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ncy-defect-induced fracture
strength loss of graphene

Xiao-Yu Sun,*a Heng Hu,a Changyong Caob and Yuan-Jie Xua

The mechanical strength of graphene is much larger than any other materials, but is orientation-dependent

and can be significantly weakened by vacancy defects existing in the lattices. In this work, we investigated

the orientational anisotropic effect on the fracture strength of vacancy-defective graphene usingmolecular

dynamics simulations. The results show that the fracture strength of graphene at the orientation angle of 15�

has the smallest sensitivity to vacancy defects due to the minimization of stress concentration in this

direction. Although the fracture strength of defect-free graphene in the zigzag direction is larger than

that in the armchair direction, the fracture strength in the zigzag direction is much more sensitive to the

vacancy defects. This study is helpful not only for understanding the physical properties of defective

graphene but also providing guidance for developing graphene-based materials or devices in engineering.
1. Introduction

Graphene, a two-dimensional monolayer graphite, has attracted
intensive research interest during the past decade owing to its
unprecedented mechanical, thermal, electric and optical prop-
erties.1–9 For example, the tensile strength of pristine graphene
is over 100 GPa and its Young's modulus can reach up to
1 TPa,2,3 much stronger than any other materials that have been
discovered. The outstandingmechanical properties of graphene
have been explored for a broad range of applications such as
graphene nanocomposites,7 chemical sensors,5 super-
capacitors,8,9 surface coatings,4 and nanoelectronics.1,6

However, in preparing the graphene for all these applications,
the defects in the graphene lattice, such as vacancy defects,10

impurity defects,11 and absorption defects,12 are inevitable due
to the production process13,14 and the environmental/operation
conditions.15 On the other hand, defect engineering of graphene
is also employed to modify graphene with novel functions in
nanoelectronics and biodevices.15,16 Therefore, it is of funda-
mental importance to understand the mechanical properties of
defective graphene for developing novel graphene-based mate-
rials or devices under various operation conditions.

The failure strength of graphene has been investigated using
both experimental and numerical methods, including atomic
force microscopy (AFM) nanoindentation,2 molecular dynamics
(MD) simulation17,18 and nite element method19 etc. It has been
reported that graphene exhibits distinct anisotropic mechanical
behaviors because of its hexagonal network structure.20–22 Zhao
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et al.23 investigated the mechanical strength of graphene under
uniaxial tensile test by combining MD simulations and tight-
binding (TB) method, and found that the fracture strength of
monolayer graphene in zigzag direction is 18.8% larger than
that under armchair-directional elongation. Mortazavi et al.24

performed MD simulations to study the orientation-
dependency of the fracture property of graphene. Their results
have shown that the ultimate tensile strength increases as the
loading direction transits from armchair to zigzag direction.
Jhon et al.25 systematically studied the fracture behavior of
graphene under uniaxial tensile loading in varying directions.
They found that as the applied tensile loading rotates by an
angle of �12� from the armchair (0�) direction, the fracture
strength of graphene is almost constant up, and then increase
dramatically until the loading direction reaches at the zigzag
direction (30�).25

Simulations and quantized fracture mechanics have shown
that the fracture strength of graphene is sensitive to vacancy
defect and a remarkable loss of fracture strength can be
occurred by the presence of vacancy defect.26–28 However, little is
known on the sensitivity of the fracture strength of defective
graphene in various directions, and most previous studies on
the orientation-dependent fracture behavior of graphene have
been mainly devoted to defect-free graphene.23,25 Therefore, in
this letter, we perform MD simulations to study the orienta-
tional anisotropic effect on the fracture strength of a monolayer
graphene sheet with a central vacancy defect and to explore the
underlying deformation mechanism.
2. Methods

The carbon atoms in a graphene sheet are arranged in a
honeycomb lattice. As shown in Fig. 1a, the orientation of
RSC Adv., 2015, 5, 13623–13627 | 13623
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Fig. 1 Simulation model. (a) Orientation of graphene. The orientation
angle q is defined as the angle between the armchair direction and the
tensile loading direction. (b) MD model of graphene in uniaxial tension
test. The displacement loading condition is applied by stretching the
periodic simulation box in the x direction. (c) Enlarged view of
boundary. Coordinates of carbon atoms closed to the boundary are
discreetly examined to avoid unwanted atom losses or overlaps.
(d) Enlarged drawing of vacancy defect, introduced by deleting the
carbon atom in the center of graphene sheet.

Table 1 Typical tensile orientations and their corresponding chiral
index

Orientation angle q (�) Chiral index (n, m)

0 (1, 1)
3.67 (6, 5)
5.82 (10, 7)
8.95 (7, 4)
12.01 (13, 6)
14.70 (8, 3)
17.78 (7, 2)
21.05 (5, 1)
23.82 (15, 2)
27.00 (16, 1)
30 (1, 0)
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graphene can be described by a chiral vector C ¼ na1 + ma2,
where a1 and a2 are the unit vectors of the graphene lattice, n
and m are two integers.18 The integer pair (n, m), called the
chiral index, denes a chiral vector. Orientation (n, n) and (n, 0)
are mapping to the armchair and zigzag direction, respectively.
The angle between the armchair direction (n, m) and the arbi-
trary direction (n,m) is called the orientation angle q, which is in
the range of 0� # q # 30� due to the six-fold rotation symmetry
of the graphene atomic lattice. Thus, the orientation angle q for
the armchair and zigzag directions are 0� and 30�, respectively.

Here we consider a single graphene sheet with a central
vacancy defect for the simulation, as shown in Fig. 1b. The
system dimensions of the graphene sheet are L ¼ 200 Å and
W ¼ 200 Å. In this work, eleven typical tensile orientations and
their corresponding chiral index (n, m), as listed in Table 1, are
selected for investigating the orientation dependence of the
13624 | RSC Adv., 2015, 5, 13623–13627
fracture strength of the defective graphene sheet. We dene
x-axis along the loading direction, and z-axis normal to the
graphene plane. Period boundary conditions are applied in all
the three directions to remove boundary effect. Fig. 1c shows
the enlarged view of boundary. Coordinates of carbon atoms
near the boundary are carefully checked to ensure exactly one
atom at the boundaries (on either side of the simulation box),
and to avoid unwanted atom overlaps or losses at the bound-
aries. The enlarged drawing of vacancy defect is depicted in
Fig. 1d. Atoms around the vacancy defect are painted as red
color. The vacancy defect in the simulation model is generated
as follows. Firstly, the coordinates of carbon atoms are checked
to seek the center atom; and secondly, this center atom is
moved out from the graphene sheet.

We performMD simulations using LAMMPS package with the
adaptive interatomic reactive empirical bond-order (AIREBO)29

potential. This potential has been demonstrated to be quite
useful in describing the interactions of carbon atoms in the
graphene or other carbon materials.30,31 In LAMMPS, the default
value of C–C bond cutoff distance in the switching function for
the AIREBO potential is 1.70 Å. Using such a cutoff distance,
however, may result in unphysical simulation results, e.g. higher
bond forces before cracking.23 Thus, to avoid spurious post-
hardening mechanical behaviors, Jhon et al.25 adjusted the
cutoff distance in AIREBO potential to 2.0 Å, and Carpenter
et al.26 selected the cut-off distance to be 1.92 Å. Recently, He
et al.32 systematically studied the relationship between the
tensile strength and C–C bond cutoff distance in MD simulation
of graphene, and nally selected the cut-off distance of 1.95 Å. In
this work, we select the same value as they recommended in their
work.

Before loading, the defective graphene is relaxed to the
minimum energy conguration using conjugate gradient
method. Then, the system is thermally equilibrated by
employing a Nosé–Hoover thermostat for 50 ps. Aer relaxation,
uniaxial tension of displacement loading is applied by stretch-
ing the cubic box along the x direction. The strain rate of
loading is set as 109 s�1, which is commonly used in MD
simulations.33,34 We run all the simulations at the temperatures
of 1 K and 300 K, respectively. To avoid thermal noise in the case
of 300 K, we present the simulation results of 1 K in this work.
This journal is © The Royal Society of Chemistry 2015
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The time step is chosen as 1 fs, and the atomic stresses are
calculated using Virial theorem.35 The calculations performed
with the system are carried out in a parallelized simulation
environment, where multiple processors are used to solve the
equations of motion. Visualization is carried out by using the
Visual Molecular Dynamics (VMD)36 tool.
3. Results and discussions

The tensile stress–strain curves for the defective graphene
under various loading directions are shown in Fig. 2a. As the
applied strain increases, the stress increases until it reaches the
maximum value, which is assumed to be fracture strength sf. It
can be seen that the resulting tensile strength increases when
loading direction transits from armchair direction to zigzag
direction. The fracture strength of the defective graphene in
zigzag direction (30�) is 110.5 GPa, 20.9% larger than that of
graphene in armchair direction (0�).

The fracture strength of the defective graphene as a function
of the orientation angle q is plotted in Fig. 2b. For comparison,
Fig. 2 Orientational anisotropic effect on the fracture strength of
vacancy-defective graphene. (a) Tensile stress–strain curves of the
graphene sheet with a vacancy defect in the center subjected to
tensile loadings in various directions. The orientation angle q can be
changed from 0� (armchair) to 30� (zigzag) due to the six-fold rotation
symmetry of graphene. (b) Relationship between fracture strength of
defect-free graphene and the orientation angle q.

This journal is © The Royal Society of Chemistry 2015
we also simulated the fracture behavior of defect-free graphene.
The dependence of fracture strength of defect-free graphene on
the orientation angle q is given in Fig. 2b. It is observed that
both the defect-free and defective graphene exhibit a clear
dependence on orientation. For defect-free graphene, Jhon
et al.25 proposed a fracture model to predict the relationship
between the fracture strength sc and the orientation angle q,

sc ¼ sAC
c

1� C1sin
2
q
; C1 ¼

�
1þ eAC

c

��2
(1)

where sACc is the fracture strength of defect-free graphene with
tensile loading in armchair direction, eACc ¼ 0.182 is the corre-
sponding fracture strain of defect-free graphene along the
armchair direction. This model can reproduce the MD simula-
tion results, and is able to describe the variation of the fracture
strength of defect-free graphene with orientation angle.27 For
defective graphene, however, the vacancy defect can cause
signicant reduce in the fracture strength of graphene.18 Taken
the vacancy defect in graphene as a crack, the fracture strength
sf of defective graphene with n vacancies can be expressed as,

sf ¼ C2sc; C2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ r

2
ffiffiffi
3

p
a

r
ð1þ nÞ�0:5 (2)

where r is the crack tip radius and a is bond length of C–C. With
eqn (1) and (2), the dependence of the fracture strength sf of
defective graphene on the orientation angle q is derived as

sfðqÞ ¼ C2

1� C1sin
2
q
sAC
c (3)

where the parameter constant C1 can be calculated based on eqn
(1) to be C1 ¼ 0.716. Since C2 is not easy to be determined due to
the difficulty in estimating the crack tip radius r, we t C2 with
the simulation results in Fig. 2b by eqn (3), and obtain C2¼ 0.785.
It is should be noted that for graphene with n-vacancy defect, the
parameter C2(n) is related to two factors, i.e., the vacancy number
n and the crack tip radius r. According to eqn (2),

C2ðnÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2

ffiffiffi
3

p
aþ rðnÞ

2
ffiffiffi
3

p
aþ rðn ¼ 1Þ

s �
1þ n

2

��0:5

C2ðn ¼ 1Þ (4)

For longer crack length n > 1, the crack tip radius r(n) is
different from r(n ¼ 1). So the parameter C2(n ¼ 1) tted from
simulation result can't be extended to the larger crack (n > 1).

To discuss the effect of vacancy defect on the fracture
strength of various orientations, a relative strength is dened as
the ratio of the fracture strength of defective graphene and that
of defect-free graphene, i.e., h ¼ sf/sc. In eqn (2), the quantized
fracture model does not take the orientational anisotropic effect
into account, i.e., the ratio h ¼ sf/sc in each direction is
considered to be a constant C2. However, we nd that this ratio
is sensitive and dependent on the orientation angle q. Fig. 3
shows the variation of h as a function of q. It can be observed
that h in the armchair and zigzag direction are 0.78 and 0.74,
respectively. As the uniaxial tensile loading rotates from
armchair direction (0�) to zigzag direction (30�), the fracture
strength oscillatingly increases to 0.81 at an orientation angle of
RSC Adv., 2015, 5, 13623–13627 | 13625
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Fig. 3 Relative strength ratio h and stress concentration parameter
k as functions of orientation angle q for graphene with the 1-vacancy
defect. There exists an optimal orientation angle q ¼ 15�, at which the
graphene has the minimum stress concentration and largest relative
strength.
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�15�, then they dramatically decrease to 0.74 at the orientation
angle of 30�. The defective graphene has the largest ratio
h ¼ 0.81 at an orientation angle of �15�, indicating that gra-
phene has the least vacancy-defect-induced loss of fracture
strength in this direction. On the other side, although the
fracture strength in the zigzag direction is larger than that in the
armchair direction, the fracture strength in the zigzag direction
is more sensitive to the vacancy defect.

The initial failure states and their corresponding stress
distributions for different orientation angles are shown in Fig. 4
to identify the underlying mechanism responsible for the
observed behavior. It is obvious that there exists a signicant
stress concentration around the vacancy defect, which will
induce the nucleation of crack. Carbon atoms with the
maximum stresses are located in the y direction (perpendicular
to the loading direction) around the vacancy defect, while the
atoms with minimum stresses are located in the x direction
(along the tensile direction). The maximum stresses of the
vacancy defective graphene with orientation angles q ¼ 0�, 15�

and 30� are 130.6, 128.5, 148.3 GPa, respectively.
In order to describe the stress concentration for different

orientations, herein we dened a new parameter k ¼ st/sa, in
Fig. 4 Initial failure states and their corresponding stress distributions
at different orientation angles (a) q ¼ 0�, (b) q ¼ 15� and (c) q ¼ 30�.
Carbon atoms in graphene are colored according to the magnitude of
their stresses.

13626 | RSC Adv., 2015, 5, 13623–13627
which st is the average stress for the atoms with the top
percentage of stresses (e.g., top 0.1%), sa is the average stress of
all the atoms. Therefore, a larger k indicates an uneven distri-
bution of the stress among the atoms while a smaller kmeans a
more uniform distribution. The relationship between stress
concentration parameter k and orientation angle q is given in
Fig. 3. As the orientation angle increases from 0� to 15�, the
stress concentration parameter k reduces from 1.26 to 1.18,
which indicates a relative variation about 6.8%. As the orien-
tation angle q further increases, the stress concentration
parameter k increases to 1.33, indicating that there is an
optimal orientation angle q ¼ 15� for the defective graphene to
have the minimum stress concentration and largest relative
strength.

To identify whether the intrinsic material property or the
local curvature of the defect causes the orientational anisotropic
effect, the fracture strength of a graphene with a larger defect is
calculated. As depicted in the inset of Fig. 5, the number of the
vacancy is 3 and this 3-vacancy defect is placed in the center of
the graphene. Carbon atoms around the 3-vacancy defect are
colored in red. The 3-vacancy defect is more closer to the round
shape than 1-vacancy defect. The parameter h ¼ sf/sc of gra-
phene with the 3-vacancy defect as a function of the tensile
direction q is shown in Fig. 5. h can be used to describe the
sensibility to defect. It is observed that h for graphene with the
3-vacancy defect is in the range of [0.67, 0.71]. The interval is
0.04, which is much less than that for graphene with the
1-vacancy defect. h for graphene with the 3-vacancy defect
shows an weak dependence upon the tensile direction q, means
that the main reason for orientational anisotropic effect is the
local curvature of defect. Moreover, the shape and the orienta-
tion of the vacancy are relevant. It is should be noted that non-
hexagonal carbon rings also exist in graphene. For non-
hexagonal carbon rings, the tilting angles and orientation
effects of Stone–Thrower–Wales (5-7-7-5) defects on the
mechanical properties of graphene have been investigated.32

The fracture strength of STW defective graphene decreases
when the tilting angle increases. The shape-orientation coupling
Fig. 5 Relative strength ratio h as a function of orientation angle q for
graphene with the 3-vacancy defect. Inset shows the simulation
model of 3-vacancy defect.

This journal is © The Royal Society of Chemistry 2015
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for vacancy structures with non-hexagonal carbon rings is
complicated, which will be further explored in future work.

4. Conclusions

In summary, we have used MD simulations to explore the
unique anisotropic vacancy-defect-induced fracture strength
loss of graphene. Simulations results showed that the fracture
strength in the zigzag direction is more sensitive to the vacancy
defect than that in the armchair direction. We also found that
the fracture strength of the vacancy-defective graphene has the
least sensitivity to the defect at the orientation angle q ¼ 15�.
Our ndings are helpful in understanding the orientation-
dependent properties of defective graphene and in developing
new graphene-based devices for practical applications.
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12 C. Ataca, E. Aktürk, H. Şahin and S. Ciraci, J. Appl. Phys.,
2011, 109, 013704.

13 Y. M. Chang, H. Kim, J. H. Lee and Y. W. Song, Appl. Phys.
Lett., 2010, 97, 211102.

14 S. Badhwar, J. Sibik, P. R. Kidambi, H. E. Beere, J. A. Zeitler,
S. Hofmann and D. A. Ritchie, Appl. Phys. Lett., 2013, 103,
121110.

15 A. Zandiatashbar, G. Lee, S. J. An, S. Lee, N. Mathew,
M. Terrones, T. Hayashi, C. R. Picu, J. Hone and
N. Koratkar, Nat. Commun., 2014, 5, 3186.

16 S. Garaj, W. Hubbard, A. Reina, J. Kong, D. Branton and
J. A. Golovchenko, Nature, 2010, 467, 190.

17 H. Bu, Y. Chen, M. Zou, H. Yia, K. Bi and Z. Ni, Phys. Lett. A,
2009, 373, 3359.

18 F. Hao, D. N. Fang and Z. P. Xu, Appl. Phys. Lett., 2011, 99,
041901.

19 S. K. Georgantzinos, G. I. Giannopoulos, D. E. Katsareas,
P. A. Kakavas and N. K. Anifantis, Comput. Mater. Sci.,
2011, 50, 2057.

20 T. Ma, B. Li and T. Chang, Appl. Phys. Lett., 2011, 99, 201901.
21 K. Min and N. R. Aluru, Appl. Phys. Lett., 2011, 98, 013113.
22 L. Wang and Q. Zhang, Curr. Appl. Phys., 2012, 12, 1173.
23 H. Zhao, K. Min and N. R. Aluru, Nano Lett., 2009, 9, 3012.
24 B. Mortazavi, S. Ahzi, V. Toniazzo and Y. Rémond, Phys. Lett.
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