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Ni-Co-W composite coatings modified by different contents of Co-based alloy powder in the Ni-based alloy with 35 wt.% 
WC (Ni35WC) were deposited on stainless steel by laser cladding. The influence of compositional and microstructural 
modification on the wear properties has been comparatively investigated by XRD, SEM, and EDS techniques. It was found 
that the austenite dendrites in the modified coating adding 50 wt.% Co-based alloy were refined and a lot of Cr23C6 or 
M23(C, B)6 compounds with fine lamellar feature were formed around austenitic grain boundaries or in the intergranular 
regions. The contribution of element Co to the modification of Ni35WC coating is that it cannot only promote the 
formation of more hard compounds to refine austenite grains, but also refine the size of precipitates, and change the phase 
type of eutectic structure as a result of disappeared Cr boride brittle phases. A noticeable improvement in wear resistance 
is obtained in the Ni35WC coating with 50 wt.% Co-based alloy, which makes the wear rate decreased by about 53 % and 
30% by comparison to that of the substrate and the Ni35WC coating, respectively. It is suggested that the improvement is 
closely related to the composite coating being strengthened owing to the increase of coating hardness, formation of a fine-
grained microstructure caused by Co, and fine hard precipitate phases in the eutectic structure. 
Keywords: wear resistance, laser cladding, Ni-based alloy, Ni-Co-W composite coating, microstructural refinement. 

 
1. INTRODUCTION  

Stainless steel components with a lower hardness are 
difficult to use in harsh environments such as corrosive wear, 
particle erosion, and strong dry friction wear [1 – 4]. The 
selection of appropriate laser-clad materials can 
significantly improve their erosion resistance [5], corrosion 
resistance [6, 7], and wear resistance [8]. However, defects 
such as crack and pores in the cladding layer are a major 
problem restricting its industrial use [9], especially when 
cladding hard wear-resistant coatings such as Ni-base alloy 
[10, 11] and Ni-base superalloy [12, 13] with a high γ’ 
volume fraction are more likely to cause transverse 
penetration cracks and solidification cracking of the coating. 
The causes of crack formation in the cladding layer are 
mainly related to the high thermal stress caused by laser 
rapid heating and fast cooling, some hard phases exist in the 
coating to increase the brittleness and segregation of some 
low melting point intermetallic compounds at the grain 
boundary [9]. 

Due to both the strength and toughness of the fine grain 
structure, grain refinement is considered to improve the 
solidification cracking resistance and mechanical properties 
of welds [14]. Some studies have been reported in this area, 
for example, the study by Foroulis [15] on the sliding wear 
behavior of Ni-base H40 alloy hardfaced on 316ss also 
indicated that the hardfacing alloys should be hard and 
ductile to have good anti-wear properties. Furthermore, 
studies [16 – 18] on the non-surface hardened alloys showed 
that the strength and toughness of the alloys could be greatly 
improved by obtaining fine grain structure. Hou et al. [19] 
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reported that Mo added to the Ni-based alloy could refine 
the Ni-rich dendrites and change the Cr-rich compounds in 
the interdendritic region from plate-like to net-like. The 
studies by Shaikh Asad Ali Dilawary et al. [20] and Alhattab 
A.A.M et al. [21] on Mo-modified Ni-based alloys also 
confirmed that Mo has the effect of refining microstructure, 
improving the hardness and wear resistance. The study by 
Hemmati et al. [22] on the cracking tendency of laser 
deposition layer with Zr and Nb-modified Ni-base 
commonly 69 alloy showed that the addition of Zr does not 
cause any microstructural refinement, while the addition of 
Nb considerably refines the scale of Cr borides without 
affecting the hardness of the alloy, but this refinement does 
not reduce the cracking tendency of the deposits. Another 
study by Hemmati et al. [23] expounded a toughening 
mechanism of laser deposited coatings formed by the Nb-
modified Ni-based alloy to refine microstructure. The study 
by Liang et al. [24] on the Ni-based alloy coating modified 
with rare earth showed that there were no cracks and pores 
in the coatings contained 4 %CeO2, 5 % Y2O3, and 5 % 
La2O3 respectively, and the microstructure was refined, but 
the study did not mention the effect on properties. Zhao et 
al. [25] reported that the microstructure of Ni-based coating 
with nanometer La2O3 addition was refined because of La 
segregates in inter dendrite and thus limiting secondary 
dendrites growth and ripening, the hardness and wear 
resistance of the coating were improved in comparison with 
the base steel. 

The above recent studies indicate that the fine-grained 
structure obtained by modifying the composition of the 
alloy can enhance the solidification cracking resistance. 
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However, so far, only a few beneficial alloying elements, 
such as Mo, Zr, Nb, and rare earth, can be used for 
compositional modification of Ni-based alloys, among 
which Nb can refine the microstructure but cannot reduce 
the cracking tendency, which shows that these modified 
elements have different functions in inhibiting cracking, 
refining microstructure and improving properties, thus 
relevant refining mechanism of modification needs to be 
further studied. In this study, Co-based alloy powder was 
used as modified material to modify the composition and 
microstructure of Ni-based alloy with 35 wt.% WC 
(Ni35WC). A fine cellular-dendritic structure with a particle 
size of about 3 – 10 μm in the modified coatings was 
obtained by the optimized laser process parameters. There 
were no cracks in the coatings, and the hardness and wear 
resistance were improved. This work aims to investigate the 
effects of compositional and microstructural changes in the 
modified coatings on the hardness and dry sliding wear 
properties of Ni35WC coating. Based on the experimental 
results, the possible mechanism by compositional and 
microstructural modification used for the Ni35WC alloy 
was discussed. 

2. EXPERIMENTAL PROCEDURE 
Stainless steel test blocks with a hardness of 

220 – 230 HV and a size of 50 × 25 × 10 mm were selected 
as the substrate material used for laser cladding. A 
composite powder composed of Ni35WC and a certain 
amount of Co-based alloy with a particle size of 10 – 30 μm 
was selected as the cladding material. The particle size of 
Ni-based alloy powder is 10 – 30 μm, and its morphology is 
nearly spherical in SEM. The composition of the cladding 
sample is similar to that of SUS201 steel. Table 1 shows the 
nominal composition of the Ni-based and Co-based alloys 
as well as the substrate. Three kinds of composite powders 
Ni35WC, Ni35WC + 30 wt.% Co-based alloy, and 
Ni35WC + 50 wt.% Co-based alloy was used as the laser 
coating material, respectively. 

A continuous wave CO2 laser with nominal power of 
5kW was used for laser cladding treatment. A laser power of 
2.5 – 3.5 kW, a beam diameter of 3 – 5 mm, a scanning speed 
of 3.0 – 8.0, mm·s-1 and an overlap ratio of 0.5 were selected 
as laser process parameters. 

Dry sliding friction and wear tests of different laser 
cladding samples and substrates were carried out using pin-
on-disc friction and wear tester at room temperature. The 
grinding disc is made of a hard alloy (WC-8 % Co) with a 
hardness of about HV1050. The sliding speed of 1.432ms-1 
with a normal load of 100 N and sliding distance of 
50 – 1200 m were selected as the technological parameters 
of the dry friction and wear test. Each data point was derived 
from the average of at least three samples. 

The microstructure and composition of the composite 
coatings were analyzed by a Zeiss optical microscope and a 
JEOL JSM-6700F field emission scanning electron 
microscopy (SEM) equipped with an Oxford INCA7421 
type energy dispersive X-ray spectrometer (EDS), and the 
phase analysis of cladding layers was completed emplying 
of a Rigaku D/max-IIIA type X-ray diffractometer (XRD). 
A Vickers hardness tester was used to measure the hardness 
distribution curve of the cross-section in the coating, and a 

test load of 0.2 kg and a loading time of 15 s were selected 
as the test parameters. 

3. RESULTS 
Macrostructural features of the laser-clad composite 

coatings are shown in Fig. 1. It is seen that the structure of 
the three coatings has obvious cellular-dendritic 
characteristics. Under the same laser processing parameters, 
the grain size of cellular dendrite in the coating with the Co-
based alloy is smaller than that without the Co-based alloy. 
With the additive amount of Co-based alloy powder 
increased to 50 wt.%, the morphology of a like fishbone 
appears in the macrostructure, and its cellular dendrite 
structure is much finer and denser than that of the other 
coatings, as shown in Fig. 1 c. SEM micrograph of a greater 
magnification in Fig. 2 further shows the difference of 
microstructures between the coatings with and without Co-
based alloy. 

 
a 

 
b 

 
c 

Fig. 1. Macrostructure of laser-clad coatings: a – Ni35WC; 
b – Ni35WC + 30 wt.% Co-based alloy; 
c – Ni35WC + 50 wt.% Co-based alloy 

It can be seen from Fig. 2 that the microstructure of 
Ni35WC coating is mainly composed of cellular austenite 
dendrites and a lot of block and lath-shaped Cr-rich phases 
in the interdendritic region, and the size of the cellular grains 
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is about 8 μm long and 3 μm in diameter (see Fig. 2 a). 

 
a 

 
b 

 
c 

Fig. 2. SEM micrographs showing the difference of 
microstructures between the coatings with and without Co-
based alloy: a – Ni35WC; b – Ni35WC + 30 wt.% Co-
based alloy; c – Ni35WC + 50 wt.% Co-based alloy 

In the coating added 30 wt.% Co-based alloy powder, 
the microstructure of coating is refined, and both length and 
diameter of cellular austenite grains are reduced. The 
microstructural features are mainly composed of fine 
cellular austenite dendrites and plenty of lamellar Cr-rich 
phases in the interdendritic region (see Fig. 2 b). With 
increasing additive amount of Co-based alloy powder to 
50 wt.%, the microstructure of the coating is further refined. 
Some fine compounds generated in the eutectic structure 
make the continuity of dendrite growth be broken, which 
resulted in the formation of many discontinuous cellular 
austenite grains with the length of about 2 – 5 μm and the 
diameter of about 1μm during solidification. Moreover, the 
lamellar Cr-rich phase is further refined, and some finer 
phases appear in the eutectic structure of the coating, as 
shown in Fig. 2 c. 

The XRD curves of laser cladding Ni35WC, 
Ni35WC + 30 wt.% Co-based alloy and Ni35WC + 50wt.% 
Co-based alloy coatings are shown in Fig. 3. The existence 
of γ-Ni, M23C6, CrB, Cr2B, M7C3, and a small amount of 

Ni3B phases in the original single Ni-based alloy powder 
was confirmed by XRD analysis [26]. After adding 35 wt.% 
WC into a single Ni-based alloy, lots of γ-Ni austenite, 
undissolved WC, Cr23C6, Ni3B, and Cr5B3 are detected in the 
composite coating, as shown in Fig. 3 a. 

 
a 

 
b 

 
c 

Fig. 3. XRD patterns of laser-clad coatings: a - Ni35WC; b - 
Ni35WC + 30wt.% Co-based alloy; c - Ni35WC + 50wt.% 
Co-based alloy 

The absence of the Cr7C3 is due to its complete 
dissolution in the melted pool during laser processing. In the 
Ni35WC coating added 30 wt.% Co-based alloy powder,γ-
Ni austenite, M23C6, Ni4W, Cr5B3, Ni3B, and CrB are 
detected by XRD (see Fig. 3 b), while WC was completely 
dissolved, and part of W reacted with Ni to form Ni4W 
compound. There are more chromium-rich phases in the 
coating due to the existence of more chromium-boron 
compounds. Combined with the SEM image in Fig. 2 b, it 
can be seen that the lamellar structure in the interdendritic 
region of the coating should be mainly Cr-rich compounds. 
With the addition of Co-based alloy powder up to 50 wt.%, 
there is a large change in the phase component of the coating. 
The γ-Ni solid solution, Cr23C6, Co6W6C, and Fe23(C, B)6 
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are detected (see Fig. 3 c), while the WC particle phase, 
nickel-boron, and chrome-boron compounds were 
completely dissolved. Part of W combines with Co and C to 
form the Co6W6C compound. Combined with the SEM 
morphology of Fig. 2 c, it can be seen that the eutectic 
structure refined in the interdendritic region should mainly 
contain the above three compounds. 

 
a 

 
b 

Fig. 4. SEM micrographs of the laser-clad coatings showing the 
different lamellar structures: a – Ni35WC; 
b – Ni35WC + 50 wt.% Co-based alloy 

Fig. 4 shows the SEM micrographs with high 
magnification in laser-clad coatings of Ni35WC and 
Ni35WC + 50 wt.% Co-based alloy. It can be seen from the 
figure that the microstructure of Ni35WC coating shows up 
coarse austenite cellular grains, and there are block and lath-
shaped Cr-rich phases among the cellular grains, as shown 
in Fig. 4 a, while the coating with 50 wt.% Co-based alloy 
has diversified microstructure characteristics. In 
comparison, the amount and density of the fine lamellar 
structure in the coating with Co-based alloy are significantly 
more than those without Co-based alloy. These fine lamellar 
eutectic phases are densely distributed around the austenitic 
grain boundary or in the intergranular regions, which 
significantly inhibits the secondary crystal growth of some 
austenitic dendrites. The block and lath-shaped Cr-rich 
phases in the Ni35WC coating and lamellar Cr-rich phase 
existing in the interdendritic region of coating added 30 wt.% 
Co-based alloys are further refined, and some of the finer 
network and honeycomb-shaped compounds are formed in 
the coating with 50 wt.% Co-based alloy, as shown in 
Fig. 4 b. 

EDS analysis was performed for the micro area 
composition. The micro-area A marked in Fig. 4 b 
represents the γ-Ni cellular dendrites, and the micro-area B 

represents the interdendritic eutectic structure. The analysis 
shows that the rapid heating and cooling of laser beam make 
plenty of Cr, Fe, W and other elements dissolve in γ-Ni solid 
solution. No Co element is detected in the cellular austenite 
dendrite of the coating added Co-based alloy powder, while 
lots of Cr, Fe, Co, and W elements are found in the 
interdendritic eutectic structures, as shown in Fig. 4 b and 
Table 2. Combined with XRD and SEM analysis, Cr23C6, 
Co6W6C and Fe23(C, B)6 compounds constitute the eutectic 
with γ-Ni austenite, and the compounds should be mainly 
distributed in the eutectic structure among the γ-Ni dendrites. 
In addition, by comparing the XRD peak intensity in Fig. 3, 
it can be seen that the diffraction peak intensity of Cr23C6 in 
the coating with 50 wt.% Co-based alloy is significantly 
higher than that of this compound in the Ni35WC alloy, 
indicating the more Cr23C6 and M23(C, B)6 compounds to be 
formed in the composite coatings. The dispersion and 
uniform distribution of these hard compounds in the fine-
grained dendrite structure should be very helpful to improve 
the hardness and wear resistance of the clad layer. 

Table 2. EDS analysis of micro-area A and B marked in Fig. 4 b 
(wt.%) 

Element Cr Fe Ni Co W 
Area A 21.55 37.04 12.54 – 28.87 
Area B 32.88 13.58 – 6.95 46.59 

 
Fig. 5. Sectional hardness gradient curves of laser-clad coatings 

 
Fig. 6. Wear rate of laser-clad coatings and substrate 

The sectional hardness gradient curves of laser-clad 
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Ni35WC, Ni35WC + 30 wt.% Co-based alloy and 
Ni35WC + 50wt.% Co-based alloy coatings are shown in 
Fig. 5. When the depth of the cladding layer approaches the 
bonding zone between the cladding layer and substrate, the 
hardness of coatings drops sharply to the hardness of 
substrate. The hardness of Ni35WC coating increases with 
the additive amount of Co-based alloy powder increased 
from 30 wt.% to 50 wt.%. In comparison, the hardness 
range of cladding layers is about 650 – 780 HV, in which the 
coating with 50 wt.% Co-based alloy has a higher hardness 
value, about 50 – 100 HV higher than that of the coating 
without Co-based alloy. The increase of coating hardness is 
closely related to the addition of Co-based alloy powder and 
its effect on coating structure. 

Fig. 6 shows the comparison of dry sliding wear rates 
among the substrate and the Ni35WC composite coatings 
with different Co-based alloy powder content. It can be seen 
that the wear rate of the laser-clad layer is lower than that of 
the substrate, and the coating with 50 wt.% Co-based alloy 
has the lowest wear rate, which reduces the wear rate by 
about 53 % and 30 % as compared to the substrate and 
Ni35WC coating, respectively. Therefore, the dry sliding 
wear resistance of laser cladding Ni35WC + 50 wt.% Co-
based alloy coating on stainless steel is significantly 
improved. 

4. DISCUSSION 
Based on the microstructural evolution and composition 

analysis described above, it is inferred that three 
mechanisms by compositional and microstructural 
modification play an important role in microstructural 
refinement and improvement of wear resistance. 

First, the fine eutectic phases existing interdendrite of 
cellular austenite in the coating modified by 50 wt.% Co-
based alloy can significantly refine the cellular austenite 
grains, and the average grain size decreased from ~ 8 μm in 
Ni35WC coating to ~ 5 μm in 50 wt.% Co alloy coating, the 
size of the grains in terms of their length and diameter is 
reduced by almost 50 % (see Fig. 1, Fig. 2). These fine 
precipitates, which are densely distributed around the 
austenitic grain boundaries or in the intergranular regions, 
break the continuity of the austenitic primary crystal growth, 
and divide some continuous primary crystal into a 
discontinuous arrangement of cellular grains or discrete 
isolated grains, and also prevent the growth of some 
austenitic secondary crystal (see Fig. 2 c, Fig. 4 b). Due to 
both the strength and toughness of the fine grain structure, 
grain refinement is considered to be an effective way to 
improve solidification cracking resistance and mechanical 
properties [14], and microstructural refinement is also used 
as a toughening mechanism in laser-deposited Ni-based 
alloy coatings [23]. In the Ni35WC coating modified by 50 
wt.% Co-based alloy, the austenite grains are highly refined 
and densified, resulting in both strength and toughness 
improved due to increased grain boundary and dislocation 
multiplication as well as more uniform plastic deformation 
among fine grains. Therefore, the microstructural 
modification not only refined the austenitic dendrite 
structure, but also improved the hardness and wear 
resistance of the coatings. 

The second important aspect is that the large Cr-rich 
precipitates in the eutectic region of the Ni35WC coating 

are refined and the phase type of eutectic structure is 
changed as a result of disappeared Cr boride brittle phases. 
Meanwhile，new fine eutectic phases are generated in the 
modified coating, which makes the interdendritic eutectic 
structure be changed and refined. The original single Ni-
based alloy powder contains a lot of Cr boride and carbide 
precipitates, such as CrB, Cr2B, or Cr7C3 [26]. In the 
Ni35WC coating without Co-based alloy, the Cr7C3 phase 
disappears and the Cr5B3 phase appears in the XRD pattern, 
and the precipitates in the interdendritic region are mainly 
block and lath-shaped Cr-rich phases (see Fig. 3 a, Fig. 4 a). 
In the Ni35WC coating with 30 wt.% Co-based alloy, the 
WC phase disappears due to its dissolution completely and 
a new CrB phase appears in the XRD pattern. The original 
block and lath-shaped Cr-rich phases are refined into 
lamellar-shaped phases that existed in the interdendritic 
region (see Fig. 2 b, Fig. 3 b). When the amount of Co-
based alloy powder increases to 50 wt.%, no Cr boride 
precipitates can be detected from the coating by XRD. A fine 
grain structure without cracks and pores is obtained, and the 
eutectic structure is dominated by polymorphous fine 
precipitates (see Fig. 3 c, Fig. 4 b). If there are more Cr-rich 
phases in the coating, such as CrB, Cr2B, Cr5B3 or Cr7C3, 
the coating brittleness will be increased, and these brittle 
phases are prone to fracture under the thermal stress caused 
by laser cooling, thus forming the sites for crack nucleation 
and easy routes for crack growth [27]. Because there is no 
Cr boride brittle phase in the coating modified by 50 wt.% 
Co-based alloy, and some new fine compounds are formed 
in the interdendritic region, the phase type of eutectic 
structure is changed and its structure also refined. As a result, 
the brittleness of the coating is reduced and the strength and 
toughness are increased, which will be beneficial to the 
improvement of the wear resistance of the coating. 

The third important role is the contribution of the 
element Co for the refinement of grains and precipitated 
phases as well as the improvement of wear resistance. The 
above two important aspects, such as the austenitic grain 
refinement, the change of eutectic structure, the formation 
and precipitation of fine compounds, are related to the effect 
of Co. It is because of the participation of Co that more Cr-
rich phases are formed in the modified coatings. According 
to the XRD analysis, the diffraction peak intensity from 
Cr23C6 in the coating with 50 wt.% Co-based alloy is much 
higher than that of the coating with 30 wt.% Co-based alloy 
and Ni35WC coating (see Fig. 1, Fig. 2, Fig. 3). Increases 
in the relative peak intensity of the phase can represent 
increases in its fraction content. This indicates that a higher 
volume fraction of Cr23C6 compound is present in the 
coating due to the addition of more Co-based alloy powder, 
and the higher content of Co can promote the precipitation 
of Cr carbide. It is generally believed that M23C6 compounds 
can be directly formed by combining elements precipitated 
from supersaturated solid solution with carbon elements, 
and can also be formed by conversion from other primary 
phase carbides [28, 29]. 

EDS analysis (see Table 2) shows that there is a certain 
amount of Cr, W, and other elements in the γ-Ni solid 
solution, but no Co, indicating that Co combines with W and 
C to form Co6W6C compound and exists in the eutectic 
structure. The contents of Cr and W in the solid solution are 
21.55 Cr and 28.87 W (wt.%), which are much lower than 
32.88 Cr and 46.59 W in the interdendritic region. Thus, 
although Co did not directly strengthen the solid solution of 



285 
 

γ-Ni, it indirectly strengthened the solid solution by 
reducing the solubility of W and Cr in the solid solution, 
thereby forming a higher volume fraction of Cr23C6 and 
M23(C,B)6 compounds in the interdendritic region of Co-
modified coatings. High hardness Cr23C6 or M23(C,B)6 
compounds and a small amount of Co6W6C compound 
together constitute the main wear-resistant phase, thus 
increasing the microhardness of the cladding layer and its 
wear resistance under the dry sliding wear condition. In 
addition, from the morphological characteristics of the 
compounds, the morphology of the Cr-rich phase gradually 
changes from block and lath-shaped to lamellar and thinner 
lamellar-shaped with the increase of Co content, which 
indicates that Co can not only promote the precipitation of 
more Cr-rich phases, but also refine their size. The study by 
Li et al. [30] on aging alloys also pointed out that Co can 
increase the nucleation rate and refine the size of 
precipitates. 

From the analysis of the above three aspects, the Ni-
Co-W composite coating modified by Co-based alloy can be 
obtained in the Ni35WC alloy. The coating obtained by 
compositional and microstructural modifications has the 
following feature, including the formation of fine cellular 
austenite crystals, the strengthened solid solution, the 
eutectic structure altered and refined, the Cr-rich 
precipitates refined, the brittle phases disappeared, and the 
coating hardness and wear resistance improved. It can be 
considered that the improvement of wear resistance of the 
composite coating is the result of the comprehensive action 
of solution strengthening, fine grain strengthening, and hard 
compound diffusion hardening. 

5. CONCLUSIONS 
The composition and structure of Ni-based alloy with 

35 wt.% WC (Ni35WC) were modified by different 
contents of Co-based alloy powder. The influence of the 
changes in the composition, microstructure and compounds 
of the modified coatings on the hardness and dry sliding 
wear properties has been comparatively investigated by 
XRD, SEM, and EDS techniques. The following 
conclusions can be drawn: 
1. Co-based alloy can be used to modify the composition 

and microstructure of Ni35WC alloy. The austenite 
dendrites in the modified coating with 50 wt.% Co-
based alloy is obviously refined. The average size of the 
cellular grains in terms of their length and diameter is 
reduced by nearly 50 %, which is beneficial to the 
improvement of the strength and toughness of the laser-
clad layer due to increased grain boundary and 
dislocation proliferation. 

2. The addition of Co-based alloy refines the eutectic 
compounds in the Ni35WC coating. With the increase 
of Co-based alloy content, the large Cr-rich phase 
existing in the austenitic interdendritic region is 
gradually refined from block and lath-shaped to 
lamellar and finer lamellar-shaped, and the phase type 
of eutectic structure is also changed as a result of 
disappeared Cr boride brittle phases. A large number of 
fine Cr carbides are formed in the eutectic structure of 
the coating with 50 wt.% Co-based alloy, so the eutectic 
structure is changed and refined. 

3. By decreasing the solubility of W and Cr in γ-Ni solid 
solution, element Co resulted in the formation of more 

volume fraction of Cr23C6 or M23(C,B)6 compounds in 
the interdendritic region. These fine precipitates are 
densely distributed around the austenitic grain 
boundaries or interdendritic region, which prevents 
grain boundary migration and grain growth by dividing 
some continuous primary crystal into discrete isolated 
grains and hindering the growth of some austenitic 
secondary crystal. 

4. The hardness of the coating with 50 wt.% Co-based 
alloy is about 800 HV, and its dry sliding wear rate 
reduced by about 53 % and 30 % as compared to the 
substrate and Ni35WC coating, respectively. It can be 
considered that the improvement of wear resistance of 
composite coating is the result of the comprehensive 
action of solution strengthening, fine grain 
strengthening, and hard compound diffusion hardening. 
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