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The deposition behavior of WC-CoCr powder, microstructure, hardness and fracture toughness of the 
coating were examined. The splats and coatings were deposited on the surface of the Q235 steel by 
high-velocity oxygen-fuel spraying (HVOF). The multimodal WC-CoCr powders contained three sizes 
of WC particles of 1.5, 0.8 and 0.3 μm, with mass fractions of 15, 66 and 5%, respectively. The splats 
spread on the surface of substrate in wafer type and bubble-like type. The diffusion of the Fe, Cr and Co 
elements and depression deformation occurred near the interface between the splats and substrate. 
Fine grains were observed in the substrate near the interface. The main phases in the coating are WC, 
W2C and Co3W3C. In addition, the microhardness of the coating is above 1000 HV0.3. The variation in 
microhardness is only 215.7 HV0.3. The fracture toughness of the coating is 4.45 MPa·m1/2.

Introduction
WC-based coatings with high hardness, excellent wear and cor-
rosion resistance were deposited on the surface of metal parts 
to enhance the life of parts (such as petroleum pipeline and 
undercarriage) [1–6]. WC-based coatings were often prepared 
by high-velocity oxygen-fuel spraying (HVOF), plasma spraying 
(PS), detonation gun spraying (DGS), and laser cladding (CL) 
[7–10]. HVOF with the advantages of low flame temperature, 
fast flame flow speed and fast particle flight speed is widely used 
in the preparation of WC-based coatings [11–15].

WC-based coatings are widely used in variety of indus-
tries, such as aerospace, petrochemical engineering and paper 
industry [16, 17]. Thermal spray WC-based coatings provide 
excellent wear resistance and corrosion resistance for indus-
trial applications [18]. In recent years, research on WC-based 
coatings mainly focused on the influence of WC particle size 
on the microstructure and properties of the coatings. As the 
WC particle size decreases, the mean free path of the binder 
was decreased, resulting in an increase hardness of the coating 
[19, 20]. Moreover, the wear resistance of WC-based coatings 
increased with the decrease of WC particle size due to evenly 
distributed WC particle within the microstructure [21, 22]. 
However, other investigation showed that WC particle size 
decreases to nano-sized, the oxidation and decarburization of 

WC particles are more pronounced during deposition, which 
decrease the wear resistance of WC-based coatings [23–25]. 
The decarbonization and dissolution of nano-sized WC into the 
binder increases the brittleness of the bond phase, resulting in 
a decrease in the wear resistance of the WC-based coating [18]. 
To meet the mechanical properties and wear resistance require-
ments for WC-based coatings, the study of bimodal and multi-
modal WC-based coatings has become a hot spot in the industry 
of preparing WC-based coatings in recent years [26, 27].

The spreading morphology of single spalt on the substrate 
or pre-deposited layer determines the coatings formation, and 
affects the microstructure and properties of the coating [28, 29]. 
The powders are heated and accelerated to a semi-molten sate 
and then rapidly deform and solidify to form a coating after 
being deposited on the surface of the substrate within a high 
speed [30–32]. After the spray gun is scanned on the surface of 
the substrate, a large number of splats accumulated and coating 
formed [33, 34]. The bonding between the splat and substrate is 
an important factor that determines the interface properties of 
coating and substrate. Therefore, it is very important to study the 
influence of single splat on the interface properties of substrate.

In this work, multimodal WC-CoCr powders were prepared 
by spray drying method. The powder prepared by spray dry-
ing method has the characteristics of high sphericity and high 

http://crossmark.crossref.org/dialog/?doi=10.1557/s43578-023-01147-x&domain=pdf
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fluidity, which is conducive to the spraying in the process of 
supersonic flame spraying. The multimodal WC-CoCr compos-
ite coating was manufactured by HVOF. The spreading mor-
phology and interface bonding of splats on the substrate were 
observed by deposition a small amount of multimodal WC-
CoCr powders. The transmission morphologies of splats and 
substrate near the interface were analyzed. The phase structure 
of powders and coating were characterized. The micromorphol-
ogy and mechanical properties of multimodal WC-CoCr coating 
were observed. The strengthening and toughening mechanism 
of multimodal WC-CoCr coating was analyzed.

Results and discussion
Powder characteristics

Figure 1 shows that surface and cross-section microstructure 
of the multimodal WC-CoCr powders. The multimodal WC-
CoCr powders has a spherical, loose and porous structure, as 
shown in Fig. 1(a). The porous structure of the multimodal WC-
CoCr powders is conducive to improving the melting degree of 
powders and the deformation degree of splat [35]. The main 
phase of the multimodal WC-CoCr powders consists of WC, 
Co and Co3W3C [36]. Figure 1(b) shows the high magnification 
microstructure of the multimodal WC-CoCr powders. The gray 
area in SEM image is the Co-Cr binder phase, the brighter spots 
are WC particles. The micron-sized WC particles in the pow-
ders show irregular geometric shapes are observed. Figure 1(c) 
reveals the Point scanning of WC position (Point 1) and bonding 
phase position (Point 2) on the powders surface. It is found that 

W, C, Co and Cr can be observed at both positions, indicating 
that the WC particles dissolves. W and C elements dissolve in 
the melting CoCr binder, leading to the formation of Co3W3C. 
The Cr has a strong affinity with C element and combines with 
a small amount of C element to form a chemical compound. 
However, the presence of Cr and Cr chemical compounds are 
not detected in the XRD pattern because the content is small 
[36]. Figure 1(d) indicates that the cross-section morphology 
of the powders, pores can be observed. The EDS of multimodal 
WC-CoCr powders cross-section is revealed in Fig. 1(e). The 
distribution of various elements is relatively uniform, with only 
a small amount of Co element has aggregation phenomenon.

Deposition behavior of splats

The formation process of the coating as found in Fig. 2. Fig-
ure 2(a) exhibits that the schematic diagram of multimodal 
WC-CoCr powders injects into the spray gun and accelerate by 
flame heating and then impinge on the substrate surface. The 
flame temperature in the process of spraying is about 2600 °C. 
The WC (melting point 2870 °C) particles are partially dis-
solved, while Co (melting point 1495 °C) and Cr (melting point 
1857 °C) are completely dissolved into liquid phase. After being 
heated by flame flow, the multimodal WC-CoCr powders form 
semi-molten droplets. Then the WC-CoCr powers impinge on 
the substrate surface at high speed, the molten bonder phase 
solidifies rapidly after violent deformation. The connection of 
multiple splats forms a single coating, and then continue spray 
to form a coating with a thickness of about 200 μm, as shown 
in Fig. 2(b). The SEM image of single pass deposited on the 

Figure 1:   SEM image and XRD of multimodal WC-CoCr powders (a), high magnification morphology of multimodal WC-CoCr powders (b), EDS of Point 
1 and Point 2 (c), SEM of multimodal WC-CoCr powders cross-section (d), and EDS of multimodal WC-CoCr powders cross-section(e).
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surface of the substrate is shown in Fig. 2(c). The SEM images 
of two layers deposition, three layers and four layers are revealed 
in Fig. 2(d)–(f), respectively. With the increase of spraying 
passes, the number of splats deposited on the substrate surface 
increases.

Figure 3 shows the surface and cross-section morphology 
of splats spread on the substrate. It can be observed that splats 
mainly spread on the surface of substrate in the form of wafer 
type [Fig. 3(a)] and bubble-like type [Fig. 3(b) and (c)]. The mul-
timodal WC-CoCr powders hit the substrate surface and under-
went drastic plastic deformation. Disappearance of the spherical 
structure of multimodal WC-CoCr powders. The splats have no 
obvious central uplift phenomenon, which is differs from the 
results reported by Chen [37]. It’s related to the higher melting 
degree of the multimodal WC-CoCr powders in this paper. The 
wafer type splat is regular in shape with small splash on the 
edge. A warping phenomenon occurs at the edge of the bubble-
like splats. The material around the “Bubble” is sunken and well 
combine with the substrate, as shown in Fig. 3(b). However, the 
substrate binds poorly to the splats due to the material around 
“Bubbles” warps upward, as shown in Fig. 3(c). Microcracks are 
observed around the “Bubble”. Figure 3(d)–(f) shows the cross-
section SEM images of three kinds of splats, it can be observed 
that depression deformation occurs near the interface between 
splats and substrate. The spreading edge of the splats has varying 
degrees of warping and is incompletely bonded to the substrate. 
Furthermore, it is found that there are some deciduous WC-
CoCr fragments, as shown in Fig. 3(f). It is associated with the 
spreading morphology of a single splat on the substrate. The 

material around the “Bubble” presents warping phenomenon, 
resulting in a relatively loose bond with the substrate. During 
metallographic sample preparation, the material around the 
“Bubble” is easily peeled off from the substrate after friction. Due 
to the warping phenomenon caused by incomplete combination 
of splat and substrate, it will cause a “shadow effect” resulting in 
incomplete filling of the subsequent splat.

The mapping and cross section line scans of splats stack-
ing are shown in Fig. 4. The surface SEM image of two spalts 
stacking is revealed in Fig. 4(a). It can be seen that two splats 
form a good combination. The elemental mapping reveal that a 
small amount of Fe is distributed uniformly in the center of the 
bubble-like type splat. In addition, a small amount of Fe element 
is enriched at the connection of the two splats. It is owing to 
the incomplete filling phenomenon in the connection position 
of the two splats. It should be attributed to the edge warping 
of splat. The subsequent splat filling at connection of the two 
splats is not complete, leading to Fe element enrichment at this 
position. The elements at other positions are evenly distributed 
without obvious segregation.

Figure 4(c) shows the cross-section SEM image of splats 
stacking and the line-scanning EDS analysis of the interface. 
The interface location is free of porosity as well as cracking 
defects. However, there are pores inside splats, it is associ-
ated with the original porous structure of the multimodal 
WC-CoCr powders and the semi-melting state in the spray-
ing process. During the spreading process of the splats, 
the molten binder phase fails to fill the pores in the multi-
modal WC-CoCr powders to form pores in the splats. The 

Figure 2:   Diagram of powders deposition (a), diagram of coating formation (b), SEM of single pass deposited (c), SEM of two layers deposition (d), SEM 
of three layers deposition (e), SEM of four layers deposition (f ).
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line-scanning of cross-section can be observed that there is 
a transition layer with a thickness of about 1 μm at the inter-
face. It indicates that an elementary diffusion phenomenon 
has occurred between the splat and the substrate. There is a 
degree of metallurgical bonding at the interface between the 
splats and the substrate.

TEM analysis of interface between splats and substrate

Figure 5(a) shows a bright field TEM image of the bonding posi-
tion of splat and substrate, which contains four different regions 
(i.e. regions A, B, C and D). The particle size distribution of WC 
is between 0.1 and 1.3 μm, which is slightly lower than that of 
WC in the multimodal WC-CoCr powders. It can also be seen 

Figure 3:   Surface and cross-section morphology of splats, wafer type (a, d), bubble-like type, (b, c, d, e).

Figure 4:   Mapping (a, b) and cross-section line scans (c) of splats stacking.
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that there are morphological changes in the WC particles when a 
comparison is made with the powders and the splats. Nano-sized 
WC particles mainly show an arc structure, while micron-sized 
WC particles still have a geometric structure. Nano-sized WC 
particles are evenly distributed around micron -sized and sub-
micron -sized WC particles. It is attributed to a small amount of 
dissolution at the edges of the WC particles as they are heated 
by the flame. There is a continuous contact between the sub-
strate and splat. The interface is defect free. Figure 5(b) shows 
the SAED diagram of A, B, C and D in Fig. 5(a). The informa-
tion of crystal plane spacing and crystal plane parameters can 
be obtained by calibrating its crystallographic parameters. A is 
WC particle (hcp, a = b = 2.92832042, c = 2.85290700, α = β = 90°, 
γ = 120°), B is the amorphous phase formed after rapid cooling 

of the CoCr bonding phase, C is the W2C (hcp, a = b = 2.99704, 
c = 4.7279, α = β = 90°, γ = 120°) [2, 36]. In the single splat, W2C 
is only observed at the edge of WC particles without individual 
W2C in the bonder phase. W2C is produced at the edge of WC 
particles without changing the original shape of WC particles. It 
has to do with the oxidation and decarbonization of WC parti-
cles by heat and oxygen. The phase of substrate region D is CoFe 
(bcc, a = b = c = 2.855, α = β = γ = 90°). According to the difference 
of atomic contrast, the diffusion phenomenon at the interface 
can be obviously observed, as shown by the arrow in Fig. 5(c). 
Figure 5(d) shows the EDS at point 3. W and Cr element can 
be observed, which further indicates that elements diffuse at 
the interface. The diffusion distance is limited, about 1um [as 
shown in Fig. 4(c)].

Figure 5:   TEM of the bonding position of splat and substrate (a, c), SAED of A, B, C and D (b), and point scan of Point 3 (d).
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The TEM images of the interface position of a splat with 
bubble-like type is shown in Fig. 6. It can be seen that WC par-
ticles with sharp angle shape can be directly embedded into 
the substrate at the interface position, as shown in region A. It 
is concerned with the high kinetic energy and temperature of 
semi-molten particles after heating and accelerating.

The HRTEM image at the boundary of WC particles is 
shown in Fig. 6(b). The interface between WC particle and 
the bonder phase is clear without obvious transition layer [2]. 
However, there is a transition layer of about 10 nm between the 
bonder phase and the substrate. Meanwhile, the substrate on 
the right of the transition layer forms an obvious fine-grained 
region. Figure 6(c) shows the HRTEM image of WC particle 
tip in region A. The WC particles are directly in contact with 
the substrate and the boundary at the interface is clear without 
obvious transition layer. The substrate near the interface presents 
fine-grained region. A high pulse pressure is generated at the 
impact position, high temperature and high pressure are gener-
ated locally in the substrate [38]. A lot of energy is transferred 
to the substrate surface, which causes deformation and produces 
grain refinement phenomenon of substrate [37]. The SAED of 
WC particles and amorphous phases are revealed in Fig. 6(d) 
and e respectively. Figure 6(f) shows the HRTEM image of the 
substrate at the region B. It can be observed that there is no fine-
grained region in the substrate position away from the interface. 

It indicates that the energy transferred to the substrate by splats 
is limited. The element diffusion and grain refinement only 
occur at a limited position near the interface.

Microstructure characteristics of the multimodal 
WC‑CoCr coating

Surface and cross-sectional morphology of coating are shown in 
Fig. 7. The XRD pattern of the multimodal WC-CoCr coating 
is shown in Fig. 7(a). The main phases in the coating are WC, 
W2C and Co3W3C. During the flight, the WC particles on the 
surface of the multimodal WC-CoCr powders come into contact 
with oxygen and undergo oxidative decarburization to produce 
W2C (2WC + O2 → W2C + CO2). W2C is distributed around the 
WC particles, as shown in Fig. 5(a). The high cooling rate of the 
molten CoCr bonder phase leads to the formation of an amor-
phous phase. It is shown in diffuse scattering peak at 2θ≈45°.

The local three-dimensional morphology of the coating 
surface is revealed in Fig. 7(b). The coating consists of multiple 
splats, it can be seen that the coating surface has a certain rough-
ness. Pores and splats with poor melting can be observed on the 
coating surface, as is shown in Fig. 7(c). The WC particles are 
evenly distributed in bonder phase, but the WC particles in the 
poorly melted splats are in a raised state.

Figure 6:   TEM of the bonding position of splat and substrate (a), HRTEM of A (b, c), SAED of WC (d) and amorphous (e), HRTEM of B (f ).
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Figure 7(d) and e show the SEM images of cross-section the 
multimodal WC-CoCr coating under different magnifications. 
There is a good bond between the coating and substrate without 
obvious defects such as pores, cracks and inclusions. Microc-
racks and pores can be observed in the coating section, as shown 
in Fig. 7(e). Meanwhile, microcracks are observed at the edges 
of the pores, it is because the presence of pores can lead to stress 
concentration and thus the formation of microcracks [39].The 
porosity of the coating is shown in Table 1. The average porosity 
of the coating is 0.14%. This indicates that the coating is dense. 
The porosity of microstructure and nanostructure WC-CoCr 
coatings prepared by the same spraying parameters are 0.24 and 

0.51%, respectively [40]. Compared with the WC-based coatings 
prepared by cold spraying and warm spraying, the density of 
the coatings prepared by HVOF is significantly higher [8, 41].

The mechanical properties of the coating are shown in 
Table  1. The average microhardness of the coating meas-
ured by Vickers microhardness tester is 1131.2 HV0.3. How-
ever, the average microhardness of microstructure coating 
and nanostructure coating prepared by the same process are 
1058.5 HV0.3 and 1177.1 HV0.3, respectively [40]. With the 
same binder content, the average binder free path of the mul-
timodal and nanostructure coatings decreases compared with 
the microstructure coatings [42]. Therefore, the hardness of the 

Figure 7:   XRD of the multimodal WC-CoCr coating (a), three-dimensional morphology of the coating surface (b), microstructure of the coating surface 
(c), cross-section microstructure of the WC-CoCr coating (d, e).

TABLE 1:   Porosity and mechanical 
properties of WC-CoCr coatings. Types Porosity (%) KIC (MPa·m1/2) Hardness (HV0.3) Hardness range (HV0.3)

Microstructure coating 0.24 4.32 1058.5 919.3–1203.5

Nanostructure coating 0.51 2.70 1177.1 1042.6–1377.0

Multimodal coating 0.14 4.45 1131.2 1070.2–1285.9
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WC-CoCr coatings increases with the decrease of WC particle 
size. Furthermore, with the decrease of WC particle size, the 
specific surface area of WC increases resulting in the degree of 
decarbonization is increased. The hardness of W2C (~ 3000 HV) 
is higher than that of WC (~ 2300 HV). The content of W2C in 
nanostructure coating increases, so the average microhardness 
of the nanostructure coating is 45.9 HV0.3 higher than that of 
the multimodal coating. In the measured microhardness data, 
the microhardness ranges of multimodal coating, microstruc-
ture coating and nanostructure coating are 215.7 HV0.3, 294.2 
HV0.3 and 334.4 HV0.3, respectively. The microhardness distri-
bution of multimodal coating is more uniform, the microhard-
ness range of nanostructure coating is larger. This is related to 
the lower degree of decarbonization of the multimodal WC-
CoCr coatings, resulting in a narrow range of hardness distribu-
tion of the coating (Table 1).

Figure 8 shows the indentation morphology of the coat-
ing fracture toughness measured by indentation method. 
It can be observed from Fig. 8(a) that cracks generated by 
indentation are mainly produced along the direction paral-
lel to the interface. The fracture toughness of multimodal 
coating, microstructure coating and nanostructure coating 
prepared by the same spraying parameters is 4.45 MPa·m1/2, 
4.32 MPa·m1/2 and 2.70 MPa·m1/2, respectively. The multi-
modal coating shows the best fracture toughness. The cracks 
are serrated and mainly extend along the circumference of 
the WC particles, as shown in Fig. 8(b). When encountering 
large-sized WC particles, the crack growth direction is obvi-
ously deflected, and then continued to grow around the edge 
of WC particles. The presence of large-sized WC particles in 

the coating can impede the crack growth. Furthermore, the 
addition of nanometer WC particles in the multimodal coat-
ing increases the phase interface between WC and the bond-
ing phase, which further hinders the crack propagation abil-
ity. However, the brittle phase W2C content and pores in the 
nanostructured coating increased significantly, which reduces 
the fracture toughness of the coating to a certain extent.

In this study, the deposition of multimodal WC-10Co-
4Cr coatings is investigated by observing the spreading mor-
phology of individual splats on the substrate and the bonding 
morphology between the splats, and the mechanical proper-
ties of WC-10Co-4Cr coatings are studied. However, the more 
refined microscopic binding between multiple splats is not 
explored. The bonding between multiple splats affects the cor-
rosion resistance as well as the wear resistance of the coating 
[43]. The study of the accumulation of multiple splats during 
the spraying process is of guiding significance for the regu-
lation of the coating properties. In the future, the bonding 
between multiple splats and the effect on the internal micro-
morphology of the previous splat can be studied to investigate 
the deposition of splats with respect to the coating properties 
[44].

Conclusion
The multimodal WC-CoCr coating was deposited onto Q235 
by HVOF. The deposition behavior of single WC-CoCr powder, 
microstructure, hardness and fracture toughness of the coat-
ing were investigated in this study. The main conclusions are 
as follows:

Figure 8:   Microstructure of fracture toughness (a), microstructure of crack growth (b).
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(1)	 The multimodal WC-CoCr powders are obtained by 
spray drying method. The multimodal WC-CoCr 
powders exhibit spherical morphology and closed 
pores inside, mainly consisting of WC, Co and Co3W3C 
phases. Most WC particles in the powders show irregu-
lar geometric shapes are embedded in the CoCr bonder 
phase. The splats spread on the surface of the substrate 
in wafer and bubble form due to the semi-molten drop-
lets formed by the WC-CoCr powders in the HVOF 
process.

(2)	 Micron WC particles show irregular geometric shape. 
The WC particles with sharp corners are directly 
embedded into the substrate. Nano-sized WC particles 
show arc shape due to partial dissolution. The interface 
between WC grain and substrate is clear without obvi-
ous transition layer. There is a transition layer of about 
100 nm between the bond phase and the substrate. Fine 
grain and depression deformation are observed in the 
substrate near the interface. The diffusion of the Fe, Cr 
and Co elements and occurs near the interface between 
splats and substrate.

(3)	 The multimodal WC-CoCr coating is tightly combined 
with the substrate without obvious cracks, pores or slag 
inclusions. The microstructure of the coating is domi-
nated by WC, W2C and Co3W3C phases. The porosity 
of the coating is 0.14%, resulting from the original mor-
phology of the powders and the spreading morphology 
of the splats. The microhardness of the coating is above 
1000 HV0.3. The multimodal WC particles reduce the 
mean free path of the bonding phase, thus increasing 
the hardness of the coating. The variation in hardness 
is reduced owing to the lower degree of decarboniza-
tion. The crack tip deflects when WC particles contact, 
which improves the fracture toughness of the coating.

Materials and methods
Feedstock and thermal spray process spray process

In this study, Q235 steel was selected as the substrate mate-
rial. The multimodal WC-CoCr powders were manufactured 
by spray drying method. The multimodal WC-CoCr powders 
contained three sizes of WC particles of 1.5, 0.8 and 0.3 μm, 
with mass fractions of 15%, 66% and 5%, respectively. The size 
of the WC-CoCr powders is 15–35 μm. The apparent density of 
the WC-CoCr powders is 4.6–4.8 g/cm3.

The multimodal WC-CoCr composite coating with the 
thickness of about 200 μm was prepared by JP 8000 thermal 
spraying system. The specific spraying parameters are listed in 
Table 2.

Single WC‑CoCr splat preparation

Multimodal WC-CoCr was deposited on Q235 steel by HVOF. 
Prior to spray, the substrate surface (10 × 10 × 5 mm) was pol-
ished with 1 μm diamond suspension and ultrasonically cleaned 
in absolute ethyl alcohol. The spray gun quickly swept the sub-
strate surface and deposited a small number of WC-CoCr pow-
ders on the substrate surface.

Microstructure characterization

The surface morphology and microstructure of the multimodal 
WC-CoCr powders, coating and splats were characterized using 
a field emission scanning electron microscope (SEM; JEM-
7800F, JEOL, Japan), with an energy dispersive X-ray spectrom-
eter (EDS). TEM samples were prepared by Focused Ion beam 
(FIB; FEI, Helios G4 CX, Germany). Selected area electron dif-
fraction (SAED) images and high-resolution transmission Elec-
tron Microscope (HRTEM) observation of the interface were 
performed by transmission electron microscopy (TEM; FEI, 
Tecnai G2 F30 S-TWIN, USA) operated at 300 kV.

The phase of powders and coating were determined using 
X-ray diffractometer (XRD, D8 ADVANCE, Bruker, Germany) 
with Cu-Kα radiation at 35 kV and 40 mA. The three-dimen-
sional (3D) surface of the coating was observed by confocal 
microscopy (muSurf, NanoFocus AG, Germany). The porosity 
of the coatings was measured by Image J software, using no less 
than 15 SEM micrograph captured along the cross-section to get 
the average value of the porosity content.

Mechanical properties assessment

The hardness values of the polished WC-CoCr coatings were 
determined using a Vickers hardness indenter (MH-3, Minsks, 
China) under a load of 300 g and dwell time of 15 s. The aver-
age Vickers microhardness value was calculated from at least 
10 indents.

The fracture toughness of the multimodal WC-CoCr coating 
was measured through the Vickers indenter (452-SVD, Wilson 
Wolpert, USA) under load of 5 kg and dwell time of 15 s. The 
fracture toughness was calculated by applying the Evans and 
Wilshaw modal in accordance with previous study [2]. At least 
10 indentations were carried out for coating. The fracture tough-
ness value was taken as the average of 10 indentations.

TABLE 2:   Spraying parameters of multimodal WC-CoCr composition coat-
ing.

Item
Kerosene 

(L·h−1)
Oxygen 

(m3·min−1)

Powder 
feed rate 
(g·min−1)

Spraying 
distance 

mm

Surface 
traverse 
(mm·s−1)

Parameter 22.71 52.38 60 380 500
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where KIC is the fracture toughness (MPa·m1/2), P is the applied 
load (N), a is the indentation half-diagonal length (m), and c is 
half of the length of the two crack tips (m). The applicable range 
of Eq. (1) is 0.6 ≤ c/a < 4.5.
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