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Numerous studies have been made to enhance the wear resistance of WC-Co coatings deposited by HVOF during the last
few years. Spherical WC-30WB-10Co powders were firstly fabricated by agglomeration and sintering process, which were
then employed to deposit coating by HVOF. The morphologies, phase composition, hardness, as well as sliding wear perfor-
mance of the as-deposited coatings were explored. The same experiments were carried out on traditional WC-12Co coatings
with the purpose of making the comparison. The results showed that the CoWB compound was formed through the reaction
between Co and WB in the sintering process of the WC-30WB-10Co powders. The diffraction peaks of W,C, Co;W,C and
Co4sW,C were found in the XRD patterns of both coatings, implying that oxidation and decarburization happened in the
spraying process of both powders. In relative to the traditional WC-12Co coating, the microhardness and wear resistance of
the WC-30WB-10Co coating were greatly enhanced. Obviously, with the microhardness of the WC-30WB-10Co coating be-
ing elevated by 34.1%, the wear rates were only 49.3% of that of WC-12Co coatings. This was resulted from the existence of
the superhard CoWB phase in the WC-30WB-10Co coating. The wear mechanisms of both coatings were abrasive wear and
oxidative wear.
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Introduction of WC-Co coating sprayed by HVOF, pointing out
that the heat-treated coating at 450 °C exhibited lower
WC-Co coatings deposited by HVOF is regarded porosity and better wear resistance than the as-deposited

as one of the most widely used coatings for wear coating [10]. The wear performance of WC-Co coatings
protection due to its good mechanical and wear exerted a vital function in the practical application [11].
properties [1-3]. The applications of WC-Co coatings Design of material components played an important
have been expanded to different areas such as aerospace, role in improving wear resistance of WC-Co coating.
metallurgy, oil drilling, as well as sea engineering [4- Additionally, the microhardness of WB was about 40
7]. Recently, with the purpose of further strengthening GPa, which was over two times higher than WC [12,
the wear resistance of WC-Co coatings deposited by 13]. In view of this, through the addition of WB into
HVOF, many efforts have been undertaken. Wang, et al. WC-Co powders, the hardness and wear resistance of
prepared spherical and fully densified WC-Co particles WC-Co coating can be strengthened.

with the use of alumina-assisted treatment method, and Therefore, this work was aimed at evaluating the
found that in relative to that of the conventional coating, impact of WB addition on microstructure, microhardness
the wear resistance of the prepared coating using the and wear resistance of WC-Co coating. Therefore, the

particles by HVOF was approximately 4 times higher spherical WC-30WB-10Co powders were prepared.
[8]. Mohanty et al. explored the tribological properties In the meanwhile, HVOF was used to deposit the
of 1 wt% carbon nanotube reinforced HVOF sprayed corresponding coatings. Using XRD and SEM, the
WC-Co coatings. The obtained findings showed that the microstructure of the WC-30WB-10Co coating was

wear resistance of the reinforced coatings was notably characterized. In addition, we also explored the
enhanced in relative to those of the coatings without mechanical properties and wear behavior of the coating.
carbon nanotube [9]. Mi et al. reported the impact of Apart from that, the same experiments were carried
heat treatment on microstructure and wear performance out on traditional WC-12Co coatings for the purpose

of comparison.
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Experimental

Powder and coating preparation

The starting raw materials were WC powder (99.8%
purity, 2.9 um, Luoyang Golden Egret Geotools Co.,
Ltd., China), WB powder (99.5% purity, 3.2 um,
Luoyang Golden Egret Geotools Co., Ltd., China),
and Co powder (99.8% purity, 0.8 pum, Nanjing Hanrui
Cobalt Co., Ltd., China). Based on the same process,
WC-30WB-10Co composite powders and WC-12Co
composite powders were fabricated. Initially, weighted
powders were wet ball-milled in distilled water for 48
h with WC-8Co cemented carbide balls. The ball-to-
powder mass ratio was set as 4:1 and polyethylene
glycol (PEG) was employed as binder. Then, the
obtained slurries were prepared into spherical particles
by spray granulation and subsequently sintered at 1250
°C for 2 h under vacuum. After crushing and sieving,
two kinds of spherical powders with particle size
distribution of 15 um-45 um were obtained.

The low-carbon steel which had the dimensions of
100 mm x 100 mm % 5 mm was applied to be substrate
materials. Initially, the substrates were initially blasted
with AlLO; (60-100 meshes) and subsequently cleaned
with ethanol prior to spraying coating. The JP-8000
HVOF thermal spraying system was used for depositing
the WC-30WB-10Co coating and WC-12Co coating. In
addition, the same spraying parameters were used for
two coatings. The kerosene flux, oxygen flux, carrier
gas, powder feed rate and spraying distance were 0.39
L/min, 880 L/min, 10.8 L/min, 60 g/min, and 360 mm,
separately.

Characterizations of feedstock powder and deposited
coating

With the use of scanning electron microscopy, the
microstructures of the powders, coating and wear tracks
were analyzed (EvolS8, Zeiss, Germany). Using X-ray
diffraction (Dmax/2550VB+, Tokyo, Japan) with Cu-Ka
radiation, the phase compositions of the powders and
coatings were detected. Based on an image analysis
software, the porosity of the coating was evaluated on
the cross-section by a Metallurgical microscope (Imager.
A2m, Zeiss, Germany). In addition, using a Vickers
indenter (402 MVD, Wilson, USA) with the dwell time
of 10 s and a load of 300 g, the microhardness of the
coatings was identified on the polished cross-section.
Ten indentations were performed for each sample.

With a reciprocating sliding tribometer, the sliding
wear test of the coatings was carried out (UMT-2,
Bruker, USA). In this study, a commercial WC-8Co
ball with a diameter of 5 mm was employed as the
counterpart. Prior to the testing, the coatings were ground
and polished to obtain an average surface roughness in
the range of 60-80 nm. The sliding wear tests were
performed at the load of 10 N, the oscillating frequency
of 4 Hz and the total sliding distance of 1500 m. With
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the temperature of 30+0.5 °C and the relative humidity
of 50+£2%, the sliding wear tests were performed. Based
on of a 3D optical microscope (ContourGT-K, Bruker,
USA), the wear volume of the coating was measured.
In addition, according to the wear volume (mm’) over
the applied load (N) and the total sliding distance (m),
we calculated the wear rate. By the average of three
calculated values, we acquired the wear rate of the
coating.

Results and Discussion

Microstructure and phase constitution

Fig. 1 illustrates SEM micrographs of the prepared
feedstock particles. As shown in the figure, the two
powders presented a highly spherical shape and smooth
surface, which facilitated the powder feeding during
spraying process.

Fig. 2 presents XRD patterns of the WC-30WB-10Co
powders and WC-12Co powders. Obviously, it could
be found in Fig. 2a that the CoWB phase and a tiny
amount of CoW,B, phase were detected besides WC,
and the WB phase and Co phase were not detected. The
new phase CoWB and CoW,B, were formed using the
reaction between WB and Co in the sintering process
of initial powders, leading to the disappearance of WB
phase and Co phase [14]. By contrast, compared with

Fig. 1. SEM micrographs of (a) WC-30WB-10Co powders and
(b) WC-12Co powders.
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Fig. 2. X-ray diffraction patterns of (a) WC-30WB-10Co powders
and (b) WC-12Co powders.

the initial powders, no new phases were formed in the
WC-12Co powders.

XRD patterns of the both coatings are shown in Fig.
3. As shown, a small amount of W,C, Co;W;C and
CosWC could be detected in both coatings besides
the phases mentioned above in Fig. 2. The formation
of the new phases was caused by the oxidation and
decomposition of WC in HVOF thermal spraying
process [15-17]. It was worth noting in Fig. 3(b) that
the Co diffraction peaks were not detected in relative
to the powders. The disappearance of the Co phase was
caused by the extremely high cooling rate of the molten
particles, which led to the amorphization of Co phase
during the solidification process. Some similar results
were proposed for WC-Co coating [18-20].

Based on Fig. 4, both of the coatings exhibited very
dense microstructure with few microscopic defects.
The porosity measurement showed that the porosities
of WC-30WB-10Co coatings and WC-12Co coatings
were 0.56 vol.% and 0.73 vol.%, separately. The WC
particles showed sub-angular and blocky shape in both
the coatings. The CoWB phase was distributed in WC
phase homogeneously in the WC-30WB-10Co coatings.
In addition, the WC phase was surrounded by the Co
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Fig. 3. X-ray diffraction patterns of (a) WC-30WB-10Co coating
and (b) WC-12Co coating.

metallic phase in the WC-12Co coatings.

Microhardness of coatings

The microhardness can profoundly affect the
wear resistance of the coatings. On this basis, the
microhardness of both coatings was obtained from ten
indentations for each sample. According to the results
presented in Fig. 8, the microhardness of WC-30WB-
10Co coating was 1639HVO0.3, indicating higher value
in relative to the traditional WC-12Co coating with
1222HV0.3. The following factors were significantly
associated with the higher hardness of WC-30WB-10Co
coating. The microhardness of the coating depended on
the microhardness and relative content of the constituent
phases. The new phase CoWB was formed using
the reaction between WB and Co, which led to the
consumption of Co phase. The newly formed CoWB
phase had higher hardness than the WC phase [14,
21]. The WC-30WB-10Co coatings contained around
60 wt% the WC phase, 40 wt% the CoWB phase with
high hardness and very little Co metal phase with low
hardness. In contrast, the WC-12Co coatings contained
around 88 wt% the WC phase and 12 wt% the Co metal
phase. In addition, the lower porosities, and the higher
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Fig. 4. Cross-sectional SEM micrographs of (a), (b) WC-30WB-10Co coating and (c), (d) WC-12Co coating: (a) and (c) x100; (b)

and (d) x2000.

microhardness [22-24]. The WC-30WB-10Co coatings
presented lower porosities compared with those of the
WC-12Co coatings.

Wear performance of coatings

The increasing hardness of materials does not always
mean the elevated wear resistance. On this basis, the
sliding wear test of both coatings was carried out in
our experiments. Fig. 5 illustrates the friction coefficient
curves of the two coatings versus sliding distance. It
was discovered that the friction coefficient curves of the
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Fig. 5. Friction coefficients of WC-30WB-10Co coating and WC-
12Co coating. The average friction coefficients were obtained
from the data of the steady wearing stage.

two coatings were quite similar. Under the condition
that the initial oxide films on the surface of the coatings
were destroyed by sliding, the adhesion between the
contacting surfaces was heavier. In the meanwhile, the
two friction coefficient curves first went up. After that,
the new oxide films were formed on the fresh surface
due to friction heat, and then the two curves went down
slightly. When the dynamic equilibrium between the
wear and formation of oxide film was achieved, the
two curves remained stable [25]. The average friction
coefficients of both coatings were 0.51 and 0.45,
respectively. Obviously, in relative to the WC-12Co
coatings, the WC-30WB-10Co coatings exhibited the
lower friction coefficient.

Fig. 6 displays the SEM micrographs of wear tracks
of the two coatings. As shown, the wear tracks of
WC-12Co coatings were extremely rough and a large
number of spalling pits and cracks existed on the surface.
Comparing to the WC-12Co coatings, the amount of
spalling pits in the WC-30WB-10Co coatings was
obviously reduced, and had a relatively smooth surface.
This indicated that the WC-30WB-10Co coatings
underwent much less plastic deformation, which was
in consistent with the lower friction coefficient of the
WC-30WB-10Co coatings. Fig. 7 presents the wear scar
profiles of the two coatings. Obviously, it could be
seen that the cross-sectional depth of the WC-30WB-
10Co coating was smaller than that of the traditional
WC-12Co coating, suggesting that the WC-30WB-10Co
coating did not undergo severe wear in dry friction.

The wear rates of both coatings are displayed in
Fig. 8. Clearly, the wear rates of the WC-30WB-10Co
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Fig. 6. SEM micrographs of wear tracks of (a), (b) WC-30WB-10Co coating and (c), (d) WC-12Co coating: (a) and (c) x1000; (b)

and (d) x2000.

coatings and WC-12Co coatings were 4.09x10® mm’/
Nm and 8.29x10® mm’/Nm respectively. The wear rates
of the WC-30WB-10Co coating were only 49.3% of
that of WC-12Co coatings. In relative to the WC-12Co
coating, the WC-30WB-10Co coating showed excellent
wear resistance. There are many factors which can affect
the wear resistance of carbide-based coatings sprayed by
HVOF [26]. In this study, the two feedstock particles and
coatings were fabricated by the same process. Therefore,
microstructure and phase composition were the leading
reason for the different wear resistance of these two
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Fig. 7. Wear scar profiles of WC-30WB-10Co coating and WC-
12Co coating.

coatings. The surface of the coating and the WC-8Co
ball was smooth before sliding wear test. During the
early wear process of both coatings, some hard particles
were cut out firstly, resulting in formation of spalling
pits on the surface of the coatings (Fig. 6). Then, these
pulled-out hard particles further participated in the wear
process as abrasive particles leading to aggravating wear.
Abrasive wear was the leading wear mechanism of the
coatings. Under abrasive wear conditions, the hardness
profoundly impacts the wear resistance of the coatings.
Based on Fig. 8, owing to the formation of the superhard
CoWB phase as well as the consumption of the ductile
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Fig. 8. Microhardness and wear rate of WC-30WB-10Co coating
and WC-12Co coating.
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Co binder, the WC-30WB-10Co coating possessed
higher microhardness than the traditional WC-12Co
coating. The high microhardness of the WC-30WB-
10Co coating could effectively reduce the impressed
depth of the WC-8Co counterpart, and protected the
worn surface from being plowed, which weakened the
degree of abrasive wear. Meanwhile, the wettability
between CoWB and WC was better than that between
WC and Co [27]. This could effectively restrain the
hard particles from being pulled out of the coatings.
Thus, the WC-30WB-10Co coating showed better wear
resistance in relative to the WC-12Co coating in the
early friction process. Based on the repeated sliding
process, oxidation gradually occurred on the surface of
the coating owing to the friction-induced temperature
rise. The Co binder phase in the WC-12Co coatings
was preferentially oxidized to form CoO due to the
poor oxidation resistance. The formation of CoO further
promoted the oxidation of WC phase to form CoWO..
Subsequently, the oxidized particles were easily pulled
out of coating due to the lack of the binder constraint.
These pulled out particles continued to act as abrasive
particles to exacerbate the wear of WC-12Co coatings
in the subsequent wear cycles. In addition, owning to
the oxidation-induced expansion stress, it could be seen
from Fig. 6¢ and d that some cracks were formed [28].
When these cracks joined together, flaky exfoliation
happened from the surface of the WC-12Co coating.
This was the primary cause of severe wear of the WC-
12Co coating. In contrast, the Co phase did not exist in
the WC-30WB-10Co coating owing to the formation of
the ternary CoWB and CoW,B, compound (as shown in
Fig. 3). The oxidation of WC phase was significantly
inhibited due to the absence of cobalt oxides (such
as Co0O). The CoWB and CoW,B, phase had higher
oxidation resistance than the Co binder phase [29],
which could simultaneously protect the WC phase from
oxidation. This could inhibit the pulling out of hard
particles and the formation of cracks, and thus very few
cracks were observed in the WC-30WB-10Co coating
during the wear process. All this could significantly
decrease the wear rate of the WC-30WB-10Co coating.
Thus, the WC-30WB-10Co coating showed excellent
wear resistance when compared with the WC-12Co
coating. Abrasive wear and oxidative wear were the
wear mechanisms of both coatings. The developed WC-
30WB-10Co coating is expected to be well applied
under aggressive wear and corrosion conditions due
to its excellent wear resistance and low metal phase
content.

Conclusions

To conclude, in this study, the morphologies,
phase composition, hardness, as well as sliding wear
performance of the WC-30WB-10Co coatings were
explored. We made the main conclusions.
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(1) The CoWB phase as well as a very small
quantity of CoW,B, phase were identified. We found
that few new phases existed in the WC-12Co powders.
In HVOF spraying of the powder, the oxidation and
decarburization happened according to the existence of
the diffraction peaks of W2C, Co3W3C and Co6W6C
in the two coatings.

(2) It was found that the microhardness of the WC-
30WB-10Co coating was1639HV0.3, indicating higher
value in relative to the traditional WC-12Co coating with
1222HV0.3. In addition, the formation of the ternary
CoWB compound as well as the consumption of the
ductile Co binder could lead to the high microhardness
of the WC-30WB-10Co coating.

(3) In relative to the traditional WC-12Co coating,
the wear resistance of the WC-30WB-10Co coating was
greatly enhanced. The wear rates of the WC-30WB-
10Co coating were only 49.3% of that of WC-12Co
coatings.
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