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Abstract: NiP (P > 10 wt.%) coatings are amorphous coatings whose structure can be transformed
by heat treatment into a crystalline structure and hardened by precipitation of NizP. In this study,
NiP coatings and composite ones with SiC nanoparticles were produced by electrodeposition, and their
structural transformation by heat treatment was studied using differential scanning calorimetry
(DSC) and X-ray diffraction (XRD). The microhardness and the scratch and corrosion resistance of
the coatings were evaluated and compared before and after different heat treatments. The results
showed that in as-plated condition, the addition of SiC particles in the coatings did not modify the
microstructure, microhardness, or electrochemical behavior. However, the SiC particles’ role was
disclosed in combination with heat treatment. Composite coatings that were heat treated at 300 °C
had higher microhardness and scratch resistance than the pure NiP one. In addition, composite
coatings maintained their scratch resistance up to 400 °C, while in the case of the NiP ones, there was
a reduction in scratch resistance by heating at 400 °C. It was also concluded that heating temperature
has the main role in hardness and corrosion resistance of NiP and composite coatings, rather than
heating time. The optimum heat-treatment protocol was found to be heating at 360 °C for 2 h, which
resulted in a maximum microhardness of about 1500 HV ¢, for NiP and its composite coating without
sacrificing the corrosion resistance.

Keywords: NiP/SiC coating; heat treatment; electroplating; hardness; micro-scratch; corrosion
resistance

1. Introduction

NiP coatings have mainly been produced by electroless deposition, which can deposit a uniform
coating on samples with recesses and complex geometry [1-3]. However, there are some challenges
in controlling electroless nickel-plating solutions. Electroless solutions have a complex composition,
including complexing agents, buffering agents, stabilizers, and reducing agents, which makes their
production, maintenance, and disposal sophisticated and expensive. In addition, electroless plating
needs a high operating temperature, though it has a low deposition rate. Due to these challenges of
electroless plating, electroplating, which was developed by Brenner et al. [4] for the deposition of alloy
coatings, has gained attention as an alternative deposition process. Electrodeposition can deposit a
thick layer of alloy in a relatively short time by means of a simple process [5].

There have been several kinds of research on electrodeposition of NiP coatings. Harris and
Dang [6] studied the mechanism of phosphorus deposition during electrodeposition of NiP alloys.
Lin et al. [7] examined the effect of different current profiles on phosphorus content and current
efficiency of the deposition. The effect of electrodeposition parameters on the structural characteristic
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of NiP coating was investigated by Bredael et al. [8], and they found a transition from high to low
phosphorus content in the NiP coatings by increasing local current density. The phosphorus content,
which is affected by the electrodeposition parameter, has a key role in determining the NiP coating’s
properties. The coatings with P > 10 wt.%, known as high-phosphorus coatings, have an amorphous
structure. As-plated Ni high-P coatings are well suited for general applications [9-12], especially in
corrosive environments, but their hardness (around 500 HV) and wear resistance are still not sufficient
for demanding situations. Hence, various reinforcing particles, such as SiC [13], TiN [14], TiO, [15],
SiO, [16], SisNy [17], WC [18], Al,O5 [19], B4C [20], and CNTs [12], have been incorporated into NiP
coatings to enhance their mechanical and tribological properties. In particular, SiC particles have been
extensively used due to their mechanical properties and economical cost. For this reason, several
researchers have focused on the properties of NiP coatings with the addition of micron and sub-micron
SiC particles [9,21-23].

Heat treatment can also enhance the hardness of Ni high-P coatings, since the amorphous
super-saturated structure can be crystallized by heat-treatment, and the hardness can be enhanced
up to 1000 HV by crystallization of NiP and precipitation of NizP [24-27]. The crystallization and
phase transformation of NiP coatings during thermal treatment have been the subjects of various
investigations. It has been shown that alloy compositions and heat-treatment conditions could affect
both the microstructure and crystallization behavior of the coatings [28-30], which, in turn, influence the
coating properties. Hur etal. [31] showed that more than one intermediate phase (Ni3(P,Ni) or Nis(P,Ni),)
was involved in the crystallization process. The formation of other intermediate phases, such as Ni;P3,
Nil,Ps5, and NisP;, has been also reported [30]. It was also indicated that low-phosphorus-containing
Ni coatings decompose directly into a mixture of crystalline Ni and NizP through heat treatment
at temperatures higher than 380 °C. On the other hand, high-phosphorus-containing coatings first
transform into a metastable intermediate Ni,P, phase, which subsequently transforms into Ni and
NisP at higher temperatures [32].

Although the addition of ceramic particles and application of heat treatment can increase the
hardness of NiP coatings, they can deteriorate the corrosion resistance of the coatings due to the
formation of voids [33] and microcracks [34-36] in the coating. Hence, the effects of ceramic particle
addition, as well as heat-treatment parameters, should be studied to find the proper combination that
enhances their microhardness without sacrificing their corrosion resistance. In this study, the effects of
SiC particle size and different heat treatments on the hardness and the scratch and corrosion resistance
of NiP coatings were studied to find the optimized condition that leads to the best combination of
hardness and corrosion resistance.

2. Materials and Methods

2.1. Sample Preparation and Deposition Methods

NiP (P > 10 wt.%) alloys were electrodeposited through direct current plating from a modified
Watts bath containing NiSO4-7H,O, NiCl,-6H,O, H3PO3, H3BO3, and two additives (saccharin and
sodium dodecyl sulfate) [21]. Plating was carried out in a circular cell (2 liters) on 25 cm? low-carbon
steel plates. The following pre-treatments were applied on the steel substrates: mechanically grinding
with SiC papers (grades #500 and #800), ultrasonically cleaning in an alkaline soap, rinsing with distilled
water, immersing 8 min in 2.5 M H,SOy at 50 °C, and rinsing with distilled water; then, the samples
were immersed in the bath. A vertical Ni anode and cathode with a distance of 12 cm from each other
were chosen for plating. The pH of the bath was kept constant at 2.15 by adding sulfuric acid or sodium
hydroxide. A total of 20 g/L of silicon carbide powder (3-SiC; provided by “Get Nano Materials”,
Saint-Cannat, France), with an average particle size of 50 or 100 nm, was added to the bath 24 h before
plating in case of composite plating. The composite bath was stirred (at 250 rpm) with a magnetic
stirrer before and during plating. The current density of 4 A/dm? and a bath temperature of 70 °C were
chosen for the deposition. The deposition was carried out for 1 h to have a coating thickness of 25 pum,
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and three different coatings were obtained, which were denoted as NiP, NiP/SiC50, and NiP/SiC100,
respectively, in this study.

The effect of heat treatment (HT) on the properties of the coatings was studied by heating the
samples with a heating rate of 30 °C/min in a controlled argon atmosphere (to reduce the possibility of
oxide layer formation) at temperatures of 300, 360, and 400 °C for different times.

2.2. Coating Characterization

The surface morphology and coating composition were investigated through scanning electron
microscopy (SEM, JEOL 7001F, Akishima, Japan) equipped with an energy dispersive spectrometer
(EDS, EDAX, Mahwah, NJ, USA). A surface profilometer (Surtronic 3+, Taylor Hobson, UK) was used to
measure surface roughness. Differential scanning calorimetry (DSC; Netzsch DSC 404 C, Selb, Germany)
with a 30 °C/min heating rate in the temperature range of 25 to 550 °C with argon as a protective medium
was used to study the structural transformation of the coatings. X-ray diffraction was performed
using a Panalytical X'Pert diffractometer (Empyrean diffractometer, Eindhoven, The Netherlands) with
Cu-Ka X-rays (A = 1.54 A) to investigate the microstructure of the coatings. The in-situ investigations
of phase transitions and precipitation were carried out using the high-temperature sample stage
DHS1100 from Anton Paar (Graz, Austria). The microstructure of the samples was analyzed at room
temperature, and then samples were heated using a ramping rate of 40 °C/min, and the microstructure
was analyzed at different temperatures. In addition, to study the effect of heating time on the coatings’
microstructure, some samples were heated at 300 °C from 1 to 7 h, and their microstructures were
analyzed at different heating times. All diffraction peaks in the range of 26 = 25°~100° were used
for phase analysis; however, for clarity, only a smaller representative region between 20 = 35°-55° is
shown here.

The hardness was measured on the coating’s cross-section using Berkovich and Vickers indenters
(NanoTestTM Vantage, 40.36, Micro Materials, Wrexham, UK) with a dwell time of 10 s and indentation
loads of 10 and 200 mN, respectively. A total of 15 measurements were performed on two different
samples under the same conditions to obtain the average microhardness values.

The coating nanohardness was estimated according to Equation (1), where H is the coating
hardness, Py, is the maximum load, and A is the contact area under the load [37].

P max
H=—= 1
“ M
The elastic module of the coating, E;, was calculated from the reduced Youngs modulus (E;)
according to [37,38].
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E, considers that elastic displacements occur in both the specimen and the indenter, E; s and v;
are the elastic modulus and Poisson ratio for the indenter and the specimen, respectively. In this study,
E; is 1140 GPa, and v; is 0.07 [39].

A scratch test was carried out using a conical diamond indenter (100 um diameter) with a constant
load of 4 N as well as a progressive load (0 to 8 N) at a scanning velocity of 10 um/s and loading rate of
30 mN/s to investigate the scratch resistance and adhesion of the coatings to the substrate. The scratch
scars were investigated by SEM and AFM (atomic force microscope; Park, NX10, Suwon, Korea).

Potentiodynamic polarization (Ivium, Netherlands) with Ag/AgCl (3 M KCl, 0.21 vs. SHE/V)
and platinum electrodes as the reference and counter electrodes, respectively, was used for the
electrochemical tests. As working electrodes, 1 cm? of coatings were exposed to 3.5% NaCl. After 20 min
of immersion, polarization from 50 to 1000 mV with respect to the open circuit potential (OCP) was
run with a scan rate of 0.2 mV/s. The tests were repeated at least twice on different specimens of the
same coating.
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3. Results and Discussion

3.1. Morphology and Composition

Figure 1 shows the surface morphology of the NiP and composite coatings, which demonstrates
a nodular morphology for all coatings. The surface roughness of NiP coatings was increased from
0.35 pm in NiP to 0.56 pm in the NiP/SiC100 coating. Matik [16] and Chang et al. [40] also observed a
rougher surface by the addition of SisN4 and SiC to the NiP matrix. During electrodeposition, the NiP
matrix grows around the SiC particles. After finishing the deposition process, some edges of particles
remain uncovered, which results in a higher surface roughness than pure NiP coating.

Figure 1. Scanning electron microscopy (SEM) images of the surface with (a) NiP, (b) NiP/SiC50,
and (c) NiP/SiC100.

The SiC 50 nm particles are not observed in the SEM image (Figure 1b) due to their small size,
while the small white areas seen in Figure 1c are related to SiC 100 nm particles.

The composition of the coatings was measured by EDS analysis on the coating’s surface.

The previous study [41] showed that the composition of NiP coatings depends on the bath charge,
and the EDS results in Figure 2 show that co-deposited the SiC 100 nm particles are much more
scattered than the SiC 50 nm particles. The amount of co-deposited SiC 100 nm changed noticeably
from one sample to another one, while for SiC 50 nm, it was approximately constant. In this study;,
co-deposition of SiC100 was more dependent on the bath charge than SiC50, which can be the reason
for the scattered wt.% values. In addition, the difference between NiP/SiC50 and SiC100 can be due
to the different batches or the differences in the manufacturing process, which can result in different
surface properties of the particles.

Figure 2. Composition of NiP and composite coatings measured by energy dispersive spectroscopy
(EDS) analysis on the coatings’ surface.

In this study, in order to have comparable results, the samples with similar wt.% of P and close
wt.% of SiC were chosen for more characterization.
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3.2. DSC

DSC was used to study the phase transformation during the heat treatment of the coatings
(with 11 wt.% P and 1 wt.% SiC), and the results are presented in Figure 3. NiP coatings showed
two exothermic peaks (Figure 3a), while the NiP/SiC composite coatings exhibited one exothermic
peak. These exothermic peaks are related to the transformation of amorphous NiP into crystalline
Ni and the precipitation of the NizP phase in the matrix, as identified by the XRD analysis presented
in Section 3.3. The position of the exothermic peak for the phase transformation in the NiP coatings
depends on the phosphorus content and the heating rate [16]. Small changes in the composition of the
composite coating influence the crystal transformation temperature of the coating. Balaraju et al. [42]
reported that adsorption of second-phase particles on the NiP surface reduces the active surface area
available for the reduction of nickel and phosphorus. The reason for the different DSC curves of the
NiP and composite coatings has not been clarified yet. For better clarification, the NiP coatings with
different P content (9 wt.%, the least P content for Ni high-P coatings, 14 wt.%, the highest P content
achieved in the coatings, and 11 wt.% in between) were tested (Figure 3b). The peak around 340 °C
(the temperature at the tip of the peak) was obtained in all conditions. In contrast, the small peak
at 400 °C is seen in some conditions, and there is not a clear trend between the P content and the
second peak.

Figure 3. Differential scanning calorimetry (DSC) scans of (a) NiP and composite coatings with 11 wt.%
P and 1 wt.% SiC, (b) NiP coatings with different P contents, and (c) NiP/SiC100 coating with different
SiC contents.

There was not any difference in the DSC graphs of the NiP/SiC coatings with 0.5 wt.% and 3 wt.%
SiC particles (Figure 3c). According to these results, the size and the amount of SiC particles do
not affect the phase transformation. However, their existence changes the transformation behavior,
since, with the same amount of P content, different DSC results were obtained with respect to the
NiP coatings.

3.3. XRD

The XRD patterns of the NiP and composite coatings at room temperature and heat treated at
different temperatures for 1 h are shown in Figure 4. At room temperature, all coatings demonstrated a
broad diffraction peak centered around 20 = 44.5°, corresponding to nanocrystalline Ni domains in an
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amorphous phase. By alloying Ni with high P, the Ni lattice distorts, which results in a disordered
structure. The XRD pattern obtained for the as-plated NiP composite coating is similar to that of the
pure NiP coating, confirming that co-deposition of SiC does not affect the coating crystallization in the
as-plated state.

Figure 4. X-ray diffraction of (a) NiP, (b) NiP/SiC50, and (c) NiP/SiC100. Most diffraction peaks
correspond to the NizP phase, labeled with the Miller indices, and the Ni phase, labeled with Ni 111
and Ni 200; and some of the peaks originate from the AIN heating filament, marked by an asterisk.

The XRD patterns of the heat-treated coatings at 100, 200, and 300 °C for 1 h are similar to the ones
at room temperature. It should be noted that the peaks appearing at 26 = 35.9°, 37.8°, and 43.9° are
related to the AIN heating filament. At 400 °C, however, sharp diffraction peaks related to crystalline
Ni and Ni3P phases appeared. This structure remains during further heat treatment at 500 °C, and also
after cooling to room temperature (not shown here). By comparing the XRD patterns of the coatings,
it can be seen that the crystallization of Ni and precipitation of NizP phases are the same in the NiP
and NiP/SiC50 or 100 composite ones. The diffraction peaks at 20 = 44.6° and 51.8° originate from the
diffraction of the Ni (111) and (200) lattice planes, respectively, while the others are related to NizP and
the AIN heating filament.

Keong et al. [25] reported that coatings containing > 10 wt.% phosphorus transform from
amorphous to one or more metastable phases (Ni3(P,Ni) and/or Nis(P,Ni),) before the formation of
stable Ni and Ni3P phases. This behavior was not observed in this study, and this could be because of
either temperature steps that were too significant or measurement times that were too long, such that
the transformation occurred before was recorded.

The DSC results showed that the phase transformation occurred below 400 °C, and the XRD
results demonstrated that at 400 °C, full crystallization and precipitation occurred. Therefore, samples
were heated at a lower temperature (300 °C) for a longer time, up to 7 h, to study the effect of heating
time on the coating microstructure. Isothermal XRD patterns of the coatings are displayed in Figure 5.
It can be observed that XRD patterns of the coatings heated at 300 °C for 1 h are different for the NiP
and composite coatings. The NiP coatings remained nanocrystalline, while in the composite coatings,
diffraction peaks corresponding to the NizP and Ni phases appeared. There was no change in the XRD
patterns except for minor changes in peak intensities by heating the coatings for more than 2 h.

Figure 5. Isothermal X-ray diffraction (XRD) patterns of the (a) NiP, (b) NiP/SiC50, and (c) NiP/SiC100
coatings at 300 °C for different heating times.
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The combined results of isothermal heating and DSC show that addition of SiC particles to the
NiP matrix results in simultaneous crystallization of Ni and precipitation of NizP. However, in the
case of the NiP coatings, crystallization of Ni is faster than the precipitation of NizP, explaining the
existence of two separate exothermic peaks in the DSC measurement of the NiP coating.

3.4. Microhardness and Nanoindentation

The microhardness of the coatings was measured using a Vickers indenter on the cross-section of
the coating, and the results are shown in Figure 6. As seen in Figure 6, the microhardness of the NiP
and composite coatings is similar, around 700 HV o, and addition of SiC of nano or sub-micron size
did not affect the microhardness values of the coating. Even higher percentages of SiC50 (2 wt.%) with
respect to SiC100 (1 wt.%) did not influence the microhardness values of as-plated coatings.

Figure 6. Microhardness values of the NiP and NiP/SiC coatings in as-plated and heat-treated conditions.

The heat-treatment procedures were designed based on the results from DSC and XRD, and the
hardness of heat-treated samples was measured. According to XRD, crystallization and precipitation
occurred after heating at 300 °C for 2 h, and increasing the heating time did not affect the microstructure.
The DSC results showed that after 360 °C, phase transformation happened in all coatings. Therefore,
the samples were heat treated at 300 °C for 2 and 4 h, at 360 °C for 1, 2, and 4 h, and at 400 °C for 0.5
and 1 h. The temperature of 400 °C was chosen to compare the results with the standard industrial
heat-treatment procedure for these coatings.

Heat treatment at 300 °C for 2 h increased the microhardness of NiP coating slightly, while more
of an effect can be seen in the case of the composite coatings. Increasing the heating time at 300 °C did
not change the microhardness values. These results are in agreement with the XRD results (Figure 5).

Heat treatment at 360 °C resulted in the maximum hardness for all coatings, and by increasing the
heating time to 4 h, a small reduction could be seen in the hardness values, which could be due to the
grain growth of the matrix.

The microhardness values for the heat treatment at 400 °C (0.5 or 1 h) are similar to the ones
achieved by heating at 360 °C for 1 or 2 h.

It is seen that the microhardness values of the NiP and composite coatings in as-plated and
heat-treated conditions are similar (including the error bars). In addition, there is no clear relation
between the SiC content and its size with respect to hardness values. Low co-deposition or agglomeration
and uneven distribution of the SiC particles in the coating reduced their role in dispersion hardening,
which was also observed by Chou et al. [43]. However, the role of the particles in hardening can be
seen by heating at 300 °C for 2 h, where they encourage faster precipitation, as confirmed by XRD
results (Figure 5).
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According to these results of heat treatment, due to the crystallization of the matrix and precipitation
of the hard Ni3P phase, the microhardness increased. In addition, the heating temperature has a more
significant impact on hardness values than the heating time. Heating at 360 °C for 1 or 2 h can ensure
the full crystallization of the matrix and a high fraction of Ni3P precipitation with less grain growth of
the matrix.

Nanoindentation was carried out on the cross-section of these coatings to study the influence
of SiC particles as well as heat treatment (360 °C for 2 h) on the mechanical properties of the matrix.
Figure 7 shows the typical load versus depth curve of as-plated and heat-treated coatings, in which
residual depth (/,) and maximum depth (14¢) are shown. As-plated coatings exhibit similar /;, and
hyax values of approximately 190 and 265 nm, and through heat treatment, h, and 7,5, were reduced
to about 130 and 200 nm, respectively. The lower residual depth of heat-treated coatings indicates their
higher hardness. Moreover, there is a displacement in the as-plated coatings during the pause time at
the maximum load, which is a bit higher for NiP than the composite ones, while this displacement was
not seen in the case of heat-treated coatings.

Figure 7. Load versus depth of nanoindentation of the NiP and composite coatings—as-plated or heat
treated at 360 °C for 2 h.

According to the results of Sribalaji et al. [44], if the plastic work fraction (Wp/Wr) is more than
0.5, such materials are considered to be ductile materials that deform plastically and produce more
pile-up. The fraction of plastic work can be determined by Equation (3).

W _ _hr
WT hmax

®)

where Wp is the plastic work, Wr is the total work, h, is the residual depth, and /1,y represents the
maximum depth of indentation.

In this study, the Wp/Wr values for all coatings (as-plated and heat-treated) are higher than
0.5 (see Table 1), and the values of plastic work fractions did not change significantly through heat
treatment. Hence, Equation (3) cannot explain the behavior of the NiP and composite coatings.

Table 1. Nanoindentation results of NiP and composite coatings—as-plated or heat treated at 360 °C

for 2 h.
Coatings NiP NiP/SiC50 NiP/SiC100
Conditions As-Plated HT As-Plated HT As-Plated HT
Nanohardness (GPa) 54+0.1 10.1 £ 0.6 53+0.3 104 +1.1 51+05 10.4+09
Es (GPa) 127 +£5.8 178 + 8.8 138 +5.2 178 +2.7 134 +7.8 182 +6.3
H/E 0.042 £ 0.005 0.056 +=0.003 0.038 £0.008 0.056 = 0.004 0.038 +0.007 0.057 + 0.005

Wp/Wr 0.68 + 0.02 0.64 + 0.01 0.69 + 0.02 0.63 + 0.01 0.75 +0.01 0.63 + 0.05
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Upon heat treatment, the elastic modulus value of as-plated coating significantly increased, as seen
in Table 1. This increase in elastic modulus is due to the crystallization of the Ni matrix and precipitation
of the NizP phase by heat treatment. The NiP and composite coatings have a similar nanohardness
and elastic modulus. Since all coatings have identical behavior during nanoindentation, it seems that
the co-deposition and size of SiC particles would not influence the mechanical behavior of the matrix
by blocking any dislocations in particular or by introducing changes in the metal microstructure or
microstrain. These observations are in agreement with the results from Alexis et al. [23].

The absence of dispersion hardening in composite coatings might be due to the low co-deposition
values or uneven dispersion and agglomeration of SiC particles. According to these results, precipitation
hardening is the main hardening mechanism in NiP coating.

The H/E ratio (hardness (H) and young modulus (Es)) can be used to pre-assess the wear resistance
of coatings. It has been shown that the best wear resistance is observed with a higher H/E ratio [45-47].
Beake et al. [48] also observed that coatings with a higher H/E ratio exhibit lower plasticity and,
thus, lower scratch depths at low loads. As seen in Table 1, the H/E ratio of the coating was slightly
increased after heat treatment, and this enhancement is a bit higher in the case of composite coatings
than for the NiP coating. This might be the sign of better wear resistance of composite coatings than
of the NiP coating. However, there is not any difference between the H/E ratios of NiP/SiC50 and
NiP/5iC100. Since the wt.% SiC in both examined composite coatings was around 1%, it confirms that
the size of the particles does not have any significant impact on the hardness or wear resistance of the
coatings at this low co-deposition rate.

3.5. Micro-Scratch

A scratch test with a progressive load (0-8 N) was used to check the wear resistance and coating
adhesion to the substrate. Coating adhesion influences their wear resistance and poor adhesion
results in blistering, flaking, or peeling of the coating. Figure 8 shows the scratch tracks on the NiP
and NiP/SiC100 coatings. NiP/SiC50 had similar scratch tracks to those of NiP/SiC100; therefore,
its scratch track is not shown here. As seen in Figure 8, as-plated and heat-treated coatings at 300 °C
for 2 h demonstrated smooth scratch tracks (plowing, Figure 9a). Heat treatment at 360 °C for 2 h
or 400 °C for 1 h resulted in the formation of cracks inside the scratch track as well as through the
coatings. By increasing the normal load, elastic and plastic deformation increased until damages such
as cracks occurred in the coating, which is known as a cohesive failure. Finally, detachment of the
coating from the substrate happened, indicating adhesive failure. The failure modes in the scratch
test depend on several factors, such as surface roughness, the hardness of both substrate and coating,
test load, the indenter radius, the coating thickness, the residual stress in the coating, and the interfacial
adhesion [49].

Figure 8. Progressive load scratch test for (a,c,e,g) NiP and (b,d,f,h) NiP/SiC100, which were (a,b)
as-plated, (c,d) heat treated at 300 °C for 2 h, (e f) heat treated at 360 °C for 2 h, or (g,h) heat-treated at
400 °C for 1 h.
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Figure 9. High-magnification SEM images of the scratch track (progressive load) on NiP coating:
(a) as-plated, (b) heat treated at 360 °C for 2 h.

According to the observation reported in Figure 8, the scratch track in the heat-treated coatings
(360 and 400 °C) developed tensile cracks as well as wedge spallation (Figure 9b). Tensile cracks are
formed due to the induced tensile stress at the back of the indenter when it scratches along the coating.
The tensile-based failure occurs as a result of a brittle coating deposited on a ductile substrate, which
was also seen by Gyawali et al. [50]. In the case of a relatively hard coating on the soft substrate, if the
coating thickness is higher than 10 um, the bending and the buckling failure modes are not observed,
while initially, compressive shear cracks form ahead of the indenter through the coating thickness.
These cracks propagate to the surface and interface, and forward movement of the indenter drives the
wedge and interfacial crack propagation. The cracks’ propagation from both sides of the scratch track
develops at around 45°, which is in line with the maximum shear stress direction.

The wedge spallation failure mode not only depends on the formation of compressive shear
cracks and interfacial detachment, but also on the accumulation of residual stress during the indenter
movement [18]. Wedge spallation occurs when the coating adhesion is strong enough to tolerate the
stress [49,51]. Zawischa et al. [52] called wedge spallation wing-shaped delamination, which they
attributed to the formation of a complex stress field that is a result of both the indenter movement and
the bulged coating. According to the SEM images in Figure 8, the cracks were produced in heat-treated
(360 °C for 2 h) NiP and NiP/SiC100 around 0.86 and 1.5 N, respectively. However, cracks were
observed in heat-treated NiP and NiP/5iC100 at 400 °C for 1 h around 2.2 and 3 N, respectively. Hence,
heat-treated coatings at 400 °C for 1 h have better scratch resistance with respect to progressive loads.

Figure 10 shows the SEM images of the ends of scratches produced at a constant load of 4 N on
the NiP and NiP/SiC100 coatings. At a constant load of 4 N, the as-plated and heat-treated coatings at
300 °C (2 h) demonstrated smooth scratch tracks without any cracks, while after heating at 360 °C
(2 h), cracks formed inside the scratch track and extended to the coatings around the scratch track as
well. By comparing the NiP and NiP/SiC100 scratches, it is clear that NiP/SiC100 had fewer cracks,
especially after heating at 400 °C (Figure 10g,h). In addition, NiP/SiC100 has fewer cracks after heating
at 400 °C than the one heated at 360 °C. To confirm these results, an AFM was used, and the scratches
profiles were examined.

Figure 10. Cont.
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Figure 10. SEM images of the ends of scratches produced at a constant load of 4 N: (a,b) as-plated,
(c-h) heat treated, (c,d) 300 °C, 2 h, (e,f) 360 °C, 2 h, (g,h) 400 °C, 1 h; (a,c,e,g) NiP, (b,d,f,h) NiP/SiC100.

Figure 11 exhibits the scratch tracks of as-plated and heat-treated NiP and NiP/SiC100 coating at
400 °C for 1 h (constant load of 4 N), which were examined using an AFM. Removal of a certain amount
of material and formation of material pile-up along the sides of the scratch tracks can be seen. Material
pile-up in front of the indenter results in high compressive stress. When the compressive stress passes
beyond the yield stress of the piled-up material, the materials will deform plastically. The compressive
stress results in cracks in front of the coating and wedge spallation. Wedge spallation causes the brittle
coating to have less tolerance to tangential force and, hence, reduced scratch resistance [53]. It can be
seen that in both as-plated and heat-treated conditions, NiP coatings have broader and deeper scratch
tracks than NiP/SiC100 ones. For better clarification, the scratch profiles are shown in Figure 12.

Figure 11. Cont.
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Figure 11. Atomic force microscope (AFM) map of the scratch tracks of (a,c) NiP and (b,d) NiP/SiC100:
(a,b) as-plated and (c,d) heat-treated at 400 °C for 1 h (all units in pm).

Figure 12. Scratch profiles at 4 N normal load of the as-plated and heat-treated (300 °C for 2 h, 360 °C
for 2 h, and 400 °C for 1 h) coatings: (a) NiP, (b) NiP/5iC50, and (c) NiP/SiC100.

According to the AFM profiles shown in Figure 12, the scratch width and depth of the heat-treated
coatings were smaller compared to the as-plated ones, which indicates the higher scratch hardness
of heat-treated coatings than that of as-plated ones. Scratch hardness is proportional to the Fy/d?
ratio [46,54,55], where Fy represents the maximum normal force applied to the indenter and d denotes
the residual width of the scratch. According to the scratch profiles in Figure 12, heat treatment at 360 °C
for 2 h results in the best scratch resistance for the NiP coating, and by increasing the heat-treatment
temperature to 400 °C, scratch resistance is reduced.

Heat treatment at 300 °C for 2 h results in a noticeable enhancement in the scratch resistance of
composite coatings, and higher heating temperature did not reduce the scratch resistance. The best
scratch resistance in composite coatings was obtained in heat-treated ones at 400 °C for 1 h.
With smaller scratch tracks, fewer pile-ups were produced through heat treatment, and by increasing
the heat-treatment temperature, the amount of pile-ups was reduced as well.

Figure 13 compares the scratch profiles of NiP and NiP/SiC50 as well as NiP/SiC100 in different
conditions. Narrower and shallower scratches can be seen for composite coatings with respect to the
pure NiP ones, and a noticeable difference between the samples happened by heating at 300 °C for 2 h



Coatings 2020, 10, 1179 13 of 19

or 400 °C for 1 h (Figure 13b,d). The better scratch resistance of composite coatings at 300 °C than that
of the NiP one can be related to their higher hardness. However, even with comparable hardness at
400 °C, the scratch resistance of the composite coatings is better than that of the NiP one.

Figure 13. Scratch profiles at 4 N normal load of the as-plated and heat-treated NiP and composite
coatings: (a) as-plated, (b) 300 °C for 2 h, (c) 360 °C for 2 h, and (d) 400 °C for 1 h.

According to the scratch results, even though the SiC particles did not enhance the hardness
of the Ni matrix, they could preserve the scratch resistance of these coatings in a broader
heat-treatment window.

Figure 14 illustrates the variation in the friction coefficient with respect to the scratch distance for
as-plated and heat-treated coatings. The friction coefficient did not change by adding SiC 50 or 100 nm,
while it decreased with heat treatment. Moreover, the friction coefficient was higher in the as-plated
condition for all coatings, and it reached a stable value after 240 um sliding, while in heat-treated
coatings, the friction coefficient became stable after 80 um. Therefore, different running-in behavior
was also observed through the crystallization of NiP coatings. The increase of the friction coefficient
in as-plated conditions can be attributed to the mutual contributions from the adhesion between the
coatings and plowing of the coatings by the hard scratch indenter [56,57].

Figure 14. Cont.
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Figure 14. The friction coefficient of the NiP and composite coatings in as-plated and heat-treated
conditions: (a) NiP, (b) NiP/SiC50, and (c¢) NiP/SiC100.

As-plated NiP coating has the maximum friction coefficient (0.37), and the heat-treated one at
360 °C for 2 h has the lowest friction coefficient (0.22). In the case of composite coatings, the maximum
friction coefficients were observed for as-plated conditions, while the lowest values were obtained
for heat-treated coatings at 400 °C for 1 h. For composite coatings, the friction coefficients were
changed from 0.35 to 0.17. The lowest friction coefficient is attributed to the higher hardness of the
heat-treated coating, which results from the precipitation of the stable NizP phase and crystallization
of the Ni matrix. A reduction in the friction coefficient through heat treatment of NiP coating has
also been observed by others [36,49]. The friction results also confirm the AFM and SEM results,
which demonstrated that heat-treated composite coating at 400 °C for 1 h has the best scratch resistance.

3.6. Polarization Curves

To evaluate the corrosion behavior of the coatings, they were immersed in 3.5% NaCl solution,
and after 20 min, their anodic polarizations were investigated. Figure 15a shows that the NiP and
composite coatings have similar polarization behaviors, both as-plated and heat treated at 300 °C.
In both conditions, the coatings showed passive behavior, and by increasing the heating time to 4 h
(Figure 15a), there was no significant change in the polarization behavior of these coatings. However,
the passive range decreased in the case of heat-treated samples, and especially for the composite
coating. NiP/SiC 50 and 100 nm had similar polarization behaviors, and therefore, the results of one of
them are plotted in this study.

Figure 15. Cont.
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Figure 15. Polarization behavior of NiP and composite coatings: as-plated or heat treated at (a) 300 °C
for 4 h, (b) 360 °C for 1 h, (c) 360 °C for 4 h, and (d) 400 °C for 0.5 hand 1 h.

With heat treatment at 360 °C for 1 h (Figure 15b), the passive range decreased, and passive
current (ip) increased slightly, as reported in Table 2. Increasing the heating time to 2 and 4 h noticeably
reduced the passive behavior (Figure 15¢), and the maximum corrosion current appeared by heating
at 400 °C for 1 h (Figure 15d). Furthermore, all heat-treated coatings at 400 °C showed a lower
corrosion potential, proving the presence of more and deeper microcracks exposing the substrate to
the electrolyte.

Table 2. Passivity range and current of as-plated and heat-treated coatings at 360 °C for 1 h: NiP and
composite coatings in 3.5% NaCl.

Conditions As-Plated Heat Treated at 360 °C for1 h
Coatings NiP NiP/SiC50  NiP/SiC100 NiP NiP/SiC50 NiP/SiC100
AE (V) 0.40 0.43 0.39 0.28 0.19 0.22

ip (A/cm?) 1.8x10° 64x10° 34x10® 95x10® 12x107° 1.3x107°
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The amorphous structure in the as-plated condition has better corrosion resistance, which is
deteriorated by the formation of a crystalline structure and grain boundaries, as well as the second
phase. The combination of two phases (Ni and NizP) with two different compositions can reduce the
passive behavior of these coatings [58]. Furthermore, through structural transformation and volume
change, microcracks are formed in the coatings that reduce the consistency of the passive behavior of
NiP coatings and, thus, corrosion resistance.

4. Conclusions

In this study, the effects of SiC particle addition (50 and 100 nm) and heat treatment on
microhardness and corrosion resistance of NiP coating were studied. It was shown that SiC particles
do not significantly influence the microhardness and corrosion behavior of NiP coating due to the low
percentage and non-uniform distribution of these particles. Although SiC particles did not increase the
microhardness of the coatings, their presence has a benefit in the case of scratch resistance, and higher
scratch resistance with respect to pure coatings was obtained by heating these coatings. It was shown
that heating temperature has the main impact on the microhardness and corrosion resistance of NiP
coatings. The best heat treatment, which enhanced the NiP coating’s microhardness without sacrificing
its corrosion resistance, was heating at 360 °C for 1 h.
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