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Abstract: In order to improve the performances of metal containers, furnace bodies and agricul-
tural tools manufactured by mild steels, Ni/W-SiC nanocomposites are prefabricated on mild steel
substrate by the pulse electrodeposition (PED) method. The morphology, texture, microstructure,
microhardness, and wear performances of Ni/W-SiC nanocomposites are examined by scanning
electron microscopy (SEM), atomic force microscopy (AFM), X-ray diffraction (XRD), dispersive
X-ray spectroscopy (EDX), hardness tester, and friction wear testing. The results indicate that the
SiC size in nanocomposites is ~32.4 nm when its concentration in electrolytes is 7 g /L. The S1 and
54 nanocomposites’ microstructures (the S1 composite was prefabricated at 4 g/L, and the S4 com-
posite was deposited at 13 g/L) reveal many large cauliflower-shaped grains. However, the S2
nanocomposite (the S2 composite was obtained at 7 g/L) demonstrates the homogeneous, finest
and smoothest surface morphology. The diffraction angles of S1 nanocomposite are 41.2°, 51.7°,
and 71.2° depicting the sharpest diffraction peaks, corresponding to the (11 1), (2 00), and (2 2 0)
crystal planes of Ni-W grains, respectively. Moreover, the S2 nanocomposite exhibits the lowest
wear depth and width of 34.2 um and 5.5 mm, respectively. Some shallow and fine scratches on the
as-described nanocomposites’ surface indicate its excellent tribological performance. However, the
54 nanocomposite exhibits a wear depth of 86.3 um and a width of 11.9 mm.

Keywords: characterization; Ni/W-SiC nanocomposite; X-ray diffraction; wear performance; pulse
electrodeposition

1. Introduction

Recently, Ni-W composites have gained notable attention for improving surface perfor-
mances of machine parts, industrial pumps, oil rods, and metal vanes due to their excellent
anti-corrosion and wear capabilities [1-3]. The wear and corrosion resistances are greatly
enhanced when the Ni-W composites are coated on the metal parts. Many methods are de-
signed to deposit Ni-W nanocomposites, including electrodeposition, jet electrodeposition,
and chemical deposition [4,5]. Generally, electrodeposition is the most commonly used
method to prefabricate Ni-W nanocomposites due to its simple operation, low cost, and
high deposition rate. The pulse electrodeposition (PED) method is one of electrodeposition
technique, and the advantages can be listed as follows: (1) the plating rate and coating
surface area are large; (2) the current is frequently connected and disconnected, and the
coating grains grow intermittently; (3) the current efficiency is high, and the preparation
cost is low. The preparation of Ni/W-based nanocomposites via PED has recently attracted
wide attention. For example, Popczyk et al. [6] successfully prepared Zn/Ni-P-W compos-
ites using the PED method and discussed the effect of W content on the microhardness
of composites. Li et al. [7] prepared Ni/W-SiC nanocomposites on mild steel substrates.
They found that the incorporation of SiC nanoparticles could alter the composition of Ni-W
composites. Krasikov et al. [8] studied the microstructure and performance of Ni-40%W
deposited by the PED technique. Similarly, Xia et al. [9] examined the current density effect
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on the microstructure and wear performance, indicating that the structure and composition
of Ni-TiN nanocomposites were determined by the current density.

It is generally known that SiC particles exhibit high strength, outstanding stability, and
excellent properties [10-13]. Therefore, these particles were embedded into Ni/W-based
nanocomposites to improve the capability of the nanocomposites. Several reports have
appeared on Ni/W-based nanocomposites; however, only a few reports have analyzed the
effect of SiC content on the surface and cross-section structures, microhardness, and wear
properties of Ni/W-5iC nanocomposites. Therefore, the preparation and characterization of
pulse-electrodeposited Ni/W-SiC nanocomposites should be discussed in detail. This study
focuses on depositing Ni/W-SiC nanocomposites on mild steel substrates via the PED and
examines their surface and cross-section structures, microhardness, and wear properties.
A new idea is proposed to protect mild steel by extending the service life of machine
parts, industrial pumps, oil rods, and metal vanes. Hence, Ni/W-5iC nanocomposites are
manufactured on a mild steel surface using the PED method. In addition, the influence of
the SiC content on the surface and cross-section structures, phase structure, microhardness,
and wear performances of Ni/W-5iC nanocomposites is surveyed by various analytical
techniques and friction wear testing.

2. Experiment and Characterization

Before the PED experiment, a mild steel substrate was utilized as a cathode (50 x
30 x 5 mm?), and a 99.998% pure nickel plate acted as the anode (100 x 60 x 10 mm?3).
Generally, the mild steels were applied to fabricate metal containers, furnace bodies, and
agricultural tools [14]. The nickel plate and mild steel were firstly polished with 200, 500,
800, 1000, and 2000-grit abrasive papers by hand. Then, they were burnished using a W960
type automatic polishing machine (Qingdao Polishing Machine Factory). The chemical
composition of the mild steel was 98.47 wt.% Fe, 1.05 wt.% Mn, 0.22 wt.% Si, 0.17 wt.% Cr,
0.046 wt.% C, 0.013 wt.% P, and 0.031 wt.% Nb. Tables 1 and 2 display the composition of
the bath solution and the plating parameters for Ni/W-5SiC nanocomposites, respectively.

Table 1. Composition of the bath solution for depositing Ni/W-SiC nanocomposites.

Compositions Parameters
Nap,WO, x 2H,0 (g/L) 30
NiSO,; x 6H,0 (g/L) 58
C6HSO7 X H20 (g/L) 65
NH3H;0 (mg/L) 70

SiC concentration (g/L) 4,7,10,13
pH 4.5
Temperature (°C) 46

Table 2. Plating parameters used in the PED experiment.

Plating Parameters Parameters
Peak current density (A/ dm?) 35
Duty cycle 25%
Frequency (Hz) 250
Average current density (A/ dm?) 6.2
Plating time (min) 40

Figure 1 indicates the surface morphology purchased from Shanghai Kedi Nano
Technology Co., Ltd., Shanghai, China. The grain distribution of SiC nanoparticles is
presented in the top right corner of Figure 1. It is clearly that SiC nanoparticles have regular
and granular black particles with a mean size of ~32.4 nm. A DEM-100A plating power
supply (Shenzhen Keda Technology Co., Ltd., Shenzhen, China) was applied to deposit
the Ni/W-SiC nanocomposites in the PED process. A DX-500 ultrasonic cleaner (Beijing
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Daixia Technology Co., Ltd., Beijing, China) was utilized to agitate the plating solution at
an ultrasonic power of 200 W for 20 min. After the test, Ni/W-5iC nanocomposites were
washed with alcohol, acetone, and distilled water. The composites were prefabricated at
SiC additions of 4, 7, 10, and 13 g/L in the electroplate liquid and were noted as S1, S2, S3,
and 54 nanocomposites, respectively.

Grain number fraction (%)

0 10 20 30 40 50 60

Grain size (nm)

$3400 5.0kV 6.8mm x30k SE(M)

Figure 1. SEM image of SiC nanoparticles.

The surface and cross-section microstructures, phase structure, and surface roughness
of the Ni/W-5iC nanocomposites were detected by using S3400 type SEM (Hitachi High-
Tech. Co., Ltd., Tokyo, Japan), XRD-7000 type XRD (Shimadzu Co., Ltd., Kyoto, Japan),
INCA EDX (Oxford Co., Ltd., Oxford, UK), and EPMA-8050 type AFM (Shimadzu Co.,
Ltd.). In the SEM test, the acceleration voltage was 20 kV, the magnification was 15-200,000,
and the resolution ratio was 6 nm. The Ni/W-SiC nanocomposite samples were cut
by a DK7740E wire cutting machine (Taizhou Jinggong High-Tech. Co., Ltd., Taizhou,
China), and then the cross-section images of the samples could be observed. In the AFM
experiment, the scanning pattern was tapping mode, the probe was silicon nitride, and the
lateral resolution was 0.2 nm. In the XRD measurement, a Cu target was utilized with a tube
voltage of 30 kV, and the scanning step was 0.01°. The X-ray wavelength was 0.15406 nm,
and the diffraction angle was set at 20°~90°. The Ni/W grain diameter (D) was estimated
using the Equation (1) as follows:

D =0.891/(Bcosh) 1)

where A is the X-ray wavelength; § represents the full width at half maximum of diffraction
peaks; and 6 shows the Bragg angle.
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The MH-650 hardness tester (Shandong Celiang Technology Co., Ltd., Linyi, China)
was utilized to estimate the microhardness of Ni/W-5iC nanocomposites. Six positions
were randomly determined on the nanocomposites’ surface to examine the microhardness.
The applied force was 1 N for 15 s of applied time. The wear performance of Ni/W-5iC
nanocomposites was examined by using a GPX-3A type wear tester (Shandong Jingcheng
Technology Co., Ltd., Shandong, China) using the following parameters: friction moment:
£0.002 N-m, spindle speed error: &2 rpm. A carbide steel ball acted as the friction pair
with a surface hardness of 62 HRC, and the applied load was 3 N. The wear rate and wear
time were 0.15 m/s and 60 min, respectively. After the wear test, the worn structures of
nanocomposites were observed by SEM. A BS220 electronic balance (Germany Sartorius
Co., Ltd., Goettingen, Germany, accuracy: 0.1 mg) was utilized to test the loss mass of the
nanocomposites.

3. Results and Discussion
3.1. Surface Morphology Observation

Figure 2a-h demonstrate the cross-section structures and SiC contents in S1, 52, S3,
and 54 nanocomposites, respectively. The Ni/W-5iC nanocomposites prepared using PED
are tightly bonded to the substrate’s surface, with no obvious grooves, cracks, or other
defects at the interface. The thicknesses of S1, 52, S3, and 54 nanocomposites are 43.1 um,
47.7 um, 47.1 pm, and 45.3 um, respectively. The more uniform and dense microstructure
of the cross-section of S2 nanocomposite illustrates that PED could successfully prepare
smooth composites under the optimal SiC content (7 g/L) in the plating solution.
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Figure 2. Cont.
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Figure 2. Cross-section SEM images of Ni/W-SiC nanocomposites: (a) S1, (c) S2, (e) S3, and (g) S4
nanocomposites, and SiC contents in Ni/W-5iC nanocomposites: (b) S1, (d) S2, (f) S3, and (h) S4
nanocomposites.

Si contents in S1, S3, and 5S4 nanocomposites are 1.9 wt.%, 2.5 wt.%, and 2.1 wt.%,
respectively. The C contents in S1, S3, and S4 nanocomposites are 4.2 wt.%, 4.9 wt.%, and
3.9 wt.%, respectively. However, S2 has the maximum Si and C concentration (2.8 wt.%
and 5.7 wt.%), indicating that a proper SiC concentration contributes to the SiC deposition
in the Ni/W-SiC composite. These conclusions indicate that many SiC nanoparticles are
successfully embedded in Ni/W-5iC nanocomposites.

Figure 3 reveals the effect of the SiC content in the electroplate liquid on the surface
morphology of Ni/W-SiC nanocomposites. Numerous irregular clusters appeared on
the surfaces of S1 and S4 composites; however, the S3 nanocomposite has a smoother
and finer microstructure among the three composites. In addition, the S2 nanocomposite
appears to possess the smoothest and most homogeneous surface morphology among all
four composites (see Figure 3b). These results are explained by the fact that a suitable SiC
concentration (7 g/L) in the electroplate liquid promotes the dispersion of SiC nanoparticles
and increases the co-deposition rate of Niions, W ions, and SiC nanoparticles. Furthermore,
the SiC nanoparticles in the S2 nanocomposite hinder the growth of Ni grains, bringing
about a smooth surface morphology [14].
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Figure 3. Effect of the SiC content in the electroplate liquid on the surface morphology of Ni/W-SiC
nanocomposites: (a) 4 g/L, (b) 7 g/L, (c) 10 g/L, and (d) 13 g/L.

3.2. AFM Survey

Figure 4 presents the AFM images of S2 and 54 nanocomposites obtained by using
PED technique. The S2 nanocomposite possesses an even surface, and the depths of
protrusion heights and depression are 78.5 nm and 109.7 nm, respectively (see Figure 4b).
However, the microstructures of the S4 nanocomposite are rough and irregular, and the
depths of protrusion heights and depression are 119.3 nm and 188.9 nm, respectively
(Figure 4d), testifying to the smooth and even Ni/W-SiC nanocomposite deposited at an
SiC concentration of 7 g/L. The results are similar to the phenomena described by Cai
etal. [15].

3 pm

Figure 4. Cont.
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Figure 4. AFM pictures of three dimensional morphologies: (a) S2 and (c) S4 nanocomposites; AFM
pictures of two dimensional morphologies: (b) S2 and (d) S4 nanocomposites.

3.3. XRD Measurement

The effect of SiC content in the electrolyte on XRD spectrograms of Ni/W-SiC nanocom-
posites is exhibited in Figure 5. In the S1 nanocomposite, the diffraction angles of Ni-W
grains are 41.2°, 51.7°, and 71.2° with the sharpest diffraction peaks among four nanocom-
posites, corresponding to (1 1 1), (2 0 0), and (2 2 0) planes, respectively. When the SiC
content rises from 4 g/L to 7 g/L, the diffraction peaks” width of Ni-W grains in the S1
nanocomposite is wider than in the 52 nanocomposite. With a further increase in SiC con-
tent, the diffraction peaks become sharper than those of the 52 nanocomposite, illustrating
that when the SiC content in the electrolyte increases from 7 g/L to 10 g/L, this leads
to the decrease in peak diffraction of Ni-W grains. In contrast, the Ni-W contents in the
54 nanocomposite increase evidently with the SiC content increasing from 7 to 13 g/L,
and the corresponding Ni-W peak intensity increases (see Figure 5d). Moreover, three
low-intensity diffraction peaks (diffraction angles: 37.2°, 42.6°, and 62.3°) are detected in
the nanocomposites mentioned above in the XRD curves, testifying that the SiC particles
successfully embed in Ni/W-5iC composites, as reported by Wang et al. [16].

A Ni-W
o SiC

Intensity (a.u.)

30 40 50 60 70 80

2 Theta (Degree)

Figure 5. XRD spectrograms of (a) S1, (b) S2, (c) S3, and (d) S4 nanocomposites.
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From Equation (1) and Figure 5, the average grain sizes of the Ni/W-SiC nanocom-
posites are calculated, as shown in Table 3. The average Ni-W sizes of the 52 and S4
nanocomposites are about 84.3 nm and 147.6 nm, respectively. These results show that
when the SiC content in the bath solution is optimum (7 g/L), more nucleation points
are available for Ni-W grains, beneficial to the prefabrication of fine and even Ni/W-5iC
nanocomposites [17]. When the SiC content in the solution is lower, only a few SiC nanopar-
ticles are embedded into Ni/W-SiC composites, and the number of Ni-W grains is few,
bringing about the presence of larger Ni-W grains in Ni/W-SiC composites. Moreover,
when the SiC content in the solution is higher (13 g/L), numerous SiC nanoparticles ag-
glomerate, reducing the nucleation points of Ni-W grains, resulting in larger Ni-W grain
sizes in Ni/W-SiC composites.

Table 3. Average Ni-W sizes of Ni/W-SiC nanocomposites.

Composite Type Mean Ni/W Grain Size (nm)
S1 135.8
52 84.3
S3 1114
54 147.6

3.4. Microhardness Analysis

Figure 6 displays the microhardnesses of four Ni/W-5iC nanocomposites deposited
at SiC concentrations of 4 g/L, 7 g/L, 10 g/L, and 13 g/L. The SiC content in the bath
solution affects the microhardness of composites [18]. The average microhardness value of
the S2 nanocomposite is ~905.3 HV. Under optimal SiC concentration, SiC nanoparticles
are uniformly embedded in the Ni/W-5iC composites, enhancing the Ni-W grains’ fine
crystal reinforcement [19]. These results indicate that the microhardness of the 52 nanocom-
posite is significantly increased, attributed to the high microhardness of SiC nanoparticles
(~21 GPa) [20]. In contrast, the average hardness values of the S1 and 54 nanocomposites
are only ~745.6 and ~771.8 HV, respectively. This phenomenon is because the SiC contents
of 4 g/L and 13 g/L in the solution could not extensively refine the Ni-W grains; thus,
the microhardness value of the Ni/W-5iC nanocomposites decreased. These results are
consistent with the research reported by Liu et al. [21].
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Figure 6. Microhardnesses of Ni/W-SiC nanocomposites.
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3.5. Friction Performance Test

Figure 7 presents the wear curves of the obtained S1, S2, and S4 nanocomposites at
room temperature. Among the as-prepared nanocomposites, the S1 exhibits the deepest
wear depth of 109.8 pm and the largest wear width of 10.8 mm. However, the S2 exhibits the
lowest wear depth and width of 34.2 um and 5.5 mm, and those of the S4 nanocomposite
are 86.3 um and 11.9 mm, respectively. Some wide and deep grooves are found on the
surface of the S1 nanocomposite, illustrating that this nanocomposite indicates the worst
friction performance. In contrast, some grooves and accumulations are observed on the
wear surface of the 54 composite. However, only a few narrow and shallow scratches
are discovered on the S2 surface, certifying that this nanocomposite has outstanding
wear-resisting properties. The degree of wear is usually inversely proportional to its
microhardness [22]. In this study, the hardness of the S2 nanocomposite is the highest,
proving its prominent friction resistance. These results are consistent with that discussed
by Bratu et al. [23].
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Figure 7. Wear curves of (a) S1, (b) S2, (c) S3, and (d) S4 nanocomposites.
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4. Conclusions

1. The S1 and 54 nanocomposites’ microstructures reveal many large cauliflower-shaped
grains. The S2 nanocomposite demonstrates the most homogeneous, finest, and
smoothest surface morphology. The smooth surface structure of the S2 nanocom-
posite has depths of depression, and protrusion heights are 78.5 nm and 109.7 nm,
respectively.

2. The diffraction angles of the S1 nanocomposite are 41.2°, 51.7°, and 71.2° depicting
the sharpest diffraction peaks, corresponding to the (11 1), (2 00), and (2 2 0) crystal
planes of Ni-W grains, respectively. In addition, the average hardness of the S2
nanocomposite is ~905.3 HV.

3. The S2 nanocomposite exhibits the lowest wear depth and width of 34.2 um and
5.5 mm, respectively. Some wide and deep grooves are observed on the surface of
the S1 nanocomposite, indicating that this nanocomposite exhibits the worst friction
performance.
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