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A B S T R A C T

Background: Graphene aerogels (GA), known for their exceptional lightweight and sturdy characteristics, present 
a promising avenue for improving thermal energy (TE) storage and transfer efficiency. It might be possible to 
make better thermal management systems in fields like electronics, aerospace, and energy storage by studying 
how heat flux (HF) affects the strength and stability of graphene aerogels.
Methods: The study used molecular dynamics (MD) simulation to investigate how the mechanical properties of 
graphene aerogels strengthened with paraffin as phase change material (PCM) change in response to external 
heat flux (EHF). These simulation methods provided a detailed view of molecular interactions and dynamics at 
the atomic level, allowing researchers to understand the behavior of materials under various conditions. The 
change in toughness, interaction energy (IE), Young’s modules (YM), and ultimate strength (US) was examined 
for this reason.
Significant findings: The results indicate that when the HF increased from 0.1 to 0.3 W/m2, the ultimate strength 
and Young’s modules increased from 8.91 and 5.37 GPa to 14.546 and 8.59 GPa, respectively. These values 
declined when HF increased by more than 0.3 W/m2. When EHF went up to 0.3 W/m2, these graphene aerogel 
properties went up. This was because the atoms moved around more and there were more bonding contacts 
among the graphene sheets, which made the structure of material stronger. However, at heat flux levels 
exceeding 0.3 W/m2, excessive thermal energy may lead to thermal degradation, causing bond breakage and loss 
of structural integrity, ultimately resulting in a decrease in these mechanical properties. Also, the results reveal 
that interaction energy increased from -1522.098 to -1546.325 eV as external HF increased to 0.3 W/m2. The 
thermal motion of atoms enhanced as the HF increased, enabling closer clustering and better alignment of 
graphene sheets, thereby strengthening their interactions. This study gave us useful information about how to 
improve the mechanical properties of graphene aerogels in different HF conditions. This made it more likely that 
these materials can be used in energy storage systems and thermal management.

1. Introduction

Graphene aerogel (GA) is a porous substance consisting of graphene 
layers held together by van der Waals forces and chemical bonds [1]. It 
is extremely lightweight, possesses a substantial surface area, and ex-
hibits excellent electrical conductivity. The main focus of research on 
GAs was their manufacturing process and their exceptional qualities in 
experimental conditions. The structure of GA, consisting of one or more 
graphene layers, is distinct from the connected particles found in 

traditional aerogels, such as carbon and silica aerogels [2-4]. GAs are 
formed by bonding graphene sheets together with chemical bonds, 
adhering closely to each other, and supported by the overall structure. 
The twisting, bending, and buckling of graphene sheets consistently 
occur, leading to curved shapes. Although these structures can become 
unstable and deform under pressure, they are adept at returning to their 
original shape[5,6]. The curved GA sheets contain numerous breaks due 
to insufficient condensation reactions during the preparation process 
[7]. Phase change materials (PCMs) possess many beneficial properties, 
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such as high energy density capacity, non-toxicity, and chemical sta-
bility. Moreover, PCMs can store or release a significant amount of latent 
heat within a narrow temperature (Temp) range as they transition from 
one state to another [8,9]. By adding materials like metal nanoparticles, 
carbon black, carbon nanotubes, graphite, graphene, graphene oxide, 
and boron nitride, PCMs may improve their heat conductive capabilities 
[10,11]. By integrating PCM paraffin with GA, which has excellent 
mechanical properties and low density, the expectation is to enhance the 
TE storage capacity while maintaining or improving the structural 
integrity of the composite material [12,13]. Also, the use of GA as a 
supporting skeleton for PCMs plays the role of complete encapsulation 
and improves the mechanical properties of the structure [14].

Baimova et al. [15] conducted research that utilized MD simulations 
to investigate the strength of various shapes of GAs. In the early stages of 
bending, the honeycomb cell walls were discovered to be able to move 
perpendicular to the stress. More pressure causes higher tension in the 
honeycomb cell connections and tight walls. The length and closeness of 
honeycombcell walls have a significant effect on GA’s efficacy. Scaffaro 
et al. [16] developed a lightweight GPA material with excellent prop-
erties, such as high porosity, a large surface area, biocompatibility, and 
high strength by incorporating graphene oxide and polyethene glycol. 
Han et al. [17] developed durable GAs by immersing graphene hydro-
gels in an ammonia solution. The aerogels are highly durable and can be 
modified in terms of density and size. The concentration of ammonia in 
the solution is significant because it directly influences density and 
volume. As the volume grows, the area shrinks, and the material’s walls 
become more substantial. Zhong et al. [18] produced a unique PCM 
consisting of 3D graphene and octadecanoic acid (OA). The aerogel was 
observed via a one-step hydrothermal reaction. The thermal conduc-
tivity (TC) of composite material with 20% GA was determined to be 
2.635 W m. GA ligaments are capable of preventing liquid leakage in OA 
which have effective heat transfer capabilities. Wu et al. [19] presented 
some synthesized GAs with good catalytic that effectively reduce 
4-nitrophenol, degrade methyl orange, and purify water contaminated 
with oil and dye. GAs containing Cu nanoparticles were created by 
combining and subsequently drying them.

Previous research showed, however, that MD approach was ideal for 
studying the atomic, thermal, and mechanical behavior of many struc-
tures. For example, Noorian et al. [20] investigated how checker surface 
roughness on the lower wall of nanochannels affects liquid argon flow 
using MD simulation. Results indicate that increased surface attraction 
energy and roughness height enhance density layering near the wall, 
leading to secondary layering phenomena. Xu and Song [21] explored 
the thermal transport properties of gas-filled silica aerogels via MD 
simulations. The TC of these composite materials was primarily affected 
by gas-phase TC in relation to Temp, as indicated by their findings. 
Conversely, the strain response was primarily affected by changes in the 
solid-phase TC. Song and Lu [22] utilized MD simulations to examine 
the microscopic mechanisms of ice melting triggered by laser energy 
deposition. In particular, this study examined the effects of strain, Temp, 
gas doping, laser parameters, and laser parameters on melting duration 
in the Laser Melting and Thermal Transport Melting zones. The results 
show that melting in the thermal transport melting area was mainly 
accelerated by Temp increases. Furthermore, in both the transport 
melting and laser melting regions, the melting process was accelerated 
by increased laser energy density. Song et al. [23] investigated the 
thermal transport properties of composite sulfur cathode materials and 
phase change materials made from GAs using MD simulations. Their 
experimental data suggested that the theoretical analytical model 
closely corresponded to MD results, especially when the filler concen-
trations were larger. Yan et al. [24] focused examining how varying 
boundary wall Temps (84 K to 133 K) affected Argon fluid flow prop-
erties in microchannels with roughened and smooth surfaces. The results 
suggested that the presence of surface roughness hindered the migration 
of Argon atoms towards the center of channel and decreased the average 
fluid velocity by 1% to 3%. However, higher Temps improved boiling, 

therefore counteracting the effect of roughness phenomena. Jolfaei et al. 
[25] focused the thermal properties of DNA using equilibrium and 
non-equilibrium MD, yielding TC values of 0.381 W/m K and 0.373 
W/m K, respectively. The results show that TC was determined by the 
amount of DNA molecules and the equilibrium Temp, which was 
consistent with previous studies. Toghraie et al. [26] focused the Cou-
ette and Poiseuille flows of Water-Copper nanofluids in rough and 
smooth nanochannels using the MD method. The results show that 
nanoparticles interacted with the channel surfaces and cause oscillations 
in the middle region of the fluid. However, making the channel taller 
lessened the effect of the surfaces on the flow and speed of fluid. Zar-
ringhalam et al. [27] focused the effects of cone-shaped surface rough-
ness on the boiling flow behavior of Argon fluid in microchannels at 
various boundary wall Temps (84 to 133 K). The results show that while 
roughness enhanced energy transfer and Temp profiles, it reduced fluid 
flow velocity by 0.5–1.5%, suggesting that extremely smooth surfaces 
may not be necessary for practical applications like medical micro 
probes.

Understanding the functionality of GA is crucial for the development 
of stretchy electronics, wearable devices, and smart factories. Some 
disadvantages of GA include volume shrinkage and structural distortion, 
resulting in reduced strength [28]. The choice of MD simulations is 
primarily due to the method’s ability to provide detailed insights into 
atomic-level interactions and dynamic behavior over time [29]. MD 
simulations are well-suited for capturing the complex interplay between 
thermal and mechanical properties at the nanoscale [30,31], allowing 
researchers to observe how changes in Temp and energy affect structural 
integrity, ultimate strength (US), Young’s modulus (YM), toughness, and 
IE. This level of detail is often unattainable with macroscopic methods or 
continuum models, which may overlook critical molecular interactions. 
MD can accurately model the behavior of materials at the atomic level; it 
is computationally intensive and may require significant resources, 
especially for large systems or long simulation times [32,33]. The me-
chanical properties of reinforced GA by paraffin as PCM at different 
external heat fluxes (EHFs) were studied using MD simulation. For this 
purpose, the change in the US, YM, toughness, and IE variation were 
investigated.

2. Simulation methods

2.1. Simulation details

This research aimed to examine the effect of EHF on the mechanical 
behavior of GA reinforced with PCM in a cube simulation box. LAMMPS 
allowed us to assess the computer’s performance. The diagrams in Fig. 1 
and Fig. 2 depict the model structure at the first time step. VMD software 
was utilized to simulate the graphene nanosheet, while the Avogadro 
software was used to represent oxygen particles and paraffin as PCM. 
LAMMPS software creates a model of GA’s shape. To model GA, first 
raise the structure’s Temp from 300 to 450 K, then drop it to 0 K after 2 
ns. Nose-Hoover thermostat will be used in the study to oversee Temp 
changes in MD simulations of atoms. The organization of modelled 
structures can be managed using the PACKMOL software after they have 
been created. Next, the paraffin structure was modelled using Avogadro 
and added to the GA structure (See Fig.3). Nose-Hoover thermostat is 
utilized to maintain a constant Temp in simulated atomic structures. 
Alternatively, the simulation will run for 200000-time steps. After 
constructing a model of the structure, the equilibrium in the modelling 
structure is checked. At this point, the NVT ensemble is being used 
(Table 1).

2.2. The equilibration processes

It is important to confirm that the results obtained from the MD 
method correspond to the designated simulation time. Temp and kinetic 
energy (KE) will be used to investigate how atom-by-atom changes affect 
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samples. Fig. 4 shows the Temp changes in the simulated atomic 
composition. The data indicates that this quantity reaches 300 K after 
200000-time steps. Under certain conditions, when the vibration of 
atoms decreases, and their movement becomes more uniform, the Temp 
will get closer to 300 K. In conclusion, it can be stated that the atoms in 
the defined samples have retained their positions, and the structure is 
stable at the initial Temp of 300 K.

Changes in an object’s KE within a composite sample can also serve 
as an indicator of its stability. The data presented in Fig. 5 illustrates the 
compound’s KE variation over time. A number of variables can affect 
how accurately an MD simulation predicts KE. These variables include 
the force field’s parameters, the dimensions and composition of system 
being studied, and the frequency of simulation updates. After 200000- 
time steps, the data indicated that the KE converged to 12.28 eV. Our 
gathering WAS due to a decrease in atomic movement within the 

Fig. 1. A schematic of modelled GA in the first-time steps from a perspective view.

Fig. 2. A schematic of modelled GA in the first-time steps from the side view.

Fig. 3. A schematic of modelled GA /paraffin nanostructure from a) perspec-
tive and b) side view.
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simulation box. The simulation demonstrated that our approach to 
setting it up, such as our modelling of atomic structure and the use of 
force fields, was suitable. In conclusion, after evaluating our findings 
from this simulation phase (equilibrium phase) against earlier studies 
[40-43], we determined that our MD configurations were effectively 
applied, thereby confirming the validity of our current simulation 
methodology [44-48].

3. Results

The mechanical test settings were established after the sample 
reached equilibrium. The simulated GA’s YM and US were analyzed in 
relation to the variations in EHF in the range of 0.1, 0.2, 0.3, 0.4, 0.5, 
and 1 W/m2. The stress-strain curve illustrates the behavior of a material 
under stress. The results of the simulations are depicted in Fig. 6a. It was 
determined that the strength of reinforced GA decreased as the strain 
ratio increased. Numerically, the US of reinforced GA reached 8.91 GPa. 
This parameter represented the maximum (Max) amount of pressure a 
material can withstand before it failed. It played a critical role in engi-
neering design. Altering YM estimation can provide a more compre-
hensive understanding of modeled structure’s mechanical performance. 
YM measures a material’s ability to withstand resistance to deformation. 
YM measures a material’s ability to with stand resistance to deforma-
tion. It is the determination of a material’s ability to stretch under 
applied stress. The numerical value for this mechanical constant can be 
observed as 5.37 GPa in Fig. 6b.This figure is the indicative of the 
practicality of using reinforced GA. The obtained results were verified 
with the results of Patil et al. [49]. They also showed that the US value of 
GA with different densities is in the range of 8 to 12 GPa.

The toughness is a measure of how much energy the material can 

Table 1 
The MD simulation details in the present study.

Parameter Ratio/Setting

Computational Box Length 100 ×100 ×100 Å3

Boundary Condition P P P
Thermostat Nose-Hoover
MD Simulation Algorithm NVT/NPT
Initial Temp 300 K
Initial Pressure 1 bar
Time Step 0.2 fs
Number of Simulation Timesteps (Equilibrium Phase) 200,000

Fig. 4. Temp changes with respect to time steps in the reinforced GA.

Fig. 5. KE changes with respect to simulation time in the reinforced GA.

Fig. 6. The a) Stress-strain curve and b) YM of simulated reinforced GA.
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absorb before it breaks. In simplified terms, toughness is a measure of a 
material’s capacity to undergo stress and deformation without experi-
encing failure. The material’s capacity to absorb energy prior to failure 
is quantified by the area under the stress-strain curve. The stress-strain 
curve illustrates the relationship between stress (force per unit area) 
and strain (deformation) during loading. The larger the area under the 
curve, the tougher the material, indicating it can withstand more stress 
and deformation before breaking. This calculation provides a quantita-
tive measure of the material’s resilience and durability. Fig. 7 shows a 
graph that illustrates this toughness, helping to evaluate the material’s 
mechanical properties and total performance under various conditions. 
Numerically, this parameter converged to 24.24 eV/Å3.

IE is the portion of total energy that is a result of the interaction 
among the objects under consideration. IE is typically determined by the 
relative positions of objects. The IE was affected by increased mobility of 
particles within the sample as a result of the administration of EHF. 
Numerically, Max amount of IE per atom of reinforced GA reached 29.33 
eV, as shown in Fig. 8.

The particles were in motion within the sample as a result of EHF. 
The change in the US of reinforced GA at various EHFs is illustrated in 
Fig. 9. According to our model, changes in these parameters significantly 
affect the US of reinforced GA, as shown in Fig. 9. US increased from the 
numerical value of 8.91 to 14.54 GPa as a result of the change in EHF 
parameter from 0.1 to 0.3 W/m2. Hence the US increased to 14.54 GPa 
at a heat flux of 0.3 W/m2. The increase in US of EHF-reinforced GA from 
0.1 to 0.3 W/m2 can be attributed to the increased atomic mobility and 
improved bonding interactions among graphene sheets, which 
strengthen the structure of material. When the EHF increased initially, it 
can increase the thermal activation of GA material. This led to a better 
bond between the graphene and the paraffin and improves total me-
chanical properties, such as US. The thermal flux and as a result the heat 
helped reduce the brittleness and increase the ductility of material in 
question which allowed it to withstand mechanical stress better without 
breaking. However, due to the further increase of the EHF and reaching 
the value of 1 W/m2, the excessive TE may lead to thermal degradation, 
causing bond breakage and loss of structural integrity. Finally, it resul-
ted in a reduction of US, reaching a numerical value of 7.89 GPa. The 
stability of atomic structures was significantly affected by atomic vi-
brations and oscillations, particularly in GA materials with high HFs. 
High EHF caused an increase in Temp and TE in nanostructured mate-
rials. This resulted in the atoms vibrating more violently, which can 
impair the bonds that maintained the atomic structure. This can result in 

bond stretching and possible breakage. This behavior highlighted the 
delicate balance between beneficial thermal activation and detrimental 
thermal effects.

The changes in the YM of reinforced GA at various EHFs are illus-
trated in Fig. 10. The results show that the presence of EHF in the box 
improved the stability and cohesion of sample atoms. YM achieved its 
optimum at 8.59 GPa under an EHF of 0.3 W/m2, as illustrated in 
Fig. 10. With the further increase of EHF and reaching the numerical 
value of 1 W/m2, the physical parameter of YM decreased to 4.79 GPa. 
The relationship between YM and EHF in reinforced GAs highlighted 
how TE affected the material’s mechanical properties. At an optimal 
EHF of 0.3 W/m2, TE enhances atomic mobility, allowing atoms to 
vibrate more freely and facilitating better alignment and bonding among 
the graphene sheets. This improved cohesion and structural integrity 
result in a Max YM of 8.59 GPa, indicating that the material can with-
stand greater stress without deforming. Therefore, there was an optimal 
range of HF where the mechanical properties maximized. This was 
because moderate heat can facilitate the phase change of paraffin ma-
terial, increasing its ability to absorb and dissipate energy. A more 

Fig. 7. The toughness of the reinforced GA sample at EHF=0.1 W/m2.

Fig. 8. The IE of simulated reinforced GA at EHF=0.1 W/m2.

Fig. 9. The US of the simulated reinforced GA sample at different EHFs.
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uniform material structure and enhanced surface adherence were factors 
in better mechanical performance. The total stiffness and robustness of 
material were a result of the enhanced bonding interactions at this level 
of EHF. Furthermore, melting or softening of paraffin phase in the GA 
might result from excessive EHF. Paraffin may aid in the reorganization 
of its molecular structure as it transitions from a solid to a more fluid 
condition. This process can increase the crystallinity after cooling, 
resulting in a more organized and stable structure that helped improve 
mechanical strength and thermal stability. However, as the EHF 
increased beyond 0.3 W/m2, the YM began to diminish. At higher EHF 
levels, such as 1 W/m2, excessive TE can lead to thermal degradation, 
disrupting the atomic structure and weakening the bonds among gra-
phene sheets. From a physical point of view, the increase in HF caused 
the atoms to vibrate more intensely and the bonds that held the atomic 
structure weakened, eventually leading to bond stretching and possible 
breakage. Furthermore, increasing the HF concentration may cause 
microstructural changes in the aerogel, such as pore collapse or a shift in 
pore size distribution. These variations may have an effect on how stress 
was distributed throughout the material, possibly resulting in unequal 
stress concentrations, bond failure, and a decreased YM of structure. The 
balance between beneficial thermal activation and detrimental thermal 
effects was crucial, as too much heat can introduce thermal stress and 
microstructural damage, ultimately compromising the material’s me-
chanical performance.

Fig. 11 represents the change in the toughness of reinforced GA at 
different EHFs. The results reveal that the toughness increased from 
28.24 to 52.01 eV/Å3 by increasing EHF from 0.1 to 0.3 W/m2. With 
further increasing of EHF to more than 0.3 W/m2, these quantities 
decreased. The toughness of reinforced GA increased when the EHF 
increased to 0.3 W/m2. As EHF increased, the vibrational energy of 
molecules inside the paraffin and the structure of GA increased. This 
increased vibrational energy can lead to greater molecular mobility, 
allowing the polymer chains in the paraffin to rearrange and withstand 
stress better. The interfacial bonding between paraffin and graphene can 
be enhanced by improved molecular mobility, which resulted in a more 
cohesive material that can absorb more energy before breaking. This 
issue led to an increase in durability. Moreover, HF had the potential to 
affect the crystal structure of graphene, which could result in enhanced 
crystallinity or an alignment of the graphene sheets. By facilitating more 
effective load transfer through the material, a well-aligned crystal 
structure can improve mechanical properties, such as durability. How-
ever, when the EHF increased from 0.3 to 1 W/m2, the toughness 

decreased from 52.01 to 15.05 eV/Å3. At very high EHF levels, excessive 
vibrational energy can lead to thermal degradation of paraffin and 
changes in graphene structure. This degradation can weaken the mate-
rial and reduce the ability to absorb energy and lead to a decrease in 
toughness. Also, high Temp can cause disturbances in the crystalline 
structure of graphene, cause defects or disrupt the arrangement of gra-
phene layers. These defects can act as stress concentrators, leading to 
premature failure and reduced toughness. Essentially, while moderate 
heat improved the material, too much heat caused damage, resulting in a 
loss of mechanical integrity.

The Max amount of IE per atom changes in reinforced GA indicated 
in Fig. 12. According to the simulation results, IE reached its Max value 
of 38.73 eV due to the application of EHF of 0.3 W/m2. Then, by further 
increasing the EHF and reaching the numerical value of 1 W/m2, the IE 
decreased to 18.59 eV. The increase in IE with increasing EHF ratio can 
be attributed to the increase in atomic and bonding interactions because 
the input energy optimized the structural arrangement of atoms. As a 
consequence of elevated EHF, the molecular vibrations and motions 
within paraffin-reinforced GA material were stimulated by the avail-
ability of energy. This thermal stimulation had the potential to enhance 

Fig. 10. The YM of the simulated reinforced GA sample at different EHFs. Fig. 11. The toughness of simulated reinforced GA sample at different EHFs.

Fig. 12. IE of simulated reinforced GA as a function of EHF.
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intermolecular forces, including hydrogen bonding and van der Waals 
interactions, resulting in an increase in IE. Additionally, the compati-
bility between GA and paraffin can be enhanced by higher EHFs, which 
resulted in improved interfacial interactions and, as a result, an increase 
in the total IE. However, when the EHF increased to 1 W/m2, the 
interaction energy decreased to 18.59 eV due to several physical factors. 
Excess energy can lead to an increase in the KE of molecules and atomic 
vibrations, as well as disrupt stable bond configurations, resulting in 
weaker and less effective interactions. This was due to the decreased 
likelihood of molecules staying in close proximity. Besides, higher en-
ergy levels may induce phase changes, potentially moving the material 
into a less ordered state, which typically had a lower IE. The probability 
of bond dissociation increased with excess energy, which contributed to 
observed decrease in interaction energy as the system becomes less 
stable.

The US, YM, toughness, and IE parameter values can be found in 
Table 2. The study revealed that GA has multiple potential uses and can 
offer a range of strength capabilities. Excessive EHF can disturb the 
atomic organization and lead to repulsion among them. As a result, the 
sample will shatter, and its mechanical properties will be diminished. 
Designers and engineers need to contemplate. Among various studies 
[50-52] reported the substance’s mechanical properties, the present 
article applied a MD computer simulation to assess the effect of EHF 
application on the mechanical strength of GA reinforced by PCM.

4. Conclusions

Our research involved utilizing a computer simulation to assess the 
effect of EHF application on the mechanical strength of GA reinforced by 
PCM. In the preliminary step of equilibration process, simulations were 
performed and yielded these outcomes:

• After 200000-time step, Temp and KE converged to 300 K and 12.28 
eV, according to the results. This convergence signified that the 
system reached a stable equilibrium state, where thermal 

fluctuations and energy configurations were balanced, allowing for 
accurate simulation of material properties.

An EHF was introduced to the equilibrated sample, and the following 
results were derived from this part of simulation:

• When EHF increased from 0.1 to 0.3 W/m2, US and YM increased 
from 8.91 and 5.37 GPa to 14.546 and 8.59 GPa, respectively. When 
EHF increased to 1 W/m2, these quantities decreased to 7.89 and 
4.79 GPa, respectively.

• Toughness increased from 28.24 to 52.01 eV/Å3 by increasing EHF to 
0.3 W/m2. With further increases of EHF more than 0.3 W/m2, these 
quantities decreased. The toughness of reinforced GA increased 
when EHF increased to 0.3 W/m2 because this level of TE enhanced 
atomic interactions and bonding within the material.

• The MD results indicated that the IE of sample varied from 29.33 to 
38.73 eV with increasing EHF to 0.3 W/m2. By further increasing 
EHF to 1 W/m2, these quantities decreased to 18.59 eV.
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Appendix

A. MD simulation

The use of MD simulation is critical for investigating the assembly and function of biological molecules [34]. MD entails using a computer 
simulation to demonstrate how particles interacted and moved in accordance with physics principles. MD simulation entails solving Newton’s motion 
equations. The movement of all particles over time can be simulated by solving these equations [32]. In MD simulations, it is crucial to consider how 
the potential function and forces among the particles are established. The potential function is typically categorized into bonded and non-bonded 
potentials [35]. The total potential energy of a system is determined by calculating the combined effects of particle interactions within the system 
[36]. 

Etotal = Ebonded + Enonbonded (a-1) 

Different types of potential energy arise from non-bonded interactions when discussing non-bonded potentials. Lennard-Jones potential function is 
a fundamental mathematical equation used to predict the interaction between two neutral particles or molecules [37]. The most common relation of 
Lennard-Jones potential function is in the form of Eq. a-2. 

ULJ = 4εij

[(
σij

rij

)12

−

(
σij

rij

)6]

r < rc (a-2) 

In Eq.a-2, εij is the depth of the potential well of finite distance where 
the potential function became zero and the distance of the particles from 
each other. On the other hand, rc indicates the cut-off radius in simulated 
samples, the average value of which is equal to 12 Å in many reports.

In the MDS, two methods of equilibrium dynamics and non- 
equilibrium dynamics were utilized to determine thermal attributes. 
Non-equilibrium simulation is less accurate than the equilibrium 
method. Therefore, the alternative method for the non-equilibrium 
method is the equilibrium method. No Temp difference was applied to  
the system in the equilibrium simulation, but the prediction of particle  
movement and vibration was utilized to determine the temp. attributes. 

Table 2 
The US, YM, Toughness, and IE variation of reinforced GA as a function of EHF.

EHF (W/ 
m2)

Max IE (eV) US (GPa) YM (GPa) Toughness (eV/ 
Å3)

0.1 29.33 (±0.02) 8.91 (±0.3) 5.37 
(±0.1)

28.242 (±0.15)

0.2 34.04 (±0.01) 11.34 
(±0.2)

5.43 
(±0.1)

29.59 (±0.21)

0.3 38. 73 
(±0.03)

14.54 
(±0.5)

8.59 
(±0.2)

52.01 (±0.23)

0.5 31.57 (±0.02) 8.84 (±0.3) 5.77(±0.3) 31.89 (±0.17)
1.0 18.59 (±0.01) 7.89 (±0.2) 4.79 

(±0.1)
15.058 (±0.13)
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This type of thermal calculation can be performed using the Green-Kubo formulation. This type of formulation calculates the thermal attributes 
utilizing the following Eqs. [38,39]: 

K =
V

3kBT2

∫ ∞

0
dt(J(τ).J(0)) (a-3) 

In this regard, V is the volume occupied by the particles present in the simulation, kB is Boltzmann’s constant, T is the Temp of system, and J is the 
HF. On the other hand, the term inside the integral refers to the mean of the matching function of the HF. The HF vector is obtained from the following 
Eq. [38,39]: 

J =
1
V

[
∑

i
eivi −

1
2
∑

i<j
(fij.

(
vi + vj

)
xij

]

(a-4) 

In the recent formulation, i and j represent two carbon atoms at the two ends of bond, ei denotes the total energy for each particle in the system, vi 
represents the velocity of particles, Si represents the entropy of the system, fij represents the force exerted on the particles of i and j, and V represents 
the total volume of specimen under investigation. Therefore, by calculating this sigma, the J value of HF flowing in the simulated system is calculated. 
In this research, HF parameter was chosen between 0.1 and 1 W/m2. Because in this range, the modeled structure had thermal stability and more 
reliable results were obtained.
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