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Abstract The strength and hardness of the composites were
investigated. The present results showed that the strength and
hardness of the composites increased with the addition of
graphene nanosheets. Graphene nanosheets may act as ob-
stacles for the dislocation movement and finally promote for
the dislocations accumulation having an important role for
the improvement ofmechanical properties of the composites.
The difference in thermal expansion coefficient was also re-
sponsible for the improvement of the strength and hardness
of the composites.
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1 Introduction

Aluminum Metal Matrix Composites (AMMCs) have re-
ceived a great interest in the automotive industry compared
to steel and iron because of weight reduction which led to
both reduced fuel consumption and vehicle emissions [1].
AMMCs were easy to deform and had good electrical and
thermal conductivities, high ductility, high strength-to-wei-
ght ratio, as well as good corrosion resistance [2]. Hence,
they have been widely used in automobile and attract much
interest from engineers in the world [3].

Many attempts have been carried out on aluminum–grap-
hite particulate composites [4–6]. It was reported that these
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aluminum–graphite composites presented improvement in
mechanical properties [7], low friction and wear [8,9], re-
duced temperature rise at the wearing contact surface [10,
11], excellent anti-seizure effects [12,13], improvedmachin-
ability [14], low thermal expansion and high damping ca-
pacity [15,16]. From these characteristics, the aluminum–
graphite composites are a potential candidate for automotive
and other engineering applications [17]. Lastly, Graphene
Nanosheets (GNSs) has been introduced [18]. GNSs consist
of several graphene layers, and have similar properties to that
of single-layer graphene [19].

Several techniques have been developed for the fabrica-
tion of Metal Matrix Composites (MMCs) with high volume
fraction of particles such as Powder Metallurgy (PM), Melt
Infiltration (MI), electromagnetic separation and spray de-
position [20,21]. Among the different processing routes for
the production of MMCs, PM through solid-state sintering
is particularly suitable for the composites fabrication. PM
method presents excellent control over the microstructure,
including size, morphology and volume fraction of matrix
and reinforcement [22].

Recently, few studies have been carried out on the Al-
graphite composites [23–25]. For instance, Rashad et al. [23]
reported the effect of low-concentration graphite onmechan-
ical properties of pure aluminumusing a semi-powdermethod.
The results showed the improvement of mechanical prop-
erties with low- concentration (0.3wt%) graphite into pure
aluminum [23]. Another previous study also reported the ef-
fects of sintering temperature and graphite addition on the
mechanical properties of aluminum [25]. However, in this
study, GNSs were added into aluminum to improve the me-
chanical properties of the composites. Therefore, the present
study is designed to synthesize and characterize the
mechanical performance of aluminum reinforced by
GNSs.
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2 Experimental Procedures

Aluminum powder with the average particle size of 20µm
and 99.0% purity was used in this experimental work. GNSs
with 5–10nm in thickness and 0.75–1.5µm in diameter were
used as filler (Fig. 1). The density of aluminum powder and
GNSs was 2.7 and 2.0 g/cm3, respectively.

Aluminum and GNSs were mixed using milling machine
at a constant speed of 250 rpm for 15min. The composite
powder was green compacted in a stainless steel mold at
room temperature under 400MPa to obtain the cylindrical
composite specimens with the dimension of 0.3 inch both
in diameter and height. The specimens were then sintered
in the furnace at 500 ◦C for 3h under air environment. The
composites with 0; 2.5 and 5 (all in mass %) GNSs were
designated as A, B, and C, respectively.

The structural properties of the sintered composites were
identified using an automatic X-ray diffractometer. The ex-
perimental density of the composites was measured by the
Bouyancy principle. Microstructure of the composites after
sintering was observed by Optical Microscopy (OM). The
composites were evaluated by compression using universal
testing machine with a strain rate of 10−4 per second. The
composites hardness wasmeasured by applying a load of 200
kgf and holding time of 20 s. A minimum of 3 data points
were measured using microhardness.

3 Results

Figure 2 illustrates the X-ray diffraction patterns of the spec-
imens. From Fig. 2, the peak for GNSs is presented at 2θ
equal to 26.57◦, and confirmed for the presence of GNSs in
the composites. The appearance of GNSs peak in this study
was consistent with the previous study reported by Leng et
al. [26].

Fig. 1 SEM micrograph of GNSs

Table 1 presents the comparison of theoretical and mea-
sured densities of the specimens. Generally, it was clear that
the density of the specimens decreased by increasing the
GNSs content. Figure 3 demonstrates the relative density
of the specimens as a function of GNSs content. It indicated
that the addition of GNSs to aluminum decreased the relative
density of the specimens, confirming the presence of GNSs
promoted the porosity formation.

Figure 4 shows the optical micrographs of the specimens
after sintering at 500 ◦C for 3h. The specimen A reveals a
slight coarse structure where the grain size was large enough
(Fig. 4a). The specimen B showed a finer structure compared
to the specimen A and had relatively homogenous structure
(Fig. 4b). For specimen C, its microstructure was quite sim-
ilar to the specimen B, but the agglomerates was still found
as indicated by arrows (Fig. 4c). The average grain size was
approximately 47µm for specimen A, 35µm for specimen
B and 24µm for specimen C. From this point of view, it can
be realized that the addition of GNSs into aluminum may
promote finer structure after sintering (Fig. 4b, c).

Figure 5 shows the compression strength of the specimens
as a function of GNSs content. The addition of 2.5mass%
GNSs to aluminum (specimen B) resulted in the increase
of the compression strength for about 25% compared to
the specimen A. Meanwhile, the addition of 5mass% GNSs
to aluminum (specimen C) was still increased the strength
of the composites, but its increment is not as significant
as the specimen B. Furthermore, the hardness of the spec-
imens demonstrated a similar trend to its strength as shown
in Fig. 6.

4 Discussion

From Table 1, it is obvious that the theoretical density has
higher value compared to the measured density. The theoret-
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Fig. 2 X-ray diffraction patterns of the specimens
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Table 1 Theoretical and experimental densities of the specimens

Specimens Theoretical
density (g/cm3)

Measured density (g/cm3)

Compacted Sintered

A 2.70 2.696 2.673

B 2.646 2.631 2.542

C 2.553 2.548 2.409
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Fig. 3 Relative density of the specimens

ical density (ρtheo) of the composite can be measured using
the method reported by Zhai et al. [27]. Note that High sin-
tering temperature facilitates the diffusion of atoms leading
to better sinterability of the composites [28].

The optical micrographs demonstrated the reduction in
grain size of the specimens (Fig. 4). It is considered that the
addition of GNSs into aluminum exerted a retarding force
or pressure on the grain boundaries, known as Zener drag,
which may retard the grain growth of the structures [29].
Therefore, the ability to suppress the grain growth can be as-
sessed by considering a random spatial relationship between
the boundaries and the particles [30].

The distribution of GNSs in aluminum can cause an in-
hibition of the plastic flow of the matrix and this causes the
increased strength and hardness of the composites [31]. The
addition of GNSs into aluminum also decreased the distance
among the particles, which may act as obstacles for the dis-
location movement, leading to the dislocation accumulation.
It is known as dispersion-strengthening [32]. Accordingly, it
can be thus understood that the increase in the GNSs con-
tent results in reducing the distance between GNSs particles
which improved the strength and hardness of the specimens
[33].

Furthermore, it is also considered that the difference in
thermal expansion coefficient between GNSs (10−6 K−1)
and aluminum (23.6×10−6 K−1) is quite large. The increase

Fig. 4 Optical micrographs of the specimens after sintering at 500 ◦C
for 3h

in the yield strength of the composites owing to the difference
in thermal expansion coefficient (�σCTE) can be expressed
as follow [34]:
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Fig. 5 Yield strength of the specimens
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Fig. 6 Microhardness of the specimens

�σCTE = αGb(12 �T �C fv/b dp)
1/2 (1)

where �σCTE is the change in yield strength due to thermal
expansion coefficient; a is a constant (its value is 1.25); G is
the shear modulus of Al matrix; b is burger vector of the ma-
trix; �T is temperature change; �C is difference of thermal
expansion coefficient between matrix and GNSs; fv is vol-
ume fraction of the GNSs particles; and dp is mean particle
size of GNSs.

5 Conclusions

The addition of GNSs has delivered the force or pressure
which suppresses the grain growth, leading to the finer struc-
ture due to the addition of GNSs. Generally, the addition of
GNSs had greatly improved the strength and hardness of the
composites. The incorporation of GNSs into aluminum di-
minished the distance among the particles, where they may

act as obstacles for the dislocation movement and obtain the
dislocation accumulation. The increase of strength and hard-
ness of the composites was also attributed to the significant
difference in thermal expansion coefficient between GNSs
and aluminum.
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