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ABSTRACT

The mechanical properties of graphene reinforced composites are often hampered by challenges related to the
dispersion and aggregation of graphene within the matrix. This paper explores the mechanism of cooling rate,
process temperature, and process pressure’s influence on the agglomeration behavior of graphene and the tensile
response of composites from a computer simulation technology, namely molecular dynamics. Our findings reveal
that the cooling rate exerts minimal influence on the tensile response of composites. Conversely, processing
temperature significantly affects the degree of graphene aggregation, with higher temperatures leading to the
formation of larger-sized graphene clusters. In contrast, processing pressure exhibits negligible impact on the
degree of graphene aggregation, and increasing pressure effectively mitigates the formation of large-sized graphene
clusters. Moreover, we elucidate the intrinsic factors governing the mechanical response to variations in processing
parameters. Notably, we observe that the stretching process facilitates the decomposition of large-sized graphene
clusters into smaller ones. This research contributes to the advancement of lightweight metal matrix composites by
offering insights into optimizing processing parameters. Additionally, it provides crucial theoretical underpinnings
for developing high-performance graphene-reinforced composites.
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1 Introduction

Graphene has garnered considerable attention and research interest from scholars owing to
its outstanding properties, such as excellent specific surface area, high Young’s modulus and low
density, and it served as an ideal reinforcement in metal matrix composites (MMCs) [1,2]. Graphene
nanoplatelets reinforced magnesium matrix composites (GNPs/Mg) have broad application prospects
in the aerospace, automotive, electronics and transportation industries due to their high specific
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strength, dimensional stability, excellent wear resistance and shock absorption performance [3,4].
However, the mechanical properties of graphene nanocomposites are limited by the degree of dis-
persion and aggregation of graphene within the matrix [5].

The uniform dispersion of graphene nanoplatelets (GNPs) enhances various characteristics of
the metal matrix, including changes in microstructures, crystallization temperature, and load transfer
during the loading process [0,7]. Meng et al. [8] fabricated GNPs/Mg laminated composites with
reinforcing phase content of 0.25 and 0.75 vol%, with tensile strengths of 160 and 179 MPa, respectively
(pure magnesium is 136 MPa). Obviously, uniformly dispersed GNPs improve the material’s load
transfer capability and the composites’ mechanical properties. However, the inevitable agglomeration
of GNPs diminishes the strengthening efficiency. Li et al. [9] observed that graphene/aluminum
composites with addition of 0.5 wt% GNPs exhibited higher strength and comparable ductility to pure
aluminum, primarily due to the uniform distribution of GNPs within the aluminum matrix and the
robust interfacial bonding between aluminum and GNPs. However, with increasing agglomeration
of GNPs, the enhancement effect sharply decreases when exceeding 1.0 wt% of GNPs. Due to the
high surface energy and large surface area of graphene, it tends to float and agglomerate during the
preparation process. Hence, studying graphene’s aggregation and dispersion behavior in MMCs holds
significant importance for composite preparation and performance research.

Additionally, parameters involved in preparing metal matrix composites, such as pressure and
processing temperature, will greatly influence the aggregation of graphene and the performance of
the composite. Insufficient hot-pressing conditions may damage graphene during the process, while
inadequate pressure can hinder the construction of intimate bonding between adjacent graphene
layers, leading to dispersion failure [10]. Furthermore, research indicates that as the test temperature
rises, GNPs/AZ31 composites exhibit micro pores and cracks, suggesting potential enhancement of
AZ31 matrix secondary processing by graphene [11]. Safina et al. [12] observed that even under high
pressure of up to 500 GPa at room temperature, successful attainment of graphene/nickel matrix
composites was unachievable. However, heating the temperature to nearly 1000 K and above facilitates
the formation of covalent bonds between graphene and adjacent structural elements. In summary,
elucidating the mechanism of process parameters’ influence on graphene aggregation during MMCs
preparation is crucial.

The experimental method for producing graphene-reinforced metal matrix composites presents
challenges in reproducibility due to the scattering and aggregation of graphene within the matrix. This
process is characterized by lengthy cycles and high costs. As for the study of computational modelling
of agglomerated graphene reinforced composites [13,14], the thermodynamic response of a porous
functionally graded graphene-reinforced composite is accurately predicted through the utilization of
an enhanced third-order shear deformation theory [15]. Francesco et al. [16] examined laminated
anisotropic doubly-curved shell structures with variable thickness, considering both the general
distribution of volume fractions of constituent materials and the presence of voids. Research indicates
that an increase in the mass fraction of graphene sheets and the porosity coefficient correlates with a
greater impact on the buckling load of the structure [17]. Emad et al. [18] studied the natural frequency
response of nanocomposite shells by defining the agglomeration factor of graphene. Molecular
dynamics (MD) simulation has emerged as a valuable tool widely employed to investigate interface
behavior and predict mechanical performance in MMCs [19-21]. Xia et al. [22] employed molecular
dynamics methods to uniaxially stretch single-layer graphene nanosheets for reinforcing magnesium-
based composites. Their findings revealed that the incorporation of graphene nanoplatelets led to a
significant enhancement in the mechanical properties of magnesium-based composites. Wang et al. [23]
investigated the mechanical characteristics of multi-layer graphene incorporated within an aluminum
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matrix subjected to uniaxial tension. Their study demonstrated that the presence of graphene layers
inhibited the propagation of dislocations across interfaces, consequently leading to notable enhance-
ments in both the stiffness and strength of the composite. Researchers have explored the impact of
the matrix orientation, graphene size, number of graphene layers and spacing on the deformation
and enhancement mechanism of MMCs [24-26]. The findings demonstrate that graphene enhances
the strength and toughness of the matrix while altering the deformation mechanism by controlling
the dislocation. Despite existing experiments and MD simulations on graphene reinforced metal
matrix composites, a comprehensive and in-depth explanation of graphene agglomeration during the
preparation process and the enhancement mechanism of GNPs/Mg composites is lacking.

This study establishes various nano-scale models of GNPs/Mg and utilizes molecular dynamics
simulations to investigate graphene’s dispersion and aggregation behavior within the magnesium
matrix. Subsequently, we explored the influence of factors such as temperature and pressure on the ten-
sile performance of GNPs/Mg composites. Results indicate that processing temperature significantly
impacts graphene aggregation and cluster formation, whereas processing pressure has minimal effect.
The increase in temperature leads to the formation of larger-sized graphene clusters, whereas increased
processing pressure inhibits the generation of such clusters. Unveiling graphene’s aggregation behavior
and reinforcement mechanism in composites is crucial, providing the theoretical underpinning for
guiding the preparation process.

2 Molecular Dynamics Models and Methodology

This section encompasses establishing the molecular dynamics model, the employed potential
function during simulation, and a comprehensive overview of the simulation process. It includes
detailed information regarding pre-processing, relaxation process, constant temperature and pressure
process, cooling process, and stretching simulations, along with relevant parameters and settings.

2.1 Atomic Simulation Models

This study utilized Atomsk [27] for modeling and Lammps [28] for molecular dynamics simu-
lation. Fig. la illustrates the construction of an appropriately sized graphene model. In Atomsk, an
orthogonal double-layer graphene model can be directly established. However, one layer of graphene
atoms must be removed from the established double-layer graphene configuration to create a single-
layer graphene model. Subsequently, the single-layer graphene can be duplicated to achieve the desired
size. Fig. 1b depicts the established Mg matrix model, where magnesium crystals adopt a hexagonal
close-packed (HCP) structure, with the perpendicular x, y, and z axes aligned along the crystal

orientation of [2T TO], [OlTO , and [0001], respectively. The size of the magnesium matrix needs to

control the number of replication layers in the three directions of x, y, and z. Aluminum (Al) constitutes
9% of the matrix atoms. Certain magnesium atoms are removed to accommodate graphene, as depicted
in Fig. 1b. Subsequently, the graphene and matrix models are merged to form a representative volume
cell, asshownin Fig. Ic. Thisunitis then replicated 4 x 4 x 4 times, resulting in the molecular dynamics
model employed to examine graphene aggregation within the matrix, as depicted in Fig. 1d. The final
dimensions of the GNPs/Mg model measure 11.6 nm x 11.1 nm x 10.4 nm.
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(a)

Figure 1: Molecular dynamics model establishment process of graphene sheet reinforced magnesium
matrix composites. (a) Graphene, (b) Magnesium matrix containing 9% Al, (c) GNPs/Mg composite
cells, (d) GNPs/Mg model

2.2 Atomic Potential Functions

The embedded atom model (EAM) potential function is widely recognized for its accurate descrip-
tion of metal atom interactions and is commonly employed in simulations of metal systems. In this
study, the Al-Mg interactions utilize the EAM potential function developed by Mendelev et al. [29].

For hydrocarbons, the adaptive intermolecular reactive empirical bond order (AIREBO) potential
function is considered one of the most precise models. The C-C interaction adopts the AIREBO
potential function proposed by Stuart et al. [30] with a chosen cut-off radius of 2 A.

The Lennard-Jones (LJ) potential function is often used to describe the interaction between atoms
in the system as follows [31]:

pea)- ()]

where ¢ is the energy scale parameters, and o is defined in the LJ formula as the zero-crossing distance
for the potential. The interactions involving Mg-C and Al-C are described by the LJ potential, with
a selected cut-off radius of 10 A. The parameters o and ¢ for Mg [32], C and Al [33] utilized to
calculate oz, Oarc, Emec and e,.c. Employing the Lorentz-Berthelot mixing rule, combined with
relevant literature, the parameters for these interactions are determined, as outlined in Table 1.

Table 1: LJ potential function parameter in MMCs

Parameters O MgC O AlC Emg-C EAlC

Value 0.00377eV  0.035eV  3214A  3.013A

2.3 Simulation Process Details

After establishing the model, the initial system energy was minimized using the conjugate gradient
method. This minimization process was to attain a stable structure and alleviate any initial internal
stress. To efficiently control the atomic interactions, a neighbor list was constructed with a skin
distance of 2.0 A, ensuring that all atom pairs within the cut-off distance were included in the list
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for subsequent calculations. Then, models undergo an initial relaxation process under a temperature
of 300 K, utilizing a time step of 1 fs and spanning 2 x 10° steps. The boundary conditions are set as
periodic, and the ensemble is configured as canonical (NVT). Subsequently, the system proceeds to a
constant temperature and pressure process.

In the simulation of graphene aggregation, maintaining constant temperature and pressure
throughout the system over an extended duration is paramount. Kumar et al. [34] provided valuable
insights into the aggregation behavior of graphene in pure Al, serving as a reference for selecting certain
parameters in this study. Given that graphene aggregation is a macroscopic process, periodic boundary
conditions were applied in all three directions (x, y, and z) to eliminate boundary effects within
the simulation system. The NPT (constant-pressure, constant-temperature) ensemble was employed
during the simulation, with the Nosé-Hoover method serving as the temperature control method and
the Parrinello-Rahman barostat serving as the pressure control method. A time step of 1 fs was chosen,
with a constant temperature and pressure time of 2 ns, equivalent to 2 x 10° time steps, to obtain
comprehensive results regarding graphene aggregation within the matrix under varying processing
temperature and pressure conditions. The cooling process involves gradually lowering the temperature
of the composite model to 300 K at a prescribed cooling rate. This is achieved over 2 x 10° time
steps, employing periodic boundary conditions and utilizing the NPT ensemble. Following the cooling
process, it is imperative to subject the model to further relaxation.

In the subsequent MD simulation, the velocity-Verlet algorithm was applied for integration
calculations, ensuring both accuracy and efficiency in obtaining reliable results. Stretch simulations in
molecular dynamics can be executed through two methods: overall deformation and applying velocity
to the free end of the system. In this work, the method of applying velocity to the free end was utilized
to conduct tensile simulations. This method involves fixing the bottom atoms while imparting velocity
to the top atoms along the stretching direction, thereby inducing model deformation through inter-
atomic forces. Due to the stretching method employed, non-periodic boundary conditions are chosen,
and the NPT ensemble is employed to control temperature and pressure, ensuring stability throughout
the stretching process. The stretching temperature in the simulation was set at 300 K, with a stretching
rate of 10 A/ps. Consequently, stress and strain variations were observed, and pertinent simulation
data was calculated to generate stress-strain curves. Graphene clusters are identified using a cut-off
radius. The cut-off distance criterion for defect clusters is defined as follows: For interstitial atoms,
the third nearest neighbor is selected, while for vacancies, the second nearest neighbor is chosen. This
means that an interstitial atom and the atoms in its third nearest neighbor positions form a cluster,
and similarly, a vacancy and the atoms in its second nearest neighbor positions form a cluster.

3 Results and Discussion

This section focuses on elucidating the impacts of cooling rate, processing temperature, and
pressure on the aggregation behavior of graphene and the tensile response of GNPs/Mg. It primarily
encompasses the assessment of graphene distribution state, the processed final model, radial distribu-
tion function (RDF) analysis, tensile stress-strain diagrams, and snapshots analysis.

3.1 Effect of Cooling Rates on Graphene Agglomeration Behavior and Tensile Response

In this section, the GNPs/Mg model undergoes a simulation at 0 MPa and 900 K for 2 ns, followed
by a cooling process to reach 300 K. The cooling rates considered are 0.5, 1, 5, and 10 K/ps. The final
model obtained after cooling is shown in Fig. 2. Given that the simulation is conducted at 900 K,
atoms within the model transition from a liquid to a solid state, making it challenging for graphene
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to aggregate further. Consequently, the four models depicting graphene aggregation in Fig. 2 exhibit
similarities. The results indicate that the cooling rate has minimal influence on the final distribution
of graphene within the matrix. At lower cooling rates, the degree of graphene aggregation exhibits
minimal variation; however, at higher cooling rates, the extent of graphene aggregation becomes more
pronounced.
(@)

(c) (d)

(b)

Mg
0.5 Kips 1 K/ps 5 K/ps 10K/ps +C

Figure 2: The final model at 300 K obtained at different cooling rates under 900 K and 0 MPa. (a)
0.5 K/ps, (b) 1 K/ps, (¢) 5 K/ps, (d) 10 K/ps. Blue, yellow, and red atoms correspond to Mg, Al, and C
atoms, respectively

Fig. 3 presents the stress-strain curve, strength and modulus curves of the model following cooling
at various rates. The tensile stress-strain curve of the GNPs/Mg model post-simulation differs from
its initial processing state. Specifically, the peak value transitions from a double peak to a single peak,
while both the strength and modulus experience significant decreases.Additionally, the strain at which
the model reaches its tensile strength decreases approximately to 0.07. This deviation in behavior can
be attributed to several factors. Firstly, graphene, being randomly distributed within the matrix, fails to
exert its load transfer effect fully. Secondly, structural changes inevitably occur within the matrix post-
simulation, further contributing to the observed reduction in strength and modulus. Consequently,
the characteristics displayed by the stress-strain curve post-simulation differ notably from those of the
uniaxial tensile stress-strain curve exhibited by the processing model.
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Figure 3: Tensile response of GNPs/Mg model under different cooling rates. (a) Stress-strain curves,
(b) Strength and Young’s modulus curves

As the cooling rate increases, the strength and modulus of GNPs/Mg exhibit numerical similarity
with slight fluctuations. Specifically, the strength initially decreases before showing a subsequent
increase, while the change in modulus lacks a discernible pattern. Overall, both the strength and mod-
ulus fluctuate around a certain value as the cooling rate varies. The investigation revealed that varying
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the cooling rate from 0.5 to 10 K/ps has a negligible impact on the tensile response after the model
undergoes cooling. Therefore, a cooling rate of 10 K/ps was deemed appropriate in the subsequent
research, balancing computational cost and simulation accuracy to expedite simulation time.

3.2 Effect of Temperature on Graphene Agglomeration Behavior and Tensile Response

Temperature significantly influences the aggregation behavior of graphene within the matrix.
The GNPs/Mg composite model, containing 9% Al, was used to simulate the graphene aggregation
phenomenon at different processing temperatures. The melting point of magnesium and common
alloys ranges from 923 to 973 K, but temperature can reach 1000 to 1100 K during the preparation
of metal matrix composites [35-38]. Fig. 4 illustrates the aggregation of the GNPs/Mg model over
a 2 ns period under 0 MPa pressure at temperatures of 900, 1000, and 1100 K. To facilitate clearer
observation of graphene aggregation within the composites, the matrix in the GNPs/Mg composite
was removed.

Figure 4: Distribution of graphene in Mg matrix at different temperatures. (a) 900 K, (b) 1000 K, (¢)
1100 K

At 900 K (Fig. 4a), the matrix initially has no discernible graphene aggregation. However, at t =
0.5 ns, some graphene sheets begin to form covalent bonds and connect. Over time, the number of
interconnected graphene sheets increases in the central area of the model, with a tendency for further
aggregation observed at 1 = 1 ns and ¢ = 2 ns. At 1000 K (Fig. 4b), a significantly higher number of
graphene sheets form covalent bonds and connect compared to 900 K, and there is a tendency for
further agglomeration. Multiple sheets of graphene begin to interconnect at ¢ = 0.1 ns, with further
connections observed between graphene sheets from ¢ = 0.5 to 1 ns. When the temperature is raised to
1100 K (Fig. 4¢), evident graphene aggregation occurs. At 0.1 to 1 ns, From ¢ = 0.1 to 1 ns, graphene
sheets connect due to newly formed covalent bonds, increasing the number of interconnected graphene
sheets. Notably, graphene exhibits conspicuous aggregation within the matrix, with some sheets even
curling up to form complex three-dimensional structures by ¢ = 2 ns.
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Fig. 5 presents the radial distribution function (RDF) of GNPs/Mg composites across varying
temperatures. RDF analysis is a widely employed method in molecular dynamics simulations to
elucidate the spatial distribution between atoms or molecules. Notably, the parameter r ~ 1.42 A
signifies the presence of carbon-carbon bonds within graphene. As temperature rises, a notable decline
is observed in the peak value of graphene within the RDF plot. This decline reflects the rupture of
covalent C-C bonds within graphene, indicating an escalation in graphene defects with increasing
temperature. Conversely, as temperature decreases, the atomic distribution of the composite tends to
densify within a proximity of 1.4 A from graphene and within the defined cut-off distance of 3.4 A.
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Figure 5: RDFof GNPs/Mg composites at different temperatures

The GNPs/Mg model undergoes cooling to 300 K at various initial processing temperatures
after 2 ns simulation, with a cooling rate of 10 K/ps. The resultant model at normal temperature
following cooling at different processing temperatures is depicted in Fig. 6. It becomes apparent that
the degree of graphene aggregation intensifies as the processing temperature increases. Notably, in
models processed at higher temperatures, larger holes and defects become evident, as depicted in
Fig. 6c¢.

(@)

(b) ©

1100K

1000K

L

Figure 6: Final model of GNPs/Mg model cooled at different processing temperatures after 2 ns. (a)
900 K, (b) 1000 K, (c) 1100 K

The GNPs/Mg model was stretched after cooling at different processing temperatures, and the
stress-strain curves, strength and modulus curves of the stretch simulation at 300 K are illustrated in
Fig. 7. When the processing temperature ranges from 900 to 1100 K, there emerges a trend wherein
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the modulus of GNPs/Mg initially decreases before subsequently increasing as the temperature rises.
Additionally, the stress and strain results of the GNPs/Mg model at 1200 K were incorporated into
the strength-modulus curve. Remarkably, despite the rise in processing temperature, the strength
and modulus of the composites continued to exhibit an upward trend. The observed reduction
in composite strength can be attributed to the augmentation of graphene defects induced by the
processing temperature (Fig. 5).
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Figure 7: Tensile response of GNPs/Mg model under different temperatures. (a) Stress-strain curves,
(b) Strength and Young’s modulus curves

Fig. 8a depicts the relationship between size and the number of graphene clusters at the strain
corresponding to the tensile strength (0.07) across various processing temperatures. Notably, at lower
processing temperatures, the clusters primarily manifest within smaller-sized clusters. In the study
of graphene-reinforced aluminum matrix composite samples prepared within the temperature range
of 953 to 1023 K, it was observed that with increasing processing temperature, the agglomeration
of graphene became progressively more pronounced [39]. This observation is consistent with the
simulation results, showing that as the temperature increases, the agglomeration of graphene becomes
increasingly severe. This leads to the formation of distinct regions within the sample: areas where
graphene is heavily concentrated and areas where it is sparse. The graphene tends to concentrate in the
middle of the sample, leaving the rest as the dilution area. However, increasing processing temperature
makes larger clusters more prevalent within graphene. Fig. 8b reveals that the number of clusters within
smaller graphene increases as the stretching process advances. The reduction of large-sized graphene
clusters indicates that the stretching process can promote the decomposition of large-sized graphene.
In other words, larger defect clusters are caused by excessively high processing temperatures (Fig. 8c—
¢). This observation aligns with the findings in Fig. 5, wherein higher temperatures lead to a decrease in
the peak of graphene at 1.4 A, indicative of a heightened generation of defects. Furthermore, snapshots
suggest that the stretching process does not exacerbate graphene aggregation but will disperse the
graphene with a higher degree of aggregation. The mechanisms underlying the decomposition of
large-sized graphene clusters into smaller counterparts are as follows: (1) Structural alterations within
graphene clusters can modify atomic interactions, potentially resulting in the rupture or rearrangement
of bonds within the clusters, thus prompting fragmentation into smaller entities. (2) External stress may
induce localized stress concentrations within graphene clusters, leading to deformation or structural
breakdown at the atomic level, ultimately resulting in cluster disintegration. (3) Localized heating
within graphene clusters, induced by external forces, may trigger thermal activation, thereby enhancing
atomic mobility within the clusters [40]. This heightened mobility can lead to bond breakage and
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subsequent disintegration of the clusters. Notably, as temperature increases, the dispersion of graphene
with high aggregation becomes more pronounced during the stretching process.
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Figure 8: Snapshots and curves of different processing temperatures on the degree of graphene aggre-
gation in Mg matrix. (a, b) Defect cluster size-number diagram of graphene at different processing
temperatures and ¢ = 0.07 (solid point), and & = 0.3 (hollow points), (c—e) Snapshots when the strain
becomes 0.07 and 0.3 at 900 K, 1000 K and 1100 K



CMES, 2024, vol.141, no.3 2463

3.3 Effect of Pressure on Graphene Agglomeration Behavior and Tensile Response

Pressure constitutes another influential process parameter affecting the aggregation of graphene
within the matrix. A certain pressure is typically applied in the practical preparation of GNPs/Mg.
For this section, a temperature of 900 K was utilized. Fig. 9a shows the graphene agglomeration
situation without applying pressure. In actual GNPs/Mg preparation processes, pressures typically
do not exceed 80 MPa. Consequently, simulations were conducted with 40 and 80 MPa pressures, as
illustrated in Fig. 9b,c, respectively. The dispersion state of graphene at 1 ns is consistent with the
description in the literature [34]. Graphene nanoflakes are randomly mixed with the matrix, and the
highly reactive edges of the graphene form covalent bonds with adjacent graphene flakes. This bonding
results in an interconnected graphene network within the metal matrix. While previous literature used
an Al matrix, we utilized a magnesium alloy containing 9% Al. Due to the differences in atomic
interactions, the interconnected graphene network formed in the magnesium alloy is not as extensive as
that observed in the Al matrix. Notably, increasing pressure did not accelerate graphene aggregation
within the matrix. Moreover, elevating the pressure from 40 to 80 MPa did not exert a significant
influence on the graphene aggregation process. Even at a pressure of 160 MPa, as shown in Fig. 9d,
simulation results indicate that after 2 ns, graphene does not exhibit prominent aggregation. Instead,
the distribution of graphene within the matrix remains relatively uniform, with only a few graphene
sheets connecting to each other. Evidently, the phenomenon of graphene aggregation appears to be
insensitive to pressure variations at 900 K.
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Figure 9: Distribution of graphene in Al-Mg matrix at different processing pressure. (a) 0 MPa,
(b) 40 MPa, (c) 80 MPa, (d) 160 MPa
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Fig. 10 illustrates the RDFof GNPs/Mg composites at various pressures, with a temperature of
900 K. Remarkably, it is observed that changes in pressure exert minimal influence on the defects
and atomic density of graphene. However, a direct positive correlation between pressure and graphene
defects is not evident. Surprisingly, at a pressure of 80 MPa, graphene exhibits more defects compared
to other GNPs/Mg composites. Furthermore, the peak value near the cut-off distance in the enlarged
picture remains largely unaffected by processing pressure. This observation shows that processing
pressure does not significantly alter the overall structure of the composites.
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Figure 10: RDFof GNPs/Mg composites at different processing pressures

The GNPs/Mg model was subjected to cooling from 900 to 300 K at various processing pressures
after a 2 ns simulation, with a cooling rate of 10 K/ps. The resultant models at normal temperatures
under different pressures are depicted in Fig. 11. Interestingly, as pressure increases, graphene aggre-
gation does not exhibit significant escalation, nor does it induce substantial structural damage to the
composite model. Notably, processing pressure exerts a minor influence on the degree of graphene
aggregation, while temperature plays a more prominent role in modulating graphene aggregation, as
evidenced by the observations in Fig. 6.

@ g © e @

40MPa 80MPa 160MPa

{}Ma
Figure 11: Final model of GNPs/Mg model cooled at different pressures after 2 ns. (a) 0 MPa,
(b) 40 MPa, (c) 80 MPa, (d) 160 MPa

Tensile simulations were conducted on the final model at room temperature, and the stress-
strain curves, strength and modulus curves of the GNPs/Mg model subjected to uniaxial tensile
simulation at different pressures are illustrated in Fig. 12. Notably, the tensile curves of the GNPs/Mg
composite at different pressures exhibit relative proximity during the yield stage, with slight variations
observed in the corresponding tensile strength peaks. While the modulus curves display significant
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fluctuations in Fig. 12b, Young’s modulus is relatively close in value of 39.5 GPa. Interestingly, the
tensile strength curve demonstrates a trend of decreasing as pressure increases. This observation may
appear inconsistent with the peak value observed in the RDF. However, it can be elucidated by
considering the analysis of the number of graphene clusters, as detailed below.
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Figure 12: Tensile response of GNPs/Mg model under different pressure. (a) Stress-strain curves, (b)
Tensile strength and Young’s modulus curves

Fig. 13a shows the relationship between size and the number of graphene clusters at the strain of
the tensile strength (0.07) across various processing pressures. At lower processing pressures, graphene
tends to concentrate within smaller clusters. Interestingly, an increase in processing pressure leads to
a reduction in large-sized defect clusters in graphene. However, small-sized graphene clusters will still
increase with increasing pressure as shown in Fig. 13b. Although the peak at 1.4 A for 80 MPa is
the highest (Fig. 10), the size of the cluster remains relatively concentrated as shown in Fig. 13e. This
observation suggests that a higher density of graphene defects makes achieving dispersed graphene
defect cluster sizes challenging. Because there are more clusters of small-sized graphene defects when
the processing pressure is high, the tensile strength of the composites decreases (Fig. 12). Moreover,
the stretching process minimizes the dispersion of small-sized graphene clusters but promotes further
dispersion and reduction of large-sized graphene clusters as shown in Fig. 13c—f, particularly evident
at 40 MPa in Fig. 13c. Compared with the effect of processing temperature on the degree of graphene
aggregation and clusters, it is observed that processing pressure tends to result in smaller-sized
graphene clusters, albeit with a higher quantity of small-sized clusters.
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Figure 13: (Continued)
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Figure 13: Snapshots and curves of different processing pressures on the degree of graphene aggre-
gation in Mg matrix. (a, b) Defect cluster size-number diagram of graphene at different processing
pressures and ¢ = 0.07 (solid point), and ¢ = 0.3 (hollow points), (c—f) Snapshots when the strain
becomes 0.07 and 0.3 at 0 MPa, 40 MPa, 80 MPa and 160 MPa

4 Conclusions

In conclusion, our study investigated the effects of cooling rate, processing temperature, and
processing pressure on the mechanical properties of composite materials reinforced with graphene.
Several key findings have emerged from our experiments.

Under varying cooling rates, the strength and modulus of the GNPs/Mg composite exhibited
minimal fluctuation, suggesting that the cooling rate has negligible effects on the tensile properties
of the composite. Graphene shows a low degree of aggregation and primarily comprises small-sized
clusters at lower processing temperatures. However, as the processing temperature increases, the
aggregation of graphene and the formation of larger clusters intensify, consequently reducing the
composites’ strength. Processing pressure demonstrated minimal impact on graphene aggregation and



CMES, 2024, vol.141, no.3 2467

defect damage. Nonetheless, increasing processing pressure effectively suppressed the generation of
large-sized graphene defect clusters, albeit resulting in an elevated content of smaller defect clusters.
This phenomenon ultimately contributed to a decrease in the strength of the composites. Processing
pressure produces smaller graphene clusters than processing temperature, but the number of small-
sized graphene clusters is greater. Additionally, during the stretching process, large-sized clusters
undergo decomposition into multiple smaller clusters, further influencing the mechanical behavior
of the composite.
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