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Abstract. Aerospace and automobile industries are facing challenges in developing lightweight materials with high
corrosion and wear resistance. The magnesium (Mg) alloys are superior to their monolithics, as they have maximum
strength-to-weight ratio. These challenges can be solved with application of Mg-based hybrid composites. Therefore, this
study investigated the hybridizing effect of molybdenum disulphide (MoS2) reinforcement on tribological performance of
magnesium–boron carbide (Mg–B4C) hybrid composites, fabricated by powder metallurgy technique. Wear tests under
dry sliding condition were carried out on the prepared composite samples with different proportions/weight percentage
(wt%), using a pin-on-disc apparatus. Mg, MoS2, B4C and their various composites were characterized, using X-ray
diffraction, thermogravimetric analysis, scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy
analysis. The experiments were conducted using L27 orthogonal array with five factors at three levels that affected the
tribological performance. The wear resistance of the hybrid Mg–B4C–MoS2 composites significantly increased when
compared with Mg–B4C and Mg–MoS2 composites, due to the refined effect of both reinforcements. Analysis of variance
and grey-relational analysis result showed that increase in MoS2, sliding distance (DSl) and load (LSl) significantly
influenced the tribological performance of the hybrid composites. Mg–10wt%B4C–5wt%MoS2 exhibited significant best
improvement on the multi-response tribological performance. The optimum quantity of MoS2 reinforcement was around 7
wt%. Beyond this threshold proportion, wear was significantly increased, due to the agglomeration of MoS2 particles.
Hardness of the composites increased with hybridized reinforcements. SEM micrographs depicted the homogeneous
dispersion of reinforcements in the Mg matrix. Also, SEM micrographs of the worn surfaces confirmed that delamination
wear mechanism was dominant on the Mg hybrid composites.
Keywords. Magnesium matrix composites; powder metallurgy; wear; friction coefficient; Taguchi’s technique; greyrelational analysis.

1.

Introduction

Magnesium (Mg) alloys, being a lightweight structural
material, have emerged as preferred materials for various
automotive and aerospace applications. Their other desirable properties include, but are not limited to, low density,
high specific modulus and strength, which are further
enhanced with the incorporation of some reinforcements
[1–3]. However, poor ductility, high temperature strength,
low wear and corrosion resistance limit their applications.

These properties, especially high temperature, can be
improved by adding ceramic reinforcements [4–6]. Industries are facing difficulties towards reducing weight of
materials, while maintaining strength-to-weight ratio in
space and automobile industries. These challenges can be
solved by using Mg alloys [7]. A particulate reinforced
metal matrix composite, which is superior to unreinforced
monolithic metals in terms of advanced properties, has been
developed for many years [8,9]. An increase in quest for
lesser weight materials with certain properties has increased
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the interest towards development of various composite
materials with enhanced performance.
Small proportion of whiskers or particulate reinforcement
in the matrix significantly increased the stiffness and
strength of the composites [10,11]. Monolithic Mg has a
low elastic modulus and formability, because of its hexagonal close packed crystalline structure and poor resistance
to creep. Its strength at higher temperature can be enhanced
by harder reinforcing particles. Mg matrix composites
become more attractive as a result of their superior specific
strengths, stiffness, lower density and high resistance to
wear [12–14]. Suitable selection of reinforcements gives the
desired properties of the composites. Among the reinforcements, such as alumina (Al2O3), boron carbide (B4C),
titanium carbide (TiC) and silicon carbide (SiC), B4C
ceramic particulate possesses high hardness, fracture
toughness with lower density [15].
Reinforcing hard ceramic particles with matrix protects
the severe interaction between surface of composites from
its counterpart, thereby reducing wear, friction coefficient
and becomes potential for wear-resistant applications [16].
Diamond and cubic boron nitride are very hard materials,
followed by B4C. B4C possesses high mechanical properties, such as high hardness, low density, high melting point
of 2450°C, thermal stability, elastic modulus and wear
resistance. These properties make it suitable for different
applications, as protective surface layers and cutting tools
[17,18]. It has been observed from our previous work that
the density of the composite increased by reducing the B4C
particle size. Furthermore, a higher weight percentage
(wt%) of ceramic particulates in magnesium–boron carbide
(Mg–B4C) composites reduced the porosity of the composites [19,20] and showed an excellent wear resistance
[21,22].
In addition, an increase in the percentage of reinforcement content in Mg matrix may reduce the values of its
physical properties and makes machining difficult. Hence,
it is necessary to improve machinability of the composites
and still retain its wear resistance. Addition of soft and
solid self-lubricant reinforcement, such as molybdenum
disulphide (MoS2) or graphite with hard ceramic reinforcement, has increased the mechanical properties and
improved the tribological properties of the composites,
with a decrease in friction coefficient under sliding wear
conditions [23,24].
Importantly, among the commonly used solid lubricants,
including MoS2, graphite and polytetrafluoroethylene,
MoS2 was selected as a reinforcement, because it possesses
high frictional resistance and load carrying capacity [25].
Nowadays, MoS2 is extensively used as solid lubricants,
because of its lamellar crystalline structure to enhance the
thermal conductivity and tribological behaviour of metallic
composites [26]. Unlike graphite, MoS2 significantly
improves lubrication properties in an oxygen-deficient,
vacuum and dry environments, and it does not depend on
humid environments. Rather than graphite, MoS2
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effectively reduces both wear and friction coefficient. The
ability of the lubricant MoS2 to work reliably in different
temperatures and effectively function in a vacuum makes it
attractive for diverse engineering applications, such as
aerospace/space as well as military and defence operations
[27–30]. Incorporation of solid hard and soft particles as
hybrid reinforcements in powder metallurgy technique
effectively has improved the tribological properties of the
sliding system [31].
Moving forward, the major concern faced by many
industries towards replacement of sliding parts and assemblies in engineering is the wear that takes place at the
materials interface. Hence, study on wear has become a
crucial concern in certain components, where sliding
movement is unavoidable, such as cylinder bores, pistons,
automotive breakers, lightweight alloys, to mention a few.
Thus, sliding wear behaviour is an important consideration
to evaluate properties of Mg alloy. Adhesion, abrasion,
asperity interlocking and wear debris lead to high frictional
stresses in the composites, which control sliding wear.
Therefore, wear resistance, and hence tribological behaviour of the composites has received attention to assess
material performance. Despite growing interest, limited
data exist on the tribological behaviour of the Mg composites [32–35].
Based on testing environments, pure Mg showed two
different wear mechanisms under dry sliding conditions on
a pin-on-disc test against an alumina counter face. In a
vacuum environment, it showed a higher rate of wear with
metallic lustre. While in air, it exhibited an oxidative wear
mechanism [36]. Wear resistance of the composites
increased with an addition of B4C particle than pure
monolithic material. A mechanically mixed layer (MML),
comprising of iron and oxygen was formed on the composite surface during sliding and controlled its tribological
properties [37]. The addition of graphite as a hybrid reinforcement in AZ91D–B4C composite further decreased its
wear resistance, because of its self-lubricating property.
This minimized the contact between surfaces and friction
coefficient. Consequently, it led to reduction of the worn
surface temperature [38]. Addition of MoS2, which has
lamellar crystalline structure in AlMg0.5Si aluminium
composite, enhanced its resistance to wear. This was
attributed to the resilient ionic bond between Mo and S,
along with weak interface between sulphur (S) lamellae
[39].
Moreover, Mg metal matrix composites have a great
potential in developing advanced structural and functional materials with different reinforcement particles.
They need to be fabricated by selecting appropriate processing techniques. Liquid metallurgy process, such as
stir casting, squeeze casting and powder metallurgy are
the three well-established processing methods adopted to
fabricate Mg matrix composites [40]. Powder metallurgy,
a solid-state processing technique overcomes the nonwetting effects of liquid-state processing methods.
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Thereby, it prevents the formation of any undesirable
phases and gives the uniformity in the distribution of
matrix and reinforcement. This resultantly improves
structural, mechanical properties as well as high wear
resistance [41,42].
Taguchi’s technique is an effective tool to predict the
optimum design factors with least possible experiment.
Based on experimental design, orthogonal array, signal-tonoise (S/N) ratio and analysis of variance (ANOVA) have
been used [43,44]. Basavarajappa et al [45] studied the
behaviour of aluminium hybrid composites subjected to
wear in a dry sliding environment, using Taguchi’s method.
The results showed that sliding distance significantly
influenced the wear and then, the sliding load and speed. An
increase in the sliding speed reduced sub-surface deformation in composites and hence, reduced wear rate when
compared with the graphite-free composites. Incorporation
of graphite particulates in the composite helped to form
MML and minimized wear loss [45,46]. Therefore, the
aforementioned studies emphasize that the wear resistance
of hybrid composites can be enhanced by incorporating
multiple reinforcements.
Besides, Taguchi’s technique has been combined with
grey-relational analysis (GRA); known as grey–Taguchi
method, to optimize the multiple response characteristics of
different processes. Using this method, milling parameters
were optimized to obtain the optimal settings that minimized both flank wear and surface roughness [47,48]. In
case of multi-response optimization, such as minimization
of both wear and friction coefficient, grey–Taguchi method
can be used to find out optimum response values that controls the process performance.
Literature from the earlier reported works have clearly
showed that incorporating reinforcements in the Mg matrix
improved its wear and mechanical properties. To the best
of the our knowledge, the influence of the B4C and MoS2
reinforcement particles on the wear performance of hybrid
Mg–B4C–MoS2 composites, fabricated through powder
metallurgy technique and using grey–Taguchi method has
not been investigated. Therefore, the primary objective of
this study focused on the effect of B4C and MoS2 reinforcements on wear behaviour of Mg alloy. In this sense,
powder metallurgy technique was successfully used to
fabricate Mg, Mg–B4C and Mg–B4C–MoS2 composite
samples. The various densities of the specimens and their
hardness values were measured. The tribological performance of the composite samples was studied, using pinon-disc tribometer under dry sliding environment, considering the effect of reinforcements, sliding load (LSl),
distance (DSl) and speed (VSl). Moreover, Taguchi method
combined with GRA (grey–Taguchi method) was
employed to optimize the MoS2 reinforcement and process
parameters for multiple responses. Worn out surfaces of
the specimens were investigated by scanning electron
microscopy (SEM) to understand wear and corrosion
mechanisms.
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Experimental
Materials and methods

In this experimental work, Mg alloy powder with density of
1.73 g cc–1 was used as the matrix material. B4C particulate,
with an average particle size of 38 nm and purity of 99.5%,
was used as a hard reinforcement and additionally, MoS2
particulate of less than average particle size of 2 lm and
purity of 99% was used as a soft reinforcement. The densities of B4C and MoS2 powders were 2.52 and 5.06 g cc–1,
respectively. By varying the weight percentage of B4C and
MoS2 (0, 5 and 10 wt%), nine different composite samples
were prepared for the experimental investigation. The
powders were characterized for morphological study and
the presence of their particles were confirmed, using SEM
and X-ray diffraction (XRD), respectively.
XRD was used to confirm the presence of particles,
identify their phases and crystal structures and measure their
crystal sizes, using particular intensity peaks. The diffraction
patterns of Mg alloy, B4C and MoS2 powders were obtained
with the X-rays produced from anode material CuKa1 at
wavelength of 1.54060 Å. The measurement conditions were
2h angle with scan angle ranged from 10° to 80° and step size
of 0.017°. Similarly, energy-dispersive X-ray spectroscopy
(EDS) analysis was carried out on all the powders to obtain
their chemical compositions and elemental peaks. Their
respective results were obtained and later discussed.

2.2

Processing of composites

Powder metallurgy technique, through blending, compacting and sintering, was used to synthesize nine different
composites of Mg reinforced with B4C and MoS2 powders
by varying the weight percentages (0, 5 and 10 wt%) of both
reinforcements.
Initially, the Mg alloy and reinforcement particles were
weighed in wt% and blending of powders was performed in
a ball mill with tungsten carbide balls, having diameter of
10 mm to hybridize the hard and soft reinforcements evenly
in the matrix. Since Mg alloy is very sensitive in air, milling
was carried out under controlled environment to avoid
oxidation throughout the process and the powders were
handled carefully during loading and unloading. Milling
was done intermittently to avoid overheating; by pausing at
regular intervals and then resuming to get their homogeneous distribution in the composites. The milled composites
were designated as C1 (Mg), C2 (Mg–5wt%B4C), C3 (Mg–
10wt% B4C), C4 (Mg–5wt%MoS2), C5 (Mg–10wt%MoS2),
C6 (Mg–5wt%B4C–5% MoS2), C7 (Mg–5wt%B4C–
10wt%MoS2), C8 (Mg–10wt%B4C–5wt%MoS2) and C9
(Mg–10wt%B4C–10wt% MoS2).
The blended composite powders were then heated in a
furnace to 120°C for 2 h and to eradicate the unstable matters present. Then, the powders were subjected to cold
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compaction in the hydraulic press by progressively applying
the uniaxial compressive load up to pressure of 550 MPa to
form cylindrical compact with a diameter of 10 mm and
height of 30 mm. Zinc stearate was used for die wall
lubrication between the inner surfaces of the cylindrical die
to reduce the friction, before each run.
The compacted specimens were sintered in a tubular
furnace at temperature of 520°C, under controlled argon
atmosphere with 1 h duration of dwell time. Later, it was
allowed to cool by itself in the furnace. The surfaces of the
sintered specimens were then polished successively, using
the silicon carbide abrasive grinding papers with different
grit sizes of 600, 800 and 1000 for morphological analysis.

2.3

Characterization of composites

The blended powders were analysed using XRD to investigate into the existence of any new characteristic peaks
formed, due to the reaction between matrix and reinforcements during blending. XRD was also used to characterize
their phase composition. Additionally, the samples were
examined through thermogravimetric analysis (TGA) for
thermal behaviour, formation of any products and examination of their chemical bonds. The composite powders and
their surfaces, after testing, were examined through SEM
for morphological studies.
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composites were observed to study wear mechanism, using
SEM.

2.6

where y denotes the observed data and n refers to the
number of observations.

Multi-response optimization using GRA

Density and hardness measurements

Measurement of densities of the various sintered specimens
was done in accordance with Archimedes’ principle, using
highly precise digital electronic weighing balance with
±0.0001 g accuracy. Theoretical densities of the various
specimens were determined by using the rule of mixture and
assuming that they were fully dense. The microhardness
tests of the sintered specimens were determined, using
Vickers’s hardness tester. Three tests were conducted by
selecting load of 5 k and dwell time of 15 s on all specimens
to check their repeatability.

2.5

Experimental design

The experiments were designed, using Taguchi’s technique
for process parameters optimization and to identify the
optimum factors and their levels for given responses. An
effective orthogonal array was designed to study the control
factors with minimal experiments. To calculate wear and
friction coefficient of the composite specimens, all the five
control factors—wt% of B4C (0, 5 and 10), wt% of MoS2
(0, 5 and 10), sliding load, LSl (0, 5 and 10 N), sliding speed,
VSl (1, 2 and 3 m s–1) and sliding distance, DSl (1000, 2000
and 3000 m) were tested at three levels. According to L27
orthogonal array, all the experimental values were recorded,
and fully detailed in table 1. To minimize wear and friction
coefficient, S/N ratio was used to analyse the results, under
the smaller the better category [49]. The S/N ratio was
determined using equation (1).
 X 
1
y2
S=N ¼ 10 log10
ð1Þ
n

2.7
2.4
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Wear test

The tribological performance and the influence of reinforcements on the composites were studied by conducting
the wear test on a pin-on-disc tribometer, under a dry
sliding environment. The wt% of B4C, wt% of MoS2, LSl,
DSl and VSl were the control factors during the experimentation. The composite specimens were polished and
dressed, using acetone to eradicate traces. Their weights
were measured before and after wear test with 0.0001 g
accuracy to calculate the weight loss. The frictional forces
were recorded during each run. The worn surfaces of the

Taguchi’s design of experimental technique is suitable to
optimize single process parameters and find its optimal
settings. However, in case of more than single response of
different quality characteristics, GRA was used to optimize
multiple responses, which determine the similarity between
the different responses. GRA analysis optimizes the multiple performance characteristics and converts into a single
parameter, known as grey-relational grade (GRG). The
following steps were considered for GRA [50].
Step 1: Grey-relational generation
The original response values, which is reference sequences
of different responses, have been normalized by preprocessing the data into an equivalent sequence ranging
between 0 and 1. For this, the responses were grouped
under smaller, the better category, using equation (2).
xi ðk Þ ¼

max yi ðkÞ  yi ðkÞ
max yi ðkÞ  min yi ðkÞ

ð2Þ

where xi(k) represents the normalized value for ith experiment after pre-processing and yi(k) denotes the corresponding normalized value of the responses.
Step 2: Grey-relational coefficient and GRG
From equation (3), grey-relational coefficient (GRC),
represented as ni(k) was then determined.

Wear
loss (g)

40.446
40.087
39.251
41.514
40.915

1
2
3
4
5

0.212
0.152
0.000
0.379
0.288

Wear
loss (g)
0.553
0.526
0.474
0.789
0.737

Friction
coefficient, l

Reference sequences

10
10
10
20
20
20
30
30
30
20
20
20
30
30
30
10
10
10
30
30
30
10
10
10
20
20
20

Sliding load,
LSl (N)

0.788
0.848
1.000
0.621
0.712

Wear
loss (g)

0.447
0.474
0.526
0.211
0.263

Friction
coefficient, l

Deviation sequences

1
1
1
2
2
2
3
3
3
3
3
3
1
1
1
2
2
2
2
2
2
3
3
3
1
1
1

Sliding speed, VSl
(m s–1)

0.388
0.371
0.333
0.446
0.413

Wear
loss (g)

0.528
0.514
0.487
0.704
0.655

Friction
coefficient, l

0.0095
0.0099
0.0109
0.0084
0.0090
0.0093
0.0090
0.0093
0.0097
0.0057
0.0067
0.0071
0.0059
0.0063
0.0066
0.0050
0.0054
0.0064
0.0060
0.0068
0.0074
0.0043
0.0046
0.0052
0.0049
0.0054
0.0061

Wear loss
(g)

Grey-relational coefficient
(GRC), ni(k)

1000
2000
3000
1000
2000
3000
1000
2000
3000
1000
2000
3000
1000
2000
3000
1000
2000
3000
1000
2000
3000
1000
2000
3000
1000
2000
3000

Sliding distance, DSl
(m)

0.458
0.442
0.410
0.575
0.534

Grey-relational
grade (GRG)

0.39
0.41
0.43
0.27
0.29
0.30
0.20
0.24
0.25
0.47
0.49
0.52
0.39
0.41
0.43
0.26
0.28
0.31
0.52
0.56
0.60
0.30
0.33
0.35
0.32
0.36
0.38

23
25
27
14
17

Rank

Friction
coefficient, l
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8.404
8.179
7.744
10.752
10.173

Friction
coefficient, l

0
0
0
5
5
5
10
10
10
0
0
0
5
5
5
10
10
10
0
0
0
5
5
5
10
10
10

Wt% of
MoS2

(2021) 44:192

S/
No.

0
0
0
0
0
0
0
0
0
5
5
5
5
5
5
5
5
5
10
10
10
10
10
10
10
10
10

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27

S/N ratio

Wt% of
B4C

Taguchi’s design using L27 orthogonal array for wear and friction coefficient, S/N ratio, reference and deviation sequences after data pre-processing, GRC and rank of GRG.

S/
No.

Table 1.
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Wear
loss (g)

40.630
40.915
40.630
40.265
44.883
43.479
42.975
44.583
44.013
43.609
46.021
45.352
43.876
44.437
43.350
42.615
47.331
46.745
45.680
46.196
45.352
44.293

6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27

9.897
13.556
12.765
12.041
6.558
5.849
5.352
7.959
7.535
7.131
11.701
11.373
10.752
6.196
5.514
4.583
10.458
10.173
9.630
9.897
8.874
8.404

Friction
coefficient, l

S/N ratio

continued

S/
No.

Table 1.

0.242
0.288
0.242
0.182
0.788
0.636
0.576
0.758
0.697
0.652
0.894
0.833
0.682
0.742
0.621
0.530
1.000
0.955
0.864
0.909
0.833
0.727

Wear
loss (g)
0.711
1.000
0.947
0.895
0.316
0.211
0.132
0.500
0.447
0.395
0.868
0.842
0.789
0.263
0.158
0.000
0.763
0.737
0.684
0.711
0.605
0.553

Friction
coefficient, l

Reference sequences

0.758
0.712
0.758
0.818
0.212
0.364
0.424
0.242
0.303
0.348
0.106
0.167
0.318
0.258
0.379
0.470
0.000
0.045
0.136
0.091
0.167
0.273

Wear
loss (g)
0.289
0.000
0.053
0.105
0.684
0.789
0.868
0.500
0.553
0.605
0.132
0.158
0.211
0.737
0.842
1.000
0.237
0.263
0.316
0.289
0.395
0.447

Friction
coefficient, l

Deviation sequences

0.398
0.413
0.398
0.379
0.702
0.579
0.541
0.673
0.623
0.589
0.825
0.750
0.611
0.660
0.569
0.516
1.000
0.917
0.786
0.846
0.750
0.647

Wear
loss (g)
0.633
1.000
0.905
0.826
0.422
0.388
0.365
0.500
0.475
0.452
0.792
0.760
0.704
0.404
0.373
0.333
0.679
0.655
0.613
0.633
0.559
0.528

Friction
coefficient, l

Grey-relational coefficient
(GRC), ni(k)

0.515
0.706
0.651
0.603
0.562
0.483
0.453
0.587
0.549
0.521
0.808
0.755
0.657
0.532
0.471
0.424
0.839
0.786
0.699
0.740
0.654
0.587

Grey-relational
grade (GRG)

20
6
10
11
15
21
24
13
16
19
2
4
8
18
22
26
1
3
7
5
9
12

Rank
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Dmin þ fDmax
D0i ðkÞ þ fDmax
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ð3Þ

where Dmin and Dmax refer to the minimum and maximum
deviations of corresponding response variables, respectively, D0i(k) stands for the difference between absolute
value, and the corresponding reference sequence was calculated, using equation (4).
D0i ðkÞ ¼ jx0 ðkÞ  xi ðkÞj

ð4Þ

The average GRC of corresponding response variable
determined from equation (5) was GRG, ci.
n
1X
ci ¼
n ðk Þ
ð5Þ
n i¼1 i
where n denotes the number of response variables. The
lower the GRG, the stronger is the relationship among
absolute and corresponding sequences, which indicates the
closeness of the corresponding parameter combination
with optimal combination.

2.8

Analysis of variance

ANOVA technique was used to confirm the influence of the
process parameters. It was formulated using the GRG value
to identify the significant factors influencing wear and
friction coefficient.

3.
3.1

Results and discussion
XRD analysis of composites

XRD analysis was conducted on the blended powders of
different combinations to confirm the presence of intensity
peaks of the particles and their phase identification. Figure 1
shows the XRD patterns of Mg–B4C and Mg–MoS2 composite powders, which mainly consisted of Mg peaks.
Figure 1a and b shows that the intensity peak of B4C considerably increased with an increasing wt% of B4C. Similarly, figure 1c and d depicts that the intensity peak of MoS2
increased with an increasing wt% of MoS2. Figure 2 illustrates the diffraction patterns of Mg–B4C–MoS2 composite
powders. It confirms the presence of intensity peaks for Mg,
B4C and MoS2 in the powder mixture. It was observed that
an increase in wt% of both reinforcement contents in the
Mg alloy was obvious with its enlargement in the intensity
peaks, corresponding to B4C and MoS2. The reinforcing
phases of B4C and MoS2 were uniformly distributed in the
fabricated composites with a very small amount of residuals
and intermediate phases of magnesium boride (MgB2), as
shown in figure 2. Furthermore, this controlled process
parameters avoided substantial oxidation of Mg, which
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could adversely affect the mechanical properties of the
composites [51]. MoS2 reacted with oxygen to form
molybdenum trioxide (MoO3) and release sulphur dioxide
(SO2). The rise in intensity of peaks with increase in reinforcement was observed in the composites.

3.2

Thermogravimetric analysis

TGA of the Mg alloy and its various composites are presented in figure 3. Mass change was observed with respect
to temperature. The experiment was done using NETZSCH
STA449 TGA device on a high-purity Al2O3 crucible at a
constant 10°C rise min–1, heat rate up to 1000°C. It was
performed under nitrogen air with 1 mg of sample to
measure the mass difference during the process. Initially,
the Mg alloy sample was subjected to TGA to determine its
oxidation temperature and mass gain. Therefore, the influences of B4C and MoS2 on Mg alloy were studied. It was
evident that a trend of marginal weight gain and loss was
observed at initial, due to the hydrogenation to form
Mg(OH)2. After this stable transient period, combustion
took place when the temperature reached 620°C, since Mg
reacted quickly with oxygen to release a large amount of
heat. Thus, it promoted an ignition and rapid weight gain
was observed, due to the oxidation of Mg. The mass gain by
the Mg alloy was around 31%. As a result, MgO particles
were observed, which probably led to the oxide layer formation on the surface, consisting relative hydroxyl or
hydroxide groups. MgO reacted with water vapour present
to form Mg(OH)2, as shown in equations (6) and (7). This
provided a limited corrosion protection.
2Mg þ O2 ! 2MgO

ð6Þ

2Mg þ 2OH ! 2MgðOHÞ2

ð7Þ

when B4C was reinforced into Mg alloy, Mg alloy ignited
earlier to release a large amount of heat during TGA. This
induced the ignition of boron and got it oxidized. The

Figure 1. XRD patterns of the blended composite powders of
(a) C2, (b) C3, (c) C4 and (d) C5.
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Figure 2. XRD patterns of the blended composite powders of
(a) C6, (b) C7, (c) C8 and (d) C9.

exothermic reactions of oxygen with Mg and boron have a
relation to form combustion products, as shown in equations
(8–10). The mass gain of the Mg–B4C composite was
around 25%. In Mg–MoS2 composites, a marginal weight
loss was observed, due to the absorbed moisture in the
powder. Similar to the previous case, decomposition of
MoS2 started prior. This was due to the early ignition of Mg
alloy, which oxidized to form MoO3. The mass gain of the
Mg–MoS2 composite was around 29%. In hybrid Mg–B4C–
MoS2 composite, the mass gain was around 21%. The
decline in mass gain with addition of the reinforcement
indicated an increase in oxidation resistance of the
composites.
MgO þ H2 O ! MgðOHÞ2

ð8Þ

B4 C þ 4O2 ! 2B2 O3 þ CO2

ð9Þ

B4 C þ 3O2 ! 2B2 O3 þ C

Figure 3.

TGA curves of C1, C3, C5 and C9 composites.

ð10Þ

(2021) 44:192

SEM examination of composites

Figure 4a and b shows the SEM micrographs of the sintered
composites C2 and C3, respectively. It was observed that
the B4C particles were uniformly dispersed in the Mg
matrix and relatively homogeneous. Similarly, figure 4c and
d shows the SEM micrographs of the sintered composites
C4 and C5, respectively. Similar to B4C particles, MoS2
was uniform and distributed homogeneously in the Mg
matrix. The particles were agglomerated when the proportion increased to 10 wt%.
Figure 4e–h shows the SEM micrographs of the hybrid
Mg–B4C–MoS2 composites. It was observed that both B4C
and MoS2 particles were present and uniformly distributed
throughout the Mg matrix. When the MoS2 particle was
increased to 10 wt%, agglomerations were observed in all
the composites (with 10 wt% MoS2). This resulted to an
inhomogeneous distribution of the particles. When compared with MoS2, B4C strongly bonded with Mg. This is
essential for load transfer between matrix and reinforcement. The hybrid composites possessed a stronger bond
with B4C and MoS2 reinforcements. Up to 5 wt%MoS2, the
hybrid composites possessed good mechanical properties,
because of B4C particles in the Mg matrix. Beyond 5 wt%
of MoS2, there was an agglomeration of particles, which
weakened the composite. Consequently, it decreased its
mechanical properties and caused delamination of the
reinforcing material towards the matrix. However, the formations of agglomerations were caused by the insufficient
ratio of surface area of the Mg matrix.

3.4

Density and hardness measurements

Figure 5 shows that the densities of the composites
increased with addition of reinforcement. This can be
ascribed to the higher densities of the reinforcements when
compared with the base Mg matrix alloy. In addition, the
hybrid Mg–B4C–MoS2 composites possessed greater densities than Mg–B4C and Mg–MoS2 composite samples. The
average densities of all the composites nearly matched the
theoretical densities. This showed that almost denser composites were formed. It was also observed from figure 5 that
the Vickers hardness of the composite specimens increased
with incorporation of the reinforcement particles. Among
the reinforcements, addition of hard reinforcement B4C
increased the hardness of the composites, which can be
ascribed to the presence of high hardness of B4C particles
and its higher constraint to the localized matrix deformation. At the same time, there was a slight increase in the
hardness of the composites with incorporation of soft MoS2
particles. The hybrid Mg–B4C–MoS2 composites possessed
the higher hardness values than other samples, because of
the presence of B4C particles. However, an increase in the
addition of MoS2 slightly reduced their hardness values, due
to its layered structure and self-lubricating nature.

Bull. Mater. Sci.
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SEM micrographs of (a) C2, (b) C3, (c) C4, (d) C5, (e) C6, (f) C7, (g) C8 and (h) C9 composite samples.
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Composite C8 possessed the highest Vickers hardness
value, which was almost three times higher than the base
Mg matrix alloy (figure 5).

3.5

Analysis of control factors of friction coefficient

The response data of friction coefficient obtained and presented in table 1 were converted into response values for
S/N ratios, using MinitabÒ statistical software. From the
response values for S/N ratios, the predominant factors were
identified from the delta measurements. It was observed that
the wt% of MoS2 with the maximum delta value of 4.554
was the dominant factor followed by wt% of B4C with the
delta value of 2.198. The main effect plots with different
control factors for S/N ratios of friction coefficient of the
composites are shown in figure 6. It was observed that the
friction coefficient increased as the hard B4C reinforcement
content increased, because of the sticking out of the particles from the Mg matrix. Addition of MoS2 content reduced
the friction coefficient. This was because MoS2 acted as a
solid lubricant, which contributed much towards let-out and
spreading of lubrication film. As the applied LSl increased,
the reinforcement particles sustained the load applied and
later detached from the surface, thereby reduced the interfacial surface between matrix and its counterpart. This
enhanced the counterpart surface to have direct contact with
the projected harder reinforcement and ended up with a
higher friction coefficient. Similarly, the friction coefficient
increased with VSl, because of the temperature rise at the
contact surface, leading to the softening of the matrix. On
the other hand, the friction coefficient reduced with VSl for
all composites, as a result of the formation of MML by the
transfer of material to the wear surface of composites from
its counterpart. Presence of oxides also controlled the

Figure 5.

Bull. Mater. Sci.
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friction coefficient. Mg–MoS2 composite specimens possessed the lower friction coefficient than other specimens,
because of its lubricating property.
To obtain the significances of each of the factor and their
percentage contributions on the friction coefficient,
ANOVA was performed and its results are presented in
table 2. It was observed that wt% of MoS2 with a contribution of 64.02% mostly influenced and controlled the
friction coefficient of the composite samples, followed by
the wt% of B4C.

3.6

Analysis of control factors of wear loss

The experimental wear loss data in table 1 were transformed
into response values for S/N ratios by using MinitabÒ
statistical software. The predominant control factors were
derived from the delta statistics for S/N ratios. The wt% of
B4C with the highest delta value of 4.59 was the most
influencing factor followed by wt% of MoS2 with the delta
value of 1.50. The main effect plots for S/N ratios are
shown in figure 6 for various control factors and wear losses
of the various composites. It was evident that an increase in
the hard B4C particles reduced the wear loss of the composites, as hard reinforcement increased the hardness and
resultantly increases the resistance to plastic deformation at
the subsurface increasing its wear resistance. It also acted as
a load bearer and protected the base alloy from wear. Furthermore, reinforcement of the MoS2 in Mg–B4C composites reduced the wear loss. This was due to the selflubricating effect of MoS2, which generated a tribo-layer
flanked by the adjacent contact surfaces. Beyond 5 wt%,
further addition of MoS2 increased the wear loss. This was
attributed to the reduced fracture toughness, hardness and
agglomeration of MoS2 particles of the hybrid composites.

Density and Vickers hardness of the various samples.
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Figure 6. Main effect plot for mean of S/N ratios of factors affecting wear and friction coefficient of hybrid Mg–
B4C–MoS2 composites.

An increase in the LSl increased the metal-to-metal contacting surface, which leads to subsurface micro cracking
and fracturing of B4C particles thereby increasing the wear
loss confirming the rise in the wear loss. Similarly, an
increase in DSl increased the wear loss, because of the
difficulty in forming lubricant layer at a longer DSl. However, addition of MoS2 reduced the wear loss in the hybrid
composites, due to the collective influence of wear resistance from B4C and MoS2 reinforcements and the formation
of stable tribo layer on the wear surface. Moreover, an
increase in the VSl reduced the contact time between the
specimen and its counterpart, thereby decreased the wear
loss. The hybrid composite Mg–10wt%B4C–5wt%MoS2
exhibited the minimum wear loss, when compared with all
other composite samples. Therefore, it was necessary to
identify the composite with optimum wear and friction
coefficient by the application of multi-response optimization with GRA.
Similarly, ANOVA was performed to obtain the percentage contribution of each of the influencing factors on
the wear loss, and its results are presented in table 2. It was
observed that wt% of B4C with a contribution of 78.06%
mostly influenced and controlled the wear loss, followed by
the DSl and wt% of MoS2.

3.7

Regression analysis

The arithmetical relationship for the assessment between
the two or more process variables was recognized as a
regression analysis [52]. The mathematical modelling of
wear and friction coefficient of the hybrid composites,
which were derived using MinitabÒ statistical software to
optimize the responses, were regression equations. Therefore, regression in equations (11 and 12) were developed for
two responses with five control factors.
Wear (g) ¼ 0:00814  0:000381wt% of B4 C
 0.000098wt% of MoS2
+ 0.000032LSl  0.000217V Sl
þ 0.000001DSl

ð11Þ

Friction coefficient, l ¼ 0.344 + 0.00911wt% of B4 C
 0.0193wt% of MoS2
þ 0.00344LSl  0.0194V Sl þ 0.000024DSl

ð12Þ

The predicted values for both responses can be evaluated
by substituting each value of the process parameters in
equations (11 and 12). Figure 7a and b shows the normal
probability of the residuals accomplished at a 95%

Wt% of
B4C
Wt% of
MoS2
Sliding
load, LSl
Sliding
speed,
VSl
Sliding
distance,
DSl
Error
Total

Control
factors

Table 2.

95.044

10.609

8.377

5.495

2

2

2

2

2.748

4.188

5.305

47.522

14.151

Adj. MS

69.80

106.39

134.74

1207.13

359.46

F

R2 (adj.) = 99.31%

0.000

0.000

0.000

0.000

0.000

P

0.42

3.70

5.64

7.15

64.02

19.06

Contribution
(%)

1.531
138.851
S = 0.309369

9.579

1.631

6.006

11.710

108.394

Adj.
SS

0.096

4.789

0.816

3.003

5.855

54.197

Adj.
MS

R2 = 98.90%

50.04

8.52

31.37

61.17

566.27

F

0.000

0.003

0.000

0.000

0.000

P

R2 (adj.) = 98.21%

1.10

6.90

1.17

4.33

8.43

78.06

Contribution
(%)

ANOVA for S/N ratios of wear

Significant

Significant

Significant

Significant

Significant

Remarks
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16
0.630
0.039
26
148.458
S = 0.198414
R2 = 99.58%

28.303

Adj. SS

2

DoF

ANOVA for S/N ratios of friction coefficient

ANOVA for S/N ratios of friction coefficient and wear loss.
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(a) Normal probability and (b) predicted plots for the friction coefficient and wear loss.

ANOVA for GRG.

Control factors
Wt% of B4C
Wt% of MoS2
Sliding load, LSl
Sliding speed, VSl
Sliding distance, DSl
Error
Total

DoF

Adj. SS

Adj. MS

2
2
2
2
2
16
26

0.039370
0.218255
0.045447
0.039382
0.048731
0.007376
0.398561
S = 0.0214708

0.019685
0.109128
0.022723
0.019691
0.024366
0.000461

confidence level and predicted plots for friction coefficient,
respectively. Similarly, figure 7a and b also shows the
normal probability of the residuals accomplished at a 95%
confidence level and predicted plots for the wear, respectively. It was observed that the points were closer to the
normal probability line and hence the model was sufficient
and reliable.
The results presented in figure 7 show a couple of optimum input parameters set for each of the two responses.
GRA was also employed in this work, as it involved multiresponse optimization of five factors with two responses to
identify a single combination of optimal parameters.

3.8

192

Multi-response optimization using GRA

First data pre-processing of response values for both wear
and friction coefficient was performed. The responses were
normalized in the range of 0 to 1, using equation (2) to
obtain the reference sequences. Then, the deviation
sequences were calculated, using equation (4) and the
results obtained are extensively presented in table 1.
After determining the deviation sequences, the GRC
(ni(k)) for each response value was computed, using

F
42.70
236.72
49.29
42.71
52.85

P
0.000
0.000
0.000
0.000
0.000

R2 = 98.15%

Contribution (%)
9.88
54.76
11.40
9.88
12.23
1.85

Remarks
Significant
Significant
Significant
Significant
Significant

R2 (adj.) = 96.99%

equation (3). GRG was then determined, using equation (5)
by averaging the GRCs of the corresponding response
variables. The results obtained are also similarly presented
in table 1.
As soon as the ranks were determined, response values
were obtained by averaging the GRG of each factor at the
chosen level. The resultant GRG values were employed for
the calculation. The higher grades (GRG) in the response
value served as a strong measure of the relationship
between the reference and comparability sequences of
GRA. From the response values of GRGs, optimal parameter combinations were achieved, which maximized the
overall response. Therefore, the optimal combinations for a
minimum wear behaviour of the composites were obtained
with the 10 wt% of B4C, 5 wt% of MoS2, under LSl, VSl and
DSl of 10 N, 3 m s–1 and 1000 m, respectively. Mean of
GRG is 0.5927.

3.9

ANOVA for GRG

ANOVA was accomplished at a 95% confidence level to
investigate the significance and percentage contribution of
the effect of each factor on the multiple responses. The
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Figure 8. Overlaid contour plots, showing the effects of relationship between
(a) LSl, (b) VSl as well as (c) DSl and wt% of MoS2 content on wear and friction
coefficient.

(2021) 44:192

Bull. Mater. Sci.

(2021) 44:192

Page 15 of 18

Figure 9. SEM micrographs of the worn surfaces of (a) C1, (b) C2, (c) C3, (d) C4, (e) C5,
(f) C6, (g) C7, (h) C8 and (i) C9 composites.
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results obtained are presented in table 3. It was observed
that wt% of MoS2 with a contribution of 54.76% mostly
influenced and controlled the wear and friction coefficient,
followed by DSl and LSl with contributions of 12.23 and
11.40%, respectively. All the factors significantly influenced both friction coefficient and wear of the composites
(table 3).

3.10

Confirmation tests

After the best combination of process parameters has been
determined, confirmation test was necessary to estimate and
verify the enhancement of the response values at the optimal combinations. The predicted GRG (cpredicted) was calculated from Equation (13).
q
X
cpredicted ¼ cm þ
ð co  cm Þ
ð13Þ
i¼1

where co represents the maximum average GRG at the
optimal level of factors and cm denotes the mean GRG. The
quantity, q stands for the number of factors influencing
response values. The predicted value from equation (13)
was 0.8893. Confirmation tests were conducted at the
optimal combinations to validate the responses. The
response values were obtained from the confirmation
experiment for wear and friction coefficient and the GRG
was 0.875. Hence, the confirmation experiments have a
close agreement with the predicted values.

3.11

Overlaid contour plots

For comparison between two and more numbers of
responses with the similar combination of factors, overlaid
contour plots are widely used. In this study, MoS2 reinforcement was the common factor. Then, overlaid contour
plots were drawn together with the data of the LSl, VSl and
DSl. Figure 8a–c shows the overlaid contour graphs of wt%
of MoS2 reinforcement in combination with LSl, VSl and
DSl. It was observed that the wear decreased with an
increase in the wt% of MoS2, because of its solid lubrication
effect. Beyond 7 wt% of reinforcement, the wear increased,
due to a decrease in the fracture toughness. The friction
coefficient decreased with an increase in the wt% of the
reinforcement for all loads. Therefore, the maximum wear
occurred at 7.2 wt% of MoS2 reinforcement and all values
of LSl, VSl and DSl for the hybrid Mg–B4C–MoS2
composites.

3.12

Analysis of worn surface

SEM micrographs of C1 showed a crack formation in the
longitudinal direction of the wear test (figure 9a). The
plastic deformation induced shear on the surface, leading to
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the material removal. The resultant surface of the Mg–B4C
composites indicated that the wear mechanism was due to
the abrasive action of B4C along with delamination. SEM
micrographs of the worn surface of C2 composites are
depicted in figure 9b. Delamination on the surface with no
sign of grooves was observed. Formation of MML prevented metal-to-metal contact and hence reduced the wear.
Due to the abrasive action, delamination was more and the
surface materials were removed along the sliding direction.
As the B4C content increases, deep grooves were observed
on the surface of the C3 composites, as shown in figure 9c.
The grooves were rough and deep, and the plastic deformation took place on the wear surface.
The worn surface of the C4 composite is shown in
figure 9d, with a severe delamination on the surface. As a
consequence of sliding, MoS2 particles were tarnished to
form a lubricating film and therefore reduced the wear.
Figure 9e shows the worn surface of the C5 composites. As
the MoS2 content increased, a smooth film was observed,
because of the fragmented oxide element. The oxide served
as a lubricating agent and protected specimen surface from
wear. During sliding, the agglomerated particles and the
oxide layers cracked and the particles of MoS2 stand
detached from the worn-out surface. There were no marks
of grooves observed on the damaged surface.
In addition, SEM images of the worn surfaces of Mg
composites depicted that Mg–MoS2 composites possessed
a lower wear resistance than Mg–B4C composites, because
of the higher hardness of the B4C ceramic particles
(figure 9b–e). At the same time, owing to the solid lubrication effect of MoS2 particle, Mg–MoS2 composites possessed a lower friction coefficient than Mg–B4C
composites. Hence, hybrid Mg–B4C–MoS2 composites
possessed a minimum wear loss and a lower friction
coefficient.
With hybrid C6 composite samples, grooves were finer
than Mg–B4C composites and plastic deformation was
observed, as shown in figure 9f. The addition of MoS2
particle provided a lubricating effect and reduced the volume of plastic deformation as well as abrasive wear
mechanism on the worn surface. The rich MML of MoS2
prevented metal-to-metal interaction and thus decreased the
wear of the composite. From figure 9g, SEM micrograph of
hybrid C7 composites shows the accumulation of adhesive
wear debris, triggered by fracture of oxide layers. While
from figure 9h, SEM micrograph of hybrid C8 composites
shows the sufficient lubricating effect provided by the
presence of MoS2 particles and hence there was no plastic
deformation observed on the worn surface. Importantly, it
was observed that reinforcement of MoS2 elements in the
hybrid composites converted delamination and abrasive
wear into the adhesive wear mechanism. Also, the optimum
C8 composites recorded comparable tribological performances, when compared with C9 samples. SEM micrograph
of hybrid C9 composites is shown in figure 9i. It was evident that an increase in the MoS2 particles in hybrid
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composites resulted in the formation and removal of MML,
and the wear loss remained unaffected. However, brittle
fracture occurred, due to the reduction in the fracture
toughness with an increase in MoS2 content.
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formation of lubricating film over the wear surfaces, due to
the presence of MoS2 particle.

Acknowledgments
4.

Conclusion

Hybrid Mg–B4C–MoS2 composites have been developed
through powder metallurgy technique, which exhibited best
or optimum mechanical properties when compared with
Mg–B4C composites and Mg–MoS2 composite samples,
under the same tribological test conditions. The crystallographic structure was identified by XRD pattern to confirm
the availability of functional elements in hybrid Mg composites with B4C–MoS2 reinforcements. Also, the basic
characteristic peaks and functional groups were identified
with TGA showed the interaction of matrix and reinforcement, which occurred during exothermic reaction and
indicated the formation of intermetallic compounds. The
decrease in mass gain with further reinforcement displayed
an increase in resistance to oxidation of the composites. The
hybrid Mg–B4C–MoS2 composites exhibited a significant
highest average Vickers hardness, when compared with Mg,
Mg–B4C and Mg–MoS2 composite samples. This can be
attributed to the addition of B4C reinforcement, which
increased the wear resistance of hybrid Mg–B4C–MoS2
composites and it further increased when MoS2 was included. Both wear loss and friction coefficient increased with
an increase in LSl and/or DSl and decreased with an increase
in VSl. The optimum composition for wear behaviour or
tribological performance of the composites were obtained
with C8 composites, under LSl, VSl and DSl of 10 N, 3 m s–1
and 1000 m, respectively. ANOVA results confirmed that
wt% of B4C reinforcement, with a contribution of 78.06%,
mostly influenced the wear loss of the composite samples,
whereas, wt% of MoS2 reinforcement with a contribution of
64.02% mostly influenced the friction coefficient. The
results of GRG confirmed that wt% of MoS2 reinforcement,
with a contribution of 54.76%, mostly influenced the friction coefficient of the concerned composite samples, followed successively by DSl and LSl of 12.23 and 11.40%,
respectively. Investigation into the overlaid contour plots
showed that an increase in wt% of MoS2 reinforcement
reduced the wear up to optimum value of 7 wt% and after
this level wear significantly increased, due to the agglomeration of MoS2 particles. The hybrid Mg–B4C–MoS2
composites exhibited the highest degree of wear resistance,
which makes it suitable for tribological applications, considering a similar strength requirement over its counterparts/Mg and its alloys. Lastly, the SEM micrographs of
their worn surfaces depicted that Mg alloy has delamination
wear mechanism. Oxide layers were formed by the B4C
particles added to the composites, thus enabling microplastic deformation. The reduced wear and friction coefficient of the hybrid composites were attributed to the
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