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Abstract: In this paper, we conducted molecular dynamics simulations to investigate the mechanical
properties of double-layer and monolayer irida graphene (IG) structures and the influence of cracks
on them. IG, a new two-dimensional material comprising fused rings of 3-6-8 carbon atoms, exhibits
exceptional electrical and thermal conductivity, alongside robust structural stability. We found
the fracture stress of the irida graphene structure on graphene sheet exceeds that of the structure
comprising solely irida graphene. Additionally, the fracture stress of bilayer graphene significantly
surpasses that of bilayer irida graphene. We performed crack analysis in both IG and graphene and
observed that perpendicular cracks aligned with the tensile direction result in decreased fracture
stress as the crack length increases. Moreover, we found that larger angles in relation to the tensile
direction lead to reduced fracture stress. Across all structures, 75° demonstrated the lowest stress
and strain. These results offer valuable implications for utilizing bilayer and monolayer IG in the
development of advanced nanoscale electronic devices.

Keywords: irida graphene; molecular dynamics simulation; crack analysis; mechanical properties

1. Introduction

Since the discovery of graphene [1], it has been extensively researched and pursued
as a new carbon-based material with a honeycomb 2D lattice structure and exceptional
mechanical properties [2–9]. It is considered to be one of the strongest materials [10,11] and is
widely used in fields such as electronics, thermology, etc. [12–15]. Its typical properties
have also inspired the study of other materials to seek new materials generated by 2D
effects. Among the many graphene-related materials, bilayer graphene is one of the most
interesting materials [16].

Due to the success of graphene [17,18], researchers have computationally designed
several 2D carbon-based materials over the past few years. Irida graphene (IG) was
first proposed in an important paper [15] as an emerging two-dimensional material and
has aroused widespread research interest among researchers. IG consists of fused rings
containing 3-6-8 carbon atoms. Calculation results show that irida graphene has excellent
electrical conductivity, excellent thermal conductivity, and mechanical stability. These
characteristics make it an ideal material for applications in electronics, catalysts, and
energy storage systems. Future research could explore the potential of functionalizing irida
graphene to further enhance its unique properties.

As a monolayer of carbon atoms, graphene generally has the ability to store hydrogen.
Several studies have shown that graphene is able to adsorb hydrogen molecules on its
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surface, providing a potential solution for efficient and safe hydrogen storage [19]. Other
graphene-like materials have also been studied for hydrogen storage properties. A single
titanium atom in the titanium-decorated irida graphene pristine unit cell is able to bind
to five H2 molecules with an average adsorption energy of −0.41 eV/H2, which shows
that its weight density is 7.7 wt% [20]; lithium-modified two-dimensional irida graphene
can be used as a potential hydrogen storage material, with a hydrogen storage weight
density of 7.06% , exceeding the latest standard of 6.5% [21]. These research results show
that graphene and its derivative materials have great potential for the development of
high-performance hydrogen storage materials.

Compared with its applications in energy storage, graphene is better known for its
excellent mechanical properties. Its outstanding strength, stiffness, and flexibility have been
demonstrated in experiments [22]. Hone first measured the elasticity and intrinsic fracture
strength of freestanding monolayer graphene membranes through nanoindentation in an
atomic force microscope, arguing that its atomically thin structure gives it high tensile
strength and identifying graphene as “the strongest material ever made” [23]. IG also
exhibits good mechanical properties, as evidenced by its phonon spectrum and vacancy
formation energy [15]. Another 2D material with a graphene-like structure is hexagonal
boron nitride (hBN), also known as “white graphite”, which has high strength and hardness,
but its mechanical properties are also affected by lattice defects, interactions between layers,
and other factors. In addition, molybdenum disulfide [24] is also a common graphene-like
material with a layer structure, each layer consisting of one molybdenum atom layer and
two sulfur atom layers stacked alternately, with weak layer-to-layer interactions, susceptible
to interlayer sliding, and with excellent mechanical strength and thermal conductivity.
Different from the hexagonal structure of graphene [25], the structure of phosphorene is
composed of pentagons and hexagons, the lattice is more complex than that of graphene, it
has relatively low Young’s modulus and fracture strength, and its mechanical properties
are significantly affected by temperature [26].

Considering the unique properties of graphene and its derivatives, our studies aim to
compare the mechanical properties of irida graphene, bilayer irida graphene, and graphene,
and to discuss how different materials fracture in the presence of cracks. To analyze the
mechanical properties of irida graphene, we compare it with graphene materials and divide
it into two major sections to discuss and analyze the mechanical properties of irida graphene.
In Section 2, we explain the models and methods employed. Detailed computations are
presented in this section. In Section 3.1, we analyze the stress–strain relationships of five
different structures, monolayer graphene, monolayer irida graphene, bilayer graphene, bilayer
irida graphene, and the combination of one layer of graphene and one layer of iridium
graphene structure (GE/IG), in the absence of cracks, and we found that, compared to GE,
the IG structure reduces the system’s fracture stress. In Section 3.2, we analyze the stress–
strain relationships of five different structures with cracks of different sizes. In Section 3.3,
we analyze the stress–strain relationships of five different structures with cracks of different
directions and discuss the influence of the number of atoms and cracks, comparing the
mechanical properties of graphene and irida graphene under different numbers of atoms
and cracks. Through these studies, we will gain a better understanding of the mechanical
properties and mechanical characterization of irida graphene, which will provide a basis
for its potential applications in the design of advanced nanoelectronic devices, as discussed
in Section 4.

2. Materials and Methods

Numerical methods and simulations, which have been well established as the third
pillar in science and engineering investigations [27–31], include the method of molecular
dynamics simulations, which has been developed as a reliable and indispensable tool in
various investigations [32,33]. We employed molecular dynamics simulations in this study,
with the developed software of LAMMPS (large-scale atomic/molecular massively parallel
simulator) [34]. OVITO [35] and VMD [36] were utilized to generate the atomistic simula-
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tion results and figures. The adaptive intermolecular reactive bond order (AIREBO) [37]
was chosen as the force field that can describe the interactions between carbon atoms.
The AIREBO potentials are modified for the carbon nanostructures with significant defor-
mation. We set Rmin = 2.0 Å to account for the overestimation of nanostructures strength
near the fracture stage [38]. For interlayer van der Waals (vdW) interaction, we use the
Lennard-Jones potentials, which are consistent with past research [39].

The models we selected are monolayer and bilayer graphene and irida graphene as research
objects. The structural size of monolayer graphene is approximately 100 × 100 × 200 Å3 to
400 × 400 × 200 Å3, and the corresponding number of atoms is 4100 to 65,600. The structural
size of iridfa graphene is approximately 100 × 100 × 200 Å3 to 400 × 400 × 200 Å3, and the
corresponding number of atoms is 3456 to 55,296. The double-layer structure is formed
by stacking monolayers, and the distance between layers is 3.4 Å. Through calculation
and comparison and considering the saving of computing resources, a monolayer model
with a box size of 200 × 200 × 200 Å3 was selected as a model for studying other contents,
and a two-layer model with a box size of 200 × 200 × 200 Å3 was selected as a model for
studying other contents. The simulation model of bilayer graphene was established as
shown in Figure 1a, with a C–C bond length of 0.142 nm within a layer and an interlayer
distance of 0.34 nm. All simulations were conducted at 300 K using a simulation time step
of 0.001 picoseconds (ps).

(c)

(a) (b)

3.5 Å

Figure 1. Schematic diagram of (a) the atomic structure of irida graphene, (b) bilayer irida graphene
structure and (c) cracks, with angles of 0°, 45°, and 90° to the tensile direction. The distance between
layers is calculated using their relative coordinates.

In the precrack system, different shapes and sizes of “cracks” were generated by
removing atoms near the center of the simulation box, as depicted in Figure 1b. When
subjected to a tensile load, the occurrence of brittle fracture in the material can be deter-
mined through lattice crack propagation simulations according to Griffith’s theory. Our
results are consistent with the experimental observation of brittle fracture in graphene [40].
In addition, Griffith’s theory suggests that the brittle fracture of a material is caused by
the presence of pre-existing flaws or cracks within the material. These flaws act as stress
concentrations, leading to a significantly higher stress at the tip of the crack than the average
stress applied to the material. If the stress at the crack tip exceeds a critical value, known as
the fracture toughness, the crack will propagate and the material will fracture suddenly
and catastrophically.

Griffith’s brittle fracture criteria can be mathematically expressed as follows:

σc =

√
2γE
πa0

, (1)
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Here, σc represents the fracture stress, γ represents the material’s surface energy,
E represents Young’s modulus of elasticity, and a0 represents the length of the flaw or crack.
This model is commonly utilized to analyze the fracture behavior of brittle materials such
as ceramics, glasses, and some polymers. It has been widely used in the development of
new materials and in the design of structures to prevent brittle fractures.

3. Results
3.1. Unbroken Analysis
3.1.1. Monolayer Comparison of GE and IG

To study the mechanical properties of irida graphene, we compare the stress–strain
relationships of irida graphene with graphene as well as their composite materials. Figure 2
shows monolayer graphene and monolayer irida tensile stress–strain curves of graphene
at different atomic numbers. The number of atoms has little effect on the mechanical
properties of monolayer graphene and irida graphene (Figure 2a,b). Further comparing
graphene and irida graphene at the same atomic number, the fracture stress of the mono-
layer graphene structure is greater than that of monolayer irida graphene (as shown in
Figure 2c), which indicates that the stretching of monolayer irida graphene is less strong
than that of monolayer graphene.
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Figure 2. Tensile stress–strain curves under different numbers of atoms: (a) monolayer graphene
(GE), (b) monolayer irida graphene (IG), (c) comparison of stress–strain curves of two structures with
box size of 200 × 200 Å².

Table 1 presents a comparative analysis of the mechanical properties of monolayer
GE, IG, quasi-hexagonal-phase fullerene (qHPC60), and quasi-tetragonal-phase fullerene
(qTPC60) [41]. Specifically, it compares fracture stress, strain energy, and Young’s modulus
for these four materials. In terms of fracture stress, GE exhibits a significantly higher value at
90.1 GPa compared to the others. This discrepancy underscores the superior tensile strength
of GE, implying its enhanced resistance to mechanical failure. This is likely attributed to the
near-perfect atomic arrangement in GE, which minimizes structural defects and impurities,
resulting in greater structural integrity. The data on strain energy also corroborate the
enhanced mechanical performance of GE, with a value of 7.6 J/m3 compared to IG’s
3.7 J/m3, qTPC60’s 1.1 J/m3, and qHPC60’s 1.6 J/m3. Strain energy signifies the material’s
ability to absorb energy during deformation, and the higher value for GE indicates its
capacity to absorb more energy during mechanical loading, further affirming its superior
strength. Moreover, the Young’s modulus for GE is notably higher at 911.2 GPa compared
to IG’s 520.4 GPa, qTPC60’s 141.5 GPa, and qHPC60’s 196.2 GPa. The elevated Young’s
modulus of GE indicates its greater stiffness and resistance to deformation under stress,
which is a valuable characteristic for various applications.
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Table 1. Comparison of the fracture stress, strain energy, and Young’s modulus for monolayer GE,
IG, qTPC60, and qHPC60 structures.

Strcture Fracture Stress (GPa) Strain Energy (J/m3) Young’s Modulus (GPa)

GE 90.1 7.6 911.2
IG 52.3 3.7 520.4

qTPC60 17.6 1.1 134.7
qHPC60 24.5 1.6 191.6

3.1.2. Bilayer Comparison of GE/GE, IG/IG, and GE/IG

Figure 3 shows the tensile stress–strain curves of doubl-layer graphene layer, graphene
and irida graphene, and double-layer irida graphene under different numbers of atoms.
Figure 3a is double-layer graphene; we can see that the double-layer graphene has obvious
beating when stretching. This is because, when the double-layer graphene is stretched,
the double-layer graphene breaks, not at the same time, but one layer at a time. Graphene
breaks layer by layer. This is because the structure of double-layer graphene is formed by
stacking monolayers of graphene layer by layer. Each layer has a certain elastic modulus
and strength. When the stress reaches a certain level, the elastic modulus and strength of
the first layer will be exhausted, causing plastic deformation of the first layer. As the stress
increases, the elastic modulus and strength of the second layer will also be exhausted; this
causes the second layer to plastically deform until the entire material breaks. Figure 3c is a
model stacked by a layer of graphene and a layer of irida graphene. It can be seen from the
figure that the stress–strain curve has obvious double peaks. Figure 3c is a model stacked
by a layer of graphene and a layer of irida graphene. From the figure, the stress–strain
curve has obvious double peaks. Figure 3b is irida graphene; it can be seen from the picture
that the bilayer irida graphene breaks at the same time, and its fracture stress is relatively
small. Even the maximum fracture stress of double-layer irida graphene does not exceed
60 GPa. A comparison of Figure 3a–c shows that change in the number of atoms has little
effect on the fracture tensile stress of the three structures. Under the same number of
atoms, the fracture stress of the bilayer graphene structure is the largest and the bilayer
irida graphene is the smallest. According to Figure 3d, the stress–strain curve has obvious
double peaks and the graphene layer is smaller than the irida graphene layer. It is less
likely to be broken, which means that, during the stretching process, the irida graphene
layer is broken first and the graphite layer is broken later. Therefore, this stacking model
can enhance the tensile strength of irida graphene. Based on the findings from Figure 4,
the fracture stress and strain variations of different structures stabilize when the box size
reaches 200 × 200 Å². In the subsequent simulation calculations, we have adopted this box
size uniformly.

Table 2 offers a comprehensive examination of the mechanical properties of bilayer
graphene (GE), bilayer irida graphene (IG), and the combination of one layer of graphene
and one layer of iridium graphene structure (GE/IG). Starting with fracture stress, bilayer
GE exhibits a substantial value of 91.5 GPa, indicative of its remarkable tensile strength.
Conversely, bilayer IG displays a lower fracture stress of 51.4 GPa, suggesting a compar-
atively lower resistance to mechanical failure. Notably, the GE/IG structure presents an
intriguing intermediate scenario, with fracture stresses of 67.3 GPa for the GE component
and 48.5 GPa for the IG. This observation underscores the intricate interplay of mechanical
properties in composite structures, potentially influenced by factors such as interface inter-
actions and structural heterogeneity. Turning to strain energy, bilayer GE demonstrates a
superior capacity to absorb energy during deformation, as indicated by its higher value of
7.8 J/m3. In contrast, bilayer IG exhibits a lower strain energy value of 3.4 J/m3, suggest-
ing a reduced ability to withstand deformation-induced energy absorption. The GE/IG
structure presents an intermediate strain energy value of 5.9 J/m3, reflecting the combined
influence of GE and IG constituents on energy dissipation during mechanical loading.
Lastly, the assessment of Young’s modulus reveals distinct stiffness characteristics among
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the three structures. Bilayer GE possesses a substantial Young’s modulus of 932.3 GPa,
highlighting its rigidity. Bilayer IG, in contrast, displays a lower Young’s modulus of
543.5 GPa, indicating a comparatively higher susceptibility to deformation. The GE/IG
structure showcases a Young’s modulus of 791.8 GPa, positioning it between the stiffness
levels of pure GE and IG.

Comparing previous studies on bilayer graphene [42], it was found that when the
number of atoms is the same in a monolayer, the fracture stress of bilayer graphene is less
than that of monolayer graphene. The same situation exists when comparing monolayer
irida graphene with bilayer irida graphene. This is due to the following: (1) Monolayer
graphene is composed of a layer of carbon atoms and has a high degree of freedom and a
thin film. Due to its flexibility, when stretched by external forces, it can better adapt to strain,
thereby generating greater stress; (2) The elastic modulus of monolayer graphene is higher,
which means that it is more sensitive to changes in strain. When stretched by an external
force, monolayer graphene can quickly generate corresponding stress, which increases
the relatively small atomic distance and forms strain; (3) Bilayer graphene is composed of
two layers of carbon atoms stacked together. There is van der Waals interaction between
the two layers. This interaction can offset part of the external force, thereby reducing the
magnitude of its stress and strain.
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Figure 3. Tensile stress–strain curves under different atoms: (a) double-layer graphene (GE/GE),
(b) double-layer irida graphene (IG/IG), (c) the combination of one layer of graphene and one layer
of iridium graphene structure (GE/IG), (d) comparison of stress–strain curves of three structures
with box size of 200 × 200 Å² .
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Figure 4. Fracture stress and strain at different box size: (a) relationship between fracture stress and
box size, (b) relationship between fracture strain and box size.

Table 2. Comparison of the fracture stress, strain energy, and Young’s modulus for GE/GE , IG/IG,
and GE/IG structures.

Strcture Fracture Stress (GPa) Strain Energy (J/m3) Young’s Modulus (GPa)

GE/GE 91.5 7.8 932.3
IG/IG 51.4 3.4 543.5
GE/IG 67.3/48.5 5.9 791.8

3.2. Cracks Analysis with Different Sizes
3.2.1. Monolayer Comparison of GE and IG

To study the effect of crack propagation on irida graphene, we chose the crack direction
to be perpendicular to the stretching direction (along the x-axis) (along the y-axis); the crack
width is 5 Å and the lengths are 10 Å, 15 Å, 20 Å, and 25 Å. The schematic diagram is shown
in Figure 1c, and Figure 5 is the stress–strain curve of monolayer graphene (Figure 5a) and
irida graphene (Figure 5b) under different crack lengths. The trends of the two curves
are basically the same. It is the same as the effect of cracks on bilayer structures: as the
crack length continues to increase, the fracture stress and strain of the two structures also
continue to decrease, indicating that the increase in crack length has a greater impact
on their fracture stress. This will weaken their tensile strength. By comparing graphene
without cracks and irida graphene, it was found that the maximum crack length, L = 25 Å,
will reduce their fracture stress by approximately three times. It shows that the occurrence
of cracks has a great impact on the mechanical properties of the material.
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Figure 5. Tensile stress–strain curves under different numbers of atoms: (a) monolayer graphene
(GE), (b) monolayer irida graphene (IG).

3.2.2. Bilayer Comparison of GE/GE, IG/IG, and GE/IG

Figure 6 depicts the stress–strain curves for bilayer graphene and bilayer irida graphene
under various crack lengths. We have chosen a crack width of 5 Å and lengths of L = 10 Å,
L = 15 Å, L = 20 Å, and L = 25 Å. The crack geometry is shown in Figure 1c. The crack
propagates along the y-axis (i.e., the crack is oriented at 90° to the tensile direction). As ob-
served in Figure 6a, with an increase in crack length, the fracture stress and strain of bilayer
graphene continue to decrease, indicating a reduction in its tensile strength as the crack
length increases. Since the tensile direction is perpendicular to the crack growth direction,
the ultimate fracture location remains perpendicular to the tensile direction. As the crack
grows, the tensile strength continues to weaken, and the crack induces stress concentration
within the graphene, diminishing its resistance to tensile deformation. Similar trends are
observed in the stress–strain curves for bilayer irida graphene, as shown in Figure 6b,
with its tensile strength decreasing with increasing crack length. However, the fracture
behavior of graphene and irida graphene structures (as seen in Figure 6b) exhibits bimodal
characteristics. As before, due to the presence of the crack, the relaxed structure exhibits
a noticeable protrusion at the crack location. During the tensile process, the model first
straightens the crack before breaking. Therefore, a preceding flat segment appears in
the stress–strain curve, leading to the observed bimodal behavior. As seen in Figure 7,
bilayer irida graphene, bilayer graphene, graphene, and irida graphene structures exhibit
fracture strains of 0.046, 0.048, 0.105, and 0.135, respectively, with corresponding fracture
stresses of 0.051, 0.049, 0.105, and 0.135. These results indicate that bilayer irida graphene
is more prone to early fracture, while graphene structures exhibit the highest fracture
strain, suggesting that graphene can delay the fracture of irida graphene materials. This
suggests that graphene enhances the mechanical stability of irida graphene and improves
its tensile strength.
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Figure 6. Tensile stress–strain curves of cracks of different lengths when the crack is 90° to the x-axis:
(a) bilayer graphene (GE/GE), (b) double-layer irida graphene (IG/IG), (c) the composite structure
formed by combining GE and IG (GE/IG).

Figure 7. Fracture process of (a) GE/GE, (b) IG/IG, and (c) GE/IG.
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3.3. Cracks Analysis with Different Crack Directions

To analyze the impact of different angles between cracks and the tensile direction on
the mechanical properties of monolayer irida graphene, we selected cracks with angles
of 0◦, 15◦, 30◦, 45◦, 60◦, 75◦, and 90◦, and a crack length (L) of 25 Å as the research model;
part of the crack shape is shown in Figure 1c. Figure 8 shows the stress–strain curves of
cracks at different angles to the tensile direction, where (a) represents monolayer graphene,
(b) represents monolayer irida graphene, (c) represents bilayer graphene, and (d) represents
bilayer irida graphene. It can be observed from the figure that with the increase of the angle,
both the fracture strain and the stress gradually decrease. Through the above research, it
was found that bilayer graphene and bilayer irida graphene are more likely to break when
perpendicular to the tensile direction.

Figure 9 shows the stress–strain curves of GE/IG with 0◦, 15◦, and 30◦. Due to
the presence of a bimodal structure, we selected three specific angles for comparison to
enhance clarity, keeping the other two bilayer angles consistent. As the angle increases,
the maximum fracture stress steadily decreases (as also observed in Figure 10a), but the
fracture strain does not decrease significantly (which can be more intuitively seen in
Figure 10b). This is because the fracture occurs layer by layer, requiring a longer time
compared to the other two materials. Additionally, we found that, at larger angles, the time
required for fracture increases, indicating that graphene and iridium graphene materials
are more prone to fracture at larger angles, but the fracture process takes more time.
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Figure 8. Tensile stress–strain curves under different angles of cracks: (a) monolayer graphene,
(b) monolayer irida graphene, (c) bilayer graphene , (d) bilayer irida graphene.
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Figure 10. Fracture stress and strain at different crack angles: (a) relationship between fracture stress
and crack angle, (b) relationship between fracture strain and crack angle.

It is also found that the larger the angle, the smaller the influence, indicating that cracks
perpendicular to the tensile direction have a greater impact on the material’s tensile strength.
This can also be seen in Figure 10a, where it is also observed that smaller angles enhance the
tensile capability of the material. The fracture strain is larger at smaller angles, indicating
that the material is less likely to fracture at smaller crack angles (as shown in Figure 10b).
The fracture strain of the GE/IG structure fluctuates with the crack angle, and the fracture
strain changes with the angle. It first decreases and then increases, and the fracture strain
is larger than other structures, indicating that the fracture time increases, proving that
graphene as a substrate can make irida graphene more stable. It is also observed that
smaller angles enhance the material’s tensile capability. In conclusion, the angle between
cracks and the tensile direction can affect the material’s tensile strength. Larger angles
make the material more prone to fracture; therefore, it is important to pay attention to the
angle between cracks and the tensile direction in practical applications. Minimizing cracks
in the material and avoiding cracks appearing in positions perpendicular to the tensile
direction is advisable.

The change trends of the three structures are basically the same, indicating that the
cracks are more consistent with the tensile direction. The less likely the material is to break,
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the greater the angle between the crack and the tensile direction of the material, and the
reason for its lower tensile strength is the weakening of the dispersion effect. There are
tiny flaws or cracks in the material that, when tension is applied, expand and gradually
cause the material to break. If the angle between the crack and the tensile direction is small,
the tensile force will be concentrated on the crack, causing the crack to grow faster. When
the angle between the crack and the tensile direction is large, the tensile force is dispersed
into the material around the crack, and the energy used to resist crack expansion also
increases, making the tensile strength of the material relatively large. Therefore, the greater
the angle between the crack and the tensile direction, the smaller the tensile strength. At
the same time, we also found that as the included angle increases, the effect of the angle on
the fracture stress remains basically unchanged. Therefore, in actual use, excessively large
included angles should be avoided to prevent the material from being easily broken.

4. Conclusions

We used molecular dynamics simulation to compare the effects of cracks and atomic
number on the tensile properties of bilayer irida graphene. We analyzed the influence of
atomic number, crack length, and the angle between the crack and the stretching direction
on the fracture stress. The results showed that the effect of atomic number on irida graphene
was relatively small, but the effect of cracks was significant. The longer the crack length,
the lower the fracture stress, and the larger the angle between the crack and the stretching
direction, the lower the fracture stress. The bilayer graphene fracture occurred layer by
layer, while irida graphene fracture occurred simultaneously. In addition, it was found
that the fracture stress of monolayer irida graphene was greater than that of bilayer irida
graphene. The tensile resistance of irida graphene was less than that of graphene, and the
bilayer structure of graphene could enhance the tensile resistance of irida graphene as a
substrate. The results of this study provide valuable insights into the potential applications
of bilayer irida graphene in advanced nanoscale electronic devices and hydrogen storage.
However, in practical applications, factors such as temperature, pressure, and strain rate
will also be considered, as mechanical properties are only one aspect of a material. The study
of thermal properties is also important for a material. Therefore, a comprehensive study
of its thermal properties is necessary. Overall, the results of this study are meaningful
for the design and use of irida graphene-based devices and emphasize the importance of
considering the length of irida graphene cracks and the angle between the cracks and the
stretching direction.
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