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Abstract: Graphene is a type of 2D material with unique properties and promising applications.
Fracture toughness and the tensile strength of a material with cracks are the most important parameters, as micro-cracks are inevitable in the real world. In this paper, we investigated the mechanical
properties of triangular-cracked single-layer graphene via molecular dynamics (MD) simulations.
The effect of the crack angle, size, temperature, and strain rate on the Young’s modulus, tensile
strength, fracture toughness, and fracture strain were examined. We demonstrated that the most
vulnerable triangle crack front angle is about 60◦ . A monitored increase in the crack angle under
constant simulation conditions resulted in an enhancement of the mechanical properties. Minor
effects on the mechanical properties were obtained under a constant crack shape, constant crack size,
and various system sizes. Moreover, the linear elastic characteristics, including fracture toughness,
were found to be remarkably influenced by the strain rate variations.
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1. Introduction
Graphene is a two-dimensional (2D) material comprised of sp2 carbon atoms that are regularly arranged in periodic hexagons, producing a honeycomb lattice structure [1]. Graphene
has garnered considerable attention due to its remarkable mechanical and physical characteristics. It plays a significant role in the strengthening of composite materials [2–5] and is
the primary building block of 1D carbon nanotubes and 3D graphite structures [6]. Studying
the mechanical characteristics and deformation physics of graphene is thus crucial from a
technological point of view due to its potential use in numerous applications. Currently, it is
utilized in several electrical, thermal, and mechanical applications [7–9].
Several studies on the mechanical properties of graphene have been reported. Recently,
theoretical and computational modeling studies have provided significant insights into
graphene’s structural fracture and strength-controlling mechanics with both perfect and
defective structures [1,10–16]. In addition, experiments have intriguingly shown the
extreme elastic stiffness (elastic modulus of 1 TPa) and intrinsic strength (130 GPa) of
pristine monolayer graphene. Thus, it is believed to be one of the strongest materials [17,18].
Its mechanical properties have been extensively investigated [19–26] along with those
of hydrogenated graphene and other derivatives [27–31]. Furthermore, studies have
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triangle shape with a vertex angle of 90°.
Left: the system size and the isosceles triangle sides. Right: a zoomed-in plot of
◦
triangle shape with a vertex angle of 90 . Left: the system size and the isosceles triangle sides. Right: a zoomed-in plot of
the crack tip. The system of the pre-cracked single-layer graphene with the crack shape of an isosceles triangle with a
the crack tip. The system of the pre-cracked single-layer graphene with the crack shape of an isosceles triangle with a vertex
vertex angle of 90° is denoted as Angle90 for convenience.
angle of 90◦ is denoted as Angle90 for convenience.

Besides the shape of the crack front, which is determined by the angle, the aspect
ratio is also an important factor affecting the mechanical properties. To investigate the size
effect, we created two models and doubled the sizes of both in-plane directions in each
case. In one model, we aimed to keep the shape of the isosceles triangle, so the area of the
triangle was quadrupled. In the other, we aimed to keep both the size and shape of the
isosceles triangle the same so that the area of the triangle crack would be constant while
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the total system size in the area would be quadrupled. We investigated various defective
SLGSs with different crack angles. The details of the removed atoms and the percentage of
the defects are summarized in Table 1 for the 8 defective configurations. Figure 1 presents
a supercell of an SLGS system used for examining the system size effect.
Table 1. The setup of the eight models. The number of atoms removed and their percentage out of
the total number of atoms in the system, as summarized according to the top angle. We aim to use
the same area of the triangle for comparison.
Top Angle

Atoms Removed

Percentage of
Defects

1

30◦

150

0.930%

2

36◦

153

0.949%

3

60◦

154

0.959%

4

72◦

153

0.949%

5

90◦

158

0.980%

6

108◦

145

0.900%

7

120◦

156

0.967%

8

150◦

156

0.967%

Method: The mechanical properties were obtained by simulating the uniaxial tensile
tests by means of molecular dynamics (MD) simulations. All MD simulations were employed using the large-scale atomic/molecular massively parallel simulator (LAMMPS)
package [36]. The force-field that portrays the microscopic interactions amongst carbon
atoms in the graphene sheet is the adaptive intermolecular empirical reactive bond order (AIREBO) potential, which allows for the breaking and forming of carbon-carbon
covalent bonds, enabling a precise visualization of the atomic interactions within harsh
environments, including fracture. This potential is suitable for investigating the mechanical
properties of graphene [37,38].
We mimicked ambient conditions by using atmospheric pressure (1 atm) and a temperature of 300 K, which was kept steady by means of the Nose–Hoover thermostat. For
the tensile test, we scaled the deformation using engineering strain. The strain rate was
fixed at a certain value during one tensile test. The effect of the strain rate was examined
by varying it from 1 × 107 s−1 to 1 × 1010 s−1 .
The simulation time step was set to 1 fs. Prior to applying any mechanical tensile load,
we relaxed the system using the isobaric-isothermal (constant pressure and temperature)
ensemble (NPT ensemble) to release the residual stress. After relaxing the system, uniaxial
tensile load was applied along the horizontal (armchair) direction. The stress–strain
curves were obtained from the simulation. Then, by analyzing the output data, we could
compute the mechanical properties, including the Young’s modulus, ultimate tensile
strength, fracture toughness, and fracture strain. The stresses were converted to the
unit of GPa by assuming the thickness of a single layer of graphene as 0.34 nm as a
convention [37,38]. The visualization was achieved by using the OVITO package [39].
3. Results and Discussion
3.1. Stress–Strain Relationship
The stress–strain relationship plays a key role in the characterization of the mechanical
properties of materials. The stress–strain coupling is obtained from tensile load application
tests. In this study, the tensile load was uniaxially applied to the simulation samples
along the armchair direction. The Angle90 sample system is illustrated in Figure 1. We
examined eight vertex angles: 30◦ , 36◦ , 60◦ , 72◦ , 90◦ , 108◦ , 120◦ , and 150◦ . The results of
the stress–strain curves are displayed in Figure 2.
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defined by the area between the stress–strain curve and the strain axis up to the fracture
strain.
The tensile strength, fracture strain, Young’s modulus (GPa), and toughness (J ∙ m )
can be obtained from the stress–strain relationship, as illustrated in Figure 3, as a function
of the vertex angles. For comparison, the tensile loading was set to the same loading circumstances (strain rate, pressure, temperature) as the eight systems with various vertex 5 of 13
angles. The pristine graphene (represented as 180°) in Figure 3 is the ideal system without
pre-cracks. The results of fracture toughness (Figure 3a) and fracture strain (Figure 3d)
have illustrated that the vertex angle of 60° is the most vulnerable crack front with the
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GPa. When the crack angle exceeds 70°, the behavior of the tested mechanical properties

obtained from the pre-cracked structures.
As is evident from the MD simulation results and taking the Angle90 system as a
reference, the Angle36 system exhibits the lowest tensile strength. The fracture stress of
the Angle36 system reached its failure strain (6.6%) with the least amount of applied stress
(52.1 GPa) compared to the other tested cracks. On the other hand, the 150◦ crack had a
minor effect, as it could withstand a relatively large amount of stress (72.1 GPa) until it
reaches its failure strain (9.9%). Moreover, when it came to fracture toughness and strain,
the 60◦ crack had the lowest values (1.7 J·m−3 and 6.2%, respectively). Furthermore, the
least stiff SLGS was the one with a 30◦ crack showing a Young’s modulus value of 911 GPa.
When the crack angle exceeds 70◦ , the behavior of the tested mechanical properties tends,
to a good approximation, to evolve linearly and, intriguingly, the properties for some of
the crack angles are the same. For instance, the mechanics caused by the 72◦ crack behave
approximately the same as those for the 90◦ crack, and a similar situation can be obtained
for the 108◦ and 120◦ cracks. It is convenient to conclude that the sample with a 150◦ crack
outperforms all the other tested simulation sample in all other investigated properties
(toughness, stiffness, etc.), as demonstrated in Figure 3. Evidently, there is a general trend
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of rise of each of our mechanical properties with increasing angles as the crack shape
transforms from a triangle to the more traditional straight crack shape. This seems to imply
that graphene is more resistant to fracturing as we approach a straight crack configuration
as opposed to the triangle configuration when the load is applied along the crack length
direction. In general, the various fracture properties examined in this study are comparable
to other defect geometry (including cracks) -influenced properties [11,56–63].
3.3. Size Effect
3.3.1. System Size Effect (Same Crack Size but Different System Size)
Upon the application of periodic boundary conditions to the defective graphene
system, the self-image interaction of defects (with its periodic images), caused by the long
range of the elastic field, is inevitable. Consequently, the size has a noticeable influence on
the simulation results. As an attempt to reduce the artificial effects in our MD simulations,
we constructed a simulation box that is large enough. Here, we thoroughly examined a 90◦
crack system by testing several simulation parameters (namely, system size and strain rate)
and analyzed the corresponding outcomes. As for the size of the system, it was studied
by considering two supercells that were composed of 4 × 4 and 8 × 8 (409.041 Å × 413.28
Å) unit cells, respectively. The original number of carbon atoms in each pure (crack-free)
graphene system was 16,128 and 64,512 atoms, respectively.
The results of the stress–strain relationships demonstrating the size effects are illustrated in Figure 4. The red and blue curves represent the stress–strain relationships for
4 × 4 and 8 × 8-cracked SLGSs under a constant crack size. The simulation results demonstrate that the impact of the crack size on the fracture toughness of cracked SLGSs can
be comparatively disregarded. The 8 × 8 size system has a critical stress of 63.2117 GPa,
which is only 4.9% different from the smaller crack size system with a critical stress of
60.2332 GPa. These findings suggest that the system size effect on sizes larger than a 4 ×
4 configuration is negligible compared to the fracture toughness and is in line with other
Crystals 2021, 11, x FOR PEER REVIEW
7 of 14
graphene systems [64,65].
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sites) can
be seen
inx-component
(b) for theatomic
system
just
before
coded16,128
the atomic
configurations
according
to the
stress.
We used
the crack and (c) after the crack
system with the size
4 × 4 (or 20.7isnm
20.5 middle.
nm with 16,128 lattice sites). The snapshots
propagation.
Theofcolormap
in×the
of the x-component atomic stress distributions of the system just before the failure are
displayed in Figure 4b. The color map is in the middle. For direct comparison, the stress
distribution of the system after the failure is shown in Figure 4c. One can tell that the
atomic stress is highly concentrated around the vertex angle of the tip of the isosceles right
triangle. The highly concentrated atomic stress is the driving force for fracture propagation, as expected.
3.3.2. Crack Size Effect (Same System Size but Different Crack Size)
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For the better viewing of the fracture of the triangle-shaped crack, we have colorcoded the atomic configurations according to the x-component atomic stress. We used the
system with the size of 4 × 4 (or 20.7 nm × 20.5 nm with 16,128 lattice sites). The snapshots
of the x-component atomic stress distributions of the system just before the failure are
displayed in Figure 4b. The color map is in the middle. For direct comparison, the stress
distribution of the system after the failure is shown in Figure 4c. One can tell that the
atomic stress is highly concentrated around the vertex angle of the tip of the isosceles right
triangle. The highly concentrated atomic stress is the driving force for fracture propagation,
as expected.
3.3.2. Crack Size Effect (Same System Size but Different Crack Size)
As shown in Figure 4, the red and black curves represent the stress–strain relationships
for two cracked SLGSs of equal system sizes (8 × 8) when the shape of the cracks is
preserved, whereas the crack area is changed. In contrast to the 4 × 4 size system, the
system of inflated size (black curve) has an equivalent percentage (0.981%) of carbon atoms
lost to the original number of existent atoms. Consequently, a drastic change in the crack
size takes place and evidently the critical stress changes by a large margin. The critical
stress of the system is approximately 50 GPa, which is less than that of the unchanged
crack size 8×8 system due to the smaller mass density. As compared to the 4 × 4 system,
this represents a considerable drop in performance by 16.7%.
3.4. Strain Rate Effect
The strain rate has a powerful impact on the mechanical properties. It can profoundly
affect the fracture toughness, as it takes time for the system to react to the applied load. We ran
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Figure 6 illustrates the strain rate dependence of the fracture stress, strain, Young’s
modulus (GPa), and toughness (J·m−3 ). A monotonic increasing trend in the strength,
toughness, and strain of a 90◦ cracked SLGS is shown as the strain rate rises. However,
the Young’s moduli start to decrease beyond the rate of 109 , indicating the lesser need
for effective stress at these strain rates. Moreover, the mechanical properties seem to
converge as the strain rate decreases to a more realistic value and the system is given
sufficient time to react to the applied tensile load. At room temperature and high strain
rates (≈ 109 s−1 ), the fracture strength can be fairly compared to the values reported in [66],
whereas it is substantially enhanced when compared to the strength of polycrystalline
graphene at various temperatures (including room temperature) and analogous range
Crystals 2021, 11, x FOR PEER REVIEW
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strain rates, as reported in [67].
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3.5. Temperature Effect
It is well established
that the mechanical properties of carbon materials are consider3.5. Temperature
Effect
ably affected by temperature [68,69]. We investigated the temperature dependence of the
It is well established that the mechanical properties of carbon materials are considermechanical properties of a triangular crack in graphene under a uniaxial tensile loading.
ably affected by temperature [68,69]. We investigated the temperature dependence of the
Eight temperatures, ranging from 100 K to 1500 K, were tested using the Angle90 configmechanical properties of a triangular crack in graphene under a uniaxial tensile loading.
uration, as shown in Figure 7. In general, each of the tested mechanical properties deEight temperatures, ranging from 100 K to 1500 K, were tested using the Angle90 configucreased with rising temperatures and was in line with the results of previous studies conration, as shown in Figure 7. In general, each of the tested mechanical properties decreased
ducted on pristine graphene [70,71].
with rising temperatures and was in line with the results of previous studies conducted on
pristine graphene [70,71].
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It is well established that the mechanical properties of carbon materials are considerably affected by temperature [68,69]. We investigated the temperature dependence of the
mechanical properties of a triangular crack in graphene under a uniaxial tensile loading.
Eight temperatures, ranging from 100 K to 1500 K, were tested using the Angle90 configuration, as shown in Figure 7. In general, each of the tested mechanical properties decreased with rising temperatures and was in line with the results of previous studies conducted on pristine graphene [70,71].
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When the temperature increased from 100 K to 1500 K, the toughness and fracture
strain dropped from 6.39 J·m−3 to 0.33 J·m−3 and 0.253 to 0.086, respectively. This signifies
a 94.8% reduction in toughness and a 66.0% reduction in fracture strain for this temperature range. The Young’s modulus obeyed a general negative correlation with temperature
at ranges above 500 K, with a drop from 977 GPa to 914 GPa seen with a 6.45% reduction
in fracture strain.
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When the temperature increased from 100 K to 1500 K, the toughness and fracture
strain dropped from 6.39 J·m−3 to 0.33 J·m−3 and 0.253 to 0.086, respectively. This signifies
a 94.8% reduction in toughness and a 66.0% reduction in fracture strain for this temperature
range. The Young’s modulus obeyed a general negative correlation with temperature at
ranges above 500 K, with a drop from 977 GPa to 914 GPa seen with a 6.45% reduction in
fracture strain.
It is interesting to note that from 100 K to 500 K, the Young’s modulus remains relatively stable, which is in accordance with Jiang et al.’s findings [72] on pristine monolayer
graphene for the same temperature range, whereas Zhao et al.’s [70] paper found a rapid
decrease in Young’s modulus after 1200 K, as observed in our findings as well.
4. Conclusions
We reported on a systematic study of the influence of crack angle on the mechanical
behavior of single-layer graphene. Various mechanical properties of a single-layer graphene
sheet (SLGS) with a triangular crack were investigated via molecular dynamics simulations.
The results showed that the investigated properties could be manipulated by taking control
of variable parameters, such as the crack angle shape, system and crack sizes, temperature,
and strain rate. These variables govern the mechanism controlling fracture strength and
toughness. Upon increasing the crack angle, the investigated tensile properties could be
cumulatively improved. The striking finding is that the triangle crack front with vertex
angle of 60◦ is the most vulnerable crack front with the lowest fracture toughness and
fracture strain. The system size variations with both constant crack shapes and sizes
demonstrated minor effects on the investigated properties. These variations are important
when the crack size changes along with a change in the system size.
Unlike the non-linear mechanical properties, the linear elastic properties, including
fracture toughness, were assessed to be strain rate-sensitive. The major findings of this
study confirm the outstanding mechanical properties of graphene with an emphasis on
the accessible improvement of the fracture toughness. Monitoring these properties can
be useful for many applications, including the fabrication and design of graphene-based
devices for integrity and safety concerns.
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