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ABSTRACT

Electrodeposition of NiP composite coatings with nano and sub-micron sized SiC has been carried out to
investigate the possibility of replacing hard chromium coatings. The composition and structure of the
coatings were evaluated by energy dispersive X-ray spectroscopy (EDS) and X-ray diffraction (XRD)
analysis, respectively. Microhardness was measured by Vickers indentation and polarization measure-
ments were carried out to study the corrosion behavior of the coatings. The results showed that sub-
micron particles can be codeposited with a higher content as compared to nano sized ones. However,
even if a smaller amount of the nano-sized SiC particles are incorporated in the coating, the contribution
to an increasing microhardness was comparable with the submicron sized particles, which can be related
to the higher density of codeposited particles. SiC particles did not change the anodic polarization
behavior of NiP coatings in a 3.5% NaCl solution. Finally, the effect of heat-treatment on the coatings
properties at 400 °C for 1 h was studied to investigate the contribution of particles and heat-treatment on
hardness and corrosion properties. It was found that the heat-treatment doubled the microhardness and
changed the anodic polarization behavior of the coatings from passive to active with respect to the as-

plated conditions.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

The electroplating industry in Europe is undergoing changes
due to environmental concerns. Hard chromium plating using
hexavalent Cr, which has wide industrial applications [1], has been
restricted by the European Union due to environmental issues.
Therefore, substitute coating materials and new designs have been
under study. Alternative processes which are free of hexavalent
chromium should provide the requested properties including high
hardness, low friction coefficient, and excellent wear and corrosion
resistance [2].

In this regard, Ni-based alloys, such as e.g. nickel—tungsten (Ni-
W) coatings [3,4] NiP and NiB [2,5—8], can be suitable candidates
due to their high hardness and good corrosion resistance as well as
the chance of hardening by heat-treatment. NiP coatings have
attracted a lot of attentions among the researchers recently. The
properties of NiP coatings depend on their phosphorus content.
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High phosphorus (P>10%wt) alloys are amorphous and in the as-
plated state they are characterized by remarkable corrosion resis-
tance, although with lower microhardness and wear resistance
compared to low phosphorus containing NiP coatings [9,10].

The microhardness of Ni high P can be further increased by heat-
treatment and reach values comparable to those of hard Cr coat-
ings. Heat-treatment at temperatures between 300 and 400 °C can
improved the microhardness of NiP coatings [11], whereas, may not
always be applicable due to the substrate sensitivity to elevated
temperatures. Furthermore, heat-treatment can introduce micro-
cracks in the coating which reduce the corrosion protection.
Incorporation of hard ceramic particles in the coating could be an
alternative to heat-treatment as the hardening mechanism [12].
Several researchers have successfully codeposited WG, SiC, SizN4 in
Ni-P matrices [12—16]. Malfatti et al. [17] studied the effect of SiC
addition on the corrosion behavior of NiP/SiC coatings. Garcia et al.
[18] observed an improvement in corrosion resistance by the
addition of SiC particles to a pure Ni matrix, while Zanella et al. [19]
observed a minor increase in polarization current of Ni coatings by
addition of micron sized SiC particles. Aslanyan et al. [20] showed
that wear loss of NiP coatings was reduced by addition SiC particles,
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however, heat-treated NiP/SiC coatings had higher wear loss than
pure NiP. According to Araghi et al. [21], addition of B4C to a NiP
matrix, increases hardness to 1200 MPa while the corrosion resis-
tance decreases. It was also reported by Shafiee et al. [22] that
nanocomposite modulated multilayer coatings (Ni/Ni-Al,03) can be
a possible alternative to single layer nanocomposite coatings in
tribological applications. Multilayer Ni—W and Ni—W-Al,03 coat-
ings were exhibited as a proper candidate for corrosion and wear
resistant coatings [23]. However, increasing tungsten in the Ni-W
coatings which improves wear resistance, can increase possibility
of surface cracking and lead to poor corrosion resistance. To over-
come this problem, functionally graded (FG) nanocomposite
Ni—W-—Al,03 coating was produced by Allahyarzadeh et al. [24,25].
They designed the coating structure in a way to have more nickel
content in the vicinity of the substrate/coating interface, and the
highest content of tungsten and alumina in the outermost layer
which reduced the possibility of the crack initiation and increased
wear resistance. Lei et al. [26] also observed an improvement in
wear resistance and microhardness of FG Ni-W/BN(h) coatings
respect to that of uniform Ni-W/BN(h) coatings. Beltowska-Lehman
et al. [27] also developed conditions for producing homogeneous
and crack free NiW/ZrO, coatings. The graded Ni—P coatings with
the design of low P/medium P/high P layers from the substrate to
the surface had the best wear resistance as was shown by Hadipour
et al. [28].

According to the above information, micron-sized ceramic par-
ticles in the coatings can improve the hardness and wear but may
also introduce defects such as voids at the particle—matrix interface
which might reduce the corrosion resistance of such systems.
Moreover, in the case of wear, micro particles can be released and
behave as a third body in the wear system, accelerating the wear
rate. These challenges may be overcome, by the use of nano-
particles [19]. In addition, Lekka et al. [29] observed the reduction
in corrosion resistance of pure Ni coatings by incorporation of
micro-SiC particles, whereas, the nanocomposites exhibited the
highest corrosion resistance due to the more compact and fine-
grained microstructure. As a result, this study was carried out to
compare the effect of the particles size on microhardness and
corrosion resistance of NiP coating. Although different ceramic
particles have been investigated by researchers, Aslanyan et al. [20]
reported that incorporation of SiC particles in a Ni-P matrix is the
most effective combination of reducing cost and improving per-
formance in industrial applications. As indicated, plenty of work
has been done on Ni based composite coatings. Most of the papers
relate to Ni coatings or different Ni alloys, so it is important to fill
the lack of electroplated NiP alloys. Moreover, a lot of papers
compare micro and nano powders, finding that micro particles are
more effective in hardening and nano ones are better for corrosion
protection. In this study, an intermediate size of particles will be
proposed to compromise as well. Therefore, in this study, SiC par-
ticles with 50, 100 and 500 nm in size were chosen as reinforcing
particles and their effects on hardness and corrosion resistance of
Ni high P coatings were studied.

2. Materials and methods
2.1. Sample preparation and deposition

Nickel high phosphorous alloys, hereafter referred to as NiP,
were electro-deposited using a modified Watts bath (in a circular
cell of 21) on substrates of low carbon steel and brass panels with
area of 25 cm?. Prior to deposition the steel substrates were me-
chanically ground with SiC grades #500 and #800, and ultrasoni-
cally cleaned in an alkaline soap and activated by pickling for 8 min
in 2.5M H,SO4. Between each step the substrate was rinsed by

distilled water. Brass substrates were ready to plate substrates
without any pre-treatment and they assured the best adhesion to
the substrate; hence, they were used for the as-plated conditions.
While steel substrates were used for heat-treated condition and the
corrosion tests.

In the modified Watts bath the electrodes were positioned
vertically and parallel at a distance of 12 cm from each other. The
composition of the plating bath was updated from bath in Ref. [30]
which contains NiSO4-7H,0, NiCl,-6H,0, H3PO3, H3BO3 and two
additives (saccharin and sodium dodecyl sulfate). The ratio of Ni%*/
PO3~ was 3.25 and pH of the bath was adjusted to 2.15 before each
plating by adding sulfuric acid or sodium hydroxide. To produce
composite coatings 20 g1~ of silicon carbide particles (B-SiC, pro-
vided by Get Nano Materials) with average size of 50 nm, 100 nm,
and 500 nm, were added in the bath, which was stirred for 24 h
before plating as well as during plating. Deposition was carried out
at 4 A/dm? at 70 °C and the bath was agitated by magnetic stirrer at
250 rpm. The current efficiency was calculated by measuring the
weight of the coating and comparing to the theoretical deposited
mass, and it was around 50%. To determine the weight of the
coating (Am) in each plating, substrates were weighted before
plating and after plating by a scale with 0,0001 accuracy. The
Faraday law (Eq. (1)) was used to calculate the theoretical mass (my)
of the coating during deposition and finally current efficiency was
calculated according to Eq. (2).

C(M; M\ It
m= (8 Re) < M
. Am
Current efficiency % = v 100 (2)
t

where, M and M, are the molar mass of the Ni and P, respectively.
N7 and N; are the oxidation state of the Ni and P, respectively, I is
the applied current (A), t is the total time of deposition (s) and F is
the Faraday's constant (96,485 coulombs) [31].

In order to investigate the effect of heat-treatment on the
microhardness of the coatings, some of the samples were annealed
at 400°C with heating rate of 10°C/min for 1h in air and in a
controlled Argon atmosphere.

2.2. Characterizations

Morphology and composition of the coatings were investigated
by means of scanning electron microscopy (SEM, JEOL 7001F)
equipped with energy dispersive X-ray spectroscopy (EDS, EDAX).
Surface roughness of the coatings was measured by surface pro-
filometer (Surtronic 3+). The cross section of heat-treated samples
was also observed by SEM after etching in a solution of 50% HNO3
and 30% CH3COOH for 10 s. X-ray diffraction was performed using a
Panalytical X'Pert diffractometer giving Cu-Ka X-rays (A = 1.54 A) to
investigate the structure of the coatings. Phase transformations
were studied by differential scanning calorimetry (DSC, Netzsch
404C) at a heating rate of 10°C/min in the temperature range
25—550°C using Argon as protective media. The microhardness of
the coatings was measured by Vickers indentation (NanoTest™
Vantage) with an indentation load and dwell time of 100 mN and
10 s, respectively. To measure the microhardness, the samples were
cross-sectioned and mechanically polished. 15 measurements were
performed on 2 different samples with the same condition to es-
timate the average values. The electrochemical behavior of the
coatings was studied by a potentiodynamic polarization technique
in a 3.5% NaCl aqueous solution at room temperature. Ag/AgCl (3 M
KCl, 0.21 vs. SHE/V) and platinum electrodes were used as the



1082 D. Ahmadkhaniha et al. / Journal of Alloys and Compounds 769 (2018) 1080—1087

reference and counter electrodes, respectively. The coatings with
exposed area of 1cm? was selected as working electrode. The
anodic potentiodynamic polarization was performed after 20 min
delay in the potential range —50 mV to 1000 mV respect to the open
circuit potential (OCP) with a scan rate of 0.2 mV/s. The tests were
repeated at least twice on different specimens of the same coating.

3. Results and discussion
3.1. Morphology and composition

SEM micrographs related to the surface of the coatings are
observed in Fig. 1. It can be seen that as-plated NiP (Fig. 1a) and NiP/
SiC coatings (Fig. 1b—d) have a nodular morphology. The small dark
gray areas in the SEM images in Fig. 1 are related to pores on the
surface of the coatings and the small white areas on top of the
coatings are due to the charging of insulating SiC particles. EDS map
of NiP/SiC100 nm (comparing Fig. 2a and b) also confirms that small
white areas are SiC particles.

By comparing Fig. 1b—d it can be concluded that smaller SiC
particles (50 nm) resulted in finer nodular morphology respect to
the larger particles, and in the case of sub-micron SiC particles
(500 nm), the nodularity decreased which was also observed by
Sarret et al. [32]. Surface roughness and nodular diameter in NiP
and composite coatings were measured and the results were listed
in Table 1. According to Table 1, surface roughness increased by
addition SiC100 and 500 nm. However, SiC particles did not affect
remarkably the nodular size. Although, SiC50 nm decreased the
size of nodular slightly, by increasing the size of the SiC particles,
the nodular diameter increased.

EDS analysis (Fig. 3a) shows that the phosphorous content of the
metallic coatings is around 16 wt% and is independent of particles
codeposition. In Fig. 3b, it is seen that the highest amount of SiC,
about 8 vol%, was incorporated when using 500 nm SiC particles.
On the other hand, SiC particle density is higher when using 50 nm-

sized particles. To measure particle density, first vol% of SiC was
calculated by considering 7.75 and 3.21 g/cm? as density of NiP
matrix and SiC particles, respectively. Then SiC particle density
which is the number of the particles per cm> was measured by
considering spherical shape for SiC particles.

3.2. Structure

XRD patterns of NiP and composite coatings are shown in
Fig. 4a. These are characteristic of coatings with a high fraction of an
amorphous phase. The broad diffraction peak centered around
20 =44.6° corresponds to some nanocrystalline Ni domains in an
amorphous phase. Alloying with P results in distortion of the base
Ni lattices due to the atomic size difference. XRD analysis deter-
mined the lattice parameter of the NiP coatings in this study as
3.69 A while the lattice parameter for Ni is 3.52 A. With increasing P
content, the lattice distortion becomes larger and finally an amor-
phous phase is formed. The effect of phosphorus content on crys-
tallinity of NiP coating has been addressed also by other researchers
[13,33—35]. The peaks at 20 = 72°, 87°,130° and 137° are related to
the substrate. According to Fig. 3a, the addition of SiC particles does
not affect the structure of NiP coatings while Shakoor et al. [5]
showed that the addition of Al,O3 particles can induce crystalli-
zation in NiB coatings.

The heat-treatment leads to crystallization, as evidenced by the
sharp diffraction peaks, and the precipitation of a second phase
(Fig. 4b). Phase analysis of the NiP coatings after heat-treatment
identified that the coating consists of Ni and NisP phases. The
diffraction peaks at 20 =44.6°, 51.8 and 75.6° originate from
diffraction of Ni and the others are related to NisP. Composite
coatings demonstrate similar structure to NiP ones after heat-
treatment. Since all reflections of the phases appeared in the
diffraction pattern, with intensity ratios in agreement with those
given for the pdf reference pattern (pdf-no 01-074-1384), it is
concluded that it is polycrystalline with randomly oriented

Fig. 1. SEM micrographs of the surface of (a) NiP, (b) NiP/SiC50 nm, (c) NiP/SiC100 nm, (d) NiP/SiC500 nm.
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Fig. 2. (a) SEM image and (b) EDS map of Si on the surface of NiP/SiC100 nm. Blue color is the indicator of Si. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)

Table 1
R, (um) values and mean nodular diameters (um) of NiP and composite coatings.
Coatings NiP NiP/SiC50 nm NiP/SiC100 nm NiP/SiC500 nm
Ra 0.35+0.06 0.36+0.12 0.56+0.23 1.22+0.55
Mean nodular diameter 6.9+2.6 6.0+ 1.6 6.1+25 73+22
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Fig. 3. (a) Ratio of wt%P/wt%(Ni+P), (b) SiC particle density and vol% of codeposited SiC particles in the coatings.

crystallites in all directions. Furthermore, there is a peak shift to- 3.3. DSC

wards lower angles when adding SiC particles with smaller particle

size. This could be due to the higher particle density which can Coating's phase transformation was studied by DSC and the
influence strain in the coatings as well. results are presented in Fig. 5. For a clear comparison, the DSC scan

of steel substrate is also shown. There is no phase transformation in
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the substrate (steel) in the entire studied range of temperature. The
NiP coating exhibits two exothermic peaks at 343 and 398 °C which
correspond to the crystallization of fcc Ni and nucleation of bct NisP
precipitation. However, NiP/SiC50, 100 and 500 nm composite
coatings demonstrate an exothermic peak at 341, 348, and 341 °C,
respectively. It has been reported that the phase transformation
temperature depends on the phosphorus contents of the coating
[36], whereas, in this study the P content of all coatings is equal
(Fig. 3a), therefore, there is no significant difference in precipitation
temperature of Ni3P between NiP and composite coatings. Dhana-
pal et al. [31] and Taheri [36] attributed the peak at 340°C to
crystallization of fcc nickel and the peak at 395 °C (observed by
Dhanapal et al. [31]) or 348 °C (observed by Taheri [36]) to pre-
cipitation of Ni3P phase. In this study, in composite coatings, only a
single peak is observed clearly which discloses that the crystalli-
zation of Ni and precipitation of NisP happened simultaneously.
This was also reported by Balaraju et al. [37] although at a tem-
perature of 340 °C.

It should be noted that the size of the particles did not influence
the phase transformation temperature while Jiagiang et al. [38]
have found that the nanometric Al,O3 particles reduced the crys-
tallization temperature of Ni-P-Al,03 coatings and according to
Balaraju et al. [39] study, there was a slight increase in crystalli-
zation temperature (around 20 °C) with the incorporation of Si3N4
particles to NiP coatings.

3.4. Microhardness

The microhardness of the coatings was measured on the cross
section of the coatings and the results are shown in Fig. 6. As it is
observed the microhardness of as-plated NiP coating is around
630+ 81HVpo; and by addition of ceramic particles the micro-
hardness increased up to 720 + 66 HVgg; for NiP/SiC500 nm. The
difference in the microhardness values of the composite coatings is
not linearly proportional to the SiC content, which can be due to
agglomeration of particles. Chou et al. [40] also reported that SiC
particles did not cause strong dispersion hardening.

It seems that the size of the particle or particle density affects
the microhardness as well as their vol%. Higher vol% decreases or
hinders the plastic deformation of the matrix while smaller parti-
cles may pin the grain boundaries and dislocations when has higher
density. Garcia et al. [41] thought that the properties of the coatings
can be affected by the density of the ceramic particles more than
their vol%. Wasekar et al. [42] demonstrated that there is a critical
amount for vol% of SiC particles in NiW matrix above which,
hardness of the coating decreases. This can be attributed to the
sharp increase in triple junction volume fraction and weak interface
bonding of the particles and matrix. Meanwhile, higher vol% of SiC
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Fig. 6. Microhardness of as-plated and heat-treated NiP and composite coatings.

might result in finer structure which causes Hall-Petch breakdown.
However, in this study, the maximum microhardness value in as-
plated condition was obtained by NiP/SiC500 nm which has the
highest vol% in the coating.

The microhardness of NiP coating is further increased up to
1100 + 122 HVy 01 (Fig. 6) by heat-treatment at 400 °C for 1 h owing
to the crystallization of amorphous phase of NiP matrix and pre-
cipitation of hard NisP phase based on XRD patterns (Fig. 4b). It is
well known that dissimilar phase boundaries are more effective in
suppressing dislocation movement due to greater strain in-
compatibility and higher density of geometrically necessary dislo-
cations [43]. The volumetric shrinkage due to the crystallization of
the nickel and precipitation of phosphide phase can cause internal
stress and cracks which influence the microhardness values.
Furthermore, Chang et al. [44] explained that relaxation of non-
equilibrium grain boundaries in as-plated conditions during
annealing brings obstacles and difficulties for dislocation move-
ments. There was also an argument that all phosphorus content
does not precipitate as NisP and there is some segregation of P at
the grain boundaries which can contribute in strengthening as well.
However, this hypothesis was refused by Zimmerman et al. [45]
since their transmission electron microscopy study showed no
difference in phosphorus content in the grains and in the grain
boundaries. It should be considered that they studied a Ni-5wt.%P
coating that was annealed at 400 °C, hence, there has not been

Substrate

Fig. 7. Cross sectional SEM image of heat-treated NiP/SiC500 nm.

any established data for high phosphorus coatings yet. Grain
boundary segregation and chemical ordering transitions were also
observed in nanocrystalline Ni-W alloys with increasing annealing
temperature [4].

According to Fig. 6, composite coatings have a higher micro-
hardness with respect to NiP after heat-treatment, while in the as-
plated condition their microhardness values (except NiP/SiC500)
were comparable. This might be related to the lower grain size of
composite coatings due to pining grain boundaries by SiC particles.
It should also be noted that after heat-treatment, despite the
different vol% of SiC, the microhardness of the composite coatings is
comparable. This can be attributed to the higher amount of
microcracks in NiP/SiC500 nm, as shown in the cross section of
heat-treated NiP/SiC500 nm coating after etching in Fig. 7.

According to this study, the maximum microhardness value of
NiP and composite coatings in as-plated condition was about 700
HVg 01 while for hard chromium electroplated one is between 800
and 1000 HV as seen by Amoush et al. [46], Saghi Beyragh et al. [47]
and Sohi et al. [48]. However, after heat-treatment, microhardness
of NiP and NiP composite coatings exceeded the microhardness
values of hard chromium one.

3.5. Electrochemical behavior

The electrochemical behavior of the coatings was evaluated by
polarization in 3.5% NaCl solution at room temperature. Anodic
polarization behavior was measured on 1 cm? of the sample. Fig. 8a
shows that all coatings (NiP and composite ones) have the same
anodic polarization behavior and demonstrate a passive behavior in
the as-plated condition, therefore, particles are not hindering the
passive oxide formation or stability.

Icorr and Ecorr Of the coatings are listed in Table 2. According to
Table 2, composite coatings except NiP/SiC500, have a bit higher
corrosion rate than NiP one. NiP/SiC500 has bigger passive range
(AE) than the others which can be related to the higher coverage of
the NiP matrix by inert particles. However, the difference between
the coatings are negligible.

Literature reports different results related to the effect of
ceramic particles on corrosion resistance of the coatings. Shakoor
et al. [5] showed that addition of Al,O3 particles by electrodeposi-
tion to NiB coatings, increases the corrosion resistance of the
coatings which was attributed to the reduction of active surface
area of the matrix. Whereas, Araghi et al. [21] observed the
reduction of corrosion resistance by addition B4C to NiP coating by
electroless deposition. According to these studies and the current
study, it seems that not only the particles and their sizes but also
the matrix as well as the deposition method can affect the corrosion
resistance of the coatings.

The breakdown potential around 300 mV (Fig. 8a) is due to
trans-passivation. It has been assumed that nickel is preferentially
dissolved at open circuit potential and left an enriched surface of
phosphorus on the coatings [49,50].

Heat-treated coatings exhibit different polarization behavior as
seen in Fig. 8b. They demonstrate an active anodic polarization
although the corrosion current is smaller than that of as-plated
coatings during the initial stages of the polarization. The shift of
anodic polarization of heat-treated coatings to lower corrosion
current density is attributed to the thermal oxide layer that was
grown on the surface during the heat-treatment in air. Indeed, the
oxide layer can decrease the corrosion current of the coatings while
the corrosion resistance of these coatings suffers by cracking due to
crystallization and precipitations which expose the steel substrate
to the electrolyte. To confirm the effect of the oxide layer, the
coatings were also heat-treated in an Ar atmosphere and their
polarization curves were plotted in Fig. 8c. Here, all coatings have
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Table 2

Ecorr and Ieop of as-plated NiP and composite coatings in 3.5% NaCl.
Coatings NiP NiP/SiC50 NiP/SiC100 NiP/SiC500
AE (V) 0.40 0.43 0.39 0.49
Ecorr (V) -0.31 —0.28 -0.24 -0.34
Leorr (Alcm?) 1.8x10°° 6.4 x10°° 34x10°° 7.2x 1077
Ba (V/dec) 0.77 0.58 0.78 0.67

active anodic polarization behavior with higher corrosion current
density with respect to the as-plated ones. Furthermore, all sam-
ples show a lower corrosion potential proving the presence of
microcracks exposing the substrate to the electrolyte. In addition,
the color of heat-treated coatings in air was changed to blue while
for the heat-treated samples in Ar, the color of the coatings was
remained gray which is another evidence of formation thermal
oxide layer on heat-treated samples in air.

After heat-treatment in the air, NiP/SiC50 and 500 have more

noble Eqor than NiP and NiP/SiC100 and as a result higher anodic
polarization current was obtained in NiP and NiP/SiC100. While, in
case of controlled atmosphere, E¢or was the same for all composite
coatings and a bit more negative than NiP and the anodic polari-
zation current increased by addition SiC particles as well as
increasing the size of the particles.

Ceramic particles are inert materials; therefore, when they are
embedded in the metallic matrix, they will not directly contribute
to corrosion properties. Nevertheless, during matrix crystallization,
they can create defects in the coating by reducing the coherency
and consistency of the matrix and their interface with the matrix is
a susceptible area for corrosion or can hinder a resistant passive
layer formation. In this study, NiP coatings are amorphous coatings
that exhibits passive behavior and addition of ceramic particles did
not affect noticeably the corrosion behavior. Although bigger SiC
particles (SiC500) results in bigger passive range which can be
related to the more coverage of NiP matrix. By heat-treatment in air
there is no relation between the size of the particles and Eco or
corrosion current which can be related to the formation of oxide
layer that interferes in the corrosion behavior. While heat-
treatment in Ar demonstrates that with increasing the size of SiC
particles, higher anodic current is achieved which can be attributed
to the formation of more microcrack by bigger SiC particles.

In this study, corrosion rate of NiP and composite coatings in as-
plated condition in 3.5% NaCl varied between 10~° to 10~/ A/cm?2.
Corrosion rate of hard chromium one is around 1078 to 1078 Ajcm?
as Saghi Beyragh et al. [47] and Serres et al. [51] obtained. There-
fore, as-plated NiP and composite coatings demonstrate similar
corrosion resistance but less microhardness than hard Cr one while
the heat-treated NiP and composite coatings have similar micro-
hardness but less corrosion resistance than hard Cr one.

4. Conclusions

In this study, the effect of SiC (50, 100 and 500 nm) particles as
well as heat-treatment on the properties of NiP coatings have been
studied and the following results were concluded.

1. Ceramic particles and their size affected the coatings
morphology, nano particles reduced the size of nodularity of NiP
coatings, while sub-micron particles decreased the nodularity.

2. Heat-treatment had more influence on increasing the micro-
hardness of the coatings than addition of the ceramic particles.
Nevertheless, the particles had an extensive hardening effect in
combination with heat-treatment.

3. Nanometer SiC particles deposited in less vol% but higher den-
sity than submicron ones resulted in comparable microhardness
value.

4. Addition of ceramic particles did not have any significant effect
on electrochemical behavior of the coatings. By heat-treatment
the protective ability of the coatings was reduced due to the
formation of microcracks.
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