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ABSTRACT

Xgraphene is a newly proposed derivative of the graphene structure based on first-principles calculations. It is
composed of 5-6-7 carbon rings, exhibits unique electrical characteristics, and is projected to be widely
employed in high-performance metal-ion battery anodes. In this study, the mechanical properties of xgraphene
were systematically evaluated through molecular dynamics simulations, considering factors such as size, strain
rate, temperature, and defects, including vacancies, rectangular cracks, and circular voids. Our results demon-
strate that xgraphene exhibits anisotropic mechanical behavior, with the armchair direction exhibiting a Young’s
modulus 1.0 % higher than the zigzag direction, indicating superior stiffness. The reliability of tensile simulations
is influenced by size and strain rate. Variations in temperature, ranging from 1 K to 900 K, lead to reductions in
Young’s modulus by 6.4 % along the zigzag and armchair directions. Introducing vacancy defects from 0 to 3 %
reduces Young’s modulus by 22 % in the zigzag direction and 20 % in the armchair direction. Increasing the
length of rectangular defects from 0 to 4 nm results in a 4.9 % decrease in Young’s modulus along the zigzag and
armchair directions. Similarly, increasing the diameter of circular defects from 0 to 4 nm reduces Young’s
modulus by 5.4 % along the zigzag direction and 5.3 % along the armchair direction. At later stages of fracture,
xgraphene transitions to an amorphous state during tensile strain. This research provides a comprehensive un-

derstanding of xgraphene’s mechanical behavior and offers a theoretical basis for its future applications.

1. Introduction

Graphene’s unusual structure and exceptional physical qualities
have drawn interest since its first discovery in 2004 [1]. As a two-
dimensional crystal monolayer composed of carbon atoms, its struc-
ture is arranged in a hexagonal honeycomb shape, and it is one of the
thinnest, hardest, and most conductive materials known [2-4]. The
unusual structure of graphene provides a range of outstanding proper-
ties, including remarkable mechanical strength, exceptional flexibility,
high electron mobility, a large specific surface area, and superior ther-
mal conductivity [4-7]. These qualities make graphene show a wide
range of application possibilities in electronic devices, energy storage,

sensing technology, medical devices, and other fields [8-19]. Given its
excellent mechanical properties, graphene’s behavior under mechanical
stress has become a central topic of research. Molecular dynamics (MD)
techniques have been extensively applied recently in the investigation of
graphene and its derivatives [20-33].

Xgraphene is a new two-dimensional form of carbon that has a
rebuilt structure from graphene and is made up of pentagonal, hexag-
onal, and heptagonal carbon rings. With first-principles calculations,
Wang et al. verified the mechanical, thermodynamic, and dynamic
stability of xgraphene. Compared to most two-dimensional carbon al-
lotropes, xgraphene has a lower energy and inherent metallic properties.
Research on its electronic properties suggests that xgraphene holds
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promise as a broad-spectrum anode material for metal-ion batteries
(MIB), offering a new perspective for low-cost batteries [34].

Though several studies have investigated the electrical characteris-
tics and stability of xgraphene, the mechanical aspects of the material
remain quite lacking in systematic research. Mechanical property
research is essential to encourage the use of xgraphene’s fantastic
physical and chemical features in an expanding range of applications in
various situations. Thus, the primary objective of this study is to sys-
tematically explore the mechanical properties of xgraphene using MD
simulations. Specifically, we examine the influence of key factors, such
as size, strain rate, temperature, vacancy defects, and different types of
defects, including rectangular and circular defects, as well as the ma-
terial’s anisotropy, on its mechanical response under diverse conditions.

The structure of the paper is the following: in the “Materials and
Methods” section, we describe the simulation methods and setups; in the
“Results and Discussion” section, we present and analyze the simulation
results under different conditions, comparing our findings with existing
research; and in the “Conclusions” section, we summarize the key
findings and discuss the potential applications of xgraphene in materials
science and nanotechnology.

2. Materials and methods

To investigate the mechanical properties of the xgraphene structure,
we performed MD simulations using LAMMPS, which simulated the
uniaxial tension. MD simulations, employed here as the primary
computational method, utilize Newtonian mechanics to simulate
atomic-scale material dynamics by numerically solving equations of
motion. LAMMPS, a software adept at handling large-scale atomic sys-
tems, was chosen for its efficiency in simulating such dynamics [35].
Apart from that, xgraphene’s original structure was built with the
ATOMSK program, and OVITO software visualized and examined
structural changes under tension. OVITO is a powerful material science
visualization tool capable of various types of visualization for MD
simulation data, including displaying changes in atomic positions and
trajectories, plotting stress distribution, and calculating radial distribu-
tion functions [36]. These visualizations are critical for understanding
xgraphene’s deformation and fracture behavior during tension.

The structural features of xgraphene are depicted in Fig. 1. The
material consists of two 5-6-7 rings per unit cell with 24 carbon atoms
each. Xgraphene features “zigzag” edges along the x-axis and “armchair”
edges along the y-axis direction, depending on the orientation of the
hexagonal lattice. Like graphene, xgraphene is a single-layer material
with a thickness of 0.334 nm. The lattice constants for the zigzag (x-axis)
and armchair (y-axis) directions are a = 0.481 nm and b = 1.353 nm,
respectively, with an interaxial angle of y = 90°. The C-C bond lengths
range from 0.137 to 0.152 nm. For reliable simulation results, a model
containing 26,880 carbon atoms was constructed. The dimensions of this
model are 26.84 nm in length, 26.94 nm in width, and include a 10 nm
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vacuum layer along the z-axis, as shown in Fig. 1(c).

Periodic boundary conditions (p) were applied along the x and y
axes, while free boundary conditions (f) were implemented along the z-
axis. The system was simulated at the set temperature value with no
external pressure.

The AIREBO/Morse potential function was used to describe the in-
teractions between carbon atoms in xgraphene. This potential is a
composite potential function that combines the REBO potential, the
Lennard-Jones potential, and the torsion potential, and was introduced
by O’Connor et al. to model interactions with more accurate long-range
behavior [37]. This choice was informed by its relevance in studying the
structure, mechanical properties, and chemical reactions of carbon
materials. Based on literature and computational evidence, a cutoff
distance of 0.2 nm was applied to C-C bonds to prevent strain hardening
during rapid fracture [38-45].

The simulations used a 0.0001 ps time step to sufficiently capture
atomic velocities and interaction time scales. We first stabilized the
structure by performing energy minimization using the Conjugate
Gradient (CG) technique. The energy minimization was performed with
the following convergence criteria: an energy tolerance of 1 x 101> and
a force tolerance of 1 x 10°'°, with a maximum of 10,000 iterations and
function evaluations. Following this, the initial velocities of the system
were set, and the temperature was adjusted to ensure the system reached
thermodynamic equilibrium. In this step, we set the material’s relaxa-
tion time to 40 ps and simulated it using the NPT ensemble. Strain was
applied to the tension direction in uniaxial tension simulations using a
strain rate set to 0.001/ps to prevent non-physical phenomena resulting
from too high strain rates. During the tensile process, zero pressure was
maintained perpendicular to the tension direction, and the temperature
was kept constant.

Stress and strain data were computed and recorded in real-time using
LAMMPS’ built-in compute commands. Stress components were calcu-
lated for each atom, and variable commands were employed to calculate
average stress and von Mises stress, with data recorded every 250 steps.
The stress-strain curve was constructed from the collected data. Key
mechanical properties, including ultimate stress (c), ultimate strain (g),
Young’s modulus (E), and toughness, were extracted from the curve.
Ultimate stress refers to the maximum stress the material can withstand
during tension, corresponding to the peak in the stress-strain curve.
Ultimate strain refers to the strain value at which the material fractures
during tension, i.e., the strain value corresponding to the ultimate stress.
Young’s modulus, a material’s modulus of elasticity, is estimated from
the linear region of the stress—strain curve, where the material exhibits
elastic behavior. Toughness, represented by the area under the stress—
strain curve, quantifies the material’s ability to absorb energy under
tension. The coefficient of variation was calculated to assess the distri-
bution and concentration of the mechanical properties above, with the
standard deviation divided by the mean. A larger coefficient of variation
indicates more distributed or varied data; a smaller coefficient suggests

Fig. 1. Structural representation of xgraphene. (a) Primitive unit cell of xgraphene, composed of pentagonal, hexagonal, and heptagonal carbon rings. (b) Local view
of a monolayer xgraphene. (c) Three-dimensional representation of xgraphene containing 26,880 carbon atoms.
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more centralized or less varied data.

To assess the uncertainty and consistency of our results, we per-
formed five independent simulations of xgraphene at 300 K in both
zigzag and armchair directions with different configurations which are
obtained from the same procedure but different relaxation times (40 ps,
50 ps, 60 ps, 70 ps, and 80 ps, respectively) from the same initial
configuration. The stress-strain curves from these simulations are pre-
sented in Fig. 2. The standard deviation, average, and coefficient of
variation for the ultimate stress and ultimate strain were calculated for
both directions. In the zigzag direction, the standard deviation of ulti-
mate stress was 1.016 GPa, with an average value of 63.14 GPa, and the
coefficient of variation of ultimate stress was calculated to be 1.6 %. For
ultimate strain, the standard deviation was 0.0023, with an average
value of 0.092, and the coefficient of variation was 2.5 %. In the
armchair direction, the standard deviation of ultimate stress was 0.936
GPa, with an average value of 75.27 GPa, and the coefficient of variation
for ultimate stress was 1.2 %. For ultimate strain, the standard deviation
was 0.0027, with an average value of 0.114, and the coefficient of
variation was 2.4 %. These results demonstrate that while there are
fluctuations in the mechanical properties, the observed variations are
within acceptable limits (within 2.4 %) and reflect physical phenomena.

3. Results and Discussions
3.1. Size effect

MD simulation is based on statistical mechanics. For small systems,
the statistical simulation results may be limited because there aren’t
many atoms, which makes it hard to predict the mechanical properties.
Oversized systems can increase computational costs. Thus, including
size effects in MD models is really essential and helps to maximize
computational resources. Choosing appropriate model sizes ensures that
simulation results accurately depict material behavior at relevant scales,
thereby improving their authenticity and dependability.

In this study, we investigated four defect-free xgraphene models with
sizes ranging from 6.73 nm x 6.71 nm to 53.87 nm x 53.68 nm. The
model sizes increased by factors of four, with the number of atoms in the
systems varying from 1,680 to 107,520. Uniaxial tension simulations
were conducted along both the zigzag and armchair directions at 300 K
to examine the size effects on the mechanical properties of xgraphene.
The stress—strain curves, presented in Fig. 3, exhibit similar trends prior
to fracture across all sizes, indicating that size has minimal impact on the
Young’s modulus. The coefficient of variation for Young’s modulus was
only 0.06 % along the zigzag direction and 0.1 % along the armchair
direction. However, there are significant differences between ultimate
strain and ultimate stress. As the number of atoms increased from 1,680
to 107,520 along the zigzag direction, ultimate stress decreased by 11 %,
from 71.00 GPa to 63.24 GPa; ultimate strain decreased by 16 %, from
0.111 to 0.093. Along the armchair direction, ultimate stress decreased
by 4.6 %, from 77.52 GPa to 73.97 GPa; ultimate strain decreased by 8.3
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%, from 0.120 to 0.110.

For the smallest model containing 1,680 atoms, the ultimate
stress-strain behavior showed the most noticeable differences during
tensile testing along both directions. As the system size increased, the
ultimate stress-strain curves began to converge. Along the zigzag di-
rection, the curves nearly overlapped when the atom count reached
26,880 and 107,520. In the armchair direction, the curves exhibited
minimal differences compared to larger models when the atom count
reached 6,720. This trend indicates that as the size of the model in-
creases, the simulation results become increasingly stable and consis-
tent. Therefore, a model containing 26,880 atoms is considered
sufficient for subsequent studies.

3.2. Strain rate effect

The strain rate refers to the rate at which strain changes in a material
per unit of time. In MD simulations, selecting an appropriate strain rate
is essential to accurately represent the material’s real mechanical
behavior. A too-low strain rate might provide too long simulation pe-
riods; a too-high strain rate could produce distorted simulation results.
Therefore, choosing an optimal strain rate is crucial for reliable
simulations.

In this study, uniaxial tensile simulations of defect-free xgraphene
were performed at five different strain rates, spanning three orders of
magnitude from 5 x 108/s to 5 x 10'%/s at 300 K. The resulting
stress-strain curves, shown in Fig. 4, illustrate the strain rate exerts a
substantial influence on the mechanical response of xgraphene along
both the zigzag and armchair directions. As the strain rate increased
from 5 x 108/sto 5 x 1010/5, ultimate stress decreased from 74.68 GPa
to 63.34 GPa along the zigzag direction, representing a decrease of 15 %;
along the armchair direction, it decreased from 81.40 GPa to 73.42 GPa,
representing a 9.8 % decline. Despite these reductions in ultimate stress,
the stress-strain curves for different strain rates almost overlapped
before fracture, indicating that strain rate has minimal influence on the
Young’s modulus. The coefficient of variation of Young’s modulus was
only 0.2 % in the zigzag direction and 0.03 % in the armchair direction.
Higher strain rates are accompanied by increased ultimate strains and
stresses, indicating increased ductility. Conversely, lower strain rates
result in reduced ultimate stresses and smaller ultimate strains, indi-
cating brittleness.

While the thermal effects inside the material may not be obvious, a
higher strain rate results in an increase in kinetic energy inside the
material and more activation of dislocation motion and slip, which
improves the ductility and strength of the material. At lower strain rates,
atoms and molecules have more time to exchange energy with their
surroundings, allowing the system to achieve a more complete energy
equilibrium. However, if the material is inherently brittle or prone to
defects, these mechanisms may not be evident. Consequently, the low
strain rate in this case makes defects and cracks more likely to propa-
gate, resulting in lower stress and strain at break, exhibiting brittleness,
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Fig. 2. Stress-strain curves of xgraphene at 300 K for different configurations that obtained from relaxation times (40 — 80 ps). (a) Stress-strain behavior along the

zigzag direction. (b) Stress—strain behavior along the armchair direction.
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Fig. 3. Stress—strain curves of xgraphene at different sizes at 300 K. (a) Stress—strain response along the zigzag direction for various sample sizes. (b) Stress—strain

response along the armchair direction for various sample sizes.
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Fig. 4. Stress-strain curves of xgraphene for different strain rates at 300 K. (a) Stress-strain response along the zigzag direction for various strain rates. (b)

Stress—strain response along the armchair direction for various strain rates.

conversely.

Interestingly, results at strain rates of 5 x 108/s and 1 x 10°/s show
minimal disparity: zigzag direction ultimate stress differs by 2.58 %,
ultimate strain by 3.89 %; armchair direction ultimate stress differs by
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0.74 %, ultimate strain by 1.33 %. These small variations suggest that
the plastic deformation characteristics and yield strength of xgraphene
are stable at these strain rates. Based on these results, and considering
that the simulation time at 5 x 10%/s is twice as long as that at 1 x 10°/s,
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the mechanical properties of xgraphene with temperature changes.
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a strain rate of 1 x 10%/s was selected for subsequent simulations to
optimize computational efficiency.

3.3. Temperature effect

In practical applications, xgraphene may work as an anode for metal-
ion batteries across a range of temperatures. Since temperature directly
influences the thermal vibrations of atoms, it is essential to assess the
effects of temperature on the mechanical behavior of xgraphene.

To evaluate the temperature dependence of xgraphene’s mechanical
properties, we performed uniaxial tensile simulations of defect-free
xgraphene across six temperature ranges, from 1 K to 900 K. Figs. 5
and 6 display the stress-strain curves of xgraphene in the zigzag and
armchair directions, respectively, along with calculations of ultimate
stress, ultimate strain, Young’s modulus, and toughness with tempera-
ture changes. The mechanical properties of xgraphene and graphene
both decrease monotonically as the temperature rises, except for the
Young’s modulus of graphene. For graphene, the Young’s modulus along
the armchair direction increases from 845.0 GPa at 1 K to 933.7 GPa at
700 K, before slightly decreasing to 929.9 GPa at 900 K; along the zigzag
direction, the Young’s modulus of graphene rises from 969.2 GPa at 1 K
to 990.2 GPa at 300 K, and then gradually decreases to 972.2 GPa at 900
K [46].

In Fig. 5, for uniaxial tension along the zigzag direction, the ultimate
stress of xgraphene drops by 74 %, from 90.81 GPa at 1 K to 23.16 GPa at
900 K. The ultimate strain decreases by 85 %, from 0.192 to 0.028.
Young’s modulus decreases by 6.4 %, from 912.4 GPa to 854.4 GPa, and
toughness decreases by 97 %, from 11.81 J/m° to 0.35 J/m®. In contrast,
graphene’s ultimate stress declines by 40 %, from 119.98 GPa to 72.18
GPa, ultimate strain decreases by 63 %, from 0.280 to 0.103, and
toughness diminishes by 82 %, from 23.50 J/m® to 4.29 J/m®,

In Fig. 6, during armchair direction tensile strain, xgraphene’s ulti-
mate stress decreases by 57 %, from 91.16 GPa to 39.03 GPa. The ulti-
mate strain decreases by 71 %, from 0.174 to 0.051. Young’s modulus
drops by 6.4 %, from 930.8 GPa to 871.2 GPa, and toughness decreases
by 89 %, from 10.52 J/m® to 1.14 J/m®. In comparison, graphene’s
ultimate stress decreases by 33 %, from 99.51 GPa to 66.42 GPa,
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ultimate strain decreases by 53 %, from 0.178 to 0.084, and toughness
reduces by 74 %, from 12.10 J/m® to 3.13 J/m®>. These changes occur
because the increased thermal vibrations of atoms in xgraphene at
higher temperatures reduce the bond energies between atoms, making
the material more susceptible to stretching or fracture under stress.

Overall, compared with the armchair direction, xgraphene exhibits
greater sensitivity to temperature variations along the zigzag direction.
Temperature significantly impacts the mechanical properties of xgra-
phene, where mechanical performance uniformly declines with
increasing temperature [46,47].

3.4. The vacancy defects effect

In an ideal crystalline material, atoms are arranged periodically.
However, in real materials, various complex phenomena lead to de-
viations from the ideal lattice structure. During the preparation and
application of materials, defects such as vacancies are inevitable in
xgraphene. These defects significantly affect the material’s physical
properties, including electrical conductivity, thermal conductivity, and
mechanical behavior [40,42,48-55].

Vacancy defects are common in crystalline materials and occur when
atoms or ions are missing from their lattice positions [56,57]. Increased
brittleness and decreased fatigue resistance may result from these de-
fects, which may occur during material processing or usage. Under-
standing and controlling the emergence and distribution of vacancy
defects occupies a fundamental position in material engineering, as it
can enhance certain material properties. For example, in semiconductor
materials, vacancy defects are intentionally introduced to modulate the
material’s electronic properties for device manufacturing. Thus, un-
derstanding the role of vacancy defects is essential in both materials
science and engineering, as well as for assessing material performance in
practical applications [11,12,58].

Vacancy formation energy (Ey) is an important property. It refers to
the amount of energy required to break the chemical bond between a
crystal lattice’s atom or ion and the surrounding atom or ion and move
that atom to infinity. The vacancy formation energy is an important
physical quantity to evaluate the difficulty of forming vacancy defects in
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the crystal. The equation used to calculate the energy E, is:

Ny —1
No

E, = Ef —( )-Ei @
where Ny is the initial number of atoms in the system, Es is the total
energy of the system after the removal of the atom, and E; is the total
energy of the system before the removal.

In this study, the vacancy formation energies of 24 atoms in the unit
cell using a xgraphene system of 26,880 carbon atoms were calculated
by MD simulations. It was found that 24 atoms could be divided into four
groups by different values to form energy with vacancies. As shown in
Fig. 7, we numbered the 24 atoms and divided them into different
groups by color. The vacancy formation energy is shown as follows: from
small to large, numbered 3, 4, 9, 10, 15, 16, 21, 22, that is, the atomic
vacancy formation energy marked in red is 5.793 eV; the numbers are 1,
14, 18, 19, that is, the atomic vacancy formation energy marked yellow
is 5.832 eV; the numbers are 2, 5, 8,11, 13, 17, 20, 23, that is, the atomic
vacancy formation energy marked in green is 6.028 eV; and the numbers
are 6, 7, 12, 24, i.e., the atomic vacancy formation energy marked in
blue is 7.158 eV. For comparative analysis, we also calculated the va-
cancy formation energies of the four atoms in the graphene unit cell; that
is, the vacancy formation energies of the dark blue atoms are all 7.188
eV.

A lower vacancy formation energy means that there is a lower energy
barrier to vacancy formation, so the red atom group with a lower va-
cancy formation energy is more likely to form a vacancy in the crystal
lattice than the blue group, thus promoting crack propagation and strain
concentration during the tensile process of the material. Notably, the
vacancy formation energy in xgraphene is generally lower than that in
graphene, suggesting that xgraphene is more prone to defect formation
in practical applications.

To further investigate the effect of vacancy defects on the mechanical
properties of xgraphene, we introduced varying concentrations of va-
cancy defects by randomly removing 0.1 %, 0.5 %, 1 %, 1.5 %, 2 %, 2.5
%, and 3 % of the atoms from a system containing 26,880 carbon atoms.
The stress—strain curves obtained from uniaxial tensile simulations along
the zigzag and armchair directions, shown in Figs. 8 and 9, illustrate the
mechanical degradation caused by the increasing vacancy defect con-
centration, comparing parameters to the defect-free xgraphene and
graphene.

As the vacancy defect concentration increased, mechanical param-
eters above generally exhibited a decreasing trend compared to defect-
free xgraphene. As shown in Fig. 8, when vacancy defect concentra-
tion increases from 0 % to 3 % along the zigzag direction, xgraphene’s
ultimate stress decreases from 63.34 GPa to 13.98 GPa, marking a 78 %
reduction; ultimate strain decreases from 0.093 to 0.019, a decrease of
80 %; Young’s modulus decreases from 903.2 GPa to 702.6 GPa, a 22 %
reduction; and toughness decreases from 3.39 J/m® to 0.38 J/m°, an 89
% decrease. In contrast, graphene’s ultimate stress decreases from
103.00 GPa to 46.34 GPa, a 55 % reduction; ultimate strain decreases
from 0.177 to 0.070, a 60 % decrease; Young’s modulus decreases from
921.7 GPa to 750.6 GPa, a 19 % reduction; and toughness decreases
from 11.08 J/m? to 1.82 J/m3, an 84 % reduction.

As depicted in Fig. 9, along the armchair direction, xgraphene’s ul-
timate stress decreases from 73.97 GPa to 33.63 GPa, a 55 % reduction;
ultimate strain decreases from 0.110 to 0.050, a 55 % decrease; Young’s

(b)

Fig. 7. Schematic of vacancy formation energy. (a) Xgraphene. (b) Graphene.
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modulus decreases from 912.5 GPa to 732.8 GPa, a 20 % reduction; and
toughness decreases from 4.78 J/m° to 0.97 J/m>, an 80 % decrease.
Meanwhile, graphene’s ultimate stress decreases from 88.00 GPa to
41.01 GPa, a 53 % reduction; ultimate strain decreases from 0.124 to
0.055, a 56 % decrease; Young’s modulus decreases from 990.2 GPa to
782.7 GPa, a 21 % reduction; and toughness decreases from 6.57 J/m?® to
1.26 J/m®, an 81 % reduction.

The introduction of vacancy defects becomes the occurrence point of
cracks during the tensile process and accelerates crack propagation,
resulting in an increase in the breakability of the material and the
concentration of local strain, which affects the overall elastic perfor-
mance of the material, which is manifested as an irregular stress-strain
curve. As a result, the introduction of vacancy defects significantly af-
fects the mechanical properties of xgraphene [59-68]. Apart from
exhibiting smaller coefficients of variation in ultimate strain, Young’s
modulus, and toughness along the armchair direction compared to
graphene, other parameters demonstrate greater sensitivity than gra-
phene. Similar to temperature effects, vacancy defects are more influ-
ential along the zigzag direction compared to the armchair direction
[69,70].

3.5. Defect size and shape effect

In practical applications, xgraphene can be subjected to various
external factors, including chemical exposure and mechanical stress,
etc., which can lead to the formation of defects, such as cracks and voids.
These defects act as stress concentrators, significantly influencing the
material’s mechanical behavior. The size and shape of these defects play
a critical role in determining both the direction and rate of crack
propagation, which affects the overall mechanical properties of the
material. Thus, it is essential to consider both the size and geometry of
defects when studying the mechanical behavior of xgraphene.

In this study, we examine the effects of rectangular and circular
defects of various sizes on xgraphene’s mechanical characteristics. The
results are presented in sections 3.5.1 and 3.5.2, where we simulate
defects of different shapes and sizes. The von Mises stress distribution
during tensile deformation is analyzed to visualize the stress concen-
tration and fracture progression. The stress distribution, shown in
Fig. 10, is represented by atomic colors corresponding to von Mises
stress values, which highlight the material’s internal stress evolution.
Von Mises stress is an essential parameter for assessing yield strength
and is critical in evaluating the safety and reliability of materials in
engineering contexts. Each dataset includes four stages: the model after
relaxation, just before fracture, during crack propagation, and during
the transition to an amorphous state, with the appearance of a large red
region signifying the onset of the amorphous phase. To further investi-
gate the formation and transformation of the amorphous state during
tensile deformation, we apply radial distribution function (RDF) anal-
ysis in Section 3.5.3.

3.5.1. Rectangular crack defects

We introduced rectangular crack defects perpendicular to the tensile
direction at the center of the xgraphene model. The effects of four
different crack lengths—1, 2, 3, and 4 nm, with a constant width of 1
nm—on the mechanical properties of xgraphene were examined. Uni-
axial tensile simulations were performed in the directions of zigzag and
armchair, and the results were compared with the defect-free xgra-
phene. Fig. 11 (a, b) display the stress-strain curves for xgraphene under
tensile strain with rectangular cracks of varying lengths. Longer cracks
exhibit lower strength and earlier fracture points.

As the crack lengths ranged from 0 to 4 nm, the following changes
were observed: Along the zigzag direction, ultimate stress decreases
from 63.34 GPa to 34.88 GPa, marking a 45 % reduction; ultimate strain
decreases from 0.093 to 0.044, a decrease of 53 %; Young’s modulus
decreases from 903.2 GPa to 859.2 GPa, a 4.9 % reduction; and tough-
ness decreases from 3.39 J/m® to 0.88 J/m>, a 74 % decrease. Along the



Q. Peng et al.
—_— () _ a
71gza ( )
751 = 0.1% grag
- 0.5%
-~
<
-9
Q 50
N’
w
wn
15
=
hd
w25

0.00 0.03 0.06 0.0 0.12
Strain

o
=
n

So, (c)
=A- xgraphene
-©- graphene
-~ xgraphene
graphene

%
=

~
n

0 i 3 3

Vacancy concentration (%)

Young's modulus (GPa)
-]

a
®
n

Computational Materials Science 254 (2025) 113911

0.20 120
b _
=A- xgraphene Q"E
£ 0.15 “©- graphene [90 OO
< =
~ - =B~ xgraphene @
> > -0- graphene s
.10 60 &
< »
E s
= e
- 0.05 30 §
=
=]
0.00 0 i 3 3 0
Vacancy concentration (%)
o] = xgraphene osov (d)
n . [z graphene
= 08
2 0.6
- 42.4%
o 04
02
0.0

20 A \us eSS
¥ rac““'“ ::t;"\“te S‘\‘(e““i@ S modt 10“?9““
)

Fig. 8. The vacancy defects effect on xgraphene’s mechanical properties along the zigzag direction. (a) Stress—strain curves for xgraphene at different vacancy
concentrations. (b, ¢) Variation of ultimate strain, ultimate stress, Young’s modulus, and toughness with increasing random vacancy concentrations for xgraphene
and graphene. (d) Coefficient of variation for the mechanical properties of xgraphene with varying random vacancy concentrations.

—0 armchair (a)
751 = 01%
— 05%
= 1.0%
o 0%
O s0{ — 1.5%
N 0,
- 2.0 /.,
2 2.5%
= — 3.0%
@ 25
0.00 0.03 0.06 0.09 0.12
Strain

1010

%, (c)
a =A~ xgraphene
~©- graphene
~ xgraphene
graphene

©
w
P
/
/

860

Young's modulus (GPa)
3

710

0 1 2 3
Vacancy concentration (%)

0.145 95
¢ b _
) A xgraphene éf
i el -©O- graphene [7500
g N -B- xgraphene :
bl \\o\ -0' graphene s
) - g
£ 0.095 ~6-tem g sE
£ ~ P
= v--0| %
= 0.070 JS.E
—
-
S 5
0.045 0 i ) 4 15
Vacancy concentration (%)
e [ xgraphene (d)
h 0,
[Z3 graphene crao %
0.6 b
0.4
27.2%)5.80, 271.1%28.4%
0.2
7.4% 1.9%
0.0 n o s -
A end au Hne
ye SV stx mo! ng)
Frac Laere °0 ne's 1o

Fig. 9. The vacancy defects effect on xgraphene’s mechanical properties along the armchair direction. (a) Stress-strain curves for xgraphene at different vacancy
concentrations. (b, ¢) Variation of ultimate strain, ultimate stress, Young’s modulus, and toughness with increasing random vacancy concentrations for xgraphene
and graphene. (d) Coefficient of variation for the mechanical properties of xgraphene with varying random vacancy concentrations.

armchair direction, xgraphene’s ultimate stress decreases from 73.97
GPa to 31.53 GPa, a 57 % reduction; ultimate strain decreases from
0.110 to 0.039, a 65 % decrease; Young’s modulus decreases from 912.5
GPa to 867.8 GPa, a 4.9 % reduction; and toughness decreases from 4.78
J/m3 t0 0.68 J/m3, an 86 % decrease.

Fig. 10 (a, b) show the von Mises stress distribution of xgraphene
during tensile strain with a 3 nm rectangular crack. The results show
significant stress concentrations near the crack tip, with faster crack
propagation occurring at longer crack lengths. In particular, longer
cracks led to more pronounced stress concentrations, accelerating the
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Fig. 10. Von Mises stress distribution in xgraphene with various defects. (a) Von Mises stress for a 3 nm rectangular defect under uniaxial tension along the zigzag
direction. (b) Von Mises stress for a 3 nm rectangular defect under uniaxial tension along the armchair direction. (c) Von Mises stress for a 3 nm circular defect under
uniaxial tension along the zigzag direction. (d) Von Mises stress for a 3 nm circular defect under uniaxial tension along the armchair direction.

fracture process. This phenomenon is especially significant as crack
length increases. Shorter cracks require more strain to propagate. While
crack-induced stress concentration is a widely recognized phenomenon
in material science, xgraphene exhibits distinctive behavior due to its
unique anisotropic properties. Specifically, xgraphene shows a more
pronounced sensitivity to crack length along the armchair direction
compared to the zigzag direction. This difference underscores the
importance of considering directional mechanical properties when
studying fracture behaviors in xgraphene, which could significantly in-
fluence its use in nanotechnology and engineering applications that
require precise material properties.

3.5.2. Circular void defects

To further explore the impact of defect geometry, we introduced
circular void defects with diameters of 1, 2, 3, and 4 nm at the center of
the xgraphene model. Uniaxial tensile simulations were performed in
the directions of zigzag and armchair, and the results were compared
with the defect-free xgraphene. Fig. 11 (c, d) show the stress—strain
curves for xgraphene under tensile strain with circular voids of varying
diameters. Larger void diameters led to earlier failure and lower strain-
to-break values. As the void diameter increases from O to 4 nm, the
following changes were observed along the zigzag direction: Ultimate
stress decreases from 63.34 GPa to 36.13 GPa, marking a 43 % reduc-
tion; ultimate strain decreases from 0.093 to 0.047, a decrease of 50 %;
Young’s modulus decreases from 903.2 GPa to 854.6 GPa, a 5.4 %
reduction; and toughness decreases from 3.39 J/m> to 0.96 J/m?, a 72 %

decrease. Along the armchair direction, xgraphene’s ultimate stress
decreases from 73.97 GPa to 38.82 GPa, a 48 % reduction; ultimate
strain decreases from 0.110 to 0.048, a 56 % decrease; Young’s modulus
decreases from 912.5 GPa to 864.0 GPa, a 5.3 % reduction; and tough-
ness decreases from 4.78 J/m°> to 1.03 J/m°>, a 78 % decrease. Fig. 10 (c,
d) illustrate the von Mises stress distribution of xgraphene with a 3 nm
circular void during tensile strain. Similar to rectangular cracks, circular
voids induced stress concentrations around their edges, promoting crack
initiation at the void boundary. Larger voids cause more extensive and
severe stress concentration, significantly impairing the material’s
strength and toughness. The effect of void diameter on the mechanical
properties and fracture mode is more pronounced along the armchair
direction, which demonstrates greater sensitivity to changes in void size.
These results emphasize the need to account for directional properties
when studying the fracture behavior of xgraphene, which is particularly
relevant for applications in nanotechnology and advanced engineering
fields.

3.5.3. Radial distribution function analyze

To further investigate the formation of the amorphous phase
observed during tensile fracture, we utilized the RDF, which describes
the atomic density distribution. RDFs are useful for analyzing the spatial
arrangement of atoms, particularly in materials that exhibit amorphous
behavior, which lacks a regular periodic structure. By examining the
RDF data, we can assess structural changes that occur as xgraphene
undergoes tensile deformation and transitions into an amorphous state.
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Fig. 11. Mechanical response of xgraphene with different defects. (a) Stress—strain curves for xgraphene with different lengths of rectangular defects under uniaxial
tension along the zigzag direction. (b) Stress—strain curves for xgraphene with different lengths of rectangular defects under uniaxial tension along the armchair
direction. (c) Stress—strain curves for xgraphene with different diameters of circular defects under uniaxial tension along the zigzag direction. (d) Stress—strain curves
for xgraphene with different diameters of circular defects under uniaxial tension along the armchair direction.

We selected samples with 3 nm rectangular cracks and 3 nm circular
voids and analyzed their RDFs during tensile strain along both zigzag
and armchair directions. The RDF data were collected at several key
stages, corresponding to the von Mises stress distribution: the first RDF
data reflects the structure after relaxation but before stretching; the
second reflects the structure just before fracture initiation; the third
reflects the process of crack initiation and growth, followed by nine data
showing the development of the amorphous phase. Based on the analysis
of Fig. 12 RDF data, we noted that with increasing strain, peak positions
on the RDF curves shifted, peak heights decreased, and troughs between
peaks filled gradually, indicating a loss of crystalline order. Before
fracture, due to stretching, atomic bond lengths are elongated, causing a
rightward shift in peak positions; after fracture but before the appear-
ance of the amorphous phase, the peak position remains nearly un-
changed; once the amorphous phase appears, atomic bonds start to
break, causing peak positions to shift rightwards noticeably and peak
heights to decrease. This indicates that xgraphene exhibits an amor-
phous phase in the later stages of tensile strain.

3.6. Anisotropic mechanical response and comparison with other
materials

Xgraphene exhibits anisotropic mechanical properties, which result
from its unique structural arrangement. These properties vary along
different crystallographic axes. In practical applications, materials often
experience stress and strain from multiple directions. Understanding the
anisotropic mechanical response of xgraphene is critical for predicting
its behavior under complex loading conditions, thereby improving its
reliability for engineering applications.

To investigate the anisotropic mechanical response, we conducted
uniaxial tension simulations along both the zigzag and armchair di-
rections, using a model consisting of 26,880 atoms at 300 K. The
resulting stress—strain curves for xgraphene, compared with those of
graphene under similar conditions, are shown in Fig. 13. Along the
zigzag direction, the ultimate stress is 63.34 GPa, and 73.97 GPa along

the armchair direction, which is 17 % higher in the armchair direction
than in the zigzag direction. In comparison, the ultimate stress of gra-
phene is 103.00 GPa along the zigzag direction and 88.00 GPa along the
armchair direction, which is 17 % higher in the zigzag direction than in
the armchair direction. The ultimate strain of xgraphene is 0.093 along
the zigzag direction and 0.110 along the armchair direction, which is 18
% higher than that in the zigzag direction. In contrast, the ultimate
strain of graphene is 0.177 along the zigzag direction and 0.124 along
the armchair direction, which is 43 % higher in the zigzag direction than
in the armchair direction. Xgraphene’s Young’s modulus is 903.2 GPa
along the zigzag direction and 912.5 GPa along the armchair direction,
which is 1.0 % higher in the zigzag direction than in the armchair di-
rection. In contrast, the Young’s modulus of graphene is 921.7 GPa
along the zigzag direction and 990.2 GPa along the armchair direction,
which is 7.4 % higher in the armchair direction than in the zigzag di-
rection. In terms of toughness, xgraphene has 3.39 J/m® along the zigzag
direction and 4.78 J/m> along the armchair direction, which is 41 %
higher in the armchair direction than in the zigzag direction. In contrast,
graphene’s toughness is 11.08 J/m? along the zigzag direction and 6.57
J/m®3 along the armchair direction, 69 % higher in the zigzag direction
than in the armchair direction. The anisotropy of xgraphene is not sig-
nificant compared to graphene, and the strength of the armchair direc-
tion is significantly higher than that of the zigzag direction.

The mechanical properties of xgraphene are different from those of
graphene in different directions, which is likely due to its unique carbon
atom arrangement structure, which is different from the regular hex-
agonal structure of graphene. Wang et al. also demonstrated anisotropy
in xgraphene’s electrical properties [34]. Xgraphene’s anisotropic me-
chanical and electrical properties expand its potential applications.

The mechanical properties of xgraphene at 1 K, as calculated in
Section 3.3 of this study, generally agree well with the results calculated
by Wang et al. using density functional theory (DFT). At 1 K, the ulti-
mate stress of xgraphene in the zigzag direction is 90.81 GPa, while in
the armchair direction, it is 91.16 GPa. In contrast, the DFT calculations
by Wang et al. report ultimate stresses of 99.53 GPa in the zigzag
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Fig. 12. RDF analysis for xgraphene with different defects and directions. (a) RDF for xgraphene with a 3 nm rectangular crack defect under uniaxial tension along
the zigzag direction. (b) RDF for xgraphene with a 3 nm rectangular crack defect under uniaxial tension along the armchair direction. (c) RDF for xgraphene with a 3
nm circular void defect under uniaxial tension along the zigzag direction. (d) RDF for xgraphene with a 3 nm circular void defect under uniaxial tension along the
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Fig. 13. Stress-strain curves of xgraphene and graphene under uniaxial tension
along zigzag and armchair directions at 300 K.

direction and 104.9 GPa in the armchair direction. Our results differ
from theirs by 8.8 % in the zigzag direction and 13 % in the armchair
direction. For ultimate strain, the values for xgraphene at 1 K are 0.192
in the zigzag direction and 0.174 in the armchair direction. Wang et al.
calculated ultimate strains of 0.190 in the zigzag direction and 0.220 in
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the armchair direction. The differences between our results and theirs
are 1.0 % in the zigzag direction and 21 % in the armchair direction.
Regarding Young’s modulus, our calculations show values of 912.4 GPa
for the zigzag direction and 930.8 GPa for the armchair direction. Wang
et al. found Young’s moduli of 896.1 GPa and 940.5 GPa for the zigzag
and armchair directions, respectively. The discrepancies between our
results and theirs are 1.8 % in the zigzag direction and 1.0 % in the
armchair direction. Overall, the mechanical properties of xgraphene at
1 K, as calculated in this study, exhibit excellent consistency with the
previous DFT results.

Additionally, we compared the mechanical properties of xgraphene
with those of other 2D carbon allotropes. Fig. 14 presents a comparison
of the Young’s modulus, ultimate strain, and ultimate stress of xgra-
phene and other materials at 300 K, obtained from MD simulations.
Although the Young’s modulus of xgraphene is lower than that of gra-
phene, it surpasses that of y-graphyne [71], phagraphene [72], pop-
graphene [73], and y-graphene [74] in both the zigzag and armchair
directions. The ultimate strain of xgraphene is relatively low compared
to other materials. However, in the zigzag direction, it is close to that of
popgraphene [73], while in the armchair direction, it is comparable to
y-graphyne [71]. As for ultimate stress, xgraphene exhibits lower values
compared to the other materials. However, in the zigzag direction, its
ultimate stress is similar to that of y-graphyne [71], while in the
armchair direction, it is closer to phagraphene [72], and it remains
significantly higher than y-graphyne [71]. The high tensile strength and
Young’s modulus of xgraphene suggest its potential for practical
applications.

Xgraphene shows promising mechanical properties, with a higher
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Fig. 14. Comparison of the Young’s modulus, ultimate strain, and ultimate
stress of xgraphene and other 2D materials at 300 K. (a) Data for the zigzag
direction. (b) Data for the armchair direction.

Young’s modulus than several other 2D carbon allotropes and compa-
rable ultimate strain and stress values. Its performance in different
crystallographic directions suggests it could be a competitive material
for specific engineering applications, particularly in directions where
other materials may not perform as well [75-79].

4. Conclusions

This study extensively investigated the mechanical properties of
xgraphene through MD simulations, analyzing its responses and be-
haviors under various conditions, including size, strain rate, tempera-
ture, vacancy defects, rectangular crack defects, and circular void
defects. Our MD results suggest that strain rate influences simulation
results, with mechanical properties stabilizing as strain rates fall below
1 x 10%/s. The mechanical properties of xgraphene differ significantly
between stretching along zigzag and armchair directions, with Young’s
moduli of 903.2 GPa and 912.5 GPa at 300 K, respectively, the latter
exhibiting higher stiffness. Temperature has a pronounced effect on
xgraphene’s mechanical properties. As the temperature increases, the
material’s mechanical performance decreases. This behavior is closely
related to changes in atomic energy and movement. For instance,
increasing temperature from 1 K to 900 K reduces Young’s modulus
along zigzag direction from 912.4 GPa to 854.4 GPa, a decrease of 6.4 %
with a coefficient of variation of 2.4 %, and along armchair direction
from 930.8 GPa to 871.2 GPa, a decrease of 6.4 % with a coefficient of
variation of 2.3 %. The introduction of vacancy defects significantly
impacts xgraphene’s mechanical properties, leading to localized strain
concentrations around defects and altering the material’s overall elastic
performance. Increasing vacancy defect concentration from 0 to 3 %
reduces Young’s modulus along zigzag direction from 903.2 GPa to
702.6 GPa, a 22 % reduction with a coefficient of variation of 8.5 %, and
along armchair direction from 912.5 GPa to 732.8 GPa, a 20 % reduction
with a coefficient of variation of 7.4 %. Different sizes and shapes of
defects also have a significant impact on xgraphene’s mechanical
properties. For rectangular crack defects, increasing length from 0 to 4
nm decreases Young’s modulus along zigzag direction from 903.2 GPa to
859.2 GPa, a 4.9 % reduction, with a coefficient of variation of 1.8 %;
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and along armchair direction from 912.5 GPa to 867.8 GPa, a 4.9 %
reduction, with a coefficient of variation of 1.8 %. Similarly, for circular
void defects, increasing diameter from O to 4 nm decreases Young’s
modulus along zigzag direction from 903.2 GPa to 854.6 GPa, a 5.4 %
reduction, with a coefficient of variation of 2.1 %; and along armchair
direction from 912.5 GPa to 864.0 GPa, a 5.3 % reduction, with a co-
efficient of variation of 2.0 %. Through analysis of von Mises stress, we
identified stress concentrations at defect edges, which promote defect
propagation and thereby significantly affect material mechanical per-
formance. Furthermore, analysis of RDF data revealed the occurrence of
amorphous phases during uniaxial tension of xgraphene.

In summary, this study systematically investigated the mechanical
properties of xgraphene through MD simulations, revealing its me-
chanical response characteristics and fracture behavior mechanisms
under different conditions. These findings are crucial not only for un-
derstanding the mechanical nature of two-dimensional materials but
also for providing theoretical support and experimental guidance for
their widespread applications in nanotechnology and materials engi-
neering. Future research will continue to explore novel material design
and optimization pathways, advancing the application and development
of two-dimensional materials in advanced technological fields.
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