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Tribological Properties of WC-12Co Coating on 
AZ91 Magnesium Alloy Fabricated by High Velocity 
Oxy-Fuel Spray

Abstract: In this study, conventional WC-12Co cermet coat-
ings were deposited on AZ91 magnesium alloy using High 
Velocity Oxy-Fuel spray method. The effects of different 
coating thicknesses (60 and 120 µm) and wear loads (20 
and 30 N) on tribological properties of AZ91 magnesium 
alloy coated with WC-12Co were investigated. Structural, 
mechanical and tribological properties of WC-12Co coat-
ings were analyzed by means of X-ray diffractometer, 
scanning electron microscope, micro-hardness tester and 
pin-on-disc tribotester. It was observed that WC-12Co 
coating is an effective method for improving the wear be-
havior of AZ91 magnesium alloy.
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1  Introduction
Magnesium and its alloys are commonly used in many 
fields such as aeronautical and automotive industry due 
to their many advantages. Some of these advantages are 
low density, high specific strength, good weldability in 
controlled atmosphere and easy availability [1–4]. How-
ever, the use of magnesium and its alloys in some engi-
neering applications are limited due to their low tribolog-
ical and electrochemical properties [2, 5]. The various 
surface treatments like anodizing, painting, electroplat-
ing and conversion coatings have been applied to improve 
their poor properties in recent years. In addition to these 
conventional methods, recent studies have shown that the 
thermal spray technology has an important potential for 
the surface modification of magnesium and its alloys [2].

Thermal spray coatings are applied for obtaining 
better corrosion and wear resistance. Therefore, low po-
rosity and good adhesion are desired properties for coat-
ings. High velocity processes, especially high velocity oxy-

fuel (HVOF) spraying, are the most potential methods 
for producing a good adherent coating with low porosity. 
Thermal sprayed WC-Co cermet coatings have been widely 
used in these industries because of the coatings’ excellent 
abrasive wear resistance [6–9]. Many thermal spraying 
techniques such as air plasma spraying (APS) and HVOF 
spraying can be applied to deposit the WC-Co coatings, 
however, the properties of these coatings strongly depend 
on spraying technique [10]. Compared to other spraying 
techniques, HVOF spraying is one of the best methods for 
depositing conventional WC-Co cermet powder because 
the higher velocities and lower temperatures experienced 
by the powder result in less decomposition of the WC 
during spraying process [7].

Although there are many studies related to structural 
and tribological properties of WC-12Co coatings [7, 17], the 
effect of different coating thicknesses and different normal 
loads on its tribological properties have not yet been in-
vestigated in the scientific literature. For that reason, this 
paper discusses the wear properties of WC-12Co coating 
deposited by HVOF spray method. Friction and wear 
 characteristics were analyzed using sliding friction tests 
(pin-on-disc apparatus). Two different test loads (20 and 
30  N) were used in order to examine the influence of 
normal load on tribological behavior. Also, the effect of 
coating thickness on wear behavior of WC-12Co coating 
was investigated.

2 Experimental details
In this study, the most commonly used magnesium alloy 
AZ91 was selected as a substrate material with dimensions 
of 25 × 25 × 5 mm3. Prior to spray the substrate samples 
were degreased and grit blasted with 60 mesh Al2O3. The 
uncoated specimens were grinded by abrasive paper up to 
1200 grits. The WC-12Co coatings were sprayed onto flat 
specimens with HVOF spray method by Senkron Metal 
Coating Company (Kocaeli/Turkey). Kerosene was used as 
fuel and the coating thicknesses were selected as 60 and 
120 µm. The HVOF spray parameters were presented in 
Table 1.
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After the deposition process, XRD-Rigaku operated at 
30 kV and 30 mA with Cu-Kα radiation was used for X-ray 
diffraction (XRD) analysis. Resulting XRD spectra were 
identified by using ICDD (International Com mittee on Dif-
fraction Data) cards. The microstructure and thickness 

of the coatings were examined using a Scanning Electron 
Microscope (SEM) ZEISS. Surface hardness (Vickers hard-
ness) was measured using a Buehler Omnimet MHT1600-
4980T instrument at a constant load of 300 g and a loading 
time of 15 s and an average of ten readings is reported.

Tribological investigations were performed using a 
pin-on-disc tribotester in dry sliding condition. All wear 
experiments were conducted with 6mm diameter alumina 
(Al2O3) balls in sliding contact and carried out with 20 and 
30 N load at a sliding velocity of 0,078 m/s and a sliding 
time of 1200 s. Before and after the wear test, each speci-
men was weighed with assay balance to determine the 
mass loss. The obtained mass loss was normalized with 
the coating density to obtain the volume wear loss. The 
worn regions after the wear tests were examined using 
SEM.

Table 1: Spray parameters of WC-12Co coating by HVOF

O2 pressure (MPa) 1.2
O2 flow rate (m3/h) 18
Kerosene pressure (MPa) 1
Kerosene flow rate (m3/h) 0.2
Spray rate (kg/h) 6
Carrier gas Argon
Spraying distance (mm) 300
Equipment TAFA JP-5000

Fig. 1: Powder morphology of WC-12Co and distribution of particle size
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Fig. 2: XRD analysis results: (a) the cross-sectional SEM images, (b) Coating1, (c) Coating2
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3 Results and discussion
Powder morphology of WC-12Co and distribution of par-
ticle size were presented in Fig. 1. The shape of powder 
particles is spherical in range of 15–50 µm. The XRD pat-
terns of uncoated and coated specimens were presented 
in Fig. 2a. The uncoated alloy is composed of α-Mg (#03-
065-3365) and β-Mg17Al12 (#01-073-1148) phases. After the 
deposition process, the diffraction pattern of the coatings 
corresponds to presence of WC (#03-065-8828), W2C (#03-
065-3896) and Co6W6C (#00-023-0939) phases. The pres-
ence of W2C and Co6W6C were thought to be due to decom-
position of WC at high temperature during the coating 
process.

The HVOF spray process was performed in two differ-
ent coating thicknesses. These are referred as Coating1 
and Coating2. The cross-sectional SEM micrographs of 
WC-12Co coatings were presented in Fig. 2b and 2c. As seen 
in the figures, the thickness of Coating1 was 60 µm and the 
thickness of Coating2 was 120 µm approximately. It can be 
also seen that the coating layer have a uniform and dense 
structure. The surface topography of WC-12Co coating was 
presented in Fig. 3. A rough surface was obtained after the 
deposition process. While the substrate surface roughness 
was measured as 0.12 μm, the surface roughnesses of coat-
ings were measured as 2.52 μm for both coating thickness.

The micro-hardness measurements were taken from 
the both substrate and coating surfaces. While the sur face 

hardness of AZ91 magnesium alloy was determined as 
60  HV0.3, the surface hardness of WC-12Co coated speci-
men was determined as 1250 HV0.3 for both coating thick-
nesses. The reason of this situation is that the Vickers 
Diamond Pyramid indenter is ground in the form of a 
squared pyramid with an angle of 136° between faces 
and the depth of indentation is about 1/7 of the  diagonal 
length as well known. The diagonal length is about 21 µm 
for 1250 HV0.3 and the depth of indentation is 3 µm. The 
surface hardnesses of both coating thicknesses were mea-
sured as same because of low depth of indentation.

Friction test results of uncoated and coated speci-
mens with WC-12Co were illustrated in Fig. 4. The friction 
coefficient values of uncoated alloy fluctuated in the range 
of 0.75–0.9 for both normal loads (Fig. 4a). When the fric-
tion coefficient values of coated specimens were exam-
ined, it was seen that the friction coefficient values de-
creased in comparison with the uncoated specimen. But, 
there wasn’t observed a significant alteration (Fig. 4b–c). 
Although the surface hardness values of coated speci-
mens were very higher than the substrate, the friction 
 coefficients did not decrease and the values fluctuated 
because the hard coating layer was broken during the 
wear test and this layer also caused abrasive effect. Fluc-
tuations in the friction curves were probably due to rough 
surface structure of the coating.

The cross-sectional SEM images of wear tracks of the 
uncoated and coated specimens with WC-12Co according 

Fig. 3: Surface topography of WC-12Co coating
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Fig. 4: The friction coefficient curves: (a) uncoated, (b) Coating1, (c) Coating2
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Fig. 5: The cross-sectional SEM images of wear tracks: (a) Uncoated-20N normal load, (b) Uncoated-30N normal load, (c) Coating1-20N 
normal load, (d) Coating1-30N normal load, (e) Coating2-20N normal load, (f) Coating2-30N normal load
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to applied normal loads were presented in Fig. 5. As seen 
in the Fig. 5a and b, uncoated alloy exposed to severe 
wear. It was observed that the depth of wear track in-
creased with the increase of applied normal load and the 
effective wear mechanisms were abrasive and adhesive 
wear for uncoated specimens. The vertical lines to wear 
scar were seen in the wear track in Fig. 5a. It was thought 
that the probable reason of instable friction coefficient for 
the uncoated alloy was the formation of these vertical 
lines. It can be seen from the Fig. 5b that adhesive bond 
formed between the pin and uncoated alloy and the break-
age this bond during the wear test caused the loss of mate-
rial from the surface.

When the SEM images of coated specimens were in-
vestigated, it was seen that the wear was in superficial 
level and wear track widths were very narrow (Fig. 5c–f). It 
was also observed that the pin did not reach to the sub-
strate after the wear test. Merely, the wear track widths 
unimportantly increased with the increase of the contact 
area depending on the applied normal load. As seen from 
the SEM images of coated specimens, the wear occurred as 
chipping of the peaks of surface roughnesses. Moreover, it 
can be clearly seen that the pin did not touch with many 
points of coated surface. As a result, when the SEM images 
of uncoated and coated specimens were compared with 
each other, it was determined that WC-12Co coating was 
very effective on improving the wear behavior of AZ91 
magnesium alloy.

The wear volumes that were calculated according to 
applied load were presented in Fig. 6. As seen in the figure, 
the wear volume of AZ91 magnesium alloy considerably 
decreased after the HVOF spray process. It was seen that 
the wear volumes of Coating1 and Coating2 were quite 
close to each other. Hovewer, the coated specimen with 

120 µm thickness exhibited higher wear resistance than 
the other specimen because thicker coating layer created 
a better support against formed plastic deformation. But, 
it was pointed out that when coating thickness was in-
creased two times, the wear resistance did not increased 
as the same level. In addition, the wear volumes increased 
depending on the increase of applied normal loads and it 
was determined that this increase was more explicit for 
the uncoated specimen.

4 Conclusions
In this study, WC-12Co coatings with different coating 
thickness (60 and 120 µm) were deposited using the HVOF 
spray method on AZ91 magnesium alloy to evaluate their 
structural, mechanical and tribological properties. Ob-
tained results can be summarized as follows:
– After the deposition process, WC, W2C and Co6W6C 

phases formed on the alloy surface.
– While surface roughness of the uncoated specimen 

was measured as 0.12 µm, the surface roughness of 
the coatings was measured as 2.52 µm for both coating 
thickness.

– While the surface hardness of AZ91 magnesium alloy 
was measured as 60 HV0.3, the surface hardness 
of  WC-12Co coated specimens was determined as 
1250 HV0.3.

– The friction coefficient values decreased in compari-
son with substrate. But, the change of these values 
was not in a significant level.

– The uncoated alloy was subjected to severe wear and 
its effective wear mechanisms were abrasive and ad-
hesive wear.

Fig. 6: The wear volumes of uncoated and coated specimens
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– According to SEM images of the coated specimens, the 
wear occurred as chipping of the peaks of surface 
roughnesses and their wear was in superficial level.

– WC-12Co coating was very effective on improving the 
wear behavior of AZ91 magnesium alloy. The coated 
specimen with 120 µm thickness exhibited a higher 
wear resistance than the other specimens.
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