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The WC-10Co4Cr coatings with conventional structure and
bimodal structure were sprayed by high-velocity oxygen fuel
(HVOF) technology. The phase compositions and morphologies
of the WC-10Co4Cr powders and coatings were analyzed by
X-ray diffraction (XRD) and scanning electron microscopy
(SEM). The microhardness, porosity, bonding strength, elastic
modulus, and indentation fracture toughness of the conventional
coating (Conventional) and the bimodal coating (Bimodal) were
also studied. The sliding wear properties of the Conventional and
the Bimodal against Si3N4 counterballs under different loads at
room temperature (∼25 °C) were investigated using a friction
and wear tester. Compared with the Conventional, the Bimodal
has denser microstructure, lower porosity, more excellent mechan-
ical properties, and the Bimodal has better wear resistance than the
Conventional under different loads. The two coatings under 15 N
and 30 N only exhibit abrasive and slightly adhesive wear mecha-
nism, while in the load application of 45 N, additional mechanism
which is fatigue is detected and causes flaking of the coating.
[DOI: 10.1115/1.4050735]
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1 Introduction
Tungsten carbide (WC)-based cermet thermal spray coating has

been widely used in aviation, power, metallurgy, petroleum, chem-
ical, machinery, and other industrial fields due to its excellent wear
resistance [1–3]. Research shows that the mechanical properties of
the coating depend on its porosity, bonding state between particles,
and phase structure [4,5]. Compared with other thermal spray tech-
nologies, high-velocity oxygen fuel (HVOF) has high particle velo-
city, low flame temperature, and short flying time of sprayed
particles in the air, which can significantly shorten the residence
time of the WC particles in the flame stream and reduce the
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degree of decarburization of the WC particles. Therefore, the pre-
pared coating is denser, which is helpful to improve the wear resis-
tance and the binding force between particles of the coating [6–9].
As one of the three main failure forms of materials, wear is the

process of material transfer and loss in the relative movement of
the contact surface of materials [10,11]. Several studies have
explored that the wear properties of the WC-based cermet coatings
depend on several factors such as the initial powder morphology,
the carbide particle size, and distribution in the binder phase
[12,13]. As a result, nanostructured WC ceramic coatings deposited
by HVOF have been studied to improve the sliding wear resistance
of the coatings [3,14–16]. However, decarburization will intensify
as the size of carbide decreases during the spraying process, result-
ing in increased brittleness of the coating and reduced the wear
resistance. Therefore, the production of bimodal powder can not
only maintain the enhanced properties but also reduce the decarbur-
ization. This powder contains two kinds of WC particles of micro-
structure and nanostructure [17–20].
The wear resistance of the coating is functionally related to the

hardmetal plane strain bulk fracture toughness. As the fracture
toughness increases, the wear resistance increases. The fracture
toughness of the WC ceramic coating increases with the increase
of average size of carbide grain, volume fraction of binder phase,
and mean free path. In general, since the invention of cemented
carbide, the simultaneous improvement of toughness and hardness
has been a major research direction [21,22]. It is reported that the
developed bimodal coating has good wear properties for its good
combination of WC microparticles and nanoparticles [23].
Besides, the sliding wear behaviors of the WC-based cermet coat-
ings at different conditions are different, so the test conditions are
critical to the wear behavior of the coating, such as the load
applied on the sample, the sliding wear speed, and the experimental
temperature [3].
Previous work has reported the wear behavior of conventional

coatings, but there is few research on bimodal coatings, especially
the comparison of the wear behavior of the two coatings under dif-
ferent load conditions. In this study, the WC-10Co4Cr coatings
with conventional structure and bimodal structure were sprayed by
HVOF technology. The phase compositions, microstructure,
microhardness, porosity, bonding strength, and indentation fracture
toughness of both coatings were analyzed. Besides, a series of
sliding wear tests under different loads at room temperature were
conducted to research the wear behaviors of the conventional
coating (Conventional) and the bimodal coating (Bimodal). The con-
ventional structure refers to the structure containing micro-scaleWC
particles, while the bimodal structure refers to the structure contain-
ing nano-scale and micro-scale WC particles in a ratio of 3:7. In the
following, the Conventional is used to represent the conventional
coating, and the Bimodal is used to represent the bimodal coating.

2 Experimental Procedure
2.1 Sample Manufacturing. AISI 4135 steel with a size of

40 mm×25 mm×5 mm was chosen as the substrate, and the chem-
ical composition of AISI 4135 steel was as follows: C: 0.18–0.40, Si:
0.17–0.37,Mn: 0.40–0.70,Cr: 0.80–1.10, and balance Fe. Twokinds
of WC-10Co4Cr powders (provided by BGRIMM Technology
Group, which is located inBeijing, China) were prepared by agglom-
eration and sintering. The proportion of the two powder components
is the same: WC-86 wt%, Co-10 wt%, and Cr-4 wt%. According to
the size of the WC particles, the WC-10Co4Cr powders can be
divided into conventional powders and bimodal powders. The WC
particles are micro-scale (0.7–1.5 µm) in the conventional
powders, and WC particles are a mixture of nano-scale (70–
200 nm) and micro-scale (0.2–1.3 µm) in the bimodal powders.
The two powders were used as raw materials for HVOF spraying.
The substrate surfaces were degreased and sandblasted before the

spraying process in order to increase the bond strength between the
coating and substrate [24] using corundum with a size of 0.3 mm as

the blasting material. The blasting distance was 300 mm, and the
angle was 70 deg. Then, AISI 4135 steel substrate was placed in
an ultrasonic machine and cleaned with ethanol for 30 min. In addi-
tion, in order to obtain tightly bonded coatings during the spraying
process, the substrate was placed in a drying oven (Lichen,
101-0BS; China) and preheated at 150 °C.
The Conventional and the Bimodal were sprayed by HVOF tech-

nology (GTV Impex GmbH, Germany) equipped with GTV HVOF
K2 spray gun. The thickness of the prepared coating was about
250 µm. Nitrogen was used as the carrier gas. The HVOF spraying
parameters of WC-10Co4Cr coatings are shown in Table 1.

2.2 Microstructural Characterization. The morphologies of
the powders and the coatings were investigated by ZEISS MERLIN
Compact scanning electron microscope (SEM). And the composi-
tion of the coatings was analyzed by energy dispersive spectroscopy
(EDS). Porosity of the coatings was measured by the IMAGEJ2X soft-
ware based on the cross-sectional images (500×). The phase compo-
sition of the powders and the coatings was observed by Brunker
AXS D-8 X-ray diffraction (XRD) operated with Cu Kα radiation.
The scanning speed is 4 deg/min, and the range of 2θ is 20–90 deg.
Quantitative analysis of phase content was measured by the refer-
ence intensity ratio (RIR) method. The phases in the powders and
the coatings were analyzed using the MDI JADE 6.0 software.
According to the standard ASTM C633, the bond strength

between the coating and the substrate was measured with a universal
tensile test equipment (Instron 5985, United States) at a tensile rate of
1 mm/min, and the averaged five experimental data were taken as
the test result. The microhardness of the coatings was determined
by a Buehler MICROMET-6030 microhardness tester under a
load of 300 g for 15 s (ten measurement points on the cross
section). The elastic modulus of the coatings was measured by
Agilent Nano Indenter G200 with a load of 300 g for 20 s, and
takes the value of ten tests as the average elastic modulus. The
indentation fracture toughness (KIC) was measured through the
Vickers hardness tester (200HV-5; Lailuote, China). The applied
load was 49 N, and the dwell time was 15 s. The effective indenta-
tion fracture toughness value was the average of 20 measurements.
The fracture toughness of the coatings is calculated according to

the Evans and Wilshaw model using the following equation [25]:

KIC =
0.079P

a 3
2

lg
4.5a
c

( )
(1)

where P (N) represents the load applied to the indenter, a (m) is half
of the diagonal length of the Vickers indentation, and c (m) is the
crack length of the indentation. The equation requires the c/a
ratio should be in a range of 0.6–4.5.

2.3 Tribology Tests. The coatings prepared by HVOF were
polished to make the roughness Ra≤ 0.8 µm, to prevent great fluc-
tuation of the coefficient of friction (COF). The wear resistance of
the two coatings was tested by Brunker CETR-UMT-3 friction
and wear testing machine. The Si3N4 ball with a diameter of
12.7 mm was chosen as the counterball because it is harder than
the WC-10Co4Cr coating, and it has been used in many friction
and wear studies of WC-based coatings [26,27]. The sliding wear
tests lasted for 30 min utilizing a stroke length of 5 mm, a frequency
of 10 Hz, and a sliding speed of 0.2 m/s. This corresponded to a
total sliding distance of 360 m. Wear tests were tested at room

Table 1 High-velocity oxygen fuel spraying parameters of
WC-10Co4Cr coatings

Oxygen
flowrate

Spray
distance

Powder
feed rate

Kerosene
flowrate

Nitrogen
flowrate

Spray
speed

902 l/min 420 mm 100 g/min 26 l/h 9 l/min 0.5 m/s
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temperature (∼25 °C). The wear volume was integrated from the
confocal outline of the Zygo NexView three-dimensional instru-
ment. The wear-rate was calculated by the following equation [28]:

Q =
VW

NS
(2)

where Q is the wear-rate (mm3/(N m)), VW is the wear volume
(mm3), N represents the applied load (N), and S refers to total
sliding distance (m).
In order to examine the sliding wear behavior of the coatings and

the uncoated substrate under different loads, the loads on the coat-
ings were set as 15 N, 30 N, and 45 N and the other wear conditions
were kept constant. Each experiment was repeated for three times to
ensure the stability of the wear data. In order to compare the wear
resistance of the coatings, the friction and wear test of the uncoated
substrate was carried out under the same condition.

3 Results and Discussion
3.1 Coating Characterization. Figures 1(a) and 1(c) show

two kinds of powders made by agglomeration and sintering. They
show spherical morphologies with dense structures, thus the
powders have good fluidity. But compared with conventional
powders, the bimodal powders have smoother surfaces and denser
structures. This phenomenon is also reflected on the cross-sectional
of the powders in Figs. 1(b) and 1(d ). The nano-scale WC particles
fill the pores of micro-scale WC particles, so the bimodal powders
have denser internal structure and fewer pores.
The representative SEM cross-sectional images of HVOF

sprayed coatings are shown in Fig. 2. As is seen in Figs. 2(a) and
2(c), there are no obvious defect at the interface between the
coating and the substrate of the Conventional and the Bimodal.
The interface between the coating and the substrate is well
bonded, and the thickness of the coatings is about 250 µm. There
are some pores in the internal of the coatings, but the Bimodal
has better microstructure. The main reason is that the nanostruc-
tured WC particles are distributed in overall coatings dispersedly,

which plays the role of dispersion strengthening [4]. As is seen in
Figs. 2(b) and 2(d ), the WC-10Co4Cr coatings consist of two
phases: WC hard phase embedded in CoCr binder phase. Figures
2(e) and 2( f ) show the as-deposited surface of the two coatings.
It can be seen that the surface of both coatings is rough, but the Con-
ventional has more unmelted particles. Besides, the porosity mea-
sured by image analysis (gray method) was 2.0%± 0.1 for the
Conventional and 1.4%± 0.1 for the Bimodal, respectively. There
are a large number of coarse WC particles and a small part of fine
WC particles and some pores in the Conventional. These fine WC
particles are caused by the rupture of coarse-grained WC caused
by the high-speed collision during the HVOF spraying process
[29]. However, in the Bimodal, the microstructure is denser and
the porosity is lower compared with the Conventional due to the
mixture of nano-scale and micro-scale WC particles and the CoCr
binder phase is filled between the WC particles. As is seen in
Figs. 2(g) and 2(h), Co element is mainly distributed around WC
particles, while the distribution difference of Cr element is not
obvious due to its low content.
Figure 3 presents the XRD patterns of the WC-10Co4Cr powders

and coatings. As is seen in Figs. 3(a) and 3(b), the main phase of the
two powders is WC phase, and a small amount of Co and CoxWyC
(Co3W3C, Co6W6C, etc) also exist [30]. During the sintering of
WC-10Co4Cr powder, the CoCr binder reacted with the WC parti-
cle phase to form the CoxWyC. In Figs. 4(c) and 4(d ), both coatings
contain WC and a few W2C phases, indicating that some WC
phases were decarburized during the HVOF spraying process
[2,31,32]. The content of W2C in the Conventional and the
Bimodal is 3.06% and 4.52% by the RIR method. The Bimodal is
more likely to decarburize due to larger specific surface area of
WC particles. However, Co was converted to amorphous phase
or nanocrystalline of binder phase, and thus, the diffraction
peak of Co phase do not exist in the XRD patterns of the coatings
[33,34].
The mechanical properties of the coatings are summarized in

Table 2. Both coatings have good bonding strength. Compared
with the Conventional, the Bimodal has higher average microhard-
ness and elastic modulus, but the indentation fracture toughness is

Fig. 1 Electron microscopy images of WC-10Co4Cr powders: (a) the overall morphology of the
conventional powders, (b) the cross-sectional of the conventional powders, (c) the overall mor-
phology of the bimodal powders, and (d ) the cross-sectional of the bimodal powders

Journal of Tribology JANUARY 2022, Vol. 144 / 014501-3



basically the same. And based on previous studies, the microhard-
ness of the coatings is about four times than that of the uncoated
substrate [8]. In the Bimodal, the nano-scale WC particles are uni-
formly distributed around the micro-scale WC particles, which
plays the role of dispersion strengthening. Besides, according to
the Hall–Petch relationship, the microhardness of the coatings
decreases with increasing the WC grain size [35]. The addition of

nano-grains into microstructures increased hardness without sacrifi-
cing indentation fracture toughness.

3.2 Tribological Behavior of the Coatings. The COF curves
of the coatings and the uncoated substrate under different loads are
shown in Fig. 4. At the beginning of the sliding wear, the COF

Fig. 2 Cross-sectional of the WC-10Co4Cr coatings: (a) the overview of the Conventional, (b) the high
magnification of the Conventional, (c) the overview of the Bimodal, (d ) the high magnification of the
Bimodal, (e) as-deposited surface of the Conventional, ( f ) as-deposited surface of the Bimodal,
(g) Co distribution in (d ), and (h) Cr distribution in (d )

014501-4 / Vol. 144, JANUARY 2022 Transactions of the ASME



increases sharply with time. This is because that there is a micro-
convex body on the contact surface between the coating and coun-
terball, resulting in a small contact area. With continuous wear, the
contact area of the coating and counterball gradually increases,
the increasing load are flattened and the COF decreases, and then
the sliding wear enters a steady-state. During the steady-state
wear, the counterball first wears the CoCr binder phase in the
coating, and the WC particles are exposed to hinder the relative
sliding, leading to an increase in the COFs. When the WC particles
are exfoliated, the friction force is reduced, and the corresponding
COF is dropped, and therefore, the COF still fluctuates up and
down within a certain range.
For the effect of load on the COF of the coatings, the Conven-

tional and the Bimodal have shown similar trends that the COF
decreases with increasing load. In general, a lower COF means a
higher wear resistance [36]. This is because that the thermal
effect of friction is more significant as the load increases, and the
generated oxidation products have a certain friction reduction
effect [16,26]. Furthermore, the fluctuation range of the COF
decreases as the load increases, which is attributed that the penetra-
tion depth of the counterball raises with the load increasing, and the
peeling interval of the binder phase and WC hard particles is

shortened. The wear tracks are relatively flat, and the fluctuation
of the COF is reduced.
The average COF values of the coatings and the uncoated sub-

strate under different loads during steady-state region are shown
in Table 3. By comparing the COFs of the Conventional and the
Bimodal, when the applied load is 15 N and 30 N, the average
COF of the Bimodal is smaller, and this is because the Bimodal
has denser microstructure, larger elastic modulus, and microhard-
ness. Besides, the nano-scale WC particles are dispersedly distribu-
ted around the micro-scale WC particles and the CoCr binder phase
is completely filled between the WC particles in the Bimodal. The
CoCr binder phase has better bond with WC particles in the
Bimodal, which is consistent with that of the WC-CoCr coatings
in earlier studies [29]. However, when the applied load is 45 N,
the average COF of the two is basically the same. The CoCr
binder phase is peeled off, a large number of WC particles are
pulled out, and the bond of CoCr binder phase and WC particles
is destroyed, so the COFs of the two are similar. In addition, it is
worth noting that the greater the applied load, the smoother the
COF. From Fig. 4(c) and Table 3, it can be found that the uncoated
AISI 4135 steel also has similar phenomena, but the difference is
that the COF of the uncoated substrate under the same condition
is greater than that of the coatings.
In order to further quantify the wear data of the coatings and the

uncoated substrate under different loads, the wear-rate of the coat-
ings and the uncoated substrate is tested in Fig. 5. As is seen in
Fig. 5(a), the wear-rate of the Bimodal is lower than that of the Con-
ventional under the same load. Meanwhile, as the load increases, the
wear-rate of the coatings increases. The main reason is that the
Bimodal has higher microhardness, elastic modulus, and fewer
defects, thereby further improving its resistance to sliding friction
wear. According to the comparison between Figs. 5(a) and 5(b),
the wear-rate of the uncoated substrate is far greater than that
of the coatings, almost two orders of magnitude, which proves

Fig. 3 XRD patterns of the WC-10Co4Cr: (a) the conventional
powder, (b) the bimodal powder, (c) the conventional coating,
and (d ) the bimodal coating

Fig. 4 COF of the coatings and the uncoated substrate under different loads: (a) the Conventional, (b) the Bimodal, and (c) the
uncoated substrate

Table 2 Mechanical properties of the coatings

Bonding strength (MPa) Fracture toughness (MPa ·m1/2) Microhardness (HV0.3) Elastic modulus (GPa)

Conventional 70.7± 6.8 5.80± 0.12 1244± 45 356.5± 18.4
Bimodal 72.1± 8.0 5.52± 0.10 1332± 50 397.2± 20.8

Table 3 Average COF value of the coatings and the uncoated
substrate under different loads

15 N 30 N 45 N

Conventional 0.446± 0.029 0.377± 0.019 0.288± 0.013
Bimodal 0.373± 0.028 0.341± 0.023 0.289± 0.008
Uncoated substrate 0.617± 0.035 0.562± 0.029 0.532± 0.028

Journal of Tribology JANUARY 2022, Vol. 144 / 014501-5



Fig. 5 Wear-rate of (a) the coatings and (b) the uncoated substrate under different loads

Fig. 6 SEM images of the worn surfaces of the coatings and the uncoated substrate
after sliding wear under different loads: (a) the Conventional, 15 N; (b) the Conventional,
30 N; (c) the Conventional, 45 N; (d ) the Bimodal, 15 N; (e) the Bimodal, 30 N; ( f ) the
Bimodal, 45 N; (g) the uncoated substrate, 15 N; and (h) the EDS point scan at mark
of (d )

014501-6 / Vol. 144, JANUARY 2022 Transactions of the ASME



that the wear resistance of the coating is better than that of the
substrate.
The worn surfaces of the coatings and the uncoated substrate after

sliding operation under different loads are shown in Fig. 6. It can be
seen that the two structural coatings have shallow wear tracks under
the load of 15 N, and no obvious plastic deformation occurs (see
Figs. 6(a) and 6(d )). The worn surface of the Conventional is
mainly micro furrows and small pits, and slight adhesive wear
can also be observed. The worn surface of the Bimodal is mainly
micro furrows, and there is also a small amount of adhesive wear.
During the sliding friction wear process, the Si3N4 counterball
first wears the CoCr binder phase due to lower microhardness
[3,17]. When the binder phase is removed, the WC hard particles
are exposed to hinder the relative movement of the counterballs
and the coatings, and thus peel off during subsequent sliding fric-
tion wear. As a result, WC particles in the coatings are pulled out
to form small pits. In addition, part of the exfoliated WC particles
continues to move with the counterball, becoming three-body abra-
sive particles, which exacerbates the wear of the coatings. Besides,
the EDS analysis is performed at the mark of Fig. 6(d ), and its
energy spectrum is shown in Fig. 6(h) and Table 4. It can be seen
that element transfer occurred at the mark, and Si3N4 on the coun-
terball is transferred to the surface of the coatings [37]. The trans-
ferred materials have experienced reaction to generate silicon
oxide, which acts as a solid lubricant and reduces the adhesion
between the surface of the coatings and the counterball, and subse-
quently reduces the friction [16,18].
Under the load of 30 N, as is seen in Figs. 6(b) and 6(e) that the

worn surface of the Conventional and the Bimodal show obvious
adhesive wear and several ploughed grooves, indicating that the
contact depth of the counterball and the coating surface increases
with the increase of load, which will increase the adhesive wear.
At the same time, the exfoliated WC hard particles continue to
act as three-body abrasive particles to exacerbate the wear of coat-
ings [38]. Therefore, the wear failure mechanism of the Conven-
tional and the Bimodal under 30 N load is mainly adhesive wear
and three-body wear.
Under the load of 45 N, a large amount of material flaking occurs

on the worn surfaces (see Figs. 6(c) and 6( f )), indicating that a
certain degree of fatigue wear has taken place [39]. There are two
reasons for the spalling of the coatings. First, large shear stress is
generated during the reciprocating friction and wear process, the
stress concentration occurs in the subsurface of the coatings.
Then, the crack initiation and expansion causes the fatigue wear,
which causes the coating to peel off under repeated shear stress.
Second, greater contact stress leads to more severe three-body
wear [11], and more WC particles are squeezed off the counterball
to form small pits during the sliding friction wear. When a large
number of small pits are connected to each other, the spalling
occurs. In addition, under the load of 45 N, both structural coatings
experienced more severe adhesive wear. Therefore, the wear failure
forms of both coatings under the 45 N load include fatigue wear in
addition to three-body abrasive wear and adhesive wear.
It is worth mentioning that the small pits, micro furrow, and

surface spalling of the Bimodal are slighter under the same param-
eters compared with those of the Conventional, thence the Bimodal
has better wear resistance than the Conventional. The better wear
resistance of the Bimodal is attributed to its denser microstructure,
larger elastic modulus, and microhardness without sacrificing
indentation fracture toughness [15,20].

Figure 6(g) shows the worn surface of the uncoated substrate
under the load of 15 N. It is obvious that the uncoated substrate
has serious abrasive wear and adhesive wear, and it wears more ser-
iously than the coating under the same condition, and the wear
failure mechanism is abrasive wear and adhesive wear.

4 Conclusion
In this work, the performance between the conventional coating

and the bimodal coating is compared, and the effect of loads on the
sliding friction and wear performance of the WC-10Co4Cr coatings
with conventional structure and bimodal structure was discussed in
detail. The conclusions are drawn as follows:

(1) Compared with the conventional coating, the bimodal
coating has denser microstructure, lower porosity, and
more excellent mechanical properties.

(2) For the effect of load on the COF of the two coatings, the
conventional coating and the bimodal coating have shown
similar trends that the COFs decrease with the increasing
load. Besides, when the applied load is 15 N and 30 N, the
average COF of the bimodal coating is smaller and when
the applied load is 45 N, the average COF of both coatings
is basically the same.

(3) The wear resistance of the WC-10Co4Cr coating is much
higher than that of the uncoated substrate. And the wear-rates
of the conventional coating and the bimodal coating increase
with the increasing load, but the bimodal coating has more
excellent wear resistance.

(4) The bimodal coating has better wear resistance than the con-
ventional coating under different loads which is attributed to
its denser microstructure, larger elastic modulus, and micro-
hardness without sacrificing indentation fracture toughness.
And the two coatings under lower load 15 N and 30 N
only exhibit abrasive and slightly adhesive wear mechanism,
while in the highest load application of 45 N, additional
mechanism which is fatigue is detected and causes flaking
of the coating.
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