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Abstract
Owing to its outstanding mechanical and thermal properties, graphene has shown enormous potentials as an improvement material for composites. This paper investigates the properties of graphene-reinforced 6061 aluminium alloy Metal Matrix Composites (MMCs) with
varying weight percentages (5 and 10 wt.% graphene) of reinforcement. Energy Dispersive
Spectroscopy (EDS) and Scanning Electron Microscope (SEM) studies of the MMC conﬁrm
the presence and distribution of graphene particles in the Al6061 matrix materials. Mechanical properties such as tensile strength, hardness, and impact strength of MMCs were studied
and assessed. Tensile and impact strength of the MMC’s increased from 25 to 60 % by the
addition of 10 wt.% graphene in aluminium 6061 alloys. The percentage of elongation diminished with the addition of reinforcement in the matrix. The most signiﬁcant improvement in
hardness can be found in additional graphene particles. Wear-test had been performed using
the pin-on-disc machine at 10 N load. It was observed that the tribological behaviour of the
composite improved after the addition of graphene in Al6061.
K e y w o r d s : aluminium alloy 6061, graphene, tensile strength, impact strength, voids, debris

1. Introduction
Aircraft, automotive, defence, and transportation
industries are in the process of replacing the conventional aluminium alloy material to particle reinforced
aluminium alloy composites. For the replacement, scientists, metallurgists, and engineers across the world
have been conducting research and development focusing on the aluminium alloy particle reinforced with the
Metal Matrix Composite (MMC) for the past decade
[1]. One of the essential objectives is to develop an
MMC material with a combination of mechanical and
wear resistance properties. MMC possesses good mechanical properties, creep and wear-resistance when
compared to aluminium alloy [4]. Al6061 is widely
used for structural fabrication applications due to its
reliable strength, weldability, and corrosion resistance
[3]. The heat-treatable 6061 aluminium alloy has replaced the most commonly used matrix alloys of the
MMCs [5].

MMCs can be produced by solid state processing,
liquid state processing, stir casting, squeeze casting,
spray forming, semi-solid forming, and powder metallurgy [3]. Solid state processing provides a desirable mechanical properties, but the investment cost
is high [11]. Some of the hard ceramic particles like
SiC [12], Al2 O3 [12], B4 C [15, 17, 19], Si3 N4 [18] have
been mixed with AA6061-based metal matrix using
stir casting technique. The optimum amount of reinforcement particles for MMC and carbon-based reinforcement was determined [26].
The eﬀect of ﬂexural strength on graphene Al6061
MMC processed by powder metallurgy was investigated, and its improvement in ﬂexural strength was
highlighted as 47 % [26]. Graphene was found to have
superior tribological properties even with a minimum
usage of 0.3 % [19]; moreover, its additives with lubricant oils [20] reduce the friction. The properties
of Al/B4 C nanocomposite were also superior when
compared to Al/B4 C micro-composite [15]. A signif-
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icant increase in elongation of 6061 MMC samples
was achieved after adding Al2 O3 /SiC reinforcement
nanoparticles [16].
Improvement in the tensile strength and hardness
was noticed due to the addition of 6 % ZrO2 and
2 % Al6061 MMC [16]. Also, improvement in microhardness value was observed in Al6061 – graphene
– SiC MMCs processed by ultrasonic liquid processing [22]. Graphite MMC resulted in the formation of solid lubricant between point-point of a
metal surface by reducing the wear loss [18]. Wear-resistance of Al6061 may be successfully improved by
the addition of ceramic reinforcements (Si3 N4 + n-Gr)
[17].
From the above pieces of literature, it is understood that very few studies have been carried out on
the graphene reinforced with Al6061 matrix as MMC
composites. Graphene was used as the reinforcement
in the experiment discussed in this paper. The primary aim of the presented work is to study the effect of weight percentage of graphene reinforcement
in Al6061 alloy and investigate its mechanical and tribological behaviour.

2. Base material and reinforcement
Al6061 is a precipitated and hardened aluminium
alloy containing magnesium of 0.8–0.12 % and 0.4–
0.8 % of silicon as its major alloying element and is
heat treatable. Thus it has remarkable mechanical and
impact properties and also exhibits better weldability
and resistance to corrosion.
Graphene has excellent physical, electrical, and
mechanical properties such as elastic modulus of 0.5–1
TPa, tensile strength of 130 GPa, thermal conductivity of 5.3 × 103 W m−1 K−1 and electron mobility of
1500 cm2 V−1 s−1 and also has an excellent concentration in the ﬁeld of the composite [18, 19]. Its hardness
makes it suitable to be used in defence applications.
Graphene proved to be excellent reinforcing material
for the MMC [15].

3. Preparation of the composite
In this paper, an aluminium alloy 6061 was used
as the matrix material for preparing the metal-matrix
composite. Aluminium alloy plate was sliced into small
pieces of 10 × 10 × 4 mm3 so that it could be easily placed in graphite crucible for melting. Graphene
in powder form was used as the reinforcement. X–
Y dimension of graphene approximates to 5–10 µm
with an average thickness of 5–10 nm. A molten mixture of matrix and reinforcement were poured into the
die and allowed to solidify. The reinforcement particles and matrix were mixed by continuous stirring.

Fig. 1. Schematic diagram of the stir casting setup used
for making the samples.

Figure 1 shows the stir casting machine used for the
production of MMC.
Al6061 sliced plate was kept inside a coated
graphite crucible. Initially, the sliced plate was preheated for 2 h at 450 ◦C in a muﬄe furnace, to remove the surface oxides. The furnace temperature was
raised above the liquid temperature of aluminium alloy (750 ◦C) to melt the aluminium alloy completely.
The graphene powder was mechanically mixed below its melting point, and 1 wt.% of magnesium powder was added. Addition of the magnesium reduces
the surface tension, thereby enhancing the usability
of aluminium melt. Stirring of the material was executed for 10 min with a speed of 290 rpm at 750 ◦C.
To obtain the uniform distribution, angle of 60◦ was
provided in the stirring blade. The proper stirring produced the best mixing results in a uniform microstructure compared to a conventional stirring. Preheating
of the moulds was performed at 250–350 ◦C for 2 h
before pouring the melt. After the removal of slag,
the composite melt was transferred to the preheated
mould.
This procedure was repeatedly done by varying the
composition percentage of the reinforcement powder.
For each composition, 500 g of Al6061 matrix material was used for preparing the samples along with
1 wt.% Mg. After solidiﬁcation, the casting and the
samples were removed from the mould. The samples
are shown in Figs. 2a,b. Three samples were prepared,
sample A contains AA6061 with 1 wt.% Mg, sample
B contains 5 wt.% graphene, and sample C contains
10 wt.% graphene.

4. Confirmation of the composition
To conﬁrm the distribution of graphene in the
Al6061 MMC, EDS analysis was performed. Figures
3a,b illustrate the spectrum of the EDS analysis of
sample B and sample C composites. Each peak corresponds to the presence of an element in the MMC.
From the spectrum, it is inferred that the largest peak

S. Sendhil Kumar et al. / Kovove Mater. 58 2020 341–349

343

the Al6061 matrix. EDS images of both MMC samples show there is no signiﬁcant presence of alumina,
magnesia, and silicon carbide. This can be attributed
to the fact that the presence of magnesium and silicon
is very negligible. Also, the oxides of alumina will be
removed as slag during the stir casting process.

5. Testing
The following mechanical tests were conducted on
the Al6061 composites to determine their mechanical
properties.
5.1. Tensile test
Fig. 2. Cast samples of MMCs.

The ability of a material to resist a static load
can be determined by a tensile test of the material.
The tensile test is used in evaluating the fundamental properties such as yield strength, ultimate tensile
strength, and percentage of elongation of the developed composite material. Tensile strength of AA6061
and MMC samples was evaluated using UTM machine
as per the ASTM E8-M04. The tensile test specimen
was machined as per ASTM: B-557 standard. A tensile test was performed using electron mechanical controlled Instron UTM with an ultimate load of 100 kN.
5.2. Hardness test
The hardness test is used to evaluate the resistance
of a material to permanent deformation when a force
is applied. The Brinell hardness test is carried out to
determine the magnitude of the hardness of metal matrix composite. Hardness test was carried out according to the ASTM E10 standards using 10 mm steel
ball indenter of 500 Kgf load.
5.3. Impact test
Charpy impact testing of materials involves a dynamic application of the load before failure. This test
measures the toughness value of the material. The
specimen was prepared as per ASTM E23-04 standard.

Fig. 3. Image of graphene reinforced MMC: (a) EDS sample B and (b) EDS sample C.

corresponds to aluminium as it is the matrix material
present in MMC. Adjacent to aluminium is the peak
that corresponds to graphene and magnesium, which
are also presented in MMC. SEM image in Fig. 3b
shows the existence of graphene particles in Al6061
with 10 wt.% graphene MMC sample C. It can be thus
noticed that the graphene particles are dispersed into

5.4. Wear test
The wear experiment was carried out according to
ASTM G 99-95 standards using a pin on disc testing machine (DUCOM, INDIA) with disc material of
speciﬁcations: EN 32 steel (hardness: 62 HRC). Pin
on disc apparatus is shown in Fig. 4. The machine
consists of a pin holder connected with the loading
lever and LVDT to measure the wear loss. The stir
cast specimens were machined in the form of pins with
the diameter of 10 mm and height of 25 mm and were
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Fig. 4. Schematic diagram of the pin on disc apparatus
used for testing the wear behaviour of samples.

Fig. 5. Tensile test plot of samples A, B, and C.

tested against a rotating disk. The wear test was conducted by applying a load of 10 N along with sliding
speed of 1.0 m s−1 at a distance of 2000 m at room
temperature. During sliding, the load was applied to
the specimen, and it was brought into intimate contact
with the rotating disc [12]. Wear loss was evaluated by
measuring the weight of samples before and after the
test.

Fig. 6. Fractured SEM images after tensile testing of samples A, B, and C.

6. Results and discussion
Composite was subjected to various tests to determine its material properties. Based on the testing of
the composites, the following results are observed.
6.1. Tensile test results
Figure 5 shows the comparison of tensile strength
and percentage of elongation for the three samples. It
was found that sample C has a higher tensile strength
of 168.33 MPa than the other samples. But the % of
elongation is lower than that for the samples A and
B. Addition of 5 wt.% graphene declines the tensile
strength compared to that for sample C. This is due
to the insuﬃcient amount of reinforcement particles,

which causes improper interfaces in MMC and leads
to quick crack initiation. Tensile failure in the composite is controlled by the progressive fracture of reinforcement particles [8]. Figures 6a–c depict the SEM
images of fractured samples after the conduct of the
tensile test.
Sample A (25 % of elongation) has a higher percentage of elongation than the sample B (4 % of elongation) and sample C (18 % of elongation) due to the
addition of the reinforcement particles which reduces
ductility. As the percentage of reinforcement particles
increases, a reduction in ductility was observed [1, 6,
23]. Increase in reinforcement particles resulted in a
better interface and good matrix bonding, which may
be due to the reason for sample C to possess good
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Fig. 7. (a) Brinell hardness test samples and (b) hardness
graph of samples A, B, and C.

tensile properties. Similar tensile results are observed
in [13, 14]. However, the tensile results of the present
study are comparable with the previous work [25] for
the same alloy Al6061 but for diﬀerent reinforcements.
Tensile strength reported in [25] was 128.24 MPa and
its 23 % inferior to sample C of the presented study.
6.2. Hardness test
Brinell hardness test was carried out for the samples, and the tested samples are shown in Fig. 7a. Figure 7b shows the plot of Brinell hardness for diﬀerent
samples. From the graph, it is observed that there was
a better enhancement in the hardness value with the
addition of reinforcement. It has been noted that the
hardness value of sample C is 3.27 % higher than that
of sample B. This is due to the presence of a high
amount of reinforced graphene particles. In short, the
addition of reinforcement particles in the matrix increases the hardness [1, 6, 8]. Lower accumulation of
graphene may cause more slippage between graphene
ﬂakes, which will aﬀect the grain growth. Addition of
more reinforcement particles acts as a grain development inhibitor leading to the formation of ﬁne grains
that improves the hardness. However, the process ﬁlls
the voids at lesser content [17]. Hence, the graphene reinforcement particles signiﬁcantly improves the hardness.

Fig. 8. (a) Sample prepared for impact test and (b) impact
test result of samples A, B, and C.

6.3. Impact test
Charpy impact test was performed as per the
ASTM E23-04 with V-notched specimen, as shown in
Fig. 8a. The observed impact strength of three diﬀerent samples is shown in Fig. 8b. It can be noticed that
sample B has got superior impact strength compared
to other samples. Sample B contains the least amount
of graphene, which makes it ductile, hence absorbing
more impact energy.
Moreover, 1.21 % of the decrease in the impact
strength was noticed when increasing the reinforcement particles. The primary reason for the reduction
in the impact strength of sample C is due to the presence of carbides. Hence, it increases the hardness and
reduces the impact strength. A similar result was noticed in the work of in-situ TiAl composites: where
the volume fraction of carbides increases, there is a
decrease in the impact strength [27]. The least amount
of SiC with 0.5 wt.% reinforcement [26] in Al6061 absorbs more impact energy when compared to 1 and
2 wt.% SiC. However, with a minimum increment of
graphene considerably changes the impact strength.
The increase in impact strength of MMC, when compared with pure Al6061 alloy, is 50 %.
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Fig. 10. SEM microstructure of MMC: (a) sample B and
(b) sample C.

Fig. 9. Optical microstructure of MMC: (a) sample B and
(b) sample C.

6.4. Eﬀect of carbide on mechanical properties
The microstructures of aluminium metal matrix
composites of sample B and sample C are shown in
Figs. 9a,b. Both the microstructures clearly indicate
the presence of carbide inclusions in the aluminium
matrix. However, predominantly more carbides are noticed in sample C compared with sample B.
The addition of graphene was higher in sample C
compared to sample B. Figures 10a,b represent the
higher magniﬁcation SEM microstructure of sample
B and sample C. SEM images clearly indicate the
presence of graphene and carbides. The white regions
are graphene, and the black areas are carbides. The
amount of carbide formation in sample C is higher
than in sample B, because of the higher percentage of
graphene particles.
The ﬁnely dispersed carbide particles may be the
reason for an increase in the strength and hardness
of MMC. Very few amounts of carbide in the aluminium metal matrix would increase the strength of
the composite [29]. However, a decrease in ductility
was noticed in MMC, which may be due to the accu-

mulation of carbide particles, thus reducing the elastic deformation and increasing the strength of MMC.
The higher wt.% of graphene in the MMCs results in
an increase of carbides. Therefore, the strength and
hardness of composite are increased. However, there
is a decrease in the impact strength and wear resistance which may be due to a higher concentration of
carbides for 10 wt.% of graphene composite.
6.5. Wear test
Pin samples A, B, and C were cast with a diameter of 10 mm and length of 40 mm for all of them as
shown in Figs. 11a–c. The surface of all samples was
well cleaned with acetone and polished with diﬀerent
grades (400 and 600 µm) of abrasive papers. Figure
12 shows the variation in the wear (in microns) of different samples with a constant sliding time of 10 min.
Wear in microns for each sample was calculated, based
on the normal force and the frictional force between
the pin and rotating disc. It was observed that sample
B possessed the least wear of 58 microns compared to
sample C (86 microns) and A (119.87 microns). It is
much easier to have graphene in mechanically mixed
layers during friction when compared to sample C with
higher carbide concentration. A decrease in the material hardness was observed in sample B, which consists
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Fig. 12. Comparative graph for wear test results of samples
A, B, and C.

shown in Fig. 13a. The worn surface of sample A has
undergone severe plastic deformation since it does not
contain graphene that makes the ductile for more debris and cross-hatching lines, whereas sample B, as
shown in Fig. 13b, possessed the batch of the plug
oﬀ formed due to the lesser percentage of reinforcement particles, and a crack was also observed. This
may cause improper interfaces in MMC and lead to
crack propagation. These cracks led to the formation
of delimitation debris. Plug oﬀ and cracks were less
when the percentage of graphene decreased. Figure
13c indicates that the worn surface of sample C possessed a few micro-cracks and wear debris when compared to sample A and B. The samples without reinforcement content show more defects compared to
Al6061 graphene composites, which were tested under
constant load and time. Hence, the wear damage behaviour of the Al6061 was reduced by fabricating the
MMC using 10 wt.% graphene.
Fig. 11. Samples used for wear testing.

7. Conclusions
5 wt.% graphene. During wear test of the frictional
heat was generated, and as a result, the graphene became lubricant and makes the MMC’s more ductile. It
can be concluded from the study that higher percentages of graphene content signiﬁcantly reduce the wear
loss of Al6061 MMC’s [15]. The graphene reinforcement was signiﬁcant in this study, and it decreased
the wear of MMC when observed for about 2 h.
6.6. Microstructural study of wear samples
Figures 13a–c illustrate the worn surfaces and wear
debris of test samples examined through SEM. The
abrasion induced plastic damage and grooves along
sliding direction on the worn surface of Al6061, as

In this paper, Al6061-graphene composites of different weight percentage (5 and 10 wt.% graphene)
were fabricated using stir casting technique. EDS and
SEM observations conﬁrmed the presence of graphene,
mixed adequately with Al6061 base metal during stir
casting.
The tensile strength of the Al6061 was improved by
the addition of 10 wt.% graphene reinforcement particles, which was 25 % superior to unreinforced Al6061.
Addition of graphene particles decreased the ductility
and improved the load-carrying capacity.
It was observed that the hardness of sample C was
higher than of other samples. The eﬀect of a small
amount of graphene particles marginally improved the
hardness properties. It was also noted that the impact
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reinforcement samples. It can be concluded that
5 wt.% graphene MMC can be considered as a suitable
material for various structural and wear applications.
To conclude, strength and hardness increase with
the presence of carbides in the composite. However,
there is a decrease in impact and wear properties
which may be due to a higher concentration of carbides. Hence the formation of carbides will act as
strong and innocuous eﬀect on the mechanical properties. Therefore, the eﬀects of the addition of the different weight percentage of graphene reinforcement in
the aluminium matrix were investigated.
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