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Abstract
Wear behaviour of ZE41A magnesium alloy coated with WC/Cu using electrical discharge coating (EDC) has been inves-
tigated in this study. The wear test was conducted with pin-on-disc machine using different conditions such as normal load 
of 1.5 kg, 2.5 kg, 3.5 kg and sliding speed of 100 rpm, 200 rpm, 300 rpm and sliding time of 3 min, 5 min, 7 min through 
L9 Taguchi orthogonal array to study the effect of sliding parameters on the wear characteristics. A wear transition map was 
constructed to describe the different wear conditions such as mild wear, severe wear and ultra severe wear. The main wear 
mechanisms for each wear regime were identified and classified through wear mechanism map. The worn-out specimens 
were characterized using scanning electron microscope (SEM) to identify the various wear mechanisms.
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1  Introduction

Lightweight material is an important role in engineering 
application to reduce the weight of the component par-
ticularly in the field of automobile and aerospace. Among 
the lightweight materials, magnesium alloy is the lightest 
metallic material and it has superior properties such as low 
density, good specific strength and good castability [1, 2]. 
Moreover, it has good impact resistance, damping capacity, 
electrical and thermal conductivity to make component in 
the suitable structural application. Despite attractive ranges 
of properties, magnesium alloys have lower mechanical 
properties and poor corrosion as well as wear resistance than 
other light materials [3–5]. Mainly wear and corrosion are 
take place on the component of surface due to poor envi-
ronmental condition. To overcome the above said problems, 
several coating processes, such as physical vapour deposition 
(PVD) and chemical vapour deposition (CVD), have been 
used to improve the wear resistance. Since they incurred 
higher costs, a well-recognized and economic method of 
electrical discharge coating (EDC) has been developed. It 
is the process of coating method to improve the surface 

properties of the materials with existing electrical discharge 
machining (EDM). There have been many reports on magne-
sium alloy coated with various coating processes; however, 
the wear behaviour of such coatings is not well understood.

Staia et al. [6] have investigated the friction and wear 
behaviour of Ni–P coating on AISI 1020 plain carbon steel 
using pin-on-disc configuration with counterface disc of 
AISI 52,100 steel. Mainly sliding distance has been chosen 
as sliding parameter with range of 130, 520 and 1040 m. It is 
concluded that the wear rate and coefficient of friction (COF) 
increases with increase in the sliding distance. In this wear 
resistance of Ni–P coating, severe wear is mostly dominating 
the sliding parameters. Chen and Wang [7] have improved the 
wear resistance of electrolyzed nickel coated with TiC rein-
forced nickel aluminide matrix composite. It can be found 
that the intermetallic composite coating gives tremendous 
wear resistance under both room- and high-temperature slid-
ing wear conditions. Lasa and Rodriguez [8] studied the wear 
behaviour of Al–Si alloys with addition of Cu and Ni using 
pin-on-disc method. It is concluded from the result of their 
study that the coefficient of wear of alloy is dependent on the 
disc speed under constant load and sliding distance conditions. 
At higher speed, the wear mechanism was identified to be of 
oxidative nature, low sliding speed accelerated transition to 
adhesive wear, and the rate of wear was increased dramati-
cally. Palaniappa and Seshadri [9] investigated the wear and 
friction characteristics of electro-deposited Ni/W alloy under 
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different sliding conditions. The wear test was conducted in 
low load and low sliding velocity against hardened steel coun-
terface. It was confirmed that the oxidative and adhesive wear 
mechanisms were found in lower sliding condition and also 
reported that W in the Ni/W alloy led to the formation of con-
stant and protective transfer layer on the steel counter body. 
Alirezaei et al. [10] improved the wear behaviour of Ni–P and 
Ni–P–Al2O3 electroless coatings with AISI 1045 steel discs 
under sliding distance of 200, 400, 600 in metres. It was found 
that the wear loss increases with increases in sliding distance 
and abrasive wear is the most dominant wear mechanism in 
this coating. Krishnaveni et al. [11] studied the wear resistance 
of electroless Ni–B coating under normal load of 20, 30 and 
40 N and constant sliding speed of 0.5 m/s using pin-on-disc 
tribosystem. It is found that as the normal load increases from 
20 to 40 N, specific wear rate increases. It has been observed 
from the SEM image that the wear track pattern reveals bright 
and fine surface with fine grooves along the sliding direction. 
The wear mechanism of adhesive was found in the electroless 
Ni–B coatings.

Kaviti et al. [12] investigated the effect of dry sliding 
wear behaviour of boron nitride reinforcement (0.5%, 1.5% 
and 2.5%) on pure magnesium. Sliding condition of normal 
load is 5 N, 7 N and 10 N and sliding speed of 0.6, 0.9 and 
1.2 m/s against steel disc at room temperature conditions on 
the response of wear rate and friction coefficient. From the 
experimental results, the wear rate increases at all levels of 
sliding speed and friction coefficient increased at all levels 
of normal load. Mainly three wear mechanisms occurred 
on the surface, namely groove or abrasion at 5 N, oxidation 
and delamination at 10 N. Hu et al. [13] improved the wear 
behaviour of wrought AZ31 magnesium alloy specimens pre-
pared by direct extrusion and extrusion shear method. The 
responses of such wear rate and coefficient of friction have 
been evaluated under different sliding loads and frequencies 
in dry sliding pin-on-disc setup. From the evaluation, it was 
observed that when there are increases in loads and frequen-
cies, the wear mechanism changes from mild wear (adhesion, 
abrasion and oxidation) to severe wear (delamination, plastic 
deformation and melting). El-Morsy [14] examined the wear 
study of AZ61-extruded magnesium alloy during dry sliding 
conditions. The experiments were conducted using a pin-on-
ring-type apparatus against a stainless steel counterface. It was 
observed that the sliding wear behaviour can be classified in to 
two wear regimes, mild wear regime and severe wear regime. 
García et al. [15] investigated wear behaviour of AZ91 magne-
sium alloy reinforcement of 5 and 10 vol.% SiC particles under 
sliding parameters of load (10–250 N) and sliding speed (0.1, 

0.3, 0.5 and 1 m/s) against 1045 steel disc counterface body by 
pin-on-disc apparatus. At higher sliding parameters (0.5–1 m/s 
and 150–250 N), melt mechanism occurred due to higher fric-
tional heat that increases the surface melting, and it was also 
found the presence of silicon carbide does not improve the 
wear resistance of mechanism alloy.

From the past literature, several researchers focused on the 
wear behaviour of magnesium alloy using various techniques 
such as PVD, CVD, electroless plating and other coating tech-
niques, but to the best of our knowledge no research was found 
on the wear behaviour of magnesium alloy using EDC. Hence, 
in the present research, ZE41A magnesium alloy has been 
coated with tungsten carbide–copper (WC/Cu) powder met-
allurgy (P/M) electrode using EDC. Hence, the wear behaviour 
of WC/Cu-coated magnesium alloy was investigated. Further 
wear transition and wear mechanism maps were drawn to find 
out the various wear regimes. Different wear mechanisms were 
found from the worn-out specimen through scanning electron 
microscope (SEM), and energy dispersive spectroscopy (EDS) 
analysis has been carried out to find the various elements 
deposited on the coated surface of the work piece.

2 � Experimental Details

2.1 � Electrode Preparation and Coating

In the present study, ZE41A magnesium alloy has been uti-
lized as workpiece material and its chemical composition is 
given in Table 1. The tungsten carbide (WC) and copper (Cu) 
powder particles of 4 µm were chosen as electrode material 
because of high strength and good electrical conductivity. The 
powders were mixed in the ratio of 70:30 (wt%) proportion and 
compacted using punch-and-die setup with diameter of 10 mm 
under various compaction loads. Subsequently the compacted 
electrode was sintered in the tubular furnace under argon 
atmosphere, about 600 °C for 20 min. Further the sintered 
electrodes were cooled in the furnace. The experiment was 
conducted with prepared electrode with EDM oil as dielectric 
fluid using conventional die sinking EDM machine. The pre-
pared electrode was polished and buffed to make it flat prior 
to experimentation. The experiments had been carried out 
using constant voltage of 40 V, inter electrode gap of 0.5 mm, 
compaction load of 150 MPa, current of 4 A and pulse time of 
90 µs with fixed time interval of 10 min.

Table 1   Chemical composition 
of ZE41A magnesium alloy

Si Cu Zn Zr Fe TRE Ni Mn Al Mg

0.003 0.002 3.80 0.60 0.004 1.18 0.002 0.003 0.006 Bal
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2.2 � Wear Test

The wear tests were carried out on a pin-on-disc tribotester 
(TR-20-PHM-M1, Ducom, India) as shown in Fig. 1. The wear 
samples have been prepared with the dimension of 10 mm 
diameter and 20 mm length is shown in Fig. 2a. The coun-
terface disc was made of EN31 steel material with 50 mm 
diameter as shown in Fig. 2b. The hardness of the counterface 
disc was 65HRC and it was polished well with abrasive emery 
sheet of 1000 grade. The wear tests were conducted with 
three different sliding parameter conditions such as normal 
load (1.5 kg, 2.5 kg, 3.5 kg), sliding speed (100 rpm, 200 rpm, 
300 rpm), sliding time (3 min, 5 min, 7 min) and track diam-
eter of 20 mm. After each test was conducted, the specimens 
were cleaned to ensure the accuracy of measurement. The 
weight loss of the worn specimen was noted. The specific 
wear rate of experiments was calculated by the given formula:

where Δm is the mass losses of the pin samples (g), ρ is the 
density of the test sample (g/mm3), t is the sliding time (s), 
Vs is the sliding speed (m/s), and FN is the normal load (N).

Ws = Δm∕� ⋅ t ⋅ FN ⋅ Vs

(

mm
3∕Nm

)

,

2.3 � Experimental Design

The experiment was carried out to analyse the effect of Slid-
ing parameters on wear rate and coefficient of friction of 
ZE41A magnesium alloy coated with WC/Cu composite. For 
the present investigation, standard Taguchi L9 (33) orthogo-
nal array was chosen. The control parameters and their levels 
are given in Table 2. Table 3 shows the orthogonal array 
and associated experimental results for wear rate (WR) and 
coefficient of friction (COF).

3 � Result and Discussion

3.1 � Microstructure of WC/Cu Coatings

Figure 3a shows WC/Cu coated on the ZE41A magnesium 
alloy during EDC with low compaction load (150 MPa), 
high current (4 A) and pulse time (90 µs). Figure 3b reveals 
that the various elements deposited on the coated sur-
face confirm the deposition of the materials. The quanti-
ties of electrode materials Cu and W were 0.50 and 0.39, 
respectively.

3.2 � Effect of Process Parameters on Wear Rate

The mean effect of the wear rate was plotted against the 
normal loads, sliding speed and sliding time as shown 
in Fig. 4. From Fig. 4a, wear rate increases linearly with 
increase in normal load, because increases in contact 
pressure and local temperature at contact surface of the 
materials result in higher wear rate, which leads to the 
removal of the coated material. A similar investigation 
was reported in a study on wear of Al–Sic composites [16]. 

Fig. 1   Pin-on-disc apparatus (TR-20-PHM-M1)

Fig. 2   a Wear specimens and b 
counterface disc (EN31 steel)

Table 2   Control factors and their levels

Control factors Unit Level

I II III

Normal load kg 1.5 2.5 3.5
Sliding speed rpm 100 200 300
Sliding time min 3 5 7
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Figure 4b reveals that wear rate increases with the increas-
ing sliding speed up to 200 rpm and any further increase 
in sliding speed makes the wear rate increase slightly. This 
may be due to continuous friction between both contact 
surfaces, which resulted in the removal of coating material 

from the surface with the formation of cracks resulted in 
delamination.

Sliding time is one of the important parameters of the 
wear rate. In Fig.  4c, wear rate slightly increases with 
the increment of sliding time. As the duration of sliding 
increases, the higher temperature generated over longer time 
between the disc and pin increases the frictional heat, result-
ing in melting of coated surface.

3.3 � Effect of Process Parameters on Coefficient 
of Friction

Figure 5 shows the mean effect plot for coefficient of 
friction against normal load, sliding speed and sliding 
time. In this plot, coefficient of friction increases with 
increases in normal load, sliding speed and sliding time. 
Figure 5a exhibits the normal load versus coefficient of 
friction. Coefficient of friction (COF) increases with nor-
mal load linearly, and due to higher applied loads, the 
coated material impedes the movement of disc and pin 
[17]. It is cleared from Fig. 5b, as sliding speed increases, 

Table 3   Experimental result 
using L9 orthogonal array

Ex. no. Control factors Wear properties

Normal load 
(kg)

Sliding speed 
(rpm)

Sliding time 
(min)

Wear rate (mm3/Nm) Coefficient of friction

1 1.5 100 3 0.0001819 0.0150166
2 1.5 200 5 0.0002355 0.0194853
3 1.5 300 7 0.0002598 0.0254347
4 2.5 100 5 0.0002295 0.0199473
5 2.5 200 7 0.0002896 0.0280291
6 2.5 300 3 0.0002556 0.0274187
7 3.5 100 7 0.0002725 0.0298055
8 3.5 200 3 0.0002892 0.0261874
9 3.5 300 5 0.0003336 0.0382568

Fig. 3   a SEM image for WC/Cu coating at 150 MPa, 4 A and 90 µs and b EDS peak plot for WC/Cu coating

Fig. 4   Mean effect plot for wear rate: a normal load, b sliding speed 
and c sliding time
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coefficient of friction increases. This could be because 
temperature shots up significantly and temperature gradi-
ent increases. This leads to higher heat dissipation, and 
flow ability of the material results in the occurrence of 
smearing and scratches on the surface. Friction coeffi-
cient increases with increases in sliding time as shown 
in Fig. 5c. Because of higher sliding time, the material is 
worn out into irregular shaped micron size debris, which 
is entrapped into the wear track and leads to increase in 
COF.

3.4 � Wear Rate Map

Wear rate maps are essential to understand the wear char-
acteristics of desired material on range of different sliding 
conditions. Wear rate map is the graphical illustration to 
study the effect of sliding parameters such as normal load 
and sliding speed on wear rate, and the curves of the wear 
rate have been drawn as contours. The adjustment in the 
direction of the contour lines represents the mode of wear 
(mild wear, severe wear and ultra severe wear). The con-
tour wear rate maps have been constructed using Minitab 
software and wear rate data by considering normal load on 
X-axis and sliding speed on Y-axis, which resulted in the 
wear rate on Z-axis. Every contour line represents the wear 
rate for different normal load and sliding speed conditions 
[18]. Figure 6 shows the wear rate map and wear transition 
map of ZE41A magnesium alloy coated with WC/Cu with 
normal load and sliding speed conditions. From wear rate 
map, it is cleared that the horizontal contour lines indi-
cate the effect of parameter on vertical axis and vertical 
contours indicates the effect of parameter on horizontal 
axis. The wear rate of WC/Cu-coated magnesium alloy 
is minimum in the condition of lower normal and sliding 
speed. Conversely it is maximum at higher applied load 
and sliding speed conditions.

3.5 � Wear Transition Map

The sudden peak of the wear rates has been indicated by 
change in direction of contour lines. Hence, the wear rate 
map is easy-to-build wear map which is called wear regime 
map or wear transition map. The constructed wear transi-
tion map provides the context to study about different wear 
mechanisms in each region under different dry sliding para-
metric conditions. Boundary surface of predominant wear 
and their transitions is important for constructing the wear 
transition map. The wear transition map describes the mini-
mum number of wear mechanisms in the given operating 
conditions. By investigating the wear contour maps, it is 
observed that equal line spacing and lack of curvature typi-
cally indicate the same dominant mechanism. Valley and 
plateaus indicated some changes in the wear mode. In this 
method, different wear mechanisms can be identified in the 
worn surface regions [18]. Figure 7 shows the wear transi-
tion map for ZE41A magnesium alloy. It illustrates three 
different wear regimes, namely mild wear, severe wear and 
ultra severe wear. The transition boundary surfaces were 
formed between mild wear to severe wear and severe to ultra 
severe wear [19].

Fig. 5   Mean effect plot for coefficient of friction: a normal load, b 
sliding speed and c sliding time

Fig. 6   Wear rate map for WC/Cu-coated Mg alloy

Fig. 7   Wear transition map for WC/Cu-coated Mg alloy
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3.6 � Wear Mechanism Map

The wear mechanism map of the ZE41A magnesium alloy 
coated with WC/Cu was developed from the combination 
of the calculated wear rate against parameters of normal 
load and sliding speed. The wear mechanism map iden-
tifies the regions with the predominating mechanisms 
accompanied by SEM microstructure. Wear mechanism 
map of ZE41A magnesium alloy coated with WC/Cu 
against EN31 steel counterface disc is shown in Fig. 8. 
Wear mechanism map was developed to summarize the 
data and models for wear, showing how the mechanisms 
interface. This surface area or region has been separated 
by transition contour lines. Wear mechanism map was 
constructed to investigate this pattern of wear behav-
iour. Zhang and Alpas [20] have recommended that wear 
mechanism map is a practical tool to evaluate the wear 
performance conditions using tribosystem and serves as 
the guideline to select the appropriate wear-resistant mate-
rials and suitable counter faces. In the wear mechanism 
map, three wear regimes have been developed, namely 

mild wear, severe wear and ultra severe wear. In real appli-
cation purpose, this wear regime can be regarded as the 
“safe” because the wear rate value is typically low under 
the steady-state condition.

The ploughing or grooves were observed at low normal 
load of 1.5 kg and sliding speed of 100 rpm due to the 
effect of movement of hard particles relative to the contact 
surface parallel to the sliding direction [21]. The depth 
of the grooves depends on the hardness of the particles. 
The worn-out surface shown in Fig. 9 has mostly grooves, 
indicative of abrasion being dominant wear mechanism. 
In this condition, the WC is pulled out from the coated 
surface because the wear of the Cu is more rapid.

Oxidation wear occurs at normal applied load of 1.5 kg 
and the sliding speed of 200 rpm. Due to continued sliding 
between the two surfaces, sufficient amount of temperature 
is generated between the contact surfaces which resulted 
in oxidation wear, as depicted in Fig. 10 [22]. Lim [23] 
concluded that the low sliding velocity does not generate 
the sufficient flash temperature to form oxidation on the 
surface, which is the dominant wear mechanism.

Fig. 8   Wear mechanism map of ZE41A magnesium alloy coated with WC/Cu against EN31 steel counterface
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Under more severe contact with normal load and sliding 
speed of 1.5 kg and 300 rpm, cracks are introduced on either 
side of the wear track. These are perpendicular to sliding 
way leading to increment of subsurface crack. This resulted 
in detachment of coated material with flake- or sheet-like 
particles in the form of delamination as depicted in Fig. 11. 
The similar finding was observed by Sharma et al. [24] 
that the high sliding speed regardless of the normal load 
results in surface cracks due to the presence of hard particles 
between the contact surfaces during constant rotation of pin 
surface, which influence the wear mechanism.

When the normal load and sliding speed increased 
beyond 2.5 kg and 200 rpm, the oxide formation on the 
coated surfaces has been increased. The formed oxide 
patches plastically deformed on the sliding surfaces which 
evident from Fig. 12. It was concluded that the oxide layer 
formed is thicker and more continuous under such condi-
tions and was almost hotter and more plastic deformed [25]. 

It was concluded that high normal load and sliding speed 
generate high temperature leading to plastic deformation. 
This attributed that it would reduce the yield strength of the 
coated surface, as a plastically deformed layer spread out on 
the coated surface along the sliding direction.

Melting was observed in the higher sliding condition of 
normal load 3.5 kg and sliding speed of 300 rpm. Under this 
condition, high temperature was generated, due to friction 
between the contact surfaces. Temperature generated on the 
surface was high enough to melt the coating surface, owing 
to thermal gradient, and resulted in WC pullout from the sur-
face. This indicates that the wear mechanism is ultra severe 
as shown in Fig. 13. It was clarified by Chen and Alpas [19] 
that the highest applied load and sliding speed increase the 
local temperature between the disc and pin surface. Con-
tinued sliding speed raises the flash temperature between 
contact surfaces resulting in the formation of melting [26].

Fig. 9   SEM micrograph of abrasion at 1.5 kg and 100 rpm

Fig. 10   SEM micrograph of oxidation at 1.5 kg and 200 rpm

Fig. 11   SEM micrograph of delamination at 1.5 kg and 300 rpm
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4 � Conclusion

The wear behaviour of ZE41A magnesium alloy coated 
with WC/Cu has been studied using different sliding con-
ditions of normal load, sliding speed and sliding time on 
the responses of wear rate and coefficient of friction. It 
was concluded that the wear rate and coefficient of fric-
tion increases with increase of normal load, sliding speed 
and sliding time. Wear rate map and wear transition map 
were constructed to study the effect of the sliding condi-
tion. Wear mechanism map was developed to indentify 
the wear regime of mechanism, namely mild wear, severe 
wear and ultra severe wear. Surface morphology of worn 
surface was evaluated using SEM. The influences of wear 
mechanisms of abrasion, oxidation, delamination, plastic 

deformation and melting were indentified and summarized 
in the wear mechanism map. From the wear mechanism 
map, abrasion (1.5 kg and 100 rpm), oxidation (1.5 kg and 
200 rpm) and delamination (1.5 kg and 300 rpm) occurred 
in the mild wear regime. Plastic deformation (2.5 kg and 
200 rpm) was observed in severe wear regime and melt-
ing (3.5 kg and 300 rpm) was formed in ultra severe wear 
regime.
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