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WC-10Co-4Cr have been well known material with attractive corrosion resistance and excellent hardness in the WC-based
coatings. To widen the application of the WC-10Co-4Cr coatings deposited on high-hardness metal cutting tools, the
investigation of its preparation parameters and properties are required. In this study, dense micro-structured WC-10Co-4Cr
coatings deposited on high-hardness M42 steel were performed with high velocity oxy-fuel (HVOF) spray process. The
prepared coatings exhibit excellent properties by improving the size of spray gun and injecting high flow nitrogen into the
flame stream. A maximum micro-hardness of 1353.3 HV0.3 was achieved. In addition, the frictional properties of uncoated M42
steel and the WC-10Co-4Cr coating were comparably studied under dry sliding wear tests. A low friction coefficient of 0.34-
0.37 was achieved for WC-10Co-4Cr coating, showing a 57% decrease than that of uncoated M42 steel. X-ray diffractometry
was used to identify the phase composition, and scanning electron microscopy was adopted to characterize the microstructure
of deposited coatings and worn-out surfaces.
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Introduction

Double metal band saw blade is one of the most

advanced metal cutting tools in the world and widely

used as cutting tools for ferrous and non-ferrous

metals. The tooth material of band saw blade is usually

made of M42 steel, which is mainly responsible for its

high hardness, good cutting performance, and long

service life [1-5]. However, failure problems are present

during the longer hours of cutting, especially for tooth

material, such as poor resistance to wear, fracture

failure of tooth tip, obstruction of cutting and so on [2].

To improve the properties and service life of band saw

blade, it is essential to take appropriate measures to

modify and strengthen the surface of M42 steel. Nitriding,

laser surface melting and plasma coating as the

commonly surface modification treatments, have been

used to protect the surface of M42 steel [6, 7]. However,

the above methods have the characters of complex

process, relatively low efficiency, high cost and poor

bond strength, which greatly limit its industrial application

[8-10]. 

Over the past decades, it has been reported that the

technological relevance of High Velocity Oxygen Fuel

(HVOF) sprayed WC-based coatings within the field of

surface engineering with respect to their outstanding

properties, such as their superior wear resistance, good

corrosion resistance and high hardness [11-15]. Compared

with other spray coating techniques, the outstanding

characteristics of HVOF spraying technology are as

follows. Firstly, flame velocity with around speed of

550 m·s1 can provide high flight kinetic energy for

powder particles, which is beneficial to improve the

adhesion of the coating. Secondly, relatively low particle

temperature (about 2800 oC) can inhibit the carbide

decomposition, resulting in a lower oxide content [16-

19]. Coatings sprayed by HVOF method offer advantages

in terms of porosity, densification, reasonably lower

material cost, ease in processing, and excellent mechanical

properties such as higher hardness and adhesive strength

of coating. As an excellent alternative coating for

electroplating hard chromium [20, 21], it is widely used

for numerous industrial applications such as aerospace,

ship, metallurgy, and cylinder to improve the service

life and performance of components [22-27]. WC-10Co-

4Cr is one of the most representative coating materials

in WC-based coatings. In the elements of WC-10Co-

4Cr coating, tungsten carbide, cobalt and chromium

constitute a synergistic and mutually reinforcing

system. As the commonly used cemented carbide, WC

endows the coating with high hardness. Metallic phase

Co is the ideal binder and Cr can effectively improve

the corrosion resistance of the coating [5, 28-30]. 

In recent years, the researches of HVOF sprayed

WC-10Co-4Cr coating mainly focuses on the influence
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of WC particle size and optimization of spray para-

meters. The results indicate that they play a dominant

role in mechanical properties, porosity, microstructure

formation, residual stress, as well as cohesive strength

between coatings and substrate. However, WC-10Co-

4Cr coatings sprayed by HVOF method in many

studies are deposited on soft metal materials such as

304 stainless steel, Q235 carbon steel, AISI 1045 steel

and 45-steel [31-41]. Among these metal substrates, the

Rockwell hardness of them is below 55 HRC. The

conventional HVOF technology hardly to deposit ceramic

coatings on high-hardness substrate with a value of

exceeding 65 HRC, mainly due to the insufficient kinetic

energy of in-flight particles, and resulting in poor bond

strength between the coating and substrate. Few studies

have been reported on the influence of spray process

parameters such as spray gun size and gas flow rate,

especially different spraying distance on the properties

of coatings, which play an important role in microstructure

formation. Under the condition of constant fuel kerosene

and oxygen flow, the temperature and velocity of

powder particles in high-speed flame flow will alter with

the spraying distance. WC phase is easy to decarburize

during thermal spraying, resulting in the formation of

brittle W2C and CoxWyC phases, which can damage the

wear resistance of coating. Researches show that the

decarburization of WC is mainly influenced by the

particle size of powder and the spray parameters. After

the coating as-sprayed, residual stresses and porosity

may also formed inside the coating which also affects

the hardness and toughness [42-49].

In the present research work, WC-10Co-4Cr coatings

were sprayed on high-hardness M42 steel with a

function of spraying distance ranging from 230 mm to

400 mm, by enlarging the size of spray gun and

injecting high flow nitrogen into the flame stream. The

optimized method makes the pressure of the combustion

chamber over 2.2 MPa, far exceeding 0.6-0.9 MPa

pressure of the conventional HVOF spraying combustion

chamber. Moreover, the influences of spraying distance

for a certain spraying gun size on the micro-hardness

was investigated.

Experimental Details

Dense micro-structured WC-10Co-4Cr coatings were

prepared by Praxair TAFA JP5000 supersonic flame

spraying equipment. The spraying powder was commercial

WC-10Co-4Cr powder with the composition of WC-

86 wt.%, Co- 10 wt.%, and Cr- 4 wt.%. The agglomerated

size of the WC-10Co-4Cr powder was 15-45 μm, and

the purity was 99.99%.

Before spraying, the M42 steel sample was diamond

cut into cylindrical specimen with dimensions of Ø15

mm×8 mm for HVOF sprayed and micro-hardness

measurement, and of 20 mm × 30 mm × 5 mm for friction

testing. Then, the surface of specimen was cleaned in

absolute alcohol by ultrasonic cleaning instrument for

15 minu to remove the contaminants. In order to obtain

good bond strngth between the coating and substrate,

the grit blasting was performed with brown corundum

in size range of 0.3-0.9 mm. During the grit blasting

process, the blowing pressure and the blasting angle

were set to 0.4 MPa and 90o, respectively. The required

substrate surface roughness had a value of Ra ≈3-5 μm.

As the HVOF equipment, it possesses the advantages

of ultra-high flame velocity, and its spraying flame

velocity is above Mach 11. Oxygen and nitrogen were

used as combustion supporting gas and powder carrier

gas, respectively. Spray gun size was 6 feet, which was

longer than the reported research [14-16]. The spraying

distance was range from 230-400 mm. The other

spraying process parameters were listed in Table 1.

The hardness measurement was done using an Agilent

G200 nano-indentation tester. At least 10 points were

measured under the same load of 2.94 N and a dwell

time of 15 s to determine an average value of hardness.

The sliding wear test in dry condition was conducted

on a UMT3 machine. A Si3N4 ball with the dimension

of Ø4 mm was used as the pair of friction. Coated and

uncoated samples were pressed against with a load of 5

N, 10 N and 15 N, respectively. The friction testing

was run for 15 min at a sliding frequency of 4 Hz, and

the sliding distance was set as 5 mm. In order to obtain

reliable data, tests at each load were repeated at least

three times.

The spraying powder and prepared coatings were

identified by X -ray diffraction (XRD) device with Cu

Kα radiation to characterize the phase composition.

The surface and cross section microstructures of coatings

as well as their worn surfaces were observed with

scanning electron microscope (SEM, ZEISS EVO18,

Germany).

Results and Discussion

Characterization of coating
XRD analysis

The XRD pattern of the HVOF-sprayed WC-10Co-

4Cr coating is presented in Fig. 1. Most diffraction

peaks belonging to WC are detected, indicating that the

coating is mainly composed of WC phase. Some weak

peaks corresponding to W2C and Co-Cr are also confirmed

in the XRD result. The content of W2C and Co-Cr

phase are relatively low, showing that HVOF method

can effectively inhibit the generation of decarbonization

phase, mainly due to the high flow nitrogen injected

into the flame stream to increase the combustion chamber

Table 1. The parameters of HVOF sprayed WC-10Co-4Cr coatings

Kerosene flux/
(L·min−1)

Oxygen flux/
(L·min−1)

Nitrogen flux/
(L·min−1)

Feed rate/
(g·min−1)

0.43 860 23 50×2
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pressure. Compared to the traditional combustion chamber

pressure (0.6-0.9 MPa), the combustion chamber

pressure in our work exceeds 2.2 MPa, which provides

higher flight speed for powder particles.

Microstructure

Fig. 2 shows the morphology of prepared coating

obtained from HVOF-sprayed method with the spraying

distance of 280 mm. The cross-sectional morphology

(Fig. 2(a)) shows that the WC-10Co-4Cr coating is

dense and continuous, without obvious delamination

and cracks. The thickness of the coating is about 190

μm, and the bonding state between the M42 steel substrate

and coating is realized by mechanically occluded. A

high magnification image (Fig. 2(b)) reveals the presence

of W2C (bright white) and Co-Cr (grey) in the prepared

coating. The WC grains (grayish white) retain the

blocky and angular shape, and are homogeneously

distributed in the Co-Cr binder phase. These dispersed

WC phase effectively ensure the high hardness of the

coating. The aggregation of Co phase and the rich region

of Cr phase are unconspicuous. Generally, the Cr -rich

region possess the high elastic modulus, which makes

the molten particles hardly to achieve “soft landing”,

and the residual stress between the particles is accumulated

due to the lack of elastic release. The residual stress

increases linearly with the increase of Cr -rich region.

Therefore, reducing the formation of Cr -rich region is

beneficial to improve the performance of spayed coating.

In addition, a small amount of W2C phase appears in

the coating, which is far less than the reported research

[32, 36], further demonstrating that the coating prepared

by the HVOF sprayed effectively inhibits the phenomenon

of oxidative decarburization. The presence of small

quantities of W2C grains are reported to exhibit

improved mechanical properties to coatings due to its

high hardness of HV3000. The uniformly distributed

Co-Cr compound as the soft phase in the coating, has

contribution to the fracture toughness of coating, and

hence can improve the wear resistance.

Micro-hardness of coating 
Fig. 3 presents the micro-hardness as a function of

spraying distance ranging from 230 mm to 400 mm. A

highest hardness of 1353.3 HV0.3
 is achieved for

spraying distance at 280 mm, which corresponds to a

43% increase, as compared with uncoated M42 steel.

When the spraying distance exceeds 280 mm, the micro-

hardness of WC-10Co-4Cr coating exhibits a sharp

Fig. 2. Micrographs of prepared coating with the spraying distance
of 280 mm. (a) The cross-sectional morphology of WC-10Co-4Cr
coating; (b) A high magnification SEM micrograph take from (a).

Fig. 1. XRD diffractogram of the HVOF-sprayed WC-10Co-4Cr
coating.

Fig. 3. Micro-hardness of WC-10Co-4Cr coating changes as a
function of the spraying distance.
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deterioration. When the spraying distance is smaller than

280 mm, the power particles are easy to rebound away

the M42 substrate, resulting in an increase of porosity,

which can greatly affect the hardness of the coating.

With the increase of spraying distance, the micro-

hardness didn't present a consistent tendency. The main

reason is that the large spraying distance maybe

decrease the kinetic energy of powder particles when

they reaching the surface of M42 steel, which resulting

in a poor densification of the coating. 

Sliding wear behavior
Fig. 4 represents frictional curves of WC-10Co-4Cr

coatings and uncoated M42 steel under a function of

loads. It is obvious that the friction coefficient of

uncoated M42 steel specimens fluctuates greatly at the

beginning of the test. After 100 seconds, the friction

coefficient of the specimens tends towards stability.

Owing to the severe wear on the surface of uncoated

M42 steel material, its friction coefficient reaches

about 0.79. It is noteworthy that, a moderate fluctuation

of friction coefficient is obtained for WC-10Co-4Cr

coatings with spraying distance of 280 mm. On applying

loads of 5 N and 10 N, the coating shows a lower

friction coefficient, only about 0.34, which corresponds

to a 57% decrease as compared with uncoated M42

steel. Under a load of 15 N, the coating shows an initial

running-in period up to 60 seconds, and then the

coefficient of friction is measured to be a stable value

of 0.37. Above results have been supported by dense

microstructure and high hardness value of 1353.3 HV0.3

for the coating, which is higher than 946 HV0.3 for

uncoated M42 steel material. The HVOF-sprayed WC-

10Co-4Cr coating undergoes less plastic deformation

and exhibits lower friction coefficient as compared

with uncoated M42 steel material.

SEM micrographs of worn-out surface for WC-

10Co-4Cr coatings under the dry sliding condition at a

load of 5 N, 10 N and 15 N are shown in Fig. 5(a-c).

The wear tracks of the coatings are smooth, and only

few shallow and narrow grooves exist, which are parallel

to the direction of sliding. The spalling pits marked in

red color in Fig. 5(c) represent a small amount of WC

particles pull-outs. The characteristics of worn-out surface

of coatings indicate that the main wear mechanism is

micro-cutting wear. For comparation, the worn surface

of M42 steel subjected to dry sliding wear on applying

a load of 10 N load is depicted in Fig. 5(d). The typical

Fig. 5. SEM micrographs of worn-out surface at 5 N, 10 N and 15 N loads of the (a-c) WC-10Co-4Cr coating, compared with the (d) M42
steel at a load of 10 N.

Fig. 4. Sliding friction coefficients of WC-10Co-4Cr coatings at
different loads, compared with that of uncoated M42 steel. 
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plastic deformation morphologies on the uncoated

worn surface are observed. This phenomenon causes

the materials removed from worn surface directly, sub-

sequently forming a hump or skirt shape [50]. The above

features suggest that the dominated wear mechanisms

of uncoated M42 steel are influenced by severe micro-

cutting wear and plastic deformation wear, which

consequently enhance the friction coefficient.

During dry sliding progression, the soft binder metallic

Co phase acts as solid lubricant in the coating. However,

metallic phase is removed continuously with the increase

of wear time, resulting in destabilized WC particles

pulled out and leading to a slight increase friction

coefficient under a load of 15 N. Hence, applying a

higher load, a larger coefficient friction for coating was

measured. Moreover, at the same load of 10 N, the

average width of wear track on uncoated M42 steel

was about 1.1 mm (Fig. 5(d)), but that on WC-10Co-

4Cr coating was about 0.18 mm (Fig. 5(b)). The HVOF-

sprayed WC-10Co-4Cr coating reinforcement is an

effective way to decrease the wear damage of uncoated

surface. The obvious improved of wear resistance is

ascribed to the higher hardness and dense microstructure

of the coating.

Conclusions

In summary, dense micro-structured WC-10Co-4Cr

coatings deposited on high-hardness M42 steel have

been prepared by HVOF spray process. The as-sprayed

WC-10Co-4Cr coating is mainly composed of WC phase,

with a very small quantity of W2C and Co-Cr phase.

Under the spraying distance at 280 mm and the size of

6 feet spray gun, a highest micro-hardness of 1353.3

HV0.3 is achieved, increased by 140% as compared

with the uncoated M42 steel. The frictional properties

of uncoated M42 steel and the WC-10Co-4Cr coating

are comparably studied under dry sliding tests. A low

friction coefficient of 0.34-0.37 is achieved for WC-

10Co-4Cr coating, showing a 57% decrease than that

of uncoated M42 steel. Few destabilized WC particles

are pulled out the worn surface, and the number and

depth of wear track are greatly less than that of

uncoated M42 steel. The enhanced frictional resistance

is due to improved hardness and dense microstructure

of theWC-10Co-4Cr coating. 
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