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Abstract Defects including topological and vacancy defects have been observed in graphene during fabri-
cation. Defects are also introduced to break the lattice symmetry of graphene and thereby obtain enhanced
optoelectronic and other properties. It is important that gains in certain properties due to the presence defects
are not at the expense of mechanical strength which is important in handling graphene and device fabrication.
This paper presents a comprehensive study of the tensile strength and fracture strain of monolayer graphene
with commonly observed topological defects and nanopores. Both molecular dynamics and the atomic-scale
finite element method (AFEM) are used in this study, and the accuracy of AFEM in simulating complex topo-
logical and vacancy defects including line defects is established. It is found that the tensile strength properties
have a complex dependency on the defect shape, size, and chirality. Certain defect geometries are found to
be mechanically superior to other defect geometries thereby supporting the concept of topological design
of graphene to optimize properties. The study also establishes AFEM as an efficient and potential tool for
topological optimization of the mechanical behaviour of graphene.

1 Introduction

Graphene is one of the most studied carbon nanostructures due to its extraordinary properties [1]. Top-down and
bottom-up synthesis approaches have been used to produce graphene and graphene-based devices [2]. However,
it is inevitable that defects are formed during synthesis and fabrication. Defects including topological and
vacancy defects have been introduced into graphene to break the lattice symmetry and thereby obtain enhanced
optoelectronic and other properties for various practical applications [3,4]. For example, vacancy defects
have been introduced to create antidot lattices, which makes graphene a semiconductor with optoelectronic
properties [5]. In addition, researchers [6,7] have shown that graphene with vacancy defects such as nanopores
has interesting practical applications.

The defects in graphene can be vacancies (missing atoms); topological defects such as Stone—Wales defects
[8]; dislocations (line defects) [9]; grain boundaries [10]; impurities; and others [11,12]. The Stone—Wales
defects identified as SW1 and SW2 have two pentagons and two heptagons as shown in Fig. 1a—b, respectively.
Figure lc shows a divacancy (DV) defect obtained by removing two atoms from a perfect lattice. In this case,
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Fig. 1 Defects in graphene

the sp? covalent bonds are not maintained. Figure 1d—f shows different patterns of reconstruction of the basic
DV defect. The 5-8-5 defect (Fig. 1d) involves two pentagons and one octagon. The rotation of the carbon—
carbon bond shown in red by 90° leads to a triple pentagon—triple heptagon (555-777) defect as shown in Fig.
le. Now, rotating the carbon—carbon bond highlighted in red, a defect identified as 5555-6-7777 (Fig. 1f) is
obtained. This defect contains four pentagons, four heptagons, and one hexagon rotated by 30° in relation to
the original configuration. All these defect configurations have been experimentally observed [13].

In addition to the basic topological defects shown in Fig. 1a—f, extended line defects (ELD) are another
variation of topological defects that are observed in graphene [9,14]. An extended line defect formed by
alignment of 5-8-5 defects, as shown in Fig. 1g, has been experimentally observed in graphene along the zz
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direction [9]. It is a type of grain boundary (GB) with zero rotation angle and yields remarkable electronic
properties with interesting applications such as a metallic wire interconnects [9, 14]. Souza et al. [15] studied
the electronic and transport properties of ELD formed by heptagon—pentagon and octagon—pentagon for gas
sensor applications. Other studies focused on the effects of ELD on the electronic and chemical properties of
graphene [15,16].

There is also growing interest in the topological design of 2D materials by defects and vacancies to enhance
their physical properties. It is, however, important that enhancement of optoelectronic and other properties
as confirmed by the studies mentioned above does not happen at the expense of mechanical properties since
mechanically weak graphene is hard to manipulate and use in devices. Studies have shown that simple defects
have a strong influence on the ultimate tensile strength and failure strain of graphene [17-19]. Liu and Chen [20]
performed molecular dynamics (MD) simulations to study the mechanical properties of nanoporous graphene
considering different sizes, shapes, and nanopore densities. Lee et. al. [21] used a structural beam element to
study the elastic modulus of nanoporous graphene. However, the application of continuum beam models to
simulate graphene is questionable. Using MD simulations, the effects SW1, SW2, 5-8-5, 555-777 and 5555-
6-7777 defects on Young’s modulus of graphene have been examined [22,23]. Existing studies on graphene
with defects have considered relatively simple defects and paid limited attention to fracture strength and strain
which are important mechanical properties in device design and fabrication.

Both MD simulations and continuum-based methods have been employed to study the mechanical prop-
erties of graphene. The applicability of continuum-based methods is questionable. MD solves the dynamic
equilibrium equation of an atomic system based on an inter-atomic potential field and has been applied to
study graphene with defects [17,22,24-26]. Liu et al. [27] proposed the atomic-scale finite element method
(AFEM), which is also based on an inter-atomic potential field, as a computationally efficient alternative to
MD. AFEM solves for the final equilibrium state based on the nonlinear static response of the atomic system.
AFEM is an order N method compared to MD which is order N2. It has shown good accuracy for simulation of
the mechanical response of graphene [28-31]. However, its application for complex topological and vacancy
defects such as those shown in Fig. 1 is not reported in the literature.

Based on the above review of the literature, this paper has two objectives. The first objective is to confirm
the accuracy of AFEM in estimating the tensile properties of graphene with complex topological defects by a
systematic comparison with MD simulations and position AFEM as a potential tool for topological optimization
of graphene. The second objective is to carry out a study on the tensile strength properties of graphene with
complex topological defects including line defects and facilitate mechanical design of graphene-based devices
and future studies on topological design of 2D materials. The AFEM formulation used in the present study
is based on the second-generation reactive empirical bond order (REBO) potential [32]. It is one of the most
used potentials for modelling graphene [33]. The MD simulations are based on the LAMMPS [34] software
package for atomistic simulations.

2 Atomic-scale finite element method (AFEM)

The formulation of AFEM is briefly described below for completeness. AFEM is formulated based on an
inter-atomic potential and the total energy of a system of atoms. The total energy expression, Eq, is formed
by the inter-atomic potential, U ,and the work done by an external force, Wiy, as presented in Eq. (1) [27],

Ewot = Uiot — Wrext, (1)
Na Na

Uit = Z U (ij - L‘)i Weext = Z Felxtii ()
i<j i=1

where Na is the number of atoms, F_,, is the external force acting on atom i, and x; and x ; are the positions
of the atoms i and j.
The equilibrium configuration of the system is obtained from the total energy minimization with respect
to the position, x, as [27],
dx

The following equilibrium equation is obtained from the Taylor series expansion of the total energy, Eior,
around the equilibrium configuration,
[Kw] {u}={P (u)}. “)

=0, 3)
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Fig. 2 Atomic finite elements used to model a graphene sheet

where {u} is the displacement increment vector, [K (u)]and {P (1)} are the nonlinear stiffness matrix and
the non-equilibrium force vector, respectively, which depend on the equilibrium position and are expressed as
&> Eror

= | Gl [ tren={-4 | o

The nonlinear equilibrium equation of AFEM given by Eq. (4) is solved iteratively by applying the force
control method and the modified Newton—Raphson procedure [35]. In this study, the AFEM is applied based
on the second-generation REBO potential [32]. The energy stored in the bond between atoms i and j denoted

by Uisfcond—REBO can be expressed as [32]

x=x©®

U REBO = f () (Vi + By Vi) ©)

where ViR and Vl’;‘ are the repulsive attractive functions, f (r,- j) is the cut-off function, and B;; is known as
bond order term, which is related to forming and breaking of the bonds, number of neighbours, and the angle
between the atoms. The explicit forms of Vlf s Vl’j4 and f (ri j) are given elsewhere [30].

A complete atomic finite element (AFE) based on the second-generation REBO potential has 10 atoms as
shown in Fig. 2. The central atom 1 interacts with the first nearest neighbour atoms, 2, 5, and 8, and the second
nearest neighbour atoms 3, 4, 6, 7, 9, and 10 by the first neighbour atoms. The atomic configuration of the
basic AFE for edge atoms is different from a central atom and involves less than 10 atoms. A description of
the five basic AFEs required for edge atoms and atoms around vacancies is described elsewhere [30].

The total energy of atom 1 can be expressed as,

Ut})t _ (Uiqgcond_REBO + Uiqgcond_REBO + U]sgcond_REBO) 1 /2. (7)

In Eq. (7), the energy of the central atom 1 is made of the bond energies of the 1-2, 1-5, and 1-8 bonds as
shown in Fig. 2. Note that the effect of the bond energies of the second nearest neighbour atoms (e.g. bond
3-2, 5-6, 8—9, etc.) to the bond energies of the first neighbour atoms is by the bond angle 6 which appears in
the bond energy expressions of the second-generation REBO potential [30,32]. The details of the expressions
for Ul.sj‘.:cond—REB O are given elsewhere [30] and not repeated here for brevity. Equation (7) is repeated for each
atom 7 in the system and added to calculate the total atomic energy of the system. For example, when the
energy of the atom 2 is calculated, its total energy is formed by the bond energies of the bonds 2-3, 2—4, and
2-1. It is important to monitor the bond lengths during AFEM modelling to ensure that only the energies of
bonds within the cut-off length are considered in computing the bond energy of each atom. The cut-off radius
is set as 2.0 A in this study to avoid non-physical behaviour and overestimating the forces [36]. Several studies
have examined the influence of the cut-off radius on MD simulations. The chosen radius is widely used in the
literature to achieve stable results for a wide range of problems involving graphene [30,36]. The bond lengths
are computed and monitored at each load step and during iterations of the nonlinear equilibrium solver for
both nearest neighbour bonds (e.g. 1-2, 1-5, and 1-8) as well as the second nearest neighbour bonds (e.g. 2-3,
2-4, 5-6, 5-7, 8-9, and 8-10) to ensure that bond energies are properly accounted.



Atomistic simulation of tensile strength properties of graphene with defects 3391

3 Results and discussion
3.1 Mechanical response of nanoporous graphene

In a previous article [30], the accuracy of AFEM in modelling graphene nanoribbons (edge effects) has been
established. In this paper, we demonstrate the accuracy and application of AFEM to nanoporous graphene and
more complex vacancy and topological defects. A pristine graphene sheet with 984 atoms with dimensions of
48.9 A x 48.4 A is used as the base model to create various nanopore configurations by removing selected
atoms. The initial bond length between two carbon atoms is taken as 1.396 A. The tensile loading is applied
in one direction, either along the armchair (ar) or zigzag (zz) directions, on all atoms at one edge, while the
opposite edge is fully constrained, as illustrated in Fig. 3a. Five types of nanopore geometries identified as
NP1, NP2, NP3, NP4, and NP5 (Fig. 3a—e) are produced by removing selected central atoms in the base model.
These nanoporous graphene sheets have interesting practical applications [7,20]. Additionally, the effect of
a complex nanoporous geometry on the mechanical behaviour is investigated by introducing multiple (four)
nanopores as shown in Fig. 3f. This configuration is identified as NP6. The configurations NP1 to NP6 are
analyzed using MD based on the LAMMPS package [34] using the isothermal-isobaric (NPT) ensemble, at
temperature 1 K and the AIREBO potential with cut-off radius equal 2.0 A. Periodic boundary conditions are
considered in both directions. The time integration step for the MD simulations is 0.05 fs, and the tension load
is applied to the graphene in the ar or zz directions with a strain rate of 0.001 ps~!.

Figure 4a—b shows a comparison of the stress—strain curves obtained from AFEM with loading along the ar
and zz directions. The nanoporous sheets loaded in both ar and zz directions show substantial reduction in the
strength and failure strain due to the presence of pores compared to a pristine sheet. The stress—strain curves
are initially linear and show negligible effect of the defect geometry at very small strains. However, the effect
of pore geometry become more significant at higher strains (> 2%). Figure 4c shows a comparison between
the stress—strain curves obtained from AFEM and MD for the NP2 and NP3 sheets under tension in the ar
and zz directions. The curves obtained from the two methods agree well up to the failure point confirming the
accuracy of AFEM.

Figure 4d—e shows a comparison of the fracture strength and strain obtained from AFEM and MD simula-
tions for the sheets shown in Fig. 3. The results show close agreement between the AFEM and MD simulations
with fracture strength slightly underestimated (< 5%) by AFEM and nearly identical fracture strains. AFEM
is therefore capable of modelling nanoporous graphene under a wide range of pore geometries and sizes.
The armchair sheets are generally weaker and less ductile compared to the zigzag sheets which is due to the
orientation of bonds with the loading directions. Note that AFEM solves for the equilibrium configuration at
a given load level under static conditions, whereas MD considers the dynamic equilibrium equations and time
evolution of bond lengths under loading. As such, some differences between the failure loads and strains from
the two schemes are natural. However, the current simulations confirm that AFEM results for all practical pur-
poses are very close to MD results which are obtained at a relatively higher computational cost. For a pristine
sheet, the ultimate tensile strength obtained from AFEM is 101 GPa and 116 GPa and the fracture strain is 0.15
and 0.23 along ar and zz directions, respectively. These results generally agree well with the values reported
in the literature, with the range from 83 to 137 GPa, and 0.12 to 0.27 in the ar direction, and 98—138 GPa and
0.12 to 0.28 in the zz direction [12,37]. Note that the bulk of the results reported in the literature for strength
and failure strains corresponds to periodic boundary conditions, and the results for practically useful cases of
finite graphene sheets show some difference due to edge effects.

Due to the presence of a NP1 pore, the strength in the ar direction is reduced from 101 to 64 GPa and
the failure strain from 0.15 to 0.09, while in the zz direction the strength reduces from 116 to 88.5 GPa and
the strain from 0.23 to 0.14. A comparison of nanopore shapes in Fig. 3 shows that the pore size increases
from NP1 to NP5 and the pore boundary pattern is different for each case. It is interesting to note from Fig.
4 that the order of the stress—strain curves does not follow the size of the pore. For example, NP3 and NP5
are stronger and more ductile than NP2 and NP4, respectively, and NP4 is the weakest configuration in the
zz direction. However, in the ar directions these patterns are changed with NP5 as the weakest configuration
followed closely by NP3, and the response of NP2 is very close to NP1, while NP4 is between to NP2 and
NP3.

In general, NP6 with multiple pores has a similar ductility as NP1 in both loading directions, but much
higher ductility compared to other pore configurations in the zz direction. Strength of NP6 is slightly higher
than NP5 in the ar direction but lower than the sheets with other pore configurations. However, the strength of
NP6 in the zz direction is quite closer to the strengths of NP2, NP4, and NP5. Note that NP6 is a configuration
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formed by multiple (four) nanopores of NP3 type. Considering this fact, it is interesting to note that in both
loading directions NP6 is more ductile than NP3 although NP3 is about 15% and 7% stronger than NP6 in the
ar and zz directions, respectively. The fact that the highly porous configuration of NP6 in the zz direction is as
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ductile as N1 and as strong as other porous configurations except N1 and N3 implies that it could be used for
interesting nanofluidic applications in engineering disciplines.

The behaviour observed in Fig. 4 indicates that the mechanical response of nanoporous graphene has a
complex relationship with the pore size and the pore boundary atomic arrangement. A closer look shows that
NP1, NP3, and NP5 have similar pore boundary atomic arrangements (primarily armchair-type configuration)
with increasing pore size. Therefore, the stress—strain curves follow a similar order. However, the pore boundary
atomic arrangements of NP2 and NP4 are similar but different from NP1 and are prone to relatively higher
boundary bond breaking. It makes NP4 the weakest followed by NP2. In the case of tensile loading in the
ar direction, the boundary atomic arrangement is favourable to pore opening in the case of NP1-type pores
compared to NP2 which could favour shrinking of the defect and even some bond reformation at the boundary.
Therefore, NP2-type pores are stronger than NP3. The trend of the stress—strain curves in the ar and zz directions
obtained from AFEM in Fig. 4a-b is similar to the trend found by Liu and Chen [20], except for the case of
NP5 in the zz direction, which was between NP2 and NP4. This difference could be due to the different size
of graphene sheet and other factors such as temperature and periodic boundary conditions.

3.2 Mechanical response of graphene sheets with complex topological defects

In this section, we focus on the topological defects shown in Fig. 1. Graphene sheets with dimensions of 48.9
A x 48.4 A are used in the modelling. Each sheet has a single defect of the configurations shown in Fig. 1a—f
located in its central region, as illustrated in Fig. 5. The topological defects break the perfect hexagonal lattice
of graphene, while the sp> covalent bonds are maintained. In the case of the DV defect, the sp? covalent bonds
are not maintained due to missing atoms, thereby some atoms are connected to less than three neighbouring
atoms. The bond lengths are also different for certain atoms compared to a perfect lattice, specially the rotated
carbon—carbon bonds.

Figure 6 shows a comparison between the stress—strain curves obtained from AFEM and MD for sheets
with the six types of defects under tension along the ar and zz directions. Figure 6a presents the AFEM results
for SW1 defect, and there is good agreement between the AFEM and MD simulations. Based on the AFEM
calculation, the fracture stress is 102.5 GPa and the failure strain is 0.17 in the zz direction, while in the ar
direction the fracture stress is 72 GPa and the failure strain is 0.1. These results generally agree well with the
values reported in the literature for strength and fracture strain [24,25,38—40], which range from 90 to 107.6
GPa and 0.13-0.18 in the zz direction, and 12.25-103.7 GPa and 0.013-0.15 in the ar direction. Figure 6b
presents the curves for SW2 defect. As shown, the results agree well with MD for both ar and zz directions.
The fracture stress is 88.5 GPa and 74.1 GPa, and the failure strain 0.13 and 0.1 in the zz and ar directions,
respectively. Similar to the case of nanopores, graphene sheets subjected to loading in the zz direction show
more ductility and higher strength compared to same sheets loaded in the ar direction for SW1 and SW2
defects. A sheet with SW1 defect loaded in the zz direction is stronger than a similar sheet with a SW2 defect.
However, SW1 and SW2 sheets loaded in the ar direction have nearly identical stress—strain curves.

Figure 6¢ and d presents the validation of AFEM with MD for the DV and 5-8-5 defects. Good agreement
between the AFEM and MD-based stress—strain curves is noted in both ar and zz directions. The general trend
of the stress—strain curves is similar to the case of Stone—Wales defects, but sheets with the DV and 5-8-5
are less ductile and weaker compared to SW1 defects loaded in the zz direction. In the past, AFEM has been
applied to model single or double vacancy defects [18], and the fracture strength and the failure strain were
reported as 74.7 GPa and 0.1 along the zz direction, respectively, for a DV defect. These results are about
15% lower than the values found in this study. The difference between the two studies is primarily due to the
different potential functions used in the simulation. In the previous study [18], the Tersoff—Brenner potential
was considered. However, it has deficiencies as reported by Brenner et al. [32]. It does not have a double bond
or conjugate bond rotation barrier to prevent certain unrealistic bond rotations. In this study, we consider the
second-generation REBO potential, which is one of the most established potentials for modelling graphene
fracture [33]. In the case of the 5-8-5 defect, strength in the ar direction is reduced from 101 to 64.3 GPa and
the failure strain from 0.15 to 0.08, while in the zz direction the strength reduces from 116 to 86.2 GPa and
the strain from 0.23 to 0.13. Using MD, Kochnev et al. [41] found the fracture strength to be 69 GPa in the ar
direction and 92 GPa in the zz direction, which agree well with the current results. These results confirm the
accuracy of AFEM for modelling basic topological defects.

Although considerable research has been devoted to study the effects of defects on the mechanical properties
of graphene, no past studies have considered the effects of 555-777 and 5555-6-7777 defects on the mechanical
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response. The stress—strain curves shown in Fig. 6e and f for these defects are obtained from AFEM and MD
and show good agreement except in the case of fracture strain of a 555-777 defect loaded in the zz direction.
As mentioned before, we believe this difference is mainly due to the quasi-static nature of AFEM compared to
MD, which solves a transient problem accounting for evolution of bond breaking and reforming. Nevertheless,
the strength solutions agree within 10%. For a 555-777 defect, the fracture stress obtained from AFEM is 84
GPa and the failure strain is 0.12 in the zz direction, while in the ar direction the fracture stress is 74.1 GPa
and the failure strain is 0.1. In the case of a 5555-6-7777 defect, the fracture stress is 83.8 GPa and the failure
strain is 0.12 in the zz direction, while in the ar direction the fracture stress is 80 GPa and the failure strain
is 0.11. In general, as in the case of Fig. 4, the results show good agreement between the AFEM and MD
simulations with fracture strength and strain slightly underestimated/overestimated (< 10%) by AFEM except
for a 555-777 defect loaded in the zz direction.

Figure 7a—b shows a comparison of the fracture strength and strain obtained from AFEM and MD simula-
tions. The defect configurations are numbered from A to F in the same order as shown in Fig. 1 for identification
purposes. The results presented in Figs. 6 and 7 clearly show that fracture strength and strain are substantially
reduced due to the presence of a topological defect along the ar and zz directions (pristine sheet: fracture
strength 101/116 GPa and fracture strain 0.15/0.23 along the ar/zz directions, respectively). Like pristine
sheets, the sheets with defects are stronger in the zz direction (red curves). Reduction in strength and failure
strain is the highest for the 5-8-5 defect in the ar direction, whereas for the SW1, SW2, DV, and 555-777
defects the reduction in strength and fracture strain in the ar direction is quite similar. The 5555-6-7777 defect
is the most ductile configuration in the ar direction compared to other defects. In the case of loading in the zz
direction, except for an SW1 defect which is the strongest and most ductile, sheets with other five defects show
quite similar tensile strength and fracture strain. The trends seen in Fig. 7 show that the mechanical response
of graphene has a complex dependency on the defect shape, chirality and load direction.

It is useful to discuss the fracture patterns of the defects shown in Fig. 1 based on MD. In the case of
SW defects loaded in the zz direction, reduction in strength is larger for an SW2 defect compared to SW1.
This behaviour is related to the tilt angle of the atomic configuration, and an explanation of the influence of
different tilt angles for SW defects is given elsewhere [25]. In the case of a DV defect, fracture starts in the
bonds around the defect perpendicular to the loading direction. For the six types of defects considered, except
for the 5555-6-7777 defect, the failure starts in the bonds around of the defect, such as pentagon—heptagon,
pentagon—hexagon, heptagon—hexagon, and octagon—hexagon. In the case of a 5555-6-7777 defect, the failure
starts in the bonds shared by hexagon—hexagon parallel to the loading direction, which is similar to the fracture
behaviour observed in pristine sheets in the ar direction. Therefore, the tensile strength of graphene with a
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Loading in the zz direction

Fig. 8 Graphene sheet with 5555-6-7777 defect used to examine failure mechanisms

5555-6-7777 defect has the smallest deviation from a perfect sheet compared to the other defects due to similar
fracture patterns.

In the case of fracture of a sheet with a 5555-6-7777 defect loaded in the zz direction, the failure starts
in the bonds shared by the pentagon—heptagon, heptagon—hexagon, and pentagon—hexagon bonds (see bonds
highlighted in red in Fig. 8. However, unlike the pristine case those highlighted bonds in the zz direction
are quite parallel to the loading direction, which can lead to the same failure mechanism observed along the
ar direction for the pristine case. In addition, the same behaviour is observed for sheets with the 5-8-5 and
555-777 defects, where the fracture starts in the bonds around the defect and parallel to the loading direction.
Moreover, it is important to note that these defects are obtained by the rotation of two carbon—carbon bonds, as
shown in Fig. 1, and the bond length of the rotated carbon—carbon bond is shorter compared to the unrotated,
consequently, it is stiffer [10,42].

Figure 9 shows a comparison of the small-strain Young’s modulus (E) of pristine graphene and graphene
sheets with the topological defects shown in Fig. 1a—f. Each sheet has only one defect located in its central
region. The results from AFEM are obtained by calculating the slope of the linear part of stress—strain curves
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(strain range < 0.5%) presented in Fig. 6. The Young’s modulus of pristine graphene obtained from AFEM
is found to be 1 TPa and 0.71 TPa along the ar and zz directions, respectively. These values are in a close
agreement with the values obtained by Jing et al. [22] and He et al. [25] using molecular dynamics, as shown
in Fig. 9. Additionally, these values are also in agreement with the values reported by Rajasekaran et al. [12],
Wang et al. [23], Cao [37], and experiments [1].

Comparison of Young’s modulus for various topological defects shows interesting trends. For example, E
in the ar direction is reduced due to SW1, SW2, DV, and 555-777 defects, with sheets showing nearly equal
moduli, while the sheets with 5-8-5 and 5555-6-7777 defects show a higher modulus which is very close to the
modulus of a perfect sheet. In the zz direction, E shows relatively minor changes in the case of SW1, SW2, DV,
and 5-8-5 defects, but the 555-777 and 5555-6-7777 defects result in a modulus that is closer to the modulus
of a perfect sheet. It has been shown that the addition of topological defects can improve the opto-electronic
properties of graphene due to the loss of symmetry in the lattice. A concern with the introduction of defects
is the potential loss of stiffness which can affect the mechanical behaviour. However, the results presented
in Fig. 9 show that certain defects (e.g. 5555-6-7777) can be introduced in graphene without compromising
the stiffness, which is in agreement with the study presented by Jing et al. [22], who concluded using MD
simulations that the reconstruction of vacancy defects can help to stabilize Young’s modulus.

3.3 Extended line defect (ELD) in graphene

In this section, we study the formation of an extended line of defect (ELD) on the mechanical behaviour of
graphene under tension loading by considering ELDs of different lengths. The type of ELD considered in this
study is formed by pentagon pairs separated by octagons, identified here as 5-8-5 ELD. To characterize the
process of formation of the 5-8-5 ELD, four different ELD sizes are introduced in the centre of a sheet with
dimensions of 48.9 A x 48.4 A. Figure 10a shows a basic ELD consisting of two 5-8-5 defects embedded in the
centre of the sheet and the boundary conditions. The remaining 5-8-5 ELDs shown in Fig. 10b—d are obtained
by adding more 5-8-5 cells. The bond length between two carbon—carbon atoms in a perfect hexagonal lattice
is 1.396 A, but the bond length is different for bonds around defects. The line defects shown in Fig. 10 are
labelled as ELD 1 to ELD 4.

Figure 11 shows a comparison of the stress—strain curves obtained from AFEM and MD for ELD 1 with
applied loading along the ar and zz directions. As in the previous cases, the results from the two solution
schemes agree well and confirm the ability of AFEM to simulate ELDs as well. A small kink is noted in the
MD results in the ar direction which is a result of a localized instability due to bond breaking; however, AFEM
results show no such kink since the system is globally stable and the solution is based on a quasi-static system.
The sheets are more ductile and stronger in the zz direction compared to the ar direction similar to the sheets
with defects considered previously.

Figure 12 shows the stress—strain curves for ELD 1 to ELD 4 based on AFEM. Like the topological and
vacancy defects, the presence of 5-8-5 ELDs causes a substantial reduction in tensile strength and failure strain
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in graphene for both loading directions as shown in Fig. 12. It is interesting to note that under the loading in
the ar direction the stress—strain curves of the four ELDs show minor dependency on the length of the defect,
whereas the length dependency is higher in the case of the loading in the zz direction. Graphene sheets loaded
in the zz direction become more ductile and stronger as the defect length increases; however, the strength and
failure strain of a sheet with a defect across the whole length are well below the tensile properties of a perfect
sheet. The reduction in the strength observed in Fig. 12 for ELD 4 agrees with the results of Berger and Ratsch
[43] who used ab initio modelling to study a similar defect formed by pentagon—octagon and reported the
ultimate strength as 91.7 GPa in the zz direction.

In order to study the behaviour observed in Fig. 12, we use Fig. 13 to discuss the failure mechanism observed
in the visual molecular dynamics package [44] during the MD simulations for the ELD 1 configuration. Fracture
in the ar direction starts by breaking bonds shared by a pentagon—octagon (bonds highlighted in red in Fig. 13).
After one bond breaks, the fracture propagates through the line of defect. Moreover, it is important to mention
that no significant out-of-plane displacement is observed during stretching in the ar direction. Therefore, along
the ar direction the number of aligned 5-8-5 defects basically does not interfere with the mechanical response,
which confirms the behaviour shown in Fig. 12.
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Fig. 12 Stress—strain curves for ELD1 to ELD4 obtained from AFEM

We use Figs. 14 and 15 to discuss the failure mechanisms observed during MD simulations for sheets with
ELD 1 and ELD 3 and loaded in the zz direction. Figures 14a and 15a show the out-of-plane displacement (i.e.
displacement in the z-direction in Angstroms (A)) at the initial equilibrium configurations of unloaded sheets
with ELD1 and ELD3, respectively. Note the substantial rippling of the sheet around the defect. Orientations
of the ripples are different for the two defects, but the peak displacements are in the same range. ELD3 shows
negligible out of plane displacement along the defect line, but ELD1 shows substantial troughs ahead and
behind the defect line. The importance of out-of-plane displacements due to defects and the potential use of
defects and resulting out-of-plane displacements to create novel features and strengthening mechanisms in
graphene have been discussed elsewhere [45].

Figures 14b—d and 15b—f show the out-of-plane displacement distributions at various strain levels during
loading for ELD1 and ELD3, respectively. Under the applied loading, the ripples of the sheet become aligned
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with the loading direction with a crest along the defect line for ELD1 and troughs on both left and right sides.
Further loading of ELD1 causes the bonds to break around the defect, and the crest region disappears. In the
case of ELD3, the defect line shows minor out of plane displacements throughout loading, and the ripples are
asymmetric about the defect line. Unlike those in ar direction, the fracture starts at the extremities of the line
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defect by breaking the bonds shared by pentagon—octagon and octagon—hexagon cells, and then it propagates
through the bonds shared by hexagons. Note that the extremities of the line defect have asymmetric edges with
one pentagon, different from the inside of ELD where pairs of pentagons exist. Moreover, it is observed during
the MD simulations that as the extremity of the ELD becomes symmetric the fracture behaviour becomes
like a pristine zigzag sheet. Therefore, the mechanical response of sheets with ELDs for loading along the zz
direction depends on the length of the line defect, and as closer the line of defect approaches the sheet edges,
the defect has a smaller effect on the mechanical response. It is clear that the fracture force and pattern are
strongly dependent on the length of grain boundary and defect density [33,45].

4 Conclusions

Accuracy of AFEM in estimating the tensile properties of graphene with complex topological defects has been
established by a systematic comparison with MD simulations. Comparisons with MD solutions confirm that
AFEM based on the second-generation REBO potential can capture the failure of graphene sheets with the
fracture strength and strain slightly underestimated/overestimated (+10%). In general, the mechanical response
of graphene shows a complex dependency on the defect shape, chirality, and loading direction. Armchair sheets
with defects are generally weaker and less ductile compared to the zigzag sheets. The mechanical response of
nanoporous graphene does not follow the size of the pore, instead it has a complex relationship with the pore
size and the pore boundary atomic arrangement. The defect 5555-6-7777 shows the best mechanical behaviour
compared to other defects in the ar direction, whereas SW1 defects are mechanically stronger in the zz direction
compared to other defects. Moreover, it is concluded that the 5555-6-7777 defect can be introduced in graphene
without compromising the stiffness in both ar and zz directions. Furthermore, the fracture behaviour of the
armchair ELDs shows minor dependency on the length of the defect, whereas the length-effects are significant
in the fracture behaviour of the zigzag ELDs changing it from brittle to ductile fracture. This study confirms
that the AFEM is a potential tool for topological optimization and design studies of graphene as it is relatively
faster compared to MD.
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