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Abstract: The 8-16-4 graphyne, a recently identified two-dimensional carbon allotrope, exhibits
distinctive mechanical and electrical properties, making it a candidate material for flexible electronic
applications. This study endeavors to enhance our comprehension of the fracture behavior and
mechanical properties of 8-16-4 graphyne. The mechanical properties of 8-16-4 graphyne were
evaluated through molecular dynamics simulations, examining the impact of boundary conditions,
temperature, and strain rate, as well as the coupled interactions between temperature, vacancy defects,
and microcracks. The findings reveal that 8-16-4 graphyne undergoes fracture via the cleavage of
ethylene bonds at a critical strain value of approximately 0.29. Variations in boundary conditions and
strain rate influence the fidelity of tensile simulation outcomes. Temperature, vacancy concentration,
and the presence of microcracks markedly affect the mechanical properties of 8-16-4 graphyne. In
contrast to other carbon allotropes, 8-16-4 graphyne exhibits a diminished sensitivity to vacancy
defects in its mechanical performance. However, carbon vacancies at particular sites are more prone
to initiating cracks. Furthermore, pre-existing microcracks within the material can potentially alter
the fracture mode.

Keywords: 8-16-4 graphyne; mechanical properties; molecular dynamics; vacancy defect; microcrack

1. Introduction

In the realm of all-carbon chemistry, the introduction of acetylene bonds markedly
diversifies carbon isomers, encompassing graphyne and its derivatives [1-5]. Acetylene
groups can lower bonding energy and modulate optical, thermal, and electronic properties
in various ways [6-9]. These materials also manifest exceptional elasticity, adjustable
Poisson’s ratio [10], high fracture toughness, and impressive strength. A comprehensive
understanding of the mechanical properties of carbon allotropes is crucial for their effective
utilization. Mechanical properties of graphene and other carbon allotropes have been
extensively explored by researchers [11-18]. Lee et al. [19] utilized nanoindentation to
measure the failure strength and Young’s modulus of single-layer graphene, obtaining
values of 42 Nm~! and 1.0 TPa, respectively. Zhang et al. [20] investigated the impact of
pre-existing cracks on the fracture toughness of graphene samples through in-situ tensile
experiments. Feng et al. [21] characterized crack progression and fracture toughness
anisotropy in single-crystalline graphene monolayers via in-situ tensile tests and modeling.

However, conducting mechanical testing on two-dimensional carbon materials through
experimental means is challenging due to limitations and errors in material preparation
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and experimental methods. Consequently, an increasing number of researchers are turning
to numerical simulation methods to investigate the mechanical properties of carbon al-
lotropes [22-35]. Peng et al. [36] employed first-principles calculations to predict the impact
of pressure on graphyne’s second-order elastic constants, in-plane Young’s modulus, and
Poisson’s ratio. Zhang et al. [37] studied the mechanical properties and failure mechanisms
of four different types of graphene using molecular dynamics. Their results indicated a
considerable reduction in failure stress and Young’s modulus in the presence of acetylene
bonds, and this reduction was found to be directly proportional to the percentage of bonds.
Xie et al. [38] investigated the mechanical properties of PSI-graphene under varying ten-
sile angles. Akhunova et al. [39] investigated the fracture and mechanical properties of
defective and defect-free rippled graphene. The results indicate that wrinkling significantly
reduces the ultimate tensile strength and Young’s modulus of graphene, while increasing
the fracture strain.

The graphyne structure, generated through techniques like mechanical exfoliation and
chemical vapor deposition (CVD), inevitably harbors defects [40]. Numerous experimental
and atomic simulation studies on defective graphyne have demonstrated that defects exert
a substantial influence on the mechanical properties of two-dimensional materials [41-48].
Sun et al. [49] investigated the impact of vacancy defects on the mechanical characteristics of
graphene, revealing that vacancy defects induce stress concentration, leading to a reduction
in failure strength by approximately 17.7% due to a single vacancy. Yu et al. [50] conducted
a comparative analysis on the influence of geometric shape and orientation of cracks on
the mechanical properties of graphene. Yin et al. [51] explored the applicability of the
Griffith criterion, designed for continuous medium theory, in discrete atomic systems.
Their findings indicate that the Griffith criterion remains effective for cracks as small as
10 nm, but it might overestimate the strength of shorter cracks due to local effects at the
crack tip. Alahmed et al. [52] explored the influence of the crack angle on the mechanical
properties of single-layer graphene. Their findings revealed that the crack front with a
vertex angle of 60° corresponds to the weakest configuration, exhibiting the lowest fracture
toughness and fracture strain.

The allotrope 8-16-4 graphyne, a recently proposed single-atom-thick carbon al-
lotrope [53], derives its name from the distinctive structural feature of four carbon atoms in-
terconnected in an octagonal shape, forming a 16-membered ring. Bandyopadhyay et al. [54]
comprehensively validated the dynamical, mechanical, and thermodynamic stability of
8-16-4 graphyne through first-principles calculations. They discussed in detail its synthetic
feasibility and proposed a potential chemical synthesis pathway. Jafari et al. [55] investi-
gated the adsorption behavior of transition metal atoms on 8-16-4 graphyne using DFT-D2.
The results indicate that 8-16-4 graphyne exhibits high adsorption capability and character-
istics preventing the aggregation of transition metal atoms, making it a potential candidate
for single-atom catalyst carriers and hydrogen storage materials. Tromer et al. [53] con-
ducted a comprehensive investigation into its mechanical, structural, optical, and electrical
properties using first-principles calculations. Their findings revealed a unique characteristic
of 8-16-4 graphyne: its electrical properties remain unchanged under moderate strains,
rendering it a promising candidate for applications in flexible electronic devices.

In order to further investigate the potential applications of 8-16-4 graphyne in these
domains, a comprehensive understanding of its mechanical properties is essential. This
study employs MD simulations to explore the mechanical performance of 8-16-4 graphyne
under various environmental conditions, including the influence of boundary conditions,
temperature, and strain rate on the material’s plasticity and fracture response. Additionally,
a comparative analysis of the mechanical behavior of defective and defect-free models
of 8-16-4 graphyne is conducted, along with an examination of the coupling effects of
temperature and defects.
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2. Materials and Methods

The 8-16-4 graphyne model shown in Figure 1 has a structure composed of octagonal
and 16-membered carbon rings [56]. First-principles calculations indicate that this structure
exhibits both dynamic and thermal stability.
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Figure 1. Schematic diagram of the 8-16-4 graphyne structure. (a) Single-cell structure, (b) a mono-
and “b” in the bottom-left corner

// ”

layer of pristine graphyne was produced by VESTA. The letters
represent the orientation of the coordinate system.

To investigate the mechanical behavior of 8-16-4 graphyne, we performed uniaxial
tension simulations using the Large-scale Atomic/Molecular Massively Parallel Simula-
tor (LAMMPS 23-June-2022) [57]. Considering that bond breakage and formation occur
during fracture processes, we selected the adaptive intermolecular reactive bond order
potential (AIREBO-M) [58]. The AIREBO potential is considered the most accurate inter-
atomic potential for modeling SLGS mechanical, fracture, and thermal properties [59], The
AIEBO-M potential is a modified form of the AIREBO potential and exhibits more accurate
performance in high-pressure systems.

In molecular dynamics (MD) simulations, all models are square-shaped. Except for
the second section, periodic boundary conditions are applied in the x and y directions, and
free boundary conditions are applied in the out-of-plane z direction, with a 50 A vacuum
layer. Convergence tests were conducted on six groups of simulation systems with different
sizes ranging from 1440 to 19,600 atoms. The results indicate that, for defect-free systems,
the system size has a negligible impact on the test results. Therefore, a simulation system
with 3600 atoms was adopted for defect-free system calculations. The Verlet integration
method was employed to numerically integrate the equations of motion for atoms over
time with a time step of 0.1 fs. The initial structure of 8-16-4 graphyne was optimized using
the conjugate gradient method. During temperature initialization, initial velocities were
assigned only in the x and y directions, preventing the influence of wrinkles in the relaxation
phase on the tensile test results. Subsequently, a 4 ps relaxation was conducted in the NPT
ensemble to eliminate internal stresses and achieve a dynamically stable state. Except
for Section 3.1, all simulated strain rates were set at 1 x 107 /s engineering strain/second.
Material stretching was achieved by increasing the periodic simulation box size along the
loading direction, and atomic positions were remapped every time the simulation box size
was changed. The tensile stress in the x-direction is calculated by evaluating the stress
within the entire simulated box’s yz plane, multiplying it by the length of the box along
the z-axis, and then dividing the result by 3.34 A (a commonly used effective thickness for
two-dimensional carbon materials). Stress and strain were sampled at every time step, with
the averages outputted every 250 steps. OVITO 3.9.4 was used for data post-processing and
visualization [60]. In the visualized images, atomic colors represent von Mises stress values.

The analysis of experimental results primarily focuses on “failure strength”, “fracture
strain”, “Young’s modulus”, and “toughness”, all of which are extracted from the stress-
strain curve. The failure strength is the maximum value on the stress-strain curve. The
fracture strain is the corresponding strain value at this stress. Young’s modulus is the
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slope of the linear elastic region in the stress-strain curve within the initial 4% engineering
strain. Toughness is the energy absorbed by the material before reaching the fracture strain,
obtained by integrating the curve.

3. Results and Discussions
3.1. Boundary Effect

In MD simulations, the system size is typically confined to the scale of a few hundred
nanometers, much smaller than the scales employed in experiments. Therefore, periodic
boundary conditions (PBC) are commonly employed to simulate the boundary effects
arising from this substantial size difference, making the system resemble an infinite one.
However, this assumption of a perfectly infinite repeating unit approximation may intro-
duce additional errors, such as the suppression of long-range correlations, and the complete
neglect of edge effects, which could lead to an overestimation of the material’s mechanical
properties. Consequently, we conducted uniaxial tensile simulations on 8-16-4 graphyne
under different boundary conditions and model sizes to examine the influence of boundary
conditions on the simulations (Figure 2b—d).
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Figure 2. Tensile test results of the 8-16-4 graphyne model under different boundary conditions. The
blue atoms are fixed in the simulation to break the periodicity. (a) Stress-strain curves; (b) Double
periodic boundary condition model (DPBC); (c) Single periodic boundary condition model (SPBC);
(d) Finite-size model (FS).

The calculated Young’s modulus of 8-16-4 graphyne is nearly identical under different
boundary conditions, but there are significant differences in fracture strain and failure
strength (Figure 2a). Under periodic boundary conditions, the material exhibits higher failure
strength. The failure strength calculated for a 15 nm side length model is 13.5% and 19.3%
lower than that of the DPBC under SPBC and FS, respectively. Similarly, the 25 nm side length
model shows a 10.1% and 16.1% lower failure strength under SPBC and FS compared to the
DPBC model. As the system size increases, the results of the finite-size model approach closer
to those obtained using periodic boundary conditions. The selection of boundary conditions
involves a complex competition mechanism between errors arising from neglecting edge
effects and those resulting from size differences. In general, models using periodic boundary
conditions tend to provide results closer to experimental outcomes [61].
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3.2. Strain Rate Effect

Due to the temporal constraints in MD simulations, the strain rates used are frequently
orders of magnitude higher than those applied in experiments. This significant difference
may result in non-equilibrium effects, where, at excessively high strain rates, the model
may not fully relax, leading to an inaccurate representation of the material’s actual behavior.
Furthermore, the strain rate can influence the deformation mechanisms of materials; in
simulations, materials require sufficient time to respond to tensile loads. At high strain
rates, certain behaviors conducive to deformation or fracture, such as dislocation motion,
initiation and propagation of cracks, etc., may not fully develop as they would at low
strain rates. Therefore, it is imperative to choose an appropriate strain rate for tensile
simulations to strike a balance between accuracy and computational efficiency. To this
end, we investigated the effects of five strain rates ranging from 5 x 108/sto 5 x 10'%/s
on tensile tests. This is a common strain rate range in the simulation of stretching for
two-dimensional carbon materials [62,63].

Figure 3 displays the results of MD tensile simulations conducted at different strain
rates spanning three orders of magnitude. It can be observed that the impact of strain
rate on the four mechanical properties obtained from the tests exhibits a non-monotonic
trend, which is particularly evident in the fluctuating variations depicted in Figure 3b for
fracture toughness and failure strength. These fluctuations suggest that the influence of
strain rate on mechanical property testing may involve multiple competing mechanisms
influencing material response. As shown in Figure 3c, the overall trend of the material’s
Young’s modulus slightly increases with the rise in strain rate. This may be attributed to
artifact resulting from the inability of the model to fully relax in high strain rate simulations.
Therefore, in subsequent simulations, we opted for a strain rate of 1 x 10 /s, as it resulted in
mechanical performance parameters with errors within 5% compared to lower strain rates.
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Figure 3. Uniaxial tension tests were performed on 8-16-4 graphyne at different strain rates. (a) Stress-
strain curves, (b,c) Relationship between main mechanical properties and strain rate, (d) Percentage
variance of mechanical properties.
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In comparison with other two-dimensional materials like graphene, the strain rate
sensitivity of the mechanical properties of 8-16-4 graphyne is more pronounced [64]
but not as significant as observed in materials such as metal nanomaterials or carbon
nanotubes [65,66]. Figure 3d presents the variance of the four mechanical properties ob-
tained from five tests at different strain rates, with variance values of 0.15 and 0.065 for
fracture strain and failure strength, respectively, and only 0.016 for Young’s modulus. This
indicates that, compared to factors such as temperature and defects, the influence of strain
rate on the mechanical properties of 8-16-4 graphyne is relatively small, and the strain rate
primarily affects the large strain regions in the simulations. This trend is consistent with
similar studies on other two-dimensional carbon materials [67], demonstrating the strain
rate stability of the mechanical properties of 8-16-4 graphyne.

3.3. Temperature Effect

Temperature is a significant factor influencing the mechanical properties of mate-
rials [68]. To ensure the reliable application of two-dimensional materials in extreme
temperature environments, a detailed investigation of the correlation between their me-
chanical properties and temperature is crucial. Figure 4 presents the stress-strain curves
of 8-16-4 graphyne at various temperatures and illustrates how Young’s modulus, failure
strength, fracture strain, and fracture toughness change with temperature.
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Figure 4. Uniaxial tension tests were performed on 8-16-4 graphyne at different temperatures.
(a) Stress-strain curves; (b,c) Relationship between main mechanical properties and temperature;
(d) Percentage variance of mechanical properties.

At 300 K, 8-16-4 graphyne exhibits a Young’s modulus of approximately 438 GPa and
a fracture strain of 0.29, which are approximately 40% and 179% of those of graphene,
respectively. As the temperature increases, the material gradually softens. When the
temperature reaches 900 K, the Young’s modulus and failure strength of 8-16-4 graphyne
decrease by approximately 7% and 41%, respectively, compared to their values at 300 K.
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Fracture strain and fracture toughness also exhibit a decreasing trend with increasing
temperature, with the slope decreasing as the temperature rises. In contrast, the temperature
dependence of the mechanical properties of graphene is nearly linear [69].

Furthermore, at temperatures of 500 K and below, the fracture of 8-16-4 graphyne is
entirely brittle, as there is no apparent yielding phenomenon observed in the stress-strain
curve at the fracture location. However, as the system temperature increases to 700 K, the
material exhibits some toughness. The strain corresponding to the maximum stress is less
than the strain at complete failure, and this phenomenon becomes more pronounced at
900 K.

This phenomenon may be related to structural transformations occurring at higher
temperatures and under tensile strain. Figure 5 displays atomic trajectory snapshots of
8-16-4 graphyne at the initiation of bond breaking and complete failure, captured at two
time points, under temperatures of 300 K, 500 K, 700 K, and 900 K. It can be observed
that at 300 K and 500 K, the crack rapidly propagates after the ethylene bond breaks.
However, at 700 K, a portion of long carbon chains, known as carbyne, is formed among
the disrupted structures. Carbyne is considered to possess superior mechanical properties
compared with two-dimensional carbon structures [70,71]. Zhu et al. [72] conducted
a detailed investigation of this phenomenon through MD simulations, proposing that
the size of carbon rings and temperature are crucial factors leading to the formation of
carbyne in the tensile deformation of carbon structures. The formation of one-dimensional
carbon chains is the reason for the plastic behavior observed in the stress-strain curve
of 8-16-4 graphyne at elevated temperatures. Additionally, at higher temperatures, post-
failure evolution of 8-16-4 graphyne results in the formation of new structures, including
5-membered and 6-membered rings. At 900 K, the defect generated by the first ethylene
bond breaking does not rapidly propagate to form a crack; instead, cracks nucleate at
multiple locations. The material took a longer time to progress from the initiation of bond
breaking to complete failure.

(b)

€=0.284

€ =0.286 £=0.219 £=0.222

() (h)

€=0.190 €=0.133 €=0.163

Figure 5. The atomic motion trajectories during tensile fracture at different temperatures, utilizing
OVITO'’s bond generation function to connect atoms with distances less than 2.0 A. (a)b) 300 K.
(c,d) 500 K. (e,f) 700 K. (g,h) 900 K.

3.4. The Vacancy-Defect Effect

Vacancy defects are the most common imperfections in crystalline materials. In two-
dimensional carbon structures, factors such as material preparation and high-energy par-
ticle impacts can introduce vacancy defects into the material [73,74]. These vacancy de-
fects can be employed to tailor various material properties to meet specific application
requirements, while simultaneously exerting an influence on the material’'s mechanical



Nanomaterials 2024, 14, 556

8 of 15

performance [75,76]. To investigate the impact of vacancies on the mechanical properties of
8-16-4 graphyne, we randomly deleted 0.1%, 0.3%, 0.5%, 1%, 3% and 5% of atoms in a sys-
tem containing 10,000 carbon atoms to create vacancy defects. Subsequently, we stretched
these models at different temperatures to investigate the coupled effects of temperature
and defects on the mechanical properties of 8-16-4 graphyne.

In 8-16-4 graphyne, there are two types of carbon atoms with distinct sp and sp?
hybridization structures. After the molecular statics structure optimization, the atomic
structures near these vacancy defects are shown in Figure 6a,b respectively. It can be
observed that the sp carbon atom vacancy (C5) leads to significant deformation in the
surrounding octagon ring.

(a) (b) (c)

Cca

Figure 6. Uniaxial tensile tests on models with vacancy defects. (a,b) Two types of inequivalent
vacancy defect sites. (c¢) Bonding during equilibrium or stretching processes. C4 and C5 respectively
represent different vacancy defect for sp? and sp hybridized sites.

Randomly generated defects include vacancies at both of these different sites. How-
ever, upon reaching the fracture limit, cracks consistently initiate from the vacancy defects
at the C2 or C3 positions (Figure 1). This suggests that, during stretching along the x-
axis, the vacancy defects at this particular site are more prone to inducing crack initiation
compared to other sites.

Figure 7 illustrates the coupled effects of temperature and vacancy defects on the
mechanical properties of 8-16-4 graphyne. As the vacancy defect concentration increases,
both the material’s fracture strain and failure strength significantly decrease. It is notewor-
thy that, compared to other two-dimensional carbon materials, 8-16-4 graphyne exhibits
lower sensitivity to vacancy defects. Compared to the defect-free system, the failure
strength of 8-16-4 graphyne with a 1% vacancy concentration decreases by 19%. In contrast,
graphene with the same proportion of vacancy defects experiences a 31% reduction in
failure strength [38]. This characteristic may be attributed to the longer carbon chains in
the structure of 8-16-4 graphyne, allowing the freely dangling carbon chains generated by
vacancy defects to form new bonds with other carbon atoms during the stretching process.
Figure 6c illustrates the structure near the vacancy defects during the stretching process,
showing the formation of new chemical bonds. As the temperature increases from 300 K
to 900 K, compared to the defect-free model, the models with a 5% vacancy concentration
exhibit a reduction in fracture strain of 0.106, 0.064, 0.038, and 0.032, and a corresponding
decrease in failure strength of 32.5 GPa, 25.5 GPa, 19.4 GPa, and 17.4 GPa, respectively.
Elevated temperatures enhance atomic thermal vibrations, making suspended atoms more
prone to bond with other carbon atoms during the stretching process, thereby compensating
for the detrimental impact of defects on the mechanical robustness of 8-16-4 graphyne.

Additionally, the actual position and distribution of defects within the material lattice
may not perfectly align with the random atomic removal simulated in our study. This
disparity could lead to differences in the material’s response to vacancy defects, presenting
a challenge for experimental validation.
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Figure 7. The coupling effect of temperature and vacancy defects on the mechanical properties of
8-16-4 graphyne. (a) Fracture strain. (b) Failure stress.

3.5. Cracks and Fracture Toughness

Pre-existing cracks exert a substantial impact on the mechanical properties of materials.
In practical scenarios, material fracture frequently initiates from the propagation of pre-
existing microcrack tips rather than originating from the bonds between atoms in perfect
crystals. As a result, the failure strength of a material is frequently intricately connected to
the presence of pre-existing cracks.

According to Griffith’s formula [77]:

_ 2Es
o=\ (1)

The surface energy (s ) and crack radius (a) exert a significant influence on the tensile
failure strength. When the stress concentration at the crack tip attains the energy required
to break a bond or a specific number of bonds, crack propagation initiates. Furthermore,
the fracture behavior is influenced by the distinct atomic bonding at the crack tip, and
temperature also significantly affects the initiation and propagation of cracks in the material.
Consequently, we conducted an investigation into the mechanical properties of 8-16-4 gra-
phyne under the influence of cracks and temperature. Our model involved the introduction
of cracks with varying lengths. The crack lengths were set at 24, 26, 31, 33, 38, 41, 46, and
56 A, respectively. The irregular crack length settings are based on considerations of the
discrete nature of atomic structure.

Figure 8 illustrates the coupled effects of temperature and varying crack lengths
on the mechanical properties of 8-16-4 graphyne. Longer cracks weaken the material’s
mechanical performance more significantly, with both fracture strain and failure strength
decreasing as the crack length and temperature increase. The relationship between the
mechanical properties of the material and the crack length is not linear but exhibits a
fluctuating, monotonically decreasing trend. This behavior is attributed to the different
atomic bonding configurations at the crack tips. Figure 9 shows two crack models with
different lengths and distinct crack-tip configurations. This difference results in variations
in the initiation of bond fracture under failure stress. Therefore, cracks with these two
different tips exhibit inconsistent degrees of material weakening, with different trends and
influencing mechanisms at varying temperatures.

Subsequently, the deformation and fracture behavior of the 8-16-4 graphyne structure
under uniaxial tension with different crack tips were analyzed through atomic trajectory
visualization (Figure 10). Under tension along the x-axis, chemical bonds parallel to the
x-axis experience higher stress compared to bonds oriented perpendicular to the x-axis.
This behavior can be ascribed to the cross-shaped structure inherent in 8-16-4 graphyne.
Due to the inherent weakness of double bonds compared to triple bonds, the ethylene
double bonds parallel to the x-axis began to fracture during further deformation, becoming
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the focal point for crack initiation. As shown in Figure 5a, in the defect-free model, the
fracture of the C2-C3 ethylene bond induced the initiation of the crack. Subsequently, the
octagon was destroyed, and the crack propagated along the y-axis.

(a)o.20 (b) 55
5 50
c O
‘S 0.16 et
5 £
) ()]
o & 40
2 2
Lé 0.12 o 35
L =
© 30
L
0.08 -
25 30 35 40 45 50 55 25 30 35 40 45 50 55
Crack length (A) Crack length (A)

Figure 8. Coupled influence of temperature and crack length on the mechanical properties of 8-16-4
graphyne. (a) Fracture strain. (b) Failure strength.

(@) (b)

Figure 9. 8-16-4 graphyne with cracks that cut off at different locations with different termination.

(a) Crack with a-type termination. (b) Crack with b-type termination. The atoms at the crack tip are
highlighted in blue.

Furthermore, as described in Section 3.3, at temperatures below 500 K, following the
initial bond breakage in the system, local defects rapidly develop, forming cracks. Subse-
quently, the cracks rapidly propagate along the direction perpendicular to the stretching
axis, further resulting in complete material fracture. In defect-free systems at higher tem-
peratures, due to lower stress in the system, local chemical bond fractures are less likely
to develop into cracks, and defects occur at multiple positions in the model (Figure 5h).
However, pre-existing microcracks in the system may contribute to variations in material
failure and fracture mechanisms. In the crack model at 900K, despite the presence of
some sp carbon chains and defects sprouting from multiple locations, the overall fracture
mechanism of the material is more similar to that at low temperatures. The initial de-
fects rapidly propagate from the pre-existing crack tip, and the fracture process no longer
exhibits significant yielding phenomena (Figure 10d).
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Figure 10. Fracture morphology of the 8-16-4 graphyne model with cracks at different temperatures.
(a) 300 K. (b) 500 K. (c) 700 K. (d) 900 K.

4. Conclusions

This study employs MD simulations to investigate the influence of boundary condi-
tions, strain rate, temperature, vacancy defects, and cracks on the mechanical properties of
8-16-4 graphyne. Our research results indicate that models with periodic boundary condi-
tions calculate higher mechanical properties for the material compared to finite-size models.
There is no consistent correlation between strain rate and the tensile mechanical properties
of the material. However, excessively high strain rates can induce non-equilibrium effects,
leading to the overestimation of Young’s modulus at high strain states and inaccurate
estimates of failure strength and fracture strain. Temperature significantly impacts the
material’s performance, with the Young’s modulus decreasing by 7% and failure stress
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decreasing by approximately 41% as the temperature rises from 300 K to 900 K. Elevated
temperatures influence the fracture mode of 8-16-4 graphyne, inducing some yielding
behavior during large deformation stages. Furthermore, compared to similar carbon mate-
rials, 8-16-4 graphyne exhibits a relatively low sensitivity to vacancy defects. This behavior
is attributed to its inherent longer carbon chain structure, allowing unsaturated carbon
atoms at defect sites to form new chemical bonds under tension, compensating for the
loss in strength. The sensitivity of 8-16-4 graphyne to vacancy defects further decreases
with increasing temperature. Lastly, the study demonstrates that the presence of cracks
significantly degrades the mechanical performance of 8-16-4 graphyne, and models with
pre-existing cracks tend to exhibit brittle fracture even at high temperatures. Our results pro-
vide atomic-scale insights into the mechanical behavior of 8-16-4 graphyne under various
parameters, offering valuable information for the design and application of this material in
flexible electronic devices.

Author Contributions: Z.H. (Zeyu Huang): Writing—original draft, Data curation. Q.P.: Supervision,
Conceptualization, Formal analysis, Writing—review and editing, Funding acquisition. Y.Z.: Method-
ology, Software. G.C.: Validation. X.Z.: Methodology, Software. X.-J.C.: Writing—review and editing.
Z.H. (Zhongwei Hu): Writing—review and editing, Funding acquisition. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by Shenzhen Science and Technology Program (Grant No.
KQTD20200820113045081), National Natural Science Foundation of China (Grant No. 12272378), High-
level Innovation Research Institute Program of Guangdong Province (Grant No. 2020B0909010003), and
LiYing Program of the Institute of Mechanics, Chinese Academy of Sciences (Grant No. E171011001).

Data Availability Statement: The datasets generated during and/or analyzed during the current
study are available from the corresponding author on reasonable request.

Conflicts of Interest: There are no conflicts of interest to declare.

References

1.  Fan, Q. Yan, L,; Tripp, M.W.,; Krejci, O.; Dimosthenous, S.; Kachel, S.R.; Chen, M.; Foster, A.S.; Koert, U.; Liljeroth, P; et al.
Biphenylene Network: A Nonbenzenoid Carbon Allotrope. Science 2021, 372, 852-856. [CrossRef] [PubMed]

2. Kaiser, K,; Scriven, L.M.; Schulz, E; Gawel, P.; Gross, L.; Anderson, H.L. An Sp-Hybridized Molecular Carbon Allotrope,
Cyclo[18]Carbon. Science 2019, 365, 1299-1301. [CrossRef] [PubMed]

3. Jiang,J.-W.; Leng, J.; Li, ].; Guo, Z.; Chang, T.; Guo, X.; Zhang, T. Twin Graphene: A Novel Two-Dimensional Semiconducting
Carbon Allotrope. Carbon. 2017, 118, 370-375. [CrossRef]

4. Kroto, HW,; Heath, J.R.; O'Brien, S.C.; Curl, R.F,; Smalley, R.E. C60: Buckminsterfullerene. Nature 1985, 318, 162-163. [CrossRef]

5. Zhao, M.; Dong, W.; Wang, A. Two-Dimensional Carbon Topological Insulators Superior to Graphene. Sci. Rep. 2013, 3, 3532.
[CrossRef] [PubMed]

6.  Mbayachi, V.B.; Ndayiragije, E.; Sammani, T.; Taj, S.; Mbuta, E.R.; Khan, A.U. Graphene Synthesis, Characterization and Its
Applications: A Review. Results Chem. 2021, 3, 100163. [CrossRef]

7. Jiang, PH.; Liu, HJ.; Cheng, L.; Fan, D.D.; Zhang, J.; Wei, ].; Liang, ].H.; Shi, ]J. Thermoelectric Properties of y-Graphyne from
First-Principles Calculations. Carbon 2017, 113, 108-113. [CrossRef]

8. Lu, J.; Guo, Y,; Zhang, Y,; Cao, J. Li Decorated 6,6,12-Graphyne: A New Star for Hydrogen Storage Material. Int. |. Hydrog. Energy
2014, 39, 17112-17117. [CrossRef]

9. Ledn, A,; Pacheco, M. Electronic Properties of 3-Graphyne Bilayers. Chem. Phys. Lett. 2015, 620, 67-72. [CrossRef]

10. Wen, Y,; Gao, E.; Hu, Z,; Xu, T.; Lu, H.; Xu, Z,; Li, C. Chemically Modified Graphene Films with Tunable Negative Poisson’s
Ratios. Nat. Commun. 2019, 10, 2446. [CrossRef]

11.  Lu, C.-T.; Weerasinghe, A.; Maroudas, D.; Ramasubramaniam, A. A Comparison of the Elastic Properties of Graphene- and
Fullerene-Reinforced Polymer Composites: The Role of Filler Morphology and Size. Sci. Rep. 2016, 6, 31735. [CrossRef] [PubMed]

12. Wei, X,; Xiao, S.; Li, F; Tang, D.-M.; Chen, Q.; Bando, Y.; Golberg, D. Comparative Fracture Toughness of Multilayer Graphenes
and Boronitrenes. Nano Lett. 2015, 15, 689-694. [CrossRef] [PubMed]

13. Papageorgiou, D.G.; Kinloch, I.A.; Young, R.]. Mechanical Properties of Graphene and Graphene-Based Nanocomposites. Prog.
Mater. Sci. 2017, 90, 75-127. [CrossRef]

14. Afyouni Akbari, S.; Ghafarinia, V.; Larsen, T.; Parmar, M.M.; Villanueva, L.G. Large Suspended Monolayer and Bilayer Graphene
Membranes with Diameter up to 750 Mm. Sci. Rep. 2020, 10, 6426. [CrossRef] [PubMed]

15. Suk, J.W,; Piner, R.D.; An, J.; Ruoff, R.S. Mechanical Properties of Monolayer Graphene Oxide. ACS Nano 2010, 4, 6557-6564.

[CrossRef] [PubMed]


https://doi.org/10.1126/science.abg4509
https://www.ncbi.nlm.nih.gov/pubmed/34016779
https://doi.org/10.1126/science.aay1914
https://www.ncbi.nlm.nih.gov/pubmed/31416933
https://doi.org/10.1016/j.carbon.2017.03.067
https://doi.org/10.1038/318162a0
https://doi.org/10.1038/srep03532
https://www.ncbi.nlm.nih.gov/pubmed/24346339
https://doi.org/10.1016/j.rechem.2021.100163
https://doi.org/10.1016/j.carbon.2016.11.038
https://doi.org/10.1016/j.ijhydene.2014.08.066
https://doi.org/10.1016/j.cplett.2014.12.038
https://doi.org/10.1038/s41467-019-10361-3
https://doi.org/10.1038/srep31735
https://www.ncbi.nlm.nih.gov/pubmed/27546738
https://doi.org/10.1021/nl5042066
https://www.ncbi.nlm.nih.gov/pubmed/25555238
https://doi.org/10.1016/j.pmatsci.2017.07.004
https://doi.org/10.1038/s41598-020-63562-y
https://www.ncbi.nlm.nih.gov/pubmed/32286478
https://doi.org/10.1021/nn101781v
https://www.ncbi.nlm.nih.gov/pubmed/20942443

Nanomaterials 2024, 14, 556 13 of 15

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.
45.

Berciaud, S.; Ryu, S.; Brus, L.E.; Heinz, T.F. Probing the Intrinsic Properties of Exfoliated Graphene: Raman Spectroscopy of
Free-Standing Monolayers. Nano Lett. 2009, 9, 346-352. [CrossRef] [PubMed]

Tsoukleri, G.; Parthenios, ].; Papagelis, K.; Jalil, R.; Ferrari, A.C.; Geim, A K.; Novoselov, K.S.; Galiotis, C. Subjecting a Graphene
Monolayer to Tension and Compression. Small 2009, 5, 2397-2402. [CrossRef] [PubMed]

Rasool, H.I; Ophus, C.; Klug, W.S.; Zettl, A.; Gimzewski, ].K. Measurement of the Intrinsic Strength of Crystalline and
Polycrystalline Graphene. Nat. Commun. 2013, 4, 2811. [CrossRef]

Lee, C.; Wei, X.; Kysar, ].W.; Hone, J. Measurement of the Elastic Properties and Intrinsic Strength of Monolayer Graphene. Science
2008, 321, 385-388. [CrossRef]

Zhang, P; Ma, L.; Fan, F; Zeng, Z.; Peng, C.; Loya, PE.; Liu, Z.; Gong, Y.; Zhang, J.; Zhang, X.; et al. Fracture Toughness of
Graphene. Nat. Commun. 2014, 5, 3782. [CrossRef]

Feng, S.; Cao, K,; Gao, Y.;; Han, Y,; Liu, Z,; Lu, Y,; Xu, Z. Experimentally Measuring Weak Fracture Toughness Anisotropy in
Graphene. Commun. Mater. 2022, 3, 28. [CrossRef]

Hou, J.; Deng, B.; Zhu, H.; Lan, Y,; Shi, Y.; De, S.; Liu, L.; Chakraborty, P.; Gao, F.; Peng, Q. Magic Auxeticity Angle of Graphene.
Carbon 2019, 149, 350-354. [CrossRef]

Andrew, R.C.; Mapasha, R.E.; Ukpong, A M.; Chetty, N. Mechanical Properties of Graphene and Boronitrene. Phys. Rev. B 2012,
85, 125428. [CrossRef]

Peng, Q.; Liang, C.; Ji, W.; De, S. A Theoretical Analysis of the Effect of the Hydrogenation of Graphene to Graphane on Its
Mechanical Properties. Phys. Chem. Chem. Phys. 2013, 15, 2003-2011. [CrossRef] [PubMed]

Luo, Y;; Ren, C.; Xu, Y;; Yu, J.; Wang, S.; Sun, M. A First Principles Investigation on the Structural, Mechanical, Electronic, and
Catalytic Properties of Biphenylene. Sci. Rep. 2021, 11, 19008. [CrossRef]

Puigdollers, A.R.; Alonso, G.; Gamallo, P. First-Principles Study of Structural, Elastic and Electronic Properties of «-, $- and
v-Graphyne. Carbon 2016, 96, 879-887. [CrossRef]

Peng, Q.; Peng, S.; Cao, Q. Ultrahigh Ballistic Resistance of Twisted Bilayer Graphene. Crystals 2021, 11, 206. [CrossRef]
Cranford, S.W.; Buehler, M.]. Mechanical Properties of Graphyne. Carbon 2011, 49, 4111-4121. [CrossRef]

Asadpour, M.; Malakpour, S.; Faghihnasiri, M.; Taghipour, B. Mechanical Properties of Two-Dimensional Graphyne Sheet,
Analogous System of BN Sheet and Graphyne-like BN Sheet. Solid. State Commun. 2015, 212, 46-52. [CrossRef]

Liu, F; Ming, P; Li, J. Ab Initio Calculation of Ideal Strength and Phonon Instability of Graphene under Tension. Phys. Rev. B
2007, 76, 064120. [CrossRef]

Zhao, H.; Min, K.; Aluru, N.R. Size and Chirality Dependent Elastic Properties of Graphene Nanoribbons under Uniaxial Tension.
Nano Lett. 2009, 9, 3012-3015. [CrossRef]

Hamed Mashhadzadeh, A.; Zarghami Dehaghani, M.; Molaie, F.; Fooladapanjeh, S.; Farzadian, O.; Spitas, C. A Theoretical Insight
into the Mechanical Properties and Phonon Thermal Conductivity of Biphenylene Network Structure. Comput. Mater. Sci. 2022,
214, 111761. [CrossRef]

Javvaji, B.; Budarapu, P.R.; Sutrakar, VK,; Mahapatra, D.R.; Paggi, M.; Zi, G.; Rabczuk, T. Mechanical Properties of Graphene:
Molecular Dynamics Simulations Correlated to Continuum Based Scaling Laws. Comput. Mater. Sci. 2016, 125, 319-327. [CrossRef]
Rossi, A.; Piccinin, S.; Pellegrini, V.; De Gironcoli, S.; Tozzini, V. Nano-Scale Corrugations in Graphene: A Density Functional
Theory Study of Structure, Electronic Properties and Hydrogenation. J. Phys. Chem. C 2015, 119, 7900-7910. [CrossRef]

De Oliveira, R.B.; Borges, D.D.; Machado, L.D. Mechanical and Gas Adsorption Properties of Graphene and Graphynes under
Biaxial Strain. Sci. Rep. 2022, 12, 22393. [CrossRef] [PubMed]

Peng, Q.; Ji, W.; De, S. Mechanical Properties of Graphyne Monolayers: A First-Principles Study. Phys. Chem. Chem. Phys. 2012, 14,
13385. [CrossRef] [PubMed]

Zhang, Y.Y.; Pei, Q.X.; Wang, C.M. Mechanical Properties of Graphynes under Tension: A Molecular Dynamics Study. Appl. Phys.
Lett. 2012, 101, 081909. [CrossRef]

Xie, L.; Sun, T.; He, C.; An, H.; Qin, Q.; Peng, Q. Effect of Angle, Temperature and Vacancy Defects on Mechanical Properties of
PSI-Graphene. Crystals 2019, 9, 238. [CrossRef]

Akhunova, A K.; Galiakhmetova, L.K.; Baimova, ]J.A. The Effects of Dislocation Dipoles on the Failure Strength of Wrinkled
Graphene from Atomistic Simulation. Appl. Sci. 2022, 13, 9. [CrossRef]

Ahmad, W.; Ullah, Z.; Sonil, N.I.; Khan, K. Introduction, Production, Characterization and Applications of Defects in Graphene.
J. Mater. Sci. Mater. Electron. 2021, 32, 19991-20030. [CrossRef]

Chu, K,; Wang, J.; Liu, Y.; Geng, Z. Graphene Defect Engineering for Optimizing the Interface and Mechanical Properties of
Graphene/Copper Composites. Carbon 2018, 140, 112-123. [CrossRef]

Schweizer, P; Dolle, C.; Spiecker, E. In Situ Manipulation and Switching of Dislocations in Bilayer Graphene. Sci. Adv. 2018, 4,
eaatd4712. [CrossRef]

Kumar, Y,; Sahoo, S.; Chakraborty, A.K. Mechanical Properties of Graphene, Defective Graphene, Multilayer Graphene and
SiC-Graphene Composites: A Molecular Dynamics Study. Phys. B Condens. Matter 2021, 620, 413250. [CrossRef]

Moura, M.].B.; Marder, M. Tearing of Free-Standing Graphene. Phys. Rev. E 2013, 88, 032405. [CrossRef]

He, L.; Guo, S; Lei, J.; Sha, Z.; Liu, Z. The Effect of Stone-Thrower—Wales Defects on Mechanical Properties of Graphene
Sheets—A Molecular Dynamics Study. Carbon 2014, 75, 124-132. [CrossRef]


https://doi.org/10.1021/nl8031444
https://www.ncbi.nlm.nih.gov/pubmed/19099462
https://doi.org/10.1002/smll.200900802
https://www.ncbi.nlm.nih.gov/pubmed/19642092
https://doi.org/10.1038/ncomms3811
https://doi.org/10.1126/science.1157996
https://doi.org/10.1038/ncomms4782
https://doi.org/10.1038/s43246-022-00252-4
https://doi.org/10.1016/j.carbon.2019.04.057
https://doi.org/10.1103/PhysRevB.85.125428
https://doi.org/10.1039/C2CP43360E
https://www.ncbi.nlm.nih.gov/pubmed/23257777
https://doi.org/10.1038/s41598-021-98261-9
https://doi.org/10.1016/j.carbon.2015.10.043
https://doi.org/10.3390/cryst11020206
https://doi.org/10.1016/j.carbon.2011.05.024
https://doi.org/10.1016/j.ssc.2015.02.005
https://doi.org/10.1103/PhysRevB.76.064120
https://doi.org/10.1021/nl901448z
https://doi.org/10.1016/j.commatsci.2022.111761
https://doi.org/10.1016/j.commatsci.2016.08.016
https://doi.org/10.1021/jp511409b
https://doi.org/10.1038/s41598-022-27069-y
https://www.ncbi.nlm.nih.gov/pubmed/36575211
https://doi.org/10.1039/c2cp42387a
https://www.ncbi.nlm.nih.gov/pubmed/22941420
https://doi.org/10.1063/1.4747719
https://doi.org/10.3390/cryst9050238
https://doi.org/10.3390/app13010009
https://doi.org/10.1007/s10854-021-06575-1
https://doi.org/10.1016/j.carbon.2018.08.004
https://doi.org/10.1126/sciadv.aat4712
https://doi.org/10.1016/j.physb.2021.413250
https://doi.org/10.1103/PhysRevE.88.032405
https://doi.org/10.1016/j.carbon.2014.03.044

Nanomaterials 2024, 14, 556 14 of 15

46.

47.

48.
49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Yazyev, O.V.; Louie, S.G. Topological Defects in Graphene: Dislocations and Grain Boundaries. Phys. Rev. B 2010, 81, 195420.
[CrossRef]

Roy, S.; Roy, A. A Computational Investigation of Length-Scale Effects in the Fracture Behaviour of a Graphene Sheet Using the
Atomistic J-Integral. Eng. Fract. Mech. 2019, 207, 165-180. [CrossRef]

Banhart, F.; Kotakoski, J.; Krasheninnikov, A.V. Structural Defects in Graphene. ACS Nano 2011, 5, 26—41. [CrossRef] [PubMed]
Sun, X.; Fu, Z.; Xia, M.; Xu, Y. Effects of Vacancy Defect on the Tensile Behavior of Graphene. Theor. Appl. Mech. Lett. 2014,
4,051002. [CrossRef]

Yu, T; Li, J.; Yang, Z.; Li, H.; Peng, Q.; Tang, H.-K. Effects of Crack Formation on the Mechanical Properties of Bilayer Graphene:
A Comparative Analysis. Crystals 2023, 13, 584. [CrossRef]

Yin, H.; Qi, H.J.; Fan, E; Zhu, T.; Wang, B.; Wei, Y. Griffith Criterion for Brittle Fracture in Graphene. Nano Lett. 2015, 15, 1918-1924.
[CrossRef]

Alahmed, LL; Altanany, S.M.; Abdulazeez, I.; Shoaib, H.; Alsayoud, A.Q.; Abbout, A.; Peng, Q. The Crack Angle of 60° Is the
Most Vulnerable Crack Front in Graphene According to MD Simulations. Crystals 2021, 11, 1355. [CrossRef]

Tromer, R.M.; Pereira Junior, M.L.; Lima, K.A.; Fonseca, A.F,; Da Silva, L.R.; Galvao, D.S.; Ribeiro, L.A., Jr. Mechanical, Electronic,
and Optical Properties of 8-16-4 Graphyne: A 2D Carbon Allotrope with Dirac Cones. J. Phys. Chem. C 2023, 127, 12226-12234.
[CrossRef]

Bandyopadhyay, A.; Majumdar, A.; Chowdhury, S.; Ahuja, R.; Jana, D. 8-16-4 Graphyne: Square-Lattice Two-Dimensional Nodal
Line Semimetal with a Nontrivial Topological Zak Index. Phys. Rev. B 2021, 103, 075137. [CrossRef]

Jafari, G.; Reisi-Vanani, A.; Tabandeh, Z. Evaluation of the Structural, Electronic and Magnetic Properties of Modified 8-16-4
Graphyne by 3d Transition Metals: A DFT-D2 Study. Diam. Relat. Mater. 2024, 142, 110836. [CrossRef]

Momma, K.; Izumi, E. VESTA 3 for Three-Dimensional Visualization of Crystal, Volumetric and Morphology Data. . Appl.
Crystallogr. 2011, 44, 1272-1276. [CrossRef]

Thompson, A.P,; Aktulga, H.M.; Berger, R.; Bolintineanu, D.S.; Brown, WM.; Crozier, P.S.; In ‘T Veld, PJ.; Kohlmeyer, A.; Moore,
S.G.; Nguyen, T.D.; et al. LAMMPS—A Flexible Simulation Tool for Particle-Based Materials Modeling at the Atomic, Meso, and
Continuum Scales. Comput. Phys. Commun. 2022, 271, 108171. [CrossRef]

O’Connor, T.C.; Andzelm, J.; Robbins, M.O. AIREBO-M: A Reactive Model for Hydrocarbons at Extreme Pressures. J. Chem. Phys.
2015, 142, 024903. [CrossRef]

Thamaraikannan, S.; Pradhan, S.C. Atomistic Study of Carbon Nanotubes: Effect of Cut-Off Distance. In TMS 2016 145th
Annual Meeting & Exhibition, Nashville, TN, USA, 1418 February 2016; The Minerals, Metals & Materials Society, Ed.; Springer
International Publishing: Cham, Switzerland, 2016; pp. 293-300. ISBN 978-3-319-48624-6.

Stukowski, A. Visualization and Analysis of Atomistic Simulation Data with OVITO-the Open Visualization Tool. Model. Simul.
Mater. Sci. Eng. 2010, 18, 015012. [CrossRef]

Wu, Y,; Rao, Q.; Best, J.P.; Mu, D.; Xu, X.; Huang, H. Superior Room Temperature Compressive Plasticity of Submicron Beta-Phase
Gallium Oxide Single Crystals. Adv. Funct. Mater. 2022, 32, 2207960. [CrossRef]

Chen, M.Q.; Quek, S.S.; Sha, Z.D.; Chiu, C.H,; Pei, Q.X.; Zhang, Y.W. Effects of Grain Size, Temperature and Strain Rate on the
Mechanical Properties of Polycrystalline Graphene—A Molecular Dynamics Study. Carbon 2015, 85, 135-146. [CrossRef]
Mortazavi, B.; Rémond, Y.; Ahzi, S.; Toniazzo, V. Thickness and Chirality Effects on Tensile Behavior of Few-Layer Graphene by
Molecular Dynamics Simulations. Comput. Mater. Sci. 2012, 53, 298-302. [CrossRef]

Zhang, Y.; Zheng, L.; Sun, G.; Zhan, Z.; Liao, K. Failure Mechanisms of Carbon Nanotube Fibers under Different Strain Rates.
Carbon 2012, 50, 2887-2893. [CrossRef]

Ju, S.-P,; Lee, W.-].; Lin, J.-S.; Liao, M.-L. Strain Rate Effect on Tensile Behavior of the Helical Multi-Shell Gold Nanowires. Mater.
Chem. Phys. 2006, 100, 48-53. [CrossRef]

Zhang, Y.-Y,; Pei, Q.-X.; Mai, Y.-W,; Gu, Y.-T. Temperature and Strain-Rate Dependent Failure strength of Graphynes. J. Phys. D
Appl. Phys. 2014, 47, 425301. [CrossRef]

Zhao, H.; Aluru, N.R. Temperature and Strain-Rate Dependent Failure strength of Graphene. J. Appl. Phys. 2010, 108, 064321.
[CrossRef]

Whittaker, A.G. Carbon: A New View of Its High-Temperature Behavior. Science 1978, 200, 763-764. [CrossRef]

Giannopoulos, G.I.; Avntoulla, G.S. Tensile Strength of Graphene versus Temperature and Crack Size: Analytical Expressions
from Molecular Dynamics Simulation Data. Proc. Inst. Mech. Eng. Part N ]. Nanomater. Nanoeng. Nanosyst. 2017, 231, 67-73.
[CrossRef]

Kotrechko, S.; Mikhailovskij, I.; Mazilova, T.; Sadanov, E.; Timoshevskii, A.; Stetsenko, N.; Matviychuk, Y. Mechanical Properties
of Carbyne: Experiment and Simulations. Nanoscale Res. Lett. 2015, 10, 24. [CrossRef]

Casillas, G.; Mayoral, A.; Liu, M.; Ponce, A.; Artyukhov, V.I; Yakobson, B.L; Jose-Yacaman, M. New Insights into the Properties
and Interactions of Carbon Chains as Revealed by HRTEM and DFT Analysis. Carbon 2014, 66, 436-441. [CrossRef]

Zhu, J.; Shi, D. The Integrated Effects of Temperature and Stress on the Formation of Carbon Linear Atomic Chains from Graphene
Nanoribbons. J. Appl. Phys. 2011, 110, 104311. [CrossRef]

Hashimoto, A.; Suenaga, K.; Gloter, A.; Urita, K,; Iijima, S. Direct Evidence for Atomic Defects in Graphene Layers. Nature 2004,
430, 870-873. [CrossRef] [PubMed]


https://doi.org/10.1103/PhysRevB.81.195420
https://doi.org/10.1016/j.engfracmech.2018.12.012
https://doi.org/10.1021/nn102598m
https://www.ncbi.nlm.nih.gov/pubmed/21090760
https://doi.org/10.1063/2.1405102
https://doi.org/10.3390/cryst13040584
https://doi.org/10.1021/nl5047686
https://doi.org/10.3390/cryst11111355
https://doi.org/10.1021/acs.jpcc.3c01788
https://doi.org/10.1103/PhysRevB.103.075137
https://doi.org/10.1016/j.diamond.2024.110836
https://doi.org/10.1107/S0021889811038970
https://doi.org/10.1016/j.cpc.2021.108171
https://doi.org/10.1063/1.4905549
https://doi.org/10.1088/0965-0393/18/1/015012
https://doi.org/10.1002/adfm.202207960
https://doi.org/10.1016/j.carbon.2014.12.092
https://doi.org/10.1016/j.commatsci.2011.08.018
https://doi.org/10.1016/j.carbon.2012.02.057
https://doi.org/10.1016/j.matchemphys.2005.12.005
https://doi.org/10.1088/0022-3727/47/42/425301
https://doi.org/10.1063/1.3488620
https://doi.org/10.1126/science.200.4343.763
https://doi.org/10.1177/2397791417712845
https://doi.org/10.1186/s11671-015-0761-2
https://doi.org/10.1016/j.carbon.2013.09.019
https://doi.org/10.1063/1.3662183
https://doi.org/10.1038/nature02817
https://www.ncbi.nlm.nih.gov/pubmed/15318216

Nanomaterials 2024, 14, 556 15 of 15

74. Lehtinen, O.; Kotakoski, J.; Krasheninnikov, A.V.; Tolvanen, A.; Nordlund, K.; Keinonen, J. Effects of Ion Bombardment on a
Two-Dimensional Target: Atomistic Simulations of Graphene Irradiation. Phys. Rev. B 2010, 81, 153401. [CrossRef]

75. Ovdat, O.; Don, Y.; Akkermans, E. Vacancies in Graphene: Dirac Physics and Fractional Vacuum Charges. Phys. Rev. B 2020,
102, 075109. [CrossRef]

76. Mortazavi, B.; Ahzi, S.; Toniazzo, V.; Rémond, Y. Nitrogen Doping and Vacancy Effects on the Mechanical Properties of Graphene:
A Molecular Dynamics Study. Phys. Lett. A 2012, 376, 1146-1153. [CrossRef]

77.  Griffith, A.A., VI. The Phenomena of Rupture and Flow in Solids. Phil. Trans. R. Soc. Lond. A 1921, 221, 163-198. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1103/PhysRevB.81.153401
https://doi.org/10.1103/PhysRevB.102.075109
https://doi.org/10.1016/j.physleta.2011.11.034
https://doi.org/10.1098/rsta.1921.0006

	Introduction 
	Materials and Methods 
	Results and Discussions 
	Boundary Effect 
	Strain Rate Effect 
	Temperature Effect 
	The Vacancy-Defect Effect 
	Cracks and Fracture Toughness 

	Conclusions 
	References

