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In this paper, the combined effect of domain size, lattice orientation and crack length on the mechanical
properties of Graphene, namely the yield strength and strain, are studied extensively based on molecular
dynamics simulations. Numerical predictions are compared with the continuum-based laws of size effect
and multifractal scaling. The yield strength is found to vary with the specimen size as �L�1/3, which is in
agreement with the multifractal scaling law, and with the inverse square of the initial crack length as
� a�1=2

0 , according to the Griffith’s energy criterion for fracture.
� 2016 Elsevier B.V. All rights reserved.
1. Introduction

Graphene is an extensively used material in a wide range of
applications, where it appears to be very promising due to its
unique properties, see [33,11,57], and several useful material prop-
erties [26,39,61]. Because of its extreme mechanical properties
[24], Graphene can be used as a strengthening component in com-
posites [32,19]. As the demand for Graphene-based applications is
growing, it is important to understand the mechanical properties
that affect the device performance and reliability. The mechanical
properties of bulk Graphene are extensively studied both based on
experiments [34,30] and simulations [60,37]. However, due to the
practical difficulties in setting-up experiments [31], experimental
characterization of the mechanical properties of Graphene is still
challenging. Therefore, numerical simulations and multiscale
methods for fracture [63–67] are good alternatives for predicting
fracture related properties of Graphene. Tiwary et al. [51] have per-
formed numerical simulations to come up with a chemical free
technique to synthesize Graphene. Several researchers have inves-
tigated the mechanical properties of Graphene based on molecular
dynamics (MD) simulations [35,28,25] and continuum based tech-
niques, as explained below.

Zheng et al. [62] investigated the mechanical properties based
on MD simulations, of Graphene nanochain which is constructed
by sewing up pristine or twisted Graphene nanoribbons (GNRs)
and interlocking the obtained nanorings. The effects of length,
width and twist angle of the constituent GNRs on the mechanical
performance were also analyzed. Yang et al. [55] performed MD
simulations to study the deformation behavior of nanocrystalline
Graphene sheets. They found that Graphene sheets have almost
the same stress and strain at fracture, but a decreasing elastic mod-
ulus with grain size. Dewapriya et al. [23] have performed MD sim-
ulations to investigate the temperature and strain rate dependent
fracture strength of defective Graphene. They also came up with
a continuum based fracture mechanics framework to characterize
the temperature and strain rate dependent strength of defective
Graphene sheets [22].

Georgantzinos et al. [27] used an atomistic, spring-based, non-
linear finite element method to predict the mechanical behavior
of Graphene nanoribbons. They reported that the linear and
nonlinear mechanical properties are strongly dependent on the
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structure as well as on the size of the Graphene strip. A micro-
mechanical finite element approach was proposed in [45], to esti-
mate the elastic mechanical properties of Graphene reinforced
composites. They studied the composite materials consisting of
Graphene monolayers uniformly distributed within the matrix,
by considering a representative volume element. Liu et al. [36]
studied the mechanical properties of various interlayer and intra-
layer cross links through first-principles calculations, and per-
formed continuum based analysis for the overall mechanical prop-
erties of Graphene-based paper materials. They established a
characteristic length (l0) such that when the size of the Graphene
sheets exceeds 3 l0, the tension-shear (TS) chain model fails to pre-
dict the overall mechanical properties of the Graphene-based
papers.

Some size based studies reported in the literature on the esti-
mation of the mechanical properties of Graphene are as follows.
Yin et al. [56] demonstrated that the Griffith criterion is valid for
small cracks of lengths up to 10 nm, where the strength of shorter
cracks is over estimated. Sun et al. [47] have shown that the yield
strength of both zigzag and armchair Graphene nanoribbons
decreases with the ribbon length changing from 240 Å to 30 Å.
However, the ductility of armchair Graphene nanoribbons was
found to be improved with size reduction. Xu et al. [54] investi-
gated the size-dependent mechanical properties and the edge
effect of the tangential interface between Graphene and a poly-
ethylene terephthalate substrate (PET) by in-situ Raman spec-
troscopy experiments. They observed the existence of the edge
effect in the interfacial stress/strain transfer process, and the
length of the edge of the interface can be affected by the size of
Graphene. Wang et al. [53] studied the elastic properties of mono-
layer and multilayer Graphene nanofilms based on a structural
mechanics approach. They proved the estimated Young’s moduli
and Poisson’s ratios of monolayer Graphene nanofilms are size
and chirality-dependent. They also validated the predicted Young’s
moduli and Poisson’s ratios with the experimental results. Chu
et al. [20] have investigated the size effect of finite-sized Graphene
nanoribbons under uniaxial tension, based on MD simulations
using an adaptive intermolecular reactive empirical bond order
(AIREBO) potential. They reported the size effect and aspect ratio
effects are significant in zigzag nanoribbons compared to the arm-
chair nanoribbons.

Zhang et al. [58] reviewed the recent progress in experimental
and theoretical studies on the fracture behaviors of Graphene. They
reported that there are still significant yet unresolved issues
related to the fracture of Graphene, in the areas of: size effect on
the strength of polycrystalline Graphene; design of the Graphene
structures with controlled fracture; influence of out-of-plane
effects on fracture of Graphene; continuum modeling of Graphene
fracture to capture the complicated modes, such as shear fracture
coupled with wrinkling deformation and tear fracture, control
the fracture behavior of Graphene by combing the chemical, irradi-
ation and stress effects, to name a few. Datta et al. [21] have inves-
tigated the effect of different crack lengths in mixed mode loading
conditions at 300 K, in the arm-chair and zig-zag Graphene by
aligning the crack perpendicular to the lattice orientation. They
also studied the effect of crack orientation in the arm-chair and
zig-zag Graphene, retaining the same loading directions. Budarapu
et al. [10] have studied the crack initiation and growth mecha-
nisms in Graphene based on MD simulations. They studied the
influence of the time step and the temperature on the post yielding
behavior of Graphene based on a systematic study of the bond
stretching and bond reorientation phenomena.

However, the combined effect of domain size and lattice orien-
tation of initially notched Graphene sheets on its apparent
mechanical properties is yet to be investigated in detail. Therefore,
in the present work, an attempt has been made to derive the
relation between the domain size, lattice orientation and the initial
crack length on the mechanical properties of Graphene. Results
based on molecular dynamics simulations are correlated to the
existing continuum based scaling laws. The arrangement of the
article is as follows: details of the numerical model are explained
in Section 2. Details of the continuum based scaling laws and their
correlations to MD simulations are discussed in Section 3. The
effect of domain size, lattice orientation and crack length on the
yield properties of Graphene are explained in Section 4. Key find-
ings are summarized in Section 5.

2. Modelling and simulations

The main objective of the present work is to understand the
combined effect of domain size, lattice orientation and the initial
crack length on the mechanical properties of Graphene. To achieve
the objective, uniaxial tensile tests on Graphene sheets are per-
formed by varying domain size (L), lattice orientation angle (h)
and initial crack length (a0).

The atomistic model in the present work is developed by consid-
ering the hexagonal lattice structure of the Graphene sheet with a
lattice constant 2.49 Å, see Fig. 1(a). The atom to atom interactions
of carbon in Graphene are modeled based on the Tersoff potential
[49], which has been successfully applied to predict mechanical
properties of Graphene [9,52,50,10,68]. Variation of the fracture
strength with the cut-off distance (rc) at 0 K is plotted in Fig. 2.
According to Fig. 2 and to [44,59], a cut-off distance of 2.1 Å is con-
sidered to reproduce the physical observations. Hence, rc = 2.1 Å is
used in all the simulations of the present work. An initial edge crack
is created parallel to the x direction, in the middle of the domain
along the y direction, as shown in Fig. 1(b). The corresponding full
scale atomistic model consists of a total number of atoms ranging
from 3678 to 299936, for the domain sizes of 10 nm to 86 nm,
depending on the lattice orientation. The initial crack is modeled
by restricting the interactions between the atoms on either side of
the crack surface, which is achieved by updating the neighbor list
accordingly. Crack propagation is studied based on the natural bond
breaking. The degrees of freedomalong the x direction of the left and
right edge atoms and along the y direction of the top and bottom
edge atoms are restrained. An initial velocity of 0.1 angstroms/
pico-seconds (Å/ps) along the y direction is prescribed on the top
and bottom edge atoms to study the crack growth.

In this work, the load is applied in terms of ‘load cycles’, which
is defined as prescribing the velocity on the top and bottom edge
atoms for a specified time period, followed by an equilibration
for another specified time period. In each load cycle, the prescribed
velocity on the top and bottom edge atoms is applied for a period
of 1 ps, after which the system is equilibrated for a period of 1 ps.
The stress computed in the present work is the averaged stress
estimated based on the Virial theorem [38,46]. The average virial
stress (r) over a volume X with total number of atoms nA is calcu-
lated as

r ¼ 1
X

1
2

XnA

a¼1

XnA

b ¼ 1;
b–a

rab � fab �
XnA

a¼1

ma _ua � _ua

0
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CCCCCA ð1Þ

where ma is the mass of atom a; r is the position vector, f is the
force vector and ua; _ua are the displacement and velocity vectors
of atom a, respectively. Engineering strain is used as a measure of
deformation, which is defined as (l� l0)/l0, where l is the instanta-
neous length and l0 is the initial length of Graphene obtained after
the first step of energy minimization corresponding to the initial
configuration. The nominals strength in this work is extracted at
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Fig. 1. Schematic of the (a) graphene lattice showing the orientation angles and the (b) atomistic model used in the simulations.

1.5 1.6 1.7 1.8 1.9 2 2.1 2.2
Cut-off distance (angstroms)

35

40

45

50

55

60

65

70

75

80

Yi
le

d 
st

re
ss

 (G
Pa

)

Fig. 2. Variation of the yield stress as a function of the cut-off distance.
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the time of first bond break from the stress-strain curve. The yield
strain is estimated as the strain at the first bond break from the
strain-time data. The equations of motion and the time integration
is carried out based on the Verlet algorithm [48]. The effect of
numerical stability has been investigated in [10]. Budarapu et al.
[10] have reported that 1.0 fs is sufficient to study the mechanical
behavior of Graphene up to yielding. However, a much smaller time
step is required to predict the crack growth more accurately. Since
the objective is to study the yield properties, a time step of 1.0 fs has
been considered in the present work.

All the simulations are performed under isothermal loading
conditions, at a temperature of�0 K (0.1 K). In the isothermal load-
ing, the system temperature is maintained constant. However, the
application of the initial velocities would lead to increase in the
kinetic energy and hence, in the system temperature. Therefore,
the isothermal conditions in the present work are achieved by
velocity rescaling technique, where the velocities at each time step
are rescaled to maintain the constant temperature of �0 K. The
temperature of �0 K is considered to avoid the influence of tem-
perature on the lattice orientations and crack length in the
mechanical behavior of Graphene.

In this paper, we performed simulations by considering six dif-
ferent square domains (see Fig. 1(b)) of dimensions of 10 � 10 nm2,
20 � 20 nm2, 30 � 30 nm2, 43 � 43 nm2, 60 � 60 nm2, and
86 � 86 nm2, with three different lattice orientations indicated by
chiral vectors: (1,1), (2,5) and (1,0), with corresponding lattice ori-
entation angles of 0�, 13.9� and 30�, and thirteen different initial
crack lengths equal to: 0.025L, 0.05L, 0.1L, 0.15L, 0.2L, 0.25L,
0.33L, 0.4L, 0.5L, 0.6L, 0.7L, 0.8L, and 0.9L, where L is the width of
the sample, as shown in Fig. 1. Therefore, in total 252 simulations
are carried out by varying the domain size, lattice orientation and
crack length, including the simulations without crack. All the sim-
ulations in the this work are carried out using the open source
Large-scale Atomic/Molecular Massively Parallel Simulator
(LAMMPS) software [43].
3. Continuum based scaling laws

In this work, results based on the molecular dynamics simula-
tions are correlated to the size effect law (SEL) proposed by Bažant
et al. [5] and to the multifractal scaling law (MFSL) proposed by
Carpinteri [13], used in continuum mechanics.

The original size effect law by Bažant et al. [5] was further
improved in [2,4,3], based on the information from larger specimen
sizes. The established size effect law in Bažant et al. [5] is mainly
governed by the total dissipated energy due to fracture (Wf).
According to [5], when a quasi-brittle structure has a deep notch
or a large traction free crack that has formed before reaching the
maximum load, the size effect on the mean nominal strength of
structure is essentially energetic, with a negligible statistical effect
[6,8]. This is type II size effect law for the problems with a large
crack, which is described in [1,5] and is given by:

rN ¼ Bry 1þ L
L0

� ��1=2

; ð2Þ

where rN is the nominal stress at failure, ry is the uni-axial yield
strength, L0 is the transitional size which depends on the character-
istic length and the geometry and B is the empirical constants
which depend on the geometrical shape of the structure but not
on the size of the domain. Based on Eq. (2), the nominal strength
is inversely dependent on the domain size, viz. 1=

ffiffiffi
L

p
.

On the other hand, Carpinteri [12,13] proposed to model
concrete damage by assuming that the rarefied resisting cross-
sections in correspondence to the peak load, A�

res, can be repre-
sented by stochastic lacunar fractal sets with dimension



Fig. 3. Schematics of the domains having same aspect ratios, used in the simulations.

Fig. 4. Stress distribution around the crack tip before and after the first bond break for domain sizes 10 nm, 43 nm, 60 nm and 86 nm, when the lattice is oriented along (a) 0�
and (b) 30�. Configurations just before and after the first bond break and after the second bond break, are shown in the first, second and third columns, respectively.
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2 - dr (dr P 0). Based on this assumption, the following scaling law
for the nominal tensile strength was derived:

rN ¼ r�L�dr ; ð3Þ
where r� is a scale invariant mechanical property, see also

[14,16,41], with anomalous physical dimensions ½F�½L�2�dr . Eq. (3)
represents a power law with negative exponent -dr, indicating
the negative size effect on the tensile strength, as discussed above.
However, the single fractal scaling is valid for a size-limited scale
range. As the size increases, fractality slowly vanishes (dr ! 0) with
a corresponding homogenization of the failure domain [18,17].
Therefore, the mechanical properties can be assumed to depend
on the ratio between a characteristic material length (lch) and the
size of the specimen (L). Carpinteri [13] reported that the experi-
mental values of dr always lay between 0 and 1/2. For extremely
brittle and disordered materials, the dimensional decrement dr
tends to the Linear Elastic Fracture Mechanics (LEFM) limit, 1/2.
Based on this, Carpinteri [13] and Carpinteri et al. [15] have
proposed the multifractal scaling law for tensile strength as:

rN ¼ f t 1þ lch
L

� �1=2

ð4Þ

The scaling law in Eq. (4) is considered as a two-parameter model,
where the asymptotic value of the nominal quantity, f t , corresponds
to the lowest nominal tensile strength and it is reached in the limit
of infinite sizes. The salient features and differences with applicabil-
ity of SEL and MSFL were addressed in [7]. In the present work, an
attempt has been made to correlate the MD results from various
Fig. 5. Variation of stress with strain for various domain sizes with initial notch size equ
domain sizes of (c) 30 nm and (d) 43 nm, for different initial notch sizes.
size and lattice orientations of Graphene based on the MD simula-
tions to SEL and MFSL.
4. Results and discussion

In this work, we considered domains of similar shapes with dif-
ferent sizes to maintain the same aspect ratio as shown in Fig. 3.
Fig. 4 shows a closeup of the stress distribution on the deformed
lattice configuration around the crack tip just before and after
the breakup of first few bonds for domain sizes of 10 nm, 43 nm,
60 nm and 86 nm, when the lattice is oriented along 0� and 30�
in Fig. 4(a) and (b), respectively. In the initial configuration, all
the atoms are assumed to have the same potential energy. From
Fig. 4, the fracture pattern is observed to be changing with the
domain size and lattice orientation. Moreover, as the domain size
increases, the time for the first bond break increases and the sub-
sequent crack growth after the first bond break is observed to be
fast. This is because as the domain size increases, the distance
between the crack surface to the boundaries also increases. For
example, the distance between crack surface and the top surface
is 4.5 nm and 45 nm for domains sizes of 10 nm and 86 nm, respec-
tively. This will result in a very fast load transfer from the top sur-
face to the crack surface, for small domain sizes. Furthermore, the
number of bonds broken after the first bond break are observed to
be increasing with domain size for all the lattice orientations. This
is because, increase of the specimen size increases the number of
relatively weak bonds, which offers more possibilities for bond
breaking and dislocations to occur, and thus reducing the strength
al to 0.5L, when the lattice is oriented along (a) 0� and (b) 30�. Stress-strain plots for



Fig. 6. Variation of the yield stress logarithm of (ry) with the logarithm of domain
size (L), for different crack lengths, when the lattice is oriented along (a) 0�, (b) 13.9�
and (c) 30�, respectively. The dotted lines indicate the linear fits, corresponding
fitted equations are mentioned on top of the concerned curve.
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of the specimen. Therefore, the mechanical stiffness of small
domains is higher as compared to that typical of large domains.
As a result, the yield values at the time of first bond break are
higher for small domains, which can be noticed from Fig. 5(a)
and (b) when the lattice is oriented along 0� and 30�, respectively.

Distribution of the stress with strain for various domain sizes,
lattice orientations and initial notch sizes are plotted in Fig. 5.
Stress-strain plots with different domain sizes with an initial notch
size of 0.5Lwhen the lattice is oriented along 0� and 30� are plotted
in Fig. 5(a) and (b), respectively. From Fig. 5(a) and (b), the yield
strength can be observed to be decreasing with an increase in
the domain size. This is mainly due to the fact that larger speci-
mens offer more spaces for dislocations to initiate. Though con-
straints do exist in the form of boundary conditions in MD
simulations, Graphene lattice is a discrete system with atoms dis-
tributed at certain positions. Atomic bonds are relatively weak
parts compared to the individual atoms in the atomistic model.
Therefore, increase of the specimen size increases the number of
relatively weak bonds, which in turn offers more possibilities for
bond breaking and dislocations to occur, and thus reduces the
strength of the specimen. Stress-strain plots for different initial
notch sizes when the lattice is oriented along 0�, for domain sizes
of 30 nm and 43 nm are plotted in Fig. 5(c) and (d), respectively.
From Fig. 5(c) and (d), the drop in yield strength is observed to
be significant for initial notch sizes less than 0.2L. This is due to
the fact that when the initial notch size is less than 0.2L, higher
energy is required to initiate the crack growth, which leads to
higher yield stress and strain, compared the case with initial notch
size more than 0.2L.

Fig. 6 shows the distribution of the logarithm of yield stress (rN)
with the logarithm of the domain size (L), when the lattice is ori-
ented along the 0�, 13.9� and 30� angles. The dotted lines in
Fig. 6 represent the linear fits and the corresponding fitting equa-
tions are mentioned on top of the concerned curve. From Fig. 6,
the slope of the linear fit for the unnotched specimen is found to
be �0, for all the domain sizes and lattice orientations. This con-
firms the fact that failure of unnotched materials obeys classical
strength criteria irrespective of the type of analysis [1].

Based on LEFM, yield strength varies inversely as the square root
of the domain size (1=

ffiffiffi
L

p
), as explained in Eq. (2). Therefore, accord-

ing to LEFM, the slope of the log(rN) with log(L) plot should be�1/2.
However, the average of the slopes of log(rN) vs. log(L) curves in
Fig. 6, for notched specimens is estimated as �0.334, �0.316 and
�0.344, when the lattice is oriented along the 0�, 13.9� and 30�,
respectively. This is in agreement with the experimental observa-
tions reported by [13,18], where dr is observed to vary between [0,
1/2], as discussed in Section 3. This effect is presumably induced
by the roughness of the crack path which is caused by the lattice
geometry. The maximum variation in the average slope is 8.86%.
Hence, the effect of lattice orientation on the yield strength is small.
Therefore, based on the present MD studies, the nominal yield
strength (rN) of Graphene are found to vary as �L�1/3.

According to Griffith’s theory [29], brittle fracture occurs
when the released strain energy exceeds the surface energy
required for an infinitesimal extension of the crack. For an edge
crack of initial length a0, based on the Griffith criterion the crit-
ical stress at the onset of fracture, rN , can be expressed as a
function of a0, as [42]:

rN ¼
ffiffiffiffiffiffiffiffi
2cE
pa0

s
; ð5Þ

where E is Young’s modulus and c is the surface energy, which is the
edge energy for a 2D material like Graphene. Eq. (5) can be
rearranged as,
rN
ffiffiffiffiffi
a0

p ¼
ffiffiffiffiffiffiffiffi
2cE
p

r
: ð6Þ

The left-hand side of Eq. (6) contains only the computed fracture
quantities, namely fracture stress and crack size, whereas the
right-hand side depends only on material parameters. Therefore,
based on Eq. (6), the Griffith theory of brittle fracture is applicable
to Graphene, if the estimated pairs of rN and a0 results in a constant



Fig. 7. Variation of the factor rN
ffiffiffiffiffi
a0

p
with initial crack length a0 for different domain sizes, when the lattice is oriented along (a) 0�, (b) 13.9� and (c) 30�, respectively.

Variation of the nominal yield strength (rN) with initial crack length in the range 0.1–0.6L, on a logarithmic plot, when the lattice is oriented along (d) 0�, (e) 13.9� and (f) 30�,
respectively. Initial crack length is specified as the percentage of the domain length, %L. In (d)–(f) the dotted lines indicate the linear fits, along with the corresponding fitting
equation.
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product of rN
ffiffiffiffiffi
a0

p
. Fig. 7(a)–(c) shows the variation of the factor

rN
ffiffiffiffiffi
a0

p
with initial crack length a0 for different domain sizes, when

the lattice is oriented along the 0�, 13.9� and 30�, respectively. Ini-
tial crack length is specified as the percentage of the domain length,
%L. Values of the yield stress and the factor rN
ffiffiffiffiffi
a0

p
for initial crack

lengths between 0.1L and 0.6L are listed in Table 1, for different
domain sizes, when the lattice is oriented along the 0�. The mean
and standard deviation of the factor rN

ffiffiffiffiffi
a0

p
in Table 1, and for



Table 1
Distribution of the nominal yield strength with crack and domain sizes, when the lattice is oriented along the 0� direction.

Sample No. Crack length a0 (%L) rN (GPa) Factor rN
ffiffiffiffiffi
a0

p
(MPa

ffiffiffiffiffi
m

p
) with domain size, L (nm)

L = 10 L = 43 10 20 30 43 60 86

1 10.0 122.098 78.482 12.210 9.810 8.802 7.848 7.091 6.062
2 15.0 99.049 66.613 12.130 10.751 9.262 8.158 7.343 6.283
3 20.0 89.848 60.136 12.710 11.258 9.974 8.504 7.702 6.477
4 25.0 86.900 55.088 13.740 11.674 9.891 8.710 7.844 6.641
5 30.0 80.960 49.150 14.022 11.835 10.433 8.513 7.951 6.710
6 40.0 70.916 43.919 14.183 11.913 10.348 8.784 7.797 6.658
7 50.0 59.661 38.179 13.340 11.386 9.985 8.537 7.547 6.358
8 60.0 49.535 31.895 12.133 10.164 9.165 7.812 6.894 5.788

Table 2
Mean and standard deviation of the factor rN

ffiffiffiffiffi
a0

p
in Table 1, for different domain sizes

with lattice oriented along 0�, 13.9� and 30�.

Angle 10 20 30 43 60 86

Mean of the factor rN
ffiffiffiffiffi
a0

p
with domain size

0� 13.058 11.099 9.732 8.358 7.521 6.372
13.9� 13.014 11.202 9.858 8.957 7.472 6.342
30� 13.541 11.728 9.880 8.712 7.444 6.250

Standard deviation of the factor rN
ffiffiffiffiffi
a0

p
with domain size

0� 0.867 0.783 0.589 0.374 0.379 0.322
13.9� 0.831 0.808 0.661 0.472 0.399 0.397
30� 1.449 0.612 0.446 0.403 0.332 0.306
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different domain sizes with lattice oriented along 0�, 13.9� and 30�,
are shown in Table 2.

From Table 2, the maximum and minimum standard deviations
are observed to be 1.449 and 0.306, respectively. Furthermore,
variation of the yield strength with initial crack lengths in the
range 0.1–0.6L are plotted in Fig. 7(d)–(f), when the lattice is ori-
ented along the 0�, 13.9� and 30�, respectively. The dotted lines
in Fig. 7(d)–(f) indicate the linear fits and the corresponding fitted
equations for the domain size 86 � 86 nm2. From the fitted equa-
tions the slope of the curve is observed to be �0.46, �0.405 and
�0.46, when the lattice is oriented along the 0�, 13.9� and 30�,
respectively. Also the slopes are observed to gradually increase
with the domain size, approaching �0.5 in the limit of infinite
domain size, 60 nm in present work. Therefore, based on Fig. 7,
Tables 1 and 2, rN can be assumed to vary as 1=

ffiffiffiffiffi
a0

p
and hence

the factor rN
ffiffiffiffiffi
a0

p
can be assumed to be constant for initial crack

lengths between 0.1L–0.6L. Furthermore, the curves in Fig. 7(a)–
(c) tend to become straight as the domain size increases, indicating
that the deviation with the mean reduces as the domain size
increases. This is further confirmed by the gradual reduction of
the standard deviation values with the domain size as listed in
Table 2. This behavior is expected and is in agreement with the
continuum theory [42]. However, for small domain sizes and small
and large initial crack lengths, the continuum theory fails [40]. In
this paper, a0 6 0:1L and a0 P 0:6L are considered as small and
large initial crack lengths, respectively.

5. Conclusions

Molecular dynamics based simulations have been carried out to
investigate the combined effect of domain size, crack length and
lattice orientation on the yield properties of Graphene. Six different
square domains with three different lattice orientations and thir-
teen different initial crack lengths are considered to carry out a
total of 252 simulations. Results from molecular dynamics simula-
tions are correlated to the continuum based size-effect law and the
multifractal scaling law. The yield strength is observed to vary as
�L�1/3. This is in agreement with MFSL. Furthermore, the yield
strength is observed to vary as the inverse square of the initial
crack length � a�1=2
0 , when the initial crack lengths lie in the range

0.1–0.6L, in agreement with the Griffith’s theory of fracture.
Distribution of the stress-strain plots with varying domain sizes,

initial crack lengths and lattice orientations are studied. The yield
values are observed to drop significantly for small initial crack
lengths less than or equal to 0.1L. The yield values are also observed
to decreasewith the increase in domain size, as the larger specimens
offer more spaces for dislocations to initiate. Combined effect of the
domain size, lattice orientation and crack length on the yield values
of stress and strain have also been put into evidence.

Acknowledgements

Javvaji and Roy Mahapatra thankfully acknowledge the use of
computational facilities at the ACECOST Computational Science
Lab, Department of Aerospace Engineering, IISc and funding under
ACECOST Phase-III program of Aeronautics Research and Develop-
ment Board, India. Paggi and Budarapu acknowledge funding from
the European Research Council (ERC, Belgium), Grant No. 306622
through the ERC Starting Grant ‘‘Multi-field and multi-scale Com-
putational Approach to Design and Durability of PhotoVoltaic Mod-
ules” - CA2PVM. Zi appreciates the financial support through Grant
No. 20133010021770, from the New & Renewable Energy Core
Technology Program of the Korea Institute of Energy Technology
Evaluation and Planning (KETEP), Ministry of Trade, Industry &
Energy, Republic of Korea.

References
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[4] Z. Bažant, I. Daniel, Z. Li, Size effect and fracture characteristics of composite
laminates, J. Eng. Mater. Technol. 118 (1996) 317–324, http://dx.doi.org/
10.1115/1.2806812.
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