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1 Abstract The effect of lattice orientation and crack larger crack sizes, a linear decrease in yield stress is 13
2 length on the mechanical properties of Graphene are observed, whereas a constant yield strain of ~0.05 is 14
s studied based on molecular dynamics simulations. noticed. Therefore, the yield strain of ~0.05 canbe con- 15
+ Bond breaking and crack initiation in an initial edge sidered as a critical strain value below which Graphene 1
s crack model with 13 different crack lengths, in 10 dif- does not show failure. This information can be utilized 1

ferent lattice orientations of Graphene are examined.
In all the lattice orientations, three recurrent fracture
patterns are reported. The influence of the lattice ori-
entation and crack length on yield stress and yield strain
of Graphene is also investigated. The arm-chair fracture
pattern is observed to possess the lowest yield proper-
ties. A sudden decrease in yield stress and yield strain
can be noticed for crack sizes <10nm. However, for
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as a lower bound for the design of nano-devices for var-
ious strain sensor applications. Furthermore, the yield
data will be useful while developing the Graphene coat-
ing on Silicon surface in order to enhance the mechan-
ical and electrical characteristics of solar cells and to
arrest the growth of micro-cracks in Silicon cells.

Keywords Graphene fracture - Molecular dynamics -
Bond elongation and rotation - Lattice orientation and
initial crack size

1 Introduction

Graphene, an ultimately thin monolayer of carbon
atoms packed into a hexagonal lattice, is the basic build-
ing block for graphitic materials of all other dimen-
sionalities (Geim 2009; Huhu et al. 2014; Morpurgo
2015; Ying-Yan et al. 2014). Because of its several use-
ful material properties (Changgu et al. 2008; Fengnian
et al. 2014; Fiori et al. 2014; Kravets et al. 2014; Mics
et al. 2015; Sarma et al. 2011; Schwierz 2010; Wei-
wei et al. 2015), Graphene finds wide range of applica-
tions (Budarapu et al. 2009, 2014c; Kinam et al. 2011;
Kostarelos and Novoselov 2014; Liu 2014; Pospischil
etal. 2014; Quanetal. 2015; Rodrigues etal. 2015; San-
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tanu et al. 2012; Son et al. 2015; Traversi et al. 2014;
Wen et al. 2012; Xue et al. 2014; Xuechao et al. 2015;
Zhang et al. 2013). It can also be used as a strength-
ening component in composites (Chen et al. 2015a;
Kim et al. 2013; Shin et al. 2015; Zan et al. 2015). As
the demand for Graphene-based applications is grow-
ing, it is important to deeply understand it’s mechan-
ical and challenging failure characteristics. Chuvilin
et al. (2009) studied the growth of two holes created
by radiation in Graphene nano ribbons, based on the
imaging side spherical aberration-corrected transmis-
sion electron microscopy at 80kV. As the holes grow
and two holes approach each other, they observed the
transitions and deviations from the hexagonal struc-
ture involving some reconstructions resulting into more
pentagons and heptagons than hexagons, which turned
out to be stable. Jin et al. (2009) explained the struc-
tural dynamics of carbon atomic chains such as forma-
tion, migration, and breakage observed in the experi-
ments, by density-functional theory calculations. How-
ever, estimating the mechanical properties of Graphene
is challenging due to the practical difficulties in setting-
up experiments (Kim et al. 2012). Hence, numerical
simulations are good alternatives for predicting frac-
ture related properties. Several researchers have inves-
tigated the mechanical properties of Graphene based on
molecular dynamics simulations (Chen et al. 2015b;
Gamboa et al. 2015; Grantab et al. 2010; Hadden
et al. 2015; Pei et al. 2010; Tiwary et al. 2015a,b;
Vadukumpully et al. 2011).

Bu et al. (2009) investigated the mechanical behav-
ior of Graphene nanoribbons based on Tersoff poten-
tial function. They reported the increase in the Young’s
modulus due to stress stiffening, when the strain
exceeds 18 %. Peng et al. (2014) have measured the
fracture toughness of Graphene based on experiments,
validated with numerical simulations. They also ver-
ified the applicability of the classic Griffith theory
of brittle fracture to Graphene. They observed that
the critical stress intensity factor (K;¢) is not con-
stant when the initial crack length is less than a cer-
tain value. Ansari et al. (2012) have studied the pres-
ence of vacancy defects in Graphene based on the
Tersoff-Brenner potential function and reported signif-
icant reduction in the ultimate strength in the zig-zag
direction, while the effect is minimal on the Young’s
modulus. Khare et al. (2007) have studied the effects
of large defects and cracks on the mechanical prop-
erties of carbon nanotubes and Graphene sheets using
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the coupled quantum mechanical/molecular mechani-
cal approach based on the Tersoff-Brenner potential.
They observed that the weakening effects of holes, slits,
and cracks will vary only moderately with the shape of
the defect, and instead depend primarily on the cross-
section of the defect perpendicular to the loading direc-
tion and on the structure near the fracture initiation
point.

Jhon et al. (2012, 2014) estimated the anisotropic
fracture response of Graphene based on molecular
dynamics simulations. They found that both the ten-
sile strength and strain remain almost constant up to an
orientation angle of 12°. Then a rapid increase resulting
in aremarkable degradation of the tensile strength com-
pared to brittle fracture counterpart, was reported. They
alsonoticed that fracture pattern holds in the range 100-
700K. Sun et al. (2015) investigated the orientational
anisotropic effect on the fracture strength of vacancy-
defective Graphene using molecular dynamics simu-
lations. They concluded that the fracture strength of
Graphene at the orientation angle of 15° has the small-
est sensitivity to vacancy defects due to the minimiza-
tion of stress concentration in that direction. Also, the
fracture strength in the zig-zag direction was found to
be more sensitive to the vacancy defects. Cao (2014)
used the quantum mechanical and classical molecu-
lar dynamics simulations to understand the mechani-
cal behavior of Graphene. However, the above studies
were carried out on Graphene without initial cracks.
Hence, the effect of lattice orientation on the crack
growth dynamics was ignored.

Zhao et al. (2009) have investigated the mechan-
ical strength and properties of Graphene under uni-
axial tensile test as a function of size and chirality
using the orthogonal tight-binding method and molecu-
lar dynamics simulations with an adaptive intermolecu-
lar reactive empirical bond order (AIREBO) potential.
They reported reasonable agreement of their estimated
results on Young’s modulus, fracture strain and fracture
strength of bulk Graphene, with the published exper-
imental data (Changgu et al. 2008; Liu et al. 2007).
They also observed that the Griffith criterion overes-
timates the strength of cracks shorter than 10nm and
hence used a strength based criterion to explain the
yield behaviour.

Recently, Datta et al. (2015) have investigated:

1. The effect of two lattice orientations (arm-chair and
zig-zag) with different crack lengths (for a/b ratios
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upto 0.25) in mixed mode loading conditions at 300
and 1000 K, while keeping the crack perpendicular
to the orientations.

2. The effect of crack orientation in the arm-chair and
zig-zag Graphene, retaining the same loading direc-
tions.

Their main objective is to study the fracture toughness,
using the AIREBO potential function. In the present
work, we study 10 different orientations with 13 differ-
ent crack lengths. We always load Graphene along the
direction perpendicular to the crack length to study the
Mode I fracture. This is similar to the first case inves-
tigated in Datta et al. (2015) for arm-chair and zig-zag
Graphene. In the present work, our focus is mainly on
estimating the mechanical properties of Graphene and
the coupled effect of the lattice orientations and initial
crack length on the mechanical properties, based on
the Tersoff potential function. Therefore, the relations
between the lattice orientation and the crack pattern and
between the initial crack size and lattice orientation on
the mechanical properties of Graphene are investigated.
The final aim is to come up with a design criterion
which can be used in the nano-devices for strain sensor
applications.

The followings are the main objectives of the present
study: (1) identification of limiting strain below which
Graphene never fails; (2) combined effect of the lattice
orientation and crack size on the mechanical properties
of Graphene; (3) identification of fracture pattern for
each given lattice orientation; and (4) the variation of
the tensile strength with chiral angle. All the above
results are important for the design of Graphene-based
nano devices.

The arrangement of the article is as follows: Details
of the numerical model are explained in Sect. 2. The
effect of lattice orientation and crack size in the yield
properties of Graphene are discussed in Sect. 3. The
key findings are summarized in Sect. 4.

2 Atomistic modelling and simulations

In this work, the atom to atom interactions of carbon in
Graphene are simulated based on the Tersoff potential
(1989). Tersoff potential has been successfully applied
to predict mechanical properties of Graphene (Bu et al.
2009; Budarapu et al. 2015; Thomas and Ajith 2014;
Volokh 2012). The mathematical expression of the
bond energy of the atomistic model based on the Tersoff

22¢
—-300 K
2,

1.8
1.6
14+

1.2

Normalized strength

1,

! ! i

0-8 1 1 1 1 1
14 15 16 17 18 1.9 2 21 22

Cut-off distance (Angstroms)

Fig. 1 Variation of the normalized strength at the first bond
break with cut-off distance at 0 and 300K, with an initial crack
length of 0.5L and when the lattice is oriented along 0°. The
fracture strength at the first bond break is normalized with the
corresponding value atr. = 2.1A

potential can be expressed as (Tersoff 1989):

V(raB) = fc(rocﬁ)[fR(raB) +b01ﬁ.fA(r0Lﬁ)]
SR > fe.  fa > bap (D

where 74 is the distance between the atoms « and B.
The bond energy in the Tersoff framework is a com-
bination of attractive (f4) and repulsive (fg) energy
functions, which are expressed in the form of the expo-
nential Morse like functions; f. is a smooth spherical
cut-off function around atom a based upon the dis-
tance to the first nearest neighbour cell. Details of the
variables of potential function in Eq. (1) are explained
in “Appendix”. Variation of the normalized fracture
strength with the effect of cut-off distance (r.) at 0
and 300K are plotted in Fig. 1. In Fig. 1, the fracture
strength at the first bond break is normalized with the
corresponding value at r. = 2.1 A. According to Fig. 1
and to (Shenderova et al. 2000; Zhao and Aluru 2010),
a cut-off distance of 2.1 A is considered to reproduce
the physical observations, even at higher temperatures.
Hence, r, = 2.1 A is used in all the simulations of the
present work.

The main aim of the present work is to understand
the effect of lattice orientation on the crack initia-
tion and growth mechanics and hence, on the mechan-
ical properties of Graphene. To achieve this objec-
tive, an uni-axial tensile deformation test of Graphene
is studied with varying lattice orientation and initial
crack length (ap). Ten different lattice orientations of
Graphene are characterized by the following chiral vec-
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Fig. 2 a Schematic of the edge crack model used in all the examples and b schematic showing the observed three fracture patterns

along with the orientation angle, arm-chair and zig-zag directions

tors: (1,0), (1,1), (4,6), (5,8), (2.4), (2,5), (2,6), (1,4)
(2,11), (1,7). Thirteen different initial crack lengths are
also considered, namely: 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, see Fig. 2.
The hexagonal lattice structure of the Graphene
sheet with a lattice constant 2.45 A, is considered to
develop the atomistic model. An initial edge crack is
created in the middle of the vertical side. The lattice
domain has overall dimensions of 432.01, A (L) x
432.31A (D), as shown in Fig. 2a. The correspond-
ing full scale atomistic model consists of a set of atoms
ranging from 74,880 to 75,269, depending on the lat-
tice orientation angle. To model the crack, the total
domain is partitioned into several regions, see Fig. 2a.
Atoms on the top and bottom edges of the domain
belong to regions 1 and 4, respectively. The crack in
the atomistic model is identified based on the distance
between two neighboring atoms. However, the initial
crack in the atomistic model is created by restricting
the interactions between the set of atoms on either side
of the crack surface, which is achieved by updating
the neighbour list accordingly. The degrees of free-
dom along 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 (A/ps) along the y-direction is
prescribed on the top and bottom edge atoms. A ramp
velocity profile as shown in Fig. 2a is adopted for the
rest of the domain. All the simulations in the present
work are carried out using the open source Large-

@ Springer

scale Atomic/Molecular Massively Parallel Simulator
(LAMMPS) software (Plimpton 1995).

In the present work, a ‘load cycle’ is defined as pre-
scribing 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 another period of 1 ps, after which the sys-
tem is equilibrated for a period of 1ps. The computed
stress is the averaged stress estimated based on the Vir-
ial theorem (Marc and McMillan 1985; Subramaniyan
and Sun 2008). The average virial stress (a') over a vol-

ume € with total number of atoms n? is calculated
as
1 1 I’lA l’lA }’lA
o = 5 Ezzrug(@faﬁ—Zmaﬁa@ﬁu
a=1p=1, a=I
B#a

2)

where m, is the mass of atom «a, r is the position vector,
fis the force vector and ug, U, are the displacement and
velocity vectors of atom o, respectively. The definition
of Virial stress involves the instantaneous velocities
only due to thermal fluctuation. Therefore, the Virial
stress calculated from molecular dynamics simulations
has to be time averaged in order to arrive at the equiva-
lent continuum Cauchy stress. In this work, Virial stress
is averaged over 500 time steps. Engineering strain is
used as a measure of deformation, which is defined as
(I — lp)/lp, where [ is the instantaneous length of the
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vertical side and [y is its initial value obtained after
the first step of energy minimization corresponding to
the initial configuration. The time integration of the
equations of motion is carried out based on the Verlet
algorithm (Swope et al. 1982). The eftect of numerical
stability has been investigated in Budarapu etal. (2015).
Budarapu et al. (2015) have reported that 1.0fs is suf-
ficient 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 1.0fs has been considered in the present
work.

All the simulations are performed under isothermal
loading conditions, at a temperature of ~0K (0.1 K). In
the isothermal loading, the system temperature is main-
tained constant. However, the application of the initial
velocities would lead to increase in the kinetic energy
and hence, 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 ~0K is con-
sidered to avoid the influence of temperature on the
lattice orientations and crack length in the mechani-
cal behavior of Graphene. Furthermore, to observe the
trends in mechanical properties with temperature, some
simulations are carried out at 300 K. The stress—strain
curves at &0 K are compared to the results at 300K, as
explained in the results and discussion Sect. 3. How-
ever, the complete study of the effect of temperature
on the mechanical response by varying lattice orienta-
tions and crack length is beyond the scope of the present
work.

The maximum Cauchy stress for a uni-axial tensile
test in the arm-chair and zig-zag direction is found to
be 110 and 121 GPa (Liu et al. 2007; Zhao et al. 2009),
respectively. The intrinsic breaking strength of perfect
Graphene is reported as 130 & 10 GPa (Changgu et al.
2008; Zhao et al. 2009). Depending on the size of the
defect, the fracture stress of the defective Graphene
varies from 30 to 120 GPa (Khare et al. 2007; Zhang
etal. 2012b). However, the fracture stress is observed to
drop sharply from 120 GPa, for small initial defect sizes
and tend to 30-60 GPa, after a certain defect size. The
ability of a material containing a crack to resist fracture
is measured by its fracture toughness property. The crit-
ical stress intensity factor (Peng et al. 2014) denoted by
Kic = oc/mag, where o, is the critical stress of onset

of fracture and ay is the initial crack length, is conven-
tionally used to characterize the fracture toughness of
Graphene. As reported in Peng et al. (2014), the factor
0¢+/ap remains constant irrespective of the initial crack
length. Therefore, the fracture toughness of Graphene
is expected to remain constant with respect to the size
of the initial crack as well.

3 Results and discussions
3.1 Orientation dependent crack pattern

We performed the fracture simulations of 10 differ-
ent lattice orientations with 13 different initial crack
lengths, to estimate the yield properties corresponding
to each combination of lattice orientation and initial
crack length. The yield properties, namely the yield
stress and yield strain are the stress and strain val-
ues captured at the time of first bond break. Based on
the results, three different patterns of crack growth in
Graphene as labeled in Fig. 2b are observed. The pat-
tern labeled as 1 is observed in the arm-chair Graphene
(0°). A similar pattern is also observed in the 6.6°, and
10.9° orientations. The second pattern is noticed only
in the zig-zag Graphene, oriented at 30°. Whereas, the
third pattern is observed when the Graphene is ori-
ented along the remaining six orientations, namely:
7.5°, 13.9°, 15.9°, 19.1°, 22.5°, and 23.4°. There-
fore, we specifically select 0°, 13.9°, and 30° ori-
entations to understand the crack growth patterns
and hence the variation of the associated mechanical
properties.

The initial atomic configuration at 0° orientation
is shown in Fig. 3a. Atoms around the crack tip are
marked with labels ‘A’ to ‘P’, where the color of the
atoms indicates their potential energy. A portion of the
atoms around the crack tip for the 0°, 13.9° and 30°
lattice orientations is also shown in Figs. 4a, 5a and 6a,
respectively. In the initial configuration, all the atoms
are assumed to have the same potential energy. The ini-
tial crack is created by deleting the bonds between the
atoms and updating the neighbour list accordingly. The
dashed lines in Figs. 4a, 5a and 6a shows the deleted
bonds and hence the size of the initial crack. A strain
load is prescribed on a group of atoms along the top
and bottom surfaces of the lattice, as shown in Fig. 2a.
Therefore, based on the given loading and boundary
conditions, the bond D—C is the first loaded bond. Con-
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(d) t=0 ps

0=30°

(2) t=0ps (h) t =216 ps (i) t = 216.5 ps

Fig. 3 Atomic configurations around the crack tip in the initial and during the first and second bond break, when the Graphene lattice
is oriented along 0°, 13.9° and 30°, in the top, middle and bottom rows respectively. The dashed lines indicate the broken bonds
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Fig.4 a Atom position in the initial configuration when the lat-
tice is oriented along the 0°, along with the atoms around the
crack tip. Variation of the b bond length, ¢ bond angles and d

tinuous increase loading leads to stretching of the bonds
connecting the atoms D—C-E. When the bond length
reaches a certain threshold, the bond between D-C
breaks first at 213 ps, further transferring the load to
the next symmetric bond C-E, which finally breaks at
213.5ps as shown in Fig. 3c. The load transfer is con-
firmed by the shifting of the higher energy from atom D
to atom E, refer to Fig. 3a—c. The next bond to break is
E-F. Remaining bonds like A-B, B-G, D-N and N-O
are found to be stable with equilibrium bond length.
The initial configuration with the lattice oriented
along the 13.9° is shown in Fig. 3d. In this orienta-
tion, the bond B—C is observed to be the first loaded,

(GPa)

Yy

9

50 100 150 200 250 300
Time (ps)
(b)

60 T T T T T -7.298
40 F 1-7.322 =
g
S
Q
>
2
=
20 F 1-7.347 P~

0 1 1 1 1 1 -7.372

0 50 100 150 200 250 300
Time (ps)
(d)

strain along the y direction and the potential energy per atom,
with time. The pictures in the bottom of ¢ shows a closeup at the
time of bond breaking. Plot d is generated for ag = 0.5L

which breaks at 212.5 ps as indicated in Fig. 3e. After
the failure of the bond, the load is observed to be
transferred to atom I from atom C through atom D.
This leads to the failure of bond I-H at 232 ps, see
Fig. 3f.

The initial configuration when the lattice is oriented
along 30°, is shown in Fig. 3g. In this configuration,
the bond connecting atoms G-B is observed to break
first at 216 ps, followed by the failure of the symmetric
bond M-F at 216.5 ps, refer to Fig. 3h, i.

Initial configurations of the lattice oriented along 0°,
13.9° and 30° are shown in Figs. 4a, 5a and 6a, respec-
tively. Stretching of various bonds with time in the 0°
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Fig. 5 a Atom position in the initial configuration when the lat-
tice is oriented along the 13.9°, along with the atoms around the
crack tip. Variation of the b bond length, ¢ bond angles and d

orientation is plotted in Fig. 4b, where the picture on
the top shows a closeup of the selected region. It can
be seen that the bond B—C starts initially to elongate, to
reach a bond length of 1.8 A. Subsequently, the nearby
bonds also start elongating, to reach the bond length of
~1.8 A. When all the bonds around the crack tip reach
the critical bond length, the bond C-D breaks first to
create the first fracture. Results indicate that the bond
length is the critical parameter to estimate fracture in
Graphene. The corresponding change of bond angles
with time are plotted in Fig. 4c. However, the bond
rotation plotted in Fig. 4c cannot be considered as a
parameter to estimate the bond breaking in Graphene.
This is due to the following reasons: (i) oscillations in
the bond angle until the first bond break; (ii) the bond
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angles of the bonds around the crack tip change sig-
nificantly due to reorientation of the bonds after the
first bond break. Therefore, bond length can be con-
sidered as a parameter to predict the bond break in
Graphene.

A similar trend and mechanical behaviour in bond
stretching is observed when the lattice is oriented along
the 13.9° and 30°, see Figs. 5b and 6b, respectively.
The bonds around the crack tip started to stretch first,
to reach a critical value. When all the bonds around the
crack tip reach the critical value, failure takes place. The
bond angles also follow a similar trend, but they cannot
be considered as a parameter to predict the fracture for
the reasons explained above. Variation of the stress in
the loading direction (o7, ) and the potential energy per
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Fig. 6 a Atom position in the initial configuration when the lat-
tice is oriented along the 30°, along with the atoms around the
crack tip. Variation of the b bond length, ¢ bond angles and d

atom with time, when the lattice is oriented along 0°,
13.9° and 30°, is plotted in Figs. 4d, 5d and 6d, respec-
tively. The first drop in stress as well as potential energy
is considered for the estimation of the yield stress and
yield strain of the materials. Based on Fig. 5d, it is inter-
esting to note that the 13.9° lattice orientation shows a
continuous increase in stress as well as potential energy
even after the first bond break which is observed at
213.5ps, refer to the closeup of Fig. 5b. The increase
in stress as well as potential energy is continued till
the second bond breaks at 232.5 ps. Therefore, results
indicate that special orientations of Graphene can lead
to improvement in the mechanical properties even after
first bond failure.

60

50 100 150 200 250 300
Time (ps)
(b)
T T T T T -7.298
F 1-7.322 =
£
S8
RS
>
L
=
- 1-7.347 &~
L L L L 1 -7.372
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(d)

strain along the y direction and the potential energy per atom,
with time. The pictures in the bottom in (c) shows a closeup at
the time of bond breaking. Plot d is generated for ag = 0.5L

3.2 Lattice orientation dependent mechanical
properties

In order to understand the effect of lattice orientation on
mechanical properties of Graphene, the tensile stress—
strain curves have been generated for all the 10 different
orientations considered in the present work. Variation
of the stress with strain, for different lattice orienta-
tions is plotted in Fig. 7. Based on Fig. 7, it is observed
that at zero strain all the orientations of Graphene have
zero stress, which indicates that no residual stress exist
in any of the configurations. Further strain controlled
loading leads to continuous increase in strain which
correspondingly leads to increase in stress. Due to the
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Fig. 7 Stress—strain plots 45 T T
of all the ten different
configurations considered in
the present work

Stress (GPa)

0 0.01

increase in strain, the bond length of an initial relaxed
Graphene starts to increase. The atoms around the crack
tip possess the highest potential energy. As soon as the
bond lengths of the atoms around the crack tip reaches
a critical value, the breaking of first bond occurs, indi-
cated by a drop in the stress, leading to the yielding of
Graphene. The corresponding stress and strain values
are designated as yield stress and yield strain, respec-
tively. Fluctuations in the yield properties of Graphene
for different lattice orientations are observed. In order
to study the effect of lattice orientation on yielding,
yield stress and strain are plotted with lattice orienta-
tions in Fig. 8.

Figure 8a, b shows the distribution of normalized
yield stress and normalized yield strain with vary-
ing lattice orientations from 0° (arm-chair) to 30°
(zig-zag), respectively. The normalization is based on
the yield values at 0°. The arm-chair Graphene is
observed to possess the lowest yield stress, which
further increases with increase in lattice orientation
angle and reaches a maximum at 13.9°. Subsequent
increase in lattice orientation leads to the reduction in
yield stress until 22.5°. The yield stress is observed
to increase with the lattice orientation until 30°. From
Fig. 8a, the zig-zag configuration is observed to pos-
sess a higher yield stress as compared to the arm-
chair Graphene. Also a similar trend in yield strain is
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0.03 0.04 0.05 0.06 0.07 0.08
Strain

0.09

observed. From Fig. 8b, it can be noticed that the arm-
chair Graphene has a lower yield strain as compared
to the zig-zag configuration. Yield strain also shows
an increase in value by increasing lattice orientation
and reaches maximum at 13.9°. Subsequent increase
in lattice orientation leads to a drop in yield strain until
23.4°. Later on, the yield strain is observed to increase
until 30°.

The state of equilibrium energy of an atomistic sys-
tem depends on the arrangement of atoms in that partic-
ular configuration. The structure will be stable when the
system potential energy is minimum. In Graphene, the
bonds along the loading direction will undergo more
deformation and are responsible for failure with very
similar bond elongation at the fracture point (Zhao et al.
2009). Furthermore, the magnitude of the bond length
and bond angle variation in the zig-zag direction is
reported to be much larger than that of the arm-chair
direction (Zhao et al. 2009). This indicates that the
zig-zag configuration is energetically more stable and
absorbs more energy before fracture, as compared to the
arm-chair configuration. In other words, the arrange-
ment of atoms in the arm-chair Graphene leads to an
energetically unstable configuration. In this work, we
observed that the stability increases with lattice orien-
tation reaching the maximum at 13.9°. Therefore, the
potential energy is observed to be the lowest when the
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results with ag = 0.5L
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Fig. 9 Distribution of the a potential energy with strain and b a close up at the beginning, with zero strain. The plots are generated
based on the initial potential energy of the system without any crack, after the minimization

lattice is oriented along 13.9°, as shown in Fig. 9. This
explains the reasons for the highest potential energy of
the arm-chair Graphene.

The lower fracture strength of arm-chair (0°)
Graphene as compared to the zig-zag (30°) Graphene
can be correlated to the system potential energy
plotted in Fig. 9. Based on Fig. 9b, the arm-chair
Graphene possesses the highest initial potential energy
of —7.3631eV/atom, as compared to other configura-
tions considered in the present study. Due to the high-
est initial potential energy of the arm-chair Graphene,
an early yielding is anticipated. Whereas, the zig-zag
Graphene is observed to possess an initial potential

energy of —7.3657eV/atom, which is lower than the
arm-chair Graphene. This indicates that the zig-zag
configuration is more stable and hence it can sustain
more strain, which leads to a higher fracture strength as
compared to the arm-chair Graphene. Interestingly, the
Graphene with chiral vector (2, 5) at 13.9° lattice orien-
tation is found to be the most stable configuration with
an initial potential energy of —7.3663 eV/atom, out of
the 10 orientations considered in the present study. This
is further confirmed by the highest fracture strength of
Graphene when the lattice is oriented at 13.9°, refer to
Fig. 8a.
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Interestingly, the crack patterns discussed in Sect. 3.1
for different lattice orientations can be correlated to the
yield stress and yield strain values. The pattern num-
ber 1 in Fig. 2b is observed in 0° (arm-chair), 6.6°,
and 10.9° configurations. However, pattern number 2 is
observed only in 30° (zig-zag) orientation. The remain-
ing lattice orientations (7.5°,13.9°,15.9°,19.1°,22.5°,
and 23.4°) are exhibiting the pattern number 3. In
the first pattern, the crack initiation and growth takes
place perpendicular to the loading direction, which cor-
responds to the arm-chair (0°) configuration. Similar
crack initiation and growth perpendicular to the load-
ing direction is observed in the third pattern as well,
which corresponds to the zig-zag (30°) configuration.
Therefore, the crack orientations between 0° to 10.9°
are mainly influenced by the arm-chair pattern. On
the other hand, crack orientations between 22.5° to
30° are mainly influenced by the zig-zag pattern. The
other orientations are influenced by the pattern num-
ber 3. Results demonstrate that the pattern number 1 is
the weakest and the pattern number 2 is the strongest.
Based on the results, 210 % improvement as compared
to an initial arm-chair configuration in yield stress as
well as yield strain could be achieved by selecting the
lattice orientation in relation to the initial notch direc-
tion.

3.3 Crack size dependent mechanical properties

The variation of stress with strain for arm-chair
Graphene at different percentage of crack length with
respect to the width of the sample is analyzed at 0K,
see Fig. 10a. The crack size is varied from ag = 0.025L
to 0.90L with total 13 different initial simulated crack
lengths. With the increase in crack size, the amount
of energy required to break the bond around the crack
tip decreases. Hence, the yield stress is also observed
to be decreasing, as shown in Fig. 10a. It is observed
that until ag = 0.10L of the crack size, the stiff-
ness remains almost the same. The trend observed in
Fig. 10a is observed to be similar to the variation of
stress with strain for different hole sizes in Zhang et al.
(2012a). Howeyver, further increase in crack size leads
to decrease in yield stress as well as the stiffness. On
the other hand, the yield strain is noticed to decrease
initially with an increase in crack size. Whereas, after
a critical crack size, ag ~0.20L, the variation in the
yield strain remains almost constant at 0.05. Also sim-
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ilar variations are observed for the zig-zag Graphene at
~0K, as shown in Fig. 10c.

In order to understand the effect of temperature on
the mechanical properties of Graphene, preliminary
simulations are performed at room temperature 300 K,
for arm-chair and zig-zag orientations with varying
crack length, as shown in Fig. 10b, d, respectively. It is
observed that even at 300K, the yield strain becomes
constant after a critical crack length. The variation of
the fracture toughness with ag/L ratio for arm-chair
and zig-zag orientations at ~0 and 300K are plotted
in Fig. 10e. From these results, both the arm-chair as
well as the zig-zag orientations show almost constant
fracture toughness values at different temperatures. In
general, agp/L < 0.5 can be considered to predict the
stress-intensity factor. From Fig. 10e, the median val-
ues of mode I fracture toughness of arm-chair/zig-zag
Graphene is found to be 8.4 MPa/m at ~0 K. The vari-
ation in standard deviation is found to be 1.27. On the
other hand, at 300 K, the median values of mode I frac-
ture toughness of arm-chair/zig-zag Graphene is found
to be 7.4 MPa./m. The variation in standard deviation is
found to be 1.52. A further detailed study on the stress
intensity factor of single layer Graphene at different
temperatures is beyond the scope of present work and
is left for future investigation.

Furthermore, to study the combined effect of dif-
ferent orientations and crack sizes on the yield stress
and yield strain, 10 different lattice orientations with
13 different crack sizes are simulated. The distribution
of yield stress and yield strain, with crack length is
plotted in Fig. 11a, b, respectively. Figure 11c shows
the stress—strain distribution with lattice lattice orienta-
tion in a three dimensional plot, for all the initial crack
lengths considered in this paper. Based on Fig. 10a,
for a given orientation, the yield stress decreases with
an increase in crack length, as discussed in Sect. 3.2.
Note that the discussion in Sect. 3.2 is valid for crack
sizes of ag > 0.20L. Smaller crack sizes shows differ-
ent variation in yield stress with varying crack orienta-
tions due to the involvement of the free surface near the
crack tip. The yield strain also shows a decreasing trend
with increase in crack size for a given orientation up to
ap = 0.33L of crack length. A constant yield strain of
~(.05 is observed with further increase in crack size
up to ag = 0.90L. We report that this is one of the rea-
sons for the softening of the Graphene, as displayed
by the decrease of stiffness with increase in crack
length.
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Fig. 11 Variation of the a stress and b strain, with the lattice
orientation, for various crack sizes. ¢ Plots a and b are combined
to generate the three dimensional plot, where the variation of

Furthermore, based on the yield stress and yield
strain plotted in Fig. 11a, b, a sudden decrease in
yield stress and yield strain can be noticed for crack
sizes <10nm. However, for larger crack sizes a lin-
ear decrease in yield stress is observed, whereas yield
strain remains constant. The behaviour is found to be
the same in all the lattice orientations considered in the
present study. Therefore, the behaviour of yield stress
as well as yield strain with crack length is insensitive to
the orientation, as shown in Fig. 12a, b. The variation
of the yield stress with yield strain for all the orienta-
tions considered in the present work is plotted Fig. 12c.
Based on the results, a yield strain of 20.05 can be con-
sidered as a critical strain value below which Graphene
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be simultaneously monitored. The legends of plots a and b are
shown in (c¢)

does not show failure. This information can be utilized
in the design of nano-devices for various strain sensor
applications.

4 Conclusions

Tensile deformation of two dimensional Graphene
structure with an edge crack has been simulated based
on molecular dynamics. Application of the load leads
to the bond deformation, resulting in an increase of
the system potential energy and hence the stress along
the loading direction. The severely stressed bonds
are breaking when the stress reaches a critical value,

:-,-‘: Journal: 10704-FRAC MS: 0115 [_JTYPESET [_]DISK [_]JLE [_]CP Disp.:2016/5/18 Pages: 18 Layout: Medium

14

635

636

637

638

639

640

641

642

643

644

645



Author Proof

646

647

648

649

650

651

652

653

654

655

656

657

658

659

660

661

Lattice orientation and crack size effect

150 @ % a1 ]
4 > (4,6)
4 * (58)
—_ A (24)
© ® (2,5
?5 100 - * * (2,6) 1
Y <« (14
@  § v (211)
= 1 ¢ (17
s LI = (10
[}] L 4
i~ 50 ’ ‘ ’
L
»
”
"
0 5 10 15 20 25 30 35 40
Crack length (nm)
(a)
150 . :
L]
v
* »>
A %
o A
?5 100 | i 8
= * (1,1)
9 1 > (46)
5 * (58)
» A (24)
2 ® (25
g % £ 28 |
o«
< (1,4)
‘:: v (211)
L1 ¢ (17)
ne = (1,0
0.04 0.06 0.08 0.1 0.12 0.14 0.16
Yield strain
(c)

0.16
13 * (1,1)
> (4,6)
0.14 ’i * (58)
A (24
. ° (25
e %121 * 28 |
s < (1,4)
& | v @211 |
- 01 ¢ (7
2 = (1,0
2 g
0.08 | 1
Py
006 ¥ 4 1
S
0.044 5 10 15 20 25 30 35 40

Crack length (nm)

(b)

Fig. 12 Atomic configurations near the crack tip for Graphene orientations 0°, 13.9° and 30°

exposing the new set of atoms to resist the applied
load.

Ten different lattice orientations with thirteen dif-
ferent initial crack lengths have been considered to
study their effect on the yield stress and yield strain
of Graphene. Graphene is observed fracture in three
particular patterns in all the lattice orientations, where
the arm-chair fracture pattern is observed to possess
the lowest yield properties. A sudden decrease in yield
stress and yield strain is noticed for crack sizes <10 nm.
However, for larger crack sizes a linear decrease in
yield stress is noticed, whereas a constant yield strain of
~0.05 is observed. Therefore, the yield strain of ~0.05
can be considered as a critical strain value below which
Graphene does not show failure. This information can
be utilized in the design of nano-devices for various

strain sensor applications. Mode I fracture toughness
of arm-chair and zig-zag Graphene is estimated as
8.4 + 1.27MPa/m and 7.4 £+ 1.52MPa/m at ~0
and 300K, respectively. Furthermore, Graphene can be
coated on the Silicon surface to enhance the mechan-
ical (Berardone et al. 2014; Schroder et al. 2012) and
electrical characteristics the solar cells (Kontges et al.
2011; Paggietal. 2011, 2013, 2014). The present study
will be useful in selecting the optimum orientation of
Graphene.
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Appendix: Tersoff potential function

The mathematical expression of the bond energy based
on the Tersoff potential is given in Eq. (1). The bond
energy in the Tersoff framework is a combination
of repulsive (fg) energy function which is exponen-
tially decaying and attractive (f4) energy function that
exponentially increases; with the increase of distance
between the atoms. f is a smooth spherical cutoff func-
tion around atom a based upon the distance to the first
nearest-neighbor shell. The function f. in Eq. (1) is
defined as Tersoff (1989):

fc(rocB)

1 when rgp < Ryp

o _Ru
0

when ryg > Sy p

3)

from Eq. (3), fc returns a value of 1 if ryp is less than
Rqp and O when ry g greater than Sy . The values of the
constants Rqp = /RoRp and Sup = /SuSp, (Where
a and P can be two different atom types, like Silicon
and Carbon) are listed for Silicon and Carbon atoms in
Tersoff (1989). The repulsive and attractive potential
energies are tuned with the parameters Agyp and Byg,
respectively. The repulsive potential energy is defined
as Tersoff (1989)

fR(rop) = AgpeDapup 4)

and the attractive potential energy is estimated from
Tersoff (1989)

fa(rop) = —Bype Eapra (5)

where A = /Ay Ap, B = \/BuBg, Dup = (Do +

Dg)/2 and Eyp = (Eq + Ep)/2, in Egs. (4) and (5)
are constants. The variable byp in Eq. (1) is designed

@ Springer

to represent the bond strength of the potential. by g is
inversely proportional to the coordination number and
is defined as Tersoff (1989)

—1/2qq
bup = Eap (1+ PLCE) (6)
where P and g are the constants. g,g provides a
weighted measure of the number of other bonds (V)

competing with the bond a-B, which is defined as Ter-
soff (1989)

¢ = Z fe (’"ocY)g(eaﬁY)
OB yzap

(7

where §, g is the strengthening or weakening factor of
the hetero-polar bonds and g (eaﬁy) provides a mea-
sure of dependence on the bonding angle 6qpy, sub-
tended at atom o by atoms P and Y. The variable
g (eagy) is included to stabilize the atomic geome-
try under shear operations and to provide an effective
coordination contribution based on the elastic energy
of the current configuration, which is defined as Tersoff
(1989)

c2 c2

+ 5 - 2 (8)
di a2 + (hy — cos (Bupy))’

where ¢y, dy and hy are the constants.

8 (eaﬁv) =1
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