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a  b  s  t  r  a  c  t

Ni–Co/SiC  nanocomposite  coatings  were  electrodeposited  in  a modified  watt  type  of  Ni–Co  bath  contain-
ing  20  nm  SiC  particles  to  be  codeposited.  Potentiodynamic  polarization  tests  were  conducted  to  study
the  effect  of  the  SiC  particulates  on  the  electrodeposition  of  Ni and  Co.  Scanning  electron  microscopy  was
used  to  assess  the  morphology  of  the  Ni–Co  alloy  and  Ni–Co/SiC  nanocomposite  coatings.  The  distribution
of  the  particulates  in  the  matrix  was  considered  by  means  of transmission  electron  microscopy.  Apply-
eywords:
oating materials
etal matrix composites
echanical properties

orrosion

ing nanomechanical  testing  instruments  coupled  to  atomic  force  microscopy,  mechanical  properties  of
the alloy  and  composite  coatings  were  studied  and  compared.  The  presence  of  11  vol.%  SiC  in the  Ni–Co
matrix  increased  hardness  more  than  60%.  The  average  depth  of  scratch  in  the  mentioned  composite
coating  was  about  15%  less  than  that  of  the  Ni–Co  alloy  coating.  The  corrosion  penetration  rate  (CPR)
of  the  Ni–Co  alloy  coating  in  a 3.5  wt.%  NaCl  solution  was  more  than  17 times  greater  than  that  of the
Ni–Co/SiC  coating  with  30.5  vol.%  SiC.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

It is acknowledged that electrochemical embedding of finely
ispersed rigid reinforcements in metallic matrices imparts excep-
ional advantages in terms of superior mechanical properties and
etter corrosion resistance as compared to pure metal and alloy
oatings [1–11]. With the increasing availability of ever decreas-
ng particle sizes, a large number of scholars have investigated to a
reatest extent the electrocodeposition of micron, submicron and
ano particles with metallic ions. The major challenge in this area
eems to be the deposition of the high levels of non-agglomerated
nely dispersed particles [12,13]. It has been reported that a reduc-
ion in particle size would improve microhardness, ameliorate wear
nd corrosion resistance [12–15].  The reduction of particle size
ecreases the codeposition content of the particles [12,13,16,17];
evertheless, considering the number density of the particles in the
oating, the rate of the nano particles codeposition is much higher
han that of micro particles [12–14].  Garcia et al. [12,13] demon-
trated the importance of the particle density instead of the volume
ercent of codeposited particles, especially when the characteris-
ics of composite coatings containing particles of different sizes are

ompared, otherwise erroneous conclusions would be obtained. It
as been revealed that micro-sized particles are codeposited at bor-
ers and edges of crystallites (inter-crystalline mechanism), while

∗ Corresponding author. Tel.: +98 21 6022721; fax: +98 21 6005717.
E-mail address: Dolati@Sharif.edu (A. Dolati).

925-8388/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.07.054
nano-sized particles are also incorporated inside crystals (intra-
crystalline mechanism) [14].

In comparison with pure nickel, as a widespread engineer-
ing material, alloying of nickel with cobalt results in a higher
hardness and superior wear and corrosion resistance at ele-
vated temperatures. In addition, specific magnetic properties of
nickel–cobalt alloys have made them a permanent candidate for
recording head material in computer hard drive industries and
micro-electrical mechanical systems [18–23].  These merits account
for the widespread applications of this alloy as a metal matrix
in electrocomposite coatings, where various particles have been
incorporated in, through electrochemical methods, such as Cr2O3
[24], carbon nano tube (CNT) [25], yttria stabilized zirconia alumina
(YZA) [26], SiC [27–29],  Al2O3 [30,31], diamond [32], MoS2 [33],
LaNi5 [34], barium ferrite [35], and Si3N4 [36]. To our knowledge,
much work has not been reported on the electrochemical depo-
sition of Ni–Co/SiC nanocomposite coatings. In the same authors’
previous paper [37], Ni–Co/SiC electrodeposition process was mod-
eled, and the kinetics aspects of the electrocodeposition were
analyzed through the Guglielmi’s model of codeposition. In addi-
tion, it was demonstrated that SiC nano particulate enhances the
anomalous behavior of the Ni and Co electrodeposition, and the
presence of these suspended particles in the deposition electrolyte
increases the cobalt content of the deposits. Srivastava et al. [28,29]

have reported that the wear resistance of Ni–Co/SiC composite
coatings is superior to that of Ni/SiC composite coatings and the best
wear resistance between the various compositions of Ni–Co/SiC
coatings belongs to Co-rich composites.

dx.doi.org/10.1016/j.jallcom.2011.07.054
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:Dolati@Sharif.edu
dx.doi.org/10.1016/j.jallcom.2011.07.054
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Table  1
Composition of the deposition electrolytes.

NiSO4 NiCl2 CoSO4 H3BO3 20 nm SiC pH T

Solution 1 220 g/dm3 40 g/dm3 20 g/dm3 30 g/dm3 0 g/l 4.2 50 ◦C
Solution 2 220 g/dm3 40 g/dm3 20 g/dm3 30 g/dm3 10 g/dm3 4.2 50 ◦C
Solution 3 220 g/dm3 40 g/dm3 20 g/dm3 30 g/dm3 20 g/dm3 4.2 50 ◦C
Solution 4 220 g/dm3 40 g/dm3 20 g/dm3 30 g/dm3 30 g/dm3 4.2 50 ◦C

3 3 3 30 g/dm3 40 g/dm3 4.2 50 ◦C
3 30 g/dm3 40 g/dm3 4.2 50 ◦C
3 30 g/l 40 g/dm3 4.2 50 ◦C
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electrolyte on the amount of the codeposited SiC particles, these
particles were codeposited from the electrolytes with the differ-
ent concentrations of Ni and Co ions. Solution numbers 5, 6, and
7 were used for this experiment. The electrodeposition was done
Solution 5 220 g/dm 40 g/dm 20 g/dm
Solution 6 190 g/dm3 20 g/dm3 20 g/dm
Solution 7 250 g/dm3 60 g/dm3 20 g/dm

This paper aims to investigate the electrodeposition and charac-
eristics of this newly developed composite coating and to compare
ts properties with Ni–Co alloy coatings. To do end, Ni–Co alloy and
i–Co/nano-SiC composite coatings were electrodeposited from a
odified Watt type bath. The influence of bath electroactive species

n the particles codeposition rate was analyzed. The surface mor-
hology of the alloy and composite coatings as well as the quality
f the SiC distribution in the Ni–Co matrix were studied. Mechan-
cal properties of the composite coatings including nanohardness,
anoscratch resistance were compared with those of the alloy.
ventually, the corrosion resistance of the coatings in a 3.5% NaCl
olution was investigated.

. Experimental procedures

Table 1 lists the composition of the electrodeposition electrolyte of the coatings,
hich were based on the Watt’s bath for the Ni–Co alloy deposition. Analytical

eagents and triple distilled water were used for the solutions preparation. In order
o  prevent the agglomeration of the SiC particles, the electrolytes containing the
articles were premixed and stirred by a magnetic stirrer (480 rpm) for 24 h and then
y  ultrasonic agitation (the power of 350 W and the frequency of 40 kHz) for 30 min

ust  prior to the electrodeposition. 100 cm3 beaker was  used as the deposition bath
nd the volume of the electrolytes was 100 cm3. Three vertical electrodes set-ups
ere employed for the codeposition process.

The electrochemical depositions were conducted by an IM6 model Zahner
otentiostat/galvanostat controlled by the Thales software. A nickel plate (99.9%
urity) was  used as anode with the dimensions of 6 cm × 1 cm × 0.1 cm and up to

 cm of its length was  immersed in the electrolyte. The cathodes were copper plates
ith a size of 1 cm × 2 cm × 0.1 cm,  mechanically polished to 2000-grit finish with

iC  papers and chemically pre-treated by immersing in acetone for 15 min. The cath-
de plates were inserted in a PTFE holder with a 7 mm circular window exposed to
he electrolyte. The deposition current densities were 1, 2 and 4 A/dm2 and the
oating thickness was  40 �m. Linear voltammetry with a 5 mV/s sweep rate was
sed  to study the effect of the suspended SiC particles on the electrodeposition pro-
ess. A scanning electron microscope (SEM, TESCAN model) was used to investigate
he surface morphology of the coatings. The weight percentage of SiC in the coat-
ngs was determined using an Energy Dispersed X-ray micro-analyzer (EDX, Rontec

odel) coupled to SEM. The relative amount of Co and Ni in the deposited coat-
ngs was obtained based on the atomic absorption spectroscopy analysis (AAS, GBC

odel). The transmission electron microscopy TEM investigation of the composite
oatings was performed using a ZEISS TEM model EM-10C operated at 100 kV to
bserve the distribution of the SiC particles in the Ni–Co matrix. Nanomechanical
est Instrument coupled to an atomic force microscope (AFM, Hysitron model) was
lso employed for nanohardness and nanoscratch tests.

The corrosion resistance of the deposited coatings was studied in a 3.5 wt.% NaCl
olution by means of the polarization method. The measurements were performed
t  room temperature and in the non-stirred solution, where the applied sweep rate
as 0.5 mV/s. The corrosion potential (Ecorr), corrosion current density (Icorr) and

orrosion penetration rate (CPR) were estimated and compared.

. Results and discussion

.1. Electrocodeposition of the SiC nano particulates with Ni and
o ions

Two of the main factors governing the particle content of lay-
rs are the current density and the particle concentration in the

uspension. Fig. 1 is the correlation between the bath SiC con-
entration and the amount of SiC codeposited in the composite
oatings for the three applied current densities. As seen, the amount
f the codeposited SiC particles increases by increasing the bath
Fig. 1. Correlation between the bath SiC concentration and the amount of SiC code-
posited in the composite coatings.

SiC concentration. This increasing trend is consistent with the
Guglielmi’s model of codeposition [37,38]. According to this model,
the increase in the bath concentration of the particles increases the
loose adsorption coverage of the particles on the cathode surface,
where the higher percentage of the particles have a chance to trans-
fer from the loose adsorption step to the strong adsorption step.
Another point of the diagram is the increase in the codeposited SiC
particles by increasing the applied current density. The increase in
the applied current density provides a more reductive circumstance
and enhances the chance of transfer from the loose adsorption step
to the strong adsorption step. Thus, the increase of the current
density increases the codeposition of the SiC particulates.

3.2. Role of the electroactive species concentration on the SiC
codeposition

To study the effect of metallic ions as electroactive species in the
Fig. 2. Amount of SiC codeposited in the various deposition electrolyte concentra-
tions.
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ig. 3. Potentiodynamic polarization curves recorded on Cu in Ni–Co baths contain-
ng  0, 10 and 40 g dm−3 of SiC. Potential sweep rate 5 mV  s−1.

t a current density of 4 A/dm2. The amount of codeposited SiC is
hown in Fig. 2 for the three concentrations of nickel and cobalt
ulfates in the bath. At first, the volume percent of the embed-
ed SiC particles increases with increasing the ions concentration,
ut then decreases. This phenomenon is related to the mechanism
f particles codeposition. According to the Guglielmi’s model of
odeposition, the particles are codeposited once the ions which
re adsorbed on the particles surface are reduced. At the low con-
entration of the ions, insufficient metallic ions are adsorbed on
he SiC nanoparticles and the higher percentages of the loosely
dsorbed particles are desorbed from the cathode surface, result-
ng in a lower incorporation of the SiC particles. When the ions
oncentration increases, sufficient ions are present on the particles
urface, which increases the strong adsorption and the incorpora-
ion of the particles. When the concentration exceeds the optimized
alue, the particles are saturated by the adsorbed ions, the compe-
ition between the freely solvated ions and the particles for the
eposition is enhanced, and the rate of the freely solvated ions
eposition increases, thereby falling the particles codeposition off
13,16,17,39].

.3. Potentiodynamic polarization

Fig. 3 presents the potentiodynamic polarization curves of Solu-
ions 1, 2 and 5 with the 5 mV/s potential sweep rate. The potential
as swept in the cathodic direction from −0.3 V to −1.5 V versus

he saturated calomel electrode (SCE). The little change in the slop
f the curve around the potential of −0.6 V is related to the reduc-
ion of cobalt ions [18,41]. As the concentration of cobalt in this
xperiment is less than 0.1 M (0.071 M),  this diffusion peak is antic-
pated. However, since the Ni ions concentration is high (0.983 M),
he diffusion peak cannot be observed for Ni ions, and the Ni depo-
ition is under charge transfer control. The point is related to the
ddition of the SiC nano particles to the deposition bath, which
eads to the positive shift of Ni–Co polarization curve. Such behav-
or has been observed for conductive particles like Cr particles [42]
nd semi-conductive particles like SiC [43]. However, this positive
hift is quite different with Shi et al.’s reports [27] for the SiC code-
osition with nickel and cobalt ions. The positive shift is ascribed
o an increase in the active cathode surface area and the increase
n the ionic transfer by the SiC nano particulates, resulted from
he fresh solution brought to the surface by the stationary film of
iquid on each particle [42–45].  It will be discussed in the next sec-
ion by SEM where the presence of the SiC particulates in growing

i–Co matrix increases the effective surface area of the cathode. In
ther words, under the identical deposition potential, the effective
urface area of Ni–Co/SiC is more than that of the Ni–Co deposits.
nother contributing factor in the positive shift of the polarization
d Compounds 509 (2011) 9406– 9412

curve in the presence of the SiC nano particulates is the fact that the
SiC nanoparticles can enhance the adsorption of the ions (especially
Co2+) and consequently increase the current density [28,37,30,31].

3.4. Surface morphology and distribution of the particles

Fig. 4 compares the surface morphology of the Ni–Co alloy and
the Ni–Co/SiC composite coatings deposited in Solutions 1 and 5 at
the current density of 4 A/dm2. The Co content of the alloy coat-
ing (Fig. 4a) is about 33 at.%, obtained by the AAS analysis. It is
seen that the mentioned alloy exhibits a dense irregular spheri-
cal morphology. Fig. 4b is the surface morphology of the Ni–Co/SiC
composite coating. The incorporation of the nano SiC particles has
changed the morphology to cauliflower-like, where the cobalt con-
tent is about 38%. Fig. 4c shows the protrusions of the composite
coating in a higher magnification. The EDX analysis shows that
these cauliflower-like protrusions are fresh deposits enriched with
the SiC nanoparticles, while in the other areas the codeposited SiC
nanoparticles were engulfed by Ni–Co deposits. Due  to the small
dimensions, low density, and low adsorption of electrons, it was dif-
ficult to distinguish the particles from the Ni–Co matrix using SEM.
Moreover, they are coated by ions in the bath, and they are engulfed
by these reduced ions during the deposition. The TEM image of
the deposited composite coating is presented in Fig. 4d. The rel-
ative uniform distribution of the SiC particles can be observed in
the TEM image, demonstrating that the employed method for the
dispersion and deagglomeration of the SiC nanoparticle is effective
and successful.

3.5. Nanomechanical properties

In order to determine nanomechanical properties, a Berkovich
indenter was used to study the nanohardness and nanoscratch
resistance of the electrodeposited alloy and composite layers.
The instrument of nanoindentation test is capable of perform-
ing very precise hardness and scratch test by providing real-time
load–displacement data while the indentation is in progress. The
instrument provides high spatial images from the indentation
impressions and enables the operator for quantitative rugosime-
tery (surface roughness analysis).

A Berkovich indenter is a nano indenter used for testing the
hardness of a material. The Berkovich tip has the same projected
area to depth ratio as a Vickers indenter.

Firstly, it is worth to mention that in the case of Ni–Co/30.5%
SiC (the composite with the highest amount of incorporated SiC),
due to the high surface roughness, the hardness values and scratch
resistance data measured by the nano-indenter were scattered and
unreliable. In addition, the AFM image of the mentioned compos-
ite was  not clear. Therefore, the nanoscratch test on the composite
with the highest amount of the incorporated particles was impossi-
ble. Instead, a composite with the lower amount of SiC, Ni–Co/11%
SiC prepared from Solution 2 electrodeposited at the current den-
sity of 2 A/dm2, was  chosen to compare the hardness and scratch
resistance of the composite and alloy coated samples.

Fig. 5 presents the AFM images of the residual diagonal impres-
sions of the hardness test. The nanohardness test results are based
on the area function determined after indentation to take into
account the blunting of the indenter tip during the penetration into
the specimen.

A triangular indentation is clearly seen in the AFM micrographs.
The residual impression shown in the images can be explained by
a slight amount of piling-up of the material around the sides of the

indenter. The additional pile-ups around the indentation give an
evidence of the plastic behavior of the coatings [46,47]. It is seen
that the amount of plastic deformation in the case of the alloy is
much more than the composite coating, which demonstrates the
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ig. 4. Surface morphology of the (a) Ni–Co alloy coating, (b) Ni–Co/SiC composit
omposite coating.

ower hardness of the alloy coating in comparison to the composite
ne. This process can be caused by the motion of matrix crystals’
rain boundaries and/or the generation of cracks. The incorporation
f the nano SiC particulates increases the hardness value more than
0% from 2.1 GPa to 3.43 GPa. It is anticipated that the hardness of
he composites with a higher amount of SiC would be more than
his value.

It is known that the hardness of metal matrix composites
epends on many factors such as: (i) the amount of particles, (ii)
he size of dispersed phases, (iii) inter-particle spacing, (iv) the
istribution of particles, (v) the morphology of particles, (vi) the
tructure and mechanical characteristics of the matrix, and (vii)
articles’ interfaces [12,13,40,48,49]. The amount and size of par-
icles represent two types of reinforcing mechanisms in metal

atrix composite materials, namely dispersion-strengthening and
article-strengthening. In the case of the dispersion-strengthening
echanism, the matrix carries the load and the fine particles
mpede the motion of dislocations. Strengthening is achieved
ecause the particles restrain the matrix deformation by a
anomechanical constraint. However, in the case of the particle-
trengthening mechanism, the load is carried by both the matrix
ing, and (c) Ni–Co/SiC in a higher magnification; (d) TEM image of the Ni–Co/SiC

and particles. Thus, in the Ni–Co/nano SiC coating, the increase
in hardness can be attributed to a dispersion-strengthening
effect [12–14,40,48,49]. It should be noticed that, to obtain a
dispersion-strengthening effect, it is crucial to achieve a uniform
embedding of non-agglomerated particles in the matrix [12–14,48].
As demonstrated by the TEM image, the non-agglomerated SiC
nano particulates have been uniformly distributed in the metallic
matrix.

To study the tribological performance of the electrodeposited
composite coatings, the scratch test was  carried out by the
AFM/LFM (Lateral Force Microscopy) technique. Fig. 6 displays the
normal force and lateral displacement of the indenter (i.e. respec-
tively, the applied force and the amount of indenter displacement
on the surface) vs. the scratch testing time, controlled automatically
by the instrument. In the AFM/LFM measurements, the lateral force
between the sample surface and the cantilever tip (the force applied
to the indenter tip by the coating) is mainly composed of the adhe-

sive and cantilever bending forces. Fig. 7 shows the lateral force
or frictional force as a function of the loading time. The frictional
force can be related to the shear strength of the contacting points.
Fig. 8 reveals the rugosimetric profiles (surface roughness profile)
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Fig. 5. AFM scans of the hardness test residual impressions on the Ni–Co alloy and
Ni–Co/SiC composite coatings.

Fig. 6. Normal force and lateral di
Fig. 7. Frictional force as a function of the loading time during the scratch test.

of the alloy and composite coating surfaces after the scratch test.
Similar to the hardness test, the pill-up of the material around the
indenter impressions sides is indicative of plastic deformation. In
the case of the composite coating, plastic deformation and generally
the depth of scratch is less. Fig. 9 shows the normal displacement of
the Berkovich indenter into the coatings as the function of loading
time. As is evident, the average depth of scratch in the case of the
composite coating is about 15% less than that of the Ni–Co alloy. This
behavior is consistent with the hardness test results and demon-
strates the superior scratch resistance of the composite coating in
comparison to the alloy one. After the measurements of the sur-
face profile of the frictional force deposits, no breakage, cracks or
detachments are observed.

The mentioned reasons for the higher hardness of the composite
can be considered as the causes of the better scratch resistance of
the composite coating. The scratch profiles observed in the tip track
after the tests suggest that debris and pulled-out SiC particles have
an adverse effect when they remain in the sliding contact area. A
competition takes place between the beneficial increase in hard-
ness due to the reinforcing SiC particles codeposited in the Ni–Co
electrodeposits and their adverse lateral effect.

3.6. Corrosion resistance
Fig. 10 compares the polarization curve of the coatings deposited
in solutions 1 and 2 and 5 at the current density of 4 A/dm2. The
prepared coatings contain respectively 0, 18 and 30.5 volume per-

splacement vs. testing time.
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Fig. 8. AFM scans of the three-dimensional rugosimetric profiles after the scratch
tests: (a) Ni–Co alloy and (b) Ni–Co/SiC composite coatings.

Fig. 9. Normal displacement vs. loading time diagrams of the scratch tests for the
Ni–Co and Ni–Co/SiC coatings.

Table 2
Corrosion data extracted from the polarization curves.

Ecorr (mV) Icorr (

Ni–Co −67 2 × 1
Ni–Co/18% SiC +23 7 × 1
Ni–Co/30.5% SiC +53 10−5
Fig. 10. Anodic polarization curves recorded in 3.5 wt.% NaCl solution for the Ni–Co
and Ni–Co/SiC coatings (potential sweep rate 0.5 mV s−1).

cent SiC nano particulates. The corrosion data extracted from the
polarization curves are summarized in Table 2.

A positive shift of Ecorr values was  observed for the compos-
ite coating samples, indicating their better corrosion resistance in
comparison to the alloy one. Moreover, the corrosion current den-
sity of the composite coatings is much less than that of the alloy
one. Although Ni and Co are able to be in a passive state, as a chlo-
rine ion-containing medium was  employed, passivation would not
happen. Nevertheless, contrary to our anticipation, a polarized area
is observed around potential of +0.15 V for the composite coatings.

Assuming the non-selective and non-localized corrosion of the
elemental constituents of the alloy and composite coatings, the
corrosion penetration rate (CPR) of the samples was calculated in
terms of �m/year and summarized in Table 2. In order to calcu-
late CPR of the coatings accurately, the reduction of the surface
area for dissolution by the SiC particulates was considered and
subtracted from the overall surface area, and after the calcula-
tion of the corrosion current density based on new surface areas,
these current densities were converted to the corrosion penetra-
tion rate. However, CPR of Ni–Co/18% SiC and Ni–Co/30.5% SiC was
respectively more than 2 and 17 times less than that of the Ni–Co
alloy coating. Apart from the structural modification of the matrix
crystallites expressed through the alteration of the preferred orien-
tation [50,51],  it seems that the intrinsic corrosion resistant nano
SiC particles could act as inert physical barriers and hinder the ini-
tiation and development of corrosion defects, which improves the
overall corrosion resistance of the composite coatings especially in
the high volume fractions of the reinforcements. Another point is
the fact that, in the case of the composite coatings, the nano parti-
cles embedded at the borders of the matrix crystallites, as well as
inside the matrix crystals and this mechanism of embedment can
help to prevent pits from growing up. These might be the reason
of the polarization area around potential of 0.15 V for the compos-
ite coatings. The alteration of the corrosion resistance cannot only

be attributed to the incorporation of the SiC nano particles, since
the incorporation of the SiC nano particles alters the ratio of Co
to Ni in the deposits. By increasing the amount of SiC, the Co to Ni
ratio increases [37]. An experiment [22] has showed that in 3.5 wt.%

mA/cm2) CPR (�m/year)

0−4 2.160
0−5 0.808

0.122
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aCl, the corrosion resistance of an electrodeposited Ni coating is
etter than that of Co coating, and among Ni–Co coatings with the
arious amounts of Co content, Ni–20%Co alloy with a FCC struc-
ure has the best corrosion resistance. The higher amounts of the Co
ontent led to a lower corrosion resistance. Hence, it seems that in
he Ni–Co/SiC nanocomposite coatings, although the general cor-
osion resistance of the composite coatings is better than alloy one,
ue to the higher amount of Co content the corrosion resistance of
he matrix is worse than the alloy coating.

. Conclusions

. Ni–Co/SiC composite coatings were deposited in a modified Watt
type bath with the maximum particles content of 30.5 vol.%.
Employing a method, comprising the magnetic stirring and
the ultrasonic agitation (the power of 350 W and the fre-
quency of 40 kHz) of the nano SiC suspension, was effective
for the deagglomeration of the mentioned particulates. The
non-agglomerated finely dispersed nano SiC particulates were
uniformly distributed in the Ni–Co matrix.

. The incorporation of the SiC particles altered the surface mor-
phology of Ni–Co from dense irregular to cauliflower-like for
Ni–Co/SiC.

. In the electroactive species concentrations higher and lower
than the optimized value, the amount of codeposited SiC levels
off. This phenomenon in the lower concentrations was attributed
to the lack of enough ions for the particles strong adsorption,
and in the higher concentrations, it was attributed to the suc-
cessful competition of freely solvated ions with the particles for
the codeposition.

. The addition of the SiC nano particles to the deposition bath led
to the positive shift of the Ni–Co polarization curve.

. The presence of 11 vol.% SiC in the Ni–Co matrix increased hard-
ness more than 60%, i.e. from 2.1 GPa to 3.43 GPa. The average
depth of scratch for the mentioned composite coating was about
15% less than that of the Ni–Co coating.

. The corrosion penetration rate (CPR) of the Ni–Co/SiC coating
with 30.5 vol.% SiC was more than 17 times smaller than that of
the Ni–Co alloy in a 3.5 wt.% NaCl solution.
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