench data for the system CaSiO~-PbSiO~ 

Composition 
mole % 

No. CaSiOa-PbSiO~ Temp era tu r e  Phase present  

1 99.55 0.45 975 fi (Ca, Pb)  SiO~ 
994 fi(Ca, Pb)  SiO~ 

1050 ~(Ca, Pb)  SiO~ 
1106 ~(Ca, Pb)  SiO~ ~- Trace a(Ca,  Pb)  SiO. 
1112 ~(Ca, Pb)  SiO8 -~ a(Ca,  Pb)  SiO. 
1121 p(Ca,  Pb)  SiO. ~- a(Ca,  Pb)  SiO. 
1140 ~ (Ca, Pb)  SiO8 -~ ~ (Ca, Pb)  SiO~ 
1151 ~(Ca, Pb)  SiO. ~- ~(Ca, Pb)  SiO8 
1165 ~(Ca, Pb)  SiO~ 

2 99.27 0.73 975 ~ (Ca, Pb)  SiO~ 
994 ~ (Ca, Pb)  SiO. 

1050 ~(Ca, Pb)  SiO8 
1106 ~(Ca, Pb)  SiO. W ~(Ca, Pb)  SiO. 
1121 ~(Ca, Pb)  SiO~ ~- a(Ca,  Pb)  SiO~ 
I140 fl(Ca, Pb)  SiO. ~- a(Ca,  Pb)  SiO~ 
1151 ~(Ca, Pb)  SiO~ ~ a(Ca,  Pb)  SiO, 
1165 , (Ca, Pb)  SiO. 

3 97.22 2.78 990 p (Ca, Pb)  SiO. 
1050 fl(Ca, Pb)  SiO~ 
1075 ~(Ca, Pb)  SiO~ 
1102 ~(Ca,  Pb)  SiO. 
1117 ~(Ca, Pb)  SiO, H- a(Ca,  Pb)  SiO, 
1128 ~(Ca, Pb)  SiO. 

4 94.34 5.66 990 ~ (Ca, Pb)  SiO. 
1050 ~(Ca, Pb)  SiO~ 
1075 ~(Ca,  Pb)  SiO~ 
1102 ~(Ca, Pb)  SiO~ 
1117 ~(Ca, Pb)  SiO~ H-~(Ca, Pb)  SiO~ 
1128 a(Ca,  Pb)  SiO~ 

5 92.14 7.86 990 ~ (Ca, Pb)  SiO~ 
1050 ~(Ca, Pb)  SiO~ 
1075 ~ (Ca, Pb)  SiO~ 
1102 ~(Ca, Pb)  SiO~ 

SiO~ss can  be  d e m o n s t r a t e d  q u a l i t a t i v e l y  b y  a spot  
tes t  w i t h  an  ac idic  so lu t ion  of KI .  a ( C a , P b ) S i O , s s  
( S a m p l e  B)  gave  no tes t  for  Pb,  w h e r e a s  ~ ( C a , M n ,  
P b ) S i O ,  ( S a m p l e  E)  gave  a s t rong  tes t  for  P b  e v e n  
a f t e r  mos t  of t he  su r f ace  P b  had  been  r e m o v e d  b y  
r e t i r i ng  w i t h  NH~C1. 

The  a r e a  a d j a c e n t  to t he  sol id  so lu t ion  r eg ion  is a 
l i qu id  p lus  c r y s t a l  a rea .  The  p r e s e n c e  of l i qu id  was  
d e t e c t e d  b y  quench  s tud ies  and  b y  i ts  effect  on t h e  
o x i d a t i o n  s t a t e  of Mn. Compos i t i ons  in t he  c r y s t a l  
p lu s  l i qu id  a r e a  h a d  a p e r m a n g a n a t e  p i n k  color  a n d  
t h e y  w e r e  s i n t e r e d  in to  dense  a g g l o m e r a t e s .  I n  con-  
t ras t ,  compos i t i on  w i t h i n  the  sol id  so lu t ion  r e g i o n  
r e m a i n e d  n e a r l y  w h i t e  in b o d y  color  and  d id  no t  
s in ter .  

Table IV. Loss of Pb from phosphor composition 

Composit ion Wt % Pb content  % Pb lost 

(A) Batch (CaO ~- PbO H- 1.08 - -  
SiO~) 

(B) 1st Fire,  1140~ h r  0.99 8.3 
(Ca, Pb)  SiO~ ss 

(C) 2nd Fire,  1160~ h r  0.72 33.3 
(Ca, Mn, Pb)  SiO~ ss 

(D) 2nd Fire ,  1160~ 16 hr  0.50 53.7 
(Ca, Mn, Pb)  SiO~ ss 

(E) 3rd Fire ,  1160~ hr  H- 0.43 60.2 
NH~CI(Ca, Mn, Pb)  
SiO, ss 

Because  of the  v o l a t i l i t y  of Pb ,  t he  q u a t e r n a r y  
sol id  so lu t ion  r eg ion  r e p o r t e d  can  be  r e g a r d e d  on ly  
as a r o u g h  a p p r o x i m a t i o n  to e q u i l i b r i u m  condi t ions .  
F o r  th is  reason ,  t h e  d i a g r a m  of t h e  p l a n e  CaSiO~- 
MnSiO~-PbSiO, ,  shown  in Fig .  2, has  c u r v e d  d a s h e d  
l ines  to i nd i ca t e  t he  a p p r o x i m a t e  P b  con ten t s .  

Preparation of the CaStOr: Mn ~ Pb  phosphor 

S y n t h e s i s  t e chn iques  in  w h i c h  a l l  of t h e  c o m p o -  
nents ,  i.e., CaOJcMnO~-PbOWSiO~ a r e  i n i t i a l l y  f i red  
t o g e t h e r  r e q u i r e  an  excess  of P b  in  o r d e r  to a l l ow for  
losses b y  vo la t i l i za t ion .  A t y p i c a l  i n i t i a l  compos i t i on  
is i n d i c a t e d  in Fig .  2 b y  p o i n t  "A"  w h i c h  is in t he  
l i qu id  p lus  c r y s t a l  a r e a  a d j a c e n t  to the  sol id  so lu t ion  
region .  As  the  f i r ing p r o g r e s s e s  t he  compos i t i on  
g r a d u a l l y  shif ts  to p o i n t  "B" loca t ed  w i t h i n  t h e  sol id  
so lu t ion  region .  The  m e t a s t a b l e  l iqu ids  f o r m e d  se rve  
as ef fec t ive  m i n e r a l i z e r s  , b u t  t h e y  p r o m o t e  l a rge  
p a r t i c l e  s ize a n d  h i g h e r  o x i d a t i o n  s t a tes  of Mn.  A 
second  f i r ing w i t h  NH~C1 is n e c e s s a r y  to r e m o v e  a 
su r f ace  f i lm of " l e a d - m a n g a n e s e - s i l i c a "  w h i c h  coats  
the  p h o s p h o r  c rys t a l l i t e s .  

C e r t a i n  a p p l i c a t i o n s  r e q u i r e  a p h o s p h o r  w i t h  
s m a l l e r  p a r t i c l e  size. In  th i s  case  i t  is d e s i r a b l e  to  
avo id  f o r m a t i o n  of m e t a s t a b l e  l iquids .  A c c o r d i n g  to 
the  phase  d a t a  i t  shou ld  be  poss ib l e  to p r e p a r e  e i t h e r  
B ( C a , M n ) S i O . s s  or  a ( C a , P b ) S i O , s s  and  r e a c t  each  
m a t e r i a l  w i t h  e i t h e r  P b O  or  MnO to f o r m  B(Ca ,Mn,  
Pb)SiO~ss.  In  th is  way ,  m e t a s t a b l e  l i qu ids  a r e  
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a v o i d e d  in t he  s y s t e m  CaSiO~-MnSiO~-PbSiO~. H o w -  
ever ,  the  q u a t e r n a r y  sol id  so lu t ion  is u n s t a b l e  due  to 
the  v o l a t i l i t y  of l e ad  so t h a t  t h e  r eac t ion :  

f i (Ca ,Mn)SiO~ss  -F P b  ~§ f l (Ca ,Mn,Pb)S iO~ss  [1]  

canno t  be  e x p e c t e d  to be  v e r y  successful .  
The  a l t e r n a t i v e  r eac t ion :  

a ( C a , P b ) S i O ~ s s  -F Mn ~*-~ f l (Ca ,Mn,Pb)S iO~ss  [2]  

shou ld  be  m o r e  success fu l  due  to t he  g r e a t e r  s t a b i l i t y  
of l e a d  in a ( C a , P b ) S i O . s s  t h a n  in f i ( C a , M n , P b )  
SiO,ss. A suff ic ient ly  l a r g e  excess  of P b  can  be  i n -  
c o r p o r a t e d  i n i t i a l l y  in  a ( C a , P b ) S i O ~ s s  to a l l o w  for  
losses b y  vo la t i l i za t ion .  

A l t h o u g h  r e a c t i o n  [2]  avo ids  q u a t e r n a r y  l iquids ,  i t  
is s t i l l  n e c e s s a r y  to f o r m  ~(Ca ,Pb)S iO~ss ,  a n d  l o w -  
m e l t i n g  l iqu ids  in t he  s y s t e m  C a O - P b O - S i O ~  canno t  
be  avo ided .  H o w e v e r ,  a d v a n t a g e  can  be  t a k e n  of t he  
p o l y m o r p h i c  i n v e r s i o n  f r o m  a (Ca ,Pb)SiO~ss  to fl (Ca,  
M n , P b )  SiO~ss. A l t h o u g h  a -  and  fl-CaSiO~ h a v e  a b o u t  
the  same  dens i t ies ,  a v o l u m e  change  suff ic ient ly  l a r g e  
to cause  d i s i n t e g r a t i o n  of a g g l o m e r a t e s  m a y  be  e x -  
pec t ed  in go ing  f r o m  a (Ca ,Pb)SiO~ss  to f i ( C a , M n , P b )  
SiO~ss because  of t he  d i f fe rence  in  size b e t w e e n  P b  ~* 
and  Mn ~§ ions. 

A t t e m p t s  to p r e p a r e  f i ( C a , M n , P b ) S i O , s s  b y  r e a c -  
t ion  [1]  d id  no t  y i e l d  h igh  b r i g h t n e s s  p h o s p h o r s  
s ince  i t  is no t  poss ib l e  to i n c o r p o r a t e  e n o u g h  P b  in 
the  p h o s p h o r  to g ive  suff ic ient ly  h igh  a b s o r p t i o n  for  
2537A. 

The  p r e p a r a t i o n  of f i (Ca ,Mn,Pb)S iO~ b y  r e a c t i o n  
[2]  p r o v e d  successful .  Thus,  t he  p r e p a r a t i o n  of t he  
p h o s p h o r  i nvo lves  t h r e e  s teps :  (a )  f o r m a t i o n  of 
a ( C a , P b ) S i O , s s ,  (b)  f o r m a t i o n  f l (Ca ,Pb ,Mn)SiO~ss ,  
and  (c)  r e m o v a l  of a su r f ace  f i l m  of " m a n g a n e s e -  
l e a d - s i l i c a . "  Each  s tep  is d i scussed  in  de ta i l .  

(a )  a ( C a , P b ) S i O ~  fo rms  m e t a s t a b l y  b e l o w  the  
i nve r s ion  t e m p e r a t u r e  so t h a t  t he  r e a c t i o n  p r o c e e d s  
r a p i d l y  at  t e m p e r a t u r e s  b e t w e e n  t100 ~ and  1200~ 
The  occu r r ence  of m e t a s t a b l e  l iqu ids  acce l e r a t e s  t he  
r e a c t i o n  and  i t  causes  t he  d e v e l o p m e n t  of l a r g e  a g -  
g r e g a t e s  h a v i n g  d i a m e t e r s  b e t w e e n  30 and  100/~. 

(b )  T h e  f o r m a t i o n  of f i ( C a , M n , P b ) S i O , s s  r e -  
qu i r e s  t h a t  bo th  M n O - F  SiO~ be  i n c o r p o r a t e d  in to  
a (Ca ,Pb )S iO . s s .  A d d i t i o n  of MnO and  SiO, as  MnSiO .  
is i m p r a c t i c a l  s ince  t h r e e  days  or  m o r e  a r e  r e q u i r e d  
for  the  r e a c t i o n  to r e a c h  e q u i l i b r i u m .  This  r e s u l t  is 
not  s u r p r i s i n g  s ince  CaSiO~ and  MnSiO~ m u s t  h a v e  
a b o u t  t he  s a m e  l a t t i ce  e n e r g y  as e v i d e n c e d  b y  t h e i r  
e x t e n s i v e  sol id  so lu t ion  ser ies .  If  MnO a n d  SiO~ a re  
m i x e d  w i t h  a (Ca .Pb)S iO~ss ,  MnSiO~ fo rms  m o r e  
r e a d i l y  t h a n  the  q u a t e r n a r y  sol id  so lu t ion  a n d  a g a i n  
the  r e a c t i o n  is v e r y  s lugg i sh  in r e a c h i n g  comple t ion .  
H o w e v e r ,  f i (Ca ,Mn,Pb)SiO~ss  can  be  f o r m e d  in 2-3 
h r  a t  1160~ b y  r e a c t i n g  MnCO,  p lu s  a (Ca ,Pb )  SiO,:  
SiO~. Us ing  th is  m e t h o d  it  is n e c e s s a r y  to a d d  suffi- 
c ien t  excess  s i l ica  in the  p r e p a r a t i o n  of a ( C a , P b )  
SiO,ss to accoun t  for  a l l  of the  Mn in t he  q u a t e r n a r y  
compos i t ion .  

S i l i ca  is no t  so lub le  in  a ( C a , P b ) S i O ,  at  c o n c e n t r a -  
t ions  g r e a t e r  t h a n  a b o u t  1 m o l e  %, a l t h o u g h  t h e r e  
m a y  be  s l igh t  s o l u b i l i t y  b e l o w  th is  amoun t .  O n l y  
s i l ica  w h i c h  is in con tac t  w i t h  a c a l c i u m  s i l i ca te  w i l l  
r eac t  w i t h  MnO to f o r m  f l (Ca ,Mn ,Pb )S iO . s s .  I so l a t ed  
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Fig. 3. Particle size distribution curves of CaSiO3:Mn if- Pb 
phosphors. (A) CaO ~ PbO ~ MnO ~ SiO~-~ fl(Ca, Pb, Mn) 
SiO~ ss; (B) a(Ca, Pb) SiO~ ss if- Mn 2§ -~ /~(Ca, Pb, Mn) SiOs ss. 

SiO~ p a r t i c l e s  r e a c t  w i t h  MnO to f o r m  MnSiO~ w h i c h  
e f fec t ive ly  r e m o v e s  Mn f r o m  the  reac t ion .  

Microscopic  e x a m i n a t i o n  of s a mp le s  o b t a i n e d  b y  
quench ing  a f t e r  v a r i o u s  t imes  c l e a r l y  r e v e a l e d  t h e  
course  of t he  reac t ion .  MnO -F SiO.~ diffuse  r a p i d l y  
a long  g r a i n  b o u n d a r i e s  of t he  ~ ( C a , P b ) S i O .  a g g r e -  
gates .  I n v e r s i o n  of a ( C a , P b ) S i O ~  beg ins  at  t h e  p e -  
r i p h e r y ,  and  as each  c r y s t a l l i t e  of ~ ( C a , P b ) S i O .  i n -  
v e r t s  to f l (Ca ,Mn,Pb)S iO3  sufficient  c o n t r a c t i o n  oc-  
curs  to p e r m i t  t he  c r y s t a l l i t e  to s e p a r a t e  f r o m  the  
m a t r i x .  Thus,  th is  p rocess  l e a d s  to t he  d i s i n t e g r a t i o n  
of the  a g g r e g a t e s  of a (Ca ,Pb )  SiO~. 

(c)  The  P b  w h i c h  is v o l a t i l i z e d  f r o m  t h e  q u a t e r -  
n a r y  sol id  so lu t ion  a p p e a r s  to r eac t  w i t h  excess  s i l ica  
to f o r m  a l e ad  s i l i ca te  f i lm w h i c h  causes  s l igh t  s in -  
t e r ing .  S i n t e r i n g  can  be  m i n i m i z e d  b y  e m p l o y i n g  as 
shor t  a f i r ing t i m e  as poss ib l e  and  b y  us ing  as l i t t l e  
excess  s i l ica  ove r  s t o i c h i o m e t r y  as p rac t i ca l .  

L e a d  s i l i ca te  on the  su r f a c e  of t he  f i ( C a , M n , P b )  
SiO~ss c r y s t a l s  also s t ab i l i zes  h i g h e r  o x i d a t i o n  s ta tes  
of Mn. C o n s e q u e n t l y  t he  su r f ace  f i lm se rves  as a 
f i l ter  w h i c h  c o n s i d e r a b l y  l o w e r s  t h e  f luorescen t  
b r i g h t n e s s  of t he  phosphor .  The  f i lm m a y  be  r e m o v e d  
b y  r e t i r i ng  w i t h  NI-I~C1. 

The  p r o d u c t  o b t a i n e d  has  s u b s t a n t i a l l y  s m a l l e r  
p a r t i c l e  size t h a n  p h o s p h o r  p r o d u c e d  b y  i n i t i a l l y  
f i r ing t o g e t h e r  CaO-FMnO-FPbO-FSiO~.  P h o s p h o r  
p r e p a r e d  b y  r e a c t i o n  [2]  s h o w e d  less t h a n  1 w t  % 
overs ize  on 325 m e s h  s ieve  w h e r e a s  c o n v e n t i o n a l  
m a t e r i a l  gave  10-15 w t  % overs ize .  P a r t i c l e  size d i s -  
t r i b u t i o n  cu rves  a r e  shown  in Fig .  3. I t  is e v i d e n t  
t ha t  r e a c t i o n  [2]  s e rves  to m i n i m i z e  a g g r e g a t e  
g r o w t h  r a t h e r  t h a n  to y i e l d  s m a l l e r  c r y s t a l l i t e s  s ince 
e i t he r  t e c h n i q u e  y i e ld s  a m a x i m u m  of m a t e r i a l  in 
t he  5 to 7/~ range .  The  a r e a  u n d e r  c u r v e  " A "  for  m a -  
t e r i a l  p r o d u c e d  b y  i n i t i a l l y  f i r ing t o g e t h e r  CaO-F 
M n O + P b O - F S i O ~  r e p r e s e n t s  85-90 w t  % of the  t o t a l  
m a t e r i a l  s ince  10-15 w t  % is g r e a t e r  t h a n  44/~ or  325 
mesh.  On the  o t h e r  hand ,  c u r v e  "B"  for  p h o s p h o r  
p r o d u c e d  b y  r e a c t i o n  [2]  r e p r e s e n t s  100 w t  % s ince  
s u b s t a n t i a l l y  a l l  of the  m a t e r i a l  is less  t h a n  325 
mesh.  E i t h e r  t e c h n i q u e  y i e ld s  p h o s p h o r  w i t h  t he  
s ame  f luorescen t  p rope r t i e s .  
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ABSTRACT 

Dielectric constant  and tan 5 of powdered crystal phases of alumina,  quartz, 
and wollastonite were determined.  Since it is very difficult to obtain dielectric 
measurements  of very fine (powdered) crystals, a technique of embedding the 
solids in  a homogeneous medium was used. The relationship between particle 
shape and volume present  in the composite to the dielectric properties of such 
fine powders was in accord with that  indicated by Niesel's theory. 

The dielectr ic  p roper t ies  of large s ingle  crys ta ls  of 
inorgan ic  ma te r i a l s  can  be d e t e r m i n e d  since the re  is 
sufficient mass p re sen t  to use s t a n d a r d  m e a s u r i n g  
techniques .  A l t h o u g h  la rge  s ingle  crys ta ls  of m a n y  
inorgan ic  ma te r i a l s  are no t  ava i lab le ,  it  wou ld  be 
des i rab le  to d e t e r m i n e  the  dielectr ic  p roper t ies  of 
g r a n u l a r  or pu lve r i zed  crys ta l l i tes  in  order  to s tudy  
the i r  die lectr ic  c o n t r i b u t i o n  in  composi te  mix tu res .  
The  object  of this  r esea rch  is to p re sen t  a me thod  
for d e t e r m i n i n g  the  dielectr ic  p roper t ies  of such 
fine powdered  crystal l i tes .  

Niesel  proposed a t heo ry  to compute  dielectr ic  
p roper t ies  of solids embedded  in  a homogeneous  
m e d i u m  (1, 2). This  theory  considers  the  v o l u m e  and  
par t i c le  shape  of the c rys t a l l i ne  ma t e r i a l s  e m b e d d e d  
in  the  homogeneous  med ium.  In  order  to overcome 
the  va r i a t i ons  which  wou ld  be encoun t e r ed  if com-  
pressed powders  were  s tudied,  a t e chn ique  of e m -  
bedd ing  ino rgan ic  powders  in  a homogeneous  m e -  
d i u m  was devised and  used t h r o u g h o u t  this  i nves t i -  
gation.  

T h e o r y . - - S e v e r a l  theor ies  have  been  deve loped  to 
pred ic t  die lectr ic  p roper t ies  of po lyc rys t a l l i ne  m i x -  
tures .  A t h e o r y  developed b y  L ich tenecke r  (3) in  
1926 gives a good a p p r o x i m a t i o n  for m i x t u r e s  h a v -  
ing  a m a x i m u m  dielectr ic  cons tan t  of 10. In  1935 
B r u g g e m a n  (4) deve loped  equa t ions  for  d e t e r m i n i n g  
die lect r ic  cons tan t s  of m i x t u r e s  of ma te r i a l s  w i t h  
c rys ta l  shapes a p p r o x i m a t i n g  spheres  or l amel lae .  
Niesel  (1, 2) gave a me thod  for ca lcu la t ing  bo th  the  
die lect r ic  cons tan t  and  loss ang le  of an  aggrega te  

cons is t ing  of crys ta ls  ( a s sumed  to be el l ipsoids)  
m i x e d  wi th  a homogeneous  mate r i a l .  

The  equa t ions  de r ived  by  Niesel  for the  isotropic 
cases of spheres,  lamel lae ,  and  long cy l inders  em-  
bedded  in  a homogeneous  m e d i u m  are as fol lows:  

(a)  Spheres  

Ei - -  E 3 ~  � 9  
1 - -  Vi  -- � 9  �9 ~ /  �9 [ 1 ] 

(b)  Lamel l ae  ( r a n d o m l y  or ien ted)  

3�9 + 2 V i ( d -  �9 
= [ 2 ]  

3ei -- V i ( �9  -- �9 

(c) Long cy l inder  (needles )  

�9 i - -  �9 (�9 + 5�9 
1 - - V =  [3] 

�9 i - -  �9 �9 § 5�9 

where  ei = dielectr ic  cons tan t  ins ide  ell ipsoid, �9 = 
dielectr ic  cons tan t  outs ide ell ipsoid, �9 -- r e su l t i ng  di -  
electr ic  constant ,  a nd  Vi = v o l u m e  f rac t ion  occupied 
b y  ellipsoids.  

If 31 is the  loss angle  of the  crys ta l  phase  and  3~ 
tha t  of the  med ium,  t hen  the  r e su l t ing  loss angle  ~res 
is g iven  b y  

t a n  ~,o~ = ml t an  ~1 + m~ t a n  8~ [4] 

If  the  loss angles  of the  two ing red i en t s  are  k n o w n  
it is necessa ry  to d e t e r m i n e  the  va lues  of ml and  m3 
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( ene rgy  f rac t ions)  which  are de r ived  by  Niesel  to be  
as fol lows for the  th ree  cases: 

(a) Spheres  

m~ z 

(b)  L a m e l l a e  

( � 9  ~) (2~, + ~) 
( ( 1 -  �9 (2�9 + �9 

[5] 

K1 
- -  + 2K1 
i +K~ 

m~ = [6] 
K~ 

+ 2K1~ 
1 -}-K~ 

(c) Cy l inde r  addi t ions  
2K1 

+ K1 
1 + 1/2K~ 

m e -  + KI~ [7] 
2K~ 

whe re  
1 + ~/2K~ 

K1 - [8] 

�9 1 -  �9 
K~ = [9] 

�9 

ml + m~ = ] [10] 

and  �9 = dielectr ic  cons tan t  of combined  phases,  �9 = 
dielectr ic  cons tan t  of glass phase,  el = dielectr ic  con-  
s t an t  of c rys ta l  phase,  m, = ene rgy  f rac t ion  of c rys ta l  
phase,  and  m~ -= e n e r g y  f rac t ion  of glass phase.  

Sample Preparation 
I n  order  to test  Niesel ' s  t heo ry  it  was  necessa ry  to 

devise  a me thod  of e m b e d d i n g  the  ino rgan ic  crys ta ls  
in  a homogeneous  m e d i u m ;  the  dielectr ic  p roper t i es  
were  t h e n  de te rmined .  P o l y s t y r e n e  was  selected as 
the  homogeneous  m e d i u m  in  which  to e mbed  the  
crys ta ls  since it  has v e r y  low loss proper t ies .  

K n o w n  vo lumes  of five inorgan ic  powders  were  
d ispersed in  a k n o w n  v o l u m e  of po l y s t y r e ne  and  
ca rbon  t e t r ach lo r ide  solut ion.  This  so lven t  was  se- 
lected because  it  has a dielectr ic  cons tan t  and  t an  
s imi l a r  to t ha t  of po l y s t y r e ne  (5, 6), and,  if it  should  
no t  evapora te  complete ly ,  l i t t le  effects wou ld  be con-  
t r ibu ted .  The  m i x t u r e s  were  comple te ly  dr ied  out, 
t h e n  hot  pressed in to  disks h a v i n g  a 11/4 in. d i ame te r  
a nd  a p p r o x i m a t e l y  0.05 in. thick.  In  all  cases the 
v o l u m e  of powdered  inorgan ic  ma te r i a l  does no t  ex -  
ceed 65% or the  spec imen  wi l l  not  be  dense,  hence,  
a t r ue  eva lua t i on  wi l l  no t  be obta ined.  

The  va lues  of dielectr ic  cons tan t  a nd  t a n  ~ were  
d e t e r m i n e d  w i t h  the  Boon ton  Q - m e t e r  t ype  160A at  
1 megacycle .  

Preliminary investigation.--In order  to d e t e r m i n e  
the  cor re la t ion  b e t w e e n  the  theore t ica l  and  exper i -  
m e n t a l  va lues  for m i x t u r e s  h a v i n g  known ,  m e a s u r e d  
d ie lec t r ic  cons t an t  a nd  t a n  3, two glasses, Yycor  and  
w i n d o w  glass, were  selected for s tudy  by  e m b e d d i n g  
in  po lys ty rene .  These  glasses were  g r o u n d  we t  and  
screened  t h r ough  100 a nd  200 mesh  sieves pr ior  to 
c omb i n i ng  wi th  po lys ty rene .  The  g r o u n d  glass is 
cons idered  an  isotropic powder  m a t e r i a l  in  this  case. 

Table I. Theoretical and experimental values of dielectric constant and 
power factor for Vycor glass-polystyrene mixtures 

Theoret ica l  

Lamel lae  Spheres  Long Cyl inder  

Vycor  Vycor  Vycor  
v o l u m e , %  e tan 6 v o l u m e , %  e tan 6 v o l u m e , %  e tan  6 

0 2.55 0.00022 0 2.55 0.00022 0 2.55 0.00022 
10 2.70 0.00030 10.3 2.70 0.00029 10.5 2.70 0.00046 
20 2.86 0.00037 21.2 2.86 0.00036 21.0 2.86 0.00050 
30 3.02 0.00045 31.4 3.02 0.00043 31.2 3.02 0.00055 
40 3.18 0.00051 41.4 3.18 0.00050 41.0 3.18 0.00061 
50 3.36 0.00057 52.1 3.36 0.00056 51.8 3.36 0.00064 
60 3.53 0.00063 61.7 3.53 0.00062 61.4 3.53 0.00069 
70 3.69 0.00068 70.5 3.69 0.00068 70.1 3.69 0.00072 
80 3.90 0.00074 81.7 3.90 0.00078 81.5 3.90 0.00077 
90 4.09 0.00080 91.5 4.09 0.00079 91.5 4.09 0.00081 

100 4.28 0.00084 100 4.28 0.00084 100 4.28 0.00084 

Expe r ime n ta l  

--200mesh --100mesh 

Vycor  Vycor  
vo lume,  % e t an  6 vo lume,  % t an  6 

0 2.55 0.00022 0 2.55 0.00022 
2.8 2.57 0.00031 4.8 2.57 0.00036 
5.5 2.58 0.00039 6.8 2.59 0.00040 
9.0 2.62 0.00045 11.3 2.67 0.00047 

14.2 2.73 0.00046 18.7 2.83 0.00049 
17.7 2.85 0.00048 24.2 2.92 0.00052 
26.0 2.91 0.00054 28.9 3.00 0.00054 
34.3 3.03 0.00057 37.4 3.12 0.00057 
47.1 3.37 0.00065 52.0 3.35 0.00066 
58.5 3.55 0.00069 61.6 3.60 0.00068 

100 4.28 0.00084 100 4.28 0.00084 
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Fig. 1. Volume of Vycor glass on polystyrene vs. dielectric 
constant and tan 8. 

Fig. 3. Photomicrograph of window glass particles Magni f i -  
cat ion 1000X. 

I-ig. Z. I~hotomicrograph of Vycor glass particles. Magni f i -  
cat ion 1000X. 

Two glasses were  used because  the i r  die lectr ic  
p roper t ies  were  qu i te  d i f ferent  and  this  could be used  
as a means  of ve r i fy ing  the  va l id i ty  of Niesel 's  e q u a -  
t ions. Dielectr ic  proper t ies  were  d e t e r m i n e d  on a 
square  piece of each glass 2 in. by  2 in. by  app rox i -  
m a t e l y  1/5 in. thick.  These glasses were  c rushed  to 
--100 and  --200 mesh  g r a in  sizes. Both  glasses were  
inves t iga ted  us ing  g ra ins  of two par t ic le  sizes in  
order  to check if the par t ic le  size has any  effect w i th  
e i ther  low or h igh loss glass. Niesel  c la ims tha t  the  
par t ic le  size of the  powdered  m a t e r i a l  should  have  
no effect on the resul t s ;  therefore ,  it was  necessa ry  
to subs t an t i a t e  this  claim. 
Vycor glass=polystyrene mixture.--The two di f ferent  
par t ic le  sizes of Vycor  glass were  embedded  in  po ly -  
s tyrene .  The dielectr ic  p roper t ies  of the  two m a t e -  
r ia ls  are:  

e t a n  

Polystyrene 2.55 0.00022 
Vycor glass 4.28 0.00084 

Since the va lues  for the two end  m e m b e r s  are 
known ,  ca lcu la t ions  were  made  on the  basis  of l a -  
mel lar ,  spherical ,  and  long cy l inder  (need le )  par t ic le  
shapes in  order  to d e t e r m i n e  if the e x p e r i m e n t a l  
va lues  ob ta ined  compare  w i th  any  of the theore t ica l  
curves.  Ca lcu la ted  va lues  for the  th ree  par t ic le  
shapes and  the e x p e r i m e n t a l  va lue  are l is ted in  
Tab le  I. A l l  of these va lues  are p lo t ted  vs. v o l u m e  of 
glass p resen t  in  Fig. 1. 

As can be seen f rom the  g raph  of Fig. 1, the  
curves  for theore t ica l  dielectr ic  cons tan t  are so close 
toge ther  tha t  it  is difficult to d i s t ingu i sh  b e t w e e n  
them.  The  symbols  used to denote  e x p e r i m e n t a l  

va lues  for both  --100 and  --200 mesh  sizes fol low 
r igh t  in  l ine  wi th  the theore t ica l  curves.  

The  theore t ica l  curves  for t a n  8 on Fig. 1 are  eas i ly  
different ia ted.  The curve  for spher ica l  par t ic les  is 
a lmost  a s t ra igh t  l ine,  whereas  tha t  for r a n d o m l y  
or ien ted  l amel lae  has a g rea te r  u p w a r d  cu rva tu re ,  
and  the curve  for r a n d o m l y  or ien ted  needles  has a 
r ap id  increase  wh ich  levels  off to a lmost  a s t ra igh t  
l ine.  E x p e r i m e n t a l  va lues  ob ta ined  for bo th  the  
--100 a nd  --200 mesh  par t ic les  fa l l  r igh t  in  l ine  wi th  
the  long cy l inder  addi t ion  curve.  This was  no t  ex -  
pected because  it was  a s sumed  tha t  the  par t ic les  
wou ld  most  closely approach  a spher ica l  shape. How-  
ever,  w h e n  e x a m i n e d  wi th  a pe t rograph ic  mic ro -  
scope, m a n y  of the  par t ic les  were  no ted  to be a long 
need le  shape as can be seen in  the  pho tomic rog raph  
of Fig. 2. 

These resul t s  we re  v e r y  en l igh ten ing ,  showing  tha t  
this  difference of par t ic le  shape  has a defini te  effect, 
tha t  the  par t ic le  size difference has no m a r k e d  effect, 
and  tha t  the e x p e r i m e n t a l  a nd  ca lcu la ted  va lues  of 
bo th  dielectr ic  cons tan t  and  t a n  8 vs. v o l u m e  per  cent  
are a lmost  iden t ica l  for the  case of the  long cy l inde r  
shaped  addi t ions.  
Window glass-polystyrene mixtures.--In the expe r i -  
m e n t s  us ing  g l a s s - po l y s t y r e ne  m i x t u r e s  as w i th  the  
Vycor  g l a s s -po ly s ty r ene  m i x t u r e s  bo th  --100 and  
--200 mesh  glass gra ins  we re  embedded  in  po ly -  
s ty rene  for the d e t e r m i n a t i o n  of dielectr ic  proper t ies .  

The  va lues  of the 100% produc t  in  this  case at  
1 mc a nd  25~ are;  

Polystyrene 2.05 tan 0.00022 
Window glass 7.95 0.012 

The par t ic le  shape  of this  glass ( g r o u n d )  was  i n -  
ves t iga ted  and  as sumed  to approach  a spher ica l  s y m -  
m e t r y  as can be seen in  Fig. 3. Since the  par t ic les  did 
no t  appear  to be  e longa ted  as m a n y  were  in  the  case 
of Vycor  glass, theore t ica l  ca lcu la t ions  were  per= 
fo rmed  only  for spher ica l  a nd  l ame l l a r  par t ic le  
shapes. Theore t ica l  va lues  ob ta ined  for these two 
shapes vs. v o l u m e  per  cent  as wel l  as the  expe r i -  
m e n t a l  va lues  ob ta ined  for the  two par t ic le  sizes are  
l is ted in  Tab le  II. Curves  p lo t ted  for theore t ica l  cal-  
cu la t ions  and  symbols  des igna t ing  the  e x p e r i m e n t a l  
va lues  are  p lo t ted  in  Fig. 4. 

As can be seen in  Fig. 4 the  l ame l l a r  curves  for 
bo th  dielectr ic  cons tan t  a nd  t a n  8 do no t  approach  



Vol. 106, No. 9 DIELECTRIC BEHAVIOR OF SOLIDS 807 

Table II. Theoretical and experimental values of 
dielectric constant and power factor for 

window glass-polystyrene mixtures 

T h e o r e t i c a l  

Sphe re s  L a m e l l a e  

W i n d o w  W i n d o w  
glass  g lass  

v o l u m e ,  % e t an  ~ v o l u m e ,  % e tan 

t h e o r y  as does the  case for  Vycor  g l a s s - p o l y s t y r e n e  
mix tu re s .  

S ince  the  e x p e r i m e n t a l  va lues  ob t a ined  for  the  
Vycor  g l a s s - p o l y s t y r e n e  and  w i n d o w  g l a s s - p o l y s t y -  
r e n e  m i x t u r e s  so c losely  app roach  the  t heo re t i c a l  
va lues  ob ta ined  w i t h  Niese l ' s  equat ions ,  t he  same ap-  
p roach  is used  to d e t e r m i n e  the  100% v o l u m e  va lues  
for  the  t h r ee  c rys t a l l i ne  mate r ia l s ,  a lumina ,  quar tz ,  
and wol las ton i te .  

0 2.55 0.00022 
7.5 2.80 0.00116 

13.2 3.00 0.00194 
26.5 3.40 0.00340 
40.8 4.20 0.00549 
56.4 5.00 0.00733 
72.8 6.00 0.00921 
87.4 7.00 0.01077 
94.2 7.50 0.01140 

100 7.95 0.0120 

0 2.55 0.00022 
25 3.66 0.00051 
50 4.92 0.0081 
75 6.30 0.0105 

100 7.95 0.0120 

E x p e r i m e n t a l  

--200 m e s h  -- 1 0 0  m e s h  

W i n d o w  W i n d o w  
glass  g lass  

v o l u m e ,  % e t an  ~ v o l u m e ,  % e t a n  

Dielectric Properties of Alumina, Wollastonite, and 
Quartz Crystallites 

Since  Niesel ' s  equa t ions  fit the  e x p e r i m e n t a l  da ta  
for  the  two  cases us ing  glasses as the  d i spersed  in -  
g red ien t ,  the  s a m e  t e c h n i q u e  was  used  to d e t e r m i n e  
Lhe d ie lec t r i c  p rope r t i e s  of the  c rys ta l  phases  of 
a lpha  a lumina ,  wol las ton i te ,  and l o w - t e m p e r a t u r e  
quar tz .  

Alumina-polystyrene mixtures.--A v e r y  p u r e  
g r ade  of fused  a l u m i n a  1 was  used  for  d e t e r m i n i n g  the  
d ie lec t r i c  p rope r t i e s  by  e m b e d d i n g  in po lys ty rene .  
yon Hippe l  (7) d e t e r m i n e d  the  d ie lec t r ic  p rope r t i e s  
of a c lear  s apph i re  ~ to be:  

0 2.55 0.00022 0 2.55 0.00022 
6.0 2.68 0.0011 6.2 2.68 0.0011 
8.2 2.76 0.0015 9.3 2.78 0.0016 

12.6 2.88 0.0017 15.5 2.91 0.0024 
18.8 3.01 0.0027 21.3 3.18 0.0031 
23.7 3.17 0.0033 26.8 3.30 0.0038 
27.3 3.32 0.0039 34.5 3.56 0.0048 
31.5 3.48 0.0045 42.6 3.96 0.0055 
37.6 3.74 0.0052 29.9 4.40 0.0067 
47.7 4.31 0.0064 56.7 4.83 0.0076 
53.9 4.69 0.0071 100 7.95 0.0120 
60.6 5.22 0.0079 

100 7.95 0.0120 

the  e x p e r i m e n t a l  va lues ,  bu t  bo th  the  --100 and --200 
m e s h  pa r t i c l e  size symbols  are  v e r y  close to t he  
spher ica l  curves .  Ca l cu l a t ed  va lues  of d ie lec t r i c  con-  
s tan t  a re  s l igh t ly  l a r g e r  t h a n  e x p e r i m e n t a l  va lues ,  
w h e r e a s  ca l cu la t ed  t an  8 va lues  a re  s l igh t ly  less t h a n  
e x p e r i m e n t a l  va lues .  

H o w e v e r ,  the  curves ,  be ing  v e r y  close, show t h a t  
the  pa r t i c l e  shape of t he  w i n d o w  glass, a p p r o a c h i n g  
spher ica lness ,  can  be  used  to m a k e  v e r y  close ap-  
p r o x i m a t i o n s  to the  t r u e  e x p e r i m e n t a l  va lues .  This  
helps  to subs t an t i a t e  and  j u s t i f y  the  use of  Niese l ' s  

and 

E = 8.6 • 0.02, t an  8 = 0.001 

p e r p e n d i c u l a r  to the  optic  axis  

�9 = 10.55 ----- 0.02, t an  8 = 0.001 

p a r a l l e l  to the  optic  axis  

w h e n  m e a s u r e d  at one megacyc le .  
This  is a s ingle  c rys ta l  f o r m  of a l u m i n a  and  not  a 

p o w d e r e d  f o r m  w h i c h  is r a n d o m l y  or ien ted .  
T h e  a l u m i n a  gra ins  used  in this  s tudy  appea r  to 

h a v e  a spher ica l  shape  s y m m e t r y  (Fig.  5).  S ince  
these  par t i c les  appea r  to be  spher ical ,  ca lcu la t ions  
w e r e  m a d e  on ly  for  spher ica l  shaped  par t i c les  and  
not  for  t he  o the r  two  shapes.  E x p e r i m e n t a l  va lues  
w e r e  first d e t e r m i n e d  for  a l u m i n a  addi t ions  up to 
61% by  v o l u m e  as shown  in Tab le  III.  These  d ie lec -  
t r ic  cons tants  and p o w e r  fac tors  a re  p lo t t ed  vs. v o l -  
u m e  pe r  cent  of a l u m i n a  on Fig.  6. T h r e e  of the  
points  at v o l u m e s  of 10.4, 42, and 50.5%, r e s pec -  
t ive ly ,  w h i c h  fa l l  on a c u r v e  d r a w n  t h r o u g h  all  

1 N o r t o n ' s  38900 (--900 m e s h )  w h i c h  i s  a l p h a  a l u m i n a  a n d  i s  
9 9 . 8 6 %  A 1 2 0 3 .  

2 Linde Air Co. alpha alumina. 
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Fig. 4. Volume of window glass in polystyrene vs. dielectric 
constant and tan g. 

Fig. 5, Photomicrograph of alumina grains. Magnification 
1000X. 



808 JOURNAL OF THE ELECTROCHEMICAL SOCIETY 

Table III. Theoretical and experimental values of 
dielectric constant and power factor for alumina 

(Norton 38900)-polystyrene mixtures 

September 1959 

E x p e r i m e n t a l  

A l u m i n a  A l u m i n a  
v o l u m e ,  % e t a n  ~ v o l u m e ,  % e t a n / i  

0 2.55 0.00022 0 2.55 0.00022 
2.3 2.62 0.00024 10.4" 2.91 0.00027 

10.4 2.91 0.00027 25.6 3.55 0.00033 
20.9 3.33 0.00031 42.0* 4.36 0.00040 
32.0 3.71 0.00036 50.5* 4.82 0.00043 
42.0 4.36 0.00040 53.6 5.00 0.00044 
50.5 4.82 0.00043 100 8.42 0.00061 
61.0 5.29 0.00045 

* E x p e r i m e n t a l  v a l u e s  u sed  to  ca lcu la t e  t h e o r e t i c a l  100% v a l u e .  

points ,  w e r e  se lec ted  for  m a k i n g  ca lcu la t ions  of the  
100% a l u m i n a  end point .  The  ca lcu la t ed  va lues  are :  

V o l u m e  
a l u m i n a ,  % �9 t a n  

10.4 8.45 0.00061 
42.0 8.42 0.00062 
50.5 8.40 0.00060 

Avg  8.42 0.00061 

W i t h  these  va lues  o the r  t heo re t i c a l  points  w e r e  ca l -  
cu la t ed  for  comp le t i ng  the  plot  of the  t heo re t i c a l  
cu rves  on Fig.  6. A l l  t heo re t i c a l  and  e x p e r i m e n t a l  
va lues  are  l i s ted  in Tab l e  III.  

As  can be seen in Fig.  6 the  t heo re t i ca l  cu rves  and  
symbo l s  for  e x p e r i m e n t a l  po in ts  show good a g r e e -  
men t .  T h e  d ie lec t r i c  cons tan t  and tan  8 of these  r a n -  
d o m l y  o r i en t ed  a l u m i n a  gra ins  app roach  the  va lues  
ob ta ined  for  s ingle  c rys ta l s  by  yon  Hippel .  

Quartz-polystyrene mixtures.--Using a v e r y  p u r e  
g r a d e  of l o w - t e m p e r a t u r e  quar tz ,  ~ w h i c h  is 99% p u r e  
SiO~, t he  d ie lec t r i c  cons tan t  and t an  8 w e r e  d e t e r -  
m i n e d  w h e n  m i x e d  w i t h  po lys ty rene .  Nav ia s  (7) 
d e t e r m i n e d  t h e  a v e r a g e  d ie lec t r i c  cons tan t  and  tan  

of a s ingle  c rys ta l  of q u a r t z  to be  

e = 4.44, t an  ~ = 0.00025 (p r i sm)  

e = 4.44, t an  8 = 0.00024 (basa l )  

at 8600 megacyc les .  
Aga in ,  as in t he  case for  a lumina ,  these  va lues  are  

for  s ingle  c rys ta l s  and  not  for  fine powders ,  w h i c h  

3 S u p p l i e d  by  P e n n s y l v a n i a  P u l v e r i z i n g  Co. 

r n e o r  e t l c a l  
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Fig. 6. Volume of alumina in polystyrene vs. dielectric con- 
stant and tan 6. 

Fig. 7. Photomicrograph of quartz grains. Magnification 
1000X. 
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Fig. 8. Volume of quartz in polystyrene vs. dielectric con- 
stant and tan 8. 

m a y  h a v e  s imi la r  va lues  r ega rd l e s s  of size, bu t  the  
effects w h e n  c o m b i n e d  w i t h  a con t inuous  phase  n e e d  
to be de t e rmined .  Fo r  the  t heo re t i c a l  ca lcu la t ions  
these  qua r t z  gra ins  w e r e  cons ide red  to be  spher ica l  
(Fig.  7).  

S e v e r a l  e x p e r i m e n t a l  v a l u e s  w e r e  d e t e r m i n e d  on 
spec imens  con ta in ing  up  to 58.3% q u a r t z  by  v o l u m e ;  
these  a r e  l i s ted in Tab le  IV. T h r e e  sets of va lues  for  
qua r t z  vo lum es  of 9.6, 25.7, and  58.3% w e r e  used  for  
c o m p u t a t i o n  to ob t a in  an a v e r a g e  d ie lec t r i c  cons tan t  
of 4.52 and a t an  8 of 0.00031 for  the  q u a r t z  grains.  
Us ing  these  va lues  in Niese l ' s  f o r m u l a s  s eve ra l  o ther  
t heo re t i c a l  points  for  q u a r t z  v o l u m e s  up to 100% 
w e r e  ca l cu la t ed  and  a re  l i s ted  in Tab l e  IV. A l l  t h e o -  

Table IV. Theoretical and experimental values of dielectric 
constant and powder factor for quartz (Pennsylvania 

Pulverizing Co. --325 mesh)--polystyrene mixtures 

E x p e r i m e n t a l  T h e o r e t i c a l  

Q u a r t z  Quar t z  
v o l u m e ,  % �9 t a n / i  v o l u m e ,  % �9 t a n  

0 2.55 0.00022 0 2.55 0.00022 
9.6 2.71 0.00023 9.6* 2.71 0.00023 

13.2 2.76 0.00024 15.7 2.83 0.00024 
19.1 2.87 0.00025 21.3 2.90 0.00024 
25.7 3.00 0.00025 25.7* 3.01 0.00025 
31.0 3.09 0.00026 33.7 3.19 0.00026 
38.2 3.26 0.00026 43.2 3.30 0.00026 
46.7 3.36 0.00027 52.8 3.49 0.00027 
58.3 3 .61 0.00028 58.3* 3.61 0.00028 

68.0 3.80 0.00028 
74.6 3.96 0.00029 
86.2 4.20 0.00030 

100 4.52 0.00031 

* E x p e r i m e n t a l  v a l u e s  u sed  to  ca l cu l a t e  t h e o r e t i c a l  100% v a l u e .  
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re t ica l  and  e x p e r i m e n t a l  die lectr ic  cons tan t  and  t a n  
va lues  are p lo t ted  aga ins t  v o l u m e  of quar tz  o14 Fig. 

8. Both  the  dielectr ic  cons t an t  and  t a n  8 are coin-  
c ident  w i th  the symbols  des igna t ing  the  e x p e r i -  
m e n t a l  values .  Experimental 

W o l l a s t o n i t e  The  va lues  of the  die lect r ic  p roper t i es  of these  volume, % e tan 
quar tz  g ra ins  are ve ry  close to the  average  va lues  
ob ta ined  by  Navias  for s ingle  crystals .  0 2.55 0.00022 

Wo~lastonite-polystyrene vnixtures.--Wollastonite  8.5 2.79 0.00024 
has been  used successful ly  as a ma jo r  i n g r e d i e n t  in  11.0 2.84 0.00025 

16.5 2.98 0.00027 
r ecen t l y  deve loped  low loss insu la t ion .  Since no 20.2 3.08 0.00028 
values  of the  dielectr ic  p roper t i es  of s ingle  c rys ta l s  24.9 3.24 0.00029 
of wol las ton i t e  a re  ava i l ab le  and  synthes is  of l a rge  31.7 3.38 0.00030 
wol las ton i te  crys ta ls  for m e a s u r e m e n t s  wou ld  be a l -  40.2 3.68 0.00033 
most  impossible ,  because  p seudo-wo l l a s ton i t e  is the  46.5 3.99 0.00034 

50.5 4.12 0.00034 
s table  phase  at the  h igh  t e m p e r a t u r e  r equ i r ed  for 62.0 4.50 0.00038 
synthesis ,  the  va lues  ob ta ined  wi l l  be  cons idered  to 65.8 4.82 0.00038 
approach  the  average  va lues  of a s ingle  crystal .  The  
pures t  commerc ia l  grade  of wol las ton i t e  ava i l ab le  4 
was used in  this  inves t iga t ion .  

The par t ic le  shape of C-1 g rade  wol l a s ton i t e  is 
shown in  Fig. 9. Ca lcu la t ions  were  m a d e  on ly  for 
long cy l inde r  shape par t ic les  in  po ly s ty r ene  because  
the  wol las ton i te  g ra ins  a re  def in i te ly  of this shape. 

F r o m  the  severa l  e x p e r i m e n t a l  va lues  ob ta ined  for 
the  vo lume  of wol las ton i t e  in  po ly s ty r ene  l is ted in  
Tab le  V three  sets of va lues  were  selected at 11.0, 
24.9, and  62.0% v o l u m e  for d e t e r m i n i n g  the  theo-  
re t ica l  100% wol las ton i te  aggrega te  dielectr ic  p r op -  
erties. The average  dielectr ic  cons tan t  is 6.15 and  the  
t a n  8 is 0.00045. Us ing  these  va lues  for wol las toni te ,  
the  theore t ica l  va lues  vs. vo lume  were  ca lcu la ted  

S u p p l i e d  b y  G o d f r e y  L .  C a b o t  C o .  

Fig. 9. Photomicrograph of wollastonite grains. Magnifica- 
tion 1000X. 
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Fig. 10. Volume of wollastonite in polystyrene vs. dielec- 
tric constant and tan g. 

Table V. Theoretical and experimental values of dielectric 
constant and power factor for wollastonite (Godfrey 

L. Cabot Co. C-1)--polystyrene mixtures 
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T h e o r e t i c a l  

W o l l a s t o n i t e  
v o l u m e ,  % e t a n  6 

0 2.55 0.00022 
11.0" 2.84 0.00025 
16.8 3.00 0.00027 
24.9* 3.24 0.00029 
33.0 3.50 0.00031 
47.7 4.00 0.00035 
62.0* 4.50 0.00038 
74.0 5.00 0.00041 
86.8 5.50 0.00043 

100 6.15 0.00045 

* E x p e r i m e n t a l  v a l u e s  u s e d  t o  c a l c u l a t e  t h e o r e t i c a l  1 0 0 %  v a l u e .  

and  are l i s ted in  Tab le  V. These va lues  are  p lo t ted  
on Fig. I0. 

Summary 

The dielectr ic  p roper t ies  of solids e m b e d d e d  in  a 
homogeneous  m e d i u m  have  been  d e t e r m i n e d  wi th  
the  aid of Niesel ' s  theory  which  is based on par t ic le  
shape  a nd  v o l u m e  per  cent  of the solids. Niesel ' s  
t heo ry  was  "first verif ied by  e m b e d d i n g  two glasses 
(one  h a v i n g  a h igh loss and  the  other  a low loss) of 
2 specific par t ic le  sizes in  a homogeneous  med ium.  
Since  the  dielectr ic  p roper t ies  of bo th  were  k n o w n  
( m e a s u r e d )  theore t ica l  ca lcu la t ions  were  made  
which  were  a lmos t  iden t ica l  w i t h  e x p e r i m e n t a l  
va lues  on samples  wi th  bo th  glasses of 2 di f ferent  
par t ic le  sizes. Since such good cor re la t ion  was  ob-  
served with these inorganic materials of known di- 
electric properties the same techniques were used to 
determine the dielectric properties of alumina, 
quar tz ,  a nd  wol las toni te .  
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Growth of Whiskers by Reduction of Halogenides 
H. Wiedersich 
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ABSTRACT 

By reduction of SiCL with Zn, silicon was produced and similarly by re-  
duction of FeC12 with H~, iron. In both cases variat ions of the growth condi- 
tions changed the forms of the crystals from equiaxed into thin, long ones 
(whiskers) .  Thermodynamic  and kinetic considerations lead to the conclusion 
that the part ial  pressure of SiCL, resp. FeCI-~ or HC1 determine the growth 
forms. The hypothesis is suggested that  the adsorption of these components 
makes certain crystallographic plane growth inactive and therefore produces 
whisker growth. 

The  p h e n o m e n o n  of f i l amen ta ry  or f ibrous g rowth  
of me ta l  crys ta ls  has been  k n o w n  for more  t h a n  a 
h u n d r e d  years  (1) .  D u r i n g  the  past  few years  these  
crys ta ls  have  ga ined  n e w  in te res t  especial ly  due  to 
the d iscovery  tha t  some of t hem exh ib i t  a lmos t  the  
theore t ica l  s t r eng th  (2) .  I t  became  ev iden t  tha t  qu i te  
a n u m b e r  of d i f ferent  m e c h a n i s m s  are  respons ib le  
for f ibrous growth.  On ly  th ree  bas ica l ly  d i f ferent  
categories  wi l l  be m e n t i o n e d :  (A) G r o w t h  f rom the  
e l e m e n t a r y  meta l :  Whiskers  grow spon taneous  (3) 
or wi th  appl ied  e x t e r n a l  p ressure  (4) f rom the  solid 
me t a l  or p la t ings .  They  grow f rom the root  p r e s u m -  
ab ly  by  a dis locat ion m e c h a n i s m  w h e r e b y  a stress 
g r ad i en t  a n d / o r  surface  ox ida t ion  suppl ies  the neces-  
sa ry  energy.  (B) G r o w t h  by  r educ t ion  of ionic c rys-  
tals:  Compounds  inc l ined  to fibrous g rowth  are  u s u -  
a l ly  e i ther  oxides or sulfides, have  a low vapor  p re s -  
sure,  and  the me ta l  ions have  high mobi l i tms  in the 
latt ice.  The  f i laments  grow f rom the  root. The  me c h -  
an i sm suggested by  W a g n e r  (5) invo lves  the  p re -  
c ip i t a t ion  of excess me t a l  ions, c rea ted  by  the r e d u c -  
t ion, at the  c o m p o u n d - m e t a l  interface.  (C) G r o w t h  
occurs f rom the  vapor  phase,  e i ther  f rom the  e le-  
m e n t a r y  vapor  (6, 7) or in  connec t ion  wi th  the  r e -  
duc t ion  of a vola t i le  compound  (8-10) .  The  f i laments  
in  this  group grow f rom the  t ip c o n t r a r y  to the  two 
p rev ious ly  m e n t i o n e d  groups.  

For  g rowth  f rom the  e l e m e n t a r y  vapor  phase,  
Sears  (11) has g iven  a sa t is factory  theory  based  on 
a screw dis locat ion mechan i sm.  Atoms  are adsorbed  
over  the whole  surface of the  wh i ske r  and  mig ra t e  
by  surface  diffusion to the  t ip where  they  a t tach  
themse lves  to a con t inuous  g rowth  step caused  by  a 
screw dis locat ion a long the  axis of the whisker .  Such  
a wh i ske r  should be  a perfect  c rys ta l  apa r t  f rom one 
screw dislocat ion,  and  its side faces should  be a t om-  
ical ly  smooth.  

The  p resen t  i nves t iga t ion  was i n t e n d e d  to e n -  
l igh ten  the  more  complex  p h e n o m e n o n  of wh i ske r  
g rowth  by  r educ t ion  of vola t i le  halides.  The fo l low-  
ing react ions  were  used:  

SIC14 + 2Zn-~  Si + 2ZnC12 
and  

FeCI~ + H~--> Fe  + 2HC1 

which  were  k n o w n  to produce  whiskers  (8-10) .  
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Fig. 1. Experimental setup (schematic) 

Experimental 
Figu re  1 shows schemat ica l ly  the e x p e r i m e n t a l  

se tup for g rowing  sil icon crystals .  He or H2, dehu -  
midif ied by  b u b b l i n g  t h r ough  concen t ra t ed  su l fur ic  
acid, was  passed t h r ough  f lowmeter  I in to  the  lef t  
side of the  f u r na c e  and  t h r o u g h  f lowmeter  II  and  a 
SiC1,-saturator ,  which  had  a bypass  C, into the  r igh t  
side of the  furnace .  The f u r na c e  had  three  separa te ly  
cont ro l led  w i n d i n g s  at the  posi t ions m a r k e d  by  
ZnCI~, Zn,  and  Si, to provide  th ree  d i f fe rent  t e m -  
p e r a t u r e  zones for the  evapora t i on  of ZnCl~ a nd  Zn, 
a nd  for the  reac t ion  which  took place in  the  zone 
m a r k e d  as Si. The in te r io r  of the  fu rnace  consisted 
of a Vycor  t ube  w i th  a fixed Vycor  baffle b e t w e e n  
the  Zn  and  Si zones a nd  a r e m o v a b l e  baffle b e t w e e n  
the ZnCI~ and  Zn  zones. The re  was  a short  in le t  t ube  
for H~ on the lef t  side and  a long one for the  H~-SiC1, 
m i x t u r e  on the  r igh t  side. The  out le t  for the gases, 
on the  r igh t  side of the  tube,  leads t h rough  c h a m b e r  
A which  was filled w i th  glass fibers for the  comple te  
r e mova l  of ZnCI~, and  a t r ap  T i m m e r s e d  in  l iquid  
n i t r o g e n  to condense  the  u n r e a c t e d  SIC1,. 

The  e x p e r i m e n t a l  p rocedure  was as follows. The 
whole  tube ,  B, c o n t a i n i n g  a l u n d u m  boats  filled w i th  
ZnCl~ and  Zn and  an  e m p t y  boat  at the Si locat ion 
was inse r ted  in  the  hot f u r n a c e  to reduce  the  p re -  
hea t ing  t imes  and  t he r e by  the  evapora t ion  of ZnCI~ 
and  Zn  before  s t a r t ing  the  react ion.  T h e n  the whole  

810 
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sys tem was flushed wi th  He before  H2 was  i n t r o -  
duced. As soon as the  fu rnace  was  aga in  at the  de-  
s ired t e m p e r a t u r e  the reac t ion  was  s ta r ted  by  s imply  
closing the bypass  C and  a l lowing  the  SIC1, vapor  to 
en te r  the  system. 

Af te r  the  r u n  (1 to 4 hr )  the bypass  C was  opened  
again,  the  fu rnace  t u r n e d  off, and  the  sys tem flushed 
wi th  He. In  order  to r emove  t races  of ZnCI~, which  
p rec ip i t a ted  on the  g r o w n  Si crys ta ls  d u r i n g  the  
cooling period,  the  boa t  w i th  the  Si crys ta ls  was  a n -  
nea led  u n d e r  a v a c u u m  of a few m m  Hg at  8O0~ for 
an  hour.  The chemicals  used were :  Zn  (99 .99%),  
ZnCI~(C.P.) ,  and  techn ica l  SIC14. 

The  se tup for g rowing  i ron crys ta ls  was  ve ry  s imi-  
lar  to tha t  descr ibed before.  The h y d r o g e n  was  de-  
oxidized by  a p a l l a d i u m  ca ta lys t  and  dr ied  b y  a 
l iqu id  n i t r o g e n  t rap.  The  fu rnace  had a cons t an t  
t e m p e r a t u r e  th roughout .  The  SiCL sa tu ra to r  was  
omit ted ,  and  FeCl~-4H20 (C.P.) was  i n t roduced  in  
place of the ZnCI~ and  Zn. In  this  case the Vycor  t u b e  
was inse r ted  in to  the  cold furnace ,  the  sys tem con-  
nec ted  to the  house vacuum,  and  t h e n  hea ted  up  to 
the opera t ing  t e m p e r a t u r e  w i t h i n  abou t  15 rain. D u r -  
ing this  t ime  it was  necessa ry  to pass a smal l  flow 
of h y d r o g e n  th rough  the  sys tem to p r e v e n t  con-  
dens ing  of wa t e r  in  the  e n t r a n c e  tubes.  The  w a t e r  
con ta ined  in  the FeCI~ was  p rac t i ca l ly  comple te ly  
evapora ted  af ter  the  h e a t i n g - u p  t ime,  and  the flow 
rates  and  p ressure  (1 a tm)  were  ad jus ted  an d  kep t  
cons tan t  t h r o u g h o u t  the  rest  of the  e x p e r i m e n t  
(6-24 h r ) .  

Results 
Silicon.--By con t ro l l ing  the  t e m p e r a t u r e  of the  

t e m p e r a t u r e  ba th  and  the  zones T1 and  T~ of the  
furnace ,  the  composi t ion  of the  r eac t ing  gases could 
be control led.  The  t e m p e r a t u r e  T~ of the  reac t ion  
zone could be fixed i n d e p e n d e n t l y .  The  tota l  p ressure  
was  p rac t i ca l ly  a tmospher ic  pressure .  Tab le  I s u m -  
mar izes  the resul t s  of the  15 di f ferent  r u n s  p e r -  
formed.  The  pa r t i a l  p ressures  of the di f ferent  com-  
ponen t s  ( ind ica ted  by  subscr ip ts )  in  the two e n t e r -  
ing gases are g iven  by  p*; w,o,4, and  w ,  are  the  flow 
rates  of the  two di f ferent  en t e r i ng  gas mix tures .  The  
t e m p e r a t u r e  in  the  reac t ion  zone is also given.  The  
l ine  before  the  last  s tates whe the r  wh i ske r s  did or 
did no t  grow. 

Al l  e x p e r i m e n t s  which  did no t  y ie ld  whiskers  have  
in  c o m m o n  tha t  the  in i t i a l  pa r t i a l  p ressure  p~s~c,~ of 
SIC1, was  c o m p a r a t i v e l y  low. The  flow rates  and  the  
presence  or absence  of ZnCI~ in  the in i t i a l  m i x t u r e  do 
not  seem to have  an  influence.  F i g u r e  2 shows si l icon 
whiskers  f rom r u n  XIII .  Not all  c rys ta ls  in  Fig. 2 can  

Fig. 2. Silicon whiskers grown in experiment XIII. Magnifi- 
cation 2X before reduction for publication. 

Fig. 3. Silicon crystals grown in experiment X. Magnifi-" 
cation 15X before reduction for publication. 

be classed as whiskers .  M a n y  of those on the lef t  side 
are no t  s t ra igh t  a nd  do not  have  the  charac ter i s t ic  
smooth  surfaces associated w i th  whiskers .  However ,  
fine, s t ra igh t  whiskers  can  be seen. M a n y  of the  
whiskers ,  sufficiently la rge  for l ight  microscopic ob-  
serva t ion ,  are found  to have  hexagona l  cross section. 
The  d i ame te r  of the whiske r s  r anged  f rom abou t  
5 x 10 -~ to 5 x 10 -4 cm. F i g u r e  3 shows the  types  of 
g rowth  in  e x p e r i m e n t  X. The  rough ly  spher ica l  type  
of crysta ls  cover ing  the  edge of the  a l u n d u m  boat  
were  observed  in  all  e x p e r i m e n t s  wh ich  did no t  
y ie ld  whiske r s  bu t  were  no t  observed  in  those y i e ld -  
ing whiskers .  P y r a m i d a l  crys ta ls  were  f ound  on ly  in  
e x p e r i m e n t  X. 

Iron.--Fewer var i a t ions  in  g rowth  condi t ions  were  
m a d e  for i ron  crystals ,  s ince the  on ly  a im was to 
show tha t  the  g rowth  m e c h a n i s m  is v e r y  m u c h  the  
same as for silicon. Tab le  II summar i zes  the  exper i -  
me n t s  per formed.  The symbols  used. cor respond to 
the ones in  Tab le  I. One pa r t  of the  flow of H2(vl) 
was  passed over  solid FeCI~ thus  conve r t i ng  to the  
e q u i l i b r i u m  m i x t u r e  of H.~, HC1, and  FeCI~ in  the  
presence  of solid FeCl~ a nd  Fe. Since the  t e m p e r a -  
t u r e  of the  f u r n a c e  was  kept  cons tan t  t h roughou t  at  
T = 658~ th is  m i x t u r e  had  a lways  the  composi t ion  

Table I. Silicon crystals 

V, VII ,  XI ,  X I I I ,  
R u n  No.  I I I  I I I  IV  V I I I  VI  I X  X X I I  X I V  X V  

p*slc,~ [at] 0.077 0.044 0.31 0.31 0.10 0.31 0.31 0.34 ~ 0.34 
Vsic~4 X 105 [moles/sec] 1.3 2.6 3.9 5.3 5.3 4.1 5~3 5.3 1.1 1.1 0.36 
p*z. [at] 0.13 0.13 0.13 0.13 0.13 0.29 0.36 0.29 0.29 
p*z.cl~ [at] 0.17 0 0 0 0 0 0.41 0 0.28 
vz. >< 10 ~ [moles/sec] 1.6 3.2 4.1 4.1 4.1 4.1 5.0 16.1 i~0 1.7 0.55 
T, ~ C 928 928 928 834 834 852 874 830 830 
Whiskers No No Yes Yes No Yes No Yes Yes 
Symbol in Fig. 9 [] �9 �9 �9 Z~ �9 V �9 o 
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Table II. Iron crystals 

R u n  A B C G H I 

v_~ [ m o l e s / s e c ]  10.6 • 10 -~ 21.1 X 10 -~ 4.9 • 10 -~ 10.6 • 10 -5 10.6 • 10 -~ 10.6 • 10 ~ 
v~ [ m o l e s / s e c ]  10.8 X 10 -~ 10.8 X 10 -5 10.8 X 10 -~ 21.5 X 10 -~ 3.4 X 10 -~ 10.8 X 10 -~ 
V~ 
- -  1.02 0.50 2.18 2.04 0.51 1.02 
V~ 

p%oe,~ [a t ]  2.85 X 10 -~ 4.31 • 10 -~ 1.39 • 10 -8 1.50 X 10 -~ 4.31 • 10 -~ 2.85 • 10 -8 
pf~c~ [a t ]  0.082 0.108 0.054 0.053 0.108 0.082 
pfH~ [a t ]  0.915 0.889 0.944 0.945 0.889 0.915 
W h i s k e r s  S o m e  M a n y  N o n e  N o n e  M a n y  S o m e  

V a l u e s  c o m m o n  t o  a l l  r u n s :  p ' F e e l  2 = 7 . 2 5 X 1 0  -s, p*I tCl  = 0 .156 ,  p * H  2 = 0 .837  a t ;  t e m p e r a t u r e  6 5 8 ~  Smax = 1 .12 ;  rmax  ( c a l c . )  = 
10 -1~ c m / s e c ;  rexp = 5X  10 -5 c m / s e c .  

p ~ c ,  = 0.156, p ~  = 0.837,  a n d  p ~ o c ~  = 7.25 x 10 -~ 
a t .  E q u i l i b r i u m  d a t a  o f  K a n g r o  a n d  P e t e r s o n  ( 1 2 )  
a n d  v a p o r  p r e s s u r e  d a t a  of  M a y e r  (13 )  w e r e  u s e d  to  
o b t a i n  t h e  v a l u e s  of  t h e  p a r t i a l  p r e s s u r e s .  I n t o  t h i s  
m i x t u r e  p u r e  H~ w a s  i n t r o d u c e d  w i t h  t h e  f low r a t e  v~. 

A d e c r e a s e  of  t h e  r a t i o  vJvl ( t h i s  m e a n s  s m a l l e r  
a m o u n t s  of  H~ g e t  i n t r o d u c e d  i n t o  a g i v e n  v o l u m e  of  
t h e  e q u i l i b r i u m  m i x t u r e )  c a u s e s  a n  i n c r e a s e  i n  t h e  
t e n d e n c y  to  f o r m  w h i s k e r s .  F i g u r e  4 s h o w s  t h e  
g r o w t h  r e s u l t i n g  f r o m  t h e  r u n s  G,  I, a n d  H. A b o v e  
t h e  c e n t e r s  of  t h e  b o a t s  a n  i r o n  w i r e  is s u s p e n d e d  
f r o m  w h i c h  m o s t  b u t  n o t  a l l  of  t h e  w h i s k e r s  g r e w .  
S m a l l  c r y s t a l s  w e r e  f o u n d ,  i n  a l l  e x p e r i m e n t s ,  g r o w -  
i n g  o n  t h e  b o a t s ,  t h e  w i r e s ,  a n d  t h e  s u r r o u n d i n g  V y -  
c o r  t u b e s .  T h e y  w e r e  m o s t l y  c u b e s  w i t h  i n d i c a t i o n s  
of  ( 1 1 0 )  a n d  ( 1 1 1 )  p l a n e s  as  s h o w n  i n  F ig .  5. T h e  
w h i s k e r s  as  s h o w n  i n  F ig .  6 a n d  7 f r e q u e n t l y  h a d  Fig. 6. Iron whiskers from experiment I. Magnif icat ion 38X 

before reduction for publication. 

r i g h t  a n g l e  k i n k s  a n d  v a r i e d  i n  t h i c k n e s s  f r o m  a b o u t  
5 x 10 -'  c m  to  8 x 10 -~ cm.  T h e  c r o s s  s e c t i o n  w a s  u s u -  
a l l y  s q u a r e  o r  r e c t a n g u l a r ;  a f e w  h e x a g o n a l  o n e s  
w e r e  f o u n d .  S o m e t i m e s  t h e  c r o s s  s e c t i o n  d e c r e a s e d  
t o w a r d  t h e  t ip .  F i g u r e  8 sho 'ws  t h e  t i p  of  a w h i s k e r  
a p p a r e n t l y  b o u n d e d  b y  ( 1 0 0 )  p l a n e s  a n d  o n e  ( 1 1 1 )  
p l a n e .  

Discussion 
T h e r e  a r e  p r i n c i p a l l y  t h r e e  d i f f e r e n t  p r o c e s s e s  i n -  

v o l v e d  i n  t h e  g r o w t h  of  t h e  c r y s t a l s  i n  t h e  p r e s e n t  
k i n d  of  s y s t e m :  ( a )  i n t e r m i x i n g  of  t h e  t w o  i n c o m i n g  

Fig. 4. Iron crystals and whiskers from experiments G (top), 
I (middle), and H (bottom). 

Fig. 5. Iron crystals from experiment C. Magnif icat ion 32X Fig. 7. Iron whiskers from experiment H. Magnif icat ion 38X 
before reduction for publication, before reduction for publication. 
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Fig. 8. T ip  of on  iron whisker. 3 0 0 X  before reduct ion for 
publ icat ion.  

gases by  convec t ion  and  diffusion;  (b)  chemical  r e -  
act ions;  and  (c) p rec ip i t a t ion  on the  g rowing  face 
of the  crystal .  

Since no s imple  way  of e s t ima t ing  the  i n t e r m i x i n g  
by  convec t ion  is avai lable ,  we consider  on ly  the  
process of diffusion. F r o m  kine t ic  gas theo ry  one ob-  
t a ins  for the  diffusion cons tan t  in  gases the  exp res -  
sion (14) 

91r 8 ~ p~ /m 

where  k = B o l t z m a n n  constant ,  T = absolu te  t e m -  
pe ra tu re ,  8 = coll is ion d iameter ,  p ~ pressure ,  a nd  
m = mass  of the molecules .  Using r ea sonab le  ave rage  
n u m b e r s  for these quan t i t i e s  (T---- l150~  8 = 3 A, 
p = 10 + d y n e s / c m  ~, ~a = 2 x IO -~ g) ; a r ough  e s t ima te  
for D is: 

D ~ 1.5 cm~/sec 

Thus  one can expect  tha t  for a t u b e  of r ad ius  1 cm 
comple te  m i x i n g  is achieved in  less t h a n  1 sec. This  
is to be compared  w i th  the  t ime  the gas m i x t u r e  r e -  
ma in s  in  the  hot pa r t  of the  reac t ion  zone ( ~ 1 0  cm) ,  
which  r a n g e d  b e t w e e n  1 and  20 seconds. So the  r e -  
act ing gases are  expected  to have  mixed  comple te ly  
in  all  expe r imen t s ,  especia l ly  since convec t ion  is 
f avor ing  the  mix ing .  

Very  l i t t le  is k n o w n  abou t  the  detai ls  of the second 
of the above m e n t i o n e d  processes, the  chemica l  reac-  
t ion. We shal l  a sume  tha t  it takes  place m a i n l y  in  the  
gaseous phase  and  shal l  t r y  to de r ive  some conc lu-  
sions abou t  the  g rowth  of the  crys ta ls  which  are  
based on this  assumpt ion .  

Due  to the  n a t u r e  of the  e x p e r i m e n t s  it is no t  pos-  
s ible  to de r ive  va lues  of the  ac tua l  s u p e r s a t u r a t i o n  
S (defined as ra t io  of the  pa r t i a l  p ressure  in  the  gas 
p to the e q u i l i b r i u m  pressure  po,~) d u r i n g  growth.  
Yet  one can  easi ly  ob ta in  an  uppe r  l imi t  for S as-  
s u m i n g  one can app ly  the  ideal  gas law. 

Sil icon.--The main ,  and  p r o b a b l y  the  exclusive,  
r eac t ion  t ak ing  place is 

SiCL + 2Zn --> Si + 2ZnCI~ [1] 
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Fig. 9. Range of va r iab les  dur ing  growth of Si crystals  

P r e l i m i n a r y  e xpe r i me n t s  have  shown  tha t  h y d r o g e n  
b y  i tself  is no t  ab le  to reduce  SiCL at  the  t e m p e r a -  
tures  used even  though  t h e r m o d y n a m i c  e q u i l i b r i u m  
da ta  (15) pred ic t  a reac t ion  

SiCL -t- 2H~-* Si + 4HC1 [ l a ]  

should  y ie ld  m e a s u r a b l e  a m o u n t s  of St. In  the fol-  
l owing  it  is t he re fo re  a s sumed  tha t  on ly  reac t ion  [1] 
has t a k e n  place in  the  exper imen t s .  Yet  in  Fig. 9 the  
va lues  ob ta ined  by  t ak ing  in  add i t ion  [ l a ]  into ac-  
coun t  are added. F r o m  Gibbs  free e n e r g y  da ta  g iven  
by  Kel logg  (15) and  vapor  p ressures  (14,16)  one 
obtains the equilibrium constant K ~ ~ in the law of 
Mass Action for reaction [ 1 ] 

ps,c,4 x p~z, 
K ~ [2] 

ps, x p~z,c,2 

the  p ' s  denote  the  pa r t i a l  p ressures  of the  chemical  
Species ind ica ted  by  subscr ip ts  in  the  gas mix tu re .  A 
s u p e r s a t u r a t i o n  S > 1 (S = 1 me a ns  e q u i l i b r i u m  be -  
t w e e n  gas and  solid phase)  is ob ta ined  on ly  if the  
homogeneous  reac t ion  in  the  gas phase  is fas ter  t h a n  
the  he te rogeneous  one of p rec ip i ta t ion .  The  m a x i -  
m u m  va l ue  of S which  could be achieved w o u l d  oc-  
cur  if the first reac t ion  reaches  e q u i l i b r i u m  before  
the  second has proceeded in  a n y  apprec iab le  amoun t .  
T a k i n g  this  in to  account  one der ives  f rom [2] in  a 
s t ra igh t  f o r w a r d  w a y  the  l imi t s  of S: 

1 ps,m+ x p~z, 
1 ~ S ~  [3] 

K ~ x (ps,) oq, p~z.o,~ 

In  case all  th ree  componen t s  SiCI,, Zn, a nd  ZnCI~ are  
in t roduced ,  one can use on the r igh t  side of the  Eq. 
[3] the  pa r t i a l  p ressures  before  the r eac t ion  since the  

t The square is used to be in agreement with Kellogg's definitions. 
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a m o u n t  reac ted  in  the gas phase to achieve e qu i -  
l i b r i u m  is e x t r e m e l y  smal l  as long as p rac t i ca l ly  no 
p rec ip i t a t ion  has t aken  place. 

In  case no ZnCl~ is added, the change  in  pz.c,~ due  
to the  reac t ion  has to be t a k e n  in to  account  and  one 
obta ins :  

1 ~_ / ps,c~xp~z~ 
i ~ S  < ~ / -  [4] 

= (Psi) ~ 4K ~ 

Now Eqs. [3] and  [4] have  to be expressed  in  t e rms  
of the  pa r t i a l  p ressures  p~ in  the e n t e r i n g  gases. The  
two gas m i x t u r e s  charac te r ized  by  p's ic , ,  and  by  p % .  
and  p*~,r en te r  the  reac t ion  c h a m b e r  and  m i x  by  
convec t ion  and  in terdi f fus ion.  A s s u m i n g  the  diffusion 
cons tan t s  are equa l  ( ac tua l ly  they  wi l l  differ by  less 
t h a n  the  factor  10) one can ob ta in  the possible  uppe r  
l imi t  of S in  t e rms  of the  composi t ion  of the  e n t e r i n g  
gases. One  vo lume  u n i t  of the final m i x t u r e  m a y  be 
composed of "a" un i t s  of (Zn,  ZnCI~, H~) and  (1 - -  a) 
un i t s  of (SIC14, H~). T h e n  the  pa r t i a l  p ressures  in  the  
final m i x t u r e  are, neg lec t ing  the  reac t ion:  

pz. = a p*z,  

p z n c l 2  = a p z~cl: 

I n se r t i ng  these express ions  in to  [3] and  [4] and  
m a x i m i z i n g  w i th  respect  to "a" gives f inal ly  the  
m a x i m u m  supe r sa tu ra t i ons  which  are possible:  

1 p*s,c,, x p*~z, 
Sm~ = [5]  

0.53 3 _ /  p*s,c,~ x p*2z~ 

S ~ - -  (Psi) ~,~ V ~-K~ [6] 

The  va lues  of S ~  for the  di f ferent  r u n s  are con-  
t a ined  in  Fig. 9. 

I r o n . - - S i m i l a r  cons idera t ions  lead to 

1 p %~c,_~ x p, 
S ~ , ~  - -  [ 7 ]  

for the m a x i m u m  possible s u p e r s a t u r a t i o n  d u r i n g  
the  g rowth  of i ron  crystals .  The p*'s  are the  pa r t i a l  
p ressures  in  the  e q u i l i b r i u m  m i x t u r e  e n t e r i n g  the  
reac t ion  chamber ,  p, is the pa r t i a l  p ressure  of the  
p u r e  H~ e n t e r i n g  (which  was  a lways  ~ 1  at . ) ,  and  K 
is defined as 

p~,c,~ x pH~ 
K = [8] 

2 PF~ x p He, 

The  va lue  of K x  (p~.) ,~  was  t a k e n  f rom (12, 13). 
In  all  e x p e r i m e n t s  S~,~ was  equa l  to 1.12. 

One o ther  set of va lues  was  ob ta ined  by  c o n v e n -  
t iona l  app l ica t ion  of the  Law of Mass Action.  These 
are the final pa r t i a l  p ressures  pr in the  gas af ter  com-  
ple te  e q u i l i b r i u m  wi th  the  p rec ip i t a ted  phase  is 
achieved.  The  va lues  of the  p ' s  for the  va r ious  
componen t s  are g iven  in  Fig. 9 for si l icon and  in  
Tab le  II for iron. These va lues  are  a good approx i -  
m a t i o n  for the  pa r t i a l  pressures  in  contac t  w i th  the  
g rowing  crys ta ls  so long as the  g rowth  proceeds a t  
low supersa tu ra t ions .  

J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  S e p t e m b e r  1959 

The fo l lowing should  be m e n t i o n e d  in  connec t ion  
wi th  the th i rd  of the p rev ious ly  m e n t i o n e d  processes, 
the p rec ip i t a t ion  on the  g rowing  face of the  crystals.  
F r o m  kine t ic  gas theory  one can ob ta in  the n u m b e r  
Z of impacts  per  u n i t  a rea  of a surface per  second: 

P 
Z = [9J 

(2~ m k T )  lj~ 

w he r e  p is the  pa r t i a l  p ressure  of the  gas. If one as-  
sumes  e ve r y  i m p i n g i n g  a tom sticks at the  place it  
hits,  the  ra te  of l i nea r  g rowth  wou ld  be 

Z m  
r = - -  (p = dens i ty )  [10] 

p 

The m a x i m u m  possible  g rowth  ra te  ob ta ined  at the 
m a x i m u m  super sa tu ra t ion ,  rm,x (calc) ,  is g iven  in  
Fig. 9 and  in  Tab le  II  and  is compared  wi th  a rough  
es t imate  of the g rowth  ra te  r,x, ob ta ined  f rom some 
e xpe r i me n t s  s imply  by  d iv id ing  the l e n g t h  of the  
longes t  whiskers  by  the  t ime  the  e x p e r i m e n t  lasted.  
This  assumes tha t  the  whiskers  have  g r ow n  at  a con-  
s t an t  ra te  t h r o u g h o u t  the e x p e r i m e n t  a nd  fox, is 
the re fore  an  es t imate  of the  lower  l imi t  of the  m a x i -  
m u m  growth  ra tes  in  these exper imen t s .  A l t h o u g h  
rm~x in  severa l  cases is l a rger  t h a n  r,x~, r u n s  XI I I  and  
XIV for si l icon a nd  the  e x p e r i m e n t s  wi th  i ron  show 
c lear ly  tha t  one canno t  e xp l a i n  the g rowth  of the 
whiskers  s imply  by  the  direct  a t t a c h m e n t  of the  im-  
p ing ing  atoms at  the  g rowing  face. One has to take  
into account  a surface  diffusion process s imi la r  to 
tha t  proposed by  Volmer  and  E s t e r m a n n  (17).  

Discussion of Results 
A compar i son  of the  e x p e r i m e n t a l  r a nge  of the  

va lues  of the  va r i ab le s  which  could be cr i t ical  to the  
form of g rowth  of the Si crys ta ls  is m a d e  in  Fig. 9 
for the  two observed  g r o w t h  forms. I t  should  be 
m e n t i o n e d  tha t  the  ends  of the l ines  are no t  neces-  
sa r i ly  the  ac tua l  l imi ts  for the  occurrence  of one or 
the  o ther  type  of g rowth;  t hey  give only  the  r ange  
which  these va r i ab les  covered in  the  pe r f o r med  ex-  
per iments .  The final pa r t i a l  p ressure  of SiCL was 
-->_4.5x10 -~ (>=2 .8x10  -~) at. for al l  cases whe re  
whiskers  grew and  _--< 1.7 x 10 -2 (_--< 3.8 x 10 -3) for all  
o ther  exper imen t s .  The l imi ts  for the case tha t  H, 
should take  pa r t  in  the reac t ion  are  added  in  p a r e n -  
thesis;  t hen  the pa r t i a l  p ressures  of HC1 do also not  
over lap  ( they  have  the  l imi t s  ~ 6 .4x  10 -2, respec-  
t ively,  ~ 5.2 x 10 -~ at . ) .  Al l  the  other  va r i ab les  cover, 
for bo th  g rowth  forms,  n e a r l y  the  same range ,  or 
they  over lap  to a wide  extent .  This  seems to i nd i -  
cate tha t  the  si l icon t e t r ach lo r ide  ( a n d / o r  h y d r o g e n  
chlor ide)  pa r t i a l  p ressure  has  the  m a i n  inf luence  on 
the g rowth  fo rm of the Si crystals .  

A s imi la r  s i tua t ion  was f ound  for the  g rowth  of 
i ron  crystals.  Whi le  t empe ra tu r e ,  m a x i m u m  supe r -  
sa tu ra t ion ,  and  m a x i m u m  possible  g rowth  ra te  are 
iden t ica l  for all  expe r imen t s ,  an  increase  of the  final 
pa r t i a l  pressures  of FeC1, (1.4 x 10 ~ to 4.3 x 10 -~ at.) 
and  of HC1 (0.05 to 0.11 at .)  leads  f rom prac t i ca l ly  
no wh i ske r  g rowth  to p r o n o u n c e d  w h i ske r  growth.  
The  smal l  r e la t ive  change  in  the  final H~ pa r t i a l  
p ressure  (0.89 to 0.95 at.) w ou l d  h a r d l y  cause the  
change  in  g rowth  form. On the  basis  of the  p re sen t  
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e x p e r i m e n t s  i t  is no t  poss ib le  to dec ide  w h e t h e r  a 
h igh  FeCI.~ p a r t i a l  p r e s s u r e  or  a h igh  HC1 p a r t i a l  
p r e s s u r e  or  the  c o m b i n a t i o n  of bo th  is n e c e s s a r y  for  
w h i s k e r  g rowth .  

The  f inal  p a r t i a l  p r e s s u r e s  a r e  a good a p p r o x i m a -  
t ion  for  t he  a c t u a l  p a r t i a l  p r e s s u r e s  of t he se  c o m p o -  
n e n t s  in  con tac t  w i t h  t he  g r o w i n g  c r y s t a l  as  long  as  
t h e  g r o w t h  p roceeds  a t  r e l a t i v e l y  l ow s u p e r s a t u r a -  
t ions .  The  l a t t e r  is s u r e l y  t r u e  for  t h e  g r o w t h  of i ron  
(S  ~ 1.12). I t  can  b e  s h o w n  t h a t  t he  s t a t e m e n t  t h a t  
h i g h e r  SiCL p a r t i a l  p r e s s u r e s  a r e  n e c e s s a r y  to p r o -  
duce  w h i s k e r s  t h a n  to p r o d u c e  e q u i a x e d  c r y s t a l s  s t i l l  
ho lds  q u a l i t a t i v e l y ,  even  if s i l icon g r e w  a t  h igh  
s u p e r s a t u r a t i o n s .  

The  f indings  sugges t  t he  fo l l owing  g r o w t h  m e c h -  
a n i s m  for  s i l icon a n d  i ron  w h i s k e r s :  I f  t he  d e n s i t y  
of c e r t a i n  a d s o r b e d  species  of mo lecu l e s  (SiCL, 
FeCI~, or  HC1) exceeds  a c r i t i ca l  va lue ,  a f u r t h e r  
g r o w t h  of some c r y s t a l l o g r a p h i c  p l a n e s  ge ts  s u p -  
p ressed .  These  p l a n e s  f o r m  the  s ide  faces  of t he  
w h i s k e r  [ (100)  for  i ron,  (112) or  (110)  for  s i l i con] .  
The  g r o w i n g  t ip  w i l l  u s u a l l y  consis t  of d i f f e ren t  
k i n d s  of  p l a n e s  a n d  hence  be  ab le  to a t t a c h  n e w  
a t o m  laye r s .  The  g r o w t h  i t se l f  m a y  p r o c e e d  b y  a 
sc rew d i s loca t ion  m e c h a n i s m  as sugges t ed  b y  S e a r s  
(11)  for  m e r c u r y  w h i s k e r s ,  y e t  t he  p o s s i b i l i t y  t h a t  
each  n e w  a t o m  l a y e r  s t a r t s  w i t h  a su r f ace  nuc l eus  
cou ld  no t  be  r u l e d  out  b y  an  e s t i m a t e  of t he  s u p e r -  
s a t u r a t i o n  n e c e s s a r y  for  a h igh  enough  su r f ace  n u -  
c l ea t ion  ra te .  
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Electrolytic Production of Boron 
George T. Miller 

Hooker Chemical Corporation, Niagara Falls, New York 

ABSTRACT 

Elementa l  boron was p roduced  by  the fused sal t  e lectrolysis  of potass ium 
fluoborate. A s tudy was made  of anode and cathode mate r ia l s  of construction,  
pa r t i cu l a r ly  the effect of var ious  grades of g raph i te  as anode mater ia l .  The 
effect of addi t ives  to the e lec t ro ly te  ( inc luding potassium, a luminum,  calcium, 
vanadium,  nickel,  Inconel,  water ,  and sulfate  ion) on boron y ie ld  and  pur i ty  
was invest igated.  A method of pass iva t ing  e lementa l  boron was developed.  

I so top ic  b o r o n - 1 0  was  p r o d u c e d  u n d e r  c o n t r a c t  
w i t h  t he  U. S. A t o m i c  E n e r g y  Commis s ion  b y  the  
H o o k e r  C h e m i c a l  Co rpo ra t i on ,  u s ing  C o m m i s s i o n -  
o w n e d  fac i l i t i es  a t  Mode l  City,  N e w  York .  The  p l a n t  
was  d i v i d e d  in to  two  phases :  i so tope  e n r i c h m e n t  and  
e l e m e n t a l  b o r o n  p roduc t ion .  

The  p r o d u c t  of t he  i so tope  e n r i c h m e n t  p h a s e  of 
t h e  p l a n t  w a s  a b o r o n  t r i f l u o r i d e - d i m e t h y l  e t h e r  
complex .  The  d e s i g n e d  c a p a c i t y  was  40 kg  p e r  m o n t h  
of bo ron -10 .  Because  c r y s t a l l i n e  e l e m e n t a l  b o r o n  was  
r e q u i r e d  and  the  i so top i ca l l y  e n r i c h e d  b o r o n  in t he  
c o m p l e x  i n v o l v e d  c o n s i d e r a b l e  cost  of m a n u f a c t u r e  
(ove r  $ 5 0 0 / l b ) ,  an  efficient  m e a n s  of r e d u c i n g  the  
c o m p l e x  to  t he  e l e m e n t a l  f o r m  was  sought .  F u s e d  
sa l t  e l ec t ro ly s i s  was  i n v e s t i g a t e d  a n d  u l t i m a t e l y  e m -  
p l o y e d  for  th is  pu rpose .  

D u r i n g  t h e  r e s e a r c h  a n d  d e v e l o p m e n t  s t age  a n d  
t h r o u g h  the  p rocess  i m p r o v e m e n t  s tage,  a n u m b e r  of 

conc lus ions  w e r e  r e a c h e d  and  also a n u m b e r  of p e r -  
p l e x i n g  ques t ions  m a n i f e s t e d  themse lves .  This  p a p e r  
r e v i e w s  some  of t he  conc lus ions  a n d  m a n i f e s t e d  
ques t ions  b e l i e v e d  to be  s ignif icant .  

Bas ica l ly ,  t he  p rocess  i n v e s t i g a t e d  was  the  fu sed  
sa l t  e l ec t ro ly s i s  of p o t a s s i u m  f luobora te  and  p o t a s -  
s ium ch lo r ide  (1 ) .  B a s e d  on e l e c t r o l y t e  a n a l y s e s  
w h i c h  d i sc lo sed  t h e  r a t e  of K F  p r o d u c t i o n  to  b e  a p -  
p r o x i m a t e l y  7-8 t imes  t ha t  of bo ron  p r o d u c t i o n  on a 
w e i g h t  bas is  a n d  on eff luent  gas  ana lys i s  w h i c h  d i s -  
c losed  an  F~ to CI~ w e i g h t  r a t i o  of a p p r o x i m a t e l y  3 to 
1, t he  o v e r - a l l  r e a c t i o n  m a y  be  e x p r e s s e d  b y  the  
fo l l owing  equa t ion .  

4KBF~ -t- 2KC1 --> 4B -t- 6 K F  + 5F2 ~ CI~ 

The  e l e c t r o d e  p rocesses  h a v e  no t  been  r e so lved .  
The  fo l lowing  fac to r s  a f fec ted  ce l l  des ign .  E l e -  

m e n t a l  f u o r i n e  a n d  c h l o r i n e  a r e  p r o d u c e d  a t  a p -  
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p r o x i m a t e l y  800~ The p ropor t ion  of po ta s s ium 
fluoride in  the  me l t  increases  d u r i n g  electrolysis .  The 
boron  p roduc t  is r emoved  in  solid, fo rm because  of its 
h igh me l t i ng  point .  

General Description (2, 3) 
The cell, as f inal ly  designed,  consis ted of a 23 cm 

ID x 58 cm deep g raph i t e  anode  cruc ib le  pro tec ted  
on the outs ide  by  Incone l  or nickel .  The  cruc ib le  was  
hea ted  by  a c i r cumfe ren t i a l  e lect r ical  res i s tance  
heater .  A Monel  cathode was  suspended  in  the po tas -  
s ium chloride,  po tass ium fluoride, po ta s s ium fluo- 
bora te  melt .  A r educ ing  a tmosphere  was  m a i n t a i n e d  
above the  me l t  level  to avoid corrosion of the  ca th -  
ode. A c u r r e n t  of 550 amp, e q u i v a l e n t  to a p p r o x i -  
m a t e l y  80 a m p / d m  ~, was  used. To prov ide  for pe r i -  
odic c leaning,  the whole  cell and  fu rnace  was  
m o u n t e d  on t r u n n i o n s  to p e r m i t  t u r n i n g  the  cell to a 
hor izonta l  posit ion.  

N o r m a l  opera t ion  of the  process i nvo lved  the  
add i t ion  of 2.5 kg po tas s ium f luoborate  to the  mo l -  
t en  (750~176  e lec t ro ly te  of 11.5 kg po tas s ium 
chlor ide and  po tas s ium fluoride. Af te r  p l a c e m e n t  of 
the  cathode, e lectrolysis  at  550 amp and  5-6 v was  
effected for 31/z hr. The cathode w i th  a d h e r e n t  p rod -  
uct  was ra ised above the e lec t ro ly te  level  and  p r e -  
cooled to a p p r o x i m a t e l y  400~ by  an  i n t e r n a l  flow 
of air. The cathode was  t hen  r emoved  f rom the  cell 
and  quenched  in  wa te r  to effect r ap id  r emova l  of the  
p roduc t  f rom the  cathode. P roduc t  was  purif ied by  
wa t e r  and  acid leaching  of the m a t e r i a l  af ter  c rush -  
ing operat ions.  F i n a l  d r y i n g  and  packag ing  c o n s u m -  
ma ted  the  operat ion.  

Materials of Construction (2, 4) 
Since the  p u r i t y  of the  boron  wou ld  be d e p e n d e n t  

to a la rge  ex t en t  on the ma te r i a l s  of cons t ruc t ion ,  
this  was  selected as the  subjec t  of in i t i a l  r esea rch  
work.  

Cathode m a t e r i a l  was selected f rom a list of n o n -  
fer rous  meta l s  which  did no t  fo rm bor ides  readi ly .  
Fu r the r ,  the  m a t e r i a l  had  to r e t a i n  s t r eng th  at  
900~ Select ion n a r r o w e d  down  to copper.  To m i n i -  
mize f a i l u re  due  to g ra in  growth,  the  cathode was  
cooled i n t e r n a l l y  wi th  n i t r o g e n  or ca rbon  dioxide to 
cont ro l  its t e m p e r a t u r e  at abou t  600~176 The  
copper  cathode was sa t i s fac tory  except  for  an  e r ra t ic  
life of f rom abou t  4 to 12 runs ,  a f ter  which  it b e -  
came porous. S u b s e q u e n t l y  it was found  tha t  a Monel  
cathode developed a pro tec t ive  coat ing of a v e r y  
h a r d  and  a d h e r e n t  boride.  The  Monel  cathodes did 
no t  r equ i r e  cooling and  the i r  l ife was  increased  to 
more  t h a n  20 runs .  Monel  was cons idered  a sa t is fac-  
to ry  m a t e r i a l  of cons t ruc t ion  for the  cathode. 

Since ch lor ine  and  f luor ine were  l ibe ra ted  at abou t  
800~ g raph i t e  was  the on ly  su i t ab le  m a t e r i a l  for 
the anode.  The anode m a t e r i a l  p r o b l e m  soon reduced  
i tself  to the  select ion of the  most  su i tab le  grade  of 
g raph i te  (Tab le  I ) .  

Note tha t  fine g raph i t e  g ra in  size m a t e r i a l l y  i m -  
p roved  the qua l i t y  of boron  p roduc t  as did decreased 
poros i ty  of the  graphi te .  The  c o m p a r a t i v e l y  coarse 
and  porous arc fu rnace  electrode g raph i te  spal led 
badly ,  r ap id ly  c o n t a m i n a t i n g  the electrolyte .  For  the  
same grade,  g raph i te  y ie lded  a s l ight ly  p u r e r  p r od -  
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Table I. Effect of anode material 

A p p a r e n t  A v e r a g e  % 
dens i ty ,  b o r o n  i n  

A n o d e  m a t e r i a l  A s h  in  % g / cc  p r o d u c t  

Furnace  electrode 
grade graphite 1.9 1.64 69 

Extruded high-pur-  
ity graphite 0.01 1.65 89 

Extruded high-den- 
sity and pur i ty  0.1 1.70 91 
carbon 

Extruded high-den- 
sity and puri ty  0.04 1.72 94 
carbon 

Resin impregnated 
graphite 1.4 1.85 94 

Molded - -  very fine 
grained graphite 0.1 1.71 97 

uct  t h a n  ca rbon  in  add i t ion  to the advan tages  of 
be t t e r  e lectr ical  conduct iv i ty .  The  ash con ten t  of the  
g raph i t e  affected the p u r i t y  of the boron  p roduc t  ad-  
versely.  However ,  the effect due  to ash con ten t  was 
secondary  to the  effect of dens i ty  and  g ra in  size. 

The  highest  densi ty ,  finest g ra ined  m a t e r i a l  ob-  
t a i n a b l e  at the  t ime  this  research  was in  progress  
was Na t iona l  Ca rbon ' s  A T J  grade  of graphi te .  This  
m a t e r i a l  y ie lded  the h ighes t  p u r i t y  p roduc t  of all  
anode mate r i a l s  tested.  However ,  this  g raph i te  was  
bo th  expens ive  and  not  a lways  in  stock. W h e n  these 
factors  exer ted  sufficient weight ,  a compromise  was 
sought.  H i g h - p u r i t y  stock graphi te ,  such as Na-  
t iona l ' s  AUC or Grea t  Lakes '  HPL-9 ,  was  m a c h i n e d  
to shape and  t h e n  made  essen t ia l ly  imperv ious  by  
the G r a p h - I - T i t e  1 process. This  t r e a t m e n t  deposits  
g raph i t e  in  the  voids. The r e s u l t a n t  p roduc t  is most  
dense  n e a r  the  surface  and  p rogress ive ly  less dense  
t o w a r d  the  center .  In i t i a l  use of the c ruc ib le  was  
a p p r o x i m a t e l y  comparab le  to Na t iona l ' s  A T J  grade,  
bu t  con t inued  opera t ion  was  no t  as sat isfactory.  This  
was  due to corrosion of the sur face  of the graphi te ,  
thus  exposing progress ive ly  less dense mate r ia l .  The 
G r a p h - I - T i t e  t r ea ted  m a t e r i a l  was  be t t e r  t h a n  u n -  
t r ea ted  g raph i te  bu t  no t  as sa t is factory  as the  h igh 
densi ty ,  fine g ra ined  graphi te ,  the  choice thus  be-  
coming  one of economics and  ava i lab i l i ty .  

Because  e x t e r n a l  e lect r ical  hea t ing  was employed,  
a shel l  was used to pro tec t  the  Nichrome wi re  f rom 
corrosive salts pass ing  t h r ough  the  anode  wall .  I n i -  
t i a l ly  this shell  was m a d e  of nickel ,  which  p r o m p t l y  
developed cracks. However ,  a f ter  Virgo ~ t r e a t m e n t  
( fused sal t  descal ing t r e a t m e n t ) ,  n ickel  did no t  de-  
velop cracks and  was most  sat isfactory.  Here  aga in  
the  laws of supp ly  and  d e m a n d  were  fel t  and  Incone l  
was subs t i tu ted .  This  r e su l t ed  in  c o n t a m i n a t i o n  of 
the  bo ron  wi th  products  of corrosion of the  Incone l  
shell. Most of these  con tamina t ions ,  especia l ly  chro-  
m i um,  could be r e m o v e d  by  acid leaching.  A l t h o u g h  
more  a t t e n t i on  had  to be pa id  to the  bo ron  pur i f ica-  
t ion  steps w h e n  us ing  Inconel ,  ava i l ab i l i t y  d ic ta ted  
its use. Whi le  conduc t ing  corrosion tests in  m o l t e n  
e lec t ro ly te  w i t hou t  an  appl ied  potent ia l ,  i t  was  no ted  
tha t  nickel ,  Inconel ,  and  Has t a l l oy -B  corroded ap-  

1 G r a p h i t e  Spec ia l t i es ,  N i a g a r a  Fa l l s ,  N. Y. 

,2 R e g i s t e r e d  t r a d e  n a m e ,  H o o k e r  C h e m i c a l  Corp. 
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COOLANT 

F,g. I. Electrolytic cell for the production of boron: 1, cath- 
ode; 2, quickseal coupling; 3, gas inlet (H~); 4, salt seal (KCI); 
5, cover section; 6, gas outlet; 7, graphite anode; 8, insulat- 
ing brick; 9, anode shell; 10, heating element; 1 1, insulating 
gaskets; 12, cell electrolyte; 13, purge f i t t ing; 14, tbermo- 
couple. 

prec iab ly  on ly  at  the l i q u i d - a i r  in terface .  U n d e r  
comparab le  condi t ions,  it  was  no ted  tha t  n icke l  we ld  
rod, A S T M  code E 3 N l l ,  was  a t t acked  on ly  s l ight ly .  

Cell Design Considerations (2, 3, 4) 

In i t i a l  l abo ra to ry  w o r k  u t i l ized  a h y d r o g e n  a t -  
mosphere  in  the cell to m i n i m i z e  ox ida t ion  of the  
graphi te .  W h e n  an  ine r t  gas, such as he l ium,  was  
tried, the copper  cathode was r ap id ly  and  severe ly  
a t t acked  at  the e lec t ro ly te  surface.  I t  soon became  
ev iden t  tha t  ch lor ine  and  f luor ine l i be ra t ed  in  the  
cell at abou t  800~ a t tacked  copper  v igorously ,  bu t  
HC1 and  HF did not.  The final cathode des ign  is 
shown in  Fig. 1. 

P rov i s ion  was  made  in  this des ign  to concen t r a t e  
the h y d r o g e n  flow at the ca thode-e lec t ro ly te  i n t e r -  
face. This  p roved  v e r y  effective and  p e r m i t t e d  sa t is -  
fac tory  opera t ion  at  abou t  1/3 p r io r  h y d r o g e n  flow 
ra tes  w h e n  a nond i r ec t ed  h y d r o g e n  flow was used.  
The cover  was sealed b y  a powdered  sal t  seal r ing.  
This p roved  an  effective and  s imple  t echn ique  for 

control  of the  cell a tmosphere  as wel l  as a s su r ing  

tha t  v e n t  gases wou ld  be d i rec ted  t oward  the  e x -  
haus t  system. The  lack of bol ts  assured  aga ins t  d a m -  
age in  case of h y d r o g e n  fa i lu re  and  a r e s u l t a n t  ex -  

plosion due  to air  e n t e r i n g  the  cell. The ba l a nc e  of 
the  s t ruc tu re  p rov ided  for pos i t ion ing  the  cathode 

above the me l t  or in  the  melt ,  i n t e r n a l  cooling, a nd  
d-c  c i rcui t ry .  The  most  des i rab le  t e m p e r a t u r e  con-  

t ro l  po in t  was  found  to be in  the  a n n u l a r  space be -  
tween  the  g raph i te  anode  and  its p ro tec t ive  shell. 

ELECTROLYTIC PRODUCTION OF BORON 817 

Table II. Recommended operating details for the 
electrolytic production of boron 

Electrolyte: 

Temperature:  
Current :  
Voltage: 
Power:  
Ampere efficiency: 
Cell atmosphere: 

Cathode: 
Anode: 

70% KC1, 12% KF, 17.8% KBF~, 
0.2% H20 

750~176 
80 a m p / d m  ~ 
5-6 v 
55 kwhr/kg 
74% 
H~ purge directed at electrolyte sur- 

face near cathode. Rate: 20 liters/ 
min at 550 amp 

Monel 
High-density, fine grained graphite 

Operation (2, 4) 
Composi t ion  of the e lec t ro ly te  had  a s ignif icant  

effect on y ie ld  a n d / o r  p u r i t y  of the bo ron  p roduc t  
(Tab le  I I ) .  The first r u n  us ing  a n e w  charge  of KC1 
i n v a r i a b l y  resu l t ed  in  poor  y ie ld  and  p u r i t y  of boron.  
If the  KC1-KF weigh t  ra t io  was  p e r m i t t e d  to de-  
crease be low a p p r o x i m a t e l y  2.5-1, the  b o r o n  y ie ld  
decreased.  The  KC1-KF weigh t  ra t io  therefore  was  
m a i n t a i n e d  b e t w e e n  3-1 and  6-1 by  pa r t i a l  r emova l  
of the e lec t ro ly te  af ter  a r u n  a n d  r ep l en i sh ing  it  w i th  
KC1. 

P u r i t y  of the  e l e me n t a l  bo ron  was  impa i r ed  se-  
ve re ly  w h e n  commerc ia l  g rade  KC1 was subs t i t u t ed  
for C.P. g rade  KC1. A know l e dge  of the  cons t i t uen t  
of commerc ia l  g rade  KC1 respons ib le  for degrad ing  
the  bo ron  p roduc t  was  cons idered  des i rab le  in  order  
to effect i m p r o v e m e n t  in  p u r i t y  of n o r m a l  p roduc -  
t ion.  The s eeming ly  obvious  approach  of d e t e r m i n i n g  
the fore ign  m a t e r i a l  in  the  p roduc t  did no t  y ie ld  a 
solut ion.  A p p a r e n t l y  the  respons ib le  m a t e r i a l  e n -  
t e red  into side reac t ions  wh ich  c o n t a m i n a t e d  the  
bo ron  p roduc t  w i t h  ca rbon  p r imar i l y .  

A ma j o r  difference b e t w e e n  technica l  a nd  C.P. 
g rade  KC1 is a t enfo ld  difference in  the  su l fa te  ion. 
To ascer ta in  if h igh  sul fa te  wou ld  affect bo ron  p u -  
r i ty  adverse ly ,  1% of K~SO, in  KBF,  was  used. As 
shown in  Tab le  III,  i t  had  no a p p a r e n t  adverse  effect 
on the  y ie ld  or p u r i t y  of the  bo ron  product .  The  op- 
p o r t u n i t y  to explore  the  effects of b r o m i n e  was no t .  
real ized,  a l t hough  the  effects of o ther  possible  con-  
t a m i n a n t s  were  inves t iga ted .  

This  work  was  conduc ted  in  th ree  d i f ferent  cells 
h a v i n g  di f ferent  grades  of graphi te .  The effect of an  
add i t ive  is thus  ev idenced  by  c ompa r i ng  per  cent  
y ie ld  a nd  per  cent  B wi th  p roduc t  ob ta ined  f rom the  
same  cell  w i t h o u t  an  addi t ive .  

Ca lc ium chlor ide  affected the adherence  of the  
p roduc t  to the  electrode caus ing  the deposit  to fa l l  
out. The p u r i t y  appeared  unaffected.  The  effect of 
ca lc ium could be a v a l u a b l e  asset in  the  des ign  of a 
con t inuous  cell. Add i t i on  of v a n a d y l  su l fa te  to the  
e lec t ro ly te  resu l t ed  in  decreased pur i ty ,  a p p a r e n t  
decreased yield,  a nd  e r ra t ic  adhe rence  of the  p roduc t  
to the  cathode.  

A l u m i n u m  fluoride m o n o h y d r a t e  was  added  in  one  
series of tests a nd  found  to y ie ld  a dense  p roduc t  of 
n o r m a l  y ie ld  and  pur i ty .  E l e m e n t a l  a l u m i n u m  add i -  
t ion  resu l t ed  in  a s l igh t ly  h igher  p u r i t y  a nd  y ie ld  
of a ve ry  dense  product .  

The  resul t s  of d ry ing  salts before  add i t ion  to the  
me l t  had  g iven  inconc lus ive  resul t s  wh ich  seemed 
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Table III. Effect of electrolyte additives 

September 1959 

Concentration 
in electrolyte 

Additive g % by wt Average % B Average % yield 

Comparison 
without additive 

% boron % yield Cell No. 

K~SO4 25 0.18 95.0 81.5 94.7 75.5 1 
CaC12 100 0.72 93.0 Fel l  off 92.8 87.8 2 

cathode 
Vanadyl  sulfate 66.2 0.47 89.0 48.0 94.7 75.5 1 
A1F~.H~O 56 0.40 94.7 86.8 95.0 87.0 3 
A luminum 14 0.10 95.5 83.5 94.7 75.5 1 
Water  25 0.18 95.8 88.0 94.7 75.5 1 
Nickel  38.8 0.28 90.9 73.3 94.7 75.5 1 
Inconel  39.2 0.28 88.7 59.2 94.7 75.5 1 

to ind ica te  i m p r o v e d  y ie ld  and p u r i t y  in the  absence  
of wa te r .  I t  was,  the re fo re ,  a most  su rp r i s ing  re su l t  
w h e n  the  add i t ion  of 1% w a t e r  to the  KBF4 be fo re  
cha rg ing  r e su l t ed  in a h igh  dens i ty  end p roduc t  of 
i m p r o v e d  y ie ld  and pur i ty .  This  was  p r o b a b l y  due  to 
a b u i l d - u p  of po ta s s ium oxide  in the  cel l  w h i c h  r e -  
duced  a t e n d e n c y  t o w a r d  anode  effect, a p h e n o m e n o n  
o t h e r w i s e  e x p e r i e n c e d  in the  cell  at  a p p r o x i m a t e l y  
600 amp.  This  effect  of w a t e r  add i t ion  was  e x p e r i -  
enced  by  K r o l l  in his w o r k  on t i t a n i u m  (5) .  

Nonca thod ic  n icke l  or Incone l  was  s e v e r e l y  a t -  
t a cked  d u r i n g  e lec t ro lys i s  r e su l t i ng  in dec reased  cel l  
p e r f o r m a n c e .  I t  c l ea r ly  conf i rmed  the  adve r se  cel l  
ope ra t ion  tha t  r e su l t ed  w h e n  the  g r aph i t e  anode  
c ruc ib le  was  porous,  c racked,  or  co r roded  th rough .  

The  first e l ec t ro ly t i c  run  m a d e  on a n e w  cha rge  

of KC1 and  KBF~ r e su l t ed  in a l o w e r  y ie ld  and  p u -  

r i t y  of p roduc t  t h a n  the  second run.  By  us ing a p a r -  

t ia l  cha rge  of KBF4 and cons ider ing  the  first r u n  as 

a p re -e l ec t ro lys i s ,  the  y ie ld  and p u r i t y  of subse-  

q u e n t  runs  could  be m a i n t a i n e d  at  accep tab le  levels .  

A p p r o x i m a t e l y  30 to 40 runs  w o u l d  be  m a d e  be fo re  

to t a l  d i scharge  and recharge .  The  add i t ion  of a sma l l  

q u a n t i t y  of e l e m e n t a l  po ta s s ium to the  p r e - e l e c t r o l -  

ysis e l ec t ro ly t e  r e su l t ed  in n o r m a l  y ie lds  and p u r i t y  

of product .  Such  addi t ions  had no d i sce rn ib le  effect  

on subsequen t  runs.  The  effect  of p r e - e l e c t r o l y s i s  and  

e l e m e n t a l  po ta s s ium add i t ion  was  p r o b a b l y  to es-  

t ab l i sh  the  oxide  con ten t  r e f e r r e d  to u n d e r  w a t e r  

addi t ion.  

Table IV. Effect of drying conditions on purity of boron 

% Boron in dried product 

With With With 
Batch air oxygen argon 

Drying conditions No. purge purge purge 

110~ 24 hr, no agitation, 
atmospheric pressure 

110~ 11/2 hr, agitated, 18 
in. vacuum 

100~ 2.5 hr, agitated, 29 293 95.3 96.9 
in. vacuum broke vac-  
uum @ 100~ 

100~ 2.5 hr, agi tated 29 293 96.2 97.0 
in. vacuum broke vac-  
uum @ 35~ 

100~ 24 hr, no agitation, S-19 94.1 94.4 
29 in. vacuum 

100~ 24 hr, no agitation, S-19 94.0 94.3 
atmospheric pressure 

240 97.0 96.3 
251 97.7 96.8 
213 96.4 94.8 
213 96.4 95.5 

Processing of Cell Product (6) 
The  p roduc t  f r o m  the  e l ec t ro ly t i c  cell  was  essen-  

t i a l ly  an a g g l o m e r a t e  of  bo ron  crys ta ls  and  e l ec t ro -  
lyte.  To f ree  the  boron  of so luble  impur i t i e s ,  the  
p roduc t  was  c rushed  in a rod  mi l l  to pass 100 mesh,  
l eached  w i t h  boi l ing  w a t e r  and f inal ly  bo i l ing  HC1. 
A f t e r  due  wash ing ,  r ins ing  w i t h  alcohol,  and  o v e n -  
dry ing ,  the  p roduc t  was  p a c k a g e d  in p o l y e t h y l e n e  
bags. I t  was  found,  w h e n  check ing  ana lyses  for  sh ip -  
ping,  tha t  the  to ta l  bo ron  analys is  dec reased  2 -3% 
a f t e r  s eve ra l  m o n t h s '  s torage.  This  was  t r aced  to 
bo ron  ac t ing  as a ge t te r ,  adso rb ing  gases f r o m  the  
air. By  d ry ing  boron  at 100~ in a v a c u u m  oven  w i t h  
an o x y g e n  p u r g e  and p r e f e r a b l y  w i t h  ag i t a t ion  for  
t he  m i n i m u m  t i m e  n e e d e d  to effect  d ry ing ,  the  boron  
was  pass iva ted .  The  r e s u l t a n t  p u r i t y  was  h ighe r  t han  
w h e n  dr ied  in an  ine r t  a t m o s p h e r e  p u r g e d  o v e n  
(Tab le  IV) .  

Boron  oxide  we t s  e l e m e n t a l  bo ron  v e r y  wel l .  The  
obse rved  re su l t  of h ighe r  bo ron  analys is  w h e n  us ing  
an air  or  o x y g e n  a t m o s p h e r e  is t h e r e f o r e  a t t r i b u t e d  
to a v e r y  th in  p r o t e c t i v e  fi lm of boron  ox ide  f o r m e d  
on the  sur face  of the  boron.  

The  final  p roduc t  had  a size specif icat ion of 100% 
t h r o u g h  100 m e s h  and  90% t h r o u g h  200 mesh .  A p -  
p r o x i m a t e l y  20% passed t h r o u g h  325 m e s h  and  a 
t r ace  was  colloidal .  X - r a y  d i f f rac t ion  d e m o n s t r a t e d  
tha t  the  p roduc t  was  m o s t l y  c rys t a l l i ne  w i t h  some 
sca t t e r ing  due  to a m o r p h o u s  m a t e r i a l  or v e r y  fine 
pa r t i c l e  size. W h e n  the  less t h a n  325 m e s h  f r ac t ion  
was  r e m o v e d ,  the  r e m a i n i n g  m a t e r i a l  was  c r y s t a l -  

l ine.  
T h e  p u r i t y  of the  final p roduc t  was  94-96% boron.  

P r inc ip l e  im pur i t i e s  w e r e  carbon,  nickel ,  c h r o m i u m ,  
silicon, m agnes ium ,  po tass ium,  wate r ,  oxygen ,  and 
copper.  
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Overvoltage and Catalysis 
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ABSTRACT 

Analogies be tween heterogeneous catalysis on solid-gas interfaces and elec- 
trochemical kinetics on solid-liquid interfaces are discussed. The surface poten- 
tial of a solid-gas interface corresponds to the Galvani  potential  difference of 
a solid-l iquid interface. These potentials depend to a first approximation 
l inear ly  on the n u m b e r  of adsorbed po ten t ia l -de te rmin ing  particles. A cor- 
responding l inear  var iat ion adsorption energy is explained on the basis of 
electrostatic or induced interact ion between adsorbed particles. This behavior  
is coherent with a logarithmic dependence of the n u m b e r  of adsorbed particles 
on the bulk concentrat ion or pressure in the l iquid or gaseous phase (Temkin  
isotherm) and a l inear  dependence of the activation energy of adsorption 
on the number  of adsorbed particles (Becker-Zeldovich equat ion) .  It  is shown 
that the Temkin  isotherm corresponds to Nernst 's  formula  for electrode po- 
tentials and the Becker-Zeldovich equat ion to Volmer's equation for the rate 
of electrochemical reactions, and that  these equations follow immediate ly  
from the theory of charge- t ransfer  adsorption or electrostatic interact ion be- 
tween (activated) poten t ia l -de te rmining  species or complexes. This t rea tment  
leads to a new in terpre ta t ion  of the charge- t ransfer  coefficient and of the in-  
fluence of the electronic properties of the electrode mater ia l  and of specifically 
adsorbed foreign species on hydrogen overvoltage, oxygen overvoltage, and 
metal  deposition overvoltage. 

The  k ine t ics  and  t h e r m o d y n a m i c s  of e l ec t rochem-  
ical p h e n o m e n a  at so l id - l iqu id  in te r faces  and  of 
ca ta ly t ic  p h e n o m e n a  at  sol id-gas  in te r faces  are  
closely re la ted.  It  is the  object  of this  paper  to po in t  
out  cor respondences  b e t w e e n  the  two fields and  to 
der ive  the  f u n d a m e n t a l  laws of e lec t rochemica l  t h e r -  
m o d y n a m i c s  and  kinet ics ,  in  pa r t i cu l a r  the  Nerns t  
equa t ion  and  the  V o l m e r - T a f e l  equat ion ,  f rom these  
considera t ions .  

Adsorption and Interaction 
The re la t ion  b e t w e e n  the n u m b e r  of adsorbed  

species on a sol id-gas  or so l id - l iqu id  in te r face  and  
b u l k  concen t r a t i on  (or p ressure )  of the  adso rbab le  
species is descr ibed  by  isotherms.  The L a n g m u i r  iso-  
t h e r m  is de r ived  on the  a s s u m p t i o n  tha t  adso rp t ion  
occurs at  fixed sites and  tha t  the  e n e r g y  of adsorp -  
t ion  is i n d e p e n d e n t  of the  n u m b e r  of par t ic les  a d -  
sorbed. F ixed  site adsorp t ion  is, however ,  u n l i k e l y  
for m a n y  reac t ions  proceeding  on electrodes a nd  
catalysts .  The  ene rgy  of adsorp t ion  u sua l l y  decreases 
wi th  inc reas ing  n u m b e r  of adsorbed  part icles .  The  
F r e u n d l i c h  i so therm is therefore  more  l ike ly  to be 
obeyed  since it a l lows for the  l a t t e r  effect. However ,  
ve ry  few e x p e r i m e n t a l  resul t s  suggest  a logar i thmic  
decrease  of the ene rgy  of adsorp t ion  wi th  inc reas ing  
n u m b e r  of adsorbed  species, as de r ived  f rom the  
F r e u n d l i c h  isotherm.  Very  of ten the  ene rgy  of ad -  
sorpt ion  decreases n e a r l y  l i n e a r l y  w i th  the  n u m b e r  
of adsorbed  part icles .  Such  a behav io r  is accounted  
for by  the  T e m k i n  isotherm.  The  l a t t e r  can be de-  
r ived  for i n t e r m e d i a t e  r anges  of coverage  f rom a 

fixed site L a n g m u i r - t y p e  i so therm by  a l lowing  for a 
l i nea r  va r i a t i on  in  adsorp t ion  ene rgy  (1) and,  more  
genera l ly ,  for mobi le  adsorp t ion  as follows. 

Us ing  B o l t z m a n n  statistics,  the  concen t r a t i on  n,  ~ 
( n u m b e r  of par t ic les  per  cm ~) of species i in  the  ad-  
sorp t ion  zone is g iven  by  

n,  ~ : n ~  exp [ - - ( w ~ - - w , ) / k T ]  [1] 

where  n,  is the co r respond ing  concen t r a t i on  in  the  
bu lk ,  and  w, ~ and  w, are  the energies  of a par t ic le  i 
in  the  adsorp t ion  zone and  in  the  bulk ,  respect ively .  
Here, we assume the  en t rop ies  of the (mobi le )  
par t ic le  in  the  adsorp t ion  zone to be no t  m u c h  differ-  
ent  f rom the  e n t r o p y  of the  par t ic le  in  the  bulk .  I t  is 
now  i m p o r t a n t  to cons ider  that ,  because  of the n o n -  
ideal  behav io r  of the  adsorbed  par t ic les ,  n~ ~ a nd  w~ ~ 
a re  connec ted  b y  an  ac t iv i ty  func t ion .  For  such a 
func t i on  of e xpone n t i a l  cha rac te r  ( ac t iv i ty  coeffi- 
c ient  v a r y i n g  e x p o n e n t i a l l y  w i th  the  concen t r a t i on  
n,  ~ in  the  adsorp t ion  zone) ,  w, ~ becomes  a l i nea r  
f u n c t i o n  of n ,  ~ (2) and,  neg lec t ing  the  va r i a t i on  of 
the  t e r m  l inea r  in  n,  ~ compared  wi th  the va r i a t i on  of 
the  t e r m  e x p o n e n t i a l  in  n,  ~, one ob ta ins  f rom [1] 

n~ ~ ~- a In  n~ - -  b [2] 

w he r e  a a nd  b are  constants .  E q u a t i o n  [2] is the  
T e m k i n  isotherm.  

A l i nea r  decrease  of adsorp t ion  e n e r g y  wi th  i n -  
creas ing n u m b e r  of adsorbed par t ic les  is w ide ly  ob-  
served.  On the  o ther  hand ,  the  sur face  po t en t i a l  
so l id-gas  of the  G a l v a n i  po t en t i a l  difference e lec-  
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t r ode -e l ec t ro ly t e  depend  a p p r o x i m a t e l y  l i n e a r l y  on 
the  n u m b e r  of adsorbed  par t ic les  n~ ~. B o u d a r t  (3) 
and  Mignole t  (4) have  discussed the  re l a t ion  be -  
tween  change  in  surface  po ten t i a l  and  change  in  e n -  
e rgy  of adsorp t ion  for sol id-gas  interfaces .  The ad-  
sorpt ion  ene rgy  was  expressed  in  t e rms  of a cha rge -  
t r a n s f e r  process, i nvo lv ing  the  exc i t a t ion  of an  e lec-  
t r on  of the  conduc t ion  b a n d  into a v a c a n t  sur face  
o rb i t a l  p rov ided  by  the adsorbed species and  the su r -  
face. The  ene rgy  difference w, ~ -  w~ becomes t h e n  
a l i nea r  f unc t i on  of the surface po ten t i a l  or the Ga l -  
v a n i - p o t e n t i a l  difference 

A ( W ,  ~ - -  W ~ )  : aZ~ e o A ( ~ i  - -  ~ i i )  [ 3 ]  

where  A ( ~ I -  r is the change  in  surface  po ten t i a l  
or i n  G a l v a n i  po ten t i a l  difference,  z~eo the  charge  of 
the  adsorbed  par t ic le  i, and  a the so-cal led  " s t ruc -  
t u r a l  fac tor"  (5) .  The  l a t t e r  is a charac ter i s t ic  f r ac -  
t ion  of the tota l  G a l v a n i  po ten t i a l  difference. Ex -  
pe r imen t a l l y ,  Bouda r t  finds for adsorp t ion  of h y -  
d rogen  on me ta l s  a ~ 1/2. 

I t  wi l l  be  shown now tha t  the  va lue  of , can  be 
der ived  f rom classical  e lectrosta t ic  cons idera t ions  in  
a s u r p r i s i n g l y  s imple  m a n n e r .  One  can app ly  the  
model  of a f la t -p la te  electr ic  condenser .  For  e lec t ro-  
chemica l  in terfaces ,  this  model  is p a r t i c u l a r l y  use fu l  
and  the capaci ty  of the  electr ic  double  l ayer  can  be 
d e t e r m i n e d  expe r imen t a l l y .  The e lect ros ta t ic  e n e r g y  
con ten t  of a charged  electr ic  condense r  is g iven  b y  

~ 2 2 

where  V is the  voltage,  q the charge,  and  C the  ca-  
paci ty.  The ene rgy  con ten t  per  pa r t i c le  w i th  a charge  
Z,eo var ies  t h e n  w i t h  the  vol tage  as fol lows 

1 
A ( V z ~ e o / q )  = -  z~eoAV [5] 

2 

This  equa t i on  is iden t i ca l  to [3] since, by  cor re -  
spondence,  A ( V z ~ e o / q )  = A(W~ ~ - -  W~),  and  AV = 
A(4~--4'H). This  means  tha t  ,~ m u s t  be equa l  one-  
hal f  as long as the adsorp t ion  capaci ty  C, due  to 
species i, is i n d e p e n d e n t  of vol tage  or charge.  For  a 
v a r i a b l e  capaci ty ,  Eq. [4] mus t  be  in tegra ted ,  t a k i n g  
in to  account  this  dependence  wh ich  wou ld  lead  to 
va lues  of = di f ferent  f rom one-ha l f .  

o 
o 

~ 80-- 

e 

~ 4 c  

,~ =c 

; I 
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FREE ELECTRON CONCENTRAT ION - cm  - s  

Fig. I. Electrostat ic energy of  the double layer on o metal  
surface against  vacuum as a func t ion  of  free electron concen- 
t rat ion.  

- 

The i n t e r p r e t a t i o n  of adsorp t ion  on the  basis  of 
charge t r ans fe r  has ga ined  wide  acceptance  in  m o d -  
e rn  work  on cata lys is  (6, 7). The concepts  have  been  
subs t an t i a t ed  no t  on ly  by  m e a s u r e m e n t s  of changes  
in  work  func t ion  and  contact  po ten t i a l  bu t  also by  
changes  in  electr ic  res i s tance  (8) and  by  changes  in  
m a g n e t i c  behav io r  (9) of t h i n  solid films d u r i n g  the  
adsorp t ion  process. The surface  po ten t i a l  or the  Ga l -  
v a n i  po ten t i a l  difference depends  gene ra l l y  on the 
compet i t ive  adsorp t ion  of a va r i e t y  of d i f ferent  spe-  
cies 1, 2, 3 - - .  However ,  adsorp t ion  is ge ne r a l l y  spe-  
cific enough  to one p a r t i c u l a r  species i such that ,  at  
least  over  l imi ted  regions,  t he  va r i a t ions  in  adsorp-  
t ion  of other  species can be  neglected.  In  cons ider ing  
adsorp t ion  of the  species i on a surface  modified by  
the  presence  of o ther  species 1, 2, 3 - -  i, the surface  
po ten t i a l  or the  G a l v a n i  po t en t i a l  difference,  as 
modified by  the  p resence  of these  o ther  species, de-  
t e r m i n e s  according to [3] the  adsorp t ion  e n e r g y  of i. 

For  a ba re  me t a l  surface  aga ins t  v a c u u m  the  e lec-  
t r on  concen t r a t i on  in  the  m e t a l  is the  m a i n  p a r a m -  
eter  charac te r iz ing  the  surface  po ten t i a l  ba r r i e r .  The  
re la t ion  b e t w e e n  surface  po t en t i a l  and  e lec t ron  con-  
cen t r a t i on  becomes ev iden t  f rom Fig. 1. Here,  the  
electrostat ic  e n e r g y  of the  double  l aye r  on a surface  
aga ins t  v a c u u m  is p lo t ted  aga ins t  e lec t ron  concen-  
t ra t ion .  1 The surface po ten t i a l  (dipole  t e r m )  is on ly  
a r e l a t i ve ly  smal l  f rac t ion  of the  to ta l  work  func t i on  
(10).  Therefore ,  the  work  func t i on  p lays  a direct  
pa r t  in  the  d e t e r m i n a t i o n  of surface  po ten t ia l s  and  
G a l v a n i  po ten t i a l  differences on ly  insofar  as the  di -  
pole t e r m  is concerned.  However ,  the  dipole  t e r m  is 
of ten a more  or less fixed f rac t ion  of the  to ta l  w o r k  
func t ion .  

I t  has been  shown (11) tha t  the  ene rgy  of cohesion 
of meta l s  is r e la ted  to the  e lec t ron  concen t ra t ion .  
For  a lka l i  meta l s  the  ene rgy  of s u b l i m a t i o n  is p ro -  
po r t iona l  to p~  w h e r e  p is the  free e lec t ron  concen-  
t ra t ion .  The  surface  ene rgy  is also a f u n c t i o n  of the  
e lec t ron  concen t ra t ion .  Accord ing  to Breger  and  
Zhukhov i t sk i i  (12) the  surface  ene rgy  can be cal-  
cu la ted  by  

= (3p/~r) ~j~ (~rh~/128m) [6] 

where  h is P l a n c k ' s  cons tan t  a nd  m the  e lect ronic  
mass.  A recen t  r ev iew on a tomic theor ies  of surface  
ene rgy  has been  g iven  b y  Ew a l d  and  J u r e t s c h k e  
(13).  I t  is k n o w n  tha t  p a r t i c u l a r l y  for solids of the  
same c rys ta l lograph ic  type  the  sur face  e n e r g y  is a 
fixed f rac t ion  of the  cohesion e n e r g y  or hea t  of sub -  
l imat ion .  Since surface  potent ia l ,  cohesion energy ,  
a nd  surface  e n e r g y  a re  func t ions  of the  e lec t ron  con-  
cen t ra t ion ,  re la t ions  to o ther  quan t i t i e s  de pe nd ing  on 
e lec t ron  concen t ra t ion ,  e. g., la t t ice  constants ,  com-  
pressibi l i t ies ,  e lect ronic  w o r k  f u n c t i o n  (14) ,  are  to 
be  expected.  For  a lka l i  meta l s  one finds, e.g., 

3 
L--~--r [7] 

5 

w he r e  L is the s u b l i m a t i o n  ene rgy  and  r is the  work  
func t i on  (11).  

Adso rp t ion  energies  at zero coverage,  ca lcu la ted  
on the  basis  of a charge  t r ans f e r  model ,  are  equa l l y  

�9 D a t a  o b t a i n e d  f r o m  R. S t r a t t on ,  Phil. Mag., 44, 1236 (1957). 
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re la t ed  to the  e lectronic  proper t ies  of the  metal .  For  
an  ionic bond  ( a n d  e lec t ron  t r ans fe r  f rom the  ad -  
sorbed par t ic le  to the  surface)  one has used 

- - ( w ~ * - -  w~) = r  I + e Y 4 K o r  [8] 

where  I is the  ion iza t ion  energy,  r the  image  force 
d i s tance  (15) ,  and  Ko is the  Cou lomb ' s  L a w  cons t an t  
= 4~re~ where  eo is 8.854 x 10 -~= amp sec vol t  -~ m -~. For  
fo rma t ion  of a nega t i ve  ion the  signs of r an d  I r e -  
verse. Elec t ronic  w o r k  func t i on  and  image  force 
d is tance  depend  on e lec t ron  concen t ra t ion .  Adso r p -  
t ion  has also been  i n t e r p r e t e d  successful ly  s t r ic t ly  on 
the basis  of image  forces for e lec t rons  and  p ro tons  
of adsorbed  species for a p p a r e n t  cova len t  surface  
bonds  (16).  The p a r a m e t e r  d e t e r m i n i n g  the  ene rgy  
of adsorp t ion  is t h e n  the  d i s tance  r b e t w e e n  the  ad -  
sorbed par t ic le  and  the surface  m i r r o r  p lane .  For  
h y d r o g e n  atoms on metals ,  the fo l lowing equa t i on  
has been  der ived  

--(w~* -- w , )  = e~/4Kor) (1 q- qao~/2r ~) [9] 

whe re  ao is the  Bohr  radius .  The d is tance  r wi l l  v a r y  
wi th  la t t ice  p a r a m e t e r  and  e lec t ron  concen t ra t ion .  
For  cova len t  bonds  the  P a u l i n g  f o r m u l a  has been  
used 

1 1 
--(w~* -- w , )  = - ~ D ( M - -  M) q- - ~ D ( A - -  A )  

q- 2 3 . 0 6 ( X , - -  X , )  ~ [10] 

to ca lcu la te  adsorp t ion  energies  (17) a t  zero cover -  
age. Ins t ead  of c o n v e n t i o n a l  (chemica l )  e l ec t ronega-  
t ivi t ies ,  the  bond  m o m e n t s  of the  adsorp t ion  bonds  
mus t  be used. The bond  m o m e n t s  depend  on e lec t ron  
concen t r a t i on  and  work  funct ion .  S t evenson  (18) 
has suggested  t ha t  X~ = 0.355~ could be  used in  Eq. 
[10],  whereas ,  according to Gordy  and  Thomas  (19) ,  
the  t rue  (chemica l )  P a u l i n g  e lec t ronega t iv i t i es  are 
re la ted  to the work  func t ion  as fol lows:  X ,  = 0.44r 
- -  0.15. Heats  of adsorp t ion  can be ca lcu la ted  for a ny  
type  of b o n d i n g  f rom the  c h a r g e - t r a n s f e r  complex  
theory  as developed by  M u l l i k e n  (19-21) .  

As po in ted  out, Eqs. [8],  [9],  and  [10] re fe r  to the  
ene rgy  of adsorp t ion  at  zero coverage.  The  v a r i a t i o n  
of adsorp t ion  ene rgy  wi th  coverage  is due  to i n t e r -  
ac t ion b e t w e e n  adsorbed  par t ic les  and  can, in  m a n y  
cases, be  descr ibed by  Eqs. [3] and  [5].  

Rate  equa t ions  descr ib ing  the  k ine t ics  of he te ro -  
geneous  reac t ions  have  h i ther to  been  f o r m u l a t e d  
of ten  w i thou t  t a k i n g  into account  the  ac t iv i ty  of 
i n t e r m e d i a t e  species or ac t iva ted  complexes.  H o w -  
ever,  Hor iu t i  has po in ted  out t ha t  this  is incor rec t  
(2) .  I t  has been  shown above how electrosta t ic  i n -  
t e rac t ion  leads to a l i nea r  va r i a t i on  of adsorp t ion  
e n e r g y  wi th  coverage.  

If adsorp t ion  energies  v a r y  l i n e a r l y  wi th  the n u m -  
ber  of adsorbed  part ic les ,  a s imi la r  behav io r  migh t  
be expected  for ac t iva t ion  energies  of adsorp t ion  
(22).  Ac t iva ted  complexes  fo rmed  at in te r faces  m u s t  
in  fact  be cons idered  as adsorbed species. H e r e b y  it  
is bas ica l ly  i m m a t e r i a l  w h e t h e r  the  ene rgy  level  of 
the  species in  the  adsorbed  "ac t iva ted"  s tate  is 
h igher  or lower  t h a n  in  the  b u l k  (23) .  Ac t iva t i on  e n -  
ergies of adsorp t ion  are (nega t ive )  adsorp t ion  e ne r -  
gies of the  ac t iva ted  complex.  The  ac t iva t ion  e n e r g y  
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changes  t hen  according to [3] l i n e a r l y  w i th  the  
n u m b e r  of adsorbed  "ac t iva ted"  complexes.  T h e r e -  
fore the  ra te  of adsorp t ion  depends  e x p o n e n t i a l l y  on 
the  n u m b e r  of adsorbed  part ic les .  Such  a behav io r  
is indeed  wide ly  observed  and  has been  descr ibed by  
Becker  (24) a nd  Zeldovich  (25) in  the  fo rm 

d~/dt  = a(1  --  8) exp (--  b~) [11] 

The  va r i a t i on  i n t roduced  by  the  factor  1 --  ~ is to be 
neglec ted  in  compar i son  wi th  the  v a r i a t i o n  in t ro -  
duced by  the  e x p o n e n t i a l  te rm.  For  mobi le  adsorp-  
t ion  1 --  ~ loses m u c h  of its m e a n i n g  a n y w a y .  

We  shal l  now der ive  the V o l m e r - T a f e l  equa t ion  
for e lec t rochemica l  reac t ions  f rom the  theory  ou t -  
l ined  above.  The  ene rgy  difference b e t w e e n  a po in t  
at  the  cr i t ica l  d is tance  X* f rom the  e lect rode i n t e r -  
face, in  the reg ion  of the  ac t iva ted  complex  where  
the  e lec t ron  t r ans f e r  takes  place, is composed of a 
cons t an t  "chemica l"  t e r m  a nd  a v a r i a b l e  electr ic  
te rm,  respect ively .  Accord ing  to [3] and  [5] w~*--  
w, is a l i nea r  f unc t i on  of the  G a l v a n i  po ten t i a l  dif-  
fe rence  

w** ~ w ,  = aZ,eo A(~, - -  ~b~i) + e* --  e [12] 

w he r e  e* - - ,  is the  "chemica l  pa r t "  of the  ac t iva t ion  
or adsorp t ion  energy.  The  •  r m u s t  be  meas -  
u r ed  w i th  r e fe rence  to the  G a l v a n i  po t en t i a l  differ-  
ence (~b, --  $Ii) o, cor responding  to the po in t  where  n/'~ 
becomes zero. At  this  po in t  the  charge  of the  double  
l ayer  is due to the  fore ign  i ne r t  species only.  The  
c u r r e n t  of the  e lec t rochemica l  r eac t ion  is s imply  
p ropor t iona l  to the  n u m b e r  of ac t iva ted  complexes  
n~*, and  us ing  [1] and  [12] one ob ta ins  

i = vZ,eon~*8 = vZ,eoSn~ exp [--c,Z~eo (gp~ -- q~, ) /kT]  
�9 exp {[~Z ,eo($ , - -  dpu)o-- (e* -- e ) ] / k T }  [13] 

w he r e  v is a f r e q u e n c y  factor  a n d  8 the  th ickness  of 
the  reac t ion  zone. The  e xpone n t i a l  dependence  of 
c u r r e n t  on vol tage  descr ibed by  [18] is the  Vo lmer  
equa t ion .  Over  the  regions  w he r e  the  charge  of the  
e lect rode double  l ayer  var ies  p r e d o m i n a n t l y  due  
to a c c u m u l a t i o n  of r eac t ing  species a nd  where  
(r r e m a i n s  constant ,  (~b~--r is a l i nea r  
f u n c t i o n  of the charge  of the  double  l aye r  condenser  
due  to n**. This  i l lus t ra tes  the  ana logy  b e t w e e n  the  
Beeke r -Ze lov ieh  equa t i on  [11] a nd  the  Volmer  
equation [13]. Both ra te  express ions  con ta in  a t e r m  
e x p o n e n t i a l l y  d e p e n d e n t  on the  n u m b e r  of adsorbed 
par t ic les  n~*. 

The  " t r ans fe r  coefficient" or " s t r u c t u r a l  factor"  a 
can be d e t e r m i n e d  e x p e r i m e n t a l l y  f rom the  slope of 
a Tafe l -p lo t .  The  model  f rom which  a has been  de-  
r ived  here  is d i f ferent  f rom the  one of g o l m e r  (26),  
who cons idered  the  t r a n s p o r t  of a charge  ha l fway  
t h r ough  an  electr ic  field w i t h o u t  t ak ing  in to  account  
the i n t e r ac t i on  with ,  or e n e r g y  increase  of the  o ther  
charges  of the double  l ayer  condenser .  The  p resen t  
de r iva t ion  of the  c u r r e n t - v o l t a g e  r e l a t ion  is more  
sat isfactory.  

In  order  to define an e lec t rochemica l  equ i l i b r ium,  
at least  two ( i n d e p e n d e n t )  e lectrode reac t ions  m u s t  
proceed at  an  electrode.  The  two reac t ions  are to 
produce  e lec t rochemica l  cu r r en t s  in opposite d i rec-  
t ion  at  equa l  rates.  If the  f inal  p roduc t s  of one reac -  
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t ion  are  no t  iden t ica l  wi th  the in i t i a l  r eac tan t s  of the  
o ther  react ion,  a "mixed  electrode po ten t i a l "  is 
es tab l i shed  (27) .  A t rue  e q u i l i b r i u m  is observed  
w h e n  the  products  of the fo rward  reac t ion  are equa l  
to the r eac tan t s  of the  b a c k w a r d  react ion.  If for the  
p roduc t  1 and  the  r eac t an t  2 a ra te  equa t ion  of type  
[13] is val id,  one der ives  for e q u i l i b r i u m  (il = - -  i2) 
the Nerns t  equat ion.  Since (r --  r is a l i nea r  f u n c -  
t ion  of n~*, the  Nerns t  equa t ion  has the  fo rm of the  
T e m k i n  i so the rm [2]. 

The gene ra l  r a t e  equa t ions  for he te rogeneous  r e -  
act ions con ta in  the  G a l v a n i  po ten t i a l  difference r  
r I t  is po in ted  out  here  tha t  they  can  also be for-  
m u l a t e d  in  a s imi la r  m a n n e r  us ing  the  e x p e r i m e n t a l l y  
m e a s u r a b l e  Vol ta  po ten t i a l  differences.  G a l v a n i  po-  
t en t i a l  differences and  surface po ten t i a l s  of con-  
densed  phases  agains t  v a c u u m  are  no t  m e a s u r a b l e  
bu t  could be ca lcu la ted  in  p r inc ip le  on the basis  of 
a sufficiently de ta i led  knowledge  of the  conf igura t ion  
of the  nuc le i  and  e lect rons  in  the  in te r io r  and  su r -  
faces of the phases  (28, 29).  The  surface  po ten t ia l s  
are ob ta ined  s e m i - e m p i r i c a l l y  by  compar ing  the  
chemical  po ten t i a l  ~, of a charged species i in  the 
b u l k  of the phase  wi th  the  e x p e r i m e n t a l l y  m e a s u r -  
able  rea l  po ten t i a l  (nega t ive  w o r k  func t ion )  of this  
species. The surface  dipole t e r m  is u sua l l y  a smal l  
f rac t ion  of the tota l  nega t ive  work  func t i on  a nd  is 
no t  app rec i ab ly  a l te red  by  electrosta t ic  su r face-  
charge  (10).  The  sur face  po ten t i a l  of a condensed  
phase  aga ins t  v a c u u m  or a gas phase  and  the  G a l -  
v a n i  po ten t i a l  difference for this in te r face  have  the  
same phys ica l  m e a n i n g  since a gas phase  or v a c u u m  
has a zero surface potent ia l .  The e x p e r i m e n t a l l y  
m e a s u r a b l e  Vol ta  po ten t i a l  differences are the resu l t  
of e lect ros ta t ic  excess charges.  They  can be induced  
by  changes  in  surface po ten t ia l s  (30-33) .  

I t  has somet imes  been  as sumed  tha t  the  e lec t ro-  
chemica l  in te r face  is composed of severa l  d i f ferent  
double  layers.  However ,  it  seems tha t  e lect ros ta t ic  
i n t e r ac t i on  (or over lap)  is so s t rong tha t  it  is be t t e r  
to consider  on ly  one o v e r - a l l  dipole  ba r r i e r .  Also, the  
G a l v a n i  po ten t i a l  difference has been  spli t  in to  a 
dipole t e r m  and  an  ionic te rm.  However ,  it is difficult 
to d i f ferent ia te  these two te rms  since dipoles can be 
t r ea ted  as two separa te  charges.  F u r t h e r m o r e  the  
dipole  t e r m  should  be d e p e n d e n t  on the  ionic t e r m  
since dipole adsorp t ion  and  po la r iza t ion  change  w i t h  
field s t rength .  I t  is p r e f e r r ed  here  no t  to make  this  
d i f ferent ia t ion .  

Potentials of Zero Charge 
Po ten t i a l s  of "zero charge,"  co r respond ing  to a 

s ta te  of m a x i m u m  in te r fac ia l  ene rgy  a n d / o r  a m i n i -  
m u m  in  e lect rode double  l ayer  capac i ty  (37) are  of 
impor t ance  for the  i n t e r p r e t a t i o n  of the t e r m  
(r --  ~H)o in  the  ra te  equat ion .  The  e lect rode p o t e n -  
t ia l  at  wh ich  the  charge  on the  e lect rode is v i r t u a l l y  
zero has been  d e t e r m i n e d  e x p e r i m e n t a l l y  for cond i -  
t ions  where  e lec t ron  t r ans f e r  can take  place more  or 
less comple te ly  ( ideal  r evers ib le  e lect rode)  or is 
p rac t i ca l ly  imposs ib le  ( idea l  polar ized e lec t rode) .  
The re  is conclus ive  e x p e r i m e n t a l  da ta  t ha t  the  po-  
t en t i a l  of zero charge is d i f ferent  for the  two 
cases (38).  
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The  electrode po ten t i a l  of ideal  polar ized elec-  
t rodes is d e t e r m i n e d  by  the e x t e r n a l l y  appl ied  vo l t -  
age l ike the  t ens ion  of a me ta l -d i e l ec t r i c  type  con-  
denser .  Differences in ze ro -cha rge  po ten t ia l s  of v a r i -  
ous electrode meta l s  are to a la rge  ex t en t  accounted  
for by  differences in  work  func t ions  (39, 40) a nd  de-  
pend  therefore  on the  pa r t i cu l a r  c rys ta l l ine  face ex -  
posed (41).  A str ict  l i n e a r i t y  b e t w e e n  zero charge  
po ten t ia l s  and  w o r k  func t ions  could be expec ted  
if adsorp t ion  of species at the  in te r face  w ou ld  be 
p u r e l y  "e lect ros ta t ic"  in  n a t u r e  (42, 43).  

The electrode po ten t i a l  of ideal  r evers ib le  elec-  
t rodes is d e t e r m i n e d  t h e r m o d y n a m i c a l l y  by  the b u l k  
concen t ra t ions  of p o t e n t i a l - d e t e r m i n i n g  species. At  
the po ten t i a l  of zero charge  the concen t ra t ions  are 
ad jus ted  such tha t  adsorp t ion  of nega t ive  a nd  posi-  
t ive ions is ba l anced  to produce  a m a x i m u m  i n t e r -  
facial  energy.  Some e x p e r i m e n t a l  ev idence  has been  
a c c umul a t e d  (38, 40) showing  tha t  po ten t ia l s  of zero 
charge  of ideal  r evers ib le  electrodes t end  to be inde -  
p e n d e n t  of the e lect rode mate r ia l .  This  wou ld  m e a n  
tha t  the  e lec t rochemica l  in te r face  behaves  analog  to 
a contact  m e t a l - m e t a l .  For  redox  poten t ia l s  whe re  
the emf is ( theore t ica l ly )  i n d e p e n d e n t  of the  n a t u r e  
of the  ine r t  electrode,  the  s ta te  of zero charge wou ld  
be m a i n t a i n e d  w h e n  the  ine r t  e lectrode is exchanged  
for some other  metal .  For  a me t a l  e lect rode in  a solu-  
t ion  of its own ions, a d i f ferent  ion concen t r a t i on  
m u s t  be  p rov ided  for each me t a l  to produce  the  state 
of zero charge.  

A l t h o u g h  the  difference in  zero charge po ten t ia l s  
b e t w e e n  polar ized and  r eve r s ib l e  electrodes is due 
to di f ferent  adsorp t ion  charac ter is t ics  b e t w e e n  "spe-  
cifically adsorbed"  and  " ine r t "  species, the  phys ica l  
n a t u r e  of the s tate  of zero charge  is the same in  bo th  
ins tances ,  namely ,  a s ta te  of m a x i m u m  surface  e n -  
ergy.  Differences in  zero charge po ten t ia l s  are  r e -  
la ted  to differences in  the closest approach  of the  
var ious  species to the  e lect rode surface.  P o t en t i a l  
d e t e r m i n i n g  or "specifically adsorbed"  ions ge ne ra l l y  
can  approach  the  e lect rode more  closely t h a n  " i ne r t "  
ions. The inf luence of the n a t u r e  of the species in  the  
e lec t ro ly te  and  the i r  adso rbab i l i t y  is p a r t i c u l a r l y  
wel l  d e m o n s t r a t e d  by  the  p H - d e p e n d e n c e  of zero-  
charge po ten t ia l s  (44).  Elect rodes  which  adsorb  hy -  
d rogen  a nd  es tabl ish  revers ib le  h y d r o g e n  po ten t i a l s  
show a va r i a t ion  of zero charge  po ten t ia l s  w i th  pH. 
This shows tha t  p o t e n t i a l - d e t e r m i n i n g  ions are  spe- 
cifically adsorbed.  

I t  should  be po in ted  out that ,  in ana logy  to m e t a l -  
gas interfaces ,  some sort  of s t rong  adsorp t ion  forces 
mus t  a lways  be expected  on electrode surfaces.  A n  
i n d e p e n d e n c e  of zero charge po ten t ia l s  of the  e lec-  
t ro ly te  of ten s imply  me a ns  tha t  the  species of the 
so lvent  (H + ions or OH- ions or w a t e r  dipoles)  are 
adsorbed r a the r  t h a n  the solute.  There  is no c lea r -  
cut  d i s t inc t ion  b e t w e e n  the  two types  of zero charge  
electrodes.  The  d i f fe ren t ia t ion  is in  fact  one of de-  
gree. The process of s t rong adsorp t ion  ge ne r a l l y  can  
be cons idered  as an  electrode react ion,  fo rming  a su r -  
face product .  The  par t ic les  t ak ing  pa r t  in  this  r eac -  
t ion  m u s t  be  cons idered  as specifically adsorbed,  and  
the electrode po ten t i a l  var ies  t h e n  a p p r o x i m a t e l y  
l oga r i t hmica l ly  (accord ing  to a T e m k i n  i so therm)  
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w i t h  t he  b u l k  c o n c e n t r a t i o n  of these  p a r t i c l e s  
(45, 46) .  

Application to Problems in Electrode Kinetics 
In  r e c e n t  d i scuss ions  on the  m e c h a n i s m  of h y d r o -  

gen  e v o l u t i o n  a d i s t i nc t ion  has  been  m a d e  (47-52)  
b e t w e e n  the  s o - c a l l e d  V o l m e r - T a f e l  ( d i s c h a r g e - r e -  
c o m b i n a t i o n )  m e c h a n i s m  

2H+(aq) + 2 e - ~  2 H ( a d s )  

H ( a d s )  + H ( a d s )  -~ Ha 

and  the  s o - c a l l e d  V o l m e r - H o r i u t i  ( i o n - a t o m  r e a c -  
t ion)  

H+(aq)  + e--> H ( a d s )  

H ( a d s )  + H+(aq)  + e--* H~ 

W i t h o u t  spec i fy ing  the  a c t u a l  conf igura t ion  and  e n -  
e rge t i c  s t a t e  of t he  p a r t i c u l a r  a c t i v a t e d  c o m p l e x  i n -  
vo lved  and  e x p e r i m e n t a l  ev idence  thereof ,  t he se  
f o r m u l a t i o n s  a r e  of l i t t l e  help.  A n y  n u m b e r  of o t h e r  
t h e o r e t i c a l  r e a c t i o n  routes ,  l i ke  for  i n s t ance  (53) 

2H+(aq)  + 2 H ( a d s )  -t- 2e--> 2H~ 

I-I~ --> 2H (ads )  

( w h i c h  does  no t  r e q u i r e  the  V o l m e r  d i s c h a r g e  s t ep )  
can  be  pos tu l a t ed .  On the  bas is  of t he  m o d e l  d e v e l -  
oped e a r l i e r  in th is  p a p e r  the  d i f f e r en t i a t i on  is u n -  
necessa ry .  The  e lec t r i c  doub le  l a y e r  conta ins ,  on the  
so lu t ion  s ide  of the  in t e r face ,  p r o t o n s  in v a r i o u s  e n -  
e rge t i c  s t a t es  c o r r e s p o n d i n g  to va r i ous  s tages  of d i s -  
charge ,  w h i c h  m e a n s  t h a t  t h e i r  pos i t i ve  c h a r g e  is 
sh i e lded  to va r i ous  deg ree s  b y  o v e r l a p p i n g  e l ec t rons  
and  b y  n e g a t i v e  ions. These  a d s o r b e d  p r o t o n s  a r e  
mobi le ,  l i ke  mos t  spec ies  in e l e c t r o c h e m i c a l  d o u b l e  
l ayers .  The  a d s o r p t i o n  fo l lows  a T e m k i n - i s o t h e r m  
a n d  the  a d s o r p t i o n  (or  a c t i v a t i o n )  e n e r g y  w i l l  v a r y  
l i n e a r l y  w i t h  the  n u m b e r  of a d s o r b e d  pro tons .  F o r  
an  a p p r o a c h i n g  p r o t o n  the  su r f ace  t h e n  looks  e n e r -  
g e t i c a l l y  un i fo rm,  and  each  p r o t o n  has  s t a t i s t i c a l l y  
t h e  s ame  chance  to fo l low the  eas ies t  r e a c t i o n  pa th ,  
w h i c h  is s i m p l y  a c h a r g i n g  of t he  d o u b l e  l a y e r  con-  
denser .  Because  of e l ec t ro s t a t i c  i n t e r a c t i o n  t h e r e  w i l l  
be  no " b a r e "  spots  on the  surface .  The  i n t r o d u c t i o n  
of the degree of coverage ~ or the fraction of free 
surface 1- 8 as a concentration term in the rate 
equation does not have much meaning. According to 
the outlined model there is no saturation coverage 
and the Galvani potential difference keeps increasing 
more or less linearly (as long as the adsorption ca- 
pacity is constant) with the number of adsorbed po- 
tential-determining ions. This is the reason why the 
l i nea r  r e l a t i o n  b e t w e e n  l o g a r i t h m  of c u r r e n t  and  
p o t e n t i a l  p r e v a i l s  to v e r y  h igh  r a t e s  and  w h y  g e n -  
e r a l l y - n o  l i m i t i n g  v a l u e  is r e a c h e d  (54) .  The  m e t a l  
e l ec t rons  of t he  su r face  a r e  ab le  to be  t r a n s f e r r e d  
to p a r t i c l e s  on the  so lu t ion  side ove r  r e l a t i v e l y  l a r g e  
d i s tances ,  e.g., d u r i n g  e l e c t r o c h e m i c a l  r e d u c t i o n  of 
azobenzene  on a smoo th  l iqu id  m e r c u r y  e l e c t r o d e  
(55) ,  due  to t he  h igh  e lec t r i c  field at  t he  in te r face .  
R e c o m b i n a t i o n  of " d i s c h a r g e d "  p ro tons  can  Occur at  
v a r i o u s  d i s t ances  as f a r  f r o m  the  i n t e r f a c e  as t h e  
e l ec t ron  w a v e s  can  r e a c h  (58, 57) .  T h e  c r i t i ca l  d i s -  
t ance  X ~ f r o m  the  i n t e r f a c e  w h e r e  e l e c t r o n  t r a n s f e r  

t a k e s  p lace  m a y  be  s m a l l e r  s t a t i s t i c a l l y  on one m e t a l  
t h a n  on ano the r .  The  d i s c h a r g e  p r o b a b i l i t y  is s i m p l y  
p r o p o r t i o n a l  to the  n u m b e r  of p ro tons  in  t he  doub le  
l aye r .  

A t  th is  p o i n t  m e n t i o n  shou ld  be  m a d e  of t he  
s to i ch iomet r i c '  n u m b e r s  v~, i n t r o d u c e d  by  t I o r i u t i  
(58, 59) and  c o m m o n l y  def ined  as n u m b e r  of t i m e s  
the  p o s t u l a t e d  r a t e - d e t e r m i n i n g  s tep  is r e p e a t e d  
w h e n  t h e  o v e r - a l l  r eac t ion ,  as r e p r e s e n t e d  b y  t h e  
s to i ch iome t r i c  equa t ion ,  occurs  once. In  t he  f o r m u -  
l a t i on  of P a r s o n s  (60) t he  o v e r - a l l  p rocess  r e q u i r e s  
t he  f o r m a t i o n  and  decompos i t i on  of v, a c t i v a t e d  c o m -  
p lexes .  M a k r i d e s  s h o w e d  f r o m  cons ide ra t i ons  of r e -  
ac t ion  r a t e s  a t  s t a t es  c lose  to  e q u i l i b r i u m  t h a t  s to i -  
c h iome t r i c  n u m b e r s  can  t a k e  a n y  pos i t i ve  v a l u e  and  
a re  u s u a l l y  equa l  to the  r a t i o  of two  s m a l l  i n t ege r s  
(61) .  If, on the  bas is  of t he  o u t l i n e d  t he o ry ,  the  ac -  
t i v a t e d  c o m p l e x  for  t he  h y d r o g e n  evo lu t i on  r e a c -  
t ion  is assumed to consist of one excited proton only 
and an electron in the metal, the concentration of ac- 
tivated complexes is immediately given by [I] and 
[12] and the current-voltage relation by [13]. If the 
activated complex is considered to consist of two 
excited protons and two electrons in the metal, one 
obtains formally the same result since the protons 
must share the activation energy in equal parts, 
which can be described alternatively by electrostatic 
interaction or by the existence of strong resonance 
between the protons, or by the formation of hydro- 
gen molecule ions. In this manner stoichiometric 
numbers do not enter the considerations, which is 
fortunate as can be seen from the recent controversy 
betwen Horiuti and Bockris (62, 63). From this point 
of view, the present theory is able to unify various 
overvoltage theories advanced previously, based on 
hypothetical existence of atomic hydrogen (64, 65), 
protons (26), and hydrogen molecule ions (66). The 
fact that deposition of atomic hydrogen into palla- 
dium metal lattice requires a considerable overvolt- 
age would at first suggest that the activated complex 
consists of single protons rather than molecules. 
However, on the basis of the present theory strong 
interaction between adsorbed protons must be pres- 
ent, and with the condenser model all the particles in 
the interface must actually be included in the acti- 
vated complex. The interaction between adsorbed 
particles in the double layer gives also an explana- 
tion of the experimentally observed separation fac- 

tors (67). 

It has been shown above that the transfer coeffi- 

1 
cient a assumes preferably the value ~ ~--. Care- 

2 

ful experimental work by Schuldiner (68) on noble 
metals and noble metal alloys yielded values of 
larger than one, or Tafel slopes smaller than 0.058 v 
at overvoltages below i00 inv. The apparent slope of 
0.029 has been explained by the recombination 
theory of Tafel; however, this explanation is not 
satisfactory. One must also consider that noble met- 
als have high exchange currents and the backward 
reaction is of strong influence at low overvoltages. 
Knorr and co-workers (69) have recently shown 
that overvoltages below I00 mv on noble metals are 
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due  m a i n l y  to d i f fus ion  o v e r v o l t a g e  of m o l e c u l a r  h y -  
d rogen .  

Bockr i s  a n d  c o - w o r k e r s  h a v e  d e v e l o p e d  w h a t  t h e y  
t e r m e d  "d i agnos t i c  c r i t e r i a "  to d e t e r m i n e  the  " r a t e -  
con t ro l l i ng  s t ep"  in  h y d r o g e n  evo lu t i on  (70) .  I n  d e -  
r i v i n g  t h e i r  t h e o r e t i c a l  T a f e l  s lopes  t h e y  h a v e  used  

1 
~ - -  t h r o u g h o u t .  H o w e v e r ,  as shown  in Eq. [13]  

2 

a s sumes  th is  v a l u e  on ly  u n d e r  t he  spec ia l  cond i t ion  
t h a t  ( ~  - -  r is cons tan t .  The  v a r i a t i o n  in  G a l v a n i  
p o t e n t i a l  is t h e n  due  to a c c u m u l a t i o n  of p ro ton s  only ,  
and  the  a d s o r p t i o n  c a p a c i t y  a cons tan t .  The  r e su l t s  of 
t he  "d i agnos t i c  a n a l y s i s "  do not  s eem to be  u n a m b i g -  
uous  e i t he r  s ince  on Ni, e.g., e l e c t r o c h e m i c a l  d e s o r p -  
t ion  (71) ,  s low d i s c h a r g e  (47) and  e l e c t r o c h e m i c a l  
d e s o r p t i o n  (50) h a v e  been  n a m e d  r a t e  d e t e r m i n i n g .  
The  l a t t i c e  h e t e r o g e n e i t y  of t h e  e l e c t r o d e  su r f a c e  is 
not  a c c o u n t e d  for  in t he  p r e s e n t  t heo ry .  T h e r e  a r e  
some  ind ica t ions  t h a t  th is  h e t e r o g e n e i t y  is no t  of  p r i -  
m a r y  i m p o r t a n c e .  This  is also b r o u g h t  out  b y  MO 
ca lcu la t ions  for  a d s o r p t i o n  bonds  a t  zero  c o v e r a g e  on 
l i n e a r  a tomic  cha in  m o d e l s  (72) .  

Some  theo r i e s  have  been  a d v a n c e d  a b o u t  e l e c t r o -  
c h e m i c a l  r e d u c t i o n  of w a t e r  i n s t ead  of h y d r a t e d  p r o -  
tons.  Usua l ly ,  i t  has  no t  been  cons ide r ed  t h a t  t he  d i s -  
soc ia t ion  e q u i l i b r i u m  of w a t e r  is e s t a b l i s h e d  w i t h  a 
r a t e  cons t an t  of 10 -~ sec- '  and  p ro tons  a r e  c o n t i n u a l l y  
p r o d u c e d  b y  th is  p r e c e d i n g  r e a c t i o n  (55, 73).  The  
f ield effect a t  t he  i n t e r f a c e  can  even  e n h a n c e  th is  r e -  
ac t ion  ra te .  

T e m k i n  a n d  F r u m k i n  (74) have  sugges t ed  t h a t  
because  of the  a p p a r e n t  i n d e p e n d e n c e  of t he  p r e e x -  
p o n e n t i a l  f ac to r  A in the  equa t ion  i = A e x p  
(--E/RT) f r o m  the  n a t u r e  of the  m e t a l  (75) ,  one  
shou ld  expec t  a p p r o x i m a t e l y  equa l  v a l u e s  of t he  ac -  
t i v a t i o n  e n e r g y  E for  e q u a l  c u r r e n t  r a t e s  i. G e n e r a l l y  
one shou ld  expec t  a d e p e n d e n c e  of t he  f r e q u e n c y  f ac -  
to r  on the  ac t i va t i on  e n e r g y  (76) .  

In  c o m p a r i n g  o v e r v o l t a g e s  of d i f fe ren t  m e t a l s  i t  is 
n e c e s s a r y  to keep  the  compos i i t on  of  t he  e l e c t r o l y t e  
t he  same.  This  has  been  t a k e n  in to  accoun t  in t he  
w o r k  b y  R~e t sch i  and  D e l a h a y  (77) b u t  has  no t  been  
c ons ide r ed  b y  o the r s  (74) .  A d s o r p t i o n  of an ions  d e -  
c reases  o v e r v o l t a g e  in the  s equence  SO,-- < C1- < Br-  
< I- (43) .  A c c o r d i n g  to [13]  t he  t e r m s  e * - - e  a n d  
a z ~ e o ( r  r d e t e r m i n e  the  inf luence  of t he  e l ec -  
t r o d e  m a t e r i a l  on o v e r v o l t a g e  s ince  n** and  A(r - -  ~bii) 
a r e  cons t an t  for  a g iven  cu r ren t .  The  first  t e r m  is a 
m e a s u r e  for  t he  c o v a l e n t  a d s o r p t i o n  ene rgy ,  w h i c h  
can  be  c a l c u l a t e d  w i t h  [10] ,  o m i t t i n g  e l e c t r o n e g a -  
t iv i t ies .  E x p e r i m e n t a l  s u p p o r t  for  a l i n e a r  r e l a t i o n  
b e t w e e n  c o v a l e n t  a d s o r p t i o n  e n e r g y  and  o v e r v o l t -  
age  has  been  f o u n d  (77) .  

- W i t h  r e s p e c t  to th is  conclus ion,  t he  p r e s e n t  t h e o r y  
g ives  the  s ame  r e s u l t  as cons ide ra t i ons  of p o t e n t i a l  
e n e r g y  su r faces  acco rd ing  to H o r i u t i  a n d  P o l a n y i  
(78) .  Ri ie t sch i  a n d  D e l a h a y  used  e q u a t i o n  [10] w i t h -  
out  e l e c t r o n e g a t i v i t i e s  to  ca l cu l a t e  e * - - ~  w h i c h  is, 
a cco rd ing  to t he  a b o v e  a r g u m e n t ,  t he  co r rec t  p r o -  
cedure .  E n e r g e t i c  t e r m s  due  to p o l a r i t y  of the  M - H  
b o n d  a re  t a k e n  ca re  of b y  the  G a l v a n i  p o t e n t i a l  d i f -  
fe rence .  Bond  m o m e n t s  of M - H  b o n d s  a r e  a n y w a y  

qu i t e  smal l .  Us ing  b o n d  m o m e n t s ,  t he  l as t  t e r m  in 
Eq. [10]  becomes  23.06 ~'~. 

E y r i n g  a n d  c o - w o r k e r s  (81) h a v e  used  the  v a l u e  
~ 0.46 for  the  M - H  bond,  d e r i v e d  f r o m  con tac t  p o -  

t e n t i a l  m e a s u r e m e n t s  b y  B o s w o r t h  (82) fo r  t u n g -  
sten.  H o w e v e r ,  M i g n o l e t  (83) has  shown  t h a t  Bos-  
w o r t h ' s  v a l u e  is too high.  On  the  bas is  of Migno le t ' s  
r e su l t s  one ob ta in s  ~ ---- 0.212 fo r  t he  t u n g s t e n - h y d r o -  
gen  bond  and  ~ - ~  0.183 for  t he  n i c k e l - h y d r o g e n  
bond. T h e  m o m e n t  for  the  c o p p e r - h y d r o g e n  b o n d  is 
even  s m a l l e r  (84) .  These  v a l u e s  show t h a t  t he  con-  
t r i b u t i o n  of t he  l as t  t e r m  in [10] m u s t  be  qu i t e  
smal l ,  in t he  o r d e r  of one k i l oca lo r i e  or  so. This  is 
the  r ea son  w h y  a d s o r p t i o n  ene rg i e s  c a l c u l a t e d  w i t h -  
out  cons ide r ing  the  d ipo le  t e r m  ag ree  s u r p r i s i n g l y  
w e l l  w i t h  e x p e r i m e n t a l  r e su l t s .  A c c o r d i n g  to [13] 
h y d r o g e n  o v e r v o l t a g e  shou ld  g e n e r a l l y  d e c r e a s e  
l i n e a r l y  w i t h  c o v a l e n t  a d s o r p t i o n  ene rg ie s  ~ * - - e  
w h i c h  is in  q u a l i t a t i v e  a g r e e m e n t  w i t h  Bonhoef fe r ' s  
e x p e r i m e n t s  (85) .  The  d e c r e a s e  of o v e r v o l t a g e  w i t h  
a d s o r p t i o n  e n e r g y  has  r e c e n t l y  b e e n  d e r i v e d  in a 
s i m i l a r  m a n n e r  b y  K r i s h t a l i k  (86) .  I t  m u s t  h o w e v e r  
be  p o i n t e d  out  t ha t  e xc e p t i ons  to th is  r u l e  m i g h t  be  
found,  s ince  E* - -  E can  c on t a in  o the r  t e rms ,  e.g., a d -  
so rp t ion  ene rg i e s  for  w a t e r .  

V a r ious  a t t e m p t s  h a v e  b e e n  m a d e  r e c e n t l y  to e x -  
p l a in  an  a p p a r e n t  m a x i m u m  in the  c u r v e  of o v e r -  
vo l t a ge  vs. a d s o r p t i o n  e n e r g y  (50-52) ,  s ince i t  h a d  
been  o b s e r v e d  t h a t  m e t a l s  l i ke  Mo, Ta, W, Zr ,  w i t h  
v e r y  h igh  a d s o r p t i o n  ene rg ie s  for  h y d r o g e n  show 
r e l a t i v e l y  h igh  va lue s  of h y d r o g e n  ove rvo l t age .  I t  
shou ld  be  p o i n t e d  out  he r e  t h a t  these  m e t a l s  also 
h a v e  an  e x t r e m e l y  h igh  a d s o r p t i o n  e n e r g y  for  o the r  
species  t h a n  h y d r o g e n ,  e.g., o x y g e n  ( and  o x y g e n  in 
w a t e r  d i p o l e s ) ,  a n d  t h a t  t he  e x p e r i m e n t a l  h y d r o g e n  
o v e r v o l t a g e  va lue s  n e c e s s a r i l y  r e f e r  to s o m e h o w  ox i -  
d ized  or  h y d r a t e d  surfaces .  I t  is k n o w n  t h a t  ca thod ic  
p o l a r i z a t i o n  of t he se  m e t a l s  does  no t  r e m o v e  the  
ox ide  l a y e r s  c o m p l e t e l y ,  w h i c h  also is r e l a t e d  to t he  
fac t  t h a t  these  m e t a l s  canno t  be  p l a t e d  out  f r o m  
aqueous  solut ions .  I t  is p o i n t e d  out  he re  t h a t  h y d r o -  
gen  o v e r v o l t a g e  d e p e n d s  no t  o n l y  on the  a d s o r p t i o n  
e n e r g y  of h y d r o g e n  b u t  also on the  a d s o r p t i o n  c h a r -  
ac te r i s t i c s  of fore ign ,  i n e r t  species,  e.g., anions .  The  
inf luence  of the  a d s o r p t i o n  of fo re ign  i n e r t  spec ies  
w h i c h  do not  t a k e  p a r t  in t he  e l e c t r o d e  r e a c t i o n  is 
e x p r e s s e d  in  [13] b y  the  t e r m  ( r  CH)o. This  t e r m  
is r e l a t e d  to the  zero  c h a r g e  p o t e n t i a l s  a n d  e l ec t ron ic  
w o r k  func t ions .  

S ince  cova l en t  a d s o r p t i o n  ene rg i e s  i nc rea se  ac -  
co rd ing  to [10] w i t h  the  s t r e n g t h  of t he  m e t a l l i c  
bond  (cohes ion  e n e r g y  or  s u b l i m a t i o n  e n e r g y )  one 
de duc e s  f r o m  [7] a q u a l i t a t i v e  r e l a t i o n  b e t w e e n  a d -  
so rp t ion  e n e r g y  a n d  e l ec t ron i c  w o r k  func t ion .  On the  
bas is  of these  cons ide ra t i ons  Rf ie tschi  and  D e l a h a y  
have  e x p l a i n e d  for  t he  first  t i m e  the  d e p e n d e n c e  of 
o v e r v o l t a g e  on w o r k  f u n c t i o n  (87) ,  o b s e r v e d  e m -  
p i r i c a l l y  b y  Bockr i s  (47) .  F r o m  equa t i ons  [6]  to 
[10] i t  fo l lows  t h a t  o v e r v o l t a g e  can  be  r e l a t e d  to 
va r i ous  o the r  e l ec t ron ic  p r o p e r t i e s  of t he  e l e c t r o d e  
me ta l ,  in p a r t i c u l a r  e l ec t ron  concen t r a t ion ,  su r f ace  
e n e r g y  (88, 89) ,  i n t e r a t o m i c  d i s t ances  (90) ,  com-  
p r e s s i b i l i t y  (91) ,  cohes ion  e n e r g y  (92) ,  m e l t i n g  
p o i n t  (93) ,  and  o thers .  
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Bockr i s  and  P o t t e r  (47) h a d  e x p l a i n e d  the  d e -  
p e n d e n c e  of o v e r v o l t a g e  on w o r k  func t ion  f r o m  the  
fac t  t h a t  t he  G a l v a n i  p o t e n t i a l  d i f fe rence  of t he  con-  
t ac t  i n t e r f a c e  b e t w e e n  t h e  m e t a l  of t he  r e f e r e n c e  
e l ec t rode  and  the  m e t a l  of t he  e l ec t rode  u n d e r  i n -  
v e s t i g a t i o n  changes  w i t h  t h e  e l ec t ron ic  w o r k  f u n c -  
t ion  of th is  me ta l .  These  au thors ,  and  s i m i l a r l y  
L o r e n t s  (91) ,  h a v e  no t  cons ide r ed  t h a t  the  G a l v a n i  
p o t e n t i a l  d i f fe rence  e l e c t r o d e - e l e c t r o l y t e  of t he  r e -  
v e r s i b l e  h y d r o g e n  e l e c t r o d e  also changes ,  in  the  op -  
pos i te  d i rec t ion ,  w i t h  t he  w o r k  func t ion  of t h e  e l ec -  
t r o d e  me ta l ,  w h i c h  becomes  a p p a r e n t  f r o m  t h e  fac t  
t h a t  t he  ( t h e o r e t i c a l )  h y d r o g e n  e l ec t rode  po t e n t i a l ,  
as m e a s u r e d  aga in s t  a r e f e r e n c e  e lec t rode ,  does  no t  
d e p e n d  on t h e  n a t u r e  of t he  e l e c t r o d e  me ta l .  

Recen t ly ,  C o n w a y  a n d  Bockr i s  (50)  h a v e  a d o p t e d  
the  use  of Eqs. [7]  and  [10] in  e x p l a i n i n g  the  r e l a -  
t ion  b e t w e e n  e l ec t ron ic  w o r k  func t ion ,  a d s o r p t i o n  
ene rgy ,  a n d  o v e r v o l t a g e  acco rd ing  to  Ri~etschi a n d  
D e l a h a y .  H o w e v e r ,  C o n w a y  and  Bockr i s  u sed  p o l a r  
i n s t ead  of c o v a l e n t  a d s o r p t i o n  ene rg i e s  for  ~ - - ~ .  
Moreover ,  t h e y  used  c h e m i c a l  ( P a u l i n g )  e l e c t r o -  
n e g a t i v i t i e s  for  s ing le  a t o m s  as g iven  b y  G o r d y  a n d  
T h o m a s  (94) .  The  p r e s e n t  t h e o r y  shows  t h a t  t he  
use  of l a r g e  t e r m s  of th is  sor t  is incor rec t ,  s ince  E ~ - -  E 

is a cova len t ,  c h e m i c a l  t e rm.  A n y  b o n d  m o m e n t  
t e r m s  a r e  t a k e n  ca re  of e n e r g e t i c a l l y  b y  the  G a l v a n i  
p o t e n t i a l  d i f ference .  The  p r e s e n t  t h e o r y  is ab l e  to 
accoun t  for  the  inf luence  of spec i f ica l ly  a d s o r b e d  
fo re ign  species,  in p a r t i c u l a r  anions ,  on o v e r v o l t a g e  
b y  t h e  t e r m  (r - -  ~,~)o. 

P r o g r e s s  in  th is  d i r ec t i on  has  been  m a d e  p r e v i -  
ous ly  b y  F r u m k i n ,  Iofa,  K a b a n o v ,  a n d  o the r s  (54) .  
The  cons ide ra t i ons  h a v e  in g e n e r a l  been  l i m i t e d  to 
the  diffuse p a r t  of t he  doub le  l a y e r  (95) ,  w h e r e b y  
the  e l ec t r i c  w o r k  invo lved ,  to t r a n s f e r  a h y d r o g e n  
ion f r o m  the  b u l k  to t he  ou te r  H e l m h o l t z  p l ane ,  was  
s e p a r a t e d  out.  H o w e v e r ,  e l e c t r o c h e m i c a l  r e a c t i o n s  
a l w a y s  i nvo lve  "specif ic"  a d s o r p t i o n  and  o f t en  h igh  
e l e c t r o l y t e  concen t r a t ion ,  and  the  diffuse p a r t  of t he  
d o u b l e  l a y e r  ( in  w h i c h  the  p o t e n t i a l  d e p e n d s  l o g a -  
r i t h m i c a l l y  on the  c h a r g e )  is less i m p o r t a n t  t h a n  the  
c ompac t  pa r t .  The  i n t r o d u c t i o n  of t h e  a d s o r p t i o n  p o -  
t e n t i a l  of t he  o u t e r  H e l m h o l t z  p l a n e  also t e n d s  to 
obscure  the  p H - d e p e n d e n c e  of ove rvo l t age .  A c c o r d -  
ing  to F r u m k i n  the  o v e r v o l t a g e - c u r r e n t  r e l a t i o n  can  
be  e x p r e s s e d  b y  (54) 

= a + ( 2 R T / F )  l n i  + 4 , - -  ( R T / F )  In H + 

1 
if  one uses  a = - - .  S ince  4 ,~-  ( R T / F )  In H + + c o n -  
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s tan t ,  one  w o u l d  d e r i v e  a r e l a t i v e  i n d e p e n d e n c e  of 
on pH,  w h i c h  is no t  s u p p o r t e d  e x p e r i m e n t a l l y .  
The re fo re ,  i t  is p r e f e r r e d  to use  the  s imple  c o n d e n s e r  
model ,  w h i c h  accounts  for  e l ec t ro s t a t i c  i n t e r a c t i o n  of 
a d s o r b e d  pro tons .  

The  s low v a r i a t i o n  of o v e r v o l t a g e  w i t h  t i m e  d u r -  
ing p r o l o n g e d  p o l a r i z a t i o n  can  be  e x p l a i n e d  b y  
changes  in t he  e l e c t r o d e  su r f ace  a r e a  and  b y  d i s -  
so lu t ion  of h y d r o g e n  in t he  me ta l .  W i t h  some me ta l s ,  
e m b r i t t l e m e n t  becomes  a p p a r e n t  u n d e r  these  c o n d i -  
t ions.  The  p e n e t r a t i o n  of a tomic  h y d r o g e n  in to  t h e  
m e t a l  l a t t i c e  changes  t he  e l ec t ron ic  conf igura t ion ,  
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the  e l e c t r o n  c o n c e n t r a t i o n  (96) ,  and  the  cova l en t  a d -  
so rp t ion  ene rgy .  These  changes  shou ld  be  t a k e n  in to  
accoun t  in t he  i n t e r p r e t a t i o n  of e x p e r i m e n t s  w i t h  
b i p o l a r  h y d r o g e n  d i f fus ion  e l ec t rodes  (97) .  

I t  is ea sy  to d e r i v e  on the  bas is  of t he  p r e s e n t  
t h e o r y  the  g e n e r a l  l aws  for  b u i l d - u p  and  d e c a y  of 
ove rvo l t age .  S ince  a t  h igh  p o l a r i z a t i o n  the  e l ec t rode  
p o t e n t i a l  is s i m p l y  p r o p o r t i o n a l  to t he  n u m b e r  of a d -  
s o r b e d  p o t e n t i a l  d e t e r m i n i n g  species,  o v e r v o l t a g e  
shou ld  i n c r e a s e  l i n e a r l y  w i t h  t ime  u n d e r  cons t an t  
c u r r e n t  condi t ions .  This  is g e n e r a l l y  obse rved .  On 
the  o t h e r  hand ,  o v e r v o l t a g e  shou ld  decay ,  a f t e r  i n -  
t e r r u p t i o n  of t he  p o l a r i z i n g  cu r ren t ,  l o g a r i t h m i c a l l y  
w i t h  t i m e  s ince  one de r i ve s  f r o m  [13] 

n~ ~ ~ d n ~ / d t  ~ d ( ~  -- ~ , , ) / d t  
exp  [--~z,eo ( r -- r  

The  s lope  of t he  v o l t a g e - l o g  t ime  c u r v e  m u s t  a p -  
p r o x i m a t e  t he  ( n e g a t i v e )  T a f e l  s lope  of t he  v o l t a g e -  
log c u r r e n t  p lot .  I t  is i n t e r e s t i n g  to no te  t h a t  in 1928 
B a a r s  f o r m u l a t e d  the  d e s o r p t i o n  of h y d r o g e n  f r o m  
e l ec t rodes  ana log  to t he  B e c k e r - Z e l d o v i c h  e q u a t i o n  
[11].  This  e a r l y  w o r k  of B a a r s  (98) is in c o m p l e t e  
a g r e e m e n t  w i t h  t h e  p r e s e n t  t heo ry .  

The  p r e s e n c e  of the  a c t i v a t e d  a d s o r b e d  species  a t  
e l e c t r o d e  i n t e r f a c e s  becomes  e v i d e n t  f r o m  m a n y  e x -  
p e r i m e n t a l  obse rva t ions .  The  r a t e  of d e c a y  and  
b u i l d - u p  of o v e r v o l t a g e  p r o v e s  the  a d s o r p t i o n  ca -  
pac i t i e s  i n v o l v e d  a re  u s u a l l y  m u c h  l a r g e r  t h a n  n o r -  
m a l l y  o b s e r v e d  for  a doub le  l a y e r  w i t h  i n e r t  or  n o n -  
spec i f ica l ly  a d s o r b e d  pa r t i c l e s .  I f  t he  p o l a r i z i n g  c u r -  
r e n t  is r e v e r s e d  for  a v e r y  sho r t  p e r i o d  of t ime  and  
the  e l ec t rode  p o t e n t i a l  fo rced  d o w n  r a p i d l y  t o w a r d  
the  o p e n - c i r c u i t  p o t e n t i a l  and  t hen  cut  off, t he  o v e r -  
v o l t a g e  r e c o v e r s  c o n s i d e r a b l y  be fo re  t he  e l ec t rode  
p o t e n t i a l  fa l l s  s l o w l y  to the  o p e n - c i r c u i t  va lue .  F o r  
v e r y  l a r g e  s u r f a c e - a r e a  po rous  e lec t rodes ,  as used  
in  s t o r a ge  ba t t e r i e s ,  t he  a m o u n t  of gas  e v o l v e d  a f t e r  
i n t e r r u p t i o n  of c u r r e n t  can  a c t u a l l y  be  m e a s u r e d ,  
and  i t  can  be  shown  tha t  the  vo l t a ge  dec rea se s  l i n e -  
a r l y  w i t h  t h e  a m o u n t  of d e s o r b e d  gas  (99) ,  w h i c h  is 
a d i r ec t  s u p p o r t  for  the  c o n d e n s e r - t h e o r y .  The  p r e s -  
ence  of a c t i v a t e d  spec ies  d u r i n g  m e t a l  depos i t i on  
and  d i s so lu t ion  has  also been  d e m o n s t r a t e d  b y  G e -  
r i s che r  (100) w i t h  p o t e n t i o s t a t i c  t echn iques .  P h e -  
n o m e n a  r e l a t i n g  to a d s o r p t i o n  and  e l ec t ro s t a t i c  i n -  
t e r a c t i o n  a r e  p a r t i c u l a r l y  p r o n o u n c e d  in o x y g e n  
o v e r v o l t a g e  e x p e r i m e n t s  on ox ide  e l ec t rodes  (101}. 

Manuscr ip t  rece ived  Sept.  17, 1958. This paper  was 
p r e p a r e d  for de l ive ry  before  the  New York  Meeting, 
Apr i l  27-May 1, 1958. 

A n y  discussion of this  pape r  wi l l  appear  in a Discus-  
sion Section to be publ i shed  in the June  1960 JOURNAL. 
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On the Conductivity of Dispersions 
Robert E. De La Rue 1 and Charles W. Tobias 

Department  of Chemical Engineering, University of Califernia, Berkeley,  California 

ABSTRACT 

Exper imen t s  on suspensions of glass beads  in e lec t ro ly tes  indicate  tha t  
Bruggemann ' s  approx imat ion  represents  the  dependence  of effective conduct-  
ance on volume f rac t ion ve ry  sa t is fac tor i ly  when  the d ispersed phase contains 
a b road  range  of par t i c le  sizes. Data  on na r row  size ranges  fal l  in be tween  
values  p red ic ted  by  the Maxwel l  and Bruggemann  equations.  These findings are  
consistent  wi th  the  phys ica l  assumptions  impl ic i t  in both theore t ica l  develop-  
ments.  

P r e s e n c e  of gas  b u b b l e s  or  so l id  d i e l ec t r i c s  ~ in 
e l e c t r o l y t e s  causes  a d rop  in c o n d u c t i v i t y  r e l a t i v e  to 
t he  gas -  or  s o l i d - f r e e  condi t ion .  Of m a j o r  i n t e r e s t  is 
t he  m a n n e r  in w h i c h  the  ef fec t ive  c o n d u c t a n c e  of 
the  d i spe r s i on  d e p e n d s  on the  v o l u m e  f r ac t i on  of t he  
n o n c o n d u c t i n g  phase .  In  the  p r e s e n t  s t u d y  e m p h a s i s  
is p l a c e d  on pa r t i c l e s  of s p h e r i c a l  shape  o c c u p y i n g  
less  t h a n  ha l f  t he  v o l u m e  of t he  d i spers ion .  S u c h  
d i spe r s ions  occur  f r e q u e n t l y  in i n d u s t r i a l  e l e c t r o -  
ly t i c  p rocesses  in w h i c h  gas  evo lu t i on  t a k e s  p l ace  at  
one or  bo th  e lec t rodes .  

A c c o r d i n g  to M a x w e l l  (1)  t he  effect ive  c o n d u c -  
t i v i t y  Ko of r a n d o m  suspens ions  of s p h e r i c a l  p a r t i c l e s  
of u n i f o r m  d i a m e t e r  a n d  c o n d u c t i v i t y  Ks in  a con-  
t i nuous  m e d i u m  of c o n d u c t i v i t y  Ko is r e l a t e d  to t he  
v o l u m e  f r ac t i on  f of t he  d i s p e r s e d  p h a s e  as fo l lows :  

K~/K~ -- 1 K J K o  -- 1 
- - - f  [1]  

Ke/Ko -t- 2 Kd/K~ -k 2 

If  t he  c o n d u c t i v i t y  of 
Eq. [1]  s impl i f ies  to: 

K~ 

Ko 

R a y l e i g h ' s  t r e a t m e n t  
of u n i f o r m  d i a m e t e r ,  
cubic  l a t t i ce  pos i t ions ,  

t he  d i s p e r s e d  p h a s e  Ks ~ 0, 

l - f  

f 
l - k - -  

2 

[2]  

(2)  of d i spe r s ions  of s phe re s  
w h e r e  t he  p a r t i c l e s  occupy  

l eads  to an  e x p r e s s i o n  i d e n t i -  
eal  to Eq. [2]  for  the  case  w h e r e  Ks = 0, a n d  f ->  0. 

In  t h e  d e r i v a t i o n  b y  M a x w e l l  t h e  a s s u m p t i o n  has  
been  m a d e  t h a t  t he  a v e r a g e  d i s t a n c e  b e t w e e n  t h e  
p a r t i c l e s  of the  d i s con t inuous  p h a s e  is l a r g e  e n o u g h  
so t h a t  t he  f ields a r o u n d  i n d i v i d u a l  p a r t i c l e s  a r e  u n -  
d i s t u r b e d  b y  the  p r e s e n c e  of t he  o t h e r  pa r t i c l e s .  This  

1 P r e s e n t  addres s :  S t a n f o r d  Resea rch  I n s t i t u t e ,  Men lo  P a r k ,  Cal i f .  

2 Pa r t i c l e s  e x h i b i t i n g  e lec t ron ic  c o n d u c t i o n  also m a y  ac t  as in -  
su la tors ,  p r o v i d e d  the  p o t e n t i a l  g r a d i e n t  i n  t he  d i s p e r s i o n  is such  
t h a t  the  p o t e n t i a l  d i f fe rence  o v e r  a d i s t ance  c o r r e s p o n d i n g  to  t he  
l a rges t  d i m e n s i o n  of the  pa r t i c l e  in  t he  d i r e c t i o n  of t he  f ie ld  d o e s  
no t  e x c e e d  the  d e c o m p o s i t i o n  v o l t a g e  of t he  s y s t e m  u n d e r  cons id -  
e ra t ion .  

cond i t i on  is r i g o r o u s l y  sa t i s f ied  on ly  as f -~  0. In  Fig .  
1 w e  h a v e  p l o t t e d  the  p o t e n t i a l  f ield a r o u n d  a s p h e r i -  
cal  n o n c o n d u c t i n g  pa r t i c l e ,  w h e n  at  l a r g e  d i s t ances  
f r o m  the  p a r t i c l e  t he  p o t e n t i a l  ~ is a l i n e a r  func t ion  
of y only ,  w h e r e  y is a v e c t o r  p o i n t i n g  f r o m  le f t  to 
r igh t .  In  th is  case  

~ - - (S / r "  -- ro/r) s i n ~  [3]  

w h e r e  ro is t he  r a d i u s  of the  sphere ,  S ~ - - K  
(dx/dY)r_~o , a cons tan t ,  r is t he  d i s t a n c e  f r o m  the  

cen t e r  of the  sphere ,  0 is t he  ang le  b e t w e e n  r and  y,  
and  K is t he  c o n d u c t i v i t y  of the  c on t i nuum.  

I t  is a p p a r e n t  f r o m  Fig.  1 t h a t  the  d i s t u r b a n c e  in  
t he  l i n e a r  field becomes  v e r y  s m a l l  a t  sho r t  d i s t ances  
f r o m  the  sphere .  The re fo re ,  in m o d e r a t e l y  d i l u t e  
d i spe r s ions  M a x w e l l ' s  e q u a t i o n  shou ld  be  an  e x c e l -  
l en t  a p p r o x i m a t i o n .  H o w e v e r ,  a c o n c e n t r a t i o n  of 
f : 0.25 a l r e a d y  c o r r e s p o n d s  to an  a v e r a g e  d i s t a n c e  
of 0.6 ro b e t w e e n  spheres ,  and  the  i n t e r a c t i o n  of fields 
a r o u n d  the  sphe re s  becomes  s ignif icant .  E q u a t i o n  [ 1 ] 
shou ld  t hen  no l onge r  r e p r e s e n t  t he  r e l a t i o n  b e t w e e n  
v o l u m e  f r ac t i on  a n d  c o n d u c t i v i t y  w i t h  a c c e p t a b l e  ac -  
cu racy .  

A l t h o u g h ,  a cco rd ing  to t heo ry ,  E q s . ' [ 1 ]  a n d  [2]  
a r e  s u b j e c t  to l imi t a t ions ,  in  t he  p a s t  n u m e r o u s  
w o r k e r s  h a v e  f o u n d  t ha t  e x p e r i m e n t a l  d a t a  m a y  be  

Fig. 1. Potential f ield around sphere, an insulator, placed in 
a homogeneous and isotropic conductor. Field is l inear at  
great distances from sphere. 
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r ep re sen t ed  sa t i s fac tor i ly  by  use of these re la t ions  
even  in  m o d e r a t e l y  concen t r a t ed  dispersions.  Elec-  
t r ica l  conduc t iv i ty  da ta  ob ta ined  on var ious  concen -  
t r a t ions  of c r eam in  m i l k  were  found  by  F r i cke  (3) 
to fit Eq. [2] w i t h i n  e x p e r i m e n t a l  error .  Eucken  (4) 
repor ted  resul t s  of m e a s u r e m e n t s  i nvo lv ing  the  sys-  
t ems  w a t e r - b e n z e n e  and  w a t e r - p h e n o l  w i th  KC1 and  
KI,  respect ive ly ,  as solutes.  Over  the  en t i r e  r a n g e  
of v o l u m e  concen t ra t ions  (0 < f < 1) a g r e e m e n t  w i th  
Eq. [1] was repor ted .  In  a recen t  r ev i ew  on n o n -  
N e w t o n i a n  fluids Metzner  (5) refers  to da ta  by  Orr  
and  Dal la  Val le  (6) who m e a s u r e d  t h e r m a l  con-  
duct iv i t ies  ~ of me t a l  shot d ispersed in  2% agar  gel. 
A g r e e m e n t  of the  e x p e r i m e n t a l  da ta  w i th  Eq. [1] 
w i t h i n  3% over  a la rge  r ange  of v o l u m e  concen t r a -  
t ion  was  aga in  claimed.  

Not all  inves t iga tors  found  the a g r e e m e n t  b e t w e e n  
the  M a x w e l l - R a y l e i g h  re la t ions  and  the i r  expe r i -  
m e n t a l  da ta  sat isfactory.  S l awinsk i  (7, 8) conduc ted  
e x p e r i m e n t a l  inves t iga t ions  us ing  e n a m e l e d  me t a l  
spheres of a p p r o x i m a t e l y  0.5 cm d i ame te r  in  KC1 
solutions,  in  the r ange  of 0.35 < ~ < 0.6. His da ta  
fitted w i t h i n  0.4% a curve  cor respond ing  to s u b s t a n -  
t i a l ly  lower  effective conduc tances  t h a n  wou ld  have  
been  p red ic tab le  by  Eq. [2].  This  curve  cor responded  
to a r e l a t ion  developed f rom a phys ica l  mode l  in  
which  S l awinsk i  eva lua t ed  the  i n t eg ra l  m e a n  leng ths  
and  m e a n  cross sections b e t w e e n  spheres  a r r a n g e d  in  
severa l  d i f ferent  la t t ice orders  

K~/K~:{ t+ (f /p) [(1+0.3219p)~/(1--p)--l]} I [4] 

whe re  p = n.f/~.  Va lue  of p a r a m e t e r  n depends  on 
the  vo lume  f rac t ion  range :  

for 0.15 > ] n : 0.806 
for 0.15 < f < 0.6 n = 0.806 -~ 0.1333 ] 
for 0.6 < ]  n =  0.9046 

Data  p re sen t ed  by  S l awinsk i  for mode ra t e  and  low 
v o l u m e  concen t r a t i on  in  r a n d o m  d i s t r ibu t ions  were  
in  far  less sa t is factory  a g r e e m e n t  w i th  Eq. [4] t h a n  
at high concentrations. Unfortunately Slawinski's 
treatment does not take into account the funda- 
mental principles of the theory of potential, accord- 
ing to which the distribution of potential throughout 
the conducting medium satisfies the Laplace equa- 
tion. His equation also contains an adjustable param- 
eter in addition to the volume fraction of the dis- 
persed phase. 

More recently Mashovets (9) reported measure- 
ments of conductivities of dispersions of glass and 
hard rubber spheres in CuSO, solutions where the 
spheres were fixed in lattice positions. The effective 
conductances measured were lower than values pre- 
dictable from Maxwell's equation [2], and by least 
squares treatment of the data following equation 
was ob ta ined :  Ke/Kc ~ 1 - -  1.78f ~- f2. Rel iab i l i ty  of 
this  e q u a t i o n  m a y  be ques t ioned  on g rounds  of lack 
of adequa te  descr ip t ion  of e x p e r i m e n t s  and  fa i lu re  
to indica te  r ep roduc ib i l i t y  and  confidence l imits .  I t  is 
also d o u b t f u l  w h e t h e r  the few e x p e r i m e n t a l  po in ts  
t aken  fo rm an  adequa te  basis  for proposal  of an  
empi r ica l  equat ion .  Pearce  (10) r ecen t l y  p re sen t ed  

3 T h e r m a l  a n d  e l ec t r i ca l  c o n d u c t i v i t y  of  d i s pe r s i ons  d e p e n d  on  
v o l u m e  f r a c t i o n  of d i spe r sed  p h a s e  in  an  i d e n t i c a l  m a n n e r .  

e x p e r i m e n t a l  p e r m i t t i v i t y  va lues  ob ta ined  on oi l-  
w a t e r  emuls ions .  The  da ta  was  in  good a g r e e m e n t  
w i th  va lues  ca lcu la ted  b y  B r u g g e m a n n ' s  app rox i -  
m a t i o n  (11) (see Eq. [6] be low) .  Conduc t iv i ty  
m e a s u r e m e n t s  on t w o - d i m e n s i o n a l  a r r a y  of me t a l  
a nd  bake l i t e  hemispheres  s u b m e r g e d  in  t a p w a t e r  
y ie lded  di f ferent  resul t s  d e p e n d i n g  on w h e t h e r  the 
hemispheres  occupied la t t ice  posit ions,  or were  a r -  
r a n g e d  in  a r a n d o m  m a n n e r .  In  the fo rmer  case 
Pearce  found  a g r e e m e n t  w i th  Eq. [1],  whi le  for 
r a n d o m  a r r a n g e m e n t  the  B r u g g e m a n n  a p p r o x i m a -  
t ion  seemed to have  g iven  a be t t e r  fit. The  t w o - d i -  
m e n s i o n a l  model  of r a n d o m  a r r a n g e m e n t  b y  Pearce,  
however ,  does no t  r ep re sen t  the  t h r e e - d i m e n s i o n a l  
case accura t e ly  enough  to base  m e a n i n g f u l  conc lu-  
sions on it. F u r t h e r ,  Pea rce ' s  da ta  on r a n d o m  a r -  
r a n g e m e n t  of spheres  was  t a k e n  on ly  in  the  low 
v o l u m e  concen t r a t i on  reg ion  (up  to f ---- 0.12) where ,  
j u d g i n g  f rom the  few e x p e r i m e n t a l  po in ts  p r e sen t ed  
in  his graphs,  the  e x p e r i m e n t a l  e r rors  m a y  have  
been  comparab le  to the m a g n i t u d e s  of the  possible  
dev ia t ions  f rom Maxwel l ' s  or B r u g g e m a n n ' s  equa -  
t ions. A compar i son  of da ta  by  the  var ious  inves t i -  
gators  reveals  t ha t  the  d i sc repancy  b e t w e e n  exper i -  
m e n t a l  f indings  is b y  no m e a n s  negl ig ible ,  r each ing  
a p p r o x i m a t e l y  10% n e a r  f : 0.5. Such  a la rge  differ-  
ence in  conduc t iv i ty  ra t io  va lues  canno t  be jus t i f ied  
on the  basis  of i n h e r e n t  l imi t a t ions  in  the  type  of 
m e a s u r e m e n t .  Much ra ther ,  one is led to be l ieve  t ha t  
some of the  inves t iga to rs  m a y  have  t a k e n  less cau -  
t ion  in  def in ing the i r  sys tems  a nd  in  the  execu t ion  of 
the i r  e x p e r i m e n t s  t h a n  w ou l d  have  been  necessary  
to es tabl ish  f i rmly  the f u n c t i o n a l  r e l a t ionsh ip  be -  
t w e e n  K6/Ko and  ]. 

The  p re sen t  w o r k  was u n d e r t a k e n  wi th  the  a im of 
ob t a in ing  da ta  w i th  sufficient confidence in  its ac-  
curacy  to p e r m i t  the  e v a l u a t i o n  of the  l imi t a t ions  of 
Maxwel l ' s  equa t i on  [2] in  the  r a nge  0 < ] < 0.4. F u r -  
ther ,  by  u s i ng  a c o m p a r a t i v e l y  la rge  r a nge  of 
sizes bo th  in  separa te  f rac t ions  and  also m i x e d  to-  
ge ther  w i t h i n  one suspension,  it  was hoped tha t  d i f -  
fe rences  in  conduc tance  behav io r  b e t w e e n  homo-  
geneous  and  mixed - s i ze  d ispers ions  m a y  be detected.  

Experimental 
Glass beads  of exce l len t  shape charac ter i s t ics  4 

were  used  in  the  e x p e r i m e n t a l  series on spher ica l  
n o n c o n d u c t i n g  part icles .  The  beads  were  separa ted  
in to  size f rac t ions  by  air  e lu t r ia t ion .  The  d i ame te r  
r a n g e  selected for s tudy  is g iven  in  Tab le  I. W i t h i n  

4 Cour t e sy  C e n t r a l  R e s e a r c h  D e p a r t m e n t  of t he  M i n n e s o t a  M i n i n g  
and  M a n u f a c t u r i n g  Co. 

Table ! 

F r a c t i o n  Size 

I 49-77 
II 107-175 

III 175-210 
IV 590-840 
V* 3100-3400 

VI ~ 6100-6400 
VII ~ E q u a l  volumes of I and VI mixed. 

V I I I ~ E q u a l  volumes of fractions I-VI mixed. 

* R r a u n - K n e c h t - H e i m a n n  Co., Ca t a log  No. 13782. 
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each  size r a n g e  ( I - V I )  a p p r o x i m a t e l y  75% of t h e  
beads  w e r e  w i t h i n  a r a n g e  of 10% of t he  m e a n  
d i a m e t e r  (F ig .  2a) .  

The  sands  5 w e r e  w e t - s i e v e d  a f t e r  w a s h i n g  w i t h  
w a t e r  and  the  e l ec t ro ly t e ,  and  on ly  the  f r ac t i on  p a s s -  
ing t h r o u g h  s ieve  n u m b e r  80 a n d  r e m a i n i n g  on 100 
was  used  ( a p p r o x i m a t e  size r a n g e :  0.15-0.175 r a m )  
(Fig .  2b a n d  2c).  

P o l y s t y r e n e  c y l i n d e r s  ~ w e r e  cu t  f r o m  fibers  of u n i -  
f o r m  d i a m e t e r  (0.3 r am)  to a l e n g t h  of 3 • 0.3 m m  
(Fig .  2d ) .  

The  specific g r a v i t y  of t h e  e l e c t r o l y t e  was  se l ec t ed  
to be  j u s t  s l i g h t l y  b e l o w  t h a t  of t he  d i s p e r s e d  p h a s e  
to p r e v e n t  fas t  se t t l ing .  Of the  a v a i l a b l e  a l t e r n a t i v e s ,  
a n e a r  s a t u r a t e d  so lu t ion  of ZnBr ,  w a s  se l ec t ed  as t h e  
con t inuous  p h a s e  for  t he  m e a s u r e m e n t s  w i t h  g lass  
b e a d s  and  sand.  The  s a t u r a t e d  so lu t ion  at  20~ has  
a specific g r a v i t y  of 2.725 and  a c o n d u c t i v i t y  of 0.066 
o h m  -I c m  ~1. The  specific g r a v i t i e s  of t h e  glass  b e a d s  
and  of t h e  sand  w e r e  a p p r o x i m a t e l y  2.50 a n d  2.60, 
r e spec t i ve ly .  The  d e n s i t y  of each  size f r ac t i on  w a s  
d e t e r m i n e d  to w i t h i n  un i t  a c c u r a c y  in t he  t h i r d  
d e c i m a l  f igure.  F o r  p o l y s t y r e n e  c y l i n d e r s  0.1N KC1 
so lu t ion  was  chosen  as  t he  con t inuous  phase .  

Conductivity celL--Following p r e l i m i n a r y  w o r k  
wi th  c o n v e n t i o n a l  t y p e  cells,  t he  m a i n  ser ies  of 

5 D e a t h  V a l l e y  S a n d  o r  M e r c k  " S e a  S a n d . "  

6 D o w  C h e m i c a l  C o m p a n y .  

ON THE CONDUCTIVITY OF DISPERSIONS 

Fig. 2c. " Sea Sand," size range 0 .15-0 .175 mm 
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Fig. 2a. Glass spheres, 49-77/~ size fract ion 

Fig. 2b. "Death  Val ley Sand", size range 0 .15-0 .175 mrn 

Fig. 2d. Polystyrene cylinders, d iameter 0.3 ram, length 
3 ram. 

m e a s u r e m e n t s  w e r e  e x e c u t e d  w i t h  a c y l i n d r i c a l  cel l  
(F ig .  3) cons i s t ing  of two  sect ions,  each  23~-in.  long,  
w h i c h  could  be  i n t e r c o n n e c t e d  b y  r e m o v a l  of a "cen- 
t e r  e lec t rode .  A 3~-in.  ho le  was  d r i l l e d  in to  L u c i t e  
b locks ,  p r o v i d i n g  the  c y l i n d e r  sect ions.  Top  a n d  
b o t t o m  e l ec t rodes  w e r e  p l a t i n u m ,  s u r f a c e - w e l d e d  
onto 1/4 in. coppe r  p la tes .  C e n t e r  e l ec t rode  cons i s t ed  
of a 25 ra i l  p l a t i n u m  p l a t e  a t t a c h e d  a t  two  s ides  to ~/s 
in. c o p p e r  b a r s  w h i c h  s e r v e d  as guides .  Sec t ions  of 
t he  ce l l  w e r e  a s s e m b l e d  us ing  1/16 in. Teflon gaske t s ,  
a n d  the  a s s e m b l y  was  h e l d  t o g e t h e r  b y  b r o n z e  s tuds.  

The  c o n v e n t i o n a l - t y p e  W h e a t s t o n e  b r i d g e  c i r cu i t  
e m p l o y e d  in t he  m e a s u r e m e n t s  is i l l u s t r a t e d  in  Fig .  
4. 

Procedure.--Before each  ser ies  of m e a s u r e m e n t s  
the  cel l  was  f i l led w i t h  t he  e l e c t r o l y t e  and  the  cel l  
cons tan t s  for  each  c y l i n d r i c a l  sec t ion  d e t e r m i n e d .  
F o l l o w i n g  this ,  t h e  d e s i r e d  v o l u m e  f r a c t i o n  of so l id  
p h a s e  was  w e i g h e d  on an  a n a l y t i c a l  b a l a n c e  a n d  
p o u r e d  in to  t he  cell .  The  r e s u l t i n g  m i x t u r e  t h e n  was  
s t i r r e d  w i t h  a g lass  rod  for  a p p r o x i m a t e l y  3 m i n  to 
r e m o v e  e n t r a i n e d  air .  T h e  top  e l e c t r o d e  was  c losed 
and  the  cel l  was  s h a k e n  to  i n s u r e  u n i f o r m  e l e c t r o l y t e  
compos i t i on  and  t e m p e r a t u r e .  W h e n  the  d i s p e r s e d  
p h a s e  s e t t l ed  b e l o w  the  l e v e l  of t he  c e n t e r  e l ec t rode ,  
t h e  e l e c t r o d e  was  closed.  N e x t  t h e  r e s i s t ance  of t he  
u p p e r  c o m p a r t m e n t  ( c o n t a i n i n g  no so l ids)  w a s  
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Table II. Per cent difference between minimum and maximum 
values of Ke/Kc measured in three series of runs 

$ % 

0.1 0.19 
0.2 0.17 
0.3 1.2 
0.4 1.75 

Cathode ~ay 
Oscilloscope 

Fig. 3. Assembled conductivity cell, with top and center 
electrodes in "open" position. 

Frequency 
Osclllator 

Fig. 4. Schematic diagram of the Wheotstone bridge circuit 

duc t iv i t y  rat ios ob ta ined  by  the  second pa i r  of meas -  
u r e m e n t s  were  in  a g r e e m e n t  wi th  those by  the  first 
w i t h i n  -----0.2%. If not,  the con ten t s  of the  c o m p a r t -  
me n t s  were  aga in  mixed,  etc., u n t i l  the  difference 
b e t w e e n  conduc t iv i ty  rat ios  b e t w e e n  two successive 
m e a s u r e m e n t s  was  w i t h i n  the  l imi ts  g iven  above.  

To detect  a ny  sys temat ic  e r rors  such as m i gh t  be 
due  to we igh ing  and  h a n d l i n g  of solids, possible  im-  
perfect  e l i m i na t i on  of e n t r a i n e d  air, etc., comple te  
series of runs  i nvo l v i ng  m e a s u r e m e n t s  at severa l  
v o l u m e  f rac t ions  were  repea ted  two or th ree  t imes.  
As i l lu s t r a t ed  in  Tab le  II, per  cent  differences be -  
t w e e n  m i n i m u m  and  m a x i m u m  va lues  ob ta ined  for 
Ko/Kc at  the same v o l u m e  f rac t ions  were  on ly  ap -  
p r o x i m a t e l y  0.2% at  up to f va lues  of 0.2; howeve r  
at  ~ =  0.4 r ep roduc ib i l i t y  was  less sa t i s fac tory  
(1 .75%) .  

Data 
Figures  5-8 serve  to i l l u s t r a t e  the  resul t s  ob ta ined  

in  the  20 series of m e a s u r e m e n t s ,  each series con-  
s is t ing of four  to e ight  i n d i v i d u a l  m e a s u r e m e n t s  of 
conduct iv i t i es  at  a p p r o x i m a t e l y  e v e n l y  spaced vol -  
u m e  f rac t ions  of solids. On most  s ing le -  and  m i x e d -  
size f rac t ions  e n u m e r a t e d  in  Tab le  I a nd  wi th  each 
sand  species a nd  the  p o l y s t y r e n e  cy l inders  dup l ica te  
m e a s u r e m e n t s  were  taken .  Graph ica l  r e p r e s e n t a t i o n  
of the da ta  revea ls  tha t  all  the  e x p e r i m e n t a l  po in ts  
fal l  be low the  l ine  co r respond ing  to Maxwel l ' s  equa -  
t ion  (Eq. [2 ] ) ,  and  this  dev ia t ion  increases  w i th  

J.r 

0 c 

measured .  The res i s tance  of the  lower  c o m p a r t m e n t  
( con ta in ing  the  k n o w n  v o l u m e  f rac t ion  of solids) 
was  ob ta ined  whi le  the  cell was  shaken  by  h a n d  
wi th  a ro ta t ing ,  up,  down,  and  s ideward  mot ion  u n t i l  
a " s t eady - s t a t e "  image  was  ob ta ined  on  the screen of 
the  c a t h o d e - r a y  oscilloscope. Wi th  con t i nued  shak ing  
the  ac tua l  va lue  of the  res i s tance  of the  d ispers ions  
was  ob ta ined  by  a d j u s t m e n t  of the  slide wi re  u n t i l  
the  image,  which  was  an  ell ipsoid, wou ld  become a 
l ine  in  the  ver t i ca l  gain,  the  po in t  at  which  the  
Whea t s tone  b r idge  c i rcui t  was  ba lanced .  

Af t e r  the  first pa i r  of m e a s u r e m e n t s  we re  com-  
pleted,  to check w h e t h e r  t h e r m a l  e q u i l i b r i u m  exis ted  
b e t w e e n  the  two compar tmen t s ,  the  cen t ra l  e lec t rode  
was  opened,  and  the  con ten t s  of the  c o m p a r t m e n t s  
t ho rough ly  mixed.  A g a i n  the  solids w e r e  a l lowed to 
set t le  in to  the  lower  c o m p a r t m e n t  and,  a f ter  closing 
the cen t ra l  electrode,  conduc t iv i ty  m e a s u r e m e n t  was  
repea ted  as descr ibed above.  In  most  cases the  con-  

0.~ 

0.7 

K._~_e 
Kc 

0.E 

0.5 

0 01 0.2 0 3 0.4 
f 

Fig. 5. Dependence of effective ~:onductanee on volume 
fraction of dispersed phase. Size range of spheres: 175-210 #. 
A, Series I; A, Series II. 
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1.0 

O~ 

0.~ 

0.7 

Kc 

OE -. 

0.5 

0 0. I 0.2 0.3 0.4 
f 

Fig. 6. Dependence of effect ive conductance on volume 
fract ion of dispersed phase consisting of spherical particles. 
A, equal weight fractions of size ranges I-VI; Ot equal weight 
fractions of size ranges I-VI. Curves 1 and 2 as on Fig. 5. 
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0 0. I 0.2 0.3 0.4 
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Fig. 7. Dependence of effect ive conductance on volume 
fract ion of suspended sand. A "Sea Sand"; �9 "Death  Val ley 
Sand." Curves 1 and 2 as on Fig. 5. 

vo lume  f rac t ion  of the  d ispersed phase.  F u r t h e r ,  
va lues  of the  conduc t iv i ty  ra t io  on mixed  size r anges  
are  s l igh t ly  b u t  d i s t inc t ly  be low the  ones o b t a i n e d  on 
s ingle  size ranges.  Data  on bo th  the  po ly s t y r e ne  
cy l inders  and  on the  two k inds  of sands  show more  
subs t an t i a l  differences f rom Eq. [2] t h a n  a n y  on 
spher ica l  par t ic les .  

B e s t  C u r v e s  R e p r e s e n t i n g  D a t a  

Al l  series we re  sub jec ted  to least  squares  t r e a t -  
men t ,  u s ing  the equa t i on  

lO 

091 

O.E 

0.71 

K~ 

Kc 

O.E 

0,5 

0 0.1 0.2 
f 

0.3 0.4 

Fig. 8. Dependence of effect ive conductance on volume 
fract ion of suspended polystyrene cylinders. A, Series I; O, 
Series II. Curves 1 and 2 as on Fig. 5. 

K J K c  = X ( 1  - - f )Y [5] 

Tab le  III  summar i zes  the  least  squares  va lues  of X 
a nd  Y. If we  ass ign a va lue  X '  = 1.00 (which  should  
be satisfied for obvious phys ica l  r easons ) ,  the  mod i -  
fied e x p o n e n t  Y '  is obta ined.  The t ab le  also inc ludes  
the s t a n d a r d  dev ia t ion  S and  S'. Al l  coefficients of 
cor re la t ion  were  g rea te r  t h a n  0.998. S a nd  S" are  
measu res  of the  sca t te r  of da ta  abou t  the  curves  de -  
f ined b y  X, u  or Y' in  un i t s  of the  ord ina te .  Twice  
the  s t a n d a r d  dev ia t ion  gives a p p r o x i m a t e l y  the  95% 
confidence l imi ts  on e i ther  side of the  curve.  

Discussion 
Whi le  differences b e t w e e n  the  set of da ta  on 

s ingle-s ize  f rac t ions  and  on mixed  sizes m a y  be r e -  
ga rded  as too smal l  to d r a w  sharp  conclusions,  t he  
leas t  squares  equa t i on  r e p r e s e n t i n g  da ta  on mixed  
sizes is for  al l  p rac t ica l  purposes  iden t ica l  to the  
equa t ion  proposed on theore t ica l  g rounds  b y  B r u g -  
g e m a n n  (11) in  which  Y ' =  1.5 (see Eq. [6] be low) .  
Tha t  such an  a g r e e m e n t  for a l a rge  d i a m e t e r  r ange  
of spher ica l  par t ic les  in  the  d ispersed phase  confirms 
r ea sonab le  expec ta t ions  fol lows f rom the  phys ica l  
a p p r o x i m a t i o n s  impl ic i t  in  B r u g g e m a n n ' s  m a t h e -  

Table III. Least squares curves representing conductance 
data in terms of Eq, [5]. X' fixed at 1.00 

Dispersed phase / f  Y S l r t  S '  

I 0.97 1.35 0.010 1.43 0.015 
II 0.988 1.47 0.015 1.52 0.014 

III  0.998 1.44 0.008 1.45 0.007 
IV 0.995 1.45 0.001 1.47 0.002 
V 0.988 1.45 0.007 1.48 0.009 

VI 0.991 1.48 0.008 1.50 0.008 
VII, VIII  0.997 1.50 0.007 1.51 0.007 
Death Valley Sand 0.992 1.56 0.005 1.58 0.006 
Sea Sand 1.003 1.55 0.010 1.55 0.010 
Cylinders 0.994 1.51 0.010 1.53 0.010 
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m a t i c a l  t r e a t m e n t .  I f  one adds  a r e l a t i v e l y  l a r g e  
s p h e r i c a l  p a r t i c l e  to a d i spe r s ion  con t a in ing  m u c h  
s m a l l e r  pa r t i c l e s ,  the  d i s t u r b a n c e  of the  field a r o u n d  
the  l a r g e  sphe re  due  to t he  s m a l l  sphe res  m a y  be  
c ons ide r ed  neg l ig ib le .  On th is  basis ,  t he  e f fec t ive  
c o n d u c t a n c e  of such a s y s t e m  m a y  be  e v a l u a t e d  b y  
cons ide r ing  the  s u r r o u n d i n g s  of the  l a r g e  sphe re  as 
a c o n t i n u u m  h a v i n g  an  ef fec t ive  c o n d u c t a n c e  K%, 
and  a p p l y  the  M a x w e l l  equa t ion ,  s ince  t he  s y s t e m  is 
" d i l u t e "  as f a r  as the  l a r g e  sphe re  is concerned .  The  
change  in K% w i t h  the  v o l u m e  f r ac t i on  of t he  d i s -  
p e r s e d  phase  m a y  then  be  e x p r e s s e d  in  d i f f e r e n t i a l  
f o r m :  

dK%/df  = [ - - 3 K ' e / ( 1  - - f ) ] [ ( K % - - K ~ ) / ( 2 K ' e  q- K~) ] 

I n t e g r a t i n g  w i t h  the  b o u n d a r y  cond i t ions  K'o/Kc = 1 
as ] = 0 and  at  the  u p p e r  l i m i t  K'o ~- Ke, one ob t a in s  

K J K o  -- K J K o  

( K J K o )  1/8 (1 - -  K J K e )  

for  the  case w h e n  bo th  phases  a r e  conduc tors ,  and  
t h e  B r u g g e m a n n  e q u a t i o n  

Ko/Ko ~ (1 - -  f)~/~ [6]  

w h e n  the  d i s p e r s e d  p h a s e  is an  in su la to r ,  or  K~ ---- 0. 
F o r  s ing le  sizes or  n a r r o w  size f rac t ions ,  t h e  p h y s i c a l  
cond i t ions  n e c e s s a r y  for  j u s t i f y i n g  t h e  B r u g g e m a n n  
a p p r o x i m a t i o n  a r e  no t  sat isf ied.  C o n d u c t i v i t i e s  of 
such  d i spe r s ions  w h e n  K~ ~--0 m u s t  be  l o w e r  t h a n  
the  v a l u e  o b t a i n e d  f r o m  M a x w e l l ' s  e q u a t i o n  a n d  
h i g h e r  t h a n  p r e d i c t e d  b y  B r u g g e m a n n ' s  a p p r o x i m a -  
t ion.  The  ser ies  of m e a s u r e m e n t s  r e p r e s e n t e d  in 
T a b l e  I I I  con fo rm to th i s  q u a l i t a t i v e l y  co r rec t  a r g u -  
men t .  

Size Effect  

W i t h  the  e x c e p t i o n  of t he  one ser ies  on the  105-177 
tL r ange ,  w h e r e  t he  s ca t t e r  of d a t a  was  u n u s u a l l y  
l a rge ,  t he  e x p o n e n t  Y'  shows  a s l ight ,  g r a d u a l  i n -  
c rease  w i t h  p a r t i c l e  size. T h e r e  is no r ea son  w h y  
p a r t i c l e  size shou ld  have  a n y  effect on the  ef fec t ive  
conduc tance ,  un less  the  d i a m e t e r  of t he  sphe re s  b e -  
comes  c o m p a r a b l e  to t he  d imens ions  of the  vesse l  
con t a in ing  the  d i spers ion .  T h e r e  is no d o u b t  t h a t  t h e  
l a r g e r  e x p o n e n t s  f o u n d  for  t he  size f r ac t ions  V and  
VI, r e spec t i ve ly ,  ref lect  w a l l  effects. 

I t  shou ld  b e  n o t e d  t h a t  w h i l e  M a x w e l l ' s  e q u a t i o n  
is v a l i d  s t r i c t l y  on ly  w h e n  the  d i s p e r s e d  p h a s e  con-  
s is ts  of sphe re s  of a s ing le  d i a m e t e r ,  and  of course  a t  
t h a t  on ly  at  v e r y  low v o l u m e  concen t ra t ions ,  Eq. [6 ], 
bo th  on the  bas is  of t he  p r e s e n t  e x p e r i m e n t a l  r e su l t s  
and  because  of the  cond i t ions  a s s u m e d  in t he  d e r i v a -  
t ion  b y  B r u g g e m a n n  (11) ,  app l i e s  be s t  for  r a n d o m  
d i s t r i b u t i o n  of sizes. 

A l t h o u g h  the  p r e s e n t  s t u d y  was  no t  d e s i g n e d  to 
c l a r i f y  w h a t  effects shapes  o the r  t h a n  s p h e r i c a l  
w o u l d  h a v e  on the  c o n d u c t i v i t y  r a t i o  Ko/Ko, fou r  
ser ies  of m e a s u r e m e n t s  w i t h  sand  a n d  two  w i t h  p o l y -  
s t y r e n e  c y l i n d e r s  w e r e  also p e r f o r m e d .  The  r e su l t s  
as  p r e s e n t e d  in  Fig .  7 and  8 and  in T a b l e  I I I  i n d i c a t e  
t h a t  Eq. [6]  aga in  r e p r e s e n t s  the  d a t a  f a i r l y  wel l .  
This  a g r e e m e n t  h o w e v e r  shou ld  be  v i e w e d  w i t h  c a u -  
t ion.  The  sand  p a r t i c l e s  used  w e r e  of " s m o o t h e d  off" 
p o l y h e d r i c a l  shape  for  w h i c h  the  a p p r o x i m a t i o n s  i n -  
c o r p o r a t e d  in Eq. [6]  m a y  be  cons ide r ed  to a p p l y  
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r a t h e r  wel l .  The  " D e a t h  V a l l e y  S a n d "  gave  s l i g h t l y  
l o w e r  c o n d u c t i v i t y  r a t io s  t h a n  the  "Sea  S a n d "  r e -  
f lect ing the  m o r e  e l o n g a t e d  s h a p e  of the  f o r m e r  (12) .  

As  to the  cy l inde r s ,  F r i c k e ' s  t r e a t m e n t  (13) of the  
conduc t i v i t i e s  of p r o l a t e  sphe ro id s  in d i l u t e  d i s p e r -  
s ions y i e ld s  v a l u e s  close to those  one ob ta in s  b y  us ing  
Eq. [6] .  T h e r e f o r e  a t  l eas t  a t  l ow  c o n c e n t r a t i o n s  of 
the  solid,  the  a g r e e m e n t  b e t w e e n  the  p r e s e n t  d a t a  
and  Eq. [6]  is no t  su rp r i s ing .  H o w e v e r ,  a t  h i g h e r  
v o l u m e  f r ac t i on  of the  d i s p e r s e d  phase ,  t h e r e  is no 
a d e q u a t e  t h e o r e t i c a l  bas is  b y  w h i c h  one can  s a f e ly  
ge ne ra l i z e  the  a g r e e m e n t  f o u n d  b e t w e e n  t h e  d a t a  
for  c y l i n d e r s  of a p p r o x i m a t e l y  10:1 l e n g t h  to d i a m -  
e t e r  r a t i o  and  the  v a l u e s  p r e d i c t a b l e  f r o m  Eq. [6] ,  
w h i c h  has  been  d e v e l o p e d  for  sphe re s  only .  

Conclusions 
E x p e r i m e n t s  of r e a s o n a b l y  h igh  p r ec i s i on  a n d  r e -  

p r o d u c i b i l i t y  conf i rmed  e x p e c t a t i o n s  b a s e d  on t h e -  
ory,  e.g., t ha t  t he  c o n d u c t i v i t y  of e l e c t r o l y t e s  is l o w -  
e r e d  b y  the  p re sence  of r a n d o m l y  d i s t r i b u t e d  s p h e r i -  
cal  n o n c o n d u c t o r s  to a l a r g e r  e x t e n t  t h a n  p r e d i c t a b l e  
f r o m  the  w e l l - k n o w n  M a x w e l l  r e l a t ion .  C o n d u c -  
t i v i t y  d a t a  o b t a i n e d  on a l a r g e  size r a n g e  of g lass  
sphe re s  in  aqueous  ZnBr~ so lu t ions  a l i gne d  c lose ly  to 
cu rves  r e p r e s e n t e d  b y  Eq. [5]  w i t h  X----1.00 and  
1.43 ~ Y ~ 1.51. This  f o r m  of  t he  e q u a t i o n  a n d  the  
u p p e r  l i m i t  of t he  e x p o n e n t  f ind t h e o r e t i c a l  s u p -  
p o r t  in  t he  a p p r o x i m a t i o n  first  p r o p o s e d  b y  B r u g g e -  
mann .  

I t  is r e c o m m e n d e d  t ha t  for  r a n d o m  d i spe r s ions  of  
s p h e r i c a l  i n su l a to r s  w i t h  a l a r g e  s i z e - r a n g e  of 
spheres ,  such as occurs  in g a s - e l e c t r o l y t e  emuls ions ,  
t he  B r u g g e m a n n  equa t ion  (Eq. [ 6 ] )  be  used  to p r e -  
d ic t  e f fec t ive  conduc t i v i t y .  W h e n  the  s i z e - r a n g e  of 
sphe re s  is n a r r o w  i t  m a y  s t i l l  be  used  w i t h  a b o u t  t h e  
s a m e  or  l o w e r  p r o b a b l e  e r r o r  t h a n  t h e  M a x w e l l  
equa t ion ,  a l t h o u g h  in t h a t  case t he  B r u g g e m a n n  
e q u a t i o n  p red i c t s  s l i g h t l y  l ow va lues  for  t he  ef fec t ive  
conduc tance .  F o r  shapes  o t h e r  t h a n  s p h e r i c a l  Eq. [6]  
is g e n e r a l l y  no t  app l i cab le ,  p a r t i c u l a r l y  no t  if the  
p a r t i c l e s  a r e  g r e a t l y  e l o n g a t e d  or  w h e n  t h e y  con ta in  
cavi t ies .  
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Effect of Gas Evolution on Current Distribution 
and Ohmic Resistance in Electrolyzers 

Charles W.  Tobias 

Department of Chemical Engineering, University of California, Berkeley, California 

ABSTRACT 

Volume fract ion of gases in e lec t ro lyzers  increases in the  di rect ion of ne t  
movement  of gases, causing a cor responding  var ia t ion  in the ohmic resis tance 
be tween  electrodes.  The resul t ing  nonuni formi ty  in cur ren t  d is t r ibut ion  and 
the increase  in over -a l l  res is tance is shown to be charac te r ized  by  a single 
dimensionless  p a r a m e t e r  which  incorpora tes  the  key  process var iables .  The 
level ing effect of polar iza t ion  is shown to be significant. 

A l t h o u g h  the  effect  of gas  h o l d u p  in e l e c t r o l y t i c  
cel ls  on t h e  r e s i s t ance  of the  e l e c t r o l y t e  has  long  
been  r ecogn ized  (1 ) ,  q u a n t i t a t i v e  i n t e r p r e t a t i o n  of 
the  effects o b s e r v e d  has  no t  been  a t t e m p t e d  u n t i l  
r e c e n t  yea r s .  Ipat ieff ,  Sch i schk in ,  and  Ju r i e f f  (2)  
h a v e  p r e s e n t e d  s imp le  ca l cu l a t i ons  r e l a t i n g  the  t o t a l  
c u r r e n t  to v o l u m e  of gas  p r e s e n t  in  w a t e r  e l e c t r o -  
lyzers .  I m p l i c i t  in  t h e i r  t r e a t m e n t  is t he  a s s u m p t i o n  
t ha t  t he  ef fec t ive  r e s i s t i v i t y  of t he  e l e c t r o l y t e  b e -  
t w e e n  the  v e r t i c a l  e l ec t rodes  does  no t  v a r y  in t he  
v e r t i c a l  d i rec t ion .  W h i l e  th is  a s s u m p t i o n  g r e a t l y  
s impl i f ies  t he  p h y s i c a l  model ,  i t  a lso d e p r i v e s  t h e  
m o d e l  used  b y  these  w o r k e r s  of r ea l i t y .  In  a d d i t i o n  
to neg l ec t i ng  t h e  c u r r e n t  d e n s i t y  v a r i a t i o n  caused  

~ b  / 

ID 0 
,o %, / - ,  

Fig. 1. Experimental cell and conductivity probe used by 
Baker (2). a, Steel electrodes, 32 x 6 x Y8 in.; b, Bakelite 
backing sheets; c, plexiglass separators, 31 x 1 x 1 in.; d, 
fastening bolts; e, plat inized plat inum electrodes, 0.5 x 1.0 
cm, 7 cm apart; f, shielded leads; g, glass tube, 1 cm OD; h, 
plexiglass shield f i t t ing over horizontal part of glass tube. 

b y  d i f fe rences  in gas  concen t r a t ion ,  these  a u t h o r s  
e x p r e s s e d  the  v o l u m e t r i c  effect  of gas  b u b b l e s  on 
c o n d u c t i v i t y  in an  e r r o n e o u s  m a n n e r .  

A c c o r d i n g  to m e a s u r e m e n t s  of the  ef fec t ive  r e -  
s i s tance  as a func t ion  of cel l  d e p t h  (Fig .  1) r e p o r t e d  
b y  B a k e r  (3)  b e t w e e n  p a r a l l e l  e lec t rodes ,  t he  v o l -  
u m e  f r ac t i on  of gas  a t  a g iven  d e p t h  in  a g iven  
e l e c t r o l y t e  is a p p r o x i m a t e l y  a l i n e a r  func t ion  of c u r -  
r e n t  d e n s i t y  (Fig .  2) .  B a k e r  c a l c u l a t e d  t h e  v o l u m e  
f r ac t ions  f r o m  re s i s t ance  d a t a  o b t a i n e d  b y  use  of a 
s h i e l d e d  r e s i s t i v i t y  p robe .  A n  e x p e r i m e n t a l  p lo t  of 
the  v a r i a t i o n  of gas  v o l u m e  f r ac t i on  as  a func t ion  of 
d i s t a n c e  f r o m  cel l  b o t t o m  is shown  in Fig .  3. 

C u r r e n t  d e n s i t y  d e c r e a s e  f rom b o t t o m  to top  of a 
w a t e r  d e c o m p o s i t i o n  m o d e l  ce l l  was  shown  b y  
M u r a k a w a  and  N a g a u r a  (4)  b y  m e a n s  of d i r ec t  
m e a s u r e m e n t s  of b r a n c h  c u r r e n t s  u s ing  a " s ec t i oned"  
e l e c t r o d e  (5 ) .  T h e i r  r e su l t s  conform,  a t  l e a s t  in  a 
q u a l i t a t i v e  sense,  to e x p e c t a t i o n s  b a s e d  on f irst  
p r inc ip les .  W h e n  gas  evo lves  a long  a v e r t i c a l  e l ec -  
t r o d e ' s u r f a c e ,  b u b b l e s  a scend  u n d e r  t he  b u o y a n c y  
force  ( and  i f  t he  e l e c t r o l y t e  is in  mot ion ,  also due  
to d r a g  fo rces ) .  The  t i m e  r e q u i r e d  for  a gas  b u b b l e  
e v o l v e d  at  a p o i n t  on the  su r f ace  to r e a c h  the  su r f ace  
of t he  e l e c t r o l y t e  w i l l  be  a p p r o x i m a t e l y  p r o p o r t i o n a l  
to t he  d i s t ance  of th is  po in t  f r o m  the  surface .  Con-  
s e q u e n t l y  the  v o l u m e  f r ac t i on  of  gas in  the  e l e c t r o -  
l y t e  g r a d u a l l y  inc reases  w i t h  e l eva t ion ,  caus ing  the  
c o n d u c t i v i t y  of t h e  suspens ion  to d i m i n i s h  a long  the  
s a m e  d i rec t ion .  

ol2 

I O % K O H ~  
008 /,~ , 

20% KOH 
t-Or 

0 04 / 

o I 
0 0.05 0. I0 0.15 0.20 

fxffil 

Fig. 2. Volume fraction of gas near the electrolyte surface 
[ f rom data by Baker (3)].  
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Fig. 3. Experimental volume fractions at dif ferent cell depths 

The  a im of the  p r e sen t  w o r k  is to es tab l i sh  a t heo -  
re t i ca l  t r e a t m e n t  by w h i c h  the  mos t  i m p o r t a n t  de -  
s ign and  process  v a r i a b l e s  a re  c o m b i n e d  in f u n c -  
t iona l  re la t ionsh ip ,  q u a n t i t a t i v e l y  desc r ib ing  the  
effect of gas evo lu t ion  on c u r r e n t  d i s t r i bu t ion  and  
cel l  vol tage .  In  o rde r  to l end  c l a r i t y  and s impl i c i ty  
to the  m a t h e m a t i c a l  t r e a t m e n t ,  c e r t a i n  r e a s o n a b l e  
phys ica l  a s sumpt ions  m u s t  be made ,  wh ich  h o w e v e r  
should  not  de t r ac t  f r o m  the  g e n e r a l  v a l i d i t y  of the  
resul ts .  

N o m e n c l a t u r e  

b '  - -  b% - -  b% 
b ' , ,b% - -  anodic and cathodic l inear  Tafel  slopes, ohm 

c m  'a 
C - - d i m e n s i o n a l  constant, R T / P r n F s 6 ,  cm amp -~ 
D - - b u b b l e  diameter ,  cm 
E - - p o r t i o n  of applied cell vol tage that  depends 

on current,  E = E + i~R , ,  volts 
Ep - - c u r r e n t  dependent  par t  of polarizat ion vol -  

tage, Ep = b'i~ 
ED - - c o n s t a n t  in " l inear"  Tafe l  equation, volts  

approximate ly  the cur ren t - independen t  
par t  of the cell voltage, or the "decompo-  
sition" vol tage 

- - F a r a d a y ,  coulombs /gram equiva len t  
- -  vo lume fract ion of gas in e lectrolyte  at level  

x, dimensionless 
- - a v e r a g e  volume fract ion of gas in cell, di-  

mensionless 
- - h e i g h t  of e lectrolyte  column in cell (wi th  

or wi thout  gas),  cm (Fig. 4) 
- - t o t a l  current  passing through cell, amp 
- - l o c a l  current  density at level  x, a m p / c m  = 
- - a v e r a g e  cur ren t  density in cell, a m p / c m  = 
- - d i m e n s i o n l e s s  p a r a m e t e r  C E h / p S =  

R T E h / P m F s p 8  ~ 
m - -  number  of Faradays  passing through the cell, 

per mole of gas l iberated at both elec-  
trodes, g - equ iva l en t /mo le  

P - - p a r t i a l  pressure of gas l iberated at elec-  
trodes, atm, P = Pr --  Pr  

Pr  - - t o t a l  pressure (approximated by ambient  
pressure plus ar i thmetic  mean of hydro-  
static pressure in cell) 

P~ - - v a p o r  pressure  of e lectrolyte  at the opera t -  
ing t empera tu re  

F 

h 

XT 

/av 
K 

R - - g a s  constant, cm ~ a t m / ~  g mole 
R, - - r e s i s t a n c e  of gas-f ree  electrolyte  be tween  

the two electrodes, ohms 
r~ - -  effective resistance of a 1 cm ~ prism of elec-  

t ro lyte  containing gas bubbles, be tween  
the two electrodes at e levat ion x, ohm cm 2, 

Ro,, - - t o t a l  ohmic resistance of e lectrolyte  and gas 
in cell, ohms 

s - - a v e r a g e  rising veloci ty  of bubbles, cm/sec  
T - -  absolute temperature ,  ~ 
u - -  veloci ty  of a gas bubble, cm/sec  
u, - -  s teady-sta te  veloci ty  of a gas bubble, era/see 
d v ,  - - v o l u m e  of gas in vo lume e lement  w S d x  of 

e lect rolyte  at level  x, cm 8 (Fig. 4) 
w - -  width of electrodes, cm (Fig. 4) 
X - -  dimensionless reduced ver t ica l  distance, 

X = x / h  
x - - v e r t i c a l  distance f rom bottom of electrodes, 

cm (Fig. 4) 
8 - -  e lectrode separation, cm (Fig. 4) 
8 - -  time, see 
t* - -b ' /p5 ,  polarizat ion parameter ,  dimensionless 
v - -  dynamic viscosity, g cm -1 see -1 
p - - r e s i s t i v i t y  of gas-free  electrolyte,  ohm cm 
#. - - r e s i s t i v i ty  of e lectrolyte  containing gas bub-  

bles at level  x, ohm cm 
a~,r - - d e n s i t y  of e lect rolyte  and gas, respectively,  

g / c m  3 
- -  cell pa ramete r  

---- I r C / w  = I r R T / P m F s S w ,  dimensionless 

Cell Model and Physical Assumptions 
The  g e o m e t r y  of the  cel l  mode l  is shown  in Fig.  4. 

The  fo l l owing  a s sumpt ions  w e r e  made :  
1. The  e lec t rode  on the  m e t a l  side is equ ipo ten t i a l ,  

i.e., t h e r e  is no " t e r m i n a l  effect ."  
2. Size d i s t r ibu t ion  of bubb le s  at a l l  l eve l s  is the  

same,  and  w i t h i n  the  r a n g e  of  c u r r e n t  dens i t ies  this 
size r a n g e  and d i s t r i bu t ion  m a y  be  r e g a r d e d  as con-  
s tant .  

3. The  bubb les  a s sume  t h e i r  s t e a d y - s t a t e  ( in -  
s t an taneous )  ve loc i ty ,  u,,  e s sen t i a l ly  4 m m e d i a t e l y  
a f t e r  s epa ra t i on  f r o m  the  surface.  I t  can be  shown 
by the  so lu t ion  of the  d i f f e ren t i a l  equa t i on  f r o m  u, 
the  ve loc i ty  of  m o t i o n  of  a gas bubb le  in the  g r a v i -  
t a t i ona l  force  field, us ing  S tokes  law,  t h a t  

u = u,[l -- exp(-- 18w~8/D=~g) ] [I] 

Substitution of reasonable values of the physical 
constants into Eq. [I] indicates that quasi steady 

h 
L~ J 

VOLUME 
ELEMENI 

dx.~-w 

Fig. 4. Model of gas evolution cell 
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s t a t e  is r e a c h e d  w i t h i n  0.01-0.001 sec a f t e r  re lease .  
4. Ve loc i ty  of r i se  is i n d e p e n d e n t  of dep th .  I n  

fac t  b u b b l e s  e x p a n d  on d e c r e a s e  in h y d r o s t a t i c  
p re s su re .  S ince  the  b u o y a n c y  force  is p r o p o r t i o n a l  
to D '~ w h i l e  t he  d r a g  force  is p r o p o r t i o n a l  to  D ~ 
( w h e r e  l < m < 2 ) ,  a s cend ing  b u b b l e s  acce le ra te .  In  
t he  r eg ion  of i n t e r e s t  v e l o c i t y  of b u b b l e s  va r i e s  a p -  
p r o x i m a t e l y  in  i n v e r s e  r a t i o  to  t he  1/3  to 2 /3  p o w e r  
of t he  p r e s s u r e ;  t h e r e f o r e  t he  i n c r e a s e  of v e l o c i t y  
a m o u n t s  to on ly  a f e w  p e r  cent ,  p r o v i d e d  the  cel l  
d e p t h  is no t  v e r y  grea t .  I n c o r p o r a t i o n  of v a r i a b l e  
v e l o c i t y  in to  the  t r e a t m e n t  to be  p re sen t ed ,  h o w -  
ever ,  w o u l d  confuse  t he  issue  m o r e  t h a n  i t  w o u l d  
c o n t r i b u t e  to t he  a c c u r a c y  of t he  end  resu l t s .  

5. Ve loc i ty  of r i s ing  b u b b l e s  is i n d e p e n d e n t  of  
v o l u m e  c o n c e n t r a t i o n  of gas. In  fac t  t he  b u b b l e  
m o t i o n  d e c e l e r a t e s  as the  v o l u m e  c o n c e n t r a t i o n  of 
b u b b l e s  in  the  e l e c t r o l y t e  increases .  Q u a n t i t a t i v e  
f u n c t i o n a l  r e p r e s e n t a t i o n  of t he  effect  of v o l u m e  
c o n c e n t r a t i o n  on the  d e p a r t u r e  of v e l o c i t y  f r o m  the  
" f r e e "  r a t e  of a s cendance  h o w e v e r  has  no t  been  
d e v e l o p e d  so f a r )  

6. S e c o n d a r y  effects on b u b b l e  mot ion ,  such as 
those  due  to coa lescence  or  convec t ion  c u r r e n t s  in  
t he  e l e c t r o l y t e  fo r  e x a m p l e ,  a r e  d i s r e g a r d e d .  

7. The  a s s u m p t i o n s  u n d e r  2-6 a b o v e  p e r m i t  the  
def in i t ion  of an  a v e r a g e  ve loc i ty ,  s, a t  w h i c h  the  
gases  l i b e r a t e d  a t  t he  e l ec t rodes  r ise ,  i n d e p e n d e n t  
of d e p t h  and  c u r r e n t  dens i ty .  W i t h i n  a g iven  e l ec -  
t r o ly t e ,  h o w e v e r ,  th is  ve loc i t y  d e p e n d s  on p r e s su re ,  
t e m p e r a t u r e  and  e l e c t r o d e  m a t e r i a l .  

8. P o l a r i z a t i o n  is l i n e a r  ove r  t he  r a n g e  of c u r -  
r e n t  dens i t i e s  o c c u r r i n g  w i t h i n  a ce l l  ( see  Fig .  5) .  
~ u b s t i t u t i o n  of a l i n e a r  r e l a t i o n  for  a r e l a t i v e l y  
n a r r o w  r a n g e  of c u r r e n t  dens i t i e s  has  b e e n  an  ac -  
c e p t e d  t e c h n i q u e  in  t r e a t i n g  c u r r e n t  d i s t r i b u t i o n  
p r o b l e m s  (6, 7).  

9. The  flow of c u r r e n t  is un id i r ec t i ona l ,  or  a t  l eas t  
t he  c u r v a t u r e  of t he  l ines  of flow is neg l ig ib l e .  I t  ha s  

1 S t u d i e s  by  H a n r a t t y ,  et al., on h i n d e r e d  s e t t l i n g  of  s p h e r i c a l  
so l ids  (9) h a v e  s h o w n  t h a t  i n  the  S tokes  l a w  r e g i o n  t h e  e f fec t ive  
r a t e  of s e t t l i n g  m a y  be  e v a l u a t e d  if ,  i n s t e a d  of  t h e  d e n s i t y  of  p u r e  
l i qu id ,  one  s u b s t i t u t e s  t he  a v e r a g e  d e n s i t y  of the  s u s p e n s i o n  (a 
v a r i a b l e ,  f u n c t i o n  of d e p t h ) ,  a n d  i f  one  also t a k e s  in to  a ccoun t  t h e  
c h a n g e  of  e f fec t ive  v i s c o s i t y  w i t h  the  c h a n g i n g  v o l u m e  c o n c e n t r a -  
t ion.  A l t h o u g h  t h e  exac t  f u n c t i o n a l  d e p e n d e n c e  is more  complex ,  
t t a n r a t t y ' s  d a t a  m a y  be  r e a s o n a b l y  w e l l  r e p r e s e n t e d  b y  s~/so = 

(1 - -  $=)~ w h e n  $~ ~ 0 . 3 5 ,  w h e r e  So c o r r e s p o n d s  t o  t h e  f r e e  s e t t l i n g  
ra te ,  a n d  s~ deno tes  t h e  a c t u a l  r a t e  of s e t t l i n g  a t  e l e v a t i o n  x. 
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been  s h o w n  (6) t h a t  for  l i n e a r  g e o m e t r y  th is  is a 
good a s sumpt ion ,  p r o v i d e d  8 / h  is smal l .  

Mathematical Treatment 
In  t he  s t e a d y  s ta te ,  t he  v o l u m e  of gas  dv~ p r e s e n t  

in  the  v o l u m e  e l e m e n t  w ' 8 " d x  (Fig .  4) is 

dv~ = ( R T w d x / P m F s  ) of~i~dx [2]  

E q u a t i o n  [2]  m a y  be  d e r i v e d  as fo l lows.  The  q u a n -  
t i t y  w t imes  the  i n t e g r a l  equa l s  t he  t o t a l  c u r r e n t  
f lowing t h r o u g h  the  cel l  b e t w e e n  t h e  b o t t o m  and  
l e v e l  x. This  c u r r e n t  d i v i d e d  b y  m F  gives  t h e  t o t a l  
n u m b e r  of mo les  of gas  p r o d u c e d  and,  m u l t i p l i e d  b y  
R T / P ,  t he  t o t a l  v o l u m e  of gas  p r o d u c e d  in  t he  ce l l  
p e r  second  b e t w e e n  the  b o t t o m  and  x. Th is  v o l u m e  
of gas  is m o v i n g  u p w a r d  a d i s t ance  of s cm in 1 sec. 
The re fo re ,  t he  f r ac t i on  d x / s  of i t  w i l l  be  in  t he  
g iven  v o l u m e  e l e m e n t  at  a n y  g iven  i n s t a n t  of t ime ,  
a n d  th is  is the  v o l u m e  dv~. The  v o l u m e  f r a c t i o n  of 
gas in the  s ame  e l e m e n t  is t h e n  

d v J w S d x  = ~, = C of~i,dx [3]  

F o r  a g iven  g e o m e t r y ,  P,  T, m,  and  s, C is a cons t an t  
h a v i n g  the  d ime ns ions  of l e n g t h  p e r  un i t  of  cu r r en t .  
E q u a t i o n  [3]  r e l a t e s  t h e  v o l u m e  f r a c t i o n  of a gas  a t  
h e i g h t  x to t he  t o t a l  c u r r e n t  pas s ing  b e l o w  t h a t  
leve l .  2 

As  s h o w n  b y  D e  L a  Rue  a n d  Tob ias  (8 ) ,  d e p e n d -  
ence  of t he  ohmic  r e s i s t i v i t y  p~ a t  l eve l  x on the  v o l -  
u m e  f r a c t i o n  of gas  is g i v e n  b y  the  B r u g g e m a n n  
e q u a t i o n  

p= = p ( 1  - L )  -~/~ [ 4 ]  

The  c u r r e n t - d e p e n d e n t  p o r t i o n  of t h e  e l e c t r o d e  
p o t e n t i a l s  E~ m a y  be  r e p r e s e n t e d  b y  (Fig .  5) 

E,  = b'  i .  [5]  

The  d e p e n d e n c e  of p o t e n t i a l  on c u r r e n t  dens i ty ,  
res i s tance ,  a n d  p o l a r i z a t i o n  is t hen  o b t a i n e d  b y  c o m -  
b i n a t i o n  of [4]  a n d  [5]  

E = (b" + r~)i~ [6]  

Note  tha t ,  in  t he  p r e s e n t  app l i ca t ion ,  E is i n d e p e n d -  
en t  of x b y  v i r t u e  of a s s u m p t i o n  1 above .  T h e  s q u a r e  
c e n t i m e t e r  r e s i s t ance  r ,  is e q u a l  to p~8. 

S u b s t i t u t i o n  a n d  r e a r r a n g e m e n t  of [6]  y i e ld s  

E/p8 = [~ + (1 - -  f,)-sz~]i, [7]  

The  m e a n i n g  of t he  p o l a r i z a t i o n  p a r a m e t e r  ~ has  
been  g iven  b y  W a g n e r  (7)  a m o n g  o thers .  

T h e  d i f f e r e n t i a t i on  of [3]  y i e ld s  

d], = Ci~dx [8]  

T h e  c u r r e n t  d e n s i t y  i ,  m a y  b e  e l i m i n a t e d  b e t w e e n  
Eqs. [7]  and  [8]  and  t h e  r e s u l t a n t  e q u a t i o n  i n t e -  
g r a t e d  

( C E / p S ) o f ' d x  = ofr~[/z + (1 - -  S~)-~/~]d/~ [9 ]  

2 A l t h o u g h  c o n s t a n t  v e l o c i t y  of r i se  s has  b e e n  a s s u m e d  in  t h i s  
d e r i v a t i o n ,  i n c o r p o r a t i o n  of v e l o c i t y  d e p e n d e n c e  on  v o l u m e  f r ac -  
t i o n  of  gases  as r ep r e sen t ed ,  fo r  in s t ance ,  b y  t he  a p p r o x i m a t i o n  
f o r m u l a  in  foo tno t e  1, causes  no  dif f icul ty .  E q u a t i o n  [3] t r a n s f o r m s  
to :f~ (1 -- $~)4 = C~xi~dx  a n d  t he  i n t e g r a t i o n  of  t he  mod i f i ed  e q u a -  

o r  
t i o n  r e p l a c i n g  Eq. [9] m a y  be  r e a d i l y  accompl i shed .  T h e  r e s u l t i n g  
f o r m  h o w e v e r  is  i m p l i c i t  in  ~x, and  does  no t  p e r m i t  t h e r e f o r e  de r i -  
v a t i o n  of  c o n v e n i e n t  exp re s s ions  s h o w i n g  t he  d e p e n d e n c e  of  k e y  
process  va r i ab l e s .  I n  t he  f o l l o w i n g  t r e a t m e n t  on ly  t he  s i m p l e r  r e l a -  
t ions  i n v o l v i n g  t he  c o n s t a n t  v e l o c i t y  a s s u m p t i o n  a re  p resen ted .  
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Fig. 6. Volume fraction of gas as a function of reduced height 

To ob ta in  a so lu t ion  in  closed fo rm for f,, le t  us for  
the  p resen t  ass ign  the  v a l u e  ~ = 0 (cor responds  to 
cons t an t  po la r i za t ion) ,  and  then  in t eg ra t e  b e t w e e n  
the  l imi ts  given.  The so lu t ion  is 

f~ ~ [ ( K X )  ~ -F 4 K X ] / ( K X  -F 2) ~ [10] 

where  K, the  gas effect pa rame te r ,  and  X, d i m e n -  
sionless ve r t i ca l  height ,  have  been  in t roduced  to r e -  
duce  the n u m b e r  of symbols  carr ied.  A plot  of f= as 
a f unc t i on  of X is g iven  in  Fig. 6 for K = 0.1, 0'.5, 
and  1.0. 

C o m b i n a t i o n  of Eqs. [7] and  [10] leads to the 
i m p o r t a n t  r e l a t ion  b e t w e e n  local c u r r e n t  dens i ty  
and  ver t i ca l  d is tance  

[11] 

S e p t e m b e r  1959 

i,  = 8 K / h c ( K X  + 2) ~ 

Mathematical Results 

A n u m b e r  of usefu l  re la t ions  m a y  now be de r ived  
by  s imple  combina t ions  of the  equa t ions  de r ived  in  
the p reced ing  section. 

1. The  re la t ion  b e t w e e n  the  to ta l  c u r r e n t  I ,  a nd  
the  c u r r e n t - d e p e n d e n t  p a r t  of the vol tage  

1~ ~ i~vhw = w f ' % d x  = w f ,  h / C  = 

w ( K  ~ -F 4 K ) / C ( K  Jr 2) ~ [12] 

In  Fig. 7 the  ra t io  of local to average  c u r r e n t  dens i ty  
i , / i ~  has been  p lo t ted  by  use  of Eqs. [11] and  [12] 
for K = 0.1, 0.5, and  1.0. 

2. So lv ing  [12] for K, we  ob t a in  the  dependence  
of K on average  c u r r e n t  dens i ty  

K = 211 - - ( 1  - -  1/Chi~ ~ -  2 [13] 

Equa t i on  [13] has been  p lo t ted  in  Fig. 8 The v e r t i -  
cal scale is Chi,,,. Note tha t  for low va lues  of K 
(<0.15)  

K ~ Chi.~ [14] 

In  this region,  K is d i rec t ly  p ropor t iona l  to appl ied  
c u r r e n t  and  depth  of cell and,  f rom the def in i t ion  of 
C, K is i nve r s e ly  p ropo r t i ona l  to average  veloci ty  of 
r ise of b u b b l e s  and  to e lec t rode  separa t ion .  

3. The average  effective ohmic res i s tance  of e lec-  
t ro ly te  R~,, r e la t ive  to gas- f ree  res i s tance  R~, w h e n  
the cell dep th  is the same, is g iven  b y  

R ~ / R ~  = ( K  -F 2 ) ' / ( K  -F 4) [15] 
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Fig. 8. Dependence of K on applied current 

4. The average  vo lume  f rac t ion  of gases is g iven  
by  

f,v = o ~ f , d X  = K / ( K  -F 2) [16] 

F i g u r e  9 i l lus t ra tes  Eqs. [15] a nd  [16],  showing  
tha t  the per  cent  effect on res i s tance  is g rea te r  t h a n  
the per  cent  average  gas holdup.  F igu re  10 shows a 
plot  of f, ,  aga ins t  a d imens ion less  g roup ing  ~b i n -  
c lud ing  Ir. 

O p t i m a l  dis tance of  e l e c t r o d e s . - - B e c a u s e  of the  
effect of gas b u b b l e s  on the res i s t iv i ty  of e lect rolyte ,  
se t t ing  the electrodes closer toge ther  wi l l  no t  resu l t  
in  a p ropor t iona te  r educ t ion  of ohmic vol tage  drop. 
As a m a t t e r  of fact it  is easy to real ize  tha t  b r i n g i n g  
t h e m  toge ther  be low a ce r ta in  d is tance  should resu l t  
in  an  increase  of vo l tage  drop. (The  vo lume  f rac t ion  
of gas var ies  in  inverse  p ropor t ion  to the  e lec t rode  
separa t ion ,  whi le  the  effective res i s tance  of the  dis-  
pers ion  b e t w e e n  the  electrodes increases  more  r a p -  
id ly  t h a n  does the v o l u m e  f rac t ion  of gas.) For  
s impl ic i ty ' s  sake let  us consider  on ly  at  w h a t  ave r -  
age v o l u m e  f rac t ion  f,v of gas the  effective ohmic 
res i s tance  wi l l  be  at a m i n i m u m :  

Re~ = A/f ,v(1  - -  f , 0  ~/~ [17] 

w he r e  all  t e rms  no t  de pe nd i ng  on d is tance  have  
been  grouped  in to  a cons tan t  A. 

Di f fe ren t ia t ing  wi th  respect  to f~,., a nd  se t t ing  the  
de r iva t ive  equa l  to zero, we ob ta in  f,v = 0.4, i.e., the 
ohmic  res i s tance  wi l l  be a t  its m i n i m u m  w h e n  the  
electrodes are  a t  such a d i s tance  tha t  the  ave rage  
v o l u m e  f rac t ion  of gas b e t w e e n  t h e m  is 0.4. A l t h o u g h  
such a high holdup  v o l u m e  seems to be out  of the  
c o m m o n  design and  opera t iona l  range,  it should  be 
no ted  tha t  the ohmic res i s tance  d imin i shes  r a t h e r  
s lowly  w i th  d i s tance  even  w h e n  f~,.>0.2. There fore  
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on ly  l i t t le  can be ga ined  by  se t t ing  the  electrodes 
closer toge ther  t h a n  corresponds  to f,v---- 0.2. 

I n  a t t e m p t i n g  to eva lua t e  the  effect on the  vo l tage  
drop of r e d u c i n g  the  in te re lec t rode  distance,  one 
should  keep in  m i n d  tha t  in  al l  the  deve lopmen t s  
p resen ted  above it has been  as sumed  tha t  the  a ve r -  
age ve loc i ty  of gas bubb l e s  is i n d e p e n d e n t  of elec-  
t rode separa t ion .  A l though  for l a rge  separa t ions  this  
appears  to be a r easonab le  approx ima t ion ,  it  is qui te  
ce r t a in  that ,  w h e n  the  electrodes are so close to-  
gether,  the v o l u m e  f rac t ion  of gas becomes signifi-  
cant ,  s depends  on e lect rode separa t ion ,  and  the 
op t ima l  sepa ra t ion  will be  larger t h a n  tha t  cor re -  
spond ing  to f,v = 0.4. 

E)~ec~ of P o l a r i z a t i o n  

The va lue /~  = 0 has been  ass igned so far  in  order  
to ob ta in  a so lu t ion  in  closed fo rm for the  c u r r e n t  
dens i ty  d i s t r ibu t ion ,  and  to show in  the  m a n n e r  
easiest  to fol low how the  c o m m o n  design an d  p ro -  
cess v a r i a b l e  are in te r re la ted .  

The  re la t ion  b e t w e e n  X and  f, f rom the  i n t e g r a -  
t ion  of equation [9] 

K X  = ~ f ,  -F 2(1 - - i , )  -1 '2-  2 [18] 

does no t  y ie ld  an  expl ic i t  fo rm in  iF, and  therefore  
i= canno t  e i ther  be expressed  in  a closed fo rm as a 
func t i on  of X. A reasonab le  a p p r o x i m a t i o n  m a y  be 
ob ta ined  howeve r  if one replaces  2 the  t e r m  in  Eq. 
[7] which  represen t s  the  effect of gas v o l u m e  f rac-  
t ion on res i s tance  ( 1 - - i , )  -~/-~ by  the  first two t e rms  
of its b i n o m i a l  expans ion  1 -F3/2f,. Wi th  this  sub -  

U s e  o f  t h i s  e x p r e s s i o n  f o r  c o n d i t i o n s  w h e r e  lay  > 0 . 2  l e a d s  t o  a D -  
p r e c i a b l e  e r r o r s .  

GAS EVOLUTION ON CURRENT DISTRIBUTION 
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Fig. ] 1. Leve l ing ef fect  o f  po la r i za t ion  on nonun i fo rm cur- 
rent d is t r ibu t ion  caused by gas evo lu t ion .  

s t i tu t ion  the  c u r r e n t  dens i ty  va r i a t i on  as a f unc t i on  
of X, K, and/~  m a y  be ob t a ined  by  s imple  a lgebra ic  
steps 

3 
iJi. , . ,  ~- - -  K [  ( F + 1) ~ -b 3KX]  -lz2" 

2 

{[(/~ Jr 1) 2 -F 3K]l/~--(/~ -t- 1)} -1 [19] 

F i g u r e  11 shows the  cons iderab le  l eve l ing  effect of 
po la r i za t ion  for a p rac t ica l  r a nge  of va lues  of the  
po la r i za t ion  p a r a m e t e r  F. 

W h e n  the  po la r i za t ion  is s t rong ly  d e p e n d e n t  on 
c u r r e n t  dens i ty  a nd  there fore /~  is comparab le  to or 
l a rge r  t h a n  un i ty ,  the n o n u n i f o r m i t y  of c u r r e n t  d is -  
t r i b u t i o n  is d imin i shed  to a s ignif icant  degree. 
U n d e r  such condi t ions  it  is adv i sab le  to ,use Eq. [19] 
and  the  co r r e spond ing ly  modified fo rms  of the  r e -  
l a t ions  express ing  effective res is tance,  etc. 

Note: The fact that  the effect of gas evolution on cur-  
ren t  dis t r ibut ion depends on a single dimensionless 
parameter  should be helpful  both in  design procedures 
and when it is desirable to know what  effects changes 
in  operational  conditions will  have. 

The foregoing t rea tment  should be regarded as valid 
only wi th in  the physical assumptions made. Therefore, 
whenever  any of the variables (such as size, total cur-  
rent)  are changed significantly one must  examine 
whether  or not dependent  quanti t ies have been affected 
by phenomena not considered in  setting up the physical 
model. A par t icular ly  vulnerable  assumption is that  re-  
la t ing to the constancy of the average rising velocity of 
bubbles.  Large variat ions in cell depth or electrode 
separation wil l  undoubted ly  influence s, as will  changes 
in electrode materials.  The effect of deceleration of 
bubble  motion due to decrease in bulk  density and in- 
crease of viscosity cannot  be considered quant i ta t ive ly  
un t i l  lu r the r  exper imental  and theoretical  develop- 
ments  improve our unders tand ing  of the dynamic be-  
havior of suspensions of gases in liquids. The analogy 
wi th  hindered settling is plausible but  not  proven. In  
any case, other factors, such as bu lk  en t ra inment  of 
electrolyte and secondary flows caused by descending, 
relat ively gas-free eddies, may so seriously influence 
bubble  motion that  conclusions reached by considering 
the deceleration due to viscosity and density changes 
alone could be misleading. 

The average bubble  velocity, s, and its dependence on 
cell geometry, cur rent  density range, and materials  
used may be established in model experiments.  Esti- 
mates of s may be obtained by measurement  of increase 
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of e lec t ro ly te  level  due to gas holdup (see Eq. [16]), 
and the var ia t ion  of average  veloci ty  wi th  to ta l  cur ren t  
es tabl ished by  compar ing  the dependence  of K on ia~ 
wi th  the values  ca lcula ted  by  use of Eqs. [13] and [14]. 

Manuscr ip t  received Feb.  9, 1959. This pape r  w a s  
prepa red  for  de l ive ry  before  the New York Meeting, 
Apr i l  27-May 1, 1958. 

A n y  discussion of this pape r  wil l  appear  in a Discus-  
sion Sect ion to be publ i shed  in the  June  1960 JOURNAL. 
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Technical hTote 

Preparation and Properties of ZnS-Type Crystals from the Melt 
Albrecht G. Fischer 1 

Large Lamp Department, General Electric Company, Nela Park, Cleveland, Ohio 

The  i m p o r t a n t  s e m i c o n d u c t i n g  p h o s p h o r  m a t e r i a l s  
ZnS,  CdS,  and  ZnSe  canno t  be  m e l t e d  at  n o r m a l  
p r e s s u r e  because  t h e y  decompose  s e v e r a l  h u n d r e d  
deg ree s  b e l o w  t h e i r  m e l t i n g  points .  This  t e n d e n c y  is 
d u e  to the  m i x e d  h o m o - h e t e r o p o l a r  n a t u r e  of t h e i r  
bond.  As  the  d i a m o n d  l a t t i ce  r e q u i r e s  t h a t  the  ions  
be  i n c o r p o r a t e d  in  a p r e d e f o r m e d  s t a t e  and  u n d e r  
s t ress ,  u n s t a b l e  su r faces  r e s u l t  (1, 2) .  

The  first  e x p e r i m e n t s  to m e l t  ZnS  and  CdS in a 
h i g h - p r e s s u r e  b o m b  w e r e  c a r r i e d  out  s e v e r a l  d e -  
cades  ago (3 ) ,  and  r e c e n t l y  i n t e r e s t  has  r e v i v e d  in 
t he  subjec t .  A c c u r a t e  v a l u e s  for  t he  m e l t i n g  po in t s  
and  v a p o r  p r e s s u r e s  of Z n S  and  CdS h a v e  been  r e -  
p o r t e d  (4, 5) and  a t e c h n i q u e  of g r o w i n g  c r y s t a l s  
of these  m a t e r i a l s  f r o m  the  m e l t  u n d e r  h igh  a r g o n  
p r e s s u r e  has  been  d e v e l o p e d  (2, 6) .  

Z n S e  can  also be  r e c r y s t a l l i z e d  f r o m  the  m e l t  (2 ) .  
In  c o n t i n u a t i o n  of e a r l i e r  w o r k  i t  was  f o u n d  t h a t  
c ruc ib l e s  of p u r e  g r a p h i t e  and  of z i r con ia  can  b e  
used.  Q u a r t z  glass ,  a l t h o u g h  r a t h e r  soft  a t  t he  m e l t -  
ing  po in t  of ZnSe ,  is also su i t ab l e  as a c r u c i b l e  m a -  
t e r i a l  s ince  i t  is no t  c h e m i c a l l y  a t t a c k e d  b y  the  me l t .  

Us ing  a m e l t i n g  p o i n t  i n d i c a t o r  s i m i l a r  to t h a t  
d e s c r i b e d  in  (2)  and  a P t - P t / R h  t h e r m o c o u p l e ,  t he  
m e l t i n g  po in t  of ZnSe  has  n o w  been  d e t e r m i n e d  to  be  
a t  1515 ~ --20~ CuGaS~ m e l t s  a t  1280~ 

T h e  v a p o r  p r e s s u r e  a t  t he  m e l t i n g  p o i n t  w a s  d e -  
t e r m i n e d  b y  a n e w  d i r ec t  me thod .  A sea led -o f f  e v a c -  
u a t e d  q u a r t z  t u b e  f i l led w i t h  ZnSe  p re f i r ed  in  v a c -  
u u m  was  h e a t e d  up  to  t he  m e l t i n g  p o i n t  of ZnSe.  
W h e n  the  ou te r  p r e s s u r e  in  t he  a u t o c l a v e  w a s  s o m e -  
w h a t  h i g h e r  t h a n  the  decompos i t i on  p r e s s u r e  d e -  
v e l o p e d  in t he  tube ,  t he  w a l l s  of t he  p l a s t i c  q u a r t z  
t u b e  w e r e  compressed .  When ,  on the  o t h e r  hand ,  t h e  
o u t e r  p r e s s u r e  was  l o w e r  t h a n  the  i n n e r  p r e s su re ,  
t he  bu lb  d i l a t e d  and  f o r m e d  a bubb l e .  In  a se r ies  of 
e x p e r i m e n t s  w i t h  v a r y i n g  e x t e r n a l  p r e s su re ,  i t  w a s  

1 P r e s e n t  add re s s :  R C A  L a b o r a t o r i e s ,  P r i n c e t o n ,  N. ft. 

poss ib l e  to d e t e r m i n e  the  p r e s s u r e  in t he  b u l b  w i t h -  
in close l imi ts .  In  t he  case  of Z n S e  i t  is a r o u n d  1.8 
a tm,  w h i l e  i t  is a b o u t  2.5 a t m  for  CdS.  This  m e t h o d  
is also s u i t a b l e  fo r  subs t ances  w i t h  l o w e r  m e l t i n g  
po in t s  w h e r e  o the r  g lasses  h a v e  to be  used ,  for  i n -  
s t ance  for  c e r t a i n  AHIBv c o m p o u n d s  w h e r e  i n d i r e c t  
m e t h o d s  h a d  to be  used  p r e v i o u s l y .  

The  fac ts  t ha t  t he  v a p o r  p r e s s u r e  is c o m p a r a t i v e l y  
low and  t h a t  qua r t z ,  a l t h o u g h  a l r e a d y  soft  a t  1500~ 
is c h e m i c a l l y  s tab le ,  s u g g e s t e d  a n e w  m e t h o d  fo r  t he  
p r e p a r a t i o n  of Z n S e  s ing le  c r y s t a l s  f r o m  the  me l t .  I t  

I 

6 

Fig. 1. 1, Graphite 'stopper; 9, boron nitride rings to pre- 
vent electrical shorting of the heater; 3, graphite crucible; 
4, quartz bulb; 5, ZnSe or CdS melt; 6, graphite powder. 
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is also s u i t a b l e  for  CdS.  A q u a r t z  t u b e  is f i l led w i t h  
ZnSe ,  h e a t e d  in v a c u u m  a n d  sea led  off. This  t u b e  is 
i n s e r t e d  in to  a c lose ly  f i t t ing  t h i c k - w a l l e d  g r a p h i t e  
c ruc ib l e  w h i c h  can  be  c losed  w i t h  a p lug .  The  r e -  
m a i n i n g  e m p t y  space  is f i l led w i t h  g r a p h i t e  p o w d e r  
( s e e F i g .  1).  I f  th is  a s s e m b l y  is h e a t e d  up,  t he  so f t en -  
ing q u a r t z  t u b e  expands ,  d r i v e n  b y  t h e  i n t e r i o r  p r e s -  
sure ,  u n t i l  t he  r i g i d  g r a p h i t e  c o n t a i n e r  t a k e s  up  the  
m e c h a n i c a l  forces  a n d  t h e  q u a r t z  hu l l  se rves  m e r e l y  
as a g a s - t i g h t  l in ing.  The  vesse l  w i t h  t h e  m o l t e n  
Z n S e  can  t hen  be  cooled  d o w n  w i t h  a n y  d e s i r e d  
t e m p e r a t u r e  g r a d i e n t  in o r d e r  to c r y s t a l l i z e  t he  me l t .  
To p r e v e n t  dev i t r i f i ca t i on  of t he  q u a r t z  i t  is d e s i r -  
ab l e  to use  p u r e  g r a p h i t e  w i t h  smoo th  surfaces .  I n -  
s t ead  of t he  s i m p l e  g r a p h i t e  c r u c i b l e  s h o w n  in Fig .  
1 w h i c h  has  to be  d e s t r o y e d  each  t i m e  a c r y s t a l  is r e -  
moved ,  m o r e  e l a b o r a t e l y  des igned  vesse l s  can  be  
used  w h i c h  a l l o w  d i s a s s e m b l y  and  r e a s s e m b l y .  

The  m e t h o d  d e s c r i b e d  is e x p e c t e d  to  f ind w i d e r  a p -  
p l i c a t i on  because  i t  a l lows  the  g r o w i n g  of l a r g e  
s ingle  c r y s t a l s  f r o m  t h e  m e l t  in  a r e p r o d u c i b l e  w a y  
and  w i t h  s imple ,  i n e x p e n s i v e  m e a n s ;  no h i g h - p r e s -  
su re  a u t o c l a v e  is needed .  

F o r  Z n S  or  Z n S - r i c h  m i x t u r e s ,  i t  is b e t t e r  to use  
h i g h - d e n s i t y  z i r con ia  c ruc ib le s  w i t h  s toppers ,  w h i c h  
a r e  sea l ed  in to  evacua t ed ,  c lose ly  f i t t ing  q u a r t z  t u b e s  
and  h e a t e d  in  an  au toc lave .  The  p r e s s u r e  a p p l i e d  
f r o m  the  ou t s ide  has  to be  h i g h e r  t h a n  the  d e c o m p o -  
s i t ion  p r e s s u r e  ins ide.  The  t h e r m o p l a s t i c  q u a r t z  e n -  
v e l o p e  t h e n  f o r m s  a g a s - t i g h t  l i n ing  a r o u n d  the  ZrO~ 
c ruc ib le ;  th is  p e r m i t s  g r o w i n g  of t he  c r y s t a l s  in  a d e -  
f ined a t m o s p h e r e  and  con t ro l l i ng  the  v a c a n c y  e q u i l i -  
b r i u m  in t he  c rys ta l s .  

I t  has  been  f o u n d  t h a t  t h e  p u r e  c o m p o u n d s  ZnS,  
CdS,  and  ZnSe,  or  m i x t u r e s  con ta in ing  at  l eas t  a b o u t  

80% of a n y  one  of t he  cons t i tuen t s ,  c r y s t a l l i z e  m u c h  
m o r e  r e a d i l y  t h a n  m i x t u r e s  w i t h  l o w e r  conten ts ,  
w h i c h  have  the  t e n d e n c y  to s t ay  p o l y c r y s t a l l i n e .  

T h e r m o e l e c t r i c  m e a s u r e m e n t s  have  s h o w n  t h a t  
u n d o p e d  Z n S e  c r y s t a l s  as w e l l  as s a mp le s  d o p e d  w i t h  
A1 and  In  a r e  n - t y p e ,  w h e r e a s  Z n S e  c r y s t a l s  d o p e d  
w i t h  Cu or  A g  a r e  p - t y p e .  The  n - t y p e  s a m p l e s  a r e  
s t r o n g l y  p h o t o c o n d u c t i n g ,  w h e r e a s  c o a c t i v a t e d  
s a m p l e s  a r e  l uminescen t .  

S o l i d - s t a t e  d i f fus ion  occu r r i ng  d u r i n g  t h e  f i r ing of 
c r y s t a l s  r i ch  in Z n S e  or  CdS and  p a c k e d  in  Z n S  
p o w d e r  h a v i n g  the  s ame  a c t i v a t o r  c o n c e n t r a t i o n  l ed  
to s p r e a d - b a n d - g a p  surfaces .  This  cou ld  be  o b s e r v e d  
b y  a shor t  w a v e - l e n g t h  sh i f t  of t he  p h o t o -  a n d  
c a t h o d o l u m i n e s c e n c e  f rom the  i n t e r i o r  of t he  c rys t a l s  
t o w a r d  t h e i r  sur face .  F o r m a t i o n  of m i x e d  c r y s t a l s  of 
Z n S e  w i t h  ZnTe  or  G a A s  (7)  r e duc e s  t he  b a n d  gap  
of ZnSe .  
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Technical Re c ew 

The Manganese Dioxide Electrode 
W. C. Vosburgh 

Department of Chezrdstry, Duke University, Durham, North Carolina 

M a n g a n e s e  d iox ide  h a s  been  an  i m p o r t a n t  b a t -  
t e r y  r e a c t a n t  s ince  a b o u t  1890 w h e n  the  Zn-MnO~ 
cel l  p r o p o s e d  b y  Lec l anch6  (1)  b e g a n  to be  used  in 
the  d r y - c e l l  form.  Because  of the  i m p o r t a n c e  of the  
Lec l anch6  cel l  and  of o t h e r  uses  of MnO~ a v o l u m i -  
nous  l i t e r a t u r e  has  g r o w n  up.  A r e v i e w  of t he  L e -  
c lanch6  cel l  b y  He i se  and  Cahoon  (2)  was  p u b l i s h e d  
in 1952 and  a t  t he  s ame  t i m e  r e v i e w s  of two  n e w e r  
cel ls  w i t h  MnO~ e l ec t rodes  b y  Morehouse  (3)  and  
H e r b e r t  (4 ) .  The  p r e s e n t  r e v i e w  b r i n g s  t o g e t h e r  
some of t he  m o r e  r e c e n t  c o n t r i b u t i o n s  to t he  s t r u c -  
t u r e  and  p r o p e r t i e s  of MnO~ and  the  d i s c h a r g e  
m e c h a n i s m  of the  MnO~ e lec t rode .  R e l a t e d  top ics  

t h a t  a r e  no t  i nc luded  a re  t he  c a r b o n  of t h e  L e -  
c l anch6-ce l I  bobb in ,  the  e l e c t ro ly t e ,  r e a c t i o n s  of  t h e  
Lec l anch6  cel l  no t  c lose ly  r e l a t e d  to t he  d i s c h a r g e  
m e c h a n i s m ,  t he  s t a n d a r d  p o t e n t i a l  and  t h e  o p e n -  
c i r cu i t  p o t e n t i a l  of the  MnO~ e lec t rode ,  a n d  p r a c t i c a l  
f e a t u r e s  of b a t t e r i e s  w i t h  MnO~ e lec t rodes .  

Structural Forms of Manganese Dioxide 
R e v i e w s  of the  s t r u c t u r e  of MnO2 h a v e  been  g iven  

b y  W a d s l e y  and  W a l k l e y  (5)  a n d  B r e n e t  (6 ) .  Some  
l a t e r  c o n t r i b u t i o n s  h a v e  been  m a d e  b y  B u s e r  and  
G r a f  (7) .  The  l a r g e  n u m b e r  of m o r e  or  less  d i f f e r -  
i ng  subs t ances  of  t he  a p p r o x i m a t e  compos i t i on  
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MnO~ (with  or wi thout  other e lements)  have  been  
classified as belonging to a r e l a t ive ly  few genera l  
types which occur na tura l ly .  The crys ta l  s t ructures  
of these have been de te rmined  and d iagrams  of the 
s t ructures  are  given in the above references.  

The minera l s  pyrolus i te  and ramsdel l i t e  are MnO~ 
with  no other  e lement  as an essential  pa r t  of the  
structure.  Ramsdel l i t e  in welNcrys ta l l i zed  form is 
rare.  Pyrolus i te  has a more  compact  c rys ta l  s t ruc-  
ture  than ramsde l l i t e  (6,8). 

Ps i lomelane  is given the type  fo rmula  (Ba,H~O)~ 
Mn~O~0 in which the re la t ive  amounts  of Ba and H~O 
are  var iab le  (9). The Ba is p resen t  as Ba +§ and 
compensat ion for the charge is made  by  reduct ion 
in the charge of an equivalent  number  of Mn atoms 
(9).  

The minera l s  cryptomelane ,  hol landi te ,  and coro-  
nadi te  are a l ike  except  for the addi t ional  e lement  
present  along with  the MnO~, these being K, Ba, and 
Pb, respect ive ly  (10, 11). The type  formula  is given 
as KMn~O~, with K rep laceable  by  o ther  me ta l  
atoms, wi th  sui table  ad jus tments  of the charge of 
the Mn. 

Li th iophor i te  and chalcophani te  have  layer  s t ruc-  
tures in which the MnO2 forms two layers  enclosing 
other me ta l  ions and water ,  or hydroxides  (12). 

Wel l -c rys ta l l i zed  art if icial  pyrolusi te ,  known also 
as fl -MnO~, can be prepared .  The accepted s t andard  
MnO~ electrode wi th  an acid e lec t ro ly te  is a fl-MnO~ 
electrode (13). Wel l -c rys ta l l i zed  ramsde l l i t e  has 
not  been prepared,  but  the artificial  ma te r i a l  known 
as ~,-MnO.~ and the na tu r a l l y  occurr ing ~,-MnO2 n o w  
usual ly  are considered to be re la ted  to ramsdel l i t e  
(14, 5, 6) a l though a closer re la t ion of some samples 
to pyrolus i te  on the basis of the x - r a y  diffraction 
pa t t e rn  has been poin ted  out (15). I t  is suggested 
(11) tha t  the ramsde l l i t e  s t ructure  of ~,-MnO~ is 
pa r t i a l l y  changed to the more s table  pyrolus i te  
s t ruc ture  by  as mi ld  a t r ea tmen t  as heat ing under  
boil ing water .  This would make  possible a series of 
d isordered  in te rmedia te  forms. Both na tu ra l  ~,-MnO~ 
ores and e lect rodeposi ted  ~,-MnO~ prepara t ions  are 
used in bat ter ies .  

Wel l -c rys ta l l i zed  art if icial  c ryptomelane ,  or 
a-MnOf, has been prepared .  Electron microscope 
photographs  of a-MnO~ showing definite crys ta l  
form, are given by McMurdie  (16) and Buser, Graft,  
and Fe i tknech t  (17). In s imi lar  photographs  of 
~-MnO2 no crys ta l  form can be seen. McMurdie 's  
a-MnO~ was p repa red  by the digest ion of ~,-MnO~ 
wi th  NH,C1 solution e i ther  at  100~ or under  p res -  
sure at  150~ and p re sumab ly  contained NH, § in its 
s t ructure.  The a-MnO~ of Buser, Graf,  and Fe i tnech t  
was p repa red  wi th  K + present .  

Electrodeposi t ion of MnO2 from a ba th  of MnSO, 
and H_~SO~ gives ~,-MnO~ (14, 6). However ,  if one of 
the cations tha t  can take  par t  in the a-MnO2 s t ruc-  
ture  is present  a-MnO~ may  be obta ined (18, 19), 
a l though Cole, Wadsley,  and Walk ley  (14) obta ined  
~,-MnO2 in two prepara t ions  in which I~SO, was 
present .  

Prec ip i ta t ion  processes in which Mn ++ is oxidized 
or M n O j  reduced (or  both)  give four  different  
oxides, depending on conditions. The one most 
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commonly formed is ~,-MnO~, bu t  in the presence of 
K + or other  s imi lar  cations ~-MnO~ or mix tures  of 

and ~, m a y  be formed (14, 20, 21). Some conditions 
of prec ip i ta t ion  give ~-MnO2 (16), and sti l l  other 
condit ions give two forms of a ma te r i a l  called 
manganous mangan i te  (22, 23). As the last  name 
implies, this ma te r i a l  contains Mn( I I )  as well  as 
M n( I V ) ,  and the amount  of Mn( I I )  is var iable .  
Buser, Graf,  and Fe i tknech t  (17) showed tha t  
8-MnO~ and manganous mangani te  are  al ike in 
s t ructure.  The crysta ls  are th in  p la tes  consisting of 
two layers  of Mn( IV)  and O atoms with  a var iab le  
amount  of Mn(OH)2 be tween  the layers .  The 
M n ( I I )  of the Mn(OH)~ can be replaced  by  other  
metals,  for example  Zn, giving a series of m a n g a -  
nites. When the Mn(OH)2 content  is small, the 
ma te r i a l  is ~-MnO~. Compounds 3MnOf"Mn (OH) 2"- 
xH~O and 4MnO~'xMn(OH)2.2H~O have  been p r e -  
pared,  the la t te r  in we l l - c rys ta l l i zed  form. This 
p repara t ion  indicates tha t  manganous  mangani te  is 
not a poor ly  crys ta l l ized ~-MnO2 as has been sug-  
gested (16,24). Buser  and Graf  (25) consider tha t  the  
two forms of manganous  mangani te  are s imi lar  in 
s t ruc ture  to the minera ls  chalcophani te  and l i th io-  
phori te,  ment ioned above. On heat ing manganous  
mangani te  or $-MnO2 under  wa te r  a-MnO2 is formed 
if the  p repa ra t ion  contains enough K ~, and ~,-MnO~ 
is formed if the K + content  is below a cer ta in  small  
min imum (22, 17). Dried 6-MnO~ containing K + was 
not apprec iab ly  conver ted to ~ below 300~ (21). 

Some Properties of MnO~ 
Most of th~ proper t ies  of MnO~ are  wel l  known 

and need no rev iew here. However ,  some recent  
work  on certain of the proper t ies  should be men-  
tioned. 

Changes on heating.--The changes on heat ing 
MnO~ at t empera tu res  be tween 350 ~ and 450~ 
serve to show the re la t ive  s tabi l i t ies  of the var ious  
variet ies .  Cole, Wadsley,  and Walk ley  (14) r ep re -  
sent the changes as follows, most of which they  
have  confirmed. The ar rows represent  hea t ing  at  
350 ~ to 450~ except  in the one case noted;  this 

Pyro lus i t e  Cryp tomelane  

/ \ / ",,, 
R a m s d e l l i t e  ~/--MnO2 § Manganous  

(100~ Mangani te  

l a t t e r  change seems to have been car r ied  out only 
under  hot wate r  (17). Pyrolusi te ,  or fl-lYlnOf, and 
cryptomelane,  or ~-MnO~, are the most s table forms, 
and of the two ~-MnO2 is much the more s table  if  it 
contains K § as the addi t ional  cation. Whether  
~,-MnO2 and manganous  mangan i te  are  conver ted  to 
,-MnO~ or to B-MnO~ depends on the presence or 
absence of a sui table  cation. 

Heat ing  at t empera tu res  of 150 ~ to 350~ affects 
the proper t ies  of ~,-MnO~ (26, 27). The potent ia l  of 
the MnO~ ( tha t  is, the e lectrode potent ia l  when a 
MnO2 electrode is made  wi th  the ma te r i a l  in ques-  
tion, wi th  an ammonium salt  e lec t ro ly te  unless 
otherwise  specified) is decreased by heating.  The 
discharge capaci ty  is also decreased.  Combined 
wa te r  is dr iven  off at these t empera tu res  and the 



Vol. 106, No. 9 T H E  M A N G A N E S E  D I O X I D E  E L E C T R O D E  841 

c r y s t a l  f o r m  a l t e r e d  in  the  d i r ec t i on  of i n c r e a s e d  
c r y s t a l l i n i t y  and  p a r t i a l  conve r s ion  to a p y r o l u s i t e  
s t r u c t u r e  (11) .  The  d e c r e a s e d  d i s c h a r g e  c a p a c i t y  
m a y  be r e l a t e d  to bo th  t he  d e c r e a s e d  w a t e r  con ten t  
of the  MnO2 a n d  i ts  ~hange  in s t ruc tu re .  The  e lec -  
t r o d e  p o t e n t i a l  is d e t e r m i n e d  b y  the  compos i t i on  of 
the  ex te r io~  of the  ox ide  (28) .  H e a t i n g  T-MnO,  a t  
s t i l l  l o w e r  t e m p e r a t u r e s ,  90 ~ to 140~ affects  t he  
shape  of the  d i s c h a r g e  curve ,  w h e n  e l ec t rode  p o -  
t e n t i a l  is p l o t t e d  a g a i n s t  t ime  a t  cons t an t  c u r r e n t  
(29) .  

H o w e v e r ,  w h e n  the  e l e c t r o l y t e  is a so lu t ion  of 
HC1 and  MnCL t h e  r e su l t s  a re  d i f ferent .  M a x w e l l  
and  T h i r s k  (21) m a d e  e l ec t rodes  f r o m  a n u m b e r  of 
d i f fe ren t  MnO2 p r e p a r a t i o n s ,  u n h e a t e d  and  h e a t e d  
at  v a r i o u s  t e m p e r a t u r e ~  up  to 500~ H e a t i n g  t h e  
MnO~ e i t he r  h a d  l i t t l e  effect  or  caused  an  i nc rea se  
in the  e l e c t r o d e  po ten t i a l ,  f o l l o w e d  b y  a dec rea se  a t  
t he  h ighes t  t e m p e r a t u r e s .  I t  is w o r t h y  of no te  also 
t h a t  t he  va r i ous  a r t i f i c ia l  p r e p a r a t i o n s  of a - ,  ~,-, 
and  8-MnO2 a l l  had  e l e c t r o d e  p o t e n t i a l s  h i g h e r  t h a n  
a r t i f ic ia l  fi-MnO2, the  d i f fe rences  r a n g i n g  f rom 30 
to 80 mv.  

Surface area.--Measurements of  t he  su r f ac e  a r e a  
of MnO~ b y  the  gas  a d s o r p t i o n  m e t h o d  h a v e  r e -  
v e a l e d  t h a t  t he  a r ea  in mos t  cases  is v e r y  la rge .  F o r  
~-MnO~ a r e a s  of 20-60 m~/g h a v e  been  r e p o r t e d  
(25, 28).  This  is of t he  o r d e r  of 10 ~ t i m e s  the  su r f ace  
of a g r a m  of MnO~ in t he  f o r m  of a smoo th  cube.  F o r  
8-MnO,~ a su r face  of 300 m~/g was  f o u n d  (30) ,  in  
a g r e e m e n t  w i t h  the  v e r y  th in  c r y s t a l  s t r u c t u r e  p r o -  
posed  for  th is  v a r i e t y .  

The  c a t a l y t i c  a c t i v i t y  of any  one s a m p l e  of MnO.. 
for  the  decompos i t i on  of H~O.~ is d e p e n d e n t  on  the  
s u r f ace  area ,  bu t  d i f f e ren t  s a m p l e s  m a y  di f fer  
w i d e l y  in c a t a l y t i c  a c t i v i t y  (5 ) .  V a r i a t i o n  in  t h e  
o v e r p o t e n t i a l  of s i m i l a r  p r e p a r a t i o n s  of e l e c t r o d e -  
pos i t ed  MnO.. e l ec t rodes  w i t h  t h e  t e m p e r a t u r e  and  
c u r r e n t  d e n s i t y  of e l e c t r o d e p o s i t i o n  can be  e x -  
p l a i n e d  e n t i r e l y  as caused  b y  v a r i a t i o n s  in  s u r f a c e  
a r e a  (29) .  H o w e v e r ,  in  g e n e r a l  t he  e l e c t r o c h e m i c a l  
a c t i v i t y  of MnO2 is m o r e  d e p e n d e n t  on the  s t a t e  of 
the  su r f ace  t h a n  on the  p a r t i c l e  size (31) .  

Ion exchange and isotope exchange.--Manganese 
oxides ,  e spec i a l l y  w h e n  f r e s h l y  p r e p a r e d ,  ad so rb  a 
w ide  v a r i e t y  of ca t ions  f r o m  so lu t ion  w i t h  l i b e r a t i o n  
of h y d r o g e n  ions. This  has  been  cons ide r ed  an  e x -  
change  a d s o r p t i o n  (32) ,  and  MnO~ w h e n  h y d r a t e d ,  
as mos t  s amp le s  are,  is a w e a k  ac id  (33) .  In  t he  
m a n g a n o u s  m a n g a n i t e s ,  4MnO~.Mn (OH)  ~- 2H~O and  
3MnO2"Mn(OH)~'xH~O, the  M n ( I I )  can  be  r e -  
p l aced  b y  Zn  or  v a r i o u s  o t h e r  ca t ions  in  a r e v e r s i -  
b le  i o n - e x c h a n g e  r e a c t i o n  (7, 34) .  

E x c h a n g e s  b e t w e e n  r a d i o a c t i v e  Mn +§ and  inac t i ve  
MnO~ t h a t  r a n g e  f r o m  v e r y  s m a l l  to c o m p l e t e  h a v e  
been  o b s e r v e d  (7) .  The  a m o u n t  of e x c h a n g e  va r i e s  
w i d e l y  w i t h  the  n a t u r e  of the  MnO~ and  the  cond i -  
t ions.  W i t h  compac t  l a t t i c e  s t r u c t u r e s  as in fi- and  
a-MnO~ and  the  m i n e r a l s  r a m s d e l l i t e  and  c ha l c o -  
p h a n i t e  e x c h a n g e  of r a d i o a c t i v e  Mn §247 t a k e s  p l ace  
on ly  at  the  surface .  T h e r e  is no d i f fus ion in the  
la t t ice .  The  m o r e  open  a-MnO~ s t r u c t u r e  g ives  m o r e  
exchange .  S a m p l e s  of a -  and  fi-MnO~ h a v i n g  n e a r l y  
t he  s ame  su r face  a r e a  p e r  g r a m  gave  e x c h a n g e s  of 

12% for  ~ and  0.1% for  ft. In  c o m p o u n d s  of s im i l a r  
s t r u c t u r e  and  su r f ace  area ,  e x c h a n g e  v a r i e s  w i t h  t he  
a m o u n t  of d i so rde r .  I n c r e a s e  of  t e m p e r a t u r e  i n -  
c reases  the  a m o u n t  of  e x c h a n g e ;  a fl-MnO~ t h a t  e x -  
c h a n g e d  2% at  r oom t e m p e r a t u r e  e x c h a n g e d  15% 
in a bo i l ing  so lu t ion  (7) .  

Connec t ed  w i t h  t he  i o n - e x c h a n g e  p r o p e r t y  is t he  
o b s e r v a t i o n  t h a t  each  MnO2 ore  or  p r e p a r a t i o n  has  
a c h a r a c t e r i s t i c  i so -ac id i c  poin t .  This  is an  e l e c t r o -  
l y t e  p H  of such a v a l u e  t h a t  no change  in  p H  t a k e s  
p l a c e  w h e n  the  e l e c t r o l y t e  is p u t  in  con tac t  w i t h  the.  
MnO2. W h e n  MnO~ is s t i r r e d  w i t h  an  e l e c t r o l y t e  of 
h i g h e r  or  l o w e r  p H  t h a n  the  i so -ac id i c  p o i n t  t he  
e l e c t r o l y t e  p H  is c h a n g e d  in t he  d i r ec t i on  to a p -  
p r o a c h  th is  poin t .  This  c h a n g e  m u s t  be  t a k e n  into  
account  in  m e a s u r i n g  the  c h a n g e  of MnO~ e l ec t rode  
p o t e n t i a l  w i t h  pH.  The  i so -ac id i c  p o i n t  is no t  the  
s ame  as the  i soe lec t r i c  p o i n t  w h i c h  was  f o u n d  to be  
at  t he  f ixed p H  6.5 (35) .  

Magnetic susceptibility.--The m a g n e t i c  su scep t i -  
b i l i t i e s  of a n u m b e r  of m a n g a n e s e  d i o x i d e s  h a v e  
been  m e a s u r e d  b y  Se lwood ,  et  al. (36) .  C r y s t a l l i n e  
p y r o l u s i t e  is a m a g n e t i c a l l y  c o n c e n t r a t e d  s u b -  
s t ance ;  t h a t  is, t he  m a n g a n e s e  a toms  a r e  so close 
t o g e t h e r  t h a t  t h e y  affect  each  o t h e r  m a g n e t i c a l l y .  
Ar t i f i c i a l  ~,-MnO~, a ge l  f o r m  of MnO2, and  Gold  
Coas t  and  B r a z i l i a n  ores  w e r e  f o u n d  m a g n e t i c a l l y  
d i lu te ,  i n d i c a t i n g  a m o r e  a t t e n u a t e d  s t ruc tu re ,  in  
a g r e e m e n t  w i t h  o t h e r  da ta .  These  h a v e  the  m a g n e t i c  
b e h a v i o r  e x p e c t e d  of a M n ( I V )  compound .  I t  was  
f o u n d  poss ib le  to fo l low the  d i s c h a r g e  of a d r y  cel l  
b y  m e a s u r e m e n t  of i ts  m a g n e t i c  behav io r ,  s ince  r e -  
duc t ion  of M n ( I V )  causes  an  i nc rea se  in  suscep t i -  
b i l i ty .  

Conductivity.--It is k n o w n  t h a t  MnO2 is a s e m i -  
conduc to r .  F o u r  s a m p l e s  of  MnO~ u n d e r  h igh  
p r e s s u r e  (7 x 10 ~ g / c m  2 or  1 x 10 ~ l b / i n .  2) gave  
r e s i s t i v i t i e s  of 37-77 o h m - c m  (37) .  E l e c t ron i c  s e m i -  
c o n d u c t i v i t y  is l a r g e  w h e n  e l ec t rons  can  pass  eas i ly  
f r o m  one  ca t ion  to ano the r .  This  is t he  case  w h e n  
ions of one e l e m e n t  of d i f fe ren t  e l e c t r i c a l  cha rge  
occupy  e q u i v a l e n t  pos i t ions  in  t he  c r y s t a l  l a t t i c e  
(38) .  

Activity.--The t e r m  " a c t i v i t y "  of a MnO~ s a m p l e  
is u sed  in d e s c r i b i n g  the  p r a c t i c a l  p e r f o r m a n c e  of 
t he  m a t e r i a l  in  ba t t e r i e s .  B r e n e t  (39) s t a tes :  " A  
h igh  a c t i v i t y  c o r r e s p o n d s  p r a c t i c a l l y  to t he  poss i -  
b i l i t y  of r e l e a s i n g  a m a x i m u m  q u a n t i t y  of e lec -  
t r i c i t y  w i t h  a m a x i m u m  p o t e n t i a l  d i f fe rence  at  t he  
cel l  t e r m i n a l s ,  ove r  as long  a p e r i o d  as poss ib le . "  
This  is a t e n t a t i v e  def in i t ion  and  he  po in t s  to the  
need  for  a s a t i s f a c t o r y  m e t h o d  of m e a s u r i n g  a c t i v i t y  
o t h e r  t h a n  b y  m a k i n g  cel ls  and  d i s c h a r g i n g  them.  
Also,  the  r e l a t i o n  of a c t i v i t y  to o t h e r  p r o p e r t i e s  is 
no t  w e l l  enough  unde r s tood .  

Lower Oxides of Manganese 
The  l o w e r  ox ides  and  h y d r o x i d e s  of m a n g a n e s e  

a r e  of i n t e r e s t  as  poss ib l e  p r o d u c t s  of t he  r e d u c t i o n  
of MnO2 in the  d i s c h a r g e  of t he  MnO~ e lec t rode .  Two 
fo rms  of the  n e x t  l o w e r  oxide ,  Mn~O., h a v e  been  
d e s c r i b e d  a n d  a r e  d e s i g n a t e d  as  a -  and  7-Mn~O.~ 
(40) .  The  m o r e  s t ab l e  is a-Mn~O3 w h i c h  is f o r m e d  
b y  h e a t i n g  fl-MnO~ to cons t an t  w e i g h t  a t  600~ 
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(41, 40) .  The  less  s t ab l e  oxide ,  T-Mn:O~, is t h o u g h t  
to p l a y  a p a r t  in  t he  d i s c h a r g e  of t he  MnO~ e l e c t r o d e  
(42).  I t  is c o n v e r t e d  to a-Mn~O~ b y  h e a t i n g  in  a 
v a c u u m  a t  500~ or  on s t a n d i n g  for  a y e a r  a t  r o o m  
t e m p e r a t u r e  (40) .  The  x - r a y  d i f f r ac t ion  p a t t e r n  of 
~-Mn~O~ is n e a r l y  i d e n t i c a l  w i t h  t h a t  of Mn30~, i n -  
d i c a t i n g  a s i m i l a r i t y  in  s t r u c t u r e  of these  two  
compounds .  

The  compo,und 1V[nOOH occurs  as t h e  m i n e r a l  
m a n g a n i t e  a n d  can be  p r e p a r e d  b y  o x i d a t i o n  of a 
M n ( I I )  sa l t  u n d e r  c a r e f u l l y  con t ro l l ed  condi t ions .  
I t  is a f inal  p r o d u c t  of  t he  d i s c h a r g e  of  t he  MnO~ 
e l ec t rode  (42-45)  and  of the  r e d u c t i o n  of MnO:  w i t h  
Mn § a t  p H  4 to 5 in  t h e  absence  of  Zn  +§ (46) .  H e a t -  
ing  M n O O H  at  250 ~ in  a v a c u u m  g ives  T-Mn~O~ 
(4O). 

The  c o m p o u n d  ZnO'Mn~O~, or  Zn(MnO~)~, w h i c h  
occurs  n a t u r a l l y  as t he  m i n e r a l  he t ae ro l i t e ,  is a n -  
o the r  f inal  p r o d u c t  of the  d i s cha rge  of t he  Lec l anch6  
cel l  (45, 47) and  is f o r m e d  in the  r e d u c t i o n  of 
MnO~ b y  Mn ++ in the  p re sence  of Zn +~ (46) .  C o n d i -  
t ions  for  i ts f o r m a t i o n  in the  d r y  cel l  h a v e  been  
s t ud i ed  (47) .  I t  canno t  be  the  on ly  p r o d u c t  of t he  
d i scha rge ,  or  a l t e r n a t i v e l y  no t  a p r i m a r y  p r o d u c t ,  
because  i ts  f o r m a t i o n  w o u l d  not  i nvo lve  the  i nc rea se  
of p H  in t he  bobb in  e l e c t r o l y t e  t h a t  is o b s e r v e d  
d u r i n g  d i s c h a r g e  (44) .  

A l l  ox ides  and  h y d r o x i d e s  of Mn w h e n  h e a t e d  in  
a i r  to t e m p e r a t u r e s  in t he  v i c i n i t y  of t000~ a r e  con-  
v e r t e d  to Mn~O,, w h i c h  occurs  n a t u r a l l y  as t he  
m i n e r M  h a u s m a n n i t e .  

The  c o m p o u n d s  M n O  a n d  Mn (OH)~ a re  ea s i l y  o x i -  
d i zab l e  b y  oxygen .  I t  is r e m a r k a b l e  t h a t  MnO can  be  
ox id i zed  mos t  of the  w a y  to Mn20~ be fo re  t he  x - r a y  
d i f f rac t ion  p a t t e r n  of MnO d i s a p p e a r s  c o m p l e t e l y  
and  t ha t  of Mn20~ a p p e a r s  (40) .  

The  v a l e n c e  of Mn in some of the  l o w e r  ox ides  is 
a m a t t e r  on w h i c h  t h e r e  is l ack  of a g r e e m e n t  a t  p r e -  
sent .  K r i s h n a n  a n d  B a n e r j e e  (48) m e a s u r e d  the  
m a g n e t i c  a n i s o t r o p y  of M n O O H  and  conc luded  t h a t  
th is  c o m p o u n d  m u s t  be  composed  of e q u a l  p a r t s  of 
M n ( I I )  and  M n ( I V ) .  B r e n e t  ( 4 2 ) p r e f e r s  to a s s u m e  
on ly  Mn ( I I )  and  Mn ( IV)  in the  c o m p o u n d s  i n v o l v e d  
in the  MnO~ e l e c t r o d e  reac t ion .  V e r w e y  and  de Boer  
(38) have  p r e s e n t e d  ev idence  t h a t  Mn~O, is c o m p o s e d  
of'  Mn ( I I )  a n d  Mn ( IV)  ions  f r o m  the  e l ec t r i c a l  con-  
d u c t i v i t y  and  the  c r y s t a l  s t ruc tu re .  On t h e  o t h e r  
h a n d  t h e y  p r e s e n t e d  s i m i l a r  ev idence  t h a t  y-Mn:O~ 
con ta ins  on ly  M n ( I I I ) .  S ince  y-Mn~O~ can  be  p r e -  
p a r e d  b y  the  d e h y d r a t i o n  of M n O O H  in a v a c u u m  
a t  250 ~ M n ( I I I )  is sugges t ed  for  the  l a t t e r  c o m -  
pound ,  in d i s a g r e e m e n t  w i t h  t he  e v i d e n c e  f r o m  
m a g n e t i c  an i so t ropy .  B h a t n a g a r ,  et al. (41) f o u n d  a 
m a g n e t i c  m o m e n t  for  ~-Mn~O~ t h a t  i nd i ca t e s  
Mn ( I I I ) .  

The Discharge Mechanism 
Early theories.--One of t he  e a r l y  theo r i e s  of t h e  

d i s c h a r g e  of  the  iV~nO~ e l ec t rode  was  t h a t  h y d r o g e n  
was  the  p r i m a r y  d i s c h a r g e  p roduc t ,  th is  b e i n g  
s u b s e q u e n t l y  ox id i zed  b y  the  MnO~. The  MnO~ thus  
ac t ed  as a depo la r i ze r .  No def in i te  ev idence  in  f a v o r  
of th is  t h e o r y  has  been  a d v a n c e d ,  a n d  t h e  fac t s  
c once rn ing  the  d i s cha rge  m e c h a n i s m  can  be  e x -  
p l a i n e d  m o r e  s a t i s f a c t o r i l y  o the rwise .  

A n o t h e r  t h e o r y  i n v o l v e d  the  f o r m a t i o n  of Mn +4 
ions  in  the  e l ec t ro ly t e .  A g a i n s t  th is  is t he  fac t  t h a t  
p h y s i c a l  con tac t  b e t w e e n  the  MnO~ a n d  the  m e t a l l i c  
conduc to r  ( c a r b o n  in the  Lec lanch~  cel l )  is neces -  
s a r y  for  the  effect  of the  MnO2 to be d e t e c t e d  (49) .  
Also,  no a p p r e c i a b l e  a m o u n t  of ox id iz ing  subs t ance  
is f o u n d  in an  NH4C1 so lu t ion  d i g e s t e d  w i t h  MnO~ 
(50) .  

D i v e r s  (45) in 1882 e x p l a i n e d  the  p o l a r i z a t i o n  of 
t he  MnO:  e l ec t rode  as the  r e s u l t  of the  a c c u m u l a t i o n  
on the  su r face  of the  MnO2 of t h e  p r o d u c t s  of t he  
reac t ion ,  w h i c h  he  c o r r e c t l y  iden t i f i ed  as  M n O O H  
a n d  ZnMn20,.  D ive r s '  e x p l a n a t i o n  of t h e  p o l a r i z a t i o n  
seems  no t  to h a v e  r e c e i v e d  t h e  a t t e n t i o n  i t  d e -  
se rved .  R e l a t i v e l y  r e c e n t  e x p e r i m e n t s  have  l ed  to a 
s i m i l a r  v i ew of the  m e c h a n i s m .  

Newer experimental data.--Some of t h e  n e w e r  
e x p e r i m e n t s  h a v e  been  c a r r i e d  out  on d r y  cells,  b u t  
m o r e  of ten  spec ia l  MnO:  e l e c t rode s  h a v e  been  con-  
s t r u c t e d  t ha t  avo id  some of t he  c ompl i c a t i ons  of t he  
d r y - c e l l  bobb in .  I n  a n y  case  t he  MnO~ is b r o u g h t  i n -  
to i n t i m a t e  con tac t  w i t h  e i t h e r  c a r b o n  or  p l a t i n u m ,  
b y  p r e s s u r e  or  b y  e l e c t r o d e p o s i t i o n  of the  MnO:. E x -  
cep t  in d r y  cells,  a r e l a t i v e l y  l a r g e  v o l u m e  of e l e c t r o -  
l y t e  u s u a l l y  is e m p l o y e d  to k e e p  changes  in  c o m p o -  
s i t ion  smal l .  In  w h a t  fo l lows  i t  w i l l  be  a s s u m e d  t h a t  
t he  e l e c t r o l y t e  is NH,C1 solu t ion ,  w i t h  or  w i t h o u t  
a d d e d  ZnCI:, un less  o t h e r w i s e  specified.  P o t e n t i a l  
m e a s u r e m e n t s  u s u a l l y  h a v e  been  m a d e  w i t h  t he  
he lp  of a r e f e r e n c e  e lec t rode .  

In  a d r y - c e l l  b o b b i n  an  i nc rea se  in p H  t a k e s  p l ace  
on con t inuous  d i scharge ,  and  a d e c r e a s e  t a k e s  p l ace  
n e a r  the  zinc e lec t rode .  The  i nc rea se  in  pH,  r e s u l t i n g  
f rom the  r e l e a se  of NH~ in  the  e l e c t r o d e  reac t ion ,  is 
p a r t i a l l y  c o m p e n s a t e d  b y  the  f o r m a t i o n  of Z n -  
(NH3):CL and  o the r  s im i l a r  c o m p l e x  sa l t s  (44) .  This  
i n c r e a s e  in p H  shows  t h a t  Z n ( M n O : ) :  is no t  t h e  
p r i m a r y  p r o d u c t  of the  d i s c h a r g e  of t he  MnO~ e l ec -  
t r o d e  of the  Lec lanch~  cell ,  as m e n t i o n e d  above .  

Even  w h e n  a p p r e c i a b l e  p H  changes  a r e  avo ided ,  or  
co r rec t ions  m a d e ,  the  e l ec t rode  p o t e n t i a l  of a d i s -  
c h a r g i n g  MnO: e l ec t rode  dec reases .  The  dec rease  is 
f a i r l y  r a p i d  a t  f irst  and  m a y  be  s low la te r .  I f  t he  
c i rcu i t  is opened  the  p o t e n t i a l  r i ses  f a i r l y  r a p i d l y  
at  first, t hen  m o r e  and  m o r e  s l owly  for  a p e r i o d  of 
days ,  bu t  does  no t  r e a t t a i n  t he  in i t i a l  p o t e n t i a l  (51) .  
T h e  p o t e n t i a l  dec rea se  d u r i n g  d i s c h a r g e  m a y  be  
d e s c r i b e d  as a dec rea se  in o p e n - c i r c u i t  p o t e n t i a l  
c o m b i n e d  w i t h  a r a t h e r  l a r g e  po la r i za t ion .  The  
g r o w t h  and  d e c a y  of th i s  p o l a r i z a t i o n  is m u c h  
s lower  t h a n  in mos t  e l e c t r o d e  sys tems ,  i n d i c a t i n g  
t h a t  i t  is not  s imp le  a c t i v a t i o n  p o l a r i z a t i o n  or  con-  
c e n t r a t i o n  p o l a r i z a t i o n  i n v o l v i n g  the  so lu t ion  (52, 
53) .  S u b s t i t u t i o n  of o t h e r  a m m o n i u m  sa l t s  for  
NH~C1 m a k e s  l i t t l e  or  no d i f fe rence  (51) a n d  d i s -  
cha rges  in  4.4M K O H  give  m u c h  the  s a m e  r e su l t s  
(54) .  

In  t he  absence  of ZnCL two  p r o d u c t s  of d i s c h a r g e  
a r e  o b s e r v e d  u n d e r  mos t  condi t ions .  Mn ++ is f o u n d  
in so lu t ion  (55-57)  and  w h e n  t h e  d i s c h a r g e  is c a r -  
r i ed  to t he  po in t  of r a p i d  d e c r e a s e  in p o t e n t i a l  w h i c h  
t e r m i n a t e s  t he  use fu l  p a r t  of t he  d i s c h a r g e  an  o x i d e  
(or  ox ide  m i x t u r e )  of t h e  compos i t i on  MnO1 ~ r e -  
m a i n s  (56, 57) .  In  th is  so l id  M n O O H  can be  r e -  
cogn ized  b y  i ts  x - r a y  d i f f r ac t ion  p a t t e r n  (42) .  
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Analys i s  of the bobb ins  of d i scharged  d ry  cells 
shows M n  in  th ree  forms.  Some M n  can  be  ex t r ac t ed  
f rom the b o b b i n  m a t e r i a l  by  a so lu t ion  of NH4C1 and  
ZnCl~ and  p r e s u m a b l y  comes f rom M n ( I I )  com-  
pounds  in  the bobbin .  The  inso lub le  por t ion  conta ins  
both  MnOOH and  Zn  (MnO~)2. The fo rma t ion  of these 
p roduc t s  by  r educ t ion  of MnO, accounts  q u a n t i t a -  
t ive ly  for the  c u r r e n t  passed in  the  d i scharge  (58) .  

Data  on the  fo rma t ion  of Mn  § as a p roduc t  of the  
d ischarge  revea l  someth ing  of the d ischarge  m e -  
chanism.  Wi th  an  e lec t ro ly te  of H~SO~ and  MnSO~ it 
is the on ly  d ischarge  product ,  o ther  t h a n  H~O (59).  
At  pH 5 in  the discharge of 7-MnO~ elect rodeposi ted  
on g raph i te  wi th  NH~C1 or (NH,)~SO, e lectrolyte ,  
Mn  *§ is fo rmed  t h r o u g h o u t  the discharge.  A t  pH 7.5 
or 8 u n d e r  the  same condi t ions  no M n  +* is fo rmed  in  
the ea r ly  pa r t  of the  d ischarge  (56, 60). The  a m o u n t  
of Mn § fo rmed  at any  one pH is i n d e p e n d e n t  of the  
vo lume  of the  e lectrolyte .  The  p resence  of Zn  +* in  the  
e lec t ro ly te  reduces  the  a m o u n t  of Mn § (61).  

Changes  in  the  x - r a y  dif f ract ion p a t t e r n  of the  
oxide d u r i n g  a discharge have  been  observed  (42).  
S t a r t i ng  wi th  7-MnO~, the  dif f ract ion pa t t e rn s  i nd i -  
cate an  expans ion  of the crys ta l  la t t ice  as the dis-  
charge  proceeds.  Wi th  a-MnO~ the  expans ion  is no t  
as evident ,  bu t  is be l i eved  to take  place. Af t e r  dis-  
charge of a l i t t le  less t h a n  hal f  of the theore t ica l  
capaci ty  of the MnO~ a sudden  change  in  the p a t t e r n  
takes  place. The  n e w  p a t t e r n  is t ha t  of e i ther  
7-Mn~O~ or Mn,O4 ( these be ing  n e a r l y  the  same) ,  a nd  
of the two the  7-Mn~O, is considered the more  p r o b -  
able. F i n a l l y  the p a t t e r n  of MnOOH appears .  W h e n  
fl-MnO~ is r educed  e lec t ro ly t ica l ly  on ly  the  change  
to MnOOH is observed.  

Interpretation o] the experiments.--The slow ra te  
of decay of po la r iza t ion  led Co leman  (52) to propose 
tha t  a so l id-s ta te  diffusion process is involved .  Lower  
oxide fo rmed  on the  surface  of the MnO~ is t hough t  
to cause the polar iza t ion,  and  a diffusion process 
operates  to r emove  it  (51, 56). This  involves  the  as-  
sumpt ion  tha t  the composi t ion  of the surface of the  
oxide de t e rmines  the  e lect rode po ten t i a l  (27, 28). 
The  decay of po la r i za t ion  can t h e n  be i n t e r p r e t e d  as 
an  increase  in  the  ava i l ab le  oxygen  con ten t  of the  
surface  as the  resu l t  of r emova l  of lower  oxide. H o w -  
ever,  ano the r  p robab le  c o n t r i b u t i n g  factor  is dis-  
cussed below. 

The  diffusion process i nvo lved  in  the d ischarge  
need  not  be cons idered  an  ac tua l  diffusion of Mn and  
O atoms. The same effect can be a t t a ined  and  elec-  
t r o n e u t r a l i t y  p rese rved  w i t h i n  the  solid by  diffusion 
of p ro tons  and  e lect rons  only.  Since MnO~ is a semi -  
conductor  we m a y  suppose tha t  e lec t rons  can pass 
t h rough  it by  be ing  t r a n s f e r r e d  b e t w e e n  M n  a toms 
in  d i f ferent  stages of ox ida t ion  b u t  at  e q u i v a l e n t  
posi t ions i n  the  c rys ta l  la t t ice  (38) .  P ro tons  can be 
a t t ached  to O= ions to give OH- ions. If p ro tons  can 
be t r an s f e r r ed  f rom surface  OH- ions to u n d e r l y i n g  
O= ions and  at the same  t ime  e lec t rons  move  f rom 
surface  Mn ions to u n d e r l y i n g  ones, the  lower  oxide 
on the surface  has effect ively moved  and  MnO,  has 
moved  ou tward .  This should  cause the  expans ion  of 
the  MnO~ lat t ice  tha t  is observed,  because  M n  ~ is 
l a rger  t h a n  M n  +* and  OH- is l a rger  t h a n  O=. 

T H E  M A N G A N E S E  D I O X I D E  E L E C T R O D E  843 

The changes  t ak ing  place d u r i n g  d ischarge  can  be 
e xp l a i ne d  s imi la r ly .  To reduce  MnO~ requ i r e s  e lec-  
t rons  for the Mn atoms a nd  pro tons  for a t t a c h m e n t  
to the O atoms. Elec t rons  come f rom the electrode 
and  wi th  phys ica l  contac t  b e t w e e n  e lect rode and  
oxide they  are ava i l ab le  a n y w h e r e  w i t h i n  the MnO2. 
Protons are available from NHJ ions of the electro- 
lyte or from H~O. The reaction may be considered to 
take place where the electrons and protons meet, for 
it may be considered that here the oxide is reduced. 
Qualitatively, the meeting place can be considered to 
to be at the surface of the MnO2 exposed to the solu- 
tion. One reason for postulating this location is the 
formation of Mn *t in the solution. The indications are 
that the Mn § is dissolved from a surface oxide by ac- 
tion of the electrolyte (61). The reduction reaction 
on the surface is followed by reaction of part of the 
lower oxide to give Mn ++ and inward diffusion of the 
remainder. 

A somewhat different view is that during the dis- 
charge the protons penetrate the oxide and meet the 
electrons in the interior (42, 57). Some of the reac- 
tion must still be considered to be on the surface to 
explain the formation of Mn +§ and the growth and 
decay of polarization in terms of an increase in the 
amount of lower oxide during current flow and its 
decrease when the circuit has been opened (62). 

To decide between the two suggested locations of 
the reaction one may ask whether diffusion inward 
f rom the surface  is fast  enough  to account  for the  
r educ t ion  of MnO~ d u r i n g  a d ischarge  to an  oxide of 
the  composi t ion  MnO1 ~. Some recen t  e x p e r i m e n t s  in  
the au thor ' s  l a b o r a t o r y  ind ica te  tha t  it is not,  and  we 
m u s t  assume wi th  Brene t  (42) and  N a u m a n n  and  
F i n k  (57) tha t  p ro tons  f rom the so lu t ion  can pene -  
t r a te  to the in te r io r  of the oxide d u r i n g  a discharge.  

The re  is a d i s ag reemen t  as to the  va lence  of Mn  in  
the  solid p r i m a r y  p roduc t  of the  electrode react ion.  
B rene t  (42) poin ts  to the  i n s t ab i l i t y  of Mn  +3 in  so lu-  
t ion  and  to the ev idence  tha t  the final product ,  
MnOOH, is composed of equa l  a m o u n t s  of M n ( I I )  
a nd  M n ( I V ) ,  and  p re fe r s  to assume tha t  M n  ~+ [or  
Mn  (OH)3] w i t h i n  the  oxide s t ruc tu re  is the  p r i m a r y  
product .  This  e v e n t u a l l y  combines  wi th  an  e q u i v a -  
l en t  a m o u n t  of MnO.. to give MnOOH. Others  (55, 
56) have  assumed the  f o r ma t i on  of a M n ( I I I )  com-  
pound  as the first step in  the  reduct ion .  This  m a y  be 
fol lowed by  f u r t he r  r educ t ion  to Mn ++, especial ly  on 
the  surface,  accoun t ing  for the la rge  fal l  in  po ten t i a l  
d u r i n g  discharge.  

There  can be l i t t le  doub t  tha t  Mn  *~ is the  first r e -  
duc t ion  p roduc t  of Mn § because  the s imu l t aneous  
e n t r a n c e  of two e lec t rons  into a Mn +4 ion is i m p r o b -  
able. The  ques t ion  is w h e t h e r  this  ion is s tab le  on the  
surface  of, or wi th in ,  a MnO~ s t r uc t u r e  or m u s t  be  
immediate ly ,  reoxidized or reduced  to Mn §247 Whi le  
Mn § is u n s t a b l e  in  solut ion,  some of the M n ( I I I )  
complexes  are qu i te  stable.  This  is t rue,  for example ,  
of the  py rophospha te  complex,  which  is soluble  and  
sufficiently s table  to be the  reac t ion  p roduc t  in  a 
precise  t i t r a t i on  (63).  The bonds  to oxygen  j o in ing  
the Mn to the complex  m u s t  be somewha t  s imi la r  to 
the  bonds  b e t w e e n  Mn and  O in  the  solid oxide. 
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Because  the re  is a poss ib i l i ty  of the  s table  ex is tence  
of a M n ( I I I I )  oxide (or oxyhydrox ide )  on (or in)  
the MnO2 it wi l l  be  a s sumed  in  w h a t  fol lows tha t  
this  is the  p r i m a r y  p roduc t  of the  r educ t ion  of MnO~. 
The  discussion would  be l i t t le  d i f ferent  if Mn(OH)~  
were  assumed.  

The discharge mechanism.--A defini te  d ischarge  
m e c h a n i s m  can be f o r m u l a t e d  on the  basis  of the  
above e x p e r i m e n t s  and  conclusions.  It  is cons t ruc ted  
to apply  to e lec t rodeposi ted  MnO~ on a g raph i te  rod, 
b u t  should be easi ly  adap tab l e  to a bobbin .  

W h e n  c u r r e n t  starts,  e lect rons  f rom the  e lect rode 
and  pro tons  f rom the  so lu t ion  mee t  at the  surface  
of the  MnO2 exposed to the solut ion and  also b e n e a t h  
the surface,  m a n y  of the pro tons  p e n e t r a t i n g  the  
c rys ta l  la t t ice  of the  MnO~. The e lec t rons  are r e -  
t a ined  by  Mn atoms and  the  pro tons  are a t t ached  to 
O= ions to fo rm OH- ions. 

MnO~ q- H + q- e -* MnOOH 

The surface of the MnO= is very large, so the true 
current density is sma11, and with a concentrated 
electrolyte the ordinary concentration polarization is 
small. There is no evidence of appreciable activation 
polarization. However, as the surface composition 
changes from largely MnO~ to one containing much 
MnOOH the electrode potential decreases. This de- 
crease is slow because the surface is large and be- 
cause much of the lower oxide is formed beneath 
the surface. There is in addition a diffusion toward 
the interior where there is less lower oxide. With 
?-MnO= the decrease in potential is slower than with 
~-MnO~ or with ~,-MnO= that has been heated (29). It 
may be concluded that in ~-MnO~ and heated 0,-MnO~ 
the penetration of the protons is less than in the 
unheated ~,-MnO,, and consequently the surface 
gains lower oxide more rapidly. 

When enough MnOOH has accumulated on the 
surface of the  MnO~ f u r t h e r  r educ t ion  to Mn ( O H ) ~  
takes  place. 

MnOOH + H + + e---> Mn(OH)~  

T h e n  Mn ++ appears  in  the  e lec t ro ly te  and  as the  su r -  
face is r educed  fu r t he r  g iv ing  a l a rge r  sur face  con-  
cen t r a t i on  of M n ( I I )  the po ten t i a l  con t inues  to fall. 

The lower  oxides on the  surface wi l l  react  w i t h  
the e lec t ro ly te  if the composi t ion  and  pH are su i t -  
able. At  pH 5 MnOOH can react.  

2MnOOH q- 2H+-~ MnO~ q- Mn §247 q- 2H~O 

As the  pH increases  the  surface  m u s t  be  f u r t h e r  r e -  
duced to react  apprec iably .  

Mn(OH)~  + 2H+-> Mn §247 ~- 2H~O 

These  reac t ions  are slow and  do not  come to e qu i -  
l i b r i u m  in  short  d ischarges  (60).  They  are no t  de-  
p e n d e n t  on c u r r e n t  flow and  cont inu~ af ter  the  
c i rcui t  is b roken .  Therefore ,  more  Mn ++ is fo rmed  in  
an  i n t e r m i t t e n t  d ischarge  t h a n  in  a con t inuous  one  
(56).  

W h e n  af ter  a per iod  of d ischarge  the  c i rcui t  is 
b roken ,  the excess lower  oxide on the  surface  de-  
creases fa i r ly  r ap id ly  at first and  t h e n  more  a nd  
more  slowly. I n w a r d  diffusion of the  lower  oxide 
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takes  place and  if condi t ions  are f avorab le  the  oxide 
also reacts  w i th  the e lec t ro ly te  to give Mn § The 
po ten t i a l  therefore  rises, b u t  since the  MnO2 as a 
whole  now  conta ins  less ava i l ab le  oxygen  t h a n  
in i t i a l ly  the po ten t i a l  n e v e r  r ea t t a in s  the  in i t i a l  
value .  

A discharge t e r m i n a t e s  wi th  a r e l a t i ve ly  rap id  
decrease in  po ten t i a l  w h e n  the fo rma t ion  of r educ -  
t ion  products  on the  surface is cons ide rab ly  fas ter  
t h a n  the i r  disposal.  Wha t  causes this  cond i t ion  is no t  
clear. The only  suggest ion is tha t  the la t t ice  ha rdens  
and  protons  can no longer  p e n e t r a t e  it (57).  

D a n i e l - B e k  (64) has p r e sen t ed  a di f ferent  theory  
to account  for the po la r i za t ion  and  recovery  of the  
MnO.~ electrode. He observed  tha t  the po ten t i a l  of 
g raph i te  or ca rbon  in  contac t  w i th  NH4C1 solu t ion  is 
v e r y  s table  and  is less t h a n  tha t  of MnO2. Also, a 
m i x t u r e  of MnO~ and  ca rbon  in  contact  w i th  NH~C1 
solu t ion  has a smal le r  po ten t i a l  t h a n  MnO~ alone. 
This was  also observed  by  J e n n i n g s  a nd  Vosburgh  
(50).  MnO~ in  contact  wi th  ca rbon  and  e lec t ro ly te  is 
cons idered  to cons t i tu te  a shor t - c i r cu i t ed  local  cell. 
Such  a cell is l ike a local cell on a me t a l  surface,  
bu t  wi th  la rger  res i s tance  in  the e lect ronic  por t ion  of 
the  circuit .  Wi th  the  e lect rode as a whole  on open 
c i rcui t  the  c u r r e n t  in  the  local cell is smal l  because  
of polar izat ion,  bu t  because  of the  apprec iab le  res is t -  
ance b e t w e e n  MnO~ and  ca rbon  the po ten t i a l  of the  
ca rbon  is smal le r  t h a n  tha t  of the  MnO~. Both  are  
sma l l e r  t h a n  the t rue  open -c i r cu i t  po ten t i a l  of the  
MnO~. 

W h e n  the MnO~ electrode is d i scharged  the  
po ten t i a l  of the  ca rbon  decreases more  t h a n  tha t  of 
the  MnO~ and  its sur face  (which  is of low capac i ty)  
is p a r t l y  discharged.  The po t en t i a l  of the  ca rbon  de-  
t e rmines  the m e a s u r e d  po ten t i a l  of the e lect rode as a 
whole.  W h e n  the ex t e rna l  c i rcui t  is b r o k e n  the  car -  
bon  m u s t  be r echarged  b y  the  local -ce l l  c u r r e n t  
before  a s teady  state  is r ea t t a ined .  

The theory  of D a n i e l - B e k  accounts  q u a l i t a t i v e l y  
for the po la r iza t ion  and  recovery  of the  MnO~ elec-  
t rode  and  is in  accord w i th  the  effect on the  electrode 
behav io r  of va r i a t i on  of the  surface  area  of the car -  
bon. I t  seems p robab l e  tha t  bo th  this  and  the theory  
based on the changes  in  composi t ion of the  MnO~ wi l l  
need  to be t a ke n  into account  in  a comple te  theo ry  
of the  MnO~ electrode process. 

A m e c h a n i s m  has been  proposed by  Cahoon and  co- 
worke r s  (55, 58) tha t  differs somewha t  f rom the  one 
descr ibed  above. They  consider  the MnO~ to be r e -  
duced e lec t rochemica l ly  d i rec t ly  to Mn +§ which  
passes into solut ion.  The Mn §247 t h e n  reacts  w i th  
MnO~ to give MnOOH, or w i t h  MnO~ and  Zn  ++ to give 
hetaerol i te .  This  is qu i te  s imi la r  to the m e c h a n i s m  of 
B r e n e t  (42).  He considers  tha t  the  e lec t rochemica l  
reac t ion  is r educ t ion  to Mn § w i t h i n  the MnO2 latt ice.  
The Mn ++ passes into solut ion (bu t  no t  necessa r i ly  
i m m e d i a t e l y )  and  forms Mn (OH)~ which  is oxidized 
to MnOOH. More research  is needed  to reconci le  the  
di f ferent  theor ies  tha t  have  been  proposed. 
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The fa i lu re  of s i lve r -z inc  s torage ba t te r ies  is gen -  
e ra l ly  caused by  the  nega t ive  electrode,  and  less 
of ten  by  the separa tor  or the posi t ive  e lec t rode  
(1, 2). Both  s i lver  and  zinc have  isotopes wi th  su i t -  
able  ha rd  g a m m a  r ad i a t i on  and  ha l f - l i f e  of abou t  3A 
year ;  consequen t ly  these isotopes can be used eas i ly  
for l abe l l ing  of electrodes.  This fact induced  us to 
employ  Zn  ~ and  Ag 11~ isotopes for the  purpose  of l i fe  
tests  and  for inves t iga t ing  processes t ak ing  place 
d u r i n g  storage of the cells. 

Our  me thod  was  based  on the  hypothes is  tha t ,  if 
Z n  ~ isotope is deposi ted on one of the  nega t i ve  
pla tes  of the  cell, t hen  the  pa th  of the ions wh i l e  
cycl ing can be fol lowed by  the aid of the rad ioac t ive  
c o n t a m i n a t i o n  of the  surface  of the n o n l a b e l l e d  
plates.  The  same p r inc ip le  was  used to labe l  wi th  
Ag 11~ isotope the  posi t ive  electrode of e x p e r i m e n t a l  
cells and  to fol low the  pa th  of the dissolved s i lver  
ions. 

The e x p e r i m e n t s  were  pe r fo rmed  wi th  cells of 10 
a m p - h r  n o m i n a l  capacity.  Both  the zinc and  the  
s i lver  isotopes were  deposi ted on the electrodes by  
electrolysis .  The  q u a n t i t y  of the  deposi ted isotope 
was  cont ro l led  p a r t l y  by  m e a s u r i n g  the  ac t iv i ty  
change  of the electrolysis  solut ion and  p a r t l y  by  
m e a s u r i n g  the  ac t iv i ty  on the e lect rode itself, w i th  
a cy l indr ica l  G M - t u b e ,  as wel l  as by  the au to rad io -  
graphic  method.  

The inves t iga t ions  were  pe r fo rmed  wi th  cells as-  
sembled  in  th ree  d i f ferent  ways :  loosely, no rma l ly ,  
and  more  t igh t ly  t h a n  normal .  Each cell con ta ined  
on ly  one labe l led  (posi t ive or nega t ive )  plate.  Af te r  
format ion ,  some of the  e x p e r i m e n t a l  cells we re  
cycled and  the  others  were  subjec ted  to storage. One  
c h a r g i n g - d i s c h a r g i n g  cycle las ted 24 hr. Af t e r  each 
t e n t h  cycle a m e a s u r i n g  discharge  was  per formed.  

As far  as possible  e x a m i n a t i o n s  were  pe r fo rmed  
s i m u l t a n e o u s l y  on the  cells assembled  in  the  th ree  
di f ferent  ways.  The cells were  opened af ter  the  first 
20 cycles and  af ter  each 20 s u b s e q u e n t  cycles, and  
the degree  of c o n t a m i n a t i o n  of the  i n d i v i d u a l  p la tes  
wi th  isotope was  examined .  T h e n  the  electrodes were  
replaced in  the cells and  the  cycl ing was  con t inued ,  
wi th  the except ion  of the  t igh t ly  assembled  cells in  
which  the  electrodes could no t  be replaced.  

On the basis of c o n t a m i n a t i o n  wi th  isotope of the  
n o n l a b e l l e d  electrodes,  our  e x p e r i m e n t s  show tha t  
the  zinc ions dissolved f rom the  l abe l l ed  nega t ive  
p la te  can reach not  on ly  the  o ther  nega t i ve  plates  
bu t  the posi t ive electrodes too. The degree of m i g r a -  
t ion of the  zinc ions cons ide rab ly  depends  on the 
mode of bu i l d ing  in  of the  electrodes and  on the  
q u a n t i t y  of the e lec t ro ly te ;  in  t igh t ly  assembled  cells 
hav ing  l i t t le  e lec t ro ly te  the m i g r a t i o n  of the  zinc ions 
is of lower  degree.  The fa i lu re  of the  loosely as- 
sembled  cells was u sua l l y  caused  by  coming  to an  
end of the  r eve r s ib i l i t y  of the  nega t ive  e lect rode as 
wel l  as by  the f o r ma t i on  of ac icular  zinc crystals ,  
r e su l t ing  in  shor t  circuit .  F a i l u r e  of the t igh t ly  as-  
sembled  cells was  caused r a t h e r  by  the  separa tor  
losing its i n s u l a t i n g  proper t ies ;  moreover ,  the  act ive 
ma te r i a l  of the  posi t ive  e lect rode dissolved and  
reached the  nega t ive  electrode.  Our  inves t iga t ions  
wi th  Ag 11~ isotope re la ted  to this  p r ob l e m and  to the  
s torage of cells are sti l l  u n d e r  way.  

Manuscript  received May 14, 1959. 

Any discussion of this paper  will appear in a Discus- 
sion Section to be published in the June  1960 JOURNAL. 
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The Oxide Films Formed on Copper Single Crystal 
Surfaces in Pure Water 

I. Nature of the Films Formed at Room Temperature 

Jerome Kruger 
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ABSTRACT 

A study was made of the na ture  of the films that formed on carefully pre-  
pared surfaces of single crystals of copper immersed in water  containing va ry-  
ing amounts  of oxygen, with the sur rounding  atmosphere both controlled and 
uncontrolled. I t  was found that  the amount  of oxidation depended on the crys- 
tallographic or ientat ion of the metal  surface. Cu20 was the oxide observed if 
pH ~ 5.7. Intense white light markedly  re tarded film formation in water. When 
Cu.~O was formed, it had a preferred orientat ion and exhibited epitaxial rela-  
tionships to the metal  similar to those found in h igh- tempera ture  oxidation. 
The films formed were not continuous but  were composed of small nuclei  of 
Cu.~O. Both Cu~O and CuO were formed at pH 7 when the water  was in equi l ib-  
r ium with an atmosphere of pure O~. Lowering the pH converted CuO to Cu~O. 

The oxide films tha t  fo rm on a me t a l  sur face  are 
one of the  v e r y  i m p o r t a n t  factors  in f luenc ing  mos t  
corrosion processes. These films affect the  po ten t i a l  
tha t  the sur face  exhib i t s  and  inf luence  the t r a n s p o r t  
of me ta l  ions a w a y  f rom it. Both of these aspects 
are i n t e r r e l a t ed  and  have  an  i m p o r t a n t  inf luence  
on the corrosion of metals .  In  connec t ion  w i th  
work  on the f u n d a m e n t a l s  of corrosion sponsored  
by  the  Corrosion Research  Council ,  the  subjec t  se- 
lected for s tudy  was  the  g rowth  of films on m e t a l  
surfaces in  contact  w i th  pu re  wa te r  con ta in ing  oxy-  
gen. This  sys tem was chosen because  most  corrosion 
encoun t e r ed  in  prac t ice  invo lves  meta l ,  water ,  and  
oxygen,  p lus  a n u m b e r  of o ther  substances .  Thus  if 
some u n d e r s t a n d i n g  can be ga ined  of this s imple  
system, i t  would  se rve  as a basis  for  s tudy  of the  
compl ica ted  sys tems tha t  are re la ted  more  closely 
to prac t ica l  cases. 

The m e t a l  chosen to in i t i a t e  this  s tudy  was  cop-  
per, because  it has a s imple  s t ruc ture ,  and  h igh -  
p u r i t y  m e t a l  is ava i l ab le  f rom which  s ingle  crys ta ls  
m a y  be p r e p a r e d  easily.  I ts  oxides  are  few a nd  
simple,  and  a grea t  deal  of f u n d a m e n t a l  da ta  on its 
p roper t ies  is avai lable .  

Work  on the  g rowth  of films on Cu in  w a t e r  in  
the  pas t  (1-4)  has b e e n  done gene ra l l y  on poor ly  
charac te r ized  me ta l  surfaces  u n d e r  condi t ions  w he r e  
the  n a t u r e  of the  s u r r o u n d i n g  a tmosphe re  and  the  
p u r i t y  of the  wa t e r  was no t  r ig id ly  control led.  
Much w o r k  has been  done on the  corrosion of Cu in  
aqueous  solut ions  of m a n y  di f ferent  composit ions.  
However ,  w i th  the  possible  except ion  of the w o r k  of 
Mil ler  and  Lawless  (5) on s ingle  crystals ,  the  su r -  
faces used were  in  genera l  poor ly  character ized.  As 
a consequence  the  s tudies  car r ied  out  are  no t  as 
s ignif icant  f rom a f u n d a m e n t a l  s t a n d p o i n t  as t hey  
should  be. 

The  work  descr ibed  here  employs  surfaces  whose  
n a t u r e  is be t t e r  k n o w n  t h a n  the  surfaces used in  

most of the corrosion s tudies  of Cu in  aqueous  
media .  The approach  in  this i nves t iga t ion  was  to 
use s ing l e - c rys t a l  surfaces,  ca re fu l ly  p r e p a r e d  so 
tha t  they  wou ld  be as c lean  as possible  and  free 
f rom s t ra in  (6) .  This  paper  is concerned  wi th  some 
qua l i t a t i ve  s tudies  of the n a t u r e  of the  films fo rmed  
on Cu in  pu re  w a t e r  c o n t a i n i n g  oxygen.  A subse-  
que n t  pape r  wi l l  repor t  s tudies  of the ra te  of film 
format ion .  

Experimental Procedure 
Materials.--The crys ta ls  used in  this  i nves t iga t ion  

were  g r ow n  us i ng  O FHC Cu which  has a p u r i t y  of 
99.99%. 1 The B r i d g m a n  t e c hn i que  of s lowly  cooling 
a me l t  was used to grow crys ta ls  in  the shape of 
spheres  ~/~ in. in  d i ame te r  w i th  a cy l indr i ca l  shaft  
�88 in. in  d i a m e t e r  a nd  3/~ in. in  length .  The w a t e r  
was ob ta ined  f rom the Phys ica l  Che mi s t r y  Sec t ion  
of the  Na t iona l  B u r e a u  of S t a n d a r d s  a nd  had a 
conduc t iv i ty  of 7 x 10-Tmhos. 

Preparation of the metal  surface.---In a n u m b e r  
of e x p e r i m e n t s  the  as-cas t  s i ng l e - c rys t a l  sphere  
was used a f te r  fo l lowing  app rop r i a t e  c l ean ing  and  
pol i sh ing  procedures .  These consis ted in  w ash ing  
the  c rys ta l  success ively  in  water ,  e thy l  alcohol, d i -  
e thy l  ether ,  and  aga in  in  e thy l  alcohol and  w a t e r  
p r ior  to e lec t ro ly t ica l ly  po l i sh ing  the  c rys ta l  in  a 
phosphoric  a c i d - w a t e r  so lu t ion  50% by  volume.  
Af te r  the  e lec t ro ly t ic  po l i sh ing  was  comple ted  (1 h r  
the  first t ime  af ter  cast ing,  10-20 m i n  al l  t imes  
the rea f t e r )  the  c rys ta l  was  washed  v e r y  ca re fu l ly  
to r emove  t races  of phospha te  ions, fo l lowing  the  
schedule  descr ibed by  Young,  Cathcar t ,  a nd  G w a t h -  
m e y  (6) ,  who found  tha t  this  w a s h i n g  p rocedure  
lef t  a sur face  tha t  oxidized reproduc ib ly .  In  the case 
of e x p e r i m e n t s  ca r r i ed  out  in  the  room a tmosphere ,  
the c rys ta l  was  i m m e d i a t e l y  i m m e r s e d  whi le  st i l l  
wet  in  dis t i l led  water .  W h e n  it was  i n t roduced  into 

l Spec t rographic  analysis  showed tha t  the Cu used contained 
0.001 to 0.01% Ag  and ~ 0.0001% St, At, Fe, Mg, Ni, and  Pb.  
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the reac t ion  c h a m b e r  of the a p p a r a t u s  des igned  for 
c a r ry ing  out  the  process u n d e r  cont ro l led  condi -  
t ions, the  w a t e r  r e m a i n i n g  on the  c rys ta l  was  e va p -  
ora ted by  evacua t i on  of the  system. W h e n e v e r  the  
crys ta l  was  hand led ,  p re f lamed go ld -p l a t ed  tongs  
were  used to hold the  shaf t  of the  crystal .  

For  some studies  th ree  flat surfaces  were  cut  
pa ra l l e l  to the  {111}, (110}, and  (100} c rys ta l lo -  
graphic  planes .  Af te r  cu t t ing  these surfaces the 
c rys ta l  was  etched in  n i t r i c  acid to r emove  the  
s t r a ined  l aye r  r e su l t i ng  f rom this  operat ion.  The 
o r ien ta t ions  of the surfaces  were  checked and  cor-  
rected,  if t hey  differed by  more  t h a n  2 ~ f rom the 
des i red or ien ta t ion .  These surfaces t hen  were  pol -  
ished m e c h a n i c a l l y  w i th  me ta l log raph ic  po l i sh ing  
papers  t h rough  No. 0000 and  lapped  on a me ta l l o -  
graphic  whee l  w i th  a wa t e r  suspens ion  of L inde  B 
abras ive .  F r o m  this  po in t  on the  p rocedure  was as 
descr ibed  above.  

Reaction apparatus and procedure. - -Two differ-  
en t  groups  of e x p e r i m e n t s  were  car r ied  out  us ing  
Cu crys ta l  surfaces p r e p a r e d  as descr ibed  above.  In  
the  first group the n a t u r e  of the s u r r o u n d i n g  a tmos -  
phere  was no t  control led.  The p rocedure  in  this  
case was  s imply  to immer se  the c rys ta l  af ter  elec-  
t ropo l i sh ing  and  w a s h i n g  direct ly ,  and  whi le  st i l l  
wet,  in  100 ml  of d is t i l led  water .  The  crysta ls  were  
m o u n t e d  in  glass holders  and  gas wash ing  bot t les  
were  used as reac t ion  vessels. 

In  the second group of expe r imen t s  the  n a t u r e  of 
the  s u r r o u n d i n g  a tmosphere  was cont ro l led  by  ca r -  
r y ing  out  the  reac t ion  in  the enclosed appa r a t u s  
shown  in  Fig. 1. The  crystal ,  a f ter  po l i sh ing  a nd  
washing ,  was  i n t roduced  toge ther  w i th  the glass 
c rys ta l  ho lder  into the  reac t ion  c h a m b e r  t h rough  
its top, us ing  a pref lamed p l a t i n u m  hook. I n t r o d u c -  
ing the c rys ta l  into the  appa ra tu s  in  this  m a n n e r  
e l im ina t ed  the  need  for greased g round  joints  wi th  
the  a t t e n d a n t  possibi l i t ies  for con t amina t ion .  The  top 
of the  c h a m b e r  t hen  was  sealed. A n  o x y - h y d r o g e n  
flame was  used in  the  sea l ing  process r a t h e r  t h a n  
the  o r d i n a r y  n a t u r a l  g a s - o x y g e n  flame because  the  
l a t t e r  was  found  to in t roduce  con t aminan t s .  The  
h i g h - p u r i t y  w a t e r  was  in t roduced  in to  the  f reeze-  
down  t u b e  and  boi led before  sea l ing  and  p u m p i n g .  
Hal f  of the  w a t e r  in  this  t u b e  was  d is t i l led  in  v a c -  
u u m  into the w a t e r - i n t r o d u c t i o n  tube  by  p lac ing  
a Dewar  flask of l iqu id  n i t r o g e n  a r o u n d  this  tube .  

WATER INTROOUCTION 
TUBE J 

CHAMSEFt 
u 

CRYST~ 
HOLDER 

CRYS ! 

CUT-OFF ~FREEZE" 
TRAP DOWN TUBE 

DRAIN/ 
TUBE 

Fig. 1. Apparatus for oxidizing Cu single crystal in water 
under controlled conditions. 

The f rozen w a t e r  so collected was  t h a w e d  and  then  
pushed  in to  the  reac t ion  c h a m b e r  by  he l ium.  The 
purpose of this part of the procedure was to rinse off 
any impurities that might have collected on the 
crystal during the time when it was being placed 
into the reaction chamber. The water was removed 
by breaking open the drain tube and pushing it out 
with a positive pressure of helium. The drain tube 
then was resealed, and the water remaining in the 
freeze-down tube was kept frozen in liquid nitrogen 
until required. Liquid nitrogen also was placed 
around the cut-off trap as an added measure to 
prevent any water from reaching the reaction 
chamber while it was being baked at 500~ over- 
night at a pressure of 10 ̀ 5 mm. After this baking 
procedure, with the water still frozen in the freeze- 
down tube, the crystal was annealed in purified dry 
hydrogen at 500~ for 2 hr to remove the air- 
formed oxide film present on the crystal surface. 
The system then was evacuated, brought to room 
temperature, and the water in the freeze-down tube 

distilled over to the water-introduction tube by 
cooling this tube in liquid nitrogen. This water was 
thawed, pushed into the reaction chamber by the 
desired gas (e.g., dry purified oxygen), and the cor- 
rosion process allowed to start. To halt the reaction, 
the water was drained by cracking open the drain 
tube, resealing, and evacuating the system to dry 
the crystal. The crystal then was removed for ex- 
amination by cracking open the top of the reaction 

chamber. 
Results 

Corrosion in Water wi th  the Surrounding 
Atmosphere  Uncontrolled 

In  these expe r imen t s ,  which  were  essen t ia l ly  p r e -  
l i m i n a r y  in order  to explore  and  d e t e r m i n e  the 
n a t u r e  and  m a g n i t u d e  of the  effects to be  s tudied,  
the Cu was i m m e r s e d  in  w a t e r  tha t  was  in contact  
wi th  the  room a tmosphere .  The spher ica l  s ingle  
crys ta l  offers an  ideal  tool for exp lo ra to ry  expe r i -  
m e n t s  of this  type  because  all  of the  c rys ta l lo -  
g raphic  p lanes  are r ep re sen t ed  as poles on the su r -  
face of the  sphere  and  thus  a l l  of t h e m  can be 
s tud ied  s imu l t aneous ly .  

The  fo l lowing  resul t s  we re  ob ta ined  f rom these 
e x p e r i m e n t s :  

1. Ox ida t ion  was  the  mos t  read i ly  a p p a r e n t  r e -  
act ion t ak ing  place. 

W h e n  a crys ta l  was  placed in  w a t e r  deoxygena t ed  
by  boil ing,  and  e i ther  h y d r o g e n  or h e l i u m  was  b u b -  
b led  in, no film f o r ma t i on  was  observed  and  the  
c rys ta l  r e m a i n e d  br ight .  W h e n  oxygen  was  presen t ,  
however ,  a fi lm whose  p resence  was  ind ica ted  by  
the  appea rance  of i n t e r f e r ence  colors on the  Cu was  
fo rmed  af ter  exposure  to the  water .  

2. At  room t empera tu r e ,  oxide films fo rmed  on the  
Cu surface  cons ide rab ly  fas ter  in  w a t e r  t h a n  in  air. 

If  a Cu crys ta l  was  a l lowed to s t and  in  d r y  air  or 
oxygen  at room t e m p e r a t u r e  no i n t e r f e r ence  colors, 
which  give an  ind ica t ion  of the  th ickness  of the  
films g rowing  on  the  m e t a l  surface,  were  observed  
af ter  weeks  of s tanding .  In  water ,  however ,  colors 
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s t a r t e d  to deve lop  a f t e r  s t a n d i n g  on ly  30 min .  W i t h i n  
6 h r  f i lms e x h i b i t i n g  i n t e r f e r e n c e  colors  i n d i c a t i n g  
t h i cknes se s  g r e a t e r  t h a n  1000A w e r e  obse rved .  

3. The  r a t e  of o x i d a t i o n  v a r i e d  w i t h  the  c r y s t a l l o -  
g r a p h i c  p l ane .  

The  th i ckness  and  thus  the  co lor  of  f i lms f o r m e d  
on Cu e x p o s e d  to a i r - s a t u r a t e d  w a t e r  v a r i e d  w i t h  
the  c r y s t a l l o g r a p h i c  p l a n e  on w h i c h  t h e y  w e r e  
g rowing .  S ince  a l l  of t he  c r y s t a l l o g r a p h i c  po les  
could  be  o b s e r v e d  s i m u l t a n e o u s l y  on the  s p h e r i c a l  
c r y s t a l  these  d i f fe rences  cou ld  be  seen  eas i ly .  A f t e r  
a g iven  t i m e  of e x p o s u r e  a s y m m e t r i c a l  p a t t e r n  
m a d e  up  of m a n y  d i f fe ren t  colors  was  o b t a i n e d  on 
the  sphere ,  t hus  i n d i c a t i n g  a v a r i a t i o n  in t he  a m o u n t  
cf f i lm g r o w t h  w i t h  c r y s t a l l o g r a p h i c  o r i en t a t i on .  
Such  a p a t t e r n  is s h o w n  in Fig .  2. Because  the  p a t -  
t e rns  f o r m e d  on the  s ingle  c r y s t a l  sphe res  w e r e  e x -  
t r e m e l y  sens i t ive  to a v e r y  m i n u t e  change  in e n -  
v i r o n m e n t  or  su r f ace  condi t ion ,  m a n y  d i f f e ren t  
p a t t e r n s  w e r e  o b s e r v e d  un less  t h e  n a t u r e  of  t he  
s u r r o u n d i n g  a t m o s p h e r e ,  and  the  c l ean l iness  of t he  
w a t e r  and  the  m e t a l  sur face ,  w e r e  con t ro l l ed  r i g id ly .  
Thus,  on the  bas is  of these  p r e l i m i n a r y  e x p e r i m e n t s  
c a r r i e d  ou t  in t he  r o o m  a t m o s p h e r e ,  i t  is no t  p o s -  
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Fig. 4. Oxide crystals* formed on { I  10) plane of Cu crystal 
oxidized in water. Magni f icat ion I O00X before reduction 
for publ icat ion. 

Fig. 2. Pattern formed when Cu single-crystal sphere is cor- 
roded in air-saturated disti l led water at room temperature. 

Fig. 3. Oxide crystals* formed on { 111 } plane of Cu crystal 
oxidized in water. Magni f icat ion I O00X before reduction 
for publ icat ion. 

Fig. 5. Oxide crystals* formed on {100 )  plane of Cu crystal 
oxidized in water. I O00X. 

sible to list definitely the various crystallographic 
planes in the order of their relative rates of oxida- 

tion. 

4. The oxide films were not continuous. 

When observed with unaided eye, the oxide films 
appeared to be uniform. However, microscopic ex- 
amination indicated that the oxide films were made 
up of p a r t i c l e s  o r  nucle i .  F i g u r e s  3, 4, a n d  5 show 
these  ox ide  nuc l e i  f o r m e d  on a Cu su r f ace  exposed  
to w a t e r  on t h r e e  d i f fe ren t  c r y s t a l l o g r a p h i c  p lanes .  

5. The  d e g r e e  of o r i e n t a t i o n  and  e p i t a x y  of t h e  
ox ide  f i lms d e p e n d e d  on the  c r y s t a l  faces  u p o n  
w h i c h  t h e y  w e r e  g rown .  

X - r a y  d i f f r ac t ion  s tudies ,  us ing  the  osc i l l a t ing  
c r y s t a l  t e c h n i q u e  d e s c r i b e d  b y  L a w l e s s  and  G w a t h -  
m e y  (7) ,  w e r e  c a r r i e d  out  to d e t e r m i n e  the  c h e m i c a l  
n a t u r e  of the  f i lms and  t h e i r  e p i t a x i a l  r e l a t i o n s h i p  
to t he  m e t a l  subs t r a t e .  S t u d i e s  of t h e  f i lms f o r m e d  
on Cu c rys t a l s  exposed  to d i s t i l l ed  w a t e r  in an  u n -  
c o n t r o l l e d  a t m o s p h e r e  for  18 h r  s h o w e d  t h e m  to be  
composed  of Cu20 m a d e  up  of m a n y  c r y s t a l l i t e s  e x -  
h i b i t i n g  a p r e f e r r e d  o r i e n t a t i o n  w i t h  r e s p e c t  to t he  
Cu subs t r a t e .  In  genera l ,  t he  d e g r e e  of  p r e f e r r e d  
o r i e n t a t i o n  was  h i g h e r  for  the  {111} a n d  {110} 

* N o t e  t h a t  t h e  s h a p e  of some  os t h e  c r y s t a ] l i t e s  a r e  i n d i c a t i v e  of  
t h e  s y m m e t r y  of t h e  c r y s t a l l o g r a p h i c  o r i e n t a t i o n  of  t h e  p l a n e  on 
w h i c h  t h e y  a r e  g r o w i n g .  
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Table I. Epitaxial relationships between Cu and Cu20 

October 1959 

C r y s t a l  face C r y s t a l  face 
of  Cu  of Cu20 

p a r a l l e l  to C u  

{111} {111} 
{110} {110} 
{100} {111} 

p lanes  t h a n  tha t  for the  {100} plane.  The ep i tax ia l  
re la t ionships ,  i.e., the m u t u a l  o r i en t a t i on  r e l a t i on -  
ship b e t w e e n  the Cuba and  the  Cu subs t ra te ,  are  
shown in  Tab le  I. 

These re la t ionsh ips  agree wi th  those found  by  
others  (7-9)  on Cu s ingle  crys ta ls  oxidized in  d ry  
oxygen  at t e m p e r a t u r e s  cons ide rab ly  above room 
t e m p e r a t u r e .  

6. L ight  had  a m a r k e d  inf luence  on the  ox ida t ion  
process in  water .  

A n u m b e r  of a t t empts  were  made  to ob ta in  t i m e -  
lapse mot ion  p ic tu res  of the  corrosion process of a 
Cu s ingle  crys ta l  in  a i r - s a t u r a t e d  water .  These  
were  no t  successful  because  it was found  tha t  the  
l ight  used to i l l u m i n a t e  the  c rys ta l  had  a m a r k e d  
inf luence  on the corrosion process (10).  As a con-  
sequence,  it was  decided to s tudy  the  effect of l ight  
on the  ox ida t ion  process of Cu in  water .  A w a t e r -  
j acke ted  vessel,  l i gh t - t i gh t  except  for a smal l  hole 
which  a l lowed l ight  to imp inge  on hal f  of a c rys ta l  
sphere,  was employed,  as shown  in  Fig. 6. W h e n  the  
c rys ta l  was i m m e r s e d  in  a i r - s a t u r a t e d  wa te r  in  this  
vessel,  i l l u m i n a t e d  by  a t u n g s t e n  3200~ lamp,  and  
kept  at room t e m p e r a t u r e  by  the wa t e r  j acke t  for 
3 hr, the a m o u n t  of ox ida t ion  on the  area  of the 
sphere  exposed to the l ight  was m a r k e d l y  di f ferent  
f rom tha t  of the  shaded area  (see Fig. 7 and  8). 
Using a s imple  e lec t ro reduc t ion  t echn ique  s imi la r  to 
tha t  of Miley and  Evans  (11) to es t imate  film th i ck -  
ness, it  was found  tha t  the  i l l u m i n a t e d  pa r t  of the  
c rys ta l  had  a th ickness  of rough ly  120A or less, 

Fig. 7. Copper single crystal oxidized in air-saturated dis- 
t i l led water at 25~ Lower side was exposed to l ight from 
a 3200~  tungsten lamp, upper side kept dark. 

Fig. 8. Boundary between dark and i l luminated areas of Cu 
single crystal surface oxidized in air-saturated disti l led water 
at 25~ Upper region kept dark, lower i l luminated. 500X. 

Fig. 6. Apparatus for studying influence of l ight on oxida- 
t ion of Cu crystal in water. 

whi le  the  pa r t  tha t  was  kep t  da rk  had  an  average  
th ickness  of a p p r o x i m a t e l y  550A. Fu r the r ,  if l ight  
were  a l lowed to imp inge  on pa r t  of a Cu crys ta l  
i m m e r s e d  in  wa te r  and  a l r eady  con t a in ing  a w a t e r -  
fo rmed  oxide film abou t  1000A th ick  or greater ,  
some of the oxide on the i l l u m i n a t e d  por t ion  dis-  
solved af ter  a per iod of 2-3 hr  and  became  t h i n n e r  
t h a n  the  pa r t  kep t  dark.  X - r a y  diffract ion s tudies  
of the  films fo rmed  on both  the  d a r k  a nd  the  i l l u m i -  
na t ed  par ts  of the crys ta l  showed tha t  the  films 
were  composed of w e l l - o r i e n t e d  Cuba. 

Mat t ' s  theory  (12) for Cu-Cu~O photocel ls  m a y  
provide  an  e x p l a n a t i o n  for this  effect. On the  basis  
of this theory,  i l l u m i n a t i o n  wou ld  cause a flow of 
e lect rons  f rom the  semiconduc tor  film, Cu20, into 
the  metal .  A flow of e lec t rons  in  this  d i rec t ion  w h e n  
the  film is g rowing  wou ld  thus  i nh ib i t  growth.  I t  is 
i n t e r e s t i n g  to po in t  out  tha t  for AI~O~ a nd  Ta~O~, 
which  are cat ion excess semiconductors ,  i l l u m i n a -  
t ion  enhances  oxidat ion,  whi le  Cu.~O, a ca t ion  de-  
ficient semiconductor ,  ox ida t ion  is inh ib i ted .  Besides 
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this exp lana t ion ,  based on the  effect of i l l u m i n a t i o n  
on the  e lec t rons  on the  solid side of the  so l id - l iqu id  
interface,  ano the r  e x p l a n a t i o n  based on the in f lu-  
ence of l igh t  on chemica l  reac t ions  at the  m e t a l -  
so lu t ion  in te r face  should  be cons idered  also. These 
reac t ions  m a y  be impor t an t ,  for it  is k n o w n  (13) 
tha t  l ight  p romotes  the  ox ida t ion  of cuprous  ions to 
cupric.  Thus  any  Cu20 tha t  forms m a y  be oxidized 
to CuO. Since  the  l a t t e r  is the  more  soluble  of the  
two, it  m a y  go into so lu t ion  r a the r  t h a n  form a film, 
as in  the  case of the  Cu~O. 

Corrosion in Water with Surrounding 

Atmosphere Controlled 

In  these  e x p e r i m e n t s  the  t echn iques  descr ibed  in  
the E x p e r i m e n t a l  Sect ion for p r e p a r i n g  the  c rys ta l  
surface  and  reac t ing  it  w i th  pu re  wa t e r  in  a con-  
t ro l led  a tmosphere  were  ut i l ized.  The  resul t s  ob-  
t a ined  differed cons ide rab ly  f rom those observed  
u n d e r  u n c o n t r o l l e d  condi t ions.  

In  the  cont ro l led  e x p e r i m e n t  the  Cu crys ta l  was  
i m m e r s e d  in  h i g h - p u r i t y  water ,  which  was s t i r red  
and  kept  s a tu ra t ed  by  b u b b l i n g  O~ th rough  it  at  a 
ra te  of a p p r o x i m a t e l y  50 m l / m i n  at 1 a tm  and  25~ 
Oxida t ion  was cons ide rab ly  s lower  in  these  expe r i -  
men t s  t h a n  in  the expe r imen t s  where  the  n a t u r e  of 
the  a tmosphere  was  uncont ro l l ed .  I t  was  found  tha t  
af ter  1 hr  the  film th ickness  was  rough ly  70A, a nd  
af ter  8 hr  the  th ickness  had  no t  changed  apprec i -  
ably.  Af te r  50 hr  of exposure  the  average  va l ue  of 
the th ickness  was  abou t  l l 0 A .  Also it  was  no ted  
tha t  some solid powder  had se t t led  to the  bo t tom of 
the reac t ion  chamber .  The e lec t ro reduc t ion  t ech-  
n ique  was  used to e s t ima te  the  film thicknesses.  This  
me thod  was not  precise  enough  to a l low a n y  defini te  
s t a t emen t s  to be made  r ega rd ing  the differences in  
the  th ickness  of the  films on the  th ree  c rys ta l lo -  
graphic  p l anes  s ince the  differences b e t w e e n  t h e m  
were  less t h a n  the e x p e r i m e n t a l  error .  

W h e n  the  solut ion,  s a tu ra t ed  and  in  e q u i l i b r i u m  
wi th  1 a tm  of 02, was  not  s t i r red  bu t  ins tead  a l -  
lowed to r e m a i n  quiescent ,  the  corrosion process 
was  qu i t e  s imi la r  to tha t  in  the s t i r red  so lu t ion  for 
the  first few hours,  b u t  af ter  7 hr  a v i s ib ly  th ick  
b r o w n i s h  b lack  to pu rp l i sh  b lack  film of oxide had  
formed.  This  film had  a p o w d e r y  appea rance  and  
could be r emoved  pa r t i a l l y  by  w i p i n g  wi th  a t issue. 
Benea th  it ano the r  film exh ib i t i ng  in t e r f e r ence  
colors could be observed  somet imes.  

If the  pa r t i a l  p ressure  of the  O~ in  e q u i l i b r i u m  
wi th  the  wa te r  were  reduced  by  i n t r o d u c i n g  m i x -  
tu res  of O~ and  He c o n t a i n i n g  v a r y i n g  propor t ions  of 
these  two gases, the  t ime  r equ i r ed  for the  a p p e a r -  
ance of CuO increased  as the  pa r t i a l  p ressure  of O~ 
decreased.  Thus,  wi th  100% O~, 7 h r  e lapsed before  
CuO was observed  by  the  u n a i d e d  eye, whi le  wi th  
20% O~ the  t ime  was  twice as long, and  wi th  10% 
O~, over  24 h r  elapsed.  

X - r a y  dif f ract ion e x a m i n a t i o n s  of {111}, {110), 
and  {100} faces, reac ted  in  the presence  of ox yge n -  
a ted  w a t e r  u n d e r  cont ro l led  condi t ions,  r evea led  the  
presence  of po lyc rys t a l l i ne  r a n d o m l y  or ien ted  CuO. 
In  a few cases Cu~O also was  found  to be p r e se n t  
a long wi th  the  CuO. W h e n  this  was  so, the  Cu20 
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showed the same type  of p r e f e r r e d  o r i en t a t i on  and  
ep i tax ia l  re la t ionsh ips  as aescrlbecl for the expe r i -  
me n t s  conduc ted  in  u n c o n t r o l l e d  a tmospheres .  This  
Cu_~O p r o b a b l y  was respons ib le  for the film tha t  ex -  
h ib i t ed  the i n t e r f e r ence  colors w h e n  the  CuO was 
wiped  off. W h e n  CuO was present ,  the  film, as ob-  
se rved  by  the  u n a i d e d  eye and  by  microscopic 
examina t i on ,  was t h i n n e s t  on the  {110} p lanes  and  
th ickes t  on the  {100}, w i th  tha t  on the  {111) be ing  
in t e rmed ia t e .  The e lec t ro reduc t ion  t echn ique  could 
no t  be used to m e a s u r e  CuO film th ickness  because  
of the  grea t  difficulties e nc oun t e r e d  in  r educ ing  the  
CuO. 

I t  is be l ieved  tha t  the reason  CuO was not  fo rmed  
on the  Cu surface  w h e n  the  so lu t ion  was  ag i ta ted  
was tha t  cuprous  ions, on reach ing  the so l id - l iqu id  
in te r face  t h r ough  the  Cu20 film, w e r e  caused by  the 
ag i ta t ion  to oxidize in  the body  of the  so lu t ion  a n d  
prec ip i ta te  as Cu(OH)~ or CuO, whereas  u n d e r  
qu iescen t  condi t ions  the cuprous  ions were  oxidized 
to cupr ic  ions at the  in te r face  and  fo rmed  CuO 
there.  In  al l  cases Cu~O is p re sen t  n e x t  to the  Cu 
as CuO is reduced  in  the presence  of Cu. 

I t  is ev iden t  tha t  the behav io r  of the  Cu was  
m a r k e d l y  di f ferent  w h e n  i m m e r s e d  in  oxygena ted  
w a t e r  in  the  room a tmosphere  t h a n  w h e n  the e n -  
v i r o n m e n t  was cont ro l led  more  r igidly.  In  the  first 
case films of o r i en ted  Cu~O were  fo rmed  on the Cu 
surface  af ter  a r e l a t i ve ly  shor t  exposure  to water .  
These films exh ib i t ed  in t e r f e rence  colors and  fo rmed  
b e a u t i f u l l y  s y m m e t r i c a l  pa t te rns .  W h e n  the  condi -  
t ions  were  control led,  the  Cu oxidized m u c h  more  
s lowly  and  fo rmed  da rk  r a n d o m l y  o r i en ted  CuO 
films. B e ne a t h  the  CuO films t h in  films of Cu~O 
p r o b a b l y  were  p re sen t  also. In  an  effort to dupl ica te  
the e x p e r i m e n t s  in  which  the  wa te r  was  in  contact  
w i th  the room a tmosphere  u n d e r  cont ro l led  con-  
dit ions,  it was  f ound  tha t  by  lower ing  the  pH to 5.7 
( the  pH observed  in  w a t e r  exposed to the  room 
a tmosphe re ) ,  Cu~O was observed.  The pH was  
lowered  by  the i n t roduc t ion  of CO2. Wi th  s t i l l  lower  
pH's,  Cu20 also was  observed.  The inf luence  of CO~ 
was d e m o n s t r a t e d  by  an  e x p e r i m e n t  in  which  CuO 
was formed on Cu in a closed sys tem by  expos ing  
the Cu to w a t e r  s a tu ra t ed  w i th  pu re  oxygen.  C a r -  
bon  dioxide was  b u b b l e d  in  for 1 m i n  and  the cor-  
roded crys ta l  t hen  was exposed to this  w a t e r  for 
24 hr. At  the  end  of this  period,  all  of the  CuO had  
been  conver t ed  to Cu~O. X - r a y  diffract ion e x a m i n a -  
t ion  of the  Cu~O formed  in  this  fash ion  revealed ,  
however ,  tha t  it was m u c h  more  poor ly  o r ien ted  

Fig. 9. (100 )  plane of Cu oxidized in oxygen-saturated wa- 
ter under control led conditions. I O00X. 
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Fig. 12. Cu20 formed on ~110) plane of Cu by conversion 
of CuO which was present initially. The change was caused by 
introduction of C02 into aqueous solution. Magnif ication 
I O00X before reduction for publication. 

Fig. 10. {111)  plane of Cu oxidized in oxygen-saturated 
water under controlled conditions. Magnif ication I O00X be- 
fore reduction for publication. 

t h a n  where  COs was p re sen t  f rom the b e g i n n i n g  of 
the ox ida t ion  process. 

The morpho logy  of the oxide films as r evea led  by  
the  microscope was  of great  in teres t .  Af te r  the  
ox ida t ion  had  proceeded to the po in t  where  CuO 
could be observed,  the  fi lm on the {110} p lane  was  
s imi la r  to tha t  on the {100} p lane  (Fig. 9). Most 
of the sur face  of the  {111} plane,  however ,  was  
covered w i th  the  b lack  CuO film but ,  as shown in  
Fig. 10, the re  were  t r i a n g u l a r  areas tha t  appea red  
Cu colored. I t  is i n t e r e s t i ng  to note  tha t  some of the  
t r i ang les  had o r i en ta t ions  tha t  are 180 ~ wi th  respect  
to each other.  This  ind ica ted  tha t  pe rhaps  some 
nuc le i  of Cu.,O exis ted n e x t  to the Cu surface.  Cu~O 
could exist  in  these two o r i en ta t ions  because  of the  
ep i tax ia l  re la t ionsh ips  found  b e t w e e n  Cu20 and  a 
{111} p l ane  of Cu (7) .  F igures  11, 12, and  13 show 
the {111}, (110}, and  {100} faces, respect ively ,  a f ter  
the  CuO had  b e e n  conver t ed  to Cu~O by  the  i n t r o -  
duc t ion  of COs. 

Discussion 
The first fact  which  was no ted  f rom these s tudies  

concerned  wi th  the n a t u r e  of the oxides is tha t  Cu~O 

Fig. 11. Cu~O formed on {111)  plane of Cu by conversion 
of CuO which was present init ially. The change was caused 
by introduction of CO~ into aqueous solution. Magnif ication 
I O00X before reduction for publication. 

Fig. 13. Cu20 formed on {100)  plane of Cu by conversion 
of CuO which was present init ially. The change was caused 
by introduction of C02 into aqueous solution. IO00X. 

was fo rmed  w h e n  Cu was exposed to w a t e r  in  
e q u i l i b r i u m  wi th  air, the pH of the  w a t e r  be ing  
abou t  5.7. This is the oxide fo rmed  in i t i a l ly  by  dry  
air  oxidat ion.  Fu r the r ,  the ep i tax ia l  r e la t ionsh ips  
be t w e e n  the Cu~O and  the me t a l  subs t ra te  were  the  
same both  for ox ida t ion  in  solut ions  and  in  d ry  
gases. F ina l ly ,  the ex ten t  of ox ida t ion  depended  on 
the  c rys ta l lographic  o r i en ta t ion  of the surface  in  
bo th  cases. 

The one ve ry  ev iden t  difference b e t w e e n  ox ida-  
t ion  in  air  and  ox ida t ion  in  w a t e r  was tha t  at room 
t e m p e r a t u r e  ox ida t ion  occurred  more  r ap id ly  in  
w a t e r  (exposed to air)  t h a n  it did in air. I t  is also 
k n o w n  f rom the work  of Mil ler  (14) that ,  if Cu is 
i m m e r s e d  in  a so lu t ion  of cupr ic  sulfate,  the  reac -  
t ion  is even  more  r ap id  t h a n  if Cu is i m m e r s e d  in  
pu re  water .  Cu~O is the  p roduc t  fo rmed  in  copper 
su l fa te  solut ion and  the ep i tax ia l  r e la t ionsh ips  be -  
t w e e n  oxide and  meta l  are the  same as those 
m e n t i o n e d  above.  The nuc le i  con ta ined  in  films 
fo rmed  d u r i n g  oxida t ion  in  solut ions  were  l a rge r  
t h a n  those fo rmed  d u r i n g  ox ida t ion  in  gases. F ina l ly ,  
the  inf luence  of l ight  was  m u c h  more  p r o n o u n c e d  
w h e n  oxida t ion  occurred  in  solut ions  t h a n  w h e n  it 
occur red  in  gases. A few a t t empt s  we re  m a d e  to 
see if i l l u m i n a t i o n  had  a ny  inf luence  on the  ox ida -  
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t ion  of Cu in  p u r e  oxygen  at  250~ bu t  no m a r k e d  
effects were  noted.  

These differences b e t w e e n  ox ida t ion  in  a i r - s a t u -  
ra ted  wa t e r  and  ox ida t ion  in  air,  are  p r o b a b l y  due 
to the  ab i l i ty  of me t a l  ions d u r i n g  aqueous  ox ida -  
t lon to move  th rough  the  wa t e r  and  take  pa r t  in  
reac t ions  at sites on the  surface  tha t  differ f rom 
those f rom which  these  ions emerged  in i t ia l ly .  This  
t r an spo r t  of ions t h rough  a so lu t ion  is, of course, an  
a l l - i m p o r t a n t  factor  in  e lec t rochemica l  reac t ions  
occur r ing  on me ta l  surfaces  i m m e r s e d  in  an  e lec t ro-  
lyte. I t  is not  the purpose  of this pape r  to discuss the  
m e c h a n i s m  of ox ida t ion  in  wa t e r  bu t  to be con-  
ce rned  on ly  wi th  the n a t u r e  of the  films formed.  
However ,  because  of the  ab i l i ty  of the wa t e r  to 
t r an spo r t  ions, soluble  subs tances  can  be r e move d  
f rom a surface  or inso lub le  subs tances  can be de-  
posi ted onto a surface.  On  account  of these processes 
the  oxides fo rmed  in  wa t e r  in  e q u i l i b r i u m  w i t h  1 
a tm  of pu re  oxygen  at room t e m p e r a t u r e  differ f rom 
those fo rmed  by  gaseous ox ida t ion  at  room t e m -  
pera tu re .  Thus,  besides the  Cu~O c o m m o n l y  p re sen t  
at  room t e m p e r a t u r e  CuO was also observed.  

This has not  gene ra l l y  been  found  in  most  of the 
p rev ious  s tudies  of the films tha t  fo rm on Cu in  
contact  wi th  aqueous  solut ions  because  most  of 
these  e x p e r i m e n t s  we re  car r ied  out  u n d e r  condi t ions  
whe re  the  p resence  of COs was no t  r igorous ly  ex-  
cluded.  The  fo rma t ion  of CuO w h e n  CO~ is absen t  is 
to be  expected  on the  basis  of the  d i a g r a m  of P o u r -  
ba ix  (15).  This  d i ag ram enables  the  p red ic t ion  of 
the  t h e r m o d y n a m i c a l l y  s table  phases  p resen t  u n d e r  
a g iven  set of condi t ions .  On the  basis  of this  d ia -  
g r am it m a y  also be conc luded  tha t  by  l o w e r i n g  the  
pH and  the  pa r t i a l  p ressure  of oxygen  there  wou ld  
be a t e n d e n c y  for the  CuO to go over  to Cu~O. 

However ,  the t h e r m o d y n a m i c  cons idera t ions  on 
which  the P o u r b a i x  d i ag ram is based are no t  suf-  
ficient to a l low the  p red ic t ion  of the  solid phases  
present .  Thus,  for the  condi t ions  ex is t ing  d u r i n g  the 
ox ida t ion  of Cu in  w a t e r  s a tu ra t ed  wi th  air  and  
exposed to the room a tmosphe re  (pH ~ 5.7, pO~ = 
10 ...... a tm)  the fo rma t ion  of CuO wou ld  be expected,  
a l though  Cu~O was observed.  The  ra te  at which  
cupr ic  ions bu i ld  up  in  so lu t ion  is also of u tmos t  
impor t ance  in  d e t e r m i n i n g  the  oxide observed.  
Thus,  if enough  t ime were  a l lowed and  if al l  of the  
componen t s  of the  sys tem were  kept  in  i n t i m a t e  
contact  wi th  each other,  CuO wou ld  be observed  at  
pH 5.7 in  a i r - s a t u r a t e d  water .  Actua l ly ,  w h a t  ap -  
peared  to h a p p e n  was  tha t  at this  pH the CuO was 
soluble  to such an  ex t en t  and  the  ra te  of cupr ic  ion 
fo rma t ion  by  ox ida t ion  of cuprous  ions was suf -  
f ic ient ly  slow so t ha t  on ly  the  cons ide rab ly  less sol-  
ub le  Cu~O was observed.  

At  a pH of 7, however ,  the  so lub i l i ty  of CuO is 
less t h a n  at  the lower  pH and  wi th  the  w a t e r  in  
e q u i l i b r i u m  wi th  1 a tm of oxygen,  the  t ime  r equ i r ed  
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to observe  the  f o r ma t i on  of CuO v i sua l l y  was  abou t  
7 hr.  E x p e r i m e n t s  wi th  p u r e  wa te r  in  e q u i l i b r i u m  
wi th  di f ferent  pa r t i a l  p ressures  of oxygen  show 
tha t  a p p a r e n t l y  the  ra te  of cupr ic  ion f o r ma t ion  did 
depend  on the  pa r t i a l  p ressure  of the  oxygen,  for 
the t ime  to observe  CuO f o r ma t i on  increased  wi th  
a decrease in  pa r t i a l  pressure .  D u r i n g  this  t ime,  
before  the appea rance  of CuO, on ly  Cu~O was ob-  
served.  W h e n  the  pH was lowered  f rom 7, af ter  the 
f o r ma t i on  of CuO by  the  i n t roduc t i on  of CO.~, the  
so lubi l i ty  of CuO was increased  and  it  w e n t  into 
solut ion.  

The Cu~O tha t  is a lways  n e x t  to the  Cu was t hen  
the  on ly  oxide observed  and  its th ickness  a c t u a l l y  
s ta r ted  to increase  at the  lower  pH w h e r e  it  was  
st i l l  qui te  insoluble .  This ind ica ted  tha t  the  ra te  of 
cuprous  ion f o r ma t i on  was  p r o b a b l y  fas ter  t h a n  the  
ra te  of ox ida t ion  of cuprous  ions to cupric.  This  
ques t ion  of the  ra te  of fi lm f o r ma t i on  and  the  r a t e  
of cupr ic  and  cuprous  ion f o r ma t i on  wi l l  be  discussed 
in  a more  a u a n t i t a t i v e  fashion in  the nex t  paper  in  
this  series. These detai ls  m u s t  be inves t iga ted  before  
a more  n e a r l y  comple te  u n d e r s t a n d i n g  of the  cor-  
ros ion of Cu can  be achieved.  
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ABSTRACT 

Electron microscope and electron diffraction techniques were used for the 
examinat ion  of the different faces of a single crystal of copper which had been 
immersed in an aqueous solution of CuSO, containing dissolved oxygen. During 
the reaction a thin film of Cu~O was formecl ini t ia l ly and continued to grow 
in the form of wel l -denned  oriented polyhedra of oxide. For immersion times 
of 24 hr or more, etching of the metal  surface and of the oxide polyhedra oc- 
curred due to a decrease in the pH of the solution. An at tempt  was made to 
in terpret  the oxide growth in terms of the electrochemical theory of corrosion 
and the dislocation theory of crystal  growth. 

A l though  the  reac t ions  of me ta l s  w i th  aqueous  
sal t  so lu t ions  are  among  the  commones t  of reac t ions  
and  have  been  the sub jec t  of m a n y  inves t iga t ions ,  
the  inf luence  of surface  s t r u c t u r e  on these  reac t ions  
is on ly  poor ly  unders tood.  Most p rev ious  s tudies  
have  been  car r ied  out  on f i ne -g ra ined  po lyc rys t a l -  
l ine  specimens,  and  the i n t e r p r e t a t i o n  of the resul t s  
is compl ica ted  by  the presence  of g ra in  bounda r i e s  
and  by differences in  ac t iv i ty  of the  di f ferent  c rys ta l  
faces. In  add i t ion  to this, an u n d e r s t a n d i n g  of the  
react ions  invo lved  is f r e q u e n t l y  difficult because 
l i t t le  or no i n f o r m a t i o n  is ava i l ab le  on the  s t r uc t u r e  
of the  surface  before  and  af ter  the react ion.  

This s tudy  is concerned  wi th  the  e lec t ron  m i c r o -  
scopic and  e lec t ron  dif f ract ion e x a m i n a t i o n  of the  
di f ferent  faces of a ca re fu l ly  p r epa red  s ingle  c rys ta l  
of copper which  has been  i m m e r s e d  in  an  aqueous  
so lu t ion  of copper sul fa te  con t a in ing  dissolved 
oxygen.  D u r i n g  the  reac t ion  oxide  is fo rmed  a nd  
some etch pi ts  are developed.  The  ep i t ax ia l  r e l a -  
t ionship  of these oxide films wi th  the  me ta l  sur face  
as d e t e r m i n e d  in  this  s tudy  are descr ibed in  de ta i l  
in  ano the r  pape r  (1) .  

I n t e r e s t i ng  types  of oxide  s t ruc tu res  were  found,  
and  an  a t t emp t  was  m a d e  to i n t e r p r e t  the oxide 
g rowth  in  t e rms  of the  e lec t rochemica l  t heo ry  of 
corrosion,  the  s t ruc tu r a l  re la t ionsh ips  of the  oxide 
to the  u n d e r l y i n g  metal ,  and  the  dis locat ion t heo ry  
of c rys ta l  growth.  The  resul t s  ind ica te  c lear ly  tha t  
the u n d e r s t a n d i n g  of one of the  s imples t  of r eac -  
t ions, i m p o r t a n t  in  an  u n d e r s t a n d i n g  of corrosion,  
is d e p e n d e n t  on a carefu l  s tudy  of surface  s t ruc ture .  

Experimental Procedure 
The e x p e r i m e n t a l  p rocedure  consisted of expos ing  

k n o w n  crys ta l lographic  surfaces of copper  s ingle  
crys ta ls  to an  aqueous  so lu t ion  of cupr ic  sul fa te  at  a 
k n o w n  concen t ra t ion ,  t e m p e r a t u r e ,  and  pH. The  
oxygen  concen t r a t i on  in  the  so lu t ion  was  app rox i -  

1 Presen t  address :  Dep~r tmen t  of Chemis t ry ,  H a m p d e n - S y d n e y  
College, H amp d en - Sy dney ,  Virginia .  

m a t e l y  constant .  Af te r  defini te  per iods of i m m e r s i o n  
the  surfaces of the  spec imens  were  e x a m i n e d  wi th  
the aid of opt ical  and  e lec t ron  microscopes and  by  
e lec t ron  diffraction.  

Copper  s i ng l e - c rys t a l  rods of 99.999% copper  
were  g r o w n  f rom the  me l t  a nd  m a c h i n e d  in to  the  
form of spheres  % in. in  d iamete r .  F l a t  faces pa ra l l e l  
to specific c rys ta l lograph ic  p lanes  were  cut  on the  
spheres.  The surfaces of these  crys ta ls  were  m e c h a n -  
ical ly  pol ished and  t h e n  e lec t ro ly t ica l ly  polished,  
fo l lowed by tho rough  w a s h i n g  and  d r y i n g  as p r e -  
v ious ly  descr ibed  (2) .  The  Laue  back- re f lec t ion  
t echn ique  was used to take  x - r a y  diffract ion photo-  
graphs  af ter  eve ry  th ree  or four  e x p e r i m e n t s  to 
m a k e  sure tha t  each face r e m a i n e d  w i t h i n  1 ~ of the  
des i red or ien ta t ion .  G r e a t  care was  t a k e n  in  the  
p r e p a r a t i o n  of these spec imens  in  order  to ob ta in  
k n o w n  surfaces as f ree as possible f rom chemical  
c o n t a m i n a t i o n s  a nd  s t r u c t u r a l  imperfec t ions .  

The  copper  spec imens  af ter  be ing  washed  and  
dr ied  were  placed in  a P y r e x  reac t ion  chamber .  
The sys tem was t hen  evacuated ,  pur i f ied h y d r o g e n  
admi t ted ,  and  the  spec imen  a n n e a l e d  at  500~ for 
1 hr  to r emove  a ny  oxide p r e se n t  on the  sur face  and  
to re l i eve  a ny  res idua l  s t ra ins  in  the  crystal .  The 
spec imen  was cooled to 25~ in  an  a tmosphe re  of 
hydrogen ,  and  then,  w i t hou t  expos ing  it  to the  air, 
the  crys ta l  was  lowered  to the bo t tom of the reac -  
t ion  c h a m b e r  w h i c h  was  i m m e r s e d  in  a wa t e r  
t he rmos t a t  m a i n t a i n e d  at  25 ~ --0.02~ A n  aqueous  
so lu t ion  of CuSO~ could be admi t t ed  into the  reac-  
t ion  c h a m b e r  t h r o u g h  a P y r e x  t u b e  which  was  r i n g -  
sealed to the  base  of the  chamber .  The top end  of 
the tube  was g r o u n d  flat so tha t  a flat face of a 
c rys ta l  could be p laced  on it  and  a r eac t ion  car r ied  
out  on only  one face. A glass cup was  sealed to the  
u p p e r  pa r t  of this  t u b e  so t h a t  the  c rys ta l  could be  
suspended  w i t h i n  the  cup and  sufficient so lu t ion  
a d m i t t e d  to cover  the  whole  c rys ta l  if desired.  Af t e r  
be ing  exposed to the  aqueous  so lu t ion  for the  de -  
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sired l eng th  of t ime,  the crys ta l  was  removed,  
washed  t ho rough ly  in  d is t i l led  wa t e r  to r emove  a n y  
CuSO,, and  dr ied  in  a je t  of n i t rogen .  

Solut ions  of CuSO, were  p r epa red  us ing  50 g / l i t e r  
of doub ly  recrys ta l l i zed  r eagen t  grade  CuSO4"5H_~O 
and  dis t i l led  water .  The pH of the solut ion was  
m e a s u r e d  before  and  af ter  each e x p e r i m e n t  w i th  a 
L&N pH indicator .  The  pH of the  solut ion i n i t i a l l y  
was 3.8 for all  exper imen t s .  The  oxygen  c o n c e n t r a -  
t ion  in  this  so lu t ion  was  a p p r o x i m a t e l y  10 -4 moles  
per  l i ter .  

Af t e r  reac t ion  the surfaces  of the  copper  crys ta ls  
we re  e x a m i n e d  us ing  both  opt ical  and  e lec t ron  
microscope t echn iques  and  in m a n y  cases e lec t ron  
dif f ract ion techniques .  It  was not  possible  to ex-  
a m i n e  the  surfaces  d i rec t ly  wi th  the e lec t ron  mic ro -  
scope, a n d  it was  there fore  necessary  to use a r e p -  
lica technique .  For  all  of these  s tudies  ca rbon  
repl icas  a p p r o x i m a t e l y  100A th ick  were  made  of the  
surfaces  (3) .  These were  r emoved  us ing  a s t r ipp ing  
so lu t ion  such as 10% KCN, 1:1 or thophosphor ic  
acid wa te r  or 10% a m m o n i u m  persul fa te .  The 
s t r ipped repl icas  were  m o u n t e d  on the  usua l  200 
mesh,  ~/s in. d i ame te r  grids, and  these were  t h e n  
shadowed  wi th  Cr, P t - 2 0 %  Pd, or Pd  (4) .  The  
angle  of shadowing  va r i ed  f rom 5 ~ to 30 ~ , d e p e n d -  
ing on the appea rance  of the surface as ind ica ted  in 
the opt ical  microscope,  the  lower  shadowing  angle  
be ing  used for the smoother  surfaces.  The shadowed  
repl icas  were  e x a m i n e d  wi th  the  RCA EMU-3B 
e lec t ron  microscope opera ted  at 50 or 100 kv. 

In  a few cases, the  reac t ion  p roduc t  was s t r ipped  
f rom the  copper  surface  us ing  a modif ica t ion of the  
e lect rolyt ic  s t r ipp ing  t e chn ique  descr ibed by  Harr is ,  
Ball,  and  G w a t h m e y  (5) .  These s t r ipped  films were  
t hen  e x a m i n e d  by  t r a n s m i s s i o n  e lec t ron  microscopy 
and  e lec t ron  diffraction.  In  order  to d e t e r m i n e  the  
surface  p roduc t s  and  the i r  s t r uc tu r a l  r e la t ionsh ips  to 
the me t a l  subs t ra te ,  r ep re sen t a t i ve  spec imens  were  
e x a m i n e d  wi th  h igh  vol tage  e lec t ron  diffract ion 
(60-80 k v ) ,  u t i l i z ing  reflect ion t echn iques  (6) .  In  

these cases, af ter  react ion,  washing ,  and  d ry ing ,  the  
spec imens  were  t r a n s f e r r e d  i m m e d i a t e l y  to the  
dif f ract ion appa ra tu s  in order  to min imize  the  pos-  
s ib i l i ty  of surface con tamina t ion .  

To d e t e r m i n e  the  impor t ance  of copper  ions in  
the  solut ion,  severa l  e x p e r i m e n t s  we re  car r ied  out  
us ing  a solut ion of 50 g / l i t e r  of K~SO~ ins tead  of 
CuSO~. 

Experimental Results 
Oxida t ion  of a spher ica l  c rys ta l  of copper  in  d r y  

oxygen  gas gave a s y m m e t r i c a l  "ox ida t ion  p a t t e r n "  
of b r i l l i a n t  colors (2) .  A b lack  and  wh i t e  pho to-  
g raph  of such a p a t t e r n  is shown in  Fig. la .  Such  a 
p a t t e r n  was  due to the i n t e r f e r ence  colors fo rmed  
wi th  d i f ferent  th icknesses  of oxide on di f ferent  
c rys ta l  faces. In  the  p re sen t  s tudy,  s imi la r  ox ida t ion  
p a t t e r n s  were  fo rmed  w h e n  e lect ropol ished crys ta ls  
were  i m m e r s e d  in  an  aqueous  so lu t ion  of CuSO~ at 
25~ which  con ta ined  dissolved oxygen.  W i t h  ca re -  
ful  surface  p repa ra t ion ,  these p a t t e r n s  we re  easi ly  
reproducib le .  A typ ica l  ox ida t ion  p a t t e r n  fo rmed  
u n d e r  these  condi t ions  af ter  an  i m m e r s i o n  t ime  of 
1 m i n  is shown  in  Fig.  lb .  Reflect ion e lec t ron  d i f -  
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Fig. 1. Oxidation patterns on spherical copper single crys- 
tals: a, 20-min oxidation in oxygen at 250~ at atmos- 
pheric pressure; b, l-rain oxidation in aqueous CuSO, at 
25~ pH 3.8. 

f rac t ion  showed tha t  the surface  p roduc t  was  Cu20. 
I t  was obvious  for the  i m m e r s e d  spec imens  t ha t  
there  were  differences in  the  ox ida t ion  on  the  d i f -  
f e r en t  c rys ta l  faces, a l though  the  p a t t e r n s  were  not  
as s t r i k ing  as in  the  case of d r y  ox ida t ion  in  oxygen.  
T r a n s m i s s i o n  e lec t ron  dif f ract ion s tudies  on s t r ipped  
oxide films a nd  m e a s u r e m e n t s  of shadow heights  
on e lec t ron  mic rographs  of repl icas  ind ica ted  tha t  
most  of the  oxide was g rea te r  t h a n  1000A th ick  
af ter  an  i m m e r s i o n  t ime  of 5 m i n  in  the  CuSO4 
solut ion.  This  is to be  compared  w i th  a n  oxide 
th ickness  of less t h a n  100A for d ry  ox ida t ion  of 
copper  at 25~ over  a per iod  of months ,  (7) and  of 
70A for ox ida t ion  of copper  in  pu re  w a t e r  at  25~ 
for  a per iod of 8 hr  (8) .  The  ra te  of ox ida t ion  was  
there fore  m u c h  fas ter  for crys ta ls  i m m e r s e d  in  
CuSO4 solu t ion  t h a n  for those exposed to d r y  oxy -  
gen or to w a t e r  con t a in ing  oxygen  at  the  same 
t empera tu r e .  

In  order  to observe  the  s t r u c t u r a l  detai ls  of the  
oxide fo rma t ion  on the  di f ferent  c rys ta l  faces of 
copper,  flat faces pa ra l l e l  to specific c rys ta l  p lanes  
w e r e  i m m e r s e d  in  CuSO, solut ions.  In  this  w a y  
differences due  to c rys ta l  face and  the  effects of 
t ime  of i m m e r s i o n  could be s tudied.  

Back reflect ion x - r a y  diffract ion p a t t e r n s  of the  
fiat faces ind ica ted  tha t  the  cold w o r k e d  surface  
l ayer  p roduced  by  the  mechan i ca l  pol ish was  r e -  
m o v e d  b y  the  electropolish.  E lec t ron  mic rographs  of 
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c a r b o n  r ep l i ca s  of the  m e t a l  su r f ace  a f t e r  e l e c t r o -  
po l i sh ing  and  a n n e a l i n g  show no i nd i ca t i ons  of  
p i t t ing ,  f ace t  d e v e l o p m e n t ,  or  o t h e r  t y p e  of r o u g h -  
ness.  The  su r f aces  w e r e  v e r y  smooth  w i t h  on ly  a 
s l igh t  w a v i n e s s  of t he  o r d e r  of 2 ~ The  m i c r o g r a p h  
is no t  r e p r o d u c e d  h e r e  s ince  i t  w o u l d  a p p e a r  on ly  
as a p l a i n  g r a y  area .  E l e c t r o n  d i f f r ac t ion  p a t t e r n s  
s h o w e d  s h a r p  K i k u c h i  l ines .  

The  effect  of t ime  of i m m e r s i o n  on the  o x i d a t i o n  
was  s t u d i e d  on five c r y s t a l  faces,  t he  (110) ,  (100) ,  
(111) ,  (210) ,  and  (311) for  i m m e r s i o n  t imes  f r o m  
30 sec to 90 h r  a t  a so lu t ion  t e m p e r a t u r e  of 25~ 
F i g u r e  2 shows  the  r e su l t s  of th is  s t u d y  on t h e  
(110) face  for  r e p r e s e n t a t i v e  i m m e r s i o n  t imes  of 30 
sec, 24 hr ,  and  60 hr.  F i g u r e  3 shows  the  r e su l t s  on 
the  (100) ,  (111) ,  (210) ,  a n d  (311) faces  for  an  i m -  
m e r s i o n  t i m e  of 60 hr .  The  r e su l t s  a t  30 sec a n d  24 
h r  for  t he se  faces  w e r e  s i m i l a r  to the  (110) ,  t h e  
m a j o r  d i f fe rences  b e i n g  the  shapes  of the  o x i d e  
g r o w t h s  a n d  the  r e l a t i v e  c o v e r a g e  of t he  su r f ace  b y  
t h e  oxide .  

W e l l - s h a p e d  p o l y h e d r a  of  Cu~O s ing le  c r y s t a l s  
v a r y i n g  in  d i a m e t e r  f r o m  300-3000A w e r e  p r e s e n t  
on a l l  faces  a f t e r  30 sec in CuSO,.  The  c o v e r a g e  of 
the  su r f ace  v a r i e d  f r o m  face  to face,  b u t  in no case  
was  t h e r e  a c o m p l e t e  c o v e r a g e  of t h e  su r f ace  b y  the  
p o l y h e d r a .  F o r  o x i d e  c r y s t a l s  1000A in d i a m e t e r  the  
he igh t s  of t he se  p o l y h e d r a  as d e t e r m i n e d  f r o m  
s h a d o w  l eng th s  w e r e  r o u g h l y  500-700A. The  ox ide  
p o l y h e d r a  g r e w  l a r g e r  w i t h  t ime.  This  g r o w t h  was  
bo th  p a r a l l e l  and  n o r m a l  to the  coppe r  sur face .  
A f t e r  24 h r  the  ox ide  p o l y h e d r a  had  g r o w n  t o g e t h e r  
so as  to g ive  a m o r e  c o m p l e t e  c o v e r a g e  of t he  s u r -  
face,  w i t h  m a n y  i n d i v i d u a l  c r y s t a l s  20,000-30,000A 
in d i a m e t e r ,  a l t h o u g h  some of 1000A or  less w e r e  
s t i l l  p r e sen t .  The  p H  of t he  so lu t ion  h a d  c h a n g e d  
f r o m  3.8 to 3.4 in th is  p e r i o d  of t ime .  

A f t e r  60 h r  in  CuSO,,  t he  a p p e a r a n c e  of  t he  s u r -  
face  was  m u c h  m o r e  compl i ca t ed .  The  c o v e r a g e  of 
t he  su r f ace  was  r a t h e r  uneven ,  some a r e a s  be ing  
a lmos t  c o m p l e t e l y  cove red  w i t h  l a r g e  ox ide  p o l y -  
h e d r a  w h i c h  h a d  g r o w n  t o g e t h e r  as  in Fig .  3b a n d  

Fig. 2. Effect of immersion time on the oxidation of an- 
nealed (110) face of copper in CuSO~ solution at 25~ a, 
30 sec, pH 3.8; b, 24 hr, pH 3.4; c and d, 60 hr, pH 3.2. 
Magnification 3S00X before reduction for publicotion. 

Fig. 3. Appearance of surfaces after 60-hr immersion in 
CuSO4 solution at 25~ pH 3.2; a, (100) face; b, (111) face; 
c, (210) fa:e; d, (311) face. Magnification 3500X before 
reduction for publication. 

Fig. 4. Etch pits and oxide polyhedro on (210) face after 
60-hr immersion in CuSO4 solution at 25~ pH 3.2. Mag- 
nifi'cation 6200X before reduction for publication. 

3c. O t h e r  a r eas  w e r e  on ly  p a r t i a l l y  c o v e r e d  as  in  
Fig .  3a a n d  3d, a n d  some a r e a s  w e r e  a l m o s t  f r e e  of 
l a r g e  ox ide  f igures  as s h o w n  in  Fig .  4. These  l a t t e r  
r eg ions  f r e q u e n t l y  s h o w e d  a c o n s i d e r a b l e  a m o u n t  
of e t ch ing  of t h e  m e t a l  sur face ,  in a d d i t i o n  to s m a l l  
ox ide  p o l y h e d r a .  This  e t ch ing  was  u s u a l l y  in  t he  
f o r m  of w e l l - s h a p e d  e tch  pi ts .  This  i s  s h o w n  in Fig .  
4. I t  was  also a p p a r e n t  t h a t  some e tch ing  of the  
l a r g e r  o x i d e  p o l y h e d r a  h a d  t a k e n  p l ace  (F ig .  3c) .  
Some  of the  ox ide  c rys t a l s  w e r e  as l a r g e  as 300,000A 
(30 ~) in d i a m e t e r ,  w h e r e a s  o the r s  w e r e  on ly  of t h e  
o r d e r  of 1000A. The  p H  of t h e  so lu t ion  a t  t he  end  of 
60 h r  h a d  c h a n g e d  f r o m  3.8 to 3.2. 

A f t e r  90 hou r s '  i m m e r s i o n  the  s p e c i m e n  su r faces  
we re  s im i l a r  to t he  60 -h r  spec imens ,  e x c e p t  t ha t  
c o n s i d e r a b l y  m o r e  e t ch ing  bo th  of the  ox ide  and  of 
the  m e t a l  su r f ace  h a d  t a k e n  place .  

Both  op t ica l  and  e l ec t ron  mic roscop ic  e x a m i n a -  
t ion  of spec imens  a f t e r  24-,  60-,  and  90 -h r  i m m e r -  
s ion showed  t h a t  t he  l a r g e r  o x i d e  p o l y h e d r a  u s u a l l y  
had  c o m p l e x  s tep  and  sp i r a l  s t r u c t u r e s  p r e s e n t  on 
the i r  sur faces .  I n  mos t  cases  t he  sp i r a l s  w e r e  p r e s e n t  
on the  (111) su r faces  of t he  oxide .  The  sp i r a l s  w e r e  
o b s e r v e d  on ly  once on a n o t h e r  ox ide  face,  t he  (100) .  
F i g u r e  5 shows an  e x a m p l e  of a s p i r a l  on t h e  (111) 
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Fig. 5. Spiral growth on (111) surface of Cu20 formed on 
the (100) face of copper immersed for 60 hr in CuSO~ solu- 
tion at 25~ pH 3.2. Magnif ication 6200X before reduction 
for publication. 

face of Cu~O. The  step he ight  of the  spirals  was 
d e t e r m i n e d  f rom the  shadows and  was in  the r a n g e  
100-20OA. No spirals  were  observed  on the sma l l e r  
oxide growths .  I n  gene ra l  the  sp i ra l  sys tems were  
more  complex  t h a n  tha t  shown  in  Fig. 5 and  f re -  
q u e n t l y  more  t h a n  one sp i ra l  sys tem was p r e se n t  
on a g iven  oxide crystal .  A more  complex  sp i ra l  
sys tem can  be seen on the  la rge  oxide p o l y h e d r o n  
in  Fig. 3a. 

Both e lec t ron  dif f ract ion and  e lec t ron  microscopy 
showed tha t  the  oxide g rew such tha t  the re  were  
specific ep i tax ia l  r e la t ionsh ips  b e t w e e n  the  oxide 
and  the  me ta l  o n  the di f ferent  c rys ta l  faces. These  
resul t s  wi l l  be  rePor ted  in  more  deta i l  e l sewhere  
(1) .  In  genera l  the o r i en t a t i on  re la t ionsh ips  were  
the same as those p rev ious ly  d e t e r m i n e d  for d r y  
ox ida t ion  by  Lawless  and  G w a t h m e y  (9) ,  and  for 
ox ida t ion  in  p u r e  wa t e r  by  K r u g e r  (8) ,  and  Lawless  
(7) .  

The v e r y  ea r ly  stages of the  oxide g rowth  were  
s tudied  on spec imens  which  had  been  i m m e r s e d  for 
15 sec. The oxide f i lm was s t r ipped  f rom the  copper  
e lec t ro ly t ica l ly  and  e x a m i n e d  by  the  e lec t ron  m i -  
croscope. F igu re  5a shows the  appea rance  of the  ox-  
ide on the  (100) face of copper.  The  s imi l a r i t y  of 
this  to e lec t ron  mic rographs  of the ea r ly  stage of d r y  
ox ida t ion  at  150~ (5, 7) was  s t r ik ing.  At  h igher  
magni f ica t ions  the da rk  oxide crys ta ls  showed the  
same shapes as appear  in  Fig. 3. E lec t ron  di f f ract ion 
(Fig. 6b) ind ica ted  tha t  no t  on ly  w e l l - o r i e n t e d  s ingle  
c rys ta l  par t ic les  of oxide b u t  also a con t inuous  
po lyc rys t a l l i ne  t h i n  film of Cu~O were  present .  
These dif f ract ion s tudies  ind ica ted  t ha t  the  t h i c k -  
ness of this  th in  film was ce r t a in ly  less t h a n  50• a nd  
p r o b a b l y  less t h a n  20/k. 

Cu..O also fo rmed  on crys ta ls  which  w e r e  i m -  
mersed  in  an  aqueous  so lu t ion  of I~SO4, b u t  at  a 
ra te  m u c h  s lower  t h a n  tha t  for  crys ta ls  i m m e r s e d  
in  an  aqueous  so lu t ion  of CuSO,. The a m o u n t  of 
oxide fo rmed  in  an  hou r  was  of the  same order  of 
m a g n i t u d e  as the  a m o u n t  fo rmed  on a c rys ta l  i m -  
mersed  in  d is t i l led  w a t e r  (8) .  

The oxide on the  sur face  of a copper  c rys ta l  
could be dissolved b y  d ipp ing  the  c rys ta l  in  a 10% 
HC1 so lu t ion  for abou t  15 sec. W h e n  this  e x p e r i m e n t  
was  car r ied  out for a c rys ta l  on which  oxide had  

Fig. 6. Oxidation of (100) face of copper in aqueous CuS04 
solution at 25~ immersion time 1.5 sec: a, electron micro- 
graph of stripped oxide, magnification 12,000X before re- 
duction for publication; b, transmission electron diffraction 
pattern of stripped oxide. 

been  fo rmed  by  i m m e r s i o n  in  CuSO4, the  oxide dis-  
solved l e a v i ng  a b r igh t  copper  sur face  showing  no 
a p p a r e n t  roughness  or e tch ing  of the  me t a l  surface.  
W h e n  the same e x p e r i m e n t  was  ca r r i ed  out  u s ing  
a c rys ta l  w i th  an  oxide film of comparab l e  th i ck -  
ness  which  was fo rmed  by  oxida t ion  in  d r y  oxygen  
gas, the  sur face  appea red  r o u g h e n e d  a n d  faceted. 

Discussion 
The resul t s  of this  s tudy  revea led  some of the  ex -  

t r e m e  complexi t ies  a r i s ing  in  the  ox ida t ion  e r a  
me t a l  in  an  aqueous  sal t  solut ion.  A n y  comple te ly  
sa t is factory  m e c h a n i s m  for the  reac t ion  of copper  
in  aqueous  CuSO, so lu t ion  m u s t  exp la in  the  rap id  
g rowth  of i n d i v i d u a l  Cu~O polyhedra ,  the  p resence  
of spira ls  on the oxide, and  the  p resence  of bo th  
etch pi ts  and  oxide figures on the same  surface.  

F o r m a t i o n  of oxide on the  copper  i m m e r s e d  in  
this so lu t ion  was  d e p e n d e n t  on the  pH of the  so lu-  
t ion. Cu.~O was the  on ly  oxide observed  in  these  
s tudies  in  which  the  pH r anged  f rom 3.8 to 3.2. At  
a pH be low 3 on ly  e t ch ing  of the  copper  was  ob-  
served.  The  resul t s  u n d e r  these condi t ions  do no t  
appear  to be i m p o r t a n t  to this  discussion and  wi l l  be  
t r ea ted  elsewhere.  The  f o r ma t i on  of Cu~O only  was  
to be expected  on  the  basis  of the  w o r k  of P o u r b a i x  
(10) since this  is the on ly  oxide s table  in  the  pH 
range  3.8 to 3.2. 

I t  was  obvious  f rom the  i r r e gu l a r  th ickness  of 
the  oxide as shown  in  the  mic rographs  tha t  ra te  
me a su r e me n t s ,  in  the  u sua l  sense of the  word,  
wou ld  have  l imi ted  va lue  for reac t ions  of this  n a -  
ture,  even  w h e n  m a d e  on ca re fu l ly  p r epa red  s ing le -  
c rys ta l  surfaces.  However ,  it  was  a p p a r e n t  t ha t  the  
tota l  a m o u n t  of ox ida t ion  on a g iven  a rea  of surface  
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was much greater when the crystal was immersed 
in the CuSO~ solution than when immersed in pure 
water or when oxidized in dry oxygen at the same 
temperature for the same length of time. The role 
of the aqueous salt solution is probably a twofold 
one of providing an easier path for the flow of elec- 
trons and ions and a readily available source of 
copper ions, thus enabling a more rapid oxidation to 
occur. 

A cons is ten t  m e c h a n i s m  which  can  exp l a i n  the  
oxide fo rma t ion  can be a r r ived  at f rom the da ta  
ava i l ab l e  in  the  mic rographs  and  di f f ract ion pa t -  
t e rns  and  f rom theore t ica l  cons idera t ions .  A t h i n  
po lye rys t a l l i ne  fi lm of Cu~O, 20-30A thick, was  
fo rmed  a lmos t  immed ia t e ly ,  cover ing  the  whole  
me t a l  surface.  The  e lec t ron  dif f ract ion p a t t e r n s  i n -  
d icated tha t  such a film was fo rmed  in  these  studies,  
and  e x p e r i m e n t a l  and  theore t ica l  w o r k  by  Hoar  a nd  
Evans  (11) suggested tha t  the  f o r m a t i o n  of a t h i n  
compact  oxide film was the  in i t i a l  s tage for m a n y  
reac t ions  in  aqueous  sal t  solut ions.  S tudies  on oxi -  
da t ion  in  d ry  oxygen  (5) also ind ica ted  tha t  the  
fo rma t ion  of a t h i n  po lyc rys t a l l i ne  oxide was  the  
in i t i a l  s tage of ox ida t ion  in  tha t  case. 

This in i t i a l  oxide fi lm con ta ined  m a n y  g r a i n  
b o u n d a r i e s  and  p r o b a b l y  a la rge  n u m b e r  of i m p e r -  
fections. In  air  at  25~ the  s u b s e q u e n t  g rowth  of 
this  base film was e x t r e m e l y  slow, whereas  in  
aqueous  CuSO, so lu t ion  ce r ta in  oxide  nuc le i  in  the  
base  film con t inued  the i r  g rowth  at  a ve ry  rap id  
rate ,  as seen in  Fig. 2-6. W h y  should  ce r ta in  of 
these oxide crys ta ls  have  con t i nued  to grow r a p i d l y  
whi le  others  essen t ia l ly  s topped g rowing  or, at  best,  
g rew only  s lowly? Firs t ,  it was  a p p a r e n t  f rom the  
dif f ract ion p a t t e r n s  t ha t  the  crysta ls  which  g rew 
r ap id ly  were  wel l  o r ien ted  w i th  respect  to the  base  
meta l .  Second,  d u r i n g  the  la te r  stages of g rowth  it 
was a p p a r e n t  tha t  imper fec t ions  in  the  oxide po ly -  
hed ra  were  p l ay ing  an  i m p o r t a n t  role in  the  con-  
t i n u e d  g rowth  of the oxide. It  is p robab l e  tha t  i m -  
per fec t ions  in  the in i t i a l  t h i n  film were  i m p o r t a n t  
as well .  It  seems l ikely,  therefore ,  tha t  the  oxide 
crys ta ls  in  the  base film which  con t i nued  to grow 
rap id ly  were  those which  had  a specific o r i en ta t ion  
w i th  respect  to a p a r t i c u l a r  face, and  which  had  the  
p roper  n u m b e r  and  type  of imper fec t ions  necessa ry  
for con t i nued  r ap id  growth.  

I t  is now necessary  to exp l a in  how these specific 
oxide crys ta ls  could grow so m u c h  fas ter  in  aqueous  
CuSO, t h a n  in  pure  wa t e r  or d ry  oxygen.  T he  fact  
t ha t  oxide fo rma t ion  was  m u c h  s lower  in  an  aqueous  
so lu t ion  of K~SO4 t h a n  in  CuSO4 is an  ind ica t ion  of 
the  impor t ance  of the  copper  ions in  the  solut ion.  
In  addi t ion,  the  fact tha t  the  me ta l  surface  was  no t  
r o u g h e n e d  apprec i ab ly  by  the  fo rma t ion  of a th ick  
oxide is pe rhaps  f u r t h e r  ev idence  tha t  the  b u l k  of 
the  copper ions conver t ed  to oxide came f rom the  
so lu t ion  r a t h e r  t h a n  f rom the  metal .  It  seems l ikely ,  
therefore ,  tha t  af ter  the  in i t i a l  f o rma t ion  of the  t h in  
oxide film, for which  copper  ions wou ld  be ava i l ab le  
bo th  f rom the me ta l  and  f rom the solut ion,  the  b u l k  
of the  oxide is p roduced  by  reac t ion  of copper ions 
f rom the CuSO, solut ion.  

The  in i t i a l  oxide film could be p roduced  e i ther  by  
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reac t ion  of copper w i th  oxygen  adsorbed  on the  su r -  
face f rom solu t ion  

2Cu + 1/20~--> Cu~O [1] 

or by  reac t ion  of cuprous  ions w i th  w a t e r  or hy -  
d roxy l  ion 

2Cu + + 2 0 H - - ~  Cu~O + H~O [2] 

In  these e x p e r i m e n t s  it  was  no t  possible  to d i s t i n -  
guish b e t w e e n  these  possibi l i t ies .  

The  subsequen t  g rowth  of the oxide could take  
place e i ther  by  reac t ion  [2] above or b y  the  reac-  
t ion  of Cu ~+ ions w i th  w a t e r  at  su i t ab le  sites on the  
sur face  where  e lec t rons  wou ld  be ava i l ab le  [3].  

2Cu ++ + 2e- + HfO --> CufO + 2H + [3] 

This is of course essentially the same reaction as 
[2], only assuming the reduction of cupric ion to 
cuprous ion at suitable reduction sites on the oxide 
surface. Since this is a reduction, an oxidation re- 
action is necessary also. Two possible oxidation re- 
actions are 

and 

Cu--+ Cu + + e- [4] 

Cu---> Cu ++ + 2 e -  [5] 

Accord ing  to Hoar  a nd  Evans  (11) it  wou ld  be pos-  
sible for me ta l  ions to go into so lu t ion  w i th  m i g r a -  
t ion  of these  ions t h r o u g h  an  oxide film on the  me ta l  
surface.  This  wou ld  be expected  to take  place at  im-  
per fec t ions  in  the  oxide such as w ou l d  be c rea ted  by  
la t t ice  defects or g ra in  boundar ies ,  or at  v e r y  t h in  
regions of the  oxide. S ince  we  are  concerned  wi th  a 
ve ry  t h i n  oxide film, t u n n e l l i n g  of e lec t rons  can  take  
place se t t ing  up  a s t rong electr ic  field which  wou ld  
assist the  m o v e m e n t  of me t a l  ions t h r o u g h  the  
oxide (12).  

If the copper sur face  is no t  comple te ly  covered 
wi th  an  oxide film, in  add i t ion  to reac t ions  [4] and  
[5],  an  add i t iona l  r eac t ion  can  occur 

Cu + Cu++--> 2Cu + [6] 

Although it seems likely that in the oxygen contain- 
ing CuSO~ solution a continuous film of oxide would 
be present on the copper surface, it is not possible 
from these experiments to conclude definitely that 
there are no regions on the surface which are free of 
oxide. There is therefore a possibility that reaction 
[6] does occur in the aerated solution. The fact that 
appreciable etching of the copper surface does not 
occur until the pH has decreased considerably would 
indicate that the extent of this reaction is at best 
rather small in the early stages of the reaction. If a 
copper crystal having a thin air-formed oxide film 
on its surface is immersed in aqueous CuSO~, addi- 
tional oxide is formed. This is further evidence that 
reaction [6] is not important in the early stages of 
the reaction. 

In some preliminary experiments using deaerated 
aqueous CuSO4 it was found that oxide formed on 
the copper crystal apparently as rapidly as in the 
experiments with aerated CuSO4. Similarly, over a 
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per iod of 24 hr  the pH of the  deae ra t ed  so lu t ion  de-  
creased f rom 3.8 to 3.2. E lec t ron  microscope obser -  
va t ions  of the surfaces  of copper crys ta ls  i m m e r s e d  
in  deae ra t ed  CuSO~ solu t ion  showed the same type  
of oxide s t ruc tu res  as observed  wi th  oxygen  con-  
t a i n ing  solut ions.  The regions  b e t w e e n  the  oxide 
po lyhed ra  seemed, however ,  to be  e tched to a 
g rea te r  ex t en t  in  the e x p e r i m e n t s  w i th  deae ra ted  so- 
lu t ion.  This  could be a resu l t  of r eac t ion  [6] .  

The  s imi l a r i t y  b e t w e e n  the behav io r  of copper  in  
ae ra ted  and  deae ra t ed  CuSO~ solut ions  ind ica ted  
tha t  bas ica l ly  the  same oxide fo rma t ion  process was  
occur r ing  in  both  cases. This  is a p p a r e n t l y  reac t ion  
[2], 

2Cu § ~ 2 OH----> Cu.~O Jr H~O [2] 

E1 W a k k a d  (13),  however ,  s tates tha t  the so lub i l i ty  
p roduc t  for this r eac t ion  is not  exceeded for so lu-  
t ions  of the  concen t r a t i on  and  pH used in  these ex -  
pe r iments .  S ince  Cu20 is def in i te ly  fo rmed  in  these 
e x p e r i m e n t s  it seems p robab le  tha t  the va lue  for 
Ks~ of 7.18 x 10 -1~ t a k e n  by  E1 W a k k a d  (13) is too 
large and  tha t  the va lue  g iven  by  F e i t k n e c h t  (14) of 
1.5 x 10 -1~ is more  reasonable .  

A ca lcu la t ion  of the th ickness  of oxide fo rmed  on 
the copper  based on the  s to ich iomet ry  of Eq. [2] was  
m a d e  f rom the  pH change  and  gave a f igure of the  
r igh t  o rder  of magn i tude .  I t  was  no t  possible  to 
m a k e  an  exact  compar i son  since the  th ickness  i r -  
r e g u l a r i t y  of the  oxide growths  made  it imposs ib le  
to get more  t h a n  an  a p p r o x i m a t e  average  th ickness  
for the  ac tua l  oxide formed.  The exact  concen t r a t i on  
of Cu * ion in  the  o r ig ina l  so lu t ion  was  no t  measured ,  
bu t  the  m a x i m u m  concen t r a t i on  possible can  be ca l -  
cu la ted  f rom the so lub i l i ty  product .  This  a m o u n t  of 
Cu § ion is less t h a n  the  a m o u n t  needed  to fo rm the  
observed  a m o u n t  of oxide and  therefore  add i t iona l  
Cu § ions m u s t  be  fo rmed  e i ther  f rom the me t a l  by  
reac t ion  [4],  f rom the  so lu t ion  by  r educ t ion  of Cu ++ 
ions at su i tab le  r educ t ion  sites on the  surface,  or by  
reac t ion  [6] if ba re  places are ava i l ab le  on the  me ta l  
surface.  

It  is possible tha t  in  the  aqueous  so lu t ion  of CuSO4 
con t a in ing  oxygen  wh ich  was used for most  of these 
e x p e r i m e n t s  tha t  the  reac t ion  

1/~O~ -t- H~O + 2e- ---> 2 OH- [7] 

is of impor tance .  This  reac t ion  at  the  oxide sur face  
could p roduce  local ly  a h igher  OH- concen t r a t i on  
m a k i n g  it easier  to exceed the K ~  in  ae ra ted  solu-  
t ions. F r o m  the e x p e r i m e n t s  w i th  deae ra ted  solu-  
t ions, however ,  r eac t ion  [7] does no t  seem to be  
necessa ry  for the oxide fo rma t ion  in  these  expe r i -  
ments .  

I t  seems probable ,  therefore ,  tha t  r eac t ion  [2] is 
the  m a i n  process respons ib le  for the  oxide f o r m a t i o n  
w i th  e i ther  reac t ion  [3],  [4],  or [6] be ing  respons i -  
b le  for the  convers ion  of add i t iona l  copper  or cupr ic  
ions to cuprous  ions. This  l a t t e r  po in t  c anno t  be  
set t led conc lus ive ly  f rom the  e x p e r i m e n t a l  da ta  
ava i l ab le  at  this t ime.  This  reac t ion  [2] wou l d  lead  
to a decreased pH as observed.  The  reac t ion  w ou l d  
t ake  place on the surface  of p a r t i c u l a r  oxide c rys t a l -  
l i tes whe re  the  oxide g rowth  is ene rge t i ca l ly  mos t  

favorable .  The oxide wi l l  f o rm r a p i d l y  since in i t i a l ly  
copper  ions are r ead i ly  ava i l ab le  f rom the  so lu t ion  
for reac t ion  w i t hou t  the  necess i ty  for diffusion 
th rough  the  b u l k  of l a rge  oxide crystals .  The  oxide 
po lyhed ra  can  t hen  con t inue  to grow prov ided  a 
su i t ab le  m e c h a n i s m  for t he i r  g rowth  is ava i lab le .  

I t  has been  show n  theore t i ca l ly  (15) a nd  expe r i -  
m e n t a l l y  (16) tha t  the  emergence  of a screw dis lo-  
ca t ion  on a c rys ta l  face provides  a m e c h a n i s m  for  
con t inued  rap id  c rys ta l  g rowth  wi thou t  the  necess i ty  
of t w o - d i m e n s i o n a l  n u c l e a t i o n  on the  surface.  In  this  
s tudy  the l a rger  oxide po l yhe d r a  i n v a r i a b l y  showed 
spi ra l  or step g rowth  fea tu res  for t imes  of i m m e r -  
s ion of 24 hr  or more.  This  ind ica ted  s t rong ly  tha t  
the rap id  g rowth  of these po lyhed ra  in  the  l a t e r  
stages of g rowth  "was due  to the p resence  of screw 
dis locat ions  in  the  oxide. The  p resence  of comple te  
spirals  on the surfaces was  also a good ind ica t ion ,  
t ha t  the  g rowth  was  c o n t i n u i n g  by  me a ns  of v o l u m e  
diffusion of copper  ions a nd  no t  by  surface  diffusion 
or diffusion t h r ough  the  b u l k  of the oxide. I t  is p rob -  
able  tha t  the spirals  we re  no t  observed  at the  ear l ie r  
stages of ox ida t ion  because  of the smal l  size of the  
oxide par t ic les  and  the  difficulty of shadowing  such 
smal l  step heights.  The  screw dis locat ions ap -  
p a r e n t l y  had  large  Burge r s  vectors  which  were  
s tabi l ized  by  the  p resence  of impur i t i e s  (17) .  This  
type  of imper fec t ion  could ar ise  at  a n y  stage in  the  
oxide g rowth  because  of stresses in the  oxide or the  
g rowing  toge ther  of two or more  s l ight ly  d i sor ien ted  
oxide crystals .  

Copper  spec imens  i m m e r s e d  for 24 hr  or more  in  
the  CuSO, so lu t ion  showed e tching  of bo th  the me ta l  
a nd  the  oxide po lyhedra .  This  occurred  w i th  an  a t -  
t e n d a n t  decrease in  the  pH of the  solut ion.  Accord-  
ing to reac t ion  [2],  a decrease in  the  p l l  of the so lu-  
t ion  was  to be  expected because  of the  decrease in  
h y d r o x y l  ion d u r i n g  the  react ion.  At  a pH of 3.2, a 
s tate  ve ry  close to e q u i l i b r i u m  is a t t a i n e d  and  it  
m i gh t  be expected  tha t  some solu t ion  of the  oxide 
wou ld  occur at h igh ene rgy  sites of the  oxide. Since 
the  t h i n  oxide film p r o b a b l y  consis ted of m a n y  i m -  
perfect  crysta ls  w i th  n u m e r o u s  g ra in  boundar ies ,  it  
wou ld  be more  subjec t  to a t t ack  t h a n  the more  pe r -  
fect oxide po lyhedra .  Thus  the  t h in  oxide wou ld  
dissolve or pa r t i a l l y  dissolve at  specific sites and  
e tch ing  of the me t a l  could occur. The  t h i n  oxide  fi lm 
is p r o b a b l y  r e - f o r m e d  at  these  sites f a i r ly  r ap id ly  
af ter  its solut ion.  Imper fec t ions  in  the  oxide po ly -  
hed ra  wou ld  also p rov ide  high ene rgy  sites wh ich  
wou ld  be sub jec t  to a t tack  by  the  H +, as observed.  

The exact  f unc t i on  of the  dissolved oxygen  in  the  
CuSO, so lu t ion  is no t  unders tood .  I t  wi l l  be neces-  
sa ry  to con t inue  e x p e r i m e n t s  in  which  the  oxygen  
has been  r e move d  comple te ly  f rom the  so lu t ion  be -  
fore this  po in t  can  be clarified. 

Summary 
W h e n  a copper  c rys ta l  was  i m m e r s e d  in  an  a q u e -  

ous CuSO4 so lu t ion  of pH 3.8, a t h i n  fi lm of Cu~O, 
20-30A thick,  fo rmed  i m m e d i a t e l y  over  the  whole  
surface.  P a r t i c u l a r  oxide crys ta ls  in  the  base fi lm 
con t inued  to grow at a r ap id  ra te  f o r mi ng  we l l -  
defined o r i en ted  po lyhed ra  showing  on ly  (111),  
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(100),  and  (110) faces. G r o w t h  spi ra ls  we re  ob-  
se rved  on the  la rger  oxide po lyhedra  af ter  i m m e r -  
s ion t ime  of 24 hr  or more.  Wi th  long  per iods of 
i m m e r s i o n  in  the  aqueous  so lu t ion  the  pH of the  
so lu t ion  decreased to 3.2, and  e tch ing  of bo th  the  
me ta l  surface  and  the oxide occurred.  The  rap id  fo r -  
ma t ion  and  g rowth  of the isolated oxide po lyhed ra  
was  exp l a ined  on the  basis  of a r ead i ly  ava i l ab le  
supp ly  of copper ions, bo th  f rom the  me ta l  and  f rom 
the  solut ion,  an  e lec t rochemica l  m e c h a n i s m  of reac -  
t ion, and  a d is locat ion m e c h a n i s m  of c rys ta l  growth .  

This  inves t iga t ion  has ind ica ted  the impor tance ,  
and  indeed  the  necessi ty,  of us ing  both  e lec t ron  m i -  
croscope t echn iques  and  ca re fu l ly  p r epa red  s ing le -  
c rys ta l  surfaces  if s tudies  of sur face  reac t ions  are  to 
have  any  mean ing .  Detai ls  of the me ta l  surface  or of 
the  t h in  oxide film s t ruc ture ,  which  are too smal l  to 
be resolved or seen c lea r ly  wi th  the  opt ical  m ic ro -  
scope, can be of the u tmos t  impor t ance  in  d e t e r m i n -  
ing the course of a chemica l  reac t ion  such as ox ida-  
t ion  or etching.  It  is t h rough  the s tudy  of such 
s t r u c t u r a l  factors at  the  h igh magni f ica t ions  possible  
on ly  w i th  the  e lec t ron microscope,  tha t  a be t t e r  u n -  
d e r s t a n d i n g  of corrosion processes can be obta ined.  
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Influence of Silicon on the High-Temperature Oxidation 
of Copper and Iron 
J. W. Evans and S. K. Chatterji 

Department of Metallurgy, University o~f Manchester, England 

ABSTRACT 

The effects of 1 at. % of silicon on the oxidation behavior of pure copper at 
850~176 and of pure iron at 950~176 have been studied by means of a 
thermobalance.  Silicon has a marked  effect on the oxidation of i ron but  re la-  
t ively li t t le on that of copper. The distinctive behavior  is a t t r ibuted main ly  to 
the different diffusivities of oxygen in the base metals. The depth of subscale 
formed in the iron alloy suggests that  the diffusivity of oxygen in  i ron is much 
faster than  is commonly supposed. 

The  h i g h - t e m p e r a t u r e  ox ida t ion  res i s tance  of 
m a n y  meta l s  is improved  by  smal l  addi t ions  of s i l i -  
con. The  benef ic ia l  effects of Si in  steel have  been  
d e m o n s t r a t e d  f r e q u e n t l y  and  the gene ra l  p a t t e r n  of 
ox ida t ion  behav io r  es tab l i shed  (1 -5 ) .  D u r i n g  ox ida -  
t ion  severa l  d is t inc t  l ayers  are formed.  A t  the  ou t -  
side surface  the re  is a v e r y  t h in  Fe.~Os layer ;  n e x t  to 
this  is a somewha t  th icker  m a g n e t i t e  l aye r  and  this  
is fo l lowed by  the th ickes t  l aye r  ad jacen t  to the  
m e t a l  ( abou t  90% at 800~176 wh ich  is wi is t i te  
or nons to ich iomet r i c  FeO. Because  the  ox ida t ion  of 

the  Fe in  the Si steel occurs a lmost  en t i r e ly  by  the  
o u t w a r d  diffusion of fe r rous  ions to the~ surface,  the  
Si concen t ra tes  at  the  o x i d e - m e t a l  in te r face  to fo rm 
a thin ,  coheren t  layer.  This  l ayer  m a y  consist  of 
f aya l i t e  (2FeO-SiO~) or silica, d e p e n d i n g  on the  Si 
con ten t  and  t empe ra tu r e .  

Si l icon has less effect on the  ox ida t ion  res i s tance  
of Cu t h a n  it has on Fe. A r ev i ew  of the  ox ida t ion  
behav io r  of Cu al loys r e l a t ing  to w o r k  up  to abou t  
1950 has been  g iven  by  Tylecote  (6) .  The ox ida t ion  
of a Cu - S i  al loy proceeds s imi l a r ly  to tha t  of Fe in  
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which  cat ionic  diffusion ou twards  of Cu ions occurs. 
The scale is p r i nc ipa l l y  cuprous  oxide wi th  a t h in  
outer  l ayer  of cupr ic  oxide. U n l i k e  Si in  Fe, h o w -  
ever,  the  Si does no t  i n v a r i a b l y  concen t ra t e  at the  
o x i d e - m e t a l  in te r face  bu t  m a y  we l l  a ccumula t e  in 
the alloy, the  precise  behav io r  depend ing  on the Si 
concen t r a t i on  in i t i a l ly  and  the  t empe ra tu r e .  For  ex -  
ample ,  Preece  and  D e n n i s o n  (7) found  tha t  a 2% 
S i - C u  al loy gave a layer  of silica at  the  m e t a l - o x i d e  
in te r face  on ly  be low 800~ This l ayer  was  absen t  
above this  t empe ra tu r e ,  and  above 900~ the Si ac- 
c u m u l a t e d  in  the  a l loy to such an  ex t en t  tha t  a l iq -  
u id  C u - S i  phase  was  formed.  

A d is t inc t ive  f ea tu re  of the ox ida t ion  of Cu al loys 
is the  fo rma t ion  of an  ex tens ive  subscale  caused by  
the r e l a t i ve ly  rap id  i n w a r d  diffusion of oxygen  into 
the a l loy which  prec ip i ta tes  f inely d i s semina ted  
silica t h r o u g h o u t  the me ta l  mat r ix .  Subscale  f o r m a -  
t ion  in  Cu alloys has been  inves t iga ted  tho rough ly  
by  Rhines ,  Johnson ,  and  A n d e r s o n  (8) ,  who d e m o n -  
s t ra ted  t ha t  the dep th  of subscale  was d e t e r m i n e d  
p r i nc ipa l l y  by  oxygen  diffusivity.  Subscale  fo rma-  
t ion in  F e - S i  al loys has been  observed bu t  no t  q u a n -  
t i t a t ive ly  inves t iga ted .  

In  this p resen t  work,  precise ra te  laws and  the i r  
t e m p e r a t u r e  dependence  have  been  d e t e r m i n e d  for 
pure  Cu and  Fe. The inf luence  of abou t  1 at. % Si on 
the ox ida t ion  ra te  of the pu re  meta l s  has been  
s tudied  at t e m p e r a t u r e s  b e t w e e n  800 ~ and  1200~ 
The  d is t inc t ive  behav io r  of Si in  each of these m e t -  
als is shown to be d e p e n d e n t  on the ex t en t  of sub -  
scale fo rma t ion  and  this  behav io r  has been  p a r t l y  
conf i rmed by  se lec t ive ly  oxidiz ing Si in  the al loys by  
the use of a cont ro l led  gas m i x t u r e  of h y d r o g e n  and  
w a t e r  vapor .  

Experimental 

Materials.--High-purity i ron  (C, 0.003% ; Si, 
0.002%; Mn, 0.004%; S, <0 .005%;  P, <0 .001%;  Cr, 
0.001%; A1, 0.001%) was ob ta ined  f rom the  Na-  
t iona l  Phys ica l  Labora to ry ,  Eng land .  

H i g h - p u r i t y  (OFHC)  Cu and  h i g h - p u r i t y  F e - S i  
and  C u - S i  al loys con t a in ing  0.52% and  0.61% Si, 
respect ively ,  were  suppl ied  by  Johnson  & Mat they  
Ltd. 

Spec imens  for ox ida t ion  tests were  cut f rom 1/s in. 
rol led str ip,  pol ished wi th  me ta l l u rg i ca l  e me r y  
paper ,  and  f inished w i t h  4-0 grade  to give a m i r r o r  
finish. Spec imens  were  degreased  w i th  ca rbon  t e t r a -  
chlor ide and  acetone i m m e d i a t e l y  before  in se r t ing  
in  the  furnace .  

Oxygen  and  h y d r o g e n  (<10  p p m  oxygen)  of com-  
merc ia l  p u r i t y  were  suppl ied  by  the Br i t i sh  Oxygen  
Company .  

Apparatus.--The reac t ion  ra te  of the pu re  meta l s  
and  al loys was d e t e r m i n e d  by  m e a n s  of a t h e r m o -  
balance .  A P t - w o u n d  res i s tance  fu rnace  was  used 
w i th  an  imperv ious  m u l l i t e  reac t ion  t ube  m o u n t e d  
ver t ica l ly .  T e m p e r a t u r e  control  was  m a i n t a i n e d  to 
___5~ over  a 3 in. cen t ra l  zone by  m e a n s  of a me -  
chan ica l  con t ro l le r  opera ted  b y  a P t / R h  t h e r m o -  
couple. Connec t ions  to the m u l l i t e  t ube  were  made  
in  P y r e x  glass w i th  Ara ld i t e  cemen t  and  these jo in t s  
were  wa t e r  cooled. 

I N F L U E N C E  O F  Si ON O X I D A T I O N  O F  C u  861 

The  ba l ance  consis ted s imply  of a prec is ion  glass 
spr ing  (ob ta ined  f rom St i l l  a nd  Cameron ,  London )  
suspended  f rom the  ins ide  of a g r o u n d  glass j o in t  
above the furnace .  The sens i t iv i ty  of the  spr ing  was  
a p p r o x i m a t e l y  43 m g / c m  ex tens ion  u n d e r  a load of 
1 g; Hooke's  l aw was obeyed over  ex tens ions  of 
severa l  cen t imete rs .  The  en t i r e  sp r ing  was m a i n -  
t a ined  v i r t u a l l y  at  room t empera tu r e ,  and  spec imens  
were  suspended  in  the hot  zone of the f u r na c e  by  a 
fine silica rod;  P t  wi re  was  used to suppor t  the s am-  
ples. The weigh t  changes  were  ob ta ined  by  m e a s u r -  
ing the  changes  in  spr ing  ex tens ion  w i th  a t r a v e l -  
ing microscope focused on a fine d a t u m  m a r k  on the  
spring.  Weigh t  changes  of be t t e r  t h a n  0.1 mg could 
be observed  w i t hou t  difficulty. 

The  usua l  a r r a n g e m e n t s  were  made  for e v a c u a t -  
ing the  f u r na c e  tube  and  for pass ing  d r y  or we t  
gases t h r ough  the system. 

The  usua l  p rocedure  for m a k i n g  a m e a s u r e m e n t  
was  as follows. The  f u r n a c e  was  b r o u g h t  to t e m -  
p e r a t u r e  a nd  the  g r o u n d  glass j o i n t  removed.  The  
spr ing  w i th  its silica rod and  me ta l  sample  sus-  
pended  f rom it was  ca re fu l ly  a t tached  to the  hook. 
Whi le  a r ap id  s t r eam of a rgon  was  f lowing t h rough  
the fu rnace  tube,  the  jo in t  and  spr ing  a s sembly  were  
lowered  into posit ion.  This  could be done  in  a few 
seconds and  the  fu rnace  t h e n  was evacuated .  The  
t r a ve l i ng  microscope was  focused on the  m a r k  on 
the spr ing  to ob ta in  the  in i t i a l  reading .  Dry  oxygen  
was admi t t ed  and  the weigh t  gains  fo l lowed by  ad-  
j u s t i ng  the microscope at  su i t ab le  i n t e rva l s  to co in-  
cide wi th  the d a t u m  m a r k ;  in i t ia l ly ,  r ead ings  were  
t a k e n  every  m i n u t e  and  for longer  i n t e rva l s  af ter  
the  first hour ;  r u n s  up  to 5 hr  we re  made.  P r e t r e a t -  
m e n t  of ce r t a in  spec imens  was  car r ied  out  by  hea t -  
ing t hem in  a s t r eam of hydrogen ,  s a tu ra t ed  w i th  
w a t e r  vapor  at room t empera tu r e ,  for 3 hr  at  the  
t e m p e r a t u r e  of s u b s e q u e n t  oxidat ion.  

Micrasect ions  were  s tud ied  on m a n y  spec imens  
and  the  th ickness  of va r ious  oxide layers  es t imated.  

Results 
Pure Copper.--The ox ida t ion  of p u r e  Cu fol lowed a 
smooth  parabol ic  law;  resu l t s  for 906 ~ 960 ~ and  
1002~ are shown in  Fig. 1. The l o g a r i t h m  of the  

830 

600 

4 
"t 4oo 

q 

2oo 

1002" r 

gO6 

t m~n 

Fig. 1. Oxidotion of pure Cu 
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T a b l e  I 

C u O ,  Cu.~O, 
T e m p e r a t u r e ,  ~  m m  m m  

906 0.019 0.286 
960 0.003 0.337 

1002 0.002 0.622 

T a b l e  II 

C u O ,  Cu~O, S u b s c a l e  
Temperature, ~ m m  m m  m m  

862 0.003 0.167 0.010 
912 0.004 0.257 0.117 
952 - -  - -  0.137 

1006 0.002 0.456 0.143 

parabol ic  r a t e  cons t an t  is p lo t ted  aga ins t  the  rec ip -  
rocal  of the  abso lu te  t e m p e r a t u r e  in  Fig. 3; f rom the 
slope of this  l ine,  the  usua l  A r r h e n i u s  equa t i on  
yie lds  an  ac t iva t ion  ene rgy  of 34.8 kcal  for the  oxi -  
da t ion  process. In  all  cases the oxide scale was f i rmly  
a d h e r e n t  and  w h e n  b r o k e n  disclosed a da rk  red 
l ayer  of Cu20 u n d e r n e a t h  the g r a y - b l a c k  surface  
CuO. The re la t ive  th icknesses  of the  two oxide 
layers  are g iven  in  Tab le  I. 
Copper--0.61% si l icon.--As wi th  pu re  Cu the oxi -  
da t ion  of the a l loy fol lowed a smooth  parabol ic  law:  
resul t s  for 862 ~ 912 ~ 952 ~ and  1006~ are shown  
in Fig. 2. The  ra tes  are s l ight ly  bu t  s igni f icant ly  
s lower  t h a n  the co r respond ing  va lues  for p u r e  Cu. 

The  l oga r i t hm of the  parabol ic  ra te  cons t an t  
aga ins t  the rec iprocal  of the  abso lu te  t e m p e r a t u r e  
is p lo t ted  in  Fig. 3. The slope of this  l ine  is ve ry  
close to tha t  for pu re  Cu, g iv ing  a ca lcu la ted  ac t iva -  
t ion  ene rgy  of 36 kcal  for the process. 

The  oxide scale was  s imi la r  to tha t  on Cu b u t  was  
less a d h e r e n t  and  t ended  to flake off d u r i n g  cooling. 
In  add i t ion  to the charac ter i s t ic  oxide layers  of Cu20 
and  CuO, the m i c r o s t r u c t u r e  of the  u n d e r l y i n g  me t a l  
showed a c lear ly  defined subscale,  p r e s u m a b l y  of 
p rec ip i ta ted  silica at g ra in  boundar ies .  

The  re la t ive  th icknesses  of the va r ious  layers  are 
g iven  in  Tab le  II. 
Copper--0.61% silicon after pre treatment  in we t  
hydrogen . - -Even  af ter  p r e t r e a t m e n t  in  we t  h y d r o -  
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Fig. 2. Oxidation of Cu-0.61% Si alloy 
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Fig. 3. Log k vs. 1 / T  for Cu and Cu-0 .61% Si 

gen, the  ox ida t ion  proceeded smooth ly  fo l lowing a 
parabol ic  ra te  law;  resul t s  for 952 ~ and  1006~ are 
shown in  Fig. 4. The ra tes  are s lower t h a n  for bo th  
pu re  Cu and  the u n t r e a t e d  alloy. 

Af te r  p r e t r e a t m e n t ,  bu t  before  oxidat ion,  the 
me ta l  surface appeared  qui te  b r igh t  a nd  free f rom 
a surface  film. 
Pure i ron . - -The  oxida t ion  curves  for p u r e  Fe  fol-  
lowed smooth pa rabo las ;  r esu l t s  for 810 ~ 864 ~ 910 ~ 
984 ~ and  998~ are shown in  Fig. 5. F r o m  the g raph  
of the  l oga r i t hm of the ra te  cons tan t  aga ins t  the  
rec iprocal  of the  absolu te  t e m p e r a t u r e  (Fig. 6),  the 
ac t iva t ion  ene rgy  for the process is ca lcu la ted  to be 
34.3 kcal.  

Below 900~ the surface l ayer  had a velvet ,  
da rk  red appea rance  whereas  above this  t e m p e r a -  
tu re  the color was  meta l l i c  gray.  The scale was 
f i rmly  adheren t ,  bu t  it could be r e move d  by  l igh t  
h a m m e r i n g .  Microscopical ly,  th ree  oxide layers  
could be read i ly  d is t inguished ,  viz., a ve ry  t h i n  ou te r  
l ayer  of Fe~O3, a th icker  l ayer  of Fe30,, a nd  f inal ly  a 
m i xe d  l aye r  of FeO a nd  Fe~O~ ad jacen t  to the  meta l .  
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Fig. 4. Oxidat ion of Cu-0 .61% 
wet hydrogen. 
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This latter mixed layer may well result from the 
partial decomposition of wfistite on cooling. There 

appears to be no abnormal change in the oxidation 
process at the a-~, transition in Fe (910~ but a 
small difference would be undetected. 

Iron--0.52% siIicon.--Unlike the  b e h a v i o r  of Si 
in Cu, Si in Fe  has  a p r o n o u n c e d  effect on both  the  
ra te  and m e c h a n i s m  of ox ida t ion  of Fe. 

Resul t s  for  950 ~ , 998 ~ , 1055 ~ , 1103 ~ , 1131 ~ , and 
1165~ are  shown in Fig. 7. Up  to about  l l 0 0 ~  the  
reac t ion  is in i t i a l ly  qu i t e  s low; a f te r  a t i m e  d e p e n d -  
ing on the  t e m p e r a t u r e ,  the  ox ida t ion  increases ,  fo l -  
lowing  an a p p r o x i m a t e l y  smooth  curve .  A t  h ighe r  
t e m p e r a t u r e s ,  this  in i t i a l  s low per iod  d isappears .  A t  
about  1170~176 the  ox ida t ion  was  ca t a s t roph ic  
and no r a t e  da ta  could  be ob ta ined  a b o v e  this  t e m -  
pe ra tu re ,  because  of the  m e l t i n g  poin t  of f aya l i t e  
(1180~ 

The  scale was  g ray i sh  b lack  and c lose ly  a d h e r e n t  
bu t  could  be r e m o v e d  by  s l ight  h a m m e r i n g .  The  
exposed  m e t a l  su r face  was  r o u g h l y  cor roded ;  t he r e  
w e r e  no obvious  signs of si l ica p r ec ip i t a t i on  at the  
m e t a l  in te r face ,  bu t  on the  spec imen  ox id ized  at  
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Fig. 7. Oxidat ion of Fe-0.52% Si 

1160~ specks of a p a r t l y  m o l t e n  phase  could  be  
seen. A mic rosec t ion  of the  ox id ized  spec imen  
showed  a n u m b e r  of ox ide  layers .  The  e x t e r n a l  l a y e r  
was  a v e r y  th in  compac t  l aye r  of h e m a t i t e  wh ich  
occas iona l ly  showed  n e e d l e - l i k e  g row ths  on speci -  
mens  oxid ized  above  1050~ B e n e a t h  this,  t h e r e  
was  a dense  l aye r  of m a g n e t i t e ;  b e l o w  this  was  a 
less w e l l - d e f i n e d  and r a t h e r  m o r e  porous  s t r u c t u r e  
of wfis t i te  m i x e d  wi th  some magne t i t e ,  and finally,  
a d j a c e n t  to the  meta l ,  t h e r e  was  a th in  compac t  
l aye r  of wiSstite w i t h  faya l i t e .  Wi th in  the  m e t a l  
t he r e  was  a v e r y  th in  subscale.  A p p r o x i m a t e  r e l a t i v e  
th icknesses  of the  va r ious  l ayers  are  shown  in Tab le  
III.  
Iron--0.52% silicon after pretreatment in wet  hy- 
drogen.--After p r e t r e a t m e n t  in w e t  h y d r o g e n  the  
ox ida t ion  cu rves  showed  v e r y  s imi la r  b e h a v i o r  to 
t h a t  of the u n t r e a t e d  al loy,  a l t hough  the  ra tes  of 
ox ida t ion  appea r  s o m e w h a t  fas ter .  Resul t s  a re  
shown for  t e m p e r a t u r e s  of 1010 ~ 1060 ~ and l l l 0 ~  
in Fig.  8. The  cu rves  a re  i r r e g u l a r  and the  ox ide  
scales showed  c rack ing  and  b l i s te r ing .  

Discussion 
Oxidation of Pure Copper and 1ton 

The  pa rabo l i c  r a t e  cons tan ts  for  p u r e  Cu and Fe  
d e r i v e d  f r o m  the  e x p e r i m e n t a l  resu l t s  are :  

Fo r  Cu (900~176  k = 0.076 
exp  (--34,800/RT) g~ cm -~ sec -1 

Fo r  Fe  (800~176  k = 0.578 
exp  (--34,300/RT) g2 cm ~ sec -~ 

The  resu l t s  for  Cu are  in gene ra l  a g r e e m e n t  w i t h  
o ther  worke r s ,  e.g., Va lens i  (9) and F e i t k n e c h t  (10).  

Table III 

S u b -  
F e 3 0 ~ ,  F e O ,  F e O  § F e ~ S i O 4 ,  s c a l e ,  

T e m p e r a t u r e ,  o e  m m  m m  m m  m m  

950 0.010 0.060 0.081 0.018 
998 0.011 0.072 0.133 0.036 

1055 0.020 0.082 0.347 0.030 
1103 0.052 0.252 0.131 0.061 
1131 0.086 0.361 0.107 0.065 
1165 0.253 0.040 0.540 0.120 
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In  this t e m p e r a t u r e  reg ion  the  g rowth  of the  oxide  
l aye r  is cont ro l led  by  the  diffusion of cuprous  ions 
t h rough  cuprous  oxide. Moore and  Se l ikson  (11) 
m e a s u r e d  the di f fus ivi ty  of Cu + in  Cu~O us ing  r ad io -  
copper  and  ob ta ined  an  ac t iva t ion  ene rgy  of 36.1 
kcal  for the  diffusion process which  agrees r e a son -  
ab ly  wel l  wi th  the e x p e r i m e n t a l  ac t iva t ion  ene rgy  
of 34.8 kcal  for the  scal ing process. 

For  pu re  Fe the resu l t s  compare  wel l  w i th  the  
m e a s u r e m e n t s  of Davies,  S imnad ,  and  B i r chena l l  
(12) in this  t e m p e r a t u r e  range ;  the i r  resul t s  are  
p lo t ted  in  Fig. 6. Himmel ,  Mehl, and  B i r chena l l  (13) 
have  shown tha t  the  con t ro l l ing  process in  the  oxi -  
da t ion  of Fe is the  diffusion of fe r rous  ions in 
wfistite. They  have  m e a s u r e d  the diffusion ra tes  of 
cat ions  in  the  var ious  Fe oxides and  ob ta ined  a va lue  
of 29 kcal  for ionic diffusion in  wfist i te  which  m a y  
be compared  w i th  the va lue  of 34.3 kcal  for the  oxi -  
da t ion  process. 

M a n y  worker s  have  s tud ied  the ox ida t ion  of Fe  in  
air, oxygen,  and  at o ther  cont ro l led  oxygen  p res -  
sures,  bu t  the  resul t s  have  not  been  concordan t ;  pa r t  
of the d i sc repancy  a lmost  c e r t a i n ly  arises f rom the  
re l a t ive  p u r i t y  of the  Fe employed  and  to a less ex-  
t en t  to the use of h u m i d  air  or oxygen.  

W h e n  the  s l ight  difference in  ac t iva t ion  ene rgy  is 
t aken  into account ,  the  parabol ic  ra te  cons tan t  for 
the  ox ida t ion  of Fe is abou t  t en  t imes  tha t  for Cu at  
co r respond ing  t empera tu re s .  In  bo th  oxides the  con-  
t ro l l ing  process is cat ionic  diffusion t h r o u g h  a n o n -  
s to ichiometr ic  oxide, p r o b a b l y  v ia  v a c a n t  la t t ice  
sites. F r o m  a cons idera t ion  of W a g n e r ' s  t heo ry  of 
parabol ic  oxidat ion,  it  is c lear  tha t  the  difference in  
scal ing ra tes  of the two meta l s  lies in  the  di f ferent  
ionic conduct iv i t i es  of the  two oxides. For  FeO the  
e lect r ical  conduc t iv i ty  (13) is 107 ohm -1 cm -1 for an  
oxygen  pa r t i a l  p ressure  co r respond ing  to the  dis-  
sociat ion p ressure  of magne t i t e  at  1000~ and  the  
ca t ion  t r a n s p o r t  n u m b e r  is 2 x 10-'; for  Cu~O the  
conduc t iv i ty  (14) is 4.8 ohm -1 cm ~ at  an  oxygen  
pa r t i a l  p ressure  co r respond ing  to the  dissocia t ion 
p ressure  of CuO at 1000~ and  the  ca t ion  t r an spo r t  
n u m b e r  is 4 x 10 -4. 

Oxida t ion  o:f S i l icon  A l l o y s  

The oxida t ion  of Cu and  Fe con ta in ing  a smal l  
a m o u n t  of Si differs s ignif icant ly .  Si l icon in  Cu has 
l i t t le  effect on the  scal ing ra te  of pure  Cu, whereas  
Si in  Fe modifies the  ox ida t ion  m e c h a n i s m  as shown  
by  the  i r r e gu l a r  ox ida t ion  curves.  A f u r t h e r  po in t  
is tha t  the  subscale  in  Cu is s u b s t a n t i a l l y  th icker  
t h a n  in  Fe for the  co r respond ing  t empera tu re .  

The  difference in  subscale  th icknesses  arises p r i n -  
c ipa l ly  f rom the  difference in  diffusivi t ies  of oxygen  
in  Cu a nd  Fe, a l t hough  the  difference in  oxygen  
so lub i l i ty  in  bo th  metals ,  the  scal ing ra te  of the  base 
metal ,  a nd  the re l a t ive  diffusivi t ies  of Si all  p l ay  
the i r  part .  

D a r k e n  (15) has ana lyzed  the  fo rma t ion  of sub-  
scale in  d i lu te  alloys, and,  wi th  ce r t a in  assumpt ions ,  
showed tha t  the dep th  of subsca le  x d u r i n g  sca l ing  
is g iven  by  the  equa t ion  

x = ( D / r )  i n  (1 + u / v )  

in  which  D is the di f fus ivi ty  of oxygen  in  the alloy, 
r is the scal ing rate ,  u is the  so lub i l i ty  of oxygen  in  
the pure  base metal ,  and  v is the  in i t i a l  c o n c e n t r a -  
t ion  of St. This  r e l a t ion  shows tha t  the dep th  of sub -  
scale increases  wi th  inc reas ing  di f fus ivi ty  and  solu-  
b i l i ty  of oxygen  a nd  decreases  w i th  inc reas ing  ra te  
of scal ing and  Si con ten t  of the alloy. 

F r o m  the  diffusivi t ies  a nd  oxygen  solubi l i t ies  at 
1000~ shown in  Tab le  IV, the  difference in  oxygen  
di f fus iv i ty  wou ld  appear  to be decisive. The ve ry  
large  differences in  oxygen  diffusivi t ies  ought  to be 
reflected in  the re la t ive  depths  of subscale.  (Tables  
II  a nd  III ,  however ,  show tha t  this  is no t  so.) The 
va lue  for oxygen  in  Fe in  Tab le  IV is based on one 
va lue  of Bramley ,  et al. (17),  b u t  the dep th  of sub-  
scale in  our  e x p e r i m e n t s  suggests  tha t  the i r  va lue  
for d i f fus ivi ty  is at least  1000 t imes  too low. This  is 
p a r t l y  conf i rmed by  D a r k e n  (15) who impl ies  a 
va lue  for oxygen  in  i ron of the  order  of 10 -7 cm ~ sec -1 
w i thou t  c i t ing e x p e r i m e n t a l  evidence.  

The effect of Si in  Cu is such tha t  d u r i n g  scal ing 
Si canno t  a ccumula t e  at the  o x i d e - m e t a l  in te r face  
bu t  becomes progress ive ly  oxidized in  depth  by  v i r -  
tue  of the rap id  i n w a r d  diffusion of oxygen.  On the  
other  hand ,  d u r i n g  the  scal ing of Fe, Si can diffuse 
and  concen t ra t e  at the  m e t a l - o x i d e  in terface ,  be -  
coming  conver ted  in i t i a l ly  to silica which  bu i lds  up 
a coheren t  and  pa r t i a l l y  p ro tec t ive  layer .  The  fo rm 
of the  S i - F e  ox ida t ion  curves  suggests  that ,  d u r i n g  
the in i t i a l  per iod  of oxidat ion,  silica is first p r e -  
c ip i ta ted  at the in te r face  a n d  the  ox ida t ion  ra te  is 
app rec i ab ly  reduced  because  of the  pro tec t ive  n a -  
t u r e  of the silica (18).  However ,  af ter  this  slow in i -  
t ia l  per iod  the sil ica undergoes  a solid s tate  reac t ion  
wi th  FeO to fo rm fayal i te .  This  is i tself  a semicon-  
ductor ,  and  the  a l loy t hen  begins  to oxidize at a 

Table IV* 

D ( O x y g e n ) ,  D (Si l icon) ,  O x y g e n  so lub i l i t y ,  
1000~ cm2sec -1 cm2sec-1 w t  % 

Copper 10 -8 0.5 x 10 -8 0.009 
Iron 10 -1~ 10 -8 0.003 

* Da ta  f r o m  Meta l s  Re fe r ence  B o o k  (16). 
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Table Y 

Expt l .  gas Cu-  Fe -  Si(l at.  %) -  
m i x t u r e  Cu~O FeO SiO2 

H~O/H~ ratio at 1000~ 2 . 5 x 1 0  -: 5 x 1 0  ~ 0.5 7 x 1 0  -~ 

faster  ra te  by  ionic diffusion t h rough  this layer .  The  
in i t i a l  slow per iod decreases w i th  inc reas ing  t e m -  
p e r a t u r e  which  wou ld  be expected  as the so l id-s ta te  
reac t ion  becomes more  rapid.  A s imi la r  two- s t age  
process was  observed  by  Ipa tev  and  Or lova  (5) d u r -  
ing the  ox ida t ion  of a Si steel con t a in ing  1.4% St. 

Pretreatment in Wet Hydrogen 

A cont ro l led  gas m i x t u r e  capable  of oxidiz ing Si 
bu t  no t  Cu or Fe was  ob ta ined  eas i ly  by  s a t u r a t i n g  
h y d r o g e n  wi th  wa te r  at room t empera tu r e .  The 
H:O/H~ rat io  u n d e r  these condi t ions  is 2.5 x 10 "-'. 
Cor respond ing  rat ios  for the fo rma t ion  of cuprous  
oxide and  fe r rous  oxide and  for the p rec ip i t a t ion  of 
silica f rom a 1 at. % si l icon al loy is shown  in  
Table  V. 

The ca lcu la t ion  for silica is based on a p p r o x i m a t e  
ac t iv i ty  coefficient of Si in  bo th  Cu and  Fe  of 0.01 
(19).  I t  is c lear  f rom this  t ab le  tha t  wet  h y d r o g e n  
should,  theore t ica l ly ,  r ead i ly  prec ip i ta te  silica b u t  
not  fo rm e i ther  copper or i ron oxide. 

The  fo rma t ion  of subscale  in  the absence of con-  
t i nuous  scal ing of the  base me ta l  has been  s tud ied  
ca re fu l ly  by  Rhines ,  Johnson ,  and  A n d e r s o n  (8) .  
They  s tud ied  a n u m b e r  of d i lu te  b i n a r y  al loys w i t h  
Cu as the  base me ta l  and  cor re la ted  the i r  resul t s  
wi th  a theore t ica l  equa t i on  which  for Si al loys can 
be expressed:  

x~/t = (2Doco-- 1.92 Ds, Cs,)/(l.14 Cs, + 0.33 co) 
where x is depth of subscale; t, time; Do and Ds,, dif- 
fusivities of oxygen and silicon in the alloy, respec- 
tively; co, solubility of oxygen in the base metal and 
dependent on the external partial pressure of oxy- 
gen; cs,, initial concentration of Si in the alloy. 

Since co is usually much less than cs,, the depth 
of subscale and indeed whether any subscale forms 
or not depends on the relative values of Doco and 
Ds,csi, i.e., not merely on the relative diffusivities of 
oxygen and silicon. 

The solubility of oxygen in Cu at the limiting 
oxygen pressure of Cu.~O is 0.009%. It is reasonable 
to assume that oxygen dissolved in solid Cu obeys 
Sieverts' law, viz., the solubility is proportional to 
the square root of the partial pressure of oxygen. 
For H~O/H.~ mixtures this means that the solubility 
will be simply proportional to the H~O/H~ ratio. 
From Table V it is seen that the maximum oxygen 
solubility under the experimental conditions is: 

2.5 X 1 0  -5 
0.009 X -- 4.5 x 10 -8 wt % 

5 X l0 s 

By substituting this value for co and the other 
values from Table IV it is seen that Doco is much 
less than Ds,Csi which implies that no subscale can 
form and Si will, therefore, diffuse to the surface 
of the alloy forming a layer of silica. The corrosion 
behav io r  of p r e t r ea t ed  spec imens  in  oxygen  shows 
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tha t  they  are s igni f icant ly  more  res i s t an t  t h a n  the  
u n t r e a t e d  a l loy  a l though  a" comple te ly  p ro tec t ive  
silica sk in  has no t  formed.  

For  S i -Fe  the oxygen  so lub i l i ty  u n d e r  wet  h y d r o -  
gen condi t ions  is 

2.5 X 10 -'~ 
0.003 X -- 1.5 X 10 -~ wt  % 

0.5 

Wi th  Br a ml e y ' s  va lue  (17) for the di f fus ivi ty  of 
oxygen,  Doc, is aga in  m u c h  less t h a n  Ds,cs~ so t ha t  
no  subscale  wou ld  be expected,  and  silica should  
p rec ip i ta te  at  the  Fe surface.  The ox ida t ion  of p r e -  
t r ea ted  si l icon iron,  however ,  does no t  confirm this  
since the  ox ida t ion  a p p a r e n t l y  is e n h a n c e d  af ter  
p r e t r e a t m e n t .  These e x p e r i m e n t a l  resu l t s  suggest  
tha t  subscale  has fo rmed  and  deple ted  the  surface  
of the  al loy in  St. This  could on ly  h a p p e n  if the d i f -  
fus iv i ty  of oxygen  was in  fact m u c h  fas ter  t h a n  
B r a m l e y ' s  va lue  or a l t e r n a t i v e l y  tha t  the  oxygen  
so lub i l i ty  was m u c h  higher .  

Conclusions 

Smal l  a m o u n t s  of Si affect the scal ing of Cu and  
Fe  in  different  ways.  For  Cu, Si in the  a l loy t ends  
to be p rec ip i t a ted  m a i n l y  as subscale  d u r i n g  e x t e r n a l  
scaling with the result that little or no silica is 
formed at the metal-oxide interface. Therefore, the 

oxidation rate compared with pure Cu is lowered 
only slightly and moreover the mechanism of oxi- 

dation is unchanged. 
Because of the slower diffusivity of oxygen in Fe, 

silica tends to precipitate at the metal oxide inter- 
face to give some protection during oxidation. Ho~v- 
ever, a solid-state reaction between iron oxide and 

silica occurs after a comparatively short time de- 
pending on the temperature, and the resulting iron 

si l icate is sufficiently conduc t ing  to give a fa i r ly  
rap id  scal ing rate.  The ex t en t  of subsca le  fo rma t ion  
in  F e - S i  al loys suggests tha t  the d i f fus iv i ty  of oxy-  
gen in  Fe  is m u c h  fas ter  t h a n  is c o m m o n l y  supposed. 

By the  use of cont ro l led  oxygen  pressures  it is pos-  
s ible  to se lec t ive ly  oxidize Si to fo rm silica on the  
surface  which  m a y  give some me a su r e  of protect ion.  
The condi t ions  for this  select ive ox ida t ion  can be 
es t ima ted  r e a s o n a b l y  f rom a know l e dge  of d i f fus iv-  
ities of oxygen  a nd  Si in  the  metal .  P r e l i m i n a r y  ex-  
pe r i me n t s  wi th  h igher  S i - C u  alloys have  d e m o n -  
s t ra ted  tha t  a cons iderab le  i m p r o v e m e n t  in  ox ida-  
t ion  res i s tance  can be ob ta ined  in  this way.  

In  an  F e - S i  al loy it is a r e l a t i ve ly  easy m a t t e r  to 
p roduce  silica only,  bu t  as soon as n o r m a l  ox ida t ion  
occurs some i ron  oxide m u s t  fo rm and  consequen t ly  
the  h igh ly  p ro tec t ive  silica is conver ted  in to  the  
m u c h  less pro tec t ive  i ron  silicate. 
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Translucent Phosphor Coatings in High-Pressure 
Mercury-Vapor Lamps 

C. H. Haake 

Lamp Division, Westinghouse Electric Corporation, Bloomfield, New Jersey 

ABSTRACT 

The opt ical  condit ions in quas i - inf in i te ly  th ick phosphor  plaques  and in 
t rans lucen t  phosphor  coatings of closed lamps  are  studied. Theory  shows, and 
exper imen t s  car r ied  out  on magnes ium f luorogermanate  phosphors  ac t iva ted  
wi th  Mn confirm, tha t  the  cor re la t ion  be tween  the br ightness  of plaques  and of 
t rans lucen t  coatings in closed lamps  is r a the r  involved.  Al though pro longed  
phosphor  firing t ime monotonica l ly  increases  the former ,  the la t te r  reaches  a 
m a x i m u m  and then  decreases.  This and o ther  unpred ic tab le  resul ts  r ende r  
dubious the  va lue  of crude p laque  br ightness  tests of phosphors  mean t  for  
t rans lucent  coatings in lamps. Rel iab le  measurements  of phosphors  for  such 
coatings must  include for the main  wave  lengths  of exci ta t ion re la t ive  quan tum 
efficiencies, reflectances of quas i - inf in i te ly  th ick  phosphor  layers ,  and also 
different ia l  ref lect ivi t ies  or absorpt iv i t ies  in a th in  phosphor  l ayer  of a known  
density.  

The  i n t e n s i t y  of the  v i s ib le  r a d i a t i o n  f r o m  t h e  
d i s c h a r g e  in  h i g h ~ p r e s s u r e  m e r c u r y - v a p o r  ( H P M V )  
l a m p s  is a b o u t  60% of t h a t  of t he  u l t r a v i o l e t  r a d i a -  
t ion  (1 ) .  The re fo r e ,  H P M V  l a m p s  a r e  good l i g h t  
sources ;  h o w e v e r ,  t h e y  e x h i b i t  a r a d i a t i o n  def ic iency  
in the  r e d  r eg ion  of t he  spec t rum.  To co r r ec t  for  th i s  
def ic iency  t h e  o u t e r  b u l b  of H P M V  l a m p s  is o f t en  
coa ted  w i t h  a l a y e r  of an  u l t r a v i o l e t - a b s o r b i n g ,  r e d -  
e m i t t i n g  p h o s p h o r  (Fig .  1). The  l a y e r  is k e p t  so t h in  
t h a t  an  exces s ive  loss  of v i s ib le  radiati~on is a v o i d e d  
a n d  y e t  r a d i a t i o n  is a d d e d  in t he  r e d  r eg ion  of t h e  
s p e c t r u m  w h i c h  a m o u n t s  to a b o u t  8% of t he  t o t a l  
l u m i n o u s  o u t p u t  of t he  l amp .  ( In  t he  fu tu re ,  for  the  
s ake  of s imp l i c i t y ,  w e  w i l l  r e f e r  to t he  r a d i a t i o n  of 
th i s  p a r t  of t he  s p e c t r u m  as " r e d - l u m e n s " . )  T y p i c a l  
such  p h o s p h o r s  a r e  m a g n e s i u m  f l u o r o g e r m a n a t e  (2)  
and  m a g n e s i u m  a r s e n a t e  (3)  bo th  a c t i v a t e d  w i t h  
m a n g a n e s e .  

A n  i n h e r e n t  d i f f icul ty  w h e n  p r e p a r i n g  these  p h o s -  
pho r s  is t he  j u d g m e n t  of t h e i r  e x p e c t e d  p e r f o r m -  
ance.  U l t i m a t e l y  one  is i n t e r e s t e d  on ly  in t he  b e -  
h a v i o r  of t he  p h o s p h o r  in  a coa t ed  l a m p .  P h o s p h o r  
t es t s  in l amps ,  h o w e v e r ,  a r e  r a t h e r  t ed ious  a n d  in 
p r a c t i c e  one u s u a l l y  r e s t r i c t s  the  t es t s  to  t he  v e r y  
c o n v e n i e n t l y  a n d  q u i c k l y  c a r r i e d  out  p l a q u e  b r i g h t -  

ness  m e a s u r e m e n t s  ( emiss ion  b r i g h t n e s s  of q u a s i -  
i n f in i t e ly  t h i c k  p h o s p h o r  l a y e r s  for  g iven  e x c i t a t i o n  
cond i t ions )  (4 ) .  This  m e t h o d  is sens ib le  on ly  if a 
d i r e c t  c o r r e l a t i o n  ex is t s  b e t w e e n  the  p l a q u e  b r i g h t -  
ness and  the  r e d  emiss ion  of p h o s p h o r  coa t ings  in a 
f in ished l a m p  such t h a t  an  i n c r e a s e  of the  f o r m e r  is 
c o n c o m i t a n t  to an  i nc rea se  of the  l a t t e r .  

The  p u r p o s e  of th is  s t u d y  is the  i n v e s t i g a t i o n  of t he  

OUTER 

Fig. 1. High-pressure mercury-vapor lamp (Westinghouse 
JH-1, 400 watts). 
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b e h a v i o r  of t h in  p h o s p h o r  l a y e r s  in  H P M V  lamps .  
E q u a t i o n s  w h i c h  g o v e r n  the  emiss ion  f r o m  such 
l a y e r s  a r e  d e r i v e d  and  d i scussed  on the  bas is  of e x -  
p e r i m e n t a l  f indings  o b t a i n e d  f r o m  a M n - a c t i v a t e d  
m a g n e s i u m  f l u o r o g e r m a n a t e  p h o s p h o r  ( M F G )  in a 
W e s t i n g h o u s e  4 0 0 - w a t t  H P M V  lamp.  P a r t i c u l a r  i n -  
t e r e s t  is d i r e c t e d  t o w a r d  a n y  poss ib l e  s igni f icance  
of p l a q u e  b r i g h t n e s s  m e a s u r e m e n t s  on p h o s p h o r s  to 
be used  in H P M V  lamps .  

Theory 
The  op t i ca l  cond i t ions  of t r a n s l u c e n t  p h o s p h o r  

coa t ings  on p l a n e  s u b s t r a t e s  h a v e  been  d e s c r i b e d  
and  d i scussed  b y  s e v e r a l  au tho r s  (5, 6) .  The  p e r t i -  
nen t  equa t i ons  for  t he  ref lec tance ,  t r a n s m i t t a n c e ,  
and  a b s o r p t a n c e  ~ a p p l y  to g r a i n y  p h o s p h o r  l a y e r s  
whose  th i ckness  i s  m u c h  l a r g e r  t h a n  the  a v e r a g e  
p a r t i c l e  size of t he  p h o s p h o r  c rys ta l s .  The  a v e r a g e  
d e n s i t y  of t he  p h o s p h o r  coa t ing  in  H P M V  l a m p s  is 
a b o u t  1-2 m g / c m  ~ and  the  p a r t i c l e  size u s u a l l y  
r a n g e s  f r o m  3 to 5 ~. H o w e v e r ,  the  p a r t i c l e s  in  t he  
l a y e r  do no t  a r r a n g e  t h e m s e l v e s  in  a n y t h i n g  n e a r  a 
c l o s e - p a c k e d  s t ruc tu re .  W h e n  v i e w e d  u n d e r  a m i -  
c roscope  the  l a y e r  a p p e a r s  porous  and  m o u n t a i n o u s .  
The  e s t i m a t e d  a v e r a g e  e l e v a t i o n  of the  p h o s p h o r  
l a y e r  ove r  the  su r f ace  of t he  b u l b  w a l l  is a b o u t  30 ~. 
The  coa ted  bu lb  shows  a f a i r  d e g r e e  of op t ica l  s ca t -  
t e r i n g  and  v e r y  l i t t l e  t r a n s p a r e n c y .  I t  seems,  t h e r e -  
fore,  t h a t  in good a p p r o x i m a t i o n  the  ex i s t i ng  e q u a -  
t ions  for  t r a n s l u c e n t  p h o s p h o r  coa t ings  a r e  also a p -  
p l i c a b l e  to the  p r e s e n t  case. I t  w i l l  be  a s s u m e d  f u r -  
t h e r  t h a t  t he  re f lec t ion  of t he  glass  s u b s t r a t e  for  t he  
exc i t i ng  r a d i a t i o n  is m u c h  s m a l l e r  t h a n  t h a t  f r o m  
the  g r a i n y  l a y e r  and ,  t he re fo re ,  can  be  neg lec t ed .  

W e  wi l l  f irst  p r e s e n t  t he  equa t i ons  fo r  t he  r e f l ec t -  
ance,  R, the  t r a n s m i t t a n c e ,  T, a n d  the  abso rp t ance ,  A,  
of p l a n e  t r a n s l u c e n t  p h o s p h o r  coa t ings  (6 ) .  

( r / p )  s inh  (ps)  
R = [1]  

cosh (ps)  + [ ( a  + r ) / p ]  s inh  (ps)  

1 
[2] 

cosh (ps)  + [ ( a  + r ) / p ]  s inh  (ps)  

w h e r e  

A = 1 - - R - - T  [3]  

p = ~r ~ + 2ar [4]  

The  l a y e r  t h i ckness  is g iven  b y  s, m e a s u r e d  e i t h e r  in  
cm or  m g / c m  ~. The  op t i ca l  p r o p e r t i e s  of t h e  l a y e r  
m a t e r i a l  a r e  d e s c r i b e d  b y  an  a b s o r p t i v i t y  a and  a 
r e f l ec t i v i t y  r ,  bo th  m e a s u r e d  e i t h e r  in cm -1 or  in  
cm~/mg,  s ince  as and  rs a re  d imens ion l e s s  a r g u -  
ments .  These  a r e  the  coefficients of a b s o r p t i o n  and  
re f lec t ion  for  a p h o s p h o r  l a y e r  of t he  t h i cknes s  ds. 
F o r  p r a c t i c a l  p u r p o s e s  i t  is c o n v e n i e n t  to r e l a t e  a 
and  r to an  eas i ly  m e a s u r a b l e  q u a n t i t y ,  the  r e f l ec t -  
ance,  Ro, of a q u a s i - i n f i n i t e l y  t h i c k  p h o s p h o r  l aye r .  
In  th is  case  s inh  (ps)  : cosh (ps)  and  Eq. [1]  g ives  

r 
R = R o - -  

p + a W r  

T h e s e  e q u a t i o n s  in  a g e n e r a l  f o r m  w e r e  o r i g i n a l l y  d e r i v e d  b y  
S c h u s t e r  (7) a l t h o u g h  n o t  spec i f i ca l l y  f o r  p h o s p h o r  p o w d e r s .  

f r o m  w h i c h  fo l low 

r 2Ro 

a (I--RoF 
a I - -Ro  

p l ~ - R o  
r 2Ro 

p 1 .-- Ro ~ 
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[5] 

If  a t h in  p h o s p h o r  l a y e r  is a p p l i e d  to t he  ins ide  
w a l l  of the  o u t e r  bu lb  of a H P M V  lamp ,  a n y  e x c i t i n g  
r a d i a t i o n  re f lec ted  f rom the  l a y e r  w i l l  r e a c h  the  
l a y e r  s o m e w h e r e  on the  oppos i t e  s ide of t he  bu lb ,  
etc. Hence ,  t he  ef fec t ive  t r a n s m i t t a n c e  of e x c i t i n g  
r a d i a t i o n  t h r o u g h  the  b u l b  becomes  a p p r o x i m a t e l y  

~ :  T ~ R ' :  T / ( 1 - - R )  [6] 

With Eq. [I], [2], and [5] using exponential terms 
one finds 

1 + R o  
r = [7]  

Ro exp  ( - -ps )  + exp  (ps)  

I t  is r e a l i z e d  t ha t  t he  sum in Eq. [6]  is s o m e w h a t  
a f fec ted  b y  the  u n c o a t e d  p o r t i o n s  of t he  b u l b  and  
the  i n t e r i o r  p a r t s  of the  l amp.  This  effect,  h o w e v e r ,  
is s m a l l  a n d  w i l l  be  n e g l e c t e d  in  t he  ca lcu la t ion ,  
a l t h o u g h  l a t e r  in th is  p a p e r  some c o m m e n t s  w i l l  be  
m a d e  on th is  m a t t e r .  

The  ef fec t ive  a b s o r p t a n c e  of t he  p h o s p h o r  coa t ing  
on the  bu lb  is 

a = 1 - -  7 [8]  

I f  N(X),  the  n u m b e r  of q u a n t a  p e r  sec. e m i t t e d  in 
the  d i s c h a r g e  l ine  at  k, t he  ef fec t ive  a b s o r p t a n c e s  

(k) of t he  coa t ing  a n d  the  q u a n t u m  efficiencies ~ (X) 
of t he  p h o s p h o r  a r e  t a k e n  in to  account ,  t he  t o t a l  
q u a n t u m  emiss ion ,  IL of t he  p h o s p h o r  coa t ing  b e -  
comes  

IL = ~ N ( k , )  v(k , )  ~(~,,) [9]  
i 

On the  o the r  hand ,  t he  q u a n t u m  emiss ion  of a q u a s i -  
inf i f l i te ly  t h i c k  p h o s p h o r  l a y e r  u n d e r  t he  s ame  e x -  
c i t a t i on  cond i t ions  is 

Ip = ~ N ( k , )  ~?(M) [1 - -  Ro(X~) ] . r ( x , )  [10]  

F(Xi)  is the  r a t i o  of  the  r a d i a t i o n  g e n e r a t e d  to t he  
r a d i a t i o n  a c t u a l l y  e scap ing  t h e  p h o s p h o r  l a y e r  on 
the  s ide  on w h i c h  the  e x c i t i n g  r a d i a t i o n  is inc iden t .  
In  t he  spec ia l  case  of M F G : M n  p h o s p h o r s  t he  q u a n -  
t u m  emiss ion  I~ is p r o p o r t i o n a l  to t he  p l a q u e  b r i g h t -  
ness  s ince  t he  emiss ion  s p e c t r u m  is i n d e p e n d e n t  of 
the  w a v e  l e ng th s  of e xc i t a t i on  (2 ) .  

Experimental Data 
F o r  a q u a n t i t a t i v e  d i scuss ion  of t he  equa t i ons  and  

the  d e p e n d e n c e  of t h e i r  p a r a m e t e r s  on the  p r e p a r a -  
t ion  cond i t ions  of M F G : M n ,  five p h o s p h o r  s a m p l e s  
of t he  s ame  compos i t i on  (3.5MgO, 0.5MgF~, 1GeO~, 
0.01Mn) w e r e  s tud ied .  These  s a m p l e s  w e r e  d r a w n  
f r o m  a l a r g e  b a t c h :  
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Sample  A: af ter  2 hr  f ir ing at l l 0 0 ~  in  air  

Sample  B: af ter  3 hr  ba l l  mi l l ing  of sample  A 

Sample  C: af ter  20 hr  re t i r ing  of sample  B at 
l l 0 0 ~  in  air  

S a m p l e D :  af ter  12 hr  re t i r ing  of sample  C at  
l l 0 0 ~  in  air  

Sample  E: af ter  14 hr  re t i r ing  of sample  D at 
l l 0 0 ~  in  air. 

N u m e r o u s  quan t i t i e s  were  measured :  

(a) The re la t ive  p l aque  br ightness ,  Ip (k), of the  
quas i - i n f in i t e ly  th ick  phosphor  layers  for ~ = 254, 
313, 365, 405, and  436 m~ as exc i t ing  wave  lengths ;  
(b)  the reflectance,  Ro (k), of the same phosphor  
layers  for the same wave  lengths  as in  (a) ; (c) the  
re la t ive  to ta l  l umens ,  17; and  (d) the  re la t ive  red 
lumens ,  I~, of a HPMV arc t ube  wi th  phosphor -  
coated bu lbs ;  (e) the r e l a t ive  tota l  l umens ,  Iro, of 
the  same HPMV arc t ube  wi th  an uncoa ted  bu l b ;  (f) 
the effective t r ansmi t t ance ,  ~(k), of the exc i t ing  Hg-  
l ines  t h rough  the coated bu lbs ;  (g) the  densi ty ,  s, 
of the phosphor  coat ing on the bulbs .  

Methods o:f Measurement  

(a) and ( b ) . - - T h e  arc tube  of a 400W HPMV 
l a m p  (Wes t inghouse  EH-1)  served as exc i ta t ion  
source whose l ines  were  selected and  t r a n s m i t t e d  
t h rough  an  u l t r av io l e t  m o n o c h r o m a t o r  onto a th ick  
phosphor  layer.  The emi t t ed  rad ia t ion ,  1~,(~), was  
m e a s u r e d  as p h o t o c u r r e n t  f rom a pho tomu l t i p l i e r  
(RCA 1P28).  A cut-off  filter p r e v e n t e d  the  exc i t ing  
r ad ia t ion  f rom en t e r i ng  the pho tomul t ip l i e r .  Af t e r  
this  filter was  exchanged  for one wh ich  t r a n s m i t s  
on ly  the  exci t ing  rad ia t ion ,  the reflected r ad i a t i on  
was  m e a s u r e d  as pho tocur ren t .  The con ta ine r  w i th  
the phosphor  was  t hen  rep laced  by  a s imi la r  one 
filled w i th  MgO and  the p h o t o c u r r e n t  was  read  
again.  Mul t ip l i ca t ion  of the  ra t io  of the fo rmer  r ead -  
ing to the  l a t t e r  by  0.95 (ave raged  ref lectance of 
MgO in the  w a v e - l e n g t h  r ange  of in te res t )  gave  the  
reflectance,  Ro(k), of the  phosphor .  The  p l a q u e  
br igh tness ,  I~(k), is p ropor t iona l  to the q u a n t u m  
efficiency, n(),),  to the  exci t ing  r ad i a t i on  absorbed  
in  the phosphor  layer ,  1 -  Ro(k), and  to the  ra t io  
F(~,) (see Eq. [10] ) .  A n  express ion  for F has b e e n  
de r ived  by  Col tman ,  et at. (5) which,  for th ick  
phosphor  layers,  becomes 

1 1 + R'o(k) 
F ( x )  = - - .  

2 1 + p ' ( X ) / p ( k )  

The  p r i m e d  quan t i t i e s  are those for the emi t t ed  r a -  
diat ion.  I t  could be shown  tha t  for the five samples  
s tud ied  F(X) did no t  change  by  more  t h a n  1% at 
any  one p a r t i c u l a r  w a v e  l eng th  of exci ta t ion .  S ince  
in  the  fo l lowing  the q u a n t u m  efficiencies ~? are  g iven  
re la t ive  to those of sample  E, the  ra t io  F (~), t he re -  
fore, need  not  be cons idered  here.  

(c),  (d) and ( e ) . - - E a c h  phosphor  sample  was  
ba l l  mi l l ed  in  an  equa l  a m o u n t  of n i t roce l lu lose  for 
a g iven  l eng th  of t ime  u n d e r  the same condit ions.  
BT-37  bu lbs  (as used in  Wes t inghouse  400W JH-1  
and  EH-1  l amps)  were  coated and  lehred  for 10 ra in  
at abou t  600~ They  were  then  s leeved over  an  EH-1  

arc t ube  m o u n t e d  in  a 60 in. i n t e g r a t i ng  sphere.  The 
arc tube  itself was  sealed in to  a s lender  qua r t z  tube.  
Re la t ive  l u m e n s  were  m e a s u r e d  in  a c o n v e n t i o n a l  
way  Wes ton  Pho t ron ic  cell q- Viscor filter #594  
Y.R.V., for to ta l  l u m e n s  and  Wes ton  Pho t ron ic  cell 
q- Viscor filter #594  Y.R.V. + C o r n i n g  filter #2418 
for red  l u m e n s ) .  

( f ) . - - A  d o u b l e - m o n o c h r o m a t o r  w i th  a p h o t o m u l -  
t ip l ier  (RCA 1P28) at  its exi t  sl i t  was  p laced  in  
f ron t  of a smal l  hole in the  i n t e g r a t i ng  sphere.  A 
baffle in the  sphere  shie lded the  hole f rom direct  
l ight  f rom the lamp.  For  k = 313, 365, 405, and  436 
m~, pho tocu r r en t  read ings  were  t a ke n  wi th  the 
coated bu lbs  and  a clear  bu lb  in  place, respec t ive ly :  
The  rat io of the two read ings  gave the  effective 
t r ansmi t t ance ,  r(X), t h r ough  the phosphor  coated 
bulb .  Since the  b u l b  glass does no t  t r a n s m i t  the  254 
m~ line, r (254)  could no t  be measured .  

( g ) . - - A f t e r  comple t ion  of the m e a s u r e m e n t s  (c) 
to (•) the tota l  a m o u n t  of phosphor  in  each b u l b  
was  recovered  and  weighed.  The weigh t  d iv ided  by  
the  k n o w n  area  coated (500 cm ~) gave the  coat ing 
densi ty ,  s, in  m g / c m  ~. 

The  da ta  ob ta ined  are shown in  Tab le  I, II, and  
III. The  first six co lumns  of Tab le  II show the sample  
ident i f icat ion;  the wave  l eng th  of exci ta t ion,  k; the 
p laque  br igh tness ,  I~,; the  reflectance,  Ro; the  effec- 
t ive t r ansmi t t ance ,  r; and  the  re la t ive  q u a n t u m  effi- 
ciency, n, respect ively .  Since f rom samples  A to E 
only  the re la t ive  changes  of the va lues  m e a s u r e d  
or computed  are of in teres t ,  I~ and  ~? of the  sample  E 
were  a r b i t r a r i l y  chosen to be 1.00 regard less  of the 
wave  l eng th  of exci ta t ion.  In  the  7th and  8th c o l u m n  
are  shown the d i f ferent ia l  abso rp t iv i ty  a, a nd  the  
d i f ferent ia l  reflect ivi ty,  r, which  one ob ta ins  f rom 
Eq. [5] af ter  d e t e r m i n i n g  p by  inse r t ing  s (Tab le  I ) ,  
r a nd  Ro in  Eq. [7].  In  the 9th co lumn  is t a b u l a t e d  
~a = ~ (1 - -~ ) .  These  va lues  show how for each wave  
l eng th  of exc i ta t ion  the  emiss ion  i n t e ns i t y  of the 
coat ing in  the  l a m p  changes  f rom phosphor  A to 
phosphor  E. S ince  the v a r y i n g  dens i ty  of the  coat ing 
w i th  phosphors  A to E, as e n c o u n t e r e d  here  for ex-  
p e r i m e n t a l  reasons,  does no t  l end  i tself  to a r r i v ing  
at gene ra l  conclusions,  one can compu te  the  va lues  
of ~a ( l is ted in Ta b l e  II  as va~) us ing  ~?, a, r, and  R~ 

as d e t e r m i n e d  ear l ier ,  a nd  s = 1.290 m g / c m  ~ as 
m e a n  coat ing densi ty .  If la rge  n u m b e r s  of l amps  
were  to be  p r epa red  w i th  phosphors  A to E in  the 
coatings,  smal l  va r i a t i ons  of the dens i ty  w ou l d  can -  
cel out  a nd  the  ave raged  va lues  of ~?a for each phos-  
phor  at each wave  l eng th  of exc i ta t ion  w ou l d  be ~a% 

Likewise  on the basis  of an  averaged  dens i ty  s =: 
1.290 rag/era  -~ computed  va lues  of r are l i s ted in  the  
l l t h  co lumn  as T ~. 

I t  should perhaps  be exp la ined  at this  po in t  to 
w h a t  ex t en t  the va lues  of a, r, a nd  p a r t i c u l a r l y  r* 

Table I. Density, s, of the phosphor coatings 

Phosphor s (mg/cm ~) 

A 1.385 
B 1.235 
C 1.190 
D 1.310 
E 1.330 
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Table II. Measured and computed data for phosphors and phosphor coatings 

) cm 2 cm'-' 
S a m D l e s  X ( m t e )  I p  R o  r ~? r e l .  a ( ~ g )  r ( ~ g )  ~o~ ~o~* 7 "  

A 0.88 0.38 - -  0.91 
B 0.90 0.38 - -  0.93 
C 254 0.98 0.37 - -  0.99 
D 0.99 0.37 - -  1.00 
E 1.00 0.36 - -  1.00 

B 

u 

m 

m 

m 

B 

m 

B m 

A 0.84 0.19 0.15 0.89 
B 0.85 0.20 0.18 0.90 
C 313 0.97 0.17 0.23 0.99 
D 0.98 0.16 0.22 0.99 
E 1.00 0.15 0.21 1.00 

1.0 0.60 0.75 0.74 0.17 
1.0 0.64 0.74 0.75 0.17 
0.97 0.46 0.76 0.79 0.20 
0.92 0.42 0.78 0.77 0.22 
0.95 0.39 0.79 0.78 0.22 

A 0.73 0.64 0.59 0.85 
B 0.72 0.66 0.61 0.88 
C 365 0.89 0.62 0.66 0.97 
D 0.94 0.60 0.63 0.97 
E 1.00 0.59 0.65 1.00 

0.15 1.5 0.34 0.32 0.62 
0.15 1.7 0.35 0.36 0.59 
0.15 1.3 0.33 0.36 0.63 
0.15 1.2 0.36 0.35 0.64 
0.15 1.0 0.35 0.34 0.66 

A 0.76 0.61 0.67 0.86 
B 0.77 0.63 0.68 0.90 
C 405 0.93 0.58 0.73 0.96 
D 0.95 0.57 0.72 0.96 
E 1.00 0.57 0.74 1.00 

0.13 1.1 0.28 0.27 0.69 
0.14 1.2 0.29 0.31 0.66 
0.14 0.90 0.26 0.29 0.70 
0.13 0.82 0.27 0.26 0.73 
0.12 0.74 0.26 0.25 0.75 

A 0.71 0.64 0.65 0.86 
B 0.72 0.64 0.67 0.87 
C 436 0.88 0.61 0.74 0.97 
D 0.94 0.58 0.71 0.97 
E 1.00 0.57 0.73 1.00 

and va* are  affected by  the  s o m e w h a t  ideal is t ic  as-  
sumpt ion  tha t  no exc i t ing  r ad i a t i on  ref lec ted  f r o m  
the  phosphor  coat ing  into the  l a m p  is lost  for  the  
process  of in ter ref lec t ions ,  e i the r  by  absorp t ion  in 
l amp  par t s  or by  t r ansmis s ion  t h r o u g h  the  uncoa t ed  
end par t s  of the  lamp.  A c t u a l l y  these  losses do occur  
to some e x t e n t  and t h e y  m o d i f y  the  equa t ions  
s l ight ly .  I t  can  be  shown  t h a t  t he  va lues  of a and  r 
a re  s o m e w h a t  l o w e r  t h a n  those  a p p e a r i n g  in Tab l e  
II. Converse ly ,  w i t h i n  the  accu racy  desired,  the  v a l -  
ues of r* and  Va* r e m a i n  unchanged .  This  is be -  
cause p (and  thence  a and  r )  is ob ta ined  f r o m  the  
i n v e r t e d  Eq. [7].  L a t e r  a f t e r  this  e q u a t i o n  has  aga in  
been  i n v e r t e d  one finds r* and thence  ~ta* us ing  an 

a v e r a g e  coa t ing  th ickness  s. Thus  a modi f ica t ion  of 
Eq. [7] due  to losses has v i r t u a l l y  no effect on r 
and ~a*. 

In Tab l e  I I I  a re  shown  the  red  l u m e n  p e r c e n t a g e s  
(based on the  to ta l  l u m e n s  of a c lear  l a m p  as 100) of 
the  coa ted  bulbs,  and also the  per  cent  loss of to ta l  
l u m e n s  due  to absorbed  v is ib le  r ad ia t ion  in the  
coat ing.  

Discussion and Conclusion 
It  can be seen f r o m  Eq. [10] that ,  for  cons tan t  

q u a n t u m  efficiencies ~?(X), the  p l a q u e  b r igh tness  in- 

Table III. Lumen ratios of coated bulbs 

P h o s p h o r  i 0 0  IR / IT  o i 0 0  ( I  - -  I~' / IT o) 

A 8.5 5.0 
B 8.7 5.0 
C 8.6 2.5 
D 8.9 2.5 
E 9.0 2.5 

0.13 1.3 0.30 0.27 0.69 
0.13 1.3 0.29 0.30 0.66 
0.13 0.99 0.26 0.28 0.71 
0.13 0.87 0.28 0.27 0.72 
0.13 0.76 0.27 0.26 0.74 

creases w i t h  dec reas ing  ref lec tances  Ro(},). On the  
o the r  hand,  an analys is  of Eqs. [5] and [ 7 ] - [ 9 ]  
shows that ,  aga in  for  cons tan t  ~(~,), the  emiss ion  
f r o m  a phosphor  bulb  of a H P M V  l a m p  decreases 
w i t h  dec reas ing  ref lectance,  if, as of ten  is the  case, 
the  abso rp t i v i t y  a r em a ins  essen t i a l ly  unchanged .  
This  a d v e r s e  t r end  of Ip and IL ru les  out  any  m e a n -  
ing fu l  j u d g m e n t  of phosphors  based  on m e a s u r e -  
men t s  of p l a q u e  br ightness ,  a m e t h o d  w h i c h  st i l l  is 
w i d e l y  p rac t i ced  for  se lec t ing  phosphors  to be  used 
in H P M V  lamps  [see, e.g., Ref. (4 ) ] .  Thus,  if one 
w e r e  to choose ce r t a in  condi t ions  for  p r e p a r i n g  
phosphors  m e r e l y  gu ided  by  p l a q u e  b r igh tness  
m e a s u r e m e n t s ,  phosphors  m i g h t  be d i sca rded  wh ich  
w o u l d  exh ib i t  an exce l l en t  p e r f o r m a n c e  in t r a n s l u -  
cent  coat ings  on bulbs,  and  v ice  versa .  

Also  in the  p resen t  case the  ref lec tances  Ro(~) 
decrease  ( f r o m  B to E) .  A t  the  same t ime,  h o w e v e r ,  
the  efficiencies v(X) increase.  Thus  w i t h  p r o l o n g e d  
fir ing t i m e  ~a* and, hence,  the  red  l u m e n s  e m i t t e d  
f r o m  a coa ted  bu lb  should  approach  a m a x i m u m  and  
then  decrease .  This  m a x i m u m  is concea led  in the  
va lues  of Va and I~/I~ shown in Tab l e  II  and Tab le  
III, because  in the  p re sen t  e x p e r i m e n t s  the  coa t ing  
th ickness  could  not  be he ld  cons tan t  f r o m  A to E. 
H o w e v e r ,  the  m a x i m u m  c l ea r ly  appea r s  in the  v a l -  
ues of ~a* as c o m p u t e d  for  a cons tan t  coa t ing  t h i ck -  
ness. In o rde r  to f u r t h e r  subs t an t i a t e  this  resu l t  we  
coa ted  e igh t  bulbs  w i t h  M F G : M n  phosphor  w h i c h  
had  b e e n  fired for  10 h r  and for  48 hr,  r e spec t ive ly .  
W h e n  w e  m e a s u r e d  the  red  l u m e n  pe rcen tage ,  w e  
ac tua l l y  found  a decrease  f r o m  ( 9 . 9 -  0.1) % for  
the  phosphor  fired for  10 hr  to (9.2 ---- 0.3) % for  t he  
phospho r  fired for  48 hr.  It,  t he re fo re ,  becomes  a p -  
p a r e n t  tha t  a l im i t ed  f ir ing t i m e  is r e q u i r e d  for  the  
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phosphors  to ob ta in  o p t i m u m  per fo rmance .  There  
is, however ,  also the r e q u i r e m e n t  of as h igh a t r a n s -  
miss ion  th rough  the coat ing for the vis ib le  r ad i a t i on  
of the d ischarge  as possible.  As can be seen f rom the 
va lues  of I~/I~o in Tab le  III  this  t r ansmiss ion  i n -  
creases s l igh t ly  f rom phosphors  B to E wi th  f ir ing 
t ime, bu t  it  soon reaches  a s a tu r a t i on  at a po in t  
where  the l a t t e r  r e q u i r e m e n t  m a y  no longer  be  con-  
flicting w i th  the former.  

There  is ano the r  i n t e r e s t i ng  p h e n o m e n o n .  The re -  
f lectance Ro at 405 m~ (viole t )  and  436 m~ (b lue)  
decreases  f rom phosphors  B to E. This  is t a n t a m o u n t  
to an inc reas ing  ye l lowish  body  color of the phos-  
phors  which  u sua l l y  is cons idered  objec t ionable .  
W h e n  used for coat ings in  HPMV lamps  the  phos-  
phor  wi l l  absorb  violet  and  b lue  r ad ia t ion  of the 
d ischarge  which  is needed  for good color r end i t ion .  
Since phosphor  E exh ib i t s  a ye l lowish  body  color 
deeper  t h a n  tha t  of B, one is lead to be l i eve  tha t  
also in  a t h in  coat ing phosphor  E should  show effec- 
t ive  t r a n s m i t t a n c e s  for v iole t  and  b lue  l ight  which  
are lower  t h a n  those of phosphor  B. I t  is i n t e r e s t i ng  
to no te  f rom the  va lues  of r* in  Tab le  II tha t  jus t  the  
opposi te  holds t rue :  7" (405m~) a n d  r (436 m~) in- 
crease f rom B to E. This  seeming ly  odd behav io r  can 
aga in  be exp la ined  by  Eqs. [5] and  [7]. Since the  
ref lectances Ro(X) decrease  f rom B to E and  the  a b -  
sorpt iv i t ies  v i r t u a l l y  do not  change,  p in  Eq. [5] 
decreases and,  hence,  r in  Eq. [7] increases.  

For  the purpose  of ach iev ing  good u n i f o r m i t y  of 
the  phosphor  the MFG:  Mn was ba l l  mi l l ed  b e t w e e n  
the  first and  second fir ing ( sample  B) .  Sma l l  p e b -  
bles  were  used whose m a i n  act ion was  the  b r eakage  
of agglomera tes .  This, as can be seen in  Tab le  II, 
leads to an  increase  of the  reflectance,  Ro, to a de-  
crease of the effective t r a n s m i t t a n c e ,  r*, and  hence  
to an  increase  of the  effective absorp tance ,  a*, of the  
phosphor  coatings.  Since also the  q u a n t u m  efficien- 
cies increase,  one can expect  a r a the r  s t rong  increase  
of Va ~ and  of red  l u m e n s  emi t t ed  f rom the  phosphor  
coating. In  fact, phosphor  B gives the  highest  va lues  
of 7ta* for ~,exo = 365, 405, and  436 m~. The increase  
of n i nduced  by  ba l l  m i l l i ng  is r a t h e r  surpr i s ing ,  as 
ba l l  m i l l i ng  has a d e t r i m e n t a l  effect on other  phos-  
phors,  p a r t i c u l a r l y  those of the  ZnS  type  (8) .  At  this  
t ime  we canno t  offer more  t h a n  a sugges t ion  as to 
the reason  for the  increase  in  ~?. The  a r r a n g e m e n t  

of the  oxygen  ions which s u r r o u n d  the emi t t e r  ion 
(Mn +~) has a s t rong  effect on the  efficiency, V, of 
q u a n t u m  convers ion  in  the  center .  A n y  d i s to r t ion  of 
the system, poss ib ly  f rozen in  af ter  firing, can resu l t  
in  a smal l  ~. It  seems feasible  tha t  such i n t e r n a l  
s t ra ins  are  re leased d u r i n g  mi ld  ba l l  m i l l i ng  of the  
phosphors.  

Summary 
T r a n s l u c e n t  coat ings  of M F G : M n  phosphors  such 

as are used for color correc t ion  in  HPMV lamps  ex-  
h ib i t  pe r f o r ma nc e  p a r a m e t e r s  m a r k e d l y  di f ferent  
f rom those ob ta ined  wi th  quas i - i n f i n i t e ly  th ick  
phosphor  plaques.  By firing the phosphor  for a p ro -  
longed per iod of t ime  the emiss ion  i n t e ns i t y  of the 
coat ing increases  to a m a x i m u m  va lue  a nd  t h e n  de-  
creases, whereas  the  emiss ion  i n t e ns i t y  of the  phos-  
phor  p laques  increases  monoton ica l ly .  

P ro longed  fir ing t ime  wi l l  also lead to an  inc reas -  
ing ly  ye l low body  color of the  phosphor  p laque ,  i.e., 
to an  increas ing  absorp t ion  of v iole t  a nd  b lue  light.  
C o n t r a r y  to this, the t r a n s l u c e n t  phosphor  coat ings  
in  l amps  exhib i t  an  inc reas ing  effective t r a n s m i t -  
t ance  for the viole t  and  the  b lue  m e r c u r y  l ines  w i th  
inc reas ing  firing t ime.  

Therefore ,  a va l id  j u d g m e n t  of phosphors  which  
u l t i m a t e l y  wi l l  be  used in  t r a n s l u c e n t  coat ings  of 
HPMV lamps  canno t  be  based on s imple  p l a q u e  
b r igh tness  me a su r e me n t s .  I t  is m a n d a t o r y  to de te r -  
m i n e  var ious  phosphor  p a r a m e t e r s  whose e v a l u a t i o n  
wi l l  r esu l t  in the  o p t i m u m  p r e p a r a t i o n  condi t ions  of 
the phosphor,  or to coat bu lbs ,  s leeve t h e m  over  the  
same arc tube,  and  me a su r e  the  red  l u m e n  output .  

Manuscript  received March 23, 1959. 

Any  discussion of this paper will  appear in a Dis- 
cussion Section to be published in the June  1960 JOUR- 
NAL. 
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The Use of Organo-Substituted Hydrolyzable Silanes on 
Silicon Devices 
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ABSTRACT 

The formation of silicone polymers directly from the monomers,  on the 
surface of silicon diodes, has resul ted i n  devices with low reverse currents.  
Transistors treated in  this way react in  different ways due to the conditions 
imposed by the specific surface potentials involved. 

Si l icone resins,  va rn i shes ,  and  greases  have  been  
used in  the  f ab r i ca t ion  of semiconduc to r  devices,  
s ince these  ma te r i a l s  p rov ide  a hydrophob ic  e n -  
v i r o n m e n t  for the  device and  at the  same t ime  have  
the  t h e r m a l  s tab i l i ty  necessa ry  for p roper  operat ion.  
Al l  these ma te r i a l s  a re  in  a po lymer ic  fo rm pr ior  to 
appl ica t ion  to the device. This pape r  concerns  t ech-  
n iques  for fo rming  a si l icone po lymer  d i rec t ly  on the 
surface of the  device b y  the use of o r g a n o - s u b s t i -  
t u t ed  hyd ro lyzab l e  s i lanes  so tha t  e n h a n c e d  e lec t r i -  
cal p roper t i es  resu l t  (1) .  

The  gene ra l  f o r m u l a  for an  o rgano~subs t i t u t ed  
hydro lyzab le  si lane,  which  is the  s t a r t ing  po in t  f rom 
which  all  si l icones are  de r ived  (2) ,  is R ~ S i X ~  
( i =  1, 2, 3,),  whi le  R is a n  organic  radical .  For  use on 
semiconduc to r  devices a s h o r t - c h a i n  h y d r o c a r b o n  is 
prefer red ,  s ince the shor ter  the chain,  the be t t e r  the 
t h e r m a l  s tabi l i ty .  The  X refers  to the  hydro lyzab le  
pa r t  of the compound  and  can be a halide,  e thoxide,  
or o ther  rad ica l  wh ich  wi l l  reac t  w i t h  water .  

In  order  to see how a s i l icone p o l y m e r  is fo rmed  
f rom this  class of compounds ,  consider  the h y d r o l y -  
sis of the  d i func t i ona l  r e agen t  d ime thy ld i ch lo ro -  
si lane.  In  the  presence  of wa te r  this  c o m p o u n d  reacts  
spon taneous ly  to fo rm d i m e t h y l d i h y d r o x y s i l a n e  and  
HC1. The d i m e t h y l d i h y d r o x y s i l a n e  is uns tab le ,  a nd  
by  i n t e r m o l e c u l a r  d e h y d r a t i o n  a s i l icone po ly me r  is 
fo rmed  which  in this  case wou ld  be p o l y d i m e t h y l -  
s i loxane.  Compounds  also are  ava i l ab le  w i th  e i ther  1 
or 3 organic  radica ls  in  the so-cal led  monomer ,  so 
tha t  no t  on ly  can l inea r  po lymers  be made,  as j u s t  
described,  bu t  space po lymers  can  be rea l ized also 
by  h a v i n g  some t r i f u n c t i o n a l  s i l ane  p re sen t  d u r i n g  
the  react ion.  

In  the  case of the  e thoxy  system, the  reac t ion  w i th  
H~O is not  so s t r a igh t fo rward ,  and  one mus t  p rov ide  
e i ther  an  acidic or basic m e d i u m  for the hydro lys i s  
to proceed. Since most  of the si l icon device w o r k  to 
be repor ted  on here  was  done us ing  the  chloro-  
si lanes,  al l  r e fe rence  is to this  system. S o m e w h a t  
ana logous  resu l t s  were  ob ta ined  w h e n  the  e thoxy  
sys tem was used in  place of the  chloro system. 

Methods and Results 
The t echn iques  tha t  one migh t  use  in  fo rming  the  

si l icone on the  surface  are:  (a) exposure  of a p r e -  
moi s t ened  u n i t  to the  vapors  of the  s i lane m i x t u r e  

(3 ) ;  (b)  to ta l  i m m e r s i o n  of the  u n i t  in  the  s i lane  
m i x t u r e  i tself;  a nd  (c) i m m e r s i o n  of the  u n i t  i n  a 
so lu t ion  of the  s i lane  mix tu re .  The  me thod  of to ta l  
i m m e r s i o n  in  the  s i lane m i x t u r e  has g iven  the  bes t  
resul ts ,  and  this  t e c hn i que  is the  one p re fe r red  to 
d u r i n g  the  rest  of this  paper .  

F igu re  1 shows the  effect of s i l an ing  on the  e lec t r i -  
cal character is t ics  of a g r ow n  p~n si l icon junc t ion .  
Curve  A i l lus t ra tes  the reverse  diode charac ter is t ics  
of the  u n i t  before  e tch ing  w he r e  the  c rys ta l  sur face  
con ta ined  a good deal  of w o r k  damage.  C u r ve  B i l lus -  
t ra tes  the  j u n c t i o n  proper t i es  af ter  the  u n i t  ha d  been  
acid e tched to r emove  the  work  damage  a nd  baked  
at  200~ for 15 rain.  Curve  C shows the proper t ies  of 
the  same j u n c t i o n  a f te r  it  had  been  s i laned  wi th  a 
m i x t u r e  of m e t h y l  and  p h e n y l  chloros i lanes  and  
baked  for 1 hr  at 250~ In  this  p a r t i c u l a r  m e a s u r e -  
m e n t  no a t t e m p t  was  made  to reach  the  fu l l  b r e a k -  
down  vol tage  of the  uni t ,  s ince this  device was  to be  
used  for a special  series of surface  e x p e r i m e n t s  
which  r equ i r ed  on ly  a 500 v or be t t e r  peak  inverse  
voltage.  

In  Tab le  I the  reverse  charac ter is t ics  of 10 expe r i -  
m e n t a l  l a r g e - a r e a  e v a p o r a t i v e - f u s e d - j u n c t i o n  p+n 
si l icon diodes are  listed. Eb and  E~ are the  vol tages  
necessa ry  to pass 2 and  10 ~a, respect ive ly ,  in  the  
reverse  d i rec t ion;  Ib is the reverse  c u r r e n t  m e a s u r e d  
at  125 v. For  the  s i l an ing  opera t ion  a 50-50 m i x t u r e  

VOLTAGE (VOLTS) 
t50 I 00  50  0 

t/) ' c  I . I �9 

ii 
Fig. ] .  Reverse chorocterist ics of o group p-}-n sil icon 

junct ion diode (A) before etching, (B) of ter  etching in o 
mix ture  of hydrof luor ic ocid ond nitr ic ocid, ond (C) of ter  
si loning. 
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Table I. 

S i l a n e d  w i t h  50% dimethy ld ich loro -  
s i lane-50% m e t h y l t r i e h l o r o s i l a n e  a n d  

A f t e r  s t a n d a r d  t r e a t m e n t  b a k e d  a t  100~ fo r  1/2 h r  

Es, V ]~b, V Ib, m ~ a  E~, V Eb, V Ib, ~a 

Table I I I .  

Ib ga, Ib m~a, Percentage less 
s i l aned  c o n t r o l  t h a n  s t a t ed  I~ 

20 I0 >50,000 500 + 500 + 21 
4 2 >50,000 30 10 >50,000 
8 3 >50,000 500 + 500 + 20 

500 440 36 500 + 500 + 21 
10 4 >50,000 500 + 500 + 21 
52 20 >50,000 440 400 25 

340 320 500 500 + 500 + 25 
14 6 >50,000 32 14 >50,000 
4 2 >50,000 500 + 500 + 22 
8 2 >50,000 150 75 5,000 

of dimethyldichlorosilane and methyltrichlorosilane 
was used. One should not attempt to compare the 
individual units in this table, since they were not 
tabulated in the same order before and after silan- 
ing. Notice that where originally there was only 1 
unit with a reverse current less than 100 m~a, there 
were 7 units with reverse currents of less than 100 
m~a after silaning. Again, these units were not 
tested above 500 v. Other units, similarly treated, 
were taken out to breakdown, and no adverse effects 
were noticed unless too much current was allowed 
to pass in the reverse direction. 

Table II shows the necessity of a curing cycle to 
bring out the improvement in diode properties after 
silaning. The units were not kept in order so that 
individual comparisons are not valid. Here again a 
50-50 mixture of methyl and dimethylchlorosilanes 
was used for surface treatment. Initially there were 
only 3 units that had reverse currents of 220 m~a or 
less. After silaning, but prior to baking, all the units 
had poor characteristics; but after baking for ~2 hr 
at 100~ there were 7 units with reverse currents of 
220 m~a or less; in fact, 6 of the units showed less 
than 50 m~a reverse current. 

Heat Treatment and Stability 
Some e x p e r i m e n t s  were  pe r fo rmed  to es tab l i sh  

the  inf luence  of the  b a k i n g  pa r t  of the  s i l a n e - t r e a t -  
m e n t  cycle w i thou t  the  s i lanes  h a v i n g  been  applied.  
Tab le  III  shows the  resu l t s  of an  e x p e r i m e n t  w he r e  a 
lot of a p p r o x i m a t e l y  700 uni ts ,  wh ich  had  been  p r o -  
cessed s imu l t aneous ly ,  was  a r b i t r a r i l y  d iv ided  in  
two, and  only  one ha l f  were  s i laned,  u s ing  a m i x t u r e  
of mono- ,  di- ,  and  t r i -me thy lch lo ros i l anes .  Both  sets 

Table II. 

Ib m/La 
After  Af ter  Af ter  s i l a n i n g  

s t a n d a r d  s i l a n i n g  a n d  b a k e d  a t  100~ 
t rea tment  but  no b a k i n g  fo r  '/2 h r  

100 >50,000 2,000 
120 >50,000 50 

>50,000 >50,000 30 
>50,000 25,000 220 
>50,000 >50,000 >50,000 
>50,000 >50,000 >50,000 

220 12,000 26 
>50,000 >50,000 30 
>50,000 >50,000 23 
>50,000 33,000 20 

17 1120 10 
24 2000 20 
46 4440 50 

190 5200 90 

of un i t s  t hen  were  baked  at  200~ for 2 hr. 
I t  was  also es tab l i shed  by  e x p e r i m e n t a t i o n  tha t  

p ro longed  air  bak ing ,  of the order  of hours ,  (i.e., 3 
hr  or more ) ,  at e leva ted  t e m p e r a t u r e s  ( a pp rox i -  
m a t e l y  200 ~ to 250~ wou ld  resu l t  in  improved  
devices, w i thou t  s i laning,  b u t  the  r ep roduc ib i l i t y  
was  poor and  f u r t h e r  hea t ing  migh t  v e r y  wel l  cause 
the  un i t s  to de te r io ra te  apprec iab ly .  Therefore ,  it is 
fel t  tha t  the i m p r o v e m e n t s  no ted  af ter  s i l an ing  were  
due to the fo rma t ion  of the si l icone film on the  su r -  
face of the  device and  were  no t  m e r e l y  the resu l t  of 
baking the unit for the stated periods. 

Some silaned transistors which have been aging 
in air for more than two years since they were 
treated were retested recently. The emitter and col- 
lector diode reverse currents on these units were 
found to be essentially the same as when the units 
were first silaned, indicating a good stability factor 
for this type of treatment. 

The thermal stability of silaned units was investi- 
gated by aging the units at elevated temperatures 
and periodically checking the reverse current for 
degradation. At 250~ and below, no noticeable de- 
gradation took place; in fact, if anything, the units 
improved. At 300~ degradation appeared after 
about 81/2 hr of aging. For 350 ~ 375 ~ and 400~ 
the times for the onset of degradation were approxi- 
mately 61/2 hr, 31/2 hr, and I/2 hr, respectively. 

The solvent resistance of the silaned units was 
investigated by boiling the units in various solvents 
for 5 to 15 rain, again using the diode reverse cur- 
rent as the indicator of stability. If the units were 
not properly cured before being exposed to the 
solvent, degradation was immediate and universal. 
If the units were cured properly, then boiling in 
acetone, carbon tetrachloride, benzene, methyl 
alcohol, or trichloroethylene had no adverse effect. 

Surface Channels and Surface Recombination Velocity 

I n  Fig. 2 the  effect of s i l an ing  on channe l s  (4) on 
a f u s e d - j u n c t i o n  rect if ier  is shown.  To the  lef t  of 
the  or ig in  is the p - r e g i o n  and  to the  r igh t  is the  
n - r eg ion .  F i g u r e  2A is a plot  of the  photoresponse  
of the  f resh ly  e tched si l icon rect if ier  as a f unc t i on  
of dis tance.  The  sharpness  of the peak  indica tes  the 
absence  of a channe l .  F igu re  2B is a plot  of the  
photoresponse  of the  same diode af ter  it h a d  been  
a l lowed to age in  air  for two weeks.  The  c h a n n e l -  
type  response  over  the n - r e g i on ,  i nd i ca t ing  p - t y p e  
convers ion  at  the  surface,  can r ead i ly  be seen. In  
Fig. 2C the  pho toresponse  of the  same diode is 
p lo t t ed  af ter  r e - e t c h i n g  a n d  s i laning.  I n  Fig.  2D the  
photoresponse  of the  same s i laned  u n i t  a f te r  it  had  
been  a l lowed to age in  air  for six m o n t h s  is p lo t ted;  
not ice  the  absence  of the channe l .  
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Fig. 2. Photoresponse of a fused p+n sil icon junct ion diode 
as o funct ion of distance f rom the junct ion.  

A few e x p e r i m e n t s  have  been  pe r fo rmed  where  
the  surface  r e c o m b i n a t i o n  ve loc i ty  (s) of si l icon 
f i laments  was  m e a s u r e d  before  and  af ter  s i laning.  
I m p r o v e m e n t  of s was noted,  b u t  s tab i l i ty  was qu i te  
poor and  deg rada t ion  to the in i t i a l  va lue  occurred  
w i t h i n  6 hr. W h e n  this t r e a t m e n t  was  t r ied  on 
p - n - p  t rans is tors ,  un i t s  made  by  a diffusion t e c hn i -  
que showed i m p r o v e m e n t  in  the  c u r r e n t  ampl i f ica-  
t ion  factor  whi le  evapora t ive  fused j u n c t i o n  t r a n -  
sistors degraded  in  this  pa rame te r .  These resu l t s  
can  be exp la ined  on  the  basis  t ha t  s i l an ing  causes 
the surface  po ten t i a l  to become more  posit ive,  i.e., 
more  n - t ype ,  a fact  which  can be seen by  obse rv ing  
the resu l t s  in  Fig. 2 and  which  was  verif ied in  a 
gas cycl ing s tudy  (5) .  If the  surface  po ten t i a l  of the  
base reg ion  of the  evapora t ive  fused j u n c t i o n  t r a n -  
sistor is about  --0.15 e.v. 1 and  cons ider ing  the  r e l a -  
t ionships  b e t w e e n  c u r r e n t  ampl i f ica t ion  factor,  su r -  
face r e c o m b i n a t i o n  veloci ty ,  and  surface  po ten t i a l  
(6 -9) ,  t h e n  one can, b y  inc reas ing  6~, p roduce  a de-  
crease in  the c u r r e n t  ampl i f ica t ion  factor.  I t  is 
bel ieved,  though,  tha t  the  base reg ion  of the dif-  
fused device  has a surface  po t en t i a l  h igh  enough  
(i.e., s t rong ly  n - t y p e ) ,  due  to the h igh doping 

1 " C h a n n e l "  e x p e r i m e n t s  i n  t h i s  l a b o r a t o r y  a l w a y s  h a v e  s h o w n  
c o n v e r s i o n  of t y p e  o v e r  t h e  b a s e  r e g i o n  of  t h e s e  t r a n s i s t o r s .  P r e -  
l i m i n a r y  e x p e r i m e n t s  h a v e  s h o w n  t h a t  t h e  s u r f a c e  p o t e n t i a l  is  of  
t h i s  m a g n i t u d e  w h e n  t h e  u n i t  is  a l l o w e d  to  a g e  i n  a i r .  T h e s e  r e s u l t s  
w i l l  b e  p u b l i s h e d  a t  a l a t e r  da t e .  
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dens i ty  at  the  surface,  tha t  the  " be l l - shaped"  
~unct ional  r e l a t ionsh ip  b e t w e e n  surface  r e c o m b i n a -  
t ion  ve loc i ty  a nd  surface  po ten t i a l  ac tua l ly  can  
resu l t  in  an  i m p r o v e m e n t  in  the  c u r r e n t  ampl i f ica-  
t ion  factor  by  inc reas ing  the surface  potent ia l .  The 
a m o u n t  of change  in  sur face  po ten t i a l  due  to s i l an -  
ing has no t  been  m e a s u r e d  as yet,  so tha t  more  
q u a n t i t a t i v e  resu l t s  canno t  be s ta ted  at  this  t ime.  

It  has been  observed  tha t  the s t ruc tu re  of the  
F o l yme r  has an  i m p o r t a n t  inf luence  on the  r e su l t i ng  
proper t ies  of the device. L o n g - c h a i n  po lymers  ap -  
pear  to r educe  reverse  cu r r en t s  more  t h a n  shor t -  
cha in  systems. Also, s t ab i l i ty  appears  to be s t ruc -  
tu re  dependen t ,  a nd  the p resence  of a t r i - f u n c t i o n a l  
c o m p o u n d  in  the  sys tem seems to a id  in  ach iev ing  
more  s table  p roper t i es  in  the  un i t s  so t rea ted .  This  
agrees  w i th  the  f indings  of Ha l l  (10) ,  who  repor t s  
an  ac tua l  b o n d i n g  of the  fi lm tha t  is fo rmed  in to  
the  sur face  of the  subs t r a t e  si l icon w h e n  a t r i -  
f u n c t i o n a l  compound  is present .  

In  conclusion,  it  is seen tha t  w h e n  o rgano-  sub -  
s t i tu ted  hyd ro lyzab l e  s i lane  m o n o m e r s  are po ly -  
mer ized  on a si l icon device, c rea t ing  a s i l icon coat ing 
on the  surface,  the  diode charac ter i s t ics  for the  
device can be improved .  F u r t h e r m o r e ,  since this  
approach  ut i l izes  the so-ca l led  m o n o m e r s  of the  
silicones, addi t ives  and  copo lymer iza t ion  agents  can 
be chosen so as to p roduce  add i t iona l  benefi ts  in  
semiconduc to r  devices.  
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ABSTRACT 

A developmental  pilot line for the arc t rea tment  of Colorado rhodonite has 
been bui l t  and operated to investigate the applicabil i ty of the h igh- in tens i ty  arc 
process to the extraction of manganese  from siliceous ores. The rhodoni te  is in -  
corporated into 2-in. diameter  electrodes to the extent  of 75-85% by weight and  
vaporized in a d-c h igh- in tens i ty  arc operating in the range 40-60 kw. Vapor-  
ization in the arc decomposes the manganese  silicate content  of the rhodonite 
to MnO and SiO~. The product is collected as a mix ture  of the respective oxides 
in finely part iculated form. The manganese,  now readily soluble, is leached 
from this mixture.  The effects of significant process variables are discussed. 

This pape r  descr ibes  the design and  opera t ion  of 
a d e v e l o p m e n t a l  pi lot  p l a n t  for the  arc decompos i -  
t ion  of Colorado rhodon i t e  by  means  of a new  proc-  
ess k n o w n  as the  S h e e r - X o r m a n  "Hiera rc  Process"  
(1, 2). The  p r i m a r y  purposes  of this  p r o g r a m  were  
to d e m o n s t r a t e  the t echn ica l  feas ib i l i ty  of t r e a t i ng  
rhodon i t e  and  to ob ta in  process design and  e v a l u a -  
t ion  data.  

Rhodoni te ,  a m a n g a n e s e  silicate, is found  in  sev-  
e ra l  sections of the U n i t e d  States  and  abounds  in  the  
s o u t h w e s t e r n  area  of Colorado. Whi le  deposi ts  r ep -  
r e sen t  a s ignif icant  q u a n t i t y  of Mn, the m a t e r i a l  is 
of such a r e f r ac to ry  and  s table  n a t u r e  tha t  it  has 
n e v e r  been  used as a m a j o r  Mn  source;  ins tead  it  has 
been  descr ibed  as wor th less  gangue  m a t e r i a l  in  lead 
and  zinc m i n i n g  operat ions .  Theore t ica l ly ,  p u r e  
rhodon i t e  conta ins  42% Mn. Mined  and  mi l l ed  in  
c o n j u n c t i o n  wi th  l ead -z inc  operat ions ,  concen t ra tes  
r a n g i n g  up  to 33, or pe rhaps  36% Mn, migh t  be  e x -  
pected. 

The  Hie ra rc  Process,  u t i l i z ing  the  h i g h - i n t e n s i t y  
arc, serves to decompose the m a n g a n e s e  si l icate in to  
a m i x t u r e  of two discreet ,  f inely pa r t i cu l a t ed  m a t e -  
rials,  m a n g a n o u s  oxide and  silica. In  this  form, the  
Mn is r ead i ly  dissolved by  leaching.  For  example ,  
over  95% of the M n  in  samples  of arc p roduc t  d is -  
solved in  d i lu te  HC1 at room t e m p e r a t u r e .  

Using an  anode  consis t ing of an  homogeneous  
m i x t u r e  of ore and  c a r b o n - - t h e  ore con ten t  m a y  be 
as h igh  as 8 0 - 8 5 % - - t h e  h i g h - i n t e n s i t y  arc p rov ides  
an  effective means  of hea t ing  the m a t e r i a l  to t e m -  
pe ra tu re s  of decompos i t ion  w i thou t  the  necess i ty  of 
hea t ing  crucibles  or other  con t a in ing  vessels. 

Elements of the Process 
The rhodoni te ,  g r o u n d  to 100% m i n u s  50 mesh,  is 

m ixed  w i t h  ca rbon  source mater ia l s ,  in  this  case 
coal and  pi tch.  This  m ix tu re ,  w i th  the add i t ion  of 
an  ex t ru s ion  aid mate r ia l ,  is p laced in  a n  h y d r a u l i c  
press  and  o r e - b e a r i n g  electrodes are ex t ruded .  
These are baked  w i t h  a cont ro l led  schedule  r i s ing  
to a m a x i m u m  t e m p e r a t u r e  of 900~176 Elec-  
t rodes of s/s-in, d i a m e t e r  are comple te ly  b a k e d  
w i t h i n  2-3 hr, whi le  2- in .  e lectrodes are baked  12-20 
hr,  d e p e n d i n g  on the des i red character is t ics .  

The pi lot  p l a n t  was  opera ted  us ing  electrodes  2 in. 
in  d i ame te r  and  44 in. long. A direct  c u r r e n t  arc was  
used. Therefore ,  on ly  the  anode  is o r e - b e a r i n g ;  the  
cathode is a 1-in.  d i ame te r  g raph i t e  rod. The  baked  
electrode is p laced in  the  arc c h a m b e r  a nd  the arc 
c u r r e n t  applied.  For  this  app l i ca t ion  the arc is oper -  
a ted  in  air  at a tmospher ic  pressure .  Air ,  swept  in to  
the  system,  p rov ides  excess oxygen  to the  react ion,  
r ap id  q u e n c h i n g  of the  arc p roduc t  gases, and  arc 
p roduc t  t r a n spo r t  to the p roduc t  collector.  The  arc 
c h a m b e r  and  p roduc t  collector  a re  shown schema t -  
ica l ly  in  Fig. 1. The  s impl ic i ty  of the sys tem is 
evident .  

Since in  this  app l ica t ion  this  process serves on ly  
as a me a ns  of decomposi t ion,  the  Mn con ten t  of the  
p roduc t  wi l l  u s u a l l y  be e s sen t i a l ly  the same as tha t  
of the  feed mate r i a l .  G e n e r a l l y  speaking,  the  va lues  
of recoveries,  yields,  and  process ing costs wi l l  r e -  
m a i n  abou t  the  same i n d e p e n d e n t  of the  Mn concen-  
t r a t ions  in  the feed. O v e r - a l l  process economics,  of 
course,  are  affected i m p o r t a n t l y  by  the  M n  con ten t  
of the  feed mate r ia l .  

The  arc chamber ,  36 in. i n  d i ame te r  and  5 ft high, 
is % - i n .  boi ler  p la te ;  ducts  are of 18-gauge  ga l -  
van ized  iron. Ai r  is swept  in to  the  c h a m b e r  and  cir-  
cu la ted  in  such a w a y  tha t  the  c ha mbe r  wa l l  t e m -  
pe ra tu re s  do not  exceed 200~ w h e n  ope ra t i ng  at  
the n o r m a l  level  of a r o u n d  50 kw. 

The homogeneous  electrode,  be ing  m a d e  l a rge ly  
of n o n c o n d u c t i v e  mate r i a l ,  has a r e l a t i ve ly  h igh  
electr ical  res is tance,  as m u c h  as two orders  of m a g -  
n i t ude  g rea te r  t h a n  a p u r e  ca rbon  electrode.  T h e r e -  
fore, to min imize  power  losses it is necessa ry  to i n -  

EXHAUST OLOWEM 
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Fig, ]. Arc chomber and product collector 
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Fig. 2. Anode brush assembFy showing anode crater. Graph- 
ite cathode con be seen as the smaller d iameter electrode. 

t r a d u c e  the  arc  c u r r e n t  as n e a r  to t he  a rc  c r a t e r  as 
poss ib le .  A s y s t e m  of s l id ing  b r u s h e s  is used.  F i g u r e  
2 shows  the  b r u s h  a s s e m b l y  and  also p r o v i d e s  a good 
i l l u s t r a t i o n  of the  a rc  c r a t e r  a f t e r  t he  arc  is e x t i n -  
gu ished .  The  b r u s h e s  a r e  w a t e r - c o o l e d  a n d  s p r i n g  
l o a d e d  a n d  in th is  case  p r o v i d e d  w i t h  r e p l a c e a b l e  
g r a p h i t e  shoes.  The  r o u n d  p l a t e  t h r o u g h  w h i c h  t h e  
2- in.  a n o d e  p r o j e c t s  is w a t e r - c o o l e d  a n d  e l e c t r i c a l l y  
n e u t r a l ,  to sh ie ld  the  b r u s h  a s s e m b l y  f r o m  d a m a g e  
b y  the  arc.  The  1-in.  ca thode  in i ts  n o r m a l  o p e r a t i n g  
pos i t i on  can  also be  seen.  

Operating Data 
T h e r e  a r e  t h r e e  d e p e n d e n t  p rocess  v a r i a b l e s  of 

p r i m a r y  i m p o r t a n c e .  These  a re :  un i t  p o w e r  con-  
s u m p t i o n  ( in  k w h r / l b  of anode  v a p o r i z e d ) ,  e ros ion  
r a t e  ( in  l b / h r  of  a n o d e  v a p o r i z e d )  and  p e r  cen t  
s lag ( the  r a t i o  of the  w e i g h t  of spa l l ed  and  m e l t e d  
m a t e r i a l  to t he  t o t a l  w e i g h t  loss of t he  e l e c t r o d e ) .  
These  a r e  a f fec ted  mos t  i m p o r t a n t l y  b y  the  f o l l o w -  
ing  fou r  i n d e p e n d e n t  p rocess  v a r i a b l e s :  a n o d e  c a r -  
bon con t en t  ( in  p e r  c en t ) ,  a rc  c u r r e n t  ( in  a m p e r e s ) ,  
a n o d e  r e s i s t i v i t y  (ohm/cm~) ,  a n d  a n o d e  a p p a r e n t  
d e n s i t y  ( g / c c ) .  A c o m p r e h e n s i v e  i n v e s t i g a t i o n  of 
the  r e l a t i o n s  of these  v a r i a b l e s  w a s  c a r r i e d  out  b a s e d  
on s t a t i s t i ca l  ana lys i s  of the  r e su l t s  of ove r  300 tes t  
runs .  S o m e  t y p i c a l  d a t a  a r e  i l l u s t r a t ed .  F i g u r e  3a 
shows  the  effect  on un i t  p o w e r  c o n s u m p t i o n  of v a r y -  
ing  a r c  c u r r e n t  a n d  c a r b o n  con ten t .  Th is  is for  e l ec -  
t r odes  h a v i n g  a specific r e s i s t i v i t y  in the  r eg ion  of 
0.05 o h m / c m  ~ and  d e n s i t y  in the  r eg ion  of 1.75 ( g /  
cc) .  The  h e a v i l y  i n k e d  p o r t i o n s  of the  cu rves  r e p r e -  
sen t  t he  r eg ions  in w h i c h  e x p e r i m e n t a l  d a t a  a r e  
ava i l ab l e .  The  l igh t  p o r t i o n s  r e p r e s e n t  the  r eg ions  of 
s t a t i s t i ca l  e x t r a p o l a t i o n .  C u r v e s  w h i c h  a r e  e n t i r e l y  
in l i gh t  i nk  r e p r e s e n t  e x t r a p o l a t i o n  of t he  r e su l t s  ob -  
t a i n e d  w i t h  o t h e r  c a r b o n  pe r cen t ages .  

C a u t i o n  is n e c e s s a r y  in v i e w i n g  the  e x t r a p o l a t e d  
da ta ,  e spec i a l l y  t o w a r d  the  e x t r e m e s  of t h e i r  e x -  
tens ion .  T h e y  a re  u se fu l  p r i m a r i l y  for  i n d i c a t i n g  
t rends .  R e f e r r i n g  a g a i n  to Fig .  3a, i t  c anno t  be  sa id ,  
for  e x a m p l e ,  t h a t  a 10% c a r b o n  e l e c t r o d e  can  be  
p roces sed  a t  300 a m p  w i t h  a un i t  p o w e r  c o n s u m p t i o n  
of 1 k w h r / l b .  H o w e v e r ,  i t  can  be  sa id  t ha t  a t  l o w e r  
c u r r e n t s  t he  10% c a r b o n  e l e c t r o d e  w i l l  p r o b a b l y  
g ive  b e t t e r  r e su l t s  t h a n  the  h i g h e r  c a r b o n  e lec t rodes ,  
w h i l e  a t  h i g h e r  c u r r e n t s  t he  conve r se  wi l l  be  t rue .  
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Fig. 3. Effect of  arc current and carbon content on unit  
power consumption. 

F i g u r e  3b p r o v i d e s  a c o m p a r i s o n  of t h e  s ame  f ac -  
to r s  for  e l ec t rodes  h a v i n g  a r e s i s t i v i t y  of a b o u t  0.2 
o h m / c m "  and  a d e n s i t y  of abou t  2 g /cc .  The  con-  
s i d e r a b l e  d i f fe rence  in  c h a r a c t e r  of t he se  cu rves  is 
a p p a r e n t .  I m p r o v e d  p e r f o r m a n c e  is ev iden t .  P e r -  
f o r m a n c e  g e n e r a l l y  i m p r o v e s  w i t h  c u r r e n t ,  and  u n -  
d e r  these  cond i t ions  a 20% c a r b o n  e l e c t r o d e  p r o -  
v ides  b e t t e r  o p e r a t i o n  a t  h i g h e r  c u r r e n t s  t h a n  a n y  of  
the  e l ec t rodes  in t he  p r e v i o u s  figure.  

A c o m p a r i s o n  of e ros ion  r a t e s  can  also b e  m a d e  in  
t he  s a m e  m a n n e r .  F i g u r e  4a shows  the  e ros ion  r a t e  
for  t he  low re s i s t i v i ty ,  low d e n s i t y  t y p e  of e l e c t r o d e  
in  t e r m s  of p o u n d s  of e l e c t r o d e  v a p o r i z e d  p e r  hour .  
I t  w i l l  be  n o t e d  t h a t  a t  600 a m p  the  cu rves  fa l l  in t he  
a r e a  b e l o w  10 I b / h r .  In  c o n t r a s t  Fig .  4b shows  the  
s ame  i n f o r m a t i o n  for  t he  h igh  r e s i s t i v i t y ,  h igh  d e n -  
s i ty  anode.  In  th is  case  i t  can  be  seen  t h a t  a t  600 
a m p  o p e r a t i o n  is in  t h e  r e g i o n  of 20 l b / h r .  

A s i m i l a r  c o m p a r i s o n  of  p e r  cen t  " s l ag"  shows  
t h a t  t he  s ame  cond i t ions  w h i c h  t e n d  to i m p r o v e  un i t  
p o w e r  c o n s u m p t i o n  and  e ros ion  r a t e  t e n d  also to  i n -  
c rease  p e r  cen t  slag.  This  m a t e r i a l  is no t  s lag in t h e  
u s u a l  sense.  I t  is m a t e r i a l  w h i c h  e i t he r  spa l l s  f r o m  
the  e l ec t rode  o r  m e l t s  a n d  d r ip s  f r o m  the  c r a t e r  
w i t h o u t  be ing  vapo r i zed .  F i g u r e  5a shows  the  p e r  
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cent  slag for the  low res is t iv i ty ,  low dens i ty  e lec-  
trode.  The 20% carbon  electrode,  for example ,  fal ls  
en t i r e ly  in  the  reg ion  be low 10%. In  Fig. 5b it is 
seen that ,  w i th  the  condi t ions  tha t  give be t t e r  u n i t  
power  c o n s u m p t i o n  and  erosion rate,  slag is above  
z0%. 

On the  basis  of these  and  o ther  s imi la r  da ta  a 
group  of e lectrode charac ter is t ics  were  evolved  as 
follows: a p p a r e n t  dens i ty  in the reg ion  of 2, specific 
e lect r ical  res i s t iv i ty  in  the  r ange  of 0.25 to 0.3 o h m /  
cm 3, and  ca rbon  con ten t  in  the r ange  of f rom 16 to 
18% af ter  bak ing .  

Elect rodes  of these charac ter is t ics  were  sub jec ted  
to a series of r u n s  e x t e n d i n g  over  ha l f - sh i f t  per iods  
of about  4 hr. Typica l  resul t s  are shown  in  Tab le  I. 

Note tha t  the  slag per  cen t  is lower  t h a n  mi gh t  
have  been  expected  f rom the  s ta t is t ical  test  resul t s  
jus t  discussed. This is because  those test  r uns  were  
short,  i nvo lv ing  cons iderab le  on-off  opera t ion  and  
cor respond ing  hea t ing  and  cooling of the  system. 
The  sus ta ined  r u n s  a lways  exh ib i t  be t t e r  resul t s  and,  
of course, are  more  r e p r e s e n t a t i v e  of p roduc t ion  
condi t ions.  

Opera t ions  were  not  car r ied  to the  po in t  of ac-  
t ua l l y  recyc l ing  this slag. However ,  w i th  its r ecy -  
cling, Mn recovery  in  the process would  be expected  
to approach  100%, since the re  is l i t t le  t rue  loss a n y -  
whe re  in  the  system. The  ore used in  these opera -  
t ions  con ta ined  a p p r o x i m a t e l y  25% Mn. Before 
t r ea tmen t ,  on the  basis of analysis ,  over  90% of the  
Mn in  the ore was in  inso lub le  form. Af te r  t r e a t -  
m e n t  over  90% of the inso lub le  Mn was found  to be 
conver t ed  to soluble  fo rm in  the  arc product .  

Current  700 amp 
Power 50 kw 

f103 in . /h r  
Anode feed / 24  l b / h r  
Slag 16.5 % (wt) 
Anode vaporized 20 l b / h r  
Unit  power consumption 2.5 kw hr / l b  of electrode 
(d-c side of generator) vaporized 
Product ion rate 13 l b / h r  of arc 

product 
Cathode consumption 0.5 l b / h r  of graphite 

I t  should be emphas ized  tha t  these  resul t s  r e p r e -  
sent  a cer ta in  stage of d e v e l o p m e n t  in  process ap-  
pl icat ion.  F u r t h e r  i m p r o v e m e n t  can be expected.  
D e v e l o p m e n t  in  the  t echn iques  of e lect rode f ab r i ca -  
t ion  for  h igher  s t r eng th  wi l l  p e r m i t  r educ t ion  in  
slag pe r  cent  and  opera t ion  at  h igher  c u r r e n t s  w i th  
h igher  p roduc t ion  rates.  The use of l a rger  d i ame te r  
electrodes can be expected to p rov ide  some add i -  
t iona l  i m p r o v e m e n t s  in  u n i t  power  c onsumpt i on  and,  
of course, also h igher  production rates.  M a n y  other  
aspects of this d e v e l o p m e n t  sys tem are sub jec t  to 
e ng i ne e r i ng  ref inement .  Work  in  ref in ing  the h igh-  
i n t ens i t y  arc in  process appl ica t ions  is con t inu ing .  

Conclusion 
This  work  demons t r a t e s  the  technica l  feas ib i l i ty  

of app ly ing  the Hierarc  Process to the  decomposi t ion  
of Colorado rhodon i t e  ore to p rov ide  m a n g a n e s e  in  a 
r ead i ly  soluble  form. Most i m p o r t a n t l y ,  this  was 
done w i th  rap id  baked  electrodes  and  o v e r - a l l  
va lues  of un i t  power  c onsumpt i on  in  the  reg ion  of 
2.5 k w h r / l b .  
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On the Measurement of the Temperatures of Unenclosed Objects 
by Radiation Methods 

A. G. Emslie and H. H. Blau, Jr. 

Arthur D. Little, Inc., Cambridge, Massachusetts 

ABSTRACT 

The funct ional  relat ionships between apparent  tempera ture  and t rue tem-  
perature for the total radiat ion pyrometer,  the optical pyrometer,  the two-color 
pyrometer,  and the two- tempera ture  pyrometer  are developed and discussed. 
It  is shown that it is impossible to measure the tempera ture  of an unenclosed 
object in the range 2000~176 with accuracy greater than  about 10% with-  
out prior knowledge of the emissivity. If the emissivity is known within  20%, 
the tempera ture  can be determined within  1 or 2% by means  of an optical 
pyrometer,  par t icular ly  if the ins t rument  is operated at the blue end of the 
spectrum. The accuracy obtainable with the other ins t ruments  under  equivalent  
conditions is significantly lower. 

Since the  last  wa r  there  has been  a g rowing  need  
to opera te  var ious  devices at h ighe r  and  h igher  
t e m p e r a t u r e s  in  order,  for example ,  to ob ta in  more  
efficient rocket  motors  or fas ter  a i rp lanes .  As a r e -  
sul t  a r ap id  increase  is now t ak ing  place in research  
on the  proper t ies  of all  conce ivable  k inds  of m a t e -  
r ia ls  at h igher  t empera tu res .  Such tools as the  solar  
furnace ,  the  p l a sma  jet, the  pu lsed  electr ic  dis-  
charge,  and  the  shock t u b e  are used in  these fu rnace  
t echn iques  in  severa l  i m p o r t a n t  respects.  

A n  o r d i n a r y  fu rnace  u s u a l l y  has a fa i r ly  u n i f o r m  
i n t e r n a l  t e m p e r a t u r e  d i s t r ibu t ion ,  i nc lud i ng  the  
sample  u n d e r  test, and  so the sample  t e m p e r a t u r e  
can be found  qui te  r ead i ly  by  m e a n s  Of a t h e r m o -  
couple  inse r ted  a n y w h e r e  in  the  fu rnace  or by  an  
optical  p y r o m e t e r  appl ied  to a s ight ing  hole which  
emits  essent ia l ly  b l a c k - b o d y  rad ia t ion .  Wi th  the  
new  methods,  on the con t ra ry ,  there  is gene r a l l y  no 
enc losure  at the  t e m p e r a t u r e  of the sample,  and  the  
sample  i tself  u sua l l y  has s izeable t e m p e r a t u r e  g rad i -  
ents.  U n d e r  these  condi t ions  it  c anno t  be  a s sumed  
tha t  the  sample  acts as a b l a c k - b o d y  radia tor .  Also, 
because  of the gradients ,  it is v e r y  difficult to p ro -  
duce an  art if icial  b l a c k - b o d y  cavity,  for example ,  
by  d r i l l ing  a hole in  the  sample.  Thus  the  opt ical  
p y r o m e t e r  canno t  be used r o u t i n e l y  to d e t e r m i n e  the  
t e m p e r a t u r e .  F u r t h e r m o r e ,  in  m a n y  cases of in te res t  
the  sample  t e m p e r a t u r e  is above the  l imi t s  of m e a s -  
u r e m e n t  by  thermocouples .  

How, then,  can one measu re  the  t e m p e r a t u r e  of 
a sample  u n d e r  these  condi t ions?  The  purpose  of 
this pape r  is to eva lua t e  the var ious  r ad iome t r i c  
methods  u n d e r  the a s sumpt ion  tha t  the sample  is 
comple te ly  unenc losed  and  tha t  the re  is no p r io r  
knowledge  abou t  the  emiss iv i ty  of the  sample.  

Total Radiation Pyrometer 
In  the  to ta l  r ad i a t i on  p y r o m e t e r  the r ad i a t i on  

f rom a g iven  a rea  of the  sample  is i n t eg ra t ed  over  
all  w a v e  l eng ths  by  a t he rmop i l e  tha t  has been  cal i -  
b r a t ed  aga ins t  a b l a c k - b o d y  radia tor .  

The re la t ion  b e t w e e n  the  a p p a r e n t  abso lu te  te rn-  

p e r a t u r e  TA cor re spond ing  to an  a s sumed  average  
emiss iv i ty  of 1/2 and  the t rue  t e m p e r a t u r e  T corre-  

spond ing  to the  rea l  average  emiss iv i ty  ~ is g iven  by  

1 
--eTA' =V~T ~ [i] 
2 

w he r e  ~r is the  S t e f a n - B o l t z m a n n  constant .  The f rac-  
t iona l  e r ror  in  the  absolu te  t e m p e r a t u r e  is 

T,  - -  T 
-- (2~-) ~ / ' -  i [2] 

T 

The g raph  of this re la t ion ,  shown in  Fig. 1, i nd i -  
cates tha t  an  e r ror  of abou t  20% is m a d e  w h e n  the  
t r u e  emiss iv i ty  is 0.2 r a t h e r  t h a n  the a s sumed  va lue  
of 0.5. 

The Optical Pyrometer 
In  the  case of the  opt ical  py romete r ,  r ad i a t i on  

f rom the  sample  in  a n a r r o w  b a n d  of w a v e  l eng ths  
cen te red  at 0.65 /~ is compared  wi th  the  r a d i a t i on  
f rom a ca l ib ra ted  g lowing  f i lament .  A s s u m i n g  as 
before  tha t  n o t h i n g  is k n o w n  abou t  the  emiss iv i ty  of 
the sample  and  tha t  a v a l u e  of 1/2 is guessed, we  

2O 

1 0 -  

-20 

-3r  

-4C .2 .4 .6 .8 ~D 
ACTUAL TOTAL EMISSIVITY 

Fig. 1. Error o f  to ta l  rad ia t ion  py romete r  vs. ac tua l  to ta l  
emiss iv i ty  fo r  an assumed to ta l  emiss iv i ty  o f  1/2. 
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find f rom Wien ' s  l aw the  fo l lowing  re la t ion  b e t w e e n  
the a p p a r e n t  and  t rue  t empe ra tu r e s :  

1 
- -  e--cJXTA z E e - c J  xT [3] 
2 

where  )̀  is the  wave  l eng th  at the  cen te r  of the  
t r ansmis s ion  b a n d  of the  i n s t r u m e n t ,  E is the  spect ra l  
emiss iv i ty  of the  sample,  and  c= = 1.44 • 10' m i c r o n  
degrees.  

F r o m  Eq. [3] we ob ta in  for the  re la t ive  e r ror  in  
the  t e m p e r a t u r e  

TA - -  T ( ) `T /c~)  In 2e 
- -  - -  [ 4 ]  

T 1 -  ()`T/co.) In 2E 

F i g u r e  2 shows how the er ror  depends  on the t rue  
spect ra l  emiss iv i ty  ~ for va r ious  fixed va lues  of the  
t rue  t e m p e r a t u r e  T. For  example ,  if the t rue  emis -  
s iv i ty  is 0.2 ins tead  of the  guessed va lue  of 0.5, the  
e r ro r  is 7.5% at 2000~ and  14% at 4000~ 

Since, according to Eq. [4],  the  er ror  is a p p r o x i -  
m a t e l y  p ropor t iona l  to ) ,̀ be t t e r  resul t s  wou ld  be 
ob ta ined  by  opera t ing  an  optical  p y r o m e t e r  at  as 
shor t  a wave  l eng th  as possible. At  t e m p e r a t u r e s  
above 2000~ there  should  be enough  short  w a v e -  
l eng th  r ad i a t i on  to p e r m i t  the  cons t ruc t ion  of an  
e lec t ronic  i n s t r u m e n t  w i th  a filter in  the  n e i g h b o r -  
hood of 0.4 ~. 

The Two-Color Pyrometer 
The basis  of the  two-co lor  p y r o m e t e r  is tha t  the  

u n k n o w n  emiss iv i ty  can be e l i m i n a t e d  by  t a k i n g  
the rat io of the  r a d i a n t  in tens i t i es  f rom the  sample  
at  two di f ferent  w a v e  lengths .  U n f o r t u n a t e l y ,  this  
can  on ly  be done if the emiss iv i ty  is the  same at  the  
two wave  lengths .  If el and  E~ are the  ac tua l  emiss iv i -  
ties at the wave  l eng ths  ),1 and  )`~, the r ad ia ted  i n -  
tens i t ies  in  w a v e - l e n g t h  bands  ~A1 and  ~ are 

W~ = ElCACSA)̀ le -~Jx~T 
W~ E~c~)`-~• c~/~T ~ [ 5 ] 

assuming  tha t  )̀ 1 and  )̀ 2 are bo th  in  the region  w he r e  
Wien ' s  l aw  applies.  The  ra t io  of the  in tens i t i es  is 

Wi el ),~-~Akl 
. . . .  e ( c z / T ) [ ( 1 / X D - - ( 1 / M ) ]  [63 
W2 e~ k~-SA)̀ ~ 

The a p p a r e n t  t e m p e r a t u r e  T~ is the  va lue  de r ived  
f rom the  i n s t r u m e n t  on the a s sumpt ion  tha t  ~ = ~ 
and  is therefore  g iven  by  

0.1 0.2 0.4 0.6 o.e 1.0 2 4 
RATIO OF SPECTRAL EMISSIVITIES E I / E. 2 

Fig. 3. Error of two-color pyrometer vs. ratio of spectral 
emissivities at wave lengths of 0 . 4 0  and 0 . 6 5  /~. 

Wi kl-sAkl 
_ _  - -  _ _  C(c~/TA) [(1/XD-- (1/XD] [7] 

W~ ~-~)`~ 

The  re la t ion  b e t w e e n  the  t rue  and  a p p a r e n t  t e m -  
p e r a t u r e  is found  by  e q u a t i n g  [6] and  [7] :  

1 1 in  (e~/~l) 
[8] 

TA T ( 1 1 )  
C~ \ Xl k~ 

The e r ror  ( T A - - T ) / T  ca lcu la ted  f rom this  ex-  
press ion is shown  in  Fig. 3 as a f unc t i on  of the  ra t io  
of the  spect ra l  emiss ivi t ies  for different  va lues  of 
T, wi th  )̀ 1 = 0.40 ~ and  )̀ 2 = 0.65 ~. 

The e r ro r  is zero w h e n  the u n d e r l y i n g  a s sumpt ion  
tha t  the emiss ivi t ies  are the  same is val id.  In  p rac -  
tice, the  rat io of the  emiss ivi t ies  at  the  two wave  
lengths  can differ cons ide rab ly  f rom un i ty .  If  the 
ra t io  is 2, for example ,  the e r ror  is 11% at 2000~ 
and  25% at  4000~ 

It  m a y  be though t  t h a t  the effect of the  va r i a t i on  
of emiss iv i ty  wi th  wave  l eng th  m a y  be evaded  by  
t ak ing  the two wave  l eng ths  )̀ 1 and  )̀ ~ v e r y  close to-  
gether.  Equa t i on  [8] shows tha t  this  idea is f a l l a -  
cious. The difference 1 / T ~ - - 1 / T  is c lear ly  p ropor -  
t iona l  to the slope of the chord of the  in  E vs. 1/)` 
curve.  This q u a n t i t y  m e r e l y  becomes the  slope of 
the  t a n g e n t  to the curve  w h e n  )̀ 1 ~ )̀ .~ and  the re  is no 
a pr ior /  reason w h y  the t a n g e n t  should  have  a 
sma l l e r  slope t h a n  the  chord. 

The  idea of the  two-co lo r  p y r o m e t e r  can be ex-  
tended,  in  pr inc ip le ,  to a mu l t i - c o l o r  pyromete r .  A 
th ree -co lo r  py romete r ,  for example ,  wi l l  give the 
correct  t e m p e r a t u r e  if the emiss iv i ty  var ies  l i n e a r l y  
wi th  wave  length.  But  in gene ra l  the c u r v a t u r e  of 
the  emiss iv i ty  vs. w a v e  l e n g t h  charac ter i s t ic  is no t  
zero and  wi l l  p roduce  as la rge  an  e r ror  in  t e m p e r a -  
t u r e  as the slope does wi th  the  two-co lor  pyromete r .  

T w o - T e m p e r a t u r e  P y r o m e t e r  

A n e w  type of p y r o m e t e r  tha t  we have  i nves t i -  
gated, a nd  which  has also been  cons idered  by  K. C. 
Vul ' f son  (1),  depends  on the  idea tha t  if the  spect ra l  
d i s t r i bu t i on  of i n t e ns i t y  f rom the  sample  is meas -  
u r ed  at two t empera tu re s ,  the spect ra l  emiss iv i ty  
can be e l im ina t ed  by  d iv id ing  one spect ra l  d i s t r i b u -  
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t ion  b y  the  other.  Let  T and  T '  be  two t empera tu re s .  
T h e n  the  two spect ra l  d i s t r ibu t ions  are g iven  by  
P l a n c k ' s  l aw:  

c~e (X) X-~xx 
W -- [9] 

e c~/xT - -  1 

W' - -  [10] 
e c e / ~ T ' -  1 

The ra t io  of the  d i s t r ibu t ions  is 

W '  e c2/xT -- i 

- -  - -  [li] 
W e c ~ l x T ' -  1 

I t  wi l l  be  no ted  tha t  the  spect ra l  emiss iv i ty  has 
cancel led  out. 

In  Eq. [11] the  ra t io  W ' / W  can be d e t e r m i n e d  e x -  
p e r i m e n t a l l y  as a f unc t i on  of wave  l eng th  h. Since 
on ly  two u n k n o w n  quant i t ies ,  name ly ,  T and  T' ,  ap-  
pear  in  the  equat ion ,  it  is sufficient in  p r inc ip l e  to 
m a k e  m e a s u r e m e n t s  at  on ly  two wave  l eng ths  in  
order  to d e t e r m i n e  bo th  T and  T' .  However ,  more  
accura te  resul t s  should  be ob ta inab le  by  us ing  da ta  
over  the  whole  spec t rum.  This  can be done by  p r e -  
p a r i n g  a set of mas t e r  g raphs  of the func t i on  

W '  e xT' /T - -  1 
- -  - -  [ 1 2 ]  

W e x -  I 

which  is ob ta ined  f rom Eq. [11] by  the subs t i t u t i on  

x = c J X T '  

Figure  4 shows the  m a s t e r  graphs  of W ' / W  vs. x 
for va r ious  va lues  of T / T '  wi th  x p lo t ted  on a loga-  
r i t hmic  scale. 

To d e t e r m i n e  T and  T'  f rom the e x p e r i m e n t a l  
data,  the  e x p e r i m e n t a l  va lues  of W ' / W  are  p lo t ted  
aga ins t  X wi th  the same scales as in  Fig. 4. The  ex -  
p e r i m e n t a l  g raph  is now moved  hor i zon ta l ly  over  
the  mas t e r  char t  u n t i l  the  best  fit w i th  one of the  
mas te r  curves  is obta ined.  By r ead ing  any  pa i r  of 
co r respond ing  points  on the  two abscissas, one finds 
a va lue  of X and  a va lue  of c J h T ' .  Thus  T'  is found.  
The ma tched  mas te r  cu rve  gives T / T ' ,  so T is also 
de te rmined .  

I.N 

= 

o + 4t11I ' , ', ' 
1-: IIIII " 

', IIIII 
! 1,0 

TEMPERATURES OF UNENCLOSED OBJECTS 

- I I I I  

,: , l lll 

\ ' %  \1 1 
\1 

\ \ 'itll 

,' , ' ,,\ ' \ ",1 lit 
IO 100 

Fig. 4. Master graphs for the two-temperature pyrometer 
showing intensity ratio for two temperatures vs. c=/?~T'. The 
crosses represent the best f i t  of exper imental  data for a hot 
Globar source. 
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The crosses on Fig. 4 r ep resen t  the  best  fit of ex -  
p e r i m e n t a l  da ta  for a hot  si l icon ca rb ide  source 
t a k e n  wi th  a P e r k i n  E l me r  i n f r a r ed  spect rometer .  
The  posi t ion of the  crosses indica tes  tha t  T ' / T  = 

1.052, and  the  hor izon ta l  pos i t ion  of the  expe r i -  
m e n t a l  w a v e - l e n g t h  scale (no t  shown  in  Fig.  4) 
gives T ' =  1126~ The ac tua l  t e m p e r a t u r e  de t e r -  
m i n e d  by  a t he rmocoup le  e m b e d d e d  in  the  si l icon 
ca rb ide  gave a r ead ing  of T ' =  1320~ The  e r ror  is 
therefore  abou t  15% which  is comparab le  wi th  the  
er rors  of the  other  r ad iome te r  methods .  

The e r ror  in  the  t e m p e r a t u r e  d e t e r m i n a t i o n  ap-  
pears  to be due  to the a s sumpt ion  tha t  the  spect ra l  
emiss iv i ty  is i n d e p e n d e n t  of t e m p e r a t u r e .  If  E(h) is 
a f unc t i on  of t empe ra tu r e ,  t hen  it  c anno t  be d iv ided  
out  by  t ak ing  the  ra t io  of Eq. [9] and  [10].  

The effect of the  t e m p e r a t u r e  coefficient of emis -  
s iv i ty  can be ca lcu la ted  most  easi ly  for the  case of a 
t w o - t e m p e r a t u r e  p y r o m e t e r  t ha t  measu res  the  r ad i -  
a t ion  f rom the  sample  at  on ly  two w a v e  l eng ths  ~ 
a nd  X~. For  prec is ion  in  f i t t ing the t w o - p o i n t  exper i -  
m e n t a l  g raph  to the mas t e r  graphs  of Fig. 4 the  two 
w a v e  lengths  should  be on opposi te  sides of the  
b l a c k - b o d y  peak.  

The  i n t e ns i t y  r ad ia t ed  at the shor ter  wave  l eng th  
~,1 is g iven  by  Wien ' s  law:  

W = c,eX~-~A,kle- ~/~7" [ 13 ] 

The ra te  of change  wi th  t e m p e r a t u r e  is 

1 d W  1 de q- k i t  'e 
d T  x~ e d T  x~ 

The intensity at the longer wave length X~ follows 

Rayleigh's law: 

W =  c--2---~eTX~-'ix~ [15] 
C2 

and  the  ra te  of change  is 

( , , . )  , = + - ~  
W d T  ~ e d T  x~ 

A n  equa t i on  for the t rue  t e m p e r a t u r e  T is ob-  
t a ined  by  e l i m i n a t i n g  d T  f rom Eq. [14] a nd  [16]:  

(d_w__) (i d~ ) c~ 
h ~ d T  x 1 + Xl---~ 

- ' - W  x~ ~ d T  ~ q - - T -  

[i7] 

The a p p a r e n t  t e m p e r a t u r e  TA tha t  wou ld  be ob-  
t a ined  f rom the  mas t e r  graphs  is found  by  a s suming  
tha t  the  t e m p e r a t u r e  coefficient of emiss iv i ty  is zero 
in  Eq. [ 17 ]. Thus  

1 XlTA~ 

1 

T~ 

[16] 
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On c o m b i n i n g  Eq. [17] a n d  [18] w e  find: 

e dT 

1 + c; ~ dT  

The  e r r o r  in t e m p e r a t u r e  is t he re fo re ,  a p p r o x i -  
m a t e l y ,  

- - -  T . . . .  [ 2 0 ]  
T �9 dT  ca �9 dT  i 

If  ~ . 1 =  0.4 ~ and  T = 2000~ t h e n  XlT/c: = 0.06. 
Thus  the  shor t  w a v e - l e n g t h  c o n t r i b u t i o n  to the  
e r r o r  is neg l i g ib l e  c o m p a r e d  w i t h  t he  long  w a v e -  
l e n g t h  c o n t r i b u t i o n  and  Eq. [20] r educes  to 

T ~ - - T  ( l d�9 l 
- -  T - [ 2 1 ]  

T ~ d-T 
2 

F i g u r e  5 shows  a p lo t  of t he  e r r o r  vs. ( 1 / � 9  
( d � 9  for  va r i ous  va lue s  of T. The  c i rc les  on the  
2000~ l ine  g ive  the  e r r o r s  o b t a i n e d  f r o m  p u b l i s h e d  
va lue s  (2 -4 )  of t he  t e m p e r a t u r e  coefficients for  
t ungs t en ,  r h e n i u m ,  and  m o l y b d e n u m .  The  e r ro r s  a r e  
q u i t e  l a r g e  enough  to e x p l a i n  t he  d i s c r e p a n c y  ob -  
s e r v e d  in t he  case  of s i l icon c a r b i d e  and  a re  of t he  
s a m e  o r d e r  of m a g n i t u d e  as the  e r r o r s  i n v o l v e d  in 
t he  o the r  r a d i o m e t e r  me thods .  

C o n c l u s i o n s  

The  g e n e r a l  conc lus ion  to be  d r a w n  f r o m  our  
ana lys i s  is t h a t  i t  is imposs ib l e  to m e a s u r e  t he  t e m -  
p e r a t u r e  of an  unenc lo sed  s a m p l e  in the  r a n g e  
2000~176  w i t h  an  a c c u r a c y  g r e a t e r  t h a n  a b o u t  
10% b y  o b s e r v i n g  on ly  t he  r a d i a t i o n  e m i t t e d  b y  the  
s a m p l e  and  w i t h o u t  a n y  p r i o r  k n o w l e d g e  of t he  
emiss iv i ty .  On the  o t h e r  hand ,  even  a 20% m e a s -  
u r e m e n t  of the  e m i s s i v i t y  at  a s ingle  w a v e  l e n g t h  
w i l l  a l l ow  d e t e r m i n a t i o n  of t e m p e r a t u r e  to 1 or  2% 

7 O  

o 

5 O  

3c 

~ ' ~  2C 

IC 

I I I 
0 I 2 5 x 10"4 DEGOl 4 

Fig. 5. Error of two-temperature pyrometer vs. tempera- 
ture coefficient of emissivity. The circles indicate the cal- 
culated errors for tungsten, rhenium, and molybdenum at 
2 0 0 0 ~  

b y  m e a n s  of the  op t i ca l  p y r o m e t e r ,  e spe c i a l l y  if  the  
i n s t r u m e n t  is o p e r a t e d  at  t he  b l u e  end  of t h e  spec -  
t rum.  

The  p r o b l e m  of m e a s u r i n g  the  t e m p e r a t u r e  of an  
une nc lo se d  ob jec t  t h e r e f o r e  h inges  on b e i n g  ab l e  to 
d e t e r m i n e  the  emiss iv i ty .  S ince  the  e m i s s i v i t y  va r i e s  
q u i t e  m a r k e d l y  w i t h  t e m p e r a t u r e  i t  is u n s a f e  to  e x -  
t r a p o l a t e  l o w - t e m p e r a t u r e  v a l u e s  to t he  h i g h - t e m -  
p e r a t u r e  range .  Thus  the  e m i s s i v i t y  has  to  be  m e a s -  
u r e d  at  t he  h igh  t e m p e r a t u r e  and,  s ince t he  t e m p e r -  
a t u r e  is u n k n o w n ,  th is  can on ly  be  a c c o m p l i s h e d  b y  
f inding the  re f lec t ion  coefficient  of the  s a m p l e  a t  the  
o p e r a t i n g  w a v e  l e n g t h  of t he  p y r o m e t e r .  I f  i t  is a s -  
s u m e d  t h a t  t he  p y r o m e t e r  v i e w s  t h e  su r f a c e  of  t h e  
s a m p l e  a t  n o r m a l  inc idence ,  t h e n  the  re f lec t ion  co-  
efficient  of i n t e r e s t  is px = I , /Io w h e r e  Io is t he  i n -  
t e n s i t y  of a b e a m  of l igh t  a t  n o r m a l  inc idence  and  
I, is t he  i n t e n s i t y  of t h e  re f lec ted  l igh t  i n t e g r a t e d  
ove r  t he  w h o l e  h e m i s p h e r e .  A n  e q u i v a l e n t  a r r a n g e -  
men t ,  us ing  the  p r i n c i p l e  of r e v e r s i b i l i t y ,  is to flood 
t h e  s a m p l e  w i t h  l i g h t  u n i f o r m l y  f r o m  a l l  d i r e c t i ons  
and  m e a s u r e  t he  re f lec ted  l i gh t  in  a s m a l l  sol id  ang le  
at  n o r m a l  inc idence .  In  bo th  m e t h o d s  c a r e  has  to be  
t a k e n  t h a t  a n y  s p e c u l a r l y  re f lec ted  l igh t  is i n c l u d e d  
in t he  m e a s u r e m e n t .  S ince  the  ho t  s a m p l e  i t se l f  
emi t s  l igh t  in a l l  d i r ec t ions ,  t he  ref lec t ion  e x p e r i -  
m e n t  r e q u i r e s  c hoppe d  r a d i a t i on .  The  n o r m a l  e m i s -  
s i v i t y  is easily determined from the reflection co- 
efficient by means of Kirchhoff's law �9 = 1- p~. 

In the case of a sample heated in a solar furnace, 
Laszlo (5) has suggested using reflected sunlight to 
determine the emissivity. A total radiation pyrom- 
eter designed by Gardon is used to determine the 
incident and reflected radiation fluxes, the ratio of 
which gives the total reflectivity and hence the total 
emissivity Et. The temperature may then be found 
from the energy balance 

P = �9 

where P is the incident flux. This equation assumes, 
however, that the sample loses energy by re-radia- 
tion only. 

Another method mentioned by Laszlo is use of an 
optical pyrometer in conjunction with a value of the 
spectral emissivity ex calculated from a measured 
value of the total reflectivity. It is not clear how a 

unique value of �9 can be obtained in this way, ex- 
cept for the case of a gray body. 

Manuscr ip t  rece ived  Sept.  8, 1958. This pape r  was 
p repa red  for p resen ta t ion  before  the  New York  Meet -  
ing, Apr i l  27-May 1, 1958. 

A n y  discussion of this  paper  wi l l  appear  in a Dis-  
cussion Section to be publ i shed  in the June  1960 JOUR- 
NAL. 
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ABSTRACT 

Rhenium,  tungsten,  and rhen ium-coa ted  tungs ten  have been exposed to 
carbur iz ing a tmospheres  and to w a t e r - c y c l e  at tack,  rhen ium and tungsten to 
a luminum oxide at  1750~ for 7000 hr, and rhen ium to boron-conta in ing  a tmos-  
pheres.  I t  was confirmed tha t  rhenium,  unl ike  most o ther  r e f rac to ry  metals ,  
does not  form a carbide.  Rhen ium forms a boride,  which forms a eutectic wi th  
another boride or with rhenium, and melts under 2250~ Thoriated rhenium 
maintains microstructural and mechanical integrity after long exposure in 
vacuum at 1750~ in contact with alumina. Rhenium and rhenium-coated tung- 
sten are highly resistant to water-cycle effects. 

E x t e n s i v e  w o r k  has  been  r e p o r t e d  r e c e n t l y  on t h e  
m e t a l  r h e n i u m ,  bo th  in  th is  c o u n t r y  and  a b r o a d  
( 1 , 2 ) .  R h e n i u m  is a s t rong,  duc t i l e ,  r e f r a c t o r y  
m e t a l  w h i c h  m e l t s  a t  3180~ a n d  possesses  c h e m i c a l  
and  m e t a l l u r g i c a l  p r o p e r t i e s  w h i c h  a r e  in  some  
re spec t s  c h a r a c t e r i s t i c  of the  p rec ious  m e t a l s  and  
in o the r s  c h a r a c t e r i s t i c  of t h e  r e f r a c t o r y  t r a n s i t i o n  
meta l s .  R h e n i u m  is p o t e n t i a l l y  u se fu l  in  v a c u u m  
tubes  and  o t h e r  e l ec t ron ic  devices .  The  b e h a v i o r  of 
Re e x p o s e d  to r e a c t i v e  e n v i r o n m e n t s  t ha t  m i g h t  be  
e n c o u n t e r e d  in  such  dev ices  at  h igh  t e m p e r a t u r e s  is 
of c o n s i d e r a b l e  in t e re s t .  In  th is  w o r k ,  Re, W, and  
R e - c o a t e d  W have  been  e x p o s e d  to c a r b u r i z i n g  
a t m o s p h e r e s  and  to w a t e r - c y c l e  a t t a ck ;  Re and  W 
w e r e  h e a t e d  in con tac t  w i t h  a l u m i n u m  ox ide  ( in  
c o m m e r c i a l  v a c u u m ) ,  and  Re was  h e a t e d  in b o r o n -  
con t a in ing  a t m o s p h e r e s .  F o l l o w i n g  exposure ,  t he  
m a t e r i a l s  w e r e  e v a l u a t e d  to d e t e r m i n e  c h e m i c a l  a n d  
m e c h a n i c a l  s t ab i l i t y .  

Carburizing Environment  

The  p o s s i b i l i t y  t h a t  Re does  no t  f o r m  a c a r b i d e  
was  first  sugges t ed  b y  T z y r b i a t o w s k i  (3) .  This  was  
conf i rmed  b y  Hughes  (4)  who  s t u d i e d  a r c - m e l t e d  
R e - C  a l loys  and  f o u n d  t h a t  t he  t e r m i n a l  a Re  sol id  
so lu t ion  was  in e q u i l i b r i u m  w i t h  g r aph i t e .  A e u t e c -  
t ic  r e a c t i o n  occurs  a t  2480~ and  16.9 at. % C (1.3 
wt  % ) .  R h e n i u m  d i s so lves  up  to 11.7 at. % C at  
2480~ The  s o l u b i l i t y  of C in Re dec reases  r a p i d l y  
w i t h  d e c r e a s i n g  t e m p e r a t u r e  to a b o u t  4.5 at .  % at  
2000~ The  absence  of a c o m p o u n d  in t he  R e - C  
s y s t e m  is u n i q u e  a m o n g  r e f r a c t o r y  t r a n s i t i o n  me ta l s ;  
W, Ta,  Mo, and  Nb, a l l  f o r m  ca rb ides .  In  th is  r e -  
spect ,  Re b e h a v e s  s i m i l a r l y  to t he  P t - g r o u p  me ta l s .  

In  th is  s tudy ,  u n a l l o y e d  Re and  W f i l aments  and  a 
R e - c o a t e d  W w i r e  w e r e  h e a t e d  in t he  p r e s e n c e  of a 
C - b e a r i n g  a t m o s p h e r e  to s t u d y  h i g h - t e m p e r a t u r e  
r eac t i v i t y .  The  m a t e r i a l s  u sed  w e r e  0.020-in.  a n -  
n e a l e d  Re w i r e  f a b r i c a t e d  b y  c o n v e n t i o n a l  t e c h n i -  
ques,  0.014-in.  w r o u g h t  c o m m e r c i a l  W wi re ,  a n d  
R e - c o a t e d  W w i r e  p r e p a r e d  b y  depos i t i on  of an  
0.007-in.  Re coa t ing  on the  0.014-in.  w r o u g h t  W b y  
h a l i d e  decompos i t ion .  The  depos i t i on  p rocess  con-  
s i s ted  of first  p r e p a r i n g  r h e n i u m  p e n t a c h l o r i d e  b y  

1 P r e s e n t  addres s :  G e n e r a l  E lec t r i c  Co., K n o l l s  A t o m i c  P o w e r  Lab. ,  
Schenectady, N. Y. 

t he  d i r ec t  ac t ion  of  c h l o r i n e  on Re m e t a l  a t  750 ~  
850~ The  r h e n i u m  p e n t a c h l o r i d e  t h e n  was  v a p o r -  
ized  in v a c u u m  in t he  p r e s e n c e  of t h e  r e s i s t a n c e -  
h e a t e d  W wire .  The  p e n t a c h l o r i d e  was  d e c o m p o s e d  
t h e r m a l l y ,  de pos i t i ng  Re m e t a l  on the  ho t  W wi re .  
D u r i n g  this  process ,  the  0.014-in.  W - w i r e  core  was  
r e s i s t ance  h e a t e d  to a t e m p e r a t u r e  of 900~176 
for  a p e r i o d  of a b o u t  2 hr .  The  f inal  Re depos i t  was  
0.007 -+ 0.001 in. th ick ,  a d h e r e n t ,  b r igh t ,  and  qu i t e  
u n i f o r m  in t h i cknes s  a long  the  l e n g t h  of t he  wi re .  
Some  su r f ace  r o u g h n e s s  was  a p p a r e n t ,  w h i c h  is no t  
u n u s u a l  for  coa t ings  p r e p a r e d  b y  t h e  h a l i d e  v a p o r  
de c ompos i t i on  process .  

F o r  c a r b u r i z a t i o n ,  t he  t h r e e  d i f f e ren t  f i l amen t s  
first  w e r e  h e a t e d  b y  s e l f - r e s i s t a n c e  to 1982~ in 
f lowing h y d r o g e n .  D r y  h y d r o g e n  at  the  r a t e  of 4.2 
1 /min  and  h y d r o g e n - t o l u e n e  v a p o r  a t  0.84 1 /min  
t hen  w e r e  p a s s e d  t h r o u g h  the  c h a m b e r  for  2 min.  
The  h y d r o g e n - t o l u e n e  v a p o r  flow was  t e r m i n a t e d ,  
a n d  d r y  h y d r o g e n  t hen  was  a l l o w e d  to f low t h r o u g h  
for  an  a d d i t i o n a l  30 sec be fo re  cooldown.  Thus,  t he  
f i l amen t s  w e r e  at  t e m p e r a t u r e  s o m e w h a t  l onge r  t h a n  
2 rain.  P o r t i o n s  of the  f i l aments  w e r e  m o u n t e d  for  
m e t a l l o g r a p h i c  inspec t ion ,  and  the  a p p e a r a n c e  a n d  
the  r e su l t s  of K n o o p  m i c r o h a r d n e s s  t r a v e r s e s  for  
u n a l l o y e d  W and  Re, t o g e t h e r  w i t h  a t y p i c a l  w r o u g h t  
s t r u c t u r e  for  u n e x p o s e d  W, a r e  s h o w n  in Fig .  1. 
U n c o n t a m i n a t e d ,  a n n e a l e d  Re w i r e  w o u l d  have  an  
e q u i a x e d  g r a i n  s t r u c t u r e  a n d  an  a v e r a g e  h a r d n e s s  
of a b o u t  400-500 K n o o p  across  t he  d i a m e t e r .  

U p o n  e x p o s u r e  to t he  c a r b u r i z i n g  a t m o s p h e r e ,  t he  
W w i r e  r e c ry s t a l l i z e d ,  a n d  c a r b i d e  f o r m e d  a t  the  
sur face .  R e c r y s t a l l i z a t i o n  r e s u l t e d  in  a h a r d n e s s  
d rop  to a b o u t  400 K n o o p  t h r o u g h o u t  t he  core.  T h e  
l a y e r  on the  su r f ace  of the  W is t u n g s t e n  ca rb ide ,  
conf i rmed  b y  the  h a r d n e s s  va lue s  of a b o u t  1900 
Knoop .  The  c a r b o n i z e d  W f i l aments  w e r e  e x t r e m e l y  
b r i t t l e  a n d  f r a c t u r e d  a t  t he  s l igh te s t  touch.  

T h e  c a r b u r i z e d  r h e n i u m  s h o w n  in Fig .  l c  r e t a i n e d  
a s i n g l e - p h s s e  s t r uc tu r e .  Th is  is s u p p o r t i n g  e v i d e n c e  
t h a t  Re  does  no t  f o r m  a ca rb ide .  H o w e v e r ,  t h e  
e n t i r e  cross  sec t ion  of t h e  w i r e  e x h i b i t s  r a t h e r  h igh  
h a r d n e s s  for  an  a n n e a l e d  Re w i r e  of th is  d i a m e t e r ,  
and  the  h a r d n e s s  va lue s  a r e  r a t h e r  s ca t t e r ed .  I t  is 
b e l i e v e d  t h a t  C has  d i f fused  c o m p l e t e l y  t h r o u g h  
the  Re w i r e  and  the  s t r u c t u r e  shown  is t h a t  of a R e -  
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Fig. 1. Appearance and hardness traverses for unexposed 
and carburized W and carburized Re filaments. Magnifica- 
tion 100X before reduction for publication. 

base, in t e r s t i t i a l - ca rbon  solid solution. The rap id  
diffusion ra te  of C through Re is verified by resul ts  
of the studies of Re-coa ted  W, where  W~C formed 
undernea th  a Re layer  in a short  t ime period. Thus, 
a l though Re does not  form a carbide,  diffusion of 
C into Re occurs r ap id ly  wi th  considerable  ha r de n -  
ing. Al though  insufficient ma te r i a l  was ava i lab le  for 
quant i t a t ive  bend tests, the  wire  showed duct i l i ty  
when bent  by  hand. This suggests tha t  Re meta l  is 
not ha rdened  to the point  of embr i t t l emen t  when 
heated in carbonaceous atmospheres.  This should 
enhance the usefulness of Re considerably.  

A longi tudina l  section of Re-coa ted  W wire  in the  
as -depos i ted  condit ion is shown in Fig. 2a. The 
l a rge-gra in ,  h i g h - p u r i t y  Re deposi ted f rom decom- 
posit ion of the pentachlor ide  has a somewhat  lower  
hardness  (350 Knoop)  than  fabr ica ted  Re fi laments 
(400-500 Knoop) .  The wrought  W core is s l ight ly  
softer than the W of Fig. la,  poss ibly  because of 
stress re l ief  at 900~ dur ing  p repa ra t ion  of the Re 
coating. A port ion of the composite wire  was ex-  
posed in pure  hydrogen  for 2 min at  1980~ wi th  no 
C present .  The resul t ing  s t ruc ture  and hardness  are 
shown in Fig. 2b. The W core has l a rge ly  r ec rys t a l -  
lized, and hardness  reduced to about  450 Knoop. 
The Re c ladding is essent ia l ly  unchanged.  A small  
amount  of interdiffusion has commenced be tween  
the W core and the Re cladding,  causing a nar row,  
da rk  layer  of a new phase to form at the interface.  
This phase  has a r e l a t ive ly  high hardness  which 
may  be cons iderably  higher  than  tha t  shown by 
measurements  as the phase l aye r  is too na r row to 
yie ld  accurate  readings.  This new laye r  p robab ly  is 
e i ther  ~-phase  (W=Re.~) or an ~ -Mn- type  W - R e  
intermetal l ic ,  or both  (5).  Exposure  to C, as p r e -  
viously described,  resul ts  in the s t ruc ture  shown in 
Fig. 2c. The Re coating hardened  f rom about  350 
to 700 Knooo at the surface as a resul t  of C d i f -  
fusion. This increase is s imi lar  to tha t  noted for un-  
a l loyed Re wire  which hardened  f rom 450 to an 
average  of 850 Knoop. Two new zones were  found 
in the W-Re  interface.  Using fi l tered Fe  radia t ion,  
x - r a y  diffraction measurement  on the new zones 
showed two majo r  phases,  ~--W.~C and W~Re3 (~- 

Fig. 2. Appearance and hardness traverses for unexposed, 
heat-treated, and carburized Re-coated W wire. Magnifica- 
tion 100X before reduction for publication. 

phase) .  Weak  diffraction l ines also observed might  
have been due to the R e - W - M n - t y p e  phase. 

The outer  in ter rac ia l  zone, which has a hardness  
of over 2000 Knoop, is undoub ted ly  the W.~C formed 
from react ions be tween  W and C which diffused 
through the Re coating. The inner zone, wi th  a 
hardness  of 1500 Knoop, is the  diffusion product ,  
W~Re~. Thus, Re coatings do not  pro tec t  under ly ing  
W from react ions wi th  ambien t  C-conta in ing  a t -  
mospheres,  even wi th  th ick coatings, as in the  pres-  
ent case. Reaction wi th  the under ly ing  W is slowed 
down, however,  and there  is no doubt  tha t  the 
carbur ized  Re-coa ted  W fi lament is not affected so 
severe ly  by  C as una l loyed  W, and may  be capable  
of some mechanical  service. For  instance, the wire  
was capable  of being hand led  wi thout  f rac ture  
fol lowing carbonizat ion.  Al though  it possessed no 
measurab le  duct i l i ty ,  the wire  exhib i ted  a room-  
t empera tu re  u l t ima te  tensi le  s t rength  of 45,000 psi. 

Boron-containing Atmospheres 
Since Re does not form a carbide,  it was thought  

tha t  it  might  have somewhat  lower  reac t iv i ty  wi th  
B than  most other  r e f rac to ry  meta ls  which form 
borides. Boron-conta in ing  mater ia l s  are po ten t ia l ly  
useful  in e lec t ron- tube  technology.  If Re does not  
form a boride,  it might  be useful  for suppor t ing  B- 
containing substances which are good thermionic  
emit ters .  

Three  ind iv idua l  0.01-in. Re f i laments were  
hea ted  by  se l f - res is tance  to different  t empera tu re s  
in an a tmosphere  of flowing gas, which consisted of 
a mix tu re  of d ry  hydrogen  and boron t r ichlor ide.  
One fi lament was hea ted  to 1330~ (b l ack -body  
t empera tu re ) ,  one to 1750~ and one to 2250~ 
During the ad jus tmen t  of the  vol tage of the fila- 
ments  to get the desired t empera tu re ,  the f i laments 
were  in an a tmosphere  of flowing d ry  hydrogen.  
The fi laments then were  a l lowed to cool, and boron 
t r ich lor ide  was in t roduced to give a hydrogen:  boron 
t r ich lor ide  ra t io  of 7:1. F i l amen t  power  then was 
appl ied  for a per iod of 2 rain, fol lowing which the 
f i laments were  a l lowed to cool in the  B-conta in ing  
atmosphere.  

About  10 to 15 sec af ter  exposure  commenced,  the 
f i lament at 2250~ burned  in half.  The remain ing  
two filaments las ted  for the  ent i re  2 -min  period.  
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Fig. 3. Longitudinal sections and hardness of unalloyed Re 
wire exposed to a boron-containing atmosphere under the con- 
ditions designated, o, Exposed 2 rain at 1750~ b, exposed 
15 s e c  at 2250~ Magnif ication lOOX before reduction for 
publication. 

The f i laments  hea ted  to 1330 ~ and  1750~ appea red  
to have  deve loped  a coated or scaled appearance ,  
whi le  the b u r n e d - o u t  f i l ament  appea red  beaded.  A 
l o n g i t u d i n a l  sect ion of the  f i l ament  exposed at  
1750~ is shown  in  Fig. 3a and  a s imi la r  sect ion of 
the  f i l ament  exposed at  2250~ is shown  in  Fig.  3b, 
each w i th  p e r t i n e n t  ha rdness  in fo rma t ion .  

The  spec imen  exposed at  1750~ deve loped  an  
e x t r e m e l y  ha rd  ou te r  crus t  which  r ead i ly  cracked.  
A ha rd  i n t e r m e d i a t e  zone also was  apparen t .  A n  
apprec iab le  f rac t ion  of the Re core r e m a i n e d  u n -  
reacted.  I t  is a ssumed  f rom the  a p p e a r a n c e  a nd  
ha rdness  da ta  for  the  exposed f i l ament  t ha t  the  
outer  l ayer  shown is a r h e n i u m  boride.  T h e  i n t e r -  
med i a t e  l aye r  m a y  be a solid so lu t ion  of B in  Re or 
a lower  boride,  and  the  i n n e r  core is e s sen t i a l ly  
u n r e a c t e d  Re. Thus,  Re is no t  r e s i s t an t  to B at high 
t e m p e r a t u r e  and  u n d o u b t e d l y  forms  a bo r ide  or 
borides.  

Exposure  of the Re wi re  to B at  2250~ caused 
me l t i ng  and  b u r n o u t .  The  m o l t e n  p roduc t  froze as 
smal l  beads  on the  f i lament ,  one of which  is shown  
in  Fig. 3b. Since the cen t ra l  Re core has a h igher  
ha rdness  t h a n  normal ,  it appears  p robab le  tha t  B 
diffused th rough  the  0.010-in. sect ion at 2250~ 
The  bead  p r o b a b l y  is an  eutect ic  m i x t u r e  of the  
bor ide  and  the  phase  shown in  the  i n t e r m e d i a t e  
zone of Fig. 3a, which  mel t s  be low 2250~ 

Life Tests on Thoriated Rhenium and Tungsten 

Filaments in Contact wi th  Solid Alumina 

A 0.020-in. Re-0.85ThO~ (wt  %)  wire  and  0.015- 
in. commerc ia l  W wi re  of the type  descr ibed p re -  
v ious ly  were  w r a p p e d  on smal l  h i g h - p u r i t y  (De-  
gussa)  AI.~O, cy l inders  and  the assembl ies  we re  
placed in  a U - t u b e  con ta ine r  evacua ted  to a p res -  
sure  of abou t  10 -~ m m  Hg. The t ube  was  no t  get -  
tered.  The  t e m p e r a t u r e  of the  wi res  was  held  at  
a p p r o x i m a t e l y  1750~ b l a c k - b o d y  t e m p e r a t u r e  for 
7000 hr.  The  a l u m i n a  cy l inders  were  suppor t ed  b y  
the f i laments .  The appea rance  of the  test  device a nd  
the  f i laments  and  cy l inde r  surfaces  fo l lowing ex-  
posure  for 7000 hr  are shown  in  Fig. 4. 

Fig. 4. Appearance of evacuated U-type and of Re and W 
filaments on alumina sleeves following life testing for 7000 
hr at 1750~ a, Evacuated U-tube; b, Re fi lament; c, W 
fi lament. 

The 7000-hr  l i fe  test  r e su l t ed  in  no  m a j o r  changes  
in  geomet ry  or in  mechan i ca l  or e lec t r ica l  fa i lure .  
However ,  a ce r t a in  a m o u n t  of local  r eac t ion  took 
place,  as shown  in  Fig. 4. A t  places  on the  a l u m i n a  
cy l inde r s  where  phys ica l  contac t  w i th  the  f i laments  
was  m a i n t a i n e d  for a long t ime,  e rod ing  of the  
a l u m i n a  is ev ident .  The sur face  appea rances  of the  
two f i laments  had  been  affected. The  W wi re  pos-  
sessed a m u c h  roughe r  sur face  t h a n  the  Re-ThO~ 
wire,  a l though  n e i t h e r  was  as smooth  as d r a w n  
wire.  

The sur face  rough ing  and  the  b lack  deposi ts  on 
the glass wal ls  p r o b a b l y  are  due a lmost  who l ly  to 
the  w a t e r - c yc l e  mechan i sm.  I t  is k n o w n  tha t  this  
m e c h a n i s m  affects Re m u c h  less t h a n  i t  does W, and  
this  ce r t a in ly  is suggested by  the m u c h  la rger  de-  
posits  a r o u n d  the W fi lament .  The w a t e r - cyc l e  
a t t ack  wou ld  no t  be  expec ted  to be s u b s t a n t i a l  at a 
p ressure  of 10 -~ r am Hg. ~ However ,  the  t ube  was  
u n g e t t e r e d  and  u n b a k e d ,  and  it is h igh ly  p robab le  
tha t  the  p ressure  d u r i n g  m u c h  of the  7000 hr  was  
of the  order  of 10 - 6 - 1 0  -~ m m  Hg and  tha t  the  t ube  
a tmosphere  con ta ined  a s u b s t a n t i a l  a m o u n t  of 
wa te r  vapor.  A n o t h e r  m e c h a n i s m  for exp l a in ing  
the  deposits  on the  tube  wal ls  and  the grooves in  
the  a l u m i n a  is a reac t ion  b e t w e e n  a l u m i n a  and  
tungs ten ,  g iv ing  a l u m i n u m  a nd  t u n g s t e n  oxide 
gases. Us ing  pub l i shed  t h e r m o d y n a m i c  da ta  (6) ,  a 
s imple  ca lcu la t ion  indicates  that ,  at a p ressure  of 
the  order  of 10 -~ m m  Hg and  a t e m p e r a t u r e  of 
1750~ this  poss ib i l i ty  canno t  be r u l e d  out. U n -  
fo r tuna te ly ,  an  ana lys i s  6f the  deposi ts  was  no t  
made,  so as to set t le  this  point .  I t  is possible,  also, 
tha t  a tomic h y d r o g e n  a nd  oxygen,  p r e se n t  as a 

1 T h e  a u t h o r s  a r e  g r a t e f u l  t o  a r e v i e w e r  f o r  p o i n t i n g  t h i s  ou t .  
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Table I. Properties of thoriated Re and W filaments 

October 1959 

P r o p e r t y  

T h o r i a t e d  :Re W 

W r o u g h t  a n d  H e a t e d  1750~C W r o u g h t  a n d  H e a t e d  1750~ 
r ec ry s t a l l i z ed  fo r  7000 hr~ r ec ry s t a l l i z ed  for  7000 hra 

Fi l amen t  d iameter ,  in. 
Ul t imate  tensi le  s trength,  psi 
Elongation,  % 
Hardness ,  VHN or KHN 
Bend  duct i l i ty ,  T value b 

0.015 0.020 0.010 0.015 
124,000 115,000 250,000 

8.5 4 1-4 c 
204 277 450 416 
0.0 0.8 1.0 200 

a A l u m i n a  c y l i n d e r  l i fe  test .  
b T v a l u e  o b t a i n e d  by  d i v i d i n g  sma l l e s t  success fu l  b e n d  r a d i u s  by  t h e  t h i c k n e s s  of t he  w i re ;  thus ,  s m a l l e r  T v a l u e s  m e a n  h i g h e r  d u c t i l i t y .  

Too b r i t t l e  to be  m e a s u r e d .  

r e s u l t  of the  w a t e r - c y c l e  reac t ion ,  c o n t r i b u t e d  to 
the  a t t a c k  of  a l u m i n a .  

T h e  R e - a l l o y  f i l amen t  d id  not  f r a c t u r e  d u r i n g  i ts  
r e m o v a l  f r o m  the  t u b e  or  i ts  h a n d l i n g  p r i o r  to  m e -  
c h a n i c a l  t es t ing .  The  7000-hr  t es t  p r o d u c e d  on ly  
m o d e r a t e  changes  in  i ts  o v e r - a l l  m e c h a n i c a l  p r o p -  
e r t i e s  as c o m p a r e d  to u n e x p o s e d  me ta l .  As  s h o w n  
b y  the  d a t a  in T a b l e  I, th i s  a l loy ,  w h i c h  is s o m e w h a t  
less  s t rong  and  duc t i l e  t h a n  u n a l l o y e d  Re, s h o w e d  
o n l y  s l i g h t l y  r e d u c e d  t ens i l e  s t r e n g t h  as a r e s u l t  of 
t he  test .  Duc t i l i t y ,  as m e a s u r e d  b y  e longa t i on  a n d  
b e n d  tes ts ,  a lso d r o p p e d  s l igh t ly .  As  expec t ed ,  t he  
r e c r y s t a l l i z e d  W f i l amen t  possessed  l i t t l e  m e c h a n -  
ica l  i n t e g r i t y  c o m p a r e d  to Re or  to f ibe red  W. 

S u b s e q u e n t  m i c r o s t r u c t u r e  e x a m i n a t i o n  s h o w e d  
tha t  t he  t h o r i a  in the  Re f i l amen t  has  shown  some 
t e n d e n c y  to a g g l o m e r a t e  in to  l a r g e r  pa r t i c l e s ,  see 
Fig .  5. In  add i t ion ,  t he  W f i l amen t  d e v e l o p e d  a 
h e a v y  c o n c e n t r a t i o n  of vo ids  s c a t t e r e d  u n i f o r m l y  
t h r o u g h o u t  t h e  g r a i n  s t r uc tu r e ,  w h i l e  no  vo ids  w e r e  
f o u n d  in t he  Re. No r ea son  for  t he  vo ids  is a p p a r e n t .  
A n a l y s e s  ~ of t he  W r e v e a l e d  no u n e x p e c t e d  or  e x -  
cess ive  impur i t i e s .  H o w e v e r ,  t u n g s t e n  and  a l u m i n a  
a r e  no t  c o m p a t i b l e  ove r  a b o u t  1400~ (7) ,  and  con-  
t a c t  w i t h  t h e  a l u m i n a  c y l i n d e r  m a y  have  c o n t r i b -  
u t ed  to  t h e  void  f o r m a t i o n  

2 I m p u r i t i e s  i n  t he  W b y  s p e c t r o g r a p h i c  ana ly s i s  we re  as f o l l ows  
(wt  % ) :  Fe,  0.01-0.1; Si,  0.005-0.05; Mg, 0.005-0.05; Mo, 0.001- 
0.01; Ca, 0.001-0.01; Cu, Ni,  K, Mn, <:0.001; Th,  No, <:0.05; Cr, 

Water-Cycle LiSe Tests lot  Tungsten, Rhenium, 
and Rhenium-Coated Tungsten 

R h e n i u m  is c o n s i d e r a b l y  m o r e  r e s i s t a n t  to t he  
w a t e r - c y c l e  effect a t  e l e v a t e d  t e m p e r a t u r e s  t h a n  
tungs t en ,  as has  been  s h o w n  p r e v i o u s l y  ( 8 , 9 ) .  
A c c o r d i n g l y ,  t he  p o s s i b i l i t y  of p r o t e c t i n g  W f r o m  
th is  p h e n o m e n a  by  Re  coa t ings  has  been  sugges ted .  
In  the  p r e s e n t  work ,  0.005-in.  w r o u g h t  c o m m e r c i a l  
W, 0.005-in.  u n a l l o y e d  Re, a n d  R e - c o a t e d  W w i r e s  
w e r e  exposed  to  w a t e r  v a p o r  at  a p r e s s u r e  of a p -  
p r o x i m a t e l y  4 x 10 - ' m m  Hg ~ a t  two  t e m p e r a t u r e s ,  
1300 ~ a n d  1750~ The  Re coa t ing  was  a p p l i e d  b y  
the  h a l i d e - d e c o m p o s i t i o n  process ,  as  d e s c r i b e d  
p r e v i o u s l y  in t he  s t u d y  of a t t a c k  b y  c a r b u r i z i n g  
a t m o s p h e r e .  The  coa t ing  w a s  a p p r o x i m a t e l y  0.007- 
in. t h i c k  and  w a s  a p p l i e d  to an  0.014-in.  W wi re .  
E x p o s u r e  of a l l  spec imens  w a s  for  7800 hr,  each  
f i l amen t  be ing  h e a t e d  i n d i v i d u a l l y  b y  i ts  s e l f - r e -  
s i s tance ,  a n d  a l l  w e r e  e x p o s e d  to the  s a m e  a t m o s -  
phe re .  

D a t a  f r o m  the  l i fe  t es t  a r e  g iven  in T a b l e  II .  T h e  
d a t a  conf i rm t h a t  Re  is less  s u s c e p t i b l e  to  w a t e r -  
cyc le  a t t a c k  at  a l l  t e m p e r a t u r e s  t h a n  W, a n d  t h e  
d i f fe rences  is mos t  m a r k e d  a t  1750~ w h e r e  a l l  of 
t he  m a t e r i a l s  r e a c t  m o r e  s eve re ly .  L e a s t  a t t a c k  
occurs  on the  R e - c o a t e d  W, w h i c h  possessed  b e t t e r  
w a t e r - c y c l e  r e s i s t ance  t h a n  u n a l l o y e d  Re. This  is 
s o m e w h a t  su rp r i s ing ,  p a r t i c u l a r l y  s ince  t he  su r f ace  
of t he  R e - c o a t e d  W was  s l i g h t l y  r o u g h e r  t h a n  t h a t  
of t he  u n a l l o y e d  Re wi re .  The  a s - d e p o s i t e d  Re 
c l a d d i n g  is p r o b a b l y  of  h i g h e r  p u r i t y  t h a n  the  u n -  
a l l o y e d  R e  wi re ,  w h i c h  m a y  accoun t  fo r  t he  d i f fe r -  
ence in r a t e s  of a t t ack .  

F o r  the  cond i t ions  of m o d e r a t e  w a t e r - v a p o r  
a t t a c k  s tud ied ,  r a t h e r  h e a v y  coa t ings  w e r e  used  in 

3 V a p o r  p r e s su re  ove r  ice a t  - -80~ 

Table II. Weight-loss data for W, Re, and Re-coated W 
exposed to water-cycle attack for 7800 hr 

Fig..5. Appearance of thoriated Re and of W filaments be- Material 
fore and after life testing in alumina for 7000 hr at 1750~ 
a, Unexposed recrystallized thoriated Re, lightly etched; b, un- W 
exposed recrystallized thoriatpd Re; polarized light; c, un- 
exposed wrought W, etched; d, exposed thoriated Re, lightly Re 
etched, e, exposed thoriated Re, polarized light; f, exposed 
W, etched. Magnifications 500X before reduction for publica- Be-c lad  W 
tion. 

E x p o s u r e  
t e m p e r a t u r e ,  ~ 

To ta l  w t  
I n i t i a l  F i n a l  loss, m g  

A t t a c k  in  
7800 h r ,  
m g / e m ~  

1300 1275 0.5 1.50 
1750 1660 2.6 8.25 
1300 1200 0.2 0.65 
1750 1660 0.3 0.98 
1300 1310 0.8 0.48 
1750 1700 1.0 0.57 
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t h e  p r e s e n t  s tudies .  W i t h  a t t a c k  so l ight ,  m u c h  
t h i n n e r  coa t ings ,  such  as  those  a p p l i e d  b y  e l e c t r o -  
p l a t ing ,  w o u l d  p r o b a b l y  be  a d e q u a t e  p ro tec t ion .  

Conclusions 
1. I t  is conf i rmed  t h a t  Re me ta l ,  u n l i k e  mos t  

o the r  r e f r a c t o r y  me ta l s ,  does  no t  f o r m  a ca rb ide .  
A l t h o u g h  C diffuses  r a t h e r  r a p i d l y  t h r o u g h  Re, 
caus ing  h a r d e n i n g  and  some d e t e r i o r a t i o n  of m e -  
chan ica l  p rope r t i e s ,  Re m a i n t a i n s  d i m e n s i o n a l  
s t a b i l i t y  a n d  some  m e c h a n i c a l  i n t e g r i t y .  R h e n i u m  
coa t ings  on t u n g s t e n  w i r e  do no t  p r e v e n t  c a r b o n  
f r o m  di f fus ing  to the  t u n g s t e n  core  and  r e a c t i n g  to 
f o r m  t u n g s t e n  ca rb ide ,  b u t  t he  r e a c t i o n  is m u c h  
s lower  t h a n  t ha t  w h e n  u n c o a t e d  t u n g s t e n  is e x -  
posed.  

2. R h e n i u m  fo rms  a bor ide ,  w h i c h  fo rms  a e u t e c -  
t ic  b e t w e e n  a n o t h e r  bor ide ,  or  r h e n i u m .  The  eu tec t i c  
m e l t s  u n d e r  2250~ 

3. T h o r i a t e d  r h e n i u m  m a i n t a i n s  s t r u c t u r a l ,  m i -  
c r o s t r u c t u r a l ,  and  m e c h a n i c a l  i n t e g r i t y  a f t e r  l o n g -  
t i m e  (7000 h r )  e x p o s u r e  in v a c u u m  at  1750~ in 
con tac t  w i t h  sol id  a l u m i n u m  oxide .  

4. U n a l l o y e d  r h e n i u m  has  been  shown  a g a i n  to 
have  e x c e l l e n t  r e s i s t ance  aga in s t  the  w a t e r  cyc le  
up  to 1750~ p a r t i c u l a r l y  w h e n  c o m p a r e d  w i t h  
t ungs t en .  R h e n i u m  coa t ings  p r o t e c t  t u n g s t e n  f rom 
a t t a c k  b y  the  w a t e r  cycle .  
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Oxides on the Silver Electrode 

Charles P. Wales and Jeanne Burbank 

U. S. Naval Research Laboratory, Washington, D. C. 

ABSTRACT 

Si lver  e lect rodes  were  s tudied by  means  of potent ia ls  and x - r a y  diffract ion 
pat terns .  The s i lver  was charged  anodica l ly  in 35% KOH by means  of e i ther  
constant  cur ren t  or constant  potent ial ,  and discharged at  a low or high rate.  
A t t empt s  were  made  to form an oxide  h igher  than  AgO by means  of anodiza-  
tion. The products  of anodizat ion of s i lver  in 2N H~SO~ were  de termined.  The 
basis for  the theory  tha t  the oxides of s i lver  are  formed by the in t roduct ion  of 
oxygen  into the octants  of the  face -cen te red  cubic s i lver  la t t ice was examined.  

A l k a l i n e  s to rage  and  p r i m a r y  b a t t e r i e s  con-  
t a i n ing  pos i t i ve  s i lve r  e l ec t rodes  h a v e  been  used ,  in 
r e c e n t  yea r s ,  for  spec ia l  p u r p o s e s  r e q u i r i n g  l i g h t  
w e i g h t  or  the  a b i l i t y  to d i s c h a r g e  a t  h igh  ra tes .  
T h e r e  is c o n s i d e r a b l e  confus ion  in the  l i t e r a t u r e ,  
h o w e v e r ,  as  to t h e  r eac t i ons  t a k i n g  p l a c e  on t h e s e  
e lec t rodes .  In  a d d i t i o n  the  p o t e n t i a l  d i s t r i b u t i o n  and  
e l e t c ron  t r a n s f e r  m a y  be  c o m p l e x  on ox ide  su r f aces  
w i t h  d i f f e ren t  conduc t i ng  or  s e m i c o n d u c t i n g  p r o p -  
e r t ies .  

A t y p i c a l  c h a r g e  of a s i lve r  e l e c t r o d e  in a l k a l i n e  
so lu t ions  shows  t h r e e  p o t e n t i a l  p l a t eaus .  T h e r e  is 
g e n e r a l  a g r e e m e n t  w i t h  t he  w o r k  r e p o r t e d  b y  
L u t h e r  and  P o k o r n y  (1)  in 1908 t h a t  t he  f irst  
p l a t e a u  c o r r e s p o n d s  to  t h e  f o r m a t i o n  of  Ag.~O. A 

poss ib l e  s u b s i d i a r y  s tep  of sho r t  d u r a t i o n  was  no ted  
b y  H i c k l i n g  a n d  T a y l o r  (2)  a t  t h e  b e g i n n i n g  of th i s  
f irs t  p l a t e a u ,  w h i c h  t h e y  s u g g e s t e d  m a y  r e p r e s e n t  
some a d s o r p t i o n  of o x y g e n  p r i o r  to t he  p r o d u c t i o n  
of Ag~O, or  m a y  be  the  f o r m a t i o n  of a s i l ve r  s u b -  
oxide .  

The  r e su l t s  of L u t h e r  and  P o k o r n y  f u r t h e r  i n -  
d i ca t e  t ha t  a t  the  second  p o t e n t i a l  p l a t e a u  Ag~O is 
c h a n g e d  q u a n t i t a t i v e l y  a n d  r e v e r s i b l y  to AgO.  On 
the  o t h e r  hand ,  t t i c k l i n g  a n d  T a y l o r  r e p o r t  t h a t  an  
ox ide  of A g  c on t a in ing  m o r e  o x y g e n  t h a n  AgO is 
f o r m e d  at  th i s  second  p l a t e a u ,  and  t h a t  th is  u n -  
s t a b l e  h i g h e r  oxide ,  p e r h a p s  AglOw, decomposes  to 
g ive  AgO;  i.e., t h e  A g O  fo rms  p u r e l y  as a s e cond -  
a r y  p r o d u c t .  T h e  r e su l t s  of Jones ,  T h i r sk ,  a n d  
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W y n n e - J o n e s  (3)  a r e  no t  in accord  w i t h  those  of 
H i c k l i n g  a n d  T a y l o r  b u t  a g r e e  p a r t i a l l y  w i t h  those  
of L u t h e r  and  P o k o r n y  in  t h a t  t h e y  show the  d i r e c t  
o x i d a t i o n  of Ag~O to AgO.  H o w e v e r ,  Jones ,  et aL 
c l a i m  tha t  on ly  30% of the  c u r r e n t  is u sed  to f o r m  
A g O  at  th is  po ten t i a l ,  the  r e m a i n i n g  70% going  to 
O~ evo lu t ion ,  and  t h e y  conc lude  t h a t  the  s t a t e m e n t  
a b o u t  t he  o x i d a t i o n  of Ag~O p r o c e e d i n g  q u a n t i t a -  
t i v e l y  and  r e v e r s i b l y  (1)  is w i t h o u t  founda t ion .  

A t  t he  t h i r d  p o t e n t i a l  p l a t e a u  the  e l ec t rode  r e -  
ac t ion  is a l m o s t  e n t i r e l y  t he  evo lu t i on  of O~. I t  has  
been  c o n c l u d e d  (3, 4) t h a t  an  ox ide  h i g h e r  t h a n  
AgO is f o r m e d  a t  th is  s tep,  and  th is  Ag.~O~ p o t e n t i a l  
has  been  r e p o r t e d  by  o the r s  (5, 6) .  The  p r e s e n t  
i n v e s t i g a t i o n  was  u n d e r t a k e n  to c l a r i f y  t hese  con-  
f l ic t ing s t a t e m e n t s  r e g a r d i n g  s i lve r  e l ec t rodes  in 
a lka l i .  D u r i n g  th is  w o r k  i t  a lso b e c a m e  d e s i r a b l e  
to e x a m i n e  the  a n o d i z a t i o n  of s i lve r  in su l fu r i c  acid.  

Experimental Procedure 

The  pos i t i ve  ( t e s t )  e l ec t rodes  w e r e  m a d e  b y  
cu t t i ng  in  ha l f  s i l ve r  p l a t e s  t a k e n  f r o m  a c o m m e r -  
c ia l  A g - Z n  s t o r age  b a t t e r y .  The  tes t  e l ec t rodes  
m e a s u r e d  a b o u t  28.5 x 66.5 x 0.7 m m  a n d  h a d  a 
c a p a c i t y  of 1.8-2.0 a m p - h r .  A 3 - m m - t h i c k  U - s h a p e d  
p las t i c  f r a m e ,  w i t h  i n s ide  d i m e n s i o n s  s l i g h t l y  
l a r g e r  t h a n  the  p o s i t i v e  e lec t rode ,  was  w r a p p e d  
w i t h  s e v e r a l  l a y e r s  of s e p a r a t o r  m a t e r i a l  of t he  
t y p e  used  in  A g - Z n  ba t t e r i e s .  T h e  e l e c t r o d e  w a s  
t h e n  i n s e r t e d  in to  the  f r ame .  This  a r r a n g e m e n t  
a l l o w e d  the  e l e c t r o d e  to be r e m o v e d  for  e x a m i n a -  
t ion  and  t hen  to be  r e p l a c e d  r e a d i l y ,  w i t h o u t  u n -  
w r a p p i n g  or  t e a r i n g  the  s epa ra to r .  X - r a y  d i f f r ac -  
t ion  p a t t e r n s  w e r e  o b t a i n e d  w i t h  a G e n e r a l  E lec t r i c  
X R D - 5  s p e c t r o g o n i o m e t e r  us ing  Cu K a  r a d i a t i o n  
a f t e r  t he  e l e c t r o d e  was  r i n s e d  b r ie f ly  in d i s t i l l ed  
w a t e r  a n d  b l o t t e d  d r y  w i t h  t i s sue  pape r .  The  x - r a y  
e x a m i n a t i o n  of t he  e l ec t rode  su r f ace  could  b e g i n  
w i t h i n  5 ra in  a f t e r  anod ic  or ca thod ic  t r e a t m e n t s  
and  w o u l d  c h a r a c t e r i z e  t h e  depos i t  w i t h i n  a l a y e r  
0.01 m m  th ick .  

The  Ag,  Ag~O/OH-  r e f e r e n c e  e l e c t r o d e  used  for  
a l l  of the  p o t e n t i a l  m e a s u r e m e n t s  was  m a d e  b y  
p a c k i n g  Ag.~O in to  a g lass  t u b e  w h i c h  h a d  a P t  w i r e  
sea l ed  t h r o u g h  its wal l ,  a d d i n g  a K O H  so lu t ion  as 
t he  e l ec t ro ly t e ,  and,  a f t e r  24 hr ,  c a t h o d i c a l l y  r e -  
duc ing  p a r t  of t h e  Ag20 onto  t he  Pt ,  u s ing  a n o t h e r  
P t  w i r e  as t he  second  e lec t rode .  This  r e f e r e n c e  
h a l f - c e l l  g ives  a s t ab l e  po ten t i a l ,  a f t e r  be ing  a l -  
l o w e d  to s t a n d  a f ew  d a y s  to e s t ab l i sh  e q u i l i b r i u m ,  
and  e l ec t rodes  of th is  t y p e  have  been  used  c o n t i n -  
u o u s l y  for  ove r  two  y e a r s  a t  th is  l a b o r a t o r y .  The  
s t a b i l i t y  of a Ag /Ag~O e l e c t r o d e  was  shown  r e -  
c e n t l y  b y  H a m e r  and  Cra ig  (7 ) .  

A s i lve r  screen,  w r a p p e d  w i t h  s e p a r a t o r  m a t e r i a l ,  
s e r v e d  as the  n e g a t i v e  e lec t rode .  The  e l ec t rodes  w e r e  
a s s e m b l e d  in a c losed  p la s t i c  c o n t a i n e r  in an  e l ec -  
t r o l y t e  of 35% KOH.  The  i n s t r u m e n t a t i o n  and  
t e chn iques  p r e v i o u s l y  d e s c r i b e d  (8)  w e r e  used  to 
m e a s u r e  and  r e c o r d  the  p o t e n t i a l  as w e l l  as to con-  
t ro l  the  ce l l  c u r r e n t  or  po t en t i a l .  On a few occa -  
s ions s i lve r  sheet ,  0.13 m m  th ick ,  w a s  used  as t h e  
pos i t i ve  e l ec t rode  in e i t h e r  35 or  5% KOH, and  in 
a d d i t i o n  bo th  t y p e s  of e l ec t rode  w e r e  a n o d i z e d  in  
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Fig. 1. Typical l O0-ma charge of the Ag electrode. Letters 
refer to points at which x-ray diffraction patterns have been 
obtained. Potentials are given with respect to a Ag/Ag~O 
reference electrode. 

2N H~SO4. A l l  w o r k  w a s  c a r r i e d  out  in  a c o n t r o l l e d  
t e m p e r a t u r e  of 26~176 

Results and Discussion 
The  t h r e e  p o t e n t i a l  p l a t e a u s  o c c u r r e d  a t  0.03 to 

u.u~ v, 0.33 to 0.37 v, and  0.51 to 0.52 v, pos i t i ve  
w i t h  r e spec t  to the  Ag/Ag~O r e f e r e n c e  e lec t rode ,  
d u r i n g  a t y p i c a l  20 -h r  c h a r g e  a t  100 m a  (Fig .  1). 
The  r e v e r s i b l e  A g 2 0 / A g O  p o t e n t i a l  is 0.23 v, 1 and  
t h e  AgO/Ag~O~ p o t e n t i a l  is 0.39 or  0.40 v, w i t h  
r e spe c t  to the  r e f e r e n c e  e l e c t r o d e  used  h e r e  (1, 2) .  

A d i s c h a r g e d  s i lve r  e l e c t r o d e  was  c h a r g e d  a n o d -  
i c a l l y  a t  100 m a  u n t i l  i t s  p o t e n t i a l  was  100 m v  
a b o v e  the  r e f e r e n c e  e l ec t rode  p o t e n t i a l  ( p o i n t  A, 
Fig .  1),  and  the  p o t e n t i a l  t h e n  was  he ld  a t  100 mv.  
W h e n  t h e  cha rge  was  i n t e r r u p t e d  a f t e r  21 h r  the  
c u r r e n t  had  f a l l en  to 0.47 ma,  and  the  e l e c t r o d e  
was  20% c h a r g e d  (ba sed  on the  d i s c h a r g e  c a p a -  
c i t y ) .  A n  x - r a y  d i f f r ac t ion  p a t t e r n  s h o w e d  s t rong  
A g  l ines  w i t h  w e a k e r  Ag20 l ines,  b u t  no l ines  w e r e  
f o u n d  w h i c h  cou ld  be  a t t r i b u t e d  to a subox ide .  
W h e n  the  p o t e n t i a l  was  he ld  a t  200 m v  for  6.5 hr ,  
the  x - r a y  d i f f r ac t ion  p a t t e r n  of th is  anode  ( p o i n t  B, 
Fig .  1) was  s t i l l  s t r ong  in Ag,  a l t h o u g h  the  a m o u n t  
of Ag~O had  inc reased .  Th is  conf i rmed  the  s t a t e -  
m e n t s  t h a t  t he  r e a c t i o n  at  t h e  l o w e r  p o t e n t i a l  
p l a t e a u  consis ts  on ly  of the  o x i d a t i o n  of A g  to Ag~O. 
T h e  s ame  d i f f rac t ion  p a t t e r n  was  o b t a i n e d  w h e n  the  
p o t e n t i a l  was  h e l d  at  250 m v  for  6.7 h r  (C, Fig.  1),  
20 m v  above  w h a t  has  been  b e l i e v e d  to be  t he  r e -  
v e r s i b l e  Ag~O/AgO po ten t i a l .  I t  shou ld  be  no ted ,  
howeve r ,  t ha t  in th is  i n v e s t i g a t i o n  the  Ag._,O/AgO 
e q u i l i b r i u m  p o t e n t i a l  was  n o r m a l l y  f o u n d  to be  
a b o u t  267 m v  ( m e a s u r e d  b y  c h a r g i n g  the  e l e c t r o d e  
to A g O  and  a l l o w i n g  i t  to s t a n d  u n t i l  i ts  p o t e n t i a l  
b e c a m e  c o n s t a n t ) .  This  is 0.03-0.04 v h i g h e r  t h a n  
the  v a l u e  w h i c h  is u s u a l l y  g i v e n  (1,2) ( see  h o w e v e r ,  
B o n k  and  G a r r e t t ,  foo tno te  1).  

The  p o t e n t i a l  of t he  s i lve r  e l ec t rode  t hen  was  in -  
c r ea sed  to 308 m v  (D, Fig .  1 ) a n d  he ld  t h e r e  for  22 
hr ,  b u t  on ly  0.043 a d d i t i o n a l  a m p - h r  of c h a r g e  (2% 
of the  t o t a l  c a p a c i t y )  cou ld  be  added .  Di f f rac t ion  
p a t t e r n s ,  h o w e v e r ,  s h o w e d  t h a t  some A g O  h a d  
fo rmed ,  t ha t  the  a m o u n t  of Ag~O had  inc reased ,  and  
t ha t  t h e r e  was  n o w  on ly  ha l f  as m u c h  A g  p r e s e n t  on 
the  surface .  A g O  could  no t  be  d e t e c t e d  b y  x - r a y  
d i f f rac t ion  on an  e l e c t r o d e  he ld  at  275 m v  for  175 
hr,  a l t h o u g h  the  o p e n - c i r c u i t  p o t e n t i a l  of 180 m v  
d id  i nd i ca t e  the  p re sence  of AgO.  The  fac t  t h a t  AgO 

1 R e c e n t  w o r k  b y  J .  F .  B o n k  a n d  A.  B .  G a r r e t t  (Ta) i n d i c a t e s  
t h a t  t h i s  v a l u e  s h o u l d  be  0.26 v i n s t e a d  of  0.23 v.  
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can be formed at a potential well below the Ag~O~ 
potential supports the belief (1,3) that  AgO is the 
pr imary  anodic oxidation product  at the second 
plateau of a charge, but this same fact opposes the 
theory (2) that the pr imary  product  is AglOw, which 
then decomposes to AgO. 

The concentration os AgO increased rapidly dur-  
ing a charge at the upper potential (E and F, Fig. 1) 
and at the same time the amount  of AgeD decreased. 
It  could not be determined from the x - r ay  patterns 
whether  or not any Aged remained by the time the 
electrode was half charged (G, Fig. 1), al though 
metallic Ag was still fairly strong. X - r a y  patterns 
showed only AgO and metallic silver, both at the 
end of this potential plateau (H, Fig. 1) and after 
gassing (I, Fig. 1). When a charge was ended after 
5% of the electrode capacity had been added at the 
second potential plateau (E, Fig. 1), comparison of 
x - r ay  patterns before and after the electrode was 
allowed to stand on open circuit for 24 hr indicated 
that AgeD had increased and the Ag had decreased, 
while only traces of AgO remained. Sil~nilar results 
required a 7-day stand, after 13% of the charge 
took place at the second step (F, Fig. 1). This con- 
firms the report  (9) that  Ag and AgO react during 
a stand. 

The first reaction at the second potential plateau 
appears to be AgeD oxidizing to AgO, since AgeD 
seems to anodize more rapidly than Ag. Then, or 
perhaps simultaneously, much of the remaining Ag 
goes to AgO, with any AgeD which may be formed 
in this process being preferential ly oxidized to AgO. 
The reaction Ag + AGO-> Aged probably does not 
occur appreciably during a charge, since it appears 
to be very  slow under the conditions of the experi- 
ment. 

Although trickle charges lasting several days did 
convert more of the remaining Ag to AgO, over- 
charges at the normal or even higher rates were 
more effective in oxidizing the Ag and gave the 
sharpest diffraction patterns. Strong oxygen gassing 
appeared to perfect crystallinity. For example, the 
AgO lines were very sharp after a 200% charge at 
I00 ma, with only a very small amount of metallic 
Ag remaining visible in the x-ray diffraction pat- 
terns, perhaps arising from the grid mesh. Similar 
results were obtained by anodizing the charged 
electrode for 20 hr at 750 ma, at a potential of 
0.68-0.71 v. No lines were ever found in the x - r ay  
patterns which could be attr ibuted to a higher 
oxide, such as AglOw, despite any of these lengthy 
treatments well above the equilibrium potential re-  
ported for AgO/AglOw. The transient high open- 
circuit potentials noted by Jones, et al. (3) at the 
end of a lengthy charge need not be attr ibuted to 
higher oxides. It seems likely that the transient po- 
tentials on silver were probably potentials of the 
HO~--Ott- system. This potential would continue 
until enough Aged was formed to establish the 
AgeD/AgO equilibrium potential. It was reported 
by Pleskov (4) that monovalent  Ag oxidized to tr i-  
valent Ag at high potentials. His results could be 
interpreted in other ways. This matter  is being 
given fur ther  consideration. 
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A typical low-rate  discharge (Fig. 2) showed the 
two steps which are associated with silver elec- 
trodes. Ag20 had appeared on the electrode after it 
was partially discharged at the upper step (J, Fig. 
2). The amount  of AgO had decreased and metallic 
Ag remained constant, compared with a charged 
electrode. The electrode was discharged an addi- 
tional 10%, reaching the lower potential plateau 
(K, Fig. 2). X - r a y  diffraction showed that practi-  
cally no AgO remained on the surface at this point, 
and the x - r ay  pat tern of Aged was very  strong, with 
Ag unchanged. The diffraction patterns for this 
marked change in surface composition are shown in 
Fig. 3. There is no doubt that  the interior of the 
electrode still contained much AgO, but the x - r a y  
diffraction patterns and the electrode potential only 
showed what was present near the surface. An elec- 
trode discharged 70% showed more Ag than Aged 
(L, Fig. 2), and at the end of the discharge Ag alone 
was detected (M, Fig. 2). The only reaction detected 
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at the upper  potent ia l  p la teau  was AGO--> Ag~O. 
Af te r  the surface is covered with  Ag~O, the surface 
react ion (which de termines  the potent ia l )  appears  
to be Ag~O--> Ag, a l though there  p robab ly  is a la rge  
amount  of AgO in the in ter ior  of the  e lectrode which 
is discharging at  this lower  potential .  

When the electrode was discharged for 7% at a 
high rate,  x - r a y  diffraction pa t t e rns  showed tha t  
Ag~O had formed (N, Fig. 2), and af te r  a 20% dis -  
charge the amount  of Ag~O had increased (O, Fig. 
2). A comparison of the diffraction pa t te rns  showed 
tha t  metal l ic  Ag increased very  l i t t le  if at all  dur ing  
the first 20% of this discharge,  despi te  the fact tha t  
the  potent ia l  of the e lectrode was more than  0.4 v 
below the revers ib le  Ag/Ag~O potent ial .  

Comparison of charge and discharge capaci ty  
showed a ve ry  high efficiency, in contras t  to the re -  
por t  (3) tha t  only 30% of the cur ren t  charged the 
electrode at  the second potent ia l  level.  Gas evolut ion 
of a commercia l  100-amp-hr  A g - Z n  storage b a t t e r y  
was measured  dur ing a 5-amp charge  (Fig. 4).  The 
poten t ia l  changes shown represent  changes in the 
s i lver  plate,  since the  posi t ive pla te  became ful ly  
charged before  the nega t ive  one. No oxygen evolu-  
t ion was detected unt i l  near  the end of a charge. This 
confirms the ear l ie r  repor t  (1) tha t  the oxidat ion  is 
quant i t a t ive  and revers ible .  The cont rad ic tory  re -  
suits obta ined by  Jones, et aL (3) may  be due to 
thei r  rap id  charging rate.  

Structure of Silver Oxides 
The s t ruc ture  of Ag~O had a l ready  been es tab-  

l ished as being a face-cen te red  cube wi th  a side ao of 
4.72A when Jones and Thirsk  (10) descr ibed a 
ma te r i a l  thought  to be AgO wi th  a s imilar  face-  
centered cubic s t ruc ture  (ao = 4.96/k), and also gave 
evidence for a s i lver  suboxide wi th  a cubic s t ruc ture  
( a o =  4.56A). However  in 1924 Levi  and Quilico 
(11) had  p repa red  supposed suboxides by severa l  
methods,  but  examina t ion  by  x - r a y  diffraction had 
shown only the pa t te rns  of Ag and Ag~O. Jones, 
Thirsk,  and Wynne- Jones  (3) proposed,  on the basis 
of the repor t  of Jones and Thirsk,  and of the i r  own 
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Fig. 4.  Potential Grid gas evolution for a typical low-rate 
charge of a Ag-Zn storage battery. 

work,  that  the oxides of Ag are formed by  the in t ro-  
duct ion of oxygen into the octants of the face-  
centered cubic s i lver  latt ice,  and in order  to com- 
ple te  this  series they proposed Ag~O~ as an 
in te rmedia te  between AgO with  hal f - f i l led  octants 
and the hypothet ica l  AgO~ wi th  comple te ly  filled oc- 
tants.  The da ta  on which these invest igators  have 
based thei r  conclusions m a y  be in te rp re ted  o ther -  
wise. 

There were  no diffraction da ta  for AgO in the 
l i t e ra tu re  at the t ime tha t  Jones and Thi rsk  (10) 
anodized Ag in H~SO,. They assumed tha t  the i r  final 
product  was AgO. In order  to check this, they  p re -  
pa red  si lver pe roxyn i t r a t e  (and p re sumab ly  boi led 
it to decompose i t ) ,  and reac ted  a s i lver  salt  wi th  a 
persulfate .  They repor ted  tha t  al l  three  p repara t ions  
showed the same x - r a y  pat tern ,  which they  pub-  
l ished as AgO. The resul ts  of Mulder  (12), and 
S k a n a v i - G r i g o r ' e v a  and Shimanovich (13), how-  
ever, showed tha t  the so-cal led  s i lver  pe roxysu l fa te  
Ag~SO~ is the produc t  of electrolysis  of a /kg~SO, 
solution. Since the first anodic react ion of Jones and 
Thi rsk  was the format ion  of Ag=SO4, it is seen tha t  
their  second anodic react ion should be format ion of 
s i lver  peroxysulfa te .  

The two prepara t ions  used by  Jones and Thirsk  
for the check of thei r  "AGO" are  r a the r  similar .  
Depending on react ion conditions,  a s i lver  salt  solu-  
t ion wi th  a persu t fa te  may  give ei ther  AgO or a 
compound with  a formula  l ike  Ag~SO~ (14). The 
close re la t ionship  between si lver  peroxysu l fa te  and 
si lver  pe roxyn i t r a t e  has been noted for many  years.  
Lu the r  and Pokorny  (1) p r e p a r e d  these compounds 
in three  ways:  by  anodizing Ag in di lute  H~SO,, by  
electrolysis  of a AgNO~ solution, and by  electrolysis  
of a Ag~SO, solution. They used these compounds for 
t h e  "Ag=O~" potent ia l  measurements  which are so 
often cited in the  l i te ra ture .  I t  was concluded by  
Lu the r  and Pokorny  that  ne i ther  the sulfa te  nor  t h e  

ni t ra te  was an in tegra l  pa r t  of these pe roxy  com- 
pounds, since both of the compounds gave the same 
poten t ia l  and decomposed cathodical ly  in KOH to 
AgO, then to Ag~O, and finally to Ag. Therefore  they  
repor ted  the potent ia l  of these compounds with  
respect  to AgO as the Ag~OJAgO potent ial .  How- 
ever,  Sulc (15), Mulder  and Her inga  (16), Tana ta r  
(17),  Watson (18),  and Brown (19) a l l  found tha t  
the compound, which they  obta ined by  electrolysis  
o f  a AgNO~ solution under  var ious  conditions,  a l -  
ways  had the empir ica l  fo rmula  Ag~NO~. In 1954 
this was confirmed again by  S k a n a v i - G r i g o r ' e v a  and 
Shimanovich (20), and they  also repor ted  the s imi-  
l a r i t y  in composit ion and va lency  of the compounds 
obta ined by  anodizing AgNO~ or AgF solutions. This 
has recent ly  been denied by  Graft  and S tade lmaie r  
(21), bu t  only on the grounds tha t  a compound wi th  
t h e  same s t ruc ture  was obta ined  by  anodizing e i ther  
AgF or AgNO~ solutions, a l though they  did not r e -  
por t  analyses  of the i r  products .  Yet in 1935 s imi lar  
x - r a y  pa t te rns  had  been found by  Brmkken  (22) for 
wha t  he considered to be Ag~O~ stabi l ized b y  ei ther  
C1, F, N, or S, wi th  the best  resul ts  f rom the com- 
pound with N (i.e., AgTNOll). The same diffraction 
pa t t e rn  for Ag~NOll has been repor ted  more recent ly  
(23, 24), and a s imi lar  pa t t e rn  has been obta ined by  



Vol. 106, No. 10 O X I D E S  O N  T H E  S I L V E R  E L E C T R O D E  889 

Table I. Diffraction data for silver anodized in H~SO, and in AgNO8 

" A G O "  f r o m  I-IgSO a Ag~NO1zb 

dc  I/Io s d I 

2.85 s 2.839 95 
2.48 ms 2.459 56 

2.262 15 
1.75 s 1.745 98 

1.669 17 
1.49 s 1.486 122 
1.45 vw 1.422 30 

1.233 28 
1.136 ms 1.133 75 
1.106 ms 
1.104 ms 1.103 60 

1.006 63 
0.953 ms 0.950 86 
0.871 vw 0.873 33 
0.839 m 0.835 126 
0.828 m 0.823 81 
0.783 w 

a F r o m  J o n e s  a n d  T h i r s k  ( 1 0 ) .  
b F r o m  Z v o n k o v a  a n d  Z h d a n o v  ( 2 3 ) ,  o m i t t i n g  l i n e s  w i t h  p h o t o -  

m e t r i c  i n t e n s i t y  o f  10 o r  l e s s .  
c I n t e r p l a n a r  s p a c i n g  i n  A .  
d R e l a t i v e  i n t e n s i t y :  s = s t r o n g ,  m = m e d i u m ,  w = w e a k ,  v 

= v e r y .  

a l lowing  O~ to reac t  wi th  Ag and  Ag~O (25).  
A p p a r e n t l y  all  of the  dif f ract ion pa t t e rn s  r epor ted  
for s i lver  pe roxy  compounds  are  p rac t i ca l ly  i de n t i -  
cal. Tab le  I shows tha t  the  anodic  p roduc t  wh ich  
Jones  a n d  Th i r sk  (10) r epor ted  as AgO has the  
same l ines  as Ag~NOll and  p r o b a b l y  was in  r ea l i t y  
the so-cal led  s i lver  peroxysu l fa te .  

In  order  to check these conclus ions  a s i lver  elec- 
t rode  was  charged at  100 ma  in  2N H~SO,. The  in i t i a l  
r eac t ion  was  Ag-*  Ag2SO4, as r epor ted  (10).  T h e n  
the  po t en t i a l  rose sha rp ly  (by  1.3 v) ,  and  b lack  
spots appea red  on the  plate.  This  b lack  m a t e r i a l  
decomposed read i ly  in  the  acid w i th  v igorous  evo lu -  
t ion  of gas. A n  electrode wh ich  was  pa r t i a l l y  
covered w i th  this  b lack  m a t e r i a l  was  examined .  The  
dif f ract ion pa t t e rn ,  which  was  s ta r ted  w i t h i n  10 
m i n  af ter  the  end  of electrolysis ,  showed the  l ines  
of four  subs tances :  Ag, Ag~SO,, a c o m p o u n d  wi th  
l ines  l ike those shown  in  Tab le  I, and  t races  of AgO. 
Af t e r  be ing  a l lowed to s t and  in  d ry  air  for  8 days,  
this e lect rode showed on ly  Ag, Ag.~SO,, and  a s t rong 
dif f ract ion p a t t e r n  for AgO. Obv ious ly  the p e r o x y -  
sul fa te  had  decomposed to AgO. 

I t  had  been  s ta ted by  Jones  and  Th i r sk  (10) tha t  
a m i n i m u m  of 3 hr  e lapsed b e t w e e n  electrolysis  and  
e x a m i n a t i o n  of the  specimen.  This  wou ld  a l low for -  
m a t i o n  of some AgO before  the i r  x - r a y  di f f ract ion 
examina t i on .  The i r  pa t t e rn s  m a y  have  been  s imi la r  
to those observed  in  this  s tudy:  a m i x t u r e  of Ag, 
Ag~SO~, AgO, and  the peroxysu l fa te .  If the  l ines  of 
the pa t t e rn s  they  a t t r i b u t e d  to "AGO" and  those of 
Ag and  Ag~SO~ are  sub t r ac t ed  f rom the p a t t e r n  of 
the  suggested  mix tu re ,  the  l ines  r e m a i n i n g  be long  to 
the  t r u e  p a t t e r n  of AgO. Jones  a n d  T h i r s k  appear  to 
have  sub t rac t ed  the  l ines  of Ag~O f rom such a r e -  
m a i n i n g  pa t t e rn ,  since they  s ta ted  tha t  Ag~O was  
p re sen t  ( a l though  none  was  found  u n d e r  these  con-  
d i t ions  in  this  p resen t  s tudy ) .  The  l ines  wh ich  t h e n  
r e m a i n e d  were  a t t r i b u t e d  to t races  of a face-  
cen te red  cubic  subs tance  h a v i n g  ao = 4.56A, wh ich  

was  suggested as be long ing  to a suboxide  of silver.  
Tab le  II  shows tha t  the  p a t t e r n  of AgO, by  an  u n -  
f o r t una t e  coincidence,  con ta ins  m a n y  of the  l ines  of 
Ag~O, and  tha t  the  r e m a i n i n g  lines,  n o n e  of which  
are s trong,  could be  i ndexed  as be long ing  to a cube 
w i th  ao = 4.56A. Jones,  Thirsk ,  and  W y n n e - J o n e s  
(3) ,  p r o b a b l y  r e ly ing  on this ear l ie r  work,  r epor ted  
on ly  Ag, s i lver  suboxide,  and  Ag~O on the i r  fu l ly  
charged  e lect rode f rom a lka l ine  solut ion.  I t  is l ike ly  
tha t  they  ac tua l ly  had  Ag and  AgO. 

The weak  Ag~O l ine  for d = 3.35, which  is l is ted in  
Tab le  II, was  n e v e r  observed  at  this l abora tory .  The 
AgO Values g iven  in  this  t ab le  agree closely w i th  
those p rev ious ly  repor ted  (21, 25, 26) except  tha t  
the  w e a k  l ine  r epor t ed  at  d = 2.95 (21, 26) was  
no t  observed  on s i lver  anodized  in  35 % K O H  despite  
r epea ted  a t t empt s  w i th  bo th  the  s in te red  s i lver  e lec-  
t rode  and  a s i lver  sheet, no r  was  the  peak  at d=2 .78  
resolved into the two l ines which  have  been  repor ted  
(21, 26). W h e n  sheet  s i lver  was  charged in  5% K O H  
this  peak  could be resolved into two lines,  a nd  of ten  
the  w e a k  peak  at  d = 2.95 could be observed.  

The  lack of reso lu t ion  of the  d = 2.78 double t  on 
spec imens  anodized  in  35% K O H  m a y  be a t t r i b u t e d  
to l imi ted  per fec t ion  in  the  c rys ta l  lat t ice,  or it  m a y  
be caused by  par t ic le -s ize  b r o a d e n i n g  of the  x - r a y  
lines. A th i rd  possible  cause of this  effect, a nd  of the  
lack of l ine  d=2.95,  m a y  be va r i a t i on  in  the  posi t ions 
t a k e n  up  by  the  oxygen  a toms w i t h i n  the  e lec t ro-  
chemica l ly  fo rmed  latt ices.  Sca t tu r in ,  Bel lon,  and  
Z a n n e t t i  (26) used the  l ine  d = 2.95 cor respond ing  
to (hk l )  of (110) to assign the  d i s t r i bu t i on  of the  
oxygen  atoms. The lack of this  l ine  on spec imens  
anodized  in  35% K O H  m a y  denote  a p a r t i c u l a r  dis-  
t r i b u t i o n  of oxygen  in  the la t t ice  posit ions,  l ead ing  

Table II. Diffraction data for AgO, Ag~O, and "silver suboxide" 

"Silver 
Sub- 

AgOa Ag2Ob oxide"c 

d UIo d I / I o  d 

3.35 i 
2.78 vs 2.72 i00 
2.63 m 
2.42 s 2.36 40 
2.29 m 
1.74 w 
1.701 m 
1.678 w 1.67 24 
1.621 m 
1.478 w 
1.451 mB ~ 
1.409 wB 1.42 16 
1.395 mB 
1.375 m 1.36 3 
1.308 vw 
1.208 vw 

2.63 

2.28 

1.61 

1.375 
1.316 

1.18 I 1.185 
1.143 vw 
1.125 vw 
1.104 w 
1.099 w 1.08 2 
1.067 w 1.05 2 1.046 

a V a l u e s  o b s e r v e d  f o r  A g  s p e c i m e n  a n o d i z e d  i n  3 5 %  K O H .  
b F r o m  x - r a y  d i f f r a c t i o n  d a t a  c a r d s  A S T M  1 9 5 0  c a r d  N o .  I - I 0 4 1 .  
c C a l c u l a t e d  f o r  a f a c e - c e n t e r e d  c u b e  w i t h  ao  = 4 . 5 6 A  
d B i n d i c a t e s  a b r o a d  diffuse diffraction p e a k .  
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to sufficient change  in  p a r a m e t e r  to b r i n g  the  dou-  
b le t  at d ~ 2.78 into coincidence.  The reso lu t ion  of 
these ques t ions  and  the i r  possible  r e l a t ion  to the 
e lec t rochemica l  ac t iv i ty  and  u t i l i za t ion  of the  b a t -  
t e ry  oxide mer i t  f u r t h e r  s tudy.  

Summary 
X - r a y  dif f ract ion p a t t e r n s  of a s i lver  e lect rode 

showed on ly  the  l ines  of Ag and  Ag~O w h e n  the  
electrode was  charged  anod ica l ly  at  po ten t ia l s  up  to 
250 m v  above  the  Ag /Ag :O  potent ia l .  AgO could be 
fo rmed  at  a po ten t i a l  as low as 308 mv,  wh ich  i nd i -  
cates tha t  the  p r i m a r y  p roduc t  at the  second p o t e n -  
t ia l  p l a t eau  is not  a h igher  oxide which  t hen  decom-  
poses to AgO. Af te r  the Ag:O on the sur face  of the 
e lect rode oxidizes to AgO, m u c h  of the  Ag deeper  in  
the e lec t rode  t hen  oxidizes. The s i lver  e lect rode 
charges  efficiently at  the  first two po ten t i a l  p la teaus .  
S ince  the  reac t ion  Ag ~-AGO-- )Ag20  takes  place 
v e r y  slowly,  it p r o b a b l y  has l i t t le  effect on charges  
of a s i lver  e lectrode u n d e r  n o r m a l  condi t ions.  A t  the 
end  of a n o r m a l  charge,  the  electrode con ta ined  on ly  
AgO and  a l i t t le  Ag. The  AgO c rys t a l l i n i t y  was  
per fec ted  b y  hold ing  the electrode at po ten t ia l s  wel l  
above  the  gassing potent ia l .  No h igher  oxide was  
detected,  even  wi th  l e n g t h y  anod iza t ion  0.3 v above 
the repor ted  AgO/"Ag203" potent ia l .  

The surface  of a AgO electrode becomes covered 
w i th  Ag:O at  the  t ime  w h e n  its po ten t i a l  reaches  the  
lower  p l a t eau  d u r i n g  l o w - r a t e  discharges.  E v e n  
though  a h i g h - r a t e  d ischarge  fai led to show the  first 
po ten t i a l  level  and  d ischarged  at least  0.4 v be low 
the  Ag/Ag20  potent ia l ,  me ta l l i c  Ag did not  fo rm in  
apprec iab le  a m o u n t s  d u r i n g  the  ea r ly  par t s  of this  
discharge.  

The  charge of a s i lver  e lectrode in  2N H2SO~ goes 
first to Ag:SO, and  t h e n  to the so-ca l led  p e r o x y s u l -  
fate. The l a t t e r  compound  decomposes on s t and ing  
in  d ry  air  to give AgO. Nei the r  Ag:O nor  a s i lver  
suboxide  was  found  in  acid. The exis tence  of a sub -  
oxide on anodized  s i lver  is doubt fu l .  

Manuscript  received Feb. 27, 1959. This paper was 
prepared for del ivery before the Columbus Meeting. 
Oct. 18-22, 1959. 

Any  discussion of this paper will  appear in  a Dis- 
cussion Section to be published in the June  1960 JOUR- 
NAL. 
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Hydrogen Overvoltage on Bright Platinum 

III. Effect of Hydrogen Pressure 
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ABSTRACT 

The effect of hydrogen pressure on the hydrogen overvoltage of br ight  
p la t inum was determined in  acid. From the anodic and cathodic overvoltages, 
kinetic parameters  were determined.  A mechanism controlled by slow combi- 
nat ion of hydrogen atoms adsorbed on the p la t inum surface fits the experi-  
menta l  data. From the Langmui r  adsorption isotherm it is shown that  the 
surface of the active p la t inum electrode at equi l ibr ium is sparsely covered with 
hydrogen atoms. 

Severa l  inves t iga tors  (1-6)  have  es tab l i shed  tha t  
h y d r o g e n  overvo l tage  v at  a g iven  c u r r e n t  dens i ty  in  
the Tafe l  reg ion  on a ca thode evo lv ing  hyd rogen  is 
r e la ted  to the  h y d r o g e n  pressure  by  the express ion  

= ~o-~ ( R T / 2 F ) l n P ~ ,  where  ~ is the  po ten t i a l  
difference b e t w e e n  the work ing  e lect rode an d  a r e -  
ve rs ib le  h y d r o g e n  re fe rence  e lec t rode  in  the  same 
solut ion,  Vo is the overvol tage  at 1 a tm  of hydrogen ,  
P ~  is the  pa r t i a l  p ressure  of h y d r o g e n  above the  so- 
lu t ion ,  and  R, T, and  F have  the i r  u sua l  significance. 
Ve t te r  and  Otto (6) in  an  inves t iga t ion  of the effect 
of p ressure  on anodic  and  cathodic overvo l tage  of an  
inac t ive  p l a t i n u m  elect rode in  acid so lu t ion  were  
able to d e t e r m i n e  the  k ine t ic  p a r a m e t e r s  and  to es- 
t ab l i sh  reac t ion  m e c h a n i s m s  tha t  fitted the i r  expe r i -  
m e n t a l  f indings.  This  inves t iga t ion  is a c o n t i n u a t i o n  
of p rev ious  work  (7, 8) on h y d r o g e n  overvol tage  on  
an  active, smooth  p l a t i n u m  electrode.  

Experimental 
The gene ra l  e x p e r i m e n t a l  t echn iques  were  the  

same as bef~ore (7, 8). The  cell was  cons t ruc ted  of 
Teflon and  was  a s implif ied vers ion  of the  one shown  
in  Fig.  1 of r e fe rence  (8) .  The  p l a t i n u m  (99.99%) 
cathode was  a smal l  sphere  at  the  end  of a v e r y  
shor t  l eng th  of exposed wi re  ( a p p a r e n t  a rea  0.084 
cm~). The  so lu t ion  was  in  al l  cases 1M H2SO~. P u r i -  
fied gases cons is t ing  of e i ther  pu re  hydrogen ,  a p r e -  
pa red  m i x t u r e  of 5 % h y d r o g e n  in  n i t rogen ,  or m i x -  
tu res  of h y d r o g e n  and  h e l i u m  were  b u b b l e d  t h r ough  
the  acid so lu t ion  in  the  cell. The  h y d r o g e n - h e l i u m  
m i x t u r e s  we re  p r e p a r e d  by  m i x i n g  h y d r o g e n  a nd  
h e l i u m  d i rec t ly  f rom the i r  cy l inders  t h rough  r o t a -  
me te r s  in to  the  gas pur i f ica t ion  t ra in .  This  gave a 
composi t ion  of the  two gases which  r e m a i n e d  con-  
s t an t  for any  g iven  se t t ing  of the  flow rates.  The 
p ressure  of the  gas i n t roduced  in to  the  cell  was  a l -  
ways  1 atm.  The pa r t i a l  p ressure  of h y d r o g e n  was  
d e t e r m i n e d  b y  m e a s u r i n g  the po ten t i a l  di f ference 
b e t w e e n  a r eve r s ib l e  h y d r o g e n  e lect rode and  a s a t u -  
r a ted  a P d - H  elect rode in  the cell. S ince  it  was  es- 
t ab l i shed  (9) tha t  the  p o t e n t i a l - d e t e r m i n i n g  r e -  
act ion on the  s a tu ra t ed  a Pd-I-I e lect rode is i nde -  
p e n d e n t  of h y d r o g e n  pressure ,  the  po t en t i a l  differ-  

ence, E, b e t w e e n  it and  the r eve r s ib l e  h y d r o g e n  
e lect rode in  the same solu t ion  obeyed the  Nerns t  
r e l a t ion  E = 0.05 ~ ( RT / 2F)  l n P ~ .  F r o m  this po-  
t en t i a l  the  pa r t i a l  p ressure  of h y d r o g e n  flowing 
t h r ough  the  cell was  de te rmined .  

Af t e r  the so lu t ion  was p re -e l ec t ro lyzed  and  the  
P t  e lectrode was  f u r t h e r  c leaned  b y  anodic  po la r i za -  
t ion,  the  p seudo-capac i t ance  test  (7) was  used to 
d e t e r m i n e  surface  c lean l iness  and  also the  IR drop 
b e t w e e n  it  a nd  the re fe rence  e lect rode (a P t  gauze 
e lec t rode  in  the  same so lu t ion) .  Repea ted  m e a s u r e -  
me n t s  were  t a ke n  at each pa r t i a l  p ressure  of h y d r o -  
gen  u n d e r  bo th  anodic  a nd  cathodic polar iza t ion .  
Overvol tages  at  each c u r r e n t  dens i ty  were  t ime  i n -  
dependen t .  The  da ta  g iven  are average  va lues  of 
i n d i v i d u a l  runs .  The  prec is ion  of an  i n d i v i d u a l  r e ad -  
ing was  be t t e r  t h a n  0.5 my.  The  spread  of each p a r -  
t i cu la r  r ead ing  for a g iven  e x p e r i m e n t  was  --1 my.  
The t e m p e r a t u r e  was  25 o • 1 ~ 
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Fig. ].  Effect of  st irr ing rate on rla and  no a t  1 a tm  of 
hydrogen.  
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Experimental Results 
Concen t r a t i on  po la r iza t ion  effects were  min i mi z e d  

by  s t i r r ing  the  so lu t ion  w i th  gas at ra tes  for which  a 
f u r t he r  increase  in  s t i r r ing  ra te  wou ld  no t  affect 
the  m e a s u r e d  overvol tage .  F igu re  1 shows the  effect 
of s t i r r ing  ra te  on overvol tage  for pu re  h y d r o g e n  
flowing t h r o u g h  the solut ion.  The da ta  show tha t  at 
the  h igher  c u r r e n t  densi t ies  flow ra tes  of at  leas t  
500 m l / m i n  are requi red .  I t  should  be no ted  also 
tha t  the  dependence  on s t i r r ing  ra te  is m u c h  more  
p r o n o u n c e d  for anodic  t h a n  cathodic polar iza t ion.  
This  is because  for anodic  po la r iza t ion  molecu la r  h y -  
d rogen  m u s t  diffuse to the  surface  at  a sufficiently 
fast  r a t e  to m a i n t a i n  a g iven  concen t r a t i on  of a tomic  
h y d r o g e n  on the surface.  This  wou ld  be  s imi la r  to 
the  case descr ibed  by  F r u m k i n  and  A i k a s j a n  (10) .  
In  the case of cathodic po la r i za t ion  the  difference 
b e t w e e n  the  h y d r o g e n  pressure  in  the  b u l k  of the  
so lu t ion  and  at  the electrode surface is no t  as p r o -  
nounced .  

Plots  of cathodic overvo l tage  v~, vs. l oga r i t hm of 
a p p a r e n t  nega t ive  c u r r e n t  dens i ty  at  d i f ferent  h y -  
d rogen  pressures  are shown  in Fig. 2. It  should be 
no ted  tha t  the  Tafe l  b slopes are  0.025-0.026 v 
r a the r  t h a n  0.0295 v expected  at 25~ This  con-  
f irmed prev ious  resul t s  (8) .  F igu re  3 shows plots of 
anodic  overvo l tage  ~o vs. l oga r i t hm of c u r r e n t  d e n -  
sity. At  low cu r ren t s  the re  is a l i nea r  r e l a t ionsh ip  
b e t w e e n  anodic  and  cathodic overvol tages  an d  c u r -  
r e n t  dens i ty  (Fig. 4).  F r o m  e x p e r i m e n t a l  da ta  
shown in  Fig. 2-4, k ine t i c  p a r a m e t e r s  can  be de t e r -  
m i n e d  and  a reac t ion  m e c h a n i s m  suggested.  

Derivation of Kinetic Equations 
Cathodic o v e r v o l t a g e . - - I t  is a s sumed  tha t  the  

ca thode  overvo l t age  m e c h a n i s m  is p r i m a r i l y  a d i s -  
charge of h y d r o n i u m  ions in  the double  l aye r  fol-  
lowed by  a slow combina t i on  of h y d r o g e n  a toms to 
molecules ,  tha t  is 

H + + e = H (d ischarge  s tep)  [ l a ]  

2H ---- H~ ( c o m b i n a t i o n  step)  [ l b ]  

A s s u m i n g  a L a n g m u i r  i sotherm,  k ine t ic  equa t ions  for 

the  d ischarge  step can be w r i t t e n  

.-> 

i~ = k~(H +) ( i  --0) exp ( - - a ~ F / R T )  [2a]  

o o s  
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Fig. 2. Relat ions for vl~ vs. log (--io) at  d i f ferent  part ia l  
pressures of hydrogen. 
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Fig. 3. Relations for  ~1~ vs. log i .  at  d i f ferent  par t ia l  pres- 
sures of hydrogen. 
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Fig. 4. Low current density relat ions for  ~. vs. i. Part ial  
pressures of hydrogen as in Fig. 2. 

i~ : kd0 exp [ (1 - -  a)~cF/RT]  [2b] 

--> <_- 

w h e r e  i~, ix r ep re sen t  fo rward  a nd  reverse  c u r r e n t  
densit ies,  respect ively.  The conven t ion  tha t  cathodic 
c u r r e n t  is nega t ive  and  anodic  c u r r e n t  is pos i t ive  is 

--> <-.  

used;  k~, k~ are  f o r w a r d  a n d  reve r se  ra te  cons tan t s  
which  are nega t ive  and  posi t ive,  respect ively .  (H § 
is the  h y d r o n i u m  ion c onc e n t r a t i on  in  the  double  
l ayer  which  in  1M H~SO4 r e m a i n s  v i r t u a l l y  cons tan t  
in  the  c u r r e n t  dens i ty  r ange  inves t iga ted ,  0 is the 
f rac t ion  of ava i l ab le  surface  covered w i th  a tomic 
hydrogen ,  and  a is the  t r ans f e r  coefficient. The  dis-  
charge  step is a ssumed  v i r t u a l l y  at equ i l i b r i um,  

__> <-- 

h e n c e  i~ = - -  i~. There fo re  

0 / (1  - -  0) = - - K '  exp ( - - voF/RT)  [3] 

w he r e  K '  is a constant .  For  the slow c o m b i n a t i o n  
step 

i~ = ko0-~ [4a] 
<-- <-- 

io : kePt.. (1 - -  0) ~ [4b]  

Here  the  pa r t i a l  p ressure  of h y d r o g e n  at  the  me t a l  
so lu t ion  in te r face  is cons idered  i n d e p e n d e n t  of it. 
This  is based on the  propos i t ion  tha t  the  diffusion 
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of molecu la r  h y d r o g e n  is no t  r a t e - d e t e r m i n i n g .  
Hence  the  ne t  cathodic c u r r e n t  dens i ty  io is the  a l -  

.--> <--  .__> 

gebraic  sum i~ = io + i~, where  the m a g n i t u d e  of io 
<___ 

is no t  less t h a n  the  m a g n i t u d e  of io. At  e q u i l i b r i u m ,  
- >  <--  

C o  is zero, and  io = - - i ~ - ~  i .... w h e r e  io,~ is the  ca-  
thodic exchange  c u r r e n t  dens i ty  (nega t ive ) .  Hence  

- ~  <--. 

k~#o 2 = - -  k ~ P ~  (1 - -  80) 2 : io,~ [5] 

whe re  8o is the  f r ac t ion  of ava i l ab le  surface  covered 
wi th  a tomic h y d r o g e n  at  equ i l i b r ium.  Therefore ,  
f rom [4] and  [5] 

i~ = i o , . [ ( 1  --  8)V~o~]{SV(1 --  8) ~ -  8oV(1 --  8o) ~} [6] 

S u b s t i t u t i n g  for 8 / ( 1 - - ~ )  f rom Eq. [3],  and  no t ing  
tha t  a t  e q u i l i b r i u m  ,/~ = 0 so t ha t  K '~ = 8~V(1 --8o)  ~, 
we ob ta in  

io=io, o[ (1--8)V(1--8~)~] �9 {exp ( - - 2 n ~ F / R T ) - - I  } [7a]  
At  low coverages,  the  factor  i nvo lv ing  the  8's r e -  
duces to un i ty .  E q u a t i o n  [Ta] can  be expressed in  
logar i thmic  fo rm at  25~ and  at low coverages as 

~ = -- 0.0295 log [(io/ io,~) + I ]  [Tb] 
This  is in  effect the  equa t ion  first de r ived  by  H a m -  
me t t  (11).  

A n o d i c  o v e r v o l t a g e . - - H e r e  the reac t ion  can be 
w r i t t e n  as the  i nve r se  of the cathodic  case, i,e., a 
slow dissociat ion of H~ fol lowed b y  ion iza t ion  of H. 
The k ine t ic  equa t ions  for the  ion iza t ion  step are 

_--> ---> 

i, = k ,  8 e x p  ( ~ w F / R T )  [8] 

i~ = ~, (H +) (1 --  8) exp [ - - (1  --  a ) w F / R T ]  [9] 

--> <--. 

where  i,~, i, are  fo rward  and  reverse  c u r r e n t  densi t ies  

for ioniza t ion;  k~, ~ a re  fo rward  and  reverse  ra te  
cons tan t s  and  are  pos i t ive  and  nega t ive ,  respec-  
t ively,  The  ~ used here  is no t  the  same as before.  
The  ioniza t ion  step is cons idered  at  equ i l i b r i um,  

---> < i  

hence  i~ = --  i~. There fore  

q / ( 1  - -  #)  = - -  K , '  exp ( - - ~ F / R T )  [10] 

For  the  slow dissociat ion step 

--> --> 

i~ = k , P ~ ( 1  - -  8) 5 [ l l a ]  

=  o8' CUb] 
The net anodic current density i~ is the algebraic 

-~ <-- --> 

sum i~ = i~ + i~, where the magnitude of i~ is not less 
<- 

than the magnitude of i~. At equilibrium, i~ is zero, 
-+ <_- 

and i~ = --i~ ---- io,~ where io,~ is the anodic exchange 
current (positive). 

Therefore 

--> ~- 

io.. = k ~ P . , ( 1  - -  8o)" = - -  k=8o ~ [12] 

Fo l l owing  the  same  ana lys i s  as above,  one ob ta ins  

i~=i~,~[ ( 1 - - 8 ) V  (1- -8o)~]{1  - -  exp ( - - 2 , ? ~ F / R T )  } [13] 

HYDROGEN OVERVOLTAGE ON BRIGHT Pt 893 

At 25~ a nd  low coverages,  Eq. [13] reduces  to the  
logar i thmic  fo rm 

n~ = --0.0295 log [1 --  iJ io,~] [14] 

Calculation of Kinetic Parameters 
The  va lue  of io,, = --  i~,~ was d e t e r m i n e d  f rom Eq. 

[7a]  in  its l i m i t i n g  low coverage form. The  g raphs  
of io vs. [exp ( - - 2 v ~ F / R T ) -  1] for va r ious  va lues  
of P-2 are shown in  Fig. 5. The  re l a t ionsh ip  g iven  by  
Vet te r  and  Otto (6) ,  which  can be de r ived  f rom 
Eqs. [4] ,  [5] ,  [11],  and  [12] w h e n  8o < <  1, is 8o ~ = 
- - i~ , J io ,~ ,  w he r e  io,~ and  io,L, the  l im i t i ng  anodic  and  
cathodic c u r r e n t  densi t ies ,  can  be used to d e t e r m i n e  
8~ It  was a s sumed  tha t  io,~ is no t  a lgebra i ca l ly  
g rea te r  t h a n  --10 a m p / c m  ~. This  is a r ea sonab le  as-  
s u m p t i o n  since the Tafel  slope in  Fig. 2 for p u r e  
h y d r o g e n  is m a i n t a i n e d  down  to nega t i ve  c u r r e n t s  
approach ing  --1 a m p / c m  2. In  addi t ion,  a ca lcu la t ion  
by  Salzberg  and  Schu ld ine r  (12) ind ica ted  tha t  on 
a P t  e lec t rode  the m a x i m u m  coverage of the  surface  
wi th  adsorbed  a tomic h y d r o g e n  at --1 a m p / c m  ~ 
wou ld  be abou t  2%. Hence  us ing  the a r b i t r a r y  va lue  
of - - I 0  a m p / c m  2 for i~,~ and  ob t a in ing  i~,~ for va r ious  
h y d r o g e n  pressures  f rom Fig, 3, 8o ~ can  be ca lcu la ted  
for each pressure .  I t  should  be m e n t i o n e d  tha t  io,~ 
is i n d e p e n d e n t  of hyd rogen  pressure ;  in  o ther  words,  ~ 
io,~ is on ly  d e p e n d e n t  on the ra te  of h y d r o g e n  evo lu -  
t ion  at  the  cathode.  Us ing  8~ ~ values ,  wh ich  ind ica te  
a low coverage wi th  a tomic hydrogen ,  ob ta ined  in  

this way,  the  ra te  cons tan t  k~ = ,, = - - 1 2 . 0 8  was  
ca lcula ted  f rom Fig. 6 us ing  Eq. [5],  The ra te  con-  

<--- __> 

s t an t  ko = k~ = 0.00143 was  ca lcu la ted  us ing  Eq. [5] 
also. F igu re  7 shows the l i nea r  r e l a t ion  b e t w e e n  P ~  
and  io,~ which  was  used to d e t e r m i n e  this  ra te  con-  
s tant .  

The ra te  cons t an t  k = +---(di /d~)~o (nega t ive  for 

cathodic,  posi t ive  for anodic  d i rec t ions)  for the  
o v e r - a l l  r eac t ion  n e a r  equ i l i b r i um,  w h e r e  the re  is a 
l i nea r  r e l a t ion  b e t w e e n  ~/and i, was d e t e r m i n e d  f rom 
Fig. 4 for va r ious  h y d r o g e n  pressures .  These  va lues  
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Fig. 6 .  #o~ vs. io, 

are  shown  in  Tab le  I. Also shown  are s to ichiometr ic  
n u m b e r s  /~ ca lcula ted  f rom the Hor iu t i  r e l a t ionsh ip  
(13) /~ = 2io.oF/kRT. 

D i s c u s s i o n  

The a s s u m p t i o n  tha t  the surface of the act ive  
smooth  P t  e lect rode used in  this  i nves t iga t ion  was  
sparse ly  covered  wi th  a tomic  h y d r o g e n  at  equ i l i b -  
r i u m  can  be verif ied by  d e t e r m i n i n g  the  L a n g m u i r  
adsorp t ion  isotherm.  This  i so therm is 9 o " / ( 1 -  ~o)~-  
KP~. At low coverages ~o~ = KP~. The l inea r  da ta  of 
Fig.  6 and  7 can be combined  to give a r e a s o n a b l y  
good l i nea r  i so therm wi th  a K va lue  of 116 x 10 -~. 
The  fact  tha t  this  i so therm holds t h r o u g h o u t  the  
r ange  of h y d r o g e n  pressures  inves t iga ted ,  w i th  a 
zero in tercept ,  v i r t u a l l y  proves  tha t  the surface  of 
the  p l a t i n u m  at  zero c u r r e n t  is on ly  sparse ly  covered  
w i th  a tomic  hydrogen .  If  one changes  i~.~ f rom --10 
a m p / c m  ~ to a va lue  sma l l e r  by  one to two orders  of 
m a g n i t u d e ,  or to a n y  l a rger  value ,  this  st i l l  w ou l d  
no t  affect the  l i nea r i t y  of the  i so therm,  b u t  w ou l d  
m e r e l y  change  K. 

The  l inea r  re la t ions  shown  in  Fig. 5 conf i rm the  
m e c h a n i s m s  assumed,  name ly ,  tha t  the  h y d r o n i u m  
ion discharge  is fol lowed by  a r a t e - d e t e r m i n i n g  slow 
c o m b i n a t i o n  step. A n o t h e r  way  of showing  this  is to 
plot  anodic  and  cathodic overvol tages  vs. the  loga-  
r i t hmic  re la t ionsh ips  g iven  in  Eqs. [7b]  and  [14].  
This  should  g ive  a s t ra igh t  l ine  w i th  a slope of 
0.0295 v. F i g u r e  8 shows this  r e l a t ion  for all  pa r t i a l  
p ressures  of h y d r o g e n  and  confirms tha t  the m e c h -  
an i sm  assumed  is a r ea sonab le  one. Add i t i ona l  proof  
is g iven  by  the fact  tha t  the  s to ichiometr ic  n u m b e r s  

Table  I. Cathodic  kinetic parameters 

-Pff~ 

a t m  - -  k ,  m h o / c r n ~  - -  to, c a m p / c m  2 /~ 

1.0 0.13 0.00152 0.92 
0.46 0.053 0.00070 1.03 
0.31 0.027 0.00040 1.15 
0.24 0.019 0.000273 1.12 
0.14 0.011 0.000112 0.79 
0.05 0.0046 0.0000594 1.01 
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Fig. 8. Hamrnet t  relations for vl vs. i. Part ial pressures of 
hydrogen as in Fig. 2. 

/L for the  series of h y d r o g e n  pressures  shown in  
Tab le  I are  all  a p p r o x i m a t e l y  equa l  to one. 

The  Tafe l  r e l a t ion  der ived  f rom the  curves  in  
Fig. 2 is on ly  an  empi r ica l  e q u a t i o n  which  proves  to 
be  compa t ib l e  w i t h  theore t ica l  Eq. [7b] .  H oweve r  
at  h igher  c u r r e n t  densi t ies  one wou ld  expect  a defi- 
n i t e  u p w a r d  c u r v a t u r e  f rom the s t ra igh t  l ines  shown 
in  Fig. 2. At  log ( - - i t )  = 0, the c u r v a t u r e  wou ld  be 
such tha t  v0 for 1 a rm wou ld  be --0.083 v r a the r  t h a n  
--0.076 v as ob ta ined  by  extra~oolating the l i nea r  
por t ion  in  Fig. 2. S i m i l a r l y  for the  other  h y d r o g e n  
pressures  there  wi l l  be an  inc reas ing  c u r v a t u r e  as 
the  p ressure  is decreased.  E x p e r i m e n t a l l y  the re  was  
an  ind ica t ion  of such a dev ia t ion  at  h igh  c u r r e n t  
densi t ies .  However ,  there  exists  also a s ignif icant  
concen t r a t i on  overvol tage  effect which  is u n d o u b t -  
ed ly  owing  to the diffusion a w a y  of mo l e c u l a r  hy -  
drogen  f rom the  me t a l  so lu t ion  in te r face  (14) ,  and  
it is e x p e r i m e n t a l l y  difficult to e l i m i na t e  this  effect 
at h igher  overvol tages .  It  should  also be no ted  tha t  
an  ex t r apo la t i on  of the  Tafe l  l ines  in  Fig. 2 to zero 
overvol tages  give c u r r e n t  dens i ty  va lues  wh ich  are 
m u c h  lower  t h a n  the  io, o va lues  ob t a ined  f rom Eq. 
[7b] .  
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A Porcelain Reference Electrode Conductive to Sodium 
Use in Molten Salt Systems 

Ions for 

Roger J. Labrie and Vernon A. Lamb 

Chemistry Division, National Bureau of Standards, Washington, D. C. 

ABSTRACT 

A reference  e lec t rode  for  use in mol ten  salt  systems is described.  I t  consists 
of a porce la in  capsule conduct ive to sodium ions, containing a s i lver  e lect rode 
immersed  in a mel t  of s i lver  chlor ide  and sodium chloride.  The e lec t rode  is 
revers ib le  to sodium ions. I t  is stable,  reproducib le ,  and t e m p e r a t u r e - r e v e r s i b l e  
and can be used at t empera tu re s  400 ~ to 500 ~ h igher  than  can s imi lar  e lectrodes 
made  of glass. The capsu le - type  construct ion preven ts  the  salt  inside the  elec-  
t rode  f rom contamina t ing  the mel t  under  study.  Elect rodes  made  f rom specia l ly  
p r epa red  porcela ins  and also f rom a commercia l  porcela in  were  used. Data  are  
p resen ted  on the res is t iv i ty  of the specia l ly  p r epa red  porcela ins  and on the 
mechanism of conduct ion by  the  porcelain.  

A c c u r a t e  d a t a  on e l e c t r o d e  p o t e n t i a l s  in  m o l t e n  
e l e c t r o l y t e s  a r e  of i m p o r t a n c e  in e l e c t r o d e p o s i t i o n  
f r o m  m o l t e n  sal ts ,  co r ros ion  b y  m o l t e n  sal ts ,  and  in  
s tud ies  of t he  t h e r m o d y n a m i c  p r o p e r t i e s  of m o l t e n  
sa l t  sys tems .  The  a m o u n t  of r e s e a r c h  in  t hese  f ields 
has  i n c r e a s e d  in r e c e n t  y e a r s  b e c a u s e  of i n t e r e s t  in  
the  p r o d u c t i o n  of r e f r a c t o r y  m e t a l s  b y  e l e c t r o d e -  
pos i t ion  f r o m  m o l t e n  sa l t  so lu t ions ,  in  the  d e v e l o p -  
m e n t  of m o l t e n  sa l t  ba t t e r i e s ,  a n d  in  t h e  v a r i o u s  
a p p l i c a t i o n s  of m o l t e n  sa l t  p rocesses  in the  a tomic  
e n e r g y  p r o g r a m .  

S e v e r a l  t y p e s  of r e f e r e n c e  e l ec t rodes  h a v e  been  
used  in  p r e v i o u s  r e s e a r c h e s  in  t h e s e  fields, such  as 
t h e  A g / A g C 1  e l e c t r o d e  w i t h  a l i q u i d  j u n c t i o n  (1, 2 ) ;  
t h e  P t  e l e c t r o d e  (3, 4 ) ;  an  A g / A g C 1  e l e c t r o d e  in  a 
g r a p h i t e  s h e a t h  for  use  in f luor ide  tne l t s  ( 5 ) ;  t he  
C1-/CI~ ( g r a p h i t e )  e l e c t r o d e  (6 ) ;  a n d  e l ec t ro de s  in 
g lass  capsu l e s  w i t h  t h e  i n t e r n a l  e l ec t rode  in  t h e  
glass  capsu le  cons i s t ing  of Na  (7, 8) ,  N a - H g  (9) ,  
N a - S n  (10, 11),  a n d  A g  in a m i x t u r e  of AgC1-LiC1-  
KC1 (12) .  

A r e f e r e n c e  e l e c t r o d e  has  been  d e v e l o p e d  in th i s  
l a b o r a t o r y  w h i c h  is s im i l a r  to t h a t  d e s c r i b e d  b y  
Bockr is ,  et al. (12) ,  b u t  d i f fers  in t h a t  t h e  g lass  
c apsu l e  used  b y  t h e m  is r e p l a c e d  b y  a p o r c e l a i n  
c apsu l e  conduc t i ve  to s o d i u m  ions.  T h e  m a i n  a d -  
v a n t a g e  of t he  p o r c e l a i n  e l e c t r o d e  is t h a t  i t  can  be  
used  a t  m u c h  h i g h e r  t e m p e r a t u r e s  t h a n  can  glass.  

I n  c o m m o n  w i t h  t he  glass  capsu le  e lec t rodes ,  i t  
also has  t he  a d v a n t a g e  t h a t  sa l t s  in  t he  capsu le  
canno t  i n t e r m i x  w i t h  those  ou t s ide  t he  capsu le .  
T h e  p o r c e l a i n  is r e v e r s i b l e  to s o d i u m  ions  in  t he  
m e l t  u n d e r  s tudy ,  and  s ince  the  i n n e r  A g / A g C 1  
e l e c t r o d e  is r e v e r s i b l e ,  t he  e n t i r e  e l e c t r o d e  s y s t e m  
is r e v e r s i b l e .  E l ec t rodes  of t he  des ign  d e s c r i b e d  b e -  
low h a v e  been  used  a t  t e m p e r a t u r e s  up  to a b o u t  
900~ T h e y  shou ld  be  c a p a b l e  of  use  a t  t e m p e r a -  
t u r e s  up  to t he  m e l t i n g  p o i n t  of s i lver .  I f  t he  des ign  
w e r e  mod i f i ed  to m a k e  poss ib l e  t h e  r e t e n t i o n  of  
m o l t e n  s i lver ,  the  e l ec t rodes  m i g h t  b e  s e r v i c e a b l e  
at  t e m p e r a t u r e s  a p p r o a c h i n g  t h e  so f t en ing  p o i n t  of 
t h e  po rce l a in .  

Preparation of Electrodes 
P~eparation o] porcelain.--The compos i t i on  of 

t h e  p o r c e l a i n  f r o m  w h i c h  mos t  of the  capsu le s  w e r e  
m a d e  w a s  a p p r o x i m a t e l y :  Na~_O, 2.5% ; SiO.~, 73.1% ; 
AI~O~, 24.4%, b y  we igh t .  The  o b j e c t i v e  in p r e p a r i n g  
th is  p o r c e l a i n  w a s  to o b t a i n  a m a t e r i a l  t h a t  was  
n e a r l y  f r ee  of  a l k a l i  m e t a l s  o t h e r  t h a n  s o d i u m  and  
of  a l k a l i n e - e a r t h  me ta l s ,  w i t h  t he  t h o u g h t  t h a t  such  
p o r c e l a i n  m i g h t  be  c o n d u c t i v e  on ly  to s o d i u m  ions. 
The  s o d i u m  c on t e n t  was  chosen  a r b i t r a r i l y .  In  l a t e r  
w o r k ,  a c o m m e r c i a l  p o r c e l a i n  a n d  a p o r c e l a i n  con -  
t a i n i n g  a h i g h e r  p r o p o r t i o n  of s o d i u m  w e r e  used.  

T h e  p o r c e l a i n  con ta in ing  2.5% Na~O w a s  p r e p a r e d  
as fo l lows :  A glass  of t he  compos i t i on  Na2Al~Si2Os 
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was  m a d e  b y  d r y - m i l l i n g  t o g e t h e r  in  a j a r  m i l l  
w i t h  f l int  p e b b l e s  an  e q u i m o l a r  m i x t u r e  of Na2SiO~, 
A1203, a n d  SiO~, f o l l o w e d  b y  f i r ing of t he  m i x -  
t u r e  at  l l 0 0 ~  a f t e r  w h i c h  the  f i red mass  was  r e -  
g round .  A p o r t i o n  of the  glass  (186 g)  t h e n  was  m i l l e d  
in  a 1 -ga l  j a r  m i l l  w i t h  f l int  p e b b l e s  for  10 to 12 hr ,  
t o g e t h e r  w i t h  388 g of K e n t u c k y  b a l l  c lay ,  520 g of 
G e o r g i a  kao l in ,  696 g of flint, 820 m l  of  w a t e r ,  and  
0.5 g of s o d i u m  s i l i ca te  or  sod ium ca rbona t e .  The  
s o d i u m  s i l i ca te  (or  c a r b o n a t e )  was  a d d e d  to effect  
de f loccu la t ion  of t he  sl ip.  

Construction o] electrodes.--The cons t ruc t i on  of 
t he  p o r c e l a i n  e l e c t r o d e  is s h o w n  in Fig .  1. The  s l ip  
was  f o r m e d  in to  e l e c t r o d e  tubes  b y  s l i p - c a s t i n g  in  
a sp l i t  m o l d  of p l a s t e r  of  Par i s ,  w h i c h  h a d  been  
f o r m e d  o v e r  a g lass  p a t t e r n  of t he  e l e c t r o d e  tube .  
T h e  s l i p - c a s t s  w e r e  d r i e d  in t he  mold ,  r e m o v e d ,  
a n d  u s u a l l y  w e r e  f i red to 1285~ b u t  some w e r e  
f i red as h igh  as 1400~ A l t h o u g h  the  h i g h e r  f i r ing 
t e m p e r a t u r e  caused  b l i s t e r s  to fo rm,  t h e  t u b e s  s t i l l  
w e r e  se rv i ceab le .  

A T - t u b e  of  N o n e x  glass  was  sea l ed  to t he  p o r c e -  
l a in  tube .  A t  i ts  w o r k i n g  t e m p e r a t u r e ,  t he  g lass  
we t s  t he  p o r c e l a i n  r e a d i l y  to fo rm a good seal.  (The  
p o r c e l a i n  t h a t  con ta ins  10% Na~O, d e s c r i b e d  in  t h e  
sec t ion  on E l ec t r i c a l  r e s i s t i v i t y  of po rce l a in ,  w a s  
j o i n e d  to a T - t u b e  of K o v a r  sea l ing  glass ,  C o rn ing  
No. 7052.) 

The  i n n e r  A g  e l e c t r o d e  was  m a d e  as fo l lows :  A 
l e n g t h  of 1 m m  W wi re ,  t h e  t ip  of w h i c h  h a d  b e e n  
c l eaned  b y  filing, was  i n s e r t e d  in to  a c e r ami c  t u b e  
of 1 m m  i.d. ( M c D a n e l  h i g h - t e m p e r a t u r e  p o r c e l a i n )  
to w i t h i n  a b o u t  1-in.  of t h e  end  of t h e  tube .  T h e  
t u b e  was  s u p p o r t e d  v e r t i c a l l y  in a c l a m p  w i t h  t h e  
open  end  u p w a r d .  A s h o r t  l e n g t h  of 1 m m  A g  w i r e  
was  i n s e r t e d  in to  t he  t u b e  and  m e l t e d  b y  a p p l y i n g  
a t o rch  f lame,  f irst  w h e r e  t he  A g  w i r e  t o u c h e d  t h e  
W and  t h e n  h i g h e r  as t h e  A g  me l t ed ,  so t h a t  t h e  A g  
f lowed in to  i n t i m a t e  con tac t  w i t h  t h e  W w i r e  a n d  
c o m p l e t e l y  f i l led  t h e  tube .  E l e c t r i c a l  c o n t i n u i t y  b e -  
t w e e n  the  A g  and  W w a s  checked  w i t h  an  o h m -  
me te r .  A l l  of t he  A g  e l ec t rodes  used  in  t he  cel ls  
d e s c r i b e d  in th i s  p a p e r  w e r e  c o n s t r u c t e d  in  th i s  

T ~  UNGSTEN WIRE 

URANIUM GLASS 

ELD 

14. PORCELAIN TUBE WALL THIGKNESS--I to 2 m m  
D I A M E T E R - - 8  I o 1 0  m m  LENGTHml5 Cm 

CERAMIC TUBE 

--SILVER 

t -~MIXTURE; OF A~CI AND NaGI 

Fig. 1. Construction of porcelain electrode 

m a n n e r ,  so t h a t  t he  W - A g  t h e r m o e l e c t r i c  p o t e n t i a l s  
cancel .  The  W w i r e  was  t h e n  b e a d e d  w i t h  U glass  
( C o r n i n g  No. 3320) and  s ea l ed  into  t he  T - t u b e  at  
a pos i t i on  such t h a t  t he  t ip  of t he  A g  e l e c t r o d e  e x -  
t e n d e d  n e a r l y  to t he  b o t t o m  of t he  p o r c e l a i n  bu lb .  
Ca re  m u s t  be  t a k e n  in  m a k i n g  th is  sea l  to i n su re  
t h a t  t he  i n n e r  e l e c t r o d e  does  no t  touch  the  i n n e r  
s u r f a c e  of t he  p o r c e l a i n  tube .  The  p o r c e l a i n  is su f -  
f ic ien t ly  t r a n s l u c e n t  so t h a t  t he  loca t ion  of t he  i n -  
ne r  e l e c t r o d e  can  be  c h e c k e d  b y  v i e w i n g  i t  aga in s t  
a s t rong  l ight .  

The  a s s e m b l e d  e l e c t r o d e  w a s  f i l led w i t h  t h e  d e -  
s i r ed  m i x t u r e  of AgC1 a n d  NaC1 t h r o u g h  the  s ide -  
a r m  of  t he  T - t u b e ,  w h i c h  t h e n  was  sea l ed  off w h i l e  
e v a c u a t i n g  the  e l e c t r o d e  t h r o u g h  it. E v a c u a t i o n  and  
sea l ing  a r e  no t  essen t ia l ,  b u t  th i s  p r o c e d u r e  was  
p r e f e r r e d .  V a r ious  p r o p o r t i o n s  of AgC1 a n d  NaC1 
h a v e  been  used,  b u t  a m i x t u r e  h igh  in  AgC1 is 
p r e f e r r e d  because  of  i ts  l o w e r  m e l t i n g  p o i n t  a n d  
be c a use  f e w e r  capsu le s  b r e a k  w h e n  r e - u s e d  i f  t h e y  
con ta in  such  a m i x t u r e .  C o m p l e t e  cel ls  u s u a l l y  w e r e  
a s s e m b l e d  w i t h  two  p o r c e l a i n  e l ec t rodes  a n d  one or  
two  e l ec t rodes  of some o t h e r  t ype ,  d i p p e d  into  a 
m e l t  in  a sho r t  c y l i n d r i c a l  con t a ine r .  

Characteristics of Porcelain Electrodes 
Reproducibility and stability.--Reproducibility of 

t he  p o r c e l a i n  e l e c t rode s  was  c he c ke d  b y  m e a s u r i n g  
t h e  po t e n t i a l s  of cel ls  in w h i c h  i den t i ca l  e l e c t rodes  
w e r e  opposed .  In  t he  fo l l owing  cell ,  P r e p r e s e n t s  
t h e  p o r c e l a i n  m e m b r a n e ;  t h e  n u m b e r s  a r e  t he  mo le  
p e r  cents  of each  componen t .  

A g / A g C 1  40, NaC1 6 0 / P / A g C 1  4.76, NaC1 47.6, 

KC1 4 7 . 6 / P / A g C 1  40, NaC1 6 0 / A g  ( I )  

The  r e su l t s  of m e a s u r e m e n t s  of  t he  e m f  of cel l  ( I )  
a r e  s h o w n  in T a b l e  I for  f ive r e p l i c a t e  e lec t rodes ,  
r e p r e s e n t e d  as a to e. 

I t  is seen  t h a t  t h e r e  w a s  a d i f f e rence  of 5-7 m v  
b e t w e n  e l ec t rodes  a and  b, w h i c h  w a s  p r o b a b l y  
caused  b y  a s m a l l  d i f f e rence  in  t h e  c o n c e n t r a t i o n s  
of t he  e l e c t r o d e  solut ions .  These  w e r e  p r e p a r e d  
s e p a r a t e l y ,  and  an  e r r o r  of  a b o u t  one p e r c e n t a g e  
un i t  in c o n c e n t r a t i o n  w o u l d  account  for  t he  d i s -  
c r epancy .  The  t e m p e r a t u r e  of ce l ls  c / d  a n d  d / e  was  
v a r i e d  i r r e g u l a r l y  ove r  l ong  per iods .  T h e  r e su l t s  
show t h a t  t he  emf  of t he  p o r c e l a i n  e l ec t rodes  was  
s t ab l e  a n d  r e p r o d u c i b l e  to  w i t h i n  a f e w  m i l l i v o l t s  
u n d e r  t e m p e r a t u r e  cyc l ing  ove r  a p e r i o d  of n e a r l y  
s ix  days .  These  e x p e r i m e n t s  a l so  s h o w e d  t h a t  t he  

Table I. Electromotive force of cells(l) 

Cel l  a / b  Ce l l  c / d  C e l l  d / e  

Time, Temp, Emf, Time, Temp, Emf, Time, Temp, Emf, 
h r  ~ m y  h r  ~ m y  h r  ~ m y  

0 720 5.3 
0.4 720 6.6 
0.7 720 7.1 
2.7 720 6.4 
3.7 720 6.5 

0.2 760 1.1 O 760 0.7 
0.5 760 0.4 5 850 0.3 
2.0 760 1.2 22 760 0.3 
4.0 760 0.1 26 850 0.3 

20.0 760 --2.5 27 900 0.4 
21.0 760 0.2 28 850 0.2 
26.0 828 --1.3 29 800 0.2 
29.0 760 1.4 118 770 3.0 

141 800 0.0 
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p o r c e l a i n  e l ec t rode  is r e - u s a b l e  s ince  e l e c t r o d e  d 
was  used  in two  s e p a r a t e  e x p e r i m e n t s .  This  is a 
d i s t i nc t  a d v a n t a g e  fo r  a r e f e r e n c e  e lec t rode .  

The  p e r i o d  of t i m e  r e q u i r e d  for  t he  p o r c e l a i n  
e l e c t r o d e  to r e a c h  e q u i l i b r i u m ,  fo l l owing  a sh i f t  in  
t e m p e r a t u r e  or  o t h e r  d i s t u r b a n c e ,  u s u a l l y  r a n g e d  
f rom a f ew  m i n u t e s  to a b o u t  30 min .  O c c a s i o n a l l y  
a cel l  p o t e n t i a l  d id  n o t  become  s t ab i l i z ed  u n t i l  a f t e r  
s e v e r a l  hours .  The  cause  fo r  t he  v a r i a t i o n  is no t  
k n o w n .  

Temperature reversibility.--Temperature r e v e r s i -  
b i l i t y  is i n d i c a t e d  b y  the  r e su l t s  s h o w n  in T a b l e  I. 
A d d i t i o n a l  e x p e r i m e n t s  b e a r i n g  on the  v a r i a t i o n  of  
the  emf  of the  p o r c e l a i n  e l e c t r o d e  w i t h  t e m p e r a -  
t u r e  a r e  d e s c r i b e d  in  th is  sect ion.  

E l e c t r o m o t i v e  forces  of t he  f o l l o w i n g  c o n c e n t r a -  
t ion cel l  w e r e  m e a s u r e d  ove r  a r a n g e  of t e m p e r a -  
t u r e  f r o m  646 ~ to 850~ ( n u m b e r s  a r e  mo le  p e r  
cen t s ) .  

Ag /AgC1  40, NaC1 6 0 / P / A g C 1  9.6, NaC1 45.2, 

K C 1 4 5 . 2 / P / A g C 1  78, NaC1 2 2 / A g  ( I I )  

T h e  t e m p e r a t u r e  was  cyc led  w i t h i n  th is  r a n g e  in a 
r a n d o m  m a n n e r  o v e r  a p e r i o d  of  s e v e r a l  days .  Re -  
p e a t  r e a d i n g s  at  t he  s a m e  t e m p e r a t u r e  a g r e e d  w i t h -  
in  a b o u t  1 my.  D a t a  a r e  p l o t t e d  in  F ig .  2. The  
t e m p e r a t u r e  at  t he  b r e a k  in  t he  c u r v e  c o r r e s p o n d s  
r e a s o n a b l y  we l l  w i t h  t he  l i q u i d u s  t e m p e r a t u r e  
g iven  in I n t e r n a t i o n a l  Cr i t i c a l  Tab l e s  ( ICT)  for  t he  
AgC1-NaC1 s y s t e m  at  a mo le  r a t i o  of 40/60  ( f r o m  
ICT, 675~ f r o m  Fig.  2, 688~ 

The  emf  of  ce l l  ( I I )  m a y  b e  w r i t t e n  

E = (2.303RT/F) log  (0.78 x 0 .60 /0 .40x  0.22) [1]  

w h e r e  m o l e  f r ac t ions  a r e  u sed  in t h e  log  t e r m  and  
a c t i v i t y  coefficients a r e  t a k e n  as un i ty .  This  e q u a -  
t ion  is o b t a i n e d  b y  c o m b i n i n g  t h e  e q u a t i o n  for  t h e  
emf  of a c o n c e n t r a t i o n  cel l  w i t h o u t  t r a n s f e r e n c e  
w i t h  t h e  e q u a t i o n s  for  t h e  t w o  m e m b r a n e  p o t e n -  
t ia ls .  The  l a t t e r  a r e  b a s e d  on the  a s s u m p t i o n  t h a t  
on ly  s o d i u m  ions  a r e  t r a n s f e r r e d  t h r o u g h  the  m e m -  
branes .  W i t h  th is  a s sumpt ion ,  t he  o v e r - a l l  ce l l  ( I I )  
p rocess  for  one  f a r a d a y  is 

AgC1 (78 mo le  % )  + NaC1 (60) = 

AgC1 (40) ~-NaC1 (22) [2]  
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Fig. 2 Emf of cell (11) as o funct ion of temperature.  The 
dashed curve is calculated f rom Eq. [ ] ] .  
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E q u a t i o n  [1]  g ives  t h e  e m f  of  th i s  p rocess  a n d  
y i e ld s  a v a l u e  of E/T of 0.000144 v / d e g .  The  s lope  
of t h e  c u r v e  in Fig .  2 b e y o n d  t h e  b r e a k ,  i.e., in t he  
r a n g e  of t e m p e r a t u r e  a t  w h i c h  the  sa l t  p h a s e  in  t h e  
l e f t - h a n d  e l e c t r o d e  of ce l l  ( I I )  is c o m p l e t e l y  m o l -  
ten,  is 0.000148 v / d e g .  The  a g r e e m e n t  ind ica t e s  t h a t  
the  p o r c e l a i n  e l ec t rodes  b e h a v e  n o r m a l l y  w i t h  r e -  
spec t  to t e m p e r a t u r e  change .  

T h e o r e t i c a l l y ,  t he  c u r v e  in  F ig .  2 shou ld  e x t r a -  
p o l a t e  to ze ro  emf  a t  a b s o l u t e  zero.  T h e  d a s h e d  l ine  
shows  the  pos i t i on  of t h e  t h e o r e t i c a l  c u r v e  c a l c u -  
l a t e d  f rom Eq. [1] .  I t  l ies  a b o u t  34 m v  a b o v e  t h e  
e x p e r i m e n t a l  curve .  T h e  d i f fe rence  m a y  be  due  to 
d e v i a t i o n s  of t h e  a c t i v i t y  coefficients  f r o m  un i ty ,  or  
to an  effect of t he  p o t a s s i u m  ions  in  t he  m e l t  on the  
m e m b r a n e  p o t e n t i a l  ( see  sec t ion  on Effect  of p o t a s -  
s ium ions in t h e  m e l t  on the  p o t e n t i a l  of t he  p o r c e -  
l a in  e l e c t r o d e ) .  

Membrane asymmetry.--Theoretically, t h e  p o -  
t e n t i a l  of a h a l f - c e l l  i n c l u d i n g  a s o d i u m  i o n - c o n -  
d u c t i v e  m e m b r a n e  in  con tac t  w i t h  a g iven  e x t e r n a l  
m e l t  shou ld  b e  i n d e p e n d e n t  of t h e  compos i t i on  of 
t h e  m e m b r a n e .  H o w e v e r ,  i t  is c o n c e i v a b l e  t h a t  u n -  
s y m m e t r i c a l  su r f ace  effects m i g h t  r e s u l t  in an  
a s y m m e t r y  po t en t i a l .  To check  th is  poin t ,  cel ls  w e r e  
set  up  in w h i c h  two  c a p s u l e - t y p e  e l ec t rodes  w e r e  
d i p p e d  in to  t h e  s a m e  m e l t  c o n t a i n e d  in  a s m a l l  
c ruc ib le .  M e l t s  in  t h e  t w o  h a l f - c e l l s  w e r e  iden t i ca l ,  
b u t  t he  m e m b r a n e s  w e r e  d i f ferent ,  as  s h o w n  in cel l  
( I I I )  ( n u m b e r s  a r e  mo le  p e r  cen t s ) .  

A g / A g C 1  50, NaC1 5 0 / P / N a - K - S r  

c h l o r i d e / G / A g C 1  50, NaC1 5O/Ag ( I I I )  

In  th is  cell ,  t he  m e m b r a n e  P w a s  a p o r c e l a i n  cap-  
su le  m a d e  f r o m  p o r c e l a i n  c on t a in ing  2.5% Na~O, 
f i red a t  1350~ a n d  G was  a capsu le  of P y r e x  glass .  
M e a s u r e m e n t s  w e r e  m a d e  on two  a d d i t i o n a l  cells ,  
l i ke  cel l  ( I I I ) ,  e x c e p t  t h a t  in  one cell ,  c apsu le  G 
was  r e p l a c e d  b y  a p o r c e l a i n  capsu le  t h a t  h a d  b e e n  
f i red a t  1400~ and  in  t h e  o t h e r  b y  a capsu le  m a d e  
f rom a c o m m e r c i a l  po rce la in .  ( M c D a n e l  h i g h - t e m -  
p e r a t u r e  p o r c e l a i n  in  t h e  f o r m  of a t h e r m o c o u p l e  
p r o t e c t i v e  tube ,  1/2  in. OD, 1/16 in. wa l l ;  c o m p o s i -  
t ion b y  w e i g h t :  A/~O~, 56 .2%;  SiO~, 43 .0%;  K~O + 
Na~O, 0.32%; C, Mg, and  F e  oxides ,  0 .62%.)  T e m -  
p e r a t u r e s  r a n g e d  f r o m  a b o u t  550 ~ to 750~ d e -  
p e n d i n g  on t h e  m a t e r i a l  of  t h e  capsu le .  The  p o t e n -  
t i a l  of each  of t he se  t h r e e  cel ls  was  less  t h a n  1 my.  

S ince  no s ign i f ican t  m e m b r a n e  a s y m m e t r y  p o t e n -  
t i a l  was  f o u n d  in c o m p a r i n g  these  u n l i k e  m e m -  
b r a ne s ,  i t  is u n l i k e l y  t h a t  an  a s y m m e t r y  p o t e n t i a l  
w i l l  be  a c o m p l i c a t i n g  f ac to r  in  t he  use  of t he  p o r -  
c e l a i n - t y p e  e l ec t rode .  T h e  r e s u l t  w i t h  t h e  c o m -  
m e r c i a l  p o r c e l a i n  is e spe c i a l l y  s ignif icant ,  s ince  t h e  
use  of c o m m e r c i a l l y  a v a i l a b l e  p o r c e l a i n  m a k e s  t h e  
r a t h e r  t e d ious  p r e p a r a t i o n  of  a spec ia l  p o r c e l a i n  
u n n e c e s s a r y .  H o w e v e r ,  f u r t h e r  w o r k  on t h e  r e l a -  
t i onsh ips  b e t w e e n  the  compos i t i on  of a p o r c e l a i n  a n d  
i ts  se lec t ive  p e r m e a b i l i t y  to specific ions  m i g h t  be  
f ru i t fu l .  

Effect of the concentration of sodium chloride 
within the porcelain capsuIe.--Porcelain e l ec t rodes  
r e p r e s e n t e d  as A g / A g C l ( x ) ,  NaCI  ( 1 - - x )  p o r c e -  
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la in ,  in  w h i c h  1 -  x,  t he  mo le  f r a c t i o n  of s o d i u m  
chlor ide ,  v a r i e d  f r o m  0.05 to 0.40, h a v e  shown  r e -  
p r o d u c i b l e ,  s t ab l e  po ten t i a l s .  I t  is p r o b a b l e  t h a t  
bo th  h i g h e r  and  l o w e r  p r o p o r t i o n s  of s o d i u m  
c h l o r i d e  cou ld  be  used.  

E~ect  of potassium ions in the mel t  on the poten-  
tial of the porcelain e lectrode. - -The effect  of  p o t a s -  
s i um ions on the  p o t e n t i a l  of t he  p o r c e l a i n  e l ec t rode  
was  s t u d i e d  b y  c o m p a r i n g  cel ls  h a v i n g  d i f fe ren t  
r a t io s  of s o d i u m  c h l o r i d e  to p o t a s s i u m  ch lor ide .  
D a t a  for  t he  fo l l owing  two  cel ls  a r e  i l l u s t r a t i v e  
( n u m b e r s  a r e  in mo le  p e r  cen t s ) .  

A g / A g C 1  25, KC1 70, NaC1 5 / P /  

AgC1 50, KC1 45, NaC1 5 / A g  ( IV)  

and  
P o r c e l a i n  e l e c t r o d e / A g C 1  75,KC1 20, NaC1 5 / A g  (V)  

w h e r e  " P o r c e l a i n  e l e c t r o d e "  d e s i g n a t e s  t he  l e f t  
e l e c t r o d e  of ce l l  ( IV)  up  to and  i n c l u d i n g  the  P 
m e m b r a n e .  T h e  emf  v a l u e s  for  ce l l s  ( IV)  a n d  (V)  
at  750~ w e r e  0.111 and  0.201 v, r e spec t i ve ly .  By  
use  of a s s u m p t i o n s  ana logous  to those  e m p l o y e d  for  
c a l cu l a t i ng  the  emf  of cel l  ( I I ) ,  the  fo l lowing  t h e o -  
r e t i c a l  v a l u e s  a r e  o b t a i n e d  

Ce l l  IV Cel l  V 
V V 

P o r c e l a i n  r e v e r s i b l e  to N a  § on ly  0.061 0.097 
P o r c e l a i n  r e v e r s i b l e  to b o t h  N a  + and  K § 0.097 0.194 

The  emf  v a l u e s  c a l c u l a t e d  on t h e  a s s u m p t i o n  t h a t  
t h e  p o r c e l a i n  m e m b r a n e  is r e v e r s i b l e  to bo th  N a  
and  K ions a r e  m u c h  c loser  to t he  e x p e r i m e n t a l  
v a l u e s  t h a n  those  c a l c u l a t e d  f r o m  the  a s s u m p t i o n  
t h a t  on ly  N a  ions  d e t e r m i n e  the  m e m b r a n e  p o t e n -  
t ia l .  I t  m u s t  be  c o n c l u d e d  t h a t  t h e  p o r c e l a i n  e l ec -  
t r o d e  does  no t  act  so le ly  as a Na  e lec t rode .  H o w e v e r ,  
in v i e w  of i ts  s t a b i l i t y  a n d  r e p r o d u c i b i l i t y ,  th i s  r e -  
su l t  does  no t  affect  i ts  p o t e n t i a l  u se fu lnes s  as a 
r e f e r e n c e  e l e c t r o d e  in a n y  g iven  sys tem.  

Current  reversibi l i ty  of the porcelain e l e c t r o d e . -  
A n  i m p o r t a n t  p r o p e r t y  of an  e l ec t rode  is i ts  a b i l i t y  
to r e t u r n  to e q u i l i b r i u m  a f t e r  a c c i d e n t a l  pa s sa ge  of 
cu r r en t .  To check  th i s  p r o p e r t y ,  cel l  ( I I )  was  
p o l a r i z e d  b y  p a s s i n g  a c u r r e n t  of a b o u t  0.1 a m p  for  
20 sec at  800~ A p o l a r i z a t i o n  of 6 m v  was  m e a s -  
u r e d  i m m e d i a t e l y  a f t e r  pa s sage  of cu r ren t .  The  
p o l a r i z a t i o n  d e c a y e d  to a b o u t  1 m v  w i t h i n  5 rain.  
R e v e r s a l  of  t he  p o l a r i z i n g  c u r r e n t  gave  an  e q u a l  
b u t  oppos i t e  po l a r i za t i on ,  w h i c h  d e c a y e d  w i t h i n  5 
m i n  to  a b o u t  0.3 my .  W i t h i n  20 m i n  t h e  r e s i d u a l  
p o l a r i z a t i o n  was  less  t h a n  0.1 my.  I t  is c o n c l u d e d  
t h a t  t he  p o r c e l a i n  e l e c t r o d e  is r e v e r s i b l e  to p a s s a g e  
of  cu r r en t .  

Electrical resist ivi ty  of the porcelain . - -Approxi -  
m a t e  m e a s u r e m e n t s  w e r e  m a d e  of t he  r e s i s t i v i t y  of 
p o r c e l a i n s  of two  compos i t ions .  O n e  of t he  p o r c e -  
l a ins  h a d  t h e  compos i t i on  d e s c r i b e d  in  t h e  sec t ion  on 
P r e p a r a t i o n  of E l ec t rodes ;  t he  o the r  h a d  a h i g h e r  
con ten t  of Na~O. The  compos i t i on  of  t he  l a t t e r  w a s  
Na~O, 10%;  SiO~, 54%;  AI~O~, 36% b y  we igh t .  
S o d i u m  w a s  i n t r o d u c e d  in to  th is  p o r c e l a i n  as  b e f o r e  
in  t he  f o r m  of a glass ,  b u t  in  th i s  case  t he  glass  
w a s  p r e p a r e d  f r o m  Na~SiO3, SiO~, a n d  AI~O~, p l u s  

a b o u t  o n e - t h i r d  of t he  c lays ,  f o l l o w e d  b y  f ir ing.  The  
c lays  w e r e  a d d e d  to r e n d e r  t h e  glass  less  so lub le  in  
the  s l ip  m i x t u r e .  The  s l i p - c a s t s  w e r e  f i red a t  1170~ 
Res i s t i v i t y  was  e s t i m a t e d  b y  m e a s u r i n g  t h e  v o l t a g e  
d rop  across  t he  p o r c e l a i n  for  a k n o w n  d i r e c t  c u r -  
ren t .  The  p o r c e l a i n  c o n d u c t o r  was  an  e l e c t r o d e  c a p -  
su le  in  t h e  case  of the  l o w - s o d i u m  porce l a in .  The  
r e s i s t i v i t y  of t he  p o r c e l a i n  c on t a in ing  10% of Na~O 
was  so l ow t h a t  a c o n d u c t o r  in  t he  f o r m  of a U -  
s h a p e d  b a r  was  used.  In  b o t h  cases  t he  p o r c e l a i n  
was  in con tac t  w i t h  a m o l t e n  m i x t u r e  of  s o d i u m  
sa l t s  h a v i n g  an  a p p r o p r i a t e  m e l t i n g  poin t .  Res i s -  
t i v i t y  d a t a  a r e  g iven  in  T a b l e  II .  E v e n  t h o u g h  the  
r e su l t s  a r e  on ly  a p p r o x i m a t e ,  i t  is b e l i e v e d  t h e y  
a r e  of i n t e re s t .  

The  l o w  r e s i s t i v i t y  of t h e  p o r c e l a i n  con ta in ing  
10% Na~O is n o t e w o r t h y .  I t  is of t he  o r d e r  of 100 
t i m e s  t h a t  of m o l t e n  a l k a l i  ha l i de s  a n d  is m u c h  
l o w e r  t h a n  t h a t  of glasses .  F o r  e x a m p l e ,  t h e  r e s i s -  
t i v i t y  of s o d a - g l a s s  a t  400~ is a b o u t  80,000 o h m -  
c m .  

Mechanisr~ oS conduction by the p o r c e l a i n . -  
Since  a p p l i c a t i o n  of t h e  p o r c e l a i n  m e m b r a n e s  to 
some e x p e r i m e n t s  on c o n d u c t i v i t y  and  t r a n s f e r e n c e  
was  p l anned ,  i n f o r m a t i o n  on t h e  m e c h a n i s m  of con-  
duc t i on  t h r o u g h  the  p o r c e l a i n  was  des i red .  T h e  ce l l  
cons i s t ed  of a p o r c e l a i n  capsu le  and  a A g  a n o d e  
d i p p e d  in to  a c r u c i b l e  t h a t  c o n t a i n e d  m o l t e n  NaC1. 
T h e  capsu le  c o n t a i n e d  a m e l t  of AgC1-NaC1 a n d  a 
A g  ca thode .  S e p a r a t e  e x p e r i m e n t s  w e r e  c a r r i e d  ou t  
w i t h  the  l o w -  a n d  h i g h - N a  porce la ins .  Resu l t s  a r e  
s h o w n  in T a b l e  III .  

The  ga in  in  w e i g h t  s h o w n  in t he  las t  c o l u m n  was  
c a l c u l a t e d  f r o m  F a r a d a y ' s  l a w  on the  a s s u m p t i o n  
t ha t  on ly  s o d i u m  ions pass  t h r o u g h  the  porce la in .  
T h e  a g r e e m e n t  is w i t h i n  t h e  l i m i t s  of e x p e r i m e n t a l  
e r ro r .  In  the  e x p e r i m e n t  w i t h  t he  l o w - N a  porce la in ,  
e x a m i n a t i o n  of t h e  ins ide  of  t he  b u l b  a f t e r  t he  
e l ec t ro ly s i s  s h o w e d  b l a c k e n i n g ,  p r o b a b l y  due  to 
r e d u c t i o n  by  the  Na  d e p o s i t e d  on the  c a t h o d e  a f t e r  
c o m p l e t e  depos i t i on  of t he  s i l v e r  ion p r e s e n t  in t he  
me l t .  In  t he  e x p e r i m e n t  w i t h  t he  h i g h - N a  capsule ,  
N a  was  no t  depos i t ed ,  a n d  the  p o r c e l a i n  was  no t  

Table II. Resistivity of porcelains 

Tempera tu re ,  ~ Resis t iv i ty ,  o h m - e m  
2.5% Na20 10% Na20 

400 730 
450 420 
550 140 
650 64 
700 42 
860 25 
900 430 20 
940 380 

1000 30O 

Table II1. Ion conductance of porcelain 

Porce la in  Current ,  T ime,  Temp,  Wt gain,  Cale w t  
composi t ion m a  m i n  ~ g gain,  g 

L o w - N a  50 300 850 0.215 0.215 
High -Na  85 240 850 0.295 0.292 
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v i s i b l y  changed ,  even  t h o u g h  the  a m o u n t  of s o d i u m  
ion t r a n s f e r r e d  was  suff icient  to r e p l a c e  a l l  of t h e  
Na  c o n t a i n e d  in t h e  porce la in .  

The  a b o v e  r e su l t s  i nd i ca t e  t h a t  the  p o r c e l a i n  
conduc t s  so le ly  b y  t r a n s f e r  of s o d i u m  ions a n d  no t  
b y  t r a n s f e r  of e l ec t rons  or  o x y g e n  ions. 

Res is tance  of porce la in  e lec trodes  to  b r e a k a g e . -  
The  l i k e l i h o o d  of a c c i d e n t a l  b r e a k a g e  of t he se  e l ec -  
t r odes  is a b o u t  the  s ame  as t h a t  of  s i m i l a r  g lass  
e lec t rodes .  H o w e v e r ,  e l e c t rodes  m a d e  w i t h  g lass  
capsu le s  u s u a l l y  b r e a k  on cool ing  a f t e r  be ing  used  
once, w h e r e a s  t he  p o r c e l a i n  e l ec t rodes  u s u a l l y  can  
be  used  a t  l e a s t  twice .  In  the  course  of th is  work ,  
26 p o r c e l a i n  e l ec t rodes  w e r e  used.  Of th is  n u m b e r ,  
20 o p e r a t e d  s a t i s f a c t o r i l y  for  one  or  m o r e  e x p e r i -  
men ts ,  and  6 f a i l ed  d u r i n g  i n i t i a l  use.  F a i l u r e  was  
due  to b r e a k a g e  of t he  bu lb ,  b r e a k a g e  of t he  g l a s s -  
p o r c e l a i n  seal ,  o r  con tac t  de fec t s  a s soc ia t ed  w i t h  
t he  A g - W  j u n c t i o n  or  the  p o r c e l a i n  shea th  ove r  t h e  
Ag. I t  is p r o b a b l e  t h a t  i m p r o v e m e n t s  in des ign  and  
c ons t ruc t i on  m i g h t  m a k e  t h e m  m o r e  d u r a b l e .  

An Application of the Porcelain Electrode 
A p o r c e l a i n  r e f e r e n c e  e l e c t r o d e  has  been  used  

success fu l ly  b y  a n o t h e r  g roup  in  th i s  l a b o r a t o r y  
w o r k i n g  on the  depos i t i on  of Ti f r o m  m o l t e n  sa l t  
so lu t ions .  In  t hese  e x p e r i m e n t s ,  changes  in t he  
p o t e n t i a l  of Ti ca thodes  w e r e  f o l l o w e d  d u r i n g  e lec -  
t r o ly se s  of so lu t ions  of TIC12 or  TiCI~ in a eu tec t i c  
m e l t  of L iCI -KC1-NaC1  at  600~ The  p o r c e l a i n  
r e f e r e n c e  e lec t rode ,  w h i c h  was  m a d e  f rom the  l o w -  
N a  porce la in ,  was  u sed  r e p e a t e d l y  ove r  a p e r i o d  of 
f ive weeks .  I t  was  cooled,  w a s h e d  w i t h  w a t e r ,  and  
s to red  d r y  d u r i n g  i n t e r v e n i n g  pe r i ods  of nonuse .  A t  
bo th  t he  b e g i n n i n g  and  the  end  of th is  pe r iod ,  i ts 
e q u i l i b r i u m  p o t e n t i a l  a g a i n s t  Ti  in  a fresh,  c a r e f u l l y  
p r e p a r e d  m e l t  was  1.23 v. S ince  a p rec i s ion  of one 
cen t ivo l t  was  a d e q u a t e  in these  e x p e r i m e n t s ,  t he  
d a t a  w e r e  no t  r e c o r d e d  to mi l l i vo l t s ,  b u t  t he  con-  
s t a n c y  of t h e  e l e c t r o d e  was  in fac t  s ign i f i can t ly  
b e t t e r  t h a n  1 cent ivo l t .  

P r o l o n g e d  i m m e r s i o n  of t he  e l e c t r o d e  in t he  Ti  
so lu t ions  caused  a f i lm of Ti  to fo rm.  A b r i e f  d ip  in  
a 25% so lu t ion  of  hyd ro f luo r i c  ac id  (1 p a r t  concen -  
t r a t e d  H F  to 1 p a r t  w a t e r  b y  v o l u m e )  r e m o v e d  the  
Ti f i lm w i t h o u t  d a m a g e  to t he  e l ec t rode .  
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Galvanic Behavior in Fused Electrolytes 

Ii. Discharge of the System Mg/LiCI-KCI-K2CrOdNi 

Sidney M. Selis 1 and Laurence P. McGinnis 

Diamond Ordnance Fuze Laboratories, Washington, D. C. 

ABSTRACT 

The discharge of the  sys tem Mg/LiC1-KC1-K~CrOdNi at  cur ren t  densi t ies  
of severa l  mic roamperes  pe r  square  cen t imete r  yields  a po ten t i a l - t ime  curve  
wi th  discrete  potent ia l  plateaus.  Two of the p la teau  potent ia ls  are  contro l led  by  
nickel  oxides fo rmed  b y  the oxida t ion  of n ickel  by  chromate  ion. Ano the r  
p la teau  potent ia l  is cont ro l led  by  the reduct ion  of hydrox ide  ion at  the  cathode. 

An  effect of added  sil icon d ioxide  is the s tabi l izat ion of in i t ia l  equ i l ib r ium 
potent ials .  Ano the r  effect of sil icon dioxide,  or o ther  solid acidic oxides,  is the  
d iminut ion  of coulombic output .  These  effects are  a t t r ibu ted  to a buffering of 
oxide ion ac t iv i ty  and a r emova l  of hyd rox ide  ion f rom the e lectrolyte .  

In  a r e c e n t  p a p e r  (1 ) ,  t he  a u t h o r s  cons ide r e d  t h e  
g a l v a n i c  s y s t e m  M g / L i C 1 - K C 1 / N i .  L i t h i u m  c h l o r i d e  
is a h y g r o s c o p i c  subs t ance  and,  if  no t  s p e c i a l l y  
pur i f ied ,  i t  w i l l  con ta in  s m a l l  a m o u n t s  of w a t e r  and  
h y d r o x i d e  ion even  a f t e r  i t  has  b e e n  m e l t e d ;  t he  i m -  
p u r i t y  con ten t  is on the  o r d e r  of 10 -~ m o l e / l i t e r  
( 1 -3 ) .  The  p r o t o n  of th is  h y d r o x i d e  ion is t h e  
c a t h o d i c a l l y  r e d u c i b l e  m a t e r i a l  in the  a b o v e  sys tem,  
and  at  t e m p e r a t u r e s  b e l o w  450~ the  ca thod e  h a l f -  
ce l l  r e a c t i o n  is 

2 O H -  -b 2e--> H~ q- 2 O: [1]  

I t  is of i n t e r e s t  to cons ide r  t he  effects of an  ox id i z ing  
agen t  s t r o n g e r  t h a n  h y d r o x i d e  ion. P o t a s s i u m  c h r o -  
m a t e  is a c o n v e n i e n t  choice  because  i t  has  r e a s o n a b l e  
t h e r m a l  s t ab i l i t y .  F u r t h e r m o r e ,  i t  is f o u n d  t h a t  
m a g n e s i u m  is no t  a t t a c k e d  r a p i d l y  in  t he  m o l t e n  
e l e c t r o l y t e  .LiC1-KC1-K~CrO~. The  i n v e s t i g a t i o n  of 
t he  s y s t e m  i n c l u d i n g  c h r o m a t e  ion  has  been  m a d e  b y  
m e a s u r i n g  p o t e n t i a l s  of cel ls  a t  e q u i l i b r i u m  a n d  
u n d e r  r e s i s t i v e  load.  R e l a t i v e  c o u l o m b i c  capac i t i e s  
h a v e  also been  d e t e r m i n e d .  D a t a  a r e  p r e s e n t e d  for  
ce l ls  w i t h  and  w i t h o u t  a d d e d  so l id  ac id ic  ox ides .  

Experimental 
Mater ia ls . - -The  chemica l s  used  in  th i s  s t u d y  w e r e  

a l l  of r e a g e n t  g r a d e  and  no t  pur i f i ed  f u r t h e r .  As  ~ar 
as pos s ib l e  t h e y  w e r e  h a n d l e d  in  an  a t m o s p h e r e  
w i t h  a r e l a t i v e  h u m i d i t y  of 6% or  less.  The  s h e e t  
m a g n e s i u m  a n d  n icke l ,  b o t h  99.5% pure ,  h a v e  b e e n  
d e s c r i b e d  b e f o r e  (1 ) .  The  c y l i n d r i c a l  m a g n e s i u m  
e l ec t rodes  w e r e  m a c h i n e d  f rom s tock  w h i c h  was  
99.97% pure ,  t he  i m p u r i t i e s  be ing  s m a l l  a m o u n t s  of 
c a l c ium and  zinc. The  n i c k e l  cups  w e r e  p r e p a r e d  b y  
e l e c t r o d e p o s i t i o n  on a c h r o m i u m - c l a d  m a n d r e l .  T h e  
n i c k e l  was  ove r  99% pure ,  t he  m a j o r  i m p u r i t i e s  
be ing  cobal t ,  m a n g a n e s e ,  i ron,  and  p o s s i b l y  ca rbon .  
T h e  s i n t e r e d  n icke l ,  u sed  to  p r e p a r e  n i c k e l - n i c k e l  
o x i d e  e lec t rodes ,  has  b e e n  d e s c r i b e d  b y  F l e i s c h e r  
(4) .  

z Present  address: Research Laboratories,  General  Motors Tech-  
nical  Center,  Warren, Mich. 

Procedure . - -The  p r o c e d u r e  f o l l o w e d  in s t u d y i n g  
cel ls  w i t h  s t r i p  or  shee t  e l e c t r o d e s  has  b e e n  d i s -  
cussed  b y  J e n n i n g s  (5)  a n d  b y  us  (1) .  The  s i l v e r -  
s i l ve r  ch lo r ide  g lass  r e f e r e n c e  e l e c t r o d e  has  a l r e a d y  
been  d e s c r i b e d  (1 ) .  T h e  c y l i n d r i c a l  cel l  des ign  is 
s h o w n  in Fig.  1 ( fo r  c l a r i t y ,  the  h o r i z o n t a l  d i m e n -  
s ion has  b e e n  e x a g g e r a t e d  in Fig .  1).  S p a c i n g  f langes  
a n d  a n i cke l  l e ad  w i r e  w e r e  w e l d e d  to the  t op  of t he  
cup,  t he  c a r e f u l l y  w e i g h e d  e l e c t r o l y t e  c o m p o n e n t s  
w e r e  added ,  a n d  t h e  cup w a s  pos i t i one d  in  a P y r e x  
t u b e  enve lope .  The  l a t t e r  was  t h e n  p l a c e d  in a f u r -  
nace  c on t ro l l e d  at  300~ T h e  s i d e a r m s  a c c o m m o -  
d a t i n g  t h e  w i r e s  w e r e  sea led ,  t he  e n v e l o p e  w a s  
capped ,  and  the  cup was  e v a c u a t e d  to a b o u t  20/~ t t g  
for  18 h r  so as to  r e m o v e  excess  gas  f r o m  the  e l ec -  

Fig. 1. Diagram of the cylindrical cell. A, magnesium 
electrode; B, nickel cup cathode; C, measurement thermo- 
couple; D, control thermocouple; E, vacuum sidearm; F, 
electrolyte level. 
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t ro ly t e .  (This  gas  is m a i n l y  w a t e r  and  h y d r o g e n  
ch lo r ide  g e n e r a t e d  b y  h y d r o l y t i c  r eac t ions . )  The  
t e m p e r a t u r e  was  t h e n  r a i s e d  to 440~ t h e r e b y  
m e l t i n g  the  sal t .  

In  a s s e m b l i n g  the  anode,  a s m a l l  hole  w a s  first  
d r i l l e d  n e a r l y  t h r o u g h  the  w h o l e  l e n g t h  of a m a g -  
n e s i u m  c y l i n d e r  of f ixed  d i a m e t e r .  The  u p p e r  p a r t  
of the  hole  was  t h e n  e n l a r g e d  a n d  t h r e a d e d  to accep t  
a t h r e a d e d  b r a s s  tube .  T h r o u g h  th is  and  the  a n o d e  
cou ld  be  i n s e r t e d  t h e  m e a s u r e m e n t  t h e r m o c o u p l e  as  
d i s t i n g u i s h e d  f r o m  the  con t ro l  t h e r m o c o u p l e  l oc a t e d  
ou t s ide  t he  cup ( the  t h e r m a l  emf  of t he  m a g n e s i u m -  
b r a s s  j u n c t i o n  was  s h o w n  to b e  n e g l i g i b l e ) .  The  
b r a s s  t u b e  was  t hen  s c r e w e d  a l l  the  w a y  t h r o u g h  a 
t h r e a d e d  ho le  in t he  cap  s h o w n  in t he  d i a g r a m .  

A f t e r  t he  p r e - p u m p i n g ,  t h e  s y s t e m  was  opened ,  
a n d  t h e  a n o d e  a s s e m b l y  w a s  p o s i t i o n e d  a n d  p r o p e r l y  
b raced .  Us ing  a p r e d e t e r m i n e d  r e f e r e n c e  m a r k  on 
the  b r a s s  tube ,  the  a n o d e  was  l o w e r e d  to  t he  p r o p e r  
leve l ,  a n d  a l l  poss ib l e  l e a k s  w e r e  c losed  w i t h  a wax .  
The  cel l  was  e v a c u a t e d  to 0.5 m m  Hg, and  f inal  t e m -  
p e r a t u r e  a d j u s t m e n t s  w e r e  m a d e  to  4 4 0 ~ 1 7 7  I~  
S t a b l e  i n i t i a l  emf ' s  cou ld  be  r e c o r d e d  24 h r  l a t e r ,  
and  the  r e s i s t i ve  l oad  could  t h e n  be  app l i ed .  A v a i l -  
ab l e  e q u i p m e n t  p e r m i t t e d  the  use  of a f ixed r e -  
s i s tance ,  a n d  d i s c h a r g e  of t he  cel ls  t h r o u g h  th i s  
r e s i s t ance  s a t i s f a c t o r i l y  p r o v i d e d  the  d a t a  n e e d e d  
for  t he  d i scuss ion  p r e s e n t e d  be low.  

V o l t a g e - t i m e  d a t a  w e r e  o b t a i n e d  w i t h  a r e c o r d i n g  
o sc i l l og raph  h a v i n g  an  i n p u t  i m p e d a n c e  of 9 
megohms .  S ince  d i s cha rges  l a s t e d  as long  as two  
days ,  p e r i o d i c  c a l i b r a t i o n  of t he  o s c i l l o g r a p h  was  
necessa ry ,  a n d  the  a p p a r a t u s  was  c a l i b r a t e d  a u t o -  
m a t i c a l l y  e v e r y  hour .  A d d i t i o n a l  cel l  a n d  t h e r m o -  
coup le  emf  m e a s u r e m e n t s  w e r e  m a d e  w i t h  a s t u -  
d e n t - t y p e  n u l l - b a l a n c i n g  p o t e n t i o m e t e r .  Because  the  
c hanges  in cel l  v o l t a g e  o c c u r r e d  e x c l u s i v e l y  a t  t he  
pos i t i ve  e lec t rode ,  as w i l l  be  d i scussed  l a te r ,  t he  
o b s e r v e d  vo l t ages  m a y  be  cons ide r ed  as e l e c t r o d e  
p o t e n t i a l s  r e f e r r e d  to t he  m a g n e s i u m  e lec t rode .  

The  m i x t u r e  of e l e c t r o l y t e  sa l t s  was  c o m p o s e d  of 
55.2 mo le  % LiC1, 40.0 mo le  % KC1, 4.83 m o l e  % 
K~CrO4. F o r  each  cell ,  20.0 • 0.1 g was  used .  The  
a m o u n t  of a d d e d  so l id  ox ide  w a s  1 g, w h i c h  w a s  
sufficient  to s a t u r a t e  t he  e l ec t ro ly t e .  

The  i n t e r e l e c t r o d e  d i s t a n c e  on the  s ide  w a s  
4.4 +-- 0.1 m m  and  was  14.0 • 0.5 m m  at  t he  bo t tom.  
A f t e r  c e r t a i n  runs ,  t he  e l e c t r o l y t e  l eve l  w a s  d e t e r -  
mined ,  a n d  f rom th is  c u r r e n t  dens i t i e s  w e r e  e s t i m a t e d  
for  a g i v e n  po ten t i a l .  C u r r e n t s  w e r e  c a l c u l a t e d  b y  
d i v i d i n g  p o t e n t i a l  b y  the  e x t e r n a l  l oad  r e s i s t a n c e  ( i t  
was  d e m o n s t r a t e d  t h a t  cel l  i m p e d a n c e s  w e r e  <1 
o h m ) .  F o r  t he  m a x i m u m  p o t e n t i a l  of 1.80-1.81 v, 
a n o d e  a n d  ca thode  c u r r e n t  dens i t i e s  for  t he  5 0 - o h m  
load  w e r e  552 and  334 ~ a / c m  ~, r e s p e c t i v e l y ;  for  t h e  
2000-ohm load  t h e y  w e r e  13.8 a n d  8.34 ~ a / c m  ~. 

Results and Discussion 

A t y p i c a l  p o t e n t i a l - t i m e  c u r v e  for  ce l l s  d i s -  
c h a r g e d  across  t he  2000-ohm load  a t  440~ is shown  
in Fig .  2. I t  w i l l  be  n o t e d  t h a t  t h e r e  is a ser ies  of 
d i s c r e t e  p o t e n t i a l  p l a t e a u s  c o r r e s p o n d i n g  to 1.80- 
1.81, 1.76, 1.70, a n d  1.67 v. A l a r g e  n u m b e r  of t h e s e  
cel ls  w e r e  s t u d i e d  a n d  the  p l a t e a u  p o t e n t i a l s  w e r e  

1.80 

1.70 

•I.6G 
o 

tu 1.50 

_ _  

1.4v On= 1.0 2.0 3.0 4.0 5.0 
TIME 

6.0 x I0 '  ;EC. 

Fig. 2. Potential-time curve for discharge of a cell with SiO~ 
through a 2000-ahm resistance. 

r e p r o d u c i b l e  to w i t h i n  less  t h a n  10 my.  H o w e v e r ,  as  
wi l l  be  s h o w n  l a t e r ,  a l l  of t h e  v a r i o u s  l eve l s  cou ld  
be  o b t a i n e d  d e p e n d a b l y  on ly  w h e n  the  e l e c t r o l y t e  
was  bu f fe red  b y  the  a d d i t i o n  of SiOs. 

Changes  in ce l l  p o t e n t i a l  can  be  a t t r i b u t e d  so le ly  
to effects a t  t he  pos i t i ve  e lec t rode .  This  was  d e m o n -  
s t r a t e d  by  i n t r o d u c i n g  a s i l v e r - s i l v e r  c h l o r i d e  glass  
e l e c t r o d e  in cel ls  w i t h  e l e c t rode s  of shee t  m a g -  
nes ium.  M e a s u r e m e n t s  of t he  p o l a r i z e d  p o t e n t i a l s  
of t he se  m a g n e s i u m  e lec t rodes ,  c o r r e s p o n d i n g  to t h e  
c u r r e n t  dens i t i e s  of i n t e re s t ,  s h o w e d  t h a t  p o l a r i -  
za t ion  of m a g n e s i u m  was  neg l ig ib le .  

Mos t  of t h e s e  p o t e n t i a l s  cou ld  be  o b t a i n e d  b y  
o t h e r  means .  If,  for  e x a m p l e ,  s i n t e r e d  n i c k e l  is 
r u b b e d  w i t h  c o m m e r c i a l l y  a v a i l a b l e  " b l a c k  n i c k e l  
ox ide"  and  i ts  p o t e n t i a l  is m e a s u r e d  a g a i n s t  m a g -  
n e s i u m  in t he  LiC1-KC1 e l ec t ro ly t e ,  t he  v a l u e  o b -  
t a i n e d  is 1.76 v. This  p o t e n t i a l  pe r s i s t s  for  a w h i l e  
and  t h e n  s u d d e n l y  fa l l s  to 1.70 v. C o n c u r r e n t  w i t h  
th is  p o t e n t i a l  d rop ,  the  co lor  of  t he  coa t ing  changes  
f r o m  b l a c k  to green .  ~ G r e e n  n i c k e l  o x i d e  ( N i O ) ,  
r u b b e d  on s i n t e r e d  n i c k e l  a n d  m e a s u r e d  a g a i n s t  
m a g n e s i u m  in LiC1-KC1, g ives  a s t ab l e  p o t e n t i a l  of 
1.70 v. 3 The  1.67-v p o t e n t i a l  has  been  c ons ide r ed  
be fo re  (1 ) ;  i t  is o b t a i n e d  w i t h  t he  h y d r o x i d e  ion -  
n i cke l  e l e c t r o d e  in  LiC1-KC1 a t  440~ 

T h e  fo l l owing  in f e r ences  can  be  m a d e  f r o m  th i s  
work .  I t  is s u g g e s t e d  tha t ,  d u r i n g  t h e  24 -h r  i m m e r -  
s ion in  the  e l e c t r o l y t e  LiC1-KC1-K2CrO,,  t he  n i c k e l  
be c ome s  coa ted  w i t h  success ive  l a y e r s  of o x i d a t i o n  
p roduc t s .  N e x t  to t he  m e t a l  t h e r e  is p r o b a b l y  a 
p h a s e  w h i c h  inc ludes  n i c k e l  ( I I )  ion;  u p o n  this ,  
t h e r e  is n i cke l  in a h i g h e r  s t a t e  of o x i d a t i o n  
( p o s s i b l y  t he  d a r k  co lo red  p h a s e  a l r e a d y  m e n -  
t i o n e d ) .  To accoun t  for  t h e  1.80 v p o t e n t i a l  t h e r e  
m a y  b e  n i c k e l  in  a y e t  h i g h e r  s t a t e  of ox ida t ion ,  
p r e s u m i n g  t h a t  t he  c h r o m a t e  ion is a suff ic ient ly  
s t rong  ox id i z ing  agen t  so t h a t  th is  phase  could  be  
ge ne ra t e d .  U p o n  d i scha rge ,  t h e  p o t e n t i a l  for  t h e  
f irst  p l a t e a u  is d e t e r m i n e d  b y  the  o u t e r  l aye r .  A s  
t h e  l a t t e r  is d e p l e t e d  t h e r e  is a c o u n t e r  t e n d e n c y  fo r  
t h e  h i g h e r  o x i d e  to be  r e - f o r m e d  b y  t h e  o x i d a t i v e  

2 H i l l ,  P o r t e r ,  a n d  G i l l e s p i e  (6) p r e p a r e d  a " b l a c k  n i c k e l  o x i d e "  
in s~$u a t  658"C.  T h i s  w a s  a c c o m p l i s h e d  by bubbling oxygen  a t  u n i t  
p r e s s u r e  t h r o u g h  a m o l t e n  Li~,qO4-K~SO4-CaO e l e c t r o l y t e  i n  w h i c h  
w a s  d i p p e d  a n i c k e l  w i r e .  O n  d e c r e a s i n g  t h e  o x y g e n  p r e s s u r e ,  t h e  
d a r k - c o l o r e d  p h a s e  b e h a v e d  in  t h e  s a m e  w a y  as  d e s c r i b e d  a b o v e .  

T h e  b e h a v i o r  of  t h i s  e l e c t r o d e  h a s  a l r e a d y  b e e n  m e a s u r e d  a n d  
discussed (1) .  
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ac t ion  of t he  c h r o m a t e  ion. A p p a r e n t l y ,  h o w e v e r ,  
i t  is  d i s c h a r g e d  f a s t e r  t h a n  i t  can  be  fo rmed .  W h e n  
i t  e v e n t u a l l y  d i s a p p e a r s ,  the  cel l  v o l t a g e  becomes  
g o v e r n e d  b y  the  n e x t  l o w e r  oxide .  S u c h  an  e x p l a -  
n a t i o n  is o f fe red  for  each  sol id  l aye r .  F i n a l l y ,  i t  is 
p r e s u m e d  t h a t  the  cel l  p o t e n t i a l  is d e t e r m i n e d  b y  
r e a c t i o n  [1]  u n t i l  t he  h y d r o x i d e  ion  becomes  f a i r l y  
w e l l  d e p l e t e d .  

A f ew r e m a r k s  shou ld  be  m a d e  conce rn ing  t h e  
poss ib l e  n a t u r e  of such  so l id  phases .  The  i d e a  of 
s i m p l e  ox ides  m u s t  be  d i s ca rded .  B r e w e r  (7)  s t a t es  
in  s u m m a r y  t h a t  t h e r e  is on ly  one  n i cke l  ox ide  
( n o m i n a l l y  NiO w i t h  a N a C l - t y p e  cubic  s t r u c t u r e ) ,  

a l t h o u g h  i ts  compos i t i on  r a n g e  e x t e n d s  to n e a r l y  0.60 
NiO~. On  the  o t h e r  hand ,  i t  is a d i f f e r en t  m a t t e r  if  o 
a l k a l i  m e t a l  ions can  be  i n c l u d e d  in  the  ox ide  l a t -  
t ice.  V e r w e y  a n d  his  c o - w o r k e r s  (8, 9) h a v e  p r e -  
s en t ed  s t r o n g  e v i d e n c e  t ha t  t he  i nc lus ion  of l i t h i u m  
ion in  t he  NiO l a t t i c e  w i l l  i nduce  the  f o r m a t i o n  of 
N i ( I I I )  ions. Dyer ,  Bor ie ,  a n d  S m i t h  (10) r e p o r t  
t h e  p r e p a r a t i o n  of a s t ab l e  LiNiO2; h e r e  the  f o r m a l  
va l ence  n u m b e r  is t h r e e  b u t  t he  a u t h o r s  sugges t  
t h a t  the  l a t t i c e  m a y  a c t u a l l y  i nc lude  a m i x t u r e  of 
N i ( I I )  a n d  N i ( I V )  ions. A c o m p o u n d  w i t h  N i ( I V )  
ions, i.e., K~NiO~, has  b e e n  c h a r a c t e r i z e d  b y  W a h l ,  
K l e m m ,  a n d  W e h r m e y e r  (11) ;  t he  ev idence  is 
s t r ong  for  t he  e x i s t e n c e  of th is  phase .  Bu t  p o s s i b l y  
of  mos t  p e r t i n e n c e  is t he  o b s e r v a t i o n  of Hi l l ,  et al. 
a l r e a d y  no ted  above ,  t ha t  a d i sc re t e  p h a s e  p r o d u c -  
ing  a h i g h e r  p o t e n t i a l  can  be  f o r m e d  w i t h  o x y g e n  
in a fu sed  sa l t  e l e c t ro ly t e .  

A n  e x p l a n a t i o n  has  b e e n  of fered  for  t he  o b s e r v e d  
p o t e n t i a l  p l a t e a u s  in  t e r m s  of d i f fe ren t  r e d u c i b l e  
phases  a t  t h e  ca thode .  C e r t a i n l y  a n  e x p l a n a t i o n  
b a s e d  on t h e  d i r ec t  e l e c t r o c h e m i c a l  r e d u c t i o n  of 
c h r o m a t e  ion w o u l d  not  be  r e a s o n a b l e  since,  in  th is  
case,  t he  p o t e n t i a l  w o u l d  change  c o n t i n u o u s l y  
r a t h e r  t h a n  in  d i s c r e t e  s teps.  On the  o t h e r  hand ,  
t he  c h r o m a t e  ion w o u l d  func t ion  in ox id i z ing  t h e  
n i c k e l  as i n d i c a t e d  b y  r e a c t i o n  [2] . '  H e r e  Cr~O~ is 
s h o w n  as a p r o d u c t ;  i t  has  been  iden t i f i ed  b y  x - r a y  
p o w d e r  d i f f r ac t ion  t echn iques .  In  a n y  case, t he  
m a t t e r  is no t  h i g h l y  p e r t i n e n t  to t he  p r e s e n t  d i s -  
cussion.  R e a c t i o n  [2]  w o u l d  be  fo l l owed  b y  t h e  
h a l f - c e l l  r e a c t i o n  [3]  

2xCrO,=(1) + 3 N i ( c )  -~ 2xO=(1) + 

xCr203(c) + 3NiO=(c) [2]  

NiO~(c)  -t- 2 ( x - y ) e - - ~  NiO~(c)  --F ( x - y ) O = ( 1 )  [3]  

F o r  r ea sons  no t  p e r t i n e n t  to  t he  i n f o r m a t i o n  p r e -  
s e n t e d  in  th is  p a p e r ,  t he  effects of i n c l u d i n g  s i l icon Cell 
d i o x i d e  a n d  o t h e r  sol id  ac id ic  ox ides  w e r e  s tud ied .  1 
One  i m p o r t a n t  effect  is shown  b y  the  d a t a  in  T a b l e  2 
I w h i c h  p r e s e n t s  i n i t i a l  e q u i l i b r i u m  v o l t a g e s  for  a 5 
n u m b e r  of cel ls  w i t h  and  w i t h o u t  SiO~. The  d i f f e r -  6 

24 
ence  in r e p r o d u c i b i l i t y  of emf  is of i m m e d i a t e  i n -  25 
t e res t ,  b u t  t he  d i f fe rence  of 40 m v  in t he  a v e r a g e s  is 27 
of d o u b t f u l  s ignif icance.  28 

A n o t h e r  i n t e r e s t i n g  effect  was  t he  d i f fe rence  in 
cou lombic  d e l i v e r y  w i t h  and  w i t h o u t  a d d e d  sol id  
ac id ic  oxides .  Such  c o m p a r i s o n s  a r e  p r e s e n t e d  in 

4 R e a c t i o n s  [2] a n d  [3] h a v e  b e e n  w r i t t e n  i n  t e r m s  of  n i c k e l  o x i d e  
phases .  I t  is  to  be  r e m e m b e r e d  t h a t  these  w o u l d  be  s t ab i l i zed  b y  t h e  
p r e sence  of  a l k a l i  m e t a l  ions  i n  t he  ox ide  la t t i ces .  
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Fig. 3. Effect of added Si0~ on discharge through a 50-ohm 
resistance. 

Fig.  3 a n d  in T a b l e  II .  R e l a t i v e  cou lombic  d e l i v e r i e s  
w e r e  o b t a i n e d  to an  a r b i t r a r y  cutoff  p o t e n t i a l  of 
0.60 v b y  m e a s u r i n g  the  a r e a s  u n d e r  t he  p o t e n t i a l -  
t i m e  cu rves  and  d i v i d i n g  these  b y  the  e x t e r n a l  
l oad  r e s i s t ance  of 50 ohms.  The  d a t a  p r e s e n t e d  
h e r e  w e r e  o b t a i n e d  f r o m  cel ls  w h i c h  h a d  an  i n i t i a l  
p o t e n t i a l  of 1.80-1.81 v. T a b l e  II  shows  t h a t  t he  
cou lombic  de l i ve r i e s  of  cel ls  w i t h  a d d e d  sol id  ox ides  
is f r o m  38 to 53% of  t h a t  for  ce l ls  w i t h o u t  a d d e d  
m a t e r i a l .  

To p o s t u l a t e  an  e x p l a n a t i o n  for  t he se  effects of 
emf  s t a b i l i z a t i on  and  d i f fe rences  in  cou lombic  
de l i ve ry ,  r e f e r e n c e  is m a d e  to r e a c t i o n  [2]  in  w h i c h  
i t  is seen  t h a t  t he  ox ide  ion a c t i v i t y  is a v a r i a b l e  
fac tor .  S ince  i t  is a t  l eas t  p a r t i a l l y  g o v e r n e d  b y  
o r i g i n a l l y  e n t r a p p e d  w a t e r  of h y g r o s c o p i c i t y ,  th is  
q u a n t i t y  w i l l  d e p e n d  on the  specific b a t c h  of l i t h -  
i um c h l o r i d e  used,  as w e l l  as  on r o o m  h u m i d i t y  
cond i t ions  and  i n a d v e r t e n t  d i f fe rences  in Cell p r e p -  
a ra t ion .  I t  is p o s s i b l e  tha t ,  f r om one  cel l  to t he  
nex t ,  v a r i a t i o n s  in  ox ide  ion  a c t i v i t y  cou ld  d e t e r -  
m i n e  the  p a r t i c u l a r  n i c k e l  o x i d e  w h i c h  gove rns  t he  
i n i t i a l  ce l l  emf.  Bu t  w i t h  a d d e d  s i l icon d i o x i d e  a 
bu f fe r ing  effect cou ld  occur  in  t e r m s  of r e a c t i o n  [4] .  

SiO~(c) -}- 2Li*(1) + O=(1) --> 

Li2SiO~ (s, a m o r p h )  [4]  

Table I. Equilibrium potentials of nickel, with and without 
silicon dioxide in the melt, referred to magnesium electrode 

W i t h  SiOs W i t h o u t  S i02  

EMF,  v Cel l  EMF,  v 

1.82 8 1.70 
1.80 9 1.80 
1.82 10 1.85 
1.80 13 1.80 
1.82 14 1.77 
1.81 17 1.79 
1.81 18 1.76 
1.80 21 1.72 

22 1.75 

Av:  1.77 v 
AD: 0.034 v 
SD: 0.045 v 

Av:  1.81 v 
AD*: 0.010 v 
SD*:  0.013 v 

* A D  is a v e r a g e  d e v i a t i o n ,  SD s t a n d a r d  d e v i a t i o n  f r o m  t h e  mean .  
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Table II. Effect of acidic oxides on the relative couIombic 
capacities of cells with nickel oxide electrodes 

G A L V A N I C  B E H A V I O R  I N  F U S E D  E L E C T R O L Y T E S  

A d d e d  mate r i a l  Capac i ty  (coulombs) 

None 3015__+115 
SiO~ 1145+--45 
B~O3 1585•  
A120~ 1475___55 

T h e  presence  of solid l i t h ium si l icate  was conf i rmed 
by  chemica l  methods,  a n d  an  e q u i l i b r i u m  inv o l v i ng  
two solids wou ld  fix the  oxide ion ac t iv i ty  which  is 
the one va r i ab le  in  reac t ion  [2]. 

The  p re sen t  au thors  prefe r  this  exp l ana t i on  which  
involves  the concept  of d i f ferent  in i t i a l  Potent ia l s  
be ing  based on di f ferent  p o t e n t i a l - d e t e r m i n i n g  
couples. A n  a l t e r n a t i v e  e x p l a n a t i o n  migh t  have  
been  offered in  t e rms  of reac t ion  [3] for which  
po ten t i a l  is conce ivab ly  a con t inuous  func t i on  of 
oxide ion act ivi ty.  However ,  it  is observed,  as 
s ta ted above,  tha t  p l a t eau  po ten t ia l s  are a lways  
r ep roduc ib le  to w i t h i n  less t h a n  0.01 v. If an  in i t i a l  
equilibrium potential was less than 1.81 v, then the 
plateau corresponding to this latter potential was 
simply never observed. 

Regarding the diminution of coulombic delivery 
due to the addition of solid acidic oxides, a decrease 
in capacity might be due to the removal of hy- 
droxide ion, and a material such as SiO~ could 
provide for this. Hydroxide ion participates in the 
equilibrium shown in reaction [5], 

2 OH-(1) ~ O=(1) q- HzO(g) [5] 

and  the  r e m o v a l  of oxide ion by  SiO~ would  r e su l t  
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in  the  e q u i l i b r i u m  be ing  shi f ted  to the  r ight .  In  
fact, w h e n  SiO, is added to these electrolytes ,  the  
evo lu t ion  of w a t e r  is i m m e d i a t e l y  discernible .  The 
au thors  be l ieve  tha t  the  added bo ron  oxide or 
a l u m i n u m  oxide wou ld  behave  in  a m a n n e r  ana log-  
ous to tha t  of s i l icon dioxide.  
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Technica] Notes 

The Diffusion of Corrosion Hydrogen in Aluminum Alloys 
W .  E. Trager t  

Research Laboratory,  General Electric Company,  Schenectady,  New York  

Essen t i a l ly  pure  a l u m i n u m  and  m a n y  a l u m i n u m  
alloys corrode ca tas t rophica l ly  in  pressur ized  w a t e r  
at t e m p e r a t u r e s  above say 275~ It  has been  p ro -  
posed (1) tha t  the res i s tance  of an  a l u m i n u m - - l %  
n icke l  a l loy (X8001) to such ox ida t ion  is due  to the  
presence  in  the surface of second phase AI~Ni pa r - -  
t icles which  func t ion  as cathodic sites for the  evo lu -  
t ion  of corrosion p roduc t  hydrogen .  Such hyd rogen  
is considered respons ib le  for the usua l  accelera ted  
ox ida t ion  by  a m e c h a n i s m  of diffusion th rough  the 
surface oxide film, discharge at i n t e r n a l  pores or 
g ra in  bounda r i e s  in  the metal ,  and  r e s u l t a n t  b l i s t e r -  
ing of the a l u m i n u m  and  d i s rup t ion  of the o therwise  
con t inuous  surface oxide film. The local cathodic 

discharge of hydrogen at the surface thus inhibits 
entry of hydrogen into the aluminum and prevents 
catastrophic failure. The present experiment was de- 

vised to test the above described hypothesis. 
Test samples were aluminum cans, 9.5 in. by 1.44 

in. diameter with a wall thickness of 0.030 in. These 
were  filled abou t  1/3 w i th  d is t i l led  w a t e r  and  sealed 
w i th  solid end  p lugs  which  were  ine r t  arc we lded  in 
place. A smal l  n ipp le  on each plug,  p ierced wi th  an  
0.030-in. hole, served as a ven t  d u r i n g  we ld ing  and  
w a s  s u b s e q u e n t l y  we lded  shut.  The cans and  end  
plugs  were  of two al loy composit ions,  Al loy  1245 
(99.45% A1 m i n i m u m )  and  Al loy  X8001, m e n t i o n e d  

above.  
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Fig. 1. Hyd rogen  con ten t  o f  the  a u t o c l a v e  a tmosphere  as 
a function of time at 300~ 

The e x p e r i m e n t a l  p rocedure  was  to place a sealed 
a l u m i n u m  al loy can in  a s ta inless  steel au toc lave  of 
i n t e r n a l  d imens ions  12 in. by  3 in. d iameter ,  a nd  
t h e n  evacua te  and  pu rge  the sealed au toc lave  w i th  
pu re  he l ium.  The  au toc lave  was res i s tance  hea ted  
and  the wa t e r  vapor  p ressure  w i t h i n  the  a l u m i n u m  
can ( in fe r red  f rom t e m p e r a t u r e  m e a s u r e m e n t s )  was  
compensa ted  by  va lv ing  h e l i u m  into the au toc lave  
d u r i n g  heat ing.  W h e n  the sys tem had  reached 300~ 
the  a tmosphere  of the  au toc lave  was  sampled  pe r i -  
odically,  the  samples  be ing  t aken  into evacua ted  
100 cc flasks. The flask conten ts  were  ana lyzed  mass  
spec t rograph ica l ly  for wa t e r  and  hydrogen .  No 
wa t e r  was detected in  the  several  exper imen t s ,  and  
da ta  for h y d r o g e n  are p resen ted  g raph ica l ly  in  Fig. 
1 as a pe rcen tage  of the tota l  gas sample  collected. 
The i n d i v i d u a l  va lues  are s ignif icant  ana ly t i c a l l y  to 
w i t h i n  2 %. Tha t  the p ropor t ion  of h y d r o g e n  appears  
to d imin i sh  w i th  t ime  in  these e x p e r i m e n t s  can be 
a t t r i b u t e d  to severa l  factors. Firs t ,  the in i t i a l  r eac -  
t ion  of bo th  a l u m i n u m  alloys is qui te  rapid,  the  ra te  
more  or less d imin i sh ing  as f i lming occurs;  second, 
the  oxide film is t h i n n e r  and  p r e s u m a b l y  more  pe r -  
meab le  a t  the  outset  t h a n  la ter  in  the  e x p e r i m e n t ;  
third,  h y d r o g e n  is lost f rom the p ressure  sys tem by  
v i r t ue  of the samples  t a k e n  and  by  diffusive loss 
t h rough  the hea ted  wal ls  of the autoclave.  

A b l a n k  sample  was r u n  on the  hea ted  au toc lave  
sys tem and  y ie lded  no de tec table  hydrogen .  A sec- 
ond b l a n k  was r u n  on the  sys tem con ta in ing  a can 
of Al loy  1245 tha t  had been  filled on ly  w i th  h e l i u m  

and  sealed according to the p rocedure  ou t l ined  above. 
No hyd rogen  was detected pr ior  to hea t ing ,  d u r i n g  
heat ing ,  or at 300~ At  the  conclus ion of each of 
the corrosion gas sampl ing  exper imen t s ,  the  can was  
cooled u n d e r  suppor t ing  h e l i u m  pressure ,  r e m o v e d  
f rom the autoclave,  a nd  cut  open. U n f o r t u n a t e l y ,  no 
me a su r e  was made  of the  r e s idua l  h y d r o g e n  gas 
p ressure  in  the sample  cans. Upon  v i sua l  e x a m i n a -  
t ion,  there  was no ted  superf icial  ox ida t ion  of the i n -  
t e r n a l  surfaces of the X8001 can and  ex tens ive  oxi-  
da t ion  of the  1245 can, a l t hough  in  the  l a t t e r  case 
one migh t  have  expected g rea te r  a t tack  t h a n  was  
observed.  I t  has been  noted  (2) tha t  the  t r a n s p o r t  of 
corrosion hyd rogen  appears  f rom these da ta  to be 
h igher  t h a n  w ou l d  be expected f rom pub l i shed  di f -  
fus ion  da ta  (3) .  I t  should be f u r t he r  noted,  however ,  
tha t  the  l i t e r a tu r e  va lues  for Q a nd  Do are  u n u s u a l l y  
h igh and  m a y  reflect e x p e r i m e n t a l  difficulties as 
j udged  f rom the  large scat ter  in  the i n d i v i d u a l  dif-  
fus ion  da ta  points .  

The p resen t  da ta  and  observa t ions  indica te  tha t  
corrosion h y d r o g e n  diffuses t h r ough  both  Al loy  1245 
and  XS001. I t  mus t  be considered,  however ,  tha t  the  
e x p e r i m e n t a l  conf igura t ion  employed  here  is not  
typ ica l  of cor roding  systems;  tha t  is, corrosion hy -  
d rogen  is not  u sua l l y  con ta ined  w i t h i n  the  m a t e r i a l  
u n d e r  test. Consequen t ly ,  it  canno t  be conc luded  
tha t  u n d e r  n o r m a l  condi t ions  of corrosion,  w he re  the  
a m b i e n t  hyd rogen  pressure  m a y  be small ,  hyd rogen  
diffuses into e i ther  of these al loys to a ny  grea t  ex -  
tent ,  a l though  such m a y  in  fact be the  case. The 
significance of these da ta  is that ,  u n d e r  condi t ions  
of hydrogen  pe rmea t ion ,  Al loy  X8001 r e m a i n e d  re l -  
a t ive ly  uncor roded  whi le  Al loy  1245 was ex tens ive ly  
oxidized. Accord ing  to the ga lvan ic  pro tec t ion  hy -  
pothesis,  the p ro ton  flux should  have  p roduced  ac-  
ce lera ted  ox ida t ion  of bo th  al loys in  these tests. 

I t  thus  appears  tha t  r a t h e r  t h a n  f u n c t i o n i n g  as 
local  cathodes,  the  second phase  par t ic les  in  Al loy  
X8001 serve, on oxidat ion,  to a l te r  the n a t u r e  of the 
corrosion p roduc t  film and  to r e n d e r  it less p e r m e -  
able  to the diffusing reac tants .  A l though  the  concen-  
t r a t i on  of hyd rogen  in  the oxide film and  basis  me ta l  
m a y  exer t  an  inf luence on the  reac t ion  kinet ics ,  this  
effect mus t  be cons idered  of secondary  impor t ance  
re la t ive  to the r a t e - c o n t r o l l i n g  mechan i sm.  

Manuscript  received Apri l  13, 1959. 

Any  discussion of this paper will  appear in a Dis- 
cussion Section to be published in  the June  1960 JOUR- 
NAL. 
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Since the repor t  on the  p r e p a r a t i o n  of a s imple  
r h o m b o h e d r a l  ( red)  a l lo t rope of boron  by  pyro lys i s  
of a boron  ha l ide  or hyd r ide  on a f i l ament  be low a 
t e m p e r a t u r e  of abou t  1200~ (1) ,  it  has seemed of 
in te res t  to d e t e r m i n e  whe the r  this  a l lo t rope  can be 
ob ta ined  by  c rys ta l l i za t ion  f rom a melt .  Requis i te  to 
such a process is a so lu t ion  of bo ron  f rom which  
boron  and  not  boron  compounds  wi l l  crys ta l l ize  be -  
low abou t  1200~ The  b o r o n - p l a t i n u m  sys tem is 
k n o w n  to have  a low me l t i ng  eutectic.  The r e m a i n -  
der  of the  phase d i ag ram a p p a r e n t l y  has no t  been  
publ i shed .  A compound  PtB or P6B~ has been  re -  
por ted  (2) .  

Boron-Platinum Alloy System 
A n  a t t emp t  to inves t iga te  the  so l idus - l iqu idus  by  

a n o r m a l  t h e r m a l - a r r e s t  p rocedure  was  not  success-  
ful. However ,  the eutect ic  was d e t e r m i n e d  by  t he r -  
ma l  arrest .  The  cruc ib le  was ho t -p ressed  bo ron  n i -  
t r ide  which  is no t  app rec i ab ly  a t t acked  b y  mo l t en  
boron  (3) .  The the rmocoup le  was ca l ib ra ted  at  the 
f reezing t e m p e r a t u r e  for si lver.  The  eutect ic  t e m -  
p e r a t u r e  was  d e t e r m i n e d  as 825 ~ -+- 5~ The eu tec-  
tic exists  over  the composi t ion  r ange  explored,  f rom 
5 to 87.5 at. % boron.  The  al loys were  p r epa red  f r o m  
commerc ia l  grade  p l a t i n u m  and  g r a n u l a r  bo r on  of 
99.8% pur i ty .  

The l i qu idus - so l idus  for b o r o n - r i c h  al loys was  
d e t e r m i n e d  by  i m m e r s i n g  a smal l  boron  n i t r i de  
probe  into a me l t  of p r e d e t e r m i n e d  composi t ion  and  
no t ing  the lowest  t e m p e r a t u r e  at  which  the  probe  
could be r emoved  f rom the  mel t  w i thou t  an y  solid 
(boron)  adhe r ing  to the  probe.  In  order  to assure  
tha t  the bo ron  f reez ing  on the probe  was  the first 
boron  to freeze a n y w h e r e  in the  system, it  was  nec -  
essary to approach  the  l i qu idus - so l idus  t e m p e r a t u r e  
f rom a t e m p e r a t u r e  we l l  above it. Once bo ron  had  
f rozen to the probe,  the t e m p e r a t u r e  tha t  was  j u s t  
sufficient to me l t  it  could also be de te rmined .  Wi th  
care, it  was  found  possible to r ep roduce  the  con-  
di t ions  to about  --5~ The  t e m p e r a t u r e s  m e a s u r e d  
are p r o b a b l y  somewhat  h igher  t h a n  t rue  e q u i l i b r i u m  
t e m p e r a t u r e s  since some add i t iona l  hea t  m u s t  be  
suppl ied  to compensa te  for losses such as those a long 
the probe.  T e m p e r a t u r e  was m e a s u r e d  by  optical  
p y r o m e t e r  s ighted on the c lean  mel t  surface  n e a r  the  
cen te r  of the  crucible.  No correct ion for emiss iv i ty  
has been  made  since a ca l ib ra t ion  of the  t e m p e r a -  
tu res  ob ta ined  by  opt ical  p y r o m e t e r  aga ins t  those 
f rom the embedded  the rmocoup le  agreed  w i t h i n  
10~ over the t e m p e r a t u r e  r ange  1200~176 

Data  ob ta ined  for the l i qu idus - so l idus  l ine  for the  
b o r o n - p l a t i n u m  alloys inves t iga ted  are  p lo t ted  in  
Fig. 1. A curve  th rough  the poin ts  indica tes  a eu tec -  
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Fig. 1. Phase diagram of boron-platinum system 

tic composi t ion of about  40 at. % bo r on  in  p l a t i n u m .  
There  is no sugges t ion  of compound  fo rma t ion  for 
composi t ions  b e t w e e n  the  eutect ic  and  pu re  boron.  

A t t emp t s  to use the probe  me thod  to comple te  
the  so l idus - l iqu idus  l ine  were  unsuccess fu l  for a l -  
loys r icher  in  p l a t i n u m  t h a n  the eutect ic  composi-  
t ion.  The  m a t e r i a l  f reezing wou ld  no t  adhere  to a 
boron  n i t r ide  or g raph i te  p robe  and  probes  of Ni, Fe, 
W, Mo, and  Ta were  a t tacked  by  the alloys. 

Crystallization of Simple Rhombohedral (red) Boron 
The s imple  r h o m b o h e d r a l  form of bo r on  is s table  

for a long per iod  of t ime  at 1200~ I t  is seen f rom 
Fig. 1 tha t  an  a l loy of abou t  50 at. % boron  in  p l a t i -  
n u m  is mo l t en  at this t empera tu re .  Thus,  f rom such 
an  a l loy cooled s lowly  to the  eutect ic  t empe ra tu r e ,  
boron  wi l l  crystal l ize.  If the s imple  r h o m b o h e d r a l  
fo rm is s table  at  these t empera tu re s ,  the  bo ron  crys-  
ta l l iz ing  m a y  be of this  s t ruc ture .  

Typica l ly ,  a 50-50 at. % a l loy  of boron  and  p la t i -  
n u m  was p r e p a r e d  f rom commerc ia l  p l a t i n u m  and  
zone- re f ined  boron.  The first me l t  was  a l lowed to 
sol idify and  the surface and  sides of the  ingot  g r o u n d  
a w a y  in  order  to r emove  a slag found  f r e q u e n t l y  on 
in i t i a l  melts.  The al loy was  t r a n s f e r r e d  to a crucible  
of bo ron  n i t r i de  h a v i n g  a conica l ly  t ape red  bot tom. 
Af te r  me l t i ng  the  al loy in  va c uum,  the  cruc ib le  was  
lowered  g r a d u a l l y  t h r ough  the h i g h - f r e q u e n c y  hea t -  
ing coils. The  ra te  of l ower ing  has b e e n  abou t  0.04 
m m / m i n .  As the  me l t  approaches  the  eutec t ic  t e m -  
p e r a t u r e  it is a l lowed to freeze suddenly .  

A cut  and  pol ished section t h r ough  such a sol idi-  
fied me l t  shows c rys ta l l i za t ion  of b lack  (boron)  in  
the  bo t tom tip;  moreover ,  reg ions  of t r a n s l u c e n t  red  
crys ta ls  are seen embedded  in  the  r e m a i n d e r  of the  
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section. The red crys ta ls  are h igh ly  ref lect ing a nd  
m a y  be eas i ly  missed in  the m a t r i x  if wi th  ve r t i ca l  
i l l u m i n a t i o n  the inc iden t  l ight  is no t  polarized.  The 
red crysta ls  m a y  be recovered  by  c rush ing  the  
b r i t t l e  p l a t i n u m - b o r o n  mat r ix .  They  m a y  be sepa-  
r a t ed  f rom the dust  of the m a t r i x  by  p e r f o r m i n g  a 
g rav i ty  separat ion.  The red  crysta ls  and  some b lack  
solids float on b romoform.  This f rac t ion  is s k i m m e d  
and  the solids a l lowed to sett le by  add ing  acetone.  
The  set t led m a t e r i a l  is r insed  w i th  acetone and  
dried.  Red crysta ls  are read i ly  separa ted  v i sua l l y  
f rom b lack  solids us ing  a microscope.  

P o w d e r  x - r a y  diffract ion analys is  identif ies the  red 
crys ta ls  as en t i r e ly  s imple  r h o m b o h e d r a l  boron  (4) .  

Crys ta ls  tha t  have  been  recovered  to date  are ve ry  
small ,  the  la rges t  be ing  t en ths  of mi l l imeters .  Thus  
no a t t empt  has been  made  to charac ter ize  the i r  
proper t ies .  There  is no foreseen reason  w h y  la rger  
crys ta ls  m a y  not  be grown.  

It  is of in te res t  tha t  the  s imple  rhombohed ra I  
bo ron  crys ta l l ized is t r a n s l u c e n t  red;  this  suggests 
r a the r  h igh pur i ty .  E i the r  the so lub i l i ty  of i m p u r i -  
ties p resen t  m u s t  be ve ry  smal l  at the  low t e m p e r a -  
tu res  of fo rma t ion  or some pur i f ica t ion  m a y  take  

place du r ing  the  f reez ing  of the boron  in  the  t ip  of 
the  ingot  pr ior  to c rys ta l l i za t ion  of the s imple  s t ruc -  
ture.  By x - r a y  diffract ion the  ident i f ica t ion of the 
b lack  ma te r i a l  tha t  separates  w i th  the  red crysta ls  
or the  b lack m a t e r i a l  c rys ta l l i z ing  in  the t ip  of the  
ingot  is not  posi t ive;  there  is, however ,  some s imi-  
l a r i ty  to the p a t t e r n  for the complex  r h o m b o h e d r a l  
form of boron.  P r e l i m i n a r y  resul ts  suggest  there  
m a y  be a n u m b e r  of i n t e r m e d i a t e  s t ruc tu res  be -  
t w e e n  the  complex  and  s imple  r h o m b o h e d r a l  forms. 

Manuscript  received May 15, 1959. This paper was 
prepared for del ivery before the Phi ladelphia Meeting, 
May 3-7, 1959. 

Any discussion of this paper will  appear in a Dis- 
cussion Section to be published in the June  1960 JOUR- 
NAL. 

REFERENCES 
1. L. V. McCarty, J. S. Kasper, F. H. Horn, B. F. Decker, 

and A. E. Newkirk,  J. Am. Chem. Soc., 80, 2592 
(1958). 

2. J. H. Puddery  and A. J. E. Welch, Nature, 167, 362 
(1951). 

3. F. H. Horn, J. Appl. Phys., Letter to Editor, in press. 
4. B. F. Decker and J. S. Kasper, Acta Crystallo- 

graphica, in press. 

Technical 

Report of the Chlor-Alkali Committee of the Industrial 
Electrolytic Division for the Year 1958 

Clifford A. Hampel 
Skokie, Illinois 

Nelson J. Ehlers 

Columbia-Southern Chemical Corporation, Pittsburgh, Pennsylvania 

Chlorine-Caustic 
Production and Sales 

Consis ten t  wi th  the genera l  chemical  sales decl ine,  
U. S. ch lor ine  p roduc t ion  in  1958 decreased 8.8% 
f rom 1957 and  was  about  3,600,000 tons. For  the first 
t ime  in  twe lve  years,  the  a n n u a l  p roduc t ion  was  
lower  t h a n  tha t  of the prev ious  year .  U. S. capaci ty  
at  the end  of 1958 is es t imated  at  nea r  12,360 TPD, 
which  means  the i n d u s t r y  opera ted  at abou t  80% of 
capaci ty  d u r i n g  the year .  A p p a r e n t  per  capi ta  chlo-  
r ine  consumpt ion  was 41.2 lb as compared  to 22.2 lb 
in  1948 and  6.7 lb in 1938. 

Conce rn ing  p roduc t ion  in  1959, some sources p re -  
dict  a r e t u r n  to the 1957 p roduc t ion  of abou t  3,950,- 
000 tons and,  of course, it is hoped tha t  s u b s e q u e n t  
a n n u a l  p roduc t ion  tonnages  wi l l  fol low the t r a d i -  
t iona l  ch lor ine  g rowth  curve.  

Chlor ine  p roduc t ion  in C a n a d a  was 268,000 tons 
in  1958 as compared  to 226,000 tons in  1957. Ind ica -  
t ions are tha t  about  275,000 tons wi l l  be p roduced  
in  1959. 

Caust ic  soda p roduc t ion  for 1958 was at a 4,055,- 
000- ton level,  which  m e a n t  a 6.7% decrease f rom 
1957. A p p a r e n t  per  capi ta  c onsumpt i on  was  44.2 lb  
compared  to 29.9 in  1948 and  11.2 in  1938. Ind ica -  
t ions are tha t  1200 TPD l ime  soda caustic was  p ro -  
duced as an  ave rage  for the  first e ight  mon ths  of 
1958. This marks  an  increase  for this  per iod of about  
260 TPD over the  1957 average  and  represen t s  abou t  
10.8% of the total  caustic p roduc t ion  in  1958 as com- 
pa red  to 7.9% in  1957. The B u r e a u  of Census,  af ter  
A u g u s t  31, 1958, is not  separa t ing  l ime soda and  
e lect rolyt ic  caust ic  p roduc t ion  figures. 

In general, the industry was more in balance be- 
tween chlorine and caustic than in 1957. Again in 
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Table I. Sources of chlorine Table II. Chlorine~caustic soda end-use pattern 

Chlo r ine*  Caus t i c  Soda% 
% % 

Miscel laneous chem-  83.0 Miscel laneous chem- 30.6 
icals icals 

Pu lp  and pape r  13.0 Rayon and film 16.9 
Others  4.0 Pulp  and paper  8.3 

Meta l lu rg ica l  7.5 
Expor t  6.8 
Pe t ro l eum refining 6.3 
Lye  and c leansers  4.5 
Text i les  3.7 
Soap 1.6 
Others  13.8 

1957 1958 
( p r e l i m i n a r y )  

T o n s  % T o n s  % 

Ch equiv, of NaOH 3,548,579 89.9 3,234,813 89.9 
Ch equiv, of KOH 47,714 ].2 43,717 1.2 
C12 equiv, of Na 204,958 5.2 170,002 4.7 
Ch equiv. (o ther  146,417 3.7* 151,182 4.2* 

sources) 
C h t o t a l  g a s p r o -  3,947,668 100.0 3,599,714 100.0 

duced 

* B y  di f ference .  

1958 soda  ash  was  used  to p r o d u c e  l ime  soda  caus t ic  
in s e v e r a l  p l a n t s  in  t he  U. S., a n d  D o w  C h e m i c a l  
C o m p a n y ,  F r e e p o r t ,  Texas ,  c o n t i n u e d  to p r o d u c e  
soda  ash  f r o m  e l ec t ro ly t i c  caust ic .  

A p p r o x i m a t e l y  75.8% of ch lo r ine  c a p a c i t y  in 1958 
was  in  d i a p h r a g m  cells ,  18.4% in m e r c u r y  cells ,  
5.1% in s o d i u m  cells ,  a n d  0.7% in n o n e l e c t r o l y t i c  
processes .  The  e s t i m a t e d  sources  of ch lo r ine  c o m -  
p a r i n g  1958 w i t h  1957 a p p e a r  in  T a b l e  I. 

New Plants and Expansions 

A p p r o x i m a t e l y  640 TPD n e w  U. S. c h l o r i n e  ca -  
p a c i t y  is e s t i m a t e d  to h a v e  come  on l ine  in  the  U. S. 
in 1958, as fo l lows :  C o l u m b i a - S o u t h e r n  C h e m i c a l  
Co rpo ra t i on ,  N a t r i u m ,  W. Va., 160 TPD ( U h d e  m e r -  
c u r y  c e l l ) ;  D o w  C h e m i c a l  C o m p a n y ,  P l a q u e m i n e ,  
La. ,  300 TPD (Dow b i p o l a r  c e l l ) ;  E. I. du  P o n t  de 
N e m o u r s  & C o m p a n y ,  Memph i s ,  Tenn. ,  100 TPD 
(Downs  s o d i u m  c e l l ) ;  and  W e y e r h a e u s e r  T i m b e r  
C o m p a n y ,  Longv iew ,  Wash. ,  80 TPD ( D e N o r a  m e r -  
c u r y  ce l l s ) .  

The  A r k a n s a s  L o u i s i a n a  C h e m i c a l  C o r p o r a t i o n  
s t a r t e d  o p e r a t i n g  the  c h l o r i n e - c a u s t i c  p l a n t  a t  P i n e  
Bluff,  w h i c h  is r a t e d  a t  75 TPD,  in 1958, a f t e r  D i a -  
m o n d  A l k a l i  C o m p a n y  t e r m i n a t e d  i ts  lease.  

A m o n g  the  n e w  p l a n t s  or e x p a n s i o n s  to be  c o m -  
p l e t e d  in 1959 are :  D i a m o n d  A l k a l i  C o m p a n y ,  Dee r  
P a r k ,  Texas ,  200 TPD ( D e N o r a  m e r c u r y  ce l l s )  ; J e f -  
f e r son  C h e m i c a l  C o m p a n y ,  P o r t  Neches ,  Texas ,  150 
TPD (.Hooker S - 3 B  ce l l s ) ;  S t au f fe r  C h e m i c a l  C o m -  
pany ,  N i a g a r a  Fa l l s ,  N. Y., 30 TPD ( e x p a n d  and  
m o d e r n i z e ) ;  and  W y a n d o t t e  C h e m i c a l  Co rpo ra t i on ,  
G e i s m a r ,  La. ,  300 TPD ( D i a m o n d  d i a p h r a g m  ce l l ) .  
D i a m o n d  A l k a l i  C o m p a n y  a n n o u n c e d  e a r l y  in 1959 
p l a n s  to m o d e r n i z e  ch lo r ine  cel l  f ac i l i t i e s  a t  P a i n e s -  
v i l le ,  Ohio.  

A l i s t ing  of U. S. ch lo r ine  p l a n t s  and  e s t i m a t e d  
c a p a c i t y  a p p e a r s  in t he  M a r c h  7, 1959 issue  of Chem- 
ical Week.  

In  Canada ,  the  e s t i m a t e  of ch lo r ine  c a p a c i t y  b y  
the  end  of 1958 was  a b o u t  850 TPD. In  1958, a m o n g  
the  n e w  p l a n t s  and  e x p a n s i o n s  w e r e :  S h a w i n i g a n  
C h e m i c a l  C o m p a n y ,  S h a w i n i g a n  Fa l l s ,  Quebec ,  50 
TPD ( m e r c u r y  c e l l ) ;  and  W e s t e r n  Chemica l s  C o m -  
pany ,  du  V e r n a y ,  A l b e r t a ,  20 TPD ( d i a p h r a g m  ce l l ) .  
Dow C h e m i c a l  C o m p a n y  in C a n a d a  has  a n n o u n c e d  
an i n t e g r a t e d  c h e m i c a l  p l a n t  a t  F o r t  S a s k a t c h e w a n ,  
A l b e r t a .  The  c h l o r i n e - c a u s t i c  un i t  w i l l  be  b u i l t  f irst  
and  o the r  un i t s  a r e  to fo l low.  W e s t e r n  Chemica l s  has  
a n n o u n c e d  an  a d d i t i o n a l  20 TPD c a p a c i t y  s c h e d u l e d  
to come on the  l ine  l a t e  in  1959. A ch lo r ine  p l a n t  for  

Total  100.0 Total  100.0 

* Source ,  Chemical  W e e k ,  M a r c h  7, 1959, p. 116 (for m o r e  d e -  
ta i l ed  b r e a k d o w n ,  see " C h e m i c a l  W e e k , "  May  26, 1956. 

Source ,  Chemical  W e e k ,  J a n .  18, 1958, p. 76. 

t he  St. John ,  N e w  B r u n s w i c k  a r e a  has  been  a n -  
n o u n c e d  b y  K.  C. I rv ing .  

Markets and End-Use Patterns 

T h e r e  a p p e a r s  to be no s igni f icant  change  in  t he  
e n d - u s e  p a t t e r n  of ch lo r ine  and  caus t ic  soda  d u r i n g  
1958. In  t h e  p r o d u c t i o n  of e t h y l e n e  oxide ,  t he  o x i d a -  
t ion  p rocess  con t inues  to i nc rea se  in  i m p o r t a n c e  r e l -  
a t i ve  to t he  c h l o r i n a t i o n  process .  The  r e d u c t i o n  in  
m i l i t a r y  r e q u i r e m e n t s  for  t i t a n i u m  a d v e r s e l y  a f -  
f ec t ed  the  d e m a n d  for  ch lor ine .  In  1958, the  use  of 
c h l o r i n e  i n c r e a s e d  in  t he  p u l p  and  p a p e r ,  and  w a t e r  
and  s e w a g e  t r e a t m e n t  a reas .  The  dec l ine  in g e n e r a l  
bus iness  l eve l s  r e d u c e d  the  o the r  ch lo r ine  uses.  L a t -  
est  e n d - u s e  p a t t e r n s  a p p e a r i n g  in t he  l i t e r a t u r e  a r e  
shown  in T a b l e  II .  

Technical Developments  

Some  ch lo r ine  m a n u f a c t u r e r s  a r e  n o w  us ing  or  
i n s t a l l i ng  g e r m a n i u m  a n d  s i l icon  rec t i f i e r s  for  con -  
ve r s i on  of a - c  to d - c  power .  D i a m o n d  A l k a l i  C o m -  
p a n y ,  Dee r  P a r k ,  Texas ,  is i n s t a l l i ng  g e r m a n i u m  
rect i f iers .  C o l u m b i a - S o u t h e r n  C h e m i c a l  Corpora t ion ,  
N a t r i u m ,  W. Va.,  ha s  u sed  g e r m a n i u m  rec t i f ie rs  c o m -  
m e r c i a l l y  for  ch lo r ine  p r o d u c t i o n  s ince  e a r l y  1958. 
H o o k e r  C h e m i c a l  C o r p o r a t i o n  has  i n s t a l l e d  s i l icon 
rec t i f ie rs  a t  i ts  N i a g a r a  Fa l l s ,  N. Y., p l an t .  

H o o k e r  C h e m i c a l  C o r p o r a t i o n  a n d  D i a m o n d  A l -  
ka l i  C o m p a n y  con t inue  to offer l icenses  for  t h e i r  
p rocesses  to r e c o v e r  b l o w - o f f  ch lor ine .  The  H o o k e r  
p rocess  ca l l s  for  d i l u t e  c h l o r i n e  gas  to  b e  a b s o r b e d  
in w a t e r  d e s t i n e d  for  d i r e c t - c o n t a c t  cool ing  of ho t  
cel l  gas. In  t he  D i a m o n d  process ,  t he  gas  s t r e a m  
con ta in ing  ch lo r ine  to be  r e c o v e r e d  con tac t s  c a r -  
bon  t e t r a c h l o r i d e  in a p a c k e d  t o w e r  u n d e r  p re s su re .  
F u r t h e r  s t r i p p i n g  and  cool ing  g ives  l i qu id  ch lor ine .  

A p a t e n t  b y  H. H. H e l l e r  (U.S. 2,836,551) d i s -  
c loses  the  a d v a n t a g e s  of fo rc ing  b r i n e  t h r o u g h  a 
m e r c u r y  t y p e  cel l  a t  h igh  ve loc i t ies .  A G e r m a n  p a t -  
en t  (1,014,080) was  i s sued  to Dow C h e m i c a l  C o m -  
p a n y  for  a "s lo t"  t y p e  m e r c u r y  cell .  

P l a t i n i z e d  t i t a n i u m  anodes  w e r e  p u b l i c i z e d  b y  
I m p e r i a l  C h e m i c a l  I ndus t r i e s ,  Ltd . ,  for  ch lor ine ,  
ch lo ra te ,  and  o t h e r  p r o d u c t i o n  uses.  �9 

�9 " B r i g h t  F u t u r e  fo r  I C I ' s  N e w l y  D e v e l o p e d  E l ee t rodes$ '  Chemical  
Age,  J a n .  3, 1959, and  " T i t a n i u m  A n o d e s , "  Chemical  Trade Journal,  
Jan .  2, 1959. 
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M o n s a n t o  C h e m i c a l  Co. is o p e r a t i n g  a cel l  d e -  
s igned  b y  D e N o r a  for  r e c o v e r y  of c h l o r i n e  f r o m  h y -  
d r och lo r i c  acid.  The  cel l  is b e l i e v e d  to be  e c o n o m -  
i c a l l y  f eas ib l e  for  m a n y  s i tua t ions .  

A m o n g  a r t i c l e s  of i n t e r e s t  a p p e a r i n g  r e c e n t l y  
w e r e :  " F o r  Ce l l  O p e r a t o r s :  W h a t  P r i c e  Eff ic iency?"  
Chemical Week, A p r i l  19, 1958, p .41-48;  A d e b a t a b l e  
ana lys i s  on caus t ic  soda  was  p u b l i s h e d  in Chemical 
Week, Jan .  18, 1958, p. 69-76, e n t i t l e d  " C a u s t i c - -  
P l e n t y  for  N o w  and  F u t u r e " ;  Chemische Industrie, 
J u n e  1958, p. 309, c i t ed  r e s e a r c h  b y  VEB F a r b e n -  
f a b r i k  W o l f e n  to m a n u f a c t u r e  ch lo r ine  b y  n o n e l e c -  
t r o l y t i c  m e a n s ;  "Too M u c h  Ch lo r ine , "  Barrons, 
M a r c h  24, 1958, p. 17-19; and  " T h e r m a l  Da t a  for  
Ch lo r ine  a n d  HCI,"  Chemical Engineering, Feb .  10, 
1958, p. 144-146. 

Soda Ash 

F o r  t he  l a s t  two  yea r s ,  t o t a l  p r o d u c t i o n  of soda  
ash  has  dec reased .  P r o d u c t i o n  in 1958 was  4,955,200 
tons,  w h i c h  was  7.1% b e l o w  1957. The  a p p a r e n t  p e r  
c ap i t a  c o n s u m p t i o n  a t  55.73 lb  for  1958 w a s  the  l o w -  
est  s ince  1941. To ta l  domes t i c  c o n s u m p t i o n  in tons  
p e r  y e a r  r e a c h e d  the  a l l - t i m e  h igh  in 1955 of 5,444,- 
560 tons  a n d  has  been  on a dec l ine  s ince  then .  N a t -  
u r a l  soda  ash  p r o d u c t i o n  for  bo th  1958 and  1957 
a c c o u n t e d  for  12.6-12.7% of the  t o t a l  soda  ash  p r o -  
duced .  To ta l  c a p a c i t y  of t he  soda  ash  p l a n t s  in the  
U. S. is n e a r  7,000,000 tons;  t he re fo re ,  i t  m a y  be  con-  
c l u d e d  t h a t  t he  i n d u s t r y  o p e r a t e d  a t  n e a r  70% of 
capac i ty .  

D u r i n g  1958, Ol in  M a t h i e s o n  C h e m i c a l  C o r p o r a -  
t ion c o m p l e t e d  fac i l i t i es  a t  i ts  Sa l tv i l l e ,  Va.,  p l a n t  
for  p r o d u c t i o n  of dense  ash.  C o l u m b i a - S o u t h e r n  
C h e m i c a l  C o r p o r a t i o n  b e g a n  p r o d u c t i o n  of soda  ash  
a n d  s o d i u m  s e s q u i c a r b o n a t e  a t  a n e w  p l a n t  a t  B a r t -  
le t t ,  Cal i f .  The  p l a n t  r e p o r t e d l y  t r i p l e s  the  o u t p u t  of 
an  o l d e r  un i t  the re ,  n o w  be ing  sc rapped .  F o o d  M a -  
c h i n e r y  & C h e m i c a l  C o r p o r a t i o n  has  a n n o u n c e d  t h a t  
a m a j o r  e x p a n s i o n  of soda  ash  p r o d u c t i o n  fac i l i t i e s  
a t  i ts  W y o m i n g  p l a n t  w i l l  be  c o m p l e t e d  d u r i n g  the  
first  ha l f  of 1959. S o l v a y  Process  Div i s ion  of A l l i e d  
C h e m i c a l  C o r p o r a t i o n  is r e p o r t e d  to be  d o u b l i n g  
dense  soda  ash  c a p a c i t y  a t  i ts  B a t o n  Rouge,  La. ,  
p l an t .  To ta l  ash  c a p a c i t y  r e m a i n s  t he  same.  

A n  e s t i m a t e d  c a p a c i t y  for  U. S. p l a n t s  a p p e a r s  in  
Chemical Week, M a y  3, 1958, p. 72. The  l a t e s t  e n d -  
use  p a t t e r n  for  soda ash  a p p e a r i n g  in the  l i t e r a t u r e  
is shown  in T a b l e  III .  

Table Ill. Soda ash end-use pattern (estimate)* 

% 

Chemicals  37 
Glass 30 
Nonferrous  meta l  refining 10 
Pu lp  and paper  7 
Cleansers  3 
W a t e r  softeners 2 
Soap 1 
Miscel laneous 10 

Total  100 

* source, Chemiea[ Week, May 3, 1958, p. 71. 

Miscellaneous Chemicals 
Potassium hydroxide.--Production of K O H  (88-  

92%)  d e c r e a s e d  a b o u t  8 .3%, f r o m  83,898 tons  in 
1957 to a p r e l i m i n a r y  f igure  of 76,870 tons  in 1958. 
Most  of the  n e w e r  caus t ic  p o t a s h  e x p a n s i o n s  have  
been  b y  the  m e r c u r y  cel l  process .  Caus t i c  p o t a s h  is 
m a k i n g  ga ins  in the  d e t e r g e n t  f ield as a r e s u l t  of 
g r e a t e r  a c c e p t a n c e  of some of t he  n e w e r  t y p e s  of 
l i qu id  de t e rgen t s .  

Chlorates.--American P o t a s h  & C h e m i c a l  Cor -  
p o r a t i o n  s t a r t e d  o p e r a t i o n  of i ts  s o d i u m  c h l o r a t e  
p l a n t  of 15,000 TPY c a p a c i t y  a t  A b e r d e e n ,  Miss.,  in  
e a r l y  1959. R e p o r t e d  for  A m e r i c a n  P o t a s h  is a c o m -  
p a n y  c a p a c i t y  of 45,000 TPY. H o o k e r  C h e m i c a l  Cor -  
p o r a t i o n  e x p a n d e d  s o d i u m  c h l o r a t e  p r o d u c t i o n  at  
Co lumbus ,  Miss. S t a n d a r d  C h e m i c a l  L i m i t e d  a n -  
nounc e d  the  s t a r t  of c ons t ruc t i on  of a p l a n t  to p r o -  
duce  s o d i u m  c h l o r a t e  at  B e a u h a r n o i s ,  Que.  D u r i n g  
1958, E lec t r i c  R e d u c t i o n  C o m p a n y  of C a n a d a  
c l a i m e d  to be  t he  w o r l d ' s  l a r g e s t  p r o d u c e r  of s o d i u m  
c h l o r a t e  as the  r e su l t  of e x p a n s i o n  t h a t  d o u b l e d  ca -  
p a c i t y  of t he  f i rm's  B u c k i n g h a m ,  Que.,  p l an t .  I t  has  
been  e s t i m a t e d  t h a t  U. S. s o d i u m  c h l o r a t e  c a p a c i t y  
wi l l  exceed  100,000 T P Y  in 1959 w h e n  a n n o u n c e d  
n e w  p l a n t s  and  e x p a n s i o n s  a r e  on l ine.  P r o d u c t i o n  
i n c r e a s e d  f rom 59,142 tons  in 1957 to 67,247 tons  in 
1958, a b o u t  13.7%. 

Perchlorates.--The i m p o r t a n c e  of p e r c h l o r a t e s  in 
t he  p r o d u c t i o n  of sol id  fue ls  for  miss i les  is h i g h -  
l i gh t e d  b y  the  a n n o u n c e m e n t s  of a d d i t i o n a l  p l a n t s  
for  t h e i r  p r e p a r a t i o n .  HEF,  Inc.,  j o i n t l y  o w n e d  b y  
Foo te  M i n e r a l  and  H o o k e r  Chemica l ,  b e g a n  con-  
s t ruc t ion  on a 4,000,000 l b / y r  a m m o n i u m  p e r c h l o -  
r a t e  p l a n t  a t  Co lumbus ,  Miss. P e n n s a l t  Chemica l s  
C o r p o r a t i o n  a n n o u n c e d  a p l a n t  for  p r o d u c t i o n  of 
a m m o n i u m  p e r c h l o r a t e  at  P o r t l a n d ,  Ore.  

T w o  p a p e r s  on t h e  p r e p a r a t i o n  and  use  of l e a d  
d iox ide  anodes  in  t he  e l e c t ro ly t i c  conve r s ion  of so-  
d i u m  c h l o r a t e  to s o d i u m  p e r c h l o r a t e  w e r e  p u b l i s h e d  
in th is  JOURNAL b y  Gr igge r ,  Mi l le r ,  and  Loomis  of 
P e n n s a l t  Chemica l s  C o r p o r a t i o n  and  S c h u m a c h e r ,  
S te rn ,  and  G r a h a m  of A m e r i c a n  P o t a s h  & C h e m i c a l  
Corpo ra t i on .  L e a d  d i o x i d e  d e p o s i t e d  on t a n t a l u m  
was  found  to be  a su i t ab l e  s u b s t i t u t e  for  p l a t i n u m  
in p e r c h l o r a t e  cells.  

Miscellaneous Metals 

Aluminum.--Electrolysis processes  a r e  v i t a l  to the  
p r o d u c t i o n  of m a n y  of t he  me t a l s ,  b o t h  o ld  a n d  new,  
used  in th is  coun t ry .  The  a l u m i n u m  i n d u s t r y ,  w h i c h  
consumes  5 to 6% of t he  t o t a l  e l e c t r i c i t y  g e n e r a t e d  
in the  U. S., con t inues  to g row.  A t  the  end  of 1957, 
t he  a l u m i n u m  ingo t  c a p a c i t y  was  some 1,842,000 
T P Y  loca t ed  in 18 p l a n t s  of 4 companies .  By  1960, 
th is  w i l l  r i se  to 2,604,000 tons  in  23 p l a n t s  of 6 c o m -  
panies .  In  Canada ,  the  c o r r e s p o n d i n g  t o n n a g e s  a r e  
821,000 tons  at  t he  end  of 1957 and  956,000 tons  in 
1960. 

Magnesium.--Consumption of p r i m a r y  m a g n e -  
s i um in t he  U. S. is e x p e c t e d  to t o t a l  a b o u t  45,000 
tons  in 1959. C o n s u m p t i o n  of s c r ap  a n d  s e c o n d a r y  
w i l l  accoun t  for  a n o t h e r  10,000 tons  or  so. C o n s u m p -  
t ion  of th is  t~rder is no t  a r e c o r d  for  p e a c e t i m e  b u t  
does r e p r e s e n t  a r e s u m p t i o n  of t he  u p w a r d  t r e n d  
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Table IV. 1958 Sodium end-use pattern (estimated)* 

% 

Tetraethyl lead 71.0 
Sodium cyanide 11.2 
Sodium peroxide 6.9 
Metal reduction 4.7 
Miscellaneous 6.2 

Total 100.0 

* S o u r c e ,  Chemical  Week ,  J a n .  24, 1959, !o. 78. 

fol lowing the recent  recession. Product ion  in 1959 
wil l  be about  30,000 tons because of a large  inven tory  
car ry-over .  A large inventory  was bui l t  up in 1957 
when Dow Chemical  Company was uncer ta in  about  
the  disposit ion of the then gove rnmen t -owned  p lan t  
at  Velasco, Texas ( the p lant  even tua l ly  was sold to 
Dow, the h igher  of two b idders ) .  Magnesium uses 
are  roughly  40% st ructura l ,  60% nonst ructura l .  A p -  
pl icat ions are  d ivided about  50-50 be tween commer-  
cial and mi l i ta ry .  

Sodium.--Capacity for sodium product ion was r e -  
por ted  to be 153,000 TPY as of Jan.  1, 1958. P roduc-  
tion in 1958 was 110,298 tons as compared  to 132,- 
977 tons in ~957, a decrease of 17%. The Woodstock, 
Tenn., p lan t  of du Pont  for  the product ion of sodium 
went  on the l ine ea r ly  in 1959. Capaci ty  was r e -  
por ted  as 45,000,000 l b /y r .  This new instal lat ion,  
plus recent  expansions of other  producers ,  wi l l  in-  
crease U. S. capaci ty  to about  400,000,000 l b /y r .  The 
genera l  reduct ion in sodium use since the peak  in 
1956 is a t t r ibu ted  to loss of the f a t ty  alcohol m a r k e t  
and the drast ic  reduct ion in t i t an ium meta l  use. The 
larges t  use of sodium continues to be in product ion  
of t e t r ae thy l  lead, and this use is increasing a small  
percentage  each year.  

The presen t  s tatus of the sodium indus t ry  is given 
in Chemical Week, Jan.  24, 1959, p. 76. The est i -  
mated  sodium end-use  pa t t e rn  is given in Table IV. 

Titanium.--Production of t i t an ium sponge meta l  
in 1958 at  4585 tons was about  27% of the 1957 out -  
put;  however,  the  consumption of sponge meta l  and 
product ion and consumption of t i t an ium ingot were,  
respect ively,  about one-ha l f  that  of 1957. Total  
sponge held by  Genera l  Services Admin i s t r a t ion  at 
the end of 1958 was 22,400 tons. 

There has been a continued increase in consump-  
t ion of sponge since ea r ly  1958, and by  the end of 
1958 it  was at  least  50% of the peak  ra te  in the 
br ightes t  days of the industry.  Use of t i t an ium for 
its cor ros ion-res is tan t  proper t ies  is increasing. 

Zirconium.--The major  U.S. product ion of z i r -  
conium meta l  is for the Atomic  Energy  Commission 
program.  Carborundum Metals Corporat ion,  Mal-  
l o ry -Sha ron  Metals Company, and Co lumbia -Na-  
t ional  Corporat ion are  the three  AEC sponge sup-  
pliers.  These three  producers  have contracted to 
supply  about  2,200,000 l b / y r  of ha fn ium- f r ee  z i r -  
conium sponge. 

Ma l lo ry -Sha ron  and Columbia -Na t iona l  began op-  
erat ions in 1958. Carborundum and Co lumbia -Na-  
t ional  processes involve the magnes ium reduct ion of 

z i rconium te t rachlor ide ,  while  Ma l lo ry -Sha ron  uses 
sodium reduction.  Wah Chang Corporat ion,  Albany ,  
Ore., has shut down its z i rconium faci l i t ies  and is 
now conver t ing hafn ium oxide to hafn ium meta l  for 
the Atomic  Energy  Commission. 

No expansion of z i rconium facil i t ies is p lanned  at  
the presen t  t ime. 

Lithium.--Lithium, made by  the electrolysis  of 
fused l i th ium chloride admixed  wi th  potass ium 
chloride,  is finding increased use in such fields as 
the p repa ra t ion  of boron fuels. Olin Mathieson 
Chemical  Corporat ion has ins ta l led e lect rolyt ic  cells 
for l i th ium product ion at  its Model City, N. Y., boron 
fuel plant ,  and Foote Minera l  Company announced 
expansion of l i th ium production.  

Manganese.--The use of manganese  ore for the 
product ion of the meta l  in the U. S. in 1958 was over  
10,000 tons. Product ion capaci ty  is located in the 
p lants  of Foote Minera l  Company,  Knoxvi l le ,  and 
Union Carbide Metals Company,  Marie t ta ,  Ohio. The 
electrolyt ic  process is the  only one producing pure  
metal .  

Chromium.--High-purity chromium meta l  is 
made  by  electrolysis  of ammonium chromium sul-  
fate solution in the  Union Carbide  Metals  Company 
Mar ie t ta  plant .  

Uranium.--Most uran ium meta l  is der ived  from 
the reduct ion of u ran ium te t raf luor ide  wi th  magne-  
sium. While  the demand  for u ran ium depends on 
the scope of the  nuclear  power  p lant  deve lopment  
and the amount  of u ran ium oxide used in fuel  e le-  
ments,  es t imates  of 50,000-100,000 TPY in 1970 or 
1975 have been made. Not only new meta l  requires  
magnes ium for prepara t ion ,  but  magnes ium is also 
used in reprocessing spent  fuel elements.  

Beryllium.--Pure bery l l ium meta l  is made  in the  
U. S. f rom the reduct ion of be ry l l ium fluoride wi th  
magnesium.  New plants  constructed by The Bery l -  
l ium Corporat ion at  Hazelton,  Pa., and The Brush 
Bery l l ium Corporat ion at  Elmore,  Ohio, produce 
be ry l l i um meta l  for nuclear  and other  applicat ions.  
Each of these firms had a contract  for annual  de l iv-  
e ry  of 100,000 lb each of be ry l l ium ingot to the 
Atomic  Energy Commission, but  the contracts  were  
revised and the new product ion level  set at  37,500 
lb of ingot per  year  for each company.  

Tantalum and columbium.--Tantalum product ion 
was es t imated  to be 225,000 lb in 1958 and is ex-  
pected to reach 300,000 lb in 1959. Most of the 
meta l  is obta ined e i ther  by electrolysis  of fused po-  
tass ium f luotantalate  or by sodium reduct ion of this  
and other  t an t a lum compounds. Columbium, the 
sister  meta l  of tan ta lum,  reached a product ion in 
1958 es t imated  at  50,000 lb. While  it is made  chiefly 
by  react ion be tween  co lumbium carbide  and colum- 
b ium oxide, it can be made by  the process used for 
tan ta lum,  i.e., sodium reduction.  

Stauffer  Chemical  Company announced construc-  
t ion of a $300,000 semiworks  p lan t  to make  t an ta lum 
and columbium pentachlor ides  at  its Richmond, 
Calif., research laboratories .  Nat ional  Research Cor-  
porat ion,  Ma l lo ry -Sha ron  Metals  Company,  and 
Union Carbide  Metals Company all  had thei r  proc-  
esses for producing t an ta lum a n d / o r  co lumbium de-  
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sc r ibed  in a r t i c l e s  p u b l i s h e d  in 1958. Each  used  some 
f o r m  of s o d i u m  r e d u c t i o n  of m e t a l  c o m p o u n d s  to 
p r o d u c e  t h e  me ta l s .  Recen t ly ,  H a y n e s  S t e l l i t e  C o m -  
p a n y  e x h i b i t e d  the  l a r g e s t  t a n t a l u m  shee t  eve r  p r o -  
duced,  t he  size be ing  28 x 60 x 0.030 in. The  a v a i l -  
a b i l i t y  of l a r g e  shee t  shou ld  i n c r e a s e  t he  use  of 
t a n t a l u m  in c h e m i c a l  e q u i p m e n t .  O t h e r  p r o d u c e r s  of 
t a n t a l u m  a n d / o r  c o l u m b i u m  inc lude  du  Pon t ,  F a n -  

s tee l  M e t a l l u r g i c a l  Corpo ra t i on ,  W a h  C h a n g  C o r -  
po ra t ion ,  K a w e c k i  C h e m i c a l  C o m p a n y ,  K e n n a m e t a l ,  
Inc. ,  a n d  M o l y b d e n u m  C o r p o r a t i o n  of A m e r i c a .  

Manuscr ip t  rece ived  June  8, 1959. This pape r  was 
p repa red  for de l ive ry  before  the  Ph i l ade lph ia  Meeting,  
May  3-7, 1959. 

Any  discussion of this  paper  wi l l  appear  in a Dis-  
cussion Sect ion to be publ i shed  in the  June  1960 JOUR- 
NAL. 

Brief Commun ca, on @ 
Action of Alkali on Caustic Cell Slimes 

S. Wawzonek and P. D. Klimstra 

Department of Chemistry, State University oi Iowa, Iowa City, Iowa 

Used  g r a p h i t e  anodes  h a v e  b e e n  the  on ly  source  
of m a t e r i a l  f r o m  w h i c h  the  caus t ic  co lor  c o m p o u n d  
has  been  i so l a t ed  (1, 2) .  The  r e p o r t  (3)  t h a t  a n o d e  
g r a p h i t e  s l imes  f r o m  c h l o r i n e - a l k a l i  ce l ls  c o n t a i n e d  
0.3-0.5% c h l o r i d e  s u g g e s t e d  a s t u d y  of v a r i o u s  
s l imes  f r o m  d i a p h r a g m  a n d  m e r c u r y  cel ls  to d e t e r -  
m i n e  w h e t h e r  these  cou ld  se rve  as  a source  of t h e  
caus t ic  co lor  compound .  

T h r e e  s a m p l e s  of s l imes  h a v e  b e e n  t r e a t e d  w i t h  
50% s o d i u m  h y d r o x i d e  at  100 ~ for  v a r y i n g  p e r i o d s  
of t i m e  and  the  colors  p r o d u c e d  e x a m i n e d .  

A s a m p l e  of g r a p h i t e  p a r t i c l e s  r e m o v e d  f r o m  the  
b o t t o m  of one  of t he  used  a n o d e  p l a t e s  a f t e r  i t  h a d  
been  used  for  t he  p r o d u c t i o n  of ch lo r ine  and  caus t ic  
soda  for  a p p r o x i m a t e l y  s ix  m o n t h s  in  a de N o r a  
m e r c u r y  cel l  gave  the  t y p i c a l  b l u i s h - p u r p l e  color  
a s soc ia t ed  w i t h  the  caus t ic  co lor  c o m p o u n d .  

A second  s a m p l e  cons i s t ing  of g r a p h i t e  p a r t i c l e s  
w h i c h  w e r e  s e p a r a t e d  f r o m  the  d e p l e t e d  b r i n e  
s t r e a m  a f t e r  i t  h a d  f lown t h r o u g h  the  m e r c u r y  cel ls  
gave  u n d e r  s i m i l a r  t r e a t m e n t  a c h e r r y  r e d  c o lo r a -  
t ion.  T h e  p o s s i b i l i t y  t h a t  th is  co lor  w a s  caused  b y  
co l lo ida l  f e r r i c  h y d r o x i d e  was  e l i m i n a t e d  b y  t h e  i n -  
a b i l i t y  to d i s c h a r g e  the  color  w i t h  s o d i u m  sulf ide  
solu t ion .  This  color,  h o w e v e r ,  d id  no t  change  to t h e  
b lue  on f u r t h e r  h e a t i n g  w i t h  a lka l i .  

A t h i r d  s a m p l e  cons i s t ing  of t he  a n o d e  s l imes  
f r o m  a d i a p h r a g m  T u c k e r  W i n d e c k e r  Ce l l  o p e r a t i n g  

w i t h  u n t r e a t e d  anodes  gave  no color  w i t h  50% 
caust ic .  

Resu l t s  o b t a i n e d  i n d i c a t e d  t h a t  the  caus t ic  co lor  
c o m p o u n d  or  i ts  p r e c u r s o r  is p r o d u c e d  i'n t he  m e r -  
c u r y  ce l l  in  t h e  a n o d e  c o m p a r t m e n t  b u t  is e f fec t ive ly  
s c r eened  out  b y  the  c i r c u l a t i n g  m e r c u r y  w h i c h  p i cks  
up  the  s o d i u m  in t he  m e r c u r y  ce l l  e l e c t r o l y z e r  and  
s u b s e q u e n t l y  r e l ea se s  t he  s o d i u m  as caus t ic  soda  in  
t he  d e n u d e r .  

The  absence  of t he  caus t ic  co lor  c o m p o u n d  in t he  
anode  s l imes  f r o m  a d i a p h r a g m  cel l  sugges t s  t h a t  
mos t  of the  p r e c u r s o r  m a y  h a v e  been  e x t r a c t e d  b y  
the  caus t ic  soda. 
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NAL. 
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E r r a t a  

~OOIOO 

In the  September  1959 i ssue  of the  Journa l  in  the  
paper by  Bar lane  R. E i c h b a u m  "The Die lec tr ic  
Behav ior  of Sol ids  E m b e d d e d  in a H o m o g e n e o u s  

Medium," in Fig.  1, 4, 6, 8, and 10, the  tan  8 graphs  
w e r e  omitted.  B e l o w  are the  die lectr ic  constant  and 
tan 8 curves  as t h e y  should  h a v e  been  shown.  
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In the  p a p e r  b y  M. J. Pryor ,  "The  S ign i f i cance  of  the  F l a d e  Potent ia l ,"  w h i c h  a p p e a r e d  on  pp. 5 5 7 - 5 6 2  
of  the  J u l y  1959 JOURNAL, Eq. [9 ]  on p. 561 is s ta ted  incorrec t ly .  It s h o u l d  read:  

O,_, > O" + I + + l  

crys ta l  b o u n d  
la t t i ce  p o s i t i v e  

h o l e  

E93 



The Anodic Oxidation of Cadmium 
II. Electrical Properties of the Film 

Phyllis E. Lake and E. J. Casey 

Defence Research Chemical Laboratory, Defence Research Board, Ottawa, Ontario, Canada 

ABSTRACT 

Cadmium electrodes under  anodic oxidation in  hydroxide and carbonate 
electrolytes have been examined by analysis of the decay of overpotential  after 
current  interrupt ion.  

After  passivation while oxygen is being evolved, except for a small in -  
s tantaneous (~1 msec) ohmic drop, the potent ial  decays logari thmically with 
time in  the m a n n e r  usual ly  found for the decay of activation overpotential  of 
a gas electrode. Before passivation while the metal  is actively being oxidized, 
however, except for the small  ohmic drop, the potential  decays exponent ia l ly  
with t ime in two steps. This behavior  is not described by activation theory. 

Determinat ions were made of the capacitance of both the oxidizing and the 
passivated cadmium, both from potential  decay curves and from superimposed 
a.c. All the a-c values correspond to those of a normal  double layer, as do 
those obtained from decay measurements  after passivation has occurred. How- 
ever, the values obtained from decay curves before passivation are two orders 
of magni tude  higher early in  the oxidation but  drop rapidly toward the a-c 
values as oxidation proceeds. 

It  is proposed that  next  to the Helmholtz double- layer  at the CdO-electro- 
lyre interface, there exists a highly polarized inner  double- layer  in  which the 
reaction OH--> O- + H + takes place. When the field s t rength across the inner  
double layer becomes high enough for the reaction OH--> OH-~ e- to take 
place instead, oxygen is evolved and the electrode passivates. 

The roles of adsorption of OH- to form the Helmholtz layer and of in ter -  
ference by CO3: are discussed in  terms of the results. 

In  a p rev ious  paper  (1) e x p e r i m e n t a l  obse rva t ion  
of the  anodic  ox ida t ion  of c a d m i u m  in  basic solut ions  
was described,  and  on the  basis  of the  resul t s  a gen -  
era l  m e c h a n i s m  for the  fo rma t ion  of the  anodic  f i lm 
was proposed.  Two i m p o r t a n t  fea tures  of the  reac -  
t ion  were  recognized:  first, conduc t ion  of ions m u s t  
occur t h rough  the solid l ayer  of p r i m a r y  reac t ion  
product ;  1 and  second, the re  exists  a r a t h e r  cr i t ica l  
reac t ion  in  which  the p r i m a r y  reac t ion  p roduc t  (es-  
sen t ia l ly  CdO) is conver t ed  to a secondary  p roduc t  
[Cd(OH)2  in  pu re  K O H ]  at a ra te  which  is s t rong ly  
d e p e n d e n t  on e lec t ro ly te  composi t ion  and  other  ex-  
p e r i m e n t a l  condit ions.  The  convers ion  takes  place 
t h rough  the  l iqu id  phase. The n a t u r e  of the c a d m i u m  
in  this  phase  has since b e e n  shown  (14) to be  
Cd(OH)~=. The purpose  of the  p resen t  work  was  to 
inves t iga te  the  e lectr ical  proper t ies  of the  u n d e r l y -  
ing  l aye r  of p r i m a r y  reac t ion  product ,  and  to de t e r -  
m i n e  wh ich  e lect r ical  p r o p e r t y  is i n  fact  respons ib le  
for anodic  pass ivat ion.  

Experimental Method 
The samples  of c a d m i u m  for ox ida t ion  were  p r e -  

pa red  as descr ibed p rev ious ly  (1).  The test  cell was  
a r e c t a n g u l a r  luci te  box  (5 cm long x 3 cm wide  x 5 
cm h igh)  of which  the  c a d m i u m  anode  and  n icke l  
ca thode fo rmed  the  ends.  

1 S ince  t he  p r e p a r a t i o n  of t he  p r e s e n t  paper ,  the  d e f i n i t i v e  w o r k  
of Dr. Cro f t  has  a p p e a r e d  (17), in  w h i c h  he f o u n d  s t r o n g  e v i d e n c e  
( f rom an  e n t i r e l y  d i f f e r en t  e x p e r i m e n t a l  a p p r o a c h  i n v o l v i n g  v e r i -  

f ica t ion  of  the  l aws  of  f i lm g rowth )  to s u p p o r t  t he  ex i s t ence  of 
so l id - s t a t e  c o n d u c t i o n  of ions  t h r o u g h  r eac t i on  p roduc t .  

P a r t  of the  c a d m i u m  meta l  area  was  covered w i th  
s top-off  lacquer ,  which  left  a square  w o r k i n g  a rea  
of 2.54 cm on a side. The electrode was  c leaned  in  
n i t r i c  acid a nd  p re - r educed ,  as descr ibed  in  the  
ear l ie r  w o r k  (1) .  

The  po ten t i a l  of the  w or k i ng  e lect rode was  m e a s -  
u r e d  aga ins t  a c a d m i u m  re fe rence  electrode,  a piece 
of charged nega t i ve  p la te  f rom a s i n t e r e d - p l a t e  
n i c k e l - c a d m i u m  b a t t e r y  chosen because  of its la rge  
surface  area  as we l l  as its good vol tage  s tabi l i ty .  
Decay curves  were  recorded on an  i n s t r u m e n t  w i th  
an  i n p u t  res i s tance  of at least  106 ohms. The  open-  
c i rcui t  po ten t i a l  of the  e lec t ro ly t ica l ly  r educed  cad-  
m i u m  test  e lect rode was 0 -- 5 mv.  No j u n c t i o n  po-  
t en t i a l s  exis ted in  a ny  of the  e x p e r i m e n t s  w i t h  this  
a r r a n g e m e n t .  

Severa l  t imes  d u r i n g  each ox ida t ion  e x p e r i m e n t  
the c u r r e n t  was  i n t e r r u p t e d  and  the  decay of the  
to ta l  ove rpo ten t i a l  ~? recorded.  Two methods  were  
used:  (A)  Decays of up  to 100 msec were  d i sp layed  
on a T e k t r o n i x  535 Oscilloscope equ ipped  w i t h  t ype  
53/54C preampl i f i e r  ( i n p u t  res i s tance  l0  s ohms) ,  
and  photographed .  Refe rence  vol tages  were  d is -  
p l ayed  on each trace.  (B) Decays  up  to 5 sec were  
recorded on a B r u s h  Record ing  Osci l lograph No. 
BL902, w i th  a u x i l i a r y  ampli f iers  ( i n p u t  res i s tance  
1.5 x 10 ~ ohms) .  Typ ica l  vol tage  t races  are  shown  in  
Fig. 1 (a) .  Vol tages  and  t imes  were  c o n v e n i e n t l y  
read  off the  oscilloscope photographs  a f te r  en l a rge -  
m e n t  to 8 x 8 in. t h r o u g h  a microf i lm reade r  whose 
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Fig. l a. Photographs of decay curves, overvoltage vs. t ime: 
1, 2 and 3~osc i l loscope traces of curves of type (i), (ii), and 
(iii). Total  sweep 100 msec. (Dif ferent vert ical scales). 4 - -  
oscil lograph trace of curve of type (ii). Total  decay t ime 3.4 
sec; 200 mv ful l  scale. 
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Fig. lb.  Decay curves af ter  transposition (see text): 7 .2N-  
KOH, 0~ 3.83 ma /cm 2. For 1, 2, and 3, t / b  = 0.1, 0.7, 
and 1.1 respectively. 

face p la te  was  equ ipped  wi th  a 2 m m  grid;  and  off 
the  Brush  char ts  t h rough  a smal l  h a n d  lens. F i g u r e  
1 (b)  shows the  t r ansposed  traces. 

In  add i t ion  to m e a s u r e m e n t s  of the decay of to ta l  
overpotent ia l ,  d u r i n g  severa l  of the  ox ida t ion  ex -  
p e r i m e n t s  a-c  impedance  m e a s u r e m e n t s  were  made  
us ing  an  ESI  Model 250 I m p e d a n c e  Bridge.  Because  
of the  v e r y  h igh  capaci tances  per  u n i t  a rea  of the  
electrodes,  it was  necessa ry  to reduce  the e lect rode 
a rea  to ~1  m m  ~ for these expe r imen t s .  The  e r ror  
in  area thus  is appreciable ,  and  this  is t a k e n  in to  
account  in  the  discussion. 

E x p e r i m e n t s  were  done mos t ly  at  25~ b u t  some 
were  done  at  O ~ and  --20~ K O H  concen t ra t ions  
r a n g e d  f rom 0.72-14.4N; and  K2CO~ concen t ra t ions  
f rom 0.72-7.2N. Oxida t ion  c u r r e n t  densi t ies  were  
f rom 1-15 m a / c m  ~. 

Analysis of Decay Curves 
The decay curves  recorded  fel l  in to  one of t h ree  

genera l  types  (i) and  (i i)  before  pass iva t ion ,  and  
(i i i)  af ter  pass iva t ion :  

(i) Resistive decay.--In al l  cases d u r i n g  the  ea r ly  
stages of the  oxidat ion ,  a nd  also for longer  periods,  
e i ther  in  h igh ly  concen t r a t ed  solut ions  or at  low 
t empera tu res ,  the  decay consis ted p r i n c i p a l l y  of an  
i n s t a n t a n e o u s  ( ~ 1  msec)  drop plus  a ve ry  smal l  
f u r t h e r  decay to a va lue  assympto t ic  to the  open-  
c i rcui t  potent ia l .  Other  t h a n  the  d e t e r m i n a t i o n  of 
the  m a g n i t u d e  of the  in i t i a l  drop, no ana lys i s  was  
a t t empted .  
(i i)  Compound decay.--Throughout most  of the  oxi -  
da t ion  w h e n  t ~ G, [tp is t ime  at which  pass iva t ion  
occurs (1 ) ] ,  the  decay curve  af ter  c u r r e n t  i n t e r r u p -  
t ion  consisted of an  i n s t a n t a n e o u s  drop, fo l lowed by  
a smooth  exponen t i a l  (log E vs. t) decay,  which  
f inal ly  w e n t  over  in to  a smal l  and  slow ac t iva t ion  
o v e r p o t e n t i a l - l i k e  decay toward  the  open -c i r cu i t  po-  
ten t ia l .  The  fo rm of the  ta i l  end  of the cu rve  is dis-  
cussed more  fu l ly  later .  

A plot  of the  e x p e r i m e n t a l  va lues  of v and  t, ob-  
t a ined  f rom the  oscilloscope trace,  as log E vs. t 
(E = ~? --  E| w he r e  E~ is the  vol tage  to which  the  E 
has dropped  af ter  " inf in i te"  t ime) ,  it  was  possible  to 
ex t rapo la te  the  s t ra igh t  l ine  back  to zero t ime  and  
ob ta in  the  va l ue  of E jus t  a t  the  i n s t a n t  of c u r r e n t  
i n t e r r u p t i o n  (hence fo r th  cal led E%L). Thus  it was  
possible to separa te  the  r ap id  condense r - l i ke  decay 
f rom the  res is t ive  decay. F r o m  the  slope of the  log 
E vs. t curve,  the  va lue  of E%L and  the va lue  of the  
c u r r e n t  dens i ty  before  i n t e r r up t i on ,  an  a p p a r e n t  
capac i tance  was  calculated.  

I ne r t i a  of the osci l lograph pe n  r e n d e r e d  u n r e l i a b l e  
the  vol tages  observed  in the first 100 msec af ter  cu r -  
r en t  i n t e r rup t ion .  Values  at  t > 100 msec were  qui te  
re l iable ,  bu t  since vol tages  were  small ,  and  the  r ead -  
ing e r ror  significant ,  no f irm conclus ions  could be 
d r a w n  f rom these  resul ts .  I t  was  apparen t ,  however ,  
tha t  the  curve  changed  fo rm in  the reg ion  of 200 
msec and  tha t  the  in i t i a l  pa r t  of the curve  was  i n -  
deed a c o n t i n u a t i o n  of the  log E vs. t decay observed 
on the  oscilloscope. The l a t t e r  pa r t  of the  curve  
could be accounted  for qu i t e  wel l  a s  e i ther  a second 
s lower  log E vs. t decay, or as an  E vs. log (t -~ 8) 
decay. The  vol tage  ob ta ined  by  ex t r apo la t ion  of the  
s t ra igh t  l ine  to zero t ime  (hence fo r th  cal led E~ 
and  the ca lcula ted  capaci tances  were  of the  same 
order  for bo th  methods .  
(i i i)  Activation overpotential decay.--After pas-  
s ivat ion,  the  decay curve  was  of a d i f ferent  form:  a 
v e r y  smal l  i n s t a n t a n e o u s  drop was  fo l lowed b y  a 
long ac t iva t ion  o v e r p o t e n t i a l - l i k e  decay [i.e. v cc ]og 
(t  -~ 8) ; see ref. (4) and  (8) ], w i th  no ev idence  of 
the  condense r - l i ke  decay. In  this  respect  the  decay 
was  n o r m a l  for t ha t  fo l lowing  gas d i scharge  a t  an  
electrode.  Thus,  a plot  of the  e x p e r i m e n t a l  va lues  as 

vs. log (t  § ~) p e r m i t t e d  graphica l  s epa ra t ion  of 
the  res is t ive  drop f rom the  ac t iva t ion  ove rpo ten t i a l  
(E~ot~o~) decay. F r o m  the slope of the  l a t t e r  decay 
( - -b ) ,  the  va lue  used for ~, a nd  the c u r r e n t  dens i ty  
before  c u r r e n t  i n t e r rup t ion ,  the  associated doub l e -  
l aye r  capac i tance  was  obta ined .  

Results and Discussion 
Components of ~~ 

Concen t r a t i on  ove rpo ten t i a l  was  no t  cons idered  
~o be a s ignif icant  factor  d e t e r m i n i n g  the  course of 
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the ox ida t ion  reac t ion  p a r t l y  because  a log v vs. t 
r e l a t ionsh ip  for the  decay of a concen t r a t i on  po l a r -  
izat ion would  d e m a n d  tha t  the concen t r a t i on  change  
as log log c vs. t, which  seems most  u n l i k e l y  (10) ;  
and  p a r t l y  because  va lues  for concen t r a t i on  po la r -  
izat ion es t ima ted  by  Glass tone ' s  me thod  [see ref. 
( 9 ) ]  were  found  to be < 1 %  of 7/~ at 20~ in  the  
h igh ly  conduc t ing  a lka l ine  solut ions  u n d e r  s tudy.  

The  ac t iva t ion  o v e r p o t e n t i a l - l i k e  decay at  the ta i l  
of the decay curves  (i.e., b e t w e e n  200 msec a nd  5 
sec) ob t a ined  before  pass iva t ion  was  small ,  no t  v e r y  
reproducib le ,  and  difficult to analyze .  A n  e x t r a p o l a -  
t ion  of E,o~ to zero t ime  gave the  va lue  of E~ 
which  was b e t w e e n  5 and  20 m v  over  all  the  con-  
di t ions  s tudied.  The ta  (~) va lues  and  Tafe l  b va lues  
va r i ed  cons ide rab ly  f rom r u n  to run ,  bu t  wi th  no 
sys temat ic  va r i a t ion :  0.01 < 9 < 0.6 sec; 0.005 < b 

0.013 v per  decade of t ime. Capaci tances  ca lcu-  
la ted  were  a lways  high,  the va lues  r a n g i n g  f rom 10' 
to 10 ~ ~ f d / c m  ~, no t  u n l i k e  those observed  on the  
n icke l  hyd rox ide  e lect rode (5) and  on some dry,  
compound  oxides (7) .  S ince  E~ cons i s t en t ly  p r o -  
v ided  on ly  a smal l  f rac t ion  of the  to ta l  v~ the  va lues  
ob ta ined  need  not  be discussed fu r the r .  As m e n -  
t ioned  a l ready,  a p lo t  of log E a s t  V S .  t ,  ac tua l ly  fa -  
vored  on theore t ica l  g rounds  for ~ < 20 my,  was  also 
l inear ,  and  the  capaci tances  ob ta ined  were  of the  
same order  of m a g n i t u d e  as those ob ta ined  f rom the  
E vs. log ( t  -P B) plot. S imi l a r  h igh va lues  of capaci -  
t ance  at  the  ta i l  end  of decays  of cathodic o v e r p o t e n -  
t ia l  have  been  observed  and  a t t r i b u t e d  to " the  las t  
stages of desorp t ion"  (13).  

Thus  the  m a j o r  por t ion  of the  to ta l  overvol tage  
before  pass iva t ion  is made  up  of a res is t ive  compo-  
n e n t  which  decays i n s t a n t a n e o u s l y  and  a capaci t ive  
componen t  which  decays r ap id ly  and  exponen t i a l ly .  
Since c u r r e n t  m u s t  be car r ied  t h r o u g h  the  u n d e r -  
ly ing  CdO film by  ions, the  res is t ive  pa r t  of the  de-  
cay is a s sumed  to be due  to ionic res i s tance  and  is 
r e fe r red  to as IR~. Because:  (a) G r a h a m e ' s  (4) 
theory  of the capac i tance  of the  e lect r ical  double  
l ayer  predic ts  a l i nea r  log E vs. t p lot  d u r i n g  decay 
if fo rward  and  b a c k w a r d  reac t ions  are of n e a r l y  
equa l  m a g n i t u d e ;  a n d  (b)  in  a n y  case, a l e ak y  con-  
denser  of fixed d imens ions  has this  type  of vol tage  
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Fig. 2. Analysis of exponential part of decay curve; log 
(~I--E~) vs. t. 
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Fig. 3. Analysis of activation overpotential decay after 
possivation; ~1 vs. log (t -~- B). 

decay and  l a te r  in  the  pape r  is cons idered  to be as-  
sociated wi th  the  d o u b l e - l a y e r  in  a p a r t i c u l a r  m a n -  
ne r :  the capaci t ive  pa r t  is r e f e r r ed  to as EDL d u r i n g  
decay or E~ jus t  at  c u r r e n t  i n t e r rup t ion .  F i g u r e  2 
i l lus t ra tes  the  me thod  used to d e t e r m i n e  IR~ and  
E~ f rom a p a r t i c u l a r  decay curve.  

Af te r  pass iva t ion  the  res is t ive  drop was  small ,  
there  was no  ev idence  of a c o n d e n s e r - l i k e  decay, 
a nd  mos t  of 7 ~ was  made  up  of ac t iva t ion  o v e r p o t e n -  
t ia l  E~ associated w i th  oxygen  evolut ion .  The  
smal l  res is t ive  c ompone n t  is though t  to be  due  to 
on ly  fair  e lect ronic  conduc t ion  across the  CdO film 
and  is r e fe r red  to as IR~. F i g u r e  3 i l lus t ra tes  the  sep-  
a r a t i on  of these  two components .  Since the  decay 
curves  of type  (ii i)  fol low the  theore t ica l  p lo t  for 
the  decay of ac t iva t ion  ove rpo ten t i a l  so r igorously ,  
E~ af ter  pass iva t ion  mus t  e i ther  (a)  be v e r y  smal l  
compared  to E ~  or (b)  re fe r  to the  same proc-  
ess and  there fore  be i n sepa rab l e  f rom E~ 

Tab le  I con ta ins  the  resu l t s  of d e t e r m i n a t i o n s  of 
the  va r ious  componen t s  of 7 ~ at  va r ious  t imes  d u r i n g  
two expe r imen t s ,  one in  K O H  a nd  the  o ther  i n  
K~CO~, bo th  at  7.2N. 

Table I. ~o and its components during oxidation 

R e l a t i v e  
t i m e ,  t / t p  IR~, v E~ v C , / ~ f d / c m  2 IRe, V E~ V 77 a, V 

7 . 2 N - K O I - I ,  0 ~  3 . 8 3  m a / e m 2 ;  tp = 2 6  m i n  

0.1 0.1 0.015 2850 - -  - -  0.12 
0.7 0.3 0.047 1500 - -  - -  0.36 
0.9 0.32 0.18 245 - -  - -  0.51 
1.1 - -  - -  54* 0.1 1.7 1.9 

" 8  = 4 m s e c ;  b = 0 . 6 5  v / d e c a d e  o f  t i m e .  

7 . 2 N - K 2 C O s ,  0 ~  3 . 8 3  m a / e m e ;  tp = 22  r a i n  

0.3 0.06 0.04 3600 - -  - -  0.13 
0.6 0.16 0.09 2300 - -  - -  0.25 
0.8 0.38 0.62 333 - -  - -  1.1 
0.9 0.50 0.84 300 - -  - -  1.4 
1.1 - -  - -  126" 0.17 2.0 2.2 

* 0 : 5 m s e c ;  b = 0 . 3 5  v / d e c a d e  o f  t i m e .  
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Fig. 4. Var iat ion of series resistance and capacitance with 
1/f'~ for electrode passivated in 7.2N K2COs, at room tem- 
perature at 1 ma /cm ~. 

F r o m  the  resul ts ,  which  are typ ica l  of ana lyses  of 
c u r r e n t  i n t e r r u p t i o n s  of ox ida t ions  at th ree  t e m -  
pera tures ,  four  concent ra t ions ,  th ree  c u r r e n t  dens i -  
ties, and  for bo th  KOH and  K:CO~, it is a p p a r e n t  t ha t  
the  app rox ima te  descr ip t ion  of the to ta l  ove rpo t en -  
t ia ls  of act ive  (v~  and  passive (v%) c a d m i u m  are  
g iven  by:  

V% : IR~ ~- E%r 

At  the  m o m e n t  of pass iva t ion  t hen  

and  the  p r o b l e m  reduces  to i n t e r p r e t i n g  E,~ and  
f o r m u l a t i n g  a se l f -cons i s ten t  m e c h a n i s m  which  pe r -  
mi t s  the t r ans i t i on  f rom c a d m i u m  oxida t ion  to oxy-  
gen  evo lu t ion  w h e n  pass iva t ion  sets in. Cons ide ra -  
t ion  m u s t  first be g iven  to capac i tance  m e a s u r e -  
ments .  

Capacitance Measurements 
Af ter  Passivation: The pass iva ted  surface (t/tp 
1.0) is the  s imples t  and  wi l l  be cons idered  first. The 
a-c  m e a s u r e m e n t s  m a d e  at 1000 cps d u r i n g  flow of 
oxidiz ing c u r r e n t  gave va lues  36-180 #fd /cm: ;  the  
va lues  were  gene ra l l y  l a rger  the  l a rge r  the c u r r e n t  
dens i ty  used to pass iva te  the  electrode.  Capac i tances  
d e t e r m i n e d  f rom the  decay of ac t iva t ion  ove rpo t en -  
t im  E,r f rom C ~ 2.3 i O/b were  abou t  the  same, 
50-500 ~ f d / c m  ~. Since G r a h a m e  (6) found  tha t  
double  l ayer  capaci tances  on c lean  m e r c u r y  surfaces 

r ange  up  to 40 ~ f d / c m  :, a surface  roughness  factor  
of 1-5 is suggested for CdO u n d e r l a y e r s  af ter  the 
electrodes have  been  pass ivated.  

F r e q u e n c y  dependence  of the  series capac i tance  
Cs a nd  res i s tance  R s associated wi th  the  pass iva ted  
surface  also was  m e a s u r e d  f rom 1000-6000 cps whi le  
c u r r e n t  was flowing. Since R p 2 C p ~  ~ 1, bo th  R~ 
and  C~ should be l i nea r  func t ions  of 1 / f  if the  
e q u i v a l e n t  c i rcui t  for the e lect rode can be expressed  
as a pu re  R a nd  C in  para l le l .  The R vs. l / f :  plot  
(Fig. 4) was  l inear ,  bu t  the  C vs. 1 / f  ~ plot  seems to 
approach  a l im i t i ng  va lue  at  the lower  f requencies .  
Thus  a b n o r m a l l y  h igh capaci tances  at low f re -  
quencies  are no t  indicated.  Randles  (15) f ound  an  
inverse  0.5 power  dependence  of double  l aye r  ca-  
pac i tance  on f r e q u e n c y  f rom 60-1100 cps on c lean  
a m a l g a m  electrodes.  However ,  the f r e q u e n c y  de-  
pendence  of Cs on pass iva ted  c a d m i u m  surfaces  
s tud ied  here  fol lows more  closely an  inve r se  0.28 
power  dependence  ( d e t e r m i n e d  f rom a plot  of log 
Cs vs. log f f rom 1000-6000 cps) and  is no t  i n t e r -  
p r e t ab l e  at present .  This  p rope r ty  needs  f u r t h e r  
s tudy.  
Before Passivation: At t imes  before  pass iva t ion ,  the  
a-c  b r idge  capaci tance  C~ of the  ac t ive ly  oxidiz ing 
me ta l  was essen t ia l ly  cons t an t  t h r o u g h o u t  the  oxi-  
dat ion,  and  on a n y  one spec imen  the  capac i tance  
was the same before  pass iva t ion  as af ter  (Tab le  I I ) .  
Hence  there  seems to be no essent ia l  difference in  the  
composi t ion and  d imens ions  of the  Helmhol tz  double  
l ayer  before  and  af ter  pass iva t ion .  

In  contrast ,  the  capaci tances  ob ta ined  f rom the  
decay of E,~ were  two orders  of m a g n i t u d e  h igher  
t h a n  the  a-c  va lues  ea r ly  in  the  oxidat ion,  b u t  
d ropped  r ap id ly  d u r i n g  the  ox ida t ion  u n t i l  at 0.9 t,, 
t hey  were  w i t h i n  a factor  of two or th ree  of the  a -c  
va lues  (Tab le  I I ) .  [ I t  is reca l led  tha t  these  va lues  
resu l t  f rom the  e x p e r i m e n t a l  fact tha t  the  ea r ly  pa r t  
of the  decay follows a log E vs. t plot,  a decay which  
is far  too rap id  a nd  wi th  too m u c h  c u r v a t u r e  to be  
accoun tab le  in  t e rms  of concen t r a t i on  po la r i za t ion  
in  the  ou te r  film (10) . ]  The  h igh  in i t i a l  va lues  and  
the  rap id  fall  of C as ox ida t ion  proceeds,  the  concur -  
r e n t  r ap id  rise in  pa ra l l e l  res is tance,  a nd  the  resu l t s  
of a-c  capac i tance  m e a s u r e m e n t s  suggest  tha t  the  
sys tem is one wh ich  conta ins  an  i n n e r  or "c rys ta l"  
(16) double  l ayer  s t ruc tu re  in  series w i th  the  n o r -  
ma l  Helmhol tz  double  l ayer :  and  f u r t h e r  tha t  the  
i n n e r  double  l ayer  has r e l a t i ve ly  fixed d imens ions  
and  is capable  of severe po la r iza t ion  [h igh dielectr ic  

Table II. Capacitance of cadmium electrode during oxidation. 7.2N K2CO8, 25~ 

F r o m  d e c a y  c u r v e s  a - c  I m p e d a n c e  b r i d g e  

1000 cps  3000 cps  

t/tp l m a / c m 2  5 m a / c m 2  l m a / c m  2 5 m a / c m  e l m a / c m  2 5 m a / c m  ~ 

C R C R Cs Rs C~ Rs Cs Rs Cs Rs 

0 . . . .  51 2.6 . . . .  56 0.17 
0.01 5400 6.7 . . . . . . . . . .  
0.1 - -  - -  2700 9.7 50 3.3 74 1.7 26 0.83 60 0.45 
0.3 - -  - -  1200 97 50 3.3 . . . . . .  
0.5 500 45 500 227 49 2.9 . . . . . .  
0.9 200 240 - -  - -  49 2.6 71.2 2.0 28 0.76 - -  - -  
1.1 37 - -  46 - -  50 2.5 84 1.7 27 0.70 56 0.38 
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cons t an t  ( 1 2 ) ]  e a r l y  in the  ox ida t ion .  S ince  the  i n -  
ne r  s t r u c t u r e  is in ser ies  wi th ,  and  has  a c a p a c i t a n c e  
l a r g e r  than ,  t he  ou te r ,  i t  is the  l a t t e r  on ly  w h i c h  is 
d e t e c t e d  in t he  a - c  m e a s u r e m e n t s .  The  m o d e l  w h i c h  
has  been  mos t  u se fu l  in d e s c r i b i n g  q u a l i t a t i v e l y  the  
e x p e r i m e n t a l  r e su l t s  is s h o w n  in Fig .  5, and  a b r i e f  
d e s c r i p t i o n  of a poss ib l e  m e c h a n i s m  of ox ida t ion ,  
b a s e d  on th is  model ,  fo l lows :  

F o l l o w i n g  r e d u c t i o n  p r i o r  to t he  o x i d a t i o n  e x p e r i -  
men t ,  the  c a d m i u m  m e t a l  has  a d o u b l e  l a y e r  due  to 
a d s o r b e d  OH- ions. W i t h  the  first  pa s sage  of cu r r en t ,  
OH- is a c t i v a t e d  b y  r e m o v a l  of H § (i.e., OH--> O= 4- 
H +) and  a c a d m i u m  ion in an  ac t ive  s i te  loses i ts  
e l ec t rons  a n d  fo rms  a CdO " m o l e c u l e "  a t t a c h e d  to 
t he  sur face .  Th is  p rocess  con t inues  un t i l  a m o n o l a y e r  
is bu i l t  up,  a f t e r  w h i c h  c a d m i u m  ions p e n e t r a t e  
t h r o u g h  the  CdO l a y e r  to the  o x i d e - e l e c t r o l y t e  i n -  
t e r f ace  w h e r e  t he  f i l m - f o r m a t i o n  r e a c t i o n  t a k e s  
p lace .  The  H e l m h o l t z  doub le  l a y e r  t hen  ex is t s  a t  
t he  o x i d e - e l e c t r o l y t e  in te r face .  As  the  f i lm th i ckens ,  
a f t e r  a c t i v a t i o n  ox ide  ions  a re  in  the  ox ide  film, i.e., 
chemiso rbed ,  f o r m i n g  w i t h  the  a d s o r b e d  OH- an  in -  
n e r  or  c r y s t a l  doub le  l aye r .  W h e n  the  f i lm is th in ,  
c a p a c i t a n c e  is h igh  because  p o l a r i z a t i o n  of O= is 
high.  As  the  f i lm g rows  th icke r ,  and  O= ions diffuse 
in to  t h e  film, t he  f ield s t r e n g t h  ( v / c m )  across  t he  
c r y s t a l  doub le  l a y e r  d rops ,  the  d i e l ec t r i c  c o n s t a n t  
decreases ,  and  the  c a p a c i t a n c e  drops .  The  m o d e l  
sugges t s  t h a t  e a r l y  in the  o x i d a t i o n  the  s lowes t  s t ep  
is ac t i va t ion ;  as f i lm th ickens ,  t r a n s p o r t  of ions  
across  t he  f i lm becomes  e q u a l l y  s l o w f  M e a n w h i l e  
the  conve r s ion  r e a c t i o n  of CdO t h r o u g h  so lub le  c o m -  
p l e x  to C d ( O H ) 2  or  CdCO~ p roceeds  at  t he  ox ide  
e l e c t r o l y t e  in te r face ,  g r a d u a l l y  b u i l d i n g  up  an  o u t e r  
film, loose ly  a d h e r e n t  a n d  porous .  The  a c t i v i t y  of 
OH- is h igh  enough  t h a t  t he  r a t e  of conve r s ion  is 
n e v e r  t r a n s p o r t  c o n t r o l l e d  b y  ions  in  so lu t ion .  

This  m o d e l  accounts  for  the  fac t  t h a t  the  i m p e d -  
ance  b r i d g e  m e t h o d s  m e a s u r e  t he  s m a l l e r  of t h e  two  
capac i t ances  in series,  in th is  case  the  o u t e r  d o u b l e  
layer .  I n t e r r u p t i o n  of t he  ox id iz ing  c u r r e n t  g ives  a 
d e c a y  of o v e r p o t e n t i a l  of w h i c h  the  chief  c o m p o -  
nen t  is the  v o l t a g e  across  t h e  i n n e r  doub le  l aye r ,  
whose  cha rge  l e a k s  a w a y  e x p o n e n t i a l l y  w i t h  t ime  
because  of t he  f ixed d imens ions .  

e Th i s  p o i n t  n o w  seems to h a v e  b e e n  p r o v e n  b y  Crof t  (17). 

02,, ~ oH;~, ~ . . . . - . . - ' ~ d o u b l e  foyer 

T _ K § 
/R, \ , ' o~., / o~ 

�9 - I ~ . . - ~ ' ~ ( ] n n e r  Helrnhol tz ] 171 double lover 

I I 
o . 2 '  

Egc,, "1 1 

/ : l ."  

. . . . .  

C d  C d O  porous Conversion �9 
P r o d u c t  

Fi 9. 5. Model of oxidiz ing electrode. 
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Table Ill. Rate of change of T} ~ and its components 
with experimental variables 

d/dt 
d/dl d/dc d/dT t <tp t >tp 

~ 4- -- -- + + small 

R~ 4- -- -- + -- 

R o U U -- NM -- small 

E ~ 0 -- -- -5 NM 

C~ 0 0 -- -- 0 

E ~ 0 N M  U U NM 
E ~ 4- -- 4- NM -5 small 

E~ * 4- -- -- 0 0 

I, c u r r e n t  d e n s i t y ;  T, t e m p e r a t u r e ;  e, c o n c e n t r a t i o n  of  K O H  or  
K2CO3; t, t i m e ;  U, u n k n o w n ;  NM, no t  m e a s u r a b l e ;  + ,  pos i t i ve ;  -- ,  
n e g a t i v e ;  a n d  0, ni l .  

* Ra te s  of c h a n g e  a s sumed ,  no t  m e a s u r e d .  

T o w a r d  t~ t he  su r f ace  cha rge  of OH-, w h i c h  is 
c u r r e n t  d e p e n d e n t ,  d rops  off because  the  f i lm of con-  
ve r s i on  p r o d u c t  closes ove r  n e a r  t he  CdO surface ,  
s lows d o w n  the  escape  of c o m p l e x  t h r o u g h  the  i n n e r  
H e l m h o l t z  d o u b l e  l aye r ,  and  thus  i n t r o d u c e s  a b a r -  
r i e r  to OH- adso rp t ion .  The  cha rge  s e p a r a t i o n  across  
the  i n n e r  d o u b l e  l a y e r  i nc reases  r a p i d l y  u n t i l  the  
field s t r e n g t h  becomes  h igh  e n o u g h  to r e m o v e  e lec -  
t rons  f r o m  OH- to p r o d u c e  OH and  u l t i m a t e l y  O2. 

The  m o d e l  sugges t s  f u r t h e r  t h a t  be fo re  p a s s i v a t i o n  
E~,. decays  b y  Cd ++ 4- O= -> CdO, or  b y  H § 4- O- -> OH- 
a t  the  O= si te  (i.e., w i t h o u t  c h a n g e  of d i m e n s i o n s )  
a t  a r a t e  w h i c h  d e p e n d s  on the  first  p o w e r  of t he  
c o n c e n t r a t i o n  of O=; th is  l eads  d i r e c t l y  to the  log E 
vs. t b e h a v i o r  o b s e r v e d  d u r i n g  decay .  A f t e r  p a s s i v a -  
t ion,  t h e  d e c a y  is e s s e n t i a l l y  t h a t  of a d s o r b e d  OH 
a n d / o r  O, s i m i l a r  to o x y g e n  o v e r p o t e n t i a l  d e c a y  on 
a nob le  m e t a l  sur face ,  w h e r e  c o m p l i c a t i n g  f i lms a r e  
absen t .  

Results of Changing Experimental Conditions 

Before passivation: T a b l e  I I I  is a s u m m a r y  of  t r e n d s  
o b s e r v e d  f r o m  t h e  r e su l t s  of d e t e r m i n a t i o n  of t he  
c o m p o n e n t s  of o v e r p o t e n t i a l  as a func t ion  of c u r r e n t  
dens i ty ,  e l e c t r o l y t e  concen t r a t ion ,  t e m p e r a t u r e ,  and  
o x i d a t i o n  t ime .  D e t a i l e d  e x a m i n a t i o n  of th is  t a b l e  
w i l l  r e v e a l  t h a t  the  q u a l i t a t i v e  fac ts  c o n t a i n e d  a re  
cons i s t en t  w i t h  the  m o d e l  p roposed .  A l t h o u g h  the  
de t a i l s  of the  r e su l t s  need  no t  be  d i scussed  here ,  i t  is 
u se fu l  to  e x a m i n e  t h e  changes  w i t h  e x p e r i m e n t a l  
cond i t ions  of t h e  m a j o r  c o m p o n e n t s  i n v o l v e d  in  t he  
pass iva t ion ,  viz., E~ IR~, and  E~ Thus  Fig.  6a 
and  6b show h o w  E ~  and  IR~ b u i l d  up  as  o x i d a t i o n  
p roceeds  t o w a r d  tp in K O H  and  K~CO~. F i g u r e  7 
shows  how E~ va r i e s  w i t h  t i m e  w i t h  i nc r ea s ing  
c o n c e n t r a t i o n  of KOH.  The  v a l u e  of E~ r e m a i n s  
low u n t i l  t a p p r o a c h e s  t ,  and  t hen  c l imbs  r a p i d l y .  
I t  is t hus  th is  c o m p o n e n t  w h i c h  is r e s p o n s i b l e  for  
t h e  i nc r ea sed  p o t e n t i a l  w h i c h  u l t i m a t e l y  l i b e r a t e s  
oxygen .  A t  h igh  K O H  concen t r a t i ons  t he  r a t e  of t he  
c onve r s ion  r e a c t i o n  is h ighe r ,  a n d  the  su r f a c e  c h a r g e  
d e n s i t y  of OH- r e m a i n s  h igh  longe r ;  h e n c e  E ~  has  
a l o w e r  v a l u e  in t he  h i g h e r  K O H  c o n c e n t r a t i o n s  for  
the  s ame  n u m b e r  of coulombs passed .  The  fac t  t h a t  
dE~ is zero  is f u r t h e r  s u p p o r t  t h a t  E~ is no t  
a c o m m o n  po l a r i za t i on .  
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Fig. 6a. Var iat ion of IRt and E~ with t ime, 7.2N KOH, 
0~ 3.83 ma /cm s. 
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Fig. 7. E~ VS. t ime for three concentrations of KOH, 
25~ 7.66 m a / c m  ~. 
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Fig. 6b. Var ia t ion of IRl and EODL wi th time, 7.2N 
K~CO,~,0~ 3.83 ma/cm-". 

After  Passivation: Afte r  the  e lectrodes  have  pas -  
s ivated,  it is possible  to s tudy  proper t ies  of the oxide 
film in  a s t eady- s t a t e  condi t ion  and  to compare  films 
fo rmed  u n d e r  di f ferent  c i rcumstances .  A plot  of 
E~ vs. log I for an  electrode pass iva ted  at  0.5 
m a / c m  -~ in  7 .2N-KOH at 25~ was  l inear ,  w i th  a 
slope b = 0.15----0.01 v. This  va lue  is close to the  
va lue  of 0.12 expected  (11) for a reac t ion  in  wh ich  
discharge  of h y d r o x y l  ions to radica ls  is ra te  de t e r -  
min ing .  In  Fig. 8 are  shown the resul t s  of m e a s u r e -  
m e n t s  of E~ al l  the  poin ts  h a v i n g  been  de t e r -  
m ined  i n d e p e n d e n t l y :  i.e., on d i f ferent  electrodes,  
on films which  were  fo rmed  at  d i f ferent  c u r r e n t  
densit ies,  and  in  bo th  KOH and  mixed  KOH-K~CO~ 
electrolytes.  I n  t e rms  of the  di f ferent  surface  r o u g h -  
ness  factors of the u n d e r l y i n g  CdO films fo rmed  
u n d e r  such a wide  r ange  of condit ions,  the g roup ing  
a round  the l ine  of slope 0.15 is r emarkab l e .  

The  b va lues  ob ta ined  ind i r ec t ly  f rom the slopes 
of the decay curves,  however ,  were  2-3 t imes l a rge r  
(Tab le  IV) t h a n  the  va lues  ob ta ined  d i rec t ly  by  
c u r r e n t  dens i ty  va r i a t i on ;  tha t  is, the  decay was  2-3 
t imes  more  rap id  t h a n  was  expected.  It  is suggested  
tha t  the  reason  for this  is that ,  in  con t ras t  w i th  cu r -  
r e n t  v a r i a t i o n  expe r imen t s  in  which  the  u n d e r l y i n g  
film of CdO is in  a s t eady- s t a t e  condi t ion,  d u r i n g  
vol tage  decay e x p e r i m e n t s  ( fo l lowing c u r r e n t  i n t e r -  
r u p t i o n )  the  convers ion  reac t ion  proceeds u n c h e c k e d  
at  an  apprec iab le  r a t e  [~0 .3  m a / c m  ~ in i t ia l ly ,  see 
Fig. 5 of Ref. (1 ) ] .  Thus  the CdO layer  is be ing  
e tched away  d u r i n g  the  decay and  carr ies  w i t h  i t  
the  i n n e r  double  layer .  This  chemica l  a t tack  supp le -  

| | 

2.0 

, 9  

%- . o  o" 
18 " "  

! i l I 

s ~ 

o ~ " |  
OK~L /  
x / ~ , g K O H  

2 ~ 8 K O H  
n 51~COdSKO H 

' ' 2 ' o '  0.2 10 
CURRENT DENSITY r t) 

Fig. 8. ~1 ~ vs. log I for electrodes passivated and evolving 
oxygen in KOH and KeCOs-KOH mixtures at various current 
densities, 25~ Each point represents a separate oxidation 
experiment;  TI ~ ~ E~ 

me n t s  the n o r m a l  ove rpo ten t i a l  decay and  increases  
the  b va lue  observed.  Fu r the r ,  s ince the  complex ing  
reac t ion  is in  compe t i t ion  for OH- w i t h  the  oxygen  
discharge  react ion,  the  g rea te r  the  s t ab i l i ty  of the  
complex  the g rea te r  its ab i l i ty  to decrease  the  su r -  
face ac t iv i ty  of OH- and  hence  to increase  the  po t en -  
t ia l  drop across the i n n e r  double  layer.  The  facts tha t  
the b's f rom decays in  ca rbona te  ge ne r a l l y  are 
l a rge r  t h a n  in  caust ic  and  a re  l a rger  at lower  t e m -  
p e r a t u r e  suppor t  this  view, and  suppor t  the  f u r t h e r  

Table IV. "b" values determined* from decay curves 
after passivatian 

C u r r e n t  d e n s i t y ,  
Cone.  (N) T,  ~ rna / cm2  b 

KOH 14.4 25 7.66 ma 0.34 
7.2 25 7.66 0.44 
7.2 25 3.83 0.28, 0.27 
3.6 25 7.66 0.29 
3.6 25 3.83 0.44 
7.2 0 7.66 0.36 
7.2 0 1.53 0.31 
7.2 --20 1.53 0.58 

K~CO~ 7.2 25 3.83 0.35, 0.27 
7.2 25 1.53 0.34 
7.2 0 7.66 0.54 
7.2 0 3.83 0.55, 0.50 
7.2 0 1.53 0.52, 0.50 

E~ ) 
* - -  - - b [ R e f .  ( 8 ) ] .  

8 l og  t 
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Fig. 9. Freundlich isotherm plot of log ~1 ~ vs. log activity, 
adsorption of OH- being assumed to be rate controlling; 
1~ ~ E ~ a e t ( O 2 ) .  

not ion  tha t  E~ rises r ap id ly  at  pass iva t ion  for the  
s imple  reason  tha t  the  ra te  of absorp t ion  of OH- 
th rough  the  double  l aye r  is r educed  by  the  p resence  
of the  complex;  in  other  words,  the  CdO surface  be -  
comes poisoned by  reac t ion  p roduc t  which  competes  
for act ive  sites w i th  r eac t an t  OH-. The effect of 
poisoning  should  be less the  h igher  the  ac t iv i ty  of 
OH-, and  g rea te r  the  h igher  the ac t iv i ty  of ca rbona t e  
ion. F igu re  9 shows va lues  of E~ m e a s u r e d  as 
func t i on  of concen t r a t i on  of OH- and  CO/ ,  and  
p lo t ted  as a F r e u n d l i c h  adsorp t ion  isotherm.  The  
t r ends  are as suggested and  suppor t  the proposed 
mechan i sm.  The  large  (500 m v / f a c t o r  of t en  change  
in  concen t r a t i on )  nega t ive  va lue  of d~/d log ao~- is 
ve ry  difficult to exp la in  on the  basis  of ac t iva t ion  
theory,  which  predicts  a va lue  of zero (11).  

F u r t h e r ,  the  fact  tha t  the  b va lue  of 0.15 is 25% 
higher  t h a n  tha t  p red ic ted  for a one -e l ec t ron  dis-  
charge reac t ion  suppor ts  the sugges t ion  of i nh ib i t i on  
by  reac t ion  products .  The h igher  the  c u r r e n t  dens i ty  
at  which  the  pass iva ted  e lect rode is be ing  anodized,  
the  g rea te r  the  surface  concen t r a t i on  of s t i l l - so rbed  
complex.  The role of adsorp t ion  ind ica ted  by  the  
e lec t rochemica l  behav io r  observed  needs  f u r t h e r  
examina t ion .  

Summary 
The two equa t ions  ~~ ---- IR~ Jr E%~ and  ~% ~IR~ 

~-E%~(o~ a d e q u a t e l y  descr ibe  the composi t ion of 
overpo ten t i a l  w h e n  the  electrode is act ive an d  pas -  
s ivated respect ively .  In  the  t e r m  E%L are  inc luded  
the vo l tage  across the  n o r m a l  Helmhol tz  double  
layer ,  as wel l  as tha t  across a second i n n e r  or c rys ta l  
double  l aye r  a t  the  ou te r  edge of the  film, a charge 
separa t ion  which  can bu i ld  up  to h igh  vol tages  and  
decay r ap id ly  in  the  m a n n e r  of a condenser .  

The re la t ive  sizes of the  componen t s  m a k i n g  up  
the to ta l  ove rpo ten t i a l  are  cont ro l led  by  expe r i -  
m e n t a l  condi t ions.  I t  is u l t i m a t e l y  the  " i n n e r "  double  
l ayer  and  the field s t r eng th  across it which  de t e r -  
m i n e  w h e n  v~ = v% and  the e lect rode goes f rom 
the act ive to the pass iva ted  state. 

A m e c h a n i s m  which  accounts  qua l i t a t i ve ly  for the  
e x p e r i m e n t a l  resul t s  is proposed and  discussed. 
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SYMBOLS 

1. n - - t o t a l  overpotential  at any time, meas-  
ured against Cd/Cd(OH)~ reference. 

2. ~] ~ - -  total overpotential  just  at cur ren t  in te r -  
ruption. 

3. ~] ~ A, ,] o r - - t o t a l  overpotential  while current  is 
flowing: electrode active (A),  passiva- 
ted (P).  

4. E~ - - v o l t a g e  to which exponent ial  part  of 
overpotential  has dropped after " in-  
finite" t ime (~100 msec). 

5. E a e t  - - v a l u e  of logarithmic par t  of overpoten-  
tial when  t ~ tp (metal  being oxidized). 

E~ - - v a l u e  of Ea~ just  at cur rent  in te r rup-  
tion. 

6. Eaet(o2) - - v a l u e  of logarithmic part  of overpo.ten- 
tial when  t ~ tv (oxygen being evolved).  

E~ - - o x y g e n  activation overpotent ial  value 
of ~]~ -- IRe. 

7. EvL - -  (0 -- E~) -- E .... 
E%L - -  value of EoL just  at cur rent  interrupt ion.  

8. IR~ - - i o n i c  resistance drop ~l~ --  E~ 
9. IR~ - - e l e c t r o n i c  resistance drop ~l*e-  E~ 

10. E~ - -  concentrat ion polarization. 
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ABSTRACT 

The format ion of Ag.~O and AgO was studied by means of constant  current  
and constant  potential  processes. The efficiency of these oxide formations was 
determined by measur ing the gain in weight of Ag electrodes under  various 
conditions of charge, and the extent  of the polarization of these processes was 
measured by using an in ter rupted  current  technique. 

The e lect rolyt ic  behav io r  of s i lver  in  a lka l ine  so- 
lu t ions  has been  s tudied,  bu t  d iverse  op in ions  have  
been  expressed  as to the  react ions  t ak ing  place. 
L u t h e r  and  P o k o r n y  (1) p la ted  s i lver  on p la t in i zed  
p l a t i n u m  and  observed  its behav io r  in  IN NaOH so- 
lu t ions .  They  ob ta ined  the  typica l  anodic  (Fig. 1) 
and  cathodic curves.  They  considered  the  first step 
of the  anodic  curve  to cor respond to the  q u a n t i t a t i v e  
and  revers ib le  change  of Ag to Ag~O, and  the second 
to cor respond to the  q u a n t i t a t i v e  and  revers ib le  
change  of Ag~O to AgO. A l though  they  had  ev idence  
tha t  a h igher  oxide, pe rhaps  Ag~O3, was s tab le  in  
a lka l ine  solut ion,  they  could not  p roduce  it by  oxi-  
da t ion  of AgO in  the NaOH solution.  Ins tead,  a t h i r d  
stage of the anodic  curve  cor responded  to the evo lu -  
t ion  of oxygen.  

Denison  (2) worked  wi th  a sys tem more  n e a r l y  
r e s e m b l i n g  a ba t te ry .  His electrodes were  made  by  
pas t ing  Ag~O on a p l a t i n u m  gauze and  r educ ing  it  
to Ag. The e lec t ro ly te  was  a 25% KOH solution.  He 
m e a s u r e d  changes  in  we igh t  of the  electrode d u r i n g  
anodic  and  cathodic processes. His resul ts  showed 
tha t  by  decreas ing  the  c u r r e n t  dens i ty  a g rea te r  
a m o u n t  of we igh t  was  ga ined  by  the electrode,  b u t  
he n e v e r  qu i te  ob ta ined  comple te  convers ion  to AgO. 
The  anodic  p o t e n t i a l - t i m e  curves  occas iona l lyshowed  
peaks  b u t  these were  no t  in te rp re ted .  These curves  
also showed tha t  the second stage was  longer  t h a n  
the  first. F u r t h e r m o r e ,  his final p roduc t  a lways  
showed the presence  of si lver,  i nd i ca t ing  tha t  the  
anodic  process was  no t  comple te ly  efficient. 

Hick l ing  and  Tay lor  (3) s tudied  an  e lect rode 
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m i n u t e s  

Fig. 1. Charging curve for silver in 15% KOH at room 
temperature, with a current density of S ma/cm s. 

made  by  p la t ing  s i lver  on a p l a t i n u m  wire .  The elec-  
t ro ly te  was  1N NaOH and  the  resul t s  were  recorded 
osci l lographical ly .  They  f ound  the  second stage to 
be r e l a t ive ly  shor t  and  i n t e r p r e t e d  it  as due to the 
f o r ma t i on  of Ag~O~ which  then,  be ing  uns tab le ,  de-  
composed to fo rm AgO. 

More recen t ly  Jones,  et al. (4) m a d e  a s imi la r  
s tudy  of s i lver  wi re  electrodes in  1N K O H  solut ions.  
They  considered  the  second stage to be an  inefficient 
one in  which  both  ox ida t ion  of Ag~O and  evo lu t ion  
of oxygen  occurred.  F u r t h e r ,  t hey  gave ev idence  for 
the fo rma t ion  of Ag~O3 b u t  on ly  in  smal l  a moun t s  
and  af ter  comple t ion  of the second stage. 

The  work  repor ted  here is an  a t t e m p t  to resolve  
these differences wi th  respect  to the  ox ida t ion  proc-  
esses and  to suggest  a m e c h a n i s m  for them.  

Experimental 
The electrodes were  sub jec ted  to th ree  k inds  of 

t r ea tmen t .  In  the  first of these, the  electrodes were  
charged at  cons tan t  potent ia l .  The  charg ing  c i rcui t  
is shown  in  Fig. 2. C is a 1.5-v source, F is a 100-ohm 
Hel ipot  res is tor  f rom which  a cont ro l led  vol tage  can 
be appl ied  to the  electrodes.  In  this  w a y  e lect rode B, 
the w or k i ng  electrode,  can be kept  at  a defini te  po-  
t en t i a l  above electrodes A. These la t te r  e lectrodes 
were  compara t i ve ly  la rge  electrodes  made  b y  pas t -  
ing Ag~O on s i lver  screen. E has a res i s tance  of 
25,000 ohms so tha t  the  loss t h r ough  this  resis tor  is 
not  large. D is a prec is ion  resis tor  of. abou t  1 ohm 
which  was  used in  r ecord ing  the  c u r r e n t  passed  
t h r ough  the system. A l t h o u g h  this  work  was ac tua l ly  
car r ied  out at cons tan t  cell po tent ia l ,  yet, because  of 
the  low c u r r e n t  dens i ty  a nd  r e l a t ive ly  la rge  a m o u n t  
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Fig. 2. Schematic diagram for constant-potential charging. 
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of m a t e r i a l  on electrodes A, the process in  effect was  
a cons t an t  e lectrode po t en t i a l  one. 

The  electrodes were  also sub jec ted  to a cons t an t  
c u r r e n t  oxidat ion.  This  c i rcui t  consis ted of a h igh  
vol tage  source fed t h rough  a va r i ab l e  res is tor  and  
cont ro l led  by  means  of a Wes ton  Model  534 d-c  cu r -  
r e n t  re lay.  In  ca r ry ing  out  these r u n s  th ree  c u r r e n t s  
were  used:  1, 5, and  l0  ma. The rea l  c u r r e n t  dens i -  
ties are u n k n o w n  since the  ac tua l  surface  area  of 
the  s i lver  electrodes was  not  measured .  Fou r  differ-  
en t  e lec t ro ly te  concen t ra t ions  were  used:  8, 21, 28, 
and  42 % KOH. 

The th i rd  type  of t r e a t m e n t  i nvo lved  the use  of 
i n t e r r u p t e d  c u r r e n t  w i th  s i lver  wi re  electrodes.  This  
t echn ique  and  procedure  have  a l r eady  been  de-  
scr ibed (5) .  

F o r  the  first two methods  of oxidat ion,  the  w o r k -  
ing electrodes were  m a d e  by  pas t ing  a smal l  a m o u n t  
of Ag~O on a p l a t i n u m  screen. The area  of the  screen  
covered by  the  Ag~O was abou t  2 cm ~ so tha t  the  
to ta l  a rea  exposed to the  so lu t ion  was  abou t  4 cm -~. 
The  Ag~O was t h e n  reduced  to Ag by  hea t ing  at 
abou t  500~ for 15-30 sec. This e lect rode was placed 
b e t w e e n  the  two l a rge r  (2.5 cm ~) e lectrodes  A. The  
3 electrodes were  placed in  a po ly s ty r ene  cell case 
which  he ld  abou t  35 m l  of electrolyte .  Unless  o ther -  
wise indicated,  all  r u n s  were  made  at  room t e m p e r a -  
ture.  

Af te r  an  electrode had  been  charged,  it  was  
soaked in  d is t i l led  wa t e r  for at  least  8 hr, t hen  it  was  
dr ied  in  a s t r eam of pur i f ied n i t r o g e n  at  room t e m -  
pera tu re ,  and  f inal ly  p laced  in  a desiccator  for at  
least  24 hr. Al l  these opera t ions  were  car r ied  out  in  
the  absence  of l ight.  Af te r  this  the  e lect rode was  
weighed  and  the  ga in  in  we igh t  was cons idered  to be 
due  to oxygen  which  had  combined  wi th  the  silver.  

In  the  c o n s t a n t - c u r r e n t  process the  charg ing  was  
con t inued  u n t i l  the vol tage  reached  a ce r ta in  p r e -  
d e t e r m i n e d  value.  In  the c o n s t a n t - p o t e n t i a l  process 
the  cha rg ing  was con t inued  u n t i l  the c u r r e n t  
d ropped  to n e a r l y  zero or un t i l  48 hr  had  elapsed, 
wh icheve r  occurred  first. 

Al l  vol tages  are expressed w i th  re fe rence  to the  
Ag-Ag~O po ten t i a l  in  a lka l ine  solut ion.  

Resu l ts  

Ag to Ag~O.- - In  the  cons tan t  c u r r e n t  processes the  
s i lver  electrodes were  oxidized un t i l  the  vol tage  was  
0.2 v. The electrode was  t h e n  removed,  dried,  a nd  
weighed.  U n d e r  all  the  condi t ions  s tudied,  the  t r a n s -  
fo rma t ion  of Ag to Ag20 took place at  a po ten t i a l  of 
abou t  50 to 100 my.  A t  the  h ighes t  c u r r e n t  densi t ies  
v e r y  l i t t le  of this t r a n s f o r m a t i o n  took p lace  in  the  
lower  e lec t ro ly te  concent ra t ions .  In  no case was  the  
Ag comple te ly  conver t ed  to Ag~O, even  though  the  
c u r r e n t  efficiencies ( n u m b e r  of F a r a d a y s  needed  to 
produce  the  o x y g e n / n u m b e r  of F a r a d a y s  ac tua l ly  
used)  were  in  the  v i c in i ty  of 100%. The per  cent  
convers ion  was  u s u a l l y  less t h a n  60%. The ac tua l  
va lues  wi l l  depend  to some ex t en t  on such factors  
as the  dens i ty  of the  si lver.  

In  genera l ,  Ag~O was p roduced  on the  surface  of 
the w o r k i n g  electrode.  Its p resence  was verif ied 
by  x - r a y  ana lys i s  and  by  emf m e a s u r e m e n t s  be -  

OXIDATION OF THE SILVER ELECTRODE 921 

t w e e n  the  w o r k i n g  electrode and  the Ag-Ag,O elec-  
trodes.  I t  appears  t h e n  tha t  the  Ag at  the  e lec t rode-  
e lec t ro ly te  in te r face  is conver t ed  to Ag~O, a nd  w h e n  
this  has been  comple ted  the  vol tage  increases  ab -  
r u p t l y  a nd  ano the r  process takes  place ox ida t ion  to 
AgO. The  l aye r  of Ag~O produced  on the  Ag u n -  
d o u b t e d l y  increases  the e lectr ical  res i s tance  of the 
e lect rode (5) .  

There  is ev idence  tha t  this  e lect r ical  res i s tance  of 
Ag20 does l imi t  the electrode process. A n  elect rode 
s imi la r  to those used in  this  work  was  p r epa red  us -  
ing a gr id  of s i lver  screen r a the r  t h a n  of p l a t i num.  
W h e n  this  e lect rode was  t r ea ted  anod ica l ly  in  20% 
KOH for some time at the lowest current density 
used in this work, the voltage rose to the higher 
level (about 0.35 v) after several days of treatment. 
Yet when this electrode was removed the surface 
appeared to be unattacked. It still had the appear- 
ance of reduced silver. However, on this material it 
was found that the active material next to the grid 
had  been  oxidized and  tha t  f o r ma t i on  of Ag~O 
seemed to proceed f rom the  gr id  ou tward .  This, of 
course, offered res i s tance  to the  flow of c u r r e n t  f rom 
the gr id  to the  sur face  of the  ac t ive  m a t e r i a l  and,  
a l though  the re  was  p l e n t y  of unox id ized  Ag at the 
e l ec t rode - so lu t ion  interface,  the  vol tage  rose to the 
level  co r respond ing  to the t r a n s f o r m a t i o n  of Ag~O to 
AgO. 

A n o t h e r  e lect rode was  p repa red  by  pas t ing  a 
p l a t i n u m  screen w i th  Ag~O. W h e n  this was oxidized 
(w i thou t  be ing  reduced  first) AgO was fo rmed  and,  
again,  it  was  fo rmed  at the gr id  r a the r  t h a n  at the  
e l ec t rode-so lu t ion  interface.  Thus  the  res is tance  of 
the Ag~O seemed to make  it easier  for AgO to fo rm 
at  the  gr id  w h e r e  the a m o u n t  of e lec t ro ly te  was  
smal l  r a the r  t h a n  at the  electrode surface  where  
there  was  p l e n t y  of electrolyte .  

In  the  cons tan t  po ten t i a l  processes Ag~O was the  
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Fig. 3. Weight change for Ag electrode during constant- 
potential charge for 24 hr in KOH solutions at room tem- 
perature: (a) 23% KOH; (b) 20% KOH; (c) 42% KOH; 
(d) 8% KOH; (e) 23% KOH. Ag grid for (e), Pt grid for 
others. 
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produc t  at po ten t ia l s  be low 0.3 v. I n  genera l ,  the  
convers ion  of Ag to Ag~O took place w i th  a c u r r e n t  
efficiency of abou t  100%. The  process appears  to be 
a q u a n t i t a t i v e  one bu t  again,  as wi th  the cons t an t  
c u r r e n t  method ,  the  Ag was  no t  comple te ly  con-  
ve r t ed  to Ag~O. The m a x i m u m  convers ion,  abou t  
80%, took place in  28% KOH. 

In  ca r ry ing  out  this  cons tan t  po ten t i a l  work  it  was 
found  tha t  on occasion an  electrode lost r a the r  t h a n  
ga ined  weigh t  (6) .  To inves t iga te  this  fu r the r ,  a 
series of expe r imen t s  was  car r ied  out  in  which  sev-  
era l  e lectrodes  were  charged  at  cons tan t  po ten t i a l  
for 24 hr, t h e n  dr ied  and  weighed.  Each e lec t rode  
was t hen  charged  fu r the r ,  w i thou t  be ing  reduced,  at  
a po ten t i a l  50 m v  h igher  for 24 hr,  and  aga in  
weighed.  This  was  repea ted  for severa l  such inc re -  
men t s  of vol tage  increase.  The resul t s  of the we igh t  
changes  are shown  on Fig. 3. I t  is no ted  tha t  at  po-  
ten t ia l s  u n d e r  0.30 v the  Ag was  no t  comple te ly  
conver t ed  to Ag~O. F u r t h e r m o r e ,  at po ten t i a l s  above 
0.10 v there  appears  to be  a loss in  weight .  This,  
however ,  can be t raced  to a loss of Ag f rom the e lec-  
trode.  Such a loss was  observed  in  each case and  was 
of the  p roper  m a g n i t u d e  to account  for the  decrease 
no ted  in  oxygen  con ten t  of the Ag~O. As the  e lec-  
t rode is he ld  at  a g iven  po ten t i a l  some of the  Ag~O 
a p p a r e n t l y  is dissolved f rom the  electrode.  However ,  
the  resul t s  show also tha t  once the  in i t i a l  f i lm of 
Ag20 is formed,  ra i s ing  the  po ten t i a l  produces  no 
f u r t h e r  ox ida t ion  u n t i l  the  ox ida t ion  of Ag~O to AgO 
takes  place at po ten t ia l s  above 0.30 v. This  is also 
no ted  on Fig. 4 where  the c u r r e n t  accepted by  the  
electrode is p rac t ica l ly  zero at po ten t ia l s  above 0.10 
v. In  Fig. 4 each curve  represen t s  the c u r r e n t  d u r i n g  
the series of cons tan t  po ten t i a l  charges  r e fe r red  to 
above and  on Fig. 3. The p l a t i n u m  grid is no t  r e -  
sponsible  for this  loss in  weight .  A n  electrode h a v i n g  
a s i lver  gr id  shows the same behavior ,  Fig. 3, cu rve  e. 

The resul t s  here tofore  ob ta ined  show tha t  the  
e lec t rochemica l  ox ida t ion  of Ag to Ag20 is an effi- 
c ient  one. I t  is the  on ly  one t ak ing  place u n d e r  the  
condi t ions  ou t l ined  above.  However ,  the above re -  
sul ts  were  ob ta ined  by  us ing  Ag pas ted  on a p l a t i -  
n u m  screen grid. I t  is possible  t ha t  the  p resence  of 
the  p l a t i n u m  m a y  modi fy  this  process. To check on 

this, some commerc ia l  Ag electrodes were  t rea ted  
anod ica l ly  u n d e r  var ious  condi t ions .  These elec-  
t rodes  were  abou t  4 cm squa re  a nd  con ta ined  on an  
ave rage  abou t  6.2 g of Ag. These  were  t r ea t ed  at  40 
a nd  200 ma. Typica l  v o l t a g e - t i m e  curves  were  ob-  
ta ined.  To change  all the Ag in  these electrodes to 
Ag~O would  r equ i re  abou t  1.5 a m p - h r .  Us ing  the  
c u r r e n t  rates  m e n t i o n e d  above,  and  K O H  concen-  
t r a t ions  r a n g i n g  f rom 8 to 40%, on ly  0.24 to 0.64 
a m p - h r  were  used to oxidize the  Ag to Ag~O. Af te r  
this the vol tage increased  a nd  the  t r a n s f o r m a t i o n  to 
AgO took place. Here  aga in  the fo rma t ion  of Ag~O 
was incomple te ,  on ly  abou t  20 to 40% of the  Ag be -  
ing conver ted  to the  oxide. However ,  w h e n  this  
charg ing  was c on t i nue d  at  the  h igher  vo l tage  level,  
the convers ion  to AgO was above  80%. 

T r e a t m e n t  of s i lver  wi re  electrodes w i th  i n t e r -  
r u p t e d  current shows that the anodic overvoltage is 
relatively small while appreciable amounts of un- 
oxidized Ag remain, but the IR drop increases as the 

surface coating of Ag~O increases, Fig. 5. When a 
high current density at a temperature of --20~ was 
used, however, very little oxidation took place and 
the voltage rose rapidly. Under these conditions the 
low mobility of the OH- ion was not sufficient to 
sustain the reaction. 

Ag~O to AgO.--After the oxidation of Ag to Ag~O 
no longer takes place, the voltage rises to a higher 
level where AgO is formed. This is preceded by a 
peak shown on Fig. i. The significance of this peak 

has been discussed earlier (5). 

In the constant current processes the electrode 
containing Ag and Ag20 was treated until the poten- 
tial rose to about 0.5 v. The electrode was then re- 
moved, dried, and weighed to determine the oxygen 
gained while the potential ranged from 0.2 to 0.5 v. 
The amount of oxygen added to the electrode in this 
voltage range was practically always greater than 
tha t  added in the  r ange  0 to 0.2 v. The surface  m a -  
te r ia l  in  each case was AgO. This  was  d e t e r m i n e d  by  
x - r a y  analysis .  In  no case, however ,  was  Ag corn- 

m 

0 0  

time ~ .  lq I h o u r  

Fig. 4. Variation of current with change in extent of polari- 
zation for an Ag electrode in 23 % KOH at room temperature. 
The numbers give the extent of polarization in volts. 

Fig. 5. Variation of voltage with time for Ag electrode at 3 
ma/cm~; room temperature. Left picture, 10% KOH; right 
picture, 5% KOH. (a) Ag-Ag~O potential; (b) Ag~O-AgO 
potential. The numbers give the order in which these curves 
appeared during the charging process. 
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ple te ly  changed  to AgO. The c u r r e n t  efficiencies 
va r ied  w i th  the  c u r r e n t  rate.  They  were  abou t  100% 
w h e n  the  process r e q u i r e d  about  8 hr. T h e y  were  
less at  h igher  and  at  lower  c u r r e n t  densit ies.  

Wi th  cons tan t  po ten t i a l  t r e a tmen t ,  no AgO was 
fo rmed  at  less t h a n  0.3 to 0.35 v. W h e n  the  over -  
vol tage  was h igh enough  to b r i ng  about  f o r ma t i on  
of AgO, the  c u r r e n t  efficiencies we re  close to 100% 
in al l  K O H  concen t ra t ions  s tudied.  The  c u r r e n t  was  
h igh at  the  outset,  t h e n  fell  to a low value,  t h e n  
aga in  increased,  Fig. 6. The  vol tage  also rose to a 
peak  at  the  outset  and  then  decreased,  Fig. 7. 

F u r t h e r m o r e ,  la rge  a m o u n t s  of oxygen  could be 
i n t roduced  into the  e lect rode by  this  cons tan t  p o t e n -  
t ia l  process. W h e n  the  electrode was kep t  at  an  o v e r -  
vol tage  of 0.40 to 0.45 v for weeks  or even  months ,  
inc reas ing  a m o u n t s  of oxygen  were  added to the  
electrode.  In  one case, ana lys i s  showed a composi t ion  
cor respond ing  to AgOl.~. This  is a p p r o x i m a t e l y  the  
composi t ion  of Ag=O,. Yet  in  p r e p a r i n g  this  m a t e r i a l  
the  e lect rode was  kep t  at  a po ten t i a l  less t h a n  tha t  
gene ra l l y  cons idered  to be tha t  of the  AgO-Ag~O~ 
couple (1 ,3 ) .  Moreover ,  the  emf of this  e lect rode 
was  the  same as tha t  of AgO and  the  x - r a y  pa t t e rn ,  
a l though  less dis t inct ,  showed on ly  l ines  of AgO, Fig. 
8. This  p r e p a r a t i o n  was  r a the r  stable.  A sample  kept  
d ry  and  in  the  d a r k  showed p rac t i ca l ly  no  loss i n  
we igh t  over  a per iod of severa l  months .  

The  resul t s  ob ta ined  w h e n  a s i lver  wi re  coated 
wi th  Ag~O was sub jec ted  to i n t e r r u p t e d  c u r r e n t  
showed a difference b e t w e e n  this  process a nd  the 
fo rma t ion  of Ag=O. The shape of the  vol tage  curve  
was different ,  Fig. 5, the  po la r iza t ion  was  greater ,  
and  the  vol tage  rise was  s lower t h a n  tha t  for the  Ag 
to Ag~O t r ans fo rma t ion .  The pola r iza t ion  for this  
process is 100-150 my.  This  was  d e t e r m i n e d  over  a 
KOH concen t r a t i on  r a n g e  of 5-43% and  wi th  a 
va r i e t y  of c u r r e n t  densit ies.  M e a s u r e m e n t s  we re  also 
made  at 0 ~ and  --20~ At  this lowest  t e m p e r a t u r e  
the  po la r i za t ion  was  g rea te r  and  the  ra te  of vol tage  
decay was  m u c h  slower.  This can be a t t r i b u t e d  to 
the increased  viscosi ty  of these solut ions  at  this  low 
t empera tu r e .  

O X I D A T I O N  O F  T H E  S I L V E R  E L E C T R O D E  
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Fig. 6. Variation of current with time during constant- 
potential charge of an Ag electrode in 30% KOH at room 
temperature. The numbers give the polarization in volts above 
the Ag-Ag20 potential. The scale is not the same for each 
curve. 
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Fig. 7. Variation of potential of Ag electrode during con- 
stant-potential charge in 30% KOH at room temperature. 
The numbers give the polarization in volts above the Ag-AgeO 
potential. 
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Fig. 8. X-ray patterns for AgO preparations; solid line, 
AgOl.~; dotted line, AgO. 

Using  the me thod  suggested by  Brodd  and  Hack-  
e r m a n  (7) ,  the r e l a t ive  surface  areas of Ag, Ag~O, 
and  AgO are 1 : 2.7 : 7.7. This  was  d e t e r m i n e d  by  
m e a s u r i n g  the  double  l ayer  capac i tance  of a s i lver  
wi re  electrode and  then  also the  capac i tance  of the  
same electrode af ter  it was coated w i th  Ag~O, a n d  
f inal ly  w h e n  it was  coated w i th  AgO. 

Oxygen evolution.--The th i rd  level  of the charge  
curve  is associa ted wi th  the evo lu t ion  of oxygen.  
Usua l ly  there  is a g radua l  rise in  vol tage  f rom the  
second to the  th i rd  level.  However ,  in  e xpe r imen t s  
wi th  s i lver  wi re  electrodes it was  no ted  tha t  there  
were  b reaks  in  the par t  of the  vol tage  curve  be -  
t w e e n  the second and  th i rd  levels.  These  b reaks  oc- 
cu r r ed  d u r i n g  a cons t an t  c u r r e n t  charge  a nd  were  
no ted  w h e t h e r  the solut ion was agi ta ted  w i th  n i t r o -  
gen or oxygen,  or was quiescent .  Two breaks  were  
no ted  in  m a n y  instances ,  Fig. 1, bu t  they  did no t  
appea r  on the  discharge curve.  These b r e a k s  were  
also observed w h e n  a s in te red  s i lver  p la te  was  
charged  in  excess electrolyte .  

W h e n  s i lver  wi re  electrodes were  t r ea ted  wi th  i n -  
t e r r u p t e d  cu r ren t ,  a b r e a k  was  of ten  no ted  in  the  
decay curve  af ter  oxygen  evo lu t ion  had  begun ,  Fig.  
5, r igh t  panel .  This  b r e a k  was  at a po ten t i a l  of abou t  
0.4 v at  room t e m p e r a t u r e  and  0.33 v at 0~ These 
b reaks  were  observed  for no more  t h a n  a second or 
two, and  occurred  as the genera l  vol tage  t r e n d  was  
upward .  No such b reaks  were  no ted  d u r i n g  the  
closed c i rcui t  pa r t  of the  process. 

Discussion 

In  seeking to account  for the behav io r  of the  s i lver  
e lectrode in a l k a l i n e  solut ions  it is a p p a r e n t  tha t  the  
OH- ions are the solute species involved.  They  are  
invo lved  in  the  oxygen  evo lu t ion  process (8, 9) and  



924 J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  November  1959 

Ag Ag20 AgO 

D H+ ~---OH- 
= OH- . 

r"- -OH- 
Fig. 9. Possible mechanism for silver oxide formation 

0-- 
OH- 

are l ike ly  also invo lved  in  the o ther  react ions.  If 
wa t e r  were  the  act ive species, t hen  at cons tan t  cu r -  
r e n t  one wou ld  expect  less fo rma t ion  of Ag~O, e.g., 
at h igh K O H  concen t ra t ions  t h a n  at  low c o n c e n t r a -  
t ions. At  the  h igh KOH concen t ra t ions  there  w ou l d  
be compa ra t i ve ly  fewer  H20 molecules  and  they  
wou ld  be less mobi le  because  of the  increased  v is -  
cosity of the  system. In  ac tua l  fact, the per  cent  Ag 
conver ted  to Ag_~O at  cons tan t  c u r r e n t  was  g rea te r  in  
42% KOH t h a n  in  8% K O H  at all  c u r r e n t  densi t ies  
used. 

A possible m e c h a n i s m  for these  ox ida t ion  p roc-  
esses is i l lus t ra ted  in  Fig. 9. The  la t t ice  s t ruc tu res  in  
the top pane l  are d r a w n  to scale (10-12) .  The  open 
circles r ep re sen t  Ag and  the shaded circles oxygen.  
Since no da ta  could be found  for the ionic rad ius  of 
Ag ++, an  es t imated  va lue  of 1.1A was used. The o ther  
ionic rad i i  used are those g iven  by  P a u l i n g  (13).  

As a posi t ive  charge  is placed on silver,  the ou t e r -  
most  va lence  e lec t ron  is r emoved  f rom each s i lver  
atom, p roduc ing  Ag +. This  causes an  expans ion  of the  
s i lver  la t t ice  and  al lows room for the  inc lus ion  of 
oxygen  a toms or ions. The  OH- ions are d r a w n  to 
this  charged s i lver  and  the  oxygen  becomes sepa-  
r a ted  f rom the  hydrogen .  The  O= ions are  t h e n  
d r a w n  in to  the  Ag § lat t ice,  fo rming  Ag~O. 

be increased.  This  w i t h d r a w s  ano the r  e lec t ron  f rom 
each Ag § There  is t h e n  a g rea te r  r epu l s ive  force be -  
t w e e n  the  s i lver  ions, and  more  O= ions m u s t  en t e r  
the  la t t ice  to p rese rve  e lec t roneu t ra l i ty .  As a resul t ,  
the s i lver  la t t ice  is f u r t h e r  d is tor ted  a nd  expanded .  
React ion  t h e n  proceeds a nd  the  electrode gains  in  
we igh t  as AgO is formed.  Because  of the  e x p a n d e d  
la t t ice  the  O= ions can  p e n e t r a t e  more  deep ly  and  
thus  the  f o r ma t i on  of AgO is g rea te r  t h a n  t ha t  of 
Ag~O on the  same electrode.  This  m e c h a n i s m  al lows 
for the poss ibi l i ty  tha t  Ag can be t r a n s f o r m e d  to 
AgO di rec t ly  w i t hou t  the i n t e r m e d i a t e  f o r ma t ion  of 
Ag~O. This  appears  to take  place at  cons tan t  p o t e n -  
t ia l  charge  w i th  a po la r i za t ion  g rea te r  t h a n  350 mv,  
Fig. 7. 

The  f o r ma t i on  of AgO con t inues  u n t i l  the  O= ions 
can  no longer  be absorbed  by  the  electrode m a t e r i a l  
at  the  ra te  d e m a n d e d  by  the  c u r r e n t  flow. The  po-  
t en t i a l  t h e n  rises a nd  ano the r  reac t ion  takes  place. 
The  rise in  po ten t i a l  here  is s low compared  to tha t  
b e t w e e n  the f o r ma t i on  of Ag~O and  tha t  necessary  
for the fo rma t ion  of AgO. This  r ise cor responds  to 
the  occur rence  of an  add i t iona l  r eac t ion  and  not  the  
r e p l a c e me n t  of one reac t ion  by  another .  This  add i -  
t iona l  reac t ion  is the  evo lu t ion  of oxygen.  The  i n -  
crease in  po t en t i a l  is not  sufficient to r emove  add i -  
t iona l  e lect rons  f rom the A g "  ions. The  AgO formed  
is a fa i r ly  good e lec t ron  conduc to r  and  the  e lec t rons  
needed  for the flow of c u r r e n t  m a y  t h e n  ar ise f r o m  
ano the r  reac t ion  and  be t r a n s f e r r e d  t h r o u g h  the 
AgO layer .  

The po ten t i a l  r ises here  because,  to con t inue  the  
flow of cur ren t ,  O= ions can no longer  m i g r a t e  fast  
enough  and  more  e lect rons  canno t  be  r e m o v e d  f rom 
the  Ag ++ ions in  the  lattice.  I t  is possible  t h e n  t ha t  
e lec t rons  are r e move d  f rom the  OH- ions which  are 
at  the  electrode surface,  

O H - ~  O H +  e [1] 

a nd  tha t  these OH radicals  t h e n  combine  to fo rm 
H~O2 which  decomposes to give the  oxygen.  

2 OH-~ H_oO.~ [2] 

H ~ k c a l / m o l e  Reference 
H + (g) ~ H § (aq) --255 (14) 
O= (g) --> O = (aq) --125 estimated 
OH- (aq) --> OH- (g) -b92 (14) 
OH- (g) -~ O: (g) + H + (g) ~640 (15a) 

OH- (aq) ~ H § (aq) W O: (aq) -}-352 

The la t t ice  ene rgy  of Ag~O is --715 k c a l / m o l e  (15b) .  
Accord ing  to the  above data,  this  separa t ion  is e n -  
e rge t ica l ly  a l lowable .  

The O = ions are r a t h e r  immob i l e  in  this  la t t ice  a nd  
soon this  reac t ion  ceases because  no more  O= ions 
can be accommodated  in  the  Ag + latt ice.  This  is i n -  
d icated also by  the  behav io r  of the  s i lver  e lect rode 
as shown  on Fig. 3. This  Ag~O layer  acts as a b a r -  
r ie r  to the  flow of e lec t rons  and  pe rmi t s  no ions to 
leave  it  except  for a few Ag + ions which  m a y  go in to  
solut ion.  This  accounts  for the loss in  we igh t  shown 
on Fig. 3. 

To con t inue  the  flow of c u r r e n t  a f ter  the  Ag~O 
l aye r  is formed,  the  po ten t i a l  on the  electrode m u s t  

H~0~ -[- OH--> H~O + H0~- [3] 

H 0 ~ - ~  1/~ O~ -t- 0 H -  [4] 

A serious ob jec t ion  to this  m e c h a n i s m  is t ha t  the  po-  
t e n t i a l  needed  for reac t ion  [1] is abou t  1.7 v on the  
scale used here  (15c).  This  is cons ide rab ly  h igher  
t h a n  tha t  at which  oxygen  evo lu t ion  occurs. 

The  evo lu t ion  of oxygen  does take  place at po-  
ten t ia l s  above t ha t  associated w i t h  the  f o r m a t i o n  of 
HOf- (16).  F u r t h e r m o r e ,  the  b reaks  in  tha t  pa r t  of 
the  v o l t a g e - t i m e  curves  cor responding  to oxygen  
evolut ion ,  Fig. 1 and  5, also occur at abou t  the po-  
t en t i a l  of the O H - - -  HO~- or O H - - -  05- couples (15e 
a nd  c).  I n  genera l ,  at  low c u r r e n t  densi t ies ,  the  
b r e a k  is no ted  at  the  lower  po ten t i a l  (OH-- -O~- ) ,  
whi le  as the  c u r r e n t  dens i ty  increases  the  po ten t i a l  
corresponds  to the  O H - - - H O Z  couple. S i lver  ca ta -  
lyzes the  decomposi t ion  of pe rox ide  and  so the  evo-  
l u t i o n  of oxygen  could eas i ly  proceed this  way.  

These  facts suggest  two possibi l i t ies  for the  oxy-  
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gen evo lu t ion  react ion.  React ions  [ 5 ] - [ 7 ]  i l lus t ra te  
a m e c h a n i s m  

Oil--* O: + H + 

OXIDATION OF THE SILVER ELECTRODE 

or [5] 
OH--* O- + H* + e 

2 O--* O2- + e [6] 

O~- -* O~ + e [7] 

i nvo lv ing  the OH-- -O~-  couple. I t  is possible t ha t  
the  O = or O- ions m a y  emigra te  f rom the AgO la t t ice  
as wel l  as be fo rmed  f rom the  OH- ions in  solut ion.  

The  o ther  poss ib i l i ty  is i l l u s t r a t ed  by  a series of 
reac t ions  consis t ing of [5], [8], [4].  Here  aga in  the  
oxygen  ions f rom the  solid m a y  be involved .  

O- + OH--* HO=- + e [8] 

It is difficult to make a choice between these 
mechanisms. Both are permissible according to the 
ideas of Riietschi and Delahay (8). Perhaps the 
latter is more consistent with the results and sug- 
gestions of Anbar and Taube (9). Measurement of 
the oxygen overvoltage could conceivably shed some 
light on this mechanism, but these measurements 
are, at  best,  difficult to make.  

The ideas suggested here  stress the  fact tha t  the  
mob i l i t y  of the  OH- ion is an  i m p o r t a n t  factor  i n  
these ox ida t ion  processes. W h e n  this  mob i l i t y  is 
impai red ,  e.g., a t  low t e m p e r a t u r e s  or at  h igh  K O H  
concent ra t ions ,  the ex t en t  of oxide fo rma t ion  is also 
less because  the OH- ions canno t  mig ra t e  fast  enough  
to a l low reac t ion  to take  place at  the  r a t e  set by  the  
cu r ren t .  

I t  has been  no ted  t ha t  the po la r iza t ion  necessa ry  
to ca r ry  out  the oxide fo rma t ion  is no t  ve ry  sens i -  
t ive  to c u r r e n t  densi ty .  This  indica tes  tha t  the cause 
of the po la r iza t ion  is no t  p r i m a r i l y  resis tance.  On the  
basis of the  m e c h a n i s m  suggested here,  this po l a r -  
izat ion wou ld  be due to the  sp l i t t ing  of the  OH- ion. 
This  wou ld  appear  in  the  fo rma t ion  of each of the 
two oxides. In  add i t ion  to this  the  fo rma t ion  of AgO 
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wou ld  be polar ized  b y  the mi g r a t i on  of O: ions in  
the Ag § latt ice.  
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ABSTRACT 

Corrosion rates and corrosion potentials  have been measured for t in  in  eight 
different acid, alkaline, and neut ra l  solutions. The corrosion potential,  meas-  
ured against the saturated calomel electrode, has been found to increase to- 
ward more active potentials with increase of concentration. It has been ob- 
served that  sodium pyrophosphate decreases the corrosion rate and increases 
the corrosion potential  toward more active values. This increase is proport ional  
to the amount  of pyrophosphate added. Cathodic and anodic polarization meas-  
urements  have been carried out in  an at tempt to explain the funct ion of sodium 
pyrophosphate as a corrosion inhibitor.  The results have been compared with 
previous work on the inhibi t ion of iron corrosion by polyphosphates. 

M e a s u r e m e n t s  of the  ra te  of corrosion of t in  and  
the re la ted  corrosion character is t ics  are i m p o r t a n t  
since t in  is used as a p ro tec t ive  coat ing for i ron a nd  
copper (1) .  I n h i b i t i o n  of the  corros ion of t in  in  h y -  
drochlor ic  and  acetic acid solutions,  by  incorpora t ing  
about  5% a n t i m o n y  in  t in,  was s tud ied  by  Hoar  (2) .  
The corrosion of t i np l a t e  and  its i nh ib i t i on  by  chro-  
m a t e - c o n t a i n i n g  solut ions  was  s tudied  by  K e r r  
(3, 4). Elec t rodepos i ted  coat ings of S n - Z n  (5) and  
S n - N i  (6) al loys were  found  to resist  the corrosion 
of steel. Corros ion of t in  in  solut ions  con ta in ing  
chlor ide ions was  s tud ied  by  Br i t t on  and  Michael  
(7) who observed  tha t  add i t ion  of sod ium carbonate ,  
b ica rbona te ,  or thophosphate ,  chromate ,  and  si l icate 
p r even t ed  the corrosion of tin. 

The p resen t  i nves t iga t ion  was  u n d e r t a k e n  to s tudy  
the poss ib i l i ty  of us ing  sodium pyrophospha te  as an  
i nh ib i t o r  for the corrosion of t in  and  to inves t iga te  
the  effect of this  subs tance  on the  cathodic and  
anodic  po la r iza t ion  measu remen t s .  Po lyphospha tes  
were  found  to have  an  i nh ib i t i ng  effect on the  cor-  
rosion of i ron (8) .  Py rophospha t e  was  chosen for 
the p resen t  i nves t iga t ion  because  it is more  s table  
t h a n  me taphospha t e  (9) .  The m e c h a n i s m  of i n h i b i -  
t ion  of i ron  corrosion by  polyphosphates  somet imes  
(10) was  a t t r i b u t e d  to the l ay ing  d o w n  of a ca lc ium 
ca rbona te  film favored  by  the p resence  of po lyphos -  
phate.  The p resen t  inves t iga t ion ,  therefore ,  was  ex -  
t ended  to s tudy  the  effect of ca lc ium chloride on the  
ra te  of corrosion of t in.  

Experimental 
The elect rolyt ic  cell used for po la r iza t ion  meas -  

u r e m e n t s  was  s imi la r  to tha t  used in  ove rpo ten t i a l  
w o r k  (11).  I t  had  two separa te  c o m p a r t m e n t s  for 
anode and  cathode. One of these two c o m p a r t m e n t s  
was p rov ided  wi th  a cap i l l a ry  l ead ing  to a sal t  
b r idge  via  a glass tap. The ba r r e l  of a syr inge,  10 cm 
long and  1 cm in d iameter ,  was  jo ined  to the  top of 
this  c o m p a r t m e n t  and  was  used  to lower  the  tes t  
e lectrode so as to touch  the  t ip of the cap i l l a ry  

1Presen t  address :  Ins t i tu t  f u r  anorganische  Chemie,  Berl in,  Ger -  
many ,  

w i t hou t  i n t roduc ing  air  ins ide  the cell. A sa tu ra t ed  
calomel  was used as a re fe rence  electrode. The  cell 
was  gua rded  aga ins t  a tmospher ic  oxygen  wi th  the  
use of g round  glass jo in t s  a nd  w a t e r - s e a l e d  taps. A 
subs id ia ry  p l a t i n u m  electrode,  in  the  f o r m  of a disk 
1 cm ~ in  area, was  used  in  connec t ion  w i th  the  t i n  
electrode.  The  cell also was  used for the m e a s u r e -  
men t s  of corrosion potent ia ls .  For  m e a s u r e m e n t s  in  
a i r - f r ee  solutions,  purif ied n i t r ogen  was  i n t roduced  
into the cell and  was  d iv ided  b e t w e e n  the  two com-  
p a r t m e n t s  by  me a ns  of two taps. Ni t rogen  was  p u r i -  
fied by  pass ing it t h r ough  NaOH and  pyroga l lo l  so- 
lu t ions  and  then  over  copper  hea ted  to 450 ~ to r e -  
move  traces of oxygen  left. B u b b l i n g  of n i t r o g e n  
was  s topped d u r i n g  po ten t i a l  m e a s u r e m e n t s .  

T in  electrodes were  p r epa red  f rom p u r e  t in  foil 
(over  99.99% Sn)  in  h y d r o g e n  a tmosphere .  This  was  
car r ied  out  in  a glass a ppa r a t u s  hav ing  a side a r m  
(3 m m  ID) con t a in ing  a piece of p l a t i n u m  wire  the  
midd le  of which  was  sealed to glass. Af te r  i n t ro -  
duc ing  the t in  foil, the a ppa r a t u s  was  closed by  a 
g r o u n d  glass j o in t  and  was  deae ra ted  by  pass ing h y -  
d rogen  for severa l  hours.  The  me ta l  t h e n  was  mel ted  
and  the  me l t  was  i n t roduced  in to  the  side arm.  The  
me ta l  was a l lowed to cool u n d e r  hydrogen ,  and  the  
side a r m  was  cut  off the  m a i n  appara tus .  P a r t  of 
the  t in  e lectrode was  exposed by  cu t t ing  the  appro -  
pr ia te  l eng th  of glass. The electrode t h e n  was  sealed 
to the  pis ton of the  syr inge,  the  ba r r e l  of which  was  
jo ined  to one of the  c o m p a r t m e n t s  of the cell. 

For  corrosion tests, t in  rods were  p r epa red  as de-  
scr ibed above a nd  then  were  ro l led  into sheets 1 m m  
in  thickness.  Spec imens  (2 x 1.5 cm) were  cut. T h e y  
were  ab raded  to 00 e m e r y  paper ,  degreased  in  hot 
benzene ,  and  t h e n  were  d r i ed  and  weighed.  Cor ro-  
s ion tests were  car r ied  out  in  a wide  100 m l  j a r  p ro -  
v ided  wi th  a loosely f i t t ing wooden  cover  f rom 
which  the e lect rode was suspended  by  a thread.  In  
this  m a n n e r  oxygen  c onc e n t r a t i on  cells f rom top to 
bo t tom were  min imized .  Al l  corrosion tests  were  
car r ied  out in  aera ted  u n s t i r r e d  solut ions  for a pe-  
r iod of th ree  days. The spec imen  t h e n  was  removed ,  
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r insed  w i t h  c o n d u c t i v i t y  wate r ,  swabbed  w i t h  a 
t owe l  w e t t e d  w i t h  benzene,  and  f inal ly  was  d r ied  
and weighed .  

M e a s u r e m e n t s  w e r e  ca r r i ed  out  in so lu t ions  of 
hydroch lo r i c ,  acetic,  citr ic,  and ma le i c  acids, sod ium 
hydrox ide ,  sod ium carbona te ,  sod ium benzoa te  and 
sod ium chlor ide .  These  w e r e  chosen to r e p r e s e n t  
some of the  solut ions  w h i c h  contac t  t in  in its va r ious  
indus t r i a l  appl icat ions .  So lu t ions  w e r e  p r e p a r e d  
f r o m  " A n a l a r "  g rade  r eagen t s  and conduc t i v i t y  
wa te r .  The  sod ium p y r o p h o s p h a t e  2 used  con ta ined  
0.1% o r thophospha t e  and 0.025% impur i t i e s  such as 
Fe, K, and Pb. So lu t ions  of p y r o p h o s p h a t e  w e r e  p r e -  
pa r ed  d i r e c t l y  before  the  tests  in o rde r  to m i n i m i z e  
any  poss ible  r e v e r s i o n  to t he  o r thophospha te .  A l l  
m e a s u r e m e n t s  w e r e  ca r r i ed  out  at 30 ~ in an air  
t h e r m o s t a t  con t ro l l ed  to -----0.5 ~ . Resu l t s  w e r e  d u p l i -  
ca ted  and  the  m e a n  was  computed .  The  sp read  in t he  
cor ros ion  r a t e  was  less t han  1 mdd.  A l l  po ten t i a l s  
w e r e  r eco rded  vs. the  s a t u r a t e d  ca lome l  e l ec t rode  
potent ia l .  The  c u r r e n t  dens i ty  was  expres sed  in 
a m p / c m  ~. 

Results 

Corros ion  rates ,  in a i r - s a t u r a t e d  solut ions,  a re  
g iven  in Tab le  I for  f ive concen t r a t ions  r ang ing  f r o m  
0.05 to 1.0M. The  effect  of sod ium p y r o p h o s p h a t e  
on the  corros ion  r a t e  was  s tud ied  in 0.1M solut ions  
for va r ious  concen t r a t ions  of py rophospha te .  Resul t s  
a re  g iven  in Tab l e  II. Da ta  for  the  cor ros ion  r a t e  in 
the  p re sence  of 0.01M CaCI~, and in the  p re sence  of a 
m i x t u r e  of 0.01M CaC12 and 0.01M Na~P~O7 are  g iven  
in Tab le  I I I  for six d i f fe ren t  solut ions.  The  effect of 
Na,P~O7 on the  pH  in 0.1M solut ions  is g iven  in Tab le  
IV. The  pH  va lues  in pu re  0.1M solut ions  are  in-  
c luded  in Tab le  IV for  compar ison .  The  pH  va lues  
in p resence  of CaCI~ are  g iven  in Tab le  V. M e a s u r e -  
m e n t s  of the  pH w e r e  ca r r i ed  out  u n d e r  the  condi -  
t ions of cor ros ion  r a t e  m e a s u r e m e n t s .  

The  d e p e n d e n c e  of the  po t en t i a l  of co r rod ing  t in  
on t i m e  was  s tud ied  in d e a e r a t e d  and a i r - s a t u r a t e d  
solutions.  Cor ros ion  po ten t i a l s  w e r e  m e a s u r e d  ove r  
a w i d e r  concen t r a t i on  r ange  t h a n  corros ion  rates.  
E x c e p t  in Na~CO~ solutions,  the  s t e a d y - s t a t e  cor -  
ros ion po ten t i a l  Eo is r eached  w i t h i n  5 m i n  f r o m  
the  m o m e n t  the  e lec t rode  contac ts  the  solut ion.  In  
al l  so lu t ions  s tudied,  Eo is ac t ive  w i t h  respec t  to the  
s a tu ra t ed  ca lomel  potent ia l .  In  d e a e r a t e d  solut ions,  
E~ is m o r e  ac t ive  t h a n  the  co r re spond ing  v a l u e  in 
a i r - s a t u r a t e d  solut ions.  The  effect of concen t r a t i on  
on the  cor ros ion  po t en t i a l  was  s tud ied  by  m e a s u r i n g  
t i m e - p o t e n t i a l  r e l a t ions  for  five d i f fe ren t  concen-  
t r a t ions  in d e a e r a t e d  and a i r - s a t u r a t e d  solutions.  E x -  
cept  in NaC1 solut ions,  Ec increases  t o w a r d  m o r e  
ac t ive  po ten t i a l s  w i t h  increase  of concen t ra t ion .  The  
r e l a t i on  b e t w e e n  E, and  log C, w h e r e  C is the  m o -  
lar i ty ,  is l i nea r  for  bo th  d e a e r a t e d  and a i r - s a t u r a t e d  
solutions.  Resul t s  a re  shown in Fig. 1 and  2 for  
ae ra t ed  and d e a e r a t e d  solut ions,  r e spec t ive ly .  In  
NaC1 solut ions  (not  shown  in Fig.  2) ,  E~ r e m a i n s  
p r ac t i c a l l y  cons tan t  (560-570 m v  m o r e  ac t ive  t h a n  
the  s a tu ra t ed  ca lome l  po t en t i a l )  w i t h  inc rease  of 
concen t r a t i on  f r o m  0.05 to 1.0M. The  effect  of so- 
d ium p y r o p h o s p h a t e  on the  cor ros ion  po t en t i a l  was  

2 P r e p a r e d  b y  F a b r i c a t i o n  A l e m a n a ,  G e r m a n y .  

P O L A R I Z A T I O N  A N D  C O R R O S I O N  O F  T I N  

Table I. Effect of concentration on corrosion rate 
in aerated pure solutions 

Corros ion  ra te  ( m d d )  in  

927 

S o l u t i o n  0.05M 0.1M 0.25M 0.5M 1.0M 

Hydrochlor ic  acid 3 15 17 22 29 
Acetic acid 5 11 14 16 18 
Citric acid 13 18 20 23 26 
Maleic acid 19 64 212 417 1083 
Sodium hydroxide  12 20 23 24 29 
Sodium carbonate 5 13 15 27 29 
Sodium chloride 2 2 2 3 3 
Sodium benzoate 3 3 4 5 6 

Table II. Effect of pyropbosphate concentration 
on corrosion rate in 0.1M solutions 

Corros ion  r a t e  ( todd)  at  d i f ferent  
c o n c e n t r a t i o n  of  Na~P~O~ 

S o l u t i o n  0.01M 0.025M 0.05M 0.25M 

Hydrochlor ic  acid 5 4 3 3 
Acetic acid 9 7 6 3 
Citric acid 17 15 13 10 
Maleic acid 37 28 18 7 
Sodium hydroxide  20 18 16 11 
Sodium carbonate 9 7 6 5 
Sodium benzoate 2 2 2 2 
Sodium chloride 2 2 1 1 

Table Ill. Effect of CaCI2 on corrosion rate in 0.1M solutions 

Corros ion  ra te  (mdd)  
in  p re sence  of 

0.01M CaCl2 + 
S o l u t i o n  0.01M CaC12 0.01M Na4P207 

Hydrochlor ic  acid 3 1 
Acetic acid 1 1 
Citric acid 4 3 
Maleic acid 16 5 
Sodium benzoate 1 1 * 
Sodium chloride 0 0* 

* S o l u t i o n  is t u rb id .  

Table IV. Effect of pyrophosphate concentration 
on the pH in 0.1M solutions 

C o n c e n t r a t i o n  Na~PeO7 

S o l u t i o n  P u r e  0.1M 0.01M 0.025M 0.05M 0.25M 

Hydrochlor ic  acid 1.1 1.2 1.3 2.1 7.6 
Acetic acid 2.6 4.0 4.5 5.3 7.8 
Citric acid 1.8 2.5 2.8 3.4 6.0 
Maleic acid 1.2 1.6 1.9 3.4 7.1 
Sodium hydroxide  11.9 12.1 12.1 12.1 12.0 
Sodium carbonate 11.1 11.1 11.1 11.0 10.9 
Sodium benzoate 7.1 9.6 9.9 9.9 9.9 
Sodium chloride 6.3 9.7 9.8 9.8 9.8 

Table V. Effect of CaCI2 on the pH in 0.1M solutions 

C o n c e n t r a t i o n  Na4P20~ 

S o l u t i o n  O,OIM: CaCI~ 
O.O1M CaCls  + 
0.01M Na4~PsO7 

Hydrochlor ic  acid 1.1 1.1 
Acetic acid 2.7 3.7 
Citric acid 1.9 2.3 
Maleic acid 1.4 1.6 
Sodium benzoate 7.1 9.3 
Sodium chloride 6.3 9.3 
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Fig. 1. Effect of concentrotion on corrosion potentiols in 
oerated solutions. 
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Fig. 2. Effect of concentration on corrosion potentials in 
deaeroted solutions. 

studied in 0.1M solutions. In presence of as little as 
0.01M Na,P~O,, Eo increases toward more active po- 
tentials in both deaerated and air-saturated solu- 
tions. Furthermore, this effect is proportional to the 
pyrophosphate concentration as is clear from the re- 
sults, in deaerated 0.1N HCI, shown in Fig. 3. 

Cathodic polarization measurements were carried 
out in deaerated 0.1M solutions of NaOH, ~-ICl, acetic, 
and maleic acids. Measurements were started from 
low to high current densities. At each setting of cur- 
rent, the electrode was left polarized until the 
steady-state potential was reached. This usually 
took less than 5 rain. Results in maleic acid and 
NaOH are shown in Fig. 4 and 5, respectively. Ca- 
thodic polarization curves for HC1 and acetic acid are 
s imi la r  to those of male ic  acid. I t  is c lear  f rom Fig. 
4 and  5 tha t  Na,P~O~ increases  the  cathodic po la r iza -  
t ion  t oward  more  act ive values.  This  increase  is 
p ropor t iona l  to the  concen t r a t i on  of py rophospha te  
added. The re la t ion  b e t w e e n  cathodic po la r iza t ion  
and  the l oga r i t hm of the concen t r a t i on  of Na~P~O~ is 
s imi la r  to Fig. 3. CaCI~, however ,  does no t  change  
the  cathodic  po la r iza t ion  apprec i ab ly  (Fig. 4).  S i m -  
i lar  conclus ions  are d r a w n  for HC1 and  acetic acid. 
P rev ious  w o r k  on i ron (12) s imi l a r ly  has ind ica ted  
tha t  po lyphospha tes  increase  the  cathodic po la r iza -  
t ion  t oward  more  act ive potent ia l s .  

OS 

o 

07 

Log r ( r  . M O L A R I T Y )  

Fig. 3. Effect of pyrophosphate concentration on corrosion 
potential in deoerated 0. ]N HCI. 

A n o d i c  p o l a r i z a t i o n  m e a s u r e m e n t s  w e r e  ca r r i ed  
out  in  aera ted  0.1M so lu t ions  of  ma le i c  ac id  and 
NaOH.  I n  o rde r  to  m i n i m i z e  the  t i m e  effect,  the  
e lec t rode  was  l e f t  u n p o l a r i z e d  u n t i l  t he  co r ros ion  
p o t e n t i a l  was  a t ta ined .  P o l a r i z a t i o n  then  was  c o m -  
menced  at a low c u r r e n t  densi ty ,  a nd  the  electrode 
was lef t  polar ized for n e a r l y  1 hr  u n t i l  the  s t eady-  
s tate  po ten t i a l  was reached.  Wi th  this s low tech-  
nique,  the  po ten t i a l  changed  f rom the act ive to the  
noble  direct ion.  Fo l lowing  this, m e a s u r e m e n t s  at 
h igher  c u r r e n t  densi t ies  were  taken.  Results ,  at high 
c u r r e n t  densit ies,  are  shown in  Fig. 4 and  5, f rom 
which  it  is c lear  tha t  Na~P~O, decreases the  anodic  
po la r iza t ion  (po ten t i a l  becomes less nob le )  in  0.1N 
NaOH, and  it has no effect on the  anodic  po la r iza t ion  
in  0.1M male ic  acid solut ion.  

Discussion 
It  is c lear  f rom the data  g iven  in  Tab le  I that ,  in  

ae ra ted  solutions,  the  ra te  of corrosion of t in  i n -  
creases wi th  increase  of concen t ra t ion .  However ,  
this increase  is no t  m a r k e d  in  NaC1 solut ions  as 
compared  to the  resu l t s  in  o ther  solut ions  s tudied.  
The m a x i m u m  ra t e  of a t tack  is observed in  male ic  
acid solutions.  Tab le  II  ind ica tes  tha t  the corrosion 
rate,  in  acid and  a lka l ine  solut ions,  decreases wi th  
the increase  of py rophospha te  concen t ra t ion .  In  
NaC1 solut ion,  the corrosion ra te  is decreased on ly  

I 0 CATHODIC POLAR/ZATIOtr PURE $OLL/r/OA/, 
�9 ~A'FHODIC POLAR/~AY/O,V# SOL/Jr/ON CONTAINING O.OfAN CQ r  

]~ CAthODIC POLARIZAr/O~/~ SOLC'rr CONrR/N/NG 0 Of M NO 4 /~ O 7 

Tff o ~NOO/r  POLAR/zAr/ofv ,~>Vm[ $OLe/ r /ON~ 

AIVODIC POLAR,ZAT/O~f@ 50LUT/OiV co~ ' rA /mtva  O.OfM Ir ~ 0 Z. 

2~ 

o 0.4 

I 
5.12 4.8 

-- Log r ( amp . / cm~)  

Fig. 4. Polarization of tin in O. ] M rnoleic Qcid 
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Fig. 5. Polarization of tin in 0.] N NoOH. Curve I, cothodic 
polorizotjon, pure soJotion; II, cofhodir polarization, solution 
contoining 0 . 0 ] M  No~P-.O,; I l l ,  onodic poiQrization, pure 
solution; IV, onodic polarization, solution contoining 0 . 0 ] M  
Na~P~O~. 

b y  1 t odd  at  h igh  p y r o p h o s p h a t e  concen t ra t ions ,  
w h e r e a s  in sod ium b e n z o a t e  so lu t ion  i t  is i n d e p e n d -  
en t  of p y r o p h o s p h a t e  concen t r a t ion .  Hence ,  p y r o -  
p h o s p h a t e  is an  ef fec t ive  i n h i b i t o r  for  the  cor ros ion  
of t in  in t he  ac id  and  a l k a l i n e  so lu t ions  s tud ied .  P r e -  
v ious  w o r k  (8 ) ,  on the  i nh ib i t i on  of  the  corrosion of 
m i l d  s teel ,  has  shown  t h a t  p o l y p h o s p h a t e s  a re  effec-  
t ive  co r ros ion  i n h i b i t o r s  in  p r e s e n c e  of d i s so lved  
oxygen .  Moreover ,  i t  has  been  o b s e r v e d  t ha t  a d d i -  
t ion  of CaCL acce l e ra t e s  the  cor ros ion  of m i l d  s tee l  
in  p r e s e n c e  of d i s so lved  o x y g e n  (8) .  In  the  case  of 
t in,  CaCI~ dec reases  the  cor ros ion  r a t e  as i t  is c l ea r  
f r o m  r e su l t s  g iven  in Tab l e s  I a n d  III .  A d d i t i o n  of 
p y r o p h o s p h a t e s  to t he  so lu t ion  con t a in ing  CaCI~ p r o -  
duces  a f u r t h e r  dec rea se  in the  cor ros ion  r a t e  in  
HC1, ci t r ic ,  and  ma le i c  ac ids  ( T a b l e  I I I ) .  

The  sh i f t  of ca thod ic  p o l a r i z a t i o n  t o w a r d  m o r e  ac -  
t i ve  v a l u e s  (Fig .  4 a n d  5),  p r o d u c e d  b y  the  a d d i t i o n  
of  p y r o p h o s p h a t e ,  m a y  be  a s c r i b e d  to the  a d s o r p t i o n  
of p y r o p h o s p h a t e  on t in  ca thodes  thus  l o w e r i n g  the  
a v a i l a b l e  su r f ace  a r e a  for  t he  ca thod ic  reac t ion .  A d -  
so rp t ion  of p y r o p h o s p h a t e  on loca l  ca thod ic  a r e a s  
also m a y  accoun t  for  t he  change  of co r ros ion  p o t e n -  
t i a l s  [ g i v e n  b y  t h e  p o i n t  of i n t e r sec t i on  of t he  anod ic  
a n d  ca thod ic  p o l a r i z a t i o n  cu rves  ( 1 3 ) ]  t o w a r d  m o r e  
ac t ive  va lues ,  o b s e r v e d  in so lu t ions  con t a in ing  p y r o -  
phospha te .  Thus ,  if t he  p o l a r i z a t i o n  of local  ca thodes  
is i n c r e a s e d  in p r e s e n c e  of p y r o p h o s p h a t e  (Fig .  4 
and  5) ,  w h i l e  t h e  p o l a r i z a t i o n  of loca l  anodes  is d e -  
c r ea sed  (Fig .  5) or  not  a f fec ted  (Fig .  4) ,  t he  cor -  
ros ion  p o t e n t i a l  is sh i f t ed  t o w a r d  m o r e  ac t ive  va lues .  
In  t he  first  case, the  co r ros ion  r a t e  m a y  not  be a f -  
f ec ted  as i t  is e v i d e n t  f r o m  the  r e su l t s  in 0.1N N a O H  
(cf. T a b l e s  I a n d  I I ) .  On t h e  o t h e r  hand ,  w h e n  c a -  
thod ic  p o l a r i z a t i o n  is i n c r e a s e d  in  p r e s e n c e  of p y r o -  
p h o s p h a t e  a n d  anod ic  p o l a r i z a t i o n  is no t  affected,  
t he  cor ros ion  r a t e  dec reases  as is c l ea r  f r o m  t h e  
r e su l t s  in m a l e i c  ac id  solut ions ,  g iven  in  T a b l e s  I 
a n d  II.  

The  p r e s e n t  i nves t i ga t i on  ind ica t e s  t h a t  t he  r a t e  
of co r ros ion  of t in  in  ac id  and  a l k a l i n e  so lu t ions  is 
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g r e a t e r  t h a n  t h a t  o b s e r v e d  in NaC1 a n d  s o d i u m  b e n -  
zoa te  so lu t ions  ( T a b l e  I ) .  This  m a y  be  e x p l a i n e d  on 
the  bas is  of t he  a m p h o t e r i c  c h a r a c t e r  of t in  a c c o r d -  
ing  to w h i c h  t in  is e x p e c t e d  to d i s so lve  in  the  ac id  
and  a l k a l i n e  p H  r a n g e  m o r e  t h a n  in the  n e u t r a l  p H  
r a n g e  (cf. T a b l e  I V ) .  I t  is c l ea r  f r o m  T a b l e  IV t h a t  
a d d i t i o n  of p y r o p h o s p h a t e  to  ac id  so lu t ions  inc reases  
the  p H  to the  n e u t r a l  r ange ,  and ,  hence,  i t  is e x -  
p e c t e d  t h a t  t in  does  not  go into  so lu t ion  as  r e a d i l y  
in  th is  p H  r a n g e  as i t  does  in  t he  e x t r e m e  ac id  r ange .  
In  a l k a l i n e  so lu t ions  p y r o p h o s p h a t e  has  no a p p r e -  
c iab le  effect  on p H  ( T a b l e  IV) .  H o w e v e r ,  t he  poss i -  
b i l i t y  ex i s t s  tha t ,  in such solut ions ,  p y r o p h o s p h a t e  
m a y  have  a c o m p l e x i n g  ac t ion  on t in  w i t h  t he  r e s u l t  
t h a t  t he  anod ic  p o l a r i z a t i o n  is d e c r e a s e d  in p r e s -  
ence  of p y r o p h o s p h a t e  as c o m p a r e d  to t he  va lue s  in 
absence  of p y r o p h o s p h a t e  (Fig .  5).  This  effect is, 
h o w e v e r ,  c o m p e n s a t e d  b y  the  i nc rea se  of ca thod ic  
p o l a r i z a t i o n  in p r e s e n c e  of p y r o p h o s p h a t e .  In  sa l t  
solut ions ,  p y r o p h o s p h a t e  inc reases  the  p H  ( T a b l e  
IV)  and  has  no  a p p r e c i a b l e  effect on the  cor ros ion  
r a t e  ( T a b l e  I I ) .  This  i nc rease  in p H  w o u l d  r e q u i r e  
m o r e  d i s so lu t ion  of t in,  i.e., d e c r e a s e  of t he  anod ic  
po la r i za t ion .  H o w e v e r ,  for  t he  cor ros ion  r a t e  to r e -  
m a i n  cons tan t ,  th i s  effect also m u s t  be  c o m p e n s a t e d  
b y  the  inc rease  of ca thod ic  po la r i za t ion .  

I t  is c l ea r  f r o m  t h e  r e su l t s  of t he  p r e s e n t  i n v e s t i -  
ga t ion  t h a t  CaCI~ is no t  n e c e s s a r y  for  p y r o p h o s p h a t e  
to func t ion  as a co r ros ion  inh ib i to r ,  in c o n t r a d i c t i o n  
to t he  sugges t ion  of R a i s t r i c k  (10) t h a t  i nh ib i t i on  
b y  p o l y p h o s p h a t e s  is due  to t h e  l a y i n g  d o w n  of a 
c a l c i u m  c a r b o n a t e  f i lm f a v o r e d  in p r e s e n c e  of p o l y -  
phospha te s .  H o w e v e r ,  CaC12 has  no a p p r e c i a b l e  effect 
on p H  ( T a b l e  V) a n d  i t  dec reases  the  corrosion r a t e  
( T a b l e  I I I ) .  This  is no t  e a sy  to e x p l a i n  s ince  CaC12 
has  no effect on the  ca thod ic  p o l a r i z a t i o n  m e a s u r e -  
m e n t s  (F ig .  4) w h i l e  i ts  effect  on anod ic  p o l a r i z a t i o n  
is i r r e p r o d u c i b l e .  
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ABSTRACT 

Using an electrochemical method, rates of film growth in oxygenated sodium 
sulfate solutions have been measured on polycrystal l ine zirconium at tempera-  
tures ranging from 25 ~ to 88~ The resul t ing ra te - t ime plots are roughly 
hyperbolic. A model is proposed which when treated by electrode kinetics is 
shown to give this type of behavior. 

Recent ly ,  cor re la t ions  have  been  observed  be -  
t w e e n  the  po la r i za t ion  res i s tance  of a cor roding  elec-  
t rode  and  its corrosion ra te  (1-3) .  The po la r iza t ion  
res i s tance  of an  electrode is defined as the de r iva t ive  
dE/dlE_~E r where  I is the  ne t  c u r r e n t  f lowing t h r ough  

the e lect rode at  a m e a s u r e d  po t en t i a l  E, and  Er is the  
rest  potent ia l .  Theore t ica l  jus t i f ica t ion for this  cor-  
r e l a t ion  has been  p rov ided  by  S t e rn  and  G e a r y  (4) 
who der ive  the  fo l lowing  equa t i on  f rom the  Tafe l  
equa t ion  for the case where  the rest  po ten t i a l  of a 
cor roding  electrode is d e t e r m i n e d  by  the  in te r sec -  
t ion  of two logar i thmic  po la r iza t ion  curves  

dE b,b 
- -  [1] 

dIE_~ r (2.3) (I .... ) (ba + be) 

Here, I .... is the corrosion ra te  of the  electrode,  and  
bo and  bo are  the  Tafe l  slopes ( d E / d  log I) for the  
anodic  and  cathodic react ions.  This equa t i on  has 
been  der ived  f rom more  f u n d a m e n t a l  quan t i t i e s  by  
Posey (5) ,  who has p resen ted  a comple te  discuss ion 
of the k ine t ics  of polyelec t rodes  u n d e r  ac t iva t ion  
control .  If the condi t ions  for the  use of Eq. [1] can 
be met ,  it  p rovides  an  exce l len t  me thod  for m e a s u r -  
ing ra tes  and  should be appl icab le  especia l ly  to sys-  
tems whose ra tes  m a y  be too smal l  for we igh t - loss  
or ana ly t i ca l  methods.  Because  ra tes  can  be m e a s -  
u r ed  qu ick ly  whi le  the  sample  r e m a i n s  in the  solu-  
t ion  wi thou t  s igni f icant ly  d i s t u r b i n g  the system, 
this me thod  is appl icable  p a r t i c u l a r l y  to the de te r -  
m i n a t i o n  of r a t e - t i m e  plots. 

In  order  to use this  method,  it  mus t  be  shown tha t  
the open -c i r cu i t  po ten t i a l  is d e t e r m i n e d  b y  the i n -  
te rsec t ion  of two logar i thmic  po la r i za t ion  curves,  
one anodic  and  one cathodic.  F u r t h e r m o r e ,  t he re  
m u s t  be  no ox ida t ion  process o ther  t h a n  the  cor ro-  
sion process u n d e r  cons idera t ion ,  i.e., one  m u s t  m a k e  
sure tha t  no por t ion  of the  anodic  c u r r e n t  is the  ox i -  
da t ion  of hydrogen ,  water ,  fe r rous  ion, or o ther  oxi-  
d izable  species. 1 I t  should  be ev iden t  also t ha t  the  
presence  of a film does no t  necessar i ly  p rec lude  the  
method,  for logar i thmic  p o t e n t i a l - c u r r e n t  behav io r  
is possible also on f i lm-covered  electrodes.  

I t  is ,  of  c o u r s e ,  pos s ib l e  in  m a n y  cases  to  t a k e  a s e c o n d  o x i d a -  
t i on  r e a c t i o n  i n t o  a c c o u n t  a n d  d e t e r m i n e  t h e  c o r r o s i o n  r a t e  f r o m  
e l e c t r o c h e m i c a l  m e a s u r e m e n t s  a l one ,  b u t  t h i s  i n v o l v e s  t h e  a n a l y s i s  
of  f a r  m o r e  c o m p l e x  p o l a r i z a t i o n  b e h a v i o r  [ see  S t e r n  (6) a n d  P o s e y  
(5) ]. 
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In  the e xpe r i me n t s  repor ted  here,  this me thod  was  
appl ied  to the  m e a s u r e m e n t  of film g rowth  on zir-  
con ium i m m e r s e d  in  o x y g e n - s a t u r a t e d  0.1 F Na~SO, 
of pH 3.5. The  reac t ion  be l i eved  to occur is the oxi -  
da t ion  of z i r con ium to z i r c on i um oxide (7) ,  ZrO~. 
The cathodic or r educ t ion  process is therefore  the  
r educ t ion  of oxygen  and  the  anodic  or ox ida t ion  
process is the ox ida t ion  of z i rconium.  Because  of the  
grea t  in so lub i l i ty  of ZrO~, al l  oxidized z i r con ium is 
assumed  to be incorpora ted  in to  the film. Other  pos-  
sible cathodic processes are  the  r educ t ion  of h y d r o -  
gen ions or w a t e r  and  the  r educ t ion  of the  film. The 
l a t t e r  process is t h e r m o d y n a m i c a l l y  i m p r o b a b l e  at  
these  potent ia ls ,  and  m e a s u r e m e n t s  of h y d r o g e n  
evo lu t ion  (to be repor ted  in  a la te r  pub l i ca t ion )  
showed tha t  the ra tes  are  neg l ig ib le  u n d e r  the con-  
d i t ions  e nc oun t e r e d  in  these exper iments .  

The  possible  i n t e r f e r i ng  anodic  processes are the  
ox ida t ion  of impur i t i e s  and  the ox ida t ion  of water .  
Care fu l  pur i f ica t ion  of the  solut ion and  cell can 
e l i m i na t e  the fo rmer  and  also at the same t ime  e l i m -  
ina te  impur i t i e s  t ha t  m a y  in t e r f e r e  w i th  the  k ine t ics  
of the  cathodic process. Signif icant  w a t e r  ox ida t ion  
on these sys tems is not  observed  u n t i l  one  ob ta ins  
po ten t ia l s  at least  1.5 v above  the  highest  po ten t ia l s  
encoun te r ed  in  this  work.  Therefore ,  it is p robab l e  
tha t  the  ra te  of w a t e r  ox ida t ion  is neg l ig ib le  at po-  
t en t i a l s  nea r  SCE. 

Typica l  po la r i za t ion  b e h a v i o r  of this  sys tem is 
shown in  Fig. 1. Here  it  is d e m o n s t r a t e d  tha t  the  
r educ t ion  of oxygen  fol lows an  equa t i on  of the  fo rm 

--~ozoE F 
I~ = Io.o exp [2] 

R T  

where  a0 is the  t r a n s f e r  coefficient of the  cathodic 
process, zc is the  charge n u m b e r ,  and  Io, o is a con-  
s t an t  whose  n u m e r i c a l  va l ue  depends  on the  r e f e r -  
ence po ten t i a l  to which  va lues  of E are refer red .  
This  equa t ion  is the  Tafe l  equa t ion  w r i t t e n  in  the  
e xpone n t i a l  f o rm wi th  bo = RT/a~zo F. 

A n  ana logous  equa t ion  is a ssumed  for the  anodic  
cu r ren t ,  L, at  cons tan t  film thickness ,  as fol lows 

~ z o E  F 
Ia = Io,~ exp [3] 

R T  
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Fig. 1. Experimental current-potential plot in oxygenated 
No2SO4 solution at 88~ 

where  ao and  z, are  the  t r ans fe r  coefficient a nd  
charge n u m b e r ,  respect ively ,  of the  anodic  react ion.  
This  a s sumpt ion  is made  r easonab le  by  the  theo re t -  
ical cons idera t ions  descr ibed be low which  led to the  
de r iva t i on  of Eq. [6].  A n  equa t ion  of the  fo rm of 
Eq. [3] has been  repor ted  va l id  for the  anodiz ing  of 
z i r con ium at  cons tan t  film th ickness  by  A d a m s  a n d  
Van  Rysse lbe rghe  (8) .  

E q u a t i o n  [1] can  be solved for I .... and  r e w r i t t e n  
in  t e rms  of the  va r i ab le s  in  Eq. [2] and  [3] as 
fol lows 

dI RT 1 
I . . . .  - -  X X [ 4 ]  

dE~_~E" F (~,z= + ~oz~) 

The quan t i t i e s  aczo and  ~az, can be d e t e r m i n e d  f rom 
Tafe l  slopes, b u t  gene ra l l y  it  is be t t e r  to d e t e r m i n e  
~,z, ind i rec t ly .  Excess ive  anodic  po la r iza t ion  can af-  
fect the  surface  m a t e r i a l l y  by  fo rming  s ignif icant  
quan t i t i e s  of film, and  therefore  it is best  to avoid 
large  anodic  polar iza t ions  en t i re ly .  A n  ind i rec t  
me thod  -~ of d e t e r m i n i n g  ~za  which  does no t  invo lve  
excessive po la r iza t ion  is i l l u s t r a t ed  in  Fig. 1. Here  
the  anodic  po la r iza t ion  points  are d e t e r m i n e d  by  
the  difference b e t w e e n  the ne t  c u r r e n t  and  the  ex -  
t r apo la t ed  cathodic cur ren t .  The Tafe l  slope, and  
hence  a,z,, is d e t e r m i n e d  then  f rom the  slope of the  
l ine  t h rough  these points .  At  the  end  of an  expe r i -  
ment ,  w h e n  the re  is no need  for f u r t he r  m e a s u r e -  
ments ,  it  is possible  to check the va lue  of ~.z~ by  di -  
rect  anodic  polar iza t ion.  Of course, the  vol tage  rises 
w i th  t ime  w h e n  z i r con ium is anodized at cons tan t  
densi ty ,  b u t  if the  c u r r e n t  dens i ty  is smal l  enough,  
the vol tage  rise d u r i n g  the m e a s u r e m e n t  wi l l  be 
negl ig ible .  At  the end  of an  expe r imen t ,  these smal l  
c u r r e n t  densi t ies  are  sufficient to ob ta in  a Tafe l  
slope, f rom which  a~z~ m a y  be es t imated .  

The  q u a n t i t y  dI /dE_ ,  m can  be d e t e r m i n e d  by  

p lo t t ing  I vs. E on a l i nea r  scale and  b y  d e t e r m i n i n g  
the  slope at  E = E ,  Since  the  I vs. E plot  is l i nea r  

e T h i s  a n d  a n o t h e r  m e t h o d  f o r  d e t e r m i n i n g  t h e  a n o d i c  T a f e l  s lope  
k n o w i n g  t h e  c o m p l e t e  c a t h o d i c  p o l a r i z a t i o n  c u r v e  h a v e  b e e n  d e -  
s c r i b e d  b y  S t e r n  a n d  R o t h  (9).  

over  a shor t  po ten t i a l  r ange  abou t  the  rest  potent ia l ,  
the slope can be d e t e r m i n e d  ve ry  easi ly  f rom severa l  
po la r iza t ions  at smal l  overvol tages .  

In  genera l ,  a~z~ and  ~zo do not  v a r y  r ap id ly  in  an  
e x p e r i m e n t  a nd  therefore  need  be d e t e r m i n e d  on ly  
occasionally.  R a t e - t i m e  curves  can be d e t e r m i n e d  
therefore  by  a series of smal l  polar iza t ions ,  which  
d e t e r m i n e  dI/dEE~E~ , along wi th  a few complete  ca-  

thodic  po la r iza t ion  curves.  
N o r m a l l y  it  is des i rab le  to ob ta in  a longer  l i nea r  

Tafe l  r eg ion  t h a n  shown  in  Fig. 1, b u t  concen t r a t i on  
po la r iza t ion  is l ike ly  to in te r fe re  if the  c u r r e n t  d e n -  
s i ty  is f u r t h e r  increased.  The  l inea r  Tafe l  slope was  
verified by  a grea t  m a n y  plots  s imi l a r  to Fig. 1, 
m a n y  of wh ich  had  cons ide rab ly  longer  l i nea r  r e -  
gions. 

It  should  be no ted  here  tha t  this  me thod  of meas -  
u r i ng  ra tes  is i n d e p e n d e n t  of m e c h a n i s m  since it  
on ly  requ i res  tha t  equa t ions  of the  fo rm of Eq. [2]  
be obeyed f o r m a l l y  over the po ten t i a l  and  c u r r e n t  
ranges  used. 

E x p e r i m e n t a l  

The m e a s u r e m e n t s  were  car r ied  out  in  100 cc P y r e x  
cells which  con ta ined  the  z i r con ium electrode,  an  i n -  
let  and  exi t  for oxygen,  a p l a t i n u m  pola r iz ing  elec-  
trode,  and  a H a b e r - L u g g i n  cap i l l a ry  l ead ing  t h rough  
an  a l l -g lass  closed stopcock to a separa te  c h a m b e r  
wh ich  con ta ined  a sa tu ra t ed  calomel  electrode.  Oxy-  
gen was  i n t roduced  t h r ough  the  in le t  v igorous ly  in  
order  to p rov ide  sufficient s t i r r ing  and  to insure  sa t -  

u r a t i o n .  No greases or waxes  of a ny  k i n d  were  used 
in  the  cell, the on ly  nonglass  m a t e r i a l  used be ing  
Teflon. The  z i r con ium electrodes,  which  were  m a -  
ch ined  f rom f ine -g ra ined  1/4 in. c rys ta l  ba r  rod and  
had  an  a rea  of 2.2 cm ~, wei 'e cy l inders  % in. long 
a nd  1/4 in. in  d iameter .  They  were  m o u n t e d  on 1/4 in. 
Teflon rod holders  which  effect ively masked  off one 
end  of the  cy l inder ,  e lect r ical  contact  be ing  m a i n -  
t a ined  by  a s ta inless  steel  rod t h r eaded  into the 
cen te r  of the  masked-of f  end  of the cyl inder .  The  
steel rod was  masked  comple te ly  f rom the  so lu t ion  
by  pass ing  it  t h r o u g h  a hole dr i l l ed  d o w n  the  axis  
of the  1/4 in.  Teflon rod. 

Before  i m m e r s i o n  in  the  cell, the  electrodes were  
c leaned  and  i m m e r s e d  in  a H~O-HNO~-HF chemical  
pol i sh ing  ba th  long enough  to r emove  severa l  mi ls  
of metal .  They  t h e n  were  r insed  wi th  t r i p ly  dis t i l led  
w a t e r  severa l  t imes  and  f inal ly  immersed  for 2 ra in  
in  bo i l i ng  t r i p l y  dis t i l led  H~O. This  p rocedure  was  
car r ied  out  b y  r ap id ly  t r a n s f e r r i n g  the e lect rode 
f rom beake r  to beake r  so tha t  the  l i qu id  ne ve r  was  
a l lowed to d r y  on the  surface.  If the  po l i sh ing  solu-  
t ion  were  a l lowed to d ry  on the  surface,  a whi te  i n -  
soluble  res idue  w ou l d  be left  which  defied all a t -  
t empts  at r e mova l  except  by  a r epea ted  i mmer s ion  
in  the  pol i sh ing  solut ion.  The  electrodes t h e n  were  
p laced  in  a d y n a m i c  greaseless  v a c u u m  sys tem and  
a n n e a l e d  for  severa l  hours  at  750~ The hot tes t  
por t ion  of the  f u r na c e  con ta ined  a supp ly  of zirco- 
n i u m  chips which  acted as a getter .  The  electrodes  so 
t r ea ted  u n d o u b t e d l y  had  a r e s idua l  t h in  film on the  
surface  even  before  the  1 - m i n  exposure  to air  d u r -  
ing  the  process of m o u n t i n g  the  electrodes on the  
Teflon holder .  The  in i t i a l  ra tes  observed  were  st i l l  
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fas ter  t h a n  could be m e a s u r e d  by  the  me thods  used,  
so tha t  there  seemed to be no poin t  to t ak ing  e labo-  
ra te  p recau t ions  to m i n i m i z e  the in i t i a l  film. 

The solut ions  used were  made  up f rom t r i p ly  
d is t i l led  water ,  doub ly  recrys ta l l i zed  sod ium sulfate ,  
and  a smal l  a m o u n t  of C.P. H~SO,. One of the w a t e r  
d is t i l la t ions  was  made  f rom a lka l ine  p e r m a n g a n a t e  
solut ion.  The solut ions  were  p re -e l ec t ro lyzed  be -  
t w e e n  p l a t i n u m  electrodes a m i n i m u m  of 24 hr  at 
abou t  10 ma  before  use. A t  this  c u r r e n t  the  po ten t i a l  
of the ca thode  was wel l  be low the  lowest  po ten t i a l  
observed  on the  z i r con ium electrode.  

The  cells were  c leaned  wi th  o r d i n a r y  d i ch romate  
c l ean ing  so lu t ion  and  wi th  a hot  m i x t u r e  of equa l  
par t s  of water ,  concen t ra t ed  HNO~, and  concen t r a t ed  
H~SO,. The  l a t t e r  so lut ion ve ry  efficiently r emoved  
the last  t races  of greases and  other  c o n t a m i n a n t s  
f rom the surface of the  cell. The cells t h e n  were  
r insed  tho rough ly  wi th  t r i p ly  dis t i l led  water ,  one 
of the  r inses  i nc lud ing  a 24-hr  soaking wi th  hot  
s t i r red  water .  

Po ten t i a l s  were  m e a s u r e d  wi th  a L&N Model  7664 
pH and  emf me te r  which  was  modified s l ight ly  so 
tha t  its ou tpu t  could be fed into a 10 -my  B r o w n  
recorder .  This  whole  u n i t  was  ca l ib ra ted  per iod ica l ly  
wi th  a po ten t iomete r ,  and  the  absolu te  accuracy  was  
abou t  •  m v  on a 1000 m y  r ange  or •  m v  on a 
100 m v  fu l l - sca le  range.  The high i n p u t  impe da nc e  
of the pH meter ,  about  10 ~ ohms, effect ively p r e -  
v e n t e d  a n y  po la r iza t ion  of the e lect rode by  the  
m e a s u r i n g  c i rcui t  and  also made  the me te r  su i tab le  
for m e a s u r i n g  smal l  cu r r en t s  by  m e a s u r i n g  the  po-  
t en t i a l  drop over  h i g h - v a l u e  resistors.  

The  smal l  cu r r en t s  used  were  supp l ied  by  a b a n k  
of radio "C" ba t te r ies  connec ted  in  series so tha t  up 
to 230 v could be obta ined .  In  order  to m a i n t a i n  con-  
s t an t  c u r r e n t  a la rge  res i s tance  was  placed in  series 
in  the  po la r iz ing  circuit .  The resis tors  were  con-  
nec ted  to a b a t t e r y  of decade  switches so t ha t  a n y  
res i s tance  f rom 0 to 10 ~ ohms could be ob ta ined  
quickly.  This va r i ab le  res i s tance  p lus  a second 
swi tch  which  selected severa l  vol tages  p rov ided  a 
c o n v e n i e n t  way  of ob t a in ing  any  necessa ry  cur ren t .  

A typ ica l  e x p e r i m e n t  was  ca r r i ed  out  as fol lows:  
the  cell was  cleaned,  and  the  so lu t ion  and  e lec t rode  
p r epa red  as descr ibed above.  At  the  comple t ion  of 
the cooling per iod  af ter  the  v a c u u m  a n n e a l  the  e lec-  
t rodes were  m o u n t e d  qu ick ly  on the  electrode holder  
and  i m m e r s e d  in  the  p r epa red  so lu t ion  w i th  the  
p o t e n t i a l - m e a s u r i n g  device on. The  po ten t i a l  was  
recorded  c o n t i n u o u s l y  d u r i n g  the  expe r imen t ,  and  
bo th  smal l  and  complete  po la r i za t ion  curves  were  
t a k e n  at appropr i a t e  in te rva ls .  Care was t ake n  to 
i n su re  t h a t  the  po la r i za t ion  did no t  a l te r  the  course 
of the  e x p e r i m e n t  s ignif icant ly .  In  most  cases a d u -  
pl icate  e x p e r i m e n t  was  made  w i thou t  any  po la r iza -  
t ion  in  order  to see w h e t h e r  the  p o t e n t i a l - t i m e  be -  
hav io r  dup l i ca t ed  and  to compare  ra tes  at  the  end  of 
the  dup l i ca te  e x p e r i m e n t  to ra tes  of those e x p e r i -  
m e n t s  which  had  the n o r m a l  a m o u n t  of polar iza t ion.  

Calculations and Results 
Because  each of the  e x p e r i m e n t s  necessa r i ly  i n -  

volves  a la rge  a m o u n t  of data,  resul t s  are  p r e sen t ed  
as plots  of ra tes  vs. t ime  and  the  va lues  of the  po-  

l a r i za t ion  res i s tance  and  a wi l l  no t  be given.  I n  
order  to d r aw  a smooth curve  b e t w e e n  the  expe r i -  
m e n t a l l y  d e t e r m i n e d  points ,  a s e m i - e m p i r i c a l  
me thod  of d e t e r m i n i n g  the ra tes  f rom the  po t en t i a l  
was  used. As was  po in ted  out  above,  the  cathodic 
c u r r e n t  is g iven  by  Eq. [2].  E x p e r i m e n t a l l y  it  was  
found  tha t  the  cons tan t s  Io.c and  aczo changed  ve ry  
l i t t le  in  a g iven  e x p e r i m e n t  (if Io, c is defined a lways  
at the  same re fe rence  po t e n t i a l ) .  There fo re  a plot  
of the  corrosion po ten t i a l  vs. the  l oga r i t hm of the  
corrosion rate,  which  is necessa r i ly  equa l  to the  ca-  
thodic  c u r r e n t  at  the  corrosion potent ia l ,  should  be 
e i ther  a s t ra igh t  l ine  of slope RT/a~z~ F (for  the  case 
of cons t an t  Io, c a nd  a~z~) or a gen t ly  c u r v i n g  l ine  
(for the case of s l igh t ly  v a r y i n g  aczo and  I~,~). Such a 
plot  is shown in  Fig. 2 for an  e x p e r i m e n t  at  88~ 
the  open circles on the plot  r e p r e s e n t i n g  poin ts  de-  
t e r m i n e d  f rom Eq. [4] .  Because  the  p o t e n t i a l - t i m e  
behav io r  is k n o w n  f rom the  con t inuous  po ten t i a l  
recording,  the  r a t e - t i m e  curve  can be found  by  com-  
b i n i n g  the r a t e - p o t e n t i a l  and  p o t e n t i a l - t i m e  plots. In  
Fig. 3, the  p o t e n t i a l - t i m e  behav io r  of this  e x p e r i m e n t  
(No. 4) is g iven  a long wi th  the  p o t e n t i a l - t i m e  be -  
hav ior  of a n u m b e r  of o ther  e x p e r i m e n t s  at  abou t  
the same t empera tu r e .  In  Fig. 4 and  5 the r a t e - t i m e  
curves  are shown for two e x p e r i m e n t s  each at  25 ~ , 
46 ~ , 66 ~ , and  88 ~ . Rates  are g iven  as to ta l  c u r r e n t ;  
c u r r e n t  dens i ty  m a y  be ob ta ined  by  d iv id ing  the  
n u m b e r s  in  the  g raph  by  2.2 cm ~, the  area  of the  elec-  
trodes. The  no tab l e  fea tu res  of the  r a t e - t i m e  curves  
are the  v e r y  sharp  in i t i a l  decl ine  and  the  g r adua l  
l eve l ing  off. The  shapes of the  curves  are app rox i -  
m a t e l y  hyperbo l ic  in  t ime  a nd  rate.  The open circles 
on the  one 88 ~ e x p e r i m e n t  in  Fig. 5 show poin ts  de -  
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Fig. 5. Corrosion rate vs. time for zirconium in oxygenated 
No2SO4 solution at 66 ~ and 88~ 

t e r m i n e d  d i rec t ly  by  Eq. [4] ;  the  rest  of the  curve  
was d e t e r m i n e d  by  the  me thod  descr ibed  above.  

It  wi l l  be  no ted  f rom Fig. 3 tha t  the  po ten t i a l  t ime  
curves  do not  exac t ly  dupl icate ,  a l t hough  the  gene ra l  
shape is the  same. Because  the  ra te  changes  by  one 
power  of t en  for abou t  every  300 m v  change  in  po-  
tent ia l ,  i t  is c lear  tha t  a difference of 100 m v  at  a 
g iven  t ime  is no t  a serious i r r eproduc ib i l i ty .  I t  is 
c lear ly  imposs ib le  to dup l ica te  prec ise ly  the  sur face  
of the  electrode or the  in i t i a l  film thickness .  The  fact 
tha t  the  curves  are  as smooth  as they  are  is of some 
significance, since such smooth  curves  could be ob-  
t a ined  on ly  if adequa te  so lu t ion  pur i f ica t ion  a nd  
carefu l  e lectrode p r e p a r a t i o n  were  car r ied  out ;  
o therwise  jagged  p o t e n t i a l - t i m e  plots  we re  ob-  
served.  

As m e n t i o n e d  above,  the  cons tan t s  Io.~ and  a~zo for 
the  r educ t ion  of oxygen  s tayed  fa i r ly  cons t an t  i n  a 
g iven  expe r imen t ,  i.e., the  c u r r e n t - p o t e n t i a l  p lots  
were  a lmost  super imposable .  On the  other  hand ,  
aaz, decreased w i t h  t ime,  especial ly  at 88 ~ In  a 
typ ica l  e x p e r i m e n t  at  88 ~ , the  first d e t e r m i n a t i o n  of 
a,z, migh t  y ie ld  a va lue  as h igh as 0.3 or 0.35 whi le  
af ter  severa l  days  a~z, m igh t  be as low as 0.1. 

Discussion 

Before a t t e m p t i n g  to descr ibe the  resul t s  in  a ny  
m a t h e m a t i c a l  form, some of the  complexi t ies  of this  
sys tem should  be discussed. Firs t ,  one has to be care-  
fu l  abou t  app ly ing  the concept  of a "s ingle  r a t e -  
d e t e r m i n i n g  step" since the re  are a lways  two ha l f -  
reac t ions  present ,  anodic  and  cathodic,  in  a n y  oxi-  

dat ion,  and  on ly  if one were  p rac t i ca l ly  at  equ i l i b -  
r i u m  w ou l d  it  be jus t i f iable  to say tha t  the  o ther  is 
a s ingle  r a t e - d e t e r m i n i n g  react ion.  In  the  sys tem 
cons idered  here,  ne i t he r  the  anodic  nor  the cathodic 
reac t ion  is at  e q u i l i b r i u m ;  hence,  they  both  control  
the  r a t e  of the  react ion.  F u r t h e r m o r e ,  it is conceiv-  
able  t ha t  in  e i ther  the  anodic  or cathodic process 
the re  are  two or more  reac t ion  ba r r i e r s  such tha t  the  
concepts  of consecut ive  reac t ions  m u s t  be  cons id-  
ered to ana lyze  the  system.  Consecut ive  reac t ions  
a re  especia l ly  l ike ly  to occur in  t h r e e - p h a s e  sys tems 
of the type  cons idered  here,  w h e n  one m u s t  consider  
cha rged -pa r t i c l e  t r ans f e r  t h r ough  the m e t a l - f i l m  and  
f i lm-so lu t ion  in te r faces  and  t h r ough  the  b u l k  of the  
film. 

A n o t h e r  complex i ty  tha t  ve ry  l ike ly  occurs is the  
he te rogeneous  g rowth  of the  film. Var ia t ions  in  
th ickness  and  shape of the  films can be p roduced  
eas i ly  by  va r i a t i ons  in  ac t iva t ion  energies  and  other  
k ine t i c  factors  wh ich  are caused by  the  presence  of 
defects, g ra in  boundar ies ,  var ious  exposed crys ta l  
faces, etc. Thus  the  ac tua l  g rowth  of a fi lm even  in  a 
ca re fu l ly  cont ro l led  e x p e r i m e n t  is v e r y  complex.  
The  theore t ica l  t r e a t m e n t  of he te rogeneous  g rowth  
is e x t r e m e l y  complex  and,  in  common  w i t h  most  
t r e a t m e n t s  of film growth,  u n i f o r m  g rowth  wi l l  be  
a s sumed  here.  

The  p e r t i n e n t  e x p e r i m e n t a l  facts tha t  m u s t  be ex -  
p l a ined  are the rapid decrease in rates, the decrease 
in  ~,, and  the  r ise in  potent ia l .  The  basic  hypothes is  
tha t  leads to an  e x p l a n a t i o n  of these observa t ions  is 
tha t  a por t ion  of the  tota l  po t en t i a l  drop occurs in  
the  film and  the  field in  the film decreases as the film 
th ickens  ~ a nd  the po ten t i a l  changes.  The field 
s t r eng th  wi l l  be  g iven  by  

V V 
r - - [ 5 ]  

X Xo + RfIdt 

w he r e  F is the  field s t rength ,  V is the  po ten t i a l  drop 
across the  film, X is the film thickness,  Xo is the  i n i -  
t ia l  f i lm thickness ,  fIdt is the total  charge passed, 
a nd  R is the  factor  r e l a t ing  charge  to thickness .  If 
the s t ruc tu re  of the  film and  the  area  of the  elec-  
t rode  are  known ,  R can  be ca lcu la ted  easily.  I t  wi l l  
be assumed  tha t  the  anodic  c u r r e n t  is cont ro l led  by  a 
f i e l d - de pe nde n t  r a t e - d e t e r m i n i n g  process w i t h i n  the  
film such tha t  the  ac t iva t ion  ene rgy  wi l l  be lowered  
by  the  a m o u n t  (z~elV)/(Xo + RfIdt) w he r e  (z,e) is 
the  charge  of the  m o v i n g  par t ic le  a nd  I is the  d is -  
t ance  t h r ough  wh ich  the  force acts. This  r a t e - d e t e r -  
m i n i n g  process could be the m o v e m e n t  of an  ion f rom 
one e q u i l i b r i u m  posi t ion to another ,  and  the loca-  
t ion  of the  b a r r i e r  to this  m o v e m e n t  could be e i ther  
at one of the  in ter faces  or in  the b u l k  of the  film. 
Neglec t ing  a n y  reverse  c u r r e n t  in  the  film, the  
anodic  c u r r e n t  wi l l  be  g iven  by  

z,elV 
Ia ---- A.~ exp [6] 

(Xo § Rf Id t )kT  

This  equat ion ,  in  the  s imple r  fo rm L = A exp BF, 
w he r e  A and  B are  constants ,  has been  verif ied ex -  

3 S u c h  a n  e x p l a n a t i o n  w a s  p r o p o s e d  b y  C a b r e r a  a n d  M o r t  (11) in  
their  t rea tment  of  t h i n  f i lms ,  b u t  t h e i r  s u b s e q u e n t  t r e a t m e n t  is 
d i f f e r e n t  f r o m  t h a t  proposed here.  
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p e r i m e n t a l l y  for the  anodiz ing  of z i r con ium by  
Char l e sby  (10) ;  and  a s imi la r  equa t i on  has b e e n  
der ived  by  Cabre ra  and  Mort (11) .  The  cons tan t  
I~.~ wil l  con ta in  a concen t r a t i on  term,  a f r e que nc y  
factor,  and  an  exponen t i a l  t e r m  in  ac t iva t ion  energy.  
The a s sumpt ion  tha t  reverse  m o v e m e n t  of the  ions is 
neg l ig ib le  is good for h igh field s t r eng th  or for a 
ve ry  h igh ac t iva t ion  ene rgy  for m o v e m e n t  in  the 
reverse  direct ion.  The  l a t t e r  condi t ion  is most  p r ob -  
ab le  if the p r inc ipa l  b a r r i e r  to pa r t i c le  m o v e m e n t  is 
a t  one of the  interfaces .  If the re  is a s y m m e t r i c a l  
ene rgy  ba r r i e r  such as migh t  occur in  the  b u l k  of a 
film, t hen  the reverse  c u r r e n t  wi l l  no t  be negl ig ib le  
at  low field s t rength .  

The r educ t ion  of oxygen  wi l l  en ta i l  a flow of elec-  
t rons  t h rough  the  film aga ins t  the field. I t  wi l l  be  as-  
sumed  tha t  the he ight  of this  po ten t i a l  ba r r i e r  in  the  
fi lm wi l l  d e t e r m i n e  the  flow of e lec t rons  in  the  
m a n n e r  r ep re sen t ed  by  

Io = I~,~ exp (--ao'eV/kT) [7] 

The  cons tan t  ao' should be d i s t ingu i shed  f rom ao of 
Eq. [2] because  the  fo rmer  affects on ly  the  fi lm po-  
t en t i a l  and  the  l a t t e r  affects the  tota l  po ten t i a l  i n -  
c lud ing  the d o u b l e - l a y e r  po ten t i a l  at  the f i lm-so lu -  
t ion  in ter face . '  This  a s sumpt ion  is no t  s t r ic t ly  va l id  
a n d  agrees on ly  a p p r o x i m a t e l y  w i th  expe r imen t .  
The  e x p e r i m e n t a l  ao va lue  decreases d u r i n g  the  
course of the e x p e r i m e n t  a l though  no t  n e a r l y  as 
m u c h  as ao decreases.  This  decrease in  ao could eas i ly  
be  due to changes  in  a/. Elect ronic  fi lm res is tances  
are assumed  neg l ig ib le  since the  films are on the  
order  of 100A or less thick.  

Equa t ions  [6] and  [7] m a y  be combined  wi th  the  
elimination of eV/kT t o  give 

zfl In (I/L.~) 
Xo + RfIdt  = -- [8] 

a / i n  (I/L.~) 

reca l l ing  tha t  I~ -~ I~ = I at  open circuit .  
Di f fe ren t ia t ing  wi th  respect  to t ime,  Eq. [8] r e -  

sul ts  in 

dI a/RI  ~ [In (I/L,~) ]~ 
dt = z~lin (L, JA, o) [9] 

o r  

where  A = 

d I  
- - - -  A I  ~ [ l n ( I / L , ~ )  ]~ [9a] 

dt 

~c'R 

z~l In (L.JL,~) 

E q u a t i o n  [9] can be in t eg ra t ed  b u t  the  resu l t  is a 
series wh ich  is no t  easy to use. It  is more  c o n v e n -  
ien t  to i n t eg ra t e  it g raph ica l ly  for va r ious  va lues  of 
(I/L,~). Since the  va r i a t i on  in  the  t e r m  [ ln  (I/L,a)]~ 
is smal l  compared  to changes  in  I ~, a u se fu l  app rox i -  
ma te  i n t eg ra t i on  can  be made  by  a s suming  tha t  
ln(I/L,~) is constant .  This  a s sumpt ion  m a y  be f u r -  
the r  improved  by  the  poss ib i l i ty  tha t  L,~ m a y  de-  
crease s l igh t ly  wi th  t ime  a long wi th  I. Because  p a r -  
t icles in  low ac t iva t ion  ene rgy  posi t ions  are l ike ly  

E x p e r i m e n t a l  e v i d e n c e  o b t a i n e d  b y  t h e  a u t h o r  s u g g e s t s  t h a t  t h e  
r e d u c t i o n  of O2 is b e s t  r e p r e s e n t e d  b y  a d u a l - b a r r i e r  m o d e l ,  o n e  
b a r r i e r  o c c u r r i n g  a t  t h e  f i l m - s o l u t i o n  d o u b l e  l a y e r ,  a n d  t h e  o t h e r  i n  
t h e  f i lm as d e s c r i b e d  a b o v e .  F o r  a m o r e  c o m p l e t e  d e s c r i p t i o n  o f  t h e  
d u a l - b a r r i e r  m o d e l  s e e  P o s e y  {12). 
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Fig. 6. T h e o r e t i c o l  r o t e - t i m e  curves 

to reac t  first in  p re fe rence  to par t ic les  in  h igher  
ac t iva t ion  ene rgy  posit ions,  the  ove r -a l l  average  ac-  
t iva t ion  ene rgy  is l ike ly  to be increased  and  the re -  
fore I~.~ decreased.  If t hen  ln(I/L.,,) is a s sumed  con-  
s tant ,  Eq. [9a] in tegra tes  to 

1/I  = A[ln( I /L ,a)]s t  + K [10] 

w he r e  K is an  i n t e g r a t i on  constant .  E q u a t i o n  [10] 
is, of course, a h y p e r b o l a ?  

The behav io r  of these func t ions  is shown in  Fig. 6 
where  Eq. [10] is p lo t ted  a long wi th  the  resul t s  of 
the  g raph ica l  i n t e g r a t i o n  of Eq. [9] .  In  order  to e m -  
phasize  the  differences of the  shapes of the  curves ,  
the  cons tan ts  are chosen so tha t  all  func t ions  wi l l  
have  the same va lues  at  cu r r en t s  ( ra tes)  of one and  
100. There  is obv ious ly  l i t t le  difference in  the  shape 
of the  curves  un less  I/L,a is less t h a n  abou t  10 ~, 
which  wi l l  occur for smal l  fields. Thus  these  equa -  
t ions  wou ld  predic t  tha t  the  r a t e - t i m e  behav io r  is 
a lmos t  hyperbol ic  at  h igh  field s t r eng th  (or the  
t h i c k n e s s - t i m e  behav io r  is a lmost  l oga r i t hmic ) .  In  
Fig. 7 it is shown tha t  by  the p rope r  select ion of the  
constants ,  the theore t ica l  express ions  can account  for 
e x p e r i m e n t a l  plots. For  the  sake of clar i ty,  on ly  
th ree  r a t e - t i m e  curves  are shown,  bu t  the  others 
can eas i ly  be fitted also. Of course, w i th  th ree  a rb i -  
t r a r y  constants ,  A, K, a nd  L.o, this  is r e l a t i ve ly  easy,  
so tha t  all tha t  Fig.  7 shows is the  poss ibi l i ty  tha t  the  
theore t ica l  express ions  can account  for the  expe r i -  
m e n t a l  r a t e  curves.  

s T h i s  d e r i v a t i o n  is s i m i l a r  m a t h e m a t i c a l l y  to  a d e r i v a t i o n  p r e s -  
e n t e d  b y  V e t t e r  (13) f o r  f i lm g r o w t h  a t  c o n s t a n t  p o t e n t i a l .  I t  is  
i n t e r e s t i n g  t h a t  f i lm  g r o w t h  a t  c o n s t a n t  p o t e n t i a l  a n d  a t  o p e n  c i r -  
cu i t  f o l l o w  e s s e n t i a l l y  t h e  s a m e  k i n e t i c s .  
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Fig. 7. Compar i son  o f  t h e o r e t i c a l  and  e x p e r i m e n t a l  cor-  

ros ion rotes o f  c rys ta l  bar  z i r c o n i u m  in o x y g e n a t e d  Na~SOr 

s o l u t i o n .  
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I t  is appropr i a t e  to es t imate  the va lue  of the  con-  
s t an t  A in  order  to see if it  has the  correct  o rder  of 
magn i tude .  This  involves  m a i n l y  an  es t imate  of the  
q u a n t i t y  R, which  re la tes  charge to th ickness  of film. 
A s s u m i n g  the film to be ZrO~ of dens i ty  5.5 g/cc, R 
is equa l  to 5.79 x 10 -5 cc /cou lomb -- area.  For  these  
spec imens  of 2.2 cm ~, R is equa l  to 2.63 x 10 -~ c m /  
coulomb.  The  cons tan t  c~c' wi l l  be a s sumed  to be 
abou t  one, I wi l l  be  a s sumed  to be 3 x 10 -8 cm, z~ wi l l  
be assumed  to be 2 co r respond ing  to oxide ion m i -  
gra t ion,  and  the  t e r m  In (I~.c/I~.~) wil l  be  a s sumed  to 
be of the order  of m a g n i t u d e  of ten.  ~ Using these 
va lues  A t u r n s  out  to be abou t  40 coulombs-L In  Fig.  
7, the  46 ~ and  88 ~ r u n s  are fit by  the  g raph ica l ly  
i n t eg ra t ed  fo rm of Eq. [9] w i th  A equa l  to 3.4 and  
190, respect ively ,  and  Ik., a s sumed  to be 1.1 x 10 -~ A 
at  88~ and  10-1~A at  46 ~ The  66 ~ r u n  was  fit by  the  
hype rbo l a  1/I = 540 ( t  -k 960), t be ing  the  t ime  in  
seconds ( the  g raph  gives t ime  in  m i n u t e s ) .  Since 
a hype rbo la  was  used, I/I~,~ m u s t  be  g rea te r  t h a n  
abou t  10 ~ and  hence  [ln(I/I~,~)]: m u s t  be  g rea te r  
t h a n  abou t  130 and  A, which  is equa l  to 5 4 0 / [ l n  
(I/I~.,)] ~ according  to Eq. [10], m u s t  be less t h a n  
about  4. Of course these va lues  depend  on how one 
decides to fit the  curve,  bu t  they  do no t  change  the i r  
order  of m a g n i t u d e  for va r ious  a t t empt s  at  f i t t ing 
the  curves.  The  d e t e r m i n e d  va lues  of A there fore  
seem to be correct  as to order  of magn i tude .  

The  rise i n  po t en t i a l  wh ich  is observed  in  these  
expe r imen t s  is s imply  the  resu l t  of the  decrease in  
anodic  c u r r e n t  at  a g iven  po ten t i a l  due  to fi lm th i ck -  
ening.  I n  order  tha t  anodic  and  cathodic cu r ren t s  a l -  
ways  r e m a i n  equal ,  the  po ten t i a l  m u s t  rise, s ince 
the anodic  c u r r e n t  m u s t  inc rease  and  the cathodic 
c u r r e n t  decrease  as the po ten t i a l  rises. 

The  effect of t e m p e r a t u r e  is compl ica ted  as can 
be seen by  compar ing  the  ra te  express ions  at  va r ious  
t empera tu re s .  In  order  to ob ta in  m e a n i n g f u l  da ta  
f rom the  t e m p e r a t u r e  effects, va lues  of I~.~ a nd  I~.o 
would  have  to be k n o w n  wi th  cons iderab le  precis ion.  
However ,  compar i son  of the  r a t e - t i m e  curves  shows 
that ,  w i t h  the  except ion  of one of the  25 ~ expe r i -  
ments ,  the  ra tes  we re  cons ide rab ly  h igher  at  88 ~ 

6 T h i s  e s t i m a t e  r e s u l t s  f r o m  t h e  p r o b a b i l i t y  t h a t  t h e  a c t i v a t i o n  
e n e r g y  f o r  t h e  a n o d i c  p r o c e s s  is h i g h e r  t h a n  t h a t  fo r  t h e  c a t h o d i c  
p rocess .  A d m i t t e d l y  th i s  e s t i m a t e  of t e n  f o r  t h e  v a l u e  of  In  (I~, c/I~, a) 
i s  o n l y  a guess .  
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t h a n  at the  other  t empera tu re s .  The re  is therefore  
m u c h  more  fi lm growth  in  these exper imen t s ,  and  
this  accounts  for the fact tha t  the  decrease in  ~ was  
far  more  no t iceab le  in  the  88 ~ e x p e r i m e n t s  t h a n  in  
the  o ther  exper imen t s .  The e x p e r i m e n t s  at 25~ 
should no t  be  g iven  m u c h  signif icance s ince there  
was cons ide rab ly  more  scat ter  in  the da ta  l ead ing  to 
the  ( smoothed)  r a t e - t i m e  curves  shown in  Fig. 4. 

The  express ions  g iven  he re  can account  for  the  
shape of the r a t e - t i m e  curves,  bu t  it  is c lear  tha t  
more  i n f o r m a t i o n  is needed  on the m e c h a n i s m s  of 
the  cathodic and  anodic  processes. P r o b a b l y  such i n -  
f o r ma t i on  is ob ta ined  bes t  by  isola t ing the  i n d i v i d u a l  
processes and  s tudy ing  t h e m  alone.  Such  s tudies  now 
are be ing  car r ied  out, a nd  the  r educ t ion  of var ious  
r educ ib le  species on f i lm-covered  z i r con ium wi l l  be  
the  sub jec t  of a f u t u r e  communica t ion .  
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The Oxidation of Iron-Nickel Alloys 
III. Kinetics of Oxidation of Three Commercial Alloys 
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ABSTRACT 

Three commercial  i ron-nickel  alloys, containing 30, 41, and 78% nickel, 
were oxidized over the range 600~176 in  two atmospheres, laboratory air, 
and a 21.7% 02-78.3% N~ mixture.  The oxidation of these alloys follows a para-  
bolic weight  gain- t ime relat ionship dur ing the 60-rain reaction time. Replicate 
experiments  general ly showed that  the precision in de termining  the parabolic 
rate constants was better  in  the O.~-N2 mixture  than in laboratory air. This effect 
is probably  the result  of day- to -day  variat ions in composition of laboratory 
air. Tempera ture  dependences of the reaction rates were determined with the 
Arrhen ius - type  equation. Both the reaction rates and the apparent  energies of 
activation of the 30-41% alloys are consistent with a ra te -de te rmin ing  process 
of cation diffusion through a spinel s t ructure NL Fe~_~ 04. It is hypothesized 
that  the apparent  energy of activation for the 78% alloy is due to the influence 
of the 3.8% Mo on the physical character of the film. Anomalously  high rates 
were observed in both atmospheres at the higher temperatures,  and this is 
discussed with reference to "over- temperatures ,"  resul t ing from heat gener-  
ated at the surface by oxidation. 

A n  ear l ie r  s tudy  (1) had  as its objec t ive  ou t l i n i ng  
the  m e c h a n i s m  of h i g h - t e m p e r a t u r e  (600~176  
oxida t ion  of an  i r o n - n i c k e l  a l loy con ta in ing  42% 
nickel .  I t  had  been  po in ted  out  tha t  the  i r o n - n i c k e l  
sys tem was of theore t ica l  in te res t  because  these two 
e lements  fo rm a con t inuous  series of subs t i t u t i ona l  
solid so lu t ion  al loys w i th  both  componen t s  oxidiz-  
able. F u r t h e r m o r e ,  i r o n - n i c k e l  a l loys of va r ious  
composi t ions  are used i n d u s t r i a l l y  for such purposes  
as g l a s s - t o - m e t a l  seal ing,  as magne t i c  mater ia l s ,  a nd  
as ma te r i a l s  w i th  special  t h e r m a l  propert ies .  The 
ear l ie r  s tudy  d e m o n s t r a t e d  tha t  the  m e c h a n i s m  of 
ox ida t ion  invo lved  diffusion th rough  a n icke l  fe r r i te  
reac t ion  p roduc t  film, and  the va r i a t i on  of ac t iva t ion  
energies  and  oxida t ion  ra tes  w i th  surface p r e p a r a -  
t ion  was  exp la ined  on the  basis  of diffusion t h r ough  
fer r i te  s t ruc tu res  of v a r y i n g  pe rcen tages  of nickel .  
This  s tudy  ex tends  this  work  to two other  c o m m e r -  
cial  al loys and  special  a tmospheres .  Oxida t ion  was 
s tud ied  over  the  t e m p e r a t u r e  r ange  600~176 
The objective of this paper is to report and inter- 
pret kinetic data so that ultimately a complete un- 
derstanding of the mechanism of oxidation of iron- 
nickel alloys may be realized. It is expected that 
work reported and underway in two other labora- 
tories (2-4) as well as in our own, will achieve this 
contribution to general oxidation theory. 

Experimental 
Oxidation Studies 

The oxida t ions  were  car r ied  out  employ ing  a 
C h e v e n a r d  the rmoba lance .  In  this  i n s t r u m e n t  the  
sample  to be  oxidized is suppor ted  on a fused silica 
rod and  the  furnace ,  at the  desired t empe ra tu r e ,  is 
lowered  a r o u n d  it. The change  in  we igh t  of the  
sample  is recorded au toma t i ca l ly  as a f unc t i on  of 
t ime.  

E x p e r i m e n t s  were  r u n  at  600 ~ , 700 ~ , 800 ~ , 900 ~ , 
and  1000~ The  t e m p e r a t u r e  of the  fu rnace  was 
cont ro l led  to --1.4~ according to a G e n e r a l  Electr ic  
p ro tab le  precis ion po ten t iomete r .  This  i n s t r u m e n t  
was ca l ib ra ted  to be accura te  to 0.05%. Usua l ly  the 
ox ida t ion  was a l lowed to proceed for 60 min .  Two 
a tmospheres  were  employed.  The first was  stat ic 
l abo ra to ry  air. This  ce r t a in ly  changed  f rom day  to 
day  because of h u m i d i t y  va r i a t i on  and  other  inf lu-  
ences, al l  of which  have  not  fu l ly  been  assessed in  
h i g h - t e m p e r a t u r e  ox ida t ion  work.  (Some of the ex -  
p e r i m e n t s  descr ibed here  were  made  severa l  years  
apar t . )  The second a tmosphere  consisted of a con-  
t ro l led  mix tu re ,  21.7% oxygen  and  78.3% n i t rogen  
by  vo lume  flowing at a ra te  of 263 m l / m i n .  The  dew 
poin t  of this m i x t u r e  was - -20~ In  al l  cases at least  
dupl icate ,  and  u sua l l y  t r ipl icate ,  samples  were  oxi -  
dized. Weight  changes  were  t a ke n  f rom the  t h e r m o -  
ba l ance  curve  a t  6 - m i n  i n t e rva l s  and  rep lo t ted  to 
es tabl ish  the ra te  constant .  The  spread  of the  p a r a -  
bolic ra te  constant~ is a p p a r e n t  f rom the  tab les  l i s t -  
ing the resul ts .  Usua l ly  this  spread  was  less t h a n  
--+-6% of an average  value .  Where  poorer  prec is ion  
was  obta ined,  the  e x p e r i m e n t  had  u s u a l l y  been  r u n  
in  l abo ra to ry  air.  In  severa l  ins tances  the  first du -  
pl icate  r u n s  were  w i t h i n  3% of an average  value.  
The e x p e r i m e n t  repea ted  severa l  mon ths  la te r  gave 
va lues  w i th  abou t  the  same precision.  However ,  the  
first average  mi gh t  v a r y  f rom the  second by  60%. 
This m u s t  be due to va r i a t i on  in  the composi t ion  of 
the a tmosphere ;  e xpe r i me n t s  are now be ing  r u n  to 
c lar i fy  this  point .  

Composition of al loys.--The th ree  i r o n - n i c k e l  a l -  
loys inves t iga ted  r ep re sen t  composi t ions  of in te res t  
to the e lectr ical  and  electronics  indus t ry .  Al loy  A 
was n o m i n a l l y  30% Ni, 70% Fe;  Al loy  B - - 4 1 %  Ni, 
59% Fe;  Al loy  C - - 7 8 %  Ni, 18% Fe, and  4% Mo. 
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Comple te  ana lyses  of these  a l loy  s t r ips  before ox ida -  
t ion  were  g iven  in  a p rev ious  repor t  (5) .  Reana lys i s  
for ca rbon  gave  a correc ted  va lue  of 0.001% r a t h e r  
t h a n  the  0.01% repor ted .  This  agrees w i th  w h a t  
wou ld  be expected f rom the  hea t  t r ea tmen t s .  The  
al loys w e r e  ob ta ined  ~ in  the  fo rm of s t r ip  0.050-0.076 
cm thick.  The  sheared  coupons  were  a n n e a l e d  for 2 
hr  at  1125~ in  h y d r o g e n  and  t h e n  cooled in  h y d r o -  
gen  to room t empera tu re .  Before  ox ida t ion  the  
pane ls  of abou t  20 cm ~ a rea  were  c leaned  chemical ly .  

Suryace preparat ion.- -The al loy s t r ips  w e r e  
chemica l ly  c leaned  at  90~ for 2 m i n  in  an  acid 
m i x t u r e  and  wi th  a p rocedure  descr ibed before  (5) .  
The i n t e n t  was  to oxidize a surface free of d i s tu rbed  
metal .  E lec t ron  diffract ion e x a m i n a t i o n  of a surface  
p r epa red  by  this  m e t h o d  gave on ly  the  p a t t e r n  cor-  
r e spond ing  to the  i r o n - n i c k e l  al loy (1) .  A n  objec-  
t ion  to acid c l ean ing  a b i n a r y  a l loy  migh t  ar ise f rom 
the  poss ib i l i ty  of select ive dissolut ion.  P r e s u m a b l y  in  
an  i r o n - n i c k e l  a l loy the i ron  wou ld  be se lec t ive ly  
dissolved,  y ie ld ing  a n i cke l - r i ch  surface  wh ich  
wou ld  exh ib i t  a lower  ox ida t ion  rate.  The  m a g n i t u d e  
of this  effect was  assessed by  p r e p a r i n g  samples  of 
the  41% nicke l  al loy for ox ida t ion  at  900~ in  the  
cont ro l led  O#N~ a tmosphere ,  the  on ly  va r i a t i on  in  
t r e a t m e n t  be ing  the t ime  of pickl ing.  The parabol ic  
ra te  cons t an t  va r i ed  as fol lows:  

T i m e  in  a c i d  
b a t h  a t  90~ 

r a i n  

OXIDATION OF IRON-NICKEL ALLOYS 

Table I. Parabolic rate constants for Alloy A (30% Ni), 
k~ (g2 cm-~ sec-~) 

k~ (x 10 lo g~em -4 see -I 

2 4.00, 3.94 avg 3.96 
4 3.77, 3.54 avg 3.66 
6 3.77, 3.54 avg 3.66 

The  ex t ended  p ick l ing  decreased the  m e a s u r e d  oxi -  
da t ion  ra te  by  7.5%. 

Electron DifJraction Analyses  o] Films 

Elec t ron  diffract ion ana lyses  by  the  ref lect ion t ech-  
n ique  were  made  wi th  a G e n e r a l  Electr ic  e lec t ron  
diffract ion i n s t r u m e n t .  This  i n s t r u m e n t  was  equ ipped  
wi th  an  a t t ached  h i g h - t e m p e r a t u r e  f u r n a c e  e n a b l i n g  
one to s tudy  the  ox ida t ion  p roduc t s  at  the  t e m p e r a -  
tu re  of react ion.  These expe r imen t s ,  as we l l  as the  
equ ipmen t ,  are  descr ibed  in  more  de ta i l  in  ano the r  
repor t  (5) .  

Treatment  o~ Data 

The ox ida t ion  ra te  for  these  i r o n - n i c k e l  al loys 
m a y  be r ep re sen t ed  by  the  parabol ic  r a t e  equa t ion :  

(am)S= b + k~t [1] 

where  Am is ga in  in  we igh t  in  g / c m  ~ of a sample  
oxidized for t seconds;  k~ is the  parabol ic  r a t e  con-  
s t an t  expressed  in  g=cm-%ec-1; b is a cons t an t  
(g~cm-~). 

The t e m p e r a t u r e  dependence  for the  reac t ion  is 
best  descr ibed  by  an  A r r h e n i u s  type  equa t ion  as: 

--AE* 
k~ = A e - -  [2] 

RT 

in  which  AE ~ is t e r m e d  the  a p p a r e n t  e n e r g y  of ac-  
t iva t ion  and  A the  f r e q u e n c y  factor.  As discussed be -  
low, the  s ignif icance of AE* der ived  f rom the  A r -  

1 F r o m  t h e  C a r p e n t e r  S tee l  C o m p a n y .  

937 

t ,  ~ L a b o r a t o r y  a i r  O~-~Ts m i x t u r e  

600 1.18 X 10 -1~ 1.26 • 10 -19 
1.07 1.28 
1.09 

700 1.39 X 10 -11 1.54 • 10 -11 
1.38 1.38 

800 9.4 • 10 -~ 8.7 • 10 -11 
8.4 8.2 

8.7 

900 1.32 X 10 -9 5.3 X 10 -~~ 
1.25 5.1 
0.98 

1000 a = 1.01 X 10 -s 3.5 X 10 -~ 
a = 0.98 3.2 
a = 0.95 3.2 

b : 1.75 
b = 1.65 
b = 2.05 

r he n i u s  plot  m u s t  be i n t e r p r e t e d  wi th  cau t ion  at  
e leva ted  t empera tu re s .  

Results 
Results  Sot Al loy  A (30% Ni) 

The  parabol ic  ra te  constants ,  k~ in  Eq. [1],  are  
l is ted in  Tab le  I. Genera l ly ,  the  prec is ion  of the  r a t e  
cons tan t s  ob ta ined  in  the  cont ro l led  a tmosphere  is 
be t t e r  t h a n  of those ob t a ined  in  l a b o r a t o r y  air.  Fo r  
al l  of the  r u n s  w i th  a l loy A, the  average  dev ia t ion  
f rom the  m e a n  for 2 or 3 r u n s  was  --3.0% in  the  
cont ro l led  a tmosphere  and  --+5.4% in  l a b o r a t o r y  air. 
If dupl ica te  r u n s  were  made  in  l abo ra to ry  air  on 
the  same  day,  however ,  the  prec is ion  w o u l d  be  
--+2-3%. At  600 ~ 700 ~ and  800~ there  is a p p a r e n t l y  
no defini te  inf luence  of the  a tmosphe re  by  w a y  of i n -  
creased or decreased rate.  At  900~ the  ra t e  in  the  
l abo ra to ry  a i r  is g rea te r  t h a n  tha t  in  the  cont ro l led  
a tmosphe re  by  a factor  of 2 a nd  at  1000~ by  a 
factor  of 3. 

The  parabol ic  r e l a t ionsh ip  gives an  exce l len t  r ep -  
r e s e n t a t i on  for the  da ta  for al l  the  cont ro l led  a tmos -  
phere  da ta  a nd  mos t  of the  da ta  in  l a b o r a t o r y  air. 
However ,  in  the  l a t t e r  case at  900~ the re  is a 
s l ight  t e n d e n c y  for the  plots  to be  concave upward .  
At  1000~ the  k~ def in i te ly  increases  af ter  an  oxi-  
da t ion  t ime of abou t  20 min ,  and  it  is necessa ry  to 

Table II. Temperature dependence of oxidation reactions 

A h o y  Atmosphere 

" A "  a p p a r e n t  
f r e q u e n c y  e n e r g y  of  

factor, a c t i v a t i o n ,  
g~ cm-~ sec  -1 c a l / m o l e  

A 30% Ni) 

B (41% Ni) 

C (78% Ni) 

Laboratory air  0.044 41,800 
O2-N~ mixture  0.024 41,100 

Laboratory air 0.082 44,600 
O~-N~ mix ture  0.020 40,900 
Ref. (1) 0.012 40,800 

Laboratory air 1.28 X 10 -8 38,230 
O~-N~mixture 3.10 X 10 -~ 35,450 
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Fig. 1. Temperature dependence of ox idat ion rate of iron- 
nickel alloys oxidized in a control led 02-N~ atmosphere. 
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Fig. 2. Temperature dependence of ox idat ion rate of iron- 
nickel alloys oxidized in laboratory air. 

r ep resen t  the  data  by  two stages. These  two stages 
are  r ep re sen t ed  by  "a" and  "b"  in  Table  I. This  is 
a r ep roduc ib l e  effect. Af te r  the in i t i a l  ox ida t ion  
stage the ra te  a lmost  doubles.  

The t e m p e r a t u r e  dependence  of the  reac t ion  is 
descr ibed by  "A" and  "AE ~'' in  Eq. [2]. These 
quan t i t i e s  are g iven  in  Tab le  II, and  the curves  are  
p lo t ted  in  Fig. 1 and  2. The  5 po in ts  in  the  O~-N~ 
a tmosphere  fal l  close to the  l i nea r  plot,  bu t  the  900 ~ 
and  1000 ~ poin ts  ob ta ined  in  l a b o r a t o r y  air  fa l l  in  a 
d i rec t ion  ind ica t ing  g rea te r  react ion.  This  po in t  is 
discussed below.  

Alloy B (41% Ni) 

Rate  cons tan ts  descr ib ing  the  ox ida t ion  behav io r  
of the  41% al loy are g iven  in  Tab le  III. For  com-  
par ison ,  resu l t s  ob ta ined  abou t  4 yea rs  ago (1) on 
an  a l loy of a lmost  the  same composi t ion  are  given.  
(The p re sen t  a l loy con ta ined  40.9% Ni, the  fo rmer  
con ta ined  41.8%.) These resul t s  agree wel l  w i th  the 
p resen t  and  the differences in  the  resu l t s  are  most  
l ike ly  due  to va r i a t i on  in  l abo ra to ry  air.  

I n  all  cases exce l len t  r e p r e s e n t a t i o n  by  Eq. [1] 
was achieved.  The prec is ion  of the  resul t s  ob ta ined  
in  the cont ro l led  a tmosphere  was  aga in  be t t e r  t h a n  
tha t  of the  l abo ra to ry  air,  4.1% and  7.2%, respec-  

t ively.  In  the  las t  case the  four  800~ va lues  were  
cons idered  as two groups.  This  is a good example  of 
the  va r i a t i on  in  resul ts ,  m e n t i o n e d  above,  wh ich  is 
somet imes  ob ta ined  w h e n  e x p e r i m e n t s  are  r u n  in  
l abo ra to ry  air  m a n y  weeks  apart .  

The a tmosphere  effect in  this  case is no t  s t r a igh t -  
forward .  Oxida t ion  in  l a b o r a t o r y  air  a t  600 ~ and  
700~ proceeds at  a ra te  d i s t inc t ly  less t h a n  in  the  
cont ro l led  a tmosphere .  A t  800 ~ the  ra tes  are abou t  
the same, whe reas  at  the  h igher  t e m p e r a t u r e  the 
l abo ra to ry  air  ra te  is double  tha t  in  the  cont ro l led  
a tmosphere .  

The  t e m p e r a t u r e  dependence  of the  ox ida t ion  r e -  
act ion is descr ibed  in  Ta b l e  II  and  in  Fig. 1 and  2. 
The  ac tua l  plot  of va lues  ob ta ined  in  the  O~-N~ m i x -  
t u r e  is a p p r o x i m a t e l y  l i nea r  w i t h i n  e x p e r i m e n t a l  
error .  The  900 ~ a nd  1000~ va lues  ob ta ined  in  l a b -  
o ra to ry  air  fa l l  off in  the  d i rec t ion  of the  h igher  r a t e  
s imi la r  to the behav io r  of the  30% alloy. 

Alloy C (78% Ni) 

Rate  cons tan t s  for this  a l loy are l is ted in  Tab le  IV. 
The  precis ion of r u n s  made  in  the  con t ro l led  O~-N~ 
a tmosphere  was  •  whi le  tha t  in  l abo ra to ry  a i r  
was  •  The cons iderab le  spread  in  resu l t s  in  
l abo ra to ry  air  is e xp l a i ne d  by  the  v a r i a t i o n  in  the  
composi t ion of this a tmosphere  over the  m o n t h s  the  
e xpe r i me n t s  were  run .  These  da ta  were  r ep re sen t ed  
qu i t e  we l l  by  a s ingle  pa rabo l i c  equa t ion  of the  Eq. 
[1] type  wi th  the  except ion  of the 1000~ r u n  in  air.  
In  this s i tua t ion  af ter  an  ox ida t ion  t ime  of abou t  30 
rain,  the parabol ic  plot  fo l lowed a second s t ra igh t  
l ine  of lower  slope. These two phases  of reac t ion  are 
g iven  by  "a" and  "b" in  Tab le  III.  

There  was no cons is ten t  p a t t e r n  es tab l i shed  on 
compar i son  of ra tes  in l a b o r a t o r y  air  a nd  in  the  
O~-N~ mix tu re .  The  spread  of resu l t s  i n  the  l abo ra -  
to ry  air  made  this  compar i son  difficult. 

The  t e m p e r a t u r e  dependence  of the  reac t ion  is 
g iven  by  "A" and  "AE ~'' va lues  in  Tab le  II. I n  bo th  
a tmospheres  the  1000 ~ po in t  fal ls  be low the  curve,  
i nd ica t ing  a h igher  ra te  of reac t ion  t h a n  w ou ld  be 
expected  f rom ex t r apo la t i on  f rom the  four  lower  

Table Ill. Parabolic rate constants for Alloy B (41% Ni), 
k~ (g2 cm-~ sec -1) 

42% Alloy 
t, ~ Labora tory  air  O2-N2 mix tu re  (l:tef. 1) 

600 5.0 X 10 -13 1.14 X 10 -1: 9.5 X 10 -la 
5.1 1.40 

700 5.6 X 10 -1~ 9.6 X 10 -12 7.9 X 10 -1~ 
6.0 9.9 

800 3.71 X 10 -11 4.87 >< 10 -11 4.53 X 10 -11 
4.40 1.12 
1.22 1.19 
1.17 

900 4.46 X 10 -1~ 3.79 X 10 -l~ 3.67 X 10 -1~ 
7.75 3.89 
8.58 4.65 

10.8 4.00 
3.94 

1000 7.2 X 10-' 3.51 X 10 -~ 
6.5 3.51 
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Table IV. Parabolic rate constants for Alloy C (78% Ni), 
k~ (g2 cm-~ sec-1) 

O X I D A T I O N  O F  I R O N - N I C K E L  A L L O Y S  939 

t, ~ L a b o r a t o r y  a i r  Oe-N~ m i x t u r e  

600 4.0 • 10 -la 7.0 • 10 -13 
2.8 7.3 

7.2 

700 2.76 • 10 -~ 3.17 X 10 -~ 
1.96 3.28 
6.1 2.61 
5.9 2.96 

800 2.93 X 10 -11 1.62 X 10 -11 
2.71 1.62 
2.76 1.71 
2.77 1.85 

900 6.6 X 10 -11 8.5 • 10 -11 
6.3 6.2 

11.0 7.7 
9.8 7.6 

1000 a ~ 8.4 X 10 -1~ 6.8 X 10 10 
8.4 5.9 

b ---- 6.8 5.5 
6.1 

t empera tu res .  The a p p a r e n t  ene rgy  of ac t iva t ion  
lower  t h a n  tha t  of a l loy A or a l loy B is s ignificant .  

Discussion 

The "A" and  "AE*" va lues  of Eq. [2] descr ibe the  
t e m p e r a t u r e  dependence  for  the ox ida t ion  of the  
th ree  al loys and  offer some clue as to the  m e c h a n i s m  
of oxidat ion.  Based on this  w o r k  and  o ther  w o r k  
car r ied  out  in  this  l abora tory ,  it  is e s t imated  tha t  a 
va lue  of abou t  41,000 ca l /mo le  r ep resen t s  the  hea t  of 
ac t iva t ion  of diffusion and  the  hea t  of f o r m a t i o n  of 
vacancies  t h rough  a s t ruc tu re  of the composi t ion  Ni~ 
Fe,_~ O4. This  va lue  is a p p r o x i m a t e d  by  the 30% and  
41% alloy. I t  is recognized t ha t  the  oxide fi lm on the  
30% al loy and  the  41% al loy is at  least  a dup lex  
s t ruc tu re  w i th  the  sp ine l  g rowing  at the  m e t a l - o x i d e  
in te r face  and  Fe~O~ f u r t h e r  r emoved  f rom the  me t a l  
(1, 5). The  composi t ion  of the  sp ine l  varies,  be ing  
r icher  in  Ni  close to the  a l loy itself. Because of the  
dup lex  n a t u r e  of the  film and  because  of the  v a r i a -  
t ion  of N i / F e  ra t io  in  the  spinel ,  a theore t ica l  de r i -  
va t ion  of the  reac t ion  ra te  wou ld  be difficult. 

The ra tes  s u m m a r i z e d  by  the  va lues  in  Tab le  II  
ind ica te  t ha t  all  th ree  of these  al loys are  more  res i s t -  
an t  to ox ida t ion  t h a n  iron,  bu t  no t  as r e s i s t an t  as the  
so-cal led  "heat  r e s i s t an t  alloys," typif ied by  i ron  
al loys con t a in ing  18% chromium,  8% nickel .  This  
aga in  is r e la ted  to the  r a t e - d e t e r m i n i n g  process, 
diffusion t h r o u g h  the  sp ine l  s t ruc ture .  As has  b e e n  
po in ted  out  by  Yea r i an  and  co -worke r s  (6) ,  the  
more  res i s t an t  al loys fo rm a Cr~O~ type  film whi le  
the  more  reac t ive  al loys ( in  the hea t  r e s i s t an t  class) 
fo rm spine l  type  s t ruc tu res  upon  oxidat ion.  On the  
other  hand ,  in  compar i son  wi th  p u r e  i ron  these  a l -  
loys are ox ida t ion  res is tant .  W i t h  al loys con t a in ing  
as m u c h  as 30% Ni, the  fo rma t ion  of FeO at  the  
a l loy -ox ide  in te r face  is suppressed.  Diffusion of ca-  
t ions t h rough  the FeO s t ruc tu r e  is abou t  20 t imes  as 
r ap id  as t h r o u g h  Fe,O, (3) .  Compar i son  of our  r e -  
sul ts  for the 30% al loy  wi th  those of S t a n l e y  (7) for 
i ron yie lds  ra te  ra t ios  of 200-1000 r a t h e r  t h a n  20 

expec ted  on this  basis.  The  lower  r a t e  is d i rec t ly  
re la ted  to the  Ni subs t i t u t i on  in  the sp ine l  s t ruc ture .  
Therefore ,  these  al loys occupy a pos i t ion  on the oxi -  
da t ion  res i s t an t  scale i n t e r m e d i a t e  b e t w e e n  i ron  
( r ead i ly  oxidized)  a nd  aus ten i t i c  s ta inless  steels 
(hea t  r e s i s t an t ) .  

The  low a p p a r e n t  ac t iva t ion  e n e r g y  of Al loy  C 
m u s t  be  r e l a t ed  to the p resence  of Mo in  the  alloy. 
A p p a r e n t  ac t iva t ion  energies  of 40,000-45,000 ca l /  
mole  wou ld  be expected  if the r a t e - d e t e r m i n i n g  step 
were  diffusion t h r o u g h  e i ther  the  sp ine l  s t r u c t u r e  or 
NiO, bo th  of which  are p r e se n t  in  this  a l loy d u r i n g  
ox ida t ion  at  e leva ted  t empera tu re s .  E lec t ron  di f -  
f rac t ion  e x a m i n a t i o n  of the al loys at  e leva ted  t e m -  
p e r a t u r e  indica tes  tha t  MoO8 is p r o b a b l y  p resen t  in  
the first fo rmed  fi lm (5) .  This  po in t  was  no t  as wel l  
es tab l i shed  as des i red a nd  more  w o r k  is be ing  done 
now  to c lar i fy  this  point .  However ,  these  pr ior  ob-  
se rva t ions  fit those of I i t aka  and  co -worke r s  (8) 
who f ound  MoO8 at  the  m e t a l - o x i d e  in te r face  af ter  
ox ida t ion  of a l loys of somewha t  s imi la r  composi t ion.  
The  expec ta t ion  t ha t  MoO, wi l l  s imp ly  evapora te  
and  lead  to ca tas t rophic  ox ida t ion  is an  ove r s impl i -  
fication. The  Me content ,  t he  Fe  content ,  and  the  
t e m p e r a t u r e  all  bea r  on the  behav io r  (9) .  The  effect 
of Mo, however ,  m a y  be one of in f luenc ing  the  phys -  
ical  cha rac te r  of the  film. This  has b e e n  d e m o n -  
s t ra ted  to be a s ignif icant  factor  in  ox ida t ion  proc-  
esses, p a r t i c u l a r l y  where  t h e r m a l  cycl ing is i n -  
vo lved  (10) .  

In  Fig. 1 and  2 it  is v e r y  a p p a r e n t  tha t  dev ia t ions  
occur at  900 ~ a nd  1000~ f rom the  s imple  A r r h e -  
n ius  plot.  These dev ia t ions  f rom the  A r r h e n i u s  plot  
m a y  arise f rom changes  in  m e c h a n i s m  over  the  t e m -  
p e r a t u r e  r ange  (11) or the  p roduc t ion  of local "over  
t e m p e r a t u r e s "  on the reac t ing  surface  (12) .  Aside  
f rom these  " e x p e r i m e n t a l "  causes, even  on a t heo -  
re t ica l  basis one w ou l d  no t  expect  AE* to be com-  
p le te ly  i n d e p e n d e n t  of t empe ra tu r e .  This  has b e e n  
po in ted  out  by  M o e l w y n - H u g h e s  (13) and  others.  
I t  is a ssumed  here,  as a first app rox ima t ion ,  that ,  for 
a g iven  alloy,  the  m e c h a n i s m  does no t  change  to 
a n y  cons iderab le  ex t en t  over  this  t e m p e r a t u r e  r ange  
a nd  an  a t t e mp t  is made  to e s t ima te  the  signif icance 
of the  "over  t e m p e r a t u r e . "  

W h e n  the  reac t ion  

m e t a l  + gas = reac t ion  p roduc t  

occurs r ap id ly  and  is accompan ied  by  a h igh heat  of 
react ion,  it  wou ld  be expected  tha t  the  t e m p e r a t u r e  
of the  sample  w ou l d  rise sens ib ly  d u r i n g  the  first 
few m i n u t e s  of the  react ion.  This  has b e e n  observed,  
for example ,  in  the  ox ida t ion  of i ron  n e a r  its m e l t -  
ing po in t  (14) and  r ecen t l y  m e a s u r e d  by  Meussner  
and  B i r chena l l  (15).  In  the  l a t t e r  e x p e r i m e n t a l  w o r k  
a t e m p e r a t u r e  r ise of 88~ was  observed  for the r e -  
ac t ion  b e t w e e n  i ron  and  su l fu r  at  900~ I n  fact, this  
effect d iscouraged m e a s u r e m e n t  of the  reac t ion  ra te  
over  900 ~ Schmahl ,  B a u m a n n ,  a nd  Schenck  (12) 
m e a s u r e d  "over  t e m p e r a t u r e s "  d u r i n g  the ox ida t ion  
of i ron  in the  t e m p e r a t u r e  r a nge  of 910~176 to 
accoun t  for dev ia t ions  f rom the  parabol ic  law. Di -  
rect  m e a s u r e m e n t s  of the  r ise in  sample  t e m p e r a t u r e  
were  compared  w i th  ca lcu la ted  values .  The  ca lcu-  
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Table V.  Comparison of calculated and measured over-temperatures 

From Ar rhe -  
nius plot 

Alloy Atmosphere  (Fig. 1 and  2) Calculated 

A (30%) Air 900 ~ 32 ~ 27 ~ 
1 0 0 0  ~ 1 2 6  ~ 1 0 6  ~ 

O~/N~ 900 ~ 0 ~ 31 ~ 
1000 ~ 34 ~ 71 ~ 

B (41%) Air 900 ~ 43 ~ 25 ~ 
1000 ~ 1 0 6  ~ 7 0  ~ 

O~/N~ 900 ~ 0 ~ 18 ~ 
1000 ~ 52 ~ 85 ~ 

C (78%) Air  900 ~ 0 ~ 14 ~ 
1000 ~ 7 0  * 3 9  ~ 

O 2 / N ~  9 0 0  * 0 ~ 8 * 
1 0 0 0  ~ 9 2  ~ 3 4  ~ 

l a t ion  was  based on all  of the hea t  evolved  going 
in to  hea t ing  the i ron  panel .  Fo l lowing  the  me thod  of 
Schmahl ,  et  al., we have  ca lcu la ted  t e m p e r a t u r e  
r ises for the  th ree  alloys. The  hea t  evolved  e q u i v -  
a l en t  to the a m o u n t  of ox ida t ion  occur r ing  in  the  
first 11/2 m i n - - t h e  l i nea r  por t ion  of the  weigh t  g a i n -  
t ime  curve- - -was  calculated.  Values  for the heats  of 
f o r m a t i o n  for Fe,O~ of 261,700 at  900~ and  261,800 
cal at  1000~ and  for NiO, 56,770 at  900 ~ and  56,650 
cal at 1000~ were  used  (16).  Heat  capaci ty  data  
(17) a l lowed an  e s t ima t ion  of the  t e m p e r a t u r e  r ise 
in  the a p p r o x i m a t e l y  4-g  sample  employed  in  the  
exper imen t s .  This  ca lcu la ted  va lue  was  t h e n  com-  
pa red  w i th  the  va lue  on the basis  tha t  the  en t i r e  de-  
v i a t ion  f rom the  A r r h e n i u s  plot  was  "over  t e m p e r a -  
ture ."  Tab le  V compares  these va lues  and  there  is 
a rough  correspondence .  This  t r e a t m e n t  in t roduces  
la rge  errors,  m a i n l y  in  cons ider ing  how the  hea t  is 
dissipated.  The  a s sumpt ion  tha t  no hea t  is lost  by  
convec t ion  or r ad i a t i on  is obvious ly  an  overs impl i f i -  
ca t ion and  wou ld  m a k e  the  "ca lcula ted"  va lues  too 
high. Also, the kp va lues  g iven  for 900 ~ and  1000~ 
are based on a 60-ra in  ox ida t ion  per iod  r a t h e r  t h a n  
the  11/2 m i n  in i t i a l  r eac t ion  t ime. This  t h e r m a l  e f -  
fect is be ing  s tud ied  more  exac t ly  because  in  the 
1000 ~ r ange  it m u s t  have  an  i m p o r t a n t  inf luence  on 
ox ida t ion  ra tes  and  the i r  i n t e r p r e t a t i o n  to develop  
an  u n d e r s t a n d i n g  of mechan i sm.  

In  a qua l i t a t i ve  w a y  this  wou ld  in  pa r t  account  
for the  g rea te r  dev ia t ion  f rom the  A r r h e n i u s  plot  ob-  
served for the  30% and  41% al loy in  the  ( s t a g n a n t )  
air  a tmosphere  in  cont ras t  to tha t  observed  in  the  
(f lowing) cont ro l led  O~/N~ mix tu re .  Hea t  wou l d  be  
car r ied  a w a y  in  the  gas s t r eam in  the  l a t t e r  case. 

The ox ida t ion  of N i - F e  al loys c o n t a i n i n g  5, 10, 20, 
30% Ni over  per iods of up  to severa l  h u n d r e d  hours  
has  b e e n  r epor t ed  by  B e n a r d  and  Moreau  (18).  The  
k ine t ics  for the 20% al loy is r epor ted  up  to abou t  15 
hr.  The ox ida t ion  fol lows a y ~ =  k t  re la t ionsh ip ,  y 
be ing  the  a m o u n t  of oxygen  p icked up  in  t ime,  t. A t  
675~ n ~ 2, i nd ica t ing  a g r e e m e n t  w i t h  the  p a r a -  
bolic re la t ionsh ip .  A t  800 ~ n = 2.4 up  to 5 h r  a nd  
then  changes  to n = 1.6. A t  900 ~ the  b r e a k  in  the  
plot  is at  2 hr. Up t i l l  t h e n  n = 2.6 and  above tha t  
1.22. The au thors  pos tu la te  tha t  d u r i n g  the  first s tage 
of the process the  con t ro l l ing  factor  is the  diffusion 
of i ron in  the  zone of the  a l loy  deple ted  by  a select ive 

ox ida t ion  mechan i sm.  D u r i n g  the  second phase  the 
con t ro l l ing  ra te  is the  diffusion of oxygen  in  the  
superf icial  oxide layer .  B e n a r d  and  Moreau  consider  
the  s ignif icant  m e c h a n i s m  for the  F e - N i  sys tem to 
be one of select ive oxidat ion.  Some of Sachs 's  (19) 
w o r k  w i th  low Ni al loys seems to agree in  a gene ra l  
way.  The i r  m e c h a n i s m  is based  on the r educ t ion  of 
NiO wi th  FeO. I n  our  e lec t ron  diffract ion e x a m i n a -  
t ion  of films we have  not  seen FeO as a p r inc ip le  
cons t i t uen t  a nd  indeed  it  is r a r e  w h e n  the  p a t t e r n s  
suggest  this  c o m p o u n d  at  all. Bi rchenal l ,  et al., have  
po in ted  out  tha t  the  NiO makes  for its i n s t ab i l i t y  
(3) .  Our  resu l t s  do no t  suppor t  this  select ive ox ida-  
t ion  mechan i sm.  Pe rhaps  the  reason  lies in  the  fact 
tha t  these inves t iga to rs  have  worked  wi th  al loys 
lower  in  n icke l  con ten t  for  long t imes.  Our  work  
deals  w i th  r e l a t i ve ly  t h i n  films. I n  our  w o r k  subscale  
f o r ma t i on  was  no t  s ignif icant  as it  was  d u r i n g  the  
l e n g t h y  e xpe r i me n t s  of B e n a r d  and  Moreau.  

We rega rd  the ox ida t ion  m e c h a n i s m  for the  30% 
a nd  41% al loy as p r i m a r i l y  one i nvo lv ing  diffusion 
of cat ions  t h rough  a sp ine l  type  film and  for the  78% 
al loy diffusion t h r ough  a film composed of spinel  
and  NiO. In  the l a t t e r  case the  MoO~ enters  in to  the  
film in  a m a n n e r  as ye t  u n e x p l a i n e d  b u t  n o w  u n d e r  
inves t iga t ion  in  our  labora tory .  

Manuscript  received Nov. 1, 1956. This paper was 
prepared for del ivery before the Cleveland Meeting, 
Sept. 30-Oct. 4, 1956. 

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

A systematic study was made of the oxidation resistance of five 80Ni-20Cr 
heater  alloys and one 4Al-19Cr-77Ni alloy. Kinet ic  and crystal  s t ructure  studies 
were made over the tempera ture  range of 500 ~ to 1100~ The adhesion of the 
oxide film to the alloy was tested by the s t ra in oxidation technique, and the 
over-al l  performance was evaluated by the ASTM useful life tests. The rate 
of oxidation of the several  alloys could not be correlated with the ASTM useful 
life results, while the s t ra in oxidation tests could be correlated with the ASTM 
useful life tests. Cr~O3 was the major  oxide formed on the 80Ni-20Cr alloys at 
1100~ Although A120, and Cr20~ were observed below 1000~ on the 4Al-19Cr- 
77Ni alloy, no ALO, was observed in  the oxide scale at ll00"C. A thermody-  
namic and kinetic in terpre ta t ion  was made of the results. 

Due to the i r  good ox ida t ion  res i s t an t  proper t ies ,  
the  80 n icke l -20  c h r o m i u m  series of hea te r  a l loys 
are used for severe  service condi t ions.  The  add i t ion  
of si l icon and  smal l  a m o u n t s  of calc ium,  z i rconium,  
cer ium,  etc., has r e su l t ed  in  a 600% i m p r o v e m e n t  in  
the pe r fo rmance  of these  al loys over  the pas t  40 
years  as m e a s u r e d  by  the  A S T M  usefu l  l ife tes t  (1) 
for hea te r  al loys (2 -4) .  

Severa l  s tudies  have  been  m a d e  on these al loys to 
d e t e r m i n e  the  chemical  and  phys ica l  basis  for the  
improved  pe r fo rmance .  Us ing  a his tor ical  series of 
alloys, G u l b r a n s e n  and  A n d r e w  (2) showed tha t  the  
ra te  of ox ida t ion  at  cons tan t  t e m p e r a t u r e  could no t  
be cor re la ted  w i th  A S T M  usefu l  l ife test  resul ts .  
Crys ta l  s t r uc tu r e  s tudies  (3, 4) of e ight  al loys also 
showed no cor re la t ion  w i th  usefu l  l ife tes t  resul ts .  

This  pape r  p resen t s  n e w  studies  on the  ox ida t ion  
of the  80Ni-20Cr series of al loys and  of a 75Ni-19Cr-  
4A1 alloy. Manganese  and  sil icon composi t ions  were  
va r i ed  in  the  80Ni-20Cr series of alloys. These s tud -  
ies inc lude :  (a) k ine t i c  s tudies  f rom 500 ~ to l l 0 0 ~  
to d e t e r m i n e  the  ra t e  of ox ida t ion  as a f u n c t i o n  of 
t e m p e r a t u r e ,  (b)  s t r a in  ox ida t ion  s tudies  to e v a l u -  

ate  the  adherence  of the  oxide to the  alloy, and  (c) 
c rys ta l  s t ruc tu re  s tudies  on the oxide scale to de t e r -  
m i n e  its s t ruc tu re  and  composit ion.  These s tudies  are 
i n t e r p r e t e d  by  t he rmochemica l  ana lyses  of the  

chemical  reac t ions  occur r ing  in  the  sys tem and  by  

ox ida t ion  ra te  theory.  

A n  ex tens ive  r ev iew of the  scientific l i t e r a t u r e  was  
g iven  in  ear l ie r  papers  (2-4) .  The t echn ica l  aspects 
of hea te r  al loys have  b e e n  r ev iewed  b y  H e s se nb ruch  
(5) .  The  recen t  w o r k  of Pfeiffer  (6) should  be noted.  

Experimental  

Method . - -A  v a c u u m  mic roba lance  was  used for 
al l  of the  r a t e  studies.  I ts  cons t ruc t ion  a nd  use have  
b e e n  descr ibed (7) .  In  add i t ion  to our  s t a n d a r d  
qua r t z  mic roba lance  hav ing  a sens i t iv i ty  of 0.91 ~g/  
0.001 cm deflection, a low sens i t iv i ty  mic roba l ance  of 
3.30 ~g/0.001 cm sens i t iv i ty  was used. Two sizes of 
spec imens  0.0127 cm th ick  were  used. The  first 
we ighed  0.6826 g and  had  a surface  a rea  of abou t  
14 cm ~. The second weighed  0.5300 g a nd  had  a s u r -  
face a rea  of abou t  10.5 cm ~. 
Samples . - -The  alloys were  prepared ,  ana lyzed ,  and  
life tes ted by  the  Hoskins  C o m p a n y  a nd  by  the  
D r i v e r - H a r r i s  Company .  Tab le  I gives a l is t  of the  
alloys, the i r  analyses ,  and  the  resu l t s  of the  A S T M  
usefu l  life tests  (1) .  Al loys  con t a in ing  Si we re  r e p -  
r e sen ted  by  two al loys w i th  a cons t an t  Mn  content ,  
whi le  al loys con t a in ing  Mn were  r e p r e se n t e d  b y  th ree  
a l loys  h a v i n g  a g iven  Si composi t ion.  Minor  changes  
in  composi t ion  r e su l t  in  a th reefo ld  change  in  the  
A S T M  usefu l  life va lue  at  1177~ 

Spec imens  were  a b r a de d  us ing  1/0 to 4 /0  po l i sh-  
ing papers  u n d e r  pur i f ied  kerosene  a nd  t h e n  c leaned  
wi th  p e t r o l e u m  ether,  soap and  water ,  d is t i l led  
w a t e r  a nd  alcohol.  

Table I. Chemical analyses and useful life test data, Ni-Cr and AI-Ni-Cr alloys 

Al loy  C las s i f i ca t ion  C M n  Si  

W e i g h t  % U s e f u l  l i fe ,  

C r  N i  F e  Ca  A1 h r s  T ~  

491 Low Mn, in termediate  Si ~0.06 0.05 1.03 
492 High Mn, in termediate  Si ~0.06 2.30 1.01 
493 Low Mn, low Si ~0.06 0.04 0.23 
494 Low Mn, in termediate  Si ~0.06 0.02 0.82 
495 Low Mn, high Si ~0.06 0.02 2.09 
245 High St, high A1 ~0.03 1.44 

941 

~20.00 Bal. ~0.25 0.020 0.13 105 1177 
~20.00 Bal. ~0.25 0.035 0.15 106 1177 
~20.00 Bal. ~0.25 0.028 0.20 63 1177 
~20.00 Bal. ~0.25 0.040 0.17 124 1177 
~20.00 Bal. ~0.25 0.039 0.15 178 1177 
~19.38 Bal. 4.05 >178 1177 
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Table II. Oxide film thickness and oxide color 7.6 cm of Hg of O~_, 2 hr of reaction except where noted 

T e m p .  

7.6 c m  of  H g  of 02, 2 h r  of  r e a c t i o n  e x c e p t  w h e r e  n o t e d  

A l l o y  493 A l l o y  495 A l l o y  2 4 5  
T h i c k n e s s  T h i c k n e s s  T h i c k n e s s  

Co lo r  ~ g / c m  2 A (p = 1) C o l o r  p ,g/cm 2 A (p = i) /~g/cm 2 A (p = 1) C o l o r  

550 
650 
750 
850 
875 
900 
950 

1000 
1050 
1100 

3.66 
6.13 
6.37 

17.9 

43.1 
93.8 

169.0 
244.0 

223 St raw 4.25 259 Purp le  - -  - -  - -  
374 Purp le  6.04 368 Purp le  - -  - -  - -  
389 Blue 13.8 842 S t r aw-g reen  - -  - -  - -  

1,092 Blue-gray  35.1 2,141 Blue-green  - -  - -  - -  
. . . . .  116.0" 7,076 Gray 
. . . . .  166.0" 10,126 Gray  

2,629 Gray 120.0 7,320 Gray 299.0* 18,239 Gray  
5,722 Gray 173.0 10,553 Gray 492.0* 30,012 Gray 

10,309 Gray 277.0 16,897 Gray 675.0* 41,175 Gray  
14,884 Gray 365.0 22,265 Gray 917.0" 55,937 Gray 

* 6 - h r  t e s t ,  

The  f u r n a c e  tube,  r eac t ion  sys tem,  and gas p r e p -  
a ra t ion  sys tem h a v e  been  desc r ibed  (7, 8) .  F u r n a c e  
t e m p e r a t u r e  was  m a i n t a i n e d  cons tan t  to •  ~ 
Strain oxidation.--The A S T M  use fu l  l i fe  tes t  (1) 
i nvo lves  an  a l t e r n a t e  hea t i ng  and  cool ing cyc le  a t  
2 - m i n  in te rva l s .  A t  1177~ seve ra l  h u n d r e d  t h o u -  
sands of cycles  m a y  be  r e q u i r e d  to d e t e r m i n e  the  
use fu l  l i fe  of a g iven  alloy. The  A S T M  tes t  i nvo lves  
bo th  a tes t  of the  o v e r - a l l  r es i s tance  to ox ida t ion  and  
a tes t  of the  effect of s tress d e v e l o p e d  by  hea t i ng  
and  cool ing on the  o x i d e - m e t a l  in te r face .  

G u l b r a n s e n  and A n d r e w  d e v e l o p e d  a m i c r o g r a v i -  
m e t r i c  tes t  (9) for  s tudy  of the  effect  of a s ingle  
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Fig. 1. Effect of temperature on oxidation of Ni-Cr alloy 
493, 7.6 cm of Hg of O,0, abraded through 4/0.  Curve A, 
900~ B, 800~ C, 700~ D, 600~ E, 500~ 
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Fig. 2. Effect of temperature on oxidation of Ni-Cr alloy 
493, 7.6 cm of Hg of 02, abraded through 4 /0 .  Curve A, 
1100~ B, 1050~ C, 1000~ D, 950~ 

l a rge  s t ra in  of 2% on the  ox ida t ion  process.  This  
s t ra in  ox ida t ion  tes t  i nvo lves  the  fo l l owing  o p e r a -  
t ions:  (a)  ox id iz ing  the  a l loy  to a g iven  w e i g h t  
gain,  (b)  r e m o v a l  of sample  f r o m  reac t ion  sys t em 
and s t ra in ing  1, 2, or 4%,  (c)  r e o x i d a t i o n  of the  
sample  to e v a l u a t e  the  effect  of s t ra in  on the  ox ida -  
t ion behav ior .  

The  effect of a s t ra in  can  be  s tud ied  q u a n t i t a t i v e l y  
by  compar i son  of the  ra te  of ox ida t ion  be fo re  and 
a f te r  app l ica t ion  of a s train.  S t r a i n  can d a m a g e  the  
o x i d e - m e t a l  i n t e r f ace  and the  ox ide  w i t h o u t  v i sua l  
ev idence  of cracking.  
X-ray  dif]raction method.--Electrochemical (10) 
and chemica l  m e thods  w e r e  used  for  s t r ipp ing  the  
oxide  f r o m  the  meta l .  Fo r  h igh  Si a l loys  the  oxide  
films w e r e  r e m o v e d  by  t h e  i o d i n e - m e t h a n o l  c h e m -  
ical  method .  Ox ide  fi lms w e r e  w a s h e d  c a r e f u l l y  in 
d is t i l led  w a t e r  be fo re  be ing  ro l l ed  on a glass cap i l -  
l a r y  tube  for  m o u n t i n g  in t he  x - r a y  camera .  
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Fig. 3. Effect of temperature on oxidation of NI-Cr alloy 
495, 7.6 cm of Hg of 02, abraded through 4/0.  Curve A, 
1100~ B, 1050~ C, 1000~ D, 950~ 
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Fig. 4. Effect of Si on oxidation of Ni-Cr alloys, 900~ 7.6 
cm of Hg of 02, abraded through 4/0.  Curve A, 495, 2.09% 
Si; B, 494, 0.82% Si; C, 493, 0.23% Si. 
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Table III. Parabolic rate law constants (A) and heats of activation for oxidation of five nickel-chromium alloys at three temperatures 

A in ( g / c m  2) :/sec, AH in  ca lor ie s  p e r  m o l e  

U s e f u l  750~  900~  l l 0 0 ~  

A l l o y  A n a l y s e s  l i fe ,  h r  A AH A AH A AH 

495 2.09 St, 0.02 Mn + Ca 178 
493 0.23 St, 0.04 Mn + Ca 63 
492 1.01 St, 2.30 Mn + Ca 106 
491 1.03 St, 0.05 Mn + Ca 105 
245 1.44 St, 4.05 A1, 19.38 Cr >178 

2.14 X 10 -1' 40,850 4.10 X lO-la  61,200 1.7 X 10 -n 61,200 
4.06 X 10 -~ 49,730 1.26 X 10 -1~ 49,730 7.08 X 10 -j~ 76,350 
3.31 X 10 -~ 44,850 5.89 X 10 -~ 44,850 
1.0 >< 10-" 50,830 2.78 X 10 -~ 50,830 
1.67 X 10 -~ 65,300 1.22 X 10 -~ 65,300 5.28 "X 10 -1~ 

Table IV. Summary results effect of strain on oxidation of Ni-Cr alloys oxidized 900~ 0.1 atm oxygen 

A l l o y  Class  

( g / c m  2) 2/sec 
F i l m  P a r a b o l i c  r a t e  l a w  c o n s t a n t s  

T h i c k n e s s  % U s e f u l  l i f e  
~ g / c m  e S t r a i n  B e f o r e  A f t e r  I 1 7 7 ~  h r  

495 
491 
492 
493 

High St, low Mn -}- trace elements  44.5 2 
In te rmedia te  St, low Mn -b trace e lements  47.1 2 
In te rmedia te  St, high Mn + trace e lements  43.7 2 
Low St, low Mn + trace e lements  45.4 2 

Al l  of the  d i f f rac t ion  pa t t e rn s  w e r e  m a d e  us ing  
f i l te red  CrKo r ad i a t i on  f r o m  a fine focus x - r a y  d i f -  
f r ac t ion  tube.  Di f f rac t ion  pa t t e rn s  w e r e  m a d e  at  
r o o m  t e m p e r a t u r e  us ing  a 9 cm U n i c a m  camera .  

Results 

Oxida t ion  s tudies  w e r e  m a d e  in the  v a c u u m  m i -  
c roba lance  ove r  the  t e m p e r a t u r e  r a n g e  of 500 ~ to 
l l 0 0 ~  B e f o r e  o x y g e n  was  added,  the  a p p a r a t u s  
was  e v a c u a t e d  to a p ressu re  of 10 -~ m m  Hg or less. 
The  f u r n a c e  was  t h e n  ra i sed  abou t  the  s ample  and  
f u r n a c e  tube,  and t h e r m a l  e q u i l i b r i u m  was  a l l owed  
to occur.  A b o v e  900~ d e c a r b u r i z a t i o n  of the  a l loy 
by  the  r o o m  t e m p e r a t u r e  oxide  occur red  for  some 
of the  a l loys  (11).  W e i g h t  ga in  was  ca l cu la t ed  in 
uni ts  of m i c r o g r a m s  pe r  s q u a r e  cen t ime te r .  

X - r a y  d i f f rac t ion  ana lyses  showed  tha t  the  ox ide  
scales w e r e  Cr~O~ and  NiO.Cr~O,.  To e s t ima te  the  
th ickness  in angs t roms  f r o m  the  w e i g h t  ga in  in m i -  
c rog rams  pe r  squa re  c e n t i m e t e r  a fac to r  of 61 was  
used. This  fac to r  assumes  Cr~O, to be the  ox ide  and 
a sur face  roughness  ra t io  of uni ty .  

Kinetic Studies 
AlLoy 493 (low St, low M n ) . - - F i g u r e s  I and 2 show 
w e i g h t  ga in  vs. t i m e  curves  for  the  ox ida t ion  of 
a l loy  493 for  the  two  t e m p e r a t u r e  r anges  500~176  
and 900~176 Al l  of the  cu rves  show a r ap id  in i -  
t ia l  reac t ion ,  w i t h  t he  r a t e  of r eac t i on  dec reas ing  as 
the  fi lm th ickens .  Two  series  of t e m p e r  colors w e r e  
obse rved  on the  a l loys  at  900~ be fo re  the  g r a y  
colored  ox ide  fo rmed .  Tab l e  I I  shows a s u m m a r y  of 
the  colors  of the  ox ide  films and  the  th ickness  a f t e r  
2 h r  of react ion .  This  a l loy  showed  the  lowes t  r a t e  
of ox ida t ion  of the  ser ies  of a l loys  s tudied.  
A1Zoy 495 (high St, low M n ) . - - F i g u r e  3 shows 
w e i g h t  ga in  cu rves  for  a l loy  495 for  the  t e m p e r a t u r e  
r ange  950~176 The  resu l t s  a t  500~176  w e r e  
s imi la r  to those  for  a l loy  493. A l l o y  495 h a v i n g  a 
h i g h e r  Si con ten t  oxidizes  at a m o r e  r ap id  r a t e  t h a n  
a l loy 493. F i g u r e  4 shows a compar i son  of t h r e e  a l -  
loys at  900~ Si l icon increases  the  in i t ia l  r a t e  of 
ox ida t ion  of the  80 Ni-20  Cr  a l loys  for  al l  t e m p e r a -  

2.82 X 10 -1" 1.6 X i0 -~ 178 
1.97 X 10 -~ 1.77 X 10 -~ 105 
5.89 X 10 -~ 4.63 X 10 -~ 106 
5.62 X 10 -~r 9.81 X 10 -~r 63 

tu res  s tudied.  A S T M  usefu l  l i fe  tests  show the  h igh  
Si a l loy  to h a v e  the  longes t  l ife.  
Ef]ect of M n . - - A n  ea r l i e r  s tudy  showed  tha t  Mn 
m a y  h a v e  a de le t e r ious  effect on the  ox ida t ion  p roc -  
ess due  to its v e r y  h igh  v a p o r  pressure .  S m a l l  q u a n -  
t i t ies  of Mn are  p r o b a b l y  in t he  a l loy  as sulfide and  
oxide.  H o w e v e r ,  l a rge r  a m o u n t s  of the  o rde r  of 1 
and 2% mus t  be p r e s e n t  in solid so lu t ion  in the  

alloy. 
S ince  the  t r ace  e l e m e n t s  Ca, A1, and  Zr  w e r e  not  

con t ro l l ed  in t he  ea r l i e r  s tudy  two  specia l  a l loys  
w e r e  p r e p a r e d  in w h i c h  on ly  the  Mn con ten t  was  
var ied .  These  are  a l loys  492 and 491 of Tab l e  I. F i g -  
u re  5 shows a compar i son  at  900~ The  h igh  Mn 
a l loy  con ta in ing  2.30% Mn and 1.01% Si gave  a 
h i g h e r  r a t e  of ox ida t ion  t h a n  a l loy  491 con ta in ing  
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Fig. 5. Effect of Mn on oxidation of Ni-Cr alloys, 900~ 
7.6 cm of Hg of C~, abraded through 4/0.  Curve A, 492, 
2.30% Mn; B, 491, 0.05% Mn. 
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Fig.6. Effect of temperature on oxidation of alloy 245, 
7.6 cm of Hg of 03, abraded through 4/0. Curve A, 875~ 
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Fig. 7. Parabolic plot oxidation of Ni-Cr alloy 493, 500~ 
7.6 cm of Hg of O~, abraded through 4/0.  

0.05% Mn and  1.03% Si. A S T M  usefu l  l ife da ta  we re  
n e a r l y  ident ical .  
Alloy 245 (high Si, high M n ) . - - S i n c e  A1 has  b e e n  
shown  to g rea t ly  improve  the  F e - C r  series of hea te r  
a l loys (12) a special  N i - C r  a l loy con t a in ing  4.05% 
A1 was studied.  F i g u r e  6 shows a 6 -h r  we igh t  ga in  
cu rve  for this  a l loy f rom 875 ~ to 1100~ A c o m p a r i -  
son of Fig.  6 wi th  Fig. 2 and  3 shows al loy 245 to 
oxidize at  a more  rap id  ra t e  t h a n  al loys 493 and  495. 
Tab le  II  shows the  color of the  oxides af ter  6 hr  of 
reac t ion  and  the  oxide thickness .  F igu re  6 shows tha t  
the  to ta l  a m o u n t  of ox ida t ion  af ter  6 h r  is i nc reas ing  
w i t h  t e m p e r a t u r e  f rom 875 ~ to l l 0 0 ~  For  the  5A1- 
22Cr -Fe  al loys the to ta l  a m o u n t  of ox ida t ion  r e -  
m a i n s  n e a r l y  cons tan t  for the  t e m p e r a t u r e  r a nge  
950~176 Add i t i on  of A1 to the  N i - C r  al loys 
does no t  have  the  m a r k e d  effect on the  ox ida t ion  r e -  
act ion tha t  was  found  for the A1-Cr -Fe  alloys. 

Parabolic rate law correlation.--A n u m b e r  of e m -  
p i r ica l  ra te  laws have  b e e n  proposed to i n t e r p r e t  
the  ra te  of ox ida t ion  of meta l s  and  alloys. The  p a r a -  
bolic ra te  l aw  was used here  since it  has been  de-  
r i ved  f rom f u n d a m e n t a l  phys ica l  concepts  i nvo l v i ng  
the  fo rma t ion  and  diffusion of ions and  e lec t rons  

1600~ 
Od 

i 12oo 
E 
::k 
~ 800 

o 

..2 
3 

400 

2 0 #  1 40 60 80 100 120 
Time (minutes) ---=- 

j 
r 

Fig. 8. Parabolic plot oxidation of Ni-Cr alloy 493, 900~ 
7.6 cm of Hg of O~, abraded through 4/0.  
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Fig. 9. Oxidation of Ni-Cr alloy 493, 1100~ 7.6 cm of 
0~, abraded through 4/0,  parabolic plot. A ---- 7.08 x 10 -1~ 
(g/cmD2/sec. 

(13, 14). The  equa t i on  s ta tes  tha t  W ~ = A t  + C. 
Here  W was the  we igh t  gain,  t was  the  t ime,  and  A 
and  C were  constants .  

Since the  composi t ion  of the  oxide was  a func t i on  
of t ime  and  t e m p e r a t u r e  no one ra te  l aw could ex -  
p l a i n  the  comple te  t ime  a nd  t e m p e r a t u r e  behavior .  
We used parabol ic  r a t e  law plots to ind ica te  changes  
in  the  oxide composi t ion  and  to show w h e t h e r  the  
pro tec t ive  proper t ies  were  i m p r o v i n g  or de t e r io ra t -  
ing. 

To test  the appl ica t ion  of the  parabol ic  r a t e  law,  
graphs  were  m a d e  of the  squa re  of the  we igh t  ga in  
vs. t ime.  F igures  7, 8, and  9 show th ree  plots for 
a l loy 493. The 500~ plot  shown  in  Fig. 7 indica tes  
t ha t  the  slope decreases  con t inuous ly .  P r ev ious  c rys-  
ta l  s t ruc tu re  s tudies  (4) showed the  in i t i a l  oxide 
was  NiO. Af te r  30 hr  of ox ida t ion  the oxide was  
ident if ied as Cr~O~. The  change  in  the parabol ic  ra te  
l aw cons tan ts  in  Fig.  7 m a y  be re la ted  to the  change  
in  oxide composi t ion.  F igu re s  8 a nd  9 at 900 ~ and  
1100~ show be t t e r  a g r e e m e n t  w i th  the  parabol ic  
ra te  law af ter  the  in i t i a l  devia t ion .  

Temperature dependence.--To d e t e r m i n e  the  t e m -  
p e r a t u r e  dependence  of the  parabol ic  ra te  l aw con-  
s t an t s  A, we  use  the  r e l a t i o n  A = B e -~H~. Here  AH 
is the hea t  of ac t iva t ion  of diffusion and  hea t  of 
f o r ma t i on  of the  defects, B is a cons tant ,  a nd  t1 the  
gas l aw constant .  More e labora te  ra te  express ions  
m a y  be used  for A so tha t  the  e n t r opy  t e rms  m a y  be 
e va l ua t e d  (15).  However ,  the  complex  n a t u r e  of the 
a l loy a nd  oxide makes  a comple te  i n t e r p r e t a t i o n  
v e r y  difficult. ~H was e va l ua t e d  f rom log A vs. 
1/T plots  of the  ra te  law data.  

F igu re s  10, 11, a nd  12 show plots  of log A vs. 1/T 
for a l loys 493, 495, and  245. Al l  of the  al loys gave 
two or more  s t ra igh t  lines. The  change  in  slopes m a y  
be re la ted  to c rys ta l  s t ruc tu re  or composi t ion  
changes  in  the  oxide. Tab le  I I I  shows a s u m m a r y  of 
the  parabol ic  r a t e  l aw cons tan t s  a nd  heats  of ac- 
t i va t ion  for t h ree  t e m p e r a t u r e s  for  all  of the  al loys 
and  a compar i son  of these da ta  wi th  A S T M  usefu l  

l ife tests. 
~ 
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Fig. 10. Oxidation of Ni-Cr alloy 493 (low Si, low Mn), 
Log A vs. l /T ,  AH = 76,250 cal/mole (950~176 
AH = 49,730 cal/mole (750~176 
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Fig. 11. Oxidation of Ni-Cr alloy 495 (high Si, low Mn). 
Log A vs. l / T ,  AH = 61,200 col/mole (880~176 
AH = 40,850 col/mole (650~176 

Strain Oxidation Studies 
Samples  of a l loys 491, 492, 493, and  495 w e r e  

oxidized i n d i v i d u a l l y  at  900~ in  7.6 cm Hg of O5 
un t i l  a film of 45 ~ g / c m  2 was formed.  The  samples  
were  r e m o v e d  and  s t re tched  2% in  a tens i le  t e s t ing  
machine .  The  m a r r e d  surface  held  in  the  gr ips  was  
r emoved  and  4 .5-cm l eng th  samples  used for the  
r eox ida t ion  s tudy.  

Pa rabo l i c  ra te  law plots  of the  da ta  show tha t  a 
2% s t r a in  increased  the parabol ic  ra te  l aw cons tan t s  
for the low si l icon al loy 493 f rom 5.73 x 10 -1~ to 9.81 
x 10 -~ (g/cm~) ~ sec -~. A s imi la r  plot  for the  h igh Si 
a l loy showed the  parabol ic  ra te  l aw  cons tan t s  to de-  
crease f rom 2.82 x 10 -~ to 1.6 x 10 -~ (g/cm~) ~ sec -~ 
as a resu l t  of the 2 pe r cen t  s t ra in .  Visua l ly  2 % s t ra in  
has not  effected the  o x i d e - m e t a l  interface.  

In  add i t ion  to the  l o n g - t e r m  effect on the  ra t e  of 
ox ida t ion  a s h o r t - t e r m  effect was  no t iced  especia l ly  
on the  low Si a l loy 493. A rap id  p ickup  of oxygen  
occurred on reoxida t ion .  This  reac t ion  heals  some 
of the d a m a g e  in  the  oxide film. A v e r y  smal l  shor t -  
t e r m  effect was  not iced  for the  h igh  Si alloy. 

A s u m m a r y  of the  effects of s t r a in  on the  ox ida-  
t ion  of the  80 Ni-20 Cr al loys is shown  in  Tab l e  IV. 

These e x p e r i m e n t s  ind ica te  tha t  m i n o r  e l emen t s  
such as Si and  Ca in  the  a l loy can g rea t ly  effect the  
res i s tance  of the oxide and  o x i d e - m e t a l  in te r face  to 
stresses and  s trains .  I t  is of in te res t  to no te  tha t  the  
resul t s  of the  s t r a i n - o x i d a t i o n  tes t  cor re la te  w i t h  
the  A S T M  usefu l  l ife tests. 

Crystal Structure Studies 
A l loys . - -X- ray  diffract ion s tudies  were  m a d e  on 
the  al loys to test  for the  p resence  of second phases  
and  the  effect of m i n o r  e l emen t s  on the  la t t ice  p a -  
r ame te r s  of the  alloy. 

Tab le  V shows the  resu l t s  of x - r a y  di f f ract ion 
s tudies  on al loys 493, 495, and  245. The al loys all  
have  the  f ace -cen te red  cubic s t ruc ture .  A t race  r e -  
flection was  found  at  2.122A which  suggests  the  
presence  of t race  a m o u n t s  of a second phase  in  the  
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Fig. 12.  O x i d a t i o n  o f  a l l o y  2 4 5 .  Log A vs. 1/T, AH~c  = 
65,300 col/mole. 

Table V. Lattice parameters of alloys and pure nickel 

Latt ice p a r a m e t e r  
Alloy Composition ao A 

493 Low Si, low Mn + trace elements  
495 High Si, low Mn + trace elements 
245 High Si, high A1 
Ni(16) Pure  

3.542 ___0.002 
3.540 +__0.002 
3.547 __.0.002 
3.52387 

alloy. Three  reflections were  used in  the  ca lcu la t ion  
of the  u n i t  cell size ao. A l loy  495 of the  N i - C r  series 
had  the  smal les t  va l ue  for ao a nd  the  best  A S T M  
use fu l  l ife test.  The  effect of A1 in  r ep l ac ing  Ni is to 
increase  the  u n i t  cell size. 
Oxide scales.--Crystal s t r u c t u r e  s tudies  were  m a d e  
on the  oxide scales over  the  t e m p e r a t u r e  r a nge  800 ~  
l lO0~ Resul ts  are  shown  in  Tab le  VI. A compar i -  
son of the  c rys ta l  s t ruc tu res  fo rmed  on al loys 493 
a n d  495 shows s imi la r  oxide composi t ions  at  h igh  
t empera tu re s .  At  850~ al loy 493 showed Cr20~ p lus  
a t race  of NiO whi l e  a l loy 495 showed Cr.~O~ alone.  
Severa l  un iden t i f i ed  reflections were  f o u n d  in  bo th  
al loys scales. We conclude  t ha t  smal l  composi t ion  
differences exist  in  the  oxide films. However ,  it  is 
u n l i k e l y  tha t  the  observed  differences in  oxide com-  
posi t ion  can be cor re la ted  wi th  the  m a j o r  differences 
in  p e r f o r m a n c e  as m e a s u r e d  by  the  A S T M  life test. 

Al loy  245 showed Cr~O3 + a - - A I ~ O ~  at  850~ 
However ,  at  1100~ the  oxide was  Cr~O~ p lus  a 
sp ine l  h a v i n g  a la t t ice  p a r a m e t e r  of 8.32A. The  
sp ine l  p a r a m e t e r  can  be compared  to a v a l u e  of 
8.32A for NiO-Cr~O, (16) or a v a l u e  of 8.06A found  
for NiO.AI~O, (16) .  The  fact  t ha t  a -  AI~O~ appears  
in  the  film at  800~176 a nd  not  at  l l 0 0 ~  m a y  be 
signif icant .  I n  the  5A1-23Cr-72Fe al loy series AI~O, 
forms  in  p re fe rence  to Cr~O, even  at l l 0 0 ~  

X - r a y  dif f ract ion ana lyses  of the  oxide scales is 
sub jec ted  to severa l  l imi ta t ions .  (A)  SiO~ a n d  other  
amorphous  oxides m a y  not  be  observed.  (B) Oxides  
in  a m o u n t s  of 1-5% or less m a y  not  be  recorded.  
(C) Oxides  m a y  be p re sen t  in  solid so lu t ion  and  no t  
be  recorded.  (D) The chemica l  or e lec t rochemica l  
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Table VI. Summary crystal structure studies on Ni-Cr and Ni-Cr-AI alloys 

Alloy 495, h i g h  Si, low lYln Alloy 493, low Si, low Mn  
Tern!o, ~ Crys ta l  s t ruc tures  Temp,  ~ Crysta l  s t ruc tures  

AHoy 245, h i g h  Si, h i g h  AI 
Temp,  ~ Crys ta l  s t ruc tures  

1100 1100 

1050 Cr20~ 1050 
tr. sp. 8.33* 

1000 1000 

950 Cr208 950 
s.a. sp. 8.33* 

900 900 

850 Cr,O, 850 

Cr~O~ 
s.a. spinel 8.325* 
Cr~O, 
tr. sp. ao 8.34* 
Cr~O~ 
s.a. sp. 8.33* 

Cr~O~ 

Cr~Oa 
tr. NiO 

1100 Cr208 
spinel ao = 8.32* 

1000 Cr~O~, NiO 
spinel ao = 8.33* 
s.a. ~ - -  ALO~ 

900 Cr~O~, NiO 
spinel ao = 8.33* 
s.a. a - -  ALO8 

800 Cr~O3, a -- ALO~ 

* Probably  NiO.CreO3; s.a. = smal l  amount ;  tr. = trace.  

s t r ipp ing  t echn iques  also r emoved  carbides,  n i t r ides  
as wel l  as oxides which  can give ex t r aneous  reflec- 
t ions  in  the  x - r a y  dif f ract ion pa t t e rn .  

E lec t ron  dif f ract ion ana lyses  was  also a t t e mp t e d  
for the  t h i n n e r  oxide films. M a n y  un iden t i f i ed  l ines  
were  p re sen t  in  add i t ion  to the  oxide reflections. 
These we  a t t r i bu t e  to carbides,  n i t r ides ,  etc. 

Before a complete  p ic tu re  can be ob ta ined  of the  
oxide composi t ion  and  c rys ta l  s t r uc tu r e  both  x - r a y  
dif f ract ion and  e lec t ron  dif f ract ion methods  m u s t  be  
improved .  Chemica l  ana lyses  of these  films m u s t  also 
be developed.  

Discussion 

Ef]ects of A l loy ing  E lements  in Oxidat ion 

Al loy ing  e lements  can  affect the  n a t u r e  of the  
ox ida t ion  reac t ion  in  severa l  ways.  Firs t ,  the  a l loy-  
ing e l emen t  can  affect the  t h e r m o d y n a m i c  ac t iv i ty  
of the  va r ious  meta l s  in  the  alloys (17),  the phase  
d i a g r a m  of the  a l loy system, and  the  s u b s t r u c t u r e  of 
the alloy. Second, the  a l loy ing  e l emen t  can affect the  
composi t ion,  c rys ta l  s t ruc ture ,  and  phys ica l  and  
chemical  p roper t ies  of the  oxide film (4) .  The a l loy-  
ing e l emen t  m a y  pa r t i c ipa te  in  the  oxide f i lm as 
follows: (a)  fo rm its own  oxide in  the  ou te r  l aye r  of 
the  oxide fi lm at  the ox ide-gas  in terface ,  (b)  fo rm 
a mixed  oxide in  the ou te r  l ayer  or in  the  b u l k  of the  
oxide film, (c) fo rm a mixed  va l ency  oxide chang ing  
the  e lectr ical  and  ionic t r a n s p o r t  p roper t i es  of the  
oxide, (d) form its own  oxide or c o m p o u n d  wi th  o ther  
oxides at  the  me t a l  oxide in terface ,  (e) r e m a i n  in  
the  me ta l  at  the  m e t a l - o x i d e  in terface ,  and  (f) f o rm 
a vola t i le  reac t ion  product .  

The  i n d i v i d u a l  effect of the  a l loy ing  e l eme n t  de -  
pends  on its ionic size, charge,  mobi l i ty ,  and  t h e r m o -  
d y n a m i c  act ivi ty .  Since the  chemical  ac t iv i ty  of the  
severa l  oxides and  the  mobi l i t i es  of the  severa l  ion 
species are  t e m p e r a t u r e  dependen t ,  the  specific effect 
of an  a l loy ing  e l emen t  m a y  change  wi th  t e m p e r a -  
ture .  

Most of the  e l ements  wh ich  improve  the  p e r f o r m -  
ance  of the  80Ni-20Cr a l loy  series are  those which  
fo rm ve ry  s table  oxides and  wh ich  do not  pa r t i c ipa te  
in  fo rming  spinels  or o ther  oxides in  the  b u l k  of the  
oxide scale. These are:  Si, Ca, Zr, Th, Ce, etc. To 

r e m a i n  at the  o x i d e - m e t a l  in te r face  these  e l emen t s  
fo rm oxides which  do not  reac t  w i th  the  m a j o r  m e -  
ta l l ic  componen ts  in  the  alloy. 

Thermochemica l  Calculations 

Table  VII  shows the  p r inc ip le  types  of chemica l  
reac t ions  which  m a y  occur d u r i n g  the  ox ida t ion  of 
N i - C r  and  Ni -Cr -A1 alloys. The composi t ion  of the  
oxide film and  the  d i s t r i bu t i on  of the  severa l  oxides 
w i t h i n  the  oxide is d e t e r m i n e d  by  the  t h e r m o d y -  
n a m i c  equi l ibr ia ,  the  ra tes  of the  severa l  chemical  
react ions,  and  b y  diffusion processes in  the  a l loy 
(17).  Ca lcu la t ions  are  made  here  on ly  for the  equ i -  
l i b r i u m  state  i n v o l v i n g  p u r e  oxides and  pu re  meta l s  
since i n f o r ma t i on  is no t  ava i l ab le  on ra tes  of diffu-  
sion of the  meta l s  in  the al loys a nd  in  the  oxides or 
on the  chemical  act ivi t ies  of the  meta l s  in  the  alloys. 

A s t a n d a r d  s ta te  of u n i t  ac t iv i ty  is a s sumed  for 
the c ompone n t  meta l s  in  the  ahoy.  Compared  to the  

Table VII. Types of surface reactions occurring in Ni-Cr 
and AI-Ni-Cr alloys 

A. Direct oxidation 
2Cr (s) § 3/2 O 2 ( g ) ~  Cr~O~(s), etc. 

B. Solid phase reactions 
2A1 (s) + Cr~O~ (s) ~ AhO3 (s) + 2Cr (s), etc. 

C. Format ion of spinels 
NiO (s) + Cr~O3 (s) ~ NiO. Cr~O~ ( s ), etc. 

D. Format ion of silicates 
ALO3 (s) + SiO~ (s) ~ AI~O~. SiO~ (s), etc. 

E. Decarburizat ion 
Cr~O8 (s) + 3C (solid soln.) ~ 2Cr (s) + 3CO (g), etc. 

F. Vaporization 
Cr (s) ~ Cr (g), etc. 

Table VIII. Dissociation pressures of the oxides 

- -Log  PO~ (arm.) 
Tel]up, 

~ NiO Cr~Oa Al2Oa SiO2 MnO Fe2Os 

25 75.4 121.8 184.6 144.6 127.2 85.8 
200 43.8 73.4 112.4 87.6 77.4 50.8 
400 27.6 48.9 75.7 58.8 52.1 33.0 
600 19.0 35.6 55.8 43.2 38.4 23.4 
800 13.6 27.3 43.3 33.5 29.8 17.4 

1000 9.8 21.6 34.7 26.8 24.0 13.3 
1200 7.0 17.4 28.4 21.9 19.6 10.3 
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Table IX. Solid phase reactions of nickel, chromium, 
and aluminum oxides 

O X I D A T I O N  S T U D I E S  O N  N i - C r  A L L O Y S  

i. 3NiO(s) + 2Cr(s) ~CreOs(s) + 3Ni(s) 
2. 3NiO(s) + 2Al(s) ~A1203(s) + 3Ni(s) 
3. 2NiO(s) + Si(s) ~SiO2(s)  + 2Ni(s) 
4. NiO(s) + Mn(s) ~ M n O ( s )  + Ni(s) 
5. Cr2Os(s) + 2Al(s,g) ~Al203(s) + 2Cr(s) 

Log~o K 

Temp,  Reac-  Reac-  Reac-  Reac-  Reac-  
~ t i on  1 t i on  2 t i o n  3 t i o n  4 t i o n  5 

25 69.7 163.8 69.2 25.9 94.2 
200 44.4 102.9 43.8 16.8 58.5 
400 32.0 72.1 81.2 12.3 40.1 
600 25.0 55.2 24.2 9.7 30.2 
800 20.6 44.6 19.9 8.1 24.0 

1000 17.7 37.4 17.0 7.1 19.7 
1200 15.7 32.1 14.9 6.3 16.4 

Table X. Vapor pressure of metals 

Log loKP (arm.) 
Temp,  

~ Ni Cr AI Si Mn F e  

900 --11.0 --10.17 --7.6 --11.8 --5.3 
1000 --9.6 --8.8 --6.5 --10.3 --4.4 --9.67 
ii00 --8.2 --7.63 --5.5 --8.9 --3.5 --8.58 
1200 --7.2 --4.7 --7.9 --2.8 --7.62 

f r ee  e n e r g y  change  of t he  r e a c t i o n  the  a c t i v i t y  co r -  
r ec t ion  is smal l .  T a b l e  VI I I  shows  t h e  d i s soc ia t ion  
p r e s s u r e s  of t he  ox ides  f r o m  25~ to 1200~ as ca l -  
c u l a t e d  f r o m  equa t i ons  g iven  b y  K u b a s c h e w s k i  and  
E v a n s  (18) .  A l l  of t h e  ox ides  a r e  s t a b l e  in  t h e  o x i -  
d a t i o n  a t m o s p h e r e s  used.  

T a b l e  IX  shows  ca l cu la t ions  on the  e q u i l i b r i u m  
cons t an t s  for  the  s e v e r a l  sol id  p h a s e  r e a c t i o n s  w h i c h  
d e t e r m i n e  in  p a r t  t he  compos i t i on  of t h e  ox ide  scale.  
N icke l  o x i d e  is r e d u c e d  b y  Cr, A1, Si, a n d  Mn. C h r o -  
m i u m  o x i d e  is r e d u c e d  b y  A1. F o r  t h e  80Ni -20Cr  
a l loys  t he  e q u i l i b r i u m  ox ide  shou ld  be  l a r g e l y  Cr~O,. 
Cr20~ was  f o u n d  e x p e r i m e n t a l l y  b y  x - r a y  c r y s t a l  
s t r u c t u r e  s tud ies  s h o w n  in T a b l e  VI  to be t he  m a i n  
o x i d e  in  t h e  scale.  A l t h o u g h  t h e r m o d y n a m i c  c a l c u -  
l a t ions  canno t  be  m a d e  for  t he  spinels ,  NiO.Cr~O,  
a p p e a r s  to be  a s t ab l e  c o m p o u n d  s ince  i t  is f o u n d  
also in t he  ox ide  scales.  

F o r  a l l o y  245 con t a in ing  4.05% A1, t h e r m o c h e m i -  
ca l  c a l cu l a t i ons  sugges t  t he  o x i d e  shou ld  be  AI~O,. 
This  c o m p o u n d  was  o b s e r v e d  e x c e p t  a t  1100 ~ w h e r e  
Cr~O, a n d  NiO-Cr~O~ w e r e  obse rved .  

T a b l e  X shows  the  v a p o r  p r e s s u r e s  of t h e  s e v e r a l  
m e t a l s  i n v o l v e d  in  t hese  a l loys .  The  v a p o r  p r e s s u r e s  
of  Ni, A1, Si, and  Mn w e r e  c a l c u l a t e d  f rom t h e  com- 
p i l a t i o n  of S tu l l  a n d  S i n k e  (19) .  D a t a  for  F e  a n d  
Cr w e r e  t a k e n  f r o m  a r e c e n t  w o r k  b y  G u l b r a n s e n  
and  A n d r e w  (7) .  

A c c o r d i n g  to ca lcu la t ions ,  A1 shou ld  vo l a t i l i z e  a t  
h igh  t e m p e r a t u r e s  f r o m  t h e  m e t a l  in  v a c u u m  or  r e -  
act  a t  t he  su r f ace  to  f o r m  A1208 in oxygen .  S ince  
A120~ fo rms  a t  800 ~ and  1000~ b u t  no t  a t  1100~ A1 
m a y  be  los t  f r o m  the  ox ide  f i lm p o s s i b l y  as  a l o w e r  
ox ide  of A1. 

Orientation Relationships 

T i g h t l y  a d h e r e n t  ox ide  scales  a r e  one of t h e  i m -  
p o r t a n t  c h a r a c t e r i s t i c s  of h igh  h e a t  r e s i s t a n t  a l loys .  
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One  of t h e  f ac to r s  in  good  adhes ion  is t h e  m a t c h i n g  
of l a t t i c e  p a r a m e t e r s  in t h e  o x i d e  and  m e t a l  s t r u c -  
tu res .  M a t c h i n g  of l a t t i c e  p a r a m e t e r s  is also i m -  
p o r t a n t  in  d e t e r m i n i n g  t h e  e p i t a x i a l  r e l a t i onsh ips .  

B ~ n a r d  has  s u g g e s t e d  two  r u l e s  for  t h e  d i r ec t i ng  
inf luence  of c r y s t a l  s t r u c t u r e s  in  o x i d a t i o n  (20 ) :  ( a )  
t he  ox ide  t ends  to o r i en t  i t se l f  to t he  m e t a l  s t r u c t u r e  
to p r o d u c e  as  n e a r  a co inc idence  as poss ib l e  of t h e  
r e p e a t  d i s t ances  b e t w e e n  t h e  m e t a l  a t o m  in t h e  two  
s t ruc tu r e s ,  a n d  (b)  p l a n e s  of h igh  a tomic  d e n s i t y  in  
t he  o x i d e  t end  to o r i en t  to h igh  d e n s i t y  a tomic  
p l a n e s  in  t he  m e t a l  cons i s t en t  w i t h  t he  g e o m e t r y  of 
t he  two  s t ruc tu re s .  

The  o r i e n t a t i o n  r e l a t i o n s h i p s  of NiO on f a c e - c e n -  
t e r e d  cubic  Ni  has  been  s t u d i e d  b y  Lawless ,  Young,  
a n d  G w a t h m e y  (21) and  b y  N e w k i r k  a n d  M a r t i n  
(22) .  The  (111) p l a n e  of NiO was  f o u n d  to g r o w  on 
bo th  t h e  (001) a n d  (111) p l a n e s  of t h e  me ta l .  A 
p a r a l l e l i s m  was  f o u n d  b e t w e e n  t h e  [110] d i r ec t i ons  
of ox ide  and  me ta l .  N e w k i r k  and  M a r t i n  (22) ca l -  
cu l a t e  a 15.6% d i s r e g i s t r y  b e t w e e n  the  o x i d e  and  
m e t a l  s t r uc tu r e s .  I f  t h e s e  r e l a t i o n s h i p s  a r e  correc t ,  
w e  m u s t  conc lude  t h a t  B ~ n a r d ' s  s imp le  ru l e s  (20) 
do no t  ho ld  for  NiO on Ni. 

W e  h a v e  m a d e  an  a n a l y s e s  of t h e  s i m p l e  r e p e a t  
d i s t ances  of  NiO-Cr~O~ f o r m e d  on N i - C r - A 1  a n d  
N i - C r  f a c e - c e n t e r e d  cub ic  a l loys  f o l l o w i n g  B 6 n a r d ' s  
ru les .  A m i n i m u m  d i s r e g i s t r y  is f o u n d  for  t h e  
g r o w t h  of t he  (100) p l a n e  of NiO.Cr~O~ sp ine l  on 
the  (111) p l a n e  of t h e  a l l o y  a n d  a p a r a l l e l i s m  of t h e  
[100] d i r ec t ion  of t h e  ox ide  w i t h  t he  [111] d i r ec t i on  
of t h e  a l loy .  H o w e v e r ,  a l a r g e  d i s r e g i s t r y  is f o u n d  fo r  
t he  [110] d i rec t ion .  Due  to t h e  inf luence  of a toms  
ou t s ide  of t h e  l a t t i c e  p l a n e s  i nvo lved ,  t h e  s i m p l e  
p i c t u r e  of co inc idence  of r e p e a t  d i s t ances  does  no t  
a p p l y  for  f a c e - c e n t e r e d  cubic  s t ruc tu re s .  A m o r e  
d e t a i l e d  p i c t u r e  of t h e  o r i e n t a t i o n  r e l a t i o n s h i p s  m u s t  
be  d e v e l o p e d  to e x p l a i n  t he  good  a d h e r e n c e  of N iO .  
Cr~O8 in N i - C r  a l loys .  

W e  h a v e  no t  m a d e  an  a n a l y s e s  of t h e  s imp le  r e -  
p e a t  d i s t ances  of  Cr~O~ f o r m e d  on t h e  N i - C r  a n d  
N i - C r - A 1  a l loys  due  to t h e  c o m p l e x i t i e s  of  t h e  Cr_oO~ 
s t ruc tu re .  S ing le  c r y s t a l  s tud ies  shou ld  b e  m a d e  to  
d e t e r m i n e  t h e  o r i e n t a t i o n  r e l a t i o n s h i p s  for  t h e  
ox ides  f o r m e d  on these  good o x i d a t i o n  r e s i s t a n t  
a l loys .  

Summary 
1. V a c u u m  m i c r o b a l a n c e  m e a s u r e m e n t s  w e r e  

m a d e  on the  o x i d a t i o n  of a ser ies  of 80Ni -20Cr  a n d  
a 75Ni-19Cr-4A1 h e a t e r  a l loys  ove r  t h e  t e m p e r a t u r e  
r a n g e  of 500~176 

2. S i l i con  a n d  m a n g a n e s e  compos i t i ons  w e r e  v a r -  
i ed  in  t h e  80Ni -20Cr  ser ies  of a l loy .  

3. K i n e t i c  s tud ies  showed  t h e  low Si  a n d  low Mn 
a l l o y  ox id i zed  at  a l o w e r  r a t e  t h a n  t h e  a l l oy  con-  
t a i n i n g  2% Si. No c o r r e l a t i o n  w a s  f o r m e d  b e t w e e n  
A S T M  h e a t e r  l i fe  tes t s  and  the  r a t e  of o x i d a t i o n  of 
a se r ies  of h e a t e r  a l loys .  

4. K i n e t i c  d a t a  w e r e  f i t ted  to t he  p a r a b o l i c  r a t e  
l aw.  H o w e v e r ,  a n u m b e r  of d e v i a t i o n s  w e r e  o b -  
se rved .  F o r  a l l  e x p e r i m e n t s  t h e  i n i t i a l  p a r a b o l i c  r a t e  
l a w  cons t an t  was  l a r g e r  t h a n  the  f inal  v a l u e s  f o u n d  
for  t h i c k e r  films. This  c h a n g e  was  a t t r i b u t e d  to 
c h e m i c a l  t r a n s i t i o n s  o c c u r r i n g  in  t h e  o x i d e  films. 
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5. Pa rabo l i c  ra te  l aw  da ta  p lo t ted  on a l oga r i t h -  
mic  plot  as a f unc t i on  of 1 / T  showed two or th ree  
s t ra igh t  l ines.  Heats  of ac t iva t ion  for the  several  
t e m p e r a t u r e  ranges  for each a l loy were  de t e rmined .  

6. S t r a i n  ox ida t ion  s tudies  on the  al loys showed 
good cor re la t ion  w i t h  ASTM life tests. This  s t udy  
suggests  tha t  the  res i s tance  of the  o x i d e - m e t a l  i n t e r -  
face to s tresses or s t r a in  is the  mos t  i m p o r t a n t  fac-  
to r  in  d e t e r m i n i n g  the  p rac t ica l  p e r f o r m a n c e  of 
hea te r  alloys. Si l icon and  the  o ther  m i n o r  e l emen t s  
appear  to help  the  m e t a l  res is t  the  effects of stresses 
or s t ra ins  at the  o x i d e - m e t a l  interface.  

7. X - r a y  dif f ract ion c rys ta l  s t r uc tu r e  s tudies  we re  
made  on th ree  al loys over  the  t e m p e r a t u r e  range .  
Cr20~ and  NiO.  Cr~O~ spine l  were  the  p r inc ipa l  oxides 
fo rmed  for the  80Ni-20Cr alloys, a-Al~O~ was found,  
in  addi t ion,  on the  75Ni-19Cr-4A1 a l loy  at 800 ~ a nd  
1000~ bu t  no t  at 1100~ The l a t t e r  obse rva t ion  
was  unexpec ted .  

8. Ra te  da ta  and  crys ta l  s t ruc tu re  obse rva t ion  
were  i n t e r p r e t e d  f rom the rmochemica l  ca lcu la t ions  
in  the  severa l  chemica l  reac t ions  occur r ing  in  the  
system. Or i en t a t i on  re la t ionsh ips  were  also dis-  
cussed. 

Manuscript  received Dec. 19, 1958. This paper was 
prepared for del ivery before the Phi ladelphia Meeting, 
May 3-7, 1959. 

Any  discussion of this paper will appear in  a Discus- 
sion Section to be published in  the June  1960 JOURNAL. 
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The Action of Nickel and Cobalt in 
Electroluminescent Zinc Sulfide Phosphors 

Paul Goldberg 

Sylvania  Research Laboratories, Bayside, N e w  Y o r k  

ABSTRACT 

Nickel and cobalt produce many  of the effects in electroluminescent  phos- 
phors that  are known  for photo- and cathodoluminescent  zinc sulfide. In  addi-  
tion, these elements br ing  to electroluminescent  phosphors other changes in 
properties which are of practical and theoretical interest.  Among these are (a) 
enhancement  of emit tance in b lue-emi t t ing  phosphors, (b) marked changes in  
emit tance-vol tage and emi t tance- f requency characteristics, and (c) simplifica- 
t ion of the br ightness  wave forms. The f requency and brightness  wave effects 
can be understood in  terms of "fast" and "slow" recombinat ion processes 
which are influenced differently by the i ron-group elements. The enhancement  
of electroluminescence is of uncer ta in  origin bu t  may arise from changes in  the 
photocapacitive properties of the powder crystals due to the i ron-group  ele- 
ments. The similarities and differences of nickel and cobalt in  both blue and 
green-emi t t ing  phosphors are discussed. 

The  sens i t iv i ty  of zinc sulfide phosphors  to i r o n -  
group e l emen t s  has a long  h i s to ry  (1) .  Nickel,  co- 
balt ,  and  i ron  inf luence  the  i n t e n s i t y  of l u m i n o u s  
emiss ion and  the  ra te  of l uminescence  decay in  
phosphors  exci ted  by  u l t r av io l e t  or cathode rays  
(2-4) .  At  concen t ra t ions  m u c h  less t h a n  the  ac t iva -  

tor content their action is to suppress the emission 
strongly. Consequently they are termed "killers" or 
"quenchers." The interpretation of these effects in- 
volves trapping and/or recombination of free holes 
and electrons (3, 5-7) at the killer site. The iron- 
group elements can influence excitation processes by 
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i n t r o d u c i n g  a b s o r p t i o n  b a n d s  ( 8 )  a n d  a l so  w e a k  
e m i s s i o n  b a n d s  ( 9 ) .  

T h e  p u r p o s e  of  t h i s  p a p e r  is to  d i s c u s s  t h e  w a y  
i r o n - g r o u p  e l e m e n t s  a c t  i n  e l e c t r o l u m i n e s c e n t  ( E L )  
p h o s p h o r s .  L e h m a n n  a l r e a d y  h a s  d e m o n s t r a t e d  
t h a t  t h e s e  e l e m e n t s  d e p r e s s  t h e  e m i t t a n c e  a n d  i n -  
d u c e  s u p e r l i n e a r  e m i t t a n c e - f r e q u e n c y  c h a r a c t e r i s -  
t i c s  ( 1 0 ) .  

I n  t h e  e x p e r i m e n t s  d e s c r i b e d  b e l o w  t h e  E L  e m i t -  
t a n c e  a n d  b r i g h t n e s s  w a v e  f o r m s  w e r e  f o l l o w e d  a s  
a f u n c t i o n  of  v o l t a g e ,  f r e q u e n c y ,  a n d  c o n c e n t r a t i o n  
of  t h e  i r o n - g r o u p  e l e m e n t s .  I n  a d d i t i o n  to  t h e  e f f e c t s  
s e e n  b y  L e h m a n n  i t  w a s  f o u n d  t h a t :  ( a )  T h e  e m i t -  
t a n c e  o f  b l u e - e m i t t i n g  p h o s p h o r s  w a s  i n c r e a s e d  w i t h  
a d d i t i o n s  of  10 -~ g a t . / m o l e  o r  l e s s  of  t h e  i r o n - g r o u p  
e l e m e n t s .  ( b )  I n  t h e  r a n g e  10 -~ to  10- '  g a t . / m o l e  of  
N i  o r  Co d e p e n d e n c i e s  of  e m i t t a n c e  o n  v o l t a g e  a n d  
f r e q u e n c y  m a y  u n d e r g o  m a r k e d  c h a n g e s .  ( c )  W i t h  
a d d i t i o n s  of  10 ~ to  10 -~ g a t . / m o l e  of  N i  t h e  b r i g h t -  
n e s s  w a v e s  t a k e  o n  a s i m p l i f i e d  f o r m .  

T h e  o r d i n a r y  n a m e s  s u c h  as  " k i l l e r s "  o r  " q u e n c h -  
e r s "  g i v e n  to  t h e s e  e l e m e n t s  i n  t h e  z i n c  s u l f i de  s y s -  
t e m  a r e  c l e a r l y  i n a d e q u a t e  h e r e .  T h e r e f o r e ,  i n  t h e  
r e m a i n d e r  of  t h i s  r e p o r t  r e f e r e n c e  w i l l  b e  m a d e  t o  
t h e  e l e m e n t s  as  " m o d i f i e r s . "  

N i c k e l  a n d  c o b a l t  h a v e  b e e n  s h o w n  to  i n f l u e n c e  
t h e  d i e l e c t r i c  p r o p e r t i e s  of  p h o t o l u m i n e s c e n t  z i n c  
s u l f i d e  ( 1 1 ) .  A l so ,  i t  is  k n o w n  t h a t  t h e  d i e l e c t r i c  
p r o p e r t i e s  of  E L  p h o s p h o r s  a r e  of  c o n s e q u e n c e  i n  
t h e i r  r e s p o n s e  i n  a n  e l e c t r i c  f i e ld  ( 1 2 ) .  T h e r e f o r e  
s t u d i e s  w e r e  m a d e  t o  t r a c e  t h e  i m p o r t a n c e  of  t h e s e  
o b s e r v a t i o n s  o n  t h e  m a t e r i a l s  of  t h i s  r e p o r t .  
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(8 )  a b s o r p t i o n  b a n d  of  N i  i n  Z n S  a p p e a r s  a s  a d i s -  

t i n c t  y e l l o w  b o d y  co lo r .  
I n  s u b s e q u e n t  d i s c u s s i o n s  t h e  c o n c e n t r a t i o n  of  

m o d i f i e r s  is s p e c i f i e d  i n  t e r m s  of  t h e  a m o u n t  a d d e d  
i n  t h e  p r e p a r a t i o n .  

Optical and electrical measurements . - -Emi t tance  
d a t a  w e r e  o b t a i n e d  f r o m  c e l l s  25 x 25 x 0.125 m m  i n  
s i ze  w i t h  a c a s t o r  o i l  d i e l e c t r i c .  B r a s s  a n d  t r a n s p a r e n t  
c o n d u c t i v e  g l a s s  (500  o h m s / s q u a r e )  s e r v e d  as  e l e c -  
t r o d e  m a t e r i a l s .  A n  R C A  1 P 2 2  p h o t o m u l t i p l i e r  d e -  
t e c t o r  w a s  u s e d  i n  c o n j u n c t i o n  w i t h  a P h o t o v o l t  
M o d e l  520 p h o t o m e t e r .  A r o u g h  m e a s u r e  of  t h e  
e m i s s i o n  c o l o r  w a s  o b t a i n e d  as  t h e  b l u e / g r e e n  
( B / G )  r a t i o  w i t h  a C o r n i n g  4010  f i l t e r  m e a s u r i n g  
t h e  g r e e n  a n d  5543 a n d  3389 f i l t e r s  t o g e t h e r  m e a s -  
u r i n g  t h e  b l u e .  T h e  d e t e c t o r  f o r  o b t a i n i n g  t h e  b r i g h t -  
n e s s  w a v e s  w a s  a D u  M o n t  6292 p h o t o m u l t i p l i e r .  D i -  
e l e c t r i c  p r o p e r t i e s  o f  t h e  p h o s p h o r s  w e r e  o b t a i n e d  
w i t h  ce l l s  s i m i l a r  to  t h o s e  d e s c r i b e d  a b o v e  a t  a f i e ld  
s t r e n g t h  t oo  l o w  to  g i v e  e l e c t r o l u m i n e s c e n t  e m i s -  
s ion .  T h e  e l e c t r i c a l  lo s s  a n d  c a p a c i t a n c e  d a t a  w e r e  
m e a s u r e d  w i t h  a Q m e t e r  ( B o o n t o n  R a d i o  Co. M o d e l  
2 6 0 - A )  i n  b o t h  a d a r k  e n v i r o n m e n t  a n d  u n d e r  r o o m  
( f l u o r e s c e n t )  i l l u m i n a t i o n .  

Experimental Results 
Frequency Dependence of the Luminous  Emittance 

Green-emiss ion. - -Figure  1 s h o w s  t h e  l o g - l o g  p l o t  
o f  t h e  i n t e g r a t e d  l i g h t  o u t p u t  o r  e m i t t a n c e  ( L )  as  a 
f u n c t i o n  of  f r e q u e n c y  ( f )  f o r  a f a m i l y  of  g r e e n -  
e m i t t i n g  E L  p h o s p h o r s  w i t h  v a r y i n g  a m o u n t s  of  N i  

Experimental Technique 
Phosphors . - -The p h o s p h o r s  s t u d i e d  a r e  of  t h e  Z n S :  
Cu,C1 t y p e  a n d  c o n t a i n  r o u g h l y  3 x 10 - '  g a t .  C u /  
m o l e  i n  t h e  c a s e  o f  b l u e - e m i t t i n g  m a t e r i a l s  a n d  1.5 
x 104  g a t .  C u / m o l e  f o r  t h e  g r e e n - e m i t t i n g  g r o u p .  
T h e  m o d i f i e r s  w e r e  i n t r o d u c e d  d u r i n g  t h e  p r e p a r a -  
t i o n  as  a l i q u o t s  of  s o l u t i o n s  of  t h e  f o l l o w i n g  J o h n -  
s o n - M a t h e y  s a l t s :  Co (NO~)~- 6H~O a n d  NiSO~.  7H~O. 
N o t  a l l  of  t h e  m o d i f i e r  e n t e r s  t h e  l a t t i c e  i n  t h e s e  
p r e p a r a t i o n s  as  s h o w n  i n  T a b l e  I. 

F o r  1 x 10 ~ g a t .  N i / m o l e  a n d  a b o v e ,  t h e  k n o w n  

Table I. 

Ni found Co f o u n d  
Modifier a d d e d  in  i n  p h o s p h o r s  in phosphors 

t h e  preparation, (green emission) (blue e m i s s i o n )  
g at./mole g at./mole g at./mole 

Z e r o ( c o n t r o l )  1.3 X 10 ~" < 8  • 10 -7" 
1 X 10 -~ 1.3 X 104 - -  
3 • 10 -6 3.6 X 10 -oh - -  

1 X 10 -5 0.48 X 10 -5 1.2 X 10 -Sb 
3 X 10 -~ 1.1 X 10 -~ 2.3 X 10 .5 
1 X 10 -~ 0.46 X 10 -~ 0.69 X 10-* 
3 X 10 -~ 2.3 X 10 -~ 1.65 X 10 -~ 
1 X 10 -8 0.43 X 10 -~ 0.49 X 104 

~Measured by spectrographic analysis, the other data by %vet 
chemical analysis. 

b The apparent excess found over that added may arise from ana- 
lytical inaccuracy at low levels of added modifier. The analyti- 
cal error amounts to • x 10 -5 at the level of 1 x 10 -~, a n d  
10% or less at all higher c o n c e n t r a t i o n s .  

F R E O U E N C Y  {cps) 

Fig. 1. Fmittonce-frequency characteristics o f  green-emit- 
ting electroluminescent phosphors with various nickel con- 
centrotions, at 400 v. Data for  ] x 10 -8 and 3 • ] 0 4  g at. 
N i /mo le  are coincident within exper imental  error ,  
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at  400 v ( rms ) .  This  f ami ly  shows m a n y  of the  cha r -  
acter is t ics  of modif ier  ac t iv i ty :  (a) For  Ni concen -  
t r a t ions  up  3 x 10 -~ g a t . /mole  the  L - f  curves  show 
l i n e a r i t y  f rom 100 cps to n e a r l y  1 kc. At  h igher  f r e -  
quencies  the dependence  is sub l inear .  This  is s imi la r  
to the  k n o w n  behav io r  of o r d i n a r y  EL phosphors  
(15-17) .  (b)  The L - ]  charac ter is t ics  show l i n e a r  
por t ions  at  Ni concen t ra t ions  of 1 x 10 -~ g a t . /mo le  
and  higher ,  f rom f requenc ies  of a few ki locycles  up  
to the  l imi t  of m e a s u r e m e n t  at  20 kc. 1 This s tands  
in  p r o n o u n c e d  cont ras t  to the usua l  sub l i nea r  be -  
hav ior  wh ich  sets in  at  lower  f requencies .  The effect 
is a p p r o x i m a t e l y  i n d e p e n d e n t  of voltage.  The re  is a 
c o n t i n u i n g  decrease in  the  average  emi t t anc e  for 
g rea te r  addi t ions  of nickel .  (c) S u p e r l i n e a r i t y  in  the  
L - ]  charac ter is t ics  appears  at 1 x 10 -' g at. N i / m o l e  
and  higher .  The  effect d isappears  for a g iven  Ni 
concen t r a t i on  at  f r equenc ies  above  1 kc and  is r e -  
p laced by  the  l i nea r  behav io r  descr ibed  above.  The 
s u p e r l i n e a r i t y  is more  severe  in  C o - c o n t a i n i n g  phos-  
phors.  As wi l l  be shown  later ,  L m a y  increase  as 
r ap id ly  as the  th i rd  power  of the  f requency .  (d) 
There  is a convergence  at  h igh f requenc ies  of the  
curves  of Ni in  r ange  1 x 10 _6 to 3 x 10 _5 g a t . /mole .  
(A l t e rna t i ve ly ,  this  m a y  be expressed as a decrease  
in  the  ab i l i ty  of Ni to suppress  e l ec t ro luminescence  
as the  f r e q u e n c y  is increased.  The difference in  
emi t t ance  of abou t  40% b e t w e e n  the  cont ro l  sample  
and  tha t  w i th  1 x 10 -~ g at. N i /mo le  was  not  found  
in  subsequen t  p repa ra t ions . )  (e) The  b lue  b a n d  is 
quenched  more  t h a n  the  g reen  b a n d  at  h igher  Ni 
concent ra t ions .  F i g u r e  1 shows the  decrease in  the  
B / G  rat io  upon  incorpora t ion  of 3 x 10-' g at. N i /  
mole. The shift  t oward  the  green  holds too for phos-  
phors  emi t t i ng  m a i n l y  b lue  light. 

The s u p e r l i n e a r i t y  and  convergence  p h e n o m e n a  
descr ibed  above are also b rough t  on by  Co. This  e le-  
m e n t  howeve r  does no t  p rovide  l i nea r  L - f  cha rac -  
ter is t ics  in  the  ki locycle  reg ion  for any  g r e e n - e m i t -  
t ing  phosphors  s tudied  here.  Other  differences be -  
t w e e n  Co and  Ni wi l l  be m e n t i o n e d  subsequen t ly .  

As a modifier,  i ron  acts somewha t  di f ferent ly .  I t  
depresses the  b r igh tness  wi th  a lmost  no change  in  
the shape of the L-J  curves.  A w e a k  red emiss ion  
a t t r i b u t a b l e  to Fe was observed u n d e r  field exc i t a -  
t ion. A s imi la r  b a n d  was  repor ted  p rev ious ly  by  
Gerge ly  (9) for p h o t o l u m i n e s c e n t  exci ta t ion.  

I t  has been  m e n t i o n e d  by  others  tha t  e m i t t a n c e -  
f r e q u e n c y  inves t iga t ions  should be coupled w i th  
t e m p e r a t u r e  s tudies  in  order  tha t  amb iguous  resu l t s  
be avoided (18, 19). However ,  the  shape of the  e m i t -  

t a n c e - t e m p e r a t u r e  charac ter is t ics  of these ma te r i a l s  
w i th  and  wi thou t  Ni shows a genera l  i n sens i t i v i t y  to 
f requency ,  except  for a scale factor.  

Blue-emission.--An analogous  p a t t e r n  to t ha t  
discussed above is found  in  EL phosphors  emi t t i ng  
m a i n l y  b lue  light.  The re  is howeve r  one m a i n  differ-  
ence. The lowest  concen t ra t ions  of modif ier  effect an  

e n h a n c e m e n t  in  emi t tance .  F igu re  2 shows the  L - f  

i T h e  l i n e a r i t y  of L-:f c h a r a c t e r i s t i c s  s h o u l d  b e  t e s t e d  w i t h  a d e -  
t e c t o r  w h i c h  c o u n t s  p h o t o n s .  S u c h  r e s u l t s  w o u l d  b e  u n a m b i g u o u s  
i n  sp i t e  of  co lo r  sh i f t s  i n  t h e  e m i s s i o n  w i t h  f r e q u e n c y .  T h e  l i n e a r i t y ,  
e .g. ,  f o r  1 x 10-4 g a t .  N i / m o l e  s h o w n  i n  F ig .  1, m e a s u r e d  w i t h  a n  
R C A  1P22 p h o t o m u l t i p l i e r ,  is  t h e r e f o r e  o p e n  to  s o m e  q u e s t i o n  d u e  
to  t h e  co lo r  sh i f t .  I n  o t h e r  r e s u l t s ,  h o w e v e r ,  e.g.  F i g .  3, t h e  l i n e a r i t y  
is quantitative since co lo r  sh i f t s  a r e  m i n i m a l .  
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N o v e m b e r  1959 
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F R E O U E N C Y  (Cps) 

Fig. 2. Emittance-frequency characteristics of blue-emitting 
El phosphors with various Co concentrations. 

charac ter is t ics  of b l u e - e m i t t i n g  ZnS:Cu,C1 at  va r i -  
ous Co concen t ra t ions  in  the  r a nge  3 x 10 -7 to 1 x 10 -~ 
g at. Co/mole.  The  phosphors  w i th  3 x 10-' to 3 x 10 -~ 
g at. Co /mole  are al l  b r i g h t e r  t h a n  the  cont ro l  at 
h igher  f requencies .  This  increase  pa r t i a l l y  obscures  
the  convergence  effect descr ibed  previous ly .  H o w -  
ever,  bo th  the  s u p e r l i n e a r i t y  and  l i ne a r i t y  r e l a t i o n -  
ships are  evident .  The exis tence  of the  e n h a n c e m e n t  
effect has been  suggested by  Bur ns  (20).  

The in t eg ra t ed  l ight  ou tpu t  of phosphors  c o n t a i n -  
ing Ni behave  in  m u c h  the  same w a y  as descr ibed  
above for Co a l though  not  as s t rongly.  F i g u r e  3 
shows a f ami ly  of curves  at va r ious  levels  of Ni. 
Cobal t  induces  s u p e r l i n e a r i t y  at  1 x 10 -6 g a t . /mo le  
which  becomes p r o n o u n c e d  at 104 g a t . /mo le  (L~$3). 
Nickel  first induces  s u p e r l i n e a r i t y  at 1 x 104 g a t . /  
mole,  and  as in  Fig. 1, the  effect is weak.  The  e m i t -  
t ance  e n h a n c e m e n t  also has been  observed  for Fe 
a nd  Cr addi t ions.  

The pho to luminescence  of these  mater ia l s ,  in  con-  
t r a s t  to the  e lec t ro luminescence ,  decreases m o n o -  
ton ica l ly  w i th  increas ing  modifier  content .  This  is 
l a rge ly  in  a g r e e m e n t  wi th  the  w o r k  of A r p i a r i a n  for 
the  ZnS:  Cu, C1 sys tem (2) .  

A signif icant  difference b e t w e e n  Ni and  Co in  these  
phosphors  is the  r e a p p e a r a n c e  of s u b l i n e a r i t y  in  the  
r a nge  1 x 10 -' to 1 x 10 -3 g at. Co/mole .  The re  is no 
e q u i v a l e n t  to this  in  the  N i - c o n t a i n i n g  f ami ly  (cf. 
Fig. 2 and  3).~ 

Voltage Dependence 
The vol tage  dependence  of emi t t ance  of EL phos-  

phors  can be r ep re sen t ed  by  a va r i e t y  of empi r i ca l  
formulas .  One of these, wh ich  receives some suppor t  
f rom theory  is 

L = A �9 f ( V )  �9 exp (--bV -1/~) 

w he r e  L is the  l u m i n o u s  emi t tance ,  V the  r ms  vo l t -  

2 T h e  r e a s o n  t h e  c u r v e  f o r  1 x 10-~ Co in  F ig .  2 f a l l s  b e l o w  t h a t  of  
3 x 10 -4 is  n o t  e v i d e n t .  C h e m i c a l  a n a l y s e s  f o r  Co i n  t h e  f i n i s h e d  
p h o s p h o r s  c a n n o t  a c c o u n t  f o r  i t  (see  T a b l e  T) a l t h o u g h  s m a l l  t e m -  
p e r a t u r e  g r a d i e n t s  d u r i n g  t h e  s y n t h e s i s  m a y .  
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Fig. 3. Emittance-frequency characteristics of blue-emitting 
EL phosphors with various Ni concentrations. 

age;  A a n d  b a r e  a r b i t r a r y  cons t an t s  (15, 18).  E x -  
p e r i m e n t a l  w o r k  b y  v a r i o u s  i n v e s t i g a t o r s  shows  two  
func t iona l i t i e s ;  ~(V) --~ cons t an t  (15, 18) or  5 (V)  = 
V (21) .  T h e  5(V)  t e r m  is r e l a t e d  to  t h e  p a r t i c u l a r  
t r a p  d i s t r i b u t i o n  in t he  p h o s p h o r  (18) .  

Blue-emission.--Here t h e  b e h a v i o r  on i nc r e a s ing  
the  n i c k e l  c o n c e n t r a t i o n  is a lmos t  c o m p l e t e l y  d e -  
s c r i bed  b y  changes  in t h e  v a l u e  of t h e  c o n s t a n t  A 
in Eq. [1]  w i t h  f ( V )  = const .  A s i m i l a r  r e s u l t  w a s  
r e p o r t e d  b y  L e h m a n n  for  his  p h o s p h o r s  (10) .  

Green-emission.--Phosphors con ta in ing  e i t h e r  Ni  
or  Co show bo th  f u n c t i o n a l i t i e s  d e p e n d i n g  on t h e  
c o n c e n t r a t i o n  of modif ie r .  F i g u r e  4 shows  the  L - V  
c h a r a c t e r i s t i c s  of t he  s a m e  g r o u p  of p h o s p h o r s  a p -  
p e a r i n g  in Fig .  1, a t  a cons t an t  f r e q u e n c y  of 6 kc. I t  
is e v i d e n t  t h a t  a t  Ni  con ten t s  g r e a t e r  t h a n  1 x 10-' g 
a t . / m o l e ,  a n e w  v o l t a g e  d e p e n d e n c e  has  f u l l y  d e -  
ve loped .  This  v o l t a g e  d e p e n d e n c e  c o r r e s p o n d s  to 
y (V)  e q u a l  to V. F i g u r e  5 p r e s e n t s  t h e  d a t a  of Fig .  4 
r e p l o t t e d  such  t ha t  y (V)  equa l s  V ( o r d i n a t e  is L/V) .  
The  effect  also is f o u n d  for  Co at  a c o n c e n t r a t i o n  one 
o r d e r  of m a g n i t u d e  less t h a n  for  Ni. The  c h a n g e  in 
s h a p e  of t h e  v o l t a g e  c h a r a c t e r i s t i c  is f r e q u e n c y - d e -  
penden t .  E x p e r i m e n t s  a t  2, 6, a n d  20 kc  a l l  show t h e  
effect d e s c r i b e d  above .  A t  100 a n d  600 cps, h o w e v e r ,  
no change  in  shape  was  de tec ted .  

T a b l e  I I  s u m m a r i z e s  some of t he  p r i n c i p a l  f ind ings  
on the  modi f ie r  ac t ion  on e m i t t a n c e  func t iona l i t i e s .  

Brightness Wave Forms 
B r i g h t n e s s  w a v e s  h a v e  been  u sed  w i d e l y  as  a 

m e a n s  of f o l l owing  e l ec t ron ic  p rocesses  r e l a t i n g  to 
e l e c t r o l u m i n e s c e n c e  in bo th  p o w d e r s  (15, 19, 22-25)  
and  s ing le  c rys t a l s  (26) .  I f  t he  e x c i t i n g  v o l t a g e  is 
s inusoida l ,  t he  w a v e s  show a m a j o r  ( p r i m a r y )  p e a k  
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Fig. 4. Emittance-voltage characteristics of green-emitting 
EL phosphors with various Ni concentrations; L 
exp(--b V-I/~). 
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Fig. 5. Data of Fig. 4 plotted according to L /V  ~ exp(--b 
V-~/~). 

a n d  a t  l eas t  one m i n o r  ( s e c o n d a r y )  p e a k  p e r  ha l f  
cyc le  of vo l tage .  A l so  t h e r e  is u s u a l l y  a con t inuous  
c o m p o n e n t  in t h a t  the  l i gh t  does  no t  f a l l  to zero a t  
a n y  t ime  d u r i n g  a cycle.  D e s t r i a u  used  the  i n t e n s i t y  
of th i s  con t inuous  c o m p o n e n t  as a m e a s u r e  of t h e  
m e a n  l i f e t ime  of l u m i n e s c e n t  cen t e r s  in  t h e  e x c i t e d  
s t a t e  (27) .  

The  b r i g h t n e s s  w a v e  c h a r a c t e r i s t i c s  a r e  c h a n g e d  
for  p h o s p h o r s  con ta in ing  modif iers .  F i g u r e s  6a a n d  
6b show the  b r i g h t n e s s  w a v e s  of g r e e n - e m i t t i n g  
p h o s p h o r s  c o n t a i n i n g  no  Ni  a n d  1 x 104 g at. N i /  
mole ,  r e s p e c t i v e l y ,  fo r  f r e q u e n c i e s  of 100 cps, 1 kc  
and  10 kc  a t  400 v. The  c e n t r a l  l ine  in  t h e  f igures  i n -  
d i ca te s  the  l e v e l  of zero  l ight .  The  p r i n c i p a l  f e a t u r e  
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Table II. 

N o v e m b e r  1959 

D o m i n a n t  emi s s ion  F r e q u e n c y  d e p e n d e n c e  Vo l t age  d e p e n d e n c e  

Blue - -No  modifier 
Low Ni cone., ~10 -~ 
High Ni cone., -->10 -~ 
Low Co cone., <10 -~ 
In termedia te  Co cone., ~10 -~ 
High Co cone., >3 >< 10 -'~ 

Green  No modifier 
Low Ni cone., <10 -~ 

High Ni cone., -->10-' 
Low Co conc., <10 -~ 
High Co cone., ~3  • 10 -~ ] 

Subl inear  above 100-200 cps 
Subl inear  above ~ 600 cps 
Linear  to 20 kc*, superl inear  below ~ 400 cps 
Super l inear  below 1 kc 
Linear  to 20 kc, s trongly superl inear  below ~ 1 kc 
Super l inear  below ~ 1 kc, sublinear above 1 kc 

Subl inear  above ~ 400 cps 
Subl inear  above ~ 500-1000 cps 

.Linear to 20 kc, superl inear  below 1 kc 

Super l inear  below 1 kc, sublinear at h igher  f requencies  

L ~ exp V -1/~ 
L ~ exp V -1/'~ 
L ,-~ exp V -lr~ 
L --~ exp V -1/2 
L ~ exp V -lj~ 
L ~ exp V -1/~ 

L ,~ exp V -~/~ 
Transi t ion 
(See Figs. 4, 5) 
L .~ V exp V -lr~ 
Transi t ion 
L ,~ V exp V -~I~ 

* 20 kc  is the  l i m i t  of the  f r e q u e n c y  r a n g e  e x a m i n e d .  

Table III. Dielectric properties of blue-emitting electroluminescent 
phosphors 

Elec t ro -  
R e s i s t i v e  l u m i n e s c e n c e  

pho tocu r r en t , *  e n h a n c e m e n t ,  %, 
/~a AK, % a t  15 kc,  400 v 

3 • 10 -7 Co ~ 26 6.8 100 (Fig. 2) 
No Co ~ 18 29 
1 • 10-SNi 10 6.6 45 (Fig. 3) 
No Ni 14 30 

* The  p h o t o c u r r e n t  is c a l c u l a t e d  f r o m  the  v o l t a g e  a p p l i e d  b y  t he  
Q m e t e r  osc i l l a to r  and  t he  e q u i v a l e n t  p a r a l l e l  r e s i s t ance  of  the  test  
cell .  

a N o t e  a d d e d  i n  proo1:  A c t i v a t i o n  ana lyses  of t he se  s amp le s  s h o w  
Co c o n c e n t r a t i o n s  of 1.5 x 10 -7 g a t . / m o l e  for  "No Co"  and  2.0 x 10-~ 
g a t . / m o l e  fo r  "3 x 10-7 Co."  

of these  cu rves  is the  n e a r l y  comple t e  absence  of 
secondary  peaks  and con t inuous  componen t s  in t he  
p h o s p h o r  con ta in ing  Ni. At  l o w e r  Ni con ten t  an  
i n t e r m e d i a t e  b e h a v i o r  obta ins :  r e d u c e d  he igh t  of the  
s econda ry  p e a k  and also a change  in its phase  to 
the  descend ing  por t ion  of the  p r i m a r y  peak.  

The  same  p h e n o m e n a  resu l t  for  b l u e - e m i t t i n g  
phosphors .  F igu res  7a and 7b i l l u s t r a t e  e q u i v a l e n t  
cu rves  for  two  phosphors  p r e v i o u s l y  r e p r e s e n t e d  in 
Fig.  3. The  b r igh tnes s  w a v e s  of the  two  N i - d o p e d  
phosphors  a re  n e a r l y  ident ical .  The  phosphors  in 
Figs.  6b and 7b a re  the  same  ones w h i c h  show l i nea r  
L - f  charac te r i s t i c s  in Figs.  1 and  3, r e spec t ive ly .  

C o b a l t - b e a r i n g  phosphors  show a d i f fe ren t  b r i g h t -  
ness  w a v e  pa t t e rn .  Al l  phosphors  shown  in Fig.  2 
h a v e  b r igh tness  w a v e s  w i t h  a n e a r l y  cons tan t  con-  
t inuous  componen t ,  a m o u n t i n g  to abou t  20% of t he  
a m p l i t u d e  of t he  p r i m a r y  peaks.  A t  3 x 10 -6 g at. C o /  
m o l e  in t h a t  g roup  h o w e v e r ,  the  seconda ry  p e a k  has 
v a n i s h e d  ful ly .  I t  r e a p p e a r s  aga in  at  the  same phase  
ang le  for  al l  h i g h e r  Co concent ra t ions .  

Dielectric Properties and the Electroluminescent 

Enhancement  Effect 

By inc reas ing  the  m a t r i x  d ie lec t r i c  cons tan t  one 
obta ins  a g r e a t e r  f ield s t r eng th  in the  phospho r  (12).  
C o n v e r s e l y  it  m a y  be e x p e c t e d  t h a t  an  inc rease  in 
t he  phosphor  d ie lec t r ic  cons tan t  w i l l  r educe  the  field 
s t r e n g t h  in the  phospho r  and re su l t  in r e d u c e d  
emi t t ance .  

In  Z n S - t y p e  phosphors  t he  d ie lec t r i c  cons tan t  i n -  
creases  u n d e r  p h o t o - e x c i t a t i o n  (13, 14). I t  is r e a -  
sonable  tha t  a phosphor ,  exc i t ed  to e l e c t r o l u m i n e s -  

cence,  w i l l  absorb  pa r t  of i ts o w n  rad ia t ion ,  e spe -  
c ia l ly  in the  b lue  region.  I t  m a y  t h e n  e x p e r i e n c e  the  
o r d i n a r y  pho tocapac i t i ve  effect  by v i r t u e  of  t ha t  
absorpt ion .  

R o u x  has  shown  t h a t  t h e  pho tocapac i t i ve  effect  is 
suppressed  by Ni and  Co (11) .  The  phosphors  in th is  
r e p o r t  w h i c h  show enhanced  e m i t t a n c e  in t he  p r e s -  
ence of modif iers  m a y  do so because  of the  sup -  
pressed  pho tocapac i t i ve  effect  and, t he re fo re ,  be -  
cause  of a r e su l t i ng  h i g h e r  field s t r eng th  in the  
phosphor .  

I t  is difficult  to i nves t i ga t e  d ie lec t r i c  effects  of  th is  
sort  u n d e r  condi t ions  of EL exc i t a t ion  because  the  
e lec t r i ca l  p rope r t i e s  of the  cells  a re  d o m i n a t e d  by 
v o l t a g e -  and f r e q u e n c y - d e p e n d e n t  losses (28).  
H o w e v e r ,  some i n f o r m a t i o n  can be ob ta ined  by  
fo l l owing  the  d ie lec t r i c  changes  in the  phospho r  i n -  
duced  by  e x t e r n a l  i l lumina t ion .  As m e n t i o n e d  above,  
this  bears  a r e l a t ion  to some of the  processes  in an  
EL cell,  since the  e m i t t e d  r ad i a t i on  i tse l f  se rves  as 
a source  of " e x t e r n a l "  i l l umina t ion .  

Da ta  g iven  in Tab le  III  ob ta in  for  phosphors  show-  
ing e l e c t r o l u m i n e s c e n t  e n h a n c e m e n t .  The  resu l t s  a re  
exp re s sed  as the  p h o t o c u r r e n t  and  per  cent  inc rease  
in the  d ie lec t r ic  cons tan t  of the  p h o s p h o r - m a t r i x  
m i x t u r e  on exposu re  to r o o m  l ight .  

The  da ta  a re  cons is ten t  w i t h  t he  idea t h a t  q u e n c h -  
ing of the  pho tocapac i t i ve  effect is r e spons ib le  for  
the  e l e c t r o l u m i n e s c e n c e  e n h a n c e m e n t .  This  is sup -  
p o r t e d  by  obse rva t ions  t h a t  the  e n h a n c e m e n t  oc-  
curs  a lmos t  e x c l u s i v e l y  in b l u e - e m i t t i n g  phosphor s  

Fig. 6o. Brightness and voltage wave forms at  three fre- 
quencies for the control phosphor of Fig. 1 (green-emission). 

Fig. 6b. Equivalent curves for the specimen in Fig. I con- 
taining I x 10 -~ g at. N i /mo le .  
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Fig. 7a. Brightness and voltage wave forms at  three fre- 
quencies for the control phosphor of Fig. 3 (blue-emmission). 

Fig. 7b. Equivalent curves for the specimen in Fig. 3 con- 
ta in ing 1 x 10-4g at. N i /mo le .  

w h e r e  s e l f - a b s o r p t i o n  w i l l  t end  to be  g r e a t e r  t h a n  
for  emis s ion  p r e d o m i n a n t l y  in  t h e  g reen .  N e v e r -  
theless ,  o the r  fac to rs  wi l l  h a v e  to be  cons ide r ed  b e -  
fo re  a def in i t ive  e x p l a n a t i o n  of t h e  e n h a n c e m e n t  is 
ava i l ab le .  A m o n g  these  a re :  ( a )  t h e  d e g r e e  of s e l f -  
a b s o r p t i o n  of EL emiss ion  in  phosphor s ,  (b )  t he  
effect of such  a b s o r p t i o n  on the  p h o s p h o r  d i e l ec t r i c  
cons t an t  and  conduc t i v i t y ,  a n d  (c)  t he  d e t a i l e d  f ie ld 
d i s t r i b u t i o n  changes  w i t h i n  t he  g r a i n s  r e s u l t i n g  f r o m  
the  s e l f - a b s o r p t i o n .  

The  p h o t o c u r r e n t  d a t a  show t h a t  t he  e n h a n c e m e n t  
is no t  r e l a t e d  to t h a t  a r i s ing  f r o m  t h e  p h o t o c o n d u c -  
t ive  effects r e c e n t l y  r e p o r t e d  b y  I v e y  (29) a n d  b y  
T h o r n t o n  (30) .  These  w o r k e r s  s t a t e  t h a t  e x t e r n a l  
i l l u m i n a t i o n  is r e s p o n s i b l e  fo r  sh i f t i ng  the  v o l t a g e  
d i s t r i b u t i o n  in  p h o s p h o r  c r y s t a l s  in f a v o r  of t he  b a r -  
r i e r  d u e  to a m o r e  c o n d u c t i v e  bu lk .  D a t a  in  T a b l e  I 
show t h a t  t he  c o n d u c t i v i t y  w i t h o u t  Ni  is g r e a t e r  
t han  w i t h  Ni. 

Discussion 
E l e c t r o l u m i n e s c e n c e  exc i t a t i on  is a s s u m e d  to a r i se  

f r o m  i m p a c t  i on iza t ion  of l u m i n e s c e n t  c e n t e r s  b y  
h igh  e n e r g y  e l ec t rons  a c c e l e r a t e d  in  a r e g i o n  of 
h igh  field s t r e n g t h  (31, 32) .  The  e l ec t rons  a r e  s w e p t  
a w a y  f r o m  the  ion ized  cen te r s  b y  the  f ield to r e m o t e  
p a r t s  of  t h e  c r y s t a l  and  c o n t r i b u t e  to a p o l a r i z a t i o n  
field or  become  t r a p p e d .  The  v o l t a g e  r e v e r s a l  b r i n g s  
m a n y  of t h e  e l ec t rons  b a c k  to  t h e  e x c i t a t i o n  r e g i o n  
w h e r e  r a d i a t i v e  r e c o m b i n a t i o n s  occur .  The  t r a p p e d  
e l ec t rons  e i t he r  canno t  r e t u r n  a t  a l l  ( deep  t r a p s )  or  
r e t u r n  a t  a l a t e r  t i m e  ( s h a l l o w  t r a p s )  f o l l owing  
field or  t h e r m a l  r e l e a se  (15, 18, 19, 25).  T r a p p i n g  of 
t he se  e l ec t rons  m a y  e n h a n c e  t h e  con t inuous  c o m -  
p o n e n t  (24) .  I t  has  been  p r o p o s e d  b y  Za lm,  H a a k e ,  
and  others ,  t h a t  e l e c t r o n  t r a p p i n g  is r e s p o n s i b l e  for  
the  s e c o n d a r y  p e a k  (15, 19) .  

This  p h y s i c a l  p i c t u r e  of exc i t a t i on  and  r e c o m b i -  
n a t i o n  wi l l  s e rve  as  a bas i s  for  i n t e r p r e t i n g  t h e  e x -  
p e r i m e n t s  i l l u s t r a t i n g  modi f ie r  act ion.  Because  Ni  
and  Co b e h a v e  d i f f e r e n t l y  in s e v e r a l  respec ts ,  e.g., 
b r i g h t n e s s  w a v e s  a n d  f r e q u e n c y  response ,  t h e y  w i l l  
be  d i scussed  s e p a r a t e l y .  W e  sha l l  r e f e r  to an  u n i m -  
p e d e d  e l ec t ron ic  r e c o m b i n a t i o n  as a " f a s t "  process .  
The  d e l a y e d  emiss ion  d u e  to t r a p p i n g  or  o t h e r  causes  
wi l l  be  v i e w e d  as a " s low"  process .  

T h e  fo l lowing  m o d e l  is p r o p o s e d  to  account  for  
the  e x p e r i m e n t a l  r e s u l t  for  N i - b e a r i n g  phosphor s .  
N icke l  offers to bo th  t r a p p e d  and  conduc t ion  e l ec -  
t rons  a r a d i a t i o n l e s s  r e c o m b i n a t i o n  s i te  w i t h  a l a r g e  
c a p t u r e  cross  sect ion.  A t  i n t e r m e d i a t e  n i c k e l  concen -  
t r a t i o n s  (1 x 10-" g a t . / m o l e )  e f fec t ive ly  a l l  of t h e  
t r a p p e d  e l ec t rons  a n d  some  conduc t ion  e l ec t rons  a r e  
b r o u g h t  b a c k  to t he  a c t i v a t o r  g r o u n d  s t a tes  t h r o u g h  
these  r e c o m b i n a t i o n  si tes.  Th i s  e l i m i n a t e s  t he  con-  
t r i b u t i o n s  of t he  s low p rocesses  to t h e  b r i g h t n e s s  
waves ,  n a m e l y ,  t h e  s e c o n d a r y  p e a k  a n d  con t inuous  
componen t .  N o n r a d i a t i v e  escape  of e l ec t rons  f r o m  
t r a p s  in  zinc sulf ide  p h o s p h o r s  con t a in ing  Ni  has  
been  s u g g e s t e d  b y  L e v e r e n z  (1)  a n d  K a l l m a n  and  
Sucov  (33) .  O n l y  the  fas t  p rocess  r e m a i n s  w h i c h  can 
fo l low the  f ie ld a t  a l l  aud io  f requenc ies .  T h e  r e s u l t -  
ing  l i n e a r  L - f  r e l a t i o n s h i p  of these  p h o s p h o r s  up  to 
20 kc  m e a n s  t ha t  t he  a r e a  u n d e r  each  p r i m a r y  p e a k  
r e m a i n s  c o n s t a n t  w i t h  f r e q u e n c y  a n d  is d e p e n d e n t  
on ly  on the  vo l tage .  As  the  f r e q u e n c y  is changed ,  
t he  n u m b e r  of p r i m a r y  p e a k s  p e r  un i t  of t i m e  
changes  p r o p o r t i o n a t e l y  g iv ing  a l i n e a r  L - f  r e -  
sponse.  

A t  l o w e r  Ni  c o n c e n t r a t i o n s  ( less  t h a n  1 x 10-' g 
a t . / m o l e ) ,  t h e  s i t ua t i on  is s o m e w h a t  m o r e  c o m p l i -  
ca ted .  T h e r e  a r e  no t  enough  r e c o m b i n a t i o n  s i tes  for  
a l l  t he  t r a p p e d  e l ec t rons  to  be  affected.  F u r t h e r m o r e ,  
a f in i te  r e l a x a t i o n  t i m e  is r e q u i r e d  for  t h e  r e c o m -  
b i n a t i o n  s i tes  to  d i s s ipa t e  e l ec t ron ic  e n e r g y  r a d i a -  
t i on l e s s ly  a n d  t h e r e b y  r e t u r n  e l ec t rons  to t h e i r  
g r o u n d  s ta tes .  The  r e s u l t  of th is  is shown  in Fig .  1. 
A t  low f r e q u e n c i e s  (e.g.,  100 cps)  Ni  effects  a r e -  
duc t ion  in b r i g h t n e s s  a t  t he  l owes t  concen t ra t ions .  
A t  h igh  f r equenc ies ,  w h e r e  t he  n u m b e r  of conduc -  
t ion  a n d  t r a p p e d  e l ec t rons  is m u c h  l a rge r ,  t h e  r a -  
d i a t ion le s s  r e c o m b i n a t i o n  s i tes  a r e  s w a m p e d .  The  
s i tes  a r e  n e i t h e r  n u m e r o u s  enough  n o r  fas t  enough  
to be  effect ive.  Thus  a t  10 to 20 kc  h a r d l y  a n y  
q u e n c h i n g  ac t ion  is o b s e r v e d  fo r  c o n c e n t r a t i o n s  up  
to 3 x 10 -~ g at .  N i / m o l e .  F u r t h e r  i nc reases  in m o d i -  
f ier  c o n c e n t r a t i o n  p r o v i d e  suff icient  r e c o m b i n a t i o n  
cen te rs ,  and  t h e  e m i t t a n c e  is d i m i n i s h e d  at  a l l  f r e -  
quencies .  The  concep t  of r a p i d  c a p t u r e  and  r e l a t i v e l y  
s low re l ea se  b y  r a d i a t i o n l e s s  r e c o m b i n a t i o n  cen te r s  
was  s u g g e s t e d  b y  Nail ,  et al. (4)  as  one  e x p l a n a t i o n  
of s u p e r l i n e a r  p h o t o l u m i n e s c e n c e  in ( Z n , C d ) S : A g ,  
C1-Ni. 

W h e n  l a r g e  n u m b e r s  of f r ee  e l ec t rons  a r e  p r o -  
d u c e d  b y  a v o l t a g e  i nc rea se  r a t h e r  t h a n  b y  a f r e -  
q u e n c y  increase ,  t he  s a m e  r e s u l t  is obse rved .  F i g u r e  
4 shows  t h a t  for  low modi f ie r  levels ,  t he  q u e n c h i n g  
ac t ion  is m o r e  effect ive  a t  l ow  v o l t a g e  ( s m a l l  s u p p l y  
of f ree  e l ec t rons )  t h a n  a t  h igh  v o l t a g e  ( l a r g e  s u p p l y  
of f r ee  e l e c t r o n s ) .  

Z a l m  sugges t s  t h a t  s u p e r l i n e a r i t y  in  b r i g h t n e s s -  
f r e q u e n c y  c h a r a c t e r i s t i c s  is to be e x p e c t e d  if  t h e  
escape  of ho les  to t he  v a l e n c e  b a n d  f r o m  ion ized  
cen te r s  occurs  (15) .  I t  is in these  t e r m s  t h a t  t h e  
s u p e r l i n e a r i t y  seen in  Fig .  1, 2, a n d  3 can  be  d e -  
sc r ibed .  T h e  p r e s e n c e  of t h e  modi f ie r  a t o m  is a s -  
s u m e d  ad hoc to p r o m o t e  t he  escape  of holes.  F o l -  
l owing  th is  e scape  the  e l ec t rons  and  ho les  r e c o m b i n e  
r a d i a t i o n l e s s l y .  The  escape  of holes  to t he  va l ence  
b a n d  m a y  h a v e  an  a p p r e c i a b l e  r e l a x a t i o n  t ime .  
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W h e n  the  per iod  of a cycle becomes smal l e r  t h a n  
this  r e l axa t i on  t ime  s u p e r l i n e a r i t y  disappears .  This  
is the  case for f requenc ies  above 1 k c ' i n  most  of the  
samples  s tudied.  

The  differences b e t w e e n  Co and  Ni as a modif ier  
of e l ec t ro luminescence  has a di rect  c o u n t e r p a r t  in  
differences found  in  pho to luminescence  (3) a nd  
glow curve  da ta  (5) .  It  can  be argued,  a l t hough  w i t h  
some reservat ions ,  tha t  Ni serves as a r e c o m b i n a t i o n  
cen te r  bu t  in t roduces  no new  t r a p p i n g  levels  of i m -  
po r t ance  to e lec t ro luminescence ,  wh i l e  Co does both.  
One  can t h e n  associate the  con t inuous  compone n t  
and  secondary  peak  in  the  b r igh tness  waves  of Co- 
doped phosphors  w i th  this  t r a p p i n g  level  as we l l  as 
the  r e t u r n  to s u b l i n e a r i t y  in  the  L-S curves  of Fig. 2. 
This  a r g u m e n t  is a d m i t t e d l y  incomple te  in  tha t  s u b -  
l i nea r i t y  r e t u r n s  in  Fig. 2 at  1 x 10-' g at. C o / m o l e  
whi le  the  secondary  peak  r e t u r n s  at  1 x 104 g at. 
Co/mole .  

In  one sense Co and  Ni act alike. They  both  are 
able  to change  the shape of the vol tage  cha rac t e r -  
istic of g r e e n - e m i t t i n g  phosphors  at f requenc ies  
above 1 kc (see Tab le  I I ) .  This  behav io r  is t h e n  a 
func t ion  of the  ac t iva tor  ( a n d / o r  coact ivator)  con-  
cen t r a t i on  as it  is no t  found  in  b l u e - e m i t t i n g  phos -  
phors.  Thus  it m a y  be re la ted  to the  p a r t i c u l a r  t r ap  
d i s t r i bu t ion  w i t h i n  the  phosphor .  

Duboc (34) and  Klasens  (35) discuss the  
processes in  a t w o - l e v e l  model  which  can i n -  
t roduce  var ious  func t iona l i t i e s  in  p h o t o l u m i n e s -  
cence of pho toconduc t ion  vs. exc i t ing  in tens i ty .  
In  spite of this, it  does no t  seem prof i table  
at  the p re sen t  t ime  to fit the  e l ec t ro luminescence  
da ta  into the  b a n d  scheme in  deta i l  g rea te r  t h a n  tha t  
a l r eady  done above. One  mus t  m a k e  as sumpt ions  to 
fit the models  of Duboc and  Klasens :  (a) tha t  the  
f r equency  in  the  e l ec t ro luminescence  case and  the  
exci t ing  l ight  i n t ens i t y  in  the pho to luminescence  
case are  comparab le  var iables ,  and  (b)  tha t  ZnS:  
Cu,C1-Co/Ni  is adequa t e ly  r ep resen ted  by  a t w o -  
state b a n d  scheme. These assumpt ions  seem too r e -  
s t r ic t ive  for the  present .  
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Calcium Metasilicate Phosphors 
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ABSTRACT 

The preparat ion and optical properties of two new t in-act ivated calcium 
metasil icate phosphors are described. The more efficient of these is a ~-CaSiO~: 
Sn phosphor emit t ing in  the visible at about 520 rn~. The optical properties of 
the t in-act ivated species are compared to their  lead-act ivated analogues; and 
from considerations of crystal s t ructure as affected by firing tempera ture  and 
activator concentration, it is concluded that  changes in  spectra result  from 
changes in  crystal s t ructure and not  from the degree of aggregation of the acti- 
vator ions. It  is suggested that  the emission spectra correspond to the 8po.~ ~So 
and the ~p0_~ ~So transi t ions of the lead-  and t in-act ivator  centers. 

Ca lc ium metas i l i ca te  ac t iva ted  by  lead and  m a n -  
ganese  is a w e l l - k n o w n  phosphor  wi th  a v is ib le  
emiss ion  b a n d  at 610 m~ and  an  u l t r av io l e t  emiss ion  
band  at about  350 m~ (1-3) .  A s tudy  of the  effect ol 
c rys ta l  s t ruc tu re  (4) showed tha t  the  i nve r s ion  t e m -  
p e r a t u r e  of B-CaSiO3 (wol las ton i te )  to a-CaSiO~ 
(pseudowol las ton i t e )  is ra ised wi th  inc reas ing  m a n -  
ganese  concen t r a t i on  in  a g r e e m e n t  w i th  resu l t s  r e -  
por ted  by  Voos (5) ,  who showed tha t  MnSiO~ ( rho -  
don i t e ) ,  be ing  an  i somorph  of fl-CaSiO~, forms  
mixed  crys ta ls  wi th  wol las toni te .  A more  r ecen t  
s tudy  (6) of the  inf luence  of c rys ta l  s t r uc tu r e  on 
f l -CaSiO~:Pb + Mn showed tha t  at  t e m p e r a t u r e s  
whe re  both  wol las ton i t e  and  pseudowol la s ton i t e  are  
formed,  the  m a n g a n e s e  crysta l l izes  in  the  wol las -  
ton i te  la t t ice  to the  ex ten t  tha t  a red  shift  is p ro -  
duced by  the  concen t r a t i on  of m a n g a n e s e  in  the  fi- 
CaSiO~, s t ruc ture .  I t  was  shown also tha t  the  add i -  
t ion  of m a g n e s i u m  oxide to ca lc ium metas i l i ca te  i n -  
creased the  i nve r s ion  t e m p e r a t u r e  of fi-CaSiO~ to 
a-CaSiO3, whereas  the  addi t ion  of s t r o n t i u m  oxide 
lowered  the  inve r s ion  t e m p e r a t u r e  thus  f avor ing  
the fo rma t ion  of pseudowol las ton i te .  

The ca lc ium sil icates ac t iva ted  by  lead a lone  were  
s tudied  in  deta i l  by  S tude r  and  F o n d a  (7) .  They  
found  severa l  emiss ion  bands  in  the  u l t r a v i o l e t  
which  they  a t t r i b u t e d  to differences in  c rys ta l  s t ruc -  
t u r e  as follows: two bands  at  300 m~ and  385 m# to 
a-CaSiO~: Pb, a 345 m~ b a n d  to fl-CaSiO~: Pb, a nd  a 
334 m~ b a n d  to fl-Ca~SiO4: Pb. The cor respond ing  ex-  
c i ta t ion  spect ra  va r ied  wide ly  wi th  severa l  m a x i m a  
be tween  200 and  300 m~. In  a l a t e r  s tudy  of the  
m e c h a n i s m  of sensi t ized l uminescence  of solids, 
S c h u l m a n  and  co -worke r s  (8) c la imed  tha t  the  d i f -  
ferences  in  emiss ion were  due to differences in  the  
n a t u r e  of the lead ac t iva tor  cen te r  r a the r  t h a n  to 
changes  in  crys ta l  s t ruc ture .  Specifically,  they  
c la imed tha t  the  emiss ion  bands  at 290 and  390 m~ 
in  CaSiO~:Pb were  caused by  P b  ~+ s ingle t  centers ,  
i.e., Pb  "~§ ac t iva tor  ions wh ich  had  no o the rPb  ~+ n e a r -  
est ne ighbors ;  whereas  the  s i n g l e - b a n d  emiss ion  at 
340 m~ observed  at  h ighe r  lead concen t ra t ions  was  
a t t r i b u t e d  to the  occur rence  of Pb~+-Pb ~+ double ts  or 
h igher  aggregates  of P b  ~+ ions, i. e., centers  which  

had  2 or more  Pb  =+ ions in  ne i ghbo r i ng  cat ion posi-  
t ions. 

Due  to the  s imi la r i t i es  in  e lec t ronic  conf igura t ion  
b e t w e e n  lead and  t in  and  the  r e su l t i ng  s imi lar i t ies  
in  chemical  behavior ,  it was  t hough t  t ha t  t i n  also 
migh t  func t ion  as an  ac t iva tor  in  the  ca lc ium si l i -  
cate system. In  addi t ion,  p rev ious  w o r k  on t i n - a c -  
t i va t ed  phosphates  (9) had  show n  tha t  m a n y  of the  
t i n - a c t i v a t e d  phosphors  were  m o d e r a t e l y  efficient. 
A s tudy  of the  ca lc ium sil icate sys tem ac t iva ted  by  
t in  has shown  tha t  the re  are  at least  four  phosphors  
present ,  two h a v i n g  metas i l i ca te  s t ruc tu res  a nd  two 
h a v i n g  or thosi l ica te  s t ruc tures .  This  paper  gives the  
p r e p a r a t i o n  a nd  proper t ies  of t i n - a c t i v a t e d  fl-CaSiO~ 
(wol las ton i te )  a nd  t i n - a c t i v a t e d  a -CaSiO,  (pseudo-  
wol las ton i te )  and  compares  the i r  spect ra  w i th  the i r  
closely re la ted  l e a d - a c t i v a t e d  analogues .  The  p r e p -  
a ra t ion  and  proper t i es  of the  t i n - a c t i v a t e d  ca lc ium 
orthosi l icates  wi l l  be  r epor ted  in  a la te r  paper .  

Experimental Procedure 
Calc ium ca rbona t e  and  silicic acid were  mixed  in  

a mole  ra t io  of 1.00 to t.20 toge ther  w i th  0.01-10.0 
mole  % of s t ann ic  or s t annous  oxide for the  t i n -  
ac t iva ted  phosphors ,  or lead oxide for the  l e a d - a c -  
t iva ted  phosphors.  The  m i x t u r e  was  p e b b l e - m i l l e d  
in  a deionized w a t e r  s lur ry ,  dr ied  at  110~176 
and  fired in  silica t r ays  at  t e m p e r a t u r e s  v a r y i n g  
f rom 980~176 de pe nd i ng  on the p a r t i c u l a r  c rys-  
ta l  fo rm desired.  For  m a x i m u m  efficiency it was  
necessa ry  to fire in  a s team a tmosphere ,  and  since 
the  t i n - a c t i v a t e d  phosphors  luminesce  on ly  w h e n  
the  t in  is in  a lower  va lence  state, a r educ ing  a tmos -  
phere ,  u sua l l y  a m i x t u r e  of h y d r o g e n  a nd  s team, was  
ma i n t a i ne d .  The s team a nd  h y d r o g e n  con ten t s  of the  
fir ing a tmosphere  were  cont ro l led  ca re fu l ly  in  order  
to ob ta in  r ep roduc ib le  resul ts .  

The crys ta l  s t ruc tu res  of the  phosphors  were  de-  
t e r m i n e d  by  c o n v e n t i o n a l  x - r a y  di f f ract ion t ech-  
n iques  us ing  CuK~ rad ia t ion  f rom a Ph i l ips  Norelco 
un i t .  I n  the  m a j o r i t y  of cases, ident i f ica t ion was  
made  by  me a ns  of D e b y e - S c h e r r e r  powder  p a t t e r n s  
t a ke n  wi th  la rge  d i ame te r  (114.6 m m )  cameras.  In  
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Table I. Effect of tin-activator concentration on the inversion 
temperature for ~- to c~-CaSiO~* 

J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  N o v e m b e r  1959 

F i r i n g  Mole  f r a c t i o n  of S n  r e t a i n e d  i n  p h o s p h o r  
t e m p e r -  
a ture ,  ~ 0 0 .00045  0.00075 0.0058 0.042 

1150 # ~ ~(~) ~(#) 
1120 fl ~ fl fl fl(a) 

* M i n o r  c o n s t i t u e n t  g i v e n  in  pa ren theses .  

a few cases, d i f f rac tometer  t r ac ings  were  t a k e n  on 
a Norelco w i d e - r a n g e  gon iomete r  at  a s cann ing  
speed of 1 /4~  As wou ld  be expected,  the  two 
methods  were  in  exce l len t  ag reement .  

The q u a n t i t a t i v e  ana lyses  for per  cent  t i n  and  per  
cent  lead were  made  as follows. For  t in  the  sample  
was  dissolved in  HC1, t r ea ted  w i th  lead to reduce  
a n y  s tann ic  t in  to the  s t annous  state, and  t h e n  t i -  
t r a t ed  at  10~ wi th  a s t a n d a r d  iodine  solut ion.  The  
d e t e r m i n a t i o n  of per  cen t  lead was  s l igh t ly  more  
complicated.  The  sample  was  first decomposed w i t h  
HF  plus  H~SO~ fol lowed by  a Na2CO~ fusion.  The re -  
su l t ing  PbCO~ was dissolved in  HNO~ and  p rec ip i -  
t a t ed  as PbMoO,  b y  a so lu t ion  of (NH,)2MoO~. The  
prec ip i ta te  was  fil tered, washed,  and  fired. The ac-  
t iva to r  conten ts  are expressed  in  this  paper  as g r a m -  
a tom t in  or lead per  g r a m - m o l e  of CaSiO~, i.e., as 
mole  f ract ion.  

The exc i t a t i on -emis s ion  r ad iome te r  1 used for the  
m e a s u r e m e n t s  of exc i ta t ion  and  emiss ion  spect ra  
wi l l  be descr ibed  in  de ta i l  e l sewhere  (10).  Basical ly,  
i t  is a double  m o n o c h r o m a t o r  sys tem wi th  a h i gh -  
p ressure  x e n o n  arc source and  a 1P28 p h o t o m u l t i -  
p l ie r  detector .  A combina t i on  of opt ical  and  elec-  
t r i ca l  componen t s  provides  for c o n s t a n t - e n e r g y -  
leve l  i l l u m i n a t i o n  of the  sample  d u r i n g  exc i t a t ion  
m e a s u r e m e n t s  and  gives an  emiss ion spec t rum which  
is p ropor t iona l  to the  t r u e  ene rgy  ou tpu t  of the  s a m -  
ple regard less  of source f luc tuat ions  or detec tor  
sens i t iv i ty  as a f u n c t i o n  of w a v e  length .  

Results wi th  CaSiO,: Sn  

A p r e l i m i n a r y  s tudy  of f ir ing t e m p e r a t u r e  dis-  

1 B u i l t  by  the  P e r k i n - E l m e r  Corpora t ion ,  N o r w a l k ,  Conn.  
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Fig. I .  Exci tat ion and emission spectra of  fl-CaSiO=:Sn and 
fl-CaSiOs:Pb with activator concentrations given in atoms re- 
tained in the fired phosphor per mole CaSi08. 

closed tha t  the more  efficient fl-CaSiO~: Sn  phosphor  
was  ob ta ined  wi th  good b r igh tnes s  b e t w e e n  1090 ~ 
a nd  1150~ whereas  the  less efficient a -CaSiO~:Sn  
phosphor  a lways  was  ob ta ined  at  t e m p e r a t u r e s  
above 1150~ La t e r  it  was found  tha t  the  i nve r s ion  
t e m p e r a t u r e  for fl- to ~-CaSiO~ was d e p e n d e n t  on 
the  ac t iva tor  concen t r a t i on  as shown in  Tab le  I. I n  
genera l ,  the resu l t s  were  in  r easonab le  a g r e e m e n t  
w i th  the  phase  d i a g r a m  of Levin ,  McMurdie ,  and  
Ha l l  (11) who list  the  i nve r s ion  t e m p e r a t u r e  of fi- 
to a-CaSiO~ as 1125~ 

It  also was  shown  tha t  the  add i t ion  of o ther  d i -  
va l en t  cat ions  changed  the  i nve r s ion  t e m p e r a t u r e .  
For  ins tance ,  the  add i t ion  of oxides or f luorides of 
m a g n e s i u m ,  zinc, or c a d m i u m  increased  the  o p t i m u m  
fir ing t e m p e r a t u r e  for f l -CaSiO~:Sn to 1200~ and  
over,  thus  i nd i ca t ing  an  inc rease  in  the  i nve r s ion  
t e m p e r a t u r e  or a s tab i l iza t ion  of the  wol las ton i t e  
s t ruc ture .  Converse ly ,  the  add i t ion  of the  ca rbona tes  
or f luorides of s t r o n t i u m  and  b a r i u m  lowered  the  
o p t i m u m  fir ing t e m p e r a t u r e  ind ica t ing  a s tab i l iza -  
t ion  of the  pseudowol las ton i t e  s t ruc ture .  For  b a r i u m  
fluoride, for ins tance ,  o p t i m u m  b r igh tnes s  was  ob-  
t a ined  at 980~ These resu l t s  agree in  p r inc ip le  
w i th  those of La nge  and  K r e s s i n  (6) in  t ha t  the  
add i t ion  of ions smal le r  t h a n  calcium, such as m a g -  
nes ium,  s tabi l ize  the  fi-CaSiO~ s t ruc ture ,  whereas  
the  add i t ion  of ions l a rge r  t h a n  calcium, such as 
s t ron t ium,  s tabi l ize  the  a-CaSiO~ s t ruc ture .  

The phosphor  f l -CaSiO~:Sn emits  in  the  g reen  
w i th  a peak  of abou t  518 m~ w h e n  exci ted  by  254 m~ 
rad ia t ion .  The co r re spond ing  exc i ta t ion  s p e c t r u m  
has a m a x i m u m  at  246 n ~ .  Plots  of emiss ion a nd  ex -  
c i ta t ion  spectra  of f l -CaSiO~:Sn are shown  in  the  
top ha l f  of Fig. 1. The  emiss ion  spec t rum is n o n -  
Gauss i an  ind i ca t ing  the  poss ib i l i ty  of a second u n -  
resolved emiss ion  b a n d  on the  h i g h - e n e r g y  side of 
the  peak.  Al l  samples  ident if ied as fl in  Tab le  I gave  
an  emiss ion  spec t rum as shown  in  Fig.  1 w i t h  the  
except ion  of the  sample  c o n t a i n i n g  the  leas t  t i n  (4.5 
x l 0 - '  g r a m - a t o m  Sn/CaSiO~) fired at  bo th  1120 ~ and  
1150~ for which  an  emiss ion  peak  at  400 m/~ as we l l  
as the  usua l  peak  at 518 m/~ was  obta ined .  This  peak  
was  no t  observed  in  u n a c t i v a t e d  samples.  The  e x -  
c i ta t ion  spec t rum is charac ter i s t ic  of tha t  ob ta ined  
for t i n - a c t i v a t e d  phosphors ,  i.e., broad,  i nd ica t ing  
the  presence  of severa l  u n r e s o l v e d  abso rp t ion  bands .  
The  f luorescence of f l -CaSiO~:Sn pers is ts  at  low 
b r igh tnes s  af ter  the  exc i t ing  r ad i a t i on  is removed.  
No q u a n t i t a t i v e  m e a s u r e m e n t s  of decay t ime  were  
made.  

The phosphor  ~-CaSiO~:Sn is w e a k l y  f luorescent  
h a v i n g  two emiss ion  bands  pe a k i ng  at 562 a nd  450 m/L 
as shown  in  the  top hal f  of Fig. 2. Al l  samples  
ident i f ied as ~ by  x - r a y  dif f ract ion gave the  two 
peaks  shown in  Fig. 2 aga in  w i th  the  except ion  of 
the  sample  h a v i n g  the  leas t  t i n  (4.5 x 10 -4 g r a m -  
a tom Sn/CaSiO~) .  This  sample  fired at  1205 ~ 1260 ~ 
a n d  1320~ showed ev idence  of the  400 m/~ band,  a l -  
t hough  its def in i t ion  was  not  as good as tha t  ob-  
t a ined  wi th  the  f l - s t ruc tu re  due to the  450 m~ b a n d  
in  the  a-CaSiOs: Sn  phosphor .  Those samples  i den t i -  
fied as a m i x t u r e  of ~-  a nd  fl-CaSiO~: Sn  in  Tab le  I 
gave  a broad  b a n d  emiss ion e x t e nd i ng  f rom 562 to 
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Fig. 2. Emission spectra of e-CaSiOs:Sn and c~-CoSiOsPb with 
activator concentrations given in atoms retained in the fired 
phosphor per mole CaSiO~. 

450 m~, s ince  t he  s u p e r p o s i t i o n  of t he  ~-  a n d  fl-  
CaS iO , :Sn  emiss ion  gave  b a n d s  a t  562, 518 a n d  450 m~ 
w h i c h  o v e r l a p p e d  each  o ther .  T h e r e  was  no e v i d e n c e  
of t h e  518 rn~ b a n d  a s c r i b e d  to B - C a S i O , : S n  in  s a m -  
p les  f i red  a t  1205 ~ 1260 ~ and  1320~ for  t h e  l owes t  
or  t h e  h ighes t  t in  c o n c e n t r a t i o n  (mo le  f r ac t ions  of 
4.5 x 10 -4 and  4.2 x 10 -~, r e s p e c t i v e l y ) .  The  e x c i t a -  
t ion  s p e c t r a  a g a i n  cons i s t ed  of s e v e r a l  a b s o r p t i o n  
b a n d s  as shown  in t h e  t op  ha l f  of Fig.  3. I t  is n o t e -  
w o r t h y  t h a t  emiss ion  in  t h e  l o w e r  e n e r g y  b a n d  
(562 m~)  is f a v o r e d  b y  a b s o r p t i o n  a t  h i g h e r  energ ies ,  
i.e., the  exc i t a t i on  s p e c t r u m  is sh i f t ed  t o w a r d  h i g h e r  
ene rg i e s  for  f luorescence  in  t he  red.  

The  a d d i t i o n  of m a n g a n e s e  gave  r i se  to  a n e w  
emiss ion  b a n d  at  610 m~ in a d d i t i o n  to t he  b a n d  a t  518 
m~. M a n g a n e s e  is e spec i a l l y  e f fec t ive  in  s t ab i l i z i ng  t h e  
low t e m p e r a t u r e  or  f i - f o r m  of CaSiO,  and,  t h e r e -  
fore ,  f i r ing t e m p e r a t u r e s  as h i g h  as  1260~ w i t h  
m a n g a n e s e  p r e s e n t  s t i l l  gave  the  fl-CaSiO~ s t ruc tu r e .  
The  p h o s p h o r  fl-CaSiO~: Sn  -~ M n  is v e r y  s i m i l a r  to 
t he  w e l l - k n o w n  p h o s p h o r  f l -CaSiO~:Pb  ~- M n  (1 -3 )  
w i t h  t he  obv ious  d i f fe rence  in  emiss ion  b e t w e e n  t i n -  
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Fig. 3. Excitation spectra of ~-CoSiOs:Sn and a-CaSiOa:Pb 
with activator concentrations given in atoms retained in the 
fired phosphor per mole CaSiO.. 
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a n d  l e a d - a c t i v a t i o n  be ing  d e m o n s t r a t e d  b y  the  p r e s -  
ence of the  518 m~ b a n d  due  to  t i n  r a t h e r  t h a n  t h e  
350 m~ b a n d  due  to lead.  Due  to t he  close p r o x i m i t y  
of t he  t in  b a n d  a t  518 m~ a n d  the  m a n g a n e s e  b a n d  a t  
619 m~, an  i n c r e a s e  in  m a n g a n e s e  c o n c e n t r a t i o n  p r o -  
d u c e d  an  a p p a r e n t  sh i f t  in t h e  p e a k  emiss ion  due  to  
a d e c r e a s e  in  i n t e n s i t y  of t he  t i n  b a n d  a n d  an  i n -  
c rease  in i n t e n s i t y  of t he  m a n g a n e s e  band .  The  
t e n d e n c y  of m a n g a n e s e  to c r y s t a l l i z e  in  t h e  r h o d o -  
n i t e - w o l l a s t o n i t e  s t r u c t u r e  s t ab i l i z ed  the  fi-CaSiO~ 
f o r m  ove r  w i d e  C a / S t  r a t i o s  ( e v e n  up  to 2.00/1.00 
w h e r e  CasSiO, shou ld  f o r m )  as w e l l  as w i d e  t e m -  
p e r a t u r e  ranges .  

Results wi th  CaStOr:  P b  

A c o r r e s p o n d i n g  s t u d y  of t h e  l e a d - a c t i v a t e d  ca l -  
c i u m  m e t a s i l i c a t e s  gave  v e r y  s im i l a r  r e su l t s  to  those  
o b t a i n e d  on the  t i n - a c t i v a t e d  sys tem.  Thus,  
~ - C a S i O ~ : P b  w a s  o b t a i n e d  b e l o w  1150~ w h e r e a s  
t h e  less  efficient  a -CaS tOr :  P b  p h o s p h o r  a l w a y s  was  
o b t a i n e d  a b o v e  1150~ A g a i n  the  p a r t i c u l a r  m o d i -  
f ica t ion o b t a i n e d  a t  t e m p e r a t u r e s  close to  t he  t r a n s i -  
t ion  t e m p e r a t u r e  was  d e p e n d e n t  on t h e  a c t i v a t o r  
c o n c e n t r a t i o n  (see  T a b l e  I I ) .  

T h e  f i -CaSiO~:Pb  p h o s p h o r  emi t s  in  t h e  u l t r a -  
v io l e t  a t  a b o u t  340 m~ w h e n  e x c i t e d  b y  254-m~ r a d i a -  
t ion.  The  c o r r e s p o n d i n g  e x c i t a t i o n  s p e c t r u m  has  i ts  
m a x i m u m  at  255 m~. Bo th  t h e  emiss ion  a n d  the  e x -  
c i t a t i on  s p e c t r a  h a v e  G a u s s i a n  d i s t r i b u t i o n s  as 
s h o w n  in  t h e  b o t t o m  ha l f  of Fig.  1. A l l  s a m p l e s  
iden t i f i ed  as fi in  T a b l e  I I  h a d  e x c i t a t i o n  a n d  e m i s -  
s ion s p e c t r a  as above .  T h e r e  w a s  no e v i d e n c e  of a 
second  emiss ion  b a n d  a t  v e r y  l o w  concen t ra t ions ,  
b u t  t he  p e a k  of t he  emiss ion  b a n d  d id  sh i f t  s l i g h t l y  
f r o m  337 to 350 m~ in go ing  f r o m  the  l o w e s t  to t he  
h ighe s t  l e a d  concen t r a t i on .  

A l l  l e a d - a c t i v a t e d  c a l c ium m e t a s i l i c a t e s  f i red  
a b o v e  1150~ h a d  the  a-CaSiO~ s t r u c t u r e  and  d i s -  
p l a y e d  emiss ion  and  e xc i t a t i on  s p e c t r a  c h a r a c t e r i s -  
t ic  of those  s h o w n  in t h e  b o t t o m  h a l v e s  of Fig.  2 
a n d  3. Thus  ~-CaSiO~: P b  has  two  emiss ion  b a n d s  a t  
295 a n d  376 m~ a n d  two  c o r r e s p o n d i n g  e xc i t a t i on  
b a n d s  a t  241 a n d  227 m~. I t  is i n t e r e s t i ng ,  h o w e v e r ,  
t h a t  i r r a d i a t i o n  in  t he  l o w e r - e n e r g y  b a n d  a t  241 m~ 
p r o d u c e d  the  h i g h e r  e n e r g y  b a n d  a t  295 m~, w h e r e a s  
i r r a d i a t i o n  in  t h e  h i g h e r  e n e r g y  b a n d  a t  227 m~ 
caused  the  l o w e r  e n e r g y  b a n d  a t  376 m~ to appea r .  
T h a t  is, t he  d i r ec t  e n e r g y  r e l a t i o n s h i p  b e t w e e n  e x -  
c i t a t i on  and  emiss ion  t h a t  one  n o r m a l l y  w o u l d  e x -  
pec t  is r e v e r s e d .  Those  s a m p l e s  in  T a b l e  I I  w h i c h  w e r e  
iden t i f i ed  as a m i x t u r e  of a -  and  B-CaSiO~ gave  a l l  
t h r e e  emiss ion  b a n d s  d e p e n d i n g  u p o n  the  w a v e  
l e n g t h  of  exc i t a t ion .  H o w e v e r ,  t h e  g r e a t e r  a b s o r p t i o n  
of ~ -CaS iO~:Pb  c o m p a r e d  to ~ -CaSiO~:Pb  a t  t h e  

Table II. Effect of lead-activator concentration on the 
inversion temperature for 8- to a-CaSi03* 

F i r i n g  Mole f rac t ion  of Pb re ta ined  in phosphor  
t e mpe r -  

ature,  ~ 0 0.001 0.01 0.064 0.085 

1150 ~ ~(~) ~(~) ~(~) 
1120 ~ /~(~) ~(~) ~(a) a(~) 

* Minor  const i tuent  g iven  in parentheses .  
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h i g h e r  w a v e  l eng th s  m a d e  the  fl-CaSiO~: P b  emiss ion  
s p e c t r a  p r e d o m i n a n t  even  for  t he  s a m p l e  con ta in ing  
0.085 Pb /CaSiO~ f i red at  1120~ a n d  iden t i f i ed  as 
p r i m a r i l y  a -CaSiO3 (see  T a b l e  I I ) .  The re fo r e ,  t h e  
emiss ion  s p e c t r a  of l e a d - a c t i v a t e d  CaSiO~ f i red in  
t he  n e i g h b o r h o o d  of t he  i n v e r s i o n  t e m p e r a t u r e  e x -  
h i b i t e d  t h e  fo l lowing  c h a r a c t e r i s t i c s  w i t h  i n c r e a s -  
ing l e a d  con ten t .  A t  v e r y  low l e a d  concen t r a t i ons ,  
t he  f i -CaSiO~:Pb  b a n d  a p p e a r e d  at  337 m~. As  t h e  
s t r u c t u r e  c h a n g e d  to a m i x t u r e  of fl- p lu s  a -CaStOr ,  
a l l  t h r e e  b a n d s  a p p e a r e d ,  and  f ina l ly  t h e  fl-CaSiO~: 
P b  b a n d  now a t  350 m/~ was  a g a i n  t he  on ly  b a n d  
found  at  h igh  l e ad  concen t ra t ions .  On the  c o n t r a r y ,  
s a m p l e s  f i red  at  1260~ h a v i n g  the  l owes t  (0.001) 
a n d  the  h ighes t  (0.085) l e ad  concen t r a t i ons  e x -  
h i b i t e d  on ly  t h e  t y p i c a l  .a-CaStOr: P b  bands .  

Discussion 
The  obv ious  conc lus ion  to be  d r a w n  f r o m  these  

r e su l t s  is t h a t  t he  e x c i t a t i o n  and  emiss ion  s p e c t r a  
of t i n -  a n d  l e a d - a c t i v a t e d  ca l c ium m e t a s i l i c a t e s  a r e  
d e t e r m i n e d  p r i m a r i l y  b y  the  p a r t i c u l a r  a c t i v a t o r  
used  a n d  the  c r y s t a l  s t r u c t u r e  of t h e  m a t r i x  in  w h i c h  
the  a c t i v a t o r  is found.  Th is  conc lus ion  is in  a g r e e -  
m e n t  w i t h  t h e  o r ig ina l  w o r k  on l e a d - a c t i v a t e d  ca l -  
c i um m e t a s i l i c a t e s  b y  S t u d e r  and  F o n d a  (7 ) ,  b u t  is 
in s h a r p  d i s a g r e e m e n t  w i t h  the  l a t e r  w o r k  b y  S c h u l -  
man ,  G i n t h e r ,  and  K l i c k  (8) ,  who  a s c r i b e d  the  d i f -  
f e r ences  in s p e c t r a  o b s e r v e d  on l e a d - a c t i v a t e d  ca l -  
c i um m e t a s i l i c a t e s  to t he  occu r r ence  of s ing le t  P b  ~§ 
a c t i v a t o r  c en t e r s  a t  low l e a d  c o n c e n t r a t i o n s  a n d  
d o u b l e t  Pb~+-Pb ~* a c t i v a t o r  cen te r s  a t  h i g h e r  l e a d  
concen t ra t ions .  

A c c o r d i n g  to th is  l a t e r  work ,  t he  s ing le t  P b  ~§ cen -  
t e r s  a r e  e x c i t e d  on ly  b y  a b s o r p t i o n  in t he  235 m/~ 
band ,  w h i c h  is shown  b y  Fig.  3 to be  in  r e a l i t y  t w o  
b a n d s  p e a k e d  at  227 a n d  241 m/~, and  w h i c h  g ives  a 
d o u b l e - b a n d  emiss ion  p e a k e d  at  290 and  390 m/~ 
(295 and  376 m~ acco rd ing  to  Fig.  2) .  I n  th is  w o r k ,  

t he se  p a i r e d  exc i t a t i on  and  emiss ion  b a n d s  a r e  
a s c r i b e d  to t he  phosphor ,  a-CaSiO3:  Pb.  

The  255 m/~ a b s o r p t i o n  b a n d  w i t h  s i n g l e - b a n d  e m i s -  
s ion p e a k i n g  a t  340 m~ was  a s s igned  to the  p r e s e n c e  of 
Pb~§ ~* d o u b l e t s  b y  S c h u l m a n ,  et  al. H o w e v e r ,  
w h i l e  t he  e x p e r i m e n t a l  a g r e e m e n t  b e t w e e n  the  
m e a s u r e d  s p e c t r a  is e x c e l l e n t  ( see  Fig .  1) ,  t he  p r e s -  
en t  w o r k  c l a ims  t h a t  t he se  b a n d s  a r e  a s soc ia t ed  w i t h  
t he  f i -CaSiO, :  Pb  phosphor .  

The  e v i d e n c e  for  t he se  a s s u m p t i o n s  is g iven  b y  a 
c o m p a r i s o n  of t he  s p e c t r a  of the  l e a d - a c t i v a t e d  ca l -  
c i um m e t a s i l i c a t e s  as a func t ion  of a c t i v a t o r  c onc e n -  
t r a t i o n  and  f i r ing t e m p e r a t u r e  coup led  w i t h  x - r a y  
iden t i f i ca t ion  of t he  c r y s t a l  s t r u c t u r e s  of the  p h o s -  
phors .  Thus ,  as r e l a t e d  u n d e r  resu l t s ,  p h o s p h o r s  f i red  
at  t e m p e r a t u r e s  close to t he  i n v e r s i o n  t e m p e r a t u r e  
(1125~  i.e., a t  1120 ~ and  1150~ h a v e  v a r y i n g  
s p e c t r a  d e p e n d i n g  u p o n  t h e  a c t i v a t o r  c o n c e n t r a t i o n  
a n d  i ts  effect  on c r y s t a l  s t ruc tu re .  A t  v e r y  low l e a d  
concen t r a t i ons ,  t h e  s p e c t r a  a r e  c h a r a c t e r i s t i c  of 
f l -CaSiO3:Pb  as  w o u l d  be  e x p e c t e d  f r o m  the  x - r a y  
ident i f ica t ion .  A t  i n t e r m e d i a t e  l e a d  concen t r a t i ons ,  
t h e  s p e c t r a  a r e  m i x t u r e s  of t h a t  e x p e c t e d  f r o m  /9- 
a n d  ~-CaSiO~:Pb .  H o w e v e r ,  a t  the  h ighes t  l e ad  con-  
cen t ra t ions ,  t he  spec t r a  a r e  once m o r e  c h a r a c t e r i s t i c  

of f l -CaSiO3:Pb,  w h e r e a s  one w o u l d  e x p e c t  to f ind 
the  ~ -CaSiO~:Pb  s p e c t r u m  in v i ew  of t he  x - r a y  
ident i f ica t ion .  To e x p l a i n  th is  resu l t ,  i t  m u s t  be  r e -  
m e m b e r e d  t ha t  w i t h  i nc r e a s ing  l e a d  concen t r a t i ons ,  
the  p h o s p h o r s  a r e  b e c o m i n g  less  efficient due  to con-  
c e n t r a t i o n  quench ing ;  and,  s ince  the  a - C a S i O ~ : P b  
p h o s p h o r  is ineff ic ient  even  at  low a c t i v a t o r  c oncen -  
t r a t ions ,  i ts  emiss ion  a t  h igh  l e a d  c o n c e n t r a t i o n s  is 
b e l o w  the  l imi t s  of de t ec t i on  of t he  i n s t r u m e n t .  
These  r e su l t s  a r e  in r o u g h  a g r e e m e n t  w i t h  t he  o b -  
s e r v a t i o n  of S c h u l m a n ,  et al., as w o u l d  be  expec t ed ,  
s ince  t h e y  used  a f i r ing t e m p e r a t u r e  of 1150~ w h e r e  
bo th  fl- and  ~-CaSiO3 m a y  be  f o r m e d  u n d e r  t he  
r i g h t  condi t ions .  

The  a b o v e  o b s e r v a t i o n s  a r e  no t  conv inc ing  p roof  
s ince  the  spe c t r a  of t h e  p h o s p h o r s  a r e  con fused  b y  
c r y s t a l  s t r u c t u r e  changes .  H o w e v e r ,  i t  has  been  
no ted  t h a t  f i r ings  above  1150~ gave  on ly  the  
a-CaSiO~ s t ruc tu re .  If  the  d i f fe rences  in s p e c t r a  a r e  
due  to the  oc c u r r e nc e  of l e ad  s ing le t  or  d o u b l e t  cen -  
ters ,  t hese  d i f fe rences  shou ld  d e p e n d  on ly  u p o n  the  
a c t i v a t o r  c onc e n t r a t i on  a n d  no t  on the  f i r ing t e m -  
p e r a t u r e  w i t h  i ts  effect u p o n  c r y s t a l  s t ruc tu re .  
The re fo re ,  the  e x p e r i m e n t a l  o b s e r v a t i o n  t h a t  l e a d -  
a c t i v a t e d  ca l c ium me ta s i l i c a t e s  f i red at  1260~ e x -  
h ib i t e d  on ly  t he  s p e c t r a l  c h a r a c t e r i s t i c s  of ~-CaSiO~: 
Pb  as shown  in Fig .  2 and  3 and  n e v e r  the  s p e c t r u m  
of fl-CaSiO3: Pb  as shown  in Fig.  1, c o m p l e t e l y  i n d e -  
p e n d e n t  of a c t i v a t o r  c o n c e n t r a t i o n  l e a d s  to t h e  con-  
c lus ion  t h a t  t he  s p e c t r a  a r e  d e t e r m i n e d  b y  the  c r y s -  
t a l  s t r u c t u r e  and  no t  b y  t h e  d e g r e e  of a g g r e g a t i o n  
of t he  a c t i v a t o r  ions. The  s a m e  conclus ion  also m a y  
be  r e a c h e d  f r o m  the  r e su l t s  on the  t i n - a c t i v a t e d  ca l -  
c i um m e t a s i l i c a t e  sys tem.  

The  p r e v i o u s  o b s e r v a t i o n  (8)  t h a t  i r r a d i a t i o n  in  
the  235 m~ a b s o r p t i o n  b a n d  does  no t  exc i t e  t h e  v i s ib le  
Mn ~§ emiss ion  in CaSiO~:Pb -t- Mn is e x p l a i n e d  
ea s i l y  b y  the  fac t  t ha t  Mn c rys t a l l i z e s  p r e f e r e n t i a l l y  
in t h e  fl-CaSiO3 l a t t i c e  (5, 6) and  t h e r e f o r e  i t  is n e c -  
e s s a r y  to exc i t e  t he  P b  a t o m s  in fl-CaSiO3: Pb,  w h i c h  
abso rbs  at  255 m~, bu t  no t  a t  235 m~. 

As  u s u a l  in s tud ies  of th i s  type ,  i t  is ea s i e r  to 
d e m o n s t r a t e  t he  i nco r r ec tne s s  of a p r e v i o u s  m o d e l  
t h a n  i t  is to p ropose  w i t h  a n y  d e g r e e  of a s s u r a n c e  a 
m o d e l  w h i c h  does e x p l a i n  t he  e x p e r i m e n t a l  o b s e r -  
va t ions .  Due  to  t h e  c o m p l e x i t y  of t he  s i l i ca te  c r y s t a l  
s t r u c t u r e s  and  the  r e s u l t i n g  c omple x  s y m m e t r y  of 
t h e i r  c r y s t a l l i n e  fields,  i t  is no t  poss ib le  to e x p l a i n  
t he  r e su l t s  in a q u a n t i t a t i v e  m a n n e r  as has  been  
done  for  K C h T 1  (12) .  H o w e v e r ,  some r a t h e r  i n t e r -  
e s t ing  specu la t ions  conce rn ing  the  n a t u r e  and  or ig in  
of t he  emiss ion  b a n d s  m a y  be  made .  F o r  ins tance ,  
s ince  t he  e l ec t ron ic  conf igura t ions  of t he  g r o u n d  
s t a tes  of T1 I I  (T1 § a n d  P b  I I I  ( P b  ~) a r e  i d e n t i c a l  
a n d  t h a t  of Sn  I I I  (Sn  ~+) is v e r y  s imi la r ,  h a v i n g  a 
5s ~ 1S0 g r o u n d  s t a t e  i n s t e a d  of t he  6s ~ ~So g r o u n d  s t a t e  
of T1 I I  and  Pb  III ,  one m i g h t  e x p e c t  l e a d -  a n d  t i n -  
a c t i v a t e d  p h o s p h o r s  to  b e h a v e  g e n e r a l l y  m u c h  l i ke  
t h a l l i u m - a c t i v a t e d  sys tems .  

There fo re ,  p r o c e e d i n g  b y  a n a l o g y  w i t h  K C h  T1, t he  
h i g h e r  e n e r g y  emiss ion  b a n d s  in bo th  t i n -  and  l e a d -  
a c t i v a t e d  a-CaSiO~ m i g h t  be  a s s u m e d  to a r i se  f r o m  
the  1 p o o  ~So t r a n s i t i o n  and  the  l o w e r  e n e r g y  b a n d s  
to a r i se  f r o m  the  ~p0~  ~So t r a n s i t i o n  of t he  a c t i v a t o r  
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centers .  S imi la r ly ,  in  v iew of its r e l a t ive  pos i t ion  
w i th  r e fe rence  to the  emiss ion  bands  in  the  a - s t r u c -  
ture,  the  s ingle  b a n d  in  t i n -  and  l e a d - a c t i v a t e d  
fl-CaSiO3 could be ass igned a r b i t r a r i l y  to the  ~P1 ~ 
1S3 t rans i t ion .  Such a s s ignmen t s  of ene rgy  levels  are 
no t  incons i s t en t  w i th  the  t r ends  tha t  one should  ex -  
pect  by  compar i son  to the  same ene rgy  leve l  t r a n s i -  
t ions for the free ions (13).  However ,  the  a s s i g n m e n t  
of the  ~P1 ~ 1So t r a n s i t i o n  to the  g reen  emiss ion b a n d  
in  fl-CaSiO~: Sn  is no t  cons is tent  w i th  the  phosphor -  
escence observed,  which  suggests  a fo rb idden  t r a n s i -  
tion, whereas  the  ~PI~ 1S0 t r ans i t i on  is a l lowed if 
the  select ion ru l e  AS : 0 does no t  hold  due to i m p e r -  
fect LS coupling.  

In  s u m m a r y ,  it  has been  shown  tha t  the  spect ra  of 
t i n -  and  l e a d - a c t i v a t e d  ca lc ium metas i l i ca tes  are 
associated wi th  the  p a r t i c u l a r  s t ruc tu re  produced,  
i.e., ~ -  or fl-CaSiO~ and  not  w i th  the  degree  of ag -  
g rega t ion  of the  ac t iva tor  ions. Ins t ead  it  is sug-  
gested tha t  the emiss ion  bands  in  bo th  t i n -  and  l e a d -  
ac t iva ted  a-CaSiO~ are  re la ted  to the  ~po. ,  1So and  
the 1P2 --> ~So t r ans i t i ons  of the  ac t iva tor  ions a n d  tha t  
the  s ingle  emiss ion b a n d  in  fl-CaSiO~: Sn  or Pb  is r e -  
la ted  to the  ~po_, 1So t rans i t ion ,  a l though  the  reason  
for the  occurrence  of a 1p0_. ~So t r ans i t i on  in  the  
a-CaSiO~ s t ruc tu re  and  not  in  the  fl-CaSiO~ s t ruc -  
tu re  is no t  unders tood.  
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Phase Equilibria and Manganese-Activated 
Fluorescence in the System 
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ABSTRACT 

Determination of the phase relationships on the Zn3(PO4)2-Mg3(PO4)2 join 
by the quench method has enabled the previously designated "gamma zinc 
phosphate" to be identified as a solid solution of zinc orthophosphate in mag- 
nesium orthophosphate. Mgs(PO~)~ takes 95 mole % Zr~(PO~)2 into solid solu- 
tion at 1000~ ~-Zra(PO~)~ takes a small amount of Mg~(PO,)~ into solid solu- 
tion (about 3 mole % at i000 ~ and, in order to satisfy the requirements 
of the Phase Rule, a-Zn~(PO~)~ must take a small amount of Mg~(PO~)~ into 
solution. The previously determined Zn~(PO4)~-Mra(PO4)2 relationships are 
discussed in terms of the new data for the zinc-magnesium orthorphosphate 
system. Solid solution relationships in the system MgO-ZnO-P20~ are dia- 
grammed and discussed. 

Data on peak emission and brightness of the ~-Zr~ (PO~)~ solid solution and 
the Mg~(PO~)2 solid solution were obtained using molar  substi tut ions of m a n -  
ganese as an activator. The brightness of the ~-(Zn,Mg)~(PO,)2: Mn solid solu- 
tions compares favorably with commercial ~-Zm(PO,)~:Mn phosphors and the 
N.B.S. standard. The manganese-ac t iva ted  phosphors near  the high zinc end 
of the Mg~(PO,)~ solid solution series are very br ight  relat ive to the 
~-Zra(PO,)~:Mn standard, but  they peak near  6280A, which may in  par t  ac- 
count for the higher brightness. 

This  pape r  is the last  of a series which  was i n -  
t ended  to es tabl ish  the  iden t i t y  and  the  m a n g a n e s e -  
ac t iva ted  emiss ion charac ter is t ics  of the a, fl, a nd  
" g a m m a "  zinc o r thophospha te  f ami ly  of c a t h o d e - r a y  
exc i tab le  phosphors.  A second purpose  in  a c c u m u -  
l a t ing  these da ta  was  to es tabl ish  a gene ra l  p i c tu re  
of the  phase  re la t ionsh ips  in  the  sys tem M g O - Z n O -  
P~O~. 

The work  of Smi th  (1) led to the  d e v e l o p m e n t  of 
these red  f luorescing T.V. phosphors  and  the  adop-  
t ion  of the  a lpha,  beta,  and  " g a m m a "  n o m e n c l a t u r e .  

K a t n a c k  and  H u m m e l  (2) es tab l i shed  the  n a t u r e  
of the  a lpha  to be ta  zinc o r thophospha te  i nve r s ion  
and  la te r  H u m m e l  and  K a t n a c k  (3) f u r n i s h e d  da ta  
on the  m a n g a n e s e - a c t i v a t e d  c a t h o d e - r a y  emiss ion  
character is t ics  of all  the  zinc phospha te  compounds .  

Recent  w o r k  by  Sa rve r  and  H u m m e l  (4) es-  
t ab l i shed  the  n a t u r e  of m a n g a n e s e - a c t i v a t e d  ca th -  
o d e - r a y  emiss ion  in  the  sys tem Mg (PO.) ~-Zn (PO.)  _~. 

Experimental Procedure 
Phase relat ionships . - -The e q u i l i b r i u m  r e l a t i on -  

ships in  the  sys tem were  es tab l i shed  us ing  the  
s even teen  composi t ions  shown  in  Tab le  I. The  r a w  
mate r i a l s  used were  C.P. grades  of ZnO, basic m a g -  
n e s i u m  carbonate ,  and  dibasic  a m m o n i u m  phosphate ,  
(NH4)~HPO~. The  s t a r t i ng  m a t e r i a l  for q u e n c h  
d e t e r m i n a t i o n s  in  composi t ions  1-7 was  a fused and  
rec rys ta l l i zed  me l t  which  had  been  he ld  at 750~ 
for  24 hr.  The  s t a r t ing  m a t e r i a l  for the  r e m a i n i n g  

1 Present address: iRadio Corporation of America, Somerville, N..Y. 

por t ion  of the work  (composi t ions  8-17) was a cal-  
cine which  had  been  hea ted  to 200~ for 24 hr. 

Phase  ident i f icat ions  were  made  by  pe t rograph ic  
a nd  x - r a y  dif f ract ion examina t i on ,  us ing  n i cke l -  
f i l tered CuKa  r ad i a t i on  for the  l a t t e r  method.  

Fluorescence. - -Two sets of da ta  on m a n g a n e s e -  
act ivated,  cathode r a y  emiss ion were  obta ined .  The 
first series inc luded  da ta  on the  B-(Zn,Mg)~(PO4)~: 
Mn  solid solut ions  a nd  a wide  r ange  of (Mg,Zn)~ 
(PO4)2: Mn  t e r n a r y  solid solut ions.  The second series 
inc luded  a br ief  i nves t iga t ion  of the  m a n g a n e s e  ac-  
t i va to r  concen t r a t i on  on the  peak  emiss ion  and  
b r igh tness  of one of the  b r igh tes t  composi t ions  in  the  
h igh zinc end  of the  (Mg,Zn),(PO4)~ solid solut ions.  

Spec t ra l  d i s t r i bu t ion  curves  were  ob ta ined  wi th  a 
d e m o u n t a b l e  c a t h o d e - r a y  t u b e  opera t ing  at  16 kv  
anode  potent ia l ,  1.0 ~ a / c m  ~ b e a m  c u r r e n t  dens i ty  on 
a s t a n d a r d  scan T.V. ras te r  of 65 cm" area. 

Br igh tness  u n d e r  the  above condi t ions  was  m e a s -  
u r e d  us ing  a n  eye -co r r ec t ed  Wes ton  f o o t - l a m b e r t  
meter .  

Results and Discussion 
Phase Relationships on the Orthophosphate Join 

The quench  a nd  hea t  t r e a t m e n t  data  shown  in  
Tab le  I were  used to cons t ruc t  the  e q u i l i b r i u m  d ia -  
g r a m  shown  in  Fig.  1. The  sys tem is charac te r ized  
by  a smal l  reg ion  of f l -Zn, (PO4) ,  solid solut ions,  a 
sti l l  sma l l e r  reg ion  of a-Zn,(PO4)~ solid solutions,  
and  a ve ry  la rge  reg ion  of Mg,(PO,)~ solid solut ions.  
The  x - r a y  diffract ion da ta  for  the  fl-Zn.~(PO4), and  

960 
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Table I. Compositions, quench data, and heat treatments 
for the system Zns(PO~)o-Mg3(P04)~ 

Mole per  cen t  

Comp. Temp, 
No. Zn8 (PO4) ~ Mg,  (PO~) = ~ h r  Phase s  p re sen t  

1 I00 0 900 a-Z.P 
I000 ~-Z3P 

2 99 1 950 #-Z3P.. 
995 #-ZsP.. 

3 98 2 921 ~-Z3P~ + IVi~P.. 
929 fl-Z~P~ q- 1VI~P~ 
933 ~-Z~P~. + i'VI, P~. 
950 #-ZsP0. + IVI3P~ 
998 fl-Z~P~. 

4 97 3 920 iVLP~ 
950 ~-Zz/:'~. + M.P~. 

1000 #-Z,P~. + iV~P.~ 
1045 #-Z,P.~ 

5 96 4 958 M~P~ 
995 fl-Z~P~ + M,P~ 

1035 fl-ZsP~ + M~P~ 
1 0 4 5  #-Z~P~.* 

6 95 5 995 M~P,~ 
1035 ~-Z3P~ + M3P~ 

7 94 6 1040 M,P~ 
8 90 10 1050 M~P~ 
9 80 20 1050 M~P~ 

I0 70 30 1050 M~P~ 
I i  60 40 1050 M.P~ 
12 50 50 1161 IVIzP~ 

1180 IVI~P~* 
13 40 60 1050 NI~P~ ~ 
14 30 70 1050 1VI~P~ 
15 20 80 1050 1VI~P.. 
16 10 90 1050 iVI~P.. 
17 0 100 1050 IVI, P~ 

14~ l ~  I I I I I I I 

# 13 

> 

I 100~  

i L i q u i d  ~ -  

ZMs(P04) z o 

.~. sonid /B-z~P~+/ 
/ s ' * ' ~  / ,,%~ 7 

i'~ ~ 7"Y~ 

~- 9 ~ ~  

* Evidence  of mel t ing .  
N o t e :  Composi t ions  1 t h r o u g h  7 a n d  12 w e r e  t r e a t ed  in 

fu rnaces .  The  r e m a i n i n g  composi t ions  w e r e  h e a t  t r e a t ed  
fu rnaces .  

~-Z~P = ~-Zn8 (PO4) ,2 
fl-Z3P = B-Zn3 (POD 2 
M~P = Mga (POD 

q u e n c h i n g  
in  G l o b a r  

a-Zns(PO,)~  phases  h a v e  been  p r e s e n t e d  in a p r e -  
v ious  pape r  (2) .  The  p r e sence  of m a g n e s i u m  in solid 
so lu t ion  in t he  a and fl phases  p r o d u c e d  no a p p r e -  
c iable  shif t  in the  pos i t ion  of the  l ines  in t he  x - r a y  

d i f f rac t ion  pa t t e rn .  

Liquid 

/ 
/ 

/ 
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Mgs(P04) s 50lid Solutions 

I , . . , I ~ 1  , I ; I I I I I S I0  9~t I 00  

Z . : ( P o 4 ) :  Mo, .  % Ng~ iPo4~ 2 M~s(PO4|  2 

Fig. 1. Phase relotionships on the Zn3(PO~)2-Mg3(P04)2 join 

The  x - r a y  d i f f rac t ion  da ta  for  Mg~(PO4)~, solid 
solut ions  con ta in ing  20, 40, 60, 80, and 95 mole  % 
Zra(PO~)~, and  the  p r e v i o u s l y  r e p o r t e d  (3) m a n -  
ganese  " g a m m a  zinc o r t h o p h o s p h a t e "  a r e  l i s ted  in 
Tab l e  II. The  p a t t e r n s  of t he  m a g n e s i u m  o r thophos -  
p h a t e  sol id solu t ions  are  shown  in Fig.  2 fo r  con-  
v e n i e n c e  in fo l l owing  the  changes  w h i c h  occur.  A 
de ta i l ed  s tudy  of the  x - r a y  d i f f rac t ion  pa t t e rn s  of 
al l  t he  m e m b e r s  of the  Mg3(PO4)~ solid solut ion 
compos i t ions  (7-17)  l i s ted in Tab l e  I showed  t h a t  
t he  ser ies  was  ac tua l l y  con t inuous  f r o m  p u r e  Mg~ 
(PO~)~ to 95 m o l e  % Zn~(PO,)~. P e t r o g r a p h i c  e x a m i -  
na t ion  conf i rmed  the  one phase  n a t u r e  of the  c o m -  
pos i t ions  in th is  region.  

S ince  the  sys t em was  no t  g l a s s - fo rming ,  the  l i q -  
u idus  r e l a t ionsh ips  w e r e  not  d e t e r m i n e d  and  the  
phase  bounda r i e s  in t he  h i g h - t e m p e r a t u r e  reg ion  
a re  shown  as dashed  l ines  due  to this  unce r t a in ty .  
B e r e k  (5) r e p o r t e d  the  m e l t i n g  po in t  of Mgs(PO~)~ 

Table II. X-ray diffraction data for (Zn,Mn)~(P04):,* (Zno.9~Mgo.os)~(P04)2, 
MgsP04, and four intermediate solid solutions 

(Zn, Mn) a (PO4) ~* (Zno.~-,~M[go,os) s (PO4) 2 80ZaP-20M3P 60ZsP-40MaP 40ZaP-60MuP 20ZsP-BOM~P Mga (PO4) 
20 d I/Io 2# d I/Io 2# I/Io 28 I/Io 2# I/Io 20 I/Io 28 d l/Io 

15.9 5.57 10 15.9 5.57 14 
20.4 4.35 80 20.4 70 20.4 75 20.4 54 20.4 45 20.4 4.35 32 

4.33 90# 20.6 4.31 37 20.6 41 20.6 59 20.6 46 20.6 37 20.6 4.31 28 
4.21 5 21.1 4.21 8 21.2 12 21.3 19 21.5 22 21.5 27 21.6 4.11 39 
3.99 40 22.1 4.02 40 22.1 31 22.0 33 22.0 40 21.8 27 21.8 4.08 49 
3.87 25 23.0 3.87 25 23.0 27 23.0 40 23.1 48 23.1 61 23.1 3.85 91 
3.68 5 24.4 3.65 5 24.4 5 24.4 6 24.4 6 24.4 15 24.3 3.66 35 
3.41 100 25.9 3.44 100 25.9 100 25.9 100 25.9 100 25.9 100 25.9 3.44 100 
3.23 20 27.6 3.23 26 27.7 26 27.8 29 27.9 26 27.9 22 27.9 3.20 19 
3.03 20 29.5 3.03 27 29.6 26 29.6 30 29.7 26 29.7 22 29.8 3.00 22 
2.90 10 30.7 2.91 10 
2.81 25 32.0 2.80 10 32.0 17 32.0 9 32.0 9 32.0 17 32.0 2.80 17 
2.72 15 32.8 2.73 13 32.8 10 32.7 9 32.6 9 32.5 8 32.3 2.77 7 
2.64 10 34.1 2.64 5 . . . . . . . . . . .  
2.52 35 35.6 2.52 51 35.6 54 35.7 55 35.6 22 35.5 21 35.4 2.54 12 
2.51 35 . . . . . . .  35.8 37 35.8 32 35.9 2.50 28 
2.46 55 36.6 2.46 40 36.8 42 37.0 41 37.2 34 37.2 36 37.2 2.42 34 

20.5 
21.1 
22.3 
23.0 
24.2 
26.1 
27.6 
29.5 
30.8 
31.9 
32.9 
34.0 
35.6 
35.8 
36.6 

* H u m m e l  a n d  K a t n a c k  (3). 
t M a y  be a double t .  
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Fig. 2. X-ray diffraction patterns for magnesium ortho- 
phosphate solid solutions. 

as 1357~ and  this  v a l u e  has  been  used  in c o n s t r u c t -  
ing  Fig.  1. 

A w o r d  abou t  the  p r e v i o u s l y  d e t e r m i n e d  r e l a t i o n -  
sh ips  on the  Zn3(PO,)2-Mn~(PO,)~ jo in  (3)  is n o w  in 
order .  The  close s t r u c t u r a l  r e l a t i o n s h i p  b e t w e e n  t h e  
long se r ies  of (Mg,  Zn)~(PO,)~ sol id  so lu t ions  and  
the  (Zn,  Mn)~(PO,)~ sol id  so lu t ions  ( " g a m m a  zinc 
o r t h o p h o s p h a t e " )  is n o w  a p p a r e n t  f r o m  the  d a t a  in 
T a b l e  II .  I t  h a d  been  m e n t i o n e d  (3)  a n d  i t  is w e l l  
k n o w n  t h a t  o x i d a t i o n  of m a n g a n e s e  h i n d e r s  t h e  
c o m p l e t e  d e t e r m i n a t i o n  of p h a s e  r e l a t i o n s h i p s  in  
such  a s y s t e m  w h e n  w o r k i n g  in a i r .  I f  a p u r e  Mn~ 
(PO,)~ p h a s e  could  be  m a d e  b y  syn thes i s  in n i t r o g e n  
or  o the r  p r o t e c t i v e  a t m o s p h e r e ,  i t  is pos s ib l e  t h a t  a 
l a r g e  r a n g e  of (Zn,Mn)~(PO,).~ sol id  so lu t ions  w o u l d  
exis t ,  ana logous  to t he  z i n c - m a g n e s i u m  series .  E v e n  
w i t h o u t  t he  benef i t  of a p r o t e c t i v e  a t m o s p h e r e  to 
a s su re  the  r e t e n t i o n  of d i v a l e n t  m a n g a n e s e ,  i t  has  
been  shown  (3) t ha t  qu i t e  a b r o a d  r eg ion  of t e r n a r y  
sol id  so lu t ions  do exis t .  

05 

Mg S)2 

Moz Pz 07 Zn z F'~ 07 

Mgs(PO4) 2 ZnZ( PO4"l z 

MgO Z.O 

Fig. 3. Subsolidus solid solution relationships in the system 
MgO-ZnO-P~O~ (mole per cent). 

D a t a  on the  o r t h o p h o s p h a t e  jo in  have  been  p r e -  
s en ted  a b o v e  and  t h e  d a t a  on the  sol id  so lu t ions  on 
t h e  m e t a p h o s p h a t e  jo in  w e r e  p r e s e n t e d  p r e v i o u s l y  
(4) .  

A c c o r d i n g  to some u n p u b l i s h e d  d a t a  o b t a i n e d  s ev -  
e r a l  y e a r s  ago (6 ) ,  i t  is p r o b a b l e  t h a t  a c o m p l e t e  
(or  n e a r l y  c o m p l e t e )  se r ies  of p y r o p h o s p h a t e  sol id  
so lu t ions  exis t .  The  g e n e r a l l y  h igh  sol id  s o l u b i l i t y  of 
t he  zinc c o m p o u n d s  in t h e i r  m a g n e s i u m  a n a l o g u e s  is 
t hus  a p p a r e n t .  

Fluorescence 

Compos i t i ons  s h o w n  in T a b l e  IV w e r e  f i red a t  
1000~ for  48 hr ,  us ing  1 mo le  % MnO as an  ac -  
t i va to r .  

These  r e su l t s  show t h a t  a l i t t l e  Mg~(PO,)~ a d d e d  
to fi-Zn~(PO,)~ i m p r o v e s  t he  b r i g h t n e s s  of t he  fi so l id  
solu t ion ,  and  t h a t  excess ive  a m o u n t s  w i l l  d a m a g e  
b r igh tnes s .  A s u b s t a n t i a l  sh i f t  in t he  pos i t i on  of p e a k  
i n t e n s i t y  occurs  w i t h  s m a l l  add i t i ons  of Mg~(PO,)~. 

The  Mg~(PO,)~ sol id  so lu t ions  c on t a in ing  h igh  
a m o u n t s  of zinc a r e  p e r h a p s  b r i g h t e r  t h a n  the  
f l - t y p e  phosphor s ,  b u t  u n f o r t u n a t e l y  t h e  p e a k  i n -  
t ens i t i e s  a r e  sh i f t ed  to t h e  n e i g h b o r h o o d  of 6300A. 
E v e n  t h e  low i n t e n s i t y  Mg~ (PO,)~ p e a k s  a t  6320A. 

I t  a p p e a r s  t h a t  t h e r e  m a y  be  a m i n i m u m  in t h e  
pos i t i on  of p e a k  i n t e n s i t y  in t he  sol id  ser ies  in t he  
n e i g h b o r h o o d  of 70-80 mo le  % Zn~(PO,)~. 

The Ternary System MgO-ZnO-P_.O~ 

The  subso l idus  sol id  so lu t ion  r e l a t i o n s h i p s  in  t h e  
t e r n a r y  s y s t e m  a re  shown  in Fig.  3. 

The  M g O - Z n O  r e l a t i o n s h i p s  w e r e  d e t e r m i n e d  b y  
f i r ing m i x t u r e s  of t he  ox ides  at  1300~ for  8 hr .  
Us ing  n i c k e l - f i l t e r e d  CuK~ r a d i a t i o n  (X--  1.5405A) 
a n d  10% b y  w e i g h t  of s i l icon m e t a l  as an  i n t e r n a l  
s t a n d a r d ,  d i f f rac t ion  p a t t e r n s  w e r e  r u n  a t  1/~ o ( 2 # ) /  
min .  T h e  r e su l t s  for  MgO and  t h e  so l id  so lu t ion  l i m i t  
(ZnO in MgO)  a re  s h o w n  in Tab le  III .  

The  l a t t i c e  e x p a n s i o n  due  to t h e  inc lus ion  of 32 
mo le  % zinc ox ide  was  0.7%. S i m i l a r  d a t a  for  c o m -  
pos i t ions  n e a r  ZnO i n d i c a t e d  abou t  3 % of sol id  so lu -  
t ion  at  1300~ 

Table III. Comparison of unit cell dimensions of MgO and 
(Mgo.~sZno.8~)O 

MgO 

hkl  28 obs. 28 corrected d , A  I I /Io ao 

111 37.00 36.95 2.433 9 11 4.214 
200 42.96 42.95 2.104 84 100 4.208 
220 62.36 62.36 1.488 44 52 4.209 
311 74.75 74.75 1.2689 6 7 4.208 
322 78.70 78.70 1.2148 12 14 4.208 

(Mgo.~ Zno.3~) 0 

111 36.63 36.73 2.447 25 38 4.238 
200 42.55 42.65 2.120 66 100 4.240 
220 61.80 61.85 1.4988 33 50 4.239 
311 74.10 74.15 1.2777 9 14 4.238 
222 78.00 78.05 1.2233 7 11 4.238 
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Table IV. Brightness and peak intensity of fl-(Zn,Mg)~(P04)~ 
and (Mg, Zn)~(PO~)2 ("gamma") solid solutions 

P H A S E  E Q U I L I B R I A  I N  Z m ( P O 0 ~ - M g a ( P O , ) ,  963 

P e a k  
Comp.  i n t e n -  R e l a t i v e  

No. Zn3 (POD.~ Mga (PO0 2 Phases  s i ty,  A brightness 

1 100.0 0.0 f~-Z~P 6360 116 
2 99.5 0.5 ,e-Z~P~ 6380 118 
3 99.0 1.0 ~-Z~P~.~ 6400 90 
4 98.5 1.5 ~-Z~P~ 6400 105 
5 98.0 2.0 ~-Z,P~, ~ 6300 119 

M~P~ 
6 95.0 5.0 M,P,~ 6300 133 
7 90.0 10.0 M3P~ 6280 133 
8 80.0 20.0 M.~P~ 6260 121 
9 70.0 30.0 M3P~ 6260 87 

10 60.0 40.0 M~P~ 6270 91 
11 50.0 50.0 M~P~ 6290 66 
12 40.0 60.0 M~P~ 6280 43 
13 30.0 70.0 M3P~ 6300 26 
14 20.0 80.0 M~P~ 6300 22 
15 10.0 90.0 M~P~ 6310 14 
16 0.0 100.0 M~P~ 6320 12 

N.B.S. Zinc Orthophosphate :Mn 6380 100 
G.E. 1092-1, Lot 11 Zn.~(PO~)..:Mn 6380 117 

Comp.  

Table V. Effect of activator concentration on the brightness of 
(Zno.95, Mgo 05)8(P04)~ solid solution 

Mole  % 
Mr~ (PO4) 2 Hea t  P e a k  
substituted t r e a t m e n t ,  i n t e n s i t y ,  R e l a t i v e  

for Mga (P04) 2 ~ for  48 h r  A brightness 

1 0.01 1000 6300 131 
2 0.015 975 6280 123 
3 0.020 950 6280 127 
4 0.025 925 6280 124 
5 Composition 6, 6300 120 

Table IV 
NBS Zinc Orthophosphate: Mn 6380 100 
G.E. 1092-1, Lot 11 ~-Zra (PO~) ~: Mn 6380 124 

On the basis  of the  resul t s  shown in  Table  IV, a 
series of composi t ions  was  m a d e  to check the  effect 
of ac t iva tor  concen t r a t i on  in  the  b r igh tes t  (Zn0.~, 
Mgo.os)~ (PO~)~ ( " g a m m a " )  solid solut ion,  as shown  
in  Tab le  V. These samples  were  fired at t e m p e r a -  
tu res  (see Tab le  V) which  were  des igned to p r e -  
v e n t  the  fo rma t ion  of any  u n w a n t e d  fl phase.  I t  m u s t  
be r e m e m b e r e d  tha t  the  (Zn  ..... Mn0.o~)~(PO~)~ solid 
so lu t ion  wou ld  t r a n s f o r m  to the  B s t ruc tu re  at t e m -  
pe ra tu re s  a r o u n d  940~ (3) .  If fired too high,  the  
i n t e r m e d i a t e  solid solut ions  wou ld  also beg in  to 
t r ans fo rm.  U n f o r t u n a t e l y ,  this  t e chn ique  does no t  
p e r m i t  a d i rec t  compar i son  of the  b r igh tness  of 
phosphors  fired at the  same t empera tu r e .  X - r a y  di f -  
f rac t ion  pa t t e rn s  of the  fired samples  showed t h e m  
to be pu re  Mg~ (PO,)~ solid solut ions.  

This  series of composi t ions  shows tha t  the  solid 
so lu t ion  is r e l a t i ve ly  insens i t ive  to la rge  changes  in  
ac t iva tor  concent ra t ion .  It  should  be no ted  tha t  com-  
pos i t ion  6 w h e n  first m e a s u r e d  gave a re la t ive  
b r igh tness  of 133 compared  to 120 w h e n  used as a 
compara t ive  s t a n d a r d  in  the series in  Table  V. 
These differences are  p r o b a b l y  m a i n l y  due to v a r i a -  
t ions  in  sample  p r e p a r a t i o n  and  m e a s u r i n g  technique .  

The  peak  in tens i t i es  hover  a r o u n d  6280-6300A, i n -  
d ica t ing  not  qu i te  as good " redness"  as the  be ta  
phosphors .  

Conclusions 

1. " G a m m a  zinc phospha te"  or " g a m m a  zinc or-  
thophospha te"  has been  shown  to be an  ex t ended  
series of solid solut ions  of zinc o r thophospha te  in  
Mg3(PO~)~. 

2. Ana logous  series of (Zn,Mg)a(PO4)2 and  
(Zn,Mn)~(PO,)~ solid solut ions  exist  in  the i r  r e -  
spect ive  t e r n a r y  sys tems and  p r o b a b l y  fo rm solid 
solut ions  in  the  q u a r t e r n a r y  sys tem Z n O - M g O -  
MnO-P~O~. 

3. The  h igh  zinc m e m b e r s  of the  Mga(PO,)~ solid 
solut ions  have  good b r igh tness  and  form the  basis  of 
a we l l -de f ined  series of red  c a t hode - r a y  phosphors .  
The  b r igh tness  a nd  peak  emiss ion  of these phosphors  
are  r e l a t i ve ly  insens i t ive  to the  a m o u n t  of Mn  § 
which  is subs t i t u t ed  for Mg ~ in  the  s t ruc ture .  
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ABSTRACT 

The p repa ra t ion  and pe r fo rmance  of s in tered photoconduct ive  cadmium sul -  
fide layers  have been described.  Al though  the photoconduct ive  character is t ics  
are  d i rec t ly  dependen t  on composit ion,  l ayer  p repa ra t ive  techniques,  and  geom- 
e t ry  of the  unit,  these pa rame te r s  m a y  be pred ic ted  and control led  to give a 
resu l tan t  reproduc ib le  l aye r  of des i red  e lec t r ica l  and opt ical  character is t ics .  

The  use  of p h o t o c o n d u c t i v e  c a d m i u m  sulf ide  in 
e l ec t ron ic  devices ,  such as l igh t  ampl i f i e r s  a n d  i m a g e  
conve r t e r s ,  ha s  i n c r e a s e d  g r e a t l y  d u r i n g  the  p a s t  
f ew  y e a r s  (1 -4 ) .  These  dev ices  u s u a l l y  have  neces -  
s i t a t e d  f a b r i c a t i o n  of p h o t o c o n d u c t i v e  l a y e r s  of l a r g e  
su r f ace  area .  Such  l a y e r s  can be  ach i eved  mos t  
r e a d i l y  b y  m e a n s  of p o w d e r e d  l a y e r  (5) ,  s i n t e r e d  
l a y e r  ( 1 , 3 ) ,  d i e l ec t r i c  i m b e d m e n t ,  or  e v a p o r a t e d  
f i lm (7) t echn iques .  S i n t e r e d  l a y e r s  h a v e  b e c o m e  
p a r t i c u l a r l y  p o p u l a r  in dev ice  f a b r i c a t i o n  beca use  of 
t h e i r  s u p e r i o r  s e n s i t i v i t y  ( 5 , 8 )  u n i f o r m i t y ,  h igh  
m e c h a n i c a l  s t r eng th ,  and  ease  of f o r m a t i o n  (5, 8) .  

A l t h o u g h  a c o n s i d e r a b l e  a m o u n t  of w o r k  has  b e e n  
done  in  d e t e r m i n i n g  the  e l ec t r i ca l  and  op t i ca l  c h a r -  
ac te r i s t i c s  of p u r e  c a d m i u m  sulf ide a n d  c a d m i u m  
sulf ide  m a t r i c e s  in w h i c h  t r aces  of i m p u r i t i e s  such  as 
coppe r  and  the  h a l o g e n s  h a v e  been  i n c o r p o r a t e d ,  
t he se  s tud ies  w e r e  c o n d u c t e d  in  t h e  m a i n  on  s ing le  
c rys t a l s  (9 -11 ) .  

This  p a p e r  desc r ibes  some of t he  op t i ca l  and  e lec -  
t r i c a l  c h a r a c t e r i s t i c s  of s i n t e r e d  l a y e r s  of c a d m i u m  
sulf ide  a n d  d e m o n s t r a t e s  the  d e p e n d e n c e  of t h e s e  
c h a r a c t e r i s t i c s  on the  in i t i a l  c h e m i c a l  f o r m u l a t i o n  
a n d  on the  m e t h o d  of f o r m i n g  the  f inal  s i n t e r e d  
l a y e r  .~ 

Experimental 
F i g u r e  1 p r e s e n t s  s c h e m a t i c a l l y  t he  p rocess  i n -  

v o l v e d  in  t he  p r e p a r a t i o n  of t he  s i n t e r e d  l aye r .  
P h o s p h o r  q u a l i t y  c a d m i u m  sulf ide ( S y l v a n i a  or  

R C A )  a n d  a n a l y t i c a l  r e a g e n t  q u a l i t y  c a d m i u m  c h l o -  
r i de  a n d  coppe r  ch lo r ide  w e r e  used.  A f o r m u l a t i o n  
f o u n d  to be  p a r t i c u l a r l y  s u i t a b l e  for  g e n e r a l  s i n t e r e d  
l a y e r  a p p l i c a t i o n  h a d  the  fo l l owing  c o m p o s i t i o n : - -  
1 m o l e  c a d m i u m  sulf ide;  0.3 m o l e  of c a d m i u m  c h l o -  
r ide ;  8 x 10 -4 g r a m  a t o m s  of coppe r  a d d e d  as coppe r  
ch lo r ide  or  bas ic  coppe r  ca rbona t e .  A l l  c o m p o n e n t s  
w e r e  g r o u n d  p r i o r  to b l end ing .  The  b l e n d e d  c o m -  
posi te ,  u s u a l l y  100 g, was  g iven  an  in i t i a l  b u l k  f i r ing 
for  35 m i n  in  cove red  p o r c e l a i n  c ruc ib les .  Th is  r e -  
su l t ed  in a s m a l l  a m o u n t  of s i n t e r i ng  a n d  p r e -  
l i m i n a r y  d i s t r i b u t i o n  of a c t i v a t o r  c o m p o n e n t s  in to  
t h e  c a d m i u m  sulfide. T h e  p a r t i a l l y  s i n t e r e d  c a d m i u m  
sulf ide  was  m i l l e d  in x y l e n e  to  i n s u r e  suf f ic ient ly  
fine p a r t i c l e  size to y i e l d  a s m o o t h - a p p e a r i n g  s i n t e r e d  

1 P r e s e n t  a d d r e s s :  R e s e a r c h  D i v i s i o n ,  R a y t h e o n  M a n u f a c t u r i n g  Co.,  
W a l t h a m ,  Mass .  

s A f t e r  t h i s  p a p e r  h a d  b e e n  s u b m i t t e d  for publ i ca t io r~  a t e c h n i c a l  
r e p o r t  w a s  i s sued  b y  L i n c o l n  L a b o r a t o r i e s  (15) .  T h i s  r e p o r t ,  w h i c h  
has  l imi ted  c irculat ion ,  d e s c r i b e s  s imi lar  s t ud ie s  of CdS s i n t e r e d  
l a y e r s  a n d  s u p p l e m e n t s  t h e  p r e s e n t  p a p e r .  

l a y e r ;  to the  suspens ion  suff icient  o rgan ic  b i n d e r  
( e t h y l - c e l l u l o s e  t y p e )  was  a d d e d  in o r d e r  to i n s u r e  
a c o h e r e n t  l a y e r  d u r i n g  f i lm f o r m a t i o n  p r i o r  to  s i n -  
t e r ing .  U s u a l l y  th is  p h o t o c o n d u c t o r  suspens ion  was  
s p r a y e d  a l t h o u g h  l a y e r s  p r e p a r e d  w i t h  f l ow -o n  a n d  
doc to r  b l a d e  t e c hn ique s  gave  i den t i ca l  resu l t s .  

The  s p r a y e d  l a y e r  was  d r i e d  at  r oom t e m p e r a t u r e  
for  a t  l eas t  1,2 h r  d u r i n g  w h i c h  mos t  of t he  o rgan ic  
so lven t  vo la t i l i zed .  The  l a y e r  was  s i n t e r e d  in  an  
e l ec t r i c  muffle f u r n a c e  in  an  a i r  a t m o s p h e r e ,  n o r -  
m a l l y  for  10 m i n  at  550~ D e p e n d e n c e  of l a y e r  
c h a r a c t e r i s t i c s  on p r e s i n t e r i n g  and  s in t e r i ng  t e m -  
p e r a t u r e s  is d i scussed  l a t e r .  

Preparation of Test  Cells 

Standard cel ls . --Standard t e s t  cel ls  of t he  g e o m e t r y  
i n d i c a t e d  in Fig .  2 w e r e  u sed  for  t he  d e t e r m i n a t i o n  
of t he  de s i r e d  cha rac t e r i s t i c s .  The  cel ls  w e r e  m a d e  
on 1 x 21/2 x 1/s in. P y r e x  s l ides  w h i c h  had  been  
coa ted  w i t h  a c onduc t i ve  f i lm of t r a n s p a r e n t  s e m i -  
conduc t ing  t in  oxide .  The  d e s i r e d  e l e c t r o d e  s t r u c -  
t u r e  w i t h  ~/s x 1/4 in. gaps  was  p r e p a r e d  b y  sand  
b l a s t i n g  the  c onduc t i ve  f i lm t h r o u g h  a p a t t e r n  mask .  
The  s l ides  w e r e  t h e n  t h o r o u g h l y  w a s h e d  a n d  d r i e d  
in  an  oven  a t  150~ The  p h o t o c o n d u c t o r  suspens ion  
was  s p r a y e d  in  s q u a r e  p a t c h e s  b e t w e e n  the  e l ec -  
t r o d e s  us ing  a s u i t a b l e  mask .  Each  s l ide  h a d  six i n -  
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Fig. 1. Flow diagram of preparation of sintered layer 
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Codmium sulfide potches ~ ~ .  = ~  

Plf~ ~I I I  lJ r 

O) STANDARD CELL 

CdS PHOTOCONDUCTIVE SINTERED LAYERS 

~r od~s 

L V 

b) D(~JBLE ELECTRODE 
SYSTEM CELL 

,.,,.,~'~Copper mesh electrodes 

C) SANDWlTCH CONSTRUCTION 
CELL 

Fig. 2. Types of photoconductive cells used in measure- 
ment of photoconductor characteristics. 

d iv idua l  test  cells and  m e a s u r e m e n t s  of e lect r ical  
and  opt ical  p roper t ies  of each i n d i v i d u a l  cell  were  
made.  Values  of the  cen t ra l  four  cells were  f ound  
to be r ep roduc ib l e  and  consis tent .  The end  celts 
y ie lded  v e r y  er ra t ic  resul ts ,  which  wi l l  be discussed 
la te r  in  the  paper .  
D o u b l e  e lec t rode  c e l l s . - - D o u b l e  elect rode cells (Fig. 
2B) were  made  f rom the  s t a n d a r d  test  cells by  
p a i n t i n g  s i lver  electrodes (Du P o n t  air  d ry  con-  
duc t ive  s i lver )  on  the  top sur face  d u p l i c a t i n g  the  
gap s t ruc tu re  of the  t in  oxide electrodes on the  u n -  
de r sur face  of the  pho toconduc t ive  layer .  
S a n d w i c h . - - S a n d w i c h  cells (Fig. 2C) were  also 
fash ioned  f rom the  basic s t a n d a r d  tes t  cells b y  ap -  
p ly ing  a 1/4 x 1/4 in. pa tch  of v e r y  fine e lec t roformed 
copper  mesh.  This copper  mesh,  500 l ines  to the  inch,  
was  appl ied  to the  sur face  by  a s i l icone adhesive.  To 
have  the  m e a s u r e m e n t  on these  sandwich  cells r e -  
flect on ly  the  v o l u m e  conduc t ion  of the  pho to-  

I I I 

to 
: 550 600 650 

500 550 600 650 700 

Temperoture ('C| 

Fig. 3, Effect of presintering temperature on photoconduc- 
tor characteristics. Final sintering of layer at SSO~ for 10 
rain (600 v d-c potential, 10 ft-L, green El lamp excitation). 
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conduc t ive  layer ,  a mask  of an  opaque  mate r i a l ,  e.g., 
b lack  plas t ic  tape, was  appl ied  to p r e v e n t  ac t iva t ion  
by  l ight  a r o u n d  the  edges. 
Elec t rode  m a t e r i a I s . - - A l l  surface  conduc t iv i ty  meas -  
u r e m e n t s  were  m a d e  wi th  cells h a v i n g  electrodes of 
semiconduc t ing  t in  oxide. However ,  m e a s u r e m e n t s  
m a d e  wi th  cells us ing  f i red-on  p l a t i n u m  electrodes 
did no t  differ s ignif icant ly .  The  effect of a n y  reac -  
t ion  of the  s in te red  l aye r  w i th  e lect rode m a t e r i a l  as 
exempl i f ied  b y  the  two types  of electrodes is ap -  
p a r e n t l y  confined to the in te r face  b e t w e e n  l ayer  
and  electrode.  Such reac t ions  change  p r i m a r i l y  the  
res i s tance  of the  contact  b e t w e e n  e lect rode and  
layer .  This  contac t  res i s tance  is a smal l  f rac t ion  of 
the  res i s tance  of the  l ayer  a nd  is on ly  s l igh t ly  pho to -  
sensi t ive.  Also, it  t ends  to be e l imina t ed  in  a surface  
conduc t iv i ty  m e a s u r e m e n t  wh ich  is the  difference 
b e t w e e n  a l igh t  a nd  da rk  photoresponse .  In  sys tems 
w he r e  an  a s y m m e t r i c a l  e lec t rode  sys tem exists  and  
rec t i fy ing  p h e n o m e n a  are l ikely,  difference in  elec-  
t rode  m a t e r i a l  becomes impor t an t .  

T e c h n i q u e s  and  m e t h o d s  of  m e a s u r e m e n t . - - T h e  
photosens i t iv i ty  of the  p r e p a r e d  layers  was  m e a s -  
u r ed  w i t h  a d-c  appl ied  vol tage  of 600 v a nd  wi th  an  
exci t ing  l ight  of 10 f t -L  f rom a g reen  e l ec t ro lumi -  
nescen t  lamp.  For  s t anda rd  m e a s u r e m e n t s  this  ex -  
c i t ing l ight  i l l u m i n a t e d  the  e lect rode gap f rom the  
glass side. Rise and  decay charac ter is t ics  were  de-  
t e r m i n e d  by  obse rv ing  the  pho toconduc tor  response  
on an  oscilloscope screen.  The  "da rk  c u r r e n t "  I~ was  
t a k e n  as the  c u r r e n t  m e a s u r e d  30 sec af ter  the  r e -  
mova l  of the  exci t ing  light.  Decay t ime 71o represen t s  
the t ime  necessa ry  to reach 10% of p h o t o c u r r e n t  
u p o n  r e mova l  of ac t iva t ing  l ight .  Spec t ra l  response  
curves  were  d e t e r m i n e d  us ing  a B e c k m a n  D. U. 
spec t ropho tomete r  as a monochromato r .  By  v a r i a -  
t ion  of the  slit  width ,  an  equa l  q u a n t i t y  of ene rgy  
at  va r ious  w a v e  l eng ths  was  a l lowed to exci te  the  
pho toconduc tor  celI w i th  600 v d -e  appl ied  p o t e n -  
tial.  Sl i t  w i d t h  va r i a t ions  d u r i n g  m e a s u r e m e n t s  gave 

1.8 I I 

,=  o 

1,4 

i I,C 

0.6 

-i l i ~' / i  7 

! -l,/ , ' L  
. . . .  �9 4 - ' ' /  I , / I  I 
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Fig. 4. Effect of sintering temperature on photoconductor 
characteristic. Presinter of layer at 550~ for 35 rain (600 
v d-c potential, 10 ft-k green El lamp excitation). 
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Fig. 6. Effect of intensity of i l luminat ion on photoconductor 
characteristics (green El lamp excitat ion, 600 v d-c potent ial  
applied). 

a hal f  i n t ens i t y  b a n d  w i d t h  v a r y i n g  f rom 14 m~ at 
550 to 18 m~ at 700 #. This  smal l  va r i a t i on  of b a n d  
wid ths  in  the  peak  response  reg ion  resu l t ed  in  a 
neg l ig ib le  shift  in  peak  posit ions.  The  response  was  
d e t e r m i n e d  wi th  an  RCA elect ronic  m ic roam me t e r .  

Reflectance m e a s u r e m e n t s  were  made  on a mod i -  
fied reflectance a t t a c h m e n t  to the  B e c k m a n  D. U. 
spec t ropho tomete r  us ing  basic m a g n e s i u m  ca rbona t e  
as reference.  

Efyect of presintering temperature (T,) .--In an  
effort to es tabl ish  condi t ions  necessa ry  to ob t a in  
m a x i m u m  photosens i t iv i ty ,  a s t ep -wise  va r i a t i on  of 
the  condi t ions  at each pa r t  of the  process was  con-  
ducted.  F igu re  3 r ep resen t s  the effect of the  v a r i a -  
t ion  of p r e s i n t e r i n g  t e m p e r a t u r e  on the  pho tocur -  
r en t  and  da rk  cur ren t .  In  each case, a 100 g mass of 
the  pho toconduc tor  was  fired in  a covered c ruc ib le  
for a per iod  of 20 min.  The final  s in t e r ing  of the  
test  slides was  at a t e m p e r a t u r e  of 550~ for 10 min .  
I t  wi l l  be no ted  tha t  the  greates t  ra t io  of pho tocu r -  
r en t  to da rk  c u r r e n t  occurs at  T, 550~ Higher  t e m -  
pe ra tu re s  cause a decrease in  the  p h o t o c u r r e n t  
wh i l e  lower  t e m p e r a t u r e s  resu l t  in  a l ayer  which  
has r e l a t i ve ly  high da rk  cur ren t .  This  is p r o b a b l y  
the  resu l t  of incomple te  s in te r ing  combined  wi th  a 
r e l a t i ve ly  la rge  a m o u n t  of res idua l  u n i n c o r p o r a t e d  
CdCL. 

I I 

i ~( 0"2 2 

l 0.1 

= ~o 2o 
(g.~.cu xlO "4 ) 

Fig. 7. Effect of copper concentrat ion of photoconductor 
characteristics. (600 v d-c potent ial ,  10 f t -L green El lamp 
excitat ion). 
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Fig. 8. Effect of copper concentrat ion on decay charac- 
teristics of sintered layer cadmium sulfide (600 v d-c poten- 
t ial, 10 f t -L green El lamp excitat ion). 

E]yect of sintering temperature ( T f ) . - - T h e  t e m -  
p e r a t u r e  of s in t e r ing  has a p a r t i c u l a r l y  grea t  effect 
on both  the  p h o t o c u r r e n t  and  the  da rk  cur ren t .  In  
all  cases the slides were  fired for a per iod  of 10 m i n  
at t e m p e r a t u r e s  f rom 500 ~ to 700~ Wi th  inc reas ing  
t e m p e r a t u r e s  the  da rk  c u r r e n t  increases  u n t i l  the  
m a t e r i a l  shows a h igh da rk  conduc t iv i ty  w i th  l i t t le  
or no pho toconduc t iv i ty  (Fig.  4).  As a resu l t  of 
these observa t ions  a s t a n d a r d  pref i r ing  t e m p e r a t u r e  
and  s in t e r ing  t e m p e r a t u r e  of 550~ was  chosen for 
all  samples.  Cells w i th  l a ye r  th ickness  of abou t  5 
mils  p repa red  u n d e r  these condi t ions  were  used to 
d e t e r m i n e  the dependence  of the p h o t o c u r r e n t  and  
the  decay t ime  on the  appl ied  vol tage  and  the  l ight  
in tens i ty .  The  p h o t o c u r r e n t  va r i ed  l i n e a r l y  w i th  i n -  
creased vol tage  over  the r a nge  of 100-800 v whi le  
vol tage  va r i a t i on  had l i t t le  or no effect on the  decay 
t ime  7,o (Fig. 5). A l i nea r  r e l a t ionsh ip  was  also ob-  



Vol. 106, No. 11 CdS PHOTOCONDUCTIVE SINTERED LAYERS 967 

I00 

~ 4( 

i 

4x~O -'~ Cu 

12xlO -4' 8x104 

I 

Time (doys) 

Fig. 9. Effect of copper concentration on shelf l i fe (600 
v d-c potent ial ,  10 f t -L green El lamp excitat ion). 
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Fig. ]0 .  Notat ions used describing photoconducting char- 
acteristics of layer. 

s e r v e d  ove r  mos t  of t he  i n t e n s i t y  r ange ,  a l t h o u g h  at  
the  l ow in t ens i t i e s  some d i v e r g e n c e  was  no ted .  The  
d e c a y  r a t e  a p p e a r e d  to be  q u i t e  d e p e n d e n t  on t h e  
i n t e n s i t y  of exc i t a t ion ,  be ing  r e l a t i v e l y  s low at  t he  
l o w e r  i n t ens i t i e s  (F ig .  6) .  

A l l  cel l  d a t a  a r e  r e p o r t e d  for  e x c i t a t i o n  w i t h  10 f t - L  
of g r e e n  EL l i gh t  and  for  600 v a p p l i e d  po t en t i a l .  
W h e n e v e r  n e c e s s a r y  t h e  a b o v e  l i n e a r  r e l a t i o n s h i p s  
a r e  a p p l i e d  for  conve r s ion  to  t hese  condi t ions .  

Effect of copper concentration.--Confirming w h a t  
had  been  f o u n d  in s ing le  c r y s t a l  s tudies ,  (5, 9, 10, 12, 
13), i nc r ea s ing  coppe r  c o n c e n t r a t i o n  r e su l t s  in a d e -  
c rease  of bo th  p h o t o c u r r e n t  and  d a r k  c u r r e n t  (F ig .  
7) w i t h  c o n c u r r e n t  change  of t he  b o d y  color  of t h e  
s i n t e r e d  l a y e r  f r o m  y e l l o w  to a b l a c k - b r o w n .  

I n c r e a s e d  copper  concen t r a t ion ,  ~ a l t h o u g h  d e c r e a s -  
ing  the  p h o t o c u r r e n t  of t he  l aye r ,  d id  i n c r e a s e  t he  
r a t e  of d e c a y  to a c o n s i d e r a b l e  (Fig .  8) ex ten t .  H o w -  
ever ,  th is  i n c r e a s e d  coppe r  ef fec ted  a d e c r e a s e  of t h e  
r e l a t i v e  she l f  l i fe  of t he  p r e p a r e d  l a y e r  (F ig .  9) .  Tes t  
s l ides  m e a s u r e d  to o b t a i n  these  d a t a  w e r e  s u b j e c t e d  
to n o r m a l  l a b o r a t o r y  cond i t ions  i nc lud ing  u s u a l  
w i n t e r  h u m i d i t y  v a r i a t i o n s  indoors  and  f luorescen t  
l igh t ing .  M e a s u r e m e n t s  w e r e  m a d e  in  e v e r y  case  a t  
a b o u t  t he  s ame  t i m e  of day .  In  a l l  cases  t he  p h o t o -  
c o n d u c t i v i t y  a p p e a r e d  to r e a c h  a s t e a d y  s t a t e  a f t e r  
the  o b s e r v e d  decay .  

A l l  c o n c e n t r a t i o n s  e x p r e s s e d  i n  t h i s  p a p e r  a r e  i n  u n i t s  o~ g l ' a m  
a t o m s  p e r  m o l e  o f  C d S .  
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Fig. 11, Spectral response IsG ~ for cadmium sulfide sintered 
layers (600 v d-c potential).  
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Fig. 12. Spectral response Is~ A cadmium sulfide sintered 
layers (600 v d-c potential).  

Spectral response.---Although p h o t o c o n d u c t o r s  
h a v e  been  f u r t h e r  c lass i f ied  b y  the  d e t e r m i n a t i o n  of 
t h e i r  s p e c t r a l  r esponse ,  t h e r e  have  been  incons i s t -  
encies  w i th  r e spe c t  to t he  p u b l i s h e d  da ta .  V a r i a t i o n s  
in spec t r a l  r e s p o n s e  c h a r a c t e r i s t i c s  of c a d m i u m  su l -  
fide p h o t o c o n d u c t o r  h a v e  been  a t t r i b u t e d  no t  on ly  to 
c h e m i c a l  composition bu t  a l so  to  ]ts p h y s i c a l  s t a t e  
(5)  a n d  m o d e  of o p e r a t i o n  (1 ) .  No de f in i t ive  s t u d y  
of t he se  p a r a m e t e r s  has  been  r e p o r t e d .  

A c o n s i d e r a t i o n  of  a s i n t e r e d  l a y e r  p h o t o c o n d u c t o r  
r e v e a l s  the  ro le  of t he  cel l  s t r u c t u r e  or  g e o m e t r y  on 
cha rac te r i s t i c s .  F i g u r e  10a r e p r e s e n t s  a magn i f i ed  
v i e w  of a t es t  cel l  showing  the  a r r a n g e m e n t  of t h e  
v a r i o u s  p a r t s  i n v o l v e d  in  t he  m e a s u r e m e n t  of s u r -  
f a c e - l i k e  conduc t i v i t y .  In  t h e  c o n d u c t i v i t y  m e a s u r e -  
m e n t s  used  to e v a l u a t e  t h e  effects  of d i f f e ren t  f i r ing 
t e m p e r a t u r e s  a n d  d i f fe ren t  coppe r  concen t ra t ions ,  
i l l u m i n a t i o n  h a d  been  in  a l l  cases  f r o m  t h e  g l a s s -  
CdS i n t e r f a c e  s ide  (E~) and  v o l t a g e  h a d  been  a p -  
p l i e d  across  t h e  t in  ox ide  e l ec t rodes  in t h e  p l a n e  of 
t he  s a m e  in te r face .  U n d e r  t hese  cond i t ions  t h e  
p h o t o c u r r e n t  w i l l  be  d e s i g n a t e d  b y  Is~*; t h e  s u p e r -  
s c r ip t  G g iv ing  t h e  d i r ec t i on  f r o m  w h i c h  t h e  s a m p l e  
is i l l u m i n a t e d ,  in th is  case  t he  glass  side,  and  t h e  
s u b s c r i p t  SG i n d i c a t i n g  a s u r f a c e - l i k e  conduc t ion  
w i t h  v o l t a g e  across  the  e l ec t rodes  in t he  g l a s s - C d S  
in te r face ,  G. 
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Fig. 13. Spectral response Is~ A for cadmium sulfide sintered 
layers (600 v d-c potential).  
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Fig. ]4.  Spectral response Is~ ~ for cadmium sulfide sintered 
layers (600 v d-c potential).  
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Fig. 15. Spectral response of 2-mi l  cadmium sulfide layer 
(600 v d-c potential). 
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Fig. 16. Spectral response of 5-mil  cadmium sulfide layer 
(600 v d-c potential). 

The  second  sur face ,  i.e., t he  a i r  p h o t o c o n d u c t o r  
i n t e r f a c e  can also b e  used  to e v a l u a t e  t he  s i n t e r e d  
l aye r .  Vo l t age  was  a p p l i e d  across  s i l ve r  e l ec t rodes  
p a i n t e d  on th is  sur face ,  and  the  p h o t o c u r r e n t  I,,~ ~ 
p r o d u c e d  b y  exc i t i ng  f r o m  the  p h o t o c o n d u c t o r  g lass  
s ide  was  d e t e r m i n e d .  

Two a d d i t i o n a l  su r f ace  t y p e  p h o t o c u r r e n t s  m a y  be  
d e t e r m i n e d  if t h e  d i r e c t i o n  of  e x c i t a t i o n  is r e v e r s e d .  
These  c u r r e n t s  m a y  be  s y m b o l i z e d  as  Iz~ ~ a n d  I ~  ~ 
us ing  t h e  s a m e  conven t ions  as above .  

Thus ,  t h e  fou r  pos s ib l e  su r f ace  p h o t o c u r r e n t s  can  
be  d e s i g n a t e d  b y  IBA ~, Is~ ~, I~.~ ~, and  IsA A. 

I n  a d d i t i o n  to t he  a b o v e  s u r f a c e - l i k e  c o n d u c t i v -  
i t ies ,  t h e  c o n t r i b u t i o n  of a n y  c u r r e n t  p r o d u c e d  
w i t h i n  t he  b o d y  of t he  l a y e r  for  t he  p a r t i c u l a r  g e o m -  
e t r y  of t h e  cel l  shou ld  be  d e t e r m i n e d .  Us ing  the  
s t a n d a r d - t y p e  ce l l  a n d  a d d i n g  m e s h  e l ec t rodes  to t h e  
a i r  sur face ,  t h e  p h o t o c u r r e n t  t h r o u g h  the  p h o t o -  
conduc to r  v o l u m e  m a y  be  m e a s u r e d  (Fig .  10b) .  
Aga in ,  a c u r r e n t  m a y  be  d e v e l o p e d  b y  exc i t i ng  e i t he r  
t h r o u g h  the  g lass  or  a i r  i n t e r f a c e  y i e l d i n g  two  p o s -  
s ib le  t y p e s  of v o l u m e  c u r r e n t s  (Iv ~ a n d  IVY). 
I ~ . - - - T h e  s p e c t r a l  r e sponse  of p h o t o c o n d u c t o r s  e x -  
c i t ed  t h r o u g h  the  glass  w i t h  vo l t age  a p p l i e d  across  
e l ec t rodes  in t he  g l a s s - p h o t o c o n d u c t o r  i n t e r f a c e  
( I ~  ~) is shown  in Fig .  11. A l t h o u g h  the  r e l a t i v e  

m a g n i t u d e  of t he  p h o t o c u r r e n t  v a r i e s  w i t h  coppe r  
concen t ra t ion ,  the  o p t i m u m  w a v e  l e n g t h  or  m a x i -  
m u m - r e s p o n s e  occurs  in a l l  cases  a t  a w a v e  l e n g t h  
of 625 m/~. 
Isa~.--If  t he  e x c i t a t i o n  occurs  a t  t he  a i r - p h o t o c o n -  
d u c t o r  in t e r face ,  s p e c t r a l  r e sponse  cu rves  for  v a r i -  
ab l e  coppe r  concen t r a t i ons  show a d e p e n d e n c e  of t he  
pos i t i on  of t h e i r  m a x i m u m  on coppe r  c o n c e n t r a t i o n  
(Fig .  12).  
I ~ A ~ , - I ~ . - - T h e  s p e c t r a l  r e sponse  of t he  s i n t e r e d  
l a y e r  as c h a r a c t e r i z e d  b y  t h e s e  two  c u r r e n t s  is 
shown  in Fig.  13 and  14. T h e r e  a p p e a r s  to be  e s sen -  
t i a l l y  no shi f t  in t he  p e a k  r e sponse  t o w a r d  l o n g e r  
w a v e  l e n g t h  w i t h  i nc r e a s ing  c o p p e r  in  t h e s e  cases.  

EfJect of layer thickness on photoconductor char- 
acteristics.--Since t he  s p e c t r a l  r e sponse  of t h e  s u r -  
face  p h o t o c u r r e n t  a p p e a r e d  to  v a r y  w i t h  t h e  su r f ace  
exc i ted ,  a v a r i a t i o n  of t h e  c h e m i c a l  compos i t i on  of 
t he  two  su r faces  m i g h t  be  suspec ted .  If  t he  t h i cknes s  
of t h e  l a y e r  w e r e  d e c r e a s e d  p r o g r e s s i v e l y ,  a t  some 
p o i n t  i t  m i g h t  be  e x p e c t e d  t h a t  th is  su r f ace  c o m p o s i -  
t ion  v a r i a t i o n  shou ld  d i s a p p e a r .  F i g u r e s  15 a n d  16 
r e p r e s e n t  s p e c t r a l  r e sponse  cu rves  (I~ ~, I~  a) us ing  
cel l  l a y e r  t h i cknesses  of 2 and  5 mils ,  r e spec t i ve ly .  
In  c o n t r a s t  to t he  5 - ra i l  l a y e r  t h e r e  is no d i f fe rence  
in  t he  shape  and  m a x i m a  of t h e  s p e c t r a l  r e sponse  
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Fig. 17. Spectral~ response Iv for cadmium sulfide sintered 
layers ( 6 0 0  v d-c potent ial  10 f t -L green El lamp excitat ion). 
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Fig. ] 8. Spectral response Iv for cadmium sulfide sintered 
layers (600 v d-c potential  | 0 f t -L green El lamp excitat ion). 

curves  in  the  case of the  2-ra i l  layer .  Also, the  body  
color of t h i n  layers  was  cons ide rab ly  l igh te r  t h a n  
tha t  of the  5-rai l  l aye r  even  though  the  copper  con-  
cen t ra t ions  were  ident ical .  This  dif ference can  be 
a t t r i b u t e d  to the  loss of a g rea te r  a m o u n t  of chlo-  
r ide f rom the  t h in  layer .  This  chlor ide is necessa ry  
for effective incorpora t ion  of copper  in to  the  lat t ice.  

Volume conductivity Iv . - -The  spect ra l  response  of 
the  v o l u m e  type  c u r r e n t  Iv was d e t e r m i n e d  wi th  
s in te red  l ayers  of va r ious  copper  concent ra t ions .  
Curves  for 8 x 10-' and  20 x 10-' copper  are ghown in  
Fig. 17 and  18. The charac ter is t ics  of these  curves  
are somewha t  s imi la r  to I ~  * and  I,~ ~. The l ayer  w i t h  
the  lower  copper concen t r a t i on  shows a difference in  
peak  pos i t ion  depend ing  on which  side was i l l u m -  
inated.  The  l ayer  w i th  the  h igher  copper showed no 
lack of symmet ry .  It  should be no ted  tha t  Fig. 18 
indicates  a rect i f icat ion p h e n o m e n o n  the m a g n i t u d e  
of which  is d e p e n d e n t  on the  d i rec t ion  of i l l u m i -  
na t ion .  

Reflectance curves.--Figure 19 represen t s  the  s u r -  
face ( a i r -pho toconduc to r  5 rail)  ref lectance of the  
pho toconduc t ive  layer .  As m a y  be seen f rom the  
curves,  the  body  color becomes p rogress ive ly  d a r k e r  
wi th  increased  copper  concen t ra t ion .  

Effect of firing atmospheres.--The impor t ance  of 
f ir ing condi t ions  w i th  respect  to bo th  a tmosphe re  
and  s u r r o u n d i n g s  was  exempli f ied  b y  the d i f ferent  
pho toconduc t ive  p roper t i es  associated wi th  the  end  
patches  of the  s t anda rd  cells. To d e t e r m i n e  more  ac-  
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Fig. ] 9, Reflectance curves of photoconductor layers with 
var iable copper concentrations. 
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Fig. 20. Effect of oxygen in f i r ing atmosphere on photo- 
current Ise e (600 v d-c potential 10 ft-L green El lamp excita- 
tion). 

cu ra t e ly  the  impor t ance  of the  composi t ion  of the  
f ir ing a tmosphere ,  the  effect of va r i a t ions  on con-  
cen t r a t i on  of (a)  oxygen  and  (b)  c a d m i u m  chlor ide 
in  the  fir ing a tmosphe re  on  the  pho toconduc t iv i ty  of 
the  layers  was  s tudied.  In  the  fo rmer  case, the  layers  
were  fired in  a tmospheres  of var ious  o x y g e n - a r g o n  
mix tu res .  There  is no doub t  t ha t  some oxygen  is r e -  
qu i r ed  to achieve an  o p t i m u m  in  sens i t iv i ty  of the  
c a d m i u m  sulfide l a ye r  (Fig. 20), bu t  it also appears  
tha t  the  beneficial  effect Of oxygen  m a y  be i n t r o -  
duced in  the  p re s in t e r  f i r ing or the  f inal  s in ter ing .  
The effect of oxygen  on da rk  c u r r e n t  is of i m p o r -  
t ance  on ly  w h e n  long f ir ing t imes  are used. Some ad-  
v a n t a g e  m a y  be ga ined  if the  oxygen  con ten t  of the  
f ir ing is kep t  smal l  ( abou t  2% ). This  is in  a g r e e m e n t  
w i th  i m p r o v e m e n t  of pho toconduc t ive  charac te r i s -  
tics observed  w i t h  res t r i c t ive  f ir ings in  smal l  vo l -  
umes.  However ,  condi t ions  close to o p t i m u m  are  
achieved s imply  b y  fir ing in  air  in a smal l  e lectr ic  
muffle f u r n a c e  for a t ime  and  at  the  t e m p e r a t u r e  i n -  
d icated ear l ier .  
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A n  a t m o s p h e r e  r i ch  in  c a d m i u m  c h l o r i d e  or  some 
o t h e r  c h l o r i d e - c o n t a i n i n g  c o m p o u n d  is also n e c e s -  
s a r y  in  t he  f a b r i c a t i o n  of a sens i t i ve  p h o t o c o n d u c t i n g  
l aye r .  W h e n  the  m a j o r  p o r t i o n  of t he  h a l i d e  is r e -  
m o v e d  b y  r e p e a t e d  w a s h i n g  of an  a c t i v a t e d  c a d m i u m  
sulf ide  m a t e r i a l  ( p r e s i n t e r e d  o n l y )  u n t i l  t h e  w a s h  
l iqu id  s h o w e d  no tes t  for  ch lor ide ,  t he  r e s u l t a n t  
s i n t e r e d  l a y e r  was  p a l e  y e l l o w  in color,  p o w d e r y  in 
cha rac t e r ,  a n d  low in p h o t o c o n d u c t i v e  c h a r a c t e r i s -  
t ics .  H o w e v e r ,  th is  s ame  l a y e r  m a y  be  m a d e  sens i -  
t ive  b y  r e s i n t e r i n g  in a c losed  v o l u m e  w i t h  c a d m i u m  
ch lo r ide  c r y s t a l s  a d d e d  to p r o v i d e  a su i t ab l e  a t m o s -  
phe re .  A s im i l a r  effect m a y  be  a c h i e v e d  if t h e  l a y e r  
w e r e  e x p o s e d  to a h y d r o g e n  ch lo r ide  a t m o s p h e r e  
p r i o r  to r e s in t e r ing .  The  r e s i n t e r e d  l a y e r  was  no t  
o n l y  pho toconduc t ive ,  bu t  also t h e  b o d y  co lor  was  
n e a r l y  i den t i ca l  to t h a t  of t he  control .  

Discussion of Results 
S i n t e r e d  l a y e r s  of c a d m i u m  sulf ide  p h o t o c o n d u c t o r  

( c oppe r  c h l o r i d e - c o a c t i v a t e d )  can  be  p r e p a r e d  w i t h  
a s e n s i t i v i t y  r a t i o  ( r a t i o  of p h o t o c u r r e n t  a n d  d a r k  
c u r r e n t  a f t e r  30 sec) of 107. In  gene ra l ,  such l a y e r s  
h a v e  c h a r a c t e r i s t i c s  qu i t e  s im i l a r  to  those  r e p o r t e d  
w i t h  r e spec t  to the  s ingle  c rys ta l s .  The  s i n t e r e d  l a y e r  
cha r ac t e r i s t i c s  are,  h o w e v e r ,  d i r e c t l y  d e p e n d e n t  on 
the  m e t h o d  of p r e p a r a t i o n  and  the  g e o m e t r y  of t h e  
s y s t e m  in w h i c h  the  l a y e r  is used.  

In  the  s y s t e m  chosen  for  i nves t iga t ion ,  a s y s t e m  
w h i c h  is of p r a c t i c a l  a p p l i c a t i o n  to dev ice  m a n u -  
f ac tu re ,  t he  two  su r faces  have  been  s h o w n  to be  
c h e m i c a l l y  and  p h y s i c a l l y  qu i t e  d i f fe ren t ,  and  h e n c e  
the  op t i ca l  a n d  e l ec t r i ca l  r e sponses  a r e  d e p e n d e n t  on 
t h e  g e o m e t r y  of exc i t a t ion .  These  v a r i a t i o n s  m a y  be  
e x p l a i n e d  b y  d i f fe rences  in  t he  r e l a t i v e  a c t i v a t o r -  
c o a c t i v a t o r  concen t ra t ions .  D u r i n g  s in te r ing ,  t he  
h a l i d e  c o a c t i v a t o r  is vo l a t i l i z ed  q u i t e  r ead i ly .  Be -  
cause  of t he  l a r g e  excess  of c a d m i u m  c h l o r i d e  u sed  
in  f o r m u l a t i o n ,  t h e r e  is suff icient  h a l i d e  a v a i l a b l e  so 
t h a t  some wi l l  r e m a i n  w i t h i n  t he  p h o t o c o n d u c t i n g  
m a t e r i a l  i t se l f  as w e l l  as  in t h e  a t m o s p h e r e  s u r -  
r o u n d i n g  the  m a t e r i a l .  D u r i n g  s in te r ing ,  t he  h a l i d e  
vo la t i l i ze s  e v e n l y  t h r o u g h o u t  t he  l aye r .  Once  th i s  
h a l i d e  has  d i f fused  to t he  sur face ,  h o w e v e r ,  i t  e s -  
capes  in to  the  a t m o s p h e r e .  Thus  the  su r f ace  of t h e  
l a y e r  m a y  be  cons ide r ed  as a d i f fus ion  b o u n d a r y  
b e t w e e n  an  a t m o s p h e r e  of low ch lo r ide  c o n c e n t r a -  
t ion  and  the  r e l a t i v e l y  c h l o r i d e - r i c h  c a d m i u m  su l -  
fide bu lk .  Upon  cooling,  some h a l i d e  is r e a b s o r b e d  b y  
the  su r f ace  of the  l aye r .  Such  p rocesses  cou ld  e x -  
p l a i n  a c o n c e n t r a t i o n  v a r i a t i o n  of h a l i d e  across  t he  
l aye r .  D u r i n g  the  s i n t e r i ng  the  coppe r  c o n c e n t r a t i o n  
w o u l d  s i m p l y  e q u i l i b r a t e  t h r o u g h o u t  t h e  l a y e r  s ince  
c o p p e r  is no t  v o l a t i l e  a t  the  s i n t e r i n g  t e m p e r a t u r e s .  

E x p e r i m e n t a l l y ,  t he  ease  of m i g r a t i o n  of t h e  c h l o -  
r i de  ion out  of t he  c a d m i u m  sulf ide l a t t i c e  has  been  
shown  b y  the  success fu l  r e a c t i v a t i o n  of a n o n p h o t o -  
conduc t i ve  ( c h l o r i d e - f r e e )  CdS b y  m e a n s  of a s i m -  
p l e  e x p o s u r e  to c a d m i u m  ch lo r ide  or  h y d r o g e n  ch lo -  
r i d e  vapors .  T h e  u n e v e n n e s s  of r e a b s o r p t i o n s  of t h e  
c o a c t i v a t o r  d u r i n g  cool ing  is i n d i c a t e d  bo th  b y  t h e  
d i f fe rence  in color  b e t w e e n  the  two  l a y e r  su r f aces  
( e s p e c i a l l y  at  h i g h e r  coppe r  c o n c e n t r a t i o n s )  a n d  b y  

the  d e p e n d e n c e  of th is  b o d y  color  v a r i a t i o n  on the  
t h i cknes s  of t he  l aye r .  

A s s u m i n g  t h a t  s i n t e r i n g  u n d e r  t he  cond i t ions  used  
does  r e su l t  in a d i f fe rence  in  c o a c t i v a t o r  concen -  
t r a t i o n  w i t h i n  t he  l aye r ,  t he  s p e c t r a l  r e s p o n s e  cu rves  
m a y  be  e x p l a i n e d  u t i l i z ing  d a t a  o b t a i n e d  in  s i ng l e -  
c r y s t a l  work .  

Wood  (14) a s c r i b e d  the  s p e c t r a l  r e sponse  p e a k  a t  
520 m~ to a s t i m u l a t i o n  of p h o t o c o n d u c t i o n  r e s u l t i n g  
f r o m  l a t t i ce  de fec t s  in t he  c r y s t a l  a s soc i a t ed  w i t h  
p r e s e n c e  of ch lor ide .  The  700 m~ p e a k  on t h e  o t h e r  
hand ,  was  d i r e c t l y  a s soc ia t ed  w i t h  c o p p e r - t y p e  a c -  
t i ve  centers .  C o n s i d e r i n g  t h e  Is~ ~ s p e c t r a l  e n e r g y  
curves ,  t he  p e a k  is in  a l l  cases  a b o u t  625 m~. This  
t y p e  of c u r v e  could  r e su l t  f r o m  the  c o m b i n e d  effects 
of Cu and  C1 cen te rs .  I n c r e a s i n g  the  c o p p e r  c oncen -  
t r a t i o n  shou ld  h a v e  l i t t l e  or  no effect on the  pos i -  
t ion  of the  p e a k  r e sponse  p r o v i d e d  t h a t  t h e r e  is 
sufficient  ch lo r ide  to keep  the  r e l a t i v e  r a t i o  of cop-  
p e r  to ch lo r ide  cen te r s  cons tan t .  The  c o n s t a n c y  of 
r a t i o  w o u l d  be  d e p e n d e n t  t hen  on the  i n i t i a l  c o m -  
pos i t i on  of t he  p h o t o c o n d u c t o r  b lend ,  t he  t h i cknes s  
of t he  l aye r ,  a n d  d u p l i c a t i n g  of f i r ing t i m e s  and  t e m -  
p e r a t u r e s  of l a y e r .  

W i t h  r e spe c t  to t he  a i r - p h o t o c o n d u c t o r  i n t e r f a c e  
( I ~ ) ,  t he  s p e c t r a l  r e sponse  is f o u n d  to sh i f t  t o w a r d  
t h e  l o n g e r  w a v e  l e n g t h s  w i t h  i nc rea s ing  coppe r  con-  
cen t r a t ion .  A g a i n  a p p l y i n g  the  w o r k  of Wood,  i t  m a y  
be a s s u m e d  tha t  th is  sh i f t  is t he  r e su l t  of a h i g h e r  
r a t i o  of Cu to C1 t y p e  centers .  This  i nc rea se  in Cu 
ove r  C l - t y p e  cen te r s  w o u l d  be  t he  r e su l t  of t he  
l o w e r  ch lo r ide  c o n c e n t r a t i o n  ex i s t i ng  a t  t he  sur face .  
A c c o m p a n y i n g  th is  i nc rea se  in  t he  r e l a t i v e  n u m b e r  
of c o p p e r - t y p e  cen te r s  w i t h  r e spe c t  to  t he  c h l o r i d e -  
t y p e  cen te r s  w i l l  be  a d e e p e n i n g  in  t he  b o d y  color  
of t he  sur face .  This  b o d y  color  sh i f t  r e su l t s  in  a m o r e  
efficient  a b s o r p t i o n  of  l o n g e r  w a v e  l e ng th s  which ,  
c o m b i n e d  w i t h  t h e  g r e a t e r  e f fec t iveness  of a c t i v a t i o n  
due  to h i g h e r  coppe r  cen t e r  concen t r a t ion ,  f u r t h e r  
shi f ts  t he  spec t r a l  r e sponse  p e a k  t o w a r d  the  red.  The  
coppe r  c e n t e r  c o n c e n t r a t i o n  is no t  e n t i r e l y  d e p e n d -  
en t  on in i t i a l  coppe r  c o n c e n t r a t i o n  b u t  is i n t e r r e -  
l a t e d  to ch lo r ide  concen t r a t ion .  

T h e  d a r k e n i n g  of t he  b o d y  color  a s soc ia t ed  w i t h  
i nc r e a s ing  coppe r  o b s e r v e d  p r i m a r i l y  at  t h e  a i r  
p h o t o c o n d u c t o r  i n t e r f a c e  i n t r o d u c e s  t he  p o s s i b i l i t y  
of af fec t ing  the  pos i t i on  of t he  spec t r a l  r e sponse  p e a k  
b y  a s imp le  f i l t e r ing  act ion,  i.e., m o d i f y i n g  the  c o m -  
pos i t i on  of the  a c t i v a t i n g  r a d i a t i o n  r e a c h i n g  t h e  p o r -  
t ion  of  t h e  l a y e r  i n v o l v e d  in  t he  c o n d u c t a n c e  m e a s -  
u r e m e n t s  b y  o t h e r  po r t i ons  of t he  l a y e r  w h i c h  a re  
no t  i n v o l v e d  a t  a l l  or  to a m u c h  l e sse r  degree .  

The  g r e a t e s t  effect of th i s  f i l t e r ing  ac t ion  is o b -  
s e r v e d  in t he  s p e c t r a l  r e sponse  cu rves  of  IsA ~ and  Is~ ~ 
t y p e  pho toconduc t ion .  In  t hese  cases  t he  mos t  effec-  
t i ve  w a v e  l e n g t h  w i l l  be  t h a t  w h i c h  can  p e n e t r a t e  
t h r o u g h  a lmos t  t he  en t i r e  l a y e r  and  a c t i v a t e  t h a t  
p a r t  of t he  l a y e r  in t h e  r e g i o n  of t h e  e l ec t rodes  on 
t h e  su r f ace  oppos i t e  t he  i l l u m i n a t e d  sur face .  S ince  
the  l o n g e r  w a v e  l e ng th s  a r e  m o r e  p e n e t r a t i n g ,  t he  
p e a k  spec t r a l  r e sponse  as m e a s u r e d  b y  t h e s e  con-  
d u c t a n c e s  wi l l  be  f u r t h e r  t o w a r d  the  r e d  t h a n  the  
p e a k  responses  of t he  o the r  conduc tances .  In  I~, ~ and  
I ~  ~ m e a s u r e m e n t s  t he  ea s i l y  a b s o r b e d  s h o r t e r  w a v e  
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leng ths  wi l l  be f i l tered out  by  tha t  por t ion  of the 
l aye r  which  is least  effective in  c o n t r i b u t i n g  to the  
conductance .  I t  wi l l  be no ted  tha t  the  peaks  of the  
spect ra l  responses  Is~ A and  Is~ ~ do in  fact  occur at  
longer  wave  lengths .  The v o l u m e  conduc tance  is also 
d e p e n d e n t  on the  body  color of the  l ayer  b u t  to a 
s l ight ly  lesser ex ten t  t h a n  in  the above s i tuat ion.  In  
this  case l ight  absorbed  by  any  pa r t  of the  l ayer  can  
con t r ibu t e  effect ively to the  v o l u m e - l i k e  photocon-  
duct ion.  The  peak  response  of these  spect ra l  r e -  
sponse curves  lies r ough ly  b e t w e e n  the  two types  of 
surface  conduc t ion  responses.  
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ABSTRACT 

The equi l ibr ium pr imary  phases that  precipitate from cryol i te -a lumina  
melts are cryolite, to the left of the eutectic, and corundum, to the r ight  of the 
eutectic. No solid solubili ty of a lumina  in  the cryolite phase was found. Evi-  
dence is presented in the form of photomicrographs and x - r ay  powder pat terns 
that  a new a lumina  phase is obtained by extremely rapid quenching of the 
liquid. The x - ray  pa t te rn  of this phase is similar to the a luminum silicate, mul -  
lite. It is thought to result  from the disproport ionation of an oxyfluoride com- 
plex in  the melt  and is perhaps a skeletal a r rangement  with some of the char-  
acteristics of the oxyfluoride precursor. This new a lumina  phase is metastable 
and t ransforms through e ta -a lumina  to corundum on heating. 

A l though  q u e n c h i n g  methods  are  wel l  es tab l i shed  
and  have  been  used ex tens ive ly  to e luc ida te  the  
phase  re la t ionsh ips  in  m a n y  n o n m e t a l l i c  systems,  
l i t t le  use has been  made  of the  t echn ique  in  s tudies  
of the  a l u m i n a - c r y o l i t e  system. 

Z in t l  and  Morawie tz  (1) r epor ted  tha t  x - r a y  pow-  
der  pa t t e rn s  showed only  cryol i te  in  quenched  c ryo-  
l i te  fus ion  p roduc t s  con ta in ing  5 and  10% a lumina .  
S imi la r  expe r imen t s  w i th  15% a l u m i n a  quenches  
showed c o r u n d u m  as we l l  as cryoli te ,  ind ica t ing  t h a t  
the so lub i l i ty  l imi t  had  been  exceeded at the  t e m -  
p e r a t u r e  employed.  I t  is be l i eved  this  t e m p e r a t u r e  
was  a p p r o x i m a t e l y  1000 o C. Z in t l  and  Morawie tz  (1) 
also repor ted  tha t  the dens i t ies  of those quenched  
products  in  which  no c o r u n d u m  was found  were  
the same as cryolite.  Ca lcu la ted  densi t ies ,  based on a 

mechan ica l  m i x t u r e  a nd  the  two types  of solid so lu-  
t ion, ru l ed  out  all  bu t  the  p r i m a r y  or subs t i t u t i ona l  
solid so lu t ion  model .  Z in t l  r easoned  tha t  it was p r o b -  
ab ly  imposs ib le  to q u e n c h  fast  enough  f rom above 
the  l i qu idus  to p re se rve  the  molecu la r  a r r a n g e m e n t  
of t ha t  phase  field, and  tha t  w h a t  one ob ta ined  was  
someth ing  charac ter i s t ic  of a lower  t e m p e r a t u r e :  in  
this  case, a p r i m a r y  solid so lu t ion  w i t h  an  a l u m i n a  
d imer  (ALA106) subs t i tu t ed  for NajklF~ in  the  c ryo-  
l i te  lat t ice.  

G insbe rg  and  Bohm (2) repea ted  Z in t l ' s  e x p e r i -  
m e n t s  a n d  f ound  tha t  for a l u m i n a  con ten t s  less t h a n  
12%, x - r a y  showed on ly  cryol i te  in  bo th  s lowly 
cooled a nd  q u e n c h e d  samples.  However ,  an  a l u m i -  
n u m  sulfa te  ex t r ac t ion  gave q u a n t i t a t i v e  recovery  
of a l u m i n a  for the  s lowly  cooled spec imens  and  a 
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40% r e c o v e r y  for  the  q u e n c h e d  spec imens .  T h e y  
conc luded  t h a t  a l u m i n a  is in  sol id  so lu t ion  at  a con-  
c e n t r a t i o n  of 7 -8% in t he  q u e n c h e d  mel t .  

G r j o t h e i m  (3) o b t a i n e d  cool ing cu rves  for  m e l t s  
of s e v e r a l  compos i t i ons  f r o m  9 d o w n  to  5 % a l u m i n a  
at  a r a t h e r  s low cool ing  r a t e  of 0 .7~  Eu tec t i c  
ha l t s  w e r e  no ted  for  a l l  t hese  compos i t ions .  A t  2.5 %, 
t he  h a l t  was  not  e s t a b l i s h e d  def in i te ly .  G r j o t h e i m  
fe l t  th is  m i g h t  be  due  e i t h e r  to sol id  s o l u b i l i t y  or  to 
t he  s m a l l  a m o u n t  of eu tec t i c  w h i c h  fo rms  a t  th i s  
compos i t i on  p r o d u c i n g  an  u n d e c t a b l e  h e a t  effect. 

The  p u r p o s e  of t he  p r e s e n t  w o r k  is to d e t e r m i n e  
the  n a t u r e  of a l u m i n a  in  a l u m i n a - c r y o l i t e  m e l t s  
q u e n c h e d  f r o m  above  the  l iqu idus ;  to d e t e r m i n e  the  
e x t e n t  of so l id  so lu t ion  on the  low a l u m i n a  s ide  of 
t he  eu tec t ic ;  a n d  to o b t a i n  i n f o r m a t i o n  conce rn ing  
poss ib le  n e w  c o m p o u n d  f o r m a t i o n  on t h e  h i g h - a l u -  
m i n a  side of t he  eutec t ic .  This  is p a r t  of a l a r g e r  
p r o g r a m  u n d e r w a y  in t hese  L a b o r a t o r i e s  to  e l u c i d a t e  
t he  p h a s e  r e l a t i o n s h i p s  in t he  c r y o l i t e - a l u m i n u m  
sys tem.  

Experimental 
H a n d - p i c k e d  n a t u r a l  G r e e n l a n d  c ryo l i t e  was  e m -  

p loyed .  The  mos t  p r e v a l e n t  i m p u r i t i e s  a re :  s i l icon  
(SiO~) 0.14%, p o t a s s i u m  ( K F )  0.055%, ca l c ium 
( C a F )  0.01%, and  l i t h i u m  ( L i F )  0.035%. The  a l u -  
m i n a  used  was  Alcoa ,  A - 1 0  Grade .  The  mos t  c o m -  
m o n  i m p u r i t i e s  in  th is  m a t e r i a l  a re :  soda,  0.092%, 
a n d  si l ica,  0.19%. 

The  s t a r t i n g  m a t e r i a l s  w e r e  p r e p a r e d  b y  p r e -  
fus ing,  u n d e r  a rgon,  5 -g  m i x t u r e s  of c ryo l i t e  a n d  
a l u m i n a  in  a cove red  p l a t i n u m  c r u c i b l e  a t  1015 ~ 
----10~ The  fus ion  t e m p e r a t u r e  was  m a i n t a i n e d  for  
5 m i n  be fo re  s lowly  cool ing  to r o o m  t e m p e r a t u r e .  
W e i g h t  losses due  to m o i s t u r e  and  d e c o m p o s i t i o n  
w e r e  of t he  o r d e r  of 0.2%. The  fused  m a t e r i a l  was  
c r u s h e d  to pass  200 m e s h  and  t h e n  m i x e d  t h o r o u g h l y .  
Two  1-g  s a m p l e s  w e r e  a n a l y z e d  for  a l u m i n a  b y  e x -  
t r a c t i o n  w i t h  a ho t  a l u m i n u m  c h l o r i d e  solu t ion .  I f  
these  two  d e t e r m i n a t i o n s  a g r e e d  w i t h i n  t he  u s u a l  
e x p e r i m e n t a l  e r ror ,  t h e  gross  s a m p l e  qua l i f ied  as 
t he  source  m a t e r i a l  for  t he  20 m g  q u e n c h i n g  charge .  
P r e f u s i n g  of h igh  a l u m i n a  s amp le s  ( 1 4 - 1 8 % )  p r e -  
s en t ed  some diff iculty.  T e m p e r a t u r e s  h i g h e r  t h a n  
1015~ w o u l d  be n e c e s s a r y  to effect  c o m p l e t e  so lu -  
t ion.  H o w e v e r ,  c r y o l i t e  beg ins  to d e c o m p o s e  a b o v e  
th is  t e m p e r a t u r e ,  evo lv ing  NaAIF , ,  and  c o n s e q u e n t l y  
en r i ch ing  the  m e l t  in NaF.  I t  was  f o u n d  f r o m  d u -  
p l i c a t e  a l u m i n a  d e t e r m i n a t i o n s  of a n u m b e r  of d i f -  
f e r e n t  h igh  a l u m i n a  compos i t ions  t h a t  t he  fine 
g r i n d i n g  and  m e c h a n i c a l  h o m o g e n i z i n g  p rocedu re ,  
a f t e r  p a r t i a l  fus ion  a t  1015~ w a s  ef fec t ive  in  o b -  
t a i n i n g  a u n i f o r m  d i s t r i b u t i o n  of u n r e a c t e d  and  p r e -  
c i p i t a t e d  a lumina .  

Quenching Procedure 

S m a l l  p l a t i n u m  tubes ,  3 - m m  ID w i t h  0 .01 -mm 
wal l ,  w e r e  cut  to l e n g t h s  of a p p r o x i m a t e l y  1.5 cm. 
One  end was  c r i m p e d  shu t  and  fused  w i t h  a B u r r e l l  
" K u p - L - W e l d "  T h e r m o c o u p l e  W e l d e r ,  and  20 m g  of  
a p re fused ,  h o m o g e n i z e d  a l u m i n a - c r y o l i t e  c o m p o s i -  
t ion  was  l o a d e d  into  t he  tube .  The  t u b e  was  f l a t t ened  
to r e m o v e  some of t he  a i r ;  t hen  the  open  end  was  
a r c e d  shut .  The  t u b e  was  i n se r t ed  into  a p l a t i n u m  
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Fig. 1. Va r ia t i on  o f  the quenched l iqu id index o f  re f rac t ion  
wi th a lumina  content .  

Fig. 2. Quenched liquid, 5% AI~08. X250 

foi l  enve lope ,  w h i c h  was  t h r e a d e d  w i t h  a p l a t i n u m  
fuse  wi re ,  a n d  s u s p e n d e d  f r o m  two h o o k e d  con-  
duc to r s  w i t h i n  1 m m  of a c a l i b r a t e d  p l a t i n u m ,  p l a t i -  
n u m - 1 0 %  r h o d i u m  t h e r m o c o u p l e  (4) .  This  a s s e m b l y  
was  i n s e r t e d  in to  a p l a t i n u m - w o u n d  r e s i s t ance  f u r -  
nace .  

The  c o m p l e t e  l iqu i f i ca t ion  of a l l  compos i t ions  was  
i n s u r e d  b y  i n i t i a l l y  t r e a t i n g  the  s a m p l e s  at  l l 0 0 ~  
for  30 min .  F o l l o w i n g  th is  h e a t  t r e a t m e n t ,  t h e  t e m -  
p e r a t u r e  was  l o w e r e d  s l o w l y  to, and  c o n t r o l l e d  at,  
t he  l eve l  r e q u i r e d  for  t ha t  p a r t i c u l a r  i nves t iga t ion .  
Tha t  t e m p e r a t u r e  was  m a i n t a i n e d  for  a p e r i o d  of 
t i m e  sufficient to e s t ab l i sh  c h e m i c a l  a n d  p h y s i c a l  
e q u i l i b r i u m .  The  s a m p l e  w a s  r e l e a s e d  f r o m  t h e  h o t -  
zone of the  f u r n a c e  into  a quench ing  m e d i u m  b y  
r u n n i n g  c u r r e n t  t h r o u g h  t h e  hooked  leads ,  t h e r e b y  
m e l t i n g  the  fuse  wi re .  The  o p t i m u m  t i m e  at  t e m p e r -  
a t u r e  was  d e t e r m i n e d  b y  e x p e r i e n c e  a f t e r  m i c r o -  
scopic  e x a m i n a t i o n  of a n u m b e r  of samples .  

The  index  of r e f r a c t i o n  of  t h e  v a r i o u s  p h a s e s  was  
obse rved ,  us ing  the  Becke  l ine  me thod .  P o s i t i v e  
iden t i f i ca t ion  was  m a d e  f r o m  x - r a y  p o w d e r  d i f f r ac -  
t ion  pa t t e rn s .  

Results and Discussion 
X - r a y  p o w d e r  d i f f r ac t ion  p a t t e r n s  of c r y o l i t e -  

a l u m i n a  m e l t s  h a v i n g  a l u m i n a  con ten t s  r a n g i n g  
f r o m  5-18.5%,  q u e n c h e d  f r o m  above  t h e  l iqu idus ,  
s h o w e d  on ly  c r y o l i t e  l ines.  These  o b s e r v a t i o n s  w e r e  
in a g r e e m e n t  w i t h  those  of Z i n t l  and  M o r a w i e t z  (1)  
and  G i n s b e r g  and  B o h m  (2) .  H o w e v e r ,  t he  r e f r a c -  
t i ve  i n d e x  i nc r ea sed  w i t h  i n c r e a s e d  a l u m i n a  con ten t  
(F ig .  1),  t hus  a p p e a r i n g  to c o n t r a d i c t  x - r a y  f indings,  
w h i c h  s h o w e d  a cons t an t  p a r a m e t e r  r e g a r d l e s s  of 
a l u m i n a  content .  The  q u e n c h e d  l iqu id  p a r t i c l e s  w e r e  
qu i t e  opaque  and  h a d  a fine mosa ic  c r y s t a l l i n e  s t r u c -  
t u r e  (Fig .  2) .  This  f e a t u r e  p r o h i b i t e d  o b t a i n i n g  a 
v e r y  p rec i se  index .  Neve r the l e s s ,  t he  i nc rea se  in r e -  
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Fig. 3. Primary phase cryolite-quenched liquid, 5% Al=03. 
X210. 

Fig. 4 Sub-solidus cryolite and alumina, 5% AI=03. X210 

f ract ive  index above tha t  of cryol i te  (1.339) was 
pronounced and nea r ly  l inear  wi th  a lumina  content.  

If, as Zint l  and Ginsberg  suggested and the ear ly  
phase d iagram of Roush and Miyake  (5) would p r e -  
dict, the p r i m a r y  phase on the low a lumina  side of 
the eutectic is a solid solution containing be tween  7 
and 11% alumina,  the index of re f rac t ion  of tha t  
phase should be significantly grea te r  than  tha t  of 
cryoli te.  The indices of re f rac t ion  of the two phases 
present  in quenches or iginat ing s l ight ly  below the 
l iquidus along the 5% a lumina  isopleth indicated 
tha t  the  p r i m a r y  phase is cryol i te  ( the we l l - fo rmed  
clear  crysta ls  in Fig. 3). The dark,  mosaic, quenched 
l iquid par t ic les  const i tute the o ther  equi l ib r ium 
phase. Quenches or ig inat ing  f rom lower  and lower  
t empera tu res  showed an increasing amount  of c ryo-  
li te crystals ,  as would be expected f rom the lever  
a rm principle.  Quenches f rom below the eutectic 
bounda ry  ( app rox ima te ly  960~ showed micro-  
scopical ly two equi l ib r ium solid phases (Fig. 4). 
One phase  ( immedia te ly  above the  crosshair)  1 is 
cryol i te  tha t  prec ip i ta tes  below the l iquidus and con- 
t inues to do so unt i l  the  composit ion of the  l iquid 
and the t empe ra tu r e  of the mel t  are  such (eutect ic  
point)  that  a second solid phase (fiat p la te  immedi -  
a te ly  at  the crosshair)  commences to form. The second 
phase had  the re f rac t ive  index of corundum. A dens i ty  
separa t ion  was per formed  on a sample quenched 
from just  below the eutectic boundary .  Methylene  
iodide, wi th  a dens i ty  of 3.33, was used as the sepa-  
ra t ing  medium. X - r a y  analyses  showed tha t  the 
l ight  f ract ion was p r inc ipa l ly  cryol i te  and the heavy  
fract ion p r inc ipa l ly  corundum. 

Quenches along an isopleth on the high a lumina  
side of the eutectic showed microscopical ly,  and by  

1 T h e  f o c u s  of  t h i s  p a r t i c l e  w a s  s ac r i f i c ed  in  o r d e r  to  o b t a i n  a 
d e f i n i t i o n  of t h e  f la t  c o r u n d u m  p l a t e  a t  t h e  c r o s s h a i r s .  

x - r a y ,  tha t  the p r i m a r y  phase par t ic le  is corundum. 
This was consistent wi th  the preceding observat ion 
tha t  corundum appears  below the solidus on the 
low a lumina  side of the eutectic. It is significant tha t  
x - r a y  diffraction techniques were  not  sensit ive 
enough to show corundum in a specimen s imi lar  to 
tha t  shown in Fig. 4. This could expla in  why  Gins-  
berg, employing  only x - r a y  techniques, was unable  
to observe corundum in e i ther  s lowly cooled or 
quenched samples of low a lumina  content.  

Thus it appears  possible to quench f rom above the 
l iquidus and preserve  a phase  tha t  is not charac-  
ter is t ic  of anyth ing  tha t  occurs at  lower  t e m p e r a -  
tures  in the diagram.  Attent ion,  therefore,  is focused 
on the na tu re  of a lumina  as it  exists in the sample 
quenched f rom above the l iquidus.  

The genera l  consensus in the l i t e r a tu re  favors 
some sort of react ion be tween  a lumina  and cryol i te  
in the  mol ten  s ta te  to produce  oxyfluoride complexes 
or a luminates ,  or both. For  example,  Treadwel l  (6) 

proposed (F~AIO~A1F2):; Gruner t  (7),  A1OF5 ~- and 
A1OF3:; Boner  (8),  AlOFt-; Rolin (9),  A102- and 
A10*; and For land,  et al., (10), A102F~---. 

Edwards ,  et al. (11) made  densi ty  measurements  
on melts  over a range  of compositions above the 
liquidus. These measurements  showed that ,  as the 
a lumina  content  increased,  the densi ty  of the mel t  
decreased s teadi ly  below tha t  of cryol i te  towards  a 
minimum, indicat ing a chemical  interact ion.  F r a n k  
and Fos ter  (12), employing  radioac t ive  a luminum, 
demons t ra ted  the  complete  exchange be tween the 
a luminum atoms of cryol i te  and a lumina  on fusion. 
This would not occur if a lumina  s imply dissolved 
wi thout  ionization or dissociation in cryolite.  The 
same workers  (13) made dens i ty  calculat ions using 
var ious  possible react ion schemes to get  a fit wi th  
Edwards '  densi ty  curve. The best fit was obtained 

Fig. 5. Mullitized alumina, extracted from quenched liquid. 
X210. 

Fig. 6. X-ray powder diffraction patterns of (a) (top) mul- 
lite, 3AI203 �9 2SiO~, (b) (bottom) m-alumina. 



974 JOURNAL OF THE ELECTROCHEMICAL SOCIETY November 1959 

Table I. d Values and relative line intensities Table II. X-ray analyses of heated m-alumina 

X - r a y  analysis  
of the  s ta r t ing  He a t i ng  X - r a y  analys is  

mater ia l s  condit ions a f te r  hea t ing  

m-A1208 Mullite,  3A1203.2SiOe 

Line Line  
No. d, A I/Io No. d, A I[Io 

1 5.45 V. stg. 1 5.42 Med. 
2 3.47 V. stg. 2 3.42 V. stg. 
3 2.92 Med. wk. 3 2.90 Med. wk. 
4 2.72 Stg. 4 2.72 Med. 
5 2.59 Stg. 5 2.56 Med. 

6 2.46 V. wk. 6 2.44 Wk. 
7 2.34 Stg. 7 2.30 Med. wk. 
8 2.24 Stg. 8 2.22 Stg. 
9 2.15 Med. 9 2.13 Med. wk. 

10 2.06 V. wk. 10 1.89 Wk. 

11 1.99 V. wk. 11 1.845 Med. wk. 
12 1.88 Med. wk. 12 1.71 Med. 
13 1.73 Med. 13 1.70 Med. 
14 1.61 Med. wk. 14 1.60 Med. 
15 1.55 Med. stg. 15 1.58 Wk. 

16 1.492 Wk. 16 1.522 Stg. 
17 1.461 Wk. 17 1.46 Med. wk. 
18 1.41 V. wk. 18 1.445 Med. 
19 1.346 Wk. 19 1.426 Wk. 
20 1.288 Med. stg. 20 1.409 Med. 

w i th  an  e q u i l b r i u m  b e t w e e n  Na,A1F,, NaA1F~, NaF, 
Na~A10,F~, and  NaA10,. 

The  ident i f ica t ion of the  p r i m a r y  phase  on the  
h igh a l u m i n a  side of the  eutect ic  as c o r u n d u m  ru les  
out  the  poss ib i l i ty  of a s table  solid oxyf luor ide  com-  
pound.  X - r a y  powder  pa t t e rn s  of the  quenched  l i q -  
u id  showed on ly  cryoli te ,  i m p l y i n g  tha t  the  oxyf luo-  
r ides  are too u n s t a b l e  to r e t a in  the i r  conf igura t ion  
on quench ing ,  or are no t  p resen t  in  sufficient 
a m o u n t s  for detect ion.  Of p a r t i c u l a r  in teres t ,  then ,  is 
the  s t ruc tu r a l  fo rm of the  a l u m i n a  in  the  quenched  
l iqu id  part icles .  

The  q u a n t i t a t i v e  separa t ion  of a l u m i n a  in  a l u -  
m i n a - c r y o l i t e  fus ion  p roduc t s  cus tomar i l y  is p e r -  
fo rmed  by  leaching  wi th  hot, 30%, a l u m i n u m  chlo-  
r ide  solut ion,  fol lowed by  repea ted  wash in g  and,  
f inally,  ign i t ion  of the  res idue  at l l 0 0 ~  This  p ro -  
cedure  yie lds  a l u m i n a  conten ts  w i th  a precis ion of 
•  w i th  a 1-g sample.  Wi th  m i n o r  modificat ions,  
sa t is factory  precis ion was also ob ta ined  wi th  the  
smal l  samples,  w h e t h e r  quenched  or s lowly  cooled. 
X - r a y  dif f ract ion p a t t e r n s  of the  ign i ted  res idues  
i n v a r i a b l y  showed la rge  p ropor t ions  of co rundum,  
w i th  smal l  a m o u n t s  of be t a -  and  z e t a - a l u m i n a ,  and,  
occasional ly,  o ther  forms.  To r e t a i n  the  a l u m i n a  
s t ruc tu re  as it  exis ted in  the  quenched  l iquid,  the  
ign i t ion  step was  e l imina ted .  

The  x - r a y  pa t t e rn s  of the  ex t r ac t ion  res idues  
showed a la rge  a m o u n t  of m a t e r i a l  t ha t  was s imi la r  
to the  a l u m i n u m  silicate, mul l i t e ,  3A1,O~. 2SiO2, a nd  
a smal l  a m o u n t  of m a t e r i a l  r e s e m b l i n g  the  l i t h i u m -  
con ta in ing  z e t a - a l u m i n a ,  a l though,  in  this  case, t he  
m a t e r i a l  was  l i t h i u m  free. This  was  t rue ,  regard less  
of the  a l u m i n a  content ,  w i t h i n  the  concen t r a t i on  
r ange  of the  exper imen t s .  F igu re  6 compares  Debye  
pa t t e rn s  of the  m u l l i t e - l i k e  a l u m i n a  (he rea f t e r  r e -  
fe r red  to as m - a l u m i n a  for conven ience )  and  t r u e  
mul l i te .  Tab le  I lists the  d va lues  and  re la t ive  l ine  
in tensi t ies .  

m - A l u m i n a  250~ 1 hr m - A l u m i n a  

m - A l u m i n a  300~ 1 hr  m-Alumina ;  
e ta -a lumina  

m - A l u m i n a  600~ 1 hr  m-Alumina ;  
e ta -a lumina  

m - A l u m i n a  650~ 1 hr E ta -a lumina  

m - A l u m i n a  700~ 1 hr E ta -a lumina  

m - A l u m i n a  750 ~ 1 hr E ta -a lumina ;  
corundum 

m - A l u m i n a  775~ 1 hr Corundum 

The  a l u m i n u m  chlor ide ex t r ac t ion  res idues  for 
composi t ions  on the  h igh a l u m i n a  side of the  eu tec -  
tic, bu t  o r ig ina t ing  at a t e m p e r a t u r e  be low the 
l iquidus ,  con ta ined  a m i x t u r e  of m - a l u m i n a  and  
co rundum.  C o r u n d u m  is the  p r i m a r y  phase  in  this  
region  of the  phase  d iagram.  Ex t r ac t ion  res idues  of 
samples  quenched  f rom be low the  l iqu idus  on the  
low a l u m i n a  side of the  eutect ic  con ta ined  on ly  the  
m - a l u m i n a .  The p r i m a r y  phase  in  this  region,  c ryo-  
lite, is soluble  in  hot  a l u m i n u m  chlor ide solut ion.  
Residues  f rom quenches  o r ig ina t ing  be low the  soli-  
dus, regard less  of the i r  composi t ion  re la t ive  to the  
eutectic,  con ta ined  on ly  c o r u n d u m ,  ind ica t ing  tha t  
the a m o u n t  of m - a l u m i n a  p re sen t  is a f unc t i on  of 
the a m o u n t  of quenched  l iquid.  

T r u e  mu l l i t e  (3A1~O3.2SiO~) conta ins  13.2% sil i-  
con. Qua l i t a t i ve  spectroscopic ana lys i s  of the  m - a l u -  
m i n a  showed a si l icon concen t r a t i on  n e a r  1%. This  
can be accounted  for by  the  a c c u m u l a t i o n  of the  s i l i -  
con p re sen t  in  the  or ig ina l  cryol i te  and  a lumina .  I t  
is no t  enough,  of course, to account  for the  s imi l a r i t y  
to t r u e  mul l i te .  

The  m - a l u m i n a  was  hea ted  at  var ious  t e m p e r a -  
tu res  to d e t e r m i n e  its s tabi l i ty .  Tab le  II  l ists the  r e -  
sults  of x - r a y  ana lyses  of these  mater ia l s .  The con-  
vers ion  of m - a l u m i n a  to c o r u n d u m  on hea t ing  d e m -  
ons t ra tes  tha t  it  is a me ta s t ab l e  phase. 

Genera l ly ,  x - r a y  analys is  was  too insens i t ive  to 
detect  m - a l u m i n a  in  the  quenched  l iquid.  I ts  oc- 
cas ional  de tec t ion  demons t r a t ed ,  however ,  t ha t  the  
m - a l u m i n a  is a componen t  of the  quenched  l iqu id  
and  was  no t  p roduced  d u r i n g  the  a l u m i n u m  chlor ide  
ext rac t ion .  A re f rac t ive  index  of 1.604 • 0.016 was  
d e t e r m i n e d  for the  ex t rac ted  m - a l u m i n a .  A more  
precise d e t e r m i n a t i o n  was no t  possible because  of 
the  e x t r e m e l y  fine par t ic le  size of the p rec ip i ta te  
(Fig. 5). 

Conclusions 

The  fol lowing is offered to exp la in  the  obse rva -  
t ions  of this  work.  A l u m i n a  dissolves in  cryol i te  by  
a reac t ion  m e c h a n i s m  to p roduce  one or more  species 
(pe rhaps  oxyfluorides)  tha t  are  s table  on ly  in  the 
melt .  These compounds  d i sp ropor t iona te  on equ i l i b -  
r i u m  freezing to cryol i te  and  c o r undum,  wh ich  t h e n  
are s table  to room t e m p e r a t u r e .  On the  cryol i te  
side of the  eutectic,  cryol i te  freezes as the  p r i m a r y  
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phase .  I f  t he  l i q u i d  is r a p i d l y  quenched ,  h o w e v e r ,  
t h e r e  is insuff ic ient  t i m e  for  t he  a l u m i n a  f r o m  t h e  
d i s p r o p o r t i o n a t i o n  to r e c r y s t a l l i z e  as  c o r u n d u m .  
Ra the r ,  i t  a s sumes  the  m u l l i t e - l i k e  conf igura t ion ,  
w h i c h  t e n t a t i v e l y  m i g h t  be  cons ide red  a s k e l e t a l  a r -  
r a n g e m e n t  h a v i n g  some  character is t ics  of i ts  o x y -  
f luor ide  p recu r so r .  The  q u e n c h e d  l i qu id  is t hus  an  
i n t i m a t e  m e c h a n i c a l  m i x t u r e  of c ryo l i t e  and  m - a l u -  
m i n a  w i t h  a n  o b s e r v a b l e  r e f r a c t i v e  i n d e x  t h a t  is 
a c t u a l l y  an  a v e r a g e  i n d e x  of the  two  phases ,  t a k e n  
in a p p r o p r i a t e  p ropo r t i ons .  

Manuscr ip t  rece ived  Sept.  9, 1958. 

A n y  discussion of this paper  wil l  appear  in a Discus-  
sion Section to be publ i shed  in the June  1960 JOURNAL. 
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A Study of the Iodide Niobium Process 
Robert F. Rolsten l 

Eastern Laboratory,  E. I. du Pont de Nemours  & Company,  Gibbstown,  N e w  Jersey  

ABSTRACT 

I t  was es tabl i shed  tha t  the  ra te  of deposi t ion of n iobium by the t he rma l  de -  
composit ion of n iobium iodides can be expressed in units  of moles of n iobium 
deposi ted per  uni t  length  of a deposi t ion e lement  per  uni t  of t ime. The ra te  
of deposi t ion of n iobium was s tudied (a) wi th  deposi t ion t empera tu re s  f rom 
750 ~ to 1100~ (b) wi th  feed ma te r i a l  t empera tu re s  f rom 240 ~ to 470~ and 
(c) wi th  crude n iobium wi th  different  surface areas. 

V a n  A r k e l  (1) p r e p a r e d  s ingle  c r y s t a l  t u n g s t e n  
rods  b y  the  t h e r m a l  d e c o m p o s i t i o n  of t u n g s t e n  h e x a -  
ch lo r ide  on a r e s i s t i v e l y  h e a t e d  w i r e  in  an  e v a c u a t e d  
f lask in 1923. V a n  A r k e l ,  deBoer ,  and  F a s t  (2 -7 )  
s u b s e q u e n t l y  e x t e n d e d  the  t e c h n i q u e  to t h e  p r e p -  
a r a t i o n  of o t h e r  m e t a l s  f r o m  t h e i r  vo l a t i l e  ha l ides .  
T h e  m e t a l  iod ides  h a v e  b e e n  used  e x t e n s i v e l y  s ince  
t h e y  e x h i b i t  a low t h e r m a l  s t ab i l i t y .  In  add i t ion ,  
iod ine  is p a r t i c u l a r l y  w e l l  a d a p t e d  as  t he  bas i s  for  
such a p rocess  because  i t  r eac t s  r e a d i l y  w i t h  mos t  
e l e m e n t s  to  f o r m  c o m p o u n d s  w h i c h  a r e  m o d e r a t e l y  
s t ab l e  in  t he  v a p o r  s t a t e  and  w h i c h  d i s soc ia te  a t  a 
h igh  t e m p e r a t u r e .  F u r t h e r m o r e ,  iod ine  does  no t  r e -  
act  d i r e c t l y  w i t h  mos t  oxides .  

F a s t  (8)  s t u d i e d  the  r a t e  of f o r m a t i o n  of t i t a n i u m  
b y  the  t h e r m a l  d e c o m p o s i t i o n  of gaseous  t i t a n i u m  
iodides .  The  t e m p e r a t u r e  of t he  depos i t i on  e l e m e n t  
was  m a i n t a i n e d  c o n s t a n t  w h i l e  t he  t e m p e r a t u r e  of 
t he  f eed  m a t e r i a l  w a s  va r i ed .  The  depos i t i on  r a t e  
i nc r ea sed  f r o m  a m i n i m u m  at  r o o m  t e m p e r a t u r e  to a 
m a x i m u m  at  a b o u t  175~ d e c r e a s e d  to a second  m i n i -  
m u m  at  a b o u t  300~176 and  t hen  i n c r e a s e d  a g a i n  
to 520~ t h e  h i g h e s t  f eed  t e m p e r a t u r e  e m p l o y e d  in 
the  ser ies  of m e a s u r e m e n t s .  H o w e v e r ,  F a s t  (8)  
noted ,  f r o m  e x p e r i m e n t s  w h e r e  t he  depos i t i on  b u l b  
was  f a b r i c a t e d  f r o m  S u p e r m a x  glass,  t h a t  t he  d e -  
pos i t i on  r a t e  a t  a f eed  t e m p e r a t u r e  of  620~ w a s  
c o n s i d e r a b l y  h i g h e r  t h a n  a t  520~ F a s t  (7 ) ,  DSr ing  

1 P r e s e n t  addres s :  U.S.  B o r a x  R e s e a r c h  Corpo ra t i on ,  412 Crescen t  
Way ,  A n a h e i m ,  Ca l i fo rn i a .  

and  Mol i~re  (9 ) ,  a n d  E m e l y a n o v ,  B y s t r o v ,  and  
E v s t y u k h i n  (10) o b s e r v e d  a de pos i t i on  r a t e  of 
z i r c o n i u m  vs. b a t h  t e m p e r a t u r e  c u r v e  t h a t  w a s  s i m -  
i l a r  in  shape  to the  c u r v e  o b s e r v e d  b y  F a s t  (8)  for  
t i t a n i u m .  

I t  was  r e p o r t e d  (11) r e c e n t l y  t h a t  h i g h - p u r i t y  
n i o b i u m  2 cou ld  be  p r e p a r e d  b y  a n  iod ide  d e c o m p o s i -  
t ion  process .  The  p u r p o s e  of  t h e  i n v e s t i g a t i o n  r e -  
p o r t e d  h e r e  was  to  d e t e r m i n e  the  effect  t h a t  such 
fac to r s  as ( a )  depos i t i on  and  f eed  t e m p e r a t u r e s ,  
(b )  r e a c t i v i t y  of t h e  c r u d e  ( f eed )  n i o b i u m  to b e  
ref ined,  and  (c)  t he  p r e d o m i n a n t  gas  a n d  c o n d e n s e d  
sol id  p h a s e  spec ies  w o u l d  h a v e  on t h e  r a t e  of d e -  
pos i t i on  of n i o b i u m .  

Experimental 
The  depos i t i on  un i t  e m p l o y e d  t h r o u g h o u t  th is  i n -  

v e s t i g a t i o n  is s h o w n  in Fig .  1. A 6 4 - r a m  d i a m e t e r  
V y c o r  c y l i n d e r  was  e q u i p p e d  w i t h  a 15 - ram OD 
q u a r t z  r e e n t r a n t  t u b e  or  f inger.  The  c r ea se  or  con -  
s t r i c t i on  in t he  depos i t i on  b u l b  was  50 m m  in 
d i a m e t e r  and  45 m m  f r o m  the  b o t t o m  of t he  c y l i n -  
der .  This  c r ea se  s e r v e d  to pos i t i on  the  50 m m  d i a m -  
e t e r  p e r f o r a t e d  m o l y b d e n u m  r e t a i n i n g  cy l i nde r .  
M o l y b d e n u m  does  no t  f o r m  a v o l a t i l e  i od ide  u n d e r  
the  e x p e r i m e n t a l  cond i t ions  for  depos i t i on  and,  
consequen t ly ,  is no t  t r a n s f e r r e d .  The  i m p u r e  n i o b i u m  
w a s  c o n t a i n e d  in t he  a n n u l a r  space  b e t w e e n  the  
V y c o r  b u l b  a n d  the  m o l y b d e n u m  cy l inde r .  

2 N i o b i u m  m e t a l  p r e p a r e d  b y  the  t h e r m a l  d e c o m p o s i t i o n  of  t he  
n i o b i u m  iod ides  can  be d e s i g n a t e d  as i od ide  n i o b i u m .  
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I. Reentrant-type apparatus for the preparation of 

In  a t y p i c a l  e x p e r i m e n t ,  the  depos i t i on  un i t  was  
t h o r o u g h l y  c leaned ,  c h a r g e d  w i t h  i m p u r e  n i o b i u m ,  
and  the  head  a s s e m b l y  a t t a c h e d  to  t he  depos i t i on  
bu lb  b y  fus ing  the  V y c o r  at  "A" .  T h e r m o c o u p l e s  
w e r e  f a s t e n e d  to t he  w a l l  of t he  depos i t i on  bu lb ,  
c ove red  w i t h  a s ingle  l a y e r  of 1/8 in. t h i c k  asbes tos  
c loth,  a n d  w o u n d  w i t h  14 g a u g e  N i c h r o m e  wi re .  
This  un i t  w a s  pos i t i oned  c e n t r a l l y  in t he  6 x 18 in. 
c a v i t y  of t h e  e m p t y  sa l t  b a t h  and  t h e n  connec t ed  

t a n k  and  the  r e s i d u a l  n i o b i u m  iod ide  w i t h i n  t he  
depos i t i on  b u l b  was  condensed  on the  w a l l s  of t he  
cold  V y c o r  bu lb .  The  t e m p e r a t u r e  of t he  depos i t i on  
e l e m e n t  was  m a i n t a i n e d  a t  900~176 to p r e v e n t  
a n y  iod ide  f r o m  condens ing  u p o n  the  n i o b i u m  deposi t .  

In  some e x p e r i m e n t s ,  the  depos i t i on  b u l b  was  
pos i t i oned  c e n t r a l l y  w i t h i n  a 100- ram ID fu rnace .  
T h e r m o c o u p l e s  w e r e  f a s t e n e d  to  t he  w a l l  of t he  
depos i t i on  bu lb .  A d d i t i o n a l  t h e r m o c o u p l e s  w e r e  
l oca t ed  at  V2 in. i n t e r v a l s  f r o m  the  top  to t he  b o t t o m  
of t he  24 in. long  fu rnace ,  a n d  t h e y  e x t e n d e d  1/4 in. 
f r o m  the  ins ide  w a l l  of t he  f u r n a c e  in to  t h e  a i r  gap  
b e t w e e n  the  f u r n a c e  and  depos i t i on  bu lb .  

The  w e i g h t  of m e t a l  d e p o s i t e d  was  d e t e r m i n e d  
d i r e c t l y  b y  we igh ing .  The  V y c o r  t u b e  w i t h  t he  n io -  
b i u m  depos i t  was  c o m p r e s s e d  b e t w e e n  po l i shed  
s t a in less  s tee l  (No. 316) p la tes .  The  duc t i l e  depos i t  
d e f o r m e d  w h i l e  t he  V y c o r  t u b e  s h a t t e r e d  and  thus  
p r o v i d e d  an ea sy  m e t h o d  of s epa ra t i on .  

The  c rude  ( f eed )  n i o b i u m  used  in th is  w o r k  was  
in t he  fo rm of 4-10 mi l  shee t  and  12 m m  d i a m e t e r  
b y  4 m m  t h i c k  s i n t e r e d  p o w d e r  pe l le t s .  Bo th  fo rms  
a re  a v a i l a b l e  c o m m e r c i a l l y .  T y p i c a l  a n a l y t i c a l  r e -  
sul ts ,  in w e i g h t  p e r  cent ,  of t he  s t a r t i n g  a n d  iod ide  
n iob ium,  a r e  s u m m a r i z e d  be low:  

O x y g e n  N i t r o g e n  H y d r o g e n  C a r b o n  I r o n  S i l icon  T a n t a l u m  

Pel le ts  0.435 0.018 0.0021 0.050 0.05 0.1 ~0.5 
Iodide ( f rom pel lets)  0.064 0.001 0.0008 <0.001 <0.005 0.006 - -  
Sheet  0.195 0.012 0.0009 0.006 0.01 0.01 ,-~0.4 
Iodide  ( f rom sheet)  0.043-0.062 <0.001 0.0001 <0.001 <0.005 0.001 0.04-0.18 

( g l a s s - t o - g l a s s )  to a v a c u u m  s y s t e m  composed  
of a 3 - t u r n  glass  coil  to e l i m i n a t e  f r a c t u r e  due  to 
v i b r a t i o n  or  expans ion ,  a McLeod  gauge ,  a cold  
t r ap ,  a m e r c u r y  diffusion,  a n d  a m e c h a n i c a l  
pump.  F i f t e e n  g r a m s  of r e s u b l i m e d  iod ine  w e r e  
a d d e d  to an  a u x i l i a r y  b u l b  ( r e s e r v o i r )  he ld  in  d r y  
ice. The  space  b e t w e e n  the  s tee l  w a l l  of t he  sa l t  
f u r n a c e  and  the  N i c h r o m e  h e a t i n g  e l e m e n t  was  
p a c k e d  w i t h  h i g h - t e m p e r a t u r e  i n s u l a t i n g  wool .  The  
depos i t i on  bu lb ,  w i t h  t he  c r u d e  m e t a l  was  v a c u u m  
ou tgas sed  a t  800~176 and  h e a t  was  s u p p l i e d  
f rom the  N i c h r o m e  e l e m e n t  co i led  a r o u n d  the  d e -  
pos i t i on  bu lb .  A f t e r  t he  p r e s s u r e  in t he  s y s t e m  was  
m a i n t a i n e d  a t  10 .5 m m  Hg or  less  for  48 hr ,  t he  
N i c h r o m e  e l e m e n t  was  d i sconnec ted ,  t he  s y s t e m  
cooled to r o o m  t e m p e r a t u r e  u n d e r  v a c u u m ,  a n d  the  
woo l  i n s u l a t i o n  r e m o v e d  f rom the  fu rnace .  A sa l t  
m i x t u r e  (NaNO~-KNO~-NaNO~) w a s  a d d e d  to t h e  
t a n k  of t h e  f u r n a c e  and  was  m e l t e d  w i t h  p o w e r  
s u p p l i e d  f r o m  the  fu rnace .  The  l i qu id  sa l t  was  ag i -  
t a t e d  w i t h  an  a u g e r - t y p e  sc rew t h a t  l i f t ed  sa l t  f r o m  
t h e  b o t t o m  of t he  t a n k  and  d i s t r i b u t e d  i t  a t  v a r i o u s  
l eve l s  and  d i r ec t ions  to t he  top  of t he  t ank .  The  
t e m p e r a t u r e  of t he  depos i t i on  bu lb ,  l oca t ed  2 in. 
f r om the  b o t t o m  of t he  t a n k  and  2 in. b e n e a t h  t he  
su r f ace  of t he  sal t ,  was  m a i n t a i n e d  at  _ 3 ~  D e -  
pos i t ion  t e m p e r a t u r e s  w e r e  a t t a i n e d  i n d e p e n d e n t l y  
a n d  m e a s u r e d  w i t h  a p l a t i n u m - p l a t i n u m  10% r h o -  
d i u m  t h e r m o c o u p l e  l oca t ed  in t he  cen t e r  of t h e  N i -  
c h r o m e  w i r e  he l i ca l  h e a t i n g  e l e m e n t ,  i n d i c a t e d  b y  
" F "  in  Fig .  1. A t  t h e  t e r m i n a t i o n  of t he  depos i t i on  
e x p e r i m e n t ,  l i qu id  sa l t  was  s i p h o n e d  f r o m  the  sa l t  

O x y g e n  and  h y d r o g e n  w e r e  d e t e r m i n e d  b y  v a c u u m  
fus ion  a n a l y s e s  u t i l i z ing  a p l a t i n u m  b a t h  at  1900~ 
n i t r o g e n  b y  m i c r o - K j e l d a h l ,  c a r b o n  w i t h  a Leco  No. 
515 C a r b o n  D e t e r m i n a t o r ,  a n d  iron,  t a n t a l u m ,  and  
s i l icon b y  s p e c t r o g r a p h i c  ana lys i s .  

Results and Discussion 
R u n n a l l s  a n d  P i d g e o n  (12) and  DSr ing  and  

Mol i~re  (9)  r e p o r t e d  t h a t  t he  depos i t i on  r a t e  of 
t i t a n i u m  and  z i r con ium,  f r o m  t h e i r  r e s p e c t i v e  io-  
dides ,  was  d e p e n d e n t  on the  su r face  a r e a  of sma l l  
d i a m e t e r  (0.13 to 0.75 r am)  depos i t i on  e lements .  
S h a p i r o  (13) r e p o r t e d  t h a t  t he  depos i t i on  r a t e  of 
z i r c o n i u m  was  i n d e p e n d e n t  of t he  su r f ace  a r e a  for  
c y l i n d r i c a l  de pos i t i on  e l e m e n t s  w i t h  d i a m e t e r s  b e -  
t w e e n  2 and  25 ram. This  was  o b s e r v e d  f r o m  z i r -  
con ium ( f i l amen t )  depos i t i on  t e m p e r a t u r e s  in t he  
r a n g e  f r o m  1100 ~ to  1450~ In  add i t ion ,  S h a p i r o  
(13) o b s e r v e d  t h a t  the  r a t e  of depos i t i on  of z i rco-  
n i u m  r e m a i n e d  cons t an t  a t  a g iven  b a t h  or  feed  
m a t e r i a l  t e m p e r a t u r e  and  conc luded  t h a t  t he  v a p o r  
p re s su re ,  t he  v a l u e  of  w h i c h  is d e t e r m i n e d  b y  the  
co ldes t  spot  in t he  vesse l  and  w h i c h  v a l u e  w o u l d  
thus  r e m a i n  c o n s t a n t  for  a g iven  feed  ( b a t h )  t e m -  
p e r a t u r e ,  f ixed the  r a t e  of depos i t i on  a t  a g iven  d e -  
pos i t i on  t e m p e r a t u r e .  

F i v e  depos i t i on  e x p e r i m e n t s  w e r e  m a d e  u t i l i z ing  
a l i qu id  sa l t  b a t h  w i t h  t he  f eed  t e m p e r a t u r e  and  
de pos i t i on  t e m p e r a t u r e  of 244 ~ and  1000~ r e s p e c -  
t i ve ly .  T h e  in i t i a l  d i a m e t e r  of t he  V y c o r  depos i t i on  
e l e m e n t  was  19 ram. Each  e x p e r i m e n t  was  m a d e  w i t h  
450 g of n i o b i u m  pe l le t s .  The  r e su l t s  f r o m  these  five 



Vol. 106, No. 11 S T U D Y  O F  T H E  I O D I D E  N I O B I U M  P R O C E S S  977 

I,E 

1.4 

I- Lit 

!++ ,o 
~ as 

< w  
- ~ "J o.4 - -  

~ o.2 

%f,o 

f 
r ~  

~o so 

f I f .  

f 1 "  

7 1  

] 
40 SO SO ?0 80 90 I00 II0 lEO lEO 1 4 0  

TIME, HOURS 

Fig. 2. Deposition element growth vs. t ime 

�9 32  

Z9 
2a 
27 

~ E s  
25 

z 22 R 
21 IOOD~C. SOTHE M" 

~ 2o 
o l 9  

o n 7  
g i s  
NI5 

14 14- 
Z l S  

w I I  

S20 Z~O 3OO 

SOLID PHASE TEMPERATURE,=O. 

a , L  
TIME t# . o u a s .  

35O 3gO 

Fig. 3. Dependence of deposition rate on the condensed 
iodide temperature. Niobium pellet: Q ~ salt bath; [ ]  
air bath, 

exper imen t s ,  1, 2, 8, 9, and  10, are shown g raph ica l ly  
in Fig.  2, a plot  of the  g rams  of n i o b i u m  deposi ted 
per  c en t ime te r  of l eng th  of deposi t ion  e l em e n t  vs. 
the  deposi t ion  t ime  in  hours.  These da ta  can be ex -  
pressed  b y  a s t ra igh t  l i ne  over  the  t ime  i n t e r v a l  
f rom zero to 125 hr. E x p e r i m e n t s  1 and  2 were  m a d e  
u n d e r  iden t ica l  condi t ions  w i th  the  depos i t ion  t ime  
of 90 hr, to ind ica te  the  r ep roduc ib i l i t y  of the  me a s -  
u r emen t s .  The  g rams  of me ta l  deposi ted per  cen t i -  
me t e r  of l eng th  of deposi t ion  e l emen t  were  1.064 
and  1.080 for e x p e r i m e n t s  1 and  2, respect ively .  

The  cons tancy  of deposi t ion  ra te  wi th  t ime,  w i th  
the  s tead i ly  inc reas ing  sur face  area,  c lear ly  shows 
tha t  the  decompos i t ion  of the  iodide on the  depos i -  
t ion  e l e m e n t  canno t  be  ra te  cont ro l l ing .  If it were ,  
the increased  area  of the depos i t ion  e l emen t  wou ld  
ce r t a in ly  affect the deposi t ion  rate .  This  leaves  
e i ther  (a) diffusion of iodide to or iodine f rom the  
deposi t ion  e l emen t  or (b)  the  r a t e  of reac t ion  of the  
l i be ra t ed  iodine  w i th  the  c rude  n i o b i u m  as the  pos-  
sible r a t e  con t ro l l ing  steps. 

A to ta l  of s ix teen  e x p e r i m e n t s  (charge  of 450 g of 
n i o b i u m  pel le ts )  we re  m a d e  in  the  sal t  b a t h  w i th  a 
deposi t ion  t e m p e r a t u r e  of 1000~ and  feed t e m p e r a -  
tu res  f rom 224 ~ to 375~ The  resu l t s  f rom these  
e x p e r i m e n t s  are s u m m a r i z e d  in  Fig. 3, a plot  of the  
deposi t ion  ra te  in  moles  of n i o b i u m  per  cen t ime te r  
of l eng th  of the deposi t ion  e l e m e n t  per  h o u r  vs. the  
condensed  iodide s t empe ra tu r e .  The  e x p e r i m e n t a l  

s T h e  expressions, " c o n d e n s e d  i o d i d e  temperature" a n d  "deposition 
b u l b  t e m p e r a t u r e "  a r e  c o n s i d e r e d  t o  b e  s y n o n y m o u s  i n  t h i s  p a p e r .  

t imes,  in hours ,  are  repor ted  in  pa ren theses  in  Fig. 
3. The  low deposi t ion  ra te  of 0.00005 moles  cm -I h r  -1 
was  observed  at 224~ and  this  r a t e  s teadi ly  i n -  
creased to the  m a x i m u m  of 0.00326 moles  cm -1 hr  -1 
at  375~ the  h ighes t  t e m p e r a t u r e  used in  this  series 
of exper imen t s .  I t  can be seen tha t  the  smooth  curve  
which  r ep resen t s  the da ta  changes  slope at abou t  
350~ which  ind ica tes  tha t  the  m a x i m u m  deposi -  
t ion  r a t e  m a y  occur in  the  t e m p e r a t u r e  r a nge  of 
380 ~ to 400~ for the  1000~ deposi t ion  isotherm.  

S ix t een  e x p e r i m e n t s  (charge  of 450 g of n i o b i u m  
pel le ts )  were  made  in  an  air  b a t h  wi th  a deposi t ion  
t e m p e r a t u r e  of 1000~ a nd  at  feed t e m p e r a t u r e s  
f rom 335 ~ to 458~ The  resu l t s  f rom the  expe r i -  
me n t s  for the  1000~ i so the rm are s u m m a r i z e d  in  
Fig. 4, a plot  of the deposi t ion  ra te  vs. feed t e m p e r a -  
ture.  The l a t t e r  t empera tu re s ,  m e a s u r e d  at  the  su r -  
face of the  deposi t ion bulb,  were  abou t  90~ h igher  
t h a n  the  t e m p e r a t u r e s  of the air  bath.  It  can be seen 
t ha t  the  low ra te  of 0.00050 moles  cm -1 hr  -1 was  ob-  
served at  the  lowest  condensed  iodide t e m p e r a t u r e  
(335~ employed.  This  ra te  increased  s teadi ly  to 
a m a x i m u m  of 0.0033 moles  cm -1 hr  -~ at  abou t  370 ~ 
375~ and  t h e n  decreased to a second m i n i m u m  at 
abou t  410 ~ to 440~ F r o m  this  m i n i m u m ,  the  de -  
pos i t ion  ra t e  aga in  increased  to 0.0015 moles crn -1 
hr  -~ which  was  observed  at  458~ the  h ighes t  con-  
densed  iodide t e m p e r a t u r e  employed.  

There  is a close s imi l a r i ty  in  the  gene ra l  shape of 
the deposi t ion  r a t e - t e m p e r a t u r e  curves  shown  in  
Fig. 3 and  4. The  bes t  a g r e e m e n t  occurs in  the  t e m -  
p e r a t u r e  r ange  f rom 350 ~ to 380~ w h e r e  bo th  sets 
of da ta  show a m a x i m u m  in the  deposi t ion  rate.  
However ,  cons iderab le  dev ia t ion  occurs at  abou t  
340~ For  example ,  in  e x p e r i m e n t  20 (air  ba th )  
the  observed  depos i t ion  ra te  was  0.00054 moles  
cm -~ h r  -1 whi le  the  deposi t ion ra te  for the  cor re -  
spond ing  e x p e r i m e n t  (sa l t  ba t h )  was  0.00178 moles  
cm -1 hr  -~. The  fact  tha t  the  i n d i v i d u a l  sets of da ta  
g iven  in  Fig. 3 and  4 can be expressed  by  a smooth  
curve,  t ha t  is, each set of da ta  are i n t e r n a l l y  con-  
s is tent  bu t  m u t u a l l y  cons is ten t  on ly  over  a l imi ted  
range ,  s t rong ly  indica tes  t h a t  some u n k n o w n  factor  
en t e red  in to  the  reac t ion  process. I n  order  to m a k e  
e x p e r i m e n t  20 (340~ agree w i t h  t he  cu rve  shown  

33O 350 STO S90 410 43O 4110 4TO 
SOLID PHASE TEMPERATURF.~ IC 

Fig. 4. Dependence of deposition rate on the condensed 
iodide temperature. Air bath-niobium pellet. 
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in  Fig. 3, an  e r ror  in  t e m p e r a t u r e  m e a s u r e m e n t  of 
50~ would  have  to be accounted  for. I t  should be 
r e m e m b e r e d ,  however ,  tha t  the depos i t ion  b u l b  
opera ted  in  the l iqu id  sal t  would  be suscept ib le  to 
more  accura te  t e m p e r a t u r e  m e a s u r e m e n t  and  oper -  
a t ion  at a more  u n i f o r m  t e m p e r a t u r e  t h a n  the  de-  
pos i t ion  b u l b  opera ted  in  the air  bath .  In  add i t ion  
the  wa l l  t e m p e r a t u r e  of the  bu lb  wou ld  be m u c h  
closer to the t e m p e r a t u r e  of the l iqu id  salt. 

T w e n t y - t w o  e x p e r i m e n t s  were  made  in which  
each charge consisted of 15 g of r e s u b l i m e d  iod ine  
and  500-600 g of 4-10 mi l  n i o b i u m  sheet. Al l  ex -  
p e r i m e n t s  were  conduc ted  in  an air  bath ,  and  the  
t e m p e r a t u r e  of the  wa l l  of the  deposi t ion  b u l b  was  
abou t  70~ h igher  t h a n  the  t e m p e r a t u r e  of the  a i r  
bath .  F i f t een  of these e x p e r i m e n t s  we re  made  wi th  
a deposi t ion  t e m p e r a t u r e  of 1000~ and  feed t e m -  
pe ra tu re s  f rom 310 ~ to 470~ and  five e x p e r i m e n t s  
were  made  wi th  a deposi t ion  t e m p e r a t u r e  of l l 0 0 ~  
and  feed t e m p e r a t u r e s  f rom 305 ~ to 405~ I n  add i -  
t ion,  two exper imen t s ,  53 and  55, were  made  wi th  
the deposi t ion  t e m p e r a t u r e  of 750 ~ and  900~ r e -  
spect ively.  These  deposi t ion  ra te  da ta  are s u m -  
mar ized  in  Fig.  5. It  can  be seen tha t  the ra te  da ta  
for the 1000 ~ and  l l 0 0 ~  i so therms are  qu i te  s imi -  
lar  in  shape to the  curves  g iven  in  Fig. 3 and  4. Al l  
curves  s ta r t  out  at a low deposi t ion rate ,  increase  to 
a m a x i m u m  ra te  at abou t  380~ and  t h e n  the  ra te  
decreases to a m a x i m u m  at  abou t  430~ The  de -  
posi t ion ra te  increases  at condensed  iodide t e m p e r a -  
tu res  grea te r  t h a n  430~ 

The  most  p r o n o u n c e d  difference in  the  deposi t ion  
ra te  da ta  ob ta ined  by  us ing  sheet (Fig. 5) or pe l -  
le t  n i o b i u m  (Fig. 4) as the  s t a r t ing  m a t e r i a l  can be 
seen in  the  m a x i m u m  ra te  of deposi t ion  tha t  was  
a t t a ined  for the 1000~ isotherms.  For  example ,  the 
m a x i m u m  ra te  of 0.00082 moles cm -1 hr  -1 was ob-  
t a ined  wi th  sheet  n i o b i u m  feed wh i l e  the  m a x i m u m  
ra te  of 0.00332 moles cm -1 hr  -1 was  ob ta ined  wi th  

SOLID PHA~ T[MP(RATI~J~.~ 

Fig. 5. Plat of deposition rote of niobium vs. condensed 
iodide temperature, air bath-niobium sheet. 
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Fig. 6. Plot of deposition rate of niobium vs. deposition 
temperature. 

n i o b i u m  pel le ts  as feed. Since the condi t ions  u n d e r  
which  the above e x p e r i m e n t s  were  conducted  were  
iden t ica l  except  for the difference in  the  feed n io -  
b ium,  it is c lear  tha t  the  reac t ion  of the  feed m a t e -  
r ia l  wi th  the l i be ra t ed  iodine can d e t e r m i n e  the  
ra te  of deposit ion.  Thus,  the  h igh surface  area  
n i o b i u m  pel le ts  can  reac t  qu i ck ly  wi th  the  l i be r a t ed  
iodine to fo rm iodide. C o n s e q u e n t l y  the  iodine  p res -  
sure  does no t  p lay  as p r o m i n e n t  a role in  the  de-  
posi t ion process w h e n  n i o b i u m  pel lets  are used as 
the feed mater ia l .  

The effect of the  deposi t ion  t e m p e r a t u r e  on the  
deposi t ion  ra te  of n i o b i u m  at  cons tan t  condensed  
iodide t e m p e r a t u r e  can be seen in  Fig. 6. The con-  
densed  iodide i so therm,  405~ ind ica ted  tha t  the  
depos i t ion  ra te  increased  f rom 0.00007 moles  cm -1 
hr  -1 at 750~ to 0.00084 moles cm -1 hr  -1 at  l l 0 0 ~  A 
s imi la r  cu rve  was  ob ta ined  for the  305~ isotherm.  
Ex t r a po l a t i on  of the  405~ cu rve  to zero deposi t ion  
ra te  ind ica ted  t ha t  the  m i n i m u m  deposi t ion  t e m -  
p e r a t u r e  for n iob ium,  tha t  is, the t e m p e r a t u r e  above 
which  the n i o b i u m  iodides are  t h e r m a l l y  uns tab le ,  
would  be somewhere  in  the  r a nge  of 700~ The  
m i n i m u m  deposi t ion  t e m p e r a t u r e  for the  305~ 
i so the rm would,  however ,  be  expected  to occur at 
a t e m p e r a t u r e  be low 700~ since the to ta l  p re s -  
sure  wou ld  be less t h a n  for the  405~ isotherm.  
Therefore ,  the  two curves  w ou l d  cross. 

In  express ing  the  data  g iven  above in  Fig. 3, 4, 
and  5, it was  a s sumed  tha t :  

1. The m e t h o d  of express ing  the  deposi t ion rate ,  
moles cm -1 hr  -~, was  va l id  for all  feed t e m p e r a t u r e s  
and  no t  j u s t  for the  one t e m p e r a t u r e  (244~ i n -  
ves t igated.  The feed t e mpe r a t u r e s ,  which  d e t e r m i n e  
the tota l  p ressure  in  the  system, were  such as to pe r -  
mi t  deposi t ion  to be cont ro l led  by  diffusion and  the  
opera t ing  condi t ions  did no t  p e r m i t  deposi t ion  to 
occur in  e i ther  the  free molecu le  ( lower  p ressure )  
or in  the  diffusion plus  convec t ion  regions  (h igher  
p res su re ) .  

2. The deposi t ion  m e c h a n i s m  r e m a i n e d  the  same 
for al l  condensed  iodide t e mpe r a t u r e s ,  t ha t  is, for 
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bo th  the  m a x i m u m  a n d  the  m i n i m u m  to t a l  p r e s -  
su re s  w i t h i n  t h e  depos i t i on  bu lb .  

3. On ly  iod ine  a n d  n i o b i u m  iod ides  (no t  o x y i o -  
d ide  or  h y d r o g e n ,  e tc . )  c o n t r i b u t e d  to t he  t o t a l  
p r e s s u r e  of t he  sys t em.  

The  depos i t i on  r a t e  of n i o b i u m  m u s t  c e r t a i n l y  be  
d e p e n d e n t  on the  a v a i l a b i l i t y  of n i o b i u m  i o d i d e ( s )  
a t  the  depos i t i on  e l emen t .  The  q u a n t i t y  of gaseous  
n i o b i u m  iod ide  d e p e n d s  on t h e  r e a c t i v i t y  of  t he  
c r u d e  n iob ium,  t he  s t a b i l i t y  of t he  iod ides  in con tac t  
w i t h  excess  n iob ium,  and  the  v a p o r  and  d i s p r o p o r -  
t i ona t ion  p r e s s u r e s  of t h e  va r i ous  iodides .  The re fo re ,  
a c u r s o r y  s t u d y  of t he  n i o b i u m  iod ides  was  m a d e  in 
o r d e r  to d e t e r m i n e  the  effect  of t he  v a r i o u s  iod ides  
on the  depos i t i on  process .  

N i o b i u m  p e n t a i o d i d e  was  p r e p a r e d  (14) b y  t h e  
r e a c t i o n  of iod ide  n i o b i u m  and  r e s u b l i m e d  iod ine  in 
an  e v a c u a t e d  t u b e  at  280~176 A h igh  p a r t i a l  
p r e s s u r e  of iod ine  was  m a i n t a i n e d  d u r i n g  the  r e a c -  
t ion  to s t ab i l i ze  t he  t e m p e r a t u r e  sens i t i ve  p e n t a -  
iodide.  The  excess  iod ine  was  s u b l i m e d  a t  114~ 
f rom the  l a r g e  b ronze  colored,  p l a t e - l i k e  c r y s t a l s  of 
t h e  pen t a iod ide .  N i o b i u m  was  d e t e r m i n e d  as Nb~O~ 
b y  d i s so lv ing  and  p r e c i p i t a t i n g  the  s a m p l e  in f r e s h l y  
f i l t e red  NtLOH,  f i l ter ing,  and  ign i t i ng  in a i r  in  a 
p l a t i n u m  cruc ib le .  Iod ine  was  d e t e r m i n e d  b y  the  
modi f ied  (15) V o l h a r d  t echn ique .  Ana l .  calcd,  for  
NbL:  Nb, 12.77; I, 87.23; found :  Nb,  12.81, 12.70, 
13.1, 12.70; I, 87.33, 87.55, 87.52, 87.24, 87.17. C r y s -  
t a l s  of the  p e n t a i o d i d e  w e r e  p l a c e d  in a c a l i b r a t e d  
10 -ml  p y c n o m e t e r  ( ins ide  a d r y  b o x )  and  the  d e n -  
s i ty  was  d e t e r m i n e d  at  25~ b y  e v a c u a t i n g  t h e  
p y c n o m e t e r  b u l b  c o n t a i n i n g  the  p u r e  p e n t a i o d i d e  
a n d  t hen  d i s t i l l ing ,  u n d e r  v a c u u m ,  a b s o l u t e  c a r b o n  
t e t r a c h l o r i d e  onto t he  sol id  sample .  D e n s i t y  v a l u e s  
for  five d i f f e ren t  s a m p l e s  w e r e  4.98, 5.04, 5.19, 5.14, 
a n d  5.08 g cc -1. This  p y c n o m e t r i c  d e n s i t y  can  be  
c o m p a r e d  to t he  x - r a y  d e n s i t y  of 5.24 g cc -1 for  t he  
o r t h o r h o m b i c  p e n t a i o d i d e  t h a t  con ta ins  16 f o r m u l a  
w e i g h t s  p e r  un i t  cell .  

A s a m p l e  of th is  p e n t a i o d i d e  was  p l a c e d  in a P y -  
r e x  tube ,  e q u i p p e d  w i t h  a b r e a k  seal  t ha t  was  b r o k e n  
u n d e r  v a c u u m ,  a n d  h e a t e d  a t  243~ for  145 hr.  
Iod ine  was  l i b e r a t e d  and  the  n o n v o l a t i l e  r e s i d u e  
was  o b s e r v e d  to h a v e  an  I / N b  r a t i o  of 2.97. A second  
s a m p l e  of p u r e  p e n t a i o d i d e  was  t r e a t e d  in t h e  m a n -  
ne r  d e s c r i b e d  above ,  b u t  h e a t e d  to 250~ The  o b -  
s e rved  I / N b  r a t i o  was  3.07. X - r a y  d i f f r ac t ion  d a t a  
o b t a i n e d  f r o m  the  two  n i o b i u m  iod ide  samples ,  
NbI~.~ a n d  NbLo~, a r e  in e s sen t i a l  a g r e e m e n t .  

N i o b i u m  p e n t a i o d i d e  w a s  h e a t e d  (16) to 270~ 
for  48 h r  in 0.8 m m  p r e s s u r e  of i od ine  to y i e l d  d a r k  
g ray ,  m e t a l l i c - a p p e a r i n g  c rys t a l s  of N b L  w h i c h  
w e r e  in t he  f o r m  of e l o n g a t e d  h e x a g o n a l  p l a t e s  a n d  
fine needles .  H e a t i n g  a h i g h e r  iod ide  to 425~176 
for  48 h r  in  a p a r t i a l  p r e s s u r e  of iod ine  r e s u l t e d  
(16) in t he  f o r m a t i o n  of p u r e  NbL.  

S a m p l e s  of NbI~ w e r e  p l a c e d  in a P y r e x  tube ,  
e q u i p p e d  w i t h  a b r e a k  seal  t ha t  was  b r o k e n  u n d e r  
vacuum,  and  h e a t e d  to 450~ for  123 hr.  M a t e r i a l  
s t a r t e d  to sub l ime  at  250 ~ to 260~ a n d  a b r o w n  
to b ronze  co lo red  sol id  was  evo lved  at  a t e m p e r a t u r e  
b e t w e e n  430~176 S a m p l e s  of th is  r e s i d u e  w e r e  
o b s e r v e d  to h a v e  an  I / N b  r a t i o  of 1.74. T h e  con-  
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d e n s e d  sol id  iod ide  phase  r e m o v e d  f r o m  the  d e p o s i -  
t ion  b u l b  a t  t he  t e r m i n a t i o n  of a n  e x p e r i m e n t  w i t h  
t he  condensed  iod ide  a n d  depos i t i on  t e m p e r a t u r e s  
of 310 ~ and  1000~ r e spe c t i ve ly ,  was  o b s e r v e d  to 
h a v e  an  I / N b  r a t i o  of 2.74. In  a n o t h e r  e x p e r i m e n t ,  
some of the  gaseous  iod ide  was  r e m o v e d  f r o m  the  
depos i t i on  b u l b  w h i l e  depos i t i on  was  in  p r o g r e s s  
and  was  o b s e r v e d  to  h a v e  an  I / N b  r a t i o  of 3.12. The  
c r u d e  n i o b i u m  w a s  m a i n t a i n e d  a t  430~ w i t h  t h e  
depos i t i on  e l e m e n t  a t  1000~ I t  shou ld  be  r ecog -  
n ized  t h a t  the  sol id  i o d i d e  r e m a i n i n g  a f t e r  a d e p o s i -  
t ion  e x p e r i m e n t  n e c e s s a r i l y  does  not  h a v e  to be  t he  
s a m e  as the  sol id  iod ide  ex i s t i ng  d u r i n g  the  e x p e r i -  
ment .  

A poss ib l e  e x p l a n a t i o n  for  t h e  shape  of t he  d e -  
pos i t i on  r a t e  vs. f eed  m a t e r i a l  t e m p e r a t u r e  cu rves  
is n o w  offered.  I t  shou ld  be  r e c ogn i z e d  t h a t  t he  fo l -  
l o w i n g  e x p l a n a t i o n  for  t he  depos i t i on  of n i o b i u m  
f r o m  i ts  v o l a t i l e  iod ides  p a r a l l e l s  t he  e x p l a n a t i o n  
offered b y  F a s t  (7, 8) for  t he  z i r c o n i u m - z i r c o n i u m  
iod ide  and  the  t i t a n i u m - t i t a n i u m  iod ide  sys tems .  
P u r e  n i o b i u m  p e n t a i o d i d e  is no t  s t ab le  ( f o r m s  l o w e r  
iod ides )  a t  t e m p e r a t u r e s  of a b o u t  200~ in v a c u u m  
or  w h e n  h e a t e d  in t he  p r e s e n c e  of excess  n iob ium.  
This  t h e r m a l  i n s t a b i l i t y  shou ld  be  m o r e  p r o n o u n c e d  
ins ide  t he  depos i t i on  b u l b  w h e r e  a t e m p e r a t u r e  
g r a d i e n t  ex i s t s  in  t h e  c r u d e  n iob ium.  M e t a l  a t  t he  
su r f ace  of the  m o l y b d e n u m  r e t a i n i n g  screen,  due  to 
t he  loca t ion  of t h e  de pos i t i on  e l e m e n t  ( ~ 1 0 0 0 ~  
wi l l  be  c o n s i d e r a b l y  h o t t e r  t h a n  the  m e t a l  a t  t he  
w a l l  of t he  depos i t i on  e l emen t .  The re fo re ,  t he  n io -  
b i u m  a t  t he  r e t a i n i n g  screen,  due  to i ts  h i g h e r  t e m -  
p e r a t u r e ,  w i l l  be  m o r e  c h e m i c a l l y  ac t ive  t o w a r d  
the  l i b e r a t e d  iodine.  This  w i l l  p r e v e n t  t he  d e v e l o p -  
m e n t  of a h igh  p a r t i a l  p r e s s u r e  of iod ine  and  th is  
effect  w i l l  t e n d  to r e d u c e  f u r t h e r  t h e  t h e r m a l  s t a b i l -  
i t y  of t he  p e n t a i o d i d e  (NbL->  N b L  + ~/2 L ) .  The  n e t  
r e s u l t  is t h a t  NbI~ shou ld  no t  be  an  i m p o r t a n t  con-  
d e n s e d  iod ide  spec ies  w i t h i n  t h e  depos i t i on  bu lb .  
This  s eems  to h a v e  been  r e a l i z e d  s ince  t he  so l id  
iod ide  phase ,  w i t h  t he  condensed  iod ide  a n d  d epos i -  
t ion  t e m p e r a t u r e s  of 310 ~ a n d  1000~ r e spec t i ve ly ,  
w a s  o b s e r v e d  to  b e  I : N b  = 2.74. 

So l id  n i o b i u m  t e t r a i o d i d e  w a s  no t  o b s e r v e d  in t he  
depos i t i on  b u l b  a f t e r  a n y  of t he  e x p e r i m e n t s  and,  
consequen t ly ,  i t  m a y  not  b e  an  i m p o r t a n t  condensed  
iod ide  species.  I t  shou ld  be  no ted ,  h o w e v e r ,  t h a t  in 
t he  case  of t a n t a l u m ,  a c o m p o u n d  c o r r e s p o n d i n g  to 
I : T a  = 3.91 was  r e m o v e d  f r o m  the  depos i t i on  bu lb  
a t  t h e  conc lus ion  of a de pos i t i on  e x p e r i m e n t .  C o r -  
be t t  and  S e a b a u g h  (16) r e p o r t e d  t h a t  t he  h e a t i n g  
of a h i g h e r  iod ide  to 425 ~ to 430~ in a p a r t i a l  p r e s -  
su re  of iod ine  y i e l d e d  NbI~. The  t e m p e r a t u r e  of t he  
c r u d e  n i o b i u m  a t  the  m o l y b d e n u m  r e t a i n i n g  sc reen  
w i t h i n  t he  depos i t i on  b u l b  m a y  be  a t  th is  t e m p e r a -  
t u r e  leve l .  The  fac t  shou ld  no t  be  ove r looked ,  h o w -  
ever ,  t h a t  t h e  t e t r a i o d i d e  cou ld  e n t e r  in to  the  d e -  
pos i t i on  p rocess  acco rd ing  to t he  r eac t i ons  a t  300~ 
NbI~,) --> NbI4(~) a n d  2NbI ,  cc~ -~ NbI~(~ + NbI~(o). In  
a n y  event ,  the  q u a n t i t y  of iod ide  in t he  gas  p h a s e  (a  
low p a r t i a l  p r e s s u r e )  is qu i t e  s m a l l  in the  con-  
d e n s e d  iod ide  t e m p e r a t u r e  r a n g e  of 300~176 
w h i c h  r e s u l t s  in  a l ow  de pos i t i on  ra te .  In  t he  con-  
d e n s e d  iod ide  t e m p e r a t u r e  r a n g e  w h e r e  t he  d e p o s i -  
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t ion  ra te  is at a m i n i m u m  ( ~ 3 0 0 ~  to the  m a x i -  
m u m  ( ~ 3 8 0 ~  the q u a n t i t y  of iodide in  the  gas 
phase was increased  as a resu l t  of the  reac t ions  
specified above or for the  fo l lowing:  NbL~o ~ NbI3~g~ 
and  2NbI~co ~ N b I , ~  + NbI~co~. 

The increase  in  deposi t ion ra te  w i th  the  con-  
densed iodide t e m p e r a t u r e  in  the lower  t e m p e r a t u r e  
r ange  can  be exp la ined  on the basis  of an  increase  in  
vapor  p ressure  of the iodide; however ,  the behav io r  
f rom the  m a x i m u m  ( ~ 3 8 0 ~  to the  m i n i m u m  
( ~ 4 0 0 ~  a p p a r e n t l y  has no s imple  exp lana t ion .  
A l t h o u g h  there  is an  increase  in  the  q u a n t i t y  of the  
nonvola t i l e ,  t h e r m a l l y  stable,  lower  iodide in  the  
condensed  iodide t e m p e r a t u r e  r ange  of 380~176 
this  a lone  should no t  cause the  deposi t ion  ra te  to 
d imin ish .  The re  can be a p ressure  over  a m i x t u r e  of 
solid lower  iodides and  this pressure ,  p rov i d i ng  
there  is no solid so lubi l i ty  b e t w e e n  the  iodide 
species, wi l l  be  i n d e p e n d e n t  of the  q u a n t i t y  of the 
solid species present .  The  nonvo la t i l e  lower  iodide 
could, however ,  coat the  c rude  n i o b i u m  and  p r e -  
s u m a b l y  p r e v e n t  the  iodine l i be ra t ed  at the  deposi -  
t ion  e l emen t  f rom reac t ing  wi th  the  c rude  n i o b i u m  
which  wou ld  p e r m i t  the pa r t i a l  p ressure  of iodine to 
increase.  Thus,  any  increase  in  condensed  iodide 
t e m p e r a t u r e  wou ld  p e r m i t  the fo rma t ion  of more  
lower  iodide to coat the  crude  n i o b i u m  and  p r e v e n t  
the  reac t ion  b e t w e e n  the n i o b i u m  and  iodine.  This  
wou ld  resu l t  in  a st i l l  h igher  pa r t i a l  p ressure  of 
iodine w i th  a necessa ry  shift  in  the  e q u i l i b r i u m  and  
could conce ivab ly  pe rmi t  the iodine to a t tack  a nd  
r emove  n i o b i u m  f rom the deposi t ion  e lement .  Thus,  
the ne t  or a p p a r e n t  deposi t ion  ra te  wou ld  be qu i te  
small .  

Upon  f u r t h e r  inc reas ing  the condensed  iodide 
t empe ra tu r e ,  tha t  is, f rom about  440 ~ to at  leas t  
470~ the di iodide can en te r  in to  the  deposi t ion  
process as a resu l t  of the possible reac t ions :  

NbI.~c~--~ N b I ~ ,  2NbL,.~--> NbL~g~ + Nb 
and  2NbL~,.~ --~ NbLc~ -~- N b I ~  

and  the deposi t ion  ra te  aga in  increases.  In  one de-  
pos i t ion  e x p e r i m e n t  (sheet  n i o b i u m  was used as the  
c rude)  a sample  of the gaseous species ( iodide a nd  
iodine)  was  r emoved  f rom the  deposi t ion  b u l b  and  

observed to be I : N b  = 3.12. This  w ou l d  of course 
ind ica te  tha t  NbI3 is the  p r inc ipa l  gaseous iodide 
w i t h i n  the  deposi t ion  bu lb  at  condensed  iodide t e m -  
pe ra tu re s  f rom 430 ~ to 470~ 

The difference in  t h e r m a l  s tab i l i ty  of the  va r ious  
n i o b i u m  iodides man i fes t s  i tself  in  tha t  the  same 
deposi t ion  ra te  of n i o b i u m  can be ob ta ined  f rom at  
least  th ree  d i f ferent  condensed  iodide t empera tu re s .  
For  example ,  the  deposi t ion  ra te  of 0.0015 moles  
cm -I hr  -1 can be ob ta ined  wi th  condensed  iodide 
t e m p e r a t u r e s  of 350 ~ 399 ~ and  459~ as shown in  
Fig. 4. 

Acknowledgment 
The au thor  wishes  to t h a n k  the  P i g m e n t s  Depa r t -  

m e n t  of the Du P o n t  C o m p a n y  for the  use  of the i r  
faci l i t ies  for this  research  p rogram.  

Manuscript  received May 15, 1959. This paper was 
prepared for del ivery before the Columbus Meeting, 
Oct. 18-22, 1959. 

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

REFERENCES 
1. A. E. van Arkel, Physica, 3, 76 (1923). 
2. A. E. van Arkel  and J. H. deBoer, U. S. Pat. 1,671,- 

213, May 29 1928. 
3. A. E. van  Arkel  and J. H. deBoer, Z. anorg, u. all- 

gem. Chem., 148, 345 (1925). 
4. J. H. deBoer and J. D. Fast, ibid., 153, 1 (1926). 
5. Idem., 187, 177 (1930). 
6. J. H. deBoer, Ind. Eng. Chem., 19, 1256 (1927). 
7. J. D. Fast, Z. anorg, u. allgem. Chem., 239, 145 

(1938). 
8. Idem., 241, 42 (1939). 
9. H. D5ring and K. Moli6re, Z. Elektrochem. ,  56, 403 

(1952). 
10. V. S. Emelyanov,  P. D. Bystrov, and A. E. Evs tyuk-  

hin, J. A tomic  Energy,  U.S.S.R., l, No. 1, 43 
(1956); English translation,  J. Nuclear Energy,  3, 

121 (1956). 
11. R. F. Rolsten, Trans. AIME,  1959, 472. 
12. O. J. C. Runnal l s  and L. M. Pidgeon, J. Metals, 4, 

843 (1952). 
13. "The Metal lurgy of Zirconium," B. Lus tman  and 

F. Kerze, Jr., Editors, Chap. 5, McGraw-Hil l  Book 
Co., New York (1955). 

14. R. F. Rolsten, J. Am.  Chem. Soc., 79, 5409 (1957). 
15. J. R. Caldwell  and H. B. Moyer, Ind. Eng. Chem., 

Anal.  Ed., 7, 38 (1935). 
16. J. D. Corbett and P. X. Seabaugh, J. Inorg. Nuc. 

Chem., 6, No. 3, 207 (1958). 



Reactions in the Niobium-Hydrogen System 
W. M. Albrecht, W. D. Goode, and M. W. Mallett 

Battelle Memorial Institute, Columbus, Ohio 

ABSTRACT 

Equil ibr ia  and e leva ted- tempera ture  x - r ay  studies show that  a solid solu- 
t ion of hydrogen in  n iobium is produced throughout  most of the system. A 
miscibili ty gap was found at low temperatures  and pressures with a critical 
point at about 140~ 0.01 m m  of mercury  hydrogen pressure, and 0.3 H/Nb. 
Sorption rates at 300~176 were ini t ia l ly linear. At higher temperatures,  
sorption rates were controlled by diffusion in  the metal  matrix.  Diffusion co- 
efficients at 600~176 can be expressed by: 

D ~ 0.0215 exp [(--9370 • 600)/RT] 

Desorption rates were slower than those predicted by diffusion. 

In  a p rev ious  s tudy  (1) ,  the  au thors  inves t iga ted  
the equ i l ib r i a  in  the n i o b i u m - h y d r o g e n  sys tem in  
the ranges  100~176 10-1000 m m  of m e r c u r y  h y -  
d rogen  pressure ,  and  at  a tomic rat ios  of h y d r o g e n  to 
n iob ium,  H / N b ,  of 0.01-0.85. A s ing le -phase  solid 
so lu t ion  was p roduced  t h r o u g h o u t  mos t  of the  sys-  
tem. However ,  the presence  of a t w o - p h a s e  reg ion  
in  the  sys tem was ind ica ted  at low t e m p e r a t u r e s  and  
h y d r o g e n  pressures .  The p resen t  s tudy  was  m a d e  to 
es tab l i sh  more  def ini te ly  the  ex t en t  of this  region.  
Equ i l i b r i a  were  es tab l i shed  at  p ressures  lower  t h a n  
thos~ of the  p reced ing  work.  E q u i l i b r i u m  products  
were  ident i f ied by  x - r a y  diffraction.  Also, s tudies  
were  made  of the k ine t ics  of the  reac t ion  of h y d r o -  
gen w i th  n i o b i u m  and  of the  diffusion of h y d r o g e n  
in  the  metal .  

P a x t o n  and  Sheehan  (2) m e a s u r e d  the  so lub i l i ty  of 
h y d r o g e n  in  n i o b i u m  at 1 a tm p res su re  to es tab l i sh  
pa r t i a l l y  the  phase  d i a g r a m  of the  system. They  also 
made  p e r m e a b i l i t y  e x p e r i m e n t s  to m e a s u r e  the  ra te  
of diffusion of h y d r o g e n  in  the  metal .  G u l b r a n s e n  
and  A n d r e w  (3) have  repor ted  the  k ine t ics  of the  
reac t ion  of h y d r o g e n  wi th  n i o b i u m  for 200 ~ to 
900~ at h y d r o g e n  pressures  up  to 57 m m  Hg. Both 
of these s tudies  have  a bea r i ng  on the  p re sen t  
inves t iga t ion .  

Material 
The or ig ina l  n i o b i u m  bars  were  cut  and  fabr ica ted  

to a p p r o x i m a t e l y  0.3 to 0.9 cm rods and  to 0.03 cm 
sheet. Samples  for the  reac t ion  ra te  and  diffusion 
studies  were  v a c u u m  a n n e a l e d  at  1150~ for Y2 hr. 
Ana lys i s  of the  fabr ica ted  n i o b i u m  af ter  a n n e a l i n g  
has been  repor ted  (1) .  The m a j o r  impur i t i e s  we re  
0.15 w / o  Ta and  0.043 w / o  oxygen.  All  o ther  i m-  
pur i t i es  we re  be low 0.02 w/o .  

P u r e  h y d r o g e n  was  ob ta ined  f rom the  t h e r m a l  
decomposi t ion  of u r a n i u m  hyd r ide  p r e p a r e d  f rom 
d ry  t a n k  h y d r o g e n  and  degassed u r a n i u m  chips. 

Experimental Methods 
The me thod  to ob ta in  equ i l i b r i a  da ta  has been  de-  

scr ibed (1) .  However ,  for this  work,  the  mic ro -  
S iever ts  appa ra tu s  was  equ ipped  w i t h  a d i f ferent ia l  
oil m a n o m e t e r  to m e a s u r e  p ressures  in  the  r a nge  

0.1-50 m m  Hg. Briefly, da ta  were  ob ta ined  as fol-  
lows. A m e a s u r e d  a m o u n t  of hyd rogen  was  added to 
the  ca l ib ra ted  reac t ion  t ube  con t a in ing  3-4 g of 
sheet  (0.03 cm th ick)  n iob ium.  At  the  des i red t e m -  
pe ra tu re ,  the  sys tem was a l lowed to come to cons tan t  
( e q u i l i b r i u m )  p ressure  as m e a s u r e d  on the  differ-  
en t i a l  oil m a n o m e t e r .  The e q u i l i b r i u m  composi t ion  
was ca lcula ted  f rom the  e q u i l i b r i u m  pressure ,  speCi- 
m e n  weight ,  v o l u m e  of gas addi t ion,  a nd  v o l u m e  ca-  
pac i ty  of the  reac t ion  sys tem at  the e x p e r i m e n t a l  
t e m p e r a t u r e .  

Sorp t ion  ra tes  were  m e a s u r e d  wi th  ano the r  mod i -  
fied Siever ts  appa ra tu s  (4) .  Essent ia l ly ,  the  a p p a r a -  
tus  consists of a reac t ion  tube,  p ressure  regula tor ,  
gas bure t ,  and  a h igh v a c u u m - p u m p i n g  system. 
Cy l ind r i ca l  spec imens  a p p r o x i m a t e l y  0.3, 0.6, and  
0.9 cm in  d i ame te r  and  1-3 cm long were  d ry  
abrecded t h r ough  240-, 400-, a nd  600-gr i t  si l icon 
carb ide  paper .  Each spec imen was weighed,  meas -  
ured,  and  spot we lded  to a P t - P t  -t- 10% Rh t h e r m o -  
couple. Af te r  a l ight  f inal  pol ish wi th  d r y  600-gr i t  
s i l icon carb ide  paper ,  the  sample  was  h u n g  in  the  
reac t ion  t ube  and  sealed to the  Siever ts  appara tus .  
The sys tem was evacua ted  to less t h a n  0.01 t~ of 
mercu ry ,  t hen  hea ted  to the  t e m p e r a t u r e  of the  run .  

The reac t ion  was  in i t i a t ed  by  a d m i t t i n g  h y d r o -  
gen  th rough  the  p ressure  r egu la to r  to the  reac t ion  
tube.  The  bu r e t  was  kept  ba l anced  at  a tmospher ic  
p ressure  at  al l  t imes.  Read ings  of the  b u r e t  were  
t a k e n  at  c o n v e n i e n t  t ime  i n t e r va l s  d e p e n d i n g  on the  
speed of the react ion.  The  a m o u n t  of gas reac ted  
wi th  the  sample  was  the  difference b e t w e e n  the  
vo lume  added f rom the  b u r e t  a nd  the  v o l u m e  re -  
m a i n i n g  in the  gas phase  in  the ca l ib ra ted  dead space 
of the  reac t ion  tube.  

Diffusion coefficients for h y d r o g e n  in  n i o b i u m  
were  d e t e r m i n e d  f rom sorp t ion  ra te  da ta  ob ta ined  at 
600~176 A few e xpe r i me n t s  were  m a d e  to de te r -  
m i n e  diffusion ra tes  by  a t e chn ique  based on meas -  
u r i n g  ra tes  of outgass ing  of spec imens  in  a v a c u u m  
of 10 -~ to 10 ~ m m  Hg at va r ious  t empera tu re s .  The  
a ppa r a t u s  and  p rocedure  have  been  descr ibed p r e -  
v ious ly  (5, 6). The  ra tes  of h y d r o g e n  outgass ing  
were  m e a s u r e d  for 0.6 cm d i ame te r  n i o b i u m  cy l in -  

981 
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Fig. 1. Logarithmic plot of isotherms in the niobium-hydro- 
gen system. 
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Fig. 2. Representative isopleths for the niobium-hydrogen 
system. 

ders  in i t i a l ly  con t a in ing  0.03 to 0.06 H / N b  a tomic  
ratio.  

Results and Discussions 
Equilibria 

E q u i l i b r i u m  da ta  ob ta ined  in  the  p re sen t  s tudy  
have  been  combined  wi th  those p rev ious ly  repor ted  
for the  n i o b i u m - h y d r o g e n  sys tem to give compre -  
hens ive  coverage of the  ranges  100~176 0.1- 
1000 m m  Hg pressure ,  and  0.01-0.85 H / N b  ratios.  
F i g u r e  1 is a logar i thmic  plot of e q u i l i b r i u m  p res -  
sure  aga ins t  composi t ion  for var ious  t empera tu res .  
I t  is seen t ha t  none  of the  i so therms show i n v a r i a n t  
pressures .  This  indica tes  tha t  the re  is no t w o - p h a s e  
reg ion  w i t h i n  these ranges .  E q u i l i b r i u m  da ta  could 
not  be ob ta ined  at lower  t e m p e r a t u r e s  and  pressures  
because  of the  e x t r e m e l y  long t imes  requi red .  

Equ i l i b r i a  in  the  n i o b i u m - h y d r o g e n  sys tem were  
i n t e rp r e t ed  in  t e rms  of the  condi t ions  r equ i r ed  to 
form var ious  products  (solid solut ions)  h a v i n g  def i -  
n i t e  H / N b  rat ios  as discussed in  the  prev ious  pape r  

Table I. Thermodynamic data for formation of various 
niobium-hydrogen compositions 

C o m p o -  C o n s t a n t s  i n  
s i t i o n  log lo  Prom = - - A / T  + B --AH,  - -AS,  
H / N b  k c a l / m o l e  c a l / m o l e  
r a t i o  A B H2 He-  d e g r e e  

0.01 3478 4.833 15.90 --+0.20 8.93 ___0.25 
0.02 3592 5.490 16.40--+0.13 11.94 • 
0.03 3567 5.770 16.33 -+0.07 13.22 -+0.09 
0.05 3575 6.170 16.40 -+0.11 15.05 ___0.15 
0.10 3688 6.801 16.90 -+0.12 17.94 -+0.14 
0.20 3953 7.548 18.09 ___0.04 21.36 ___0.06 
0.30 4149 8.030 18.99 • 23.57 ___0.07 
0.40 4301 8.403 19.70 --+0.12 25.27 -+0.19 
0.50 4424 8.765 20.20 -+0.14 26.93 ___0.23 
0.60 4319 8.895 19.80 -+0.29 27.52 -+0.47 
0.70 5005 10.670 22.90 -+0.71 35.65 -+0.97 

(1) .  For  a g iven  composit ion,  the  equ i l ib r i a  can be 
expressed by the  equat ion ,  

loglo Prom = - -  [ A / T ( K ) ]  ~- B [1] 

F r o m  plots of the  l oga r i t hm of the  e q u i l i b r i u m  pres -  
sure  agains t  rec iprocal  t empe ra tu r e ,  va r ious  iso- 
p le ths  are  ob ta ined  f rom which  the  constants ,  A and  
B, can be calculated.  Severa l  r ep re sen t a t i ve  iso- 
p le ths  are shown  iN Fig. 2. VMues of the  cons tan ts  
d e t e r m i n e d  by  the  me thod  of least  squares  a re  g iven  
in  Table  I. Us ing  the  f ami l i a r  G i b b s - H e l m h o l t z  and  
v a n ' t  Haft  equat ions ,  a nd  def ining the  ac t iv i ty  of 
hyd rogen  as equa l  to the inve r se  h y d r o g e n  p ressure  
in  a tmospheres ,  the  cons tan ts  can be defined as, 

A = --AH/2.303 R [2] 

and  

13 = - -  AS/2.303 R + log 760 [3] 

P a r t i a l  mo la r  heats  of solut ion,  AH~ and  pa r t i a l  

mo la r  entropies ,  AS, ca lcula ted  f rom Eq. [2] a nd  [3] 
are also g iven  in  Tab le  I. I t  is seen tha t  the re  is a 
gene ra l  increase  in  the  m a g n i t u d e  of the  pa r t i a l  
mola r  hea t  of so lu t ion  a nd  e n t r opy  wi th  h y d r o g e n  
composit ion.  

X - r a y  diffract ion m e a s u r e m e n t s  were  made  at  
room t e m p e r a t u r e  to 400~ on n i o b i u m  and  on 
spec imens  con ta in ing  0.097, 0.24, and  0.54 H / N b  
ratios.  Data  were  ob ta ined  f rom x - r a y  p a t t e r n s  of 
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Fig. 3. Variation of lattice parameter with temperature and 
composition. 
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the  spec imens  con ta ined  in  sealed quar tz  capil lar ies .  
In  all  cases b o d y - c e n t e r e d  cubic s t ruc tu res  were  
found.  The  va r i a t i on  of la t t ice  p a r a m e t e r s  w i th  t e m -  
p e r a t u r e  and  composi t ion are shown in  Fig. 3. Speci -  
mens  h a v i n g  composi t ions  of 0.097 and  0.54 H / N b  
con ta ined  two phases  at  room t e m p e r a t u r e  a nd  a 
s ingle  phase  at  100~ and  above.  The spec imen  h a v -  
ing a 0.24 H / N b  rat io  showed two phases at room 
t e m p e r a t u r e  and  100~ and  one phase  at 150~ a nd  
above.  In  the  s ingle  phases, the  la t t ice  p a r a m e t e r s  
increased  w i th  t e m p e r a t u r e  and  wi th  hyd rogen  con-  
tent .  F r o m  the  da ta  for n iob ium,  the  t h e r m a l  ex-  
pans ion  coefficient for the  me ta l  was  ca lcu la ted  to be 
7.9 x 10-~/~ This is in good agreement with the 
handbook value of 7.1 x I0-6/~ (7). It can be seen 
in Fig. 3 that the thermal expansion of the speci- 
mens containing hydrogen is approximately the 
same as that of the metal. The change in lattice pa- 
rameter with hydrogen concentration was calculated 
to be 0.0023 ---+ 0.0002A/la/o hydrogen. 

X-ray data in Fig. 3 can be used to outline a two- 
phase region in the niobium-hydrogen system. The 
limits of the two-phase region were calculated to be 
0.024-0.75 H/Nb ratios at room temperature and 
0.099-0.52 H/Nb ratio at 100~ Also, by extrapolat- 
ing the equilibrium data to lower pressures, isobars 
of 0.01 and 0.001 mm Hg were calculated which pass 
through the two-phase region. The phase diagram 
showing various isobars for the niobium-hydrogen 
system is presented in Fig. 4. It is seen that the crit- 
ical point where the two phases become identical is 
at about 140~ 0.01 mm of mercury hydrogen pres- 
sure, and 0.3 H/Nb ratio. It should be noted that the 
designation of the high-hydrogen phase which was 
reported (i) previously as beta has been changed to 
alpha prime. This is in keeping with the customary 
nomenclature for solid solutions showing a misci- 
bility gap. 

Values for hydrogen solubility in niobium at 1 
atm pressure were reported recently by Paxton and 
Sheehan (2). Their results are compared with those 
of Sieverts and Moritz (8) and of this study in Table 
II. It is seen that solubilities of Paxton and Sheehan 

Table II. Comparison of equilibria data at 1 atm pressure 
for the niobium-hydrogen system 

E q u i l i b r i u m  compos i t i on ,  H/hrb  

Temp ,  P a x t o n  a n d  S i e v e r t s  a n d  P r e s e n t  
~ C S h e e h a n  Mor i t z  s t u d y  

800 0.047 0.051 0.051 
600 0.16 0.15 0.16 
500 0.22 0.39 0.42 
400 0.55 0.64 0.68 
300 0.66 0.73 0.77 

below 600~ are  cons ide rab ly  lower  t h a n  those of 
the  o ther  studies.  On the  basis  of the  so lubi l i ty  
s tudy  a nd  h i g h - t e m p e r a t u r e  x - r a y  data,  P a x t o n  
cons t ruc ted  a phase  d i a g r a m for the n i o b i u m - h y d r o -  
gen sys tem showing  the presence  of the  hydr ides ,  
Nb~H hav ing  a hexagona l  s t ruc ture ,  a nd  NbH h a v -  
ing a b o d y - c e n t e r e d  cubic s t ruc ture .  The presence  
of the  hyd r i de  Nb~H is no t  ind ica ted  in  the  p resen t  
s tudy.  Such a hexagona l  s t ruc tu re  has been  a t t r i b -  
u ted  to impur i t i es ,  p r o b a b l y  n i t r ides ,  by  B r a u e r  and  
H e r m a n n  (9) .  The NbH s t ruc tu re  of P a x t o n  and  
S he e ha n  corresponds  to the  a lpha  p r i m e  s t ruc tu re  of 
the  p resen t  s tudy.  

Sorption Kinetics and Dil~usion 

Kine t i c  da ta  for the  sorp t ion  of h y d r o g e n  by  
n i o b i u m  to p roduce  composi t ions  of 0.05, 0.10, 0.50, 
a nd  0.70 H / N b  were  d e t e r m i n e d  in  the  r ange  300 ~  
700~ E x p e r i m e n t a l  condi t ions  of t e m p e r a t u r e  and  
p ressure  were  d e t e r m i n e d  f rom the  isopleth  (Fig. 2) 
of the  desired product .  Rep re sen t a t i ve  r a t e  data  are  
shown in  Fig. 5 and  6. For  every  reac t ion  up  to 
550~ the  in i t i a l  sorp t ion  ra te  was  l i n e a r  (see Fig. 
5).  Af t e r  a t ime  d e p e n d i n g  on the  condi t ions  of the  
run ,  the  ra te  decreased and  stopped w h e n  equ i l ib -  
r i u m  was es tabl ished.  Usua l ly  the  reac t ions  r e -  
m a i n e d  l inea r  un t i l  abou t  40-50% of s a tu ra t ion  was  
a t ta ined .  At  300 ~ to 450~ on ly  the  in i t i a l  pa r t  of 
the  sorpt ion  curves  were  ob ta ined  because  of the  
v e r y  long t imes  r equ i r ed  to reach equ i l ib r ium.  At  
600~176 no in i t i a l  l i nea r  r a t e  was  no ted  (see Fig. 
6). A s u m m a r y  of all  the  l i nea r  ra te  cons tan ts  ob-  
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Fig. 4. Phase diagram of the niobium-hydrogen system 
showing various isobars. 
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Fig. 6. Representative rate data for reaction of hydrogen 
with niobium to produce 0.05 H/Nb. 

Table III. Summary of linear rate constants for the initial reaction 
to produce various hydrogen-niobium compositions 

R a t e  
C o m p o s i t i o n ,  T e m p ,  P r e s s u r e ,  c o n s t a n t  X 10 3, 

H / N b  ~ C m m  H g  m l / c m  2. s e c  

0.05 550 67 21 
550 69 12 

0.1 450 52 1.7 
500 112 9.1 
500 114 10 
550 218 29 

0.5 400 145 1.9 
425 261 6.6 
450 450 14 
450 480 14 
480 744 37 

0.7 300 83 0.35 
325 210 1.7 
350 460 6.7 
366 745 11 

Table IV. Rate equations for the initial linear reaction 
to produce various hydrogen solutions 

t d  4 f I I r r 

~1 12 I I  14 i s  16 17 18 

T (K )  

Fig. 7. Variat ion of linear rate constant with temperature 
for sorption of hydrogen in niobium. 

t a ined  at  300~176 is g iven  in Tab le  III. The  v a r i -  
a t ion  of the  in i t i a l  l i nea r  r a t e  cons tan ts  w i th  t e m -  
p e r a t u r e  for the  var ious  composi t ions  is shown  in  an  
A r r h e n i u s  plot  in  Fig. 7. Data  for the  equat ion ,  

k = A exp [ - - Q / R T ]  [4] 

for each composi t ion  are g iven  in  Tab le  IV. I t  was  
found  tha t  at a g iven  t e m p e r a t u r e  the  in i t i a l  l i nea r  
ra te  increased  w i th  inc reas ing  h y d r o g e n  composi -  
t ion  of the  product .  Also, the ac t iva t ion  energies  i n -  
creased w i th  H / N b  ratio.  

G u l b r a n s e n  and  A n d r e w  (3) found  no  cons is ten t  
ra te  type  for the n i o b i u m - h y d r o g e n  reac t ion  f rom 
250 ~ to 900~ at p ressures  up  to 5 cm. A l i nea r  r eac -  
t ion  ra te  was  repor ted  on ly  at  300~ and  21 m m  of 
m e r c u r y  h y d r o g e n  pressure .  At  these  condi t ions,  a 
composi t ion  of 0.6 H / N b  wou ld  be  produced.  The  
ra te  cons tan t  ca lcu la ted  f rom the i r  da ta  is 1.6 x 
10 -' ml /cm2/sec .  This r a t e  cons tan t  is in  l ine  w i th  
the  p re sen t  work.  However ,  a t  700 ~ and  900~ G u l -  
b r a n s e n  and  A n d r e w  found  r a t h e r  slow reac t ion  

C o n s t a n t s  i n  t h e  A r r h e n i u s  e q u a t i o n  

Activation 
C o m p o s i t i o n ,  F r e q u e n c y  e n e r g y ,  Q,  

I-I /Nb :factor,  A k c a l / m o l e  

O.1O 1.32 X 107 32.6 +__1.0 
0.50 1.39 X 109 36.4___1.3 
0.70 2.18 X 10 ~1 38.7 ___1.5 

rates.  They  show reac t ions  c o n t i n u i n g  up  to 2 hr  
us ing  3.3 m i l  (0.008 cm) th ick  specimens.  In  the  
p resen t  s tudy,  a spec imen  0.6 cm in  d i a m e t e r  a t -  
t a ined  e q u i l i b r i u m  so lub i l i ty  in  about  5 m i n  at  
700~ (see Fig. 6). 

At  600~176 the  sorpt ion  curves  could be de-  
scr ibed by  a diffusion equa t i on  in  which  sorp t ion  is 
i n i t i a l ly  parabol ic .  Modi fy ing  the  d e r i v a t i o n  of 
Demarez ,  et  al. (10) the  so lu t ion  of F ick ' s  second 
law for diffusion in  a f inite cy l inde r  can be  expressed  
a s  

C/Co = 1 - -  
~r" , . . . . . .  fi2,,(2n + 1) 2 

e x p ' - - D r [  ( 2 n +  1)2~r " fl~. 
z ~ + ~ 1 }  [5] 

where :  C = average  h y d r o g e n  concen t r a t i on  at  t ime,  
t; Co ---- final e q u i l i b r i u m  h y d r o g e n  concen t ra t ion ;  
B,~ -~  a root  of the  Bessel func t ion ,  J ,  ( f l )  ; D 
diffusion coefficient; l = l eng th  of cy l inder ;  and  a = 
rad ius  of cyl inder .  

The  cy l indr ica l  spec imens  used in  the  sorpt ion  ex -  
p e r i m e n t s  had  a l eng th  five t imes  the  rad ius  ( l /  
a = 5). S u b s t i t u t i n g  5a and  l, Eq. [3] becomes,  

C/Co = 1 - -  
~r ~ ,, . . . . .  fl~.,(2n + I )  ~ 

e x p { ~ t  [ (2n+l)"v:25 - t - F , , ]  } [6] 

The  theore t ica l  cu rve  ob t a ined  f rom Eq. [6] is 
shown in  Fig. 8, in  which  C/Co is p lo t ted  aga ins t  
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(Dt/a~) v~ so as to y ie ld  a s t ra igh t  l ine  for  the  in i t i a l  
pa rabo l ic  behav ior .  The  pa rabo l i c  r a t e  is fo l lowed  
un t i l  abou t  40% of s a tu r a t i on  (C/Co = 0.4) is a t -  
ta ined.  If  the  sorp t ion  of h y d r o g e n  is diffusion con-  
t rol led,  a p r o p e r  choice of D wou ld  r e su l t  in the  e x -  
p e r i m e n t a l  cu rves  co inc id ing  w i t h  tha t  of theory .  
The  e x c e l l e n t  a g r e e m e n t  of s eve ra l  e x p e r i m e n t a l  
cu rves  at 600 ~ 650 ~ and 700~ w i t h  t h e o r y  is also 
seen in Fig. 8. It  should  be po in ted  out tha t  the  
sorp t ion  cu rves  ob ta ined  at the  l o w e r  t e m p e r a t u r e s  
(350~176  did not  fo l low the  theo re t i ca l  d i f -  
fus ion curve .  P r o b a b l y  some sur face  r eac t ion  af -  
fec ted  the  sorp t ion  rates .  

The  diffusion coefficients t ha t  w e r e  ca l cu la t ed  
f r o m  sorp t ion  and desorp t ion  r a t e  da ta  are  s u m -  
mar i zed  in Tab le  V. I t  is seen tha t  the  diffusion co-  
efficients f r o m  the  ou tgass ing  (desorp t ion)  e x p e r i -  
men t s  are  s o m e w h a t  l o w e r  than  those  ob ta ined  f r o m  
sorpt ion  rates.  T h e r e  was  a poor  a g r e e m e n t  of the  
desorp t ion  ra tes  w i t h  diffusion t h e o r y  so tha t  d i f -  
fus ion coefficients ca l cu la t ed  f r o m  deso rp t ion  are  of 
doub t fu l  wor th .  The  diffusion ra tes  ob ta ined  f r o m  
sorp t ion  da ta  g ive  the  best  va lues  for  the  diffusion 
coefficients for  h y d r o g e n  in n iob ium.  

Diffusion coefficients r e p o r t e d  by P a x t o n  and 
S h e e h a n  (2) and inc luded  in Tab l e  V are  cons ide r -  
ab ly  l o w e r  t h a n  those  of the  p r e sen t  work .  P a x t o n  
and S h e e h a n  in fe r  t ha t  a s low sur face  r eac t ion  in the  
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Table Y. Diffusion coefficients for the niobium-hydrogen system 
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Fig. 8. Theoretical and experimental diffusion curves for 
sorption of hydrogen in niobium. 
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Fig. 9. Temperature variation of diffusion coefficients for 
hydrogen in niobium. 

D i f f u s i o n  c o e f f i c i e n t ,  D • 10  5, c m  2 s e c  1 

This work 

T e m p ,  F r o m  F r o m  P a x t o n  a n d  
~  s o r p t i o n  d e s o r p t i o n  S h e e h a n  (2) 

500 - -  0.58 0.00011 
600 10 2.4 0.00063 
600 9.4 - -  0.001 
600 9.2 - -  - -  
650 14 4.3 - -  
650 13 - -  - -  
700 16 - -  0.0063 
700 18 - -  0.0036 

p e r m e a t i o n  e x p e r i m e n t s  m a y  h a v e  affected the i r  
va lues  of D. This  is h igh ly  p robab l e  since t h e y  found  
tha t  the  n iob ium  p e r m e a t i o n  m e m b r a n e s  became  
d iscolored  du r ing  the i r  expe r im en t s .  

The  va r i a t i on  of the  diffusion coefficient w i t h  
t e m p e r a t u r e  is desc r ibed  by the  equa t ion ,  

D = D~ exp ( - - E / R T )  [7] 

Da ta  ob ta ined  f r o m  sorp t ion  ra tes  are  shown in 
Fig.  9. The  e q u a t i o n  for  the  best  s t r a igh t  l ine  
t h r o u g h  the  points  as d e t e r m i n e d  by the  m e t h o d  of 

leas t  squa res  is 

D = 0.0215 exp [ ( - -9370  +--- 6 0 0 ) / R T ]  [8] 

w h e r e  9 3 7 0 -  600 c a l / g - a t o m  is the  ac t i va t i on  e n -  
ergy.  The  en t ropy  of diffusion can be ca l cu la t ed  f r o m  
Do and E us ing  the  t h e o r y  of W e r t  and Zene r  (11,12) 
for  in t e r s t i t i a l  diffusion. For  a b o d y - c e n t e r e d - c u b i c  
l a t t i ce  

Do : 1/6 a / ~  exp  (AS~R) [9] 

w h e r e  ao is the  l a t t i ce  cons tan t  and v is the  f r e q u e n c y  
of v i b r a t i o n  of a so lu te  a tom in an in t e r s t i t i a l  pos i -  
t ion. The  v i b r a t i o n  f r e q u e n c y  can be a p p r o x i m a t e d  
f r o m  the  re la t ionsh ip ,  

= ( E / 2 m ~ )  ~i~ [10] 

w h e r e  E is a p p r o x i m a t e l y  equa l  to the  ac t i va t i on  en -  
ergy,  m is the  mass  of  the  so lu te  atom, and ~ is t he  
d i s tance  b e t w e e n  the  in te r s t i t i a l  posi t ions  (X : ao/2). 
F r o m  Eq. [7] and [8],  AS for  diffusion of h y d r o g e n  
in n i o b i u m  was  ca lcu la ted  to be 3.8 c a l / g - a t o m  de -  
gree.  Acco rd ing  to t h e o r y  this  low pos i t ive  va lue  of 
AS is cha rac te r i s t i c  of in t e r s t i t i a l  diffusion and not  
diffusion t h r o u g h  g ra in  bounda r i e s  or o the r  shor t  

c i r cu i t ing  paths.  
Conclus ions  

E qu i l i b r i a  and x - r a y  s tudies  show tha t  in the  
r anges  100~176 0.1 to 1000 m m  Hg pressure ,  and 
0.01 to 0.85 H / N b  ra t ios  the  n i o b i u m - h y d r o g e n  sys-  
t e m  consists  of a s i ng l e -phase  solid solut ion in wh ich  
the  basic b o d y - c e n t e r e d - c u b i c  s t ruc tu re  of the  me ta l  
expands  as the  h y d r o g e n  concen t r a t i on  increases .  
E q u i l i b r i a  in the  sys t em are  best  desc r ibed  by a 
series of isopleths since the heat of solution increases 
with hydrogen content. A two-phase region showing 
a miscibility gap was found at relatively low tem- 
peratures and pressures. Calculations based on the 
equilibrium and x-ray data place the critical point 
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where the two phases become identical at about 
140~ 0.01 mm of mercury hydrogen pressure, and 
0.3 H/Nb ratio. The two phases, alpha and alpha 
prime, are both body-centered-cubic structures dif- 
fering only in lattice parameter and are considered 
to be solid solutions of hydrogen in niobium. 

Rates were obtained for the sorption of hydrogen 
by niobium to produce several solid solutions having 
h y d r o g e n  compos i t ions  of 0.05, 0.10, 0.50, and 0.70 
H / N b .  The  in i t ia l  ra tes  d e t e r m i n e d  f r o m  300 ~ to 
550~ w e r e  l inea r  and inc reased  w i t h  t e m p e r a t u r e  
and  composi t ion.  A t  600~176 sorp t ion  ra tes  w e r e  
diffusion cont ro l led .  

The  diffusion coefficients ob ta ined  f r o m  desorp t ion  
are  l o w e r  t h a n  those  ob ta ined  for  sorpt ion.  A c t u a l l y  
the  desorp t ion  cu rves  show a poor  a g r e e m e n t  w i t h  
diffusion theory .  A p p a r e n t l y  some su r face  r eac t ion  
inf luences  the  desorp t ion  rate.  
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Some Investigations of the Ag/AgCI in LiCI-KCI 
Eutectic Reference Electrode 

Ling Yang and Robert G. Hudson 

Metals Research Laboratory, Carnegie Institute of Technology, Pittsburgh, Pennsylvania 

ABSTRACT 

In e lectrochemical  studies of metal  chlorides dissolved in LiC1-KC1 eutectic 
mel t  it is often desired to conver t  the meta l -meta l  ion oxidat ion potentials  E~ 
re la t ive  to a Ag/AgC1 in LiC1-KC1 eutectic reference  electrode to those Eb 
based on the chlorine reference  electrode. Such conversion can be made by us- 
ing the emf Eo of the Ag/AgC1 in LiC1-KC1 eutectic/Cl~ cell, and involves a 
correct ion t e rm AE. By using cases where  both E~ and E~ can be de termined  in-  
dependently,  studies have  been made of the var ia t ion of AE with  the nature  and 
concentra t ion of the meta l  ions in the melt, the tempera ture  of the melt,  the 
concentrat ion of AgC1 in the reference  electrode, and the nature  of the m e m -  
brane separat ing the reference  and meta l  electrodes. This informat ion gives 
an est imate of the re l iabi l i ty  of data obtained when the two reference  elec- 
trodes are interchanged. 

In  e l e c t rochemica l  s tudies  of ch lo r ide  mel ts ,  the  
t h e r m o d y n a m i c  p r o p e r t i e s  of m e t a l  ch lor ides  d is -  
so lved  in m o l t e n  ch lo r ide  so lvents  a re  of ten  ca lcu -  
l a ted  f r o m  obse rved  po ten t i a l s  b e t w e e n  the  m e t a l  
e lec t rodes  and a ch lo r ine  r e f e r e n c e  e lec t rode  in these  
melts .  The  s t anda rd  po ten t i a l s  m a y  be d e t e r m i n e d  
e x p e r i m e n t a l l y  or ca l cu la t ed  f r o m  t h e r m o d y n a m i c  
da ta  (1) .  The  i n f o r m a t i o n  ga ined  has  been  v e r y  
h e l p f u l  to our  u n d e r s t a n d i n g  of the  cons t i tu t ion  of 
these  systems.  T h e r e  are  occasions, h o w e v e r ,  w h e r e  
t he  ch lo r ine  e lec t rode  cannot  be used  d i rec t ly .  Fo r  
ins tance,  if  the  me ta l l i c  ion of the  ch lor ide  m e l t  has  
m o r e  t h a n  one s table  v a l e n c e  s ta te  u n d e r  p r e v a i l i n g  
e x p e r i m e n t a l  condi t ions  and ch lo r ine  gas can oxid ize  
it  f r o m  the  l o w e r  to the  h i g h e r  state,  the  p o t e n t i a l  
of the  m e t a l  and its l o w e r  va l ence  ion can be s tud ied  

on ly  w i t h  o the r  r e f e r e n c e  e lect rodes .  H o w e v e r ,  for  
the  ca lcu la t ion  of t h e r m o d y n a m i c  p rope r t i e s  of the  
d i sso lved  me ta l  chlor ide ,  the  obse rved  po ten t i a l  
m u s t  be c o n v e r t e d  to the  ch lo r ine  r e f e r e n c e  e lec-  

t rode  scale. 
This  p r o b l e m  occur red  in our  s tudy  of t h e r m o -  

d y n a m i c  p rope r t i e s  of p o l y v a l e n t  m e t a l  ch lor ides  
(MCL)  d isso lved  in LiC1-KC1 eutec t ic  mel t .  A su i t -  
able  r e f e r e n c e  e l ec t rode  (2-9)  was  tha t  sugges ted  
by  Bockris ,  et  al. (9) ,  n a m e l y  A g / A g C 1  in LiC1-KC1 
e u t e c t i c / P y r e x  m e m b r a n e ,  w h i c h  is of in t e res t  be -  
cause  of its s imple  cons t ruc t ion .  The  P y r e x  m e m -  
b r a n e  avoids  m i x i n g  of the  e lec t ro ly tes .  

To conve r t  the  obse rved  ox ida t ion  p o t e n t i a l  of a 
m e t a l  to such a r e f e r e n c e  e lec t rode ,  to t h a t  of t h e  
same m e t a l  to a ch lo r ine  r e fe rence ,  w e  m u s t  k n o w  
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Table I. Observed emf's of cell [ c ]  
-Picein Seal 

Mole  
f r a c t i o n  
of AgC1, T e m p ,  P r e s s u r e ,  E~. o b s e r v e d ,  dEc/dT, 

N ~ CI~, a t m  v v / ~  

0.05" Silver Wire Electrode 

Vacuum 8 Argon Inlet 
-Rubber Seals 

0.0146 768 0.976 1.1474 +8.66 • 10 -~ 
801 1.1493 
823 1.1524 

0.0367 775 0.979 1.0834 --3.00 • 10 -'~ 
796 1.0825 
804 1.0826 
825 1.0818 

0.0452 769 0.968 1.0694 --3.33 • 10 -~ 
798 1.0687 
824 1.0680 

0.1966 767 0.975 0.9835 --1.55 • 10 -~ 
803 0.9771 
823 0.9743 

0.5025 767 0.975 0.9388 --2.33 X 10 -~ 
773 0.9346 
797 0.9294 
825 0.9203 

1.0000 770 0.980 0.9010 --2.92 X 10-' 
790 0.8950 
810 O.8895 
825 0.8842 

how t h e y  are  re la ted .  Le t  Eo, Eo, and E~ represen t ,  
r e spec t ive ly ,  the  emf ' s  of the  cells 

M/MC1.  in LiC1-KC1 e u t e c t i c / P y r e x  m e m -  
b r a n e / A g C 1  in LiC1 KC1 e u t e c t i c / A g  [a]  

M/MC1.  in LiC1-KC1 eutec t ic /C1,  [b]  
A g / A g C 1  in  LiC1-KC1 eutect ic/Cl . ,  [c] 

The  cel l  reac t ions  a re  

M + n A g  § = M § + n A g  [A]  
M + n/2Cl~ = M § + n C1- (MC1. in LiC1- 

KC1 eu tec t i c )  [B]  
n Ag + n / 2  CI_~ = n Ag * + n C1- (AgC1 in 

LiC1-KC1 eu tec t ic )  [C]  

0.94 

0.90 
- 8:>5 = K 

I I I I 
0.2 OA 0.6 0.8 

Mole Fraction of AgCI 

03E 

J ] J' I 
1"18l i 

1"14 I 

LIO~ 

~ Lo6 

1.02 

a. 0.98 

1.0 

Fig. 1. Emf's E~ of cell [ c ]  for various concentrations of 
AgCI. 

~" 34/40 Ground Joint 

Vacuum 8 Argon Inlet 

5 mm. Pyrex Thermocouple Well 

I0 mm. Pyrex Tubing 

28 ram. Pyrex Tubing 

AgCI + KCI-LICI Eutectlc 

Solute § KCI-LiCI Eutectic 
Metal Deposit 

0.025" Tungsten Wire 

Fig. 2. Cell arrangement for measuring E~ 

Define the  q u a n t i t y  AE ~ E~ + E e - -E b .  I t  can be 
shown f r o m  t h e r m o d y n a m i c s  tha t  

~E ~ ( l / F )  [~(C1- of MC1, in eu tec t ic )  

--/~ (C1- of AgC1 in e u t e c t i c ) ]  + E , ,  [1] 

w h e r e  the  /~'s a re  chemica l  po ten t ia l s  and  Em is t he  
m e m b r a n e  po t en t i a l  in cel l  [a] .  The  conve r s ion  of E,, 
to E~ thus  r e q u i r e s  a k n o w l e d g e  of both  E~ and AE. 
Sufficient  da ta  do not  ye t  ex is t  to ca lcu la te  • f r o m  
Eq. [1].  Our  pape r  a t t emp t s  an e x p e r i m e n t a l  e v a l u -  
a t ion of • f r o m  m e a s u r e d  va lues  of Eo, Eb, and E~. 

D e t e r m i n a t i o n  of  Ec 

Poten t i a l s  of m e t a l - c h l o r i n e  cells h a v e  a l r eady  
been  s tud ied  ove r  a r ange  of t e m p e r a t u r e s  and con-  
cen t ra t ions  (10) .  The  d a t a  E~ for  the  AgC1 mel t s  a re  
quo ted  in Tab le  I. I t  can be shown f r o m  these  tha t  
m i x t u r e s  of AgC1 and LiC1-KC1 eutec t ic  b e h a v e  as 
r e g u l a r  solutions,  w i t h  AgC1 d e v i a t i n g  pos i t i ve ly  
f r o m  Raou l t ' s  law.  

The  d e r i v a t i v e  dEc/dT was  ob ta ined  f r o m  the  
slope of a p lo t  of Ec [a f t e r  co r rec t ion  to (CI~) = 1] 
vs. T, it is e ssen t ia l ly  cons tan t  for  a g iven  compos i -  
t ion, and its s ign changes  at a mo le  f r ac t ion  N (AgC1) 
of about  0.03. The  da ta  of Tab le  I, a f t e r  co r rec t ion  to 
( C I J  = 1 and to 770 ~ and 825~ a re  p lo t t ed  in 
Fig. 1. This  f igure  can be used  to e s t ima te  any  v a l u e  
of E~ w i t h i n  or n e a r  the  concen t r a t i on  and t e m p e r a -  
t u re  ranges  shown.  

Exper imenta l  Est imat ion of ~ E  

As shown in Eq. [1],  AE consists of two  parts ,  
one due  to the  d i f fe rence  of chemica l  po ten t i a l  of 
ch lo r ide  ion in the  two  mel ts ,  the  o the r  due  to the  
m e m b r a n e  po t en t i a l  E.,. Bockris ,  et aL (9) c o m p a r e d  
the  obse rved  emf ' s  of the  concen t r a t i on  cel ls  

A g / A g C 1  (0.13M) in LiC1-KC1 e u t e c t i c / P y r e x  

m e m b r a n e / A g C 1  (0.05-1.3M) in LiC1-KC1 

e u t e c t i c / A g  [d]  
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wi th  those ca lcula ted  f rom the  Nerns t  equat ion ,  by  
a s suming  the  ac t iv i ty  coefficient of Ag + cons tan t  in 
the range  of composi t ions  used. They  conc luded  tha t  
the  d iscrepancies  were  m a i n l y  due to the differences 
of act ivi t ies  of a lka l i  me ta l  ions across the  m e m -  
brane�9 In  genera l ,  however ,  the s i tua t ion  m a y  not  be 
so simple,  especia l ly  w h e n  the  me ta l  chlor ide solute  
on one side of the m e m b r a n e  is d i f ferent  f rom tha t  
on the other  side. Exac t  eva lua t i on  of AE is i m -  
possible w i thou t  k n o w i n g  the condi t ions  p r eva i l i ng  
at  the  two m e l t - m e m b r a n e  in ter faces  and  tha t  ins ide  
the  m e m b r a n e ,  as wel l  as the  t r a n s p o r t  m e c h a n i s m  
th rough  the  membrane �9  So far  the  s tudy  of m e m -  
b r a n e  po ten t i a l  has been  confined mos t ly  to aqueous  
solut ions  (11) ;  mo l t en  salt  sys tems have  not  r e -  
ceived m u c h  at tent ion�9 

In  spite of these difficulties, use fu l  i n f o r m a t i o n  
m a y  be ob ta ined  on the m a g n i t u d e  of AE by  s tudy ing  
cases whe re  i n d e p e n d e n t  m e a s u r e m e n t s  can be m a d e  
on both  Eo and  E~. In  our  prev ious  inves t iga t ions  (10) ,  
m e a s u r e m e n t s  have  been  made  of E~. There fo re  if 
we d e t e r m i n e  the  cor responding  va lues  of E~ aga ins t  
AgC1 re fe rence  electrodes whose E~ eva lua t ed  f rom 
Fig. 1, we should be able  to ca lcula te  • and  find out  
how it is affected by  the  n a t u r e  and  concen t r a t i on  of 
the  me ta l  chlor ide in  the  melt ,  the  concen t r a t i on  of 
AgC1 in  the  re fe rence  electrode,  the  t e m p e r a t u r e ,  
and  the  m e m b r a n e  mate r ia l ,  e.g. Pyrex ,  Vycor, or 
quar tz .  

Measurement o$ Ea.---E, was m e a s u r e d  by  us ing  
the  a r r a n g e m e n t  shown in  Fig. 2. The  AgC1 re fe r -  
ence e lect rode consisted of a 0.05 in. d i ame te r  Ag 
wi re  (99.99% pure )  d ipped  in  a LiC1-KC1 eutect ic  
me l t  con ta in ing  AgC1 of the  des i red concen t r a t i on  
and  s i tua ted  ins ide  a P y r e x  (Vycor  or qua r t z )  tube.  

3A i i J r I i f i ' '1 

3 � 9  

2.8 

2.6 

24~ j , 4 ~ -  , ~ i , I , , 
�9 80 500 520 540 560 580 

H o t  J u n c t i o n  T e m p e r a t u r e  (~ 

Fig. 3. Tungsten-silver thermal emf, cold junction O~ 
cold terminQI of tungsten positive. 
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Fig. 4.  Comparison of E~ -]-E~ with Eb; PbCh melts. 
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Fig. 6. Comparison of Ea -f- E~ with E~; MgCI2 and BeCI~ 
melts. 

The bo t tom of the  t ube  was sealed and  b l ow n  th in  to 
form the  m e m b r a n e .  The exact  th ickness  of the  
m e m b r a n e  was  u n k n o w n  b u t  was  found  i m m a t e r i a l  
to the  resul ts  obtained�9 The  me ta l  e lectrode con-  
sisted of the des i red me ta l  e lec t rodeposi ted  f rom the  
me l t  con ta in ing  the  me t a l  chlor ide on a 0.025 in. 
t u n g s t e n  wi re  sealed to the  bo t tom of the  cell. De-  
posi t ion was car r ied  out by  us ing  a g raph i t e  anode 
(not  shown in  Fig. 2) wh ich  was  t hen  w i t h d r a w n .  
The chlor ine  gas evolved was  r emoved  by  p u m p i n g  
and  the  cell filled wi th  pur i f ied argon�9 The  po ten t i a l  
b e t w e e n  the  Ag electrode and  the me t a l  e lect rode 
was fol lowed to 0.1 m v  on a B r ow n  recorder  con-  
nec ted  in  series w i th  a L&N K - 2  po t en t iome te r  and  
ano the r  po t en t iome te r  cover ing  a r ange  of 0-10 v 
u n t i l  a s teady va lue  was  reached.  The t e m p e r a t u r e  
of the  melt ,  as ind ica ted  by  a ca l ib ra ted  ch rome l -  
a lume l  thermocouple ,  was changed  to d i f ferent  v a l -  
ues and  the  co r respond ing  s teady po ten t i a l s  r e -  
corded�9 F i n a l l y  the  me l t  was  b rough t  back  to the  
or ig ina l  t e m p e r a t u r e  and  the  s teady po ten t i a l  
reached  was  compared  w i th  tha t  ob ta ined  before.  
The a g r e e me n t  was  u sua l l y  w i t h i n  --+2 mv.  In  add i -  
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Table II. Effect of membrane materials on AE = E. ~- E~ --Eb 

989 

MC1, N (MCI.)  N (AgC1) Temp ,  ~ P y r e x  
Ea, m v  Ec Eb, m v  hE,  m v  
V y e o r  q u a r t z  P y r e x  Vycor  q u a r t z  

AgC1 

PbCh 

ZnC1, 

0.016 0.245 780 0.173 0�9 
787 0.173 0.183 
816 0.183 0.190 

0.030 0.136 795 0.411 0.416 

0.016 0.026 778 0.800 0.826 
0.084 0.072 778 0.802 0.820 

799 0.791 0.807 
815 0.782 0.799 

- -  0�9 1141 2 12 - -  
- -  0�9 1141 2 11 - -  
- -  0.963 1145 1 8 - -  

0.417 1.003 1410 4 9 10 

0.826 1�9 1888 16 42 42 
0.819 1.042 1806 37 56 55 
0.808 1.040 1796 35 51 52 
0.801 1�9 1786 33 52 54 

tion, the  r eve r s ib i l i t y  of the  e lect rode react ions  was  
es tab l i shed  by  the  close a g r e e m e n t  ( w i t h i n  --+1 m v )  
b e t w e e n  the  s teady po ten t i a l  ob ta ined  in  the  above 
m a n n e r  and  tha t  ob ta ined  af ter  a few mi l l i ampe re s  
had  been  d r a w n  f rom the  cell for abou t  2 min.  For  
meta l s  which  a t tack  glass, such as La and  Y, the  
t u n g s t e n  w i r e  was  inse r t ed  f rom the  top of the  ceil 
so tha t  the me ta l  deposi t  was  no t  in  contact  w i t h  
glass. A l t h o u g h  on ly  one Ag/AgC1 re fe rence  elec-  
t rode  is shown in  Fig. 2, in  ac tua l  m e a s u r e m e n t s ,  
four  or five of t h e m  can be pu t  in  the  same mel t  for 
the s tudy  of the effect of AgC1 concen t r a t i on  in  the  
re fe rence  e lect rode or the  n a t u r e  of the  m e m b r a n e  

I i l I I ~ I I ; 
0 IE a + E c) 
�9 E b 
N = Mole Fraction 
A E = (E o + Ec| - E b 

2 2  ~_,/-~L0~,~L0.o,,,. %o.o.o,o, 1 
3 . 1 4  ~ ~ N A g c I  00723  -~ 

~ 3.11 

~NHfcI4= 0.0025, NAgCI" 0.0580 ~- 

z.z N.~a4.ooosT. \ N.,Cl2000~8" NA~a.O.Z~OO-~ -~ 

me I I J I L I L I I / 
7 8 0  800  820 840 860 

Tempeml~m (*K| 

Fig. 7. Compar i son  o f  E~ ~ E~ wi th  Eb; LaCI3, YCIs, and 
H f C h  mel ts .  
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Fig. 8. E f fec t  o f  A g C I  concen t ra t i on  in the  re ference elec- 
t rode on AE. 

m a t e r i a l  on AE. The  observed  s teady potent ia l ,  a f ter  
correc t ion  for the  emf of the  A g - W  the rmocoup le  
(Fig. 3), is E~. The  correc t ion  was  made  by  conve r t -  
ing the  t h e r m a l  emf ' s  of Fig. 3 to those for a cold 
j u n c t i o n  at room t e m p e r a t u r e .  T h e r m a l  emf da ta  
were  d e t e r m i n e d  e x p e r i m e n t a l l y  by  coupl ing  the  
t u n g s t e n  wi re  a nd  the  s i lver  wi re  used in  this  work.  
Methods  for p u r i f y i n g  a nd  hea t ing  the  mel t s  were  
the  same as descr ibed p rev ious ly  (10).  

Af te r  the  run ,  the  AgC1 re fe rence  e lect rode was  
ra ised  out  of the melt .  Both the  AgC1 and  the  MC1. 
mel ts  were  cooled qu ick ly  in  an  a rgon  a tmosphere  
and  analyzed�9 On the basis  of the  ana ly t i ca l  resul ts ,  
E~ was  in t e rpo la t ed  or ex t r apo la t ed  f rom Fig. 1, and  
Eb was  t a k e n  f rom our  p rev ious  da ta  (10) .  AE was 
t hen  computed  f rom the  data.  

Variation ol AE wi th  various fac tors . - -Resul t s  ob-  
t a ined  are shown  in  Fig. 4-8, which  can be s u m -  
mar ized  as follows: 

1. Nature ol MCI, . - -AE is neg l ig ib le  w h e n  MC1, 
is AgC1 (Fig. 8) and  is less t h a n  a few mi l l ivo l t s  for 
PbCL (Fig. 4). This  is t r ue  for a wide  r a n g e  of AgC1 
and  PbCL concent ra t ions .  For  the  others  (Fig. 5-8) ,  
AE a m o u n t s  to 5-40 my.  I t  is i n t e re s t ing  to no te  tha t  
mel ts  con ta in ing  Ag § and  Pb  ++ which  have  less t e n d -  
ency  to form complex  ions wi th  the  chlor ide  ions 
of the  so lvent  have  neg l ig ib le  AE, whi le  those con-  
t a i n i ng  Be §247 Mg +§ Zn  §247 Cd §247 which  have  been  shown 

Table III. Studies of charge carriers through Pyrex membrane 

(a) AgC1, 525~ 12 v ,  5.0 ma,  2.36 h r  

I n i t i a l  F i n a l  
compo-  compo-  

s i t ion ,  s i t ion ,  A g  ga ined ,  m g  A g  lost ,  m g  
% A g  % A g  exp.  ealed,  exp.  calcd. 

Positive side, AgC1 
(2.0904 g) 28.12 30.29 

Negative side, AgCI 
(2.0434 g) 28.12 25.93 

45.4 47.5 

44.8 47.5 

(b) ZnC12, 533~ 12 v ,  8.0 ma,  2.31 hr 

I n i t i a l  F i n a l  
compo-  c o m p o -  

s i t ion ,  s i t ion ,  
% % 

m e t a l  m e t a l  
Zn ga ined ,  m g  A g  lost ,  m g  

exp.  caled,  exp�9 calcd�9 

Positive side, ZnCh 
(3.8168 g) 

Negative side, AgC1 
(1.2131 g) 

1.70 2.27 21.7 22.6 

11.99 5.97 73.1 74.5 
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to have a higher tendency to form complex ions ex- 
hibit higher AE (I 0). 

2. Concentration of MCIn.--For those melts hav- 
ing appreciable AE values, AE decreases as the con- 
centration of MCIo decreases (Fig. 5 and 6). 

3. Temperature.--In the temperature range used 
in this work, AE does not seem to vary appreciably 
with temperature (Fig. 4-7), except for YCl~ 
(Fig. 7). 

4. AgC1 concen tra t ion  of the  r e f e rence  electrode.  
- - C h a n g e  of the  AgC1 concen t r a t i on  of the  r e f e r -  
ence electrode over  a wide  r ange  does not  seem to 
affect AE apprec i ab ly  (Fig. 8). However ,  for NA~c, 
0.6, AE becomes a b n o r m a l l y  h igh (Fig. 8). 

5. M e m b r a n e  m a t e r i a l - - A s  shown in  Tab le  II, 
AE va lues  for Vycor and  qua r t z  m e m b r a n e s  are 
about  the  same, and  they  are h igher  t h a n  for Pyrex .  
Vycor  and  quar tz  are the re fore  less su i tab le  m e m -  
b r a n e  ma te r i a l s  t h a n  Pyrex .  

Some Transport Studies 
In  add i t ion  to the  above inves t iga t ions  on AE, a 

few expe r imen t s  have  been  pe r fo rmed  to d e t e r m i n e  
w h e t h e r  me t a l  ions other  t h a n  the  Li § and  K § are r e -  
sponsible  for c a r ry ing  the  c u r r e n t  t h r o u g h  the P y r e x  
m e m b r a n e .  These were  car r ied  out by  us ing  the  fol-  
lowing  cell a r r a n g e m e n t s  wi th  M = Ag or Zn, 

M / M C L  in LiC1-KC1 e u t e c t i c / P y r e x  m e m b r a n e /  

AgC1 in  LiC1-KC1 eu t ec t i c /Ag  [e l  

A k n o w n  a m o u n t  of c u r r e n t  was  passed th rough  
each cell so tha t  the  Ag or Zn  at the  lef t  dissolved 
into the  me l t  whi le  the  Ag + in the me l t  at the  r igh t  
deposi ted out as Ag. The  increase  in the  a m o u n t  of 
Ag § or Zn  ~* in  the  me l t  at the  lef t  and  the  decrease  
in  the a m o u n t  of Ag in  the  me l t  at the  r igh t  of the 
glass m e m b r a n e  were  t hen  d e t e r m i n e d  by  chemica l  
ana lys i s  and  compared  w i th  w h a t  wou ld  be ex -  
pected on the basis  of the  a m o u n t  of c u r r e n t  passed 
t h rough  the cell if the  m e m b r a n e  is i m p e r m e a b l e  to 
Ag § and  Zn  ++. The Ag + and  the Zn  +* conten ts  of the  
mel t s  were  d e t e r m i n e d  by  p rec ip i t a t ion  and  w e i g h -  
ing as AgC1 and  Zn(C~H,ON)_,, respect ively.  The 
c u r r e n t  of e lectrolysis  was cont ro l led  m a n u a l l y  and  
its t ime in tegra l  was d e t e r m i n e d  by  us ing  a s i lver  
coulometer .  Resul ts  are shown in Tab le  III.  

It  can be seen tha t  the a m o u n t  of c u r r e n t  car r ied  
by  the Ag+ or Zn  ~+ t h rough  the P y r e x  m e m b r a n e ,  if 
any,  cannot  be more  t h a n  a few per  cent. Spec t ro-  
scopic ana lyses  of the  glass used for m a k i n g  the  
m e m b r a n e  showed tha t  it conta ins  0.02% LifO, 
0.05% K~O, and  less t h a n  0.0005% Ag~O. The  glass 
m e m b r a n e  in  the  AgC1 cell, recovered  af ter  the  e lec-  
trolysis,  was  found  to con ta in  0.75% Li20, 0.12% 
K~O, and  0.001% Ag20. The large increase  in the  Li 
con ten t  seems to indica te  tha t  Li + is the  p r e d o m i n a n t  
c u r r e n t  car r ie r  t h rough  the  Py rex  m e m b r a n e .  

Reproducibility and Stability 
The r ep roduc ib i l i t y  of the  Ag/AgC1 in LiC1-KC1 

e u t e c t i c / P y r e x  m e m b r a n e  re fe rence  e lect rode was  

s tudied by  compar ing  the po ten t ia l s  of va r ious  r e f -  
e rence  electrodes made  f rom mel t s  of the  same AgC1 
concen t r a t i on  N ( A g C 1 ) =  0.030 or 0.1020. Agree -  
m e n t  was found  to be w i t h i n  --+2 mv.  The s tab i l i ty  of 
this  re fe rence  e lect rode was  also inves t iga ted  by  
fo l lowing the change  of the  po ten t i a l  of AgC1 con-  
cen t r a t i on  cells w i th  N(AgC1) in the r a nge  0.060 to 
0.200, in  LiC1-KC1 eutect ic  mel t s  w i th  t ime. It  was  
found  tha t  if oxygen  and  mois tu re  were  exc luded  
from the  melt ,  the  change  in  po ten t i a l  was  less t h a n  
a few mi l l ivo l t s  af ter  the  cells had  been  m a i n t a i n e d  
at about  800~ for 40 hr. 

The inves t iga t ions  descr ibed above cover  some of 
the charac ter is t ics  of the s i lver  c h l o r i d e - P y r e x  re f -  
e rence  electrode. A l though  the  i n f o r m a t i o n  ava i l ab le  
sti l l  does not  a l low us to ca lcula te  AE theore t ica l ly ,  
these s tudies  m a y  serve to eva lua t e  the  r e l i ab i l i t y  
of po ten t i a l  da ta  ob ta ined  in  chang ing  re fe rence  
electrodes  f rom AgC1 to chlor ine.  
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The Oxygen-Evolution Reaction at Gold Anodes 
II. Overpotential Measurements and Reaction Mechanism in Sulfuric Acid Solutions 
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ABSTRACT 

The oxygen-evolu t ion  react ion at gold anodes was studied in sulfuric acid 
solutions, wi th  and wi thout  added potassium sulfate, over  the pH range 0 to 
2.7 at 25~ Overpotent ia l  measurements  were  made with  an accuracy of ___1 
mv in a cell having uni form current  distr ibut ion over  a spherical anode. Within 
current  density limits imposed by the cell and the solution, Tafel 's  equat ion 
was obeyed to +__1 mv. The Tafel  slope was b ~ 2.303 ( 3 R T / 4 F )  in each solution. 
At constant current  density the overpotent ia l  was independent  of pH or neu-  
tral  salt additions. Severa l  proposed mechanisms of the oxygen evolut ion re -  
action predict  this independence,  but in each case the theoret ical  Tafel  slope is 
smaller  than the observed value. 

O v e r p o t e n t i a l  da ta  in the  l i t e r a t u r e  r e l a t i ng  to 
the  o x y g e n - e v o l u t i o n  reac t ion  h a v e  not  b e e n  suffi- 
c i en t ly  accu ra t e  to se t t le  the  r eac t ion  m e c h a n i s m  
unequ ivoca l ly .  In  a p r e v i o u s  pape r  (1) the  fac tors  
i n v o l v e d  in ob ta in ing  accura te  o v e r p o t e n t i a l  m e a s -  
u r e m e n t s  w e r e  e v a l u a t e d  w i t h  r e f e r e n c e  to a n e w  
cell  design.  W i t h i n  c u r r e n t  dens i ty  (c.d.) l imi ts  
d ic ta ted  by  this cell, it was  found  tha t  s t e a d y - s t a t e  
m e a s u r e m e n t s  of o x y g e n  o v e r p o t e n t i a l  at  gold 
anodes  in 0.1M H2SO4 w e r e  r e p r o d u c i b l e  to --+ 1 my.  
Wi th in  the  same dev ia t i on  the  o v e r p o t e n t i a l  (v) 
v a r i e d  w i t h  c.d. (i)  in accordance  w i t h  Tafe l ' s  Eq. 
(2): 

: a -t- b l o g / =  a' ~- b l o g i '  [1] 

w h e r e  i ' =  qi is the  a p p a r e n t  c.d., q is the  sur face  
roughness ,  a and b a re  cons tants  and a' = a - -  b log q 
is the  e x t r a p o l a t e d  o v e r p o t e n t i a l  at  1 a m p  cm -~ ap -  
p a r e n t  c.d. These  m e a s u r e m e n t s  are  e x t e n d e d  in t he  
p re sen t  pape r  to inc lude  the  effects of pH  and 
n e u t r a l  salt  addi t ions,  effects w h i c h  are  d iagnos t ic  of 
the r eac t ion  m e c h a n i s m  (3-5) .  

Experimental Procedure 
The  e x p e r i m e n t a l  p r o c e d u r e  was  tha t  of the  p r e -  

v ious  paper ,  cel l  II  and the  solid gold e lec t rode  
desc r ibed  t h e r e i n  (1) be ing  used  for  a lmos t  al l  of 
the  o v e r p o t e n t i a l  m e a s u r e m e n t s .  The  e lec t rode  was  
pol i shed  to an a lmos t  m i r r o r - b r i g h t  sur face  w i t h  
d i amond  pol i sh ing  compound ,  end ing  w i t h  3/~ p a r t i -  
cle size. It  was p r e c l e a n e d  w i t h  solvents ,  ca thodic  
t r e a t m e n t  in hot  3M N a O H  and i m m e r s i o n  in 10M 
HNO;~. It was then made anode in IM H~SO~ at 5 x 
10 -~" amp cm --~ for 5 rain, the thin oxide layer thus 
formed being dissolved in 5M HCI, after which the 
electrode was rinsed thoroughly and inserted in the 
cell. 

Sulfuric acid was distilled, and water redistilled 
from alkaline permanganate, in all-Pyrex stills. 
Reagent-grade K2SO, was used without further 
purification; the experiments described below in- 
dicated that no deleterious impurities were present. 

Sul fu r i c  acid solut ions  of concen t r a t i on  0.01 to 1M, 
some w i t h  0.5M K~SO4 added,  w e r e  s tud ied  at  25.0~ 
O v e r p o t e n t i a l s  w e r e  d e t e r m i n e d  by use of a s a t u -  
r a t ed  ca lomel  r e f e r e n c e  e lec t rode ,  as p r e v i o u s l y  
desc r ibed  (1) .  

The  l o w e r  l imi t  to the  c.d. r a n g e  for  accu ra t e  
m e a s u r e m e n t s  in 0.1M H~SO~ has been  shown to be 
3 x 10 5 amp  cm -~, and was  a t t r i b u t e d  to ca thod ica l ly  
p roduced  H~O~ (1) .  Depo la r i za t ion  by H20~ should  
depend  on the  ca thode  and cel l  g e o m e t r y  used, and 
not  on so lu t ion  concen t ra t ion .  Thus  the  l o w e r  c.d. 
l imi t  of 3 x 10 -'~ was  e x p e c t e d  for  al l  of the  solut ions  
s tudied,  and this was  found  to be the  case. 

A l t h o u g h  a b r o w n  film of h y d r a t e d  AutO3 f o r m e d  
s lowly  and con t inuous ly  ove r  the  gold anode  in each  
solution,  the  c u r r e n t  eff iciency for  f i lm f o r m a t i o n  
was  a s sumed  to be suff icient ly smal l  to be negl ig ib le ,  
as was shown for 0.1M H2SO4 (i). 

The upper c.d. limit for accurate measurements 
varies with concentration and is determined either 
by the IR drop between the capillary tip and the 
electrode surface (V~) or by concentration polari- 
zation. The IR drop may be computed (I) from the 
equation: 

V,~ ~ (iro2/K) [i/ro-- i/(ro + 3d-- d/3)] [2] 

where K is the solution conductivity in mhos per 
centimeter, ro ~ 0.50 cm is the radius of the spherical 
electrode, and d ~ 0.02 cm is the diameter of the 
capillary tip, the latter being positioned at a dis- 
tance 3d from the electrode surface. The maximum 
c.d. i~ for making accurate IR drop corrections is 
obtained from Eq. [2] by setting V~ ~ 0.01 v (I). 

In order to avoid concentration polarization ef- 
fects an upper limit of 3 % was selected as the maxi- 
mum allowable change in H.,SO~ concentration at 
the anode. The c.d. i~ corresponding to this concen- 
tration change was calculated from the equation: 

• = 10~(1 --  t+) i l / 2 F D  [3] 

by se t t ing  • = 0.03 Co, w h e r e  • is the  inc rease  in 
acid concen t r a t i on  at the  anode  surface,  C,, the  b u l k  
concen t r a t i on  ( m o l e / l ) ,  I the  th ickness  of the  d i f fu-  

991 
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sion layer ,  F the faraday,  D the diffusion coefficient, 
and  t§ is the h y d r o g e n  ion t r an f e r ence  n u m b e r .  ~ For  
the  su l fur ic  acid solut ions  s tudied,  the  m e a n  va lues  
l = 0.005 cm for g a s - b u b b l i n g  condi t ions  (7) ,  t§ = 
0.82 (8) and  D =  1 . 9 x 1 0  -~ cm ~ sec -~ (9) were  sub -  
s t i tu ted  into Eq. [3] to ob ta in :  

Table I. Upper current density limit imposed by IR drop 
or concentration polarization calculations 

S o l u t i o n  

i l ,  i,~, A c t u a l  
~. V x ~  = A C  = c . d .  l i m i t  

a t  2 5 ~  10 m y ,  0 . 03  Co, s t u d i e d ,  
o h m  - I  c m  -1 a m p  c m  -2 a m p  c m - 2  a m p  c m  - 2  

i~---- 0.12 Co [4] 

Table  I lists the ca lcu la ted  va lues  of i~ and  ~. The 
smal le r  of these was t a k e n  to be the m a x i m u m  a l -  
lowable  c.d. for each solut ion and  was no t  exceeded 
in  this inves t iga t ion ,  as shown in the  las t  co lumn.  

Results 

For  each solut ion studied,  oxygen  ove rpo ten t i a l  
var ied  wi th  c.d. in  accordance  wi th  Tafel ' s  equat ion .  
Average  va lues  of the m e a s u r e d  Tafe l  cons tan ts  are 
g iven  in  Tab le  II. The ove rpo ten t i a l  at an  a p p a r e n t  
c.d. i' = 10 ' amp  cm '~ (~  = a ' - -  4b) is inc luded  as a 
re fe rence  va lue  w i t h i n  the  ac tua l  c.d. r ange  s tudied.  
Also t a b u l a t e d  is the  a p p a r e n t  exchange  c u r r e n t  
dens i ty  qio; this q u a n t i t y  m a y  be ca lcula ted  f rom 

1.00M H~SO, 0.39 0.08 0.12 0.01 
0.50M H~SO4 0.21 0.04 0.06 0.01 
0.10M H2SO~ 0.046 0.01 0.012 0.01 
0.050M H~SO~ 0.025 0.005 0.006 0.005 
0.010M H~SO, 0.0062 0.001 0.0012 0.001 
0.10M H~SO, } 
0.50M K~SO, 0.099 0.02 0.012 0.005 

0.010M H~SO~-[ 
0.50M K~SO~ f 0.085 0.02 0.0012 0.001 

Table II. Measured Tafel constants for oxygen evolution 
at gold anodes in sulfuric acid solutions, 25.0 ~ C 

S o l u t i o n  p H *  a', v b,  v 
a ' - 4 b ,  I 0  e2 qio,** 

v a m p  e m  -2 

qio = 10 -~'/b [5] 

and  is of the  order  of m a g n i t u d e  of 10 -2~ amp cm -~. 

The m a x i m u m  dev ia t ion  of the  e x p e r i m e n t a l  
ove rpo ten t i a l  va lues  f rom the Tafe l  l ines  descr ibed  
in Table  II was • 1 mv,  wi th  the except ion  tha t  at 
10 ~ amp cm -~ a p p a r e n t  c.d. the v -va lues  in 1M and  
0.5M H=SO~ were  3-4 mv  high. The  l a t t e r  d i sc rep-  
ancy,  a l though  small ,  was  reproducib le .  In  each 
solut ion,  the s t eady- s t a t e  ove rpo ten t i a l  r ead ings  
ob ta ined  wi th  decreas ing  and  inc reas ing  cu r r en t s  
agreed w i t h i n  --+1 m y  and  dupl ica te  r u n s  wi th  f resh 
batches  of solut ion showed the  same good agree-  
m e n t  p rev ious ly  repor ted  for 0.1M H~SO, (1) .  

The va r i a t i on  of ove rpo ten t i a l  w i t h  pH at  con-  
s tan t  c.d. is shown for typ ica l  r u n s  in  Fig. 1. The re  
is no cons is ten t  change  in ove rpo ten t i a l  wi th  acid 
concen t r a t i on  or wi th  salt  addi t ion.  The smal l  v a r i a -  
t ions f rom the m e a n  va lues  ( l ines  of Fig.  1) found  
for 1M and  0.05M H~SO~ reflect changes  in  the Tafe l  
a and  not  in the  slope b. The m e a n  va lues  y ie ld  a 
l i nea r  Tafel  plot  wi th  dev ia t ions  :< 1 my,  as shown 
in  Fig. 2; the cons tan t s  f rom this  plot  are  appended  
to Table  II. The m e a n  slope of 0.045~ m a y  be closely 
r ep re sen t ed  by  b = 2.303 (3RT/4F) ,  which  is 0.0443 
at 25~ 

The  on ly  pertinent'-" da ta  in the l i t e r a tu re  for gold 
in  su l fur ic  acid solut ions  is tha t  of Hick l ing  and  Hil l  
(11),  for e lec t rop la ted  gold in  0.5M H~SO, at 20~ 
These are also plot ted  in  Fig. 2 for compar ison,  the 
ve r t i ca l  l eng th  of each poin t  r e p r e s e n t i n g  the i r  
s ta ted r ep roduc ib i l i t y  of --+ 10 mv.  The  l a t t e r  da ta  
ind ica ted  a slope of 0.07, a va lue  apprec i ab ly  g rea te r  
t h a n  tha t  found  in the  p resen t  work  t ak ing  in to  
cons idera t ion  the 5 ~ t e m p e r a t u r e  difference. The  
ac tua l  e x p e r i m e n t a l  points ,  however ,  are  in  good 

' E q u a t i o n  [3 ]  i s  a n  a p p r o x i m a t i o n  a p p l i c a b l e  t o  i d e a l  s o l u t i o n s .  
C o r r e c t i o n s  f o r  d e v i a t i o n s  f r o m  i d e a l i t y  (6 )  w e r e  i g n o r e d  b e c a u s e  
o n l y  s m a l l  c o n c e n t r a t i o n  c h a n g e s  a r e  c o n s i d e r e d  h e r e .  

" O t h e r  w o r k  o n  t h i s  s y s t e m  ( 1 2 - 1 5 )  d i d  n o t  i n c l u d e  s t u d i e s  o f  
s t e a d y - s t a t e  o v e r p o t e n t i a l .  

1.00M H~SO~ 0.05 0.988 0 .046~  0.807 5 
0.50M H~SO~ 0.38 0.983 0 . 0 4 6 5  0.798 6 
0.10M H~SO~t 1.01 0.977 0 . 0 4 5 o  0.797 2 
0.05M H~SO4 1.28 0.975 0 . 0 4 5 ~  0.794 3 
0.01M H~SO, 1.86 0.975 0 . 0 4 4 ~  0.796 2 
0.10M H.~SO~ } 
0.50M K~SO4 1.63 0.980 0 . 0 4 5 ~  0.799 2 

0.01M H~SO, } 
0.50M K~SO~ 2.71 0.979 0.045~ 0.797 3 

Mean Tafel 
L i n e t t  0.979 0 . 0 4 5 ~  0.798 3 

* S t a n d a r d i z e d  w i t h  0 . 1 M  H C l ,  p H ~  = 1 .10  a t  2 5 ~  ( 1 0 ) .  
** qio i s  t h e  e x c h a n g e  c u r r e n t  p e r  a p p a r e n t  c m ~  o f  e l e c t r o d e  s u r -  

f a c e .  
t D a t a  f r o m  p r e v i o u s  p a p e r  ( 1 ) .  

7 t  F r o m  F i g .  2.  

a g r e e m e n t  wi th  the  curve  of Fig. 2 at 10 -4 and  10 -~ 
amp cm -'~ a p p a r e n t  c.d., t ak ing  O~/OT = - - 3  m y /  
degree  (19).  The  dev ia t ion  at 10 -5 amp cm -~ i nd i -  
cates depola r iza t ion  by  compe t ing  anodic  react ions.  

Discussion 

Theore t ica l  va lues  of the Tafe l  slope a nd  of other  
p a r a m e t e r s  usefu l  for i n t e r p r e t a t i o n  of the  expe r i -  
m e n t a l  da ta  have  been  compi led  by  Bockris  (4) for 
var ious  mechan i sms  of anodic  oxygen  evolut ion .  
Three  of the m e c h a n i s m s  inc lude  r a t e - d e t e r m i n i n g  
steps for which  ove rpo ten t i a l  is p red ic ted  to be i n -  
d e p e n d e n t  of pH or n e u t r a l  salt  addi t ions  in  acid 
solutions,  in a g r e e m e n t  w i th  the  e x p e r i m e n t a l  r e -  
sults  of the  p re sen t  s tudy.  These m e c h a n i s m s  are 
l is ted in Tab le  III.  In  each case the  p red ic ted  slope 
is smal le r  t h a n  the  e x p e r i m e n t a l  value .  

The  theore t ica l  slopes of Tab le  III  i nvo lve  no  as-  
sumpt ions  as to the va lue  of the  s y m m e t r y  factor  
fi (3, 4),  bu t  do invo lve  a s sumpt ions  conce rn ing  the  
degree  of coverage of the  e lect rode surface  wi th  
adsorbed radicals.  The  c ombi na t i on  m e c h a n i s m  lb, 
for example ,  w h e r e i n  the s low step is the  c o m b i n a -  
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Fig. 2. Oxygen overpotent iol  at  gold anodes in sulfuric acid 
solutions, plotted vs. apparent c.d. 

t ion of two adsorbed h y d r o x y l  radicals ,  cor responds  
to the Tafe l  slope l is ted (RT/2F)  only  w h e n  cover -  
age of the e lect rode sur face  w i th  OH is ve ry  small .  
If the surface  coverage is r e l a t i ve ly  high, the  slope 
m a y  be grea te r ;  this  has been  shown for an  ana lo -  
gous case, the combina t i on  m e c h a n i s m  of h y d r o g e n  
evo lu t ion  (30).  Thus  the observed slope of 3 /4  
R T / F  m a y  cor respond to one of the  r a t e - d e t e r m i n -  
ing steps l is ted in  Tab le  III  w h e n  adsorp t ion  effects 
are t a k e n  into considera t ion.  It  m a y  be conc luded  
tha t  the p resen t  da ta  for gold are no t  in  s t r ic t  ac-  
cord wi th  any  one of the  m e c h a n i s m s  l is ted by  
Bockris  (4) .  F u r t h e r  e x p e r i m e n t a l  da ta  are needed  
to sett le the m e c h a n i s m  unequ ivoca l ly .  

Oxygen  ove rpo ten t i a l  at p l a t i n u m  in  su l fur ic  acid 
solut ions  has been  inves t iga ted  b y  Bockris  and  H uq  
(16) u n d e r  condi t ions  of ex t r eme  pur i f ica t ion  ( w i t h -  

out, however ,  i n s u r i n g  u n i f o r m  c u r r e n t  d i s t r i bu t i on  
over  the anode) .  The m e a n  Tafe l  slope, m e a s u r e d  in  
H.~SO, solut ions  wi th  and  wi thou t  excess Na~SO,, 
was b / 2 . 3 0 3 = 3 R T / 2 F  ( _  a p p r o x i m a t e l y  10%) .  
This  is double  the va lue  repor ted  here  for gold. Not  
one of the proposed m e c h a n i s m s  predic t  this  slope 
(4) ,  and  the  au thors  a s sumed  tha t  it was  sufficiently 
close to 2RT/F  to ind ica te  a d ischarge  mechan i sm.  
Wi th  the  add i t i ona l  a s sumpt ion  of fi = 0.5, meas -  
u r e m e n t s  of s to ichiometr ic  n u m b e r  p lus  pH and  
n e u t r a l  salt  effects led to the  conclus ion tha t  dis-  
charge of w a t e r  molecules  is the  r a t e - d e t e r m i n i n g  
step on p l a t i num.  

The va l ue  3RT/2F observed  by  Bockris  and  Huq  
is the  same as tha t  p rev ious ly  found  for p l a t i n u m  in  
1933 by  Hoar  (17).  A slope of less t h a n  ha l f  this  
va lue  has been  found  r ecen t l y  for d i lu te  solut ions 
by  Khei fe t s  and  R iv l in  (29).  Severa l  ear l ie r  papers  
(see Table  IV) ,  however ,  r epor ted  the  va l ue  2RT/F,  
in  a g r e e m e n t  wi th  the  d ischarge  mechan i sm.  

The discharge  m e c h a n i s m  is gene ra l l y  a s sumed  
also for lead anodes  (covered wi th  fi-PbO~) in  su l -  
fur ic  acid solut ions  on the  basis  of a slope of 2RT/F,  
a l though  the  o ther  conf i rming  p a r a m e t e r s  have  not  
been  m e a s u r e d  for this metal .  I t  is i n t e re s t ing  tha t  
an  a-PbO2 elect rode (over  p l a t i n u m )  b e h a v e d  qui te  
d i f ferent ly ,  g iv ing  the  slope (3 /4)  R T / F  which  was  
found  here  for gold2 

Rel iable  da ta  for oxygen  evo lu t ion  on i ron  are 
exiguous.  At  pH 4, va lues  of bo th  b a nd  io found  by  
Wade  and  H a c k e r m a n  (18) are r e m a r k a b l y  close to 
those found  here  for gold. At  a s l ight ly  lower  pH 
(2.5),  however ,  an  apprec iab le  decrease in  b and  in  
i,, ( the  l a t t e r  by  a factor  of 106) was  repor ted ;  this  
s t rong  pH dependence  mer i t s  conf i rmat ion.  

In  a lka l i ne  solutions,  oxygen  ove rpo ten t i a l  meas -  
u r e m e n t s  to date  have  been  d i sc repan t  (5) .  I t  m a y  
be conc luded  tha t  l i t t le  basis  exists  for select ing 
a n y  one of the  c u r r e n t l y  proposed m e c h a n i s m s  of 
anodic  oxygen  evo lu t ion  as h a v i n g  gene ra l  appl ic-  
ab i l i ty  for su l fur ic  acid solutions.  The re  is a p ro -  
n o u n c e d  pauc i ty  of re l i ab le  e x p e r i m e n t a l  p a r a -  

R e v i s e d  d a t a  of  R i i e t s c h i ,  et al. (31~ s h o w  a s i g n i f i c a n t l y  h i g h e r  
s lope  f o r  (~-PbOe in  4 .4M H.zSOt a t  30~ n a m e l y ,  1.2 R T / F .  

Table I11. Tafel slopes for mechanisms of anodic oxygen evolution 
in acid solutions, in which overpotentiai is independent of pH 

or neutral salt additions 

R a t e -  
d e t e r m i n -  

M e c h a n i s m  i n g  s tep  b /2 .303  

I la. H ~ O ~ O H + H  + + e  
lb. 2 OH -> O -t- H..,O lb  RT/2F 
lc. 2 O --> O~ lc RT/4F 

II 2a. H_~O--> OH + H + + e 
2b. 2 OH ~ H202 2b RT/2F 
2c. H~O2 + OH--> HO~ + H20 2c RT/3F 
2d. HO~ + OH ~ O.o + H20 2d RT/4F 

III 3a. H~O--> OH + H + + e 
3b. 2 OH --> O + H20 3b RT/2F 
3c. O + OH-~ HO~ 3c RT/3F 
3d. HO~ + OH--> O2 + H~O 3d RT/4F 

Experimental ,  Au/H,.,SO, 
solutions (this invest i-  
gation) 3 RT/4F 
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Table IV. Tafel slopes for the oxygen-evolution reaction on various anodes in H2SO~ solutions 

A n o d e  m e t a l ;  A p p a r e n t  c.d.  b /2 .303  qio 
O x i d e  s u r f a c e  HeSO4 m o l a r i t y  t, ~ r a n g e ,  a m p  c m  -~ o b s e r v e d  a m p  cm-2 Ref .  

A u ;  
Au.~O~-3H.~O (1, 24) 0.01 to 1 25 3 • 10 -3 to  1 0 - ' - '  3RT/4F* (2 to  6) X 10 -~'z Th i s  

p a p e r  

P t ;  (a )  0.0005 to 0.05 25 10 -~ to 10 -'  3RT/2F** (1 to 3) • 10 -1~ (16) 
P tO,  PtO.~r (25, 26) (b )  0.05 25 10 ~ to 10 -~ 3RT/2F 3 X 10 -11 (17) 

(c)  0.05 10 to 30 2 • 10 .4 to 5 X 10 -3 2RT/F  - -  (20) 
(d)  0 .04 to  0.5 21.6 (___1) 5 X 10-Sto 10 -~ 2RT/3F*** - -  (29) 
(e)  0.1 0 to 80 10 -~ to 10 ~ 2 R T / F  2 X 10-~(at 35 ~ (19) 
( f )  0.5 20 10 -5 to  1 2RT/F  10 -~ (22) 
(g)  1 25 5 X 10-~to 5 X 10 ~ 2 R T / F  - -  (21) 

P b ;  (a )  1 25 5 X 10-~to5 X 10-'-' 2RT/F  - - t  (21) 
PbO~ (b )  3.8 30 n o t  r e p o r t e d  2 R T / F  10 -~~ (23) 

(P t ) t~-PbO~ (c)  4.4 31.8 7 X 10 -~ to 2 X 10 ~ 2RT/F  6 X 10 -~~ (28) 
( P t )  ~-PbO_~ (d )  4.4 31.8 10-' to  2 X 10 -~ 3RT/4F 2 X 10 -~ (28) 

Fer162 (a )  p H  4.0 5 5 X 10 -7 to t0  ~ 3RT/4F 2 X 10-~ t t  (18) 
( b )  p H  2.5 5 3 X 10-~to 10-' R T / 2 F  2 • 10--~tt (18) 

* b a n d  V u n c h a n g e d  by  a d d i t i o n  of excess  K.~SO4. 
** b u n a f f e c t e d  b u t  V c h a n g e d  by a d d i t i o n  of excess  Na~SO~. 

*** b i n c r e a s e d  r a p i d l y  w i t h  c o n c e n t r a t i o n  a b o v e  0.SM. 
r P r o b a b l y  h y d r a t e d  (27) .  

r 1 6 2  No s u r f a c e  f i lm w i t h  p r o p e r t i e s  a p p r o a c h i n g  t h a t  of  a k n o w n  b u l k  ox ide .  
t qio i n c r e a s e d  c o n t i n u o u s l y  w i t h  t i m e .  

t t  q = 1; s o l u t i o n  c o n t a i n e d  0 .1M Na~SO~. 

m e t e r s ,  w h i c h  a r e  n e e d e d  to  v a l i d a t e  a p r o p o s e d  
m e c h a n i s m .  T h e r e f o r e  f u t u r e  s t u d i e s  of  t h e  o x y g e n -  
e v o l u t i o n  r e a c t i o n  s h o u l d  s t r e s s  t h e  a c c u m u l a t i o n  of  
a c c u r a t e  o v e r p o t e n t i a l  m e a s u r e m e n t s .  

M a n u s c r i p t  r e c e i v e d  M a y  22, 1959. Th i s  p a p e r  was  
p r e p a r e d  fo r  d e l i v e r y  b e f o r e  t h e  P h i l a d e l p h i a  M e e t i n g ,  
M a y  3-7, 1959. 

A n y  d i scus s ion  of t h i s  p a p e r  wi l l  a p p e a r  in  a D i scus -  
s ion  S e c t i o n  to be  p u b l i s h e d  in  t h e  J u n e  1960 JOURNAL. 
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In  the  course of an  inves t iga t ion  in to  the p r op -  
ert ies  of l iqu id  g e r m a n i u m ,  it  was  found  tha t  Ge 
solidified in  contact  w i th  g raph i t e  becomes j o ined  to 
it if a me t a l  soluble  in  l iqu id  Ge is added. W h e n  p u r e  
g raph i t e  and  pu re  Ge are  used,  a good mechan i ca l  
jo in t  is no t  obta ined.  

Spect roscopical ly  pu re  Ge (10-15 g) was  p laced  
in  a porce la in  cruc ib le  and  hea ted  to abou t  1000~ at 
a p ressure  of abou t  104 m m  Hg. A hol low spect ro-  
scopical ly pu re  g raph i t e  cy l inder  of 22 m m  i n t e r n a l  
d i a m e t e r  and  abou t  25 m m  he ight  and  an  inner ,  con-  
cent r ic  cy l indr ica l  g raph i t e  probe  of d i ame te r  3.2 
m m  were  lowered  in to  the  m o l t e n  Ge and  were  
m a i n t a i n e d  at the  s ta ted t e m p e r a t u r e  for per iods 
f rom 8 to 12 hr. W h e n  the  en t i re  appa ra tu s  was  
b rough t  to room t empera tu r e ,  the  g raph i t e  cy l inde r  
could be l i f ted out  of the  Ge ingot  w i thou t  difficulty. 
The p rocedure  was  repea ted  w i th  cu r ren t s  of 5-10 
amp m a i n t a i n e d  whi le  the  Ge was  mol ten ,  b u t  the  
p resence  of the rad ia l  electr ic  field had  no effect on 
the  ease of separa t ion  of the  Ge and  graphi te .  

E i the r  a t u n g s t e n  rod or a t a n t a l u m  rod of d i a m -  
eter  0.76 m m  (0.030 in.)  was  p laced  in  the  cy l in -  
dr ical  a r r a n g e m e n t  on one of the  rad i i  e x t e n d i n g  
f rom the  cen t ra l  g raph i t e  probe  w i th  its l eng th  p a r -  
al lel  to the  cy l inder  axis. The a r r a n g e m e n t  was  
lowered  into the  l iqu id  Ge and  m a i n t a i n e d  at  abou t  
1000~ for abou t  8 hr  w i th  and  w i thou t  an  electr ic  
field. On cooling to room t e m p e r a t u r e ,  the  g raph i t e  
cy l inde r  and  rod could no t  be separa ted  f rom the  
Ge. To e x a m i n e  the  area  of contact ,  it was  neces-  
sa ry  to f r ac tu re  the  ingot  and  cyl inder .  The m a t e r i a l  
adhe r ing  t igh t ly  to the  i n n e r  wa l l  of the  cy l inde r  
over  the  area  of contact  was  e x a m i n e d  by  x - r a y  
diffract ion by  ob t a in ing  powder  pa t t e rn s  of speci-  
mens  scraped f rom the  i n n e r  wall .  Ge was  r e m o v e d  
f rom the  contact  by  e tching  w i th  HF,  I-INO,, and  
Cu(NO~)~ to disclose a l ayer  on the  area  of contact .  
P o w d e r  pa t t e rn s  were  ob ta ined  of m a t e r i a l  f rom 
these layers.  The G e - l a y e r - C  contact  was checked 
for rect i f icat ion w i th  area  contacts.  

Wi th  the  t u n g s t e n  rod, the  e tch ing  revea led  a 
b l u i s h - b l a c k  l aye r  on the area  of contact.  A powder  
p a t t e r n  of m a t e r i a l  f rom this  l ayer  showed, in  add i -  

1 P r e s e n t  a d d r e s s :  M o n s a n t o  C h e m i c a l  C o m p a n y ,  D a y t o n ,  Oh io .  

t ion  to g raph i t e  l ines,  l ines  which  be long  to a hexa -  
gona l  s t ruc ture ,  a = 2.905A, c = 2.839A. Wes tg ren  
and  P h r a g m e n  (1) found  tha t  WC is hexagona l  w i th  
a -  2.907A, c = 2.836A (ca lcu la ted  f rom va lues  in  
k X ) .  S u b t r a c t i o n  of these  l ines  a nd  the  Ge and  
g raph i t e  l ines  f rom the  b o u n d a r y  reg ion  p a t t e r n  ob-  
t a ined  before  e tching  lef t  8 l ines,  6 of wh ich  be long  
to a hexagona l  s t ruc ture ,  a =  3.00A, c = 4 . 7 3 A .  
Wes tg ren  and  P h r a g m e n  found  tha t  W.~C is h e x a -  
gona l  wi th  a = 2.992A, c = 4.722A. This evidence  
indica tes  tha t  a l ayer  con t a in ing  WC a nd  W.~C is 
fo rmed  at the  g e r m a n i u m - g r a p h i t e  in terface .  Tha t  
the W~C and  not  the  WC is dissolved by  the  e t chan t  
agrees  w i th  a t ab le  of solubi l i t ies  g iven  by  Brewer ,  
et al. (2).  

Wi th  the Ta rod, the  l aye r  exposed by  e tching  
away  the  Ge has a r e d d i s h - b r o w n  color. The  powder  
p a t t e r n  of the r e d d i s h - b r o w n  m a t e r i a l  conta ins  a 
s t rong  pa t t e rn ,  which  agrees w i th  tha t  ca lcu la ted  for 
a NaC1 type  s t ruc ture ,  ao = 4.456A, in  add i t ion  to 
g raph i t e  and  w e a k  Ge and  u n k n o w n  lines.  TaC is 
cubic (3) ,  ao = 4.454A. 

The  G e - t u n g s t e n  ca rb ide -C  contact  gave rectif ica-  
t ion  rat ios  of be t t e r  t h a n  200 to 1. The G e - T a C - C  
contact  gave no m e a s u r a b l e  rectif ication.  The  f o r m a -  
t ion  of the carbides  m u s t  resu l t  f rom the  me ta l  d is -  
solving in  the Ge, diffusing t h r ough  the  l iquid,  and  
reac t ing  w i th  the  ca rbon  on coming into contact  
w i th  it. Qua l i t a t i ve  obse rva t ion  of the  th ickness  of 
the carb ide  l ayer  ind ica ted  tha t  the  diffusion or r e -  
act ion occurred  m u c h  fas ter  in  the  presence  of an  
electr ic  field, sugges t ing  tha t  this p rocedure  migh t  
be usefu l  for the pur i f ica t ion  of Ge. 

Manuscript  received June  15, 1959. This work was 
supported by a Signal Corps contract. 

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

A metal - l ike  coating is formed f requent ly  on copper or silver leads which 
are attached to the zinc electrodes in commercial z inc-alkal ine cells. This coat- 
ing is zinc or a zinc-rich alloy. The conditions under  which this coating is 
formed have been studied, and several possible mechanisms for its formation 
are presented and discussed. 

I t  is gene ra l l y  k n o w n  to those in  the  b a t t e r y  i n -  
d u s t r y  tha t  w h e n  s i lver  or copper  is coupled w i th  
zinc in  an  a lka l ine  solut ion,  a z inc - l ike  deposi t  is 
fo rmed  on the  nob le  me t a l  (1) .  However ,  so fa r  as 
is known ,  no sa t is factory  e x p l a n a t i o n  has been  g iven  
for this  p h e n o m e n o n .  For  tha t  reason,  a s tudy  of this  
reac t ion  was u n d e r t a k e n .  

Experimental 
T h i n  me ta l  s tr ips abou t  1 x 5 cm were  used,  and  

coupl ing  was  accompl ished  by  tw i s t i ng  the  ends  of 
the  str ips together  or by  w r a p p i n g  a zinc s t r ip  or 
screen a r o u n d  the nob le  metal .  In  some of the  r u n s  
the en t i re  couple  was  comple te ly  i m m e r s e d  in  the  
KOH so lu t ion  whi le  at  o ther  t imes  a pa r t  of the  
couple was  exposed to the  air. Nickel,  si lver,  copper,  
p l a t i num,  and  lead served as the  nob le  metals ,  bu t  
most  of the  w o r k  was  done w i th  Ag and  Cu. Al l  
r u n s  were  car r ied  out  at room t e m p e r a t u r e  in  35% 
KOH. C.P. r eagen t s  were  used w i thou t  f u r t he r  p u r i -  
fication. 

At  first the re  was  some difficulty in  o b t a i n i n g  a 
coat ing on the  Ag or Cu. Var ious  an ions  u s u a l l y  
found  i n  commerc ia l  KOH, such as CI-, CO~=,SOj, 
HO~-, we re  added to the  e lectrolyte ,  b u t  had  no  ef-  
fect on the  fo rma t ion  of the  coating. A m a l g a m a t i n g  
the zinc electrode also fai led to inf luence  the  f o r m a -  
t ion  of this  deposit.  However ,  add i t ion  of ZnO to the  
KOH solut ions  has t ened  the  fo rma t ion  of this  coat-  
ing cons iderably .  Coat ings  were  fo rmed  on Ag, Cu, 
Pb,  and  Pt ,  b u t  no t  on Ni. 

The  n a t u r e  of the  coat ing was checked b y  severa l  
methods.  The  deposi t  was  ve ry  t h i n  and,  except  for 
Ag, p roduced  no de tec tab le  a l t e ra t ion  in  the  x - r a y  
p a t t e r n  of the  nob le  metal .  Wi th  Ag, the  coat ing 
gave two fa in t  l ines  tha t  could be a t t r i b u t e d  to a 
solid so lu t ion  of Ag in  Zn, and  one l ine  t ha t  is also 
found  in  the  Z n  pa t t e rn .  The  coat ing p roduced  in  
24 h r  we ighed  on ly  abou t  hal f  a mi l l i g ram.  I t  was  
r emoved  f rom the  nob le  me ta l  by  t r e a t m e n t  w i t h  
HC1 or d i lu te  I-INO~. O r d i n a r y  chemica l  ana lys i s  of 
this  so lu t ion  gave no ce r ta in  ind ica t ion  of Zn  due  to 
the  smal l  a m o u n t  of deposit .  Ana lys i s  w i th  a Todd 
Spec t rana l ,  however ,  did give defini te  ev idence  for 
the  p resence  of Zn. 

The  po ten t i a l  of the  coated Cu and  Ag in  these  
solut ions  was  w i t h i n  25 m v  of t ha t  of pu re  Zn. This  
subs tan t i a t e s  the  sugges t ion  t ha t  this  coat ing  is Zn  
or a Z n - r i c h  a l loy or solid solut ion.  

W h e n  Ni was  used as the  nob le  me ta l  it  appeared  
as if a coat ing was  fo rmed  on the Ni, b u t  r epea ted  
a t t empt s  at  ana lys i s  fa i led to produce  a n y  s u b s t a n -  
t ia l  ev idence  for  Zn. In  one e x p e r i m e n t  th ree  cells 
were  set up u n d e r  iden t ica l  condi t ions  using,  respec-  
t ively ,  Ag, Cu, and  Ni as the  nob le  meta l s  in  K O H -  
ZnO solut ions  which  had  been  deoxygena ted .  A 
coat ing seemed to fo rm on all  th ree  electrodes b u t  
later ,  w h e n  they  were  r insed,  the Ni appeared  sh iny  
whereas  the  o ther  two coat ings  were  no t  affected. 
These  l a t t e r  coat ings  did con ta in  Zn, b u t  no ce r t a in  
ev idence  for Z n  could be ob ta ined  f rom the  Ni 
specimen.  

There  was  also ev idence  tha t  dissolved oxygen  
tends  to h i n d e r  the  coat ing process. The  coat ing ap-  
peared  to fo rm more  qu ick ly  in  solut ions  which  had  
b e e n  deoxygena ted .  

Discussion 
The above resu l t s  show tha t  Zn  is deposi ted on 

Cu, Ag, Pb, a nd  P t  w h e n  these  meta l s  are  coupled 
wi th  Zn  in  s t rong  K O H  solut ions  con t a in ing  dis-  
solved ZnO. No such deposi t  is fo rmed  w h e n  Ni is 
coupled w i t h  Zn. A n y  m e c h a n i s m  for this  process, 
then ,  m u s t  a l low for a difference b e t w e e n  Ni and  
these other  metals .  A few possibi l i t ies  are  cons idered  
below.  

1. The  poss ib i l i ty  tha t  this  p h e n o m e n o n  is due to 
mere  adsorp t ion  was  r u l e d  out  by  the  fact t ha t  
s t r ips  of Ag and  Cu rece ived no coat ing w h e n  they  
were  i m m e r s e d  for 24 h r  in  a K O H  solu t ion  c o n t a i n -  
ing dissolved ZnO. 

2. A more  l ike ly  e x p l a n a t i o n  invo lves  an  e lec t ro-  
chemical  mechan i sm,  i.e., the  po ten t i a l  of reac t ion  
[1] 

Z n  4- 4 OH--> Z n ( O H ) ,  = 4- 2e [1] 

which  is the  reac t ion  at the  Z n  electrode,  is suffi- 
c ien t  to b r i n g  abou t  r eac t ion  [2] 

Zn  (OH) ~= 4- Ag 4- 2e -~ Zn  (Ag)  4- 4 OH- [2] 

One r e q u i r e m e n t  of this  m e c h a n i s m  is tha t  the  
e n e r g y  or po ten t i a l  necessa ry  to reduce  Zn  onto Ag 
or Cu is less t h a n  tha t  needed  to reduce  it  onto Zn. 
This  is no t  a case of the s i m u l t a n e o u s  deposi t ion  of 
Zn  a nd  the  nob l e  m e t a l  (2) .  The  nob l e  me t a l  was  
a lways  coupled  to the  Zn  a nd  it  is difficult to see 
how a n y  nob le  me t a l  ions could go in to  solut ion.  
Fu r the r ,  S t r a u m a n i s  and  F a n g  (2) no ted  the  f o r m a -  
t ion  of C u - Z n ,  A g - Z n ,  a nd  N i - Z n  alloys. In  our  
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work  Ni def ini te ly  did no t  form an  al loy w i th  Zn. 
Yet  Ni and  Z n  fo rm m u c h  the same type  of al loy 
sys tem as do A g - Z n  and  Cu-Zn .  It  is possible  tha t  
a th in  oxide film on the Ni p r even t s  the  fo rma t ion  
of the N i - Z n  al loy here.  However ,  H, is a lways  
evolved f rom the  noble  me t a l  in  such a couple and  
this  could reduce  the oxide film. F u r t h e r m o r e ,  a 
s l ight  Zn  deposit  was fo rmed  on s ta inless  steel  
(which  also possibly  has a th in  oxide film) w h e n  it 
was used as the nob le  me ta l  and  coupled w i th  Zn. 

I t  has been  shown tha t  there  is, in  some ins tances ,  
an  u n d e r v o l t a g e  associated w i th  the  depos i t ion  of 
smal l  a m o u n t s  of me ta l  (3).  It  was  suggested tha t  
this u n d e r v o l t a g e  is d e p e n d e n t  on the closeness of 
approach  of the la t t ice  p a r a m e t e r s  of the  nob le  
me ta l  and  the  deposi ted metal .  Us ing  the da ta  in 
re fe rence  (3) the  nea re s t  ne ighbor  in  Ag is 2.88A; 
in Zn, 2.66A; in  Cu, 2.55A; in  Ni, 2.49A; in  Pb, 
3.49A; and  in  Pt,  2.77/k. The m i s m a t c h  t hen  is 
+31 .9% for Pb ;  +8 .3% for Ag;  +4 .1% for Pt ;  
--4.1% for Cu; and  --6.4% for Ni, where  + indica tes  
tha t  the  p a r a m e t e r s  are l a rger  for the  nob le  me t a l  
t han  for Zn. These va lues  suggest  tha t  Cu and  Ni 
should behave  s imi lar ly .  In  both  of these meta l s  the  
atom~ are closer toge ther  t h a n  in  Zn. The smal l  
difference b e t w e e n  Cu and  Ni wou ld  h a r d l y  seem 
sufficient to account  for the  fact  tha t  Zn  deposits  
r ead i ly  on Cu bu t  no t  on Ni. If an  u n d e r v o l t a g e  
p h e n o m e n o n  is respons ib le  for this Zn  coating,  t h e n  
the ex ten t  of the m i s m a t c h  is not  the  con t ro l l ing  
factor. If it were,  t hen  no coat ing should have  been  
formed on Pb. 

The p h e n o m e n o n  of u n d e r v o l t a g e  is associated 
w i th  the  deposi t ion  of t h i n  meta l l i c  films such as are  
deposi ted on the  nob le  me ta l  of the z i n c - n o b l e -  
me ta l  couple. Tha t  on ly  t h in  films are p roduced  
argues  for the  fact tha t  cer ta in  sites on the  n o b l e -  
me ta l  surface  are respons ib le  for this unde rvo l t age ,  
and  hence  the  x - r a y  dif f ract ion p a t t e r n  of the  nob le  
me ta l  is b u t  s l ight ly  al tered,  if at all, b y  the  depos i -  
t ion  of the  zinc. If, for example ,  the act ive sites 
were  submicroscopic  pits on the surface,  the  Zn  atoms 
could fit easi ly  into such pits on Ag, Pb,  and  Pt, bu t  
would  do so wi th  difficulty on Ni. In  cons ider ing  
the poss ibi l i ty  of an u n d e r v o l t a g e  p h e n o m e n o n  here,  
it  should also be no ted  tha t  the work  in  r e fe rence  
(3) was car r ied  out  in  acid solut ions  and  the  shift  
of po ten t i a l  did depend  in  pa r t  on the  pH. The solu-  
t ions  used in this  work  were  a p p r o x i m a t e l y  8M 
KOH. In  such solut ions  the  Zu §247 concen t r a t i on  is 
on ly  about  10-I5M. A n y  u n d e r v o l t a g e  associated w i t h  
this  process m u s t  be  r a t h e r  smal l  because  the  Z n -  
noble  me t a l  couple had  a po ten t i a l  on ly  abou t  15 
to 25 m v  more  anodic  t h a n  t ha t  of Zn. 

3. A n o t h e r  possible  m e c h a n i s m  involves  a chemi -  
cal in  add i t ion  to an  e lec t rochemica l  r eac t ion  at  the  
nob le  me ta l  surface.  W h e n  Zn  and  the  noble  me t a l  
are  coupled in  K O H  solut ions,  h y d r o g e n  gas is 
evolved at the  nob le  meta l ,  r eac t ion  [3] .  

2HoO + 2e -~ H o + 2 OH- [3]  

The deposi t ion of Zn  at the  nob le  me t a l  t hen  can be 
due  to the r educ t ion  of the z i n c - c o n t a i n i n g  ions or 
Zn(OH)~ by H~, Eq. [4]. 

H~ + Zn(OH)~-~  Z n  + 2H~O [4] 

However ,  the reac t ion  does no t  proceed wi th  molec-  
u la r  hydrogen .  H y d r o g e n  gas was  b u b b l e d  for sev-  
era l  hours  over a Ag elect rode in  K O H - Z n O  elec t ro-  
lyte,  bu t  no Zn  was  deposi ted or produced.  This 
suggests tha t  the  r educ t ion  is accompl ished wi th  
atomic hydrogen .  

At  such an electrode surface  there  is a compet i -  
t ion  b e t w e e n  reac t ions  [5] and  [6].  

2H + Zn(OH)~->  Z n  + 2H_~O [5] 

2H-> Ha [6] 

Whe t he r  or not  Z n  is deposi ted at  a nob le  meta l  
e lectrode in  a Z n - n o b l e  me t a l  couple wi l l  depend  on 
the re la t ive  ra tes  of reac t ions  [5] and  [6].  Accord-  
ing to Bonhoeffer  (4) the  efficiency of d i f ferent  
meta l s  in  caus ing  the  c ombi na t i on  of hyd rogen  
atoms is a lmost  exac t ly  in  the  reverse  order  to the i r  
overvol tage  values ,  i.e., the  h igher  the  h y d r o g e n  
overvo l tage  the s lower  the r a t e  of reac t ion  [6]. It  is 
difficult to find comparab le  h y d r o g e n  overvol tage  
da ta  for s t rong ly  a lka l ine  solut ions.  However ,  it has 
been  suggested (5) t ha t  the  re la t ive  overvol tage  
va lues  are the same in  a lka l ine  as in  acid solutions.  
If this  is t rue,  t hen  the  h y d r o g e n  overvol tages  v a r y  
in  the fo l lowing order:  P b > C u = A g > N i > P t  (5, p. 
420). This  order  is no t  to be  accepted w i t hou t  ques -  
t ion.  W h e n  Z n  was  coupled  w i t h  these metals ,  gas 
was evolved most  copiously at Pb  which  would  
indica te  a lower  overvo l tage  value .  This would  
favor  reac t ion  [6] r a the r  t h a n  [5].  But ,  s ince Zn  
was  deposi ted on Pb  and  Pt,  it wou ld  seem then  
tha t  it  should also have  b e e n  deposi ted on Ni. 

It  is possible tha t  a t h i rd  compet ing  reac t ion  
en te rs  in. This  r eac t ion  involves  the d issolv ing of 
Zn  f rom the coat ing deposi ted on the nob le  metal .  
I t  has been  no ted  t ha t  a coat ing tha t  appeared  to 
fo rm on Ni d i sappeared  d u r i n g  r ins ing .  F u r t h e r -  
more,  w h e n  a coated Cu str ip was  placed in  water ,  
the Zn  redissolved w i t h i n  a day  or two. To check 
this fur ther ,  A g - Z n  and  C u - Z n  couples were  a l -  
lowed to s t and  in  K O H - Z n O  solut ions  for a week.  
T h e n  the  Zn  str ip was  r e m o v e d  f rom each couple. 
Af te r  s t and ing  for a few days  the  coat ing began  to 
d i sappear  f rom the  Cu b u t  no t  f rom the  Ag. Af te r  
a week  the  Cu was  c lean  b u t  the  Ag was  sti l l  coated. 

W h e n  Zn  is deposi ted on a noble  meta l ,  a Z n -  
nob le  me t a l  couple  is fo rmed  and  reac t ions  [1] and  
[3] can take  place on the  coated metal .  This,  of 
course, opposes the  deposi t ion  of Zn  on the noble  
metal .  This  opposing process appears  to occur most  
r ead i ly  on Ni, to some e x t e n t  on Cu, a nd  h a r d l y  at  
al l  on Ag. 

A l ike ly  e xp l a na t i on  for this  concerns  the  lat t ice 
p a r a m e t e r s  of these  metals .  As has b e e n  no ted  
ear l ier ,  Ni has the smal les t  "nea res t  ne i ghbo r "  dis-  
tance,  less t h a n  t ha t  of Zn. Consequen t ly ,  Zn  is de-  
posi ted m e r e l y  on the  surface  of the Ni  and  is no t  
held there  tenaciously .  The "nea res t  ne ighbor"  dis-  
t ance  for Cu is l a rger  t h a n  t ha t  for Ni b u t  st i l l  i t  is 
smal le r  t h a n  tha t  for Zn. Zinc, therefore ,  deposits  
wi th  less difficulty on Cu t h a n  on Ni, is he ld  more  
firmly, and  shows less t e n d e n c y  to r e e n t e r  the  elec-  
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trolyte .  Wi th  Ag, Pb,  and  Pt, the  Zn  fits eas i ly  in to  
pits on the sur face  and,  consequen t ly ,  is he ld  r a t h e r  
f i rmly  there ,  pe rhaps  fo rming  solid solut ions  in  
which  the ac t iv i ty  of the Zn  a toms is less t h a n  one. 
This reduces  the t e n d e n c y  of Zn  to r e en t e r  the  so lu-  
t ion. 

A n  a t t e m p t  was  m a d e  to ve r i fy  the  sugges t ion  t ha t  
the  Z n  is p roduced  by  the  r educ t ion  of Z n ( O H ) 2  or 
Z n ( O H ) /  wi th  a tomic hydrogen .  A str ip of Ag was  
placed in  K O H - Z n O  elec t ro ly te  and  the po ten t i a l  on 
this  s t r ip was g r a d u a l l y  increased  u n t i l  bubb l e s  of 
gas jus t  became vis ib le  on the  surface  of the metal .  
The po ten t i a l  of the  Ag was  t hen  abou t  20 m v  more  
anodic  t h a n  tha t  of Zn. The  Ag e lec t rode  was  he ld  
at this po ten t i a l  for abou t  6 hr. Sma l l  a m o u n t s  of H~ 
were  fo rmed  d u r i n g  this  i n t e r v a l  and,  at the same 
t ime,  a deposit  of Z n  fo rmed  on the  surface  of the  
Ag. W h e n  the  Ag was  more  anodic  t h a n  this, no 
vis ib le  deposi t  was  formed.  

In  s u m m a r y ,  it  is suggested tha t  the  Zn  coat ing 
fo rmed  on the  nob le  me t a l  in a Z n - n o b l e  m e t a l  
couple  p laced  in  K O H - Z n O  e lec t ro ly te  resul t s  f rom 
the  r educ t ion  of the  dissolved Zn  species by  a tomic 
hydrogen .  W h e t h e r  the  Zn  coat ing  persis ts  depends  
on how wel l  the  deposi ted Zn  atoms fit in to  the l a t -  
tice of the  noble  metal .  The more  easi ly  the  Zn  
a toms are accommoda ted  the more  l ike ly  a solid 

so lu t ion  wi l l  be fo rmed  t h e r e b y  r educ ing  the  ac t iv -  
i ty  of the  deposi ted Zn  atoms. This r educed  ac t iv i ty  
lessens the t e n d e n c y  of the ~teposited Zn  to red is -  
solve. 

The m e c h a n i s m  suggested above is i n t e n d e d  to 
deal  on ly  w i th  the  first l aye r  or film of Zn  deposi ted 
on the  nob le  meta l .  However ,  ve ry  l i t t l e  add i t iona l  
deposi t  of Z n  takes  place. The  deposi t ion  in  such a 
Z n - n o b l e  me t a l  couple seems to stop af ter  severa l  
hours  and  the evo lu t ion  of H~ prac t ica l ly  ceases then  
also. 

Acknowledgment 
The au thors  acknowledge  wi th  t h a n k s  the  he lp fu l  

commen t s  of S. E i de nsohn  and  W. S. H e r b e r t  and  
the cour tesy  of the  Electr ic  Storage Ba t t e r y  Com-  
p a n y  in  f u r n i s h i n g  the  ma te r i a l s  used in  this  work.  

Manuscript  received June  17, 1959. 
Any discussion of this paper will  appear in a Dis- 

cussion Section to be published in  the June  1960 JOUR- 
NAL. 

REFERENCES 
1. J. M. Booe, This Journal, 99, 197C (1952). 
2. M. E. S t raumanis  and C. C. Fang, ibid., 98, 9 (1951). 
3. R. C. De Geiso and L. B. Rogers, ibid., 1{}6, 433 

(1959). 
4. K. F. Bonhoeffer, Z. physik. Chem., 113, 199 (1924). 
5. G. Kortiim, J. O'M. Bockris, "Textbook of Electro- 

chemistry," Vol. II, p. 423, Elsevier Publ ish ing Co., 
Houston (1951). 

The Anodic Dissolution and Electrolytic Polishing of Metals 
J. K. Higgins 

Metallurgy Division, Atomic Energy Research Establishment, Harwe~, Didcot, Berks, England 

ABSTRACT 

An exper imental  study has been made, using the potentiostat  technique, of 
the anodic dissolution and electrolytic polishing of nickel in hydrochloric acid. 
The effect of exper imental  conditions on the po ten t ia l / cur ren t  density curves 
and the value of the l imit ing cur ren t  density has been investigated. Results 
have been interpreted on the basis of a simple diffusion mechanism, and com- 
plications arising from the thick salt films found in the more concentrated 
solutions have been considered. Some results showing the connection between 
polishing and passivity have been collected for copper anodes in  potassium cy- 
anide solutions containing potassium hydroxide. 

Theories  of the anodic  d issolu t ion  of meta l s  u n d e r  
condi t ions  such tha t  e lect rolyt ic  po l i sh ing  occurs 
have  b e e n  re fe r red  l a rge ly  to the case of copper  in  
phosphor ic  acid (1) .  Some au thors  have  emphas ized  
the role p l ayed  b y  sal t  a n d  oxide films d u r i n g  po l -  
i sh ing  (2, 3). In  order  to ex t end  the  theory  to i n -  
clude ano the r  me ta l  besides copper  the  anodic  be -  
havior  of n icke l  in  hydrochlor ic  acid was studied.  
Resul t s  confirm the  genera l  t heo ry  and  prov ide  
c lear  ev idence  o f t h e  occur rence  and  i m p o r t a n c e  of 
sal t  films d u r i n g  electrolysis .  The sys tem was s tud ied  
b y  cons t ruc t ing  p o t e n t i a l / c u r r e n t  dens i ty  (C.D.) 
curves  u n d e r  va r ious  e x p e r i m e n t a l  condi t ions.  The  
po ten t ios ta t  t e chn ique  (4) was used in  which  the  
anode  po ten t i a l  is set at  any  a r b i t r a r y  va lue ,  the  
c u r r e n t  be ing  cont ro l led  by  the  po ten t ios t a t  to 
m a i n t a i n  this  value .  In  order  to inves t iga te  the  r e l a -  
t ionship  b e t w e e n  e lec t ro ly t ic  po l i sh ing  and  pass iv i ty  

some da ta  on the  anodic  d issolu t ion  of copper in  
po ta s s ium cyan ide  were  ob t a ined  u n d e r  condi t ions  
f avorab le  to oxide film format ion ,  in  s t rong ly  a lka -  
l ine  solut ion.  

Experimental Technique 
The elect rolyt ic  cell consis ted of a 400-ml  squat  

beake r  con t a in ing  250 cc of e lec t ro ly te  in  all  cases. 
The anodes  of p ro jec ted  area  0.15 cm ~ were  made  by  
d r a w i n g  wi re  (S.W.G. 16) to the  appropr i a t e  l eng th  
t h r o u g h  a r u b b e r  b u n g  in  one end  of a glass t ube  
a nd  fil ing the  end  of the  wi re  flat. The  glass t ube  
fitted w i t h  the  r u b b e r  b u n g  a n d  w i r e  anode was  
m o u n t e d  ver t ica l ly ,  expos ing  abou t  2.5 m m  of the  
wi re  to the  e lectrolyte .  The  cathode was  a P t  spi ra l  
of a rea  1 cm ~ in  a t ube  whose  end  was  closed w i th  a 
filter pape r  plug.  A Zn / 0 .1M - -  ZnSO,  re fe rence  
e lect rode was  connec ted  to the  w o r k i n g  electrode by  
m e a n s  of a L u g g i n  capi l lary ,  and  was  chosen be -  
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Fig. 1. Potentiostat A. V~, Osram triode PX25; V~, Bri- 
mar pentode 8 AI strapped as triode; T, Osram thyratron 
GTIC; C, 8 ~F electrolytic condenser; R, 20,000 ohms; R~, 
] 00,000 ohms; R~, 1000 ohms. 

cause  i ts  p o t e n t i a l  a l w a y s  w o u l d  be  m o r e  n e g a t i v e  
t h a n  a n y  i t  m i g h t  be  r e q u i r e d  to  m a i n t a i n .  The  p o -  
t e n t i a l  of t he  e l ec t rode  r e m a i n e d  cons t an t  a t  --0.80 v 
on the  h y d r o g e n  sca le  for  a b o u t  4 weeks .  A l l  t he  
anode  po t en t i a l s  quo ted  a r e  e x p r e s s e d  on the  s t a n d -  
a r d  h y d r o g e n  scale,  the  va lue s  b e i n g  o b t a i n e d  b y  
s u b t r a c t i n g  0.8 v f r o m  the  cel l  v o l t a g e  of t he  c o m -  
b i n a t i o n  a n o d e  (or  w o r k i n g  e l e c t r o d e )  / r e f e r e n c e  
e lec t rode .  The  e l e c t r o l y t e  was  u s u a l l y  m a i n t a i n e d  
at  20 ~ _--+ 0.5~ 

The  c i r cu i t  d i a g r a m  of the  first  e l ec t ron ic  p o t e n -  
t i o s t a t  is shown  in Fig.  1 and  is due  to H i c k l i n g  (4 ) .  
Upon  the  a p p l i c a t i o n  of 300 v d.c. t he  c o n d e n s e r  C 
cha rges  up  t h r o u g h  t h e  r e s i s t ance  R, opposes  t he  
75 -v  n e g a t i v e  b ias  a p p l i e d  to t h e  g r id  of t he  t r i o d e  
v a l v e  V1 a n d  thus  a l l ows  a p r o g r e s s i v e l y  i n c r e a s i n g  
c u r r e n t  to f low t h r o u g h  V, and  the  cell .  H o w e v e r ,  C 
can  d i s c h a r g e  t h r o u g h  V~ w h e n  i ts  n e g a t i v e  g r id  
b ias  of 13 v is opposed  b y  a v o l t a g e  across  V=; th i s  
vo l t age  is d e v e l o p e d  w h e n  the  t h y r a t r o n  T fires. T 
is set  50 t i m e s  a second b y  t h e  25-v  a - c  s u p p l y ;  i t  is 
a d j u s t e d  to i ts  c r i t i ca l  t r i p p i n g  v o l t a g e  b y  the  a u t o -  
ma t i c  b i a s ing  p o t e n t i o m e t e r  RI-IR~. In to  t h e  g r id  
c i rcu i t  of t he  t h y r a t r o n  a r e  p l a c e d  the  p o t e n t i o m e t e r  
P ( connec t ed  to m a k e  the  g r id  m o r e  n e g a t i v e )  and  
the  w o r k i n g / r e f e r e n c e  e l e c t r o d e  c o m b i n a t i o n  in  o p -  
pos i t ion .  W h e n  the  v o l t a g e  of t he  e l e c t r o d e  c o m -  
b i n a t i o n  is g r e a t e r  t h a n  t h a t  se t  u p o n  P, t h e n  t h e  
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Fig. 2. Potentiostat B 

t h y r a t r o n  w i l l  fire, t he  c u r r e n t  t h r o u g h  V1 w i l l  d rop  
m o m e n t a r i l y  and  w i l l  be  c o n t r o l l e d  to m a i n t a i n  t h e  
p o t e n t i a l  of the  w o r k i n g  e l e c t r o d e  a t  th is  p o i n t  i n -  
def in i te ly .  The  300, 75, and  13 v d.c. s u p p l i e d  w e r e  
o b t a i n e d  f r o m  s u i t a b l e  r e c t i f y i n g  c i rcui ts .  The  p o -  
t e n t i o s t a t  cou ld  d e l i v e r  0.1 a m p ;  i ts con t ro l  c i r cu i t  
was  sens i t ive  to ---- 0.01 v; t he  c u r r e n t  t a k e n  f r o m  
the  r e f e r e n c e  e l e c t r o d e  was  less  t h a n  1 /~amp. 

The  c i rcu i t  of t he  second  po t en t i o s t a t ,  a lso due  to 
Hick l ing ,  is s h o w n  in Fig .  2. The  t h y r a t r o n  T~ is i n -  
c luded  in a c i r cu i t  s im i l a r  to t h a t  u sed  in t h e  first  
po t en t io s t a t .  W h e n  the  v o l t a g e  b e t w e e n  t h e  w o r k i n g /  
r e f e r e n c e  e l ec t rode  c o m b i n a t i o n  is g r e a t e r  t h a n  t h a t  
se t  on t h e  p o t e n t i o m e t e r  P,  t h e n  T~ fires a n d  induces  
a v o l t a g e  across  the  s e c o n d a r y  of TRy, 180 ~ out  of 
phase  due  to t he  condense r ;  th is  v o l t a g e  be ing  
a p p l i e d  to t he  g r id  of T1, th is  v a l v e  does  no t  fire. 

W h e n  the  v o l t a g e  of t h e  w o r k i n g / r e f e r e n c e  e lec -  
t r o d e  c o m b i n a t i o n  is less t h a n  t h a t  across  P t h e n  T~ 
does  no t  fire, t h e  b i a s i n g  v o l t a g e  on T1 is absen t ,  T1 
fires and  induces  a v o l t a g e  across  t he  s e c o n d a r y  of 
TR1 w h i c h  is rec t i f ied ,  smoo thed ,  and  fed  to t h e  
e l e c t r o l y t i c  cell .  The  c u r r e n t  t h r o u g h  the  ce l l  is t hus  
c on t ro l l e d  to m a i n t a i n  the  p o t e n t i a l  of t he  w o r k i n g  
e l ec t rode  indef in i te ly .  In  p r a c t i c e  i t  was  f o u n d  t h a t  
t he  n e g a t i v e  b i a s  on T~ w a s  no t  suff icient  to  w i t h -  
ho ld  a n y  one p u l s e  of e l ec t r i c i ty ,  and  c o n s e q u e n t l y  
a 140-ohm r e s i s t a nc e  was  connec t ed  across  t he  o u t -  
p u t  to b y - p a s s  some of the  cu r r en t .  The  o u t p u t  c u r -  
r e n t  is no t  l i m i t e d  b y  h a v i n g  to pass  t h r o u g h  a 
t r i ode  va lve ,  a n d  an  o u t p u t  of s e v e r a l  a m p e r e s  could  
b e  o b t a i n e d  w i t h  t he  i n s t r u m e n t  a t  low o u t p u t  
vo l t ages ;  b u t  as t he  o u t p u t  v o l t a g e  i n c r e a s e d  t h e  
c u r r e n t  fe l l  off c ons ide r a b ly .  The  two  po t e n t i o s t a t s  
a r e  ca l l ed  A and  B, r e s p e c t i v e l y .  

Experimental Results 
Nicke~ in Hydrochloric Acid 

P o t e n t i a l / C . D .  g r a p h s  w e r e  o b t a i n e d  for  n i c k e l  
anodes  in  h y d r o c h l o r i c  ac id  of c o n c e n t r a t i o n  f r o m  
0.1N to 10.0N. The  a n o d e  p o t e n t i a l  was  i n c r e a s e d  in 
s teps  of 0.2 v, t he  c u r r e n t  b e c o m i n g  cons t an t  a f t e r  
a few seconds,  w h e n  it  was  r e a d  off. The  c u r r e n t  
s t a b i l i z e d  to a cons t an t  v a l u e  a lmos t  i m m e d i a t e l y  
as the  anode  p o t e n t i a l  was  r e d u c e d  in s teps  of 0.2 v 
to g ive  t h e  d e s c e n d i n g  curve .  In  Fig .  3A and  B a re  
g i v e n  t h e  cu rves  o b t a i n e d  in  9N HC1. 

The  C.D. was  u n d e t e c t a b l e  in Fig .  3A u n t i l  an  
a n o d e  p o t e n t i a l  of -F 0.15 v was  r eached ,  w h e n  i t  
rose  r a p i d l y  for  a sma l l  i nc rea se  in po t en t i a l ,  a t -  
t a i n i n g  a h igh  v a l u e  of a b o u t  0.40 a m p / c m ' .  As  t h e  
p o t e n t i a l  was  i n c r e a s e d  b y  a f u r t h e r  s m a l l  a m o u n t  
t hen  the  C.D. fell ,  and  r e m a i n e d  s u b s t a n t i a l l y  con-  
s t an t  w i t h  f u r t h e r  i nc rea se  in po ten t i a l ,  t h e  l i m i t i n g  
C.D. reg ion ,  u n t i l  ch lo r ine  gas  was  e vo lve d  a t  abou t  
2.5 v and  the  C.D. rose.  T h e  d e s c e n d i n g  c u r v e  fo l -  
l o w e d  the  a s c e n d i n g  c u r v e  c lose ly  e x c e p t  t h a t  the  
h igh  p e a k  at  C on the  a scend ing  cu rve  d id  no t  recur .  
Be fo re  the  l i m i t i n g  C.D. r eg ion  was  r e a c h e d  the  
a n o d e  was  e t ched  to a g r a y  m a t t  sur face ,  w h i l e  in  
the  l i m i t i n g  C.D. r eg ion  a t h i c k  g r e e n  f i lm fo rmed ,  
t he  a n o d e  b e i n g  seen  to  b e  b r i g h t e n e d  u n d e r n e a t h  
on r e m o v a l  f rom the  e l ec t ro ly t e .  
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In  o r d e r  to r e m o v e  the  t h i c k  g r e e n  f i lm f o r m e d  in 
the  l i m i t i n g  C.D. r eg ion  the  fo l l owing  t e c h n i q u e  was  
a d o p t e d :  the  anode  p o t e n t i a l  was  i n c r e a s e d  in s teps  
of 0.2 v, up  to 1.0 v as in Fig.  3A; t he  c i rcu i t  was  
b r o k e n  for  1 min,  t hen  a g a i n  comple t ed ,  t he  anode  
p o t e n t i a l  be ing  1.0 v, i.e., g r e a t e r  t h a n  the  p o t e n t i a l  
a t  w h i c h  the  e t ch ing  r eg ion  and  h igh  p e a k  v a l u e  of 
t he  C.D. o c c u r r e d  at  C in Fig .  3A. The  C.D. rose  
r a p i d l y  to abou t  0.37 a m p / c m  2 as r e c o r d e d  in Fig .  
3B, t h e  g r e e n  fi lm fe l l  a w a y  to be  r e p l a c e d  b y  a 
t h i c k  g r e e n  l a y e r  of r a p i d l y  d i s so lv ing  sa l t  w h i c h  
s t r e a m e d  a w a y  f r o m  the  anode ;  t he  a n o d e  w a s  
b r i l l i a n t l y  po l i shed .  The  r e s t  of t he  g r a p h  w a s  p l o t -  
t ed  as Fig .  3A. ~ 

I t  is c l e a r  t h a t  in th is  e l e c t r o l y t e  t h e r e  a r e  two  
l i m i t i n g  C.D. 's  of a p p r o x i m a t e l y  0.10 and  0.40 a m p /  
cm'.  * The  o p e r a t i o n  of r a i s i ng  the  p o t e n t i a l  to 1.0 v, 
b r e a k i n g ,  a n d  r e m a k i n g  t h e  c i r cu i t  w i l l  b e  ca l l ed  
p r e p o l a r i z a t i o n .  

I f  a p r e p o l a r i z e d  a n o d e  in 9hr HC1 is e l e c t r o l y z e d  
in  t h e  l i m i t i n g  C.D. r eg ion  for  a b o u t  5 ra in  t h e n  
IL~, s inks  g r a d u a l l y  to the  v a l u e  for  t he  n o n p r e -  
p o l a r i z e d  anode ;  t he  l a y e r  of r a p i d l y  d i s so lv ing  sa l t  

1 T h e  l i m i t i n g  C.D. r e g ions  fo r  t h e  a s c e n d i n g  a n d  d e s c e n d i n g  
c u r v e s  cou ld  no t  be  b r o u g h t  any  c loser  t o g e t h e r  b y  l e a v i n g  t h e  
anode  p o t e n t i a l  fo r  15 sec a t  each  0.2 v s tep  fo r  b o t h  F ig .  3A a n d  B. 

W h e n  t he  C.D. p a s s i n g  in  t h e  l i m i t i n g  C.D. r e g i o n  is no t  con-  
s t an t  a m e a n  v a l u e  is t a k e n ;  the  l i m i t i n g  C.D. is  d e n o t e d  i n  a l l  
c a s e s  b y  ILl~ .  

is r e p l a c e d  b y  a t h i c k  g r e e n  film. This  is shown  in 
Fig .  4, t he  a n o d e  p o t e n t i a l  be ing  1.0 v. 

The  n a t u r e  of t h e  anod ic  p rocess  occu r r i ng  in  each  
sec t ion  of the  c u r v e  was  d e t e r m i n e d  b y  c a r r y i n g  out  
c o n s t a n t - p o t e n t i a l  e l ec t ro ly se s  at  a ser ies  of i n -  
c r eas ing  p o t e n t i a l s  and  c o m p a r i n g  the  loss in w e i g h t  
of a n i c k e l  m i c r o - e l e c t r o d e  w i t h  t he  ga in  in  w e i g h t  
of a ca thode  in a coppe r  c o u l o m e t e r  in ser ies  w i t h  
the  cell .  Resu l t s  o b t a i n e d  in e l e c t r o l y t e s  v a r y i n g  
f r o m  0.5N to 9.0N HC1 showed  t h a t  up  to a p o t e n t i a l  
of 2.5 v t he  c u r r e n t  eff iciency for  d i s so lu t ion  of 
n i cke l  in t he  n i cke lous  s t a t e  was  p r a c t i c a l l y  100%; 
a b o v e  2.5 v gas  evo lu t ion  set  in a n d  t h e  c u r r e n t  
eff iciency d ropped .  

Influence ol experimental  factors on I .... - - T h e  
l i m i t i n g  C.D. 's  for  the  a scend ing  cu rves  w e r e  found  
to be  r e p r o d u c i b l e  w i t h  an  a c c u r a c y  of a b o u t  +--- 5% 
and  --  7% us ing  p o t e n t i o s t a t s  A and  B, r e s p e c t i v e l y .  

In  T a b l e  I a r e  s u m m a r i z e d  the  l i m i t i n g  C.D. 's  for  
so lu t ions  of HC1 of c o n c e n t r a t i o n  f r o m  10N to 0.1N. 

The  p r e p o l a r i z e d  v a l u e s  a r e  t he  g r e a t e r  u n t i l  t he  
c o n c e n t r a t i o n  d rops  b e l o w  7N HC1 w h e n  the  two  
sets of f igures  a p p r o x i m a t e  t h e  s ame  va lues .  B e l o w  
a c o n c e n t r a t i o n  of 7N HC1 the  t h i c k  g r e e n  f i lm a t  
t he  n o n p r e p o l a r i z e d  anodes  does  no t  a ppe a r ,  and  
a l l  the  e l ec t rodes  a r e  s u r r o u n d e d  b y  a t h i c k  l a y e r  
of r a p i d l y  d i s so lv ing  sa l t  s t r e a m i n g  away .  The  l i m -  
i t ing  C.D. 's  fo r  b o t h  n o n p r e p o l a r i z e d  a n d  p r e p o -  
l a r i z e d  anodes  i nc rea se  as t he  c o n c e n t r a t i o n  of HC] 
dec reases  u n t i l  0.5N HC1 w h e n  t h e y  d e c r e a s e  r a p -  
id ly .  

P o t e n t i a l / C . D .  g r a p h s  w e r e  c o n s t r u c t e d  fo r  so lu -  
t ions  of 7N HC1 a lone  and  w i t h  add i t i ons  of 5, 10, 
20, 25, and  30% g l y c e r o l  to i nc rea se  the  v iscos i ty ,  
us ing  bo th  n o n p r e p o l a r i z e d  and  p r e p o l a r i z e d  anodes .  
Resu l t s  a r e  shown  in Fig .  5, IL~, b e i n g  p l o t t e d  
a ga in s t  t he  r e c i p r o c a l  v iscos i ty .  F o r  t he  p r e p o l a r i z e d  

Table I. Influence of concentration of HCI on h,~M at 20~ 

Concen t r a t i on ,  10 9 8 7 6 4 2 1 0.5 O.1 
g mole /1  

L i m i t i n g  C.D., 0.07* 0.10" 0.24* 0.68* 1.18 1.83 2.37 2.54 1.59 0.19 
a m p / c m 2  

L i m i t i n g  C.D., 0.34* 0.45* 0.54* 0.95* 1.22 1.83 2.24 2.43 1.62 0.19 
amp/cm2,  p re -  
po l a r i zed  

* Va lues  m a r k e d  w i t h  an  a s t e r i sk  w e r e  o b t a i n e d  u s i n g  p o t e n t i o s t a t  
A, t he  r e s t  p o t e n t i o s t a t  B. 
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anodes  IL,~ var ies  l i n e a r l y  as the rec iproca l  viscosity,  
bu t  this is no t  so for the  nonp repo l a r i z ed  anodes.  

S t i r r i ng  solut ions  of 7N HC1 + 20, 25, and  30% 
glycerol,  at 450 r p m  wi th  a glass paddle  s t i r rer ,  
resul ts  in  an  increase  in  ILI~ Of 3.9, 5.6, and  4.5 t imes  
for nonprepo la r i zed  anodes;  increases  for p repo-  
lar ized anodes  were  3.1, 5.6, and  3.7 times. In  the 
case of 7N HC1 + 20% glycerol ,  ILI~ increased  f rom 
0.09 to 0.35 a m p / c m  ~ for nonprepo la r i zed  anodes  
and  f rom 0.14 to 0.43 a m p / c m  ~ for p repo la r ized  
anodes.  

Rise in  t e m p e r a t u r e  f rom 20 ~ to 70~ caused a 
rise in  the  l imi t ing  C.D. of 1.5 and  1.9 t imes  for 
anodes  in  0.5 and  6N HC1. 

Solu t ions  of 8N, 4N, and  0.5N HC1 were  sa tu ra t ed  
w i th  A.R. NiCI~. 6 H=O by  mechan i ca l  shak ing  for a 
few hours ;  by  d i lu t ing  these wi th  the  pu re  acid, 
solut ions  80, 60, 40, and  20% sa tu ra t ed  wi th  n icke l  
salt  were  obta ined.  Po ten t i a l /C .D .  curves  were  of 
the  u sua l  type.  Typ ica l  curves  of I ~  aga ins t  pe r  
cen t  s a t u r a t i o n  are g iven  in  Fig. 6 and  7 for 8N a nd  
0.5N HC1. 

For  the  nonprepo la r i zed  anodes  in  8N and  0.5hr 
HC1 the  va lues  of ILIM decrease  l i n e a r l y  w i th  per  
cent  s a tu r a t i on  of n icke l  sal t ;  the  va lue  of IL,~ at  
100% sa tu ra t ion  is v e r y  n e a r l y  zero. A l t h o u g h  the re  
is a l i nea r  decrease in  I~M for p repo la r ized  anodes,  

the g raph  does no t  cut  the x axis  at 100% s a t u r a -  
tion. 

Copper in Potassium Cyanide 
The anodic d issolu t ion  a nd  e lect rolyt ic  pol i sh ing  

of copper in  po tass ium cyan ide  has been  discussed in  
a p rev ious  paper  (2) .  A n  a t t e m p t  was made  to i n -  
duce pass iv i ty  g r a d u a l l y  by  s lowly inc reas ing  the  
a lka l i n i t y  of the  e lectrolyte .  

In  Fig. 8 is g iven  a typ ica l  po ten t ia l /C .D,  g raph  
for a copper anode  in  2M KCN. The anode  was 
e tched in  the  r a p i d l y  ascending  region;  it  was  pol -  
ished in  the  l imi t ing  C.D. region,  a l though  the polish 
was not  comparab le  in  b r i l l i ance  w i th  those ob-  
t a ined  at n icke l  anodes  in hydrochlor ic  acid or cop- 
per  anodes  in  phosphoric  acid. W h e n  the  anode 
po ten t i a l  exceeded 1.0 v a th ick  b r o w n  film formed  
on it. 

I n  Fig.  9, which  is a g raph  for 2M KCN + 0.5M 
KOH solution,  a p r o n o u n c e d  dip occurs in  bo th  as-  
cend ing  and  descending  curves.  If the  concen t ra t ion  
of K O H  is increased  to 0.751V[, t h e n  the  behav io r  
shown in  Fig. 10 is observed.  The C.D. a t ta ins  a 
high peak  va lue  of about  0.09 a m p / c m  ~ before  it 
drops a lmost  to zero on inc reas ing  the po ten t i a l  
b e y o n d  0 v; at  1.0 v the  n e x t  process, f o rma t ion  of 
the b r o w n  film, sets in  and  the  C.D. can aga in  rise. 
The descending  curve  does no t  show a l im i t i ng  C.D. 
region b u t  the C.D. r e m a i n s  a lmos t  zero u n t i l  abou t  

O'12 

O .IC 

O'OS 

O'O6 

O'O~ 

O'O~ 

~f 

I 
1,0 0 

2 MKCN 
ASCENDING 

X DESCENDING 

x /  

i10 21.0 
,,o'rEN'r,~L (vo'-'O 

, !o  
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--0.5 v w h e n  i t  r i ses  to the  v a l u e  for  t he  a scend ing  
curve? 

The behavior in 2M KCN + 0.751Vl KOH solution 
up to a potential of 1.0 v is typical of an anode 
undergoing passivity (5) and the anode was not 
polished in this electrolyte. Passivity can be induced 
gradually by increasing the alkalinity of the medium 
in s m a l l  s teps .  

Discussion 

The  i n c r e a s e  in  t h e  l i m i t i n g  C.D. 's  on s t i r r i n g  a n d  
the  d e c r e a s e  w h e n  the  v i scos i ty  is i nc reased ,  t o g e t h e r  
w i t h  t he  effect of t e m p e r a t u r e ,  cons t i t u t e  a c l ea r  
i nd i ca t i on  t h a t  t he  anodic  d i s so lu t ion  of n i c k e l  in  
h y d r o c h l o r i c  ac id  is d i f fus ion c o n t r o l l e d  at  h igh  c u r -  
r en t  dens i t ies .  The  effect  on the  l i m i t i n g  C.D. of t he  
a d d i t i o n  of n i c k e l  sa l t s  to the  so lu t ion  sugges t s  t h a t  
i t  is t he  d i f fus ion  of t h e  n i cke lous  ion  a w a y  f r o m  the  
anode  w h i c h  is r a t e  d e t e r m i n i n g .  

A s s u m i n g  F i c k ' s  l a w  a n d  the  ex i s t ence  of  a l i n e a r  
c o n c e n t r a t i o n  g r a d i e n t  ove r  t he  d i f fus ion  l aye r ,  t he  
l i m i t i n g  C.D. is g iven  b y  (2, 6).  

DFZ (C. -- Co) 
IL,M ( a m p / c m  ~) : [ 1 ] 

8 

s T h e  a s c e n d i n g  a n d  d e s c e n d i n g  c u r v e s  in  F ig .  9 and  10 cou ld  no t  
be  b r o u g h t  c loser  t o g e t h e r  b y  l e a v i n g  t h e  anode  p o t e n i a l  fo r  15 
s e c  a t  each  0 .2-v  step.  
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Fig. 1 1. Comparison of influence of HCI concentration on 
l imit ing C.D. and nickel chloride solubil i ty. 

w h e r e  D is t he  d i f fus ion coefficient  of t he  n i cke lous  
ion, F t he  F a r a d a y ,  Z the  v a l e n c y  of the  d i s so lv ing  
ion, and  8 the  t h i cknes s  of t he  d i f fus ion l a y e r ;  C, and  
Co (g i o n / l i t e r )  a r e  t he  so lub i l i t y  and  b u l k  concen -  
t r a t ion ,  r e spe c t i ve ly ,  of t he  n i cke lous  ion. F o r  a so -  
lu t ion  i n i t i a l l y  f r ee  f r o m  n i cke l  Co = 0, a n d  w e  h a v e  

D F Z  C, 
I L ~  ---= [2]  

8 

A c c o r d i n g  to Eq. [1]  for  cons t an t  v a l u e s  of C, a n y  
f ac to r  such as s t i r r ing ,  t e n d i n g  to dec rea se  8, shou ld  
i nc rea se  IL,~. I n c r e a s i n g  the  v i scos i ty  of t he  so lu t ion  
shou ld  d e c r e a s e  D a n d  t h e r e f o r e  IL~, w h i l e  i nc rease  
of t e m p e r a t u r e  shou ld  inc rease  D a n d  t h e r e f o r e  I~,~. 
A l l  these  p r e d i c t i o n s  a r e  b o r n e  out  b y  e x p e r i m e n t .  

F o r  c o n s t a n t  v a l u e s  of D and  8 in  Eq. [1] ,  I~,~ 
shou ld  be  p r o p o r t i o n a l  to ( C , -  Co) and  zero  w h e n  
C~ = Co, i.e., a t  100% s a t u r a t i o n  w i t h  n i cke l  sal t .  
This  is conf i rmed  e x p e r i m e n t a l l y  as shown  in Fig .  
6 a n d  7 excep t  for  p r e p o l a r i z e d  anodes  in 8N HC1. 

If  Eq. [2]  is cor rec t ,  I~,~ shou ld  be  p r o p o r t i o n a l  to 
C~ in t he  s imple  ac id  solut ions .  In  Fig .  11 the  g r a p h s  of 
IL,~ a n d  C, a r e  p l o t t e d  a ga in s t  c o n c e n t r a t i o n  of HC1; 
the  shape  of t he  two  cu rves  is s imi la r ,  conf i rming  the  
a b o v e  p red ic t ion .  

By  s u b s t i t u t i n g  v a l u e s  of D, C,, and  IH~ in [2]  i t  
is poss ib l e  to  ca l cu l a t e  8. The  va lue s  of D w e r e  c a l c u -  
l a t e d  f r o m  the  e q u a t i o n  (6)  

D = k R T / F  ~ [3]  

w h e r e  k, r e c i p r o c a l  ohms,  is the  e q u i v a l e n t  c o n d u c t i v -  
i ty  of n i cke l  ch lo r ide  at  18~ (7) .  T h e  r e su l t s  o b -  
t a i n e d  us ing  X v a l u e s  f r o m  the  I n t e r n a t i o n a l  Cr i t i c a l  
Tab les  for  t he  so lu t ions  s h o w n  are :  D = 1.85 x 10 -5 
cmVsec  -1, 18~ 10N, 8N HC1; D = 1.74x 10 -~ cm2/sec -1, 
18~ 7N HC1; D = 1.63 x 10 -S cm2/sec -~, 18~ 6N, 
1N HC1. S u b s t i t u t i n g  these  v a l u e s  in [2]  t h e  va lue s  

Table II. Thickness of diffusion layer in HCI solutions 

C o n c e n t r a -  
t i on  HC1, g 
mole /1  

cm 

cm, p re -  
po l a r i zed  

10 9 8 7 6 4 2 1 

0.0110 0.0112 0.0070 0.0033 0.0024 0.0024 0.0026 0.0028 

0.0021 0.0021 0.0030 0.0023 0.0024 0.0024 0.0029 0.0028 
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of $ for  the  n o n p r e p o l a r i z e d  and  p r e p o l a r i z e d  anodes  
a r e  g iven  in  T a b l e  I I  for  t he  s imp le  HC1 solut ions .  
A p a r t  f r o m  the  first  fou r  va lue s  for  t he  n o n p r e p o l a r -  
ized  anodes  $ is b e t w e e n  0.002 and  0.003 cm; th is  is 
m u c h  less t h a n  the  0.03 cm n o r m a l l y  found  for  c a -  
thod ic  d i f fus ion p rocesses  in u n s t i r r e d  solut ions .  
H o w e v e r ,  a t  t he  p r e s e n t  v e r t i c a l  anodes  a n d  the  h igh  
C.D. 's  e n c o u n t e r e d  t h e r e  w i l l  be  a l a r g e  a m o u n t  of 
convec t ive  s t i r r i n g  w h i c h  wi l t  d e c r e a s e  $ as  d i s cus sed  
b y  Tobias ,  E i senberg ,  a n d  W i l k e  (8) .  Va lues  of $ for  
n o n p r e p o l a r i z e d  anodes  in  the  c o n c e n t r a t e d  HC1 
( >  7N) so lu t ions  a r e  h i g h e r  t h a n  the  res t .  W h e n  the  
t h i c k  sa l t  f i lm is r e m o v e d ,  i.e., t he  anodes  a r e  p r e -  
po la r i zed ,  t hen  ~ is l o w e r e d  and  is of the  s ame  o r d e r  
as the  v a l u e s  f o u n d  in t he  d i l u t e  so lu t ions .  I t  is 
c l ea r  t h a t  t he  s imp le  d i f fus ion m e c h a n i s m  does  no t  
ho ld  for  t he  n o n p r e p o l a r i z e d  anodes  in  t he  c o n c e n -  
t r a t e d  ac id  solu t ions .  

The  a b o v e  conc lus ion  is b o r n e  out  b y  the  g r a p h s  
of Fig.  11; t he  IL,~ and  C, cu rves  a g r e e  mos t  c lose ly  
for  the  p r e p o l a r i z e d  anodes .  F i n a l l y ,  Fig .  5, w h e r e  
IL,~ is p l o t t e d  aga in s t  the  r e c ip roca l  v i scos i ty  for  
so lu t ions  of HC1 con ta in ing  g lyce ro l ,  shows  t h a t  the  
l i n e a r  r e l a t i o n s h i p  ho lds  for  p r e p o l a r i z e d  anodes  
only .  This  r e l a t i o n s h i p  has  been  f o u n d  for  the  anod ic  
d i s so lu t ion  of coppe r  in p h o s p h o r i c  ac id  and  p o t a s -  
s ium cyan ide ;  bo th  a r e  e x a m p l e s  of d i f f u s i o n - c o n -  
t r o l l e d  p rocesses  (2 ) .  I t  w o u l d  s eem t h a t  t he  p roces s  
in  t he  d i l u t e  ( <  7N HC1) so lu t ions  is d i f fus ion  con -  
t r o l l e d  as i t  is a t  the  p r e p o l a r i z e d  anodes  in  t he  
m o r e  c o n c e n t r a t e d  ( >  7N HC1) solut ions .  A t  t h e  
n o n p r e p o l a r i z e d  anodes  in the  c o n c e n t r a t e d  so lu -  
t ions  compl i ca t i ons  set  in due  to the  f o r m a t i o n  of 
t h i c k  sa l t  films. 

The  h y d r a t e  of n i c k e l  ch lo r ide  s t ab le  in  HC1 so lu -  
t ions  f r o m  1.75 to 7.26N is the  h e x a h y d r a t e ,  a t  7.5N 
the  p e n t a h y d r a t e ,  and  f r o m  7.65 to 10.35N the  t e t r a -  
h y d r a t e  (9 ) .  I t  is p r o b a b l e  t h a t  the  t h i c k  sa l t  f i lms 
o b s e r v e d  in  HC1 so lu t ions  m o r e  c o n c e n t r a t e d  t h a n  
7N a re  f i lms of the  t e t r a h y d r a t e ;  Fig .  11 shows  t h a t  
th is  sal t ,  s t ab le  in c o n c e n t r a t e d  ac id  solut ions ,  is less 
so lub le  t h a n  the  m o r e  h y d r a t e d  forms.  

If  t he  p r e p o l a r i z e d  a n o d e  in 9N HC1 is e l e c t r o -  
l yzed  in t he  l i m i t i n g  C.D. r eg ion  for  a b o u t  5 min ,  
t h e n  I~,, s inks  g r a d u a l l y  to the  v a l u e  for  t he  n o n -  
p r e p o l a r i z e d  a n o d e  (see  Fig .  4 ) ;  t he  d i f fus ion  l a y e r  
is r e p l a c e d  b y  a t h i c k  l i gh t  g r e e n  film. I t  w o u l d  s eem 
a t  t he  p r e p o l a r i z e d  a n o d e  t h a t  t he  n i cke l  f irst  d i s -  
so lves  as an  u n s t a b l e  spec ies  w h i c h  t hen  g r a d u a l l y  
r e v e r t s  to t he  s p a r i n g l y  so lub le  t e t r a h y d r a t e  w h i c h  
fo rms  a f i lm on the  anode.  

Resu l t s  for  t he  d i s so lu t ion  of p r e p o l a r i z e d  anodes  
in 8N HC1, p a r t l y  and  c o m p l e t e l y  s a t u r a t e d  w i t h  
n i c k e l  ch lor ide ,  a r e  puzz l ing  (Fig .  6) .  A h  the  ev i -  
dence  sugges t s  t h a t  i t  is the  r e a c t i o n  a t  t he  p r e p o l a r -  
ized anodes  w h i c h  is d i f fus ion con t ro l l ed ,  and  y e t  i t  
is the  n o n p r e p o l a r i z e d  anodes  w h i c h  show n e a r l y  
zero  I~,, in so lu t ions  100% sa tu r a t ed ,  as w o u l d  be  
e x p e c t e d  f r o m  Eq. [1]  for  a d i f f u s i o n - c o n t r o l l e d  
process .  I t  m a y  be  b e c a u s e  the  p r e p o l a r i z e d  anodes  
a r e  d i s so lv ing  as an  u n s t a b l e  species  t h a t  I~i~ r e -  
m a i n s  so h igh  in  so lu t ions  con t a in ing  n i c k e l  ch lo r ide ;  
w h e n  the  n i cke l  goes in to  solut fon d i r e c t l y  as t he  

s t ab l e  t e t r a h y d r a t e  ( n o n p r e p o l a r i z e d  anodes )  t hen  
the  p r e d i c t i o n s  of Eq. [ 1 ] a r e  ver i f ied .  

On the  bas is  of t he  d i f fus ion  t r e a t m e n t  g iven  i t  is 
to be  e x p e c t e d  t h a t  in  the  l i m i t i n g  C.D. reg ion ,  w h e n  
the  l a y e r  of e l e c t r o l y t e  a d j a c e n t  to t he  a n o d e  b e -  
comes  s a t u r a t e d  w i t h  sal t ,  a f i lm of sa l t  w i l l  be  d e -  
posi ted .  This  f i lm u s u a l l y  d i s so lves  as q u i c k l y  as  i t  is 
fo rmed ,  i ts  t h i c k n e s s  d e p e n d i n g  on the  s o l u b i l i t y  of 
t he  sa l t  and  i ts  d e g r e e  of h y d r a t i o n .  W i l l i a m s  a n d  
B a r r e t t  (10) h a v e  iden t i f i ed  t he  f i lm f o r m e d  on cop-  
p e r  anodes  in  p h o s p h o r i c  ac id  as  coppe r  p h o s p h a t e  
b y  e l ec t ron  d i f f r ac t ion  m e a s u r e m e n t s .  I t  is i nv i s ib l e  
d u r i n g  e l ec t ro lys i s  as a r e  t he  f i lms f o r m e d  in t h e  
d i l u t e  HC1 so lu t ions  at  n i c k e l  anodes.  In  c oncen -  
t r a t e d  HC1 so lu t ions  a t  n o n p r e p o l a r i z e d  anodes  t he  
sa l t  f i lms a r e  c l e a r l y  v is ib le ,  the  e l ec t rode  s t i l l  be ing  
po l i shed  u n d e r n e a t h .  

The  smoo th ing  ac t ion  d u r i n g  e l e c t ro ly t i c  p o l i s h -  
ing  in  t he  l i m i t i n g  C.D. r e g i o n  can  be  e x p l a i n e d  
s a t i s f ac to r i l y  b y  a s s u m i n g  the  absence  of a concen -  
t r a t i o n  g r a d i e n t  of m e t a l l i c  ca t ions  b e t w e e n  p e a k s  
and  cav i t i e s  in  a r o u g h e n e d  su r f ace  and  c o n s e q u e n t l y  
f a s t e r  d i s so lu t ion  of the  peaks .  A n  a d d i t i o n a l  f ac to r  
a id ing  smoo th ing  is t he  e a r l i e r  depos i t i on  of a sa l t  
f i lm in the  cav i t i e s  t h a n  on the  peaks .  H o w e v e r ,  
wh i l e  th is  t h e o r y  is s a t i s f a c t o r y  for  t he  d i l u t e  so lu -  
t ions  of HC1, i t  is no t  suff icient  to e x p l a i n  w h y  n o n -  
p r e p o l a r i z e d  n i c k e l  anodes  a r e  p o l i s h e d  u n d e r n e a t h  
the  t h i c k  sa l t  f i lm in t he  c o n c e n t r a t e d  ( >  7N) HC1 
solu t ions ;  t h e  f i lms a re  m u c h  t h i c k e r  t h a n  t h e  c a v i t y  
d e p t h  of a f ew  microns .  H o a r  and  M o w a t  (3)  have  
e x p l a i n e d  the  absence  of c r y s t a l l o g r a p h i c  e t ch ing  in 
the  l i m i t i n g  C.D. r eg ion  b y  a s s u m i n g  t h a t  t he  m e t a l -  
l ic ca t ions  pass  f r o m  the  m e t a l l i c  su r f ace  in to  v a c a n t  
s i tes  in an  ox ide  la t t ice ,  t he  ox ide  d i s so lv ing  as fas t  
as i t  is fo rmed .  The  r a n d o m  d i s t r i b u t i o n  of v a c a n t  
s i tes  w o u l d  t hen  account  for  t he  absence  of e tch  
f igures.  I f  i t  is a s s u m e d  t h a t  t he  ox ide  f i lm is p r e s e n t  
u n d e r n e a t h  t h e  sa l t  film, t hen  the  b r i g h t e n i n g  of t he  
n i cke l  in so lu t ions  w h e r e  a v e r y  t h i c k  f i lm of sa l t  is 
f o r m e d  can be  unde r s tood .  P r o b a b l y  bo th  the  
smoo th ing  and  b r i g h t e n i n g  m e c h a n i s m  a re  p r e s e n t  
a t  po l i sh ing  anodes  in d i l u t e  solut ions .  

I t  is we l l  k n o w n  f rom the  w o r k  of E v a n s  and  
o the r s  (5)  t h a t  t he  occu r r ence  of p a s s i v i t y  is a s -  
soc ia ted  w i t h  t he  f o r m a t i o n  of a thin,  coheren t ,  i n -  
so lub le  ox ide  f i lm on the  anode.  The  fac t  t h a t  t h e  
t r a n s i t i o n  f rom po l i sh ing  to p a s s i v i t y  b e h a v i o r  can  
be  b r o u g h t  a b o u t  g r a d u a l l y  (Cu  in K C N  + K O H )  
b y  inc rea s ing  t h e  a l k a l i n i t y  of t he  e l e c t r o l y t e  is 
ev idence  for  t he  p r e s e n c e  of a d i s so lv ing  ox ide  f i lm 
d u r i n g  po l i sh ing  and  l eads  to the  v i e w  t h a t  p o l i sh -  
ing a n d  p a s s i v i t y  a r e  two  l i m i t i n g  cases  of t he  s ame  
g e n e r a l  p h e n o m e n o n .  

Conclusions 
1. The  anodic  d i s so lu t ion  of n i c k e l  in d i l u t e  

( <  7N) HC1 so lu t ions  is d i f fus ion  con t ro l l ed .  
2. A t  p r e p o l a r i z e d  anodes  in c o n c e n t r a t e d  ( >  7N) 

HC1 so lu t ions  t he  d i s so lu t ion  is d i f fus ion con t ro l l ed .  
3. A t  n o n p r e p o l a r i z e d  anodes  in conc. ( >  7N) 

HC1 so lu t ions  the  s imp le  d i f fus ion m e c h a n i s m  
b r e a k s  down.  

4. The  onse t  of t h i c k  sa l t  f i lm f o r m a t i o n  in t he  
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more concentrated (> 7N HCI) solutions is associ- 
ated with a decrease in the degree of hydration of 
the dissolving salt. 

5. The state of the prepolarized anode is unstable; 
it reverts to the nonprepolarized condition in a short 
time. 

6. Polishing in the dilute solutions can be ex- 
plained satisfactorily by the differential solution of 
peaks and cavities due to different concentration 
gradients at peaks and cavities and the deposition of 
freely soluble salt films. 

7. The brightening effect observed under very 
thick salt films in concentrated acid solutions is best 
explained by the dissolving oxide theory of polish- 
ing. 

8. Pass iv i ty  can be induced  g r a d u a l l y  in  a po l i sh-  
ing b a t h  by  inc reas ing  the  a lka l in i ty  of the  e lec t ro-  
ly te  in  steps and  this  suppor ts  the  t heo ry  m e n t i o n e d  
in  7. 

Manuscript  received March 3, 1959. 

Any  discussion of this paper wil l  appear in a Dis- 
cussion Section to be published in the June  1960 JouR- 
NAL. 
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An Investigation of Chemical Variables Affecting 
the Formation of Films on Copper in Aqueous Solutions 

W. H. Davenport, V. F. Nole, and W. D. Robertson I 

Chase Brass and Copper Company, Waterbury, Connecticut 

ABSTRACT 

The growth of copper oxide films in aqueous solutions has been studied by 
an electrometric method. Quant i ta t ive data have been obtained on the growth 
of films as a funct ion of the solution variables; anion type and concentration, 
pH, and oxygen concentration. In  a i r -s t i r red chloride solutions, film thickness 
increases with increasing chloride concentration, passes through a max imum 
in solutions approximately 0.01M, and then decreases. A ma x i mum also is ob- 
tained for pH dependence in  the range pH 5.9-9.0. Cuprous oxide is formed 
below about pH 10.5 and cupric oxide predominates  at higher values. For 
equimolar  solutions (0.1M), film growth rate in  sodium chloride solutions is 
about double that  in  sodium sulfate. In  both cases the rate is l inear  and l imited 
by oxygen availabi l i ty under  the conditions described. In  h igh-pur i ty  water, in  
the presence of excess oxygen, the rate of growth is approximately parabolic, 
but the extremely thin fihns formed preclude detailed analysis with the pres-  
ent technique. 

M a n y  inves t iga tors  (1-8)  have  s tudied  the  ra te  of 
film fo rma t ion  on copper  as a resu l t  of ox ida t ion  in  
air  at va r ious  t empera tu re s .  The  composi t ion  of 
these films, which  is affected by  e n v i r o n m e n t a l  fac-  
tors  such as t e m p e r a t u r e  and  oxygen  pa r t i a l  p r e s -  
sure,  has been  verif ied by  e lec t ron  dif f ract ion s tudies  
(9-12) .  A gene ra l l y  accepted m e c h a n i s m  for the  r e -  
act ion re la tes  ox ida t ion  ra te  to the  m o v e m e n t  of cop-  
per  cat ions  t h rough  vacanc ies  in  the  oxide la t t ice  
and,  it has been  shown  (4, 7, 8) tha t  over  a l imi t ed  
r ange  of film th ickness  or t e m p e r a t u r e  the  parabol ic  
equa t ion  m a y  b e  used to express  the  g rowth  of films 
w i th  t ime.  I n  the  case of copper,  a l l  of the  oxidized 
me ta l  r e m a i n s  on the  surface  as a film, and  a me a s -  

1 Yale U n i v e r s i t y ,  Ne w H a v e n ,  Connec t i c u t ,  Consu l t an t .  

ure  of fi lm g rowth  ra te  is also a di rect  me a su re  of 
ox ida t ion  rate.  

W h e n  copper  corrodes in  an  open aqueous  so lu t ion  
the  ra te  of reac t ion  is affected l ikewise  by  the  n a -  
t u r e  of the  corros ion p roduc t  fi lm fo rmed  on the  
surface.  However ,  in  an  aqueous  solut ion,  all  of the  
products  of corrosion do not  necessa r i ly  r e m a i n  on 
the  surface;  d e p e n d i n g  on so lu t ion  composi t ion  and  
pH, corrosion p roduc t s  m a y  dissolve in  the  so lu t ion  
or fo rm at a site r e move d  f rom the  reac t ing  area. 
Accord ing ly  a s tudy  of ox ida t ion  of copper  in  aque -  
ous solut ion,  based on film growth,  can become qu i t e  
complex.  This  pe rhaps  exp la ins  w hy  v e r y  l i t t le  
q u a n t i t a t i v e  i n f o r m a t i o n  is ava i l ab le  on this  subject .  

The g rowth  of films on copper  in  aqueous  po tas -  
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s lum chlor ide solut ions  was  m e a s u r e d  by  Hi l l  (13) 
in  a s tudy  of the in i t i a l  corrosion react ion.  His tests, 
however ,  were  l imi t ed  to the  pH r ange  7.0-8.3 in  
which  the  films were  essen t ia l ly  insoluble .  K r u g e r  
(14) s tud ied  the  effect of i l l u m i n a t i o n  on films 
fo rmed  in a i r - s a t u r a t e d  dis t i l led water .  

The l~resent paper  describes an  inves t iga t ion  of 
the  effect of ce r ta in  so lu t ion  va r i ab le s  on the  g rowth  
and  composi t ion  of films fo rmed  on copper in  so lu-  
t ions where  i n f o r m a t i o n  appears  to be  lacking.  I t  is 
des igned to s u p p l e m e n t  p rev ious  work  (15) dea l ing  
wi th  the  effect of the  same va r i ab le s  on the  corro-  
sion ra te  of copper u n d e r  s imi la r  condit ions.  

Experimental Procedure 
Specimens.--Rod specimens,  0.125 in. d i ame te r  x 

12 in. long, were  p r e p a r e d  f rom o x y g e n - f r e e  h i gh -  
conduc t iv i ty  copper d r a w n  85 %. Chemica l  composi -  
t ion  was:  Cu-99.98%,  F e - ~ 0 . 0 0 3 % ,  N i - ~ 0 . 0 0 5 % ,  
P b - ~ 0 . 0 0 0 5 % ,  and  Z n - ~ 0 . 0 1 % .  The  surface  was  
sc rubbed  wi th  wa te r  and  pumice,  r in sed  in  d is t i l led  
water ,  and  dr ied  in  alcohol. Spec imens  t h e n  were  
inse r ted  in  3/16 in. ID glass tubes  t h rough  a shor t  
section of ~/~ x 1/4 in. r u b b e r  t u b i n g  which  served as 
a gasket .  By s l id ing  the  rod in  or out, the  spec imen  
area  could be var ied.  For  ve ry  t h i n  films the  area  
was ad jus ted  to 4 cm -~. Th icker  films were  deve loped  
on a 2 cm ~ area. P r io r  to exposure,  the  p ro jec t ing  
por t ion  was etched for 3 m i n  in  10% a m m o n i u m  
persu l fa te  and  r insed  in  h i g h - p u r i t y  demine ra l i zed  
water .  The spec imen assembly  t hen  was  t r a n s f e r r e d  
qu ick ly  to the  test  so lu t ion  w i thou t  dry ing .  

This chemical  e tching  t echn ique  for p r e p a r i n g  the  
spec imen  surface  was  adopted  as a r ep roduc ib le  
me thod  which  min imizes  the b l a n k  r ead ing  tha t  is 
ob ta ined  by  other  chemical  or mechan ica l  methods ,  
no t  i nvo lv ing  p r e p a r a t i o n  in  an  ine r t  a tmosphere .  In  
v iew of the fact tha t  fi lm growth  was  to be s tud ied  
over  some cons iderab le  per iod of t ime,  and  tha t  the  
increased  th ickness  is an  average  quan t i t y ,  more  
e labora te  methods  did not  seem w a r r a n t e d  for this  
p r e l i m i n a r y  inves t iga t ion  of the  compara t ive  effects 
of so lu t ion  var iables .  

Film development.--Films were  developed at 
room t e m p e r a t u r e  in  the  corrosion cell p rev ious ly  
descr ibed  (15),  us ing  a con t inuous  flow t echn ique  to 
m a i n t a i n  essen t ia l ly  cons tan t  so lu t ion  composit ion.  
The test  so lu t ion  was fed to the  bo t tom of the  cell at  
220 m l / h r  and  the appropr i a t e  gas s t i r r ing  m i x t u r e  
was in t roduced  by  m e a n s  of a gas l i f t  side a r m  at 
500 m l / h r  (28 b u b b l e s / r a i n ) .  A l t e r n a t i v e l y ,  in  tests  
where  increased  oxygen  ava i l ab i l i t y  was  desired,  
the  s t i r r ing  gas was  suppl ied  to the bo t tom of the  
cell t h r o u g h  a m e d i u m  porosi ty,  10-15 mic ron  pore 
size, f r i t t ed  disk (10 m m  d iame te r )  at a ra te  of 250 
m l / m i n .  

W h e n  gas m i x t u r e s  o ther  t h a n  air  were  used,  the  
sys tem was kept  u n d e r  a s l ight  posi t ive  p ressure  to 
m a i n t a i n  the  desired a tmosphere  over  the  solut ion.  

Three  spec imen  assembl ies  we re  inse r t ed  in  each 
cell and  held  in  a u n i f o r m  geomet r ica l  a r r a n g e m e n t  
by  m e a n s  of a plast ic  spacer r ing  p laced  app rox i -  
m a t e l y  at the  mid  po in t  of the  cell. 

A i r - f o r m e d  films also were  p r e p a r e d  by  expos ing  

ELECTROMETER 
AND 

PREAMPLIFIER 

50-tO0 K./L 
COPPER OXIDE N2"--"~" 

0.2M AMMONIUM 
CHLORIDE 

Fig. 1. Electrolytic reduction opporotus 

spec imens  in  an  electr ic  f u r na c e  equ ipped  wi th  a 
c i rcu la t ing  fan.  

Film analysis.--Following exposure,  films were  
ana lyzed  by  an  e lec t romet r ic  method,  Fig. 1, s imi la r  
to tha t  used by  Miley  (4) in  his i nves t iga t ion  of a i r -  
fo rmed  films on copper.  In  pr inc ip le ,  the  copper  
compound  composing the film is reduced  ca thodica l ly  
a nd  the  th ickness  is ca lcu la ted  f rom the  n u m b e r  of 
coulombs r e q u i r e d  a nd  the  b u l k  densi ty .  This cal-  
cu la t ion  assumes  tha t  the  surface  is a p l a ne  a nd  tha t  
the  film is u n i f o r m l y  d is t r ibu ted .  The  e r rors  r e su l t -  
ing f rom these a s sumpt ions  wi l l  depend  on the  m a g -  
n i t u d e  of surface  roughness ,  r e l a t ive  to fi lm th i ck -  
ness, and  on the  degree  of confo rmi ty  of the  con tour  
of oxide and  or ig ina l  me t a l  surface.  C e r t a i n l y  in  the  
ea r ly  stages the  absolu te  va lue  of the  th ickness  m a y  
be l a rge ly  in  e r ro r  due  to n o n u n i f o r m i t y  of fi lm and  
roughness  of surface;  the e r ror  should  decrease  sig-  
n i f ican t ly  as the  film th ickness  increases.  In  the  p re s -  
en t  case the th ickness  has been  used as a m e a s u r e  of 
chang ing  condi t ions  in  the  so lu t ion  u sua l l y  af ter  48 
hr  w h e n  a cons iderab le  th ickness  of film has been  
formed.  

Reduc t ion  was  car r ied  out  in  a closed glass cell 
des igned so t ha t  n i t r o g e n  could be e i ther  b u b b l e d  
t h r o u g h  the  so lu t ion  or passed over  the  sur face  to 
m a i n t a i n  a p ro tec t ive  a tmosphere .  The film bea r ing  
spec imen  was  m a d e  the  cathode,  a copper  rod the  
anode,  and  0.2M a m m o n i u m  chlor ide was  used as 
the  electrolyte.  A l t h o u g h  the  da ta  r epor ted  he re in  
were  ob ta ined  us ing  rod specimens,  the  a ppa ra tu s  
can also be adap ted  to sheet  or t u b e  by  us ing  a 
hooked p l a t i n u m  wire  as the  cathode and  hang ing  
the  spec imen f rom this  hook. 

C u r r e n t  was  ob ta ined  f rom a 110 v d-c  source 
consis t ing of a 90-v  "B" b a t t e r y  and  a 22V2-v "C" 
b a t t e r y  connec ted  in  series. Vol tage was  appl ied  
t h r ough  a h igh  res i s tance  of 50,000-100,000 ohms. 
The use of such a la rge  e x t e r n a l  res i s tance  resu l t ed  
in  a smal l  cons tan t  c u r r e n t  of 1-2 ma  which  was u n -  
affected by  the  r e l a t i ve ly  mi no r  changes  which  
took place in  the  cell. The po ten t i a l  deve loped  by  the  
vo l tage  drop across the  cell  was  fed to a B r o w n  e lec-  
t r ome te r  a nd  p reampl i f i e r  ( an  i n s t r u m e n t  which  
d raws  no s ignif icant  c u r r e n t  whi le  m e a s u r i n g  vo l t -  
age) and  t h e n  to a h igh  speed record ing  po ten t io -  
meter .  
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Table I. Oxidation of OFHC copper rod (0.125 in. diameter) 
in air at 245~ 

F i l m  t h i c k n e s s ,  A 

P r e s e n t  d a t a  
T i m e ,  
m i n  C u 2 0  C u O  T o ~ l  

F O R M A T I O N  O F  F I L M S  O N  C O P P E R  1007 

400A, films con ta ined  on ly  cuprous  oxide, above 
800A, all  films con ta ined  a m i x t u r e  of both, and  in  
the  i n t e r m e d i a t e  r ange  some films con ta ined  a m i x -  
t u r e  and  others  cuprous  oxide alone.  The films p ro -  

Miley duced in  the p re sen t  w o r k  were  al l  too th ick  to ve r i fy  
Total the  la t te r  conclusions;  however ,  the  increase  in  the  

p ropor t ion  of cupr ic  oxide w i th  inc reas ing  fi lm 
770 th ickness  does appear  to agree w i th  the  t r e nd  es-  

1100 tab l i shed  in  the  work  of Cruzan  and  Miley. 
1285 
1580 Since the  a ppa r a t u s  a nd  ana ly t i ca l  p rocedure  

1450 proved  rel iable ,  the  me thod  was  appl ied  to the s tudy  
of fi lm fo rma t ion  in  va r ious  aqueous  salt  solutions.  

1765 
1825 The  so lu t ion  va r i ab les  inves t iga ted  were  a n i on  type  

1900 a nd  concen t ra t ion ,  pH, a nd  oxygen.  Reproduc ib i l i t y  
2050 of resul t s  va r ied  wi th  exposure  condi t ions,  wi th  the  

2165 grea tes t  spread,  --+5%, appea r ing  in  n e a r l y  n e u t r a l  
2595 so lu t ions  w h e r e  pH was  qu i t e  sens i t ive  to smal l  
2715 2700 changes  in  composi t ion.  A " b l a n k "  co r re spond ing  to 
3015 a fi lm th ickness  of 20-s is associated wi th  the  me thod  
2955 a nd  the  necessa ry  correc t ions  have  b e e n  made.  The  
3260 

" b l a n k "  was  t raced  to air  ox ida t ion  d u r i n g  speci-  
3940 m e n  p r e p a r a t i o n  and  p r o b a b l y  could be reduced  by  

p r e pa r i ng  spec imens  in  an  ine r t  a tmosphere .  

EfJect of Anion Type and Concentration 

The g rowth  of films w i th  t ime  in  0.1M sod ium 
chlor ide and  0.1M sodium sul fa te  solut ions  is shown  
in  Fig. 3. 

The ra te  of film g rowth  is cons ide rab ly  h igher  
in  sod ium chlor ide  solut ions  a nd  in  each case it ap -  
pears  to be a p p r o x i m a t e l y  l i nea r  over  the  r ange  
inves t iga ted .  In  bo th  solut ions  on ly  cuprous  oxide 
was  detected.  

Resul t s  were  abou t  the same in  e i ther  0.1 or 0.01M 
sod ium sulfate.  However ,  a change  in  chlor ide  con-  
c e n t r a t i o n  p roduced  an  apprec iab le  change  in  film 
th ickness  as shown  in  Fig. 4. 

For  cons tan t  t ime  and  v a r y i n g  chlor ide  concen-  
t ra t ion ,  m a x i m a  in  th ickness  are  ob ta ined  in  0.01M 
chlor ide  solutions.  The effect of chlor ide ion on film 
th ickness  does not  cor re la te  w i th  p rev ious  obse rva -  
t ions (15) on the  effect of chlor ide on corrosion rate,  
w he r e  it  was  shown tha t  corrosion ra te  increased  
l i n e a r l y  wi th  inc reas ing  chlor ide  ion u n d e r  the  same 
condi t ions.  The  lack of cor re la t ion  wou ld  appea r  to 
ind ica te  tha t  corrosion ra te  is no t  solely d e p e n d e n t  

3 760 10 
5 
6 1260 25 
9 1580 0 

10 

12 1745 20 
15 1770 55 
20 
25 
30 1780 385 

43 2145 450 
60 2180 535 
90 2365 650 

120 2145 810 
150 2360 900 

300 3000 940 

Pr io r  to ana lys i s  the  e lec t ro ly te  was  deaera ted  by  
b u b b l i n g  n i t r ogen  for 30 rain. The  stopcock was  
t u r n e d  to pass the gas over  the  surface  and  the  ex -  
posed spec imen  assembly  was inser ted .  

D u r i n g  the  course of r educ t ion  the  cell po ten t i a l  
was fol lowed and  recorded to ob ta in  the  p o t e n t i a l -  
t ime  curves  charac ter i s t ic  of the  method.  F i l m  th i ck -  
ness t h e n  was  ca lcula ted  f rom the  t ime  and  c u r r e n t  
r equ i r ed  for r educ t ion  us ing  the  appropr i a t e  factors. 

On the  basis  of Miley 's  observa t ions  an d  also 
x - r a y  dif f ract ion studies,  cuprous  oxide, Cu~O, was  
a s sumed  to be the  p roduc t  which  was  reduced  at a 
po ten t i a l  of a p p r o x i m a t e l y  300 m v  and  cupr ic  oxide, 
CuO, the  p roduc t  reduced  at  550 inv.  Measu red  
aga ins t  a s a tu ra t ed  calomel  re fe rence  electrode,  the  
co r respond ing  r educ t ion  poten t ia l s  wou ld  be 350 m v  
and  600 mv,  respect ively .  

E x p e r i m e n t a l  Resul ts  a n d  D iscuss ion  

In  order  to check the  appa ra tu s  and  the  procedure ,  
a por t ion  of Miley 's  work,  dea l ing  w i th  film g rowth  
ra te  in  air  at 245~ was repeated.  The  resul t s  are 
shown in  Table  I and  in  Fig. 2. 

Good ag reemen t  was  obta ined.  Miley 's  da ta  did 
not  ind ica te  the  rat ios  of cuprous  and  cupr ic  oxide 
encoun t e r ed  but ,  in  la te r  work  in  con junc t ion  w i th  
Cruzan  (5) ,  they  r epor t ed  tha t  the  p ropor t ions  of 
the  two oxides va r ied  w i th  film thickness .  Below 
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sol t  solutions. 
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Fig. 4. Effect of concentration on film growth in sodium 
chloride solutions. 

on film th ickness  for the  condi t ions  described.  F u r -  
the r  s tudies  are be ing  conducted.  

Asse l in  and  R o h r m a n  (16) s tud ied  the corrosion 
ra te  of copper  as a f u n c t i o n  of sodium chlor ide con-  
cen t r a t i on  and  repor ted  a m a x i m u m  at m u c h  h igher  
concent ra t ions ,  2-3N, bu t  none  in  the  r ange  u n d e r  
cons idera t ion  at present .  They  a t t r i b u t e d  the  m a x i -  
m u m  to the  ne t  resu l t  of the  opposing factors oxygen  
so lubi l i ty  and  so lu t ion  conduct iv i ty .  

E:~ect o:f pH 

The effect of pH was s tudied  in  solut ions,  0.1M in 
chlor ide ion. Hydroch lor ic  acid or sod ium hyd r ox i de  
was  added to sod ium chlor ide solut ions  as necessa ry  
in  order  to achieve the  des i red pH. It  was  also neces -  
sary  to r emove  ca rbon  dioxide f rom the  i ncoming  
air  in order  to m i n i m i z e  dr i f t  in  pH. Resul ts  are 
shown  in  Fig.  5. 

A fa i r ly  flat m a x i m u m  is ob ta ined  in  the pH r a nge  
5.9-9.0. In  this  r ange  films are essen t ia l ly  cuprous  
oxide, Cu20. F i l m  th ickness  decreases r ap id ly  be low 
pH 5.9, or as the pH is ra ised f rom 9 to 10.5. At  
h igher  pH values ,  however ,  film g rowth  aga in  s tar ts  
to increase.  F i lms  fo rmed  in  the  h igh pH range ,  
a r o u n d  pH 12, are p r e d o m i n a n t l y  cupric  oxide. 

The effect of pH is compl ica ted  by  the  fact t ha t  
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Fig. 6. Effect of pH on fi lm growth rate in chloride solutions 

the shapes of film g rowth  r a t e  curves  v a r y  at  di f fer-  
ent  pH va lues  as shown  in  Fig. 6. 

F i lms  fo rmed  in  the  pH r a nge  5.9-9.0 al l  fal l  in 
the  b a n d  shown in  Fig. 6 a nd  they  are st i l l  g rowing  
af ter  70 hr. F i lms  fo rmed  be low or above this  
r ange  appear  to reach a m a x i m u m  th ickness  at  
shor te r  t imes  a nd  t h e n  r e m a i n  fa i r ly  cons tan t .  P r e -  
sumably ,  in  the  l a t t e r  cases, a s teady state  has been  
reached  where  the  film f o r ma t i on  ra te  is equa l  to 
the d isso lu t ion  rate.  

The  absence of m e a s u r a b l e  films be low app rox i -  
m a t e l y  pH 3 is cons is tent  w i th  p rev ious  obse rva -  
t ions (15) and,  if the  films can be a s sumed  to be 
pa r t i a l l y  protect ive ,  t hen  the effect of pH on films 
is also cons is ten t  wi th  genera l  exper ience  r ega rd ing  
the increase  in  corrosion ra te  wi th  decreas ing  pH. 

E~]ect of Oxygen 

The effect of oxygen  was  s tud ied  in  0.1M sod ium 
chlor ide solut ions  by  v a r y i n g  the  composi t ion  of an  
o x y g e n - n i t r o g e n  m i x t u r e  used as the  s t i r r ing  gas. 
Three  m i x t u r e s  were  inves t iga ted ;  21% (a i r ) ,  50%, 
and  100% oxygen.  F i l m  th ickness  increased  w i th  
inc reas ing  oxygen,  as shown  in  Fig. 7, i nd ica t ing  
tha t  the  process is u n d e r  oxygen  control  in  eve ry  
case. The shape of the  curve  suggests  that ,  at 100% 
oxygen,  condi t ions  were  be ing  approached  whe re  
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Fig. 9. Film growth rate in h igh-pur i ty  water in the pres- 
ence of  excess oxygen. 

ra te  is i n d e p e n d e n t  of f u r t h e r  increases  in  oxygen.  
This po in t  has no t  been  reached,  however ,  a nd  an  
increase  in  s t i r r ing  ra tes  at this  po in t  r esu l t ed  in  
films of g rea te r  th ickness  for the  same exposure  
t imes.  

The  i n t e r d e p e n d e n c e  of the  va r i ab le s  an ion  con-  
cen t ra t ion ,  pH, and  oxygen  makes  it difficult to de-  
velop a gene ra l  express ion  for the  g rowth  ra te  of 
films on copper  in  aqueous  sal t  solutions.  Thus,  a 
s t a t emen t  r ega rd ing  the  ra te  in  0.1M chlor ide solu-  
t ions  m u s t  also define the  condi t ions  of pH and  oxy-  
gen ava i lab i l i ty .  In  order  to ob ta in  a more  genera l  
express ion  it  was necessa ry  to conduct  tests  u n d e r  
condi t ions  where  va r i ab le s  were  e i ther  e l im ina t ed  or 
r eac tan t s  were  suppl ied  in excess. This  was accom- 
pl ished by  us ing  h i g h - p u r i t y  demine ra l i zed  wa t e r  as 
a corrosive med ium.  The effect of an ions  o ther  t h a n  
the  h y d r o x y l  ion p re sen t  in  wa t e r  was  thus  e l imi -  
na t ed  and  pH, which  was  d e t e r m i n e d  before  a nd  
af ter  test, r e m a i n e d  cons tan t  at 7.0. A n  o x y g e n -  
n i t r ogen  m i x t u r e  was  suppl ied  to the so lu t ion  
t h rough  the  m e d i u m  poros i ty  f r i t t ed  glass disk 
which  served  to increase  the  ava i l ab i l i t y  of oxygen.  
U n d e r  these condi t ions  a m i x t u r e  con t a in ing  abou t  
40% oxygen  is sufficient to p rov ide  an  excess of 
oxygen  as shown in  Fig. 8. 

The fi lm g rowth  ra te  of copper  in  h i g h - p u r i t y  
wa t e r  in  the  presence  of excess oxygen  t h e n  was  
d e t e r m i n e d  for t imes  up  to 200 hr, Fig. 9. However ,  
u n d e r  these condi t ions,  the  films fo rmed  are so t h in  
tha t  the  l imi t  of sens i t iv i ty  of the  me thod  is ap -  
proached.  Reproduc ib i l i t y  in  film fo rma t ion  m a y  
also be a factor. K r u g e r  (17) has shown tha t  the  
n a t u r e  of oxide films fo rmed  in  pu re  wa t e r  m a y  
v a r y  cons ide rab ly  wi th  me thod  of sur face  p r e p a r a -  
t ion  and  e n v i r o n m e n t a l  control ,  The curve  is ap-  

p r o x i m a t e l y  parabol ic  in  form, bu t  the  prec is ion  of 
the  data,  the  b l a n k  correct ion,  and  possible  fa i lu re  
of the  a s sumpt ions  invo lved  in  the  ca lcula t ions  of 
th ickness  of t h i n  films p rec lude  de ta i led  ana lys i s  of 
the  r a t e  law. 

Conclusions 
The g rowth  of copper oxide films in  aqueous  solu-  

t ions has been  s tud ied  by  an  e lec t romet r ic  method.  
Q u a n t i t a t i v e  da ta  have  been  ob ta ined  on the  g rowth  
of films as a f unc t i on  of the  solut ion var iab les ,  an ion  
type  and  concen t ra t ion ,  pH, a nd  oxygen  concen t r a -  
t ion.  

In  a i r - s t i r r e d  chlor ide solut ions,  film g rowth  ra te  
is affected by  chlor ide concen t r a t i on  and  pH wi th  a 
m a x i m u m  appea r ing  in  0.01M solut ions  and  in  the  
pH r a nge  5.9-9.0. F i lms  are cuprous  oxide exc lu -  
s ive ly  except  at ve ry  h igh pH values ,  >10.5, where  
the  ra te  aga in  increases  and  cupr ic  oxide p r e d o m i -  
nates.  

In  equ imo la r  solut ions  (0.1M) the ra te  in  sod ium 
chlor ide  is abou t  double  tha t  in  sod ium sulfate.  In  
both  cases the  ra te  is l i nea r  a nd  l imi ted  by  oxygen  
ava i lab i l i ty ,  even  w h e n  oxyge na t i on  is effected by  
stirring with a 100% 0,., mixture. 

Films formed in high-purity water in the presence 
of excess oxygen are relatively thin which precludes 
detailed analysis of the growth rate law from data 
obtained with the present technique. 
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ABSTRACT 

The porosity of the oxide scales formed on a number  of metals dur ing oxi- 
dation in  dry oxygen has been investigated by measurements  of specific sur-  
face and of density. The oxides formed dur ing  the l inear  oxidation of the eight 
metals: calcium, cerium, lead, magnesium, niobium, thorium, tungsten,  and 
u ran ium are porous whereas those formed dur ing  the parabolic oxidation of 
copper and cobalt are impervious to oxygen gas. 

The ox ida t ive  behav io r  of a me t a l  in  oxygen  de-  
pends  to a m a r k e d  ex t en t  on the  phys icochemica l  
p roper t ies  of the  oxide l aye r  fo rmed  on its surface.  If 
the  l ayer  of reac t ion  p roduc t  r ema ins  con t inuous  
d u r i n g  oxidat ion,  reac t ion  can proceed only  by  the 
diffusion of e i ther  one or bo th  of the  r eac tan t s  in  
the  ionized form th rough  the  oxide latt ice.  In  some 
cases, as w i th  a l u m i n u m  (1, 2) at  600~ the  ra te  of 
ox ida t ion  fal ls  off to a neg l ig ib ly  smal l  va lue  as t ime  
proceeds,  whi le  in others,  as for examp le  copper  (3) 
at 1000~ the  ox ida t ion  follows a parabol ic  r a t e  
l aw and  the ra te  of a t tack  is such tha t  a sheet  of m a -  
te r ia l  is oxidized comple te ly  in a few hours.  

On the  o ther  hand,  some metals ,  u sua l l y  above  a 
ce r t a in  charac ter i s t ic  t e m p e r a t u r e ,  oxidize at  a con-  
s t an t  ra te  which  is m a i n t a i n e d  u n t i l  the  whole  of 
the me ta l  is consumed,  a behav io r  exempli f ied  by  
m a g n e s i u m  (4) at 500~ This " l i nea r  ox ida t ion"  
u sua l l y  is i n t e rp r e t ed  in  t e rms  of the  fo rma t ion  of an  
oxide scale which  is porous  in the  sense tha t  oxygen  
gas is able  to pass f ree ly  t h rough  its th ickness ;  the  
ra te  of ox ida t ion  is be l ieved  to be cont ro l led  by  the  
ra te  of diffusion e i ther  of me ta l  ions or oxygen  
an ions  t h r o u g h  a t h i n  b a r r i e r  fi lm of oxide a d h e r i n g  
to the  metal .  

The  p re sen t  s tudy  was  u n d e r t a k e n  in  order  to 
p rov ide  e x p e r i m e n t a l  ev idence  for the  pos tu la ted  
poros i ty  of the oxide l aye r  fo rmed  d u r i n g  l inear ,  or 
a lmos t  l inear ,  ox ida t ion  and  to show tha t  the  oxide 
l ayer  fo rmed  d u r i n g  parabol ic  ox ida t ion  is, in  fact, 
imperv ious  to oxygen  gas. The  meta l s  whose oxides 
were  inves t iga ted  were  calcium, cer ium,  lead, m a g -  
nes ium,  n iob ium,  tho r ium,  tungs ten ,  and  u r a n i u m ,  
which  oxidize at  a l i nea r  rate,  and  cobal t  and  cop-  
per  which  oxidize at  a parabol ic  rate.  Two dis t inc t  
e x p e r i m e n t a l  t echn iques  were  used to inves t iga te  
each of the  oxide products :  the specific surface  was  
m e a s u r e d  by  the  me thod  of k r y p t o n  sorpt ion  (5) at  
- -195~ and  the  dens i ty  (6) by  i m m e r s i o n  in  m e r -  
cu ry  and  in  ca rbon  te t rachlor ide ,  respect ively .  

Experimental 
Each oxide was  p r epa red  by  oxidiz ing the  me t a l  

in  d ry  oxygen  at a tmospher ic  p ressure  in  a glass or 
silica reac t ion  chambe r  on a t h e r m a l  balance .  The  
e x p e r i m e n t a l  a r r a n g e m e n t  was  the  same as t h a t  p r e -  
v ious ly  descr ibed (4) except  tha t  the  oxygen  was  

f u r t he r  dr ied  by  pass ing it  t h r ough  a c o l u m n  packed  
wi th  L inde  molecu la r  sieves (7) .  

The pe rcen tage  p u r i t y  of the  meta l s  was:  Ca, 
~99.4;  Ce, ~99.99;  Co, 99.999; Cu, 99.999; Pb, 99.998; 
Mg, 99.95; Nb, ~99.8;  Th, ~99.6;  W, >99.95; and  U, 
~99.9. Except  for calcium, cer ium,  and  lead, the  
meta l s  were  in  the  form of sheet,  1/32 in. th ick  for 
n i o b i u m  and  t u n g s t e n  and  1/16 in. th ick  for the  
others;  a sample  in  the  form of a rec tang le  (4 x 1.5 
cm) was  cut  f rom the  sheet  a nd  ab raded  d o w n  to 
Grade  00 e me r y  u n d e r  p e t r o l e u m  ether  and  f inal ly  
degreased  in  benzene  vapor .  The t u n g s t e n  had  to be 
ho t - she a r e d  (8) and  the  copper  af ter  ab ras ion  was  
e tched (9) in  a 2.5% aqueous  so lu t ion  of a m m o n i u m  
pe r su l f a t e  for 15 min,  washed  wi th  w a t e r  fo l lowed 
by  acetone, and  f inal ly  dried.  The ca lc ium was oxi-  
dized in  the  fo rm of a slice, 5 m m  thick  wh ich  was  
cut f rom the i in. d i ame te r  e x t r u d e d  rod;  the  su r -  
face t r e a t m e n t  was fil ing on a "midd le  cut"  file. Lead 
was oxidized in  the  m o l t e n  s ta te  in  an  a l u m i n a  c ru -  
cible and  ce r ium in  the  fo rm of a s ingle l u m p  w i t h -  
out  surface  p repa ra t ion .  

The  t e m p e r a t u r e s  of ox ida t ion  (Tab le  I)  were  
chosen so as to p roduce  sufficient oxide w i t h i n  a 
r easonab le  per iod  of t ime. The samples  of cer ium,  
cobalt ,  copper, n iob ium,  and  t u n g s t e n  were  oxidized 
to complet ion,  whi le  those of calcium, m a g n e s i u m ,  
a nd  t h o r i u m  were  on ly  pa r t i a l l y  oxidized since the i r  
oxides spal led f rom the  respec t ive  meta l s  on cool- 
ing. The oxides of u r a n i u m  and  lead were  chipped 
and  scraped f rom the  cooled, oxidized samples.  

The a ppa r a t u s  for m e a s u r e m e n t  of k r y p t o n  sorp-  
t ion  (5) at  - -195~ was  des igned  for the  d e t e r m i n a -  
t ion  of an  abso lu te  area  of abou t  1 m 2 of solid wi th  
a precis ion of abou t  ----1%. The  use of this  q u a n t i t y  
of m a t e r i a l  p r e sen t ed  no difficulty w i th  most  of the  
oxides but ,  as wi l l  be seen, the re  were  th ree  whose 
specific surface was  so smal l  tha t  a we igh t  of solid 
e q u i v a l e n t  to 1 m "~ could no t  be accommodated  in  
the  appara tus .  

Special  e x p e r i m e n t a l  t e chn iques  (6) we re  deve l -  
oped for the  m e a s u r e m e n t  of the  dens i ty  of the  oxide 
by  i m m e r s i o n  in  m e r c u r y  a nd  in  ca rbon  te t rachlor ide ,  
respect ively ,  in  order  to deal  w i th  the  smal l  a m o u n t s  
of oxide which  were  ava i lab le .  Briefly, the  oxide, 
con ta ined  in a special  dens i ty  bott le ,  was  first ou t -  
gassed at 110~ to a p re s su re  of 10 -~ m m  Hg and  the  
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bot t le  t h e n  filled w i th  l iqu id  whi le  st i l l  in  the  vac -  
u u m  system. A q u a n t i t y  of solid e q u i v a l e n t  to abou t  
0.3 cm ~ was  used for most  of the  m e a s u r e m e n t s ,  a nd  
both  the  r ep roduc ib i l i t y  and  the  absolu te  accuracy  
of the  me thod  were  tes ted wi th  Ice land  spar.  Wi th  
0.3 cm ~ of solid the dens i ty  was  r ep roduc ib le  to 
+--0.1% in  m e r c u r y  and  to --+0.3% in ca rbon  t e t r a -  
chloride,  and  the abso lu te  va lues  agreed  w i t h  the  
l i t e r a tu r e  va lue  (10) w i t h i n  these l imits .  

Results 

Kinet ic  m e a s u r e m e n t s . - - T h e  kine t i c  m e a s u r e -  
men t s  were  of course on ly  anc i l l a ry  to the  m a i n  
s tudy  and  the  resul t s  are  descr ibed  on ly  briefly. 

The ox ida t ion  curves  (of we igh t  ga in  aga ins t  
t ime)  of m a g n e s i u m  (4) and  ca lc ium (11) were  the  
same as those found  in  ear l ie r  work ;  the  fo rmer  was  
oxidized for  a per iod such tha t  on ly  the  wh i t e  oxide 
scale was  formed.  The ce r ium was in  the  fo rm of a 
s ingle  l u m p  of i r r egu la r  shape so tha t  its ox ida t ion  
cu rve  could no t  be classified wi th  ce r t a in ty ;  the  ra te  
of ox ida t ion  at  first decreased w i t h  t ime,  t h e n  
reached  a cons tan t  va lue  [cf. (12) and  (13) ] ,  bu t  
s u b s e q u e n t l y  increased  possibly  because  of self-  
hea t ing  of the metal .  

T h o r i u m  (Fig. 1) gave a compl ica ted  curve  con-  
s is t ing of four  branches ,  OA, AB, BC, and  CD, over  
which,  respect ively ,  the  ra te  of ox ida t ion  decreased,  
increased,  was  constant ,  and  decreased;  b e y o n d  D 
the ra te  of ox ida t ion  became cons tan t  again.  E x a m i -  
na t i on  of a separa te  sample  which  had  been  oxi -  
dized for a shor ter  per iod ind ica ted  that ,  as w i t h  
magnes ium,  the oxide scale g r a d u a l l y  ex t ended  
l a t e r a l l y  over  the  sample  surface.  Levesque  and  
Cubicciot t i  (14),  in  an  e x p e r i m e n t  cover ing  a m u c h  
shor ter  period,  found  an  increase  in  ra te  co r respond-  
ing  to b r a n c h  AB, bu t  the  ac tua l  we igh t  ga ins  a nd  
t imes  were  di f ferent  f rom those in  the  p re sen t  work.  
The sharp  r ise in  ox ida t ion  ra te  at  A p r o b a b l y  cor-  
responds  to a b r e a k d o w n  of the  con t inuous  oxide 
l ayer  in  local regions  thus  m a r k i n g  the  b e g i n n i n g  
of l a t e ra l  growth.  

N iob ium a lmost  f rom the  s tar t  of the  e x p e r i m e n t  
oxidized at  a cons tan t  ra te  of 4.2 mg cm -2 hr  -~ [Baur ,  
Bridges,  and  Fassel l  (15) found  6 mg cm -~ hr  - '] a nd  
a b r e a k a w a y  reac t ion  occurred  af ter  abou t  14 h r  
oxidat ion.  The oxide consis ted of a fa i r ly  b r i t t l e  
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Fig. 1. Oxidation of thorium at 525~ 
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scale toge ther  wi th  some powdered  oxide, on ly  the  
fo rmer  be ing  used for the  phys ica l  me a su r e men t s .  

W i t h  tungs ten ,  the  ra te  of ox ida t ion  decreased in  
the  v e r y  ea r ly  stages bu t  became cons t an t  a f ter  
abou t  1 hr, the  l i nea r  ra te  of 10.6 mg cm -~ h r  -~ ag ree -  
ing w i th  the  va l ue  of 11.5 mg cm -~ hr  -~ found  by  
Webb,  Norton,  and  W a g n e r  (16).  The ra te  of oxi -  
da t ion  fell  be low the  l i nea r  ra te  af ter  abou t  5 hr ;  the  
we igh t  ga in  af ter  this  t ime  cor responded  to 30% 
convers ion  of the  metal ,  a nd  since the re  was  no p r e -  
fe r red  ox ida t ion  at  the  edges of the  sample  (8) it is 
u n l i k e l y  tha t  the  decrease  in  geometr ic  area  is the  
sole cause. 

The ra te  of ox ida t ion  of u r a n i u m  decreased w i th  
t ime,  becoming  cons tan t  a f te r  abou t  90 h r  at 0.8 mg  
cm -~ hr  -~ [Lor iers  (17) found  1.O mg cm -~ hr-~]. The  
ox ida t ion  of u r a n i u m  is compl ica ted  by  the  fact tha t  
severa l  oxides p r o b a b l y  a re  involved ,  pe rhaps  u r a -  
n i u m  dioxide  be ing  first fo rmed  and  t h e n  i tself  oxi -  
d iz ing (18) ;  at  the  end  of the  r u n  the  weigh t  ga in  
was  in  excess of tha t  r equ i r ed  for comple te  conve r -  
s ion to u r a n i u m  dioxide  and  yet  some me ta l  r e -  
m a i n e d  unoxidized.  Wi th  lead, the  ra te  of ox ida t ion  
became  cons tan t  a f ter  abou t  80 hr.  

Copper  was  found  to oxidize according  to a p a r a -  
bolic r a t e  l aw (w ~ = k~t), the  va lue  of k~, viz., 238 
mg ~ cm -' h r  -1, be ing  in  good a g r e e m e n t  w i th  t ha t  
ca lcu la ted  f rom l i t e r a t u r e  da ta  (9) for lower  oxygen  
pressures .  The t e m p e r a t u r e  a nd  oxygen  p ressure  
were  such tha t  bo th  CuO and  Cu~O are s table  (19) 
and  the  presence  of some CuO in  the  oxide p roduc t  
was conf i rmed by  the  fact tha t  the f inal  we igh t  ga in  

Table I. Values of the specific surface and densities of 
the oxides ~ 

T,(b) S,(b) p~=,(b) pv,(b) po,(b) 
M e t a l  o x i d e  ~ m ~ g-1 g c m ~  g cm-S g cm-~ 

A 
Calcium oxide 525 6.0___0.05 2.23 3.23 3.37 

(CaO) 
Cerium oxide 175 26.3--+0.4 5.22 n.d. ~r 7.22 

(CeO2) 
Leadoxide  575 2.1-+0.4 n.d. n.d. 9.70 

(PbO~) 
Magnesium oxide 525 56.0-+0.5 0.969 3.33 3.61 

(MgO) 
Niobium pentoxide 500 11.3• 4.20 5.15 (~) 4.95 (~) 

(Nb:Os) 
Thor ium oxide 525 6.2___0.3 6.43 n.d. 10.04 

(ThO2) 
Tungstie oxide 800 0.92___0.03 5.77 7.17 7.33 (t) 

(WO3) 
Uran ium oxide 240 6.5___0.3 8.08 9.33 10.96 

(UO2) ? 
B 

Cobalt oxide 960 <0.01 - -  - -  - -  
(CoO + Co30,) 

Copper oxide 960 <0.01 - -  - -  - -  
(CuO + Cu~O) 

(a) T h e  ox ide s  a r e  c l a s s i f i ed  in to  G r o u p s  A a n d  B a c c o r d i n g  to  
w h e t h e r  t h e y  w e r e  f o r m e d  a t  a l i n e a r  o r  a p a r a b o l i c  r a t e .  

(b) T = t e m p e r a t u r e  of  f o r m a t i o n ,  S = spec i f ic  s u r f a c e ,  p~ a n d  Po 
a r e  t h e  d e n s i t i e s  i n  m e r c u r y  a n d  i n  c a r b o n  t e t r a c h l o r i d e ,  r e s p e c -  
t i v e l y ,  a n d  Po is  t h e  t h e o r e t i c a l  d e n s i t y  c a l c u l a t e d  f r o m  t h e  d a t a  o f  
W y c k o f f  (21) u n l e s s  o t h e r w i s e  s t a t e d .  

(c) n .d .  = n o t  d e t e r m i n e d  b e c a u s e  of i n s u f f i c i e n t  m a t e r i a l .  
(~) T h i s  v a l u e  is  s i g n i f i c a n t l y  g r e a t e r  t h a n  t h e  t h e o r e t i c a l  d e n s i t y .  

A s econd  d e t e r m i n a t i o n  g a v e  t h e  s a m e  r e s u l t .  
( e )Quoted  b y  G u l b r a n s e n  a n d  A n d r e w  (22) .  
(f) C a l c u l a t e d  f r o m  t h e  d a t a  of  A n d e r s o n  (23) ,  
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was in excess of tha t  r equ i r ed  for comple te  c onve r -  
s ion of the me t a l  to Cu~O; s imi l a r ly  w i th  cobalt ,  two 
oxides, CoO and  Co~O,, are  s table  (20) u n d e r  the  
condi t ions  of the  react ion;  this  m a y  account  for the  
t ime  dependence  of k~ which  increased  f rom 45 mg ~ 
cm- '  hr  -~ af ter  3.5 h r  to 49 mg ~ cm-" hr  -~ af ter  90 hr  
oxidat ion.  

Speci f ic  sur]ace and d e n s i t y . - - T h e  va lues  of the  
specific surface  and  of the  dens i ty  in  m e r c u r y  and  
in  ca rbon  te t rach lor ide  are s u m m a r i z e d  in Tab le  I. 
The dens i ty  of each oxide has been  ca lcu la ted  on the  
a s sumpt ion  tha t  the  dens i ty  of the  b u l k  l iqu id  is u n -  
changed  at  the  so l id - l iqu id  in te r face :  a n y  e r ror  f rom 
this  source is p r o b a b l y  negl ig ible .  

Wi th  m a g n e s i u m  oxide and  n i o b i u m  pentoxide ,  it 
was not iced tha t  the  m e r c u r y  on ly  p e n e t r a t e d  the  
oxide face which  had  been  nea res t  to the  metal .  The 
other  oxides did no t  appear  to be p e n e t r a t e d  at  a l l  
by  mercu ry .  

Discussion 

Group A Oxides  

As seen in  Tab le  I, the m e a s u r e d  specific sur face  
S of the oxides exceeds the  geometr ic  surface  by  
severa l  orders  of m a g n i t u d e :  the oxides possess an  
" i n t e r n a l  surface" wh ich  is made  up  of the wal l s  
of n u m e r o u s  cracks and  pores which  p e r m e a t e  the  
solid. A crude  bu t  neve r the les s  use fu l  m e a s u r e  of 
the  degree of dispers ion  of the  oxide is ob ta ined  by  
cons ider ing  it to be made  up of equa l - s i zed  cubele ts  
of e d g e - l e n g t h  I. By s imple  geomet ry :  

l = 6/Sp~ 

where  po is the  theore t ica l  dens i ty  of the  oxide cal-  
cu la ted  f rom the  x - r a y  la t t ice  spacing. The  m e a s u r e d  
surface area  t hen  comprises  the faces of these cube -  
lets which  are accessible to k r y p t o n  molecules ,  in  
o ther  words  the re  are gaps at least  two molecules  
wide  b e t w e e n  the  faces of n e i g h b o r i n g  cubes:  the  
oxide scale is thus  porous  to k r y p t o n  molecules  and  
therefore  to oxygen  molecules  [col l is ion d iamete r s  
(25) :  Kr ,  4.16A; O:, 3.61A]. The n u m e r i c a l  va lues  
of I (Tab le  II)  cover a wide  range,  f rom 3 x 10~- for 
m a g n e s i u m  oxide to 9 x 10'~A for tungs t i c  oxide. 

S o m e w h a t  more  di rect  ev idence  as to the  poros i ty  
is p rov ided  by  the da ta  for the  dens i ty  of the  oxide 
in ca rbon  t e t r ach lo r ide  (po) and  in  m e r c u r y  (p~). 
The difference b e t w e e n  1/po and  1/p~ or 1/p~ r e p r e -  
sents  the vo lume,  per  g r a m  of oxide, of those pores 
which  are inaccess ible  to ca rbon  te t rach lor ide  or to 
mercu ry ,  respec t ive ly ;  the  vo lumes  of void er a nd  
era, expressed  as a f r ac t ion  of the  to ta l  v o l u m e  of the  
oxide, are  thus  g iven  by:  

p c  p m  
e~ = 1 , e,. : 1 - - - -  [1] 

po P. 

Since m e r c u r y  at 1 a rm pressure  canno t  en te r  pores 
of d i ame te r  less t h a n  abou t  10~A (26) whi le  ca rbon  
t e t r ach lo r ide  can  p e n e t r a t e  al l  pores w i th  d i ame te r s  
in  excess of abou t  5A, E,,~ and  E~ are  m a d e  up of all  
the  pores f iner t h a n  10~A and  5A, respect ively .  Both  
values,  of course, i nc lude  those pores wh ich  are  
to ta l ly  sealed off. 

Table II. Calculated void fractions and cube and pore sizes 
of the Group A oxides 

O x i d e  r er e m l ,  A 6, A(b) 

CaO 0.28 0.042 0.34 3000 880 
CeO~ 0.20 - -  0.28 320 73 
PbO2 - -  - -  - -  3020 - -  
MgO 0.27 0.079 0.73 300 330 
Nb~O~ 0.43 0.00 0.15 1070 120 
ThO~ <0.26 - -  0.36 960 310 
WO3 0.62 0.02 0.21 8900 150 
UO~ ? 0 .21  (0.149) (0.263) (840) 180 

(~ Va lues  c a l c u l a t e d  f r o m  the  m e l t i n g  p o i n t s  l i s t e d  i n  (24). 
(b) C a l c u l a t e d  f r o m  Eq. [2] u s i n g  Po fo r  p. 

The  va lues  of c~ (Tab le  I I )  are  all  r e l a t i ve ly  large,  
v a r y i n g  f rom 0.15 for n i o b i u m  pen tox ide  to 0.73 for 
m a g n e s i u m  oxide, a f igure which  impl ies  tha t  a lmost  
t h r e e - q u a r t e r s  of the  oxide scale is composed of 
void. Values  of ~o are, as m i gh t  be expected,  con-  
s ide rab ly  smal le r  and  they  v a r y  over  a n a r r o w e r  
range.  

The  E~-value of 0.34 for ca lc ium oxide agrees  su r -  
p r i s i ng ly  wel l  wi th  the 34% poros i ty  which  was 
es t imated  by  P i l l ing  and  B e d w o r t h  (27) f rom geo- 
me t r i c  m e a s u r e m e n t s  of the  comple te ly  oxidized 
sample.  The E~-value of 0.21 for tungs t i c  oxide is 
s igni f icant ly  less t h a n  the  f igure of 30% for the  
poros i ty  quoted  by  Webb,  Nor ton ,  and  W a g n e r  (16) ; 
it is not  clear, however ,  w h e t h e r  the i r  solid had  been  
outgassed.  

The  da ta  all  re fe r  to the  oxide scale af ter  it has 
been  cooled d o w n  f rom reac t ion  t e m p e r a t u r e ,  bu t  
it  is r easonab le  to assume tha t  the  s ta te  of s u b d i -  
v is ion of the scale at  the t e m p e r a t u r e  of the  reac -  
t ion  is no t  m a r k e d l y  different .  I t  mus t  also be bo rne  
in  m i n d  tha t  the  scale t ends  to s in te r  a f ter  it has 
been  formed.  Such s in ter ing ,  which  wou ld  man i f e s t  
i tself in a r educ t ion  in  specific surface  a nd  a n  in -  
crease in  densi ty ,  mus t  come abou t  as a resu l t  of 
e i ther  plast ic  (or viscous)  flow or of t r a n s p o r t  of 
m a t e r i a l  t h r ough  the  c rys ta l l i t e  by  diffusion.  Both  
processes are k n o w n  to be g rea t ly  acce lera ted  at  
t e m p e r a t u r e s  above a cr i t ical  va lue  Te, charac ter i s t ic  
of the  solid bu t  l y ing  w i t h i n  the  r ange  0.37 Tr to 0.53 
T r where  Tf is the  mp  of the  oxide (28).  (T~ of ten 
is t e r m e d  the  T a m m a n n  t e m p e r a t u r e  a nd  somet imes  
is defined as To : 0.5 Tf.) The  q u a n t i t y  a = T / T t ,  
w he r e  T is the  ox ida t ion  t e m p e r a t u r e ,  is g iven  in  
Tab le  II  for each oxide:  tha t  tungs t i c  oxide has  the  
lowest  specific surface  and  wi th  it, the  la rges t  c rys -  
ta l l i te  size of all  the oxides in  Group  A, corre la tes  in  
an  in t e re s t ing  w a y  wi th  the  fact  tha t  its a - v a l u e  
is the  highest  of the  series a nd  wel l  above the  T a m -  
m a n n  range.  I t  is also sa t i s fac tory  t ha t  the  va lues  
eo = 0 and  E~ ~ 0.02 for n i o b i u m  a nd  tungs t i c  oxides, 
respect ively ,  are  in  a g r e e m e n t  w i th  the i r  r e l a t i ve ly  
h igh a - v a l u e s  of 0.43 and  0.62, a l though  it  is p e r -  
haps su rp r i s ing  tha t  all  the  fine pores in  n i o b i u m  
pen tox ide  have  a p p a r e n t l y  been  e l imina ted .  I t  is 
wel l  k n o w n  tha t  in  s in te red  oxides the  m e a s u r e d  
dens i ty  does not  in  gene ra l  reach  the t r u e  dens i ty  
un less  the  oxide is hea ted  for v e r y  long  per iods  n e a r  
its me l t i ng  poin t ;  indeed,  sealed-off  pores have  been  
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seen wi th  the  e lec t ron  microscope (29).  Reference  
to Tab le  I shows tha t  for n i o b i u m  pen tox ide  pc was  
s igni f icant ly  g rea te r  t h a n  po, and  it is possible  t ha t  
this  oxide was  no t  the  exc lus ive  reac t ion  p roduc t  
(22, 30).  

Yet ano the r  way  of express ing  the  poros i ty  of the  
oxide scale is to ca lcula te  the  m e a n  l i nea r  separa t ion  

of the cubic blocks of our  c rude  model ;  we have  

8 : 21 --  1 [2] 

here  p is w i t h i n  the  r ange  po and  pc, its exact  va lue  
be ing  d e p e n d e n t  on the  re la t ive  vo lumes  of sealed 
and  open pores m a k i n g  up  the  void f rac t ion  e~. Since 
the  oxide scale con ta ins  a v a r i e t y  of pores of w i d e l y  
differ ing shapes and  sizes, the  n u m e r i c a l  va lues  of 8 
(Table  II)  can r ep resen t  no more  t h a n  the  order  of 
m a g n i t u d e  of the  gaps w i t h i n  the  oxide l ayer ;  
bu t  t hey  c lear ly  demons t r a t e  the  presence  of 
pores sufficiently wide  to pe rmi t  the  free passage of 
gaseous oxygen.  A s imple  calcula t ion,  a s suming  
Poiseui l le  flow, shows indeed  tha t  the  pores could 
pe rmi t  a flow of gas at a ra te  g rea te r  by  m a n y  orders  
of m a g n i t u d e  t h a n  tha t  ac tua l ly  r equ i r ed  by  the  
consumpt ion  of oxygen  in  the  react ion.  

Group B Oxides  

The specific surface of the  copper  and  the cobal t  
oxides was e x t r e m e l y  small ,  be ing  w i t h i n  the  l imi t s  
of the appa ra tu s  and  p r o b a b l y  r ep re sen t i ng  l i t t le  
more  t h a n  the  geometr ic  surface  of the  sample.  

Conclusions 
The f indings  of the  p resen t  paper  corre la te  in  a 

sa t i s fac tory  m a n n e r  w i th  in fe rences  e x t a n t  in  the  
l i t e r a tu r e  of me t a l  ox ida t ion  as to the  poros i ty  of 
the  oxide scale. 

Thus  the  oxides fo rmed  d u r i n g  the  l i nea r  ox ida-  
t ion  of calc ium,  cer ium,  lead, m a g n e s i u m ,  n iob ium,  
thor ium,  tungs ten ,  and  u r a n i u m  are shown  to be 
porous to molecu la r  oxygen  which  there fore  can  
diffuse f ree ly  t h r o u g h  the  oxide scale; the  r a t e  of 
ox ida t ion  p r o b a b l y  is cont ro l led  by  the  diffusion, 
e i ther  of me t a l  ions or of oxygen  anions,  t h rough  a 
t h in  ba r r i e r  film of oxide (nonporous  to gaseous oxy -  
gen)  which  r e m a i n s  a d h e r e n t  to the  me t a l  and  
whose th ickness  r ema ins  effect ively constant .  

For  parabo l ic  ox ida t ion  it g ene ra l l y  is accepted 
tha t  the  ra te  d e t e r m i n i n g  step is the  diffusion e i ther  
of in t e r s t i t i a l  ions or of cat ion vacancies  across the  
oxide l ayer  which  by  impl i ca t ion  is n o n - p o r o u s  to 
oxygen  gas. The  p resen t  resul t s  p rovide  ev idence  as 

to this  lack of poros i ty  w i th  the oxide l ayer  on cop- 
per  a nd  on cobalt .  
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I, Galvanic Couples 
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ABSTRACT 

High-pur i ty  a luminum has near ly  perfect galvanic compatibi l i ty with 
magnes ium AZ31B alloy dur ing  saline exposure. This compatibil i ty is little 
changed by additions to the a luminum of magnesium, silicon, or manganese,  
but  it is rapidly and proport ionately decreased by the addit ion of iron, copper, 
and nickel, and more gradual ly  decreased by the addition of zinc. The addition 
of magnes ium to the alloy or magnes ium ion to the env i ronment  can greatly 
suppress the effect of the above deleterious constituents. 

The i r  ac t ive  po ten t i a l s  and  lack of apprec iab le  
anodic  po la r iza t ion  m a k e  m a g n e s i u m  alloys suscep-  
t ib le  to ga lvan ic  effects d u r i n g  exposure  to sa l t -  
l aden  e n v i r o n m e n t s .  The suppress ion  of these effects 
by  the  r emova l  or me t a l l u rg i ca l  complex ing  of low 
h y d r o g e n  overvo l t age  cons t i tuen t s  in m a g n e s i u m  a l -  
loys is one of the  classic examples  of the  app l i ca t ion  
of local -ce l l  t heo ry  to a corrosion p r o b l e m  (1) .  Due  
to these opera t ions  the  commerc ia l  m a g n e s i u m  a l -  
loys are gene ra l l y  serv iceable  in  s a l t - l a d e n  a tmos -  
pheres  w h e n  they  a re  pa in t ed  w i th  modera t e  care. 
However ,  w h e n  these al loys are incorpora ted  in  
s t ruc tu res  w i th  o ther  meta l s  it is f r e q u e n t l y  no t  the  
i n h e r e n t  corrosion res i s tance  of the  m a g n e s i u m  al loy 
which  de t e rmines  the  pro tec t ive  sys tem needed,  bu t  
r a the r  the  ga lvan ic  charac ter is t ics  of the  macro  cells 
set up b e t w e e n  the  m a g n e s i u m  al loy and  the  o ther  
meta l s  or al loys in  the  s t ruc ture .  

Ga lvan i c  re la t ionsh ips  b e t w e e n  m a g n e s i u m  al loys 
and  a l u m i n u m  alloys are e x t r e m e l y  i m p o r t a n t  since 
the  two meta l s  are combined  so f r e q u e n t l y  in  l igh t  
me ta l  s t ruc tures .  E v e n  w h e n  the s t r uc tu r e  is domi -  
n a n t l y  m a g n e s i u m ,  it wi l l  of ten be fas tened  toge ther  
by  a l u m i n u m  rivets ,  for m a g n e s i u m  al loys gene r a l l y  
lack the  r o o m - t e m p e r a t u r e  p las t ic i ty  necessa ry  in  
the  co ld -d r iv ing  r ivet .  Over  the  years  it  has  been  
d iscovered tha t  there  is a t r e m e n d o u s  r ange  in  the  
ga lvan ic  effect of the  commerc ia l  a l u m i n u m  al loys 
on m a g n e s i u m  alloys. Thus,  the  m a g n e s i u m - r i c h  
a l u m i n u m  alloys such as 5056 are gene ra l l y  qu i te  
compat ib le  w i th  m a g n e s i u m  alloys, whe reas  the  cop- 
p e r - r i c h  a l u m i n u m  alloys such as 2024 a l loy  are 
gene ra l l y  poor ly  compat ible .  It  is the  purpose  of this  
paper  to demons t r a t e  some of the p r inc ip les  which  
d e t e r m i n e  the  compa t ib i l i t y  of a l u m i n u m  al loys to -  
w a r d  m a g n e s i u m  al loys and  to i l lus t ra te  how these  
p r inc ip les  can be used in  corrosion control .  

Experimental 
The cathodic po la r i za t ion  curves  for the  a l u m i n u m  

mate r i a l s  in  Fig. 1 were  ob ta ined  wi th  an  au to -  
ma t i ca l l y  regula ted ,  l i nea r  c u r r e n t  sweep ra te  of 30 
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Fig. 1. Cathodic polarization of two grades of aluminum in 
3% NaCI solution saturated with air and with Mg(OH)s. 

m i n  f rom n i l  to fu l l  c u r r e n t  and  30 m i n  fu l l  to no 
cur ren t .  Each a l u m i n u m  cathode consisted of a 3/s in. 
d i ame te r  cy l inde r  m o u n t e d  as a sect ion in  a Bakel i te  
holder  of the  same d i ame te r  and  located at  the  axis  
of a m a g n e s i u m  AZ31B al loy hol low cy l inde r  which  
was  used as the  anode.  Po ten t i a l s  were  recorded in  
respect  to a B e c k m a n  Model  1170 sa tu ra t ed  ca lomel  
e lec t rode  which  was  located in  a L u g g i n  cap i l l a ry  
sal t  b r idge  filled w i th  the  cor roden t  solut ion.  Po-  
t en t i a l s  were  recorded by  a modified B r o w n  record-  
ing po t e n t i ome t e r  ope ra t ing  w i th  its char t  d r ive  in  
synch ron iza t ion  w i th  the  c u r r e n t  sweep. The one 
a l u m i n u m  cathode consis ted of commerc ia l  2S a l u -  
m i n u m  rod wh ich  con ta ined  0.47% Fe, 0.23% Si, and  
0.087% Cu as d e t e r m i n e d  by  chemical  analysis .  The 
99.99% p u r i t y  e lec t rode  in  these  s tudies  was  m a -  
ch ined  f rom ingot  con ta in ing  40 p p m  respec t ive ly  of 
Fe and  Cu, 10 p p m  Si, and  4 p p m  Ni as d e t e r m i n e d  
by  chemical  analysis .  

Except  w he r e  a di f ferent  base m a t e r i a l  is i nd i -  
cated, e x p e r i m e n t a l  a l u m i n u m  al loys were  p r epa red  
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s t a r t ing  w i th  99.99% p u r i t y  A1 f rom the  same lot  
m e n t i o n e d  above or f rom ano the r  lot  certified by  the  
m a n u f a c t u r e r  to con ta in  10 p p m  Cu, 20 p p m  Fe, 10 
p p m  Mg, and  ~10  p p m  of any  o ther  an t i c ipa ted  i m -  
pur i ty .  The  99.9% A1 con ta ined  300 p p m  Fe, 270 
p p m  Si, 30 p p m  Cu, and  <100 p p m  of any  o ther  
an t i c ipa ted  cons t i tuen t .  M a g n e s i u m  was a l loyed 
d i rec t ly  f rom doub ly  sub l imed  m a t e r i a l  con t a in ing  
5 p p m  Fe. The  zinc was  also a l loyed d i rec t ly  s t a r t -  
ing w i th  99.99% p u r i t y  ingot.  The  copper,  m a n -  
ganese,  iron,  and  si l icon bea r ing  al loys were  all  
p r epa red  f rom mas te r  al loys based on 99.99% p u r i t y  
A1 and  respec t ive ly  h igh conduct iv i ty ,  e lec t rolyt ic  
copper, e lec t rolyt ic  manganese ,  h i g h - p u r i t y  alco-  
holized i ron  powder ,  and  si l icon of undef ined  qual i ty .  
The basic a l loy ing  p rocedure  was  as follows: pure  
a l u m i n u m  was me l t ed  in  a spec t roscopic-grade  
g raph i te  c ruc ib le  and  hea ted  to 1400~ af ter  w h i c h  
the a l loy ing  cons t i tuen t s  were  added  and  s t i r red  in  
vigorously .  This  me l t  was  hea ted  to 1500~ for 30 
m i n  and  t h e n  cooled to 1400~ before  pour ing  into 
spec t roscopic-grade  g raph i t e  molds. I m m e d i a t e l y  
af ter  solidif ication each cas t ing was  w a t e r  quenched .  

Each me l t  p roduced  two castings,  a 1 x 4 x 4 in. 
m i n i a t u r e  ro l l ing  s lab and  a disk spec imen for spec-  
t roscopic analysis .  Af te r  its surfaces were  r emove d  
by  g r i n d i n g  on Aloxi te  cloth, the  ro l l ing  slab was  r e -  
duced to sheet  of 0.020 in. th ickness  on ca re fu l ly  
c leaned and  w e l l - l u b r i c a t e d  rolls  at  300~ fo l low-  
ing the  schedule,  25% reduc t ion  per  pass w i t h  15 
m i n  rehea ts  at 700~ b e t w e e n  passes. 

The disk cast ings of all  al loys were  subjec ted  to 
spectroscopic analysis .  This  was  s u p p l e m e n t e d  by  
chemical  ana lys i s  in  selected cases. Except  w he r e  
the  level  of an  e l emen t  is specified in  the  resul ts ,  
ana lys i s  has shown it to be neg l ig ib ly  di f ferent  f rom 
the  level  in  the  a l u m i n u m  base stock. 

The ga lvan ic  corrosion spec imens  consisted of 2 
pieces of the  a l u m i n u m  al loy sheet  in  the  fo rm of 
squares,  1/2 in. on the  side, which  were  cen t r a l l y  
m o u n t e d  on the  opposi te  sides of 11/2 x 11/2 in. squares  
of commercia l ,  m a g n e s i u m  AZ31B alloy. 1 These 
spec imens  were  he ld  toge ther  by  1/8 in. d i a m e t e r  
r ive ts  of a h i g h - p u r i t y  a l u m i n u m - 2 %  m a g n e s i u m  
alloy. P r io r  to a s sembly  the  a l u m i n u m  pieces were  
g round  wi th  fine Aloxi te  cloth to r emove  possible ca-  
thodic  c o n t a m i n a t i o n  in t roduced  d u r i n g  the  rol l ing,  
dr i l l ing ,  and  shea r ing  operat ions.  The  m a g n e s i u m  
AZ31B al loy coupons  were  p ickled  to a dep th  of 1 rni l  
per  side in  a solut ion of 251/2 fluid oz of glacial  acetic 
acid and  6 2/3 oz sod ium n i t r a t e  per  gal of aqueous  
solut ion.  Fo l lowing  p ick l ing  and  w a t e r  r ins ing ,  these  
m a g n e s i u m  al loy coupons  were  dr ied  and  weighed.  

Fo l lowing  the  exposure,  the test  pieces were  d is -  
assembled  and  the  m a g n e s i u m  al loy coupons were  
r in sed  w i th  gent le  s c rubb ing  u n d e r  tap  water .  The  
corrosion p roduc t  was  t h e n  r emoved  by  i m m e r s i o n  
for 2 m i n  in  a so lu t ion  of 20 % chromic  acid p lus  1% 
si lver  n i t r a t e  at 180~ Fo l lowing  this  the  spec imens  
were  r in sed  in  tap  water ,  dried,  and  r ewe ighed  to 
ob ta in  the  weigh t  loss due to corrosion.  Since tests  
showed tha t  this  me thod  caused ~0.5 mg weigh t  

1 The  n o m i n a l  c o m p o s i t i o n  of AZ31B a l loy  is Mg-3% A l - l %  Zn-  
0.4% Mn. 

change  on spec imens  not  p rev ious ly  corroded,  no 
cor rec t ion  for c lean ing  e r ror  was made.  Al l  test  ex -  
posures  were  made  by  suspend ing  each spec imen  in  
a p p r o x i m a t e l y  200 ml  of the  cor roden t  concerned.  
The test  t e m p e r a t u r e  was  95 ~ -----2~ The  t ime  of 
exposure  was gene ra l l y  1 week.  However ,  this  pe-  
r iod had  to be cur ta i l ed  for those couples wi th  which  
the  ga lvan ic  effect was  excess ively  large.  The  m e a n  
dev ia t ion  for t r ip l i ca te  tests  was  ge ne r a l l y  ~ 1 0 %  of 
the  average  ra te  and  at no t ime  did it  exceed 20% 
of the  average  rate.  

Results and Discussion 
The pecu l i a r i t y  of the  pu re  a l u m i n u m  cathode in  

respect  to its e x t r e m e l y  low l imi t ing  c u r r e n t  for 
depola r iza t ion  by  dissolved oxygen  has been  po in ted  
out  by  P r y o r  and  Ke i r  (2).  I t  wi l l  be seen shor t ly  tha t  
the i r  hypothes i s  of i m p u r i t y - r i c h  sites as the  effec- 
t ive  cathodes in  the  a l u m i n u m  macro  cathode agrees 
wi th  the  data  p r e sen t ed  here.  In  fact, i t  was  ob-  
se rva t ion  of this  same p h e n o m e n o n  in  the  cathodic 
po la r iza t ion  of commerc ia l  a l u m i n u m  alloys and  a 
s imi la r  ana lys i s  of its impl ica t ions  which  led to the  
work  to be descr ibed here.  H a n s e n  and  W e t m o r e  (3) 
a r r ived  at  a s imi la r  conclus ion  w h e n  they  no ted  tha t  
super  p u r i t y  a l u m i n u m  has a m u c h  h igher  hyd rogen  
overvo l tage  in  acids t h a n  does c o m m e r c i a l - p u r i t y  
a l u m i n u m .  

In  Fig.  1 can  be seen the  cathodic  po la r i za t ion  
curves  of 99 .99+ %  p u r i t y  a l u m i n u m  and  c o m m e r -  
c ia l ly  pu re  a l u m i n u m  whi le  exposed to 3% NaC1 
solu t ion  sa tu ra t ed  w i th  m a g n e s i u m  hyd r ox i de  and  
air. The dot ted l ine  represen t s  the  po ten t i a l  of m a g -  
n e s i u m  AZ31B al loy which  is w i t hou t  s ignif icant  
anodic  po la r i za t ion  in  this  e n v i r o n m e n t .  I t  can be 
seen tha t  the h i g h - p u r i t y  a l u m i n u m  cathode po l a r -  
izes so r ead i ly  tha t  it should cause v e r y  l i t t le  ga l -  
van ic  a t tack  to the  m a g n e s i u m  alloy, whereas  r a the r  
severe a t tack  can be expected  w h e n  the  l a t t e r  is 
coupled to commerc ia l ly  pu re  a l u m i n u m .  

Because  of the  p r o n o u n c e d  hys teres is  in  the  ca-  
thodic  po la r iza t ion  curves  for a l u m i n u m  and  its 
alloys, the  ana lys i s  of po la r iza t ion  da ta  was  a b a n -  
doned  in  favor  of m e a s u r e m e n t s  on the  couples 
themselves .  The  conf igura t ion  of the  test  couple  
chosen was  fel t  to mee t  the  fo l lowing des idera ta :  
(a)  was  eas i ly  p repared ,  (b)  ge ne r a l l y  p r e v e n t e d  
e lec t ro ly te  e n t r y  at  f ay ing  surfaces,  (c) i n v a r i a b l y  
m a i n t a i n e d  contact ,  (d)  was  sens i t ive  to cathode 
effects, and  (e) i n t roduced  no s ignif icant  t h i rd  elec-  
t rode  effect. 

Comple te  i m m e r s i o n  of the  test  spec imen  was  
used r a t h e r  t h a n  the  more  conven t iona l  a l t e rna t e  
i m m e r s i o n  or sal t  sp ray  tes t ing  in  order  to ut i l ize  
more  effect ively the  ava i l ab le  cathode and  thus  
m a k e  the  test  more  sensi t ive.  Whi le  comple te  im-  
mer s ion  tes t ing  was  be l ieved  sa t i s fac tory  here,  since 
oxygen  r educ t ion  is r e l a t i ve ly  u n i m p o r t a n t  in  cou-  
ples b e t w e e n  m a g n e s i u m  alloys and  a l u m i n u m  a l -  
loys, such is g e n e r a l l y  not  the  case w h e n  m a g n e s i u m  
al loys are coupled wi th  o ther  metals .  

I ron  is r a r e l y  a de l ibe ra te  cons t i t uen t  in  the  com-  
merc ia l  a l u m i n u m  alloys bu t  it  is u s u a l l y  p resen t  in  
t h e m  to the  e x t e n t  of a few t h o u s a n d  p p m  as a ma jo r  
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Fig. 2. Effect of iron in a luminum on the corrosion of 
AZ31B al loy coupled thereto. 
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Fig, 3. Effect of copper in aluminum on the corrosion of 
AZ31B al loy coupled thereto. 

impur i ty .  I n  Fig. 2 it is seen t ha t  i ron  in  the  a l u m i -  
n u m  al loy  can  have  a v e r y  adverse  effect on its 
compa t ib i l i t y  wi th  m a g n e s i u m  AZ31B alloy. Up u n t i l  
the  t ime  tha t  the  i ron con ten t  does no t  exceed 200 
ppm, in this  pa r t i cu l a r  couple configurat ion,  the  i ron  
is w i thou t  apprec iab le  ga lvan ic  effect, bu t  as this  
level  is exceeded, ga lvan ic  a t tack  of the m a g n e s i u m  
al loy increases  rapid ly .  The  add i t ion  of 0.3% m a g -  
n e s i u m  chlor ide  to the  3 % sodium chloride so lu t ion  
was  made  to r ep roduce  effects observed  in  n a t u r a l  
seawater .  The  jus t i f ica t ion for this  wi l l  be shown in  
Pa r t  II of this  paper  (4) .  A l though  this  add i t ion  
does no t  g rea t ly  change  the  i ron level  at which  ga l -  
van ic  a t tack  of the  m a g n e s i u m  al loy becomes ap-  
preciable ,  it does g rea t ly  reduce  such a t tack  once the  
cr i t ical  i ron  level  is exceeded. 

The  resul t s  in  Fig. 3 are in accord w i th  pas t  ob-  
se rva t ions  on the  poor compa t ib i l i ty  of coppe r - r i ch  
a l u m i n u m  alloys w i th  m a g n e s i u m  alloys. In  the  3% 
NaC1 e n v i r o n m e n t ,  copper  can have  a de le te r ious  ef-  
fect at  even  lower  levels  t h a n  was  seen in  the  case of 
i ron  in  the  p rev ious  figure. However ,  if 0.3% MgCI~ 

Table I. Effect of various constituents on the galvanic 
compatibility of AI toward AZ31B alloy 

Weight loss at AZ31B, todd 
3% NaC1 + 3% NaC1 0.3% MgCle 

99.93% A1 (unal loyed) 94 24 
3 0.16% Zn 400 59 
3 0.27% Si(0.041% Fe) 78 33 

99.993 % A1 (unalloyed) 36 22 
3 0.015% Ni 127 
3 0.30% Mn 34 23 

Uncoupled control 38 23 

is added to the e n v i r o n m e n t ,  copper does no t  have  a 
s ignif icant  de le te r ious  effect u n t i l  i t  exceeds 1000 
ppm.  

i n  Table  I it can be seen tha t  n icke l  at  low levels  
has a de le te r ious  effect tha t  is of the  same order  as 
tha t  of i ron and  copper. The  effect of n icke l  has been  
less ex tens ive ly  s tudied  here  because  it is not  of 
g rea t  impor t ance  in  a l u m i n u m  alloys e i ther  as a 
ma j o r  i m p u r i t y  or a c o m m o n  a l loy ing  cons t i tuen t .  
Zinc  also has a de le te r ious  effect, bu t  it  is m u c h  
mi lde r  t h a n  tha t  of iron, copper,  and  nickel .  F u r -  
the rmore ,  the effect of zinc is ve ry  effect ively sup -  
pressed by  the  add i t ion  of m a g n e s i u m  chlor ide to the  
e n v i r o n m e n t .  Si l icon and  m a n g a n e s e  have  l i t t le  
effect even  at  modera t e  levels.  Next  to iron,  s i l icon is 
the  most  p r e v a l e n t  i m p u r i t y  in  c o m m e r c i a l - p u r i t y  
a l u m i n u m  and  its alloys. Si l icon is also an  e x t r e m e l y  
i m p o r t a n t  de l ibe ra te  cons t i t uen t  in  m a n y  a l u m i n u m  
alloys as are zinc and  m a n g a n e s e  as well .  Since s i l i -  
con is innocuous ,  the  m a r k e d  difference in  the ca-  
thodic po la r iza t ion  behav io r  of the  two p u r i t y  grades  
of a l u m i n u m  shown  in  Fig. 1 can be a t t r i b u t e d  p r i -  
m a r i l y  to the  i ron  con ten t  of the  less pu re  grade.  
This  is subs t an t i a t ed  by  couple  tests w h e r e  it  is 
found  tha t  the  weigh t  loss occasioned by  the  l a t t e r  
me ta l  is n e a r l y  equa l  to tha t  p roduced  by  a h igh-  
p u r i t y  a l u m i n u m - i r o n  b i n a r y  al loy of the  same i ron  
content .  

F igures  4, 5, and  6 i l l u s t r a t e  the  basis  for the  good 
p e r f o r m a n c e  in  service of the  m a g n e s i u m - r i c h  a lu -  
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Fig. 4. Effect of iron and magnesium in a luminum on the 
corrosion in 3 %  NaCI solution of AZ31B al loy coupled 
thereto. 
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Fig. 5. Effect of  iron and magnesium in aluminum on the 
corrosion in 3 %  NaCI plus 0 .3% MgCI~ solution of A Z 3 I B  
al loy coupled thereto. 
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Fig. 6. Effect of magnesium in aluminum plus 0 . ]3% iron 
on the corrosion of AZ3 ] B alloy coupled thereto. 

m i n u m  al loys in s t ruc tu res  w i th  m a g n e s i u m  alloys. 
I t  can be seen t ha t  the  addi t ion  of m a g n e s i u m  to the  
a l u m i n u m  al loy g rea t ly  improves  its to le rance  for 
iron. For  example ,  a l u m i n u m  5056 alloy, which  has 
long been  used as the  s t a n d a r d  r ive t  m a t e r i a l  for  
m a g n e s i u m  al loy s t ruc tures ,  has a n o m i n a l  composi -  
t ion  of a l u m i n u m - 5 . 2 %  Mg-0.1% Mn-0 .1% Cr. I ts  
m a x i m u m  permiss ib le  i ron  con ten t  is 0.4%, bu t  in  
pract ice,  it wi l l  g ene ra l l y  be abou t  o n e - h a l f  of this  
value .  The resul ts  here  ind ica te  t ha t  5.2% Mg should  
l a rge ly  suppress  the effect of 0.2% Fe and  thus  5056 
al loy should  be a h igh ly  compat ib le  ma te r i a l .  This  
conclus ion  is subs t an t i a t ed  by  severa l  years  of 
t r o u b l e - f r e e  service w i th  5056 al loy r ive ts  in  AZ31B 
al loy s t ruc tures .  

In  Tab le  II  it can be seen tha t  m a g n e s i u m  can sup -  
press the  de le ter ious  effects of copper  and  of i ron  and  
copper in  combina t ion .  I t  is also e x t r e m e l y  effec- 
t ive  in  suppress ing  the  mi ld ly  de le te r ious  effect of 
zinc tha t  is observed  in couple  tests in  3% NaC1 
solut ion.  

Table II. Suppression by alloyed Mg of the deleterious effects of 
Cu, Ni, and Zn on the galvanic compatibility of AI toward AZ31B 
alloy. (AI alloys containing Zn here were coupled with a different 

lot of AZ31B alloy from that used in remainder of study. 
Furthermore, duration of exposure to 3% NaCI was only one day.) 

Weight  loss at 
AZ31B, t o d d  

3% NaC1 + 
3% NaC1 0.3% MgC12 

Suppression of Cu effect 
A1 -~ 0.013% Cu 332 24 
A1 + 0.014% Cu ~- 0.36% Mg 40 22 
A1 -t- 0.089% Fe ~- 0.018% Cu -k 40 24 

4.8% Mg 
A1 • 0.078% Fe + 0.74% Cu >4000 >2000 
A1 • 0.078% Fe ~- 0.74% Cu ~- 81 35 

4.5% Mg 

Suppression of Ni effect 
A1 -b 0.015% Ni 127 
A1 + 0.056 + Ni ~- 4.8% Mg 46 

Suppression of Zn effect 
A1 -k 3.6% Zn ~- 0.05% Fe 3630 43 
A1 -t- 4.8% Zn -~ 0.05% Fe ~- 266 45 

3.4% Mg 
Uncoupled control 150 48 

On the  basis of these resul ts ,  it can be seen tha t  
there  is m u c h  f reedom w i t h i n  which  to des ign  a lu -  
m i n u m  alloys which  wi l l  have  bo th  sa t i s fac tory  m e -  
chanica l  p roper t ies  and  exce l len t  ga lvan ic  compa t i -  
b i l i ty  w i th  m a g n e s i u m  alloys. The  w o r k  h a r d e n i n g  
a l u m i n u m - m a g n e s i u m  al loys a nd  the  age h a r d e n i n g  
a l u m i n u m - m a g n e s i u m - s i l i c o n  and  a l u m i n u m - m a g -  
n e s i u m - z i n c  al loys are the  best  prospects  to mee t  
these  r equ i r emen t s .  C o n t i n g e n t  upon  the  m a g n e s i u m  
con ten t  of the  alloy, it  m a y  be necessa ry  to reduce  
its i ron  con ten t  f rom the  levels  p r e v a l e n t  in  the  
commerc ia l  p u r i t y  mater ia l s .  

A n  example  of the  effect of i ron con ten t  on the  
compa t ib i l i t y  of a commerc ia l  a l u m i n u m  al loy is 
shown  in  Fig. 7. 6061 al loy is a mode ra t e ly  s trong,  
a g e - h a r d e n i n g  al loy wi th  the  n o m i n a l  composi t ion  of 
a l u m i n u m - l . 0 %  Mg-0.6% Si-0.25% Cu-0 .25% Cr. 
The m a x i m u m  permiss ib le  i ron  con ten t  for this  al loy 
is 0.70% and,  in  pract ice,  about  one -ha l f  this  a m o u n t  
is the  genera l  expecta t ion.  I t  can  be seen here  tha t  
this  a l loy canno t  be made  comple te ly  compat ib le  
wi th  AZ31B al loy d u r i n g  exposure  to 3% NaC1 solu-  
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Fig. 7. Effect of iron and copper in aluminum 006]-T6 
alloy on the corrosion of AZ31B alloy coupled thereto (48 hr 
immersion in 3 %  NaCI). 
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Table III. Compatibility of 6061-T6 alloy with AZ31B alloy during 
exposure to substitute ocean water per ASTM designation D-1141-52 

Weigh t  loss at  
AZ31B, rndd 

Commercial 6061-T6 
(0.30% Fe, 0.22% Cu) 

Exper imenta l  6061-T6 
(0.005% Fe, 0.15% Cu) 

Exper imenta l  6061-T6 
(0.005% Fe, 0.32% Cu) 

Uncoupled control 

43 

31 

33 

32 

t ion  because  the  ra t io  of copper to m a g n e s i u m  is too 
high. Never the less ,  a decrease in  the  i ron  con ten t  
f rom the  usua l  levels  of the  commerc ia l  al loys can 
do m u c h  to improve  the  compat ib i l i ty .  In  cont ras t  to 
the resul t s  in  3% NaC1 solut ion,  even  commerc ia l  
p u r i t y  6061 al loy is h igh ly  compat ib le  wi th  AZ31B 
al loy d u r i n g  exposure  to subs t i tu t e  ocean wa t e r  (see 
Tab le  I I I ) .  

It  is i n t e res t ing  to no te  tha t  the  cons t i tuen t s  wh ich  
have  the grea tes t  de le te r ious  effect on the  compa t i -  
b i l i ty  of the  a l u m i n u m  alloys w i th  AZ31B al loy are  
iron, copper,  and  nickel .  Since these are meta l s  w i th  
r a the r  low hyd rogen  overvol tages ,  it is r easonab le  
to assume tha t  the  effective cathodes in  an  a l u m i n u m  
mac ro -ca thode  are regions  r ich in e l emen t s  d i sp l ay -  
ing subs t an t i a l l y  the i r  b u l k  h y d r o g e n  overvo l tage  
charac ter i s t ics  r a the r  t h a n  areas in  which  e lements  
have  become incorpora ted  in the  film to m a k e  it  
s emiconduc t ive  as P r y o r  and  Ke i r  have  suggested for 
the  case of e x t r e m e l y  pu re  a l u m i n u m .  

M a g n e s i u m  cons t i t uen t  in  the  a l loy m a y  suppress  
the  de le te r ious  effect of the  above  cons t i tuen t s  by  
inc reas ing  the  res i s tance  of the a l u m i n u m  al loy to 
a t t ack  by  ca thodica l ly  gene ra t ed  a lka l i  and  t h e r e b y  
decreas ing  the i r  r a t e  of exposure.  Since the  pH 
should  decrease  as the  d is tance  f rom the  low over -  
vol tage  phase  is increased,  it is r easonab le  to expect  
tha t  e n h a n c e m e n t  in  the  a lka l i  res is tance  of the  
m a t r i x  phase  wi l l  favor  a sharper  g rad ien t  of ca-  
thodic  a t tack  and  thus  favor  a h igher  rat io of i m -  
p u r i t y  u n d e r c u t t i n g  to i m p u r i t y  exposure.  This  v iew 

gains  some suppor t  f rom the  obse rva t ion  that ,  at the  
same de le te r ious  i m p u r i t y  level,  the  add i t ion  of 
m a g n e s i u m  to the  a l u m i n u m  decreases its cathodic 
a t tack  as we l l  as the  anodic  a t t ack  of the  AZ31B a l -  
loy coupled to it. However ,  this  resu l t  is no t  r ead i ly  
resolved in  t e rms  of cause and  effect. Efforts to con-  
f i rm this m e c h a n i s m  t h r o u g h  a cursory  s tudy  of the 
m e t a l l o g r a p h y  of cathodic a t tack  have  been  u n s u c -  
cessful.  

Summary 

H i g h - p u r i t y  a l u m i n u m  causes subs t a n t i a l l y  no 
ga lvan ic  corrosion to m a g n e s i u m  AZ31B al loy d u r i n g  
exposure  to 3% NaC1 solut ion.  The  add i t ion  of i n -  
c reas ing  a moun t s  of iron,  copper,  and  n icke l  to the  
a l u m i n u m  resul t s  in  a r ap id  loss in  compa t ib i l i t y  
whereas  the add i t ion  of zinc causes more  mode ra t e  
loss at comparab le  levels.  The  add i t ion  of m a g n e -  
s ium, silicon, and  m a n g a n e s e  is w i t hou t  no t i ceab le  
de le ter ious  effect. W h e n  m a g n e s i u m  is p resen t  in  
the a l loy the  de le te r ious  effects of iron,  copper, 
nickel ,  and  zinc are  g rea t ly  suppressed.  The  effects 
of these same dele ter ious  cons t i tuen t s  are also sup-  
pressed w h e n  a smal l  a m o u n t  of m a g n e s i u m  chlo-  
r ide is added to the  corrosion e n v i r o n m e n t .  These 
resu l t s  are cons is ten t  w i t h  the  v iew tha t  at the  po-  
t en t i a l  of m a g n e s i u m  AZ31B alloy, the  b u l k  of the  
surface  of an  a l u m i n u m  ma c r o - c a t hode  is g a l v a n -  
ica l ly  ine r t  whi le  the  effective cathodes are areas  
r ich in  low overvol tage  cons t i tuents .  The  beneficial  
effect of m a g n e s i u m  in  the  a l loy  is p r o b a b l y  re la ted  
to its ab i l i ty  to suppress  the  accumula t i on  of low 
overvo l tage  impur i t i e s  at the  a l loy 's  surface.  

Manuscript  received Jan. 19, 1959. This paper was 
prepared for del ivery before the Buffalo Meeting, Oct. 
6-10, 1957. 

Any discussion of this paper  wil l  appear in a Dis- 
cussion Section to be published in the June  1960 JOUR- 
NAL. 
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ABSTRACT 

The c ladding  of magnes ium AZ31A a l loy  wi th  99.99% a luminum grea t ly  
improves  its res is tance to saline environments .  The pro tec t ive  abi l i ty  of the  
c ladding is l i t t le  changed by  incorpora t ion  the re in  of magnesium,  silicon, or 
manganese,  but  i t  is impa i red  g rea t ly  by  i ron and copper  and more  mi ld ly  by 
zinc. The presence in seawater  of soluble  magnes ium sal ts  g rea t ly  diminishes  
the effects of iron, copper,  and zinc f rom tha t  seen in sodium chlor ide  solution. 
This decrease  is p robab ly  due to decreased cathodic a t tack  of the  a luminum 
at the  lower  equ i l ib r ium pH of the  seawate r  environment .  

W h i l e  m a g n e s i u m  a l loys  g e n e r a l l y  w i t h s t a n d  m i l d  
w e a t h e r i n g  v e r y  w e l l  w i t h o u t  r e c o u r s e  to a n y  p r o -  
t ec t ion  b e y o n d  t h a t  of t h e i r  n a t u r a l l y  f o r m e d  film, 
such  w e a t h e r i n g  is a c c o m p a n i e d  b y  the  g r a d u a l  f o r -  
m a t i o n  of a g r a y  p a t i n a  w h i c h  is o b j e c t i o n a b l e  in 
some app l i ca t ions .  F u r t h e r m o r e ,  i t  w o u l d  be  d e s i r -  
a b l e  for  some a p p l i c a t i o n s  to h a v e  m a g n e s i u m  shee t  
w h i c h  cou ld  w i t h s t a n d  m o d e r a t e l y  s eve re  sa l t  e x -  
p o s u r e  w h e n  unpa in t ed .  E a r l y  e x p e r i m e n t a l  c l a d -  
d ings  of a l u m i n u m  a l loys  on m a g n e s i u m  a l loys  
showed  a s u b s t a n t i a l  i m p r o v e m e n t  in  t he  m a i n t e n -  
ance  of a re f lec t ive  su r f ace  d u r i n g  w e a t h e r i n g ,  b u t  
u n f o r t u n a t e l y ,  r a t h e r  t h a n  a f fo rd ing  a n y  p r o t e c t i o n  
to the  m a g n e s i u m  a l loy  d u r i n g  sa l t  exposu re ,  t h e y  
g r e a t l y  a c c e l e r a t e d  co r ros ion  due  to s t rong  g a l v a n i c  
effects.  The  e x p e r i m e n t a l  c l add ings  d e s c r i b e d  h e r e  
w e r e  p r o m p t e d  b y  the  r e c o g n i t i o n  t h a t  e x t r e m e l y  
p u r e  a l u m i n u m  combines  i ts  w e l l - k n o w n  e x c e l l e n t  
r e s i s t ance  to cor ros ion  in sa l ine  e n v i r o n m e n t s  w i t h  
r e m a r k a b l e  g a l v a n i c  i n e r t n e s s  t o w a r d  m a g n e s i u m  
al loys .  

Experimental 
The  a l u m i n u m  a l loys  used  h e r e  w e r e  p r e p a r e d  in 

t he  s ame  m a n n e r  as those  in  P a r t  I of th i s  p a p e r  
(1) .  The  a l u m i n u m  base  s tocks  used  w e r e  99.99% 
p u r i t y  A1 con ta in ing  40 p p m  Fe,  40 p p m  Cu, 4 p p m  
Ni, 10 p p m  Si, and  <10  p p m  of any  o t h e r  a n t i c i p a t e d  
cons t i tuen t ,  and  99.9% p u r i t y  A1 con t a in ing  300 p p m  
Fe,  270 p p m  Si, 30 p p m  Cu, and  <100  p p m  of a n y  
o the r  a n t i c i p a t e d  cons t i tuen t .  

A l u m i n u m  a l loy  shee t  of 0.020 in. t h i cknes s  was  
w i r e - b r u s h e d  and  t h e n  w r a p p e d  a r o u n d  0.250 in. 
th ick ,  m a g n e s i u m  A Z 3 1 A  a l loy  1 p l a t e .  This  c o m -  
pos i te  was  r o l l e d  to 0.040 in. t o t a l  t h i cknes s  on clean,  
w e l l - l u b r i c a t e d  ro l l s  acco rd ing  to t he  s chedu le  d e -  
s c r ibed  in P a r t  I (1) .  T h e  r e s u l t i n g  t h i cknes s  of t h e  
c l a d d i n g  was  s l i g h t l y  ove r  0.003 in. p e r  side. 

These  c l ad  compos i t e s  w e r e  cut  in to  11/2 b y  2 Y2 in. 
coupons  w h i c h  w e r e  g iven  a 1 ra in  p i c k l e  in cold,  

1 The nominal  composition of AZ31A ahoy is Mg-3% AI - l%  Zn- 
0.4% Mn-0.15% Ca. 

10% s o d i u m  h y d r o x i d e  solut ion .  A f t e r  d r y i n g  and  
we igh ing ,  t h e y  w e r e  s u b j e c t e d  to a l t e r n a t e  i m m e r -  
s ion t e s t ing  a t  95 ~ • 2~  in a p p r o x i m a t e l y  200 m l  
of t he  e n v i r o n m e n t s  c o n c e r n e d  b y  the  m e t h o d  d e -  
s c r ibed  b y  H a n a w a l t ,  et al. (2) .  F o l l o w i n g  t h e e x -  
posure ,  t he  s a m p l e s  w e r e  c l eaned  for  4 min  in t h e  
ch romic  ac id  c l ean ing  so lu t ion  m e n t i o n e d  in P a r t  I 
of th is  p a p e r  (1) .  S ince  i t  was  found  t h a t  i n d i v i d u a l  
coupons  not  p r e v i o u s l y  c o r r o d e d  los t  less  t h a n  1 m g  
d u r i n g  th is  c lean ing ,  no co r r ec t i on  for  c l ean ing  loss 
was  made .  F o r t u n a t e l y  th is  c l ean ing  p rocess  is su f -  
f ic ient  to r e m o v e  the  cor ros ion  p r o d u c t  f rom a l l  b u t  
the  mos t  s e v e r e l y  c o r r o d e d  spec imens ,  a n d  t hus  t h e  
ch romic  a c i d - p h o s p h o r i c  ac id  b a t h s  t h a t  a r e  used  
c u s t o m a r i l y  to r e m o v e  co r ros ion  p r o d u c t  f r o m  a l u -  
m i n u m  cor ros ion  spec imens ,  b u t  w h i c h  w o u l d  a t t a c k  
t h e  m a g n e s i u m  a l loy  w h e r e v e r  exposed ,  w e r e  no t  
neces sa ry .  

The  m e a n  d e v i a t i o n  for  q u i n t u p l i c a t e  tes t s  was  
g e n e r a l l y  < 1 0 %  of  t he  a v e r a g e  r a t e  a n d  o n l y  r a r e l y  
e x c e e d e d  20% of t h e  a v e r a g e  ra t e .  

Results and Discussion 
The  c lad  coupons  of th is  s t u d y  can be  cons ide red  

as g a l v a n i c  coup les  w i t h  an  u n u s u a l l y  h igh  r a t i o  of 
c a thode  a r e a  to a n o d e  area ,  e.g., a p p r o x i m a t e l y  
t h i r t y  to one w h e n  first  exposed .  In  a d d i t i o n  to  t h e  
anod ic  a t t a c k  of t he  core  a t  t h e  e x p o s e d  edges ,  t h e  
ca thod ic  a t t a c k  of t he  c l a d d i n g  and  t h e  e x p o s u r e  of 
a d d i t i o n a l  core  m e t a l  t h e r e b y  m u s t  be  cons ide red .  
E x p e r i e n c e  w i t h  g a l v a n i c  couples  shows  t h a t  t h e  
ca thod ic  a t t a c k  of t he  a l u m i n u m  a l loy  is a l m o s t  as 
s eve re  as  t h e  anod ic  a t t a c k  of t he  m a g n e s i u m  al loy.  
Thus ,  i t  m a y  be  s u r m i s e d  t h a t  t he  a l u m i n u m  c l a d -  
d ing  m u s t  p o l a r i z e  to t he  p o t e n t i a l  of t he  core  w i t h  
e x t r a o r d i n a r y  ease  if  t he  compos i t e  is to h a v e  use fu l  
r e s i s t a nc e  to sa l ine  exposure .  

In  Fig .  1, i t  can  be  seen  t h a t  a c l a d d i n g  of 99.99% 
p u r i t y  A1 m e e t s  th is  r e q u i r e m e n t  v e r y  wel l ,  w h e r e a s  
a c l a d d i n g  of c o m m e r c i a l  p u r i t y  a l u m i n u m  is m u c h  
w o r s e  t h a n  no c l a d d i n g  at  all .  A t  t he  edges  of t h e  
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Fig. 1. Bare, 99% AI clad, and 99 .99% AI clad A Z 3 1 A  
al loy af ter  exposures to 3 %  sodium chloride. Period of ex- 
posure 7, 2, and 2S days, respectively. 

coupons w i th  99.99% A1 cladding,  the AZ31A core 
exposed d u r i n g  shea r ing  suffers l i t t le  more  t h a n  its 
open c i rcui t  corrosion.  On the o ther  hand ,  even  be -  
yond  the  edge damage  a p p a r e n t  in  Fig.  1, the  cores 
of the  coupons wi th  commerc ia l  p u r i t y  c ladd ing  
were  corroded to an  average  depth  exceeding  1/s in. 

Not  su rp r i s ing ly ,  clad composites are more  sens i -  
t ive  to low overvo l tage  cons t i tuen t s  in  a l u m i n u m  
t h a n  were  the  ga lvan ic  couples of P a r t  I (1) .  Indeed  
f rom the shapes of the  curves  in  Fig. 2 and  3, it  m a y  
be su rmised  tha t  even  the  40 p p m  Fe  and  40 p p m  Cu 
levels  of the  99.99% A1 are  p roduc ing  a s ignif icant  
h a r m f u l  effect d u r i n g  exposure  to 3% NaC1 solu t ion  
and  tha t  this  level  of iron, bu t  not  copper,  is p r oduc -  
ing a s ignif icant  h a r m f u l  effect d u r i n g  exposure  to 
seawater .  However ,  if the  l imi t ing  a s sumpt ion  is 
made  tha t  the  exposed core a lone suffers a t tack,  the  
s teady state  ra tes  of Fig. 4 cor respond to core cor-  
rosion ra tes  of abou t  180 todd for sodium chlor ide 
exposure  and  about  120 todd for seawate r  exposure .  
If these ra tes  are compared  to the  s t eady - s t a t e  ra tes  
of unc l ad  core me ta l  in  each e n v i r o n m e n t ,  it is de-  
duced tha t  the  e l im ina t i on  of all  c ladding  corrosion 
and  all  ga lvan ic  effects wi l l  on ly  produce  abou t  a 
fivefold r educ t ion  in  corrosion of the  composi te  in  
e i ther  e n v i r o n m e n t .  This suggests tha t  f u r t h e r  p u r i -  
f ica t ion of a l u m i n u m  wil l  y ie ld  compa ra t i ve l y  smal l  
r e tu rns .  

In  Fig. 2 and  3 it  can be seen tha t  i ron  and  copper  
are less de le ter ious  d u r i n g  seawate r  exposure  t h a n  

100 
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Fig. 2. Effect of iron in cladding on corrosion of AI clad 
A Z 3 1 A  al loy sheet. 
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Fig. 3. Effect of copper in cladding on corrosion of AI clod 
A Z 3 1 A  al loy sheet. 
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Fig. 4. Decrease in corrosion rate of 9 9 . 9 9 - k %  AI clad 
A Z 3 ] A  al loy sheet with time. 

t hey  are d u r i n g  exposure  to 3% NaCI solut ion.  A l -  
t hough  the lesser  test  t ime  in  3% NaC1 solu t ion  p r e -  
ven ts  d i rect  compar i son  of the  e n v i r o n m e n t s  f rom 
these  resul ts ,  the re  can be l i t t le  doub t  t h a t  i ron  
cons t i tuen t  is m u c h  less aggressive and  copper 
cons t i tuen t  e n o r m o u s l y  less aggress ive  d u r i n g  sea-  
w a t e r  exposure.  Indeed  the  shor ter  test  t ime  in  3% 
NaC1 was d ic ta ted  by  rap id  d i s in t eg ra t ion  of the  
coupons  at the  h igher  i ron  a nd  copper levels.  I t  is 
also in t e re s t ing  to note  the  appea rance  of a w e l l - d e -  
f ined to le rance  for copper  in  the  c ladding  w h e n  e x -  
posure  is m a d e  to seawater .  

The effects of some add i t iona l  c ladding  cons t i tu -  
ents  are  shown in  Table  I. Zinc  is more  m i l d l y  de t r i -  
m e n t a l  t h a n  i ron  and  copper  d u r i n g  exposure  to 3% 
NaC1 solut ion and,  even  at  ve ry  h igh  levels ,  it has 
no d e t r i m e n t a l  effect d u r i n g  seawate r  exposure .  
Magnes ium,  silicon, and  m a n g a n e s e  are s u b s t a n t i a l l y  
innocuous  in  e i ther  e n v i r o n m e n t .  

Difficulties in  ach iev ing  bond i ng  b e t w e e n  m a g -  
n e s i u m  AZ31A al loy cores and  a l u m i n u m  c laddings  
con ta in ing  large  a m o u n t s  of m a g n e s i u m  p r e v e n t e d  a 
good test  of the  ab i l i ty  of m a g n e s i u m  cons t i t uen t  to 
suppress  the effects of iron,  copper, and  zinc here  as 
it did in  the  ga lvan ic  couples of P a r t  I (1) .  Such an  
effect is l ike ly  in  v iew of the  s imi l a r i ty  of all  o ther  
resu l t s  for the two types  of specimens.  
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Table I. Effect of various constituents on corrosion of AI clad �9 
Mg AZ31A alloy sheet 

C o r r o s i o n  ra te ,  t o d d  

One day-- One week-- 
3% NaCI s e a w a t e r  

99.9% A1 150 60 

9-0.16% Zn 300 28 
9-2.05% Zn 800 46 

9-0.53% Mg 190 86 
9-1.14% Mg 110 51 

9-0.10% Si (0.034% Fe) 250 86 
9-0.10% Si (0.038% Fe) 140 23 
9-0.27% Si (0.041% Fe) 250 130 
9-0.58% Si (0.039% Fe) 190 25 

9-0.05% Mn (0.036% Fe) 340 210 
9-0.29% Mn (0.042% Fe) 100 110 
9-0.51% Mn (0.059% Fe) 380 230 

99.99% A1 29 4.3 

9-0.70% Mg 31 4.0 

9-0.05% Si 30 3.9 

+0.30% Mn 69 4.9 

The enormous  difference in  cor ros iv i ty  b e t w e e n  
3% NaC1 solu t ion  and  seawate r  t oward  some of the  
composi tes  is of obvious  in teres t .  I n  Tab le  II  are  
shown the  resul t s  on the  corrosion of a p a r t i c u l a r l y  
sens i t ive  composi te  of the  add i t ion  to 3 % NaC1 so lu-  
t ion  of two i m p o r t a n t  seawate r  cons t i tuents ,  viz., 
Mg § and  SO2. It  can be seen tha t  the  add i t ion  of 
0.3% Na~SO, to the  3% NaC1 so lu t ion  decreases the  
corrosion of the  composi te  by  a smal l  bu t  p r o b a b l y  
s ignif icant  amount .  W h e n  0.3 % MgCL is added  to the  
sod ium chlor ide solut ion,  however ,  the  corrosion of 
the  composi te  is g rea t ly  reduced  and  indeed  is n e a r l y  
the  same as the  corrosion in  seawater .  The add i t ion  
of 0.3 % Na~SO, to the  above so lu t ion  of sodium chlo-  
r ide p lus  MgCL appears  to have  a r a the r  t r i v i a l  
effect. 

The difference in  cor ros iv i ty  b e t w e e n  sod ium 
chlor ide solut ions  and  seawate r  p r o b a b l y  depends  
on the  difference in  the i r  buf fe r ing  charac ter i s t ics  as 
shown in  Fig. 5. Because  of dissociat ion of the  
s l ight ly  so luble  m a g n e s i u m  h y d r o x i d e  corros ion 
product ,  the  sod ium chlor ide  so lu t ion  cha rac te r i s -  
t ica l ly  buffers  at  abou t  pH 10.5. However ,  so luble  
m a g n e s i u m  salts  in  the  seawate r  depress  the  so lu-  
b i l i ty  of the  m a g n e s i u m  hydrox ide  and  thus  cause 
the sys tem to buffer  at a s u b s t a n t i a l l y  lower  pH. The  
lower  b u l k  pH of the  sys tem in  t u r n  decreases the  
a t tack  of the  a l u m i n u m  c ladd ing  by  ca thodica l ly  
gene ra t ed  alkal i .  The  consequences  of this  decreased  
a t tack  of the  c ladding  in  order  of inc reas ing  i m p o r -  

Table II. Effect of constituents in seawater on corrosion of 
AZ31A clad with 99.99% AI plus 0.08% Cu 

Corros ion  ra te ,  m d d  
T w o - d a y  a l t e r -  

E n v i r o n m e n t  n a t e  i m m e r s i o n  

3% NaC1 1980 _+ 100 
3% NaC1 + 0.3% Na2SO, 1320 _ 80 
3% NaC1 9- 0.3% MgCL 19 • 1 
3% NaC1 + 0.3% MgCL 9- 17 • 3 

0.3% Na2SO4 
Seawater 15 • 2 
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Fig. 5. pH as a funct ion o f  t ime during corrosion in 3 %  
NoCI and seawater of AZ31A clod with AI plus 0.08% Cu. 

t ance  is p r oba b l y :  (a)  r educ t ion  in  the  corrosion of 
the  c ladding  per  se, (b)  s lower  exposure  of the  less 
r e s i s t an t  core at pi ts  in  the  cladding,  a nd  (c) a 
sma l l e r  a c c u m u l a t i o n  of low overvo l tage  cons t i tu -  
ents  at the  a l u m i n u m  surface  and  thus  less ga lvan ic  
a t t ack  of the  exposed core. 

Jus t  as in  the  case of the  add i t ion  of m a g n e s i u m  to 
a l u m i n u m  in the  couples of P a r t  I (1) ,  the  reduced  
ga lvan ic  effect f rom the  add i t ion  of m a g n e s i u m  ion 
to the  e n v i r o n m e n t  p r o b a b l y  depends  more  on the  
d i s t r i bu t i on  of cathodic  a t tack  r a t h e r  t h a n  the  to ta l  
cathodic at tack.  Thus,  a lower  b u l k  pH should  p ro -  
duce a sha rpe r  decrease in  pH as a f unc t i on  of d is -  
t ance  f rom each i m p u r i t y - r i c h  local cathode, and  
this  should favor  a h igher  ra t io  of i m p u r i t y  u n d e r -  
cu t t ing  to i m p u r i t y  exposure.  

S u m m a r y  

H i g h - p u r i t y  a l u m i n u m  c ladding  is e x t r e m e l y  ef-  
fect ive in  p ro tec t ing  m a g n e s i u m  AZ31A al loy d u r i n g  
sa l ine  exposure.  The add i t ion  of i ron  or copper  to the  
a l u m i n u m  c ladd ing  m a t e r i a l l y  impa i r s  this  p ro tec -  
t ion  by  inc reas ing  the  corrosion of the  c ladding  and  
by  m a k i n g  the  c ladd ing  more  aggress ive  ga lvan i ca l l y  
t oward  the  m a g n e s i u m  core. Zinc  cons t i t uen t  has 
a mi lde r  effect t h a n  i ron and  copper  whi le  m a g n e -  
s ium, silicon, a n d  m a n g a n e s e  are  innocuous .  

The  above  de le te r ious  cons t i tuen t s  have  a m u c h  
smal l e r  effect d u r i n g  seawate r  exposure  t h a n  they  
have  d u r i n g  exposure  to 3% NaC1 so lu t ion  because  
of the presence  in seawate r  of a subs t an t i a l  concen-  
t r a t i on  of m a g n e s i u m  ions which  buffer  the  e n v i r o n -  
m e n t  at a lower  pH and  t h e r e b y  reduce  the  corrosion 
of the  c ladding  by  ca thodica l ly  gene ra t ed  alkali .  I n  
add i t ion  to p ro long ing  the  l ife of the  c ladding,  this  
also helps  p r e v e n t  the a c c u m u l a t i o n  of low over -  
vol tage  cons t i tuen t s  on the  c ladding  surface  and  thus  
modera tes  its ga lvan ic  aggress iveness  t oward  the  
m a g n e s i u m  core. 

Manuscript  received Jan. 19, 1959. This paper was 
prepared for del ivery before the Buffalo Meeting, Oct. 
6-10, 1957. 

Any  discussion of this paper  wil l  appear in a Dis- 
cussion Section to be published in the June  1960 JOUR- 
NAL. 
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ABSTRACT 

The need  for a method  of measur ing  conduct ion in pure  nonpola r  d ie lec-  
t r ic  l iquids under  pulse  condit ions is considered,  and detai ls  of a measu re -  
men t  technique are  given. Exper imen t s  wi th  hexane  show tha t  cur ren ts  
g rea te r  t han  10 -~ amp flow wi th  cer ta in  e lect rode conditions,  at  a field s t r eng th  
of about  200 kv /cm,  a l though the d -c  conduct ion is much lower.  A ten ta t ive  
exp lana t ion  is offered. 

K n o w l e d g e  of the  e l e c t r i c a l  conduc t i on  of d i e l e c -  
t r i c s  i m m e d i a t e l y  a f t e r  t h e  a p p l i c a t i o n  of an  e l ec t r i c  
f ie ld is d e s i r a b l e  no t  on ly  as a m e a n s  of u n d e r s t a n d -  
ing  t h e  m e c h a n i s m  of conduc t ion  in  g e n e r a l  b u t  a lso  
to t h r o w  l igh t  on the  b r e a k d o w n  process .  This  p a p e r  
r e p o r t s  some  e x p e r i m e n t s  w i t h  a t e c h n i q u e  for  r e -  
v e a l i n g  the  t i m e  v a r i a t i o n  of conduc t ion  c u r r e n t  
d u r i n g  the  f irst  f ew  mic roseconds  a f t e r  t h e  a p p l i c a -  
t ion  of a pu l se  of v o i t a g e  b e t w e e n  e l ec t rodes  i m -  
m e r s e d  in  h i g h l y  i n s u l a t i n g  l iqu ids .  A l t h o u g h  a p p l i -  
cab le  e q u a l l y  to  p o l a r  l iqu ids ,  t he  conduc t i on  m e c h -  
a n i s m  of w h i c h  is s t i l l  no t  f r ee  f r o m  d o u b t  (1 ) ,  t h e  
m e t h o d  has  so f a r  been  a p p l i e d  o n l y  to a t y p i c a l  n o n -  
p o l a r  l i qu id  ( h e x a n e )  s ince  v i ews  on t h e  p rocesses  a t  
w o r k  bo th  in conduc t ion  a n d  in e l e c t r i c a l  b r e a k d o w n  
show c o n s i d e r a b l e  d ive rgence .  

Resum@ o5 Present Theories 

A t  low f ield s t r e n g t h s  ( a b o u t  1 k v / c m )  t h e  u l t i -  
m a t e  conduc t i on  in h i g h l y  pu r i f i ed  n o n p o l a r  l i qu id s  
seems  to be  d u e  to ion iza t ion  b y  cosmic  r a y s  (2, 3) 
a n d  o t h e r  r ad i a t i on .  W i t h  s t r o n g e r  f ields ( o v e r  100 
k v / c m )  t h e r e  a p p e a r s  an  a d d e d  c o m p o n e n t  of con-  
duc t i on  a t t r i b u t e d  b y  d i f f e r en t  i n v e s t i g a t o r s  to  v a r i -  
ous fo rms  of e l e c t r o n  emis s ion  f rom the  ca thod e  w i t h  
or  w i t h o u t  t h e  a d d i t i o n a l  inf luence  of c o l l i s i o n - i o n -  
i za t ion  of t he  l i qu id  molecu les .  Thus ,  B a k e r  and  
Bol tz  (4)  p i c t u r e d  t h e r m i o n i c  emis s ion  f r o m  t h e  
c a t h o d e  ( w i t h o u t  i on i za t ion )  as  t h e  bas ic  m e c h a n -  
ism, a v i e w  mod i f i ed  in  de t a i l s  b y  L e P a g e  a n d  D u -  
B r i d g e  (5)  a n d  b y  D o r n t e  (6 ) .  Y o u n g  (7)  a d d e d  t h e  
f e a t u r e  of co l l i s ion  ion iza t ion ,  a m e c h a n i s m  p u t  f o r -  
w a r d  e a r l i e r  b y  N i k u r a d s e  (8) .  More  r e c e n t l y  M o r -  
a n t  (9)  a n d  H o u s e  (10) have  p r o d u c e d  e v i d e n c e  
f a v o r i n g  a r e t u r n  to  t h e  t h e r m i o n i c  emiss ion  t h e o r y .  
G r e e n  (11) cons ide red  c a t h o d e  emiss ion  to be  d u e  
to  t h e  c o m b i n e d  effects  of t he  a p p l i e d  f ield a n d  the  
i n t ense  loca l  f ields set  up  b y  u n d i s c h a r g e d  ions s e p -  
a r a t e d  f r o m  the  ca thode  b y  a super f i c ia l  i n s u l a t i n g  
l aye r .  

E x p e r i m e n t s  l e a d i n g  to  t h e  fo rego ing  v i e w s  w e r e  
c a r r i e d  ou t  w i t h  d - c  f ields;  some  (10, 11) i n v o l v e d  a 
l e n g t h y  p rocess  of " cond i t i on ing , "  w h e r e b y  s t ab l e  
d - c  conduc t i on  a t  f ield s t r e n g t h s  n e a r  to  b r e a k d o w n  
could  be  ob ta ined .  I t  w o u l d  c l e a r l y  he lp  in  r e s o l v i n g  
these  d i v e r g e n t  v i e w s  if  t h e  v a l u e  of t h e  conduc t i on  
c u r r e n t  d u r i n g  t h e  f i rs t  f ew  mic ro seconds  a f t e r  t he  

a p p l i c a t i o n  of t h e  field, i.e., d u r i n g  the  t i m e  of t r a n -  
si t  of an  ion b e t w e e n  the  e lec t rodes ,  cou ld  be  es-  
t a b l i s h e d  as a func t ion  of t ime .  This  is one ob j ec t  of 
t he  p r e s e n t  r e sea rch .  

A p a r t  f r o m  i ts  i n t r i n s i c  in t e re s t ,  t he  m e c h a n i s m  
of conduc t ion  has  an  i m p o r t a n t  b e a r i n g  on ou r  u n -  
d e r s t a n d i n g  of e l ec t r i ca l  b r e a k d o w n  in l iqu ids .  I t  
was  f o r m e r l y  h e l d  t h a t  t h e r e  was  no connec t ion  b e -  
t w e e n  these  p h e n o m e n a .  In  the  case  of pu re ,  n o n p o -  
l a r  l iquids ,  h o w e v e r ,  p r e s e n t - d a y  theo r i e s  of b r e a k -  
d o w n  a re  b a s e d  m a i n l y  on the  a s s u m p t i o n  t h a t  con-  
duc t i on  and  b r e a k d o w n  a r e  in  fac t  l inked .  

Thus,  G o o d w i n  a n d  M a c f a d y e n  (12, 13) h a v e  e x -  
p l a i n e d  t h e i r  e x p e r i m e n t a l  r e su l t s  on the  b r e a k d o w n  
of v a r i o u s  l iqu ids  u n d e r  p u l s e  cond i t ions  b y  a m e c h -  
a n i s m  based  on (a)  a f i e l d - d e p e n d e n t  c a thode  e m i s -  
sion, and  (b)  in tens i f i ca t ion  of t he  field a t  t h e  c a t h -  
ode b y  pos i t i ve  space  c h a r g e  r e s u l t i n g  f r o m  co l l i -  
s ion - ion iza t ion .  

I t  is shown  t h a t  t he se  two  r e l a t i o n s h i p s  cons t i t u t e  
a f e e d b a c k  m e c h a n i s m  l e a d i n g  to a c a t a s t r o p h i c  s i t u -  
a t ion  at  a c e r t a i n  f ield s t r e n g t h  even  t h o u g h  emiss ion  
and  ion iza t ion  m a y  i n c r e a s e  s m o o t h l y  w i t h  f ield 
s t r eng th .  G o o d w i n  (14) l a t e r  s h o w e d  b y  e l e c t r o -  
op t i ca l  m e a n s  t h a t  t he  p r e d i c t e d  in tens i f i ca t ion  of 
ca thode  field d id  in  fac t  occur  in c e r t a i n  cases. The  
b r e a k d o w n  cond i t i on  is e x p r e s s e d  in t e r m s  of ionic  
mob i l i t i e s ,  i on iza t ion  coefficients  ( T o w n s e n d ' s  a ) ,  
and  c a thode  emis s ion  cha rac t e r i s t i c s ,  a l l  of w h i c h  
a r e  h a r d  to d e t e r m i n e  a t  f ie ld s t r e n g t h s  a p p r o a c h i n g  
b r e a k d o w n .  T h e  on ly  e s t i m a t e s  a r e  e i t he r  i n d i r e c t  or  
b a s e d  on e x t r a p o l a t i o n  f r o m  d - c  m e a s u r e m e n t s .  U n -  
less the  " c o n d i t i o n i n g "  p rocess  u sed  b y  House  (10) 
and  b y  G r e e n  (11) is used,  t h e  a v a i l a b l e  ev idence  
po in t s  to conduc t ion  c u r r e n t s  of t he  o r d e r  of m i c r o -  
a m p e r e s  n e a r  b r e a k d o w n .  The  ob jec t  of t h e  p r e s e n t  
i nves t i ga t i on  was  to de ve lop  m e a n s  for  m e a s u r i n g  
c u r r e n t s  of th is  o r d e r  d u r i n g  a 5 ~sec pulse .  T h e  fac t  
t h a t  m u c h  of t h e  e x p e r i m e n t a l  ev idence  on b r e a k -  
d o w n  is d e r i v e d  f r o m  pu l se  t es t s  is an  a d d e d  r ea son  
for  t he  inves t iga t ion .  

The  t h e o r y  of L e w i s  (15) ,  w h i c h  has  been  s t r i k -  
i n g l y  success fu l  in  c o r r e l a t i n g  b r e a k d o w n  s t r e n g t h  
w i t h  m o l e c u l a r  v i b r a t i o n  e n e r g y  leve ls ,  does  no t  e n -  
ab le  specific p r e d i c t i o n s  r e g a r d i n g  c onduc t i on  c u r -  
r e n t  to be  made .  The  c r i t e r i o n  h e r e  is t h a t  b r e a k -  
d o w n  is c on t i nge n t  u p o n  the  s e t t i n g - u p  of cond i t ions  

1022 



Vol. lO6, No. 12 C O N D U C T I O N  I N  L I Q U I D  D I E L E C T R I C S  1023 

f a v o r a b l e  for  i on iza t ion  b y  col l is ion.  S h a r b a u g h ,  
Bragg ,  and  C r o w e  (16) ,  h o w e v e r ,  on the  ev idence  of 
t he  effect of gap  w i d t h  on b r e a k d o w n  s t r eng th ,  sug -  
ges t  m o r e  e x p l i c i t l y  t h a t  b r e a k d o w n  occurs  when ,  
on t h e  ave rage ,  each  e l e c t r o n  e m i t t e d  b y  the  c a t h -  
ode u n d e r g o e s  a c e r t a i n  f ixed n u m b e r  n of ion iz ing  
col l i s ions  b e f o r e  r e a c h i n g  the  anode .  T h e i r  e x p e r i -  
m e n t s  sugges t  t ha t  for  h e x a n e  n = 9 a p p r o x i m a t e l y .  
This  w o u l d  r e su l t  in  a c u r r e n t  magn i f i c a t i on  b y  t h e  
fac to r  8100 (e") a t  b r e a k d o w n .  C a t h o d e  emiss ions  
of on ly  10 -~ a m p  w o u l d  thus  be  e x p e c t e d  to  y i e l d  
c u r r e n t s  of some  m i c r o a m p e r e s ,  as in  t he  t h e o r y  of 
G o o d w i n  and  M a c f a d y e n  a l r e a d y  cons ide red .  

Choice of Method 

In  o r d e r  to f ac i l i t a t e  i n t e r p r e t a t i o n ,  pu l se  b r e a k -  
d o w n  m e a s u r e m e n t s  a r e  u s u a l l y  c a r r i e d  out  w i t h  a 
f l a t - t o p p e d  p u l s e  of vo l tage .  The  chief  d i f f i c u l t y  in 
m e a s u r i n g  conduc t ion  u n d e r  such cond i t ions  is t he  
p r e s e n c e  of v e r y  l a r g e  c h a r g i n g  a n d  d i s c h a r g i n g  
c u r r e n t s  a t  t he  b e g i n n i n g  and  end  of t h e  pulse .  F o r  
e x a m p l e ,  in a p p l y i n g  a 10 k v  pu l se  to a p a i r  of s u i t -  
a b l y  spaced  p l a n e  p a r a l l e l  e l ec t rodes  (0.5 c m  ~) t h e  
r a t e  of r i se  of v o l t a g e  (10 ~ v / s e c )  g ives  r i se  to a 
c h a r g i n g  c u r r e n t  of a b o u t  1 amp ,  w h i c h  is m a n y  
o r d e r s  of m a g n i t u d e  h i g h e r  t h a n  the  conduc t ion  c u r -  
r e n t  expec t ed .  In  a s i m i l a r  way ,  i r r e g u l a r i t i e s  in  t h e  
p u l s e - t o p  w o u l d  p r o d u c e  spu r ious  i nd i ca t i on  of con-  
duc t ion .  Some  f o r m  of b r i d g e  c i r cu i t  in w h i c h  t h e  
c a p a c i t i v e  c u r r e n t  is b a l a n c e d  out  is neces sa ry .  

G l e d h i l l  and  P a t t e r s o n  (17) in t h e i r  w o r k  on e lec -  
t r o l y t i c  conduc t ion  a t  h igh  f ield s t r e n g t h s  used  a 
3 - w i n d i n g  d i f f e r en t i a l  pu l se  t r a n s f o r m e r  to c o m p a r e  
t he  conduc t ion  in two  cells.  This  m e t h o d  was  t r i e d  
b u t  f o u n d  u n s u i t a b l e  for  t he  p r e s e n t  w o r k  for  t w o  
reasons :  first,  a d i s p l a y  of conduc t ion  c u r r e n t  vs. 
t i m e  was  r e q u i r e d ,  c o m p a r i s o n  b y  nu l l  m e t h o d  
a ga in s t  a s t a n d a r d  r e s i s t ance  or  conduc t ion  cel l  b e -  
ing  u n a c c e p t a b l e  fo r  th is  w o r k ;  and ,  second,  t h e  
a b o v e  r e q u i r e m e n t  coup led  w i t h  t h e  sma l lne s s  of t h e  
c u r r e n t s  to be  m e a s u r e d  c o m p a r e d  w i t h  t he  l a r g e  
c h a r g i n g  c u r r e n t  pu l ses  r e s u l t e d  in  a t r a n s f o r m e r  
des ign  p r o b l e m  imposs ib l e  of so lu t ion  w i t h  ex i s t i ng  
m a te r i a l s .  

The  S c h e r i n g  b r i d g e  c i r cu i t  (F ig .  1) was  t h e r e f o r e  
used,  and  a l t h o u g h  a p u l s e  o u t p u t  t r a n s f o r m e r  w a s  
u l t i m a t e l y  n e c e s s a r y  w i t h  th is  c i r cu i t  t he  de s ign  
p r o b l e m  was  m u c h  less  severe ,  t he  m a i n  r e q u i r e m e n t  
be ing  e x t r e m e l y  good e l ec t ro s t a t i c  sh ie ld ing .  

I n  Fig .  l ,  C~ r e p r e s e n t s  t h e  c a p a c i t a n c e  in  t h e  con-  
duc t ion  cel l  and  i~ t he  conduc t i on  cu r ren t .  C, is a 
c o m p e n s a t i n g  condense r  and  C~ an  a d j u s t a b l e  con-  
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Fig. 1. Schering bridge circuit 
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dense r  for  b a l a n c i n g  the  s t r a y  c a p a c i t a n c e  C1. Ro, R1, 
and  R~ a re  e q u a l  n o n i n d u c t i v e  h i g h - s t a b i l i t y  r e s i s -  
tors .  A f l a t - t o p p e d  pulse ,  n e g a t i v e  to g round ,  was  
a p p l i e d  to X. 

A n  u p p e r  l imi t  to t he  v a l u e  of R1 a n d  R~ was  set  
b y  c o n s i d e r a t i o n  of t i m e  cons t an t s  ( see  b e l o w )  and  
a l o w e r  l imi t  b y  t u b e  noise  in t he  ensu ing  ampl i f ie rs .  
The  first  f o r m  of u n b a l a n c e  i n d i c a t o r  to be  u sed  was  
a 2 - s t a ge  d i f f e r en t i a l  ampl i f ie r .  The  r e q u i r e m e n t s  
w e r e  onerous ,  s ince  pu l se  p o t e n t i a l  d i f fe rences  of  
a b o u t  a m i l l i v o l t  h a d  to be ampl i f i ed  in t h e  p r e s e n c e  
of u n w a n t e d  pu l ses  of some h u n d r e d s  of vol ts .  The  
m e t h o d  was  a b a n d o n e d  because ,  w h e t h e r  t r i odes  or  
p e n t o d e s  w e r e  e m p l o y e d ,  i t  was  f o u n d  imposs i b l e  to  
avo id  s p u r i o u s  i nd i ca t ions  r e s u l t i n g  f r o m  i n t e r e l e c -  
t r o d e  capac i t ances .  N o n l i n e a r i t y  was  also t r o u b l e -  
some.  

The  m e t h o d  of d e t e c t i n g  t h e  o u t - o f - b a l a n c e  v o l t -  
age  f ina l ly  a d o p t e d  was  to  use  a s p e c i a l l y  de s igned  
sc r eened  a n d  b a l a n c e d  pu l se  t r a n s f o r m e r  fo l l owed  
b y  c o n v e n t i o n a l  w i d e - b a n d  ampl i f i e r s  a n d  a ca thode  
r a y  osci l loscope.  De ta i l s  a r e  g iven  be low.  

The Conduction Cell 

The  r e m o v a b l e  p a r a l l e l  p l a n e  e l e c t r o d e  s y s t e m  
(Fig .  2) was  enc losed  in  a bo ros i l i c a t e  g lass  vesse l  
V p r o v i d e d  w i t h  p l a n e  w i n d o w s  for  m ic roscop i c  e x -  
amina t ion .  The  vesse l  was  i n c l u d e d  in  a c l o s e d - c i r -  
cu i t  d i s t i l l a t i o n  s y s t e m  w i t h  a s i n t e r e d  g lass  f i l te r  
to e x c l u d e  p a r t i c l e s  l a r g e r  t h a n  1.5 ~ in d i a m e t e r .  

The  e l ec t rode  s y s t e m  was  d e s i g n e d  to  be  s u i t a b l e  
for  d.c. as  w e l l  as p u l s e  m e a s u r e m e n t s .  The  c y l i n -  
d r i c a l  e l ec t rodes  A, B w e r e  s u p p o r t e d  in  a c c u r a t e l y  
m i l l e d  V - g r o o v e s  in  t he  b locks  C, D. C w a s  h i g h l y  
i n s u l a t e d  b y  i ts  compos i t e  q u a r t z - m e t a l  m o u n t i n g  
E, F, G. Con tac t  w i t h  A was  m a d e  b y  a s p r i n g  a t -  
t a c h e d  to t he  r o d  J. The  m e t a l  p l a t e  F ac t ed  as a 
g u a r d  r i ng  to i n t e r c e p t  su r f a c e  conduc t ion  ove r  t h e  
fused  q u a r t z  b locks  E, G. The  q u a r t z - m e t a l  j o in t s  
w e r e  m a d e  b y  s o f t - s o l d e r i n g  t h e  c h e m i c a l l y  s i l v e r e d  
q u a r t z  b locks  to a n i c k e l - i r o n  a l l oy  ( "Ni lo  36")  of 
low t h e r m a l  expans ion .  The  b o n d  was  s t rong  e n o u g h  
to p e r m i t  t h e  V - g r o o v e s  in  t he  b lock  to be  m i l l e d  in 
one  ope ra t ion .  Thus,  if A and  B w e r e  a c c u r a t e l y  

,\HI i i L 

Fig. 2. Electrode assembly in conduction cell. Glass parts 
are shown in section. 
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t u rned ,  the  ad jacen t  surfaces au toma t i ca l l y  became  
exac t ly  paral le l .  I n  l app ing  and  pol i sh ing  the  end  
surfaces  a special  ho lder  was  used to p rese rve  ac-  
cura te  geomet ry .  

The p i l la rs  suppor t ing  A and  B were  a t t ached  to 
a base p la te  H. This  was  suppor ted  f rom the  s ide-  
p la te  I wh ich  was  cu rved  to fit the  ins ide  of the  
glass vessel  aga ins t  which  it was  held  by  the  screwed 
sleeve shown.  T h r o u g h  this  sleeve, to wh ich  was  
a t t ached  the  cone L, the re  passed a s p r i n g - r e t u r n e d  
p u s h - r o d  K sealed by  a Neoprene  O - r i n g  and  ope r -  
a ted  by  a m i c r o m e t e r  head  (no t  shown)  beyond  L. 
Ax ia l  m o v e m e n t  of the  rod ac tua ted  the  10:1 l ever  
M pivoted  at  N and  thus  enab led  the  gap b e t w e e n  A 
and  B to be ad jus ted  to an  accuracy  of ltL. 

A p h e n o m e n o n  i n sepa rab l e  f rom m e a s u r i n g  pulse  
cu r ren t s  at  h igh  field s t r eng ths  is e lect rode m o v e -  
m e n t  r e su l t ing  f rom elect ros ta t ic  a t t rac t ion .  At  a 
field s t r eng th  of 1 m e g a v o l t / c m  this  force a m o u n t s  
to abou t  1 k g - w t / c m <  W i t h  a n y  p rac t i cab le  m e a n s  
of suppor t ing  the  e lectrodes  the i r  n a t u r a l  f r e q u e n c y  
of v i b r a t i o n  wou ld  be no h igher  t h a n  the  " ne a r  
u l t r a son ic"  range ;  for 5 ~sec pulses  we  m a y  the re fo re  
r ega rd  the  mot ion  as l imi t ed  by  ine r t i a  r a the r  t h a n  
cons t ra in t ,  and  a t t empt s  at  ex t r eme  r ig id i ty  wi l l  be  
futi le .  

Solid cy l indr i ca l  e lectrodes l i gh t ly  cons t ra ined  at  
the  end  r emote  f rom the  gap were  employed  to m a k e  
the  m o v e m e n t  predic tab le .  If a m u t u a l  a t t r ac t ion  of 
T dynes  cm --~ is s u d d e n l y  set up  b e t w e e n  the  ends  of 
the  cy l inders  at a ce r ta in  ins tan t ,  the  p ropaga t ion  of 
the  t ens ion  pulse  in  one cy l inder  resu l t s  in  a s teady  
ra te  of advance  v of its end  surface.  If Y denotes  
Young ' s  modu lus  of the  m a t e r i a l  and  p is dens i ty  

v = T / ~ / ( Y p )  

and  since bo th  electrodes move  wi th  this  ve loci ty  
the  r a t e  of change  of capac i tance  C ( in  e.s.u.) is 

dC 
--  2 C T / I ~ /  ( Y p )  

d t  

where  I is the  gap width .  The va lue  of T is g iven  by  

T = E E ~ / 8 ~  

If the  voltage,  V, is m a i n t a i n e d  cons tan t  wh i l e  
this  m o v e m e n t  occurs the  cha rg ing  c u r r e n t  wi l l  be  

dC 
i~ ~- V - -  = E ~ C E/4= ~ / (Yp)  e.s.u. [1] 

dt  

where  E is the  field s t r eng th  in  the  gap and  ~ the  
p e r m i t t i v i t y  of the  l iquid.  

Wi th  a 10 kv  pulse  appl ied  b e t w e e n  cy l inders  7 
m m  in d i ame te r  w i th  ends  100 t~ apar t  the  cha rg ing  
c u r r e n t  is 11 tLa, the  ve loc i ty  of each e lect rode s u r -  
face 0.3 cm sec -' and  the  ve loc i ty  of the  t ens ion  wave  
3.4 x 10 ~ cm sec-L W i t h  cy l inders  0.85 cm long  the  
t ime  of a double  passage of the  w a v e  f rom the  e lec-  
t rode  face to the far  end  and  back  is 5 tLsec. By this  
t ime  the  r e q u i r e d  i n f o r m a t i o n  has been  d i sp layed  
by  the  oscilloscope. A correc t ion  m u s t  be  applied,  ac-  
cording  to Eq. [1],  for the  c u r r e n t  due  to the  e lec-  
t rode m o v e m e n t ;  this  p r o b a b l y  sets a lower  l imi t  of 
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about  1 ~a to the c u r r e n t  tha t  can be m e a s u r e d  u n d e r  
these condit ions.  Wi th  n a r r o w e r  gaps the charg ing  
c u r r e n t  is h igher ,  (Eq. [1 ] ). 

I n  p r inc ip le  it  is possible  to ba lance  out  this  cu r -  
r e n t  by  me a ns  of a s imi l a r ly  cons t ruc ted  v a c u u m  
condense r  on the  o ther  side of the Sche r ing  bridge.  
I t  can be deduced  f rom Eq. [1] tha t  if the  v a c u u m  
condenser  has electrode a rea  S' 

S' 
= E~/3 

S 

for equa l iza t ion  of the  charg ing  cur ren ts .  
This  p rocedure  has not  been  necessa ry  in  the  ex -  

p e r i m e n t s  r epor ted  here  as m e a s u r a b l e  cu r r en t s  
were  found  wi th  field s t r eng ths  at which  electrode 
m o v e m e n t  was no t  serious. P o l y s t y r e n e  pa ra l l e l  
p la te  condensers  were  used  as compensa tors  in  the  
b r idge  circuit ,  the  design be ing  such as to make  
p la te  m o v e m e n t  negl ig ible .  Br idge b a l a n c i n g  was 
done  by  fine a d j u s t m e n t  of the  e lect rode sepa ra t ion  
in  the  conduc t ion  cell a nd  by  the  v a r i a b l e  con-  
denser  C.~ (Fig. 1). 

T h e  B r i d g e  C i r c u i t  

A s s u m i n g  a s y m m e t r i c a l  b r idge  c i rcui t  (Fig. 1) 
w i th  RI : R~ : Ro ( = R ,  say) and  other  co r respond-  
ing quan t i t i e s  a p p r o x i m a t e l y  equal ,  an  ana lys i s  of 
the effect of app ly ing  a s t e p - f u n c t i o n  vol tage  V~ to 
the  i n p u t  t e r m i n a l s  XY leads  to the  express ion  

v~B : V I e  - "u  + V~ e -'/~ [2] 

for the  po ten t i a l  of A re la t ive  to B at a t ime  t a f ter  
the  appl ica t ion  of the  step. The  t ime  cons tan t s  are  
g iven  by  

1 
r, = ~ -  R(C~ + C~) 

~ : R(C~ + C~) 

In the present case ~ and ~2 are about 20 and 60 

m/~sec, respect ively .  I t  is this  t ime  which  l imi ts  the  
va lue  pe rmiss ib le  for R, for in  the  even t  of a n y  
capaci ty  u n b a l a n c e  the  oscilloscope deflect ion wi l l  
not  be a me a su r e  of the conduc t ion  c u r r e n t  i, u n t i l  
long af ter  the  lapse of t ime  r~. Moreover ,  the  ind ica -  
t ion  of changes  in  io wi l l  be  de layed  by  a t ime  of 
the  order  of ~. This sets an  uppe r  l imi t  to the  va lue  
of R which  can be used. A lower  l imi t  is set by  t u b e  
noise in  the  ampl i f ier  which  amplif ies  v~ .  The  c o n -  

duc t ion  c u r r e n t  is r e la ted  to VAB thus  

3 VAB 
i c  - -  _ _  

R 

The factors  V~ a nd  V~ in  Eq. [21 d e p e n d  on the  
degree  of capaci ty  unba l ance .  If C~ (capac i ty  of the  
conduc t ion  cell)  a nd  C.~ are  the  ad ju s t ab l e  capaci -  
tances  we find 

3~(c2cD - (c. + c.)~c. ] 
vl = 2(c. + c.) 2 v~ 

v~ = -~(c,cD + (c, + c.)~co I [3] 
2 (C, + C , ) '  V, 
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w h e r e  ~ r e p r e s e n t s  t he  d e p a r t u r e  of t he  q u a n t i t y  in  
ques t ion  f r o m  the  v a l u e  for  pe r f ec t  ba lance .  

In  p r a c t i c e  the  f ini te  r i s e - t i m e  of t he  pu l se  r e n -  
de r s  Eq. [3]  use fu l  on ly  in  a g e n e r a l  way .  The  f inal  
a d j u s t m e n t s  of C~ and  C~ a re  m a d e  e x p e r i m e n t a l l y .  

As  m e n t i o n e d  e a r l i e r  t he  e s sen t i a l  f e a t u r e  of t h e  
u n b a l a n c e  i n d i c a t o r  was  a s c r eened  a n d  b a l a n c e d  
pu l se  t r a n s f o r m e r .  This  was  w o u n d  on a sp i r a l  core  
(A, Fig.  3) of " S u p e r m u m e t a l "  ( ~  50,000) con -  
t a i n e d  in a p l a s t i c  case  B. The  p r i m a r y  w i n d i n g  C, 
occupy ing  on ly  a p o r t i o n  of t he  c i r cumfe rence ,  w a s  
s u r r o u n d e d  b y  a c o m p l e t e  e a r t h e d  sc reen  F, b u t  in  
o r d e r  to avo id  spu r ious  s e c o n d a r y  emf ' s  due  to  u n -  
b a l a n c e d  c a p a c i t y  c u r r e n t s  f r o m  p r i m a r y  to  ea r th ,  
two  sp l i t  foi l  sc reens  D, E, each  p a r t  be ing  connec t ed  
to the  a p p r o p r i a t e  end  of the  w ind ing ,  w e r e  i n t e r -  
posed  b e t w e e n  t h e  w i n d i n g  a n d  i ts  s u r r o u n d i n g s .  In  
o r d e r  to i m p r o v e  the  b a l a n c e  s t i l l  f u r t h e r  t he  p r i -  
m a r y  (52 t u r n s  of 38 S.W.G.  e n a m e l l e d  w i r e )  w a s  
w o u n d  b a c k  on i tself .  The  f inal  a d j u s t m e n t  of b a l -  
ance  was  a c h i e v e d  b y  m e a n s  of a " c o m p e n s a t i n g  
t u r n "  cons i s t ing  of a s h o r t  l e n g t h  of s c r eened  cab le  
G l e ad ing  f r o m  one p r i m a r y  t e r m i n a l  to t he  e a r t h e d  
case  b y  w a y  of a s c r e w - p l u n g e r  H h a v i n g  v e r y  low 
a d j u s t a b l e  c a p a c i t a n c e  to t he  case. By  j o in ing  bo th  
p r i m a r y  t e r m i n a l s  to ( s ay )  p o i n t  A (Fig .  1) t he  n u t  
J cou ld  be  a d j u s t e d  to g ive  t he  bes t  d i s c r i m i n a t i o n  
a ga in s t  r e sponse  to e q u a l  p o t e n t i a l  pu l ses  at  A a n d  B 
s i m u l t a n e o u s l y .  

The  w h o l e  t r a n s f o r m e r  was  enc losed  in a " M u -  
me ta l "  case  and  the  en t i r e  c i rcu i t  c o m p r e h e n s i v e l y  
screened .  The  first  two  s tages  of ampl i f i ca t ion ,  p l a c e d  
close to t he  t r a n s f o r m e r ,  gave  a ga in  of a b o u t  100. 
W h e n  f o l l o w e d  b y  t h e  w i d e - b a n d  ampl i f i e r  (5 M c / s )  
in the  osc i l loscope  ( S o l a r t r o n  CD 513) th i s  gave  a 
sc reen  s e n s i t i v i t y  of 1 c m / 7 5  ~a of cel l  cu r r en t .  

Procedure 

E a r l y  tes t s  w i t h  t he  a p p a r a t u s  d e s c r i b e d  w e r e  
m a d e  w i t h  b r a s s  e lec t rodes ,  l a p p e d  w i t h  w e t  r o u g e  
on a p i t c h  b lock  a n d  l i g h t l y  po l i shed  w i t h  " S i l vo"  
po l i sh  on a " S e l v y t "  c lo th  s t r e t c h e d  on a p l a t e  g lass  
base .  Then,  a f t e r  t h o r o u g h  deg rea s ing ,  a l a y e r  of 
gold  1000A t h i c k  was  e v a p o r a t e d  in vacuo onto  t h e  
e l ec t rode  faces.  The  e l ec t rodes  w e r e  m o u n t e d  as  in 

A~ sEc #-" 

Fig.  2 a n d  the  w h o l e  a s s e m b l y  c o n t i n u o u s l y  d e -  
g r e a s e d  in  cold  r u n n i n g  r e f luxed  h e x a n e  for  a t  l eas t  
an  hour .  The  un i t  was  m o u n t e d  in i ts g lass  t u b e  and  
w a s h e d  out  w i t h  s e v e r a l  changes  of h e x a n e  w h i c h  
h a d  been  d r i e d  w i t h  p h o s p h o r u s  p e n t o x i d e  d i s t i l l ed  
and  f i l t e red  in  t he  s ame  a p p a r a t u s .  The  a p p a r a t u s  
was  n o r m a l l y  f i l led w i t h  d r i e d  n i t r o g e n  f r o m  a c y l i n -  
der .  Microscopic  e x a m i n a t i o n  of t he  gap  was  m a i n -  
t a i n e d  d u r i n g  tes ts .  

W i t h  a 1 k v  p u l s e  (Fig .  4a)  a p p l i e d  to  t h e  b r idge ,  
b a l a n c i n g  of capac i t ances  was  done  b y  a d j u s t i n g  the  
e l ec t rode  gap  and  the  condense r  C~ (Fig .  1),  g iv ing  
an  o p t i m u m  osc i l loscope  t r a c e  as  in Fig.  4b. The  
r e s i d u a l  pu l ses  w e r e  cons ide red  to be  due  to s t r a y  
i n d u c t a n c e  in  t he  connect ions ,  p a r t i c u l a r l y  those  
in t he  conduc t ion  vessel .  Conduc t ion  was  shown  b y  
t h e  d i s p l a c e m e n t  of t he  t r a c e  in  t he  c e n t e r  p a r t  of 
t he  p u l s e  (Fig .  4c) and,  a l t h o u g h  t h e r e  seems  to b e  
some r i s k  t h a t  " h a n g o v e r "  f r o m  the  spu r ious  i n i t i a l  
p u l s e  m i g h t  i n v a l i d a t e  th is  ind ica t ion ,  i t  was  poss ib le  
to e l i m i n a t e  t he  u n c e r t a i n t y  in  the  course  of t a k i n g  
r e a d i n g s  w i t h  d i f fe ren t  a p p l i e d  pu l se  vo l tages .  The  
r e s i d u a l  pu l ses  w e r e  p r o p o r t i o n a l  to a p p l i e d  v o l t a g e  
w h i l e  t h e  conduc t ion  f o l l o w e d  a d i f f e ren t  l aw .  

Results 

W i t h  the  g o l d - p l a t e d  e l ec t rodes  d e s c r i b e d  a b o v e  
the  r a i s ing  of t he  pu l se  i n p u t  v o l t a g e  f r o m  t h e  b a l -  
anc ing  v a l u e  of 1 k v  to a b o u t  3 k v  gave  conduc t ion  
as s h o w n  in Fig.  4c. The  r e l a t i v e l y  s low r i se  of c u r -  
r e n t  w i t h  t i m e  was  no t  an  i n v a r i a b l e  f ea tu re .  

F i g u r e  5 shows  the  r e l a t i o n s h i p  b e t w e e n  p e a k  
c u r r e n t  and  f ield s t r eng th .  The  two  d i f fe ren t  s y m b o l s  
for  t he  g r a p h  po in t s  i nd i ca t e  two  e x p e r i m e n t a l  r u n s  
w i t h  d i f f e ren t  c a p a c i t a n c e - b a l a n c e  condi t ions .  In  
bo th  cases  b r e a k d o w n  o c c u r r e d  a t  a p u l s e d  f ie ld 
s t r e n g t h  of 0.52 m v / c m .  

S i m i l a r  resu l t s ,  w i t h  s o m e w h a t  s m a l l e r  cu r ren t s ,  
w e r e  o b t a i n e d  w i t h  o t h e r  p a i r s  of e l e c t rode s  p r e -  
p a r e d  in a s im i l a r  way ,  b u t  c u r r e n t s  of th i s  o r d e r  
cou ld  n o t  a l w a y s  be  ob t a ined .  A 5 - t i m e s  e n h a n c e -  
m e n t  of the  emiss ion  was  o b t a i n e d  on occas ion  b y  
p r o l o n g e d  e x p o s u r e  of t h e  e l ec t rodes  to  a i r .  

Fig. 4. Oscilloscope traces. (a) Voltage pulse applied to 
bridge circuit; (b) Output voltage pulse. The residual pulses 
are probably due to distributed inductance; (c) Output voltage 
pulse showing conduction current in cell. The shape of the 
conduction portion depended on the electrode surface con- 
ditions. 
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Fig. 5. Conduction characteristic of gold-coated electrodes 
in hexane. Electrode area: 0.35 cm ~. Electrode separation: 
120~. 

W i t h  u n c o a t e d  e l ec t rodes  t he  conduc t ion  c u r r e n t  
was  m u c h  lower .  F o r  e x a m p l e ,  s t a in less  s teel ,  m e -  
c h a n i c a l l y  po l i shed  w i t h  ch romic  oxide ,  gave  a 
b a r e l y  o b s e r v a b l e  conduc t ion ,  ( a b o u t  5 ~a) .  H o w -  
ever ,  a f t e r  s e v e r a l  b r e a k d o w n s  h a d  o c c u r r e d  c u r r e n t s  
up  to a b o u t  150 ~a w e r e  obse rved .  

E x p e r i m e n t s  c a r r i e d  out  to i n v e s t i g a t e  t he  n a t u r e  
of the  conduc t ion  i n c l u d e d  f lushing the  vesse l  and  
ref i l l ing  w i t h  f r e s h l y  d i s t i l l ed  hexane .  This  p r o d u c e d  
no s u b s t a n t i a l  change  of conduc t i on  cu r ren t .  C o n -  
ve r se ly ,  w h e n  e l ec t rodes  g iv ing  no m e a s u r a b l e  con-  
d u c t i o n  w e r e  used  w i t h  h e x a n e  w h i c h  h a d  been  
n e i t h e r  d r i e d  no r  d i s t i l l ed ,  no conduc t ion  was  o b -  
se rvab le .  

Tes ts  w i t h  d o u b l e  pulses ,  t he  second  occu r r i ng  a t  
t imes  d o w n  to 4 ~sec a f t e r  the  first,  s h o w e d  no o b -  
s e r v a b l e  d i f fe rence  in b e h a v i o r  on the  second  oc-  
casion.  

A f u r t h e r  s igni f icant  r e s u l t  was  f o u n d  in t he  
course  of c o m p a r i n g  pu l se  and  d - c  conduc t ion  c u r -  
ren ts .  A p a i r  of e l e c t rodes  g iv ing  a pu l se  c u r r e n t  of 
38 ~a a t  2.2 k v  gave  a s t e a d y  conduc t ion  of on ly  0.07 
~a w i t h  t he  s ame  v o l t a g e  and  p o l a r i t y .  F u r t h e r m o r e ,  
w h e n  the  pu l se  t es t  w a s  aga in  a p p l i e d  a f t e r  a d - c  
t es t  of  th i s  k i n d  the  p u l s e  conduc t ion  was  f o u n d  to 
be  r e d u c e d  b y  a b o u t  an  o r d e r  of m a g n i t u d e .  

In  a s i m i l a r  way ,  t he  e n h a n c e d  conduc t ion  f r o m  
s ta in less  s tee l  a f t e r  s e v e r a l  b r e a k d o w n s  h a d  o c c u r r e d  
was  l a r g e l y  s u p p r e s s e d  b y  p r o l o n g e d  d - c  t es t ing ,  
e.g., 45 h r  w i t h  a c u r r e n t  of 6 x 10 -3 a m p  a t  100 k v /  
cm. Microscop ic  e x a m i n a t i o n  of  t h e  e l e c t rodes  a f t e r  
th is  t r e a t m e n t  s h o w e d  g l o b u l a r  p a r t i c l e s  a b o u t  5~ 
in d i a m e t e r  m a i n l y  c l u s t e r e d  a r o u n d  t h e  70~ c r a t e r s  
l e f t  b y  p r e v i o u s  b r e a k d o w n s .  These  p a r t i c l e s  w e r e  
a p p a r e n t l y  m a d e  of t he  w a x - l i k e  subs t ance  r e p o r t e d  
b y  p r e v i o u s  o b s e r v e r s  (5)  and  a s s u m e d  to be  a p o l y -  
m e r  r e s u l t i n g  f rom e lec t ron ic  b o m b a r d m e n t  of t he  
l i qu id  molecu les .  

Discussion 
In  v i e w  of t he  p r e l i m i n a r y  n a t u r e  of these  e x p e r i -  

m e n t s  i t  w o u l d  be  u n w i s e  to a t t e m p t  to d e d u c e  too 
m u c h  f r o m  them.  The  h igh  v a l u e s  of  p u l s e  c o n d u c -  
t ion  c u r r e n t  o b s e r v e d  a re  f a r  g r ea t e r ,  h a v i n g  r e g a r d  
to t he  f ield s t r eng th ,  t h a n  the  p r e d i c t i o n s  of a n y  p r e -  
v ious  m e a s u r e m e n t s  or  t heo ry .  Ion ic  conduc t i on  
seems  to be  r u l e d  ou t  b y  the  d e p e n d e n c e  of c o n d u c -  

t ion  on e l e c t r o d e  su r f ace  p r e p a r a t i o n  and  t h e  l a c k  
of c o r r e l a t i o n  b e t w e e n  c onduc t i on  and  l i q u i d  sample .  

S i m p l e  ca l cu la t ions  show t h a t  t h e  t o t a l  cha rge  
d u r i n g  the  5 ~ p u l s e  is m a n y  o r d e r s  of m a g n i t u d e  
g r e a t e r  t h a n  could  be  e x p l a i n e d  b y  o r i e n t a t i o n  of 
i m p u r i t y  dipoles .  T i m e  c o n s i d e r a t i o n s  also m a k e  th i s  
i dea  u n t e n a b l e .  W e  a re  thus  l ed  to t he  conc lus ion  
t ha t  t he  conduc t ion  c u r r e n t  o r i g ina t e s  a t  t h e  e l ec -  
t r o d e  sur faces ,  t h e  mos t  l i k e l y  m e c h a n i s m  be ing  
e l ec t ron  emiss ion  f r o m  t h e  ca thode ,  w i t h  or  w i t h o u t  
magn i f i ca t ion  b y  c o l l i s i on - ion i z a t i on  in  t h e  l iqu id .  
The  l a t t e r  p o i n t  must  r e m a i n  u n c e r t a i n  as  cond i t ions  
p r e v e n t e d  a se r ies  of m e a s u r e m e n t s  w i t h  d i f fe r ing  
gap  wid ths .  

The  m a g n i t u d e  of t he  c u r r e n t  sugges t s  t h a t  i t  m a y  
be  l i m i t e d  b y  n e g a t i v e  space  charge .  A n  a n a l y s i s  of 
t he  case  of p a r a l l e l  p l a n e  e l ec t rodes  of s e p a r a t i o n  l 
and  p.d. V vo l t s  d r a w i n g  a space  c h a r g e - l i m i t e d  
c u r r e n t  of n e g a t i v e  ions h a v i n g  a m o b i l i t y  u c m / s e c  
p e r  v o l t / c m  g ives  t he  e x p r e s s i o n  

A u e  
I -  Y ~ ( a m p )  [4]  

32 Ir I0 = F 

where A is the plate area and e the permittivity. 
With l : 0 . 0 1  cm, ~= 2, A :  0.5 cm ~, u=4 .4  x 10 -4 
cm/sec per volt/cm (18) and V ~ 4 kv we find 
I---- 7 x 10 -4 amp, which is only one order of magni- 
tude higher than the observed current. A logarithmic 
plot of Fig. 5, however, shows a law of variation of 
about the 5th power, which is different from Eq. [4], 
but the orders of magnitude of the quantities show 
that space charge cannot be ruled out as a factor in 
conduction of this kind, especially when it is re- 
membered that emission from the cathode almost 
certainly occurs from small areas (~10 -~ cm ~) as the 
papers by Dornte (6) and by Goodwin (14) show. 
Although it can be proved in general that a law of 
the  f o r m  I cc V ~ is to be  e x p e c t e d  fo r  a cop ious ly  
e m i t t i n g  ca thode  a n d  an  anode ,  i r r e s p e c t i v e  of t h e i r  
shapes ,  t he  a r g u m e n t  does  no t  a p p l y  w h e n  the  e m i s -  
s ion is conf ined to l i m i t e d  a r e a s  on the  ca thode  s u r -  
face.  In  th is  case  t he  inf luence  of n e g a t i v e  space  
c h a r g e  wi l l  be  enhanced .  

The  fac t  t h a t  p r o l o n g e d  e x p o s u r e  to a i r  p r o m o t e d  
emiss ion  f r o m  e v a p o r a t e d  go ld  l a y e r s  sugges t s  an  
emiss ion  m e c h a n i s m  of t he  t y p e  e n v i s a g e d  b y  G r e e n  
(11) ,  n a m e l y ,  e x t r a c t i o n  of  e l ec t rons  b y  pos i t i ve  ions  
on a t h in  l aye r ,  in  th is  case  p e r h a p s  of CO (19) .  S o m e  
s u p p o r t  for  t h i s  v i e w  can  be  o b t a i n e d  for  t he  h igh  
emiss ions  a f t e r  b r e a k d o w n  a n d  f r o m  t h e  effects  o b -  
s e r v e d  a f t e r  p r o l o n g e d  d - c  conduc t ion .  A poss ib l e  
e x p l a n a t i o n  of these  p h e n o m e n a  is t h a t  a l a y e r  of 
w a x  (or  o t h e r  m a t e r i a l )  of su i t ab l e  t h i cknes s  r e -  
su l t s  in copious  emiss ion  accord ing  to the  m e c h a n -  
i sm e n v i s a g e d  b y  Green ,  b u t  t h a t  p r o l o n g e d  c onduc -  
t ion  r e su l t s  in a w a x  l a y e r  of exces s ive  th i ckness ,  
r e d u c i n g  emiss ion  a n d  u l t i m a t e l y  b e c o m i n g  v i s ib le  
u n d e r  the  mic roscope .  A l t h o u g h  the  p r e s e n t  e x p e r i -  
m e n t s  have  no t  been  c a r r i e d  f a r  enough  for  a def in i te  
conc lus ion  i t  s eems  poss ib l e  t ha t  depos i t i on  of sol id  
m a t t e r  m a y  be  an  i m p o r t a n t  f ac to r  in  " e l e c t r o d e  
cond i t ion ing . "  The  e x p e r i m e n t s  a r e  c on t i nu ing  w i t h  
i m p r o v e d  a p p a r a t u s  i n c l u d i n g  a W a g n e r  e a r t h  to  
i m p r o v e  the  a c c u r a c y  of t he  c a p a c i t y  ba l ance .  
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ABSTRACT 

Copper  produces  a s t rong luminescence in Ca,(PO,)~. Luminescence  in 
Sr3 (PO4)~ occurs only in the  presence of smal l  amounts  of fore ign ions such as 
Ca, Zn, Cd, Mg, or  A1. These addi t ions  give r ise to a new crys ta l  phase  which  
is p robab ly  i somorphous  wi th  /3-Ca~(PO,)~. The emission peaks  under  exc i ta -  
t ion wi th  2537A of ~-Ca3(PO~)~, ~-Ca~(PO,)2, and of Sr~(PO,)~ modified wi th  A1 
are found at  4800, 5700, and 4950A, respect ively .  Sensi t izat ion occurs wi th  Mn, 
giving r ise to a r ed  emission peak.  The t empe ra tu r e  dependence  of the  f luores-  
cence is good, especia l ly  tha t  of ~-Ca~(PO4),-Cu and Sr~(PO,) ,  pa r t l y  sub-  
s t i tu ted  wi th  Mg and Ca. Phosphor  appl ica t ion  in lamps  presents  difficulties 
due to the mate r ia l s '  sens i t iv i ty  to a i r  at  b inder  bake -ou t  t empera tures .  

In  sulfides,  coppe r  is a w e l l - k n o w n  ac t iva to r .  In  
this  t y p e  of p h o s p h o r  copper  does  no t  in g e n e r a l  act  
as a c h a r a c t e r i s t i c  a c t i v a t o r  l i ke  m a n g a n e s e ,  b u t  as 
an  i n d i r e c t  one, f a c i l i t a t i n g  the  e x c i t a t i o n  of e l ec -  
t rons  of t h e  n e i g h b o r i n g  s u l f u r  ions  (1) .  

In  o x y g e n - d o m i n a t e d  phosphor s ,  h o w e v e r ,  a c t i v a -  
t ion  b y  coppe r  is no t  so g e n e r a l l y  known .  I t  a p p e a r s  
f r o m  the  s u r v e y  g iven  b y  K r S g e r  (2)  t h a t  c a r b o n -  
ates,  oxides ,  ha l ides ,  phospha te s ,  and  s i l i ca tes  m a y  
be  a c t i v a t e d  by  copper .  In  some cases  coppe r  acts  on ly  
as an  in tens i f i e r  of t h e  l u m i n e s c e n c e  of t he  p u r e  s u b -  
s tance,  as w i t h  ThSiO,  d e s c r i b e d  b y  L e v e r e n z  (3) .  
C o p p e r - a c t i v a t e d  a l u m i n o - s i l i c a t e  p h o s p h o r s  w e r e  
i n v e s t i g a t e d  b y  Claf fy  a n d  S c h u l m a n  (4)  and  f o u n d  
to h a v e  a b r i g h t n e s s  of a b o u t  o n e - t h i r d  of t h a t  of 
ca l c ium tungs t a t e .  R e c e n t l y  W i l k e  (5)  also r e p o r t e d  
the  p r e p a r a t i o n  of c o p p e r - a c t i v a t e d  s i l ica tes .  

A m o n g  c o p p e r - a c t i v a t e d  p h o s p h a t e s  t h e  f o l l o w i n g  
l u m i n e s c e n t  m a t e r i a l s  a r e  k n o w n :  A 1 B a M g - p h o s -  
p h a t e  g lass  (6)  w i t h  a p i n k i s h  w h i t e  f luorescence;  
ca l c ium a p a t i t e s  g iv ing  a b l u e  emiss ion  (7 ) ;  c a l c ium 

m e t a p h o s p h a t e ,  a lso w i t h  a b lue  emis s ion  (8 ) ;  a n d  
f ina l ly  the  r e d - e m i t t i n g  m a g n e s i u m  o r t h o p h o s p h a t e  
(9) .  

Qu i t e  r e c e n t l y  U e h a r a  and  K o f u y a  (10) d e s c r i b e d  
the  p r o p e r t i e s  of f l - c a l c i u m  o r t h o p h o s p h a t e  a c t i v a t e d  
w i th  Cu and  w i t h  Cu and  Mn. The  p r e p a r a t i o n  of 
fl-Ca,(PO4).o modi f ied  w i t h  t he  fo r e ign  ions  Cd, Sr,  
Mg, and  Zn  is also g iven  in t he  p a t e n t  l i t e r a t u r e .  
W i t h  m a n g a n e s e ,  s ens i t i za t ion  occurs ,  g iv ing  r i se  to  
a r e d  emiss ion  b a n d  in a d d i t i o n  to t he  b l u e  b a n d  due  
to coppe r  (11) .  

In  th is  p a p e r  t he  p r e p a r a t i o n  and  p r o p e r t i e s  of t h e  
efficient  /3-Ca,(PO~)~-Cu and  of  Sr~(PO,)~-Cu p h o s -  
phors ,  s u b s t i t u t e d  w i t h  s m a l l  a m o u n t s  of A1, Mg, Zn,  
a n d  Cd, a r e  d e s c r i b e d  in  some de ta i l .  S i m i l a r  p h o s -  
pho r s  a r e  p r e p a r e d  b y  s u b s t i t u t i n g  a s m a l l  p a r t  of 
the  S r  b y  Ca w i t h  a r e s u l t i n g  g reen  emiss ion .  W h i l e  
fl-Ca~(PO,)~-Cu has  a n a r r o w  emiss ion  p e a k  at 
4800A, t he  c o r r e s p o n d i n g  S r  c o m p o u n d  w i t h  a s m a l l  
a m o u n t  of A1 has  i ts  p e a k  w a v e  l e n g t h  a t  4950A. 
I n c o r p o r a t i o n  of z inc  and  m a g n e s i u m  in to  Sra(PO,)~-  
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Cu g ives  r i se  to an  emiss ion  p e a k  a t  a b o u t  4900A, 
and  i n c o r p o r a t i o n  of Cd and  Ca g ives  a p e a k  at  
5100A. 

Method of Phosphor Preparation 
The  i n g r e d i e n t s  used  in t he  f i r ing m i x t u r e s  w e r e  

r e a g e n t  g r a d e  CaHPO~, SrHPO~, CaCO~, Cu._,O, CuSO~, 
AI~O~, and  MnNH~F~ or  MnCO~. The  r e q u i r e d  a m o u n t s  
of the  d r y  m a t e r i a l s  w e r e  t h o r o u g h l y  m i x e d  and  
s u b s e q u e n t l y  fired. The  f i r ing was  done  in a spec ia l  
t u b e  fu rnace ,  in w h i c h  a l u m i n a  boa t s  f i l led w i t h  t he  
f i r ing  m i x t u r e  w e r e  g r a d u a l l y  pa s sed  t h r o u g h  the  
h e a t i n g  zone in a n e u t r a l  or  s l i g h t l y  r e d u c i n g  a t m o s -  
p h e r e  (N_~ w i t h  O to 0.5% of p u r e  h y d r o g e n ) .  The  
f u r n a c e  ex i t  was  p r o v i d e d  w i t h  a gas  lock  to p r e v e n t  
t he  e n t r y  of a i r  w h e n  the  f i red s a m p l e s  w e r e  r e -  
m o v e d  f r o m  the  fu rnace .  The  bes t  r e su l t s  w e r e  ob -  
t a i n e d  b y  a d o u b l e  f i r ing a t  t e m p e r a t u r e s  of 1160 ~  
1240~ in N~ w i t h  0.03% H2, for  pe r iods  of 1 h r  
each.  

Incorporation of the Activator in the 
Host Crystal Lattice 

A i r - f i r e d  c o p p e r - a c t i v a t e d  p h o s p h o r s  g ive  no l u -  
minescence  at  a l l  or  a t  bes t  a v e r y  w e a k  one, w h e r e a s  
f i r ing in a s l i g h t l y  r e d u c i n g  a t m o s p h e r e  p r o d u c e s  
s t r o n g l y  l u m i n e s c e n t  ma te r i a l s .  W i t h  too h igh  a con-  
c e n t r a t i o n  of h y d r o g e n  in t he  f i r ing a t m o s p h e r e ,  
m e t a l l i c  coppe r  is p r o d u c e d ,  w h i l e  too low a c o n c e n -  
t r a t i o n  of h y d r o g e n  g ives  p r o d u c t s  w i t h  a s l i g h t l y  
b lue  b o d y  color,  due  to d i v a l e n t  copper .  This  shows  
t ha t  the  copper  ion shou ld  be p r e s e n t  in the  m o n o -  
v a l e n t  s ta te .  

C h e m i c a l  ana lys i s  conf i rmed  tha t ,  in the  s t r o n g l y  
l u m i n e s c e n t  p roduc t s ,  a l l  t he  copper  is p r e s e n t  in t h e  
m o n o v a l e n t  s ta te ,  e.g., in a fl-Ca~(PO~)~-Cu p h o s -  
p h o r  (Cu/P.oO~--0.01 a n d  A1/P...O~--0.10) the  a m o u n t s  
of t o t a l  and  of m o n o v a l e n t  copper  w e r e  bo th  f o u n d  
to be  0.19 w t % .  The  p e r c e n t a g e  of m o n o v a l e n t  cop-  
p e r  was  d e t e r m i n e d  b y  d i s so lv ing  the  p h o s p h o r  
s a m p l e  in h y d r o c h l o r i c  ac id  in t he  p r e s e n c e  of an  
excess  of p o t a s s i u m  d i c h r o m a t e  and  m e a s u r i n g  the  
a m o u n t  of u n u s e d  d i c h r o m a t e  b y  t i t r a t i o n  w i t h  an  
0.01N F e l l - s u l f a t e  so lu t ion .  

W i t h  l a r g e  a m o u n t s  of copper ,  b r o w n  co lo red  
p r o d u c t s  a r e  m o s t l y  fo rmed ,  i n d i c a t i n g  t h a t  p a r t  of 
t he  coppe r  a d d e d  is not  i n c o r p o r a t e d  in  t he  c r y s t a l  
la t t ice .  W i t h  t he  s i m u l t a n e o u s  a d d i t i o n  of A1, t h e  
r a t i o  of Cu/P.~O~ at  w h i c h  the  b r o w n i s h  d i s co l o r a t i on  
occurs ,  increases .  O b v i o u s l y  A1 f ac i l i t a t e s  t he  i n -  
c o r p o r a t i o n  of t he  m o n o v a l e n t  Cu + ion in t he  c r y s t a l  
la t t ice .  This  p h e n o m e n o n  can  be e x p l a i n e d  eas i ly  b y  
the  t h e o r y  of cha rge  compensa t ion ,  w i t h  one Cu § and  
one  A F  + ion s u b s t i t u t i n g  for  2Ca =+ or  2Sr  -~+ ions, r e -  
s p e c t i v e l y  (12) .  

A l t h o u g h  this  h y p o t h e s i s  m a y  be  a p p l i c a b l e  to  
f l -Ca~(PO,)~-Cu phosphor s ,  o t h e r  effects m u s t  also 
be  t a k e n  in to  accoun t  w i t h  Sr~(PO~).~-Cu. 

The  fi-Ca~(PO~)~-Cu p h o s p h o r  is efficient  w i t h o u t  
t he  a d d i t i o n  of A1, w h e r e a s  u n s u b s t i t u t e d  S r , (PO, )~ -  
Cu shows  on ly  a v e r y  weak ,  deep  b lue  emiss ion  
( p e a k  w a v e  l e n g t h  at  4450A) .  X - r a y  ana lys i s  
showed  t h a t  t he  l a t t e r  subs t ance  has  t he  n o r m a l  
Sr~(PO,)~ l a t t i c e  s t r u c t u r e  (13) .  H o w e v e r ,  w i t h  
S r ~ ( P O J ~ - C u  a s t rong  l u m i n e s c e n c e  deve lops  w h e n  
ions such as A1, Ca, Mg, Zn, and  Cd a re  added .  A t  

t he  s ame  t ime ,  t he  p a r t i a l  s u b s t i t u t i o n  of S r  b y  A1, 
Ca, Zn, Mg, and  Cd g ives  a p r o n o u n c e d  c h a n g e  in  t h e  
c r y s t a l  la t t ice .  A n e w  s t r u c t u r e  a p p e a r s  w h i c h  is 
i den t i ca l  w i t h  t h a t  of Sr~ (PO, )~-Sn  phosphor s ,  w h e r e  
p a r t  of t he  S r  has  been  r e p l a c e d  b y  s m a l l e r  d i v a l e n t  
ions l i ke  Mg. This  s t r u c t u r e  is s i m i l a r  to t he  s t r u c -  
t u r e  of t h e  fl-Ca~(PO~)~ la t t i ce ,  as d e s c r i b e d  b y  
K o e l m a n s  (14) .  

A p p a r e n t l y  the  p r e s e n c e  of fo re ign  ions t r a n s -  
fo rms  the  Sr~(POJ~ s t r u c t u r e  in such  a w a y  t h a t  a 
d i f fe ren t  s t r u c t u r e  is o b t a i n e d  wh ich  is p r o b a b l y  
i s o m o r p h o u s  w i t h  fl-Ca~(PO~)~ a n d  w h i c h  g ives  r i se  
to a s t rong  l u m i n e s c e n c e  w i t h  Cu as t he  ac t iva to r .  

The  b r i g h t e s t  p h o s p h o r s  a r e  m a d e  w i th  a s l igh t  
excess  of P~O~, r e s u l t i n g  in a t o t a l  m e t a l  to P~O~ ra t i o  
of a b o u t  2.90-2.95. U s u a l l y  b e t t e r  r e su l t s  a r e  ob -  
t a i n e d  w i t h  CuSO~ t h a n  w i t h  Cu~O. This  m a y  be  due  
to t he  decompos i t i on  of the  CuSO,  d u r i n g  the  f i r ing 
process ,  w h i c h  fo rms  a m o r e  r e a c t i v e  coppe r  c o m -  
p o u n d  in the  process .  

Calcium Orthophosphate Phosphors 
Ca~(PO,)~ ex is t s  in two  c r y s t a l  s t ruc tu re s ,  viz. ,  

a-Ca~(PO,).~, s t ab le  at  a t e m p e r a t u r e  a b o v e  1180~ 
and  fl-Ca~(POJ.o, s t ab le  b e l o w  this  t e m p e r a t u r e .  
K r o e g e r  found  (15) t h a t  t he  t r a n s i t i o n  t e m p e r a t u r e  
is r a i s ed  b y  the  i n c o r p o r a t i o n  of s m a l l  a m o u n t s  of 
Ce, A1, or  Mn in Ca~(PO~)_~.Ce,Mn. S i m i l a r  r e su l t s  
w e r e  o b t a i n e d  by  B u t l e r  (16) who  also f o u n d  a h igh  
t r a n s i t i o n  t e m p e r a t u r e  w i t h  a compos i t ion  d i f fe ren t  
f rom the  s to i ch iome t r i c  one and  in the  p r e s e n c e  of 
the  a c t i v a t o r  Sn. F r o m  the  fo rego ing  i t  is c l ea r  w h y  
we  ob t a ined  the  fl-Ca~(PO~)~ modi f i ca t ion  in n e a r l y  
a l l  cases. This  compound ,  w h e n  a c t i v a t e d  w i t h  cop-  
per ,  g ives  a b lue  emiss ion  w i t h  a p e a k  at  4800A 
(Fig .  1). 

I t  was  i n t e r e s t i n g  to i n v e s t i g a t e  t he  l u m i n e s c e n t  
p r o p e r t i e s  of t he  a -mod i f i ca t i on .  The  ~-Ca~(PO,)~ 
s t r u c t u r e  (as iden t i f i ed  w i t h  x - r a y  a n a l y s i s )  w a s  
o b t a i n e d  b y  f i r ing u n a c t i v a t e d  Ca~(PO,)~ a t  1270~ 
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Fig. I. Spectral energy distribution curves of the emission of 
~-Ca3(POt)2-Cu [curve 1] and of a~-Ca~(PO4)~-Cu [curve 2]. 
Mole ratios: Cu/P~O~ = 0.005 [2] and 0.01 [1]. Me/P205 
2.99 [2] and 2.90 [1]. Firing temperature: 1160~ [ I ]  and 
1280~ [2]. Firing atmosphere: N~ with 0.03% H~. 
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in  air. A low pe rcen tage  of copper (Cu/P~O~ = 0.005) 
in  the  fo rm of CuSO~ was added to the  fired p r oduc t  
and  the  m i x t u r e  was  re t i red at  1280~ X - r a y  a n a l y -  
sis showed tha t  the crys ta l  s t ruc tu re  did no t  change  
d u r i n g  this  re t i r ing  process and  tha t  the c rys ta l  
s t r uc tu r e  was  e n t i r e l y  the  same as t ha t  of ~- 
Ca~(PO~)= descr ibed by  Mackay  (17).  I n  this  w a y  a 
n e a r l y  wh i t e  l u m i n e s c e n t  p roduc t  (wi th  2537A e x -  
c i ta t ion)  was  prepared ,  the  emiss ion peak  ly ing  at  
5700A (Fig. 1). Wi th  3650A exc i ta t ion  a ye l low 
emiss ion occurs�9 The smal l  emiss ion peak  at  4800A is 
a t t r i b u t e d  to a smal l  a m o u n t  of fl-Ca~(PO,)~ in  the  
ret i red product .  W h e n  the  re t i r ing  t e m p e r a t u r e  is 
lowered  to l l 0 0 ~  on ly  the  b l u e - e m i t t i n g  phosphor  
is obta ined.  

Wi th  an  increase  of the  a m o u n t  of copper added,  a 
shift  of the  emiss ion  peak  of f l-Ca~(PO,)~-Cu to 
longer  w a v e  l eng ths  is observed,  the  crys ta l  s t ruc -  
t u r e  r e m a i n i n g  the  same. The  shif t  s ta r t s  f rom a 
Cu/P~O~ ra t io  of 0.05 and  reaches an  emiss ion  peak  
of 4900A at  a ra t io  of Cu/P~O~ = 0.20. In  order  to 
ob ta in  the  h igh u.v. absorp t ion  des i rab le  for app l i ca -  
t ion  in  f luorescent  lamps,  a Cu/P~O~ rat io  of abou t  
0.05 is needed.  Wi th  the  s imu l t aneous  add i t ion  of 
Cu § and  AF § the  incorpora t ion  of the  copper  ion is 
obvious ly  faci l i ta ted,  as deduced  f rom the  increase  
in  b r igh tness  found�9 The A1 shifts the  emiss ion  peak  
to shor ter  w a v e  l eng ths  and  gives a n a r r o w e r  emis -  
sion band .  

Wi th  the  i n t roduc t ion  of manganese ,  a second 
emiss ion  peak  arises at 6550A. Wi th  inc reas ing  
a m o u n t s  of manganese ,  the  i n t ens i t y  of the  red m a n -  
ganese  b a n d  is ra ised and  tha t  of the  b lue  copper  
b a n d  is lowered,  as is gene ra l l y  k n o w n  to be the  
case wi th  sensi t ized phosphors.  This  is i l l u s t r a t ed  in  
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Fig. 2. Spectral energy distr ibut ion curves of  the emission 
of fl-Cas(PO4)=-Cu'Mn modif ied with AI, with increasing 
amounts of Mn. Mole ratios: Cu/P=O~ = 0.02 and AI/P.~O5 = 
0.05 

Curve Mole rat io Mn/P~O5 

1 0 
2 0.02 
3 0.04 
4 0.06 
5 0.08 
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Fig. 2. The b r igh tness  of the  phosphors  ac t iva ted  
w i th  copper  and  m a n g a n e s e  is lower  t h a n  tha t  of the  
s ingle  ac t iva ted  phosphors  and  fal ls  off r a p i d l y  w i t h  
inc reas ing  a m o u n t s  of manganese .  Wi th  Mn/P~O5 = 
0.08 a b r igh tness  of abou t  25% of tha t  of M g - a r s e -  
na t e  is reached.  

In  cont ras t  to the  modified S r - o r t hophospha t e  
phosphors  the  pa r t i a l  r e p l a c e m e n t  of Ca in  
fl-Ca~(PO,)~ by  fore ign  ions such as Mg, Zn, and  Cd 
decreases the  efficiency of the  phosphor�9 Conf i rming  
the  resul t s  of Ueha ra  and  K o f u y a  (11) the  add i t ion  
of a smal l  a m o u n t  of Mg and  Zn, respect ively ,  was  
found  to shif t  the  emiss ion peak  to shor te r  wave  
lengths�9 The pa r t i a l  subs t i t u t i on  of Ca by  Cd does 
no t  change  the  emission�9 Wi th  add i t ion  of La and  Ce, 
a change  in  the  spect ra l  d i s t r i bu t ion  is observed.  For  
example ,  wi th  a mole  ra t io  of A1/P~Os= 0.06, 
Cu/P~O~= 0.02, and  Me/P~O, = 0.25 ( M e = L a  or 
Ca) ,  Ce, in  add i t ion  to its ow n  charac te r i s t ic  b a n d  
at 3500A, gives rise to the  d e v e l o p m e n t  of a sens i -  
t ized C u - b a n d  at  4700A and  La to one at  4900A. 

X - r a y  dif f ract ion ana lys i s  shows tha t  al l  of the  
la t te r  subs t i t u t ed  Ca~(PO,)~ phosphors  have  the  
fl-Ca~(PO,)~ s t ructure �9  Thus  the  va r i a t i ons  observed  
in  the  emiss ion  spect ra  are no t  caused b y  a change  in  
the crys ta l  s t ruc tu re  bu t  by  the  p e r t u r b i n g  act ion 
of the  fore ign  ions on the  g r o u n d  and  exci ted  states 
of the  ac t iva tor  ion. 

Strontium Orthophosphate Phosphors 
Sr~(PO~)~ phosphors  w i th  Cu give on ly  a ve ry  

weak  d e e p - b l u e  luminescence  w i th  an  emiss ion  peak  
at  4450A. In  the  presence  of even  a smal l  a m o u n t  of 
A1 a s t rong  b l u e - g r e e n  emiss ion  occurs. Wi th  a suffi- 
c ien t ly  high a m o u n t  of A1 the  deep b lue  emiss ion  
d isappears  complete ly .  This  effect m a y  be  c lear ly  
seen f rom Fig. 3. The  b r igh tnes s  of Sr,(PO~)~-Cu 
modified wi th  A1 m a y  reach a va lue  of 125% of the  
b r igh tness  of S b - a c t i v a t e d  ca lc ium halophosphate .  
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Fig. 3. Emission of  Cu- and Cu,Mn-act ivated Sr orthophos- 
phates. Mole ratio Cu/P~O~: curves 1 and 2 ~ 0.07, curves 
3, 4, and S ~ 0.04; AI/PsO~: curves 1 and 2 ~ 0.21, curve 
3 ~ O, curve 4 ~ 0.005, curve 5 ~ 0.02; Mn/P~O~: curves 
1, 3, 4, and 5 = O, curve 2 = 0.06. 
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Fig. 4. Emission of Cu-activated Sr orthophosphates, modi- 
fied with Zn [curve 1], Mg [curve 2] ,  and Cd [curve 3].  
The intensities are compared with those of Sb~+-activated 
calcium halophosphate [curve 4] and of CoWO~ [curve 5]. 
Composition of phosphors in Table I. 

Besides A1, other  fore ign  ions, such as Ca, Zn,  Mg, 
and  Cd also give s t rong ly  l u m i n e s c e n t  products ,  w i th  a 
b r igh tness  h ighe r  t h a n  tha t  of the  k n o w n  ca lc ium 
tungs t a t e  and  S b - a c t i v a t e d  ca lc ium halophosphate ,  
as i l l u s t r a t ed  in Fig. 4. In  this  f igure the  in tens i t i es  
of the n e w  phosphors  are  compared  w i th  those of 
the b l u e - e m i t t i n g  ( S b - a c t i v a t e d )  ca lc ium ha lophos -  
pha te  and  of ca lc ium tungs ta te .  The  inf luence  of 
these fore ign  ions on the  l uminescence  is due  to the  
effect they  have  on the  crys ta l  s t ruc ture .  K o e l m a n s  
(14) s ta ted a l r eady  tha t  the n o r m a l  S n - a c t i v a t e d  
Sr,(PO,)~ gives on ly  a weak  u.v. emission,  whe reas  
ions such as A1 and  Mg cause a t r a n s f o r m a t i o n  in to  
a s t ruc tu re  ana logous  to tha t  of f l -Ca, (PO,) , .  O n l y  
the  l a t t e r  s t ruc tu re  produces  a n y  luminescence .  In  
fact the  s t ruc tu res  of the  S n - a c t i v a t e d  phosphors  de-  
scr ibed by  K o e l m a n s  and  of the  p r e sen t  C u - a c t i v a t e d  
ones are ident ical .  As w i th  ca lc ium or thophosphate ,  
the cor responding  s t r o n t i u m  compound  can be ac-  
t iva ted  by  Cu and  Mn and  gives an  add i t iona l  red  
m a n g a n e s e  b a n d  at 6100/k (Fig. 3). The in tens i t i es  
of the  green  Cu and  the  red Mn bands  v a r y  w i t h  i n -  
creas ing Mn con ten t  in  the  same m a n n e r  as a l r eady  
descr ibed for the  Ca -o r thophospha t e  phosphor .  

Modif ied Orthophosphate Phosphors 
K o e l m a n s  (14) found  that ,  s t a r t ing  f rom 

fl-Ca~(PO0_~, a g r adua l  r e p l a c e m e n t  of Ca by  Sr re -  
sults  in  a w i d e n i n g  of the  fi-Ca~(PO,)~ la t t ice  u n t i l  
a C a / S r  ra t io  of abou t  0.2 is reached.  Wi th  more  Sr, 
there  is a r a the r  sharp  t r ans i t i on  to the  n o r m a l  Sr  
o r thophospha te  s t ruc tu re  and  the  emiss ion of the  
S n - a c t i v a t e d  phosphor  changes  f rom 6200 to 3700A. 
Wi th  pa r t  of the  Sr replaced  by  Ca (CaO/P~O~ = 0.2) 
the emiss ion  peak  of the  C u - a c t i v a t e d  phosphor  l ies 
at  5150A. The  g r adua l  r e p l a c e m e n t  of Sr  by  Ca shif ts  
this  emiss ion  peak  to shor ter  w a v e  lengths ,  u n t i l  
the emiss ion  of pu re  fl-Ca~ (PO,)~-Cu is reached.  Wi th  
the f u r t h e r  add i t ion  of A1 to the  S r C a - o r t h o p h o s -  
pha te  ac t iva ted  w i th  copper, the  emiss ion  peak  shifts  
to the  b lue  reg ion  of the  spec t rum.  

Table I. Quantum efficiency of Cu-activated orthophosphate 
phosphors with AI' excitation 2537A.; activator concentration 
Cu/P~O~ = 0.02; AI concentration AI/P~O~ ~ 0.06; x = Ca, 

'Cd, Zn, and Mg 

Phosphor Activator x/Sr Q.R., % 

g-Cad (PO,) ~ Sn - -  81 
(Sr, Mg) ~ (PO~) , Sn 0.12 87 
~-Ca~ (PO,) ~ Cu - -  76 
(Sr, Zn) ~ (PO,) ~ Cu 0.07 68 
(Sr, Mg) ~ (PO,) ~ Cu 0.09 82 
(Sr, Ca) ~(PO,)~ Cu 0.11 73 
(Sr, Cd)~(PO~)~ Cu ~ Mn 0.11 69 

Wi th  the pa r t i a l  subs t i t u t i on  of Sr by  Z n  and  Mg, 
respect ively ,  the  emiss ion  peak  is found  at  4900A 
and  at sti l l  shor te r  wave  l eng ths  in  the  presence  of 
add i t iona l  A1. In  accordance  wi th  K o e l m a n s '  resul t s  
(14) we  found  tha t  the a m o u n t  of fore ign  ion r e -  
qu i r ed  to ob ta in  the des i red s t ruc tu re  of Sr~(PO,)~ is 
smal les t  wi th  a smal l  subs t i t u t i ng  ion, e.g., Mg. Wi th  
the  low rat io  of Mg/P~O~ = 0.08 a f luorescence i n -  
t ens i ty  of 70% of tha t  of b lue  ca lc ium ha lophospha te  
is a l r eady  reached.  

The subs t i t u t i on  of S r  by  Cd gives an  emiss ion 
peak  at 5150A. Besides the  fore ign  ions a l r eady  m e n -  
t ioned,  it was  also found  tha t  the  add i t ion  of the  
ra re  ea r th  ions La and  Ce to Sr~(PO,)~ produces  
l u m i n e s c e n t  p roducts  w i th  an emiss ion m a x i m u m  at 
4500A. In  accordance  w i th  K o e l m a n s '  resul t s  the  
m a x i m u m  br igh tness  of the  subs t i t u t ed  S r - o r t h o -  
phosphates  is achieved wi th  a mola r  ra t io  Me/P=O~ 
of about  0.2-0.3 (Me be ing  Mg, Zn, or Cd) .  

Quantum Efficiency 
The efficiencies at room t e m p e r a t u r e  of a n u m b e r  

of phosphors ,  as m e a s u r e d  by  Br i l  (18) ,  are  g iven  in  
Tab le  I, toge ther  w i th  the  va lues  for f l -Ca~(PO,)~-Sn 
and  Sr ,Mg(PO,)~-Sn ,  as r epor ted  by  K o e l m a n s  (14).  
It  is seen tha t  the q u a n t u m  efficiencies of the  Cu-  
ac t iva ted  fl-Ca~(PO,)2 a nd  of the  modified Sr o r tho-  
phosphates  are n e a r l y  as h igh  as those of the  cor-  
r e spond ing  S n - a c t i v a t e d  phosphors .  We canno t  s tate  
def ini te ly  that ,  for each of the  phosphors  m e n t i o n e d  
in  the  table,  the  p r e p a r a t i o n  has been  s tud ied  suffi- 
c ien t ly  t ho rough ly  so as to be ce r ta in  tha t  the  figures 
g iven  for the  q u a n t u m  efficiency are the  h ighes t  a t -  
t a inab le .  

Reflection and Excitation Spectra 
Figu re  5 shows the ref lect ion spectra  of some Cu-  

ac t iva ted  phosphors ,  toge ther  w i th  those of the  u n -  
ac t iva ted  product .  The smal l  a m o u n t  of A1 which  is 
p resen t  does no t  affect the  absorp t ion  ma te r i a l ly .  I t  
m a y  be seen tha t  the  i n t r o d u c t i o n  of the  copper  ions 
produces  an  absorp t ion  in  the  2500-3500A region.  
The exc i ta t ion  spectra  of some phosphors  are also 
shown.  F r o m  this  f igure it  m a y  be seen tha t  the  
phosphors  inves t iga ted  are  s t rong ly  exci ted  by  the  
2537A m e r c u r y  line.  Thus  this  ne w  type  of phosphor  
m i gh t  be ve ry  su i t ab le  for l o w - p r e s s u r e  m e r c u r y  
discharge l amp  use, we re  it  no t  for the difficulty 
p resen ted  by  the  app l ica t ion  of these phosphors .  This  
wi l l  be po in ted  out  below. Exc i t a t ion  w i th  cathode 
rays  gives on ly  a weak  luminescence ,  the  emiss ion  
color be ing  the  same as w i th  u .v . -exc i t a t ion .  
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Fig. 5. Reflection ( la-4a)  and excitat ion (1-4) spectra of 
some Cu- and Cu, Mn-act ivated Sr orthophosphates. Compo- 
sition of phosphors in Table I. [1 ]  (Sr, Zn)3 (PO4)= �9 Cu; 
[2 ]  (Sr, Mg).~ (PODs �9 Cu; [3 ]  (Sr, Cd)~ (POD.~ �9 Cu �9 Mn; 
[4 ]  Sr3 (PO,)2. 

Temperature Dependence of Fluorescence 
The t e m p e r a t u r e  dependence  of the  f luorescence of 

phosphors  can h a r d l y  be predic ted,  the  behav io r  of 
an  ac t iva tor  in  d i f ferent  mat r ices  v a r y i n g  cons ider -  
ably.  G e n e r a l l y  speaking,  the  f luorescence i n t e n s i t y  
decreases r ap id ly  w i th  inc reas ing  t e m p e r a t u r e  w h e n  
there  is a la rge  in t e rac t ion  b e t w e e n  the  ac t iva tor  
ions and  the  s u r r o u n d i n g  ions, and  vice versa.  This  is 
the reason  w h y  phosphors  wi th  ac t iva tor  ions such 
as Ce =+ and  Mn '+ wi th  an  exci ted e lec t ron  in  a n  i n n e r  
shell  gene ra l l y  show a good t e m p e r a t u r e  dependence  
of the  fluorescence. A n a r r o w  emiss ion  b a n d  is, in  
m a n y  cases, ev idence  for a smal l  d i s t u r b i n g  act ion 
of the s u r r o u n d i n g  ions on the ac t iva tor  ion. 

As the  C u - a c t i v a t e d  phosphors  descr ibed  have  a 
b a n d - w i d t h  of 700-800A, which  is sma l l e r  t h a n  t ha t  
of most  phosphors ,  a good t e m p e r a t u r e  dependence  
of f luorescence of these  phosphors  could be ex -  
pected. F igu re  6 shows tha t  this  is t r ue  for 
fl-Ca=(PO,)=-Cu and  modified Sr=(PO,)=-Cu phos -  
phors.  Wi th  the  subs t i t u t i on  of some of the  Sr in  
Sr~(PO,)= by  o ther  ions, a m a r k e d  effect on the  
q u e n c h i n g  t e m p e r a t u r e  (i.e., the  t e m p e r a t u r e  at  
which  the  f luorescence i n t e n s i t y  drops  sha rp ly )  is 

I 
300 365 200 
Temperature (~ 

Fig. 6. Variat ion of fluorescent intensity with temperature 
for copper-activated calcium orthophosphate [curve I ] ,  and 
modified strontium orthophosphates [curves 2, 3, 4, 5, and 
6] .  Composition: moles Me, etc., per ] mole P~05: Me = 
2.90 or 2.95 [curve 2 ] .  Me = Co(Sr) -I- Cu -}- 3 / 2  AI. Cu 
= 0.02; AI = 0.06; X = 0.30 (X = Ca, Zn, Ccl, or Mg). 
X = 0.30 (X = Ca, curve 3; Zn, curve 4; Cd, curve 5; or 
Mg, curve 6). 
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observed.  F i g u r e  6 shows tha t  the  q u e n c h i n g  t e m -  
p e r a t u r e  decreases in  the  sequence:  Ca, Mg, Zn, and  
Cd. S imi la r  curves,  bu t  w i t h  a lower  q u e n c h i n g  
t e m p e r a t u r e  of abou t  20~ were  ob t a ined  wi th  the  
co r re spond ing  phosphors  ac t iva ted  w i t h  Cu a nd  Mn.  
I t  is i n t e r e s t i ng  to no te  tha t  the  ions of g roup  I Ia  e le-  
me n t s  of the  per iodic  t ab le  (Ca and  Mg) have  on ly  
a smal l  inf luence  on the  q u e n c h i n g  t e m p e r a t u r e ,  
whereas  the  ions of the  second sub- se r i e s  (Zn  and  
Cd) exer t  a s t rong one. 

Obv ious ly  the  Z n  ~§ a nd  Cd =§ ions w i t h  a di f ferent  
e lect ronic  conf igura t ion  have  a g rea te r  d i s t u r b i n g  
effect on the  copper  ions t h a n  have  the  Mg and  Ca 
ions. It  should  be no ted  tha t  the  emiss ion peak  of 
the  phosphors  inves t iga ted  shifts to shor te r  w a v e  
l eng ths  at inc reas ing  t empera tu re s .  A n  increased  
ac t iva tor  concen t r a t i on  gives a lower  q u e n c h i n g  
t e m p e r a t u r e ,  as was also f ound  wi th  wi l l emi te  (19) 
and  Mg a r sena te  (20).  

Wi th  a cons tan t  a m o u n t  of Cu present ,  an  increase  
in  the  A1 con ten t  improves  the  t e m p e r a t u r e  d e p e n d -  
ence of the  fluorescence. F r o m  the  shape  of the  
curves  it fol lows tha t  this  type  of phosphor  m a y  be 
used in  l amps  in  which  good t e m p e r a t u r e  s tab i l i ty  
is requi red ,  name ly ,  h i g h - p r e s s u r e  m e r c u r y  dis-  
charge l amps  w i th  an  ou te r  b u l b  coated w i th  a color-  
correc t ing  phosphor .  The difficulties e nc oun t e r ed  in  
the  appl ica t ion,  however ,  are  the  same as those me t  
in  f luorescent  l amps  (see be low) .  Moreover  the  ex -  
c i ta t ion  wi th  3650A rad ia t ion  is r a t h e r  poor (Fig. 5). 

Decay of the Cu-Activated Phosphors 
The decay of some C u - a c t i v a t e d  or thophospha tes  

was m e a s u r e d  w i th  the a ppa r a t u s  deve loped  by  Br i l  
and  Klasens  (21).  Decay curves  are shown  in  Fig.  7 
for Sr o r thophospha te  modified wi th  Ca a nd  ac t i -  
va ted  w i t h  Cu a nd  Mn. S imi la r  curves  were  ob-  
t a ined  w i th  the  o ther  C u - a c t i v a t e d  or thophosphates .  
The  decay p roved  to be e x p o n e n t i a l  for Cu, as m a y  
be expected  for a charac ter i s t ic  act ivator .  The  decay 
cons tan t  for Cu in  the  var ious  phosphors  is app rox i -  
m a t e l y  constant ,  viz., 40 x 10-' sec. This  m e a n s  t ha t  
the l ife t ime  of the  exci ted  s tate  is r a the r  long. The 
decay cons tan t  of the  Mn emiss ion  of some doub l e -  
ac t iva ted  phosphors  was  also measured ,  us ing  an  RG 
1 fil ter ( t r a n s m i t t i n g  on ly  the  r a d i a t i on  w i t h  a w a v e  
l eng th  g rea te r  t h a n  6000A), in  order  to r emove  the  
b lue  emiss ion  p roduced  by  the  copper ions. For  the  
Mn emiss ion  a decay of 1.9 x 10 '-~ was  found,  in  ac-  
cordance  w i t h  the  figures f rom the  l i t e r a t u r e  for the  
Mn =§ emiss ion in  other  phosphors .  

t = 

260 0 0 250 500 t 520 780 

Fig. 7. Build-up and decay of (St, Ca)~ (PO4)~-Cu, Mn. 
Composition: Me ~ 2.90; Cu ~ 0.02; AI ~ 0.06; Mn 
0.04; P~05 = I. 
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Application 
F r o m  Fig. 4 and  f rom the q u a n t u m  efficiencies 

g iven  in  Tab le  I, i t  is to be expected  tha t  this  n e w  
type  of phosphor  m a y  be of great  impor t ance  for 
f luorescent  lamps.  In  pract ice,  however ,  serious d i f -  
ficulties ar ise w h e n  the  cu r r en t  t echn iques  of l amp  
m a k i n g  are followed. In  order  to r emove  the  b i n d e r  
used for app ly ing  the  phosphor  coating,  the  bu lbs  are  
hea ted  to 450~176 in  air. However ,  the  C u - a c -  
t iva ted  phosphors  are v e r y  sens i t ive  to ox ida t ion  at  
t e m p e r a t u r e s  h igher  t h a n  400~ Thus  af ter  the  
b i n d e r  b a k e - o u t  at  550~ the  phosphor  m a y  lose 
as m u c h  as 80% of its efficiency. Phosphors  of smal l  
g ra in  size are  especia l ly  sens i t ive  in  this  respect.  

F r o m  the foregoing it fol lows tha t  the  phosphors  
descr ibed  canno t  be appl ied  in  the  usua l  way,  bu t  
special  t echn iques  wi l l  be r equ i r ed  in  order  to m a i n -  
t a in  the b r igh tness  of the  phosphor .  The p r o b l e m  of 
the  appl ica t ion  of the  C u - a c t i v a t e d  phosphors  is 
ana logous  to tha t  of some phosphors  which  are  ac-  
t i va ted  wi th  t r i v a l e n t  cer ium,  as descr ibed  by  H e n -  
derson  and  R a n b y  for the  ca lc ium ha lophospha te  
phosphors  (22).  
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Copper and Tin-Activated Halophosphate Phosphors 
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Research Laboratories, The General Electric Company Limited, Wembley, England 

ABSTRACT 

New copper- and t in-act ivated  halophosphate phosphors, fired in mildly  re-  
ducing atmospheres and of potent ial  practical importance, are described. They 
include copper- and t in-act ivated  bar ium chlorophosphates with good thermal  
characteristics. Copper-act ivated bar ium chlorophosphate shows a moderate 
red fluorescence at ambient  temperatures,  under  long u.v. excitation, which 
becomes brighter  at higher temperatures  due to a marked color shift toward 
the yellow. The same matrix,  activated wi th  tin, shows a strong pale green 
fluorescence at ambient  temperatures  when  excited by 2537A radiat ion which 
is shifted toward the blue at elevated temperatures.  

Since the  i n t r o d u c t i o n  in  1942 of the  a lka l ine  ea r th  
ha lophospha te  phosphors  ac t iva ted  w i th  a n t i m o n y  
and  m a n g a n e s e  (1) a n u m b e r  of add i t iona l  ac t iva -  
tors have  been  described.  These inc lude  arsenic,  b i s -  
mu th ,  t in,  lead (1) ,  s i lver  (2),  u r a n i u m  (3) ,  and  
ce r ium (4).  Copper  has been  m e n t i o n e d  as an  ac t i -  
va to r  of h y d r o x y p h o s p h a t e s  (1) bu t  has no t  b e e n  

found  p rev ious ly  to be v e r y  effective as an  ac t iva tor  
of ha lophosphates .  

This  pape r  descr ibes  a n u m b e r  of n e w  copper -  
ac t iva ted  ha lophospha tes  p r e p a r e d  by  hea t  t r e a t -  
m e n t  in  mi ld ly  r educ ing  condi t ions.  U n d e r  s imi la r  
condi t ions  improved  t in  a nd  t i n - m a n g a n e s e  ac t iva ted  
ha lophospha tes  also have  been  prepared .  Some of 
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these  p h o s p h o r s  a r e  of p o t e n t i a l  i m p o r t a n c e  for  use  
in d i s cha rge  l a m p s  of bo th  h i g h -  and  l o w - p r e s s u r e  
m e r c u r y  v a p o r  types .  

Preparation of Copper- and Tin-Activated 
Halophosphate Phosphors 

P h o s p h o r s  of th is  t y p e  w e r e  p r e p a r e d  b y  c o n v e n -  
t i ona l  h a l o p h o s p h a t e  t echn iques ,  b u t  f i r ing t r e a t -  
m e n t s  w e r e  c a r r i e d  out  in  m i l d l y  r e d u c i n g  a t m o s -  
p h e r e s  of n i t r o g e n  con ta in ing  a l ow c o n c e n t r a t i o n  
of h y d r o g e n .  T i n - a c t i v a t e d  p h o s p h o r s  r e q u i r e  a b o u t  
0.5 % v o l / v o l  of h y d r o g e n  to n i t r ogen ,  w h i l e  c o p p e r -  
a c t i v a t e d  phosphor s ,  w h i c h  a r e  m o r e  sens i t ive  to r e -  
duc ing  cond i t ions  t h a n  those  con ta in ing  t in,  r e q u i r e  
l o w e r  concen t r a t i ons  of h y d r o g e n .  W i t h  copper ,  t h e  
bes t  r e su l t s  w e r e  o b t a i n e d  w i t h  a b o u t  0.25% v o l / v o l  
or  less of  h y d r o g e n  to n i t rogen .  Exces s ive  r e d u c t i o n  
of copper  and  t in  c o m p o u n d s  is e v i d e n c e d  b y  d i s -  
co lo ra t ion  of the  samples ,  and  th i s  effect  f r e q u e n t l y  
can  be  c o r r e c t e d  b y  s u b s e q u e n t  r e t i r i ng  in  " p u r e "  
n i t rogen .  A l t h o u g h  n i t r o g e n  of t he  h ighes t  c o m -  
m e r c i a l  p u r i t y  was  used  t h r o u g h o u t  these  e x p e r i -  
ments ,  i t  is poss ib le  t h a t  t r aces  of o x y g e n  p r e s e n t  in 
the  gas  m a y  c o n t r i b u t e  to t he  b a l a n c e  b e t w e e n  r e -  
duc ing  a n d  ox id i z ing  cond i t ions  n e c e s s a r y  to m a i n -  
t a in  c o p p e r  in  t he  r e q u i r e d  v a l e n c y  s ta te .  I t  w o u l d  
seem p r o b a b l e  t h a t  coppe r  in t he  cup rous  s t a t e  and  
t in  in  t he  s t annous  s t a t e  m a y  be  t h e  cond i t ions  nec -  
e s s a r y  for  a c t i v a t i o n  of t he se  phosphor s .  

The  u se fu l  r anges  for  copper  and  t in  a r e  f r o m  
0.1 to 1.0% ( b y  w e i g h t )  for  coppe r  a n d  0.5 to 5.0% 
for  t in.  P a r t  of t h e  coppe r  is los t  b y  v o l a t i l i z a t i o n  
d u r i n g  the  f i r ing t r e a t m e n t ,  a n d  th is  m a y  a m o u n t  
to as m u c h  as 50% of t he  i n i t i a l  q u a n t i t y  added .  
P r e l i m i n a r y  a n a l y t i c a l  d e t e r m i n a t i o n s  sugges t  t h a t  
p a r t  of t he  coppe r  w h i c h  r e m a i n s  m a y  be  p r e s e n t  in 
the  cup rous  s ta te .  F i r i n g  t e m p e r a t u r e s  d e p e n d  on the  
n a t u r e  of t he  h a l o p h o s p h a t e  m a t r i x  b u t  w e r e  u s u a l l y  
in  t he  r a n g e  of 900 ~ to 1200~ S a m p l e s  u s u a l l y  w e r e  
p re f i r ed  a t  a l ow  t e m p e r a t u r e  (900~ to s t ab i l i ze  t he  
m a t r i x  compos i t i on  of t h e  phosphor s .  

Fluorescence of Copper- and Tin-Activated 
Halophosphates 

C o p p e r -  and  t i n - a c t i v a t e d  h a l o p h o s p h a t e s  of t h e  
a l k a l i n e  e a r t h  m e t a l s  (Ca,  Sr,  a n d  Ba)  w e r e  p r e -  
p a r e d  w i t h  v a r y i n g  f luor ine  a n d  ch lo r ine  ra t ios .  
X - r a y  e x a m i n a t i o n  of the  m o r e  i n t e r e s t i n g  p h o s -  
pho r s  conf i rmed  t h a t  t h e  a p a t i t e  s t r u c t u r e  h a d  been  
fo rmed ,  and  no n o t e w o r t h y  m a t r i x  i m p u r i t i e s  o t h e r  
t h a n  a p a t i t e  phases  w e r e  de tec t ed .  The  r e su l t s  of 
t he  v a r i o u s  c o m b i n a t i o n s  t e s t ed  a r e  s u m m a r i z e d  
be low.  

Calcium halophosphates.--Of th is  g roup ,  p h o s -  
pho r s  w i t h  a h i g h  ch lo r ine  con ten t  g ives  t he  bes t  r e -  
sul ts .  C o p p e r  a c t i v a t i o n  p r o d u c e s  a m o d e r a t e  b l u e  
f luorescence  w i t h  sho r t  u.v. (2537A) exc i t a t ion ,  and  
t h e  s t ronges t  emiss ion  occurs  a t  a f luor ine  to  c h l o r i n e  
m o l a r  r a t i o  of 0.3: 0 .7 .Manganese ,  in  a d d i t i o n  to cop-  
per ,  modif ies  t he  color  to o range .  Tin,  b y  i tself ,  g ives  
a w e a k  b lue  f luorescence  w h i c h  is modi f i ed  to  an  
o r a n g e - p i n k  color  b y  the  a d d i t i o n  of m a n g a n e s e .  

Strontium halophosphates.--The bes t  r e su l t s  a r e  
o b t a i n e d  in  th i s  g roup  w i t h  s t r o n t i u m  f luo rophos -  

p h a t e  a c t i v a t e d  w i t h  t in  and  m a n g a n e s e .  E x c i t a t i o n  
b y  shor t  u.v. r a d i a t i o n  p r o d u c e s  a s t r ong  y e l l o w -  
g r e e n  to o r a n g e - y e l l o w  f luorescence  as  t he  m a n -  
ganese  con ten t  is i nc reased .  R e p l a c e m e n t  of f luor ine  
b y  ch lo r ine  d imin i she s  t he  b r i g h t n e s s  of t he se  p h o s -  
p h o r s  m a r k e d l y .  Copper ,  a lone,  ( in  s t r o n t i u m  h a l o -  
p h o s p h a t e s )  g ives  a w e a k  r e d  f luorescence  w i t h  long  
u.v. e x c i t a t i o n  (3650A) .  

Barium halophosphates.--These p h o s p h o r s  a r e  
m o r e  r e s p o n s i v e  to t he  effect of coppe r  a c t i v a t i o n  
a n d  g ive  a m o d e r a t e l y  s t rong  o r a n g e - r e d  to r e d  
emiss ion  w i t h  long  u.v. exc i t a t ion .  Tin,  b y  i tse l f ,  p r o -  
duces  a m o d e r a t e  b lue  f luorescence  in  b a r i u m  f luoro-  
p h o s p h a t e  and  a s t rong  g r e e n i s h  b lue  f luorescence  
w i t h  b a r i u m  c h l o r o p h o s p h a t e .  Manganese ,  in a d d i -  
t ion  to coppe r  or  t in,  is inef fec t ive  as an  a c t i v a t o r  
in  t h e s e  m a t e r i a l s .  

A m o n g  o the r  p h o s p h a t e  c o m b i n a t i o n s  w h i c h  w e r e  
i n v e s t i g a t e d  w i t h  coppe r  ac t iva t ion ,  ca l c ium o r t h o -  
p h o s p h a t e  g ives  a s t rong  b lue  f luorescence  w i t h  sho r t  
u.v. e xc i t a t i on  w h i c h  is modi f ied  to a p i n k  f luores -  
cence b y  the  a d d i t i o n  of m a n g a n e s e .  This  p h o s p h o r  
has  also been  d e s c r i b e d  b y  U e h a r a  a n d  K o f u y a  (5 ) .  

Excitation and Emission Characteristics 
Copper activation.--Two d i s t i nc t  t y p e s  of emiss ion  

a r e  o b s e r v e d  in t he  coppe r  a c t i v a t e d  h a l o p h o s p h a t e s ,  
a b l u e  or  b l u e  g r e e n  emiss ion  in  ca l c ium h a l o p h o s -  
p h a t e s  e x c i t e d  b y  shor t  u.v. and  a r e d  emiss ion  in 
b a r i u m  h a l o p h o s p h a t e s  e x c i t e d  b y  long u.v. r a d i a t i o n  
(Fig .  1, p e a k  va lue s  n o r m a l i z e d ) .  W i t h  b a r i u m  h a l o -  
p h o s p h a t e s  t he  p e a k  of t he  e xc i t a t i on  c u r v e  for  t he  
r e d  emiss ion  occurs  at  a b o u t  3000A and  dec l ines  
r a p i d l y  at  s h o r t e r  w a v e  lengths .  In  t he  p r e s e n c e  of 
su l f a t e  ions  ( a d d e d  as c o p p e r  or  b a r i u m  s u l f a t e )  
t h e s e  p h o s p h o r s  also show a w e a k  b l u e  f luorescence  
w h e n  e x c i t e d  b y  sho r t  u.v. r a d i a t i o n  (2537A) .  A 
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Fig. 1. Spectral energy distribution curves at ambient tern- 
peroture of: 1. copper-activated calcium fluoro-chlorophos- 
phate excited by 2537•  rodiotion 3Ca3 (PO4)~ �9 0.3 CoF2 �9 
0.7 CaCI= (0.5% Cu by weight of matrix, as introduced), 
fired at 1200~ (0.1% vol /vo l  of H~ to N2; 2. copper- 
activated borium chlorophosphote, excited by 3650,& radiQ- 
tion (0.4% Cu, os introduced, fired at 1100~ 0.25% 
vol /vo l  of H2 to N~). 
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Fig. 2. Change of spectral energy distribution of copper- 
activated barium chlorophosphate with temperature, excited 
by 3650• radiation (0.4% Cu, as introduced, fired at 
1100~ 0.2% vol/vol H2 to Ns). 

w e a k  green  emiss ion  is also ob ta ined  u n d e r  shor t  u.v. 
exc i ta t ion  if an  a t t emp t  is made  to compensa te  for 
charge  difference b e t w e e n  the m o n o v a l e n t  cuprous  
ions and  the d iva l en t  b a r i u m  ions by the  add i t ion  of 
t r i v a l e n t  cat ions such as ce r ium or l a n t h a n u m .  

A n  u n u s u a l  f ea tu re  of the emiss ion spect ra  of 
these  phosphors  is the  m a r k e d  shift  in  the  pos i t ion  
of the  long u.v. exci ted b a n d  as the  t e m p e r a t u r e  of 
the  phosphor  is raised. This is most  p r o n o u n c e d  wi th  
b a r i u m  chlorophosphate  (Fig. 2) and  is accompan ied  
by  an  increase  in  v i sua l  b r igh tness  due  to this  shift  
in  color f rom red t oward  the  yel low. 

B r i g h t n e s s - t e m p e r a t u r e  m e a s u r e m e n t s  for copper -  
ac t iva ted  b a r i u m  halophosphates ,  shown  in  Fig. 3, 
were  made  v i sua l ly  wi th  a modified Macbe th  p h o t o m -  
e ter  us ing  su i t ab le  ma t ched  color fil ters of k n o w n  
t r ansmis s ion  values .  Curve  1 was no rma l i zed  to give 
a peak  va lue  of 100, and  curve  2 is r e la t ive  to curve  
1 on the  same scale. Wi th  coppe r -ac t iva t ed  b a r i u m  
chlorophosphate ,  the  m a x i m u m  br igh tness  a m o u n t s  
to some th ree  t imes  the  b r igh tness  at  a m b i e n t  t e m -  
pe ra tu re s  and  the  m a x i m u m  is reached  at  abou t  
300~ The cor responding  f luorophosphate  phosphor  

o: 

i i i 
1(30 20O 3 0 0  4O0  

TEMPE~'ATURE(~ C ) 

Fig. 3. Variation of visual brightness with temperature of: 
1. copper-activated barium chlorophosphote, excited by 
3650_~k radiation (0.4% Cu, as introduced, fired at ] ]00~ 
0.2% vol/vol Hs to Ns; 2. copper-activated barium fluoro- 
phosphate, excited by 3650~- radiation (0.4% Cu, as in- 
traduced, fired at 1100"C, 0.2% vol/vol of H2 to N=). 
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Fig. 4. Spectral energy distribution curves at ambient tem- 
peratures of: ]. tin-activated barium fluorophosphate, ex- 
cited by 2537,~ radiation (1% Sn, as introduced, fired at 
1200~ 0.5% vol/vol H= to N2); 2. tin-activated barium 
chlorophosphate, excited by 2537• radiation (] % Sn, as 
introduced, fired at 1150~ 0.5% vol/vol H2 to N=). 3.Tin- 
and manganese-activated strontium fluorophosphate, excited 
by 2537 A radiation (1% Sn, 2% Mn, as introduced, fired 
at 1050~ 0.2% vol/vol of H2 to N2). 

shows a m u c h  sma l l e r  change  in  color and  has poorer  
t e m p e r a t u r e  character is t ics .  These t e m p e r a t u r e  ef -  
fects are not  c r i t ica l ly  d e p e n d e n t  on ac t iva tor  con-  
cen t ra t ion ,  a l t hough  somewha t  poorer  resu l t s  are 
ob ta ined  wi th  h igh  concen t r a t ions  of copper.  Phos -  
phor  samples  which  were  hea ted  in  air  d u r i n g  these  
m e a s u r e m e n t s  showed no m a r k e d  p e r m a n e n t  de t e r i -  
o ra t ion  in  b r igh tness  in  the  t e m p e r a t u r e  r a nge  used  
for these observat ions .  

Blue  f luorescing ca lc ium or thophospha te  also 
shows good t e m p e r a t u r e  charac ter i s t ics  a nd  r e sem-  
bles in  this  respect  ce r t a in  copper  ac t iva ted  a l u m i n o -  
si l icates descr ibed by  Claffy a nd  S c h u l m a n  (6) .  I n -  
s tab i l i ty  of the ca lc ium or thophospha te  phosphor  
i tself  is ev idenced  by  d iscolora t ion  wh ich  occurs 
af ter  b a k i n g  the  phosphor  in  air  at t e m p e r a t u r e s  of 
abou t  400~ 

Tin act ivat ion.- -Barium ha lophospha tes  ac t iva ted  
w i th  t in  are s t rong ly  exci ted by  short  u.v. r ad i a t i on  
to give broad  emiss ion  ba nds  in  the  b lue  or b l u e -  
g reen  regions  of the  spec t rum (Fig. 4, peak  va lues  
no rma l i zed ) .  B a r i u m  chlorophosphate ,  ac t iva ted  
w i t h  t in,  l ike the  co r respond ing  copper ac t iva ted  
phosphor ,  shows a m a r k e d  shif t  in  the  pos i t ion  of the  
spect ra l  b a n d  t o w a r d  shor te r  wave  l eng ths  as the  
t e m p e r a t u r e  is ra ised  (Fig. 5). In  this  case, however ,  
the  shift  in  color is away  f rom the  green,  a nd  a r e -  
duc t ion  in  v i sua l  i n t e ns i t y  occurs (Fig. 6). N e v e r -  
theless,  the  phosphor  is super io r  in  t e m p e r a t u r e  
character is t ics  to most  o ther  b lue  emi t t i ng  phosphors  
wh ich  are  r e l a t i ve ly  poor in  this  respect,  n o t a b l e  ex-  
cept ions be ing  coppe r - ac t i va t ed  ca lc ium or thophos-  
pha te  and  the  a luminos i l i ca tes  re fe r red  to above.  
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Fig. S. Change of spectral energy distribution of tin-ac- 
tivated barium chlorophosphate with temperature, excited by 
2537A. radiation (1% Sn, os introduced, fired at 1150~ 
0.5% vol/vol of H~ to N2). 

S t r o n t i u m  f l uo rophospha t e  a c t i v a t e d  w i t h  t i n  a n d  
m a n g a n e s e  is of p o t e n t i a l  i m p o r t a n c e  b e c a u s e  of t h e  
s t rong  y e l l o w  emiss ion  exc i t ed  b y  shor t  u.v. r a d i a -  
t ion.  The  s p e c t r a l  e n e r g y  d i s t r i b u t i o n  of a p h o s p h o r  
con ta in ing  1% b y  w e i g h t  of t in  and  2 % b y  w e i g h t  of 
m a n g a n e s e ,  f i red  at  1075~ is s h o w n  in Fig .  4. 

Applications in Lamps 
C e r t a i n  of t he  p h o s p h o r s  d e s c r i b e d  a b o v e  a r e  of 

p o t e n t i a l  p r a c t i c a l  i n t e r e s t  for  use  in  d i s c h a r g e  
l amps .  B a r i u m  c h l o r o p h o s p h a t e  a c t i v a t e d  w i t h  cop -  
per ,  for  e x a m p l e ,  a p p l i e d  to h i g h - p r e s s u r e  m e r c u r y  
l a m p s  is c a p a b l e  of u t i l i z ing  the  l onge r  w a v e - l e n g t h  
u.v. r a d i a t i o n  ( b e y o n d  3000A) f r o m  these  l a m p s  to 
g ive  i m p r o v e d  color  r e n d e r i n g  p rope r t i e s .  In  th i s  
i n s t ance  i t  is an  a d v a n t a g e  to o p e r a t e  t he  p h o s p h o r  
at  a r e l a t i v e l y  h igh  t e m p e r a t u r e  (ca. 250~ in o r d e r  
to o b t a i n  t he  m a x i m u m  l igh t  ou tpu t .  

Of the  sho r t  u.v. e x c i t e d  phosphor s ,  t i n -  and  
m a n g a n e s e - a c t i v a t e d  s t r o n t i u m  f luo rophospha t e s  
m a y  be  use fu l  in m i x t u r e s  w i t h  c o n v e n t i o n a l  r e d  
e m i t t i n g  p h o s p h o r s  to p r o v i d e  colors  s u i t a b l e  for  use  
in l a m p s  of good color  r e n d e r i n g  qua l i t i e s  of  t h e  
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Fig. 6. Variation of visual brightness with temperature of: 
I. tin-activated barium chlorophosphate, excited by 2537~- 
radiation (1% Sn, as introduced, fired at 1050~ 0.2% 
VOI/VOI of H~ to Ns); 2. tin-activated barium fluorophosphate, 
excited by 2S37Jk radiation (1% Sn, as introduced, fired at 
1100~ 0.2% vol/vol of H~ to N~). 

"De L u x e "  types .  The  c h r o m a t i c i t y  v a l u e s  of 40 -w  
f luorescen t  l a m p s  coa ted  w i t h  p h o s p h o r s  of v a r y i n g  
m a n g a n e s e  con ten t s  l ie  on an  a rc  a b o v e  the  b l a c k  
b o d y  locus  of t he  C.I.E. c h r o m a t i c i t y  d i a g r a m .  The  
v a l u e s  r a n g e  f r o m  x ~ 0.400, y ~ 0.433 fo r  a p h o s -  
p h o r  c on t a in ing  1.0% b y  w e i g h t  of Mn to x ~ 0.433, 
y = 0.445 for  a s i m i l a r  p h o s p h o r  con ta in ing  2.0% 
Mn. P h o s p h o r s  of th is  t y p e  show an  a p p r e c i a b l e  and  
f a i r l y  r a p i d  r e d u c t i o n  in b r i g h t n e s s  w h e n  e x p o s e d  
e x t e r n a l l y  to sho r t  u.v. r a d i a t i o n  f rom a l o w - p r e s -  
su re  m e r c u r y  v a p o r  q u a r t z  d i s c h a r g e  tube .  The  effect 
occurs  in a i r  or  in  an  e v a c u a t e d  q u a r t z  t u b e  and  is 
a c c o m p a n i e d  b y  a s l igh t  b r o w n  d i s co lo ra t i on  of t he  
phosphor .  A f t e r  t h e  in i t i a l  r e d u c t i o n  in  b r igh tnes s ,  
f u r t h e r  e x p o s u r e  p r o d u c e s  l i t t l e  s u b s e q u e n t  change .  
T h e  effect  is cons i s t en t  w i t h  a c h e m i c a l  change  in 
the  su r f ace  s t a t e  of t he  p h o s p h o r  p r o d u c e d  b y  the  
shor t  u.v. r a d i a t i o n  and  m a y  be s im i l a r  to t he  f o r m a -  
t ion  of "co lor  c e n t e r s "  p r o d u c e d  in  o the r  m a t e r i a l s  
b y  x - r a y s  or  c a thode  rays .  

L u m e n  m a i n t e n a n c e  c h a r a c t e r i s t i c s  of l a m p s  
coa ted  w i t h  t h e s e  p h o s p h o r s  show a r a p i d  d r o p  in 
eff iciency d u r i n g  the  first  100 h r  of o p e r a t i o n  b u t  
th i s  is succeeded  b y  a r e l a t i v e l y  s low dep rec i a t i on .  
In  4 0 - w  l a m p s  " in i t i a l "  (100 h r )  efficiencies of 40-45 
l p w  h a v e  b e e n  o b t a i n e d  w i t h  t h e s e  phosphor s .  A f t e r  
4000 h r  ope ra t ion ,  l a m p  efficiencies w e r e  a b o u t  80% 
of the  " i n i t i a l "  va lues .  Of t he  o the r  p h o s p h o r s  d e -  
sc r ibed ,  t i n - a c t i v a t e d  b a r i u m  c h l o r o p h o s p h a t e  g ives  
an  " in i t i a l "  eff iciency in 4 0 - w  l a m p s  of 45 l p w  w i t h  
a c h r o m a t i c i t y  v a l u e  of x = 0.250, y--~ 0.345. The  
good t e m p e r a t u r e  c h a r a c t e r i s t i c s  of th i s  p h o s p h o r  
also m a k e  i t  p o t e n t i a l l y  use fu l  in h i g h - p r e s s u r e  m e r -  
c u r y  v a p o r  l amps .  

Discussion 
I t  has  been  s h o w n  tha t  t h e  t e m p e r a t u r e  c h a r a c -  

t e r i s t i c s  of b a r i u m  c h l o r o p h o s p h a t e s  a c t i v a t e d  w i t h  
coppe r  and  t in  a r e  m a r k e d l y  s u p e r i o r  to t h e  c o r r e -  
s p o n d i n g  f luorophospha tes .  Bo th  c o p p e r -  and  t i n -  
a c t i v a t e d  b a r i u m  c h l o r o p h o s p h a t e s  show a p r o -  
n o u n c e d  color  sh i f t  as t he  t e m p e r a t u r e  is ra i sed .  
U r a n i u m - a c t i v a t e d  b a r i u m  h a l o p h o s p h a t e s  (3)  also 
w e r e  t e s t ed  for  t e m p e r a t u r e  d e p e n d e n c e  of f luores -  
cence , b u t  bo th  f luoro-  a n d  c h l o r o p h o s p h a t e s  w e r e  
m a r k e d l y  i n f e r i o r  to t he  c o p p e r -  and  t i n - a c t i v a t e d  
c h l o r o p h o s p h a t e s  and  f luorophospha tes .  These  o b -  
s e rva t i ons  s u p p o r t  t he  v i e w  t h a t  t e m p e r a t u r e  
q u e n c h i n g  effects a r e  no t  a p r o p e r t y  of t he  l a t t i ce  as 
such  b u t  of t h e  emiss ion  cen te r s  a n d  t h e i r  s u r r o u n d -  
ings  (7 ) .  These  d i f fe rences  in s u r r o u n d i n g s  p r o d u c e  
t h e  m a r k e d  d i f fe rence  in t e m p e r a t u r e  c h a r a c t e r i s t i c s  
b e t w e e n  f luoro-  and  c h l o r o p h o s p h a t e s  a c t i v a t e d  w i t h  
e i t he r  copper  or  t in.  As  these  p h o s p h o r s  a r e  c h e m i -  
ca l ly  and  s t r u c t u r a l l y  s imi la r ,  t he  d i f fe rences  o b -  
s e r v e d  m a y  t h e r e f o r e  be  a s soc ia t ed  w i t h  t h e  changes  
in  s p a t i a l  a tomic  a r r a n g e m e n t s  in  t he  m a t r i x  due  to  
t he  r e p l a c e m e n t  of f luor ine  b y  ch lo r ine  a t o m s  in t h e  
a p a t i t e  s t ruc tu re .  

Bes ides  t he  ques t ion  of t e m p e r a t u r e  p r o p e r t i e s  t h e  
d i f fe rence  in emiss ion  c h a r a c t e r i s t i c s  b e t w e e n  the  
v a r i o u s  c o p p e r - a c t i v a t e d  p h o s p h a t e s  is a lso  of i n -  
t e res t .  B lue  emiss ion  o b s e r v e d  in h a l o p h o s p h a t e s  and  
c a l c ium o r t h o p h o s p h a t e  is t y p i c a l  of a n u m b e r  of 
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other  coppe r -ac t iva t ed  phosphors  p rev ious ly  r e -  
por ted  (1, 6). The  long u.v. exci ted  red  emiss ion  ob-  
served in  b a r i u m  and  to some degree  in  s t r o n t i u m  
ha lophosphates  is more  u n u s u a l .  As bo th  types  of 
emiss ion are ob ta ined  u n d e r  ce r ta in  condi t ions  of 
p r e p a r a t i o n  in  the  same b a r i u m  ha lophospha te  phos-  
phor,  it would  seem tha t  two di f ferent  types  of cop- 
per  centers  m a y  be respons ib le  for the  b lue  a nd  red 
emiss ion bands .  As the  a tmosphere  condi t ions  ob-  
served in  the  p r e p a r a t i o n  are the  same th roughou t ,  
it  m a y  be a s sumed  tha t  copper is p r e sen t  in  the  same 
va l ency  state  in  these  phosphors .  If this  is so, the  
poss ib i l i ty  of copper  a toms occupying  a l t e r na t i ve  
sites in the ha lophospha te  lat t ice migh t  exp la in  the  

observed  differences in  exc i ta t ion  a nd  emiss ion  cha r -  
acteristics.  
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Electrical Properties of High-Purity Silicon 
Made from Silicon Tetraiodide 

L. V. McCarty 1 

Research Laboratory, General Electric Company, Schenectady, New York 

ABSTRACT 

Resistivities, type of conduction, and lifetimes of minor i ty  carriers of single 
crystals of iodide silicon are recorded as a funct ion of the purification pro- 
cedure for silicon tetraiodide. Samples of silicon have been prepared by de- 
composition of silicon tetraiodide on hot t an ta lum and hot quartz surfaces in 
vacuum. Disti l lat ion in a 12 plate quartz column of silicon tetraiodide pre-  
pared from 99.7% silicon results in single crystals of silicon that  are un i formly  
n - type  with max imum resistivities at the seed end in the range 0.3-1 ohm-cm. 
Two recrystall izations from solvents before the disti l lation step result  in both 
p-  and n- type  crystals with, respectively, 150-650 ohm-cm and 75-170 ohm-cm 
resist ivi ty ranges at the seed ends. Disti l lation of silicon tetraiodide is part ic-  
u lar ly  effective in removing boron, while recrystal l izat ion and zone mel t ing 
are effective for removing group V impur i ty  iodides. 

Si l icon te t ra iod ide  has been  recognized as a po t en -  
t ia l  source of semiconduc tor  si l icon for severa l  years.  
L i t ton  and  A n d e r s e n  (1) first m a d e  iodide s i l icon 
f rom si l icon powder  us ing  iodine  vapor  in  a V a n  
A r k e l - d e  Boer type  of appa ra tu s  and  observed  some 
purif icat ion,  but,  u n f o r t u n a t e l y ,  both  donor  (g roup  
V) and  acceptor  (group  I I I )  i m p u r i t y  e l emen t s  were  
t r an s f e r r ed  in  the  operat ion.  In  order  to i mpr ove  
the  qua l i t y  of the i r  p roduc t  t hey  decided to isolate 
si l icon te t ra iodide ,  which  p r o b a b l y  car r ied  the s i l i -  
con t h r o u g h  the  vapor  phase of the i r  iodide cells, 
and  to p u r i f y  it by  f rac t iona l  d i s t i l l a t ion  in  an  a l l -  
qua r t z  column.  The e lect r ical  p roper t ies  of the i r  
p roduc t  ind ica te  t ha t  they  me t  w i th  cons iderab le  
s u c c e s s .  

Late r  Szeke ly  (2) repor ted  on the  h y d r o g e n  re -  
duc t ion  of si l icon te t ra iodide ,  bu t  e lectr ical  da ta  wi th  
which  one migh t  ca lcu la te  the  p u r i t y  of the p roduc t  
are not  inc luded.  

A di f ferent  approach  to the pur i f ica t ion  p r o b l e m  
was adopted  by  R u b i n  and  his associates (3) .  They  
took a d v a n t a g e  of the  so lubi l i ty  of si l icon te t ra iod ide  

1 P resen t  address :  L a m p  D e v e l o p m e n t  Depa r tmen t ,  Gene ra l  Elec- 
t r ic  Company,  Nela Pa rk ,  Cleveland,  Ohio. 

in  to luene  f rom which  it can be rec rys ta l l i zed  as the  
first step in  the i r  procedure .  The i r  f inal  steps are  
s u b l i m a t i o n  and  zone me l t i ng  of the  solid, bu t  the  
e lectr ical  p roper t ies  of si l icon made  f rom the i r  p u r i -  
fied m a t e r i a l  are  no t  discussed. 

In  this  work  sti l l  a no t he r  sequence  of pur i f ica t ion  
steps has been  used to p r e pa r e  si l icon te t ra iod ide  
for decomposi t ion  into si l icon and  iodine.  These 
t echn iques  inc lude  rec rys ta l l i za t ion  f rom n - h e p t a n e  
and  d is t i l l a t ion  in  an  all  quar tz  column,  and  a v e r y  
br ief  i nves t iga t ion  of zone mel t ing .  Elec t r ica l  p rop -  
er t ies  of s ingle  crys ta ls  g r o w n  f rom the  s i l icon are  
i n t e r p r e t e d  as a m e a s u r e  of c rys ta l  p u r i t y  r a t h e r  
t h a n  de pe nd i ng  on chemica l  ana lyses  for i n d i v i d u a l  
e lements ,  because  the  es t ima ted  q u a n t i t y  of e lec t r i -  
cal ly  act ive impur i t i e s  is in  the  r a nge  of pa r t s  per  
t en  b i l l ion  for e l ements  t ha t  affect the  res i s t iv i ty  of 
this  silicon, and  even  less for those tha t  affect the  
r e c o m b i n a t i o n  of holes and  electrons.  I t  is t r u e  t h a t  
the e lectr ical  proper t ies  do not  give m u c h  deta i l  con-  
ce rn ing  specific i m p u r i t y  e lements ,  b u t  the  tests are 
more  r ead i ly  m a d e  and  ind ica te  the  presence  of 
b road  classes of e lec t r ica l ly  act ive impur i t i es .  A n y  
one of these wou ld  be m u c h  more  difficult to detect  
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chemical ly ,  and,  if unde tec ted ,  m igh t  r ende r  the  
si l icon qui te  useless as a semiconductor .  The  objec-  
t ive  of this  w o r k  was  the  p r e p a r a t i o n  of the  p u r e s t  
s i l icon possible. 

Experimental 
Preparation oS silicon te traiodide.- -The method  of 

m a k i n g  si l icon te t ra iod ide  is qu i te  s imi la r  to the  one 
descr ibed by  Szekely  (2) .  A n i t r ogen  pu rge  was  used 
ins tead  of argon,  and  a reac t ion  t e m p e r a t u r e  of 
600~ was  sufficient w h e n  the  E lec t rome ta l lu rg i ca l  
Company ' s  99.7-99.9%, 30-80 mesh  si l icon powder  
was used. W h e n  D u P o n t  h y p e r - p u r e  si l icon crys ta ls  
were  placed in  the  reactor ,  a t e m p e r a t u r e  of 800~ 
was r equ i r ed  to achieve abou t  the  same reac t ion  
rate.  The h igher  t e m p e r a t u r e  m a y  have  been  neces -  
sary  because  the re  is less i m p u r i t y  p resen t  to act as 
ca ta lys t  in  the  l a t t e r  silicon, bu t  it  was  also m u c h  
coarser  and  did  not  pack  as well .  
Recrystallization of silicon tetraiodide.--Sil icon 
t e t ra iod ide  was  dissolved in  sufficient so lvent  in  a 
P y r e x  flask to m a k e  a 50 mole  % solu t ion  at  the  
boi l ing  point .  Af te r  cooling to room t e m p e r a t u r e  the  
so lvent  is d r a ined  off, and  res idua l  so lvent  and  t e t r a -  
iodide are t r a n s f e r r e d  to the  d i s t i l l a t ion  appa r a t u s  
af ter  two or more  recrys ta l l iza t ions .  

So lvents  used inc lude  Phi l l ips  P e t r o l e u m  99-t-% 
n - h e p t a n e ,  Ph i l l ips  P e t r o l e u m  commerc ia l  hep tane ,  
and  r eagen t  g rade  to luene  and  benzene .  
Distillation of silicon te traiodide. - -The dis t i l l a t ion  
appa ra tu s  for  most  of th is  w o r k  is m a d e  en t i r e ly  of 
quar tz .  The  smal l e r  c o l u m n  consists of a one l i te r  pot 
sealed to a 4- f t  l eng th  of 1 in. OD t u b i n g  which  is 
packed  wi th  1/4 in. sections of 1/4 in. t u b i n g  (Raschig 
r i ngs ) .  The  condens ing  head is a conven t iona l  de-  
s ign w i t h  a m a g n e t i c a l l y  opera ted  qua r t z  va l ve  to 
cont ro l  the  take-off ,  and  a n  e lec t r ica l ly  hea ted  de-  
l i ve ry  t ube  to conduct  the  t e t ra iod ide  into its r e -  
ceiver  flask. The l a rger  co lumn  is made  f rom a 5 
l i te r  pot sealed to a 2 in. OD tube  66 in. long. Both  
co lumns  have  a rect i f icat ion efficiency e q u i v a l e n t  to 
12 theore t ica l  plates  as tes ted w i th  a m i x t u r e  of 
m e t h y c y c l o h e x a n e  a n d  n o r m a l  hep tane .  E i the r  is 
p u r g e d  w i t h  n i t r o g e n  before  t e t ra iod ide  is m e l t e d  
or d is t i l led  in to  the  pot, and  a flow of 20-30 c c / m i n  
is m a i n t a i n e d  t h r o u g h o u t  the  dis t i l la t ion.  The  ap -  
pa ra tus  r e m a i n s  on to ta l  reflux ove rn igh t  before  
s t a r t ing  the  first cut. The  m i n i m u m  ref lux ra t io  is 
24:1 wh i l e  p roduc t  is t a k e n  off a t  50-150 g / h r  in to  
qua r t z  s torage flasks. A first cut  of 25% of the  charge  
is discarded,  and  the  second cut, which  is l a t e r  de-  
composed to s i l icon a n d  iodine,  con ta ins  50% of the  
te t ra iodide.  

Decomposition oS SiL on tan ta lum. - -The  deposi -  
t ion  on t a n t a l u m  is s imi la r  in  m a n y  respects  to the  
t echn ique  descr ibed by  L i t ton  and  A n d e r s e n  (1) .  
A t a n t a l u m  rod, 1/s in. in  d i ame te r  by  3 ft, in  the  
form of a h a i r p i n  is suspended  in  an  evacuab le  
chambe r  by  means  of a 65/40 ba l l  and  socket j o in t  
to which  are sealed 1/4 in. m o l y b d e n u m  electrodes.  
The  2 in. OD deposi t ion  chambe r  and  the  rese rvo i r  
for si l icon te t ra iod ide  are  an  in t eg ra l  u n i t  m a d e  of 
quar tz .  

Af te r  d r y i n g  the  e q u i p m e n t  thoroughly ,  s i l icon 
te t ra iodide  is t r a n s f e r r e d  into its rese rvo i r  in  a d ry  

n i t r o g e n  a tmosphere .  The t a n t a l u m  h a i r p i n  is placed 
in  pos i t ion  n e x t  u s ing  si l icone grease or, p r e f e r -  
ably,  a s i l icone r u b b e r  gasket  on the  bal l  joint .  A d ry  
ice ba th  is p laced  a r o u n d  a t r ap  to condense  iodine  
a nd  u n r e a c t e d  si l icon te t ra iodide ,  and  the  sys tem is 
p u m p e d  down  to abou t  1 ~. The t a n t a l u m  rod is 
hea ted  e lec t r ica l ly  to 950~ as observed  wi thou t  
cor rec t ion  by  an optical  py romete r ,  and,  last,  the  
t e t ra iod ide  is w a r m e d  to abou t  100~ The  es t ima ted  
vapor  p ressure  of t e t ra iod ide  in  the  sys tem is of the  
order  of 1 mm.  

Af t e r  all  of the  iodide in  the  pot has subl imed,  the  
e lect r ical  power  is t u r n e d  off, p e r m i t t i n g  the  s i l icon 
a nd  t a n t a l u m  to cool to room t empera tu r e .  Crack ing  
noises are  hea rd  as the  two pa r t i a l l y  separa te  due 
to t h e r m a l  f rac ture .  W h e n  cool, the  sys tem is filled 
w i th  d r y  n i t rogen ,  a nd  the  t a n t a l u m  rod a nd  si l icon 
are  r e move d  a nd  w r a p p e d  in  a sheet  of po lye thy lene .  
G e n t l e  f lexing separa tes  the  s i l icon f rom the  rod, and  
the  l a rger  spears are  b r o k e n  up. The  y ie ld  of si l icon 
is abou t  80-90% in  a 20-30 hr  run .  

Decomposition of SiL on quartz . - -For reasons  dis-  
cussed later ,  t a n t a l u m  did no t  seem to be the  ideal  
deposi t ion  surface.  Quar tz  is used at  m u c h  h igher  
t e m p e r a t u r e s  in  the  crys ta l  g rowing  opera t ion  t h a n  
are needed  for the  decomposi t ion  of si l icon t e t r a -  
iodide, so it  seemed reasonab le  to use it  for the 
l a t t e r  opera t ion  because  the  r e q u i r e m e n t s  are  not  
n e a r l y  so severe.  F igu re  1 shows the  k i n d  of equ ip -  
m e n t  des igned  af ter  p r e l i m i n a r y  expe r imen t s .  The 
si l icon te t ra iod ide  s torage pot  and  reac tor  t ube  are 
an  in t eg ra l  u n i t  made  of quar tz .  A socket j o in t  is 
r ing  sealed in to  the bo t tom of the reac tor  to suppor t  
a t h i n  wal led  quar tz  t ube  on which  deposi t ion  ac- 
t u a l l y  occurs. The  purpose  of the  t u b e  w i t h i n  a t ube  
cons t ruc t ion  is to keep the  ou te r  por t ion  of the r e -  
actor  f rom b r e a k i n g  w h e n  the  f u r na c e  is a l lowed to 
cool af ter  s i l icon has deposited.  Si l icon adheres  to 
qua r t z  v e r y  s t rong ly  and,  since the  coefficients of 
expans ion  are different ,  the  deposit  and  tube  f r a c -  
t u r e  on cooling. A t u n g s t e n  sp i ra l  in  1 '/2 in. OD tubes  
kep t  f r a g m e n t s  f rom fa l l ing  in to  the  flask. 

The  spira l  w i n d i n g  on the  connec t ion  b e t w e e n  
the  decomposi t ion  a ppa r a t u s  and  the  t r ap  is a n i -  
chrome r i b b o n  to keep the  t ube  w a r m  a nd  thus  p re -  
ven t  condensa t ion  of u n r e a c t e d  si l icon te t ra iodide .  
The  r e f r i ge r a n t  u s u a l l y  used a r o u n d  the  t r ap  is 
t r i c h l o r o e t h y l e n e - d r y  ice, a nd  d u r i n g  opera t ion  the 
p ressure  is of the  order  of 1 ~ or less at  the  v a c u u m  
gauge,  b u t  it  is m u c h  h igher  in  the  reactor.  

THE.::u<:U,=_  J iliiiiiiii' 
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Fig. 1. Apparatus for deposition of silicon on quartz 
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At the  end  of a r u n  the si l icon wi th  qua r t z  ad -  
he r ing  to it  is p laced in  concen t ra t ed  hydrof luor ic  
acid for a day  or two to dissolve the  la t ter .  Next  it  
is t ho rough ly  washed  wi th  water ,  t h e n  m e t h y l  a l -  
cohol, and  air  dried.  The  y ie ld  f rom 1000 g of SiL 
is about  70% in a th ree  day  r u n  at  1000~ The re -  
act ion p r o b a b l y  takes  longer  on qua r t z  t h a n  on t a n -  
t a l u m  because  the  corrected t e m p e r a t u r e  for  the  
si l icon deposi t  on the  l a t t e r  m a y  be wel l  above 
1000~ 

Cleaning of equipment . - -Al l  e q u i p m e n t  was  t ho r -  
oughly  c leaned  af ter  each use w i th  e i ther  1% or 5% 
hydrof luor ic  acid fo l lowed by  r in s ing  w i th  w a t e r  and  
d r y i n g  by  b a k i n g  w h e r e v e r  possible. The hope was  
to s t andard ize  the  surface  of the  vessels  for each ex -  
p e r i m e n t  r a t h e r  t h a n  m a k i n g  it  a f unc t i on  of the  
h i s to ry  of the  equ ipmen t .  

Crystal growing.--Al l  crys ta ls  for this  w o r k  were  
p r epa red  in  qua r t z  crucibles  by  the Czochralski  
t e chn ique  (4) .  A s ta inless  steel pu l l  rod he ld  the  
s ingle  crys ta l  seed, and  the  fu rnace  a tmosphere  was  
argon.  Hea t  was  suppl ied  to the c ruc ib le  by  a g r a p h -  
ite res i s tance  e l emen t  suppl ied  w i th  a-c  power  f rom 
a Var iac  s tabi l ized w i th  a Sorensen  regula tor .  

Electrica~ measurements.--Resist ivi t ies  were  g e n -  
e ra l ly  m e a s u r e d  w i th  a ca l ib ra ted  f o u r - p o i n t  p robe  
on a l apped  surface.  Occas ional ly  the re  was reason  
to suspect  the  va lues  obta ined,  and  in  these cases 
res is t iv i t ies  were  checked by  pass ing  a smal l  cu r r e n t  
t h rough  the  sample  and  m e a s u r i n g  the  po ten t ia l  
drop a long the  surface.  

The re la t ionsh ip  b e t w e e n  the n u m b e r  of u n c o m -  
pensa ted  i m p u r i t y  a toms per  cubic cen t ime te r  and  
the  res i s t iv i ty  (above  10 o h m - c m )  can be a p p r o x i -  
ma t ed  by  (5, 6) 

1 3.6 x 10 '~ 
n = ~ [1] 

pe~, p 

i 1.3 X i 0  '~ 
p . . . . . .  [2] 

pe ~, p 

where  p is the  res is t iv i ty ,  e is the charge of one e lec-  
t ron  in  coulombs,  and  ~, and  ~ are  the mobi l i t ies  
of e lec t rons  (~1750 cm2/v sec) and  holes (480 cm=/ 
v sec) at  room t empera tu r e ,  respect ively .  

A n o t h e r  m e a s u r e m e n t  which  typifies the  q u a l i t y  
of si l icon s ingle  crysta ls  is the  l i fe t ime of the  m i -  
n o r i t y  carr iers .  The me thod  used for this  m e a s u r e -  
m e n t  has been  descr ibed by  Wat te r s  and  L u d w i g  (7) 
who give deta i led  da ta  as a f unc t i on  of t e m p e r a t u r e  
for sample  3 of Table  V, which  is r e fe r red  to as C - S i -  
170. 

Drif t  and  conduc t iv i ty  mob i l i t y  da ta  for C-St -170 
have  also been  d e t e r m i n e d  by  Ludwig  and  W a t -  
ters  (8) .  

Results and Discussion 
Spectrographic Data 

I m p u r i t y  e l ements  detected spec t rograph ica l ly  in  
a typica l  sample  of E lec t romet  s i l icon as received,  
and  af ter  processing by  convers ion  to si l icon t e t r a -  
iodide w i th  s u b s e q u e n t  decomposi t ion  to silicon, are  
shown in  Tab le  I. The four  e l emen t s  in  the  r i g h t -  
h a n d  c o l u m n  were  detec ted  in  a sample  of iodide 

Table I. Impurity elements detected spectrographically 

E l e c t r o m e t  s i l i con  Iodide  si l icon 

r e  
Mg 
Cu 
A1 
Ca 
Ti 
Ni 
Sn 
Co 
Cr 
Mn 
Zr 

F e  
Mg 
Cu 
AI* 

* Not  always detec ted .  

si l icon made  f rom unpur i f l ed  si l icon te t ra iodide .  
W h e n  rec rys ta l l i za t ion  f rom solvents  or d i s t i l l a t ion  
of the  t e t ra iod ide  were  incorpora ted  in  the  process, 
the  a l u m i n u m  concen t r a t i on  occas ional ly  d ropped  so 
low as to become unde tec tab le .  The da ta  show tha t  
the  iod ina t ion  a nd  decomposi t ion  processes are pow-  
e r fu l  pur i f ica t ion  steps in  the i r  own  r igh t  m e r e l y  
f rom the  n u m b e r  of e l ements  rejected.  But  for semi -  
conductor  purposes  these  spec t rographic  ana lyses  of 
iodide si l icon have  only  a ve ry  l imi ted  va lue  because  
t hey  are insuff ic ient ly  sensi t ive.  

Iodide Silicon Made ]rom Unpurified 

S~licon Tetraiodide 

The most  difficult e l emen t  to r emove  f rom sil icon 
by  zone me l t i ng  or c rys ta l  g rowing  t echn iques  is 
boron,  and  it  is a lmos t  i m p e r a t i v e  tha t  it be  r emoved  
f rom the  compounds  used to m a k e  si l icon before  the  
ac tua l  p repa ra t ion .  It  is no t  difficult to recognize a 
c rys ta l  whose res i s tance  is domi na t e d  or cont ro l led  
by  boron,  however ,  because  its segrega t ion  coeffi- 
c ient  is abou t  0.9 (9) ,  and  such crys ta ls  have  a 
charac te r i s t i ca l ly  "flat" res i s t iv i ty  profile. 

Because of the  impor t ance  of r emov ing  bo ron  f rom 
silicon, it was  des i rab le  to de t e r mi ne  how the  v a r i -  
ous purification steps affect its removal. In order to 

establish a base line for comparison purposes, enough 
silicon was prepared by decomposition of unpurified 

silicon tetraiodide on quartz so that elements other 
than boron could be removed by 5 zone passes in a 

zone melting apparatus. A single crystal grown from 
the zone melt bar was p-type and had resistivities 

in the range 0.25-0.14 ohm-cm, about 0.20 ohm-cm 

on the average. (In this paper the first resistivity 

quoted will be for the "seed" end of the crystal, 
while the second number refers to a measurement 
near the "sprout", or tail end. In general, impurities 
segregate toward the sprout.) The conductivity mo- 

bility, /zp, for this resistivity range (5) is about 350 
cm 2 v -I sec -I, and the number of boron atoms per 

cubic centimeter, p, can be calculated as 

1 1 
p . . . .  9 X i0 TM 

pe~, 0.20 • 1.60 )< 10 -~ • 350 

or abou t  1.7 bo r on  atoms per  mi l l ion  si l icon atoms. 
Rubin ,  Moates, and  W e i n e r  (3) found  cons ide rab ly  
more  boron  t h a n  this  in  the i r  si l icon te t ra iod ide  
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Table II. Electrical properties of single crystals of iodide 
silicon prepared from distilled silicon tetraiodide ~ 

Resistivity 
S a m p l e  No. T y p e  r ange ,  o h m - e r a  

1 n 0.3 -0.06 
2 n 0.4 max. 
3 n 0.7 max. 
4 n 0.3 max. 
5 n 0.4-0.2 
6 n 0.8-0.2 
7 ~ n 1-0.4 

SiI4 p r e p a r e d  f r o m  99.7% E l e c t r o m e t  St, distilled i n  12 plate 
q u a r t z  co lumn ,  a n d  d e c o m p o s e d  on 1/8 in.  Ta  rod.  

b 5 g of  K I  a d d e d  to  s t i l l  pot .  

which  was  made  f rom a di f ferent  g rade  and  di f ferent  
k i n d  of silicon. 

Iodide Silicon Made f rom Distilled 
Silicon Tetra%odide 

In  the  first a t t empts  in  the  p re sen t  expe r im e n t s  at  
pur i f ica t ion  of si l icon te t ra iod ide  d i s t i l l a t ion  in  an  
a l l -qua r t z ,  12 p la te  c o l u m n  was  used. Resul ts  are 
shown  in  Tab le  II. Two th ings  abou t  this  da ta  are  
impress ive :  all  samples  are n - t ype ,  and  the  re s i s t iv -  
i t ies n e a r  the  seed end  of the  c rys ta l  ( the  first n u m -  
ber  quoted)  are r e a s o n a b l y  un i fo rm.  This m e a n s  
tha t  some group  V e lement ,  a donor  impur i t y ,  is the  
chief c o n t a m i n a n t  r a the r  t h a n  boron.  The r e l a t i ve ly  
slow decrease  in  res i s t iv i ty  a long the  crys ta ls  of 
samples  1, 5, and  7 indica tes  a m a t e r i a l  w i th  a segre-  
ga t ion  coefficient s imi la r  to phosphorus  or a rsenic  
(9) .  

J ames  and  Richards  have  shown  tha t  phosphorus  
can be found  in  a m o u n t s  of 0.1 to 10 p p m  in  iodine 
(10),  and  the ve ry  carefu l  ana lys i s  of 97% sil icon 
pe r fo rmed  by  the B u r e a u  of S t anda rds  (11),  as wel l  
as the  work  of Rubin ,  Moates, and  W e i n e r  (3) ,  i n -  
dicates tha t  this  qua l i t y  of si l icon can h a v e  as m u c h  
as 80 p p m  of phosphorus .  The l a t t e r  au thors  (3) also 
have  shown  the  presence  of 150 p p m  of arsenic  
wh ich  is mos t ly  e l im ina t ed  by  the  iod ina t ion  react ion.  

E i the r  n - t y p e  i m p u r i t y  as an  iodide migh t  be 
c o n t a m i n a t i n g  the  c rude  si l icon te t ra iodide.  Phos -  
phorus  t r i iod ide  is more  vola t i le  t h a n  si l icon t e t r a -  
iodide (1) ,  and  it  should  t end  to concen t r a t e  in  the  
condens ing  head of the  appara tus .  If it were  not  
comple te ly  r emoved  f rom the condenser  t h r o u g h  
fau l ty  technique ,  the  e lectr ical  conduct iv i t i es  of 
Table  II  ought  to show cons iderab le  scatter.  Since 
they  do not  show a b road  r ange  of values ,  it seems 
more  r easonab le  to be l ieve  tha t  the  source of n - t y p e  
c o n t a m i n a t i o n  is in  the  crude  te t ra iod ide  in  the  st i l l  
pot, which  should come to e q u i l i b r i u m  wi th  the  sti l l  
head d u r i n g  the p ro longed  in i t i a l  opera t ion  at to ta l  
reflux. Arsen ic  t r i iod ide  is less vola t i le  t h a n  sil icon 
te t ra iod ide  (1) .  It  wou ld  concen t ra t e  in  the  st i l l  pot, 
and  it m a y  be the n - t y p e  i m p u r i t y  respons ib le  for 
these resul ts .  

Po t a s s ium iodide was  added to the  d i s t i l l a t ion  pot  
of the  las t  sample  in  an  a t t emp t  to fo rm complexes  
wi th  group V iodides which  wou ld  reduce  the i r  
vapor  pressure .  

In  order  to d e t e r m i n e  the  a m o u n t  of bo ron  in  
these samples  it is necessa ry  to p r epa re  enough  si l l -  

con for zone m e l t i n g  to r e m o v e  n - t y p e  impur i t i es .  
I t  w ou l d  have  been  e x t r e m e l y  tedious to do this  wi th  
the  o r ig ina l  smal l  qua r t z  equ ipmen t ,  so a la rge  12 
p la te  P y r e x  c o l u m n  was used for the  d is t i l la t ion .  The  
use of P y r e x  in t roduces  ce r t a in  compl ica t ions  which  
wi l l  be  discussed later,  bu t  it  is be l ieved  tha t  the  
bo ron  concen t r a t i on  ob ta ined  af ter  zone me l t i ng  r e p -  
resen ts  the  m a x i m u m  a m o u n t  coming t h r ough  the  
d i s t i l l a t ion  step. Sample  No. 4 of Tab le  VI was  p re -  
pa red  in  this  way.  I ts  m a x i m u m  res i s t iv i ty  of 125 
ohm-cm,  wh ich  d ropped  on ly  g r a d u a l l y  over  the  
first pa r t  of the  crystal ,  corresponds  to abou t  2 boron  
a toms per  b i l l ion  si l icon atoms. This  r ep resen t s  a 
r educ t ion  in  the  bo ron  concen t r a t i on  by  a factor  of 
a p p r o x i m a t e l y  850 by  a 12 p la te  dis t i l la t ion.  Be-  
cause of the  e x p e r i m e n t a l  e r rors  involved ,  however ,  
i t  m i gh t  be  be t t e r  to say tha t  the  factor  is in  the  
r a nge  500 to 1000. 

L i t ton  a n d  A n d e r s e n  (1) have  g iven  a va lue  of 
6.8 for the  r e l a t ive  vo la t i l i ty  of boron  t r i iodide  com-  
pa red  to s i l icon te t ra iodide.  By a s suming  tha t  the  
same  re la t ive  vo la t i l i ty  appl ies  to a d i lu te  so lu t ion  
of bo ron  t r i iodide  at  300~ one can wr i t e  

mole  f rac t ion  of BI~ in  vapor  

mole  f rac t ion  of SiI, in  vapor  

mole  f rac t ion  of BL in  l iqu id  

mole  f r ac t ion  of SiI~ in  l i qu id  

mole  f rac t ion  of Big in  vapor  
= 6.8 

mole  f rac t ion  of Big in  l iqu id  

since the  mole  f rac t ion  of si l icon te t ra iod ide  is w i t h i n  
pa r t s  per  mi l l ion  of be ing  u n i t y  in  e i ther  phase.  The 
n u m b e r  of effective p la tes  rea l ized f rom the  observed  
separa t ion  in  the  "12 p la te"  co lumn  is: 

6.8 ~ N850 

x N 3.5 effective pla tes  

If  the  tota l  pur i f ica t ion  achieved in  the  best  samples  
r epor ted  in  this  s tudy  were  ascr ibed to the  act ion of 
the  d i s t i l l a t ion  column,  less t h a n  4.5 p la tes  wou ld  be 
r equ i r ed  for the r e mova l  of boron  t r i iodide  to the  i n -  
d ica ted  levels.  

G r e e n  and  Kafa las  (12) have  shown tha t  the  sep-  
a r a t i on  factor,  a, for d i lu te  solut ions  of arsenic  t r i -  
chlor ide  in germanium trichloride is remarkably 

lower than in solutions containing an excess of 

arsenic trichloride. The a for the system boron tri- 
iodide-silicon tetraiodide may behave similarly, in 

which case many more theoretical plates would be 

realized than indicated. I 

There are two other reasons that might be ad- 
vanced for the discrepancy between the calibrated 

effectiveness of the column and that actually realized. 
The mixture of hydrocarbons is so different in 
physical properties from silicon tetraiodide that our 

calibration may indicate many more plates than can 

ever be realized in systems consisting mostly of 

silicon tetraiodide. ~ The other reason concerns the 
reduction and solution of boron impurities in quartz 
boats and crucibles containing molten silicon (13). 

The  a u t h o r  is  i n d e b t e d  to C. S. H e r r i e k  and  ft. G. K r i e b l e  fo r  
th i s  sugges t ion .  
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Table Ill. Effect of tantalum doping on the electrical Table IV. Electrical properties of single crystals of iodide silicon 
properties of silicon prepared from recrystallized silicon tetraiodide ~ 

L i f e t i m e  of  
m i n o r i t y  

R e s i s t i v i t y ,  ca r r ie r s ,  S a m p l e  Notes  on  R e s i s t i v i t y ,  
Type  o h m - c m  /~sec No. p u r i f i c a t i o n  of SiI~ T y p e  o h m - c m  

L i f e t i m e  of  
m i n o r i t y  
car r ie rs ,  

]$sec 

Star t ing mater ia l  p 150 125 
Port ion of crystal  before 

Ta  doping p 150 150 
After  doping wi th  0.1% 

Ta p 140 10 

This  effect m a y  add a smal l  a m o u n t  of boron  w h i c h  
places  a l imi t  on w h a t  can be achieved e x p e r i m e n t -  
a l ly  w h e n  m o l t e n  s i l icon contacts  qua r t z  e q u i p m e n t  
as one of the  process ing steps. 

T a n t a l u m  as an I m p u r i t y  in  S i l icon  

Li t ton  and  A n d e r s e n  (1) have  ind ica ted  t ha t  the re  
is a d i scon t inuous  a l loy zone fo rmed  at the  t a n t a l u m -  
si l icon in te r face  d u r i n g  deposit ion.  N e u t r o n  ac t iva -  
t ion  ana lyses  of si l icon r emoved  f rom our  t a n t a l u m  
rods showed tha t  t a n t a l u m  was present ,  an d  ap -  
p a r e n t l y  in  va r i ab l e  a m o u n t s  2 which  suppor ts  the i r  
observa t ion .  In  order  to d e t e r m i n e  the  effect of oc- 
c luded al loy or metal ,  a s i l icon me l t  was  doped wi th  
a smal l  piece of t a n t a l u m  me ta l  w h e n  the  crys ta l  was  
pa r t i a l l y  g rown  (14).  Tab le  III  gives da ta  for the  
e lectr ical  proper t ies  of this  c rys ta l  before  and  af ter  
t a n t a l u m  doping.  The re  is on ly  a m i n o r  change  in  
the  res i s t iv i ty  of the  silicon, bu t  the  l i fe t ime of the  
m i n o r i t y  car r ie rs  has dropped r a the r  d ramat i ca l ly .  

A n  n - t y p e  i m p u r i t y  in  the  t a n t a l u m  me ta l  could 
conce ivab ly  be diffusing th rough  the  me ta l - s i l i con  
in te r face  to cause the low resis t ivi t ies  of Tab le  II. 
Two samples  of iodide si l icon p r epa red  on t a n t a l u m  
f rom dis t i l led  t e t ra iod ide  made  f rom D u P o n t  h y p e r -  
p u r e  s i l icon showed tha t  this  was  no t  so, however .  
The  res i s t iv i ty  r ange  for an  n - t y p e  s ingle  crys ta l  
was  114-8 ohm-cm,  whi le  a p - t y p e  crys ta l  of ano the r  
sample  was in  the  r ange  200-100 ohm-cm.  

Because of the  t a n t a l u m  c o n t a m i n a t i o n  we decided 
to use ano the r  k i n d  of deposi t ion  surface  to t ry  to 
avoid a n y  adverse  inf luence  t a n t a l u m  migh t  have  on 
the l i fe t ime proper t ies .  Quar tz  is used at m u c h  
h igher  t e m p e r a t u r e s  in  the  crys ta l  g rowing  opera -  
t ion  t h a n  is needed  for the  decomposi t ion  of si l icon 
te t ra iodide ,  so it seemed reasonab le  to use it for the  
l a t t e r  opera t ion  because  the  r e q u i r e m e n t s  are  no t  
n e a r l y  so severe. Decomposi t ion  on qua r t z  was  used 
for  all  succeeding  samples  discussed in  this  paper .  

Iodide S i l icon  Made  f r o m  Recry s ta l l i z ed  

Si l icon Te tra iodide  

Residua l  so lvent  was  r emoved  f rom two samples  
of rec rys ta l l i zed  si l icon te t ra iod ide  by  hea t ing  to the  
boi l ing  po in t  and  d is t i l l ing  a smal l  por t ion  to pu r ge  
the  appara tus .  The  first sample  of Tab le  IV indica tes  
tha t  two rec rys ta l l i za t ions  f rom a so lvent  are more  
effective t h a n  d is t i l l a t ion  in  a 12 p la te  column,  s ince 
this  m a t e r i a l  conta ins  less t h a n  one-f i f th  as m a n y  
excess n - t y p e  impur i t i e s  as the  best  examp l e  of 
Tab le  II. [The  mob i l i t y  of the  c u r r e n t  car r ie rs  de-  
creases as the  res i s t iv i ty  drops  in  this  r ange  (9) . ]  A 

2 W. W. Schu l t ze  p e r f o r m e d  t he  n e u t r o n  a c t i v a t i o n  ana lys i s .  

1 Recrystallized twice 
from toluene as 
a coarse powder;  
washed each time 
wi th  3 portions of 
n -hep tane  

2 b Recrystallized twice 
from commercial  
heptane, and then 
6 times from n -  
heptane 

n 5 max. 

n 94-130-94-22 200-75 

a SiI4 m a d e  f r o m  99.8% E l e c t r o m e t  S i  aAd d e p o s i t e d  on  quar tz .  

b SiI4 decomposed  a t  120O~ 

deta i led  s tudy  of the  effect iveness of two r ec rys t a l -  
l izat ions f rom other  solvents  was  no t  car r ied  out, b u t  
we be l ieve  tha t  all  wou ld  be a p p r o x i m a t e l y  equa l ly  
effective. 

Eight  rec rys ta l l i za t ions  f rom two k inds  of hep t ane  
resu l t ed  in  the  second sample  of Tab le  IV which  
shows tha t  the p u r i t y  of the  t e t ra iod ide  is a f unc -  
t ion  of the  n u m b e r  of recrys ta l l iza t ions .  This  sample  
had  the same t r e a t m e n t  as No. 4 of Tab le  V except  
for the  d i s t i l l a t ion  step in  the  l a t t e r  which  seems to 
have  r emoved  the  n - t y p e  impur i t y .  Superf ic ia l ly  the  
n - t y p e  sample  appears  p u r e r  because  it  has abou t  
4 x 10 '~ excess car r ie rs  per  cubic cen t imete r ,  whi le  
the  dis t i l led  p - t y p e  sample  has a p p r o x i m a t e l y  7 x 
10 TM excess carr iers .  Actua l ly ,  the n - t y p e  sample  
migh t  have  as m u c h  as 11 x 10 TM n - t y p e  car r ie rs  of 
which  7 x 10 TM are  compensa ted  by  p - t y p e  carr iers .  

Table V. Electrical properties of single crystals of iodide silicon 
prepared from recrystallized and distilled silicon tetraiodide ~ 

S a m p l e  R e s i s t i v i t y ,  L i f e t i m e  of m i n o r i t y  
No. Type  ohm-e ra  car r ie rs ,  #see 

35 g lots of Si; 
n -hep tane  and commercial  heptane as solvents: 

i b' ' p 420-700-1700 
2 ~ p 150-135-680 
3 ~ n 170-255-220 2000-2500 
4 e p 200-80 250-75 

200 g lots of Si; n-heptane as solvent: 

5 n 75-30 
6 n 150-140 300-500 (seed end) 
7 p 450-180 250-150 (middle-sprout)  
8 p 250-50 750-300 

200 g lots of Si; benzene as a solvent: 
9 p 650-425-550 280-230 (seed-middle)  

10 p 245-85 110-25 

a SiIa m a d e  f r o m  99.8% E l e c t r o m e t  Si ,  r e c r y s t a l l i z e d  t w i c e  excep t  
w h e r e  no ted ,  d i s t i l l e d  i n  12 p l a t e  q u a r t z  co lum n ,  a n d  decomposed 
on  quar tz .  

b N o r m a I  heptane used as so lven t .  

c C o m m e r c i a l  h e p t a n e  u sed  as so lven t .  

D i s t i l l e d  n - h e p t a n e  u sed  as so lven t .  

* Rec rys t a l l i z ed  2 X  f r o m  c o m m e r c i a l  h e p t a n e ,  6X f r o m  n - h e p t a n e .  

? Quar t z  f lask u sed  fo r  r ee rys t a l l i za t i on .  
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If this  l a t t e r  p ic tu re  is correct,  the  p - t y p e  dis t i l led  
sample  r ea l l y  is the  pure r ,  of course. 

Iodide Silicon Made f rom Recrystall ized and 

Distilled Silicon Tetraiodide 

Table  V conta ins  da ta  for e x p e r i m e n t s  in  wh ich  
two rec rys ta l l i za t ions  were  combined  wi th  d i s t i l l a -  
t ion  in  a 12 p la te  qua r t z  co lumn  as the  pur i f ica t ion  
steps. Compar ing  these resul t s  w i th  those of Tab le  
I I  it  is c lear  t ha t  two rec rys ta l l i za t ions  are  exe r t ing  
a ve ry  p ro found  effect on the qua l i t y  of si l icon p ro -  
duced. A p p a r e n t l y  the  m a i n  func t i on  of r ec rys t a l -  
l iza t ion  is the  r emova l  of n - t y p e  impur i t i es .  

In  all  bu t  one of the  e x p e r i m e n t s  P y r e x  flasks 
were  used for the  recrys ta l l iza t ions .  As the  n e x t  sec- 
t ion  shows there  is some reason  to be concerned  
abou t  the  ex t rac t ion  of impur i t i e s  f rom Pyrex ,  so one 
set of the  rec rys ta l l i za t ions  was pe r fo rmed  in  quar tz .  
Sample  1 shows tha t  no m a r k e d  i m p r o v e m e n t  over  
o ther  samples  was  rea l ized by  this  t r e a t m e n t .  

The  solvents  used migh t  also place a l imi t  on the  
pur i f ica t ion  of the  te t ra iodide.  For  this  reason the  
n - h e p t a n e  for sample  2 was  ca re fu l ly  dis t i l led  
before  use, bu t  no decrease  in  i m p u r i t y  con ten t  was  
detected.  

Since inc reas ing  the  n u m b e r  of rec rys ta l l i za t ions  
had  i m p r o v e d  the  qua l i t y  w h e n  this  was  the  sole 
pur i f ica t ion  used (cf. Tab le  IV) ,  e ight  r ec rys ta l l i za -  
t ions  were  combined  w i t h  a d i s t i l l a t ion  for sample  
4 for Tab le  V. A p p a r e n t l y  two rec rys ta l l i za t ions  are 
as effective as more  w h e n  combined  wi th  d i s t i l l a t ion  
because  sample  4 showed no i m p r o v e m e n t .  

One  r a t h e r  serious cr i t ic ism of the  first th ree  s am-  
ples of Tab le  V is t ha t  they  are  obvious ly  c o m p e n -  
sated because  the  res is t iv i t ies  t end  to increase  in  
some por t ion  of the  crys ta l  p roceeding  f rom seed end  
to sprout  ( the  por t ion  which  freezes las t ) .  This  diffi- 
cu l ty  was  r a the r  c o m m o n  for the  smal le r  size lots 
p repared ,  bu t  it seemed to resolve  i tself  in  the  l a rge r  
batches.  I t  m a y  s imply  reflect a somewha t  improved  
opera t ing  efficiency in  the  l a rger  d i s t i l l a t ion  column.  

I t  was shown that ,  w i th  ve ry  carefu l  p r e p a r a -  
t ion  of h igh res i s t iv i ty  crystals ,  boron  c o n t a m i n a t i o n  
f rom the  cruc ib le  a m o u n t e d  to on ly  2 to 3 x 10 TM 

a toms /cc  of si l icon (14,13) .  This  corresponds  so 
closely to the  be t t e r  res is t iv i t ies  for p - t y p e  crys ta ls  
tha t  c o n t a m i n a t i o n  f rom the  cruc ib le  m a y  l imi t  the  
resul t s  achieved for m a n y  crys ta ls  of this  work.  
[Data  for crysta ls  w i th  h igher  resis t ivi t ies ,  however ,  
are  con ta ined  in  a pape r  by  Her r i ck  and  K r i e b l e  
(15) .] 

In  any  even t  the  chief i m p u r i t y  lef t  in  our  best  
p - t y p e  samples  is p r o b a b l y  boron.  If th is  a s sumpt ion  
is correct,  the  best  sample  of Tab le  V has at least  4 
boron  a toms per  t en  b i l l ion  si l icon atoms, wh ich  is 
a decrease  in  the  bo ron  con ten t  by  a factor  s l ight ly  
g rea te r  t h a n  4000 compared  to the  or ig ina l  s i l icon 
and  r ep resen t s  on ly  a modes t  i m p r o v e m e n t  over  
d is t i l ra t ion a lone  for pur i f icat ion.  

Iodide Silicon Made f rom Silicon Tetraiodide 

Distilled in Pyrex  

The d i s t i l l a t ion  co lumn  for this  w o r k  was  a P y r e x  
dupl ica te  of the  l a rge r  of our  qua r t z  columns.  

ELECTRICAL PROPERTIES OF HIGH-PURITY Si 1041 

Table VI. Electrical properties of single crystals of iodide silicon 
prepared from silicon tetraiodide distilled in Pyrex a 

L i f e t i m e  
S a m p l e  R e s i s t i v i t y ,  of  m i n o r i t y  

No. T y p e  o h m - c m  carr iers , /~sec  

Recrystallized samples: 
1 ~ p outside 3000-120 

n core not measured 

2 ~ p outside 1200-1800-25 
n core not  measured 

3 ~ p outside 2200-3500-250 
n core 11-140-35 

Zone melted samples: 
4 ~ p 125-46 150 (seed end) 

56, r p 200-50 100-10 

a 12 p l a t e  P y r e x  s t i l l  u sed  fo r  a l l  s a m p l e s  

b Rec rys t a l l i z ed  2X f r o m  to luene .  

c R e e r y s t a l l i z e d  2 X  f r o m  c o m m e r c i a l  h e p t a n e ;  d e c o m p o s i t i o n  a p -  
p a r a t u s  b r o k e  a t  800"C e x p o s i n g  s a m p l e  to  a i r ;  e t ched  12% f r o m  
s a m p l e  u sed  to  g r o w  crys ta l .  

a Rec rys t a l l i z ed  2X f r o m  n - h e p t a n e ;  s a m p l e  exposed  to air  at  
400~ w h e n  d e c o m p o s i t i o n  a p p a r a t u s  b roke .  

e No r e c r y s t a l l i z a U o n  s t e p  u s e d ;  Si  zone m e l t e d  w i t h  5 zones.  

f SiI4 r e c o v e r e d  f r o m  firs t  a n d  t h i r d  cuts  of  p r e v i o u s  d i s t i l l a t i ons .  

The  complex  p a t t e r n  of e lectr ical  res is t iv i t ies  ob -  
served in  the  first th ree  samples  of Tab le  VI is p r o b -  
ab ly  caused by  the  presence  of t races  of bo th  donor  
a nd  acceptor  impur i t i e s  which  segregate  a t  differ ing 
ra tes  f rom l iqu id  si l icon as it  c i rcula tes  b y  the  g row-  
ing c rys ta l  to p roduce  compensa ted  p - t y p e  crys ta ls  
n e a r  the  surface  w i th  n - t y p e  cores of m u c h  lower  r e -  
s is t ivi ty.  To luene  has no t  been  t h o r o u g h l y  inves t i -  
gated as a so lvent  for si l icon te t ra iod ide  in  this  work ,  
and,  as the  notes  indicate ,  difficulties we re  expe r i -  
enced in  h a n d l i n g  the  o ther  two samples.  A s ingle  
c rys ta l  could not  be  g r ow n  f rom sample  2 before  i t  
was  etched. In  spi te  of these  difficulties we  be l ieve  
tha t  these  da ta  are  charac ter i s t ic  of iodide si l icon 
m a d e  f rom P y r e x - d i s t i l l e d  te t ra iodide .  

Samples  4 and  5 were  zone me l t ed  ~ af ter  the i r  
p r e p a r a t i o n  f rom si l icon te t ra iod ide  tha t  was  p u r i -  
fied by  d is t i l l a t ion  in  the  P y r e x  co lumn.  This t r e a t -  
m e n t  effect ively r emoves  n - t y p e  impur i t i e s  and  re -  
veals  the  a m o u n t  of bo ron  p resen t  as a p - t y p e  i m -  
pur i ty .  Whi le  the  res is t iv i t ies  of these samples  are 
no t  the  best  t ha t  have  been  ob ta ined  in  this  work,  
it is c lear  tha t  the  ex t rac t ion  of bo ron  f rom P y r e x  
glass is no t  a serious p r o b l e m  even  t h o u g h  bor ic  
oxide is a m a j o r  cons t i t uen t  of this  k i n d  of glass. 

Since the  first th ree  samples  exh ib i t ed  a k i n d  of 
compensa t ion  which  was  no t  observed  in  comparab le  
samples  p r e p a r e d  f rom te t ra iod ide  dis t i l led  in  quar tz  
equ ipmen t ,  it  seems tha t  the  ex t r ac t ion  of an  n - t y p e  
i m p u r i t y  f rom P y r e x  is the  rea l  p roblem.  G r e en  and  
Kafa las  (12) h a v e  shown  tha t  g e r m a n i u m  t e t r a -  
chlor ide can ex t rac t  a rsenic  f rom P y r e x  glass, and  
they  have  also exp la ined  the  ear l ie r  resu l t s  of Clu ley  
and  Chi rns ide  (16) who found  tha t  P y r e x  e q u i p m e n t  
was  no t  su i t ab le  for the  r e mova l  of t races  of a rsenic  
even  though  r e a s o n a b l y  effective for  r e l a t i ve ly  la rge  
amounts .  A s s u m i n g  tha t  the  arsenic  is p r e sen t  as 
the  pen tox ide  in  Pyrex ,  t h e r m o d y n a m i c  es t imates  

3W.  C. D a s h  p e r f o r m e d  these  o p e r a t i o n s  a n d  e v a l u a t e d  t h e  
m a t e r i a l .  
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of the  free ene rgy  of ex t rac t ion  of a rsenic  as the  t r i -  
iodide are more  favorab le  for si l icon t e t ra iod ide  t h a n  
for g e r m a n i u m  te t rachlor ide .  (Of course, it  can also 
be es t imated  tha t  the  free ene rgy  for the  ex t rac t ion  
of boron  as the  t r i iodide  is favorab le . )  Whi le  the  
p re sen t  w o r k  does not  u n e q u i v o c a l l y  d e m o n s t r a t e  
the  ex t r ac t ion  of an  n - t y p e  i m p u r i t y  f rom Pyrex ,  
we  feel tha t  this  is the  rea l  p rob l em r a t h e r  t h a n  the  
ex t r ac t ion  of bo ron  even  though  this  m a y  indeed  
seem l ike  a paradox.  

I n  v iew of these c o m m e n t s  on the  use of P y r e x  
glass for d is t i l la t ion,  the  use of P y r e x  rec rys ta l l i z -  
ing e q u i p m e n t  m a y  seem ques t ionable .  The bes t  r e -  
sul ts  were  ob ta ined  w h e n  rec rys ta l l i za t ion  was fol-  
lowed by  d is t i l l a t ion  of the  si l icon te t ra iodide ,  and  
all  t ha t  was  d e m a n d e d  of r ec rys ta l l i za t ion  is an  u p -  
g rad ing  of the  qua l i t y  of si l icon te t ra iod ide  r a t h e r  
t h a n  p rov id ing  the  u l t i m a t e  in  pur i ty .  If r e c ry s t a l -  
l iza t ion a lone  were  to be used for pur i f ica t ion  it 
migh t  be des i rab le  to use qua r t z  e q u i p m e n t  a nd  
specia l ly  pur i f ied solvents .  

Iodide Silicon Made from Silicon Tetraiodide 
Purified by Zone Melting 

The zone m e l t i n g  e q u i p m e n t  differs f rom the  k i n d  
descr ibed  b y  R u b i n  and  Moates (3) .  The m a i n  qua r t z  
tube ,  2% in. OD by  36 in. long, was  held  in  a ho r i -  
zonta l  pos i t ion  and  was  not  qu i te  hal f  filled by  2.5 
kg of s i l icon te t ra iodide.  A l t e r n a t e  f reez ing  a nd  
t h a w i n g  caused no t r oub l e  w i th  t u b e  breakage .  The  
ra te  of zone t r ave l  va r ied  b e t w e e n  0.68 and  1.14 iph, 
bu t  most  of the  t ime  it was  kept  ve ry  n e a r l y  at  0.80 
iph. The gas space above the  iodide was  con t inuous ly  
flushed wi th  40-50 c c / m i n  of hydrogen .  

Af te r  t en  zones had  passed down the  t u b e  ( two 
passes of a 5 e l emen t  hea t ing  u n i t ) ,  most  of the  first 
40% of the si l icon te t ra iod ide  was a l ight  clear  ye l -  
low wi th  a smal l  wedge  of sa lmon  p i n k  ma te r i a l  
t owards  the  midd le  of the  tube.  The  " i m p u r e "  end  of 
the  t ube  was  sa lmon  p i n k  to red  in  color, and  this  
po r t ion  was  r emoved  first by  ro ta t ing  the  t u b e  180 ~ 
abou t  its long  axis, t i pp ing  sl ightly,  and  me l t i ng  the  
i m p u r e  t e t ra iod ide  w i th  an  air  gas flame. The t u b e  
was  t h e n  t ipped  in  the  opposite d i rec t ion  and  the  
"pure"  t e t ra iod ide  was t r a n s f e r r e d  to the  appa r a t u s  
used  for decomposi t ion  on quartz .  

A s ingle  crys ta l  p r e p a r e d  f rom the  p roduc t  was  
p - t y p e  over  its en t i r e  l e n g t h  and  had  the  fo l lowing 
res i s t iv i ty  profile: (seed end)  20-20-20-20-20-100  
( sprout  end) .  The r e l a t i ve ly  u n i f o r m  res i s t iv i ty  
va lues  ind ica te  tha t  boron  is the  i m p u r i t y  con t ro l l ing  
this  p r o p e r t y  except  n e a r  the  sprou t  end, where  
compensa t ion  resul t s  f rom the segregat ion  of an  
n - t y p e  impur i t y .  

A r a t h e r  bad  fea tu re  of the  p resen t  e q u i p m e n t  is 
the  a m o u n t  of back  diffusion occur r ing  in  the  gas 
phase  as ev idenced  by  n e e d l e - l i k e  crys ta ls  g rowing  
above  the  sur face  of the  re f rozen  te t ra iodide .  I m p u -  
r i t ies  tha t  are more  vo la t i l e  t h a n  si l icon te t ra iodide ,  
such as boron  t r i iodide,  wou ld  c o n t a m i n a t e  these  
needles  r e su l t i ng  in  a sma l l e r  degree  of pur i f ica t ion  
t h a n  ac tua l ly  real ized b y  the  zone mel t ing .  

In  spite of the  l imi t a t ions  of the e q u i p m e n t  used  
in  this  work,  the  pur i f ica t ion  achieved is impress ive .  
The  n - t y p e  impur i t i e s  have  been  effect ively e l imi -  

nated,  and  the  bo ron  con ten t  has been  reduced  by  a 
factor  of a p p r o x i m a t e l y  130 since 20 o h m - c m  cor-  
responds  to abou t  1.3 boron  a toms per  h u n d r e d  m i l -  
l ion si l icon atoms. If the  same rat io  c on t i nued  for 
t en  add i t iona l  zone passes, the r e j ec t ion  of bo ron  
wou ld  be impress ive  indeed.  

Accord ing  to P f a n n  (17),  the  boron  con ten t  wi l l  
have  reached  some e q u i l i b r i u m  d i s t r i bu t ion  a f te r  a 
sufficient n u m b e r  of zones have  passed t h r o u g h  a ba r  
of te t ra iodide,  de pe nd i ng  on its d i s t r i bu t i on  coeffi- 
c ient  and  the  ra t io  of zone l e n g t h  to bar  length .  In  
our  e q u i p m e n t  the  zones were  a p p r o x i m a t e l y  one 
t e n t h  as long as the  quar tz  tube.  Rubin ,  lYioates, and  
W e i n e r  (3) have  g iven  two figures for the  d i s t r i bu -  
t ion  coefficient of boron  in  a si l icon te t ra iod ide  m a -  
t r ix :  0.16 • for the  boron  con ta ined  in  a sample  
of c rude  te t ra iodide,  and  0.42 •  for a bo ron  t r i -  
iodide doped sample.  At  equ i l i b r ium,  zone m e l t i n g  
would  reduce  the  average  boron  con ten t  of the  first 
40% of the  ba r  by  a factor  2.3 x 10 ~ for the  first 
coefficient, and  4.1 x 10 ~ for the  second. The re  is room 
for a modes t  a m o u n t  of i m p r o v e m e n t  or a rea l ly  
s ignif icant  i m p r o v e m e n t  depending ,  appa ren t ly ,  on 
the chemica l  species con t a in ing  the  boron.  

I t  is in te res t ing ,  a l though  pe rhaps  superficial ,  t ha t  
both  rec rys ta l l i za t ion  f rom solvents  and  zone m e l t -  
ing seem to be p a r t i c u l a r l y  effective in  r e m o v i n g  
n - t y p e  i m p u r i t y  iodides f rom si l icon te t ra iodide .  
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ABSTRACT 

Selenides  of La, Er,  and Y, and te l lur ides  of La, Er, Gd, and Y were  p r e -  
pared  by  direct  reac t ion  of the elements .  Measured  e lect r ica l  character is t ics  in-  
dicate semiconduct ing behavior ,  wi th  the poss ib i l i ty  tha t  a wide range of p r o p -  
er t ies  can be obta ined wi th in  these series of r a re  ea r th  compounds.  Observed 
r o o m - t e m p e r a t u r e  resist ivi t ies,  for  example ,  r anged  f rom about  10 -4 ohm-cm 
for La~Te~ and ErSe to the insula tor  range  for Y~Se3. Al l  the compounds p r e -  
pared  possess high mel t ing  points  (1400~176 and exhib i t  good the rmal  
s tabi l i ty .  The dissociat ion pressure  of Gd.~Te~ at i ts mel t ing  poin t  appears  to be 
as low as 0.01 arm. 

S e m i c o n d u c t o r s  w i t h  i n t e r e s t i n g  and  p o t e n t i a l l y  
use fu l  p r o p e r t i e s  h a v e  been  f o u n d  w i t h i n  a n u m b e r  
of c lasses  of i n t e r m e t a l l i c  compounds .  S e v e r a l  of 
these  g roups  of compounds ,  n o t a b l y  t he  I I I - V ' s  a n d  
I I -VI ' s ,  a r e  c u r r e n t l y  r e c e i v i n g  c o n s i d e r a b l e  a t t e n -  
t ion.  This  is t he  i n i t i a l  r e p o r t  on a s t u d y  w h i c h  is 
c o n c e r n e d  w i t h  t he  e l e c t r i c a l  p r o p e r t i e s  of a g r o u p  
of c o m p o u n d s  w h i c h  has,  to date ,  r e c e i v e d  l i t t l e  
a t t e n t i o n - - n a m e l y ,  b i n a r y  i n t e r m e t a l l i c  c o m p o u n d s  
con t a in ing  a r a r e - e a r t h  e l ement .  Speci f ica l ly ,  th is  
p a p e r  dea l s  w i t h  t he  p r e p a r a t i o n  and  o b s e r v e d  e l ec -  
t r i c a l  p r o p e r t i e s  of t he  se len ides  of La,  Er,  and  Y, 
and  the  t e l l u r i d e s  of La,  Er,  Gd,  and  Y. 

Preparation 
The  c o m p o u n d s  w e r e  f irst  p r e p a r e d  in g r a n u l a r  

f o r m  b y  r e a c t i n g  s e l e n i u m  or  t e l l u r i u m  v a p o r  w i t h  
f i l ings of t he  r a r e  e a r t h  m e t a l  a t  m o d e r a t e  t e m p e r a -  
tures .  The  a d v a n t a g e  of i n c r e a s e d  r e a c t i o n  r a t e  was  
though t ,  for  these  i n i t i a l  e x p e r i m e n t s ,  to o v e r c o m e  
a n y  d i s a d v a n t a g e  of c o n t a m i n a t i o n  t h r o u g h  filing. 
Reac t ions  w e r e  c a r r i e d  out  in sea led ,  e v a c u a t e d  V y -  
cor  tubes ,  w h i c h  w e r e  d e s i g n e d  so as to m a i n t a i n  
p h y s i c a l  s e p a r a t i o n  of t he  l i qu id  s e l e n i u m  or  t e l l u -  
r i u m  and  the  sol id  r a r e  e a r t h  me ta l .  This  m e a s u r e  
was  t a k e n  to p r e c l u d e  the  pos s ib i l i t y  of the  r ap id ,  
v io l en t  r e a c t i o n  w h i c h  t a k e s  p l ace  on d i r ec t  con tac t  
of t he  condensed  phases .  To c a r r y  out  t he  d e s i r e d  
reac t ion ,  v a p o r  of the  m e t a l l o i d  was  d i s t i l l ed  ove r  
t he  r a r e  e a r t h  m e t a l  f i l ings;  t e m p e r a t u r e  was  i n -  
c r ea sed  s l o w l y  to 950~ ove r  a p e r i o d  of a b o u t  24 h r  
and  was  he ld  a t  th is  l e v e l  for  an  a d d i t i o n a l  72 hr .  

The  g r a n u l a r  r e a c t i o n  p r o d u c t  was  t h e n  m e l t e d  
d o w n  and  cast  in to  ingots  to o b t a i n  b u l k  spec imens  
w h i c h  w e r e  s u i t a b l e  for  e l ec t r i ca l  eva lua t i on .  The  
m e l t i n g  was  done  in t a n t a l u m  or  g r a p h i t e  con t a ine r s  
u n d e r  a r g o n  at  1 a rm p r e s s u r e ;  i nduc t i on  h e a t i n g  
was  used.  A l t h o u g h  r e l a t i v e l y  h igh  t e m p e r a t u r e s  
w e r e  invo lved ,  r e s idence  t i m e s  at  t e m p e r a t u r e  w e r e  
short .  U n d e r  these  condi t ions ,  t h e r e  was  l i t t l e  e v i -  
dence  of r e a c t i o n  b e t w e e n  the  c o m p o u n d s  and  p r o -  
p e r l y  ou tgas sed  t a n t a l u m  (i.e., t a n t a l u m  w h i c h  h a d  
been  ou tgas sed  above  1600~ in a h a r d  v a c u u m ) .  

G r a p h i t e  also a p p e a r e d  to be  s a t i s f a c t o r y  as a con-  
t a i n e r  m a t e r i a l .  

P r o c e d u r e s  d i scussed  to th is  po in t  w e r e  used  for  
i n i t i a l  p r e p a r a t i o n s  of t h e  compounds .  A d d i t i o n a l  
s tud ies  conce rned  w i t h  m o r e  re f ined  p r e p a r a t i o n  
and  c h a r a c t e r i z a t i o n  of t he  c o m p o u n d s  a r e  in p r o -  
gress .  I n i t i a l  w o r k  of th i s  t y p e  w a s  done  w i t h  g a d o -  
l i n i u m  t e l lu r ide .  T a b l e  II ,  d i scussed  in g r e a t e r  
d e t a i l  l a t e r ,  i nc ludes  d a t a  for  a ser ies  of spec imens  
of th is  c o m p o u n d  t a k e n  f r o m  ingots  w h i c h  w e r e  
p r e p a r e d  u n d e r  v a r i o u s  cond i t ions  n o t e d  in  t he  
tab le .  The  f irst  of t he se  spec imens  w a s  t a k e n  f r o m  
an  ingo t  w h i c h  was  p r e p a r e d  b y  d i s t i l l i ng  t e l l u r i u m  
v a p o r  ove r  m o l t e n  g a d o l i n i u m  me ta l .  S ince  t e m p e r -  
a t u r e  of t he  p r o t e c t i v e  q u a r t z  e n v e l o p e  was  no t  
con t ro l l ed ,  t he  p r e s s u r e  of t e l l u r i u m  v a p o r  p r e v a i l -  
ing d u r i n g  th is  i n i t i a l  e x p e r i m e n t  is no t  k n o w n .  The  
r e m a i n i n g  spec imens  w e r e  cu t  f r o m  ingo t s  w h i c h  
w e r e  cas t  b y  c a r e f u l l y  c o n t r o l l e d  d i r e c t i o n a l  f r e e z -  
ing  u n d e r  v a r i o u s  k n o w n  p r e s s u r e s  of t e l l u r i u m  
vapor .  F r e e z i n g  r a t e s  v a r y i n g  f r o m  ~/2 in. to 1-1/2 
i n . / h r  w e r e  used.  I n  th is  r ange ,  c r y s t a l l i z a t i o n  r a t e  
d id  no t  a p p e a r  to h a v e  a s ign i f ican t  effect  on p r o p e r -  
t ies  of t he  compound .  

W h e r e a s  t a n t a l u m  a p p a r e n t l y  h a d  b e e n  s a t i s f a c -  
t o r y  as a c o n t a i n e r  m a t e r i a l  in  w h i c h  s i m p l e  m e l t i n g  
of t he  c o m p o u n d s  could  be  c a r r i e d  out, t he  t a n t a l u m  
boa t s  w e r e  a t t a c k e d  s e v e r e l y  d u r i n g  the  p r o l o n g e d  
p e r i o d s  of e x p o s u r e  to  t e l l u r i u m  v a p o r  e n c o u n t e r e d  
in f r eez ing  t h e  ingots  d i r e c t i o n a l l y .  G r a p h i t e  con-  
t a i n e r s  a p p e a r e d  to be  m o r e  s a t i s f a c t o r y  for  t h i s  
p u r p o s e  s ince  t h e y  w e r e  no t  a t t a c k e d  no t i ceab ly .  

Physical Properties 
M e l t i ng  po in t s  h a v e  been  d e t e r m i n e d  fo r  t h r e e  of  

t he  compounds .  In  m a k i n g  the  d e t e r m i n a t i o n s ,  spec -  
i m e n s  w e r e  p l a c e d  in a h o r i z o n t a l  c y l i n d r i c a l  c a v i t y  
at  a d e p t h  e q u a l  to 12 t i m e s  t h e  d i a m e t e r  of t h e  
c a v i t y  so as to o b t a i n  n e a r  b l a c k - b o d y  cond i t ions  
(1 ) .  The  spec imens  w e r e  of t r i a n g u l a r  cross  sec t ion  
a n d  w e r e  s u p p o r t e d  b y  c on t a c t  of the  edges  w i t h  t he  
w a l l  of t he  cav i ty .  I n c i p i e n t  m e l t i n g  a t  t he  edges  
p r o d u c e d  r e a d i l y  d e t e c t a b l e  m o v e m e n t  of t h e  spec i -  
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Table I. Observed electrical properties (measured at room temperature) rare earth selenides and tellurides 

R H ,  p ,  ~t, a ,  ~?, 
C o m p o u n d  a m  3 c o u 1 - 1  o h m - e r a  c m  2 v -1 s e c  -1 ~ v d e g  -1  c m - ~  

LapSe, Negative 0.024 ~ - -  ~3  X 10 ~ 
EraSe8 Positive 7.9 ~ - -  - -  
ErSe Negative 1.7 X 10 -~ ~ - -  ~10 ~~ 
Y~Se~ (Insulator)  
La~Te3 Negative 1.9 X 10-' ~ --30 ~102~ 
Gd~Te~ --3.25 0.019 170 --26 2 X 10 TM 

Gd~Te. + 3.3 0.2 17 ) +200 2 >< 10 TM 

Er~Te~ Negative 1.1 X 10 -~ - -  - -  ~10 ~9 
Y~Te~ --1400 10.0 140 - -  4 • 10 TM 

mens.  T e m p e r a t u r e s  were  m e a s u r e d  b y  means  of an  
optical  p y r o m e t e r  and  are e s t ima ted  to have  an  ac-  
curacy  of ----_ 25~ Values  ob ta ined  were :  1520~ for 
the  m e l t i n g  po in t  of Er~Se~, 1420~ for  Gd~Te~, and  
1525~ for Y~Te~. Ind i r ec t  observa t ions  m a d e  in  the  
course of the  p r e p a r a t i v e  work  ind ica te  t ha t  me l t i ng  
poin ts  for some of the  o ther  compounds  m a y  be 
higher ,  r a n g i n g  up  to abou t  2000~ 

T h e r m a l  conduc t iv i ty  of Gd=Te~ has been  de t e r -  
m i n e d  at room t e m p e r a t u r e  by  use  of the  " Z - m e t e r "  
(2, 3). Values  for n -  and  p - t y p e  spec imens  were  
found  to be 0.026 and  0.023 wat t s  cm -~ deg -~, respec-  
t ively.  Since the la t t ice  componen t  of t h e r m a l  cor~- 
duc t iv i t y  u sua l l y  p r e d o m i n a t e s  at room t e m p e r a -  
t u r e  for ma te r i a l s  of this  type, the n e a r l y  iden t ica l  
va lues  are  to be expected.  

Elect r ica l  Propert ies 

Table  I p resen t s  a t a b u l a t i o n  of e lect r ical  p r o p e r -  
ties observed  for some of the  se lenides  and  t e l l u r -  
ides in  the i r  in i t i a l  p r epa ra t ions  as po lycrys ta l l ine ,  
cast ingots.  I t  wi l l  be  no ted  tha t  res is t iv i t ies  for the  
sesquise lenides  are somewha t  h igher  t h a n  those for 
the  co r respond ing  te l lur ides .  In  genera l ,  r es i s t iv i -  
ties, in  bo th  classes of compounds ,  increase  w i th  
progress ion  t h r o u g h  the  ra re  ea r th  series, the  y t -  
t r i u m  compounds  fa l l ing  at the  end. 

The  res i s t iv i ty  of Y~Se3 appears  to be  in  the  i n -  
su la tor  range.  In  a t t empt s  to e l im ina t e  possible  h igh  
contact  res is tance,  a n u m b e r  of d i f fe rent  me thods  of 
con tac t ing  spec imens  of this c o m p o u n d  were  used. 
Var ious  t echn iques  explored  u t i l ized  p ressure  con-  
tacts  w i th  probes  of Pt,  W, Mo, Cu, Fe, AI; contacts  
of conduc t ing  s i lver  pa in t ;  leads of Cu, W, Fe  ap -  
pl ied b y  spot we ld ing ;  solder contacts  of P b - S n ,  In, 
AI, Ga appl ied  w i th  var ious  fluxes by  both  n o r m a l  

and  u l t rason ic  so lder ing  techniques .  However ,  
u n d e r  appl ied  po ten t ia l s  up  to 60 v, the re  was  in  no 
ins tance  a de tec tab le  c u r r e n t  t h r ough  the  sample.  

A t  the  o ther  ext reme,  res i s t iv i ty  for  the  m o n o -  
se lenide  of e r b i u m  was f ound  to be qu i t e  low. Low 
res is t iv i t ies  w ou l d  be expec ted  for the  1:1 com-  
pounds  if on ly  two of the  va lence  e lec t rons  of the  
r a r e - e a r t h  a tom are invo lved  in  the chemica l  bonds,  
l e av ing  the th i rd  free to act  as a charge  ca r r i e r  w i th  
r a the r  low ac t iva t ion  energy.  I ande l l i  (4) also con-  
c luded tha t  this  was the  case t h r ough  ana lys i s  of 
s t ruc tu res  and  i n t e r a t omi c  spacings  for the  c e r i u m -  
group compounds .  

Seebeck coefficients we re  m e a s u r e d  over  a r ange  
of t e m p e r a t u r e s  for spec imens  of Gd~Te~ a nd  La~Te~ 
and  were  found  to r e m a i n  cons tan t  up  to 450 ~ and  
525~ respect ively ,  the  h ighes t  t e m p e r a t u r e s  to 
which  m e a s u r e m e n t s  were  ex tended.  H i g h - t e m p e r a -  
t u r e  the rmoe lec t r i c  p roper t i es  of these  r a r e  ea r th  
compounds  m a y  be of p rac t ica l  in te res t  and  are be -  
ing inves t iga ted  cu r ren t ly .  

I t  wi l l  be  no ted  tha t  ca r r i e r  concen t ra t ions  for 
most  of the  spec imens  are  high. In  syn thes iz ing  the  
compounds ,  h i g h - p u r i t y  s e l en ium a nd  t e l l u r i u m  
were  used (i.e., be t t e r  t h a n  99.99%).  However ,  
p u r i t y  of ava i l ab le  r a re  ear th  meta l s  is r e l a t i ve ly  low 
(i.e., 99+%). I t  is the re fore  p robab le  tha t  carr iers ,  
o ther  t h a n  those r e su l t i ng  f rom excess of one of the  
componen t  e lements ,  were  i n t roduced  p r i n c i p a l l y  as 
impur i t i e s  p re sen t  in  the  r a re  ea r th  meta l s  or as 
c o n t a m i n a n t s  inco rpora ted  d u r i n g  synthes i s  of the  
compounds .  

Elec t r ica l  da ta  for spec imens  of Gd.~Te~ f rom i n -  
gots cast  u n d e r  va r ious  p ressures  of t e l l u r i u m  vapor  
(Tab le  II)  ind ica te  that ,  if evo lu t ion  of t e l l u r i u m  is 
pe r mi t t e d  ( spec imens  67, 88),  n - t y p e  m a t e r i a l  is 

Table II. Effect of tellurium vapor pressure during casting on electrical properties of Gd~Te.~ 

T e l l u r i u m  
v a p o r  

p r e s s u r e ,  C o n t a i n e r  1 ~ ,  p ,  ~ ,  ~ ,  ~ ,  
S p e c i m e n  a t m  m a t e r i a l  c m  8 c o u 1 - 1  o h m - e r a  c m  2 v -1  s e e  -1  ~ v d e g  - x  e r a - 3  

9" ? Tan ta lum --3.25 
67 N0 Tan ta lum --0.11 
88 N0 Graphite  --0.1 
71 0.5 Tan ta lum Pos., small  
73 0.2 Tan ta lum -{-0.16 
74 0.1 Tan ta lum Pos., small  
75 0.1 Graphite  Pos., small  
77 0 . 0 1  Graphite  +3.3 

0.019 170 --26 2 X 10 TM 

0.0031 35 --84 6 X 10 TM 

0.0029 30 --70 6 X 101~ 
0.091 (Large, numerous  voids throughout  ingot) 
0.028 6 +160 4 X 1019 
0.68 - -  +240 ~1019 
0.51 - -  + 190 ~10 TM 

0.20 17 ~-F200 1.9 X 10 ~ 

* T e  d i s t i l l e d  o v e r  G d  a t  ~ 1 6 5 0 ~  
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Fig. 1. Resistivity ond Holl coefficient as functions of tem- 
peroture for p-type Gd~Te3. 

obta ined,  bu t  in  the p resence  of modera t e  concen-  
t r a t ions  of t e l l e r i u m  Vapor, ( spec imens  71-77),  p -  
type  m a t e r i a l  can be cast. However ,  dissociat ion 
p ressure  of the  c o m p o u n d  at its me l t i ng  po in t  ap -  
pears  to be r e l a t i ve ly  low since it was  possible  to 
cast a r e a s o n a b l y  good p - t y p e  ingot  ( spec imen  77) 
u n d e r  on ly  0.01 a t m  of t e l l u r i u m  vapor  pressure .  
S imi l a r i t y  of da ta  for spec imens  f rom ingots  wh ich  
were  cast  u n d e r  s imi la r  condi t ions  in  t a n t a l u m  and  
graphi te ,  (consider  spec imens  67 and  88, 74 a nd  
75) indica tes  tha t  any  t a n t a l u m  which  m a y  have  
been  t a k e n  into solut ion,  as a resu l t  of the  a fore-  
m e n t i o n e d  at tack,  had  l i t t le  effect on e lec t r ica l  
p roper t ies  of the  c o m p o u n d  at  these  car r ie r  concen-  
t ra t ions .  

F i g u r e  1 shows va r i a t i on  of Ha l l  coefficient a nd  
res i s t iv i ty  w i th  t e m p e r a t u r e  for a p - t y p e  spec imen  
of g a d o l i n i u m  te l lur ide .  Up to abou t  875~ the  
curves  are typ ica l  of those for an  i m p u r e  semicon-  
ductor.  Above  this  t empe ra tu r e ,  however ,  behav io r  
of res i s t iv i ty  is anomalous .  As far  as could be de-  
t e rmined ,  the  Hal l  coefficient c o n t i n u e d  to decrease  
(up  to 950~ and  did no t  change  sign. As t e m p e r a -  
t u r e  was  decreased,  r e s i s t iv i ty  fo l lowed the  dot ted  
curve,  and  r o o m - t e m p e r a t u r e  va lues  for bo th  Ha l l  
coefficient and  res i s t iv i ty  we re  found  to be lower  
fo l lowing the run .  (Poin ts  ind ica ted  by  crosses, for 
bo th  Hal l  coefficient and  res is t iv i ty ,  were  t a k e n  as 
t e m p e r a t u r e  was  decreased.)  The  v a r i a t i o n  of Hal l  
mob i l i t y  w i t h  t e m p e r a t u r e  for this  p - t y p e  spec imen  
suggests  tha t  i m p u r i t y  sca t te r ing  is i m p o r t a n t  up to 
r e l a t i ve ly  h igh t e m p e r a t u r e s  (i.e., at t e m p e r a t u r e s  
as h igh as severa l  h u n d r e d  degrees  cen t ig rade ) .  

F i g u r e  2 shows res i s t iv i ty  as a f unc t i on  of t e m -  
p e r a t u r e  for an  n - t y p e  spec imen of g a d o l i n i u m  te l -  
lur ide.  Again ,  w h a t  appears  to be  typ ica l  behav io r  

0,5 1.0 15 2.0 2.5 3.0 3.5 

lOS/T, deg K r 

Fig. 2 .  Res is t iv i ty  os f u n c t i o n  of  t e m p e r o t u r e  for  n - t y p e  
Gd2Te~. 

for an  i m p u r e  semiconduc to r  was  observed  up to 
abou t  750~ and  anoma lous  va r i a t i on  of res i s t iv i ty  
w i th  t e m p e r a t u r e  was no ted  t h r ough  the  r ange  of 
h igher  t empera tu re s .  A n  i r r eve r s ib l e  h e a t - t r e a t i n g  
effect was also noted.  R o o m - t e m p e r a t u r e  res i s t iv i ty  
was  found  to be cons ide rab ly  h igher  (po in t  2, Fig. 
2) a f ter  the  first t e m p e r a t u r e  run .  Wi th  the  second 

Table III. Heat-treatment of Gd~Te8 specimens* 

P, ~, cm2 7, 
Specimen Heat treatment** ohm-era v-1 sec-I era-3 

67-1, n- type None 0.0089 16 4 X 1019 
2 hr at 950~ 0.028 10 2.2 X 1019 

vacuum 
9, n- type None 0.019 170 2 X 1018 

120~ in vac- 0.03 
u u m t  

950~ in vac- 0.072 
u u m t  

950~ in vac- 0.076 
u u m ~  

77, p-type None 0.20 17 1.9 X 10 .8 
950~ in vac-  0.056 10 1 X 10 ~ 

u u m ' ~  
75, p-type None 0.51 N1019 

2 h r a t 9 5 0 ~  0.067 6 1.7X 1019 
vacuum 

73, p-type None 0.027 6 4 X 1019 
740~ in vac- 0.031 6 3 X 10 l~ 

u u m t  
Quenched after 0.032 6 3.5 X 1019 

2 hr at 950~ 
2 h r a t 9 5 0 ~  0.037 4 4.2 X 10 ̀9 

vacuum 

* Data presented are  f rom room- t empera tu re  measurements .  

** All specimens cooled slowly except  as otherwise noted. 

t Heat  t r ea tmen t  was  tha t  exper ienced in course of electrical 
measurements .  T e m p e r a t u r e  g iven is the m a x i m u m  attained.  
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t e m p e r a t u r e  run,  the  spec imen  a p p e a r e d  to be ap-  
p roach ing  a s tab le  condi t ion,  as is ind ica ted  by  the  
m u c h  less p r o n o u n c e d  i r r e g u l a r i t y  in v a r i a t i o n  of 
r e s i s t i v i t y  w i t h  t e m p e r a t u r e  above  700~ and  the  
fac t  t ha t  r o o m - t e m p e r a t u r e  r e s i s t i v i t y  (po in t  3) r e -  
t u r n e d  to a p p r o x i m a t e l y  its in i t i a l  v a l u e  (po in t  2) .  

T h e  effects of hea t  t r e a t m e n t  on e lec t r i ca l  p r o p -  
e r t ies  of a n u m b e r  of spec imens  of g a d o l i n i u m  t e l -  
l u r ide  w e r e  s tud ied  in an a t t e m p t  to exp l a in  t he  
obse rved  behav io r .  Da ta  for  the  h e a t - t r e a t e d  spec i -  
mens ,  w h i c h  are  p r e s e n t e d  in Tab le  III,  ind ica te  
t ha t  a f t e r  a suff ic ient ly long per iod  of hea t  t r e a t -  
men t ,  t he  samples  app roach  a s table  condi t ion.  

Because  of conflicts in the  da ta  (e.g., changes  in 
c a r r i e r  concen t r a t ions  vs. changes  in mob i l i t i e s ) ,  it 
is not  poss ible  to r each  a f i rm conclus ion  conce rn ing  
the  n a t u r e  of hea t  t r e a t i n g  effects. H o w e v e r ,  i t  m a y  
be seen tha t  for  the  n - t y p e  spec imens  r e s i s t i v i t y  is 
i nc reased  and  c a r r i e r  c o n c e n t r a t i o n  is dec reased  by  
hea t  t r e a t m e n t  in v a c u u m ,  and for  the  p - t y p e  spec i -  
m e n s  r e s i s t i v i t y  is dec reased  and ca r r i e r  c o n c e n t r a -  
t ion  is inc reased  by  the  same t r e a t m e n t .  Such  
changes  are  cons is ten t  w i t h  loss of n - t y p e  impur i t i e s .  
This  is a poss ib i l i ty  since spec t rog raph ic  ana lyses  

show tha t  r e l a t i v e l y  h igh  concen t r a t ions  of Ca, Mg, 
Fe,  Ni, Ta, St, and  A1 a re  p r e sen t  in the  spec imens?  
S ince  t e l l u r i u m  has a l r e a d y  b e e n  shown to g ive  p -  
t y p e  doping,  loss of  t e l l u r i u m  is not  suspect  as a 
cause  fo r  the  changes  observed .  

Manuscript  received June  15, 1959. This paper  was 
prepared  for de l ivery  before the Phi ladelphia  Meeting, 
May 3-7, 1959. This invest igat ion was supported by the 
Ra re -Ea r th  Research Group (Davison Chemical  Co., 
Union Carbide Metals Co., Heavy  Minerals Co., Lindsay 
Chemical  Div. of Amer ican  Potash and Chemical  Corp., 
Mal l inckrodt  Chemical  Works, Rare Earths and Tho- 
r ium Div. of Michigan Chemical  Corp., and Molyb-  
denum Corp. of Amer ica ) .  

Any discussion of this paper  wi l l  appear in a Dis- 
cussion Section to be published in the June  1960 JOUR- 
NAL. 
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ABSTRACT 

Coefficients for the diffusion of cer ium in mol ten  u ran ium have  been meas-  
ured over  the t empera tu re  range 1170~176 An equat ion re la t ing the diffu- 
sion coefficient wi th  t empera tu re  is: D = 4.5 x 10 -3 e - -  ll,O00/RT. At 1200~ 
the diffusion coefficient for cer ium in u ran ium is (1.00 • x 10-' cm2/sec. 
An est imate of the coefficient of diffusion for zirconium in u ran ium at 1270~ 
is (1.9 • x 10 -~ cm2/sec. A discussion of exper imenta l  errors involved  in 
measur ing diffusion coefficients at high tempera tures  is given. 

A s tudy  has  been  m a d e  of the  reac t ions  and m e c h -  
an i sm i n v o l v e d  in the  o x i d e - d r o s s i n g  of fission p r o d -  
ucts  f r o m  u r a n i u m .  The  o x i d e - d r o s s i n g  process  is a 
p y r o m e t a l l u r g i c a l  m e t h o d  of r ep rocess ing  spent  u r a -  
n i u m  w i t h  an oxide  such as uran ia ,  z i rconia ,  or 
a lumina .  Those  fission p roduc t s  t ha t  a re  m o r e  s tab le  
t h a n  the  ox ide  used  are  r e m o v e d  se l ec t ive ly  f r o m  
the  melt .  E l e m e n t s  such as the  r a r e  ea r ths  reac t  w i t h  
the  oxide,  w h i l e  e l emen t s  such as cesium, iodine,  
and  the  r a r e  gases vo la t i ze  off. 

The  diffusion of c e r i u m  and z i r c o n i u m  in m o l t e n  
u r a n i u m  was  s tud ied  in a p r e l i m i n a r y  inves t iga t ion .  
C e r i u m  and z i r c o n i u m  w e r e  se lec ted  as r e p r e s e n t a -  
t ives  of t he  l a n t h a n i d e  ser ies  and h igh  m e l t i n g  
e lements ,  r e spec t ive ly .  Diffusion charac te r i s t i c s  of 
fission p roduc t s  in u r a n i u m  are  of in t e res t  s ince t h e  
mass  t r a n s f e r  of these  e l e m e n t s  to the  ox ide  su r face  
is the  first  s tep in the  e x t r a c t i o n  mechan i sm.  A 
k n o w l e d g e  of the  diffusion coefficient for  these  e l e -  
m e n t s  in m o l t e n  u r a n i u m  wi l l  he lp  d e t e r m i n e  the  
s low step in the  mechan i sm.  

Most  of the  s tudies  on the  diffusion of me ta l s  in 
m o l t e n  me ta l s  h a v e  been  done  w i t h  low m e l t i n g  
me ta l s  or  a l loys  (300~176  (1) .  Diffusion coeffi- 
c ients  g e n e r a l l y  r a n g e  f r o m  about  2 x 10 .5 to 7 x 10 -~ 
cm 2 sec 1, w h i c h  is close to tha t  found  for  diffusion in 
o ther  l iquids.  

A t  h ighe r  t e m p e r a t u r e s  ( b e t w e e n  1000 ~ and 
1700 ~ only  a f e w  e x p e r i m e n t s  h a v e  been  repor ted ,  
and the  diffusion coefficients cove r  a w i d e r  range.  
Pa schke  and H a u t m a n n  (2) ob ta ined  2.4 x 10 -~ cm ~ 
sec -1 and 10.8 x 10 -~ cm ~ sec -1 for  the  diffusion of 
s i l icon in m o l t e n  i ron  at 1480 ~ and 1560~ r e s pec -  
t ive ly ,  and  a v a l u e  of 1.2 x 10 ~ cm ~ sec -1 for  m a n -  
ganese  in i ron in t he  same t e m p e r a t u r e  range .  H o l -  
brook,  Furnas ,  and  J o s e p h  (3) s tud ied  the  diffusion 
of sul fur ,  manganese ,  phosphorus ,  silicon, and ca r -  
bon  in m o l t e n  i ron  o v e r  t he  t e m p e r a t u r e  r a n g e  
1200~176 The  a v e r a g e  diffusion coefficients for  
silicon, phosphorus ,  sulfur ,  and m a n g a n e s e  was  
about  1 x 10 -' cm ~ sec -1 in this  t e m p e r a t u r e  range.  
The  v a r i a t i o n  of t he  diffusion coefficient w i t h  t e m -  
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p e r a t u r e  was  less t han  the  e x p e r i m e n t a l  e r ror .  T h e y  
found  the  diffusion coefficient for  ca rbon  in l i qu id  
i ron  to be m u c h  l a rge r ,  abou t  6 x 10 -~ cm ~ sec -'. 
P e n e t r a t i o n  cu rves  did not  co r respond  w e l l  w i t h  
ideal  diffusion curves ,  p r o b a b l y  because  of e x p e r i -  
m e n t a l  e r ro r s  such as convect ion .  I t  is difficult  to 
avo id  th is  p r o b l e m  comple te ly .  

A r ecen t  pape r  by Morgan  and K i t c h e n e r  (4) de -  
scr ibes  an e x p e r i m e n t  to d e t e r m i n e  the  diffusion co-  
efficients of cobal t  and ca rbon  in iron.  T h e y  ob ta ined  
D va lues  of 5.5 x i 0  -5 cm ~ sec '-~ for  c o b a l t  at  1638~ 
and 4.3 to 6.7 x 10 -~ cm ~ sec -~ for the  diffusion of ca r -  
bon in iron,  d e p e n d i n g  on the  ca rbon  concen t r a t i on  
and t e m p e r a t u r e .  T h e y  took p a r t i c u l a r  in t e res t  in 
e l i m i n a t i n g  the  p r o b l e m  of convect ion .  

E x p e r i m e n t s  to m e a s u r e  diffusion coefficients in 
m o l t e n  me ta l s  g e n e r a l l y  h a v e  been  ca r r i ed  out  us ing  
one of the  t h r e e  t e chn iques  desc r ibed  by Niwa,  
et  al. (5) .  T h e i r  t h i r d  me thod ,  u sed  by  K i t c h e n e r  
and Morgan  (4) ,  was  to p lace  a p u r e  m e t a l  or an 
a l loy  con ta in ing  the  di f fusate  n e x t  to a long, n a r r o w  
c o l u m n  of solvent .  Samp le s  are  t a k e n  a long the  
l eng th  of the  m e t a l  c o l u m n  a f te r  i t  had  been  to t e m -  
p e r a t u r e  for  a specific t ime.  M o r g a n  and K i t c h e n e r  
po in t  out  t ha t  th is  m e t h o d  a l lows  de tec t ion  of d e v i a -  
t ions f r o m  F ick ' s  l a w  due  to convec t ion ,  etc. This  
same t e c h n i q u e  was  used  in the  s tudy  r e p o r t e d  here ,  
excep t  t h a t  m e t a l  co lumns  of the  o rde r  of 7 m m  
r a t h e r  t han  2 m m  d i a m e t e r  w e r e  used in o rde r  to 
ob ta in  l a r g e r  samples  for  analysis .  The  l a r g e r  
d i a m e t e r  a l l owed  convec t ion  a t  t he  h i g h e r  t e m p e r a -  
tu res  w h i c h  inc reased  the  u n c e r t a i n t y  of the  r e -  
sults  at  t hese  t e m p e r a t u r e s  (1400~176  

This  p a p e r  r epo r t s  e x p e r i m e n t s  to m e a s u r e  the  
diffusion coefficient  of c e r i u m  in m o l t e n  u r a n i u m  
ove r  the  t e m p e r a t u r e  r a n g e  1170~176 A n  es t i -  
m a t e  of t he  diffusion coefficient  for  z i r c o n i u m  in 
m o l t e n  u r a n i u m  is also g iven.  

Experimental 
A slug of n a t u r a l  u r a n i u m  was  m a c h i n e d  t o  fit 

the  crucible ,  t hen  e t ched  c lean w i t h  d i lu te  HNO~. 
T h e  des i red  a m o u n t  of c l eaned  c e r i u m  or Z r - U  
a l loy  was  p laced  on top of the  u r a n i u m ,  and  the  
un i t  was  p laced  in the  v a c u u m  f u r n a c e  tube  (Fig.  1). 
The  McDane l  ce ramic  t u b e  could  be  e v a c u a t e d  to 
0.1 /~, fil led w i t h  an  ine r t  gas, t h e n  p laced  in a 
G loba r  furnace .  T h r e e  t h e r m o c o u p l e s  w e r e  p laced  
in t he  sys t em so tha t  the  t e m p e r a t u r e  could  be 
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I J r ~ V A C U U M , : , ~  PUMPS 
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.J 
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Fig. 1. Furnace assembly 
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Fig, 6. Cerium di f fus ion into mol ten uranium (1200 ~ C) 
in a ZrO2 crucible. The solid line is based on an average 
v h l u e o f  D = 1 x 10 -~cm 2sec -~. 

m e a s u r e d  at  var ious  poin ts  w i th  respect  to the  s a m -  
ple. The  t e m p e r a t u r e  was  con t ro l led  w i th  a t e m -  
p e r a t u r e  con t ro l le r  and  recorded on a mi l l ivo l t  
recorder .  

In  each expe r imen t ,  the  sys tem was first evacu -  
a ted to abou t  0.1 /~, t h e n  f lushed and  filled w i th  
a rgon  to 1 a rm of pressure .  The a rgon  was  pur i f ied 
by  pass ing  it t h rough  a u r a n i u m  t rap  he ld  a t  abou t  
600~ The  fu rnace  was  b rough t  to the  des i red  t e m -  
pera tu re ,  held at  t e m p e r a t u r e  for the  expe r imen t ,  
t hen  a l lowed to cool as fast  as possible w i t hou t  
b r e a k i n g  the ceramic  tube.  The  t ime  to hea t  the  
sample  f rom the m e l t i n g  po in t  of u r a n i u m  to t e m -  
p e r a t u r e  was  3 or 4 min ,  and  the  t ime  r e q u i r e d  to 
cool the  sample  be low the  f reez ing  po in t  of u r a n i u m  
was no t  more  t h a n  4 or 5 rain. 

Th ree  d i f ferent  crucibles  were  used  in  t he  ex -  
pe r iments .  A t a n t a l u m  crucible,  1.5 cm OD b y  9 cm 
high, w i th  a hole 0.75 cm ID and  7.5 cm deep, was  
used for the  e x p e r i m e n t s  r epor t ed  in  Fig. 2, 3, 4, 
a n d  5. In  two of these  e x p e r i m e n t s  (Figs. 3 a nd  4) 
a 3 cm slug of u r a n i u m - c e r i u m  al loy (0.67 w/o ,  
Fig. 3; 0.6 w/o ,  Fig. 4) was  p laced  on top of a 3 cm 
slug of p u r e  u r a n i u m .  I n  the  o ther  two expe r imen t s ,  
(Fig. 2 and  5) a t h in  l aye r  of p u r e  ce r ium abou t  
2 m m  thick  was  p laced  on top of a 6 cm slug of pu re  
u r a n i u m .  The  slug of u r a n i u m  was c o u n t e r - s u n k  
at the  top, w i th  a sha l low hole, l eav ing  th in  u r a n i u m  
sides and  jus t  deep enough  to con ta in  the  m o l t e n  
ce r ium w h e n  it mel ted .  This  was  done so t ha t  the  
m o l t e n  ce r ium wou ld  no t  r u n  down  the  sides of the  
u r a n i u m  before  i t  me l t ed  (rap: Ce, 793~ U,1133~ 
(6).  

Fo r  the  e x p e r i m e n t  which  cor responds  to Fig. 6, 
the  u r a n i u m  was p laced  in  a z i rconia  c ruc ib le  ap -  
p r o x i m a t e l y  1.5 cm OD x 5.5 cm high, w i th  a hole 
1 cm ID and  5 cm deep. In  this  expe r imen t ,  pu re  
ce r ium m e t a l  was  p laced  on top of the  u r a n i u m  in 
the  m a n n e r  m e n t i o n e d  above,  and  the sys t em was 
held  at  1200~ for 26 min.  

F igu re  7 gives the  resul t s  of an  e x p e r i m e n t  car -  
r ied  out  in  a t u n g s t e n  cruc ib le  at  1350~ for  155 
min .  Again ,  the  p u r e  ce r ium m e t a l  was p laced  on 
the c o u n t e r - s u n k  u r a n i u m  slug. The  a p p r o x i m a t e  
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Fig. 7. Penetrat ion curve: cer ium di f fus ing into mol ten 
uran ium at  1350~  f rom pure cer ium. The solid line is 
based on an average value of  D = 1,46 x 10 -4 cm = sec -1. 
The ref lect ion pr inciple was used. 

d imens ions  of the  t u n g s t e n  cruc ib le  were :  2.5 cm 
OD by  4 cm high, w i th  a hole  1.4 cm ID a nd  3.5 cm 
deep. 

One  e x p e r i m e n t  was  conduc ted  w i th  a 3% z i r -  
c o n i u m - u r a n i u m  al loy p laced  on top of pu re  u r a -  
n i u m  in  the  t a n t a l u m  crucible .  The  sys tem was 
held  at  1270~ for  40 rain.  

Af t e r  each expe r imen t ,  samples  were  t a k e n  f rom 
the u r a n i u m  at  k n o w n  dis tances  f rom the  top of the  
s lug b y  d r i l l ing  l eng thwi se  t h rough  the  cen te r  of the  
ingot.  The  samples  we re  washed  a nd  dried,  t h e n  
weighed  and  analyzed .  The  h igher  concen t ra t ions  of 
ce r ium were  ana lyzed  v o l u m e t r i c a l l y  (7) and  the  
low concen t ra t ions  ca lo r ime t r i ca l ly  (8) .  In  two ex-  
per iments ,  the  c e r i u m  had  been  i r rad ia ted ,  and  
ana lys i s  was  accompl i shed  wi th  a g a m m a - r a y  spec-  
t r o m e t e r  af ter  ex t r ac t ing  the  u r a n i u m  wi th  t r i b u t y l  
phosphate .  Ana lyses  for z i r con ium in  u r a n i u m  was 
m a d e  g r a v i m e t r i c a l t y  (9) .  

Errors  and Uncer ta in t i e s  

W h e n  t a k i n g  samples  for analysis ,  the re  is an  
u n c e r t a i n t y  as to the  exact  pos i t ion  of the  in te r face  
due to its shape. The  shape of the  in te r face  is a 
f unc t i on  of t h e  in te r rac ia l  t ens ions  b e t w e e n  cer ium,  
u r a n i u m ,  and  the  c ruc ib le  wall .  Since the  in te r face  
is no t  flat, the re  wi l l  be  some samples  at  the  i n t e r -  
face tha t  wi l l  cut  bo th  phases  s i m u l t a n e o u s l y  and  
wi l l  give i nva l i d  resul ts .  

The  u n c e r t a i n t y  of the  posi t ion of the  in te r face  
genera tes  an  e r ror  in  the  va l ue  of X, which  is i n -  
c reas ing ly  s ignif icant  as X approaches  zero. This  is 
shown  by  the  equa t ion :  per  cent  e r ror  ( in  D) = 100 
( X 2 - - X ~ ) / X  ~ w he r e  X is the  t rue  d i s tance  and  X1 
is the  a p p a r e n t  dis tance.  In  the  p re sen t  work ,  the  
u n c e r t a i n t y  in  X is a p p r o x i m a t e l y  0.2 cm; conse-  
quen t ly ,  at X = 0.2 cm and  X1 = 0.4 cm, the  per  cent  
e r ror  is 300, whi le  at  X = 4 cm a nd  X1 ~ 3.8 cm, 
the  per  cent  e r ror  is 10. This  same  effect is seen for 
unc e r t a i n t i e s  in  ~ (no te  Eq. [1] be low)  where  ;t is 
small ,  since D o c l / k  ~. Erro r s  in  k resu l t  f rom u n c e r -  
t a in t ies  in  the  m e a s u r e d  va r i ab le s  C or C~ since k is 
ob ta ined  f rom a plot  of C/C8 vs. X. C is the  concen-  
t r a t i on  of the  diffusate i n  the  so lvent  at  a n y  specified 
t ime,  and  C, is the  cons t an t  concen t r a t i on  in  the  
so lvent  at  the  in te r face  b e t w e e n  the  so lvent  and  the  
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Table I. Effect of an uncertainty in C~ on D with distance 
from the interface* 

C,,  w t  Ce, D,  cm2/sec  % 
% Ce X ,  c m  w t  % C/C8 2 x 10 -~ E r r o r  

1.1 0.12 0.81 0.737 0.48 0.18 45.5 
0.9 0.12 0.81 0.900 0.20 1.00 20.0 
1.1 0.59 0.49 0.445 1.05 0.90 10.0 
0.9 0.59 0.49 0.545 0.86 1.35 35.0 
1.1 1.39 0.07 0.064 2.63 0.77 6.1 
0.9 1.39 0.07 0.078 2.49 0.87 6.1 
1.1 2.02 0.04 0.036 3.00 1.26 2.3 
0.9 2.02 0.04 0.044 2.88 1.37 6.2 
1.1 2.30 0.03 0.027 3.15 3.00 32.0 
0.9 2.30 0.03 0.033 2.52 4.77 54.0 

* F r o m  d a t a  s h o w n  in  F i g .  2. 

Al l  b u t  two e x p e r i m e n t s  we re  made  in  a t a n t a l u m  
crucible.  T a n t a l u m  is s l igh t ly  so luble  in  u r a n i u m ,  
and  it  is to be expected  tha t  some in t e r f e r ence  wi l l  
resu l t  f rom its presence.  S ince  the two exper imen t s ,  
in  which  a z i rconia  cruc ib le  a nd  a t u n g s t e n  cruc ib le  
were  used, gave resul t s  cons is ten t  w i th  those of the  
e x p e r i m e n t s  in  which  t a n t a l u m  crucibles  we re  used, 
the  effect of the  p resence  of t a n t a l u m  can be con-  
s idered to be w i t h i n  the  e x p e r i m e n t a l  error .  I t  is 
no ted  tha t  the  use of z i rconia  c ruc ib le  wi l l  also 
cause in te r fe rence ,  because  some of the  ce r ium re -  
acts w i th  the  ZrO~ at the surface.  E v e r y  k n o w n  
con ta ine r  m a t e r i a l  wou ld  in t e r f e re  to some extent .  
The  best  c ruc ib le  w o u l d  be one made  of CeO~, b u t  
this  was  no t  ava i l ab le  for these  expe r imen t s .  

diffusate. Sma l l  d iscrepancies  in  C or C~ cause i n -  
c reas ing ly  l a rge r  unce r t a in t i e s  in  X as X increases ;  
therefore ,  l a rge  i n h e r e n t  errors  are  to be  expected  
at smal l  and  at  l a rge  va lues  of X. This  is c lear ly  
shown in  Tab le  I where  the  per  cen t  e r ror  is g iven  
as a f unc t i on  of X for a difference of 0.2% in  C,. 
The  most  accura te  va lues  of D are  those ca lcula ted  
for X b e t w e e n  1 and  2 cm. 

The res idua ls  for the  va lues  of D fa l l ing  w i t h i n  
the  above m e n t i o n e d  b a n d  are cons idered  r a n d o m ;  
only  the va lues  of D h a v i n g  r a n d o m  res iduals  are  
used  in  the  d e t e r m i n a t i o n  of the  a v e r a g e ' v a l u e  of D. 

The  pe r  cent  e r ror  recorded  in  Tab l e  I is based on 
the  a s sumpt ion  tha t  the  correct  va lue  for C, is 1%. 

It is wel l  k n o w n  tha t  D, the  diffusion coefficient, 
is r a r e l y  a cons tan t  w i th  change  in  concen t r a t ion ;  
however ,  it  does approach  a cons t an t  va lue  a t  low 
concent ra t ions .  Since the  concen t ra t ions  in  these  
e x p e r i m e n t s  were  low, the  a s sumpt ion  of D con-  
s t an t  is good. 

A l t h o u g h  the  u r a n i u m  and  the  ce r ium were  
c leaned  of oxide before  each expe r imen t ,  and  the  
e x p e r i m e n t s  were  m a d e  in  a pur i f ied a rgon  a tmos -  
phere,  it  is qu i te  possible  t ha t  a t h i n  fi lm of oxide 
exis ted  b e t w e e n  the  u r a n i u m  a n d  the  c e r i u m  in  the  
U-Ce  couple. If  the film was v e r y  t h in  or if no film 
existed, the  va lue  of C, should  be  j u s t  the  so lub i l i ty  
of ce r ium in  u r a n i u m  at  the  t e m p e r a t u r e  of the  e x -  
pe r imen t .  However ,  if the  oxide film was th ick  
enough  to p rov ide  a res i s tance  to the  diffusion of 
c e r i u m  to the  u r a n i u m  surface,  t h e n  the  va lue  of C, 
m igh t  be  someth ing  less t h a n  the  so lub i l i ty  of c e r i u m  
in  u r a n i u m .  Wi th  or w i thou t  the  oxide, correct  
va lues  of the  diffusion coefficients wi l l  be  ob ta ined  
as long as C, is cons t an t  and  can  be measured .  

The cu rve  C / C ,  vs. 2 X becomes l i nea r  as 2 X ap-  
proaches  zero. The best  va lues  of C,, then ,  are those 
ob ta ined  by  ex t r apo la t i ng  the  e x p e r i m e n t a l  curves  
of per  cen t  ce r ium vs. X back  to the  in terface ,  s ince 
XocX, (no te  Fig.  2, 5, 6, and  7) this  is the  m a n n e r  in  
which  va lues  of C, were  ob t a ined  for the  ca lcu la -  
t ions. 

For  the  e x p e r i m e n t s  in  which  a n  a l loy was  used  
ins tead  of pu re  c e r i u m  (Fig. 3 and  4) on ly  va lues  of 
Co, the i n i t i a l  concen t r a t i on  of the  alloy,  was  needed  
r a t h e r  t h a n  C,. Values  of Co were  found  before  the  
diffusion e x p e r i m e n t s  we re  made  b y  ana lyz ing  a 
n u m b e r  of samples  f rom the  alloy: 

Discussion and Results 

Resul ts  for diffusion e x p e r i m e n t s  a re  shown  in  
Fig. 2 t h r ough  7 as p e n e t r a t i o n  curves  for ce r ium in  
m o l t e n  u r a n i u m .  The  we igh t  pe r  cent  ce r ium p lo t t ed  
as open circles at va r ious  dis tances,  X, f rom the  
c e r i u m - u r a n i u m  in te r face  are average  va lues  for 
the  concen t r a t i on  of ce r ium at  tha t  posi t ion.  The  
l eng th  X is the  d is tance  f rom the  ce r ium u r a n i u m  
in te r face  to the  cen te r  of the  sample  tha t  was  t a k e n  
for analysis .  The solid l ines  in  the  graphs  are  theo-  
re t ica l  p e n e t r a t i o n  curves  based on ave rage  va lues  of 
the  diffusion coefficients. 
Dif fus ion  e qua t i ons . - -D i f f u s ion  coefficients were  
m e a s u r e d  u n d e r  th ree  d i f ferent  e x p e r i m e n t a l  condi -  
t ions  r e q u i r i n g  th ree  separa te  solut ions  of F ick ' s  
equat ion .  

Case / . - - T h e  s imples t  e x p e r i m e n t a l  s i tua t ion ,  
tha t  of n o n s t e a d y - s t a t e  diffusion in  a semi - in f in i t e  
media ,  consis ted of two e l emen t s  in  contact ,  h a v i n g  
a sharp  b o u n d a r y  b e t w e e n  t h e m  in i t ia l ly ,  con ta ined  
in  a cy l inder  hav ing  i m p e r m e a b l e  sides. Consider  
on ly  ha l f  of such a couple;  the  d imens ions  in  the  
d i rec t ion  of diffusion m u s t  be la rge  compared  to the 
d i s tance  over  which  m e a s u r a b l e  compos i t ion  change  
occurs d u r i n g  the  expe r imen t .  The  in i t i a l  concen-  
t r a t i on  of the  diffusing e l emen t  in  the semi - in f in i t e  
med ia  m u s t  be  un i fo rm,  a nd  the  surface  m u s t  be 
b r ough t  i n s t a n t a n e o u s l y  to some concen t r a t i on  C, 
which  r e m a i n s  cons t an t  d u r i n g  the  expe r imen t .  

These b o u n d a r y  condi t ions  m a y  be w r i t t e n :  

C = Coa t  t = O and O ~ X ~ oo 

C = C ~ a t X :  0 a n d 0 ~ t < c o ,  

w he r e  C is the  concen t r a t i on  of the  diffusing species 
at  t ime,  t, Co is the  in i t i a l  homogeneous  c o n c e n t r a -  
t ion  of the diffusing species, a nd  X is the  d i s tance  
f rom the  in te r face  in  the  d i rec t ion  of diffusion. 

The so lu t ion  (10) of F ick ' s  second l aw cor re -  
spond ing  to these  b o u n d a r y  condi t ions  and  for a 
cons tan t  diffusion coefficient, D, is 

C,--C 2 ~x/(2~/r~) 
-- ~ e-X~dX [1] 

C ,--Co ~ /~  

where  X is an  i n t eg ra t i on  var iab le .  The t e r m  on the  
r igh t  is the  n o r m a l i z e d  p r oba b i l i t y  i n t eg ra l  or the  
e r ror  func t ion ,  (erf )  ; i ts compl imen t ,  1-erf ,  is k n o w n  
as erfc a nd  is equa l  to ( C - C o ) / ( C , - C o ) .  Values  of 
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Table II. Variation, with temperature, of the coefficient 
of diffusion for cerium in uranium 

10 4 D ( a v g ) ,  A v g  
c m  ~ s e c  -1 e r r o r  F i g .  

T, ~  T ,  ~  x 10 4 x 10 4 - -LnD N o .  

1170 6.93 1.00 0.21 9.20 2 
1180 6.88 0.95 0.13 9.25 3 
1200 6.79 1.00 0.17 9.20 4 
1350 6.16 1.46 0.15 8.80 5 
1400 5.98 1.98 0.73 8.52 6 
1480 5.70 2.50 1.60 8.20 7 

(C-Co) / (C, -Co)  vs. 2 X are  t a b u l a t e d  (10) and  were  
used to d e t e r m i n e  the diffusion coefficients recorded  
in  Tab les  I and  II. 

Case 1 is use fu l  for expe r imen t s  wi th  low m e l t i n g  
meta l s  such as ce r ium and  l a n t h a n u m  whe r e  the  
pu re  m e t a l  is in  contac t  w i th  u r a n i u m .  

F igures  2, 5, and  6 show p e n e t r a t i o n  curves  for 
ce r ium in  u r a n i u m  at 1170 ~ 1200 ~ and  1480~ 
respect ively .  The e x p e r i m e n t s  for 1170 ~ a n d  1200~ 
were  made  at  close to the  same t e m p e r a t u r e  bu t  
w i th  di f ferent  types  of crucibles,  t a n t a l u m  and  z i r -  
conia. Both  e x p e r i m e n t s  gave an  average  diffusion 
coefficient of 1.0 x 10 -' cm ~ sec-L 

In  these  exper imen t s ,  pu re  ce r ium was contac ted  
wi th  p u r e  u r a n i u m  and  the da ta  were  i n t e r p r e t e d  
as in  Case 1. 

Case 2 . - - I n  order  to m e a s u r e  the  diffusion co- 
efficients of e l ements  such as Zr, Mo, Y, Nb, a nd  Ru  
tha t  have  high m e l t i n g  points ,  it  is necessa ry  to 
m a k e  al loys of these  e l emen t s  w i t h  u r a n i u m  and  
measu re  the  diffusion f rom the a l loy  into p u r e  
u r a n i u m .  The  b o u n d a r y  condi t ions  are:  C = Co, 
X < 0; C = 0, X > 0, and t = 0. The solution (I0) of 
Fick's second law for these boundary conditions is 

X 
C(X, t )  = 1/2 Co erfc _ _  [2] 

2 N/Dt 

or, C/(V2Co) = erfc X, which  is iden t ica l  w i th  the 
expresss ion  for C/C, in  Case 1. I t  is seen, then ,  t h a t  
the two processes a re  the  same except  that ,  in  the  
second case, C,-~ 1/2Co. I t  is i n t e re s t ing  to no te  t ha t  
at X = 0 the  concen t r a t i on  r e m a i n s  constant ,  at  1/2Co, 
wi th  t ime.  

In  order  to eva lua t e  D, the  e x p e r i m e n t a l  va l ue  for 
C/C, at  X is d e t e r m i n e d  and  a co r respond ing  va l ue  
for 2 X is found  f rom the  er ror  f u n c t i o n  tables,  t h e n  
D = (I / t )  (X/2X) ~. 

The data reported in Fig. 3 and 4 for cerium and 
one experiment with zirconium were interpreted as 
in Case 2 above; pure uranium was contacted with 
a U-Ce or U-Zr alloy. 

Case 3.--One other case must be considered to 
interpret the data from the experiment shown in 
Fig. 7. In this experiment the time period was long 
enough that at X ---- I (where I is the distance from 
the interface to the bottom of the crucible), C was 
not equal to zero as in Case I. The boundary condi- 
tions are: 

aC 
C ~ C ~ , X ~ O ; C ~ O , t = O ; a n d  = 0 ,  x =  / 

OX 

It  becomes necessa ry  to use the  p r inc ip le  of r e -  
flection. The  app rop r i a t e  so lu t ion  to F ick ' s  second 

law can be found  in  C r a nk ' s  (10) book on diffusion, 
if his equa t ion  2.54 (sect ion 2.43) has X rep laced  by  
( l - x )  and  Co rep laced  by  C~. The equa t ion  becomes:  

X ~ 2nL+x 
C/C~ = erfc + ~.~ ( - -1)  '~ erfc - -  

2 ~ /Dt  ~:, 2 ~ / D t  

2nl--x  
erfc-  [3] 

2~r 

This  equa t ion  reduces  to Eq. [1] if on ly  the first 
t e r m  is needed,  i.e., w he r e  x is smal l  or t is short.  
On ly  two t e r ms  of this  equa t i on  are needed  to i n t e r -  
p re t  the  resul t s  in  Fig. 7: 

X 2l--x 
C/C~ -~ erfc ( _ ) + erfc [4] 

2~/Dt 2~r - 

since the  o ther  t e rms  are too smal l  to be significant.  
Diffusion coefficients for the  e x p e r i m e n t  r epor ted  in  
Fig. 7 were  ob ta ined  by  us ing  the f ami ly  of curves  
on page 46 of C r a nk ' s  book (10).  

Temperature  Effect 
Al though  a n  a t t e m p t  was  m a d e  to reduce  t h e r m a l  

convec t ion  by  con t ro l l ing  the t e m p e r a t u r e  a long the  
diffusion couple, it  appears  tha t  convec t ion  cu r r en t s  
did occur, p a r t i c u l a r l y  at  the  h igher  t empera tu re s .  
If  one assumes  tha t  dev ia t ion  of the  e x p e r i m e n t a l  
poin ts  f rom the  theore t ica l  p e n e t r a t i o n  curves  is an  
ind ica t ion  of convec t ive  i n t e r f e r ence  (4) ,  it  is seen 
f rom Fig. 2 t h r ough  7 tha t  convect ion  becomes more  
of a p r o b l e m  as the  t e m p e r a t u r e  increases.  

Tab le  II  r epor t s  the  average  diffusion coefficients 
which  cor respond to Fig. 2 t h r ough  7 as a func t ion  of 
t empera tu re .  This  tab le  also gives the va lues  for the  
ave rage  er ror  and  LnD. 

I t  is fel t  t ha t  the  diffusion coefficients r epor ted  in  
Tab le  II  up to 1350~ are  accura te  to w i t h i n  the  
e r ror  recorded  for two reasons :  first, the  expe r i -  
m e n t a l  poin ts  fal l  f a i r ly  close to the  theore t ica l  
p e n e t r a t i o n  curves  in  Fig.  2, 3, 6, and  7; second, 
even  though  the  e x p e r i m e n t s  r epor t ed  in  Fig.  2 and  
3 were  conduc ted  in  a c ruc ib le  w i th  di f ferent  d i -  
mens ions  (0.75 cm ID) t h a n  tha t  r epor ted  in  Fig. 6, 
(1 cm ID) ,  the  diffusion coefficients p roved  to be  the  
same. However ,  the  e x p e r i m e n t a l  po in ts  at  1400 ~ 
and  1480~ devia te  cons ide rab ly  f rom the  p e n e t r a -  
t ion  curves  (Fig. 4 and  5). I t  is thought  tha t  this  
dev ia t ion  is due  to convec t ion  a nd  tha t  the  r e s u l t a n t  
average  va lues  for the diffusion coefficients are too 
high. 

Data  in  Tab le  II are  p lo t ted  in  Fig. 8; the  open 
circles are  based  on the  ave rage  diffusion coefficients 
and  the  solid l ines  ind ica te  the  m a x i m u m  dev ia t ion  
f rom the  mean .  A n  es t imate  of the ac t iva t ion  ene rgy  
for diffusion, neg lec t ing  the  da ta  at  1400 ~ and  
1480~ is 11 kcal  moles -1, and  an  equa t ion  r e l a t ing  
the  diffusion coefficient a nd  t e m p e r a t u r e  is: D = 
4.5 x 10 -8 e -11'~176176 

For  low me l t i ng  meta l s  (up  to 700~ ac t iva t ion  
energies  have  been  repor ted  f rom 4 to 10 kcal  
moles  -1 (1, 4, 11, 12). A t  h igher  t e m p e r a t u r e s  
(1100~176 the  a p p r o x i m a t e  ac t iva t ion  ene rgy  
repor ted  here  for c e r i u m  in  u r a n i u m  (11 kcal  
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Fig. 8. A n  A r r h e n i u s  p l o t  o f  the  d i f f u s i o n  c o e f f i c i e n t  o f  
ce r i um in mo l ten  u ran ium.  

mole  -1) is close to tha t  r epor ted  b y  Morgan  and  
K i t chene r  (4) of abou t  10 to 11 kcal  mole -1 for 
cobal t  and  ca rbon  in  m o l t e n  i ron  (1350~176 

A n  es t imate  of the  diffusion coefficient of z i rco-  
n i u m  in  m o l t e n  u r a n i u m  at 1270~ was  found  f rom 
one e x p e r i m e n t  to be  (1.9 ---0.9) x 10 -~ cm ~ sec -1. The 
large e x p e r i m e n t a l  e r ror  for this  e x p e r i m e n t  is a t -  
t r i bu t ed  to the  e r ro r  in  chemica l  ana lys i s  a l though  
some t u r b u l e n c e  m a y  have  had  effect. 

The diffusion of c e r i u m  and  z i r con ium in  m o l t e n  
u r a n i u m  is somewha t  fas ter  t h a n  diffusion in  o ther  
m o l t e n  me ta l  systems.  The  diffusion coefficients for 

m a n y  e lements  i n  m o l t e n  meta l s  (1) va r ies  b e t w e e n  
(1 and  10) x 10 -~ cm 2 sec -1. Most of the  w o r k  has 
been  car r ied  out  be low 100O~ and  i t  m a y  be t ha t  
the h igher  me l t i ng  meta l s  behave  di f ferent ly .  
F u r t h e r  e x p e r i m e n t a t i o n  w i t h  p a r t i c u l a r  a t t e n t i o n  
g iven  to the convec t ion  p r o b l e m  is needed  for  m e a s -  
u r i n g  diffusion coefficients i n  meta l s  a t  h igh  t e m -  
pera tures .  

Manuscript  received April  23, 1959. 

Any  discussion of this paper  wil l  appear in  a Dis- 
cussion Section to be published in  the June  1960 JOUR- 
NAL. 
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Diffusion-Exchange of Exchange Ions and Nonexchange 
Electrolyte in Ion-Exchange Membrane Systems 

Marvin A. Peterson and Harry P. Gregor 

Department oS Chemistry, Polytechnic Institute of Brooklyn, Brooklyn, New York 

ABSTRACT 

The following parameters  of cation- and anion-permeable  membrane  
systems were measured:  water  content;  ohmic resistance; exchange capacity; 
diffusible electrolyte content;  concentrat ion potential ;  rate of exchange-diffu-  
sion of electrolytes; rate of diffusion of nonelectrolytes;  effect of rate of s t i rr ing 
on diffusive flux. From these were calculated: the thickness of the uns t i r red  
film, which varied from 1 to 30 microns; the diffusion coefficient of the potas- 
s ium ion in  a sulfonic acid cat ion-permeable  membrane,  which was found to 
vary  from 1.09 x 10 -7 cm 2 sec -1 to twice that  value as the ambient  solution con- 
centrat ion was changed from 0.001 to 0.1M; the diffusion coefficient of the chlo- 
ride ion which remained at about 3 x 10-7; the diffusion coefficients of non -  
electrolytes. A theoretical t r ea tment  showed that diffusion coefficients and 
other parameters  could be estimated from a consideration of pore diameters, a 
tortuosity factor, and water  contents. 

Of p r i m a r y  impor t ance  in  any  de ta i led  ana lys i s  of 
f ree and  forced t r an spo r t  of ions across ion-se lec t ive  
m e m b r a n e s  is the  d e t e r m i n a t i o n  of b o u n d a r y  condi -  
t ions  wh ich  define film, m e m b r a n e  or coupled f i lm- 
m e m b r a n e  diffusion mechan i sms  as be ing  ra te  con-  
t rol l ing.  The  appropr i a t e  appl ica t ion  of F ick ' s  l aw 

to diffusion across a m e m b r a n e  and  its b o u n d i n g  
u n s t i r r e d  films resul t s  in  an  express ion  which  dic-  
ta tes  the  r a t e - c o n t r o l l i n g  m e c h a n i s m  u n d e r  g iven  
e x p e r i m e n t a l  condit ions.  The genera l  t heo ry  of d i f -  
fus ive  processes in  i o n - e x c h a n g e  res in  sys tems has 
been  descr ibed p rev ious ly  by  severa l  au thors  (1-3)  
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and  ana lyzed  by  T e t e n b a u m  and  Gregor  (4) .  Two 
di f ferent  mechan i sms ,  name ly ,  fi lm or par t ic le  d i f -  
fusion,  were  found  to be d i s t i ngu i shab le  w h e n  the  
res in  sys tem was opera t ing  in  ce r ta in  l imi ted  e x -  
t remes,  and  a coupled m e c h a n i s m  was found  to be 
opera t ive  in  the  reg ion  b e t w e e n  these ex t remes .  

Wi th  i o n - e x c h a n g e  res in  sys tems it was f ound  
tha t  the  diffusion coefficient of the  exchange  ion or 
the  coun te r  ion decreased as the  degree  of c ross l ink-  
ing or the  dens i ty  of the  res in  increased  and  tha t  the  
diffusion coefficient of n o n e x c h a n g e  or co- ions  
( an ions  in  the  case of c a t i o n - e x c h a n g e  res ins )  was  
p ropor t iona l  to tha t  of the  exchange  ions and  gen -  
e ra l ly  s o m e w h a t  l a rge r  (1 -6) .  

Diffusion s tudies  are  more  complex  for ion-se lec -  
t ive  m e m b r a n e  sys tems t h a n  for i o n - e x c h a n g e  res in  
sys tems  in  t ha t  two diffusion films are  e n c o u n t e r e d  
in  m e m b r a n e  studies.  Mat te rs  gene ra l l y  become 
simplif ied for the  m e m b r a n e  case, however ,  once 
concen t r a t i on  g rad ien t s  are es tab l i shed  as compared  
to the  res in  sys tem whe re  a po in t  source, n o n s t a t i o n -  
a ry  s tate  prevai ls .  U n t i l  s teady s ta te  has b e e n  a t -  
t a ined  in  the  m e m b r a n e  system, the  appl ica t ion  of 
F ick ' s  l aw p resen ted  by  L o w a n  (7) holds for each of 
the  successive layers ,  name ly ,  f i l m - m e m b r a n e - f i l m .  
Once concen t r a t i on  g rad ien t s  have  been  es tab l i shed  
in  each of the  layers  and  a s teady s ta te  is a l lowed 
to prevai l ,  a n e w  set of re la t ions  m a y  be deve loped  
us ing  F ick ' s  l aw  so as to d e t e r m i n e  the  condi t ions  
which  wi l l  d ic ta te  w h e t h e r  film, m e m b r a n e ,  or a 
coupled diffusion m e c h a n i s m  is cont ro l l ing .  

The m e m b r a n e - s y s t e m  model  is charac te r ized  by  
the  chain :  

Solu t ion '  1 F i lm '  ] M e m b r a n e  ] F i lm"  [ So lu t ion"  
Subscr ip t s  on concen t r a t i on  t e rms  denote  ionic spe-  
cies. P r i m e d  t e rms  refer  to solut ion '  and  solution",  
respec t ive ly ;  o and  l re fer  to in te r fac ia l  c o n c e n t r a -  
t ions at  x = 0 and  x = l, respec t ive ly ;  a supersc r ip t  
ba r  refers  to concen t ra t ions  w i t h i n  the  m e m b r a n e  
phase  (see Fig. 1). Assumpt ions  appl ied  to the  m e m -  
b r a n e  sys tem inc lude  the  fol lowing:  (a)  s teady s ta te  
prevai l s ;  (b)  the  m e m b r a n e  is idea l ly  ion-se lec t ive ;  

C 

SOLUTION' FILM VlEMBRANE FILM SOLUTION" 

--~<_.f, ( /,-L / 

I \ 

x:O x:l 

Fig. 1. Concentration profiles for the steady state where a 
ColApled mecharlism is rate controll ing and where Za = Z B  
and '-Da = -DB. Total membrane capacity is CA -f- C'-~ ~ C  
and C' = C". 

(c) d i scon t inu i t i e s  at  the in te r faces  p r e se n t  no  r e -  
s is tance to in te r rac ia l  diffusion;  (d)  neg l ig ib le  
t r ans f e r  of so lvent  occurs; (e) the  ra t io  of the  diffu-  
s ion cons tan ts  of the  two diffusing coun te r  ions r e -  
ma i n s  cons tan t  t h roughou t  the  system. The  use and  
va l id i ty  of these a s sumpt ions  have  been  descr ibed in  
de ta i l  by  m a n y  au thors  i nc l ud i ng  Helffer ich (8) and  
Soldano a nd  Boyd (9) .  

The flux of ions across a m e m b r a n e  can be defined 
as the  p roduc t  of mobi l i ty ,  concen t ra t ion ,  a nd  d r i v -  
ing force. Componen t s  of the  d r iv ing  force inc lude  
g rad ien t s  of act ivi ty ,  e lectr ic  po ten t ia l ,  a nd  h y -  
d rau l i c  pressure .  These are s u m m e d  up a lgebra ica l ly  
in  the  N e r n s t - P l a n c k  flux equa t i on  and  the  r e su l t i ng  
flux, J, for a cat ion across a c a t i o n - p e r m e a b l e  m e m -  
b r a n e  is ge ne r a l l y  expressed as 

J+ = - U + ~ +  = + Z+F [1]  
C+ dx dx 

w he r e  U+ and  C+ r ep re sen t  the  mob i l i t y  and  concen-  
t r a t i on  of a s ingle  ionic species w i t h i n  the  m e m -  
b r a n e  a nd  w he r e  the  po ten t i a l  ~ is gene ra l l y  t a k e n  
as r = 0 at  x = 0, a nd  w he r e  F is the  Fa raday .  Wi th  
the aid of the N e r n s t - E i n s t e i n  equa t ion  it  is possible  
to re la te  the  mob i l i t y  of an  ion in  the m e m b r a n e  
phase  to its se l f -d i f fus ion coefficient in  the  m e m -  
b r a n e  phase (10) .  Direct  or modified app l ica t ion  of 
the above express ion  al lows one to ca lcula te  i n t e r -  
facial  concent ra t ions ,  bu t  this  is a c u m b e r s o m e  ap-  
proach.  

A more  di rect  approach  m a y  be made  by  def ining 
an  in t eg ra l  diffusion coefficient, DaB, 

l l 
DAB=J~ _ - - J~  _ [2] 

co~-  C,~ c ,~-  ~o. 

where  the tota l  concen t r a t i on  C = CaZa + CnZz and  
where  s imi la r  def ining express ions  app ly  for  the  
in t eg ra l  diffusion coefficients in  the  u n s t i r r e d  films. 

Because of d i scon t inu i t i e s  at the  m e m b r a n e - f i l m  
interface,  a pa r t i t i on  coefficient k m u s t  be  defined 

for each interface,  such tha t  k~ = ~C/C~C-. For  
s t eady- s t a t e  condi t ions  the flux J for each ionic spe-  
cies r e ma i ns  cons tan t  t h r ough  each l aye r  so tha t  

J (  = ] ,  = J~". 
App l i ca t ion  of F ick ' s  l aw to this  model  resu l t s  in  

the  fo l lowing express ions  for the  in te r fac ia l  concen-  
t r a t i o n  of ion A at  the  coordinates  x = 0 and  x ~ l, in  
the  case w he r e  C = C' = C", 

D'~BCI D'aB 
k~ + C'B + k'a C'B - -  k'aC"a 

D ABC 3 D"aB 
C~ = C 

D'A~Cl D'x~ 
+ k'~ + k~ 

D ABC3 D"a~ 
[3 ]  

D"aBCI D"AB 
k ~  _ C"a + k ~ C"a-- k ~ 

DaBC8 D'az 
C'~ = [4] 

D%BCI D%B 
- -  + k~ + kZa 
D~C8 D'~ 

P a r t i t i o n  coefficients m u s t  be  d e t e r m i n e d  expe r i -  
men ta l l y .  I n t eg ra l  diffusion coefficients can be eva l -  
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ua ted  f rom flux da ta  by  a s suming  ac t iv i ty  coeffi- 

cients  i n d e p e n d e n t  of ionic composi t ion  and  D~ con-  
s t an t  t h r o u g h o u t  the  m e m b r a n e  phase.  

Wi th  the  aid of these  express ions  the  flux across 
a n y  l ayer  m a y  be wr i t t en .  For  the  u n s t i r r e d  f i lm * 
on the  side ad jacen t  to solut ion" and  for the  case 
where  A and  B have  e q u i v a l e n t  diffusive cha rac t e r -  
istics (D~ ~ DB = D) and  whe re  ~' -~ ~", the  flux for 
ion A becomes,  

o :I J J"~ : (C'A--  C"a) = �9 C"~ [5] 
--~ DCI 

- - - ~ - - -  + 2 
DC8 

For  the  same condi t ions  the  flux across the  u n s t i r r e d  
film on the  side ad jacen t  to solut ion '  becomes,  

J'A=-~ - ( C ' - C ~  = - ~  DCl 

DC---~ -~ 2 

[6] 

These express ions  are exact  w h e n  appl ied  to the  u n -  
s t i r red  films and  dic ta te  w h e t h e r  film, m e m b r a n e ,  or 
a coupled f i l m - m e m b r a n e  diffusion m e c h a n i s m  is 
cont ro l l ing .  Express ions  for the  flux of ion B m a y  be 
w r i t t e n  s imi la r ly ;  these  mus t  sat isfy  the  e lec t ro-  
n e u t r a l i t y  a s sumpt ion  i n h e r e n t  in  the  above d e r i v a -  
t ion. The  key  p a r a m e t e r  in  these  express ions  is D C l /  

(DC~) which  is the  ra t io  of the  m a x i m u m  a t t a i n -  
able  flux in  the  u n s t i r r e d  film to tha t  in  the  m e m -  
b r a n e  and  has been  used by  Helffer ich (8) .  

F r o m  these express ions  it  is no ted  tha t  if DCI /  

(DCS) < <  1, co r respond ing  to a case where ,  u n d e r  
the  same concen t r a t i on  gradient ,  the  flux in  the  
m e m b r a n e  phase  is m u c h  la rger  t h a n  tha t  in  the  u n -  
s t i r red  film, t hen  whe re  C'A ~ ~ C'B and  C"B ~ ~ C", 
the  express ion  for C~ simplifies to C~ = C/2.  Here  
the  g r ad i en t  in  the  u n s t i r r e d  fi lm has  reached  its 
m a x i m u m  value,  or p u r e  fi lm cont ro l  exists. The  
g rad ien t s  are  a lmost  en t i r e ly  in  the  u n s t i r r e d  films, 
and  C~ ~- C~ = C~A ~ C~B = C/2. Simi la r ly ,  if DCI/  

(DCS) > >  1, co r respond ing  to cases whe re  the  r e -  
s is tance of the  fi lm to diffusion is m u c h  less t h a n  
tha t  of the  m e m b r a n e ,  t hen  C~ = C'B = C a nd  
C'A ~ C~ = 0, or the  g rad ien t s  are  located a lmos t  
en t i r e ly  in  the  m e m b r a n e  phase. W h e r e  the  ra t io  

D C I / ( D C S )  has i n t e r m e d i a t e  values ,  ne i t he r  process 
is p u r e l y  r a t e - d e t e r m i n i n g  and  a coupled m e c h a n -  
i sm prevai ls ,  as shown  in  Fig. 1. Ana logous  sys tems 
w h e r e i n  wa t e r  t r an spo r t  occurs have  been  descr ibed  
by  SchlSgl and  SchSdel (11) .  

Experimental 
Homogeneous  i n t e r p o l y m e r  m e m b r a n e s  have  b e e n  

descr ibed by  Gregor ,  et al. (12-16) .  These m a y  be 
p r epa red  by  cas t ing a homogeneous  film f rom a so lu-  
t ion  of a po lye lec t ro ly te  and  a hydrophob ic  f i lm- 
fo rming  po lymer  in  a su i tab le  solvent ,  a l lowing  the  
film to dry,  and  us ing  direct ly.  A series of i n t e r -  
p o l y m e r  films were  e x a m i n e d  in  a p r e l i m i n a r y  w a y  
to ascer ta in  the i r  charac ter is t ics  as regards  t r a n s p o r t  
p h e n o m e n a .  T r a n s p o r t  across i o n - e x c h a n g e  me r e -  

The "di f fus ion  l aye r "  of "ef fec t ive  th ickness"  & 
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b ranes  proceeds by  essen t ia l ly  the  same process for 
al l  m e m b r a n e  types;  however ,  the re  are ce r ta in  
basic  differences b e t w e e n  homogeneous  and  he t e ro -  
geneous  films as regards  the  exact  m e c h a n i s m s  of 
t r anspor t ,  p a r t i c u l a r l y  of wa te r  t r a n s p o r t  (16).  Since 
the re  are  commerc ia l ly  ava i l ab le  m e m b r a n e s  of the  
homogeneous  type,  ones wh ich  show s imi la r  p rop -  
er t ies  to the  i n t e r p o l y m e r  m e m b r a n e s ,  it was  decided 
to ca r ry  out  the  de ta i led  e x a m i n a t i o n  of t r a n spo r t  
processes in  commerc ia l  m e m b r a n e s .  The  films se-  
lected were  qu i te  s t rong mechan i ca l l y  a nd  capable  
of w i t h s t a n d i n g  h igh  ra tes  of s t i r r ing .  The  ca t ion -  
p e r m e a b l e  m e m b r a n e  used was  the sul fonic  acid-  
type  fi lm Nalf i lm 1 ;~ the  a n i o n - p e r m e a b l e  m e m b r a n e  
was  Nalf i lm 2, a q u a t e r n a r y  a m m o n i u m - t y p e  ob-  
t a ined  f rom the  same  source. 

The  effective exchange  capaci ty  of a m e m b r a n e  
is the  n u m b e r  of acidic or basic exchange  sites 
w i t h i n  the  m e m b r a n e  s t r uc t u r e  which  are t i t r ab l e  
wh i l e  l eav ing  the  m e m b r a n e  intact .  Wi th  s t rong  
acid (su l fonic)  or s t rong base ( q u a t e r n a r y  a m m o -  
n i u m )  m e m b r a n e s  s imple  ma ss - a c t i on  exchange  of 
n e u t r a l  ions (po tass ium or n i t r a t e )  for coun te r  ions 
( hyd r oge n  or chlor ide)  was  u t i l ized to m a k e  all  ex -  
changeab le  groups  r ead i ly  t i t r ab l e  (12).  

Al l  of the e x p e r i m e n t s  were  pe r fo rmed  at  room 
t empera tu r e ,  24~176 unless  o therwise  stated.  In  
mos t  cases the  sys tems  were  t h e r m o s t a t e d  at  25.0~ 
Al l  da ta  were  corrected to 25~ unless  the  t e m p e r a -  
t u r e  dev ia t ion  or the  effect of t e m p e r a t u r e  was  
negl ig ible .  

The  c a t i o n - p e r m e a b l e  m e m b r a n e s  were  equ i l i -  
b r a t ed  w i th  1M hydroch lo r ic  acid, washed  wi th  
w a t e r  to r emove  diffusible salt,  and  t h e n  blot ted.  
E l u t i on  of the  h y d r o g e n  ions was  accompl ished by  
p lac ing  the  m e m b r a n e  samples,  each h a v i n g  an  a rea  
of abou t  100 cm ~, in  250 ml  of 1M po tass ium chloride;  
these  condi t ions  p rov ided  at leas t  a 250-fold excess 
of po ta s s ium ion. Af te r  a 24-hr  per iod  of shak ing  
( m u c h  longer  t h a n  the  t ime  r e q u i r e d  for equ i l i b -  
r i u m ) ,  an  a l iquot  of the  so lu t ion  was  t i t ra ted .  The  
mo la l i t y  of this  m e m b r a n e  was  2.86 • 0.02, defined 
as m i l l i e q u i v a l e n t s  of h y d r o g e n  ions per  g r a m  of 
sorbed water .  

The a n i o n - p e r m e a b l e  m e m b r a n e s  were  equ i l i -  
b r a t e d  in  po tas s ium chlor ide solut ions,  the  diffusible 
sal ts  r e move d  b y  w a sh i ng  wi th  w a t e r  and  b lo t t ing ,  
and  e lu t ion  of the  chlor ide accompl ished by  shak ing  
in  250 ml  of 1M po tass ium n i t r a t e  for 24 hr. The 
m e m b r a n e  was  removed,  r in sed  into the  eluate,  and  
the  l a t t e r  t i t r a t ed  po t en t iome t r i ca l l y  w i th  s i lver  
n i t ra te .  The a n i o n - p e r m e a b l e  m e m b r a n e  was  found  
to have  a m o t a l i t y  of 4.58--*---0.04. 

The th ickness  of each m e m b r a n e  was  de t e rmined ,  
fo l lowing e qu i l i b r a t i on  in  0.1M po tas s ium chloride,  
wi th  a m i c r o m e t e r  which  p rov ided  resul t s  accura te  
to ----1%. The  w a t e r  con ten t  of each m e m b r a n e  in  the  
same state  was  d e t e r m i n e d  by  first e lu t ing  the d i f -  
fus ib le  salt, b lo t t i ng  w i th  fil ter pape r  to r emove  s u r -  
face mois ture ,  and  we igh ing  immedia te ly .  This  p ro -  
cedure  was  shown  b y  Gregor  a nd  So l lne r  (17) to 
y ie ld  accura te  and  r ep roduc ib le  wet  weights .  The  
m e m b r a n e s  were  t h e n  dr ied  at  10 m m  Hg and  60~ 

Obta ined  f r o m  the Nat ional  A lumina t e  Corporat ion.  
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for  24 hr  and r ewe ighed .  D r y i n g  for  an  add i t iona l  24 
h r  u n d e r  these  condi t ions  r e m o v e d  less t han  0.2% 
add i t iona l  wa te r .  

C h a r a c t e r i z a t i o n  ohmic  res i s tance  m e a s u r e m e n t s  
w e r e  m a d e  w i t h  a K l e t t  c o n d u c t i v i t y  b r idge  at 1000 
cps on m e m b r a n e s  in a p las t ic  f low cel l  w i t h  f ixed 
p la t in ized  p l a t i n u m  e lec t rodes  and p rov i s ions  to in -  
t e rpose  the  m e m b r a n e  (18) .  The  cel l  r es i s tance  was  
d e t e r m i n e d  for  va r ious  po t a s s ium ch lor ide  solu t ions  
w i t h  and  w i t h o u t  the  m e m b r a n e .  M e m b r a n e  re s i s t -  
ance  was  ca lcu la ted  f r o m  the  d i f fe rence  in res i s tance  
and cons ide ra t ion  of t he  cel l  cons tan t  and the  t h i c k -  
ness of the  m e m b r a n e .  In  the  m o r e  concen t r a t ed  so- 
lu t ions  the  ca l cu la t ed  res i s t ance  is qu i t e  accura te ,  
wh i l e  in d i lu te  (0.001M) solut ions  the  r e l i ab i l i t y  de -  
creases  to -----4%. 

C o n c e n t r a t i o n  po ten t i a l s  w e r e  d e t e r m i n e d  for  t he  
chain:  

S . C . E .  I C~ I M e m b .  t C1 I S . C . E .  

w h e r e  S.C.E. r e f e r s  to the  s a tu ra t ed  ca lomel  e l ec -  
t rode  and w h e r e  C~:C~ ~ 2: 1. These  m e a s u r e m e n t s  
w e r e  ca r r i ed  out  in a p las t ic  cell  w i t h  p rov is ions  for  
s t i r r ing  at the  m e m b r a n e - s o l u t i o n  i n t e r f ace  by  
means  of an air  s t ream.  The  m e a s u r i n g  c i rcui t  e m -  
p loyed  a L&N T y p e  K - 2  p o t e n t i o m e t e r  and a T y p e  
E g a l v a n o m e t e r .  Cor rec t ions  w e r e  app l ied  as de -  
scr ibed  by We t s tone  (19) to the  concen t r a t i on  po-  
t en t i a l  m e a s u r e m e n t s  for  the  salt  b r idge  l iqu id  j u n c -  
tion, t he  S.C.E. a s y m m e t r y  and t e m p e r a t u r e .  These  
m e a s u r e m e n t s  are  s u m m a r i z e d  in Tab le  I. 

N o n e x c h a n g e  of d i f fus ible  e l e c t r o l y t e  is t ha t  w h i c h  
en te r s  the  m e m b r a n e  phase  in excess  of those  ions 
wh ich  c o m p e n s a t e  e l ec t r i ca l l y  fo r  the  f ixed ions. In  

Table I. Membrane properties 

C a t i o n -  A n i o n -  
p e r m e a b l e  p e r m e a b l e  
m e m b r a n e  m e m b r a n e  

Thickness (microns) 96 _+1 84 __+1 

Water  content  

% by weight  23.5 • 17.1 +-0.3 
% by volume 30.9 20.6 

ml. cm -2 of m e m -  2.97 1.73 
b r a n e (  • 10 ~) 

Resistance in ohm-cm ~ 

1.0M KC1 8.03 
0.5M 14.5 
0.1M 16.5 28.8 
0.01M 20.1 
0.001M 28.0 

Concentrat ion* 

Molali ty - -  meq g-~ 
water  2.86 +-0.02 4.58 +-0.04 

Capac i ty - -meq  cm -~ 
membrane  area x 
10 ~ 8.46 7.89 

Mola r i t y - -meg  cm -~ 
membrane  0.882 0.939 

Co. P.,t mv  (cor- 
rected) 15.45 --15.61 

* T h e s e  do no t  i n c l u d e  n o n e x c h a n g e  e l e c t r o l y t e .  
? C o n c e n t r a t i o n  p o t e n t i a l  of  c h a i n :  8 .C .E .  l 0.2M K C I  I M e m b .  I 

0.1M KC1 I S.C.E.  T h e o r e t i c a l ,  Ema~ = -----16.11. 

Table II. Diffusible electrolyte or co-ion content 
of cation-permeable membrane 

P o t a s s i u m  
c h l o r i d e ,  A r e a ,  W a t e r  c o n t e n t ,  M o l a l i t y ,  

M c m  ~ g c m  -~ m e q  g - 1  w a t e r  

0.100 38.4 0.119 0.0270 +--0.007 
0.500 36.9 0.110 0.162 +-0.002 
1.00 40.1 0.114 0.474 +-0.009 

a c a t i o n - p e r m e a b l e  m e m b r a n e  sys tem in po ta s s ium 
ch lo r ide  solut ion,  for  example ,  the  mobi l e  po t a s s ium 
ions are  des igna ted  as c o u n t e r - i o n s  and the  ch lor ide  
ions as co-ions.  T h e n  the  m o l a l i t y  of co- ions  is n u -  
m e r i c a l l y  equa l  to t h a t  of  t he  dif fusible  e l e c t r o l y t e  
and  is equa l  to the  n u m b e r  of e q u i v a l e n t s  pe r  g r a m  
of sorbed  wa te r .  M e m b r a n e  samples  a p p r o x i m a t e l y  
40 cm ~ in a rea  w e r e  e q u i l i b r a t e d  in 0.100, 0.500, and  
1.00M po ta s s ium ch lor ide  solut ions,  b lo t t ed  qu i ck ly  
to r e m o v e  su r face  solut ion,  and p laced  in 25 ml  of 
d i s t i l l ed  w a t e r  w i t h  gen t l e  shak ing  fo r  24 hr.  The  
a m o u n t  of e lu t ed  diffusible  e l ec t ro ly t e  was  e v a l u -  
a ted  f r o m  res i s t ance  m e a s u r e m e n t s  of the  e luate .  
W a t e r  conten ts  w e r e  d e t e r m i n e d  on s imi la r  samples  
in e q u i l i b r i u m  w i t h  the  same solutions.  Ca l cu l a t ed  
mola l i t i e s  a re  p r e s e n t e d  in Tab l e  II. 

I o n - e x c h a n g e  m e m b r a n e s ,  l ike  the  i o n - e x c h a n g e  
resins,  show some v a r i a t i o n  in the  p rope r t i e s  of 
d i f fe ren t  samples .  This  is p a r t i c u l a r l y  the  case w i t h  
m a t e r i a l s  st i l l  in t he  d e v e l o p m e n t a l  stage. Fo r  a 
g iven  ba tch  of m e m b r a n e s ,  a h igh  l eve l  of u n i -  
f o r m i t y  was  encoun t e r ed ;  al l  of the  w o r k  desc r ibed  
in th is  con t r i bu t ion  was  ca r r i ed  out  on the  same 
batch.  

Ra te  of e x c h a n g e  s tudies  w e r e  conduc ted  in an 
a p p a r a t u s  w h i c h  consis ted essen t ia l ly  of two  iden t i -  
cal p las t ic  ( m e t h y l m e t h a c r y l a t e )  c h a m b e r s  w i t h  a 
c o m m o n  w i n d o w  such tha t  an  in t e rposed  m e m b r a n e  
was  exposed  on one side to so lu t ion '  and  on the  o the r  
side to solut ion".  Each  c h a m b e r  had  p rov is ions  for  an 
in le t  and ou t le t  s t ream,  iden t i ca l  ra tes  of s t i r r ing ,  
and  cool ing coils fo r  p rec i se  t e m p e r a t u r e  control .  
Iden t i ca l  h igh  ra tes  of s t i r r ing  v e r y  n e a r  the  m e m -  
b r a n e - s o l u t i o n  i n t e r f ace  w e r e  ob ta ined  by  means  of 
a 3 -b l aded  flat padd le  s t i r r e r  wh ich  swep t  the  en t i r e  
exposed  m e m b r a n e  a rea  w i t h  con t ro l l ed  p e r i p h e r a l  
l i nea r  ve loc i t i es  of 55 to 330 cm sec -1 at  a d i s tance  of 

PLASTIC COVERED 
P R O P E L L E R ~ F T ~  

IQ I 

STIRRER 
OMITTEO RUBBER STOPPER 

, ,.~. L _ 2  ROD 

- ~ o  ~ ', 7 ~ r --r-" ~ . . . . . . .  ...j I 
f / l l  ~ - -  . . . . .  . 1 /  I I I~ELECTRODE 

I//) I I k":--~--~-- ~ :~ I I , i 

L V / / I A  I - - L ' ~ - - ~  I ~ 
~'~-TEFLON STAINLESS STEEL 

BUSHING COOUNR COIL 

Fig. 2.. Cell used for  var iab le ,  h igh rates of  st i r r ing.  The 
three detachab le  plast ic f l o t -podd le  blades are 0.1 to  0.2 cm 
f rom the interposed membrane.  The assembly is symmetr ica l ,  
and each compor tmen t  has provis ion for  on ent rance and ex i t  
s t ream. Vo lume  of  each c o m p o r t m e n t - - 1  ] 5 ml. 
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1 to 2 m m  f r o m  the  in t e rposed  m e m b r a n e .  This  cel l  
is i l l u s t r a t ed  s chema t i ca l l y  in Fig.  2. 

W a t e r  can be  t r a n s p o r t e d  across i o n - e x c h a n g e  
m e m b r a n e  sys tems  as a r e su l t  of d i f ferences  in the  
ac t i v i t y  of w a t e r  in so lu t ion '  and solut ion",  or by 
e lec t ro -osmos is .  This  was  recogn ized  by  D o n n a n  in 
his ea r l i e s t  papers ,  w h e r e  he  sugges ted  the  add i t ion  
of a n o n p e r m e a b l e  n o n e l e c t r o l y t e  such as sugar  to 
the  side of h i g h e r  so lven t  ac t iv i ty .  W a t e r  t r a n s p o r t  
can m a n i f e s t  i t se l f  in the  m e a s u r e m e n t  of any  i r r e -  
ve r s ib l e  p h e n o m e n o n ,  inc lud ing  tha t  of a concen -  
t r a t i on  potent ia l ,  t r a n s p o r t  number ,  and diffusion 
coefficient.  W a t e r  t r a n s p o r t  is neg l igb l e  u n d e r  a lmos t  
a l l  e x p e r i m e n t a l  condi t ions  ( excep t i ng  e l ec t ro -  
osmosis)  w i t h  m e m b r a n e s  of low w a t e r  content ,  such 
as the  h o m o g e n e o u s  m e m b r a n e s  of G r e g o r  and  So l l -  
ne r  (17),  the  i n t e r p o l y m e r  m e m b r a n e s  (12-16) ,  and 
the  films used  in th is  s tudy.  W a t e r  con ten t s  of abou t  
25% or less u sua l l y  m e a n  tha t  w a t e r  t r a n s p o r t  m a y  
be neg lec ted ;  at w a t e r  conten ts  of 50% and grea te r ,  
l a rge  effects a re  o b s e r v e d  and  h a v e  been  e v a l u a t e d  
by SchlSgl  and Sch5de l  (11) .  

A n o t h e r  cel l  s imi la r  to tha t  shown  in Fig.  2 was  
cons t ruc ted ,  w h e r e  the  exposed  m e m b r a n e  a rea  was  
abou t  15 cm ~. One  side was  m a i n t a i n e d  at cons tan t  
v o l u m e  w i t h  a m e r c u r y - s e a l e d  s t i r re r ,  and a cap i l l a ry  
p e r m i t t e d  d i rec t  o b s e r v a t i o n  of any  v o l u m e  changes.  
The  impos i t ion  of an  osmot ic  concen t r a t i on  d i f fe r -  
ence as l a rge  as 1M g a v e  such low ra tes  of w a t e r  
t r a n s p o r t  as to be neg lec ted .  

T h r e e  ser ies  of runs  at  so lut ion concen t r a t ions  of 
0.001, 0.1, and 0.5M w e r e  m a d e  us ing  the  ca t ion-  
p e r m e a b l e  m e m b r a n e  w i t h  po t a s s ium ch lor ide  as 
so lu t ion '  and a m m o n i u m  n i t r a t e  as solut ion".  These  
ions r e s e m b l e  one ano the r  c losely  enough  to se rve  
as " t r a c e r s "  for  each  other .  S imi l a r  runs  inc lud ing  a 
0.0001M series w e r e  m a d e  us ing the  a n i o n - p e r m e -  
able  m e m b r a n e .  Each  ser ies  consis ted of a n u m b e r  of 
runs  r a n g i n g  in t i m e  f r o m  10 to 30 min  and at s t i r -  
r ing  ra tes  f r o m  200 to 1200 r p m  (co r re spond ing  to 
l inear  ra tes  of 55 to 330 cm see-l).  

The  m e m b r a n e s  w e r e  e q u i l i b r a t e d  in the  r e spec -  
t i ve  po ta s s ium ch lo r ide  so lu t ion  for  24 h r  p r io r  to 
the r a t e  expe r imen t s .  Zero  t ime  for  each  run  was  not  
cr i t ica l  because  essen t i a l ly  no po ta s s ium could  be  
de tec ted  in the  a m m o n i u m  n i t r a t e  so lu t ion  a f t e r  a 
pe r iod  of 1 h r  w i t h  no s t i r r ing .  T h a t  the  m e m b r a n e  
was  h i g h l y  i o n - s e l e c t i v e  was  ver i f ied  w h e n  essen-  
t i a l ly  no ch lor ide  could  be  de tec ted  in the  n i t r a t e  
so lu t ion  a f t e r  15 m i n  at  800 r p m  in the  0.1M series,  
at  w h i c h  t i m e  an app rec i ab l e  a m o u n t  of c a t i o n - e x -  
change  had  occurred .  Dup l i ca t e  runs  g a v e  essen t i a l ly  
iden t ica l  resul ts .  

T h e  c a t i o n - p e r m e a b l e  m e m b r a n e  con ta ined  0.00846 
m e q  of po ta s s ium per  square  c e n t i m e t e r  of su r face  
area.  A cons tan t  a rea  of 3.422 cm = was  c o m m o n  to 
bo th  solut ions,  so tha t  be fore  s t e a d y - s t a t e  concen-  
t r a t i on  g rad ien t s  could  be es tab l i shed  a p p r o x i m a t e l y  
0.015 m e q  of po t a s s ium (50% of capac i ty )  would ,  of 
necessi ty ,  be  d i sp laced  f r o m  the  m e m b r a n e  si tes to 
the  a m m o n i u m  n i t r a t e  cell  side in r e t u r n  for  the  
a m m o n i u m  ion since the  m e m b r a n e  was  in i t i a l ly  e q u i -  
l i b ra t ed  in 0.001M po ta s s ium ch lo r ide  for  the  0.001M 
series  of runs,  etc. 

Ra te  da ta  w e r e  col lec ted  as fo l lows:  a f t e r  a 10- 
m i n  r u n  both  cells  w e r e  d r a ined  and  r e p l e n i s h e d  
w i t h  the  o r ig ina l  solutions.  This  was  r e p e a t e d  once 
and fo l lowed  by a th i rd  r u n  for  20 min  and a f o u r t h  
for  about  30 min.  Once  the  0.015 m e q  of po ta s s ium 
had  been  d i sp laced  it  was  a s sumed  t h a t  the  m e m -  
b rane  r e t a i n e d  a s t e a d y - s t a t e  concen t r a t i on  g r a d i e n t  
w i t h  r e spec t  to po t a s s ium and a m m o n i u m .  

So lu t ions  w e r e  ana lyzed  for  po t a s s ium w i t h  a 
P e r k i n - E l m e r  52A f lame pho tome te r .  These  d e t e r -  
m ina t ions  w e r e  accu ra t e  to b e t t e r  t h a n  ___2% at  a 
so lu t ion  concen t r a t i on  above  5 x 10-'M. A c o l o r i m e -  
t r i c  m e t h o d  of ana lys i s  w a s  used  for  ch lor ide ,  c apa -  
ble  of de tec t ing  ch lo r ide  ion q u a n t i t a t i v e l y  at con-  
cen t ra t ions  as l ow as 2 x 10-~M w i t h  an  accu racy  
b e t t e r  t han  2% (20) .  The  p r o c e d u r e  i nvo lves  the  
ind i rec t  e v a l u a t i o n  of the  ch lo r ide  ion by d i sp lace -  
m e n t  of t he  c h r o m a t e  ion f r o m  s i lver  c h r o m a t e  so lu-  
t ion.  Ana lys i s  of  the  c h r o m a t e  ion was  m a d e  us ing  a 
B e c k m a n  DU s p e c t r o p h o t o m e t e r  at  370 m/, aga ins t  a 

Table III. Exchange-diffusion of potassium 

Chain: 0.001M KCl [ Cation-Permeable Memb. ] 0.001M l ' ~ { 4 N O a  

E l a p s e d  F i n a l  F i n a l  A m o u n t  F l u x ,  
t i m e ,  c o n e  s o l n ' ,  c o n e  s o l n " ,  i n  s o l n " ,  m e q  c m  -~ 
m i n  M x 103 M x lOa m e q  x 10 ~ s e e  -1 x 10~ 

S t i r r i n g  r a t e ~ 2 0 0  r p m  

0 0.236 
10 0.946 0.042 0.482 0.234 
10 0.948 0.042 0.482 0.234 
19 0.910 0.078 0.895 0.224 
28 0.880 0.110 1.26 0.197 

S t i r r i n g  r a t e - - 3 0 0  r p m  

0 0.318 
10 0.933 0.055 0.632 0.308 
16 0.910 0.080 0.977 0.280 
19 0.888 0.100 1.15 0.280 
28 0.850 0.140 1.61 0.249 
28 0.848 0.142 1.63 0.260 

S t i r r i n g  r a t e - - - 4 0 0  r p m  

0 0.386 
10 0.923 0.065 0.748 0.365 
10 0.925 0.065 0.748 0.365 
15 0.894 0.096 1.1O 0.343 
15 0.895 0.095 1.09 0.334 
20 0.868 0.120 1.38 0.308 
29 0.825 0.165 1.90 0.281 
29 0.823 0.167 1.88 0.271 

S t i r r i n g  r a t e - - - 8 0 0  r p m  

0 0.664 
i0 0.876 0.114 1.31 0.638 
i0 0.875 0.113 1.30 0.632 
15 0.824 0.166 1.91 0.595 
19 0.784 0.206 2.37 0.574 
28 0.699 0.291 3.35 0.530 
28 0.698 0.290 3.34 0.524 

S t i r r i n g  r a t e - - - 1 2 0 0  r p m  

0 0.856 
10 0.843 0.147 1.69 0.822 
i0 0.843 0.145 1.67 0.813 
15 0.776 0.214 2.46 0.771 
19 0.722 0.268 3.08 0.753 
28 0.609 0.381 4.38 0.703 
28 0.609 0.379 4.36 0.694 

A M ~ f i n a l  ( 1 1 5 )  
F l u x  --  m e q  c m - ~  s e c  -1, w h e r e  115  c m a  i s  v o l u m e  o f  

Atsee  ( 3 . 4 2 2 )  

c e l l ,  3 . 4 2 2  c m  ~ i s  m e m b r a n e  a r e a .  



1056 J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  D e c e m b e r  1959 

su i tab le  s tandard .  The  none lec t ro ly te s  employed  
were  ana lyzed  for by  s t a n d a r d  procedures .  

Table  I I I  gives the  resu l t s  of a series of e x c h a n g e -  
diffusion e x p e r i m e n t s  p e r f o r m e d  wi th  the  so lu t ion  
chain :  

0.001M KC1 I C a t i o n - P e r m e a b l e  
Memb.  t 0.001M NH,NO~ 

m e a s u r e d  at  25~ and  w i t h  di f ferent  ra tes  of s t i r r ing .  
The  a m o u n t  of po ta s s ium exchanged  was  no t  p ro -  
po r t iona l  to the  e lapsed t ime  at  a g iven  ra te  of s t i r -  
r ing  because  the concen t r a t i on  g rad ien t s  had  
changed.  The  flux for each t ime  i n t e r v a l  was  e v a l u -  
ated, and  by  ex t r apo la t i on  to zero t ime  it  was  pos-  
s ible  to ca lcula te  the  flux u n d e r  the  in i t i a l  cond i -  
t ions  J~;  t h e n  C'~ = C"~ = 0 and  the  ca lcu la t ion  of 8 

and  D followed.  
In i t i a l  flux va lues  were  used to eva lua t e  8 f rom 

the  fo l lowing genera l  express ion  for the  case w he r e  
a c o u p l e d - m e c h a n i s m  preva i l s  

D (C'~+ -- C ~ 
J = [ 7 ]  

8 

At  the zero t ime  u n d e r  s t e ady - s t a t e  condi t ions  

C~ = C 1 DCl [8] 

DC~ + 2  

C'z+ = C and  k = 1. The  genera l  express ion  becomes,  

J~ = "~ DCI [9] 

DC8 +2 

o r  

8 = . [10] 
2 J~ D C 

In  o rder  to eva lua t e  8 as a f u n c t i o n  of the  s t i r r i ng  

ra te  it was necessary  to d e t e r m i n e  D~§ This  was  ob-  
t a i nab l e  for the  0.001M sys tem f rom conduc tance  
da ta  u s ing  the  app rop r i a t e  app l i ca t ion  of the  N e r n s t -  
E ins t e in  equa t ion  (10) 

l F ~ 
K -- -- (Z§ + Z_D_C_) [11] 

tl 1000 R T  

and  D§ x 10 -~ X~+/Z§ where  X--+ = 1000 K§ 
where  ~ is the  e q u i v a l e n t  ionic conduc tance  (mho  
cm ~ eq -~) in  the  absence  of e lectro-osmosis ,  K is the  
specific conduc tance  (ohm -~ cm-~), 11 is the  m e m b r a n e  

res i s tance  in  ohm cm ~, and  C the concen t r a t i on  (meq  
cm -~) of the  m e m b r a n e  phase.  F r o m  Tab le  II the  
concen t r a t i on  of n o n e x c h a n g e  e lec t ro ly te  wou l d  be 
neg l ig ib le  at 0.001M compared  to tha t  of the  ex -  

change  ions and  D. = 1.03 x 10 -~ cm ~ sec -~ in  0.001M 
solutions.  

Values  of 8 and  D C l / ( D  C~) as a func t i on  of ra te  

of s t i r r ing  were  ca lcu la ted  then,  based on the  D§ 
va lue  f rom conduc tance  data,  for all  e x p e r i m e n t s  
pe r fo rmed  at  0.001M concent ra t ions .  F i l m  th i ck -  
nesses we re  found  to r ange  f rom 1 to 30 ~ at s t i r r i ng  
ra tes  r a n g i n g  f rom 1200 to 200 rpm.  Values  of D C l /  

Table IV. Evaluation of unstirred film thickness 

R a t e  of s t i r r i n g - - 2 0 0  r p m  (55 c m  sec-D 
C h a i n :  0 .0001M KC1 I A n i o n - P e r m e a b l e  M e m b .  [ 0 .0001M N H ~ O g  

A l l  c o n c e n t r a t i o n s  a r e  f o r  t h e  c h l o r i d e  ion .  

E l a p s e d  A m o u n t  
t i m e ,  C', C ~, i n  s o l n ' ,  C z -- C%vg, 
rain M x I0~ M x 10 4 meq x l0 s M x IO g 6,/L 

0 1.00 0.000 0.00 
0.474 31.3 

1O 0.948 0.052 0.0598 
0.435 29.9 

15 0.923 0.077 0.0885 
0.412 31.9 

20 0.901 0.099 0.114 
0.379 30.7 

30 0.858 0.142 0.163 

8avg = 30.9 + 0 . 6 .  

(D C8) for this  0.001M series r a n g e d  f rom 18.8 at  
1200 r p m  to 0.99 at  300 r p m  and  0.65 at  200 rpm.  
Thus,  on the  basis  of these  calcula t ions ,  a coupled 
m e c h a n i s m  p r e va i l e d  at al l  ra tes  of s t i r r ing.  

E x p e r i m e n t a l  resu l t s  for a series of r u n s  at  
0.0001M a nd  200 r p m  are  p resen ted  in  Tab le  IV. 

Since  the  p a r a m e t e r  D C I / ( D  C8) equals  0.65 a t  200 
r p m  in  0.001M solut ion,  it  was  pos tu la ted  tha t  fi lm 
cont ro l  wou ld  p r e d o m i n a t e  in  0.0001M solut ions  at  

- - 7  
200 r p m  w he r e  D C I / ( D  C8) w oul d  equa l  0.065 if a l l  
va lues  other  t h a n  C were  unchanged .  U n d e r  these  
condi t ions  C ~ = C'~ a nd  the  concen t ra t ions  at  the  
m e m b r a n e  surfaces  w ou l d  be equa l  to the  m e a n  
va lue  of C" and  C", or C/2.  For  this  de t e rmina t i on ,  an  
a n i o n - p e r m e a b l e  m e m b r a n e  was  used because  chlo-  
r ide  ana lys i s  could be pe r f o r me d  wi th  g rea te r  ac-  
curacy  at  these e x t r e me  di lu t ions .  Pos tu l a t i ng  pu re  
fi lm control ,  J = DA/8(O.O0005 --C"avg) since C ~ and  
C ~ are cons tan t  and  equa l  to 5 x 10-~M. Tab le  IV p re -  
sents  ca lcu la ted  va lues  of "8 where  C"avg is the  ave r -  
age concen t r a t i on  of chlor ide  in  solut ion" d u r i n g  the  
appropr i a t e  t ime  i n t e r v a l  a nd  A the  m e m b r a n e  area.  

Tab le  IV shows tha t  8 is 30.9 +-- 0.6 ~ at  200 rpm,  
agree ing  wel l  w i t h  8 as d e t e r m i n e d  in  0.001M solu-  
t ions  w h e r e i n  the  coupled m e c h a n i s m  prevai led ,  as 
wi l l  be shown later .  The  cons tan t  va lues  of 8 over  
each t ime  i n t e r v a l  verifies the  a s sumpt ion  t ha t  diffu-  
s ion t h r ough  the  u n s t i r r e d  film was ra te  d e t e r m i n i n g  
for 0.0001M concent ra t ions .  

The  e s t a b l i shme n t  of 8 at  200 r p m  in  the  0.0001M 

series a l lowed an  i n d e p e n d e n t  eva lua t i on  of D+ for  
0.001M solut ions  f rom flux data  for  the  0.001M 

series, and  good a g r e e m e n t  was  no ted  b e t w e e n  D§ 

(conduc tance)  and  D§ ( f lux) ,  as wi l l  be  shown  later .  
F r o m  cons idera t ion  of the  d imens ion less  p a r a m -  

e ter  D C l / ( D  28)  it  is seen t ha t  m e m b r a n e  control  
wi l l  p r e d o m i n a t e  at  va lues  g rea te r  t h a n  50, w i t h  the  
fi lm be ing  ra te  control l ing  at  va lues  less t h a n  0.1. 

In  the  sys tem u n d e r  inves t iga t ion ,  l --~ 0.01 cm, C --~ 

1.0M, D / D E  100 a n d  0.0001 < 8  < 0.0030 cm. Ac-  
cordingly ,  f i lm cont ro l  can  be expected  at  C 
0.00001M at 1200 r p m  and  C < 0.0003M at 200 rpm;  
devia t ions  f rom m e m b r a n e  cont ro l  can  be expected  
a t  C < 0 . 0 0 5 M  at  1200 r p m  a nd  C < 0 . 1 5 M  at  200 
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Table V. Flux of exchange ions 

J ~ +  i n  c a t i o n -  J m -  i n  a n i o n -  
p e r m e a b l e  p e r m e a b l e  
m e m b r a n e ,  m e m b r a n e ,  

m e q  s e e  -1 m e q  s e e - 1  
c m  -2 x 10  s c m - ~  x lO s 

Stirring 
r a t e ,  r p m  8, ~ O . 1 M  0 . S M  O . 1 M  0 . S M  

200 31.0 1.51 1.65 0.850 
400 14.4 1.53 1.66 0.866 0.99 
800 4.25 1.57 1.68 0.894 1.02 

Table VI. Chloride exchange-diffusion across cation-permeable 
membrane 

C h a i n :  K C 1  I M e m b r a n e  I NH~'~TOs 
R a t e  of s t irr ing--400 r p m  

C h l o r i d e  l e a k  
D u r a t i o n  C h l o r i d e  a v g  f l u x ,  

O r i g i n a l  o f  r u n ,  c o n c .  C " ,  m e q  c m  -e  
c o n c .  C '  r a i n  M x I 0  ~ s e e  ~I x lO s 

0.100 60 1.90 
28 

0.100 180 2.50 
28 

0.100 300 3.10 

0.500 60 1.90 
157 

0.500 180 5.25 
163 

0.500 300 8.75 

1.000 60 1.90 
443 

1.000 110 5.85 
443 

1.000 160 9.80 

rpm.  I n t e r m e d i a t e  r anges  should  exh ib i t  a coupled 
mechan i sm.  

The  ra te  of d i f fus ion-exchange  processes in  0.1 and  
0.5M solut ions  was  m e a s u r e d  w i th  a n i o n -  and  ca-  
t i o n - p e r m e a b l e  m e m b r a n e s .  So lu t ion  concen t ra t ions  
r e m a i n e d  essen t ia l ly  cons tan t  t h r o u g h o u t  the  expe r i -  
ments ,  chang ing  by  less t h a n  one pa r t  in  500, and  a 
cons tan t  flux was observed  over  the  var ious  t ime  
in te rva ls .  Tab le  V presen t s  the  flux values .  Values  of 
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8 were  a s sumed  to be concen t r a t i on  i n d e p e n d e n t  
a nd  t a k e n  f rom the  0.001M data.  Cor re spond ing  da ta  
for the  d i f fus ion -exchange  of chlor ide  ions in  the  ca-  
t i o n - p e r m e a b l e  m e m b r a n e  are  g iven  in  Tab le  VI. 

F r o m  the  genera l  flux express ion  it  is no ted  t ha t  

J* approaches  D C/ l  in  the  l imi t ing  case of DCI/ 
(D C8) > >  1 w he r e  m e m b r a n e  cont ro l  prevai ls .  The  

gene ra l  express ion  for  D in  the  coupled diffusive 
process is 

D+ = Jl DCl 

F r o m  the  express ion  r e l a t ing  specific conduc tance  
a nd  diffusion coefficient, the  diffusion coefficient for 
the  an ion  is g iven  by  

-- [ ~RT Z+D+C+ ] 1000 
D_ = [13] 

I~ lOOO z_c  

Exact  va lues  of D~ can be ca lcu la ted  f rom flux data  
for tha t  ion a nd  va lues  of 8; these  can be ca lcu la ted  
also f rom va lues  of the  specific conduc tance  of the  

m e m b r a n e  phase  toge ther  w i th  va lues  of C, for each 

ionic species p re sen t  and  va lues  of D, for al l  o ther  
ionic species, sub jec t  to the  app l i cab i l i t y  of the  
N e r n s t - E i n s t e i n  equat ion .  Where  bo th  k inds  of da ta  
are  ava i lab le ,  an  i n d e p e n d e n t  check is possible.  Dif -  
fus ion  coefficients a nd  o ther  p a r a m e t e r s  for  the  ca-  
t i o n - p e r m e a b l e  m e m b r a n e  sys tem are  p re sen t ed  in  
Tab le  VII. 

F r o m  Tab le  VII  it  is seen tha t  w i t h i n  e x p e r i m e n t a l  
accuracy  the diffusion coefficients in  the  m e m b r a n e  
phase  for a g iven  so lu t ion  concen t r a t i on  are  i nde -  
p e n d e n t  of the  r a t e  of s t i r r ing .  This  is no t  t r ue  of the  
flux un less  comple te  m e m b r a n e  cont ro l  prevai ls .  As 
fluxes in  the  0.1M solu t ion  series decrease,  w i th  

lower  ra tes  of s t i r r ing ,  "C/Jl increases;  however ,  
the re  is a co r respond ing  increase  in  the  va lues  of 

2C8/(Dc,)  due  to an  increase  in  8, r e su l t ing  in  a con-  

s t an t  va lue  of D. At  h ighe r  concen t ra t ions  (C = 
0.5M) the  fi lm effect is d imin i shed  a nd  in  the  l imi t  

Table VII. Parameters for cation-permeable membrane 

Z x IO~, ~ -  x Io~, c§ ~_, ~ x  los, ~+  x 1o7, ~ -  ~ IO~, 
R p m  m e q  e m  -2 s ec -Z  m e q  e m  -~ s e e - 1  m M o h m - c m - X  c m  2 s e c  -z  c m  2 s e c - *  

C = 0.001M 
0.882 (0.000) 0.343 1.03" 

200 0.236 1.09 

C = 0.01M 
0.882 (0.000) 0.478 1.44" 

C ~ 0.1M 
200 1.51 0.889 0.00832 0.582 1.72 3.24* 
400 1.53 0.028 1.69 3.23 
800 1.57 1.71 

C = 0.5M 
200 1.65 0.931 0.0499 0.662 1.73 3.01" 
400 1.66 0.160 1.72 3.08 
800 1.68 1.74 

C ~  1M 
400 0.443 1.03 0.146 1.197 1.75" 2.91 

* C a l c u l a t e d  f r o m  c o n d u c t a n c e  d a t a .  
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Table VIII. Value of parameter DCI/(DCS) for cation-exchange 
membrane 

J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  D e c e m b e r  1959 

Ambient  concentration 
S t i r r i n g  r a t e ,  ~ x 10r 

r p m  c m  sec-1 c m  O.O01M O.1M 0.5M 1.ONI 

1200 330 1.04 18.8 1120 4930 8650 
800 220 4.25 4.59 273 1200 2120 
400 110 14.4 1.36 80.5 356 625 
300 83 19.7 0.99 58.8 260 457 
200 55 30.1 0.65 38.6 170 299 

w h e r e  m e m b r a n e  con t ro l  is absolute ,  i t  is e s sen t i a l ly  

zero and  D = J1/-C. 
In o rde r  to i l l u s t r a t e  inc reas ing  m e m b r a n e  con t ro l  

w i t h  inc reas ing  so lu t ion  concen t ra t ion ,  D C I /  (D C8) 
va lues  for  0.001, 0.1, 0.5, and 1M solut ions  are  p r e -  
sen ted  in Tab le  VIII .  P a r a m e t e r  va lues  r a n g e d  f r o m  
0.65 at 200 r p m  w i t h  0.001M solut ions  to 8650 at  1200 
r p m  w i t h  1M solut ions.  

F r o m  va lues  of diffusion coefficients of e x c h a n g e  
and  n o n e x c h a n g e  e lec t ro ly te ,  mobi l i t i e s  and t r a n s -  
po r t  n u m b e r s  can be eva lua ted .  A sequence  of con-  
c e n t r a t i on  po t en t i a l  m e a s u r e m e n t s  was  m a d e  and is 
p r e s e n t e d  in Tab le  IX. Good a g r e e m e n t  is no ted  be -  
t w e e n  t r a n s p o r t  n u m b e r s  d e t e r m i n e d  f r o m  e x c h a n g e -  
di f fus ion s tud ies  and  those  ca lcu la ted  f r o m  po ten t i a l  
m e a s u r e m e n t s .  

F r o m  flux da ta  ob ta ined  w i t h  a n i o n - p e r m e a b l e  
m e m b r a n e s ,  va lues  of the  anionic  diffusion coeffi- 

c ients  w e r e  ca lcu la ted  to be  (Dc,)o.~ = 0.78 x 10 -~ 

and  (Dc~)o.~ = 0.85 x 10 -~ cm ~ sec -~. Subscr ip t s  o u t -  
side the  p a r e n t h e s e s  r e f e r  to the  a m b i e n t  so lu t ion  
concent ra t ions .  

A ca lcu la t ion  of (D~§ .... in this  m e m b r a n e  r e -  
qu i res  e i t he r  n o n e x c h a n g e  e l ec t ro ly t e  con ten t  and 
flux da ta  or t he  f o r m e r  and  conduc tance  data.  A good 
a p p r o x i m a t i o n  of t he  n o n e x c h a n g e  e l ec t ro ly t e  con-  
c e n t r a t i on  can be m a d e  by  ana logy  w i t h  the  ion-  
e x c h a n g e  resins.  Gregor ,  Gutoff ,  and  B r e g m a n  (21) ,  
G r e g o r  and Got t l i eb  (22),  and Got t l i eb  and G r e g o r  
(23) m e a s u r e d  diffusible  e l ec t ro ly t e  conten ts  and 
m e a n  ac t i v i t y  coefficients for  su l fonic  acid ca t ion -  
and q u a t e r n a r y  a m m o n i u m  a n i o n - e x c h a n g e  res ins  of 
d i f fe ren t  res in  phase  molal i t ies .  Pos tu l a t i ng  tha t  
these  sys tems  are  comparab le ,  as seems to be the  
case f r o m  n e a r l y  al l  po in ts  of v i ew,  one can e v a l u a t e  
these  p a r a m e t e r s  for  the  m e m b r a n e s .  

Table tX. Transport numbers in membranes calculated from 
potential and exchange-diffusion measurements 

C a t i o n - D e r m e a b l e  Anion-permeable 
m e m b r a n e  m e m b r a n e  

Cavg 
C'  = 2C ", Emax, Eeorr, Eeorr, 

M m v  m v  t+ t+* m v  t -  

0.0015 17.43 17.42 0.999 (1.000) --17.42 0.999 
0.006 17.14 17 .07  0.998 --17.09 0.999 
0.015 16.87 16.77 0.997 --16.80 0.998 
0.06 16.39 16.08 0.990 --16.13 0.992 
0.15 16.11 15.45 0.979 0.983 --15.61 0.985 
0.60 15.89 12 .17  0.883 0.915 --12.80 0.903 
1.5 17.18 10 .11  0.794 0.810 --12.43 0.862 

t + * - - T r a n s p o r t  n u m b e r s  f r o m  exchange-diffusion experiments in 
0.001, 0.1, 0.5, a n d  1M so lu t i ons .  

C a t i o n - e x c h a n g e  res in  m e a n  ac t i v i t y  coefficients 
w e r e  ca l cu la t ed  f r o m  the  G i b b s - D o n n a n  equa t ions  
app l ied  to sys tems  of this  t y p e  by Gregor ,  et al. 
(21-25) .  I t  was  shown t h a t  m e a n  ac t i v i t y  coeffi- 
c ients  for  u n i - u n i v a l e n t  e l ec t ro ly t e s  def ined by the  

express ion  m~m_~,'-'= m~m_~, ~ were ,  fo r  c a t i o n - e x -  

change  resins,  as fo l lows:  w h e r e  ( m §  1.6, 

(~)o.1~ = 0.37; for  (m--+)~.lM = 4.0, (~• = 0.31. Fo r  

a n i o n - e x c h a n g e  resins,  w h e r e  (m_)o.~ = 2.9, (~,.) .... = 

0.32 and w h e r e  (m_)o.lM = 4.6, (~,+)0.1~ = 0.28. A c -  

cord ingly ,  Z va lues  for  bo th  res in  types  a re  qu i t e  

s imi la r  w h e n  sys tems  of the  same res in  phase  m o l a l -  
i ty  a re  compared .  

S ince  diffusible  and  nondi f fus ib le  e l ec t ro ly t e  con-  
t en t s  w e r e  d e t e r m i n e d  fo r  t he  c a t i o n - p e r m e a b l e  

m e m b r a n e s ,  va lues  of  (%) could  be ca lcula ted .  These  

we re :  (~.)o.~ ~-- 0.273 at (m+) .... = 2.89; (~,.) .... --~ 

0.465 at (m+)0.~ = 3.02; (y_.)~M ~ 0.483 at (m+)l~ = 

3.33. W i t h  the  sul fonic  acid resins,  (%)o.~ = 0.40 at 

(m+) ..... = 2.3, w h i l e  (~,),~ = 0.44 at  (m+)~, = 3.1. 

Good a g r e e m e n t  b e t w e e n  the  res in  and m e m b r a n e  
sys tems  is observed .  

Accord ing ly ,  it is poss ible  to e s t ima te  dif fusible  
n o n e x c h a n g e  e l ec t ro ly t e  conten ts  for  the  an ion -  

p e r m e a b l e  m e m b r a n e  and ca lcu la te  a D+ v a l u e  f r o m  
flux da ta  for  the  an ion  and conduc tance  data.  H a v -  

ing d e t e r m i n e d  ( m _ ) o j u =  4.58, and as suming  a 

va lue  of (~• = 0.28 (s ince  m_ is qu i t e  cons tan t  in 

d i lu te  so lu t ions) ,  t h e n  one can ca lcu la te  (m+)o.:u = 

0.017. The  ca lcu la ted  v a l u e  of (D~)o.~ in the  an ion -  
p e r m e a b l e  m e m b r a n e  was  2.41 x 10 -~ cm ~ sec -~, or 
t h r e e  t imes  tha t  of the  coun te r - ion .  

M e a s u r e m e n t s  w e r e  also m a d e  of f lux va lues  of 
u r e a  and acet ic  acid in the  c a t i o n - p e r m e a b l e  m e m -  
b r a n e  in 0.1M po ta s s ium ch lo r ide  solution.  In  bo th  
cases the  solut ion concen tra t ion  of the  n o n e l e c t r o -  
ly te  (also t r ea t i ng  the  acid as such)  was  0.1M. A 
h igh  r a t e  of s t i r r i ng  was  no t  r e q u i r e d  s ince these  
solutes  w e r e  not  s t r ong ly  a c c u m u l a t e d  by  the  m e m -  
b rane ;  concen t r a t i on  g rad i en t s  of these  solutes  in 
the  m e m b r a n e  phase  w e r e  abou t  5% of those  found  

for  e x c h a n g e  species. The  p a r a m e t e r  D C I / ( D  C8), 
accord ing ly ,  inc reased  by  a fac to r  of 20, m e a n i n g  
tha t  in al l  cases w h e r e  e v e n  m o d e r a t e  s t i r r ing  p r e -  
va i led ,  diffusion was  a lmos t  e n t i r e l y  m e m b r a n e  con-  
t ro l led .  F l u x  va lues  w e r e  cons tan t  in e v e r y  case 
ove r  an i n t e r v a l  of s eve ra l  hours .  Fo r  u r e a  it was  
found  t h a t  the  flux was  2.37 x 10 -~~ moles  sec -~ cm -~ 
f r o m  a 0.1M solu t ion  s t i r r ed  at  400 r p m  into  w a t e r  
across the  m e m b r a n e  (0.0096 cm)  w h e r e  t he  m o l a l -  
i ty  of u r e a  in the  m e m b r a n e  was  0.180 or  its m o l a r  
concen t r a t i on  was  0.0555 moles  l i t e r  -1 of m e m b r a n e  

phase.  Then,  D ... .  = 4.11 x 10 -~ cm ~ sec -1. In  f r ee  

solut ion,  D ... .  = 1.36 x 10 -~ cm ~ sec -1, so t h a t  D / D  = 
O.0O3O. 

These  f igures should  be c o m p a r e d  w i t h  those  fo r  
the  diffusion of u r e a  in a su l fonic  acid  c a t i o n - e x -  
change  res in  sys tem,  as m e a s u r e d  by  Gregor ,  Col -  
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lins, and  Pope (26).  Here  D ..... = 12.2 x 10 -7 cm ~ 
sec -1 in  a 10% cross - l inked  res in  whe re  the  d i s t r i -  

bu t ion  coefficient or m / m  = 1.31, where  the  w a t e r  
con ten t  of the res in  was 40%, and  w he r e  

(D~+)o.I~ ~c, ---- 4.7 x 10 -6 cm ~ sec -1 (4) .  
For  acetic acid, the  flux was  3.91 x 10 -1~ moles  sec -1 

cm -~ f rom a 0.1M solu t ion  of the acid in  0.1M po-  
t a s s ium chloride.  Here  a d e t e r m i n a t i o n  of the  so lu-  
t ion  phase  mola l i t y  was  not  made,  bu t  f rom other  
sources (26,27) it  appears  l ike ly  tha t  the  d i s t r i -  
b u t i o n  coefficient is n e a r l y  un i ty .  The  diffusion co- 
efficient for acetic acid was  ca lcu la ted  to be 3.76 x 
10 -8, compared  to the  free so lu t ion  va lue  of 1.20 x 

10-" cm ~ sec-~; t h e n  D / D =  0.0031. Manecke  and  
Hel le r  (28) also m e a s u r e d  the diffusion of acetic 
acid across a pheno l su l fon ic  a c i d - f o r m a l d e h y d e  ca-  
t i o n - p e r m e a b l e  m e m b r a n e ,  bu t  diffusion coefficients 
were  not  calculated.  

Discussion 
This  discussion is concerned  wi th  the c a t i o n - p e r -  

meab le  m e m b r a n e  systems,  un less  o therwise  stated.  
T u r n i n g  first to a compar i son  b e t w e e n  the ca t ion-  
select ive m e m b r a n e  and  a c a t i on -exchange  res in  of 
the su l fona te  type,  it is seen tha t  the  two sys tems 
are qu i te  comparab le  f rom a lmost  all  poin ts  of view. 
For  sys tems of equa l  cat ionic  mola l i ty ,  it  is seen 
tha t  the  concen t ra t ions  of diffusible e lec t rolytes  
v a r y  in  the  same w a y  wi th  the  a m b i e n t  so lu t ion  con-  
cen t ra t ion ,  wi th  respect  to bo th  absolu te  and  r e l a -  
t ive  values .  These D o n n a n  sys tems absorb  an  
a m o u n t  of diffusible e lec t ro ly te  at low c o n c e n t r a -  
t ions wh ich  is much  l a rge r  t h a n  tha t  ca lcu la ted  for 
ideal  systems.  This  is p r e s u m a b l y  because  the  
c o u n t e r - i o n  is b o u n d  e lec t ros ta t ica l ly  to the  po ly -  
mer ic  chains  by  the i r  h igh potent ia l .  The sys tem 
canno t  exer t  its ideal  D o n n a n  potent ia l ,  and  excess 
diffusible e lec t ro ly te  en te r s  so tha t  low va lues  of 
m e a n  ac t iv i ty  coefficients are calculated.  

As add i t iona l  diffusible e lec t ro ly te  en te r s  the  
res in  or m e m b r a n e  sys tem wi th  inc reas ing  so lu t ion  
phase  concen t ra t ion ,  the  concen t r a t i on  of co- ions  
increases  qui te  sha rp ly  and  has a p ro found  inf luence  
on the m e a n  ac t iv i ty  coefficient. P r e s u m a b l y ,  at  high 
e x t e r n a l  so lu t ion  concen t ra t ions  the  ac t iv i ty  co- 
efficient of diffusible e lec t ro ly te  in  the  m e m b r a n e  
phase wou ld  approach  tha t  in  the  so lu t ion  phase,  as 
was observed  wi th  the res in  systems. 

T u r n i n g  to the  change  in  the  diffusion coefficient 
of the  mobi le  ions in  the  c a t i o n - p e r m e a b l e  m e m -  
b r a n e  phase,  it  is observed tha t  the  diffusion co- 
efficient of the  cat ion rises s igni f icant ly  w i th  i n -  
c reas ing  concen t r a t i on  of the  a m b i e n t  so lu t ion  
phase,  whi le  tha t  of the  an ion  decreases  s l ight ly,  a l -  
t hough  the  l a t t e r  effect is w i t h i n  e x p e r i m e n t a l  
error .  This  rise in  the  diffusion coefficient of the  
c o u n t e r - i o n  w i th  inc reas ing  a m b i e n t  so lu t ion  con-  

cen t r a t i on  a m o u n t e d  to a 1.7-fold increase  in  D+; this  
has been  observed  by  SchlSgl (29),  SchlSgl and  He l f -  
fer ich (30),  Ishibashi ,  Se iyama,  and  Sakai  (31) ,  De-  
spic and  Hil ls  (32),  and  R i c h m a n  and  Thomas  (33).  
Some of these au thors  observed  a l a rger  increase  
in  the diffusion coefficient of the  c o u n t e r - i o n  w i th  
a m b i e n t  so lu t ion  concen t ra t ions  t h a n  was  observed  
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here;  this  was  p r o b a b l y  due  to the i r  use of sys tems 
h a v i n g  a lower  f ixed- ion  concen t r a t i on  a nd  con-  
s e que n t l y  a l a rge r  a nd  more  va r i ab l e  diffusible 
e lec t ro ly te  content .  In  some cases the  res i s tance  due 
to the  u n s t i r r e d  fi lm has been  neglec ted;  such ca l -  
cu la t ions  are suspect.  

In  the  c a t i o n - p e r m e a b l e  m e m b r a n e  systems,  the  
diffusion coefficient of the  chlor ide ion was  found  to 
be s igni f icant ly  l a rge r  t h a n  tha t  of the  cation,  v a r y -  
ing by  a factor  of 3:1 to one of 2:1 as the  solut ions  
became more  concent ra ted .  A t  a 0.1M a m b i e n t  so lu -  
t ion  concen t ra t ion ,  the  factor  was  a p p r o x i m a t e l y  
2: 1. Wi th  the  a n i o n - p e r m e a b l e  m e m b r a n e s ,  a factor  
of 3:1 for the  c o - / c o u n t e r - i o n  diffusion coefficients 
was observed.  These differences are expected  be -  
cause the  chlor ide ion is b o u n d  s igni f icant ly  to the  
fixed groups in  a n i o n - e x c h a n g e  res in  sys tems and  
p r e s u m a b l y  also in  a n i o n - e x c h a n g e  m e m b r a n e  sys-  
tems.  The fo rmer  effect was observed  by  Gregor,  
Belle, and  Marcus  (34).  These differences have  been  
observed  p rev ious ly  by  SchlSgl (29) in  his s tudy  
on the  diffusion of sod ium b romide  in  an  a n i o n -  
select ive m e m b r a n e  system. 

As was  shown  in  Tab le  IX, t r a n s p o r t  n u m b e r s  
ca lcula ted  f rom emf da ta  are  in  good a g r e e m e n t  
wi th  those ca lcu la ted  f rom the  p roduc t  of diffusion 
coefficients and  m e m b r a n e  phase  concent ra t ions .  This 
a g r e e m e n t  is as expected  in  v iew of the  fact tha t  the  
so lvent  t r a n spo r t  cor rec t ion  t e r m  is neg l ig ib le  in  
these  m e m b r a n e s  of low (15 -25%)  w a t e r  content .  

The absolu te  m a g n i t u d e  of the  diffusion coeffi- 
c ients  of the c o u n t e r -  and  co- ions  is of cons iderab le  
in teres t .  I n  d i lu te  solut ions  (0.001M) the  ra t io  

D+/D+ ~ 0.0050, t ak ing  D+ = 22 x 10 -~ cm ~ sec -1, the  
va l ue  for po ta s s ium chlor ide of a p p r o x i m a t e l y  the  
same mola l  concen t r a t i on  (4M) as in  the  m e m b r a n e .  
As the  a m b i e n t  so lu t ion  concen t r a t i on  increased  to 

0.1M, D+/D+ inc reased  to 0.0078. The  va lue  of D / D _  
was 0.014. 

I t  is of cons iderab le  in te res t  to compare  the  d i f -  
fus ion  coefficient of an  ion in  a condensed  phase  
(such as a m e m b r a n e  phase)  w i t h  the  va l ue  it has  
in  f ree solut ion,  and  e x a m i n e  each of the  factors 
c o n t r i b u t i n g  to the  m a r k e d l y  lower  diffusion co- 
efficient. Here,  th ree  factors  m u s t  be considered.  A 
la rge  f rac t ion  of the  m e m b r a n e  a rea  is composed 
of the  m a t r i x  po l yme r  and  the  b u l k  of the  po ly -  
electrolyte .  Consequen t ly ,  ions are f ree  to diffuse 
on ly  in  the  in t e r s t i t i a l  solut ion,  or the  t r u e  a rea  for 
diffusion is p ropor t iona l  to the  w a t e r  con ten t ;  a 
factor  of 0.235 m u s t  be applied.  

Second, in  a m e m b r a n e  sys tem composed of in -  
t e r connec t ing  pores, a " to r tuos i ty  fac tor"  m u s t  be  
appl ied  because  p r e s u m a b l y  on ly  o n e - t h i r d  of the  
pore  l eng ths  p e r m i t  diffusion in  a d i rec t ion  p e r -  
p e n d i c u l a r  to the  face of the m e m b r a n e ;  a factor  of 
0.333 is assumed.  C a r m a n  (35) discusses this  factor  
in  porous  media ;  SchlSgl and  S te in  (36) have  also 
cons idered  the  to r tuos i ty  factor.  

The th i rd  is the  so-cal led  "drag  factor ."  The v i s -  
cous drag on a sphere  m o v i n g  in  a homogeneous  
m e d i u m  con ta ined  in  a cy l indr i ca l  pore wi l l  increase  
as the  sphere  d i a m e t e r  approaches  tha t  of the  pore  
itself. Whi le  Stokes '  l aw t echn ica l ly  should  not  be 
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appl ied  to the  mot ion  of an  ion in  wa t e r  whe re  bo th  
are of comparab le  size, neve r the les s  a cons iderab le  
body of da ta  has  shown  tha t  Stokes '  t r e a t m e n t  does 
apply,  a l though  the cons tan t  t e r m  m a y  be different .  
The  app l icab i l i ty  of W a l d e n ' s  ru le  is a case in  point .  

The d e t e r m i n a t i o n  of average  pore d i ame te r s  in  
the  same c a t i o n - p e r m e a b l e  m e m b r a n e  sys tem was 
made  by  Gregor  and  Jacobson  (37) who m e a s u r e d  
the conduc t iv i ty  of the  u n h y d r a t e d  q u a t e r n a r y  a m -  
m o n i u m  ions of d i f ferent  size, and  appl ied  the  e qua -  
t ion  of F a x e n  (38),  

F = D / D  = 1 -- 2.104 ( s / S ' )  + 2.09 ( s / S )  ~ -  0.95 ( s / S )  8 

[14] 

where s is the diameter of the sphere, S the diam- 
eter of the uniform pore, and F the drag factor. 
Gregor and Jacobson calculated an effective pore 
diameter of 6.05- for a Nalfilm 1 membrane. 

From this value of the pore diameter, Gregor and 
Jacobson (37) were able to calculate the diameter 
of the  h y d r a t e d  po tas s ium ion i n  t h e  s a m e  m e m -  
b r a n e  f rom its conduct iv i ty .  Whi le  severa l  au thors  
have  observed  tha t  the  conduc tances  of the  a lka l i  
me ta l  cat ions  in  a r es in  or m e m b r a n e  phase  were  
a p p r o x i m a t e l y  p ropor t iona l  to the i r  conduc tances  
in  f ree solut ion,  the  i m p o r t a n c e  of the  drag  factor  
was  no t  considered.  This  p ropo r t i ona l i t y  is the  r e -  
sul t  of a d i m i n u t i o n  in  the  size of the  h y d r a t e d  ion, 
p ropor t iona l  to its hydra t ion .  Since the  ve loc i ty  of an  
ion is v~ N F J r ~ ,  where  r~ is the  h y d r a t e d  radius ,  
and  since F~ increases  w i th  r,, for the  a lka l i  me t a l  
cat ions the  effect of viscous drag is compensa ted  by  
an  e q u i v a l e n t  r educ t ion  in  the h y d r a t e d  d iameter .  
A n  effective h y d r o d y n a m i c  d i a m e t e r  for the  po tas -  
s ium ion of 2.55- was calculated,  whi le  for the chlo-  
r ide  ion the  d i ame te r  was  4.05-. The drag  factor  for 
the  po tass ium ion in  the  c a t i o n - p e r m e a b l e  m e m -  
b r a n e  was  ca lcu la ted  to be 0.54, and  for the  chlor ide  
ion, 0.21. 

Accordingly ,  in  the  c a t i o n - p e r m e a b l e  m e m b r a n e  
the  diffusion coefficient of the  po tas s ium ion is ca l -  
cu la ted  to be 22 x 10 -8 x 0.235 x 0.333 x 0.54 = 9.3 
x 10% The  ca lcula ted  va lue  for the  diffusion co- 
efficient of the  chlor ide ion is 3.6 x 10 -7. Then,  the  

ca lcu la ted  va lue  of D+/D+ = 0.042 and  D~/D_ = 0.016; 
in  0.1M solutions,  the  co r respond ing  e x p e r i m e n t a l  
ra t ios  are 0.0078 and  0.014. For  the  co-ion,  the  
a g r e e m e n t  is exce l len t  indeed  for these ions are no t  
b o u n d  e lec t ros ta t ica l ly  to fixed charges.  For  the  
coun te r - ions ,  the  e x p e r i m e n t a l  va lue  is bu t  one-  
e igh th  the  ca lcula ted  va lue  at  M = 0.001, and  one -  
fifth the va lue  at M = 0.1. Obvious ly ,  e lect ros ta t ic  
b i n d i n g  makes  for a s igni f icant ly  h igher  ac t iva t ion  
ene rgy  for its diffusion. 

S ince  the  co- ion  can  act  as a "ca r r i e r "  for the  
coun te r - ions ,  it  is easy to see w h y  it can exer t  such 
a s t rong effect on the  diffusion ra te  of the l a t t e r  
even  w h e n  p resen t  at  v e r y  low re la t ive  c o n c e n t r a -  

t ions;  in  0.1M solut ion,  m _ / m +  is on ly  0.01. 
Var ious  a t t empt s  have  been  made  to ca lcula te  

f rom p u r e l y  theore t ica l  cons idera t ions  the  diffusion 
coefficient of a c o u n t e r - i o n  in a sys tem of fixed 
charges.  These ca lcula t ions  are  made  difficult by  

lack of accura te  i n f o r m a t i o n  on the  sizes of the  fixed 
a nd  mobi le  ions and  the  d is tance  of nea res t  ap -  
proach,  and  on the  effective dielectr ic  cons tan t  of 
the  sys tem b e t w e e n  u n l i k e  charges.  Rob inson  and  
Stokes (39) discuss in  some de ta i l  the  u n c e r t a i n t i e s  
in each of these pa ramete r s .  

T u r n i n g  to the  c a t i o n - p e r m e a b l e  m e m b r a n e  sys-  
tems,  the  average  d is tance  b e t w e e n  fixed charges  
canno t  be  ca lcu la ted  f rom the  mola l i t y  a lone  since 
the  fixed charges and  the  m e m b r a n e  m a t r i x  m a k e  
up  a la rge  pa r t  of the v o l u m e  of the  system.  H o w -  
ever,  s ince the  ac tua l  pore  s t ruc tu re  is comparab le  
to an  i o n - e x c h a n g e  res in  of the  same type  and  
mola l i ty ,  the proper t ies  of the  l a t t e r  can  be used as 
a first app rox ima t ion .  The  v o l u m e  of a po ta s s ium 
po lys ty r enesu l fona t e  res in  c ross - l inked  wi th  6% 
d i v i n y l b e n z e n e  and  hav ing  a p p r o x i m a t e l y  the  same 

v o l u m e  of m+ as the  c a t i o n - p e r m e a b l e  m e m b r a n e  
was  found  to be 2.02 ml  for 5.09 mi l l imoles  of ex -  
change  groups (21).  A s s u m i n g  tha t  each fixed site 
is at the  corner  of a s imple  cubic latt ice,  an  average  
d i s tance  of separa t ion  of 8.75- can be calculated.  

A n  es t ima t ion  of the  d i s tance  of closest approach  
ce r t a in ly  canno t  be  made  us ing  the  condi t ions  t ha t  
p reva i l  in  d i lu te  solut ion,  for in  the  m e m b r a n e  
phase  a cons ide rab ly  sma l l e r  h y d r a t i o n  of the  ions 
occurs. The  va r i a t i on  of se lec t iv i ty  coefficients w i th  
t e m p e r a t u r e  cons t i tu tes  d i rec t  e x p e r i m e n t a l  ev i -  
dence  (40).  In  d i lu t e  solut ions  the  d i s tance  of clos- 

est approach  a for po ta s s ium m e t h a n e s u l f o n a t e  was  
ca lcula ted  f rom ac t iv i ty  coefficient da ta  us ing  the  
ex t ended  Debye -Hi i cke l  equa t ion ,  

0.509 k/M 
loglo ~/. -- [ 15 ] 

1 + 0.329 x 10-Sa ~/M 

by  Fine,  Ro thenberg ,  and  Gregor  (41),  a nd  found  
to be  3.965-. This  compares  w i th  4.05_ ca lcu la ted  
f rom s imi la r  m e a s u r e m e n t s  w i th  po tas s ium chlo-  

ride. 

I t  is ev iden t  t ha t  a = 4A is no t  a rea l i s t ic  va lue  
for this  sys tem;  the  va lue  of 2.5A (37) is more  
realist ic.  

I n  v iew of the  fact tha t  most  of the  w a t e r  p res -  
en t  in  these m e m b r a n e  sys tems mus t  be pa r t  of h y -  

d ra t ion  spheres,  one m u s t  t ake  a va lue  of �9 the  d i -  
electr ic  cons tan t  in  the  m e m b r a n e  phase,  as be ing  
cons ide rab ly  less t h a n  its va lue  in  d i lu te  solut ion.  
The discussion in  Rob inson  and  Stokes (39) sug-  

gests a va lue  of 20 < �9 < 60, which  me a ns  tha t  the  
e xpone n t i a l  t e r m  can v a r y  by  e ~ or a factor  of abou t  
20. Obviously ,  a g r e e m e n t  b e t w e e n  theory  and  ex -  
p e r i m e n t  is fo r tu i tous  indeed.  Actua l ly ,  in  m a k i n g  

o 

these ca lcula t ions  an  e r ror  in  a of 0.15- can  a l te r  
the  resu l t  by  a factor  of two. 

Tha t  the  ac t iya t ion  ene rgy  for the  diffusion of 
c o u n t e r - i o n s  is l a rger  t h a n  in  free so lu t ion  has been  
no ted  by  severa l  authors ,  p a r t i c u l a r l y  Boyd and  
Soldano  (5) .  F r e n k e l  (42) a nd  C a r m a n  a nd  Raa l  
(43) have  shown tha t  sur face  diffusion coefficients 
l ikewise  have  h igher  ac t iva t ion  energies .  
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T u r n i n g  to any  co r r e l a t i on  tha t  m i g h t  ex is t  b e -  
t w e e n  the  diffusion coefficients of ions and of n e u -  
t r a l  mo lecu le s  in the  same c a t i o n - p e r m e a b l e  m e m -  

b rane  sys tem,  it was  found  t h a t  D_/D_ = 0.014, 

D / D =  0.0030 for  u r e a  and 0.0031 for  acet ic  acid. 
The  r e l a t i v e l y  g r e a t e r  r e t a r d a t i o n  of u r e a  and acet ic  
acid m a y  be due  to t he i r  adsorp t ion  and i m m o b i l -  
iza t ion by  the  ma t r i x ,  or  because  t h e y  mus t  diffuse 
around the  coun te r - ions .  The  g e n e r a l l y  good a g r e e -  
m e n t  b e t w e e n  the  r e l a t i v e  diffusion coefficients of 
al l  mob i l e  species co r robora te s  our  gene ra l  p i c tu r e  
of t he  r e l a t i v e  s impl i c i ty  of these  m e m b r a n e  sys-  
tems.  

A n y  co r r e l a t i on  b e t w e e n  diffusion coefficients of 
c o u n t e r - i o n s  in sys tems  of d i f fe ren t  degrees  of 
c ro s s - l i nk ing  or ma t r i ce s  wi l l  d e p e n d  in l a r g e  p a r t  

upon  po re  d i a m e t e r  data.  F o r  e x a m p l e ,  D+ h e r e  was  
2 x 10 ~, c o m p a r e d  to 5 x 10 -6 in an  a p p r o x i m a t e l y  
10% c ros s - l i nked  res in  (26) .  H o w e v e r ,  t he  l a t t e r  
sy s t em is h igh ly  p e r m e a b l e  to sucrose  molecu les ,  
w h i l e  the  pores  of our  m e m b r a n e  sys tem e x c l u d e  
this  so lu te  to a p r o n o u n c e d  d e g r e e  (37).  
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LIST OF SYMBOLS 
Subscripts on concentrat ion terms denote ionic 

species; superscripts on concentrat ion terms denote in-  
terfacial  solution concentration. The superscript  bar  re -  
fers to parameters  wi th in  the membrane  phase. P r imed  
terms re fer  to ambient  solutions. 

A, B - -  Cationic species. 
l -  thickness of membrane,  cm. 

- -  thickness of unst i r red film, cm. 
C - - c o n c e n t r a t i o n ,  molari ty,  meq  cm -~ of m e m -  

brane. 
x -  spatial  coordinate in membrane  in cm. 
D - -  diffusion coefficient, cm ~ sec -1. 
U -  mobili ty,  cm ~ sec -1 vol t  -1. 
J - -  flux in equivalents  (or coulombs) cm -~ sec -1. 

- -  potential ,  volts. 
R ~ gas constant. 
T ~ absolute tempera ture ,  ~ 
Z - -  valence. 
F - -  the Faraday.  
k - -  par t i t ion coefficient. 
K -  specific conductance, ohm -1, cm -~. 
9 - -  membrane  resistance, ohm cm 2. 

~ equiva len t  conductance, mho cm -~ eq -1. 
m -  concentrat ion,  molali ty,  meq  g-1 water .  
M ~ ambient  solution concentration,  molari ty.  
~ -  mean act ivi ty  coefficient. 

F ~ drag factor. 
s ~ d iameter  of sphere in cm. 
S - - d i a m e t e r  of uni form pore in cm. 

~ dielectric constant. 

a -  distance of closest approach in A. 
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I t  is w e l l  k n o w n  tha t ,  a p a r t  f r o m  i ts  compos i t ion ,  
s e v e r a l  f ac to r s  d e t e r m i n e  the  q u a l i t y  of  MnO~ for  
use  in Lec l anch6  cells .  Me thods  of  c h e m i c a l  a n a l y s i s  
have ,  t he re fo re ,  in the  p a s t  b e e n  s u p p l e m e n t e d  b y  
i n v e s t i g a t i o n s  of the  s t r u c t u r e  of MnO~, chief ly  b y  
s t u d y i n g  the  d i f f rac t ion  of x - r a y s  and  e l ec t rons  and  
b y  m e a s u r e m e n t s  of c e r t a i n  m a g n e t i c  and  t h e r m a l  
p rope r t i e s .  

In  v i e w  of t he  l a r g e  n u m b e r  of p r o p e r t i e s  w h i c h  
d e t e r m i n e  the  e l e c t r o c h e m i c a l  b e h a v i o r  of t he  MnO2 
e lec t rode ,  i t  is no t  s u r p r i s i n g  t h a t  no s ingle  t es t  
m e t h o d  has  as y e t  b e e n  dev i s ed  w h i c h  w o u l d  p r o -  
v ide  b y  i t se l f  the  c o m p l e t e  i n f o r m a t i o n  n e c e s s a r y  to 
p r e d i c t  t he  p e r f o r m a n c e  of the  ca thode  in a d r y  cell .  
I t  is i n d e e d  d o u b t f u l  t h a t  such a m e t h o d  wi l l  e v e r  
be  found.  Neve r the l e s s ,  v a r i o u s  a t t e m p t s  h a v e  been  
m a d e  in r e c e n t  y e a r s  to deve lop  r e l a t i v e l y  s i m p l e  
l a b o r a t o r y  t echn iques  for  t he  e v a l u a t i o n  of MnO~ (1, 
2) .  These  t echn iques  p e r m i t  a r a t h e r  b r o a d  c lass i f i -  
ca t ion  of t he  ox ides  b u t  fa i l  to show a c l ea r  q u a n t i -  
t a t i v e  r e l a t i o n s h i p  b e t w e e n  a m e a s u r e d  q u a n t i t y  
and  the  capac i t i e s  o b t a i n e d  f r o m  c o m p l e t e  d r y  cel ls  
c on t a in ing  t h e  s a m e  oxides .  

Experimental 
A n o t h e r  m e t h o d  and  dev ice  for  e v a l u a t i n g  MnO~ 

is sugges t ed  in th is  pape r .  The  p r i n c i p l e  of o p e r a -  
t ion  of th is  m e t h o d  is qu i t e  s im i l a r  to t h a t  of t he  d i s -  
cha rge  tes t s  of d r y  cells.  H o w e v e r ,  t he  t ed ious  and  
e x p e n s i v e  p r o c e d u r e  of m a n u f a c t u r i n g  d r y  cel ls  for  
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Fig. 1. Completely assembled test opparatus 

t e s t ing  p u r p o s e s  is e l i m i n a t e d .  Moreove r ,  t he  l e n g t h  
of t he  d i s c h a r g e  p e r i o d  is r e d u c e d  to a p p r o x i m a t e l y  
o n e - e i g h t h  of t h e  t i m e  r e q u i r e d  in  t h e  16-2 /3  o h m  
con t inuous  d r a i n  d i s c h a r g e  tes t  on A - s i z e  d r y  cells .  
The  r e d u c t i o n  of a 0.500-g c o m p r e s s e d  p e l l e t  of a 
m i x t u r e  of MnO~ and  S h a w i n i g a n  b l a c k  ( w e i g h t  
r a t i o  10: 1) is a c c o m p l i s h e d  in  a t es t  ce l l  (F ig .  1) 
cons i s t ing  of t he  two  L u c i t e  h a l v e s  A a n d  B and  a 
p l a s t i c  p i s ton  ( " H y s o l  No. 3110") 1 t h r o u g h  the  cen -  
t e r  of w h i c h  a g r a p h i t e  r o d  insu res  good  e l e c t r i c a l  
con tac t  w i t h  t he  d e p o l a r i z e r  m i x t u r e .  The  p e l l e t  is 
d i s c h a r g e d  a g a i n s t  a c i r c u l a r  a m a l g a m a t e d  Zn a n o d e  
to an  e n d - v o l t a g e  of 1.00 v a t  63.5 ma,  c o r r e s p o n d -  
ing to a c u r r e n t  d e n s i t y  of 50.0 m a  cm -~ of t he  
c a t h o d e - e l e c t r o l y t e  in t e r face .  The  e l e c t r o l y t e  is an  
aqueous  so lu t ion  of 280 g NH4C1 and  145 g ZnCI~ p e r  
l i te r .  

The  tes t  c i rcu i t  is b a s e d  on the  i n t e r r u p t e r  p r i n c i -  
p l e  and  is d e s c r i b e d  in d e t a i l  e l s e w h e r e  (3, 4) .  I ts  
e s sen t i a l  f e a t u r e  is t ha t  t he  d rop  of p o t e n t i a l  due  to 
the  i n t e r n a l  r e s i s t ance  of t he  cel l  is e l i m i n a t e d  f rom 
the  r e a d i n g  of t he  cel l  vo l t age .  The re fo re ,  i t  is no t  
n e c e s s a r y  to c on t ro l  some of  t h e  f ac to r s  c o n t r i b u t i n g  
to  t h e  i n t e r n a l  r e s i s t ance ,  such  as  t h e  d i s t a n c e  b e -  
t w e e n  t h e  e lec t rodes ,  c o n d u c t a n c e  of t he  g r a p h i t e  
rod,  and,  w i t h i n  a r a t h e r  w i d e  r ange ,  t he  p r e s s u r e  
used  in the  p r e p a r a t i o n  of t h e  d e p o l a r i z e r  pe l l e t .  

The  r e su l t s  o b t a i n e d  w i t h  th is  me thod ,  e x p r e s s e d  
as l e n g t h  of t i m e  r e q u i r e d  to d e c r e a s e  t h e  cel l  v o l t -  
age  to 1.00 v ( I R - d r o p  e l i m i n a t e d ) ,  a r e  r e p r o d u c i -  
b l e  w i t h i n  _ 2.5%. This  a g r e e m e n t  is r e m a r k a b l y  
good  c o m p a r e d  to t he  r e su l t s  of d r y  ce l l  t es t s  w h i c h  
n o r m a l l y  show a s ca t t e r  of --  10%. 

A b o u t  f i f ty  d i f fe ren t  s a m p l e s  of MnO~ w e r e  se -  
l ec ted  for  each  of w h i c h  h igh  d r a i n  d r y  cel l  t e s t  r e -  
su l t s  w e r e  a v a i l a b l e  of a u n i f o r m i t y  c o n s i d e r a b l y  
g r e a t e r  t h a n  _ 10%. These  s a m p l e s  t h e n  w e r e  d i s -  
c h a r g e d  in  t he  a p p a r a t u s  a t  25 ~ T h r e e  t y p i c a l  d i s -  
cha rge  cu rves  a r e  shown  in Fig .  2. The  r e su l t s  of 
these  tes t s  a r e  p l o t t e d  a g a i n s t  t he  Cor respond ing  d r y  
cel l  t e s t  r e su l t s  ( A - s i z e  ce l l s )  in Fig .  3. The  r e s u l t -  
ing  c u r v e  was  used  s u b s e q u e n t l y  to p r e d i c t  t he  
capac i t i e s  in  d r y  cel ls  of  a b o u t  two  h u n d r e d  a d d i -  
t i ona l  s a m p l e s  of  MnO~. 

The  a g r e e m e n t  b e t w e e n  t h e  p r e s e n t  m e t h o d  and  
the  d r y  cel l  t e s t  r e su l t s  is g e n e r a l l y  v e r y  s a t i s f ac -  
to ry .  H o w e v e r ,  i t  shou ld  be  p o i n t e d  out  tha t ,  a l -  
t h o u g h  th is  m e t h o d  in i ts p r e s e n t  f o r m  g ives  a q u a n -  
t i t a t i v e  m e a s u r e  of the  i n h e r e n t  c a p a c i t y  of t he  

z H o u g h t o n  L a b o r a t o r i e s ,  O l e a n ,  N .  Y .  
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Fig. 2. Discharge curves. Curve A: Afr ican ore; Curves 
B, C: electrolytic manganese dioxides. Vo: Terminal voltage 
minus IR-drop. 
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Fig. 3. Correlation between discharge t ime in test apparatus 
(end-voltage 1.00 v) and 16 -2 /3  ohm continuous drain dry 
cell test. 

MnO~ tes ted ,  th is  c a p a c i t y  need  no t  n e c e s s a r i l y  be  
o b t a i n a b l e  in an  a c t u a l  d r y  cell .  F o r  e x a m p l e ,  i t  has  
been  o b s e r v e d  t h a t  an  ox ide  of an  e x t r e m e l y  low 
a p p a r e n t  d e n s i t y  has  a l o w e r  c a p a c i t y  in a d r y  cel l  
t han  w o u l d  be  e x p e c t e d  us ing  t h e  c u r v e  in  Fig .  3, 
because  t he  d r y  cel l  s i m p l y  con ta in s  a c o m p a r a -  
t i v e l y  s m a l l e r  q u a n t i t y  of  th is  p a r t i c u l a r  oxide .  This  
d i f f icul ty  p r o b a b l y  can  be  o v e r c o m e  b y  m o d i f y i n g  
the  t es t  p r o c e d u r e  so t h a t  a c o n s t a n t  v o l u m e  is u sed  
i n s t e a d  of a cons t an t  mass  of t h e  depo l a r i z e r .  
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A Study of Stripping Anodized Coatings from an Aluminum Alloy 
Walter Beck, John Danovich, and Sara J. Ketcham 

Aeronautical Materials Laboratory, Naval Air Material Center, Philadelphia, Pennsylvania 

A s t u d y  has  been  m a d e  of t h e  effect  of a HF-HNO~ 
m i x t u r e  in s t r i p p i n g  anod ized  coa t ings  f r o m  an  a l u -  
m i n u m  a l loy .  C o m p a r i s o n  of efficacy and  a m o u n t  of  
m e t a l  a t t a c k  was  m a d e  w i t h  t h a t  of t he  CrO~-H~PO, 
so lu t ion  u s u a l l y  used  for  th is  pu rpose .  I n f o r m a t i o n  
a b o u t  some of t he  v a r i a b l e s  w h i c h  con t ro l  t h e  p r o -  
cess of f i lm s t r i p p i n g  was  o b t a i n e d  f r o m  w e i g h t  loss 
d e t e r m i n a t i o n s ,  mic roscop ic  a n d  e l e c t r o n  m i c r o -  
scopic s tudies .  

Experimental Procedure 
Pretreatment, anodizing, and stripping.--Unless 

o t h e r w i s e  r e p o r t e d ,  p a n e l s  5 x 10 x 0.13 c m  of 5052 
a l u m i n u m  a l loy ,  w h i c h  con ta in s  2.5% Mg a n d  0.25% 
Cr,  w e r e  v a p o r  deg reased ,  i m m e r s e d  for  15 ra in  in 
a n o n e t c h i n g  a l k a l i n e  c l e a n i n g  solut ion ,  a n d  w a t e r  
r insed .  I m m e d i a t e l y  fo l lowing  th is  p r e t r e a t m e n t  
cycle,  t he  pane l s  w e r e  a n o d i z e d  in a 7% CrO~ ba th ,  
o p e r a t e d  a t  35~ w i t h  a i r  ag i t a t ion .  The  a v e r a g e  

c u r r e n t  d e n s i t y  was  155 m a / d m  ~ a n d  the  a p p l i e d  
v o l t a g e  40 (1) .  S p e c i m e n s  to be  used  for  w e i g h t  loss 
m e a s u r e m e n t s  w e r e  anod ized  to a coa t ing  w e i g h t  ~ 
of 48 m g / d m  ~ (450 mg/ f t~ ) .  S a m p l e s  for  m i c r o -  
scopic  s tud ies  w e r e  buffed  to a m i r r o r  finish, t h e n  
a n o d i z e d  to a w e i g h t  of 113 r a g / d i n  ~ (1050 mg/ f t2 ) ,  
t he  h e a v i e r  coa t ing  be ing  r e q u i r e d  to  p e r m i t  m e t a l -  
l o g r a p h i c  e x a m i n a t i o n  at  a r e a s o n a b l y  low ma gn i f i c a -  
t ion.  

The  CrO~-H~PO, so lu t ion  w h i c h  c o n t a i n e d  0.6N 
CrO.~ a n d  1.6N H~PO, was  u sed  a t  88~ the  H F -  
HNO~ so lu t ion  w h i c h  c o n t a i n e d  0.1N H F  and  3.5N 
HNO~ a t  r o o m  t e m p e r a t u r e .  

Preparation o] specimens 5or photo and electron 
micrographs.--Before sec t ion ing  a n d  m o u n t i n g ,  t he  

1 The  w e i g h t  of  an  anod ic  coating is d e t e r m i n e d  b y  w e i g h i n g  t h e  
anod ized  pane l ,  s t r i p p i n g  the coating i n  t he  CrO-H3PO4 ac id  m i x -  
t u r e  de sc r ibed  he re  fo r  10 min~ and  r e w e t g h i n g  t he  pane l .  The  
w e i g h t  loss r e p r e s e n t s  coa t ing  only ,  as t h i s  solutior~ does no t  a t t a c k  
t he  base  m e t a l  i n  any  m e a s u r a b l e  a m o u n t .  
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spec imens  w e r e  cove red  w i t h  an  e p o x y  res in  to p r o -  
t ec t  t he  a n o d i z e d  f i lm a g a i n s t  d a m a g e  d u r i n g  the  
p r e P a r a t i o n  for  mic roscop ic  e x a m i n a t i o n .  S p e c i m e n s  
w e r e  sec t ioned  a t  an  ang le  of 45 ~ to o b t a i n  a g r e a t e r  
t h i cknes s  for  s tudy .  

F o r  e l ec t ron  mic roscop ic  inspec t ion ,  the  p a n e l s  
w e r e  cu t  in to  1.59 b y  1.59 c m  (0.625 b y  0.625 in.)  
squares ,  c l e aned  w i t h  benzene ,  and  m o l d e d  b e t w e e n  
l a y e r s  of p o l y s t y r e n e  a t  121~176 ( 2 5 0 ~ 1 7 6  
u n d e r  3000 to 4000 psi.  The  p l a s t i c  was  cut  a long  
the  edge  of t h e  s p e c i m e n  and  r e m o v e d  a f t e r  cool ing  
on d r y  ice. In  o r d e r  to dep i c t  the  po re  s t r u c t u r e  of 
t h e  coat ings ,  s i l icon m o n o x i d e  r ep l i ca s  w e r e  e m -  
p loyed .  In  th is  t echn ique ,  a t h i c k  f i lm of s i l icon  
m o n o x i d e  was  v a p o r  d e p o s i t e d  a p p r o x i m a t e l y  n o r -  
m a l  to t he  su r f ace  of the  impress ion .  The  po re s  in  
t he  i m p r e s s i o n  a r e  r e p r e s e n t e d  as peaks ,  a n d  b e -  
cause  of t h e i r  g e o m e t r y ,  t h e y  a p p e a r  as holes  in t he  
s i l icon m o n o x i d e  rep l ica .  

To o b t a i n  g r e a t e r  su r f ace  de ta i l ,  a t h in  c a r b o n  
rep l ica ,  s h a d o w e d  w i t h  c h r o m i u m  at  an  ang le  of 30 ~ , 
was  e m p l o y e d .  

The  r ep l i ca s  w e r e  f loa ted  off t he  p o l y s t y r e n e  i m -  
p re s s ion  in benzene ,  w a s h e d  tw ice  in th is  l iquid ,  
p l a c e d  on sc reen  suppor t s ,  and  e x a m i n e d  in t he  
e l ec t ron  mic roscope .  

Experimental Results and Discussion 
Microscopic and e~ectron microscopic observations. 

- - T h e  p h o t o m i c r o g r a p h s  in  Fig .  1 i l l u s t r a t e  t h e  e f -  
fec t  of t he  CrO3-H.PO, s t r i p p i n g  solut ion ,  showing  
the  coa t ing  as a n o d i z e d  (Fig .  l a ) ,  a f t e r  i m m e r s i o n  
for  10 sec d u r i n g  w h i c h  the  t h i ckness  was  r e d u c e d  
v e r y  s l i g h t l y  b u t  u n i f o r m l y  (Fig .  l b ) ,  and  a f t e r  
i m m e r s i o n  for  30 sec d u r i n g  w h i c h  the  coa t ing  w a s  
c o m p l e t e l y  r e m o v e d  (Fig .  l c ) .  

Resu l t s  of e l ec t ron  mic roscope  s tud ies  a r e  g iven  
in  Fig .  2. The  su r f ace  of t h e  a l u m i n u m  a l loy  a f t e r  
buffing b u t  b e f o r e  anod iz ing  shows  t h e  t y p i c a l  f u r -  
r o w  s t r u c t u r e  of s u b - g r a i n  b o u n d a r i e s  and  some 
c o n t a m i n a n t s  (F ig .  2a) .  T h e  a s - a n o d i z e d  su r f ace  

Fig. 2. a, Surface of the aluminum alloy before anodizing; 
chromium shadowed carbon replica of a polystyrene impres- 
sion; b, surface of a specimen in as-anodized condition; 
average pore diameter is 300A; thick silicon monoxide replica 
of a polystyrene impression; c, anodized specimen exposed 
for 10 sec in CrOs-H3PO4; average pore diameter is 600-&; 
thick silicon monoxide replica of a polystyrene impression; d, 
same surface as in c; chromium shadowed carbon replica of a 
polystyrene impression; e, anodized specimen exposed for 30 
sac in CrOs-H3PO4; chromium shadowed carbon replica of a 
polystyrene impression. Magnif ication I0 ,000X before reduc- 
tion far publication. 

r e v e a l s  an  a v e r a g e  po re  d i a m e t e r  of 300A, t h e  p o r e s  
be ing  t h e  w h i t e  a r e a s  (F ig .  2b ) .  I m m e r s i o n  in the  
CrO~-H~PO~ for  10 sec e n l a r g e d  the  a v e r a g e  p o r e  
d i a m e t e r  to 600A (Fig .  2c) ,  a t t a c k  of t h e  p o r e  w a l l s  
is fo l l owing  an  e l l i p t i ca l  p a t t e r n  and  p r o d u c e s  
r i dges  in the  coa t ing  (Fig .  2d) .  A f t e r  30 sec i m m e r -  
sion, w e i g h t  loss m e a s u r e m e n t s  ( to  be  d i scussed  in  
t he  l as t  sec t ion)  i nd i ca t e  c o m p l e t e  r e m o v a l  of t he  
coa t ing  and  (Fig .  2e) shows  t h a t  the  su r f ace  of t he  
base  m e t a l  has  been  r o u g h e n e d  to a c o n s i d e r a b l e  
degree ,  an  effect  w h i c h  has  b e e n  r e l a t e d  to t he  
anod iz ing  p rocess  (2) .  

The  m e c h a n i s m  w h i c h  con t ro l s  t h e  ac t ion  of t h e  
CrO.~-H.~PO~ s y s t e m  m a y  be  d i scussed  in the  l i gh t  of 
t he  w e l l - k n o w n  o x i d e  cel l  s t r u c t u r e  of a n o d i z e d  
coa t ings  (3 ) .  B y  t h e  a t t a c k  of t h e  p o r e  w a l l s  d e m -  
o n s t r a t e d  in Fig.  2d, t he  e n l a r g e m e n t  of t he  pores ,  
shown  in Fig.  2c is a c h i e v e d  (4) .  

I t  m a y  b e  s u r m i s e d  t h a t  t h e  e n l a r g e m e n t  of p o r e s  
d u e  to t he  d i s so lu t ion  of ox ides  w h i c h  b u i l d  u p  t h e  
po re  wal ls ,  in t he  CrO~-H3PO, solut ion ,  f ac i l i t a t e s  i ts 
access to  t h e  b a r r i e r  a t  t he  ba se  of t h e  pores .  

The  HF-HNO~ System 

The  e l ec t ron  m i c r o g r a p h  d e p i c t e d  in F ig .  3a r e -  
vea l s  a r a n d o m  a t t a c k  of t he  coa t ing  which ,  a f t e r  an  

Fig. 1. a, As-anodized; b, stripped for 10 sec in CrOs- 
HsPO~; c, stripped far 30 sec in CrO3-H3PO4. Magnif ication 
500X before reduction for publication. 

Fig. 3. a, Anodized specimen exposed far 150 see in HF- 
HNOs; chromium shadowed carbon replica of a polystyrene 
impression, magnification 10,000X before reduction for pub- 
lication; b, anodized specimen exposed for 450 sec in HF- 
HNO~; magnification 500X before reduction for publication. 
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i m m e r s i o n  p e r i o d  of 150 sec, is in  a p r o g r e s s i v e  
s t age  of decay ;  p i t s  can  be  d i s t i n g u i s h e d  in t he  
l aye r .  As  d e p i c t e d  in  Fig .  3b, a f t e r  an  i m m e r s i o n  
p e r i o d  of 450 sec, t he  m e t a l  u n d e r n e a t h  t h e  coa t ing  
is a t t a c k e d  a t  n u m e r o u s  spots  (5)  a n d  the  l a y e r  p a r -  
t i a l l y  l oosened  b u t  no t  y e t  c o m p l e t e l y  r e m o v e d .  

F i g u r e  3a i nd i ca t e s  t h a t  o x i d e  d i s so lu t ion  is a g a i n  
one of t he  v a r i a b l e s  i n v o l v e d  in  t he  m e c h a n i s m  
w h i c h  d e t e r m i n e s  t he  r e m o v a l  of t he  coat ing .  I n  a d -  
d i t ion,  as d e m o n s t r a t e d  in  t he  p h o t o m i c r o g r a p h  in 
Fig.  3b, u n d e r m i n i n g  of t he  coa t ing  because  of m e t a l  
a t t a c k  is a n o t h e r  p a r a m e t e r  (5) .  A p p a r e n t l y ,  in  t he  
H F - H N O ,  so lu t ion ,  t he  r a t e  of o x i d e  d i s so lu t ion  is 
s lower  t h a n  in  t he  CrO~-I-I,PO, solu t ion ,  a n d  coa t ing  
r e m o v a l  is p a r t i a l l y  d e p e n d e n t  on f i lm u n d e r m i n i n g .  

Coating Weight  Loss 

Since  the  CrO~-I.I,PO, s t r i p p e r  does  no t  a t t a c k  the  
base  m e t a l  to a n y  m e a s u r a b l e  ex ten t ,  d i f fe rences  in  
w e i g h t  f o u n d  be fo re  a n d  a f t e r  e x p o s u r e  to th i s  so lu -  
t ion  can  be  a s s u m e d  to r e p r e s e n t  coa t ing  w e i g h t  loss  
only .  H o w e v e r ,  in  H F - H N O ,  solut ion ,  t he  p o s s i b i l i t y  
of m e t a l  a t t a c k  h a d  to be  c o n s i d e r e d  b e c a u s e  i m -  
m e r s i o n  of an  u n c o a t e d  s p e c i m e n  in th is  so lu t ion  
h a d  r e s u l t e d  in c o n s i d e r a b l e  w e i g h t  loss. 

A f t e r  the  t o t a l  w e i g h t  loss in  th i s  so lu t ion  w a s  
o b t a i n e d  fo r  each  e x p o s u r e  t ime ,  t he  a m o u n t  t h a t  
r e p r e s e n t e d  on ly  coa t ing  w e i g h t  loss w a s  d e t e r -  
m i n e d  in  t he  fo l l owing  m a n n e r :  These  s p e c i m e n s  
w e r e  s u b s e q u e n t l y  i m m e r s e d  in  the  CrO,-I-I~PO, ac id  
s t r i p p e r  to see w h e t h e r  a n y  r e s i d u a l  coa t ing  r e -  

m a i n e d .  The  w e i g h t  of th i s  r e s i d u a l  coa t ing  ( i f  a n y  
was  p r e s e n t )  was  t h e n  s u b t r a c t e d  f r o m  t h e  a v e r a g e  
coa t ing  w e i g h t  of 48 r a g / d i n  ~ (3.1 r a g / i n ? )  to o b t a i n  
the  coa t ing  w e i g h t  loss only .  The  d i f f e rence  b e t w e e n  
th is  f igure  a n d  t h e  t o t a l  w e i g h t  loss w a s  c o n s i d e r e d  
to be  the  a m o u n t  of m e t a l  a t t ack .  I f  no r e s i d u a l  
coa t ing  was  p resen t ,  t h e  a m o u n t  of w e i g h t  loss in 
excess  of 48 m g / d m  * (3.1 m g / i n ? )  was  cons id e r e d  to  
be  the  a m o u n t  of m e t a l  a t t ack .  

W e i g h t  losses p l o t t e d  in  Fig .  4 a r e  t he  a v e r a g e s  of 
3 m e a s u r e m e n t s  w i t h  a m a x i m u m  d e v i a t i o n  no t  e x -  
ceed ing  6%.  W i t h  t he  CrOs-H~PO~ sys tem,  a coa t ing  

3.5i a I I I I 1 54.Z5 

3~ ~ ~o"~46.50 

0 ac I _ , o " "  ~ _ ~ 3 h . o o  ~:~ 
u~ s- B~ " " . ~  t ,! 

o F ~-----  ~ - i ~  i L I / o o o  
o so mo Iso 20o zso 300 

EXPOSURE TIME-- SECONDS 

Fig. 4. Plot of weight loss vs. exposure time. Weight loss 
due to: A, so/ration of anodized coating in CrOs-H~PO4; B, 
removal of anodized coating in HF-HNOs; C, dissolution of 
metal from uncoated specimen in HF-HNO3; D, dissolution of 
metal from underneath anodized coating in HF-HNOs. 
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w e i g h t  loss  of  25%, d e t e r m i n e d  a f t e r  a 10-sec  e x -  
posure ,  c o r r e l a t e s  q u a l i t a t i v e l y  w i t h  a 10% loss in  
coa t ing  t h i cknes s  ( m e a s u r e d  m i c r o s c o p i c a l l y )  a n d  
the  a p p r e c i a b l e  i nc rea se  in  p o r e  d i a m e t e r ,  as  s h o w n  
in Fig .  2c. Also ,  a coa t ing  w e i g h t  loss of a b o u t  75% 
can  be c o n s i d e r e d  to be in  a f a i r  a g r e e m e n t  w i t h  t h e  

f ac t  tha t ,  a f t e r  t he  30-sec  exposu re ,  b o t h  t h e  m i c r o -  
scop ic  a n d  t h e  e l ec t ron  mic roscop ic  i n v e s t i g a t i o n  
d i sc losed  c o m p l e t e  r e m o v a l  of t he  a n o d i z e d  l aye r .  
In  t he  I-IF-HNO~ solut ion ,  t he  w e i g h t  loss d e t e r m i n -  
a t ions  a n d  the  op t i ca l  f ind ings  i n d i c a t e d  a m u c h  
s lower  r a t e  of coa t ing  r e m o v a l  t h a n  in  t he  CrO, -  
I-I~O~ sys tem.  F i g u r e  4 a lso  i l l u s t r a t e s  t h a t  a l m o s t  
f r o m  the  v e r y  b e g i n n i n g  of  t he  s t r i p p i n g  p roces s  t h e  

r e m o v a l  of t he  coa t ing  is a c c o m p a n i e d  b y  t h e  d i s so -  
l u t i on  of m e t a l  f r o m  b e n e a t h  t he  o x i d e  l a y e r  w h e n  
spec imens  w e r e  e x p o s e d  to t he  H F - H N O ,  solut ion .  
W i t h i n  an  i n i t i a l  p e r i o d  of a b o u t  100-sec d u r a t i o n ,  
the  r a t e  of d i s so lu t i on  of t h e  a l u m i n u m  f r o m  u n d e r -  
n e a t h  t he  a n o d i z e d  l a y e r  is c o n s i d e r a b l y  s l o w e r  t h a n  
t h a t  of an  u n c o a t e d  spec imen .  A f t e r  e x c e e d i n g  th i s  
t i m e  i n t e rva l ,  t he  m e t a l  is d i s so lved  a t  a r a t e  s i m i l a r  
to t h a t  r e s u l t i n g  on the  u n a n o d i z e d  spec imen .  Also ,  
t he  e l e c t r o n  m i c r o g r a p h  3a t a k e n  a f t e r  an  i m m e r -  
s ion of  150 sec s h o w e d  t h a t  the  coa t ing  w a s  s t r o n g l y  
a t t a c k e d  a n d  p i t t ed ,  w h i l e  t he  p h o t o m i c r o g r a p h  
t a k e n  a f t e r  450 sec r e v e a l e d  s t rong  m e t a l  a t t a c k  u n -  
d e r n e a t h  a p a r t i a l l y  loosened  coat ing .  F r o m  the  l a s t  
e x p e r i m e n t s ,  i t  has  to b e  conc luded  t h a t  u n c r i t i c a l  
use  of t he  HF-I-INO~ s y s t e m  m a y  l e a d  to a m u c h  
g r e a t e r  m e t a l  a t t a c k  t h a n  is n e c e s s a r y  for  coa t ing  
r e m o v a l .  

HF-HNO~ so lu t ions  h a v e  come  in to  w i d e s p r e a d  
use  for  r e m o v a l  of ox ide  coa t ings  no t  on ly  f r o m  a l u -  
m i n u m  a l loys  b u t  also f r o m  n u m e r o u s  o t h e r  m e t a l s  
such as  Ti, Mo, Zr,  a n d  Ta  (6 ) .  M e t a l  losses  due  to 
ove r  e t ch ing  a r e  avo idab l e ,  and  the  HF-HNO~ con-  
t a i n i n g  sy s t e ms  shou ld  o n l y  be  u sed  w h e n  t h e  con -  
c e n t r a t i o n s  a n d  t i m e  of e x p o s u r e  a r e  c o n t r o l l e d  
ca re fu l l y .  

Acknowledgment  
The  a u t h o r s  a r e  m u c h  i n d e b t e d  to  Mr.  F.  S. W i l -  

l i ams  and  Dr.  G. K.  Holmes ,  S u p e r i n t e n d e n t s  of t h e  
M e t a l l u r g i c a l  and  C h e m i c a l  E n g i n e e r i n g  Divis ions ,  
r e spe c t i ve ly ,  A e r o n a u t i c a l  M a t e r i a l s  L a b o r a t o r y ,  
and  Mr.  J a c k  Smi th ,  H e a d  of t he  C h e m i c a l  B r a n c h  
for  t he  g r e a t  i n t e r e s t  t a k e n  in th i s  s tudy .  

Manuscr ip t  rece ived  Dec. 29, 1958. This pape r  was 
p repa red  for  de l ive ry  before  the  Ot tawa Meeting, Sept.  
28-Oct. 2, 1958. 

A n y  discussion of this  paper  wi l l  appear  in a Dis-  
cussion Sect ion to be pub l i shed  in the  June  1960 JOUR- 
NAL. 

REFERENCES 
1. MIL-A-8625 ( issued December  14, 1954). 
2. S. Wern ick  and R. Pinner ,  "Surface Trea tment  and 

Fin ish ing  A l u m i n u m  and its Alloys,"  p. 225, Rob-  
er t  Drape r  Ltd., Teddington  Middle  Essex, Eng-  
land  (1956). 

3. F. Keller ,  M. S. Hunter ,  and D. L. Robinson, This 
Journal, 100, 416 (1953). 

4. D. J. S t i r l and  and R. W. Bicknell ,  ibid., 106, 483 
(1959). 

5. N. C. Welsh, J. Inst. Met., 85, Pt.  4, 133 (1956). 
6. D. A. Vermi lyea ,  This Journal, 1{}4, 213 (1957). 



The Gudden-Pohl Effect of ZnS:Cu 
Yoshihide Kotera and Kiyotake Naraoka 

Government Chemical Industrial Research Institute, Tokyo, Japan 

The  G u d d e n - P o h l  effect (1) on the  phosphores -  
cence of va r ious  Z n S : C u  phosphors  was  s tud ied  by  
means  of an  appl ied  a l t e r n a t i n g  electr ic  field. The  
phosphors  were  p r e p a r e d  by  a me thod  s imi la r  to 
tha t  descr ibed  by  Bube  (2) .  They  compr ised  two 
series of hexagona l  and  cubic Z n S : C u  (2% NaC1) 
phosphors  and  con ta ined  10 -6, 3 x 10 -~, 10 -5, 3 x 10 -~, 
10 -', 3 x 10-', and  10 -~ moles  Cu per  mole  ZnS.  The  
hexagona l  and  cubic  phosphors  were  fired at  1200 ~ 
and  900~ respect ively .  

Al l  phosphors  were  embedded  in  Acry l i t e  (po ly -  
m e t h y l m e t h a c r y l a t e )  and  m e a s u r e d  in  an  e lec t ro-  
l u m i n e s c e n t  cell of common  cons t ruc t ion .  The e lec-  
t r ic  field was  ob ta ined  f rom a 50 cps source, and  the  
field i n t ens i t y  was  es t ima ted  to be abou t  10,000 v / -  
cm. The in t eg ra l  of the  l ight  flash (i.e., the  area  
u n d e r  the  cu rve  shown  in  Fig.  1, i n  wh ich  the  a b -  
scissa is t ime  and  the  o rd ina te  is the  p h o t o c u r r e n t  
f rom a pho tomul t i p l i e r )  d u r i n g  the  app l ica t ion  of 
the  field was  t a k e n  as a m e a s u r e  of the  m a g n i t u d e  
of the  G u d d e n - P o h l  effect (Fig. 1). P r io r  to the  
m e a s u r e m e n t  the  phosphors  had  b e e n  exci ted w i th  
n e a r  u l t r av io l e t  rad ia t ion .  The exc i t ing  r ad i a t i on  
was t hen  r emoved  and  the  electr ic  field was appl ied  
1 m i n  af ter  r emova l  of the  rad ia t ion .  

The in tegra l s  of the l ight  flashes of bo th  h e x a -  
gonal  and  cubic  Z n S : C u  increased  w i th  inc reas ing  
copper  con ten t  and  reached  a m a x i m u m  at a con ten t  
of 10 -5 mole. Wi th  f u r t h e r  inc reas ing  copper  con-  
ten ts  they  decreased again.  In  genera l ,  the  effect 
was  s t ronger  w i t h  cubic  phosphors  t h a n  wi th  h e x a -  
gona l  ones of the  same copper  content .  The  phos-  
phorescen t  i n t ens i t y  af ter  one m i n u t e ' s  decay and  
the i n f r a r ed  s t imu la t i on  d u r i n g  i l l u m i n a t i o n  w i th  
i n f r a r e d  af ter  one m i n u t e  of n o r m a l  phosphorescen t  
decay  were  measured .  Resul t s  were  n e a r l y  iden t i ca l  
w i th  those repor ted  b y  B u b e  (3) .  

I t  has been  k n o w n  tha t  the G u d d e n - P o h l  effect 
m a y  be caused  by  e lec t rons  re leased  f rom filled 

t srne 
u f f i e l d  on 

Fig. ]. Schematic representation of the Gudden-Pohl effect. 
A, Steady luminescence; B, phosphorescent decay; C, Gudden- 
Pohl effect. 

t raps  by  the  act ion of a field. Accord ingly ,  f rom the  
knowledge  of t r ap  character is t ics ,  the ex is tence  of a 
G u d d e n - P o h l  effect m i g h t  be  predic ted.  F i g u r e  2 
shows the  t e m p e r a t u r e  dependence  of the  G u d d e n -  
Pohl  effect and  the  t h e r m o l u m i n e s c e n c e  above room 
t empera tu r e .  For  cubic Z n S : C u ,  the effect becomes 
smal l e r  at r i s ing  t e m p e r a t u r e s  b e t w e e n  20 ~ and  
120~ There  is no glow peak  in  this  t e m p e r a t u r e  
range .  In  contrast ,  the  effect increases  at  h igher  
t e m p e r a t u r e s  wi th  he xa gona l  ZnS:  Cu a nd  it  reaches  
a m a x i m u m  at  70~ whi le  the  glow curve  has its 
peak  at 550~ (Fig. 2). 

Two glow curves  w e r e  ob ta ined  for he xagona l  
ZnS:  Cu (10-~), one  w i t h  and  the  o ther  w i t h o u t  p r e -  
vious  appl ica t ion  of an  electr ic  field. I t  was  found  
tha t  the two glow curves  have  abou t  the  same 
height .  

F r o m  the  above obse rva t ions  it is conc luded  tha t  
the deeper  t raps  wh ich  cor respond to a glow peak  
at  55~ do not  p roduce  the  G u d d e n - P o h l  effect a t  
room t empera tu re .  Rather ,  the  increase  of the  effect 
at  h igher  t e m p e r a t u r e s  m a y  be ascr ibed to the  
e m p t y i n g  of the  deeper  t raps  wh ich  are able  to r e -  
lease the i r  e lec t rons  t h e r m a l l y  at h igher  t e m p e r a -  
tures .  

Manuscript  received March 10, 1959. 

Any discussion of this paper  wil l  appear in  a Dis- 
cussion Section to be published in  the June  1960 JOUr- 
NAL. 
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Fig. 2. The Gudden-Pohl effect as a function of tempera- 
ture (Curves A) and glow curves (B) for ZnS:Cu. 

1066 



Diffusion of Oxygen in Hafnium 
J. Paul Pemsler 

Nuc lear  Metals ,  Inc., Concord,  Massachuse t t s  

H a f n i u m  shares  w i th  t i t a n i u m  and  z i r con ium the  
u n u s u a l  ab i l i ty  to dissolve large  a m o u n t s  of oxygen  
in  in t e r s t i t i a l  solid solut ion.  No da ta  have  been  
found  r ega rd ing  the  h a f n i u m - o x y g e n  phase  d i a g r a m  
other  t h a n  the  exis tence  of a s table  oxide HfO~, and  
no s tudies  on the diffusion of oxygen  in  h a f n i u m  are 
repor ted.  The  t echn iques  used in  this  s tudy  are  s imi -  
l a r  to those used by  the  au thor  in  a s tudy  of the  
diffusion of oxygen  in  z i r con ium ( i ) .  

Experimental 
The diffusion of oxygen  in  h a f n i u m  was m e a s u r e d  

by  fo l lowing the  ra te  of d issolu t ion  of anod ica l ly  de-  
posi ted t h in  oxide films w h e n  a n n e a l e d  in  vacuo .  The 
th ickness  of the  oxide film was d e t e r m i n e d  per iod i -  
cal ly d u r i n g  the  e x p e r i m e n t  by  obse rv ing  its color 
(a r i s ing  f rom optical  i n t e r f e rence )  and  compar ing  it 
w i th  a series of s tandards .  

Reactor  grade  h a f n i u m  samples  con ta in ing  1.45 
w / o  Zr  and  m e a s u r i n g  1.8 x 4.5 x 0.4 cm were  ob-  
t a ined  f rom Knol l s  Atomic  Power  Labora to ry .  They  
were  a n n e a l e d  in  a v a c u u m  for 1 h r  at  800~ f u r -  
nace  cooled, paper  pol ished on 4 /0  e m e r y  paper ,  a nd  
then  e tched for 2 m i n  in  a ba th  of 50% HNO~, 5% 
HF, 45% H20. 

Oxide  films were  deposi ted anod ica l ly  f rom a 1% 
KOH solu t ion  in  d is t i l led  water ,  w i th  the  sample  
as anode  and  a p l a t i n u m  wi re  as cathode. Severa l  
th icknesses  of oxide were  deposi ted on di f ferent  
areas of the  same sample.  The weigh t  gain  on ano -  
dizat ion,  as m e a s u r e d  on a microba lance ,  was  found  
in  separa te  e x p e r i m e n t s  to be a l i nea r  f unc t i on  of 
the  appl ied  vol tage  over  the r ange  s tud ied  (0-120 v ) ,  
and  i n d e p e n d e n t  of t ime.  A s s u m i n g  a va lue  of 10.22 
g / c m  ~ for the  dens i ty  of HfO~, the  oxide th ickness  de-  
posi ted d u r i n g  anodiza t ion  cor responds  to 18.9A/v.  

Anodized  h a f n i u m  samples,  sealed off in a Vycor  
tube,  were  placed in  a hor izon ta l  f u rnace  h a v i n g  a 
v iew hole  for con t inuous  obse rva t ion  of the  sample  
whi le  at t empe ra tu r e .  The color of each zone 
changed  wi th  t ime,  i nd ica t ing  a decreas ing  fi lm 
thickness .  At  any  g iven  t ime,  the  decrease in  fi lm 
th ickness  was  found  to be i n d e p e n d e n t  of the  or ig i -  
na l  film th ickness  in  a pa r t i cu l a r  anodized  area ;  t hus  
iden t ica l  resul t s  were  ob ta ined  f rom a n y  one of the  
color areas.  

Results 
Microscopic e x a m i n a t i o n  of samples  which  had  

been  anodized  and  s u b s e q u e n t l y  v a c u u m  a n n e a l e d  
revea led  that ,  as in  z i r con ium (1),  the  d isso lu t ion  
process was  no t  homogeneous ,  and  that ,  macroscop-  
ically,  an  average  process was  be ing  observed.  A 
wide  r ange  of colors, sha rp ly  defined by  g ra in  
boundar ies ,  was  observed  u n d e r  a microscope.  The  
diffusion coefficients ca lcu la ted  are therefore  based  

on a macroscopic,  average  es t imate  of color. Va r i a -  
t ion  in  the  diffusion coefficient by  a factor  of abou t  
two a mong  the  d i f fe ren t ly  o r ien ted  g ra ins  was  ob-  
served.  

The  parabol ic  ra te  of d i s appea rance  of the  oxide 
film on h a f n i u m  suggests  tha t  the r a t e - d e t e r m i n i n g  
step in  the  d isso lu t ion  process is the  diffusion of oxy -  
gen  in  h a f n i u m  metal .  The c onsumpt i on  of oxide, 
gene ra t i ng  add i t iona l  metal ,  is accompanied  by  an  
o u t w a r d  mot ion  of the  o x i d e - m e t a l  b o u n d a r y  u n t i l  
the  oxide is e n t i r e l y  consumed.  M a t h e m a t i c a l l y  this  
case fal ls  w i t h i n  a l imi t ed  class of m o v i n g - b o u n d a r y  
diffusion problems,  for wh ich  solut ions  are r ead i ly  
found.  The diffusion equa t ion  is discussed in  de ta i l  
e l sewhere  (2) .  F r o m  the  so lu t ion  found  on the  as-  
s u m p t i o n  of cons tan t  diffusivi ty,  D can be expressed 
as 

1 x '  )2 

4b ~ 

w he r e  b satisfies the  equa t ion  

1 Co 
b (1 + e r f b )  = - - _ - - e  ,,2 

-,/~- mo 

Here  in  t ime,  t, the re  is a d i sp l acemen t  of the  ox ide-  
me ta l  b o u n d a r y ,  x', wh ich  is r e la ted  to the  observed  
decrease  AL in  th ickness  of oxide f i lm by  the  fo l low-  
ing express ion  i nvo l v i ng  the  respec t ive  molecu la r  
vo lumes  

x '  = pHfO._, F o r m u l a  we igh t  (HfOs,~) AL 

pHf sa tu ra t ed  F o r m u l a  we igh t  (HfO2) 

The  q u a n t i t y  p is the  densi ty ,  and  Co is the  difference 
b e t w e e n  the s a tu ra t ed  concen t ra t ion ,  Cs, a nd  in i t i a l  
concen t r a t i on  of oxygen  in  the  meta l .  The  q u a n t i t y  
mo rep resen t s  the  weigh t  of oxygen  r e move d  f rom 
the  HfO~ consumed  in  the  gene ra t i on  of u n i t  v o l u m e  
of sa tu ra t ed  h a f n i u m  (HfO, , , ) ,  and  m a y  be ex-  
pressed as 

mo 
F o r m u l a  weigh t  (HfO~) --  F o r m u l a  weigh t  (HfOs,~) 

F o r m u l a  we igh t  (HfOs,t)  
pHfOs,t 

The  precise va lue  of the diffusion coefficient canno t  
be  ca lcu la ted  at  this  t ime  because  the  s a t u r a t i o n  con-  
c e n t r a t i o n  of oxygen  in  h a f n i u m  (O~,t) is no t  
known .  Never theless ,  by  cons ider ing  the  t i t a n i u m -  
oxygen  and  z i r c o n i u m - o x y g e n  sys tems ( s a tu ra t i on  
oxygen  concen t r a t i on  va lues  34 a /o  a nd  29 a /o ,  
r e spec t ive ly ) ,  r easonab le  es t imates  of this  va lue  
m a y  be made.  In  this  work  the  diffusion coefficient 
was  ca lcula ted  for each of th ree  s a tu r a t i on  va lues :  
20 a /o ,  30 a/o,  and  40 a / o  Oxygen in h a f n i u m .  Thus,  
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1.10 1.20 1.30 ._3 
Reciprocal Absolute Temperature, ~ -  

Fig. 1. Temperature dependence of the diffusion coefficient 
of oxygen in hafnium. The three curves represent results cal- 
culated assuming the three indicated oxygen solubilities in 
hafnium. 

Co = C~ = 0.30 g / c m  8, 0.50 g / c m  8, or 0.76 g / c m  3 ( the  
in i t i a l  concen t r a t i on  was  t aken  as zero) ;  mo =2.07 
g / c m  ~, 1.83 g / c m  ~, or 1.52 g/cm~; x ' =  0.657 • cm, 
0.667 AL cm, or 0.678 • cm; b = 0.067, 0.120, 0.218. 
The  dens i ty  of HfO~ was t a k e n  as the  ca lcu la ted  
x - r a y  va lue  equa l  to 10.22 g / c m  ~, and  the  dens i ty  of 

h a f n i u m  sa tu ra t ed  w i th  oxygen  was  es t ima ted  to be 
abou t  13.5 g / c m  ~. 

A plot  of the  loga r i thms  of the  diffusion coeffi- 
c ients  vs. the  reciprocal  of the  abso lu te  t e m p e r a t u r e  
for each of the  th ree  a s sumed  oxygen  solubi l i t ies  
is shown  in  Fig. 1. The equa t i on  for the  diffusion 
coefficient of oxygen  in  h a f n i u m  in  the  t e m p e r a t u r e  
r a nge  of 500~176 is g iven  by  D, cm2/sec = 1.4 
exp [ ( - - 5 1 , 8 5 0 - - 2 0 0 / R T ) ]  for 20 a /o ;  0.47 exp 
[(--51,850 +--200/RT)]  for  30 a /o ;  and  0.14 exp 
[ (--51,850 -- 2 0 0 / R T )  ] for 40 a / o  oxygen  s a tu r a t i on  
so lub i l i ty  in  h a f n i u m .  

The  diffusion coefficient of oxygen  in  h a f n i u m  is 
sma l l e r  by  a factor  of abou t  t e n  t h a n  t ha t  of oxy-  
gen in  z i rconium,  bu t  the  energies  of ac t iva t ion  are 
ident ical .  

This  work  was  pe r f o r me d  u n d e r  AEC Cont rac t  
No. A T ( 3 0 - 1 ) - 1 5 6 5 .  

Manuscript  received Apri l  24, 1959. 

Any  discussion of this paper  will  appear in  a Dis- 
cussion Section to be publ ished in  the June  1960 JOUR- 
NAL. 
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The Fuel Cell and the Carnot Cycle 
Herman A. Liebhafsky 

Research Laboratory,  General Electric Company,  Schenectady,  N e w  Y o r k  

ABSTRACT 

To provide a basis for considering the combinat ion of nuclear  reactor (or 
other heat  source) and fuel cell, the we l l -known  fact that  the fuel cell escapes 
the Carnot-cycle  l imita t ion is reviewed briefly. Then  it  is shown that  the com- 
binat ion cannot escape this l imita t ion and, in some cases, can only approach the 
Carnot-cycle efficiency. 

The Fuel Cell  Alone 
The fuel  cell is an  e lec t rochemica l  device in  wh ich  

the  chemical  ene rgy  of a conven t iona l  fuel  is con-  
ve r t ed  d i rec t ly  and  u se fu l l y  in to  e lect r ical  work.  As 
has long b e e n  apprec ia ted  (1) ,  the  fuel  cell is po-  
t e n t i a l l y  a t t r ac t ive  because  the  e n e r g y  convers ion  
it  accomplishes  is no t  sub jec t  to the  Ca rno t - cyc l e  
l imi ta t ion .  This  e lec t rochemica l  convers ion  can be 
i so thermal :  for the  Ca rno t - cyc l e  l im i t a t i on  to op-  
erate,  hea t  m u s t  flow f rom a h igher  to a lower  t e m -  
p e r a t u r e  and  be pa r t i a l l y  conver ted  into work.  

More precisely,  the  chemica l  ene rgy  m e n t i o n e d  
above is the free ene rgy  

AG = AH - -  TAS [ 1 ] 

of the  reac t ion  

Fue l  + O x y g e n  = Reac t ion  P roduc t s  [2] 

( In  Eq. [1], AH is the  change  in  hea t  content ,  and  
AS the  change  in  e n t r opy  for reac t ion  [2] . )  Note, 
however ,  tha t  the  hea t  TAS absorbed  or l i be ra t ed  in  
reac t ion  [2] is charac ter i s t ic  of the r eac t ion  car r ied  
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out  revers ib ly .  It can be absorbed  or l ibe ra ted  iso- 
the rma l ly ,  and  it m u s t  on no account  be confused 
wi th  hea t  t ha t  is conver ted  in to  work  in  a C a r n o t -  
cycle process. 

A more  de ta i led  ana lys i s  of this t h e r m o d y n a m i c  
a r g u m e n t  is desirable .  In  Eq. [1], AG is the  m a x i -  
m u m  usefu l  work  rea l izab le  if r eac t ion  [2] is ca r -  
r ied out  i so the rma l ly  and  revers ib ly .  If, instead,  we  
choose to ca r ry  out  this  reac t ion  n o n i s o t h e r m a l l y  
wi th  no work  done, all  the chemical  ene rgy  wi l l  
appear  as heat.  Because  heat  is r a n d o m  in na tu re ,  
and  work  is a d i rec ted  process, a pr ice mus t  be paid  
to conver t  hea t  into work ;  this pr ice  is the  C a r n o t -  
cycle l imi ta t ion .  To escape this  price, it is necessary  
to avoid r a n d o m i z i n g  the  chemical  ene rgy  as heat .  

The e lec t rochemical  cell pe rmi t s  one to avoid this  
r andomiza t ion .  In  such a cell, reac t ion  [2] wi l l  oc- 
cur  in  two par ts  (or  ha l f -ce l l  reac t ions)  s chemat -  
ica l ly  as follows: 

Anode  React ion:  Fue l  = Ions + Elec t rons  [2a]  

Cathode React ion:  Oxygen  + Elec t rons  = Ions [2b] 

W h e n  reac t ion  [2] is car r ied  out  in  this  way,  r a n -  
domiza t ion  neve r  occurs because  the e lect rons  l i be r -  
a ted at the  anode flow u n i d i r e c t i o n a l l y  to the ca th -  
ode t h rough  the e x t e r n a l  circuit .  They  flow in  this  
d i rec t ion  because  they  are d r i v e n  by  an  e lec t romo-  
t ive force p ropor t iona l  in  the  l imi t  to the free e n -  
ergy change.  Because of this  d r iv ing  force, it is pos-  
sible to m a k e  the  e lec t rons  do work  before  they  
reach the  cathode.  Randomiza t i on  of the chemica l  
ene rgy  is thus  avoided,  and  the  Ca rno t - cyc l e  l i m i -  
t a t ion  does not  apply.  

If the  chemical  ene rgy  of reac t ion  [2] is r a n -  
domized as hea t  tha t  is l a t e r  conver ted  to w o r k  in  a 
heat  engine ,  the  m a x i m u m  usefu l  work  recoverab le  
wi l l  be the  f ami l i a r  AH(T1--T~)/T1, where  the  t e m -  
pe ra tu res  app ly  to the  hea t  engine ;  tha t  is, T1 mi gh t  
be the in le t  t e m p e r a t u r e  of the  first stage in  a t u r -  
b ine ;  of course it is less t h a n  the  t e m p e r a t u r e  u n d e r  
the boiler .  

In  assessing the  possible a d v a n t a g e  a fuel  cell  
migh t  have  over  a conven t iona l  power  p lan t ,  it is 
thus  necessa ry  to compare  AH(T1-  T~)/T1 wi th  AG 
(Eq. [1 ] ) .  Bu t  the  re la t ionsh ip  of AH to AG depends  
on TAS. Now, the  sign and  m a g n i t u d e  of this  las t  
t e r m  depend  on the  heat  capaci t ies  of the  subs tances  
in  reac t ion  [2] because  

d(AS') = ACp dln  T (at  cons tan t  p ressure )  [3] 
(Assume  ACp constant .  In  general ,  the  i n t eg ra t i on  of 
this  equa t ion  also requ i res  the  s t a t emen t  abou t  e n -  
t ropy  changes  at the  absolu te  zero tha t  is k n o w n  as 
the Th i rd  Law of The rmodynamics .  This need  not  
concern  us here .)  

The three  possible  re la t ionsh ips  of AH and  AG are  
s u m m a r i z e d  in  Table  I. 

The p resen t  out look is tha t  al l  successful  fuel  cells 
wil l  use gaseous fuels,  h y d r o g e n  and  ca rbon  m o n -  
oxide be ing  the  most  l ikely.  These gases m a y  p rove  
necessary  i n t e rmed ia t e s  even  w h e n  hyd roca rbons  
are used, for the  direct  anodic  ox ida t ion  of h y d r o -  
carbons  to wa t e r  and  ca rbon  dioxide is difficult to 
accomplish.  Because  the ox ida t ion  of h y d r o g e n  and  
of ca rbon  monox ide  to gaseous products  reduces  the  
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Table I. Maximum useful work and change in heat content 
for reaction [2 ]  

Case  ACp H e a t  exchange*  A r i t h m e t i c  
r e l a t i o n s h i p  

1 Positive Absorbed by cell AG > AH 
2 Zero None AG = AH 
3 Negative Rejected by cell AG ~ AH 

* Hea t  e x c h a n g e  w i t h  e n v i r o n m e n t  w h e n  r e a c t i o n  [2] p roceeds  
i s o t h e r m a l l y  and  r e v e r s i b l y .  

n u m b e r  of gaseous molecules,  on ly  Case 3, Tab le  I, 
is of i mme d i a t e  prac t ica l  concern.  (The  s ign and  
m a g n i t u d e  of ACp for reac t ion  [2] are d e t e r m i n e d  
p r i m a r i l y  by  the  change  in  the  n u m b e r  of gaseous 
molecules  d u r i n g  react ion.  Note tha t  this  change  is 
zero for the ox ida t ion  of me t ha ne . )  

To i l lus t ra te  the  r e l a t ionsh ip  be t w e e n  AG and  AH, 
let  us e x a m i n e  the  gaseous reac t ion  

tto -t- 1/20~ = H20 [4] 

for which  da ta  (2) are g iven  in  Table  II. 
The  ra t io  in  the last  co lumn  m a y  be compared  

w i th  (T1--T2)/T1 equals  64%, which  is the  Carnot  
efficiency for a good m o d e r n  s t eam p l a n t  tha t  migh t  
a t t a in  an  ac tua l  ove r - a l l  efficiency of 40%. Tab le  II 
shows c lear ly  tha t  the po ten t i a l  a d v a n t a g e  of this  
fuel  cell over  the  s team p l a n t  wi l l  d i sappear  w i th  
inc reas ing  t e m p e r a t u r e  un less  the  re jec ted  hea t  is 
p r o p e r l y  used. This  is a m u c h  more  ser ious con-  
s idera t ion  in  our  day  t h a n  in  Os twald ' s  (1) ,  w h e n  a 
fuel  cell wou ld  have  been  cal led on to compete  wi th  
s team p lan t s  h a v i n g  an  ove r -a l l  efficiency of only 
10%. 

Nuclear  Reactor and Fuel Cel l  

As nuc l e a r  power  bcomes inc reas ing ly  avai lable ,  
one hears  more  f r e q u e n t l y  the sugges t ion  tha t  a fuel  
cell (or other  ba t t e ry )  be combined  wi th  a nuc l ea r  
reac tor  so as to conver t  hea t  into electr ic  energy.  
A n y  other  source of heat  could in  p r inc ip le  serve as 
well .  In  the fuel  cell, for example ,  e l ements  A and  
B wou ld  be consumed  at t e m p e r a t u r e  T~ to produce  
electr ic  ene rgy  and  to fo rm the  compound  AB, 
which  would  flow to the  reac tor  at t e m p e r a t u r e  T1, 
where  it would  be dissociated to r egene ra t e  A and  B. 

The compound  AB and  its e l ements  m a y  be re -  
ga rded  as a w o r k i n g  fluid in a t h e r m a l  cycle in  
which  hea t  is changed  into work.  On  genera l  
grounds ,  one is just i f ied in  conc lud ing  tha t  this  con-  
ve rs ion  of hea t  into work  mus t  be Ca rno t - cyc l e  
l imi t ed  in  accord w i th  the Second Law. The conc lu-  
sion applies  even  though  the  w or k i ng  fluid is u n -  

Table II. AG ~ and AH for a hydrogen fuel cell 

T, ~ AH, c a l / m o l e  AG ~ c a l / m o l e *  AG~ 

400 --58,040 --53,520 0.92 
500 --58,270 --52,360 0.90 

1000 --59,210 --46,030 0.78 
2000 --60,260 --32,310 0.54 

* Th i s  ~ree e n e r g y  change ,  AG ~ is for  a l l  t h r e e  gases  i n  t h e i r  
s t a n d a r d  s ta tes  (abou t  1 a rm) .  T h e  s u p e r s c r i p t  m u s t  be  used  also 
fo r  e n t r o p y  changes  a t  t he  s t a n d a r d  s t a te  (AS~ h u t  m a y  be 
o m i t t e d  i n  the  p r e s e n t  cases ~rom AH because  t h i s  f u n c t i o n  is v i r -  
t u a l l y  i n d e p e n d e n t  of  v o l u m e .  
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usua l  in  tha t  it undergoes  dissociat ion and  r ecom-  
b ina t ion .  A l t h o u g h  the  fuel  cell a lone  escapes the  
Ca rno t - cyc l e  l imi ta t ion ,  the  combina t i on  of fuel  cell 
and  n u c l e a r  reactor  does not.  Deta i led  ana lys i s  is 
necessary,  however ,  to show whe the r  the  C a r n o t -  
cycle efficiency can ac tua l ly  be a t ta ined .  

To m a k e  the  analysis ,  let  us r ep re sen t  the  cycle 
as follows: 

Dissociat ion in  Reactor :  AB -- A + B at  T1 (I)  
Recombina t i on  in  Fue l  Cell:  A + B = AB 

at T~ (II)  

Hea t  Exchange  (connec t ing  l ink)  A and  B 
in i t i a l ly  at T1 ( I I I )  

w i th  AB in i t i a l ly  at  T~ 

The  m a x i m u m  efficiency wi l l  be a t t a ined  if the  cycle 
is r eve r s ib l e  th roughou t .  We wou ld  t h e n  have  a 
revers ib le  i so the rma l  process (I)  at T~, which  is the  
reverse  of a r evers ib le  i so the rmal  process ( II)  at  
T~. The  hea t  exchange  process ( I I I )  cannot ,  h o w -  
ever,  be revers ib le  un less  ACp is zero. 

Tha t  a va lue  of ACp other  t h a n  zero lead to i r -  
r evers ib le  hea t  flow in  process ( I I I )  is easi ly  shown.  
If, for example ,  ACp in  process (II)  is negat ive ,  t h e n  
the  combined  mola l  hea t  capaci t ies  of A and  B ex-  
ceed tha t  of AB. If ACp is nega t ive  also at T1, t h e n  
AB in  pass ing f rom fuel  cell to reac tor  canno t  en 
rou te  absorb  enough  hea t  f rom A and  B to keep i n -  
f in i tes imal  the  t e m p e r a t u r e  difference b e t w e e n  the  
two legs of the  hea t  exchanger .  Consequen t ly ,  A a nd  
B wi l l  reach  the  fuel  cell at  a t e m p e r a t u r e  above  T2, 
where  the  i r r eve r s ib le  flow of heat  wi l l  con t i nue  
u n t i l  t e m p e r a t u r e  e q u i l i b r i u m  is es tabl ished.  

Because fu r t he r  discussion of such i r r eve r s ib le  
hea t  flow is no t  necessa ry  to the  m a i n  a r g u m e n t ,  
let  us proceed wi th  Tab le  I, Case 3, for which  ACp 
is negat ive .  

We need  not  i n q u i r e  in to  the n a t u r e  of the  iso- 
t h e r m a l  r evers ib le  processes (I)  and  ( I I ) .  We k n o w  
tha t  each ( a n d  the cycle) m u s t  obey the  Laws  of 
The rmodynamics .  We ob ta in  the  ideal  efficiency in 
th ree  steps. We pos tu la te  A, B, and  AB to be in  
the i r  s t a n d a r d  states at  T1 and  at T~.. 

1. For  the  two i so the rma l  processes only,  w i th  the  
w o r k i n g  fluid in i t i a l ly  at T~, the  ne t  m a x i m u m  use -  
fu l  work  u n d e r  the  pos tu la ted  condi t ions  is 

AG%-- AG~ = (AH~ -- AH~) -- (T~AS% -- T~AS%) 

o r  

AG%-- AG~ = (AH~ -- AH,) + (T~AS~ To.AS%) [5] 

(Here, as in Table II, the superscripts indicate that  
standard states are involved. In practice, of course, 
A, B, and AB are not likely to be in their standard 
states, but this does not affect the argument.) 

2. The heat absorbed from the nuclear reactor is 
T~AS o 1. 

3. The  ideal  efficiency is 

AG%--AG~ (AH~--AHI) + (T~AS~ 
- -  [6] 

T~AS o ~ T~AS ~ 1 

Were  our  t h e r m a l  cycle comple te ly  revers ib le ,  we  
should expect  it to have  the  Carno t  efficiency. The  
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r igh t  side of Eq. [6] degenera tes  to the  Carno t  effi- 
c iency if 

AH1 = AH~ and  AS~ = AS% [7] 

Not ing  tha t  
d(AH) = ACp dT [8] 

( a s sume  ACp cons tan t )  

a nd  cons ider ing  Eq. [3] ,  we  conclude  tha t  Eq. [7] 
is va l id  if ACp is zero. This  is t r ue  for Tab le  I, Case 
2, in  which  the  hea t  exchange  process ( I I I )  can be 
made  revers ib le .  Wi th  comple te  revers ib i l i ty ,  the  
combina t ion  of n u c l e a r  reac tor  and  fuel  cell wi l l  a t -  
t a in  Carno t  efficiency. 

Let  us now e x a m i n e  Tab le  I, Case 3, b e g i n n i n g  
wi th  a n u m e r i c a l  i l lus t ra t ion .  Let  us consider  tha t  a 
h y d r o g e n  fuel  cell at 500~ is combined  wi th  
a nuc l e a r  reactor  at  2000~ By use of Eq. [6] 
and  of da ta  in  Tab le  II, we find 

--20,050 
--52,360 + 32,310 

--27,950 

+1990 --22,040 

(--58,270 + 60,260) + (--27,950 + 5910)or73 .3% 
[9] 

--27,950 

This efficiency is less t h a n  75%, the efficiency of 
a Carno t  cycle opera t ing  b e t w e e n  2000 ~ and  500~ 
Why? Because of the irreversibility in the heat flow 
process (III), which is traceable to the negative 

ACp. 
The difference b e t w e e n  73.3 and  75% subdiv ides  

into (a) the effect of chang ing  t e m p e r a t u r e  on AH 
and  (b)  the effect of chang ing  t e m p e r a t u r e  on AS. 
(a) As Eq. [9] shows, the  hea t  of reac t ion  [4] i n -  
creases n u m e r i c a l l y  ( f rom --58,270 to --60,260 cal)  
as the  t e m p e r a t u r e  increases  f rom 500 ~ to 2000~ 
Consequen t ly ,  the  n u m e r a t o r  in  Eq. [9] decreases 
by  1990 cal and  this  acts to reduce the  efficiency be -  
low the Carno t  value .  (b)  Suppose  the  r educ t ion  
jus t  descr ibed were  absent .  T h e n  Eq. [6] wou ld  
yie ld  the Carno t  efficiency if AS% were  replaced  by  
AS~ Wha t  is the  effect of this  r ep l acemen t?  T2AS% 
is --5910 cal, and  T,AS~ is --6990 cal; consequen t ly ,  
the use of the  (correct )  T~AS~ t e r m  in  Eq. [9] 
gives a l a rger  (nega t ive )  n u m b e r  (by  1080 cal) in  
the  n u m e r a t o r  t h a n  wou ld  the inse r t ion  of T~AS~ 
which  inse r t ion  w ou l d  y ie ld  the Carno t  efficiency 
u n d e r  the  condi t ions  s t ipula ted .  On this  basis, we  
m a y  say tha t  the  effect of chang ing  t e m p e r a t u r e  on 
AS '~ tends  to counteract the  ana logous  effect on AH. 

I t  wi l l  now  be shown tha t  the  effect on AH is a l -  
ways  n u m e r i c a l l y  the  larger .  

For  this  to be t rue ,  we  m u s t  have  (Eq. [3] and  
[8] )  

f ~ A C p d T >  T~ f f r :ACpdlnT [10] 

If we wr i t e  T1 = T~ + AT, r e l a t ion  [10] is t a n t a -  
m o u n t  to 

T~ + AT 
AT > T_o In-  [11] 

T, 
o r  

AT 
e ~/~ > 1 + - -  [12] 

T~ 
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The correctness  of r e l a t ion  [12] is eas i ly  es tab l i shed  
by  compar ing  it w i th  the series 

X 2 X 3 

e ' =  l + x +----~. +---~-. - ~ - - - -  [13] 

I t  follows therefore that the combination of nu- 
clear reac tor  and  fuel  cell wil l ,  even  u n d e r  ideal  
condi t ions,  have  an  efficiency somewha t  be low the  
Ca rno t  if ACp for reac t ion  [2] is negat ive .  As the  
foregoing ana lys i s  has shown,  the  difference g e n -  
e ra l ly  wi l l  be small  owing  to the in t e rac t ion  of the  
changes  in  hea t  con ten t  and  in  ent ropy.  

If ACp were  posit ive,  A and  B could no t  hea t  AB 
to t e m p e r a t u r e  T1 in  the  heat  exchange  process 
( I I I ) .  The  deficit wou ld  have  to be made  up  f rom 
the  nuc l ea r  reactor ,  and  it wou ld  there fore  appear  
as an  added t e r m  in  the  d e n o m i n a t o r  of Eq. [6].  No 
doub t  de ta i led  ca lcu la t ions  for the  case of pos i t ive  
ACp would  also show the  Ca rno t - cyc l e  efficiency to 
be an  uppe r  l imit .  

A l though  t h e r m o d y n a m i c s  does no t  r equ i r e  it, le t  
us e x a m i n e  the  combina t i on  of n u c l e a r  reac tor  and  
fuel  cell in  more  detail .  Water ,  especia l ly  w a t e r  
vapor,  is a poor e lectrolyte .  We shal l  the re fore  have  
to add an  e lec t ro ly te  so tha t  the cell can func t ion .  
This e lec t ro ly te  m a y  ve ry  wel l  in t e rac t  w i th  water ,  
and  the  ene rgy  of such in t e rac t ion  wi l l  have  to be 
considered.  In  pa r t i cu la r ,  the  w o r k  r equ i r ed  to sep-  
a ra te  the  w a t e r  f rom the  sal t  wi l l  have  to be s u b -  
t r ac ted  f rom the work  ou tpu t  of the  n u c l e a r  r eac to r -  
fuel  cell system. This wi l l  reduce  the  a t t r ac t iveness  
of the  scheme. 

To b r i ng  the  en t i re  p ic tu re  n e a r e r  rea l i ty ,  we po in t  
out, as did Yeager  (3) ,  tha t  e lectrolysis  is the  s im-  
plest  process for d issocia t ing AB r eve r s ib ly  and  iso-  
t h e r m a l l y  at t e m p e r a t u r e  T1. F r o m  the  electr ical  e n -  
e rgy  AG~, AG1 wi l l  have  to be d ive r t ed  to accomplish  
this  dissociation.  If A and  B are gases, e lectrolysis  
has the  grea t  advan t age  of sepa ra t ing  t h e m  at the  
m i n i m u m  ene rgy  cost, which  is AG1. This seems the  
s imples t  so lut ion to the  separa t ion  p rob lem,  a p r ob -  
l em tha t  can be fo rmidab le  enough  to m a k e  the  n u -  
clear  r eac to r - fue l  cell scheme una t t r ac t ive .  

The ene rgy  cost of t r a n s f e r r i n g  the  gases f rom re -  
actor to cell and  back  to reac tor  has been  neglected.  
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No m a t t e r  how smal l  the  cost, the need  for th is  
t r ans f e r  wi l l  f u r t h e r  reduce  the  a t t r ac t iveness  of 
the scheme. 

Ins t ead  of b e h a v i n g  l ike water ,  AB migh t  be 
s table  in  s ta te  2 bu t  u n s t a b l e  in  s tate  1. One  migh t  
t h e n  assume tha t  AB does not  dissociate u n t i l  i t  is 
passed over  a ca ta lys t  at  t e m p e r a t u r e  T1, w h e n  it 
dissociates spontaneously to r egene ra t e  A a nd  B. A 
subs tance  such as this  is u n l i k e l y  to have  a la rge  
va lue  of AG~ and  the  usefu l  work  recoverab le  f rom 
the  cycle is l ike ly  to be small .  Apprec i ab le  i r r e -  
ve r s ib i l i t y  a n y w h e r e  in the  cycle, for example ,  in  
the separa t ion  of A and  B at t e m p e r a t u r e  T1, wi l l  
t h e n  be a ser ious mat te r .  

In  s u m m a r y ,  the  c ombi na t i on  of n u c l e a r  reac tor  
and  fuel  cell canno t  opera te  at an  efficiency ex -  
ceeding tha t  of a Carno t  cycle. It  canno t  a t t a in  this  
efficiency if the  hea t  capaci ty  r e l a t ionsh ips  among  
the reac t ing  subs tances  lead to i r r eve r s ib i l i t y  in  
heat  t ransfer .  The  c ombi na t i on  has o ther  l i m i t a -  
t ions tha t  wi l l  no t  u sua l l y  be offset by  factors such 
as e l i m i na t i on  of the  need  for t u r b i n e s  a nd  gene r -  
ators.  

This  paper  has been  res t r ic ted  to s imple  fuel  cells. 
In  more  complex  sys tems ( the  " redox sys tems")  for 
the  gene ra t i on  of electr ic i ty ,  o x i d a t i o n - r e d u c t i o n  
couples are used as i n t e rmed ia t e s  to p romote  reac-  
t ion  [2].  The  conclus ions  abou t  the  Ca rno t  cycle 
app ly  to these  sys tems also. 
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Thi s  D i scuss ion  Sec t ion  i n c l u d e s  d i scus s ion  of p a p e r s  a p p e a r i n g  in  
t h e  $ O U R N A L  of The  E l e c t r o c h e m i c a l  Socie ty ,  Vol.  105, No. 1, 8, 
a n d  9 ( J a n u a r y ,  A u g u s t ,  a n d  S e p t e m b e r  1958), a n d  Vol. 106, No. 1-6 
( J a n u a r y - J u n e  1959). D i s c u s s i o n  no t  a v a i l a b l e  fo r  t h i s  i ssue  w i l l  
a p p e a r  in  t he  D i scuss ion  Sec t i on  of the  J u n e  1966 J O U R N A L .  

The Anodic Oxidation of Zinc and Z inc-T in  Alloys 
at  Very Low Current Density 

S. E. S. El Wakkad, z A. M. Shams El Din, and H. Kotb 
(pp. 47-51, Vol. I05) 

M. Praz~k-~: The fact descr ibed by  Dr. S. E. S. E1 
W a k k a d  and  co-workers ,  n a m e l y  tha t  S n - Z n  al loy 
is more  easi ly pass iva ted  t h a n  p u r e  zinc or p u r e  t in ,  
is ve ry  in t e re s t ing  indeed.  Accord ing  to the b i n a r y  
d iagram,  two phases  exist  in  this a l loy:  p rac t i ca l ly  
pu re  t in  and  zinc. Accord ing  to x - r a y  inves t iga t ion ,  
this  is t rue  also for e lec t ro ly t ica l ly  deposi ted alloy. 
Never theless ,  the e lec t rochemica l  behav io r  of the  
al loy does no t  cor respond to the  s u m  for bo th  com-  
ponen t s  present ,  as we found  in  the  case of the  al loys 
Fe-Cr-Ni. ~ 

We have studied the electrochemical behavior of 
the Sn-Zn alloy and that of pure zinc and tin in IN- 
NaOH by means of impedance measurements and 
also by the potentiostatic method (see the polariza- 
tion curves in Fig. I and 2 of this discussion). We 

found that: 
(A) The corrosion current in the passive state for 

the alloy is lower (about 0.5 ma/cm -~) than would 
correspond to 25% Zn and 75% Sn (2.1 ma/cm'~), 
as shown in  Fig. 1 and  2 at  +0.2 to 0.8 v. 

(B) On pu re  zinc, two types  of passive layers  m a y  
be found  according to the  po ten t i a l  imposed.  In  the  
r ange  --0.92 to --0.56 v (vs. the n o r m a l  h y d r o g e n  
e lec t rode) ,  there  exists  a colorless t h in  l ayer  pos-  
sessing good e lec t ron  conduc tance ;  in  the r ange  
above +0.2  v, a th icker  da rk  layer  grows up, show-  
ing a h igher  corrosion cu r r en t  in  the  passive state. 
On this type  of layer ,  oxygen  is evolved wi th  an  
ove rpo ten t i a l  of abou t  0.8 v (see, also, the  paper  of 

l Deceased.  
2 V y z k u m n y  U s t a v  O c h r a n y  Mate r i a lu ,  G. V. A k i m o v a ,  P r ague ,  
Czechos lovak ia .  
aM. Praz~k,  V1. Ciha l ,  a nd  M. Ho l inka ,  C h e m .  l is ty ,  52, 1693 

(1958) ; Col lec t ion  Czechos~ov.  C h e m .  C o m m u n . ,  24, 9 (1959). 

4,0 0,0 +%0 

Fig. 1. Potential-polarization curves of Zn (1) and Sn (2) in 
I N-NaOH. 

50 

3 

-~0 0,0 +/,0 V 

Fig. 2. Potential polarization curves of Sn75-Zn alloy (3- 
prepared by melting, 4--electrodeposited) in 1 N-NoaH.  

Landsberg~) .  In  the  case of the S n - Z n  alloy, this  
change  in the behav io r  of the zinc c ompone n t  was 
not  found.  

To exp la in  these  facts, it m u s t  be accepted tha t  a 
homogenous  passive layer  grows up  on the  n o n -  
homogenous  S n - Z n  alloy. 

We bel ieve  tha t  this  a nd  the  other  works  of Dr. 
E1 W a k k a d  and  co -worke r s  wi l l  do m u c h  to clear  
up the  p rob lems  conce rn ing  pass iv i ty  of al loys of 
d i f ferent  types. 

Higher Oxides of Silver 

w. S. Graft and H. H. Stadelmaier (pp. 446-44% Vol. 105) 

J. A. McMillan~: Graft  and  S tade lma ie r ,  in  an  i n -  
t e res t ing  paper  dea l ing  wi th  the h igher  oxides of 
si lver,  have  affirmed tha t  Ag~NOll canno t  exist  s ince 
the  same product  is ob ta ined  f rom A g F  as f rom 
AgNO~ solutions.  They  assume tha t  the  x - r a y  di f -  
f rac t ion  p a t t e r n  is due  to the  presence  of s i lver  in  an  
ox ida t ion  state h igher  t h a n  two (AglOw?). The  dis-  
cussor wishes to add tha t  the  same p a t t e r n  is ob-  
t a ined  f rom AgC10~ ~ and  Ag~SO4 solutions.  These 
facts, however ,  do not  necessa r i ly  m e a n  tha t  al l  of 
the  four  products  are  the same oxide wi th  d i f ferent  
impur i t i es ,  as be l i eved  by  Graft  and  S tade lmaie r ,  
s ince the pa t t e rns  could be due to i somorphous  sub -  
stances. The  discussor  bel ieves  tha t  a series of com-  
pounds  (Ag~O4)2AgIAn, where  A n  s tands  for NO~, 
C104, F, or SO~H, exists, on the  basis  of the  fo l lowing 
facts. 

I. S k a n a v i  Gr igoieva  a nd  S h i ma nov i c h  7 have  
obta ined,  d u r i n g  the  electrolysis  of AgC104 solu-  
t ions, a b lack  deposit  whose composi t ion  was 
(AgaO~) ~Ag~C10~. 

4 R. L a n d s b e r g ,  Zei t schr .  f. P h y s i k .  C h e m i e ,  206, 291 (1957). 
I n s t i t u t o  de  F i s i ca  de  San  Car los  de Bar i loche ,  Bar i loche ,  Rio  

Negro,  A r g e n t i n a ;  p r e s e n t  addres s :  C h e m i s t r y  Div . ,  A r g o n n e  Na-  
t i o n a l  Lab. ,  L e m o n t ,  n l . ,  w h e r e  the  d i scussor  is s p e n d i n g  t h e  d u r a -  
t ion  of a G u g g e n h e i m  F e l l o w s h i p .  

W. S. G r a f t  and  H. H. S t a d e l m a i e r ,  T h i s  Journa l ,  105, 446 (1958). 
7 M. S. S k a n a v i  G r i g o i e v a  and  I. L.  S h i m a n o v i e h ,  Z h u r .  O b s h e h e i  

K h i m . ,  24, 1490 (1955):  CheTn. A b s t r a c t s ,  49, 5165a (1955). 
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II. de Boer and  v a n  OrmondC have  obta ined,  on 
e lec t ro lyz ing  Ag, SO, solut ions  u n d e r  s imi la r  con-  
dit ions,  b lack  deposits  whose composi t ion  was  
(Ag,O,) ,Ag~SO,  wi th  a = 2 -  2.5. These au thors  be -  
l ieved tha t  all  s i lver  a toms were  in  h igher  ox ida t ion  
states. Never theless ,  if one h y d r o g e n  is added ( i m -  
possible  to iden t i fy  f rom the  resu l t s  of the  ana lys i s )  
and  on ly  the va lue  a = 2 is t a k e n  into account  ( va l -  
ues of a g rea te r  t h a n  2 cor respond to pa r t i a l  decom-  
pos i t ion) ,  the  fo rmu la  becomes (Ag~O~)~AgISO,H. I t  
should be no ted  tha t  the  oxysal ts  give inso lub le  AgO 
w h e n  boi led wi th  water ,  according to 

(Ag~O,)~Ag~An --> 6 AgO + Ag § + An- + 0,2, 

which permits a straightforward analysis. 
Ill. Kappanna and Talaty ~ have observed a black 

deposit during the electrolysis of AgF solutions, 
whose magnetic susceptibility was +0.37 x I0 -'~ 
emu/g. Comparing this with the value observed by 
the discussor ~~ in the case of oxynitrate and oxyper- 
chlorate, +0.41 and +0.49 x i0 -~ emu/g, respec- 
tively, it is plausible to infer that the compound was 
(Ag~O~)~Ag~F, earlier reported by Tanatar, ~ and 
found to exhibit the same x-ray diffraction pattern 
as the other oxysalts# 

IV. Ag~NO~ = (Ag~O~)~Ag'NO~ is a chemical  com-  
p o u n d  tha t  ce r t a in ly  could be ques t ioned  u n t i l  t he  
ou t s t and ing  papers  of Noyes and  co-workers ,  ci ted 
by  Graf t  and  S tade lmaie r ,  appeared,  bu t  no t  la ter .  

In  add i t ion  to the  above,  the discussor 's  own  re -  
sults  ~~ suppor t  the exis tence  of such a series of com- 

pounds .  The i r  space group  is F43m- -T"~ ,  w i th  a--~ 
10A, the  an ions  occupying  the  t e t r a h e d r o n  (1/4, 1/4, 
1/4), the  t e t r a h e d r o n  (3/4, 35, 3/4) be ing  occupied by  
m o n o v a l e n t  s i lver  atoms. The an ions  or ien t  as the  
t r igona l  axes. I n t e r c h a n g i n g  of d i f ferent  an ions  
gives the  di f ferent  oxysalts .  T w e n t y - f o u r  s i lver  
a toms cente r  the edges of each of the  eight  ~/2a- 
cubes. O x y g e n  atoms a r r a n g e  in  two sets of four  
t e t r ahed rons  each, s u r r o u n d i n g  an ions  and  m o n o v a -  
len t  s i lver  atoms, respect ively .  This  s t ruc tu re  e x -  
p la ins  the magne t i c  behavior .  

The  i n t e r p r e t a t i o n  of these  pa t t e rn s  is s t r a i gh t -  
forward ,  and  the discussor 's  exper ience ,  in  d i sagree-  
m e n t  w i th  Graft  and  S tade lma ie r ' s ,  is tha t  qu i te  
pu re  pa t t e rn s  can be obta ined,  f ree f rom AgO lines,  
at least  in  the cases of o x y n i t r a t e  and  oxyperch lo -  
rate.  

Wi th  respect  to AgO, Graft  and  S t ade lma ie r  have  
a r r ived  at the  same conclus ion  as the discussor,  a l -  
t hough  the  discussor bel ieves  tha t  the i r  va lues  for 
a, b, and  c are more  accura te  t h a n  his own. 

I n d e p e n d e n t l y ,  Sca t tu r in ,  Bel lon,  and  Z a n n e t t i  ~ 
have  a r r ived  at the same conclusion.  Never theless ,  if 
AgO were  a d iva l en t  s i lver  oxide, it wou ld  be 
s t rong ly  p a r a m a g n e t i c  (Ag ~§ is a 4d ~ ion) ,  which  is 
not  the  case. AgO is d iamagne t ic ,  its suscep t ib i l i ty  
hav ing  been  found  to be ~ 

s y. It .  de  Boe r  and  J.  v a n  O r m o n d t ,  Proc.  I n t e rn .  S y m p o s i u m  on  
R e a c t i v i t y  o] Sol ids ,  G o t h e n b u r g  1952, 557 (Dub. 1954) ; C h e m .  A b -  
s tracts ,  48, 11972a (1954). 

A. N. K a p p a n n a  and  E. R. Ta la ty ,  J. I n d i a n  C h e m .  Soe. ,  28, 413 
(1951). 

~o j .  A. McMi l l an ,  Re s u l t s  no t  ye t  p u b l i s h e d .  
~1 S. Tana t a r ,  Z. anorg.  C h e m . ,  28, 331 (1901). 
~.2 V. S c a t t u r i n ,  P. L. Be l lon ,  a nd  R. Zanne t t i ,  J. Inorg .  & N ~ c l e a r  

C h e m . ,  8, 462 (1958). 
~ A .  B. N e i d i n g  and  I. A. K a z a r n o v s k i i ,  n o k L  A k a d .  N a u k  

S .S .S .R . ,  78, 713 (1951) ; C h e m .  A b s t r a c t s ,  45, 8385g (1951). 

D I S C U S S I O N  S E C T I O N  1073 

X = --0.15 x 10 -~ e m u / g .  

The discussor 1~ has modified the s t ruc tu re  and  
adopted the space group P 2 1 c -  C%~, the oxide t h e n  
be ing  a s i lver  (I)  - s i lve r  ( I I I )  -oxide,  wi th  s i lver  ( I I i )  
ions coord ina ted  in  a p l a n a r  a r r a n g e m e n t  w i th  four  
oxygens  (hyb r id i za t i on  dsp~), which  exp la ins  its 
d i amagne t i sm.  

These resul ts ,  together  wi th  the resul t s  on the  
oxysalts ,  wi l l  be pub l i shed  in  detail .  

H. E. Swanson14: Graft  and  S t ade lma ie r  have  
poin ted  out  tha t  the  sample  we used in  r epor t ing  the  
x - r a y  dif f ract ion powder  p a t t e r n  of a rgen t ic  oxy-  
n i t r a t e  Ag7OsNO~ 15 was  no t  ana lyzed  to show the  
ex is tence  of the NO-.~ ion and  tha t  the  n a t u r e  of the  
compound  was  d e p e n d e n t  on ly  upon  d o c u m e n t a t i o n  
in  the  l i t e r a tu re#  .... Graf t  and  S t ade lma ie r  be l ieve  
this  compound  to be a h igher  oxide of silver.  

In  the four  years  tha t  have  elapsed since our  
x - r a y  p a t t e r n  was  prepared ,  a recen t  x - r a y  ana lys i s  
of the  or ig ina l  ma te r i a l  shows tha t  it has decom-  
posed, in the  vial  in  which  it  was stored, into the  
componen t s  AgO and  AgNO,, ind ica t ing  the  p res -  
ence of n i t r ogen  in  the or ig ina l  sample.  W h e n  com-  
pa red  to phys ica l  m i x t u r e s  of AgO and  AgNO~, the  
peak  heights  of the  decomposed sample  agree w i t h  
a six to one molecu la r  rat io mix tu re .  

Graf t  and  S t ade lma ie r  also showed tha t  the  
Ag~O~NO..~ is decomposed by  boi l ing  in  w a t e r  to AgO. 
Wha t  they  did no t  no te  was  that ,  w h e n  it  is so 
t reated,  oxygen  is re leased  and  AgNO.~ r e ma ins  in  
this so lu t ion  which  m a y  be r ead i ly  ana lyzed  q u a n -  
t i ta t ive ly .  

This decomposi t ion  p rocedure  was used to b r eak  
down  a fresh sample  p r e p a r e d  by  D. N o r m a n  Craig 
at the  Na t iona l  B u r e a u  of S tandards .  We ob ta in  
s to ichiometr ic  percen tages  of 6AGO, O~, and  AgNO~. 
O x y g e n  was d e t e r m i n e d  v o l u m e t r i c a l l y  over  wa t e r  
at 90~ AgNO~ was ob ta ined  by evapora t ion  of the  
fil trate,  and  weighed  as such. 

AgO AgNO3 O 

Found 785 mg /g  181 mg/g  31.4 mg/g  
Calc. 784 179 33.8 oxygen 

The  repor ted  close s imi l a r i t y  of the x - r a y  p a t t e r n s  
of the salts fo rmed  by  electrolysis  of a s i lver  f luoride 
ba th  and  tha t  of a s i lver  n i t r a t e  ba th  m a y  be easi ly  
exp la ined  if they  are found  to be of the  same type  
s t ruc ture .  However ,  the two pa t t e rn s  pub l i shed  by 
Graf t  and  S t ade lma ie r  show signif icant  differences 
in both  spacing and  in t ens i t y  va lues  which  we feel 
are due to difference in  composit ion.  

We recen t ly  have  been  able  to check the  s imi -  
l a r i ty  in  cell d imens ions  of these  two crysta ls  and  
find abou t  the  same va lues  repor ted  by  Graf t  and  
S tade lmaie r .  

24 N a t i o n a l  B u r e a u  of  S t a n d a r d s ,  W a s h i n g t o n  25, D. C. 
15 H. E. S w a n s o n ,  R. K. F u y a t ,  and  G. M. U g r i n i e ,  Nat .  Bur .  

S t a n d a r d s  Circ. 539, 4, 61 (1955}. 
26 j .  C. Poggendor f f ,  A n n .  P h y s i k . ,  75, 337 (1848). 
17 O. Sulc,  Z. anorg.  C h e m . ,  12, 89 (1896). 
is E. 1Viulder and  J .  He r inga ,  Rec .  t ray .  ch im. ,  15, 1, 235 {1896). 
19 A. A. Noyes,  D. DeVaul t ,  C. D. Corye l l ,  and  T. J .  Deah l ,  J. A m .  

C h e m .  Soe. ,  59, 1326 {1937). 
2o K. Br~ikken,  N o r s k e  V i d e n s k .  S e l s k a b s ,  Forh .  7, p. 143 (1935) 

as a b s t r a c t e d  in  C h e m .  Zen t r . ,  106, 1, 3634 (1935). 
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S i l v e r  S i l v e r  
o x y n i t r a t e  ( o x y f l u o r i d e  ?) 

Graft and Stadelmaier  5.890 5.834 
NBS 5.893 at 26~ 5.823 at 25~ 

Since Graf t  and  S tade lma ie r ' s  paper  did no t  come 
to our  a t t en t i on  u n t i l  recent ly ,  we have  not  verif ied 
the  composi t ion  of the  f luoride ba th  m a t e r i a l  as the  
oxyfluor ide c o u n t e r p a r t  of the oxyn i t ra te .  However ,  
we are p l a n n i n g  to inves t iga te  this  por t ion  of the  
p r o b l e m  fur the r .  

W. S. Graft and H. H. S tade lma ie r :  The  au thors  do 
not  agree tha t  the  compound  they  repor ted  to be a 
h igher  s i lver  oxide can be, as McMil lan  suggests,  a 
series of i somorphous  compounds  of the  type  
(Ag~O,)~.Ag(I)AN, where  AN is NO~-, C10~-, F-, or 
SO4H. Our  poin ts  in  answer  to McMil lan ' s  a nd  
Swanson ' s  a r g u m e n t s  a long this l ine  are  as follows. 

I. Al l  the  p repa ra t ions  repor ted  (Braekken ,  S w a n -  
son, Graft  and  S tade lma ie r ,  Z v o n k o v a  and  Z d a n o v ) ,  
regard less  of the  an ion  p re sen t  in  the  p r e p a r a t i o n  
(NO~-, C10( ,  F-, or SO,=), y ie ld  a subs tance  w i th  a 
s imi la r  diffract ion p a t t e r n  and  wi th  la t t ice  cons tan ts  
tha t  differ f rom each o ther  by  no more  t h a n  0.5%. 
We a t t r i bu t e  these smal l  differences to v a r y i n g  
a m o u n t s  of absorbed  impur i t i es .  A n  add i t iona l  pa -  
per, no t  cited in  our  o r ig ina l  b ib l iography ,  ~1 also 
adds conf i rmat ion  in  tha t  the  p r e p a r a t i o n  of a s u b -  
s tance t h a t  y ie lds  the  same di f f ract ion p a t t e r n  is 
r epor ted  f rom the  ox ida t ion  of s i lver  in  a s t r eam of 
O~ + 5% O, w i th  no N~ present .  

The r egu l a r  presence  of an ions  of such wide ly  
differ ing sizes (NO~-, C1Oj, F-, or SO,H-) in  the l a t -  
tice as McMil lan  suggests  would  l ike ly  cause a 
l a rger  va r i a t i on  in la t t ice  cons tan ts  t h a n  observed,  
even  if we assume tha t  such a series of i somorphous  
compounds  does exist. F u r t h e r m o r e ,  it seems to us 
tha t  the s t ruc tu re  as pos tu la ted  by  McMil lan  w i th  
A g ( I )  and  the  complex  an ion  t e t r a h e d r a l l y  su r -  
r o u n d e d  by  oxygen  a toms is imposs ib le  f rom the  
s t andpo in t  of Pau l i ng ' s  r ad ius  ra t io  rules.  The  r a -  
dius ra t io  of A g ( I )  to O: is 0.9 and  the  rad ius  ra t io  
of NO,- to O: is 1.26. These rat ios do not  appear  to be 
compat ib le  w i th  a coord ina t ion  n u m b e r  of four.  

II. We do not  ques t ion  the  va l id i ty  of Noyes '  w o r k  
in  i den t i fy ing  Ag~NO~; we on ly  feel tha t  a f ter  the  
p r e p a r a t i o n  is washed  and  dr ied  the  r e su l t ing  de -  
composi t ion  p roduc t  is the  same as can be ob ta ined  
f rom other  means  of p r epa ra t i on  (fluoride, pe rch lo-  
rate,  etc.) and  ve ry  p r o b a b l y  is a h ighe r  oxide of 
silver.  

McMil lan ' s  c o m m e n t  on the s t ruc tu re  of AgO is 
ve ry  in te res t ing .  If the compound  is in  fact  d ia -  
magnet ic ,  we agree tha t  this wou ld  p rec lude  the  e x -  
i s tence  of a s imple  Ag §247 state, because  this  s ta te  
would  invo lve  an  u n p a i r e d  e lec t ron  in  the  b ond i ng  
wi th  s u r r o u n d i n g  oxygen  atoms and  hence  wou ld  be 
pa ramagne t i c .  Ne id ing  a n d  K a z a r n o v s k i i  ~ also r e -  
por t  tha t  AgO is d iamagne t ic .  This, we  agree, i nd i -  
cates tha t  AgO is a more  complex  s t ruc ture ,  and  not  
s imi la r  to CuO where  Cu ++ is k n o w n  to exist.  

~1 G.  M. S c h w a b  a n d  G.  ~ I a r t m a n n ,  Z. anorg, u. allgem. Chem.,  
281, 184 (1955).  

~ A .  B. N e i d i n g  and  I .  A.  K a z a r n o v s k i i ,  Dokl. Akad .  N a u k  
S.S.S.R,,  78, 713 (1951) 
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Preparation and Properties of Aluminum Antimonide 

A. Herczog, R. R. Haberecht, and A. E. Middleton 
(pp. 533-540, Vol. 105) 

H. F. Matare'~: F o u r  years  ago (1953), we ~' p ro -  
duced A1Sb-diodes  f rom l a b o r a t o r y - g r o w n  crystals .  
We found  a possible use for h i g h - f r e q u e n c y  diodes, 
e.g., as m i x e r  diodes. The  charac ter i s t ic  f ea tu re  was  
a smal l  diffusion voltage. Blocking vol tages  were  
low and  cor respond ing  to the  order  of m a g n i t u d e  
g iven  by  the  authors .  S t ab i l i t y  over  long t ime  per i -  
ods was  not  v e r y  good. Enc a psu l a t i on  u n d e r  oil as 
proposed by  the au thors  was  used also. ~ 

A. Herczog: In  the  p roduc t ion  of m i xe r  diodes, one 
has  to app ly  a special  sur face  t r e a t m e n t  to b r i n g  out  
the lowest  f o r w a r d  resis tance.  This  t r e a t m e n t  is 
k n o w n  to m a k e  the  surface  r a t h e r  sens i t ive  a nd  cor-  
rosive. 

Other  t r e a t m e n t s  capable  of p roduc ing  more  
s table  surface condi t ions  wi l l  y ie ld  in fe r io r  fo rward  
charac ter i s t ic  bu t  m u c h  h igher  b lock ing  vol tage  
(85 v). 

The Flade Potential of Iron Passivated by Various 

Inorganic Corrosion Inhibitors 
H. H. Uhlig and P. F. King (pp. 1-7, Vol. 106) 

G. H. Cartledge~: I t  is g r a t i fy ing  tha t  the  au thors  
have  i n d e p e n d e n t l y  conf i rmed the  ea r l i e r  w o r k  of 
Car t ledge  and  Sympson,  ~7 which  showed tha t  the  
pass iva t ing  films p roduced  on i ron  or ca rbon  steel  
in  ae ra ted  solut ions in  inh ib i to r s  d isp lay  the  F lade  
po ten t i a l  u p o n  act ivat ion.  This  indica tes  tha t  the  
films have  the same e lec t rochemical  character ,  a l -  
though formed in  a va r i e ty  of ways.  In  la te r  work,  
to be pub l i shed  elsewhere,  it has been  shown  tha t  
the  F lade  po ten t i a l  m a y  be d e m o n s t r a t e d  also on 
films p roduced  by  pass iva t ion  in  an  ae ra ted  so lu t ion  
con t a in ing  benzoa te  ions. 

I t  is no t  be l ieved  tha t  the  a p p a r e n t  va r i a t i on  of 
the ac t iva t ion  po ten t i a l  r epor ted  by  Uhl ig  a nd  K i n g  
for different  pass iva tors  is real.  The i r  m e a s u r e m e n t s  
were  made  af ter  the  spec imens  were  t r a n s f e r r e d  to 
unbuf fe red  solutions,  whereas  those of Car t ledge  and  
S y m p s o n  were  m a d e  in  the  inh ib i to r  so lu t ion  itself, 
in  which  the pH va lue  was  accura te ly  de t e rminab le .  
Wi th  the except ion  of the pe r t e c hne t a t e  ions, a l l  the  
inh ib i to r s  used have  some buf fe r ing  action. I t  m a y  
be no ted  in  Fig. 2 a nd  3 of Uhl ig  and  K i n g  tha t  the 
observed  points  fell  on the nob le  side of the curve  of 
F r a n c k  -~ w h e n  pass iva t ion  was  conduc ted  in  acid 
media,  and  on the  other  side for pass iva t ion  in  a l -  
ka l ine  media.  The  data  m a k e  one suspicious tha t  the 
films had  some " m e m o r y "  of the i r  or igin,  because  of 
incomple te  equ i l i b r a t i on  wi th  the  new,  unbuf fe red  
e n v i r o n m e n t .  No such va r i a t i on  was  a p p a r e n t  in  the  
observa t ions  of Car t l edge  a nd  Sympson.  

"~ S e m i c o n d u c t o r  Sec t ion ,  So l id  S t a t e  Lab . ,  S y l v a n i a  E l e c t r i c  
P r o d u c t s  Inc . ,  B a y s i d e ,  N.  Y.;  p r e s e n t  a d d r e s s :  L a b o r a t o r i u m  H a l -  
b l e i t e r ,  S u d d e u t s c h e  T e l e f o n - A p p a r a t e - ,  K a b e l -  u n d  D r a h t w e r k e  
A . - G . .  185 A l l e r s b e r g e r  St r . ,  N u r n b e r g ,  G e r m a n y .  

,2~ I n t e r m e t a l  Corp . ,  D t i s se ldo r f ,  G e r m a n y .  
G. Z ie lasch ,  Arch. etektv. Ubertragung, Stuttgart ,  8, 529 (1954).  
C h e m i s t r y  Div . ,  O a k  R i d g e  N a t i o n a l  Lab . ,  O p e r a t e d  b y  U n i o n  

C a r b i d e  Corp .  f o r  t h e  U.  S. A t o m i c  E n e r g y  C o m m i s s i o n ,  O a k  R i d g e ,  
Tenn .  

e T . G . H .  C a r t l e d g e  a n d  R.  F. S y m p s o n ,  J. Phys.  Chem.,  61, 973 
(1957).  

2s U.  F. F r a n c k ,  Z. Naturyorsch., 4a,  378 (1949).  
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F r o m  the s t andpo in t  of theory,  if the  F lade  p o t e n -  
t ia l  ac tua l ly  corresponds  to some e lec t rochemica l  
s tate  tha t  is reproducib le ,  a lbe i t  metas tab le ,  one 
should expect  to measu re  it best  in  as n e a r l y  a s teady 
state as possible,  r a the r  t h a n  d u r i n g  rap id  act ivat ion.  
This was the just i f icat ion of the p rocedure  used by 
Car t ledge  and  Sympson.  

The  a t t emp t  of the au thors  to re la te  the F lade  po-  
t en t i a l  to a free ene rgy  ca lculable  f rom data  on hea t  
of adsorp t ion  of gaseous oxygen  on i ron  powder  suf -  
fers f rom the  weakness  tha t  two en t i r e ly  d i f ferent  
processes are  be ing  compared .  Adso rp t i on  of oxygen  
in  an  aqueous  m e d i u m  involves  bo th  d i sp lacemen t  
of adsorbed  wa te r  and  compet i t ive  adsorp t ion  w i th  
all  o ther  species present .  I t  would,  therefore,  be a 
s t range  coincidence if the  adsorp t ion  in  the  two e n -  
v i r o n m e n t s  were  the same in  ex t en t  or energy.  

The  au thors '  d iscussion of the  pass iva t ion  process 
in  the  p resence  of a pe r t e chne t a t e  also m u s t  be  
ques t ioned.  They  suggested tha t  the  wr i t e r ' s  f a i lu re  
to find more  t h a n  m i n u t e  a m o u n t s  of a t e c h n e t i u m  
compound  on the  pass iva ted  spec imen  migh t  be  due  
to the  fo rma t ion  of a soluble  r educ t ion  product .  This  
is qui te  con t r a ry  to the  facts. Tho rough  s tudy  of the  
chemis t ry  of t e c h n e t i u m  in  this  l abo ra to ry  has shown 
tha t  soluble  compounds  der ived  f rom the q u a d r i v a -  
l en t  s tate  ( the  i m p o r t a n t  one)  can  be made  on ly  by  
forming complexes in strongly acidic solutions, such 
as hydrochloric acid of IN concentration or greater) 9 
Furthermore, in one experiment on the passivation 
of cast iron, which reduced an appreciable amount 
of the inhibitor, a material balance was obtained, 
within analytical accuracy, by adding the amount 
found from the beta activity of the specimen to the 
residual technetium in solution as determined spec- 
trophotometrically as TcO~-. 

Finally, if one uses the authors' estimate of the 
free energy of "Fe-O.O~" in combination with the 
normal potential of the Tc(VII)-(IV) couple, ~ in 
accordance with their Eq. [9], it is calculable that 
10 .5 ] TcO,- could passivate by this process only if 
the pH value were less than 4.9. The corresponding 
number is 4.0 if Franck's value for the Flade poten- 
tial is used. As a matter of fact, passivation results 
best at higher pH values in aerated solutions. It is 
not believed, however, that such calculations are re- 
liable, in view of the abnormal .and unknown free 
energies of the surface components) I 

H. H. Uhlig and P. F. King: In  v iew of his ex-  
t ended  studies  a long s imi la r  l ines,  Dr. Car t ledge ' s  
commen t s  are especia l ly  welcome.  His commen t s  i n -  
dicate  tha t  he is r e l u c t a n t  to be l ieve  tha t  the  F lade  
po ten t i a l  var ies  w i th  specific passivators ,  b u t  the  
facts are  qu i te  c lear  tha t  the  observed  va r i a t ions  
are l a rger  t h a n  the  e x p e r i m e n t a l  e r ror  of our  meas -  
u r emen t s ,  and  we be l ieve  tha t  the exp lana t ions  t ha t  
we have  ou t l ined  suggest  reasons  w h y  these  v a r i a -  
t ions are to be expected.  The observed  va r i a t i on  in  
s t ab i l i ty  of pass iv i ty  depend ing  on the  pass iva tor  
used is p a r t  of the  ev idence  tha t  differences in  F lade  
po ten t i a l  can be predicted.  

R. H. Busey ,  P e r s o n a l  c o m m u n i c a t i o n .  
:~ G. H. C a r t l e d g e  a n d  W. T. S m i t h ,  J r . ,  J. Phys .  Chem. ,  59, 1111 

(1955}. 
3~ G. H. Car t l edge ,  Z. Elektrochem. ,  62, 684 (1958). 
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It is not  l ike ly  tha t  the dev ia t ions  we find can be  
exp la ined  by  a " m e m o r y "  of the  electrodes for the  
pH of the so lu t ion  in  which  the  e lectrodes  were  pas -  
s ivated,  as Dr. Car t Iedge proposes. Other  t h a n  the  
fact tha t  each electrode was  ca re fu l ly  washed  in  
th ree  separa te  beakers  of d is t i l led  w a t e r  before  
b r e a k d o w n  of pass iv i ty  was  fol lowed by  po ten t i a l  
me a su r e me n t s ,  it  is c lear  f rom Fig. 2 a nd  3 t ha t  acid-  
i ty  of the  so lu t ion  in  which  pass iva t ion  occurred  did 
not  apprec iab ly  inf luence the  observed  F l a de  p o t e n -  
t ia l  me a su r e me n t s .  For  example ,  i ron  pass iva ted  
anod ica l ly  in  5% H~SO4 or in  concen t r a t ed  HNO~ 
(16N) gave the  same F lade  po ten t i a l  and  the  same 
slope of EF plo t ted  vs. pH of the  solut ions  in  which  
the  pass iv i ty  decayed  despi te  a l a rge  difference in  
acidity.  F u r t h e r m o r e ,  po ta s s ium fe r ra t e  solut ion,  
which  by  slow decomposi t ion  and  hydro lys i s  was  
v e r y  a lkal ine ,  gave  the  same F lade  po ten t i a l  as so- 
d i u m  mo l ybda t e  or po tass ium chromate  solut ions  
which  were  n e a r  neu t ra l .  

We found  tha t  the  use of buffer  solut ions  is no t  
ideal  because  of the  t e n d e n c y  of some buffer  an ions  
in  the i r  u sua l  h igh  concen t r a t i on  to accelera te  decay 
of passivi ty .  This p r o b a b l y  accounted  for our  obser -  
va t ion  tha t  the re  was  a va r i a t i on  in the  F lade  p o t e n -  
t ia l  at the  same pH w h e n  the  buffer  sys tem was 
var ied.  

I t  is t rue  that ,  w h e n  pass iva t ion  occurs in  an  aque -  
ous me d i um,  compet i t ive  adsorp t ion  is expected  to 
occur, and  tha t  this  is not  the  case w h e n  oxygen  is 
adsorbed  d i rec t ly  on iron. In  a s u b s e q u e n t  paper ,  ~" 
we have  shown  tha t  the  ca lcu la ted  d i sp l acemen t  
effects a m o u n t  to abou t  6000 c a l / m o l e  H~O adsorbed 
on iron.  This  corresponds  to on ly  a m i n o r  pa r t  of 
the  f ree  e n e r g y  accompanying adsorp t ion  of oxygen,  
and  hence  is no t  of grea t  significance. 

The re la t ive  absence  of t e c h n e t i u m  on the  surface  
of i ron  af ter  pass iva t ion  by  T c O j  indicates  tha t  
e i ther  T c O j  is no t  reduced  at the  sur face  of i ron  
d u r i n g  pass ivat ion,  which  we discuss as be ing  u n -  
l ikely,  or tha t  the  r educ t ion  p roduc t s  of T c O j  are  
soluble  (or they  are  d ispersed)  in  the  solut ion.  The 
l a t t e r  s i tua t ion  is con t r a ry  to tha t  for C r O j -  for 
which  c h r o m i u m  ions or compounds  t end  to r e m a i n  
on the  i ron  surface  af ter  pass iva t ion  a nd  can be 
counted  if the  c h r o m i u m  is radioact ive .  I t  is difficult 
to foresee a n y  other  poss ib i l i ty  e x p l a i n i n g  lack of Tc 
on an  i ron  surface  pass iva ted  by  Tc O j .  

The ca lcula ted  va lue  for cr i t ical  pH in  accord w i th  
our  Eq. [9] depends  on the  pa r t i cu l a r  va l ue  of the  
F lade  po ten t i a l  which  is a s sumed  to app ly  to p e r -  
techneta tes ,  a nd  hence  the  ca lcula ted  pH can  be 
less t h a n  4.9. We are  somewha t  more  opt imis t ic  
t h a n  Dr. Car t l edge  r e ga r d i ng  t h e r m o d y n a m i c  ca l -  
cu la t ions  in  which  sur face  reac t ions  are  involved ,  
p rov ided  tha t  the  composi t ion  of the  surface  p rod -  
uct  and  the  co r respond ing  f ree  e n e r g y  are  k n o w n .  
The prac t ica l  use  of the  Ag-AgC1 and  Pb-PbSO4 
electrodes cons t i tu tes  proof tha t  t h e r m o d y n a m i c s  
also applies  r igorous ly  to t h in  films on me t a l  s u r -  
faces. In  m a n y  cases, of course, composi t ion  of 
surface  films is not  k n o w n ,  and  canno t  be r ead i l y  
es tab l i shed  by  the  usua l  analyses ,  b u t  po ten t i a l  

32 H. H. Uhlig and P. F.  K i n g ,  I n  press ,  J, Phys .  Chem.  
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measurements are still useful nevertheless as a first 
step in diagnosing the possible composition and 
structure of such films. 

D. M. Brasher ~: If we have interpreted this paper 
correctly, Uhlig and King suggest that the very slow 
f i lm growth  on steel  in  d i ch roma te  solut ions  takes  
place by  means  of a dua l  mechan i sm.  D u r i n g  depo-  
l a r iza t ion  of cathodic areas  by  Cr~O7 -~ ions, deposi t ion  
of chromic  oxide (poss ib ly  h y d r a t e d )  or adsorbed  
Cr ~§ ions occurs on these areas;  this  depo la r iza t ion  
causes an  e q u i v a l e n t  a m o u n t  of (chemisorbed)  O.O~ 
to be deposi ted  on anodic  areas,  fo l lowed by  ( i t  is 
impl ied)  the g r adua l  convers ion  of this  to Fe~O~ wi th  
f resh deposi t ion of O.O~. 

This  is of in te res t  to us as the o v e r - a l l  r eac t ion  
quoted:  

Cr~O~ ~-- + 8H + + Fe ~,~f~o~ --> 2Cr ~§ + 4H~O +O:O~ 

with,  p r e s u m a b l y ,  in  add i t ion  

2Fe -~ O.O~--> Fe~O~ 

is s to ich iometr ica l ly  e q u i v a l e n t  to the reac t ions  we 
have  assumed ~' in  the  i n t e r p r e t a t i o n  of film g rowth  
in  deaera ted  chromate  or d ichromate  solutions.  These 
react ions  have  been  assumed to be, in  the absence  
of oxygen:  

2Fe + 2CrO:-  § 2H~O --> Fe_~O.~ ~- Cr~O~ 

~- 4 OH- (pH 7.5) 

or 2Fe -~ 2 H C r O j - ~  Fe_oO~ ~ Cr_~O, ~- 2 OH- (pH 4.2) 

In  each case, the  g rowing  fi lm should  con ta in  e q u i v -  
a len t  a m o u n t s  of Fe and  Cr. 

In  our  work,  '~ we have  shown tha t  Cr uptake ,  and  
hence  film growth,  proceeds as a f unc t i on  of the  
l oga r i t hm of t ime,  and  tha t  the ra te  cons tan t  for this  
g rowth  is s imi la r  to tha t  for oxide fi lm g rowth  in  d ry  
air. We ( K u b a s c h e w s k i  and  Brasher )  have  exp la ined  
this  g rowth  on the  basis  of theor ies  of Mort, Hauffe, 
and  I l schner  in  which  e lec t ron  t r ans fe r  t h rough  the  
fi lm is the  r a t e - c o n t r o l l i n g  step. I t  wou ld  be i n t e r -  
es t ing to k n o w  if Uhl ig  and  King ' s  suggested me c h -  
anism,  cathodic deplor iza t ion  wi th  concomi tan t  
anodic  polar iza t ion,  can account  for logar i thmic  film 
growth.  

H. H. Uhlig and P. F. King: Miss Brasher ' s  obser -  
va t ions  are a welcome s u p p l e m e n t  to our  own, and  
in  our  op in ion  comprise  a r easonab le  e x p l a n a t i o n  of 
wha t  m a y  be expected  if i ron  is pass iva ted  by  chro-  
mates.  In  fact, s imi la r  con t inuous  ox ida t ion  should 
be  observed  wi th  any  of the  pass ivators ,  such as 
ni t r i tes ,  molybdates ,  etc., for which  the F lade  po t en -  
t ia l  is a p p r o x i m a t e l y  the  same as for i ron anod ica l ly  
pass iva ted  in  H~SO~. 

If the  pass ive  film formed  by  pass iva tors  is essen-  
t i a l ly  chemisorbed  oxygen  or a n  adsorbed oxygen  
complex,  as our  da ta  lead us to bel ieve,  the  f u r t h e r  
slow ox ida t ion  of i ron to form i ron oxide would  be 
expected to fol low a ra te  curve  s imi la r  in  shape to 
tha t  observed w h e n  i ron  is exposed to d ry  oxygen.  It  

.~3 N a t i o n a l  C h e m i c a l  Lab. ,  T e d d i n g t o n ,  Midd lesex ,  E n g l a n d .  
~ O. K u b a s c h e w s k i  a nd  D. M. ]Brasher, Trans, Faraday Soc., 55, 

1200 (1959). 
Z~D. M. Brasher  and K i n g s b u r y ,  Trans. Faraday Soc., 54, 1214 

(1958~. 

has been  d e m o n s t r a t e d  by  others  tha t  the  ra te  of 
ox ida t ion  in  d ry  O~ is logar i thmic ,  and  the  fact  tha t  
Miss Brasher  finds this  re la t ion ,  a s suming  tha t  r e -  
duced chromate  is incorpora ted  into the i ron  oxide 
film, is conf i rming evidence  tha t  the  assumpt ions  and  
exp l ana t i ons  she a nd  her  co -worke r s  propose  are  
r ea sonab ly  correct.  

It  is no t  cer ta in  tha t  the absolu te  ra tes  of ox ida-  
t ion should be ident ical .  The  presence  of ch romate  
adsorbed on the  outer  b o u n d a r y  of the pass ive  film, 
and  absence of chromate  in  d r y  oxidat ion,  m a y  wel l  
cause the  rates  to differ, bu t  the  logar i thmic  e q u a -  
t ion  is expected  to hold in  e i ther  ins tance.  

It  m a y  be wel l  to po in t  out  tha t  the app l ica t ion  of 
Mott 's  ea r ly  de r iva t i on  of the  logar i thmic  equa t ion  
r e l a t ing  t h in  film ox ida t ion  to the  t u n n e l  effect, and  
its more  recent  adop t ion  by  Hauffe a nd  I l schner ,  is 
sub jec t  to some doubt .  The Mott  de r iva t ion  leads to 
an  ox ida t ion  ra te  i n d e p e n d e n t  of t empe ra tu r e ,  and  
suggests tha t  the logar i thmic  equa t ion  should  hold 
for films not  th icker  t h a n  abou t  40A, both  be ing  con-  
t r a r y  to observat ion ,  as L u s t m a n  poin ted  out. ~" A sub -  
sequen t  de r iva t ion  of Cabre ra  and  Mott based on a 
q u a s i - e x p o n e n t i a l  m i g r a t i on  of ions in  an  electr ic  
field w i t h i n  the  oxide leads to the  inverse  l oga r i t h -  
mic  equa t ion  ins tead  of the logar i thmic  equat ion ,  and  
does no t  account ,  as we have  po in ted  out  ear l ier ,  for 
the observed effects of g ra in  or ien ta t ion ,  la t t ice  
t r ans fo rma t ion ,  and  Cur ie  t e m p e r a t u r e  on t h in  film 
ox ida t ion  rates.  ~' 88 

Potential Studies on Passivity to Corrosion Induced 
by Pretreatment Processes for Metals, I. Aluminum 

K. S. Rojogopolon /pp. 113-117, Vol. 106) 

S. L. Chisholm~: S imi l a r  s tudies  of pass iva t ing  and  
corrosion inh ib i t i ve  t r e a t m e n t s  and  compounds  have  
been  pe r fo rmed  on a va r i e t y  of a i rcraf t ,  nonfe r rous ,  
a nd  fer rous  metals ,  by  employ ing  a B e c k m a n  pH 
me te r  and  m e a s u r e m e n t  of po ten t i a l s  aga ins t  s i lve r -  
s i lver  chloride electrodes m a d e  in  q u a n t i t y  by  fus -  
ing s i lver  chloride on str ips of pu re  silver.  The  p u r -  
pose was  to develop di rect  sc reen ing  me thods  and  
prospect ive  specification r e q u i r e m e n t s  for use fu l  cor-  
rosion inh ib i to rs  and  inh ib i t i ve  compounds ,  such as 
corrosion inh ib i t ive  pa i n t  films, since d e v e l o p m e n t  
and  tes t ing  of such  ma te r i a l s  n o r m a l l y  invo lves  i n -  
o rd ina t e  a moun t s  of t ime  for  field test  exposure .  In  
the  case of i nh ib i t i ve  pa in t  p r imers ,  such as zinc 
ch romate  p r imer ,  an  in t e res t ing  v a r i a t i o n  o! the  tes t  
method  is to d e t e r m i n e  the  d i f ferent ia l  po ten t i a l  of 
the p r i m e d  vs. the  u n p r i m e d  me t a l  in  separa te  cells 
w h e n  immersed  in  g r o u n d  or sa l ine  water .  In i t i a l  
va lues  are of the  order  of 450 m v  on a l u m i n u m  
alloys, which  decrease  w i th  ex t ended  t ime  to a 
s teady  state. Inc reas ing  sa l in i ty  increases  the  in i t i a l  
different ial ,  bu t  also the ra te  of change.  In  all  of 
this work,  it has been  found  difficult to ob t a in  ex -  
act r eproduc ib i l i ty .  Repl ica te  samples  n o r m a l l y  f u r -  
n i sh  famil ies  of s imi la r  curves  of po ten t i a l  vs. t ime, 
as repor ted  and  i l lus t ra ted  in  the  subjec t  paper .  By 

~ lB. L u s t m a n ,  Trans. Eleetrochem, Soc., 81, 372 (1942). 
87 H. H. U h l i g ,  Acta Met., 4, 541 (1956). 
ssH.  It .  U h l i g ,  J .  P i cke t t ,  and  J.  M a e N a i r n ,  Aeta  Met., 7, 111 

(1959). 
~ U.  S. N a v a l  A i r  S t a t ion ,  N o r t h  I s l and ,  San  Diego ,  Calif .  
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this method,  it  is also possible to detect  and  de-  
t e r m i n e  the  pers i s tence  of nonv i s ib l e  pass iva t ion  ef-  
fects, such as tha t  p roduced  by n i t r ic  or chromic acid 
t r e a t m e n t  of corrosion res i s t an t  steels. 

K. S. Rajagopalan: I am glad to note  tha t  obse rva -  
t ions  s imi la r  to those made  by  me have  also been  
made  by  Dr. Chisholm. Dr. Chisholm is correct  in  
s ta t ing  t ha t  the  order  of r ep roduc ib i l i t y  of the  
po ten t i a l  changes  observed  should be h igher  f rom 
the  po in t  of v iew of us ing  the  changes  as a me thod  
for the assessment  of the  pe r fo rmance  of the  p r e -  
t r e a t m e n t s  considered.  This  aspect has received p a r -  
t i cu la r  a t t en t i on  in  the paper .  I t h i n k  it  should  be 
possible to get be t t e r  r ep roduc ib i l i t y  if the  condi -  
t ions of t r e a t m e n t  are be t t e r  unders tood.  However ,  
it should be no ted  tha t  the  resul t s  have  an  even  
grea te r  significance f rom the po in t  of v iew of the  
l ight  it th rows  on the  m e c h a n i s m  of pass iva t ion  of 
the me t a l  surface.  The  resul t s  show tha t  there  are  a 
n u m b e r  of sys tems whe re  the po ten t i a l  shift  is in  a 
nega t ive  d i rec t ion  fo l lowing pass ivat ion.  The  ex -  
p l ana t i on  g iven  by  the  au thor  b r ings  into re l ief  a 
factor  which  has no t  been  g iven  adequa te  a t t e n t i on  
in  the cons idera t ion  of changes  in  po ten t i a l  w i th  
t ime  and  changes  in  po ten t i a l  w i th  appl ica t ion  of 
e x t e r n a l  cur ren t .  This  is the  i m p o r t a n t  pa r t  p l ayed  
by  changes  in  anodic  and  cathodic areas.  I t  has been  
shown that ,  u n d e r  ce r ta in  ideal  condi t ions  assumed,  
the  po ten t i a l  changes  can be a t t r i b u t e d  e i ther  to a 
change  in the  rat io of anodic  and  cathodic areas  or a 
change  in  the  ra t io  of the veloci ty  factors  for the  
anodic  and  cathodic react ions.  I t  m a y  be tha t  these  
two factors  canno t  be separa ted  o rd ina r i ly .  But  it is 
possible to v isual ize  the  condi t ions  u n d e r  which  one 
can be s tudied  i n d e p e n d e n t  of the other.  

Reaction of Aluminum and Carbon Tetrachloride, I 
J. D. Minford, M. H. Brown, and R. H. Brown 

(pp. 185-191, Vol. 106) 
R. A. Hinet~ The au thors  have  p resen ted  a 

thorough  and  most  usefu l  s tudy  of this  react ion,  
which  has cons iderab le  prac t ica l  impor t ance  in  con-  
nec t ion  w i t h  the use of a l u m i n u m  vessels  and  equ ip -  
m e n t  for h a n d l i n g  ha logena ted  compounds .  

Ra the r  surpr i s ing ly ,  the  t r e m e n d o u s l y  increased  
ra te  of reac t ion  b rough t  about  by  mechan ica l  ac t iva -  
t ion  has not  been  re fe r red  to; this  was  first descr ibed 
b y  Shaw.  ~ In  our  labora tor ies ,  we  have  d e m o n -  
s t ra ted  tha t  a ve ry  rap id  and  vigorous  reac t ion  takes  
place w h e n  a l u m i n u m  is abraded,  dri l led,  mach ined ,  
or filed u n d e r  the surface  of w a r m  carbon  t e t r a -  
chloride.  In  the  case of a l u m i n u m  powder  g r o u n d  
in  a m o r t a r  and  pest le  w i th  a l i t t le  w a r m  ca rbon  
te t rachlor ide ,  the  reac t ion  s tar ts  s u d d e n l y  and  m a y  
be a lmost  explos ive ly  v io len t  w i th  evo lu t ion  of 
large a m o u n t s  of hexach lo r e thane  and  a l u m i n u m  
chlor ide fume.  If f u r t he r  por t ions  of l iqu id  and  p o w -  
der  are added to the  r eac t ing  mass,  incandescence  is 
reached  and  a secondary  reac t ion  i nvo lv ing  di rect  
f o rma t ion  of A1CI~ and  l i be ra t ion  of ca rbon  takes  
place. In  the  p r i m a r y  react ion,  the  fo rma t ion  of the  
red i n t e r m e d i a t e  complex  is a lways  s t r i k ing ly  p ro -  
duced. 

40 A l u m i n i u m  Labs .  Ltd . ,  P. O. B o x  84, KingstorL, Ont. ,  Canada .  
41 M. C. Shaw,  J. A p p l .  Mechan i c s ,  15, 37 (1948) 
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The reaction has been discussed by Grunberg ~ 

who explains it by taking account of the Kramer 

and Russell effects (emission of electrons from an 
abraded metal surface) and formulates the steps as: 

CI~C§ - -i- e (from abraded metal) 

--> Cl~ClC1--> Cl~Cl + CI- 

AF + + 3CI--> AiCl~ 

2CI~C -> C~CI6 

The above sequence does not explain the formation 
of the red complex and in my view the present 

authors' electrochemical theory can be held just as 

tenable as the free radical theory. 

R. H. Brown,  E. H. Cook, M. H. Brown,  and J. D. 
Minford: The au thors  apprec ia te  R. A. Hine ' s  in te res t  
in  the i r  paper.  

It  is not  su rp r i s ing  tha t  mechan ica l  ab ras ion  of the  
surface  in  w a r m  ca rbon  t e t r ach lo r ide  produces  a 
rap id  react ion.  Our  e xpe r i me n t s  to ca thodica l ly  p ro -  
tect  an  a l u m i n u m  rod whose surface  was  f resh ly  
scra tched u n d e r  boi l ing  ca rbon  te t rach lor ide  were  
unsuccessful .  In  order  to achieve cathodic protect ion,  
it is necessa ry  to supp ly  at least  the m i n i m u m  cu r -  
r en t  as would  be ca lcula ted  f rom the  in i t i a l  reac-  
t ion  ra te  at the  scra tched surface.  Because of the  
h igh res i s tance  of the solut ion,  such cu r ren t s  could 
on ly  be ob ta ined  wi th  excess ively  h igh appl ied  po-  
tent ia ls .  

Conduc t iv i ty  m e a s u r e m e n t s  by  the  au thors  i n -  
dicate  the exis tence  of an  ionic species before  the  
vis ib le  de tec t ion  of the  red complex,  and  tha t  the  
conduc t iv i ty  con t inues  to increase  af ter  the  red com- 
plex  is detected.  

Principles and Applications of the Iodide Process 

A. C. Loonam (pp. 238-244, Vol. 106) 

A. A. WoolFh We wish to c o m m e n t  on Loonam ' s  
con jec tu re  tha t  bo ron  and  r h e n i u m  can be deposi ted 
f rom the  vapors  of the i r  iodides. 

Recent  w o r k  has conf i rmed tha t  r h e n i u m  iodides 
canno t  be made  d i rec t ly  f rom the  e lements  alone, 
or in  complex ing  and  n o n c o m p l e x i n g  so lvents  for 
iodine,  bu t  on ly  i nd i r ec t ly  v ia  the hexa iodorhena tes  
( IV) .  4 .... The r h e n i u m  iodides so p r epa red  are de-  
composed to r h e n i u m  by  hea t ing  in vacuo wi thou t  
apprec iab le  vo la t i l i za t ion  of the  iodide, ind ica t ing  
tha t  the i r  dissociat ion pressures  are h igh compared  
w i t h  the i r  vapor  pressures .  Thus,  ref in ing of r h e n i -  
u m  is imposs ib le  by  a con t inuous  iodide process. I t  
is the kinet ics ,  r a t h e r  t h a n  the t h e r m o d y n a m i c  equ i -  
l ibr ia ,  of the  reac t ion  of iodine wi th  some e lements  
which  l imi ts  the method,  because  reac t ion  only  oc- 
curs  at an  apprec iab le  ra te  at t e m p e r a t u r e s  at  which  
the iodide is no longer  stable.  Boron is s imi la r  in  
tha t  no apprec iab le  reac t ion  occurs w i th  iodine at 
t e m p e r a t u r e s  up to 1200~ 6 

t~ L. G r u n b e r g ,  Prec .  P h y s .  Soc.  ( L o n d o n ) ,  66B, 153 {1953). 
4aResearch  Lab. ,  Assoc i a t ed  E lec t r i ca l  I n d u s t r i e s  Ltd . ,  A l d e r -  

m a s t o n  Cour t ,  A l d e r m a s t o n ,  B e r k s h i r e ,  E n g l a n d .  
44 A. A. Woolf ,  J. Inorg .  & N u c l e a r  C h e m . ,  7, 291 (1958). 
45 R. n .  Peacock ,  A. J. E. Welch ,  and  L. F. Wi lson ,  J. C h e m .  Soc. ,  

2901 (1958) 
I t .  C. O ld l and ,  Ph.D.  Thes is ,  I m p e r i a l  Col lege ,  L o n d o n  (1956); 

" G m e l i n s  t t a n d b u c h  de r  A n o r g a n i s c h e n  C h e m i c , "  13, 128 (1926). 
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A. C. Loonam:  I am ve ry  g ra te fu l  indeed  for Dr. 
Woolf 's  comments .  However ,  I be l ieve  tha t  they  
were  covered adequa t e ly  in  the paper  by  the  " pe r -  
haps"  before  the  "Re" in  the  s t a t emen t  to which  he 
refers  and  by  the succeeding one:  " In  some cases, 
e.g., carbon,  it would  be necessa ry  to p repa re  the  
iodide by  an  ex t e rna l  process," which,  of course, 
inc ludes  ind i rec t  methods.  These wou ld  a lmost  
ce r t a in ly  be necessa ry  for the  p r e p a r a t i o n  of c a r b o n -  
iodine  compounds ,  s ince the  c o m m o n  forms of this  
e lement ,  g raph i te  and  amorphous  carbon,  in  m y  
definite exper ience ,  do no t  react  d i rec t ly  wi th  iodine 
at t e m p e r a t u r e s  up  to at  least  l l 0 0 ~  

F o r m a t i o n  of a vola t i le  p roduc t  by  the  direct  ac-  
t ion of iodine  vapor  on meta l l i c  r h e n i u m  has been  
repor ted  .... 8 but ,  even  if this  should  prove  to be the  
oxyiodide  found  by  Dr. Woolf, I wou ld  be u n w i l l i n g  
to place the  me ta l  in  the  same ca tegory  wi th  ca rbon  
because  of recen t  ev idence  tha t  o ther  me ta l s  o rd i -  
n a r i l y  cons idered  res i s t an t  can be m a d e  to react  w i th  
iodine.  Not long ago, it was  s ta ted tha t  t a n t a l u m  is 
res i s tan t  to iodine vapor  up to 1000~ and  tha t  it 
can be used as a shield in  the  de B o e r - v a n  A r k e l  
process; yet  TaL has been  p r epa red  by  the act ion of 
iodine vapor  on the  me ta l  at t e m p e r a t u r e s  as low 
as 300 ~ and  the  me ta l  has ac tua l ly  been  ref ined by  
the iodide process ~~ wi th  bu lb  t e m p e r a t u r e s  as low 
as 311 ~ us ing  commerc ia l  sheet  as the  "c rude"  m a t e -  
rial .  Moreover,  m o l y b d e n u m ,  which  gives ve ry  sa t -  
i s factory service in  iodide process uni t s ,  can reac t  
wi th  iodine  u n d e r  su i t ab le  condi t ions ;  ~ whi le  the  
recen t  a n n o u n c e m e n t  by  the  G e n e r a l  Electr ic  Co., "~-~ 
of a compact  h i g h - i n t e n s i t y  incandescen t  l amp  con-  
t a i n ing  a smal l  a m o u n t  of iodine to r e t u r n  the  vo l -  
at i l ized t u n g s t e n  f rom the  in te r io r  surface  of the  
quar tz  bu lb  to the f i lament ,  shows tha t  even  this  
me ta l  can be a t t acked  and  t r ans fe r red .  Even  more  
p e r t i n e n t  to Dr. Woolf 's  r e m a r k s  is the  repor t  tha t  
d i rec t  r eac t ion  of one fo rm of c rys t a l l i ne  boron  wi th  
iodine at  900 ~ gave as h igh as 70% yie lds  of the  t r i -  
iodide;  and  that  the vapor  of this  compound  p ro -  
duced deposi ts  of e l e m e n t a r y  bo ron  at t e m p e r a t u r e s  
as low as 800~ ~ Indeed,  a new  al lotropic  modif ica-  
t ion  of boron  was p roduced? '  

F u r t h e r m o r e ,  the  r h e n i u m  iodides should be s t ud -  
ied in  the  presence  of a h igh pa r t i a l  p ressure  of 
iodine  vapor  before  it is concluded tha t  they  canno t  
exist  in  the  gaseous state. Dr. Woolf 's  f inding of the  
vola t i le  oxyiodide  indica tes  tha t  the R e - I  bond  is no t  
excess ively  weak.  Niobium,  which  forms a s imi la r  
oxyiodide,  has been  ref ined by  the  iodide process ~8 
even  though  hea t ing  NbL in  an  evacua ted  t ube  gave 
resul t s  s imi la r  to those ob ta ined  by  Dr. Woolf  w i th  
the  r h e n i u m  iodides, the  unvo la t i l i zed  res idue be ing  
conver ted  s lowly to me t a l  at 540 ~ and  r ap id l y  at  

4v W. Noddaek ,  Z. E lek t rochem. ,  34, 627 (1928). 
~s H. V. A. Briscoe,  P. L. Rob inson ,  and  E. M. S todda r t ,  J. C h e m .  

Soe., 2263 (1931) 
4, R. F.  Ro ls ten ,  J. A m .  Chem.  Soc.,  80, 2952 (1958). 

R. F. Ro ls ten ,  Trans.  Met. Soe. A I M E ,  215, 472 (1959). 
51 T. L. A l i e n  a n d  D. M. Yost,  J. C h e m .  Phys . ,  22, 855 (1954). 
~,2 E. G.  Z u b l e r  a n d  F. A. Mosby,  P r e p r i n t  No. 19, N a t i o n a l  Tech -  

n ica l  Confe rence ,  I l l u m i n a t i n g  E n g i n e e r i n g  Socie ty ,  San  F ranc i sco ,  
Calif . ,  S e p t e m b e r  7-11, 1959. 

L. V. McCar ty  and  D. R. Ca rpen te r ,  A b s t r a c t s  of  Papers ,  A m .  
Chem.  Soe.,  135th Mee t ing ,  Bos ton ,  Mass.,  A p r i l  5-10, 1959, pp.  17M, 
18M (2 pape r s ) .  

"~ L. V. McCar ty ,  J'. S. Kaspe r ,  F.  H. Horn ,  B. F.  Decker ,  a n d  A. E. 
N e w k i r k ,  J. A m .  Chem.  Soe.,  80, 2592 (1958). 

�9 ~ R. F.  Ro l s t en ,  Trans .  Met.  Soc. A I M E ,  215, 478 (1959). 

800~ It is t r ue  t ha t  ev idence  for the  exis tence  of 
gaseous NbI~ was  found  in  these expe r imen t s ,  
whereas  Dr. Woolf  ob ta ined  no s imi la r  ev idence;  b u t  
this  m a y  be due to a lower  vo la t i l i ty  of the  r h e n i u m  
compounds  r e su l t ing  f rom the  lower  va lence  s tate  
and  the h igher  a tomic weigh t  of the  metal .  

I wou ld  not  be at al l  as ton ished  to l e a r n  t ha t  con-  
s iderab le  vo la t i l i za t ion  occurs w h e n  the  r h e n i u m  
iodides are hea ted  to 600~ ~ in  a s t r eam of 
iodine vapor  at  a tmospher i c  pressure .  If such proves  
to be the  case, I be l ieve  tha t  condi t ions  wi l l  be  found  
u n d e r  which  r h e n i u m  can be deposi ted f rom the  
vapors  of its iodides, pe rhaps  by  a "s t ra igh t - f low"  
process r a the r  t h a n  the conven t iona l  de B o e r - v a n  
Arke l  method.  

The System LiF-LiCI, LiF-NaCI, LiF-KCI 

H. M. Haendler, P. S. Sennett, and C. hA. Wheeler, Jr. 
(pp. 264-268, Vol 106) 

M. A. Bredig~: I t  appears  tha t  the  most  recent  
va lues  for the  hea t  of fus ion  of LiF,  NaC1, and  KC1 
were  used in the  ca lcu la t ions  p re sen t ed  in  the  tables.  
However ,  this does not  seem to be t rue  for the  so- 
cal led C l a u s i u s - C l a p e y r o n  L imi t  in Fig. 1-3, espe-  
c ial ly  for NaC1 in  Fig. 2 and  above all  for bo th  LiF  
and  LiC1 in Fig. 1. If for the  LiF-LiC1 sys tem the  
latest ,  correct  heats  of fus ion  of 4.80 kcal  for  LiC1 ~ 
and  6.46 for L iF  are used to d r aw  the  C laus ius -  
C lapeyron  Limit ,  i t  becomes a p p a r e n t  tha t  as ex -  
pected the re  is no posi t ive  dev ia t ion  f rom Raoul t ' s  
La w  in  this system,  bu t  r a t h e r  ve ry  s l ight  negative 
devia t ions  due to the  di f ferent  size of the  F- and  C1- 
ions. 

H. M. Haendler, P. S. Sennett, and C. M. Wheeler, 
Jr . :  The ca lcula t ions  p re sen t ed  in  the tab les  of this  
paper  used va lues  for the hea t  of fus ion  of LiF,  NaC1, 
a nd  KC1 l is ted by  Flood. The C l a u s i u s - C l a p e y r o n  
L imi t  was  i n a d v e r t e n t l y  d r a w n  us ing  va lues  for the  
heat  of fus ion of these salts  as found  in  Na t iona l  
B u r e a u  of S t a nda r ds  Ci rcu la r  500. These va lues  for, 
pa r t i cu la r ly ,  LiC1 and  LiF  are low and  should  not  be 
used. Replo t t ing  the  C l a u s i u s - C l a p e y r o n  L imi t  us ing  
e i ther  the  va lues  f rom Flood or those suppl ied  by  
Dr. Bredig  indicates,  as he  states, t ha t  t he re  is a 
s l ight  nega t ive  dev ia t ion  in  the  LiF  r ich systems.  

The Stability and Solubility of AgO 
in Alkaline Solutions 

T. P. Dirkse and B. Wiers (pp. 284-287, Vol. 106) 

J. A. McMillan~9: As S a l k i nd  and  Zeek  ~~ have  
po in ted  out, the  s t ruc tu re  of AgO has been  of i n t e r -  
est to m e m b e r s  of the Society, and  I should  add to 
chemists  in  genera l ,  d u r i n g  the  last  years.  Dirkse  
and  Wiers,  in  an  in t e re s t ing  paper  on the  behav io r  
of AgO in a lka l ine  solut ions,  found  tha t  samples  of 
an assumed AgO p repa red  by  di f ferent  me thods  ex -  

:'~ J .  D. C o r b e t t  a n d  P. X. S e a b a u g h ,  J. Inorg.  & Nuc l ear  Chem. ,  
6, 207 (1958). 

5v C h e m i s t r y  Div . ,  Oak  R i d g e  N a t i o n a l  Lab. ,  P.  O. B o x  X, O a k  
Ridge ,  Tenn.  

~s A. S. D w o r k i n  and  M. A. Bred ig ,  I n  press .  
a~ C h e m i s t r y  Div. ,  A r g o n n e  N a t i o n a l  Lab. ,  L e m o n t ,  I l l . ,  on l e a v e  

of absence  f rom I n s t i t u t o  de  F i s i ca  de  San  Car los  de  Bar i loehe ,  
Bar i loche .  Rio  Negro,  A r g e n t i n a ,  s p e n d i n g  t he  d u r a t i o n  of  a G u g -  
g e n h e i m  F e l l o w s h i p .  

~0 A. J .  S a l k i n d  a n d  W. C. Zeek,  Th i s  Journal ,  106, 366 (1959). 
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h ib i t  d i f ferent  x - r a y  diffract ion pa t te rns .  They  have  
a point ,  n a m e l y :  difference in  x - r a y  p a t t e r n s  ind i -  
cates a difference in  s t ruc ture ,  or at least  the  ex is t -  
ence of AgO samples  wi th  somewha t  l a rger  la t t ice  
pa ramete r s .  This l a t t e r  can be t rue,  bu t  I suspect  
tha t  the resul t s  quoted  above s t and  for the  p roduc -  
t ion  of a b lack  deposi t  ob ta ined  d u r i n g  the  e lec t ro-  
ly t ica l  ox ida t ion  of s i lver  anodes  in  su l fur ic  acid 
m e d i u m  ~ tha t  should  r a the r  be ident if ied w i th  
(Ag~O,) ~AgSO,H, i somorphous  wi th  Ag~NO~, Ag~C10~, 
and  pe rhaps  wi th  Ag70~F ( i n t e r c h a n g i n g  NO,, C10 ,  
SO,H, F ) ,  ~ also ob ta ined  by  de Boer and  v a n  Or -  
m o n d  ~ d u r i n g  the ox ida t ion  of AgNO, solut ions  wi th  
K.~S~O~. I t  should be no ted  in this  respect  tha t  the  
l a t t e r  me thod  leads to AgO if the  m e d i u m  is a l ka -  
l ine.  ~ 

The u n i t  cell edge of Ag~NO~ is 9.89A. This  va l ue  
canno t  v a r y  s t rong ly  w h e n  subs t i tu t ion  by  o ther  
an ions  takes  place. In  fact it does not,  as can be 
seen in  the  table,  pub l i shed  here  whe re  va lues  of 
spacings  for s i lver  ox in i t r a t e  ~'~ and  oxif luoride ~ are 
given.  The  va lues  found  by  Jones  and  Thi r sk  ~ are  
quoted  in  the  same table,  showing  a good a g r e e m e n t  
wi th  the  except ion  of spacing 1.45A, p r e s u m a b l y  
due to reflections 311 or 022 of AgO? ~ It  should  be 
bo rne  in  m i n d  tha t  the  oxisal ts  decompose to give 
rise to AgO, oxygen,  and  the  co r respond ing  m o n o -  
v a l e n t  s i lver  salt. Jones  and  Thi r sk ' s  c o m p o u n d  
seems to be l ike  the  compound  ob ta ined  by  Schwab  
and  H a r t m a n n  ~ us ing  ozone for the oxidat ion,  as can 
also be seen in  the  table .  

I wish to m a k e  good use of the oppo r tun i t y  to call  
to the a t t en t i on  of worke r s  on this  p r o b l e m  tha t  the  
compounds  ob ta ined  f rom e lec t ro ly t ica l  ox ida t ion  of 
s i lver  anodes  are no t  at  al l  clear up to the  p re sen t  
t ime. 

T. P. Dirkse and B. Wiers: One of the purposes  in  
r epo r t i ng  on our  work  wi th  AgO was to show tha t  
all  tha t  is cal led AgO is not  necessa r i ly  AgO. The 
x - r a y  da ta  of Schwab  and  H a r t m a n n ,  Foo tno te  68, 
show tha t  the  AgO p r e p a r e d  by  decomposi t ion  of 

~1 p.  J o n e s  and  H. 1~. Th i r s k ,  Trans .  F a r a d a y  Soc. ,  50, 732 (1954). 
~ J.  A. MeMi l l an ,  Thi s  Journa l ,  t h i s  issue,  D i scuss ion  on  " H i g h e r  

Oxides of Silver." 
6~ j .  H. de  Boe r  and  J.  v a n  O r m o n d ,  Proc.  In t e rn ,  S y m p o s i u m  on  

R e a c t i v i t y  o$ Sol ids ,  G o t h e n b u r g ,  1952, 55~ (pub.  1954) ; Chem.  A b -  
stracts ,  45, 11968f (1954). 

e~ j .  C. Ba i l a r ,  " I n o r g a n i c  S y n t h e s e s , "  p. 12, M c G r a w - H i l l  B o o k  
Co., N e w  York  (1953). 

~ . H . E .  S w a n s o n  R. K. F u y a t ,  a n d  G. M. U g r i n i c ,  N a t  B u r .  S t a n d -  
ards  Circ. 539, 4, 61 (1955). 

e~ W. G r a f t  a n d  I t .  H. S t a d e l m a i e r ,  Thi s  Journa l ,  1t)5, 446 (1958). 
J .  A. McMi l l an ,  A c t a  Crys t . ,  ~, 640 (1954). 

6s G. M. S c h w a b  and  G. H a r t m a n n ,  Z. anorg,  u. a l lgem.  C h e m . ,  
~81, 183 (1955). 

Table I. Spacings of some silver oxisalts 

Ref.,  F o o t n o t e  66 
Ref. ,  Ref. ,  Ref. ,  

F l u o r i d e  N i t r a t e  F o o t n o t e  65 F o o t n o t e  61 F o o t n o t e  68 H K L  

2.836 2:855 2.856 2.85 2.85 222 
2.457 2.472 2.474 2.46 2.46 400 

1.483 1:i91 1.491 1.49 1.50 6i~. 
. . . . . . . . .  1.45 . . . . . .  

1.~.30 1.237 1.24 8{)() 

1.1261 1.1348 1.136 662 
1.0988 1.1062 1.106 840 

AgTNOll wi th  bo i l ing  w a t e r  is no t  the same as tha t  
p r e p a r e d  by  ox ida t ion  of AgNO~ wi th  a lka l ine  p e r -  
sulfate.  There  are also differences in  chemical  p rop -  
ert ies  b e t w e e n  these two substances ,  such as the  
effect of boi l ing  w a t e r  as no ted  in  our  article.  

Water-Stabilized Arc Tests on Nonmetallic Materials 
M. Dank, R. A. Nelson, W. R. Sheridan, and W. H. Sutton 

(pp. 317-321, Vol. 106) 

Charles SheeF~: C o m m e n t  on peak  t e m p e r a t u r e s  
r epor ted  by  B ur ha m,  Maecker ,  and  Pe te r s  in  G e r -  
m a n y  ( ~ 5 0 , 0 0 0 ~  "Peak  t e m p e r a t u r e s  of this  
order  exist  on ly  on the  axis  of the p l a sma  je t  over  a 
ve ry  smal l  r ad ia l  d is tance  (<1  ram) .  The  e x t r eme  
high t e m p e r a t u r e  reg ion  ex tends  a shor t  d is tance  
beyond  the nozzle open ing  into the  p l a sma  jet,  bu t  
not  enough  to he usefu l  in  tes t ing  samples  of m a t e -  
r ia ls  at  these t empe ra tu r e s . "  

On  the  subjec t  of t e m p e r a t u r e  m e a s u r e m e n t  in  
p l a sma  jet  e n v i r o n m e n t s ,  ro t a t iona l  t empera tu re s ,  
d e t e r m i n e d  spectroscopical ly,  appea r  to be a b n o r -  
m a l l y  high. However ,  S t a rk  effect b r o a d e n i n g  of the  
h y d r o g e n  l ines  is r epor ted  to yie ld  effective t e m -  
p e r a t u r e  m e a s u r e m e n t s  w i th  about  10% accuracy.  

The Anodic Oxides of Lead 
J. Burbank (pp. 369-376, Vol. 106) 

P. Rfietschi and B. D. Cahan~~ pH po ten t i a l  d ia -  
grams,  as deve loped  by  P ou r ba i x ,  are  c o n v e n i e n t  
means  to descr ibe the regions  of t h e r m o d y n a m i c  
s t ab i l i ty  of solid phases  or ionic species in  solut ion.  
In  app ly ing  these d iagrams,  one m u s t  keep in  m i n d  
tha t  concen t r a t i on  t e rms  other  t h a n  the  H - i o n  con-  
cen t r a t i on  (pH) are d e t e r m i n i n g  the t h e r m o d y -  
na mi c  r eve r s ib l e  potent ia ls .  For  example ,  in  the 
case of the  p H - p o t e n t i a l  d i a g r a m  of Pb,  the  n a t u r e  
of the  pa r t i cu l a r  an ions  p re sen t  is of p ro found  i n -  
fluence. Cons ide r ing  a pH of 1, the  lead ion concen-  
t r a t i on  could v a r y  over  m a n y  orders  of m a g n i t u d e  
wi th  a co r respond ing  shift  in  po ten t i a l  of severa l  
t en ths  of a volt.  This  me a ns  that ,  for each an ion  
present ,  the  p H - p o t e n t i a l  d i a g r a m migh t  look 
en t i r e ly  different .  

In  Fig. 1 of J. B u r b a n k ' s  paper ,  the  regions  of 
s tab i l i ty  of corrosion products  at the solution inter- 
face are  g iven  w i t hou t  speci fy ing n a t u r e  a nd  con-  
cen t r a t i on  of o ther  ionic species ( in  p a r t i c u l a r  
an ions )  present .  Looking  at the  d iagram,  it is ha rd  
to u n d e r s t a n d  the  presence  of PbO, Pb(OH)~,  and  
~PbO~ in  an  acid media  of, e.g., pH 1, in  di rect  con-  
tact  wi th  the acid solut ion.  At  this  pH, the  exis tence  
of PbO, Pb(OH).~, and  aPbO~ are difficult to p ic tu re  
t h e r m o d y n a m i c a l l y  or k ine t ica l ly .  In  Fig.  3 of J. 
B u r b a n k ' s  paper ,  which  refers  to a pH of 1, no such 
subs tances  are shown in di rect  contact  w i th  the  acid 
media.  Only  PbSO~ and  flPbO~ are shown  in  di rect  
contac t  wi th  the solut ion.  This is in con t ras t  wi th  
the da ta  of Fig. 1. 

It  should be made  clear  tha t  the def in i t ion  of a 
pH in the interior of a corrosion l ayer  is ambiguous .  
The pH in  the  v e r y  fine cracks and  pores of the cor-  

~, V i t ro  Labs. ,  Wes t  Orange ,  N. E. 
70 E l e c t r o c h e m i s t r y  Div. ,  E lec t r i c  S to r age  B a t t e r y  Co., Yard ley ,  Pa. 
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ros ion layer  m u s t  be qu i t e  d i f ferent  f rom the  pH in  
the  b u l k  of the e lectrolyte ,  due to s t rong diffusion 
and  dep le t ion  effects. It  does not  make  much  sense to 
assume tha t  only  H + ions and  wa te r  are p e n e t r a t i n g  
into the layer ,  since equa l  amoun t s  of an ions  and  
cat ions m u s t  be p re sen t  in  the pores at any  t ime to 
m a i n t a i n  e l ec t roneu t ra l i ty .  In  the  double  layer ,  an  
excess charge on the solut ion side is neu t r a l i z e d  by  
an  equa l  excess charge  on the e lect rode side; h o w -  
ever,  in  any  case, the  condi t ions  in  the in te r io r  of 
the  corrosion l ayer  are t hen  not  ideal,  and  the e n e r -  
getic states of the same ionic species in the in te r io r  
of the corrosion l ayer  and  in  the b u l k  mus t  be d i f -  
ferent .  

We feel tha t  the e x p e r i m e n t a l  ev idence  of the  
p resence  of PbO, Pb(OH)~,  and  aPbO~, which  is 
wel l  confirmed,  is connec ted  wi th  a pH effect in  the  
in te r io r  of the corrosion layer ,  due to diffusion 
effects. It' seems tha t  J. B u r b a n k  does not  suffi- 
c ien t ly  stress the  impor t ance  of n o n e q u i l i b r i u m  con-  
di t ions  wi th  r ega rd  to pH in  the  corrosion film. In  
a basic media,  the fo rma t ion  of PbO, Pb(OH)~,  and  
aPbO~ would  be r ead i ly  unders tood.  One could v i su -  
alize a sys tem where  the cor roding  electrode is 
separa ted  f rom the  so lu t ion  by  a d i aph ragm,  such 
tha t  the electrode c o m p a r t m e n t  of the cor roding  
electrode has much  h igher  pH t h a n  the solut ion.  This 
d i a p h r a g m  in su l a t i ng  the electrode f rom the solut ion 
would  in  pract ice  consist  of a PbSO,  or fiPbO~ layer.  
This  wou ld  now m e a n  tha t  the cor roding  e lect rode 
would  be at a h igher  pH and  thus,  for a g iven  i m -  
pressed ove r - a l l  e lect rode potent ia l ,  the f o r ma t i on  
of PbO= would  become possible far  be low the theo-  
re t ica l  t h e r m o d y n a m i c  va lue  as d e t e r m i n e d  f rom the  
b u l k  pH of the  solut ion.  If the unde f ined  v i r t u a l  pH 
in  the in te r io r  of the corrosion l ayer  were  effec- 
t ive ly  basic, t hen  PbO.~ could be fo rmed  down  to an 
a p p a r e n t  ex t e rna l  po ten t i a l  of 0.6 v or so as can 
easi ly  be seen f rom the p H - p o t e n t i a l  d iagram.  

In  pract ice,  the corrosion of lead migh t  proceed 
u n d e r n e a t h  a pa r t i a l l y  p ro tec t ing  coverage of PbSO,  
or fiPbO.~ by  mig ra t i on  of oxygen  species (e.g., 
OH-) a long the  surfaces of the PbSO~ and  PbO~ 
gra ins  or crysta ls  to produce  PbO, P b ( O H ) , ,  or 
aPbO,~ f rom meta l l i c  lead. The fo rma t ion  of these 
subs tances  is therefore  re la ted  to a lack of acid in  
the in te r io r  of the corrosion film. 

I t  has been  descr ibed by  Rfietschi and  Ca ha n  ~ 
tha t  the ra t io  of a to BPbO~ in  the corrosion layers  
of l e a d - a n t i m o n y  alloys in H~SO~ depends  on the  Sb 
concen t r a t i on  of the  cor roding  grid. I t  was  i nd i -  
cated tha t  w i th  h igh Sb con ten t  gene ra l l y  more  
flPbO~ is fo rmed  due to the h igher  porosi ty  o f ' t h e  
corrosion film. The Sb, corroding out  of the metal ,  
is oxidized to Sb oxide and  Sb sul fa te .These  sub -  
s tances  s u b s e q u e n t l y  are leached out  of the corro-  
sion film, r e n d e r i n g  it more  porous and  more  pe rv i -  
ous to H.~SO~, which  is i nduc ive  for the  fo rma t ion  of 
flPbO~ r a t h e r  t han  aPbO2 or PbO. Wi th  pure  lead or 
P b - C a  alloys, one observes  often ve ry  dense, i m-  
perv ious  corrosion films, con ta in ing  in  the  in te r io r  
m u c h  PbO. The l a t t e r  subs tance  can impair ,  u n d e r  
ce r ta in  condi t ions,  the  contact  b e t w e e n  gr id and  ac- 

7~ p .  R f i e t s c h i  a n d  B. D. C a h a n ,  Thi s  Journa l ,  105, 369 (1958) .  

t ive  m a t e r i a l  in  pos i t ive  p la tes  of s torage ba t te r ies  
made  wi th  Ca-a l loy .  

J. B u r b a n k  prefers  no t  to m a k e  a ny  re fe rence  to 
an  ar t ic le  of Riietschi  and  Ca ha n  ~ where  the  occur-  
rence  of the second modif ica t ion of PbO.~ (o r tho r -  
hombie  ~PbO..) has for the first t ime  been  repor ted  
in  corrosion layers of Zead. This  ma te r i a l  had  been  
descr ibed p rev ious ly  in  fore ign  papers,  p a r t i c u l a r l y  
of Russ ian  origin.  Its p r e p a r a t i o n  w i th  chemica l  and  
wi th  e lec t rochemica l  p l a t ing  t echn iques  had been  
establ ished,  bu t  it had not  been  k n o w n  as a corro-  
sion product  of lead. P r io r  to the  pub l i ca t i on  date  of 
the  ar t ic le  of R/ietschi  and  Cahan ,  J. B u r b a n k  neve r  
m e n t i o n e d  the ex is tence  of aPbO~ in  her  papers .  Bu t  
since, she also has found  aPbO.~ as a corrosion 
product .  

D u r i n g  p ro longed  corros ion at  e leva ted  po t en -  
tials, aPb02 is the  m a j o r  corrosion product .  Elec-  
t rode  potentials of ~ and fiPbO~ in H~SO~ solutions 
have been measured experimentally with good pre- 
cision by Rfietschi and Cahan in the article referred 
to, and by S. J. Bone, Symposium of Batteries, Sig- 
nal Research and Development Establishment, Min- 
istry of Supply, Christchurch, Hampshire, England, 
October 21, 1958. These measurements agreed very 
well. In 5M H~SO4, e.g., aPbO,~ has an electrode 
potential 7 mv higher than fiPbO2. The presence of 
the two different corrosion products has also been 
demonstrated by the two-step reduction of the cor- 
rosion layer. 7~ The experimentally determined po- 
tential values for ~ and flPbO.~ do not coincide with 
the theoretical pH potential diagram of J. Burbank, 
which is due, as discussed previously, to the pres- 
ence of other ionic species in the electrolyte. 

Recently, Kabonov (loc. cir.) has shown that on 
aPbO~ less SOj- ions are adsorbed than on flPbO~. 
Inversely, flPb02 is formed preferentially in the 
presence of SO,- ions, which means at low pH 
values. Addition of cobalt sulfate to the electrolyte 
is inducive for the formation of aPbO~ and to the 
desorption of SO~'- ions from the surface. Riietschi 
and Cahan (loc. cir.) have demonstrated that aPbO~ 
has a lower oxygen overvoltage than flPbO~. The 
lower oxygen overvoltage for aPbO~ can be associ- 
ated with a smaller amount of SO~'- ions adsorbed. 
Oxygen overvoltage is indeed decreased by the ad- 
dition of cobalt sulfate to the electrolyte. ~* 

J. Burbank has not been very consistent with the 
designations for the various anodic oxides of lead. 
For instance, she uses intermittently the designa- 
tions PbO,-xPbO~ and PbO" xPbO~ for what is 
apparently the same material. More serious, how- 
ever, is the use of such composite formulations. The 
formula PbO~" xPbO= is misleading because these 
substances are not mixtures of PbOt and PbO~, but 
have a definite and separate crystal structure. The 
designation PbOx is more satisfactory. However, 
Pb:~O~ should not be included in the group of PbOx 
materials. The designation PbOx should be used for 
substances like Pb~O~ (PbO~), Pb~O~ (PbO~.~o), 
Pb.,O,~ (PbO~.:~), which have a very similar compost- 

72 p .  Rf i e t sch i  a n d  B.  n .  C a h a n ,  Thi s  Journa l ,  104, 406 (1957) .  
~ P .  R f i e t s c h i  a n d  B.  D. C a h a n ,  loc. cit., a n d  B. K a b a n o v ,  D o k l .  

A k a d .  N a u k  S .S .S .R . ,  122, 1042 (1958) .  
7~ p .  R f i e t s ch t  a n d  B. D. C a h a n ,  Loc. cir., a n d  D. F.  A. K o c h ,  Elec -  

t r o c h e m i c a  A c t a ,  I ,  32 (1959) .  
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tion, varying only by a few per cent. Also, these 
substances have basically an orthorhombic sym- 
metry, whereas Pb~O4 is tetragonal. 

The thermodynamic stability of Pb with regard 
to PbO~ (Eq. [i] in J. Burbank's paper) has no 
practical implication, since both Pb and PbO~ are 
unstable at the indicated potential with regard to 
other possible divalent corrosion products of lead 
(PbO, PbSO0. Thus, at a potential of, e.g., 0.67 v 
at pH I, metallic lead is not stable thermodynamic- 
ally even in the presence of PbO.~ since it will form 
divalent corrosion products first, and the thermo- 
dynamic stability of Pb cannot approach that of 
PbO~. On the other hand, PbO~ is reduced to diva- 
lent corrosion products not only above 0.67 v but of 
course also below this value, and metallic lead is 
unstable above and below this potential. The ex- 
perimental evidence for the presence of PbO~ below 
the thermodynamic theoretical value is more 
plausibly explained by nonequilibrium concentra- 
tion (in particular pH) in the interior of the corro- 
sion layers. 

J. Burbank: This extension of the discussion of 

the anodic reactions of lead is very interesting. A 
detailed discussion of ionic equilibria in general is 
contained in the work of Pourbaix ~'~G and the dif- 
ferences brought about by the presence of sulfates 
and carbonates was presented in the original lead 
diagrams/~ The variations in solubilities among the 
salts of lead with other anions and the differences 
in free energies of formation will give rise to as 
many diagrams. 

In the first part of the paper under discussion, 
solubilities, anions, and ionic equilibria were inten- 
tionally and specifically stated to be excluded, and 
a comprehension of the works of Pourbaix was as- 
sumed. The data recorded in Fig. 1 were obtained 
by diffraction examination of surfaces of anodes as 
stated in the paper. The picturization of Fig. 3 pre- 
sented under the heading "anions and passivation" 
is thought to represent the conditions under which 
such oxide mixtures are possible--by formation of 
a salt layer. Fig. 1 must not be read out of context. 
The text appears clear enough on these points. 

It is gratifying to know that R~etschi and Cahan 
now accept the appearance of lower oxides of lead 
on the anode in acid solutions, a fact they were un- 
able to verify at an earlier date. The concept of film 
formation in the passivation of Pb in H~SO~ is 
rather widely accepted. A change in pH toward 
higher values at local cathodes is a normal expecta- 
tion of static corrosion phenomena. In the instance 
under discussion external anodic polarization was 
applied, and anodie reactions were to be considered. 
Rfietschi and Cahan did not state by what anodic 
reaction the area near an anode may become alka- 
line. The reactions believed to effect an increase in 
pH were not written out in full in the comments so 
as to permit a more considered analysis of the situ- 
ation described. No difficulty whatsoever is en- 
countered in visualizing a consumption of hydrogen 

'~nM. Pourbaix, "Thermodynamics of Dilute Aqueous Solutions," 
Trans. by 3-. N. Agar, London (1949). 

76 M. Pourbaix. Centre Beige d 'Etude  Corr. R.T.  No. 49 (1957). 
77 p. Delahay, M. Pourbaix, and P. Van Rysselberghe, This  Jour-  

nal, 98, 57 (1951). 

ion d u r i n g  c a t h o d i c  r e a c t i o n s ,  b u t  m e r e l y  s t a t i n g  
t h a t  a n  i n c r e a s e  in  p H  occurs  a d j a c e n t  to  t h e  f i lm-  
c a r r y i n g  l e ad  a n o d e  does  n o t  m a k e  i t  a fact .  I t  
w o u l d  be  m o s t  c o n v e n i e n t  i f  t h e  a n o d i c  p h e n o m e n a  
cou ld  be  w r i t t e n  off as a n  i n c r e a s e  in  pH. 

M i g r a t i o n  of h y d r o x y l  ion  a long  w i t h  o t h e r s  
t h r o u g h  a p r i m a r y  l a y e r  of PbSO4 m a y  t a k e  p lace ,  
b u t  i t  is n o t  c l e a r  t h a t  a m a r k e d  i n c r e a s e  in  p H  
a d j a c e n t  to a n  a n o d e  m a y  be  d e v e l o p e d .  I t  is c l ea r  
t h a t  a n  i n c r e a s e  in  p H  can  n o t  a c c o m p a n y  e l e c t r o -  
c h e m i c a l  f o r m a t i o n  of t h e  oxides ,  o x y g en ,  or  s i m i l a r  

a n o d i c  p roduc t s .  
E x p e r i m e n t a l  w o r k  r e m a i n s  to be  d o n e  to r e a l i z e  

a f inal  d e t e r m i n a t i o n  of t h e  m e c h a n i s m s  of t h e  
a n o d i c  p rocesses  on  lead,  b u t  i t  is b e l i e v e d  t h a t  t h e  
H i r s c h  ...... effect  d e s c r i b e s  t h e  p h e n o m e n a  e n c o u n -  
t e r e d  w i t h  PbSO4 films. If  one  accep t s  H i r s c h ' s  work ,  
a PbSO~ f i lm is p e r m e a b l e  to h y d r o g e n  ion  a n d  
w a t e r  b u t  n o t  to  p l u m b o u s  or s u l f a t e  ion. F u r t h e r -  
more ,  i t  a p p e a r s  l i ke ly  t h a t  t h e  c h a r g e  e x c h a n g e  
m e c h a n i s m  of t h e  P b S O J P b O ~  e l e c t r o d e  i t se l f  m a y  
be  e l u c i d a t e d  b y  s u c h  a process .  

T h e  p a p e r  c o n t a i n e d  no  d i s cus s ion  r e g a r d i n g  t h e  
c i t ed  w o r k  of R i i e t sch i  a n d  C a h a n ,  b u t  i t  m a y  be  
we l l  a t  t h i s  t i m e  to i n d i c a t e  t h a t  some  of t h e  e x -  
p e r i m e n t a l  r e s u l t s  r e p o r t e d  b y  t h e m  m a y  b e  o t h e r -  
wise  i n t e r p r e t e d .  F o r  one  e x a m p l e ,  t h e  t w o - s t e p  
d i s c h a r g e  of PbO~ h as  b e e n  a t t r i b u t e d  to a n o t h e r  
p h e n o m e n o n .  ~ I t  is h o p e d  t h a t  R i i e t s ch i  a n d  C a h a n  
wi l l  c o n t i n u e  t h e i r  e x p e r i m e n t a l  w o r k ,  a n d  t h a t  
u l t i m a t e l y  al l  e x p e r i m e n t a l  f ac t s  m a y  be  p r o p e r l y  

i n t e r p r e t e d .  
T h e  d e s i g n a t i o n  P b O t ' x P b O ~  s h o u l d  h a v e  b e e n  

u n i f o r m  t h r o u g h  t h e  m a n u s c r i p t ;  t h i s  a n d  s e v e r a l  
o t h e r  t y p o g r a p h i c a l  e r r o r s  s h o u l d  cause  no  c o n f u -  
sion. I t  is r e d u n d a n t  to  r e i t e r a t e  t h a t  t h e  s t o i c h i o m -  
e t r y  Pb~O4 is e x h i b i t e d  b y  a t  l e a s t  t w o  s t r u c t u r a l l y  
d i f f e r e n t  m a t e r i a l s .  I t  s eems  d o u b t f u l  t h a t  a s i m p l e  
m e c h a n i c a l  m i x t u r e  of P b O  a n d  PbO~ cou ld  pos -  
s ib ly  be  u n d e r s t o o d  b y  t h e  de f in i t i on  g i v e n  fo r  t h e  
s y m b o l  in  t h e  p a p e r .  

S o m e  w o u l d  h e s i t a t e  to  s t a t e  u n r e s e r v e d l y  t h a t  
t h e  e q u i l i b r i u m  b e t w e e n  P b  a n d  PbO~ is w i t h o u t  
" p r a c t i c a l "  i m p l i c a t i o n .  O t h e r  f a c to r s  cou ld  p r o v e  
th i s  to  b e  a m o s t  " p r a c t i c a l "  a n d  s ign i f i can t  e q u i l i b -  
r i u m :  c o n s i d e r  t h e  p r o c e s s i n g  of pos i t i ve s  for  " d r y  

c h a r g e "  use.  

Role of Thiourea in the Electrodeposition of Copper 

B. Ke, J. J. Hoekstra, B. C. Sison, Jr., and D. Trivich 
(pp. 382-388, Vol 106) 

S.  C. B a r n e s  ~ a n d  G.  G.  S t o r e y S :  W e  h a v e  s t u d i e d  
t h e  ef fec t  of t h i o u r e a  a d d i t i o n s  to ac id  c o p p e r  s u l -  
f a t e  so lu t i ons  on  t h e  t y p e  of d ep o s i t  s u b s e q u e n t l y  
o b t a i n e d  on  e lec t ro lys i s .  A l l  o u r  w o r k  h a s  b e e n  
c a r r i e d  ou t  on  flat  s i ng le  c r y s t a l  c a t h o d e s :  o n  w h i c h  
depos i t s  f o r m e d  a t  l o w  c u r r e n t  dens i t i e s ,  f r o m  t h i o -  
u r e a - f r e e  so lu t ions ,  c o n t i n u e  t h e  b a s e  o r i e n t a t i o n  

7s p. Hirsch-Ayalon, Rec. trav. ehim.,  75, 1065 (1956). 
79 p. I:Iirsch-Ayalon, J. Po lymer  Sci., 23, 697 (1957). 
so C. J. Van Oss and P. Hirsch-Ayalon, Science,  129, 1365 (1959). 
sl W. Feitknecht, Z. Etek troehem. ,  62, 795 (1958). 
s~ Joseph Lucas Lab., Dept. of Industrial Metallurgy. University of 

Birmingham, Edgbaston, Birmingham 15, England. 
SaMessrs. Joseph Lucas Ltd., Birmingham, England; formerly at 

Dept. of Industrial Metallurgy, University of Birmingham, Edgbas- 
ton, Birmingham, England. 
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and  develop  we l l -de f ined  c rys ta l lographic  surface  
s t ruc tures ,  x' ~ The p a r t i c u l a r  surface  p l ane  s tud ied  
in  the th iou rea  i nves t iga t ion  was  n e a r  to {100} on 
the ~ 1 1 0 ~  zone: this  develops  a sharp  s t r a igh t -  
edged p la te le t  surface  s t ruc tu re  ( w h e n  the  deposi t  
is a p p r o x i m a t e l y  14 ~ th ick)  at  20 m a / c m  ~ and  
35~ and  a pa r t i a l l y  po lyc rys t a l l i ne  deposit  at  40 
ma/cm~. 86 Addi t ions  of t h iou rea  in  concen t r a t ions  
r a n g i n g  f rom 5 x 10 -1~ to 10-'~M were  made  to the  
bath ,  and  effects on the  deposi t  s t ruc tu res  ob ta ined  
at these two cu r r en t  densi t ies  noted.  The resu l t s  
ob ta ined  f rom the  so lu t ion  con ta in ing  an  app rox i -  
m a t e l y  equa l  a m o u n t  of t h iou rea  to the  one used  by  
Ke, e t  a l?  7 (IO-~M) w e r e  in  comple te  a g r e e m e n t  w i th  
the i r  observa t ions  and  conclusions.  Our  ev idence  
for adsorp t ion  was  t ha t  the  ove rpo ten t i a l  associated 
wi th  the  deposi t ion  was  cons ide rab ly  increased  by  
the  add i t ion  of this a m o u n t  of th iourea ,  i nd ica t ing  
some in t e r f e r ence  w i th  the  n o r m a l  g rowth  process. 
However ,  the  resul t s  ob ta ined  f rom solut ions  con-  
t a i n ing  lower  concen t ra t ions  of the add i t ion  agen t  
were  more  in te res t ing .  These are brief ly s u m m a -  
rized below. 

At  20 m a / c m  ~, 10 -~ to 10-SM th iou rea  decreased  
the ove rpo ten t i a l  and  led to d e v e l o p m e n t  of de-  
posits charac ter i s t ic  of lower  c u r r e n t  densi t ies  in  a 
t h i o u r e a - f r e e  solut ion.  8~ 10-gM had  neg l ig ib le  effect 
on po la r iza t ion  bu t  caused a hab i t  change  in  the  
deposit :  p y r a m i d s  wi th  sides n e a r  {211} developed 
ins tead  of platelets .  Above  10-~M ove rpo ten t i a l  was  
increased  in  p ropor t ion  to the th iou rea  content ,  the  
deposi ts  becoming  inc reas ing ly  u n e v e n  an d  con-  
t a i n ing  po lyc rys t a l l i ne  mater ia l .  Wi th  10-~I th io -  
urea,  the deposi t  was ve ry  u n e v e n ,  nodula r ,  and  
cracked.  

Deposits  p roduced  at 40 m a / c m  ~ f rom solut ions  
con ta in ing  th iou rea  showed more  var ia t ions :  con-  
cen t ra t ions  f rom 5x10 -~~ to 10~M caused an increase  
in  overvol tage  and  more  po lyc rys t a l l i ne  m a t e r i a l  
to develop.  5 x 10 -8 to 10-sM reduced  ove rpo ten t i a l  
and  p la te l e t  type  deposi ts  we re  ob ta ined ;  5 x 10. -8 
to 10-~M produced  deposits  w i th  p y r a m i d a l  hab i t  
and  only  smal l  changes  in  polar iza t ion.  These  de-  
posits f rom solut ions  con t a in ing  5 x 10 -8 to 10~M, 
at this  c u r r e n t  densi ty ,  were  comple te  con t inua t ions  
of the base, and  con ta ined  no po lyc rys t a l l i ne  m a t e -  
rial .  Br igh t  even  deposi ts  were  p roduced  w h e n  
5 x 10 -~ and  10-'M th iou rea  was  added,  t ha t  at  the 
h igher  concen t r a t i on  be ing  a lmost  featureless .  A t  
al l  concen t ra t ions  above 5 x 10-~M, po la r iza t ion  
was  increased.  10-'M caused u n e v e n  n o d u l a r  de -  
posits to form, whi le  tha t  ob ta ined  f rom the  so lu-  
t ion  con ta in ing  the  h ighes t  concen t r a t i on  s tud ied  
(10-~M) was  covered w i t h  n e e d l e - l i k e  g rowths  at  
a smal l  ang le  to the surface.  Deposi ts  fo rmed  at  
this  c u r r e n t  dens i ty  f rom solut ions  con t a in ing  more  
t h a n  5 x 10-~M con ta ined  po lyc rys ta l l ine  mate r ia l .  

This  w o r k  at p r e sen t  is c o n t i n u i n g  and  an  ex -  
p l a n a t i o n  of these, and  all ied,  p h e n o m e n a  is be ing  
sought  in  the  r e l a t i on  b e t w e e n  re la t ive  ra tes  of 

s4 H. J .  P i c k  and  J .  Wi lcock ,  TranS. Ins t .  Metal  F in i sh ing ,  A d v a n c e  
C o p y  No. 9, 35 (1958). 

s~ H. J.  P ick ,  G. G. S t o r e y ,  a n d  T. B. V a u g h a n ,  I n  press ,  EiecSro- 
chemica  Acta.  

s~ S. C. Ba rnes ,  G.  G. S to rey ,  a n d  H. J'. P ick ,  I n  press ,  Eiectro-  
chemica  Acta.  

8~ B. Ke,  J .  J .  Hoeks t r a ,  B. C. S ison ,  a n d  D. T r i v i c h ,  Th i s  JouTnal ,  
106, 382 (1959). 

crys ta l  g rowth  and  adsorp t ion  of surface  act ive  
mater ia l .  

The Role of the Metal - Ion Concentration Cell 
in Crevice Corrosion 

G. J. Schafer and P. K. Foster (p. 4.68, Vol. 106) 

Saul  B. B ien  88 and Herbert  D. Ayers ,  Jr.~h I t  was  
suggested  by  Schafer  and  Fos te r  tha t  the  m e t a l - i o n  
concen t r a t i on  cell canno t  be  a cause of crevice 
corrosion and  tha t  crevice m o u t h  a t tack  is a special  
case of d i f ferent ia l  aera t ion.  In  the  case of solder  
joints ,  it was  c lear ly  d e m o n s t r a t e d  ~~ wi th  au to -  
r ad iographs  m a d e  by  flux tagged wi th  f luor ine-18 
tha t  f luoride salts are deposi ted at  the  in te r face  be -  
t w e e n  the  solder a nd  c h r o m i u m  alloys. We pos tu -  
l a ted  tha t  the  crevice m o u t h  a t tack  was  in i t i a t ed  by  
solut ion th rough  convec t ion  a n d / o r  diffusion of 
i r r egu la r  areas of res idue  at t he  interface.  F o l l o w -  
ing this, the  d e v e l o p m e n t  of the  crevice cont inues .  
We discussed 91 the  role of the  d i f ferent ia l  ae ra t ion  
cell as descr ibed by  La Q ue  ~ a nd  the  ac t ive -pass ive  
cell of Logan  ~ in  the  c on t i nue d  d e v e l o p m e n t  of the  
crevice.  

A f u r t he r  s ignif icant  f inding was  that ,  a f ter  one 
yea r  of exposure  to the  room a tmosphere  in  the  
l abora tory ,  d iscolora t ion  appeared  (a t  X375) on 
the  pol ished surface  of the  cross sect ions of the  
solder jo in t s  on areas  cor responding  a p p r o x i m a t e l y  
to those which  p roduced  radiopaci t ies  on the  au to -  
radiographs .  The  surface  was  repol i shed  r e m o v i n g  
al l  stains.  Af te r  six m o n t h s  of r e - e x p o s u r e  to the  
air  i n  the l abora tory ,  d iscolora t ion  aga in  r eap -  
pea red  in  the  same areas of the  surface ad j acen t  to 
the  interface.  The re  is the re fo re  a cor re la t ion  b e -  
t w e e n  the  areas  of the  au to rad iographs  showing  
the deposi t ion of f luoride salts at the  in te r face  and  
the  discolored areas  observed  on surface  of the  
cross sect ion of the  solder joints .  The  discolora t ion 
appears  to resu l t  f rom corrosive  act ion in  the  areas  
which  were  mos t  radioact ive .  The dissociat ion of 
salts deposi ted at  the  in te r face  b e t w e e n  the  solder  
and  the  c h r o m i u m  al loy a n d  the  m o v e m e n t  of ions 
over  the pol ished surface  of the  spec imen  m a y  have  
been  fac i l i ta ted  b y  moi s tu re  f rom the  a tmosphere .  

G. J. Schafer  and P. K. Fos ter :  The  inves t iga t ions  
of Bien  and  Ayer s  ~ '~  are  no t  r e l a t ed  to crevice 
corrosion in  the  sense used  by  us  in  the  discussed 
paper.  The i r  w o r k  is concerned  wi th  the  i n i t i a t i on  
and  p ropaga t ion  of f a i lu re  at  b imeta l l i c  soldered 
jo in t s  con ta in ing  e n t r a p p e d  flux residues.  Pe rhaps  
it  should  have  b e e n  expl ic i t ly  s ta ted  t h a t  our  con-  
ce rn  was  solely w i th  the m e c h a n i s m  respons ib le  for 
m a i n t a i n i n g  s t e a d y - s t a t e  corrosion in  crevices con-  
s is t ing of on ly  o n e  homogeneous  alloy. 

We  agree tha t  once a crevice is p re sen t  b e t w e e n  
a solder a nd  the  base me t a l  due  to incomple te  b o n d -  
ing in  the  so lder ing  opera t ion ,  d i f fe rent ia l  ae ra t ion  

ss 76 U n i o n  Ave. ,  L y n b r o o k ,  N. Y. 
~ D e n t a l  Ma te r i a l s  Lab. ,  C o l u m b i a  U n i v e r s i t y  S c h o o l  o f  D e n t a l  
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would  have  an  i m p o r t a n t  effecff ~ p a r t i c u l a r l y  w i th  
s ta inless  steels which  are pass iva ted  by  oxygen.  I t  
seems to us, however ,  tha t  the  po ten t i a l  difference 
b e t w e e n  the  two dif ferent  al loys (solder  and  base 
me ta l )  should have  been  considered.  Ev idence  of 
po ten t i a l  differences is p rov ided  by  p r e f e r e n t i a l  
a t tack  of the  base m e t a l  in  Fig. 7 (uppe r )  and  Fig. 
10 (uppe r )  in  the work  cited in  Foo tno te  91. 

The "crevice corrosion" fa i lures  observed  by  Bien  
and  Ayers  "~ m a y  be due to p u r e l y  phys ica l  effects, 
i.e., the  solut ion of flux f rom the  in terface ,  since 
"crevice corrosion is charac ter ized  by  a f a i lu re  of 
the  bond  wi th  l i t t le  or no  macro  corrosion of the 
soldered jo in t s  or the solder. In  the appl iances  
where  the bond  fai led e i ther  c l in ica l ly  or expe r i -  
men ta l l y ,  the re  was no obvious  corrosion or p i t t i ng  
of any  metal .  ' '~ 

A l t e rna t i ve ly ,  it  m a y  be tha t  a t h in  layer  of a 
base m e t a l / s o l d e r  a l loy is fo rmed  at  the  in terface ,  
and  tha t  this  l ayer  is anodic  to both  the  solder  and  
the base me ta l  u n d e r  the condi t ions  of tes t?  ' This  
wou ld  exp la in  the fo rma t ion  of crevices sufficiently 
long and  n a r r o w  to cause separa t ion  of the  jo in t  
wi thou t  gross corrosion of e i ther  the solder or the  
base metal .  

We agree tha t  the  expe r imen t s  ci ted in  the  second 
p a r a g r a p h  of Bien ' s  and  Aye r ' s  c o m m e n t s  conf i rm 
the  e n t r a p m e n t  of flux at the  so lde r /base  me ta l  
interface.  

On the Internal Resistance of Dry Cells. 
A New Pulse Method 

R. J. Brodd (pp. 471-475, Vol. 106) 

$. J. Coleman~:  I have  two specific comment s  to 
make  on Dr. Brodd 's  paper ,  the  first specific to the  
paper ,  and  the  second more  genera l  in  character .  

The au thor ' s  me thod  of m e a s u r e m e n t  invo lves  a 
compar i son  of a po ten t ia l  developed across a d ry  
cell, by  pulses  r a n g i n g  f rom I to 10 ~sec wi th  a 
po ten t i a l  developed across a s imple  resistor.  This  as-  
sumes tha t  the " e q u i v a l e n t  c i rcui t"  in  a d ry  cell is 
a s imple  resis tor  and  not,  for example ,  a res is tor  
shun t ed  by  a condenser .  The au thor  directs  his a t -  
t en t ion  to the  p rob l em of w h a t  is a p roper  " e qu i v -  
a len t  c i rcui t"  in  the  first p a r a g r a p h  u n d e r  "Resul ts  
and  Discussion."  He found  his i n t e r n a l  res i s tance  
m e a s u r e m e n t  unaffec ted  by  a change  in  the l e n g t h  
of the  pulse  f rom 1 to 10 ~sec and  the  change  in  the  
ra te  of the  pulses  f rom 100 to 5000 pulses  per  second. 
He concludes  f rom this, m i s t a k e n l y  I bel ieve,  t ha t  
the  " e q u i v a l e n t  c i rcui t"  can be t a k e n  as a s imple  
resistor.  Fig. 2 indica tes  tha t  the  pulse  is app rox i -  
m a t e l y  a square  wave  and  the shape of the pu lse  as 
exh ib i t ed  on the  e x p e r i m e n t e r ' s  oscilloscope is more  
i m p o r t a n t  t h a n  its length .  Dr. Brodd  does no t  i n t e r -  
pre t  the  shape and  hence  does no t  come to grips 
wi th  the  p r o b l e m  of d e t e r m i n i n g  the " e q u i v a l e n t  
c i rcui t"  of a d ry  cell. 

Now for the second comment ,  I be l ieve  t ha t  the  
method  descr ibed by  the  author ,  and  all s imi la r  

94 j .  D. Dowd, Welding J. (N. u  88, l13s (1954). 
~'~ Burgess Bat tery  Co., Freeport ,  Ill. 
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methods,  give the  same resul t s  as c o n v e n t i o n a l  
methods  employ ing  a l t e r n a t i n g  cur ren ts .  The re  is a 
fee l ing  tha t  a short,  d i r e c t - c u r r e n t  pulse  is super io r  
to an  a l t e r n a t i n g  c u r r e n t  because  the b a t t e r y  de-  
velops direct  c u r r e n t  and  not  a l t e r n a t i n g  cur ren t .  
However ,  the  phrases  "di rect  c u r r e n t "  a nd  "a l t e r -  
n a t i n g  c u r r e n t "  lose m a n y  of the i r  u sua l  m e a n i n g s  
w h e n  appl ied  to ve ry  short  pulses.  These phrases  
are  u sua l ly  appl ied  to s teady states. For  example ,  
one m a y  say tha t  a.c. wi l l  pass t h r ough  a condenser  
and  d.c. wi l l  not.  Ce r t a i n l y  this  is no t  t r ue  if the d.c. 
is a v e r y  shor t  pulse.  A short  d -c  pu lse  has m u c h  
more  in  common  wi th  s teady  state  a.c. t h a n  wi th  
s teady  state  d.c. This  r e l a t ionsh ip  appears  m a t h e -  
ma t i ca l ly  in  the F ou r i e r  ana lys i s  of a square  wave.  
One r ep resen t s  a square  wave  pulse  by  the supe r -  
posi t ion of a l t e r n a t i n g  cu r ren t s  of m a n y  f requencies .  

A n y  s teady state di rect  c u r r e n t  in  a d ry  cell mus t  
flow th rough  the m a n g a n e s e  dioxide par t ic les  or be 
coerced in  some s imi la r  fashion.  A l t e r n a t i n g  c u r -  
r en t  or short  pulses  of d i rect  c u r r e n t  can pass d i -  
rec t ly  f rom the b lack to the  electrolyte .  Hence,  I do 
not  regard  m e a s u r e m e n t s  by  short  d -c  pulses  as 
p e r t i n e n t  to a ny  s tudy  of the  dry  cell as a m a c h i n e  
deve lop ing  electr ical  energy.  

R. J. Brodd:  The comment s  of Dr. Co leman  wi l l  
serve to clear  a n y  m i s u n d e r s t a n d i n g  in  m y  or ig ina l  
paper .  The purpose  of the  pape r  was  to repor t  a 
me thod  for m e a s u r i n g  the  t rue  i n t e r n a l  res i s tance  
of the  ba t t e ry .  I t  appears  tha t  the me thod  is suc-  
cessful  in  m e a s u r i n g  the  pu re  res is t ive  e l e men t  of 
a ba t t e ry .  

Dr. Co leman  seems to have  missed the  s ignif icance 
of my  s t a t e me n t  conce rn ing  the  shape of the  vol tage  
and  c u r r e n t  pulses.  As was emphas ized  in  the  paper ,  
the  two traces were  ident ical .  The rise a nd  decay 
of the pulses  we re  i n s t a n t a n e o u s  and  the  tops of 
both  pulses  were  flat. This  behav io r  is cha rac t e r -  
istic of a c i rcui t  con t a in ing  a resis tor  w i th  no capac-  
i t ive  effects. The r i n g i n g  at  the  l ead ing  edges of the  
pulses,  as suggested by  Dr. Jacopet t i ,  ~ is p r o b a b l y  
due  to lead i n d u c t a n c e  of the  i n s t r u m e n t  and  cell. 
There  is no ev idence  of a r o u n d i n g  of the  l ead ing  
edge of the pulses  as wou ld  be expected  f rom 
capaci t ive  e lements .  The va r i a t i on  of r epe t i t i on  ra te  
and  pulse  l eng th  w i t hou t  chang ing  the  m e a s u r e d  
res i s tance  suppor t s  the  conc lus ion  r e i t e ra t ed  above 
that  the m e a s u r i n g  t echn ique  repor ted  in  m y  paper  
de t e rmines  the p u r e l y  res is t ive  e l e me n t  of a d ry  
cell. 

The  e q u i v a l e n t  c i rcui t  of a Leclanch~ cell which  
resul t s  f rom i mpe da nc e  m e a s u r e m e n t s  is 

C 

C~ CD 

[ 

Czn Rz. CM.o~ R~.o, 

where  R~ is the  i n t e r n a l  resis tance,  Ca the  capaci-  
t ance  of the e lec t r ica l  doub le  layer ,  Czn, Rzn and  
C~no.o, R~n~ are the  capac i tance  and  res i s tance  of the  

9~ M. M. Jacopett i ,  P r iva te  communicat ion.  
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zinc and manganese dioxide electrode reactions. ~7' ~ 
As Dr. Coleman mentioned, the pulse method used 
was essentially a very high-frequency a-c meas- 
urement as the pulse may be constructed from a 
suitable Fourier analysis. The very high-frequency 
character of the pulse method is emphasized by the 
3000 repetition rate of 3 ~sec pulse used in the 
paper. Inspecting the equivalent circuit above, we 
see that at very high frequencies the impedance of 
the electrode reactions would be shunted by the 
capacitance, C,. At very high frequencies, the im- 
pedance of CD will become negligible. As a result, 
the pulse measurement of the impedance of the 
Leclanch~ cell determines only the resistive ele- 
ment of the circuit R~, the internal resistance of the 
cell. Thus, the conclusion reached in the pulse 
measurement concerning the measured resistive 
element of a cell is strengthened by results of im- 
pedance measurements on the cell. 

The comparison of the a-c bridge measurements 
to the pulse method has been discussed elsewhere. ~ 
However, a few words of comment are in order. 

97 j .  Eu le r  and  K. K a h m e l t ,  Z.  E lek t rochem. ,  61, 1200 (1957). 
,~s R. J.  Brodd ,  p a p e r  p r e s e n t e d  be fo re  C o l u m b u s  M e e t i n g  of The  

E l e c t r o c h e m i c a l  Socie ty ,  Oc tober  1959. 

The a -c  resu l t s  r e p o r t e d  in the  pas t  a re  o f ten  mis -  
l ead ing  for  m e a s u r e m e n t s  o f ten  w e r e  m a d e  at only  
one f r equency .  T h e  e r ro r s  i n v o l v e d  in th is  p r o -  
cedure  are  c l ea r ly  ev iden t  cons ider ing  the  e q u i v a -  
len t  c i rcui t  of a cell. Also,  the  resu l t s  of E u l e r  and  
myself ..... illustrate the effect of frequency on the 
measured resistance and capacitance of a cell. 

It is possible to use the a-c bridge measurements 
of the resistance and capacitance at various fre- 
quencies to calculate the values of all components 
of the equivalent circuit. My results show that the 
resistive element R.~ determined by the analysis of 
a-c bridge measurements is identical with the true 
internal resistance determined by the pulse method 

I do not think it is accurate to say, as Dr. Coleman 
did, that a determination of R~ is not pertinent to 
the study of dry cells. The resistance polarization 
of a cell plays an important role in any experi- 
mental measurement or use of a cell. The change in 
R~ as a cell is discharged is interesting as it offers 
a clue to possible cell reactions and possibly a pre- 
diction of cell life. The internal resistance is the 
most important factor in determining the short 
circuit current a cell will deliver. The true internal 
resistance, R~, is indeed an important part of a cell. 

June 1960 Discussion Section 
A Discussion Section, covering papers published in the J u l y - - D e c e m b e r  1959 JOURNALS, is scheduled for 

publication in the June  1960 issue. Any discussion which did not reach the Editor  in t ime for inclusion in the 
December  1959 Discussion Section wil l  be included in the June  1960 issue. 

Those who plan to contr ibute  remarks  for this Discussion Section should submit  their  comments  or ques-  
tions in tr ipl icate to the Managing Editor  of the J O U R N A L ,  1860 Broadway,  New York 23, N. Y., not later than 
March 1, 1960. All discussion wil l  be forwarded to the au thor (s )  for reply  before being pr inted in the JOURNAL. 
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