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Abstract: The remelting method is introduced to improve the properties of the as-sprayed NiCrBSi
coatings. In this work, tungsten carbide (WC) was selected as reinforcement and the as-sprayed and
remelted NiCrBSi/WC composite coatings were investigated by X-ray diffraction, scanning electron
microscopy, hardness test and tribology test. After spraying, WC particles are evenly distributed in the
coating. The remelting process induced the decarburizing reaction of WC, resulting in the formation
of dispersed W2C. The dispersed W2C particles play an important role in the dispersion strengthening.
Meanwhile, the pores and lamellar structures are eliminated in the remelted NiCrBSi/WC composite
coating. Due to these two advantages, the hardness and the high-temperature wear resistance
of the remelted NiCrBSi/WC composite coating are significantly improved compared with those
with an as-sprayed NiCrBSi coating; the as-sprayed NiCrBSi coating, as-sprayed NiCrBSi/WC
composite coating and remelted NiCrBSi/WC composite coating have average hardness of 673.82,
785.14, 1061.23 HV, and their friction coefficients are 0.3418, 0.3261, 0.2431, respectively. The wear
volume of the remelted NiCrBSi/WC composite coating is only one-third of that of the as-sprayed
NiCrBSi coating.

Keywords: NiCrBSi; plasma spraying; remelting; hardness; wear

1. Introduction

Some moving parts in industrial machinery, such as aero engines, gas turbines, turbochargers and
so on, are employed in a high-temperature environment. Such parts are always subjected to significantly
severe high-temperature wear [1]. Therefore, it is necessary to improve their wear resistance in such
environments. Generally, surface modification methods for improving wear resistance include
thermal spraying [2–4], laser processing [5–8], friction stir processing [9,10], micro-arc oxidation [11],
shot peening [12,13] and so on. Among these methods, thermal spraying is an efficient technology
to produce reliable coatings on the workpieces [14]. Plasma spraying is one of the thermal spraying
technologies and prepares coatings to improve the wear resistance and hardness of metallic parts.
Using plasma spraying technology to prepare composite coatings can further improve their hardness
and wear resistance [15–19].

In order to meet the requirements of high wear resistance and hardness of the coating, nickel-based
self-melting alloys are frequently used [20–22]. The NiCrBSi alloy (one of the nickel-based self-melting
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alloys) has special advantages at a high temperature, such as the ability to dissolve more elements,
the formation of coherent and ordered strengthening phases and maintaining the stability of
microstructure [23]. In this alloy, Si and B mainly play the roles in wetting and reducing the
melting point of NiCrBSi, Cr is used to improve the corrosion resistance and oxidation resistance of the
alloy, and C, B as well as Fe play an important role in improving the hardness and wear resistance
of the NiCrBSi alloy [24,25]. When the content of B is high enough, there are boride and carbide
precipitates. Hence, the NiCrBSi alloy is further strengthened. However, the properties of NiCrBSi
alloy cannot be endlessly enhanced by adjusting the contents of the elements. Therefore, for further
improving the hardness and wear resistance of NiCrBSi coating, the addition of a ceramic particle is
an effective method [26–28]. Tungsten carbide (WC) is the important reinforcement for the preparing
high wear-resistant coatings by plasma spraying [29,30]. A certain amount of WC powder was added
to the NiCrBSi powder by mechanical mixing to obtain the NiCrBSi/WC composite. The previous
studies show that NiCrBSi/WC composite coating has enhanced properties as compared to the NiCrBSi
coating [30]. Therefore, considerable attention has been paid. Rachidi et al. [31] prepares NiCrBSi and
NiCrBSi–WC coatings by oxyacetylene flame spraying—their results show that the NiCrBSi coating with
60% WC has significantly high hardness (1200 HV) which is almost twice that of the NiCrBSi coatings.
Zhu et al. [32] studied the effect of different WC contents on the high-temperature wear behavior of
NiCrBSi/WC coatings. When the WC content is fewer than 20%, the wear rate would decrease with
increasing the WC content. In comparison, if the WC content is more than 20%, the wear rate of the
coating would increase significantly. Guo et al. [30] produced NiCrBSi coating and NiCrBSi/WC-Ni
composite coating on stainless steel by laser cladding. The friction and wear behavior of the laser
cladding coatings sliding against Si3N4 ball at an elevated temperature of 500 ◦C was evaluated.
They found that the microhardness and wear resistance of the laser-cladded coatings are excellent than
those of stainless-steel substrate. In particular, laser-cladded NiCrBSi/WC-Ni composite coatings show
better high temperature wear resistance than NiCrBSi coatings, which is due to the decomposition of
WC grains. The WC grains would transform to the W2C grains at high temperature and the W2C grains
have higher hardness than WC grains [33]. Therefore, the laser-cladded NiCrBSi/WC-Ni composite
coating maintains the high wear resistance at a high temperature [30].

The above results raise a new question: can the properties of NiCrBSi/WC composite coating
be further improved? As is well known, due to the intrinsic characteristics of this technology,
the plasma-sprayed coatings have a large number of flaws, such as pores and unmelted particles,
which affects the hardness and wear resistance of the coatings [3,34–37]. Meanwhile, the amorphous
phase is always found in NiCrBSi coatings, which results from the fast cooling of melted particle
during deposition and decrease the volume fractions of hard phases, resulting in the reduction in
the hardness and wear resistance [4,38,39]. As is known, the amorphous phase is metastable [40–42].
Crystallization of amorphous phase easily takes place in case of inputting external energy [43–46].
Hence, post-heat treatment and remelting were used to decrease the volume fraction of amorphous
phase in the as-sprayed NiCrBSi coatings [4,47]. In comparison, remelting could eliminate the flaws
in the as-sprayed NiCrBSi coatings but post-heat treatment has little effect on the flaws. Therefore,
a variety of remelting methods are developed to remelt the as-sprayed NiCrBSi coatings, which may
improve their properties. At present, common methods, such as laser, electron beam, tungsten pole
argon arc, flame, induction and so on, have been used to remelt the as-sprayed NiCrBSi coatings [48–52].
Serres et al. [48] combined atmospheric plasma spraying and in-situ laser processes to modify the
structural characteristics of thick NiCrBSi alloy coatings. The results showed that in-situ laser remelting
induces the growth of a dendritic structure, which increases the adhesion of coatings on the substrate.
A mechanical investigation demonstrated that the combination of plasma spray and in situ melting with
a diode laser could result in the good mechanical properties of NiCrBSi alloy coating. Dong et al. [53]
studied the rolling/sliding contact fatigue behavior of the coatings under different stresses. The results
indicated that the induction remelting improves the microstructure and hardness of the NiCrBSi
coating, and changes the coating/substrate interface bonding from mechanical bonding to metallurgical
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bonding. Chen et al. [47] remelted the plasma-sprayed NiCrBSi coatings by plasma arc, which is a
convenient and low-cost method. This method significantly improves the hardness, wear resistance
and bond strength of the NiCrBSi coating. Due to its reliability, repeatability and convenience, it is
very promising for a wider range of industrial applications. Therefore, the properties of the as-sprayed
NiCrBSi/WC composite coating may be enhanced by this method. Unfortunately, there is still lack of
investigation of the remelted NiCrBSi/WC composite coating prepared by plasma arc.

Therefore, in this work, the as-sprayed NiCrBSi coating and NiCrBSi/WC composite coating
were prepared by plasma spraying. Subsequently, the NiCrBSi/WC composite coating was remelted
by a plasma arc using the same equipment. The microstructures of the coatings were investigated.
Meanwhile, their hardness and high-temperature wear behavior were examined. Based on the results,
the strengthening mechanism was discussed.

2. Materials and Methods

2.1. Sample Preparation

NiCrBSi alloy powder used in the work was purchased from the BGRIMM Advanced Materials
Science and Technology Co., Ltd. in Beijing, China. NiCrBSi/WC composite coating was prepared
by mixed nickel-coated tungsten carbide (WC-12Ni) and NiCrBSi powder with a mass fraction ratio
of 35 and 65%. WC-12Ni was purchased from the same company. The mixture was prepared by
mechanical mixing using a planetary muller (QM-3SP2, Nanjing Chi Shun Technology Development
Co.,Ltd. in Nanjing, China) with a rotation speed of 120 rpm for 1 h. Then, 2Cr13 martensitic stainless
steel was used as substrate. The chemical compositions of powder and substrate are shown in Table 1.

Table 1. Compositions of NiCrBSi, Tungsten Carbide (WC)-12Ni Powder and 2Cr13 Stainless Steel
(wt.%).

Component Cr B Si Fe C W Ni

NiCrBSi 16.2 3.0 4.5 5.3 0 - Bal.
WC-12Ni - - - - 5.4 82.6 12.0

2Cr13 stainless steel 13.0 - 0.8 Bal. - - 0.6

Due to the significant influence of the roughness of substrates on the adhesion between coatings
and substrates, the substrates were sandblasted with alumina after polishing to a mirror surface [4].
During the spraying and remelting process, an SG-100 plasma-spraying torch (Praxair, Inc., Danbury,
CT, USA) was employed. Argon was used as a carrier gas to transport the powder from the powder
feeder to the plasma torch to prevent the powder from being oxidized. Using the spraying parameters
listed in Table 2, the as-sprayed NiCrBSi and NiCrBSi/WC coatings were prepared. The remelting
process began at the end of spraying process. When the as-sprayed coating was prepared on a substrate,
the powder feeder was turned off and the as-sprayed coating was remelted using plasma arc after
moving the plasma gun to a distance of 40 mm to the coating. The whole remelting time was about
2.5 min. After remelting, the remelted samples were cooled in air. The detailed remelting parameters
are shown in Table 2. Herein, the as-sprayed NiCrBSi, NiCrBSi/WC composite, and the remelted
NiCrBSi/WC were named as SP-NiCrBSi, SP-NW35 and RE-NW35, respectively.
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Table 2. Plasma Spraying and Remelting Parameters.

Parameters SP-NiCrBSi SP-NW35 RE-NW35 (Remelting)

Power (kW) 30 30 35
Distance to the substrate (mm) 80 90 40

Main gas Ar (psi) 80 90 80
Secondary gas N2 (dm3/s) 1 1 1

Time (min) 1.5 2 2.5
Spray step (mm) 3 3 3

Powder feed rate (g/s) 0.3 0.3 -
Gun traverse rate (mm/s) 100 100 10

2.2. Microstructural Characterizations

The test pieces were ground with sandpaper from 400 to 2000 grits and polished with
1.5 µm diamond paste to a mirror finish. The microstructures of the coatings were examined by
scanning electron microscopy (SEM, JSM-6480, JEOL, Osaka, Japan) equipped with energy dispersive
spectroscopy (EDS) detector. The porosities of coatings were defined by the software Image J2X using
SEM images. The SEM images were binarized and the pores were represented by a single color.
This method was in accordance with the ASTM Standard E2109-01 [54]. The phase constituents of the
coatings prepared under different conditions was carried out using X-ray diffraction diffractometer
(XRD, XRD-6000, Shimadzu, Japan) with Cu target. The specific parameters are as follows: accelerating
voltage is 40 kV, the scanning speed is 4 ◦/min and the scanning range is from 30 to 90◦. The Jade
6.5 software (Materials Data, Inc., Santa Clara, CA, USA) was used to analyze the XRD data.

2.3. Adhesion Strength, Microhardness and Tribology Test

The coating adhesion strength was measured according to ASTM C633-79 standard [55].
The samples coated with the coating (Φ 25 mm) was glued to a stainless steel with the same
diameter coating using resin glue. At least three samples were tested. Surface hardness of the coatings
was measured by an automatic hardness tester (KB30S, KB PRUEFTECHNIK GMDH, Assenheim
German). The load for indentation was 100 gf with the dwell time of 10 s. Hardness was tested for
each sample at least 10 times.

Tribology test was conducted on a friction and wear testing machine (UMT-2, Bruker, Germany)
without lubrication. The contact form was point contact and movement form was circular motion.
Sample was size 15 mm × 1 mm × 10 mm and all samples were polished before tribology test.
Si3N4 ceramic balls with a diameter of 9.38 mm were selected as the friction pair material. The specific
test parameters were as follows: the load was 25 N, the rotational speed was 500 r/min, time was
30 min, the radius was 4 mm and the temperature was set to 600 ◦C. The worn surfaces of different
coatings as well as the debris were examined by SEM. The areas of the wear tracks were measured by
confocal laser sweep microscope (OLS 4000, OLYMPUS, Tokyo, Japan). As a result, the wear volume
can be obtained by the formula as follows:

V = S× L (1)

where V is the wear volume, S is the wear mark cross section area and L is the total length of wear
mark track.

3. Results and Discussion

3.1. Microstructure Features

Figure 1 shows the XRD patterns of the coatings. It can be seen that the SP-NiCrBSi coating
is mainly composed of γ-Ni, Ni3B, CrB, Cr7C3 and Cr3C2. A broaden diffuse diffraction is found
from 40 to 50◦ in the XRD pattern of SP-NiCrBSi, indicating the presence of crystallite/amorphous
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phase [42,56,57]. The presence of crystallite/amorphous is the main factor causing the broadening
of peak, due to their strong scattering effect to X-ray [58,59]. In our previous work, the broadening
is demonstrated as the amorphous phase and γ-Ni crystallite in the as-sprayed NiCrBSi coating,
which is a result of the fast cooling of in-flight particles during deposition [4]. The SP-NW35 coating
mainly consists of γ-Ni, Ni3B, CrB, Cr7C3, Cr3C2, WC, WC1-x and W2C. During the spraying process,
the solid WC particles are decarburized in plasma arc at a high temperature and hence some WC
reinforcements would transform into W2C by the decarbonization of 2WC→W2C + C [29]. Therefore,
both WC and W2C peaks are observed in the XRD patterns of SP-NW35. However, WC1-x peak is
detected, illustrating the incomplete decarbonization of WC during spraying and deposition [60,61].
After remelting, the RE-NW35 coating mainly consists of γ-Ni, Ni3B, CrB, Cr7C3, Cr3C2, WC, WC1-x and
W2C. Compared with the XRD pattern of the SP-NW35 coating, the diffraction peaks of W2C become
more intense in the RE-NW35 coating, indicating the further formation of W2C during remelting.

Figure 1. XRD patterns of the SP-NiCrBSi, SP-NW35 and RE-NW35 coatings. SP-NiCrBSi and
SP-NW35 indicates the as-sprayed NiCrBSi and NiCrBSi/WC coatings; RE-NW35 means the remelted
NiCrBSi/WC coating.

Figure 2 shows the SEM images of cross-sectional morphologies of (Figure 2a,b) SP-NiCrBSi,
(Figure 2c,d) SP-NW35 and (Figure 2e,f) RE-NW35. Figure 2a shows the typical microstructure of the
as-sprayed NiCrBSi coating. The pores (as indicated by solid arrows) are randomly distributed in
the SP-NiCrBSi coating and the porosity of SP-NiCrBSi is 2.5 ± 1.2%. Figure 2b is a SEM image with
higher magnification for SP-NiCrBSi. On the one hand, some non-bonded boundaries (as indicated by
triangle) are found. On the other hand, a clear coating/substrate interface with several pores is found.
These two typical features are frequently found in the plasma-sprayed NiCrBSi coatings [62,63].

According to the EDS results listed in Figure 2g, the large white blocks (as indicated by hollow
arrows) are WC blocks. Such blocks are uniformly distributed in the coating. The pores are also found.
The porosity of SP-NW35 2.3 ± 0.9%, which is slightly lower than that of SP-NiCrBSi. The inset is
an enlarged view of dash rectangle in Figure 2c. It can be found that the WC blocks are discretely
distributed in the matrix. Such a microstructure of sprayed NiCrBSi/WC composite coating has also
been reported in the Reference [64]. Similar to SP-NiCrBSi, a clear coating/substrate interface and
non-bonded boundaries are found in SP-NW35 (Figure 2d).
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Figure 2. SEM observations for the cross-sectional morphologies of (a,b) SP-NiCrBSi, (c,d) SP-NW35,
(e,f) RE-NW35, (g) EDS results of marked points in (c) and (f), and (h) the line scanning profiles of Ni
and Fe elements at the interface of the RE-NW35 as marked by yellow arrow in (f). The insets are the
enlarged views of dash rectangles in (c) and (e).

The microstructure of RE-NW35 is significantly different to that of SP-NW35 (Figure 2e,f).
The non-bonded boundaries are almost absent and the pores become fewer and smaller in RE-NW35.
The porosity of RE-NW35 is 1.0 ± 0.3%. Such a morphology of coating indicates the improved cohesion
of the coating [47]. The large white block (point 3) is identified as WC. However, there are a considerable
number of small white particles distributed in the vicinity of WC blocks. As seen from the enlarged
view of dash rectangle in Figure 2e, the small white dots are discrete ones. The EDS result (point 4)
indicates that such small white dots may be small W2C particles. Similar feature of WC/W2C particles
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is also observed in Figure 2f. It has been reported that the decarbonization of WC→W2C + C would
take place at a high temperature [64,65]. Kılıçay et al. [65] pointed out that the Gibbs free energy
of WC formation is −0.04 kJ/mol at 1200 ◦C, which is slightly lower than that of W2C formation
(−0.03 kJ/mol at 1200 ◦C). However, Cr may draw C from WC to form a chrome carbide structure at a
high temperature [65]. Therefore, a relatively high content of Cr is observed from the EDS result of
point 4. As such, WC would be converted to W2C with decreasing C content. This finding is consistent
with the result of XRD and also illustrates that the remelting process does not only acts on the NiCrBSi
matrix but also has considerable effects on the WC particles. Furthermore, a diffusion layer is observed
at the coating/substrate interface. According to the EDS line scanning result (through the yellow arrow
in Figure 2f), Fe and Ni gradually increase or decrease from the coating area to the substrate area.
The width of the diffusion layer is about 11 µm.

3.2. Adhesion Strength

Figure 3 shows the adhesion strength of various samples. The adhesion strength of SP-NiCrBSi,
and SP-NW35 are 24 ± 5 MPa and 25 ± 7 MPa, respectively. Therefore, one can conclude that the
addition of WC-Ni powder in the NiCrBSi feedstock does not facilitates the improvement of the
adhesion strength of SP-NW35. Such a result may be attributed to the similar coating/substrate
interfaces in SP-NiCrBSi, and SP-NW35 (Figure 2d,f). In comparison, the RE-NW35 shows a higher
adhesion strength of 61 ± 6 MPa, which reaches the limitation of the glue used. The actual adhesion
strength of RE-NW35 should be higher than 61 ± 6 MPa, which could not be exactly measured by the
method used in this work. Such results substantially demonstrate the improvement in the adhesion
strength. As the result presented in [47], if there is a diffusion layer presented at the coating/substrate
interface, the adhesion strength would be significantly improved. The results of adhesion strength for
various samples were used to illustrate the difference in their coating/substrate interface, but not the
main focus of this work.

Figure 3. Adhesion strength of the SP-NiCrBSi, SP-NW35 and RE-NW35 coatings.

3.3. Hardness

Figure 4 demonstrates the hardness distributions of the SP-NiCrBSi, SP-NW35 and RE-NW35
samples from coating to the substrate. The average hardness of substrate of SP-NiCrBSi, SP-NW35
is significantly low, which is only 240 ± 10 HV. The average hardness of the SP-NiCrBSi coating is
674 ± 41 HV, which is 2.8 times of that of the substrate. The average hardness value of SP-NW35 coating
is 785 ± 73 HV, which is 3.3 times of that of the substrate hardness. The increased hardness of the
SP-NiCrBSi coating is attributed to the strengthening effect of reinforcements. The average hardness of
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the RE-NW35 coating is 1061 ± 107 HV, which is almost 4.4 times of that of the substrate. There are
several reasons accounting for the improved hardness of RE-NW35. First, the porosity of coating is
significantly reduced after remelting and the cohesion of coating is improved. Second, as observed in
Figures 1 and 2, the dispersed W2C particles are produced after remelting. Compared with the data
in our previous work, the remelted NiCrBSi coating has a hardness of 771–825 HV [47]. Therefore,
the increased hardness of RE-NW35 (1061 ± 107 HV) compared with the hardness data of the remelted
NiCrBSi coating (771–825 HV) should be attributed to the dispersion strengthening of WC and W2C
particles. W2C has a higher hardness than WC [33]. As such, dispersed particles with higher hardness
result in greater difficulty in the deformation of the coating during hardness test. Under a synergistic
effect of the dispersion strengthening and the change in the microstructure, the hardness of RE-NW35
coating is therefore significantly enhanced. Such a phenomenon is frequently observed in the metallic
materials [66–71]. Furthermore, it is interesting that the hardness of the substrate increases from
240 ± 10 to 560 ± 11 HV after remelting. Such a phenomenon is also found in our previous work [47],
which is attributed to the diffusion of Ni from coating to the substrate and hence produce solid-solution
strengthening. There may be other factor influencing the hardness the substrate in the vicinity of
interface after remelting. However, the hardness of substrate may not affect the performance of the
remelted RE-NW35 coating to some extent.

Figure 4. Hardness of the cross-section of the SP-NiCrBSi, SP-NW35 and RE-NW35 coatings.

3.4. Wear Performance

Figure 5 shows the friction coefficients of the substrate, SP-NiCrBSi, SP-NW35, and RE-NW35
coating samples vs. time at 600 ◦C. After the run-in period, the friction coefficients are basically stable
and all curves are fluctuated in a small range (Figure 5a). This is consistent with the outcome in
literature [72]. It has been reported that the friction coefficient has a relatively small fluctuation and
maintains stable after a short running-in period when sliding against Si3N4 [72]. For a quantitative
comparison, the stable friction coefficients were calculated. Figure 5b shows that the average friction
coefficients of the SP-NiCrBSi coating and the SP-NW35 coating are 0.342 ± 0.021 and 0.326 ± 0.042,
respectively, which are lower than that of the substrate (0.415 ± 0.025). The average friction coefficient
of RE-NW35 sample is 0.243 ± 0.015, which is the lowest in all samples. It is known that the friction
coefficient is defined as the ratio of friction force and normal load between the friction pair and the
tested sample [73]. The normal loads are 25 N in this work for all samples. However, the friction
force is complicated and related to surface roughness, shear properties of the samples, the substances
between two surfaces, etc. [73]. All samples tests are polished before tribology test and hence they
have similar surface roughness. As such, the primary difference in the friction forces of the samples
result from the coating themselves. Although it can be understood that the RE-NW35 sample has the
reduced friction force during the tribology test, the detailed reason may be understood by combining
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the microstructure of coating and the worn surface after tribology test, which will be discussed in the
following paragraphs.

Figure 5. (a) friction coefficient curves and (b) their average values at 600 ◦C of SP-NiCrBSi, SP-NW35
and RE-NW35 coating samples.

Figure 6 shows the wear volumes of the substrate, SP-NiCrBSi, SP-NW35 and RE-NW35 samples
after tribology tests. The wear volumes of the substrate, the SP-NiCrBSi coating and the SP-NW35
coatings at the high temperature are significantly higher than that of the RE-NW35 coating. It is found
that the wear volume of SP-NiCrBSi is 2.072 ± 0.42 mm3, which is lower than the wear volume of the
substrate (2.437 ± 0.23 mm3). The wear volume of SP-NW35 is 1.884 ± 0.02 mm3, which is slightly lower
than that of SP-NiCrBSi, indicating that the WC has a strengthening effect on the high-temperature
wear resistance. In comparison, the wear volume of the RE-NW35 coating is 0.629 ± 0.02 mm3,
which is only a quarter of that substrate and one-third of that of SP-NW35 coating. Therefore, one can
conclude that the remelting process not only decreases the friction coefficient of NiCrBSi/WC composite
coating but also reduces its wear volume. Therefore, the RE-NW35 sample has good high-temperature
wear resistance.

Figure 6. Wear volumes of the substrate, the SP-NiCrBSi, SP-NW35 and RE-NW35 coatings at 600 ◦C.

Figure 7 shows SEM images of worn surfaces and debris of the SP-NiCrBSi, SP-NW35 and
RE-NW35 coatings after tribology tests at 600 ◦C. Tables 3 and 4 list the chemical compositions of worn
surfaces and debris as indicated in Figure 7. Abrasive wear and cracks are observed on the worn
surface of SP-NiCrBSi, indicating the presence of severe deformation (Figure 7a). As listed in Table 3,
the worn surface of SP-NiCrBSi has no apparent oxidation (EDS result of the worn surface in the dash
rectangle). Meanwhile, Figure 7b shows two types of debris for SP-NiCrBSi. Besides the fine debris,
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large flakes with the size of about 100 µm are found (Figure 7b). High content of O (about 8.82 wt.%) is
found in such flakes. Such a finding indicates that the oxidized part on the SP-NiCrBSi is prone to
peel off during the tribology test. The fine debris has the similar composition to the composition of
raw material as listed in Table 1. Similar worn surface with slender scratch as well as the chemical
composition are observed for SP-NW35 (Figure 7c). In comparison to SP-NiCrBSi, no large flakes
are found in the debris of SP-NW35 (Figure 7d). Besides fine debris, plentiful blocks with the size of
10 µm are found. EDS result show that such a block contains 88.56 wt.% W, which is considered as a
WC particle (SP-NiCrBSi-1, Table 4). Such a finding illustrates that WC particles drop off from the
SP-NW35 during tribology test. The dropped particles may become abrasive and deteriorate the worn
surface of SP-NW35. Therefore, although SP-NW35 has higher hardness than SP-NiCrBSi, SP-NW35
has only slightly lower wear volume than SP-NiCrBSi. The fine debris in Figure 7d also contains
a certain content of W and C. Such fine debris is speculated to be the mixture of NiCrBSi matrix
and small W-C compound particles (such as WC and W2C). As shown in Figure 6e, shallow scratch
and plough are observed on the worn surface of RE-NW35 coating, indicating the occurrence of
abrasive wear. The O content of the worn surface of RE-NW35 (3.13 wt.%) is comparable to those
of SP-NiCrBSi and SP-NW35 (3.70 wt.% and 3.42 wt.%). Nevertheless, no cracks are observed on
the worn surface of RE-NW35 coating, which may be attributed to the reduced pores. Flat-block
debris are found for RE-NW35 (Figure 7f). The EDS result show that such debris contains more than
50 wt.% W and more than 30% wt.% Ni. Combining the result of phase constituent (Figure 1) and
microstructure of RE-NW35 (Figure 2e,f), such debris may also be the mixture of NiCrBSi matrix and
WC/W2C particles. However, such a morphology of debris is significantly different from the fine debris
of SP-NW35 (Figure 7d). It is interesting that the RE-NW35 has a significantly lower wear volume
compared with SP-NiCrBSi and SP-NW35. For the improvement of wear resistance, it may result
from a synergistic effect of many aspects. First of all, it can be understood that the microstructure
of RE-NW35 is significantly different from those of SP-NiCrBSi and SP-NW35. The RE-NW35 has a
lower porosity and almost no non-bonded boundaries. It has been reported that the cavities or voids
in the coating would sustain the more stress and the coatings would be worn more easily during the
tribology test [74]. Therefore, cracks are found on the worn surfaces of SP-NiCrBSi and SP-NW35
but not on the worn surface of RE-NW35. Meanwhile, the abrasive wear features found on the worn
surfaces of all samples, indicating the three-body abrasion process [75]. The plough or scratch found
on the worn surfaces illustrate that the wear process is governed by micro-cutting [76]. It is known
that the resistance of the coatings to micro-cutting would be enhanced due to the improved hardness
of the materials [76]. Hence, the RE-NW35 sample with higher hardness has a higher ability against
the micro-cutting during tribology test. As such, due to these two main reasons, the RE-NW35 coating
possesses better wear resistance than the other two counterparts.

Table 3. Chemical Compositions of Worn Surfaces in the Dash Rectangles in Figure 7 (wt.%).

Fe Cr Ni O Si C B W

SP-NiCrBSi 3.87 16.5 69.36 3.70 3.89 2.69 - -
SP-NW35 4.16 17.65 65.39 3.42 2.58 2.72 - 6.79
RE-NW35 3.74 17 57.01 3.13 2.96 6.10 - 12.76

Table 4. Chemical Compositions of Debris as Marked in Figure 7 (wt.%).

Fe Cr Ni O Si C B W

SP-NiCrBSi-1 4.20 16.15 64.58 8.82 3.43 2.82 0.36 -
SP-NiCrBSi-2 3.62 16.23 64.20 3.59 3.03 8.97 - -
SP-NW35-1 0.48 0.94 2.18 1.62 0.36 5.86 - 88.56
SP-NW35-2 3.46 10.67 49.62 4.78 3.01 2.74 0.45 22.38
RE-NW35 1.87 3.36 32.13 6.33 0.48 3.15 1.79 50.89
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Figure 7. SEM images of worn surfaces (a,c,e) and debris (b,d,f) of SP-NiCrBSi, SP-NW35 and RE-NW35
coatings after tribology tests at 600 ◦C.

4. Conclusions

In this work, the plasma-sprayed NiCrBSi/WC composite coating was remelted using the plasma
arc. The microstructures and properties of both as-sprayed and remelted NiCrBSi/WC composite
coatings (denoted as SP-NW35 and RE-NW35, respectively) were investigated by X-ray diffraction,
scanning electron microscopy, hardness test and tribology test. The as-sprayed NiCrBSi coating
(SP-NiCrBSi) was used as the reference. Some key conclusions were drawn and are as follows:

1. The SP-NiCrBSi coating shows a typical plasma-sprayed coating structure with a certain number
of pores. The SP-NW35 coating primarily contains the WC reinforcements. After remelting,
decarburization of WC takes place, resulting in the formation of W2C particles in the RE-NW35.
The remelting process also reduces the pores and eliminates the non-bonded boundaries in
the RE-NW35.

2. The average hardness of the SP-NiCrBSi, SP-NW35 and RE-NW35 coatings is 673.82 ± 40.56,
785.14 ± 72.79 and 1061.23 ± 107.23 HV, respectively. The improved hardness of SP-NW35
is mainly attributed to the presence of reinforcements of WC. The hardness of RE-NW35 is
significantly improved, which is attributed to the dispersion strengthening produced by small
W2C particles, the reduction of pores and elimination of the non-bonded boundaries.

3. The tribology result shows that the friction coefficients of the three coatings are 0.342 ± 0.021, 0.326
± 0.042 and 0.243 ± 0.015, respectively, at 600 ◦C. The SP-NiCrBSi and SP-NW35 coatings display
comparable wear volumes of 2.072 ± 0.42 and 1.884 ± 0.02 mm3, respectively. Although SP-NW35
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has higher hardness than SP-NiCrBSi, the dropped WC particles during the tribology test may
become abrasive, degrading the wear resistance of SP-NW35. After the remelting, the RE-NW35
coating possesses lower wear volume of 0.629 ± 0.02 mm3 as compared to the other two coating
samples. The reduced pores in RE-NW35 decrease the cracking susceptibility and the increased
hardness of RE-NW35 could against the micro-cutting during tribology.
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