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Abstract

SiC particles of three different sizes, namely 5, 0.7 and 0.3mm, were codeposited with nickel from Watts’ solutions. It was
found that for a given number density of particles in the plating solution, the number density of particles in the coating increases
with decreasing particle size. The friction and wear behavior of these composite coatings was evaluated in uni- and bi-directional
sliding tests against corundum balls. The best sliding wear resistance was obtained with Ni–SiC composite coatings containing
4–5 vol.% submicron SiC particles.� 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Electrodeposited composite coatings consist of a metal
or alloy matrix containing a dispersion of second phase
particles w1–3x. These particles can be hard oxide or
carbide particles, such as Al O , SiC, TiO , WC, SiO2 3 2 2

or diamond, a solid lubricant, such as PTFE, graphite
or MoS , or even liquid-containing microcapsulesw4x to2

improve wear resistance andyor to reduce friction.
Electroplated composite coatings containing micron-
sized particles are used as wear-resistant coatingsw5–7x,
e.g. nickel–SiC in car enginesw1,8–10x. With the
increasing availability of nanoparticles, there is a grow-
ing interest in the electrolytic and electroless codeposi-
tion of nanoparticlesw11x. The major challenges of the
codeposition of nanoparticles seem to be the codeposi-
tion of a sufficient number of particles, and avoiding
the agglomeration of particles suspended in the plating
solutions.
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In this work, the electrolytic codeposition of micron
and submicron SiC particles from nickel Watts’ solu-
tions, and the sliding wear resistance of such nickel
composite coatings are investigated. The effect of par-
ticle size and number of particles suspended in the
plating solution on the number of codeposited particles
is reported. The codeposition results and a model based
on the number density of particles codeposited are
discussed. The effect of particle size on the codeposition
process of micron- and submicron-sized non-Brownian
particles is clarified. The effect of codeposited submi-
cron particles on the wear resistance of composite Ni–
SiC coatings is discussed.

2. Experimental

The plating solution used was a standard nickel Watts’
solution. The composition of the plating solution and
the plating parameters are given in Table 1. SiC particles
with a mean diameter of 0.3(BSC-21C, Performance
Ceramics, Japan), 0.7 (BS 0.7, Elektroschmelzwerk
Kempten, Germany) and 5mm (E110�4000, Norton,
Norway) were used. All particles were used as received.
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Table 1
Composition of the plating solution and the plating parameters

Plating solution composition
300 gyl NiSO 6H O4 2

45 gyl NiCl Ø6H O2 2

40 gyl H BO3 3

Electrodeposition parameters
pH 3.8
508C
2 Aydm2

75 min
Magnetic stirring
Cathode: brass(12 cm )2

Anode: Ni (12 cm )2

Table 2
Amounts of the SiC particles in the plating solution

Particle density,ns Concentration Diameter
(particlesym )3 (gyl) (mm)

5=1012 1.04 5
1013 2.1 5
1014 20.8 5

5=1014 104 5
5=1014 0.28 0.7
1015 0.57 0.7
1016 5.71 0.7

5=1016 0.56 0.3
1017 57.1 0.7

5=1017 5.62 0.3
5=1018 56.2 0.3

Fig. 1. Volume percent of SiC particles codeposited with nickel at
different SiC particle concentrations in the plating solutions and for
different SiC particle sizes.

For each of the plating solutions, the number density of
particles,n , was calculated(Table 2), assuming that thes

particles are mono-disperse and spherical. The particle
concentration in the plating solutions was varied
between 0.28 and 104 gy l. Each plating solution was
mixed by magnetic stirring for 24 h, and subsequently
by ultrasonic agitation for 30 min just prior to electro-
plating. Electrodeposition was carried out on vertical
electrodes, and the plating solution was agitated during
electrodeposition with a magnetic stirrer.
After codeposition, some of the samples were cut and

mounted in epoxy resin. Metallographic cross-sections
for SEM observation were ground and polished without
using SiC abrasive paper to avoid contamination. The
number of SiC particles codeposited in the coatings was
evaluated by EDX on these polished cross-sections.
Vickers micro-hardness measurements(load, 30 g) were
also carried out on these polished cross-sections. Uni-
and bi-directional sliding wear tests were performed on
as-plated discs. Uni-directional sliding ball-on-disc wear
tests were performed at a normal load of 10 N and a
sliding speed of 0.1 mys. The number of rotations was
either 15 000 or 20 000. Bi-directional sliding ball-on-
disc wear testsw12x were performed at a normal load of
5 N, an oscillation frequency of 10 Hz, and a tangential
displacement amplitude of 500mm. The number of
fretting cycles was 50 000. All wear tests were per-
formed against 10-mm corundum balls, without lubri-
cation, at 228C and in ambient air of 50% relative
humidity. The coefficient of friction was recorded con-
tinuously during the wear tests. The volumetric material
loss was determined by laser profilometry(Rodenstock
RM300) after completion of the wear tests. Hereto,
samples were cleaned in ethanol using ultrasonic agita-
tion for 15 min. In order to compare uni- and bi-
directional wear tests, the wear is expressed as a
volumetric wear factor(cm yN m). This wear factor3

was calculated by dividing the total volumetric wear
loss by the total sliding distance and the applied load.

3. Results and discussion

The amount of codeposited SiC is shown in Fig. 1
for the three types of SiC particles. The volume percent
of codeposited SiC in the coatings increases with
increasing concentration of particles in the plating solu-
tion, which is in agreement with the literaturew1,2x. The
highest volume percent of codeposited SiC is achieved
with the large 5-mm particles, while the lowest code-
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Fig. 2. Volumetric wear factor under uni-directional sliding on com-
posite Ni–SiC coatings containing different vol.% SiC particles of
three different sizes. Data for pure electrolytic nickel are also given
(ED nickel reference).

Fig. 3. Volumetric wear factor under bi-directional sliding on com-
posite Ni–SiC coatings containing different vol.% SiC particles of
three different sizes. Data for pure electrolytic nickel are also given
(ED nickel reference).

position is obtained with 0.7-mm particles. Quite unex-
pectedlyw13x, the 0.3-mm SiC particles codeposit more
than the 0.7-mm particles. A possible reason could be
the difference in the surface condition of these SiC
particles obtained from different producers. Another
reason could be the agglomeration of the 0.3-mm parti-
cles in the plating solution.
The wear tracks on the composite Ni–SiC coatings

after uni- and bi-directional sliding tests have a black
appearance, and show scratches parallel to the direction
of motion. Such scratches are typical for abrasive wear.
For all Ni–SiC composite coatings tested, the coefficient
of friction is approximately 0.5 during the first few
sliding cycles. After the running-in phase, the coefficient
of friction of nickel coatings containing 0.7- or 0.3-mm
SiC particles is approximately 0.29. That coefficient of
friction is lower than the value of 0.34 observed on
nickel coatings containing 5-mm SiC particles at a
comparable volume percent of codeposited particles. On
the other hand, for each SiC particle size investigated,
the coefficient of friction increases with increasing
volume percent of SiC particles in the coatings, from
approximately 0.34 to 0.47 in the case of 5-mm SiC
particles, and from 0.28 to 0.30 in the case of 0.7-mm
particles.

The wear loss on Ni–SiC composite coatings contain-
ing SiC particles of different sizes, after sliding against
corundum balls in uni- and bi-directional wear tests, is
shown in Figs. 2 and 3, respectively. The volumetric
wear loss on pure nickel coatings and composite Ni–
SiC coatings in uni-directional sliding wear tests is
approximately two orders of magnitude lower than that
noted in bi-directional sliding tests. This is consistent
with sliding wear data obtained on hard ceramic coat-
ings, such as TiN, showing a much lower wear rate
under uni- than under bi-directional sliding test condi-
tions w14x. However, under uni-directional sliding, com-
posite nickel coatings containing 5-mm SiC particles
exhibit a lower wear resistance with increasing amounts
of SiC than pure nickel coatings(referred to as ED
nickel reference in Fig. 2). On the contrary, composite
nickel coatings containing 0.3- or 0.7-mm SiC particles
wear less in uni-directional sliding wear tests than pure
nickel, and the best results are obtained with approxi-
mately 4 vol.% of 0.7-mm SiC particles. Under bi-
directional sliding, the volumetric wear loss on all the
composite Ni–SiC coatings tested is lower than the wear
measured on pure nickel coatings electrodeposited under
similar plating conditions(Fig. 2). The lowest volumet-
ric wear loss in bi-directional sliding tests is reached
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Fig. 4. Vickers hardness of pure nickel and composite Ni–SiC coatings
containing SiC particles of three different sizes plotted vs. the vol.%
of codeposited SiC-particles.

Fig. 5. Vickers hardness of composite Ni–SiC coatings containing SiC
particles of three different sizes plotted vs. the SiC inter-particle dis-
tance in the coatings.

with composite nickel coatings containing approximately
5 vol.% of 0.3-mm SiC particles.
In an attempt to clarify the wear behavior of the

composite Ni–SiC coatings tested, the Vickers hardness
of these coatings was measured. That Vickers hardness
is plotted as a function of the volume percent of
codeposited SiC-particles in Fig. 4. For the three sizes
of SiC particles investigated, the Vickers hardness
increases with increasing amount of SiC particles in the
nickel coatings. The Vickers hardness of all Ni–SiC
coatings investigated is higher than that of pure electro-
deposited nickel. A given hardness value is obtained at
a lower volume percent of submicron codeposited SiC-
particles than in the case of 5-mm SiC particles. Indeed,
it is known that the hardness and other mechanical
properties of metal matrix composites depend in general
on the amount and size of the dispersed phase, apart
from the mechanical characteristics of the matrix, par-
ticles and interfaces. That amount and size of particles
define two kinds of reinforcing mechanisms in metal
matrix composite materials, namely dispersion-strength-
ening and particle-strengthening. A dispersion-strength-
ened composite is characterized by a dispersion of fine
particles with a particle diameter ranging from 0.01 to
1 mm, and vol.% ranging from 1 to 15. The optimum

performance has been found at an inter-particle spacing,
l, between 0.5 and 5mm w15x. In this case, the matrix
carries the load and the fine particles impede the motion
of dislocations. A particle-reinforced composite contains
more than 20 vol.% of particles larger than 1mm. The
inter-particle spacing is then larger than 5mm, and the
load is carried by both the matrix and the particles.
Strengthening is achieved because particles restrain
matrix deformation by a mechanical constraint. Which
of these mechanisms is active in the composite Ni–SiC
coatings of this work becomes evident when plotting
the Vickers hardness of these coatings versus the inter-
particle spacing(Fig. 5). This inter-particle spacing was
calculated assuming that the SiC particles are mono-
disperse, spherical and uniformly distributed in the
coatings. In nickel coatings containing 5-mm SiC parti-
cles, the inter-particle spacing is greater than 5mm,
even at the highest particle volume percentage(7.5–23
vol.%) achieved(see Fig. 4). The hardness increase
noted in these composite coatings containing micron-
sized SiC particles can thus be linked to a particle-
strengthening effect. On the contrary, in composite
nickel coatings containing 2–10 vol.% of submicron SiC
particles, the inter-particle spacing is below 5mm. The
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Fig. 6. Volumetric wear factor under uni-directional sliding on com-
posite Ni–SiC coatings containing SiC particles of three different siz-
es, plotted vs. the number density of codeposited SiC particles.

Fig. 7. Volumetric wear factor under bi-directional sliding on com-
posite Ni–SiC coatings containing SiC particles of three different siz-
es, plotted vs. the number density of codeposited SiC particles.

hardness increase noted in these composite coatings can
thus be linked to a dispersion-strengthening effect. This
indicates the importance of achieving a uniform code-
position of non-agglomerated sub-micron particles to
obtain a dispersion-strengthening effect.
The inter-particle spacing, being a parameter that

depends not only on the volume percent of codeposited
particles, but also on the particle size of codeposited
particles, is thus more suited to analyze the mechanical
properties, and thus the wear behavior, than a represen-
tation based on volume percent solely. When using
number density of particles and particle size as para-
meters instead of volume percent and particle size,
independent parameters are compared. Wear data, such
as those in Figs. 2 and 3 for Ni–SiC composite coatings,
become more informative when plotted versus the num-
ber density of codeposited particles(see Figs. 6 and 7,
respectively). Figs. 6 and 7 show that for both uni- and
bi-directional sliding wear tests, the volumetric wear
factor increases, in most cases, with increasing number
density of codeposited SiC particles for the three particle
sizes. Furthermore, the volumetric wear factor decreases
in most of the cases with decreasing particle size. This
means that a low volume percent of submicron SiC
particles in the composite Ni–SiC coatings results in the
same wear resistance as a coating containing a higher

volume percent of micron-sized particles. The abrasive
wear observed in the wear tracks after the sliding tests
suggests that debris and pulled-out SiC particles have
an adverse effect when they remain in the sliding contact
area. A competition thus takes place between the bene-
ficial increase in hardness due to reinforcing SiC parti-
cles codeposited in the nickel coatings, and their adverse
abrasive effect. The abrasive wear of metal matrix
composites increases with increasing amount and size
of abrasive particles, as does the hardness of metal
matrix composites. Therefore, in composite plating, a
decrease in the size of the particles codeposited is, in
both cases, positive. However, an increase in the number
density of codeposited particles produces higher hard-
ness and mechanical strength, but also an increase in
the abrasion wear when reinforcing particles are pulled
out of the composite coatings during sliding wear.
Re-plotting the codeposition data of Fig. 1 as the

number density of particles in the plating solution,n ,s
and in the coating,n , results in Fig. 8. It then appearsc

that the number density of codeposited SiC particles is
1–100-fold larger than the number density of particles
in the plating solution. The codeposition efficiency,
defined as the ratio between the number density of
particles in the coating and in the plating solution,
increases for each SiC particle size with decreasing
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Fig. 8. Number density of particles in Ni–SiC coatings containing
particles of three different sizes plotted vs. the number density of
particles suspended in the plating solutions.

number density of particles in the plating solution. More
important is the fact that the codeposition efficiency
increases substantially with decreasing particle size. This
can be noted in Fig. 8 as a jump in the number density
of codeposited particles at a given number density of
particles in the plating solution(see e.g. at 5=10 and14

5=10 ym ), but of different particle size. Therefore,17 3

in contrast to the apparent outcome of Fig. 1, the
codeposition efficiency does not decrease with decreas-
ing particle size. On the contrary, at a given number
density of particles in the plating solution, the codepos-
ition efficiency increases with decreasing particle size.
In spite the fact that the different SiC particles that

were used were of high purity, it cannot be ruled out
that the particles not only differ in size, but also have a
different surface chemistry due to their origin. Hence,
the results of Fig. 8 can be either due to a difference in
surface chemistry, or to a size-dependent codeposition
behavior. In order to discriminate between these two
alternative explanations, a simple model was developed
to see if it is possible to explain the results based on a
size effect.
The number density of particles entrapped in the

coating per unit volume,n , is assumed to be propor-c

tional to the number of particles,n , that get entrapped*
s

in the coating per unit of time and surface area, divided
by the volume increase,DV, of the coating per unit of
time and surface:

*nsn s (1)c
DV

The volume increase is derived from Faraday’s law,
taking into account the contribution of the codeposited
particles, assuming they are mono-disperse and
spherical:

MØi p 3 *DVs q Ød Øn (2)snØrØF 6

whereF is Faraday’s constant,n is the valence of the
metal ions,M andr are the atomic weight and density
of the metal, respectively,i is the current density andd
is the diameter of the codeposited particles. The number
of particles,n , that get entrapped in the coating can be*

s

related to the number density of particles in the plating
solution, n , by introducing a transfer rateA and as

probabilityP:
*n sPØAØn (3)s s

whereA is the total volume of particles that bump into
the electrode per unit time and surface area, andP is
the probability for particles to be retained on and
incorporated in the cathodic deposit. This transfer rate
A and probabilityP obviously depend on bath agitation
and hydrodynamics. SubstitutingDV and n into Eq.*

s

(1), the number density of codeposited particles
becomes:

PØAØnsn s (4)c MØi p 3q Ød ØPØAØnsnØrØF 6

Eq. (4) contains only one adjustable parameter, name-
ly PA, which links the amount of particles that reach
the cathode(A), and the probability that these particles
remain on the cathode(P). From our codeposition
experiments, it is, however, not possible to determine
these two factors separately. For experiments carried out
on a rotating disk electrode,A is proportional to the
square root of the rotation speed, and it should be
possible to obtain more information on the effect of
bath agitation. In our experiments, the bath agitation
and electrode configuration were kept constant, and it
is assumed that the transfer rateA was constant. Eq.(4)
was used to fit the experimental data of Fig. 8. The fits
shown in Fig. 9 were obtained by varyingPA and the
value of the particle diameter. It was found that the
experimental data for the three particle sizes could be
fitted with a singlePA value of 10 mys. The particley4

diameters that yield the best fit with aPA value of
10 mys are slightly higher, namely 8.5, 1.7 and 0.7y4
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Fig. 9. Data of Fig. 8 fitted with the model expressed by Eq.(4). The
particle sizes mentioned near each fit give the best fits to the exper-
imental data.

mm, than the particle sizes mentioned by the producers
of the powders, namely 5, 0.7 and 0.3mm, respectively.
The difference between the sizes specified by the pro-
ducer and the fitted particle sizes is reasonable. Indeed,
small particles easily aggregate in electrolytes of high
ionic strength w16x, and the hydrodynamic shielding
between particles in the plating solution and partially
engulfed particles result in a larger effective diameter in
their collision interactionsw17x. The fact that our results
fit Eq. (4) with a single value forPA indicates that the
effect is related to the size of the particles, and not to a
change in surface chemistry. Extrapolating Eq.(4) to
SiC particles of 0.1mm, Fig. 9 predicts that the number
density of codeposited particles in the coating will be
more than two orders of magnitude larger than for
particles of 0.7mm. This opens interesting perspectives
for achieving dispersion-strengthening in electrolytic
composite coatings, which could have attractive wear
properties.

4. Conclusions

The wear properties of Ni–SiC composite coatings
were shown to depend on the volume occupied by the
reinforcing particles, as well as on their number density.

The sliding wear behavior of Ni–SiC composite coatings
containing different amounts of particles was the same
for uni- and bi-directional sliding. The best sliding wear
resistance against corundum balls was obtained for Ni–
SiC coatings containing 4–5 vol.% of 0.3- and 0.7-mm
SiC particles. Higher volume percent or number density
of codeposited particles lowers the wear resistance. A
decrease in the particle size affects the wear resistance
in a positive way. This results from a beneficial strength-
ening effect due to codeposited particles and adverse
abrasive wear due to pulled-out particles.
When comparing the effect of particle size on code-

position, it is important to express the results in terms
of number density of particles, otherwise erroneous
conclusions will be obtained. The benefit of presenting
codeposition results based on the number density of
particles was demonstrated for the codeposition of Ni–
SiC with particle sizes between 0.3 and 5mm. For this
system, it was found that for a given number density of
particles in the plating solution, the number density of
codeposited SiC-particles increases with decreasing par-
ticle size. Hence, small SiC particles codeposit easier
than large particles. Based on a relation between the
number density of codeposited particles and the number
density of particles in the plating solution, it was shown
that the size and number density of SiC particles in the
plating solution are important parameters in the code-
position process.

Acknowledgements

I.G. thanks the European Commission for a Marie
Curie Fellowship(contract ERBFMBICT 983129). J.F.
thanks the FWO-Vlaanderen for their financial support.
Part of this work has been funded by FWO-Vlaanderen
(contract G.0337.98), the Belgian Government(contract
IUAP P4y33), and the European Commission(project
INMAN, contract BRPR-CT98-0788). The authors
would like to thank Dr V. Terzieva and Dr X. Ye for
assisting in the experimental work.

References

w1x J.R. Roos, J.P. Celis, J. Fransaer, C. Buelens, J. Met. 42(1990)
60.

w2x J. Fransaer, J.P. Celis, J.R. Roos, J. Electrochem. Soc. 139
(1992) 413.

w3x A. Hovestad, L.J.J. Janssen, Rev. Appl. Electrochem. 40(1995)
519.

w4x S. Alexandridou, C. Kiparissides, J. Fransaer, J.-P. Celis, Surf.
Coat. Technol. 71(1995) 267–276.

w5x J. Zahavi, J. Hazan, Plat. Surf. Finish. 2(1983) 57.
w6x E.P. Rajiv, A. Iyer, S.K. Seshadri, Wear 189(1995) 100.
w7x L. Jun, W. Yiyong, W. Dianlong, H. Xinguo, J. Mater. Sci. 35

(2000) 1751.
w8x M. Ghouse, Met. Finish. 3(1984) 33.
w9x X.M. Ding, N. Merk, Scr. Mater. 37(5) (1997) 685.



178 I. Garcia et al. / Surface and Coatings Technology 148 (2001) 171–178

w10x D.H. Cheng, W.Y. Xu, L.Q. Hua, Z.Y. Zhang, X.J. Wan, Plat.
Surf. Finish. 2(1998) 61.

w11x Y.V. Timoshkov, I.S. Molchan, S.V. Labunov et al., Surface
Modification Technologies XI, Institute of Materials, London,
1998, p. 991.

w12x H. Mohrbacher, J.-P. Celis, J.R. Roos, Tribol. Int. 28(5) (1995)
269.

w13x J. Fransaer, J.-P. Celis, in: P. Andricacos, S. Corcoram, J.L.
Delplancke, T. Moffat, P. Searson(Eds.), Electrochemical Syn-
thesis and Modification of Materials, Proceedings of the Material

Research Society Symposia, 451, MRS, Pittsburgh, 1997, p.
475.

w14x P.Q. Wu, D. Drees, L. Stals, J.-P. Celis, Surf. Coat. Technol.
113 (1999) 258.

w15x V.P. Greco, Plat. Surf. Finish. 7(1989) 62.
w16x T.G.M. van de Ven, Colloidal Hydrodynamics, Academic Press,

London, 1989.
w17x T. Dabros, T.G.M. van de Ven, Int. J. Multiphase Flow 18(5)

(1992) 751.


