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Abstract
TPDH-graphene is a new type of two-dimensional carbonmaterial predicted byfirst-principles
calculations to have tetragonal (T), pentagonal (P), decagonal (D) and hexagonal (H) carbon ring
structures. First-principles calculations show that this special structure gives it excellentmechanical
properties and promising applications in nanoelectronics. In this paper, a comprehensive test of its
mechanical properties was carried out using the classicalmolecular dynamics (MD), mainly exploring
the effects of factors such as tensile direction and temperature on itsmechanical properties, and
exploring the effects of introducing rectangular and circular defects on itsmechanical properties. The
results show that: TPDH-graphene exhibits significant anisotropy in zigzag and armchair directions,
and thematerial exhibits some tensile toughness in armchair direction; themechanical properties of
thematerial are weakened at higher temperatures; the adding of defects leads to the reduction of the
mechanical properties of thematerial in different directions to different degrees, and the The tensile
toughness in the armchair direction is weakened by the addition of defects.

1. Introduction

Graphene is a typical two-dimensional carbonmaterial that has received a lot of attention since it was proposed
in 2004, with applications infields such as electrodematerials and electronics [1–3]. Excellentmechanical
properties due to graphene’s special honeycomb structure [4–7], Studies of themechanical properties of two-
dimensional graphene have revealed significant anisotropy [8–11]; The researchers also investigated the effects
of temperature and strain rate on themechanical properties of graphene, showing that higher temperatures
cause thematerial to soften, leading to a decrease inmechanical properties including bulkmodulus, tensile
strength, fracture toughness, while stretching at high strain rates results in thematerial exhibiting higher tensile
strength and strain at break [12–16]; The effect of defects on themechanical properties of 2D graphenewas also
investigated, and the results showed that themechanical properties of graphene are usually weakened to varying
degrees when defects are taken into account [17–23].

The existence of similar 2D carbonmaterials withmechanical properties similar to graphene is of great
interest to researchers, andwith the development of computer computing power, researchers have used first-
principlesmethods to predict the structure of some 2D carbonmaterials with good properties [24–29]. In 2021,
a new 2D carbonmaterial called TPDH-graphene has been proposed for thefirst time, with excellent physical
properties including dynamic and thermal stability, the ability to absorbUV light in specific areas and its
unusual current regulation behaviour based onfirst principles calculations and has promising applications in

RECEIVED

13March 2024

REVISED

3October 2024

ACCEPTED FOR PUBLICATION

16October 2024

PUBLISHED

28October 2024

© 2024 IOPPublishing Ltd. All rights, including for text and datamining, AI training, and similar technologies, are reserved.

https://doi.org/10.1088/1402-4896/ad87c3
https://orcid.org/0000-0002-8281-8636
https://orcid.org/0000-0002-8281-8636
mailto:pengqing@imech.ac.cn
mailto:pengqing@imech.ac.cn
mailto:pengqing@imech.ac.cn
mailto:xjchen@hit.edu.cn
mailto:huzhongwei@hqu.edu.cn
https://doi.org/10.1088/1402-4896/ad87c3
https://crossmark.crossref.org/dialog/?doi=10.1088/1402-4896/ad87c3&domain=pdf&date_stamp=2024-10-28
https://crossmark.crossref.org/dialog/?doi=10.1088/1402-4896/ad87c3&domain=pdf&date_stamp=2024-10-28


nano-electronics [30]. Subsequent researchers have investigated the kinetics and electronic structure of TPDH-
graphene in the hydrogenationmode [31].

TPDH-graphene is a predicted new two-dimensional carbonmaterial, and its preparation is still facing
challenges, so it is difficult tomeasure itsmechanical properties through experimentalmethods. However,
molecular dynamicsmethods can help us study theirmechanical properties, and the results obtainedwill deepen
our understanding of themechanical properties of this newmaterial, whichwill help speed up the design of new
two-dimensional carbonmaterials, preparation and final application. In this paper we useMD tomake a
comprehensive test on its tensilemechanical properties, including the strain rates, direction of stretching (the
zigzag and armchair directions of stretching indicated by blue arrows infigure 1), temperature, and consider the
effect of defects on itsmechanical properties, whichwill provide a reference for the practical application of the
material in the later stage.

2.Materials andmethods

As shown infigure 1, the lattice constants of TPDH-graphene are a= 4.95Å, b= 6.99Å, and γ= 90°, and the
bond lengths of the C–Cbonds are 1.41Å, 1.44Å, and 1.5Å, and it consists of a four-membered ring, a five-
membered ring, a six-membered ring, and a ten-membered ring, it belongs to the space group of Pmmm(47)
[30]; A simulationmodel of a single layer of TPDH-graphenewas developed, the thickness of the single layer was
taken to be 3.34Å, the time stepwas 0.0001 ps. The tensile simulationwas performed using a single layer of
TPDH-graphenewhich is ideal with any defects. The simulation box is approximately 14 nm× 14 nm× 10 nm,
containing 6720 atoms and the size effect will be investigated in the next section; To ensure the accuracy of the
results, a single layer of TPDH-graphene (30 nm× 30 nm× 10 nm) containing 30960 atoms is used in the
tensile simulation considering the effect of defects. The TPDH-graphene structure contains six-membered rings
of carbon atoms, and based on its structural features, we defined two tensile orientations, the one is along the
zigzag direction (parallel to the Xdirection), the other is armchair directionwhich is parallel to the Y direction.
Wemainly investigated themechanical properties of TPDH-graphene in the zigzag and armchair directions
based on the structural characteristics of TPDH-graphene.

In the simulations to study the effect of system size and boundary,mechanical properties and the effect of
defects, the temperature wasmaintained at 300K, the strain ratewas set to 0.001 ps−1 and the pressure was set to
0 Pa.We usedmolecular dynamics simulations and the open source software LAMMPS [32], and processed the
results of themolecular dynamics simulationswith the visualisation toolOVITO [33]. Tersoff potential function
has been successfully applied to the testing of themechanical properties of graphene [16, 34–42]. Based on the
basic Tersoff potential function, some researchers havemodified the parameters of the potential function to
better apply to the simulation of carbonmaterials, and achieved good results [16, 19, 42, 43]. In this study, the
Tersoff potential function is applied to simulate the interaction between carbon atoms in TPDH-graphene [44].
It is important to note that no experimental data onTPDH-graphene are currently available, and therefore the

Figure 1.The top view of the cell atomistic structure of TPDH-graphene: the simulation box (left), a 2´2´1 showing the 4,5,6,10-
rings (middle), and a primitive unit cell (right)with lattice constants values. All atoms are coplanar.
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Tersoff potential function is not necessarily themost appropriate potential function to apply to TPDH-graphene
simulations.We describe our exploration of the choice of potential function in the SupplementaryDocument.

The Tersoff potential function is a three-body potential that provides a good description of covalent bonding
interactions inmaterials. The total potential energy of the Tersoff potential function can bewritten as the sumof
the potential energies ofN atoms:
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Here, ( )f rc ij - truncation function; ( )f rR ij - repulsion termbetween atoms i and j; ( )f rA ij - attraction termbetween
atoms i and j; bij- bonding bond order between atoms i and j.
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Here,R-D andR+D are the inner and outer truncation radii.
R andD are the twofitting parameters in the Tersoff potential function. In ourwork, R= 1.95Å and

D= 0.15Å, which is consistent with the parameters in the paper [44].
Griffith’s theory suggests that brittle fracture of amaterial is due to localised stress concentrations caused by

crack defects inherent in thematerial, and that the fracture stress of a brittlematerial is closely related to the
length of the crack [45], which takes the formof amathematical equation (3):

( )s
g

p
=

E

a

2
3f

s

Here, gs- surface free energy; E - Young’smodulus; a - crack length.
Based onGriffith’s theory, Zhao proposed an analytical expression for the existence of the fracture strength

of graphene under uniaxial stretching concerning temperature and strain rate [12], which has been applied to
the study of fracture of 2D graphene [46].

In this paper, the stresses and strains in two-dimensional carbonmaterials during uniaxial stretching are
calculated. The strain is calculated as shown in equation (4):
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Here, lf -final length of 2D carbonmaterial sheet; li-initial length of 2D carbonmaterial sheet.
The stress is calculated as shown in equation (5):
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Here, Pi- the stress component of the box in a given direction; lz-length of the box in the z-direction; h0-the layer
thickness of graphene, herewe take 3.34Å; Fi-the force on the box in a given direction; lj-the length of a 2D
carbonmaterial which is perpendicular to the direction of stretching.

For a given layer thickness of 3.34Å, this is actually an important parameter to consider when calculating
tensile stresses. For this predicted new 2D carbonmaterial structure we had difficulty determining its single layer
thickness, sowe used the layer thickness of graphene to approximate it, which has beenwidely used in similar
researchwork [23, 47]. In terms of data collection, we use the data output command that comeswith the
LAMMPS software, which helps us to record the output data for each time step and average it every 250 time
steps.

3. Results and discussions

3.1. Effects of system size andboundary
Choosing amodel with the right number of atoms is crucial in balancing the accuracy of the calculation results
and reducing the amount of computation. Too small a number of atoms in the systemmakes it difficult to
describe themechanical behaviour of the system correctly, and toomany atoms in the system consumes
unnecessary computational resources. Therefore, we have the effect of the number of atoms on themechanical
properties of TPDH-graphene.
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The results of the tensile test along the armchair direction are shown infigure 2(a), which shows that the
stress–strain curves become smooth as the number of atoms in the system increases and the differences between
themgradually decrease and that the systemof 1680 atoms describes themechanical behaviour of thematerial
with poor accuracy.We investigated the effect of the number of atoms of the systemon the fracture toughness, as
shown infigure 2(b). The change in the value of fracture toughness flattenswith the increasing number of atoms
contained in the system. Furthermore, changes in the values of ultimate stress–strain and fracture stress–strain
flatten out as the number of atoms contained in the system increases. As shown in figures 2(c) and (d), TPDH-
graphene containing 1670 carbon atoms has the largest difference between ultimate stress–strain and stress–
strain at break for uniaxial stretching in the armchair direction, and the difference decreases with the increase in
the number of carbon atoms.

The effects ofmodel boundary conditions andmodel size on the simulation results are further discussed. As
shown infigure 3, the three sizes of the studied systems set up contain 10500 (18× 18 nm), 26880 (28× 28 nm),
and 42000 (35× 35 nm) carbon atoms, and the boundary conditions are set up in the planewith double
periodicity (DPB) and single periodicity (SPB), respectively. SPB is achieved byfixing the carbon atoms at the
edges [48]. In the large system containing 42000 carbon atoms, the ultimate stress of SPB is reduced by 2.55%
comparedwith that ofDPB, and the ultimate strain remains the same. From the simulation results, it can be seen
that both the boundary conditions of themodel and the size of the systemhave limited effects on the simulation
results.

It is difficult to accurately describe themechanical behaviour of TPDH-graphenewith too few atoms of the
system, and further increasing the number of atoms has a limited effect on themechanical properties of TPDH-
graphene, sowe selected 6720 atoms for the study. The boundary conditions of themodel are set toDPB.

3.2. Effects of strain rate
Strain rate has a significant effect on themechanical properties ofmaterials [21]. To investigate the effect of
strain rate on themechanical properties of TPDH-graphene, the temperature was kept constant at 300K, the
pressure was kept constant at 0 Pa and tensile tests were carried out in the armchair direction. The results are
shown infigure 4, the strain rate increased from0.0005 to 0.01 ps−1, i.e., an increase of two orders ofmagnitude,
and the stress at fracture, strain at fracture and fracture toughness decreased by 33.92%, 11.62%and 39.51%,

Figure 2.Effect of increasing atomic number on themechanical properties of TPDH-graphene. (a) Stress–strain relationship (b)
Fracture toughness (c)Ultimate and fracture stresses in the armchair direction (d)Ultimate and fracture strains in the armchair
direction.
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respectively. The ultimate stress was reduced by 26.17%and the ultimate strain by 20.44%.As shown in
figures 4(c) and (d), thematerial exhibits tensile toughness for the stretching of TPDH-graphene in the armchair
direction at different strain rates.

We have observed that increasing the strain rate causes TPDH-graphene to exhibit strongermechanical
properties in the tensile test, which is due to the shorter response time of thematerial to load at high strain rate.
Lower strain rates, on the other hand, allowmore time for the atoms to thermally vibrate, which increases the

Figure 3.Effect of different sized systems and different boundary conditions on themechanical properties of TPDH-graphene.

Figure 4.Effect of strain rate on themechanical properties of TPDH-graphene. (a) Stress–strain curve in tension; (b) Fracture
toughness for stretching in the armchair direction; (c)Ultimate and fracture stresses in the armchair direction (d)Ultimate and
fracture strains in the armchair direction.
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probability that the atomswill overcome the energy barrier and break theC–Cbond. This is similar to previous
researchers who studied the effect of strain rate on the fracture strength of graphyne [49–51].

3.3.Mechanical properties
3.3.1.Mechanical properties in different directions
Figure 5 shows the stress–strain curves of the tensile tests performed onTPDH-graphene in the x(zigzag) and
y(armchair) directions, respectively, and the structural variability results in it exhibiting significant variability in
its stress–strain curves under different loading directions.

Table 1 shows themechanical properties of TPDH-graphene in tensile tests in both directions, the ultimate
strength in zigzag and armchair direction is 73.75GPa and 48.31GPa, respectively, which is 52.66%higher in
zigzag direction compared to armchair direction. The ultimate strain in zigzag and armchair direction is 0.305
and 0.116, respectively, which is 162.93%higher in zigzag direction compared to armchair direction.The
fracture toughness in zigzag and armchair direction is 11.019 and 3.016, respectively, which is 265.35%higher in
zigzag direction compared to armchair direction.

Ultimate stress is themaximum stress in the tensile stress–strain curve and the corresponding strain is the
ultimate tensile stress as the same as the conventional deformation. The Fracture stress is the stress value in the
tensile stress–strain curvewhere thematerials are failed into parts due to the tensile, and the corresponding
strain is the fracture strain. Furthermore, from the tensile results of TPDH-graphene in both directions, the
fracture along the zigzag directionwas brittle, while the fracture along the armchair direction exhibited a certain
degree of tensile toughness. The fracture stress for stretching along the armchair direction decreased by 6.06%
compared to the ultimate stress limit stress and the fracture strain increased by 5.56% compared to the ultimate
strain.

The formof tensile fracture in the zigzag direction is shown infigure 6(a), starting from a strain of 0.305, with
cracks appearing fromboth sides, spreading towards the centre and finally breaking completely. Armchair
direction is shown infigure 6(b), starting froma strain of 0.123, with cracks appearing from the centre, spreading
towards both sides andfinally breaking completely.

We compared themechanical properties of TPDH-graphenewith 2D graphene. The simulation of the
uniaxial tensile test of graphenewas carried out using the AIREBOpotential functionwith the cut-off radius of
the potential set to 2.0, and the obtained results of the uniaxial tensile test of the 2D graphene are in agreement
with the conclusions of the previous studies [10, 43]. Themechanical properties of TPDH-graphene are

Figure 5. Stress–strain curves of graphene andTPDH-graphene stretched inX(zigzag) andY(armchair)directions.

Table 1.Mechanical properties of TPDH-graphene in zigzag and armchair directions.

Tensile direction Ultimate stress (GPa) Ultimate strain Fracture stress (GPa) Fracture strain Toughness (Jm−3)

Along zigzag 73.75 0.3046 73.12 0.3049 11.0

Along armchair 48.31 0.1165 45.39 0.1229 3.02
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significantly weaker than those of graphene, while exhibiting significant anisotropy. This paper calculates the
surface densities of bothmaterials and also the line densities of TPDHgraphene along the zigzag and armchair
directions. The formula for calculating the surface density of the two-dimensional carbonmaterial is shown in
equation (6):

( )r =
m

S
6Surface

Here,m-the totalmass of the atoms; S-the projected area of the two-dimensionalmaterial in the plane.
The formulae for calculating the projected line density of 2D carbonmaterials are shown in equation (7):

( )r r= ´l 7Linear Surface

Here, l-the projected length of the 2D carbonmaterial along a certain direction.
Through the above calculation, the surface density of graphene is /r = ´ -7.66 10 Kg m ,Graphene

7 2 and that

of TPDH-graphene is /r = ´-
- Kg6.91 10 m ,TPDH graphene

7 2 which is reflected in the stress–strain curves of
uniaxial stretching as themechanical properties of graphene are better than those of TPDH-graphene. The
projected line densities of TPDH-graphene along the two directions are /r = ´ -3.42 10 Kg mArmchair

16 and
/r = ´ -4.83 10 Kg m,Zigzag

16 respectively. TPDH-graphene has a biggermass density of carbon atoms along
the zigzag direction compared to the armchair direction, so thematerial shows significant anisotropy in uniaxial
tensile tests and possesses strongermechanical properties along the zigzag direction.

Based on simulation results and theoretical analysis, it is believed that the existence of differences in
mechanical properties in the zigzag and armchair directions is due to the structural differences of TPDH-
graphene in different directions. The arrangement of four-membered, five-membered, six-membered and ten-
membered rings in both directions leads to different projected line density of carbon atoms in zigzag and
armchair directions. Furthermore, by observing the fracture process of TPDH-graphene, it can be found that
uniaxial stretching along the armchair direction breaks the four-membered carbon ring to form a crack and
further extends along the arrangement of the four-membered carbon ring; whereas uniaxial stretching along the
zigzag direction needs to complete the destruction of the five-membered and six-membered carbon rings in the
initial stage of the disruption of thematerial. The stability of themechanical properties of the four carbon rings is
different. It ismainly due to the differences in the projected linear densities of the carbon atoms and the
differences in the structural stability of the four carbon rings that differ leading to the significant anisotropy
exhibited in themechanical properties of TPDH-graphene.

Figure 6. Fracture process of TPDH-graphene by stretching in zigzag and armchair directions. (a)The process of tensile fracture in the
zigzag direction; (b)The process of tensile fracture in the armchair direction.
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3.3.2.Mechanical properties at different temperatures
The effect of temperature on themechanical properties of thematerial is significant [47, 51, 52]. In order to
investigate the effect of temperature on themechanical properties of TPDH-graphene, the strain rate was kept
constant at 0.001 ps-1, the pressure was kept constant at 0 Pa and four temperatures, 300K, 600K, 900K and
1200K,were selected for tensile tests in zigzag and armchair directions, respectively. As shown infigures 7(a)
and (e), the stress–strain behaviour of TPDH-graphene in zigzag and armchair directions decreases with
increasing temperature. The corresponding fracture stresses and strains in both directions decrease with
increasing temperature as shown infigures 7(c), (d), (g) and (h). In addition, the fracture toughness in the zigzag
and armchair directions gradually decreases with increasing temperature as shown infigures 7(b) and (f).

It can be concluded that high temperature causes softening of thematerial and higher temperature decreases
themechanical properties of TPDH-graphene, which is consistent with the effect of temperature on the
mechanical properties of graphene [4, 12, 53].

In addition, it is worth noting that as the temperature increases, the tensile of TPDH-graphene in the zigzag
directionmaintains brittle fracture, while the tensile in the armchair direction still exhibits tensile toughness.
The results of the tensile tests of TPDH-graphene along the armchair direction at four temperatures of 300K,
600K, 900K and 1200K show that the fracture stress decreased by 6.06%, 4.87%, 16.97%and 13.17%,
respectively, comparedwith the ultimate stress; the fracture strain increased by 5.56%, 6.61%, 24.38%and
11.36% respectively, comparedwith the ultimate strain.

3.4. Effects of defects
The absence of carbon atoms is a common formof defects in 2D carbonmaterials, which has a significant impact
on themechanical properties ofmaterials [54–57]. Rectangular and circular defects are two forms of defects that
are often studied [23, 58].

Figure 8 illustrates the setting of the defects and the energy stability of the system containing the defects. The
defects set up in this paper are vacancy atomdefects with certain geometrical shapes (rectangular defects and
circular defects), and the use of the percentage ofmissing atoms provides amore detailed representation; the
three rectangular defects are: 10Å (0.09%), 15Å (0.17%) and 30Å ( 0.32%), and three circular defects: 10Å
(0.12%), 15Å (0.20%) and 30Å (0.81%); rectangular type I cracks are themost common formof cracks in
materials undergoing fracture, and circular defects are the formof defects often observed in experiments;We
provide the variation of energy during relaxation for different types and sizes of defects, and they are all able to
reach a stable equilibrium state after sufficient time of relaxation. It should be noted that the rectangular defects
set here are along the armchair direction; themethod of setting rectangular defects along the zigzag is the same as
here. In general, the structural systems after setting up the defects all show good energy stability, and the
potential energy of the systemwith a large proportion of vacancy atoms is larger.

3.4.1. Rectangular defects
To further investigate the effect of rectangular defects on themechanical properties of TPDH-graphene, we
compared the difference inmechanical properties between rectangular defects (lengths of 10, 15 and 30Å along
the zigzag and armchair directions, respectively, with awidth of 10Å) and the case without considering the

Figure 7.Effect of temperature on themechanical properties of TPDH-graphene. (a) Stress–strain curves for stretching in the zigzag
direction; (b) Fracture toughness in the zigzag direction; (c)Ultimate and fracture stresses in the zigzag direction; (d)Ultimate and
fracture strains in the zigzag direction; (e) Stress–strain curves for stretching in the armchair direction; (f) Fracture toughness in the
armchair direction; (g)Ultimate and fracture stresses in the armchair direction; (h)Ultimate and fracture strains in the armchair
direction.
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defects. As shown infigure 9(a) for rectangular defects whose length increases along the zigzag direction
increasing rectangular defects, with respect towhichwe do tensile tests in zigzag direction to investigate the
effect the length of the defect on itsmechanical properties. Similarly,figure 9(b) illustrates the increase of the
length of the rectangular defect along the armchair direction.

As shown infigures 10(a)–(d), themechanical properties of TPDH-grapheneweakenwith increasing defect
lengthwhen the rectangular defect length decreases along the zigzag direction, and comparing themechanical
properties of TPDH-graphenewithout considering defects and considering the case of a rectangular defect with
a length of 30Å, the ultimate stress, ultimate strain, fracture stress, fracture strain and fracture toughness
decreased by 58.73%, 58.75%, 58.99%, 58.60%and 80.85%, respectively. As shown infigures 10(e)–(h), the
mechanical properties of TPDH-grapheneweakenwith increasing defect length as the length of the rectangular
defect gradually increases along the armchair direction, and the decrease in the stress–strain curves is due to the
defects weakening the structural strength of thematerial. Comparing themechanical properties of TPDH-
graphenewithout considering defects and considering the case of a rectangular defect with a length of 30Å in the
armchair direction, the ultimate stress, ultimate strain, fracture stress, fracture strain and fracture toughness
were reduced by 32.48%, 33.87%, 31.21%, 36.59% and 58.92%, respectively.

As shown infigures 10(e), (d), (g) and (h), wefind that TPDH-graphene still exhibits tensile toughness when
tensile tests are performed in the armchair direction compared to the zigzag direction; furthermore, the
toughness of the added rectangular defects is significantly weakened compared to that of the unadded defects in
the TPDH-graphene.

Rectangular defects weaken themechanical properties of TPDH-graphene to a great extent, and the
weakening of thematerial becomesmore significantwith the increase of the length of the defects, the reason for
which can bewell revealed byGriffith’s theory [45].Meanwhile, the setting of defects of the same length causes
more significant weakening of themechanical properties of TPDH-graphene in the zigzag direction, which is
due to its own structural differences in different directions.

3.4.2. Circular defects
Circular defects are another formof defects different from rectangular defects, and it is also often used to study
the effect of defects on themechanical properties of 2D carbonmaterials [59]. In order to investigate the effect of

Figure 8.The system after setting different types and sizes of defects. (a)Variation of potential energywith time during relaxation for
the system after setting up rectangular defects of three sizes; (b)Variation of potential energywith time during relaxation for the
system after setting up circular defects of three sizes; (c)Percentage of defect atoms for the systemwith different types and sizes of
defects; and (d)Variation of potential energywith time for the systemwith two types of defects.
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circular defect on themechanical properties of TPDH-graphene, we compared the difference in themechanical
properties of different diameters of circular defect (diameter of 10, 15, and 30Å, respectively) andwithout
considering the defect, and set up themodel of circular defect as shown infigure 11.

As shown infigures 12(a)–(d), tensile tests along the X direction (zigzag) reveal that themechanical
properties of TPDH-grapheneweaken as the increase of the diameter of the circular defects increases, and that
the damage of the cracks to the original structure of thematerial leads to a decrease in the stress–strain curve.
Comparing the tensile results without considering the defect and considering the circular defect with a diameter
of 30Å, the ultiamte stress, ultimate strain, fracture stress, fracture strain and fracture toughness were reduced
by 59.85%, 59.58%, 60.71%, 59.47%and 82.65%, respectively. As shown infigures 12(e)–(h), themechanical

Figure 9.TPDH-graphenewith different sizes of rectangular defects along zigzag and armchair directions.(a)Rectangular defect
lengths 10, 15, and 30Å along the zigzag direction; (b)The same length of rectangular defect but along the armchair direction.

Figure 10.Effect of rectangular defect size on themechanical properties of TPDH-graphene. (a) Stress–strain curve for stretching in
the zigzag direction; (b) Fracture toughness for stretching in the zigzag direction; (c)Ultimate and fracture stresses in the zigzag
direction; (d)Ultimate and fracture strains in the zigzag direction; (e) Stress–strain curves for stretching in the armchair direction; (f)
Fracture toughness in the armchair direction; (g)Ultimate and fracture stresses in the armchair direction; (h)Ultimate and fracture
strains in the armchair direction.
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properties of TPDH-grapheneweakenedwith increasing diameter of circular defects when tested in tensile
along the Y direction(armchair), similarly comparing its tensile results without defects to those considering
circular defects with a diameter of 30Å, the ultiamte stress, ultimate strain, fracture stress, fracture strain and
fracture toughness decreased by 40.53%, 32.29%, 40.09%, 34.98%and 56.66% respectively.

As shown infigures 12(c), (d), (g) and (h), the TPDH-graphenewith both circular defects and perfect
structure added exhibits brittle fracture in the zigzag direction; in the armchair direction it still exhibits a certain
degree of tensile toughness, however, the tensile toughness is weakened by the addition of defects. The defects
resulted in a localised disruption of the structure of TPDH-graphene. This structural irregularitymaymake the
materialmore susceptible to fracturewhen subjected to stress. The reason for this is that there is usually a
concentration of stress at the defect, which leads to the stress at the defect exceeding the strength limit of the
material, thus triggering brittle fracture.

It can be concluded that circular defects disrupt the intact TPDH-graphene structure and that increasing the
diameter of the circular defect reduces themechanical properties, especially the fracture stress, fracture strain
and fracture toughness. Similar to rectangular defects, the increase in diameter of circular defects does not
weaken themechanical properties of TPDH-graphene in the zigzag and armchair directions to the same extent,
with theweakening in the zigzag direction being greater than theweakening in the armchair direction, and the
explanation for this fact has been given in the section on the study of rectangular defects.

4. Conclusions

In this study, we have used amolecular dynamics approach to comprehensively investigate the effects of strain
rates, tensile direction, temperature, and defect size on themechanical properties of TPDH-graphene;

Figure 11.TPDH-graphenewith circular defects of different diameters: 10, 15, and 30Å at the center.

Figure 12.Effect of circular defect size on themechanical properties of TPDH-graphene. (a) Stress–strain curves for stretching in the
zigzag direction; (b) Fracture toughness in the zigzag direction; (c)Ultimate and fracture stresses in the zigzag direction; (d)Ultimate
and fracture strains in the zigzag direction; (e) Stress–strain curves for stretching in the armchair direction; (f) Fracture toughness in
the armchair direction; (g)Ultimate and fracture stresses in the armchair direction; (h)Ultimate and fracture strains in the armchair
direction.
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specifically, the changes in stress–strain curves, ultimate stress, ultimate strain, fracture stress, fracture strain and
fracture toughness were observed under different influencing factors. The results show that lower strain rates
result in lower fracture stresses and fracture strains; themechanical properties of TPDH-graphene differ in the
zigzag and armchair directions and exhibit significant anisotropy; elevated temperatures for TPDH-graphene
will cause thematerial to soften, which in turnwill weaken themechanical properties of thematerial; both
rectangular and circular defects weaken itsmechanical properties to varying degrees, and the degree of
weakening is different in the zigzag and armchair directions. Both rectangular and circular defects weaken its
mechanical properties to different degrees and in the zigzag and armchair directions, which is related to its own
structural differences in the zigzag and armchair directions. TPDH-graphene has a certain tensile toughness
along the direction of armchair, and the tensile toughness is weakened by the addition of defects.

The results of this study complement the research onTPDH-graphene, a novel 2D carbonmaterial. Overall,
this study provides a reference on themechanical properties of TPDH-graphene for possible subsequent
practical applications in the field of nanoelectronics and highlights the importance of taking into account
orientation, temperature and defect size variations.
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