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The aim of this article was to address the effect of WC content on the microstructure, microhardness, and
sliding wear resistance of laser cladded WC/Ni composite coatings. The content of WC particle in the feed
powder varied in the range of 0-80 wt.%. Experimental results showed that the laser cladded coatings
exhibited homogeneous microstructure without pores or cracks. By comparing with the 45# steel substrate,
the microhardness of WC/Ni composite coatings was relatively high. The microhardness of coating
increased with increasing the content of WC particles. The wear resistance of WC/Ni composite coatings
was strongly dependent on the content of WC particle and their microstructure. When the WC content was
lower than 40 wt.% in the feed powder, the wear rate of the coatings decreased with increasing WC content.
The two-body abrasive wear was identified as the main wear mechanisms. For the coatings with WC
content higher than 40 wt.% in the feed powder, their wear rate increased with increasing WC content. The
three-body abrasive wear and fatigue wear were the main failures. The coating with 40 wt.% WC in the
feed powder exhibited the best wear resistance.
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1. Introduction

Many components such as cutting tools and mining
machinery parts are subjected to premature failure due to the
surface damage in sliding contact. Generally, these damages are
limited to the near surface layer of bodies, which leads to an
increasing demand in the surface engineering industry to
improve the wear and corrosion resistance to meet demanding
operating environments. Surface coating is nowadays being
more and more considered as an effective and economical
means to extend the service life of the components and to
improve durability and product reliability.

Thermal spraying has been widely used to deposit coatings
to protect the substrates from sliding wear and to improve the
wear resistance of substrates. Nevertheless, the defect-free
coatings were not likely to be obtained even when the latest
thermal spraying techniques were applied (Ref 1). Generally,
pores, microcracks, splat boundaries, and some unmelted
particles would be generated in thermal sprayed coatings
which can be characterized by lamellar structure due to the
nature of the coating process (Ref 2, 3). Moreover, the bonding
strength between the coating and the substrate is relatively low
because of the mechanical bond at the interface (Ref 4, 5). The

existences of these micro-defects may limit the use of the
thermal sprayed coatings to low-stress applications. Therefore,
in order to improve the microstructural integrity and wear
resistance of surface coatings, some high energy beam tech-
niques, such as laser cladding, have been developed to deposit
surface coatings. The pore- and crack-free coatings can be
obtained due to heat concentrating and high cooling rate in laser
cladding process (Ref 6). The high wear resistance of the
cladded coatings can also be reached, since they are generally
metallurgically bonded onto the substrates.

Among the materials used for laser cladding, Ni-based self-
fluxing alloys have been extensively used due to their high
intensity, toughness, and corrosion resistances (Ref 7-9).
However, the low hardness and poor wear resistance prevent
their applications as engineering tribological components under
high-loading conditions. Tungsten carbide as a hard phase is
often added into the Ni matrix to improve the wear resistance of
Ni-based alloy coatings. So far, numerous researches have been
concentrated on the wear resistance and related failure mech-
anisms of laser cladded WC/Ni coatings (Ref 10-15). For
instance, Huang et al. (Ref 13) investigated the effect of laser
cladded WC/Ni coatings on the wear resistance of H13 tool steel
and found that the wear resistance of the coatings was a factor of
5-10 higher than that of as-received H13 tool steel. Chen et al.
(Ref 14) found that the element diffusion and a new phase
precipitation occurred during the sliding wear of laser cladded
WC/Ni60B coatings. Van Acker et al. (Ref 15) investigated the
influence of the size and distribution of tungsten carbide
particles on the wear resistance of laser cladded WC/Ni
coatings. They found that the size and distribution of tungsten
carbide particles might have important influences on the failure
mode of coating. However, the researches regarding the effect of
content of WC particle on the wear resistance of WC/Ni
composite coatings were very few. Hence, the aim of this article
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was to address the effect of WC content on the microstructure,
microhardness, and sliding wear resistance of laser cladded WC/
Ni composite coatings. The coatings were prepared through
changing the weight percentage of WC particle in the WC/Ni
feed powder during laser cladding.

2. Experimental Procedures

2.1 Materials and Coating Preparation

In this study, a mixture of commercially available Ni-Cr-B-
Si-W-C powder (Ni60) of nominal composition of Cr-15.50, Fe-
15.00, Si-4.00, B-3.50, W-3.00, C-0.80, Ni-balance (wt.%), and
WC powder consisting of cast carbide grains was used as
feedstock material in laser cladding. These powders were
prepared by Beijing General Research Institute of Mining and
Metallurgy, China. The size of the Ni60 powder particles was in
the range of 44 to 100 lm and that of WC powder particles was
in the range of 44 to 74 lm. The morphologies of these powders
are illustrated in Fig. 1, which showed that the Ni60 and WC
powders were characterized by near-perfect spherical particles.

The substrate material used was a commercial middle
carbon steel, which was cut to yield 309 309 15 mm spec-
imens. Prior to cladding, one face of the steel substrate was
cleaned in acetone solution, sandblasted by using corundum
powder and then preheated to 100-200 �C to avoid the
generation of cracks in the laser cladded coating. For sand-
blasting and laser cladding, the substrates were fixed by the
corresponding fixtures.

The laser cladded coatings with different WC contents of 0,
20, 40, 60, and 80 wt.% in the feed powder were prepared by
using a 4 kW continuous wave CO2 laser system fabricated by
Shanghai Unity Prima Limited Company, China. The laser
output power used in the experiments was in the range of 2.0-
2.8 kW with a laser beam size of 69 2 mm. During laser
cladding, the powder was supplied coaxially in situ around the
laser beam and argon gas was blown to shroud the molten pool.
The optimized processing parameters used in laser cladding are
listed in Table 1.

2.2 Characterization of Coating

The microstructure of coatings was observed through a
JSM-6360LV scanning electron microscopy (SEM). X-ray

diffraction (XRD) with Cu Ka radiation and step 0.02� was
used to identify the crystal structure of the coatings. Microh-
ardness of the coatings was measured through an HXD-
1000TM instrument with a 1000 gf load. The worn surface and
cross-sectional morphologies of the failed coatings were
observed by using the SEM as well.

2.3 Sliding Wear Tests

The sliding wear tests were performed on a ring-on-block
tester of MM200 controlled by a computer, as shown in Fig. 2.
The lower sample, Si3N4 ceramic rings with 40 mm in outer
diameter, 16 mm in inner diameter, 10.8 mm in width, rotated
at 200 rpm, resulting in a relative sliding speed of 0.425 m/s
during sliding. As for the upper sample, block-like specimen
(309 309 10 mm in size) coated with WC/Ni composite
coatings which was fixed on the sample holder was pressed
under applied loads of 400 N. Prior to sliding test, the specimen
was ground and polished to attain a roughness (Ra) of around
0.35 lm at the coating surface, and then washed in ethanol. The
total sliding distance for the test was 2500 m. At 500 m
intervals, the weight losses of the specimen were measured and
recorded. The wear mass loss of the samples was determined by
an electronic analytical balance with an accuracy of 0.1 mg. To
ensure the accuracy of measurement, the specimen was
ultrasonically cleaned for 20 min before each weight measure-
ment. The wear rates of the coatings with different contents of
WC were calculated from the wear mass of the coatings. All
tests were carried out at room temperature and atmospheric
environment with lubrication (Machine Oil SEA 46). The
lubricant had a kinematic viscosity of 46.91 cSt at 40 �C, a

Fig. 1 The morphologies of the feed powders: (a) Ni60 and (b) WC

Table 1 Optimized processing parameters used in laser
cladding for the coatings with different WC contents
in the feed powder

Content of
carbides, wt.%

Laser
power, W

Laser scanning
speed, mm/s

Powder mass
flow, g/min

0 2800 3 5.0
20 2600 4 6.5
40 2400 4 8.0
60 2200 4 9.5
80 2000 4 11.0
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viscosity index of 104, a flashing point of 207 �C, and a density
of 0.874 g/cm3 at 20 �C.

3. Results

3.1 Microstructure and Composition of Coatings

The cross-sectional images of the microstructure of the
coatings with different contents of WC are revealed in Fig. 3.
The thicknesses of the coatings are in the range of 300 to
400 lm. The bright phases of the coating consist mainly of
WC. A lot of existing literatures have reported that reinforce-
ment particles tended to sink and cluster towards the bottom of
the coating owing to the lower melting points and slower
solidification rates of the matrix (Ref 16-18). However, in this
work, the distribution of WC particle is almost homogeneous
throughout the coatings and the pores and cracks cannot be
found in the coatings. These results indicate that the preheating
treatment of substrate before cladding may be an effective
approach to prevent the coatings from cracking and clustering.

A thin layer of planar crystallizing exists at the interface
between the coating and the substrate, as shown in Fig. 4,
indicating the metallurgical bonding at the interface. After laser
cladding, the WC reinforcement particles keep initially spher-
ical morphology in the coatings with low WC content, as seen
in Fig. 4(a). A little dissolution of WC can be found at the edge
of particles, which could improve the bonding strength between
WC particle and Ni matrix. When the WC content in coating is
relatively high (i.e., 80%), the WC particles are surrounded by
numerous butterfly-like particles and dendritic phases, as seen
Fig. 4(b). In such a case, the weight percentage of tungsten
element in the butterfly-like particles is around 58%, which is
measured by electronic differential system (EDS). This phe-
nomenon may be attributed to the reaction between the molten
Ni binder and the WC particles, resulting in the formation of
intermetallic phases with a distinct butterfly-like or dendritic
morphology.

The XRD patterns of the laser cladded WC/Ni composite
coatings with different WC particle contents are shown in

Fig. 5. It can be seen that the crystalline phases of WC/Ni
composite coating consist mainly of c-Ni, WC, W2C, Ni2W4C,
Cr23C6, and Fe2B. The XRD spectrum of Ni60 coating shows
peaks completely indexed to c-Ni. The existence of Ni2W4C
suggests the formation of intermetallic phase in the matrix of
the cladded coating. The intensity of the tungsten carbide
phases increases with increasing the content of WC particle in
the feed powder.

3.2 Microhardness Measurements

The microhardness profiles in the coatings along the depth
are shown in Fig. 6. It can be seen that the microhardness of the
coatings is obviously higher than that of the substrate. The
microhardness of the Ni60 coating is relatively uniform along
the depth direction, i.e., around 350 HV, which is lower than
the microhardness of the WC/Ni coatings. Generally, the
magnitude of microhardness of WC/Ni coating increases with
increasing the WC content in coating. For the WC/Ni coatings,
the cross-sectional microhardness of varies drastically with the
depth of the coating, which may be attributed to the inhomo-
geneous distribution of the hard WC phase. Generally, the
microhardness measurements are strongly dependent on inden-
tation position for unhomogeneous microstructure (Ref 18).
The similar result was also obtained by Tobar et al. (Ref 19).

3.3 Wear Resistance Analysis

The wear mass loss data of the laser cladding coating and
substrate material as functions of the sliding distance are plotted
in Fig. 7. For all the samples, the wear mass loss of wear
surface almost linearly increases with sliding distance. By
comparing with the 45# steel substrate, the wear resistance of
the cladded coatings is relatively high. At a given wear
distance, with increasing the content of WC particle in the
WC/Ni coating, the wear loss of coating initially decreases and
then increases. The coating with WC particle content of 40
wt.% in the feed powder exhibits the best wear resistance.

3.4 Worn Surface Morphologies

In order to understand the wear mechanism of the specimens,
the worn surfaces of the coatings were examined by SEM, as
seen in Fig. 8. Figure 8(a) shows the worn surface morphology
of the 45# steel substrate after sliding test. The worn surface is
characterized by deep and fairly long continuous grooves. This
can probably be explained by the fact that silicon nitride has a
relatively higher hardness than the 45# steel. At the beginning of
the wear process, the hard protrusions on the rotating ring
surface penetrate into the softer substrate surface and remove the
materials at surface by such mechanisms as micro-cutting and
micro-plowing. By comparing with the substrate material, the
worn surface of the laser cladded Ni60 alloy coating is relatively
smooth and shallow, as seen in Fig. 8(b). It can be explained by
the fact that the hardness of Ni alloy coating is higher than that
of 45# steel. Figure 8(c) shows the SEM morphology of the
worn WC/Ni composite coating containing 20 wt.% WC after
the sliding test. Micro-plowing and debris can be seen clearly on
the wear track, indicating that the wear mechanism has changed
from the two-body abrasive wear to the three-body abrasive
wear by comparing with that of Ni60 alloy coating. In addition,
the WC particles protrude from the worn surface, as a result of
the removal of the matrix during sliding process. Worn surface
observation of coating with WC content of 40 wt.% is shown in

Fig. 2 Schematic diagram of MM200 sliding wear tester
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Fig. 8(d). The track is characterized by parallel distributed
ridges and grooves, and the amount of the hard debris on the
worn surface is much higher than that observed on the worn
surface of Ni60 alloy coating. This hard debris dropped from the

WC particle and the surface of the rotating ring during the
sliding wear. A part of debris may lead to the damage of both
surfaces, resulting in a third-body abrasive. Another part of
debris may be pressed into the soft matrix under the high contact

Fig. 3 Cross sections microstructure of the coatings with, (a) 0 wt.%, (b) 20 wt.%, (c) 40 wt.%, (d) 60 wt.%, and (e) 80 wt.% WC particles in
the feed powder
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stress, as indicated by the arrow in Fig. 8(d). However, the WC
particles protruding from the surface show few cracks and a
good interfacial bond with Ni matrix.

The worn surface of the coating with 80 wt.% WC
reinforcement particles is shown in Fig. 9. At a lower
magnification in Fig. 9(a), a number of cavities on the scale
of the original WC particle can be found at the worn surface,

Fig. 4 Cross-sectional microstructure of near the interface between the cladded coating and the substrate at high magnification, (a) coating with
20 wt.% WC particles, and (b) coating with 80 wt.% WC particles

Fig. 5 XRD spectrums of the coatings with different contents of
WC

Fig. 6 Profiles of through-thickness micro-hardness for the tested
coatings with different WC contents

Fig. 7 Wear mass loss of the laser cladded coatings and the sub-
strate as a function of the sliding distance
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indicating the spallation of WC particle during sliding test.
Obvious white bands appear near the WC particles along the
sliding direction in Fig. 9(b), implying that a large amount of
debris have been produced and pressed into the matrix.
Figure 9(b) also shows the cavities resulting from the spallation
of WC particle in higher magnification which can be attributed
to the following reasons. First, the metallurgical bonding
strength between WC particle and Ni matrix is comparatively
low for the composite coatings with high WC content due to a
lack of support of the carbide grains by the matrix phase.
Second, when the volume fraction of WC in the coating is high,

the interaction between the adjacent hard particles will lead to
high stress concentration near the edge of hard particles, which,
in turn, promotes the spallation of WC particles.

4. Discussion

Previous work by Van Acker et al. (Ref 15) showed that the
content of ceramic particles had an important influence on the
sliding wear resistance of the particle reinforced composite
coatings. From Fig. 7, it can be seen that the wear resistance of

Fig. 8 Worn surface morphologies of (a) substrate material, (b) Ni alloy coating, (c) coating with 20 wt.% WC particles, and (d) coating with
60 wt.% WC particles after sliding tests

Fig. 9 SEM morphologies of the worn surface of coating with 80 wt.% WC particles, (a) overall view of the wear track; (b) higher magnifica-
tion of rectangular area in (a) showing the debris and the spallation of WC particles
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WC/Ni composite coatings is higher than that of both Ni
coating and 45# steel and the dependence of the wear resistance
on the WC content is not necessarily monotonic. However, the
magnitude of microhardness of WC/Ni coating generally
increases with increasing the WC content in coating, as seen
in Fig. 6. Hence, the sliding wear resistance and failure modes
of the WC/Ni composite coatings are not only associated with
their hardness, but also associated with their microstructure and
toughness.

Generally, classification of failure modes can be made on the
basis of surface observations of the worn coating surfaces.
Previous studies showed that the classification of the wear
mechanisms in sliding wear could be categorized into four
modes, namely adhesive wear, abrasive wear, fatigue wear, and
corrosive wear (Ref 20). However, only two failure modes are
indentified in this study, namely, abrasive wear and fatigue
wear. The coating specimens fail in either one of these types of
mechanisms or a combination of two depending upon the
microstructure of coatings with different contents of WC.

For the coatings with WC content lower than 40 wt.% in the
feed powder, abrasive wear dominates the wear process of
coatings, as revealed from the worn surface observation in
Fig. 8(c) and (d). The WC particle reinforcement performs well
to restrain abrasive wear. Therefore, the addition of WC particle
effectively improves the wear resistance. For the coatings with
high WC content, fatigue wear can been seen at the worn
surface apart from abrasive wear. Due to the high volume of the
hard particles, high stress concentration and poor interface
bonding strength between the ceramic reinforcement and the
surrounded matrix may be generated during the laser cladding
process, accelerating the formation of fracture and spallation of
WC particles under cyclic loading. Then, the hard WC debris as
the three bodies entrap into the contact surfaces and aggra-
vate the abrasive wear. In such a case, the wear resistance
decreases with increasing the volume fraction of reinforcement
phase when the WC content exceeds 40 wt.% in the feed
powder. The coating with 40 wt.% WC particle reinforcement
in the feed powder exhibits the best wear resistance under the
lubrication sliding wear test conditions. Similar result has been
obtained for tungsten reinforced composites by Wang et al.
(Ref 21).

5. Conclusions

The present research focuses on the effect of content of
reinforced WC particle on the microstructure and sliding wear
resistance of laser cladded WC/Ni composite coatings on 45#
steel substrates. It is found that the microstructure of the
coatings with different contents of WC particle is homogeneous
and free of pores and cracks. The interfacial bonding strength
between the reinforced WC particle and the Ni matrix can be
enhanced through the dissolution of WC at the edge of particles.
The microhardness of WC/Ni coatings is obviously higher than
that of substrate. With increasing the WC content, the microh-
ardness of coatings generally increases. Sliding wear resistance
of composite coatings is strongly dependent on the WC content
within the coatings. When theWC content is lower than 40 wt.%
in the feed powder, the wear resistance of coating increases with
increasing WC content. The two-body abrasive wear is iden-
tified as the main wear mechanism. When the content of WC
further increases, the wear resistance of coatings decreases. In

such a case, the fatigue wear and three-body abrasive wear can
be identified as the main wear mechanisms.
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