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Abstract: Quasi-hexagonal-phase fullerene (QHPCg) is an asymmetrically ordered arrangement of
fullerene in the two-dimensional plane, which has been synthesized recently. In this study, we per-
formed a comprehensive investigation of the anisotropic mechanical properties of a qHPCg / graphene
composite by means of molecular dynamics simulations. We assessed the mechanical properties
of the 2D torsion-angle fullerene model with three force-fields: AIREBO, REAXFF, and TERSOFFE.
The results of the uniaxial tensile tests show that while the variations in fracture stress and fracture
strain, with respect to pre-crack size, had similar trends for the three force-fields, AIREBO was more
sensitive than REAXFF. The presence of cracks degraded the mechanical properties. Simulations of
tensile tests on the qHPCy¢(/graphene composite revealed that the graphene substrate significantly
increased mechanical strength. Our results suggest qHPCg( holds various promising implications
for composites.

Keywords: monolayer fullerene; fracture behavior; molecular dynamics simulation; tensile property;
pre-crack system; graphene substrate

1. Introduction

Compared to bulk-phase materials, monolayer 2D materials have ultimately small
thickness levels and a high surface ratio. The energy band structure and electrical properties
can be more easily tuned by thickness control and elemental doping, thus demonstrat-
ing great potential for application in different areas, such as sensors, catalysis, batteries,
biomedicine, and so on. Graphene [1] (GE), a typical 2D material, is widely used in elec-
tronics and optoelectronics due to its high mechanical strength, flexibility, and electrical
conductivity. However, its zero-bandgap property limits its application in traditional semi-
conductor fields [1-3]. The structural stability and electronic properties of another typical
material, 2D fullerphene, are also of great interest.

Fullerene Cgp processes excellent properties and has a wide range of applications in
thermoelectric fields, optoelectronic devices, and medicine, etc. The study of the physical
properties of Cgp and its derivatives also plays a crucial role in their practical applications.
Many studies on the mechanical properties and thermal stability of qHPCgp and qTPCgg
have been carried out. Tromer et al. [4] found that qHPCgy has a moderate direct elec-
tronic band gap and anisotropic mechanical properties and can act as a UV collector of
photon energy up to 5.5 eV. Yu et al. [5] proposed three bridged fullerene monolayers
and comprehensively investigated the experimentally synthesized novel fullerene mono-
layer (x-Cgp-2D) by state-of-the-art first-principles computational methods, measuring
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its anisotropic Young’s modulus and Seebeck coefficient at low and intermediate tem-
peratures. Peng [6] employed semilocal density functional theory and hybrid functional
calculations to investigate the electronic structures of monolayer fullerene networks. They
concluded that all the phases of monolayer fullerene networks have suitable band gaps
with high carrier mobility and appropriate band edges to thermodynamically drive overall
water splitting. Dong et al. constructed an accurate and transferable machine learning
potential to study the heat transfer and related properties of qHPCgy and compared it to
face-centered cubic-phase fullerene (BPCgy). Using homogeneous nonequilibrium molec-
ular dynamics and correlation spectral decomposition methods, it was shown that the
thermal conductivity of qHPCy is anisotropic [7]. Yuan et al. [8] systematically investi-
gated the electronic structure and optical properties of monolayer gHPCgy and mono-layer
qTPCgp using first-principles calculations.

Regarding mechanical properties, Ying et al. [9] comprehensively investigated the
properties of newly synthesized monolayer qHPCy films under axial tension by using
density-functional theory (DFT) calculations and molecular dynamics (MD) simulations
combined with a machine-learning neural network potential. The elastic and fracture
behavior of monolayer qHPCgy was found to be strongly anisotropic. In addition, ma-
chine learning interatomic potentials have been used to investigate the mechanical and
thermal properties of various nanosheet phases, including Cgp and Czq [10,11], and the
method can be used to explore the acoustic properties, thermal conductivity, and me-
chanical response of nanomaterials [12-15]. Peng [16] performed a detailed DFT study
to compare the mechanical, kinetic, or thermodynamic stability of qTPCgy and qHPCygp.
Yu et al. [17] computationally investigated the enhancement of the mechanical stability of
2D fullerenes by the encapsulation and addition of graphene substrates. Zhao et al. [18]
found that the ultimate tensile strength and the work of rupture of the monolayer qHPCgg
reached a maximum at 15° and 75°, respectively, as determined by a DFT study. Shen
et al. [19] computationally investigated the thermal, structural, mechanical, and thermome-
chanical stability, as well as the adhesion, ductility and mechanical properties, of qHPCgp.
Ribeiro et al. [20] calculated the thermomechanical stability and fracture modes of qHPCgg
and qTPCy by MD. The results showed that these structures have similar thermal stability
with sublimation points of 3898 K and 3965 K. qTPC4y undergoes a sudden structural
change after the critical strain threshold and breaks completely. qHPCgy (qTPCgp) has a
linear (nonlinear) crack growth. qHPCg and qTPCgg have an estimated elastic modulus of
175.9 GPa and 100.7 GPa, respectively; the DFT method is accurate but does not allow for
film size and finite temperatures.

All the aforementioned atomistic investigations are carried out in relatively small
simulation boxes, which in turn exclude some long-range interactions. A larger model is
lacking to check the influence of the size effect on the mechanical properties. Furthermore,
there are considerable discrepancies among the atomistic studies, mainly due to the different
descriptions of the interatomic interactions. A comprehensive comparison of the mechanical
properties is missing. Anisotropic fracture failure behaviors are crucial in engineering
applications. Although a DFT study shed light on it [18], its behaviors at finite temperatures
is still elusive. In addition, the mechanics of a composite formed by one gHPCgp monolayer
and one graphene monolayer are unsettled.

In this paper, we investigate the mechanical properties of the larger-scale gHPCgy
system via large MD simulations, complementing the gap in this research. We assess
the anisotropic mechanical properties of the system under different potential function
descriptions (including REAXFF, AIREBO, and TERSOFF potentials) and measure the
fracture strain and fracture stress of the system at a fixed temperature. In addition, the use
of graphene/fullerphene/graphene intercalation has been proposed, demonstrating that
the interfacial thermal resistance can show a switchable step change by varying the amount
of fullerenes in the intercalation structure [21]. We will also investigate the mechanical
properties of the fullerphene/graphene intercalation and probe the effects caused by defects
and cracks.
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The discussion of these is divided into three sections. Section 2 provides a detailed
overview of the methods used in this study, including computational techniques and
parameters. In Section 3, we investigate the effect of different factors on the mechanical
properties of Cgg. This includes stretching in different directions and the description of the
system by different potential functions.

2. Materials and Methods

Molecular dynamics simulations were employed using the software package LAMMPS
Stable Release (2 August 2023) (large-scale atomic/molecular massively parallel simula-
tor) [22]. OVITO (open visualization tool) [23] was used to analyze atomic simulation
results and graphs. Adaptive Intermolecular Reaction Bond Order (AIREBO) [24] and
Reactive Force Field (REAXFF) [25] were chosen as the force fields capable of describing
the inter-atomic interactions between carbon atoms. AIREBO potential was modified
for carbon nanostructures with significant deformation [26]. The simulation model is a
two-dimensional fullerene supercell, and the scale of the model is controlled to be around
10,000 atoms in order to improve the computational efficiency and shorten the simulation
time. The simulated tensile process adopts periodic boundary conditions, and the simula-
tion step size is set to 1 fs. Firstly, the simulated system is subjected to 2000 ps structural
relaxation under the NPT system so as to minimize the energy of the system and eliminate
the influence of the internal stresses of the model on the simulation results; then, the load is
applied to the x-direction to carry out the tensile deformation operation for 5000 ps; the
system force is calculated by 100 samples for every 1 ps and time averaging; and finally,
the stress—strain curve is plotted, and the position of atoms are output. Then, the load is
applied in the x direction, and the tensile deformation is carried out for 5000 ps; 100 samples
are taken every 1 ps, and time is averaged to calculate the force applied to the system. Since
the TERSOFF potential function [27] does not describe the stretched system well, we do
not discuss it in the main text; the relevant information is given in the appendix.

The original cell of 2D qHPCg contains 60 carbon atoms. As shown in Figure 1, we
converted the orthorhombic cell into monoclinic cells with different angles and performed
supercell expansion on them. Two types of fullerenes interbond exist in qHPCgg, with
covalent [2 + 2] cycloaddition bonds along the [010] direction and C-C single bonds along
the [110] and [110] directions. All simulations were carried out at 300 K and the stretching
direction along the positive x-axis. The direction of the arrow in Figure 1 indicates the
direction of stretching. The bond angles and bond lengths remain essentially unchanged in
the torsion-angle model compared to the original model. Due to the difference in the ar-
rangement of double and single bonds, the torsion-angle models with different orientations
will exhibit mechanical properties of different strengths during the stretching process.

The AIREBO [24] and REAXFF potentials chosen for the simulation are based on the
idea of bond order (BO), which takes into account covalent bond breaking and forma-
tion [28]. The AIREBO potential is often used to study high-temperature reaction processes
and the mechanical properties and elasticity of carbon nanostructures at room temperature.
It is based on Brenner’s reactive empirical bond-order potential REBO, with additional con-
sideration of torsional and long-range non-bonding interactions. The REAXFF potential is
another generic potential dependent on bond order that uses the relationship between bond
distance and bond order, on the one hand, and the relationship between bond order and
bond energy, on the other hand, to realistically describe bond formation and dissociation,
and it is excellent for describing chemical reactions in multi-element simulations. Depend-
ing on the specific parameter settings, the functionality can go far beyond carbonaceous
systems. The potential contains the over-coordination term Egyer to avoid unrealistically
high bond-order values on the atoms and specifically describes system-specific interatomic
interactions. Its bond-order resolvent is more complex compared to the AIREBO.
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Figure 1. Monolayer fullerphene, (a) 0° torsion-angle model, (b) 30° torsion-angle model.

A new potential function for carbon condensed phases, called REAXFFcy013 [29],
which contains the heat of the deformation of graphite, the heat of the formation of
Stone-Wales defects in graphene, and the heat of the formation of some amorphous carbon
phases, was obtained during the simulated thermal decomposition of fullerenes in the
parametric training set of the potential and it explicitly clarified the various parameters of
the potential based on the first-principles calculations.

An important difference between the REAXFF model and the AIREBO model is that
REAXFF uses a much longer range of exponentially decaying BO/bond distance relations
without any cut-off value. The modified AIREBO potential (Ryin =2 A) can give reasonable
results compared with experimental results. The REAXFF potential additionally takes
into account non-bonding interaction forces, which are more comprehensively considered
compared to AIREBO’s potential; therefore it is considered to be, possibly, a relatively more
accurate potential function [30].

Fracture stress is derived from tensile simulation and is defined as the peak stress in
the stress—strain curve since it is brittle. The fracture strain is the corresponding strain of
the fracture stress.

3. Results and Discussion
3.1. Stretching the Torsion-Angle Model with Different Potential Functions

By twisting different angles, we obtained seven 2D torsion-angle fullerphene models.
With the description of different potential functions, we stretched the models uniaxially
with the x-axis in the 0° direction and the y-axis in the 90° direction to obtain the structural
stresses and structural strains of the models. Figure 2a shows the stress—strain curves of
different torsion-angle models with AIREBO potential function. It can be seen that the
fracture stress for the 90° torsion-angle model is the maximum, about 80 GPa, and fracture
stress for the 15° torsion-angle model is the minimum, about 15 GPa. The fracture strain of
each torsion-angle model is similar, which is about 0.34, and that of the 45° torsion-angle
model is slightly larger, which is about 0.37. Figure 2b shows the stress—strain curves of
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different torsion-angle models with the potential function of REAXFF; the fracture stress
for the 0° torsion-angle model is the maximum, about 25 GPa, and the fracture stress for
the 15° torsion-angle model is the minimum, about 5 GPa. The fracture strains for each of
the torsion-angle models are similar, which are all around 0.14.
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Figure 2. Stress—strain curves of tensile tests with (a) AIREBO potential function and (b) REAXFF
potential function. (c) The fracture strain and (d) fracture stress in the seven models varied with
different tensile angles ranging from 0° to 90°. The red and blue lines are for REAXFF and AIREBO
potentials, respectively.

A comparison of the fracture strains with two potential functions is shown in Figure 2c.
The fracture strains of the models are overall smaller with the REAXFF potential, which
means that the models are more prone to fracture. Comparison of the fracture stresses
with the two potential functions is shown in Figure 2d; the overall fracture stress with the
AIREBO potential is large, which may be due to the fact that non-bonding interactions
were not taken into account. The fracture stresses of the model for the 90° torsion-angle
model are particularly prominent, which is probably due to the fact that the strength in
this direction is determined by the C=C bonds, while the strength in other directions is
governed by weaker C-C bonds.

During stretching, we observe the breaking of chemical bonds. Molecular sphere
rupture and possible slight deformations can have an effect on the practical application of
the material; in order to study this, we need to focus on the volumetric strain of the material.
Volumetric strain is a measure of the extent to which a material or object expands or
contracts due to an external force and is defined as the change in the volume of the material
divided by the original volume. During the stretching process, the material deforms due
to the external force, and the Cgp molecule gradually changes from a regular sphere to an
ellipsoid shape, but the deformation is not obvious due to the stiffness of the C¢p molecule
itself. Here, we have plotted an image of the volumetric strain to show this change. Figure 3
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shows the comparison of volumetric strain before and after fracture for each angular model

at REAXFF potential.
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Figure 3. Volumetric strain images before fracture (left) and after fracture (right) of the seven different
models with the torsion-angle from 0° to 90°. The 15°, 30°, and 45° angles are shown in Appendix C.

We chose the frame before fracture of the 0° and 60° models for mechanical analysis.
The diagrams of the xx component of the average stress and the xx component of the stretch
tensor are displayed in Figure 4, left and right, respectively. It can be observed that the stress
is mainly concentrated on the C-C connected between the molecular spheres at the time
of fracture, showing a more regular radial distribution, and the stress decreases sharply
or disappears when the C-C bond is broken. Deformation of the models mainly occurs at
the crack. The deformation of the rest of the model is similar to that of the corresponding
model without cracks, which indicates that the C¢p molecule has a higher hardness and a
higher stability.
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f_avestress[1] Stretch Tensor.XX

0° a0 IS T 7000

Figure 4. Xx component of the average stress (left) and the xx component of the stretch tensor
(right) for the 0° (top) and 60° (bottom) models. The corresponding data for the other models are in
Appendix C.

Figure 3 shows the comparison of volumetric strain before and after fracture for each
angular model at REAXFF potential. Corresponding RDF (radial distribution function)
are shown in Figure 5. From Figure 5, one can see that the difference in RDF before and
after the fracture of different models is very small. Normalized pair separation distance
is defined as the ratio of the distance between a pair of atoms in the deformed state to
their distance in the undeformed reference state. This normalization allows for a consistent
comparison of separation distances across different deformation states and provides a
dimensionless measure of the extent of deformation. Therefore, we arbitrarily chose the
model (here, we chose the 60° torsion-angle model) to compare the difference in RDF before
and after the fracture of the same model. The RDF of the 60° torsion-angle model after
fracture is slightly reduced compared with that before fracture, but the position of the
peaks is basically unchanged. This result indicates that the interatomic interactions and the
relative positions are unchanged. The crystal structure is stable, and the molecular sphere
still retains its original characteristics under stretching; no drastic deformation occurs.

Corresponding distribution histograms (normalized) are shown in Figure 6. Normal-
ized counts are the number of occurrences of a particular volumetric strain value divided by
the total number of occurrences of all strain values. This normalization process allows the
shape of the distribution to be compared across samples or conditions on a common scale,
typically ranging from 0 to 1. To describe the volumetric strain distribution, a histogram
of the volumetric strain distribution is plotted. The horizontal axis (x-axis) represents the
range of volumetric strain values observed in the samples, while the vertical axis (y-axis)
represents the normalized counts, i.e., the frequency of each volumetric strain value normal-
ized by the total number of occurrences. For the distribution of volumetric strain, before
fracture, there is a big difference between the different models shown in Figure 6a. The
peaks of the 90° torsion-angle model are closer to the left, the peaks of the other models are
gradually shifted to the right, and the peaks of the 0° and 60° torsion-angle models are the
furthest to the right. This indicates that the 90° torsion-angle model is more prone to be
fractured. The strength of the 0° and 60° torsion-angle models is the largest. The strength
of the 75° torsion-angle model is in the middle. The statistical distributions of volumetric
strain of all models tend to be the same after pulling off, as shown in Figure 6b.
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Figure 6. Volumetric strain distribution histograms (normalized) before (a) and after (b) fracture.

The effect of both changing the size of the model dimensions and the stretching rate
on the tensile results have been studied in detail by Yu et al. [17].

3.2. Stretching of GE/gHPCg

The tensile study conducted showed that qHPCg is brittle. How to enhance the
strength of the material is an explorable question. Previous studies have shown that
graphene has higher mechanical strength relative to gqHPCgp and is less likely to break in
tensile experiments [17]. Therefore, we consider adding a graphene substrate to qHPCgg
in the hope of increasing the mechanical strength of the model. In order to investigate
the effect of the addition of graphene substrate on the mechanical properties of the 2D
twisted-angle fullerene model, we used Material Studio 2022 for modeling, as shown in
Figure 7a, and LAMMPS for tensile testing of the new model, and the tensile curve is shown
in Figure 7b and 7c, respectively.
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Figure 7. (a) Schematic diagram of the model structure. Stress—strain curves for GE/qHPC60 tensile
tests under (b) AIREBO potential and (c) REAXFF potential.

Figure 7b is the stress—strain curve of the torsion-angle model with graphene substrate
under the AIREBO potential. The fracture stress for the 0° torsion-angle model is the max-
imum, which is about 120 GPa. The fracture stress for the 120° torsion-angle model is the
minimum, which is about 85 GPa. The fracture strain for the torsion-angle model of each
angle is between 0.25 and 0.35. Figure 7c shows the stress—strain curves of the torsion-angle
model with graphene substrate under the REAXFF potential. The maximum fracture stress is
about 40 GPa for the 0° torsion-angle model. The minimum fracture stress is about 4 GPa for
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the 120° torsion-angle model. The fracture strain for the torsion-angle model at each angle
is between 0.1 and 0.26. With both potential functions, the curves show a quadratic fracture,
indicating that the fracture process of the model is divided into two stages.

In the first stage of fracture, the qHPCg layer is pulled off, and the intermolecular
single-bond connection is destroyed. The gHPCgy sphere does not undergo large defor-
mation and destruction. As the stretching proceeds, it goes from a tear to a complete
fracture. The curve has a sharp drop, at which time the graphene layer remains intact.
In the second stage of fracture, the curve ushers in a second drop. The gHPCy layer is
completely fractured, and the graphene layer deforms under the stretch. It changes from a
square hexagonal shape into a flatter hexagonal shape. When tearing occurs, the C-C bond
at the crack is destroyed. The graphene lattice on both sides of the crack is partially and
completely deformed, stretched into a one-dimensional chain of atoms, or connected into
a ring polygon. As stretching proceeds, the graphene layer is completely fractured. The
stress becomes 0. Some of the atoms at the fracture are connected in a chain-like manner.
There are no new compounds formed when the model breaks during stretching.

In the study of graphene-based composites, the effect of vacancy defects is a significant
and worthwhile issue to explore in depth. Vacancy defects can substantially alter the
mechanical properties of the material, making it crucial to understand their mechanisms
to optimize material design. In this study, we created a rectangular vacancy defect with a
length of 5 A and a width of 20 A in the central region of the aforementioned GE/qHPC60
material. We then conducted uniaxial tensile simulations of the material in the x-direction
using the AIREBO potential function to investigate the impact of the vacancy defect on the
material’s mechanical properties.

The experimental results presented in Figure 8 demonstrate that the vacancy defect
significantly affects the mechanical response of different corner models. The fracture stress
and fracture strain were notably reduced for all corner models, with the highest peak stress
at a strain of approximately 0.09, ranging from 10 GPa to 27 GPa. This range is substantially
lower compared to the peak stress observed in the absence of vacancies. To further verify
this finding, we also performed tensile simulations under the same conditions using the
TERSOFF potential function (see Appendix A). Comparing the simulation results of the
two potential functions, we found that despite differences in exact values, both indicate that
vacancy defects lead to a significant decrease in the mechanical properties of the material.

30 AIREBO 0°
30°

Stress (GPa)
=
w

101

et : : : . . .
0.00 0.03 0.05 0.08 0.10 0.12 0.15 0.18 0.20
Strain

Figure 8. Stress—strain curves from tensile tests using the AIREBO potential function for the
GE/qHPC60 system with vacancies.
3.3. Stretching gHPC60 with Single Vacancy

In order to investigate the effect of the single vacancy on the mechanical properties of
the torsion-angle model, we removed an intact C¢p molecule from the original model, as
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shown in Figure 9a, and performed tensile tests on the new model. The experiments show
that the single vacancy reduces the fracture stress of the model. Interestingly, we observed
tearing in the tensile test, as shown in Figure 9b. The picture shows the tensile process of
the 75° torsion-angle model with the AIREBO potential. Under the action of tensile force,
the model is first torn through a large crack, and the single-bond connection between atoms
becomes atomic-chain connection, at which time the stress curve shows a large drop but
not 0. Under the action of continuous stretching, the atomic chain is completely broken, the
stress curve again drops sharply, and the stress becomes 0.
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Figure 9. (a) Schematic diagram of the model structure. (b) The tearing that occurs when the model
is stretched out. (c,d) Stress—strain curves for model tensile tests under AIREBO potential and
REAXEFF potential.

To compare the effect of cracks on the mechanical strength of the models with different
potential functions, we plotted the fracture stress and strain curves with and without cracks
for each torsion-angle model, as shown in Figure 10. This Figure shows that the fracture strain
of the model without cracks is significantly higher than that of the model with cracks for both
REAXFF and AIREBO potentials. Overall, the metrics for the AIREBO potential function are
higher than those for the REAXFF potential. However, the REAXFF potential is expected to
present more accurate results due to its consideration of non-bonding interactions.
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Figure 10. (a) Fracture strain and (b) fracture stress of each model.
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In this paper, we focus on the stress—strain curves for the tensile simulations of each
system. In order to highlight the anisotropy of the material, we also investigated Young’s
modulus. Correspondence with the torsion angle is shown in Figure 11.
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Figure 11. Relationship between Young’s modulus and torsion angle of (a) qHPCgg, (b) GE/qHPCg,
and (c) crack-qHPCg( system.

4. Conclusions

We have investigated the mechanical properties of fullerphene/graphene composites
and compared them to those of 2D torsion-angle fullerphenes using molecular dynamics
simulations. We assessed the mechanical properties of 2D torsion-angle fullerphene models
with three different potential functions (REAXFF, TERSOFF, and AIREBO) and examined
their fracture stress and fracture strain through tensile tests. The fracture strain and fracture
stress of 2D torsion-angle fullerphenes exhibited similar trends across the different potential
functions. Notably, the data values with the REAXFF potential were significantly lower
than those with the AIREBO potential. The 90° torsion-angle model and the 0° torsion-angle
model showed the highest fracture stresses for the two potential functions, approximately
80 GPa and 25 GPa, respectively.

We further investigated the effect of pre-cracks on the mechanical properties of 2D
torsion-angle fullerphene models. The presence of cracks reduced the fracture stress and
fracture strain of the models, indicating that pre-cracks weaken their mechanical properties.
Interestingly, some models, such as the 75° torsion-angle model, exhibited tearing, and
their stress—strain curves showed a quadratic decrease. Additionally, we added a graphene
substrate to the 2D torsion-angle fullerphene and observed the fracture behavior after
stretching. The results showed that both the fracture strain and fracture stress of the
model increased significantly with the addition of the graphene substrate, indicating that
the graphene substrate enhances the model’s strength. During stretching, the fracture of
graphene and fullerphene was not synchronized, with the fullerphene fracturing before the
graphene, and the stress—strain curves exhibited a quadratic decrease.
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The data from this study provide a valuable reference for the application and develop-
ment of graphene and fullerphene and offer insights into the mechanical properties of 2D
fullerphene, holding promising implications for future applications.
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Appendix A
The potential function AIREBO is expressed as

1 REBO | pL t
E=3 Yy [Eij +Ei+ ), EfS
i it ki jli,k
E}]{.EBO consists of a repulsion term and an attraction term and depends on the bond

order between the two atoms, which is related to the spacing between the two atoms and
has the following analytical formula:

_ 1 _ -~
by = 5 b5 b5 | 0]

b = H}}C + bR
-1/2
bg—” = |1+ Z fﬁc(rik)G(cos (Qi]-k) )e)"'f" + P (Nic, NZH)
k(#i)

The first term, bl?]? , describes the radical (R) and the conjugate bond (C), the second term
describes the dihedral angle of C=C, and b;;*” is the same as the bond-order expression for

the rebo potential.
The total potential energy of REAXFF is expressed as follows:

Esystem = Epond + Eval + Etors + Evaw + Ecoulomb + Eover + Especiﬁc

And its bond-order resolvent is more complex compared to the AIREBO potential and
consists of three parts.

BO;; = BOYj + BOF + BO}™

In addition to the REAXFF potential and the AIREBO potential, we also used the
TERSOFF potential, but it performed poorly. The TERSOFF potential introduces a bond-
order parameter to modify the attraction potential, while including the local geometry
information of the atoms, thus including the bonding tendency into the potential, so that



J. Compos. Sci. 2024, 8, 310

14 of 20

configurations that bond easily correspond to larger values, and larger ones make the
potential E smaller, thus making the system tend to form these configurations. It takes the

form of 1
i i#]
Vij = fe (rig) [aijfr (rig) + bijfa (rij)]
where fc is the truncation function, fr and f4 are the repulsive and attractive potentials,
respectively, and a;; and b;; are their moderators. TERSOFF chose Morse potential as the
form of fr and f4
fr(r) = Aexp(~Aur)

fa(r) = —Bexp(—Ayr)

bjj is of the form
—1/2n
by = (1+pC))

Gi= ) fc(Vik)g(9ijk> exp [/\g (rij — rik)s]

ki,
g(0) =1+c*/d*> -2/ {dz + (h - cosG)z}

where i is the central atom, j is its to-be-bonded atom, and k is a third party that affects
the chemical bond i-j. {;; can be regarded as the effective coordination number of i but
excluding j. It contains the truncation function f¢, the angular function g(6), and the bond
length difference (r;; — rj) as a function.

In addition to the REAXFF and AIREBO potentials, we also used the TERSOFF po-
tential function to describe the simulated system. The experimental results (shown in
Figure A1) differ from the trends obtained in the tensile simulation of the system using
the REAXFF potential functions. When using the REAXFF potentials, the GE/qHPCgg
composite structure first breaks the qHPCg layer and then the GE layer, with a flatter
fracture curve. By contrast, when using the TERSOFF potential, the system first breaks
the GE layer and then the qHPCgg layer. During this time, the structure of the fullerene
sphere is broken, and the spherical structure is pulled apart into chains of atoms of different
lengths. These atomic chains have stresses on them and are stretched and broken one by
one as the stretching process proceeds. This discontinuous fracture process causes the
stress—strain curve profile to show multiple zigzags and drops.
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Figure Al. Stress—strain curves from tensile tests using the TERSOFF potential function for the
qHPCg system (top left), the GE/qHPCg) system without vacancies (top right), and the GE/qHPCgg
system with vacancies (bottom left).

Appendix B

There are two main steps in the model building; the first is to build the cornering
cell, and the second is to extend each cornering cell to the same specification. Do the
transformation of the original cell lattice vectors, through the linear combination of the
original vectors, the appropriate combination coefficients are taken to obtain the new lattice
vectors, and the angle between the two new vectors is transformed from the original angle
to the target angle, as shown in Figure A2.

2 b =h

Linear combinations of vectors

120° 7=

Qu

Figure A2. Transformations of the lattice vector.

It should be noted that taking the appropriate coefficients is a nonlinear integer
programming problem, and three constraints need to be taken into account: the angle
constraint (the value of the angle of the new vectors is a determinate); the right-hand-
system constraint (the mixing product of the two vectors is greater than 0); and the integer
constraint (the coefficients chosen are integers).

Original vectors are, as follows:

o=
a,b
New vectors are, as follows:

—

N _
a'=x1a +xb = (ay,ay,a3)

- -
b =x3a +x4b = (bl,bz,bg)

RST)

Three constraints are satisfied, as follows:

o=
cosh) — (a,b) (a1by 4 azby + azbs)
T 2 2 2 /12 2 2
@6 R+ +ad B+
(X1, Xo] = il 2 ’:x1x4—x2x3>0
3
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X1,X2,%X3,X4 € Z

The coefficients can be computed by a Python program that designs a solver for the
optimization problem and finds the values of the variables that minimize the objective
function by enumerating all possible combinations of variables in a given range. Then, the
lattice by MS (Material Studio) is redefined to finally obtain the corner model cell for the
specific angles we need.

Based on this, we need to expand these cells into supercells with the same specifications
and then perform the tensile simulation. The process of cell expansion needs to pay
attention to the periodicity of the supercells. Parts of the cells have a small number of
atoms and can be adjusted within a certain realm; others have more atoms, even 1000, and
the expansion of the number of atoms in these cells results in difficulty in controlling the
number of atoms. We can solve this problem through a program. We need to specify a
uniform size of model specification (e.g., around 10,000 atoms, or use area as a measure),
and for cells with different angles, it is most convenient to set that standard as a common
multiple of the area of all the cells. Then, it is necessary to calculate the expansion multiplier
for each cell and set Replicate in OVITO to complete the expansion, as shown in Figure A3.

30° cells spreading 60° cells spreading

Figure A3. Schematic representation of different cells spreading.

Appendix C

Molecular sphere rupture and possible slight deformations can have an effect on the
practical application of the material, so we need to focus on the volumetric strain of the
material. The figures here are additions to the main text. Figure A4 shows the volumetric
strain of the models before and after fracture, and Figure A5 shows the average stress and
the stretch tensor of the xx component.

Volumetric Strain Volumetric Strain

15° W o 2

Volumetric Strain Volumetric Strain
W .

s f%rm&a

Figure A4. Cont.
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Volumetric Strain Volumetric Strain
o« W2 <.

Figure A4. Volumetric strain images before fracture (left) and after fracture (right) of the 15°, 30°,
and 45° models.
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Figure A5. The XX component of the average stress (left) and the XX component of the stretch tensor
(right) for the 0°, 15°, 30°, 45°, 75°, and 90° models.
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Appendix D

Since experimental data are not yet available for the materials studied in this paper,
we used several different potential functions to simulate the system and obtained results
that show the same trend. This consistency demonstrates the reliability of our findings.
Additionally, we compared our simulation results with those from other studies, as shown
in the following table.

Table A1l. Comparison of simulation results for several similar systems.

Potential Fracture Stress Fracture

System Function (GPa) Strain Reference

R REAXFF 26.85 0.11
qHPCqg (0°)

AIREBO 51.33 0.30
REAXFF 26.85 0.11

GE/qHPCq (0°) Our work
AIREBO 116 0.27
REAXFF 13.87 0.10

qHPCgp (0°)-crack
AIREBO 42.70 0.23
qHPCqg 24.50 0.14
> Nanomaterials 2023,

gp + qHPCgp (0°) REAXFF 39.5 0.26 13,1936 [17]

qHPCgp (0°)-crack 17.3 0.12
mCep / 110 x 10-% 0.074 Carbon 202 (2023)

118-124 [18]

Appendix E

In this study, we conducted multiple repeated experiments to ensure the reliability
and accuracy of our results. By performing statistical analysis on the data from all the
experiments, we calculated the average stress—strain values and plotted the corresponding
error bands. As illustrated in the graph, the average curve accurately reflects the common
features of the experiments, while the error band represents the range of variability in the
experimental results.

The error bands are relatively narrow, with variability being negligible before the
fracture phase and only slightly increased at the fracture part. The overall error remains
small, indicating low variability in the experimental data. This implies that our experiments
are highly repeatable and reliable. In other words, any single experiment’s result can
approximately represent the overall reasonable outcome. This consistency further validates
the stability and reliability of our experimental methods and conditions.

—— average
40 std error
© 30
o
9
a
&‘ 20 T
by
10
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Figure A6. Average stress-strain curve and error bands.
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