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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-Al,O, from acidic sulfate baths

and Au-AlLO, from additive-free potassium cyanide baths.

In the early days of composite plating most attention
was directed toward practical problems; few efforts were
made to elucidate the mechanism of codeposition. Three
possible mechanisms were put forward, namely: electro-
phoresis proposed by Whithers in 1962 (1), mechanical
entrapment suggested by Martin in 1964 (2), and adsorp-
tion of particles on the cathode mentioned by Brandes
(3)in 1967. Various investigators (4, 5) measured the zeta-
potential in dilute solutions. Since in electrolytic co-
deposition solutions of high ionic strength usually are
used, extrapolation from dilute solutions gives no relia-
ble evidence of possible electrophoretic effects. Based
on a mass transport analysis toward rotating disk elec-
trodes, it was calculated by Van Camp (6) that particles
will not reach the surface of a rotating electrode by iner-
tial forces alone as long as

0.88p,wd?v! < ¥ [1]

where p, = specific weight of particles, d = diameter of
particles, w = rotation speed of the electrode, and v = kin-
ematic viscosity. Concerning a possible adsorption ef-
fect of particles 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 codeposition pro-
cess, e.g., thallium ions drastically promote the amount
of codeposited particles from copper sulfate plating
baths, as was confirmed later by different researchers
(8-10). In this respect Foster et al. (10) reported a very low
degree of adsorption of copper ions on alumina particles,
which was supposed to be associated with the rather
poor degree of codeposition. However by the addition of
tetra ethylene pentamine and especially Tl*-ions, ad-
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sorption and codeposition behavior improved dras-
tically.

As more and more practical data concerning the effect
of electrolysis parameters on the codeposition of inert
particles with metals were gathered, a few attempts were
made to cast the experimental data into models. Saifullin
et al. (11) presented a formula to calculate the composi-
tion of composite coatings, making abstraction of any
mechanism in 1968. Bazzard et al. (12) proposed a mathe-
matical expression of the electrolytic codeposition of
solid conducting particles with metals. They obtained
for the case of the incorporation of one particle during a
deposition time, t, the following equation

— 7y
Xp=— (2]

4 .
KN wrip, + 4 wriitey,

where X, = weight percent embedded second phase
particles, e, = electrochemical equivalent 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-
tion of the composite coatings since it does not take into
account the important effects of pH, temperature, and
bath constituents.

An important step forwards was the mathematical
model derived by Guglielmi in 1972 (13). Based on a
striking similarity of the curves relating the volume per-
cent of codeposited particles (v/o) to the volume percent
of particles suspended in the plating bath (C,) with the
well-known adsorption isotherm (Fig. 1), he postulated a
mechanism based on two successive adsorption steps. A
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~ 8 T T T — h = h*(gAE + Li* ~ ab) [5]
Q 1 / 4 Because of the complex interrelationship between some
= NI—TiOz A I of these factors, only a limited amount of quantitative
0 work was done to prove the validity of expression [4]. Al-
6} - ;
though the calculation or estimation of several parame-
U o 0 o—" ters incorporated in formulas [3] and [5] is quite impossi-
8 / / ble, important benefits of Guglielmi’s and Foster’s
O A o a (o} | models lie in their contribution to a better understand-
Q k / o / ing of the mechanism of codeposition. The mathematical
0 8] 2 model proposed in this paper (21) contains measurable
£ 0/ a2 A/dm parameters so that prediction of the amount of codepos-
@ a 2 ited particles for a given system now becomes feasible.
2 /dm > -
X o 10 A/dm Description of the Model
- The proposed mechanism of electrolytic codeposition
§ | of inert particles with metals is based on two fundamen-

@] 1 1 |
0 02 04 06 08 1.0
Vol% Ti0, in suspension

Fig. 1. Yolume percent of codeposited particles vs. amount of
particles suspended in the plating bath for g Ni-TiO, system (13).

loose adsorption (o), which has an essentially physical
character, results in a rather high degree of coverage of
the cathode by particles. A subsequent strong adsorp-
tion (8) which is thought to be field assisted and therefore
electrochemical in nature, permits the entrapment of
particles in the growing metal layer. The formula so de-
duced is

i B/A
CV — Ml" . 4(1=B/A) , (
v/o anmUn ke

+ Cv) [3]

where F = Faraday constant; n = valence of the electro-
deposited metal; k* = Langmuir isotherm constant,
largely determined by the intensity of interaction be-
tween particles and cathode; M = atomic weight of the
electrodeposited metal; i, = exchange current density;
pm = density of electrodeposited metal; and v,, A, B =
constants. The validity of this model has been verified
for different codeposition systems like SiC and TiO, with
nickel from sulfamate baths (13), «- and y-Al,O, with cop-
per from acidic copper sulfate baths with and without
the addition of thallium ions (14), ALLO, with nickel from
Watts-type electrolyte (15), and TiO, with copper from
acidic copper sulfate baths (16). This substantiation of
Guglielmi’s model coming from several investigators
proves the soundness and the significance of this mathe-
matical treatment of electrolytic codeposition. However,
some objections arrived at by critically examining the
derivation and from inexplicable experimental results
from literature question the generality of the model. By
considering the two parameters ¢ and C as solely process
controlling, other important process parameters are
overlooked as hydrodynamics (17), effect of size type and
pretreatment of particles (8, 14), effect of bath constitu-
ents (18), and electrolysis conditions as pH (19) and bath
temperature. Guglielmi’s model does not allow predic-
tion of which way those parameters will affect the elec-
trolytic codeposition.

Foster and Kariapper (20), in 1974, proposed a mathe-
matical expression that could describe the effect of hy-
drodynamics. They associated the rate of codeposition
arbitrarily with the following expression

dav, N*hC,

dt 1+ hC, 141
where N* = number of collisions of particles suitable for
codeposition per second and V, = volume fraction of
particles in the deposit. The parameter h is further asso-
ciated with the adsorbed charge density (q) on a particle,
the potential field at the cathode (AE), the rate (i) at
which the metal is deposited, the bond strength (L) of the
metal/particle interface per surface area, the shape, size,
and density of the particles (a), and finally the rate of agi-
tation (b), according to Eq. [5], in which h* is a constant

tal postulates:

1. An adsorbed layer of ionic species is created around
the inert particles at the time the particles are added to
the plating solution or during the pretreatment of these
particles in ionic solutions.

2. The reduction of some of these adsorbed ionie spe-
cies is required for the incorporation of particles in the
metallic matrix.

On its way from the bulk of the solution to the site of
incorporation at the active cathode surface the inert
particle has to proceed through five stages (see Fig. 2): (1)
adsorption of ionic species upon the particle surface; (ii)
movement of the particle by forced convection towards
the hydrodynamic boundary layer (3,) at the cathode;
(i11) diffusion of the particle through the diffusion dou-
ble layer (3); (iv) adsorption of the particle, still with its
adsorbed ionic cloud, at the cathode surface; (v) reduc-
tion of some adsorbed ionic species by which the particle
becomes irreversibly incorporated in the metal matrix.
For the construction of the model it is assumed that
steady-state conditions exist, so that neither 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 attention on what is happening in the dif-
fusion layer.

At the diffusion layer the ions are moving towards the
cathode by diffusion and simultaneously take along inert
particles onto which a number of ions are adsorbed.
Once at the electrode surface, ions are reduced to meet
the demands of the reduction process at the applied
cathodic overpotential. What is then happening to the

ELECTRODE

14 adsorption+ i
A reduction

-1 formation of

ionic cloud

bulk of the
solution

Fig. 2. The five stages in the codeposition of a particle
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particles which are populating the cathode surface but
are still screened off by their ionic cloud? Here the pri-
mary hypothesis of the model is invelved: “A particle
will only be incorporated when a certain amount k out of
K-adsorbed ionic species, depending on the combination
of plating solution characteristics and particle character-
istics, is reduced.” As a consequence of this hypothesis
still another hypothesis should be added: “No distince-
tion is made between free and adsorbed ionic species
and both are considered equal with respect to transport
and reduction processes.”

The quantitative description of the incorporation of an
inert particle into a growing metallic matrix can thus be
derived from a statistical approach in which the coeffi-
cient P represents the probability for a particle to be-
come incorporated and N, the number of particles cross-
ing the diffusion layer at the working electrode per unit
of time and surface area. The primary hypothesis formu-
lated above can now be translated into an expression for
AW, = weight increase per unit of time and surface area
due to particle incorporation

AW,=W,-N,-P (6]

where W, = weight of one particle, N, having the dimen-
sion of m~2 - s7*. Assuming the particles are all spherical,
the weight of one particle is given by

" P [7]

with p, = density of the particle and r = radius of the
particle. The weight increase per unit of time and surface
area due to pure metal deposition (AW,,) can be derived
from Faraday’s law assuming a 100% current efficiency

Mi
AW =
W F (8]

with M = molecular weight of the element deposited, n =
number of electrons participating in the reduction reac-
tion M** + ne- — M, F = Faraday constant, and i = cur-
rent density. The weight percent (w/o) embedded par-
ticles in a composite coating can generally be expressed
as

i AW,
w/o particles embedded = m 100
B MiW" NP 00 )
+ W, -N,-P

Calculation of the coefficient P.—Let us consider the
case where a coating is deposited at a current density i. If
one considers that the probability for one ion to be re-
duced (p;) at current density i is available, then the prob-
ability for the incorporation of one particle based on the
reduction of k-ions out of K-ions [Py.k.;,] at current den-
sity 1 can be calculated from a binomial distribution

K
Puorn = E CH1 - pil*7ps® [10]
2=k

The calculation of the probability for one ion to be re-
duced (p;) is simplified by the consideration that no dis-
tinction has to be made between free and adsorbed ions
so that both can be treated equal with respect to trans-
port and reduction processes. The number of moles
which are reduced per unit of surface area and per unit of
time is given by i/nF. The probability that an ion present
in the diffusion layer will be reduced, is the ratio of the
previous expression to the number of moles present in
the diffusion layer

_ nkF 11
p‘ Cirm + Cu 7' [ ]
3+
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with C,,, = bulk concentration of metal ions, C, = con-
centration of metal ions at the working electrode surface,
and & = the diffusion layer thickness. The first term of
the denominator is an approximation of the mean con-
centration in the double layer, and the second term rep-
resents the moles entering the diffusion layer due to 1.
According to the theory of Levich the diffusion layer
thickness § is given by

5 = 1.61 D;,,'"* -

pVh 12 [12]

with D,,, = diffusion coefficient of the ion, v = the viscos-
ity of the solution, and » = rotation speed of a rotating
working electrode. From the equality between diffusion
flux and reduction flux, it can be derived that

_Dum Cum - Cu :
¢ ) o (13]
8 nF
so that Eq. [11] can be rewritten as
1
P = o [14]
FCipy + ——— + i
" ZDi(m '

By inserting Eq. [14] in Eq. [10] it is now possible to cal-
culate the probability for the incorporation of one
particle Py k., vs. current density, for different values of
k and K with given values of 8, Dy,,, and C. Figure 3 shows
this probability for K = 1000 and Fig. 4 for K = 315. Some
general features of this P k., function are: (i) a higher K
demands a higher current density for an equal probabil-
ity, (i2) 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(k/K.i) [15]

where H = 1 under laminar flow (where 8 is defined by
Levich’s law). H = 0 under high turbulent flow where the
particles collide frequently and can hardly enter the very
thin diffusion layer. Experimental evidence supporting
this hypothesis has already been shown based on rotat-
ing disk experiments (22). 0 < H < 1 in the transition and
early turbulent regimes.

Calculation of coefficient N,,—The next parameter in
formula [7] to be determined is N,, the number of
particles crossing the diffusion layer at the working elec-
trode per unit of time and surface area. In analogy with
the calculation where the probability to incorporate one
particle (P) was related to the probability to reduce one
ion (p;) (cf. formula [10]), N, is here associated with the
number of ions being reduced (N,,,)

10

K=1000

Probability
o
(&3]

]

4

k=500 -1
. | n re 5
0 5 10
Current density {Ardm?)

Fig. 3. Probability for the incorporation of one particle vs. current
density for K = 1000.
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C*,

Nv = Nmn . C*
jon

[16]

with N, = number of particles crossing the diffusion
layer per second and per unit of surface area, N;,, = num-
ber of ions crossing the diffusion layer per second and
per unit of surface area, C*, = number of particles in the
bulk of the solution, C*,, = number of ions in the bulk of
the solution. Calculation of C*, and C*%,,, can be done by
converting, respectively, mass concentrations of par-
ticles and ions into number of particles and ions accord-
ing to the following equations

C
C*, ="
¥ W,,
CinnNA
C*i(m =
M
Nion = L NA
nF

with C, = concentration of particles in plating bath and
N, = Avogadro’s number.

Equation [16] is valid as long as particles and ions
move at the same rate. This is only the case when the re-
action is under charge-transfer overvoltage control, i.e.,
when the reduction of ions, either free or adsorbed, is the
rate controlling step while diffusion is fast enough to
provide the ions for reduction. In the concentration
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

— . C*D . ( itr )a
Ny = Nign cr i [17]
where i, = transition current density from charge trans-
fer to concentration overvoltage control and « = measure
of interaction between free and adsorbed ions due to cur-
rent density effects. « is equal to zero for a reduction pro-
cess under charge transfer overvoltage control. For a re-
duction process which is under mass transfer control a 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. =

C*, iy \
477r%p), - Nign * o L. ( ; ) “H - Pok.w
' in . -100 (18]
3Mi A % [
F + 41TT‘lp|.Niun : C*"’ln ( ; ) H- P(k/K-”

One of the main parameters of the model is i, i.e., the
current density at which the reduction reaction changes
from charge-transfer to mass transport control. It deter-
mines the position of the maximum in the curve of N, vs.
i and indirectly the value of the maximum codeposition
level. Hence an extremely accurate measurement or cal-
culation of the value of i,, is necessary for the prediction
of any codeposition curve. Any shift of the polarization
curve due to the addition of particles in the solution
must thus be determined since it will influence i,;. With
increasing bath load of particles, i, will change and con-
sequently the location of the maximum of the curve N,
vs. © will change.

The formulation of the present model shows that the
process depends on many variables of which the most
important are: (i) the current density or overpotential
which influences all the terms in formula {18] except
those related to the particle: (ii) the adsorbed layer on

MATHEMATICAL MODEL

1.0

Probability
o
n

$ 10
Current density (A/dm?d)

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 N, 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 to'a great
extent N, 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
coefficient P, «.,- Indeed, in the case of conducting
particles, the number of adsorbed ions o be reduced out
of K adsorbed ions necessary to obtain a codeposition,
will be smaller than in the case of nonconducting par-
ticles because of the polarization of conducting particles.
This means that for all other parameters being constant,
a higher probability of codeposition is expected for con-
ducting particles. The outgrowth of the metallic matrix
is strictly related to the polarization of these conducting
particles which allows the formation of metallic nuclei
over the outward surface of the particles once these are
in direct contact with the cathode.

Finally, one can wonder why a critical waiting time of
particles at the cathode is not considered explicitly in
the present model. Indeed some researchers (10) have
tried, but without success, to include a critical time in
their model. In the present model a possible critical time
is incorporated in the calculation of the probability coef-
ficient P,,/k;. Considering the collision of incoming
particles with partly embedded particles, one can say
that in the case of nonconducting particles a codeposi-
tion at the top of a partly embedded particle will not oc-
cur since the reduction of k adsorbed ions cannot occur.
In the case of conducting particles the polarization of the
particles can indeed allow the codeposition of an incom-
ing particle at the top of a partly embedded particle. In
analogy with the preceding discussion this will further
increase the probability of codeposition through the low-
ering of the value k in P ;.

Application of the Present Model to Real Codeposition
Data

The codeposition of Al,O;-particles with copper from
acidic sulfate plating baths has been extensively re-
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Table . Experimental conditions and relevant data for
Cu-Al,O; codeposition using rotating disk electrodes
Solution CuSO, - 5H,0 Ce2r = 30 gltiter
pH 0.3 M, = 63.5 g/mol
ders = 2.2A4
n=2
v=2cSt
D = 0.147 x 107> em¥s
T = 20°C
Particles v-AlLO, pp = 3.7 glem?
d, = 0.05 pm
Caioy = 20 g/liter
Specific surface area 80 m¥/g
Adsorbed ions  Cu**, H* 0.2 mg Cu** on lg ALO,
on particles
Reduction Cu**— Cu te = 2 A/dm?®
reaction i = 10 A/dm?
Flow regime Laminar Rotation speed: 400 rpm
3 = 50 um

ported in literature (7, 8, 14, 23, 24). Experimental condi-
tions used in the present study and data necessary for
the calculation are summarized in Table I. Based on
these data the different parameters of the model can be
calculated separately

4t

W, = pp =24 x10"" kg [19]
AW, = M 033 % 100 x ikg-mF-s [20]
nF
C*, By \®
ND = Ni(ln : C*iﬂ" ’ < 1: )
) 2\ S
=9.187Txix e X 10" m~2-s! [21]
i 1
D = e = - [22]
45.3 + 6.
CindnF + + 1 5.3+ 6.41
K = 740 ions/particle, H=1

P =H-Pyxy=1-Puxnplotted in Fig. 5, for different ra-
tios of k/K. For the application of the model two parame-
ters have still to be determined, namely k and «. Accord-
ing to the model it is assumed that in the charge-transfer
control region a = 0. From the comparison between ex-
perimental and theoretical results k may be evaluated.
The final formulation of the model in the charge-transfer
overvoltage region is then

w/o embedded ALO, = 66.8 X P, [23]

1.0

Probability
o
un

0 .

Current density ( Ajdm?)

Fig. 5. Probability for the incorporation of one particle vs. current
density for K = 740.
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Once k is known, the value of o in the concentration
overvoltage region can be deduced from the experimen-
tal codeposition results. The model in the region of con-
centration overvoltage then becomes

w/o embedded Al,O; = 66.8 X (2/i)* X Pyoy  [24]

Theoretical and experimental results are plotted in Fig. 6
and are found to fit well. Based on these values of « and k
obtained on a rotating disk electrode under controlled
mass transport conditions, data published earlier for the
codeposition of alumina with copper on a vertical cath-
ode with vibrating perforated bottom plate providing the
necessary agitation (14) can be checked. Since an iden-
tical codeposition system is considered, where only the
agitation rate varies, the model parameters do not need
to be modified, except H that will differ from unity while
iy, derived from a polarization measurement is taken
equal to 1.65 A/dm?2. With H = 0.25 the model is then ex-
pressed by

1.65
w/o embedded Al,O, = 0.167 < ;

) X P [25)

with a = 0 for i < 1.65 A/dm? and o = 6 for i > 1.65 A/dm?.

The comparison between experimental and theoretical
data is shown in Fig. 7. The deviation between theory
and experiment is probably due to the experimental
setup, in which no constant double layer thickness is ob-
tained, and the flux of ions and particles is not uniform
over the electrode surface. Notice the lower predicted
and experimentally verified codeposition when one goes
from a rotating electrode setup to a nonrotating vertical
electrode setup.

A second codeposition system which was studied
using rotating electrode is the codeposition of alumina
with gold from a potassium gold cyanide solution. Ex-
perimental conditions and data necessary for calculation
are summarized in Table II. Two different i,, values have
to be used since two transitions from charge transfer
overvoltage control to concentration overvoltage control
appear from potentiokinetic polarization measurements
(25). Derived data are

W, =24 x 10" kg [26]

AW, =2.04 X 1078 x tkg - m™2-57} [27]

H=1 [28]

T T 1
1.5 _ =
4 e—e experimental
o-o theoretical
(o]

(@)

N 1.0} .
<

Cu-Al,0
o 273

Q
O
©

3 05} .
E
a

S N
Q

; | 1 \CIL\

0 2 l B 8
Current density (Ajdm 2)

Fig. 6. Experimental and predicted results for Cu-Al,0, codeposition
on a rotating disk electrode.
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26 ' ' ' ' T " ' '
o experiment & la e—e experiment
o |2 a- -6 model
a8 theory e lf"'\ ------ sum(model)
221 . 5 -
2091 V-A,0y | = 1 £
™ ~Ne ]
(@) 02 o 8 N / \A\
N 3 a . Sy J
< Cu-Al,0 § 20} LA =
- 0 “ .
723 E ) / /
|
© NS / AU-A[203
5 < 18} ]
R 0 1 L. ; . ! N 1 N 1 1 L "
_8 o 0 2 4 6 8 10
£ Current density (A/dm?2)
Q Fig. 8. Experimental and theoretical codeposition curve for the Au-
° Al,O; codeposition system.
o~
(=]
E For the reduction of the second species
0 ) 1 L

0 2 b 6 8
Current density (A/d m?)

Fig. 7. Experimental and predicted results for Cu-Al,Q, codeposition
on a vertical cathode.

N, = 1.65 x 10 x i X < ‘ff) m--s-l (2]
1

In the absence of data, the amount of components in-
volved in the reaction is assumed to be proportional to
the concentration of gold in solution

i
1.881 + 2.12

P = P, plotted in Fig. 3 for K = 1000 and different
values of k/K.

For the parameters of the model, three parameters still
have to be determined for the reduction of the two spe-
cies, namely, k, K, and «, with « = 0 in charge-transfer
overvoltage region. The best fit of the experimental re-
sults is found by inserting the following values for the
first species: k/K = 0.15 and K = 200. For the second spe-
cies, the best fit is obtained with k/K = 0.15 and K = 500.
The model is expressed as:

For the reduction of the first species

b= [30]

0.35

w/o embedded Al,O; = 1.55 X Pz.4 X ( ) [31]

with o = 0 for i < 0.35 A/dm?® and « = 0.6 for i > 0.25
A/dm?.

Table Il. Experimental conditions and derived data for
Au-Al,O; codeposition using rotating disk electrodes

Solution KAu(CN), Cuu+ = 10.3 g/liter
pH 4 M,, = 197 g/mol

n=1
da+ = 2.5A
v = 0.867 cSt
D = 0.98 x 10-3 cm¥s
T = 40°C

Particles v-Al, Oy pp = 3.7 g/lem?

Adsorbed ions  Au complexes,
on particles H*

Au(CN),”, Au(CN)

Reduction
reaction

iy = 0.35 A/dm?
iy = 4.25 A/dm?

Rotation speed: 600 rpm
=43 pm

First species
Second species

Flow regime Laminar

' 4.25 \e
w/o embedded Al,O; = 1.94 X P50, % ( _5 > [32]

with o = 0 for ¢ < 4.25 A/dm? and a = 0.5 for i > 4.25
A/dm?,

Experimental and theoretical codeposition curves for
the Au-AlL,O; on RDE are compared in Fig. 8.

Conclusions

A new model (21), based on a statistical approach, has
been developed for the electrolytic codeposition of inert
particles with metals. The basic hypothesis for the devel-
opment of the model is expressed as follows: a particle
will only be incorporated when a certain amount of ad-
sorbed ions, depending on the codeposition system it-
self, is reduced. This is translated into the expression

W, -N,-P

- 100
AW, +W,-N,-P

w/o particles embedded =

where W, = weight of one particle (kg), N, = amount of
particles crossing the diffusion layer at the working elec-
trode per unit of time and surface area at current density
1 (s7' m~?), P = probability for the incorporation of one
particle at a current density i, AW,, = mass of metal ma-
trix deposited per unit of time and surface area at current
density i (kg m=2s7!).

The model was found to be valid for the electrolytic
codeposition of Cu-Al,O, from acidic sulfate baths and
Au-Al,O;, from cyanide baths and therefore we expect it
to be valid for all other composite plating systems. If the
necessary data for the calculation of the probability coef-
ficient P are not available, the model parameters can be
determined by comparing theory and experiment. We
believe this model will contribute to a deeper and more
complete insight into the mechanism of the electrolytic
codeposition processes.

Manuscript submitted June 27, 1986; revised manu-
script received Dec. 17, 1986.

LIST OF SYMBOLS

wwn bulk concentration of metal ions (mol m=3)

concentration of metal ions at the working elec-

trode surface (mol m~-3)

concentration of particles in plating bath (kg m=3)

number of particles in the bulk of the solution

(m~)

ion NUmMber of ions in the bulk of the solution (m™*)
volume percent of particles in the plating bath (%)
diameter of particles (m)

ion diffusion coefficient of the ion (m?- s™1)

metal equivalent (kg A~' s7")

potential gradient (V)

Faraday constant (96,500 A, s mol™)

coefficient of hydrodynamic effects (—)

current density (A - m™2)

an
< * U*'U <
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iy exchange current density (A - m~?)

. transition current density from change-transfer to
concentration overvoltage control (A - m~2)

k*  Langmuir constant (—)

K amount of ions adsorbed on a particle (-)

M atomic or molar mass (kg mol-")

n valence of electrodeposited metal (-)

Ni,» number of ions crossing the diffusion layer per
unit of time and surface area (s~!' - m2)

N, number of particles crossing the diffusion layer at
the working electrode per unit of time and surface
area (s~! m~%)

N*  number of collisions of particles suitable for co-

de%osition per unit of time and surface area (s™!

m-

Avogadro’s number (6.022 - 102 kg™1)

probability for the ion to be reduced (—)

probability for a particle to become incorporated

(=)

radius of a particle ()

weight percent of embedded particles (%)

weight of one particle (kg)

weight increase of deposited metal per unit of time

and surface area

»

B =

SEDR

=

R

ions due to current density effects (—)
diffusion layer thickness (m)

hydrodynamic boundary layer thickness (m)
strong adsorption coverage (—)

kinematic viscosity (kg m™' s~!)

density of electrodeposited metal (kg m~%)
density of particles (kg m™)

loose adsorption coverage (—)

rotation speed of the electrode (s—!)

]
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The Composition of Electrodeposited Zinc-Nickel Alloy Coatings

Mark F. Mathias** and Thomas W. Chapman™

Department of Chemical Engineering, University of Wisconsin, Madison, Wisconsin 53706

ABSTRACT

The composition of zinc-nickel alloy films deposited on a rotating disk electrode is analyzed in terms of a one-
dimensional transport-reaction model. The mass-transfer model includes the effects of migration and complexation of
zine by chloride. It is found that migration in this system can enhance the interfacial concentration of nickel deposition to
levels exceeding that in the bulk solution. A simple electrode kinetics model is postulated to describe the partial current
density of each metal:reduction reaction in terms of electrode potential, interfacial concentrations, and temperature. Ki-
netics parameters appearing in the model are estimated from experimental deposit composition data. The resulting model
can predict alloy composition over a range of plating conditions, but electrode polarization is not predicted accurately. A

more complete kinetics model, describing zinc-nickel interactions, is needed.

Alloy coatings on base metal substrates can provide
desirable surface properties with respect to corrosion
protection, wear resistance, and electromagnetic phe-
nomena. For example, zinc-nickel coatings on steel give
better corrosion protection than do pure zinc films (1). In
many cases, including zine-nickel, the alloy coating can
be formed by electrodeposition (2). This paper considers
the question of how bath composition and operating
conditions determine electrodeposited alloy composi-
tion. In particular, a mass transfer model is developed
for zinc-nickel chloride baths that permits correlation of
the composition of the deposit on a rotating disk elec-
trode (RDE) with plating conditions in terms of electrode
kinetics parameters. Such a correlation, based on inter-
facial conditions, should apply to other electrode con-
figurations.

The premise of this work is that alloy composition is
determined by the relative rates, or partial current densi-

* Electrochemical Society Active Member.
** Electrochemical Society Student Member.

ties, of the individual metal reduction reactions and that
the kinetics of these reactions are determined by the lo-
cal interfacial conditions of solute concentrations, po-
tential, temperature, and surface properties. While the
electrode kinetics may be expressed in terms of these in-
terfacial conditions, the latter must be related to bulk so-
lution conditions by means of a mass transfer model.
Large-scale alloy electrodeposition is usually done at
high current densities from baths in which the reacting
species are also major constituents of the solution. For
example, a zinc-nickel alloy can be electrodeposited suc-
cessfully at 400 mA/cm? from a bath containing mainly
nickel and zinc salts (3). Under these conditions ionic mi-
gration is clearly an important mechanism of mass trans-
port that must be included in a complete analysis of the
deposition process. Because migration effects depend
strongly on the concentrations and charges of the spe-
cies in the solution, the speciation of the solute metal
ions must also be considered. This paper considers zine-
nickel alloy deposition on an RDE and relates average al-
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