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A B S T R A C T

FeCoCrNi high-entropy alloy/WC composite coatings were fabricated via plasma cladding on steels adding
different mass fraction of WC. Effects of WC content on the microstructure and mechanical properties of the
coatings were studied. The results showed that WC content significantly affected microstructure and the wear
resistance of the coatings. With the increase of WC content, the microstructures of the coatings became complex.
When WC content was more than 60%, the coatings consisted of WC, FCC phase of HEA matrix as metal bond,
Fe3W3C carbide phase and Cr-rich secondary solid solution phase. The Fe3W3C carbides improved the hardness
and wear resistance of the coating. When WC content was at a high proportion of 60%, the HEA/WC coating had
the best wear resistance with the minimum volume wear rate of 3.27 × 10−7 mm3/N·m and the high hardness of
59.6 HRC, which was better than commercial Ni60/WC coating with the same WC content.

1. Introduction

Metal matrix composite (MMC) coatings have good comprehensive
properties and have been widely used as wear-resistant coatings in
many fields [1–3]. A lot of efforts have been made to improve the wear
resistance of MMC coatings, including adding or forming in-situ
ceramic strengthening phases in the coating, such as TiB2, TiC, TiB,
Al2O3, and WC [4–6]. However, many problems are often encountered
in practical applications, such as uneven distribution of reinforcement
particles, micro-defects, low bonding strength between reinforcement
particles and metal matrix in MMC coatings [7,8]. These problems are
attributed to the poor retention and wettability of the metal matrix,
especially with high proportion of strengthening phase, which would
limit the further increasing of the volume fraction of strengthening
phases. Moreover, the serious interfacial reaction between the metal
matrix and the reinforcement particles would deteriorate the perfor-
mance of the coating.

Unlike traditional alloys, which are doped with complex alloying
elements to improve properties, high-entropy alloys (HEAs), as a new
multi-principal alloy system, have unique microstructure and properties
[9,10]. Moreover, its excellent retention and wettability to reinforce-
ment particles can make up for the defects of traditional metal matrix

and solve the above problems to a large extent [11,12]. It is suitable for
usage as metal matrix material for wear-resistant MMC and its coatings
and provides the possibility of adding high proportion strengthening
phase. Some efforts have been put into the HEA/WC composite and
relevant coatings, these researches show some advantages in micro-
structure and mechanical properties [13–15].

There are many techniques to produce MMC coatings, such as
plasma spraying, magnetron sputtering, laser cladding, surface welding,
and plasma cladding [16–20]. Among many methods of MMC coating
preparation, plasma cladding technology has the advantages of simple
maintenance, low cost and wide material adaptability [21,22]. Because
its heating and cooling rate is lower than that of laser cladding, the
melting pool can be maintained for a long time, which will be con-
ducive to the formation of homogenized structures, and the defects will
be greatly reduced. Therefore, plasma cladding technology has sig-
nificant advantages in the preparation of MMC coatings with high
hardness and wear-resistance.

In this study, the composite coatings with FeCoCrNi HEA matrix as
metal bond and WC particles as reinforcements were successfully pre-
pared by plasma cladding. The effects of WC addition on micro-
structures, interfacial behavior of WC/HEA interface and wear prop-
erties of the coatings were investigated. In addition, under the same

https://doi.org/10.1016/j.surfcoat.2019.125326
Received 3 November 2019; Received in revised form 27 December 2019; Accepted 28 December 2019

⁎ Corresponding author.
E-mail address: waycsu@csu.edu.cn (W. Zhang).

Surface & Coatings Technology 385 (2020) 125326

Available online 10 January 2020
0257-8972/ © 2020 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/02578972
https://www.elsevier.com/locate/surfcoat
https://doi.org/10.1016/j.surfcoat.2019.125326
https://doi.org/10.1016/j.surfcoat.2019.125326
mailto:waycsu@csu.edu.cn
https://doi.org/10.1016/j.surfcoat.2019.125326
http://crossmark.crossref.org/dialog/?doi=10.1016/j.surfcoat.2019.125326&domain=pdf


wear conditions, the wear properties of HEA/WC coating were com-
pared with that of commercial Ni60/WC wear-resistant coating.

2. Experimental

The investigated HEA coatings with different mass fraction (10%,
20%, 40%, 60%, 70%) of spherical WC reinforcing particles were pre-
pared by plasma cladding. The nominal composition of HEA was
Fe25Co25Cr25Ni25 (in at. %) which was a face-centered cubic (FCC)
structure [23], and the substrate was a 42CrMo (ASTM 4140). The HEA
powder was prepared by gas atomization method (atomization tem-
perature: 1600 °C, medium: argon, pressure: 3–4 atm, nozzle size:
4 cm). The morphology of FeCoCrNi HEA powder is shown in Fig. 1(a).
It can be seen that HEA powder is spherical and uniform in size. In the
process of atomization, due to the difference of cooling rate, small melts
cooled faster, and thus adhered to the surface of large droplets to form
satellite structure. Fig. 1(c) is the XRD pattern of HEA powder. The 2θ
of 43.84°, 51.07° and 75.14° corresponding to the diffraction peaks are
(111), (200), (220) respectively, which fit the diffraction peaks of the
FCC phase. This illustrates that the FeCoCrNi HEA powder prepared by
atomization is composed of single-phase FCC solid solution. Fig. 1(b)
shows that the spherical WC powder has complete sphericity and
smooth surface without obvious defects. There is no obvious agglom-
eration in the HEA and WC powders.

The parameters of plasma cladding used are shown in Table 1. A FEI
Quanta FEG 250 scanning electron microscope (SEM) equipped with an
energy-dispersive X-ray (EDX) analyser was used to investigate the
microstructure and chemical compositions of the MMC coating (20 kV,
using spot analysis and backscattering mode). A philips CM 200
transmission electron microscopy (TEM) operated at 200 kV was used
to identify the structures by selected area electron diffraction (SAED)
analysis. The TEM specimen was prepared by a crossbeam workstation
AURIGA 40 (Zeiss, Germany) equipped with a focused ion beam (FIB)
column and scanning electron microscopy (SEM). For more accurate
compositional analyses, an electron probe microanalyses (EPMA, JXA-
8530F, Japan) was used. The Rockwell hardness of C Gauge was mea-
sured by using Wilson RB2000 hardness tester and was averaged from
three measurements. The microhardness was measured by using a na-
noindenter (UNHTL+MCT, Switzerland) with a load of 10 mN for 10 s.
The wear tests were conducted on a high-speed reciprocating friction
testing machine (HSR-2 M, Lanzhou) under the load of 50 N and a

sliding speed of 9 m/min at room temperature. The counterpart was
Si3N4 ball (φ = 6 mm). Every sample was tested 3 times, and the
results were averaged.

3. Results and discussions

3.1. Phase identification and microstructures

Fig. 2 is the XRD diffraction pattern of HEA/WC MMC coatings with
different content of spherical WC particles prepared by plasma clad-
ding. The mass fractions of WC were 0%, 10%, 20%, 40%, 60% and
70%, respectively. It can be seen that the coating consists of a single
FCC phase without adding WC, which was consistent with the phase
structure of the original HEA powder. When the WC content increased
to 10%, there was no diffraction peak of new phase. However, when the
WC content increased to 20%, the diffraction peaks of Fe3W3C (M6C)
appeared, and the intensity of this peak increased with the increase of
WC content, which indicates that the proportion of the Fe3W3C carbide
increases. In addition, when the WC content is 20%, the diffraction
peaks of W3C appear, which indicated that the decomposition and
decarbonization of WC were serious in the cladding process. When the
WC content continued to rise, the W3C peaks disappeared and the dif-
fraction peaks of WC and W2C phases appeared, which indicated that
the decomposition of WC was inhibited and WC particles were well
preserved.

Fig. 3 shows the cross-sectional microstructures of FeCoCrNi/WC
MMC coatings with different spherical WC contents. It can be seen from
Fig. 3(a) that the FeCoCrNi HEA coating exhibited a single contrast in
the backscattering electron mode of SEM. FeCoCrNi high entropy alloy
is considered as one of the most stable HEA alloys [23]. It is difficult to

Fig. 1. SEM morphology of (a) FeCoCrNi pre-alloyed powders and (b) spherical WC particles, (c) XRD pattern of FeCoCrNi pre-alloyed powders.

Table 1
Plasma cladding parameters preparing FeCoCrNi/WC MMC coatings.

Parameters Plasma Cladding

Current (A) 40
Ionized gas flow rate (L/min) 2.5
Powder feeding gas rate (L/min) 3.0
Spray distance (mm) 80
Traverse speed (mm/s) 2.0

Fig. 2. X-ray diffraction (XRD) pattern of FeCoCrNi/WC MMC coatings with
different WC content.
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realize the phase transformation from this stable FCC structure without
adding the alloying elements like Al, Mo and Nb, etc. [24–26], in-
dicating that the FeCoCrNi HEA coating prepared by plasma cladding
had a single FCC structure with no second phase precipitation. When
WC content was 10%, WC and HEA matrix diffused each other. WC
particles gradually decomposed and formed a narrow transition layer, a
small amount of fine filamentary structure formed on the edge of WC
particles structure were precipitated around the transition layer, as
shown in Fig. 3(b). With the increase of WC content to 20% and 40%,
massive structure precipitated around the transition layer, massive
carbides formed on the edge of WC particles, and fishbone structure
formed among the WC particles, as shown in Fig. 3(c) and (d). When the
WC content was 60% and 70%, the massive structures at the transition
layer grew significantly, the content of fishbone structures in HEA
matrix increased, and the dendritic structures began to appear in the
coatings, as shown in Fig. 3(d) and (f). Moreover, when the WC content
was 70%, cracks appeared in the cladding layer. In Fig. 3(f), cracks can
be observed between adjacent WC particles. The appearance of cracks
mainly caused by the increase of volume fraction of carbides with the
increasing of WC particle addition, and the FCC phase as binder agent
decreased significantly. Thermal expansion coefficients of WC particles
and HEA were different, under the condition of rapid heating and
cooling in plasma cladding, the thermal stress produced by cladding
exceeded the strength limit of the HEA matrix, which results in cracks.

There were three morphologies of precipitations in the coatings and
the composition of the precipitations are analyzed by EPMA, as shown
in Fig. 4 and Table 2. The HEA matrix, massive, fishbone and dendritic
structures correspond to point A, B, D and E in Fig. 5, respectively. It
can be seen that the composition of massive, fishbone and dendritic

structures were similar. Compared with HEA matrix, Fe content de-
creased greatly while Cr content increased in these structures, so it is
inferred that Fe element was replaced by Cr, and the replaced Fe and W
formed the M6C carbides of Fe3W3C. According to EPMA analysis and
XRD results, it can be determined that the carbides of three different
morphologies in the coating were Fe3W3C phase (M6C). M6C carbides
have the characteristics of strong eutectic growth of microcrystalline
plane, usually exhibit a eutectic growth of dendrite clusters on radial
radiation microcrystalline plane. Therefore, fishbone and dendritic
carbides were formed in the coating. The coating structures were
mainly divided into three parts: the main body of WC particles, the
fusion zone between the surface layer of WC particles and HEA (pri-
mary massive carbides) and the diffusion zone of HEA matrix (fishbone
and dendritic eutectic carbides). The morphology evolution of this
carbide was related to the amount of WC addition. The type of carbides
produced during cladding basically did not change, and the content of
eutectic carbides in the coating increased gradually.

In order to observe the bonding area between WC particles and HEA
matrix, elemental mapping of composite coatings containing 70% WC
was carried out by EPMA, as shown in Fig. 5. Because dendritic carbides
were located far from WC particles in HEA matrix, massive carbides
adhering to WC particles and fishbone eutectic carbides in HEA matrix
were observed. The Fe, Cr and Ni elements in the coatings were more
distributed in HEA matrix than in carbides. Comparing massive car-
bides with fishbone carbides, it was found that the Fe, Co, and Ni
content of massive carbides was lower than that of fishbone carbides,
while the W content was higher. This is because massive carbides are
the primary carbides produced by directly diffusion from WC particles,
while fishbone carbides are carbides formed by decomposition of WC

Fig. 3. Microstructures of FeCoCrNi/WC MMC coatings with different amount of WC: (a) 0%, (b) 10%, (c) 20%, (d) 40%, (e) 60%, (f) 70%.
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particles and eutectic reaction of free C atoms into HEA matrix.
The W and C exhibited gradient distribution, which of W and C

decreased from the WC particles to the surrounding HEA matrix.
However, there were some obvious segregations in C in Fig. 5, which
coincided with the enrichment region of Fe, Co and Cr, but poor in W.
The composition of the network structures are shown as point E in
Fig. 4 and Table 2. These network-shape precipitates were not found on
XRD pattern in Fig. 2. Due to the high mixing entropy effect of HEAs
promotes the mutual solubility of each principal component, and form
simple solid solution structure [27]. According to the model of regular
solution [28], when n types of element with equal molar ratio form a
solid solution, the formula for calculating the mixing entropy is:

=ΔS nR ln( ) (1)

where R is the ideal gas constant (8.314 J/kmol).
According to the formula, the entropy change ΔS is very large when

a multi-principal alloy forms a solid solution. Therefore, when C to
diffuse into HEA, the free C atoms preferentially dissolve into HEA
matrix and form secondary solid solution without forming the carbides
or intermetallics. So, the network structures were the solid solution
phase, which were poor in W but rich in Fe, Co, Cr and C. When the
solid solubility of C in secondary Cr-rich solid solution reached sa-
turation, and free C in HEA matrix would form carbides as Fe3W3C.

The microstructures of the MMC coating were further identified by
TEM. The sampling location is shown in Fig. 6 (a), including the mas-
sive carbides around the interface, the fishbone carbides and the HEA
matrix. Fig. 6 (b) shows the TEM bright field image of Fe3W3C carbide
and HEA. It can be seen that the carbides initially exhibited massive
shape, and gradually changed to fishbone shape as the carbides con-
tinued to grow into HEA. Obviously, both forms of Fe3W3C carbides
were continuous and the same kind. The HEA matrix and Fe3W3C
carbides all exhibited face centred cubic structure which corresponded
to the results of XRD and EPMA, as shown in Fig. 6(c) and (d).

Fig. 4. Microstructures in FeCoCrNi/WC MMC coatings with 70% WC addition.

Table 2
Chemical compositions by EPMA of different microstructure in Fig. 5.

At. % Fe Co Cr Ni W C

A (HEA matrix) 40.32 16.78 18.63 17.44 2.99 3.84
B (massive) 27.79 8.92 7.26 7.01 38.53 10.49
C (fishbone) 35.74 7.20 9.81 5.65 31.76 9.84
D (dendrite) 31.33 7.64 9.63 5.42 35.30 10.68
E (network) 25.56 19.40 26.25 8.33 3.38 15.05

Fig. 5. Elemental mapping at the HEA/WC interface in MMC coatings with 70% WC addition.
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3.2. Hardness

The hardness of the FeCoCrNi/WC MMC coatings was tested, as
shown in Table 3. It can be found that the higher WC particle content,
the hardness of the coatings increased. When the WC content was 10%,
the hardness of MMC coating was only 29.5 HRC. With the increase of
WC content to 40%, the growth trend of hardness slowed down. Finally,
when the WC content was 70%, the hardness reached 61.9 HRC. There
are two reasons for the increase of hardness of coatings. On the one
hand, WC is a common strengthening phase with high hardness, which
is close to diamond. Therefore, the higher the WC content, the higher
the hardness of the coating. On the other hand, with the increase of WC
content, the higher the concentration of free W and C in HEA matrix
after dissolution and diffusion of WC particles, more carbide phases will
precipitate, which are generally hard and brittle, thus increasing the
hardness of the coatings. The dissolution of WC particles increases the
hardness of coatings, which is the result of various strengthening me-
chanisms. The dissolution of WC particles makes alloying elements W
and C dissolved into solid solution, which plays a role of solid solution
strengthening; various forms of carbides produce second phase
strengthening; precipitated carbides play a role in fine grain strength-
ening of equiaxed HEA matrix.

In order to reflect the effect of different microstructures on hard-
ness, nanoindentation tests were carried out on MMC coatings with
70% WC content, as shown in Fig. 7. The hardness of WC particles,
massive Fe3W3C, fishbone and dendritic Fe3W3C, secondary Cr-rich
solid solution and HEA matrix were 3335.9 HV, 2225.4 HV and
2323.4 HV, 883.1 HV and 465.3 HV, respectively. The hardness of

fishbone and dendritic Fe3W3C carbides was basically the same, which
was consistent with the similar composition of the two morphologies in
Table 2. The primary massive carbides were formed without complete
diffusion with the HEA matrix, the alloying degree of Fe as well as
hardness were slightly lower than fishbone and dendritic carbides. The
hardness of the matrix was 465 HV, which was much higher than that of
the FeCoCrNi coating (260 HV) without WC. The HEA matrix occurs
interstitial solution strengthening due to the entry of C element of the
dissolved WC particles. Solid solution of interstitial atoms in HEAs, such
as C, O, P, B and N, can play a good role of strengthening in HEA
[29–32]. Because of the small size of interstitial atoms, the lattice dis-
tortion of HEAs can be larger, so the strengthening effect of HEAs is
significantly greater than that of substitutional solid solution
strengthening. The hardness of secondary Cr-rich solid solution phase is
doubled than that of HEA matrix due to the introduction of large
amounts of Co, Cr and C. It is also a strengthening phase in the com-
posite coatings.

3.3. Wear properties

The friction coefficient curves of FeCoCrNi/WC coating is shown in
Fig. 8 (a). When WC content was 10%, the friction coefficient was
unstable and fluctuated greatly in the process of friction due to the
uneven distribution of WC particles. The friction coefficient increased
with time, and finally reached 0.8. With the increase of WC content, the
friction coefficient curve tended to be stable. When WC content was
20%, 40%, 60% and 70%, the friction coefficient of the coating was
0.69, 0.45, 0.42 and 0.35 respectively. With the increase of WC content,

Fig. 6. TEM image of FeCoCrNi/WC MMC coatings with 70% WC addition: (a) Sampling location by FIB, (b) bright field image, (c) SAED of HEA matrix, (d) SAED of
Fe3W3C.

Table 3
The hardness of FeCoCrNi/WC MMC coatings with different WC content.

WC content 0 10 20 40 60 70
HRC 24.0 ± 0.5 29.5 ± 1.2 41.7 ± 3.6 53.2 ± 2.0 59.6 ± 2.8 61.9 ± 1.7
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the friction coefficient of the coating decreased gradually, indicating
that the lubrication effect of the coating was gradually enhanced. When
WC particles were added, WC would exist in the cladding layer in the
form of hard phase. WC particles have high hardness, good wear re-
sistance, strong deformation resistance in the process of friction, and
are not easy to plastic deformation, resulting in large friction resistance,
which limits the growth of friction coefficient. In addition, the friction
properties of HEA/WC MMC coating were compared with that of
commercial Ni-based alloy/WC MMC coating with 60 wt% WC particles
added (abbreviated as Ni60/WC) [7,33,34]. The friction coefficient of
Ni60/WC was 0.35, which was similar to that of HEA/70WC coating.

Fig. 8(b) shows the relationship between volume wear rate of HEA/
WC MMC coating with different WC content. With the increase of WC
content, the wear resistance of the coating firstly increased and then
decreased. When WC content was 10%, the volume wear rate of the
coating was as high as 3.03 × 10−5 mm3/N·m. With the increase of WC
content, the volume wear rate of the coating decreased gradually. When
WC content is 60%, the wear rate reached the minimum value of
3.27 × 10−7 mm3/N·m, but it rised to 8.57 × 10−7 mm3/N·m when
WC content was 70%.

It is known that the higher the hardness is, the better the wear re-
sistance is. However, the coating with HEA/70WC had high hardness
but poor wear resistance. This abnormally may be caused by cracks on
the surface of WC particles and HEA matrix in HEA/70WC coating,
resulting in WC particles easily broken and peeled off during the fric-
tion process. In contrast, the volume wear rate of Ni60/WC coating was
8.83 × 10−7 mm3/N·m, which is 2.5 times of HEA/60WC coating.
Therefore, the HEA/WC coating prepared by plasma cladding in this
study had excellent wear resistance when WC content was 60%, which

was also significantly improved compared with the commercial Ni60/
WC wear-resistant coating.

The worn surface morphology of HEA/WC MMC coatings are shown
in Fig. 9. It can be seen from Fig. 9. (a) that when the WC content was
10%, obvious delamination appeared on the worn surface of the
coating, accompanied by a large number of grooves, indicating that this
sample was a wear mechanism combining adhesive wear and abrasive
wear. The breakage of WC particle was serious and the retention on WC
particles was poor, which indicated that the wear resistance of the
HEA/10WC coating was poor. The formation of delaminations on the
worn surface was attributed to the residual stress in the coatings after
the cladding. In the process of friction, the stress concentration was
easy to occur under the friction and shear stress, and then microcracks
were generated. These microcracks formed the crack source. In the
subsequent friction process, the crack expanded and then peeled off and
delaminations occurred. When the content of WC was 40%, as shown in
Fig. 9(b), the delamination in HEA/10WC disappeared. Although there
were still a lot of grooves on the worn surface, the WC particles re-
mained intact, which shows that the wear process was dominated by
abrasive wear. When the content of WC increased to 60%, as shown in
Fig. 9(c), the worn surface became smooth and no grooves are found.
WC particles were well retained and only a small area of local fracture
occurred. The HEA/60WC coating can effectively withstand and resist
the plastic deformation under repeated cutting and extrusion of Si3N4
ball during friction. The worn surface of HEA/60WC coating was ob-
served in the backscatter electron mode of SEM, as shown in Fig. 9 (d).
It can be clearly observed that the massive, fishbone and dendrite
carbide phases in the coating were well preserved, and there were no
obvious grooves during the friction process. Because there were many

Fig. 7. (a) Load-depth and (b) hardness curves of different phases in FeCoCrNi/70%WC coatings.

Fig. 8. (a) The friction coefficients and (b) volume wear rates of the FeCoCrNi/WC MMC coatings and Ni60/WC coating.
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Fe3W3C carbide hard particles dispersed in the coating, which can resist
the cutting effect of debris during friction. So the grooves were shallow
and difficult to observe and reduced the wear rate of the coating. The
results show that the high hardness Fe3W3C phase have a good friction
reducing effect, and improve the wear resistance of the MMC coating.

When the content of WC increased to 70%, the wear resistance of
the coating began to decline. In Fig. 9 (e), it was found that the WC
particles in the worn surface were not intact and there were a lot de-
lamination on the surface, which indicated that the WC particles in the
coating fall off during the friction and adhesive wear occurred on the
HEA matrix. Although the WC content and hardness of HEA/70WC
coating were the highest, due to the reduction of the volume fraction of
the plastic HEA matrix, the retention of HEA matrix on WC particles
was reduced, which lead to a large number of WC particles falling off
during the friction process. In addition, due to the high cooling rate in
plasma cladding process and the different thermal expansion coefficient

between HEA and WC, microcracks appeared in the coating under the
action of thermal stress. Under the action of external load, the stress
concentration occurred at the crack, and the crack accelerated to ex-
pand, so that the wear rate of the coating increased significantly. The
EDS analysis of P1 and P2 marked in Fig. 9 (d) and (e) shown in Table 4
shows that the oxygen content in the worn surface of HEA/70WC
coating increased sharply compared with HEA/60WC coating, in-
dicating that the coating was oxidized during the wear process, and the

Fig. 9. Worn surface morphologies of the coatings: FeCoCrNi/WC MMC coatings with WC content of (a) 20%, (b) 40%, (c) 60%, (d) 60% in BSE image, (e) 70% and
(f) Ni60/WC coating.

Table 4
EDS analysis of P1 and P2 in worn surfaces marked in Fig. 9(d) and (e).

Fe Co Cr Ni W C O Si

P1 30.55 16.97 17.67 14.80 4.25 7.83 5.53 2.4
P2 22.28 8.77 9.00 8.68 1.73 8.36 36.98 4.19
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oxidation products were mainly metal oxides. Due to the peeling off of
WC particles, the HEA matrix in the coating was in direct contact with
Si3N4 ball. As a lot of heat was generated during the friction process, the
metallic elements of HEA reacted with oxygen to form oxide films,
which were easily peeled off during the friction process. Thus, con-
tinuous delaminations appeared on the worn surface.

It can be seen from Fig. 9 (f) that, as the comparison sample, al-
though the WC particles in the Ni60/WC coating were relatively small
and well dispersed, the retention of the bonding HEA phase was wea-
kened during the wear process due to the lower hardness and weaker
bonding force of the Ni-based alloy matrix than that of the HEA matrix.
The broken and falling WC particles acted as abrasive particles on the
worn surface and the alloys matrix directly participated in friction.
With the reciprocating motion of the Si3N4 ball, grooves and delami-
nations were formed, showing an abrasive wear mechanism accom-
panied by adhesion wear. The wear resistance was lower than HEA/
60WC coating.

4. Conclusions

(1) FeCoCrNi HEA coatings with WC reinforced particles of 10–70 wt%
addition were successfully prepared by plasma cladding.

(2) With the increase of WC content, the microstructures of the MMC
coatings became more complex. When WC content was more than
60%, Fe3W3C carbide with different morphologies and Cr-rich
secondary solid solution phase precipitated in the coatings.

(3) The evolution of Fe3W3C carbides of the coatings with the increase
of WC content was: initial massive carbide at WC/HEA interface →
eutectic fishbone carbides → dendrite carbide in HEA matrix.

(4) As the volume fraction of carbides increased, the hardness of the
coating increased. When the WC content was 70%, the hardness
reached 61.9 HRC.

(5) The HEA matrix had a good retention on WC particles and the
Fe3W3C carbide phase had a good friction reducing effect. With a
high WC proportion of 60%, the MMC coating had the best wear
resistance (better than Ni60/WC coating with same WC content),
and the minimum volume wear rate was 3.27 × 10−7 mm3/N·m.
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