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Ni-Co/SiC composite coatings with various contents of SiC particles were electrodeposited in a modified
Watt’s type of Ni-Co bath containing suspended 20 nm SiC particles. Deposition parameters including
current density, bath SiC concentration and magnetic stirring rate were optimized for the highest amount
of the SiC codeposition: the current density of 4 A/dm?2, 40 g/dm? SiC concentration and 480 rpm stirring
rate. In order to study the SiC particles codeposition, the Guglielmi’s model of codeposition was modified
for high volume percentages of the second phase and the modified model was employed to explain the
effects of deposition parameters on the kinetics of the particles codeposition. Moreover, the influence
of suspended SiC particles on the anomalous electrodeposition of Ni2* and Co?* ions was studied. In the
presence of these particulates, anomalous electrodeposition of Ni2* and Co?* ions was enhanced.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Quite a lot of reports have been published on metal matrix com-
posite coatings fabricated through electro-codeposition of particles
with metallic ions. The most employed matrices have been nickel
and its alloys and the incorporated reinforcements usually had been
carbides, silicides, nitrides, metal powders and oxides. These coat-
ings are extensively studied with the object of hardness and wear
resistance amelioration, improving of anti-corrosion properties,
impartation of self-lubrication characteristics and obtaining higher
service temperatures [1-8]. With the increasing availability of ever
decreasing particle sizes, quite many scholars have investigated to
greatest extent on incorporation of micron, submicron and nano-
particles in metallic matrices. According to our previous work, a
reduction in SiC particle size from micro- to nano-scale improves
the mechanical performance of the Ni/SiC composite coatings such
as hardness and scratch resistance [9]. The major challenge in the
composite electrodeposition has been codeposition of high levels
of non-agglomerated finely dispersed particles. Therefore, conduc-
tion of this relatively simple and cost effective method is affected
by attempts of the researchers toward solving of this crucial prob-
lem. In addition to usage of different surfactants in deposition bath,
electrodeposition under magnetic field and under ultrasound con-
dition are some of the techniques employed for preventing of the
particles from agglomeration [10,11].
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Ni-Co alloys are usually known owing to their favorable proper-
ties such as good mechanical performance, resistance to wear and
corrosive environments, thermal stability and magnetism [12-18].
These special characteristics of Ni-Co alloys have made them
convenient for widespread applications as metallic matrix; and var-
ious particles have been incorporated in, through electrochemical
methods, such as Cr,03 [19], carbon nano-tube (CNT) [20], Yttria
stabilized Zirconia Alumina (YZA)[21],SiC[22,23,24], Al;03 [25,26]
diamond [27], MoS, [28], LaNis [29], barium ferrite [30], and Si3Ny4
[31].

Electrodeposition of Ni and Co ions is an anomalous type that
the less noble metal (cobalt) deposits preferentially and the Co
ratio Co/(Ni+ Co) in the deposits is higher than that of the solution
[14,16,18,21,32]. Nevertheless, reports on influences of suspended
particles on the anomalous electrodeposition of Ni and Co are
scarce. However, there are some evidences that the presence of
these particles in the deposition electrolyte can increase the code-
position of Co and vice versa; the addition of Co to Ni deposition
bath can increase the particles content of the coating [23,25,26].

During last decades, many researches were concentrated on
the electro-codeposition of composite coatings with enhanced
mechanical, corrosion and tribological properties. As a result,
reports have been published on the deposition of composite coat-
ings and their corresponding characteristics. Apart from massive
achievementsin this area, the codeposition mechanism of inert par-
ticles is not fundamentally understood. Guglielmi [33] was the first
proposed a model describes quantitatively the current density and
particle loading effects on the particles codeposition rate, based
on a physical-electrochemical mechanism of adsorption. Accord-
ing to this model, the particles incorporation in metallic matrix
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occurs in two sequential steps of adsorption. In the first step called
loose adsorption, ion coated particles reversibly adsorb on the cath-
ode surface and produce a high degree of coverage. This step of
adsorption has physical characteristics. The strong adsorption of
the particles occurs in the second step which is electrochemical
in character. Reduction of ions adsorbed on the particles produces
the circumstance of irreversible strong adsorption. Then, the parti-
cles progressively are engulfed by the growing metallic matrix. The
mentioned model can be summarized by:

CA—a)  Wip 4 py (1
o - aner (E+C) )
and
KC
o= ie1-9 2)

where « is the volume fraction of the particles in the coating, C
is the volume fraction of the particle in the bath, W is the atomic
weight of the deposited metal, n is the valence of the deposited
metal, F is the Faraday’s constant, d is the density of the deposited
metal, ip and A are the constants related to the metal deposition,
Ug and B are the constants related to the particle deposition, K is
the adsorption coefficient, 7 is the deposition overpotential, o loose
adsorption coverage and 0 strong adsorption coverage. The valid-
ity of Guglielmi’s model has been verified by various composite
deposition baths [33-38]. Also, the model has been modified by
Bercot et al. through considering hydrodynamic effects [34]. Some
other models have been proposed, including the Celis and Trajec-
tory models. In the Celis model, the primary hypothesis is that
particles will be embedded only if a certain number of adsorbed
ions on the particles surface is reduced (a statistical treatment of
the particle incorporation) [39]. In the Trajectory model, the code-
position rate is determined via considering the fluid flow, taking
into account all the forces acting on the particle and assuming that
particles will incorporate in the matrix once the contact with the
electrode surface occurs [40].

As mentioned, reports on the mechanism of composite coatings
electrodeposition are scanty. Thus, the present work aims to inves-
tigate the codeposition mechanism of the SiC particulates with Ni2*
and Co2* ions from an additive free Watt type bath. To this end,
the Guglielmi’s model of codeposition was modified for electro-
codeposition of high volume percentage of the second phase and
the modified model was employed to explain the effects of cur-
rent density and particle loading and stirring rate of the bath on
the kinetics of the particles codeposition. Moreover, the influence
of suspended SiC particles on the anomalous electrodeposition of
Ni2* and Co?* ions was studied.

2. Experimental

Modified electrolytes were based on Watt’s bath for Ni-Co alloy deposition with
different amounts of 20 nm SiC, their compositions are listed in Table 1. Analytical
reagents and triple distilled water were used for the solutions preparation. In order
to prevent agglomeration of the SiC particles, electrolytes containing the particles
were premixed and stirred by a magnetic stirrer for 24 h and subsequently by ultra-
sonic agitation (power of 350 W and frequency of 40 kHz) for 30 min just prior to
electrodeposition. 100 cc beaker was used as the deposition bath and the volume of
the electrolytes were 100 cc. Three vertical electrodes set up was employed for the

Table 1

Composition of the bath and deposition parameters.
NiSO4-6H,0 220g/dm3
NiCl,-6H,0 40g/dm?
Co0S04-7H,0 20g/dm?
H3BO3 30g/dm?
20 nm SiC 0, 10, 20, 30, 40 g/dm3
pH 42
Temperature 50°C

Current density 1,2,3,4,5,6A/dm?

Fig. 1. Correlation between the volume percentage of SiC and stirring rate.

codeposition process. The electrochemical depositions were conducted by an IM6
model Zahner potentiostat/galvanostat controlled by Thales software. A nickel plate
(99.9% purity) was used as anode with dimensions of 6cm x 1cm x 0.1 cm and up
to 3 cm of its length was immersed in electrolyte. Cathodes were copper plate with
a size of 1cm x 2cm x 0.1 cm, mechanically polished to 2000-grit finish with SiC
papers and chemically pre-treated by immersing in acetone for 15 min. The cath-
ode plates were inserted in a PTFE holder with a 7mm circular window exposed
to the electrolyte. Deposition current densities were 1-6 A/dm? and the coating
thicknesses were 8 pm.

The percentage of SiC in the coatings was determined using energy dispersive
X-ray spectroscope (EDS) system attached to scanning electron microscope (SEM,
Rontec model). The deposits were stripped in 1:3 HNO; solution, and then the
amounts of cobalt and nickel were measured using atomic absorption spectroscope
(AAS, GBC model).

3. Results and discussion
3.1. Effects of stirring rate on the codeposition of the SiC particle

In order to optimize stirring rate, five stirring rates were selected
between 120 and 770 rpm. The arbitrary current density of 2 A/dm?
was applied for deposition. As it is observed in Fig. 1, the particles
content of the coating with 480 rpm is higher than others. The rest
of the experiments were conducted with 480 rpm stirring rate. An
optimum stirring rate has been reported by other researchers for
electrodeposition of many composite systems such as Ni-Co/Al,03
and Ni-Co/SiC composite coatings [22,24,26]. Although Guglielmi’s
model does not consider directly hydrodynamic effects on the code-
position phenomenon, it seems that as the stirring rate increases
initially, the capability of fluid flow for transporting of the parti-
cles to the cathode surface increases and consequently the loose
adsorption coverage of the particles increases; however, when the
stirring rate is higher than the optimum value, the loosely adsorbed
particles are swept away from the cathode surface by the fluid
flow and collision of non-adsorbed particles. Hence, the rate of
the particles desorption is enhanced and lower percentages of the
loosely adsorbed particles have the chance of transference from
loose adsorption to strong adsorption step.

3.2. Effects of current density on the cobalt ratio in the deposits

Fig. 2 shows the relationship between current density and Co
ratio in the alloy and composite coatings obtained by the AAS
analyses. In both types of the coatings, the Co ratio exhibits a
decreasing trend by increasing the current density. In these solu-
tions, the Co ions concentration is low (about 0.07 mol/dm?3) in
the deposition baths and so cobalt is under diffusion control.
Whereas, nickel is controlled kinetically as its concentration is so
high (about 1mol/dm3). Higher current densities provide more
reductive circumstance and consequently more activation energy
for deposition. This is more beneficial for deposition of the species
controlled kinetically than that controlled by diffusion. Therefore,
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Fig. 2. Co% in Ni-Co alloy and Ni-Co/SiC composite coatings as a function of current
density.

increasing the current density, the contribution of Ni ions in elec-
tron transfer is enhanced and its content in the deposits increases,
whichis equivalent to the reduction of the relative amount of cobalt
in the deposits.

It is worth to note that in all the current densities and in both
types of the coatings, the Co ratio in the deposits is higher than
that of the deposition bath (the Co ratio in the deposition bath is
approximately 1/13), which shows the anomalous behavior of the
Ni and Co codeposition.

Another point should be paid attention is that in all the current
densities, the Co content of the composite coating is higher than
that of the alloy coating which demonstrates that the anomalous
deposition of Ni and Co is enhanced in the presence of the SiC parti-
cles. Such a phenomenon has been pointed out by Wu et al. [25,26]
for the codeposition of Al;03 and by Srivastava et al. [23] for code-
position of SiC particles with Ni and Co ions. The difference in the
absorbability of Ni and Co ions to the SiC particulates accounts for
the enhancement of the Co?* deposition. The absorbability of Co
ions to SiC particulates is more than that of Ni2* ions [23,25,26].

3.3. Kinetic of particle deposition

3.3.1. Particles content versus current density

The criterion for the selection of the optimum current density
was the codeposition of highest volume percentage of the SiC par-
ticles. Current densities from 1 to 6 A/dm? were applied. Fig. 3
shows the correlation between the SiC volume percentage and cur-
rent density. It is observed that the content of the codeposited SiC
particles increases initially with the current density and reaches a
maximum at the current density of 4 A/dmZ2. As the current density
surpasses this value, the volume percentage of the deposited SiC
particulates decreases. Such a behavior has been observed in other
reports [22,26]. Details of the current density effects on engulf-

Fig. 3. Corellation between the SiC volume percentage and current density.

ing rate of the SiC particles will be discussed based on Guglielmi’s
model.

3.3.2. Adaptation of Guglielmi’s model for the Ni-Co/SiC
composite coatings

Being simple and effective, Guglielmi’s model was employed to
describe mathematically the influences of current density and bath
particle loading on the incorporation rate of the SiC particles in the
Ni-Co matrix.

As reviewed, the mentioned model can be summarized by Egs.
(1) and (2). In the cases of the low volume fractions of the second
phase, 1 —« can be ignored in Eq. (1) and the original equation is
estimated by the following:

C Wiy a_py (1
o nFdug el (E +C> @)

However, in our composite system relatively high volume frac-
tions of the SiC were codeposited; thus, the Eq. (1) should be
employed.

Assuming the particles are of regular shape, the strong adsorp-
tion coverage 6 can be estimated by « [33]. Considering the
reduction of effective cathode surface area for deposition by pre-
deposited nonconductive particles and employing Butler-Volmer
equation for high overpotentials i = ipe?”, the following approxima-
tion is reasonable:

i=(1-a)igeM (4)
So

i (1-BJA)
ie B — jo(en) ! HY _ iBIA (1 l (x) (5)

Substituting right hand side of Eq. (5) in Eq. (1), a generalized
expression of Guglielmi’s model can be obtained for nonconductive
particles and without previous approximations due to low volume
fractions of second phase:

o " nFdug \1 -« K

In this equation, due to the dependence of i/(1 — «) to C there is no
linear relationship between the left hand side of the equation and
C. So, contrary to previous studies, to obtain K, we cannot plot the
left hand side of the equation versus C, linearly. Rearranging the
equation, we have:

2-BJA :BJA
C - )M wig
o nFdug

1
s(1-BJA) 7
! (K C) 7)

Now, there is a linear relationship between C(1 — a)(Z’B/A)/a and C
that the intercept on abscissa can be equated to —1/K, giving the
adsorption constant K. However, B/A in the left side is unknown. To
solve this problem, taking logarithm from Eq. (6) as following:

BJA

o (02) — o () (- Dy (1)

+log (% + C) (8)

and plotting log(C(1 — r)/«) against log(i/(1 —«)) , yields straight
lines that their slops give hand the 1 — B/A and B/A can be computed.

Fig. 4 presents the linear regression of log(C(1 — «)/a) versus
log(i/(1 — «)) for the codeposition of the nano-sized SiC. It would
be worth mentioning that since these lines are parallel, the ratio
B/A remains constant regardless of the variations of the SiC con-
centration and current density. The calculated B/A ratio is 1.685.
Constant B being greater than constant A, freely solvated metal
ions are reduced slower than metal ions adsorbed on the particles
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Fig. 4. Variation of the linear regression of log(C(1 — «)/«) against log(i/(1 — «)) for
B/A ratio calculation.

surface and an increase in the current density leads to the higher
volume fractions of the SiC particles in the deposits. Of course, as
seen in Fig. 3, this increase in the volume percentage of the second
phase continues up to the current density of 4 A/dm? and after that
decreasing trend starts.

In order to estimate the adsorption constant K, calculated B/A
was substituted in Eq. (7). Fig. 5 depicts the linear fitting lines of
the C(1 —a)(Z’B/A)/a versus C for the different current densities.
Adsorption coefficient K for the nano-particles is equal to 2. Either
K and BJA ratio are in the same order of magnitude for the code-
position of 62 nm SiC particles with Ni from a sulfamate bath [36].
Substituting K values in Eq. (2), the surface concentration of the
loosely absorbed particles can be determined. The loose and strong
adsorption coverage of the SiC particles on the cathode surface is
tabulated in Table 2 for the different current densities and various
SiC concentrations.

It is seen in Table 2 that in all the current densities and SiC con-
centrations, the loose adsorption of the particles is much higher
than their concentration in the electrolytes. In addition, in all the
current densities and concentrations, the strong adsorption cov-
erage of the particles is much lower than the loose adsorption of

Fig. 5. Linear fitting lines of the C(1 — &r)* 5" o versus C for the different current
densities.

Table 2
Loose and strong adsorption coverage in various current densities and bath
concentrations.

SiC vol.% Current density

1A/dm? 2 A/dm? 4A/dm?

o% 0% % 0% 0% 0%
0.31 35.48 7.27 33.98 11.21 31.36 18.04
0.62 50.20 9.31 47.52 14.14 42.38 23.44
0.93 58.18 10.53 54.39 16.36 48.60 25.26
1.24 62.19 12.72 57.75 18.95 49.55 30.47

Fig. 6. Variation of the loose adsorption coverage in the different current densities.

them and just a fraction of the loosely adsorbed particles can be
codeposited through the reduction of the metallic ions surrounding
them. This demonstrates that the strong adsorption of the particles
is the rate determining step in the codeposition process.

Fig. 6 shows the variation of the loose adsorption coverage of the
nano-particles versus current density. The reduction trend of the
loose adsorption coverage is obvious. The difference in the mecha-
nism of ions and particles mobility accounts for this reduction. The
motion of the ions and particles in the deposition bath is due to the
agitation of the electrolyte and electrical field. The dominant cause
of the particles motion toward the cathode surface is the agita-
tion of the electrolyte. On the other hand, the role of electrical field
in the ions mobility is more pronounced. The stirring rate of the
electrolyte being constant, the increase in the current density has
not much effect on the particles mobility, but enhances the mobil-
ity of the free ions and consequently lessens the particles relative
concentration around the cathode. Moreover, because the deposi-
tion electrolyte is too concentrated (about 1 mol/dm?), the overall
metal deposition process is under kinetic control and increasing in
current density, the ions flux to the cathode surface increases pro-
gressively. However, particles flux behaves differently by current
density variations. According to Vereecken et al. [41], particles flux
Jp depends on v the kinematic viscosity of the solution (cm? s=1), D,
the diffusion coefficient for the particles (cm? s~1), Cp,» the particle
concentration in the bulk solution, Cps the particle concentration
at the surface and w the rotation rate of the electrode (S~1):

Jp = —1.5540"18D23(C, , — Gy )Wl (9)

The surface concentration of the particles G5 is dependent on the
deposition current density. As the current density increases, Cps
decreases and approaches to zero and thereby J, increases up to a
constant maximum value. In other words, after a definite current
density, J, is controlled by diffusion of SiC particulates to the cath-
ode surface. Therefore, as the current density surpasses the value
corresponds to Cp s =0, an increase in the current density, increases
the freely solvated ions flux but has no further effect on the parti-
cles flux. So, the particles relative concentration around the cathode
reduces and the chance of the loose adsorption of them to the
cathode surface decreases. Another plausible explanation for the
reduction of the loose adsorption coverage can be the occurrence
and enhancement of hydrogen evolution side reaction in higher
current densities [42,43]. As the current density increases, hydro-
genbobbles generation is enhanced. The bobbles, which their initial
sizes are in the order of the particles not the ions, obstruct the par-
ticles approach track to the cathode surface more than that of the
ions. Hence, the particles concentration around the cathode surface
and their loose adsorption reduces. The outcome of these effects is
the reduction in the loose adsorption coverage of the particles.

In spite of this reduction trend in the loose adsorption of the par-
ticles by increasing in the current density, the rate of the particles
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Fig. 7. Loose adsorption to stronge adsorption tranference efficiency in the various
current densities.

incorporation increases (early parts of Fig. 2). This seems justified
while considering the fact that according to Guglielmi’s model, the
strong adsorption of the particles controls the codeposition process.
To clarify, f/o ratios are calculated and the results are summarized
in Fig. 7. It is seen that the /o ratio for a definite current density
remains constant whatever the SiC concentration in the bath and it
increases as the current density increases. It reveals that although
the loose adsorption coverage has a reduction trend by increasing
the current density, the transfer efficiency of the particles from the
loose adsorption step to strong adsorption step increases, resulting
in higher strongly adsorbed particles. In other words, the increase in
the current density leads to two effects: the reduction of the loose
adsorption coverage and higher probability of transfer from the
loose adsorption step to strong adsorption step. It can be inferred
that there is an optimum current density, which is the resultant of
these two effects, corresponds to the highest particles incorpora-
tion. In current densities higher than the optimum one, although
the probability of the particles transference from the loose adsorp-
tion step to strong adsorption step increases, there would not be
enough loosely adsorbed particles for transference. Fig. 3 shows
this optimum current density for the nano-SiC incorporation.

4. Conclusions

Ni-Co/SiC composite coatings were deposited from the modi-
fied Watt’s type bath. The deposition parameters were optimized to
obtain maximum particle codeposition: 40 g/dm? SiC and 480 rpm
stirring rate and the current density of 4A/dmZ. The presence of
the nano-SiC particles enhanced the anomalous behavior of nickel
and cobalt electrodeposition. The reverse dependence of cobalt
percentage with current density was due to the fact that Co ions
concentration was much lower than that of Ni ions and its deposi-
tion was under diffusion control. The Guglielmi’s model of particle
codeposition was modified for the deposition of high volume per-
centages of the second phase and previous approximations due to
the low volume fraction of the second phase were removed. The
general proposed equation was:

_ BJA
- wig {(1-BIA) (l +C)
o nFdug K

The increase in the current density during codeposition has two
consequences: (a) the reduction of the loose adsorption coverage

and (b) the higher probability of transfer from the loose adsorption
step to the strong adsorption step. The existence of an optimum
value for the codeposited SiC volume percentage by increasing the
current density was attributed to the resultant of decreasing trend
in the loose adsorption coverage and increasing trend in the trans-
ference probability from the loose adsorption step to the strong
adsorption step.
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