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Abstract

Over the last decade, the use of aluminium nanocomposites reinforced with graphene
nanoplates and carbon nanotubes has increased. Therefore, it is essential to examine
the properties of the aluminium matrix in relation to the reinforcements. In this study,
molecular dynamics simulation was used to investigate the interfacial properties of several
layers of graphene nanosheets and carbon nanotubes (with and without defects) in
aluminium nanocomposites. The effect of temperature and the number of reinforcements
was investigated in this work. The results show that by increasing the number of graphene
nanoplates and carbon nanotubes (1 to 4) in the aluminium matrix, the adhesion and
interaction energy improved (-600 to-2800 kcal/mol) (-400 to-1500 kcal/mol). In addition,
the highest amount of pull-out force of aluminium nanocomposites reinforced with
graphene, corresponding to 4-layer graphene, was equal to 66 kcal/mol, and for aluminium
nanocomposites reinforced with carbon nanotubes, corresponding to 4 carbon nanotubes,
was equal to 61 kcal/mol. Also, defects in graphene nanoplates and carbon nanotubes
reduce the interaction energy and pull-out force in aluminium nanocomposites. In addition,
with the increase in temperature (300 to 450 K), the amount of interaction energy, adhesion,
and the maximum pull-out force decreases.
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1. Introduction

Aluminium metal has been the focus of researchers
due to its extraordinary properties, such as
lightweight [1], high thermal conductivity [2], ease
of processing [3], and hammerability [4]. However,
aluminium also has weaknesses that limit its use in
some industries. Such weakness is due to the low
tensile strength of this metal [5, 6]. In the last decade,
to improve the low tensile strength of aluminium
metal, carbon reinforcements such as graphene
nanoplates [7] and carbon nanotubes [8] have been
used. Graphene nanoplates and carbon nanotubes
are very suitable options for strengthening the
aluminium matrix due to their low weight [9] and
high strength [10, 11]. However, the addition of
graphene sheets and carbon nanotubes to the
aluminium matrix changes the overall properties of
the nanocomposite. The result of investigating the
properties between the aluminium matrix and carbon
reinforcements is also of particular importance.
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Because the properties between the reinforcements
and the aluminium matrix are directly related to
the mechanical properties of the nanocomposite.
According to previous studies, the results of Kumar’s
[12] molecular dynamics study show that the position
of aluminium atoms on the surface of graphene has
a direct effect on the interfacial properties between
aluminium atoms and graphene. By changing the
position of the aluminium atoms, the number of
interactions between the surface of graphene and the
aluminium atoms changes. In addition, the results of
the study by Jiang et al. [13] showed that increasing
the temperature from 150 K to 600 K reduced the
maximum normal tensile stress on the surface of
the aluminium matrix and graphene. The orientation
of graphene and aluminium matrix has a direct
effect on the mechanical properties of aluminium/
graphene nanocomposite [14]. In addition, in
another molecular dynamics study, the results of
Kumar et al. [15] show that the interaction between
the aluminium matrix and graphene nanoflakes
significantly affects the crystallization temperature of
aluminium. On the other hand, the number of carbon
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nanotubes in aluminium composites reinforced
with carbon nanotubes is directly related to the
thickness of the interphase layer and the modulus
of elasticity of the composite. Li et al. [16] in an
experimental study showed that by increasing the
annealing temperature of the composite, the level
of bonding between the graphene sheets and the
aluminium matrix improved. In addition, Li et al. [17]
showed that the bonding relationship between the
aluminium matrix and carbon nanotubes can directly
affect the overall mechanical properties. Also, Guarda
et al. [18] in a molecular dynamics study showed that
porous graphene improves the surface adhesion of
graphene-reinforced aluminium nanocomposites,
as well as the tensile strength and surface shear
strength of the nanocomposite when the aluminium
is previously melted and then crystallized is higher. In
this study, molecular dynamics simulation was used
to investigate the effect of several layers of graphene
and carbon nanotubes on the interfacial properties
of interaction energy in the aluminium matrix under
different temperatures. It is crucial to examine
the interfacial properties (adhesion) between
the aluminium matrix and the reinforcements, as
enhancing this adhesion can improve the mechanical
properties (such as tensile strength and Young’s
modulus) of nanocomposites [19]. Previous research
indicates that a thorough study of the interfacial
properties of aluminium nanocomposites reinforced
with several graphene nanosheets and carbon
nanotubes (both with and without defects) at various
temperatures has not been conducted. Therefore,
it is important to investigate and compare these
parameters.

2. Simulation and method

2.1. Modelling of aluminium nanocomposites reinforced
with Graphene and carbon nanotube

All  aluminium composites reinforced with carbon
nanotubes were modelled in dimensions of 30 x 30 x 30
angstroms. To prevent aluminium atoms from overlapping
with graphene atoms, aluminium atoms that are less than
1.1 angstroms away from carbon atoms are removed.
The distance between graphene nanoplates and carbon
nanotubes in the aluminium matrix was considered equal
to 2.4 Angstroms. In addition, for graphene nanosheets
and carbon nanotubes, one percent of defects was
considered as efficiency in their structure. Defects in
nano-reinforcements were considered monovacancy
defects. [20] (Figure 1). Also, these defects (Monovacancy
defect) were added efficiently in the nanostructures as
1% for each graphene nanosheet or carbon nanotube.
In this work, carbon nanotubes 4x4 with a length of 30
angstroms were used. Also, the armchair nanostructure
with dimensions of 30 x 30 angstroms was used for
graphene. Figure 1 shows the shape of a graphical
representation of the modelled composites.

2.2. Force Fields
The Tersoff potential function [21] was used for
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the interaction between carbon atoms of graphene
nanosheets and carbon nanotubes. Also, the EAM
potential function was used for interactions between
aluminium atoms. [22]. For aluminium nanocomposites
reinforced with graphene nanoplates and carbon
nanotubes, the sum of these two potential functions
was used. Equation 1 shows the potential of the Tersoff
potential function, and Equation 2 shows the potential of
the EAM potential function.

E%ZZ% (1)
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E (Kcal/mol) shows the energy of the system. v, (Kcal/
mol) is the binding energy (Binding energy is the minimum
amount of energy needed to remove a particle from a
system or to break down a system into its components).
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where & ;represents a pair-wise potential function
(To calculate interactions for metal matrix using EAM
method potentials), r shows the distance between atoms
iandj, Py denotes how much the atom contributes to the
electron charge density, and F is a function that provides
the energy required to position atom i of type a in the
electron cloud.

2.3. Simulation details

For the simulation of nanocomposites, the open-source
code Lammps [23] was used. The unit of simulation
systems was assumed to be metal. The boundary
conditions for the nanocomposites were assumed to
be periodic in all three dimensions. To achieve system
equilibrium, the energy was minimized (minimize 1e-25
1e-25 1000 10000). The NVT ensemble (constant volume,
constant temperature) was used in the simulations. The
time step for the simulations was set to 0.001 picoseconds,

Without defect

Figure 1. Graphical output of the composites modeled.
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based on the simulation system’s unit type. Additionally,
to simulate the pulling of the nano-reinforcers from
the aluminium matrix on the opposite side, a fixed and
non-moving nanocomposite (fix set force) was applied
to determine the pull-out force between the aluminium
matrix and the nano-reinforcers. The molecular dynamics
simulation algorithm converged based on the number
of simulation repetitions (runs), with a total of 100 x10°
runs conducted in this study. The simulations were also
repeated several times to ensure adequate convergence.

2.4. Interaction energy

The interaction energy shows the degree of adhesion
between the surface of the matrix and the carbon
nanotube. The more negative the numerical value of
interaction energy, the greater the amount of adhesion
(interaction energy), and conversely, the more positive
the numerical value of interaction energy is, the lower
the amount of adhesion. Equations 3 and 4 show the
interaction energy equation. [24, 25]. According to
equations 3 and 4, the amount of interaction energy of
the nanocomposite is equal to the potential energy of the
entire nanocomposite system minus the potential energy
of the aluminium matrix, and graphene nanoplates or
carbon nanotubes separate. Also, Figure 2 shows the
pullout simulation of the nanocomposite.

Einteraction :E Al/GNs _(EAI +E GNs ) (3)

E.eraction —E avent “(Ear tEenr) (4)
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3. Results and discussion

3.1. The effect of the number of reinforcements on the
interaction energy in aluminium nanocomposites

Figure 3 shows the potential energy changes of the
aluminium nanocomposite reinforced with several
carbon nanotubes. According to Figure 3, part a, by
increasing the number of graphene nanoplates (1 to
4) in the aluminium matrix, the potential energy of the
composites decreases from -12500 to -19500. Figure 3,
part b, also shows the changes in the potential energy
of aluminium nanocomposites reinforced with carbon
nanotubes. In these graphs, the amount of potential
energy decreases from -11500 to -15580 by increasing the
number of carbon nanotubes from 1 to 4. The results of
the diagrams in Figure 3, part b, shows that by increasing
the number of reinforcements to the aluminium matrix,
the amount of strong interaction energy between the
aluminium matrix and carbon atoms is created. Figure
4, parts a and b, show the amount of interaction energy
(adhesion) of aluminium nanocomposites reinforced
with several graphene nanoplates and carbon nanotubes.
According to diagrams a and b, the amount of adhesion
or energy interaction increases with the increase in the
number of reinforcements. According to Figure 4, graphs
a and b, the highest amount of interaction energy for
aluminium nanocomposites reinforced with 4 graphene
layers is equal to -2800 Kcal/mol, and 4 carbon nanotubes
are equal to -1500 Kcal/mol. Also, the lowest amount of
interaction energy related to aluminium nanocomposites
reinforced with one nanoplate of graphene is equal to
-600 kcal/mol, and a carbon nanotube is -400 kcal/mol.

Figure 2. The pullout simulation of the nanocomposite reinforced with several carbon nanotubes and graphene.
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Figure 4, in parts c and d, shows diagrams of the amount
of pull-out force of aluminium nanocomposites reinforced
with carbon nanotubes. According to Figure 4, part c, the
highest amount of pull-out force related to aluminium
nanocomposites reinforced with 4 layers of graphene
nanoplate is equal to 66 kcal/mol. Also, the lowest amount
of pullout force related to aluminium nanocomposites
reinforced with one layer of graphene is equal to 47 kcal
per mole. Also, in Figure 4, part d, the highest amount
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of pull-out force is related to aluminium nanocomposites
reinforced with 4 carbon nanotubes, equal to 61 Kcal/
mol. Also, the lowest amount of pull-out force is related
to the aluminium nanocomposite reinforced with one
carbon nanotube, equal to 42 Kcal/mol.

Increasing the number of nano-reinforcers in the
aluminium matrix due to the increase in van der Waals
and electrostatic forces between the nano-reinforcers and
the aluminium matrix. Therefore, the interaction energy
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Figure 3. Potential energy changes of aluminium nanocomposite reinforced with several carbon nanotubes and graphene.
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Figure 4. The amount of interaction energy (adhesion) and pullout force of aluminium nanocomposites reinforced with several
graphene nanoplates and carbon nanotubes.
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Figure 5. The potential energy of aluminium nanocomposites reinforced with several defective graphene nanoplates and carbon
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Figure 6. The interaction energy and pullout force of aluminium nanocomposites reinforced with several defective graphene
nanoplates and carbon nanotubes.

(adhesion) between the carbon nanotubes and graphene
nanoplates with the aluminium matrix increases.

The results obtained from the effect of increasing the
number of reinforcements on the adhesion and interaction
energy with the aluminium matrix are in good agreement
with the results of Peng and Sun. [26] On the interfacial
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properties between graphene nano-reinforcers and copper
matrix. In addition, by adding graphene nanosheets to
the aluminium matrix, the amount of interaction energy
(adhesion) increases. This result is in good agreement with
the experimental results on copper matrix reinforcement
with graphene nanosheets by Chu and Jia. [27].
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Figure 7. The interaction energy of aluminium nanocomposites reinforced with several graphene nanosheets and carbon nanotubes
(with and without defects) under different temperatures.

3.2. The effect of defects in reinforcements on the
interfacial properties of aluminium nanocomposites
Figure 5 shows the diagram and scale of the potential
energy of aluminium nanocomposites reinforced with
several defective graphene nanoplates and defective
carbon nanotubes. According to diagrams a and b,
increasing the number of reinforcements in the aluminium
matrix, the amount of potential energy for defective
graphene nanoplates and defective carbon nanotubes
decreases from -12300 to -18750 Kcal/mol and -11100 to
-15250 Kcal/mol, respectively.

In addition, Figure 6, parts a and b, shows the
interaction energy of aluminium nanocomposites
reinforced with several defective graphene nanoplates
and defective carbon nanotubes.

According to Figure 6, parts a and b, by increasing the
number of reinforcements from 1 to 4, the interaction
energy for aluminium nanocomposites reinforced with
graphene increases from -300 to -1500 Kcal/mol, and
for aluminium nanocomposites reinforced with carbon
nanotubes, it is from -270 to -1300 Kcal/mol. In addition,
Figure 6 shows the pull-out force diagrams of aluminium
nanocomposites reinforced with defective graphene
nanoplates and defective carbon nanotubes. According
to Figure 6, diagrams c and d, the highest amount of
pull-out force is related to nanocomposites reinforced
with 4 graphene layers, equal to 58 Kcal/mol, and 4
carbon nanotubes, equal to 67 Kcal/mol. Also, the lowest
amount of pull-out force was 48 Kcal/mol for aluminium
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nanocomposites reinforced with one graphene layer and
47 Kcal/mol for one carbon nanotube.

Defects in nano-reinforcements were considered
as a monovacancy defect (Figure 1). Also, these defects
(Monovacancy defect) were added efficiently in the
nanostructures as 1% for each graphene nanosheet
or carbon nanotube. By adding the number of
reinforcements (graphene nanosheets and carbon
nanotubes) in nanocomposites, the percentage of
defects also increases. The existence of defects in nano-
reinforcement causes the failure of covalent bonds
between carbon atoms in graphene nanosheets and
carbon nanotubes. Therefore, the van der Waals and
electrostatic forces between the aluminium matrix of
the reinforcement are reduced. These results were also
consistent with those of Li et al. [28] in the interfacial
properties between defective reinforcements and epoxy
matrix in composites.

3.3. Effect of temperature on aluminium nanocomposites
reinforced with graphene nanoplates and carbon
nanotubes
Figure 7 shows the interaction energy diagrams of
aluminium nanocomposites reinforced with several
graphene nanosheets and carbon nanotubes (with and
without defects) formed under different temperatures.
Accordingto Figure 7, diagrams aand b, with increasing
temperature, the amount of interaction energy decreases
between the aluminium matrix and graphene nanosheets

Farhan Al-Humairi et al.
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Figure 8. The maximum pull-out force diagrams of aluminium nanocomposites reinforced with several graphene nanoplates and
carbon nanotubes (with and without defects).

as well as carbon nanotubes. Also, in Figure 7, diagrams
¢ and d, with increasing temperature, the amount of
interaction energy for aluminium nanocomposites
reinforced with defective graphene nanoplates and
defective carbon nanotubes decreases.

In addition, Figure 8 shows the maximum pull-out
force diagrams of aluminium nanocomposites reinforced
with several graphene nanoplates and carbon nanotubes
(with and without defects). According to diagrams a, b,
¢, and d, by increasing temperature, the maximum pull-
out force decreases in nanocomposites. According to
Figure 8, the highest maximum pull-out force at 300 K is
related to aluminium nanocomposites reinforced with 4
graphene nanoplates (70 kcal/mol), 4 defective graphene
nanoplates (65 kcal/mol), 4 carbon nanotubes (74 kcal/
mol), and 4 defective carbon nanotubes (72 kcal/mol).

As the temperature increases, the kinetic energy
between the carbon atoms in the nano-reinforcements
and the aluminium atoms in the matrix also increases.
This causes the aluminium matrix to transition slightly
from a solid to a more liquid (softer) state. As a result,
the aluminium atoms become more delocalized, the van
der Waals and electrostatic forces weaken. Therefore, it
reduces adhesion (interaction energy) when separated
from each other. This makes nanocomposites. The
results of the molecular dynamics of this study were also
consistent with the results of increasing the temperature
of graphene-reinforced nanocomposites. [29, 30].
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Conclusion

In this study, molecular dynamics simulation was used
to investigate the interfacial properties between the
aluminium matrix and graphene nanoplates, and carbon
nanotubes (with and without defects). The results of this
study show that by increasing the number of graphene
nanosheets from 1 to 4, the amount of interaction energy
and maximum pull-out force improved.

The highest interaction energy and maximum pull-
out force are related to nanocomposites reinforced
with 4 graphene nanoplates and 4 carbon nanotubes.
In addition, the presence of defects in the structure of
carbon nanotubes and graphene nanoplates reduces the
interaction energy (adhesion) and the maximum pull-out
force of aluminium nanocomposites. In addition, with
the increase in temperature, the amount of interaction
energy (adhesion) and maximum pull-out force between
the aluminium matrix, graphene nanoplates, and carbon
nanotubes decreased. The findings of this study offer a
deeper insight into the interfacial properties (adhesion)
between the reinforcements (graphene nanosheets and
carbon nanotubes) and the aluminium matrix. Moreover,
these results can assist in selecting the appropriate type and
quantity of reinforcements for aluminium nanocomposites.
This is because understanding the interfacial properties
between the reinforcements and the aluminium matrix
is closely linked to the mechanical properties of the
nanocomposites.
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