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Abstract: This article focuses on the microstructural evolution and wear behavior of 50wt%WC reinforced Ni-based composites prepared 
onto 304 stainless steel substrates by vacuum sintering at different sintering temperatures. The microstructure and chemical composition of 
the coatings were investigated by X-ray diffraction (XRD), differential thermal analysis (DTA), scanning and transmission electron micros-
copy (SEM and TEM) equipped with energy-dispersive X-ray spectroscopy (EDS). The wear resistance of the coatings was tested by thrust 
washer testing. The mechanisms of the decomposition, dissolution, and precipitation of primary carbides, and their influences on the wear re-
sistance have been discussed. The results indicate that the coating sintered at 1175ºC is composed of fine WC particles, coarse M6C (M=Ni, 
Fe, Co, etc.) carbides, and discrete borides dispersed in solid solution. Upon increasing the sintering temperature to 1225ºC, the microstruc-
ture reveals few incompletely dissolved WC particles trapped in larger M6C, Cr-rich lamellar M23C6, and M3C2 in the austenite matrix. 
M23C6 and M3C2 precipitates are formed in both the γ/M6C grain boundary and the matrix. These large-sized and lamellar brittle phases tend 
to weaken the wear resistance of the composite coatings. The wear behavior is controlled simultaneously by both abrasive wear and adhesive 
wear. Among them, abrasive wear plays a major role in the wear process of the coating sintered at 1175ºC, while the effect of adhesive wear 
is predominant in the coating sintered at 1225ºC. 

Keywords: particle reinforced composites; composite coatings; tungsten carbide; microstructural evolution; wear behavior; sintering tem-
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1. Introduction 

High-temperature corrosion resistant Ni-based/WC 
composite coatings have been widely used in chemical 
processing industries, with particular needs in heat ex-
changer tubes, fan blades, and so on [1−2]. The coatings es-
sentially acquire extra high strength, high hardness, low co-
efficient of thermal expansion, wear resistance, and oxidiza-
tion resistance from solid solution and primary reinforced 
carbides, such as WC and M6C, which is expected to pre-
vent excessive oxidation and strengthen grain boundary [3]. 
Moreover, the in situ formation of M23C6, M7C3, and M3C2 
around the primary carbides during the solidification process 
greatly affects the mechanical properties on the basis of their 
morphology, particle size, and distribution. The transforma-
tions of different carbides greatly depend on the service 

temperature of these workpieces.  
In general, WC reinforced metal matrix composite coat-

ings can be prepared by various surface techniques, includ-
ing thermal spraying, arc welding, and laser cladding. 
However, there are still some uncontrolled factors such as 
phase composition, porosity, oxidization, and cracks [4−6]. 
Besides, these fast solidification techniques bring about 
dramatic decarbonization and low deposition rate, due to the 
uncontrolled ultra high temperature, high gas velocity, and 
residual oxygen.  

Hexagonal tungsten carbide is a very stable material with 
ultra high hardness at room temperature. However, its good 
wettability and a certain amount of solubility in molten met-
als may cause series transformations in M/WC systems at 
ultra high temperature. These transformations are often con-
trolled by the diffusion rate of the metal atoms at the 
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solid/liquid boundary and metal melts at high temperature 
[7]. The evolution of primary MC (metallic carbides) de-
composition in Fe-based alloys has been investigated for 
decades. The classic decompositions, namely, MC + γ → 
M6C + γ′ and MC + γ → M23C6 + γ′ have been reported in 
various systems [8].  

It is well known that M6C carbides are the most common 
brittle phase present in M–W–C (M = Fe, Ni, Co, Cr, and so 
on) superalloy systems, which can effectively block the 
movement of dislocations. Furthermore, in certain systems, 
M6C decomposes into M23C6 [9−10]. The Cr-rich M23C6 is 
also a stable phase that may result from the reaction WC + 
xCr → W + CrxC. The metallic tungsten formed as a result 
of WC decomposition tends to solubilize into the matrix un-
til it approaches the solubility limit [11]. Thus far, different 
morphologies of M23C6, including the coarse lamellar line 
near grain boundaries, discrete particles, and nano-scaled 
particles, have been investigated in superalloys.  

However, to the best of our knowledge, systematic stud-
ies on the effect of sintering temperature on the composition, 
microstructure, and wear resistance of vacuum sintered 
Ni-based/WC composite coatings, especially the micro-
structure evolutions at different temperatures, have been 
rarely reported in the literature. To this end, in this study, we 
have made an attempt to obtain a comprehensive under-
standing of the evolution of carbides in a Ni-based/WC 
metal-ceramic system. For this, the composite coatings were 
sintered at different temperatures at around the transforma-
tion points (1020 and 1223°C). The sintering temperature 
was controlled so as to avoid the over sintering or insuffi-
cient sintering of the coatings. Microstructural evolutions, 
including MC decomposition, subsequent M6C decomposi-
tion, and M23C6 and M3C2 precipitation behaviors, have 
been investigated systematically.  

2. Experimental 

In this study, Co-coated WC (12wt% Co) and Ni-based 
alloy powders were used as raw materials. The chemical 
composition of the raw materials is listed in Table 1. Trans-
formation stages in the Ni-based/WC (50wt% WC) compos-
ite system were analyzed by thermal analysis at a heating 
rate of 10°C/min in argon atmosphere, similar to the vac-
uum sintering conditions.  

Table 1.  Chemical composition of the raw materials  wt% 

Raw materials Ni Fe Cr Co B Si C W
Ni-based alloy Bal. 10 8.5 ⎯ 3.0 3.5  0.7 ⎯

WC ⎯ ⎯ ⎯ 12 ⎯ ⎯ 5.29 82.71

In the typical process, the precursor powders were mixed 
at a weight ratio of 1:1, and then pressed onto an AISI 304 
stainless steel substrate under 200 kN. Polyvinyl alcohol 
(PVA) solution was used as the binder for the powder. Upon 
complete drying, the semi-finished samples were sintered in 
vacuum (<5 Pa) at a heating rate of 10°C/min from room 
temperature to the pre-set temperature. The samples were 
held at the desired temperature for 0.5 h and then cooled 
down to room temperature in the furnace, with an initial 
cooling rate of about 50ºC/min. During the sintering process, 
the coatings were held at 400°C additionally for a time pe-
riod of 0.5 h, in order to exhaust the gases decomposed from 
the organic binder. The sintered composite coating thus ob-
tained is 1.5–2.0 mm in thickness. For subsequent analysis 
of the samples by X-ray diffraction (XRD), scanning elec-
tron microscopy (SEM), and transmission electron micros-
copy (TEM), the coated samples were cut into small pieces 
and polished. Samples for TEM analysis were polished to a 
thickness of 50 µm, punched into φ3 mm, and finally 
thinned by iron beam until a hole is formed. A demagnetizer 
was used to weaken the magnetic effect of the samples on 
the focusing system. 

The wear samples were cut into pieces of dimension 15 
mm × 10 mm × 3 mm, followed by polishing using silicon 
carbide abrasive paper, and ultrasonic cleaning in acetone. 
The microhardness of the samples was measured by Vicker 
microhardness tester with a load of 1.96 N and a holding 
time of 15 s. The wear test was performed in compliance 
with the standards of ASTM G133-05, procedure A ― 
unlubricated wear testing at room temperature. The test 
conditions adopted are the normal force of 40.0 N, the 
stroke length of 10.0 mm, the oscillating frequency of 5.0 
Hz, the test duration of 2000 s, and the ambient temperature 
of 23–25°C.  

3. Results and discussions  

3.1. Thermal behavior  

The differential thermogram obtained during the heating 
of Ni-based/WC (50wt%WC) powders is shown in Fig. 1. 
The thermogram shows three main peaks that signify the 
transformation temperature of the composite powders. Be-
sides, three endothermic peaks of transformation points can 
be characterized. According to the sintering results, the 
pre-coating materials melt and form coatings at temperature 
over 1020ºC, which corresponds to the melting point of the 
Ni-based alloy. In general, tungsten carbide is chemically 
stable. Hence the WC powders do not transform or react at 
relatively low temperatures. However, the carbide can dis-
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solve into metallic solutions at the interface between the liq-
uid Ni-based matrix and tungsten carbide. This diffusion 
may cause several results: (1) reduction in WC volume frac-
tion among coatings, which may also weaken the strength-
ening effect of the reinforcing particles; (2) dissolution and 
precipitation mechanisms lead to new precipitations and 
composites, which may enhance the matrix by solid solution 
strengthening and dispersion strengthening; (3) interfaces 
between carbide particles and the metal matrix form smooth 
transformation regions and attribute a higher bonding 
strength.  

 
Fig. 1.  DTA curve of Ni-based/WC (50wt% WC) powders. 

The peak at around 1223°C refers to the phase transfor-
mation point of M6C → M23C6 + M (M = Fe, Cr, Co, W) 
[12]. According to the calculated results of WC decomposi-
tion reactions on the basis of Kirchhoff’s law, the tempera-
ture 1259°C corresponds to the decomposition point of 
2WC = W2C + C at 1250°C [13]. A higher sintering tem-
perature is unfavorable for the coatings, since the bonding 
matrix might melt and flow away without facilitating the 
formation of wear resistant coatings. 

3.2. XRD analysis 

The structures and phases of the coatings sintered at dif-
ferent temperatures were analyzed by XRD using Cu Kα ra-
diation. Fig. 2 shows the XRD patterns of Ni-based/WC 
(50wt% WC) composite coatings sintered at 1175 and 
1225ºC for 0.5 h, recorded at the middle of the vertical 
cross-section. These XRD patterns indicate that the main 
phases in the coatings are the austenite matrix and complex 
carbides, such as M6C and M23C6. Considering the disap-
pearance of WC phase, it is believed that the decomposition 
of WC occurred at high temperature over the transformation 
point of 1223ºC. Besides, the XRD patterns of the sintered 
coatings did not show the presence of W2C or WC1−x at 
these two temperatures. Compared with the XRD pattern of 

the precursor powders, a large amount of M6C (M = Ni, Cr, 
Fe) phase was formed over the melting temperature of the 
Ni-based alloy; while the peaks corresponding to M23C6 
carbides appeared instead of WC peaks.  

 
Fig. 2.  XRD patterns of Ni-based/WC (50wt% WC) coatings 
sintered at different temperatures. 

Thus, the reversible reaction between M6C and M23C6 
mostly depends on sintering temperature rather than sinter-
ing time. It has been reported that M6C exists in a wide vari-
ety of C−W−M systems (M = Fe, Co, Ni) [11,14]. For sin-
tering temperatures ranging from 650 to1000°C, M6C car-
bides are metastable and may partly degenerate into M23C6 
and M (M = W, Ni, Cr, Mo).  

3.3. Microstructure  

Fig. 3 shows the cross-sectional morphologies of the 
coatings sintered at 1775 and 1225ºC. The overall distribu-
tion of carbides in these two coatings can be observed in 
Figs. 3(a) and 3(b). In the case of the coating sintered at 
1175ºC, most WC particles in the upper region, closer to the 
coating surface, maintain their original shape and size even 
after sintering for 0.5 h (Fig. 3(c)). It can be seen that a large 
quantity of fine carbide particles (<10 µm) precipitate in the 
austenite matrix. However, bar-like secondary carbides be-
gin to form in large scale from the bottom region of the 
coating (Fig. 3(a)). This could possibly correspond to M6C, 
as determined from the XRD results. On contrary to the 
phase composition of the coating sintered at 1175ºC, the 
coating sintered at 1225ºC reveals more complicated com-
position of lamellar and blocky phases over 100 μm in the 
metal matrix (Fig. 3(b)). The brighter phase, which uni-
formly fills the coating, is much larger than the original size 
of the WC particles.  

For most Ni-based alloys, M6C carbides are derived from 
the degradation of MC carbides as MC + γ → M6C + γ′. 
However, in the Ni-based/WC system considered in this 
study, the low melting alloy melts that surround the WC 
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Fig. 3.  Cross-sectional SEM images of the coatings sintered at 1175°C (a) and 1225°C (b); (c) and (d) high magnification images of 
(a) and (b), respectively. 

particles and carbide dissolve into the liquid matrix from in-
terfaces between the solid/liquid boundaries. The free ele-
ments W and C react with the other iron group elements (Ni, 
Cr, Fe, etc.) to form secondary carbides, which disperse in 
the matrix during the solidification process. Also, the de-
composition of MC to M6C is common in the iron group 
element−WC system, while the subsequent reaction M6C → 
M23C6 + M is rather difficult [14]. The chemical composi-
tion of M6C carbides is usually rich in W, Ni and Fe, and 
poor in Cr. On the other hand, M23C6 is usually rich in Cr. 
The M23C6 and M6C carbides belong to Fm3

—

m and Fd3
—

m 
face centered cubic (fcc) space groups, respectively, and 
have similar miller indices and crystal structures. As is well 
known, M23C6 carbides form alloys in two different ways 
[15]. One is via the decomposition of M6C and MC, and the 
other is via the direct precipitation of carbides from the 
metal matrix. As can be seen from the SEM image shown in 
Fig. 3(d), other forms of carbides surround M6C carbides as 
cellular dendrites. The backscattered electrons, which yield 
a higher phase contrast when compared to the secondary 
electrons, indicate five different phases of carbides, since the 
mean atomic number of these carbides are different. Large 
blocky carbides form based on the fine WC particles. How-
ever, there are still a small amount of undissolved WC parti-
cles trapped in large M6C carbides (A in Fig. 3(d)). The de-
composition of MC into M6C is accelerated and yet another 
formation of M23C6 takes place in the matrix at the higher 
temperature.  

Table 2 lists the chemical composition of different pre-
cipitates in the coating sintered at 1225ºC for 0.5 h (marked 
in Fig. 3(d)). As is seen, the precipitates A, B, and E are WC, 
M6C, and the γ matrix, respectively. The precipitate C is rich 
in W, and deficit of Fe and Cr. On the other hand, the pre-
cipitate D is rich in Fe and Cr, and poor in W. Further TEM 
observation indicates that these two precipitates are M3C2 
and M23C6, respectively, which are both conjoint with 
blocky M6C. Moreover, these carbides can form quite far 
from M6C carbides, which cannot be explained by the de-
composition and diffusion of M6C. This phenomenon may 
be attributed to the segregation of Cr. Given the facts that 
these two carbides are usually rich in Cr and more stable 
than M6C [16].  

Table 2.  Chemical composition of different phases in the 
composite coating sintered at 1225°C for 0.5 h (in Fig. 3)  wt% 

Position in Fig. 3 C Si Cr Ni Co Fe W
A 23.49 4.75  3.38  2.07 1.58  9.75 54.98
B 25.48 ⎯  5.64  6.87 ⎯  8.14 53.87
C 23.24 ⎯ 14.88 17.04 ⎯  5.28 39.59
D 23.45 ⎯ 29.10 26.79 ⎯  3.34 17.30
E 27.87 3.36 9.28 40.45 ⎯ 18.34 ⎯

 
The TEM analysis of the coating sintered at 1175ºC (Fig. 

4 (a)) reveals dark WC carbide precipitates in bright γ phase. 
The corresponding selected area electron diffraction pattern 
indicates rectangular and triangular-shaped dark precipitates, 
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which respectively refer to block-like and prism-like parti-
cles with the same phase as that of WC in the same orienta-
tion of [01

—

1
—

]. The particle size of WC is less than 10 μm. 
Besides, M6C carbides are formed at the bottom region of 
the coating. No other carbides, like M23C6, can be found at 
the grain boundaries of WC or M6C/γ that precipitate di-

rectly from the matrix via segregation. So it can be induced 
that the decomposition of MC occurs at this low temperature, 
but no further degradation reaction takes place in this system. 
On the basis of results reported in previous studies, the de-
composition of MC at this temperature can be described as 
MC + γ → M6C + γ′. 

 
 
Furthermore, yet another rare precipitate has been found 

in the metal matrix. The bright field TEM image and the 
[100] SAED pattern confirm that the precipitate is Ni3B of 
orthorhombic space type with lattice parameters of ap-
proximately a = 0.5025 nm, b = 0.664 nm, and c = 0.442 nm, 
as shown in Fig. 4 (b). In general, the Ni-based coatings 
have interdendritic lamellar eutectic of γ-Ni3B. This boride 
nucleates along the grain boundaries ofγ phase, and grows in 
the lamellar form during eutectic solidification. However, 
with decrease in the concentration of boron in the 
Ni-based/WC system, the higher carbon concentration pro-
motes the formations of carbides and seizes the metal ele-
ment from the matrix. As a result, boride can hardly be ob-
served in the composite coatings with high carbon content.  

In general, the mechanical properties of these coatings 
usually depend on the microstructure of different phases and 

their grain boundaries. The high resolution TEM image of 
the coating sintered at 1175ºC (Fig. 4 (c)) reveals a very low 
dislocation density of the Ni matrix and a higher dislocation 
density of WC. There are 7 defects per 133 nm2 in (101

—

1). 
The dihedral angle of the interface between WC (101

—

0) and 
austenitic matrix (111) is measured to be 11.53°. Therefore, 
the presence of defects or grain boundaries, which act as 
heterogeneous nucleation sites, may greatly promote the 
decomposition and grain growth rate.  

With increase in sintering temperature to 1225ºC, several 
new carbides precipitate in the matrix, as shown in Fig. 5. 
The SAED analysis and the corresponding high resolution 
TEM images are illustrated in Fig. 6. Besides the austenite 
matrix (marked as A), the remaining precipitates marked as 
B, C, and D are M3C2, M6C, and M23C6, respectively. La-
mellar Cr3C2 is formed at two places, namely, at the grain 

Fig. 4.  TEM images of γ/WC (a) and
Ni3B (b) in the coating sintered at 1175°C
with corresponding diffraction patterns;
(c) high-resolution image of the γ/WC
grain boundary. 
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boundary of austenite/M6C, and at the matrix nearly parallel 
to the grain boundary of austenite/M6C, with a gap of about 
1 μm. Accordingly, the morphology of lamellar M3C2 
proves that the carbides can be formed both by the degrada-
tion of M6C and by the segregation of Cr and Fe directly in 
the austenite matrix. The former reaction can be expressed 
as M6C + γ → M3C2+γ′. According to the SEM image, 
M23C6 can also be formed at the interfaces of M6C/austenite 
and M3C2/austenite. The corresponding EDS analysis of 
M23C6 shown in Tables 2 and 3 indicate that, although they 
are both rich in Cr and Fe, M23C6 close to M6C has a higher 
Cr/Fe ratio and lesser W content when compared to that far 
from M6C. It has been reported that the Cr concentration in 
the matrix increases with increase in temperature [4], while 
the diffusion rate of C is much faster than that of Cr in al-
loys. As a result, the formation of carbides is controlled by 
the diffusion of the metal element. The possibility of Cr to 
form M23C6 is feasibly via the degradation of M3C2 and 

M6C. With increase in distance to the prime carbides, more 
Cr atoms dissolve into the matrix, consistent with that re-
ported in previous studies [8].  

 

Fig. 5.  TEM image of the coating sintered at 1225°C (A — 
austenite, B — M3C2, C — M6C, and D — M23C6). 

 
Fig. 6.  High-resolution TEM images revealing different phases in the coatings sintered at 1225°C: (a) austenite; (b) M3C2; (c) M6C; 
(d) M23C6. 
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Table 3.  Chemical composition of different phases in the 
composite coating sintered at 1175°C for 0.5 h (in Fig. 5)  wt% 

Position in Fig. 5 Fe Ni Cr W 
A 51.41 25.76 12.52 10.32 
B  9.93  1.98 15.19  72.9 
C 11.77  5.04  6.42 76.78 
D 27.59  4.02 38.61 29.78 

3.4. Mechanical properties 

In general, the wear resistances of the coatings depend on 
various factors: phase composition, grain size or particle 
size of the enhanced phases, distribution of the enhanced 
phases, matrix/precipitate bonding strength, and so on. The 
Vickers hardness number of the coating sintered at 1175°C 
ranges from 399 to 562 HV. The presence of fine carbide 
particles increases the average hardness of the alloys, 
thereby preventing abrasive wear and adhesive wear. The 
Vickers hardness number of the coating sintered at 1225°C 
ranges from 349 to 420 HV for the matrix and 1023 to 1345 
HV for large precipitates.  

The Vickers hardness of hexagonal WC, Cr23C6, M6C 
(Fe3W3C) and Cr3C2 are 2400, 976, 2210 and 2280 HV, re-
spectively. Here the chemical composition of M (M = Ni, Cr, 
Fe, Co, W) plays an important role in determining the real 
hardness of these carbides. In general, erosive wear caused 
by plastic deformation in a pure metal system is mainly in-
fluenced by its hardness [17−18]. On the other hand, with 
the addition of a large quantity of hard particles, the fracture 
toughness is greatly influenced by the composition of the 
material.  

The fracture toughness reduces with increase in the parti-
cle size of the reinforced phases. Uniform distribution of 
fine particles reduces the opportunity of crack formation 
during the wear process. The wear losses in the coatings 
sintered at 1175°C and 1225°C are respectively 0.8 and 4.1 
mg during 2000 s. Although the coating sintered at 1175°C 
shows a higher wear resistance, its friction coefficient is 
slightly higher than that of the coating sintered at 1225°C, as 

shown in Fig. 7. The stage during the first 400 s presents a 
rising trend for both the coatings as a period of surface de-
struction. As a result of surface cracking, the abrasive wear 
causes an increase in friction coefficient. After 400 s, the 
friction coefficients of both the coatings tend to be stable till 
the end of the tests. The decreasing peaks in the coating sin-
tered at 1225°C may refer to the cracking of larger carbides. 
Accordingly, it can be concluded that the fine WC dispersed 
uniformly in the Ni-based matrix is optimum for wear resis-
tance. Tungsten carbide reinforced coatings have high wear 
resistance due to the presence of WC particles. These coat-
ings consist of the Ni-based matrix that serves as a binder 
for fine and uniformly distributed WC particles. This unique 
morphology leads to higher hardness and fracture toughness 
compared with the coatings that consist of a diluted matrix 
fulfilled with decomposed and grown carbides. The WC 
particles protect the matrix from direct contact with the wear 
medium, although the metallic binder has low wear resis-
tance. 

 
Fig. 7.  Wear coefficients of the coatings sintered at 1175°C 
and 1225°C. 

The typically morphology of wear track on the surface of 
the coatings sintered at 1175 and 1225°C are shown in Fig. 
8. Grooves caused by abrasive wear and pits caused by 
spalling hard particles can be observed in both coatings. The 

 
Fig. 8.  SEM images of wear track on the surface of the coatings sintered at 1175°C (a) and 1225°C (b). 
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morphology of the coating sintered at 1225°C shows 
large-sized flaky exfoliation of the material and longer 
grooves compared with the coating sintered at 1175°C. This 
phenomenon may contribute to the formation of larger-sized 
carbides at a higher sintering temperature. Densely distrib-
uted undissolved WC particles can inhibit the formation and 
propagation of the cracks, along with the groove formation 
that usually occurs in the soft matrix. 

The wear behavior during continuous grinding was fur-
ther analyzed by observing wear debris. Wear debris from 
both the coatings present different sizes and chemical com-
positions, as shown in Figs. 9(a)−9(d) and the corresponding 
EDS results (Figs. 9(e) and 9(f)), respectively. The size of 
most wear debris from the coating sintered at 1175°C is less 
than 20 μm. EDS results of all the particles shown in Fig. 
9(c) indicate that the debris is rich in Ni and W. Fig. 9(b) il-

lustrates the debris over the size 150 μm spalled from the 
coating sintered at 1225°C, with some cracks on the surface. 
This debris is rich in Fe and Cr, and low in Ni and W, com-
pared with that from the coating sintered at 1175°C. Ac-
cordingly, it can be concluded that the large debris contains 
more austenite. C atoms decomposed from the fine carbides 
precipitate onto larger carbides as M6C to promote the 
growth of the larger precipitates. Cracks occur along the 
grain boundaries between metal and carbides and the corre-
sponding debris tend to be large pieces of the metallic ma-
trix and carbides. The coating sintered at 1175°C presents 
the characteristics of abrasive wear, including the tough 
surface and holes formed by spalling. Nevertheless, obvious 
grooves caused by the hard particles and exfoliations prove 
that adhesive wear plays an important role in the friction 
process.  

 
Fig. 9.  Morphologies of wear debris from the coatings sintered at 1175°C (a), 1225°C (b), and the corresponding EDS analysis re-
sults ((c) and (e) for (a); (d) and (f) for (b)). 

4. Conclusions 
(1) M6C is formed by the decomposition of WC in the 

liquid Ni-based matrix according to the dissolution and pre-
cipitation mechanisms. New carbides, namely, M23C6 and 
M3C2, are formed in the coating sintered at 1225°C, with the 
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transformation point (1223°C) corresponding to the reaction 
M6C → M23C6 + M.  

(2) The formation of M6C begins with the appearance of 
the liquid phase. High temperature sintering promotes the 
growth of blocky M6C precipitates. Sintering at a higher 
temperature (1225°C) above the transformation point results 
in the formation of lamellar Cr-rich M23C6 and M3C2 car-
bides in two positions, namely, the γ/M6C grain boundary 
and matrix closer to M6C. No discrete carbides have been 
found in the coating sintered at 1225°C, due to a faster dif-
fusion of C at a higher temperature.  

(3) The coating sintered at 1175°C has a higher wear re-
sistance due to the uniform distribution of fine WC particles. 
Although the coating sintered at 1225°C contains high 
hardness carbides, it has low wear resistance owing to the 
larger size and low fracture toughness.  
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