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Abstract: WC-Co cermet materials serving as protective coatings are widely used in many fields.
Conventional WC-17Co coatings were formed in high-velocity oxygen-fuel (HVOF), warm spraying
(WS), and cold spraying (CS), respectively. Deposition behavior of a single WC-17Co particle, as well
as the microstructure, microhardness, fracture toughness, and abrasive wear of WC-17Co coatings
formed in various spraying ways were investigated. The results show that the deposition behavior
of a single WC-17Co particle was different after it was deposited onto a Q235 steel substrate in
various spraying ways. The WC-17Co splat deposited by HVOF showed a center hump and some
molten areas, as well as some radial splashes presented at the edge of the splat. The WC-17Co splat
deposited by WS presented a flattened morphology with no molten areas. However, the WC-17Co
splat deposited by CS remained nearly spherical in shape and embedded into the substrate to a
certain depth. All the WC-17Co coatings had the same phase compositions with that of feedstock.
The microstructure of all the WC-17Co coatings was dense with no cracks or abscission phenomena
between the coatings and substrate. Moreover, fine WC particles were formed in the coatings due to
the fracture of coarse WC particles, and the content of fine WC particles in the cold-sprayed coating
was significantly more than the other coatings. A stripe structure was formed by the slippage of
fine WC particles with a plastic flow of Co binder in the warm-sprayed and cold-sprayed coatings.
More fine WC particles, as well as the stripe structure, in the coatings were conducive to improve the
microhardness and fracture toughness of the coating. The microhardness and fracture toughness of
the cold-sprayed WC-17Co coating were the highest among the coatings. The main wear mechanism
of all coatings was the groove and some peel-offs. The cold-sprayed WC-17Co coating with the lowest
wear loss presented the highest wear resistance among the coatings.

Keywords: WC-17Co coating; high-velocity oxygen-fuel; warm spray; cold spray; microstructure;
microhardness; fracture toughness; abrasive wear

1. Introduction

WC-Co cermet materials, due to their exceptional comprehensive properties, are
widely used as protective coatings of wear-resistant parts in many fields (e.g., aerospace,
automobile, petrochemical, equipment manufacturing) [1–5]. Therefore, WC-Co coatings
were prepared by many researchers using various spraying technologies. Thermal spray-
ing processes, such as high-velocity oxygen-fuel (HVOF) and plasma spray, are the most
frequently used technology to fabricate WC-Co cermet coatings. The microstructure and
properties (e.g., mechanical, wear behavior, erosion behavior) of WC-Co coatings prepared
by plasma spraying were investigated [6–10]. Studies showed that WC-Co coatings could
improve the properties of the substrate, especially the coatings with a dense microstructure.
However, due to the high temperature effect of plasma spraying, the decarburization
and decomposition phenomena of WC ceramic phase always occurred in the as-sprayed

Coatings 2022, 12, 814. https://doi.org/10.3390/coatings12060814 https://www.mdpi.com/journal/coatings

https://doi.org/10.3390/coatings12060814
https://doi.org/10.3390/coatings12060814
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/coatings
https://www.mdpi.com
https://orcid.org/0000-0001-7469-3637
https://doi.org/10.3390/coatings12060814
https://www.mdpi.com/journal/coatings
https://www.mdpi.com/article/10.3390/coatings12060814?type=check_update&version=1


Coatings 2022, 12, 814 2 of 20

coatings, resulting in the formation of W, W2C, Co3W3C, or Co6W6C phases [6–10]. Due to
the low flame temperature and short residence time of particles in flame flow, the HVOF
process is a favorable and feasible method to fabricate cermet coatings with excellent
properties (e.g., high microhardness, low porosity, high bonding strength, and good wear
resistance), especially suitable for preparing carbide cermet coatings [11,12]. Therefore,
researchers have conducted a significant amount of research on the microstructure and
properties of HVOF-sprayed WC-Co coatings with different WC size (e.g., conventional,
fine, nanostructured, bimodal, and multimodal) and/or Co content (e.g., 10Co, 12Co, 17Co,
and 25Co) [13–22]. Shipway et al. [15] reported that, due to the higher decomposition
of nanostructured WC, the wear rate of conventional WC-12Co coating was lower than
that of nanostructured WC-12Co coating. Cho et al. [16] also reported that, due to the
denser microstructure and lower decomposition of micron WC-Co coating, the hardness
and friction coefficient of micron WC-Co coating were higher than of nano WC-Co coating.
Guilemany et al. [17] reported that, due to the more decarburization phenomena in the
nanostructured WC-12Co coatings, the microhardness of the nanostructured WC-12Co
coating was higher in comparison to bimodal and conventional WC-12Co coatings. Mean-
while, the bimodal WC-12Co coating showed a lower friction coefficient and better wear
resistance than other coatings. Baumann et al. [18] reported that the fine WC-12Co coating
showed the highest microhardness and wear resistance in comparison to nanostructured
and conventional WC-12Co coatings. Ding et al. [3] showed that the multimodal WC-12Co
coating with denser microstructure exhibited higher microhardness and better erosion
resistance than submicron and conventional WC-12Co coatings. Although the WC-Co
coatings could improve microhardness and wear/erosion resistance, W, W2C, Co3W3C, or
Co6W6C phases also always occurred in the HVOF-sprayed coatings [3,13–19].

A warm spraying (WS) process, as a new kind of thermal spraying technology, has
been used to prepare metal (e.g., Al, Cu, and Ti etc) [21–23], Ti6Al4V [24], hydroxyapatite
(HA) [25], HA/Ti [26], Ti-Al-based intermetallic coatings [27]. Meanwhile, due to the high
particle temperature, which is nevertheless lower than the melting point characteristic of
standard WS processes, WC-based cermet coatings were successfully deposited by warm
spraying [28–32]. Chivavibul et al. [28,29] have studied the microstructure, mechanical
properties, and wear resistance of WC-Co coatings with various Co contents determined
by WS and HVOF processes. The results showed that the fracture toughness of warm-
sprayed WC-Co coatings increased was the Co content increased, and the wear resistance
of warm-sprayed WC-Co coatings was better than those of HVOF-sprayed coatings [29].
Watanabe et al. [31,32] reported that WC-Co/Cu and WC-Co/Al multilayer coatings were
successfully fabricated by warm spraying. The results showed that, due to higher volume
fraction of copper in WC-Co/Cu coating, the work of the fractured WC-Co/Cu coatings
was higher than the monolithic WC-Co coatings, as well as the bending strength was
moderately better [31]. The durability of WC-Co/Al multilayer coatings was enhanced by
ductile aluminum [32]. At present, there are few reports on the research of warm-sprayed
WC-Co coatings, but it can be found from existing reports that the phase compositions of
WC-Co coatings prepared by warm spraying were the same as that of those powders.

Cold spraying is a kind of technology in which high velocity solid-state particles
impacted into substrates to form coatings [33]. Therefore, extensive research has been
done into WC-based coatings with different WC size (e.g., conventional [34–37], such as
nanostructured [37–39], bimodal [40], and multimodal [41,42]) coatings fabricated by cold
spraying. Couto et al. [34] reported that cold-sprayed WC-12Co and WC-17Co coatings
retained the same composition phases with the original powder, and the coatings with
dense microstructure showed excellent tribological and electrochemical properties. Yin
et al. [35] reported that WC-Co-Ni coatings with different WC mass fractions were success-
fully fabricated by cold spraying, and the coating formation mechanism and tribological
performance were investigated. The results showed that metallic bonding between the
WC-Co and Ni particles was a possibility that occurred due to the Co phase in the WC-Co
powders, and then the fine WC-17Co pieces caused by high-velocity impacting remained
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in the WC-Co-Ni coating. In addition, the tribological performance of WC-Co-Ni coatings
improved as the WC content increased. Li et al. [38] studied the deposition behavior of
single nanostructured WC-12Co particle. The results showed that the dense nanostructured
WC-12Co coating presented high microhardness (1800 Hv0.3), and post-annealing treat-
ment was beneficial to improve the bonding between deposited nanostructured WC-12Co
particles and the toughness of the coatings. Yang et al. [40] reported that cold-sprayed
WC-(nanoWC-Co) coatings showed higher microhardness and toughness, as well as much
higher wear resistance by comparing with HVOF-sprayed conventional WC-Co coatings.
In addition, the post-spray annealing treatment could improve the toughness of the coating,
especially the wear resistance. Ji et al. [42] reported that the mechanical and abrasive wear
properties were influenced by the content of nano WC-17Co particles in the multimodal
WC-17Co feedstocks. And the abrasive wear mechanism of multimodal WC-17Co was
also investigated.

In recent years, there are few reports on the preparation of WC-Co coatings by various
spraying ways. Hence, in order to investigate the effects of various spraying methods
on the deposition behavior of a single WC-17Co particle, as well as the microstructure,
mechanical, and abrasive wear properties of the coatings, WC-17Co coatings were fabri-
cated by HVOF, WS, and CS technologies in this study. The main innovations of this study
are as follows: (1) contrastive analysis is applied to the deposition behavior of a single
WC-17Co particle across various spraying methods; (2) the warm-spraying technology is
applied to fabricate WC-17Co coating; (3) the decomposition and decarburization of WC
are restrained by controlling the HVOF processing parameters; (4) the contrastive analysis
on the microstructure, microhardness, fracture toughness, and abrasive wear properties of
WC-Co coatings prepared by various spraying methods is investigated.

2. Materials and Methods
2.1. Materials

Raw materials used in this study were commercially available conventional WC-17Co
powders with WC size of 0.2–2 µm (Ganzhou Zhangyuan Tungsten Advance Material Co.,
Ltd., Ganzhou, China). An agglomeration sintering method was used to manufacture these
powders. The surface and cross-section morphologies of WC-17Co powders were shown in
Figure 1. The size distribution of WC-17Co powders analyzed by a laser diffraction meter
(GSL-1020, Liaoning Instrument Research Institute Co., Ltd., Liaoning, China) was shown
in Figure 2. The size distribution (D10, D50, and D90) of powders was 19.5 µm, 29.6 µm,
and 44.6 µm, respectively. Q235 steel with dimensions of 50 mm × 25 mm × 3 mm was
used as a substrate for depositing single WC-17Co coatings. Prior to spraying, Q235 steel
substrate was pre-cleaned by acetone for 10 min in ultrasonic cleaner, and then grit blasted
by aluminum oxide of 700 µm to achieve a roughened surface for improving the bonding
strength between the coating and substrate.
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Figure 2. The particle size distribution of WC-17Co powders.

2.2. Coating Preparation

HVOF, WS, and CS equipment adopted a home-made high-velocity oxygen fuel spray
system (CH-2000, Xi’an Jiaotong University, Shanxi, China), a modified high-velocity
oxygen fuel spray system (CH-2000, Xi’an Jiaotong University, Shanxi, China), and a home-
made cold-spray system (CS-2000, Xi’an Jiaotong University, Shanxi, China), respectively.
Nitrogen gas was used as an auxiliary gas to adjust the flame temperature for warm
spraying in this study. A schematic diagram of HVOF and WS spray systems is illustrated
in Figure 3, and a schematic diagram of CS spraying system is illustrated in Figure 4.
The detail parameters of as-sprayed WC-17Co coatings are listed in Table 1. Spraying
powder feeding adopted a scraper powder feeder (Guangzhou Sanxin Metal S & T Co.,
Ltd., Guangzhou, China).
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Figure 3. Schematic diagram of HVOF and WS spray system: (1) valve, (2,6) oxygen pipe,
(3,8) propane pipe, (4,7) nitrogen pipe, (5) console cabinet, (9) powder feeder, (10) powder feed-
ing pipe, (11) spray gun, (12) flame chamber, (13) spraying tube, (14) cold water inlet, and (15) cold
water outlet.
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Figure 4. Schematic diagram of cold-spray system: (1) console cabinet, (2) Valve, (3) gas heater,
(4) accelerating gas pipe, (5) spray gun, (6) powder feeder, (7) thermal couples, (8) display panel, (9)
carrier gas, (10) powder feeder gas inlet, (11) accelerating gas inlet.

Table 1. The detail spraying parameters of as-sprayed WC-17Co coatings.

HVOF Spray Value Warm Spray Value Cold Spray Value

Pressure of O2
/MPa 0.55 Pressure of O2

/MPa 0.55 Accelerating gas
pressure/MPa 2.4

Flow rate of O2
/L·min−1 543 Flow rate of O2

/L·min−1 543 Powder-feeding
gas pressure/MPa 2.6

Pressure of C3H8
/MPa 0.4 Pressure of C3H8

/MPa 0.4 Gas temperature in
gun chamber/°C 750 ± 30

Flow rate of C3H8
/L·min−1 24 Flow rate of C3H8

/L·min−1 24

Pressure of N2
/MPa 0.6 Pressure of N2

/MPa 0.6

Flow rate of N2
/L·min−1 45 Flow rate of N2

/L·min−1 450

Transverse speed
of gun/mm·s−1 150 Transverse speed

of gun/mm·s−1 100 Transverse speed
of gun/mm·s−1 10

Spray
distance/mm 200 Spray

distance/mm 200 Spray
distance/mm 20

Rotation
rate/r·min−1 50 Rotation

rate/r·min−1 50 Rotation
rate/r·min−1 50

coats of powder 20 coats of powder 20 coats of powder 20
Substrate Q235 steel Substrate Q235 steel Substrate Q235 steel

2.3. Microhardness, Fracture Toughness and Abrasive Wear

Vickers microhardness tests were performed on the polished cross-section of as-
sprayed WC-17Co coatings, and the equipment used included a digital microhardness
tester (HXD-1000 TM/LCD, ShanghaiPrecision Instruments Co., Ltd., Shanghai, China)
under a load of 2.94 N for a dwell time of 20 s. The average value of ten random measure-
ments was used as the final microhardness. A Vickers indentation technique was used to
evaluate the plain strain fracture toughness (i.e., KIC) of as-sprayed WC-17Co coatings at
5 kgf load and 20 s dwell time. Fracture toughness (KIC) was calculated by applying the
following equation proposed by Niihara [43]:

KIC = 0.0193(Hvd)(
E

Hv
)

2/5
(a)−1/2 (1)
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where, KIC is the fracture toughness, Hv is the Vickers hardness, d is the half-diagonal of
the Vickers indentation, E is the elastic modulus, and a is the indentation crack length.

The elastic modulus of the coatings was determined according to the following formula
as established in [44]:

(
b′

a′
) = (

b
a
)− α(

Hv

E
) (2)

where, a and b are the diagonal dimensions of Knoop indenter, a′ and b′ are the long and
short diagonal dimensions measured on residual Knoop indentation impression, α is a
constant equal to 0.45, Hv is the Vickers hardness.

The abrasive wear test was carried out by a pin-on-disk method. The detail of the
preparation for wear specimens can be found in the literature, namely [45]. The schematic
diagram of abrasive wear test was shown in Figure 5. The wear parameters of as-sprayed
WC-17Co are listed in Table 2.
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Table 2. The wear parameters of as-sprayedWC-17Co coatings.

Wear Parameters Values

Load/N 10
Rotation speed of the disk/r·min−1 60
Radial feed rate of the pin/mm·r−1 4

Wear distance/m 16
SiC abrasive paper 300 grit size

2.4. Microstructure Characterization of Powders and Coatings

A test involving a scanning electron microscope (SEM; VEGA II-LSU, TESCAN, Brno,
Czech Republic) was performed on the samples to characterize the morphologies of feed-
stock powders, deposited splats, coatings cross-section, and worn surface in backscattering
electron (BSE) model. The elemental composition of single WC-17Co splat was analyzed
by electron dispersive x-ray spectroscopy (EDS;VEGA II-LSU, TESCAN, Brno, Czech Re-
public). X-ray diffraction (XRD; Bruker D8 Advance, Karlsruhe, Germany) was conducted
for the phase compositions of feedstock powders and as-sprayed coatings with Cu-Kα

radiation (λ = 1.5418 Å, 35 kV, and 35 mA) for the scanning range (2θ) of 20–90◦ with
a step of 0.02◦ and a scanning speed of 10 ◦/min. Figure 6 shows the XRD patterns of
conventional WC-17Co powders. The average porosity and thickness of conventional
WC-17Co coatings were calculated by the image-analysis method (Software Image J, vesion
1, National Institutes of Health, Bethesda, MD, USA) with ten SEM micrographs from
cross-section morphologies and backscattered electron (BSE) microscopies.
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3. Results and Discussion
3.1. Deposition Behavior of WC-17Co Splats

Figure 7 shows the surface morphologies of the WC-17Co splats deposited in various
spraying methods. It can be seen that a WC-17Co splat deposited by HVOF showed a center
hump (marked in cyan dot circle in Figure 7a), and some radial splashes (as indicated by
the green arrow in Figure 7a) presented at the edge of the splat. Meanwhile, there were also
observed some molten areas (as indicated by the yellow arrow in Figure 7a) in the WC-17Co
splat, while the WC-17Co splat deposited by WS presented a typical pie shape morphology
with no molten areas. However, due to the plastic deformation of the WC-17Co splat, some
cracks (as indicated by the black arrow in Figure 7b) occurred on the surface of the splat,
and an obvious ripple (as indicated by the orange arrow in Figure 7b) appeared around
the splat, contributing to the cooperative deformation of the substrate. The morphology of
the WC-17Co splat deposited by CS still remained nearly spherical in shape, which was
the same as that of the original feedstock powders. Due to the high-velocity impacting
effect of cold-sprayed splat, some cracks (as indicated by the black arrow in Figure 7c) also
appeared on the surface of the large cold-sprayed WC-17Co splat. In addition, compared
to the analysis results of the warm-sprayed WC-17Co splat, the plastic deformation of the
substrate was more severe after cold spraying, more ripple (as indicated by the orange
arrow in Figure 7c) and revers (as indicated by the purple arrow in Figure 7c) phenomena
appeared around the splat. Moreover, there appeared gaps (as indicated by green arrow in
Figure 7c) between the splat and the substrate. Meanwhile, it can be further observed that
the embedding depth of the small splat into Q235 steel substrate was deeper than that of
the large splat (as shown in Figure 8).

3.2. XRD Patterns of As-Sprayed WC-17Co Coatings

Figure 9 shows the XRD patterns of WC-17Co coatings as-sprayed in various spraying
ways. It can be found that, although there was a small amount of W2C phase in HVOF-
sprayed coating, the main phase compositions of all WC-17Co coatings were WC and
Co phases. This illustrates that, the decomposition and decarburization of WC could be
effectively inhibited by controlling HVOF process parameters; however, the W2C phase
also formed at a certain high-spraying temperature of HVOF. Meanwhile, due to the low
temperature effect of WS and CS, the phase compositions of WC-17Co powders were
transplanted into warm-sprayed and cold-sprayed coatings [46]. When comparing the
warm-sprayed and cold-sprayed coatings to HVOF-sprayed WC-17Co coatings, it also
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can be further found that the diffraction peaks of WC and Co of warm-sprayed and cold-
sprayed WC-17Co coatings were broader. Lima et al. [47] reported that residual stresses
and grain refinement are the main factors that induce the peak broadening, and the residual
stress is often caused by high temperatures during spraying. Ji et al. [41] also reported that,
in the cold spraying process, grain refinement is the main reason for the peak broadening of
WC, and the effect of residual stress is negligible. Therefore, due to the control of the HVOF
process parameters for reducing the flame temperature in this study, residual stress had
little influence on the WC-17Co coating. Figure 10 shows the full widths at half maximums
(FWHMs) of WC and Co diffraction peaks of WC-17Co coatings formed in various spraying
ways. It can be found that the FWHMs of WC and Co diffraction peaks of warm-sprayed
and cold-sprayed WC-17Co coatings were larger than those of HVOF-sprayed coatings; in
addition, those of cold-sprayed WC-17Co coatings were the largest. This illustrates that
plastic deformation degree of incident WC-17Co particles with lower spraying temperature,
such as warm spraying and cold spraying, was larger than that of WC-17Co particles
deposited by HVOF. In addition, due to the high-velocity characteristic of cold spraying,
the incident WC-17Co particles could be fragmented to more fine particles after impacting
onto Q235 steel substrate or pre-deposited layer. Therefore, the diffraction peaks of WC and
Co of cold-sprayed WC-17Co coatings were more broadened than those of warm-sprayed
WC-17Co coatings.
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3.3. Microstructure of As-Sprayed WC-17Co Coatings

Figure 11 shows the cross-section morphologies of WC-17Co coatings formed by vari-
ous spraying methods. It can be seen that there were no cracks or abscission phenomenons
occurred between the coating and substrate (as shown in Figure 11b,d,f). Further analysis of
the morphologies of WC-17Co coatings (as shown in Figure 11a,c,e) found that the interface
between WC and Co in all WC-17Co coatings was well-bonded. Meanwhile, the content
of fine WC particles (as indicated by the red arrow in Figure 11a,c,e) in the cold-sprayed
coating was significantly more than the other coatings. The size range of fine WC parti-
cles formed in HVOF, WS, and CS was about 0.11–0.16 µm, 0.10–0.13 µm, 0.09–0.12 µm,
respectively. It was also further indicated that more fragmented phenomenon of coarse WC
particles occurred in the cold-sprayed WC-17Co coatings. These phenomena are consistent
with the phase compositions analysis and results of WC-17Co coatings. By measuring the
mean porosity and thickness of WC-17Co coatings formed in various spraying ways, it was
found that the mean porosity of WC-17Co coatings formed in HVOF, WS, and CS was 1.57%,
0.89%, and 0.058%, respectively (as shown in Figure 12). In general, the microstructure of
all coatings is dense; however, the porosity of warm-sprayed and cold-sprayed WC-17Co
coatings was lower than that of HVOF-sprayed coating, and the porosity of cold-sprayed
coating was the lowest. The main reasons for this phenomenon were attributed to solid-
state particles’ continuous impact and compaction on the warm-sprayed or cold-sprayed
WC-17Co coatings at the lower spraying temperature. Meanwhile, stripe structure (as
indicated by the yellow arrow in Figure 11c,e) formed by the slippage of fine WC particles
with a plastic flow of Co binder could fill the pores in the warm-sprayed or cold-sprayed
WC-17Co coatings [41]. Therefore, due to the cold spraying high-velocity characteristic
and more stripe structure in the cold-sprayed coating, the porosity of cold-sprayed WC-
17Co coating was the lowest among all the coatings. The mean thickness of WC-17Co
coatings formed in HVOF, WS, and CS was 544.33 ± 4.81 µm, 528.75 ± 5.98 µm, and
207.61 ± 9.64 µm, respectively (as shown in Figure 13). Figure 14 shows the morphologies
of WC-17Co particles deposited onto Q235 steel substrate surface in various spraying ways.
It can be found that craters were formed as the incident particles rebounding from the Q235
steel substrate surface (as indicated by white arrow in Figure 14). The ratio of WC-17Co
splats (as indicated by black arrow in Figure 14) adhered on the Q235 steel substrate surface
in HVOF, WS, and CS was 54.66%, 50.18%, and 30.12%, respectively. This illustrates that
decreasing the spraying temperature resulted in more content of the craters caused by
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particles rebounding from the substrate surface. Therefore, this result also revealed that,
although the porosity of cold-sprayed WC-17Co coating was the lowest in this study, more
rebounding-particles phenomena presented during cold spraying process led to the lowest
thickness of the cold-spraying coating among all the coatings.
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3.4. Microhardness and Fracture Toughness of As-Sprayed WC-17Co Coatings

The average microhardness of WC-17Co coatings formed in HVOF, WS, and CS was
980.0 ± 17.6 HV0.3, 1034.8 ± 57.5 HV0.3, and 1136 ± 26.8 HV0.3, respectively (as shown in
Figure 15). It can be found that the average microhardness of the cold-sprayed WC-17Co
coating was the highest among all the coatings. Although the W2C phase in the coating
could affect the hardness significantly [29], the content of W2C phase was very low in the
HVOF-sprayed WC-17Co coating in this study. Hence, the influence of W2C phase on the
hardness in this study was slight. Ji et al. [41] reported that stripe microstructure could
enhance the spreading or flattening of WC-Co particles and improve the microstructure
and microhardness of the coatings. Wang et al. [42] also reported that high content of
nano WC and high density could increase the microhardness of cold-sprayed multimodal
WC-12Co coatings. Therefore, combined with the microstructure analysis results of warm-
sprayed or cold-sprayed WC-17Co coatings in this study, fine WC particles were formed
based on the combined action of particles impacting on the substrate or pre-deposited
layer and continuous impacting of incident particles. Meanwhile, a stripe structure was
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formed by the slippage of fine WC particles with a plastic flow of Co binder; in particular,
a stripe structure was more prevalent in cold-sprayed coatings. Therefore, the average
microhardness of cold-sprayed WC-17Co coating was the highest. The average fracture
toughness of WC-17Co coatings formed in HVOF, WS, and CS was 8.88± 0.31, 10.42 ± 0.28,
and 13.18 ± 0.49 MPa·m−1/2, respectively (as shown in Figure 16). The Vickers indentation
cracks of as-sprayed WC-17Co coatings were shown in Figure 17. Lee et al. [48] reported
that decreasing powder size or the mixing ratio of the coarse WC particles could increase the
fracture toughness of the coatings. Chen et al. [49] reported that W2C phase could decrease
the fracture toughness of the coating. Therefore, the fracture toughness of cold-sprayed
WC-17Co coating was the highest among all the coatings in this study. This also illustrates
that the fracture toughness increased with increasing the content of fine WC particles and
stripe structure.
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3.5. Abrasive Wear of As-Sprayed WC-17Co Coatings and Q235 Steel

The worn surface morphologies of WC-17Co coatings formed in various spraying
ways and Q235 steel substrate were shown in Figure 18. It can be seen that the main wear
mechanism of all coatings was the groove (as indicated by the cyan arrow in Figure 18a,c,e)
and some peel-offs (as indicated by the white arrow in Figure 18a,c,e), but the worn surface
of Q235 steel was only wide and deep groove (as indicated by the cyan arrow in Figure 18g).
The main reasons for the peel-off phenomenon in this study were that the crack formation
(as indicated by the black arrow in Figure 18a) caused by the fracture of coarse WC particles
resulted in WC particles pulled-out from the worn surface, or the exposed WC particles
peeled off due to the poor bonding between WC particle and Co binder after the removal
of soft Co matrix. Furthermore, in contrast to HVOF sprayed and warm-sprayed WC-17Co
coatings, the grooves of cold-sprayed coating were smoother and shallower (as shown in
Figure 18f). The reason for this phenomenon was that, according to the microstructure
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analysis of the cold-sprayed WC-17Co coating (as shown in Figure 11e), more fine WC
particles and stripe structures presented in cold-sprayed WC-17Co coatings; fine WC
particles uniformly distributed into the Co binder phase, resulting in an increase in the
wear resistance of the coating. Figure 19 shows the average weight loss of WC-17 coatings
formed in various spraying ways and Q235 steel substrate. The average weight loss of
WC-17Co coatings formed in HVOF, WS, and CS was 8.15 ± 0.31 mg, 5.31 ± 0.32 mg, and
4.05 ± 0.41 mg, respectively. This also illustrates that combining with the results analysis of
the microstructure, mechanical properties, and worn surface morphologies of the coatings,
the cold-sprayed WC-17Co coating presented the lowest wear loss among all the coatings.
However, the average weight loss of Q235 steel substrate was 21.77 ± 0.25 mg, which was
more than 5 times that of the cold-sprayed WC-17Co coating.
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4. Conclusions

Conventional WC-17Co powder was deposited onto Q235 steel substrate by various
spraying methods to form different WC-17Co coatings. The deposition behavior of single
WC-17Co particles, as well as the comparison of microstructure, microhardness, fracture
toughness and abrasive wear of as-sprayed WC-17Co coatings, were investigated in this
study. The main conclusions are as follows:

I. In comparison to the WC-17Co splat deposited by HVOF and WS, the WC-17Co splat
deposited by CS remained nearly spherical shape, and the embedding depth of the
small particle into Q235 steel substrate was deeper than that of large splat. Due to the
high-velocity impacting effect of cold-sprayed splat, the plastic deformation of the
substrate was severe with more ripple and revers.

II. Although there was a small amount of W2C phase in HVOF-sprayed coating, the
main phase compositions of all the WC-17Co coatings were WC and Co phases.
By comparing with HVOF-sprayed WC-17Co coating, the diffraction peaks of WC
and Co of warm-sprayed and cold-sprayed WC-17Co coatings were broadened. By
measuring the full widths at half maximums (FWHMs) of WC and Co diffraction
peaks of WC-17Co coatings formed in various spraying ways, the FWHMs of WC
and Co diffraction peaks of warm-sprayed and cold-sprayed WC-17Co coatings were
larger than those of HVOF-sprayed coatings; moreover, those of the cold-sprayed
WC-17Co coatings were the largest.

III. Due to the fragment of coarse WC particles, fine WC particles were observed in the
coatings; in particular, the content of fine WC particles in the cold-sprayed coating
was the highest. The size range of fine WC particles formed in HVOF, WS, and CS
was about 0.110.16 µm, 0.10–0.13 µm, 0.09–0.12 µm, respectively. Due to the cold
spraying high-velocity characteristic and more stripe structures in the cold-sprayed
coating, the microstructure of the cold-sprayed coating was denser than the other
coatings. The mean porosity of WC-17Co coatings formed in HVOF, WS, and CS
was 1.57%, 0.89%, and 0.058%, respectively. The mean thickness of the WC-17Co
coatings formed in HVOF, WS, and CS was 544.33 ± 4.81 µm, 528.75 ± 5.98 µm, and
207.61 ± 9.64 µm, respectively.

IV. The average microhardness of the WC-17Co coatings formed in HVOF, WS, and CS
was 980.0 ± 17.6 HV0.3, 1034.8 ± 57.5 HV0.3, and 1136 ± 26.8 HV0.3, respectively. The
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average fracture toughness of WC-17Co coatings formed in HVOF, WS, and CS was
8.88 ± 0.31, 10.42 ± 0.28, and 13.18 ± 0.49 MPa·m−1/2, respectively.

V. The main wear mechanism of all coatings was the groove and some peel-offs. The
average weight loss of the WC-17Co coatings formed in HVOF, WS, and CS was
8.15 ± 0.31 mg, 5.31 ± 0.32 mg, and 4.05 ± 0.41 mg, respectively. However, the
average weight loss of Q235 steel was 21.77 ± 0.25 mg, which was more than 5 times
that of the cold-sprayed WC-17Co coating.
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