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Abstract
The fracture toughness of single-crystal graphene and bi-crystal graphene 
with different misorientation angles is investigated by molecular dynamics 
simulation. We find that the fracture toughness fluctuates when a crack 
propagates across the grain boundary. It indicates that the grain boundary 
affects the fracture toughness during the fracture process. The affected region 
on the graphene is limited to a small zone around the grain boundary. However, 
for the complete tearing-failure case, fracture toughness of bi-crystal graphene 
is approximate to that of single-crystal graphene, which implies that the 
fracture toughness is not very sensitive to the grain boundary. For comparison, 
the tensile fracture simulations of the single-crystal graphene and bi-crystal 
graphene are carried out. The results show that the grain boundaries block 
the crack propagation and affect fracture toughness significantly in bi-crystal 
graphene under tensile force. Furthermore, we analyze the fracture of a single 
C–C bond at the crack tip of single-crystal graphene under tearing load from 
the atomic view. We find that the fracture toughness of the single C–C bond 
occupies about half of the fracture toughness for the complete failure of the 
total single-crystal graphene, and the other half energy distributes in the rest 
of the graphene.
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(Some figures may appear in colour only in the online journal)

1.  Introduction

Graphene is a 2D material with honeycomb lattice structure, consisting of sp2-hybridized car-
bon atoms. It has extraordinary electronic [1–4], thermal [5, 6], and mechanical properties [7]. 
Actually, the properties of graphene are easily affected by the external (i.e. temperature, etc) 
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and internal factors (i.e. defect, size and edge, etc) [8–10]. For example, the higher temperature 
will soften the strength for the uniaxial stretching in both the zigzag and armchair directions 
[10]. Through using chemical vapor deposition (CVD) to fabricate the single and multi-layer 
graphene [11–13], it will unavoidably introduce different kinds of defects into the graphene, 
which greatly affect its properties [14–18]. The mechanical properties of graphene are sensi-
tive to defects [19–21].The grain boundary in bi-crystal graphene would lower the strength, 
depending on the density of dislocation on the grain boundary and the angle between the load-
ing direction and the orientation of the grain boundary [22–24]. However, some other studies 
have shown different results, where if the grain boundary weakens or strengthens, the strength 
of the graphene is determined by the chirality of graphene and the detailed arrangement of 
the defects on the grain boundary. These construct the symmetrical or non-symmetrical grain 
boundaries with different misorientation angles [25, 26]. From previous study, the research 
work showed that the existence of point defects [27, 28] in graphene would decrease the 
strength of the graphene. However, the failure mechanism could be switched from the brittle 
fracture to ductile fracture when the vacancy defect becomes densely distributed in graphene. 
Therefore, the high Young’s modulus of 1TPa and high strength of 130 GPa are proper param
eters to describe the defect-free graphene [15, 29], while the fracture toughness is more useful 
to characterize the mechanical property of the defective graphene.

In continuum mechanics, there are many mechanical parameters to be used to describe the 
fracture toughness, such as the energy release rate [30–33], J-integral [34–36], and stress inten-
sity factor [37, 38]. According to the simulation work of Yin et al [30], it could be found that 
the fracture toughness of defective single-crystal graphene under uniaxial tension force is sig-
nificantly affected by the length of the initial crack and the chirality (armchair or zigzag) of gra-
phene. The measured fracture toughness of multi-layer graphene by experiment and molecular 
dynamics (MD) simulation has higher value than that of single-crystal graphene [39]. The simu-
lation results of Jung et al [40] also show that the fracture toughness of polycrystalline graphene 
is higher than the fracture toughness of single-crystal graphene, and it is inversely proportional 
to the grain size. Compared with the excellent strength and Young’s modulus of perfect single-
crystal graphene [29, 41, 42], it is disadvantageous for the practical application of graphene if 
its fracture toughness is lowered by the various defects. Since the defects of graphene are una-
voidable, many researchers in their studies [43–46] proposed making use of the defects. They 
found that it is effective to introduce topological defects into graphene to design its mechanical 
properties. In general, we can easily calculate the fracture toughness under in-plane force using 
the parameters of characterizing the deformation of the models. For the fracture toughness of 
graphene applied in the out-plane deformation case, the energy increment for creating the new 
crack surface is employed, which is proposed by Moura et al and universally accepted [47].

In the past study, the research of graphene focused on the fracture toughness of graphene 
under the complete-damage case, while neglecting the fracture toughness during the failure 
process. Furthermore, the grain boundary effect on the fracture toughness of graphene under 
the tearing-loading case has still not been discussed. In engineering, tearing behavior can tai-
lor the 2D materials to the required size, so it is meaningful to study the tearing behavior for 
further fabrication and application of graphene in practice. In theory, during the tearing pro-
cess the crack mode is mixed by the basic crack modes (opening mode/in-plane shear mode/
anti-plane shear mode) in traditional fracture theory, which shows complicated mechanical 
mechanism. Herein, we carry out the MD simulation by making use of the large-scale atomic/
molecular massively parallel simulator (LAMMPS) [48] to investigate the mechanical proper-
ties of graphene during the crack propagation process under tearing force. Our study reveals 
that the fracture toughness of bi-crystal graphene in the tearing-loading case varies slightly 
during the fracture process, but only when the crack propagates across the grain boundary 
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and just in a narrow area around the grain boundary. The fracture toughness of bi-crystal 
graphene in the complete-failure case is insensitive to the grain boundary, and it is almost 
approximate to the fracture toughness of the single-crystal graphene under tearing force, 11  
J m−2. However, the fracture behaviour of bi-crystal graphene under uniaxial tension is 
changed and transformed enormously by the grain boundary (such as from brittle fracture to 
ductile fracture). For single-crystal graphene, the fracture toughness is almost the same for 
the tensile and tearing-force-loading case, but the fracture toughness of bi-crystal graphene is 
more sensitive to the grain boundary under tensile force, and it increases up to about 22.46 J 
m−2 when the misorientation angle of bi-crystal graphene is °21.79 . Therefore, the graphene 
has distinct sensitivities to the grain boundary in different loading cases. The intrinsic cause is 
dependent on the difference in their deformation patterns, which is disadvantageous or advan-
tageous to the energy accumulation when the grain boundary hinders the crack propagation 
and the propagating path is changed. The concentrated deformation in the tearing-loading case 
corresponds to the insensitivity of graphene, while the sensitivity relates to uniform deforma-
tion in the tensile-loading case. For the concentrated deformation under the tearing force, the 
energy mainly accumulates in a small area around the crack tip, when the crack propagation 
is blocked by the grain boundary. Thus, the fracture toughness is more insensitive to the grain 
boundary, compared with the uniform deformation under the tensile force. Furthermore, we 
find that the fracture toughness of a single C–C bond under the tearing force from the simula-
tion is only half of the value of single-crystal graphene in the complete-failure case.

2.  Simulation models and methods

In the present study, the dimensions of all the single-crystal and bi-crystal graphene models 
are 50 nm in length and 50 nm in width. The bi-crystal graphene models consist of two grains 
with specific orientations and a symmetric grain boundary distributed with polygon defects. 
The zigzag orientation of one grain is parallel to the x-axis, and the other has a misorientation 
angle (the intersection angle θ between the lattice orientations of the two grains) with the first 
grain. In the modeling, we generate a set of bi-crystal graphene models with various misori-
entation angles, including °6.01  , °13.17 , °16.43 , °21.79  and °30  (GB-575) [49, 50], as shown 
in figures 1(a)–(e). The initial cracks are located at the edge of the models by removing some 
atoms, and they have the same width of two to three atoms with length of 15 nm, as shown in 
figure 1(f ). In the loading cases of tearing and uniaxial tension, the cracks propagate and pass 
through the grain boundaries. The crack paths and the grain boundaries form various angles, 
depending on the misorientation angles of the bi-crystal graphene grain boundaries.

In the MD simulation, the interatomic interaction between the carbon atoms of the graphene 
is described by the adaptive intermolecular reactive empirical bond order (AIREBO) potential 
[51]. The cut-off distance of the C–C bond is set as 0.2 nm [52]. The constant integration time 
step is 1 fs for all simulations. To minimize the thermal disturbance, the temperature is 1 K 
in all simulations. In the pre- and post-processes, the atomic configurations are visualized by 
the AtomEye package. In the tearing-loading case, the edge areas of the graphene models are 
driven by the tearing force and move at the velocity of 1 and  −1 ps 1Å −  respectively, to the 
opposite directions in the z-axis, as shown in figure 1(g). For the uniaxial tensile case, a con-
stant strain rate of 2.38 10 fs7 1× − −  in the y-axis direction is applied to investigate the fracture 
behaviour of the single-crystal and bi-crystal graphene. We can calculate the virial stresses of 
the graphene models with the normal tensor component along the loading direction by taking 
the thickness of the graphene models as 0.34 nm. Both the tearing and uniaxial tensile cases 
apply with free boundary conditions in all directions.
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3.  Simulation results

For the tearing loading case, the critical energy release rate can characterize the fracture tough-
ness, which represents the threshold energy dissipated for creating per unit area of new crack 
surface during fracture process. According to the Irwin–Orowan energy balance theory, the 
following parameters define the fracture toughness, i.e. the strain energy U, the kinetic energy 
T, the dissipation energy D for new surface, the external work W, and time t. The kinetic 
energy is not changeable and negligible when the crack propagation is stable at a relatively 
constant velocity. We assume the increment of strain energy to be negligible once the crack 
propagation begins, because the crack propagation is fast and the deformation of graphene 
is concentrated around the crack tip under the tearing force. According to Irwin–Orowan for 
energy-balance theory and the assumptions, the energy-balance relationship can be expressed 

as W

t

D

t

d

d

d

d
= . In MD simulation, the external work is almost totally stored in the system as 

potential energy Pe when the kinetic energy is negligible. Thus, the critical energy release rate 
is obtained by Gc  =   Pe Ad d/ , where dA is the newly created surface area driven by increment 

Figure 1.  Schematics of simulation models of graphene. The graphene grain 
boundary structures for different misorientation angles θ, (a) θ= °6.01 , (b) θ= °13.17 ,  
(c) θ= °16.43 , (d) θ= °21.79 , (e) θ= °30 . (f) The top view of the partial graphene sheet 
with the initial crack placed along the zigzag direction (x-axis). The W describes the 
width of the initial crack. (g) Sketch map of graphene in the tearing-force case (the side 
view and 3D view). The edge areas in the dashed frames move to the opposite directions 
to realize the tearing process, pointed by the arrows. Displacement 2u describes the 
total displacement of the edge areas of graphene under the tearing forces.
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of potential energy dPe during the fracture process. The relationship between the external 
force and external work is as follows:

F
Pe

u

d

2d
=� (1)

where F is the external tearing force, u is the displacement of the edge under the tearing force 
in graphene.

We define two expression means for critical energy release rate to investigate the fracture 
toughness during the whole fracture process [40].

=
∆
⋅ ∆

=
∆
⋅ ∆

G
Pe

B a
G

Pe

B L
and1

1
2

2� (2)

where G1 is defined as instantaneous energy release rate, a∆  (~0.246 nm) is the distance 
between two nearest parallel C–C bonds along with the zigzag direction, and Pe1∆  is the 
potential energy difference between two moments when the nearest parallel C–C bonds break, 
respectively. G2 is defined as average energy release rate, L ∆  is the total increment of crack 
length which increases with crack propagation, and Pe2∆  is the potential energy difference at 
two moments when the model is initially relaxed and the crack length is increased by L∆ . B is 
the thickness of the single-layer graphene with a value of 0.34 nm.

We should note the following points herein. First, at the initial stage of crack propagation, 
the strain energy dominates the critical energy release rate calculated by equation (2), because 
large deformation of graphene accumulates before the crack begins to propagate. Second, the 
engineering fracture toughness Gc corresponding to the complete-failure state of graphene 
is calculated by G2 which always contains the strain energy. Thus, the engineering fracture 
toughness is higher than that in the actual case, and G1 is more accurate, but it is not conveni-
ent in practical application; the original sp2 hybridization of carbon atoms is transformed into 
sp hybridization when the C–C bond is broken during the fracture process. Thus, the total 
potential energy increases when every C–C bond breaks, due to the atomic hybrid orbitals 
lowering the potential energy. The energy increment is also closely relative to the crack propa-
gation path and the type of C–C bond.

We perform MD simulation to explore the fracture toughness of single-crystal and bi-crystal 
graphene models in the tearing-loading case. Figure 2(a) displays the curves of the fracture 
toughness G1 and G2 as functions of the crack length increment for single-crystal graphene. 
The results show that the G1 and G2 vary severely during the initial stage of the fracture pro-
cess, because the strain energy has a significant effect on the fracture toughness at the initial 
fracture stage. The difference between the maximum value of the fracture toughness (which 
corresponds to the crack propagation initiation) and the value of the fracture toughness for the 
complete-failure case is estimated to be 23.357 J m−2, revealing that the consumed external 
work for the crack initiation is more than that during the following fracture process. From 
figure 2(b), it is found that the peak fracture toughness increases with the increase in the ini-
tial crack width, and it is almost proportional to the value of W3    , as shown in figure 2(b). It 
implies that it needs more energy to start the crack propagation for a blunter initial crack in 
graphene. After the crack length increment increases to about 8 nm, the influence of starting 
the initial crack propagation is eliminated, and the fracture toughness of G1 and G2 are almost 
consistent, which is nearly equal to the fracture toughness for the complete-failure case, in 
which the value is approximately 11 J m−2, as shown in figure 2(a). From figure 2(c), it can 
be seen that the tearing force obtained from equation (1) shows a linear decrease during the 
stable fracture period, when the initial crack width is about 0.65nm. The crack propagation 
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starts when the tearing force reaches about 2.7 nN, and then the curve of the tearing force 
drops sharply, when the graphene sheet is torn into two parts.

For the sake of simplicity, we define the cross carbocycle as the carbocyclic structure on the 
grain boundary, and it is specifically the broken structure when the crack propagates across the 
grain boundary. For example, 21.79 _5° , 21.79 _6°  and 21.79 _7°  indicate that the cross carbo-
cycles destroyed by the crack propagation are pentagon, hexagon and heptagon on the °21.79  
grain boundary. The different cross carbocycles are associated with the different crack paths. 
Figure 3 shows the variation zone of the fracture toughness G1 of bi-crystal graphene caused 
by the grain boundaries with different misorientation angles.

From figure 3, it can be seen that the zone of the fracture toughness affected by the grain 
boundaries with different misorientation angles, as confined in the two vertical lines, is in the 
narrow area near the grain boundary, and the affected crack path length is less than 4 nm. In 
the narrow affected crack length, the values of the fracture toughness fluctuate and the highest 
peak values can reach more than three times the fracture toughness for the case of complete 
failure. The peak points of fracture toughness G1 of bi-crystal graphene, with misorientation 
angles of °13.17  and °16.43 , are much higher than the ones of bi-crystal graphene with other 

Figure 2.  (a) The curves of the instantaneous fracture toughness G1 and average 
fracture toughness G2 as functions of crack length increment ∆L for the single-crystal 
graphene. (b) The peak fracture toughness of single-crystal graphene relative to the 
initial crack propagation as a function of the widths of the initial crack W. (c) The 
tearing force F as a function of the total displacement (2u) of graphene corresponding 
to the two opposite tearing forces.
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misorientation angles. We further investigate the cross carbocycle effect on the crack propaga-
tion. From the curves of fracture toughness for the 21.79 _5° , 21.79 _6°  and 21.79 _7°  cases, it is 
found that the effects on the fracture toughness are distinct for the different cross carbocycles. 
The fracture toughness around the grain boundary varies according to the stress states for 
different cross carbocycles. Besides, the simulation results show that the grain boundary has 
negligible effect on the fracture toughness for the complete-failure case of bi-crystal graphene. 
From figure 3, the fracture toughness values in the areas far away from the grain boundary 
are hardly affected. The unaffected areas occupy the major part of the crack propagation path. 
Hence, the fracture toughness of the complete-failure cases for the bi-crystal graphene models 
with various misorientation angles is very close to that of the single-crystal graphene, approxi-
mately 11 J m−2.

Figure 4 shows the snapshots of the accumulated potential energy zones, which represent 
the deformation concentration patterns during the fracture process. As shown in figure 4, the 
potential energy always centrally accumulates around the crack tip, rather than the widely 
known uniform pattern for the tensile deformation case. The concentrated deformation pat-
tern is disadvantageous to the accumulation of a considerable amount of energy, when the 
crack propagates to the grain boundary and is hindered by it. Thus, the grain boundary does 
not dominate the fracture toughness of bi-crystal graphene for the complete-failure case. We 
further find that the potential energy distributes symmetrically with respect to the crack length 
in single-crystal graphene, but in bi-crystal graphene, the potential energy transforms to the 

Figure 3.  The curves of the instantaneous fracture toughness G1 of the bi-crystal 
graphene with different misorientation angles (single-crystal graphene plotted as a 
reference). The curves for the misorientation angles °21.79 _5, °21.79 _6 and °21.79 _7 
depict the effect of the cross carbocycles. The areas of crack length affected by the grain 
boundaries are included in the two vertical lines, and the unaffected areas are marked 
with the arrows. The maximum values of the fracture toughness G1, near the grain 
boundaries of the bi-crystal graphene with misorientation angles of °13.17  and °16.43  
are higher than the values of the others.
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asymmetric pattern, because of the effect of the grain boundary, especially after the crack 
propagated across the grain boundary and the crack path changed to the tilted direction versus 
the x-axis. Thus, the existing grain boundary will influence the fracture toughness G1 during 
the fracture process, by hindering the crack propagation and switching the potential energy 
distribution areas.

From the present MD simulation results (in figure  3), it clearly demonstrates the high 
insensitivity of the fracture toughness of the bi-crystal graphene to the grain boundary in the 
case of complete failure. The influence on fracture toughness only appears in a narrow crack 
length around the grain boundary during the fracture propagation process. To further study 
the effect of the grain boundary on the fracture toughness of the complete-failure case under 
tearing force, we also carry out the uniaxial tensile simulation for comparison. Figure 5 shows 
the curves of tensile stress yy   σ  versus tensile strain yyε  along the y-axis for different misori-
entation angles and the reference curve of single-crystal graphene under the tensile force. 
The results show that the different grain boundaries give rise to a large difference in fracture 
toughness, compared with the tearing-loading case. The fracture toughness for the complete-
failure case under tensile force is easily calculated by G EH c

2ε=  [46], where G describes the 
energy release rate, E is the intrinsic Young’s modulus of material (1TPa for graphene), H is 
half of the width of the model parallel to the y-axis (21 nm of graphene models), and cε  is the 
critical strain corresponding to the critical stress cσ . As shown in table 1, the fracture tough-
ness G of the bi-crystal graphene characterized by the energy release rate is in the range of 
11.88 – 22.46 J m 2− . The result shows that the fracture toughness of bi-crystal graphene is 
always greater than that of single-crystal graphene (G 10.85 J m 2= − ).

The results of the tensile simulation demonstrate that the fracture behaviour, whether brittle 
or ductile fracture, depends on the various grain boundaries. The different fracture behaviours 
lead to the different toughening effects. From figure 5, it can be seen that the stress–strain 
curves clearly reveal the plastic fractures for the misorientation angles °16.43 , 21.79 _5° , 
21.79 _6°  and °30 . However, the tensile stress–strain curves for misorientation angles °6.01 , 

°13.17  and °21.79 _7 indicate that the fracture of graphene is brittle fracture. Apparently, the 
grain boundaries with misorientation angles °16.43 , 21.79 _5° , 21.79 _6°  and °30  effectively 
prevent the crack propagation and improve the critical strain corresponding to the rapid drop 

(a) (b)

Figure 4.  Snapshots of the accumulated potential energy zones, which represent the 
deformation concentration patterns during the fracture process. (a) Single-crystal 
graphene. (b) Bi-crystal graphene with a misorientation angle of °21.79 _7.

Y Wang and Z S Liu﻿Modelling Simul. Mater. Sci. Eng. 24 (2016) 085002



9

in stress. We further examine the stress state on the crack path near the grain boundary caused 
by the different polygon carbocycles distributed on the grain boundary, acting as the pre-
stress for crack propagation. Figures 6(a)–(e) present the top views for various misorientation 
angles. We find that the plastic fracture behaviour is relative to the compressive pre-stress 
along the crack path near the grain boundary, for which the misorientation angles are 21.79 _6°  
or 30 °. In contrast, the tensile pre-stress along the crack path near the grain boundary leads to 
brittle fracture behaviour for the misorientation angles °6.01 , °13.17  and 21.79 _7° . However, 
although the pre-stress state on the grain boundary shows tensile stress, the fracture behaviour 
for the misorientation angles of °16.43  is plastic. It is due to the sub-defect elicited by the crack 
propagation near the grain boundary, as shown in figure 6(f ). The sub-defect neither extends 
nor merges with the main crack, but absorbs energy and prevents crack propagation. The plas-
tic behaviour for the misorientation angle 21.79 _5°  is more obvious, because of the simultane-
ously existing compressive pre-stress and sub-defect. In general, the fracture toughness for the 
complete-failure case under the tensile force is more sensitive to the grain boundary, and can 
be easily dominated by the cross carbocycles in the crack path. The reason is that the uniform 
deformation for the tensile-loading case is more advantageous to accumulate considerable 
energy when the grain boundary hinders the crack propagation.

4.  Discussion of the fracture toughness of a single C–C bond

In the preceding section, we obtained the fracture toughness according to the potential energy 
of the total graphene model under tearing force. However, from the atomic scale point of view, 
the fracture of graphene only involves two carbon atoms and a C–C bond at the crack tip [53]. 

Figure 5.  Tensile stress–strain curves in the y-axis direction of bi-crystal graphene for 
different misorientation angles (a) for 0°, 6.01°, 13.17° and 21.79°_7; (b) for 16.43°, 
21.79°_6; 21.79°_5 and 30°. The curve of single-crystal graphene is for reference.

Table 1.  The critical stress, strain and energy release rate for bi-crystal graphene with 
different grain boundaries, corresponding to the data in figure 5.

( )θ ° 0 6.01 13.17 16.43 21.79_7 21.79_6 21.79_5 30

( )σ GPac 16.26 16.11 16.50 14.91 15.45 15.85 18.46 15.25
( )ε %c 2.273 2.39 2.42 2.83 2.378 2.83 3.27 2.83

( )ε= −G EH J mc
2 2 10.85 12.0 12.3 16.82 11.88 16.82 22.46 16.82
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10

The new crack surface appears once the C–C bond breaks. Thus, in the following, we will 
explore the fracture toughness at the atomistic scale in the tearing simulation of single-crystal 
graphene. In this study, there are two basic assumptions. The first is that the crack propaga-
tion is quasi-static, and the second is that the breakage of the C–C bond is merely relevant to 
the normal stress parallel to the bond length, rather than the shear stress perpendicular to the 
bond length.

According to the first assumption and the volume-averaging theory [54–56], the aver-
aged Cauchy stress tensor of the two carbon atoms involved in the fracture, is obtained as 

Vdk V ki
1

i  ∫σ σ= , where kiσ  represents the stress tensor of the each atom, V is the total vol-

ume of the two atoms. Then, combining the second assumption and the Cauchy formula, 
the normal stress parallel to the length of the C–C bond relative to the fracture is calculated: 

n n n
1

2
1 2( )σ σ σ= + , where nσ  is the average normal stress, and n

1σ  and n
2σ  are the contribution of 

the two atoms. As shown in figure 7(a), the curves represent the averaged normal stress nσ  and 
the C–C bond length bC–C, as functions of the displacement of the tearing force, for different 
initial crack widths. It indicates that the curves of nσ  reveal the properties of brittle fracture, 
decreasing sharply when it reaches the peak point; meanwhile, the lengths of the C–C bonds 
increase rapidly. Moreover, it also reveals that the breakage of the C–C bond occurs later, 
when the shape of the initial crack is blunter.

The definition of the average normal stress shows the same meaning to that of the C–C 
bond stress. The strain definition of the single C–C bond is 0

0
ε = δ δ

δ
− , where δ is equal to bC–C 

during the fracture process, and 0δ  is the initial bond length, 0.142 nm. Figure 7(b) shows the 

curves of the average normal stress as a function of the C–C bond strain. The dotted line rep-
resents the critical C–C bond strain c ε , which corresponds to the breakage of the C–C bond. 
The results reveal that the initial crack width has almost no influence on the curves of nσ (ε). 
The strength of the C–C bond is calculated as ~112 GPa by fitting the curves of nσ (ε), and 

Figure 6.  (a)–(e) Snapshots of stress (MPa) contours near the grain boundary of bi-
crystal graphene models for different misorientation angles. The orientation of the 
crack propagation after extending through the grain boundary is marked with the blue 
arrows. (f) Sketch map of the sub-defect caused by the crack propagation on the grain 
boundary.
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the Young’s modulus is ~1148.82 GPa, obtained from the derivation of the linear segment of 

the curves (E lim 0
d

d
n= ε
σ
ε= ). The calculated results are very close to the intrinsic mechanical 

properties of graphene [29].
In order to extend the crack to forward a∆ , the external work required is B a dn( )σ δ∆  to 

resist the force of the covalent bond and separate the two carbon atoms by d  δ. The C–C bond 
breaks and forms the new crack surface when the C–C bond is elongated from 0δ  to cδ . Thus, 
the total work for extending the a∆  crack length is as follows:

W B a B ad dn n0
0

c

0

c

( ) ( )∫ ∫σ δ δ σ ε∆ = ∆ = ∆
δ

δ

ε

ε
� (3)

where the C–C bond strain 0ε  and c ε  corresponds to 0δ  and cδ , respectively.
We should note that the external work from equation (3) is always greater than the real 

energy required to form the new crack surface due to the kinetic energy. The surface free 

energy C–Cγ  and energy release rate GC–C are approximate to W

B a2

∆
∆

  =   C–Cγ   =  G
2
C–C, and W∆ = 

2.94 eV, GC–C = 5.63 J m−2 are obtained by averaging the integration of figure 7(b) for dif-
ferent crack widths. From MD simulation results, when the graphene is in the relaxed state, 
the difference of the potential energy between the carbon atoms of the sp2 hybridization and 
sp hybridization is Pe∆ = 2.62 eV. Thus, the energy release rate for breaking a C–C bond 
and forming the new crack surface, involving two carbon atoms, is 10.03 J m−2, which is 
approximately the value of G1 and G2 under the complete-failure case. However, the stress 
state of carbon atoms corresponding to just breaking the C–C bond is not fully relaxed to the 
low-energy state. Actually, the moment to calculate the G1 and G2 during the fracture process 
of graphene under the tearing force is when the C–C bond is just broken.

Compared with the G1 and G2 during the fracture process of graphene, the energy release 
rate calculated by the total work for breaking the single C–C bond is much lower, only about 
half of the fracture toughness of the graphene for complete failure. The whole graphene model 
and the total energy of the model are used to obtain the values of G1 and G2, while only a 
single C–C bond is employed to obtain the value of GC–C. However, during the process of 

Figure 7.  (a) The curves of the average normal stress σn and the C–C bond length 
bC–C as functions of the displacement of tearing force for different initial crack widths. 
The left vertical axis represents the average normal stress and the right vertical axis 
represents the length of the C–C bond. (b) The curves of the average normal stress as a 
function of the strain of the C–C bond for different initial crack widths. The dotted line 
corresponds to the breakage of the C–C bond. The atomic structures reveal the different 
widths of the initial cracks of the investigated graphene models.
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breaking the single C–C bond, the energy of the atoms in the graphene becomes higher, espe-
cially near the broken bond. Thus, except the GC–C for breaking the single C–C bond, another 
half of the G1 and G2 distribute in the whole graphene, especially around the crack tip.

5.  Concluding remarks

In order to explore the fracture properties of graphene in the tearing-load case, we carry out 
MD simulations for graphene models by using LAMMPS. The results show that the frac-
ture toughness characterized by the energy release rate fluctuates during the process of crack 
propagation under tearing force. The initial fracture toughness of single-crystal graphene for 
starting the crack propagation is much higher than the fracture toughness during the follow-
ing fracture process. The initial fracture toughness increases with the widths of the initial 
crack, and the corresponding tearing force for the initial crack width of 0.65 nm is about  
2.7 nN. The fracture toughness in the complete-failure case is approximately 11 J m−2, whether 
for single-crystal graphene or bi-crystal graphene, i.e. the fracture toughness of graphene for 
the complete-failure case is insensitive to the grain boundary. However, during the fracture 
process, the instantaneous fracture toughness of bi-crystal graphene is affected by the grain 
boundary and the cross carbocycles on the grain boundary, but the affected area is limited to 
only a narrow area around the grain boundary. Although the grain boundary has some restrain-
ing effects for crack propagation, its effect is too tiny to affect the fracture toughness for the 
complete-failure case. In contrast, the grain boundary has an important impact on the fracture 
toughness of graphene under uniaxial tension load for the complete-failure case. Different 
misorientation angles and cross carbocycles of grain boundaries produce distinct toughening 
effects, due to the pre-stress near the grain boundary and the sub-defect effect caused by the 
crack propagating the grain boundary. In the tearing process, the stress and the energy incre-
ment concentrate on the area around the crack tip. Thus, the toughening effect is limited to 
only a smaller area. However, for graphene under uniaxial tension loading, the deformation of 
graphene is uniform and the grain boundary can hinder the crack propagation, because large-
scale energy absorption areas exist in the graphene. Thus, the toughening effect on graphene 
under uniaxial tension loading is stronger than that of the tearing-loading case. To investigate 
the energy release rate of the breakage of the C–C bond at the crack tip in the tearing-loading 
case, we further analyze the fracture toughness of a single C–C bond in single-crystal gra-
phene. The results show that the fracture toughness of a single C–C bond is only half of the 
total fracture toughness of the graphene under complete failure, which means that the other 
carbon atoms consume the other half of the energy in the graphene.
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