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ABSTRACT: The purpose of the present work is to analyze the modulus of elasticity of graphene (Gr) sheet-reinforced metal matrix
nanocomposites (MMNCs) using a homogenized model based on the Mori-Tanaka micromechanics approach. The main focus is to
investigate the effects of Gr sheet agglomeration on the MMNC macroscopic elastic modulus. Also, the role of aligning Gr sheets in the
mechanical performance of MMNC is explored. It is found that a small amount of Gr sheets can increase the elastic properties of the
MMNCs. Addition of 5% by volume fraction of Gr sheet in an aluminum (Al) matrix improves the MMNC elastic modulus by 31%. The
mechanical properties of MMNCs are very sensitive to the Gr sheet agglomeration. Formation of sheet agglomeration can significantly
decrease the MMNC elastic modulus. It is observed that the Gr sheet alignment plays a superior role in enhancing the MMNC elastic
properties. Generally, alignment of Gr sheets leads to the maximum level of MMNC mechanical properties in axial direction. As compared
to the uniform dispersion type, aligning the 5 vol% Gr sheets can improve the elastic of Al nanocomposite by as much as 20%. The elastic
modulus calculated from the present micromechanical model for different types of MMNCs is compared with available experimental
data. In addition, the results from the Mori-Tanaka method are also compared with other analytical results acquired from semi-empirical
Halpin-Tsai (H-T) model and the rule of mixture (ROM).
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INTRODUCTION
Recently, many efforts have been focused on the
experimental synthesis and characterization of Gr sheetreinforced nanocomposites to analyze the effective
properties of Gr-reinforced MMNCs. In a study conducted
by Song et al. [9], instrumented spherical micro-indentation
/scratch tests were used to explore the microscopic
mechanical properties of multilayer graphene (MLG)reinforced Ti based metal matrix composites synthesized by
means of spark plasma sintering. Their results showed that
most of the additive MLGs improved the mechanical
properties such as elastic modulus. In another study, Hwang
et al. [10] suggested a molecular-level mixing modification
and spark plasma sintering (SPS) methods to analyze the
elastic modulus and yield strength for Gr-reinforced Cu
matrix nanocomposites. The elastic modulus and the yield
strength of the resultant Cu MMNC containing 2.5 vol% Gr
were 131 GPa and 284 MPa, respectively, which were 30%
and 80% higher than the values for pure Cu. In another
research, Yolshina et al. [11] reported that the hardness,
strength and ductility of Al MMNCs containing Gr sheets are
at least 2-3 times higher than the initial Al material. It can be
found that few papers were published in numerical analysis
of Gr-reinforced nanocomposites. In 2016, Ji et al. [12]
applied a micromechanics method to predicate the effective
elastic modulus of Gr sheet-reinforced polymer
nanocomposites. They supposed that all the graphene sheets

In the past decade, studies on the overall mechanical
characteristics of graphene (Gr)-reinforced metal matrix
nanocomposites (MMNCs) have obtained high interest
because of their high strength and elastic modulus [1-2]. Gr
is one of the strongest reinforcements in the world [3]. It has
some exceptional features: excellent electric properties, great
thermal conductivity, and high tensile strength. Furthermore,
Gr is very light. These special properties make it a perfect
reinforcement for metal matrixes. Many investigations have
been carried out on using Gr as reinforcement in both
polymers and metal matrices. A number of studies on the
effective
properties
of
Gr-reinforced
polymer
nanocomposites were reported [4-5]. Newly, extensive
research has been done in the case of Gr-reinforced MMNCs
[6].
These materials have been widely used in the aerospace
and automobile industries, such as Gr-reinforced aluminum
(Al) matrix nanocomposites [7], Gr-reinforced copper (Cu)
matrix nanocomposite [8], Gr-reinforced titanium (Ti)
matrix nanocomposites [9]. Generally, Gr-reinforced metalbased composites can play a significant role in improving the
mechanical properties of metallic materials, such as their
modulus and strength.
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are either aligned or randomly oriented in the polymer
matrix. Then, the influences of several critical mechanisms
that may affect the polymer nanocomposite mechanical
behaviour were analysed. In general, the micromechanical
methods are an efficient approach to estimate the effective
properties of the composite materials from the behaviour of
their constituents. This is very cost-effective, particularly for
various filler/matrix combinations [13-15].
Mokhalingam et al. [16] studied mechanical behaviour of
Gr-reinforced Al nanocomposites by using molecular
dynamics (MD) simulations. Their analysis showed that the
incorporation of Gr nano-sheet into the Al matrix can
increase Young's modulus of the nanocomposite noticeably.
The nanocomposite containing 6.7 vol.% of Gr sheet exhibits
Young’s modulus of 143.8 GPa and 116.8 GPa along
longitudinal and transverse directions, respectively, that are
82.8% and 46.5% higher than pure Al. A literature survey
evidently reveals that there is no substantial work that
exactly analyzes the mechanical properties of Gr sheetreinforced
MMNCs
considering
the
important
microstructural features. Generally, the effective mechanical
properties of Gr sheet-reinforced MMNCs are significantly
dependent on some critical microstructural features such as
the amount and distribution type of Gr sheets, Gr/metal
interfacial region and constituent material properties [17-19].
For example, Gr nano-sheets tend to agglomerate together
due to the presence of van der Waals forces between them
[20-22].
The formation of Gr sheet agglomeration -encountered in
real engineering situations, degrades the mechanical
properties of metal-based composites [23-24].
In this paper, we explore the macroscopic elastic modulus
of Gr sheet-reinforced MMNCs by utilizing the Mori-Tanaka
homogenization scheme. The obtained values are compared
with the available experimental data and other numerical
results to verify the validity of the micromechanical process.
Furthermore, some parametric studies are performed to
examine the role of amount and dispersion types of Gr nanosheets in the mechanical properties of MMNCs. The
suggested micromechanical simulation process with
obtained results could be useful to guide design of Gr sheetreinforced MMNCs with superior elastic properties.

Number of reinforcements
Eshelby tensor
Volume of the representative volume element
Poisson ratio
Greek Symbols
Average strain
shear modulus of composite
shear modulus of matrix
Poisson ratio of matrix
Average stress

MICROMECHANICAL MODELLING
Elastic parameters of Gr sheets
The three-dimensional elastic parameters of both metal
matrix and Gr are essential for theoretically calculating the
effective moduli of nanocomposites. However, a Gr sheet is
actually a two-dimensional structure and its out-of-plane
elastic properties do not have well accepted description in the
previous works.
The assignment of the elastic parameters of a single Gr
sheet is vital as the main problem to be discussed here. A Gr
sheet, along with bulk Gr, could be considered as a
transversely isotropic material. There are five dependent
parameters that elastic behaviour can be defined, Young’s
moduli 𝐸1 and 𝐸3 , shear modulus 𝐺13 , Poisson’s ratios 𝑣12
and 𝑣13 , in engineering symbolization. These assumptions
are confirmed by a quantitative investigation accomplished
in the following that tests the sensitivity of the elastic
constants of the composite system to the values of the outof-plane parameters of Gr sheets. The fourth-order
transversely isotropic tensors are implicated to simplify the
mathematical operations. We present Hill’s elastic moduli,
𝑘, 𝑙, 𝑛, 𝑚 and 𝑝 [25] demonstrated by another expression for
the constitutive relation,
𝜎 = 𝐶: 𝜀

(1)

where 𝜎𝑖𝑗 , 𝜀𝑖𝑗 and 𝐶𝑖𝑗𝑘𝑙 refer to the stress tensor, strain
tensor, and fourth-rank elastic stiffness tensor, respectively.
𝑘 means the plane-strain bulk modulus under lateral
dilatation in the (𝑥1 , 𝑥2 ) plane, 𝑛 is the modulus under
uniaxial tension in the 𝑥3 direction, 𝑙 is the associated cross
modulus, 𝑚 specifies the shear modulus in the (𝑥1 , 𝑥2 ) plane
and 𝑝 stands for the shear modulus in the (𝑥1 , 𝑥3 ) or (𝑥2 , 𝑥3 )
plane.
The stiffness tensor is given in terms of Hill’s parameters
as
𝐶 = (2𝑘, 𝑙, 𝑛, 2𝑚, 2𝑝)

(2)

The Hill’s moduli can be transformed to the above
engineering elastic factors using
24
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𝐸1 =

In other words, equation 8 provides the effective elastic
tensor for an aligned Gr sheet-reinforced composite. For a
platelet-reinforced composite with every phase being
transversely isotropic, the effective moduli can be expressed
in terms of Hill’s elastic parameters as

4𝑚(𝑘𝑛 − 𝑙 2 )
,
(𝑘 + 𝑚)𝑛 − 𝑙 2

𝐸3 = 𝑛 −

(3)

𝑙2
,𝐺 = 𝑝
𝑘 13

(𝑘−𝑚)𝑛−𝑙2

𝑐𝑚 𝑐𝑟 (𝑙𝑟 − 𝑙𝑚 )2
,
𝑐𝑟 𝑛𝑚 + 𝑐𝑚 𝑛𝑟
𝑐𝑟 𝑙𝑟 𝑛𝑚 + 𝑐𝑚 𝑙𝑚 𝑛𝑟
𝑛𝑚 𝑛𝑟
𝑙=
, 𝑛=
,
𝑛𝑟 𝑐𝑚 + 𝑛𝑚 𝑐𝑟
𝑛𝑟 𝑐𝑚 + 𝑛𝑚 𝑐𝑟
𝑝𝑚 𝑝𝑟
𝑚 = 𝑐𝑟 𝑚𝑟 + 𝑐𝑚 𝑚𝑚 , 𝑝 =
𝑐𝑟 𝑝𝑚 + 𝑐𝑚 𝑝𝑟

𝑙

𝑣12 = (𝑘+𝑚)𝑛−𝑙2 , 𝑣13 = 2𝑘

𝑘 = 𝑐𝑟 𝑘𝑟 + 𝑐𝑚 𝑘𝑚 −

Herein, it is selected that metal matrix to be the isotropic
material. Its Hill’s moduli can be obtained by
𝐸𝑚
𝑣𝐸𝑚
, 𝑙𝑚 = (1+𝑣 )(1−2𝑣
,
2(1+𝑣𝑚 )(1−2𝑣𝑚 )
𝑚
𝑚)
(1−𝑣𝑚 )𝐸𝑚
𝐸𝑚
𝑚𝑚 = 𝑝𝑚 =
, 𝑛𝑚 = (1+𝑣 )(1−2𝑣
)
2(1+𝑣 )

𝑘𝑚 =

𝑚

𝑚

(4)

As all Gr sheets are randomly distributed in the metal
matrix, the overall elastic property of the hybrid material can
be considered as an isotropic material as an average effect of
orientation. Hence, an effort is made to modify equation 5 as

𝑚

Effective elastic moduli of Gr-reinforced MMNCs
The Mori-Tanaka method is employed to compute the
effective elastic moduli of composites.
It is assumed in the Mori-Tanaka theory that each
inclusion to be embedded in an infinite pristine matrix under
the average stress or average strain of the matrix indicated by
𝜎𝑚 and 𝜀𝑚 , respectively. Based on the Eshelby equivalent
inclusion theory [26], the average strain of a graphene part
can be specified, as follows
𝜀𝑟 = 𝐴𝑟 ∶ 𝜀𝑚

2𝜋

𝜀̅ = 𝑐𝑚 𝜀𝑚 +

(10)

(11)

For the platelet-reinforced composites, the expressions for
effective bulk modulus and shear modulus are
(6)
𝑐𝑟 (𝛿𝑟 −3𝑘𝑚 𝛼𝑟 )
,𝜇
3(𝑐𝑚 +𝑐𝑟 𝛼𝑟 )
𝑐𝑟 (𝜂𝑟 −2𝜇𝑚 𝛽𝑟 )
2(𝑐𝑚 +𝑐𝑟 𝛽𝑟 )

𝑘 = 𝑘𝑚 +

= 𝜇𝑚 +
(12)

With
𝛼𝑟 =

𝑁

𝛿𝑟 =
(7)

𝑟=1

𝐴𝑟 (𝜃, 𝜑) 𝑠𝑖𝑛 𝜃 𝑑𝜃 𝑑𝜑 ] : 𝜀𝑚 =

𝐶 = (𝑐𝑚 𝐶𝑚 + ∑𝑁
𝑟=1 𝑐𝑟 〈𝐶𝑟 ∶ 𝐴𝑟 (𝜃, 𝜑)〉): (𝑐𝑚 𝐼 +
∑𝑁
𝑟=1 𝑐𝑟 〈𝐴𝑟 (𝜃, 𝜑)〉)

6 is referred to the strain-concentration tensor. Also, S is
the Eshelby tensor. The effective stiffness tensor C for the
homogenized multiphase composite system is set by 𝜎̅ = 𝐶 :
𝜀̅, where 𝜎̅ and 𝜀̅ stand for the operative or average stress and
strain tensors of the composite, respectively. They can be
given by
𝜎̅ = 𝑐𝑚 𝜎𝑚 + ∑ 𝑐𝑟 𝜎𝑟 ,

2𝜋

where the angular brackets 〈𝑥 〉 means the orientation
average of a physical quantity 𝑥. The effective stiffness
tensor can be given by

Where
𝐴𝑟 = [𝐼 + (𝑆 ∶ 𝐶𝑚 −1 ) ∶ (𝐶𝑟 − 𝐶𝑚 )]

2𝜋 1

〈𝜀𝑟 〉 = [∫0 ∫0
〈𝐴𝑟 (𝜃, 𝜑)〉: 𝜀𝑚

(5)

−1

(9)

𝑛𝑟 =

∑𝑁
𝑟=1 𝑐𝑟 𝜀𝑟 ,

3𝑘𝑚 +2𝑛𝑟−2𝑙𝑟

4𝜇 +7𝑛 +2𝑙
, 𝛽𝑟 = 𝑚 𝑟 𝑟
3𝑛𝑟
15𝑛𝑟
3𝑘𝑚 (𝑛𝑟 +2𝑙𝑟 )+4(𝑘𝑟 𝑛𝑟 −𝑙𝑟2 )
3𝑛𝑟
2
15

+

2𝜇𝑚
2𝑝𝑟

,
(13)

,

(𝑘𝑟 + 6𝑚𝑟 + 8𝜇𝑚 −

𝑙𝑟2 +2𝜇𝑚𝑙𝑟
𝑛𝑟

)

)

The effective elastic modulus 𝐸 is derived as
where 𝑐𝑚 and 𝑐𝑟 denote the volume fractions of the matrix
and the Gr phase, respectively, and 𝑁 indicates the number
of reinforcements which may have different shapes or elastic
properties. 𝐶 can then be presented as
𝐶 = (𝑐𝑚 𝐶𝑚 +
∑𝑁
𝑟=1 𝑐𝑟 𝐴𝑟 )

∑𝑁
𝑟=1 𝑐𝑟 𝐶𝑟

: 𝐴𝑟 ) ∶ (𝑐𝑚 𝐼 +

𝐸 =

9𝑘𝜇
3𝑘+𝜇

(14)
)

Influence of agglomeration of Gr sheets
As illustrated, the improvement of the elastic behaviour
resulting from adding favourably shaped and dispersed Gr
sheets is captivating. But, the ideal conditions
aforementioned may be difficult to acquire in practical
synthesis of nanocomposites. Many elements exist that can

(8)

Under the condition that all fillers are aligned.
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affect the stiffening effect of nano-scale particles [27]. First,
the nanoparticles tend to agglomerate, causing a spatially
non-uniform distribution of the Gr sheets in composite
systems. In order to theoretically examine the agglomeration
effect, it is assumed that some Gr sheets are concentrated in
some spherical regions in the metal matrix, while the rest
keep a desired uniform dispersion. This division is shown in
Figure 1. Then, the composite is divided into two parts with
different loadings of reinforcement which can be considered
two different phases in calculation.
We give the names agglomeration phase and effective
matrix phase to the regions inside and outside the spheres,
respectively.
In both phases, the Gr sheets are randomly oriented. In the
current simulation, a two-parameter description is used to
describe such a special distribution [28], where the
agglomeration factors are expressed as
𝜉=

𝑉𝑎𝑔𝑔𝑙𝑜𝑚𝑒𝑟
𝑉

Therefore, it can be written
𝑘𝑎𝑔𝑔𝑙𝑜𝑚𝑒𝑟 = 𝑘𝑚 + [
𝑘𝑜𝑢𝑡 = 𝑘𝑚 + [

𝜇𝑎𝑔𝑔𝑙𝑜𝑚𝑒𝑟 = 𝜇𝑚 + [
𝜇𝑜𝑢𝑡 = 𝜇𝑚 + [

𝜇 = 𝜇𝑜𝑢𝑡 [1 +

where 𝑉 and 𝑉𝑎𝑔𝑔𝑙𝑜𝑚𝑒𝑟 specify the total volumes of the
representative volume element of the nanocomposite and its
𝑎𝑔𝑔𝑙𝑜𝑚𝑒𝑟
agglomeration part, respectively. 𝑉𝑟 and 𝑉𝑟
denote
the volumes of Gr sheets merged in the entire nanocomposite
and that in the agglomeration phase, respectively.

𝑐𝑟𝑜𝑢𝑡

=

𝑎𝑔𝑔𝑙𝑜𝑚𝑒𝑟

𝑉𝑎𝑔𝑔𝑙𝑜𝑚𝑒𝑟

=

𝜉((𝜇𝑎𝑔𝑔𝑙𝑜𝑚𝑒𝑟 ⁄𝜇𝑜𝑢𝑡 )−1)

],
(18)

]

1+𝛽(1−𝜉)((𝜇𝑎𝑔𝑔𝑙𝑜𝑚𝑒𝑟 ⁄𝑘𝜇𝑜𝑢𝑡 )−1)

(19)

In this section, the predictions by the present
micromechanics modelling approach are compared with
existing experimental and numerical results of the Gr sheetreinforced MMNCs. Then, the effects of some critical
microstructural features on effective elastic properties of the
MMNCs containing Gr sheets have been explored.

𝜁𝑐𝑟

𝑎𝑔𝑔𝑙𝑜𝑚𝑒𝑟
𝑉𝑟−𝑉𝑟

𝑉−𝑉𝑟

1+𝛼(1−𝜉)((𝑘𝑎𝑔𝑔𝑙𝑜𝑚𝑒𝑟 ⁄𝑘𝑜𝑢𝑡 )−1)

RESULTS

Model validation
First, the results of the current investigation for the elastic
modulus of Gr sheet-reinforced Cu nanocomposites are
compared with those tested by Hwang et al. [10]. They
reported that the tensile modulus of the 2.5 vol% Grreinforced Cu nanocomposite is about 30% greater than that
of pure Cu. According to Ref. [10], the Gr sheets were not
agglomerated and a homogeneous dispersion of Gr sheets
within the Cu matrix was reported. The comparison is
accomplished mainly to validate the developed
micromechanical model which is given in Figure 2. In the
micromechanical simulation, the elastic parameters of Ge
sheet are taken as [29]

Then, the volume fractions of Gr sheets in the
agglomeration phase and that in the operative matrix phase
are expressed as
𝑉𝑟

𝜉((𝑘𝑎𝑔𝑔𝑙𝑜𝑚𝑒𝑟 ⁄𝑘𝑜𝑢𝑡 )−1)

6(𝐾𝑜𝑢𝑡 + 2𝜇𝑜𝑢𝑡 )
𝛽 =
5(3𝐾𝑜𝑢𝑡 + 4𝜇𝑜𝑢𝑡 )

Fig. 1. Micromechanics model for the Gr sheet agglomeration

=

]

2(1−𝜉−𝑐𝑟 (1−𝜁)+𝑐𝑟 (1−𝜁)𝛽𝑟 )

𝛼 = 3𝐾𝑜𝑢𝑡 /(3𝐾𝑜𝑢𝑡 + 4𝜇𝑜𝑢𝑡 )

Agglomerated inclusion

𝑎𝑔𝑔𝑙𝑜𝑚𝑒𝑟

],

in which

Gr

𝑐𝑟

𝑐𝑟 𝜉(𝜂𝑟 −2𝜇𝑚𝛽𝑟 )

2(𝜉−𝑐𝑟 𝜁+𝑐𝑟 𝜁𝛽𝑟 )
𝑐𝑟 (1−𝜁)(𝜂𝑟−2𝜇𝑚𝛽𝑟 )

(15)

𝑉𝑟

(17)

],

Next, the agglomeration phase is considered as spherical
inclusions embedded in the enriched matrix. So, the effective
elastic moduli for the whole Gr sheet-reinforced MMNCs are
extracted as

𝑎𝑔𝑔𝑙𝑜𝑚𝑒𝑟

, 𝜁=

𝑐𝑟 (𝛿𝑟 −3𝑘𝑚 𝛼𝑟 )(1−𝜁)

3(1−𝜉−𝑐𝑟 (1−𝜁)+𝑐𝑟 (1−𝜁)𝛼𝑟)

𝑘 = 𝑘𝑜𝑢𝑡 [1 +

𝑉𝑟

(𝛿𝑟 − 3𝑘𝑚 𝛼𝑟 )𝑐𝑟 𝜁
],
3(𝜉 − 𝑐𝑟 𝜁 + 𝑐𝑟 𝜁𝛼𝑟 )

𝜉

,

=

(1−𝜁)𝑐𝑟

(16)

(1−𝜉)

when the average loading of fillers, 𝑐𝑟 , is fixed. A two-step
procedure is utilized to enumerate the above model.
At first, the equivalent elastic properties of the
agglomeration and the equivalent matrix phases are
agglomer
determined from equation12 by replacing 𝑐𝑟 with 𝑐𝑟
and 𝑐𝑟𝑜𝑢𝑡 known in equation16, respectively.

𝐶 = (1240, 15, 36.5, 880, 8)

(20)

Also, the elastic modulus and Poisson’s ratio of Cu matrix
are 120 GPa and 0.36, respectively. Also, a uniform
dispersion of Gr sheets is considered in the micromechanical
26
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modeling process (𝜉 = 𝜁= 0.5). In the case where all Gr
sheets are uniformly dispersed, one has that 𝜉 = 𝜁. The
variation of elastic modulus with the Gr sheet volume
fraction is shown in Figure 2.

Figure 3 shows the comparison between the
micromechanical model estimations and experiment [30].
The Figure discloses that the elastic modulus estimated by
the present micromechanics model agrees properly fine with
the experimental data [30]. The disparity between the two
sets of results may be due to the values of constituent
material properties of MMNC (Gr sheet and Al matrix) in the
micromechanical modeling, alignment of Gr sheets within
the Al matrix during the fabrication process. It is noted that
as the value of elastic moduli of Gr sheet or Al matrix
increases, the elastic modulus of MMNCs can be increased.
Another verification with experiment is related to perform
a comparison between the present micromechanical
predictions and tested data of elastic modulus for a Ti
MMNC containing Gr sheets [9] as shown in Figure 4.

Fig. 2. Comparison between the model predictions and experimental data
[10] of Gr sheet-reinforced Cu MMNCs

It is observed that the results of this investigation are in
good agreement with the experimental measurements
conducted by Hwang et al. [10]. Figure 2 clearly shows the
stiffing effect as a function of Gr amount in the Cu matrix.
By a uniform dispersion of Gr nanoparticles, increasing the
Gr volume fraction leads to a significant improvement of
mechanical performance. It is due to the fact that the elastic
modulus of Gr sheet is very higher than that of the metal
matrix. In order to further validate the presented
micromechanical model, the modulus of elasticity of the Grreinforced Al nanocomposite is compared with that of
experimental data performed by Su et al. [30]. They
fabricated some coupons of Gr-reinforced Al MMNCs by
flaky powder metallurgy, and then evaluated the mechanical
properties under tensile test [30]. The elastic modulus and
Poisson’s ratio of Al matrix are 70 GPa and 0.33,
respectively.

Fig. 4. Comparison between the model predictions and experimental data
[9] of Gr sheet-reinforced Ti MMNCs

The micromechanical results provided in Figure 4 have
been obtained considering Gr sheet agglomeration. To this
end, it is assumed that the values of 𝜁 and 𝜉 to be 0.8 and
0.02, respectively. Note that these values are obtained with
applying the correlation between the model results and
experiment data [9].
Also, for a comparison purpose, the micromechanical
predictions are provided considering 𝜁 =0.9, 𝜉 =0.01 and
𝜁 =0.7, 𝜉 =0.03. The severe agglomeration of Gr
nanoparticles occurs in the experimental process [9]. When
𝜁 and 𝜉 are equal to 0.8 and 0.02, respectively, a good
agreement between two sets of results occurs due to the fact
that the Gr sheet agglomeration is accurately taken into
account in the micromechanical simulation. It is illustrated
that the predictions of the model considering 𝜁 =0.9 and
𝜉 =0.01 are lower than the experimental data. However,
when 𝜁 and 𝜉 are equal to 0.7 and 0.03, respectively, the
elastic modulus determined by the micromechanical model
is significantly higher than that of experiment [9]. So, 𝜁 =0.8
and 𝜉 =0.02 are the optimal values to consider the
agglomeration of Gr nanoparticles into the Ti MMNCs.

Fig. 3. Comparison between the model predictions and experimental data
[30] of Gr sheet-reinforced Al MMNCs
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In Table 1, the elastic moduli calculated from presented
study are compared with MD simulation [16] and other
micromechanical models [16].
The elastic moduli are predicted for the aligned Grreinforced Al nanocomposite along the longitudinal (𝐸𝑙 ) and
transverse (𝐸𝑡 ) directions. The volume fraction of Gr
nanoparticle is equal to 6.7% [16]. The semi-empirical H-T
model and the ROM [16] are used in the present work to
compare the modulus of Gr-Al nanocomposites.
The elastic properties of the Gr reinforcement and Al
material are taken from Ref. [16]. Generally, good agreement
is observed between the all theoretical predictions.

Parametric studies
First, a parametric study is performed to investigate the
effect of Gr sheet alignment on the mechanical performance
of MMNCs. The variation of the axial elastic modulus and
transverse elastic modulus of the Al nanocomposites with Gr
sheet volume fraction is shown in Figures 6a and b,
respectively.
Also, the results of the random Gr sheet dispersion into the
MMNCs are added.
It is shown that the Gr alignment has significant effect on
the MMNC elastic modulus. Comparison between the results
of Figures 6a and 6b shows that the elastic modulus of
MMNCs in axial direction is very higher than that of MMNC
in transverse direction.
For example, when the volume fraction of Gr is 8%,
Young’s modulus of the Al MMNC along the axial and
transverse directions is determined to be 150 GPa and 96
GPa, respectively, which is 114% and 20.7% more than that
of pure Al matrix.
It is attributed to the fact that the axial elastic modulus of
the composite system is significantly dominated by the
reinforcement, whereas, its transverse mechanical properties
are greatly affected by the matrix properties. Also, it can be
seen from Figure 6 that these elastic moduli linearly increase
with increasing the Gr content.
It is noted that the effective material properties of a
composite system can be varied from those of the
reinforcement to those of the matrix. So, for the selected
composite system; i.e. Gr sheet-reinforced Al matrix, the
axial elastic modulus is varied from the Al elastic modulus
to the axial elastic modulus of Gr sheet. Also, the transverse
elastic modulus of Gr-Al composite is varied from the Al
elastic modulus to the transverse elastic modulus of Gr sheet.
It can be observed from Figure 6a that the elastic modulus
of an aligned Gr sheet-reinforced MMNC in axial direction
is significantly higher than that of a randomly oriented Gr
sheet-reinforced MMNC.
However, Figure 6b reveals that the elastic modulus of a
randomly oriented Gr sheet-reinforced MMNC is higher than
the transverse elastic modulus of an aligned Gr sheetreinforced MMNC.
Now, we study the influences of the agglomeration factors
𝜉 and 𝜁 on the Gr sheet-reinforced Al nanocomposite elastic
modulus individually.
The variation of the effective Young’s modulus 𝐸 with
increasing ξ under 𝜁 = 1 is shown in Figure 7a, and the
variations of 𝐸 with 𝜁 under 𝜉 = 0.2 and 𝜉 = 0.5 are
plotted in Figures 7b and 7c, respectively. 𝜁 = 1 indicates
that all the Gr sheets agglomerate in some spherical subregions, a condition under which an increasing ξ enlarges the
agglomeration region, modifying the non-uniformity.

Table1
Comparison between the model predictions and MD simulation
[31], H-T and ROM models [31] for Gr sheet-reinforced Al
MMNCs.
Elastic modulus MD [31] H-T [31] ROM [31] Present
(GPa)
study
143.8
108.5
137.2
137.3
𝐸𝑙
𝐸𝑡

116.8

107.2

132.6

95.97

Another comparison between the model results and
experimental measurements [31] for the elastic modulus of
Al-based nanocomposites containing Gr nanoparticles is
indicated in Figure 5.
Bisht et al. [31] synthesized the Al matrix
nanocomposites containing Gr content by spark plasma
sintering (SPS). Then, they evaluated the mechanical
properties of the Gr-Al nanocomposites [31]. It is found from
Figure 5 that, there is a good agreement between the
experimental data [31] and the predictions of the
micromechanical model. The results show that the
nanocomposite elastic modulus increases with the increase
of Gr amount.

Elastic modulus (GPa)

110
Present model

104
Experiment [32]
98
92
86
80
0

0.4

0.8
1.2
1.6
Gr weight fraction (%)

2

Fig. 5. Comparison between the model predictions and experimental
data [32] of Gr-reinforced Al MMNCs
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a)

(b)

(b)

(c)
Fig. 7. Effect of Gr sheet agglomeration on the elastic modulus of Al
MMNC, (a) 𝜁 =1, (b) 𝜉 = 0.2, (c) 𝜉 = 0.5

Fig. 6. Variation of (a) axial and (b) transverse elastic moduli of aligned Gr
sheet-reinforced Al nanocomposites with Gr volume fraction

It must be noted when ζ= ξ, the Gr sheets are uniformly
dispersed into the composites. In this condition no
agglomeration exists. So, when the value of ζ becomes closer
to that of ξ, the Gr sheets are more uniformly dispersed into
the composites which lead to an increase in the elastic
modulus. But, the contribution of agglomeration to the
MMNC elastic properties increases as the value of ζ becomes
more far from the value of ξ.

It is found from Figure 7 that the elastic properties of
MMNCs are significantly sensitive to the Gr sheet
agglomeration. Formation of the nanoparticle agglomeration
has a damaging effect on the MMNC mechanical properties.
Overall, a uniform dispersion of Gr sheets within the
MMNCs leads to the maximum level of mechanical
performance.

CONCLUSION
The main purpose of the present work was to investigate
the macroscopic elastic properties of the Gr sheet-reinforced
metal nanocomposites by a homogenized model. The MoriTanaka method was utilized to obtain the elastic modulus of
MMNCs. The influences of volume fraction, agglomeration
and alignment of Gr sheets on the effective MMNC
properties were evaluated. Some comparisons with the
experimental results revealed that the proposed method can
accurately predict the effective elastic properties of Gr sheetreinforced metal nanocomposites. Also, when the Gr
nanoparticles were not well dispersed within the MMNCs, it
was necessary to include the Gr agglomeration in the
micromechanical analysis to have more realistic estimations

(a)
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as compared to the experiment. The micromechanical
analysis indicated that the agglomeration of the Gr sheets
degrades the stiffness significantly. However, Gr sheet
alignment was a more superior parameter that affects the
macroscopic elastic properties of the MMNCs. The axial
elastic modulus of aligned Gr sheet-reinforced MMNC was
very high as compared to that of the randomly dispersed Gr
sheet-reinforced MMNCs and transverse elastic modulus of
aligned Gr sheet-reinforced MMNC.
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