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Abstract: Through molecular dynamics methods, composite models built with a large scale were
employed to investigate the effects of different reinforcements, which were different from those used
in most of the similar studies, where only a graphene nanosheet (GNS) or a rigid spherical particle
was embedded in a metal matrix. Here, 27 GNSs or diamond particles were placed in the empty
spaces between Al particles with random directions. Then, Al matrix composites were prepared
by modeling a sintering process. Structural analysis and tensile modeling were carried out on the
sintered composites. The results indicate that the density of the Al–graphene composite was higher
and increased with growth in the size of the reinforcements, although the Al–graphene system
required more heating time to achieve densification. Bigger GNSs were likely to increase the pore
volume of the composite. Meanwhile, larger GNSs were also more beneficial for grain refinement,
leading to growth in the ratio of Al atoms at grain boundaries. The greater impact of GNSs on
the inner structure was not just derived from their high specific surface area, and this impact was
enlarged if drawn as a function of the weight fraction rather than the surface area. However, tensile
processes revealed that two-dimensional (2D) materials seemed to have no clear impact on the direct
strengthening effect, and anisotropy could not be observed in the large-scale models. The biggest
GNSs even led to reductions in both the tensile strength and ductility of the Al–graphene composite,
which coincided with some experimental reports. The evolution of the inner structures indicated that
GNSs have the same role as diamond particles in dislocation accumulation and crack propagation.
The major advantage of GNSs is their ability to improve the densification and grain refinement of the
metal matrix composite (MMC).

Keywords: molecular dynamics; graphene; diamond; composite; mechanical property

1. Introduction

Recently, many efforts have been made to study the effects of two-dimensional (2D)
reinforcement on metal matrix composites. Compared with three-dimensional (3D) rein-
forcement, graphene is regarded as a more hopeful reinforcement for metal matrix compos-
ites (MMCs), as it leads to comprehensive improvements in wear, strength, and stability [1].
However, most studies only reported the beneficial effects of graphene nanosheets (GNSs)
on MMCs, and the improvements were simply ascribed to the high specific surface area or
the excellent mechanical properties of graphene [2,3]. The underlying mechanism is still
unclear, and some conclusions are not very scientific, as they are based on inappropriate
comparisons between different reinforcements.

In most simulations, GNSs proved to be a more effective reinforcement for MMCs,
based on a simple model where only a graphene nanosheet was embedded in a metal
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matrix. Anisotropy in the mechanical properties could be observed, as well as appar-
ent improvements in strength and ductility. Zhao et al. reported a folded graphene-
reinforced copper nanocomposite that exhibited simultaneous enhancements of 2.26%
in strength and 32.38% in ductility [4]. Liu et al. built a model of a graphene-reinforced
Al composite with a modified substrate surface, showing amazing improvements of
198.15% in ultimate strength and 185.71% in ultimate strain [5]. Zhu et al. established
models of wrinkled graphene/aluminum, attributing the overall enhancement to the
synergistic influence of the geometric structure, grain refinement, dislocation blocking,
grain boundary strengthening, and nanotwin strengthening [6]. Srivastava et al. com-
pared the effects of GNSs on the compressive strengthening behavior of a composite in
the zigzag and armchair directions, which increased by 210% and 240% compared to
pure Al [7]. In these models, the mechanical properties of metal–GNS composites were
compared with a pure metal model rather than composites reinforced by 3D particles.
Nevertheless, all these studies employed simple models by introducing a GNS as large
as the metal matrix. Undoubtedly, the load was applied on the graphene directly, giving
rise to an overall enhancement of the MMC.

Furthermore, most experimental research has focused on the effects of the graphene
content on mechanical properties, taking graphene as a continuous rectangular platelet
to develop theoretical models. Elkady et al. added 0.2 wt.% of GNSs to an Al/Ni alloy
via the hot pressing technique, obtaining increases of 30.22% in compressive strength
and 43.75% in strain [8]. Lou et al. introduced 0.5 wt.% of GNSs to an Al matrix by hot
extrusion, improving the tensile strength from 71.77 MPa to 164.49 MPa and improving the
elongation from 0.76% to 21.81% [9]. Zeng et al. prepared 3D graphene network-reinforced
Al matrix composites by powder metallurgy. They exhibited the same favorable toughness
as pure aluminum with an improvement in ductility [10]. Zhou et al. fabricated GNS/Ni
composites by two-step 3D vibration milling, generating an increase of 33.94 in tensile
strength and a reduction of 11.56% in elongation [11]. Yang et al. sintered Al–graphene
composites by the pressure infiltration method, showing an increase of 45% in tensile
strength and a decrease of 44% in elongation after the addition of 0.54 wt.% GNSs [12].
Wang et al. explored a maximum increase of 30.6% in the tensile strength of Al–graphene
composites, but the elongation dropped from 60% to 24% when the graphene content
exceeded 0.5 wt.% [13]. Although the additions of GNSs in these studies were generally
less than 1 wt.%, the improvements were even higher compared with composites enhanced
by 3D reinforcement contents of more than 10 wt.% [14–16]. However, it is not difficult
to find that there are wide gaps in strength between the experimental results, let alone
the fundamental differences in ductility between experiments and models. Limited by
experimental methods, the effects of reinforcement on the evolution of inner structures
cannot be studied as effectively.

Since the simulated results cannot be completely supported by experimental reports
and the structures of simple models in simulations are vastly different from experimental
samples, a large-scale model was designed here to discuss the effects of different reinforce-
ments on MMCs in detail. The designed models comprised dozens of reinforced GNSs
or diamond particles that were placed in random locations. The sizes of the different
reinforcements were also designed to obtain results as functions of surface area and weight
fraction. Thus, the effect on an MMC could be studied more accurately, avoiding systematic
errors such as the directional distribution of GNSs and direct loading on graphene.

2. Model Methods

To produce a large-scale model of an Al matrix composite for this molecular dynamics
(MD) simulation, the basic structure of an Al reinforcement system was built, which
consisted of 27 spherical Al particles and 27 reinforced nanosheets or nanoparticles. As
shown in Figure 1, graphene was chosen to serve as a 2D reinforced phase, while diamond
was selected to act as a 3D reinforced phase. To insert these reinforcements into the spaces
between the Al particles, adjacent Al particles were set to be 2 Å apart from each other. In



Metals 2024, 14, 1312 3 of 11

all models, the Al spherical particles had the same radius of 24 Å. However, the sizes of the
graphene nanosheets and diamond particles were different, as listed in Table 1. Thus, the
effects of the two kinds of reinforcements with respect to the same surface area or weight
content could be studied. Because the simple models in most MD simulations contain only
a piece of a GNS, the composite models exhibited obvious anisotropy in their mechanical
properties. Nevertheless, anisotropy has not been reported in experimental studies because
experimental samples contain large quantities of GNSs that are dispersed randomly by
ball milling or stirring. Therefore, the orientation of every nanoparticle was random
here to avoid a directional distribution of reinforcements, especially in the Al–graphene
system. Besides the composite models, a model comprising only 27 Al particles was used
as a baseline for comparisons between composite models with different reinforcements.
In order to use every model as a representative volume element (RVE) in an Al matrix
composite, periodic boundary conditions (PBCs) were applied in the three dimensions of
the simulation box.
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Figure 1. Models of composite systems before sintering. (a) Al–graphene system. (b) Al–diamond system.

Table 1. The sizes of the different reinforcements.

Graphene Diamond
Side Length (ls)

(Å)
Surface Area

(Å2)
Weight Content

(%)
Radius (R)

(Å)
Surface Area

(Å2)
Weight Content

(%)

3.5 194.6 0.6 4.0 199.6 0.8
7.0 778.5 4.8 8.0 798.2 4.0
10.5 1751.7 15.8 12.0 1796.0 7.0

Before sintering, every model was relaxed for 100 ps in an NPT ensemble at 300 K
and 1 atm because the particles were not close to each other in the initial model. Then, all
composite systems with gathered nanoparticles went through the same process of heating,
holding, and cooling, and every process lasted 300 ps. This meant that every model was
heated from 300 K to 773 K and then dropped back to 300 K. Meanwhile, the pressure of
every model was increased from 1 atm to 500 atm and then reduced to 1 atm. The settings
above were fixed on the basis of similar studies that modeled the sintering process of an Al
matrix composite [17,18].

After sintering, a tensile process was conducted on the sintered system. By chang-
ing the shape of the simulation box in a direction, quasi-static tension operated under
the NVE ensemble at 300 K, with the temperature reset by explicitly rescaling the ve-
locities. The tensile properties of every sintered system were measured separately in
three orthogonal directions.
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To compare the results with studies based on a simple model of an Al matrix composite,
the Al–Al, C–C, and Al–C interactions took the style of eam, tersoff, and morse potentials,
respectively, which were the settings used in [19,20]. At the runtimes of the MD models,
the velocity Verlet algorithm was applied, and the time step was set to 1.0 femtosecond.
Here, LAMMPS (3 Mar 2020) software was used to operate all the MD simulations, and
VMD (1.9.3) software was employed to visualize the results of the simulations.

3. Results and Discussion
3.1. The Sintering Process

Because there was a clear gap in volume between the 2D and 3D reinforcements,
the total volumes of the Al atoms were monitored to study the sintering process. At
the beginning, the difference in the volumes of the Al atoms was very large, as shown
in Figure 2 from 0 ps to 100 ps, because empty spaces existed between the particles in
the initial models, and different parts of the empty spaces were regarded as the Voronoi
volumes of the Al atoms based on the sizes and locations of the reinforcements. After
100 ps of relaxing time, the composites started to become compacted. As the graphene was
easy to bend, it was very likely to form an enclosed space, which was counted as a part
of the Voronoi volume of the Al atoms in the Al–graphene system. In the enlarged area
in Figure 2, it can be seen that the larger the size of the graphene, the more space the Al
atoms in the composite occupied at the beginning of the sintering process (100 ps). While
heating up, the Al volumes in all models dropped quickly. However, the Al volumes in the
Al–diamond reached the lowest point faster, while the Al volume in the composite with the
largest GNSs did not reach the lowest point until the heating stage had almost ended. Then,
thermal expansion brought an increase in the volume. From this moment on, primarily,
densification of Al atoms was accomplished. Then, a slight decrease appeared in the stable
environment, followed by a cold shrink. Overall, the Al volume in the pure Al model was
the largest, while the Al volumes in the composites decreased with increases in the sizes of
the reinforcements in both the Al–diamond and Al–graphene. Moreover, the Al volume in
the Al–diamond was bigger than that in the Al–graphene, and this became more noticeable
as the sizes of the reinforcements got bigger. In consideration of the bigger volume of the
Al atoms in the Al–graphene at the start, it was not difficult to conclude that graphene is
more conducive to promoting densification of a metal matrix composite.
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3.2. The Sintered Structure

Structural analysis was carried out on the sintered composites to identify their densi-
ties, interfacial atoms, and pore volumes. The sizes of the different reinforcements are listed
in Table 1, and there was a very small difference in the surface areas between the GNSs
and the diamond particles. Therefore, the effects of the different reinforcements could be
compared using the same surface area. According to Figure 3a, the density values of the Al
matrix composite were very close to experiment reports [15]. However, the MD models
here revealed that the Al matrix as well as the total structure of the Al–graphene had higher
densities. Both the total and Al densities of the Al–graphene with the smallest GNSs were a
little higher than those of the Al–diamond, and the gap was no more than 0.03 g/cc even if
the sizes of the reinforcements became larger. If the density curves were drawn as functions
of the weight fraction as in most experimental studies, graphene had a greater advantage
of more than 0.05 g/cc for densification. Therefore, it was concluded that graphene is more
helpful for improving composite density, mainly because it promotes densification of the
metal matrix.
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To gain insight into the inner structures of the composites, the Al atoms were colored
based on their values for the centro-symmetry parameter (CSP). The arrangements of the
Al atoms around the reinforcements in Figure 4 are visibly disturbed. When the sizes of the
reinforcements were small, the GNSs and diamond particles seemed to have no effect on
the local structure. As the reinforcements grew in size, the GNSs exerted more influence on
the structure of the Al matrix than the diamond particles. The full blue areas representing
perfect lattices were fewer and smaller in the Al–graphene, and more grain boundaries
could be found along the GNSs. This grain refinement was quantified by common neighbor
analysis (CNA), as shown in Figure 5. Compared to the model without reinforcement, the
GNSs and diamond particles increased the ratio of Al atoms at the grain boundaries from
41.4% to 76.4% (Al–GNS) and 61.6% (Al–diamond). As shown in a structure with an ls of
10.5 Å, it was difficult to identify an area of perfect lattice when the ls of the GNSs was
10.5 Å. Therefore, it was confirmed that graphene is more helpful for grain refinement in a
metal matrix.
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reinforcements are tinted black.

The volumes of nanopores were also calculated to characterize the inner structure. An
increase in the size of the reinforcements also gave rise to nanopore growth from 135 Å3

to 449 Å3 (Al–GNS) and 361 Å3 (Al–diamond), but the maximum porosity was less than
0.03%. The increase in pore volume in Figure 5 was accompanied by the increase in density
in Figure 3, which further illustrates that graphene can facilitate a denser arrangement
of Al atoms since pores with larger volumes can be formed in Al–graphene composites.
Unexpectedly, the pore volume only decreased a bit at the diamond particles (R = 4.0 Å).
That is, only a suitable ratio of 3D reinforcement to metal matrix can diminish the pores
arising from the empty spaces between particles. Thus, it can be supposed that graphene
may be beneficial for the formation of nanopores.

As a whole, the effects of graphene could be enlarged if evaluated as a function of the
weight fraction. The curves of Al–graphene in Figures 3b and 5b increased faster than those
in Figures 3a and 5a. This was mainly because the 2D material had an evident advantage
related to its specific surface area. In conclusion, GNSs were deemed to have a greater
impact on the inner structure of the metal matrix composite, and their high specific surface
area could only explain a part of their impact.
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3.3. The Tensile Process

In some MD studies based on simple models, the Al–graphene system is considered
to have higher strength and greater ductility. However, that view is not supported by
the models here. In this simulation, the tensile processes of every sintered system were
conducted in three orthogonal directions. Then, the strength was calculated based on the
average of the three tensile results. Because of the random directions of the GNSs, the
tensile results in Table 2 do not distinctly display anisotropy in the Al–graphene composite.
As shown in Figure 6, the strength of Al–graphene rose at first from 6.79 GPa to 6.87 GPa
and then decreased to 6.51 GPa. The effects of the lateral sizes of GNSs on the mechanical
properties of MMCs have been studied in experiments as well [21,22]. Because the ranges
of the graphene contents in the experiments have been quite different, the influence of
GNS size has differed. Ref. [21] revealed that the mechanical properties decreased with
an increase in the lateral size of graphene, while Ref. [22] found that a composite with a
moderate size exhibited the highest strength, and the results in Ref. [22] are consistent with
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our models. Meanwhile, the strength of Al–diamond presented an early decrease from
6.95 GPa to 6.64 GPa and a later increasing trend up to 6.86 GPa. Distinctly, the composite
with diamond (R = 4.0 Å) resulted in the highest strength, which may have corresponded to
the lowest pore volume. When the sizes of the reinforcements reached their highest levels,
a sharp reduction appeared for Al–graphene, but a clear increase emerged for Al–diamond
after hitting the lowest level. This can be ascribed to the nano size of the Al grains, where
the flow of the grain boundaries determined the strength of the MMC in accordance with
the inverse Hall–Petch relation [23]. The effect of graphene was only greater than that of
diamond at the weight fraction of 4%. Since the range of the variation in composite strength
was no more than 5% and the curves were very complicated, the different reinforcements
seemed to have no impact on the direct effects of tensile strength as well as ductility. An
obvious reduction in ductility appeared in the composite with the biggest GNSs, which
was also found in experimental studies [11–13]. The tensile processes of Al–graphene
(ls = 7.0 Å) and Al–diamond (R = 8.0 Å) were used as examples. The two curves in
Figure 7 are nearly the same. During the evolution of inner structures at different strains,
dislocations accumulated around the reinforcements, restricting the deformation of grains.
Then, a crack extend between reinforcements. GNSs pulled from the matrix could not
be found, which appeared in the simple models [4–6], leading to a big leap in tensile
strength. This means that the direct effect of the reinforcements does not seem to have a
heavy influence on the mechanical properties, which coincides with an investigation of a
TiC particle-reinforced Al composite with a homogeneous distribution of dislocations [24].
Thus, the better result of the MMC strengthened by graphene should be mainly attributed
to the greater effect of 2D materials on grain refinement.

Table 2. The tensile strengths of composites stretched in different directions.

Sizes of Reinforcements
(Å)

Tensile Strength (GPa)
Along X Axis Along Y Axis Along Z Axis on Average

\ 6.80 6.83 6.71 6.78
ls = 3.5 6.78 7.02 7.05 6.95
ls = 7.0 6.53 6.70 6.69 6.64

ls = 10.5 6.97 6.73 6.86 6.86
R = 4.0 6.79 6.88 6.72 6.79
R = 8.0 6.83 6.84 6.92 6.87
R = 12.0 6.62 6.26 6.63 6.51
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4. Conclusions

Models with a larger scale were built to study Al matrix composites where GNSs or
diamond particles were dispersed in random directions. A sintering process was carried
out to achieve MMCs. Structural data and tensile results with respect to the surface areas
of the reinforcements were obtained to compare the effects of the different reinforcements.
With increases in the sizes of the reinforcements, the density of the Al–graphene composite
could be 0.03 g/cc higher than the density of the Al–diamond, although it needed more
heating time to complete densification. The GNSs were prone to form more pores, leading
to an increase in pore volume from 135 Å3 to 449 Å3. A suitable ratio of 3D reinforcement
to metal matrix may result in the fewest pores. The GNSs were also more conducive
to grain refinement, as the ratio of Al atoms at grain boundaries grew from 41.4% to
76.4%. Because of the superiority of 2D materials when it comes to specific surface area,
the effects of the GNSs on the composite structure could be enlarged at the same weight
fraction of reinforcements. Thus, a denser MMC structure with finer grains could be
prepared by introducing 2D reinforcements rather than 3D reinforcements with larger sizes.
However, 2D materials seem to have no impact on the direct strengthening effect and did
not result in anisotropy in the composite as reported in simple models. At the scale of
these models, a reduction of 0.36 GPa in the tensile strength of the Al–graphene composite
appeared when the GNSs grew to their largest size, and no enhancement of ductility was
observed. During the evolution of the inner structures, the GNSs played the same role as
the diamond particles, promoting the accumulation of dislocations. A crack originated at a
position between the reinforcements, then went around the reinforcements. The greater
improvements in the mechanical properties of the MMCs should be mainly ascribed to the
advantage of the GNSs related to grain refinement. As far as the models described here
are concerned, a composite with a moderate size exhibited the best mechanical properties.
This result is supported by an experimental report.
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