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Abstract The purpose of this study is to investigate the

feasibility of replacing cobalt with nickel as a binder in

thermal spraying WC-based coatings. Two kinds of coat-

ings WC-13Ni4Cr and WC-10Co4Cr were deposited by the

detonation spraying technology in which propane was

added into the detonation gases. The relative content of

W2C and W phases in the coatings was calculated by XRD

quantitative analysis method. Wear resistance of the coat-

ings was characterized by ASTM G65 rubber-wheel abra-

sion test. The results indicate that the decomposition of

WC particles in both coatings decreases, while the fracture

toughness of the coating increases as the propane flow

increases. Wear resistance of WC-based coatings is cor-

related with the hardness and fracture toughness of the

coatings. The wear resistance of both coatings is substan-

tially improved when increasing the propane flow rate.

Experimental results show that it is feasible to replace

cobalt with nickel in thermal-sprayed WC-based coatings.

Keywords decomposition of WC � detonation spraying �
fracture toughness � nickel binder � wear resistance

Introduction

Sintered WC-Co hardmetal has been used in cutting tools

for nearly one hundred years. Its fracture toughness can

reach up to 13 MPa 9 m1/2 which was assessed by the

Anstis’ formula (Ref 1, 2), and this hardmetal was pro-

duced by high-frequency induction heating at 1500 �C
under a vacuum of 4 9 10-2 torr and pressure of 60 MPa.

Such superior mechanical properties are attributed to the

sintering process and high solid solubility between cobalt

and WC (Ref 2, 3). However, WC-Co may have low cor-

rosion resistance and cobalt is expensive compared to other

metals such as nickel. Compared with WC-Co, WC-Ni

hardmetal is rarely employed possibly due to low solid

solubility between WC and nickel. In addition to WC-Co

being used as a hardmetal in cutting tools by the sintering

process, it is also widely used in thermal spraying. Usually,

the flame temperature in a thermal spraying process (except

for cold spraying) is much higher than the melting point of

binder metals such as cobalt, resulting in Co binders being

melted or partially melted. Moreover, W2C or even W

phase is formed with WC decarbonization and nano-crys-

talline or amorphous phases may form in the binder with

rapid solidification of the melted particles on the substrate

(Ref 4-6).

In fact, the mechanical strength of thermal-sprayed WC-

Co coatings is much worse than that of sintered WC

hardmetal. For example, the fracture toughness of HVOF-

sprayed WC-based coatings is only 0.9-1.5 MPa 9 m1/2

(Ref 7) (assessed by Anstis’ formula) which is much lower

than that of sintered WC hardmetal. The main reason is the

existence of lamellar structure in thermal spray coatings,

which leads to cracks propagating between lamellae during

indentation fracture toughness experiments, while the
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expensive cobalt does not alter the lamellar structure in the

coatings.

In view of the characteristics of the thermal spray

materials mentioned above, it is of great practical impor-

tance to develop materials that can substitute Co binder in

WC-based coatings. Considering the solubility between

WC and binder phase, as well as the practical application

of WC-based coatings in wear and corrosion resistance,

research on nickel replacing cobalt as a binder is of prac-

tical significance. The structure of nickel is similar to

cobalt, and the lattice parameter difference between fcc

nickel (0.352 nm) and fcc cobalt (0.354 nm) is very small.

Nickel is a promising alternative material to replace cobalt

binder because nickel and cobalt have similar properties.

Some studies showed that nickel replacing cobalt in WC-

based material caused lower hardness (Ref 8), and cobalt-

free WC-(W,Cr)2C-Ni coating had lower fracture tough-

ness than WC-10Co4Cr coating (Ref 9). Studies have been

conducted on the substitution of cobalt with Ni or Fe in

sintered WC-Co hardmetals (Ref 3). However, as thermal

spraying wear-resistant coatings, WC-Co or WC-CoCr

coatings with cobalt as the binder are still dominant in

industrial applications.

Detonation spraying is one of the most popular methods

to prepare WC-based coatings. The performance of deto-

nation-sprayed WC-based coatings depends on process

parameters (Ref 10, 11). In detonation spraying processes,

oxygen and acetylene are the main gases. In addition,

propane is also used for detonation spraying (Ref 12, 13).

Compared with acetylene, propane can reduce the tem-

perature of detonation spraying (Ref 14, 15), which may

restrain the decarburization of WC. Existing studies on

detonation spraying mainly focus on the effect of pro-

cessing parameters on the decarburization degree of WC

(Ref 11, 12). There are also some studies about the influ-

ence of binder content on the mechanical properties of

HVOF-sprayed WC-Co coatings; it was found that the

fracture toughness of coatings increased with the increase

in binder content and decreased with the decomposition

degree of the WC grains (Ref 5). WC-10Co4Cr coating has

been widely used for thermal spraying in corrosion and

wear resistance. In our work, a comparison between a

known thermal spray coating composition (WC-10Co4Cr)

and a new composition (WC-13Ni4Cr) has been con-

ducted. Special attention has been paid to the effect of the

binder phase on the decomposition of WC and the wear

resistance of the coatings. Meanwhile, in order to advance

the in-depth understanding of the fabrication of thermal-

sprayed WC-based coatings, it is expected to establish a

relationship between the binder and the microstructure and

properties of thermal-sprayed WC-based coatings.

Materials and Methods

Deposition of the Coatings

The conventional sintered-crushed WC-13Ni4Cr and WC-

10Co4Cr powders were used as feedstock in this study

provided by Zigong Carbides Co., Ltd (Zigong, China).

The volume fractions of binder phase in WC-13Ni4Cr and

WC-10Co4Cr powders are about 27.9 and 23.5%, respec-

tively. As shown in Fig. 1, both powders have the same

particle size ranging from 15 to 45 lm. Figure 2 shows the

cross-sectional microstructure of both powders. The size of

WC grains in WC-13Ni4Cr powder was 0.5-1.5 lm, while

the size of WC grains in WC-10Co4Cr powder was 0.2-

2 lm. The detonation spray equipment with intermittent

powder feeding employed in this study was designed by

Dalian Maritime University to prepare WC-based coatings

(Ref 16). According to the previous experimental experi-

ence (Ref 17), the oxygen and acetylene flow rates were

fixed at 49 and 26 standard liter per minute (SLPM), and

Fig. 1 Morphologies of (a) WC13Ni4Cr and (b) WC10Co4Cr pow-

der, respectively
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the flow rates of propane gas were chosen as 0, 2, 4, 9 and

14 SLPM, respectively. The processing parameters for

coating deposition are listed in Table 1. Stainless steel

(316L) cylindrical tubes are used as the substrates. The

original external radius and length of the cylindrical sub-

strate are 30.0 and 80.0 mm, respectively. In order to

ensure that all substrates have identical external size,

substrates were ground by cylindrical diamond grinder. A

surface roughness tester (Shanghai Taiming Optical

Instrument Co. Ltd., JB-1C) was employed to measure the

surface roughness (Ra). Before detonation spraying, sub-

strates were grit-blasted with corundum to get a surface

roughness close to 6.2 lm. After coatings deposition, in

order to maintain the same surface roughness and size

accuracy, the coated specimens were ground by cylindrical

diamond grinder again. The Ra of all ground samples for

wear resistance testing is about 0.3 lm.

Characterization of the Coatings

The cross-sectional microstructure of the coatings was

characterized by field emission scanning electron micro-

scopy (FESEM, Carl Zeiss SUPRATM55) with energy-

dispersive spectrometer (EDS). The porosity of the coat-

ings was estimated by a Leco 3001 image analyzer. The

phase composition of the powders and coatings was iden-

tified by an x-ray diffraction system (Rigaku D/MAX-Ul-

tima, Japan) with Co Ka (k = 0.1790 nm) radiation. The

working voltage and current were 40 kV and 40 mA,

respectively. The analyzed scanning range was between

30� and 85� with a step width of 0.02�. The W2C/WC and

W/WC volume ratios were calculated by formulas (1) and

(2), respectively (Ref 18, 19).

Fig. 2 Cross-sectional morphology of feedstock powders: (a) and (c) WC13Ni4Cr; (b) and (d) WC10Co4Cr

Table 1 Detonation spray parameters

Parameters Values

Oxygen flow rate (SLPM) 49

Acetylene flow rate (SLPM) 26

Propane flow rate (SLPM) 0, 2, 4, 9, 14

Oxygen/fuel ratio, OF 1.9, 1.8, 1.7, 1.4, 1.2

Powder feed rate, g/min 100

Detonation cycles per second 6

Spray distance, mm 155

N2 flow rate (SLPM) 20
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VW2C

VWC

¼
IW2Cð101Þ
IWCð101Þ

�
PWCð101Þ Fhklj j2 1þcos 2h

sin2 h cos h

� �h i
WCð101Þ

PW2Cð101Þ Fhklj j2 1þcos 2h
sin2 h cos h

� �h i
W2Cð101Þ

ðEq 1Þ

VW

VWC

¼
IWð110Þ
IWCð101Þ

�
PWCð101Þ Fhklj j2 1þcos 2h

sin2 h cos h

� �h i
WCð101Þ

PWð110Þ Fhklj j2 1þcos 2h
sin2 h cos h

� �h i
Wð110Þ

ðEq 2Þ

where P is the multiplicity factor, PWC 101ð Þ ¼ PW2Cð101Þ ¼
12, PW(110) = 24. h is the Bragg angle, and (1 ? cos2h)/
(sin2hcosh) is the Lorentz-polarization term. The Lorentz-

polarization terms of WC(101), W2C(101) and W(110) are

equal to 6.58, 10.35 and 8.27, respectively. Ihkl is the peak

integral intensity of the peak corresponding to the (hkl)

plane of the crystal. Fhklj j2 are the structure factors which

can be calculated from Eq 3, which are 31.7, 41.3 and 60.4

for WC(101), W2C(101) and W(110), respectively.

Fj ðhklÞj ¼
Xj¼n

j¼1

f ðjÞei2pðhxþkyþlzÞ ðEq 3Þ

where f(j) is the scattered wave of each atom. x, y, z is the

frame of reference, and h, k, l are the Miller indices of the

lattice plane.

The Vickers microhardness of the coatings was evalu-

ated on the polished cross-sections with a nominal load of

300 gf and the dwell time of 10 s. For each coating, 15

indentations were made and the mean hardness value was

reported. The fracture toughness was measured by an

indentation method on the cross-section of coatings at the

applied load of 10 kg and the dwell time of 15 s. The

indentation fracture toughness was estimated by Eq 4 (Ref

20, 21):

KIC ¼ 0:089
PHv

2 c� að Þ

� �1=2
ðEq 4Þ

P and HV represent the applied load (N) and Vickers

hardness of the coatings, respectively. c and a are the crack

length measured from the indentation center to the end of

the crack (lm) and half diagonal of the prepared indenta-

tion (lm), respectively. Only cracks which are parallel to

the substrate starting at the left and the right corners of

indents were considered.

The wear resistance of coatings was evaluated by the

ASTM G65 dry sand–rubber-wheel (DSRW) abrasion wear

test. Dry quartz sand was employed as the abrasive with

particle size ranging from 0.2 to 0.6 mm. The flow rate of

the quartz sand was 25.0 g/min. The surface speed of the

rotating rubber wheel was 96 m/min. During the test,

coating specimens were pressed by a normal load of 30 N

against the rubber wheel. The test duration was 30 min.

The wear test of each specimen was repeated for 6 times.

After wear tests, coating specimens were cleaned with

alcohol in an ultrasonic cleaning equipment. Wear mass

loss of specimens was measured by an analytical balance.

Results and Discussion

X-ray Diffraction Analysis

X-ray diffraction patterns of both feedstock and coatings

obtained at different propane flow rates are shown in

Fig. 3. According to the XRD results, it can be found that

only the phases of WC and Ni or Co are present in the

powders. Note that no (W,Cr)2C phase was detected in the

WC-13Ni4Cr powder, in contrast to a literature (Ref 9)

where the (W,Cr)2C phase was reported in a sintered-

Fig. 3 X-ray diffraction patterns of (a) WC-13Ni4Cr and (b) WC-

10Co4Cr powders and its coatings deposited at different propane

flows
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crushed WC-21Cr3C2-6Ni powder and the corresponding

HVOF-sprayed coating. To the contrary, W2C and W

phases as well as the g phase of NixWyC or CoxWyC were

detected in the WC-13Ni4Cr and WC-10Co4Cr coatings,

respectively. The g phase of CoxWyC was often found in

detonation-sprayed WC-Co and WC-10Co4Cr coatings as

reported in previous experiments (Ref 9-12); however, in

our experiment the similar NixWyC phase was also found in

detonation-sprayed WC-13Ni4Cr coatings. The CoxWyC or

NixWyC phase is stochastically distributed in the coatings,

which has a strong relationship with the thermal heating

history of the powder in the detonation gases, i.e., it is

influenced by the temperature and the oxygen/fuel ratio

(OF) of the detonation gases. Although the g phase may

have a higher hardness, it is detrimental to the coating

fracture toughness because of its inherent brittleness (Ref

11-14). There may have been two causes for the formation

of W2C and W in the thermal-sprayed WC-based coatings.

One was that WC loses carbon on its surface which directly

reacts with oxygen. The other was that carbon atoms

rapidly diffused into the melted binder during the thermal

spraying process (Ref 6). As mentioned above, it has been

confirmed that the (W,Cr)2C phase appeared in sintered-

crushed WC-21Cr3C2-6Ni powder and HVOF-sprayed

coating. Bolelli et al. (Ref 9) considered that the diffraction

peak of (W,Cr)2C phase located at 2h & 39.94� slightly

shifted from the theoretical peak position of W2C of

2h & 39.57�. Because the diffraction peaks location of

W2C and (W,Cr)2C are very close, it is difficult to estimate

the presence of (W,Cr)2C phase in the WC-13Ni4Cr

coating from current XRD data. In addition, a literature

(Ref 22) has shown that the g phase (Co,Cr)3W3C or the

(Co,Cr,W)7C3 phase possibly appears in the HVOF-

sprayed WC-10Co4Cr coating. Figure 3 also shows that

W2C, W and g phases in both WC-13Ni4Cr and WC-

10Co4Cr coatings gradually reduce and eventually disap-

pear with the increase in the propane flow.

Effect of propane: The formation of W2C or W is

affected dominantly by the oxygen/acetylene ratio (OF)

and temperature of WC grains. Babu et al. (Ref 23) found

no W phase in the WC-12Co detonation-sprayed coatings

at low oxygen/acetylene ratio (OF = 1.16). However, W

phase appeared in the coatings when the OF was 1.5. The

content of W phase increased rapidly as the OF raised to

2.0. Based on the literature (Ref 24), the highest combus-

tion temperature of acetylene is 3175 �C at an oxygen/

acetylene ratio of 1.4, while the highest combustion tem-

perature of propane is 2840 �C at an oxygen/propane ratio

of 4.4. With fixed oxygen/acetylene ratio, the addition of

propane will lead to a reduction in the oxygen/fuel ratio of

the detonation gas, which can also lead to a decrease in the

detonation spraying temperature. In our experiment, the

oxygen/fuel ratios (OF) are 1.9, 1.8, 1.7, 1.4 and 1.2 cor-

responding to propane flow rates of 0, 2, 4, 9 and 14 SLPM.

Effect of the binder: Some literature has reported that the

decomposition degree of WC decreased with the increase

in Co binder content in HVOF-sprayed WC-Co coatings

(Ref 5, 23, 25). The temperature of WC grains decreased

with increasing binder phase content during thermal spray,

which is due to the specific heat of binder and WC. The

data for thermo-physical properties of binder and WC are

listed in Table 2 (Ref 5, 26-29). Since the specific heat of

cobalt (418.68 J/kg�K) is higher than that of WC (50.2 J/

kg�K) at 300-2500 K, the temperature rise of WC grains in

the thermal spraying of WC-Co is controlled by the Co

content.

The phase volume fraction ratios of W2C/WC and

W/WC in WC-13Ni4Cr and WC-10Co4Cr coatings are

illustrated in Fig. 4. The W2C/WC and W/WC ratios

decrease in both coatings with an increase in the C3H8 flow

rate. The W/WC ratio in the WC-13Ni4Cr coating is

obviously higher than that in the WC-10Co4Cr coating

when the flow rate of propane is less than 4 SLPM; this

phenomenon indicates that nickel binder may cause more

severe decomposition of WC than cobalt binder does. As

mentioned above, higher binder content should decrease

the WC temperature and result in a decrease in the

decomposition of WC particles. However, the binder vol-

ume fraction (27.9%) in the WC-13Ni4Cr powder is

greater than that in the WC-10Co4Cr powder (23.5%) so

that the decarburization in the WC-13Ni4Cr coating should

be lower than it is in the WC-10Co4Cr coating, but the

opposite happened. The reason can be explained as fol-

lows: the melting point of nickel (1453 �C) is lower than
that of cobalt (1495 �C), which can leads to the decar-

burization of WC grains in the WC-13Ni4Cr coating easily.

Table 2 Physical properties of

binder metal and WC

reinforcement phase

Materials Cobalt Chromium Nickel WC

Thermal conductivity, W/(m K) 96.0 93.7 88.5 197.0

Specific heat, J/(kg K) 418.68 460.548 502.416 50.23

Density, g/cm3 8.90 7.19 8.91 15.70

Atomic number 27 24 28 …
Melting point, �C 1495 1907 1453 2775

Fusion heat, kJ/mol 15.5 20.9 17.2 …

J Therm Spray Tech (2019) 28:851–861 855

123



Moreover, the diffusion coefficients of carbon and tungsten

atoms in nickel are higher than they are in cobalt (Ref 30).

Furthermore, the WC grain size is 0.5-1.5 lm in WC-

13Ni4Cr powder which less than 0.2-2 lm in WC-10Cr4Cr

powder. Thus, the decomposition degree of WC in the WC-

13Ni4Cr coating is higher than that in WC-10Co4Cr

coatings.

Effect of chromium: Besides the effect of nickel and

cobalt binders, the influence of chromium should also be

considered in both powders and coatings. In the course of

actual feedstock powder preparation, it is difficult to pre-

pare several micron grade Co-Cr or Ni-Cr alloy particles.

Generally, fine cobalt or nickel powder is used as the metal

binder, and then fine chromium carbide powder is added to

mix with WC and cobalt or nickel powder. Finally, they

were sintered at high temperature to produce WC-10Co4Cr

or WC-13Ni4Cr feedstock materials. Some literatures (Ref

9, 31-34) have indicated that Cr3C2 is not stable at 1250 �C
in the 70%WC-24%Cr3C2-6%Ni mixture. The reaction

between WC and Cr3C2 was observed, resulting in the

formation of a small amount of (W,Cr)2C phase a powder

with a Cr3C2 content as high as 24 wt.%. However, the

(W,Cr)2C phase was not detected in either WC-13Ni4Cr

powder or coating in our experimental results. The reason

may be that the amount of Cr3C2 added to the powder is

small, which is difficult to be detected by XRD. On the

other hand, Bolelli et al. (Ref 22) reported (W,Cr)2C phase

formation for the WC-10Co4Cr powder. (Co,Cr,W)7C3

carbides can be formed above the solubility limit of chro-

mium in the binder at high carbon content. However, g-
phase may be formed when carbon content is below the

nominal carbon content. Therefore, the added chromium

carbide is unlikely to exist in the form of metallic chro-

mium binder but is more likely to react with WC to form a

(W,Cr)2C compound in WC-13Ni4Cr powder and

(Co,Cr,W)7C3 carbides or g-phase in the WC-10Co4Cr

powder. They were difficult to be detected by XRD since

the location of diffraction peaks of (Co,Cr,W)7C3 and

Cr3C2 phases are very closed to those of fcc.-Co or g-
phase.

Microstructure Characterization

Figure 5 and 6 shows the cross-sectional microstructure of

the coatings as a function of the propane gas flow with low

and high magnification. The typical structure of WC grains

and ‘‘splat structure’’ was found in the WC-10Co4Cr and

WC-13Ni4Cr coatings. The composition of each region in

the coatings was analyzed by EDS and results are shown in

Table 3. W, Co, Cr, C in the splat structure (region B) and

Co, Cr in the binder region (region A) were detected for

WC-10Co-4Cr coatings. Furthermore, Cr was not detected

in WC grains. W, Ni, Cr, C in the ‘‘splat structure’’ and Ni,

Cr in the binder region were detected for WC-13Ni4Cr

coatings. Cr was also detected in WC grains for WC-

13Ni4Cr coatings as opposed to the WC-10Co-4Cr coating.

Note that the influence of surrounding element is

ineluctable since the area of the binder region is very small.

According to the EDS analysis and XRD data, we conclude

that the splat structure in the WC-13Ni4Cr and WC-10Co-

4Cr coatings may be NixWyC and CoxWyC or NixWyCrzC

and CoxWyCrzC, respectively.

Hardness and Fracture Toughness

The hardness of the two types of coatings as a function of

propane flow rates is shown in Fig. 7. The hardness of the

WC-13Ni4Cr coating gradually increased with the increase

in the propane flow rate from 0 to 4 SLPM and then

remained unchanged. This phenomenon may be attributed

to higher W/WC ratio in the WC-13Ni4Cr coating in the

low propane range from 0 to 4 SLPM. Namely, the hard-

ness of the WC-13Ni4Cr coating increased gradually with

Fig. 4 The phase volume fraction ratios of (a) W2C/WC and (b) W/

WC in WC-13Ni4Cr and WC-10Co4Cr coatings
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increasing propane flow rate, since the W/WC ratio cor-

respondingly decreased in the WC-13Ni4Cr coating. On

the other hand, the hardness of the WC-10Co4Cr coating

remained almost unchanged or slightly decreased in the

range of propane flow from 0 to 14 SLPM. This phe-

nomenon may be attributed to the phase change in the WC-

10Co4Cr coating. Increasing OF ratio promotes the for-

mation of W2C or g phase, which may lead to a slight

increase in the hardness of the coating. When the flow rate

of C3H8 is zero, the hardness of the WC-13Ni4Cr coating is

about 200 kg/mm2 lower than that of the WC-10Co4Cr

coating. This phenomenon may be attributed to high

W/WC ratio and high binder content in the WC-13Ni4Cr

coating. The difference in hardness of both coatings

gradually decreased with the increase in the propane flow

rate and became negligible when the flow rate of C3H8

reached 9 SLPM. This is due to the decrease in decarbur-

ization of the two coatings as the propane flow rate

increased.

The fracture toughness of the coatings as a function of

propane flow is shown in Fig. 8. The fracture toughness of

the WC-13Ni4Cr coating was lower than that of the WC-

10Co4Cr coating when the propane flow was 0, 2, 4 SLPM,

respectively. However, when the propane flow was 9 and

14 SLPM, the fracture toughness values of the WC-

13Ni4Cr and WC-10Co4Cr coatings were comparable. The

fracture toughness of the coatings not only increases with

their hardness, but is also sensitive to the phases in the

coating (Ref 32-34). By increasing the degree of WC

decomposition, the content of W2C or g phase increased in

the coating and fracture toughness of the coatings

decreased.

Fig. 5 Cross-sectional

microstructure of the coatings:

(a), (c) and (e) WC13Ni4Cr, and

(b), (d) and (f) WC10Co4Cr

coatings deposited at flow rates

of propane 0, 4 and 14 SLPM,

respectively
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Wear Resistance

Two sets of coatings deposited at propane flow rates of 0,

4, and 14 SLPM were selected to carry out the abrasive

wear tests. The weight loss of the coatings with a wear time

of 30 min is shown in Fig. 9. The relationship between

wear time and weight loss without propane is shown in

Fig. 10. The abrasion loss increases almost linearly with

the wear time for both coatings, and the weight loss of the

WC-13Ni4Cr coating is remarkably higher than that of the

WC-10Co4Cr coating when the propane flow rate is zero.

This result may correspond to higher W/WC phase in the

WC-13Ni4Cr coating which results in the lower fracture

toughness as well as lower hardness of this coating in

Fig. 6 Cross-sectional

microstructure of the coatings:

(a), (c) and (e) WC13Ni4Cr, and

(b), (d) and (f) WC10Co4Cr

coatings deposited at flow rates

of propane 0, 4 and 14 SLPM,

respectively

Table 3 The composition of

the binder and splat structure by

EDS analysis in at.%

Coatings-propane flow Binder Splat structure

W Ni or Co Cr C W Ni or Co Cr C

WC-13Ni4Cr-0 24.83 14.15 1.82 59.2 24.52 19.38 1.98 54.12

WC-13Ni4Cr-4 9.35 26.73 3.29 60

WC-13Ni4Cr-14 10.07 27.77 3.09 59

WC-10Co4Cr-0 18.96 3.36 3.0 74 15.64 7.17 1.86 60

WC-10Co4Cr-4 21.57 13.55 5.24 59

WC-10Co4Cr-14 16.15 12.16 3.63 68
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comparison with the WC-10Co4Cr coating. When the pro-

pane flow rate was 4 SLPM, the weight loss of the WC-

13Ni4Cr coating was still higher than that of the WC-

10Co4Cr coating, while the difference was significantly

reduced. The wear weight loss of theWC-13Ni4Cr andWC-

10Co4Cr coatings was almost the same when the propane

flow rate was 14 SLPM. Itmay be attributed to the increase in

fracture toughness of both coatings and to their nearly

identical hardness values with the increase in propane flow

rate. Higher fracture toughness coating resulted in higher

wear resistance under the same hardness value. Overall, the

wear resistance of the two types of coatingswas substantially

improved with the increase in the fracture toughness. Many

literature sources (Ref 35-37) have reported that the wear

resistance of the coatings is related to their fracture tough-

ness, especially dominated by the loss of ductility in the Co-

rich binder phase due to its amorphization.

The worn surface morphology of coatings at a wear

distance of 3 km observed by field emission scanning

electron microscopy is shown in Fig. 11. In the case

without propane, many ‘‘brittle crackings’’ can be found on

the worn surface of the coatings, especially the density of

the brittle crackings on the worn surface of the WC-

13Ni4Cr coatings is higher than that on the worn surface of

the WC-10Co4Cr coatings (Fig. 11a and b), which implies

that the ‘‘brittle cracking’’ is a main phenomenon during

the abrasive wear process, and it is due to the lower frac-

ture toughness. The increase in propane flow rate resulted

in an increase in the fracture toughness which resulted in

the reduction of ‘‘brittle cracking.’’ The ‘‘abrasive groov-

ing’’ became the main pattern (Fig. 11c and d).

The wear resistances of the WC-13Ni4Cr and WC-

10Co4Cr coatings were improved with the increase in

fracture toughness despite the different binders. The results

of the present study suggest that nickel binder is a good

Fig. 7 The hardness of the WC-13Ni4Cr and WC-10Co4Cr coatings

as a function of propane flow rate

Fig. 8 The fracture toughness of the WC-13Ni4Cr and WC-10Co4Cr

coatings as a function of propane flow rates

Fig. 9 The weight loss of the coatings deposited at propane flow rate

of 0, 4, 14 SLPM and with a wear time of 30 min

Fig. 10 The relationship between wear time and weight loss for WC-

13Ni4Cr and WC-10Co4Cr coatings without propane added
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replacement of cobalt in detonation-sprayed WC-based

coatings when the propane flow rate equals 14 SLPM.

Substantially improved wear resistance of WC-Ni coatings

may accelerate the research progress and industrial appli-

cation of the replacement of precious cobalt with cheap

nickel in WC-based coatings.

Conclusions

In the detonation spraying process, the addition of a suit-

able amount of propane into the oxygen–acetylene deto-

nation gas mixture reduced the oxygen/fuel ratio and the

flame temperature, which leads to decreased decomposition

of WC particles. The wear resistance of WC-based coatings

was correspondingly improved. At low propane flow rate,

WC decomposition level in the WC-13Ni4Cr coating was

higher than that in the WC-10Co4Cr coating. The content

of W phase in the WC-13Ni4Cr coating was relatively

high. With the increase in the propane flow rate, WC

decomposition in both coatings substantially decreased and

fracture toughness of the coatings was gradually improved.

The wear resistance of the WC-10Co4Cr coating was better

than that of the WC-13Ni4Cr coating at low propane flow

rate. However, the wear resistance discrepancy between the

two kinds of coatings was gradually reduced, indicating the

potential of replacing cobalt with a nickel binder in ther-

mal-sprayed WC-based coatings, and the wear resistance of

coatings was improved with the increase in the propane

flow rate. The decomposition degree of WC grains had a

significant influence on microstructure, fracture toughness

and wear resistance of WC-based coatings. When the

decomposition degree of WC grains was controlled at a

low level, wear pattern changed from brittle cracking to

abrasive grooving with increasing fracture toughness of the

coating.

Fig. 11 The worn surface

morphology of the coatings

after a wear time of 30 min,

observed by field emission

scanning electron microscopy.

(a), (c) and (e) WC-10Co4Cr

coatings and (b), (d) and

(f) WC-13Ni4Cr coatings

deposited with propane flow

rates of 0, 4 and 14 SLPM,

respectively
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