A Mathematical Model of Pulse Plating on a
Rotating Disk Electrode

A galvanostatic pulse plating model is presented for the electrodepo-
sition of an alloy on a rotating disk electrode. This model is used to

simulate the electrodeposition of nickel/chrome. alloys. The mass
transport equations used in the model include the effects of diffusion,
migration and convection; and the electrode kinetics are described by
the Butler-Volmer equation. It is predicted that the effect of ionic migra-
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tion is significant and therefore should be included in models of pulse

plating.

Introduction

Metal deposition by pulse electrolysis has received much
attention in recent years. One reason for this is because the pulse
current (i,), the pulse time (7,,), and the relaxation time (T,g)
can be adjusted to control the deposition process. The high pulse
current during T, may induce a larger electrode potential which
in turn changes the relative deposition rates of different species
in the case of alloy electrodeposition. Reactants depleted during
T,, are replenished by mass transfer during T4. Several mathe-
matical approaches have been developed for the study of the
mass transport and electrode kinetics of pulse plating of metals;
unfortunately, most of these are for a single metal and do not
apply to alloy plating. These theoretical treatments of pulse
electrolysis can be classified as:

1. Analytical solutions obtained by assuming an initial sta-
tionary concentration profile and then superimposing on that a
time-dependent pulsating concentration profile

2. More complete models which do not include the effects of
ionic migration but must be solved by numerical methods

For the analytical solutions case, the pioneering work was
done by Rosebrugh and Miller (1910). They solved analytically
for the concentration profiles for several different applied cur-
rent waves (constant, square, and sinusoidal) by an infinite Fou-
rier series technique. Cheh (1971) picked Rosebrugh and Mil-
ler’s solution for the square wave and used it to determine the
pulse-limiting current density i,. He did this by setting the
interface reactant concentration equal to zero at the end of a
pulse and then solved for i,,. He found that the overall time-
averaged value of i, can never exceed the limiting direct current
density (i) under the same hydrodynamic conditions. These
models provide analytical tools that are useful for a single elec-
trode reaction with a single reactant. No rate expressions with
kinetic parameters are included in their models. Chin (1983)
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proposed a comprehensive analytical treatment for a general
square pulse current. He presented an infinite power series solu-
tion for the convective-diffusion equation for the rotating disk
electrode. Using the same procedure as Cheh, Chin also backed
out i,,. In the model, he evaluated the concentration overpoten-
tial and ohmic drop by using the Nernst equation and Ohm’s
law. His approach can be applied to any form of square pulse,
but it is limited to a single reaction. .

Ibl et al. (1978, 1980) proposed a simplified picture of the
pulse process by assuming a dynamic inner diffusion layer that
pulsates with the frequency of the pulse current density and a
stationary outer diffusion layer. He named this model the linear
duplex diffusion model. This approach has been shown to be rea-
sonably accurate (Datta and Landolt, 1985) under the condition
of small duty cycles [T,,/(To + Toy)], although its validity for
larger duty cycles is questionable. Ibl’s model provides an
instant grasp of the physical phenomena of the complicated
pulse plating process as well as a simple way to calculate the
concentration profile. However, the model is limited to single
metal deposition with no consideration of the kinetics of the
associated electrode reaction.

These analytical approaches have given us a picture of the
pulse plating process; however, they are limited to special cases.
The concept of a pulse-limiting current density, /,,, as presented
in these analytical treatments, loses its usefulness when the
more practical case of multiple electrode reactions of pulse alloy
plating is considered. This is true because when multiple elec-
trode reactions occur no single reaction can be kept at a constant
rate during the pulse. The electrode potential will rise in such a
way as to adjust the relative reaction rates to accommodate to
the total applied current density, i,. Although for single reac-
tions the rate of any nondirect current method cannot exceed the
direct current electrolysis (Cheh, 1971), Viswanathan et al.
(1980) pointed out that, for multiple reactions, the rates of less

February 1990 Vol. 36, No. 2 187



kinetically favored reactions can be enhanced by using a current
pulse. Thus, one would expect that the selectivity for less noble
species in the deposited alloy could be increased by adjusting the
pulse parameters. In order to quantitatively investigate the
influence of pulse parameters on the selectivity and current effi-
ciency of the electrodeposition of alloys, a more complete model
than these analytical models is needed. This model should
include rate expressions for the electrode reactions.

More complete models than the analytical models have been
presented. For example, Popov et al. (1976) proposed a potential
controlled pulse plating model for copper deposition and solved
the equations using finite differences. This model includes a rate
expression at the surface, but it is restricted to single metal with
diffusion as the only mode of mass transport. In addition, they
used the common assumption that the applied potential is equal
to the electrode overpotential. This assumption is questionable
because the applied potential is actually the potential difference
between the working electrode and a reference electrode placed
in the solution near the working electrode. This potential differ-
ence includes the electrode overpotential and solution ohmic
drop. which in many cases can be important.

Another example of a more complete model is that of Fedkiw
and Brouns (1988). They solved the potential controlled pulse
deposition of a single metal on a planar electrode. Unfortunate-
ly, they made the same assumption about the applied potential
as that made by Popov et al. Pesco and Cheh (1988) simulated
the electrodeposition of a Sn-Pb alloy on a rotating disk elec-
trode (RDE). In their work, they used another common assump-
tion (eg., White and Newman, 1977) that is only approximately
correct. They assumed that Laplace’s equation governs the
potential distribution within the bulk solution near the RDE and
within the thin diffusion layer on the RDE. As shown by White
et al. (1977), the potential at an electrode as predicted by
Laplace’s equation can be significantly different from that pre-
dicted by using dilute solution theory including the effect of
ionic migration. This is important because the predicted current
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Figure 1. The region modeled.

The solution potential and concentration profiles are shown here for
illustration only. They do not represent any particular deposition
process.
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density depends cxponentially on the potential difference be-
tween the electrode and the adjacent solution. Verbrugge and
Tobias (1985, 1988) calculated the periodic electrodeposition of
alloys on a RDE with the consideration of solid-phase compo-
nent interaction. They did this by introducing a set of equations
that describe the solid-phase thermodynamic equilibrium. Un-
fortunately, migrational mass transport was neglected in their
calculations. A similar superposition method was employed by
Ruffoni and Landolt (1988) when they simulated Au-Cu-Cd
pulse plating under diffusion-only conditions. Recent pubiica-
tions on galvanostatic and potentiostatic pulse electrolysis have
also been presented by Wan and Cheh (1988). They used the
orthogonal collocation method to solve the equations for copper
deposition on a RDE. They made essentially the same assump-
tion as those made by Pesco and Cheh (1988).

In the model presented here, the effect of migration is consid-
ered and any pulse form can be applied by using an explicit
expression, as shown in the model development section. The
electrodeposition of Ni-Cr with a square current pulse is used
for illustration. The model can be used to predict deposit thick-
ness and alloy composition profiles as well as other quantities
such as current efficiency.

Model Development

A one-spatial-coordinate model is used, which assumes the
current density distribution to be uniform on the surface of a
RDE. This assumption is essentially the same as that used ear-
lier by Newman (1966, 1967). Therefore, this model is strictly
valid only at the center of the electrode. It would be valuable to
extend this model to include the effect of radial gradients, which
was considered to be beyond the scope of this work. Additional
assumptions used in the development of the model are as fol-
lows:

® Dilute solution theory applies: i.e., there is no interaction
between ionic species in the solution.

@ There are no homogeneous chemical reactions in the solu-
tion. This assumption can be relaxed as shown by Ying et al.
(1988).

® Double-layer charging is unimportant.

® Relative activities of the solid species can be replaced by
their atomic percentages.

@ The solution is isothermal.

® There is no conductive resistance in the solid phase, includ-
ing the interface between the working electrode and the
deposited alloy.

® The alloy does not dissolve during the relaxation time: that
is, the dealloying process is not incorporated to the present mod-
el.

Governing equations

The modeling region is shown schematically in Figure 1. The
whole process is assumed to be controlled by a galvanostat which
provides the pulse current. The dependent variables involved in
the model are the species concentrations ¢;( y, t), the potential in
the solution &( y, t), the deposit thickness 6(¢), the compositions
of the components in the alloy x,(r), and the electrode potential
V().

The material balance for species i in the solution is

dc;
5= VN, (1)

AIChE Journal



where N, is the molar flux of species i. N; includes migration,
diffusion, and convection (Newman, 1973, p. 301):

N; = —z;u;,Fe,V® — DNV ¢, + ve; (2)

for the one-dimensional model presented here, the velocity near
a RDE can be written as (Ryan et al., 1987)

Q\1/2 ,
v, = —aﬂ(;) v -9 (3)

which is onc-term approximation in the region close to the elec-
trode with correction for the thickness of the deposited layer 6.
Note that for a fixed point in the solution phase, the magntiude
of v, decreases with time as 6 increases. Substitution of Eq. 2
into Eq. 1 yields

dc, ¢, dc; 3*®  dc; 09
YR iy 2 T Uy i 2 PR (4)
at ady dy ay dy ay

v, — + z,-uiF(c — +

The 1onic mobility u; is assumed to be related to the diffusion
coefficient D,, according to the Nernst-Einstein equation
lu; = D,/(RT). Newman, 1973, p. 229]. To account for the
potential distribution @, the electroneutrality condition is used:

nion

Z z,6,=0 (5)

Boundary conditions

The boundary conditions at y = & for concentrations are
obtained from a component material balance at the interface.
The flux for each ionic species / is equal to the sum of its reaction
rates at the interface:

dc;

i

(6)

+ P Ta
YV |y=8 9y fy-s
where s, is the stoichiometric coefficient of species 7 in reaction j
when reaction j is written as

Zs,-jMf'H ne” 7

and #; is the number of electrons transferred in reaction j. The
partial current density of reaction j, i, is assumed to be given by
the Butler-Volmer equation as presented by Chen et al. (1988).
Also, the electroneutrality condition (Eq. 5) is assumed to
hold at the interface y = .
The change of deposit thickness depends on the accumulation
of all metal species at the surface and can be written as follows:

each metal species /. The deposit composition of species & is the
ratio of individual to the total deposition rate:

X = J0 1 ()]
m nr
>3
=1 j=t A

The total current density i7(r), which is controlled by a galva-
nostat, is the sum of all of the partial current densities:

I = Zi, (10)
j=1

It is worth noting that any form of the applied current density
could be employed; however, for simplicity a square wave cur-
rent density s used below in our example. For a square wave, i1
- i, during the pulsating period, while i+ — 0 during the relaxa-
tion period.

The boundary conditions at y = y 5z where the reference elec-
trode is placed are simply

¢V res 1) = € buik (1

where

nion

Z Civuk 2; = 0,
i1

and
P(yge. t) = arbitrary constant potential (e.g., 0V) (12)

The value of yge is larger than that for the diffusion layer
thickness so that the solution at y = yg is perfectly mixed. It
should be pointed out that the value chosen for ®(yge.t) is
totally irrelevant to the model results. Experimentally, neither
V() nor ®(yget) can be measured, only their difference,
V; — ®gg, can be measured. The potential in the solution at yg,
depends on the current being passed. Numerically, we arbi-
trarily assign a constant value for &gy as a basis for solving for
the solution potential profile, ®(y,t), as well as the electrode
potential, V,(7). A similar procedure for potentiostatic control
was presented earlier by White et al. (1983).

The initial conditions can be easily visualized. Before deposi-
tion occurs, there are no concentration gradients within the solu-
tion and the total current density is zero.

Solution technique

A finite difference formulation is used to solve the above set of
differential equations. The region between 6 and yg is divided
equally into V intervals. The total number of intervals is fixed;
however, the grid size will decrease as the electrodeposition pro-
cess occurs. The node numbers and positions are specified as
shown in Figure 2. The total time derivative of ¢;(y,t) at a cer-
tain moving node P can be expressed as follows (Murray and

@ - o~ MW, (i S’!_lf) (®) Landis, 1959):
a1 o \ionF
de; dc; | 9y N dc; (13)
where MW, and p, are the molecular weight and solid density of dtlp dylepdtlep atle
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Figure 2. Positions of moving nodes at a particular time.

After algebraic manipulation according to the geometric rela-
tionship of node P in Figure 2, one obtains

ay N — P o (14)
ole N o
Substituting Eqs. 13 and 14 into Eq. 4 yields
de, N~ Pac,| 5 ¥e;
—_— - —_ — Di —
di |p N dylpot Iy
ac; ¥ dc; 0%
+v,— —zuFleo— + ——|-0 (15
o ay “i (C a* - Ay Gy) (13)

Since the governing equations and boundary conditions should
be expressed in the finite difference form, a new variable
appears, 1.e., the grid size Ay(r), which becomes smaller with
time as the deposited alloy layer grows. To account for this new
variable, another equation (Nguyen, 1988) is written as

Yre — 0
Ay = ———— 16
Y N (16)

All of the terms that contain derivatives with respect to y are
expressed by a three-point finite difference approximation. In
the solution phase, a central difference approximation is used; at
the boundaries y = § and y = ygg, three-point forward and back-
ward approximations are used, respectively. Alternatively, the
variable Ay can be eliminated by substituting Eq. 16 into the
finite difference version of Eq. 15. However, this was not done
because of the tedious algebra. The structure of the governing
equations and related boundary conditions is presented in Table

Table 1. Equations Used

. Boundary Conditions
Governing Eqgs.

Variables 6<y<yre y=26 V= Ve
I 15 6 11
$ 5 5 12*
& 17%+ 8 17%*
X 17%* 9 17%+
v, 17%* 10 17%*
Ay 17%% 16 17%*

*As discussed in the model development section, the value given for ¢ at pg, is
totally arbitrary, which only serves as a basis for the calculation of the potential
profile. Refer to White et al. (1983) for more detail.

**The variables 8, x,, ¥,, and Ay are represented by w in Eq. 17.
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Table 2. Electrochemical Reactions

Reaction Ui*
j Expression V)
! CrP v e” —Cr'? ~0.41
2 Crl4 2 —Cr -0.557
3 Ni*? + 2¢~ — Ni —-0.23
4 2H" 4 2 — H, 0.0

*Taken from Bard and Faulkner (1980, p. 700).

1. Note that Eq. 16 is used as a boundary condition at y = 6. As
shown in Table 1, the values ¢; and ® are distributed over the
whole region d < y = ygg, while 8, x,, V,, and Ay have only single
values which are determined by the boundary conditions at y =
6. The entire set of equations is solved by using Newman’s
BAND(J) subroutine (Newman, p. 414, 1973) with an implicit
time-stepping technique to solve the pulse-plating problem. This
method includes an iterative procedure known as the Newton-
Raphson (NR) method at each time step. One numerical conve-
nience should be addressed here. Because of the solution method
used in BAND(J), each variable needs to be described by an
algebraic equation at each node. To accommodate this, a con-
stant variable approach (White et al., 1977; Nguyen, 1988;
Chen et al., 1988) was used:

ow (17
dy

where w stands for variable 6, x;. V. or Ay.

Parameters

The reactants and supporting electrolyte for a chloride plat-
ing bath are as follows: CrCl; - 6H,O (0.15 M), NiCl, - 6H,0
(0.05 M), NaCl (0.5 M), and HCI (0.05 M). They are assumed
to be completely dissociated. Sodium chloride serves as the sup-
porting electrolyte. Hydrochloric acid is added to obtain the
desired low pH. The electrochemical reactions that are assumed
to occur are shown in Table 2; the corresponding stoichiometric
relationship and reaction orders are shown in Table 3. As shown
in Table 2, Cr** is reduced to Cr*?, and then Cr*?is reduced to
Cr sequentially (Zielinnska-Ignaciuk and Galus, 1974; Niki et
al., 1986, p. 256). Cr*? will be in a stable oxidation state in aque-
ous solutions if there are no oxidizing agents present such as
oxygen (Niki et al., 1986, p. 256). The effect of complexing of
Cr*? with chloride ions was neglected in this work. This was

Table 3. Stoichiometry and Electrochemical Reaction Orders

Reaction | Reaction 2 Reaction 3 Reaction 4

Species (i) Sy Py 4y Sy Py 4y Sy Py 9y Sy Py 9y

cr 10 1 00 0 00 0 00 O
Cr? 11 0 -1 0 1 00 0 00 0
Ni? 00 0 00 0 -1 0 1 00 0
H' ©0 0 00 0 00 0 -2 0 2
Na’ 00 0 00 0 00 0 00 0
cl ©0 0 00 0 00 0 00 0
Metl (k) sy py 9y Sy Py 94 Sy Py % Sy Py 4y
Cr 00 0 11 0 00 0 00 0
Ni 00 0 00 0 11 0 00 0
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Table 4. Kinetic Parameters

Reactions j @, o, n; i% (A fcm?)
] 0.45 0.55 1 9.16 x 1073+
2 0.86 1.14 2 2.7 x 1073#4*
3 0.8 1.2 2 1.07 x 107%%
4 1.0 1.0 2 6.3 x 107%%

*Calculated from literature values corrected to the specified reference concen-
trations in Table 4 using an expression i, rer = i, gaia 1 (Cirer/ €; gai) ™, Where the sub-
script data are used to represent the literature data.

**Niki et al. (1986, pp. 355, 349).

+Tamamushi (1975, p. 91).

$Bockris and Reddy (1970, p. 1238).

done because the data of Baltisberger and King (1964) can be
extrapolated to 25°C to obtain a value of 0.082 L/mol for the
stability constant for the reaction Cr** + Cl- — CrCl*2 Thus,
the concentration of CrCl*? would be only about 8% of the con-
centration of Cr*?. It would be possible to include this easily in
the model, if desired (e.g., Ying et al., 1988). In addition, the
effect of complexing of Ni*? by Cl~ was ignored because it is not
certain that this complexing occurs. That is, NBS data (Zemai-
tis et al., 1986, p. 449) indicate that no complexing occurs
whereas the data by Russian workers does indicate complexing
of Ni*?by Cl . Until additional data are available, it seems rea-
sonable to neglect this effect.

The kinetic parameters and operating conditions are shown in
Tables 4 and 5. The reference concentration for each species,
Civer+ 15 chosen to be 1 M for convenience. Note that the corre-
sponding i, in Table 4 was calculated based on the reference
concentrations because cc,-2py, 1 equal to zero.

The discussions in the next section are based mainly on a typi-
cal square wave with {, = —0.3 A/cm?, while the pulse period
and the relaxation period are both set 50 ms, i.e., 100 ms cycle
time with duty cycle v = 0.5.

Results and Discussions
Model results

Figure 3 shows a simulated direct current d—c polarization
curve and the partial current densities for each reaction. This
was done by using the d—c version of the model presented here
(see Chen et al., 1988) with the operating conditions shown in

Table 5. Reacting Species and Operating Conditions

lonic Species  Cr** Cr+? Nit?  H* Na* CI°

k(M) 1.0 1.0 1.0 1.0

Cipun{ M) 0.15 0.0 0.05 0.05 05 1.1

Dfcm?/s) - 10°  0.595** 0.732*** 0.666** 0.931% 1.334% 2.032%
Metal Cr Ni

al’:rej ] 1

pi(g/em?) 7.20f  8.902§

MW, (g/mol) 51996 58.7

T-=298.15K
v = 0.0123 cm?/s

Q =104.7 rad/s
yre = 0.02 cm

Po = 1 g/cm3

*Chosen arbitrarily for convenience.

**Calculated from the equivalent conductance () in Dean (1985, pp. 6-34).
***Calculated by using X = 55 mho . cm*/equivalent.

+Taken from Newman (1973, p. 230).

fChosen from Weast (1981, p. B-12).

§Chosen from Weast (1981, p. B-27).
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Figure 3. Simulated direct current polarization curve for
Ni-Cr alloy electrodeposition.

Table 5. Due to the low exchange current densities used for
reactions 3 and 4, hydrogen evolution and nickel deposition will
not occur until — £, is greater than 0.3 V and 0.55 V, respec-
tively. The deposition of Cr begins at about 0.6 V, and goes
through a larger Tafel region than that for Ni and then reaches
a current density plateau region. Clearly, the codeposition of Ni
and Cr occurs in a potential region where Ni is at its limiting
current while Cr is in a kinetically controlled region; they have
an intersection at about 0.7 V. The plateau for reaction 2 should
not be viewed as the normal limiting current. Rather, it is a bal-
ance between the electrode reactions and the transport of Cr*?
away from the electrode surface. The simulated d—c polariza-
tion curve shown in Figure 3 is presented to help understand the
dynamic behavior of pulse plating.

Simulated partial current density profiles are shown in Figure
4. After two or three cycle times, the process appears to become
one with a periodic steady state. Considering the fourth cycle,
for example, shows that reactions 1 and 3 quickly pass through a
maximum after four to seven ms then drop, while reaction 2
starts with a finite value and picks up steadily to the end of the
pulse. The hydrogen evolution (reaction 4) drops rapidly at the

-0.20 T T T

-0.18

-0.10

e P

i (A/cm")

0.00

0.05 L L L
0.0 0.1 0.2 0.3 0.4

time (sec)

Figure 4. Partial current density profiles.

February 1990 Vol. 36, No. 2 191



§ 0.6 |- ..

time (sec)

Figure 5. Potential response.

onset of T, and then arrives at a smooth region near the end of
T..- This behavior can be understood better by considering the
variation of the potential difference between ¥, and ®g., as
shown in Figure 5. For Cr** and Ni*?, the initial rise of the
potential indeed favors reactions 1 and 3, but the insufficient
mass transfer of these two species from the bulk causes the cur-
rent density to drop. Thus, a hump results in the partial current
density profiles. These humps appear to be more significant dur-
ing the initial transient pulse period. This is easy to comprehend
if one remembers that before deposition the bulk concentrations
also prevail to the electrode surface; therefore, for the first pulse
the reactants will take longer time to be depleted. The potential
rise and the concentration depletion determine the position of
the hump in the partial current density profiles. Note that Fig-
ure 5 also shows the smaller initial overall potential response
(—0.66 ~—0.72 V) in comparison with the periodic steady-state
values (over —0.7 V).

Figure 6 shows the composition profiles of the alloy. These are
basically parallel to the partial current density profiles in Figure
4. The decrease of the slope for the chromium composition after
the first pulse indicates the role of mass transfer limitation. That

1.0 T H T T T T T T T

0.8

0.4

Mole fractions

0.2

0.0 L 1 1 L
00 10 20 30 40 50 60 70 80 90
6 (cm) *10
Figure 6. Composition profiles.
Xc, = 0.4961, X; = 0.5039 at periodic steady state.
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Figure 7. Migration effect on partial current densities.
T,,=50ms, Tyy=50ms,i,~ 0.3 A/cm’. Bulk concentration is
chosen as that in Table S.

is, although Cr*? is generated at the interface, the diffusion of
Cr*?away from the electrode during 7, slows down the increase
of reaction 2. The periodic composition profiles are quite com-
mon in current controlled processes (Cohen et al., 1983; Despi¢
and Jovi¢, 1987).

Migration effect

Figure 7 shows partial current densities without considering
migration in comparison with those including migration. The
migration-excluded case was obtained by modifying the com-
plete model. This was done by removing the solution potential
related terms (i.c., those containing d®/dy or °®/dy?) from the
model equations (Eqs. 4, 6 and 15). Once this was done, the elec-
troneutrality condition (Eq. 5) was no longer needed. The prob-
lem was then solved again using the same applied current den-
sity to obtain the dotted lines in Figure 7. The solution ohmic
drop (®, — ®g.) for the without-migration case can be approxi-
mated by |i7| - (1/x) - {yge — 8), where the solution conductiv-
ity k = F2Z%0 2250, v (Newman, 1973, p. 221). Another way
to calculate the without-migration case would be to set the
mobilities of all of the reactants equal to zero and assume that
all of the current is carried by the sodium and chloride ions, as
suggested by a reviewer of this paper. In this case, the electro-
neutrality equation with all charged species included would be
used to determine the distribution of the potential in the solu-
tion. This approach would provide a direct method of calcu-
lating the ohmic drop at the same time as the partial current
densities are calculated, but the predicted ohmic drop would be
too large because the conductivity of the plating solution is
greater than that of a solution of sodium chloride. In other
words, the reacting species also carry the current. The most
important point is that the predicted partial current densities are
the same for both of these without-migration cases. The reason
for this is that the partial current densities depend on the total
applied current density and not on the ochmic drop.

As shown in Figure 7, the current densities for reactions 1, 3
and 4 for the case without the effect of migration-included are
lower than their migration-included counterparts; however, the
current density for the reaction that accounts for the deposition
of chrome increases significantly. The deviation between these
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two cases increases along with the pulse period. It is clear that in
the current controlled pulse plating of alloys, such migration
effect may change the relative rates of the reactions and thus
alter the composition of the alloy.

The surface overpotential response, —(V; — ®,), shown in
Figure 8 is used to demonstrate the effect due to migration. Due
to the missing of migrational transport for species Cr*?, Ni*?,
and H" in the migration-excluded case, the electrode overpoten-
tial increases in such a way as to enhance the rate of reaction 2
to accommodate to the total applied current density (i, = 0.3
A/cm?). On the other hand, one may say that the enhanced
mass transfer due to the migration effect was offsetted by the
less available surface overpotential. As the potential rises along
the pulse period, the rate of the more kinetic-sensitive reaction
(Eq. 2) increases, at the expense of the decreased rates of Egs. 1,
3 and 4, those suffered from concentration depletion (mass
transfer from the bulk is not fast enough to maintain the reac-
tion rates). This explains why a higher chrome composition is
predicted when not considering migration, because a larger elec-
trode overpotential is available. Thus, in the current-controlled
electrodeposition process, the significance of the effect of migra-
tion is shown by the competing rates among the individual reac-
tions.

Figure 9 depicts the concentration profiles for the reactants
between these two cases at the end of a pulse under the periodic
steady state. The profiles for supporting electrolytes Na*, Cl-
are not shown. The dimensionless distance { is calculated by
(y - 6)/5, where the diffusion layer thickness is & is defined

(White et al., 1977):
. 3D\ [p\1/2
(2] “*”
av Q

where Dy is the diffusion coefficient of the limiting reactant,
which is H* here. It is clear that the electric field pushes the
concentrations of positive ions closer to the electrode which
enhances the mass transfer of Cr*3, Ni*2and H* by migration.
The influence of migration depends on the charges of ionic spe-
cies, their diffusion coefficients, and the magnitude of the poten-
tial gradient in the system. The change in concentration gra-
dients in Figure 9 indicates that migration also indirectly

0.20 T T T T T
— with migrsation
..... without migration ot
0.18
[ 3
g
=
g o.10 g
g
g
8
0.08 |-
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Figure 9. Effect of migration on the concentration pro-
files at the end of pulsating time.
Dimensionless distance £ is defined as (y — 8)/5.

influences the diffusion mechanism. Note that, for the interme-
diate species Cr*?, the direction of migration is opposite to that
of diffusion because Cr*? is produced at the electrode surface.
The interface concentration of Cr*? is the balance between the
generation rate by reaction 1, the coupled effects of reaction 2,
and the mass transfer of Cr*? away from the electrode. For the
case without migration, the higher available electrode overpo-
tential, which favors reaction 2, will induce a lower Cr*? concen-
tration at the interface and, in turn, less diffusion away from the
surface.

Current efficiency and selectivity
Figure 10 shows the ailoy current efficiency as defined:

f (1.5, + iy) dt
one cycle ( 19)

T,

The factor 1.5 is used because each Cr*? is reduced due to the
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Figure 10. Current efficiency of alloy at different duty
Figure 8. Comparison of electrode overpotential with cycle.
and without migration effect. Tor = 50 ms.
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consumption of one Cr** from the bulk. It is clear from Figure
10 that a higher current efficiency is obtained at larger duty
cycles and higher pulse current densities. Because under these
conditions, the relatively less kinetically favored reactions (Egs.
2 and 3; see Figure 3) will increase along the potential rise at the
expense of the sudden depletion of H*. A larger applied current
density helps the potential shift to the region that favors metal
deposition. For the case of i, = —0.1 A/cm?, most of the current
was consumed by hydrogen evolution and the reduction of Cr*>.
The increase of 6, . is reduced as /, rises from —0.2to —0.3 A/
cm?, which indicates that the limitation of mass transfer on
metal deposition also occurs at higher i,. It should be noted that
the dealloying of Cr during the rest period is not considered
here. This assumption should be reasonable because Cr is easily
passivated during the anodic process (McBee and Kruger, 1972;
Kawashima et al., 1984; Archer et al., 1987).

The average solid-phase composition for Cr, X, is shown in
Figure 11 and can be viewed as the selectivity for Cr. It is calcu-
lated as follows:

1

Z-(; one cycle

ECr = Xcr dé (20)

where Ad is the increase of deposit thickness for one cycle. It is
not surprising that X, has the same trend as that of §, .. The
increase of the deposition rate of Cr at higher pulse current den-
sities and larger duty cycles induces higher electrode overpoten-
tials; consequently, it accounts for both the higher current effi-
ciency and the higher Cr selectivity. On the other hand, a lower
pulse current density and a smaller duty cycle would favor
higher Ni composition (selectivity of Ni would be better) but a
lower alloy current efficiency.

Figure 12 shows a comparison between the current efficiency
for p—c and d—c. The following definition is employed:

; [/
relative current efficiency = -2= 1

d— |ipY=isc

where 8,_. = (1.5 i, + i;)/is. under direct current condition,
and 8,_. is obtained with the same code by using a large enough

1.0 T T T

o.o L H 1
0.2 0.4 0.8 0.8 1.0

Figure 11. Selectivity of Cr at different duty cycle.
Tor = 50 ms.
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Figure 12. Relative current efficiency of p-c to d-c plat-
ing.

value for T, so that all the partial current densities reach their
d—c steady-state values under a specified applied current densi-
ty. The relative current efficiency is calculated based on the
same amount of charge: i.e., i,y = i, .. Note thaty = 1 is the
limiting case for p—c with an infinite pulse time, which is equiva-
lent to d—c. Obviously, pulse plating has a much better current
efficiency than d—c plating. The deviation between the two pro-
cesses becomes more significant at low pulse current densities
and small duty cycles because at these conditions the d—c is
almost dominated by hydrogen evolution. The relative selectiv-
ity of chrome, which is not shown here, has in the same trend as
that of the relative current efficiency but is even more sensitive
to the duty cycle.

Conclusion

A general pulse plating model for the electrodeposition of
alloys is presented. The model is illustrated by considering the
electrodeposition of Ni-Cr. The relative rates of the multiple
reactions with different pulse parameters are governed by the
interplay between electrode kinetics and mass transport. The
effect of migration is an important factor that should be
included when predicting the relative reaction rates for a galva-
nostatic process. For the plating process considered here, hydro-
gen evolution is reduced by using pulse current plating relative
to direct current plating. The deposition rates of Cr and the alloy
current efficiency are also enhanced by using pulsating current.
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Notation

a=0.51023
a, . = reference relative activity of metal k in the deposit
¢, = concentration of species i, mol/cm’
¢;san = bulk solution concentration of species J, mol/cm’
Ciaaa = literature concentration of species i that correspond to i
mol/cm?
Cirer = reference concentration of species 7, mol/cm’

oj.datay
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D; = diffusion coefficient of species i, cm’/s
Dy = diffusion coefficient of the diffusion controlling species, cm?/s
E .o = applied potential (=V,; — ®g;), V
F = Faraday'’s constant, 96,487 C/mol
i; = partial current density due to reaction j, A/cm?
iy = limiting current density of direct current, A/cm’
iygaa = €xchange current density data from literature, A/cm?
iqrer = €Xxchange current density at reference concentrations for reac-
tion j, A/em?
i, = pulse current density, A fcm’
i, = pulse limiting current density, A /cm’
i = total current density, A /cm?
MW, = molecular weight of solid component /, g/mol
m = number of solid species
nion = number of ionic species
n; = number of electrons transferred in reaction j

g
N; = flux vector of species i, mol/cm® - s

nr = number of electrochemical reactions
pi; = anodic reaction order of ionic species { in reaction j
P = anodic reaction order of solid component k in reaction j

q;; = cathodic reaction order of ionic species / in reaction j
q,; = cathodic reaction order of solid component & in reaction j
R = universal gas constant, 8.3143 J/moal - K

s;; = stoichiometric coefficient of ionic species / in reaction j
s, = stoichiometric coefficient of solid component & in reaction j
T = absolute temperature, K

T = pulse time, ms
T.q = relaxation time, ms
u; = mobility of species i [it is assumed here that u;, = D;/(RT)],
mol - cm?/J - s
= standard electrode potential for reaction j, V
electrolyte velocity vector, cm/s
v, = electrolyte velocity in the normal direction, cm/s
V, = potential of the working electrode, V
w = stands for 8, x,, V,, or Ay in Eq. 17
x, = mole fraction of metallic species k in the electrodeposit
X¢, = averaged mole fraction of Cr in the electrodeposit
Xn; = averaged mole fraction of Ni in the electrodeposit
y = normal coordinate, cm
Yre = position of reference electrode, cm
z; = charge number of species i

« &
i

Greek letters

a,; = anodic transfer coefficient for reaction j
a,; = cathodic transfer coefficient for reaction j
v = duty cycle of pulse current [=T,,/(To + Top)l
v, = exponent in composition dependence of exchange current den-
sity on lonic species i
§ = deposit thickness, cm
6 = diffusion layer thickness, cm
Aé = increase of deposit thickness in one cycle, cm
« = solution conductivity, I /ohm . cm
8, = current efficiency of alloy for direct current
8, . = current efficiency of alloy for pulse current
A = equivalent ionic conductance, mho - ¢cm’/equivalent
v = kinematic viscosity, cm?/s
¢ = dimensionless distance
p; = metal density of species /, g/cm®
p, = pure solvent density, g/cm’
¢ - potential in solution within diffusion layer, V
®, = solution potential adjacent to electrode surface, V
$re = potential in the bulk solution at yg., V
Q — disk rotation velocity, rad/s

]
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