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1. Introduction According to previous studies by Jiang et al. [29] on the

) . . mechanical properties of aluminum nanocomposites rein-
Aluminum is one of the many metals in the world [1]. Due ¢ 00q with graphene. By adding graphene reinforcement
to its low weight [2], high flexibility [3], and high heat trans- e ajuminum matrix, the tensile strength improved from

fer [4], construction of household appliances [5], packaging 233 to 287 MPa. In addition, the study of Morovvati et
and food storage [6]. But one of the biggest disadvantages

of aluminum is its strength and tensile strength [7], which
is much lower than other metals. Recently, nanocomposites

al. [30] showed the mechanical properties of aluminum
composites. By adding two percent of the weight of carbon
nanotubes to the aluminum matrix, elastic module improved
have been used more extensively in various fields, includ- .00 67488 .53 MPa to 73720.59 Mpa. The study of molecu-
ing biomaterial [8-10] and coating [11]. Significant efforts lar dynamics by Li et al. [31], shows that the fracture stress
have been made to enhance the properties of metal-based ¢ o composite increased from 55.5 to 595 GPa compared
composite nanostructures [12]. On the other hand, carbon pure aluminum. The study of Azizi et al. [32], shows that
allotropes (graphene and carbon nanotubes) have been used o 2ddition of 0.5 wei sht percentage of graphene to the
as reinforcements in many composites, including polymer 1, inum matrix increased the fatigue life of the composite
compos%tes [13-17], metal c.om.posites [18-22] and ceramic by 234% at the low stress level and by 44% at the high
composites [23]. Due to their high strength [24-26] and low  yoqq Jevel. Also, strengthening the aluminum matrix with

weight [27], high tensile strength [28], they have played an ;60 nanotubes can improve the plasticity of nanocom-
important role in the mechanical properties of composites.
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posites [33]. Choi et al. [34] showed in a molecular dynam-
ics study that the addition of 4 x4, 66, and 8 * 8 carbon
nanotubes to the aluminum matrix increases the Young’s
modulus by 31%, 33%, and 39%, respectively. Khanna
et al. [35] an experimental study showed that by adding
25.0% graphene to the aluminum matrix, the hardness and
maximum compressive stress of the composite are 98.2%
and 59.1% higher than the aluminum matrix, respectively.
With increasing temperature in aluminum nanocomposites
reinforced with carbon nanotubes, the Young’s modulus
decreases by 11.7% [36]. The results of Dixid et al. [37]
in an experimental study showed that adding several layers
of graphene to the aluminum matrix leads to a two-fold
improvement in strength without losing the plasticity of
the composite. The distribution effect of graphene in the
aluminum matrix is very important; as the angle between
graphene and the stretching direction increases, the tensile
stress of the system tends to decrease [38]. Wang et al. [39]
in a molecular dynamics study showed that the presence of
graphene layers in the aluminum matrix has a great effect
on the ultimate strength, Young’s modulus, and the fracture
strain of the composite.

Theoretical predictions of the mechanical properties always
have significant errors due to limitations in model and en-
vironmental conditions compared to experimental results.
However, molecular dynamics simulations provide more ac-
curate predictions of the mechanical properties of nanocom-
posites due to the compatibility of different conditions. In
this work, molecular dynamics simulation was used to in-
vestigate the effect of increasing the number of graphene
layers as well as carbon nanotubes with and without defects
on the mechanical properties of aluminum composites un-
der different temperatures. According to the works done in
the previous literature, it was necessary to investigate these
cases.

2. Materials and methods

2.1 Modeling of aluminum nanocomposites reinforced
with graphene and carbon nanotubes

In this first part, the aluminum matrix was modeled in di-
mensions of 30 x 30 x 25 angstroms. Then, according to
the type of composite, graphene nanosheets and carbon nan-
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otubes were added. Also, to prevent overlapping of carbon
atoms with aluminum atoms, aluminum atoms that had a
distance of less than 1.2 angstroms with carbon atoms were
removed. Also, graphene nanoplates (GNs) and carbon
nanotubes (CNT) were placed next to each other in an alu-
minum matrix at a distance of 2.5 angstroms. The nanocom-
posites were modelled with dimensions of 30 x 30 x 25
A. Graphene nanosheets with dimensions 30 x 30 A were
added to the aluminum matrix in single, double, triple, and
quadruple layers. Also, carbon nanotubes 4 x 4 reinforce-
ments with a length of 30 A were added to the aluminum
matrix in the form of 1 to 4 nanotubes. For carbon nanotubes
(4,4), dimensions of a length of 30 angstroms were used. It
was also used as an armchair for graphene nanoplates with
dimensions of 30 x 30 angstroms. Also, the percentage of
defects was randomly added efficiently (1% per nanoplates)
to graphene nanoplates and carbon nanotubes. Figure 1
shows the shape of a graphical representation of the mod-
eled composites. Also, figure 2 shows graphical output of
the nanocomposite models.

2.2 Force fields

For the force potentials between aluminum matrix atoms
and graphene nanoplates and carbon nanotubes, Tersoff
[40] and EAM [41] potential functions were used. For the
interactions between carbon atoms in graphene nanosheets
and carbon nanotubes, the Tersoff potential function was
used. EAM potential function was also used for interactions
between aluminum atoms. Also, for the potential function
interactions for nanocomposite, the sum of these two po-
tential functions was used as a hybrid overlay. Equation 1
shows the equation of the Tersoff potential function, and
equation 2 shows the equation of the EAM potential func-

tion. |
E=SY )V
i i#j
E (Kcal/mol) denotes the energy of system. V;; (Kcal/mol)
signifies the binding energy.

1
Ei = Fi(},pp(rij) + 5
i#J

D

Y Gap(rij) )
i#j

where @4 is a pair-wise potential function, r;; is the dis-
tance between atoms i and j, pg represents how much the
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Figure 1. Graphical output of the nanocomposite and reinforcement models.
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Figure 2. Graphical output of the nanocomposite models.

atom contributes to the electron charge density and F is a
function that provides the energy needed to position atom i
of type « in the electron cloud.

2.3 Details of simulation

For the simulation and aluminum nanocomposite reinforced
with carbon nanotubes and graphene nanosheets, the open-
source code of Lammps [42] was used. Boundary condi-
tions were considered periodic for the whole nanocomposite
in all three directions. To relax the tension in the system,
the NVT ensemble (constant volume and temperature) was
used. In addition, the energy of the system was minimized
before the run of the tensile load. Also, the time step for
all simulations was considered 0.001 ps. To investigate the
mechanical properties of nanocomposites, all nanocompos-
ites were subjected to axial tension (0.1 ps). The molecu-
lar dynamics simulation algorithm converges based on the
number of simulation repetitions (runs). In this study, we
conducted a total of 100x 103 runs. Additionally, the sim-
ulations were repeated multiple times to ensure a certain
level of convergence.
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2.4 The critical energy release rate of composite models

Equation 4 is used to calculate the critical energy release
rate (Gce), with equation 3 defining AU as the potential en-
ergy of a fully cracked system. In this context, U; represents
the potential energy before crack initiation, and Uy refers
to the potential energy after the crack has formed. Addi-
tionally, according to equation 4, ¢ denotes the thickness of
the nanocomposites, which in this study is taken as 25 A.
Furthermore, Aa in this study represents the change in crack
length.

AUZUf—Ui 3)
AU

G, = — 4

¢ = A 4

3. Results and discussions

3.1 The effect of the number of reinforcements on the

mechanical properties of aluminum nanocomposite
Figure 3 shows the stress-strain curves of aluminum
nanocomposites reinforced with several graphene
nanoplates. According to figure 3 (a), with increasing
the number of layers from 1 to 4 to the aluminum matrix,

(b)
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Figure 3. The stress-strain curves of aluminum nanocomposites reinforced with several graphene nanoplates and carbon nanotubes (a) GNs/Al

nanocomposites (b) CNT /Al nanocomposites.
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the strength of the nanocomposite increases. Also, in
figure 3 (b), by adding the number of carbon nanotubes,
the strength of the nanocomposite increases. In addition,
figures 4 and 5 also show the Young’s modulus and
tensile strength of the nanocomposite under the number of
graphene and carbon nanotube reinforcements, respectively.
According to figure 4 (a), the highest Young’s modulus
of the aluminum nanocomposite reinforced with 4 layers
was 252 GPa. Also, the lowest Young’s modulus of the
aluminum nanocomposite reinforced with one layer of
graphene nanoplate was 88 GPa. The results of these
graphs show that the amount of Young’s modulus increases
with the increase in the number of graphene layers in
the aluminum nanocomposite. Also, figure 4 (b), shows
Young’s modulus of nanocomposites reinforced with
carbon nanotubes. According to this diagram, with the
addition of carbon nanotubes to the aluminum matrix, the
Young’s modulus increases from 79 to 138 GPa.

In addition, figure 5 shows the tensile strength of aluminum
nanocomposites reinforced with graphene nanoplates and
carbon nanotubes. According to the graphs in figure 5 (a),
with the increase in the number of graphene layers, the
tensile strength improved from 28 to 74 GPa. Also,
according to figure 5 (b), by increasing the number of
carbon tubes in the aluminum matrix, the tensile strength
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Figure 4. The Young’s modulus of the nanocomposite under the number of
graphene and carbon nanotube reinforcements (a) GNs/Al nanocomposites
(b) CNT/Al nanocomposites.
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Figure 5. The tensile strength of the nanocomposite under the number of
graphene and carbon nanotube reinforcements (a) GNs/Al nanocomposites
(b) CNT/Al nanocomposites.

of nanocomposites increased from 14 to 37.5 GPa. By
increasing the number of reinforcements (graphene
nanoplates and carbon nanotubes), which can increase
the electrostatic and Van der Waals forces between the
reinforcement and the matrix. As a result, the amount of
strength increases in young modules. The results obtained
from the effect of increasing the number of graphene
nanosheets of nanocomposites on the mechanical properties
of tensile strength and Young’s modulus are in agreement
with the results of [39]. Also, in Table 1, the amount of
Young’s modulus obtained from aluminum nanocomposites
reinforced with a graphene nanoplate as well as a carbon
nanotube is in good agreement with the Young’s modulus
results (MD and experimental methods) of the Rong et
al. [43] and Choi et al. [34], respectively. In addition,
Temperature jumps often occur in molecular dynamics
(MD) simulations, with varying intensities at different
locations due to statistical mechanics and thermal runaway
effects. Machine Learning Interatomic Potentials (MLIPs)
can be utilized to enhance the accuracy of results and
minimize these errors. This approach leverages machine
learning to develop interatomic potentials, enabling precise
prediction of the mechanical properties of nanocomposites
[45].
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Table 1. Comparing Young’s modulus of aluminum nanocomposites.
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. Number of Young’s modulus
Nanocomposites Methods Ref.
reinforcements (GPa)
CNT (4,4)/Al 1 75.59 —94.08 MD [34]
GNs/Al 1 74.78 —87.21 MD [43]
GNs/Al 1 82.48 —87.93 Experimental  [44]
CNT (4,4)/Al 1 79 MD This study
GNs/Al 1 88 MD This study
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Figure 6. The strain stress curves of aluminum nanocomposites with de-
fective graphene nanosheets and carbon nanotubes (a) GNs/Al nanocom-
posites (b) CNT/Al nanocomposites.

is 52 GPa. By comparing different nanocomposites in fig-
ure 7 (a), nanocomposites reinforced with graphene (with-
out defects) nanosheets have higher strength and Young’s
modulus than nanocomposites reinforced with defective
graphene nanosheets. Also, in figure 7 (b) shows nanocom-
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posites reinforced with defective carbon nanotubes. Accord-
ing to the graph of figure 7 (b), the lowest Young’s modulus
of the aluminum nanocomposite reinforced with a defec-
tive carbon nanotube is 67 GPa. Also, the highest Young’s
modulus of the nanocomposite reinforced with 4 carbon
nanotubes is equal to 138. By comparing the Young’s mod-
ulus of aluminum reinforced with carbon nanotubes (with
and without defects), their results showed that nanocom-
posites reinforced with defective carbon nanotubes have
a lower Young’s modulus than carbon nanotubes without
defects.

Figure 8 shows the tensile strength of aluminum nanocom-
posites reinforced with graphene nanosheets and carbon
nanotubes (with and without defects). By increasing the
number of graphene and carbon nanotubes (with and with-
out defects), the amount of tensile strength increases (fig-
ures 8 (a) and 8 (b)). By comparing the tensile strength
of aluminum nanocomposites reinforced with carbon nan-
otubes and graphene nanoplates (with and without defects),
nanocomposites that have one reinforcement of defective
carbon tubes and defective graphene nanoplates have a
lower tensile strength than nanocomposites reinforced with
carbon nanotubes and graphene nanoplates without defects.
The presence of defects in the reinforcements (carbon nan-
otubes and graphene nanosheets) due to the breaking of a
number of covalent bonds between carbon atoms causes
a decrease in the strength of the nano-reinforcers and ul-
timately. So, strength and Young’s modulus of aluminum
nanocomposites decrease. The obtained results of the effect
of defects in nano-reinforcers on the mechanical properties
(Young’s model strength) of nanocomposites were in good
agreement with the results of Li et al. [46].

3.3 Effect of temperature on the mechanical proper-
ties of aluminum nanocomposites reinforced with
graphene nanosheets and carbon nanotubes

Figure 9 shows the stress-strain curves of aluminum
nanocomposites reinforced with graphene nanoplates (with
and without defects) under different temperatures (250 to
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500° K). According to the diagrams of figures 9 (a), (b),
(c) and (d), the strength of nanocomposites decreases with
increasing temperature. The lowest level of strength for alu-
minum nanocomposites reinforced with defective graphene
nanoplates is at 500° K, and the highest level of strength is
related to graphene nanoplates (without defects) at 250° K.
Also, in figures 9 (a), (b), (c) and (d) also show the stress-
strain graphs for aluminum nanocomposites reinforced with
graphene nanosheets (with and without defects) in the form
of two layers, three layers, and four layers under differ-
ent temperatures. The results of these graphs also show
that with increasing temperature, the strength of aluminum
nanocomposites decreases. Figure 10 shows the stress-strain
curves of aluminum nanocomposites reinforced with carbon
nanotubes (with defects) under different temperatures. In
figures 10 (a), (b), (c) and (d), are the order for nanocompos-
ites reinforced with 1, 2, 3 and 4 carbon nanotubes (with and
without defects). According to Figure 10 (a), (b), (c) and (d),
with increasing temperature, the strength of nanocomposites
decreases. Also, by comparing aluminum nanocomposites
reinforced with carbon nanotubes (with and without de-
fects), nanocomposites reinforced with defective carbon
nanotubes have a greater reduction in strength than alu-
minum nanocomposites reinforced with carbon nanotubes
without defects.

The increase in temperature in nanocomposites due to the
increase in kinetic energy between atoms decreases elec-
trostatic and van der Waals forces between the aluminum
matrix and graphene nanosheets as well as carbon nan-
otubes. Therefore, strength and Young’s modulus of the
nanocomposite decrease. The results obtained from the
effect of increasing temperature on the mechanical proper-
ties of Young’s model in this study were consistent with
the results obtained by [38, 47]. In addition, by increasing
the temperature in nanocomposite models, the system be-
comes more ductile, leading to the development of a BVP
on a macro scale during failure. To address this challenge,
Talebi et al. [48] proposed a discontinuous semi-concurrent
method that employs a cohesive law for cracks.
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Figure 8. The tensile strength of aluminum nanocomposites reinforced with graphene nanosheets and carbon nanotubes (with and without defects) (a)

GNs/Al nanocomposites (b) CNT /Al nanocomposites.
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Figure 9. The stress-strain curves of aluminum nanocomposites reinforced with graphene nanoplates (with and without defects) under different
temperatures (a) 1 GNs/Al nanocomposites (b) 2 GNs/Al nanocomposites (c) 3 GNs/Al nanocomposites (d) 4 GNs/Al nanocomposites.

3.4 Effect of different strain rates and critical energy
release rate

Figure 11 shows the stress-strain curve diagrams of
nanocomposites under different strain rates. Figure 11 (a)
shows the stress-strain diagrams of aluminum nanocompos-
ites reinforced with graphene nanosheets under different
strain rates. Figure 11 (a) shows that with increasing strain
rate (0.001 to 0.1 Ps~!), the ultimate tensile strength de-
creases. In addition, figure 11 (b) shows the stress-strain
curves of aluminium nanocomposites reinforced by carbon
nanotubes under different strain rates. According to the
curves in figure 11 (b), with increasing strain rate, the ulti-
mate tensile strength decreases. According to the curves in
figure 11 (b), with increasing strain rate, the ultimate tensile
strength decreases. Similarly, figures 11 (c) and 11 (d) show
the stress-strain curves of nanocomposites reinforced with
graphene nanosheets and carbon nanotubes (with defects),
respectively. According to these diagrams, with increas-
ing strain rate, the ultimate tensile strength decreases. In
addition, Table 2 shows the Young’s modulus of different
nanocomposites under different strain rates (0.001 to 0.1
Ps_l). According to Table 2, as the strain rate increases in
nanocomposites, Young’s modulus of nanocomposites de-
creases. According to Table 2, the highest Young’s modulus
of aluminum nanocomposites reinforced with 4 graphene

nanosheets and 4 carbon nanotubes were 252 and 138 GPa
under the 0.001 Ps~! strain rate, respectively. Also, the
lowest Young’s modulus of nanocomposites reinforced with
1 graphene nanosheet and 1 carbon nanotube (with defects)
were 69 and 67 GPa under the 0.1 Ps~! strain rate, re-
spectively. In addition, Table 2 shows the critical energy
release rates of nanocomposites. According to Table 2, by
increasing the number of reinforcements in nanocomposites,
the critical energy release rate increases. According to Ta-
ble 2, the highest critical energy release rates of aluminum
nanocomposites reinforced with 4 graphene nanosheets and
4 carbon nanotubes were 88.61 and 49.56 J/m?, respectively.
Also, the lowest critical energy release rates of aluminum
nanocomposites reinforced with 1 graphene nanosheet and
1 carbon nanotube (with defect) were 69 and 67 J/m?, re-
spectively.

3.5 Investigating the radial distribution function in alu-
minum nanocomposites

Figure 12 shows graphs of the radial distribution function be-
tween aluminum and carbon atoms in aluminum nanocom-
posites reinforced with graphene nanosheets and carbon
nanotubes. Figures 12 (a) and (c), shows the graph of
the radial distribution function for aluminum reinforced
with graphene (with and without defects). The results of
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Table 2. Young’s modulus and Critical energy release rates of nanocomposites.

Critical Energy
Nanocomposites Number of Young’s modulus (Gpa) Release Rate
Reinforcements (J/m?)
0.001Ps™"  0.01Ps T 0.1Ps !
GNs/Al 1 88 83 79 21.36
GNs/Al 2 135 129 124 38.31
GNs/Al 3 174 168 144 64.81
GNs/Al 4 252 246 239 88.61
GNs/Al (Defect) 1 78 72 69 17.20
GNs/Al (Defect) 2 130 124 118 36.31
GNs/Al (Defect) 3 151 144 138 56.8
GNs/Al (Defect) 4 212 206 201 78.40
CNT/Al 1 83 77 74 17.52
CNT/Al 2 93 87 83 33.10
CNT/Al 3 121 115 109 39.21
CNT/Al 4 138 131 125 49.56
CNT/Al (Defect) 1 78 72 67 14.71
CNT/Al (Defect) 2 89 83 78 25.21
CNT/Al (Defect) 3 116 108 102 335
CNT/Al (Defect) 4 133 127 122 45.81

these graphs show that by increasing the number of nano-
reinforcements by 1 to 4, the interaction between aluminum
and carbon atoms increases. Also, comparing figures 12 (a)
and 12 (c), nanocomposites reinforced with graphene (with-
out defects) have more proximity (interaction) of aluminum
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and carbon atoms than aluminum composites reinforced
with graphene nanosheets with defects. Also, figures 12 (b)
and 12 (d) show aluminum nanocomposites reinforced with
the carbon nanotubes (with and without defects). The re-
sults of these graphs (figures 12 (b) and 12 (d)) show that
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Figure 12. The radial distribution function between aluminum and carbon atoms in aluminum nanocomposites reinforced with graphene nanosheets and
carbon nanotubes (a) GNs/Al nanocomposites without defects (b) CNT/Al nanocomposites without defects (c) GNs/Al nanocomposites with defects (d)

CNT/Al nanocomposites with defects.

2008-8868[https://dx.doi.org/10.57647/j.ijnd.2025.1603.24]


https://dx.doi.org/10.57647/j.ijnd.2025.1603.24

10/12  1IND16 (2025) -162524

by increasing the number of carbon nanotubes (with and
without defects) in aluminum nanocomposites, aluminum
atoms interact more closely with carbon. Also, by com-
paring figures 12 (b) and (d), aluminum nanocomposites
reinforced with carbon nanotubes (without defects) have
more interaction and proximity between aluminum and car-
bon atoms than aluminum nanocomposite reinforced with
carbon nanotubes with defects. In addition, according to
the diagrams in figure 12, all nanocomposites have reached
equilibrium because g(r) tends to a constant number as the
distance increases.

4. Conclusion

In this study, molecular dynamics simulation was used to
investigate the effect of the number of graphene nanoplates
and carbon nanotubes (with and without defects) in
the aluminum matrix. The results show that the tensile
strength and Young’s modules improved by increasing
the number of graphene nanoplates and carbon nanotubes
in the aluminum matrix. The highest Young’s modulus
was related to aluminum nanocomposite reinforced with
4 graphene nanoplates equal to 252 GPa and 4 carbon
nanotubes equal to 138 GPa. Also, the lowest amount
was related to the aluminum nanocomposite reinforced
with one graphene nanoplate equal to 88 GPa and the
aluminum nanocomposite reinforced with one carbon
nanotube equaled 79 GPa. In addition, the presence of
structural defects in graphene nanosheets and carbon
nanotubes reduces the Young’s modulus and tensile
strength of nanocomposites. In addition, with increasing
temperature from 250 to 500° K, the tensile strength
and Young’s modulus of nanocomposites decrease. Also,
the lowest amount of strength and Young’s modulus of
nanocomposites occurs at 500° K, and also the highest
amount of tensile strength was at 250° K.
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