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Young’s modulus, failure strength, and failure strain of precracked graphene are investigated via finite element method based on
molecular structure mechanics in this research. The influence of distribution, length, and orientation of precrack and graphene
sizes on these mechanical properties is analyzed. The ratio of precrack length and graphene width is defined as P value, and its
particular value Pc can be found, at which the variation trends of Young’s modulus, failure strength, and strain have changes
with increasing P value. In addition, the fracture toughness of precracked graphene is investigated, and the stress intensity factor
(SIF) is calculated according to the Griffith criterion in classical fracture mechanics. The numerical values of the SIF are about
3.20-3.37MPa√m, which are compared with the experimental results, and the simulations verify the applicability of the classical
fracture mechanics to graphene.

1. Introduction

Pristine graphene, the two-dimensional material composed
of carbon atoms, possesses superior mechanical, electronic,
and thermal properties [1], so it has been applied in lots of
fields, such as nanocomposites [2, 3], nanoelectronics [4, 5],
and water desalination devices [6, 7]. Although graphene
has many applications, it tends to fail in a brittle manner.
This nature will lead to low fracture toughness [8]. In addi-
tion, the large-size graphene will inevitably introduce defects
such as vacancy defects, wrinkles, and cracks in the process
of manufacturing [9, 10]. Lots of researches show that
cracks have significant influence on the fracture properties
of a material. Therefore, it is important to explore the effect
of cracks on fracture mechanical properties of graphene for
its application.

Up to now, many experiments and simulations have been
carried out to investigate the fracture mechanical properties
of precracked graphene. Na et al. [10] performed in situ

tensile experiments on copper covered by graphene to inves-
tigate the effect of tensile force on the mechanical properties
of graphene. They reported that cracks of graphene are per-
pendicular to the loading direction, and the distance between
cracks decreased with increasing strain. Zhang et al. [11]
investigated the fracture toughness of graphene by in situ
tensile experiments. They found that precracked graphene
was a brittle material, and it was difficult to observe the pro-
cess of crack propagation because of extreme fracture speed
in experiment. Due to the limitation of nanoscale material,
it is still a big challenge for precise experiments of graphene.
Therefore, numerical simulation methods are proposed to
investigate fracture properties of graphene. Based on molec-
ular dynamics (MD) simulations, Xu et al. [12] investigated
fracture mechanical properties of vacancy-defected gra-
phene. They found that the failure strength and strain varied
with the density of vacancy defects. Ansari et al. [13] investi-
gated the effects of Stone-Wales and single vacancy defects
on the mechanical properties of graphene sheets by MD
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simulations. They found that two types of defects signifi-
cantly decreased the failure strength and strain of gra-
phene. Wang et al. [14] performed MD simulations
under different temperatures for investigating the effect of
temperature on the failure strength. They reported that
the failure strength decreased with increasing temperature.
Baykasoglu and Mugan [15] investigated the fracture prop-
erties of single-layer graphene via finite element method.
They found that the vacancy defects and nonlinear geomet-
ric effects significantly affected the fracture performance of
graphene. Xiao et al. [16] predicted fracture and progressive
failure of defective graphene sheets containing a Stone-Wales
defect via finite bond element method based on molecular
mechanics. They reported that the failure pattern of gra-
phene showed diagonal crack paths. Zhang et al. [17] pre-
dicted the instability of crack propagation via finite element
method based on molecular structural mechanics. They
reported that the loading strain rates could influence fracture
properties of graphene. Xu et al. [18] investigated the effect of
various tilt grain boundaries on failure strength and strain of
graphene based on molecular structural mechanics. Besides
the above researches, lots of efforts have been made to inves-
tigate the fracture toughness of graphene. Zhang et al. [19]
investigated the fracture toughness of graphene under
coupled loading via MD simulations. They reported that
the stress intensity factor (SIF) of precracked graphene was
2.63-3.38MPa√m. Datta et al. [20] also studied the SIF of
precracked graphene. They reported that the SIF was
3.10-3.80MPa√m and 2.60-3.10MPa√m for armchair and
zigzag graphene, respectively.

It is known to all that graphene is a kind of nanoscale
material and has a discrete structure. So its cracks are not
the same as macroscopic cracks. Although the effect of
cracks on fracture properties of graphene has been exten-
sively studied, crack length is relatively short in previous lit-
erature [14, 19, 20]. And the effects of distribution and
length of precrack on the mechanical properties of graphene
are still not systematically investigated. Molecular structural
mechanics [21], an efficient and simple method, is devel-
oped to study the elastic and fracture properties of graphene
[16, 22–24]. Hence, Young’s modulus, failure strength, and
failure strain of precracked graphene are investigated by
molecular structural mechanics at present work. Simulta-
neously, the effects of distribution, length, and orientation
of precrack and graphene sizes on these mechanical proper-
ties are systematically analyzed. In addition, the fracture
toughness of precracked graphene is investigated, and the
stress intensity factor (SIF) is calculated according to the
Griffith criterion, and the influence of crack orientation on
the SIF is also analyzed.

2. Modelling and Methods

Pristine graphene is a kind of two-dimensional material com-
posed of carbon atoms and C-C covalent bonds. According
to molecular structural mechanics [21], single-layer gra-
phene sheets are considered as an equivalent spatial frame-
work structure. The covalent bonds and carbon atoms of
graphene are replaced by the equivalent beam elements

and nodes, respectively. The atomic potential energy of gra-
phene can be expressed by the steric potential energy, and
the steric energy mainly includes bond stretching, bond
angle bending, dihedral angle torsion, and out-of-plane tor-
sion [21]. The expressions of potential energy can be writ-
ten as

Ur =
1
2 kr r − r0

2 = 1
2 kr Δr 2,

Uθ =
1
2 kθ θ − θ0

2 = 1
2 kθ Δθ 2,

Uτ =Uϕ +Uω =
1
2 kτ Δϕ 2,

1

where Ur , Uθ, Uϕ, and Uω are the atomic potential energy
related to bond stretching, bond angle bending, dihedral
angle torsion, and out-of-plane torsion, respectively. Uτ
is the sum of atomic potential energy related to torsion.
kr , kθ, and kτ represent force constant related to bond
stretching, bond angle bending, and bond twisting, respec-
tively. Δr, Δθ, and Δϕ are an increment of the bond
length, the bond angle, and angle of bond twisting, respec-
tively. For uniaxial tensile deformation of graphene, the
influence of potential energy related to dihedral torsion
and out-of-plane torsion is small. Therefore, in this paper,
the atomic potential energy is simplified into the sum of
bond stretching potential energy and bond angle bending
potential energy.

The strain energy of the beam element is equivalent to the
atomic potential energy so that the cross-sectional parame-
ters of the beam element can be obtained. In previous litera-
ture [15, 21], the beam element with circular cross section
was used, and the final equations could be written as

EA
L

= kr ,

EI
L

= kθ,

GJ
L

= kτ,

2

where E and G are the elastic modulus and shear modulus,
I and J represent the moments of inertia and polar moment
of inertia, A is the area of the cross section, and L is the
length of the beam element. However, in this method, the
different beam element cross-sectional parameters can be
obtained for different force constants, and the beam ele-
ment has the same in-plane and out-of-plane flexural rigid-
ities. In order to solve these problems, in this paper, the
C-C covalent bond is equivalent to the beam element with
rectangular section based on modified molecular structural
mechanics [25]. Therefore, the equivalent beam element
has different in-plane and out-of-plane flexural rigidities,
i.e., EIz and EIy. Detailed derivation process can be written
as [25]
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L = 0 1421 nm,
A = b × h,

Iy =
b × h3

12 ,

Iz =
b3 × h

12 ,

J = Iy + Iz ,

G = E
2 1 + μ

,

3a

EA
L

= 731 nN/nm,

EIz
L

= 0 677 nN ⋅ nm,

EIy
L

= 0 267 nN ⋅ nm,

GJ
L

= 0 151 nN ⋅ nm,

3b

where b and h are the width and height of the beam element,
respectively, Iy and Iz represent the moments of inertia, and
μ is the Poisson ratio. The cross-sectional parameters of the
beam element are listed in Table 1. It can be seen from the
parameters in Table 1 that the Timoshenko beams [26]
(beam188 element in ANSYS 12.0) are more suitable for
the simulation of this work.

The nonlinear effect of the C-C covalent bond plays an
important role in the process of simulation. Therefore, the
modified Morse potential is used for describing the potential
energy of the C-C covalent bond [27, 28]:

U =Ur +Uθ, 4

Ur =De 1 − e−β r−r0
2
− 1 , 5

Uθ =
1
2 kθ θ − θ0

2 1 + ksextic θ − θ0
4 , 6

where r and θ are the current bond length and angle of the
adjacent bond, respectively. Values of the parameters in
equations (5) and (6) are listed in Table 2. The variations of
the atomic potential energy caused by bond angle are smaller
than the stretching energy [28]. For simplification, the
stretching energy of bond is only considered in this paper.
The stretching force of covalent bond can be derived by equa-
tion (5):

F = 2βDe 1 − e−β r−r0 e−β r−r0 7

The curve of force-strain between the C-C bonds is
shown in Figure 1, where strain ε can be obtained by ε =
r − r0 /r0. Belytschko et al. [28] reported that the fracture
of the C-C bonds depended primarily on the inter-
atomic potential before the inflection point, after which, the

potential was not important. It can be seen from Figure 1 that
when the strain is equal to zero the beam element which
represents the C-C bond is in equilibrium. As the strain
increases, the inflection point occurs when the strain is equal
to 19%. The nonlinear stress-strain curve of the beam ele-
ment is described by σ = F/A and equation (7).

The atomistic model with a honeycomb hexagonal
structure is constructed via the above equivalent method,
as shown in Figure 2, in which the lattice constant is
0.249 nm. In order to obtain a central crack of length 2a
and perpendicular to the loading direction, the C-C bonds
at defined positions (the red area in Figure 2) are deleted.
In addition, L and W are the length and width of graphene,
respectively. The edge effect is important for fracture prop-
erties of graphene. However, the main objective of this
paper is to study the effect of precrack on the fracture prop-
erties of graphene. Thus, the edge effect is neglected. Actu-
ally, it will lose the significance of research when crack
sizes are larger than 0 6W. Therefore, only crack sizes which
are below 0 6W are considered in this paper. In the process
of simulation, the left and right edge atoms are subjected to
a displacement load along the X direction; the top and bot-
tom edge atoms are constrained along the Y direction, as
shown in Figure 2. In the following simulations, this type
of boundary condition is used unless otherwise specified.
At present work, the dimension of atomistic models is
defined as L ×W; they are 10 × 10 nm2, 20 × 20 nm2, 30 ×
30 nm2, and 43 × 43 nm2, respectively.

3. Results and Discussion

3.1. Effective Young’s Modulus of Precracked Graphene. The
atomistic models with different crack distributions along
the width direction are constructed by means of the method
in Section 2 (as shown in Figure 3(a)). Young’s modulus of
pristine graphene has been studied [18]. For precracked gra-
phene, the effective Young modulus will be researched in this
paper. The effects of crack distribution along the width direc-
tion and the length of central crack on the effective Young
modulus of graphene are discussed. In the process of simula-
tion, the left end of graphene is fixed, and a displacement load
ΔL is applied to the right end. The effective Young modulus
can be calculated by

E = σ

ε
= F
Wt

× L
ΔL

, 8

where σ and ε represent the tensile stress and strain,
respectively, t is the thickness of a single-layer graphene,
and t = 0 34 nm.

The effective Young moduli of pristine and precracked
graphene are calculated, respectively, and the influence of
precrack and graphene sizes is further discussed. First of all,
Young’s modulus of pristine graphene agrees well with the
results of experiment [29], first principle calculation [30,
31], density functional calculations [32], and molecular
structure mechanics [22]. The comparison between present
works with those of the literature is listed in Table 3. Thus,
the results are reliable in this paper.
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For convenience, the ratio of precrack length and gra-
phene width is defined as the P value. The variations of the
effective Young modulus of pristine and precracked gra-
phene with increasing P value are exhibited in Figure 3(b).
It can be seen from this figure that the effective Young mod-
ulus of precracked graphene is lower than that of pristine
graphene. For precracked graphene, its effective Young’s
modulus decreases with increasing P value, and the variation

trends become noticeable when the P value is greater than
about 0.1. What is more, it can be found from Figure 3(b)
that crack distribution can also influence the effective Young
modulus of precracked graphene. For the same P value, the
effective Young modulus of W-1 is the lowest, and that of
W-3 is the highest. That is to say, a crack has more remark-
able influence than two or three cracks with the same sizes
on the effective Young modulus of precracked graphene.

In addition, the precrack can also influence the size effect
of Young’s modulus. Figure 3(c) shows the variations of the
effective Young modulus with increasing graphene length
for different P values. It can be found from this figure that
the effective Young modulus increases as the length of pre-
cracked graphene increases. Moreover, with the increase of
the P value, the size effect of the effective Young modulus
becomes more remarkable.

3.2. Failure Strength and Failure Strain of Precracked
Graphene. First of all, the failure strength and strain of pris-
tine single-layer graphene sheets are calculated to verify the
reliability of the Morse potential function which describes
the nonlinear behaviour of graphene. The stress-strain curves
of pristine armchair and zigzag graphene under uniaxial ten-
sion are shown in Figure 4. It can be seen from this figure that
the failure strength and strain of armchair graphene are
larger than those of zigzag graphene. The failure strength
and strain of pristine armchair and zigzag graphene are
111.9GPa and 88.1GPa and 0.23 and 0.22, respectively.
These results agree well with the counterparts in the litera-
ture [13, 29, 30, 33]. The comparison between present works
with those of the literature is listed in Table 3. Then, the fail-
ure strength and strain of precracked single-layer graphene
will be calculated, and the effects of distribution, length,
and orientation of precrack and graphene sizes on these
properties will be analyzed.

As shown in Figure 2, uniaxial tensile loading is applied
to graphene sheets with a central precrack which is perpen-
dicular to the loading direction. Its failure strength and strain
are calculated and illustrated, respectively. Figure 5 shows the
variations of the failure strength and strain with increasing P
value for different domain sizes. It can be seen from the fig-
ures that the failure strength and strain show a particular
degrading-stabilizing trend with increasing P value. A partic-
ular value of P can be found, about 0.1, which is the same as
the result in the above section, so the particular value of P can

Table 1: The cross-sectional parameters of the beam element [25].

b (nm) h (nm) A (nm2) Iy (nm
4) Iz (nm

4) E (TPa) G (TPa) J (nm4)

0.1049 0.0678 7 11 × 10−3 2 73 × 10−6 6 53 × 10−6 14.56 2.30 9 26 × 10−6

Table 2: The parameters in modified Morse potential [27, 28].

r0 (m) β (m-1) De (N·m) θ0 (rad) kθ (N·m/rad2) ksextic (rad
-4)

1.421× 10−10 2.625× 1010 6.03105× 10−19 2.094 0.9× 10−18 0.754
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Figure 1: The curve of force-strain between the C-C bonds.
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Figure 2: Schematic of precracked graphene under uniaxial tension.
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be defined as Pc, and Pc = 0 1. The failure strength and strain
sharply decline until the P value reaches about Pc, and then
they gradually tend to be steady.

In addition, the failure strength and strain can be influ-
enced by graphene sizes in the study of pristine graphene
[34]. Similarly, the size effect can be found for a precracked
graphene. When the P value is specified, it can be found from
Figure 5 that the failure strength and strain of precracked
graphene decrease with increasing domain size. The reason
is that the absolute size of precrack increases with increasing
domain size. As a result, a large precrack makes the failure of
graphene more easily.

The cracks are prefabricated along the length direction
and perpendicular to the loading direction. However, the dis-
tributions of these cracks can be different. They can have dif-
ferent distributions along the width (as shown in Figure 3(a))
and length (as shown in Figure 6(a)) directions. The different
crack distributions can influence the failure strength and

strain of graphene. For different crack distributions along
the width direction, the variations of the failure strength
and strain with increasing P value are illustrated in
Figures 7(a) and 7(b), respectively. It can be seen from these
figures that the failure strength and strain significantly
decrease with increasing P value for each kind of crack distri-
butions along the width direction. It is similar to those in
Figure 5. Moreover, it is interesting that the failure strength
and strain show an improving trend with increasing amounts
of cracks along the width direction. When the P value is fixed,
the failure strength and strain of W-1 are the lowest, and
those of W-3 are the highest. For different crack distributions
along the length direction, the variations of the failure
strength and strain with increasing P value are illustrated in
Figures 6(b) and 6(c), respectively. When the P value is less
than Pc, the difference of failure strength and strain is negli-
gible for three kinds of crack distributions along the length
direction. However, when the P value is more than Pc,
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Figure 3: (a) The atomistic models with different crack distributions along the width direction. (b) The variations of the effective Young
modulus with increasing P value for different crack distributions along the width direction. (c) The variations of the effective Young
modulus with increasing graphene length for different P values.
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it can be found that the difference becomes remarkable.
Furthermore, the failure strain may go up with increasing
P value for the cases of L-2 and L-3, as shown in
Figure 6(c). Therefore, we can obtain an expected failure
strain of graphene by designing its crack distributions.

If the precrack of graphene is not perpendicular to the
loading direction but has an angle with it, three particular
cases are applied to investigate the influence of crack orienta-
tion on the failure strength and strain. The atomistic models
with three kinds of crack orientations are constructed, which
are 30°, 60°, and 90°, respectively (as shown in Figure 8(a)).
The variations of the failure strength and strain with increas-
ing P value for three kinds of crack orientations are illus-
trated in Figures 8(b) and 8(c). With the increase of the P

value, similar to the above discussions, the failure strength
and strain sharply drop until the P value reaches about Pc,
and then they gradually tend to be steady. Moreover, when
the P value is fixed, failure strength and strain reduce with
increasing crack orientation, i.e., the failure strength and
strain of D-3 are the lowest, and those of D-1 are the highest,
which is reasonable and logical.

3.3. Fracture Toughness of Precracked Graphene. Fracture
toughness is one of the most important mechanical proper-
ties of a material and has been used for describing the ability
of a material to resist fracture. It has been shown in literature
[11] that the useful strength of graphene depends on its frac-
ture toughness, rather than the initial strength controlled by
the C-C bond cleavage. In this research, the fracture tough-
ness of precracked graphene will be investigated by molecular
structure mechanics, and stress intensity factor (SIF) will be
calculated. For the plane stress problem, there are two types
of SIF, i.e., mode I and mode II.

The SIF of mode I can be obtained when load direction is
perpendicular to the precrack. According to the Griffith crite-
rion in classical fracture mechanics [35–37], the stress inten-
sity factor of mode I can be obtained:

K = 2Fσ πa, 9a

F = 1 − 0 025f 2 + 0 06f 4 sec πf
2 , 9b

f = 2a
W

, 9c

where F is the correction factor, σ is the tensile stress, 2a is
the crack length, and W is the width of graphene.

When precracked graphene (as shown in Figure 2) has
different domain sizes, the variations of mode I stress
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Figure 4: Stress-strain curves of pristine armchair and zigzag
graphene under uniaxial tension.

Table 3: The comparison between present works with those of the literature (includes Young’s moduli, failure strength, failure strain, and
fracture toughness).

Method Young’s moduli (GPa) Type Failure strength (GPa) Failure strain
Fracture toughness

(MPa m)

Experiment [11, 29] 1000 ± 100 130 ± 10 0.25 4.0

MD [19, 33] 1010 ± 30 Armchair 107 0.2
3.38

Zigzag 90 0.13

Ab initio calculation [30] 1050
Armchair 121 0.266

—
Zigzag 110 0.194

MD [20, 38] 855 — — — 3.1

Molecular structure mechanics [17, 22] 1040 — — — 3.34

MD [13, 39] —
Armchair 127 0.22

3.2
Zigzag 123 0.23

Molecular structure mechanics [18] —
Armchair 100.47 0.23

—
Zigzag 79.82 0.22

Theory [11] — — — — 3.2

Present works 1022.54
Armchair 111.9 0.23

3.20-3.37
Zigzag 88.1 0.22
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intensity factor with increasing P value are illustrated in
Figure 9. The domain size of graphene has insignificant effect
on the SIF. The SIF experiences an increasing-stabilizing
process with increasing P value. It increases when the P value
is less than Pc and then becomes nearly constant as the P
value is over Pc. The constant values of the SIF are about
3.20-3.37MPa√m. It is consistent with the results of the lit-
erature. The comparison between present works with those
of the literature is listed in Table 3. In some research works
[11, 35], the applicable range of classical fracture mechanics
is discussed in order to calculate fracture toughness. Zhang
et al. [11] found that the classical Griffith criterion was still
applicable when the crack size was as low as 33 nm. Yin
et al. [35] proved that the applicable size of crack was as
low as 10 nm via MD simulations. According to our research,
when the P value is less than Pc, the theory of classical frac-
ture mechanics overestimates the SIF.

The stress intensity factors of mode I and mode II both
exist when load direction is not perpendicular to the pre-
crack. According to the theory of maximum circumferential
stress in classical fracture mechanics and equations
(9a)–(9c), the stress intensity factor of mode I, mode II, and
mixed mode can be obtained, respectively.

K I = K sin2φ, 10a

K II = K sin φ cos φ, 10b

Keff = K2
I + K2

II, 10c

where K I, K II, and Keff are mode I, mode II, and mixed-mode
stress intensity factors, respectively, and φ is the angle
between the crack and the loading direction.

When the angles between the crack and the loading
direction are 30° and 60° (as shown in Figure 8(a), D-1 and
D-2), the variations of the SIF with increasing P value are
illustrated in Figures 10 and 11, respectively. The SIF of mode
II is larger than that of mode I when the angle between the
crack and the loading direction is 30°. However, they are
opposite when the angle is 60°.

The variations of the SIF with increasing orientation
angle of crack are illustrated in Figure 12. It can be seen from
this figure that the SIF of mode I increases and that of mode
II decreases with increasing angle, respectively. Moreover,
the SIF of mode I is larger than that of mode II when the
angle is less than 45°. However, they are opposite when the
angle is more than 45°.

4. Conclusions

For the single-layer graphene sheets with various prefabri-
cated cracks, Young’s modulus, failure strength, and strain
are investigated via finite element method based on molecu-
lar structure mechanics. Simultaneously, the influence of dis-
tribution, length, and orientation of precrack and graphene
sizes is analyzed. The results show that these factors have
significant influence on the mechanical properties of the
precracked graphene. It is noteworthy that a particular
value of P, Pc = 0 1, is found for the mechanical properties
of the precracked graphene. The variation trends of the
effective Young modulus, failure strength, and strain will
have changes when the P value reaches Pc. In addition,
the fracture toughness of precracked graphene is investi-
gated, and its SIF is calculated according to the Griffith cri-
terion in classical fracture mechanics. When the P value
reaches Pc, the SIF keeps nearly constant. It is about
3.20-3.37MPa√m. On the contrary, the SIF cannot keep
constant and is lower than the reasonable value when the
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Figure 5: (a) The failure strength of graphene with a central precrack for different domain sizes. (b) The failure strain of graphene with a
central precrack for different domain sizes.
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different crack distributions along the length direction.
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Figure 8: (a) The atomistic models with different crack orientations. (b) The variations of the failure strength with increasing P value for three
kinds of crack orientations. (c) The variations of the failure strain with increasing P value for three kinds of crack orientations.
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Figure 9: The variations of the SIF with increasing P value for
different domain sizes.
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Figure 10: The variations of the SIF of the D-1 graphene with
increasing P value.
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P value is less than Pc. Thus, the theory of classical fracture
mechanics overestimates the SIF.
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