
A

i
c
s
n
t
s
i
n
b
©

K

1

e
i
I
s
n
w
t
o
t
f
c

s
l

0
d

Available online at www.sciencedirect.com

Colloids and Surfaces A: Physicochem. Eng. Aspects  315 (2008) 176–182

Electrodeposition of Ni–SiC nano-composite coatings and evaluation of
wear and corrosion resistance and electroplating characteristics

M.R. Vaezi ∗, S.K. Sadrnezhaad, L. Nikzad
Advanced Materials Research Center, Materials and Energy Research Center, Karaj, Iran

Received 16 April 2007; received in revised form 10 July 2007; accepted 26 July 2007
Available online 2 August 2007

bstract

Ni–SiC nano-composite coatings with different contents of SiC nano-particulates were prepared by means of the conventional electrodeposition
n a nickel-plating bath containing SiC nano-particulates to be co-deposited. The dependence of SiC nano-particulates amount in the nano-composite
oatings was investigated in relation to the SiC concentration in bath, cathode current density, stir rate and temperature of plating bath and it is
hown that these parameters strongly affected the volume percentage of SiC nano-particulates. The deposition efficiency with and without SiC
ano-particulate in bath was studied. The morphology and phases of the electrodeposited nano-composite were studied. The wear behavior of
he nano-composite coatings was evaluated on a ball-on-disk test. The corrosion behavior of the nano-composite coatings was evaluated in the
olution of 0.5 M NaCl at room temperature. It was found that the cathodic polarization potential increased with increasing the SiC concentration

n the bath. The microhardness and wear and corrosion resistance of the nano-composite coatings also increased with increasing content of the SiC
ano-particulate in bath. The SiC distribution in the nano-composite coatings at low concentrations of SiC in bath was uniform across the coatings,
ut at high concentrations, SiC nano-particulates on the surface were agglomerated.
 2007 Elsevier B.V. All rights reserved.
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. Introduction

Research into the production of nano-composite coatings by
lectrolytic co-deposition of fine particles with metal from plat-
ng baths has been investigated by numerous investigators [1–3].
nterest in electrodeposited nano-composites has increased sub-
tantially during the past two decades due mainly to the fact that
ano-composite coatings can give various properties, such as
ear resistance, high-temperature corrosion protection, oxida-

ion resistance and self-lubrication, to a plated surface. Research
n electrodeposition of nano-composite coatings has been atten-
ion directed towards the determination of optimum conditions

or their production, i.e. current density, temperature, particle
oncentration and bath composition [1–5].
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Nickel, being an engineering material, is the widely used
etal matrix. Ni–SiC composites have been commercialized

or the protection of friction parts, combustion engines and
asting moulds [6,7]. The availability of nano-size particles
n late 1990s and the resulting enhanced properties imparted
y them to the coating have increased the interest in the pro-
uction of nickel-based nano-composite coatings [8,9]. Quite a
ot of researchers have studied the incorporation of micro/sub

icro-SiC in nickel matrix [7,10–17]. Studies have also been
eported on the influence of operating parameters on the co-
eposition of nano-SiC [9,18–22]. Gyftou et al. have reported
he co-deposition mechanism of micro and nano-SiC particles
ncorporated in nickel matrix [23]. The mechanical properties of
i–SiC nano-composites from modified Watt’s Bath have been

tudied by Zimmerman et al. [24].
As mentioned above, a lot of research work has been carried

ut on the effect of operating conditions on the mechanical prop-

rties of nano-composite coatings, but very few have examined
he influence of electrochemical aspects such as determination
f the cathodic efficiency on the co-deposition process and
he properties of the resulting nano-composite coatings. This
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than at 60 ◦C at a given current density. This can be attributed to
polarization at surface of cathode with increasing current density
and temperature. The cathode efficiency at 30 ◦C varies from 75
to 45%.
M.R. Vaezi et al. / Colloids and Surfaces A:

aper presents results of research into the electrodeposition of
i–SiC nano-composite coatings with particular reference to

he electroplating parameters of the bath used. The microstruc-
ure and surface morphology of the composite coatings were
nvestigated. The effects of the incorporated SiC on the cathodic
fficiency of bath, corrosion and wear resistance of the nano-
omposite coatings were analyzed.

. Experimental

The composition of the solution and operating parameters
or electrodeposition are shown in Table 1. Analytical reagents
nd distilled water were used to prepare the plating solution.
rior to plating, the SiC nano-particulates of a mean diameter
0 nm (Kaier, Hefei, China) with concentration of 1–20 g L−1

ere dispersed in the electrolyte in the presence of saccharine.
Cathodes, made of copper of a size 50 mm × 50 mm × 1 mm,

ere positioned in vertical plane with anode. A platinum plate of
0 mm × 40 mm was used as the anode. The distance between
node and cathode was 4 cm. Copper specimens with dimen-
ions of 50 mm × 50 mm × 0.5 mm were used for the cathode
fficiency determination.

Before each experiment, cathode was sequentially ultrasoni-
ally cleaned in ethanol, acetone and distilled water for 10 min,
ctivated in 1:1 HCl for 30 s, washed in distilled water, and
hen immersed immediately in the plating bath to allow the
lectrodeposition of the target nano-composite coatings.

The electrochemical studies were performed on a model
73 A potentiostat/galvanostat device (EG & G Princeton
pplied Research). The polarization curves of the electrolyte
ere recorded at a sweep rate of 0.1 mV/s. The Tafel curves
ere measured at a sweep rate of 0.01 mV/s in 0.5 M NaCl at

oom temperature.
Surface morphologies of nano-composite coatings were

xamined by scanning electron microscope (SEM) using a
hilips model MV2300 operated at 25 kV. The chemical com-
osition of the deposits was determined using the Kevex model
nergy dispersive X-ray spectroscopy (EDAX) system attached
o the SEM. All chemical composition values are quoted in
eight percent and represent the average of at least five mea-
urements. X-ray diffraction (XRD) was used to determine the
hase present and the preferred orientation of the deposits. A
hilips Xpert-Pro X-ray diffractometer with a Cu K� radiation
λ = 1.5418 Å) was employed to obtain XRD spectra using stan-

able 1
omposition and deposition parameters of nano-composite bath used

eposition parameters Amount

iSO4 200 g/L
iCl2 40 g/L
a3C6H5O7 50 g/L

3BO3 30 g/L
iC 1–20 g/L
emperature 30 and 60 ◦C
H 3
urrent density 5–50 mA/cm2

agnetic stirring speed 600 rpm F
a

cochem. Eng. Aspects  315 (2008) 176–182 177

ard θ–2θ geometry. A computer-base search and match was
sed for phase identification.

The hardness of the nano-composites coatings was measured
n a Vickers’ microhardness instrument at an applied load of
0 g for 5 s. Five measurements were conducted on each sample
nd the results were averaged. The tribological behaviors of the
lectrodeposited nano-composites coatings reciprocally sliding
gainst SAE52100 steel ball (ϕ 3 mm) were examined on a UMT-
MT tribometer in a ball-on-disk configuration. The sliding was
erformed at amplitude of 5 mm, a normal load of 1 N, and a
requency of 5 Hz.

. Results and discussion

One of the purposes of this work was to find the dependence of
he electrodeposited nickel percent on the different bath parame-
ers and also the optimum conditions for the electrodeposition of
ickel coatings. Fig. 1 shows the electrodeposited nickel weight
ercent as a function of current density at 30 and 60 ◦C. As
an be seen in Fig. 1, with increasing current density from 20
o 70 mA/cm2 at 30 ◦C the electrodeposited nickel percent is
pproximately constant (70%). An increase in current density
t 60 ◦C (higher temperature) from 20 to 70 mA/cm2 led to an
ncrease in the electrodeposited nickel percent from 73 to 84%.
lso, when the temperature of bath is increased from 30 to 60 ◦C

t constant current density, the electrodeposited nickel percent
ill increase. Thus, the temperature of bath can promote the effi-

iency on the electrodeposition process of nickel and the effect
f temperature is more significant than current density.

Fig. 2 indicates the variation in cathode efficiency of the
ickel bath with current density for two temperatures, 30 and
0 ◦C. It can be seen that the cathode efficiency declines with
he increase of current density. The efficiency is higher at 30 ◦C
ig. 1. Chemical composition of matrix as a function of current density at 30
nd 60 ◦C.
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thus resulting in a higher weight percent of SiC nano-particulates

F
o

ig. 2. The variation in cathode efficiency of the nickel bath with current density.

The introduction of SiC nano-particulates to bath gives vari-
tion cathode efficiency. Fig. 3 shows the change in cathode
fficiency with addition of the SiC nano-particulates to bath at
0 ◦C. When the SiC nano-particulates collide at the cathode
urface, the conditions for deposit formation are established and
o the cathode efficiency increases.
The SiC weight percent in composite coating as a function of
iC concentration, stirring rate, current density and the temper-
ture of bath is shown in Fig. 4. Fig. 4a indicates that in constant

i
o
p

ig. 4. The SiC nano-particulates weight percent as a function of SiC nano-particula
f bath (c).
ig. 3. The change in cathode efficiency with addition of SiC nano-particulates
o bath at 30 ◦C.

tirring rate, the weight percent of the SiC nano-particulates in
he composite coating increases sharply with increasing the SiC
ano-particulates content up to 5 g/L in the electrolyte. As the
iC concentration in the electrolyte surpasses 5 g/L, the weight
ercent of the SiC nano-particulates in the composite coating
ecreases (Fig. 4a). The results shown in Fig. 4a can be explained
y the Guglielmi two-step adsorption model [1,2] where a higher
article concentration in the electrolyte increases the adsorption,
n composite coatings, while the decrease in the weight percent
f the SiC nano-particulates at a concentration of SiC nano-
articulates above 5 g/ L is attributed to the agglomeration of

tes concentration and stirring rate (a), current density (b) and the temperature
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deposit exhibited a crystallite size of 28 nm, calculated from the
XRD line broadening. The deposition of SiC (3 wt%) reduced
the crystallite size to 11 nm (reference to (2 0 0) reflection).
M.R. Vaezi et al. / Colloids and Surfaces A:

he SiC nano-particulates in the electrolyte owing to their poor
ettability. Increasing the stirring rate up to 120 rpm causes to

ncrease the percent of SiC nano-particulates but when the stir-
ing rate is too high, the decreasing trend of the weight percent is
rincipally caused by the collision factor [25]. At a high-stirring
ate, because of turbulent flow in bath, the SiC nano-particulates
n the cathode surface are washed away and thus the SiC nano-
articulates percent in composite coating decreases. In terms
f the Foster model [26], with increasing of the stirring rate
esulting in increasing the forces acting on the nano-particulates
esting on the cathode surface, this decreases the weight percent
f the SiC nano-particulates in the composite coating.

It is observed from Fig. 4b that the percent of SiC nano-
articulates increases initially with the current density and
eaches a maximum at 20 mA/cm2. Beyond this current den-
ity, the weight percent of SiC nano-particulates decreases (see
ig. 4b). This result is in agreement with earlier observations
y Wu et al. for Co–Ni–Al2O3 [27]. Before the maximum the
ncreasing percent of SiC nano-particulates can be attributed
o the increasing tendency for adsorbed particles to arrive in
he cathode surface, which is consistent with Guglielmi model
28]. The process is controlled by the adsorption of the particles
nd the particle deposition is dominant. When current density is
reater than 20 mA/cm2, the decreasing trend can be explained
y the fact that an increase in current density results in more rapid
eposition of the metal matrix and fewer particles are embed-
ed in the coating. Hence, the metal deposition dominates the
eposition process.

Fig. 4c shows the percent of SiC nano-particulates as a func-
ion of the temperature of bath. It can be shown that the percent
f SiC nano-particulates increases with the temperature of bath
p to 50 ◦C. Below 50 ◦C, the activity of particulates increases
ith increasing the temperature of bath. However, as the temper-

ture of bath is higher than 50 ◦C, the thermodynamic movement
f the ions is greatly enhanced, which results in increasing the
inetic energy of particulates. According to the literature [29],
ncreasing the temperature leads to the decrease in the adsorpa-
ility of the particulates and hence to decrease the overpotential
f the cathode and the electric field, which makes it harder for the
articulates to be embedded in the matrix and subsequently leads
o a decrease in the weight percent of the SiC nano-particulates
n the composite coating.

The dependence of the matrix composition on temperature
t a cathode current density of 20 mA/cm2 has been shown in
ig. 5. In Fig. 5, it was found that the presence of SiC nano-
articulates in bath increases the weight percent of nickel in
atrix of composite coatings.
The XRD method of Ni–SiC coatings is a suitable method to

etermine the phase kind and presence of SiC nano-particulates
n the matrix. Fig. 6 shows the XRD diffractograms of pure nickel
nd Ni–SiC nano-compsite. The XRD pattern confirms that the
lectrodeposited nickel coating is composed of a mono-phase
atrix (see Fig. 6a). Pure nickel deposit has exhibited an intense
2 0 0) diffraction line. This may be correlated with [1 0 0] texture
ssociated to deposits with minimum hardness and maximum
uctility. The intensity of the diffraction peaks of the nickel in the
ano-composite coating is lower and the peak width is broader

F
c

ig. 5. The dependence of the matrix composition with temperature at the
athode current density of 20 mA/cm2.

han that of the nickel coating (see Fig. 6b). This is attributed
o the decrease in the grain size of the Ni–SiC nano-composite
oating by the addition of SiC nano-particulates into the plat-
ng bath. Namely, the growth of the electrodeposited layer is
competition between the nucleation and crystal growth. SiC

ano-particulates provide more nucleation sites and hence retard
he crystal growth; subsequently the corresponding nickel matrix
n the composite coating has a smaller crystal size. Pure nickel
ig. 6. XRD pattern of pure nickel deposit (a) and Ni–SiC nano-composite
oating (b).
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The Ni–SiC nano-compsite has exhibited (1 1 1), (2 2 0) and
3 1 1) diffraction lines with an attenuation of (2 0 0) line. This
einforcement of diffraction lines can be linked with the dis-
ersed [2 1 1] orientation [30]. Thus the embedding of SiC
ano-particulates in the nickel matrix has modified the texture
rom the soft [1 0 0] mode to the mixed preferred [2 1 1] mode
30]. Further, the incorporation of SiC nano-particulates in a
ano-crystalline nickel matrix has also resulted in the increase
n hardness from 260 to 450 VHN. The relation between the crys-
allite size and microhardness can be expressed by Hall-Petch
elation, H = H0 + kd−1/2 [31] where k is a constant known as
he Hall-Petch stress intensity factor, d crystallite size, H micro-
ardness and H0 is the hardness of the material. This is based on
he concept that grain boundaries act as barriers to the motion
f dislocations by forming dislocation pile-ups at grain bound-
ries, resulting in hard deposits. The reduction in grain size and
hange in structure of nickel crystallites may be linked to the fact
hat SiC nano-particulates change the catholyte composition due
o adsorption of H+. This results in the localized alkalization of
athode/ electrolyte interface leading to [2 1 1] mode. It also
erturbs the crystal growth by increasing the number of nucle-
tion sites and consequently a reduction in the crystallite size

ccurs.

The surface morphology of the coatings analyzed by SEM is
iven in Fig. 7. The figure reveals that the pure nickel deposit
as exhibited irregular polyhedral crystals. The incorporation of

b
t
n
p

Fig. 7. SEM morphology of nickel coating (a) and
Physicochem. Eng. Aspects 315 (2008) 176–182

iC nano-particulates has modified the surface to particulate like
rystals. The change in the morphology can be associated to the
hange from preferred orientation to random oriented composite
eposits. EDX analysis revealed the uniform distribution of SiC
n the composite. In addition, many nodular agglomerated grains
re seen on the nano-composite coating surface (Fig. 7c). It is
upposed that the SiC nano-particulates of a uniform distribution
nd agglomeration to some extent may contribute to increase the
ear resistance of the Ni–SiC nano-composite coating.
Fig. 8 shows the variation in the microhardness and wear rate

f the Ni–SiC nano-composite coatings with the content of SiC
ano-particulates. It is seen that the Ni–5% SiC nano-composite
oating has a maximum hardness and minimum wear rate.
he microhardness of the nano-composite coatings increases
ith increasing weight percent of the SiC nano-particulate. The

ncrease in the microhardness and the decrease in the wear rate of
he Ni–SiC nano-composite coatings as compared to the nickel
oating is rationally understood, since the SiC nano-particulates
eposited in the nickel matrix could restrain the growth of the
ickel grains and the plastic deformation of the matrix under
loading, by way of grain fining and dispersive strengthening

ffects. The grain fining and dispersive strengthening effects

ecome stronger with increasing SiC nano-particulates con-
ent, thus the microhardness and wear resistance of the Ni–SiC
ano-composite coatings increase with increasing SiC nano-
articulates content.

Ni–SiC nano-composite coating (b and c).
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no-composite coating vs. weight percent of SiC nano-particulates.
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Fig. 8. Microhardness (a) and wear rate (b) of the Ni–SiC na

The cathodic polarization curves of the Ni–SiC electrolytes
ontaining different concentrations of SiC nano-particulates has
een shown in Fig. 9. It is seen that the addition of SiC nano-
articulates to the electrolyte causes the reduction potential of
ickel to shift towards larger negatives, but the slope of the
eduction curve keeps unchanged. The shift to a lower value
n the reduction potential is attributed to a decrease in the active
urface area of the cathode, owing to the adsorption of the SiC
ano-particulates, and may also relate to the decrease in the
onic transport by the SiC nano-particulates, which does not
ignificantly affect the electrochemical reaction mechanism.

Fig. 10 shows the anodic polarization curves for nickel and
i–SiC nano-composite coating in 0.5 M NaCl solutions. Both
f them show an active-passive transition by anodic polarization,
ut the corrosion potential of Ni–SiC nano-composite coating
s more positive than that of nickel coating. For Ni–SiC nano-
omposite coating, the polarization curve shows a relatively
ide passive region and smaller passive current density than that
f nickel coating. This indicates that the Ni–SiC nano-composite
oating has better corrosion resistance than the nickel coating.
he SiC nano-particulates were embedded in the nickel matrix

nd filled in crevices, gaps and micron holes. These SiC nano-
articulates act as inert physical barriers to the initiation and
evelopment of defect corrosion, hence improve the corrosion
esistance of the coating.

ig. 9. Cathodic polarization curves for the deposition of Ni–SiC at different
oncentrations of SiC nano-particulates in the bath.
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ig. 10. Cathodic polarization curves of nickel and Ni–SiC nano-composite
oating (containing 3% SiC) in 0.5 M NaCl solution.

. Conclusion

The electrodeposited nickel percent depends on current den-
ity and temperature. The current density and SiC content in
olution influence the cathode efficiency; with decrease of cur-
ent density or increase of the SiC content in bath, the cathode
fficiency increases. SiC nano-particulates can be successfully
o-deposited with nickel by electrodeposition. The cathodic
olarization potential of the Ni–SiC electrolyte increases with
ncreasing SiC concentration in the plating bath, but the SiC
ano-particulates do not significantly affect the electrodeposi-
ion process of the nickel coating. It is recommended to prepare
he Ni–SiC nano-particulates composite coating of the largest
eight percent of SiC nano-particulates by plating in the bath
ontaining 5 g/ L SiC nano-particulates at a temperature of
0 ◦C, current density of 20 mA/cm2, and a stirring rate of
20 rpm. The incorporation of the SiC nano-particulates leads to
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he changes in the morphology, microhardness and wear resis-
ance of the nano-composite coatings as compared to the nickel
oatings. The Ni–SiC nano-composite coatings have higher
icrohardness and better wear resistance than the nickel coating,
hich is attributed to the grain-fining and dispersive strength-

ning effects of the deposited hard SiC nano-particulates. The
i–SiC nano-composite coating has better corrosion resistance

han the nickel coating.
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30] P.A. Gay, P. Berçot, J. Pagetti, Surf. Coat. Technol. 140 (2001).
31] F. Erler, C. Jakob, H. Romanus, L. Spiess, B. Wielage, T. Lampke, S.

Steinhouser, Electrochim. Acta 48 (2003) 3063.


	Electrodeposition of Ni-SiC nano-composite coatings and evaluation of wear and corrosion resistance and electroplating characteristics
	Introduction
	Experimental
	Results and discussion
	Conclusion
	References


