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ABSTRACT 

A transmission electron microscope was used to study the influence of solu- 
tion pH and temperature on the microstructure of nickel films obtained by 
electrodeposition. It was found that the solution pH and temperature affect 
the microstructure (density of dislocations and growth twins, and grain size) 
significantly. This microstructural modification was accompanied by a cor- 
responding change in the ductility, current efficiency, and the hydrogen con- 
tent of the deposits. These results can be rationalized by the strong tendency 
of nickel to be passivated by the adsorption of foreign species (hydrogen and 
hydroxide) present in the basic electrolyte during electrocrystallization. The 
marked dependence of such a passivation on the zolution pl-I and temperature 
was found to support our conclusion that the observed changes are due to the 
adsorption and subsequent incorporation of hydrogen and hydroxide. 

I t  is we l l  documented  (1-4) that  the cathodic reduc-  
tion of i ron -g roup  meta ls  (Fe, Ni, and Co) is accom- 
panied  b y  h igh  ove rpe ten t i a l  which  is p r i m a r i l y  
caused b y  the i r  s t rong t endency  to be pass iva ted  by  
foreign species (hydrogen  and hydrox ide )  present  in 
the  basic e lectrolyte .  In  o ther  words,  some kind  of 
inhibi t ion  is a l r e ady  occurr ing even wi thout  the pres-  
ence of de l ibe ra t e ly  added  impuri t ies ,  such as an ad-  
di t ion agent.  If  this pass ivat ion  is s ignif icant ly high, 
an  unde r s t and ing  of the  effect of addi t iona l  impur i t ies  
on the micros t ruc tures  is expected  to become more  
difficult. Previous  e lec t rochemical  studies (2-5) have 
shown tha t  the  degree  of adsorpt ion and subsequent  
incorpora t ion  of these  species depends  s t rongly  on 
both solut ion pH and tempera ture .  This adsorpt ion 
gene ra l ly  decreases wi th  increas ing tempera ture .  

The  incorpora t ion  of these foreign species also modi-  
fies the  micros t ructure .  For  example ,  mic ros t ruc tu ra l  
modifications in one of the i ron -g roup  metals ,  cobalt,  
p r epa red  at  different  pH ranges, a re  in fact  a long-  
s tanding  m y s t e r y  in e lect rodeposi t ion phenomena.  A 
pecul ia r  f ea tu re  of cobal t  deposi ts  is that  a h igh  tem-  
p e r a t u r e  fcc phase  can be obta ined  f rom a low 
(<2.4) pH solut ion at  ambien t  t empera tu res  (6). A l -  
though this s t r uc tu r a l  pecu l i a r i ty  was a t t r i bu ted  (7) 
ea r l i e r  *~o the format ion  of ep i tax ia l  fcc cobal t  grown 
on fcc substrates ,  the  fact  tha t  th ick fcc cobalt  films 
can s t i l l  be ob ta ined  beyond the possible ep i tax ia l  
thickness chal lenges this proposit ion.  Nakaha ra  and 
Maha jan  (8) r ecen t ly  suggested that  "fcc cobal t"  can 
be p roduced  by  the s imul taneous  incorpora t ion  of hy -  
drogen to form an "fcc cobalt  hydrid'e." Since this 
hydr ide  is uns table  at  ambien t  t empera tures ,  i t  de-  
composes into basic cobal t  dur ing  the outdiffusion of 
hydrogen.  As the cobal t  hydr ide  was assumed to form 
an fcc s t ructure ,  a s t ruc tu ra l  t r ans format ion  f rom fcc 
hydr ide  to hcp cobal t  would induce faul t ing  on the 
c lose-packed  {111} planes.  This mechan i sm indeed 
expla ins  the observed  h igh ly  faul ted  fcc cobalt  ob-  
ta ined  at  low pH. In  fact, h igh ly  fau l ted  fcc cobal t  is 
s t ruc tu ra l ly  equiva len t  to the hcp cobal t  which can 
exist  a t  ambien t  tempera tures .  

At  high pH, on the o ther  hand, s table  hcp cobal t  was 
obtained.  In  this  case, the films conta ined a high 
dens i ty  of  inclusions in the  form of colloidal  cobal t  
hydrox ide  part icles .  These hydrox ide  inclusions are 
incorpora ted  and were  found to p lay  a role as g rowth  
inhibitors .  Hydrox ide  inclusions, therefore,  he lped  
refine the gra in  size. 

These  observat ions  for  cobal t  deposits  ra ise  a ques-  
t ion as to whe the r  the  o ther  i ron -g roup  metals ,  for 
example ,  nickel,  also exhib i t  a s t ruc tura l  anomaly  
s imi la r  to that  observed in cobal t  electrodeposi ts .  A1- 
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though nickel  involves  a s imi lar  e lec t rochemical  be-  
havior  (4), there  is no r epor t  tha t  describes the pos- 
sible exis tence of such an anomaly.  Mot iva ted  by  this 
question, we have made  a t ransmiss ion e lec t ron micro-  
scope (TEM) seudy on the micros t ruc tures  of nickel  
e lectrodeposi ts  obta ined  at  var ious  pH ranges  and 
solut ion tempera tures .  As cobalt  exhibi ts  this unusual  
s t ruc tura l  t ransformat ion  (fcc -> hcp) as a resul t  of 
hydrogen  inclusion and subsequent  outdiffusion, i t  was 
~hought in te res t ing  to observe  the possible  micro-  
s t ruc tura l  modifications of n ickel  b y  p la t ing  at  low pH 
and low t empera tu re  ranges (see Fig. 1). 

Experimental 
The nickel  ba th  composit ion used in this s tudy  con-  

sisted of 0.43M NiSO4 �9 6H20 and 0.50M HsBO3. The pH 
of the f reshly  p repa red  ba th  was about  3.5. The ba th  
pH was lowered  by  the addi t ion  of  H2SO4 or  ra ised by  
nickelous carbonate.  Two pH ValUes (1.5 and 5.8) and  
three  solut ion t empera tu res  (20 ~ 50 ~ and 100~ were  
chosen here. Al l  nickel  films were  deposi ted on a 
polished sheet  of annea led  OFI tC copper  at the cu r ren t  
dens i ty  of 5 m A / c m  2. The  film thicknesses ranged  
from 1.2 to 45 ~m. 

I n  o rde r  to p repa re  TEM specimens,  p la ted  nickel  
films were  first stripp~ed off the copper  subs t ra tes  in a 
solution containing 500 g / l i t e r  CrO.~ and 50 g / l i t e r  
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Fig. 1. A schematic diagram illustrating how iron-group metals 
(Co and Ni) undergo e structural change as a result of electrodepo- 
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H2SO4. Disks of 3 mm were then cut out  of the s t r ipped  
nickel  foil and subsequent ly  e lectropol ished in a mix -  
ture  of 860 cm 8 phosphoric  acid, 50 cm 3 sulfuric acid, 
and 100g CrOs. The electropol ishing was carr ied  out  
f rom both sides of the  films, so that  the micros t ruc ture  
away  from subs t ra te  influence can be examined.  TEM 
micrographs  were  obta ined  using a JEM 200 electron 
microscope opera ted  at  200 kV. Inclusion images were 
taken  using the defocus contras t  technique (9). 

F i lm  duct i l i ty  was measured  using a novel  duct i l i ty  
tes ter  (10) developed recen t ly  in our labora tory .  With  
this tester., f i lm du.ctili.ty is measured  by  pushing a 
spher ical  bal l  a t tached to the moving a rm of a microm-  
e ter  into the r ig id ly  held nickel  foil of app rox ima te ly  
1 • 1 cm ~ unt i l  the foil fractures.  Since the dis tance 
be tween  the ini t ia l  contact  wi th  the  ba l l  and the final 
f rac ture  is d i sp layed  d ig i t a l ly  on the readout  of the 
micrometer ,  i t  gives a measure  of duct i l i ty  in te rms of 
the  m a x i m u m  percent  e longat ion f rom a conversion 
table.  

The measurements  of the  hydrogen  content  in nickel  
films were  conducted  by  Gollob Analy t ica l  Service  
(Berke ley  Heights,  New Jersey)  using a hot ex t rac-  
tion method  wi th  a mass spec t rometer  readout .  

Results 

NickeZ deposits  obtained :frown a low pH (1.5) solu- 
t ion . - -F igures  2 (a) ,  (b) ,  and (c) show the s t ructures  
of nickel  films deposi ted at  20 ~ 50% arid 100~ re-  
specUvely, in the  low pH (1.5) solution. Hereaf ter ,  we 
call  these films, A, B, and C, respect ively.  I t  is noted 
tha t  the gra in  sizes v a r y  cons iderably  wi th  solut ion 
tempera ture .  The gra in  size of these films, A, B, and C, 
were  found to be 0.5 ~ 1, 6 ,~ 20, and 0.1 ,~ 0.8 #m, 
respect ively.  A careful  examina t ion  of the micros t ruc-  
tures  fur ther  reveals  that  a high densi ty  of disloca-  
tions is present  in film A, and numerous  growth  twins 
are visible in film C, which is, however,  r e l a t ive ly  free 
from dislocations. 

In o rde r  to examine  the na ture  of dis locat ions in 
film A, we have made  a deta i led  analysis  of these 
dislocation structures.  F igure  3 indicates the presence 
of dislocations, for example,  denoted  by a symbol,  D, 
inside the grain. The film is seen to have apparen t ly  
undergone  a plast ic  deformation.  In some areas, these 
slip dislocations have formed a low angle gra in  
boundary  as seen in Fig. 4. 

F igure  5 shows the cur ren t  efficiency and hydrogen 
content  of nickel  films obtained at pH -- 1.5 as a func-  
tion of solution tempera ture .  The cur ren t  efficiency at 
20~ is qui te  small ,  but  becomes higher  wi th  increas-  
ing solution tempera ture .  The corresponding hyd ro -  
gen content  indicates that  the low cur ren t  efficiency is 
accompanied by  the incorporat ion of more  hydrogen.  
The genera l  corre la t ion be tween  two curves is that  the 
higher  the hydrogen  content,  the lower  the cur ren t  
efficiency for nickel  deposition. 

F igure  6 shows the resul ts  of a duct i l i ty  test on films 
A, B, and C. The resul ts  indicate the probable  existence 
of m a x i m u m  duct i l i ty  around 50~ Fur thermore ,  the 
film duct i l i ty  at 20~ is s imi lar  to tha t  at 100~ The 
t rend  of the curve appears  to be re la ted  to the micro-  
s t ruc tu re s  shown in Fig. 2. 

Nickel deposits from a high pH (5.8) solution.-- 
Cont ra ry  to the low pH case, nickel  films deposi ted 
from the  high pH (5.8) solution did not show the large 
s t ruc tura l  and duct i l i ty  var ia t ion  wi th  solution tem-  
peratures .  The use of the high resolut ion defocus con- 
t ras t  technique, however ,  r evea led  that  a high densi ty  
of small  (~10A)  inclusions (p robab ly  hydroxides )  
were present  in al l  the films. A nickel  film obta ined  at  
20~ is shown in Fig. 7. Two black  ar rows mark  the 
images of inclusions t aken  in the s l ight ly  underfocused 
condition. The densi ty  of these inclusions was found 
to be genera l ly  less at  h igher  tempera tures .  F igure  8 
then qua l i t a t ive ly  shows that  the incorpora t ion  of in-  
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Fig. 2. Microstructures of nickel films obtained in the low pH 
(1.5) solution at (a) 20 ~ (b) 50 ~ and (c) 100~ 

clusions is associated with  a reduct ion in the cur ren t  
efficiency. 

Discussion 
It  has been shown how incorporat ion of hydrogen  or 

p robab le  hydrox ide  affects the micros t ruc ture  and 
duct i l i ty  of nickel  electrodeposits .  Since the degree of 
this incorpora t ion  depends s t rongly  on solution pH 
and tempera ture ,  the micros t ruc ture  and duct i l i ty  fol-  
low these two var iables  accordingly.  As evidenced by  
previous  e lec t rochemical  studies (1-5), the inclusion 
of hydrogen  or  hydrox ide  decreases wi th  increasing 
solution tempera ture .  The resul ts  f rom the current  
efficiency and chemical  analysis  indeed suppor t  this 
t rend.  I t  is clear  that  the solut ion pH changes the type  
of foreign species and the degree of thei r  adsorption.  
The impor tan t  resul t  he re  is tha t  s imi lar  to the cobalt  
case, deposi t ion at  low pH and low t empera tu re  has a 
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Fig. 3. A high density of dislocations in a nickel film obtained 
in the low pH (1.5) solution at 20~ The symbol, D, denotes a 
segment of dislocation apparently generated by plastic deforma- 
tion. 
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Fig. 5. Effect of solution temperature on the current efficiency 
('curve i)  and hydrogen content (.curve 2) of nickel films obtained 
at pH -" i.5. 

Fig. 4. A high density of dislocations forming a low angle grain 
boundary (LAGB) near the high angle grain boundary (HAGB) of a 
nickel film obtained at low (1.5) pH and 20~ 

dramatic  effect on the nickel microstructure,  i.e., dis- 
location structure.  

The presence of a high densi ty of dislocations in 
nickel films obtained at low pH and low temperature  
can be explained by the formation of unstable  nickel 
hydride dur ing  film growth. As noted in the chemical 
analysis and cur ren t  efficiency, such a low current  
efficiency (40% at pH ---- 1.5 and 20~ strongly sug- 
gests that a considerable amount  of hydrogen evolves 
at a cathode in this pH and tempera ture  range, and 
this deposition mode apparent ly  resembles a cathodic 
charging process. Nonstoichiometrie nickel hydride 
NiHn (n ---- 0.1-0.9) was previously found (11) to be 
formed in cathodically charged nickel. Nickel hydride, 
obtained by  charging, has the fcc s t ructure  with the 
lattice parameter  about 6% larger than that  of pure 
nickel. Al though the nickel hydride phase does exist, 
it is unstable  at ambient  temperatures.  Fur ther  s tudy 
(12) on this phase indicates that  the nickel hydride 
exists in the form of bo,th alpha and beta phases. In 
order to check these results, we have conducted a hy-  
drogen charging exper iment  on an annealed bulk 
nickel foil in  a 1N H2SO4 solution at 200 mA/cm 2 for 
1 rain. It was found that  the or iginal ly  almost disloca- 
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0 i I I I I I I I i 
0 2 0  4O 6O 8 0  t 0 0  
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Fig. 6. Ductility of nickel films at pH = 1,5 plotted as a 
function of solution temperature. 

t ion-free foil was t ransformed into a highly defected 
one. In  fact, the dislocation density was too large to be 
measured quanti tat ively.  

From the above evidence, it is reasonable  to assume 
that  the unstable  nickel hydride in i t ia l ly  forms dur ing 
the deposition in  low pH and low tempera ture  solu- 
tion, but  rapidly  decomposes at ambient  temperature.  
During this decomposition process, a plastic deforma- 
tion equivalent  to 6% plastic s t ra in will occur in the 
films, resul t ing in the formation of the numerous  slip 
dislocations observed. It is apparent  that such a struc- 
tural  t ransformat ion involves only fcc to fcc structure 
and thus the faul t ing observed in cobalt dur ing  the 
fcc --> hcp t ransformat ion is not expected, but  the 
formation of dislocations occurs. This is indeed the 
case in the present  results. This process is schemati-  
cally shown in Fig. 9. Although the earl ier  electron 
diffraction study by Yang (13) indicated the existence 
of hcp nickel possibly conta in ing hydrogen, the ab-  
sence of stacking faults in our films rules out such a 
possibility. Nevertheless, the impor tant  point  here is 
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Fig. 7. Microstructure of a nickel film obtained at pH = 5.8 
and 20~ Three arrows indicate the images (white dots) of prob- 
able hydroxide inclusions. 

4 0 0  

80 

6O 

Z 
Lr 
(..) 

40 
Ld 

i 

I ' I ' I ' I ' 

= . ,. 

0 I I I I I I I I I 
0 20  4 0  60 80  4 O0 

SOLUTION TEMPERATURE (=C) 

Fig. 8. Current efficiency plotted as a function of solution tem- 
perature for nickel films obtained at pH = 5.8. 
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Fig. 9. A schematic diagram showing how plastic deformation 
occurs by the outdiffuslen of hydrogen atoms incorporated in nickel 
films deposited at low (1.5) pH and low solution temperature. 

tha t  the incorpora t ion  of hydrogen  has a marked  effect 
on the  micros t ruc ture  of i ron-group  metals.  

I t  is ev ident  f rom the present  proposi t ion tha t  the 
hydrogen  content  of the deposits  only qua l i t a t ive ly  
describes the amount  ac tua l ly  incorpora ted  inside the 

deposits, since the  ma jo r  por t ion  must  have diffused 
out of the films dur ing the decomposi t ion of nickel  h y -  
dride.  Since the t rend  of the cur ren t  efficiency as a 
funct ion of solution t e m p e r a t u r e  appears  to follow 
rec iproca l ly  tha t  of the hydrogen  content,  i t  is reason-  
able  to assume tha t  the remain ing  hydrogen  content  
is p ropor t iona l  to the amount  ac tua l ly  incorpora ted  
pr io r  to the decomposit ion.  The remain ing  hydrogen  
in the deposi ts  is p robab ly  contained inside small  voids 
which are  commonly  observed in e lectrodeposi ted 
films. 

The observed duct i l i ty  m a x i m u m  (see Fig. 6) in the 
nickel  films deposi ted at  low pH solut ion can be ex-  
p la ined  by  the  gra in  size. At  the low tempera ture ,  the 
adsorpt ion  of hydrogen  inhibi ts  the g rowth  of n ickel  
and thus produces  smal l  (0.5 ~ 1 #m) grains. Due to 
the presence of low angle g ra in  boundar ies  induced by  
the plast ic  deformat ion,  the effective gra in  size be-  
comes somewhat  smal le r  than  the above  size. At  the 
in te rmedia te  t empe ra tu r e  (50~ the inhibi t ion be-  
comes smal le r  and, consequently,  nickel  grows to the 
la rger  (6 ~ 20 ~m) size. A t  high t empera tu re  (100~ 
however,  a fur ther  decrease in this inhibi t ion br ings  
about  a h igher  nickel  deposi t ion rate,  as evidenced by  
the increased cur ren t  efficiency (see Fig. 5). The in-  
creased deposi t ion ra te  produces  a h igher  nucleat ion 
rate,  resul t ing  in gra in  refinement.  The film duct i l i ty  
can therefore  be expla ined  by  the gra in  size variat ion.  
The  m a x i m u m  in film duc t i l i ty  at  50~ is due to the 
l a r g e  gra in  size. S imi la r  observat ions  have prev ious ly  
been made  by  Zhamagor t syan  et at. (5) on the micro-  
hardness  and in te rna l  stress of n ickel  films p repa red  
in a s imi lar  manner  to the  presen t  work. Al though 
they  d id  not conclusively expla in  this phenomenon in 
terms of  the gra in  size var ia t ion,  i t  is c lear  tha t  thei r  
microhardness  and in te rna l  stress can be a t t r ibu ted  to 
the same origin as our  duc t i l i ty  result .  

I t  is impor t an t  to point  out  here that  the reduct ion 
in the  gra in  size of n ickel  films ob ta ined  at  low pH 
(1.5) and  high t empe ra tu r e  (100~ is accompanied 
by  the format ion  of numerous  growth  twins [see Fig. 
2 (c ) ] .  In this pH and t empe ra tu r e  range,  the increased 
n~ckel deposi t ion ra te  causes the high p robab i l i ty  of 
making  111 s tacking (ABCABCABC . . . )  mis takes  on 
{111} growth  faces, resu l t ing  in the format ion  of nu-  
merous  growth  twins.  

The effect of p robable  hydrox ide  inclusions on the 
nickel  micros t ruc tures  seen i n  the high pH solution 
resembles  that  of an addi t ion agent.  Besides a l ter ing 
the gra in  size, t h e  hydrox ide  inclusions do not appea r  
to contr ibute  to the format ion  of dislocations as i:s the 
case for hydrogen.  In  cont ras t  to the ex t r eme  case 
where  ep i tax ia l  hydrox ides  are  formed in an unbuf-  
fered solut ion (14), the observed hydrox ide  inclusions 
were  in a more  col loidal  form and were  l ike ly  to be 
t r apped  on growth  steps dur ing  film formation.  We 
found from an electron diffraction analys is  that  these 
inclusions are  amorphous.  

Conclusions 
I t  has been s h o w n  tha t  the incorpora t ion  of hyd ro -  

gen and hydrox ide  a l ters  the n ickel  micros t ruc ture  
significantly. This observat ion is indeed consistent  wi th  
previous  e lec t rochemical  resul ts  and the micros t ruc-  
rura l  observat ions  on electrodeposi ts  of the o ther  i ron-  
group metal ,  cobalt.  Since the incorpora t ion  depends 
s t rongly  on the degree of adsorpt ion,  the  resul t ing  
micros t ruc ture  depends  on the solut ion pH and t em-  
perature .  It is clear  from these observat ions  tha t  the 
inhibi t ion  effect is in t r ins ica l ly  high in the deposit ion 
of i ron-group  metals.  Care should thus be taken  if one 
wishes to s tudy  an addi t ional  inhibi t ion affect from an 
addi t ion  agent.  

Manuscr ip t  submi t t ed  Apr i l  14, 1981; rev ised  m a n u -  
script  received June  30, 1981. 

Any  discussion of this paper  wil l  appea r  in a Discus-  
sion Section to be publ i shed  in the December  1982 
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JOURNAL. Al l  discussions for the December  1982 Discus- 
sion Section should be submi t t ed  by  Aug. 1, 1982. 

Publication costs of this article were assisted by Bell 
Laboratories. 
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ABSTRACT 

Composit ion gradients ,  in mol ten  AgNO~-NaNO8 mixtures  contained in 
sil ica frits, a re  produced  by  electrolysis  be tween s i lver  e lectrodes and ana-  
lyzed by  three  methods:  (i) in situ potent iometry ,  (ii) chemical  analysis  of 
sections of quenched electrolyte ,  and (iii) scanning e lect ron microscopy 
wi th  associated x - r a y  fluorescence spectroscopy. The composit ion changes are  
calcula ted a priori f rom t ranspor t  and the rmodynamic  proper t ies  indepen-  
den t ly  measured  in the  free mel t  and corrected for the poros i ty  of the frits. 
Since the ion flows in AgNO3-NaNO3 are  analogous to those in the LiC1-KC1 
e lec t ro ly te  of L i / S  bat ter ies ,  the former  sys tem serves as a convenient  model  
system for the mixed  e lec t ro ly te  of the L i / S  ba t te ry .  The pred ic ted  grad ien ts  
are  compared  to the expe r imen ta l  da ta  f rom the three  methods.  

B inary  and mul t icomponent  mix tures  of mol ten  
salts  a re  used as the e lec t ro ly te  in some high t empera -  
ture  ba t te r ies  (1). A t  typical  cur ren t  densities,  com- 
posi t ion changes wi thin  the e lec t ro ly te  m a y  arise 
f rom the e lec t rode  react ions and ionic migrat ion.  Our 
previous  analysis  (2) of diffusive and migra t iona l  
t r anspor t  in b ina ry  mol ten  salt  mix tures  pred ic ted  
significant concentra t ion gradients  in two-comP0nent  
melts.  Recent  more  complex model  calculat ions (3), 
which include effects of forced convection, t empera -  
ture, and electrode porosi ty,  predic t  s imi lar  gradients.  
Composi t ion gradients  of the p red ic ted  magni tude  were  
measured  at  the e lectrodes by  in situ po ten t iomet ry  
and by  chemical  analysis  of AgNO3-KNO3 elect ro-  
lyzed be tween  s i lver  electrodes,  a sys tem in which the 
ion flows are  analogous to those in an Li/LiC1-KC1/ 
FeSz ba t t e ry  (4). A quant i t a t ive  test  of models  reau i res  
both a sys tem in which the the rmodynamic  and t rans-  
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por t  p roper t ies  are  be t t e r  known and de ta i led  mea-  
surements  of the  composit ion profiles. 

In this  paper ,  we presen t  new measurements  of 
e lec t ro lys is - induced  composit ion changes in AgNOs- 
NaNO8 contained in silica frits. For  this sys tem the 
diffusion coefficient (5), the t ransference  number  
(6 ,7) ,  and the ac t iv i ty  coefficient (8), a re  indepen-  
den t ly  known. Correct ion for the tor tuos i ty  of the pa th  
for diffusion and conduct ion is made  f rom measu re -  
ments  of the f r i t  poros i ty  and e lect r ica l  conductance. 
In  addi t ion to po ten t iomet ry  and chemical  analysis ,  the 
composit ion profiles in the  quenched mix tu re  are mea -  
sured wi th  high resdlut ion of dis tance by  scanning 
electron microscopy and associated x - r a y  fluorescence 
spectroscopy (SEM/EDX) .  The SE M /E D X  resul ts  are  
consistent  wi th  the da ta  f rom chemical  analysis  and 
from in situ potent iometr ic  measurements .  The resul ts  
f rom the th ree  kinds  of exper iments  a re  compared  to 
predic t ions  ca lcula ted  with  no ad jus tab le  parameters .  
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