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Abstract WC-based coatings deposited by high velocity
oxy-fuel (HVOF) spraying have been widely used in many
industrial fields, where mechanical components are subjected
to severe abrasive wear. Much attention has been especially
paid to nanostructured and multimodal WC-based coatings
due to their excellent abrasive wear resistance. In this study,
a new kind of multi-dimensional WC-10Co4Cr coating, com-
posed of nano, submicron, micron WC particles and CoCr
alloy, was developed by HVOF. The microstructure, porosity,
microhardness, fracture toughness, and electrochemical prop-
erties of the coating were investigated in comparison with
nanostructured WC-10Co4Cr coating deposited by HVOF.
Abrasive wear resistance of both WC-10Co4Cr coatings was
evaluated onwet sand rubber wheel abrasion tester. The results
show that the multi-dimensional coating possesses low porosity
(0.31 ± 0.09%), excellent microhardness (1126 ± 115 HV0.3),
fracture toughness (4.66 ± 0.51MPam1/2), and outstanding elec-
trochemical properties. Moreover, the multi-dimensional coating
demonstrates approximately 36% wet abrasive resistance en-
hancement than the nanostructured coating. The superior abra-
sive wear resistance originates from the coating’s multi-
dimensional structure and excellent mechanical and elec-
trochemical properties.

Keywords WC-CoCr coatings . High velocity oxy-fuel
spray .Multi-dimensional . Microstructure . Performance

1 Introduction

Mechanical components in a number of industrial fields are
subjected to severe abrasive wear, such as shipping, metallur-
gy, energy, and construction industry, and have become one of
the most serious issues for equipment failure. Because wear
only occurs on the surface of components, surface engineering
techniques have become the most effective solutions for the
wear problems [1–3]. For example, thermal spraying, plasma
nitriding, chemical vapor deposition, physical vapor deposi-
tion, laser cladding, and hardening have been developed to
improve the wear resistance of component surface. Among
them, thermal spraying methods, including air plasma
spraying (APS), detonation gun (D-Gun), and high velocity
oxy-fuel spraying (HVOF), have been commercially
employed on some machinery components [4–6].

WC-based coatings can offer a combination of high hard-
ness and excellent toughness, in which high hardness comes
from WC particles, whereas the binder matrix is responsible
for excellent toughness in the cermet materials [7, 8]. Among
variousWC-based cermet coatings deposited by thermal spray
techniques, WC-Co coatings, especially with nano-sized WC,
have already been successfully applied in a wide range of
wear-resistant machinery [9, 10]. Moreover, the addition of
chromium to the cobalt binder can improve the corrosion
resistance of WC-Co coatings and enhance the coatings’
strength. Therefore, outstanding corrosion and wear resis-
tance make WC-CoCr coating a promising candidate for
applications where both corrosion and wear resistance are
critical [11–13].
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WC grain size is one of the most critical factors affecting
the mechanical properties and wear performance ofWC-based
cermet coatings [14–16]. Some researchers suggest that
adding fine WC particles into the coatings can enhance wear
performance [17–21]. A number of researches have confirmed
that the hardness and toughness of nanostructured coatings
can simultaneously increase [22, 23]. However, the mecha-
nism of the improved wear performance has been a controver-
sial and much disputed subject [24, 25]. Several studies reveal
that coating’s fracture toughness is reduced as WC size de-
creases, caused by the formation of unwanted carbides (W2C,
complex Co-W-C, or even metallic W) owing to the decarbu-
rization of nano WC, which can lower the mechanical prop-
erties of nanostructured WC-based coatings [26–29]. In order
to limit the extent of decarburization and reduce the high cost
of nano WC-based coating, multi-dimensional WC-based
coatings have been investigated by some researchers.
Nevertheless, the WC-based coatings were actually deposited
with bimodal WC-Co powders composed just of nano and
micro WC [30–35] and a mixed multimodal WC-Co powder
[36]. Using the mixed multimodal powder would lead to un-
even microstructure. Also, it was found that decarburization
still happens in some degree and the fracture toughness of
coatings was below satisfying owe to high nano WC rate in
the multimodal coatings. Therefore, it is difficult to achieve
the ideal wear resistance of the multimodal WC-based
materials. Furthermore, these publications all are about
WC-Co coatings, and up to now, there are no reports
about multi-dimensional WC-CoCr coatings deposited
by thermal spraying.

The deposition process is another important factor to influ-
ence the structures and properties of WC-based cermet coat-
ings. Most commonly applied thermal spraying processes to
deposit the coatings include D-Gun, arc plasma (APS), and

HVOF. In HVOF process, WC powder is accelerated at a high
velocity (600–1200m/s) and it provides sufficiently high coat-
ing adhesion (>70MPa) to the substrate surface. As compared
to D-Gun (~4000 °C) and APS (~7000 °C), HVOF results in
less phase change due to lower flame temperature (~2700 °C)
and also produces relatively denser coatings [37]. The charac-
teristics of high velocity and moderate temperature of HVOF
flame can hinder the decarburization of WC during spraying.
Hence, HVOF is considered as an ideal method to prepare
various WC-CoCr cermet coatings with nano-sized WC par-
ticles [13, 38].

In this study, a new multi-dimensional WC-CoCr cermet
coating containing nano, submicro, and micro WC particles
was deposited by HVOF. The design is expected to reduce the
decarburization of nano-sized WC, simultaneously improve
the hardness and toughness of the multi-dimensional coating,
and enhance the wear performance. The structure, mechani-
cal and electrochemical properties, and wet abrasive wear
performance of the multi-dimensional WC-CoCr coating
were investigated, compared with nanostructured WC-
CoCr coating deposited by the same method. The study
of wear mechanisms of the multi-dimensional coating can
provide valuable insights into the design and application of
WC-CoCr anti-abrasion coatings.

2 Experimental procedure

2.1 Coating materials

Multi-dimensional and nanostructured WC-10Co4Cr cermet
composite powders containing nano-sized WC were used as
feedstock (marked MP and NP, respectively) in the present
study, which were manufactured by an agglomeration-

Fig. 1 SEM images of nano WC
(a), submicro WC (b), and micro
WC (c)
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sintering method. In MP (T64T440, Achteck, China), the car-
bide is composed of 20 vol% nano WC (80 ~ 180 nm),
30 vol% submicron WC (0.4–0.6 μm), and 50 vol% micron
WC (~2.5 μm). The morphology of nano, submicron, and
micron WC particles are shown in Fig. 1. The fabrication
of MP involved ball milling of a mixture of different sized
WC particles, Co, Cr3C2, and several addictive, followed
by spray drying and sintering. The size of MP is in the
range of 20–53 μm, while the size of NP (S7410,
Inframat, USA) distributes between 15 and 45 μm and
WC grain size is 100–500 nm.

Figure 2 illustrates the SEM micrographs of two WC-
10Co4Cr cermet powders. Both MP and NP are highly
spherical (Fig. 2a, c). Meanwhile, different sized WC par-
ticles and some voids on the surface can be observed at
high magnification (Fig. 2b, d). Nano, submicro, and mi-
cro WC particles are clearly observed in multi-
dimensional powder (Fig. 2b), while nanostructured pow-
der has nano-sized WC particles evenly distributed within
it (Fig. 2d).

2.2 Coating deposition

The multi-dimensional and nanostructured WC-10Co4Cr
coatings (marked as MC and NC, respectively) were de-
posited by JP8000 HVOF system (Praxair, USA) using

kerosene as fuel and oxygen as oxidant gas. The parame-
ter selection was based on velocity and temperature mea-
surements made by a Spraywatch-2i diagnostic device
(Oseir, Finland), and optimized parameters are listed in
Table 1. The coatings were deposited on 304 stainless
steel substrates, which were grit blasted with 60 mesh
alumina particles at 0.55-MPa pressure followed by ultra-
sonic cleaning in acetone before spraying. During
spraying, sufficient air cooling was applied and substrate
temperature was controlled around 150 ± 30 °C. The final
thickness of the coatings was ~450 ± 20 μm. All the
samples were ground and polished to an average surface
roughness Ra ≤ 0.02 μm before further coating
characterization.

Fig. 2 Micrographs of WC-10Co4Cr powders with nano-sized WC at different magnification: MP (a, b) and NP (c, d)

Table 1 Main spray parameters of WC-10Co4Cr coatings by HVOF

Coating no. MC NC

Powder type MP NP

Gun length (inch) 6 6

Fuel flow (GPH) 6.0 6.0

Oxygen flow (SCFH) 1950 2000

Powder feed rate (g/min) 75 75

Stand-off distance (mm) 380 380

Spraying velocity (mm/s) 500 500
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2.3 Coating characterization

The morphology and microstructures of the coatings were
observed with VHX-2000 digital optical microscope (OM),
FEI Quanta 250 scanning election microscope (SEM) and
JEM-2100F transmission electron microscopy (TEM). Phase
identification for the powders and the coatings was carried out
by a D/max-2550 diffraction meter (XRD) using Cu-Kα radi-
ation with λ = 0.154 nm. Microhardness measurement of the
coatings was performed on the cross section of coatings via
HVS-1000 Vickers microhardness tester at the load of 300 g
for a loading time of 15 s. The porosity was measured with
metallographic 500× photos by Axiovet 40 MAT metallo-
graphic microscope, followed by porosity calculation using
IQ materials software (the value was the average value of
six points). The fracture toughness Kc was calculated accord-
ing to the Wilshaw equation (1) [39] (the result was the aver-
age value of ten measurements), where P, a, and c are the load
of Huayin HV5 type Vickers hardness meter (5 kg), half the
length of indentation diagonal and half the length of the crack,
respectively.

Kc ¼ 0:079
P

a
3

.
2

log
4:5a
c

� �
ð1Þ

Potentiodynamic polarization test was carried out to com-
pare the corrosion resistance of two coatings. The tests were
conducted via a CS300 electrochemical system on a three-
electrode test cell, with the specimen as working electrode, a
platinum wire as auxiliary electrode, and a saturated calomel
electrode as reference electrode. Specimens were carefully
encapsulated using epoxy resin, leaving surface of
~0.785 cm2 exposed to 3.5 wt% NaCl aqueous solution with
temperature of 25 ± 1 °C.

2.4 Abrasion test

In the abrasion test, a rubber wheel (Φ178 mm × 12.7 mm) was
used to provide low stress level in wet conditions. The coated
specimens of 57 × 25 × 6 mm dimensions were tested using
MLS-225 wet sand rubber wheel abrasion tester (Fig. 3). Steel
wheels were covered by vulcanized rubber and turn against test-
ing specimens under a load of 100 N with speed of 240 rpm.
Forty weight percent of 60 mesh silica was mixed into water as
abrasive. Coatings’ mass loss was measured after 3500-
revolutions abrasion test using TG328 electric balance to evalu-
ate the wear performance. The volume wear loss (ΔV) is calcu-
lated byΔW/ρ, whereΔWand ρ are mass loss (average value of
three specimen tests) and coating density, respectively. For com-
parison, abrasive wear test of sprayed and fused NiCrBSi alloy
coating by flame (Ni60A, 60HRC) with 1.2 mm thickness was
also performed under the same test condition.

3 Results and discussion

3.1 Microstructures of WC-10Co4Cr coatings

Figure 4 represents the XRD patterns of two powders and
corresponding coatings. It is shown that NP is mainly com-
posed of WC, Co, and Co3W3C crystalline phases, but MP
only consists of WC and Co phases. This is caused by differ-
ent Cr element-adding methods during powder fabrication.
Moreover, a small amount of W2C phase is observed in addi-
tion to predominant WC phase in MC and BC coatings, but
NC has a higher W2C peak compared with MC, demonstrat-
ing more serious WC decarburization during spraying. The
large specific surface area of nano WC particles can absorb
heat from flame more easily for NC. Due to the small propor-
tion of nano WC particles, the decarburization degree of mul-
timodal coating is lower than nanostructured one. It is also
observed that the Co3W3C and Co phases in the precursor
powders leave no trace in both coatings, which can be ex-
plained by the pyrolysis and formation of Co-W-C amorphous
structure during spraying, respectively [40, 41].

Fig. 3 Schematic diagram of the wear test apparatus

Fig. 4 XRD patterns of multi-dimensional and nanostructured WC-
10Co4Cr powders and coatings
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The cross-sectional micrographs of the multi-dimensional
WC-10Co4Cr coating are shown in Fig. 5. It can be observed
from Fig. 5a that the microstructure of the multi-dimensional
coating is dense, with porosity of 0.31 ± 0.09%. The pores
generated between submicro and micro WC particles can be

filled with dissolved nano WC and melted CoCr-binding
phase. Furthermore, nanostructured coating demonstrates
lower porosity (0.26 ± 0.05%) than multi-dimensional coating
due to the better melting state obtained by dissolved larger
proportion of nano WC particles.

Fig. 6 TEM images of different sized WC and amorphous phases (a, b, c) and SAED pattern of amorphous phase (d) of the multi-dimensional WC-
10Co4Cr coating

Fig. 5 Cross-sectional structures
of the multi-dimensional WC-
10Co4Cr coating at different
magnification
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Nano-, submicron-, and micron-sized WC particles and
binder in the multi-dimensional coating can be observed from
Fig. 5b, c, and the microstructure is obviously different from
the nanostructured coating deposited by HVOF reported by
Hong S et al. and Thakur L and Arora N [13, 38]. The publi-
cations reveal that fine carbides are distributed uniformly in
CoCr matrix and the pores exist in the nanosturctured WC-
10Co4Cr coating. During the multi-dimensional WC-
10Co4Cr powder deposition, CoCr alloy is the first material
tomelt, but among various sizedWC, only the nano-sizedWC
particles can be dissolved into melted CoCr alloy, while the
submicro and micro WC particles can merely reach semi-
molten state. Thus, the melted Co-Cr-W-C particles fill into
semi-molten submicro and micro WC particles, forming the
micro-nano structure with the multi-dimensional WC parti-
cles. The dense multi-dimensional coating is expected to have
high mechanical properties.

Figure 6a shows a typical bright field TEM image of multi-
dimensional coating, which contains different sizedWC phase
and amorphous phase. Eighty-to-two-hundred-nanometer
nano WC, 0.4–0.6-μm submicro WC particles, amorphous
phase (indicated by arrows), and selected area electron diffrac-
tion (SAED) pattern of amorphous phase are further demon-
strated from Fig. 6b–d, respectively. The diffraction pattern in
Fig. 6d was taken with the selected area aperture centered over
the amorphous region in Fig. 6c and shows a wide diffraction
ring. The amorphous phase is caused by the rapid cooling of

molten liquid CoCr alloy and dissolved nanoWC particle, and
the result is consistent with XRD analysis of the multi-
dimensional WC-10Co4Cr coating.

3.2 Mechanical properties

Mechanical properties of two coatings sprayed by HVOF,
including microhardness and fracture toughness, are shown
in Table 2. Both coatings have microhardness values higher
than 1100 HV0.3. As nanostructured coating contains nano-
sized WC and some high hard and brittle W2C formed during
the coating deposition, the coating possesses higher micro-
hardness and lower fracture toughness. Meanwhile, multi-
dimensional coating obtains the fracture toughness of
~4.66 MPa m1/2, which is 12% higher than that of nanostruc-
tured coating.

3.3 Electrochemical properties

The potentiodynamic polarization curves of MC, NC, and
Ni60A coatings in 3.5 wt% NaCl aqueous solution are shown
in Fig. 7. The corresponding electrochemical values are listed
in Table 3. The corrosion potentials (Ecorr) of theMC, NC, and
Ni60A coatings are about −0.31, −0.42, and −0.55 V, respec-
tively. The corrosion current density (Icorr) of MC and NC
coatings are 3.12 and 3.22 μA cm−2, which are obviously
smaller than that of the Ni60A coating (3.71 μA cm−2).

Table 2 Mechanical properties of WC-10Co4Cr coatings

Coatings Microhardness (HV0.3) Fracture toughness (MPa m1/2)

MC 1126 ± 64.3 4.66 ± 0.33

NC 1241 ± 86.0 4.16 ± 0.49

Fig. 7 Tafel plots of Ni60A and
WC-10Co4Cr coatings

Table 3 Corrosion potentials and current densities of the coatings

Coatings Ecorr (V) Icorr (μA cm−2)

MC −0.31 3.12

NC −0.42 3.22

Ni60A −0.55 3.71
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Furthermore, multi-dimensional WC-10Co4Cr coating ex-
hibits superior corrosion resistance compared to the nano-
structured coating, which can be attributed to its dense and
multi-dimensional microstructure with no obvious W2C.

3.4 Abrasion performance and mechanisms

The abrasive wear volume losses of HVOF-sprayed WC-
10Co4Cr coatings and Ni60A coating are presented in Fig.
8. It is shown MC demonstrates the best abrasive resistance.
In comparison with the Ni60A coating, the abrasive wear
resistance of WC-10Co4Cr coatings has been enhanced more
than 4.0 and 7.0 times, respectively, and the abrasive wear
resistance of the multi-dimensional coating is obviously
higher than that of the nanostructured coating.

Fig. 8 Abrasive wear volume loss of different coatings

Fig. 9 Abrasive wear surface micrographs of multi-dimensional (a, c, d) and nanostructured (b, e, f) coatings
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The abraded surface micrographs of WC-10Co4Cr coat-
ings are illustrated in Fig. 9. Pitting and long furrow wear
traces can be clearly observed on the surface of the two coat-
ings. The abraded surface features of the two coatings are
similar, and the wear traces almost originate from the pitting,
but the wear degree of nanostructured coating is more serious
than multi-dimensional one. In the process of abrasive wear,
when sand particles move across the contact surface between
soft rubber wheel and hard coating, most of particles are
gripped by the rubber wheel due to limited penetration of
particles to the hard surface. Therefore, only the corner of
abrasive particles will embed the surface of coating. Most
material losses of nanostructured coating are from shallow
micro-plowing, leading to the removal of binder and nano
WC grains along with it, as shown in Fig.10a. Since the
multi-dimensional coating possesses lower hardness, the cor-
ner of abrasive penetrates more deeply. However, its multi-
dimensional structure can obstruct abrasive micro-plowing on
the surface. In multi-dimensional coatings, the micron WC
particles bury deeply in binding phase and are more difficult
to detach than small ones, resulting in shallow-abraded
scratches.

From Fig. 9d, f, it can be observed that nano WC particles
and binder phase are cut along wear trace as abrasive plows
across the surface of nanostructured coatings. On the other
hand, the wear mechanism of multi-dimensional coating is
partial fragmentation and particle detachment in the form of
pitting; then, abrasive generates scratches in the subsequent
path, as shown in Fig.10b. The different abrasion mechanisms
of multi-dimensional and nanostructured WC-10Co4Cr coat-
ings originate from the different structure. In multi-
dimensional coatings, micron WC particles can protect the
CoCr binder phase and fine WC particles from micro-
plowing at the subsequent cutting path. However, the nano-
structured coating without multi-dimensional WC structure
lacks such protection mechanism.

From the above analysis, it is known that nanostructured
WC-10Co4Cr coating has more complex phase composition
with higher content of W2C. Because W2C, WC, and CoCr
alloys have different corrosion potentials, electrochemical cor-
rosion will occur between different phases in aqueous solution
and tiny corrosion pits will form. Therefore, the bonding force

between different particles is reduced. On the other hand,
W2C in nanostructured coating will increase the brittleness
of the coating. During the wear process, the corrosion pits
and brittleness lead to the formation of micro cracks on the
coating surface, making the particles on the coating surface
more easily fall off. Thus, these features of nanostructured
coating further reduce coating’s wear resistance.

4 Conclusions

Following conclusions can be reached by this research:

(1) In multi-dimensional WC-10Co4Cr coating deposited
by HVOF, carbides mainly consist of WC with no obvi-
ous WC decarburization.

(2) Compared with the nanostructured WC-10Co4Cr coat-
ing, multi-dimensional coating exhibits 12% higher frac-
ture toughness than that of the nanostructured one.

(3) The multi-dimensional WC-10Co4Cr coating possesses
more excellent electrochemical properties than the nano-
structured one.

(4) The multi-dimensional WC-10Co4Cr coating demon-
strates most outstanding abrasive wear resistance. The
excellent wet abrasive resistance, which is enhanced ap-
proximately 36% than the nanostructured coating, origi-
nates from the coating’s multi-dimensional structure that
leads to excellent mechanical and electrochemical
properties.
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