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a b s t r a c t

This study deals with the fabrication and tribo-mechanical characterization of magnesium (Mg)-silicon
carbide (SiC)- graphite (Gr) hybrid metal matrix composites (MMCs). The hybrid MMCs were fabricated
by a mechanical alloying process and their mechanical and tribological properties were investigated as
well as compared with those of the base material and the Mg-Gr composite. The morphology analysis of
the constituent powders and the hybrid powder mixture was conducted through SEM, EDX and XRD. The
microstructure of the sintered MMCs showed a uniform distribution of the reinforcement on the matrix.
The developed hybrid MMCs exhibited greater mechanical properties when compared to the base ma-
terial and the Mg-Gr composite. The tribological characterization of the fabricated hybrid MMCs was
studied using the pin-on-disc tribometer under dry sliding conditions. The hybrid MMC composed of 5%
Gr and 10%SiC (Mgþ5%Grþ10%SiC) demonstrates 92% low wear rate and 53% low friction coefficient than
the matrix Mg. Therefore, this hybrid MMC can be a potential candidate to develop components used in
the tribological operation.
© 2020 The Authors. Publishing services by Elsevier B.V. on behalf of Vietnam National University, Hanoi.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Weight reduction is considered as one of the important factors
for improving energy efficiency while developing high-
performance automobiles and space crafts. This motivates auto-
motive and aerospace industries to design novel advanced light-
weight materials with enhanced mechanical and functional
properties [1]. In the past decades, aluminium and its alloys were
proved to be the most reliable lightweight materials and they were
used significantly on producing components of automobiles and
space vehicles [1,2]. In recent years, magnesium (Mg) and its alloys
have immerged as the potential candidate for lightweight appli-
cations as magnesium possesses lower density compared to
aluminium. Particularly, magnesium is the lightest structural metal
which is 33% lighter than aluminium, 61% lighter than titanium and
77% lighter than steel that makes Mg the best alternative choice to
these metals [2]. Unfortunately, high oxidation rate and low wear
resistance are few of the drawbacks that restrict the use of Mg al-
loys in service conditions [3,4]. However, these limitations can be
.
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overcome by using magnesium-based metal matrix composites.
Usually, the metal matrix composites (MMCs) exhibit improved
wear resistance over the monolithic materials and their wear per-
formance can further be improved by incorporating Graphite (Gr)
and Molybdenum disulphide (MoS2) which demonstrate self-
lubricating property. Graphite is a widely accepted self-
lubricating material that possesses a layer-lattice structure in
which the layers consist of flat sheets of atoms or molecules. This
helps the materials to shear parallel to the layers than across them
[5,6]. Due to this unique property of graphite, a continuous layer of
graphite solid lubricant is formed on the tribosurface of the metal-
graphite composite during the dry sliding condition that reduces
plastic deformation and prevents metal-to-metal contact between
the two sliding surfaces, hence, reducing friction and improving the
wear resistance of the composite [7,8].

It was reported previously that a small amount of graphite
addition to the metal-ceramic composite extremely improves the
wear resistance and reduces the friction coefficient. Aatthisugan
et al. [2] investigated the wear behavior of magnesium AZ91D-Gr
composite and found that only 1.5% addition of Gr significantly
improved the wear resistance of the composite. The same phe-
nomenon was also observed by Deaquino et al. [9] while investi-
gating the tribological behavior of Al7075-Gr composite. The
authors fabricated the composite by mechanical milling and found
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Table 1
Composition of magnesium (Mg), SiC and graphite (Gr) for hybrid MMCs.

Sample % of Mg % of SiC % of Gr

S1 100 0 0
S2 95 0 5
S3 85 10 5
S4 80 15 5
S5 75 20 5
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that only 1.5% of Gr addition tremendously improved the wear
resistance of the composite. Further, Lokesh and Mallik [10] used
Taguchi technique and evaluated the relationship between the
wear rate and the applied load and sliding distance while investi-
gating the wear behavior of the stir-cast Al-3%Gr composite. They
reported that the wear rate was strongly influenced by the applied
load. Although the addition of graphite produced a remarkable
wear performance in the MMCs, however, it was reported that
using graphite drastically reduces the mechanical properties of
these materials [11e13]. This property degradation restricts the use
of the graphite reinforced MMCs in structural applications. To
overcome this problem, a solution could be to incorporate a third
ceramic particle such as SiC or Al2O3 in graphite-reinforced MMCs
and make a hybrid composite. This strategy could be useful to
compensate for the weakening effects caused by the graphite and
to enhance the overall mechanical properties of the composite
required in developing structural components. Few studies have
investigated this approach in order to obtain improved different
mechanical and tribological properties together in a single hybrid
material. Aatthisugan et al. [2] developed a boron carbide (B4C) and
Gr reinforced magnesium AZ91D hybrid composite by the stir-
casting method and investigated the mechanical and wear prop-
erties. They have reported that the addition of 1.5% B4C and 1.5% Gr
to the magnesium alloy significantly improved the hardness and
tensile strength of the hybrid MMC. Besides, Zhang et al. [14]
investigated the microstructure and mechanical properties of car-
bon nanotube (CNT) reinforced AZ91D magnesium matrix com-
posite. Tremendous improvement of yield strength and ultimate
tensile strength was reported by the authors.

Moreover, a uniform dispersion of reinforcing particles
throughout the matrix is one of the prime requirements for
enhancing the mechanical properties of MMCs [15]. Non-uniform
particle distribution develops the agglomeration and clustering of
particles in the matrix surface which eventually becomes a
vulnerable site of crack initiation, thus degrades the overall me-
chanical properties of theMMCs. In general, theMMCs produced by
the conventional casting process exhibit poor wettability between
the reinforcement and the matrix, and develop the intermetallic
compounds, accompanied by the porosity at the particle-matrix
interfaces [16e18]. In addition, the reinforcement's non-
uniformity issue always encounters in the casting process. Hence,
to obtain a uniform particle distribution, several techniques have
been employed. Mula et al. [19] used an ultrasonic method to
achieve a uniform distribution of reinforcement in the Al and Mg
matrix alloy. But, this process is expensive and difficult to produce
in large scale. Among the various production techniques, me-
chanical alloying is considered as one of the effective alternative
processes to fabricate MMCs. This technique offers a uniform
dispersion of the reinforcing particles over the matrix material,
thus, ensures excellent mechanical and wear properties [9]. Addi-
tionally, this process is chemically non-reactive and it facilitates the
fabrication of MMCs with high reinforcement contents [20].
Although the mechanical alloying process exhibits some superior
quality, however, the production of the graphite and SiC reinforced
magnesium hybrid MMC by using mechanical alloying have rarely
reported and thus the present study aims to fabricate a hybridMMC
by mechanical alloying process and to evaluate their mechanical
and tribological properties.

2. Experimental

2.1. Fabrication of hybrid MMCs

In this study, magnesium powders with 99% purity and average
particle size of 100 mmwere used as thematrixmaterial, whereas SiC
powders (purity 99%) and graphite powders (purity 99%) with the
average particle size of 74 mm and 40 mm, respectively, were used as
the reinforcements. According to a previous study, the addition of 5%
Gr to the Mg matrix exhibits superior wear properties [12]. Thus, in
this study the percentage of Gr powder was kept constant while the
percentage of SiC had been varied. The different compositions of the
elemental powders to prepare the hybrid MMCs are shown in
Table 1. The elemental powders were weighted carefully using a
digital balance and then mixed in a high-energy planetary ball mill
(Model: RETSCH PM 100) to obtain the uniform powder mixture. To
avoid the agglomeration of the powder, a process control agent,
Polyvinyl alcohol (PVA) was applied (in the ratio of 2% of the powder
mass) to the powder mixture. The milling was performed for 1 h
with a rotational speed of 100 rpm at room temperature to ensure
the uniformity of the mixture. After that the powder mixture was
examined by using Scanning ElectronMicroscopy (SEM) (JOELmodel
6390). The SEM micrograph of the as-received magnesium, SiC,
graphite powders and the mixture of the hybrid powder are shown
in Fig. 1. It is clearly noted in the SEM micrograph that the Mg par-
ticles have the spherical and ellipsoidal shape, the SiC particles look
like of the cubic and cuboid shape and the graphite particles show a
shape of flakes. The reinforcement SiC and graphite particles are
found arranged uniformly in the Mg matrix as shown in Fig. 1(g, h).
The magnesium powders are porous in nature and few big macro-
agglomerations in the Mg powders are observed in the SEM anal-
ysis as indicated by the dotted circles in Fig. 1(b, g, h).

The existence of the macro-agglomerations may influence the
mechanical properties of the material as these may contain a
certain porosity. X-ray diffraction (XRD) was carried out in all the
elemental powders and the powder mixture to evaluate the
structural phases using a high-resolution X-ray diffractometer
(Shimadzu XRD 6000) and the XRD patterns are shown in Fig. 2.
The obtained Bragg angles were matched with standard values for
Mg, SiC, and Gr. The XRD pattern shows high-intensity Mg, Si and
carbon characteristic peaks indicating the presence of Mg, SiC and
Gr in the powder mixture. For further investigation, the hybrid
powder mixture was analysed by the EDX spectra shown in Fig. 3 to
study the presence of different elements in the composites. The
EDX spectrum clearly shows the magnesium, silicon, carbon and
oxygen characteristic peaks and their weight percentage in the
indicated position (Spectrum 3). After the mixing process, the
mixture of the MgeSiC-Gr elemental powders was heated in a
vacuum oven up to 100 �C for 1 h to evaporate the volatile matter in
the mixture. The compaction of the mixed hybrid powders was
carried out at room temperature in a single-die uniaxial hydraulic
press (TOYO: Model TL30, capacity: 300 kN) with a nominal force of
250 kN. The load on the powder mixture was maintained for 30s
and then released. Subsequently, the green compact specimen was
prepared. Zinc stearate was used in the die wall as a lubricating
agent and was applied manually before each compaction process.
After compaction, the sintering of the samples was carried out in a
vacuum sintering furnace (BSO-1200G) at 550 �C temperature. The
samples were then cooled in the furnace and prepared for subse-
quent mechanical and wear tests. The sintered cylindrical and
tensile specimens are illustrated in Fig. 4.



Fig. 1. SEM images of (a) (b) Mg powder, (c) (d) SiC powder, (e) (f) Gr powder (g) (h) Mgþ5%Grþ15%SiC powder mixture.
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2.2. Microstructure observation

To investigate the distribution of the SiC and Gr particles in the
magnesium matrix, microstructural characterization studies were
performed on the top surface of all the fabricated hybrid MMC
samples by optical microscopy (OLYMPUS BX51M, Made in Japan)
and SEM (JOEL model 6390). The samples were consecutively pol-
ished with conventional abrasive papers of grades 1500, 2000 and
2500 to remove scratches and surface machiningmarks. Finally, the
samples were polished using 3 mm and 1 mm diamond paste sus-
pended in distilled water in a mechanical polishing machine in
order to obtain a mirror-like surface finish. These polished samples



Fig. 2. XRD patterns of (a) Mg powder (b) Gr powder (c) SiC powder (d) Mgþ5%
Grþ15%SiC powder mixture.
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were used for microstructural characterization and different me-
chanical testing.
2.3. Hardness measurement

The hardness of the pure Mg and the prepared hybrid MMCs
was measured by using a Vickers hardness tester (Wilson Hard-
ness: Model 402 MVD, Made in USA). The tests were performed at
room temperature and according to the guidelines of ASTM E384. A
load of 300 gf (2.94 N) was applied to all the specimens for a
duration of 20s. A diamond-shaped indenter was used for the
indentation and by measuring the indentation marks with the
built-in scale in the hardness tester, the hardness value was ob-
tained. Ten measurements were taken on the polished surface of
each specimen with an interval of 1 mm to avoid any influence of
the adjacent indentations and the mean value was taken as the
Vickers hardness (HV) value.

2.4. Tensile and flexural strength test

The uniaxial tension tests were carried out at room temperature
in a universal testing machine (INSTRON 3369) as per the guide-
lines specified in ASTM E8-08. A load cell of 100 kN was applied to
the specimens with a displacement rate of 0.016 mm/s and the
tensile properties of the hybrid MMCs were explored by the ob-
tained stressestrain diagram. Besides, the flexural strength of the
hybridMMCswas investigated by a typical three-point bending test
as per ASTM E855-08. A 100 kN load cell was used and a constant
displacement rate of 1 mm/min was maintained. Finally, the load
and deflection data was recorded and the bending stress was
calculated by using the following equation:

sB ¼
3 PL
2bh2

(1)

2.5. Tribology test

The dry sliding wear behavior of all the fabricated samples was
investigated using a pin-on-disc tribometer according to the ASTM
G99-05 standard. The cylindrical-shaped pellet specimens with
40 mm diameter and 4 mm thickness were prepared for the wear
tests. The samples were placed on the disc of the tribometer and the
pinwas rotated against the samples. The specimensand thepinswere
cleaned with acetone before and after each run of the wear test to
remove the trace contaminants. The tests were conducted with var-
iable loads of 10, 20 and 30 N loads and variable sliding speed of 0.5,
0.8 and 1m/s in order to investigate the relationship of the wear rate
with the loads and the sliding speeds. The specific wear rates were
measured by using the weight loss method. A digital weighing bal-
ance with the accuracy of ±0.1 mg was used to measure the weight
loss. Moreover, the coefficient of friction of all the hybrid MMC
specimenswasmeasuredwith a constant load of 10 N and a constant
linear speed of 15 cm/s. After the wear tests, the morphology of the
worn surface of each sample was examined by SEM (JOEL model
6390) to analyse the wear mechanisms in the hybrid MMCs.

3. Results and discussion

3.1. Microstructure analysis

Fig. 5 illustrates the optical and SEM micrographs of the fabri-
cated hybrid MMCs. The white area in the optical micrographs
represents the Mg matrix and the SiC and Gr reinforcement parti-
cles are indicated in the figure. It is clearly visible that the rein-
forcement particles are distributed uniformly in the matrix
material in all the samples. Previous studies reported that the
uniform dispersion of reinforcement on the matrix surface is one of
the key factors to obtain improved mechanical and tribological
properties in the MMCs [9,12]. Besides, the bonding between the
matrix and the reinforcements seems perfect and other anomalies
such as pores and cracks are almost absent in the microstructures
observed optically. These phenomena noticed in the optical mi-
crographs indicate an achievement of a proper sample fabrication.
Moreover, to investigate any micro-level anomalies, SEM analysis
was performed in the microstructure and the micrographs are also
presented in Fig. 5. The SEM micrographs revealed few pores and
cracks on the surface of the fabricated hybrid MMC samples as



Fig. 3. SEM image and EDX analysis of Mgþ5%Grþ15%SiC hybrid powder mixture.
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indicated in the figure. However, the diameter of the pores is very
small, less than 2 mm and the length of the microcracks is less than
20 mm which is highly insignificant. Therefore, it can be concluded
that the uniform particle distribution and the strong particle-
matrix interfacial bonding are achieved in all the hybrid MMC
samples during the fabrication process which can lead to improved
mechanical and tribological properties.

3.2. Mechanical properties

Table 2 represents the values of the various mechanical prop-
erties of the fabricated self-lubricating hybrid MMC samples.
Among all the tested materials, the composite composed of only Gr
particles (Sample S2) exhibits the lowest hardness value. This
phenomenon was also observed in the previous study which re-
ported that the addition of graphite to the pure Mg reduces the
hardness of the composite [12]. However, the addition of SiC par-
ticles results in an increase in the hardness value of the Mg-Gr
composite. The higher the volume percentage of the SiC particles
the greater the hardness value is observed in the hybrid MMCs.
Among the five samples, the highest hardness value was observed
in the sample S5 which is composed of 20% SiC particles. This
hybrid MMC shows around 138% and 82% enhancement of the
Fig. 4. Schematic diagram and photograph of (a) (b) t
hardness as compared to the Mgþ5%Gr composite and the pure Mg
material, respectively. Besides, the other two composite samples S3
and S4 which are fabricated with 10% SiC and 15% SiC display
around 65% and 96% hardness increment from that of theMgþ5%Gr
composite and 26% and 50% hardness augmentation as compared
to that of pure Mg. Graphite possesses low hardness value of 25.49
HV. Thus, its addition to the puremonolithic Mg reduces the overall
hardness of the composite. In contrary, the ceramic SiC particles are
very hard, therefore their addition to the Mgþ5%Gr results in an
increase of the overall hardness of the hybrid MMC.

Moreover, the tensile behaviour of all the fabricated samples is
presented in the stressestrain diagram as shown in Fig. 6 and the
result of the tensile strength measurement is shown in Table 2. It is
observed that the composite reinforced with only graphite particles
(Sample S2: Mgþ5%Gr) exhibits a lower value of tensile strength
than that of the pure matrix material and this behavior has been
explained in detail in our previous research [12]. In this study, a
tremendous enhancement of the tensile strength is achieved in all
the hybrid MMCs once SiC particles are added to the Mgþ5%Gr.
Among the three compositions of the hybrid MMCs, the maximum
strength is observed in the sample S5 (Mgþ5%Grþ20%SiC) which
exhibits around 38% increase in the tensile strength compared to
the Mgþ5%Gr composite and 26% in comparison to the pure Mg.
ensile specimen and (c) (d) cylindrical specimen.



Fig. 5. Optical and SEM micrographs of hybrid MMC (a) (b) Mgþ5%Grþ10%SiC, (c) (d) Mgþ5%Grþ15%SiC and (e) (f) Mgþ5%Grþ20%SiC.

Table 2
Mechanical properties of pure Mg, Mgþ5%Gr and hybrid MMCs with different wt% of SiC.

Sample Vickers microhardness (HV) Tensile strength (MPa) % of elongation Flexural strength (MPa)

S1 34 126 8.4 142
S2 26 115 6.7 131
S3 43 137.7 4.1 151
S4 51 149 2.3 169
S5 62 158.6 1.9 177
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Moreover, the hybrid composite samples S3 (Mgþ5%Grþ10%SiC)
and S4 (Mgþ5%Grþ15%SiC) display around 20% and 30% greater
tensile strength, respectively, compared to the Mgþ5%Gr compos-
ite, and 9% and 18% tensile strength increment, respectively, as
referred to the pure Mg base material. Therefore, it is very obvious
that the inclusion of SiC particles in the Mgþ5%Gr composite en-
hances the ultimate tensile strength. This is because SiC and Gr
reinforcement particles are very compatible and develop good
bonding with pure Mg and also with each other, which results in
withstanding more load as compared to pure Mg. Fig. 7 represents
the tensile fracture surface of the pure Mg and the three hybrid
MMC samples. A significant number of voids are observed in the
pure Mg, indicating ductile fracture. Besides, voids and SiC particle
debonding are observed in all the hybridMMCmaterials, indicating
mixed-mode fracture in hybrid MMCs. Among the three hybrid
MMCs, sample S5 (Mgþ5%Grþ20%SiC) demonstrates fewer voids
but more particle debonding.

The presence of a large quantity of the reinforcement particles in
this MMC reduces the ductility and causes a considerable number
of particles becoming debonded during tensile loading that in-
dicates the brittle fracture. In order to check the ductility of the
hybrid MMCs, the percentage of elongation of all the fabricated
samples was calculated and the results are presented in Table 2. It is
evident from the result that the elongation percentage decreases
with the increasing number of SiC particles in the hybrid MMCs
indicating the reduction of ductility in the hybrid MMC materials.
Due to the inclusion of SiC particles, a considerable portion of a
hard ceramic phase is present in the hybrid MMCs that is respon-
sible for the localized crack initiation and increases the embrittle-
ment effect in the composite due to local stress concentration at the



Fig. 6. Stressestrain diagram of pure Mg, Mgþ5%Gr and hybrid MMCs with different
wt% of SiC.

Fig. 7. SEM micrographs of tensile fracture surface (a) Pure Mg, (b) Mgþ5%Grþ10%SiC, (c) Mgþ5%Grþ15%SiC and (d) Mgþ5%Grþ20%SiC.

Table 3
Result of specific wear rate at different load and sliding speed.

Load (N) Sliding
Speed (m/s)

Specific wear rate (mm3/N-m)

S1 S2 S3 S4 S5

10 0.5 0.0085 0.00087 0.00064 0.0026 0.0031
20 0.5 0.012 0.0012 0.00084 0.0047 0.0056
30 0.5 0.017 0.0023 0.0019 0.0055 0.0067
10 0.5 0.0082 0.00091 0.00076 0.0021 0.0036
10 0.8 0.0092 0.0011 0.00097 0.0035 0.0042
10 1.0 0.011 0.0014 0.001 0.0041 0.0048
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interface of the reinforcement and the matrix material. The flexural
strength of all the fabricated samples was measured by using the
conventional three-point bending test and the results are also
presented in Table 2. It is observed that the flexural strength of
sample S2 (Mgþ5%Gr) is the lowest and this value increases once
SiC particles are added to the composite. Besides, the flexural
strength rises proportionally with the volume of SiC particles in the
composite. Therefore, it is well understood that the hybrid MMC
sample S5 which is composed of 20% SiC (Mgþ5%Grþ20%SiC) dis-
plays the highest flexural strength. This composite exhibits around
35% increment of the flexural strength as compared to the Mgþ5%
Gr and 24% increment of the flexural strength of the pure magne-
sium. Besides, the other two hybrid MMC samples which were
fabricated with 10% SiC and 15% SiC show around 15% and 29%
increase of the flexural strength, respectively, as compared to Mg-
5%Gr MMC and 6% and 19% increment of the flexural strength,
respectively, of the pure magnesium. This flexural strength incre-
ment in the hybrid MMCs occurred due to the addition of hard SiC
particles which create good bonding with the Mg matrix and
graphite and therefore achieve a high level in withstanding high
loads compared to pure Mg.
3.3. Wear behavior

The wear behavior of all the fabricated samples was tested at
room temperature with varying loads and sliding speeds by using a
pin-on-disc tribometer and the values of the wear rates are pre-
sented in Table 3. Moreover, the wear rate results are presented in a
graph as a function of load and sliding speed and shown in Fig. 8.
The graph in Fig. 8(a) shows that thewear rate is proportional to the
applied load. The sample S2 (Mgþ5%Gr) displays a specific wear
rate of 0.00087 mm3/N-m at 10 N load and this value increases to
0.0023 mm3/N-m once the load extends to 30 N. In addition, the
wear rates of 0.0026 mm3/N-m and 0.0031 mm3/N-m are
measured in the hybrid composite samples S4 (Mgþ5%Grþ15%SiC)
and S5 (Mgþ5%Grþ20%SiC), respectively, at the load of 10 N
whereas these two hybrid MMCs show a higher value of wear rate
of 0.0055 mm3/N-m and 0.0067 mm3/N-m, respectively, at 30 N
load. These two hybrid MMCs which contain a higher percentage of
the SiC reinforcement exhibit higher wear rates in comparison to
the composites having no SiC particles (Sample S2). This increasing
trend of the wear rate in the hybrid MMCs is due to the presence of
a higher concentration of hard SiC particles which develop incon-
sistent elasticeplastic interaction between the reinforcement and
the matrix and thus enhances the possibility of growing cracks in
the hybrid MMC material, and increases the abrasion wear. In
contrary, the hybrid MMC sample S3 which contains Mgþ5%
Grþ10%SiC exhibits the lowest wear rate at all the applied loads.



Fig. 8. (a) Variation of the wear rate with the varying applied load, (b) Variation of the wear rate with the varying sliding speed.
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This hybrid MMC displays a 92% lower wear rate in comparison to
the pure magnesium and a 26% lower wear rate than the Mgþ5%Gr
MMC. The similar tendency of the wear rate is also observed in
Fig. 8(b), where the wear rate was measured in relation to the
sliding speed. In this case also the sample S3 which is composed of
5% Gr and 10% SiC (Mgþ5%Grþ10%SiC) shows the lowest specific
wear rate as compared to other compositions. The graphite parti-
cles present in the composite act as a lubricant and develop a thin
lubricating film on the tribosurface which prevents the metal to
metal contact.

In addition, the SiC particles act as the load-bearing elements in
the hybrid MMCs and help to form amore stable lubricating film on
the tribo-surface of the hybrid composites. The cumulative effect of
5% graphite and 10% SiC particles form a more resistant tribolayer
on the contact surface, thus decrease the wear rate. Besides, the
coefficient of friction of the pure Mg, Mgþ5%Gr and the hybrid
MMCs with varying SiC content are depicted in Fig. 9. The results
illustrate that the coefficient of friction in the hybridMMC increases
as the percentage of the SiC particles increases in the MMC. The
coefficient of friction of the samples S4 and S5 is quite high as
compared to that of Mgþ5%Gr composite. The high inclusion of SiC
particles in these two hybrid MMCs increases the hard phase and
brittleness resulting in producing high porosity and cracks in the
composite surface. This eventually affects the wear properties and
increases the frictional coefficient in MMCs. Conversely, it can be
seen in the figure that the lowest coefficient of friction obtained in
the hybrid MMC sample S3 (Mgþ5%Grþ10%SiC) is 0.24. This fric-
tional coefficient value is 53% and 20% lower than that of the pure
Fig. 9. Coefficient of friction with v
magnesium and Mgþ5%Gr composite, respectively. The graphite
reinforcement particles form a smeared film over the contact sur-
face which acts as a solid lubricant and the SiC particles strengthen
and stable the tribosurface. Therefore, the combination of 5%
graphite and 10% SiC particles forms a stable tribosurface and
eventually produces the lowest frictional coefficient in this MMC.
To further investigate the wear mechanism in the hybrid MMC, the
worn surfaces of the MMCs were examined by SEM and the results
are presented in Fig. 10. The morphology of the worn surfaces in-
dicates the existence of the abrasion and delamination wear
mechanisms in these hybrid MMCs. Large grooves can be seen
along the sliding direction in all the MMCs indicating the plastic
deformation which occurs due to the abrasion. Debris is also found
in many places indicating the delamination mechanism. Besides,
pores and cracks are observed in many places in the hybrid MMC
samples S4 and S5 which are composed of 15% and 20% SiC parti-
cles, respectively. The existence of a large number of pores in the
tribosurface of the hybrid MMC clearly indicates the surface dete-
rioration which occurs due to the severe plastic deformation. The
presence of a higher percentage of hard ceramic SiC particle rein-
forcement in these two hybrid composites results a high plastic
deformation and deteriorates the surface condition. Therefore, the
wear rate and the friction coefficient increase in these MMCs.
Conversely, in the worn surface of sample S3 (Fig. 10 a,b) which is
composed of 5% Gr and 10% SiC particles, pores and cracks are not
noticed. Debris which is formed on the surface is also relatively low
as compared to sample S4 and S5. Besides, a smooth graphite
lubricating layer is observed in the worn surface of sample S3
arying reinforcement content.



Fig. 10. SEM micrographs of the worn surface of (a) (b) Mgþ5%Grþ10%SiC, (c) (d) Mgþ5%Grþ15%SiC and (e) (f) Mgþ5%Grþ20%SiC.
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which uniformly covers the entire worn surface of the hybrid MMC
(Fig.10(b)). The smeared graphite particles form a thin rich graphite
tribofilm between the sliding surfaces and prevent the direct con-
tact between the pin and disc surfaces. This tribofilmminimizes the
degree of shear stress transferred to the sliding material under-
neath the sliding contact area which results in less plastic defor-
mation in the subsurface region. The collective effect of 5% Gr and
10% SiC particles form a more resistant and stable tribolayer. The
graphite filmworks as a protective layer and prevents the breaking
of hard SiC particles resulting in less surface damage. Therefore, the
wear rate and the friction coefficient are reduced in this hybrid
MMC and the overall wear performance is improved in comparison
to the base material and Mg-Gr composite. Hence, from the above
results, it can be concluded that the addition of graphite to the base
material significantly improves the wear behavior of the composite
and the collective effect of 5% Gr and 10% SiC particles forms a more
resistant and stable tribolayer. Thus, the hybrid MMC composed of
Mgþ5%Grþ10%SiC exhibits superior wear properties.
4. Conclusion

The mechanical and wear behaviors of the self-lubricating
hybrid MMCs were investigated in this research. A tremendous
enhancement of the hardness in the range of 65e138% and of the
tensile strength in the range of 20e38% was observed in the hybrid
MMCs depending on the volume of the SiC particles. The
tribological properties including the wear rate and coefficient of
friction are also remarkably improved. This improvement of the
mechanical and tribological properties in the hybrid MMCs are
attributed to the combined effect of the SiC and graphite rein-
forcement particles. The SiC particles strengthen the composite
while the graphite works as a protective layer and prevents the
breaking of the hard SiC particles. Therefore, the hybrid MMCs
possess the superior strength andwear resistance. Among the three
compositions of the hybrid MMCs sample S3 composed of Mgþ5%
Grþ10%SiC exhibits a tensile strength of 137.7 MPa which is 9%
greater than that of themonolithic Mg. Besides, this material shows
an around 92% lower wear rate and 53% lower friction coefficient
than the matrix Mg. The cumulative effect of 5% Gr and 10% SiC
particles helps strengthen the mechanical properties as well as
form a more resistant and stable tribolayer as compared to other
materials. Therefore, this composition (Mgþ5%Grþ10%SiC) of
hybridMMC can be considered as the optimumvalue to get the best
mechanical and tribological properties and this hybrid MMC can be
considered as a potential material for developing components
involved in the tribological operations.
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