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Abstract: A comprehensive study of the phase composition, microstructure evolution, microhardness and wear 
performance of WC−12Co composite coatings fabricated by laser cladding using coaxial powder-feed mode was 
presented. It was shown that a combination of high scan speed and high laser energy density made WC on the edge of 
WC−12Co composite powders partially melt in liquid Co and 304 stainless steel matrix, and then new carbides 
consisting of lamellar WC and herringbone M3W3C (M=Fe,Co) were formed. Meanwhile, WC−12Co composite 
coatings with no porosity, cracks and drawbacks like decarburization were obtained, showing high densification and 
good metallurgical bonding with the substrate. Furthermore, a considerably high microhardness of HV0.3 1500−1600, 
low coefficient of friction of 0.55 and wear rate of (2.15±0.31)×10−7 mm3/(Nꞏm) were achieved owing to the synergistic 
effect of excellent metallurgical bonding and fine microstructures of composite coating under laser power of 1500 W. 
Key words: laser cladding; WC−12Co composite coatings; microstructure evolution; microhardness; wear performance 
                                                                                                             

 

 

1 Introduction 
 

Laser cladding is one of the most important 
surface-modifying processes that uses a high-power 
laser beam to melt the deposited materials [1,2]. 
The surface modification of carbon steel is a major 
interest in many applications [3]. Laser cladded 
layers, because of the melting of materials, have a 
strong bond with the underlying materials [4−6]. 
Among the preparation methods for coatings, such 
as plasma cladding, magnetron sputtering and 
plasma spraying, laser cladding is an effective 
means that can prepare satisfactory coatings, with 
minimal dilution from the substrate, small heat- 
affected-zone (HAZ), extremely fine microstructure, 
good metallurgical bonding to substrate, and pretty 
good surface quality [7,8]. Due to the adequate 
resources and excellent mechanical properties of 

metal materials together with high hardness and 
good wear resistance of WC [6−8], the WC- 
reinforced metal-based coatings such as Ti-based 
alloy [9−11], Ni-based superalloy [12−15], Al- 
based alloy [16−18], Fe-based alloy [19−24] have 
been reported in recent years. 

Among several WC-reinforced metal-based 
materials and taking into account ceramic matrix 
WC−Co materials, WC−Co materials with high 
hardness and excellent wear resistance, should be 
paid more attention for preparing wear-resistant 
coatings. WC−Co wear-resistant coatings have 
numerous industrial applications in the form of bulk 
parts due to their superior mechanical properties for 
cutting tools, mining and drilling equipment, and 
other wear-resistant applications [25−27]. However, 
to the best of the author’s knowledge to date, the 
report on WC−Co wear-resistant coatings is lacking 
although there are a couple of reports on WC−Co  
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composite coatings in which non-spherical or low 
densification powders were used [28,29]. Among 
the existing studies on WC−Co wear-resistant 
coatings, the microstructure and properties of the 
WC−Co composite coatings have not been studied 
systematically. Furthermore, the problems such as 
cracks, porosity, poor metallurgical bonding, 
decarburization of WC and formation of secondary 
carbides like W2C, inhomogeneous distribution of 
WC in the composite coatings, remain to be further 
investigated. On the other hand, it is noted that the 
building rate of the current coatings is generally low. 
At present, the typical thickness of the coatings has 
been only 20−50 µm [28,30]. The building rate 
could be improved by increasing layer thickness or 
cladding time as the laser power is increased. 
Furthermore, while increasing the building rate, low 
levels of defects such as porosity also need to be 
guaranteed to ensure the required structural 
integrity and properties. These problems can be 
solved by laser cladding through increasing printing 
time and suitable laser power. 

In this work, self-made sintered WC−12Co 
spherical powders with high densification were 
selected as the raw material to form WC−12Co 
composite coatings on the surface of 304 stainless 
steel via laser cladding using coaxial powder-feed 
mode. The WC−12Co spherical powders with high 
sphericity and smooth surface showed good fluidity, 
which was beneficial to uniform distribution of hard 
phase WC in the coatings. Furthermore, through 
multiple printing, the building rate of the WC−12Co 
wear-resistant coatings was significantly improved, 
and the thickness of the coating could reach    
about 2 mm. A comprehensive relationship between 
the densification behavior, microstructure and 
mechanical performance of WC−12Co composite 
coatings was discussed. 
 
2 Experimental 
 

The 304 stainless steel plate with dimensions 
of 160 mm × 80 mm × 10 mm was used as the 
substrate and sintered WC−12Co composite powder 
was used as the deposited material. The laser 
cladding system (LMD8060), which mainly 
contained Laserline LDF 3.000−60 fiber laser with 
a maximal power of 3000 W and a laser spot 
diameter of 1−6 mm, an inert Ar protection system, 

an automatic powder delivery system and a 
computer control system, was employed to build 
WC−12Co composite coatings. The laser cladding 
processing parameters were set up as follows: laser 
scanning speed (V) of 500 mm/min, powder 
delivery rate of 0.5 r/min, printed layer thickness of 
3 layers (2 mm), laser spot diameter of 2 mm, 
overlap rate of 50%, scanning interval of 1.5 mm, 
laser powers (P) of 900, 1100, 1300, 1500, 1700 
and 1900 W. WC−12Co composite coating 
specimens were fabricated at various laser powers 
with dimensions of 16 mm × 16 mm × 5 mm. 

The phase compositions of WC−12Co 
composite coatings were determined by X-ray 
diffractometry (XRD, Bruker D8 X-ray 
diffractometer Focus) using Cu Kα radiation. The 
microstructure morphology of samples was 
characterized using an environmental scanning 
electron microscopy (SEM, FEI Quanta 200F) with 
energy-dispersive spectrometry (EDS). The micro- 
hardness of samples was measured on the polished 
cross-sections using an HVS−1000A digital 
microhardness tester. The load and the duration 
used for each hardness measurement were 0.3 kg 
and 15 s, respectively. Wear resistance of coatings 
at room temperature was tested by using a 
ball-on-disk tribometer (THT−1000) under dry 
friction condition. The Al2O3 ball with a diameter of 
6 mm was used as the friction pair because of its 
high hardness. The sliding speed was 20 cm/s, and 
the sliding distance was 200 m. Each specimen was 
tested for 20 min under a load of 5 N. A laser 
scanning confocal microscope (OLYMPUS LEXT 
OLS4100) was used to observe the wear marks. The 
three-dimensional structure of the wear marks was 
obtained by computer software LEXT analysis and 
simulation, and the wear rate was calculated. The 
wear rate (Wr) is defined as the wear volume per 
unit load and per unit wear distance, which is 
calculated using the following formulae: 
 

Wr=
V

FL
                                 (1) 

 
V=2πrS                                 (2) 
 
where V is the volumetric loss of sample during 
wear tests, F is the contact load, L is the sliding 
distance, r is the wear scar radius, and S is the 
cross-section area of the friction trace. 
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3 Results and discussion 
 
3.1 Morphology and performance parameters of 

WC−12Co composite powders 
Figure 1 and Table 1 show the SEM 

micrographs of sintered WC−12Co composite 
powders and their main performance parameters, 
respectively. The WC−12Co composite powders 
(5.70 wt.% C, 12.20 wt.% Co and W in balance) 
were made by nitrogen atomization and powder 
sintering process. As can be seen from Figs. 1(a) 
and (b), high sphericity and smooth surface suggest 
that WC−12Co composite powder has good fluidity, 
which is beneficial to uniform distribution of hard 
phase WC in the coatings. The powder section  
(Fig. 1(c)) reveals a dense microstructure without 
pore or crack. As shown in Table 1, WC−12Co 
composite powders with grain size in the range of 
125−180 µm and the average particle size of  
152.5 µm have the carbon content of 5.38 wt.% and 
low oxygen content of less than 0.02 wt.%. On the 
other hand, the powders have a considerably high 
microhardness of HV0.3 1800−2000. As a result, 
compared with the WC-reinforced metal- based 
powders and WC−Co powders with low sphericity, 
rough surface and low content of WC (less than 50 
wt.%) [5,31,32], the self-made WC−12Co powders 
with a series of excellent qualities can be used as 
raw material for wear-resistant coatings [33,34]. 

 
3.2 Phase structure of coatings 

Figure 2 shows the XRD patterns of the 

WC−12Co composite coatings at different laser 
powers (900, 1100, 1300, 1500, 1700 and 1900 W). 
The XRD patterns confirmed that WC−12Co 
composite coatings were mainly composed of WC 
and M3W3C (M=Fe,Co) eutectic carbides. It is 
worth noting that with the increase of laser power, 
the diffraction peaks, which were identified as the 
residual WC phases gradually decrease first   
(Figs. 2(a−d)) and then increased rapidly (Figs. 2(e) 
and (f)). The intensity of M3W3C (M=Fe,Co) 
eutectic carbide diffraction peaks was contrary to 
that of WC. Moreover, by increasing the laser 
power to 1500 W, the amount of WC was reduced 
to the minimum while M3W3C (M=Fe,Co) eutectic 
carbides reached the maximum. According to XRD 
patterns, although a high-energy laser beam was 
used, the incorporated WC particles were 
insufficient to be melted completely, and there  
were no secondary carbide such as W2C and 
decarbonization of WC in the coating. Furthermore, 
it could be seen that the amount of melted WC and 
Co in WC−12Co composite powders increased 
gradually with increasing laser power when the 
laser power was less than 1500 W. After WC 
particles suffered from the heat damage, W and C 
atoms from the dissolution of WC particles could 
diffuse into the 304 stainless steel solvent. 
Meanwhile, Fe and C elements from the molten 304 
stainless steel solvent diffused towards WC 
particles, then new M3W3C (M=Fe,Co) eutectic 
carbides were formed. Therefore, the decrease of 
WC would be accompanied by the increase      
of M3W3C (M=Fe,Co). However, when the laser 

 

 
Fig. 1 Morphologies of sintered WC−12Co composite powders with different magnifications 

 
Table 1 Main performance parameters of sintered WC−12Co composite powders 

Grain size of 

WC−12Co/μm 

Average particle size 

 of WC−12Co/μm 

Average particle 

 size of WC/μm 

Carbon  

content/wt.% 

Oxygen  

content/wt.% 

Microhardness 

 (HV0.3) 

125−180 152.5 0.42 5.38 ≤0.02 1800−2000 
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Fig. 2 XRD patterns of WC−12Co composite coatings 

under different laser powers: (a) 900 W; (b) 1100 W;   

(c) 1300 W; (d) 1500 W; (e) 1700 W; (f) 1900 W 
 
power was higher than 1500 W, WC was over- 
heated and grew up quickly with the increase of 
power. As the coarse WC grains were completely 
distributed on the surface of the composite coatings, 
the intensity of WC diffraction peak was rapidly 
enhanced and the diffraction peak of the M3W3C 
(M= Fe,Co) was weakened. 
 
3.3 Microstructure of coatings 

Figure 3 shows the SEM images of cross- 
sections of WC−12Co composite coatings prepared 

under different laser powers of 900, 1100, 1300, 
1500, 1700 and 1900 W. As could be clearly seen 
from this figure, the samples fabricated at 900 W 
(Fig. 3(a)) and 1100 W (Fig. 3(b)) showed a large 
amount of residual unmelted WC−12Co spherical 
particles which were evenly and regularly 
distributed throughout the coatings. Furthermore, 
some nearly orbicular micropores were formed and 
dispersed between the neighboring scanning tracks 
and layers. Subsequently, at the laser power of  
1300 W (Fig. 3(c)), the WC−12Co spherical 
particles became increasingly melted, the interface 
of coating and substrate became obviously 
irregular-shaped and some pores were also observed 
in the coatings. However, when laser power was set 
to be 1500 W, a dense section was obtained, 
showing a homogeneous layerwise microstructure, 
which achieved a good metallurgical bonding 
between adjacent layers and scanning tracks 
(Fig. 3(d)). Subsequently, at higher laser power 
such as 1700 W (Fig. 3(e)), the layerwise 
microstructure was still homogeneous. At the same 
time, irregular-shaped interface, fewer residual 
WC−12Co spherical particles, as well as large crack 
and pore could be also observed visibly. Moreover, 
when the laser power increased to 1900 W, the 
grain became coarse, the distribution of layers was 
uneven and WC−12Co particles were sufficiently  

 

 
Fig. 3 SEM images of cross-sections of WC−12Co composite coatings prepared under different laser powers: (a) 900 W; 

(b) 1100 W; (c) 1300 W; (d) 1500 W; (e) 1700 W; (f) 1900 W 
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melted. In addition, large-sized WC grains with 
irregular shape which crossed several layers were 
clearly observed (Fig. 3(f)), leading to the increased 
microcracks. 

The traditional SEM images and EDS spectra 
presenting the characteristic morphologies of 
WC−12Co composite coatings under laser power of 
1500 W are illustrated in Fig. 4. It was visibly 
apparent that the edge of WC−12Co spherical 
particles was largely melted and evenly distributed 
on the surface of the coatings and there were new 
carbides precipitated between unmelted WC−12Co 
spherical particles and residual WC particles   

(Fig. 4(a)). Due to the melting of WC−12Co 
spherical particles, considerable WC particles were 
dissolved in the molten Co and 304 stainless steel, 
thus releasing W and C atoms in the molten pool. 
Some W and C atoms reacted with Co and 304 
stainless steel substrate to generate compound 
carbides along the grain boundaries of the matrix. 
As shown in Figs. 4(a) and (b), the formed eutectic 
carbides exhibited the homogeneous, continuous 
and fine network structures. It is worth noting that 
the size of the lamellar WC in residual WC−12Co 
spherical particles (Fig. 4(c)) was much larger than 
that of WC−12Co spherical composite powders 

 

 

Fig. 4 Morphologies and EDS spectra of WC−12Co composite coatings under laser power of 1500 W: (a) Morphology 

of carbides on surface of coatings; (b) Morphology of carbides at edge of residual WC−12Co particles; (c) Morphology 

of carbides inside residual WC−12Co particles; (d−f) EDS spectra of different zones marked A, B and C in Fig. 4(b), 

respectively 
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(Fig. 1(c)). Moreover, the results of XRD (Fig. 2) 
combined with EDS analysis indicated that the gray 
dendrites in shape of herringbone (marked A in  
Fig. 4(b)) were M3W3C (M=Fe,Co), which was a 
typical eutectic carbide containing high contents of 
Co and Fe. Furthermore, the liner elemental 
distribution in Fig. 4(d) also indicated that the 
bright areas mainly contained W, while the 
relatively dark areas were rich in Fe and Co. The 
result of EDS in Fig. 4(e) further confirmed that the 
dark zones in the coatings mainly contained Fe 
(71.56 wt.%). The white coarse carbide (marked C 
in Fig. 4(b)) which contained large amounts of W 
(92.17 wt.%) and small amounts of C (0.66 wt.%), 
Co (1.71 wt.%) and Fe (5.46 wt.%) was believed to 
be the residual WC. 

Based on the above results, it can be drawn 
that the solubility of WC particle solvent increased 
with the decrease in WC particle size [16]. 
Therefore, WC particles with relatively small size 
could be completely dissolved during laser cladding 
to form free W and C atoms, resulting in the 
formation of Co−W−C and Fe−W−C alloy solvents 
in the molten pool. The decomposition of WC and 
subsequent formation of Fe3W3C and Co3W3C 
proceeded in the following three stages [28]: 
 
2WC=W2C+C                          (3) 
 
W2C=2W+C                            (4) 
 
WC+3W+3Fe=Fe3W3C                   (5) 
 
WC+2W+3Co=Co3W3C                  (6) 
 

In order to reduce the resistance of new phase 
formation, new M3W3C (M=Fe,Co) eutectic 
carbides tended to grow up along the residual 
particles with a certain crystal plane and crystal 
direction. 

To further understand the growth behavior of 
grain size in the coatings, the morphologies and 
grain sizes of WC inside WC−12Co powders and 
residual WC−12Co particles in the composite 
coatings under the laser powers of 1100, 1500 and 
1900 W are shown in Fig. 5. According to Fig. 5, at 
a relatively low laser power of 1100 W, the grain 
size of the residual WC particles was mainly in the 
range of 0.6−0.9 µm (Figs. 5(c) and (d)), which was 
slightly larger than that of WC−12Co composite 
powders (0.5−0.7 µm) (Figs. 5(a) and (b)). Sub- 
sequently, on enhancing the laser power to 1500 W, 
the residual unmelted WC (Fig. 5(e)) grew up 

gradually with grain size increased to 1−2 µm  
(Fig. 5(f)), which was about three times larger than 
that of WC−12Co composite powders. However, at 
a relatively high laser power to 1900 W, the WC 
grains (Fig. 5(g)) grew up significantly with the size 
in the range of 8−16 μm (Fig. 5(h)), which was 
about twenty times larger than the size of the raw 
powder. Moreover, as can be seen in Fig. 5(g), new 
carbides were considered to be M3W3C precipitated 
around WC grains. According to the above results, 
it was obvious that the increase of laser power 
induced lower cooling rate and the longer liquid life 
time, leading to the sufficient growth of WC grains. 
It could also be concluded that the increase of laser 
power not only had a slight influence on the melting 
amount of WC−12Co spherical powders, but also 
couldn’t promote the growth of WC and M3W3C 
(M=Fe,Co) eutectic carbides when the laser power 
was less than 1500 W. However, the grains of WC 
and M3W3C (M=Fe,Co) carbides would be 
overheated and grew up rapidly with the increase of 
laser power when the laser power was more than 
1500 W [35,36]. Namely, the as-fabricated samples 
showed very small grain size when laser powers 
were less than 1500 W but showed remarkably 
increased grain size above 1500 W. 

Figure 6 shows SEM images of different parts 
of WC−12Co composite coating under a laser 
power of 1500 W. Firstly, it was obvious that the 
porosity and cracks were not found in WC−12Co 
composite coating, and the coating achieved perfect 
metallurgical bonding with the substrate (see    
Fig. 6(a)). In addition, residual WC−12Co particles 
were evenly distributed throughout the coating. 
Secondly, it could be observed in Fig. 6(b) that the 
bonding metal also had a planar growth, the 
thickness of the planar growth was only 2−3 µm 
and smaller columnar dendrites at the bottom of the 
coating were also formed. Moreover, the 
herringbone eutectic carbides precipitated in the 
composite coating, and the dendritic carbides 
precipitated at the center of the composite coating. 
Thirdly, as shown in Figs. 6(c) and (d), at the center 
of coating, there were herringbone and dendritic 
eutectic M3W3C (M=Fe, Co) carbides and the thick 
blocky WC distributed alternately at the edge of the 
residual WC−12Co composite powders. Moreover, 
the grain sizes of WC and M3W3C (M=Fe,Co) 
carbides grew up gradually as the distance from  
the interface increased. Lastly, as can be seen from  
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Fig. 5 Morphologies (a, c, e, g) and size distributions (b, d, f, h) of WC grains inside WC−12Co particles: (a, b) Raw 

WC−12Co spherical powders; (c, d) Residual WC−12Co under laser power of 1100 W; (e, f) Residual WC−12Co under 

laser power of 1500 W; (g, h) Residual WC−12Co under laser power of 1900 W 
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Fig. 6 SEM images of different parts of WC−12Co composite coating under laser power of 1500 W: (a) Full 

cross-section at low magnification; (b) Higher magnification view at bottom of coating; (c, d) Higher magnification 

view at center of coating; (e) Higher magnification view at top of coating 
 
Fig. 6(e), the WC grain at the top of coating was 
finer than that at the center of the coating, and the 
grain size of M3W3C (M=Fe,Co) carbides in 
herringbone and dendritic shape at the top of 
coating was as same as that at the bottom. On the 
whole, it was evident that the sintered WC−12Co 
particles had different dissolution characteristics in 
different regions of the composite coating using the 
same laser power of laser cladding. 

Based on the above results, we could see that 
because three-layer WC−12Co composite powders 
were printed on the surface of 304 stainless steel 
substrate, the grain size would vary greatly from the 
bottom to the top of the composite coating. When 
the first layer of powder was printed on the surface 
of the substrate (Fig. 6(b)), the edges of WC−12Co 
composite powders were melted, the morphology  
of coatings was determined by the solidification 
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conditions such as the temperature gradient G and 
the solidification rate R. At the bottom of the 
molten pool, the temperature gradient G was 
relatively high but the solidification rate R was very 
low, so a planar growth was induced by high G/R 
ratio. The temperature gradient G decreased 
gradually with increasing distance from the surface 
of substrate, while the solidification rate R 
increased gradually, resulting in the decrease of the 
G/R ratio. Therefore, a constitutional supercooling 
was soon generated and the planar solid/liquid 
interface became unstable, which induced the onset 
of a Co/Fe-rich dendrite. However, the fast laser 
scanning speed (500 mm/min) induced higher 
cooling rate and shorter liquid lifetime, resulting in 
insufficient growth of the grains. Thus, grains could 
keep fine structures to acquire higher mechanical 
properties. Subsequently, the second layer of 
WC−12Co composite powders was printed on the 
surface of the first coating (see Figs. 6(c) and (d)), 
the solidification process of the first layer had not 
been completely accomplished yet, part of the 
solidified grains and residual WC−12Co particles 
melted again, and the liquid lifetime lasted longer 
with lower cooling rate. Moreover, due to the nearly 
complete dissolution of WC−12Co particles, the 
coarse herringbone M3W3C (M=Fe,Co) eutectic 
carbides and the facet dendritic M3W3C (M=Fe,Co) 
carbides precipitated in the composite coating. 
Lastly, when printing the third layer, the surface of 
the second layer (Fig. 6(d)) was not completely 
cooled and heated again. With increasing liquid 
lifetime and decreasing cooling rate, the new 
carbides went through a transition of the fine 
M3W3C (M=Fe,Co) eutectic precipitated in an 
intergranular network of the residual WC−12Co 
particles to the coarse M3W3C (M=Fe,Co) eutectic 
precipitated in the composite coating. And the 
lamellar residual WC also presented a growth 
characteristic of the blocky shape. To sum up, 
printing multiple layers of WC−12Co powders on 
304 stainless steel substrate not only made the 
structure and morphology of the coating vary from 
bottom to surface, but also promoted the uniform 
distribution of WC and M3W3C (M=Fe,Co) eutectic 
carbides in the coating. 
 
3.4 Mechanical properties of coatings 

Figure 7 shows typical microhardness curves 
on the cross-section of WC−12Co composite 

coatings under different laser powers. As can be 
seen from Fig. 7, the microhardness of the 
composite coating increased first and then 
maintained a certain level. In other words, firstly, 
the microhardness of the substrate (SUB) and   
the heat-affected-zone (HAZ) was HV0.3 140−210. 
Subsequently, the hardness of the first layer of the 
coatings increased rapidly with the increase of 
distance, reaching HV0.3 1000−1200, which was 
approximately six times higher than the average 
microhardness values of SUB and HAZ. Lastly, the 
microhardness of the second and third layers 
gradually increased from HV0.3 1200−1400 to 
HV0.3 1500−1600 and then remained this level, 
which was very similar to the microhardness of 
WC−12Co composite powder (HV0.3 1800−2000). 
Moreover, we could note that the microhardness of 
the coatings with laser power of 1500 W was 
significantly higher than that of coatings with other 
laser powers. It was explained by the following 
reasons. According to Figs. 4−7, it can be possible 
to conclude that the variation of microhardness was 
linked with distribution of hard phase WC, 
metallurgical bonding and microstructure of 
WC−12Co composite coatings. In general, more 
uniform distribution of WC and better metallurgical 
bonding led to higher microhardness [5,23]. On the 
other hand, a dense homogenous microstructure 
would increase the microhardness of coatings. 
Firstly, at a relatively low laser power, the input 
energy density would become lower and it was 
more likely that WC−12Co particles in the previous 
layer were not sufficiently melted and bonded with 
the fresh WC−12Co particles, leading to the poor 
metallurgical bonding and insufficient growth of 
WC and M3W3C (M=Fe,Co) grains. Thus, low 
hardness of the coatings was observed. 
Subsequently, due to the combination of excellent 
metallurgical bonding, uniform distribution of WC 
and fine grains, the highest microhardness of HV0.3 
1600 was obtained at laser power of 1500 W. Lastly, 
when the applied laser power increased to 1700 and 
1900 W, the high input energy density induced 
thermal stress, leading to the formation of 
microcrack in the coatings. As a result, resultant 
low microhardness values of HV0.3 1300 and HV0.3 

1200 were obtained, respectively. In addition, due 
to low WC content, the microhardness values of the 
substrate (SUB) and the heat-affected-zone (HAZ) 
were lower than those at other places of coatings. 
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Furthermore, higher WC content, finer grains and 
better metallurgical bonding led to continuously 
increasing microhardness. 
 

 
Fig. 7 Microhardness of WC−12Co composite coatings 

under different laser powers 

 
In order to compare the tribological behaviors 

of the WC−12Co composite coatings prepared by 
laser cladding under different laser powers, wear 
tests were performed on the WC−12Co composite 
coating specimens. The evolution of coefficient of 
friction (COF) of the test specimens was recorded 
during the wear process, thus the variations of 
coefficient of friction with sliding time could be 
obtained. Figures 8(a) and (b) depict the coefficient 
of friction and wear rate of the coating specimens 
under different laser powers, respectively. It could 
be found that laser power played a key role in 
determining the wear performance. At the lowest 
laser power of 900 W, the COF was 0.61, with a 
resultant wear rate of (3.57±0.38)×10−7 mm3/(Nꞏm). 
On increasing the laser power to 1100 and 1300 W, 
the lower COFs of 0.60 and 0.65 were obtained, 
respectively, leading to lower wear rate of 
(3.24±0.29)×10−7 and (3.18±0.79)×10−7 mm3/(Nꞏm). 
Subsequently, when laser power raised to 1500 W, 
the lowest COF of 0.55 with attendant lowest wear 
rate of (2.15±0.31)×10−7 mm3/(Nꞏm) was observed. 
When the applied laser power increased to 1700 
and 1900 W, the COFs of sample reached as high  
as 0.625 and 0.60, respectively, leading to   
relatively large wear rate of (6.05±0.75)×10−7 and    
(11.07±0.99)×10−7 mm3/(Nꞏm). In general, laser 
power had a slight effect on wear rate when laser 
power was less than 1500 W, while laser power was 
believed to play an important role in improving the 
wear rate when laser power was more than 1500 W. 

 

 

Fig. 8 Coefficient of friction (a) and wear rate (b) of 

WC−12Co composite coating samples under different 

laser powers 

 
The worn surfaces of the tested specimens 

were examined using a three-dimensional 
microscopic system with super depth of field, 
which had the ability to measure the width and 
depth of the wear track, thus to evaluate the volume 
loss. Figure 9 shows the three-dimensional 
microscopic analysis images of worn surfaces of 
304 stainless steel substrate as well as WC−12Co 
composite coatings under different laser powers. As 
shown in Fig. 9(a), the worn surface of 304 
stainless steel substrate showed extensive spallation 
and deep continuous grooves, indicating the poor 
wear resistance of substrate material. As can be 
seen in Figs. 9(b−d), the three-dimensional 
microscopic analysis images showed a smooth and 
flat worn surface, suggesting the high wear 
resistance of the WC−12Co composite coatings. 
Furthermore, it was shown that an increase trend of 
the breadth of wear scar appeared with the increase 
of laser power. Subsequently, at the laser power of 
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Fig. 9 Three-dimensional microscopic analysis images of worn surfaces of 304 stainless steel substrate and WC−12Co 

composite coatings under different laser powers: (a) 304 stainless steel substrate; (b) WC−12Co composite coatings 

under laser power of 900 W; (c) WC−12Co composite coatings under laser power of 1500 W; (d) WC−12Co composite 

coatings under laser power of 1900 W 

 
900 W, the worn surface of the coating showed 
narrow spallation and deep continuous grooves  
(Fig. 9(b)). However, inconspicuous scratching with 
the exception of a minor lamellar spallation and 
micro-cracks appeared on the worn surface, thereby 
indicating excellent wear resistance at the laser 
power of 1500 W (Fig. 9(c)). Subsequently, wear 
scar was more extensive when the laser power 
increased to 1900 W, at the same time, increased 
brittle fracture, lamellar spallation, as well as the 
appearance of numerous pits were found on the 
worn surface (Fig. 9(d)). 

To further understand the enhancement 
mechanism on wear performance of WC−12Co 
composite coatings, a comprehensive relationship 
between metallurgical bonding, microhardness and 
microstructure was discussed as follows. The wear 
mechanism of WC−Co cemented carbide under 
different service conditions is mainly summarized 
as follows [37−41]: (1) extrusion and removal of 
binder phase Co; (2) fracture and crushing of hard 
phase WC; (3) abscission of WC particles;       
(4) chemical corrosive wear of cemented carbide. 
The wear of WC−12Co cemented carbide was 
caused by one or more of the above mechanisms in 
WC−12Co composite coatings [34,35]. At first, at a 
low laser power, in combination with Figs. 3(a), 5(b) 

and 9(b), it was not difficult to infer that owing to 
large amount of unmelted WC−12Co particles and 
relatively poor metallurgical bonding between 
residual WC−12Co particles and M3W3C (M= 
Fe,Co) eutectic carbides, residual particles could be 
easily removed from the matrix. Therefore, wear 
mechanism in WC−12Co composite coating was 
mainly extrusion and removal of residual 
WC−12Co particles. And then these particles may 
stick to the other surface during the sliding process. 
These results suggested that the main wear 
mechanism of the coating was abrasive wear 
coupled with spallation. Subsequently, from Figs. 4, 
6 and 9, it can be seen that on enhancing laser 
power to 1500 W, the resultant improved 
metallurgical bonding between residual unmelted 
WC−12Co particles and fine hard phase WC, 
M3W3C (M=Fe,Co) eutectic carbides, accordingly 
WC particle and residual WC−12Co particles were 
difficult to be worn away during dry sliding test. 
Therefore, only a few extrusion and removal of 
binder phase Co in matrix and little fracture and 
crushing of hard phase WC ensured better wear 
performance. Lastly, when laser power was more 
than 1500 W, the increasing laser power induced 
higher thermal stress, more thermal damage of WC 
particles, cracks and porosity in coatings together 
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with more completely dissolved WC−12Co 
particles (see Figs. 3(e) and (f)), leading to rapidly 
increasing rear wear. Consequently, the above four 
wear mechanisms would exist simultaneously in the 
coatings. In addition, As shown in Figs. 7 and 9, the 
microhardness of the coatings also played an 
important role in the enhancement of wear 
performance. The high microhardness is often 
accompanied by good wear performance. 
 
4 Conclusions 
 

(1) The heterogeneous structures in the 
herringbone and dendritic shape identified as 
M3W3C (M=Fe,Co) eutectic carbides are formed 
between WC particle and matrix due to the in-situ 
reaction under laser processing. It is reasonable to 
consider that the generation of heterogeneous 
structure is beneficial to improving the bonding 
strength between WC particle and matrix, and plays 
an important role in improving hardness and wear 
performance of the coatings. 

(2) Network structures of eutectic phase and 
WC particles are uniformly distributed in 
WC−12Co composite coating. A high densification 
of composite coating with no cracks and porosity, 
no secondary carbides or other microscopic defects 
and a good metallurgical bonding with 304 stainless 
steel substrate are obtained under a laser power of 
1500 W (laser scanning speed of 500 mm/min, 
delivering rate of 0.5 r/min). On the other hand, a 
considerably high microhardness of HV0.3 1500− 
HV0.3 1600, low COF of 0.55 and wear rate of 
(2.15±0.31)×10−7 mm3/(Nꞏm) are realized due to 
enhanced densification and fine microstructure of 
composite coating. 
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摘  要：采用同轴送粉激光熔覆工艺制备 WC−12Co 复合涂层，并对涂层的相组成、显微组织演变、硬度和磨损

性能进行综合研究。结果表明：在高扫描速率和高激光能量密度综合作用下，WC−12Co 复合粉末边缘的 WC 部

分溶解于液态 Co 和 304 不锈钢基体中，形成层片状 WC 和鱼骨状新型碳化物 M3W3C(M=Fe,Co)。所得 WC−12Co

复合涂层致密化程度高，与基体形成良好的冶金结合，未出现气孔、裂纹和脱碳等缺陷。此外，当激光功率为   

1500 W 时，在良好冶金结合与精细显微组织的综合作用下涂层的维氏硬度和耐磨性能显著提高，硬度达

HV0.3 1500~ HV0.3 1600，涂层的摩擦因数和磨损率较低，分别为 0.55 和(2.15±0.31)×10−7 mm 3/(Nꞏm)。 

关键词：激光熔覆；WC−12Co 复合涂层；显微组织演变；显微硬度；磨损性能 
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