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A B S T R A C T

This work studies the influences of plasma arc remelting on the microstructure and properties of thermal sprayed
Cr3C2-NiCr/NiCrAl composite coating. The microstructure and composition are analyzed by scanning electron
microscope (SEM) and X-ray diffraction (XRD). The microstructure and density of the coating are modified after
remelting. It is found that the amounts of the Cr23C6 and Cr2O3 phases of the remelted coating are increased
compared with the as-sprayed coating. Based on the experimental results, the coating adhesion, microhardness
and wear resistance are all enhanced through plasma arc remelting with limited power (below 42 kW).
Specifically, the adhesion is improved due to the enhancement of the element diffusion near the interface and
metallurgical bonding between the functional and bonding layer. In addition, the increase of microhardness is
attributed to the decrease of porosity and the formation of secondary carbides and eta phase. However, remelting
with excessive powers (above 42 kW) results in the delamination of the mechanical joint between the bonding
layer and substrate, which has adverse effect on coating adhesion as well as the wear resistance. Therefore, the
proper usage of plasma arc remelting is an effective approach to enhance the properties of the thermal sprayed
Cr3C2-NiCr/NiCrAl composite coating.

1. Introduction

Chromium carbide has been widely used as one of the metal car-
bides due to its high hardness, high melting point, high elastic modulus,
great chemical corrosion resistance and wear resistance [1,2]. The
thermal sprayed Cr3C2-NiCr has been successfully applied for surface
protection and modification in the fields of aerospace, automobile,
energy, etc. due to high temperature wear resistance, corrosion re-
sistance and high hardness [3–6]. The chromium carbide coatings
provide excellent resistance to high-temperature oxidation (up to
750 °C) and reduce the decrease in the coating properties such as wear
resistance and hardness due to the formation of the Cr2O3 on its surface
[7]. Therefore, high-temperature wear protection applications are
served by chromium carbide based hardmetals, mainly Cr3C2-NiCr with
20–25wt% binder phase [8]. Among various thermal spray technolo-
gies, high velocity oxy-fuel (HVOF) offers excellent micro hardness,
good adhesion between splats and minimum porosity of the coated
specimens [9–11]. Nowadays, Cr3C2-NiCr is almost exclusively de-
posited by means of high velocity oxygen-fuel (HVOF) spraying [12].

A heterogeneous interface usually exists between a thermal spray
coating and its substrate, since the adhesion of a thermal spray coating
to the substrate is mainly mechanical. Poor inter-lamellar contact is
caused by the presence of porosity and microcracks in the sprayed
coating, which affects bonding strength and hardness [13,14]. Post heat
treatment of the coating is one of the methods to solve those problems
and improve the service properties of HVOF sprayed coatings. The heat
treatment has positive effect on coating quality and performance and
eliminates defects and imperfections of the coatings. After the heat
treatment process, the properties of the Cr3C2-NiCr coating can be en-
hanced to improve the erosion resistance. Carbide dissolution has an
important role in governing the hardness and the phases present in the
coating [15–17].

Carbide dissolution has a critical impact on the binder hardness, and
the super saturation of the NiCr binder matrix makes it prone to brittle
cracking. Other factors such as inter-splat adhesion, splat size, level of
porosity and cracks, and the presence of oxide stringers also have a
significant effect on the erosion behavior [5]. Iiszko and Nitkiewicz
[18] proposed that the remelting treatment revealed a significant
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reduction of porosity (both open and closed ones), homogenization of
the chemical composition, smoothing of the surface, and improvement
of coating adhesion to the substrate. Heat treatment in inert atmosphere
and vacuum significantly improve wear resistance and reduce residual
stress of WC-Co and Cr3C2-NiCr coatings [19–21]. Janka et al. [22]
concluded that post spraying heat treatments in a temperature range of
400–800 °C strongly improves the high-stress sliding wear resistance of
Cr3C2-NiCr coatings, and the hardness of heat treated Cr3C2-NiCr
coating increased due to the precipitation hardening effect at 600 °C
and decreased at 800 °C due to Orowan bowing process as particle by-
passing mechanism of dislocation migration. Morimoto et al. [23]
found that the average hardness of laser-treated Cr3C2–25%NiCr cermet
coatings is higher than that of HVOF coatings and laser remelting
markedly improved the wear resistance of HVOF sprayed Cr3C2–25%
NiCr cermet coatings.

Different post-spraying treatment processes such as heat treatment
in furnace, flame treatment and laser irradiation can be used. However,
heat treatment in furnace requires to heat both the coating and sub-
strate, which has adverse effects on the substrate. Flame heating easily
leads to uneven heating, which results in deformation and cracks in the
coating. Due to the large differences of the thermal expansion coeffi-
cient, elastic modulus and thermal conductivity between ceramic ma-
terials and metallic substrates, laser treatment may induce a high
number of microcracks that are generated by the thermal stress induced
by the rapid heating and cooling rates. Furthermore, the laser treatment
is more expensive [24].

Unlike the above post-spraying treatment methods, the plasma arc
remelting is based on using a plasma arc, which is a kind of con-
centrated arc with high energy density and extremely high temperature.
The temperature at the exit of the plasma nozzle is over 10,000 °C and
the plasma arc has been widely used in traditional metallurgical pro-
cesses, such as plasma spray, plasma welding, plasma cutting, etc.
[25–27]. During plasma arc remelting, the arc energy is concentrated
and controllable, thus oxidation can be inhibited by inert gas protec-
tion. In addition, in-situ remelting can be carried out and the

production efficiency is improved due to the simplified operation pro-
cess. Plasma arc remelting is a more convenient and effective post-
spraying treatment method compared with other methods.

Xie et al. [28] suggested that a denser microstructure can be ob-
tained by plasma arc remelting of a plasma-sprayed Cr3C2-NiCr
coating, and remelting enhances the microhardness and corrosion re-
sistance of the coating. Complementary to this approach, in this paper,
plasma arc remelting is conducted on the thermal sprayed Cr3C2-NiCr/
NiCrAl coating. The objective of the present investigation is to study the
influence of remelting power on the microstructure and properties of
the coatings. Section 2 describes the experimental details including
microstructure and phase composition characterization, measurement
of bonding strength and hardness, and the evaluation of porosity and
wear resistance. Microstructure and microhardness of remelted coatings
are analyzed to study the influence of remelting power on the density.
Bonding strength and interface of remelted coatings are investigated to
study the influence of remelting power on coating adhesion, and the
mechanism for the enhancement of bonding strength is studied by
analyzing element diffusion across the interface. Friction coefficient
and wear rate of coatings remelted with different arc power settings are
explored.

2. Experimental details

2.1. Coating deposition

The NiCrAl bonding layer was prepared on the martensitic, pre-
cipitation hardening stainless steel FV520B substrate which is widely
used for large centrifugal compressors impeller blade. The workpiece
was grit-blasted with brown corundum sand (24 mesh) after ultrasonic
cleaning. The inlet pressure is 0.7MPa and the blasting angle is 90°. The
blasting distance is 100mm and the surface roughness is approximately
Ra 8.43 μm after grit blasting. The workpiece is cleaned ultrasonically
by using acetone before spraying, the cleaning time is set as 10min. The
workpiece is subsequently dried. The Cr3C2-NiCr functional layer was
then prepared on the bonding layer by using the XM-5000 HVOF
system. Propane was used as fuel, with pure oxygen used as comburent.
Meanwhile the powder was delivered in the axial direction. The char-
acteristics of the NiCrAl powder from Zhenxing Metals company (ZXC)
and Cr3C2-NiCr powder from Golden Egret Geotools company (XTC) are
shown in Table 1. The adopted spraying process parameters during the
spraying process are shown in Tables 2 and 3. Then, Cr3C2-NiCr/NiCrAl
coating was remelted by using XM-80jz plasma gun. The argon and gas
shields were used to suppress coating oxidation during remelting, and
the input argon pressure of shielding gas is 0.1MPa. The remelting
powers ranged from 30 kW to 45 kW by adjusting the spray voltage and
current. The parameters during the remelting process are set as shown

Table 1
The characteristics of Cr3C2-NiCr and NiCrAl powder.

Powder
material

Grade Chemical
composition

Morphology Particle
diameter
μm

Cr3C2-NiCr GP25NC 75%Cr3C2; 25%NiCr Spherical −45/+15
NiCrAl ZX.NiCrAl 4.5–6.5%Al;

18–20%Cr; Ni
balance

Spherical −48/+25

Table 2
Process parameters of plasma spraying NiCrAl coating.

Powder material Spray voltage
V

Spray current
A

Spray distance
mm

Main gas flow rate
L/H

Argon pressure
MPa

Nitrogen pressure
MPa

Spray speed
m/min

Spray interval
mm

Rotating dish speed
r/min

NiCrAl 65 550 120 1800 0.8 0.72 2 4 0.8

Table 3
Process parameters of supersonic flame spraying Cr3C2-NiCr coating.

Powder
material

Oxygen
pressure
MPa

Oxygen flow
m3/h

Propane
pressure
MPa

Propane flow
m3/h

Hydrogen
pressure
MPa

Nitrogen
pressure
MPa

Spray span
mm

Spray
interval
mm

Spray
speed
m/min

Rotating dish
speed
r/min

Cr3C2-NiCr 1.3 80 0.7 40 0.3 1.2 180 4 2 2.5
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in Table 4.

2.2. Microstructure characterization

The cross-sections of coatings remelted at various powder levels
were ground and polished for microstructure characterization. The
microstructure was examined by a QUANTA FEG 250 scanning electron
microscope (SEM) with a back-scattered electron detector (BSE-mode).
The element composition of the prepared samples was analyzed by an
INCA Energy X-MAX-50 energy dispersive spectrometer.

2.3. Phase composition characterization

The phase composition of the coating was tested by a Rigaku DMAX-
2500PC X-ray diffractometer, in which the diffraction angle is between
20 and 90°. The results were then analyzed by using the MDI Jade
software. The measured samples were compared with the PDF standard
cards as the reference to retrieve all the phases in the samples.

2.4. Adhesion measurement

The bonding strength between the coating and substrate was mea-
sured according to ASTM-C633 standard. Five cylindrical specimens
were covered with the Cr3C2-NiCr/NiCrAl coating in each experiment,
and bonded with other counter-specimens by an adhesive with the axis
lines of specimens coincident. The used adhesive was E-7, manu-
factured by Huayi, and specimens were kept at 120 °C for 3 h for soli-
dification. The Instron 8801 testing machine was used for tensile tests.

2.5. Microhardness testing

Microhardness values of the coatings surfaces and cross-sections
were checked with a MH-6 Vickers indenter. A preload of 300 g was
held for 5 s. The measurements were performed on the coating cross-
section from the coating-substrate interface to the coating surface. For
each test, the highest and lowest values were discarded among the 10
measurements, then the average of the remaining values was calculated

Table 4
Parameters during the remelting process.

Sample Power
kW

Distance
mm

Speed
m/min

RP30 30 50 0.2
RP33 33 50 0.2
RP36 36 50 0.2
RP39 39 50 0.2
RP42 42 50 0.2
RP45 45 50 0.2

Fig. 1. The SEM micrograph of the cross-section for the as-sprayed coating.

Fig. 2. The SEM micrograph and EDS spectra of the Cr3C2-NiCr functional layer: (a) location of point 1 and point 2, (b) EDS spectrum of point 1, (c) EDS spectrum of
point 2.
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Fig. 3. Microstructure of Cr3C2-NiCr functional layer after plasma remelting: (a) Plasma remelting at 30 kW (RP30), (b) Plasma remelting at 33 kW (RP33), (c)
Plasma remelting at 36 kW (RP36), (d) Plasma remelting at 39 kW (RP39), (e) Plasma remelting at 42 kW (RP42) (f) Plasma remelting at 45 kW (RP45).
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as the microhardness of the coatings.

2.6. Porosity testing

Defects such as pores and cracks can be found in layers deposited by
thermal spraying technology. Porosity is an important index to measure
the density of the deposited layer, and it would affect its quality and
service performance. SEM image analysis was used to measure the
porosity of the coating. Magnification factors between 500 and 1000 of
secondary electron maps were selected. The Image J software was used
to adjust gray scale and to determine the threshold between black and
white areas according to coating microstructure. Then, the proportion
of black areas was calculated and the coating porosity value was ob-
tained. Nevertheless, the value measured by this method is slightly
larger than the actual value of porosity.

2.7. Wear testing

The friction coefficient of the coating was determined by using the
CETR UMT-2 friction and wear tester. The surface polishing treatment
was performed before the wear test to ensure the surface roughness was
less than Ra 0.8 μm. A GCr15 steel ball with a diameter of 9.525mm
was selected as the counterface, and point contact reciprocating motion
under standard temperature conditions (25 °C) was selected. Five
samples were tested for each remelting type and the test condition was
dry friction. The parameters of friction and wear experiments are given
in Table 3.

3. Results and discussions

3.1. Coating microstructure & phase composition

Fig. 1 shows the SEM image of the as-sprayed Cr3C2-NiCr/NiCrAl
coating, which is comprised of Cr3C2-NiCr functional layer on the top,
NiCrAl bonding layer in the middle and FV520B steel substrate in the
bottom. Fig. 2 shows the EDS spectra of the Cr3C2-NiCr functional layer
and Fig. 2a is the backscattered electrons image (BSE). It is observed
that the layer is characterized by a significant amount of Chromium
carbide particles entrained in the NiCr binder matrix, which is evident
in the dark blocky particles and light gray filler [29]. The molten
droplets hit the surface of the substrate and quickly cooled. During the

Fig. 4. Grid-like cracks in the RP45 coating.

Fig. 5. X-ray diffraction patterns of Cr3C2-NiCr functional layer after plasma
remelting.

Fig. 6. Tensile bonding strength of plasma remelted coatings.
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Fig. 7. Functional-bonding layer interface of coatings remelted at different powers: (a) Remelting power at 30 kW (RP30), (b) Remelting power at 33 kW (RP33), (c)
Remelting power at 36 kW (RP36), (d) Remelting power at 39 kW (RP39), (e) Remelting power at 42 kW (RP42), (f) Remelting power at 45 kW (RP45).
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process, the NiCr metal in the molten droplets has no time to fill the
gaps between the massive ceramic particles of Chromium carbide,
which leads to the generation of porosity in the functional layer. The
porosity is mostly concentrated in carbide cluster regions or splat
boundaries [22], as shown in Fig. 2(a).

The influence of plasma remelting on the microstructure of the
Cr3C2-NiCr functional layer is demonstrated in Fig. 3, and RP refers to
remelting power. Compared with the as-sprayed coating, the micro-
structure change of RP30 layer and RP33 layer is not obvious according
to Fig. 3(a) and (b). The reason is that the thermal input of plasma
remelting at these conditions is not high enough to fully remelt the NiCr
metal phase of the functional layer. By contrast, as shown in Fig. 3(c)
and (d), the porosity of coating layers for RP36 and RP39 are decreased
and the NiCr metallic phase distribution is more homogeneous. This is
due to the fact that the remelting of NiCr metallic phase leads to the
filling of the porosity and microcracks, resulting in the reduction of the
quantity and dimension of porosity and microcracks in the functional
layer. Noticeably, as the remelting power increases, the amounts of
porosity and microcracks reach the minimum condition for the RP42
layer, as illustrated in Fig. 3(e). Nevertheless, when the remelting
power is further increased to 45 kW, grid-like cracks can be observed on
the layer surface, which extend to the bond layer, as shown in Fig. 4. It
is found that the cracks and pores inside the functional layer increased
significantly, resulting in the increase of porosity and the decrease of
the density of the coating, as shown in Fig. 3(f).

Since the phase transformation for RP30 and RP33 coatings is not
evident compared with that obtained at higher powers, only RP39,
RP42 and RP45 coatings were selected for XRD analysis. As shown in
Fig. 5, the main constituents of the remelted coatings are Cr3C2, (Cr,
Ni), Cr7C3, Cr2O3 and Cr23C6. In particular, the amounts of Cr23C6 and
Cr2O3 phases in the remelted coatings are increased compared with the
original coating [30,31]. The following chemical reactions occur during
the remelting process:

+ +4Cr C 13O 6Cr C 8CO(g)3 2 2 23 6 (1)

+4Cr 3O 2Cr O2 2 3 (2)

It can be seen from Fig. 4 that a trace amount of the Cr2O3 phase
appears in the remelted coatings. However, as the remelting power
increases from 42 kW to 45 kW, the content of Cr23C6 phase is

decreased while the content of Cr2O3 phase is increased. When the
remelting power increases from 39 kW to 45 kW, the oxidation phe-
nomenon of the coating surface is more pronounced. This is because the
coating surface is more easily oxidized at higher temperature when the
plasma arc leaves, although the remelting process is protected by the
inert gas argon.

3.2. Coating-substrate adhesion

As shown in Fig. 6, as the remelting power increases, the tensile
bonding strength of the coating increases first and then sharply de-
creases. The tensile bonding strength of the RP42 layer peaks at
63.2MPa. In the failure process, fracture of the coating often happens
near the interface, especially the interface between functional and
bonding layer. The reasons for the variation of tensile bonding strength
of the Cr3C2-NiCr/NiCrAl coatings are investigated by analyzing the
micromorphology and diffusion mechanism.

The coating contains two bonding interfaces: that between func-
tional layer and bonding layer, and the one between bonding layer and
substrate. Scanning electron microscopy was used to observe the mi-
crostructure of bonding interfaces under different remelting powers.
The interface between functional layer and bonding layer is shown in
Fig. 7, and the interface between bonding layer and matrix is shown in
Fig. 8.

It can be seen from Fig. 7 that for RP30, RP33 and RP36 coatings,
the boundaries between functional layer and bonding layer are rela-
tively clear, and a considerable amount of pores and cracks can be
observed near the interfaces between the two layers. As the remelting
power increases to 39 kW and 42 kW, the interfaces between functional
layer and bond layer are compact, and pores and cracks are reduced. As
a result, the boundaries of the interface are blurred. Nevertheless, with
the further increase of remelting power, especially in RP45, although
the dispersion of nickel chrome metal component is more homogeneous
across the interface between the functional layer and bonding layer,
transverse cracks and pores occurred near the interface. Specifically,
cracks grow and expand along the pores, which weakens the interface
between the two layers, and degrades the service performance.

The interface between the bonding layer and substrate is shown in
Fig. 8. With the remelting power of 36 kW (Fig. 8(a)), the bonding layer
combined relatively well with the rough surface of the substrate. The

Fig. 8. Bonding layer-substrate interface of plasma-remelted coatings: (a) Plasma remelting at 36 kW (RP36), (b) Plasma remelting at 45 kW (RP45).
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Fig. 9. EDS line scanning of remelted coatings: (a) Plasma remelting at 36 kW (RP36), (b) Plasma remelting at 39 kW (RP39), (c) Plasma remelting at 42 kW (RP42),
(d) Plasma remelting at 45 kW (RP45).

Fig. 10. Depth profile of coating microhardness.

Fig. 11. Porosity of plasma remelted coatings.
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Fig. 12. The precipitation of secondary chromium carbides in remelted coating: (a) Remelting power at 30 kW (RP30), (b) Remelting power at 33 kW (RP33), (c)
Remelting power at 36 kW (RP36), (d) Remelting power at 39 kW (RP39), (e) Remelting power at 42 kW (RP42), (f) Remelting power at 45 kW (RP45).
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boundary between the bond layer and the substrate is relatively clear,
and a small amount of pores and cracks exist near the interface. In
addition, no obvious microstructure change has been observed at the
interface compared with the original coating. Both the amount and
dimension of pores are increased for the coating remelted at 45 kW
(Fig. 8(b)). The bonding layer is evidently delaminated from the sub-
strate, which adversely affects the combination of the coating and the
substrate.

The enhancement of coating-substrate bonding strength is probably
caused by the heating effect of the plasma jet on the coating surface,
and this incidence may lead to element diffusion in the coating material
and a metallurgical union may have taken place [32]. Element diffusion
near the interface can be observed by EDS line scanning. Since the
scanning results of RP30, RP33, RP36 are similar, RP36, RP39, RP42
and RP45 coatings are selected for analysis by energy spectrometer. The
results are shown in Fig. 9.

As shown in Fig. 9 (a), the “steep cliff” changes of Ni, Cr, Fe and
other elements are observed at the functional-bonding and bonding-
substrate interfaces for RP36 coating. No apparent element diffusion
happened near two interfaces, and the mechanical joining is the main
bonding mechanism. In contrast, weak element diffusion can be found

in the 39 kW remelted coating at the functional–bonding interface, but
the diffusion phenomenon is not obvious, as shown in Fig. 9(b). As the
remelting power increases to 42 kW, slight quantitative changes of the
elements such as Ni and Cr take place near the functional–bonding
interface, as shown in Fig. 9(c). It is suggested that thermal diffusion of
elements occurs near the interface due to the increase of the thermal
input. It is indicated that the bonding mechanism between the func-
tional layer and bonding layer is not only mechanical but also slightly
metallurgical. This bonding mode is more solid than pure mechanical
mode which reinforces the adhesion of the coating. However, the
bonding mode between the bonding layer and substrate is still mainly
mechanical according to the line scanning. In the coating remelted with
45 kW power (in Fig. 9(d)), the compositional gradient is less sharp,
which indicates both thermal diffusion and metallurgical bonding are
strengthened. Nevertheless, delamination is observed between the
bonding layer and substrate.

3.3. Coating hardness analysis

In Fig. 10, the average values of microhardness are plotted in re-
lation to the distance from the substrate interface (0 represents the
interface), for plasma remelted Cr3C2-NiCr/NiCrAl coatings with dif-
ferent remelting powers. As the distance increases, the microhardness
increases sharply at 150 μm. This is mainly due to the microhardness of
the functional layer being much higher than the bonding layer. In ad-
dition, the microhardness values are improved significantly with the
increased remelting power up to 42 kW, which is partly attributed to
the decrease of porosity and the increase of density, as shown in Fig. 11.
Besides, the increase of hardness of the remelted coatings may also be
due to secondary carbides since the precipitation of secondary chro-
mium carbides from the NiCr binder phase is driven by the heat input of
the plasma arc [14,33]. As shown in Fig. 12(d) and (e), plasma re-
melting at 39 kW and 42 kW leads to a mass of secondary carbides in
the binder matrix, the start of Ostwald ripening is evident as first ag-
glomerations of secondary and primary carbides, similar phenomena
have been reported in some literature sources [22,34,35]. However,
with the continuous rise of remelting power, the microhardness of the
RP45 coating decreases and the porosity of coating increases. A steep
temperature gradient is induced under the local high heat input during
plasma remelting. Further, the residual stress is increased due to the
quick heating and quenching process, which leads to the increase in the
amount of cracks and the decrease of the density of the coating. On the
other hand, microhardness values of coatings with different remelting
powers are higher than that of the as-sprayed coating, which proves
that plasma remelting can improve the coating hardness.

3.4. Sliding wear resistance

Friction and wear tests are conducted on the surfaces of Cr3C2-NiCr/
NiCrAl coatings with different remelting powers, and the non-remelted
coating is set as the control. The measured friction coefficient curves
after smoothing are shown in Fig. 13, and the mass losses of as-sprayed
and plasma remelted coatings are compared in Fig. 14.

The trend of friction coefficient curves of the RP30, RP33 coatings
and the as-sprayed coating are similar. As the friction coefficient sta-
bilized, the friction coefficients of RP30, RP33 and as-sprayed coating
are 0.811, 0.734 and 0.879 respectively. It is shown that the differences
among the sliding wear responses of the RP30, RP33 coating and the as-
sprayed coating are not significant. Similarly, the mass losses of the as-
sprayed, RP30 and RP33 remelted coatings are at the same level, re-
corded as 24.2mg, 23mg and 26.1mg, and the mass loss of counterpart
steel balls has no obvious changes. When the remelting power increases
to 36 kW, the friction coefficient of the coating is significantly

Fig. 13. Friction coefficient of plasma remelted coating.

Fig. 14. Mass loss of as-sprayed and plasma remelted coatings.
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decreased after 10min, and then the friction coefficient ends at 0.464.
The mass loss of RP36 coating and steel ball are 18.4 mg and 39.4mg
respectively, which indicates that sliding wear resistance of the RP36
coating is improved compared with the as-sprayed coating and the mass
loss of steel balls decreases. By contrast, the friction coefficients of RP39
and RP42 only increase slightly during the initial stage of the test, then
tend to be stable and keep at lower values compared with the other
specimens. The mass losses of the RP39 and RP42 coating are 10.7mg
and 9.5mg respectively: the values are lower than those of the other
coatings. And the mass loss of their counterparts (steel balls) decreases
evidently, which indicates that the plasma remelting at 39 kW and
42 kW improves the sliding wear resistance of coatings. The best sliding
wear resistance is achieved with a remelting power of 42 kW. However,
the friction coefficient of the RP45 coating presents a sharp rise at the
early stage and then stabilizes at 0.788. The mass losses of the RP45
coating and steel ball are 34.2 mg and 53.3mg. Noticeably, the friction

coefficient of the coating is higher than that of the as-sprayed coating
during the friction and wear tests, so the sliding wear response of the
RP45 coating is degraded, which leads to the generation of rough sur-
faces and the increase of counterpart steel balls' wear.

The surface morphologies of the worn coatings and the element
distributions have been examined by SEM and EDS. RP33, RP36, RP42
and RP45 coatings are selected for analysis as shown in Fig. 15.

As shown in Fig. 15(a) and (b), evident wear scars appear on the
surface of the RP33 coating. Under the action of cyclic load, there is a
large number of chromium carbide hard phase and the nickel chrome
adhesive phase peeling on the coating surface, and the exfoliated par-
ticles become abrasive particles in the process of friction. Gray patches
of different sizes appear on the wear scar of the RP33 coating (as in-
dicated by the arrow A). Adhesive wear appears on the surface wear
scar, and the main content of adhesions mainly is iron according to the
EDS spectrum (in Fig. 16(a) and (b)), which is caused by wear of the

Fig. 15. Morphology of wear scars on coating surfaces: (a) Plasma remelting at 33 kW (RP33-200×), (b) Plasma remelting at 33 kW (RP33-1000×), (c) Plasma
remelting at 36 kW (RP36-200×), (d) Plasma remelting at 36 kW (RP36-1000×), (e) Plasma remelting at 42 kW (RP42-200×), (f) Plasma remelting at 42 kW (RP42-
1000×), (g) Plasma remelting at 45 kW (RP45-200×), (h) Plasma remelting at 45 kW (RP45-1000×).
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steel ball, and the formation of wear debris attached to the uneven
coating surface. According to Fig. 16(c) and (d), the main element
contents on the RP36 coating of point 1 and 2 are basically the same,
especially chromium, nickel and carbon, while point 3 (shown in
Fig. 16(d)) is the unworn area (not in the wear scar). Combined with
XRD test results, it can be concluded that the dark part of the wear scar
and the outer (unworn) coating surface mainly consist of Cr3C2 and
NiCr. The wear mechanisms of coating of abrasive wear and adhesive
wear. As can be seen from Fig. 15(c) and (d), the wear scar on the
surface of the RP36 coating tends to be narrower and shallower, which
indicates that the sliding wear loss of the remelted coating decreases as
the remelting power increases to 36 kW. The surface oxide film is
crushed by the tip of the iron ball (as shown in arrow B) due to effect of
cycle loading. Crack initiation and spread appear on the coating surface
and white bright band is the sharp edges of surface oxidation film after
peeling. Therefore, the main wear pattern of coating is flake oxide film
peeling. In Fig. 15(e) and (f), the wear scar on the surface of the RP42
coating is inconspicuous and the RP42 coating shows better sliding
wear resistance compared to the other remelted coatings. A small

number of white dots are iron based particles remaining on the coating
surface after friction according to EDS spectra (in Fig. 17). During the
wear process, the softer NiCr bonding phase in the coating will stick off
(as indicated by arrow C), which shows typical adhesive wear, and the
chromium carbide hard phase remains on the surface of the coating to
prevent the further wear. Notably, the most evident wear scar can be
observed on the RP45 coating surface (in Fig. 15(g) and (h)). The width
of wear scar increases. Dark bands appear in the middle of the wear scar
due to grinding between coating and tip of the iron ball. The surface of
the RP45 coating is delaminated and spalled after friction (as shown in
the arrow D) and the surface oxide film of the coating is peeling off and
the exposed fresh surface is also worn and damaged. The bright white
area is caused by the spalling of the coating lamellar structure and the
spalling particles become abrasive particles in the friction process and
aggravate the wear. Therefore, the main wear pattern of the coating is
the wear of abrasive particles and brittle fracture caused by the spalling
of oxide film and coating.

Fig. 15. (continued)
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4. Conclusions

The microstructure and properties of Cr3C2-NiCr/NiCrAl coatings on
FV520B steel substrates after plasma arc remelting have been in-
vestigated The effects of remelting powers on the microstructure and
phase composition, bonding strength and hardness, and the porosity
and wear resistance of the coatings are experimentally studied and the
associated mechanism are analyzed in detail. The proper usage of
plasma arc remelting is an effective approach to enhance the properties
of the thermal sprayed Cr3C2-NiCr/NiCrAl composite coating. The
following conclusions are obtained.

1. The remelted coating is mainly composed of Cr3C2, (Cr, Ni), Cr23C6,
and Cr2O3 phases, where Cr23C6 and Cr2O3 are increased compared
with the as-sprayed coating. With the increase of remelting power to
42 kW, the porosity and microcracks of the coating are reduced to a
minimum since the NiCr metallic phase is melted and filled into the

porosity and microcracks.
2. Plasma arc remelting promotes element diffusion across the inter-

face between the functional and bonding layer, the coating adhesion
is improved due to partial metallurgical combination at suitable
remelting power. Nevertheless, remelting with excessive power re-
sults in delamination between the bonding layer and substrate,
which has adverse effect on the coating adhesion.

3. The microhardness of coatings remelted with different power levels
increases compared with that of the as-sprayed coating, which is
caused by increase of density and precipitation of secondary car-
bides.

4. Plasma arc remelting with appropriate power can enhance the
sliding wear resistance of the coating, but excessive heat input
(above 42 kW) increases the sliding wear loss of the coating.

Fig. 16. EDS micrographs of RP33 wear scar: (a) SEM image showing the positions of points 1, 2, 3, (b) corresponding EDS spectra.
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