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ABSTRACT 

Over the last decade the general knowledge of the electrolytic codeposition of inert particles with metals has increased 
markedly, and a few models have been proposed. In this paper a new model that overcomes several of the shortcomings of 
the previously proposed models is developed starting from a statistical approach of the incorporation of particles. The va- 
lidity of the new model is shown for two experimental  codeposition systems, namely, Cu-A1203 from acidic sulfate baths 
and Au-Al~O3 from additive-free potassium cyanide baths. 

In the early days of compos i te  plat ing most  a t tent ion  
was directed toward practical problems; few efforts were 
made to elucidate the mechanism of codeposition. Three 
possible mechanisms were put forward, namely: electro- 
phores is  p roposed  by Whithers in 1962 (1), mechan ica l  
en t rapment  suggested by Martin in 1964 (2), and adsorp- 
t ion of part icles  on the cathode men t ioned  by Brandes  
(3) in 1967. Various investigators (4, 5) measured the zeta- 
potent ia l  in di lute  solutions.  Since  in e lec t ro ly t ic  co- 
depos i t ion  solut ions of high ionic s t rength  usual ly are 
used, ext rapola t ion  from dilute solutions gives no relia- 
ble ev idence  of possible  e lec t rophore t ic  effects. Based 
on a mass t ranspor t  analysis toward rotat ing disk elec- 
t rodes,  it was calcula ted by Van Camp (6) that  part icles  
will not reach the surface of a rotating electrode by iner- 
tial forces alone as long as 

0.88ppo~d2v i < 3/4 [1] 

where  p, = specific weight  of part icles,  d = d iameter  of 
particles, ~o = rotation speed of the electrode, and v = kin- 
emat ic  viscosi ty .  Concern ing  a possible  adsorp t ion  ef- 
fect  of part icles  onto the cathode by Van der Waals at- 
tractive forces, Tomaszewski  (7) was the first to point out 
the effect of monovalent  cations on the codeposi t ion pro- 
cess, e.g., tha l l ium ions drast ical ly p romote  the amount  
of  codepos i t ed  part icles  from copper  sulfate plat ing 
baths,  as was conf i rmed later by dif ferent  researchers  
(8-10). In this respect  Foster  et al. (10) reported a very low 
degree of adsorpt ion of copper  ions on alumina particles, 
wh ich  was supposed  to be associated with the ra ther  
poor degree of codeposition. However  by the addit ion of 
te t ra  e thy lene  pen tamine  and especial ly  Tl+-ions, ad- 

*Electrochemical Society Active Member. 

sorpt ion and codepos i t ion  behavior  improved  dras- 
tically. 

As more and more practical data concerning the effect 
of e lectrolysis  parameters  on the codepos i t ion  of inert  
particles with metals were gathered, a few at tempts  were 
made to cast the exper imenta l  data into models. Saifullin 
et al. (11) p resen ted  a formula  to calcula te  the composi-  
t ion of compos i te  coatings,  making  abs t rac t ion of any 
mechan ism in 1968. Bazzard et al. (12) proposed a mathe- 
mat ica l  express ion  of the e lect rolyt ic  codepos i t ion  of 
solid conduc t ing  part icles  with metals.  They obta ined  
for the case of the incorporat ion of one particle during a 
deposi t ion time, t, the following equat ion 

4 
~ -  ~r3pn 

X, = [2] 
4 

~ -  ~r:~pp + 4 ~r2item 

where  Xp = weight  percent  e m b e d d e d  second phase 
part icles,  em = e lec t rochemica l  equ iva len t  of the metal,  
Pm= density of the metal, p, = density of the particle, and 
r = radius of the particle.  This formula  has never  been 
considered as a tool to calculate and predict  the composi- 
t ion of the composi te  coatings since it does not take into 
account  the impor tan t  effects  of  pH, tempera ture ,  and 
bath consti tuents.  

An impor tan t  step forwards was the mathemat ica l  
mode l  der ived by Gugl ie lmi  in 1972 (13). Based on a 
striking similarity of the curves relating the vo lume per- 
cent  of codeposi ted particles (v/o) to the vo lume percent  
of par t ic les  suspended  in the plat ing bath (Cv) with the 
wel l -known adsorption isotherm (Fig. 1), he postulated a 
mechan ism based on two successive adsorpt ion steps. A 
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Vat% TiO 2 in suspens ion  
Fig. 1. Volume percent of codeposited particles vs. amount of 

particles suspended in the plating bath for a Ni-Ti02 system (13). 

loose adsorp t ion  (a), which has an essent ia l ly  physical  
character ,  resul ts  in a rather  high degree of coverage  of  
the ca thode  by particles.  A subsequen t  s t rong adsorp- 
tion (O) which is thought  to be field assisted and therefore 
e l ec t rochemica l  in nature,  permits  the en t r apmen t  of 
particles in the growing metal  layer. The formula so de- 
duced is 

Cv __.Mi"B/A i._B/A) ( ) 
v / ~  = nFpmv,, ~ + C,. [3] 

where F = Faraday constant;  n = valence of the electro- 
depos i t ed  metal ;  k* = Langmui r  i so therm constant ,  
largely de te rmined  by the in tens i ty  of in te rac t ion  be- 
tween  par t ic les  and cathode;  M = a tomic  weight  of the 
e l ec t rodepos i t ed  metal;  i,, = exchange  cur ren t  densi ty;  
pm= dens i ty  of  e lec t rodepos i ted  metal ;  and v,,, A, B = 
constants .  The val idi ty  of this model  has been verif ied 
for different codeposi t ion systems like SiC and TiO2 with 
nickel  from sulfamate baths (13), a- and T-A120:~ with cop- 
per  f rom acidic copper  sulfate baths with and wi thou t  
the addit ion of thal l ium ions (14), A1~O3 with nickel from 
Watts- type e lec t ro ly te  (15), and TiO,., with copper  from 
acidic  copper  sulfate baths (16). This subs tan t ia t ion  of 
Gugl ie lmi ' s  mode l  coming  from several  inves t iga tors  
proves the soundness  and the significance of this mathe- 
matical  t rea tment  of electrolytic codeposition. However,  
some objec t ions  arr ived at by cr i t ical ly examin ing  the 
der iva t ion  and f rom inexpl icab le  expe r imen ta l  resul ts  
from literature quest ion the generali ty of the model.  By 
consider ing the two parameters  i and C as solely process 
control l ing,  other  impor tan t  process  parameters  are 
over looked as hydrodynamics  (17), effect of size type and 
p r e t r ea tmen t  of part icles  (8, 14), effect  of bath const i tu-  
ents (18), and electrolysis condit ions as pH (19) and bath 
t empera tu re .  Gugl ie lmi ' s  model  does not  allow predic- 
t ion of which  way those parameters  will  affect the elec- 
trolytic codeposit ion.  

Fos te r  and Kar iapper  (20), in 1974, p roposed  a mathe-  
mat ica l  express ion  that  could descr ibe  the effect  of  hy- 
drodynamics .  They associated the rate of codepos i t ion  
arbitrarily with the following expression 

dVp N*hC,. 
- -  [ 4 ]  

dt 1 + hC,. 

where  N* = number  of collisions of part icles suitable for 
codepos i t ion  per second and Vp -~ vo lume  fract ion of 
particles in the deposit. The parameter  h is further asso- 
ciated with the adsorbed charge density (q) on a particle, 
the potent ia l  field at the ca thode  (hE), the rate (i) at 
which the metal  is deposited, the bond strength (L) of the 
metal/part icle interface per surface area, the shape, size, 
and densi ty of the particles (a), and finally the rate of agi- 
tation (b), according to Eq. [5], in which h* is a constant  

h = h*(qhE + Li 2 - ab) [5] 

Because of the complex interrelat ionship between some 
of these  factors, only a l imi ted amoun t  of quan t i t a t ive  
work was done to prove the validity of expression [4]. Al- 
though  the calcula t ion or es t imat ion  of several  parame- 
ters incorporated in formulas [3] and [5] is quite impossi-  
ble, impor tan t  benefits of Gugl ie lmi ' s  and Fos te r ' s  
models  lie in their  con t r ibu t ion  to a bet ter  unders tand-  
ing of the mechanism of codeposition. The mathemat ical  
mode l  proposed  in this paper  (21) conta ins  measurab le  
parameters  so that predict ion of the amount  of codepos- 
ited particles for a given system now becomes feasible. 

Descr ip t ion  of the  M o d e l  
The proposed mechan ism of electrolyt ic  codeposi t ion  

of inert  particles with metals is based on two fundamen- 
tal postulates: 

1. An adsorbed layer of ionic species is created around 
the iner t  part icles  at the t ime the part icles  are added to 
the plat ing solut ion or dur ing the p re t r ea tmen t  of these  
particles in ionic solutions. 

2. The  reduc t ion  of some of these  adsorbed  ionic spe- 
cies is requi red  for the incorpora t ion  of  part icles  in the 
metall ic matrix. 

On its way from the bulk of the solution to the site of 
incorpora t ion  at the act ive ca thode  surface the iner t  
particle has to proceed through five stages (see Fig. 2): (i) 
adsorpt ion of ionic species upon the particle surface; (ii) 
m o v e m e n t  of the part icle by forced convec t inn  towards  
the hydrodynamic  boundary  layer (8,,) at the cathode;  
(iii) diffusion of the part icle th rough the diffusion dou- 
ble layer (8); (iv) adsorp t ion  of the particle,  still with its 
adsorbed ionic cloud, at the ca thode  surface; (v) reduc- 
tion of some adsorbed ionic species by which the particle 
becomes  i r revers ib ly  incorpora ted  in the meta l  matr ix.  
For  the cons t ruc t ion  of the mode l  it is a s sumed  that  
steady-state condi t ions  exist, so that  nei ther  concentra-  
tion, pressure, temperature,  nor overpotential  variations 
occur during the process, that the cathode surface is uni- 
formly accessible for the plating solution and for the in- 
ert particles, and finally that a homogeneous  suspension 
of particles in the plating solution is maintained. We can 
then focus our at tention on what is happening in the dif- 
fusion layer. 

At the diffusion layer the ions are moving towards the 
cathode by diffusion and s imultaneously take along inert 
par t ic les  onto which  a n u m b e r  of ions are adsorbed.  
Once at the e lec t rode  surface, ions are reduced  to mee t  
the demands  of  the reduc t ion  process  at the appl ied 
ca thodic  overpotent ia l .  What is then  happen ing  to the 
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Fig. 2. The five stages in the codeposition of a particle 
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p a r t i c l e s  w h i c h  are  p o p u l a t i n g  t h e  c a t h o d e  s u r f a c e  b u t  
a r e  st i l l  s c r e e n e d  o f f  by  t h e i r  i on i c  c loud?  H e r e  t h e  pri-  
m a r y  h y p o t h e s i s  o f  t h e  m o d e l  is i n v o l v e d :  " A  p a r t i c l e  
will  on ly  be  i n c o r p o r a t e d  w h e n  a ce r t a in  a m o u n t  k out  of  
K - a d s o r b e d  ionic  spec ies ,  d e p e n d i n g  on  the  c o m b i n a t i o n  
of  p la t ing  so lu t ion  cha rac t e r i s t i c s  and  par t i c le  cha rac te r -  
i s t ics ,  is r e d u c e d . "  As a c o n s e q u e n c e  of  t h i s  h y p o t h e s i s  
s t i l l  a n o t h e r  h y p o t h e s i s  s h o u l d  be  a d d e d :  " N o  d i s t i n c -  
t i o n  is m a d e  b e t w e e n  f ree  a n d  a d s o r b e d  ion ic  s p e c i e s  
a n d  b o t h  are  c o n s i d e r e d  equa l  w i th  r e s p e c t  to t r a n s p o r t  
and  r e d u c t i o n  p r o c e s s e s . "  

The  q u a n t i t a t i v e  d e s c r i p t i o n  of  the  i n c o r p o r a t i o n  of  an 
ine r t  pa r t i c le  in to  a g r o w i n g  meta l l i c  ma t r i x  can  t h u s  be  
d e r i v e d  f r o m  a s t a t i s t i c a l  a p p r o a c h  in w h i c h  the  coeffi-  
c i e n t  P r e p r e s e n t s  t h e  p r o b a b i l i t y  for  a p a r t i c l e  to be- 
c o m e  i n c o r p o r a t e d  and  N,, t he  n u m b e r  of  pa r t i c les  cross-  
ing  t h e  d i f fu s ion  layer  at  the  w o r k i n g  e l e c t r o d e  p e r  un i t  
of  t i m e  and  su r f ace  area. The  p r i m a r y  h y p o t h e s i s  fo rmu-  
l a t ed  above  can n o w  be  t r a n s l a t e d  in to  an e x p r e s s i o n  for 
AWp = w e i g h t  i nc r ea se  pe r  un i t  of  t ime  and  su r face  area  
d u e  to pa r t i c le  i n c o r p o r a t i o n  

A W , = W , . N p . P  [6] 

w h e r e  Wp = w e i g h t  o f  one  par t ic le ,  N,  hav ing  the  d i m e n -  
s ion  of  m -2 �9 s -1. A s s u m i n g  the  pa r t i c les  are  all spher ica l ,  
t he  w e i g h t  o f  one  par t i c le  is g iven  by  

4~rr a 
W,, = - -  �9 p,, [7] 

3 

w i t h  p, = d e n s i t y  of  t h e  p a r t i c l e  a n d  r = r a d i u s  of  t h e  
par t ic le .  The  w e i g h t  i nc r ea se  p e r  un i t  o f  t i m e  and  su r f ace  
a rea  d u e  to p u r e  m e t a l  d e p o s i t i o n  (hWm) can  be  d e r i v e d  
f r o m  F a r a d a y ' s  law a s s u m i n g  a 100% c u r r e n t  e f f ic iency  

Mi  
5Wm - [8] 

n F  

wi th  M = m o l e c u l a r  w e i g h t  of  t he  e l e m e n t  d e p o s i t e d ,  n = 
n u m b e r  of  e l e c t r o n s  pa r t i c ipa t i ng  in t he  r e d u c t i o n  reac-  
t i o n  M n+ + h e -  --~ M,  F = F a r a d a y  c o n s t a n t ,  a n d  i .= cur-  
r e n t  d e n s i t y .  The  w e i g h t  p e r c e n t  (w/o) e m b e d d e d  par-  
t ic les  in a c o m p o s i t e  coa t ing  can  gene ra l ly  be e x p r e s s e d  
as 

AW,, 
w/o  pa r t i c l e s  e m b e d d e d  - 100 

AW m 4- AWp 

Wp " Np  " P 
= , 1 0 0  [9] 

Mi  
- -  + W p .  N , , .  P 

n F  

C a l c u l a t i o n  o f  t he  c o e f f i c i e n t  P . - - L e t  us  c o n s i d e r  t h e  
case  w h e r e  a coa t ing  is d e p o s i t e d  at a c u r r e n t  d e n s i t y  i. I f  
o n e  c o n s i d e r s  t h a t  t h e  p r o b a b i l i t y  for  one  ion  to be  re- 
d u c e d  (P0 at c u r r e n t  d e n s i t y  i is avai lable ,  t h e n  the  p rob-  
abi l i ty  for  t he  i n c o r p o r a t i o n  of  one  par t ic le  b a s e d  on  the  
r e d u c t i o n  of  k- ions  out  of  K- ions  [P(wK.~] at c u r r e n t  den-  
s i ty i can  be ca lcu la t ed  f rom a b i n o m i a l  d i s t r i b u t i o n  

4; 
P,~Ka, = 2.~ C~K[1 - pi]K-~pi~ [10] 

z = k  

T h e  c a l c u l a t i o n  of  t h e  p r o b a b i l i t y  for  one  ion  to be  re- 
d u c e d  (P0 is s impl i f ied  by  the  c o n s i d e r a t i o n  tha t  no dis-  
t i n c t i o n  has  to be  m a d e  b e t w e e n  f ree  and  a d s o r b e d  ions  
so t h a t  b o t h  can  be  t r e a t e d  e q u a l  w i t h  r e s p e c t  to t r an s -  
p o r t  a n d  r e d u c t i o n  p r o c e s s e s .  The  n u m b e r  of  m o l e s  
w h i c h  are r e d u c e d  pe r  un i t  of  su r face  area and  pe r  un i t  o f  
t i m e  is g iven  by  i /nF.  The  p robab i l i t y  t ha t  an ion p r e s e n t  
in t h e  d i f f u s i o n  l aye r  wil l  be  r e d u c e d ,  is t h e  ra t io  of  t h e  
p r e v i o u s  e x p r e s s i o n  to t h e  n u m b e r  of  m o l e s  p r e s e n t  in  
t h e  d i f fu s ion  layer  

i 

nF  
p, = [11] 

Ci{,n @ CI, i 
8 + - -  

2 n F  

w i t h  C~,,n = b u l k  c o n c e n t r a t i o n  of  m e t a l  ions ,  C,, = con-  
c e n t r a t i o n  of  meta l  ions  at t h e  w o r k i n g  e l e c t r o d e  surface ,  
a n d  8 = t h e  d i f f u s i o n  l aye r  t h i c k n e s s .  T h e  f i rs t  t e r m  of  
t h e  d e n o m i n a t o r  is an a p p r o x i m a t i o n  of  t h e  m e a n  con-  
c e n t r a t i o n  in t he  d o u b l e  layer,  a n d  the  s e c o n d  t e r m  rep-  
r e s e n t s  t h e  m o l e s  e n t e r i n g  the  d i f f u s i o n  l ayer  d u e  to i. 
A c c o r d i n g  to t h e  t h e o r y  of  L e v i e h  t h e  d i f f u s i o n  l aye r  
t h i c k n e s s  8 is g iven  by 

5 = 1.61 Di,m 1/3. 1.' l/'i" 03 -1/2 [12] 

w i th  D~on = d i f fus ion  coef f ic ien t  of t he  ion, v = the  v i scos -  
i ty  of  t h e  so lu t i on ,  a n d  oa = r o t a t i o n  s p e e d  of  a r o t a t i n g  
w o r k i n g  e l ec t rode .  F r o m  the  equa l i ty  b e t w e e n  d i f fus ion  
f lux and  r e d u c t i o n  flux, it can  be d e r i v e d  tha t  

-D,,,,,(C,,,,, - C,,) i 
- [131 

8 n F  

so t h a t  Eq .  [11] can  b e  r e w r i t t e n  as 

i 
Pi = [14] 

i8 2 
nFC~,,. + - - +  i 

2D~on 

By inserting Eq. [14] in Eq. [10] it is now possible to cal- 
culate the probability for the incorporation of one 
particle P~wK.,), vs. current density, for different values of 
k and K with given values ofS, D,,,n, and C. Figure 3 shows 
this probability for K = i000 and Fig. 4 for K = 315. Some 
general features of this P~k/K.i~ function are: (i) a higher K 
demands a higher current density for an equal probabil- 
ity, (ii) the higher K, the smaller the probability for the 
incorporation of one particle at a given current density. 
In order to take into account hydrodynamic effects, the 
probability for the incorporation of one particle can 
hence be written as 

P = H .  P,wK.~ [15] 

w h e r e  H = 1 u n d e r  l a m i n a r  f low ( w h e r e  8 is d e f i n e d  by  
L e v i c h ' s  law). H = 0 u n d e r  h igh  t u r b u l e n t  flow w h e r e  the  
pa r t i c l e s  co l l ide  f r e q u e n t l y  and  can h a rd l y  e n t e r  t h e  ve ry  
t h i n  d i f f u s i o n  layer.  E x p e r i m e n t a l  e v i d e n c e  s u p p o r t i n g  
th i s  h y p o t h e s i s  has  a l r e a d y  b e e n  s h o w n  b a s e d  on ro ta t -  
ing  d i sk  e x p e r i m e n t s  (22). 0 < H < 1 in t he  t r ans i t i on  and  
ear ly  t u r b u l e n t  r eg imes .  

C a l c u l a t i o n  o f  c o e f f i c i e n t  N,, . - -The  n e x t  p a r a m e t e r  in 
f o r m u l a  [7] to be  d e t e r m i n e d  is N,,, t h e  n u m b e r  of  
pa r t i c l e s  c ro s s i n g  the  d i f fu s ion  layer  at t he  w o r k i n g  elec-  
t r o d e  pe r  u n i t  o f  t i m e  a n d  s u r f a c e  area.  In  a n a l o g y  w i t h  
t he  ca lcu la t ion  w h e r e  the  p robab i l i t y  to i n c o r p o r a t e  one  
p a r t i c l e  (P) was  r e l a t e d  to t h e  p r o b a b i l i t y  to r e d u c e  one  
ion  (P0 (cf. f o r m u l a  [10]), Np is h e r e  a s s o c i a t e d  w i t h  t h e  
n u m b e r  of  ions  be ing  r e d u c e d  (N,,,,,) 

0.5- 
g 

0 " k=500  

0 5 10 

Current  dens i ty  {Afdm 2) 
Fig. 3. Probability for the incorporation of one particle vs. current 

density for K = 1000. 
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C * l J  
N,, = Nmn" [16] 

w i t h  N,, = n u m b e r  of  p a r t i c l e s  c r o s s i n g  t h e  d i f f u s i o n  
l aye r  p e r  s e c o n d  a n d  pe r  u n i t  of  s u r f ace  area ,  N,,n = n u m -  
b e r  of  i o n s  c r o s s i n g  t h e  d i f f u s i o n  l a y e r  p e r  s e c o n d  a n d  
p e r  u n i t  of  s u r f a c e  area,  C% = n u m b e r  of  p a r t i c l e s  in  t h e  
b u l k  of  t h e  so lu t i on ,  C*,,n = n u m b e r  of  ions  in  t he  b u l k  of  
t h e  so lu t i on .  C a l c u l a t i o n  of  C*p a n d  C*~,,,~ c a n  b e  d o n e  b y  
c o n v e r t i n g ,  r e s p e c t i v e l y ,  m a s s  c o n c e n t r a t i o n s  of  par -  
t i c les  a n d  ions  i n to  n u m b e r  of  p a r t i c l e s  a n d  ions  acco rd -  
ing  to t h e  f o l l o w i n g  e q u a t i o n s  

Cp 
C O p  - 

W,, 

Ci.nNA 
C * i o  n - 

M 

i .  NA 
N,, n - 

n F  

w i t h  Cp = c o n c e n t r a t i o n  of  pa r t i c l e s  in  p l a t i n g  b a t h  a n d  
NA = A v o g a d r o ' s  n u m b e r .  

E q u a t i o n  [16] is v a l i d  as  l o n g  as  p a r t i c l e s  a n d  i o n s  
m o v e  at  t h e  s a m e  ra te .  Th i s  is o n l y  t h e  ca se  w h e n  t h e  re- 
a c t i o n  is u n d e r  c h a r g e - t r a n s f e r  o v e r v o l t a g e  c o n t r o l ,  i.e., 
w h e n  t h e  r e d u c t i o n  of  ions ,  e i t h e r  f ree  or a d s o r b e d ,  is t h e  
r a t e  c o n t r o l l i n g  s t e p  w h i l e  d i f f u s i o n  is f a s t  e n o u g h  to 
p r o v i d e  t h e  i ons  for  r e d u c t i o n .  In  t h e  c o n c e n t r a t i o n  
overvoltage region the transport step, which takes place 
by diffusion in the diffusion layer, dominates the reac- 
tion rate. Since the particles with their ionic cloud dif- 
fuse much slower than the free ions, and since this effect 
is more pronounced at higher current densities, the rela- 
tive diffusion of the particles can be written as 

where it,. = transition current density from charge trans- 
fer to concentration overvoltage control and c~ = measure 
of interaction between free and adsorbed ions due to cur- 
rent density effects, a is equal to zero for a reduction pro- 
cess under charge transfer overvoltage control. For a re- 
duction process which is under mass transfer eontro] c~ is 
not equal to zero. 

By combination of formula [9], with [7], [15], and [17] 
one can now derive the final expression for the weight 
percent embedded spherical particles as a function of 
current density 

w/o emb. spherical part. = 

4~rr:'p, �9 N~,,n " C * ' ~ ' ( ~ ) ~ ' H ' P , k / K , }  
C*hm 

100 [18] 

- -  + 4~r:~p,,N~,,,. H .  P~k/~ ,, 
nF C%,n " 

O n e  o f  t h e  m a i n  p a r a m e t e r s  of  t h e  m o d e l  is itT, i .e.,  t h e  
c u r r e n t  d e n s i t y  at  w h i c h  t h e  r e d u c t i o n  r e a c t i o n  c h a n g e s  
f r o m  c h a r g e - t r a n s f e r  to m a s s  t r a n s p o r t  con t ro l .  I t  de te r -  
m i n e s  t h e  p o s i t i o n  of  t h e  m a x i m u m  in  t h e  c u r v e  of  N,, vs. 
i a n d  i n d i r e c t l y  t h e  v a l u e  of  t h e  m a x i m u m  c o d e p o s i t i o n  
level .  H e n c e  an  e x t r e m e l y  a c c u r a t e  m e a s u r e m e n t  or  cal- 
c u l a t i o n  of  t h e  v a l u e  of  itr is n e c e s s a r y  for  t h e  p r e d i c t i o n  
of  a n y  c o d e p o s i t i o n  c u r v e .  A n y  s h i f t  of  t h e  p o l a r i z a t i o n  
c u r v e  d u e  to t h e  a d d i t i o n  of  p a r t i c l e s  in  t h e  s o l u t i o n  
m u s t  t h u s  b e  d e t e r m i n e d  s i n c e  i t  wi l l  i n f l u e n c e  itr. W i t h  
i n c r e a s i n g  b a t h  l oad  of  pa r t i c les ,  itr wi l l  c h a n g e  a n d  con-  
s e q u e n t l y  t h e  l o c a t i o n  of  t h e  m a x i m u m  of  t h e  c u r v e  N,  
vs.  i wil l  c h a n g e .  

T h e  f o r m u l a t i o n  of  t h e  p r e s e n t  m o d e l  s h o w s  t h a t  t h e  
p r o c e s s  d e p e n d s  o n  m a n y  v a r i a b l e s  o f  w h i c h  t h e  m o s t  
i m p o r t a n t  are:  (i) t h e  c u r r e n t  d e n s i t y  or  o v e r p o t e n t i a l  
w h i c h  i n f l u e n c e s  al l  t h e  t e r m s  in  f o r m u l a  [18] e x c e p t  
t h o s e  r e l a t e d  to t h e  p a r t i c l e :  (ii)  t h e  a d s o r b e d  l a y e r  o n  

- osl / / / k=31o 

o ~  
r~ 5 10 

Current  d e n s i t y  (A/dm 2) 
Fig. 4. Probability for the incorporation of one particle vs.  current 

density for K = 315. 

the particle which determines the probability for co- 
deposition through the ratio k/K, the position of the max- 
imum on the current-axis, and the factor Np in the con- 
centration overvoltage zone; (iii) the particle itself with 
its proper weight and its amount in suspension; (iv) the 
metal ions to be reduced which determine where the co- 
deposition goes through a maximum and the factor N,,; 
(v) hydrodynamic conditions which influence toa great 
extent Np and the probability for codeposition. 

At this stage of the discussion, one has to give some at- 
tention to the applicability of the present model. Consid- 
ering the electrolytic codeposition of particles, one has 
to differentiate between the codeposition of electrical 
nonconducting particles and conducting particles. Con- 
ducting particles are generally codeposited to a much 
larger weight percent than nonconducting particles, and 
they also tend to cause dendritic outgrowth of the metal- 
lic matrix. Looking back to the present model, one could 
object that the specific electrical conductivity of the 
particles is not included as a parameter. Nevertheless the 
effect of this electrical conductivity is indirectly re- 
flected by the k value selected for the calculation of the 
c o e f f i c i e n t  P,k/K.,- I n d e e d ,  in  t h e  c a s e  of  c o n d u c t i n g  
pa r t i c l e s ,  t h e  n u m b e r  o f  a d s o r b e d  ions  to  b e  r e d u c e d  o u t  
o f  K a d s o r b e d  i ons  n e c e s s a r y  to o b t a i n  a c o d e p o s i t i o n ,  
wi l l  b e  s m a l l e r  t h a n  in  t h e  ca se  of  n o n c o n d u c t i n g  par -  
t ic les  b e c a u s e  of t h e  p o l a r i z a t i o n  of  c o n d u c t i n g  pa r t i c l e s .  
T h i s  m e a n s  t h a t  for  all  o t h e r  p a r a m e t e r s  b e i n g  c o n s t a n t ,  
a h i g h e r  p r o b a b i l i t y  of  c o d e p o s i t i o n  is e x p e c t e d  for  con-  
d u c t i n g  p a r t i c l e s .  T h e  o u t g r o w t h  of  t h e  m e t a l l i c  m a t r i x  
is s t r i c t l y  r e l a t e d  to t he  p o l a r i z a t i o n  of  t h e s e  c o n d u c t i n g  
p a r t i c l e s  w h i c h  a l l o w s  t h e  f o r m a t i o n  of  m e t a l l i c  n u c l e i  
o v e r  t h e  o u t w a r d  s u r f a c e  of  t h e  p a r t i c l e s  o n c e  t h e s e  a re  
in  d i r e c t  c o n t a c t  w i t h  t he  ca thode .  

F ina l ly ,  one  can  w o n d e r  w h y  a c r i t i ca l  w a i t i n g  t i m e  of  
p a r t i c l e s  a t  t h e  c a t h o d e  is n o t  c o n s i d e r e d  e x p l i c i t l y  in  
t h e  p r e s e n t  m o d e l .  I n d e e d  s o m e  r e s e a r c h e r s  (10) h a v e  
t r i e d ,  b u t  w i t h o u t  s u c c e s s ,  to  i n c l u d e  a c r i t i c a l  t i m e  in  
t h e i r  m o d e l .  I n  t h e  p r e s e n t  m o d e l  a p o s s i b l e  c r i t i ca l  t i m e  
is i n c o r p o r a t e d  in  t h e  c a l c u l a t i o n  of  t h e  p r o b a b i l i t y  coef-  
f i c i e n t  P(k/K.~,. C o n s i d e r i n g  t h e  c o l l i s i o n  o f  i n c o m i n g  
p a r t i c l e s  w i t h  p a r t l y  e m b e d d e d  p a r t i c l e s ,  o n e  c a n  s ay  
t h a t  in  t h e  c a s e  of  n o n c o n d u c t i n g  p a r t i c l e s  a c o d e p o s i -  
t i o n  a t  t h e  t op  of  a p a r t l y  e m b e d d e d  pa r t i c l e  wil l  n o t  oc- 
c u r  s i nce  t h e  r e d u c t i o n  of  k a d s o r b e d  ions  c a n n o t  occur .  
I n  t h e  ca se  of  c o n d u c t i n g  pa r t i c l e s  t h e  p o l a r i z a t i o n  of  t h e  
p a r t i c l e s  c a n  i n d e e d  a l low t h e  c o d e p o s i t i o n  of  a n  i n c o m -  
i n g  p a r t i c l e  a t  t h e  t o p  of  a p a r t l y  e m b e d d e d  p a r t i c l e .  I n  
a n a l o g y  w i t h  t h e  p r e c e d i n g  d i s c u s s i o n  t h i s  wi l l  f u r t h e r  
i n c r e a s e  t h e  p r o b a b i l i t y  of  c o d e p o s i t i o n  t h r o u g h  t h e  low- 
e r i n g  of  t h e  v a l u e  k in  P~k/K.i, 

Appl icat ion of the Present Model  to Real Codeposit ion 
Data 

T h e  c o d e p o s i t i o n  o f  A120~-par t ic les  w i t h  c o p p e r  f r o m  
a c i d i c  s u l f a t e  p l a t i n g  b a t h s  h a s  b e e n  e x t e n s i v e l y  re-  
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Table I. Experimental conditions and relevant dato for 
Cu-AI20.~ codeposition using rotating disk electrodes 

Solution CuSO4 - 5H20 C(.~2+ = 30 g/liter 
pH 0.3 Mcu = 63.5 g/mol 

dc~2+ = 2.2A 
n = 2  
v = 2 cSt 
D = 0.147 x 10-:' em'-'/s 
T = 20~ 

Particles ~-Al2Oa p, ,  = 3.7 g/cm :~ 
d,, = 0.05 ixm 
Ca,2,,:, = 20 g/liter 
Specific surface area 80 m~/g 

Adsorbed ions Cu ++, H + 0.2 mg Cu ++ on lg AI.,O:, 
on particles 

Reduction Cu ~+ --~ Cu i,,. - 2 Aldm ~ 
reaction i,,,,, - 10 AJdm z 

Flow regime Laminar Rotation speed: 400 rpm 
8 = 50 t~m 

p o r t e d  in  l i t e r a t u r e  (7, 8, 14, 23, 24). E x p e r i m e n t a l  cond i -  
t i o n s  u s e d  in  t h e  p r e s e n t  s t u d y  a n d  d a t a  n e c e s s a r y  for  
t h e  c a l c u l a t i o n  a re  s u m m a r i z e d  in  T a b l e  I. B a s e d  o n  
t h e s e  d a t a  t h e  d i f f e r e n t  p a r a m e t e r s  of  t h e  m o d e l  c a n  b e  
c a l c u l a t e d  s e p a r a t e l y  

4~rr =' 
W, - p, = 2.4 x 10 -~' kg  [19] 

3 

A W m  - 
M i  

n F  
- 0.33 x 10 -6 x i kg  - m -~ . s -~ [20] 

N,  = N i o n  ' - -  

C$ion  

= 9.187 x i x x 10" m -2. s - '  [21] 

i i 
Pi = - [22] 

i82 45.3 + 6.4 i 
C~,,,SnF + - - +  i 

2D .... 

K = 740 ions /pa r t i c l e ,  H = 1 

P = H �9 P~k/K.i) = 1 " P(WK.i, p l o t t e d  in Fig. 5, for  d i f f e r e n t  ra- 
t io s  of  k / K .  F o r  t h e  a p p l i c a t i o n  of  t h e  m o d e l  t w o  p a r a m e -  
t e r s  h a v e  s t i l l  to b e  d e t e r m i n e d ,  n a m e l y  k a n d  ~. A c c o r d -  
ing  to t h e  m o d e l  i t  is a s s u m e d  t h a t  in  t h e  c h a r g e - t r a n s f e r  
c o n t r o l  r e g i o n  a = 0. F r o m  t h e  c o m p a r i s o n  b e t w e e n  ex-  
p e r i m e n t a l  a n d  t h e o r e t i c a l  r e s u l t s  k m a y  b e  e v a l u a t e d .  E / ! 1 
T h e  f inal  f o r m u l a t i o n  of  t he  m o d e l  in  t h e  c h a r g e - t r a n s f e r  1 . 5  
o v e r v o l t a g e  r e g i o n  is t h e n  [ A t  ~ e x  p e r i m e n ~ G [  

w/o e m b e d d e d  A120:~ = 66.8 x P~r,,s,, [23] Q---t::I t h e o r e t  jcc l [  

1.0 , , , , , " - - ,  r J 

~ I / X _ .  
o.s/- / / / / / i , t 0.5 

' ,. , 

0 , , "~" 0 2 L 6 
0 5 10 

Current density (A/dm 2} Current densi ty  {A/dm 2} 
Fig. 5. Probability for the incorporation of one particle vs.  current Fig. 6. Experimental and predicted results for Cu-AI20:~ codeposition 

density for K = 740. on a rotating disk electrode. 

O n c e  k is k n o w n ,  t h e  v a l u e  of  a in  t h e  c o n c e n t r a t i o n  
o v e r v o l t a g e  r e g i o n  can  b e  d e d u c e d  f rom t h e  e x p e r i m e n -  
ta l  c o d e p o s i t i o n  resu l t s .  T h e  m o d e l  in  t h e  r e g i o n  of  con-  
c e n t r a t i o n  o v e r v o l t a g e  t h e n  b e c o m e s  

w/o e m b e d d e d  A120.~ = 66.8 x (2/i) '~ x Pc~,.i~ [24] 

T h e o r e t i c a l  a n d  e x p e r i m e n t a l  r e s u l t s  a re  p l o t t e d  in Fig. 6 
a n d  a re  f o u n d  to fit well .  B a s e d  o n  t h e s e  v a l u e s  o f ~  a n d  k 
o b t a i n e d  o n  a r o t a t i n g  d i s k  e l e c t r o d e  u n d e r  c o n t r o l l e d  
m a s s  t r a n s p o r t  c o n d i t i o n s ,  da t a  p u b l i s h e d  ea r l i e r  for  t h e  
c o d e p o s i t i o n  of  a l u m i n a  w i t h  c o p p e r  on  a v e r t i c a l  c a t h -  
ode  w i t h  v i b r a t i n g  p e r f o r a t e d  b o t t o m  p l a t e  p r o v i d i n g  t h e  
n e c e s s a r y  a g i t a t i o n  (14) c a n  b e  c h e c k e d .  S i n c e  a n  i den -  
t i ca l  c o d e p o s i t i o n  s y s t e m  is c o n s i d e r e d ,  w h e r e  o n l y  t h e  
a g i t a t i o n  r a t e  v a r i e s ,  t h e  m o d e l  p a r a m e t e r s  do  n o t  n e e d  
to  b e  mod i f i ed ,  e x c e p t  H t h a t  wil l  d i f f e r  f r o m  u n i t y  w h i l e  
i t r  d e r i v e d  f r o m  a p o l a r i z a t i o n  m e a s u r e m e n t  is t a k e n  
e q u a l  to 1.65 A /d in  2. Wi th  H = 0.25 t h e  m o d e l  is t h e n  ex-  
p r e s s e d  by  

w / o e m b e d d e d A l ~ O ,  0 . 1 6 7 (  1'~ 5 )~ = ~ x P ~ . . ,  [25] 

w i t h  a = 0 for  i < 1.65 A /d in  2 a n d  a = 6 for  i > 1.65 A / d m  2. 
T h e  c o m p a r i s o n  b e t w e e n  e x p e r i m e n t a l  a n d  t h e o r e t i c a l  

d a t a  is s h o w n  in  Fig.  7. T h e  d e v i a t i o n  b e t w e e n  t h e o r y  
a n d  e x p e r i m e n t  is p r o b a b l y  d u e  to t h e  e x p e r i m e n t a l  
s e tup ,  in  w h i c h  no  c o n s t a n t  d o u b l e  l aye r  t h i c k n e s s  is ob-  
t a i n e d ,  a n d  t h e  f lux  of  i ons  a n d  p a r t i c l e s  is n o t  u n i f o r m  
o v e r  t h e  e l e c t r o d e  su r f ace .  N o t i c e  t h e  l o w e r  p r e d i c t e d  
a n d  e x p e r i m e n t a l l y  ver i f ied  c o d e p o s i t i o n  w h e n  o n e  goes  
f r o m  a r o t a t i n g  e l e c t r o d e  s e t u p  to a n o n r o t a t i n g  ve r t i ca l  
e l e c t r o d e  se tup .  

A s e c o n d  c o d e p o s i t i o n  s y s t e m  w h i c h  was  s t u d i e d  
u s i n g  r o t a t i n g  e l e c t r o d e  is t h e  c o d e p o s i t i o n  of  a l u m i n a  
w i t h  g o l d  f r o m  a p o t a s s i u m  go ld  c y a n i d e  s o l u t i o n .  Ex-  
p e r i m e n t a l  c o n d i t i o n s  a n d  da t a  n e c e s s a r y  for  c a l c u l a t i o n  
a re  s u m m a r i z e d  in T a b l e  II. Two  d i f f e r e n t  i,,. v a l u e s  h a v e  
to b e  u s e d  s i n c e  two  t r a n s i t i o n s  f r o m  c h a r g e  t r a n s f e r  
o v e r v o l t a g e  c o n t r o l  to c o n c e n t r a t i o n  o v e r v o l t a g e  c o n t r o l  
a p p e a r  f rom p o t e n t i o k i n ~ t i c  p o l a r i z a t i o n  m e a s u r e m e n t s  
(25). D e r i v e d  da t a  a re  

Wp = 2.4 x 10- '" kg  [26] 

AWm = 2.04 x 10 -s x i k g .  m -2- s -~ [27] 

H = 1 [28] 
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on o vertical cathode. 

N , =  1.65 x 101'3 x i x  @ m - 2 . s  -~ [29] 

In  t h e  a b s e n c e  of  da ta ,  t h e  a m o u n t  of  c o m p o n e n t s  in- 
v o l v e d  in  t h e  r e a c t i o n  is a s s u m e d  to be  p r o p o r t i o n a l  to 
t he  c o n c e n t r a t i o n  of  gold  in so lu t ion  

i 
Pi - [30] 

1.88 i + 2.12 

P = Pck/K.~) p l o t t e d  in Fig.  3 for  K = 1000 a n d  d i f f e r e n t  
va lue s  of  k / K .  

For  the  p a r a m e t e r s  of  t he  mode l ,  t h r e e  p a r a m e t e r s  stil l  
h a v e  to  be  d e t e r m i n e d  for  t h e  r e d u c t i o n  of  t h e  two  spe-  
c ies ,  n a m e l y ,  k, K, a n d  a, w i t h  a = 0 in c h a r g e - t r a n s f e r  
o v e r v o l t a g e  reg ion .  T h e  b e s t  fit o f  t h e  e x p e r i m e n t a l  re- 
s u l t s  is f o u n d  by  i n s e r t i n g  t h e  f o l l o w i n g  v a l u e s  for  t h e  
first  spec ies :  k / K  = 0.15 and  K = 200. Fo r  t he  s e c o n d  spe-  
cies,  t h e  b e s t  fit is o b t a i n e d  wi th  k / K  = 0.15 and  K = 500. 
The  m o d e l  is e x p r e s s e d  as: 
F o r  t he  r e d u c t i o n  of  t he  first  spec i e s  

w/o e m b e d d e d  AI~O.~ = 1.55 x P , ~ . ,  x [31] 

w i t h  c~ = 0 for  i < 0.35 A / d m  ~ a n d  c~ = 0.6 for  i > 0.35 
A / d m  ~. 

Table II. Experimental conditions and derived data for 
Au-AI203 codeposition using rotating disk electrodes 

Solution KAu(CN)2 CA~+ = 10.3 g/liter 
pH 4 MA, = 197 g/mol 

n = l  
dA,+ = 2.5A 
u = 0.867 cSt 
D = 0.98 x 10 -~ cm2/s 
T = 40~ 

Particles y-A1203 pp = 3.7 g/cm a 
d, = 0.05 ~xm 
CA~2o3 = 20 g/liter 

A d s o r b e d  i o n s  Au complexes, Au(CN)c, Au(CN) 
o n  particles H § 

Reduction First species it~ = 0.35 A/dm 2 
reaction Second species i t r  = 4.25 A/dm 2 

Flow regime Laminar Rotation speed: 600 rpm 
8 = 43 I~m 

2~ 

_~22 
<[ 
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20 
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E 
(3) 
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Fig. 8. Experimental and theoretical codeposition curve for the Au- 
AI203 codeposition system. 

For the reduction of the second species 

w/o e m b e d d e d  A12Oa = 1.94 x P,~7,.,) x ~ [32] 

w i t h  a = 0 for  i < 4.25 A / d m  ~ a n d  c~ = 0.5 for  i > 4.25 
A / d m  ~. 

E x p e r i m e n t a l  a n d  t h e o r e t i c a l  e o d e p o s i t i o n  c u r v e s  for  
t he  Au-A120~ on  R D E  are c o m p a r e d  in Fig. 8. 

C o n c l u s i o n s  
A n e w  m o d e l  (21), b a s e d  on a s ta t i s t ica l  a p p r o a c h ,  has  

b e e n  d e v e l o p e d  for t he  e lec t ro ly t ic  c o d e p o s i t i o n  of  ine r t  
pa r t i c l e s  w i t h  meta l s .  The  bas ic  h y p o t h e s i s  for  t he  devel -  
o p m e n t  o f  t h e  m o d e l  is e x p r e s s e d  as fo l lows :  a p a r t i c l e  
wi l l  on ly  be  i n c o r p o r a t e d  w h e n  a c e r t a i n  a m o u n t  o f  ad- 
s o r b e d  ions ,  d e p e n d i n g  on t h e  c o d e p o s i t i o n  s y s t e m  it- 
self, is r e d u c e d .  This  is t r a n s l a t e d  in to  t he  e x p r e s s i o n  

W~ �9 N , .  P 
w/o par t i c les  e m b e d d e d  = 100 

AWm+Wp.  N p . P  

w h e r e  W, = w e i g h t  o f  one  p a r t i c l e  (kg), N,, = a m o u n t  of  
pa r t i c l e s  c r o s s i n g  the  d i f fu s ion  layer  at t he  w o r k i n g  elec-  
t r o d e  per  un i t  o f  t i m e  a n d  su r face  area  at  c u r r e n t  d e n s i t y  
i (s -1 m-2), P = p r o b a b i l i t y  for  t h e  i n c o r p o r a t i o n  o f  one  
par t i c le  at a c u r r e n t  d e n s i t y  i, AWm = m a s s  of  me ta l  ma- 
t r ix  d e p o s i t e d  per  un i t  o f  t ime  a n d  su r face  area  at  c u r r e n t  
d e n s i t y  i (kg m -2 s-~). 

T h e  m o d e l  was  f o u n d  to  be  va l id  for  t h e  e l e c t r o l y t i c  
c o d e p o s i t i o n  of  Cu-A12Oa f r o m  ac id ic  s u l f a t e  b a t h s  a n d  
Au-A120:3, f rom cy an i d e  b a t h s  and  t h e r e f o r e  we  e x p e c t  it 
to be  val id  for  all o t h e r  c o m p o s i t e  p la t ing  s y s t e m s .  I f  the  
n e c e s s a r y  da ta  for t he  ca lcu la t ion  of  t he  p r o b a b i l i t y  coef-  
f ic ient  P are  no t  avai lable ,  t he  m o d e ]  p a r a m e t e r s  can  be 
d e t e r m i n e d  by  c o m p a r i n g  t h e o r y  a n d  e x p e r i m e n t .  We 
be l i eve  th is  m o d e l  will  c o n t r i b u t e  to a d e e p e r  and  m o r e  
c o m p l e t e  i n s i g h t  in to  t h e  m e c h a n i s m  of  t h e  e l e c t r o l y t i c  
c o d e p o s i t i o n  p roces se s .  

M a n u s c r i p t  s u b m i t t e d  J u n e  27, 1986; r e v i s e d  m a n u -  
s c r i p t  r e ce i v ed  Dec. 17, 1986. 

LIST OF SYMBOLS 

C~,,, bu lk  c o n c e n t r a t i o n  of  me ta l  ions  (mol m 3) 
C,, c o n c e n t r a t i o n  of  m e t a l  i ons  at  t h e  w o r k i n g  e lec-  

t r o d e  su r face  (mol m -3) 
Cp c o n c e n t r a t i o n  of  pa r t i c les  in p la t ing  b a t h  (kg m -:~) 
C*p n u m b e r  of  p a r t i c l e s  in t h e  b u l k  of  t h e  s o l u t i o n  

(m 3) 
C*~o, n u m b e r  of  ions  in t he  bu lk  of  t he  so lu t ion  (m -~) 
Cv v o l u m e  p e r c e n t  of  pa r t i c les  in t h e  p l a t i ng  b a t h  (%) 
d d i a m e t e r  of  par t i c les  (m) 
D~,,, d i f fu s ion  coef f ic ien t  of  t he  ion  (m 2 - S - 1 )  

e m m e t a l  e q u i v a l e n t  (kg A ' s - ' )  
E po ten t i a l  g r a d i e n t  (V) 
F F a r a d a y  c o n s t a n t  (96,500 A, s mo l  1) 
H coef f i c i en t  o f  h y d r o d y n a m i c  e f fec t s  ( - )  
i c u r r e n t  d e n s i t y  (A �9 m -2) 
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i, e x c h a n g e  cu r ren t  dens i ty  (A.  m -2) 
itr t r ans i t i on  cu r r en t  dens i t y  f r o m  c h a n g e - t r a n s f e r  to 

c o n c e n t r a t i o n  ove rvo l t age  cont ro l  (A �9 m -2) 
k* L a n g m u i r  cons t an t  ( - )  
K a m o u n t  of  ions adso rbed  on a par t ic le  ( - )  
M a tomic  or mola r  mass  (kg mo1-1) 
n va l ence  of  e l e c t r o d e p o s i t e d  me ta l  ( - )  
Ni,,, n u m b e r  of  ions  c r o s s i n g  the  d i f f u s i o n  l ayer  pe r  

uni t  of  t ime  and  sur face  area (s -1 - m 2) 
N,  n u m b e r  of  par t ic les  c ross ing  the  d i f fus ion  layer  at 

the  w o r k i n g  e lec t rode  per  uni t  of  t i m e  and  sur face  
area  (s -1 m -2) 

N* n u m b e r  o f  co l l i s i ons  o f  pa r t i c l e s  s u i t a b l e  for co- 
d e p o s i t i o n  per  un i t  of  t i m e  and  su r f ace  a rea  (s -1 
m-2) 

N ,  A v o g a d r o ' s  n u m b e r  (6.022 �9 102" kg 1) 
P1 p robab i l i t y  for the  ion to be  r e d u c e d  ( - )  
P p r o b a b i l i t y  for  a p a r t i c l e  to b e c o m e  i n c o r p o r a t e d  

( - )  
r rad ius  of  a par t ic le  (m) 
X,  w e i g h t  pe r cen t  of  e m b e d d e d  par t ic les  (%) 
W~, weigh t  of  one  par t ic le  (kg) 
Wm w e i g h t  inc rease  of  depos i t ed  me ta l  per  uni t  of  t ime  

and sur face  area  
m e a s u r e  of  in t e rac t ion  b e t w e e n  free and adso rbed"  
ions  due  to cu r ren t  dens i ty  effects  ( - )  

8 d i f fus ion  layer  t h i cknes s  (m) 
~,, h y d r o d y n a m i c  b o u n d a r y  layer  t h i cknes s  (ro) 
0 s t rong  adso rp t ion  cove rage  ( ) 
v k i n e m a t i c  v i scos i ty  (kg m -1 s -9  
Pm dens i ty  of  e l ec t rodepos i t ed  me ta l  (kg �9 m -:1) 
p, dens i ty  of  par t ic les  (kg m -:~) 

loose  adso rp t ion  cove rage  ( - )  
~o ro ta t ion  speed  of  the  e lec t rode  (s -1) 
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The Composition of Electrodeposited Zinc-Nickel Alloy Coatings 
Mark F. Mathias** and Thomas W. Chapman* 
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A B S T R A C T  

The  c o m p o s i t i o n  of  z inc-n icke l  a l loy films depos i t ed  on a ro ta t ing  d isk  e l ec t rode  is ana lyzed  in t e r m s  of  a one-  
d i m e n s i o n a l  t r anspor t - r eac t ion  model .  The  mass - t r ans fe r  m o d e l  i nc ludes  the  effects  of  mig ra t i on  and e o m p l e x a t i o n  of  
zinc by chloride.  It  is found that  migra t ion  in this sys tem can enhance  the interfacial  concent ra t ion  of  nickel  depos i t ion  to 
levels  exceed ing  that  in the  bulk solution. A s imple  e lec t rode  kinet ics  mode l  is pos tu la ted  to descr ibe  the part ial  cur ren t  
dens i ty  of  each m e t a l c e d u c t i o n  react ion in te rms  of e lec t rode  potential ,  interfacial  concentra t ions ,  and tempera ture .  Ki- 
net ics  parameters  appear ing  in the  mode l  are es t imated  f rom exper imen ta l  depos i t  compos i t ion  data. The  resul t ing mode l  
can predic t  alloy compos i t ion  over  a range of  plat ing condit ions,  but  e lec t rode  polarizat ion is not  p red ic ted  accurately.  A 
more  comple te  kinet ics  model ,  descr ib ing  zinc-nickel  interact ions,  is needed.  

A l loy  c o a t i n g s  on base  m e t a l  s u b s t r a t e s  can p r o v i d e  
d e s i r a b l e  su r f ace  p r o p e r t i e s  w i t h  r e s p e c t  to c o r r o s i o n  
p r o t e c t i o n ,  w e a r  r e s i s t ance ,  and  e l e c t r o m a g n e t i c  phe-  
n o m e n a .  Fo r  example ,  z inc-n icke l  coa t ings  on s tee l  g ive  
be t t e r  co r ros ion  p ro tec t ion  than  do pure  zinc films (1). In  
m a n y  cases,  i n c l u d i n g  z inc -n ickeL the  a l loy  coa t i ng  can  
be  f o r m e d  by e l ec t rodepos i t i on  (2). This  pape r  cons ide r s  
t h e  q u e s t i o n  of  h o w  ba th  c o m p o s i t i o n  and  o p e r a t i n g  
c o n d i t i o n s  d e t e r m i n e  e l e c t r o d e p o s i t e d  a l loy c o m p o s i -  
t ion .  In  pa r t i cu la r ,  a m a s s  t r ans f e r  m o d e l  is d e v e l o p e d  
for  z inc-n icke l  eh lo r ide  ba ths  tha t  pe rmi t s  co r re la t ion  of  
t h e  c o m p o s i t i o n  of  t he  d e p o s i t  on  a r o t a t i n g  d i sk  elec- 
t r ode  (RDE) wi th  p la t ing  cond i t ions  in t e rms  of  e l ec t rode  
k i n e t i c s  p a r a m e t e r s .  S u c h  a co r r e l a t i on ,  ba sed  on in ter -  
fac ia l  c o n d i t i o n s ,  s h o u l d  a p p l y  to o the r  e l e c t r o d e  con-  
f igurat ions .  

T h e  p r e m i s e  of  th is  w o r k  is tha t  a l loy  c o m p o s i t i o n  is 
d e t e r m i n e d  by the  re la t ive  rates,  or par t ia l  cu r r en t  densi-  
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t ies,  of  the  ind iv idua l  me ta l  r e d u c t i o n  reac t ions  and tha t  
the  k ine t i cs  of  these  reac t ions  are d e t e r m i n e d  by the  lo- 
cal  i n t e r f ae i a l  c o n d i t i o n s  of  so lu t e  c o n c e n t r a t i o n s ,  po- 
t en t i a l ,  t e m p e r a t u r e ;  and su r f ace  p r o p e r t i e s .  Whi le  t h e  
e l ec t rode  k ine t i cs  m a y  be  e x p r e s s e d  in t e rms  of  these  in- 
te r rac ia l  cond i t ions ,  the  la t te r  m u s t  be re la ted  to bu lk  so- 
lu t ion  cond i t ions  by m e a n s  of  a mass  t rans fe r  model .  

L a r g e - s c a l e  a l loy  e l e c t r o d e p o s i t i o n  is u s u a l l y  d o n e  at 
h i g h  c u r r e n t  d e n s i t i e s  f r o m  ba th s  in w h i c h  the  r e a c t i n g  
spec i e s  are  also m a j o r  c o n s t i t u e n t s  o f  t he  so lu t ion .  F o r  
e x a m p l e ,  a z inc-n icke l  a l loy can be  e l ec t rodepos i t ed  sue- 
c e s s f u l l y  at 400 m A / c m  ~ f r o m  a ba th  c o n t a i n i n g  m a i n l y  
n icke l  and zinc salts (3). U n d e r  t he se  cond i t ions  ionic  mi- 
g ra t ion  is c lear ly  an i m p o r t a n t  m e c h a n i s m  of mass  t rans-  
por t  tha t  m u s t  be i n c l u d e d  in a c o m p l e t e  analys is  of  the  
d e p o s i t i o n  p rocess .  B e c a u s e  m i g r a t i o n  e f f ec t s  d e p e n d  
s t r o n g l y  on the  c o n c e n t r a t i o n s  and  cha rges  of  t h e  spe-  
c ies  in t h e  so lu t ion ,  t he  s p e c i a t i o n  of  t h e  so lu te  m e t a l  
ions  m u s t  also be cons idered .  This  pape r  cons ide r s  zinc- 
n icke l  al loy depos i t ion  on an R D E  and  re la tes  ave rage  al- 
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