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Ni-graphite coatings are widely used in industrial fields to improve the self-lubrication property of metallic
surfaces. In this study, the effect of tungsten carbide (WC) addition on the microstructure, hardness and
wear resistance of flame-sprayed Ni-graphite coatings was investigated. Microstructure examination of
coatings shows that WC particles adhered well to Ni matrix but tended to come into contact with each other
or graphite particles with the increasing addition amount. The hardness of the Ni-based graphite/WC
composite coating depended on the WC content and reached its maximum at the WC addition amount of
30 wt.%. Tribological tests reveal that when the WC content was increased from 0 to 30 wt.%, the wear
rate decreased about 42% (from about 5.0 3 1025 to 2.9 3 1025 mm3 N21 m21), while the maximum
friction coefficient increased only about 19% (from about 0.16 to 0.19). The graphite in the coatings
contributed to low friction coefficient with the formation of self-lubricating tribofilm. The wear mechanism
of the coatings was mainly delamination, and well-embedded WC particles inhibited the propagation of
delamination cracks. Results show that the Ni-based graphite/WC composite coating with 30 wt.% WC
achieved a good balance between the wear resistance and the self-lubrication property.

Keywords flame spray, graphite, Ni-based coating, WC, wear
resistance

1. Introduction

With the rapid development of mechanical industry, low
friction and anti-wear have become important goals for
designing and manufacturing machine parts (Ref 1, 2).
Therefore, self-lubricating coatings or materials are increas-
ingly used in the mechanical components to decrease the
friction and wear (Ref 3-6). As a self-lubricating coating, the
Ni-graphite coating has obtained successful application in
aerospace. For example, Ni-graphite coatings used in the
aircraft turbine compressors can maintain a small clearance
between the rotating blades and shell to minimize the escape of
compressed air and thus improve the engine efficiency (Ref 7-
9). The nickel matrix in the Ni-graphite coating provides the
necessary cohesion and adhesion strength, while the self-
lubricating graphite phase can decrease the friction coefficient.

Although the self-lubrication effect of the Ni-graphite
coating is good, its wear resistance needs to be improved

under the service condition of heavy load, such as in the mining
or metallurgical machinery (Ref 10). In general, the wear
resistance of Ni-based coatings can be improved by introducing
reinforcing ceramic materials (Ref 11-13). But special attention
should be paid to the compatibility between the reinforcing
phase and the coating matrix. The reinforcing phase may be
pulled out from the coating matrix during the friction process
when the compatibility between them is poor, thereby causing
severe third-body abrasion to friction pairs (Ref 14). Studies
have proved that the WC particle has good compatibility or
wettability with the Ni-based or Co-based coating matrix, and
its high hardness, toughness and strong wear resistance are
beneficial to the coatings (Ref 15).

The WC particles can be incorporated into the Ni-based
coatings with many surface modification techniques such as the
laser cladding and the thermal spray. The laser-cladded Ni-WC
composite coatings usually have low porosity and strong
adhesion to the substrate. However, the laser processing
parameters must be precisely controlled to avoid the non-
homogenous WC distribution as well as the dissolution of WC
by melted Ni phase (Ref 16-18). In contrast, the operation of
thermal spray is relatively simple. The commonly used thermal
spray technologies for the deposition of Ni-based composite
coatings include flame spray, atmospheric plasma spray, high-
speed oxygen fuel spray, etc. (Ref 19-22). Among them, flame
spray technology is popular due to its convenience, high output
and low cost (Ref 21, 22). Usana-ampaipong et al. incorporated
WC particles into the NiCrBSi coating using the flame spray
technology. Microstructure observation showed that WC par-
ticles exhibited homogenous distribution in the deposited
coating (Ref 21). Harsha et al. investigated the abrasive wear
resistance of flame-sprayed Co-Cr-W-Ni-C coating with the
WC addition. Results revealed that the addition of WC in a
commercial powder coating could increase the wear resistance
about 4-9 folds (Ref 22). At present, there are limited studies on
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the introduction of WC particles into the flame-sprayed Ni-
graphite coating as well as the corresponding tribological
performance characterization.

In this study, the Ni-based graphite/WC composite coatings
were prepared on the stainless steel substrate by the flame spray
technology. The proportion of spraying powders, including the
Ni-coated graphite powders and the WC powders, was tuned to
achieve improved wear resistance of the composite coating on
the basis of preserving its self-lubrication property. The
microstructure, hardness, bonding strength and tribological
properties of the fabricated coatings were characterized and
evaluated using scanning electron microscopy (SEM), x-ray
diffraction (XRD), optical microscope, Vickers hardness tester,
surface profiler, lap-shear test and reciprocating ball-on-plate
friction and wear tester.

2. Materials and Methods

2.1 Specimen Preparation

A number of 304 stainless steel plates were used as the
substrates. Prior to the spray process, all the substrate samples
were treated by a grinding machine to increase their surface
roughness, which can enhance the bonding strength between
the coating and the substrate. The final roughness of the
substrate sample was measured using a confocal optical
profilometer (Conscan Profilometer, Anton-Paar Tritec SA,
Peseux, Switzerland), and the measured average value was
4.9 ± 0.28 lm. After that, the substrate samples were cleaned
in 95 wt.% alcohol ultrasonically for 30 min and dried at
ambient temperature.

Ni-coated graphite powders (25 wt.% graphite coated by
75 wt.% Ni, Beijing Research Institute of Mining & Metal-
lurgy, Beijing, China) were used for the spray deposition of Ni-
graphite coatings. WC powders (Xin Dun Alloy Welding
Material Spraying Corporation, Nangong, China) were added
into the Ni-coated graphite powders for the spray deposition of
Ni-based graphite/WC composite coatings. The addition
amount of WC powders was set as 20, 30, 40 and 50 wt.%,
respectively. All powders were screened by 150 mesh stainless
steel screen. Then, they were mixed up in 95 wt.% alcohol,
well stirred for 30 min and fully dried before the spray
deposition. The coatings were fabricated using an oxyacetylene
flame spray gun (Castodyn DS 8000, Poland). The parameters
used for the coating deposition were set as follows: neutral
flame (oxygen pressure of 0.4 MPa and acetylene pressure of
0.07 MPa) and air pressure of 0.2 MPa. The distance from the
nozzle outlet to the substrate surface was 100 mm.

2.2 Characterization of Powders and Coatings

The microstructure of powders and coatings was character-
ized by scanning electron microscopy (SEM, SIGMA-500,
ZEISS, Jena, Germany) equipped with energy-dispersive
spectroscopy (EDS). For the cross-sectional observation, the
powders and coatings were embedded in epoxy resin and
polished with sandpapers. The EDS was used to analyze the
elemental composition of powders and coatings. The phase
structure of the coatings was determined by x-ray diffraction
(XRD, D/MAX-2500/PC, RIGAKU, Tokyo, Japan). The XRD
measurement was taken in the 2h range of 20�-80� at a

scanning speed of 2�/min. The Vickers micro-hardness mea-
surement was taken on the polished surface of the coatings
using a Vickers hardness tester (FM-ARS 9000, FUTURE-
TECH, Japan) under a load of 200 g.

2.3 Tribological Tests

The friction coefficient and wear behavior of the coatings
were tested at ambient temperature under dry sliding condition
by using a reciprocating ball-on-plate friction and wear tester
(Tribometer, Anton-Paar Tritec SA, Peseux, Switzerland). The
Al2O3 ball of 6 mm in diameter was used as the counterpart
material. The tribo-test was carried out under a normal load of
10 N with a sliding distance of 700 m and maximum speed of
0.1 m/s. Triplicate tribological tests were conducted for each
sample to ensure repeatability. After the friction and wear test,
the wear track was measured using the confocal optical
profilometer mentioned above and a surface profiler (MarSurf,
Mahr, Germany). The morphology and elemental composition
of wear tracks were characterized using SEM/EDS. The wear
rate K was determined by the following equation: K = (SÆl)/
(FÆL), where S is the cross-sectional area of wear track (mm2), l
is the length of wear track (mm), F is the applied load (N), and
L is the sliding distance (m).

2.4 Bonding Strength Test

The bonding strength of the coatings was measured via a
lap-shear test (ASTM D1002). Each lap-shear specimen
consisted of two same coating samples which were bonded
together using a strong epoxy glue (Araldite� 2000 + Adhe-
sives, Huntsman, USA). The overlapped area of two samples
was 25.4 9 25.4 mm2. Coatings used for this test were thick
(about 380 lm) enough to prevent penetration of liquid glue
through the coating. The tensile test was performed using a
universal material testing machine (WDW-100E, Koohei,
Jinan, China) at a constant crosshead speed of 1.3 mm/min.
The tensile load was applied parallel to the coating/substrate
interface to induce the detachment of the coatings. The
maximum tensile load divided by the overlapped area was
herein denoted as the shear bonding strength of the coatings,
and five lap-shear specimens were measured for each condition.

3. Results and Discussion

3.1 Characterization of Powders

Figure 1 presents the cross-sectional morphologies of Ni-
coated graphite powders and WC powders. It can be seen that
two kinds of powders both exhibited irregular shape, which can
promote the mechanical interlocking between them. The
elemental composition of two kinds of powders is shown in
Table 1. From Fig. 1(a) and Table 1, it can be seen that the Ni-
coated graphite powder consisted of inner graphite particle
(point P1) and outer Ni material (point P2). The outer Ni
material can protect the inner graphite particle from being
oxidized during the spray process. From Fig. 1(b), it can be
seen that some WC particles were partly broken due to the
grinding and polishing process of the SEM sample. And the
elemental composition analysis of point P3 (see Fig. 1b and
Table 1) verified the purity of WC powders used in this study.
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3.2 Microstructure, Composition and Hardness of Coatings

Figure 2 shows the surface and cross-sectional morpholo-
gies of the Ni-graphite coating and EDS analysis results. It can
be observed from Fig. 2a that the Ni-graphite coating exhibited
typical rough surface of flame-sprayed coatings. During the
spray process, the inner layer of the coating was deposited on
the sample first, and then, it was impacted continuously by the
subsequent particles, while the surface layer was not subjected
to such repeating particle impingement. Therefore, the surface
layer of the coating possessed a relatively loose structure. In
addition, there was graphite being exposed on the coating
surface, as indicated by arrows in Fig. 2a. This was caused by
the flame-heating effect. The Ni-coated graphite powders were
heated by the flame so that the outer Ni material became semi-
molten or molten, while the inner graphite particle remained
solid due to its higher melting point (Ref 23). When these
heated powders impacted on the sample surface, the outer
molten Ni material and the inner solid graphite were easy to
depart from each other, leading to the exposure of interior
graphite particle. Similar phenomenon was also observed on the
surface of plasma sprayed Ni-graphite coatings (Ref 9). In
contrast, most graphite particles were well wrapped by
continuous outer Ni films in the cold sprayed Ni-Al-graphite
coatings (Ref 24).

The cross-sectional morphology of the Ni-graphite coating
and EDS analysis results of selected phases (see point P4 and
P5) are shown in Fig. 2(b), (c) and (d), respectively. It can be
seen that the dark area in the coating was mainly composed of
graphite particles (Fig. 2b and c), while the gray area corre-
sponded to Ni matrix (Fig. 2b and d). The unmarked peaks in
Fig. 2(c) and (d) were assigned to gold element, which was
from the gold layer on the SEM sample surface for better

electrical conductivity. It can be seen that graphite particles
exhibited relatively uniform distribution in the coating and
adhered well to Ni matrix. This benefited from the adoption of
Ni-coated graphite powders. First, the outer Ni material
promoted graphite particles to be isolated from each other.
Secondly, the outer Ni material can effectively protect most
graphite particles from being oxidized during the spray process.
However, there were still some graphite particles coming into
direct contact with each other in the deposited coating, as
shown in Fig. 2(b). On the one hand, the closer the graphite
particles are to each other, the easier to form a lubricating
graphite film during the friction and wear process, which will
function a better lubricating effect (Ref 9). On the other hand,
the interconnected graphite particles decreased the continuity of
the Ni matrix and promoted the formation of voids or cracks in
the coating, which had a negative impact on the wear resistance
and bonding strength of the Ni-graphite coating.

The WC particles were incorporated into the Ni-graphite
coating to improve the wear resistance. The addition amount of
WC in the feed powders was set as 20, 30, 40 and 50 wt.%,
respectively. As mentioned above, WC particle has good
compatibility with the nickel, but its addition amount must be
moderate in order to guarantee the cohesion and adhesion
strength of the Ni-based coating. The surface and cross-
sectional morphologies of Ni-based graphite/WC composite
coatings and EDS analysis results of the selected phase are
shown in Fig. 3. From Fig. 3(a), it can be seen that the Ni-
based graphite/WC coating with 30 wt.% WC had similar
surface morphology to the Ni-graphite coating. The difference
between them is that there existed WC particles on the surface
of the Ni-based graphite/WC coating. From Fig. 3(b), it can be
seen that the Ni-based graphite/WC coating also contained gray
Ni matrix phase and dark graphite phase. Besides, a new phase
in white contrast is observed in Fig. 3(b) and the EDS analysis
result of point P6 verified that the white phase was WC particle
(see Fig. 3c). The WC particle was embedded in the composite
coating and adhered well to the surrounding Ni matrix, without
sign of melting or dissolution. The good compatibility and
adhesion between the WC and Ni matrix are beneficial to wear
resistance of the coating (Ref 19). In contrast, considerable WC
dissolution into the metal matrix tended to occur in the laser-
cladded composite coatings, which could impair the coating�s
wear resistance (Ref 16). When the addition amount of WC in
the feed powder was further increased up to 50 wt.%, more WC

Fig. 1 Cross-sectional morphologies of spraying powders: (a) Ni-coated graphite powders; (b) WC powders

Table 1 The elemental composition of the Ni-coated
graphite powder and the WC powder

Point

Element, wt.%

Ni C W

P1 3.79 96.21 …
P2 96.68 3.32 …
P3 … 8.37 91.63
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particles could be observed in the coating, as shown in
Fig. 3(d). The increased WC content was accompanied with the
decreased content of Ni matrix so that WC particles in the
coating began to come into contact with each other or graphite
particles.

In addition, it can be noted from Fig. 2 and 3 that the
thickness of coating decreased after the addition of WC
particle. Specifically, the average thickness of coatings with
0, 30 and 50 wt.% WC was 186.5 ± 21.7, 162.6 ± 21.0
and 154.0 ± 11.2 lm, respectively. This is partly because
that the WC particle has higher density than the Ni-coated
graphite particle. During the spraying operation, high-density
WC particles provided more forceful impingement on the
deposited coating and thus resulted in denser coating
structure and decreased coating thickness. For the industrial
application, the coating thickness can be optimized by
adjusting the spray parameters to achieve longest service
life.

Figure 4 shows the XRD patterns of sprayed coatings. The
detected phases in the Ni-graphite coating mainly consisted of
graphite, c-Ni and NiO (curve a in Fig. 4). The formation of
NiO phase in the coating was attributed to the fact that the Ni
material was partially oxidized during the flame spray process.
After WC particles were incorporated into the Ni-graphite
coating, the formed composite coating exhibited different phase
constitution. Take the composite coating with 50 wt.% WC for
example, the new phase of WC could be detected in the coating
(curve b in Fig. 4). This result is consistent with the

microstructure observation and composition analysis shown
in Fig. 3(c).

Figure 5 shows the average hardness of Ni-based graphite/
WC composite coatings with different WC contents. It can be
seen that with the increase in WC content, the hardness of the
composite coating rose at first and went down later. Before the
WC addition, the coating hardness was about 195 ± 10 HV200 g.
When the WC content was increased up to 30 wt.%, the
hardness of the composite coating reached a peak value of
318 ± 16 HV200 g. The increased hardness had to do with the
improved phase constitution and microstructure of the com-
posite coating. As mentioned above, the Ni-based graphite/WC
coating mainly consisted of the hard phase of WC, soft phase of
graphite and matrix phase of Ni. When the WC content was
moderate, hard WC particles could form good adhesion to the
Ni matrix (see Fig. 3b), which inhibited crack propagation
during the indentation test because cracks were difficult to
propagate into the WC/Ni interface or penetrate into the hard
WC particle. On the contrary, cracks were easier to initiate and
propagate in the soft graphite phase due to its typical lamellar
structure. Therefore, with the initial increase in WC content and
the corresponding decrease in graphite content, the composite
coating exhibited improved fracture toughness and hardness.
However, when the WC content was further increased beyond
30 wt.%, the reinforcing effect of hard WC phase became
weakened. It can be seen that the hardness of the composite
coating with 50 wt.% WC decreased to 196 ± 44 HV200 g,
close to the composite coating without WC addition. This is

Fig. 2 Surface (a) and cross-sectional (b) morphologies of the Ni-graphite coating and (c, d) EDS analysis results of selected phases

Journal of Materials Engineering and Performance Volume 29(2) February 2020—1159



related to the decreased content of bonding Ni matrix phase.
Comparing Fig. 3(b) with (d), it can be seen that when the WC
content was increased up to 50 wt.%, more WC particles began
to come into direct contact with each other or graphite particles
due to less Ni material in the coating. The adhesion between
WC and graphite particles was weak without the sufficient
bonding of Ni matrix so that the composite coating was easier
to be crushed under the indentation load, resulting in decreased
hardness.

3.3 Tribological Properties and Bonding Strength
of Coatings

Figure 6 shows the tribological test results of Ni-based
graphite/WC composite coatings with different WC contents.
The tribological properties weremeasured at ambient temperature
under the dry sliding condition by using a ball-on-plate recipro-
cating tribometer. The tribo-tests were carried out at the normal
load of 10 N with an Al2O3 grinding ball as the counterpart.

Fig. 3 Surface and cross-sectional morphologies of Ni-based graphite/WC composite coatings and EDS analysis result of the selected phase:
(a–c) the composite coating with 30 wt.% WC; (d) the composite coating with 50 wt.% WC

Fig. 4 XRD patterns of sprayed coatings: (a) Ni-graphite coating;
(b) Ni-based graphite/WC composite coating with 50 wt.% WC

Fig. 5 Hardness of Ni-based graphite/WC composite coatings with
different WC contents
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Figure 6a shows the friction coefficient of Ni-based
graphite/WC composite coatings with different WC contents.
As can be seen, when the WC content was less than or equal to
20 wt.%, the friction coefficient of coatings was close to each
other, including their variation tendency and magnitude.
Specifically, the friction coefficient of the coatings achieved
relatively stable (in the range from about 0.14 to 0.16) within a
short sliding distance of about 150 m. This suggests that there
was enough graphite in these two kinds of coatings to quickly
form a self-lubricating tribofilm between the friction pairs. Tang
et al. (Ref 9) measured the average friction coefficient of
atmospheric plasma-sprayed Ni-graphite coatings and obtained
similar result (about 0.17). For the composite coating with
30 wt.% WC, although its friction coefficient exhibited a
continuously rising trend with the sliding distance, the rising
speed was very low and the maximum friction coefficient was
about 0.19, only slightly larger than that of the composite
coating without WC addition (with a maximum value of about
0.16). This means that despite the decreased graphite content in
the composite coating with 30 wt.% WC, an effective self-
lubricating tribofilm still could be formed during the friction
process. However, when the WC content was increased up to
40 wt.% or more, the friction coefficient of the coating rose
rapidly and reached a high value of about 0.23.

Figure 6(b) shows the wear rate of Ni-based graphite/WC
composite coatings with different WC contents. It can be seen
that the wear rate of the composite coating decreased signif-
icantly from 5.03 ± 0.34 9 10�5 to
2.90 ± 0.18 9 10�5 mm3 N�1 m�1 with the increased WC
content from 0 to 30 wt.%. Significant improvement in wear
resistance of the Ni-based coatings with the WC addition was
also reported in previous studies (Ref 25, 26). For example,
Alidokht et al. reported a decreased wear rate from about
4.0 9 10�5 to 6 9 10�6 mm3 N�1 m�1 after the 10.5 vol.%
WC addition in the cold sprayed Ni coating (Ref 26). From
Fig. 6(a) and (b), it can be seen that when the WC content was
within the range from 0 to 30 wt.%, the wear rate of the
composite coating was more sensitive to the change of WC
content than the friction coefficient. The average wear rate
decreased about 42%, while the maximum friction coefficient
only increased about 19%. Beyond 30 wt.%, both the wear rate
and the friction coefficient of the composite coating exhibited a

rising trend, indicating the decreased wear resistance and self-
lubrication property. This result suggests that the Ni-based
graphite/WC composite coating with 30 wt.% WC possessed
the lowest wear rate and an acceptable friction coefficient,
keeping a good balance between the wear resistance and the
self-lubrication property.

The bonding strength of the coatings was measured via the
lap-shear test. Results show that the coating with 30 wt.% WC
had slightly higher bonding strength (10.31 ± 1.53 MPa) than
the coating without WC (8.14 ± 1.33 MPa). The present
measured values are comparable with reported data. Ziegelheim
et al. reported varied adhesion strengths of Ni-graphite coatings
from 6.7 to 15.7 MPa depending on the flame spraying
parameters (Ref 27), and Xu et al. (Ref 28) reported lower
adhesion strength of about 5.2 MPa for a thick Ni-graphite
coating (about 2 mm in thickness).

To clearly characterize the wear behavior of Ni-based
graphite/WC composite coatings with different WC contents,
the worn surfaces were examined by SEM/EDS. Figure 7
exhibits the worn morphology and corresponding EDS ele-
mental maps of the Ni-graphite coating. As shown in Fig. 7(a)
and (b), the worn surface featured with flattened dark patches
and detached gray debris. The EDS analysis results (Fig. 7c and
d) suggest that the dark patches mainly corresponded to
graphite and the gray debris was mainly composed of Ni. The
graphite particles were easily deformed and delaminated under
the tangential friction force due to its soft nature and hexagonal
structure. Accordingly, flattened graphite patches and contin-
uous self-lubricating graphite tribofilm were observed on the
wear track (Fig. 7b and c). This explains why the Ni-graphite
coating possessed the lowest friction coefficient. The formation
of Ni wear debris on the wear track was caused by two reasons.
First, the Ni material was easy to yield under the normal load
and tangential friction force and then may be torn off from the
coating surface. Besides, the interfacial bonding between the
deposited Ni splats or between the Ni material and graphite
particle was relatively weak, and the friction-induced delam-
ination cracks tended to propagate along these weak interfaces,
promoting the detachment of Ni material. Therefore, the wear
mechanism of the coatings was mainly delamination of coating
materials along weak interfaces. The cross-sectional profile of
the wear track (see the inset in Fig. 7a) shows that the wear

Fig. 6 Friction coefficient (a) and wear rate (b) of Ni-based graphite/WC composite coatings with different WC contents
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width was very wide (about 1.1 mm) and the maximum wear
depth was near 40 lm, indicating that the wear resistance of the
Ni-graphite coating was poor, which is consistent with the high
wear rate shown in Fig. 6b.

Figure 8 presents the worn morphology and corresponding
EDS elemental maps of the Ni-based graphite/WC composite
coating with 30 wt.% WC. For this coating, the worn surface
exhibited different morphology from the Ni-graphite coating.
As shown in Fig. 8, the worn surface was relatively smooth and
featured with white WC particles, gray Ni matrix, dark gray
lamellas and many micro-cracks. According to EDS elemental
maps, the dark gray lamellas mainly consisted of O, Ni and C
elements, resulting from the oxidized Ni debris and the graphite
particles. During the wear test, the Ni and graphite materials on
the coating surface were preferentially worn off, and thus, WC
particles rose well above the surface gradually. The detached
material debris first squeezed up against the embossed WC
particles. Then, the debris became smooth and lamellar
gradually under the repeated rolling of the alumina counterpart,
as shown in Fig. 8(b). Similar wear phenomenon was also
reported in previous studies (Ref 25, 26). In the meantime, the
formed lamellas were partially oxidized due to the increased
temperature at the friction surface. Such dark gray lamellas
played a beneficial role in improving the coating wear
resistance because they can prevent the alumina counterpart
from further wearing the underlying coating matrix. There were
little pulled-out WC particles detected on the wear track,
indicating good adhesion between the WC particle and the Ni
matrix. These well-embedded WC particles in the coating
inhibited the propagation of delamination cracks and thus
alleviated the detachment of coating materials.

From the C map shown in Fig. 8(f), it can be seen that the
formed graphite self-lubricating tribofilm was less continuous
and uniform due to the decreased graphite content in the
composite coating. This explains why the Ni-based graphite/
WC composite coating had higher friction coefficient than the
Ni-graphite coating. But it is worth noting that the maximum
friction coefficient was still relatively low (about 0.19) for the
Ni-based graphite/WC composite coating with 30 wt.% WC.
The cross-sectional profile of the wear track (see the inset in
Fig. 8a) exhibited a much narrower and shallower wear track.
The width of the wear track was about 0.7 mm, and the depth
was about 21 lm, suggesting the increased wear resistance
compared with the Ni-graphite coating. Thereby, the Ni-based
graphite/WC composite coating with 30 wt.% WC not only
improved the hardness and wear resistance of the Ni-graphite
coating, but also preserved its self-lubrication property. When
the addition amount of WC exceeded 30 wt.%, too much WC
particles would smash the continuity and uniformity of the Ni
matrix and then led to weakness and fragility of the composite
coating, resulting in increased wear rate. Thus, the best wear
resistance of the Ni-based graphite/WC composite coating was
obtained at an optimal WC addition amount of 30 wt.%.

4. Conclusions

In this study, the Ni-based graphite/WC composite coatings
with different WC addition amounts were successfully prepared
on the stainless steel substrate by the flame spray technology.
The microstructure, hardness and tribological behavior of the

Fig. 7 Worn morphology and corresponding EDS elemental maps of the Ni-graphite coating: (a) morphology and cross-sectional profile of the
wear track; (b) high-magnification view of (a); (c) C map and (d) Ni map corresponding to (b)
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coatings were investigated and compared to address the effect
of WC content on the coating�s wear resistance and self-
lubrication property. The main conclusions are drawn as
follows:

1. The flame-sprayed Ni-based graphite/WC composite coat-
ing mainly consisted of hard phase of WC, soft phase of
graphite and matrix phase of Ni, as well as some NiO
phase. The WC particles adhered well to Ni matrix with-
out sign of melting or dissolution.

2. When the WC addition amount was in the range from 0 to
30 wt.%, the hardness and wear resistance of the Ni-based
graphite/WC composite coating increased with the increas-
ing WC content. Beyond that, both the hardness and the
wear resistance of the composite coating decreased.

3. The Ni-based graphite/WC composite coating with
30 wt.% WC possessed highest wear resistance coupled
with relatively low friction coefficient.
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Fig. 8 Worn morphology and corresponding EDS elemental maps of the Ni-based graphite/WC composite coating with 30 wt.% WC: (a)
morphology and cross-sectional profile of the wear track; (b) high-magnification view of (a); (c) W map, (d) O map, (e) Ni map and (f) C map
corresponding to (b)
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